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ABSTRACT: The chemical structure of lignin from grape stalks, an abundant waste of winemaking, has been studied. The
dioxane lignin was isolated from extractive- and protein-free grape stalks (Vitis vinifera L.) by modified acidolytic procedure and
submitted to a structural analysis by wet chemistry (nitrobenzene and permanganate oxidation (PO)) and spectroscopic
techniques. The results obtained suggest that grape stalk lignin is an HGS type with molar proportions of p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) units of 3:71:26. Structural analysis by "H and '*C NMR spectroscopy and PO indicates the
predominance of -O-4' structures (39% mol) in grape stalk lignin together with moderate amounts of 3-5’, -5, -1, 5-5', and
4-0-5' structures. NMR studies also revealed that grape lignin should be structurally associated with tannins. The condensation
degree of grape stalks lignin is higher than that of conventional wood lignins and lignins from other agricultural residues.
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B INTRODUCTION

Winemaking is an important agricultural sector contributing
substantially to national economies around the world. Total
worldwide wine production is around 262 millions hL, 60% of
which is produced by European Union countries." The main
wastes generated in the winemaking process (grape pomaces)
are skins, pulp, stalks, and seeds, which account for 25—35 kg/
hL of produced wine.” Grape stalks are one of the major
byproducts of the wine industry. On average, 1 hL of wine
generates up to 4 kg of grape stalks.” The utilization of wine
byproducts is gaining increasing attention due to the environ-
mental concerns and potential profitable applications.>”
Besides current uses of grape stalks as fertilizers,™® the
possibilities of using such materials for the production of
biosorbents,” dietary fibers,® antioxidant supplements,” acti-
vated carbon,'® and cellulosic pulp'' have been demonstrated.

Grape stalks are a lignocellulosic fiber material composed
essentially by cellulose, hemicelluloses, lignin, and tannins.>*
Similarly to jute, cotton stalks, dhaincha,'> kenaf (Hibiscus
cannabinus)," and reed (Arundo donax),"* grape stalks may be
considered an alternative to wood sources of fibers for
papermaking and biocomposites.”'> Carbohydrates contribute
to >50% of grape stalks,"'® the most abundant being cellulose
(ca. 30—35%) and O-acetyl-4-O-methylglucurono-#-p-xylan
(ca. 10—15%). One specific feature of grape stalks is the high
content of tannins, their amount being comparable to the lignin
content.* Grape stalks contain several classes of polyphenolic
compounds, such as phenolic acids, flavonols, and flavanonols.
The major part of tannins consist of polymeric proanthocya-
nidins composed of (—)-epicatechin units together with smaller
amounts of (+)-catechin, (—)-epicatechin gallate, and (—)-epi-
gallocatechin.'” Among other polyphenolic compounds,
quercetin  3-glucuronide, catechin, caffeoyltartaric acid, and
dihydroquercetin 3-rhamnoside (astilbin) have been detected."”
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Often, condensed tannins are determined together with
lignin in the acid-insoluble residue called Klason lignin, thus
overestimating its content by almost twice." The accurate
determination of Klason lignin is possible only after the
preliminary removal of extractives, proteins, and condensed
tannins from grape stalks. The Klason lignin content in grape
stalks corrected for extractives, proteins, and tannins is around
17%.* Despite increased research activity on the chemical
processing of grape stalks, practically no reliable information on
the chemical structure of lignin is available. However, the
undefined structure of lignin and/or its possible association
with tannins was suggested to be a reason for the extremely
difficult deli§niﬁcation of grape stalks by oxygen-alkali and
organosolv,' soda,'® and kraft* pulping.

The main goal of this work was the structural evaluation of
lignin isolated from grape stalks by a soft acidolytic technique
(dioxane lignin). Lignin was characterized by wet chemistry
(nitrobenzene and permanganate oxidation) and spectroscopic
techniques (1D and 2D NMR, FTIR, and UV spectroscopy).
The molecular weight was assessed by size exclusion
chromatography (SEC).

B MATERIALS AND METHODS

Preparation of Plant Material. Grape stalks from red grape
pomace (Vitis vinifera) were collected after destemming at the Quinta
do Serrado in Penalva do Castelo, Region of Ddo (Portugal). The
material was dried at room temperature, milled on a cross-beater mill
SKI (Retsch, Haan, Germany), and sieved to 0.5—1.0 mm sawdust.
The grape stalks were submitted to Soxhlet extraction with acetone (6
h) to remove extractives, according to Tappi standard T 204 om-88.
Proteins were removed by the treatment of the extractives-free grape
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Figure 1. FTIR spectra of dioxane lignins isolated from grape stalks before (DLy) and after (DL) removal of tannins.

Table 1. Results on Nitrobenzene Oxidation of Dioxane Lignins before (DLy) and after Tannin Removal (DL) and Lignin of

Grape Stalks

9 1
characteristic product structural % molar
unit DL DLt grape stalks
CHO
H 1 2 3
OH
p-hydroxybenzaldehyde
CHO
OCH G 69 73 7
3
OH
Vanillin
CHO
H,CO OCH, S 30 25 26
OH
Syringaldehyde

stalks, with a 1% pepsin solution in 0.1 M HCI at 40 °C overnight,
followed by hot water washing until neutral reaction of filtrate.'* The
tannins content was assessed in extractives- and proteins-free grape
stalks by reflux with 0.3% NaOH solution (liquid-to-solid ratio of
100:1) under nitrogen atmosphere for 1 h. The lignin content was
determined by the Klason method according to Tappi standard T 222
om-88, using grape stalks free of extractives, proteins, and tannins. The
Klason lignin content in the grape stalks was 17.4%.

Isolation of Lignin. The lignin was isolated by acidolytic
procedure from grape stalks free of extractives and proteins (DLry)
and from grape stalks free of extractives, proteins, and tannins (DL),
according to the previously described method.*® Typically, 10 g of dry
extractives- and proteins-free grape stalks sawdust (0.5—1.0 mm) was
submitted to three sequential extractions (each 60 min) with SO0 mL
of a dioxane/water solution (9:1, v/v) containing 0.1 M HCI, under a
nitrogen atmosphere. The resulting extracts were further concentrated
separately to a volume of ca. 150 mL. Finally, lignin was precipitated in
distilled cold water (1.5 L), centrifuged, and washed with distilled cold
water until filtrates were of neutral pH and vacuum-dried at room
temperature (ca. 20 °C). Alternatively, another sample of dioxane
lignin (DL) was isolated from extractives- and proteins-free grape
stalks after additional treatment with 0.3% NaOH solution under
nitrogen atmosphere, aiming to eliminate the concomitant condensed
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tannins.* The yields of DLy and DL were about 70—75% of total lignin
content in grape stalks (Klason lignin = 17.4%).

Chemical Analyses. The lignin in grape stalks sawdust and
isolated dioxane lignins were characterized by oxidation with
nitrobenzene under alkaline conditions, according to the previously
described procedure.”' The oxidation products were dissolved in 200
uL of pyridine and analyzed by GC-MS on a Trace Gas
Chromatograph 2000 equipped with a Thermo Scientific DSQII
mass spectrometer (Thermo Fisher Scientific, Austin, TX, USA). The
conditions of GC analysis were as follows: column capillary, 30 m X
0.32 mm id. 0.25 ym, DB-1 (Agilent J&W, Santa Clara, CA, USA);
initial temperature of the column, 100 °C; gradient of temperature, 4
°C/min; final temperature of the column, 270 °C; temperature of the
injector, 240 °C; and temperature of the detector, 250 °C.

The permanganate oxidation of isolated lignin with tannins (DLr)
was performed as described previously.”* The ethylated oxidation
products were identified by GC-MS using the equipment as indicated
above. The chromatographic conditions were as follows: initial
temperature of the column, 180 °C; gradient of temperature, 4 °C/
min; final temperature of the column, 290 °C; injector temperature,
250 °C.

Methoxy groups in lignins were analyzed according to the Zeisel—
Viebdck—Schwappach method.”
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Figure 2. Frequency of occurrence (% mol) of carboxylic acid methyl esters obtained from oxidation of dioxane lignin (DLy) with potassium

permanganate.

Analysis by UV and FTIR Spectroscopy. Ultraviolet (UV)
spectra of dioxane-lignin were recorded in 2-methoxyethanol on a
JASCO V-560 UV=—vis spectrophotometer (Jasco International,
Tokyo, Japan), using 1 cm thick quartz cells. The FTIR spectrum of
the dioxane-lignins was obtained on a Mattson 7000 spectrometer
(Mattson Instruments, Madison, WI, USA), with a resolution of 4.0
cm™! and 132 scans recorded in the medium-infrared area, which
extends from 4000 to 400 cm™".

NMR Analyses. All NMR spectra were registered on an AVANCE
300 spectrometer (Bruker, Wissembourg, France). The 'H NMR
spectra of acetylated dioxane lignins dissolved in chloroform-d;
(concentration ca. 3%), placed in a S mm diameter tube, have been
carried out by operating at 300.1 MHz (298 K). The acquisition
parameters were as follows: 12.2 us pulse width (90°), 3 s relaxation
delay, and 300 scans.

The quantitative '*C NMR spectrum of dioxane lignin (DL) was
recorded by operating at 75.47 MHz (318 K) with TMS as internal
reference. DL was dissolved in DMSO-d (ca. 25% concentration) and
placed into 10 mm diameter tubes. The acquisition parameters were as
follows: 4.1 ms pulse width (90° pulse angle), 12 s relaxation delay,
16K data points, and 20000 scans. The same lignin sample in DMSO-
dg was placed into a S mm diameter tube, and 2D NMR spectra were
recorded. The phase sensitive 'H-detected heteronuclear single-
quantum coherence (HSQC) spectrum was acquired over an F1
spectral weight of 12000 Hz and an F2 width of 2000 Hz with a 2048
X 1024 matrix and 128 transients per increment. The delay between
scans was 2 s and the delay for polarization transfer was optimized for
Yoy = 148 Hz. The heteronuclear multiple-bond correlation
(HMBC) spectrum was recorded using a coupling evolution time of
110 ms (}Jc_y = 4.5 Hz).
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Analysis by Size Exclusion Chromatography (SEC). Two
dioxane lignins were analyzed by SEC using a PL-GPC 110 apparatus
(Polymer Laboratories, Shropshire, UK), equipped with a precolumn,
10 um, Plgel, and two 300 mm X 7.5 mm columns, 10 ym, Plgel
MIXED D (Polymer Laboratories) and a refraction index detector.
Columns and the injection system were maintained at a temperature of
70 °C. The eluent flow (0.1 M LiCl in DMF) was 0.9 mL/min. The
lignin solutions (ca. 1%) were prepared just before the analysis by
dissolution in eluent solution (0.1 M LiCl in DMF). The column
calibration was carried out using lignin model compounds (monomers,
dimers, and tetramers) and selected hgmn samples (Mp = 950—3200
Da) previously characterized by ESI-MS.**

B RESULTS AND DISCUSSION

Molecular Weight and Purity of Isolated of Dioxane
Lignins. The molecular weights (M,,) of dioxane lignins free of
extractives and proteins (DLy) and free of extractives, proteins,
and tannins (DL) were very close to each other (ca. 2600 Da).
As could be expected, the removal of condensed tannins from
grape stalks before the isolation of dioxane lignin led to much
less contaminated lignin sample (DL). This fact was confirmed
by FTIR spectroscopy and by analysis of methoxyl group
content. Thus, the FTIR spectrum of DL} showed typical
strong signals for tannins and tannic acids at 2920/2860 cm ™"
(sym/antisym C—H stretching in CH,), 1718 cm_1 (C=0
stretching in ketones), and 1610—1600 cm™' (bending
vibrations of aromatic ring),”” 26 which were drastically
diminished in the spectrum of DL (Figure 1). The methoxyl
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Figure 3. Monomeric units of representative flavanols constituting
condensed tannins.

group content was 15.6% for DLy and 17.3% for DL, which is
consistent with the conclusion on the stronger contamination
of the former with tannins. Because DL is purer than DL, the
former is preferable for the qualitative and quantitative
characterization by spectroscopic techniques. At the same
time, the fact of preliminary alkaline extraction of grape stalks
to remove tannins may cause the removal of the alkali-soluble
lignin fraction. Hence, DL} may provide some additional
structural information when analyzed by degradation techni-
ques.

FTIR and UV Spectroscopy. DL had FTIR spectrum
patterns (Figure 1) typical for lignins constituted by guaiacyl
(G) and syringyl (S) units.”” Thus, besides characteristic
aromatic ring bands at 1595, 1510, and 1425 cm™! (aromatic
skeletal vibrations in G and S rings), the bands at 1328 and
1266 cm ™" were detected and assigned to syringyl and guaiacyl
rings breathing with Ar—OCHj stretching, respectively.”® The
shoulder at ca. 1636 cm™ in the FTIR spectrum indicated the
presence of lignin structures with C=C bonds in the propane
chain conjugated to an aromatic ring.*”

The UV spectrum of DL revealed the bands typically
observed for dioxane lignins constituted by p-hydroxyphenyl
(H), syringyl (S) and guaiacyl (G) units (HGS lignins) from
kenaf"® and banana plant.*® The extinction coefficients (¢) at
212, 240, 284, and 320 nm were 54.8, 19.1, 9,8 and 5.7 L/g/cm,
respectively. Attention is drawn to the bathochromic shifted
band at 284 nm of relatively low intensity (¢ = 9.7 L/g/cm)
corresponding to the 7 — 7% electron transition in the
aromatic ring, which usually appears in lignins at ca. 280 nm.
Similar features were previously observed in dioxane lignin of
kenaf bark contaminated by condensed tannins."* The relatively
strong absorption at 320 nm could be assigned to the n — #*
transition in C=0 groups conjugated to aromatic moieties and
to 7 — #* electronic transition in the aromatic ring conjugated
with C=C moieties.">*’

Nitrobenzene Oxidation. Analysis of nitrobenzene
oxidation (NO) products from DL, DL, and grape stalks
was carried out to assess the molar ratio of structural units in
lignin. It was evident that the grape stalk lignin is of HGS type
with a relatively high proportion of G units and a small amount
of H units (Table 1). H:G:S ratios were slightly different in
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terms of H unit abundance when NO was carried out on DL/
DLy or directly using grape stalk material (Table 1). This is
especially notable for DL, which revealed a low content of H
units. This can be tentatively explained by substantial alkaline
hydrolysis of p-coumaric acid type structures during removal of
condensed tannins prior to isolation of DL. The H:G:S ratio
obtained by nitrobenzene oxidation of grape stalks was 3:71:26
and may be considered as the most credible because it was
assessed on in situ lignin without modification during the
isolation procedure.

By comparisin of the H:G:S ratios found in DL and DL, it
may be proposed that during alkali pre-extraction of grape
stalks, before the isolation of dioxane lignin, a small fraction of
lignin rich in H and G structural units was removed from the
starting material.

Permanganate Oxidation. The information about differ-
ent “condensed” and “noncondensed” structures was assessed
by analysis of products arising from permanganate oxidation
(PO) of dioxane lignin isolated from extractives- and proteins-
free grape stalks without preliminary alkaline extraction to
remove condensed tannins (DL; sample). DL was ethylated
prior to oxidation, which allowed protection of the phenolic
units against aromatic ring degradation and, at the same time,
to distinguish PO products from lignin and structurally
associated tannins, thus elucidating their eventual origin.

Detected and identified PO products and their frequencies of
occurrence are summarized in Figure 2. Nearly 95% of PO
products were identified, most of them belonging to lignin.
Thus, products 1, 2, and 4 were assigned to noncondensed
lignin structures derived from the p-hydroxyphenyl (1),
guaiacyl (2), and syringyl (4) structural units, respectively.
The isohemipinic acid methyl ester (6) originated from
degraded phenylcoumaran (f-S’) structures, and the products
7 and 9 can be assigned to guaiacyl and syringyl units,
respectively, linked by -6’ and y-O-a bonds (phenylisochro-
man type structures) or to some other type of still unknown
condensed structures. The oxidation products 12 and 13 are
derived from biphenyl-type structures (5-5') and diaryl ether
type (4-O-S') structures, respectively. Attention is drawn to the
high content of condensed guaiacyl units (products 6 and 7),
which are much more abundant than in lignins of such
agricultural stuffs as kenaf,"® reed, and '* banana plant30 or in
hardwoods.”>*' When the H:G:S ratio in DLy (2:73:25) and
the fact that only phenolic units are accessible for the PO
analysis are taken into account, the relatively low abundance of
syringyc acid methyl ester (4) among PO products (Figure 2)
indicates that the lignin molecules constituted by syringic units
should be much less ramified that those constituted of guaiacyl
units. The ratio of uncondensed structural units (products 1, 2,
and 4) and the condensed units (products 6, 7, 9, 12, and 13)
was 64:21 (Figure 2), indicating a relatively higher degree of
lignin condensation in grape stalks.

Rather abundant PO products 3, 5, 8, and 10 belong to
condensed tannins that are present in grape stalks. The same
products were found previously in PO analysis of condensed
tannins extracted from pine bark.>* Thus, products 3 and § are
derived from the B-ring of procyanidins and proanthocyanidins
(Figure 3), which are the main types of condensed tannins in
grape stalks.*' "' The PO product 8 is derived from the B-ring
of prodelphinidins and indicates the presence of this type of
flavonoid in grape stalks. Accordingly, product 10 (Figure 2) is
derived from the A-ring of the corresponding flavonoid units

dx.doi.org/10.1021/jf502267s | J. Agric. Food Chem. 2014, 62, 5420—5428
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Figure 4. "H NMR spectrum (DMSO-d) of dioxane lignins (DL and DLy) from grape stalks. Expanded range from 9 to 10 ppm shows resonances

of formyl protons.

Table 2. Estimation of Frequency of Functional Groups and Major Interunit Linkages in Grape Stalk Dioxane Lignins DL} and

DL As Determined by 'H NMR Spectroscopy

structural element

OCH; (3.5-4.0 ppm)

aliphatic OH (CO—CHj at 1.8—2.1 ppm)

phenolic OH (CO—CHj at 2.1-2.5 ppm)

H, in -O-4 structures (5.8—6.3 ppm)

aromatc H (6.3—6.7 ppm; 6.7—7.3 ppm; 7.3—7.9 ppm)
CHO in benzaldehyde-type structures (9.8—10.0 ppm)

CHO in cinnamaldehyde-type structures (9.5—9.7 ppm)
CHO nonconjugated (9.3—9.5 ppm)

abundance/100 C,

DL; DL
123 129
80 85
58 47
34 38
205 212

2 1
2 2
trace trace

(Figure 3). Compound 11 was assigned to the PO product
derived from ellagic acid originating from ellagitannins.
'H NMR Spectroscopy. The amounts of hydroxyl and

aldehyde groups and some interunit linkages were estimated
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from the 'H NMR spectrum of acetylated DL. These data were
compared with those obtained for DL; (Figure 4). The
quantitation was carried out per phenyl propane unit (PPU)
according to the previously defined methodology using the

dx.doi.org/10.1021/jf502267s | J. Agric. Food Chem. 2014, 62, 5420—5428
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Table 3. Quantitative Estimation of Different Structural
Elements in DL from Grape Stalks by *C NMR
Spectroscopy (Figure S)

structure abundance/
element calculation” Ce

p-0-4 161.0—-59.0 X 6/(I1s0-1020 — Lizo5-1385 — 0.39
Ti2s7-1240 = Li280-1274

p-s I 332505 X 6/ (Iise0-1020 = Tizos—138s — I 0.03
1257-1240 — l1280-127.4)

ﬁ—ﬂ, I 54.0-53.3 X 6/(1156.07102.0 - 1139.57138.5 - I 0'06
1257-1240 — T1280-1274

P+ -5 I guoeroX 6/ iss0-1020 — I 13051385 — I 006
1257-1240 — T1280-1274

Ar-O T 1560-1400 X 6/(Tiss0-1000 = Tisos—13s5 — 220
1257-1240 — T1280-127.4)

Ar-C T 1400-1260 X 6/(Iis60-1000 = Tios-1385 — I 1.50
1257-1240 — T1280-1274

Ar-H I 240-1020 X 6/(Lisso—1020 — Tizos—1385 = I 230
1257-1240 — T1280-127.4)

OCH; I s75-s44 X 6/(I 1560-1020 — Ti305-1385 — I 127
1257-1240 — T1280-1274

S/G S/G = (Lipgo-1020 X 3)/(I 1240-1000 X 2) 0.56

H units I 1630-1600 X 6/(Iis60-1000 — izos—1385 — I 0.02
1257-1240 = I 1280-1274)

S:G:H 34:64:2

“(Lisos—13ss + Liasz—1240 + Tizso-1274) — integral intensities from

solvent contaminants.

resonance of methoxy groups at 3.6—4.0 ppm as an internal
standard and integrating the proton intensities in the
corresponding functionalities.”® The average number of
methoxy groups per PPU was calculated on the basis of the
H:G:S ratio determined by NO in grape stalks and dioxane
lignins (Table 1).

As was already highlighted by FTIR spectroscopy (Figure 1),
the elimination of tannins from grape stalks by alkaline
extraction before the lignin isolation by acidolytic technique
allows much more pure lignin sample. This proposition was
additionally confirmed by 'H NMR showing the decrease of
resonances at 0.7—1.8 ppm assigned to aliphatic moieties in
extractives and the decrease of phenolic groups (OH,;,) in DL
after tannin removal by alkaline extraction before the lignin
isolation (Table 2). However, the amount of phenolic groups
(OH,;,) in DL was still high (47/100 PPU) when compared to
the amount of OH,;, usually reported in dioxane lignins (20—
30/100 PPU).2%3"** This fact indicates that tannins still occur
in this sample, which correlates with conclusions drawn by
analysis of the UV—vis spectrum of DL suggesting the
contamination of isolated lignin with condensed tannins.

The relatively low amount of $-O-4" structures detected in
DL and DLy (0.34—0.38/PPU), based on the H, resonance in
the corresponding structures at 5.8—6.3 ppm, may be explained
by the significantly higher proportion of condensed structures
(Table 3). The last proposition correlates with discussed data
on PO analysis (Figure 2) and the relatively low content of
aromatic protons per PPU detected in proton spectra of
dioxane lignins (Table 3).

The amount of benzaldehyde- and cinnamaldehyde-type
structures, calculated on the basis of the integral of formyl
proton signals in the corresponding structures (Figure 4), was
rather insignificant and similar in both studied lignins. Some
lower amount of benzaldehyde type structures in DL than in
DL} may be explained by their partial removal during the
alkaline extraction of grape stalks before lignin isolation.

13C NMR Spectroscopy. The quantification of the main
structures in grape stalk lignin was carried out by quantitative
BC NMR spectroscopy of DL (Figure S). The resonance
assignments were done on the basis of the '"H—"3C correlation

*
)
x \
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\‘\ | “ ‘ “ 1\
A I HH |
) i N .
| O AN AN W\ | ‘w 1l
v"w,aNWN et ’ E\MMM': N W"»,/ \ VW‘ “V/“/’ v WV‘\MWM‘
T — T
pplaoo 150 100 50 0

Figure 5. Quantitative *C NMR spectrum of dioxane lignin (DL) from grape stalks (DMSO-dg). Solvent contaminants are marked by asterisks.
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Figure 6. Oxygenated aliphatic region of HSCQ_spectrum of DL from
grape stalks. Major identified lignin structures, for which assignments
are depicted in the spectrum, are presented below.

(HSQC) spectra (Fi%ures 6 and 7) using the well-known
databases on lignin®*~ ¢ and lignin model compounds.*”**

The primary analysis of the quantitative '*C NMR spectrum
of DL revealed unusual resonances for lignins in the range of
20—3S ppm assigned to aliphatic carbons (CHj;, CH,, and CH)
in extractives that were not eliminated during exhaustive
extraction of grape stalks with acetone. The presence of
condensed tannins was suspected on the basis of the unusually
strong resonances for lignin at ca. 146 ppm (Figure S) assigned
to aromatic carbons in free phenolic moieties of proanthocya-
nidins.**~*" In addition, the HSQC spectrum of DL (Figure 7)
revealed '"H—"C correlation cross-peaks typical for the B-ring
of procyanidins.**~*' The cross-peaks typical for the A-ring of
procyanidins were of a very low intensity, probably due to their
lability under alkaline conditions****** and the formation of a
series of new structures difficult to assign. Due to the alkaline
extraction of grape stalks at 100 °C before the isolation of DL,
at least part of the procyanidins associated with DL might be in
the form of catechinic acid arising as a result of intramolecular
rearrangement reactions under alkaline conditions.”>* The
notable resonance at ca. 208 ppm, assigned to ketone moieties
in catechinic acid,*” supports this proposition.
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Figure 7. Aromatic region of HSCQ_ spectrum of DL from grape
stalks. Identified guaiacyl (G), syringyl (S), and tannin (T) structures
are depicted below.

The fact of structural association of lignin with condensed
tannins in grape stalk lignin supports earlier proposed chemical
bonding between them.”'" The incorporation of tannins in a
lignin network has been proposed in wood*** and recently
suggested in coconut coir” and in wheat straw* lignins.
Hence, the formation of a lignin—tannin network could be
realized also in the case of grape stalks. Besides this “natural”
association, the new bonds could be formed between lignin and
tannins during alkali pre-extraction of grape stalks and during
acidolytic isolation of DL as depicted in Figure 8. The
condensation of lignin with flavanols may explain the unusually
high amounts of condensed structures detected in lignin by PO
analysis (Figure 2). The cross peak at 44.3/3.62 ppm in the
HSQC spectrum of DL (Figure 6) is very close to the
corresponding carbon/proton chemical shifts reported for the
C-2/H-2 condensed structures resulting from the reaction of
procyanidins with phloroglucinol.*® Unfortunately, the reliable
identification of these lignin—tannin condensed structures using
HMBC spectra was impossible due to their relatively low
abundance in grape stalk lignin.

The quantification of major lignin structure has been done
per aromatic rin(g (C¢) according to a previously described
methodology.””*" The basic calculations involved are presented
in Table 3, where the integral intensities of solvent
contaminants were subtracted from intensities of carbons in
the aromatic region at 102—156 ppm. Thus, the abundance of
lignin structures linked by $-O-4’ bonds was calculated on the
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Figure 8. Schematic representation of lignin reaction with
procyanidins under acidic and alkaline conditions.

basis of integral of signals at 59.0—61.0 ppm (C, resonance in
B-O-4' structures). The amounts of $-5'and B-f structures
were assessed on the basis of C; resonances in corresponding
structures at 52.5—53.3 and 53.3—54.0 ppm, respectively, and
the amount of -1’ and f-5’ structures was calculated on the
basis of the C, resonances in the spectrum region at 62.0—64.0
ppm (Table 3).

The data on abundance of $-O-4" structures (Table 3)
obtained by analysis of the *C NMR (0.39/Cy) in grape stalk
dioxane lignin were consistent with those obtained by the 'H
NMR spectrum (0.38/C,) (Table 3). A very similar abundance
of f-0-4' structures was reported previously for reed'* and
kenaf'® dioxane lignins isolated from internode morphologic
regions. *C NMR spectroscopy analysis (Table 3) also
confirms a relatively high degree (Ar-C index of 1.50) of lignin
condensation in grape stalks, which is comparable only to
lignins isolated from nodes of reed.'* According to the results
of the PO analysis, most of the condensed lignin structures (ca.
17% mol) belongs to guaiacyl units substituted at C-5 and C-6
of the aromatic ring by aliphatic moieties (Figure 2).
Meanwhile, the contribution of -5’ structures (ca. 3% mol)
(Table 3) to the total amounts of such condensed structures is
not major. It may be proposed that a significant contribution to
lignin condensation is due to its structural association with
tannins. The condensation of tannins and lignin via ionic (e.g.,
quinone methide) mechanisms could occur under neutral/
weakly acidic conditions due to tannin migration by diffusion
from disintegrated cells to lignified cell tissues. Cell integrity
may be violated both by natural reasons (e.g, down-regulated
vacuole disrupts in parenchyma cells containing tannins) or by
external factors during winemaking (e.g., during harvesting and
destemming). In the last case the tannins from crushed grapes
should also be taken into consideration. In addition, the
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contribution of the condensation reaction of lignin with tannins
occurring under both alkaline (pre-extraction of grape stalks)
and acidic (acidolysis) conditions during lignin isolation
procedure cannot be excluded as well.

In conclusion, the results of the present study show that
grape stalk lignin is of HGS type with a strong predominance of
G units and a moderate amount of B-aryl ether structures,
highly condensed, and, probably, structurally associated with
tannins. This must be one of the reasons for difficult
delignification of grape stalks by conventional pulping methods.

Unlike other lignins rich in G units, which possess a high
abundance of biphenyl (5-5'), diaryl ether (4-O-5’), and f-
S'structures, the high condensation degree of grape stalk lignin
is due to unknown condensed structures of alkyl-aryl type.
These structures, at least partially, must belong to lignin—
tannin condensed structures. Among tannins involved in
structural association with lignin, flavonols of gallocatechin
and catechin types and ellagitannins were elucidated. The
reasons for this lignin—tannin structural association are a
challenge for future research.
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