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Tannirs are the fourth most abundardomponent in plant materiafter cellulose,
hemicellulose, and lignjmndhavereceived extensive attention dudheir high content

of phenolic and carboxyl groups. The earliest use of tannins can be traced back to the
Neolithic Age for leather making. Althougmany researchersave tried todescribe
tannins indetail the properes obtainedrom different sourcedy differentanalytical
methods vary greatlyn order to tailor the commercial use of tanpihs very important

to characterize tannin samples before commercial applications.

In this thesis, six kinds of tanninseve extensivelycharacterizeavith variousmethods
to explore the differences betwedifferent industrialprocessd tannns, and their
feasibility as a substitute for petroletderivative phenol in the production of resins.

First, the physical properties of the tannins were determined, including pH, moisture
content, ash content and elemental analysis. The elemental amadgserformed on
crude tannins and tannin ash using SEBIS. In this thesis, DSC and TGA
characterizabn of crude tannins were performed to provitleermogravimetric
information In addition, GPC and FIR methods were used to determine the molar mass
and functional groups of tannins, respectively.
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Secondly, in order to investigate the composition of itemim addition to moisture and
ash content, ASE with six solvents of increasing polarity was usssjteentiallyextract

the crude tannins, and thextracts were analyzed ISEGMALS. Acid hydrolysisand
methanolysis combined with GC analysis techniquese used to determine the
composition of cellulose and naellulosc polysaccharides in crude tannins and short
column GC combined with G®IS wasused for qualitative and quantitative analysis
the extracts

Finally, pyrolysisGC MS and different NMRnalysis techniques includirtdC, HSQC
and®P NMR were used to determine the structurthetannin molecules.

The results show that the different methods described above can effectively characterize
the obtained tannin samples and provide information for their possible industrial
application.
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ASE Accelerated Solvent Extraction

BSTFA N, O-bis-(trimethylsilyl)trifluoroacetamide
CI-TMDP 2-Chloro-4,4,5,5tetramethyl,3,2dioxaphospholane
CoTs Complex tannins

CTs Condensedannins

n Dispersity
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DSC Dissolved solid content

El Electron ionization

FTIR Fourier Transform Infrared spectroscopy
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GC/MS Gas Chromatograpliass Spectrometry
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HHDP Hexahydroxydiphenoyl

HPSEC High-Pressure Size Exclusion chromatography
HTs Hydrolysable tannins

IEA International Energy Agency

MDR Maximum degradation rate

Mn Number averagmolar mass

Mw Weight averagenolar mass

Mw/Mn Polydispersity index

NMR Nuclear magnetic resonance

PGG Pentagalloyl glucose

Py-GC/MS  Pyrolysig GasChromatographmMassSpectrometry

SE Steryl esters

SEM/EDS  Scanning Electron Microscopy with Energy Dispersive Spectros
SEC/MALS Multi-ande light scattering coupled with size excluschromdogra

SN2 Bimolecular nucleophilic substitution reaction

Td Decomposition temperature

TDR The temperatur the maximum degradation rate
Tg Glasstransitiontemperature

TGA Thermogravimetric

THF Tetrahydrofuran

TMCS Trimethylchlorosilane
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Introduction

1l ntroducti on

The occurrence gbetroleumimproves life and industry greatlffetroleum and petroleum
derived products are foureverywhereHowever, more effortless living and faster economic
development mean mopetroleumconsumption. According to International Energy Agency
(IEA), during those years that the economy is developing typically without the impact of
COVID 19 (19712019), the globapetroleumconsumptionshowsa rising trend in general
(IEA, 2021) In addition, the uncertainty of the actual reservegetroleum the severe
environmentapollution, andthenational defenssecurity problem caused by ov@&liance on
fossil energy have sounded the alarm for($igeirs et al., 2015CNA, 2009; Pagani et al.,
2009. As animportantrenewablematerial biomass has received much attention and has been
extensivey studiedin many fields(Jansone et al., 2017Refining renewable, abundant
biomass is a crucial step in moving from petroleamsed to bidbased productd®henolic
resins are representative of petrolenased products, and the search for substifotesaw
materials is continuing. Tanrgnas one of the rich pherobntaining raw materials, iabeen
proved to have development potential in the manufacture of phenolic (8sinka et al.,
2020)

Tannins are the fourth most significant sourceafpounds after cellulose, hemicellulsse

and lignin, present in glilantscells and containing carboxyl groups and many phenolic groups
(Liao et al., 2019)Therich phenolic structure and chemical readf#ocharacteristehave laid

a good foundation fahe extensive utilizatiorf tannins Humans have a long history of using
tannins, with the oldest leather applications dating back to the end of the Neolithic periods
(Falcdo and Arautjo, 2018)Then, with the improvemenb f peopl eds awar e
environmental protection and living standartise natural product tanngto replace the
petroleum product phenol in phenolic resin has also received extensive attention. Compared
with traditional phenolic resins, using the wiglsburced, abundant and biodegradable tannins
can reduce harmful substances produced during production and use, which means it is
beneficial b the environment and also the human hed@lthexample of a successful tannin

resin productionwas in South Afria at the end of th20th century(Zhou and Du, 2019)
Today,theutilization and optimization of tannins in the resin indugmgontinung, the search

for more suitable and economical types of tasrgrongoing.

In thisthesis six tanninssamplesvereextensivelycharacterizeavith variousmethodsaiming
to explore the possibility of their possible resin production
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2Theory

In the theory part, tannins and applicagaf tannins will be introduced. In thatroduction
section the source, classification, structure, acquisition methods and utilization statutes of
tannins will bedescribedin the application parthe use otannins in resin manufacturing, and
potential aras such as medicine and fobelds, otherapplicationssuchas adsorbents and
tanningarediscussed

2.1 Introduction of tannins

2.11 Sources oftanninsin nature

Tannins are the fourth most abundant component in plaet world after cellulose,
hemicellulose and lignin(Liao et al., 2019)It is the most abundant secondary metabolite in
plants, with a biosynthetic potential of over 160,000 tons/gidartins etal., 2011; Arbenz

and Avérous, 2015)n addition to the abundant reserves, tannins are widely distributed in the
plant kingdom. Tannins are present in all vascular plants, espetialllymnosperms,
angiosperms and evémsome sea plas{Mole, 1993; @ong et al., 2019)annins ardound

in roots, stems, leaves, bark, fruits and s¢Pas et al., 2020aHowever, the tannin content

of different parts varies considerably; in some soft tissues, sletvasthe content ofannins
canreachupto 25% of dry weightindthus exceethe contentof lignin (Hernes and Hedges,
2004)

Tannins in plants mainly play a defensive role amttion primarily to resispredators such
as mammals and herbivorgsarasitic organisms such as fungi and hairpfithogensand
competitors such as plants that grow in the same area. In adtliggrarealso involved in the
composition of plant cell structuresuch as cell wal, axd play an essential role in the
formation of fertilized eggs in some marine organs(Mclnnes et al., 1984; Maria Furlan et
al., 2010)

2.1.2Classification and structure of tannins

Tannins are phenolic compounds with high anahass ranging from 50Q@o 20 000 Daltons
(Krzyzowska et al., 2017Yhere are many ways tassifytannins, but the two most widely
known are structurbased classification and plant morpholdgased classification. According
to the differencen structure characteristic, tannins can be dividegdnly into hydrolysable
tannins (HTs), condenséahnirs (CTs), and complex tannins (CoTs) that contidiestructural
characteristic®f both HTs and CTsseen inFigure 1. Hydrolysable tannins cafurther be
subdivided into gallotannirendellagitannins
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As for morphologybased classification, tannins are divided into terrestrial and sea plant
tannins. Terrestrial tannimscludeall the HTs, CTs, CoTs mentioned before; sea plant tannins
exist as oligomers or polymers of phlorogluciredgo named phlorotannins (PT¢uong et

al., 2019) seen irFigure 2. Some typical examples of different typegarininare also shown

in Figure 2, more detailed information dfiem will be introduced itater in ths thesis

\1/7 Tanf ins T

Hydrolysable Complex Condensed
tannins tannins tannins
Gallotannins
Ellagitannins

Figure 1: Classification otannins basel on structure differencéAdaptedfrom Arbenz and
Avérous, 2015).
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Figure 2: Classificationof tanninsbased orplant morphology andtructurecharacteristics.
(Modifiedfrom Aguilar etal., 2007; Frag&orral, Otero, Cassani, et al., 2021
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Hydrolysable tannins (HTs)

HTs are polyphenolic compounds that can be hydrolyzed into corresponding phenolic acids
and polyols under acidiglkaline,or enzymatic condition§Shahat and Marzouk, 28). In

other words, HTs are complex molecules formed fygar core (mainly &jlucose) or polyols
combined with gallic acids (3,4fsihydroxybenzoic acid) or ellagic acids
(hexahydroxydipheniacid) units (Okuda et al., 1990)Ellagic acids are formed by
polymerizing the & bond of the gallic acidsyhich mens ellagic acids arthe dimeric
derivative ofgallic acids(Malinda et al., 2017)The structure of gallic acids amtlagic acids

are shown irFigure 3.

OH
A) on B) o
o S o O
o
o
ae
OH

OH

0 OH
3,4,5-trihydroxybenzoic acid hexahydroxydiphenic acid

Figure 3: Structure of gallic acid (A) and ellagic aci@B).

Gallotanninsare one of subclassificatisiof HTS, they can be obtained by partially or fully
substituting the hydroxyl group6OH) in D-glucose. The most common one is named
pentagalloyl glucas(PGG)formed by gallic acids replacing th®H bond in the 1,2,3,4,6
position in D-glucose. It is worth noticing that PGG is not oalfype ofgallotanninsand an
important precursor of other complaallotannins (Mueller-Harvey, 2001) but also an
essential synthetic precursof complexellagitannins(seen inFigure 4). In addition, gallic

acids in gallotanninsare connected by the depside bomd,shown in Figure 5. The
esterification of these aromatic hydroxyl groups to form the condensation bonds is an important
structural feature that distinguishgallotaminsfrom ellagitanningSmeriglio et al., 2017)
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Figure 4: Examples of complex gallotannin and ellagitannin with pentagalloyl glucose as
precursor, where G=gallic acids, GT=gallotannin, ET= ellagitannjAdapted from
Mueller-Harvey, 200)

sugar
upper
OH gallic acid

OH _

Depside bond =~ —— = =

lower
gallic acid

HO OH

Figure 5. Examples of depside bond between two gallic a¢kttapted fromMueller-
Harvey, 200}

Compared tagallotanning ellagitanninsare more dominant in the market because of their
availability. Almost 1000 different forms of ETs (monomeridimeric, oligomerig, C-
glycosidicmolecules) have been isolatadd identified, while GTs are barely found in the
plant kingdom(Smeriglio et al., 2017; Yamada et al., 20118pwever,for some historical
reasons, somellagitanningn which the polyphenolic hydroxyl group is further coupled to a
polyol are also claffited as hydrolysable tannins, even though they cannot be hydrolyzed
(Khanbabaee and van Ree, 20@lagitanninscontain one or more hexahydroxydiphenoyl
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(HHDP) or HDDP ester, the galloyl units of HHDP throumfidizing C-C bonds instead of
depside bondévamada et al., 2017)

Figure 6 shows the relationship between HHDP and ellagic acid. The HHDP groups usually
have axial chirality characteristics, thesidues of them with glucose moieties can have
different linkages and are prone to form dimer derivatives, which are the reasons that make
ellagitanningn board structure diversity and masemers can be formdtlliemetz and Gross,

2005)

Figure 6: HHDP derivatives lactonize into ellagic acigpontaneouslin aqueoussolution
(Adapted fronBmeriglio et al., 201)7

Based on the discussion above, important features to distirgalistanninsaandellagitannins
are
V Hydrolyzates:under hydrolysis conditionsgallotanninsare hydrolysd into gallic
acids, whileellagitannindorm ellagic acids.
V Bond connection: the galloyl units géllotanninsareconnectedhrough depside bond,
while ellagitanninshave aroxidative GC bond.
V Hydrolyzationresistantgallotanninsare easier to hydratg because thegio nothave
anadditional GC bonds of polyphenaksidues with glucose moieties

Condensedannins (CTs)

CTsalso namegbroanthocyanidinsare a atural phenoliccompound second only to lignin
and the most abundant flavonoid in natuiidey can easily yieldanthocyanidins under
oxidative cleavage conditior{dliemetzand Gross, 2005)With more than 4000 compounds
havng been identified, CTare undoubtedly the mégromising among théour types of
tannins and account for 90% of approximately 200,000 #¢beemmercial tanninprodu@d
each yeatKemppaineret al.2014 Das et al., 2020b)

Unlike HTs, CTs do not contain sugar residuretheir structureand have stronger resistance
to hydrolysis(Ismayati et al., 2017a)They are composed afligomers or polymers of
flavonoid units containing two phenolic rings-(A&g andB-ring) and one pyran ring (€ng)
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(seenin Figure 7). The precursor flavonoidsf CTs are flavafB-ol, repeated ranging from 2
to 50 subunitgShahidi and Ho, 2005; Soldado et al., 202Z1)e basic structure of CTs is
monoflavonoids, and the different combinations betweemé (resorcinol or phloroglucinol
type) and Bring (catetol or pyrogallol type) make the monoflavonoids building blocks of
CTs diversgSeenin Figure 7). In other words, the different substitution possibilities of the
5 and
profisetidin, procyanidin prorobinetinidin, and prodelphinidimsome cases, theigg may
also be a phenol, such as one of the representatiVsetainnins(Zhou and Du, 2019)

hydr oxyl groups at the C

B-RING

A

A-RING
Y—0
I
)
I

OH OH OH

Phloroglucinel ring Procyanidin

HO __~_0 HO NP HO O~
= OH OH

Pyrogallol ring \

_OH

~FoH

A _OH

Resorcinol ring Profisetidin Prorobinetinidin

OH

“~0OH

Ph _OH

Prodelphinidin

OH

C56

position

Figure 7: Structure oimonoflavonoidanddifferent building bloks of CTs(Adapted from

Crestini et al., 2016

Procyanidins, mainly from Mimosa, are the most abundant of CTs in vegetables, while
prodelphinidins are the dstabundantamong these four typgSmeriglio et al., 2017)Not

only are theydifferent in number of hydroxyl groups in therg, but also the stereochemical
structure in the C3 position of-fhgs. For procyanidins, the subunits are catechin and
epicatechin, and gallocatechin and epigallocatechin are subunits of prodelplisadimss
Figure 8). The-OH at C3 position of catechin and epicatechin differ only in stereochemistry,
while gallocatechin and epigallocatechin also differ in spatial orientdhaaddition the C2

in C-rings of catechin and gallocatechin shows the trans structure, wiegieatechin and
epigallocatechirhave cis structure(Soldado et al., 2021)Those structure features have a

significant influence on the chemical properties of CTs.
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OH
OH B) oH OH
OH OH
= | HO, O
HO o] \ =z e Oy "o O OH o
. OH oy
iy,
oH gy 'OH OH

OH cH OH OH

Catechin Epicatechin Gallocatechin Epigallocatechin

Figure 8. Subunits oprocyaniding(A) and prodelphindingB).

The linkagebetween monoflavonoids is another important feature of, @ls it is also
another common wagf classification Proanthocyanidinsanbe classified into either Aype
CTs orB-type CTs depending on their linkage. The interflavan bondstgp8CTs areC4 in
the upper unit connecting to C6 or C8 in the lower unit, whitgpe CTs are further bounded
with either C20-C5 or C20-C7 (Girard et al., 2020Figure 9 shows the examples of#pe
CTs with different interflavan bonds. Furthermore, thype CTs aremore common and the
C4-C6 linkage is prevalent in tannins mainly containing resorcinaing (profisetidin and
prorobinetinidin), while C4C8 linkage is prevalent in tannins mainly containing
phloroglucinol Aring (procyanidin angbrodelphinidin (Arbenz and Avérous, 2019h other
words,thelinkage of tannin molecules is influenced by the type oing.

A-type linkage R1
o

R3 -
R2
HO

R4

Figure 9: Theinterflavan bonds of AypeCTs.Ry, Rz, Rs R4 representOH or -H (Adapted
from Girard and Bee, 2030
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Finally, from the above introduction, significant structural differences between the HTs and
CTs have been showllost plants contain either HTs (gallotannins, ellagitannir@enaixture

of them) or CTsHowever,some speciesuch as-agaceaeAcacia pravissimacan have both
HTsandCTs(Mueller-Harvey, 2001)

Complextannins (CoTs) and phlorotannins (PTs)

CoTs and P3 will be introducednly briefly, because thewre not explored further ithnis
thesis andhavefewerindustial applicatiors so far CoTs are higimolar-masgannins because
their flavan3-ols (catechin units) bond with gallotannins or ellagitannins througi€ab6nd.

It is very difficult to identify their chemical structuréhus only afew CoTs have been found
until now. Typical examples of CoTs aaeutissimins Aand B from Castaneaand Quercus
(Okuda and Ito, 2011)

PTsare dfferent from the tannins of terrestrial plants. They are widely found in marine brown
algae, which can account f680% of the dry weight of the algaehloroglucinol (PG)s the
basic structure of PTs, condensed from acetic and malonic acids with spegrale in marine
plants. Based on the connection bond between PG units and the way they conn&aHwith
groups, PTs can be subdivided ifaar groups: Fuhalolandphloretholgether bonds); Fucols
(phenyl bonds); Fucophlorethols (ether and phenyl bofdelsand Carmalols (Dibenz-
dioxin links). The madr massof PTs isin therange from 1260 65000 Da. The more PG
units, the higher moar massand the more complex PTRahman et al., 2014; Arbermnd
Avérous, 2015; Frag@orral, Otero, Echave, at., 2021)

In recent years, the antioxidative, antibacteaalanti-HIV properties of PTs have attracted
widespread attention, especially in the medicdtifiHowever, due to the uncertainty of the
function mechanism, research is stillan initial stage. What is mordyigh cost in harvest,
shorter storage time because of the strong respiration of algae and high salinity of sea water,
also make it difficulto beselectedy the marke{Gupta and AbtGhannam, 2011)

2.1.3Extraction of tannins

Tannins are widespread in the plant kingdom@ardbe found in differemglants such as fruit,
bark,roots,and leaves. However, to obtain commercial tanninsftustry applicatiojtannins

are usually extracted from bar&speciallybark residues from pap mills or sawmills, and
heartwood withdifferent solventsCompared to the traditional treatment (wastes, horticulture
uses, heat power generatipm)s undoubtedlymoreattractive tousethetannirsin industial
application sincethe theoretical annual production of bark in Europe alone reaches 25 million
cubic meterd-eng et al., 2013)'he sources of commercial CTs vary by regionAmerica
tropical species such &uebrachgBlack wattle Mimosg or Mangroveareprefered while
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softwoods such a@ineandSpruceare popular in central and northern Eur@penchi et al.,
2015; Das et al., 2019Commercial HTs are mainlydm the heartwood oDak galls and
Chestnti(Benaiges and Guillén, 2007; CHEBI)

The extraction procedure of tannins is relatively simpéanins can be extracted fraground

or chipped wet/dry/fsizen plant materials,by water or by other solvents at different
temperatures. However, tannins are complex phenolic substances, which medras/¢hay
high risk of reacting with other components from harvesting to extraction. Therefore, efficient
preservation and extraction methods are essentitsintanninsof high quality. The freez

dried method iso farone of the best ways to keep the phenolic substat@ehigh level and
preserve the natural structufiéerreira et al., 2004Hot water is one of the most popular
solvents for traditional extraction in industry. Moreover, acetone, ethanol, ethyl acetate and
other organic solvents have been studseuithesecan alsde added to water to improve the
extraction efficiencyAcids or enzymeasadditives have also been studied in the production
of tannins, butvith low efficiency. However, boiling water is still dominghetheronalab

or an industrial €ale because of the lower cost and requirement of equipment. Finally, the
tannincontainng solution should beevaporatd under vacuum conditions to avoid oxidation
until the desired concentration is reach®therwisestabilizing agenshould be addet avoid
reaction duringtorage(Arbenz and Avérous, 2015; Das et al., 2020; FH@geal et al., 2020)

It is worth noting that there is no standard formula for extracting tannins, although many
advanced methods havbeen proposedsuch asusing supercritical fluids,nfraredassisted
extraction andultrasonicmethodgHoyosMartinez et al., 2019)n addition to the source of

raw materials, there are many parametgriehwill affectthe quality and yield of tannins. The
higher the temperatur@nd longer residence timesually result in a higher yield of tannins
while the quality will be decreased due to the amount of impurities dteatextracted
simultaneouslyPetchidurai et al., 2019; Dentinho et al., 2020)

2.1.4Impurities in tannins

Similar to other refinng processest is not possible to obtain pure tannins just through simple
extraction processes. Ndannin impuritiesaaremainly inorganic aciddipophilic extractives,
carbohydratesand othertanninrelated componentéFerreira et al., 2004; Benaiges and
Guillén, 2007; Bianchi et al., 2019)he contenbf impuritiesin tannin samplesan be as high

as 35%Mittal, 2021)

The main impuritiesthatmight exist in crude tannins are listed below:
U Inorganics: some minals associated with soluble salts or amino and amino acids.
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U Lipophilic extractivesfatty acids including saturated acids witi28 C atoms resin
acids (mainly abietic acids and their derivatives) with tricyclic skeleton struatute
triglycerides

U Carbohydrates monosaccharides.€., pentose and hexosesligosaccharidesi.e.,
stachyose) and polysaccharidesi.€., pectinlike componentshydrocolloid gums,
hemicellulose) are the major impurities of tanngamples

U Complexes: tannins tend to for complexes with proteins and polysaccharides,
sometimes even metal iorise(, F€*, C&"), and the complexes formed gquersistent

These impurities are extracted along with the tannins during the extrgcboasecause of
thesimilar solubility and hightemperature. Their presence has a significant impact on industry
application, and it is also the major obstacle to the successful development of tannins as
substitutes for petroleum phenols.

2.15 Reactivity and industrial treatmentsof CTs

Before introducing sulfonation of CTs, it is necessary to understarrédhgvity atdifferent
positionin theCTs. Compared to HT#echemical structures of condensed tannins are more
complex, because they contain three rings with various activitiesnumber and the position

of hydroxyl groups on the rings are also different. Therefore, the chemical modifisatiore
complicatedn CTsthanin HTsin the industrial field. According to the different chemical
structure, CTs have mainly three reaty sites(seen inFigure 10): thenucleophilic sitethe
heterocyclic G&ing andthe hydroxyl groupgArbenz and Avérous, 2019)ifferent types of
CTscan be obtained based on various modifications to these active sites.

Thereactivity ofthree sitess summnarizedas follows:

U Nucleophilicrings are vigorously activated due to the electron density contribution of
oxygen atonto the ring Thus, they aréighly reactive towards electrophilic aromatic
substitution.

U Heterocyclic Gring can be opened aradter chemicaktructure and propertiex the
CTs thus achieving the modification purpose.

U Hydroxyl groups are active groups; different modifications dataio CT derivaves
with other properties (more active or higher solubility in solvents).
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(OH)

Figure 10: Reactie sites of CTnucleophilicsite (n green), heterocycli€-ring (in red),
hydroxylgroups (inblue).

Sulfonation is one of thraditional modification methogsisedfor more than 100 years, is
based on theeactivity of heterocyclic rings. It is mainly applied in the leather and resin field
(Hoong et al., 2009; Kuruppu and Karunanayake, 20IBgre are two ways to obtain
sulfonatedtannins. One is taddsodium bisulfite (NaHSQ) or sodium sulfite (N&SQs) after
obtaining the extract with traditional boiling water methods. The other is to directly treat
homogenized plant material with boiling bisulphite or sulphite solutios.latter usually has
higher extractyields Extracts with sulfonation treatment can be directly dissolved in cold
water, while theextractobtained by the traditional water extraction method are only soluble in
warm water(Timell, 1975; VenterSenekal, et al., 2012; Venter, Sisa, et al., 20TBg
changing of solubility is due to the opening of the heterocycle duringxtingction, showim
Figure 11 The Gring openingresults from the sulfonated hydrolysi$ie introduced phenolic
hydroxyl groups, which are polar groups, leadaoincrease in thevater solubility and
decreas®f theviscosity of the extractn addition, the sulfonation treatment also showed the
advantage of reducing the average chain length, which is also the reasos fww tmoar
massof the extracted tannir(¥enter, Senekal, et al., 2012)

OH OH

HC OH OH
HSOy OH
—‘-—
(OH)
(OH)
SOy

(OH) 3

Figure 11 Sulfonation reaction oflavan-3-ol tannin.
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Although the ring opening has advantages in many respettsjucing the sulfonic group

will also have drawbacks in sonfields, such as resin manufacturing. Its presence increases
theresin sensitivityto water if they are not sufficiently crodsked. Therefore, the sulfonic
group needs to be replaced by the hydroxide groups througtsiistitutionreactionat
strongly alkaline conditions. The mechanism is showfigarre 12 In conclusion, the tannins

will be more active due to introducing tH@H groups and the opening heterocycle ring in each
flavonoid unit, especially the activity of the-ing in the resin productioTimell, 1975)
Finally, the autecondensation reaction should also be noted underradicnditions or in the
presence of metabisulfite (seenFigure 13). The result is some higher naplmasdannins
would beobtained(Pizzi, 1994a)

OH

OH

OH OH

Alkaline HC
conditions OH
———
(OH)

(OH) OH

Figure 12 Desulfonation reactiomat alkaline condition.
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Figure 13 Auto-condensatiomn alkaline condition andhe presence ahetabisulfite.
(Adaptedrom Arbenz and Avérous, 2015



Theory 14

2.2 Application of tannins

Humans have a long history of using tannins, dating back thousands of years to ancient Egypt.
Today, with unertain reserves of fossil resources and serious environmental pollutionstannin
are still a research hotspofThis is becausehey are abundant in natural reserves,
comprehensive in origin, and exhibit renewable, degradable, and chemically active
characteristicsThis section will highlight applications oftannins in phenelree resins
productionandin the medical field

2.2.1The application of tanninsin phenokree resin production

Background of phenolic resin

Phenolic resin is a traditional synthetic product that started in Germany in the 19th O¢atury

et al., 2019)It wasdominantworldwide in different fields due to the low cost and excellent
mechanical and chemical properties. However, with the deepening of research, the
shortcomings of the phenoleere exposed. Firstly, the raw materials for producing phenolic
with the traditional method arderived from fossilaw materiad. Phenol is derived from coal

tar, while formaldehyde iglerived from petroleum, andhese fossil resources are not
sustainable Secondly, both phenol and formaldehyde have biohazardous properges
mutagenicand carcinogenic, which raise higher requirements for the protection of workers'
safety and healtihirdly, excessive or residual formaldehyde also threatens the health of the
consumers. These reasons have made finding natural alternatives to phenol andHgdmalde
popular. Tannins and other natural polyphenolic products rich in phenolic struetsligsin
andcardanal have recently become popular candidates to replace petraletved phenols
(Sarika et al., 2020)

Phenolic resin can be divided intesole resirbasedand novolac resibased on the reaction
conditions. Resole types are carriedatatikaline conditions with excess formaldehyde (molar
ratio). In contrast, the novolac typedsne atacidic conditions, and the ratio of formaldehyde

to phenol is less than 1. Resole resin does not need curing,dppmatgse the existing reactive
hydroxymethyl {CH.OH) can condense into macromolecules during the reacimmpared

to novolac resin,asoleresin products armore environmentally friendly sincemost of the

curing agents are toxibut have a short shelf life (less than 1 year). For novolac type resin, the
addition of the curing agents makes them more stable. Despite the controversies associated
with environmental pollution, it has a longghelf life (infinite) (Sarika et al., 2020)
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Tanninsin phenokfree resin production

As phenolic compounds, both HTs and CTs can react with formaldebgtialine and acidic
conditions to form resole or novolac resiike esole type is the dominaoneso far(Pefia et

al., 2006; Jaramillo et al., 202ZHowever, the simple phenolic structure and less modified
methods limitthe use oHTs in the resin industry. In other words, CTs with three rings are
more advantageous in resin production, altftonot all rings are involved in the reaction. The
A-rings in CTs contain the more reactive nucleophienter while the Bringés general
activation results from the vicinal hydroxyl substituents wmniri)s (Dotan, 2014; Dunky,
2021a) Evenatneutral conditions, aldehydes can rapidly react with g C6 and C8 are
the specific reaction sites of tannins. C6 is often the reactive site of tannins witil® C4
linkages, such aRine tannins while the C8 occurs in those with €5 linkages, sut as
tannins found iMimosa The polymerized products are linkegeitherthe methylene bridges
or methyleneether bridgesseenin Figure 14. The Bring in CTs only tends to react with
formaldehyde at pii 10 or when the divalent or trivalent metal icare added at pHi 5.5.
However, such an approach is not waitlile, because the reactivity of tiering is too strong

at such high pHresulting in a shorter pot life of the resin prod@raghiroli et al., 2019)

Figure 14: CTs monomereact with formaldehydemethylene bridges ling) and
methylenesther bridgedine (77 ).

The reactions mentioned above are detailed descriptions of CTs when reacting with aldehydes,
but practical resin production is more compl&ifferent kinds oftannirs show different
reactivity but still offer asignificantadvantage compared with industrial phen®&me and
pecantannirs are representativef®r tanninscontaininga phloroglucinol Aring, and their
reactivity with formaldehyde is increased bynmohan 50 timeswvhile tannins fromMimosa

and Quebrachg which aretannins dominated by resorcinol -Aing, only increasedhe
reactivity 8i 9 times(Zhao and Umemura, 2014)
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Although tannins resin shows excellent advantages in terms of environmemdlifiess and
higherreactivity, the quality of theroductgustthroughsimply mixing isunsatisfactoryThis

is becausehte resulting product is threbmensionalwhich meansess liquiditythan phenolic
products Furthermore, théow degree of condensation generally results in a brittle product,
with low strength, and poomater resistance(Pizzi, 2017) However, he degree of
condensation can be increased by adding a small number of intermediates to react with the
active siteson the tanninsThe typical intermediates include urdarmaldehyde resins,
phenolic resins, or isocyanatéslditionally, replacing formaldehyde with furfural is another
feasible method to increase the degree of polymerization. On the ondunfumd| effectively
crosslinks with tannin, which improves the resin stress distribution, and on the lahdr
furfural decreasethe risk of releasing formaldehyde from fm@duct(Pizzi and Scharfetter,
1978)

Large or branched tannin molecules will exhibit pfiowability and flexibility at low curing
degreesThe larger the Mw of tannins the higher the speed of the catitayv temperature
which will make it more difficult to polymerize tannin molecul&bis wouldresultin a fragile

resin. Different curing agents (hexamethylenetetramine, paraformaldehyde, polyisocyanate)
are usually added to improve the mechanical properties of the produt#@aeds¢he amount

of formaldehyde released, and the adhespresluced have been used in artificial panels to
meet the requirements of indoor and outdoor(bgeg et al., 2011)

Viscosity is a complex issue in resin synthesis, and maintaining proper viscositytdelps
improve tannin flow and resin synthesis. Thigal tannin viscosity is affected by the tannin's
nature andype ofextraction.Pine tanninwith a degree of polymerization of  are more
viscous thamMimosaandQuebrachdanninwith a degree of polymerization of 8. However,

the branched structure dimosatanninsmakesthis tanninmore viscous than straighhain
Quebrachatannin The concentration of tannin resin is affected by impurities and hydrogen
bonds. The interactidmetween highmolar-masscarbohydrates and tanriannin, tannirgum,

and gumgum will make tannin resin show high viscosity characteristics compared to phenolic
resins. Degradation of carbohydratesjfonationto open heterocyid rings and dilution
(enhancing fluidity) are commonly used methods to reduce initial tannin visc@&silipnation

is the most widely used method for industrial resin preparatiswasdescribedn section
2.1.5 In addition to lowering viscosity, sulfiieeatedtannirs also exhibit better crodmking
characteristics and longer pot life of the prodibainky, 2021b)

The selfcondensation reaction tdnninis another interesting phenomendmanninstends to
self-condensate under acidic or basic conditions evenowitadding any curing agent. No
release of volatile organic compounds is tmain feature of tannin selfondensation
adhesives, but the sedbndensation polymerization reaction is slow, and the adhesacéon
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is not effective enough to achieve wategmf adhesion. More research is still needed to
improve the quality of the produg®izzi, 2012)

Finally, the realization of industrialization is affected by many facisisost, origin of raw
materials,and purification method. Due to geographicalvadtages, the first country to
commercialize tannin resin was South Afri€arrently, tannin resins atesedin applicatiors
mostin Chile, New Zealand, Australig&so far, here is only a small market scope in the
European regio(Zhou and Du, 2019)

2.22 The applications of tanninsin other fields

Medicine

Tannirs with various biological activities have been proven to have great development
potential in the field of medicine. Antioxidaetfect inhibiting growth oftumor and cancer
cells, antibacterial and antiviraffects preventing diabetes, and aintflammabry effects
make the development tdnnirs attract much attentiotdowever,in clinical medicine, most

of the applications are still in the stage ofvitro experiments, and research needs to be
continued(Zhanget al., 2021)

A Antioxidant: Tannirs arean excellent free radical scavenger. Its function mechanism
blocks the free radical chain reaction by releasing hydrogen ions and competitively
combining them with free radicals. The antioxidant properties of CTsanberryare
ten times tha thatof ascorbic acid, and ellagnninshow good amiipid oxidation
activity. The antioxidant properties tdnnindepend on their chemical structure, and
higher antioxidanttannin are associated with higher degrees of polymerization
(Kaczmarek, 2020)

A Inhibition of growth of tumor and cancer cells:Tannirs can promote the apoptosis
of tumor cells by regulating the expression of signaling molecules in tumor cells and
cancer cells. Ellagic acid has been reported to inhibit rat tumors as earlyl&8$6@ise
(Duan et al., 2020Q)and the anticancer properties of condertaadinhave also been
extensively studied and confirmed. However, these studies are still in their infancy and
have not yet been applied to treatm@hgesh et al., 2020; Zhangatt, 2021)

A Antibacterial and antiviral: Tannirs can coagulate the protoplasm of
microorganisms, so they have apparent inhibitory effects on bacteria and viruses. The
antibacterial and antiviral mechanism of action is based on the propetaynrofs
(especially ellagiannirs) to inhibit the metabolism of pathogens, the more active the
chemical properties, the stronger the inhibitory effect (cytotoxi¢®ahidi and Ho,
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2005; Molino et al., 2020Common pathways include crossing the cell wall to the
inner membrane, binding to the cell resulting in the inability of the bacteria to attach
and inhibiting the uptake of sugars and amino acids by the bacteria. There are already
kinds of toothpaste in Japan that utilize the antibacterial propertid$ o prevent

dental caries angromoteclean teeth. Some lemolar-massHTs exhibit significant
antiviral and antHIV activity, and antiviral activity is generally related to total galloyl
residuegKaczmarek, 2020)

A Prevention of diabetes: Diabetes is caesl by disorders of fat and carbohydrate
metabolism in the body, andnnirs have the potential to treat namsulin diabetes by
inhibiting lipogenesis and enhancing glucose uptakeaciatannin showed the effects
of lowering blood sugar and improving cholesterol in disease{Katti et al., 2016)

A Anti-inflammatory and hemostasis:The antiinflammatory mechanism of tanniis
Vivo is not precise, and it seems to have a-specific efect on cells through its
astringency. In rat studiemnninsoppresghe entry of inflammatory mediators into rat
cells. Tannins are also used to remedy localized burns and as an additive to toothpaste
to prevent gum inflammation. Recent clinical studiage shown that tannins have pain
relief and blood flow stabilization properti@sikru et al., 2012; Zhang et al., 2021)

Food

Tannins are also widely used in food. Fruits and vegetables rich in daargnoften
accompanied by astringency. When thenber of hydroxyl groups in the molecule is within
1-5, the astringency will increase with the number of hydroxyl groups. Excessive intake of
tanninscan howevernegat i vel y alieélth. Ahimahfoog addits/es rard food
packaging are currentlyoh research on tannins in the food fi¢Molino et al., 2020; Xindi
Zhang et al., 2021)

A Animal foodadditives: Tannins have antimicrobial properties and are natural products
that can replace antibiotics in animal feed and effectively coptn@sites in the gut
(Lillehoj et al., 2018) Moreover, studies have shown that addipgebrachatannins
andChestnut anni ns t teeddanimprpve thequaity of protein in milk and
reduce nitrogen content in urine, reducthgenvironmental pilution (Aguerre et al.,
2020)

A Food packaging:As natural compours] tannins with antibacterial, antioxidant, and
UV-absorbing properties are preferred over traditional packaging materials
(polyethylene and polypropylene). Products with tanoorabined with different raw
materials aschitosamandcellulose show outstanding advantages such as high thermal
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stability, prolonging food shelf life, antiltraviolet, antioxidation, and preventing
microbial growth(Molino et al., 2020Q)

Others

In addition to the applications mentioned abptieetraditionalapplications based on tannins

are tanning and adsorbents. These are examples of mature commercial applications of tannins
today Tanning is one of the oldest applications of tannins. It mainly uses the binding ability of
tannins and proteins to change fetein structure of leather permanently. The tanned leather
products have the advantages of high quality, ¢eks, and long storage tim@into et al.,

2013) The preparation of adsorbents is based on the characteristic that tannin is easy to chelate
with metal ions, making tanmsngood materia for the preparation of adsorbentsr
wastewater. Since tansarewatersoluble compourgl theyneed to be immobilized to make
adsorberg Typical forms include tanniresin,tannin gum, and tannfimam.Thecuring agent

of tanninsshowsstrong adsorption capacity for various common heavy metals (chromium,
copper, lead, nickel) in electroplating industrial wastewatetamunsare also used to absorb
surfactants in sewadBacelo et al., 2016)

In short, athough people have used tannins for a long time, the applisatienot limited to
some specific fields. The exploration of the applicatiohtannins in different areas is still
ongoing today

2.3 Hypothesis and objective

The theoretical part of this thesis expounds on the basic situation of tannins, including the
source, classification, different extraction methods, industrial applications, and the potential
for other applications. Although the description of tanninst@rdiure has been very detailed,

the properties of tannins of different types, from different parth@plants, and applying
different extraction methods are very different. In additidacreasingthe unavoidable
impurities in tannins has become a hopic in tannis research, so it is significant to
characterize the differently treated tannins. In this thesis, six types of tarermsxtensively
characterized with highevel analytical methogdsmainly to explore the feasibility of these
different tannins as petroleurderived phenolic substitutes

Thehypothess of this thess are
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U Condensed tanninsan be obtained frorBpruceand Quebracho Spruceis found in
Europe whileQuebrachas found inSouth Americalf the quality ofSprucetannin is
comparable to that duebrache production costs can be saved by taking advantage
of the geographical location

U Quebrachothat has undergone various industrial treatments, including partially
sulfonated(Q1), sulfonated(Q2), andpurified (@Q3), should theoretically have fewer
impurities thanthe untreatedQuebracho However, the sulfonation process will
introducesomesulfides and the specific purification steps are unkndixiensive
characterizationvill revealthe difference between theéreatments

U After different industrial treatments ofQuebracho the linkage between
monoflavonoids may chang@nd the reactive sites may be increased due to the
heterocycle opening. However, the ssdhdensation reaction under sulfonation
conditions increases the degree of polymerizatiortaohin These two different
reactions make it difficult to speculate on the #igk of Quebrachofor further
treatments.

U Chestnut tanninas the only hydrolyzed tannimnalysis of phenolic content and
impurities will be emphasized

U Due to the structural differences betwe@hs and HTs, CTs are theoretically more
stable thaHTs, so thermal stability and glass transition temperatuneld be higher.

U Impuritiesin tanningheoretically include acidendlipids, sugars (free sugars, cellulose
and hemicellulos®, and some inorganics (amino acidsherefore, comprehensive
charactezation will beincluded in the analysis

Theobjectives of this thesisre
U Sequentialextraction of differentannirs usingsix solvents withgradually increasing
polaity was used to fractionate the tanngampls. Each fraction waghoroughly
characterizedo explore the content and differences of components inttiesis

U Differences between CTs and Hiiere explored, including quantitative and qualitative
components analysis, espdigiaegardingmpurities and phenolics.
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SExperi ment al

3.1 Material and methods

3.1.1Crude tannins samples

In this study, sixcrudetannins weraused Basic information about those samplegiigenin
Table 1. All tannirs were brownpowderandwere kept in brown bottles in theold roomto
prevent degradation of phenotiompoundsakkar, 2003)

Table1: Summary otanninsamples.

Classified oftannin Types oftannin Industry treatment Code
- Q
Partially sulfonated Q1
) Quebracho
Condensedannirs Sulfonated Q2
Purified Q3
Spruce - S
Hydrolysabletannirs Chestnut - C

3.1.2 Sequential extraction of tannins withAccelerated Solvent Extraction (ASE)

Accelerated Solvent Extraction (ASkjas used withig different solvents with increasing
polarity to fractionate the tannin samples, the solvents used caedyeinTable 2 The
instrument used was an Accelerated Solvent Extractor 350 (ASE 35@&xDdBA). Crude
tannins were dried iavacuum freeze dryer for 48 howsd gproximately 2.5 g of each dried
crude tannin wsmixedwell with quartzsand(1:16,w: w). The mixture was added €33 mL
stainless steel ASEell andextracted innert atmospherat 90 and 10 Mpa for
min x 5 times)Figure 15shows the flow chart. Akkxtractswerecollected and kept iadark
andcold room

Table2: Solvent used in sequential ASE extractions.

Solvent list Purity

Hexane 0 97%
Methyl tertbutyl ether (MTBE) 0 99.8%
Dichloromethane (DCM) 0 99.%
Acetone 0 99.8%

Ethanol (EtOH) 0 94%
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Water Deionized water

Figure 15 Flow chartof sequential ASE extraction

To calculate theotal dissolved solids in eadxtract, the collectedxtracs of each different

tannin were first diluted into théesred volumein ameasure cylindelO mL of the adjusted

extract was taken, artde solvent wasvaporated witflow of nitrogen. After he solvent was

removed thesamples were placed avacuum desiccatat 4 0 unti lTheconst a
percentage of thiotal dissolved solids in extrastas calculated as follows

Equation1: Cwoi OO O QEPOYQ—zp T b

where:

W1=Weight of bottle and dried extract

W>=Weight of bottle

W= Total weight of all extracted materials from each tannin

3.2 Characterization

3.2.1 Moisture content and pH of crude tannins

The noisture contenvf each crude tannin waeterminedaccording tdEquation 2 afterthey
driedin thevacuumfreezedryer for 48 hours

Equation2: D& Qi EIED® VE O zp
































































































































































