Wet-coffee processing production wastes: Quality,

Potentials, and Valorization Opportunities

vorgelegt von

Gustavo Adolfo Figueroa Campos

Dissertation
zur Erlangung des akademischen Grades
"doctor rerum naturalium”
(Dr. rer. nat.)

in der Wissenschaftsdisziplin ,Lebensmittelchemie”

eingereicht an der Mathematisch-Naturwissenschaftlichen Fakultat
Institut fir Erndhrungswissenschaft

Universitat Potsdam

Potsdam, 14.07.2022



Unless otherwise indicated, this work is licensed under a Creative Commons License
Attribution 4.0 International.

This does not apply to quoted content and works based on other permissions.

To view a copy of this licence visit:

https://creativecommons.org/licenses/by/4.0

Hauptbetreuer: apl. Prof. Dr. Harshadrai M. Rawel
Zweitbetreuer: Prof. Dr. Andreas Taubert
Gutachter: Prof. Dr. Dennis Salvador Argueta Mayorga

Published online on the

Publication Server of the University of Potsdam:
https://doi.org/10.25932/publishup-55882
https://nbn-resolving.org/urn:nbn:de:kobv:517-opus4-558828



Content

F Y o] o] (o) V= 11 (o] I TSP PPPPPPPPTPPPRIN VI
LIST OF fIQUIES ...ttt e e et e e e e e e e e e e s annnn s VI
LIST OF TADIES ...t et e st e e e e e e e e e s e e e X
N [ 011 (oo [FTod 1o o TP PTPPP TP 1
2. Theoretical DACKGIOUNG ...........uiiiiiiiii et 5
2.1, COffBE CNEITY ..ttt e s e e e nbae e e e 5
2.2, COffBE PrOCESSING ... uetiiieiiitii ettt et r et e e et e e e e ibe e e e s e bbe e e e s anbnneeeans 6
2.3, COffEE PIOLEINS ...eeiiiiiiiii ettt e et e e et e e et e e e s e b e e e e anneeeeens 8
2.4, Polyphenols iN COfEO.........uiiiiiiie e 10
2.5. Protein modifications in connection with polyphenols ............ccccoiiiiniiiiees 12
2.6.  Protein-protein CroSSINKS .........ouiiiiiiiii e 13
2.7. Consequences of protein modification with polyphenols.............cccceviiiiiiiiiinnns 14
2.8. Analysis of covalent protein-polyphenol interaCtions............cccccvvvveeeeee s ccciiiieeeenn, 15
2.9, COffE8 CUP QUAIILY ......eeeeeiiiiiie ettt e e et e e e s sbneeeeen 15
2.10. Coffee by-product ULIIZAtION ...........oooiiiiiiiiii e 17
2.11. COMfEE WASTEWALET ......eeeiiiiieiee ettt e e e 20
2.11.1. Coffee wastewater treatMent ...........occveiiiiiiiieiiie e 22
2.12.  Lactic acid in coffee fermentation ............ccccveiiiiiiiic i 23
2.13.  Side effects of lactic acid in coffee wastewater.............ccccocvveriiiiniiiieniie e, 24
00 S Vo £ o] 1 ] 1T o ISP 25
2.14.1. AdSOrptioN ISOtNEIMS.....iii i e 26
2.15.  Valorization of coffee wastes through modification to activated carbon............... 27

K T | 1 PP PRR 29
O 01T 104 T=T a1 e= L o T o SR 31
O R T 1011 o] 1= =PRI 31
4.2, METNOUS ... s 32
4.2.1. Batch and continuous pilot configuration for coffee cherries processing.......... 32
S Y- 1 11 0] =3 o1 (=T 0T = Lo ) o 33

4.2.3. Folin-Ciocalteu method for the analysis of total phenolic content..................... 34



4.2.4. Determination of caffeine content and composition of major phenolic compounds

DY HPLC-MS ...ttt en s en e en s, 34
4.2.5. Determination of reducing SUJArS.........cccuveiiieeeiiiiiiiie e e 34
4.2.6. Determination of organiC acids ............ccccuiiiiieie i 35
4.2.7.  ANtOXIAANT CAPACILY ..ereeeeeiiiiiiieiee e e e e e s e e e e e e 35
4.2.8.  FIEE amlNO GIrOUPS .evveieeeeeiiiieriieieeeeeeessesatttereeaaessssssssaseeeeaeesssssnsssaseeeaaessssnsssssees 35
4.2.9.  EXraction Of ProteiN .......cooiiiiiiiiieric e 36
4.2.10. Modification of coffee by-products to activated carbon ...............cccceeeeeenns 43

O T B - L= W= 10 T= 1)V SRR 48
5. ReSUItS @Nd AISCUSSION ......ciiiiiiiiiiiiiiii et 49

5.1. Study 1: Comparison of Batch and Continuous Wet-Processing of Coffee: Changes

in the Main Compounds in Beans, By-Products and Wastewater...............cccccccieeeeeeennnnes 49
5.1.1. Caffeine, total phenols, and antioxidant analysis .............ccccoerieeeiiiiiiciiieeennn. 49
5.1.2.  OrganiC ACIAS ....cciiueiiieeiiiiieee ittt et e e s e e e e b e e s s e e e s e e annees 55
5.1.3.  REUUCING SUGAIS .. .eeiiiiiiiiieeeiiieiee s st ee e st e e et e e e assn e e e s s nsse e e e s asne e e e s anneeeeennnees 60
5.1.4. Soluble proteins and amino ACIAS...........cccviieiiiiiieeiiiee e 64

5.2. Study 2: Effect of the post-harvest processing on the protein modification in green

COMEE DBANS ... e e et e e s b e e e ean 69
5.2.1.  Free thiol groups and amino nitrogen in the protein extracts.............cccveernee. 69
5.2.2.  Protein CONTENT ...couiiiiiiiiiie ettt e s e e e nnees 70
5.2.3.  IN-0E1 IgESTION ...t 72
5.2.4. Phenolic compounds in protein extract by HPLC ..........ccoooiiiiiiiiiiieniiiee e 73
5.2.5.  Analysis of the protein modification using HPLC-MS/MS .........c.cccoiviiviiinenennn. 75

5.3. Study 3: Preparation of Activated Carbons from Spent Coffee Grounds and Coffee

Parchment and Assessment of Their Adsorbent Efficiency ..o, 79
5.3.1. Preparation of coffee by-products through pyrolysis..........cccovveeeeeiiiiiiiiiinnnn.n. 79
5.3.2.  Activated carbon Yield ...........oooviiiiiiii e 80
5.3.3.  Characterization of activated carbon produced..............ccccvvvievieeeiiiiiiiiiienennn. 81
5.3.4. Effect of calcination temperature, pH and initial concentration on Bromophenol
=T = Vo £ o] 1 o] 17 ] o IS 85
ESTRC TR TR = Tox 1 ToF= Tox o =T K=o ] o)1 (o o U 91



5.3.6. Adsorption of main organic acids present in wet-coffee processing................. 93

5.3.7.  Adsorption of organic compounds from wet-coffee processing wastewater..... 94

6. Summary and outlook — Schlussfolgerung und AusbBIIiCK.............ccooiiiiiiiiiiieee 99
6.1.  SUMMArY and OULIOOK. ........uuiieiiiiiie ettt e e e e 99
6.2. Schlussfolgerung und AUSDIICK ..........cueiiiiiiiiiiie e 103
A o= (=] (= o= USSR 107
CUTTICUIUM VLA ..eeeiiee ettt e e st e e e e e e e e s et e e e e e e e s s s satbbaeeeaaaeeessannstraneeaaens 125
LiSt Of PUDIICALIONS......eeiiiiiiie et e e e e e 127
ACKNOWIEAGEIMENTS ...ttt e e e bt e e e et e e e e e anneeeas 129
ATTIIAVIT. ...ttt e et 131
S TR Y o] o 1= o o [ R 133
8.1. LISt Of CHEMICAIS ......oiiiiiiiiiii e 133
8.2.  List Of BUFfer SOIULIONS. .........oiiiiiiiiic e 135
8.3, LISt Of SOMWAIE.....cuiiiiiiiiiiie e 140
8.3.1. FlexControl software parameters..........ccccvvve e 141
8.3.2.  FlexAnalysis software parameters.........cccccvveeeiiiiiiiieiee e 141
8.3.3. Parameters of Mascot database compared with BioTOOIS...........cc..ccceeeunnnnen. 141

8.4.  LiStS Of INSIUMENTS. ...ttt 142
8.4.1.  Lists Of HPLC INSIrUMENTS ......cccviiiiiiiiiiieiiie e 143

8.5,  ConditioNS fOr HPLC .......ciiiiiiiiie ittt 143
8.5.1. HPLC analysis of phenolic compounds .............coccviiieiiie e, 143
8.5.2.  HPLC analysis of phenolic compounds in protein extraction .......................... 143
8.5.3.  Gradient A OF HPLC ..ottt 144
8.5.4.  Gradient 1 Of HPLC ..ottt 144
8.5.5.  Gradient 2 OFf HPLC ........ooiiiiiiii e 144
8.5.6.  Gradient 3 0f HPLC ..o e 145
8.5.7. Gradient 4 Of HPLC ........ooiiiiiii e 145
8.5.8. Gradient5 OF HPLC ........ooiiiiiiiiicee e 145
8.5.9. Gradient 6 OF HPLC ........oooiiiiiieie e 146

8.5.10. Conditions of the HPLC analysis of organic acids.........cccccccccvvvvviiiiieennnnnnn. 146



8.6.  MALDI-TOF-IMS INSITUMEBNT. ... eeee ettt e et e et e et e et e e e e ereeeeenaeeenans 146

8.7. Standard peptide of the peptide calibration standard Il ..............ccccceveeeiiiciiiinnnnnn. 147
8.8.  HPLC-MS/MS PAr@mMeErS. ....ccoiiuiiieeiiiiiee ettt e s 147
8.8.1. HPLC conditions of the HPLC-MS/MS | .......cccciiiiiiiiiieiiee e 147
8.8.2. HPLC conditions of the HPLC-MS/MS Il ......ccccuiiiiiiiiiieeiee e 147
8.8.3.  Gradient | of HPLC-MS/MS mobile phase...........cccccviiiiiiieiiiic e 148
8.8.4. Gradient Il of HPLC-MS/MS mobile phase..........cccccviiiiiiiiiiiec e 148
8.8.5. ESICONUILIONS | ettt 148
8.8.6. ESICONUILIONS 1 ..ttt 148
8.8.7.  MS/MS CONILIONS ...ttt 149
8.9. Analyzed mass transition of the P93079 sequence of the 11S protein.................. 149
8.9. 1. G-CRAIN.....iiiiei s 149
SR B € R o] o - 1o U 151
8.10. Physicochemical characteristics of coffee wastewater .............cccccceeveeeeviiinnnen, 154
8.11. FASTA sequence from the UniProt database of the 11S ..........ccccoeiieeeiinnee, 156
8.12.  Scanning Electron Microscope images of activated carbon materials ............... 156
8.12.1. SEM of spent coffee grounds...........ccuvvveviee it 156
8.12.2. SEM Of ParChment ... 157

8.12.3. Adsorption of lactic acid on activated carbon chromatogram...................... 159






Abbreviations

Abbreviations

11S Storage protein from C. arabica
AUC Area under the curve

BOD Biological Oxygen Demand

BSA Bovine Serum Albumin

COD Chemical Oxygen Demand

CQA Caffeoylquinic Acid

CB Coffee Beans

GCB Green Coffee Beans

CP Coffee Pulp

Cw Coffee Wastewater

DAD Diode array detector

DCB Depulped Coffee Beans

DMSO Dimethyl Sulfoxide

DNS 3,5-Dinitrosalicylic Acid

DO Dissolved Oxygen

DTE Dithioerythritol

DW Dry Weight

DCW Depulping Coffee Wastewater
ESI Electrospray ionization

ESI-MS Electrospray Mass Spectrometry
FAN Free Amino Nitrogen

FCW Fermentation Coffee Wastewater
FRAP Ferric Reducing Ability of Plasma
FE FRAP Equivalent

FQA Feruloylquinic Acid

FFCB Final Fermentation Coffee Beans
GAE Gallic Acid Equivalent

GCB Green Coffee Beans

GE Glucose Equivalent

HPLC High Performance Liquid Chromatography
HPLC-MS/MS HPLC coupled tandem Mass Spectrometer
IFCB Initial Fermentation Coffee Beans

LE Leucin Equivalent



Abbreviations VII

MALDI-TOF-MS Matrix Assisted Laser Desorption lonization Time of Flight Mass

Spectrometry
MRM Multiple Reaction Monitoring
PAGE Polyacrylamide Gel Electrophoresis
PVPP Polyinylpolypyrrolidon
P Parchment
PCB Parchment Coffee Beans
RCW Reception Coffee Wastewater
SK Silverskin
SDS Sodium Dodecyl Sulfate
SC Spent Coffee
TCEP Tris-(2-carboxyethyl)-phosphine
TFA Trifluoro Acetic Acid
TIC Total lon Chromatogram
TPTZ 2,4,6-Tripyridyl-S-Triazine
Tris Tris-(hydroxymethyl)-phosphine hydrochloride
WCW Washing Coffee Wastewater

WCB Washed Coffee Beans



List of figures VI

List of figures

Figure 1 Coffee Cherry COMPOSIION...........uuiiiiiie e e e e e ea e 5

Figure 2 Methods for the processing of coffee cherries and by-products generated on the

PrOCESSING STEPS . .utietiieiiie ittt ettt et ettt e ettt e e s bt e e teesbe e eateesaeeembeesbeeambeeaaeeanbeeanbeenbeesnneebeeannas 8
Figure 3 Amino acids sequence of the storage 11S Protein. .......cccccevvvveeeiiiieeeesiiieee e 9
Figure 4 Structural formulas of cinnamic acid and its most common derivatives.................... 11
Figure 5 Esterification of caffeic acid and quinic acid to 5-O-Chlorogenic acid...................... 11
Figure 6 Coffee taster's flavor Wheel. ... 17
Figure 7 Lactic acid bacteria pathway in wet-coffee processing fermentation. ..................... 24
Figure 8 Schematic representation of adsorption and desorption mechanism....................... 26
Figure 9 Batch (a) and Continuous (b) wet-coffee ProCesSINg........cccevvvvreeriiiieeeriiiieee e 33
Figure 10 Schematic flowchart of the three protein extraction protocols used....................... 37

Figure 11 Workflow for developing a Multiple Reaction Monitoring (MRM) assay using a high

performance liquid chromatography mass spectrometry HPLC-MS/MS. .........ccccccceeeiviinnnen. 41
Figure 12 Content of caffeine, total phenols and antioxidant capacity of coffee beans and by-
o100 ¥ od £ PO TR PP TP PRPPPON 51
Figure 13 Content of caffeine, total phenols, and antioxidant capacity of coffee wastewater 54
Figure 14 Major phenolic compounds and Chromatogram of green coffee beans ................ 55
Figure 15 Protein content of coffee beans, by-products and wastewater.............c...ccceccuvueee. 65
Figure 16 Electrophoresis of coffee beans, by-products and wastewater....................eeeeenn. 66
Figure 17 Free amino groups of coffee beans, by-products and wastewater......................... 68
FIgure 18. Protein CONTENT.....cciuiiiieiiiiie ettt e e s e e s e e e s as 72
FIgUre 19. MALDI-TOR-MS. .. .. it e e r e e e e e e s e st bae e e e aa e e e e snnneaees 73
Figure 20. Phenolic compounds in protein €XtracCt. .........cccceeeeiiiiiiiiiiiieee e 74
Figure 21. Distribution of the unmodified and modified peptides........c.cccccovvviiiieeieeininicinnen, 76
Figure 22. Distribution of the unmodified and modified peptides..........cccceeeeveiiiiie e, 77
Figure 23. Proportion of the two most lysine-modified peptides in the a-chain and B-chain of
UL (o1 = To [ a N ACT o] (0] (=1 o PRSP PPPPRPUPPPPRT 78
Figure 24 Effect of different preparation protocols on Bromophenol Blue adsorption............ 80
Figure 25 Scanning electron microscope images of activated carbon .............cccccceeeeiinnnnne, 82
Figure 26 IR spectra, X-ray diffraction patterns and TGA data...........ccceeeeeeeeeiiiee e, 84
Figure 27 N2 SOrPtion ISOtNEIMIS ...couiiiiieiiiii et 85
Figure 28 Effect of carbonization temperatures on Bromophenol Blue adsorption................. 86
Figure 29 Effect of pH on Bromophenol Blue adsorption...........ccccvveveeeeeiicciiiiieeeece e 87

Figure 30 Effect of lactic acid adsorption on activated carbon...........cc.cccccovvviiiieieiiee i, 92



List of figures IX

Figure 31 Adsorption capacity for lactic at equilibrium.............cccccviii e, 93
Figure 32 Effect of organic acids adsorption on activated carbon...............ccccooeeeeiiein e, 94
Figure 33 Adsorption of total phenols and protein content on activated carbon..................... 95

Figure 34 HPLC-MS chromatogram for organic acids of wastewater after adsorption onto
o Lo 1)Y= L= T0 o= 1 oo ] o 10 ERSR 96
Figure 35 HPLC-MS/MS total ion Current SPECIUM .........cviiieiiiiiiiiieier e 97



List of tables X

List of tables

Table 1 Main constituents of green C. arabica beans............cccccvveeviieei i, 6
Table 2 Recent advances on coffee waste utilization (2012-2016) ...........cuvvvveriermenenenennnnnnnnn. 18

Table 3 Calculation of the virtual water content of coffee produced in Guatemala by wet

o] ToT TSI o PO P PPPRPP PN 21
Table 4 Samples Of C. ArabiCa.........uuuii i 31
Table 5 Non-linear form of adsorption isotherm model equations.............cccccceeeeeeviiciiiieeennn. 47

Table 6 Composition of organic acids in coffee beans, coffee by-products and wastewater
during the batch and continuous processing. Processing year 2018 ..........ccccccccvvvvvvvveeeennnn. 58
Table 7 Composition of organic acids in coffee beans, coffee by-products and wastewater
during the batch and continuous processing. Processing year 2019 .........ccccoocvveeiiiiieeennne 59
Table 8 Composition of reducing sugars in coffee beans, coffee by-products and wastewater
during the batch and continuous processing. Processing year 2018 ............cccocccvvvveeeeeeeenns 62
Table 9 Composition of reducing sugars in coffee beans, coffee by-products and wastewater
during the batch and continuous processing. Processing year 2019 ..........cccccoeveeviiieeennnee 63
Table 10. Exposed free thiol groups, free thiol groups and free amino nitrogen in batch and

CONEINUOUS PIOCESS ..uvvieuteeitieanteeateeasteesseeasseessesansesaseeasseeaseeassesaseeaseessseansesssesansesssseansesssseensenns 70
Table 11. Protein content after extraction option I, I, . ..., 71
Table 12 Carbon yield for the activated carbon varieties ............uvvvveiieiiiieiiiiiiiiiri. 80
Table 13. Porosity data derived from N2 sorption measurements at 77 K. ..........cooccvveeenennn. 85
Table 14 Point of zero charged of spent coffee and parchment. ...........cccccoieiiiieeee 87

Table 15 Adsorption efficiency of Bromophenol Blue onto spent coffee and parchment
ACHVALEA CAMDON ....eiiiiieiie et e e e s n e e e s e e e e annees 89

Table 16 Amount of Bromophenol Blue adsorbed onto spent coffee and parchment activated

Table 17 Langmuir and Freundlich isotherm model parameters ..........ccccocvveeiiiiiveeiiiieeene 93
Table 18 Adsorption efficiency of hydrophilic and hydrophobic compounds from coffee

wastewater on parchment, spent coffee, and commercial activated carbon. ......................... 97



Introduction 1

1. Introduction

Coffee is one of the most widely produced and traded agricultural products. World production
for 2019 was estimated at around 167 million 60-kg bags, with 95 million bags of Arabica (C.
Arabica) and 72 million bags of Robusta coffee (C. canephora) [1]. Robusta coffee has a
stronger and harsher taste with a high concentration of caffeine, while Arabica coffee,
considered to be of higher quality, has a sweeter taste, with a higher amount of sugars and an
excellent acidity evaluation [2]. Besides Arabica and Robusta coffees, there are species such
as Liberica (C. liberica) and Excelsa (C. excelsa) representing around 1% of world production,
mainly grown in Africa and of low commercial importance [3].

Two methods are generally used to process coffee cherries: the dry method, also known as
the natural method, and the wet also called the washing method. Processing of coffee cherries
by dry or wet method is principally similar for all varieties and generally involves elimination of
the five layers (skin, pulp, parchment, mucilage and silverskin) in order to release the coffee
beans, also defined as green coffee beans. The dry method consists of drying the coffee cherry
just after harvest and is followed by mechanically de-husking. Cherries are later cured and the
product obtained is termed in trading society as cherry coffee [4]. It is preferably the simplest
way of processing coffee cherries, but also represents a laborious method for obtaining high
quality coffee beans [5].

The wet-processing method has become more common and is used by many coffee producers
to meet market demands for green coffee beans with higher quality. The wet process also
ensures optimal protection against oxidation and top quality. However, large amounts of clean
water are required during the production: 40 L/kg of dry parchment coffee [6]. In the wet
method, the layers are successively removed in a succession of steps including pulping,
fermentation, washing and drying [7]. Pulping consists of removing the red outer skin and the
white fleshy pulp. Fermentation aims to degrade the mucilage, which consists of
hemicelluloses, pectin substances and sugars [8]. During fermentation, natural enzymes and
bacteria operate together to break down the mucilage (the amorphous and water-insoluble
gel). Beans are washed, dried to a moisture content of about 10-12%, and the thin layer of
parchment around the coffee beans are then removed using a de-husker [9]. This method
allows during the fermentation step the release into wastewater of reducing sugars and free
amino acids. Green coffee beans are later roasted, constituting the initial step in the
preparation of beverages from coffee. Numerous and complex chemical reactions take place
during roasting and one of the most important categories of these interactions is the Maillard
reaction. This involves the participation of free amino acids and reducing sugars, finally
contributing to the development of the color, aroma and taste of the roasted coffee beans [10].
Green coffee beans are rich in bioactive compounds such as caffeine, free amino groups,

polyphenols and chlorogenic acids. They contain a number of functional biological properties
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such as stimulation of the central nervous system, myocardial stimulation and peripheral
vasoconstriction [11]. These characteristics of green coffee beans have been subject of
numerous works and interest from the nutraceutical and pharmaceutical industries [12].
Although taking into account these different classifications, the composition and concentration
of coffee constituents differ according to the type of coffee beans, the environmental
conditions, soil type and geographical areas of cultivation [13,14].

It has often discussed that processing factors were responsible for the specific flavor
expression of differently processed coffees [5]. In other words, the type of processing
influences the differences in the constituents of green coffee which, during roasting, give rise
to aroma compounds and express the characteristics of roasted coffee beans [15]. In addition,
large amounts of co-products such as coffee pulp, mucilage, parchment, and wastewater are
generated during the wet processing [16]. Skin and pulp represent about 43% w/w, mucilage
and soluble sugars 11.8% w/w, and finally parchment about 6.1% w/w [17]. These
characteristics also differ according to the mode of production and can be valorized in selected
sub-sectors to a limited extent. If wet processing of coffee beans is being performed on a large
scale, the untreated effluents produced will greatly exceed the self-purification capacity of the
natural waterways. In order to overcome the pollution potential of processing such
wastewaters, a clear understanding of its constitution is essential to design a feasible treatment
system [18]. Further, studies on the effects of wet processing methods on the characteristics
and quality of green coffee beans will also provide a broad range of improvement possibilities.
The recovery of coffee processing by-products for potential uses in the food sector has been
investigated [19]. The potential uses in the food sector for the solid coffee wastes are the
production of enzymes and secondary metabolites. The utilization of these in the non-food
sector has been directed amongst others towards reinforcement of polymer composites [20],
in bio-sorbents [21-24], for cosmetic products [25], cellulose production [26] and application in
water treatment [27]. The valorization of coffee wastes through modification to activated carbon
has been considered as a low-cost adsorbent. The coffee by-products more evaluated as
adsorbents are spent coffee grounds, coffee husk, and coffee pulp. These have been
investigated for the extraction of secondary plant metabolites [22], removal of organic
compounds [21,23] and heavy metals [28].

Activated carbons are versatile adsorbents, their adsorbent properties lie in the large surface
area, area activity, and favorable pore size. Studies have examined the application of coffee
waste activated carbons in the removal of organic molecules (dyes, acids, pesticides), and
cationic and anionic components (lead, cadmium, copper, chromium). These have shown that
adsorption capacity of the molecules is correlated with the activation protocol, textural
properties of the raw material, size of the organic molecules, and charge of the ions of the

adsorbate [24,29,30]. Adsorption of gases and vapor phase has been evaluated. Authors have
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determined that adsorption capacities for methane (CH.), hydrogen sulfide (H2S), and carbon
dioxide (COy) are due to the high surface area, volume, narrow size of micropores, and
chemistry of the adsorbent [31-33].

No studies of the effect of batch or continuous wet production on the characteristics of green
coffee beans and by-products are currently available. Moreover, very few studies have referred
to the valorization of coffee by products into activated carbon using low cost and eco-friendly
activation protocols. The aim of this work was contributing to develop alternative methods of
improving the waste by-product quality and thus making the process economically more

attractive with valorization option that can be brought to the coffee producers.
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2. Theoretical background

2.1. Coffee cherry
After successful pollination of the coffee flower, a 10-15 mm cherry develops [34]. It contains
two seeds: the coffee beans. Before roasting, they are called green coffee beans. On the
outside, the coffee cherry is covered by a skin. This exocarp is a monocellular layer [35]. In the
course of maturation, it changes its color from green to yellow or from green to pink to red
[36,37]. It is covered by a waxy layer. Below this follows the mesocarp. This consists of
approximately 80% water and can be divided, from the outside inwards, into pulp and mucilage
layer. The dry mass of the pulp consists of more than 60% cellulose and is rich in lignin (>17%)
[38]. The mucilage layer is internally adjacent to the endocarp, which is called the parchment
[35]. The parchment is a thin, paper-like polysaccharide layer. Together with the silverskin
(perisperm), it encloses the seeds. Botanically, the seeds are drupes. Thus, the term bean is
not entirely correct botanically, as it is actually reserved for legumes [39] Figures 1 shows the

composition of the coffee cherry.

QOuter Skin (exocarp)
Pulp

Mesocarp

Mucilage (pectin layer,

Parchment (endocarp)

Silverskin (Perisperm)

Green coffee (endosperm)

Figure 1 Coffee cherry composition

The green coffee beans consist mainly of water, carbohydrates and dietary fiber, lipids,
proteins and peptides, and phenolic compounds mainly chlorogenic acid [40]. Significant
amounts of minerals, caffeine, and trigonelline can be also detected. Table 1 summarizes the

main constituents of the green coffee beans.
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Table 1 Main constituents of green C. arabica beans

Constituent Concentration (%) Components

Soluble carbohydrates 9.0-125

Monosaccharides 0.2-05 Fructose, glucose, galactose, arabinose (traces)

Oligosaccharides 6.0-9.0 Sucrose (>90%), raffinose (0.0 - 0.9%), stachyose (0.0
- 0.13%)

Polysaccharides 3.0-40 Polymers of galactose (55 - 65%), mannose (10 -

20%), arabinose (20 - 35%) and glucose (0 - 2%)

Insoluble polysaccharides 46.0 - 53.0

Hemicellulose 5.0-10 Polymers of galactose (65 - 70%), arabinose (25 -
30%) and mannose (0 - 10%)

Pectin 2.0

Cellulose, B(1 - 4)mannan 41 - 43

Acids and phenols

Volatile acids 0.1

Non-volatile aliphatic acids 2.0-29 Citric acid, malic acid, quinic acid

Chlorogenic acid 6.7 -9.2 Mono, di-caffeic and ferulochinic acids

5-Caffeic quinic acid 3.0-5.6

Lignin 1.0-3.0

Lipids 15.0 -18.0

Wax 0.2-0.3

Oil 7.7-17.7 Main fatty acids: 16:0 and 18:2 [41,42]

N-containing components 11.0-15.0

Free amino acids 0.2-0.8 Mainly: Glu, Asp, Asp-NH?2

Proteins 8.5-12.0

Caffeine 08-14 Traces of theobromine and theophylline

Trigonelline 06-1.2

Minerals 3.0-54

Taken from Belitz et al. [43]. The composition varies depending on the cultivation method, climate soil conditions

and analysis method. Percentages are given in relation to dry matter.

2.2. Coffee processing

Coffee is the most important food commodity worldwide and ranks second, after crude oil,
among all commaodities [44]. Coffee is one of the most widely produced and traded agricultural
products. World production in 2019 was estimated at around 167 million 60-kg bags, with 95
million bags of Arabica (Coffea arabica) and 72 million bags of Robusta (Coffea canephora)
[45]. Environmental conditions are vital to grow the coffee plant properly. The most important
environmental aspects are a temperature between 20 and 26° C, absence of frost, and
sufficient sunshine. Moreover, coffee cultivation requires a precipitation of 1,500 to 2,000 mm
per year.

Coffee preparation proceeds in the first step by the elimination of the layers adhering to the

beans and can be performed by a dry or a wet process. Coffee cherry husks thus obtained
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represent about 12% of the berry on dry-weight basis [46]. The dry process, also termed as
“‘unwashed”, is the oldest practiced method, where the entire cherry is first cleaned after
harvest and then placed in the sun to dry in thin layers or on patios. Finally, the husk layer,
which is composed of pulp, skin, mucilage, and parchment, is mechanically removed [44]. The
wet method is called wet process or “washed” coffee and in this case the coffee cherries are
immersed in water. Unripe fruits will float, and the good ripe ones will sink. This allows a first
separation of unripe and ripe cherries. The skin of the cherry and some of the pulp is removed
by pressing the fruit in water through a screen by a machine. The coffee pulp represents 29%
dry-weight of the whole berry [46]. The beans are then put in a fermentation tank with a water
stream and allowed to ferment to degrade the hygroscopic mucilaginous layer which is an
obstacle to the drying. In this process wastewater is generated which contains organic matter
and involves mucilage removal with high levels of environmental pollutants. Figure 2 shows
exemplary a typical small-scale factory where such wastes are produced. Both these
approaches of coffee preparation are well described [46]. Coffee parchment is obtained after
the drying step. Colombia wet-coffee processing shows that 100 kg of mature fruits generate
39 kg of coffee pulp, 22 kg of mucilage and 39 kg of parchment [47]. Coffee silverskin is an
integument of the coffee bean obtained as a by-product of the roasting process [46]. Finally,
spent coffee is the by-product produced after coffee brewing, this is obtained by industrial
preparation of instant coffee as well as at restaurants and homes [48]. Spent coffee is
generated in large quantities worldwide, approximately 6 million tons yearly [27,49].

In addition to the dry and wet processing, there are some hybrid forms of processing. What
they have in common is the mechanical removal of skin and pulp. However, the mucilage layer
is only partially removed [5]. In the semi-washed processing, which is common in Indonesia,
the mucilage layer is removed after one day of sun drying before the beans are dried. In the
semi-dry processing, after the skin and pulp have been removed, with 20 to 80% of the slime
layer the beans are placed directly outside to dry [5]. Depending on the water and slime layer
content of the beans, the drying time varies from about 8 to 30 days [5]. A common processing
method in Brazil involves stacking the beans in the open air after the skin and pulp have been
removed. The beans are rinsed repeatedly with water, whereupon the mucilage layer is
loosened both mechanically and by fermentation [5]. Monsooned Malaba coffee is a variety
from India. After processing, the green beans, which are filled into coffee bags, are stored in
open warehouses for six to seven weeks, exposed to the warm, humid winds of the monsoon
[50,51].
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Figure 2 Methods for the processing of coffee cherries and by-products generated on the processing steps

2.3. Coffee proteins
The protein content of C. arabica green coffee beans ranges from 8.5 to 12.7% [43,52-55] . The
variation in the data found in the literature is due to different measurement methods,
differences in the genetics, the degree of ripeness of the coffee cherries, the environmental
factors affecting them, as well as processing and storage methods [55-57]. In order to include
only enzymes and proteins, as well as peptides and free amino acids, the content of caffeine
and trigonelline must be subtracted in the usual determination by nitrogen content.
Proteins are considered the most important fraction for the formation of coffee aroma [10,56,58].
During roasting, the Maillard reaction takes place [59]. Here, free amino acids of proteins and
peptides combine with carbonyl groups of reducing sugars. The final product consumed
consists of 25% of the resulting melanoidins [52]. These account for the brown color and aroma
of coffee. The fact that melanoidins are formed before roasting from a reaction of amino acids
residues with phenolic compounds is one of the subjects of the present study.
Among the nitrogen compounds, free amino acids are particularly important for flavor
development [55]. However, their proportion in green coffee beans is only 0.15 - 2.5% [55,58].
When coffee beans germinate and differentiate into coffee plants, proteins and polypeptides
serve as reservoirs of free amino acids. This can be observed in the example of the 11S
storage protein of C. arabica beans (11S).
The legume-like storage protein with sedimentation constant 11S occupies the largest of the

coffee bean protein fraction [60,61]. A detailed characterization can be found in Rogers et al.
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(1999). The 11S accounts for approximately 45% of the soluble protein fraction in the
endosperm [60]. However, in a 2D electrophoresis, Rogers et al. also found 11S in the embryo.
The 11S contains low content of sulfur. Thaler et al. showed the content of methionine at 2.38%
of amino acids in the 11S of green Brazilian C. arabica beans [62]. According to Rogers et al.
only 1.1 and 0.2% of the amino acids are cysteine and methionine, respectively [60]. In the
soluble protein fraction of the 11S, glutamate and glutamine are the most abundant amino
acids in coffee beans [60]. The amino acid sequence for the 11S of C. arabica beans, used in
the present work, comprises 487 amino acids. The sequence was obtained using the sequence
P93079 of the UniProt database [63].

Reducing SDS electrophoresis of the soluble protein fraction shows mainly three bands at 55,
33 and 24 kDa [52,60,61,64]. The 55 kDa belongs to the intact 11S globulin monomer. This
consists of a- and -subunits. The two subunits are connected by a disulfide bridge. The
involved amino acids can be found at position 113 (subunit) and 308 (subunit) of the amino
acid sequences in Figure 3. In an alkaline environment, the linked cysteine residues are
reduced, and a separate band appears for each of the 33 kDa and subunit 24 kDa [53,65]. Bau
et al. (2001) were able to identify a cysteine subunit by means of one-dimensional SDS
polyacrylamide gel electrophoresis (SDS-PAGE) of different variants of C. arabica.
Comparable ratios of a- and B-subunits for the different variants were shown [66]. In contrast,
when different species of the subgenus Coffea were analyzed, significant differences in mass,
amount and ratio of the subunits appeared. While the a-subunit is hydrophilic, polar and
hydrophobic amino acids of the B- subunit balance each other [60]. A hydrophobic signal
peptide is connected in front of the a-subunit [60,61]. In the sequence used here, this comprises

22 amino acids [63].

10 20 ' 30 40 50
MAHSHMISLS SYVLLLFLGC LAQLGRPEPR LGGKTQCNIQ KLNAQEPSFR
60 70 80 90 100
FPSEAGLTEF WDSNNPEFGC AGVEFERNTV QPKGLRLPHY SNVPKFVYVV
110 120 130 140 150
EGTGVQGTVI PGCAETFESQ GESFSGGQEQ PGKGQEGSKG GQEGQRQRFP
160 170 180 190 200
DRHQKLRRFQ KGDVLILLPG FTQWTYNDGD VPLVIVALLD VANEANQLDL
210 220 230 240 250
QSRKFFLAGN PQQGGGKEGH QGQQQQHRNI FSGFDDQLLA EAFNVDLKII
260 270 280 290 300
QKLKGPKDKR GSTVRAEKLQ LFLPEYSEQE QQPQQQQGQQ QQGVGRGWRS
310 320 330 340 350
NGLEETLCTV KLSENIGLPQ EADVFNPRAG RITTVNSQKI PILSSLOLSA
360 370 380 390 400
ERGFLYSNAI FAPHWNINAH SALYVIRGNA RIQVVDHKGN KVFDDEVKQG
410 420 430 440 450
QLIIVPQYFA VIKKAGNEGF EYVAFKTNDN AMINPLVGRL SALRAIPEEV
460 470 480
LRSSFQISSE EAEELKYGRQ EALLLSEQSQ QGKREVA

Figure 3 Amino acids sequence of the storage 11S protein.

Sequence of the 11S storage protein of C. arabica P93079 of the UniProt database. The first arrow marks the end
of the upstream signal chain and the beginning of the a-chain. The second arrow shows the end of the a-chain and
the beginning of the (3-chain.
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The secondary structure is dominated by 3-sheets [52,64]. Three 11S monomers each combine
for transport into storage nodes (protein bodies) [53,60]. They combine by non-specific
hydrophobic interaction to form trimers and hexamers with molecular weights between 150
and 400 kDa [52,53,67].

The coffee storage protein 1 gene encodes the 11S [60]. Marraccini et al. characterized a
promoter for the expression of the protein [60]. The a- and B-subunits have different isoforms
[60,61,64,66].

Bandil et al. compared protein extracts of green C. arabica beans from different development
stages by 2D electrophoresis. They found that only very specific proteins changed their
expression. Among them, the expression of 11S increased during germination [68]. Rogers et
al. already described an accumulation of 11S during bean development [60]. These findings
are consistent with the function of 11S as a storage and ultimately also as a source of amino
acids.

When green coffee beans were stored, Ludwing et al. could not detect any significant change
in the amino acid profile, apart from a decrease in the glutamine content [69]. This was due to
the fact that proteolytic activity in beans of the C. arabica species remained low and constant
for several months. Montavon et al. [56] observed the degradation of 11S in ground green
coffee beans under aerobic conditions. The band of the a-subunit disappeared from SDS gel
electrophoresis, while that of the 3-subunit remained [56]. This led the authors to suggest that
enzymatic cleavage occurs in combination with oxidative fragmentation which is the trigger for

proteolysis of 11S [70].

2.4. Polyphenols in Coffee

Polyphenols are the largest group of secondary plant compounds [71,72]. They are synthesized
by numerous plants for their protection against environmental factors, such as UV radiation of
pathogens [73]. Health-promoting properties, especially regarding the prevention of cancer,
cardiovascular and neurodegenerative diseases, are attributed to them [72,74-76] because
polyphenols are potent antioxidants [72]. They complement the antioxidant activity of enzymes
and vitamins in the fight against the ever-present threat of reactive oxygen species. More than
10,000 known phenolic compounds are consumed in the diet in the form of staple food such
as fruits, vegetables, and cereals, but also stimulants such as tea, chocolate, wine, and coffee
[72,77].

From a chemical point of view, polyphenols are naturally occurring compounds with phenolic
groups and associated properties [72]. Based on their structural elements and number of
aromatic rings, they can be divided into five groups: Flavonoids, phenolic acids, phenolic
alcohols, stilbenes, and lignans [73,78,79]. In coffee, derivatives of cinnamic acid (trans-

phenylpropionic acid) are the most abundant [41,72]. Along with benzonic acids, these belong
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to the group of phenolic acids, namely caffeic acid (3,4 di-hydroxycinnamic acid), ferulic acid
(3-methyl-4 hydroxycinnamic acid), sinapinic acid (3,5-dimethoxy-4 hydroxycinnamic acid) and
p-coumaric acid (4-hydroxycinnamic acid) [72]. Figure 4 shows the structural formulas of

cinnamic acid and its most common derivatives.
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Figure 4 Structural formulas of cinnamic acid and its most common derivatives

However, in unprocessed plant material, hydroxycinnamic acid derivatives are hardly present
as free acids [41]. In coffee beans, they are usually esterified with quinic acid (3-R,5R)-1,3,4,5
tetrahydroxycyclohexane-1-carboxyl acid) to form chlorogenic acid (CA) [41,43,80]. Various
chlorogenic acids can be distinguished according to the type, number, and position of the acyl
residues. These include monoesters, such as caffeoyl quinic acid (CQA) or feruloyl quinic acid
(FQA). In addition, C. arabica contains characteristic diesters, triesters and tetraesters of
caffeic acid (DICQA, TriCQA, TetraCQA) or mixed diesters of caffeic and ferulic acid, such as
caffeoylferuloylquinic acid (CFQA) [41]. The most common chlorogenic acid is 5-O-
caffeoylquinic (5-CQA) [41]. Ali et al. found that 4,5-dichlorogenic acid (4,5-DiCQA) has the

highest antioxidant capacity of all chlorogenic acids present in coffee [53].
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Figure 5 Esterification of caffeic acid and quinic acid to 5-O-Chlorogenic acid
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Coffee is one of the most important productive food sources of CA [41]. Depending on the
species, green coffee contains 6 - 11% CA in dry weight [55]. However, the parts of the coffee
cherry that are separated during processing also contain 2.3 - 3.0% CA dry weight [38]. As
shown in Table 1, green C. arabica beans consist of 6.7 - 9.2% CA [43]. One cup of coffee
(200 mL) of C. arabica contains between 70 and 200 mg of CA [41].

2.5. Protein modifications in connection with polyphenols
Proteins can be modified by reaction with phenolic compounds. The bulk of interactions
between these two fractions initially result in non-covalent interactions [70,81]. These can be
based on hydrophobicity, hydrogen bonds, or ionic bonds [80]. Suryaprakash et al. [82]
demonstrated that proteins from sunflower seeds can act as non-covalent ligands for caffeic
and quinic acid. In this context, these interactions frequently occurred between caffeic acid
and tryptophan, tyrosine, or lysine side chains [82]. Protein modification takes place when the
interactions of proteins and phenolic compounds lead to a covalent bond. Such modification
can also occur in parallel with non-covalent reactions. This was shown in a study by Prigent et
al. [83] using the example of the reaction of 5-CQA with bovine serum albumin (BSA),
lysozyme, and lactalbumin.
Covalent bonds are catalyzed both enzymatically and non-enzymatically. Both reactions
require the presence of oxygen and can be divided in two steps [80,84,85]. Since dark colored
pigments are also formed here, as in the Maillard reaction between proteins and
polysaccharides, the reactions are also referred to as browning [43,84].
In the first step, the enzyme-catalyzed reaction begins with the hydroxylation of a monophenol
to a diphenol (catechol) [80,85]. This reaction is catalyzed by the enzyme monophenolase [80].
In the second step, the diphenol is oxidized to a quinone [85]. In turn, o-diphenolase or laccase
are biocatalysts for this oxidation reaction [80]. The responsible enzymes belong to the
polyphenol oxidases. Ali et al. [53] showed that the presence of polyphenol oxidases promotes
the formation of protein chlorogenic acid adducts more strongly than a mere increase in
chlorogenic acid concentration.
Non-enzymatic autoxidation is mostly induced by high temperatures and favorable pH
conditions during food processing [84]. The role as antioxidants, makes phenolic compounds
and hydroxycinnamic acids, susceptible to oxidation [80]. Hydroxycinnamic acids are oxidized
in a first step to semiquinones or quinone radicals [84]. These are reactive intermediate
radicals. In combination with oxygen, they are oxidized again and quinones are formed as well
[80].
Thus, both the enzymatically and non-enzymatically catalyzed reactions consume oxygen by
oxidizing the phenolic compound to a quinone ion. Quinones are diketones that act as oxidants.

Their double bound leads to a positive partial charge inside the ring. In conjunction with
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nucleophilic groups of amino acids side chains, nucleophilic addition can occur [80,84]. In
particular, the amine of lysine and the thiol group of cysteine are preferred reaction partners
[86]. However, the indole group of tryptophan, the imidazole group of histidine, the thioether
group of methionine or the phenol group of tyrosine may also be involved in the reaction [52,87].
The presence of oxygen is only a prerequisite for the reaction to take place [87]. The reaction
of a protein with a phenolic compound is mainly influenced by the nature of the two reaction
partners [81]. Prigent et al. [83] showed that differences in hydrophobicity, isoelectric point and
amino acid sequence have a significant influence on the interaction of the protein. Regarding
the phenolic compound, position and number of hydroxyl groups, molecular weight, and
structural flexibility play an important role [81,87,88]. Reaction parameters such as exposure
time, temperature, pH, and concentration of phenolic compounds also have an influence
[87,89,90]. In addition, enzymes such as polyphenol oxidases, which catalyzes the oxidation of
phenolic compounds, drive the modification of proteins.

The 11S has a strong hydrophilic C-terminal on its surface region of the a-subunit [52]. Here,
it protects the inner domains by itself becoming a preferred target of chlorogenic acid. This
was demonstrated by Schwenke et al. [64] and by Rawel et al. [52]. Trypsin digestion is also
most likely to occur at the more exposed a-subunit. Rawel et al. also demonstrated the stability
of the conformation of 11S in the alkaline milieu upon addition of chlorogenic acid. The
proportions of random turns decreased in favor of stabilizing B-sheets [52].

Montavon et al. [56] noticed a smearing of the SDS-PAGE bands especially in samples of
immature coffee cherries. Besides a stronger activity of oxidizing enzymes, it was concluded
that the increased multiprotein complex was due to a higher concentration of phenolic
compounds. As mentioned above, aerobic incubation of ground green coffee beans result in
degradation of storage proteins [52,56,58]. The released amino acids may react with
autoxidizing chlorogenic acid. This process can also occur during roasting as well as during
the cultivation, ripening and processing of coffee which presumably contributes to the

development of the coffee aroma [53,58,80].

2.6. Protein-protein crosslinks

Protein-protein crosslinks (PPCs) are covalent bonds between or within proteins [91,92]. When
they occur within a protein, they are referred to as intramolecular PPCs. If, however they
covalently link at least two separate proteins, it is called intermolecular PPCs. The nature of
the connection depends primarily on the amino acid residues involved. PPCs can be formed
in a variety of ways. In food matrices Mckerchar et al. [92] distinguish between naturally
occurring, processing derived and targeted PPCs.

The most naturally occurring form is the disulfide bridge [91]. In an oxidation reaction, the

enzyme called protein disulfide isomerase links two cysteine residues [92]. Disulfide bridges
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are a crucial building block of the tertiary protein structure. In medical diagnostics, they are
regarded as indicators of oxidative nutritive stress [92,93]. Breads baked with wheat flours in
particular showed higher dityrosine concentrations after baking [93].

Dehydroproteins can be formed during the preservation of foods with bases, or simply during
their processing at high temperatures [92]. These can then combine with other amino acid
residues by nucleophilic addition [94]. High temperatures are also responsible for PPCs
through the above-mentioned Maillard reaction [95]. In addition, isopeptide bonds can be
thermally induced. They are formed by condensation of the lysine amino group with asparagine
or glutamine residues [96,97].

In addition to the examples mentioned, proteins can also form crosslinks by reacting with
phenolic compounds [80,98]. After a quinone has linked to a primary amine of an amino acid
side chain by nucleophilic addition, the adduct can be oxidized again [80]. This diketone can
now perform a nucleophilic attack on a primary amine [80]. A PPC is formed via a phenolic

linkage.

2.7. Consequences of protein modification with polyphenols

The consequences of protein modifications in connection with polyphenols are numerous
[80,88]. Many of them indicate reduced nutritive quality [80,81,88]. In a study with whey protein,
Rawel et al. [99] showed that protein modification by reaction with selected polyphenols
decreased protein solubility over a wide pH gradient [99]. In addition, hydrophobicity increased,
and the isoelectric point decreased. In-vitro cleavage of modified whey proteins by
gastrointestinal tract enzymes (trypsin, chymotrypsin, pepsin, and pancreatin) was decreased.
When studying the interaction of myoglobin and selected phenolic compounds, Kroll et al. [100]
found also that the solubility of the resulting adducts was lower than that of the native protein.
The isoelectric point shifted toward a more acidic pH. Similarly, the endopeptidases trypsin,
chymotrypsin, and pepsin had difficulty digesting the modified proteins in vitro [100].

In experiments with soy protein, Rawel et al. [101] also noticed lower lysine, cysteine and
tryptophan concentrations after interaction with various phenolic compounds, which is a further
indication of lower usability by the human organism. O’Connell et al. [102] found a decrease in
accessible lysine and thiol groups when milk proteins were modified with caffeic acid to
increase heat stability. Petzke et al. [103] were able to show in rats that modification of
lactoglobulin with chlorogenic acid resulted in decreased nitrogen recovery.

Modified proteins are crucial flavoring agents [66]. This has been adequately documented for
the products of the Maillard reaction [43,104]. For a beverage rich in protein and
hydroxycinnamic acid as coffee, it is important to seek the origin of its complex aroma in the

compounds of these components [52,53,56,105].
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2.8. Analysis of covalent protein-polyphenol interactions

The described chemical and physical consequences associated with a covalent interaction of
proteins and polyphenols can in turn be the starting points for analysis. Since most of these
interactions are non-covalent in nature.

Among the methods to explore these interactions, there are several spectro and fluoro
spectroscopic methods. Excitation of proteins with a wavelength between 240 and 280 nm
leads to the emission of fluorescence in the range of 340 - 350 nm. Covalent bound
polyphenols can quench this emission. Liu et al. [106] were able to demonstrate the formation
of flavonoid-BSA complexes. Czubinski et al. [81] also investigated flavonoid dependent protein
modification using fluorescence spectroscopy and found that exactly one molecule of vitexin
binds to one molecule of y-conglutin at a time. Fluorescence spectroscopy was also used in
the study of soy protein by Rawel et al. [89]. They found that the tertiary structure of the protein
changes by modifications after interaction with various polyphenols. Rawel et al. [101] obtained
comparable results regarding the interaction of BSA and CA using fluorescence spectroscopy.
The interaction of proteins and polyphenols results in molecular weight change and net charge.
Kluger et al. [107] suggest the use of polyacrylamide gel electrophoresis (PAGE) or size
exclusion chromatography (SEC), mainly for the analysis of PPC. Lui et al. [108] applied SEC
to determine the arrangement of covalent zein-polyphenol conjugates at pH 9.0 and an
expected increase in molecular weight was observed. PAGE is also used in the present work
in the analysis of protein fraction of green C. arabica beans. Following Ali et al. [53],
polyphenols and proteins polyphenol aggregates are analyzed by reversed phase high
performance liquid chromatography (RP-HPLC) using a UV-vis detector. While peptide bonds
have their maximum absorption at 214 nm and aromatic amino acids at 280 nm wavelength,
the maximum absorption of phenolic acids is between 270 - 280 nm and 305 - 330 nm [81]. Ali
et al. [53] separated extracted coffee bean proteins by RP-HPLC and determined the maximum
absorbance of 5-CQA at 325 nm. Using this relative quantification, the authors found significant
differences in the proportion of covalent protein-polyphenol aggregates between green beans
of the species C. arabica and C. canephora.

Gallo et al. [109] used electrospray mass spectrometry (ESI-MS) to analyze the covalent
interaction of casein and whey protein with polyphenols from cocoa. They were able to identify
a specific cysteine molecule of B-lactoglobulin as a binding site for catechin and epicatechin.
Thus, with ESI-MS, it is possible to identify specific amino acids in the primary structure of a

protein as binding sites for polyphenols [81].

2.9. Coffee cup quality
Coffee producing countries normally have their own coffee quality standards. These standards

should be accepted for the local as well as for the international market. Erna Knutsen of
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Knutsen Coffee Ltd, in a speech held in France in 1978, brought for the first time the term
“specialty coffee”. This term refers to special geographic microclimates which produce coffee
beans with unique flavor profiles. Specialty coffee beans require adequate preparation,
roasting and brewing methods. Specialty coffee industry has evolved during the last 10 years,
however this term is confined as a potentially wonderful gustatory experience. In order to
preserve high quality of coffee cherries, several processing steps need to be considered. First,
plant farming factors like right soil, appropriate climate conditions, proper maintenance, right
ripeness, and harvesting are essential to develop high quality coffee fruits. Specialty coffee
cherries need to be processed to a wet mill right after harvesting. Time between harvesting
and processing plays an important role for the final coffee-cup quality. Processing steps must
be carefully undergone so that coffee beans are not damaged. The drying step is another key
activity. If coffee beans are dried too quickly or too slowly, unevenly, dried and then rewetted,
or not dried enough, it can be averse to the final coffee quality. Parchment green coffee must
be adequately stored, guaranteeing proper temperature, and humidity. Finally, parchment
coffee beans must be dehulled and subsequently separated by size and packaged for shipping
[110].

The Specialty Coffee Association (SCAA) is a non-profit organization founded in 1982 for the
specialty coffee industry. SCAA defines specialty coffee in its green stage (green coffee) as
coffee free of primary defects, properly sized and dried, resulting in no faults or taints in the
cup. This means that coffee must be able to pass cupping tests. After roasting, coffee must be
milled. Since aromatic compounds are released from grinding, milling and brewing need to be
close in time. Size of the milled coffee is also important depending on the brewing preparation.
Finally, water quality, brewing temperature, coffee to water ratio and extraction need to be
taken into account to produce a specially coffee beverage [111].

The Technical Standards Committee (TSC) of the SCAA proposed standards for cup quality
such as sample preparation to evaluate the quality. For the evaluation of the coffee cup quality
a sensory terminology has been established. Figure 6 shows the Coffee Taster’s Flavor Wheel
by SCAA and World Coffee Research (WRC). The Flavor Wheel provides means of recording
important flavor attributes for coffee such as fragrance/aroma, flavor, aftertaste, acidity, body,
balance, uniformity, clean cup, sweetness, defects, and “overall’ attributes. The overall

cupping quality is based on the flavor experience of the individual as a personal assessment.
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Figure 6 Coffee taster’s flavor wheel.

Taken from the Specialty Coffee Association of America (SCAA) and World Coffee Research (WCR) (2006) [111]

2.10. Coffee by-product utilization
The treatment of coffee by-products is generally realized by oxygen-driven biological methods,
such as composting, which serves a dual purpose, i.e. valorization via manurial value and as
well as decreasing the pollution potential [46,112]. Many studies have been directed towards
this goal of composting coffee wastes [112-119], while implementing among them earthworms
[120-122] or with the intention of modulating the mineral recycling [123-126]. Other approaches
concern the realization of sustainability by application in fuel production including biogas [127-
139], ethanol [140-142], biodiesel [143] or in briquetting of wastes from coffee plants with efforts
also directed towards torrefied coffee residues [144-155]. Table 2 shows a compilation of recent

advancements (2012-2016) and available studies featuring the utilization of coffee wastes.
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Table 2 Recent advances on coffee waste utilization (2012-2016)

Nr. Type of coffee waste used Method of utilization Reference
1 Coffee by- and waste products  Reviews: Different methods of utilization [46,132,152,156-161]
(husks, skin, pulp, mucilage,
parchment, silverskin, spent
coffee, wastewater)
2 Spent coffee grounds from Source of bioactive compounds (e.g. [157,162-166]
different coffee making art phenolic compounds - caffeoylquinic acids,
antioxidant dietary fibers, triglycerides)
3 Spent coffee Natural biosorbents for removal of heavy [167-169]
metals; Activated carbons
[170-174]
4 Spent coffee Decolorization e.g. of real textile [175-180]
wastewaters
5 Coffee by- and waste products Enzymes — e.g. xylanase in solid-state [158,181,182]
fermentation, beta-glucosidase
6 Coffee silverskin, pulp / spent Bioethanol production via yeast strains [140-142]
coffee
7 Coffee by- and waste products  Bioenergy — incl. pyrolysis and gasification ~ [127,129,132,135-
of biomass residues — char tar and gas 139,144,145,147,149-
production, biogas, bio-oil, torrefied 153,163,183-186]
biomass, briquetting etc.
8 Coffee husks / spent coffee Composting / fertilizer [112,117,119,120,126]
9 Coffee husks / spent coffee Polymer composites [159,187]
10 Coffee husk ash reject Ceramic production [188-190]
material
11 Coffee husks Bacterial cellulose [191]
12 Coffee husks Potential utilization in food production [192]
13 Spent coffee Cosmetic formulations [193,194]
14 Spent coffee Building materials [195-198]
15 Spent coffee Biosynthesis of polyhydroxyalkanoates [164]

The basic/proximate chemical composition of these four main coffee by-products (coffee pulp,

coffee husks, coffee silverskin, and spent coffee) and their utilization are well documented [46].

The potential uses in the food sector for the solid coffee wastes amongst others are the

production of enzymes and secondary metabolites. The use of waste streams with novel

biotechnological methods has been proposed for the production of bulk chemicals and value
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added products such as single cell protein, ethanol, organic acids, amino acids, secondary
metabolites, mushrooms and enzymes [199]. Spent coffee grounds, coffee pulp and husks for
examples have been utilized for polyphenol [157,162-166,200] or auxin recovery [201] among
other bioactive compounds [46,157].

The valorization of the solid coffee by-products in the non-food sector has been directed
amongst others towards reinforcement in polymer composites [159,164,202], in activation
[46,203] / de-colorization of organic dye [46,177,178], use as electrode material
[167,170,171,175,176,204], application in wastewater treatment [167,170,171,178,179], for
cosmetic  products  [193], cellulose  production [191], enzyme  production
[118,158,181,182,205,206], building materials [188,189,195,196,207,208] including crystalline
nanoparticles [209,210], utilization in storage of gases [211] as well as in control of plant
diseases [212].

Coffee pulp residues have been researched with various treatments [213,214] as already
mentioned above, but the characteristics and approaches to the treatment [215] and utilization
[160] of coffee wastewater generated during the wet processing require more concentrated
efforts and attention. Furthermore, the process of fermentation generates also wastewater with
serious consequences for the environment because of their high Biochemical Oxygen
Demand, Chemical Oxygen Demand values and acidic nature such. Therefore, it is necessary
to develop better methods of treatment in order to decrease their content, the envisaged result
being to produce higher wastewater quality and gaining new valuable products.

If wet processing of coffee beans is being performed in big style, the untreated effluents
produced will greatly exceed the self-purification capacity of the natural waterways. In order to
overcome the pollution potential of processing such wastewaters, a clear understanding of its
constitution is essential to design a feasible treatment system [18].

The wastewater generated in the cleaning and pulping steps contains many individual
compounds including proteins / enzymes, peptides and free amino acids. The extensive
literature research revealed that there is no detailed data on exact composition available for
wastewater. The secondary plant metabolites present will certainly include nitrogen containing
compounds such as caffeine and trigonelline [216,217]. Coffee beans are also a major source
of antioxidants which include phenolic compounds such as chlorogenic acid, an ester formed
between caffeic - and quinic acid. The results, as mentioned formerly, are caffeoylquinic acids
(CQA), their corresponding three isomers (3-CQA, 4-CQA and 5-CQA), dicaffeoylquinic acids
(diCQA) with respective three isomers (3,4-diCQA, 3,5-diCQA, and 4,5-diCQA) and
feruloylquinic acids with the known three isomers (3-FQA, 4-FQA and 5-FQA), representing
further derivatives of hydroxycinnamic acids found in coffee beans [218]. Recent studies
reporting on the composition of coffee phenols have documented more than 50

hydroxycinnamic acid derivatives being present [219,220].
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The interest in these two compound classes (proteins and phenolics) from the chemical point
of view is related directly or indirectly to their dual role as substrates for oxidative monitored
reactions. The phenolic compounds are susceptible to both enzymatic and non-enzymatic
oxidation in the presence of oxygen [221,222]. The resulting reactive o-quinones are capable
of undergoing a nucleophilic addition to proteins as already mentioned, thereby covalently
modifying the proteins [222]. The development of mass spectrometric methods has recently
provided a more detailed biochemical characterization of the interactions of CQA and amino
acids [222-224].

2.11. Coffee wastewater
The term virtual water is defined as the volume of water required to produce a commaodity or
service (Allan, 1998, 1999; Hoeskstra, 1998). When there is a transfer of products or services
from one place to another, there is little direct physical transfer of water. The virtual water in
terms of the production point of view can be defined as the real water used in the production
of the commodity. It is production site specific, as it depends on the production conditions,
including place and time of production and local water use efficiency [225]. Virtual water content
of coffee therefore can be defined as the total volume of water required for producing the
coffee. The virtual water of roasted coffee is the sum of the water requirements in each
production stage. Meaning, the crop water requirements of coffee plant, and water of the post-
harvesting production. In the Netherlands when drinking one standard cup of coffee (125 mL)
about 140 liters of water are needed and in terms of world population about 110 billion cubic
meters of water per year are required in order to be able to drink coffee [226]. Table 3 shows
the steps for the calculation of the virtual water content of coffee produced in Guatemala by

the wet processing.
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Table 3 Calculation of the virtual water content of coffee produced in Guatemala by wet processing

Variable Value Unit Source
Crop water requirement 1.338 mm CROPWAT

Calculated from yield of green

Yield of fresh cherries 5,6 ton/ha coffee given by FAO (2003c)

Virtual water content of fresh

i 2.389 m3/ton C=10A/B
cherries
m?3/ton of .
Water use for pulping 7,5 fresh Assumptlo(gbggzt)ed on GTZ
cherries
Remaining fraction after pulping 0,44 ton/ton Bressani (2003), GTZ (2002a)
V|rtugl water content of pulped 5.447 mé/ton E = (C+C1)/D
cherries
3
Water used for soaking and 22 m L/Jtlore‘é)f The roast and post coffee
washing PUIDE company (2003), GTZ (2002b)
cherries
Remammg fraction aftgr 0,9 ton/ton Bressani (2003)
fermentation and washing
Virtual water content of wet 6.077 mé/ton G = (E + E1)F
parchment coffee
Remaining fraction after drying 0,506 ton/ton GTZ (2002c)
Virtual water content of dry 12010 m3/ton | = G/H
parchment coffee
Remalmng fraction after hulling 0.9 ton/ton GTZ (2002a)
(removing the parchment layer)
E)/wtual water content of hulled 13.344 mé/ton K =1/
eans
Rem_alnlng fractlpn after polishing, 0.89 ton/ton GTZ (2002a)
grading and sorting
Virtual water content of green 14.993 m3ton N = K/L
coffee
- . . GTZ (2002a), Hicks (2001), ICO
Remaining fraction after roasting 0,84 ton/ton (2003), Sovrana (2003)
Virtual water content of roasted 17.849 m3/ton P = N/O
coffee
Total Production 240.222 ton/yr

Note: Virtual water content was determined as described by Chapagain et al. [226]

Coffee wastewater is acidic with a high content of suspended and dissolved organic matter.
The effluent is rich in sugars, tannins, and alkaloids [227]. The major problems and
consequences for the environment are due to their high Biochemical Oxygen Demand (BOD),
Chemical Oxygen Demand (COD), acidic nature and unacceptable color. Using oxygen from
water microorganisms will slowly break down the organic matter. Whenever oxygen demand
starts to exceed, oxygen content decreases resulting in anaerobic conditions [2]. This results
in high amounts of oxygen needed to break down organic matter (BOD) and oxidation of
inorganic chemicals (COD). Anaerobic conditions can trigger health threatening bacteria with
unpleasant smells and dark color appearance that can be harmful for aquatic inhabitants

[2,228]. Besides bacteria that leak out into potable water can impact human health [229]. It is
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important to mention that color plays also an important role in aquatic life from sun rays. When
water exhibits brown or dark color, photosynthesis activity decreases [228], thus affecting other
parameters like temperature, Dissolved Oxygen (DO), BOD and COD [230]. Organic acid from
the fermentation of sugars makes the wastewater acidic. The acidity of the effluent might
exhaust life supporting of water bodies [231], besides under such conditions plants and animals
can hardly survive [232]. Therefore pH adjustment is required to increase microbial growth and

activity for decreasing organic matter [233].

2.11.1. Coffee wastewater treatment

In the developing countries, where the coffee processing takes place, wet-coffee processing
plants are still discharging coffee wastewater without any treatment. The main problem is that
the conventional wastewater treatments are too expensive for most of the coffee producers
[234]. Therefore, besides effective, coffee wastewater treatment, operational and maintenance
costs as well as environmentally friendly technology must be considered. Apart from that, when
wastewater is discharged it must be based on discharge limits available in the respective
country.

Wastewater treatment can be divided into biological and physicochemical methods, the latter
have been more chosen to treat industrial wastewater. This is because the ability of such
methods to break down complex compounds in wastewater in short time. Some studies have
addressed the coffee wastewater treatment using different treatment technologies which vary
from low to high technologies. Coffee wastewater has been tested to be a potassium source
for coffee plant production. The authors showed the viability in the use of coffee wastewater in
the production of coffee plants, though dilution should be considered [235]. However,
application of higher volumes of coffee wastewater might affect the soil respiratory rate, soll
fertility, pH, available phosphorous, and physicochemical properties of the soil. Moreover,
population of soil macro fauna and microbial population are also affected [236]. Oliveira et al.
[237] investigated the performance of drip irrigation subunits using wastewater from coffee
processing, even though the wastewater must undergo a physical treatment (filtration) to avoid
the risk of clogging dippers [238]. Another well-known and attractive food industry waste
treatment technology in developing countries is the anaerobic technology. This requires low
maintenance and operation and has the capacity to treat seasonally produced wastes. An
anaerobic hybrid reactor using an Up-flow Anaerobic Sludge Blanket (UASB) and filter was
tested for treating coffee wastewater, finding that variations in volume, wastewater
concentration and pH prevent a stable reactor operation [239-241]. Furthermore, some of the
constituents present in coffee wastewater like caffeine, chlorogenic acid, and tannins could be
potential toxic compounds for anaerobic bacteria [242]. Another approach is combining

anaerobic and aerobic technologies. This proposal was made using bio-methanation followed
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by aeration and wetland technology [243]. The anaerobic-aerobic process is suited for coffee
processing water treatment. However, sedimentation and pH stabilization must firstly be done
to guarantee adequate treatment efficiency.

Physicochemical and biological treatment methods commonly used in domestic wastewater
treatment have also been investigated for the treatment of coffee wastewater. Photo-Fenton,
oxidation, zero-valent iron (ZVI), fungal species, coagulation, membrane filtration, electro-
chemical coagulation, Gamma radiation and activated carbon. These methods have
successfully treated contaminants in coffee wastewater, nevertheless some disadvantages
must be taken into consideration like material replacement, additional chemical supplies,

method lifespan and time consuming, amount of energy, high level of expertise and high costs.

2.12. Lactic acid in coffee fermentation
Origin of lactic acid bacteria is believed to be plant material [244]. In coffee fermentation lactic
acid bacteria find a rich environment for its development in coffee pulp. However, factors
affecting the initial load of microorganisms include the quality and integrity of coffee cherries,
plant variety, hygiene of fermentation tanks and water used in the process. The microbiota of
wet-coffee processing is a complex ecological community belonging mainly to the groups of
bacteria, fungi, and yeast. These microorganisms are associated with the degradation of the
pulp and mucilage of the coffee fruit (Figure 7), the formation of alcohols and long-chained
carboxylic acids [245]. Sugar content in coffee pulp is the main carbon source for the lactic acid
bacteria growth. These sugars include glucose, fructose, galactose, and mannose and

polysaccharides like pectin and cellulose [246].
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Figure 7 Lactic acid bacteria pathway in wet-coffee processing fermentation.

Taken from de Melo Pereira, et al. [246]

Organic acids are constituents of interest due to their different functionalities. To guarantee the
proper drying of green coffee, mucilage layer needs to be degraded and this process takes
place during the fermentation stage. It was shown that mucilage layer degradation was
correlated to acidification by lactic acid bacteria [247-250]. The reduction in pH below 4.6 is a
method used empirically by coffee producers to determine the end of fermentation [251]. Lactic
acid bacteria have been related also to improve the organoleptic characteristics like acidity of
coffee beverage [250]. Finally, lactic acid bacteria in fermentation have been reported with
bacteria with antifungal activity preventing growth of fungi related with poor cup quality as well

as mycotoxins potentially harmful to consumers [252].

2.13. Side effects of lactic acid in coffee wastewater
The process of fermentation also generates wastewater with serious consequences for the

environment. Lactic acid fermentation contributes to the acidification of the wastewater. The
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acidity of the effluent might exhaust life supporting of water bodies [231], besides under such
conditions plants and animals can hardly survive [232]. Depending of effluent handling,
wastewater can leach into the groundwater sources, resulting in pollution of the drinking water
for the surrounding communities. Polluted drinking water might cause health problems like skin
irritation, stomach pain, and nausea [231]. Because of their high Chemical Oxygen Demand
and dissolved solid content, coffee wastewater is normally treated by a combination of
anaerobic and aerobic biological methods. The pH is an essential factor of control during
anaerobic digestion, since microorganisms have optimum growth in the pH range between 6.8
and 7.6 [253]. In a pilot scale experimental set-up Zhang et al. [254] have examined the
influence of lactic acid on the anaerobic digestion of kitchen wastes where lactic acid is the
main fermentation product. The study demonstrated that high concentration of lactic acid in
the effluent could decrease the load of Chemical Oxygen Demand and deteriorate the effluent
of the subsequent methanogenic process due to the propoionic acid accumulation. Therefore,
preventing the presence of lactic acid for the improvement of biological treatment, special

anaerobic digestion is advisable.

2.14. Adsorption
Adsorption can be defined as the ability of some solids to retain substances from solution onto
their surfaces. Adsorption is a commonly used treatment technique for industrial and domestic
wastewater. Besides, separation of selected compounds by adsorption in the food industry is
widely performed. The substance gathered on the surface is named adsorbate and the solid
or surface is called adsorbent. Mistakenly adsorption and absorption are used interchangeably,
however absorption is where a liquid is soaked up into the adsorbent, whereas adsorption
refers to individual molecules gathering on the surface of the adsorbent. Desorption is another
term equally important, and it is defined as the removal of the molecules from the surface.
Desorption results when the adsorbent on the surface becomes saturated with the adsorbate.

Figure 8 shows the adsorption-desorption mechanism.
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. ADSORPTION . DESORPTION

ADSORBATE

Figure 8 Schematic representation of adsorption and desorption mechanism.

Depending on the nature of the forces involved between adsorbent and adsorbate, the
adsorption can be divided in two types: physical and chemical adsorption. In physical
adsorption, the adsorbate binds the adsorbate by relatively weak van der Walls forces which
are independent of the electronic properties of the adsorbate and the adsorbent, therefore
electron exchange does not happen. Chemisorption, however, involves exchange of electrons
between adsorbate molecules and surface of the adsorbent forming a chemical bond. The
bond formed between adsorbent and adsorbate is stronger in chemical adsorption compared
to the physical adsorption. The two types of adsorption work together, where lower energies
are associated with physisorption, while higher energies are associated with chemisorption.

Nevertheless, in practice it is difficult to differentiate between the two of them.

2.14.1. Adsorption isotherms

The process of adsorption is studied through mathematical models known as adsorption
isotherms. Adsorption isotherm is a representation of the amount of adsorbate adsorbed on
the adsorbent as a function of the equilibrium concentration remaining after adsorption, at
constant temperature. Two isotherm models are mainly used to explain the behavior of
adsorption on activated carbon, the Langmuir and Freundlich isotherms.

The Langmuir adsorption isotherm model assumes homogeneous and monolayer adsorption
with no lateral interaction between adjacent adsorbed molecules when a single molecule
occupies a single surface site [255]. The non-linearized form of the Langmuir isotherm is
expressed as:

Qe=C{m*KL*Ce
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where g is the amount of adsorbate in the adsorbent at equilibrium (mg/g), K. is the Langmuir
isotherm constant (L/mg), Ce is the equilibrium concentration of lactic acid in the solution
(mg/L).

The Freundlich isotherm model describes a non-ideal and reversible adsorption process, which
is applied to explain the multilayer adsorption onto a heterogeneous adsorbent surface. The
non-linear form of the Freundlich isotherm model is represented as:

e = Kg * Cel/n

where Ky is the Freundlich isotherm constant (mg/g) (L/g)" and n is the adsorption intensity.
Adsorption isotherm models are important because they give essential information to
understand how a specific adsorbent will interact with the adsorbent surface. Furthermore, the
affinity between absorbent and adsorbate, and maximum adsorption capacity are elucidated

from the isotherm models.

2.15. Valorization of coffee wastes through modification to activated carbon
Activated carbons are versatile adsorbents, their adsorbent properties lie in the large surface
area, area activity, and favorable pore size. Besides physical characteristics, adsorption
capacity is greatly influenced by the chemical structure of the surface, which affects the
characteristics of the surface such as polarity, acidity, and hydrophobicity [256]. The surface of
the activated carbon is normally modified to change its adsorption properties. The modification
is carried out mainly by two manufacturing processes, implicating physical or chemical
activation. Physical activation involves heating in the absence of air with steam or other gases
like carbon dioxide between 800 and 1000° C, while chemical activation is commonly
performed using several activation agents like potassium hydroxide, zinc chloride, and
phosphoric acid [257]. In the chemical activation, removal of the activation agent is required,
causing environmental burden and corrosion risks [258] while for the physical activation steam
or carbon dioxide are necessary to oxidize the carbon surface elevating the production costs.
Recently, Kong et al. [259] have proposed an activation step via co-calcination with limestone.
This method relies on the fact that limestone is decomposed above 800° C producing quicklime
and carbon dioxide effluent. Coffee processing by-products have been transformed into
activated carbon using different carbonization and activation protocols. Chemical activation is
mainly used to produce activated carbon from coffee wastes, nevertheless few investigations
have addressed physical activation method using carbon dioxide (CO;) and steam mixed with
a chemical agent [260]. Characteristics such as contact surface, pore distribution and surface
chemistry have been enhanced through activation methods. Adsorbents analyzed by scanning
electronic microscopy (SEM) have shown that after physical activation a well-developed
porosity was obtained. Whereas, after chemical activation disrupted structure was observed

[261]. Studies have examined the application of coffee waste activated carbons in the removal
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of organic molecules (dyes, acids, pesticides), and cationic and anionic components (lead,
cadmium, copper, chromium). These have shown that adsorption capacity of the molecules is
correlated with the activation protocol, textural properties of the raw material, size of the
organic molecule, and charge of the ions of the adsorbate [24,29,30]. Adsorption of gases and
vapor phase has been evaluated. Authors have determined that adsorption capacities for
methane (CH.), hydrogen sulfide (H2S), and carbon dioxide (CO-) are due to the high surface

area, volume, narrow size of micropores, and chemistry of the adsorbent [31-33].



Aim 29
3. Aim

Coffee consumption is a global issue and many countries with rich economies import coffee

beans to primarily roast these according to the individual consumer demand. But those
countries producing and primarily processing the raw beans are burdened with low economical
incomes to fight the severe contamination. This poses serious environmental problems caused
by the by-products and wastewater that is being generated during wet processing. It is in this
context that the present research has its importance, contributing to develop alternative
methods of controlling the waste by-product quality and solutions to increase not only the
pollution awareness but to make re-processing economically more attractive. This resulted in
the following aims:

1. Determination of the main constituents present in wet-coffee processing by-products
The high acidity of coffee wastewater and other components that contribute to the pollution of
the sewage and environment will be analyzed to have an overview of the individual substances
present. The specific aims include:

- Characterization of coffee by-products to determine the acidity compounds such as

phenolic compounds, and other organic acids present

- Characterization of the other constituents present and their contribution to pollution

- Characterization of the macromolecules present

- Determination of the bioactive properties of selected main constituents of substances

present

- Separation and concentration of selected target substances from coffee by-products

- Determination of alternative uses of the selected target substances from coffee by-

products

- Formulation of suggestion for an adequate low-cost technological strategy for acquiring

economical add-on value to coffee by-products

2. Characterization of the protein modification present
The proteins present are liable to modification due to the reactive components present. This
part will deal with the establishment of a new strategy to encompass such modifications, and
to give recommendations for improving the individual steps of wet processing. The specific
objectives include:

- Establishment of new protocol for the fragmentation of the proteins using specific

enzymes, chemical cleavage or a combination of these two options

- Characterization of the protein modifications via analysis of the fragments produced

with MS/MS methods

- Purification/separation/characterization of protein/peptide adducts

- Preliminary tests to the applicability of the established protocol for green coffee beans
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3. Treatment of coffee wastewater with activated carbon and analyzing the effect and
changes in the constituent composition
This part will address the changes in the wastewater quality by the appropriate treatment while
using activated carbon made from other waste products of the coffee processing industry. The
specific objectives include:
- Evaluation of the analytical data of coffee wastewater from aim 1 to establish the
strategy needed for treatment of selected compounds
- Observation of the treatment for the corresponding changes in the composition of the
relevant substances
- Design of an activated carbon species considering the operating parameters and
following design: material particle size, mixture ratio, pyrolysis temperature; adsorbate
to adsorbent ratio, effect of pH, effect of initial concentration, effect of contact time, and

adsorption isotherm
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4. Experimental part

4.1. Samples

Characterization part: Samples from arabica species were used in this work. Depulped coffee
beans, initial fermentation coffee beans, during fermentation coffee beans, final fermentation
coffee beans, green coffee beans, coffee pulp, parchment, depulping coffee wastewater,
fermentation coffee wastewater, and washing coffee wastewater were obtained from a pilot
continuous processing (Rio Colorado Company, located in Palencia, Guatemala) and from a
pilot batch processing (Santa Sofia, located in Santa Rosa, Guatemala). Samples were taken
in 2018- and 2019-production year for both pilot coffee processes.

Modification of proteins part: Arabica species processed by different type of process were
selected for this part. Samples were purchased as green coffee from Coffeewell GmbH,
Mettmann, Germany. Table 4 shows the information of the green coffee samples from Africa,
Asia, Middle and South America.

Table 4 Samples of C. arabica

Abbreviation Country Name Type of Type of
process sample
AM Ethiopia Maiji Half-wet Green coffee
KJ Kenia Josra Wet Green coffee
™ Tanzania Mbeye Peak Wet Green coffee
CT Costa Rica Terrazu Wet Green coffee
MF Mexico Flamingo Wet Green coffee
BL Brazil Logoa Dry Green coffee
BS Brazil Santos Dry Green coffee
KS Colombia Supremo Wet Green coffee
PU Peru Urubamba Wet Green coffee
IM India Malabar Monsooned Green coffee
JL Indonesia Kayumas Half-wet Green coffee
SG Indonesia Gayo Half-wet Green coffee

Adsorption part: Spent Coffee was obtained from Deutsche Extrakt Kaffee GmbH (Berlin,
Germany). Coffee parchment was collected from Rio Colorado Coffee Company (Palencia,
Guatemala). Commercial carbon Norit® GAC 1240EN was purchased from CABOTCORP

(Boston, Massachusetts, United States)
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4.2. Methods

4.2.1. Batch and continuous pilot configuration for coffee cherries processing
Two major processing options (pilot batch and continuous wet processing, Figure 9) are
commonly practiced in many wet coffee producing countries of Latin America and especially
in Guatemala. They differ in the compaosition of the wash water used to produce the final dried
coffee beans. While visiting different small-scale companies in Guatemala, also indicated that
slight individual changes to these two principle processing outlines may be employed. An
overview of the different technical possibilities is given in a textbook on coffee production [262].
Shortly, in the batch processing, the coffee cherries are immersed in water to select cherries
between unripe and the good ripe ones. Cherry skin and pulp were removed by pressing the
fruit through a sieving screen, and beans were put in a fermentation tank with a water stream
for 26 hours. Fermented coffee beans were washed out to remove mucilage and then finally
sundried. Water applied for washing the fermented beans consisted of 50% fresh water and
50% wastewater coming from preceding de-pulping and fermentation steps. This water was
gathered and pumped back to the reception tank to be included in processing the next coffee
batch. To process 60,000 kg of coffee cherries, a flow rate of 6.9 L/s for 1.5 hours was applied.
Therefore, 1 kg of processed coffee required ca. 0.63 liters of water. Fresh water was used
during the whole continuous processing and fermentation required 48 hours. Afterwards
fermented coffee beans were allowed to rest in a shallow tank for another 40 hours, followed
by a washing step. To process 12,000 Kg of coffee, a flow rate of 4.9 L/s for 2 hours was
generally applied, thus consuming at least 3 liters of water to produce 1 kg of processed coffee.
In comparison, a mechanical system was reported in Central America to remove the mucilage
from the beans. This ecological process required only ca.l L/kg of dry parchment coffee and

largely preserves the original quality of the coffee beans [6].
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4.2.2. Sample preparation
Sample preparation for analysis was conducted according to the type of samples (bean and
solid by-products or wastewater samples). Coffee beans, pulp and parchment samples were
freeze-dried, grinded with a laboratory blender and then fractionated to obtain flours with
particle size < 0.2um.
To determine the total phenolic content, antioxidant capacity, reducing sugars and free amino
groups, 10 mg of flour were mixed with 1 mL of 80% methanol in water (80:20, v/v). Extraction
was performed at room temperature under shaking conditions for 30 min. After centrifugation
at 9300 g for 10 min, supernatants were collected and stored at -20° C Likewise, wastewater
samples were directly centrifuged, supernatants collected and stored at -20° C
To analyze the organic acids, extraction was performed under the same conditions as
described above, using distilled water as solvent. Wastewater samples were directly
centrifuged. The supernatants were collected and applied for solid phase extraction (SPE)
using a column containing 300 mg of MN SC 6 Polyamide. After activating the column with 3
mL of 0.01 N sulfuric acid, 1 mL of sample was loaded, washed/eluted with 0.01 N sulfuric
acid, and stored at -20° C Afterwards, the organic acids remained in the washing out phase.
This treatment also allows the removal of different compounds (e.g., colored fractions) which
may interfere with the analysis of the organic acids.
To determine the protein content, 10 mg of flour was initially mixed with 1 mL of 80% methanol
for 30 min and centrifuged (9300 g, 10 min at 4° Q. Supernatants were removed, the
precipitates washed with 1 mL of acetone for 5 min and dried under a hood. Extraction was

done overnight using 1 mL of 1% sodium dodecyl sulfate containing 1 mM dithioerythritol.
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Mixtures were then centrifuged (9300 g, 5 min at 4° O, the supernatants collected and stored
at-20°C

4.2.3. Folin-Ciocalteu method for the analysis of total phenolic content

The total phenolic content was determined using the Folin-Ciocalteu method as described by
Singleton et al. [263] with some modifications. Gallic acid was used as standard. Briefly, 20 mL
of sample or standard solutions was mixed with 180 mL of the Folin reagent (mixture of Folin-
Ciocalteu and 0.01 M NaOH, 1:1, v/v) on the iMark microplates while using the corresponding
reader (Bio-Rad Laboratories, Hercules, CA, USA). The mixtures were incubated at room
temperature for 30 min and absorbance was measured at 750 nm. The results were expressed
as g/100 g gallic acid equivalent (GAE) of dry weight (DW) for coffee beans and by-product
samples; and as mg/L GAE for wastewater samples.

4.2.4. Determination of caffeine content and composition of major phenolic
compounds by HPLC-MS

Caffeine content and composition of phenolic compounds were determined using a HPLC
system (Shimadzu HPLC system GmbH, Leonberg, Germany). Analyzes were performed with
a C18 column (150 mm x 4.6 mm, @ 3 um, at 40° C BISCHOFF GmbH, Leonberg, Germany)
with a pore size of 120 A. Flour samples were mixed in a ratio of 10:1 (w/v) with a solution of
50% methanol containing 1% acetic acid. Wastewater samples were mixed in a ratio of 1:1
(v/v) with a solution of 98% methanol containing 2% of acetic acid. 10 pL of each solution was
injected onto the column. The separation was done at a flow rate of 1 mL/min for 45 min.
Mobile phase consisted of 0.1% trifluoroacetic acid in distilled water (eluent A) and methanol
(eluent B). The gradient applied was 20% eluent B from 0.01 to 3 min; 35% eluent B, from 3
to 20 min; 68% eluent B from 20 to 37 min; 68% eluent B from 37 to 40 min; 20% eluent B
from 40 to 45 min. The detection was performed with dual wavelength at 280 nm for caffeine
and at 325 nm for phenolic compounds (with an UV-Vis SPD-10 AVP detector, Shimadzu,
Kyoto, Japan). The results were expressed in g/100g chlorogenic acid equivalent (CAE) DW

for coffee bean and by-product samples; and as mg/L CAE for wastewater samples.

4.2.5. Determination of reducing sugars
Reducing sugars were determined under isocratic conditions with a Shimadzu HPLC system
equipped with an evaporative light-scattering detection (Shimadzu ELSD-LT II, Gain=8,
Shimadzu, Kyoto, Japan). Samples were analyzed on an X-bridge Amide column (100 mm x
4.6 mm with particle size of 3.5 um; Waters GmbH, Eschborn, Germany). Column and ELSD
temperatures were set at 65°C and 40° C respectively. The mobile phase consisted of

solutions of 84% acetonitrile and distilled water (eluent A) and 0.1% ammonia (eluent B). Flow
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rate was fixed at 0.8 mL/min for an injection volume of 5 yL. Fructose, glucose, sucrose, and
maltose solutions prepared with 60% methanol were used as external standards for a
calibration range from 0.00 to 0.4 mg/mL. The results were expressed as g/100g DW for coffee

bean and by-product samples and as mg/L for wastewater samples.

4.2.6. Determination of organic acids
A HPLC system (Shimadzu Europa GmbH, Duisburg, Germany) equipped with an UV-Vis
Detector SPD-10 AVP (Shimadzu, Kyoto, Japan) was used to analyze the organic acids. 50
ML of samples were injected into an Aminex HPX-87H column (300 mm x 7.8 mm, @ 9 um,
65° Q. The separation was done under isocratic conditions with solution of 0.01 N sulfuric acid.
Flow rate of 1.0 mL/min was applied for a separation time of 20 min. Citric acid, malic acid,
lactic acid, acetic acid, propionic acid and butyric acid were used as standards for a calibration
range from 0.00 to 0.2 mg/mL. The detection was done at 210 nm and the final results were
expressed as g/100g DW for coffee bean and by-product samples and as mg/L for wastewater

samples.

4.2.7. Antioxidant capacity
Antioxidant capacity was measured with the Ferric Reducing Ability of Plasma (FRAP) method
using ascorbic acid as standard. FRAP-reagent was prepared by mixing in a ratio of 1:1 20
mM of iron (lll) chloride hexahydrate with 10 mM of 2,4,6-Tripyridyl-S-Triazine (TPTZ). 10 pl
of samples or standard solutions were then mixed with 150 pL of FRAP-reagent and incubated
at room temperature for 6 min. The absorbance was taken at 595 nm using the microplate
absorbance reader (Bio-Rad Laboratories, Hercules, CA, USA). The results were expressed
as g/100g FRAP equivalent (FE) of dry weight (DW) for coffee bean and by-product samples

and as mg/L FE for wastewater samples.

4.2.8. Free amino groups
Free amino groups were analyzed using the fluorescamine free amino groups assay.
Fluorescamine reagent was prepared by mixing 3 mg of fluorescamine (Thermo Fischer
Scientific, Waltham, MA, United States) with 1 mL of dimethyl sulfoxide (DMSO). 150 uL of
sample or standard were mixed with 50 uL of fluorescamine reagent and incubated at room
temperature for 15 min. Excitation was set at 365 nm and emission at 470 nm while using a
microplate reader (TECAN infinite M200 PRO, Mannedorf, Switzerland). L-Leucin with
concentrations ranging from 0.00 to 6.00 mM was used as standard and the results were
expressed as g/100g DW for coffee bean and by-product samples and as mg/L for wastewater

samples.
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4.2.9. Extraction of protein
Samples from two coffee plantations located in Guatemala were extracted by three different
methods for protein determination. Extraction with polyvinyl polypyrrolidone(PVPP)(option 1)
was based on Laing et al. [264] and Ali et al. [53]. The extraction protocol with sodium dodecyl
sulfate (SDS) (option II) was developed as described by Want et al. [265] and Figueroa et al.
[266]. Extraction protocol option Il was further improved and used for further analysis. A
schematic flowchart of the three extraction protocols is provided in Figure 10 presents the
schematic flowchart of the extraction protocols.
Briefly, for method I: 100 mg of powder sample and 50 mg of polyvinylpolypyrrolidone (PVPP)
were mixed with 1 mL of 0.04% ascorbic acid in water (v/v). Extraction was performed at room
temperature under shaking conditions for 2 hours. After centrifugation at 4000x g for 20 min,
supernatants were collected and stored at -20 ° C. For method Il: 100 mg of powder sample
were mixed with 1 mL of hexane under shaking conditions for 10 min. After centrifugation at
7000x g for 10 min, supernatants were discharged. Subsequently, 1 mL of hexane was added,
and samples were let dry in opened microtubes for 10 min at room temperature. Finally, 750
pL of SDS buffer were added to each sample and heated for 20 min at 50 °C. After
centrifugation at 7000x g at 4° C for 5 min, supernatants were collected. Method Il consisted
of mixing 20 mg of powder sample with 1 mL of hexane under shaking conditions for 10 min.
After centrifugation at 7000x g at 4° C for 10 min, supernatants were discharged. Thereatfter,
the precipitates were washed with 1 mL of hexane and let them dry in opened microtubes for
1 hour at room temperature. Subsequently, 750 pL of SDS buffer were added to each
precipitate. Then 20 pL of 0.25 M of tris-(2-carboxyethyl) phosphine (TCEP) solution were
briefly mixed with the precipitates and next heated at 50 °C for 20 min in a dark room.
Subsequently, 20 L of 0.25 M of iodoacetamide (IAA) solution were added to the precipitates
and incubated at 50 ° C for 20 min in a dark room. Mixtures were afterwards centrifuged for 5
min. Finally, the supernatant was transferred to a new microtube, and precipitates were
discharged.
Protein fractions extracted with the three methods were finally mixed with 1 mL of acetone at
4 ° C and incubated at-20 ° C for 20 min. After centrifugation at 7000 xg for 5 min, supernatants
were discharged. Right after, 1.5 mL of methanol at 4 ° C was added and mixed for 20 seconds
and incubated for 20 min at -20 ° C. After centrifugation conditions for 5 min, supernatants were
transferred to new microtubes.
After extraction with the methods | and Il, samples were mixed with 500 pL of urea buffer under
shaking for 1 min flowed by 10 min of ultrasonic bath. Mixtures were centrifugated at 10000x

g for 5 min and supernatants were stored at -20 ° C.
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Option | Option Il Option IlI

CP and BP (100 mg) DPM (20 mg)

PVPP (50 mg)

2 x degreased with hexane

Ascorbic acid SDS-sample buffer SDS-extraction buffer
(1 mL 0.04%) (0.75 mL) (0.75 mL)
Shaking (2h) Incubation TCEP (20 pL 250
(20 min at 50 ° C) mM)
Incubation

(20 min at 50 ° C)

IAA (20 L 250 mM)

Incubation
(20 min at 50 ° C)

Centrifugation

Precipitation with acetone (1 mL)

Washing with Methanol (1.5 mL)

Figure 10 Schematic flowchart of the three protein extraction protocols used

CP are samples from continuous process; BP are samples from the batch process; DPM are samples from different
processing methods; TCEP the reducing agent tris(2-carboxyethyl)phosphine and IAA the alkylation agent

iodoacetamide.

4.2.9.1. Free amino nitrogen
Free amino nitrogen was performed to measure the concentration of the protein bound free
amino groups. Glycine stock solution (2mg/ L) was used as standard. 40 pL of the mixed
solution or standard was diluted in distilled water. Briefly, 400 pL of the diluted solution was
mixed with 200 pL of ninhydrin staining reagent. The resulting ninhydrin mixtures were heated
at 100 ° C for 16 min, solutions were cooled at 20 ° C for 20 min and 1 mL or potassium iodide
solution was added. The absorbance against distilled water was measured using the
corresponding spectrophotometer (Jenway Genova, Staffordshire, UK). Absorbance was
measured at 570 nm. The content of free amino nitrogen was calculated using the Equation 1

and the results expressed as pg/mg protein:
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FAN = (As— A — Ac) / (Ac— As) X2 X F (1)

where, Asis the absorbance of the sample, Ag is the absorbance of Glycine standard solution,
Ag is the absorbance of the blank, Ac is the absorbance of the corrected blank, F is the dilution

factor and 2 is the concentration of Glycine standard solution (mg/L).

4.2.9.2. Free thiol groups
Free thiol groups were measured to examine the modification of certain amino acids side
chains that is induced by oxidation reaction of phenolic compounds. Reduced glutathione and
N-acetylcysteine was used for the calibration curves. The extracted solutions were first
dissolved in 0.2 M Tris-SDS buffer. Briefly, 450 uL of the dissolved samples or standard were
mixed with 30 pL of (5,5"-dithiobis-(2-nitrobenzoic acid) (DTNB) in the cuvettes while using the
spectrophotometer (Jenway Genova, Staffordshire, UK). The mixtures were incubated at room
temperature for 10 min and absorbance was measured at 421 nm. The results are expressed

as nmol SH groups/mg protein.

4.2.9.3. Phenolic compounds bound to proteins by HPLC
Composition of the phenolic compounds were determined using a HPLC system (Shimadzu
HPLC system GmbH, Leonberg, Germany). Analyzes were performed with a C8 column (250
x 3.0 mm, particle size 5 um, at 37 ° C; MZ-Analysetechnik GmbH, Mainz, Germany) with a
pore size of 300 A. Undigested samples extracted by the improved SDS extraction method
(Option 111) were used. After extraction, the protein pellets were dissolved in 0.5 mL urea
extraction buffer and injected onto the column. The separation was done at a flow rate of 0.6
mL/min for 20 min. Mobile phases consisted of 0.1% trifluoroacetic acid in distilled water
(eluent A) and acetonitrile (eluent B). The gradient applied was: 0% eluent B from 0.01 to 3
min; 40% eluent B, from 3 to 7 min; 40% eluent B, from 7 to 10 min; 80% eluent B from 10 to
11 min; 80% eluent B, from 11 to 13 min; 0% eluent B from 14 to 20 min. The detection was
performed with a dual wavelength; at 280/325 nm for the determination of phenolic compounds
(with an UV-Vis SPD-10 AVP detector, Shimadzu, Kyoto, Japan). The results were expressed

as Ug phenolic compound/mg protein.

4.2.9.4. Determination of protein content
Protein content was determined using Lowry method. In an alkaline environment, complex
peptides bonds Cu2+ ions are reduced to Cu+. Folin-Ciocalteu reagent is used to strengthen
the color of the reaction. The amino side chains of asparagine, cysteine, histidine, tryptophan,
tyrosine, and the monovalent copper catalysis react with the Folin-Ciocalteu reagent.

Consequently, phosphomolybdic acid and phosphotungstic acid are reduced to molybdenum
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and tungsten blue. The resulting chromophores absorb light at 750 nm. The absorption is
measured photometrically. BSA was used as external calibration [267,268].

Protein content was measured by using the method of Lowry et al. [268] with BSA as standard.
Lowry reagent was prepared by mixing two reagents. Reagent A consists of 1 part copper
tartrate complex, 2 parts of distilled water, and 1 part of 0.8 mol/L NaOH. Reagent B contains
1 part of Folin-Ciocalteu solution, and 5 parts of distilled water. Briefly, 75 uL of standard or
sample was mixed with 75 pL of reagent A and incubated for 10 min at room temperature.
Thereafter, 40 yL of reagent B was added, incubated for 30 min and the extinction was

measured at 660 nm. The results were expressed as mg/L.

4.2.9.5. Fluorescence spectroscopy
Fluorescence spectroscopy was performed to describe covalent protein-polyphenol
interactions. The visible fluorescence spectrum of the protein extracted with the three different
extraction protocols were investigated. Samples were dissolved in 0.5 mL urea extraction
buffer. Samples were diluted 1:1280 with the same extraction buffer. The light emitted in the
range of 300 — 500 nm light wavelength was recorded with a Spectro fluorophotometer
(Shimadzu, Duisburg, Germany) using an excitation wavelength of 280 nm. The signal intensity
was determined by plotted the light wavelength against the area under the curve (AUC). Pure

urea buffer extraction was used for the blanks and subtracted from the AUC of the samples.

4.2.9.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE was performed to determine the resulting molecular weight change and net charge
of the interaction of protein and polyphenols. SDS-PAGE was performed under reducing
conditions using Novex™ NuPAGE™ 4-12% Bis-Tris gels according to the manufacturer’s
instructions (Thermo Scientific™, Carlsbad, CA, USA). Samples were mixed with Novex™
NuPAGE™ LDS sample buffer to a ratio of 1:1 and then heated a 95 °C for 10 minutes. 10 uL
of the mixture was loaded into the gels. After separation, gels were stained overnight with a
solution of Coomassie Blue G250, then destined for ca. 2 hours with 10% acetic acid and finally
scanned (Bio-5000 Professional VIS Gel Scanner, SERVA Electrophoresis GmbH,
Heidelberg, Germany). Spectra Multicolor Broad Range Protein-Marker (Thermo Fisher

Scientific, Vilnius, Lithuania) was used as standard.

4.2.9.7. In-gel digestion
Gel bands obtained from the SDS-PAGE were cut with a scalpel and placed in a 0.5 mL
microtubes. Thereafter, 200 uL of Coomassie blue G250distaining solution was added and
incubated at 37 ° C for 30 min. Subsequently, 100 pL oftris-(2-carboxyethyl)-phosphine(TCEP)
reduction buffer (25 mM) was added and incubated at 60 °C for 10 min. Next, 100 pL of
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iodoacetamide (IAA) buffer (25 mM) was mixed and incubated at room temperature for 1 hour
in a dark room. IAA buffer was removed and 200 pL of distaining solution was added and
incubated at 37 °C for 15 min. 100 uyL of acetonitrile were added and incubated at room
temperature for 15 min. Acetonitrile was removed and gel pieces were allowed to dry for 15
min. The digestion was performed by using trypsin and pepsin enzymes. Digestion using
trypsin: the treated gel pieces were mixed with 15 pL of trypsin. After incubation at room
temperature for 15 min, 25 pL of 25 mM ammonium bicarbonate buffer was added; digestion
using pepsin: the treated gel pieces were mixed 15 pL of pepsin. After incubation at room
temperature for 15 min, 25 pL of 0.09 M HCI was added. Finally, gel pieces were macerate

manually and incubated in a dark room for 20 hours.

4.2.9.8. Solid-phase extraction (SPE)

SPE was performed to remove any impurities of the extracted samples. Briefly, 300 mg of C18
material (Chromabond C18 ec, Marchery-Nagel, Diren, Germany) was placed into a glass
chamber.After activating the column using 6 mL of a buffer containing 50% acetonitrile, 50%
double-distilled (bidest) water and 0.1% formic acid (SPE buffer); conditioned with 6 mL of
bidest water, the digested samples were loaded onto the columns, washed with 6 mL of bidest
water and the peptides were collected using 1 mL of SPE buffer. The eluates were finally
diluted in a ratio 1:5 (v/v) using bidest water, and the samples were filled into the vials for the
LC-MS/MS analysis.

4.29.9. MALDI-TOF-MS
Samples separated by SDS-PAGE were analyzed by mass spectrometry using matrix-assisted
laser desorption ionization time of flight (MALDI-TOF) to analyze covalent bonds between 5-
CQA and 11S. Samples digested for 20 hours were centrifugated for 10 min and subsequently
placed in the ultrasonic bath (BANDELIN electronic GmbH, Berlin, Germany). After
centrifugation conditions for 10 min, the supernatant was removed and transferred to a fresh
reaction vessel. The matrix solution was freshly prepared by mixing 20 mg of a-Cyano-4-
hydroxycinnamic acid with 300 pL of acetonitrile and 700 pL of 0.1 % TFA. 2 yL of samples
was mixed with 2 uL of matrix solution and 3 pL of the matrix-sample mixture was placed on a
MALDI plate for each sample and standard. The matrix-sample mixtures were crystallized at
room temperature after 20 min. Peptide calibration standard Il (Bruker, Massachusetts, USA)
was used as standard. The time-of-flight analyzer (Autoflex Speed, Bruker, Massachusetts,
USA) was run with the software FlexControl 3.4 (Bruker). After calibration, 30 — 40 % of laser
intensity was applied to the crystallized matrix samples until clear peaks were recognized. The
mass spectra obtained were analyzed using the software FlexAnalysis 3.3 (Bruker). The

background noise was minimized by using the baseline subtraction function. Calibration was
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performed by using the spectra of the closest standard. For each spectrum, a mass list of the

most important peaks was imported to the software BioTool 3.2 (Bruker).

4.2.9.10. In-Solution digestion

For the trypsin digestion, the extracts after acetone precipitation were re-dissolved in 400 uL
of digestion buffer containing 0.1 M ammonium bicarbonate. After addition of 20 uL of the
trypsin solution (4mg/mL), incubation at 37 ° C under shaking conditions for 20 hours was
performed. The digestion was stopped by adding 15 pL of 40 % formic acid. For pronase
digestion, samples digested from the tryptic digestion were used. First, 1 mL of the eluate was
freeze-dried, and the resulting pellets were dissolved in 0.4 mL of digestion buffer containing
50 mM of ammonium bicarbonate using an ultrasonic bath. Afterwards, 16 uL of a pronase
solution (1 mg/mL) (Sigma-Aldrich, Steinheim, Germany) were added and incubated at 37 ° C
under shaking condition for 20 hours. The reaction was stopped by adding 15 pL of 40 % formic
acid. Prior to LC-MS/MS analysis, digested extracts were applied for SPE.

4.2.9.11. Development of a Multiple Reaction Monitoring (MRM) assay
For the analysis of protein modification in connection with phenolic compounds, an MRM
method was developed using HPLC-MS/MS. The method focuses on the detection of
unmodified and lysine-modified peptides of the a- and B-chain of the trypsin digested protein
11S present in protein extracts of C. arabica. For the method development, a define workflow

was followed and corresponding steps are defined in Figure 11.

4 N\
Database and literature *Selection of the protein of interest
research «ldentification of possible modifications

/ *Import of the sequence into Skyline \

*In-silico digestion with trypsin
*Selection of proteotryptic peptides
»Consideration of possible modifications
*Selection of transitions

*Determination of the retention time

*Optimization of the collision energy for
each selected transition

»Optimization of the final peptide and tis

K transition selection /

-

-
.

Method development

*Analysis of the digested protein extracts
HPLC-MS/MS analysis *Import of the recorded data into skyline
*Evaluation and statistical analysis

\-

Figure 11 Workflow for developing a Multiple Reaction Monitoring (MRM) assay using a high performance liquid
chromatography mass spectrometry HPLC-MS/MS.
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The information of the 11S sequence was obtained from the UniProt online database

(https://www.uniprot.org) and while considering the published data [269,270]. A total of four

unreviewed records with information obtained from literatures and curator-evaluated
computational analysis was compiled from UniProt database. The compilation is given in
section 7.12

The sequence of the four selected sequences of 11S were imported into the MacCoss Lab
Skyline Software via FASTA (fast-all) data file. FASTA is a program developed by Pearson et
al. for database search and sequence comparison of proteins and DNA [271]. The Skyline
program performs an in-silico digestion with the imported sequences of the target proteins.
Skyline generates a list of all possible peptides, considering the probability of their formation.
Which peptides are best suited for the analysis is determined by the ionization capability, signal
strength, and specificity of the peptides for a certain protein [269].Following settings were
applied: trypsin was selected as the proteolytic enzyme. The maximum number of missed
interfaces (partials) was set at zero. No background proteome was set. The length of the
peptides was set at 5-25 amino acids and the modification considered was the
carbamidomethyl referring to the alkylation of the cysteine residues by iodoacetamide. The
transitions are filtered for double charged precursors and single charged ions. In addition, it
was set that only y-ions are allowed through. Each transition should search for six fragment
ions. Skyline calculated the retention time to be 8.6 min and a preliminary collision energy of
the individual transitions. The collision energy was optimized. For this purpose, different
collision energies were tested for each intact mass and the one which achieved the largest
peak area after the MS/MS run was selected. The selected transitions of the a and 3-chain are
listed in section 7.10.1 and 7.10.2. To measure lysine-modified masses, a structural
modification of an additional 176 m/z for the CQA monomer and 341 m/z for DICQA was
chosen in Skyline.

Tryptic digested protein in coffee beans were measured through an HPLC-MS/MS Agilent
1260 system (Agilent Technologies Sales & Services GmbH & Co. KG, Waldbronn, Germany)
with a binary pump, multicolumn thermostat provided with an Agilent G6470A series triple
Quad LC/MS (Agilent Technologies Sales & Services GmbH & Co. KG, Waldbronn, Germany),
integrated with an electrospray (ESI) source operating in positive and negative ionization
mode. One microlitre of sample was injected into the system through a Kinetex C8 analytical
column (150 x 4.60 mm, 2.6 um, 100 A; Phenomenex, Torrance, CA, USA) set at a
temperature of 30° C with a flow rate of 0.5 mL/min. The mobile phase was composed of HPLC
grade water containing 0.1% formic acid (eluent A) and 100% LC-MS grade Acetonitrile (eluent
B). Mobile phase gradient conditions were set as follows: 100% solvent A from 0 to 5 min, 50—
5% solvent A from 20 to 24 min, and 100% solvent A from 25 to 28 min. The desolvation gas

temperature in the ionization source was set at 275°C, gas flow rate of 11 L/min, nebulizer
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pressure of 35 PSI, fragmentor voltage of 130 V, and dwell time of 20 min. The collision gas
used was nitrogen. Detection was performed in the multiple reaction monitoring (MRM) mode,
in which a specific transition was monitored at a specific time according to the retention time
of the peptides. The MS-Data collection was obtained between 3 — 20 min. The relative
abundance of each peptide was measured considering the total area of all the transitions

analyzed.

4.2.10. Modification of coffee by-products to activated carbon

4.2.10.1. Sample preparation
Four different types of adsorbents were studied for the adsorption experiments: one from spent
coffee grounds, one from coffee parchment, and two commercial activated carbons. Spent
Coffee (SC) was collected from the Deutsche Extrakt Kaffee GmbH (Berlin, Germany).
Parchment (P) was collected from Rio Colorado coffee company (Palencia, Guatemala). Spent
Coffee was stirred to obtain a homogeneous sample, and oven-dried at 110° C for 24 h. Cofee
Parchment was first grinded in a ball mill until a particle size of < 64 um was achieved. Four
separate mixtures of calcium carbonate with spent coffee or parchment were prepared with
mass ratios 0:1 (spent coffee or parchment directly carbonized without the addition of calcium
carbonate), 1:1, 1:2, and 2:1. The mixtures were put in an ark, which was placed in a
programmable quartz tube electric oven to be carbonized at 800° C and 850° C for 1 h ata
heating rate of 5° C/min under an argon atmosphere. The carbonized samples were washed
with 2 M HCI, and later washed with deionized water on filter paper, until neutral pH was
reached. Finally, samples were dried at 110°C for 24 hours and cooled down to room
temperature for further separation. The activated carbon varieties of spent coffee (SC) and
parchment (P) resulting from ratios 0:1, 1:1, 1:2, and 2:1 (w/w), and temperatures 800° C and
850° C were labelled SC1-80 and P1-80 (0:1, 800° C} SC1-85 and P1-85 (0:1, 850° C) SC2-
80 and P2-80 (1:1, 800° C); SC2-85 and P2-85 (1:1, 850° C); SC3-80 and P3-80 (1:2, 800° C);
SC3-85 and P3-85 (1:2, 850°C) The commercial carbons were purchased from Merck
(Darmstadt, Germany) and CABOTCORP (Boston, Massachusetts, United Sates), in this work

labeled PAC and GAC, respectively and used without further treatment.

4.2.10.2. Infrared spectroscopy (IR)
Functional groups in activated carbon samples were analyzed by IR spectroscopy. Pulverized
samples were placed on the spectrometer Nicolet iS5 (Thermo Scientific, Massachusetts,
USA) coupled with a diamond crystal unit iD7 ATR (Thermo Scientific). 32 scans were

performed from 400 to 4000 cm™ with a resolution of 4 cm™.



Experimental part 44

4.2.10.3. Thermogravimetric analysis (TGA)
Changes in the mass as a function of the temperature of the materials were measured as
samples were heated and held at a constant temperature in a nitrogen atmosphere. The mass
of the samples was analyzed using a Linseis TGA/DTA L81 (Linseis Messgerate GmbH Selb,

Germany). Temperature was set from 25 to 1,000° C with a heating rate of 10° / minute.

4.2.10.4. Organic elemental analysis
The carbon, hydrogen, nitrogen, and sulfur amount of the materials were determined using an

Elementar Vario EL Ill (Elementar Analysensysteme GmbH, Langensbold, Germany).

4.2.10.5. X-ray powder diffraction (XRD)
The structure characteristics and composition of the samples were analyzed by using an
empyrean powder X-ray diffractometer (Malvern Panalytical, Malvern, United Kingdom) in a
Bragg-Brentano geometry coupled with a PIXce11D detector using Cu Ka radiation (A= 1.5416
A) operating at 40 kV and 40 mA. The 6/8 scans were performed from 4-70° 26 with a step
size 0f 0.0131° and a sample rotation time of 1second. The diffractometer was configured with
a programable divergence, anti-scatter slit and a large Ni-beta filter. The detector operated on
a continuous mode with an active length of 3.0061° .Data of IR, TGA, and XRD was processed

using OriginPro, version 2019b (OriginLab Corporation, Northampton, MA, USA).

4.2.10.6. Scanning electron microscopy (SEM)
SEM was used to analyze the surface properties and morphology of the prepared activated
carbons. Samples were loaded onto a double-sided carbon tape attached to SEM tubes and
then coated with gold/palladium using a sputter coater (SC7620 coater, Quorum Technologies,
Lewes, United Kingdom) for 75 seconds at 18 mA to avoid charging effects. SEM images were
acquired using a JEOL JSM-6510 mode Field Emission Scanning Electron Microscope (JEOL
Ltd. Manufacturing company, Akishima, Tokyo, Japan). The acceleration voltage was set at

15 kV and the images were magnified 4,000 times.

4.2.10.7. Zeta potential measurements
Zeta potential measurements were performed to determine electrostatic magnitude between
particles of activated carbon samples. Materials were first mixed with 30 mL distilled water and
thereafter treated in ultrasonic bath for 30 min. Samples were then analyzed by using the zeta
meter Zetasizer Ultra (Malvern Panalytical, Malvern, United Kingdom). Data was calculated
using the software ZS XPLORER (Malvern Panalytical)
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4.2.10.8. Specific surface area and porosity by nitrogen sorption analysis
Nitrogen (N2) sorption isotherms at 77 K were measured on a Micromeritics Gemini VII Surface
Area and Porosity Analyzer (Micromeritics, Norcross, GA, USA). The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) equation [272] and applying the Rouquerol
criterion [273]. The pore size distribution and pore volume were calculated using the
heterogenous surface non-local density functional theory (HS-NLDFT) with a minimum pore
width of 1.47 nm in the SAEIUS software Version 3.0 (Micromeritics, Norcross, GA, USA), as
previously described by Maziarka et al. [274]. Prior to N2 sorption measurements, samples
were vacuum dried at room temperature for at least 16 h, followed by degassing under heating
and vacuum, using a VacPrep™ 061 Sample Degas System (Micromeritics, Norcross, GA,
USA). The spent coffee grounds and parchment (~1 g) were degassed at 80° C for 16 h, while

the activated carbon materials (~250 mg) were degassed at 200° C for4 h.

4.2.10.9. Adsorption experiments
The batch equilibrium experiments were conducted in a vertical shaker at a speed of 30 rpm.
The model of anionic color dye was prepared from an analytical grade 90% Bromophenol Blue
stock solution and demineralized water. Whereas the model of fermentation broth was
prepared from an analytical grade of 99.5% citric acid, 99.0% L-(-)malic acid, 98.0% L-lactic
acid, 100% acetic acid, 99.0% propionic acid, 98.0% sodium butyrate stock solution and
demineralized water. The initial pH of the bulk solution was adjusted by either NaOH or HCI.
Batch adsorption studies were performed in 5 mL microtubes containing 2.0 mL of model
anionic color dye (50 mg/L) and 4 mg of adsorbent for all Bromophenol Blue studies. Lactic
acid batch experiments 10% w/v were used as performed by Pradhan et al. [275] unless stated
otherwise, which then were place in a vertical shaker for 4 hours to obtain equilibrium. Samples
were taken at predetermined intervals and further filtered with a 0.22 pm syringe filter. The
adsorbents named SC1-80, SC1-85, SC2-80, SC2-85, SC3-80, SC3-85, P1-80, P1-85, P2-80,
P2-85, P3-80, and P3-85 were studied through Bromophenol Blue at different calcination
temperatures (800 and 850° C), various pH (1-11) and different initial concentrations in the
range of 10-100mg/L. Adsorbents named SC1-85, P1-85, GAC, and PAC were studied using
Lactic acid adsorbate at different pH (2-6), and initial concentrations (0.5-25 g/L) and a mixture
solution containing citric acid, malic acid, lactic acid, acetic acid, propionic acid, and sodium
butyrate at the initial concentration of 20 g/L, based on pre-screening experiments, and
literature survey. All the batch adsorption experiments were performed in duplicate by

employing individual microtubes for each data point.
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4.2.10.10. Batch Adsorption experiments of color dye and organic compounds

The Bromophenol Blue study comprised three different series of experiments, investigating the
effect of (i) calcination temperature; (ii) pH; (iii) initial Bromophenol Blue concentration. The
lactic acid adsorption study encompassed two series of experiments, analyzing the effect of (i)
pH and (ii) initial concentration. The effect of pH was tested for different pH (2, 2.85, 3.86, 4
and 6), both above and below the pKa value of lactic acid by using a model fermentation broth
of 2.5 g/L lactic acid. The effect of lactic acid initial concentration was tested by using a model
fermentation broth for different concentrations (0.5, 1.5, 2.5, 3.0, 3.5, 4.5, 5.5, 6.0, 7.5, 10.0,
15.0, 20.0 and 25 g/L) without pH modification. The pH and initial concentration range were
particularly selected to represent the lactic acid production from wet-coffee processing [266]
and various heterolactic fermentation processes [276,277]. The effect of main organic acids in
wet-coffee processing was tested by using a model fermentation broth mixture of 20g/L
containing citric acid, malic acid, lactic acid, acetic acid, propionic acid, and butyric acid. The
effect of fermentation coffee wastewater adsorption was tested by using samples collected in
Santa Sofia coffee company located in Palencia, Guatemala.

The adsorption capacity and efficiency (i.e., % organic acids adsorbed onto the adsorbent)

under equilibrium conditions were calculated using equations (1) and (2), respectively:

ge =(Co—-Ce)Vs/1000 *m ()]
E =(Co-Ce)/Co*1000 (2)

where ge is the amount of adsorbate in the adsorbent at equilibrium (mg/g), E is Bromophenol
Blue or lactic acid recovery efficiency (%), Co is the initial concentration of Bromophenol Blue
or lactic acid (mg/L), Ce is the equilibrium concentration of Bromophenol Blue or lactic acid in

the solution (mg/L), V is the volume of the solution (L) and m is the mass of the adsorbent (g).

4.2.10.11. Adsorption Isotherm

The batch equilibrium results of different initial lactic acid concentration experiments were used
for the isotherm study. Two commonly used isotherm models, Langmuir (eq. I), and Freundlich
(eq. I) were selected to explain the lactic adsorption process.

The Langmuir adsorption isotherm model assumes homogeneous and monolayer adsorption
with no lateral interaction between adjacent adsorbed molecules when a single molecule
occupies a single surface site. The form of nonlinearization equation of Langmuir (Table 5,
equation 1) is represented by Ce which is equilibrium aqueous-phase concentration of
adsorbate (mg/L), and KL is the constant related to the free adsorption energy and the

reciprocal of the concentration at which half saturation is reached.
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On the other hand, the Freundlich isotherm model describes a non-ideal and reversible
adsorption process, which is applied to explain the multilayer adsorption onto a heterogenous
adsorbent surface. In Freundlich equation (Table 5, Il), KF is the Freundlich constant of
maximum absorption capacity, Ce is the solution concentration equilibrium (mg/L), and 1/n is

the sorption constant having a value between 0 and 1.

Table 5 Non-linear form of adsorption isotherm model equations

Isotherms Non-linear form Equation
Langmuir ge =gm*KL *Ce ()
Freundlich ge = KF * Ce'/n (I

Notes: ge = amount of adsorbate in the adsorbent at equilibrium (mg/g), Ce = equilibrium concentration of lactic
acid in the solution (mg/L), gm = maximum monolayer coverage capacities (mg/g), KL = Langmuir isotherm constant
(L/mg), n = adsorption intensity, KF = Freundlich isotherm constant (mg/g) (L/g)n

4.2.10.12. Organic acid quantification
An HPLC system (Shimadzu Europa GmbH, Duisburg, Germany) equipped with a UV-Vis
Detector SPD-10 AVP (Shimadzu, Kyoto, Japan) was used to analyze the organic acids. A
volume of 50 pL of samples untreated and treated with different activated carbons was injected
into a SUPELCOGEL™ H, 6% Crosslinked column (250 x 4.6 mm, 9 um; Sigma Aldrich,
Steinheim, Germany). The separation was performed at 70° C under isocratic conditions, using
a solution of 0.01 N sulfuric acid as eluent. Flow rate of 0.5 mL/min was applied for a separation

time of 15 min.

4.2.10.13. Total phenolic compounds
Folin-Ciocalteu method was used to determine the content of total phenolic compounds as
described by Singleton et al. [263] with some modifications. Gallic acid was used as standard.
Shortly, 20 pL of standard or sample solution was mixed with 180 pL of the Folin reagent
(mixture of Folin-Ciocalteu and 0.01 M NaOH, 1:1, v/v) on the iMark microplates while using
the reader (Bio-Rad Laboratories, Hercules, CA, USA). The mixtures were incubated for 30
min at room temperature and absorbance was measured at 750 nm. The results were

expressed as mg/L GAE.

4.2.10.14. Protein content
Protein content was measured by using the method of Lowry et al. [268] with BSA as standard.
Lowry reagent was prepared by mixing two reagents. Reagent A contains 1 part of copper
tartrate complex, 2 parts of distilled water, and 1 part of 0.8 mol/L NaOH, while reagent B

consists of 1 part of Folin-Ciocalteu solution, and 5 parts of distilled water. Briefly, 75 uL of
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standard or sample was mixed with 75 uL of reagent A and incubated for 10 min at room
temperature. Thereafter, 40 uL of reagent B was added, incubated for 30 min and the extinction

was measured at 750 nm. The results were expressed as mg/L.

4.2.10.15. Scan spectra
Coffee wastewater compounds were measured through HPLC-MS/MS Agilent 1260 system
(Agilent Technologies Sales & Services GmbH & Co.KG, Waldbronn, Germany) with a binary
pump, multicolumn thermostat provided with an Agilent G6470A series triple Quad LC/MS
(Agilent Technologies Sales & Services GmbH & Co.KG, Waldbronn, Germany) integrated
with an electrospray (ESI) source operating in positive and negative ionization mode.
Compounds were measured using a Kinetex C8 analytical column 2.6 pum, 100 A, 150 x 4.60
mm (Phenomenex, Torrance, CA, USA) set at temperature of 30° C The mobile phase was
composed of eluent A (0.1% formic acid) and eluent B (100% acetonitrile), at flow rate of 0.5
mL/min. The following mobile phase gradient conditions were applied: 100% A from 0 to 5 min,
50-5% A from 20 to 24 min, and 100% A from 25 to 28 min. A total of 1 pL of sample was
injected. The dissolvation gas temperature in the ionization source was set at 275° C gas flow
rate of 11 L/min, nebulizer pressure of 35 PSI, fragmentor voltage of 130 V, and dwell time of
20 min. The collision gas used was nitrogen. Detection was performed in the MS2 mode. The
MS-Data collection was performed between 2- and 20-min. Mass spectrometric scans were
made for the range of 50-1500 m/z. Compounds sorption onto AC was measured considering

the total area of all the transitions analyzed.

4.3. Data analysis
All experiments were carried out at least in triplicate and data are expressed as mean *
standard deviation. Data were analyzed with GraphPad Prism 8® (GraphPad Software, Inc.,
San Diego, CA, USA) using two-way ANOVA and Tukey’s test, and the results were
considered statistically significant for p < 0.05. Isotherm models were analyzed with OriginPro,
version 2019b. OriginLab Corporation, Northampton, MA, USA.
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5. Results and discussion
The results and discussion presented are divided into three studies reflecting the content of

the three manuscripts published.

5.1. Study 1: Comparison of Batch and Continuous Wet-Processing of
Coffee: Changes in the Main Compounds in Beans, By-Products and

Wastewater
Many technical challenges still need to be overcome to improve the quality of the green coffee
beans. The wet Arabica coffee processing in batch and continuous modus were investigated.
Coffee beans samples as well as by-products and wastewaters collected at different
production steps were analyzed in term of their content in total phenols, antioxidant capacity,
caffeine content, organic acids, reducing sugars, free amino group and protein content. The
results showed that 40% of caffeine was removed with pulp. Green coffee beans showed
highest concentration in organic acids and sucrose (4.96 + 0.25 and 5.07 + 0.39 g/100g DW
for the batch and continuous processing). Batch green coffee beans contained higher amount
of phenols. 5-caffeoylquinic Acid (5-CQA) was the main constituent (67.1 and 66.0% for the
batch and continuous processing). Protein content was 15 and 13% in the green coffee bean
in batch and continuous processing, respectively. A decrease of 50 to 64% for free amino
groups during processing was observed resulting in final amounts of 0.8 to 1.4% in the
processed beans. Finally, the batch processing still revealed by-products and wastewater with

high nutrient content encouraging a better concept for valorization.

5.1.1. Caffeine, total phenols, and antioxidant analysis
Coffee beans, coffee pulp and parchment were collected at different steps of the wet batch
and continuous pilot scale processing, and samples were analyzed. Figure 12 presents the
concentrations of caffeine, phenolic compounds and antioxidant capacity of de-pulped coffee
beans, initial and final fermented coffee beans, washed coffee beans, green dried coffee
beans, coffee pulp and parchment for 2018 and 2019 production year. An increase of caffeine,
total phenols and antioxidant capacity from the de-pulped coffee beans to the green coffee
beans can be observed, depending on whether the cherries were processed in batch or in
continuous workflow. Caffeine content for 2018 production year in de-pulped coffee beans and
green coffee beans was 0.85 £ 0.04 and 1.21 £ 0.03; and 1.76 £ 0.02 and 1.78 + 0.08 g/100g
DW for the batch and the continuous process, respectively. Caffeine content for 2019
production year shows lower content compared to 2018; de-pulped coffee beans and green
coffee beans were 0.75 + 0.00 and 0.70 + 0.00; and 0.62 + 0.00 and 0.86 + 0.04 DW for the

batch and continuous process, respectively. Statistical analysis shows that there were no
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significant differences while comparing the values in green coffee beans for both production
years. Contents of caffeine in Arabica green coffee beans were reported to range between 0.7
and 1.7 g/100 g [278,279]. Caffeine values of coffee beans at different processing steps were
all in that range. High values of caffeine were obtained in coffee pulp (1.16 + 0.02 and 1.09 +
0.03 g/100g DW for the batch and continuous processing 2018, respectively), caffeine was
detected in the parchment of the batch process (Figure 12a, b). This result indicates that up to
40% of caffeine is removed with pulp during the wet processing, regardless of whether the
processing is performed in batch or in a continuous way. Caffeine (1,3,7-trimethyl-xanthine),
was reported to be basically related to the protective function of coffee beans and viewing the
inner part of the cherry, caffeine is found as much in the beans as in the pulp and skin [280];
justifying the higher amount of caffeine in the pulp documented here.

Phenolic compounds and antioxidant capacity were analyzed, and data processing did not
show a significant difference in green coffee bean samples (p > 0.05). The values of 1.43 +
0.18 and 1.16 £ 0.28 g/100g DW; 2.04 + 0.09 and 2.08 + 0.57 g/100g DW were obtained for
the batch and the continuous processing 2018 production year, respectively (Figure 12c). The
values of 0.98 + 0.13 g/100g DW; 1.43 + 0.33 g/100g DW were obtained for the batch and the
continuous processing 2019 production year, respectively (Figure 12d). Significant differences
in term of antioxidant capacity were observed between the de-pulped coffee beans for the two
production years (0.81 + 0.22 and 1.41 + 0.14 g FE/100g for the batch and the continuous
processing 2018, respectively; 2.04 + 0.33 and 1.28 + 0.07 for the batch and the continuous
processing 2019, respectively).
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Figure 12 Content of caffeine, total phenols and antioxidant capacity of coffee beans and by-products.

Content of (a) caffeine, (c) total phenols and (e) antioxidant capacity of coffee beans and by-products during the
wet batch and continuous processing. (a), (c), and (e) represent data of coffee processing year 2018. (b), (d), and
(f) represent data of coffee processing year 2019. The antioxidant capacity is measured in FRAP equivalents (FE).
Data is expressed as means * standard deviation with n = 3. Different letters indicate significantly different values
for each group (different superscript letters indicate a significant different, p < 0.05, ANOVA, Tukey’s test).

Moreover, in terms of total phenol and antioxidant capacity no significant (p < 0.05) changes
were recorded during the fermentation step in the batch processing while significant (p > 0.05)
changes were showed in the case of continuous process 2019 for total phenols.

Total phenol values of 0.68 + 0.08 and 0.82 + 0.07 g GAE/100g DW; and antioxidant capacity
values of 1.13 £ 0.06 and 1.47+0.15 g FE/100g DW were obtained for the initial and the final
fermentation coffee beans with the batch processing 2018 production year, respectively. These
values were 0.62 + 0.08; 0.66 + 0.15; 1.20 £ 0.22 and 1.25 + 0.25 g/100 g DW for the total
phenol and antioxidant capacity for initial and final step of fermentation of coffee beans during
the continuous processing 2018 production year, respectively. Alike values of total phenol
values 0f 0.98 + 0.04 and 0.88 + 0.07 g GAE/100g DW; and antioxidant capacity values of 1.58
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+ 0.56 g FE/100g DW and 1.61 + 0.24 g GAE/100g DW were obtained for the initial and the

final fermentation coffee beans with the batch processing 2019 production year, respectively.

Similar values of phenolic content and antioxidant capacity were previously reported from
Arabica green coffee beans [278,279,281].

Wastewater resulting from the de-pulping, fermentation and washing steps was also
investigated and the results are presented in the Figure 13. It can be seen that batch
processing exhibited higher content of caffeine, total phenols, and antioxidant than continuous
processing. Values of 2018 processing year for caffeine, total phenols and antioxidant capacity
of wastewater from the fermentation step in batch processing were 388.6 + 85.9; 53.2 + 1.6
and 88.7 = 4.9 mg/L, respectively. Corresponding values for the continuous processing were
significantly different (p > 0.05):13.6 + 3.6; 6.8 + 0.2 and 20.5 + 0.2 mg/L, respectively.
Whereas values of 2019 processing year of caffeine, total phenols and antioxidant capacity of
wastewater from the fermentation step in batch processing were 103.1 +0.01; 67.9 = 3.5 and
124.4 = 10.38 mg/L, respectively. Corresponding values for continuous processing were
significantly different (p > 0.05):12.0 £ 0.1; 10.21 + 1.3 and 19.6 + 1.30 mg/L, respectively.
The results of processing year 2018 document an increase in caffeine content up to 5 times in
the wastewater resulting from the fermentation step of the batch processing. Contrary to the
production year 2019, results exhibit decreases in caffeine content to 1.5 times in the
wastewater from fermentation step. During the fermentation, organic acids are also produced
and it has been shown that caffeine solubility may increase with acidity of the medium [280].
The main reason for the observed increase in caffeine but also that of phenolic compounds
and the corresponding antioxidant capacity most probably lies in the re-using of the wastewater
from former/proceeding treatments during the batch processing. Caffeine was not detectable
in wastewater generated by the washing step in the continuous processing and the
corresponding total phenols, and the antioxidant capacity values were significantly (p > 0.05)
different with 3.7 £ 0.5 and 9.6 + 0.3 mg/L as compared to batch processing, respectively. As
for 2019 production year, corresponding values were 2.5 £ 1.6 and 11.3 £ 0.6 mg/L. These
results clearly show that the composition of wastewater is dependent on how much and how
often the wastewater is recycled in the batch processing. Thereafter, the first indication for the
potential of valorization is given in the proper re-utilization for the so-produced wastewater.
After being used the wastewater is disposed in lagoons where one part evaporates and the
other one infiltrates into the subsoil. The effect of the nutrient density on the recycled
wastewater especially of phenolic compounds may therefore not only influence the micro-
organism development but eventually also their compaosition during the fermentation. Studies
to this respect have not yet been conducted.

The composition of green coffee beans for the major chlorogenic acids was analyzed using

the HPLC and a total of 9 caffeoylquinic acid (CQA) and feruloylquinic acid (FQA) isomers
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were identified as described in our former work [53]. There were similarities in the composition
for the green coffee beans resulting from both processing options and production years. Main
constituents were caffeoylquinic and feruloylquinic acid esters 5-CQA (67.1 and 66.0%; 65.1
and 63.2 %), and 5-FQA (5.1 and 5.4%; 5.9 and 4.9%); and the dimer form 3,5-di-CQA (10.8
and 10.0%; 9.2 and 10.2 %) for the batch and the continuous processing of production year
2018 and 2019, respectively (Figure 14b, c). Chlorogenic acids found in coffee beans are
valued for their health benefits. They are known to have antimicrobial activity, preventing the
degradation of bioactive compounds and strongly influencing the taste and color of coffee
beverages. [282]. The presented results clearly show that carrying out the wet-processing in
batch or in continuous way does not change the pattern of the major phenolic compounds
present — the proportion and especially the compaosition of these compounds remains roughly

constant, but the overall total content is likely to be affected as documented in Figure 12.
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Figure 13 Content of caffeine, total phenols, and antioxidant capacity of coffee wastewater

Amounts of (a) caffeine content, (c) total phenols and (e) antioxidant capacity of de-pulping coffee wastewater,
fermentation coffee wastewater and washing coffee wastewater during the wet batch and continuous processing.
(a), (c), and (e) represent data of coffee processing year 2018. (b), (d), and (f) represent data of coffee processing
year 2019. Data is expressed as means * standard deviation with n = 3. Different letters indicate significantly

different values for each group (different superscript letters indicate a significant different, p < 0.05, ANOVA, Tukey’s
test).
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Figure 14 Major phenolic compounds and Chromatogram of green coffee beans

(a) represents data of coffee processing year 2018 and (b) year 2019; (c) exemplary chromatogram of green coffee
beans obtained from batch processing (a) and the composition of the major phenolic compounds (b). (1) 3-O-
Caffeoylquinic acid (3-CQA), (2) 4-O-Caffeoylquinic acid (4-CQA), (3) 5-O-Caffeoylquinic acid (5-CQA), (4) 3-O-
Feruloyquinic acid (3-FQA), (5) 4-O-Feruloyquinic acid (4-FQA), (6) 4-O-Feruloyquinic acid (5-FQA), (7) 3,4-O-
Dicaffeoylquinic acid (3,4-di-CQA), (8) 3,5-O-Dicaffeoylquinic acid (3,5-di-CQA), (9) 4,5-O-Dicaffeoylquinic acid
(4,5-di-CQA), allocation as reported in [53].

5.1.2. Organic acids
Organic acids, especially in wet coffee processing, are constituents of interest due to their
different functionalities. In order to guarantee the proper drying of green coffee, the mucilage
layer needs to be degraded and this process takes place during the fermentation stage. It was
showed that mucilage layer degradation was correlated to acidification by lactic acid bacteria
[247-250]. Digested mucilage being precipitated out of the solution, making a thick crust on the
surface of wastewater [2]. Results of organic acids analysis for 2018 and 2019 production years
are compiled in Tables 6 and 7, respectively. Data indicate that citric acid, malic acid and lactic
acid were found to be present in the coffee bean samples and by-products during the different
steps of treatment, either in the batch or the continuous processing. As it can be seen for 2018
production year samples, among the coffee beans, green coffee beans showed the highest
concentration of organic acids. Citric acid was found to be the predominant organic acid.
Concentrations ranged from 0.6 to 1.0 g/100g DW and from 0.7 to 1.0 g/100g DW in the batch
and the continuous system, respectively. Concentrations were higher in coffee pulp than in
coffee beans. For example, malic acid was found to be 6 times higher in pulp than in green

coffee beans when operating in continuous system, and about 4 times with batch processing.
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Coffee pulp exhibited the highest concentrations of malic acid, 1.6 + 0.05 g/100g DW for batch
processing and 3.4 + 0.26 g/100g DW for continuous processing. Coffee processing in 2019
shows a different pattern in organic acid composition. Lactic acid was found to be the
predominant organic acid for green coffee beans. Concentrations ranged from 0.42 to 1.1
g/100 g DW from 0.27 to 0.9 g/100g DW in the batch and continuous system, respectively.
Like samples taken in 2018, concentrations were higher in coffee pulp than in coffee beans.
Malic acid was found to be 22 times higher in coffee pulp than in green coffee beans when
operating in continuous system, and about 3.5 times with batch processing. Coffee pulp 2019
resembles the organic acids composition of coffee pulp 2018, showing the highest
concentration in malic acid, 2.53 + 0.03 g/100g DW for batch processing and 3.42 + 0.26
g/100g DW for continuous processing. Fermentation is mainly carried out by lactic acid
bacteria, enterobacteriaceae, and bacillus [8]. They are heterofermentative producing acetic
and lactic acids [250]. However, malic and citric acid confer desirable acidity to the coffee
beverage [245,283-285]. Moreover, enzymes produced from lactic acid fermentation might lead
to the hydrolysis of macromolecules such as proteins, carbohydrates and polyphenols
generating aroma precursors assuming that they can penetrate e.g. by diffusion into the coffee
beans [105].

It can be clearly seen that for batch processing 2018, lactic acid (2,687.1 + 23.0 mg/L) and
propionic acid (1,679.3 £ 67.9 mg/L) were the main organic acids in coffee wastewater. With
the continuous processing, a concentration of 373.5 + 15.0 mg/L of lactic acid in fermentation
wastewater was determined. Different composition was observed in wastewater samples
2019, showing for batch processing, malic acid (1,360.9 + 3.0 mg/L) and lactic acid (1,185.6 +
6.6 mg/L). As for the continuous processing, a concentration of 353.7 + 4.8 mg/L of lactic acid
and 204.0 £ 0.7 mg/L of malic acid was exhibited. Propionic acid was not detected. Production
of butyric acid and propionic acid during the fermentation indicate an over-fermentation, which
can be responsible for the “stinker oniony” coffee aroma profiles [250]. This observation is
supported by the fact that, during the fermentation process, microorganisms use part of the
nutrients from coffee beans to support their growth while producing secondary metabolites
[105]. As the water is only partly renewed in the case of the batch process, it results in an
accumulation of secondary metabolites, especially organic acids. There is little information
about the effect of water recirculation on coffee bean constituents. Vasquez Morera [286]
showed that acidity and aroma of coffee beans increased when recirculating water for two days
of fermentation. Contact time between water and coffee beans might also increase acidity and
decrease bitterness [287]. The enzymes and organic acids produced from fungal and bacterial
fermentation lead to the hydrolysis of macromolecules such as carbohydrates, proteins and

polyphenols resulting in simplified products like reducing sugars, amino acids and organic
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acids. These are important aroma precursors in roasting process which will impact the coffee
beverage final cup quality [288,289].

Temperature and pH of wastewater along both processes were measured using a portable
multiparameter HI98194 (HANNA instruments, Woonsocket, Rhode Island, United States). For
batch processing, de-pulping water showed 17.8° Cand pH 4.5; fermentation water 18.2° Cand
pH 4.2; and washing water 16.8° Cand pH 4.78. With continuous processing, de-pulping water
had 16.2° Cand pH 6.3; fermentation water 15.8° Cand pH 6.4; and washing water 13.7° Cand
pH 7.4. These results were obtained via field measurements and document that the conditions
of fermentation appear to be different. At the same time these slight differences during the
treatments may also influence the degradation/biochemical interactions occurring during the

processing and eventually also affect the quality of the coffee beans produced.



“191emalsem Buiysem MO pue Ja1emalsem 99400 uoneluswa) :pMDH Jaremalsem 9409 buidind-ap ;MO ‘uswyated 4 ‘dind 8809 :dD ‘sueaq aay09 uaalb :gH9 ‘sueaq aayod
juawyaed :gDd ‘sueaq 93109 paysem :gIM ‘Sueaq 99400 UoNRIUBWIB) [eul) Q-4 ‘Sueaq 9902 UoneluawlIa) [emul ;D04 ‘suead aayod padind-ap :g0d "(1sal s.Aa)Nn1 ‘YAONY ‘G0'0 > d ‘lualayip
Jueoubis e areoipul siana| 1duosiadns juaiayip) dnoib yoea Joj sanfen Juaiayip Apuedyiubis ayedipul SIaNa| UaIayig "Paloslap JoU="p"U ‘€ = U "UONBIASP pJepuels F sueaw se passaldxa ate ereq

pu pu €EF 90T pu pu pu pu pu pu pu pu pioe ouodoid

pu STFLIB  LETVT6 pu pru pu pu pu pru pu pru pIoe 2120y g
pu OGTFGELE HBFTOEE  PU BO0OF690  GOOF6YO 000FZT0O GI00FOTO COOFETO Z00F9E0 TODFOED  PioR INoeT =
pu QOFYBT  Z0FGYT pu DZOFIVE  @PO0FIGO IOOF6Y0 @B00FZG0 (T00FVP0  000F2ZL0 a200FEYO PE RN 5
pu v'Z 708 pu pu £O0FOZT 0007660 G00F080 w00FTLO 000F690 oZ00F .80 <TO0F 2’0 PIOE IO o
pu 6'L9FE6LIT PU pu pu pu pu pu d00FTTO  «€Z0FLL0 +£20FLL0 poeduodod
BBFLEY OTTFEOEB Q9ZFYIVC  PU pu pu pu pu pu pu pu pioe anaoy -
zevozer OF 62EFTZBOT  PU 0007960  PEOOFBYO 9200DF600 w000F0Z0 GIO0FEZO  oV00F LTO «L00F6L0  PIOE 0L g
LOFTGE  BITFOEBY OEFOTIT  ZOOFETO SOOFYOT  ZOOFBED TOOFOIED oL00FBZO 900FI9Z0  000FTZO 000FZ0T  Poe RN
ZLTF8BY EVLFOLYE IV FOTL SO0FOTO £00FSZT  ZO0TEDT «€00F060 2007260 wmIO0FY60 (SO0TO080 £00F090  POEBOIIID

MOM MO Moa d dd 809 80d 8OM oEE 504 80a

(7/6w) sajdwres 1aremarsepn

(6o0T/b) sajdwes 1onpoid- Ag pue aayod

8T0Z Jeak Buissadold “Buissasold snonunuod pue yareq ay) buunp Jsremalsem pue sjonpoid-Ag 884109 ‘sueaq 884109 Ul spioe a1uelio Jo uonisodwo) 9 ajgel

8G

UOISSNISIP pue S)Nsay



“1a1emalsem Buiysem ;MO pue Jatemalsem 99400 uoneluswla) (MO Haremalsem 9309 buidind-ap ;MO ‘uswydted 4 ‘dind 8809 :dD ‘sueaq aay09 uaalb :g)9 ‘sueaq aayod
Juswiyated :gDd ‘sueaq aay0d paysem :gDM ‘Sueaq 99103 uoneuawIa) [euly :D-44 ‘sueaq 9909 uoneluawlId) [eniul ;D04 ‘sueaq aayod padind-ap :g0Qa "(1sa1 s,Aaxn] ‘YAONY ‘SO0 > d ‘wualayip

weoliubis e areslpul sians| 1duosiadns Jualayip) dnolb yoes 1o sanjeA Jualapip Apuedniubis sredipul s1ens| Jualayid 'paloslep JoU="p"U ‘€ = U "UONBIASP pJepuels F sueaw se passaldxa ale ereq

8€E+6¢CT ‘pu ‘pu ‘pu ‘pu ‘pu ‘pu ‘pru ‘pu ‘pu ‘pu pioe ojuoidoid o
z20F€ees Py pu pu pu pu pu Py Py Py Py pioe Jnedy m..
08 F8'EEC BV FLESE SV F0'L2Y ‘pu eC0'0F9T'0 (ST0+¥¢26'0 «600F€ECO «00'0 ¥ €2°0 el00F6T0 TO0FVPYT'0 TO0F.2°0 PlOEIRIE] m
el'C +9'GC eL'0 ¥ 0'70C 9’0 + 2'8¢¢ ‘pru DC0FCVE 00FSTO 00+0T0 @,0'0+8T0 ®l00+02'0 @90'0+%22'0 00+8C0 PploeIIEN ?
sLI'0F8°LT ql’'0F€9 €0FLL8 ‘pu 2700 +06'T 000+ .T0 000*0T0 xl00FVT'0 o000+ 0T 0 G€00FL00 p000FLT0 PIOEIND
‘pu ‘pu ‘pu ‘pu ‘pu TO0F.LTO ‘pu ‘pu ‘pu ‘pu ‘pu pioe ojuoidoid
2€'EF6'T6 80 F0'LEY V'€ ¥ T'669 ‘pu ‘pu eT0'0 ¥8T°0 €00 +8T°0 €00+ LT°0 ‘pu ‘pu ‘pu pioe d13d%y m
2£'0FV'ETC @99 F9'G8TT €9 ¥2'TEIT ‘pu 000+ T80 HpITOFTTT c0°0F980 2000 FET0 700 F¥C'0 oTO0OFSED 000F2F0 PO INOeT] 5
o7'0 ¥ G99 q0'€ ¥F6'09€T  £°0T + T'S60T ‘pu PEO0O+ESC IWOOFTLO 00FV¥PO0 qe0’0 ¥ 6590 eCO0FTV'0 €00 F 290 <000F.E0 PIOEIEN
00+FC€ ql'T .8V ST +0¢9 ‘pru 000F 120 pI00+6T0 S000+€ETO pf00'0 F8T'0  p00'0+F6T0 pg00'0F6T'0 €00FCC0  PpO€IIND
MOM MO4 MOd d do d09 d0d dOM 44 004 d0d

(7/6w) sajdwres Jaremarsepn (600T/b) sajdwes 1onpoud- Ag pue aayo)d

6T0Z Jeak Buissasoid "Buissadsoid snonuiuod pue yaleq ayl Buunp Jaremalsem pue sjonpold-Ag 9909 ‘sueaq 9ayod ul spioe dluehlo jo uonisodwo) /7 ajgel

69 UoISSNIJSIp pue Ss)Nsay



Results and discussion 60

5.1.3. Reducing sugars

Low molecular weight carbohydrates are involved in Maillard reactions and color changes
during the roasting of green coffee beans. Tables 8 and 9 illustrate the composition of reducing
sugars of coffee bean and by-product samples during the wet batch and continuous processing
for production years 2018 and 2019, respectively. The following six sugars were detected:
Arabinose, fructose, mannose, glucose, sucrose, and mannose. With the batch processing for
2018 production year, arabinose contents in de-pulped coffee beans, initial and final
fermentation coffee beans, and coffee pulp, were 0.22 + 0.01; 0.13 + 0.04; 0.11 + 0.01 and
0.18 £ 0.02 g/100 g DW, respectively. Arabinose as well as fructose and mannose were not
detected in green coffee beans and values of glucose and sucrose were of 0.66 + 0.04 and
4.96 £ 0.25 g/100 g DW, respectively. After the de-pulping step, there was no sucrose left in
the coffee pulp. However, the concentration of arabinose (0.18 + 0.02 g/100 g DW), fructose
(9.48 £ 0.43 g/100 g), mannose (0.92 + 0.08) and glucose (8.72 * 0.48 g/100 g) were
significantly different (p > 0.05) in coffee pulp. Although sucrose was not detected in parchment
and wastewater samples, all the other reducing sugars (fructose, mannose and glucose) were
present in higher concentration in wastewater resulting from de-pulping, fermentation and
washing.

Arabinose contents in de-pulped coffee beans, coffee beans at the beginning of the
fermentation, and coffee beans at the end of the fermentation in 2019 with the batch
processing, were 0.13 £ 0.00; 0.14 + 0.06; 0.14 = 0.03 g/100g DW, respectively. Arabinose
was not detected in coffee pulp as well as parchment with the batch processing 2019. Values
for glucose and sucrose in green coffee beans were 0.58 + 0.06 and 5.02 + 0.30 g/100g DW,
respectively. Alike samples 2018, after the de-pulping step, there was no sucrose left in the
coffee pulp. Nevertheless, concentration of fructose (8.63 + 0.22 g/100g DW), mannose (0.99
+0.50 g/100g DW), and glucose (8.31 + 0.49 g/100g DW) were significantly different (p > 0.05)
in coffee pulp. Even though sucrose was not detected, reducing sugars fructose, mannose,
and glucose were present in higher concentrations in wastewater 2019 resulting from de-
pulping, fermentation and washing. These results indicate removal of reducing sugars during
the batch processing; sugars in wastewater are most likely liberated from coffee pulp and from
mucilage layer which precipitate after fermentation.

In the case of the continuous processing for the samples taken in 2018, although arabinose
was not detected in the coffee bean samples, fructose, mannose, glucose and sucrose were
present at different concentrations. Fructose (9.74 +0.72 g/100 g DW), mannose (0.88 + 0.08
g/100 g DW) and glucose (8.29 + 0.59 g/100 g DW) in coffee pulp were similar to those
obtained with the batch process. The analysis of the variance showed that differences were
not significant. Although, other sugars like fructose and mannose may be present in green

coffee beans, glucose and sucrose seem to be the most relevant ones independent of the
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processing conditions used. Values of 0.58 + 0.05 and 5.07+0.39 ¢g/100 g DW were obtained
for glucose and sucrose, respectively. Acidri, et al. [290] and Kinyua, et al. [291] showed that
sucrose is the main low molecular weight saccharide component of the coffee seeds. Its higher
content is correlated with a better cup quality. Depending on the type of coffee species, sucrose
ranges from 5.1 to 9.4 % in Arabica coffee have been documented [289]. The data for coffee
pulp 2019 shows fructose (8.63 + 0.22 g/100g DW), glucose (8.31 = 0.49 g/100g DW),
mannose (0.99 + 0.50 g/100g DW), and maltose (0.21 g/100g DW). These values were similar
to those obtained with the batch process.

From Table 8 higher glucose values were obtained in coffee pulp while those of sucrose were
recorded in green coffee beans. We can see that with the batch processing 2018 glucose was
significantly reduced between the de-pulping (4.91 + 0.19 g/100 g DW) and final fermentation
(1.13 £ 0.07 g/100 g DW) steps while sucrose concentration was increased from 0.49 + 0.03
t0 2.10 £ 0.11 g/100 g DW. The same trend was observed for batch processing 2019. Glucose
reduction between de-pulping and final fermentation was 1.47 = 0.28 g/100g DW and 1.10 +
0.0 g/100g DW, respectively. However, sucrose content decreased from 4.50 + 0.01 g/100g
DW to 4.08 £ 0.12 g/100g DW. With continuous 2018 production year, glucose decreased from
1.56 £ 0.12 to 0.52 £+ 0.04 g/100 g DW from the de-pulping to the fermentation steps, while
sucrose fluctuated from 2.66 + 0.17 to 2.29 + 0.23 g/100 g DW. Similarly, glucose for
continuous processing 2019 decreased from 2.30 + 0.03 g/100g DW to 0.74 + 0.01 g/100g DW
from the de-pulping to the fermentation step. Contrary, sucrose increased from 2.89 + 0.16
9/100g DW for de-pulping to 3.89 + 0.18 g/100g DW for final fermentation. The mucilage acts
as a sort of barrier, a protective outer layer to isolate the bean from the rest of the cherry,
preventing internal decomposition by enzymatic and kinetic processes during fermentation [5].
In the fermentation process, microorganisms use simple sugars present in the mucilage as a
carbon source. Therefore, reducing sugars like glucose and fructose decrease as they are
consumed by microorganisms during the fermentation [251]. Compared to the batch process,
reducing sugars in the continuous processing were not detected in the parchment and were
up to 18 times lower in the fermentation wastewater. The batch processing due to
recirculation/reuse of water thus results in by-products and wastewater that contain more

reducing sugars — again a potential which should be valorized.
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5.1.4. Soluble proteins and amino acids

Lowry method was used to quantify the soluble proteins in coffee beans and their by-products.
The results for production years 2018 and 2019 are presented in Figure 15. Soluble proteins
were present in considerable amounts in coffee samples, ranging from 5 to 15%. Protein
content averages of 10-14% in coffee Arabica have been reported [292]. Different trends in the
protein contents were exhibited along the processing as well as dependent on the production
year. With the batch processing 2018, an insignificant increasing of protein content during the
fermentation step was registered, rising from 13.93 + 2.50 to 14.05 + 2.91 g/100 g DW from
the initial to the final fermented coffee beans. This amount decreased with the washing step to
a value of 13.58 + 1.64 g/100 g DW in the washed coffee beans. Finally, protein content
increased up to 17.21 + 2.71 g/100 g DW in the green coffee bean after removing the
parchment. For 2019 batch processing an insignificant increasing of protein content during the
fermentation steps was registered, similar to 2018 batch processing, from 8.99 + 0.76 g/100g
DW to 10.64 g/100g DW from the initial to the final fermentation step. Contrary to 2018 washed
coffee beans, the amount of protein content significantly increased to a value of 16.6 + 2.30
g/100g DW with the washing step. Protein content in green coffee insignificantly decreased to
15.5 £ 1.42 g/100g DW.

The situation was similar with the continuous processing. An insignificant increase of protein
content was observed between the coffee beans at the beginning of fermentation (11.20 +1.77
g/100 g DW) and the final fermented coffee beans (11.63 £ 0.56 g/100 g DW) for 2018 samples.
Contrary 2019 samples insignificantly decreased from 11.06 + 0.67 g/100g DW to 8.26 + 0.79
g/100g DW from beginning to final fermentation steps. After washing and parchment removal,
the protein content in green coffee beans was 10.62 + 1.94 g/100g DW and 13.37 + 1.19
0/100g DW for 2018- and 2019-year productions, respectively. The results indicate that the
proteins or their structures might be affected during both processing steps. A positive effect of
the fermentation on the solubility and accessibility of proteins seems to be probable. By-
products were also analyzed and protein values of 9.25 + 1.08 and 10.13 + 0.53 g/100 g DW
in coffee pulps were recorded for the batch and the continuous systems for 2018 samples,
respectively. The same trend but lower values were found for 2019 samples of the batch
process (7.98 + 0.53 g/100g DW) and the continuous process (5.45 + 0.96 g/100g DW).
Furthermore, while a similar protein content of 3.36 + 0.33 g/100 g DW (2018 production year)
and 3.33 £ 0.62 g/100g DW (2019 production year) in the parchment sample of the batch
system was registered, no protein was detected in the parchment from the continuous system.
Similar behavior was observed with wastewater samples. However, wastewater produced with
batch system in 2018 showed higher values compared to those with 2019 production year.
Protein values of 801.25 + 94.6, 9,292.5 £ 941.0 and 203.0 + 34.0 mg/L were obtained for the

wastewater form de-pulping, fermentation and washing steps, respectively. While protein value
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of 1,699.0 + 122.3, 2,384 + 257.9, and 297.6 =+ 51.1 mg/L were recorded for 2019 production

year for the wastewater from de-pulping, fermentation and washing step, respectively. Protein

content was detected in low concentration only for 2019 production year in the washing step

of the continuous system.
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Figure 15 Protein content of coffee beans, by-products and wastewater

Amounts of protein content of coffee beans, by-products and wastewater samples during the wet batch and
continuous processing for production year 2018 (a, c) and 219 (b, d). Data are expressed as means + standard
deviation. n = 3. Different letters indicate significantly different values for each group (different superscript letters
indicate a significant different, p < 0.05, ANOVA, Tukey'’s test).

Storage protein accounts for 45% of total proteins in the green coffee beans. The most
abundant of these proteins are the legumin-like seed storage proteins of the 11S size class
[293-295]. The typical structure of an 11S storage protein consists of 3-6 monomers, which
migrate into storage vacuoles (protein bodies) and generate the tri- and hexameric quaternary
forms by hydrophobic interactions, with molecular weights of 150 - 400 kDa [67]. The rupture
of the disulfide bonds in 11S monomers under reducing conditions releases the a (acidic) and
B (basic) subunits [296]. Coffea arabica proteins, in absence of a reducing agent, showed
subunit with molecular weight of 55 kDa, and in the presence of reducing agent (2-
mercaptoethanol) consisted of two polypeptides with molecular weights of 33 and 24 kDa
[293,295]. SDS PAGE was performed to evaluate these main protein compositions. The
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scanned gels of samples from both processing options are presented in Figure 16. The
Coomassie Blue staining shows two main bands of 34 and 20 kDa proteins in the de-pulped
coffee beans. In both processing variants, an increase in the amount of higher molecular
weight protein bands can be observed. These proteins result from crosslinking of different
smaller proteins, or they are simply released better from the coffee bean matrix during the
extraction. Further on-going experiments will encompass the nature of the composition of
these protein bands. In the same context the nature of the main protein bands observed in the
coffee pulp as well as in the fermentation wastewater (especially in the batch process) needs
also to be addressed. No bands were found in parchment from the continuous process,
whereas parchment from the batch process shows a first band of about 36 kDa and a second
band with a molecular weight of 22 kDa. That corroborates with the results obtained from Lowry
method where protein was detected in the parchment from batch process. The results of SDS-
Page document some differences in the protein molecular composition. The following chapters
show the structural changes occurring to the individual proteins, especially in those of the major

11S storage protein along the processing steps.
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Figure 16 Electrophoresis of coffee beans, by-products and wastewater

(a) batch and (b) continuous processing. With STD the protein ladder, DCB the de-pulped coffee beans, CP the
coffee pulp, FOC the initial fermentation coffee beans, FFC the final fermentation coffee beans, WCB the washed
coffee beans, PCB the parchment coffee beans, P the parchment, GCB the green coffee and FCW the fermented
wastewater.

In addition to the protein content, the fluorescamine assay was used to quantify amounts of
free amino acid groups of proteins and peptides, and amino acids for 2018 and 2019
production years in coffee bean samples (Figure 17). For both processing configurations, the
concentration of free amino groups was higher in the coffee pulp, while looking at the by-
products of the processing. This shows that most of the protein remained intact in the coffee
bean (see also results of SDS-PAGE, Figure 16), while the free amino groups are lost into the
coffee pulp.

An amount of free amino groups of 1.44 + 0.09 g/100 g DW was obtained in green coffee
beans 2018. Whereas in green coffee beans 2019, lower amount was found (0.93 = 0.05
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g/100g DW). Conversely, the free amino groups in the continuous processing remained more
or less constant and the final significantly decreased value in green coffee bean 2018 (0.81 +
0.03 g/ 100 g) was much lower than that obtained from the batch system. In 2019 coffee
samples a significant decrease (p < 0.0001) was observed between final fermented and green
coffee beans. However, values in green coffee beans 2019 (1.53 + 0.08 g/100g DW) were
higher compared to those in 2018. This demonstrates that circulating fresh water during
fermentation and washing operations contributed to a progressive leaching of free amino
groups. From the de-pulped coffee beans to the green coffee beans, free amino groups
decreased to about 64% in the batch processing and to about 50% in the continuous
processing for 2018 samples. Similar, for 2019 samples, a decrease to about 50% and 40%
was observed for the batch and continuous process, respectively. Free amino groups in green
coffee beans ranged between 0.8 to 1.5%.

Considering the wastewater samples, free amino groups were more pronounced in batch
processing samples compared to those of the continuous processing. The results showed that
free amino groups increased in wastewater with fermentation. Fermentation wastewater values
in 2018 of 15,993.5 + 170.9 and 153.5 + 7.6 mg/L for the batch and continuous processing
were obtained. While 2019 values were of 4,011.4 + 371.3 mg/L and 254.8 + 30.9 mg/L for the
batch and continuous processing, respectively. Values were about 100 times higher in batch
processing comparing to the continuous processing, keeping in mind that recirculation also
increases the value documented. These data suggest that recirculation primarily leads to
increased values for free amino groups. If a significant degradation of proteins in coffee beans
occurred during the fermentation step, especially when operating in batch, cannot be
interpreted from the observed values and still needs to be assessed more accurately. The
results still document a significant contribution of free amino groups originating from the
processing from the de-pulped to green coffee beans especially for the batch process. It can
further be assumed that the increase may also result from the metabolic microbial turnover
during the fermentation. This result reveals on one side the potential of reutilizing the
wastewater with proper pre-treatment, but also gives the opportunity in changing the content
of free amino groups in final green coffee bean. Knowing that this group of compounds is
involved in the Maillard-Reaction during roasting, this possibility could be utilized to improve
the coffee cup quality. Unfortunately, no detailed information is available to suggest that these

free amino groups are either required or sufficient for the generation of the coffee aroma [6].
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Figure 17 Free amino groups of coffee beans, by-products and wastewater

Continiuous process

Amounts free amino groups of coffee beans, by-products and wastewater samples during the wet batch and
continuous processing for production year 2018 (a, c) and 2019 (b, d). Data are expressed as means + standard
deviation. n = 3. Different letters indicate significantly different values for each group (different superscript letters
indicate a significant different, p < 0.05, ANOVA, Tukey'’s test).

Conclusion of the study 1 :

We hypothesized that the wet-coffee processing, whether in batch or continuous mode, can
influence the physicochemical characteristics of green coffee beans, and thus later the
roasting processing as well as the final cup quality. Thereafter, we found that the composition
of green coffee beans from both batch and continuous production modes presented
similarities. Further work will be directed towards the components that could participate in
reactions taking part during the roasting. The by-products, especially during batch processing,

revealed high concentrations of nutrients.
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5.2. Study 2: Effect of the post-harvest processing on the protein modification
in green coffee beans

The protein fraction, important for coffee cup quality, is modified during post-harvest treatment
prior to roasting. Proteins may interact with phenolic compounds, which constitute the major
metabolites of coffee, where the processing effects these interactions. This allows a hypothesis
that the proteins are denatured and modified via enzymatic and/or redox activation steps. The
present study was initiated to encompass the changes in the protein fraction. The
investigations were limited to major storage protein of the green coffee beans. Fourteen Coffea
arabica samples from various processing methods and countries were used. Different
extraction protocols were compared to maintain the status quo of the protein modification. The
extracts contained about 4-8 ug chlorogenic acid derivatives per mg extracted protein. High
resolution chromatography with multiple reaction monitoring was used to detect lysine
modifications in the coffee protein. Marker peptides were allocated for the storage protein of
the coffee beans. Among these, the peptides modified K.FFLANGPQQGGK.E and R.LGGK.T
of the a-chain and R.TTVNSQK.I and K.VFDDEVK.Q of B-chain were detected. Results
showed a significant increase (p < 0.05) of modified peptides wet processed green beans as
compared to the dry ones. The present study contributes to a better understanding of the
influence of the different processing methods on protein quality and its role in the scope of

coffee cup quality and aroma.

5.2.1. Free thiol groups and amino nitrogen in the protein extracts

To measure the nitrogen compounds assimilated during coffee fermentation, free amino
nitrogen was measured. Furthermore, free thiol groups were monitored to determine their
reactivity and change during processing.

Free thiol groups and amino nitrogen were determined for coffee beans processed from two
pilot wet processing companies from Guatemala and results are shown in Table 10. Exposed
free thiol groups from coffee beans processed in batch process samples are found in high
guantities. The values of 19.32 £ 1.23, 19.56 + 1.25, 16.13 + 1.03, 13.47 + 0.86, and 5.91 +
0.38 nmol/mg protein were obtained for depulped coffee beans, initial and final fermentation,
washed, and green coffee beans, respectively. Conversely, with continuous process samples,
values 0of 8.00 £ 0.51, 14.43+£0.92,2.61+£0.17,13.74 £ 0.88, and 4.93 = 0.31 nmol/mg protein
were obtained. After washing step, exposed free thiol groups decreased significantly (p <
0.0001). The amount of free thiol groups after denaturation reports significantly different values
(p < 0.05) for each group in batch and continuous process samples. The values of 23.20 +
0.39and 7.65 £ 0.13; 4.83 £ 0.08 and 4.57 + 0.076 nmol/mg protein were obtained for depulped
and green coffee beans in batch and continuous process, respectively. These results allow the

assumption that cysteine residues are less affected by the post-harvest treatment of coffee
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beans from continuous process, where water is not recirculated, and fresh water is applied in
the processing steps. In batch process, part of the water is returned to the beginning of the
process and used again in the depulping and fermentation steps, eventually allowing an
increase due to microbial load or a more pregnant denaturation of the coffee proteins via
enzymatic and/or redox activation steps, which would allow a release of free thiol groups. The
identification of the underlying mechanisms represents an element of future studies.

Values of the measurements of free amino nitrogen (FAN) ranged from 38.15 + 1.14 and 48.62
+ 3.86 ug/mg protein, which were obtained for the green coffee and final fermentation coffee
beans processed in continuous process. The content of FAN for green coffee beans processed
in batch process sample decreased significantly (p = 0.148) compared to depulped coffee
beans and values were 35.93 + 4.14 and 46.97 + 1.17 ug/mg protein for green and depulped
coffee beans, respectively. High free amino nitrogen values indicate that samples analyzed
have more unmodified lysine side chains that could be available for the initial Maillard reaction

during roasting.

Table 10. Exposed free thiol groups, free thiol groups and free amino nitrogen in batch and continuous

process
DCB IFCB FFCB WCB GCB

Exposed free thiol groups (nmol/mg)  19.33 #0.78%  19.56 +0.12®  16.13 + 0.66" 13.47 £0.42> 591 +2.62°

Batch Total free thiol groups (nmol/mg) 23.20 £0.24* 1452+ 1.48> 15.90 +0.21° 10.13 + 1.20¢ 7.65 £ 1.20°
process Free amino nitrogen (ug/mg) 46.97 +1.18* 48.51+3.80° 57.52+4.87° 58.96+6.86° 35.94 +4.15¢

. Exposed free thiol groups (hnmol/mg)  8.00 £ 0.45 14.44 £ 0.48°  2.61 +0.26° 13.74 £ 1.55°  4.93 +0.90°

Continuous Total free thiol groups (nmol/mg) 4.84 +1.65% 12.18 +2.46°  7.90 + 1.41° 10.66 + 1.22¢ 457 +2.232
process Free amino nitrogen (ug/mg) 47.17+2.32% 51.35+2.88% 48.62+3.86° 4548 +3.16% 38.15+1.14°

The proteins were extracted with option Il without reduction and alkylation. For determination of exposed free thiol
groups (A), the extracts were dissolved in 0.2 M Tris buffer, whereas to determine the total free thiol groups (B), 0.2
M Tris buffer containing SDS was used. Calibration was calculated using a series of concentration of reduced
glutathione and N-acetylcysteine. Data is expressed as means * standard deviation (n = 3) in nmol/mg protein.
Different letters indicate significantly different values for each line (p < 0.05, ANOVA, Tukey'’s test).

5.2.2. Protein content

To compare the different extracted samples, protein content was determined according to
Lowry et al. [297]. Table 11 shows the results of the protein content determined after extraction
with PVPP (option 1), SDS (option I1), and the improved SDS extraction protocol (option 111).

Itis clearly observed that extraction using option Il achieves significantly higher protein content
for continuous process samples compared to extraction using option | (p < 0.0001). Protein
content was found to be 1.33+ 0.21, and 2.08+ 0.08 mg/100 mg DW for continuous process
samples extracted with option | and Il, respectively. Values of 1.62 + 0.04, and 1.73%+ 0.19
mg/100 g DW were obtained for batch process samples extracted with option | and I,
respectively. Sample extracted with option Il exhibited the highest content in protein, 3.75+
0.04, and 3.45 £ 0.13 mg/100 g DW for the continuous and batch process, respectively. The
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results indicate that protein content using SDS in the extraction protocol was higher compared

to those using PVPP and ascorbic acid.

Table 11. Protein content after extraction option I, 11, III.

mg protein / 100 mg DW

Option | Option Il Option 111
Batch process 1.62 + 0.042 1.73+0.192 3.45+0.13°
Continuous process 1.33 £ 0.212 2.08 + 0.08° 3.75 £ 0.04°

Option I: PVPP and ascorbic acid was used for the extraction; option Il and Ill: SPS was used for the extraction.
Data are expressed as means * standard deviation (n = 3). Different letters indicate significantly different values
within the lines (p < 0.05, ANOVA, Tukey’s).

A fluorimeter was used to measure the visible fluorescence spectrum of the protein extracted
with the three different option protocols. The dissolved extracts, especially after extraction with
option |, show a darker green color compared to those of the option Il and lll. Protein extract
with option 1l was colorless compared to option | and Il (Figure 18). Bongartz et al. [298]
reported a change of color when sunflower protein in an alkaline environment was incubated
with CQA. An adduct e.g. with lysine results in a green benzacridine derivative as reported in
[299,300] and confirmed with the aid of HPLC coupled with ESI-MS" [301]. If the mechanism
proposed by Namiki and colleagues is followed [299,300], a dimerization prior to the interaction
with proteins seems to be precedent as documented for chlorogenic acid [302], and validated
for the adduct formation with the amino group in a model system [222,301]. Thereafter, the
present data suggests that the extraction with PVPP induces an oxidation of phenolic
compounds during the extraction and give unexpected results by the added protein
modifications. The extraction with SDS showed less influence on the analyzed protein fraction;
therefore, option Ill was selected as a method for further analysis. Transmission
measurements using a spectrophotometer from 325 to 480 nm wavelength were performed to
guantify the different color appearances. The analysis of the variance showed that differences
were significant (p < 0.05) for the two types of process. Option Ill, either for batch or continuous
process showed the lowest emission values, therefore, it was chosen for further experiments.
SDS-PAGE was used to exemplarily compare the extractions protocols (option | and II) and
the results are presented in Figure 18b. The main coffee 11S storage protein was allocated
toa- and B-chain bands as indicated in Figure 18b. The band intensity after extraction with
option Il was significant higher (p < 0.05) compared to the extraction with option I, indicating a
higher efficiency of the protein extraction (Figure 18c). The typical structure of an 11S storage
protein consists of 3-6 monomers, which migrate into storage vacuoles (protein bodies) and
generate by hydrophobic interactions the tri- and hexameric quaternary forms, with molecular
weights of 150- 400 kDa [303]. The rupture of the disulfide bonds in the 11S protein monomers
under reducing conditions releases the a (acidic) and B (basic) subunits [296]. Coffea arabica

proteins, in absence of a reducing agent, showed subunit with molecular weight of 55 kDa,
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and in the presence of reducing agent (2-mercaptoethanol) consisted of two polypeptides with
molecular weights of 33 and 24 kDa [304,305].
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Figure 18. Protein content
(a) protein content after extraction option I, Il, lll; (b) SDS-PAGE of continuous and batch process green coffee

beans; (c) intensity of a and B chains. Data is expressed as means+ standard deviation (n = 3). Different letters
indicate significantly different values for each group (different superscript letters indicate a significant different, p <
0.05, ANOVA, Tukey’s test).

5.2.3. In-gel digestion
The gel bands of the a- and B-chain of the samples were cut and digestion either with trypsin
or pepsin was performed. The sequence coverage of peptic and tryptic in-gel digestion is given
in Figure 19. Fragment spectrum obtained by MALDI-TOF-MS analysis was compared to the
sequence of the in-silico digested 11S. The fragment spectrum of the pepsin digestion with
zero partials covers 3.6 and 4.3% for a-chain and B-chain, respectively. The sequence

coverage increased significantly (p < 0.05) if a further partial is allowed in the digestion. Values
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of 19.5 + 1.6 and 22.8 + 1.6% were obtained for a-chain and B-chain, respectively. If two
partials are allowed, the sequence coverage increases significantly to 35.3 £ 11.0 and 33.2
12.1%. The sequence coverage of the MALDI-TOF-MS fragment spectra of the trypsin-
digested samples does not change significantly with an increase in the partials. Supplementary
Figure 19b shows the sequence coverage of the samples after extraction with options | and 1.
There is no significant difference between the two extraction options. The sequence coverage
of the a-chain shows lower values compared to those of B-chain for batch and continuous
process. Samples were measured only one time therefore differences cannot be statistically
checked for significance. These preliminary experiments indicate that, that the tryptic digestion

is more effective and was therefore used for further experiments.
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Figure 19. MALDI-TOF-MS.

(a) Sequence coverage of peptic and tryptic in-gel digestion; (b) sequence coverage after extraction with options |
and Il. Data is expressed as means * standard deviation (n = 3). Partials describe the incompletely digestion peptide
based on the number of unused interfaces that are contained in the fragment spectrum of the in-silico digestion.
Different letters indicate significantly different values for each group (different superscript letters indicate a
significant different, p < 0.05, ANOVA, Tukey’s test)

5.2.4. Phenolic compounds in protein extract by HPLC
Phenolic compounds in protein extracts were determined by HPLC to investigate the content
of the phenolic substances as influenced by the post-harvest treatment. The percentage
distribution of the seven detected phenolic compounds (Figure 20a) differs from the two coffee
companies, especially between depulped coffee beans samples. The structures of these seven
main compounds are given in our former work [306]. Recent studies reporting on the
composition of coffee phenolics have documented more than 50 hydroxycinnamic acid
derivatives being present [219,220]. The complexity of following up this type of reaction in

coffee based food matrix arises from the fact that the major phenolic compounds present in
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coffee beans are liable to isomerization and oxidation, thus producing themselves a series of
reaction products, many of which have hardly been characterized [222]. The constituents 3,4-
DICQA, 3,5-DICQA and 4,5-DiCQA were not detected in depulped coffee beans for batch
process. Otherwise, similar composition was detected for the initial fermentation, final
fermentation, washed and green coffee beans. The predominant constituent was 5-CQA with
72.3 and 70.7% for green coffee beans from batch and continuous process, respectively. The
protein extraction indicates that the proteins were precipitated by addition of acetone and
thereafter washed with methanol. This treatment can remove the loosely bound phenolic
compounds, but only the subsequent treatment with urea (desolvation of the protein) and
separation under conditions of the chromatographic conditions allowed the release of those
molecules more tightly bound to the proteins as indicated in Figure 20. It can be inferred that
these phenolic compounds detected in the protein extract entered in non-covalent interactions
with the proteins. Composition of phenolic compounds of green coffee beans show similar
composition for coffee beans processed in batch or continuous process. Individual constituents
were added up to obtain an approximation of the total phenol content and data are shown in
Figure 20b. The highest content of phenolic compounds is found in the green coffee beans
with concentrations of 5.21 + 0.04 and 8.11 £+ 0.02 pg/mg protein for batch and continuous
process, respectively. Thus, the drying step during the post-harvest treatments promotes a
more stronger binding of the phenolic compounds. The results further indicate that coffee
beans processed in continuous process triggers stronger binding of the proteins as compared
to batch process. The post-harvest again seems to play a significant role, allowing a hypothesis
that the proteins may undergo a more pregnant denaturation via enzymatic and/or redox
activation steps due to re-use of the processing water for the beans from the batch process.
This in turn could be responsible for structural changes in the storage protein resulting in loss

of binding sites, thereby allowing a lower binding of the phenolic compounds.
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Figure 20. Phenolic compounds in protein extract.

(a) Composition of the major phenolic compounds; (b) amount of phenolic compounds. BP: Batch process; CP:
Continuous process; DCB: depulped coffee beans; IFCB: initial fermentation coffee beans; FFCB: final fermentation
coffee beans; WCB: washed coffee beans; GCB: green coffee beans. Data is expressed as percentage of total
phenolic compounds (a) and the sum of means + standard deviation (n = 3) of the detected phenolic compounds in
pg/mg protein. Different letters indicate significantly different values for each group (different superscript letters
indicate a significant different, p < 0.05, ANOVA, Tukey'’s test).
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5.2.5. Analysis of the protein modification using HPLC-MS/MS

Proteins can be modified by reaction with phenolic compounds. The bulk of interactions

between these two fractions initially result in non-covalent interactions [307,308]. These can
be based on hydrophobicity, hydrogen bonds, or ionic bonds [222]. Suryaprakash et al. [82]
showed that proteins from sunflower seeds can act as non-covalent ligands for caffeic and
guinic acids. In this context, these interactions often occur between caffeic acid and
tryptophan, tyrosine, or lysine side chains [309]. If the interaction of protein and phenolic
compound leads to a covalent bond, it is a protein modification. Such a modification can also
occur in parallel with non-covalent reactions. Covalent bonds are catalyzed both enzymatically
and non-enzymatically. Both reactions can be divided into two steps and require the presence
of oxygen [222]. Generally, the first step involves the formation of an electrophilic reactive
species of o-quinone. These are capable of undergoing a nucleophilic addition to proteins e.g.
thiol and free amino groups, thereby covalently modifying the proteins. The green coffee beans
have been shown to possess polyphenol oxidase (PPO) activity, therefore their proteins are
liable to this type of modification [306]. In order to access such madifications, the proteins need
to be broken down into peptides. Thus, a method was developed as indicated in section 4.2.10
to encompass such changes. The strategy includes a first step of identifying the unmodified
peptides in the major 11S coffee storage protein and a second one that follows a modification
by a single or dimerized chlorogenic acid molecule while applying targeted mass spectrometric
analysis [306].

The percentage distribution of the detected masses for the a and B-chain of 11S protein can
be seen in Figure 21. The peak areas of the fragment masses were added for each transition.
It can be seen that the fragment K.LNAQEPSFR.F gave the strongest signal. The distribution
values were between 57.3 and 72.8% for continuous process initial fermentation sample and
batch process green coffee beans, respectively. The modified peptides are dominated by the
peptide K.FFLAGNPQQQGGGK.E. This peptide was found modified with the CQA monomer.
The corresponding proportion of the modified peptides of the a-chain ranges from 74.5% to
90.7% for batch process depulped coffee beans and continuous process final fermentation,
respectively. The peptide R.LGGK.T was also detected in the modified state. This peptide was
found modified with CQA and DICQA.
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Figure 21. Distribution of the unmodified and modified peptides
Unmodified and modified peptides of the (a,b)a and (c,d) B-chain detected by HPLC-MS/MS from coffee samples
from batch and continuous process. BP: Batch process; CP: Continuous process; DCB: depulped coffee beans;

IFCB: initial fermentation coffee beans; FFCB: final fermentation coffee beans; WCB: washed coffee beans; GCB:
green coffee beans. Data is expressed as means + standard deviation (n = 2).

The distribution of the unmodified peptides of the B-chain is depicted in Figure 21b. More
homogenous distribution is observed compared to the distribution in the a-chain. In fact the
response for the $-chain was much stronger and more peptides could be allocated, in turn
improving the overall sequence coverage.

From Figure 21b, it can be seen that only two modified peptides were detected. The peptide
R.ITTVNSQK.I with DICQA lysine modification is the predominant peptide in almost all the
samples. Washed coffee beans in batch process show a proportion of 48.5% K.VFDDEVK.Q
with a CQA-lysine adduct, differing significantly from the rest of the samples investigated. The
reason for this observation is not yet clear and further experiments are needed to confirm this
behavior.

The HPLC-MS/MS method was also applied to protein extracts from green C. arabica beans
of various origins. The distribution of the unmodified and modified peptides of the a-chain are
depicted in Figures 22 a and b. Among the modified peptides, K.IIQK.L was found to be
predominant. The lysine-modified R.LGGK.T peptide was found in all the samples.
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Figure 22. Distribution of the unmodified and modified peptides
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Unmodified and modified peptides of the a-chain (a, b) and B-chain (c, d) of 11S by HPLC-MS/MS. AM: Maji
Ethiopia; KJ: Jora Kenia; TM: Mbeye Peak Tanzania; CT: Terrazu Costa Rica; MF: Flaming Mexico; BL: Logoa
Brazil; BS: Santos Brazil; KS: Supremo Colombia; PU: Urubamba Peru; IM: Malabar India; JK: Kayumas Indonesia;
SG: Gayo Indonesia.

In the case of the proportion of modified peptides in the B-chain (Figure 22d), Brazil Santos
green coffee beans (KS) is particularly marked by the peptide R.ITTVNSQK.I with 20.2%. In
the case of Mexico Flamingo (BL), unmodified peptide K.VFDDEVK.Q shows percentage
distribution of 18.3%. The most modified peptide of the B-chain in all the samples was
K.VFDDEVK.Q. The proportions of the modified peptides of the B-chain are lower compared
to that of the a-chain.

The proportions of modified peptides in the a-chain are shown in Figures 23 a & b as mean
values for each type of coffee processing. The percentage of modified peptide R.LGGK.T in
green coffee beans is significantly higher for the wet and monsoon compared to the dried and
The with  the
K.FFLAGNPQQGGK.E in green coffee beans. A significant increase in fraction of the peak

half-wet  processing. situation was similar modified peptide

area of the modified peptide was observed among the dried (13.0%), wet (19.5%), and
monsoon processing (42.6%). In the case of B-chain (Figures 23 c and d), it can be seen that
the proportion of the modified R.ITTVNSQK.I peptide is higher in the wet compared to the half-

wet processing. In the case of the peptide K.VFDDEVK.Q, a significant different (p < 0.05)

proportion is seen in monsoon compared to the dried, half-wet and wet processing.

=== RITTVNSQK.
K.VFDDEVK.Q
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Figure 23. Proportion of the two most lysine-modified peptides in the a-chain and B-chain of the storage 11S protein.

Distribution of the most modified peptides of the a-chain (a,b) and p-chain (c,d) of 11S by HPLC-MS/MS. Data is
expressed as means + standard deviation (n = 2) in percentage of the HPLC-MS/MS peak area of the unmodified
and modified peptide given as the sum of the peak areas. Different letters indicate significantly different values for
each group (different superscript letters indicate a significant different, p < 0.05, ANOVA, Tukey’s test).

The peptides K.FFLANGPQQGGK.E and R.LGGK.T of the a-chain show a high level of lysine
modifications in the samples analyzed. In the case of the B-chain, peptides were less lysine-
modified. Schwenke et al. [310] and Rawel et al. [311] showed that the hydrophilic C-terminal
region of the a-chain on the surface of the 11S contained a protective function against the
internal B-chain, thereby being the preferred point of attack for chlorogenic acid. Green coffee
samples produced by different processing methods showed connection with CQA-dependent
lysine modification. Samples of the half-wet, wet and monsoon processing contain larger
proportions of the lysine-modified target peptides. Presumably, the increased contact with

water favors the oxidation reactions under consideration.

Conclu sion of the study 2:

Three different extraction protocols to isolate the protein fraction were compared.
Subsequently a method to detect lysine and cystine modification in coffee protein was
developed. Samples from five different processing steps from two coffee plantations in
Guatemala were investigated. The developed method integrated analysis of 14 samples of
green coffee beans from various processing methods and countries. The unmodified peptide
K.LNAQEOSFR.F of the a-chain was detected with high signal intensity. The unmodified

peptides of the B-chain showed a diverse spectrum and therefore several options for selecting
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peptides as markers were available. The peptides K. FFLANGPQQGGK.E and R.LGGK.T of

the a-chain showed a high level of lysine modifications in the samples analyzed. In the case

of the B-chain, peptides were less lysine-modified. A recirculation of the water during coffee
processing led to more lysine modification. Coffee processing that uses more water showed
an increased proportion of the modified peptides. These in turn act in different ways with
individual amino acids further increasing the diversity of the reaction products. This seems to
be especially relevant for the a-chain on the surface of the 11S coffee storage protein, since
many peptides for this fraction were also not found in the unmodified state and the overall

response being much lower than that of the B-chain.

5.3. Study 3: Preparation of Activated Carbons from Spent Coffee Grounds
and Coffee Parchment and Assessment of Their Adsorbent Efficiency

The valorization of coffee wastes through modification to activated carbon has been
considered as a low-cost adsorbent with prospective to compete with commercial carbons. So
far, very few studies have referred to the valorization of coffee parchment into activated carbon.
Moreover, low-cost and efficient activation methods need to be more investigated. The aim of
this study was to prepare activated carbon from spent coffee grounds and parchment, and to
assess their adsorption performance. The co-calcination processing with calcium carbonate
was used to prepare the activated carbons, and their adsorption capacity for organic acids,
phenolic compounds and proteins was evaluated. Both spent coffee grounds and parchment
showed yields after the calcination and washing treatments of around 9.0%. The adsorption of
lactic acid was found to be optimal at pH 2. The maximum adsorption capacity of lactic acid
with standard commercial granular activated carbon was 73.78 mg/g, while the values of 32.33
and 14.73 mg/g were registered for the parchment and spent coffee grounds activated
carbons, respectively. The Langmuir isotherm showed that lactic acid was adsorbed as a
monolayer and distributed homogeneously on the surface. Around 50% of total phenols and
protein content from coffee wastewater were adsorbed after treatment with the prepared
activated carbons, while 44, 43, and up to 84% of hydrophobic compounds were removed
using parchment, spent coffee grounds and commercial activated carbon, respectively; the
adsorption efficiencies of hydrophilic compounds ranged between 13 and 48%. Finally, these
results illustrate the potential valorization of coffee by-products parchment and spent coffee
grounds into activated carbon and their use as low-cost adsorbent for the removal of organic

compounds from aqueous solutions.

5.3.1. Preparation of coffee by-products through pyrolysis
Spent coffee and parchment powders mixed with calcium carbonate at ratio 1:1 at 850° Cwere

selected to test the effect of washing the materials after carbonization. Previous batch
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experiments were performed to evaluate the effect of different preparation protocols. Figure
24 shows the effect of washing the sample with HCI and deionized water (P1-85 and SC1-85)
and without washing (P1-85X and SC1-85X) after carbonization with 50 mg/L of Bromophenol
Blue in the bulk solution. It can be clearly observed that samples after washing with HCI and
deionized water were more efficient in Bromophenol Blue adsorption compared to those
without washing treatment, therefore samples were prepared under same conditions for further

analysis.

Bromophenol Blue .
Co = 50 mg/L SCL8ss

Figure 24 Effect of different preparation protocols on Bromophenol Blue adsorption

Activated carbon prepared under different protocols. P1-85X and SC1-85X were used without any further treatment
after pyrolysis. P1-85 and SC1-85 were washed with 2 M HCI and deionized water after pyrolysis. Adsorbent dose
of 0.2% (w/v) with 50 mg/L of Bromophenol Blue in the bulk solution without pH modification.

5.3.2. Activated carbon yield
Activated carbon vyield is defined as final weight of activated carbon produced after
carbonization, washing, and drying, divided by initial weight of raw material on a dry basis.
Table 12 shows carbon yield after carbonization and washing step for the activated carbon
varieties resulting from different ratios and carbonization temperatures. Decomposition of
volatile compounds to residual carbon [312] and breaking down of calcium carbonate to calcium
oxide [313] explains the initial weight loss in the carbonization step. The low yield after washing
step indicates that calcium oxide was removed from activated carbon losing initial weight on a

dry basis.

Table 12 Carbon yield for the activated carbon varieties

L ization +
Carbonization Carbonization

Washing

Varieties CaCQs: Tempoerature wil w2 (g) Yield wil w2 Yield
material 0 () ) @ @ ()

P0-80 0:1 800 8.5 2.3 26.7% - - -

P0-85 0:1 850 10.1 2.6 25.3% - - -
= P1-80 1:1 800 13.8 7.6 55.1%  13.8 1.2 8.6%
g P1-85 1:1 850 12.7 5.3 41.7% 127 1.3 9.9%
f&; P2-80 1:2 800 12.2 5.6 46.1% 122 1.6 12.9%
o P2-85 1:2 850 11.8 4.4 37.6%  11.8 1.3 10.9%
P3-80 2:1 800 13.3 9.4 70.7%  13.3 0.8 5.8%

P3-85 2:1 850 13.9 7.4 52.9% 13.9 0.5 3.7%
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L ization +
Carbonization Carbonization

Washing
Varieties CaCQa: Tempierature wl w2 (g) Yield wl w2 Yield
material <) ) (%) ) () (%)
SCO0-80 0:1 800 12,5 3.1 24.8% - - -
SCO0-85 0:1 850 12.4 3.0 24.2% - - -
® SC1-80 1:1 800 18.9 10.6 56.0%  18.9 1.2 6.1%
§ SC1-85 11 850 18.1 7.2 39.7% 18.1 1.6 8.7%
E SC2-80 1:2 800 17.3 7.5 43.1% 17.3 2.1 12.3%
& SC2-85 1:2 850 17.6 6.3 35.7% 17.6 2.2 12.4%
SC3-80 21 800 17.0 11.7 68.5% 17.0 1.3 7.6%
SC3-85 2:1 850 16.7 8.1 48.7% 16.7 0.7 4.0%

5.3.3. Characterization of activated carbon produced

Zeta potential measurements were performed to determine electrophoretic mobility of
activated carbon particles in a diluted suspension. The experiments were conducted in a
neutral solution (pH ~7) and the zeta potential was measured to be -16.9 + 3.4, -18.6 + 1.3,
and -24.9 £ 0.23 mV for spent coffee, parchment and commercial activated carbons,
respectively. Zeta potential < + 30 mV indicates that the colloidal system is unstable and
particles tend to attract each other [314], whereas the sign of the zeta potential shows that
negative charges are predominant at the surface of the activated carbons [315].

SEM was used to determine the microstructure of the prepared activated carbons. Figure 25
shows the SEM images of raw materials, activated carbons obtained from spent coffee
grounds, parchment and the commercially available activated carbon. It is clear from the
images that co-calcination with CaCOs results in the development of a large number of pores
on the surfaces of spent coffee grounds and coffee parchment activated carbons (Figure 25 b
and d) compared to the raw materials (Figure 25 a and c). Calcium carbonate is decomposed
at temperatures above 800° C producing calcium oxide and CO,. The latter is normally used
as oxidation reagent for physical activation. Arenas et al. [316] have demonstrated that CO-
steam produces high surface areas due to the steam widened microporosity which allows
carbon dioxide to reach new sites to develop new porosity. The development of pores is also
related to yield decline, showing that development progress from outer to inner structures [317].
Section 8.12 shows the SEM images for all the parchment and spent coffee.
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Figure 25 Scanning electron microscope images of activated carbon

Produces from spent coffee and parchment (a) raw spent coffee, (b) spent coffee (c) raw coffee parchment, (d)
parchment, (e) commercial

Figure 26a presents the IR spectrums of the materials. Bands from 1500 to 1000 cm™ were
obtained for the raw spent coffee and the parchment, while two bands at approximately 2900
cm™ were recorded only for the raw spent coffee grounds. The bands exhibited by the raw
materials are assigned to lignin/cellulose materials [318,319] This is consistent to the
composition of spent coffee grounds and parchment rich in cellulose, lignin and hemicellulose
[320,321]. For the co-calcinated samples, all the bands exhibited by its corresponding raw
materials are no longer detected and spectrums were similar to commercial activated carbon.
Elemental analysis data indicates that the raw spent coffee is composed of 56.3% carbon,
7.7% hydrogen, 1.8% nitrogen, and 0.47% sulfur. These values were 46.3, 6.4, 0.4, and 0.7%
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for parchment. After co-calcination values of 84.0% carbon, 1.38% hydrogen, 2.6% nitrogen
and 0.3% sulfur; 91.6% carbon, 0.9% hydrogen, 0.5% nitrogen, and 0.3% sulfur were obtained
for the spent coffee and parchment activated carbons, respectively. High temperatures release
volatile matter content, removing functional groups, therefore carbon content in activated
carbon samples is higher when compared to those of the raw materials.

Structure of the materials analyzed using the XRD showed one main broad peak at
approximately ~20° 26 for both raw materials (Figure 26b). Those peaks are in agreement with
diffraction peaks of amorphous cellulose containing material [322]. After co-calcination, the
resulting activated carbons exhibited two main peaks at ~25° and ~43° 20, showing similar
diffractograms compared to commercial activated carbon. Peaks around 20° and
40° Correspond to the reflection of the (002) and (100) planes of graphite structure of carbon
black, respectively [323].

Thermogravimetric analysis was used to investigate the content of inorganic residues in the
materials and results are presented in Figure 26¢c. The mass losses of raw spent coffee
grounds were detected in the temperature range from 282° Cto 324° C(54 % weight loss) and
from 438° Cto 520° C(29 % weight loss). These values were in the range from 286° Cto 316° C
(70% weight loss) and from 376° Cto 410° C (29% weight loss) for raw parchment. Those
weight losses were reported to be a thermal decomposition of the amorphous cellulose regions
and oxidation of the carbon skeleton [324]. Similar thermogravimetric curves were previously
reported from materials with hemicellulose and lignin content [322,325,326]. Weight losses of
98% in the range from 445° Cto 546° Cand of 93% from 504° Cto 601° Cwere reported for
spent coffee grounds and parchment activated carbons, respectively. Commercial activated
carbon showed one decrease in sample mass in the temperature range from 582° Cto 674° C
constituting 90% of the total mass. The results for co-calcinated samples indicate an increase

in material crystallinity therefore causing an improvement in thermal stability.

Raw spent coffee grounds Raw spent coffee grounds

Raw parchment MM\[L Raw parchment
Spent coffee grounds

Spent coffee grounds \\\

Parchment \ JW
Parchment

Commercial \ WNM‘

Commercial

Transmission (a.u.)
Intensity (a.u.)

1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500 10 20 30 40 50 60
Wavenumber (cm™t) 26 (°)
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Figure 26 IR spectra, X-ray diffraction patterns and TGA data

(a) IR spectra, (b) X-ray diffraction patterns, and (c) TGA data of raw spent coffee grounds, raw parchment, spent
coffee grounds, parchment and commercial activated carbons.

N2 sorption measurements were done to determine the specific surface area and porosity of
the activated carbon materials, and the resulting isotherms are presented in the Figure 27a.
The adsorption branch of the isotherms of the activated carbon materials showed rapid N
uptake at low relative pressure (P/Po < 0.1), followed by a gradual uptake at higher relative
pressures. Their sorption behavior indicates that these materials are largely microporous
(IUPAC classification Type Ib) [327]. The activated carbon materials from parchment and spent
coffee grounds exhibited open hysteresis, as seen from the non-closing of the desorption
branch at low P/Py. The resulting activated carbon from parchment and spent coffee ground
exhibited a BET specific surface area (SSAget) of 416 and 167 m?/g, respectively, while the
commercial activated carbon had the highest SSAger of 1010 m?/g (Table 13). The commercial
activated carbon also had the highest pore volume of 0.46 cm?®/g, followed by parchment and
spent coffee grounds with 0.22 and 0.14 cm?/g, respectively (Table 13). The pore size
distribution (PSD) analysis (Figure 46b) of the adsorption branch using HS-NLDFT calculation
revealed that all three materials exhibited a large proportion of micropores (< 2 nm pore width),
with the commercial activated carbon having only micropores. On the other hand, the activated
carbons from parchment and spent coffee grounds also have mesopores (2-30 nm pore width;
Figure 46b inset). The parchment activated carbon has a more defined mesopore distribution

compared to the spent coffee grounds.
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Figure 27 N2 sorption isotherms

(@) N2 sorption isotherms, and (b) differential pore size distribution of spent coffee grounds, parchment and
commercial activated carbons.

Table 13. Porosity data derived from N2 sorption measurements at 77 K.

Activated carbon SSAger? (M?/g) Vpore? (cm3/g)
material

Parchment 416 0.22

Spent coffee grounds 167 0.14
Commercial 1010 0.46

Note: 2 specific surface area (SSAget) calculated using the BET equation in the pressure range of 0.1-0.3 for the
raw materials and 0.05-0.1 for the activated carbons; Ppore volume (Vpore) calculated using HS-NLDFT with a
minimum pore width of 1.47 nm.

5.3.4. Effect of calcination temperature, pH and initial concentration on
Bromophenol Blue adsorption

Carbonization temperature influences the adsorption capacity of the adsorbent, therefore a

careful selection of the carbonization process can enrich the carbon content and porosity in

the char [328]. Bromophenol Blue was used as adsorbate to evaluate the effect of carbonization

temperature and calcium carbonate to material ratios on their adsorption capacity. Figure 28

presents the adsorption capacity of Bromophenol Blue of spent coffee and parchment for

different carbonization temperatures and ratio mixtures. When carbonization temperature

increases the adsorption capacity also increases. When the mass ratio of calcium carbonate

to material increased, the adsorption capacity increased whether at 800° C or 850° C. Likewise,
when the mass ratio of calcium carbonate to material decreases, the adsorption capacity also

decreases. Spent coffee and parchment without adding calcium carbonate whether at 800° C
or 850° C do not show adsorption efficiency for Bromophenol Blue. High values of adsorption

efficiency were obtained in SC1-85 (99%).
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Figure 28 Effect of carbonization temperatures on Bromophenol Blue adsorption

Activated carbon prepared from (a) spent coffee or (b) parchment at different mass ratios (calcium carbonate:
material) and different carbonization temperatures (800 and 850° C). Adsorbent dose of 0.2% (w/v) with 50 mg/L of
Bromophenol Blue in the bulk solution without pH modification. Data are expressed as means + standard deviation.
n = 3. Different letters indicate significantly different values for each group (different superscript letters indicate a
significant different, p < 0.05, ANOVA, Sidak’s test)

The effect of pH from 1 to 11 on the adsorption capacity with 4 mg of AC in 2 mL of aqueous
Bromophenol Blue dye solution of 50 mg/L at a contact time of 1 hour was investigated. pH
plays an important role in aqueous chemistry and considerably affects the adsorption capacity.
Figure 29a illustrates the removal efficiencies of Bromophenol Blue for SC1-80, SC1-85, SC2-
80, SC2-85, SC3-80, and SC3-85. Figure 28b shows the removal efficiencies of Bromophenol
Blue for P1-80, P1-85, P2-80, P2-85, P3-80, and P3-85. The removal efficiency decreased as
pH increased. Because Bromophenol Blue is slightly negative charged when dissolved in
aqueous solution, electrostatic attraction could favor adsorption when pH value is between 2
and 3. Nevertheless, when the pH value of the aqueous solution increases, the positively
charged surface decreases, meaning a reduction of electrostatic attraction and removal
efficiency. If pH value surpasses 5 or 6 the surface is negatively charged resulting in an
electrostatic repulsion and therefore decreasing in removal efficiency. pH at point of zero
charged (pHezc) was determined from the intersection of the curve initial pH vs A pH (initial pH
- final pH) for each sample. The surface of the AC is positively charged when pH values are
below pHpzc and negatively charged when are above pHpzc. Results of pHpzc are compiled in
Table 14.
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Figure 29 Effect of pH on Bromophenol Blue adsorption

Effect of pH on Bromophenol Blue adsorption on (a) spent coffee or (b) parchment. Activated carbon prepared with
different mass ratios (Calcium carbonate: material) and carbonization temperature (800 and 850° C). Adsorption
experiments performed with adsorbent dose of 0.2% (w/v) with 50 mg/L of Bromophenol Blue in the bulk solution
at different pH (1-11). Data are expressed as means * standard deviation. n = 3. Different letters indicate
significantly different values for each group (different superscript letters indicate a significant different, p < 0.05,
ANOVA, Tukey'’s test).

Table 14 Point of zero charged of spent coffee and parchment.

AC pHezc
SC1-80 6.75
SC1-85 6.88
SC2-80 5.88
Spent Coffee
SC2-85 6.30
SC3-80 5.77

SC3-85 6.25
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AC pHpzc
P1-80 7.87
P1-85 6.80
Coffee P2-80 5.84
parchment P2-85 6.42
P3-80 6.84
P3-85 7.01

Adsorption experiments with 4 mg adsorbent in 2 mL adsorbate of Bromophenol Blue solution of 50 mg/L, pH range
of 1to 11, 1 hour contact time at room temperature

The effect of various initial dye concentrations (10 — 100 mg/L) on adsorption efficiency at fixed
pH 4 for 1 hour contact time was evaluated. Tables 15 and 16 illustrate the adsorption
efficiency and amount of dye adsorbed by spent coffee and parchment activated carbon. The
adsorption efficiencies for SC2-85, SC3-80, and SC3-85 with initial dye concentration 10 — 30
mg/L were about 99 — 82%. SC2-80 shows lower percentage of adsorption, a maximum of
adsorption efficiency of 70% in an initial dye concentration of 10 mg/L. Likewise, adsorption
efficiency of parchment activated carbon was greater at low initial dye concentration, ranging
between 99-70%. Activated carbon SC1-85 shows greater percentage of adsorption between
100-60 % in a wider initial dye concentration range (between 10-150 mg/L). The uptake
decreased when initial dye concentration was between 50-60 mg/L with exception of sample
SC1-85, which shows an uptake decreasing at initial dye concentration between 150-200
mg/L. A decrease in the adsorption efficiency with the increase in dye concentration in the
solution was observed. The adsorption uptake increases until the material reaches the
maximum uptake, where thereafter the uptake decreases. The maximum uptake of spent
coffee activated carbon samples was shown by SC1-85 with 46.33 mg/g. Whereas, for

parchment activated carbon the maximum uptake was 20.58 mg/g by P1-85.
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5.3.5. Lactic acid adsorption

5.3.5.1.  Effect of pH and concentration on lactic acid adsorption

The effect of pH on the lactic acid adsorption capacity was investigated. Five different initial
pH were tested, 2.0, 2.85, 3.86, 4.0 and 6.0 and the results are presented in Figure 30a. Data
indicates that the three activated carbons exhibit selectivity at a pH below pKa (3.86) of lactic
acid. Removal efficiency clearly decreased from 74 £ 0.17 to 14 + 0.64% for parchment, from
33 + 0.84 to 13 + 0.26% for spent coffee, and from 75 + 0.99 to 24% + 1.09% for commercial
activated carbon. Similar values of lactic acid adsorption on different commercial activated
carbon were previously reported under similar experimental conditions [275,329]. Lactic acid
adsorption onto activated carbon was reported as physical adsorption which depends on
electronic polarization, decrease of lactic acid at pH above pKa is owed to a decrease on dipole-
dipole interactions [330]. The shown experimental data agrees with the above as the activated
carbon samples exhibit adsorption affinity below pKa. Data also showed that lactic acid
adsorption is higher for the commercial activated carbon and parchment compared to the spent
coffee efficiencies.

Adsorption capacity of lactic acid was investigated by modifying the initial lactic acid
concentration in the range of 0.5 to 25 g/L, and the results are presented in Figure 30b. The
removal efficiency significantly decreased when the lactic acid increased from 0.5 to 25 g/L.
The values ranged from 94.92 + 0.003 to 10.43 + 0.004% (p < 0.0001), from 76.46 + 0.006 to
5.45 £ 0.002% (p < 0.0001), and from 82.88 + 0.005 to 21.60 + 0.018% (p < 0.0001) for
parchment, spent coffee and commercial activated carbons, respectively. Nevertheless, the
adsorption capacity increased until it reached adsorption equilibrium with values ranging from
4.75 + 0.01 to 26.07 + 0.94 mg/g, from 3.82 + 0.03 t0 13.62 + 0.54 mg/g, and from 4.14 + 0.01
to 72.36 = 2.61 mg/g for parchment, spent coffee and commercial activated carbons. The
experimental data showed that adsorption of lactic acid onto activated carbon is affected by
lactic acid initial concentration. Saturation of available pore sites on the adsorbent has been
reported as the initial concentration increased [331]. Difference of adsorption efficiencies
between activated carbon samples is therefore related to the amount of pore sites available

on the adsorbent.
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Figure 30 Effect of lactic acid adsorption on activated carbon

(a) Different initial pH (2 — 6) with 2.5 g/L of lactic acid in the bulk solution, adsorbent dose of 10% (w/v) and 4 h
contact time at room temperature; (b) Different initial lactic acid concentrations (0.5 — 25 g/L) without pH correction,
adsorbent dose 10% (w/v) and 4 h contact time at room temperature.

5.3.5.2. Lactic acid adsorption isotherm
Langmuir and Freundlich isotherms were applied to find equilibrium adsorption characteristics.
Figure 31 shows the non-linear plots for Langmuir and Freundlich isotherm of lactic acid at
room temperature. Table 17 exhibits the isotherm parameters and regression coefficients for
the two isotherms plots. The maximum adsorption capacity (gm) was 13.99 + 0.45, 29.48 +
1.31, 93.48 + 5.60 mg/g for parchment, spent coffee grounds, and commercial activated
carbons, respectively. Langmuir constant K, is related to the sorption energy and represents
the affinity of the adsorbent to the adsorbate. The values calculated were 3.07 x 10 for
commercial activated carbon, 4.9 x 102 for parchment, and 2.4 x 103 for spent coffee.
Coefficient of determination (R?) was compared from Langmuir and Freundlich isotherm.
Langmuir isotherm was found to be more appropriate in interpreting the adsorption behavior.
The shown experimental data agrees with another study where lactic acid adsorption follows
the Langmuir isotherm [275]. Langmuir isotherm model states that the adsorbate was adsorbed
as monolayer and therefore allocated homogeneously on the surface with restricted interaction
between adsorbate molecules. Langmuir data parameters indicate that parchment has more

affinity to lactic acid compared to spent coffee and commercial activated carbon.
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Figure 31 Adsorption capacity for lactic at equilibrium

Adsorption capacity (ge) for lactic acid versus lactic acid concentration at equilibrium in liquid phase (Ce) for spent
coffee, parchment, and commercial activated carbon, without pH corrections, adsorbent dose 10% (w/v) and 4 h
contact time at room temperature.

Table 17 Langmuir and Freundlich isotherm model parameters

Spent coffee  Parchment Commercial

Isotherms Coeffi cients Units -
activated carbon

am mg/g 13.99 29.89 93.48
Langmuir KL L/mg 0.0024 0.0049 3.07 x 10

R2 - 0.89 0.87 0.96

n - 7.07 9.62 2.39
Freundlich Kr mg/g (L/g)" 3.63 9.62 1.41

R2 - 0.63 0.54 0.88

Langmuir and Freundlich isotherm parameters obtained from the nonlinear fitting for commercial activated carbon,

spent coffee, and parchment.

5.3.6. Adsorption of main organic acids present in wet-coffee processing
Organic acids are constituents of importance in wet-coffee processing. During coffee
processing, to guarantee the proper drying of green coffee, fermentation takes place so the
mucilage layer can be degraded. In previous work, citric acid, malic acid, and lactic acid were
found to be present in coffee beans and by-products while in coffee wastewater the main
organic acids were lactic acid and propionic acid [266]. Adsorption efficiency of citric, malic,
lactic, acetic, propionic, and butyric acid was evaluated by preparing a model fermentation
broth mixture of 20 g/L containing the six organic acids. The results indicate that all six organic
acids were adsorbed onto the three activated carbons. Among the activated carbon samples,
parchment showed the highest adsorption removal efficiency for malic acid 73.83 + 0.065%,
lactic acid 52.80 + 0.063%, acetic acid 85.01 + 0.002%, propionic acid 96.86 + 0.001%, and
butyric acid 99.52 + 0.000%, while commercial activated carbon exhibited the highest removal
efficiency for citric acid 84.69 + 0.006% (Figure 32). In complex systems, competition between

compounds and activated carbon surface takes place, binding compounds with more
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selectivity and affinity to the adsorbent. Silva et al. [37] reported that adsorption of organic
acids onto activated carbon is related to the size of the fatty acid chain and hydrophobicity of
the compounds.

=== Spent coffee grounds
===  Parchment

== Commercial activated carbon

b
100+ b b
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Removal efficiency (%)
—

Citric Malic Lactic Acetic  Propionic  Butyric
acid acid acid acid acid acid

Figure 32 Effect of organic acids adsorption on activated carbon
Effect of citric, malic, lactic, acetic, propionic, and butyric acid adsorption on spent coffee, parchment, and

commercial activated carbon. 200 g/L in the bulk solution, adsorbent dose of 10% (w/v) and 4 h contact time at
room temperature.

5.3.7. Adsorption of organic compounds from wet-coffee processing wastewater
Figure 33 presents the concentration of total phenols, and protein content of wastewater before
and after treatment with parchment, spent coffee and granular activated carbon. A reduction
from 100 to 30% and 100 to 20% of total phenols and protein content can be observed,
respectively. Total phenol content in wastewater was 63.63 + 2.01 mg GAE/L, and after
treatment with parchment, spent coffee and granular activated carbon the values were 17.18
+0.81,15.97 £ 0.42, and 24. 68 + 1.34 mg GAE/L, respectively. These results indicate that up
to 60% of total phenols are removed from wastewater after treatment with the three types of
activated carbon. The efficiency of polyphenol adsorption onto activated carbon has been
reported to be dependent to the type of carbon, carbon surface functionalities, pH of the bulk
solution, and oxygen availability [332].

The results showed that after treatment, protein content decreased when compared with coffee
wastewater. The values of 2,212.50 + 80.57, 1,647.5 + 104.04, and 1,127.5 + 61.31 mg/L were
obtained for parchment, spent coffee and granular activated carbon, respectively. It was
reported that adsorption of proteins by the activated carbons was more efficient for lower

molecular weight proteins (13-66 kDa) when the pH of the bulk solution was close to the protein
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isoelectric point [333,334]. The overall protein charge is weakened and electrostatic repulsion
forces between the adsorbent and protein take place [334]. Moreover, the hydrophobic nature
of the activated carbons results in effective adsorption of hydrophobic segments of the protein
[335].

The organic acids in coffee wastewater were analyzed by using HPLC. Figure 34 shows the
chromatograms comparing coffee wastewater before and after treatment with spent coffee (a),
parchment (b), and commercial activated carbon (c). It appeared that the total area of coffee
wastewater chromatogram decreased after treatment. Removal efficiencies of all adsorbents
were up to 50%. Coffee wastewater was also investigated using HPLC-MS/MS. The total ion
current spectrum in negative and positive mode from wastewater shows a reduction in
compounds after batch experiments. In the ion spectrum from spent coffee and parchment
(Figure 35 a and b) similar trends can be observed. Adsorption efficiency results indicate that
up to 40% of hydrophobic compounds are removed by spent coffee and parchment whereas
up to 80% is removed onto commercial granular activated carbon. This percentage decreases
with the hydrophilic compounds to a value of 12.45 + 3.32%, 14.35 + 1.44% and 47.90 + 1.19%
for spent coffee, parchment and commercial activated carbon, respectively (Table 18).
Activated carbon is mainly hydrophobic, giving more affinity for non-polar compounds such as
hydrocarbons. Besides this activated carbon property, the presence of mesopores might
facilitate diffusion process and resulting in higher adsorption rates [336]. It has been
investigated that a mesoporous structure and narrow pore size distribution makes carbon
better adsorbents in wastewater treatment than a heterogeneous pore structure [337]. The
decrease in removal efficiency on activated carbon surface is associated to the competitive
interaction between compounds on the pore structures.

Coffee wastewater Coffee wastewater

807 Spent coffee grounds 60004 Spent coffee grounds
Parchi it
Parchment a archment

60— Commercial activated carbon

Commercial activated carbon
4000—

40

2000

Protein content (mg/L)

204

Total phenols (mg GAE/L)

Coffee Spent coffee  Parchment ~ Commercial
Coffee  Spent coffee Parchment Commercial wastewater activated

wastewater activated carbon
carbon

(a) (b)

Figure 33 Adsorption of total phenols and protein content on activated carbon

Adsorption of (a) total phenols and (b) protein content from coffee wastewater on parchment, spent coffee and
commercial activated carbon. Adsorbent dose of 10% (w/v) and 4 h contact time at room temperature.
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Figure 34 HPLC-MS chromatogram for organic acids of wastewater after adsorption onto activated carbon.

HPLC-MS chromatogram for organic acids comparing coffee wastewater after adsorption onto parchment (a), spent
coffee grounds (b), and commercial activated carbon (c). Adsorbent dose of 10% (w/v) and 4 hours contact time at

room temperature.
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Figure 35 HPLC-MS/MS total ion current spectrum

HPLC-MS/MS total ion current spectrum comparing coffee wastewater after adsorption onto parchment (a), spent
coffee grounds (b), and commercial activated carbon (c). Hydrophilic compounds from 2 — 6 min and hydrophobic
compounds from 6 — 19 min. Adsorbent dose of 10% (w/v) and 4 hours contact time at room temperature

Table 18 Adsorption efficiency of hydrophilic and hydrophobic compounds from coffee wastewater on parchment,

spent coffee, and commercial activated carbon.

] Adsorption efficiency of
Activated carbon .
hydrophilic components

Adsorption efficiency of

hydrophobic components

Parchment
Spent coffee

Commercial activated carbon

12.45 + 3.32%
14.35 + 1.44%
47.90 £ 1.19%

44.43 £ 2.61%
43.04 + 1.99%
83.57 + 1.96%

Hydrophilic compounds from 2 — 6 min and hydrophobic compounds from 6 — 19 min. Adsorbent dose of 10% (w/v)

and 4 hours contact time at room temperature
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Conclu sion of the study 3:

Activated carbons were prepared from spent coffee grounds and coffee parchment by co-
calcination with calcium carbonate, and their efficiency in absorbing organic compounds was
compared to one commercially available activated carbon. Both spent coffee grounds and
parchment showed yields of 9.0% after calcination and washing treatments. SEM of the
activated carbon materials confirmed that co-calcination with calcium carbonate improved pore
structures compared to the raw materials. We found that characteristics of the prepared
activated carbon presented similarities to the commercially available form. Further work will be
directed towards the optimization of the activation methods to improve the quality of the
materials produced. The adsorption of lactic acid occurred via a monolayer, with restricted
interaction between adsorbate molecules. Parchment activated carbon showed greater
adsorption efficiency for the main monocarboxylic acids present in wet-coffee processing when
compared to those of spent coffee and commercial activated carbons. Spent coffee grounds
and parchment proved to have similar adsorption efficiency to commercial activated carbon for
the removal of total phenols and protein content from coffee wastewater. All adsorbents
showed greater affinity to remove hydrophobic than hydrophilic compounds. This study
showed that coffee parchment and spent coffee grounds can be valorized via co-calcination

with calcium carbonate to produce activated carbons.
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6. Summary and outlook — Schlussfolgerung und Ausblick

6.1. Summary and outlook

Countries processing raw coffee beans are burdened with low economical incomes to fight the
serious environmental problems caused by the by-products and wastewater that is generated
during the wet-coffee processing. The aim of this work was to develop alternative methods of
improving the waste by-product quality and thus making the process economically more
attractive with valorization options that can be brought to the coffee producers. In order to
overcome the pollution potential of the process a clear understanding of its constitution is
necessary to design a feasible treatment. The effects of wet-coffee processing methods on
characteristics and quality of green coffee beans will also provide a broad range of
improvement possibilities.

The type of processing influences not only the constitution of green coffee but also of by-
products and wastewater. Therefore, coffee bean samples as well as by-products and
wastewater collected at different production steps of two major processing options (batch and
continuous wet processing) were analyzed in terms of their content in total phenols, antioxidant
capacity, caffeine content, organic acids, reducing sugars, free amino groups, and protein
content. Green coffee beans showed the highest concentration of organic acids and sucrose
for both batch and continuous processing compared to the coffee beans along the processing
steps. Batch green coffee beans contained higher amount of phenols than continuous green
coffee beans. The results showed that 40% of caffeine was removed with pulp. Batch green
coffee beans contained higher amounts of phenols, with 5-caffeoylquinic acid being the main
constituent. Similar values of protein content were reported in the green coffee bean in batch
and continuous processing. A significant decrease for free amino acid groups during
processing was observed in processed beans. Coffee pulp, especially during batch
processing, revealed high concentration of nutrients.

In the case of the wastewater samples, organic constitutes analyzed were more pronounced
in batch processing samples compared to those of the continuous processing. The caffeine
content was up to five times higher in the wastewater resulting from the fermentation step of
the batch processing compared to the continuous processing. Free amino groups increased in
wastewater with fermentation. Values were about 100 times higher in batch processing
compared to the continuous processing, keeping in mind that recirculation also increases the
value documented. These results clearly show that the composition of wastewater is
dependent on how much and how often the wastewater is recycled in the processing, since
those are the major differences between batch and continuous wet processing. Considering
the coffee beans, results indicate that the proteins or their structures might be affected during

both processing options and a positive effect of the fermentation on the solubility and
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accessibility of proteins seems to be probable, while regarding the steps of de-pulping to initial
fermentation, especially while considering batch process.

Oxidation reactions of present phenolic compounds induce the modification of certain amino
acid side chains. These reactions have an influence on coffee quality and particularly on the
coffee aroma. A protein extraction protocol using SDS, PVPP and ascorbic acid was first
developed. The comparison of these extracts revealed possible differences in content of
phenolic compounds and associated proteins. Furthermore, an MRM method for HPLC-
MS/MS was developed. The method allows the identification of potential marker peptides as
well as lysine-modified peptides of the main storage protein 11S. Results showed the influence
of different processing methods on protein modifications related to chlorogenic acid when
batch and continuous processing were compared. Samples of semi-wet, wet, and monsooned
processing methods showed higher concentration of CQA and DICQA lysine adducts
compared with the dry method. The steps of coffee processing influence the different
constituents of green coffee beans which, during roasting, give rise to aroma compounds and
express the characteristics of roasted coffee beans. Thus, the process has an influence on
coffee cup quality. These results give the opportunity in changing the content of free amino
groups in final green coffee beans. Knowing that this group of compounds is involved in the
Maillard reaction during roasting, this possibility could be utilized for the coffee producers to
improve the quality of green coffee beans and finally the coffee cup quality.

The valorization of coffee wastes through modification to activated carbon has been
considered as a low-cost option creating an adsorbent with prospective to compete with
commercial carbons. An activation protocol via co-calcination using a mixture of spent coffee
grounds or parchment with calcium carbonate at 850° C under an argon atmosphere was first
developed. Activated carbons were prepared to assess their adsorption capacity for organic
acids, phenolic compounds, and proteins. The materials were characterized using IR spectra,
X-ray diffraction patterns, TGA, and SEM. The data confirmed that co-calcination with calcium
carbonate improved pore structures compared to the raw materials. The characteristics of the
prepared active carbon presented similarities to the ones commercially available. Adsorption
of lactic acid occurred via monolayer, with restricted interaction between adsorbate molecules.
The adsorption of lactic acid was affected by lactic acid initial concentration and pH. Activated
carbon samples exhibited adsorption affinity below pK, of lactic acid. Data also showed that
lactic acid adsorption is higher for parchment and commercial activated carbon efficiencies,
compared to that of the spent coffee grounds. In complex systems, competition between
compounds and activated carbon surface was observed, binding compounds with more
selectivity and affinity to the adsorbent. Parchment activated carbon showed greater
adsorption efficiency for the main monocarboxylic acids present in wet-coffee processing when

compared to those of spent coffee grounds and commercial activated carbons. Spent coffee
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grounds and parchment proved to have similar adsorption efficiency to commercial activated
carbon for the removal of total phenols and protein content from coffee wastewater. All
adsorbents showed greater affinity to remove hydrophobic than hydrophilic compounds.
Activated carbon is mainly hydrophobic, giving more affinity for non-polar compounds such as
hydrocarbons. Besides, the presence of micropores facilitate the diffusion process and result
in higher adsorption rates. The decrease in removal efficiency on activated carbon surface is
associated to the competitive interaction between compounds on the pore structure. Further
work needs to be directed to the optimization of the activation methods to improve the quality
of the materials produced and the viability of applying such experiments in-situ to bring the
coffee producer further valorization opportunities with environmental perspectives.

The results of this study document a significant information originating from the processing of
the de-pulped to green coffee beans. Furthermore, it showed that coffee parchment and spent
coffee grounds can be valorized as low-cost option to produce activated carbons. Coffee
producers would profit in establishing appropriate simple technologies to improve green coffee

quality, re-use coffee by-products, and wastewater valorization.
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6.2. Schlussfolgerung und Ausblick

Die Lander, die Rohkaffee verarbeiten, haben nur ein geringes wirtschaftliches Einkommen,
um die ernsten Umweltprobleme zu bekampfen, die durch die bei der Nasskaffeeverarbeitung
anfallenden Nebenprodukte und Abwésser verursacht werden. Ziel dieser Arbeit war es,
alternative Methoden zu entwickeln, um die Qualitat der Nebenprodukte zu verbessern und so
den Prozess wirtschaftlich attraktiver zu machen, indem den Kaffeeproduzenten weitere
Valorisierungsoptionen zur Verfigung gestellt werden. Um das Verschmutzungspotenzial des
Prozesses zu uberwinden und eine praktikable Behandlung zu entwickeln, ist ein klares
Verstandnis seiner Zusammensetzung erforderlich. Die Auswirkungen der Nasskaffee-
Verarbeitungsmethoden auf die Eigenschaften und die Qualitat der griinen Kaffeebohnen
werden ebenfalls eine breite Palette von Verbesserungsmdglichkeiten bieten.

Die Art der Verarbeitung beeinflusst nicht nur die Zusammensetzung des Rohkaffees, sondern
auch die der Nebenprodukte und des Abwassers. Daher wurden Proben von Kaffeebohnen
sowie Nebenprodukte und Abwésser, die bei verschiedenen Produktionsschritten von zwei
Hauptverarbeitungsoptionen (diskontinuierliche und kontinuierliche Nassaufbereitung)
gesammelt wurden, auf ihren Gehalt an Gesamtphenolen, antioxidativer Kapazitat, Koffein,
organischen Sauren, reduzierenden Zuckern, freien Aminogruppen und Proteinen hin
untersucht. Griine Kaffeebohnen wiesen sowohl bei der diskontinuierlichen als auch bei der
kontinuierlichen Verarbeitung die hdochsten Konzentrationen an organischen S&uren und
Saccharose auf, verglichen mit den Kaffeebohnen aus den einzelnen Verarbeitungsschritten.
Rohkaffeebohnen, die im Batch-Verfahren verarbeitet wurden, enthielten eine héhere Menge
an Phenolen als Rohkaffeebohnen, die kontinuierlich verarbeitet wurden. Die Ergebnisse
zeigten, dass 40% des Koffeins mit dem Fruchtfleisch entfernt wurden. Rohkaffeebohnen aus
dem Batch-Verfahren enthielten héhere Mengen an Phenolen, wobei 5-Coffeoylchinaséure
der Hauptbestandteil war. Der Proteingehalt der grinen Kaffeebohnen war bei der
kontinuierlichen und der diskontinuierlichen Verarbeitung éhnlich hoch. Bei den verarbeiteten
Bohnen wurde ein signifikanter Rickgang der freien Aminosduregruppen wahrend der
Verarbeitung festgestellt. Das Fruchtfleisch der Kaffeekirsche wies, insbesondere bei der
diskontinuierlichen Verarbeitung, eine hohe Konzentration an Nahrstoffen auf.

Bei den Abwasserproben waren die analysierten organischen Bestandteile in den Proben aus
der Batch-Verarbeitung starker ausgepragt als in denen aus der kontinuierlichen Verarbeitung.
Der Koffeingehalt war im Abwasser aus der Fermentationsstufe der Batch-Verarbeitung bis zu
funfmal hoher als bei der kontinuierlichen Verarbeitung. Die freien Aminogruppen im Abwasser
nahmen mit der Fermentation zu. Die Werte waren bei der Batch-Verarbeitung etwa 100-mal
hoher als bei der kontinuierlichen Verarbeitung, wobei zu beriicksichtigen ist, dass die
Rezirkulation den dokumentierten Wert ebenfalls erhdht. Diese Ergebnisse zeigen deutlich,

dass die Zusammensetzung des Abwassers davon abhangt, wie viel und wie oft das Abwasser
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bei der Verarbeitung recycelt wird, da dies die Hauptunterschiede zwischen der
diskontinuierlichen und der kontinuierlichen Nassverarbeitung sind. In Bezug auf die
Kaffeebohnen deuten die Ergebnisse darauf hin, dass die Proteine oder ihre Strukturen bei
beiden Verarbeitungsoptionen beeintrachtigt werden kdnnten, und eine positive Auswirkung
der Fermentierung auf die Léslichkeit und Zuganglichkeit der Proteine scheint wahrscheinlich
zu sein, wobei die Schritte vom Entpulpen bis zur anfanglichen Fermentierung, insbesondere
beim Batch-Verfahren, berticksichtigt werden.

Die Oxidationsreaktionen der vorhandenen phenolischen Verbindungen fiihren zur
Veranderung bestimmter Aminosaureseitenketten. Diese Reaktionen haben einen Einfluss auf
die Kaffeequalitit und insbesondere auf das Kaffeearoma. Zunachst wurde ein
Proteinextraktionsprotokoll unter Verwendung von SDS, PVPP und Ascorbinsdure entwickelt.
Der Vergleich dieser Extrakte ergab mogliche Unterschiede im Gehalt an phenolischen
Verbindungen und assoziierten Proteinen. Au3erdem wurde eine MRM-Methode fiir HPLC-
MS/MS entwickelt. Die Methode ermdéglicht die ldentifizierung potenzieller Markerpeptide
sowie Lysin-modifizierter Peptide des Hauptspeicherproteins 11S. Die Ergebnisse zeigten den
Einfluss verschiedener Verarbeitungsmethoden auf Proteinmodifikationen im Zusammenhang
mit Chlorogensaure, wenn Batch- und kontinuierliche Verarbeitung verglichen wurden. Proben
aus halbnassen, nassen und Monsun-Verarbeitungsmethoden wiesen im Vergleich zur
trockenen Methode eine héhere Konzentration von CQA- und DiCQA-Lysinaddukten auf. Die
einzelnen Schritte der Kaffeeverarbeitung beeinflussen die verschiedenen Bestandteile der
grunen Kaffeebohnen, die beim Rdsten zu Aromastoffen werden und die Eigenschaften der
gerdsteten Kaffeebohnen zum Ausdruck bringen. Somit hat das Verfahren einen Einfluss auf
die Qualitat des zubereiteten Kaffees. Diese Ergebnisse bieten die Mdglichkeit, den Gehalt an
freien Aminogruppen in den fertigen grinen Kaffeebohnen zu verandern. Da diese Gruppe
von Verbindungen an der Maillard-Reaktion wahrend des Rostens beteiligt ist, kbnnte diese
Moglichkeit von den Kaffeeproduzenten genutzt werden, um die Qualitat der grinen
Kaffeebohnen und schlieZlich die Qualitéat des zubereiteten Kaffees zu verbessern.

Die Aufwertung von Kaffeeabfallen durch Modifizierung zu Aktivkohle wurde als
kostengiinstige Option zur Schaffung eines Adsorptionsmittels betrachtet, das mit
kommerziellen Kohlen konkurrieren kénnte. Zunachst wurde ein Aktivierungsprotokoll durch
Co-Kalzinierung unter Verwendung einer Mischung aus verbrauchtem Kaffeesatz oder
Pergament mit Kalziumcarbonat bei 850° C unter Argonatmosphére entwickelt. Die Aktivkohlen
wurden hergestellt, um ihre Adsorptionskapazitat fur organische Sauren, phenolische
Verbindungen und Proteine zu bewerten. Die Materialien wurden anhand von IR-Spektren,
Rontgenbeugungsmustern, TGA und SEM charakterisiert. Die Daten bestétigten, dass die Co-
Kalzinierung mit Kalziumcarbonat die Porenstrukturen im Vergleich zu den Rohmaterialien

verbesserte. Die Eigenschaften der hergestellten Aktivkohle wiesen Ahnlichkeiten mit den im
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Handel erhaltlichen auf. Die Adsorption von Milchsaure erfolgte Uber eine Monoschicht mit
eingeschrankter Wechselwirkung zwischen den adsorbierten Molekilen. Die Adsorption von
Milchsaure wurde durch die anfangliche Milchsdurekonzentration und den pH-Wert
beeinflusst. Aktivkohleproben wiesen eine Adsorptionsaffinitat unterhalb des pKa-Wertes der
Milchsaure auf. Die Daten zeigten auch, dass die Adsorption von Milchsaure bei Pergament
und handelsiblicher Aktivkohle hoher ist als bei gebrauchtem Kaffeesatz. In komplexen
Systemen wurde eine Konkurrenz zwischen den Verbindungen und der Aktivkohleoberflache
beobachtet, wobei die Verbindungen mit groRerer Selektivitit und Affinitdt an das
Adsorptionsmittel gebunden wurden. Pergament-Aktivkohle zeigte eine hohere
Adsorptionseffizienz fur die wichtigsten Monocarbonsauren, die bei der Verarbeitung von
Nasskaffee vorkommen, im Vergleich zu gebrauchtem Kaffeesatz und handelsiublicher
Aktivkohle. Bei der Entfernung von Gesamtphenolen und Proteingehalt aus Kaffeeabwasser
erwiesen sich Kaffeesatz und Pergament als ahnlich effizient wie kommerzielle Aktivkohle. Alle
Adsorptionsmittel zeigten eine grol3ere Affinitdt zur Entfernung hydrophober als hydrophiler
Verbindungen. Aktivkohle ist hauptsachlich hydrophob, was zu einer héheren Affinitat fur
unpolare Verbindungen wie Kohlenwasserstoffe fuhrt. Aufllerdem erleichtert das
Vorhandensein von Mikroporen den Diffusionsprozess und fiihrt zu héheren Adsorptionsraten.
Die Abnahme der Abscheideleistung auf der Aktivkohleoberflache ist auf die konkurrierende
Wechselwirkung zwischen den Verbindungen auf der Porenstruktur zuriickzufiihren. Weitere
Arbeiten missen sich mit der Optimierung der Aktivierungsmethoden befassen, um die
Qualitdt der hergestellten Materialien zu verbessern und die Durchfiihrbarkeit solcher
Experimente in-situ zu prifen, um den Kaffeeproduzenten weitere Verwertungsmaoglichkeiten
mit 6kologischen Perspektiven zu bieten.

Die Ergebnisse dieser Studie dokumentieren eine bedeutende Information, die aus der
Verarbeitung der entpulpten zu griinen Kaffeebohnen stammt. Darlber hinaus wurde gezeigt,
dass Kaffeepergament und verbrauchter Kaffeesatz als kostengtinstige Option zur Herstellung
von Aktivkohle verwertet werden konnen. Kaffeeproduzenten wirden von der Einflhrung
geeigneter einfacher Technologien zur Verbesserung der Rohkaffeequalitat, der
Wiederverwendung von Kaffeenebenprodukten und der Aufwertung von Abwéassern

profitieren.
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8. Appendix
8.1. List of chemicals
Name Manufacturer
Acetonitrile VWR International, Pennsylvania, United
States
Formic acid Acros Organics B.V.B.A., New Jersey,

Ammonium acetate

Bovine Serum albumin

Chromabond® Sorbent Cig

Coomassie Brilliant Blue G-250

Coomassie Brilliant Blue R-250

DTT sample buffer

Ethanol 96%

Acetic acid

Folin & Ciocalteu’s phenol reagent
GWGG (H-Gly-Trp-Gly-Gly-OH)
Urea

lodoacetamide

Iron Il chloride

Potassium iodide
Copper sulfate (1) sulfate pentahydrate
L-cysteine

L-Glutathione, reduced

Methanol
N-Acetylcysteine

n-Hexane

United States

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Sigma-Aldrich, Buchs, Switzerland
Macherey-Nagel GmbH & Co., Diren,
Germany
SERVA

Germany

Electrophoresis, Heidelberg,
GE Healthcare, lllinois, United States
Thermo Fisher Scientific, Massachusetts,
United States

VWR International, Pennsylvania, United
States

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Sigma-Aldrich, Buchs, Switzerland

Bachem AG, Bubendorf, Switzerland

Merck Group, Darmstadt, Germany
Sigma-Aldrich, Buchs, Switzerland
Sigma-Aldrich, Buchs, Switzerland

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Merk Group, Darmstadt, Germany
Sigma-Aldrich, Buchs, Switzerland

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

VWR, Pennsylvania, United States

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Avantor, Pennsylvania, United States
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Name Manufacturer
Natrium hydroxide Carl Roth GmbH + Co. KG, Karlsruhe,
Germany
Ninhydrin SERVA Electrophoresis, Heidelberg,
Germany

NuPAGE™ LDS-sample buffer (4x)

NuPAGE™ LDS-sample buffer (20x)

PageRuler™ Plus Protein-Standard (10-250
kDa)

Pepsine

Peptide calibration standard I

Pronase (Streptomyces protease griseus)
Polyvinyl polypyrrolidone

Hydrochloric acid

SDS

Trichloroacetic acid

Trifluoroacetic acid (TFA)

Tris-(hydroxymethyl)-phosphine
Hydrocholoride (Tris)

Trypsin

TPTZ (2,4,6-Tris(2-pyridyl)-s-Triazine)
Caffeine

Chlorogenic acid hemihydrate

Citric acid

Acetic acid

Gallic acid monohydrate
Malic acid

Propionic acid

Lactic acid

Thermo Fisher Scientific, Massachusetts,
United States

Thermo Fisher Scientific, Massachusetts,
United States

Thermo Fisher Scientific, Massachusetts,
United States

Promega GmbH, Walldorf, Germany

Buker, Massachusetts, United States
Sigma-Aldrich, Buchs, Switzerland
Sigma-Aldrich, Buchs, Switzerland

Merck Group, Darmstadt, Germany

SERVA Electrophoresis, Heidelberg,
Germany
Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Acros Organics B.V.B.A,,
United States
Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

New Jersey,

Amresco, Ohio, United States
Sigma-Aldrich, Buchs, Switzerland
Sigma-Aldrich, Buchs, Switzerland
Sigma-Aldrich, Buchs, Switzerland

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Sigma-Aldrich, Buchs, Switzerland
Sigma-Aldrich, Buchs, Switzerland

Alfa Aesar, Massachusetts, United States
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Name

Manufacturer

Butyric acid

Calcium carbonate

Commercial carbon Norit®GAC 1240EN

Commercial carbon Merk

Alfa Aesar, Massachusetts, United States
VWR, Pennsylvania, United States
CABOTCORP, Boston, Massachusetts,
United States

Merck Group, Darmstadt, Germany

8.2. List of buffer solutions

Total phenolic compounds by  Folin -Ciocalteu

Folin solution:
Folin-Ciocalteu reagent
NaOH 0.01 M

Reducing sugars by dinitrosalicylic method

Acetate buffer (0.05 M):

Sodium acetate

Dist. H,O

Adjust to pH 4.8 with glacial acetic acid
Fill up to 100 mL with distilled H,O
DNS reagent :

3,4-dinitrosalicylic acid

Potassium sodium tartrate tetrahydrate
NaOH

Dist. H.0O

Antioxidant capacity by FRAP method
FRAP reagent:

Acetate buffer (0.25 M):

Glacial acetic acid

Adjust to pH 3.6 with NaOH

Fill up to 100 mL with distilled H,O
FeCl;.6H,0 (20 mM):

Iron (Ill)-chloride

Acetate buffer

11.25 mL
9.00 mL

041g¢g
60 mL

10g
40.3 g
16g
100 mL

15¢g

54.06 mg
10 mL
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TPTZ (10 mM):

TPTZ 31.33 mg

40 mM Hydrochloric acid (HCI) 10.00 mL

For FRAP reagent mix 10 mL of FeClz.6H>0 (20 mM) with 10 mL of TPTZ (10 mM)
Free amino groups by Fluorescamine assay

Fluorescamine solution:

Fluorescamine 30 mg

Dimethyl sulfoxide 10 mL

PBS buffer (5 mM):

Dipotassium hydrogen phosphate 0.714 g
Potassium dihydrogen phosphate 0.123 g
Sodium Chloride (NaCl) 8.766 g
Dist. H.O 1000 mL
pH (7.2- 7.4)

Protein content by Lowry method
Copper tartrate complex (CTC):

Solution A:

Copper sulfate 01g
Sodium tartrate 0.2¢g
Sodium carbonate 10g
Dist. H.O 40 mL
Solution B:

Sodium carbonate 10g
Dist. H.O 40 mL

For CTC solution mix solution A and solution B

Analytic solution:

Reagent A:

CTC solution 1 part
0.8 mol/L NaOH 2 parts
Reagent B:

Folin-Cioalteu reagent 1 part

Dist. H,O 5 parts
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SDS-PAGE

SDS sample buffer:

SDS 29(0.139 M)

Tris 305 mg (50.247 M)
Dist. H.0 30 mL

HCI/NaOH adjust pH to 6.8
DTT-sample reducing reagent 5 mL (0.005 M)

Fill up to 50 mL with dist. H,O

Running buffer:

MES SDS running buffer 50 mL
Dist. H,.O 950 mL
Coomassie color solution:

Coomassie brilliant blue R-250 1 pellet
Acetic acid 10% 2L

In-gel digestion

Colloidal Coomassie Blue color reagent:

Solution A:

(NH4)2S04 849

Dist. H.O 76.8 mL
Phosphoric acid (85%) 1.6 mL
Solution B:

Coomassie brilliant blue G 250 05¢g
Dist. H.O 9.5mL

Mix solution A with 1.6 mL solution B and add 20 mL methanol

Destaining solution:

Ammonium bicarbonate 80 mg
Acetonitrile 20 mL
Dist. H.0O 20 mL

Activated Trypsin:

Trypsin storage solution:

Dist. H.O 915 L
37 % (v/v) HCI 85 L
Trypsin stock solution:

Trypsin 20 ug
Trypsin storage solution 20 pL

Trypsin working solution:




Appendix

138

Trypsin stock solution
Dist. H.O
Activated Trypsin:

Trypsin working solution
Digestive buffer

Activated Pepsin:

Pepsin storage solution:
Dist. H,O
37 % (viv) HCI

Pepsin stock solution:

Pepsin
Pepsin storage solution

Pepsin working solution:

Pepsin stock solution
Dist. H,O
Activated pepsin:

Pepsin working solution
0.1 M HCI

Digestive buffer (25 mM):

Ammonium bicarbonate
Dist. H,O

Reduction buffer:

TCEP

Digestive buffer (25 mM)
Alkylation buffer:

IAA

Digestive buffer (25 mM)

MALDI-TOF-MS
Matrix solution:
0.1% TFA
Acetonitrile
HCCA

Free amino nitrogen

Glycine stock solution (2 mg/L):

Glycine

20 pL
45 pL

1pL

9 uL

915 L

85 L

20 g
20 pL

20 pL
45 pL

1L
9 uL

10 mg
5mL

2 mg
1189 uL

20 mg
1500 mL

700 pL
300 pL
20 mg

2mg
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Dist. H,O 1870 pL
Dilute 20 L with 1980 uL with Dist. H20

Ninhydrin color reagent:

NaxHPO4 2mg
KH2PO4 0.6¢g
Ninhydrin 50 mg
Fructose 30 mg
Dist. H.O 10 mL
Potassium iodide solution:

Potassium iodide 20 mg
Ethanol 96 % 4 mL
Dist. H.O 6 mL

Free thiol groups

Tris-buffer (0.2 M)

Tris 1.2114 g
Dist. H.O 40 mL
Modify with 1 M HCl to pH 8

Fill up to 50 mL with distilled H,O

0.2 M Tris-SDS buffer:

Tris 1.2114 g
SDS 059
Dist. H.O 40 mL

Modify with 1 M HCl to pH 8
Fill up to 50 mL with distilled H,O

DTNB buffer:
DTNB 50 mg
Ethanol 96 % 50 mL

In-solution digestion

Trypsin solution:

Trypsin 40 mg
Dist. H,O 10 mL
Digestive buffer (0.1 M):

Ammonium carbonate 1.304 g
Dist. H.O 140 mL

Digestive buffer (50 mM):
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Ammonium carbonate 0.396 g
Dist. H.0O 100 mL
Modify with 1 M HClI to pH 8.5
Pronase solution:
Pronase 1mg
Digestive buffer (50 mM) 100 mL
Solid phase extraction
SPE buffer A:
Acetonitrile 100 mL
Dist. H,O 100 mL
0.1 % Formic acid 200 pL
SPE buffer B:
Acetonitrile 200 mL
0.1 % Formic acid 200 pL
8.3. List of software
Name Manufacturer
BioTools 3.2 Bruker, Massachusetts, United States

flexAnalysis 3.3
flexControl 3.4
GraphPad Prism 6.01
Origin Pro 2019b

ImagelLab 6.01

Skyline 20.2

UniProt

Bruker, Massachusetts, United States
Bruker, Massachusetts, United States
GraphPad Software, San Diego, California,
United States

OriginLab Corporation, Massachusetts,
United States

Bio-Rad Laboratories Ltd., Hertfordshire,
United Kingdom

MacCoss Lab, Department of Genome
Science, University of Washington,
Washington, United States

European Bioinformatics Institute, Hinxton,

United Kingdom
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8.3.1. FlexControl software parameters

Parameter Condition
Rage of masses 300-6200 Da
Mode Reflect mode
Sample rate 0.5 GS/s
Laser intensity 30-40%

8.3.2. FlexAnalysis software parameters

Parameter Condition

Peak detection algorithm Snap

Signal to noise ratio upper limit 6

Baseline sub action algorithm TopHat

Smoothing algorithm SavitzkyGolay
Calibration mode Expanded cubically

8.3.3. Parameters of Mascot database compared with BioTools

Parameter Condition
Search title Coffea
Taxonomy Other green plants
Data bank Swiss Prot
Enzyme Trypsin or Pepsin A
Partials 0-2
Global modification Carbamidomethyl (N-terminal)
Variable modification Carboxymethyl (C)
Mass tolerance 500 ppm

Mass units MH*
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8.4. Lists of instruments
Instrument / device Manufacturer
Blender Moulinex, Ecully, France
Centrifuge 3K20 Sigma-Aldrich, St. Louis, Missouri, United

Photometer BioRAD iMark ™ — Microplate
Reader

Photometer BioTek Power Wave XS2

pH- Meter SevenEase S20

Scale Sartorius Bais
Shaker device neolab® Intellimixer iMX
Rotator neoVortex® 0-2500 UpM (D-6012)

Electrophoresis chamber

Visiprep™ extraction device
Freeze Dreyer Alpha 1-4

Gel-Scanner

Non-returnable Cuvettes

Magnetic stirrer with hot plate

NuPAGETM 12% Bis-Tris-Gel

Pipettes (0.5 — 10 pL; 10 — 100 pL; 1000pL)
Multi-Channel Pipette (20- 200 uL)

5 mL Pipette

Ultrasonic bath

Vortex mixer TX4 Digital IR

Vortex mixer D-6012

Dryer oven Memmert Modell 400

States

Bio-RAD Laboratories GmbH, Hercules,
California, United Sates

BioTek, Winooski, Vermont, United States
Mettler Toledo, Columbus, Ohio, United
States

Sartorius AG, Gottingen, Germany

neolLab Migge GmbH, Heidelberg, Germany
neolLab Migge GmbH, Heidelberg, Germany
Thermo Fisher Scientific, Waltham
Massachusetts, United Sates

Merck Group, Darmstadt, Germany

Christ
GmbH, Osterode am Harz, Germany
SERVA Electrophoresis GmbH, Heidelberg,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

IKA Werke GmbH & Co. KG, Staufen,

Germany

Martin Gefriertrocknungsanlagen

Thermo Fisher Scientific, Waltham
Massachusetts, United Sates

Eppendorf, Hamburg, Germany

Corning HTL SA, Warszawa, Poland

VWR
States
BANDELIN electronic GmbH & Co. KG,
Berlin, Germany

VELP Scientifica Srl, Usmate Velate MB,

Italy

International, Pennsylvania, United

neolLab Migge GmbH, Heidelberg, Germany
Memmert GmbH + Co0.KG, Bichenbach,

Germany
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Instrument / device Manufacturer
Pyrolysis oven Linn High Therm LM-412 Linn High Therm GmbH, Hirschbach,
Germany
Scanning Electron Microscopy JEOL JSM- JEOL Ltd. Tokyo, Japan
6510

8.4.1. Lists of HPLC instruments

Instrument / device Manufacturer
Autoinjector, SIL 10A Shimadzu, Kyoto, Japan
Control unit, SCL 10A VP Shimadzu, Kyoto, Japan
Degasser, DGU 20A 5 Shimadzu, Kyoto, Japan
UV-Vis detector, SPD-M20A Shimadzu, Kyoto, Japan
Column oven, CTO 10ASVP Shimadzu, Kyoto, Japan
Pump, LC 10AD Shimadzu, Kyoto, Japan
Column, 250 x 3mm PerfectSil 300 C8 5pm  MZ-Analysentechnik GmbH, Mainz,
Germany

Column, 250 x 4.6mm 6% crosslinked, Sigma-Aldrich, St. Luis, Missouri, United
SUPELCOGEL H States

8.5. Conditions for HPLC

8.5.1. HPLC analysis of phenolic compounds

Parameter Conditions
Mobile phase 0.1 %TFA (A), CH3:OH (B)
Column temperature 40°C
Flowrate 1 mL/min
Running time 45 min
Injection volume 10 yL

8.5.2. HPLC analysis of phenolic compounds in protein extraction

Parameter Conditions
Mobile phase 0.1 %TFA (A), CH30OH (B)
Column temperature 37°C
Flowrate 0.6 mL/min
Running time 20 min

Injection volume 10 pL
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8.5.3. Gradient A of HPLC
Time (min) A (0.1 % TFA) (%) B (Methanol ) (%)

0 80 20
3 80 20
20 65 35
37 32 68
40 32 68
43 80 20
45 80 20

8.5.4. Gradient 1 of HPLC
Time (min) A (0.1 % TFA) (%) B (Acetonitrile )
(%)

0 90 20
22 82 20
30 20 35
33 20 68
35 90 68
42 90 20

8.5.5. Gradient 2 of HPLC
Time (min) A (0.1 % TFA) (%) B (Acetonitrile )
(%)

0 90 10

85 15
15 20 80
18 20 80
19 90 10

28 90 10
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8.5.6. Gradient 3 of HPLC
Time (min) A (0.1 % TFA) (%) B (Acetonitrile )

(%)

90 10

85 15

10 20 80
12 20 80
125 90 10
20 90 10

8.5.7. Gradient 4 of HPLC
Time (min) A (0.1 % TFA) (%) B (Acetonitrile )

(%)

90 10

87.5 125

10 60 40
15 50 50
18 50 50
19 90 10
26 90 10

8.5.8. Gradient 5 of HPLC
Time (min) A (0.1 % TFA) (%) B (Acetonitrile )

(%)

100 0

100 0

60 40

10 60 40
11 20 80
13 20 80

14 100
17 100
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8.5.9. Gradient 6 of HPLC

Time (min) A (0.1 % TFA) (%) B (Acetonitrile )
(%)
100 0
100 0
60 40
10 60 40
11 20 80
13 20 80
14 100
20 100

8.5.10. Conditions of the HPLC analysis of organic acids

Parameter Conditions
Mobile phase 0.01 N H»SO;4 (isocratic)
Column temperature 70°C
Flowrate 0.5 mL/min
Running time 15 min
Injection volume 50 pL
8.6. MALDI-TOF-MS instrument
Instrument / device Manufacturer

Autoflex speed

Smartbeam?2 Laser, version 20110
MALDI plate MTP 384 polished steel
MALDI plate holder, T_0209520_0021715 0

Bruker, Massachusetts, United States
Bruker, Massachusetts, United States
Bruker, Massachusetts, United States

Bruker, Massachusetts, United States
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8.7. Standard peptide of the peptide calibration standard Il
Peptide Masse?! [M+H]" [Da]

Bradykinin 1-7 757.3992

Angiotensin Il 1046.5418
Angiotensin | 1296.6848

Substance P 1347.7354

Bombesin 11619.8223

Renin substance 1758.93326

ACTH 1-17 2093.0862

ACTH 18-39 2465.1983
Somatostatin 28 3147.470

!monoisotopic

8.8. HPLC-MS/MS parameters

Instrument / device Manufacturer

HPLC Agilent Infinity 1260 system service Agilent Technologies Sales Co. KG,
Waldbronn, Germany

Kinetex Cg column 150 x 4.6mm; 2.6 um Phenomenex, Torrance, California, United
States

Triple Quadrupole Agilent G6470A series Agilent Technologies Sales Co. KG,

services GmbH Waldbronn, Germany

8.8.1. HPLC conditions of the HPLC-MS/MS |

Parameter Condition

Mobile phase 0.1% formic acid (A), acetonitrile
(B)

Column temperature 30°C

Flowrate 0.5 mL/min

Running time 28 min

Injection volume 10 pL

8.8.2. HPLC conditions of the HPLC-MS/MS I

Parameter Condition
Mobile phase 0.1% formic acid (A), acetonitrile (B)
Column temperature 30°C

Flowrate 0.5 mL/min
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Parameter Condition
Running time 15 min
Injection volume 0.5 uL

8.8.3. Gradient | of HPLC-MS/MS mobile phase

Time (min) A [%] 0.1 % formic acid B [%] acetonitrile
0 100 0
5 100 0
20 50 50
21 5 95
24 5 95
25 100 0
28 100 0

8.8.4. Gradient Il of HPLC-MS/MS mobile phase

Time (min) A [%] 0.1 % formicacid B [%] acetonitrile
0 100 0
4 100 0
10 0 100
13 0 100
14 100 0
15 100 0

8.8.5. ESI conditions |

Parameter Condition
lonization mode Positive
Temperature 275°C
Gas Nitrogen
Gas flowrate 11.0 L/min
Capillary tension 5425 nA
Nebulizing pressure 35.0 psi

8.8.6. ESI conditions i

Parameter Condition

lonization mode Positive and negative

Temperature 275°C
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Parameter Condition
Gas Nitrogen
Gas flowrate 11.0 L/min
Capillary tension 5425 nA
Nebulizing pressure 35.0 psi
8.8.7. MS/MS conditions
Parameter Condition
Collision gas Nitrogen
Pressure 5,1326 mPa
Detection mode MRM
Fragmentary tension 130V
Collision energy Depends on the transition
Cell accelerator voltage 5kV
Dwell time 20 ms
8.9. Analyzed mass transition of the P93079 sequence of the 11S protein
8.9.1. a-chain
Peptide sequence Q1 (m/z) Q3 (m/z) Retention time
(min)
Without modification of the lysine side chain
R.LGGK.T 187.6 261.1 4.2
204.1
147.1
K. TQCNIQK.L 446.2 662.3 11.5
502.3
388.3
275.2
147.1
K.LNAQEPSFR.F 531.3 834.4 14.2
763.4
635.3
506.3
409.2
322.2
R.NTVQPK.G 343.7 572.3 11.1
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Peptide sequence

Q1 (m/z2)

Q3 (m/z2)

Retention time

(min)

R.LPHYSNVPK.F

K.GQEGSK.G

R.FQK.G

K.FFLAGMPQQGGK.E

K.IIQK.L

CQA-Lysin adducts

R.LGGK.T

R.LPHYSNVPK.F

K.GQEGSK.G

K.FFLAGNPQQGGK_.E

527.8

303.1

211.6

660.8

251.2

363.7

703.8

479.1

836.9

471.3
372.2
941.5
707.4
544.3
457.3
343.2
548.3
420.2
291.2
234.1
147.1
275.2
147.1
785.4
671.3
574.3
446.2
318.2
388.3
275.5
147.1

613.2
556.2
499.2
1293.6
896.4
809.4
695.3
772.3
643.2
586.2
499.2
11375

13.3

12.2

8.8

154

11.2

12.4

15.8

16.3

20.4
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Peptide sequence Q1 (m/z2)

Q3 (m/z2)

Retention time

(min)

K.IIQK.L 427.2

diCQA-Lysin adducts
R.LGGK.T 528.7

K. TQCNIQK.L 787.3

1023.4
926.4
798.3
670.3
740.3
627.3
499.2

943.3
886.3
829.2
1344.4
1184.4
1070.4
957.3
829.2

14.3

154

14.9

8.9.2. B-chain

Peptide sequence Q1 (m/z2)

Q3 (m/z)

Retention time

(min)

Without modification of the lysine side chain
K.LSEMIGLPQEADVFNPR.A 950.0

R.ITTVNSQK.I 445.8

K.IPILSSLQLSAER.G 713.9

1172.6
632.4
386.2
676.4
575.3
476.2
362.2
529.3
616.3

1313.7
903.5
816.5

16.8

11.9

17.4
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Peptide sequence

Q1 (m/z)

Q3 (m/z)

Retention time

(min)

R.IQVVDHK.G

K.VFDDEVK.Q

K. AGNEGFEYVAFK.T

K. TNDNAMINPLVGR.L

R.LSALR.A

R.AIPEEVLR.S

R.SSFQISSEEAEELK.Y

R.QEALLLSEQSQQGK.R

419.7

426.2

666.3

707.9

280.2

463.8

792.4

779.9

703.4
575.3
462.2
597.3
498.3
399.2
440.3
555.3
605.3
490.3
375.2
477.2
606.2
903.5
756.4
627.4
464.4
365.2
899.5
768.4
655.4
541.3
446.3
359.2
175.1
742.4
645.4
516.3
934.4
847.4
718.3
589.3
518.2
389.2
891.4

12.4

13.8

16.2

15.9

13.3

15.1

154

15.0
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Peptide sequence Q1 (m/z)

Q3 (m/z) Retention time

(min)

CQA-Lysin adducts
K.VFDDEVK.Q 602.3

diCQA-Lysin adducts
R.ITTVNSQK.I 786.8

804.4
675.3
547.3
460.3
442.2
668.4

727.3 17.0
598.3
499.2
477.2
606.2

1044.3 14.9
957.3
829.3
529.3
626.3
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8.11. FASTA sequence from the UniProt database of the 11S

TR|PR307
TRIGASANIQASANT COFARI-240 120

TRICAZNYZQRINYZ_COFART-462 380
TRICA2437|062437_COFARIT-450 360
TAIPGAOTOIPOR0T0_COFAR/T487 367
TRIQGSANIQESANG COFARIT-260 = = = s = = a2 s = s anssnsnssnssssonsnssnsnsssssnssnnsssnnasnasnssssnnsonsesssnnsssnsaessanssnnnsnssasssssnssnnnssnsssnssnssssnnnss

TRIGIZNYAQFZNYZ COFAR/1-497 480 KRSCLS 492
TRICB2437|082437. COPARIN-430 480 asc
TRIPS307 PO307I_COFARY{-487 477 487

TRICESANI QESANT COFARIT-249

8.12. Scanning Electron Microscope images of activated carbon materials

8.12.1. SEM of spent coffee grounds
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@) (h)

Scanning electron microscope (SEM) images of activated carbon produces from (a) raw SC, (b) SC0-80, (c) SC1-
80, (d) SC1-85, (e) SC2-80, (f) SC2-85, (g) SC3-80, and (h) SC3-85. Images were amplified 4000 times.

8.12.2. SEM of parchment
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) (h)

Scanning electron microscope (SEM) images of activated carbon produces from (a) raw P, (b) P0-80, (c) P1-80, (d)
P1-85, (e) P2-80, (f) P2-85, (g) P3-80, and (h) P3-85. Images were amplified 4000 times.
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8.12.3. Adsorption of lactic acid on activated carbon chromatogram

u

v
Datal:LA (3)_17.03.2021_0858_11.cd PDA Ch1 210nm,4nm
850000Data2:SC1-85(3)#1 _17.03.2021 0858 _12.Icd PDA Chl 210nm,4nm
Data3:P1-85(3)#1_17.03.2021_0858_13.lcd PDA Ch1 210nm,4nm
800000 Datad:GAC (3)#1 17.03.2021 0858 14.Ilcd PDA Ch1 210nm,4nm

750000
700000
650000
600000
550000
500000
450000
400000
350000
300000
250000
200000
150000
100000-

50000

o4

0,0 0,5 1,0 15 2,0 2,5 3,0 3,5 4,0 4,5 5,0 55 6,0 6,5 min

HPLC chromatograms of lactic acid adsorption onto spent coffee grounds, parchment, and commercial activated
carbon (GAC 1240EN). No pH modification with 3.0 g/L of lactic acid in the bulk solution, adsorbent dose of 10%
(w/v) and 4 h contact time at room temperature.
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