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Preface

Coffee - Production and Research presents a diversity of important issues related
to coffee, with an emphasis on the science of coffee growing. Coffee is one of the
highest value commodities traded worldwide. Cultivated and consumed widely,
it generates progress for both the economy and society.

Coffee growing is located in tropical and subtropical regions. Coffee can be
exported and imported in different types: green beans, roasted and ground coffee,
and soluble coffee. Production is significant in about 60 countries from different
continents. Coffee production stands out on the American continent, followed by
Asia and Africa (origin of coffee).

There are more than a hundred coffee species in the world, but only two have
economic value: Coffea arabica L. and Coffea canephora Pierre ex. A. Froehner.
The other species are important too, but in general they are more used in breeding
programs.

On a large scale, there are countries that grow only Arabica coffee (e.g., Colombia),
some that grow only canephora coffee (e.g., Vietnam), and a few that grow both
(e.g., Brazil).

Currently, there is a growing need to generate knowledge and technologies capable
of optimizing the production of coffee in different types of cultivation, mainly

to obtain a more productive and sustainable coffee crop in the face of current
challenges.

Chapters in this book cover such topics as biotechnology, growing, harvesting, post-
harvest handling, quality, chemistry, commercialization, and byproducts of coffee.

I am very grateful for the opportunity to edit this book. I want to thank the authors
and co-authors who contributed to the construction and quality of this volume.

Dalyse Toledo Castanheira

Professor of the Agronomy,

Department of the Federal University of Vicosa,
Brazil
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Chapter1

Observations on Somatic
Embryogenesis in Coffea arabica L.

Julieta Andrea Silva de Almeida

Abstract

Somatic embryogenesis contributes to coffee breeding programs. This is a pro-
cess of asexual reproduction which is based on the concept of cellular totipotency.
Each haploid or somatic cell of the plant tissue has the genetic information neces-
sary to generate a complete and functional plant. The somatic embryogenesis can
occur either indirectly or directly. Coffea arabica genotypes may respond to direct,
indirect, or both. In this species, the indirect somatic embryogenesis is composed
of two phases, the callogenesis and the embryogenesis, while the direct pathway
occurs in a single phase, without the callogenesis. In Coffea, in general, the indirect
pathway is induced by the auxin and cytokinin, and the direct pathway with cytoki-
nin only. C. arabica genotypes usually respond easily to the indirect route with high
production of somatic embryos. But these are inefficient by the direct route because
they present low production of embryos and the process occurs for a long time. In
this review, emphasis will be given to different events that are part of the somatic
embryogenesis of C. arabica occurring indirectly and in the direct pathway as well
as factors that may affect its control.

Keywords: Callus, leaf explant, plant hormone, embryogenic structures,
somatic embryos

1. Introduction

The genus Coffea belongs to the Rubiaceae family and has over 100 species [1].
However, only Coffea arabica and Coffea canephora species are commercial, the
former accounting for almost 75% of world coffee production and the latter for
the remaining 25%. Brazil is the world’s largest producer and exporter of coffee
accounting for about 70% of world exports [2]. C. arabica has this hegemony for
producing pleasant and stimulating drink that is consumed worldwide while C.
canephora coffee is less palatable and is intended primarily for the instant coffee
industry.

Coffea breeding aims to combine genotypes of C. arabica and C. canephora spe-
cies to release genetically stable varieties with strong traits of both species
[3, 4]. In conventional Coffea breeding it takes six to eight selection cycles to gener-
ate a new cultivar, which is about 40 years. Each cycle corresponds to five years. But
it takes four to five harvests to consistently evaluate a generation [5]. In addition,
it is important that evaluations are performed on plants over five years of age to
obtain reliable yield data [6]. In the breeding program, during the selection phase
intermediate populations of progenies are generated and each one of them has dif-
ferent genetic pattern. Thus each progeny corresponds to a single plant.
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In the selection phase, the progenies have the characteristic of heterosis that
favors the occurrence of differentiated plants. Some of these plants may have
special characteristics such as tolerance to biotic and abiotic factors or high produc-
tivity or excellent drink quality or all of these. To confirm if a progeny is special it
must be multiplied and evaluated in relation to its agronomic performance in the
field. Following this phase, the progeny may be released as a clonal cultivar. Cloning
selected materials allows to capture all selection and improvement gains without
involving genetic segregation [7].

The multiplication of intermediate genotypes to breeding program is not
indicated by seeds because plants resulting from the germination may have genetic
segregation that leads to loss of the special features [8]. Thus, it is recommended
that these genotypes be vegetatively multiplied to maintain their genetic pattern.
The vegetative multiplication of coffee plants has been obtained by cutting, and the
species C. canephora responds very well to this process [9] while arabica plants are
less efficient by this way, having low multiplication rate [10].

Usually C. arabica genotypes are vegetatively multiplied by in vitro cultivation.
In vitro culture or plant tissue culture belongs to Plant Biotechnology which com-
prises culturing cells, tissues or organs under aseptic conditions and using artificial
culture media containing different components such as water, minerals, vitamins,
carbon source and plant growth regulators [11]. Plant tissue culture involves micro-
propagation processes such as somatic embryogenesis.

2. Somatic embryogenesis

Somatic embryogenesis is defined as a process in which a zygotic embryo-like
bipolar structure develops from a nonzygotic cell with no vascular connection to the
original tissue [8, 11-14]. This process is based on the concept of cellular totipotency,
where all the somatic cells of plant tissue contain the genetic information neces-
sary to produce a complete and functional plant (Haberlandt 1902 apud [15-17]).

In somatic embryogenesis there is no gamete fusion, only somatic cells of explant
tissue that will be responsible for the formation of somatic embryos. These embryos
undergo the same developmental stages as the zygotic embryo (Figure 1) that will
develop into a plant with a genetic pattern identical to the explant donor plant [18].

The occurrence of somatic embryogenesis is associated with the induction of
differentiated explant tissue cells that acquire the embryogenic characteristic, fol-
lowed by the expression of the somatic embryo [19-22]. Thus, this process consists
in the termination of the gene expression model present in the explant differenti-
ated tissue cells that will be replaced by the expression of embryogenic genes [23,
24]. But embryogenic program does not occur in all cells at the same time, only in
some of them [14, 17, 25, 26]. Several changes may occur to reprogram a somatic cell
to the competent embryogenic stage.

Embryogenic cells have different characteristics, they are unique, small, superfi-
cially they are similar to meristematic cells, with isodiametric forms, small vacuoles,
stained nuclei, with abundance of organelles, thick cell wall and starch accumula-
tion [22, 26-28]. The formation of somatic embryos is strongly associated with the
embryogenic competence of the explant cells. Possibly, the acquisition of embryo-
genic competence is related to the endogenous level of plant hormones, which favor
tissue sensitivity to plant growth regulators present in the culture medium, which
modulates events leading to the formation of the somatic embryo [21, 28, 29].

Somatic embryogenesis can be applied to most plant species [30], but adequate
conditions must be available for this, such as explant type, culture medium and
growing environment condition [28].
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Figure 1.
Schematic representation of the comparison of somatic and zygotic embryogenesis from Ref. [18].

3. Somatic embryogenesis in Coffea

Somatic embryogenesis is applied to C. arabica and C. canephora species for the
purpose of vegetative multiplication of elite cultivars, large-scale clonal cultivar,
Arabica F1 hybrid [4], to obtain transgenic plants and also as plant differentiation
study model [31]. In addition, cloning allows the in vitro stock of germplasm culti-
vars for exchange between research institutions and the preservation of materials
since seeds of this species have some degree of recalcitrance [32, 33].

In C. arabica the formation of somatic embryos can be obtained either by indi-
rect [34], direct [35] or both somatic embryogenesis (Figure 2). Indirect somatic
embryogenesis occurs in two phases, callogenesis followed by embryogenesis. On
the other hand, direct somatic embryogenesis occurs in one phase without cal-
logenesis. Comparison between these two forms of embryogenesis shows that the
direct pathway is more advantageous than the indirect pathway. The direct pathway
that occurs in a single phase ends up reducing inputs, labor and cultivation time
while the indirect pathway occurs in two phases with higher costs of producing
somatic embryos [6, 36, 37]. But although the direct pathway is more advantageous,
most studies show that vegetative multiplication of C. arabica genotypes is mainly
achieved by indirect somatic embryogenesis [6]. In the indirect pathway, explants
of this species produce embryos more easily and in high quantity while in the direct
pathway the number of formed embryos is smaller and this process occurs in a long
time. Studies have indicated that the difficulty of direct pathway occurrence in C.
arabica genotypes seems to be related to the presence of substances produced by the
explant tissue itself [38]. This was demonstrated in explants of C. canephora and
Daucos carota that showed inhibition of direct route when they were cultivated in
culture medium with addition of substances secreted by explants of C. arabica. This
result is possibly related to the difficulty of direct pathway occurrence in C. arabica
genotypes.

Coffee regeneration via somatic embryogenesis can be obtained from different
types of explants (Figure 3), such as anthers [39, 40], leaves [34, 41-46] and roots
[47, 48]. However, leaf explant is the most used type for the application of direct
or indirect somatic embryogenesis in C. arabica genotypes, this has been occurring
since the pioneering work of Sondhal and Sharp [34]. Normally, these explants are
used in rectangular shape with dimensions close to 1.5 x 2 cm”.



Coffee - Production and Research

emhryopenesis
‘ Trlirect Mirect
Fhase 1 Calogenesis

Fhase = Embryogenesis Phase 12 Embryogenesis

Figure 2.
Details of the occurvence of indirect and direct somatic embryogenesis in Coffea.

Figure 3.
Types of explants used for the application of indirect and divect somatic embryogenesis in Coffea genotypes.

There are indications that Coffea somatic embryogenesis is more efficient if
applied to leaf explants from iz vitro seedlings than from leaves collected from
plants in the natural environment [49-51], and this response must be related to
vegetable hormones endogenous. This aspect may also be related to morphology
since in vitro seedling leaves have a thicker cuticular layer than those from environ-
mental plants. This characteristic tends to favor greater absorption of culture media
components leading to the efficiency of somatic embryogenesis response [51, 52]. In
addition, Coffea leaf explants from environmental plants can become curled which
impairs nutrient absorption from the culture medium.

C. arabica explants remain green until about 60 days after inoculation in the cul-
ture medium and after this period they oxidize. This response is verified in explants
submitted to direct or indirect route [45, 46]. In general, oxidized explants also have
the ability to form calluses or embryos although they appear to be senescent.

In the indirect pathway, somatic embryos of C. arabica are formed after about
210 days of explant inoculation in the culture medium [45] while in the direct
pathway they can be observed after about 90 days, but in small numbers [46]. On
the other hand, there are also genotypes that do not form somatic embryos when
submitted to these two embryogenesis pathways and are called recalcitrant [53].
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Leaf explants of C. arabica cultivar Mundo Novo form somatic embryos in both
pathways [45, 46]. But the same genotype may have different capacity for somatic
embryogenesis in each of these pathways. Explants of cultivar Mundo Novo and
decaffeinated genotypes AC1, AC2 and AC3 formed a greater number of somatic
embryos via the indirect route than by the direct one [54].

3.1 Indirect somatic embryogenesis in Coffea

In Coffea, indirect somatic embryogenesis occurs in two phases, the first is cal-
logenesis followed by embryogenesis that corresponds to the formation of somatic
embryos [34, 45, 55-57] (Figure 4). Another characteristic of the indirect somatic
embryogenesis in this species is the occurrence of somaclonal variation in cloned
plants, due to the long time that callus remains iz vitro [58]. Somaclonal variation
is undesirable because it leads to the formation of mutants, which can compromise
plant growth and development. On the other hand, its occurrence is desirable to
obtain genotypes with genetic variability that can be incorporated into the coffee
breeding program [59, 60]. For the induction of explant mutations are cultivated at
high concentrations of 2,4 D.

Most studies use the Sondhal and Sharp protocol [34] for the application of indi-
rect somatic embryogenesis in C. arabica genotypes and these usually respond with
some somatic embryo production even when they have low regenerative capacity.

3.1.1 Callogenesis

For the induction of callogenesis in Coffea genotypes in general it is used the pro-
tocol with MS medium [61] and the addition of phytoregulators 2,4 D and kinetin
and 30 g/L sucrose [34]. At this stage, auxin 2,4 D is used at high concentration [26,
62-65] which causes disturbance of endogenous auxin metabolism of explant tissue
leading to cell division [8]. Auxin stress is required to obtain calogenesis in most
species [12, 66]. Thus, in the induction of callogenesis, differentiated somatic cells
of the explant tissue undergo re-determination, with the occurrence of cell division
and proliferation events that form a non-functional cell mass, the callus. But it is
also found that the induction of calogenesis in Coffea can be obtained in response to
the use of other auxin types such as NAA [67, 68] and Picloram [69, 70].

Sucrose is used in high concentration to provide energy for the induction of calo-
genesis [34]. Biochemical analyzes in C. arabica explants indicated the occurrence

Figure 4.

Indirect somatic embryogenesis in the cultivar Mundo Novo of Coffea Arabica. (A) Leaf explant with callus
presence 15 days after the beginning of cultivation. (B) Calogenesis at 40 days of cultivation. (C) Calogenesis
at 90 days of cultivation. (D) Callus with somatic embryos. (E) Embryonic axis. (F) Seedlings. (G) Plant
transferred to ex vitro environment.
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of high concentration of soluble sugars in the calogenesis phase while it was lower in
the formation and maturation of somatic embryos [71].

In the indirect pathway, C. arabica leaf explants initiate callus formation from
procambium cells around the seventh day after the beginning of cultivation [72]. In
general, from the 14th day of cultivation, it is possible to see the occurrence of small
callus on the edges of explants that reach up to 3 mm in size [45]. These calluses are
usually formed on only one or two sides of the explant and later reach sizes that can
occupy the four edges of the explant. In early development, calluses are hyaline,
but gradually they tend to oxidize. In a set of explants of the same origin subjected
to indirect pathways, it is possible to find calluses that do not develop. They remain
small, up to 5 mm in size. However, some of these calluses have the capacity to form
somatic embryos, which indicates that they appear to have been “latent” during
this time. Furthermore, it is further noted that not all C. arabica explants form calli
indicating that the somatic embryogenic capacity may vary between explants from
the same plant or from the same leaf.

Callus of C. arabica can reach sizes up to 30 mm around 90-120 days from
the beginning of cultivation. During this period, these calluses may also become
oxidized. Oxidation of explants and callus is associated with the high content of
phenols present in tissues of this species. It is also observed that normally oxidized
calli have the capacity to form somatic embryos although they have an appearance
of senescence.

3.1.2 Embryogenesis, embryo induction

For the second phase of the indirect route, MS/2 medium is used, with NAA and
kinetin added and 20 g/L sucrose, according to the protocol of Sondhal and Sharp
[34]. For this purpose, calli are transferred from the calogenesis induction medium
to the embryogenesis medium. In this phase, there is the initiation and develop-
ment of somatic embryos from certain cells, located in some sectors of the callus,
which correspond to embryogenic centers [45, 55, 57]. Somatic embryos are usually
formed on the bottom of the callus, which is in contact with the culture medium
and also on the top surface of the callus. On the other hand, not all callus form
somatic embryos.

The induction of embryogenic cells occurs during a precise moment of callus life
[19]. This induction window may vary for identical explants of the same genotype
depending on the cultivation conditions used and particularly the hormonal
balance [20, 73]. In the same explant, it is possible to find competent or non-com-
petent callus sections, which indicates that genetically identical cells may respond
differently to and from a particular stimulus. Embryogenic cells rapidly lose their
ability to divide due to the occurrence of the differentiation event, so the moment
of callus transfer to embryogenesis is crucial. As the callus gets older, embryogenic
cells lose their specificity in forming embryos. Somatic embryo formation is a
continuous process and several embryonic stages can occur at the same time, in the
same explant, in the same culture [74].

3.2 Direct somatic embryogenesis in Coffea

The process of direct somatic embryogenesis in C. arabica occurs in a single
phase, which is the main feature of this pathway [75] (Figure5). In this case,
explant tissue cells are already determined and competent [76] for embryogenic
development, before being extracted from the explant donor leaf [77] and may dif-
ferentiate into somatic embryos soon after the start of cultivation. In this pathway,
embryo formation occurs from leaf explant mesophyll cells [27]. The phenomenon
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of direct formation of embryogenic tissue in the explant is described as cloning of
certain cells [78]. This cloning is a kind of large-scale reproduction of pro-embryos.
Thus, pre-embryogenic cells present in explant tissues are cloned and require

less epigenetic reprogramming compared to determined embryogenic cells in the
indirect process. In the direct route, the need for cellular reprogramming is differ-
ent from the indirect route.

To respond to the direct pathway, Coffea explant cells only need contact with the
cytokine-like plant growth regulator and the auxin normally inhibits its occurrence
[79]. Explant edge cells differentiate into somatic embryos in response to cytokine
in the culture medium [62, 80-83]. The efficiency of the direct pathway also seems
to be related to explants from young leaves. On the other hand, in direct somatic
embryogenesis, the occurrence of somaclonal variation tends to be minor or absent,
since somatic embryos are formed in a single phase.

In the direct pathway, after inoculation of the explants in the culture medium,
the formation of embryogenic structures occurs, which can be visualized around
the 15th day of culture [75] (Figure 5A). Embryogenic structures are formed,

Figure 5.

Di%ect somatic embryogenesis on explants of C. arabica Catuai cultivar maintained in the dark, at 30°C, for
320 days from the beginning of the experiment. (A) Embryogenic structure (arrow), up to 15 days; (B) oxidized
embryogenic structure (arrow), up to 70 days; (C) embryos (lower arrow) formed from the embryogenic
structure (top arrow), up to 100 days; (D) embryos formed from the border of the explant (arrow), up to 100
days; (E) Plantlets at 320 days; (F) adult plants [75].
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on average, on one or two sides of the rectangular leaf explant. Normally, these
structures range in size from 2 to 4 mm (Figure 5B) and remain this way until the
end of cultivation. About 50 days after the start of cultivation the structures start
to oxidize (Figure 5C) and by 150 they are completely oxidized [75]. The formation
of somatic embryos usually starts from 90 days of cultivation but in low quantity
and around 120 days this number tends to increase. Somatic embryos in addition to
being formed at the edges of explants (Figure 5D) also develop over the surface of
embryogenic structures (Figure 5C).

3.3 Somatic embryo of Coffea

The main product of somatic embryogenesis is the somatic embryo. Somatic
embryos are structures that go through different stages of development until they
reach that of a plant [18, 28]. These stages of development are perfectly organized,
with all the morphological characteristics corresponding to the same stages of
development of zygotic embryos [18, 84, 85] being globular, heart, and seedling.
Somatic embryos are bipolar morphological structures, presenting radicle,
hypocotyl and cotyledons. The somatic embryo does not exhibit endosperm
differentiation and is independent of explant tissue after initiation and develop-
ment. Somatic embryos do not go through the maturation or desiccation phase
as in zygotic embryos. This system is not connected to the vascular tissue of the
mother or explant during its initiation and development [86]. Moreover, in the
direct pathway, it is possible to find somatic embryos at different developmental
stages in the same explant [16]. This response pattern can also be found in the
indirect callus.

Somatic embryos formed by the direct and indirect pathways are transferred to
the germination stage and generally use MS/2 culture medium added 20 g/L sucrose
and without plant growth regulators. This same medium can also be used for
embryo growth and development to the seedling stage. These observations suggest
that Coffea somatic embryos may have a hormonal balance that favors differentia-
tion of developmental stages, requiring only nutrients from the culture medium
without phytoregulators for germination and growth and development.

4. Factors that influence the occurrence of somatic embryogenesis

The control of the occurrence of somatic embryogenesis in Coffea is not yet com-
pletely identified. Some authors relate the genetic pattern of the species with the
absence or low responsiveness [87]. Knowing the factors that control the occurrence
of somatic embryogenesis in C. arabica will allow to optimize its application and
especially the direct pathway. The high or low capacity of somatic embryogenesis of
a species is related to the presence of competent cells or not in the explant, inher-
ent to their totipotency [88]. The maintenance of somatic embryogenesis capacity
requires the use of conditions that maintain the proliferation of determined and
competent cells [86].

Somatic embryogenesis regeneration capacity is also associated with other
factors such as explant donor plant developmental stage, explant donor plant
physiological conditions, explant position relative to the plant [89], in vitro culture
conditions and mainly of plant growth regulators. The seasons influenced the indi-
rect somatic embryogenesis response of plant explants to eight C. arabica genotypes
in the field [56]. Explants formed more somatic embryos in the fall-winter season
than in the spring-summer season.

10
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4.1 In vitro culture condition factors
4.1.1 Lighting

In indirect somatic embryogenesis of C. arabica, calli are induced and initi-
ated in the absence or presence of light, but they reach a larger size only if main-
tained in the absence of light [45, 86]. The size of these callus increases gradually
each month, and can reach sizes up to 30 mm.

On the direct pathway, C. arabica explants also have difficulty responding in
the presence of light. In this way, at the edge of the explants, small structures are
formed, which are called embryogenic structures, which remain without change in
size and shape in the presence or absence of light.

4.1.2 Cultivation temperature

Cultivation temperature is another factor that may influence the somatic
embryogenesis response. Leaf explants of cultivar Catuai and two hybrids showed
higher formation of somatic embryos at 30°C compared to 25°C [90].

4.2 Plant growth regulation

Several studies indicate that phytoregulators play a decisive role in control-
ling the formation of somatic embryos in Coffea leaf explants, which is the most
explored aspect on this subject. For the induction of the indirect pathway in C.
arabica, the auxin/cytokine combination, which is already well established for this
species, is generally used. In this pathway, auxin 2,4 D has been the most used to
induce callogenesis in C. arabica leaf explants. This auxin is considered strong and
is also used for the induction of anthers [39, 40] and roots [47, 48].

For induction of the direct pathway, most studies use cytokine without auxin
because it tends to inhibit its occurrence. However, the efficiency of the direct
pathway response may vary depending on the type and concentration of cytokine
employed. A pioneer study showed that 6-BA at 5 pM dose matched direct pathway
induction in C. arabica explants [91].

The formation of somatic embryos was also obtained from C. canephora explants
inoculated in MS medium only with addition of different cytokines being 2-iP,

ZE, Ki and 6-BA, all at a concentration of 5 pM [92]. Explants formed somatic
embryos in the presence of all cytokines, but responses varied according to cyto-
kine type. The 2-iP was more efficient than the ZE, Kin and 6-BA. In this study,

it was also found that auxins used at different concentrations inhibited the direct
somatic embryogenesis of these genotypes. In another study, Zeatin caused the
direct pathway response in C. canephora explants [87]. Cytokine 2-iP also caused
direct pathway induction in Coffea [93, 94]. In another study, it was found that 2-iP
concentrations of 7.5 and 10 pM favored a greater number of somatic embryos than
the 2.5 and 5 pM doses [95].

Synthetic cytokine 6-benzylaminopurine also has the ability to induce the
direct pathway in C. arabica explants [69, 91, 96-98]. The 6-BA used at 30 pM
concentration caused higher production of somatic embryos than the 10 and 20
pM doses in leaf explants of the cultivar Mundo Novo de C. arabica [46]. But
although the 6-BA concentration was high, embryo production was reduced and
the process also took place over a long time. However, this result is interesting
because it favors the cost reduction of clonal seedling formation since 6-BA is
a cheaper and available synthetic cytokine than zeatin and 2-iP. Cytokine TDZ
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Figure 6.

Dz'%ect somatic embryogenesis from leaf explants of C. arabica. (A) Macroscopic view of coffee leaf explants
after 60, 90 and 130 days of culture on induction medium supplemented with 10 pM 2-iP + 1.0 uM 24-epiBR.
(B) Number and (C) size of somatic embryos obtained by treatment during the somatic embryogenesis process.
(D) Somatic embryo germination. (E) Elongating regenerated plantlets after 90 days on Y2MS medium. Bars =
0.5 and 2 cm [99].

has also been used to induce regeneration of C. arabica somatic embryos via the
direct pathway [47, 48]. Leaf explants of cultivar IAPAR 59 and C. arabica hybrid
Sachimor showed direct somatic embryogenesis response in the presence of

TDZ at concentrations of 2.27; 4.54; 6.81; 9.08; 13.62 uM, but with low embryo
production [96].

The literature shows that it is well established that the Coffea direct pathway only
occurs in the presence of cytokine, but it is also possible to find studies in which
explants of this species formed somatic embryos in the presence of auxin. Explants
of cultivar Acaia Cerrado formed somatic embryos when grown in a single culture
medium with addition of kinetin, GA; and NAA [67]. In another study;, it was found
that leaf explants of cultivar Mundo Novo submitted to direct pathway showed high
production of somatic embryos in response to 2-iP treatment associated with brassi-
nosteroid compared to 2-iP alone control [99]. On the other hand, explants treated
with brassinosteroid alone without cytokine formed only embryogenic structures
without any occurrence of somatic embryos (Figure 6).

4.3 Stress factor
The stress factors have been related to promoting the acquisition of embryogenic

competence in different species [20, 66]. Stressful conditions can also influence the
acquisition of embryogenic competence in different species [19, 20, 30, 66, 100, 101].
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Figure7.

Ef]g%ct of 3 and 6 g/L agar on the direct somatic embryogenesis in explants of C. canephora cultivar “Robusta 2264
Mar” maintained at 25°C in the dark [106]. (A) 6 g/L of agar: explants with curvature without contact with the
medium. (B) Explant with few somatic embryos in the presence of 6 g/L agar. (C) 3 g/L of agar: the medium is in
contact with the bovder of the explant. (D) Explant with many somatic embryos in the presence of 3 g/L agar.

Studies indicate that the occurrence of somatic embryogenesis is strongly related to
the exposure of explants to some high intensity stress factor and or the high concen-
tration of plant growth regulator [22].

Osmotic stress treatments alter the explant's environment. This change in tissue/
organ growth conditions may represent the estrum that enables cells to undergo
changes in developmental processes and make them competent for inductive signals
for somatic embryogenesis. Thus, the stress-induction system is composed of
two phases: the acquisition of embryogenic competence and the formation of the
somatic embryo [102].

Of the responses found in different species, it was shown that the stress-induction
system could cause a greater formation of somatic embryos [101-107] although its
forms of control and action are unknown and this aspect has been little studied in the
culture of coffee plants. It was verified that C. canephora explants submitted to direct
somatic embryogenesis formed a greater number of embryos in a medium to which 3
g of agar had been added, than in one containing 6 g [106] (Figure 7). This result was
indirect evidence that altering the osmotic potential of the culture tends to favor the
ability of somatic embryogenesis. In another study, it was found that the alteration
of the osmotic concentration of the culture medium influenced the embryogenesis
response [108]. The use of 7% PEG 6000 caused a greater formation of somatic
embryos in foliar explants of the C. arabica genotypes AC1 and cultivar Mundo Novo
than the use of 5% PEG 6000. This reagent has a high molecular weight and is inert,
non-ionic, non-toxic, water soluble [109], not absorbed by vegetable cells and alters
the osmotic potential when added to a culture medium.

5. Conclusions

Somatic embryogenesis contributes to coffee crop both in relation to breeding
programs and its production chain. Little is known about the factors controlling
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somatic embryogenesis in Coffea genotypes. But it is known that plant hormones act
in controlling the occurrence of this process. In addition, studies have shown that
environmental and mainly stress factors applied during the cultivation condition
are involved in the control of somatic embryogenesis in Coffea.

Nomenclature

MS Murashige and Skoog

24D 2,4-dichlorophenoxyacetic acid
2-iP N6-(2-isopentenyl)adenine
NAA naphthylacetic acid

6-BA 6-benzyladenine

Ki kinetin

ZE zeatin

TDZ thidiazuron

PEG 6000 polyethyleneglycol 6000
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Abstract

Brazil is a world leader in coffee production. However, currently, it coexists with
recurrent and severe droughts, accompanied by intense heat, strong insolation
and low relative humidity. As the cultivation is carried out primarily in the rainy
season, these world climate variations have affected crops yields and fruits qual-
ity, requiring innovative actions that promote efficient use of water stored in the
soil. Among several soil management practices that promote a more rational use of
water, deep tillage combined with liming, gypsum and fertilizer amendments lead
to an increase in effective depth of coffee roots, therefore reducing water stress.
Moreover, intercropping with Urochloa sp. is highly efficient in enhancing soil
structure, water infiltration and plant available water capacity. Additionally, other
innovative techniques and practices are also introduced in this chapter.

Keywords: soil water, soil structure, deep rooting, soil amendments, deep tillage,
intercropping

1. Introduction

Adequate soil physical and hydrological conditions are key conditions for full
plant development, which is a premise for coffee quality exportation due to require-
ments for grain quality and crop uniformity [1]. However, in the main coffee pro-
ducing region of Brazil, there have been severe droughts. Although soils are mostly
deep and able to store a large volume of water, they present small effective depth
for the development of the root system, resulting in the edaphic drought, which has
brought many losses to coffee farmers. This situation is aggravated in soils of oxide
mineralogy and with very small granular structure, which condition the formation
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of pores with extreme diameters [2]. Thus, it leads to very rapid loss of water stored
in very large pores, or to its strong retention in extremely small pores.

A number of measures have been sought by Brazilian researchers to solve the
problems, such as selecting drought tolerant plants [3, 4]. However, a measure that
has attracted the attention of most producers is the adoption of soil management
systems that provide the best development of the root system of coffee crops and
physical-hydrological adequacy of the soil.

Therefore, this chapter will discuss the main limitations of soils used in the main
coffee growing area of Brazil and the mitigation techniques for soil suitability based
on research that have been developed for over a decade.

2. Soil adequacy
2.1 Preparation, planting corrections and rooting

In the past, coffee cultivation was traditionally performed in grooves of 0.40 m x
0.40 m x 0.40 m. From the 1970s, the use of furrows for planting coffee was intro-
duced in large scale. These furrows, open with tractors and with small furrowers,
were shallow at 0.30-0.40 m deep and V-shaped, with small width at the bottom.
For these reasons, and also due to the fact that under conventional coffee growing
conditions soil fertilization was performed on the surface layers, much of the root
system was limited to the first 0.40 m depth [5].

With the advancement of knowledge and technologies, it has been found that
coffee roots can reach depths well above 1 m when in the absence of physical limita-
tions and when adequate chemical conditions [6-8], such as sufficient calcium,
phosphorus and boron contents, are provided [9].

With the development of new soil preparation tools, coffee farmers have been
adopting deep furrow associated with soil correction and/or fertilization [10]. In
the south and southwest regions of the state of Minas Gerais, deep tillage has often
been carried out, allowing the incorporation of phosphate or limestone to a depth of
0.90 m. Due to higher soil turnover, larger amounts of fertilizer can be added in the
furrow, correcting the soil in deeper layers and providing a better environment for
coffee root development [6, 7, 10, 11].

Coffee cultivation using deep tillage system associated with surface application
of additional doses of gypsum presents better drought resistance when compared
with crops planted using conventional system, which conditions the permanence
of the root system on the soil surface. Regarding the additional operation costs, the
practice of deep tillage is compensated by the high crop yields in the first harvest
[12]. Nevertheless, there are large variations in production costs, especially consid-
ering the price of the product.

Gypsum (CaS0,.2H,0) is considered a good soil conditioner due to its high
mobility in the soil profile, providing calcium and sulfur to the plants, as well as
acting as a deep corrective for toxic aluminum (Figure 1) [13].

The ability of gypsum to increase Ca®* levels in the deepest soil layers is impor-
tant for the proper development of the crop root system, especially because Ca**
is the main component of the cell wall, being responsible for root elongation and
growth [6-8].

The increase in effective CEC of the subsurface layers in management systems
in which gypsum is applied is due to the increase in soil organic matter (SOM)
(Figure 2). Coffee is mostly grown intercropped with Brachiaria between rows [10].
This grass is periodically mowed and its residues remain in the coffee line, repre-
senting continuous input of organic matter to the soil [8]. Thus, SOM contributes to
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Contents of AP* (a), Ca®* (b) and effective CEC (c) in red Latosol under conventional management and after
11 years of deep preparation conservation system and application of 28 Mg ha™ of gypsum. Source: From authors.
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Figure 2.

Average values of organic carbon contents (g kg™) in ved Latosol under conventional management and after
11 years in deep preparation conservation system and application of 28 Mg ha™ of gypsum. Source: From
authors.

increased CEC and improved nutrient utilization efficiency by providing a signifi-
cant number of binding sites for essential elements present in the soil [14].

Studies showed that up to 21% of the carbon added by the roots could be incor-
porated into SOM [15]. Thus, the biomass of the coffee root system itself, favored
by calcium, is also a source of organic matter for the soil and certainly contributed
to raise the CEC (Figure1).

Moreover, this management system can be considered efficient in the construc-
tion of fertility of Latosols, whose mineralogy is dominated by low chemical activ-
ity clay minerals (kaolinite and iron and aluminum oxides in the form of goethite,
hematite and gibbsite). In these soils, which are typical of the Brazilian Cerrado
biome, organic matter can contribute to up to 80% of negative soil loads [16].

Due to intense soil revolving, tillage management systems promote aggregate
breakage, leading to significant structural changes [10, 12, 17]. However, by evaluat-
ing a Cambisol after 6 months of implantation of the coffee crop, Serafim et al. [17]
observed a reduction in soil density and an increase in total porosity due to the benefits
conditioned by the structural relief and construction of soil fertility. Serafim et al.

[10] described the presence of coffee root system with average depth in the soil profile
of 0.80 and 0.60 m at 6 months after planting for Latosol and Cambisol, respectively.
After 1 year, the root system reached 1.40 m in Latossol and 1.20 m in Cambisol.
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Serafim et al. [18], using the Least Limiting Water Range (LLWR) technique,
found that a Cambisol presented no physical-water limitations after 3.5 years of
coffee plantation and the crop implanted in this soil reached productivity much
higher than the average of the state of Minas Gerais. It evidences the longevity of
the positive effects of deep tillage on soil physical properties. Moreover, Serafim
et al. [10, 17-19] and Silva [20] observed positive responses in soil physical proper-
ties, such as increase in the volume of large macropores (>147 pm), fine macropores
(147-73 pm) and large mesopores (73-49 and 49-29 um), when evaluating the
physical quality of this soil after 5 years of tillage implementation. Similarly, Silva
et al. [21] observed a significant increase in LLWR and a significant reduction in
soil density when evaluating the structural quality of very clayey Latosol after 2
years of coffee cultivation.

Silva et al. [8] found a significant volume of inter-aggregate pores (macro-
pores) after 3 years of coffee cultivation in Latosols, confirming the benefits of
the management system using deep preparation associated with surface gypsum
application. In the layer between 0.20-0.40 m of the soil, even after 5 years of
cultivation, Silva [20] also found that soil management favored the expressive
increase of pore volume of classes 9.0-2.9, 2.9-0.6 and 0.6-0.2 pm (mesopores),
which is relevant since a good portion of the water retained in the soil will be avail-
able to the plants.

Particularly in Latosols under this management system, it was observed that in
the absence of chemical and physical limitations of the soil the coffee root system
reached depths greater than 1 m at 3 years of age (Figure 3), which is of fundamen-
tal importance to ensure crop survival in periods of edaphic drought [8].

Serafim et al. [19] evidenced intense water deficit up to 1.60 m in the crop line,
when monitoring moisture of a very clayey and oxidic Latosol with 3.5 years of
cultivation in a dry year. The authors attributed the results to the presence of roots
that used intensely the available water in this depth of soil. Very thin roots were
found in the soil layer between 1.50 and 1.70 m, indicating potential for water use in
these deeper soil layers.

Similarly, in Cambisol, Serafim et al. [19] also showed more intense drying in
the crop line up to 1.6 m caused by the roots of the plants, since active roots were
found in this depth. The authors reported that although the crop does not have
water availability in the layers closer to the surface in the dry period of the year, the
larger volume of soil explored by the roots contributed to reduce the water deficit.

T ivugpd wes (MG

& &8 Iy Ba B e
i h i

. —
L
oy P

slbimege £

Foep ks fassh

wporam

e
di

1500140

Figure 3.
Area occupied by coffee plant voots along the profile of Rhodic Haplustox. Source: Adapted from Silva et al. [8].
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Figure 4.
Root length distribution (mm) in (A) gibbsitic Acrustox and (B) kaolinitic Haplustox both with the
multipractice conservation management system for the coffee crop. Source: Adapted from Carducci et al. [7].

Given the above, it is noteworthy that although the benefits of mechanical soil
revolving are readily apparent in coffee cultivation after 4 years of management
[6, 7, 10, 17-19], studies show that these effects do not last long in some soil classes
[22]. In this sense, particularly when soil is revolved, physical improvements to the
soil may be temporary, since the durability of the changes depends on the texture
and mineralogy of the soil [23].

Silva [20] reported that the deep tillage and gypsum management system was
not effective in providing improvements in the physical quality of a Nitisol, since
in the 0.0-0.20 m and 0.40-0.60 m layers, management provided a decrease in
the volume of large macropores (>145 pm), which may affect the internal drain-
age of the profile. According to the author, in soils presenting textural B-horizon,
the physical conditioning provided by soil preparation is short and the soil tends
to reconsolidate. It is possible that clay illuviation may be acting in this process, as
observed in Argisol by Marcolan and Anghinoni [24]. When soils are prepared there
is a breakdown of aggregates, and an increase in soil clay dispersion [25].

Still regarding the development of the root system in Latosols, the practices
employed in the management system described by Serafim et al. [10] also con-
tributed to the coffee root growth, even in young (<3 years) roots [7], which are
responsible for rapid water absorption and increased nutrient acquisition [26]
(Figure 4).

The better distribution of the coffee root system in Latosol with high levels
of gibbsite was promoted not only by the employed management system but also
by the good distribution of well-connected pore diameters typical of this soil
class (Figures 4 and 9). In kaolinitic Latosol, the system promoted the relief of
the denser original structure, formed by thin and elongated pores promoted by
the kaolinite mineral [27, 28], due to deep revolving associated with the addi-
tion of organic matter and gypsum, which favored concentrated root growth
up to 0.80 m, but with regular root expansion with 500 mm length to 1 m depth
(Figure 4) [7].
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A well-distributed coffee root system along the soil profile, as observed in
Figure 4, enhances the use of stored water available at greater depths (>0.80 m).
Serafim et al. [19] and Silva et al. [29] reported the possibility of more efficient
water absorption, minimizing the effects of water stresses to which these plants are
subjected when cultivated in soils from the Cerrado biome, without harming crop
yields [21]. Thus, knowledge about the distribution of coffee root system, as well
as the probable changes in soil structure is the result of the interaction between
the management system and the edaphoclimatic conditions that are intrinsic to
Latosols.

2.2 Coffee intercropped with Brachiaria

The proper management of soil corrections and conditioning, dose adjustments
and phosphorus use by the system, as well as balance in nutrient supply and leaf
analysis for monitoring coffee nutrition are the main challenges of modern and
competitive coffee cultivation for better use of available water in the soil-plant
system [30]. Therefore, it is necessary to build soil fertility for sustainable coffee
production in order to obtain increased nutrient use efficiency, increased fertilizer
recovery rate, reduced biennial bearing and higher yield.

Coffee cultivation intercropped with Brachiaria (Urochloa sp.) improves the
soil profile fertility. With vegetative intensification, the root system of the main
crop naturally tends to deepen, accessing more water and nutrients, incorporating
more carbon into the soil and improving its physical and biological quality [31]. In
general, Brachiaria species have been considered prominent options for the produc-
tion of plant residues to be incorporated in the soil or in its surface in no-tillage
system, due to the good dry mass production and the high C/N ratio [32, 33]. In
the intercropping system with coffee in low fertility soils, this behavior should also
contribute to the increase of the soil organic matter (SOM) and consequently its
cation exchange capacity (CEC), indirectly increasing the soil nutrients. Urochloa
rugigiensis stands out among the species of Brachiaria, and is preferred by coffee
growers because of its single flowering and well-developed root system with excel-
lent field results [34].

The part of the coffee root system responsible for the absorption of water and nutri-
ents, the thinnest roots, usually deepens to a depth of 40 cm [5] (Figures 5 and 6).
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Figure 5.

Density of coffee roots as a function of the sampling site, below the canopy, below the fertilizer range, and in the
center of the row. Source: Adapted from Motta et al. [5].
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After a few years of planting under sufficient fertilizer application, some soil-moving
nutrients such as nitrogen (N), potassium (K), sulfur (S) and boron (B) can leach
beyond these absorbing roots. Thus, intercropping with deep-rooted plants practically
all year round returns these nutrients to the surface of the soil-plant system. Therefore,
managing between rows that collaborate with the proper management of soil fertility
will certainly provide higher yields of coffee crop [35] due to the higher nutritional
efficiency of the system production.

In addition, Brachiaria presents a root system that complements the efficiency of
soil fertility use in the intercropping with the coffee as they explore depths of up to
nearly 5 m (Figure 7).

In coffee cultivation intercropped with Brachiaria, plant residues are recycled and
used as nutrients for coffee nutrition. The amount and regularity of plant residue
addition is more important than the synchronization between release and nutrient
demand by coffee because the increase in organic matter content over the years.

Brachiaria is more efficient than the coffee tree to extract the phosphorus from
the soil, which will be available gradually with the decomposition/mineralization of
the straw in the canopy projection. Over the years, the grass also incorporates this
nutrient in depth as its root system develops in a larger volume of soil (Figure 7).

It is possible to estimate three plant cuts per cycle, with 5 tons of dry matter
per hectare in each field based on Brachiaria average productivity data [37] and

Figure 6.
Root system (A) and aerial part (B) of productive coffee, with good management of soil fertility construction
in association with Brachiaria. Photo: Paulo T. G. Guimardes.

Figure 7.

Root system of Brachiaria (Urochloa ruziziensis) pasture. (A) Detail of trench opening; (B) frontal view of
Brachiaria roots; (C) view of Brachiaria roots from within the trench; (D) measurement of Brachiaria root
system depth up to 4.9 m soil depth. Source: Revista Cafeicultura [36].
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proportional adjustment of its soil exploration area in consortium with the coffee
tree (up to 30% of the area). The nutritional contents in dry matter for each coffee
brush operation are: 75 kg of N; 20.6 kg P,Os; 193 kg of K,0; 24.4 kg of CaO; 20.8 kg
of MgO; 3.5 kg of S-SO4; 90 g of B; 55 g of Cu; 1 kg of Fe; 475 g of Mn, and 400 g
of Zn [34]. For the availability of these nutrients in the crop cycle, it is necessary
to mineralize the dry matter, which depends on the presence of water, temperature
and microorganisms in the soil, since some nutrients, such as N and P, are partially
released over a period of 3 years [38].

Despite the many advantages presented by the cultivation of Brachiaria between
coffee lines, there may be some disadvantages, especially if the coffee grower

Figure 8.
Appropriate management of rows of coffee plants with Brachiaria after mowing. Photo: Geraldo C. Oliveira.
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Figure 9.

Pore distribution of (A) gibbsitic Acrustox and (B) kaolinitic Haplustox, both with the multi-practice
conservation management system for coffee cultivation at 0.20-0.34, 0.80-0.94 and 1.50-1.64 m depth. The
pore diameter was extract of soil water retention curve by double van Genuchten model. Pore size <0.01 ym
corresponds to >3500 kPa by WP4-T psychrometer [2]. The blue spheres represent the pore diameters. Source:
From authors.
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handles it incorrectly. Under conditions of severe water deficit, there may be
competition for water and nutrients, harming the crop of commercial interest [39].
There may also be competition for nutrients and light and it is recommended to pro-
vide adequate and balanced coffee nutrition, as well as to maintain a strip of about
0.40 m on each side of the coffee trees, free from competing plants, and covered by
residues from Brachiaria (Figure 8).

Coffee cultivation intercropped with Brachiaria is one of the practices of build-
ing soil fertility in profile for greater sustainability of coffee growing. The addition
of this grass to the cultivation system is necessary for greater use of water and soil
nutrients, which also allows the suppression of other difficult to control weeds,
presenting several benefits for better coffee development and productivity and
consequently greater profitability.

3. Porosity, water retention and availability in soils cultivated with
coffee

The presence of an ideal pore network with a wide range of diameters is one of
the key factors for high crop yields, especially those most demanding for water, such
as coffee [21, 40]. Soil pore diameter and distribution interfere with drainage ratios,
available water content, ion adsorption, root growth, aeration and temperature,
acting directly on physical-water phenomena, being an indicator of soil quality
[41-43].

Since soil mineral composition influences pore shape, length and connectivity,
soils of oxide mineralogy, such as the very weathered Cerrado Latosols, tend to have
a very strong, well-connected microgranular structure with large pore formation.
There is formation of thinner and elongated pores [2, 27, 28, 43—-45], which has
implications on the water content available to plants.

When used in some production process such as food, fiber or energy, some
structural change must occur, modifying the distribution and connection of their
pore networks and, consequently, promoting changes in the soil air-water dynam-
ics. In this sense, conservation agriculture [13] has as its principle the physical
and chemical improvements of the root environment, by reducing soil tillage and
maintaining living or dead surface cover. Thus, it minimizes the compressive and
erosive processes, in addition to the oxidation of organic material, promoting the
vertical growth of the root system of crops.

With these simple conservationist measures, coupled with the chemical correc-
tions of acidic Latosols, improvements in the physical environment are expected,
favored by the good development of the coffee roots, particularly by the reduction
of restrictive impediments to the vertical growth of its roots and access to stored
water [6-8, 29] (Figure 9).

Thus, the conservationist soil management system described by Serafim et al.
[10] promoted changes in water retention in very weathered Latosols. According to
Carducci et al. [2], the system was able to alter pore scaling such that it increased in
the layer of 0-0.20-0.34 m the volume of large macropores (>147 pm) in kaolinitic
Latosol and increased the intermediate diameters (73-2.9 pm), which are pores
responsible for the gradual release of water to plants [43, 46]. There was also no
limitation to aeration in soils (>147 pm: ~ 15%), because the values were within the
acceptable range for gas exchange maintenance (Figure 9).

According to Carducci et al. [2, 47, 48], genetically weathered Latosols present a
large amount of interconnected structural pores, which facilitate drainage. Textural
pores (including cryptopores) are responsible for water retention of high energy
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[2, 43, 46, 49] However, because it was submitted to the conservationist manage-
ment system, there was a small increase in the intermediate pores when compared
to the greater depth evaluated in both soils, especially the one with gibbsite.

There is higher water retention in the cryptopores of gibbsitic Acrustox (pores
with diameter < 0.01 pm) due to the high energy (3500 kPa), which makes this
water unavailable to the roots of coffee trees [48, 49] (Figure 9).

The authors mentioned in the previous paragraph point out that deep prepara-
tion and maintenance of Brachiaria sp. should be considered as the main factors of
this management system. The additional surface applied gypsum (7 kg m™), act as
the supporting factor in the structure of the soils. Carducci et al. [6], when evaluat-
ing the same soils in 3D images obtained by X-ray computed tomography, verified
that kaolinitic Latosols presented high spatial variability of the soil structure. These
pores resulted from the rapid and well-branched growth of the coffee root system
[7, 8]. This is extremely relevant information given that the interactions between
soil and root have been considered as a key element for the second green revolution
aimed at maximizing production [50].

4. Water-use efficiency and plant responses

The water content in the soil profile is one of the main factors of growth and
productive vigor of coffee, mainly because it is predominantly implanted in a dry
land system. In this sense, the knowledge of soil water dynamics in the root zone in
production areas is strategic because it predicts the success of agricultural activity.
Management strategies can contribute to the efficient use of stored soil water from
rainfall and enable positive responses to the crop.

In order to reduce the effects of water deficit, a plastic film (double-sided, black
and white) was used as mulching covering the coffee growing line. Such manage-
ment provided greater soil water storage up to 0.60 m in an Argisol (Ultisol), with
soil moisture above 30% in the dry season, from May to September (Figure 10). In
the topsoil, the soil moisture also remained higher, especially in warmer seasons,
such as in January. These results coincide with the highest growth in stem height
and diameter over the first year of coffee development [51, 52], showing that
mulching may be an important alternative for keeping water in the root zone at the
most critical time for crop development.

In a Cerrado Latosol cultivated with coffee under a conservation system [10], soil
moisture was monitored daily during 2010 by means of a capacitance multi-sensor
probe to a depth of 1.0 m [53, 54]. Throughout the evaluated period, the lowest
moisture values were observed in the 0.50 to 0.75 m layer, indicating that the coffee
tree extracted the largest amount of water at this depth (Figure 11), coinciding
with significant presence of coffee roots [7] (Figure 4). In addition, in the months
corresponding to the dry season in the region (June to August), it was observed low
humidity values in the depth of 1.00 m, and thus deep water absorption, which may
have contributed to reduce the water stress suffered by the plant. In this sense, the
groove opening and limestone incorporation at 0.60 m associated with the applica-
tion of additional gypsum may be important for the attenuation of water deficit.

An alternative for soil moisture monitoring is the use of remote sensors, given
their repeatability characteristics, access to large areas and easy handling. However,
it should be taken into account that coffee is a perennial crop with high root system
activity at depth, and the use of remote sensor data to directly measure soil mois-
ture is limited to a few centimeters below the surface (+5 cm) [55], not covering the
entire area of water extraction by the roots [56]. Santos et al. [57] used the vegeta-
tion index EVI-2 to monitor the vegetative vigor of the coffee tree and to correlate it
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Figure 10.

Continuous variation of soil moisture in 2014 in the 0—0.60 m layer of Argisol as a function of conventional
management (TES) and plastic cover (MM) in the first year of coffee cultivation. Source: Adapted from
Barbosa [51].
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Figure 11.

Continuous variation of soil moisture (% by volume) in the planting line (sensor positioned 0.15 m from the
coffee tree trunk) as a function of depth (0-1.00 m) and time (March/2010 to December/2010) in a very clayey
gibbsitic-oxidic dystrophic ved Latosol with coffee during the 2nd year under management system described

in Serafim et al. [10], which includes deep preparation with chemical correction up to 0.60 m, cultivation of
Brachiaria between the rows and application of additional gypsum at a dose of 28 Mg ha™". Source: Adapted
from Silva [53].

with moisture data at different depths. The authors concluded that it is possible to
estimate the water content in the root zone using EVI-2, and that the humidity at a
depth of 0.60 m is the one that most reflects the water situation of the plant.
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Figure 12.

Water use in layers up to 1.00 m depth during the dry season (May 2010) and in the summer (November

2010) for coffee trees installed in October/2008 due to management with deep soil preparation and limestone
incorporation at 0.60 m depth, differing by presenting Brachiaria between the vows and additional application
of 7 Mg ha™ of gypsum (G-7) or 28 Mg ha™" of gypsum (G-28), and without application of additional gypsum
and uncovered line (CV-o0). Source: Ivan Célio Andrade Ribeiro.

To detail the use of additional gypsum practice, water use by the coffee tree in the
soil profile was estimated at different time intervals in 2010 (Figure 12). The coffee tree
consumed water to a depth of 0.60 m in both evaluations performed and for all man-
agements, which corroborates the lower moisture values in this layer (Figure11), con-
firming the importance of deep tillage and soil correction at 0.60 m. The highest water
consumption was observed for treatment G-7, followed by G-28 and lastly for CV-0.
The use of additional gypsum allowed the development of thin roots in treatments
G-7 and G-28 when compared with CV-0 [11], which may be due to the high levels of
exchangeable Ca*", Mg** and K" in the soil solution, which remained at adequate values
to a depth of 0.85 m in the management with additional gypsum application [58].

Water use at a depth of 1.0 m was observed only in the G-7 treatment in November
2010, where the plant consumed about 6% of the stored water. At that time, the cof-
fee tree was 2 years old, showing potential for deep water extraction. Moreover, even
in the rainy season there was drought of more than 20 days [29, 53], associated with
lower rainfall in the region this year compared to the historical average [59], implying
less soil water storage. However, the high soil moisture at a depth of 1.00 m - above
the critical moisture content for reducing maximum coffee perspiration in all man-
agements [29] - indicates that this layer is an important water reservoir that can be
accessed by plants during the driest or summer periods, reinforcing the importance
of deepening the root system through management [29, 59].
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Although management with additional gypsum (G-7 and G-28) provided higher
water consumption compared to CV-0, it was not possible to differentiate its effects
on water stress suffered by plants, evaluated by leaf water potential (yf) in January,
April, and August 2010 (Figure 13). It is noteworthy that in CV-0, although no
additional gypsum was applied, liming was performed on the surface and in the
planting furrow to a depth of 0.60 m, which favored the deepening of the root
system [7].

The highest water stress was observed in August (Figure 13), coinciding with
the peak of the dry season in the region and the lowest soil water content [29, 59].
However, all observed yf values were below the critical range of water stress that
leads to a reduction in coffee crop production, which is between —1.8 and —2.5 MPa
[60-62].

Regarding plant growth, lower plant height values were observed in the G-7
and G-28 managements when compared with CV-0 (Figure 13), which may be
explained by competition for root-shoot photoassimilates [63], since the coffee
tree showed denser and deeper root systems for G-7 and G-28 [11]. In addition, the
evaluations were carried out shortly after planting and, considering that the main
morphological and physiological characteristics of the coffee root system complete
its development at 5 years of age [1], it is expected that the investments made in lim-
ing, application additional gypsum and fertilization result in greater root develop-
ment in the G-7 and G-28 managements in subsequent years [21].

Despite the lower initial plant growth, the adoption of the conservation manage-
ment system provided maintenance of the water state of plants during the dry and
summer season (Figure 13), resulting in statistically equal yields between CV-0,
G-7 and G-28 management system at the first harvest in 2011 [29], highlighting the
importance of deep tillage and soil correction. However, in 2012, higher yields were
obtained in the managements G-7 and G-28. On average, production was 52.8 bags
ha™' in CV-0 (1 bag = 60 kg of coffee grains), 54.5 bags ha™! in G-7 and 58.0 bags
ha™'in G-28 [59]. Coffee plants take 2 years to complete their phenological cycle
[64]. Thus, soil moisture in 2010 influenced production in 2011 and 2012, demon-
strating the positive effect of investments in additional gypsum associated with the
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Figure 13.

Water stress assessed by leaf water potential (¥f) at three times of the year (January 5; January 18 and August
20, 2010), and plant growth at height assessed continuously each month (January 5, 2010 to June 18, 2011) for
coffee planted in October 2008 due to management with deep soil preparation and limestone incorporation,
differing for presenting Brachiaria between the rows and additional application of 7 Mg ha™ of gypsum (G-7)
or 28 Mg ha™ of gypsum (G-28), without application of additional gypsum and uncovered gypsum (CV-o).
Source: From authors.
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maintenance of Brachiaria in the G-7 and G-28 treatments, which provided higher
water consumption by the plant in 2010 (Figure 12).

The trend of higher production for management with additional gypsum
was confirmed in the 2013 crop, in which 63.0 bags ha™ was produced in CV-0;
75.5 bags ha™ in G-7, and 71.1 bags ha™" in G-28 (data obtained through personal
communication with consultants in the area). However, in the 2014 harvest, only
the G-28 treatment presented higher yield (87.2 bags ha™") when compared with
CV-0 (85.6 bags ha™'). Management G-7 presented the lowest yield (57.5 bags
ha™"). However, when evaluating the general average of the first four seasons, it
is observed that there is little difference between the evaluated managements, in
which in CV-0 were harvested 63.6 bags ha™!, 60.5 bags ha™" in G-7 and 68.6 bags
ha™'in G-28.

5. Final remarks

There have been strong droughts and short-time droughts in rainy season in the
main coffee producing regions of Brazil. Although most of the soils used are deep
and capable of storing a large volume of water, these soils have a small effective
depth for the development of the root system due to severe chemical limitations,
therefore causing a yield gap.

Brazilian researchers have studied ways to overcome this problem, such as
selecting drought tolerant plants. However, a strategy that has attracted the atten-
tion of farmers is the adoption of soil management systems that provide the best
development of the coffee root system, with chemical and physical adequacy of
soils. Deep tillage, maintenance of intercropped Brachiaria in the coffee plant inter-
row and additional gypsum play important roles in this management system. This
is relevant information given that the interactions between soil and root have been
considered as key elements for the maximization of crop production. Therefore,
the set of practices previously mentioned in this chapter has alleviated the soil
limitations caused by droughts, root growth and, consequently, the development of
productive coffee trees.
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Soil Electrochemical and Physical
Properties in Coffee Crops in the
State of Parana, Brazil
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Abstract

In aerated soils, pH is considered to control available nutrients to plants. Also,
pH is related to soil charges and is a key property expanding double layers of col-
loids. These electrochemical properties are affected by soil management and are
related to soil physical properties like water-dispersible clay, aggregation indexes,
and infiltration rate. Water-dispersible colloids are the fraction of clay that disperse
in water and are affected by nature of soil including mineralogy of clay fraction,
soil management in terms of crop sequence, application of organic manures,
field traffic, and mechanical stress by time of shaking for the analysis. Traffic of
machines, soil tillage, and weed control methods are the main causes of change in
soil physical properties in coffee crop. However, management of soil acidity with
limestone and use of gypsum also can change soil physical and electrochemical
properties, which are related with dynamic processes like soil air and hydraulic per-
meability into soil which are essential to root development and growth. Therefore,
soil management in coffee crops requires comprehension of the effects of changes
in soils caused by addition of amendments like limestone and gypsum, traffic
of machines, and weed control methods on behavior of soil properties for better
management.

Keywords: Coffea arabica L., point of zero charge (PZC), water-dispersible clay,
soil-water retention, soil structure, weed management

1. Introduction

Crop production is more problematic in tropical and subtropical climatic condi-
tions than in temperate humid climates [1]. These authors highlighted that many
cultivated plants derive from regions which are ecologically different from their
present region of production. When competing with weeds which have become
properly adapted to their habitat, these crops cannot survive without protection
and assistance from the farmer.

Brazil is the greatest exporter of coffee and second consumer of the product in
the world. Currently, the land area cultivated with coffee is 1.84 million of hectares,
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the total 1.47 million of hectare (~80%) being cultivated with Coffea arabica L.
species and 373.33 mil hectares (220%) with Coffea canephora Pierre (Secretary of
Agricultural Policy in the Ministry of Agriculture, Livestock and Food Supply—
MAPA, 2019).

In the state of Parand, most coffee plants are cultivated in high coffee population
density system (>5000 plants per hectare) which guarantees the coffee farmers
higher productivity by hectare [2] in soils derived from basalt with high iron con-
tent (Fe,0O; higher than 18 dag kg_l). In these soils, the workability is easier, and the
drainage is usually very good [3]. On the other hand, in the high coffee population
density, spacing between coffee rows is 2-3.2 m and 0.5-0.75 m between the plants
in the lines, which compromises the mechanization of operations to management
and harvest.

Soil slope is another important factor that compromises the mechanical opera-
tions and coffee management besides coffee planting spacing. In a previous study
done in the climatic zoning of the State of Parand for the cultivation of coffee
(Figure 1), Hofig and Araujo-Junior [3] showed that 89% of the land area are not
limited to mechanization by the criterion of soil slope classes.

Considering mesoregions of the State of Parand, the northwest has the
smallest area with a slope higher than 20% and therefore the greatest potential
for mechanization of coffee plantations. On the other hand, in the Pioneer
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Figure 1.

Map of the State of Parand with slope classes and potential for mechanization in the area with climatic zoning
to cultivate coffee. Source: Hofig and Araujo-Junior [3].
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Northern mesoregion, which currently has about 37% of coffee plantations in
the State of Parand and has great technological potential due to edaphoclimatic
characteristics for coffee cultivation, 10% of the area is not recommended for
mechanization based on soil slope classes, which represents an area of 160,000
hectares.

Besides mechanization, the addition of soil amendments like limestone and gyp-
sum and weed control methods affects the behavior of soil properties. In long-term
experiments conducted in different coffee regions of Brazil, the effects of weed
control methods on soil attributes have been proven.

Weeds when properly managed in both row and interrow areas can become
allied with the coffee farmer without compromising crop yield. On the other hand,
when the weed is constantly controlled with pre-emergence herbicide, soil surface
is exposed to direct raindrop impact which can form soil crusting that makes water
infiltration more difficult. As a consequence of surface soil crusting, runoff is
increased, and hydric soil erosion must be a problem.

Research results have shown that weed management modifies soil resistance to
compaction and can minimize damage caused by machine traffic on the soil as well
as assisting soil and water management and conservation by providing benefits for
accelerated water erosion.

In this chapter of the book, we presented that soil physical and mechanical
properties are essential to the assessment of the effect of anthropogenic activities
on natural resources and may help coffee farmers to obtain an optimum soil envi-
ronment for plant growth. Due to that, this chapter characterizes the soil physical
properties in coffee crops in the State of Parand, Southern Brazil.

2. Soil electrochemical and physical properties in coffee crops

Soil physical properties are essential to comprehension of the behavior of the
soil when submitted to mechanization. Among the physical properties, the water
content in the soil profile determines the reaction to tillage, and soil moisture is the
most important for soil-machine interactions, since it controls the consistency of
the soil [4] and governs the amount of soil deformation when subjected to external
pressure [5].

In aerated soils, pH is considered to control available nutrients to plants.
Also, pH is related to soil charges and is a key property expanding double layers
of colloids. Points of zero charge (PZC) are pH values associated with specific
conditions imposed on one or more surface charge densities of an electrified
interfacial region between a soil solution and soil solid phase [6]. Point of zero
charge indicates the pH at which the net surface charge on variable charge
surface is zero [7].

The surface charge density is the most important physical characteristic of an
electrified interface. It can be defined as the number of coulombs per square meter
borne by surface functional groups, and it depends in sign and magnitude on
the composition of the soil solution and structure of the solid phase to which the
functional groups are bound [6].

PZC was estimated from pH-H,0 and pH-KCI (1 mol L™ through Eq. (1).
According to these authors, ApH is the electrochemical soil properties that most
affect the dispersion. When ApH tends to zero, charges are balanced with less
dispersion.

PZC =2 pHgci - pHmo 1
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where PZC is the point of zero charge, dimensionless; pHy; is the hydrogeni-
onic potential determined in potassium chloride solution (1 mol LY, PHmo is the
hydrogenionic potential determined in water.

ApH = pHka - pHmo 2)

These electrochemical properties are affected by soil management and are
related to soil physical properties like water-dispersible clay, aggregation indexes,
and infiltration rate.

Water-dispersible colloid (WDC) is generally recognized as the fraction of clay
that disperses in water. Dispersion is the ultimate state of breakdown that results in
release of clay particles as a consequence of expanding double layers and dominat-
ing repulsive forces [8]. WDC is affected by the nature of soil including mineralogy
[9-11], clay content and application of sewage sludges [7], soil management [8] in
terms of crop sequence, application of organic manures [12, 13], soil tillage, and
traffic [14] which have been shown to affect dispersion-flocculation of clay in soil
structural elements.

Besides liming and gypsum on coffee crop, soil organic matter may have a dis-
persive or aggregating effect according to the quantity and quality of the fertilizer
[12]. These authors observed that the addition of manure at the doses of 23 g kg™
and 30 g kg™" provided dispersion of the clay fraction in electropositive red-yellow
Latosol caused by negative electric charge balance.

3. Mechanization in crops with high coffee shrub population density

In coffee plantations, mechanization has emerged as an alternative in reducing
production costs, operating income, and reducing labor hardness. However, for the
preservation of natural resources (soil and water), soil and machinery management
becomes essential to minimize the effects of anthropogenic actions on the soil.
Within these aspects the coffee farmers can reduce the axle load and the contact
pressure of the tires with the soil and use management systems that contribute to
the deposition of organic matter, as soils with greater aggregation support more
load and the organic matter relieves stress exercised by agricultural machinery.

Soil stress exerted by tires or tracks of machines on soil interface can be assessed
according to machine characteristics and soil attributes [15]. These authors mod-
elled soil stress through the software Tyres/Tracks and Soil Compaction (TASC)
version 3.0 [16].

TASC version 1.0 was used for the first time in Brazil in a long-term weed
control method experiment to assess the effects of weed control on soil load-
bearing capacity and the impact of a coffee tractor on soil stresses [17]. In this
study, a coffee tractor Valmet®, model 68, with a power rating of 44.9 kW (61 hp),
a total weight of 38,245 N (3900 kg), front tires of 6.16 at inflation pressure 172
kPa, wheel mass of 683 kg and rear tires of 12.4 R28 at inflation pressure 124 kPa,
and wheel mass of 1.365 kg was used for coffee management and mechanical weed
control.

The contact area at soil-tire interfaces ranged from 0.0381 m” for the front tire
to 0.1328 m” for the rear tire 12.4 R28 [17]. The ground average contact pressure at
soil-tire interface ranged from 101 kPa to 176 kPa, with the highest occurring for
the front tires. As highlighted by Guimardes Jinnyor et al. [15], the ground aver-
age contact pressure depends on the tire type, tire structure, tire sizes, wheel load,
inflation pressure, and soil stiffness.
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The State of Parand (Figure 1) is located between the coordinates 22°30’
and 26°30’ S latitude and 48° and 55°W longitude within a region of climatic
transition, from north to south, with regional and local variation due to altitude
and topography. However, the recommended area to coffee cultivation in the
State of Parand [18] is located between the coordinates of the southern latitudes
22°51'50", 24°76'70” west longitude, and 49°55'30” to 54°34'20” from Greenwich
(Figure1).

High coffee shrub population density system (higher than 5000 shrubs per
hectare) was developed in the State of Parand by the Agronomic Institute of
Parana (IAPAR) to improve coffee yields and to provide economic benefits to
coffee farmers; soil and water conservation also helps coffee shrubs after frost
damage.

In Londrina in the State of Parand, in an experiment conducted between
1976 and 1981 to determine the effects of spacing between plants in the row
(4 mx1mand4 mx2m), Siqueira et al. [19] concluded that irrespective of
coffee cultivars (Catuai Vermelho LCH 2077-2-5-81 and Acaid LCP 474-4) or
hybrid Icatu H 4782-7 AMBR (Coffee arabica vs Coffea canephora Pierre) the
coffee yields per area increased with decreases of spacing between plants 2 m
and 1 m [19].

In addition to crop response, coffee shrub population density system promotes
improvements in chemical, physical, and biological soil attributes [20].

4. Liming and gypsum on clay fraction flocculation and soil particle
aggregation

Soil correction by liming and/or gypsum has a significant influence on the soil
physical and water properties [9, 21-26].

Liming by applying limestone—calcium carbonate [Ca(COs),] or magnesium
carbonate [Mg(COs),] is the soil management practice used to correct excessive soil
acidity. In addition to correcting acidity, lime application in soils is able to provide
calcium and magnesium, provide nutrients, and neutralize excess aluminum and
soil manganese that are toxic to plants [20, 22].

Gypsum applied on the surface of soil columns with dimensions of 0.6 m in
height by 0.3 m in diameter provided increases in Ca contents and decrease in
exchangeable Al contents, consequently favoring the root growth of deep coffee
seedlings [27]. These authors also pointed out that the superficial application of the
gypsum-CaSO,~was more efficient than CaCO; incorporated at 0.3 m depth due to
the higher root growth in depth as a result of the exchangeable calcium increase and
aluminum reduction in the subsurface ground.

In the long term, both liming and gypsum can contribute to reducing the risks of
erosion in coffee-cultivated LVdf, especially under conditions without green cover
between rows and with uncovered soil. In a typical Distroferric Red Latosol (LVdf)
(Rhodic Hapludox), very clayey texture cultivated with coffee shrubs in Londrina,
Northern State of Parana, liming and gypsum had positive effects on soil aggrega-
tion and consequently on the water infiltration rate in the soil profile 2 years after
corrective application [21].

On the other hand, the short-term incubation studies (3 months after limestone
application), using samples from an LVdf from Londrina, Castro Filho and Logan
[9], found that the aggregates were stable in water up to the pH value in CaCl, equal
to 5.7. On the other hand, when pH values exceeded 5.7, they reduced the stability of
the aggregates in water.
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5. Electrochemical properties of an Oxisol cultivated with coffee crop
and its relationship with flocculation-dispersion of colloids and
aggregates

5.1 Water-dispersible clay

Water-dispersible clay is the fraction of clay that disperses in water, and disper-
sive soils are common problematic soils in many parts of the world [14]. Due to fact
that dispersible clay blocked soil porous system and compromise the water and gas
movement, this soil property has been used in studies of hydric erosion and soil
management.

In a long-term experiment conducted at experimental station of the IAPAR in
Londrina, PR submitted to seven different weed management in the interrow area
(between coffee row), weed managements in the interrow area did not affect the
point of zero charge. The experiment was installed in randomized complete block
design, seven treatments with four replicates. The soil in the experiment site is
classified as Typical Dystroferric Red Latosol, very clayey texture (80 dag kg™* clay)
with kaolinitic mineralogy derived from the saprolites from basaltic rocks. The
weed management were as follows: T1, hand-hoe weeding (HAWE); T2, portable
mechanical mower (PMOW); T3, herbicides (HERB); T4, cover crop peanut horse
(CCPH); T5, cover crop dwarf mucuna (CCDM); T6, no-weeding control in the
interrow area (SCAP); and T7, weed check (CHECK) (no-weed control in the row
and interrow area). Soil samples were collected at 0-10 cm, 10-20 cm, 20-30 cm,
and 30-40 cm depths. Soil electrochemical properties were determined: pH in
relation 1:2.5 soil/solution in a 0.01 mol L™ CaCl,, KCl, and water and point of zero
charge (PZC). Water-dispersible clay was determined by pipette method without
chemical dispersion shaker for 2 h.

However, the estimated point of zero charge changed among the soil sample
depths (Figure 2). The estimated PCZ values were 4.2 (StDv. 0.54), 3.6 (0.54), 3.7
(0.29), and 3.7 (0.37) lower than the pH in all depths which contribute to excess in
negative charge. When soil pH is higher than PZC, there were electrostatic repul-
sion and drop in clay flocculation [7].

For soil samples collected at county Londrina, Northern Paranad in Native Forest
at 0-20 cm depth of a Red Latosol with very clayey texture (72 dag kg™"), incubated
with limed sludge with doses 1.5-24 g kg™, Tavares Filho et al. [7] observed after
180 days incubation in pots in the greenhouse PZC 4.8-5.03; delta pH —0.22 to
—0.15; and water-dispersible clay 66-128 dag kg™"; soil samples were shacked in an
orbital shaker at 300 rpm for 3 h.

Weed management in the interrow area of coffee crop changes delta pH (p <
0.001) for a Dystroferric Red Latosol, very clayey at 0-10 cm depth. The highest
values were found for T6 no-weed control between coffee rows (ApH = —0.57) =
T1 hand weeding (ApH = —0.68) = T7 weed check (ApH = —0.72) and lowest for
T2 portable mechanical mower (ApH = —0.80) = T3 herbicides (ApH = —0.93) =
T4 cover crop peanut horse (ApH = —0.80) = T5 cover crop dwarf mucuna (ApH =
—-0.78).

Changes in ApH affected the water-dispersible clay (Figure 3).

With the aim of to investigate the effect of liming on chemical and physical
properties of three very fine, ferruginous, isothermic Rhodic Hapludox with dif-
ferent levels of organic carbon, Castro Filho [6] observed that pH affects positively
the aggregate stability indexes. This author also suggested that aggregate stabil-
ity depends on the soil mineralogical composition and the highest aggregation
occurred nearly 100% of Al neutralization.
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Point of zero charge (PZC) in four layers of a Red Latosol cultivate coffee.
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Figure 3.

Water-dispersible clay in relation to delta pH of a Dystroferric Red Latosol cultivated with coffee crop
submitted to weed management in the interrow area. HAWE, hand weeding; PMOW, portable mechanical
mower; HERB, herbicides; CCPH, cover crop peanut horse; CCDM, cover crop dwarf mucuna; SCAP,
no-weed between coffee rows; CHECK, no-weeding in the interrow and row areas.

As can be observed in Figure 4, mean weight diameter increased as soil
pH. Mean weight diameter (MWD) is large if the soil has a high percentage of large

aggregates [6].
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Figure 4.
Mean weight diameter (MWD) of the aggregates of a Red Latosol cultivate coffee 6 months after liming.
Source: From Roth et al. [21].

Soil organic matter and soil pH (Figure 3), whose mechanisms involved depend
on the substitution of aluminum by calcium in the sortive complex, participate in
the soil aggregation whose formation and stabilization of the different classes of
soil aggregate sizes will allow more or less lower aggregation, resulting in greater or
lesser soil loss [9].

In a field experiment conducted in a Rhodic Hapludox cultivated with coffee,
2 years after the surface liming, Roth et al. [21] highlighted that the aggregation
of solid particles exerts a significant action on soil susceptibility to accelerated
water erosion for uncovered soil conditions. This study showed that after 60 min
of simulated rainfall at an intensity of 60 mm per hour, soil maintained with-
out soil correction with pH = 5.2 provided total infiltration of 56% of the total
precipitation [21]. On the other hand, the authors observed that the best liming
treatment to increase pH 7.0 provided 83% of total infiltration. In soil with pH
6.0 and with the application of plaster, the total infiltration was 67% of the total
precipitation.

6. Conclusions

Traffic of machines, soil tillage, and weed control methods are the main causes
of change in soil physical properties in coffee crop. However, management of
soil acidity with limestone and use of gypsum also can change soil physical and
electrochemical properties, which are related with dynamic processes like soil air
and hydraulic permeability into soil which are essential to root development and
growth.
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Weed management in the interrow area of coffee crop changes delta pH for a
Dystroferric Red Latosol very clayey at 0-10 cm depth. Changes in ApH affected the
water-dispersible clay.
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Chapter 4

The Harvest and Post-Harvest

Management Practices’ Impact on
Coftfee Quality

Mesfin Haile and Won Hee Kang

Abstract

Coffee is one of the most important agricultural commodities in the world. The
coffee quality is associated with pre-harvest and post-harvest management activi-
ties. Each step starting from selecting the best coffee variety for plantation until the
final coffee drink preparation determines the cupping quality. The overall coffee
quality influenced by the factors which involve in changes the physicochemical
properties and sensorial attributes, including the post-harvest operations. The post-
harvest processing activities contribute about 60% of the quality of green coffee
beans. The post-harvest operations include pulping, processing, drying, hulling,
cleaning, sorting, grading, storage, roasting, grinding, and cupping. This chapter
comprises the harvest and post-harvest operations of coffee and their impacts on
coffee quality.

Keywords: digestive bioprocessing, coffee cherry, caramelization,
Maillard reaction, speciality coffee

1. Introduction

Coffee trees are widely grown in tropical and subtropical regions of Africa,
Southeast Asia, and South America [1]. The world annual coffee production esti-
mated 158.6 million 60-kg bags as of 2017/2018, up from 148.6 million 60-kg bags
in 2014/2015. South America, Asia and Oceania, Mexico and Central America, and
Africa produced as presented, respectively, 81.5, 47.7, 21.7, and 17.8 million 60-kg
bags of coffee. The genus Coffea belongs to the Rubiaceae family and holds more
than 90 different species. However, only Coffea arabica, Coffea canephora, and
Coffea liberica are commercially important [1]. Arabica coffee accounts for about
64%, while C. canephora accounts for about 35% of the world’s production; other
species with not much commercial value like Coffea liberica and Coffea excelsa
represent only 1% [2]. The quality of coffee is affected by a series of multiple
factors. In broad categories, two factors affect coffee quality, namely, pre-harvest
and post-harvest factors [3]. The pre-harvest factors set approximately 40% of the
sensory attributes and physical and chemical properties of the coffee beans and the
remaining 60% of the coffee quality established by the post-harvest processing [4].
Following harvesting, coffee cherries go through a complex series of post-harvest
processing steps to be in a more stable, transportable, and roastable form. The initial
post-harvest processing steps have a significant role in ensuring the safe changes of
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the perishable coffee cherries into moderately stable green coffee beans. These
green coffee beans have a moisture content of 10-12% to avoid undesired fermen-
tation [5]. The popularity of the coffee product is associated with its distinctive
organoleptic properties. Post-harvest management activities conducted to obtain
suitably dried coffee beans for roasting and significantly contribute to the quality of
the coffee beverage [6]. Post-harvest processing changes the chemical composition
of green coffee beans that directly or indirectly influences the quality and end
products [3, 7, 8]. These activities include a series of complicated steps including
cherry harvesting, de-pulping, fermenting, drying, storage, and others. The
number of activities varies according to the type processing method. Right after the
on-farm post-harvest process is finished, the coffee can be brought to the coffee
industry where the semi-manufactured or complete products are made for
commercialization [9].

2. Coffee harvesting and its impact on coffee quality

Production of speciality coffee needs a proper plan for harvesting the coffee
cherries as it gives good economic returns for producers. The time of harvest varies
in different places. According to the processing method to be implemented,
harvesting the coffee cherries without causing damage to the tree is an important
task. In most of the coffee-producing countries, coffee is harvested once per year.
As the coffee cherries mature, the coffee fruit contains suitable chemical composi-
tions which lead the fruit to the best quality [10]. The coffee fruit also contains
volatile compounds that are responsible for the aroma and flavour properties of the
coffee. These compounds are present at a very low amount at the early stage of the
coffee cherry, but later on, it increases as the coffee transformed to the maturity
stage [10]. There are two strategies (strip and selective picking) for harvesting the
coffee cherries, which are widely used.

2.1 Strip picking

This strategy is usually done by machinery or by hand. The whole coffee cherries
are harvested at one time. The harvested coffee may not achieve the desired quality
due to the mixture of underripen or overripen coffee cherries. In order to use
machinery for harvesting the coffee cherry, the following factors are critically
important such as the topography, inclination, spacing, alignment, and the height of

Bean Center cut

[endosperm) \

Sitwer skin

Parchment (andocarp)

Pectin layer .

Pulp {mesocarp)
Quter skin (exocarp)
Figure 1.
The coffee cherry anatomy.
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Components %
Ether extract 0.48
Crude extract 21.4
Crude protein 10.1
Ash 15
Nitrogen-free extract 313
Tannins 7.8
Pectin substance 6.5
Non-reducing sugars 2.0
Reducing sugars 12.4
Chlorogenic acid 2.6
Caffeine 23
Total caffeic acid 1.6

Adapted from Gathuo et al. [13].

Table 1.
Composition of coffee pulp.

Components Concentration (g/L)
Glucose 35.65
Galactose 37.67
Lactose 1.06
Proteins 0.119
Syringaldehyde 0.610
Minerals (mg/L)
Sulphur 30.19
Calcium 37.08
Potassium 239.8
Magnesium 10.05
Phosphorus 41.55
Sodium 7.18
Iron 0.65
Copper 2.45
Zinc 0.14
Manganese 0.07
Boron 0.16
Barium 0.02
Arsenic 0.47
Lithium 0.01
Silicon 1.58
Strontium 0.07

Adapted from Pérez-Sarifiana et al. [14].

Table 2.
Chemical composition of coffee mucilage.
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Catura Pacamarar Yellow bourbon

Orange bourbon Typica Elefante

Figure 2.
The cherries of different varieties of Coffea arabica.

the plant [11]. Considering these factors, the producer should choose the right
harvesting system that suits their crop.

2.2 Selective picking

The major challenges in the coffee sector are obtaining uniform maturity, and at
the same time, it is the procedure to provide consistent quality coffee. It is impor-
tant to note that in most flowering plants the climatic condition during the growing
period can change the number of flowering plants which affect the maturation
uniformity [12]. In this harvesting system, only the ripened coffee cherries are
harvested selectively by hand from the whole tree or branches. The harvested coffee
meets the standards due to the uniformity of the cherries. This strategy needs
several picking rounds and is labour-intensive. Considering the advantage and
disadvantages of both harvesting strategies is the key for coffee growers. The coffee
cherry has different layers that surround the beans, such as skin, pulp, mucilage,
parchment, silver skin, and finally, the coffee beans (Figure 1).

The pulp and mucilage are rich in nutrients, and its chemical compositions are
presented in Tables 1 and 2. These days the coffee pulps are being used for making
a coffee wine by fermenting the coffee pulp. So far, there are two patents already
registered in Korea. The ripe coffee cherries have colour ranges from bright red to
deep red and yellow, depending on the plant variety and for ripe cherries. The
different varieties of arabica coffee cherries are presented in Figure 2.

3. Post-harvest operations and their impact on coffee quality
3.1 Coffee processing methods

After harvesting of the fruits, green coffee beans are obtained by one of three
different methods known as dry, wet, and semi-dry processing [15]. Commonly,
there are three different coffee processing methods (Figure 3). These methods are
wet, dry, and semi-dry processing, and recently, digestive bioprocessing is practised
on a small scale to produce the world’s most expensive coffee (kopi luwak and black
ivory coffee). Although all methods aim at removing the fruit flesh of coffee cherry,
they do it in different ways [16]. After harvesting, the coffee cherry follows wash-
ing with water to separate floaters (overripe coffee cherries, undeveloped coffee
cherries, sticks and leaves). Those processing methods are briefly described below.
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Processing methods

( Products ‘ ‘ By-products ‘

Dry (Natural) Semi-dry Wet (Washed)

A 4 ¥ ¥ Inhomogeneous
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Figure 3.
Coffee processing methods.

3.1.1 Wet processing

This processing method demands the use of some particular facilities and ample
amounts of water. When this method adequately implemented, it maintained the
inherent quality of coffee beans and produced uniform green coffee beans with
minimum defectives. Arabica coffee is widely obtained using wet-processing
method except in some countries like Ethiopia, Brazil, and Yemen where they
processed in both wet- and dry-processing system, although few percentages of
robusta coffee are obtained in this method. Right after harvesting, the coffee
cherries are washed and then de-pulped using a machine. The coffee mucilage has
pectin substances (polysaccharides), and it has a sticky nature and is challenging to
get rid of using water. After de-pulping, chemicals mostly enzymes used to remove
mucilage or the natural fermentation proceeds depend upon the environmental
condition and fruit ripeness [15]. Natural plant enzymes are present in the coffee
fruit that facilitates the degradation of mucilage; however, it is not enough for a full
and sufficient process [17]. Microorganisms are responsible for degrading the poly-
saccharide substances from the parchment coffee. Finally, after fermentation the
end product is a “parchment” or “washed” coffee [18]. The type of coffee
processing methods (wet and dry) that are performed to obtain the green beans
determined the flavour properties and created a typical quality difference [3, 19].
Several reports also stated the final cup quality and chemical composition are also
defined by the adopted method in wet processing [20-22]. The effect of different
modified wet-processing methods on the final quality of coffee is evaluated and
compared by Gonzalez-Rios et al. [21]. Coffee obtained using wet-processing
method is considered as a high-quality coffee and received a higher price compared
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to dry-processed (natural) coffee [23]. A study showed that during processing,
several metabolic activities are exhibited in green coffee beans [24, 25]. These
metabolic changes occur mainly because of the germination processes, [26] and
stress metabolism is a cause for notable differences in the chemical composition of
the green coffee beans and thereby determines the quality [27].

As mentioned above, fermentation is a crucial step in wet processing. Diverse
microorganisms are existing during fermentation in wet processing [28]. The reason
for an excellent microbial population during wet-processing method is because of
the nutrient-rich pulp and mucilage. However, microbial heterogeneity subjects to
distinction depending upon geographical features, the composition of the coffee
fruit, and the fermentation methods [29-31]. These microorganisms are consuming
the nutrients in the pulp and mucilage and are responsible for producing different
metabolites and organic acids, which are then stored in the coffee beans and may
affect the coffee quality. The variations of microorganisms diversity and environ-
ment may lead to the difference of the type of these organic acids and metabolites or
the amount to which they produced and therefore provide different unique coffee
qualities [32, 33].

3.1.2 Semi-dry (semi-wet) processing

The semi-dry (pulped natural) processing is an intermediate process between
wet and dry processing. Like wet processing, the coffee exocarp and significant
portion of mesocarp are separated while de-pulping is operated. However, unlike
wet-processing method, the sticky part (mucilage) remains and is allowed to dry on
the parchment instead of complete removal of it with further fermentation until
11-12% moisture content is achieved [34]. After drying the parchment coffee in
well-aerated raised beds or cement patios, the coffee bean is then separated from its
parchment using machine or any locally available materials like wooden mortar in
small scale farms. Despite having less body compared to naturally processed (dry)
coffee beans, the cup quality of semi-dry-processed coffee has a bright and clean
cup and is somewhat similar to wet-processed beans [35, 36]. A comparison of the
primary and secondary metabolites of coffee, which processed by the wet and semi-
dry (semi-wet) method was comprehensively investigated [37]. These metabolites
are supposed to be very important, because during roasting their degradation
results in the development of those nonvolatile or volatile compounds essential for
the formation of coffee properties, pigmentation, bitterness, body, astringency,
sweetness, aroma, and so on [37-39]. A very similar result between semi-wet- and
wet-processed coffees was found regarding the distributions of nine chlorogenic
acid classes (3-CQA, 4-CQA, 5-CQA, 3-FQA (feruloylquinic acid), 4-FQA, 5-FQA,
3,4-di-CQA, 3,5-di-CQA, and 4,5-di-CQA), but the total CGA content was statisti-
cally lower in semi-wet-processed coffee except for di-CQA [40]. The reason for
low CGA content in semi-washed beans might be associated with soaking water for
a shorter time which leads to the loss of water-soluble components due to leaching
and fermentation [14, 41]. Generally, semi-dry-processing methods are more regu-
larly practised in only Brazil and some parts of Sulawesi and Sumatra.

3.1.3 Dry processing

Dry processing is the oldest, cheapest, and simple processing method. The coffee
beans that are obtained using dry-processing method are usually called unwashed
(natural) coffee. In this processing method, to get the green coffee beans, the
harvested cherry is dried in the sun or other mechanical drier and followed by
separating the dried outer parts [22]. Sun drying is a lengthy process, and 95% of
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Arabica coffee from Brazil, Ethiopia, Haiti, Indonesia, Paraguay, India, and Ecuador
are sun-dried [42]. Few steps are involved in this processing method compared to
wet- and semi-dry-processing methods. It is a time-consuming processing as the
whole coffee cherry takes some time to dry compared to drying the parchment coffee
in wet processing. Dry processing has a high risk of secondary fermentation because
of the mucilage, which is very hygroscopic remains with the coffee cherry [43]. The
fruits are spread over thin layer and regularly raked to maintain uniform temperature
from the top-bottom layer. The drying step in anywhere may take from 10 days to

3 weeks. However, the geographical location and seasons affect the drying process. In
some big farms, the mechanical drier is used to speed up the drying process. Because
of the existing lowland high temperature and condensation effect, it speeds up the
drying process of coffee beans more quickly at the surface (cement or bricks) than
raised bed, which is made of mesh wire or bamboo mats. Drying is the most critical
step in this processing method because it affects the final quality of the coffee. The
overdried fruits have brittle characteristics and produce many defective (broken)
during hulling; however, on the other side, under-dried fruits are highly exposed to
deteriorations because of fungus and bacteria growth [22]. Tadesse et al. [44]
reported that the number of imperfect beans with musty, earthy and greenish colour
coffee defects frequently found in dry processed coffee. The bean size and roast
volume of dry-processed coffee beans were larger, whereas the wet-processed coffee
beans have a higher moisture content [44]. However, concerning the physical
parameters (colour, shape, size) dry-processed coffee beans are no longer regarded as
better than wet-processed. Coffee beans that are obtained with dry-processing
method are heavy in body, smooth, and sweet and have complex characteristics.

3.1.4 Digestive bioprocessing

The world most expensive coffees are obtained through digestive bioprocessing
method. This processing method is rare and applied on a small scale. Digestive
bioprocessing is a way of passing the coffee cherry through the animal intestine or
digestive tract, which is the coffee beans exposed for acids, enzymes, and fermen-
tation treatments. The coffee cherries are eaten by the civet cat and passed through
the digestive system to produce civet coffee (kopi luwak) in Indonesia [45]. Simi-
larly, elephant dung coffee (black ivory coffee), produced after the coffee cherries
passed through the elephant’s digestive tract, which is commonly produced in
Thailand. During civet digestion, the breaking down of proteins creates a unique
flavour and aroma of civet coffee [45]. The annual production of kopi luwak is less
than 500 pounds, and the price is 600 dollars (Canadian) per pound; it leads the
indisputable status of being the most expensive and rarest coffee in the world.
Currently, we are working on analysing the elephant dung coffee, and it is com-
pared with other coffees that are processed with commonly known processing
methods (dry and wet processing) (data not shown). The experiments were
conducted in Nepal. The coffee cherries were harvested and fed by the elephants.
Then the parchment coffee (the skin and pulp completely digested) and coffee
cherry (the pulp is not digested) were collected from the elephant dung (Figure 4),
and washing, drying, and other processes to obtain the green beans are continued.
The black ivory coffee has a price tag of 1000 USD per kilogramme bean. This price
makes it one of the world’s expensive coffees [46].

3.2 Drying

Drying is the most critical steps in coffee processing methods. Drying is
performed to reduce the moisture contents of coffee bean to the required level
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Parchument coffee (The pulp is completely dipested) Coffer cherries (The pulp is not digested)

Figure 4.
Elephant dung coffee preparation in Nepal.

(10-12%) and to separate the parchment from the coffee beans easily. Sufficient
drying is a crucial step to avoid the developments of moulds, which leads to signif-
icant losses and affects coffee quality. The drying methods were significantly
affected the amount of low molecular weight (LMW) carbohydrates that present in
the green coffee beans [47]. Several researchers reported the responses of coffee to
various drying processes. The coffee cherry kinetics and drying characteristics
under different drying temperature (40, 50, and 60°C) were investigated [47]. The
effect of drying and storage conditions on the quality of washed and natural coffee
was evaluated by Coradi et al. [48]. This research was focused on the relevance of
suitable drying along with sufficient storage conditions to maintain the coffee
quality. There are two ways for drying the coffee, such as natural drying using
sunlight and mechanical drier.

3.2.1 Sun (natural) drying

This drying method is the most common, widely practised in many countries
and the cheapest way of drying the parchment coffee or the whole coffee cherry.
This activity is highly dependent on climatic conditions and seasons. The removal of
the mucilage and pulps at an early stage in wet-processing reduces the time needed
for drying. There are different kinds of sun-drying methods. Coffee is typically
dried on large patios made of cement or asphalt concrete with a 0.5-1% slope to
drain the water. Using the natural sunlight, drying of coffee takes 7-15 days for
parchment coffee and 12-21 days for coffee cherries in patios. This duration varies
depending on the weather conditions. The parchment coffee needs special attention
than cherries to reduce physical damage (cracking). Raking is required to allow the
coffee to dry uniformly, but it should be carried out carefully. In some tropical
countries, during the hottest hours of the day, covering sheets used to avoid the
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cracking of the coffee beans because of overheating. The physicochemical charac-
teristics of coffee that are dried on various types of drying grounds and the thick-
ness of the layers (thin and thick) were evaluated by Reinato et al. [49]. Their result
showed the wet-processed parchment coffee dried on thin layer which resulted in
the best beverage quality.

3.2.2 Mechanical driers

During the mechanical drying, the beans are heated by hot air that passes
through the machine and dries the coffee. Also, it carries away the moistures from
the drying coffee. Controlling the drying temperature is the most critical part, and it
should not exceed 45°C for whole cherries and 40°C for parchment coffee. Com-
monly there are two kinds of mechanical drier, such as static and revolving driers.
Revolving driers include column driers, vertical driers, rotary driers, cascade driers,
and flex driers, and there are tray driers with a stirrer [50]. All these driers can work
with fuel oils, gasses, woods, and other energy sources. A report indicated that the
best quality coffee was gained when the drying processes were done at two stages,
an initial period the drying was performed at low temperature (20°C) and the
second stage followed by higher temperature (60°C) [51].

3.3 Hulling and sorting

Hulling is the next step after drying. The dried coffee cherries (dry-processed)
or parchment coffee (wet-processed) hulled to remove the covers and get the coffee
beans out of it. Once the coffee bean reaches this stage, it means all the essential
quality, such as colour and moisture content, has already been achieved. Hulling is
done by using different hulling machines, or locally on a small-scale farm, wooden
mortar and pestle used to separate the coffee beans from the parchment or dried
coffee cherries. Commonly there are two kinds of coffee hulling machines. One is
which rubbed off the parchment by friction, and this might create heat. The second
type is just cut the parchment and stripped off. It is essential to take care of the
coffee beans and avoid physical damage even not to heat the beans during hulling
because it affects the colour and taste of the coffee. The last layer that encloses the
coffee beans is thin silver skin, and this may be removed or may not be removed
during the hulling process. If the coffee beans’silver skin is not separated during
hulling; it needs a machine called polishers to separate it and get the green coffee
beans. Finally, the green coffee beans are ready to be cleaned and sorted according
to colour, size, and density [52].

The hulled coffee beans then undergo sorting processes, which is done by
machine and hand. Hand sorting is most widely used, and it requires intensive
labour for sorting the coffee beans based on size, colour, and density. The same-
size and larger coffee beans get a premium price in the market, and a high percent-
age of defect may lead to a lower grade, and the price is also low [53]. Sorting is a
crucial step because it affects the roasting condition. Uniform size coffee beans
should be roasted to achieve uniform roasted beans. Sieve machines are used to
screen the coffee beans according to their size. The sieving principle is applied in
the sorting machine, which is using a big vibrating flatbed [54]. There are different
kinds of machines used to sort coffee beans. Electronic devices are also used to
separate the coffee beans by their colours. However, this is not always sufficient to
detect and separate the good and bad coffee beans. After sorting is properly done,
the coffee beans are then packed with the right packaging materials and transferred
to the storage house.
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3.4 Storage

Right after the coffee beans are graded, they have to be kept in a storage house
until they shipped and sold in the market. The temperature and relative humidity of
the storehouse should be controlled to maintain the coffee quality without losing its
intrinsic sensorial characteristics and physical and chemical properties and to store
for a longer time. Afonso [55] reported that as the storage relative humidity is
higher for an extended time, it decreases the compositions of reducing sugars in
green coffee beans. Several research reports are available about the effects of stor-
age conditions on the sensorial quality of coffee beans. He also mentioned that the
60% relative humidity with longer storage causes to cellular degradation and leads
to oil leaking, which also contributes to the chemical compositions of green coffee
beans. When the storage duration is prolonged, the oil becomes more acidic, and it
reduced the quality of the product [54].

3.5 Roasting, grinding, and drewing

The most critical factor in the coffee value chain is roasting, where the physico-
chemical changes lead to the fulfilment of the roasted coffee characteristics [55].
Roasting is considered the essential steps in the formation of the aroma and flavour
properties [56]. The essential reactions during coffee roasting and which are
responsible for the colour, volatile compounds, and flavour developments are called
Maillard reaction and caramelization. Minerals are vital catalysts in the various
biochemical reactions responsible for the formation of different aroma and flavour
compounds [57]. Amino acids have an important role in the formation of nitrogen/
sulphur heterocyclic compounds called melanoidins during roasting because of
Maillard reaction or caramelization, which are considered as crucial compounds for
flavour development [58]. When the roasting temperatures are higher than 200°C,
the precursors in green coffee are transformed into roasted coffee constituents,
which lead to the development of diverse aroma test and colour [59]. However, the
coffee’s intrinsic quality is predetermined in the green bean by its precursor com-
position, and the roaster only can unlock the full potential by applying the appro-
priate and optimised roasting conditions. Optimising the appropriate roasting
conditions is undoubtedly the most critical ways for achieving the desirable coffee
aroma [60]. Fobe and his co-workers [61] reported that as the roasting time is
extended, the following changes occurred: the sugar content is reduced and then
raised; caffeine contents showed insignificant changes; protein continuously
decreased; free fatty acid improved; and unsaponifiable compounds declined.
Another report mentioned that the lipid and organic acid increased, while the
trigonelline and caffeine content showed almost unchanged [60]. During roasting
net losses of matters in the form of water vapour, CO,, and volatile compounds are
exhibited. The roasting duration and the final temperature of the coffee beans
determine the development of flavour compounds [62]. A different flavour profile
may occur because of the time-temperature and roasting conditions, even though
the same coffee beans and roaster are used [63]. The physical properties and kinet-
ics of aroma development of coffee showed differences as the coffee is roasted for a
shorter time at high temperature compared to beans roasted for a longer time at low
temperature [64, 65]. Fast roasting generates more soluble solids and causes less
degradations of CGA, and the loss of volatile was lower [66]. However, the fast
roasted coffee is considered affected by lipid oxidation because of high migration of
oil from the inner part of the coffee beans to the surface [1]. The determining
factors of the final coffee quality are roasting profile, roasting degree, and the
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technology used for coffee roasting. There are different kinds of roasting condi-
tions. The most common roasting types are discussed below.

3.5.1 Light roast

The lightly roasted coffee developed light brown colour, and it is preferred to
make a coffee with a mild body. It has light fragrant, floral or fruity coffee notes. In
this roasting condition, the coffee beans should not develop oil on their surface. It is
also characterised with pronounced acidity and high caffeine content. During light
roasting, the internal temperature of the coffee bean reached approximately 204°C
(Figure 5A).

3.5.2 Medium roast

Medium roasted coffee developed medium brown colour, and the surface of the
coffee beans should not have oils. It is characterised by balanced aroma flavour and
acidity. Traditionally this is the most preferred roasting condition. It has medium
caffeine content. To achieve this roasting condition, the internal temperature of the
coffee beans reached approximately 215°C (Figure 5B).

Figure 5.
The most common types of voasting conditions (A, light roast; B, medium roast; C, medium-dark roast; D, dark
roast).
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3.5.3 Medium-dark roast

Medium-dark roasted coffee has a dark brown colour, and the surface of roasted
beans developed oils. It is characterised by fully bodied deep flavoured and little
spicy notes. It has low caffeine content. This roasting condition is attained when the
internal temperature of the coffee bean reached nearly 229°C (Figure 5C). Overall,
roasting coffee in medium to dark conditions causes an increase in ketones, esters/
lactones, aldehydes, aliphatic acids, and aromatic acids, but a reduction in caffeine
content is observed [67-69].

3.5.4 Dark roast

It has nearly a dark colour and produced oils on the surface of the coffee beans.
The darker the coffee beans, the less the acidity. It is also characterised by very low
caffeine content with heavy mouthfeel, strong flavour, bitter, and burnt or smoky
notes. When the coffee is roasted in the dark condition, the internal temperature of
the coffee beans reached approximately 246°C (Figure 5D).

Grinding is the next step after roasting. In this step, the coffee beans are crushed
and changed into powder at different particle size. It is done using a grinding
machine (electrical) or using mortar. However, to achieve a uniform ground size,
an electrical grinder is the best choice. Blenders can also be used for grinding coffee
beans, and the larger particle size and the broadest distributions can be seen while
blending the coffee beans [70]. The grinding size is usually measured by using sieve
analysis. According to the types of coffee to be prepared, the particle size or grind-
ing particle is the most important. There are many types of grinder with the adjuster
to regulate the particle size of coffee grounds. During grinding the important
volatile compounds are dispersed into the surroundings from the powdered coffee,
so it must be executed right before the intended brewing (1-12 min after grinding)
to maintain the volatile compounds [71, 72].

The coffee brewing and extraction methods differ according to the personal
preference, the culture, geographical, and social and financial factors. All these
brewing and extraction methods of coffee vary depending on the time of extraction,
the pressure, the brewing tool, the temperature of the water, and the extraction
amounts. The brewing water quality (electrical conductivity) is another important
aspect for maintaining the original coffee flavour and test. The size of the coffee
ground determines the rate and the total amount of extraction. If the coffee is too
fine (for example super-fine) extraction will not happen as water cannot pass
through, and if it is too course the grinds will be under-extracted. It depends on the
coffee ground size, the coffee brewing methods also vary. Mostly for French press
coffee, a coarse coffee ground is preferred, whereas the fine ground coffee is used to
make the espresso coffee.

4, Conclusion

The pre-harvest and post-harvest activities starting from selecting the best
quality coffee, processing, drying, hulling, storage, roasting, grinding, and brewing
can influence the coffee quality. The chemical compositions and physical properties
of coffee beans are affected by different factors such as environment, genetics,
agronomic activities, harvesting, and post-harvest operations. Except for the
genetic and environmental factor, the post-harvest process can be done in a con-
trolled manner to maintain the chemical and physical properties of coffee and
thereby maintain its quality. Generally, post-harvest activity determines the quality
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of green and/or roasted coffee beans. Each step of the post-harvest activities can
cause a significant quality loss and lead to a lower market price.
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Chapter 5

A Detail Chemistry of Cotfee and
Its Analysis

Hemvraj Sharma

Abstract

This review article highlights the detailed chemistry of coffee including its
components; chemical constituents like carbohydrates, proteins, lipids, and caf-
feine; aromatic principles; oil and waxes; and minerals and acids. The high extent of
caffeine can be found in the coffee plants; hence, in the second part of the study,
various analytical methods are designed for the proper identification, separation,
optimization, purification, and determination of caffeine present in coffee, tea, and
marketed coffee. These analytical methods are appropriated for the separation and
quantification of caffeine. The various analytical methods include spectroscopy
methods like UV, IR, and NMR spectroscopy; chromatographic methods like paper,
TLC, column, HPLC, and gas chromatography; and hyphenated techniques like
LC-MS, GC-MS, and GC-MS/MS. This article compares and contrasts the amount
of caffeine by various analytical methods.

Keywords: caffeine, spectrophotometer, chromatography, hyphenated techniques,
electrochemical methods

1. Introduction

Coffee consists of ripe seeds of Coffea arabica Linn., belonging to family
Rubiaceae. Coffee extracted from coffee bean is also present in crimson fruits is
completely removed, and the spermoderm is removed, occasionally. The seeds of
botanical genus Coffea may be raw, roasted, whole, or ground. The prepared drink
through such coffee seeds is also called as coffee. Among 70 species of coffee, only
three are cultivated. 75% of the world’s production of coffee is provided by Coffea
arabica, about 25% by Coffea canephora, and less than 1% by Coffea liberica and
others. Generally, coffee is cultivated at the altitude of 1000-2000 [1]. It is indige-
nous to Ethiopia, Brazil, India, Vietnam, Mexico, Nepal Guatemala, Indonesia, and
Sri Lanka.

2. Chemical constituents

The main constituents of coffee are caffeine, tannin, fixed oil, carbohydrates,
and proteins. It contains 2-3% caffeine, 3-5% tannins, 13% proteins, and 10-15%
fixed oils. In the seeds, caffeine is present as a salt of chlorogenic acid (CGA). Also it
contains oil and wax [2].

The following sections will be discussed in detail after acceptance of this short
proposal:
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* This article will deal on the types of carbohydrate, protein, lipids, and other
chemical constituents in detail.

* This article will review on various analytical methods for the estimation of
constituents present in coffee.

Coffee is often used as antioxidants, but more importantly coffee is a good
source of chromium and magnesium that assist in controlling blood sugar by ensur-
ing proper usage of insulin.

The main chemical ingredients in coffee beans are given below:

¢ Caffeine

e Tannin

¢ Thiamin

* Xanthine

* Spermidine

¢ Guaiacol

e Citric acid

* Chlorogenic acid
¢ Acetaldehyde
* Spermine

¢ Putrescine

* Scopoletin

The carbohydrate content of green and roasted coffee (Santos) was identified
and measured. Green coffee contained about 6-7% of sucrose as soluble sugars and
low amount of glucose. The soluble sugars of roasted coffee were sucrose, fructose,
and glucose. The experiment was also carried out for the isolation of holocellulose
fractions of green and roasted coffee.

The holocellulose of green coffee was hydrolyzed by a novel method consisting
of anhydrous sulfuric acid and 10% potassium insoluble hydroxide, which was
partially solubilized on roasting and results in the following ratio of sugars:

1 L-arabinose/2D-galactose/2D-glucose/6D-mannose. Out of these sugars, the
arabinose was easily acid-hydrolyzed. Other coffee constituent analyzed and deter-
mined were caffeine, trigonelline, caffeic acid, chlorogenic acid, isochlorogenic
acid, and the 10 amino acids. The free amino acids disappeared in roasting. An
analytical method was developed for evaluating caffeine on chromatograms [3].

In coffee pulp, condensed tannins are the major phenolic compounds, while in
the seeds, phenolic compounds exist primarily as a family of esters formed between
hydroxycinnamic acids and quinic acid, collectively recognized as chlorogenic acids
(CGA). Green coffee seeds contain up to 14% CGA, which are present in high
concentrations and have a greater influence for determining the quality of coffee
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and play a vital role in the formation of the coffee flavor. The various constituents
along with components of coffee are shown in Table 1.

Constituent Components

Soluble carbohydrates Monosaccharides Fructose, glucose, galactose, arabinose (traces)
Oligosaccharides Sucrose, raffinose, stachyose

Polysaccharides Polymers of galactose, mannose, arabinose, glucose

Insoluble polysaccharides

Hemicelluloses Polymers of galactose, arabinose, mannose
Cellulose
Acids and phenols
Volatile acids

Nonvolatile aliphatic acids Citric acid, malic acid, quinic acid

Chlorogenic acids Mono-, dicaffeoyl- and feruloylquinic acid
Lignin
Lipids
Wax

oil Main fatty acids: N Compounds

Free amino acids Main amino acids: Glu, Asp, Asp-NH2
Proteins

Caffeine Traces of theobromine and theophylline
Trigonelline
Minerals

Table 1.

Constituents along with components of coffee.

3. Carbohydrates

Most of the carbohydrates present, such as cellulose and polysaccharides
consisting of mannose, galactose, and arabinose, are insoluble.

4. Lipids

The lipid fraction appears to be very stable, and its composition is given below.
Linoleic acid is the predominant fatty acid, followed by palmitic acid.

Lipid composition.

Triacylglycerols.

Diterpene esters.

Diterpenes.

Triterpene esters.

Triterpenes (sterols).

Unidentified compounds.

5. Acids

The volatile acids include formic acids and acetic acids, while nonvolatile acids
include lactic, tartaric, pyruvic, and citric acid. Minor constituents include higher
fatty acids and malonic, succinic, glutaric, and malic acids. The degradation prod-
ucts of citric acid are itaconic (I), citraconic (II), and mesaconic acids (III), while
fumaric and maleic acids are degraded products of malic acid:
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Chlorogenic acids are the mainly rich acids of coffee.

6. Trigonelline and nicotinic acid

Green coffee contains trigonelline (N-methylnicotinic acid) up to 0.6% and is
50% decomposed during roasting. The degradants include nicotinic acid, pyridine,
3-methyl pyridine, nicotinic acid, methyl ester, and other compounds.

7. Aromatic principle

The aroma profile of coffee is composed of the following notes: sweet/caramel-
like, earthy, sulfurous/roasty, and smoky/phenolic.

8. Minerals

Potassium is major in coffee ash (1.1%), calcium (0.2%), and magnesium
(0.2%). The major anions includes phosphate (0.2%) and sulfate (0.1%), along with
traces of other elements [4].

9. Caffeine

The best known N compound is caffeine (1,3,7-trimethylxanthine) because of its
physiological effects (stimulation of the central nervous system, increased blood
circulation, and respiration). It is mildly bitter in taste. 10% of the caffeine and
about 6% of the chlorogenic acid are present in a coffee drink. During roasting, the
caffeine level in beans is decreased. Synthetic caffeine and caffeine obtained by the
decaffeination process are used by the pharmaceutical and soft drink industries. By
methylation of xanthine, synthetic caffeine is obtained which is obtained from uric
acid and formamide. Medicinally, caffeine is used as a CNS stimulant, usually
combined with another therapeutic agent and in analgesic preparations.

Theobromine acts as diuretic and smooth muscle relaxant, but not routinely
used. Theophylline is used as smooth muscle relaxant and is frequently dispensed in
sustainable formulations to lower the side effects. It is also available as aminophyl-
line (a more soluble preparation containing theophylline with ethylenediamine)
and choline theophyllinate (theophylline and choline). The alkaloids may be iso-
lated from natural sources or obtained by total or partial synthesis [5].

The purine alkaloids include caffeine, theobromine, and theophylline as shown
in Figure 1. They have a limited distribution as alkaloids, but the origins are very
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close with those of the purine bases like adenine and guanine, fundamental compo-
nents of nucleosides, nucleotides, and the nucleic acids. Caffeine is mainly con-
sumed in the form of beverages like tea, coffee, and cola and is most widely
consumed and socially accepted natural stimulants. Theophylline is much more
important as a drug compound because of its muscle relaxant properties, utilized in
the relief of bronchial asthma when compared to caffeine, medicinally. The major
constituent of cocoa and related chocolate products is theobromine.

Out of four nitrogen atoms, two are supplied by glutamine and a third by
aspartic acid. The synthesis of the nucleotides AMP and GMP is by way of IMP and
XMP, and the purine alkaloids then branch away via XMP. The loss of phosphate via
methylation generates the nucleoside 7-methylxanthosine, which is then released
from the sugar moiety. Furthermore, successive methylation on the nitrogen gives
caffeine through theobromine, while a different methylation sequence can result in
the formation of theophylline (Table 2) [6].

AMP = adenosine-5-monophosphate.

GMP = guanosine-5'-monophosphate.

IMP = inosine-5'-monophosphate.

XMP = xanthosine-5'-monophosphate.
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Figure 1.
Chemistry of the purine derivatives.
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Lao PDR
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Abstract

Coffee commercialization is a part of agricultural commercialization, which is
recently tended to be increasingly integrated into the national, regional, and global
market to increase the export earnings. In this context, coffee commercialization is
discoursed in pertinent to six perspectives involving agricultural commercializa-
tion, the linkage of agriculture and commercialization, new thinking of agricultural
commercialization, productive resources for coffee commercialization, process of
coffee commercialization, and impact of coffee commercialization. Agricultural
commercialization has to reconstruct of relation to food security and gender role
in agricultural commercialization. The implication of empirical analysis of FATE
research project in the Southern of Lao PDR highlights three novel features of cof-
fee commercialization including productive resources for coffee commercialization,
process of coffee commercialization, and impact of coffee commercialization. The
primary conditions required for coffee commercialization are productive resources
including land, capital, and labor. The coffee commercialization is essentially
processing through plantation, nurturing, harvesting, and marketing. The com-
mercialization provides livelihood impact arena for local farmers’ food security
and employment opportunities including for women and creates compact gender
division of labor in different processes of coffee commercialization.

Keywords: commercialization, commercialization and agriculture,
commercialization process, coffee production, Lao PDR

1. Introduction

Agriculture commercialization has long debated regarding commercialization
and rural living standard [1], commercialization of subsistence agriculture in
developing countries [2], process of commercialization to determine nutritional
outcomes [3], smallholder agriculture commercialization [4-7], and commercial-
ization and agricultural extension services [8, 9]. Some provide a background of
concepts and theories of commercialization that marketable surplus as a concept
and neoclassical theory of agricultural commercialization [8, 10]. Other examine
case empirical studies of commercialization of agriculture [3, 5, 7, 9, 11]. Most of
the empirical study take general cash crop and limited focus on coffee commercial-
ization [12-16].
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Generally, agriculture commercialization is the process of changing the path
of putting agricultural production into the market. It is an approach to changing
farmers’ perspective on farming as a subsistence activity toward a profitable busi-
ness, if economic sustenance in developing countries is to be achieved ([17], p.172).
Other five decisive characteristics of agricultural commercialization apart from
profit maximization are production for sales, fulfill the needs and preference of
customers, business-oriented, and gaining success [8]. Some highlight agricultural
commercialization “as an agricultural transformation process in which farmers shift
from mainly consumption-oriented subsistence production toward the market and
profit-oriented production systems” [7]. Therefore, agricultural commercialization
has become the first priority to boost economy and development by enhancing food
security and increasing crop productivity for export. However, commercializing
agriculture is a crucial and challenging option when the core question is required to
take into consideration of “how farmers can adapt and develop a subsistence farm-
ing into a profitable business and how to promote commercial agriculture”. Besides
this, the concern of food security also requires the commercial transformation of
subsistence agriculture.

Agriculture is a strategic sector promoting economic growth, development,
and sustainability in most least developed and developing nations including
that of Lao PDR. It underpins food security, rural development, and export
expenditure, which is the mainstay of economic contribution. Agriculture is
also becoming dominant to livelihood activity of smallholder and large-scale
farmers. Despite the fact that agriculture production in many least/developing
countries tended to be lag behind and experienced a chronic problem causing the
rise of poverty and food insecurity. However, with the growing integration of the
global market, agriculture production tended to be increasingly integrated into
the regional, national, and global market; while agricultural commodity tends to
increase the export earnings.

Hence, least developed and developing nations have to confront many difficul-
ties to develop and promote the agriculture sector, both internal and external. The
internal difficulties include low productivity, lack of technical support, low skill
capacity, poor infrastructure, and deficient institutional. Also, the external dif-
ficulties mean highly competitive within the market as the trend of globalization,
liberalization, and particularly commercialization are leading to the growth of
market integration. Therefore, transforming agriculture outputs from a subsistence
economy to market-oriented is an option, called “agriculture commercialization.”

Lao People’s Democratic Republic or Laos has policy to support agricultural com-
mercialization of cash crop products, including coffee. Lao’s agriculture system was
subsistence farming in the past. People produced a little surplus for exchange after
household consumptions. In the last four decade, the country started agricultural
transformation by introducing the New Economic Mechanism strategy (NEM) in the
Fourth Party Congress in 1986. This strategy is aiming to commercialize agriculture
by increasing cash crop production and encourage smallholder farmer to become
integrated in regional and international markets. The transformation of agriculture
through the commercialization process has been carried out with a strategy of “an open
market economy.” Various programs have been introduced by the government promo-
tion of commodity production (PCP) and to support the transformation of com-
mercialization by reviewing a significant issue related to the agriculture system of Lao
PDR. Hence, agricultural production has been implemented under the PCP. Therefore,
commercial plantations have expanded dramatically, including coffee.

Coffee plantations were first introduced to Laos around 1920s by the French
Colonial Empire in the Bolaven Plateau, southern of Laos [18], which is a top com-
modity for export-led in Laos nowadays [19]. Today, about 99% of Lao coffee is
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produced in the Bolaven Plateau, approximately 15,000 smallholder households or
69% of farms depend on coffee production as their primary source of income and
harvest of green coffee about 28,000 tons in 2013 [20, 21] and with 1053 small-
holder family farming produce organic coffee [22]. Coffee producers in southern
Laos include private investors, farmers’ cooperative, and individual farmers

[20, 23]. The total coffee plantation accounts 86,763 ha; a portion of a coffee
plantation in Bolaven Plateau is the largest highland area in the country that covers
more than 70,000 ha [24]. Therefore, coffee is one of the most outstanding crops
cultivated in Laos, mostly by smallholder farmers who live in rural areas, where

it is aimed for rural development and sustainability effort. Commercialization of
coffee has been promoted by the government and private sector under the NEM

in the 1990s, particularly to export the potential markets, at satisfactory market
demand, and fair price for farmers. About 95% of the total coffee sold in interna-
tional markets [24] constitutes coffee commercialization.

This chapter aims at discourse and shed light on some issues of coffee commer-
cialization regarding their concept and theory of agricultural commercialization,
nexus of commercialization and agriculture, rethinking of commercialization and
agriculture, productive resources for coffee commercialization, process of coffee
commercialization, and impact of coffee commercialization. The implication of
empirical work of the FATE research project, a collaborative project of five coun-
tries: Laos, Nepal, Rwanda, Bolivia, and Switzerland during 2014-2020 is applied
as a case study. The focus of the project is the feminization of employment in coffee
production at the Bolaven plateau, the southern of Laos. The research project is
mainly focused on how women are involved with agricultural commercialization,
particularly in coffee commercialization process. The chapter is thus expected
to enhance the novelty of knowledge in the field. The chapter, after introduction
continues with discourse of literature in the field and follows with the empirical
implication of the coffee commercialization, and ends with concluding discussion.

2. Conceptualization of commercialization

Commercialization has different meanings and concepts. Many scholars provide
that commercialization is to do with the production side, while others stress the
importance of the marketing and distribution channels. Commercialization is thus
arelation of the process of production, processing, transportation, and marketing
of the product. Commercialization is involving several agencies to fulfill different
tasks of production, processing, transportation, and marketing. Taking commer-
cialization as a process, nature and rate of commercialization are concerned with a
group of farmers, peasants, whose livelihood is relying on agriculture.

Commercialization is defined by various disciplines. Over time, most litera-
ture on commercialization has operated the definition of commercialization in a
number of ways; in most cases, commercialization has been found in the concept
of development studies relating to agriculture. In common term, “commercializa-
tion” refers to the process and the proportion to finalize agricultural production
into the market. It is a subset of the broader process of innovation that is driven by
market and profit motives, with firms and others seeking to gain a positive return
on investment and marketing, including through the creation of competitive niche
markets ([25], p.37). Commercialization is thus a process to marketing, particularly
high-value cash crops such as horticultural crops and primary food crops such as
wheat [6]. However, others view commercialization not only for the marketing, but
also commercialization should be profit maximization, response to the needs and
interests of buyers, and fulfill the achievements of business [8]. Some scholars focus
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on the issues of market management to have stable procurement of raw materials
and the capacity to access regional and foreign markets [26]. This part deflated

the viewpoint that commercialization processes enhance the economy of the local
livelihood and business sector. On the one hand, in order to achieve developed and
sustainable status, agricultural commercialization has to follow a pathway from
subsistence farming to a more profitable business of market-oriented economy and
shifting to cash crops cultivation. In that case, commercialization of agriculture is a
process of cash crop production which is produced for sale [27].

In this context, the concept of commercialization is set around the framework
of agriculture involving the transformation pattern from subsistence-oriented
economy to the market-oriented economy by commercializing agricultural cash
crop productivity. This also underlined that the transition of smallholder farming
from subsistence to more commercialized enterprises is a key feature of agricultural
transformation in the process of economic development [28, 29]. Collectively, the
agriculture commercialization allows numerous smallholder farmers to participate
in the market economy. Following the pattern of agriculture commercialization,
this transformation creates different opportunities which may lead to the raising in
return of farmer’s assets such as land and labor, encouraging women empowerment
and an integrated of market. Hence, commercialization is defined in this chapter as
shifting from a highly subsistence-oriented of food production for home consump-
tion toward more cultivate of cash crops, more specialized production and targeting
both domestic and international markets.

Viewing the process of commercialization, various scholars highlight of
different dimensions. Some researchers specify that process of commercializa-
tion is defined by three levels, including subsistence systems, semi-commercial
systems, and commercial systems [6, 17]. These processes may be defined as a
mean of generating more income into the household by leaning the advantages
of subsistence production. Commercialization process is certain to modernize
agriculture by increasingly using the complexity of the production process,
and utilizing new technology and mechanization in the production process
[4]. Processes in smallholder commercialization are also seen as a pathway
of non-agricultural sectors integration to overall economic structure [13]. In
that sense, various agencies, both public and private institutions, involve with
commercialization at different magnitudes and contribute to the success and
failure of commercialization. Some of the factors contributing to the success
and failure of the commercialization are, for instance, (1) effective institution,
(2) improved infrastructure, (3) knowledge management, (4) adequate incen-
tives, (5) stakeholders’ initiative, and (6) a conducive environment [30]. For the
achievement of the commercialization of agriculture, it has to take all factors
into account as such.

3. Nexus of commercialization and agriculture

What is the relation between commercialization and agriculture? The relation
of the commercialization and agriculture is involving market surplus, productive
resource, and value chain. A relation of commercialization and agriculture can be
seen through the market surplus. The market surplus of agricultural produce is an
indicator of commercialization measurement. The greater market orientation of the
producers means commercialization, whereas small proportions of surpluses are
more subsistence-oriented [8]. Besides, Bandara [8] define that the commercializa-
tion of agriculture is supplying of agricultural production to market which target
high profit ratio and ensuring that meet the need of consumers’ interests. This type
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of business is called “agri-business” that use business management concept to help
farmers’success in their business ([8]: 6).

Goletti et al. [26] stated that agricultural commercialization is a complex process
that comprising various dimension (e.g. famers, technology, market and marketing,
finance, institution, infrastructure, consumers). Also, the transition from subsis-
tence to different degrees of commercialize (e.g. low, medium, high, and advance)
leads in different value. They highlight that it is possible to measure agriculture
commercialization and suggested that to promote commercial agriculture should
create applicable systematic of commercialization [26].

Mahaliyanaarachchi [31] also stated that agricultural extension is an on-going
and informal educational process that takes place for a long time. Also, agricultural
extension’s benefits cause farmers’ livelihood development. Therefore, it is recom-
mended that it needs to improve farmers’ knowledge, skills and influence their new
way of thinking in agriculture activity such as apply new technologies, farming
activities, and marketing ([8, 31]: 14).

Rivera [32] mentioned that agricultural extension is also primary element that
impact the degree of commercialization of agriculture. Nowadays, agricultural
extension is a primary agricultural product with a stable price (commodification of
agricultural extension and the transforming of knowledge into a product for sale)
supported transforming both public sector extension and private business sector on
technology transfer in agriculture sector [8, 32]. Concepts of commercial agricul-
ture extension can be observed in three dimensions. Firstly, the agricultural exten-
sion is observed as a commercial product or service that exchanged by two parties.
First party is extension providers as sellers and other party (farmers) as buyers.
Secondly, it is applying primary concept as supply and demand. Hence, agricultural
extension become a demand-oriented activity. Finally, extension can be viewed as
inputs (e.g. fertilizer, hybrid seeds, agro-chemicals, machinery, and others), which
is fundamental for the commercially oriented farming [8].

Some studies discovered that most developing countries in Asian and Latin
American used the land for cash crop production since the 1980s [2, 3] because of
encourage to increase cash crop export and local income improvement [2]. At the
same time, a study of Omiti et al. [4] found that agricultural commercialization in
Kenya has a constraint in creating a value chain. Various crops take different forms
of market access such as maize has inadequate market access, while tomatoes, milk,
and kales production have good market access. In short, high market integration
and reasonable market access support diversification into high-value mixed enter-
prises [4]. One research on an impact of cooperatives on smallholders’ commercial-
ization behavior revealed that smaller farmers tend to supply less product because
they target to increase the price while larger farmers maximize their farm product
[33]. Jaleta et al. [13] pointed out that smallholder commercialization concept goes
beyond the marketing of surplus staple products because it consists of household
input use decisions, major objectives of production, household participation in
input and output markets, degree of specialization in production, and dependence
on markets for income and consumption. It is a highlight to emphasize on small-
holder commercialization level [13].

Based on Zhou et al. [7]’s study in the southern africa who pointed out that
agricultual commercialization produces both positive and negative effects. The
authors pointed out some key findings that agricultural commercialization pro-
duces both positive and negative effects. The positive effects at the household level
reflected from increased productivity, family employment, more household income
through market participation and employment, a better consumption diversity,
nutritional welfare development, improved education, health and welfare, and
household living conditions development [7, 34]. Besides, at the society arena,
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commercialization contributes to food security, poverty alleviation, rural and urban
employment creation, improved livelihoods and social status, and economic growth
via productivity and investment [7, 34]. The commercialized leads to negative
effects such as no improvement household nutrition and livelihoods of the poor-
est, more risk complex market, household food insecurity, and insufficiency food
[7, 17, 34]. Besides, the commercialization influences to income inequalities [7, 17].
Agricultural commercialization among poor smallholders is an issue that requires

to pay attention to reduce poverty, improve household food and nutrition security,
and foster growth in rural areas [35].

4. Rethinking of agricultural commercialization

Various discourses on agricultural commercialization provide background
concept and the relation of the issue with regard to the definition of terms, pro-
cess, and their relations. In this part, the interest is to reconstruct the agricultural
commercialization to rethink how commercialization will lead to food security and
gender role in agricultural commercialization.

A classical thought argues that the commercialization of agriculture is a cause
of poor nutrition [3]. Others argue that subsistence agriculture may not be a viable
activity to secure sustainable household food security [13, 36]. Agricultural com-
mercialization is thus provision of both opportunities for food security and income
earning. One of the pathways to food security is to promote food crop productiv-
ity [5] that is to enhance household food supply. Pathways to promote food crop
productivity are improving access to credits and inputs, input cost management,
high-value crop investment, and investment in infrastructure and human capital.
The element of food security is related to accessibility, availability, stability, and
utilization of food [4]. Measuring food security can apply concept of consumption
or calorie intake method, expenditure, nutritional food sufficiency, coping strate-
gies, and resources availability [37].

The most crucial question is to what extent the agricultural commercializa-
tion contributes to food security. The effect of agriculture commercialization on
income and productivity seems positive, whether on the household level or for large
scale producers; however, it depends on the allocation [2]. The allocation refers to
resources management including land, labor, and capital toward production activi-
ties, which come to the decision of how to allocate or distribute these resources in
order to achieve a greater benefit from this transformation. Since the household
food availability and consumption depended on agriculture in many least developed
and developing nations; the impact of agriculture commercialization should be
evaluated for better application of the conceptual framework of agriculture com-
mercialization. Despite the fact that the process of agriculture commercialization
is positively affected, the income gains from selling crop in the market, which
also enhancing household capacity to effort for food. However, food security and
income have not yet shown a direct relationship. In terms of food security, there are
still arguments for and in opposition to smallholder commercialization as a pathway
for making sure household food security. Food security is also determined by farm-
ing activities, in which the shifting to cash crop may be led to the decrease of food
crop cultivation. On the one hand, smallholder commercialization is assumed to
have damaging outcomes on household dietary and food safety status.

Indeed, the adverse impact of the process of commercialization on food secu-
rity is still debatable among scholars. For example, Von Braun [38] argued that
“commercialization has a direct effect on household’s earning degree which likely
results in a rise in food and non-meals expenditure” ([38]: 187). On the other hand,
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the famous Engel’s Law claimed that there is an inverse relationship between the
proportion of food expenditure and overall earnings, which people are willing

to spend more on food as their incomes increased [39]. Therefore, food security
pushed further concern on the impact of agriculture commercialization; however,
the correlation between the raise of income earning and nutrition can also make a
positive difference.

The second issue that needs to rethink of the agricultural commercialization is
gender role in agricultural commercialization. Some scholars attempt to provide
measurement and effect of commercialization of agriculture. Different degrees of
agricultural commercialization are well defined. Primary characters of agricultural
commercialization are farmers, technology, market and marketing, finance, institu-
tion, infrastructure, and consumers [26]. Among them, a group of factors that lead
to project success are commercialization that needs involvement a large number
of women [26]. However, different participation of stakeholders’ involvement in
agricultural commercialization leads to different magnitudes of agricultural com-
mercialization. The high and advanced dimension of agricultural commercializa-
tion need lower involvement of farmers and need industrialization of agriculture,
for instance.

Gender role is a decisive component to agricultural commercialization, particu-
larly to commercialize of agriculture at the micro-level (household and company
levels) that commercialize crop improves local livelihood. Women play crucial
role in both commercialization of agricultural produce and secure household food
supply. A study of Sgrensen [40] found that commercial of food crop constructed a
new gender relation. Men play role dominantly in food production which reflects of
patriarchal practice. Also, the socio-economics lead to different bargaining power.
Women from a better economic have better bargaining power when compare with
other women who have not good economic conditions [40]. Gender power relation
within households provides the benefits arena to women. It is expected that women
gain cash income from commercialization, but whether or not women benefit
depends on how decisions are made within the households [26]. In fact, labor
wage is not equally distributed for women and men for the same amount of work.
Instead, women are facing commercialization of agricultural work plus the burden
of household chores. The benefit of smallholder commercialization on the gender
dimension also depends on a specific commodity when gender-labor demand and
on the decision to the income generated [13]. A confirmation is that commercializa-
tion of agriculture provides disadvantage for women because of gender inequal-
ity in access to productive resources unless they become membership of farmer
groups [41].

5. Productive resources for coffee commercialization
5.1 Land acquisition for coffee production

The most fundamental factor in agricultural production is land acquisition. The
government of Lao PDR has the vision to promote the agricultural sector; the prior-
ity is to specify the existence of cultivated land expansion in the national framework.
The survey and allocation of agricultural land have been carried out nationwide
to allocate land to the district level. Land titles have been issued for farmers at the
village level, equivalents to 43.2% of all villages across the country and cover 37.1% of
the total districts [19] or about 800,000 pieces (Open Development Laos, 2019).

Land classification and land title are required to take into account as the factor
affecting agriculture production because the potential of arable land, particularly
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agriculture land, refers to the areas that can be brought for cultivation with soil,
water, and climatic suitability. Pingali and Rosegrant [17] noted that “Agricultural
commercialization means more than the marketing of agricultural output; it means
[that] the product choice [s] and input use decisions are based on the principles of
profit maximization” (n.p). Therefore, the land is a determinant factor of agricul-
ture product inputs, acquisition of use or ownership rights to large areas of land for
production of agricultural commodities, by farmers has recently attracted consider-
able interest.

Land use for coffee commercialization at the Bolaven Plateau, southern Laos
consists of two forms, local own, and foreign private own. The former form is
mainly smallholder coffee commercialization, who are local people, in which land
use is only approximately 1-2 ha for coffee plantation. Based on the FATE house-
hold survey in 2015, the average land use for smallholder who could commercialize
their coffee is 2.64 ha with a minimum of 0.10 ha, and the maximum land size is
20 ha. The majority of the farmers, about 45% owned land of 2.0-4.9 ha of agricul-
ture land and 51% of these coffee land is used to plant Arabica coffee. There shows
correlation between coffee commercialization and land use at a significant level.
Access to cultivated land by the smallholders in the plateau is by three approaches
including Chap Chong (Lao word means free land acquisition), land inheritance,
and purchasing land use right [42].

The latter form, land use for coffee plantation is by foreign private ownership.
After the economic liberalization policy has been applied under the NEM, the
government of Laos (GoL) gives the permit to foreign investors to allow for land
concession to various industries also for coffee plantation. The rapid proliferation
of land concessions has been granted by the GoL to investors who are seeking to
capitalize on the plateau’s agriculture, forestry, hydropower, and mineral com-
modity chain potentialities [43-45]. The first agriculture land concession for a
foreign private company to coffee planter was granted to Asia Tech in 1991 about
12,000 ha. A plenty number of smallholder coffee producer turned into the host
of coffee concession, 37 of 84 villages in the Bolaven Plateau hosted at least one
coffee concession in the administrative village; while 10 villages hosted two or more
concession projects [46]. Today, the idea of land concession is still debatable in the
institutional level; whereas, agriculture land concession demonstrates primarily to
coffee commercialization.

5.2 Capital formation

Capital input is another significant productive resource of coffee commercializa-
tion in which farmers have to have some capital to start farming as a running cost
such as for planting, nurturing, processing, and marketing. In order to process all
of these farming activities, farmers have to accumulate the capital from various
sources and spend for those activities. Smallholder coffee producers seek their
ways to find the capital to support their coffee production. Access to capital can be
approached in several ways, including through rural development fund, banking
institutions, private money lenders, relatives, and friends [42]. However, the study
found that the production of coffee holds an average cost of production, represent-
ing as fixed and variable costs. Therefore, capital input in this context will consider
all the cost of production, both fixed and variable costs. The study showed that
the production of coffee cost about 9.13 million kips per hectare, 0.04 million kips
per hectare as a fixed cost, and 9.09 million kips as variable cost. For the variable
cost, tools and equipment using in the process of coffee production are including,
which take about 19.59% of the total cost of production. Petroleum gas cost the
highest with an average of 19.55% of the total cost of production; while the cost of
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wage labor was only about 22.57%, fertilizers cost about 22.47% of the total cost of
production, and other administrative costs about 15.82%.

5.3 Labor input for coffee production

In demographic change, the total population of Lao was only 7.13 million people,
and 53.93% are below the age of 25, in 2017 [19]; however, the core of the rate of
contribution in labor force still considers low. The agriculture sector contributed
62.46% of the GDP growth in 1990 and started to decline in 2017, and recently
contributed only 18.55% of the total GDP growth rate (Lao Statistic [47]). While
the number of labors participating in agriculture has been fell from 71.3% in 2011
to 65.2% in 2015 [48]. Therefore, the major paradigm of labor input in relations
to agriculture development came into attention, specifically in coffee production
because it increased from 52.01 tons in 2011 to 99.78 tons in 2015 [19], which means
labor demand for coffee production is declining.

Hence, labor as a mean of productivity, engaging in every process of produc-
tion shows relatively correlation with one another, including surplus and earning.
Traditionally, the use of household labor in farming production is important as the
part of labor market and production input as well. The study noted that in general,
the rate of self-employed farming took about 91% of the total category of occupa-
tion; where was correlated to the number of lands owned.

Hence, there is no surprise to the pattern of employment where the wage of self-
employed (per month) took the second place of highest salary after the wage salary
(per month). It is possible to conclude that working in the coffee farming tends to
reach a higher sense of stability; wage labor becomes more specialized and gained
expertise through working experiences from years to years as wage labor already
carries some fundamental skill working in agriculture or coffee planting. In the
past, people always exchanged one another with labor, weed and harvested coffee.

To focus on labor input in the coffee production community, first understand
the pattern of labor mobility. During the process of coffee plantation, nurturing
and harvesting process are the most significant steps that requires quite numerous
of labor; therefore, coffee producers required to hire wage labors to work in the
coffee garden all year round particularly in production seasons. As a result, wage
labor in coffee production has been shifted around during seasonal and non-
seasonal periods.

Labor demand is determined by the cultivation land or the size of the farm.
Coffee production is labor intensive; thus, labor is required in different process of
coffee plantation. Hence, the greater number of labor results in increasing produc-
tivity; similarly the minimum number of labors used in the nurturing process also
leads to a decrease in productivity. Therefore, in the process of coffee production,
both household and wage labor represent a complex pattern, this also includes the
number of women participating in this coffee community as well.

The pattern of employment in the coffee farm at the Bolaven Plateau seemed
flexible in term of hiring pattern. There show four patterns of employment includ-
ing wage employment, non-farm self-employment, a permanent worker for farm,
and seasonal worker for the farm. Wage employment takes major account of the off-
farm employment (56.4%), where local people still contribute to the employment
in different occupation mainly agricultural work, public sector, and private work.
Seasonal farm employment shares a larger account than permanent work for the
farm. The major work for seasonal employment is an agricultural worker (general/
clearing weeds) accounted for 28.6% and harvest only about 17% [49].

Although, there is a variety of labor employment pattern that shifted within
the coffee production at the Bolaven Plateau; a significant factor affecting labor
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mobility is the cycle of the temporary and permanent worker during the farming
season. The temporary worker based on payment as known for wage employ-
ment usually increased in the farming season. Whereas, permanent worker based
on types of work, in a small farm producer or a large company is small propor-
tion. Therefore, the rate of permanent employment relied on the size of the land
(for small farm producer) and the payment or benefits (for the large company
producer).

Seasonal farmworkers were mainly migrated from nearby provinces, districts,
and villages who come for different farm works including coffee tree plantation,
fertilizing, clearing, and harvesting. The major account of the farm employment
was general/clearing weeds (28.2%) and followed by harvest only (16.9%) [50].
However, many types of work are required to be done by wage labors from the
same village, including planting seed and weeding, whereas some processes are
required to be done by wage labor migrated from nearby village or district, spe-
cifically during the harvesting season. Furthermore, during the harvest season,
the rate of wage labor slightly increased because labor demand is high during the
peak season.

6. Process of coffee commercialization
6.1 Coffee plantation

The plantation is the primary process of coffee commercialization that pro-
vides various methods to grow coffee. There are three types of coffee plantation
including planting with seeds, planting to cut the top, and planting to prune and
every method depends on the size of seeds depends on the geographical area,
the elevation, and the climate of the planting areas. The first method of coffee
plantation, planting with seeds is applied with a limited of land, this technique is
widely adapted because it takes only a year to growth, with a simple of nurturing
and fertilizing. Hence, this technique concerns different preparation step before
the plantation, including soil, seed, and fertilizer. In many cases, farmers mixed
between soil and manure as a basement of the plant.

Planting to prune is another method mostly used in the lowland areas with dry
weather. In most case, the coffee plant can be easily damaged. For the small coffee
tree, it will grow only if the branches break to the top as needed. Nurturing is quite
tricky for this planting method due to pests and weeds. However, if the coffee tree
gains a bigger size with great roots, soil, and watering condition, the branches can
grow easily. The third coffee planting method, the planting to cut the top is suit-
able for the planting areas located on high altitude over 900 m above sea level,, due
to the plateau areas cover with less sunlight and benefit from rains for watering
condition. Arabica is the most popular beans growing in the plateau areas; however,
the cutting or pruning technique requires expertise and experience because this
method required to prune only one branch at the top. This method seems to be
mostly used in the Bolaven Plateau when the geography is profitable. Nurturing and
fertilizing are simple for this planting method.

6.2 Nurturing
The process of nurturing coffee plant depends on the planting method, where
planting to prune is the most difficult for nurturing due to pest and weeds. The

common nurturing techniques are related to six steps including planting season,
watering condition, coffee stem covering, weeds and prevention, fertilizer, and
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coffee pruning. The first step is to select planting season. The best season for
growing coffee plant is rainy season starting from May to June in order to reduce
watering condition for seedlings. However, without the rains, it is required to
water the plants about 10 days before covering the plant with dry straw for main-
taining soil moisture, which is labor-intensive and time-consuming. The next
step is watering of the tree. Watering the coffee plant should not be overwatering.
The new coffee plant is required a limited amount of water to help for sitting

up; therefore, planting coffee during rainy season is the best method for nurtur-
ing. Without watering, the coffee plant can be easily damaged because nutrition
relies on water to dissolve. The study found that farmers only relies on rainfall

for watering condition. Coffee stem covering: there are many types of materials
used for stem covering, including Napier grass. When Napier grass damaged, it
produced a large amount of nitrogen, which is useful for coffee. However, in Laos,
straw is widely used, replacing napier grass to reduce the cost as well. Covering
the stem, a third step, of the coffee plant should be 10-20 cm away from the plant
for preventing some pests or insects. With 1-m width and greater than 10 cm of
thickness will help for maintaining the soil moisture. The study found that the
limitation of using stem covering, as farmer only used dry straw and grass, and
some areas also experienced less rainfall in a year (6-8 months or less) as a result
of lowering the productivity.

The weeds and prevention, a fourth step of coffee plantation is to get rid of
weeds, farmers are sometime using shovel, knife, or cutting. However, the most
used to deal with this problem is chemical or pesticide with the exception of the
coffee farm of coffee producer cooperative (CPC) which has strict control of
chemical to meet the criteria of the organic certified product. Diuron is one type
of pest control, which farmers used only 200 g for 400 m? of cultivated land.
Another option for the farmer is pesticide spray, where farmer has to spray 50 cm
away from the plant in order to save the coffee plant. The study showed that
farmers, particularly the CPC members are more likely to use natural method
such as knife and shovel to deal with weeds and pest instead of spraying pesticide
or chemical. Household labors are more likely to engage in this process more than
another process. Fertilizer is one of the most important step of coffee nurturing.
To fertilize the coffee plant, it is required to make the hole around the coffee plant
about 5 cm in depth and mainly use the radius of the canopy of the plant and cover
the soil with dry straw. Fertilizing in the first to the third year will be much effec-
tive. Manure is the best fertilizer used with the proportion of 100-350 grams per
time, fertilize three times a year during these consecutive years. Thus, the study
noted that 42.46% of coffee producer used organic fertilizer, the coffee shell, and
manure. On the other hand, the other 57.54% do not use organic fertilizer at all
because they take only red cherry beans [50].

Coffee pruning is a last important step of coffee nurturing. The productivity
of coffee depends on pruning. Without pruning step, the coffee plant can produce
a large number of beans, but the year after the production and quality will be
decreased because the roots, stem, and branches are already used to produce the
seeds. The study recognized that most coffee producers avoid the pruning step as a
result of unstable productivity, plenty of older coffee plant were left behind, some
dried, and damaged.

6.3 Harvesting
Harvesting is an important process of coffee commercialization to add value

to the coffee product and preparation for commercialization. As usual, the coffee
cherries will begin to ripen in about November until April. To collect or harvest the
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Figure 1.
Coffee marketing process (Illustrated by authors).

best quality of coffee beans, it is to collect the ripened beans in the shade of orange
to red. Green coffee beans should be avoided due to poor quality. By using large
baskets tidying on the waist or hanged to the neck before, store it into the sack. This
step is time-consuming, collecting coffee beans will need to collecting continuously
about 3-4 times with a distance of about 20 days because the beans are ripened
differently.

Post-harvest processing prepares important step to marketing. Most of the
coffee beans particularly Arabica are sold in red bean after picking at the farmgate
by the farmers. Processing of the red bean to dried one need facility including
machine, that means another capital investment for this facility. The farmers
who cannot afford this technique, thus prefers to sell red been. The CPC member
groups have the opportunities to process the red bean before marketing at the
processing houses. The processing of the red bean provides important procedure
for the farmers to involve with difference commercialization process and have
higher value added.

6.4 Marketing

Marketing of coffee product highlights the most decisive stage of coffee com-
mercialization during post-harvest. The coffee farmers market their coffee product
in various forms, including selling of red cherries, dried beans, milled beans,
and roasted beans. Selling the production in the form of red cherry beans is most
popular one, where the price is varied between 1500 and 3200 kip per kg. Some
groups of farmers who have Robusta and Excellsa coffee prefer dried beans where
they can keep for long time and expect to higher value. Recently, some of the farm-
ers also roast their products to serve the tourists locally to get higher coffee value.
The marketing circle starts with the farmers and continue to a middleman, and then
exporter or factory (Figure 1). The middle man will come to purchase coffee beans
at the farm gate before processing and wholesaling to the coffee industry such as
Dao Heuang coffee factory in Champasak province.

7. Impact of coffee commercialization
7.1 Employment opportunities in coffee production

Coffee production provides main source of employment opportunities for local
people. The employment opportunities take four categories including daily wage,
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monthly, payment under contractor, and payment by product. Farmers normally
get daily wage for harvesting, weeding, and applying fertilizer activities. Monthly
paid on the other hand only for harvesting task, and payment under contractor

is applied for weeding work. In addition, farmers get daily wage paid for harvest-
ing based on product of coffee bean’ s weight, where they could get 1 kg of red
cherry is about 800-1000 kips. Laborers prefer to receive payment based on the
weight because they earn better than a fixed wage which daily fixed-wage is only
30,000-50,000 kips per person. A laborer can pick about 100 or 200 kg, which is
approximately 100,000-200,000 kips per day. The payment is higher and competi-
tive during the harvesting. The extra laborer is needed for harvesting and pay by
weight during booming of red cherry coffee. Besides, some farmers pay monthly
wage only for harvesting, especially in Sedkhod, Phorkhem, and Dong villages
under the payment rate of between 700,000 and 1,000,000 kips.

In short, coffee cultivation creates employment opportunities and address
seasonal unemployment issue for people in the village, nearby villages as well as
people from other districts or provinces, especially during harvesting, weeding,
and apply fertilizer in different seasons. It is evident that coffee provide direct jobs
to local people and a complementary source of income for them. In fact, the coffee
production absorbs seasonal unemployment laborers of agricultural sector, where
the farmers can work during the post-harvest season of agriculture.

7.2 Women’s participation in the process of coffee production

Coffee commercialization is gender-related working culture that required
women participation in farm production in particular work positions including
seedling, weeding, fertilizing, harvesting, and processing. Women take most part
of the seedling work including prepare seed box and nurturing. Weeding of cof-
fee trees by using traditional tools such as knife to clear grassed out of farm is also
carried out by women, while men use machine grass cutter. The coffee cultivation
activity requires weeding several times throughout a year which provide employ-
ment opportunities and wage earning for women. Women also take part in another
activity of the farm, that is fertilizer application. Women participate in harvesting,
particularly for Arabica Cartimor coffee which requires soft hands to take care of
the young cherries while picking. Women are good at these techniques. The coffee
cherry of Arabica variety is not ripened at the single time. Therefore, only red ones
are allowed to be plucked. During the booming of the red coffee, cherry need to be
picked; otherwise, the red cherry falls and wastes.

Although, women and men spend similar time-use in coffee cultivation
together, some tasks of coffee cultivation are gender-based. The tasks require
energy (e.g. weeding by using the machine, fertilizing, pruning, washing, and
heavy lifting) are men’s task, while women take the time-consuming and light work
such as harvesting, manual weeding, and sun drying. Furthermore, labor hired on
coffee cultivation reflects gender role. There is more female labor than male labor
on both manual weeding and harvesting tasks. The harvesting and manual weeding
are considered as time-consuming work and tedious tasks. Men prefer to do a task
that wastes energy in a short time.

The gender and seasonal employment reveal that gender of hired labor is sig-
nificantly correlated with employment activity including wage, work hour, benefit,
working day, and worker with children at work at the 0.05 and 0.01 level. Female
workers also mainly involve in the processing factory for the task of filling and
packaging coffee sack. In conclusion, women’s role in coffee commercialization is
involved with the household or company production levels, particularly for the light
and time-consuming works (Figure 2).
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Figure 2.
Coffee commercialization (illustrated by authors).

8. Concluding discussion

Various grounds of literature review provide agricultural commercialization
in different aspect, not least commercialization is shifting from subsistence mode
of production toward more market-based cultivation of cash crops, more special-
ized production, and targeting both domestic and international markets. There
shows of the nexus of commercialization and agriculture which aims at sales, profit
maximization, and meet the needs of customers [8]. To satisfy those conditions,
the agriculture needs to be market surplus, productive resources, and value chain
added [41]. Agricultural commercialization has to rethink and reconstruct how to
meet the need of both food security [5, 13, 36]and gender role in agricultural com-
mercialization [13, 26, 40]. A challenge is to create most favorable conditions for
agricultural commercialization to meet the need of food security.

Agricultural commercialization of coffee production highlight factors that plays
decisive role in the commercialization processes. Productive resources include
land acquisition, capital formation, and labor input constitutes the fundamental
elements of the process. Land acquisition including ownership, usage, and benefit
form the background of the commercialization. Without these resources, the
process might not be fulfilled. Thanks for the farmers who could take forms of land
uses such as Chapchong, inheritance, and purchase the right to use [42]. Capital and
labor also contributes significant impact and direction on commercialization in
which they could facilitate and secure the process.

In this context, coffee commercialization process takes form of plantation, nur-
turing, harvesting, and marketing. Plantation needs detail support of techniques
on how to apply to different contexts of coffee plantation including soil, seed, and
fertilizer. Nurturing requires special treatment in order to get fruitful harvest.
Harvesting is marking as one of the process to indicate of the success of the farm. If
the yield is fruitful, this marks as a sign of production surplus for home consump-
tion to secure food supply and ready for-profit maximization. Finally, marketing is
crucial indicator of the commercialization, of how the product is selling and how
they can maximize profit.
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This chapter attempts to highlight some dimensions of gender working culture,
particularly women participation in seedling, weeding, fertilizing, harvesting, and
processing. In general, it is assumed that women have equal role, time use, and
benefit from work. In fact, to create gender equality is not an easy task. The most
important function is to share and distribute the benefit from coffee commercial-
ization. Gender role on commercialization is thus needed to equally distribute the
task and benefit from the process. On the one hand, the commercialization has
to maximize profit as much as possible to women who are considered as the most
effective household financial manager. Therefore, the commercialization of coffee
is a complex set of factors, agencies, and mediators to facilitate the process.
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Abstract

Coffee is one of the most consumed products around the world; 2.25 billions of
coffee cup are consumed everyday in the world. For coffee crop production, dif-
ferent by-products are produced, such as coffee peel, coffee husk, parchment, and
spent coffee grounds. These by-products have several problems associated at the
final disposition. In this book chapter, we study the main coffee varieties produced
in the world, the by-products produced, and its composition and finally assess the
potential of supramolecular solvents (SUPRAS) and water as green solvents for
high-added-value compound extractions. Bioactive compounds were extracted
from fresh and dried coffee peel in an acceptable rate for industrial applications.
SUPRAS offer advantages in terms of rapidity (5 min) and simplicity (stirring and
centrifugation at room temperature), thus avoiding costly processes based on high
pressure and temperature. Extractions carried out using water as solvent is another
technique of extraction mixing temperature (above 60°C) and time (4.5 min)
obtained a beverage or solution with presence a bioactive compounds how caffeine,
chlorogenic acid and polyphenols.

Keywords: agri-food waste, by-products, coffee husks, coffee peel,
spent coffee grounds

1. Introduction

Coffee is a tropical perennial plant from the Coffea genus of the Rubiaceae family.
Although there are more than 103 species recognized nowadays, only 2 are responsible
for world trade (arabica and canephora) [1]. The arabica variety constitutes more than
60% of the coffee that is commercialized in the international market and is cataloged
by the consumers as the best coffee for its exceptional organoleptic characteristics
[2]. This is due to the great variety of chemical compounds, which are responsible for
granting the sensory quality and stimuli to the nervous system [3].

Coffee beverage is the result of the preparation of a drink by infusion from
roasted and ground beans, with characteristic aroma and flavor, which have made it
the second most consumed product in the world [3]. In the case of Colombia, coffee
has been cataloged as one of the country’s main export products. For the above
statement, coffee continues to be an activity of great importance. In this agricul-
tural value chain, the by-products correspond to 80% of the total volume; the
coffee industry generates about 2 billion tons of agro-waste, which represent a great
pollution hazard [4]. Coffee pulp, husks, silverskin, peel, and spent coffee grounds
are common coffee by-products [5].
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Generally, coffee is internationally traded as green coffee [6], and it is obtained
either by the wet, semi-wet, or dry methods. Typically, wet-processed coffee beans
have a higher consumer acceptance than the dry-processed ones [7]. Wet coffee
process consists of several steps, namely, de-pulping, fermentation, washing,
de-hulling, and drying [8]. Depending on the processing method, either wet or dry,
coffee pulp and husk are the first by-products and account for 29 and 12% of the
overall coffee cherry [5]. Pulp and husk are rich in carbohydrates (35-85%), soluble
fibers (30.8%), mineral (3-11%), proteins (5-11%), and bioactive compounds such
as tannins, cyanidins, chlorogenic acid, caffeine and polyphenols [5, 6].

The disposal of agro-waste is a growing issue that can cause phytosanitary
problems and cross-contamination in food industries [9]. As a consequence, new
strategies to manage or benefit from agro-waste are urgently needed. One of the
most promising options is to valorize the bioactive components present in the
by-products [10]. In this sense, a growing field of studies highlights the presence of
various bioactive compounds in agro-waste with potential applications in func-
tional foods and nutraceutical developments [4, 9, 10]. The recovery of bioactive
compounds improves the economic feasibility of the main processes, by producing
secondary streams of value-added compounds.

This chapter assesses the usability of SUPRAS and water extraction for the
recovery of high-added-value compounds from coffee peel. The method is simple
and rapid and could be a sustainable strategy for coffee waste valorization.

2. Origin of coffee

Today, there are countless legends that talk about the origin and discovery of
coffee. One of the most accurate ones mentions that coffee originated in the high
plateau of Abyssinia and occurred in a wild form known as arabica. It was acci-
dentally discovered by an Ethiopian shepherd named Kaldi. He noticed a strange
behavior in his goats when eating fruits and leaves from a certain shrub, so he
collected a sample and took it to a monastery [3], where possibly the cherries were
mixed in the infusions or thrown into the fire allowing to feel a greater aroma and a
better flavor [3].

The Arabs were the first to regularly consume coffee and give a primary role
to its cultivation; hence, they are considered the pioneers in the establishment of
coffee crops. Subsequently, coffee spreads to Mecca, Medina, and Syria and next to
Aden and Cairo, covering the entire Muslim world around 1510 and Turkey in the
year 1554 (www.cafedecolombia.com). The introduction of coffee in America was
approximately in 1718 starting with the Dutch colony of Suriname, followed by
plantations in French Guiana. In 1730, it was the British who introduced coffee into
Jamaica and later spread to the rest of the continent [11].

Historically, it has been recognized that coffee was introduced to Colombia via
the Venezuelan border by a traveler who came from French Guiana and carried a
coffee plant. Thus, the first crops were in the North Santander and, later, in the
departments of Antioquia, Tolima, Caldas, Valle del Cauca, Risaralda, Quindio,
Cundinamarca, and Narifio, among others. The variety that was initially cultivated
in Colombia was the Typica variety. At the end of the 1920s, a second variety was
introduced, known as Bourbon, due to its higher yields; however, since the 1980s,
the “Colombia” variety has been cultivated, coming from the Caturra variety and
the Timor Hybrid, which is resistant to rust [12].

In Colombia, mainly arabica coffee is cultivated, due to this species produce a
soft drink and of greater acceptance in the national and international market. The
varieties of arabica are low or tall, and have red or yellow fruits. Some varieties of
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Variety Description

Typica Arabica, pajarito or national
Coffee trees are fairly tall
Its new leaves or bud are bronzed or reddish. The leaves are elongated
Susceptible to rust
Greater percentage of large beans than the varieties Caturra and Bourbon
Planting density, 2500 trees per hectare

Bourbon More branches than the Typica variety
Lighter green buds than the other leaves
Leaves are rounded
Produces 30% more than Typica
Susceptible to rust
Planting density, 2500 trees per hectare

Tabi Derived from crossing the Timor Hybrid with the Typical and Bourbon varieties
Large bean, more than 80% supreme coffee
Excellent quality ideal for obtaining specialty coffees
Planting density, 3000 trees per hectare
Susceptible to rust

Caturra Lighter green buds than the other leaves
Leaves are rounder than Bourbon’s
Low-to-medium body
Produces less than Bourbon and more than Typica
Behaves well in the coffee zone
Susceptible to rust
Planting density, up to 10,000 trees per hectare

Colombia variety The bud of the plants is bronzed
Durable resistance to coffee rust attack
Production equal to or greater than Caturra
Type of bean and quality of beverage are similar to other varieties of arabica coffee

Table 1.
Colombian coffee varieties.

Arabica species are the Maragogype, Bourbon, Tabi, Typica, Castillo, Caturra, and
Colombia, being these last three varieties the ones that are cultivated in greater
proportion (see Table1).

Internationally, 80% of the world’s production corresponds to the arabica spe-
cies, which is cultivated mainly in Colombia, Brazil, and in some Asian countries
such as India or in Africa such as Kenya and Ethiopia [12]. The remaining 20%
corresponds to the species canephora and is generally cultivated in Africa, Brazil,
and Indonesia, with differentiating factors such as resistance to rust and a higher
caffeine content [13].

The first commercial production of coffee was made in 1835. In this opportunity,
2.560 sack bags were exported from Cucuta. In 1927, the National Federation of
Coffee Growers was founded to promote the development of Colombian coffee
culture. This organization makes the process of purchasing, storing, and exporting
coffee, as well as accompanying and advising coffee growers from different regions
of the country. In this way, coffee cultivation was consolidated as one of the coun-
try’s main agricultural activities [3]. Today, the sector continues to be an important
articulating axis in the country’s rural development and providing economic stability
despite the coffee crises represented by high production costs and low harvest levels.
To date, the National Federation of Coffee Growers has reported a participation of
560,000 farms dedicated to coffee cultivation, which translates to 948,000 hectares
of which 27% are harvested with the variety Colombia. The rest corresponds mainly
to the varieties Typica, Caturra, and Bourbon [12], with 66% of the cultivated area
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in the country, being cataloged as the product with greater participation among the
other registered crops [14], providing approximately 785 thousand rural jobs directly
and 1.5 million indirectly (www.federaciondecafeteros.org).

3. Characteristics of coffee

Coffees are berries obtained from a perennial and topical plant (cafeto) [3]. The
coffee beans are morphologically very variable and have different shapes, colors,
and sizes. Internally, seeds are found (usually two per fruit), which are processed
and used to prepare infusions [3].

Plants have a cleft in the central part of the seed. Depending on the species, it is
possible to find small shrubs or trees larger than 10 m. The leaves are simple, oppo-
site, and with stipules and present variability both in size and texture. The plant
has white and tubular flowers, which are complete, i.e., all organs are in the same
flower [2]. The root is a vital organ for the coffee plant, because through it, the plant
takes the water and nutrients for its growth and also is an anchor to the soil [3]. The
coffee plant has a main root that can reach a depth of up to 50 cm, from which other
thick roots are available to support the thinner ones in charge of absorbing nutri-
ents. The stem forms the skeleton of the coffee tree along with the branches with
leaves, flowers, and finally, the fruits (www.cafedecolombia.com).

Because of the union of the grain of pollen with the ovule, the fruit and seeds are
formed. The coffee fruit is a cherry that is divided into three layers: epicarp or skin,
which is the outermost layer; mesocarp or pulp, which forms a sweet and aromatic
pulp of mucilaginous nature, protected by a yellow cellulose layer called parchment
or endocarp; and finally a silvery layer, which covers the two oval-shaped grains
called endosperm [11].

3.1 Chemical composition of coffee

Coffee has a number of chemical components, mainly water and dry matter,
such as minerals, organic substances (carbohydrates, lipids, proteins), alkaloids
(caffeine and trigonelline), carboxylic and phenolic acids, and volatile compounds
responsible for the aroma. All together result in a great diversity and complexity
of structures; however, these may have modifications in any of their stages, either
from the crop or the mill [15].

The chemical composition varies depending on the species [16]. In the case of
Coffea arabica, it has a higher lipid and sucrose content than Coffea canephora. The
robusta differs by its higher content of polysaccharides, caffeine, chlorogenic acids,
and ashes. Table 2 shows the most representative chemical components in arabica
and robusta species.

Additionally, within the varieties cultivated in Colombia are differences (see
Table 3), due to the intrinsic factors, soil fertilization, atmospheric conditions,
sowing density, and planting age, among others [15].

Water: The water content of the bean is one of the most relevant factors in all
coffee processes, from germination to roasting. In the fresh fruit, the water content
is between 70 and 80% [25]. After the dry process, the water content is reduced up
to 10-12% to improve the stability and avoid microbial proliferation, prolonging its
shelf life [16].

Carbohydrates: Among the main polysaccharides in coffee are mannan or galacto-
mannan (polymer of mannose and galactose), constituting 50% of the polysaccha-
rides, 30% of arabinogalactan (polymer of galactose and arabinose), 15% of cellulose
(polymer of glucose), and 5% of peptic substances [16]. The beans in an optimum
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Chemical component‘ Puerta [16] Echeverry etal. [17] Komes [18]
Arabica Robusta  Arabica  Robusta Arabica Robusta
Polysaccharides 50.8 56.40 38 415 N.D N.D
Sucrose 8.00 4.00 N.D N.D N.D N.D
Reducing sugars 0.10 040 N.D N.D N.D N.D
Protein 9.80 9.50 10 1o N.D N.D
Amino acids 0.50 0.80 N.D N.D N.D N.D
Caffeine 1.20 2.20 13 14 0.76-1.82 1.51-3.33
Trigonelline 1.00 0.70 1 0.7 0.88-2.76 0.75-3.42
Lipids 16.20 10.00 17 11 N.D N.D
Aliphatic acids 110 1.20 24 25 N.D N.D
Chlorogenic acids 6.90 10.40 2.7 31 4-84 7-14.4
Minerals 4.20 440 4.5 47 N.D N.D
Aromatic compounds Traces Traces 0.1 0.1 Traces Traces
Melanoidins N.D N.D 23 23 25 25

*Expressed in percentage, on a dry basis.
N.D. Non-determined.

Table 2.
Chemical composition of the coffee beans of the arabica and robusta species.

Coffee variety Fiber Lipids Proteins Caffeine Chlorogenic acids Ash
(%) (%) (%) (%) (%) (%)
Bourbon 21.75 15.27 13.90 115 737 378
Caturra 18.85 13.98 14.79 113 6.97 3.39
Colombia yellow 18.45 13.07 14.45 116 7.55 349
fruit
Colombia red fruit 16.69 14.27 13.92 119 742 3.52
Typica 18.71 13.99 14.59 1.20 6.66 343
Robusta 15.53 11.42 15.66 2.10 8.08 3.96

Source: Puerta [16].

Table 3.
Chemical composition of coffee bean in the different varieties sown in Colombia.

ripening stage have a higher sucrose content than defective and immature beans.
In the arabica species, the sucrose content ranged between 6 and 9%, while robusta
contains 3-7% of sucrose [16]. Monosaccharides and some disaccharides such as
lactose and maltose may oxidize to form alcohols and acids in the fermentation
process or may react with the amino acids in roasting to form melanoidins, which are
responsible for the coloration (enzymatic browning) of the roasted coffee [16].

Lipids: Triglycerides, linoleic, and palmitic acid are mainly presents (~ 75% of
coffee lipids). The unsaponifiable matter constitutes 20 to 25% of the lipids of cof-
fee. Sterols are 2.2% of coffee lipids and contain p-sitosterol, stigmasterol, campes-
terol, and A5 avenasterol. Cholesterol constitutes 0.11% of the dry weight of coffee
beans (0.044% in robusta coffee) [16].

Nitrogen compounds: Nitrogen constitutes between 1.30 and 3.23% of the dry
weight of the green coffee beans, after the roasted decreased up to 1.51 and 2.14% [16].
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Alkaloids: Alkaloids are the substances responsible for giving the bitter taste of
coffee, the most representative are caffeine, trigonelline, paraxanthine, theobromine,
and theophylline [16]. Caffeine is a methylxanthine, which have attributed health
benefits, such as improve the central nervous, cardiovascular, respiratory, renal, and
muscular system [19]. For the above statement, caffeine is important in the pharma-
ceutical industry. Also it has important bioactive properties, so it may be cataloged as
a functional ingredient, which can be used in different food matrices [20].

Chlorogenic acids: They are a series of phenolic esters derived from the union
of an ester between caffeic acid and quinic acid [3]. The chlorogenic acid content
in green coffee is 7% and reaches 4% after roasting [3]. A volume of 200 mL of
roasted and ground coffee could provide between 70 and 350 mg of chlorogenic
acid [16]. Coffee beans contain more than 40 chlorogenic acids, especially esters of
quinic acid such as CQA, di-CQA, and FQA [16]. This compound has a significant
antioxidant capacity and also a stimulant, expectorant, diuretic, choleretic, and
antihepatotoxic effects [21].

3.2 By-products of coffee processing

The coffee bean is picked after reach the commercial ripening stage; it next must
be quickly transformed into dry parchment coffee, to avoid accelerated fermenta-
tion because the entire bean includes high water and sugar content [22]. For these
purposes the external layer is removed from the coffee bean and only 5% of the bio-
mass is used to produce a coffee crop, the rest remains in a residual form as leaves,
branches, green fruits, pulp, mucilage, parchment, and silverskin, among others
[22]. There are two primary methods for processing coffee, to obtain green coffee
(traded coffee beans): wet and dry. In the dry process, no layers are removed, and
coffee cherries are laid out in the sun to dry. In the wet process, the fruit covering
the layer is removed before they are dried. Approximately 40% of all coffee around
the world is wet processed [23], because it is considered to produce superior tasting
offers [8, 24]. In the wet process, it has been estimated that 40-45 L of wastewater
are produced per kilogram of coffee [25].

In Colombia, the wet process has been implemented for decades, which gen-
erates a contamination of 115 g of COD per kilogram of cherry coffee [22]. To
overcome this problem, new methods were developed; one of these is the Belcosub
technology, in which the fruit is de-pulped. The external layer is transported
without water, and the organic residues are reused; however, these do not generate
a significant value. This system avoids up to 74% of the contamination of water
resources, since less than 5 1/kg of dry parchment are used [22]. The most recent
technology suggested by the National Federation of Coffee Growers is the ecological
mill without dumping (Ecomil) that reduces the amount of water to 0.51 of water
per kilogram of dry parchment, implementing tanks generally in stainless steel that
do not need water for coffee emptying. In addition, the water resulting from this
process goes directly to purifying tanks with microorganisms and a series of filters
that allow the water that falls to water sources to be clean and do not generate any
pollution [22].

As mentioned above, a large amount of coffee bean components are removed.

It is important to highlight that approximately 43.58% of the weight of the dried
fruit are these by-products [22]. The valorization of these by-products through the
recovery of bioactives has increasingly become of interest for food, pharmaceutical,
and cosmetic industries [26-30].

A promising option to recover these bioactive compounds is the coffee pulp,
which involves the epicarp and part of the mesocarp of the fruit. This by-product
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By-product Process Final use References
Fresh pulp Dried Biocomponents [40]
Fresh pulp Chopped Animal feed [41, 42]
Silage [43]
Fresh and dried pulp Washing, drying, blending, Biocomponents extraction, [44]
and freezing extracts with antioxidant activity, and
hot water bacterial inhibitory activity
Husk Supercritical carbon dioxide Extraction of caffeine [45]
Fresh and dried pulp Mixtures of solvents with Antioxidant activity, [46]
ethanol and milli-Q water cytotoxicity on human
in different mixtures and epithelial gastric cells, and
sonication—maceration biocomponents profile
Silverskin Subcritical water (25-270°C) Antioxidant activity [47]
Batch culture fermentation Prebiotic potential dietary [48]
bifidobacteria fiber
Parchment Water extraction, Inhibitory effect of a on [49]
concentration, and dried hyaluronidase
Ethanol extraction mixed Biocomponents extraction, [50]
with temperature antioxidant activity
Fresh pulp Fermentation Ethanol [51,52]
Fresh pulp and mucilage [53]
Parchment Hydrolysis and fermentation [54]
Fresh pulp Pretreatment with Mycotypha ~ Biogas [55]
sp. and biomethanization
Pretreatment with [56]
Streptomyces sp. and
biomethanization
Parchment Hydrolysis and [57]
Pulp and rejected grain biomethanization [58]
Fresh and dried pulp Co-digestion [59-63]
biomethanization
Parchment Microwave and traditional Pyrolysis [64]
heating
Husks Combustion furnace as well as [65]
in a fluidized bed combustion
chamber at pilot scale
Vermicomposting with Compost [66]
Eudrilus eugeniae and
Trichoderma viride
Parchment Composted parchment [67]
with a mixture of organic
amendments, pulp with
bovine manure, and the
legume Millettia ferruginea
Pulp Compost with Trichoderma [68]
sp., Streptomyces sp.
Azotobacter sp., and
Bacillus sp.
Husk Solid-state fermentation with ~ Evaluate the reduction of [69]

Rhizopus, Phanerochaete, and
Aspergillus sp.

caffeine and tannins
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By-product Process Final use References
Dried coffee leaves, Solid-state fermentation Produced the fungus Pleurotus ~ [70]
coffee cherry husk, coffee florida

parchment skin, silverskin,
and spent coffee ground

Pulp Production of an extract rich [71]
in chlorogenic acid
Coffee huskand pulp dried ~ Hydrolysis and sterilization; Carotenoids production [72]
fermentation using

Rhodotorula mucilaginosa

Table 4.
Alternatives for added value of coffee pulp.

contains significant amounts of caffeine and another component [31]. The reported
chemical composition (expressed in dry mass) includes polyphenols (1.5-2.9%),
total sugars (4.1%), protein (4-13.3%), lignin (17.5-19.3%), lipids (1.7-2.5%), cel-
lulose (18-63%), total fiber (18-60.5%), ash (6-10%), tannins (1.8-9%), carbo-
hydrates (44-89%), reducing sugars (12.4%), nonreducing sugars (2%), caffeine
(1.2-1.5%), and chlorogenic acid (1.6%) [5, 31-33].

3.3 Nowadays uses of coffee by-products

Coffee consumption has increased significantly, which generates an increase in
waste amount [32]. These wastes have pollution problems. Discharges of wastewa-
ter from industrial activities have become a global issue of concern [34]. Different
alternatives to both mitigate the negative effects in the discharges of coffee by-products
and generate added-value alternatives have been evaluated. For this purpose,
different studies have been carried out to evaluate alternative uses and reduce the
toxic effect on the environment [35].

According to CONAMA Resolution No. 430 from 05/13/2011, the concentration of
phenols should be lower than 0.5 mg L™ [36], due to when phenolic compounds are
discharged into the environment will lead to the degradation process of organic materi-
als difficult to degrade [37]. Coffee by-products are the polyphenols and also carbohy-
drates, proteins, and pectins, making them potential sources of agro-industrialization
for various industries, as well as renewable economic resources that can be given a high
added value [32]. Table 4 presented alternatives for coffee by-product reuse.

Among the alternatives previously proposed for the food and nonfood industry,
emphasis will be placed on the production of extraction of caffeine both from the
beans and from the different by-products obtained.

Considering that caffeine is an alkaloid that possesses antioxidant capacity and
increases energy availability, cognitive performance, and neuromuscular coordination,
among others [38], one of the alternative uses of coffee and its by-products has focused
on the extraction of this compound of functional interest, both for the food and non-
food sectors. However, in recent years, new extraction techniques have been sought in
order to reduce the generation of waste, with a lower consumption of chemical reagents
and therefore improve the efficiency of the process, reducing process times [39].

4. SUPRAS extraction

Two amphiphiles (decanoic acid and hexanol) and two dispersion solvents
(THF:water and ethanol:water) were selected for the study to generate a variety of
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SUPRAS based on previous promising results [73-75]. Hexanol has the advantage
over decanoic acid for the possibility of removal by evaporation if further steps are
required after the extraction of bioactives, while decanoic acid is a more biocompati-
ble and renewable option. Thus, this offers different strategies for amphiphile recov-
ery and reutilization in industrial purposes, being usually easier the operation with
liquid phases. Ethanol was tested together with THF, the first considered biocompat-
ible and authorized for use in food and the second easily removable by evaporation
due to its high vapor pressure (143 mm Hg at 20°C) and relatively low boiling point
(66°C). The coacervating agent (external stimuli driving the self-assembly synthesis
of SUPRAS) is water in both cases, as a poor solvent for the amphiphiles promoting
the aggregation as described before [76]. The type of amphiphile and of the disper-
sion solvent and the composition of the ternary mixture in the bulk solution (amphi-
phile, organic solvent, water) give rise to SUPRAS with different final composition
and microstructure and volumes which can influence the extraction efficiency [73].
Thus, SUPRAS binding interactions and restricted access properties (conferred by
the size of the aggregates) can be tuned depending on the amphiphile functional
groups (OH, COOH) providing hydrogen bonds for extraction and dipole-dipole
interactions, the alkyl chain length (C6, C10) giving dispersion interactions and the
dispersion medium composition (providing hydrogen bonds, dipole—dipole interac-
tions, and dispersion forces under different ratios of ethanol:water or THF:water
mixtures).

Figures 1 and 2 show the caffeine and chlorogenic acid extraction with
SUPRAS. As expected, recoveries were influenced by the amphiphile nature and
bulk solution composition of the ternary mixture (amphiphile, water, organic
solvent). Under all the tested SUPRAS, the caffeine extraction efficiency was in the
range 31-68% = 2.8%, while the chlorogenic acid extraction efficiency was between
0 and 26 + 2.5%.

The highest caffeine extraction was obtained with hexanol as amphiphile and
ethanol:water as dispersion solvent for the design of the SUPRAS (maximum at
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Figure 1.

Surface response plots for caffeine extraction from coffee peel with (a) hexanol, THF; (b) hexanol, ethanol;
(¢c) decanoic acid, THF; and (d) decanoic acid, ethanol.
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Figure 2.
Surface response for chlorogenic acid extraction from coffee peel with (a) hexanol, THF; (b) hexanol, ethanol;
(¢c) decanoic acid, THF; and (d) decanoic acid, ethanol.

69 + 0.9% with 7% of hexanol and 15% of ethanol). The range obtained for the
other SUPRAS was 45-56 + 1.1%, 31-56 + 2%, and 39-65 + 7.5% with hexanol-THF,
decanoic acid-THF, and decanoic acid-ethanol, respectively.

SUPRAS based on ethanol:water were indeed more suitable than those based on
THF:water to extract caffeine with both amphiphiles. A possible explanation is that
ethanol as protic solvent can extract caffeine more efficiently than THF (aprotic sol-
vent), acting as hydrogen bond donor for caffeine, which contains hydrogen bond
acceptors’ groups only. Additionally, the dielectric constant of ethanol is higher
than that of THF (24 and 7.5, respectively). This parameter is a relative measure of
the chemical polarity and could enhance the extraction of the polar bioactives by
dipole-dipole interactions. With respect to the amphiphile, hexanol was the best
choice, and the highest efficiency rates (69 + 0,9%) were obtained in SUPRASs
formed with this organic alcohol. The higher polarity of hexanol over decanoic acid
could be the reason for the higher extraction efficiency of the polar bioactive com-
pounds. Furthermore, the smaller size of hexanol aggregates, due to its shorter alkyl
chain length, could generate SUPRAS with greater surface area, and, consequently,
it will provide more available binding interactions for the bioactive components.

Chlorogenic acid extraction rates were lower than caffeine rates, and no clear
correlation was found with the SUPRAS synthetic conditions. Its higher polarity
could lead to losses in the equilibrium competing phase (i.e., calculated log P —0.4
and —0.1 for chlorogenic acid and caffeine, respectively). Furthermore, chlorogenic
acid is a bigger molecule than caffeine; its molar mass is 354.31 g/mol, and its
topological polar surface area is 165 A2, while for caffeine, values of 194.19 g/mol
and 58.4 A2 are calculated. The higher contact polar area of caffeine could enhance
the recoveries too. Caffeine is the most routinely ingested bioactive substance. Its
consumption possesses health benefits, including lower risks of Parkinson’s and
Alzheimer’s disease, a favorable effect on liver function, energy expenditure, and
a decreased risk of developing certain cancers (endometrial, prostatic, colorectal,
liver) [77]; it can stimulate fat oxidation, thermogenesis, and energy expenditure

124



Coffee By-Products: Nowadays and Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.89508

subsequently, which reduces body weight [78]. Caffeine is consumed daily, in the
United States 89% of the population 19 years of age or older consumes some form of
caffeine daily, but the primary source of caffeine is coffee (64%) [79].

Chlorogenic acid is the major polyphenol in edible plants with many health-
promoting properties [80]. It has a strong antioxidant activity, anti-lipid peroxida-
tion, anticancer effects [81], anti-inflammatory activity, inhibition of a-amylase,
and a-glucosidase linked to type 2 diabetes and anti-obesity properties [82]; it also
has antimicrobial properties [83]. Due to the beneficial effects of this bioactive
component, it has been used for the preparation of functional materials in food and
pharmaceutical areas [80].

5. Water extraction

The processing of every 60,000 tons of dried coffee beans produces approxi-
mately 218,400 tons of fresh pulp and mucilage or mesocarp [84]. Generally, the
pulp is removed with mechanical movements generated by pulping and constitutes
about 29-43% (w/w) of the fruit [6, 85]; the pulp a potential use has been identified
by the compounds present such as anthocyanins, caffeine, and phenolic compounds
with which an important added value can be generated [46, 86, 87]. In this study
dried pulp was employed for the biocomponents extractions, using hot water as
solvent, the dried pulp of arabica variety was selected with 10-12% of humidity,
the response surface methodology was used to determine the effect of solvent
temperature (water) (60-90°C) and extraction time (1-8 min) on the functional
characteristics of the infusions obtained.

For the preparation of the infusions, dried pulp was taken and placed in infusers.
Each sample was deposited in a beaker with 250 mL of the solvent (water) at a differ-
ent time and temperature conditions. The samples were quantified polyphenol content
by the Folin-Ciocalteu method reported by [44, 46]; the quantification of caffeine and
chlorogenic acid was done by high-performance liquid chromatography (HPLC).

The chromatographic separation was performed in a Shimadzu Prominence
with a UV detector and quaternary pump system (Shimadzu, Japan); the samples
were filtrated in a cellulose filter of 25 pm, and the filtrated sample (20 pL) was
conducted using a C8 Restek column (Restek Corporation, USA). The mobile phase
consisted of 0.1% acetic acid and 30% methanol in water v/v; the injection volume
was 20 pL. The mobile phase flow rate was 0.5 mL/min (35°C). The reference
standards were used for identification, and calibration curves were obtained for
quantification chlorogenic acid and caffeine.

The peak of caffeine was observed at the elution time of 11.59 min. The caffeine
extracted from 3.3 g of coffee pulp ranged between 21-51 mg/L and did not depend
on the extraction temperature from 65 to 90°C, the time has an effect in time upper
4.5 min [47], and the values of caffeine were higher (Figure 3a). The chlorogenic
acid had a similar behavior of caffeine (Figure 3b) with range values 5-9 mg/L; this
indicates that those substances are stable during extraction and heat treatment and
storage of the beverage [84].

In the extraction process, this type of biocomponents is the solvent, since the
type of compound to be extracted depends on the type of solvent used for the
capacity they possess which is directly related to their polarity. Extractions using
water improved the extraction of phenolic compounds, caffeine and chlorogenic
acid due to it polarity [84, 88].

Therefore, coffee pulp can be a raw material with a high content of compounds,
and its consumption (e.g., in infusions or extracts) can help prevent degenera-
tive diseases, taking into account that a relationship has been established between
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Time () H

Figure 3.
Surface response for (a) caffeine and (b) chlovogenic acid using water as solvent.

consumption of biocomponents such as polyphenols, caffeine, and chlorogenic
acid and the reduction of risks of chronic diseases, including obesity and diabetes
[5, 6, 32, 89]. The coffee pulp has potential for use in the food, pharmaceutical, and
cosmetic industry, becoming an alternative for products to generate added value
and reduce negative effects on the environment and improve the profitability of
producers within of circular economy and biorefineries.

6. Conclusion
This study shows the ability of SUPRAS, nanostructured solvents made up of
assembled amphiphile aggregates and water, for valorization of coffee waste. The

results proved that these solvents offer excellent extraction capacity of high-added-
value compounds with interest for the food, pharmaceutical, and cosmetic industry.
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Chapter 8
Revalorization of Coffee Waste
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and Eduardo Soto-Regalado

Abstract

One of the household methods most used to prepare the coffee beverage is
the coffee dripping method, which generates millions of tons of coffee waste
(CW). Its disposition without control causes environmental matters due to the
high consumption of oxygen during its discomposing process. However, the high
availability, low cost, and chemical composition of CW (cellulose, hemicelluloses,
lignin, ashes, protein, aliphatic acids, fats, and water) make them useful material
for obtaining added-value products and bioenergy. In this chapter, the state of the
art of different sustainable alternatives to revalorize CW is shown. CW has been
successfully applied as an adsorbent for removing pollutants from wastewater and
gas, a precursor for obtaining activated carbon, and a feedstock for producing
energy and valuable products using mono-process extraction and biorefinery.

Keywords: spent coffee ground, adsorption, biorefinery, bioenergy,
activated carbon, experimental design

1. Introduction

Today, coffee is the second worldwide traded commodity after the oil, and it
is the second beverage most popular after water. The importance of the global
coffee sector can be pointed out due to its presence in 80 countries employing
approximately 100 million people [1]. In January 2020, the International Coffee
Organization (ICO) estimated that coffee consumption would increase from 1.24
million bags to 169.34 million bags of coffee by the year 2019/2020 [2]. According
to these data, there will be a high quantity of spent coffee grounds (SCGs) pro-
duced from coffee beverage preparation, which would be released as domestic or
industrial trash and cause environmental matters. SCG is considered a toxic residue
due to its content of polyphenols, tannins, and caffeine. It has been estimated that
1 ton of green coffee beans can generate 650 kg of SCG, and 1 kg of soluble coffee
produced makes 2 kg of SCG wet [3, 4]. The high availability and low cost of SCG
allow its revalorization for obtaining valuable products, such as chemical products,
activated carbon, biodiesel, and bioenergy.

This chapter will briefly discuss the different ways to revalorize coffee waste. In
the first part of this chapter, physicochemical properties are explained since they
represent the first stage on SCG revalorization. In the second part, the use of coffee
waste as an adsorbent for the removal of pollutants from liquids and gases is shown.
The activated carbon produced from coffee waste and its utilization as an adsorbent
to remove organic and inorganic pollutants is another topic explored. The recovery
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of valuable compounds and energy using mono-process extraction and biorefinery
from coffee waste will be reviewed. Finally, the experimental design methods to
optimize the different processes of coffee waste revalorization are analyzed.

1.1 Physico-chemical properties of coffee waste

The biomass revalorization, such as coffee waste, depends primarily on their
physicochemical properties, such as chemical composition, presence of extract-
able compounds, and diversity of functional groups. These properties are altered
according to the type and plant variety; in the case of coffee, the most commonly
used is the so-called Arabica coffee, so their main physicochemical characteristics
were briefly analyzed.

1.1.1 Chemical composition

Coffee waste, being lignocellulosic biomass, which is mainly composed of the
essential life elements (C, H, O, and N), which are primarily forming cellulose
(59.2-62.94 wt%), hemicellulose (5-10 wt%), and lignin (19.8-26.5 wt%) [5, 6].
Besides, these elements are present in the form of recoverable compounds, such
as essential oils and flavonoids, among others. However, since this material has
already been subjected to a hydrothermal extraction process, the presence of these
compounds is usually low compared with lignocellulosic constituents (10 wt%)
[6]. Moreover, this type of waste usually has some elements considered inorganic
micronutrients such as calcium, magnesium, or sodium, but their concentrations
are generally less than 5.0% dry weight [5-7].

The main component of plant biomass is cellulose, which is made up of linear
chains of D-glucose linked by $-1,4 bonds, and it has a form of crystalline fibrillar
aggregates, which are formed due to the hydrogen bonds among the HOS present
in the D-glucose, as can be seen in Figure 1. On the other hand, hemicellulose
forms an aggregate of simple sugars of different structures that are attached to
cellulose microfibers. Several authors had reported the presence of xylose, arabi-
nose, galactose, and mannose in coffee residues. These types of molecules usually
present cyclic structures of 5 or 6 constituents, being abundant in alcohol groups.
However, their heterogeneity makes impossible the formation of crystalline
arrangements [7, 8]. On the other hand, lignin, whose molecular representation
is illustrated in Figure 2, is a biopolymer, not a polysaccharide, which is consid-
ered the most abundant in plant biomass. This biopolymer has a high structural
diversity originated from the enzymatic dehydrogenation of coumaryl, coniferyl,
and sinapyl alcohols and subsequent radical polymerization. This heterostructure
provides properties such as hardness, resistance to microbial attacks, and oxidative
stress, complicating its biodegradation [9].

Figure 1.
Cellulose structure showing the hydrogen bonds.
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Figure 2.
Lignin chemical structure.

1.1.2 Surface physicochemical properties

Given the structural diversity of the constituents of the coffee residue, a heteroge-
neous presence of functional groups on the surface of the material is expected, which
will provide this biomass with unique characteristics. Cellulose and hemicellulose
have functional groups of the alcohol type (R==OH), which can favor the function-
alization of these materials, for example, through esterification processes [9]. On the
other hand, given its formation process, lignin as a macromolecule has phenolic and
aliphatic hydroxyl groups, in addition to methoxyl, carbonyl, and aldehyde groups,
among others [8]. The concentration of these groups will depend on the variety and
class of the starting material. The structure of lignin is shown in Figure 2, and the
functional groups mentioned above are indicated; it is important to highlight that lig-
nin has aromatic rings capable of promoting interactions n-n* with other compounds,
which could allow the use of coffee waste as an adsorbent for organic compounds [10].

Among the various analytical techniques used to characterize solid materials
is infrared spectroscopy with Fourier transform, which allows identifying surface
functional groups simply and effectively. The infrared spectrum of coffee waste is
presented in Figure 3. In it, the wavelengths at which the various vibrational modes
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Figure 3.
FTIR spectrum of a sample of coffee waste.

of the surface groups can be detected are indicated. The absorption bands found

are similar to those reported by multiple authors for coffee residues of the Arabica
variety [5, 6, 8]. In the spectrum, two absorption regions can be evidenced, the first
one from 3800 to 2700 cm™", finding signals around 3340 cm™ corresponding to
the vibrations of the OH bonds present in the alcohol groups, followed by a doublet
of bands at 2920 and 2860 cm ™" of the CH interactions, present in all lignocellulosic
structures. The second region, between 1900 and 750 cm™, hasa higher number of
corresponding bands with links C—O of the carbonyl groups present in the alde-
hydes (1740 cm™1); C=C of the double bonds of the aromatic structures of lignin
(1640, 1525, and 1475 cm™"); CH of the methyl and methylene groups of the polymer
chains of the constituents (1440 and 1380 cm™); CO of the groups of the ester type
(1320, 1240, and 1160 cm™) and alcohol (1030 cm™); and finally, the bands located
at 870 and 810 cm ™" are characteristic signs of substitutions in aromatic structures.
Together these bands corroborate the polymeric nature of the coffee residue and
make it possible to elucidate, at least qualitatively, the type of surface structures it
possesses. The functional groups detected on the surface of the material are primar-
ily acidic, which means that they are capable of yielding the proton and therefore
can grant a negative charge density to the biomass surface depending on the pH of
the medium. Volesky [11] and Ahsan et al. [12] reported that this type of functional
group acts as active sites in the processes of pollutant removal. Several studies have
quantified the presence of this type of active sites, indicating in a general way the
predominance of phenolic, carbonyl, and carboxylic sites [5, 9, 13].

2. Pollutants removal by coffee waste

Coffee wastes in their several forms (e.g., coffee husks, coffee silverskin, coffee
bean skins, and spent coffee grounds) have been used in the removal of inorganic
and organic compounds from aqueous solutions at least for the last two decades.
The first report about the use of coffee wastes for the removal of pollutants from
wastewater was published in 2002 [14]. In this study, the authors evaluated several
adsorbents, including coffee bean skins (CBSs), for the removal of copper and zinc
ions from swine breeding wastewater. The copper removal efficiency of CBS was
about 50%, whereas no zinc adsorption was obtained. However, no insight regard-
ing the adsorption mechanism was provided. An attempt to elucidate the adsorption
mechanism of metal ions was made by measuring the isotherms of lead adsorption
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onto degreased and protein-denatured coffee grounds [15]. The amount of lead
adsorption onto degreased coffee grounds did not exhibit significant change com-
pared to that on coffee grounds. On the contrary, protein-denatured coffee grounds
had an adverse effect on the amount of lead adsorbed. These results indicate that fat
cannot adsorb lead ions, but proteins contained in coffee grounds are responsible
for the removal of lead ions. Also, it was demonstrated that there is no dependence
on the type of coffee beans (e.g., C. robusta, C. arabica from four different regions)
in the adsorption of lead ions due to their similar protein content.

Untreated coffee husks (UCH) have been successfully used for the removal of
several heavy metal ions such as chromium (Cr), copper (Cu), cadmium (Cd), and
zinc (Zn). Oliveira et al. [16] reported maximum adsorption capacities of 7.5, 6.96,
6.85, and 5.56 mg/g for the adsorption of Cu, Cr, Cd, and Zn onto UCH, respec-
tively. In this study, Boehm titration was used to determine the functional groups
before and after the adsorption experiments. The authors observed a decrease in the
quantity of functional groups due to heavy metals’ adsorption. The results showed
that all functional groups (carboxylic, lactonic, phenolic, and basic groups) were
involved in the adsorption of heavy metal ions, with relative affinities as follows:
Cu > Cr > Cd > Zn for basic groups; Zn > Cu > Cr > Cd for carboxylic groups;

Cr > Zn > Cd > Cu for lactonic groups; and Cr > Zn > Cu > Cd for phenolic groups.

Coffee silverskin (CS) is another relevant coffee waste evaluated for the removal of
metal ions. CS is part of the outer layer of green coffee beans, which is generated dur-
ing the roasting process, and it has no commercial value [17]. CS demonstrated similar
adsorption efficiency of Ni and Zn when it was compared to SCG, while Cu ions were
removed to a lesser extent by using CS. The authors attributed the higher performance
of SCG to the higher content of lignocellulosic components. The maximum adsorption
capacities on CS were 15.17, 9.58, and 1.43 mg/g, respectively, for Cu, Zn, and Ni ions.

Among the different forms of coffee wastes, spent coffee grounds (SCGs) col-
lected from coffee shops or cafeterias have become one of the most popular coffee
wastes studied for the removal of pollutants. Azouaou et al. [18] used them without
treatment for the removal of Cd ions from aqueous solution. The authors reported
an adsorption capacity of 15.65 mg/g and 120 min to achieve the adsorption equilib-
rium. Also, it was demonstrated that the particle size does not affect the removal of
Cd, suggesting that intraparticle diffusion is not the rate-limiting step. Davila et al.
investigated the adsorption mechanism of copper ions onto SCG [6]. They found
that the amount of calcium ions and hydrogen ions, released from SCG carboxyl
and hydroxyl groups during Cu adsorption, were similar to the amount of Cu ions
adsorbed. Thus, the adsorption of Cu ions onto SCG was mainly due to ion exchange.
The maximum adsorption capacity obtained was 14 mg/g. Similarly, Gomez-
Gonzalez et al. [13] conducted the adsorption of Pb ions by SCG and examined the
pH effect on the adsorption capacity. An increase in pH caused an increment of the
adsorption capacity of Pb, and the maximum adsorption capacity reported was
22.9 mg/g at pH 5. On the other hand, Elsherif et al. [19] evaluated the removal of
cobalt by SCG. The authors reported a maximum adsorption capacity of 243.9 mg/g.

Additionally, SCG has been used for the simultaneous removal of metal ions from
aqueous solutions. In this regard, Futalan et al. [20] evaluated the performance of
SCG for the simultaneous removal of Cu, Pb, and Zn from soil washing wastewater.
The maximum removal efficiency obtained was 57.23, 68.73, and 84.55% for Pb,

Cu, and Zn ions, respectively. The removal of mercury ions by SCG was reported
by Mora Alvarez et al., and the maximum adsorption capacity was found to be
31.75 mg/g [21]. Two desorption agents were evaluated, nitric acid and chloride
acid, where the latter presented better desorption of Hg ions. However, when SCG
was subjected to one adsorption-desorption cycle, a loss of removal efficiency was
observed, decreasing from 97 to 28% Hg removal. On the contrary, Kyzas [22]
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demonstrated the strong reuse potential of SCG in the adsorption of Cu and Cr ions
since only 10% of metal ion uptake was loss after 10 cycles of adsorption-desorption.
Similarly, the adsorption capacity of Cu, Cd, and Pb ions by SCG remained the same
during four adsorption-desorption cycles according to the report by Davila et al.
[23]. In this study, SCG regeneration was carried out using citric acid, calcium chlo-
ride, and nitric acid as eluent agents. The trend of the desorption efficiency through
four adsorption-desorption cycles was HNO; > CaCl, > C¢HgO-.

Although most applications of coffee waste have been made for the removal of
inorganic pollutants from water, coffee waste also has demonstrated the potential for
the removal of organic pollutants. For example, methylene blue (MB) was removed
from aqueous solutions by UCH [24]. The results showed that above the point of
zero charge of the UCH (approx. pH 4.5), there was no pH effect on the removal of
MB. The maximum adsorption capacity of MB onto UCH was 55.3 mg/g. MB has
been used as a model dye molecule to demonstrate the potential of an adsorbent for
the removal of dyes from wastewater. The capability of coffee waste for the removal
of organic pollutants is associated with the density of the oxygen-containing
functional groups that increase the p-p interaction force between the coffee wastes
and the organic molecules. Accordingly, Dai et al. [25] proposed an adsorption
mechanism for tetracycline (typical bactericidal drug) onto SCG by pi-pi interac-
tion between the aromatic ring of the tetracycline molecule (TC) and the aromatic
functional groups of the SCG. The maximum adsorption capacity of TC onto SCG
was found to be 64.89 mg/g. Also, the effect of ionic strength on TC adsorption was
evaluated, where there was a competition for the adsorption sites, diminishing the
adsorption capacity as the ionic strength was augmented.

It is noteworthy mentioning that most of the studies on pollutant removal by
coffee wastes have been carried out in batch configuration. However, adsorption
by continuous fixed bed systems are the common configuration used in industrial
applications due to the high volume of pollutant-solution processed, operation sim-
plicity, and higher mass transfer characteristics than batch systems. Despite that,
only a few reports have been made on the use of coffee waste in fixed-bed columns.
Utomo et al. [26] conducted column adsorption experiments for the removal of
Cu, Zn, Cd, and Pb ions by SCG. The adsorption efficiencies were higher than 91%
for all metal ions. Besides, the percentage of Cu ions adsorbed by a column packed
with SCG was shown, where it can observe the breakthrough at 100 mL (30 min).
A thorough study of the performance of Cd, Cu, and Pb ion removal in a fixed-bed
column packed with SCG was presented by Davila et al. [23]. The effect of the
process variables (e.g., flow rate, bed height) was evaluated, and the maximum
breakthrough times of Cd, Cu, and Pb ions were 50, 160, and 220 min, respectively.
Furthermore, the breakthrough curves were predicted well by using a mass transfer
model that includes axial dispersion, external mass transfer resistance, and ion-
exchange model to describe the equilibrium adsorption.

All the applications mentioned above of coffee wastes were about the removal
of inorganic or organic pollutants from wastewater. Only one study has reported
the use of coffee wastes for the removal of a gaseous pollutant [27]. In this study,

a decrease in 43% on the ozone concentration in an ozone-filled chamber was
achieved by using SCG, which was competitive to the performance of commercial
activated carbon (about 56%).

3. Pollutants removal by modified coffee waste

High volumes of coffee waste with no commercial value are generated worldwide
daily, causing an environmental burden. For this reason, several studies have been
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conducted to reuse coffee wastes as adsorbents for the removal of several pollutants.
Although untreated coffee wastes have demonstrated adsorption capacities similar
or even higher than those obtained by commercial materials (e.g., activated carbon),
recent studies have focused on the modification of coffee wastes to increase even
further the removal efficiency. In this sense, Lafi et al. [28] modified the surface of
commercial coffee waste with cationic surfactants, cetyltrimethylammonium bromide
(CTAB) or cetylpyridinium chloride (CPC), to increase the affinity for the anionic
dyes such as methyl orange (MO). The maximum adsorption capacity obtained for
MO was 58.82 and 62.5 mg/g, onto CTAB-coffee waste and CPC-coffee waste, respec-
tively. On the other hand, Cerino-Cérdova et al. [29] modified the surface of SCG with
citric acid to increase the amount of carboxylic groups. By doing that, the adsorption
capacity of Pb and Cu ions was 3.2 and 8.1 times higher than those obtained by the
unmodified SCG. Similarly, Botello-Gonzalez et al. [9] investigated the adsorption
capacity of SCG modified with citric acid in the competitive adsorption of Pb and Cu
ions. The maximum adsorption capacities of Pb and Cu ions were 130 and 45.4 mg/g,
respectively. Additionally, the authors proposed a model based on ion exchange that
takes into account the surface chemistry of the modified SCG interaction with the
heavy metal ions in the liquid phase. In another study, SCG was acid activated with
hydrochloric acid and examined for the removal of lead and fluoride ions [30]. The
maximum adsorption capacities were 65.4 and 9.75 mg/g of Pb and F ions, respec-
tively. Another acid activation of the surface groups of coffee waste was carried out
with sulfuric acid [31]. The sulfonate coffee waste (CW-SO;H) was successfully used
for the removal of bisphenol A (BPA) and sulfamethoxazole (SMX) from water.
Highly negative surface charge was obtained after the incorporation of the sulfonic
acid groups, increasing the interaction with the cationic pollutants. The maximum
adsorption capacities were found to be 271 and 256 mg/g for BPA and SMX, respec-
tively. Besides chemical modification of coffee waste, physical activation has been
employed successfully for the removal of metal ions. For example, Delil et al. [32]
conducted the reduction of the grain size of SCG by an ultrasonic process to increase
the specific surface area. Also, the zeta potential of the activated SCG was more nega-
tive after the ultrasonic method, enhancing the adsorption of cadmium ions.

4. Pollutant removal by coffee waste composites

Composite adsorbents with coffee waste (CWC) have been synthesized and exam-
ined for the removal of pollutants from aqueous solutions. In this regard, some studies
have evaluated the encapsulation of coffee wastes in polysaccharides such as calcium
alginate (CA) and chitosan (Cs). For instance, spent coffee grounds were encapsulated
by using CA to increase the adsorption capacity of Ni, Cd, and Cu [33, 34]. The results
showed high adsorption capacities and faster adsorption rates than CA beads alone.

In another study, coffee wastes were mixed with Cs and poly(vinyl alcohol) (PVA)
to enhance the adsorption capacity of pharmaceuticals [35]. The addition of coffee
wastes to the matrix of Cs-PVA allowed an increase in the adsorption of metamizole
(MET), acetylsalicylic acid (ASA), acetaminophen (ACE), and caffeine (CAF) as
compared to the virgin material.

On the other hand, coffee waste composites with magnetic properties have been
synthesized to facilitate the removal of the adsorbent from the liquid media. In this
sense, magnetic coffee waste composite prepared from Fe;O4, PVA, and alkaline
pretreated SCG was evaluated for the removal of Pb ions from aqueous solutions
[36]. The maximum adsorption capacity of Fe;0,/PVA/APSCG of Pb ions was
reported as 57 mg/g. Similarly, a magnetic coffee waste composite was prepared by
using SCG and Fe;0,, without PVA as a cross-linking agent [37]. The maximum
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adsorption capacity of Pb ions was found to be 41.15 mg/g when a 2% loading of
Fe;0, nanoparticles was used. A further increase in the Fe loading decreased the
removal of Pb ions due to the agglomeration of Fe;0, on SCG.

Other types of coffee waste composites studied for the removal of pollutants
from aqueous solutions are those obtained from the combination of clay or siliceous
materials with coffee waste. In this regard, limestone combined with SCG was
synthesized for the removal of both anionic and cationic dyes (methylene blue and
orange II, respectively) [38]. The maximum removal percentage for methylene blue
(MB) and orange II (OR IT) was 100 and 85% at pH 8 and 2, respectively. However,
in competitive adsorption experiments, the presence of MB causes a reduction in
the removal of OR II from 85 to 60%. Another coffee waste composite reported as a
heavy metal scavenger is composed of coffee wastes and attapulgite clay (SCG-AC)
[39]. The maximum adsorption capacity of Pb ions was reported to be 4.45 mg/g.

5. Solid coffee waste as a precursor to activated carbon

The use of lignocellulosic waste to obtain valuable products has been proved to be
an critical ecological strategy because these wastes are widely available. Therefore,
these wastes represent a pollution problem in the water, soil, and air. A pyrolysis
process can be used to obtain some valuable products, such as biofuels and activated
carbon, among other useful products. Activated carbon is widely used as an adsorbent
material to remove pollutants from aqueous solutions and to capture CO, or H,S in the
gas phase. Thus, by using lignocellulosic waste, it is possible to prevent soil, water, and
air pollution and to apply activated carbons in tertiary treatment of wastewater.

5.1 Pyrolysis process

There are many sources to obtain agricultural waste, for instance: barley husks,
coconut shells, sawdust, and spent coffee grounds, among others. These wastes have
different percentages of cellulose, hemicellulose, and lignin. Today, agricultural
wastes are readily available and are released to the environment or used for other
proposes, such as livestock feed. The content of fixed carbon in these wastes and
their abundance has led several researchers to investigate the use of these wastes as
precursors to produce activated carbon, which can be used as adsorbent material to
remove pollutants from aqueous solutions.

The pyrolysis process is useful to obtain some valuable products from lignocellu-
losic biomass. Pyrolysis means the thermal decomposition of lignocellulosic biomass
under an inert atmosphere, for instance: nitrogen, argon, steam, and carbon dioxide,
among others. The products of the pyrolysis process include biochar, biofuel, and
volatile compounds. To determine the appropriate temperature range to carry out
this process, a thermogravimetric analysis is required. Thus, the process is usually
performed within temperature ranges from 400 to 600°C and from 700 to 1200°C
for chemical and physical activations, respectively. During the pyrolysis process, the
biomass loses humidity between 100 and 200°C. At temperatures higher than 200°C,
cellulose, hemicellulose, and lignin contents are decomposed at different tempera-
ture ranges, besides volatile compounds are released, which content condensable
vapors (phenol and aromatics, among others), and light hydrocarbon compounds.

The pyrolysis mechanism of lignin is more complex than that of cellulose and
hemicellulose. During the lignin decomposition, there are primary reactions in
the range of 200-400°C and secondary reactions at temperatures higher than
400°C [40]. On the other hand, at temperatures of 200-400°C, hemicellulose is
broken down [41], and cellulose can be decomposed in a temperature range of

140



Revalorization of Coffee Waste
DOI: http://dx.doi.org/10.5772/intechopen.92303

315-400°C [42]. All these decomposition processes lead to polymerize pyrolytic
products to develop activated carbons.

5.2 Biochar activation

The biochar obtained in the pyrolysis process can be subjected to an activation
process, which is a method useful to develop the physical and textural properties
of the adsorbent material, such as total pore volume, surface area, and porosity.
Besides, the activation process widens the pore diameter from nanopores to meso-
pores and macropores. This improves the internal diffusion of the pollutants inside
the adsorbent particle. The activation of carbon can be carried out by physical or
chemical activation. Chemical activation can be performed at a temperature range
of 400-700°C by using inorganic compounds. On the other hand, the temperature
range for physical activation with steam or CO, is from 700 to 1200°C, which means
more power consumption.

5.3 SCG activated carbon

Commercial activated carbon (CAC) is a useful material to remove pollutants
from aqueous solutions. However, CAC can be expensive; for this reason, some
researchers have studied several materials to produce activated carbon from ligno-
cellulosic wastes by pyrolysis such as coconut shell, corncob, carnauba pall and fine
nut, sawdust, and candied chestnut [43-47]. Given the lignocellulosic structural
nature of solid coffee residues, carbon content is predominant compared to other
constituent elements. This, along with the abundance of the residue, makes it an
optimal material as a precursor in the synthesis of activated carbon [48, 49].

Several researchers have reported the use of coffee waste to produce activated
carbon. Table 1 shows the activation conditions to produce SCG activated carbon
by chemical or physical activation. SCGs were chemically activated by KHO,
ZnCl,, HsPO,, or H,SO, or physically activated. The activation temperatures were
between 400 and 800°C, and it is important to mention that chemical activation
allows low temperatures for the pyrolysis process, instead of physical activation.
In most cases, the yield and pore size were reported. A high pore diameter is an
important parameter because it allows for the internal diffusion of pollutants
inside the adsorbent particle, enhancing the adsorption capacities. According
to the data shown in Table 1, SCG is a viable option to produce activated carbon
because the obtained SCG carbon has a high surface area and a reasonable pore
width, which are relevant parameters to carry out an adsorption process to remove
pollutants from aqueous solutions.

The use of coffee extract residue to produce ethanol and activated carbon
was conducted and studied by Fotouhi et al. [46]. The coffee solid residue was
chemically activated by using H;PO, at 600°C and physically activated with
steam at 700°C. The produced adsorbent showed a pore volume range from
0.22 to 0.59 cm®/g and a surface area from 233 to 696 m*/g. Diaz de Leén et al.
[50] reported the use of SCG to produce activated carbon by chemical activa-
tion with ZnCl,. An experimental design was carried out varying three factors:
temperature (450-600°C), activation time (40-120 min), and impregnation ratio
mass of ZnCl,: the mass of spent coffee ground (0.5:1.5). The optimal conditions
reported were 600°C, 40 min of activation time, and 1.5 g ZnCl,/g SCG. At these
conditions, a surface area of 1280 mz/g, ayield of 26%, and a total pore volume
of 0.77 cm?/g were reported. The adsorbent obtained was used to remove phenol
from aqueous solutions at pH 7, and maximal adsorption capacity of 160.52 mg of
phenol/g was reached.
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Surface Total pore Pore Pyrolysis Activation Flow Yield Ref.
area volume width temperature agent (%)
(m’/g) (cm’g)  (nm) C)
1040.3 0.635 — 700-900 KOH Ar — [48]
1039 0481 47 500 ZnCl, N, 40% [49]
Steam 20%
1280 0.77 3 600 ZnCl, N, 26 [50]
831 044 400, 450, ZnCl, Air 15.99 [51]
and 500 22.95%
1121 0.954 1-3 800 ZnCl, N, — [52]
2785 136 1.051 400 and 700 KOH N, 11-16% [53]
1778 0.657 — 800 KOH N, — [54]
146.1 0.0705 16 600 H,S04 N, 42.77- [55]
51.85%
1082 0.51 3.0 600 and 700 KOH or N, 23-29% [56]
CO,
889 0.765 344 600 ZnCl, or N, — [571
(chlz) (chlz) (chlz) H3PO4
1003 0.618 244
(HPO;) (HPO3) (HPO;)
Table 1.

Reports of chemical activation conditions to produce activated carbon from coffee wastes.

According to the data shown in Table 1, SCG can be considered an excellent
precursor to produce activated carbon. The large surface area achieved in SCG
activated carbon could be used to remove inorganic and organic compounds from
aqueous solutions.

5.3.1 Removal organic and inovganic pollutants by activated carbon-spent coffee
grounds

Activated carbon is a material in which carbon is forming disordered graphite
plates, in whose peripheries there is a wide diversity of functional groups, which
gives it unique physico-chemical properties. Additionally, this material usually has
raised surface areas, generally greater than 1000 m”/g, which develops through vari-
ous oxidation reactions [58]. Given these characteristics, this material is typically
used in numerous applications, excelling in the removal of organic and inorganic
compounds present in the gas and liquid phase.

Waste coffee grounds were used to produce activated carbon by KOH under Ar
atmosphere at three temperatures (700, 800, and 900°C), the adsorbent material
was tested to adsorb CH, and H,. The activated carbon at 900°C showed a CH,
adsorption capacity of 1.96 mmol/g at 273 K and 100 kPa. However, at 3000 kPa,
the highest adsorption capacity was reported to be 4.2 mmol/g. The three adsor-
bents materials (700, 800, and 900°C) were also tried to adsorb H, at 77 K and
100 kPa, achieving the highest adsorption capacity of 1.75 wt% [48]. Activated
carbon from waste SCG as the precursor was physically activated by CO, or steam
at high temperatures (700-900°C) and chemically activated by ZnCl,, KOH, and
H;PO, at 450 and 600°C. Nevertheless, in this work, only the raw material, the acti-
vated carbons by ZnCl, or steam, was tested to adsorb Bisphenol-A. The removal
of Bisphenol-A was found to be 98, 12, and 0% for carbon activated by ZnCl,, raw
material, and carbon activated by steam, respectively. These results were compared
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with a commercial activated carbon, which showed a Bisphenol-A removal of 93%.
The poor adsorption performance of the SCG carbon activated by steam is due to
the low surface area reported for this material (4 mz/g) [46].

SCG was used as a precursor to prepare activated carbon by chemical activation
with ZnCl, at three impregnation ratios, at room temperature, and during 8, 12, and
24 h. The adsorption of Cu(II) was conducted using this activated carbon. The experi-
mental data were fitted by using the Langmuir, Freundlich, and Elovich isotherms; the
maximum adsorption capacity (Langmuir) was 285.71 mg/g, and the maximum Cu(II)
removal reported was 18% at 100 rpm, and the pH solution value was not reported [51].

The production of SCG-based activated carbon was carried out at three impreg-
nation ratios, g ZnCl,/g precursor (1:0.5, 1:1, and 1:2); the impregnated precursor
was carbonized under N, atmosphere at 800°C during 60 min, and this material
was tested for H,S separation. The SCG activated carbon was used to study H,S
dynamic breakthrough capacity passing a dilute flow of H,S-Air (1000 ppm, 80%
humidity) through a fixed bed. The adsorbents activated at impregnation ratios of
1:2 and 1:1 showed the lowest (18.2 mg/g) and the highest breakthrough capacity
(127 mg/g), respectively [51].

Chemical activation of SCG was performed with KOH using 2:1 and 4:1 impregna-
tion ratio (KOH: precursor) to produce activated carbons. The carbonization process
was carried out at 400 or 700°C under N, flow for 2 h. These activated carbons were
tested to adsorb CO, at 0, 25, and 50°C and 0-10 bars. The highest adsorption capacity
obtained was 6.8 mmol/g at 1 bar and 0°C, when the activated carbon was produced
at 700°C and an impregnation ratio of 4:1. However, when the carbonization process
was performed at 10 bars, the highest uptake achieved was 23.26 mmol/g [53].

SCG microporous activated carbon (using potassium hydroxide as activation
agent) was synthesized and characterized. The precursor was pyrolyzed using 1:9,
1:18, and 1:36 mmol KOH:g SCG of impregnation ratios and under N, flow at 800°C
during 1 h. SCG activated carbons were used to adsorb phenol and methylene blue.
The equilibrium was attained within 100 and 360 min for phenol and methylene
blue, respectively. The maximal adsorption capacity, based on Langmuir isotherm,
for phenol and methylene blue was 3008 and 1058 mmol/g, respectively [54].

The influence of the impregnation ratio of H,SO, over SCG granular activated
carbon to treat leachate was studied. Six samples of leachate with the following
chemical and biological parameters were treated: COD (1010-1815 mg/L), BODs
(184-338 mg/L), NH,-N (2208-2780 mg/L), iron (4.25-4.73 mg/L), and PO,-P
(220-284 mg/L). However, in this research, only the removal percentage of iron and
PO,-P was found to be 77 and 84%, respectively, when impregnation ratios of 2.5
and 0.5 were used [55].

SCG obtained from a trademark coffee (Nespresso®) was used as a precursor to
produce activated carbon. KOH was used as an activating agent at four impregna-
tion ratios. The chemical activation process was carried out at 873 K, and physical
activation with CO, was carried out at 973 K. These materials were used to capture
CO,, which is a byproduct of the combustion process. However, in this study, a pure
CO, flow was tested at 298 K and 101 kPa. The CO, adsorption capacities of the
adsorbents activated by using chemical activation and physical activation were 3
and 2.3 mmol/g, respectively [56].

SCG carbon activated with phosphoric acid and zinc chloride was used to adsorb
Pb(II) and Cd(II). The precursor was mixed with ZnCl, or H;PO, at chemical agent/
coffee residue mass ratios of 25, 50, 75, and 100% at 85°C for 7 h. When the precur-
sor was activated with H;PO, (50% impregnation ratio), the maximal adsorption
capacities, based on Langmuir isotherm, were as follows: 89.28 mg Pb(II)/g and
46.95 mg Cd(II)/g. With ZnCl, (75% impregnation ratio) as the activation agent, the
maximal adsorption capacities were 63.29 mg Pb(II)/g and 37.04 mg Cd(II)/g [57].
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The use of activated carbon derived from SCG was recently reported, and the
activation procedure was carried out with ZnCl,. To optimize the activated carbon
production, an experimental design was performed; the independent factors were
temperature (450 and 600°C), activation time (40 and 120 min), and impregna-
tion ratio (0.5 and 1.5 g ZnCl,/g SCG), and the experimental responses were
surface area, yield, and hardness. The optimal conditions were impregnation ratios
of 1.5, 600°C, and 40 min. At these conditions, the experimental responses were
surface area 1279.96 mz/g, yield 26%, and hardness 76.77%. The activated carbon
produced at these conditions was used to adsorb phenol from aqueous solutions,
based on Langmuir isotherm, the maximum adsorption capacity was 160.52 mg/g,
and the equilibrium was attained less than 150 min [50].

6. Mono-process extraction, bioenergy, and biorefinery

The circular economy demands the efficient utilization of resources in the
production systems and the long-term material use by recycling or remanufacturing
[59]. This concept can be correctly applied to the product obtained from biomass
processing, such as coffee waste. This material could be a feedstock for a mono-
process extraction, bioenergy production, and biorefining. The first stage of the
process design is determining the composition of SCG, which has been shown to be
highly dependent on coffee varieties [60-62]. The range of the biochemical compo-
sition values obtained is shown in Table 2. It is important to consider that SCG has
a high quantity of organic compounds such as polyphenols, polysaccharides, amino
acids, fatty acids, and minerals.

6.1 Valuable chemical compound recovery by mono-process extraction

These techniques use chemicals to extract valuable organic compounds (lipids,
polysaccharides, phenolics, tannins, and caffeine), and it could be assisted by
ultrasound, enzyme, or microwave. These chemical compounds can be use-
ful to obtain high added value products: biodiesel, cosmetics, food additives,
pharmaceuticals, packing materials, and adhesives. These techniques are divided
into conventional (Soxhlet extraction, maceration, and hydrodistillation) and
nonconventional techniques (supercritical fluid extraction, enzyme-assisted
extraction, ultrasound-assisted extraction, microwave-assisted extraction,
pulsed electric-assisted extraction, and pressurized liquid extraction). The
factors studied in the SCG mono-process extraction have been the coffee variet-
ies, solvent, time, pressure, and temperature. The Soxhlet extraction process has
several disadvantages, such as low productivity, high solvent consumption, and
high extraction time [63]. Ultimately, the main goal of nonconventional methods
is to decrease the utilization of synthetic and organic chemicals and operational
condition and to improve the yield and quality of extract, which makes them
environmentally friendly compared to conventional techniques [64]. Mono-
process extraction has been used in SCG for oil, caffeine, phenolic compounds,
polysaccharides, and tannin recovering.

6.1.1 Oil recovery
The oil content in SCG is highly dependent on the coffee variety (Table 2). It has

been demonstrated that oil extracted from SCG could be used in biodiesel production.
Solvent extraction and supercritical fluid extraction with CO, and ethanol as a solvent
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Biochemical composition

Compound Concentration (wt%db*)
Lipids 6.7-19
Carbohydrates 14.1-72.4
Proteins 4.3-17
Mannose 21.2-47
Galactose 25-30
Glucose 19-24
Arabinose 3.8-6
Caffeine 0.96-79
Oil 10-20 wt%
Ultimate analysis
Element ww%db*
C 52.1-53
H 6.8-7.03
N 1.71-3.47
S 0.1

34.7-38.1
Proximate analysis

ww%db*
Moisture 11.5-61
Volatile 79.5
Ash 0.68-2.2
Fixed carbon 8.2

*db: Dry base.

Table 2.
Composition, ultimate, and proximate analysis of SCG.

have been the methods used for oil recovery. The solvent type (ethanol anhydrous,
ethanol hydrous, hexane, and methanol), g SCG/g solvent ratio (20.3-23.8 g/g), extrac-
tion time (19.5-30.4 min), and temperature (30°C) were studied. The oil yield obtained
varied from 7.5 to 14.7 w/w% d.b. The best oil yield obtained (14.7 w/w% d.b.) was
using 22.5 g SCG/g hexane, 30°C, and 30.4 min of extraction time [60, 63, 65].

6.1.2 Caffeine recovery

Caffeine is an alkaloid, which is the coffee chemical compound most recog-
nized in the world. The content of caffeine in coffee beans is higher than SCG;
however, a high quantity remains in SCG. The Soxhlet extraction, ultrasound-
assisted extraction, membrane technology, and pressurized liquid membrane with
ethanol and water have been the methods used for caffeine recovery. The range
of caffeine yield was similar for the different methods, falling in the range from
0.734 to 43 mg/g db [60, 61]. However, the pressurized liquid extraction (PLE)
has the advantage of decreasing solvent use and operating time, being an oxygen
and light-free environment process.
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6.1.3 Phenolic compound recovery

SCG has a high content of phenolic compounds (caffeoylquinic, feruloylquinic,
p-coumaroylquinic, ferulic, and quinic acids). These have anticancer, antidia-
betic, antioxidant, antiviral, antiallergen, antimicrobial, and antifatigue activities.
Additionally, these chemical compounds could be incorporated into skincare products.
Different methods, such as subcritical water, ultrasound-assisted, pressurized liquid
extractions, and supercritical fluid extraction with CO,, have been used for phenolic
compound recovery [61, 62]. The experimental results showed a range of phenolic
compound recovery from 19 to 273.4 mg GAE/g. The results demonstrated that the
ethanol extraction method with oil extraction by hexane pretreatment was the best
process, followed by the autohydrolysis process (273.4 mg GAE/g). The optimal
experimental conditions were 5 ml ethanol/g SCG and ambient temperature [60, 61].

6.1.4 Polysaccharides recovery

The polysaccharides in SCG present different structures, such as galactoman-
nans, arabinogalactans, and cellulose, which are used as dietary fiber ingredient in
functional food. These compounds have immunostimulatory, antimicrobial, and
antioxidant activities. Furthermore, they have good thermal stability properties.
Various methods for polysaccharide purification from SCG have been utilized
successfully, such as extraction with chemical agents (potassium hydroxide and
sulfuric acid), subcritical water hydrolysis, autohydrolysis, and microwave super-
heated water extraction methods. The polysaccharides extracted from SCG varied
from 22 to 61.9 w/w% d.b., and several studies have demonstrated that the yield
increases when the coffee is roasted [5, 62, 65-68]. The best method of polysac-
charide extraction (61.9 w/w% d.b.) was the microwave superheated water extrac-
tion, with the following experimental conditions: 1 g SCG/10 ml of water, 2 min of
extraction time, and 200°C.

6.1.5 Tannin vecovery

Tannins are low-cost natural biopolymers that could serve as biosorbents and
prepare as adhesives. The extraction of tannins from SCG has been carried out by
Soxhlet extraction with 5% of sodium hydroxide. The best tannin extraction yield
was 21.02 mg tannins/g d.b. at 8.2 g SCG/g NaOH, 30 min of extraction time, and
100°C [69].

6.2 Energy recovery from SCG

The chemical composition of SCG makes them a viable material to use them as
feedstock to produce biodiesel, bio-oil, syngas, and energy via a combustion process.

6.2.1 SCG pellets for energy production

The combustion is the process used for obtained energy from SCG due to its
calorific value. The SCG can be used after oil and lipid extraction processes. Some
studies have been carried out to increase the calorific value of SCG. These wastes
have been blended with other materials such as sawdust, beechwood, and glycerol.
The solid fuels obtained have a range of heating values from 18.27 to 24.913 MJ/kg
[70-73]. SCG calorific values are higher than other types of biomass, and it could
be considered a viable fuel to cover the needs of thermal energy of the coffee
industry [72].
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6.2.2 Biodiesel production

Today, the world needs to change the fossil fuel dependence to renewable energy,
as it is the case for biodiesel, which has less hydrocarbon, CO,, and particle emission
than conventional diesel [61]. New bioresources for biodiesel production are being
explored, and SCG can be a viable alternative due to its high lipid containing 6-27.8%
w/wt [61, 74, 75]. The biodiesel can be produced by transesterification of lipid and
oil extracts. It is important to point out that biodiesel yield could be improved when
catalysts and ultrasound-assisted processes are employed. The range of biodiesel
yield obtained in different studies varied from 16.73 to 100% [63, 76, 77].

6.2.3 Bio-oil production

The main goal of this process is converting SCG into bio-oil. Fast pyrolysis,
hydrothermal liquefaction in hot-compressed water, and co-liquefaction in sub-
critical water have been tested. It is important to point out that in the pyrolysis
process, bio-oil, water, biochar, and syngas are produced. The bio-oil yield obtained
for these methods varied from 36 to 61.8 wt% of bio-oil [60, 69, 78-83]. The fast
pyrolysis has been the method with the best bio-oil yield.

6.2.4 Biosyngas production

The SCG could be used to generate power and heat. This process is well known
as cogeneration or combined heat and power process. It is used to satisfy the energy
needs of industrial plants. The energy and power are generated by SCG gasification
at moderate pressure (0.3-0.5 bar), temperature above 650°C, and using oxidants
such as air, steam, and carbon dioxide. The gas produced of this reaction is named
syngas or producer biogas, which contains methane, carbon dioxide, carbon
monoxide, and hydrogen. The syngas can be burnt in a fuel cell or a conventional
combustion engine [61, 84].

6.3 Biorefinery

Biomass revalorization via the conversion into value-added products and fuel is
the main goal of a biorefinery, which is considered a sustainable process. The pro-
ductivity maximization of intermediates and products is reached when an optimal
sequence of multifunctional processes is integrated into the biorefinery. Then, the
economics of waste revalorization is enhanced. The biorefinery uses several tech-
niques and treatment methods for biomass conversion such as fermentation, extrac-
tion, hydrolysis, transesterification, and pyrolysis. It is important to point out that
biological processes could also be used (fermentation, anaerobic digestion, etc.). A
biorefinery could use the separation processes and unit operations of a petrochemical
complex [3]. However, a biorefinery is highly dependent on biomass composition,
availability, and the economic value of bioproducts obtained [3, 60, 69].

A biorefinery could be an efficient method for obtaining valuable products from
SCG due to its elemental composition; chemical composition (oil content, fatty
acid, carbohydrates, carbonaceous and nitrogen compounds, etc.); low cost; high
availability; and calorific value. The SCG could produce several value-added prod-
ucts (biosorbent, green composite, antioxidants, polyols, carotenoids, polyphenols,
polyhydroxyalkanoates, polyurethane foam, Chlorogenic acid, tannins, activated
carbon, PHA, caffeine, etc.) and bioenergy (biogas, biodiesel, and bio-oil).
Attabani et al. proposed a biorefinery process using SCG as feedstock for obtaining
biofuel, bioethanol, biogas, bio-oil, Hy, biodiesel, fuel pellets, biochar, polymers,
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compost, adsorbent, bioactive compounds, and pharmaceutical products [72]. The
production of xylitol, activated carbon, phenolic acid, lactic acid, and heat using
brewer’s spent grain as the feedstock of a biorefinery [60, 85]. The process sustain-
ability of biorefinery was demonstrated, thanks to the economic margin (62.25%),
the potential environmental impact (0.012 PEI/kg products), and the carbon
footprint (0.96 kg CO,-e/kg of BSG).

7. Experimental design to process optimization

Response surface methodology (RSM) is a methodology used to improve
process via very few essays, reducing cost and time. The RSM uses statistical and
experimental design tools to obtain an optimal response, which is useful for mak-
ing the right decision. The process performance is very complex due to numerous
parameters that affect their behavior. RSM allows built process behavior maps
based on mathematical models containing the significant parameters to achieve the
maximum, target or minimum process performance.

The optimization of complex processes locates the best experimental conditions at
which the process presents the minimum or maximum performance (yield, efficiency,
etc.). The use of experimental design for optimizing processes has several advantages:
less treatment time, low cost, and efficient use of resources, such as materials, equip-
ment, and workforce. Besides, it uses tools of numerical regression to fit the data to
mathematical models to predict values on the region of studied factor levels.

7.1 Use of experimental design on coffee waste

The experimental design has been used to optimize the extraction conditions of
coffee parchment waste (CP) [86], antioxidant phenolic compounds from coffee
silverskin (CS) [8], total phenolic compound and caffeine from SCG [86], coffee oil
from SCG [87], the removal conditions of free fatty acid of SCG [88], the condi-
tions to reducing sugar from SCG [89], organic acids [90] and alcohol production
from coffee waste [91], and the conditions for the quantification of heavy metals
(Cd(II) and Pb(II)), where a carbon-paste electrode modified with SCG was used
as a working electrode [92].

7.1.1 Type of experimental designs

The experimental design tools most used are the central composite design, the
Box-Behnken design, and the Plackett-Burman design.

Box-Behnken experimental design was used by Mirén-Mérida et al. [86] to
maximize the extract yield, total phenolic content, antioxidant activity, and
caffeine content on CP simultaneously. The effects of three parameters on the
responses were studied: liquid/solid ratio (10, 30, and 50), extraction temperature
(45, 60, and 75°C), and ethanol percentage (50, 75, and 100%). The maximum
extract yield of 2.36% was achieved at 75°C with 66.76% ethanol as a solvent and
with 50 of liquid/solid ratio. The maximum caffeine extracted was 1.513 g caf-
feine kg™ CP at 74.35°C and 69.64% ethanol with 33.47 of liquid/solid ratio. The
highest total phenolic content of 2.84037 g gallic acid kg ™" CP was obtained at
14.33 liquid/solid ratio, 70.74% ethanol, and 75°C. For the maximum extraction of
12.69 pmol Trolox g™, CP of antioxidant activity was attained at liquid/solid ratio
of 50, temperature of 75°C, and ethanol of 59.47%. Finally, the optimal extraction
conditions were established at 75°C with 41 liquid/solid ratio using 70% of aqueous
ethanol as solvent.
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Ballesteros et al. [8] used a 23 face-centered central composite design to
maximize the extraction of antioxidant phenolic compounds and oxidant activity
from CS. The effects of ethanol concentration (20 and 90%), solvent/solid ratio
(10 and 40 ml/g), and extraction time (90 and 30 min) were studied on the two
responses. The highest phenolic compounds of 13 mg gallic acid equivalents/g CS,
with the maximum antioxidant activity of 18.24 pmol Trolox equivalents/g CS and
0.83 mmol Fe(II)/g CS, were achieved at 60% ethanol as solvent, a ratio of 35 ml/g
CS dry matter, during 30 min at 60-65°C [8].

Shang et al. [87] developed a two-stage experimental statistical analysis to
optimize extraction conditions for total phenolics (mg/g) and caffeine (mg/g) from
SCG. First, the process parameter was screened through a Plackett-Burman experi-
ment design to identify the significant parameters of the pressurized liquid extrac-
tion method that affect the extraction efficiency, using six parameters at two levels:
temperature (80 and 160°C), the concentration of ethanol in water (25 and 75%),
extraction time (5 and 20 min), pressure (500 and 2500 psi), sample loading weight
(0.5and 2.5 g), and flush (20 and 100%). The most critical parameters affecting
total phenolics and caffeine extraction were temperature and sample loading weight,
at 95°C and 0.8 g, respectively. In the second optimization stage, a second-order
central composite experimental design, employing the two significant parameters,
was used to maximize the total phenolics and caffeine. The highest total phenolic
compounds of 22.91 mg/g and caffeine extraction of 9.66 mg/g were achieved with
0.8 g sample loading weight at 195°C.

Pichai and Krit [88] applied response surface methodology to optimize the
effects on the coffee oil yield for the solvent extraction process of the ratio of
DSCG-hexane (1:8-1:22 g/g) and extraction time (6—-34 min). According to the
optimal conditions of 1:22.5 g/g mass ratio of DSCG-to-hexane and 30.4 min of
extraction time under the 30°C of room temperature, the highest coffee oil yield
estimated (14.75 wt%) and experimental (14.68 wt%) was reached.

Mueanmas et al. [89] used a central composite design to investigate the effect on
the FFA removal percentage of the mole ratio (5-15) of MeOH-free fatty acid (FFA),
the quantity of catalyst (5-15 wt%), the reaction temperature (50-70°C), and the
reaction time (30-120 min). The maximum predicted (95.06%) and experimental
(93.88%) of FFA removal was attained at 9.1:1 mol ratio of MeOH/FFA with 11.7
wt% of catalyst and 97.2 min of reaction time at 65°C.

Ravindran et al. [90] proposed a central composite design to maximize the
reducing sugar yield of SCG, after enzymatic saccharification of pretreated biomass
and ultrasound-assisted potassium permanganate oxidation. The effects of five
parameters on the responses were studied: 77.08 FPU/mL of cellulase (biomass load-
ing 1-5 g/50 ml), 72.23 U/mL of hemicellulase (biomass loading 0.3-1.5 m1/50 ml),
pH (4.8-6.6), and incubation time (24-120 h). A maximum reducing sugar yield
of 35.64 mg/mL of reaction volume was estimated with a high biomass loading of
5g/50 mL, 1.5 mL/50 mL of cellulase, 0.37 mL/50 mL of hemicellulase, pH 6.7, and a
low incubation time of 24 h. The experimental values obtained using the optimized
parameters are in the range of total reducing sugar of 35.15 + 0.2 mg/mL.

Montoya et al. [91] developed a Plackett-Burman design to evaluate the effect of
the parameters on H,, organic acids, and alcohol production from coffee waste. The
coffee waste was pretreated using a consortium of bacteria and fungi (indigenous
from coffee waste) with hydrolytic and fermentation activity in a hydrother-
mal reactor. The parameters of pH (4.0-7.0), temperature (30-50°C), agitation
(0-180 rpm), headspace (50-70%), percentage of bioaugmentation (without
microbial consortium to 20%), the concentration of coffee pulp and husk (2-6 g/L),
coffee processing wastewater (7-30 g COD/L), and yeast extract (0-2 g/L) were
studied. Under the optimum conditions of 30°C, 180 rpm, 50% headspace, without
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bioaugmentation, 2 g/L pulp and husk coffee, 30 gCOD/L coffee processing waste-
water, and 2 g/L yeast extract, estimated production of 82 ml H, was achieved.

Finally, Estrada-Aldrete et al. [92] applied a central composite design to optimize
the quantification of two heavy metals (Cd(II) and Pb(II)) at trace levels using a
paste carbon electrode of spent coffee grounds, which was chemically modified by
citric acid. The metal quantification was carried out by differential pulse anodic
stripping voltammetry technique. The electrodeposition potential (—1200, —950,
and —700 mV) and accumulation time (30, 75, and 120 s) were employed as design
parameters. The optimal conditions to achieve the maximum Pb(II) anodic peak
current of 2.09 x 107* A were — 1200 mV electrodeposition potential and 120 s
accumulation time. The maximum Cd(II) anodic peak current of 1.385 x 102 A
obtained at —1155 mV potential and 76 s time.

8. Conclusion

Coffee waste is widely available, and while it is being disposed of as domestic
or industrial garbage, it represents a vital source to obtain valuable products and
energy. Physico-chemical properties of coffee waste allow their revalorization in
various applications, highlighting as a feedstock of biorefinery, due to the pres-
ence of useful chemical compounds; as a raw material in the synthesis of activated
carbon, given the predominance of carbon; or applied directly as a biosorbent
in pollutant removal from gas or liquid, thanks to its surface characteristics. The
implementation of environmentally friendly processes based on coffee waste
requires a deepening knowledge of the physico-chemical properties.

Coffee wastes are low-cost adsorbents for the removal of organic and inorganic
pollutants from aqueous solutions in batch systems. However, more studies are
needed to fully characterize the performance of coffee waste in continuous systems
as fixed-bed columns to scale-up the process. Since coffee waste was found to be
efficient in the removal of ozone, it is expected that future studies will focus on the
application of coffee wastes in the removal of gaseous pollutants.

SCG activated carbon could be used in the adsorption process for removing
organic and inorganic pollutants from aqueous solutions. According to recent litera-
ture analyzed, the activated carbon or biochar obtained from SCG shows excellent
properties to be used as adsorbent materials, such as high surface area, wide pore,
and total pore volume. Most of researchers have used an electric furnace to perform
the carbonization process, which requires high power consumption; this represents
an environmental liability because this production process leads to air pollution by
greenhouse gases. Thus, it is necessary to increase the studies of the use of micro-
waves in the carbonization process. This technology requires a low time to perform
the carbonization. Therefore, a low power consumption is needed.

An experimental design is a powerful tool to optimize systems where the math-
ematical relationships between the parameters and the process performance are
unknown. Some attempts have been made to use them on the processing of coffee.
However, it is necessary to use them to obtain optimal conditions for the recovery
of valuable compounds on mono-process extraction before the implementation of
a biorefinery.

Experimental design methodology could help to obtain a sustainable process not
only in the revalorization of coffee waste but also in all the stages of coffee processing.
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