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A B S T R A C T   

Papyrus (Cyperus papyrus L.) is a plant with high productivity rate that is considered an interesting raw material 
for obtaining biofuels and biomaterials. In the present work, the composition and structural features of the 
lignins present in the rind and pith of papyrus culms have been studied. The analyses revealed that the lignins 
from both parts of papyrus culms differed greatly not only in their contents but also in composition and structure. 
In the rind, the lignin represented up to 27.0% (dry-matter) and was composed mainly of G-units (H:G:S 
composition of 4:63:33), while the lignin in the pith (15.7% dry-matter) presented a slightly higher amount of S- 
units (H:G:S composition of 8:43:49). These lignins also presented considerable amounts of cinnamates (p-cou-
marates and ferulates) incorporated. The differences in composition influenced the content of the lignin inter- 
unit linkages. Thus, the rind lignin presented lower amounts of β–O–4′ ether linkages (77% of all identified 
linkages) and higher content of condensed structures, such as phenylcoumarans (15%), resinols (2%), diben-
zodioxocins (3%), and spirodienones (2%), while the pith lignin contained more β–O–4′ ethers (85% of all 
identified linkages) and lower amounts of phenylcoumarans (11%), tetrahydrofurans (2%), and spirodienones 
(2%). Moreover, 2D NMR analyses revealed that the lignins from papyrus were highly acylated at the γ-OH (40% 
acylation in the rind, and 60% acylation in the pith). DFRC analyses proved that p-coumarates were the main 
acylating groups, and that they were predominantly acylating the S-lignin units. Finally, the analyses also 
showed the presence of important amounts of the flavanone tricin in the rind lignin and, at lower amounts, in the 
pith lignin.   

1. Introduction 

Papyrus (Cyperus papyrus L.) is a rhizomatous perennial plant from 
the Cyperaceae. The plant is native to the wetlands of central, eastern 
and southern Africa and can grow well in tropical and subtropical cli-
mates. Papyrus form monotypic floating stands consisting of plant culms 
surmounted by an umbel that serves as the main photosynthetic surface, 
and reach heights of up to 5 m above the ground (Mnaya et al., 2007; 
Jones et al., 2018). 

Papyrus is a plant that grows throughout the year and has a C4 
photosynthetic pathway, which makes it one of the most productive 
herbaceous plants (Jones, 2011). The advantage of papyrus over other 
high-productivity C4 plants is that it grows in wetlands where the hy-
drological status is less seasonally variable. As result, the canopy is 

continuously maintained and culms continually develop from the 
rhizome (Jones and Muthuri, 1997). The standing dry matter of culms 
and umbels can reach up to 86.9 t DM ha− 1, and the aerial net primary 
production (NPP) can reach up to 136.4 t DM ha− 1 yr− 1 (Jones et al., 
2018). The high rates of aerial productivity of this plant highlight its 
enormous potential as a source of biomass for producing biofuels or 
biomaterials in the context of a lignocellulosic biorefinery. 

Papyrus is used primarily for making fences, roofs and mats, 
although their use to produce paper, fiberboard and briquettes are also 
emerging (Muthuri et al., 1989). Historically, papyrus had been culti-
vated and used by Ancient Egyptians for the production of papyri, a type 
of paper made from strips of the culm pith (Nicholson and Shaw, 2000). 
Papyrus is a lignocellulosic material that can also be used to produce 
biomaterials and biofuels. For this purpose, detailed investigation of the 
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content and composition of their main components is essential. How-
ever, and despite the high number of studies regarding the cultivation of 
papyrus sedge as a potential source of biomass, studies on the detailed 
chemical composition of the plant components are comparatively 
scarce, and only one previous paper exists that reported the lignin 
composition in lignified cell walls of flowering stems of papyrus (Karlen 
et al., 2018). 

It is now well recognized that lignin valorization is needed for a 
successful lignocellulosic biorefinery, including the emergence of 
‘lignin-first’ methods that aim to preserve lignin for integrated or sub-
sequent conversion to useful products (Rinaldi et al., 2016; Bajwa et al., 
2019; Abu-Omar et al., 2021; Nguyen et al., 2021). Therefore, here we 
analyze the content, composition, and structure of the lignins located in 
the outer rind and the inner pith of the papyrus culm. The lignins will be 
analyzed “in situ” in the whole cell walls by analytical pyrolysis 
(Py-GC/MS) and Nuclear Magnetic Resonance (NMR) spectroscopy. For 
a more detailed analysis, the so-called “milled-wood lignin” (MWL) will 
be isolated from the rind and pith of papyrus culms using classical 
protocols, and will be analyzed by Py-GC/MS NMR, derivatization fol-
lowed by reductive cleavage (DFRC) degradation method, and by Gel 

Permeation Chromatography (GPC). This study will provide important 
insights into the structure of these lignocellulosic materials that can be 
very useful for their subsequent valorization in a biorefinery. 

2. Materials and methods 

2.1. Samples and chemical analyses 

Samples of papyrus (Cyperus papyrus L.) plant were collected from 
producers in Qaramos, Egypt. The plant samples were air-dried and the 
different parts of the culms (rind and pith) were separated manually. 
The dried samples were milled in an IKA cutting-mill to pass 1 mm 
screen. 

The extractives contents of the rind and pith were measured by 
consecutive Soxhlet extraction with acetone (12 h), methanol (16 h) and 
hot water (12 h), and subsequent evaporation of the extracts in a roto-
vap. The Klason lignin and acid-soluble lignin contents were determined 
according to the TAPPI method T222 om-88 and the Tappi method UM 
250, respectively (Tappi, 2004). Klason lignin content was corrected for 
ash and protein content (as indicated below for the whole samples). The 
holocellulose and α-cellulose contents were measured as previously 
described (Browning, 1967). The protein content was estimated from 
the N content determined in a LECO CHNS-932 Elemental Analyzer 
using a 6.25 factor (Darvill et al., 1980). The ash content was measured 
gravimetrically by incinerating the samples at 575 ºC for 6 h. Three 
replicates were used for each determination. 

2.2. Microscopy analysis 

For microscopy analysis, samples of papyrus culm tissue were 
impregnated with DP1500 polyethylene glycol, and were cut with a 
microtome. The transverse sections were stained with safranin-O and 
Astra blue. The samples were observed in incident light mode using an 
Olympus DX 1000 digital microscope. 

2.3. Lignin isolation and purification 

MWL preparations were isolated from the rind and pith of papyrus 
culms according to the standard protocol (Björkman, 1956). For this, 
around 100 g of pre-extracted rind and pith materials were ball-milled in 
a Retsch PM100 for a total of 16 h (in 20 min milling and 10 min resting 
intervals) using the conditions described previously (del Río et al., 
2012a). The finely milled samples were extracted with dioxane-water 
(90:10, v/v) and purified as previously described (del Río et al., 
2012a). The MWL yields represented ~10–15% of the total lignin 
content. 

2.4. Gel Permeation Chromatography (GPC) 

The MWLs were acetylated prior the GPC analyses. The samples were 
dissolved in tetrahydrofuran and the GPC analyses were performed on a 
Prominence-i LC-2030 3D GPC system equipped with a 300 mm × 7.5 
mm i.d., 5 µm, PLgel MIXED-D column and a photodiode array (PDA) 
detector. The experimental conditions are published elsewhere (Ren-
coret et al., 2018). 

2.5. Analytical pyrolysis 

Pyrolysis of the whole rind and pith samples and their respective 
MWLs (~1 mg) was performed at 500 ºC (1 min), in the absence and in 
the presence of tetramethylammonium hydroxide (TMAH), in a 3030 
micro-furnace pyrolyzer (Frontier Laboratories) connected to a GC 7820 
A with an Agilent 5975 mass-selective detector. A capillary column DB- 
1701 (30 m × 0.25 mm i.d., 0.25 µm film thickness) was used, and the 
chromatographic conditions used for the analyses have been detailed 
elsewhere (del Río et al., 2012a). The identification of the carbohydrate 

Table 1 
Contents of the main constituents (as percent dry-weight) of the rind and pith of 
papyrus culms.a   

Papyrus rind Papyrus pith 

Acetone extractives 4.1 ± 0.1 4.9 ± 0.4 
Methanol extractives 14.4 ± 0.6 14.2 ± 0.6 
Water-soluble extractives 4.9 ± 0.2 7.7 ± 0.5 
Klason ligninb 24.2 ± 0.5 13.2 ± 0.3 
Acid-soluble lignin 2.8 ± 0.1 2.5 ± 0.1 
Hemicelluloses 21.7 ± 0.1 20.8 ± 1.4 
Cellulose 18.4 ± 0.2 29.3 ± 0.7 
Proteins 4.5 ± 0.1 2.4 ± 0.1 
Ash 5.0 ± 0.1 5.0 ± 0.2  

a Average of three replicates 
b Corrected for ash and proteins 

Fig. 1. Microscopic image of a cross-section of papyrus culm obtained with an 
Olympus DX 1000 digital microscope in incident light mode. (A) Detail of the 
anatomical parts of papyrus culm at 200 µm; Ep, epidermis; Cu, cuticle; Sc, 
schlerenchyma; Pa, parenchyma; Vb, vascular bundle. (B) Detail of a vascular 
bundle at 100 µm; Ph, phloem; Mx, metaxylem, Bs, bundle schlerenchyma. 
Lignin was stained red with Safranin-O, while the cellulosic parts were colored 
blue with Astra Blue. (For interpretation of the references to colour in this 
figure, the reader is referred to the web version of this article.) 

Table 2 
Weight-average (Mw) and number-average (Mn) molecular weights (g mol− 1), 
and polydispersity (Mw/Mn) of the MWLs from the rind and pith of papyrus 
culms.   

MWL rind MWL pith 

Mw  6000  6500 
Mn  2920  3220 
Mw/Mn  2.1  2.0  

M.J. Rosado et al.                                                                                                                                                                                                                              



Industrial Crops & Products 174 (2021) 114226

3

and lignin-derived compounds were accomplished by comparing their 
mass spectra with those reported in the literature (Ralph and Hatfield, 
1991), and with our collection of standards. Data from two replicates 
were averaged and expressed as percentages. 

2.6. 2D NMR spectroscopy 

2D NMR were performed on a 500 MHz Bruker AVANCE III instru-
ment equipped with a 5 mm TCI cryoprobe. The whole cell walls were 
analyzed at gel state as previously described (Kim et al., 2008; Rencoret 
et al., 2009). For this, around 70 mg of powdered rind and pith were 
swollen in 0.7 mL of DMSO-d6 to form a gel. For the analysis of the 
MWLs, about 60 mg were dissolved in 0.6 mL of DMSO-d6. HSQC and 
HMBC spectra were acquired using the Bruker’s standard pulse pro-
grams “hsqcetgpsisp2.2′′ and “hmbcgplpndqf”, respectively, and using 
the experimental conditions published elsewhere (del Río et al., 2012b). 
The signals were assigned by literature comparison (Ralph et al., 2004a, 
2004b; del Río et al., 2012a, 2012b, 2015). A semi-quantitative analysis 
of the signals in the HSQC spectra was performed using the Topspin 3.5 
processing software from Bruker, as described elsewhere (del Río et al. 
2012b). For the estimation of the H:G:S composition, it is important to 
take into account that the C3,5/H3,5 correlation signal of phenylalanine 
(Phe3,5) in protein residues overlaps with the C2,6/H2,6 correlation signal 
of H-lignin units (H2,6), overestimating its content (Kim et al., 2017). 

Therefore, the amounts of H-units were estimated by subtracting from 
the volume integral of the H2,6 + Phe3,5 signal the volume integral of the 
Phe2,6 signal, a well-resolved signal that has a volume equivalent to that 
of Phe3,5. 

2.7. Derivatization followed by reductive cleavage (DFRC) 

DFRC was carried out according to the original protocol (Lu and 
Ralph, 1997; Regner et al., 2018) and using the experimental conditions 
previously described (del Río et al., 2012a). DFRC degradation products 
were acetylated (Ac2O/Py, 1:1) and then analyzed by GC-MS. The 
occurrence of native acetates was assessed by performing the DFRC 
using propionylating reagents, as previously published (Ralph and Lu, 
1998; del Río et al., 2007a). The DFRC degradation products were 
analyzed by GC-MS using the conditions described elsewhere (del Río 
et al., 2012a, 2012b). 

3. Results and discussion 

3.1. Main constituents of the rind and pith of the papyrus culms 

The contents of the main components present in the rind and pith of 
papyrus culms, namely acetone extractives, methanol extractives, water 
soluble extractives, lignin (Klason and acid-soluble lignins), 

Fig. 2. Py-GC/MS of the whole cell walls 
(WCW) of papyrus rind (A), and papyrus pith 
(B), and of the MWLs from papyrus rind (C), 
and papyrus pith (D). The phenolic compounds 
released are listed in Table 3. Letters refer to 
carbohydrate-derived compounds: (a) (3H)- 
furan-2-one; (b) (2H)-furan-3-one; (c) furfural; 
(d) 2-hydroxymethylfuran; (e) cyclopenten-1- 
ene-3,4-dione; (f) 2,3-dihydro-5-methylfuran- 
2-one; (g) 5-methyl-2-furaldehyde; (h) 2- 
methyl-2-cyclopenten-1-one; (i) (5H)-furan-2- 
one; (j) 4-hydroxy-5,6-dihydro-(2H)-pyran-2- 
one; (k) 2-hydroxy-3-methyl-2-cyclopenten-1- 
one; (l) 3-hydroxy-2-methyl-(4H)-pyran-4-one; 
(m) 5-hydroxymethyl-2-tetrahydrofuraldehyde- 
3-one; (n) 5-hydroxymethyl-2-furaldehyde; (o) 
levoglucosan.   
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carbohydrates (hemicelluloses and cellulose), proteins, and ashes, are 
shown in Table 1. The rind and pith contained high amounts of ex-
tractives that amounted to 23.4% in the rind, and up to 26.8% in the pith 
(including the acetone, methanol and water-soluble extractives), 
methanol extractives being the most abundant (~ 14%) in both mate-
rials. The total lignin content (Klason + acid soluble) in the rind rep-
resented 27.0% of the dry material, while the lignin content in the pith 
was significantly lower, accounting for only 15.7% of the dry material. 
The rind and the pith had a similar content of hemicelluloses (21.7% in 
the rind, and 20.8 in the pith) but the cellulose content was much higher 
in the pith (29.3%) than in the rind (18.4%). Both materials also pre-
sented significant protein contents that accounted for 4.5% in the rind 
and 2.4% in the pith. Finally, the rind and the pith also contained some 
amount of ash, representing 5.0% in the rind and pith. 

Microscopic study of histological sections of papyrus culms by 
microtome cutting was also carried out to gain more information on the 
distribution of lignin (Fig. 1). The microscopic image clearly corrobo-
rated that the lignin (red-stained) was more concentrated in the rind 
than in the pith, which is more enriched in cellulose (blue-stained), and 
in agreement with the data from the compositional analysis. The images 
showed that the lignin was mainly located in the sclerenchyma tissue of 
the culms, and strengthening the vascular bundles. 

In this work, to study in detail the lignins of the rind and pith of 
papyrus culms, MWL preparations were isolated by aqueous dioxane 
extraction using the classical procedure (Björkman, 1956), which is 
highly recommended to obtain a lignin preparation with minimal 
structural alterations. MWLs were chemically characterized by GPC, 
which provided information on the molecular weights of both lignins, 

Py-GC/MS (in the absence and in the presence of TMAH), which affor-
ded data on the composition of the lignin and p-hydroxycinnamates 
units, 2D NMR spectroscopy for information on both the lignin units 
(including p-hydroxycinnamates and tricin) and on different inter-unit 
linkages, and DFRC degradation, which allowed addressing the nature 
and extent of lignin side-chain acylation, as well as the different lignin 
monomers involved in β-ether linkages. 

3.2. Molecular weight distribution of the lignins 

The molecular weight-average (Mw) and number-average (Mn) 
values of the MWLs from the rind and pith of the papyrus culms were 
determined from the GPC curves, and the data are shown in Table 2. 
Both MWLs exhibited rather similar molecular weights, with a Mw 
comprised between 6000 and 6500 g/mol for the lignins of the rind and 
pith, respectively, and a Mn comprised between 2920 and 3220 g/mol 
for the lignins of the rind and pith, respectively. The MWLs exhibited 
relatively low polydispersity, with Mw/Mn around 2.0–2.1, compared to 
other lignins (Rencoret et al., 2018), which indicates that the lignins 
isolated from papyrus were quite homogeneous (Tolbert et al., 2014). 

3.3. Lignin composition of the rind and pith as determined by Py-GC/MS 

The lignins of the rind and pith of papyrus culms were analyzed using 
Py-GC/MS, a thermal degradation technique that provides rapid infor-
mation on their constituent units. The lignins were analyzed both “in 
situ” in the whole cell walls (Fig. 2, top), as well as in their respective 
MWL preparations (Fig. 2, bottom). The whole cell walls released 
carbohydrate-derived compounds (labeled with letters from a to o), as 
well as phenolic compounds that are derived from lignin and from p- 
hydroxycinnamates. The pyrograms of the MWLs released only phenolic 
compounds that matched those released from the whole cell walls. The 
identities of the phenolic compounds released are listed in Table 3, 
together with their relative molar abundances. 

The phenolic compounds released upon Py-GC/MS are derived from 
the three lignin units (p-hydroxyphenyl, H, guaiacyl, G, and syringyl, S). 
The most prominent phenolic compounds released from the whole rind 
and pith, as well as from the MWLs, were 4-vinylphenol (9), which 
accounted for nearly half of all released phenolic compounds, and 4- 
vinylguaiacol (8), which was especially abundant in the pyrograms of 
the whole cell walls of rind and pith. Other phenolic compounds were 
also released, although to a lesser extent, such as phenol (1), 4-methyl-
phenol (4), 4-ethyphenol (6), guaiacol (2), 4-methylguaiacol (5), 4-eth-
ylguaiacol (7), trans-isoeugenol (13), syringol (11), 4-methylsyringol 
(14), 4-ethylsyringol (16), 4-vinylsyringol (18), and trans-4-prope-
nylsyringol (23), among others. 

The extremely high abundance of 4-vinylguaiacol (8) and 4-vinyl-
phenol (9) released from the papyrus lignins seems to indicate that 
these compounds do not arise entirely from lignin units but may also 
arise from ferulates and p-coumarates that are known to decarboxylate 
under pyrolytic conditions, as has been observed in the pyrolysis of 
other lignins (del Río et al., 1996, 2007b, 2012a, 2012b, 2015; Rencoret 
et al., 2015; Rosado et al., 2021). Interestingly, the relative abundance 
of 4-vinylguaiacol (8) was lower in the MWLs than in the respective 
whole cell walls, because most of it arises from ferulates that are mostly 
linked to carbohydrates, which are removed during the extraction of the 
MWL. 

Theoretically, the H:G:S composition of the lignins of the rind and 
pith of the papyrus culms could be estimated by integrating the peak 
areas of the respective H-, G-, and S-lignin units. However, since most of 
4-vinylguaiacol (8) and 4-vinylphenol (9) arise from p-hydrox-
ycinnamates, it is clear that these phenolic compounds cannot be uti-
lized to estimate the H:G:S composition from Py-GC/MS. However, an 
approximate estimation of the H:G:S compositions of these lignins could 
be obtained by using the peak areas of all H-, G- and S-derived com-
pounds, except 4-vinylphenol (which is mostly produced from p- 

Table 3 
Identities and relative molar abundances (%) of the phenolic compounds 
released upon Py-GC/MS of the whole cell walls (WCW) and MWLs from the rind 
and pith of papyrus culms.  

Label Compound Origin Papyrus Rind Papyrus Pith    

WCW MWL WCW MWL 

1 phenol H  1.2  2.4  1.2  3.3 
2 guaiacol G  4.3  6.6  3.7  3.2 
3 3-methylphenol H  0.5  0.5  0.9  0.4 
4 4-methylphenol H  2.1  3.3  2.7  3.4 
5 4-methylguaiacol G  3.8  7.5  1.6  3.3 
6 4-ethylphenol H  1.5  2.4  2.0  3.6 
7 4-ethylguaiacol G  1.2  2.7  1.8  2.1 
8 4-vinylguaiacol G/FA  17.2  10.3  22.1  14.6 
9 4-vinylphenol H/pCA  50.9  43.2  47.7  45.4 
10 eugenol G  0.6  0.6  0.2  0.2 
11 syringol S  1.2  3.0  2.5  4.7 
12 cis-isoeugenol G  0.3  0.5  0.1  0.1 
13 trans-isoeugenol G  2.5  2.4  0.8  0.9 
14 4-methylsyringol S  1.6  2.3  1.0  3.8 
15 vanillin G  2.3  1.4  2.4  1.0 
16 4-ethylsyringol S  0.5  0.9  0.8  1.0 
17 acetovanillone G  0.4  0.7  0.2  0.6 
18 4-vinylsyringol S  2.2  2.6  2.0  2.9 
19 4-allylsyringol S  0.6  0.5  0.6  0.5 
20 guaiacylacetone G  0.2  0.2  0.1  0.3 
21 propiovanillone G  0.0  0.2  0.0  0.1 
22 cis-4-propenylsyringol S  0.4  0.5  0.6  0.4 
23 trans-4-propenylsyringol S  2.9  2.1  3.4  1.8 
24 syringaldehyde S  0.5  1.2  0.6  0.7 
25 acetosyringone S  0.5  1.4  0.2  0.6 
26 syringylacetone S  0.5  0.5  0.5  0.8 
27 propiosyringone S  0.1  0.1  0.2  0.1   

H* = 18.1  19.7  24.4  28.7   
G* = 52.3  51.6  38.7  32.5   
S* = 29.6  28.8  36.9  38.8   
S/G* = 0.57  0.56  0.95  1.20 

* Estimated without using the abundances of 4-vinylguaiacol (8, arising also 
from ferulates), 4-vinylphenol (9, arising also from p-coumarates), and the 
analogous 4-vinylsyringol (18). H: p-hydroxyphenyl units; G: guaiacyl units; S: 
syringyl units; pCA: p-coumarates; FA: ferulates. 
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coumarates), 4-vinylguaiacol (that is mostly produced from ferulates), 
and the respective 4-vinylsyringol (18), as was previously done for other 
lignins with high contents of p-hydroxycinnamates (del Río et al., 2012a, 
2012b, 2015, 2018; Rencoret et al., 2015; Rosado et al., 2021). The 
lignin composition estimated in this way indicated that the lignins of the 
rind and pith of papyrus culms were quite different: the lignin of the rind 
was enriched in G-lignin units (S/G 0.56), while the pith lignin pre-
sented a slight predominance of S-lignin units (S/G 1.20). 

As stated above, p-coumaric and ferulic acids cannot be directly 
analyzed by analytical pyrolysis. However, the presence of p-hydrox-
ycinnamic acids in these lignins were successfully assessed by accom-
plishing the pyrolysis in the presence of a methylating reagent, 
tetramethylammonium hydroxide (TMAH), that avoids decarboxylation 
by producing the methyl derivatives of the carboxylic groups as well as 
the phenols (del Río et al., 1996, 2007b), as shown in Fig. 3. Py-TMAH of 
the whole rind and pith of papyrus culms and of their respective MWLs 
released large amounts of the fully methylated p-coumaric (pCA) and 
ferulic (FA) acids, confirming the high abundance of these p-hydrox-
ycinnamic acids in the lignins of papyrus culms. Integration of the peak 
areas of pCA and FA in the Py-TMAH chromatograms showed that the 
content of FA was lower in the MWLs than in the respective whole cell 
walls, as can be seen in the pCA/FA ratios which increased from 3.0 to 
7.7 in the rind, and from 2.6 to 5.3 in the pith. These data indicate that in 

papyrus FA is mainly linked to the carbohydrates, while pCA is mainly 
linked to the lignin, similar to what occurs in other plants, particularly in 
grasses (Ralph, 2010; Hatfield et al., 2017). 

3.4. Lignin composition and inter-unit linkages as determined by 2D NMR 

The whole cell walls and the MWL preparations were also analyzed 
by 2D NMR, which provided detailed data of lignin composition as well 
as of the different lignin inter-unit linkages. The HSQC spectra of the 
whole cell walls and the MWL preparations from the rind and pith of 
papyrus culms are shown in Fig. 4, together with the main lignin sub-
structures found. The HSQC of the whole cell walls exhibited signals 
from both carbohydrates and lignin structures, while the HSQC of the 
MWLs primarily presented lignin signals which essentially matched 
those in the spectrum of the whole cell walls. This was particularly 
evident in the aromatic regions of the spectra where signals from car-
bohydrates do not appear, and indicated that the MWLs were rather 
representative of the native lignins in papyrus. 

The side-chains regions of the HSQC provided information regarding 
the inter-unit linkages present in the lignin, which were seen more 
clearly in the spectra of the MWLs due to the absence of carbohydrates. 
Correlation signals of typical lignin substructures, such as β–O–4′ alkyl- 
aryl ethers (A), phenylcoumarans (B), resinols (C), dibenzodioxocins 

Fig. 3. Py-TMAH-GC/MS of the whole cell walls (WCW) of papyrus rind (A), and papyrus pith (B), and of the MWLs from papyrus rind (C), and papyrus pith (D). pCA 
and FA are the fully methylated p-coumaric and ferulic acids, respectively. 
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(D), spirodienones (F), and p-hydroxycinnamyl alcohol end-groups (I), 
were clearly seen in this region. The spectra also showed strong signals 
corresponding to lignin structures acylated at the γ-OH of the side-chain, 
including signals of γ-acylated β–O–4′ alkyl-aryl ethers (A′), γ-acylated 
tetrahydrofurans (C′), and γ-acylated p-hydroxycinnamyl alcohol end- 
groups (I′). The degree of γ-acylation of the lignin side-chains was 
estimated from the Cγ/Hγ correlation signals in γ-OH (Aγ) and γ-acylated 
β–O–4′ alkyl-aryl ethers (A′

γ), and indicated that the papyrus lignins 
were highly acylated at the γ-OH, with a degree of acylation reaching up 
to 40% in the rind and 60% in the pith. Characteristic signals from p- 

hydroxycinnamyl alcohol end-groups acylated with p-coumarates (pCA) 
were observed in the HSQC of both lignins at δC/δH 63.9/3.13 (Iγ(pCA)) 
suggesting that pCA was the main group that acylated the γ-OH in these 
lignins. In addition, the HSQC of the MWL of the pith also showed a 
small signal at δC/δH 64.1/4.63 (Iγ(Ac)) which is characteristic of acyla-
tion with acetates, indicating that acetates also occur acylating the side- 
chain of this lignin, although to a lower extent. Lignin acylation with 
pCA is a characteristic of many plants, particularly grasses and other 
commelinid monocots (Karlen et al., 2018; del Río et al., 2012a, 2015; 
Ralph, 2010; Hatfield et al., 2017), whereas lignin acylation with 

Fig. 4. Side-chain (δC/δH 48–90/2.5–5.8, top) and aromatic (δC/δH 90–150/5.3–8.0, bottom) regions of the HSQC spectra of the whole cell walls (WCW) and the 
MWLs from the rind and pith of papyrus culms. The lignin structures identified are shown below. A: β–O–4′ alkyl-aryl ethers; A′: γ-acylated β–O–4′ alkyl-aryl ethers; 
B: phenylcoumarans; C: resinols; C′: γ-acylated tetrahydrofurans; D: dibenzodioxocins; F: spirodienones; I: p-hydroxycinnamyl alcohol end-groups; I′: γ-acylated p- 
hydroxycinnamyl alcohol end-groups; J: p-hydroxycinnamaldehyde end-groups; pCA: p-coumarates; FA: ferulates; H: p-hydroxyphenyl units; G: guaiacyl units; S: 
syringyl units; T: tricin; Nch: naringenin chalcone; N: naringenin; dhT: dihydrotricin. Signals from protein residues of phenylalanine (Phe) and tyrosine (Tyr) 
are indicated. 
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acetates is widely distributed among the lignins in all angiosperms 
(Ralph, 1996; del Río et al., 2007a, 2008). It is interesting to note the 
appearance of signals of γ-acylated tetrahydrofurans (C′), although at a 
low level, which are produced from β–β′ coupling of previously acylated 
monolignols. After β − β′ coupling of two monolignols, the intermediate 
quinone methide rearomatizes by internal trapping of the γ-OH pro-
ducing the resinol structure, however, in the case of γ-acylated mono-
lignols internal trapping cannot occur and instead tetrahydrofuran 
structures will be produced. The occurrence of γ-acylated tetrahydro-
furans in the papyrus lignins demonstrate that the lignin acylation 
occurred at monolignol level, and that the acylated monolignols act as 
authentic lignin monomers in these lignins participating in coupling 
reactions, as it has been previously demonstrated in other highly acyl-
ated lignins (Lu and Ralph, 2002, 2005, 2008; del Río et al., 2007a, 
2008, 2015; Lu et al., 2015). 

The aromatic/unsaturated regions of the HSQC spectra showed sig-
nals that corresponded mainly to the different lignin (H, G, S) and p- 
hydroxycinnamate (pCA, FA) units, along with some signals from pro-
tein residues. The correlation signals for the unsaturated bonds (Cα/Hα 
and Cβ/Hβ) of normal γ-OH (Iα, Iβ) and γ-acylated (I′α, I′β) cinnamyl 
alcohol end-groups, as well as the C8/H8 correlation signal of cinna-
maldehyde end-groups (I8), also appeared in this region of the spectra. 
Signals from the flavone tricin were also present in the HSQC of both 
lignins, with the typical correlations signals for C8/H8 (T8) and C6/H6 
(T6) at δC/δH 94.6/6.58 and 98.7/6.22 (del Río et al., 2012b), indicating 
that tricin is also incorporated into the papyrus lignins, as it also occurs 
in the lignins of grasses and in other monocots (del Río et al., 2012b, 
2015, 2020, 2021; Rencoret et al., 2013; Lan et al., 2015, 2016). 
Interestingly, tricin was also found in the lignin of the related sedge 
Carex heleonastes (Pikovskoi et al., 2020). In addition to tricin, the HSQC 
of the lignins of the rind and pith of papyrus culms also showed other 
signals in the aromatic regions at δC/δH 95.8/5.91 and at δC/δH 
94.8/5.93, that were assigned to the C6/H6 and C8/H8 correlations of the 
flavanones naringenin (N6, N8) and dihydrotricin (dhT6, dhT8), along 
with the C6,8/H6,8 correlations of naringenin chalcone (Nch6,8) that was 

only present in the rind lignin (Rencoret et al., 2021). The signal for the 
C2/H2 correlations of the flavanones naringenin (N2) and dihydrotricin 
(dhT2) was also observed in the aliphatic regions of the spectra at δC/δH 
78.5/5.44. Some flavanones, as eriodictyol and dihydrotricin, can 
cross-couple with monolignols to form flavanolignans, indicating their 
compatibility with lignification (Chang et al., 2010; Csupor et al., 2016; 
Yuan et al., 2019). The detailed identification of these flavonoids in the 
papyrus rind lignin, their mechanism of incorporation into the lignin 
polymer, and their potential biosynthetic pathway, have been published 
elsewhere (Rencoret et al., 2021). 

The structural characteristics of the lignins of the rind and pith of 
papyrus culms, including the abundances of the different linkages and 
the p-hydroxycinnamyl end-groups, the degree of γ-acylation, the rela-
tive abundances of the H-, G- and S-lignin units, the S/G ratios, the p- 
hydroxycinnamate content, and the contents of tricin, estimated from 
the HSQC spectra, are shown in Table 4. The lignins of papyrus culms 
presented an H:G:S composition of 4:63:33 (S/G 0.52) for the rind, and 
8:43:49 (S/G of 1.14) for the pith, which are in agreement with the data 
obtained upon Py-GC/MS. The NMR data also indicated the occurrence 
of important amounts of p-coumarates (49% and 84% in the rind and 
pith, respectively) along with lower amounts of ferulates (7% and 13% 
in the rind and pith, respectively). The NMR data indicated that the 
ferulate content was greatly reduced in the MWLs when compared to the 
whole cell walls. This was clearly reflected in the pCA/FA ratios of the 
whole cell walls (2.85 in the rind and 1.52 in the pith) which was greatly 
increased in the spectra of the MWLs (7.0 in the rind and 6.46 in the 
pith), indicating that ferulates, which were preferentially attached to 
carbohydrates, were selectively removed during the MWL isolation 
process, as already observed upon Py-TMAH. This corroborates that in 
papyrus, p-coumarates are linked to the lignin polymer, while ferulates 
are mainly bound to carbohydrates, as is also the case with grasses (del 
Río et al., 2015; Ralph, 2010). A previous work analyzed “in situ” the 
lignin of lignified cell walls of flowering stems of papyrus by 2D NMR, 
and reported an H:G:S composition of 9:39:61 (S/G 0.64), together with 
significant amounts of p-coumarates acylating the γ-OH of the lignin as 
well as ferulates attached to the cell wall (Karlen et al., 2018). The 
ferulate content in the papyrus lignins (7% in the rind, and 13% in the 
pith) seems to be among the highest values reported in lignins. For 
comparison, the FA content in other lignins, such as those from sugar-
cane bagasse and straw (4–5%), or rice husks and straw (4%), are much 
lower (del Río et al., 2015; Rosado et al., 2021). The lignins of the rind 
and pith of papyrus culms also contained significant amounts of the 
flavone tricin (T), which was more abundant in the rind where it 
accounted for 6%, referred to total lignin units, while in the pith it was 
only 2%. 

Regarding the inter-unit linkages, the rind lignin, which is enriched 
in G-lignin units, had lower amounts of β–O–4′ alkyl aryl ether linkages 
(77% of all identified linkages) and higher amounts of phenylcoumarans 
(15%), together with minor amounts of other condensed linkages (res-
inols, 2%; tetrahydrofurans, 1%; dibenzodioxocins, 3%; and spi-
rodienones, 2%), as well as p-hydroxycinnamyl alcohol end-groups (8%) 
and cinnamaldehydes (3%). The lignin from the pith, on the contrary, 
presented higher amounts of β–O–4′ alkyl aryl ether linkages (85% of all 
identified linkages), as corresponds to a lignin with a higher content of S- 
lignin units, as well as lower amounts of phenylcoumarans (11%), and 
minor amounts of other condensed linkages (tetrahydrofurans, 2%; 
spirodienones, 2%) and p-hydroxycinnamyl alcohol end-groups (12%) 
and p-hydroxycinnamaldehydes (2%). Dibenzodioxocins were not found 
in this lignin and only traces of resinols were detected. 

The papyrus lignins presented extremely low amounts of resinol 
substructures, accounting for only 2% of all linkages in the rind lignin, 
whereas they were detected in trace amounts in the pith lignin. This 
seems to be related to the high degree of acylation of the γ-OH in these 
lignins, as was also observed in other highly acylated lignins (del Río 
et al., 2007a, 2008, 2012a, 2015). As said above, β–β′ coupling of 
γ-acylated monolignols cannot form resinol structures, but will form 

Table 4 
Structural characteristics (inter-unit linkages, p-hydroxycinnamyl end-groups, 
degree of γ-acylation, H-, G-, and S-lignin units, S/G ratios, p-hydrox-
ycinnamate, and tricin contents) from integration of the signals in the HSQC of 
the whole cell walls (WCW) and the MWLs from the rind and pith of papyrus 
culms.   

Papyrus rind Papyrus pith  

WCW MWL WCW MWL 

Lignin inter-unit linkages (%)      
β–O–4′ aryl ethers (A/A′) –  77 – 85 
β–5′ Phenylcoumarans (B) –  15 – 11 
β–β′ Resinols (C) –  2 – tr. 
β–β′ Tetrahydrofurans (C′) –  1 – 2 
5–5′ Dibenzodioxocins (D) –  3 – 0 
β–1′ Spirodienones (F) –  2 – 2 

Lignin end-groupsa      

Cinnamyl alcohol end-groups (I/I′) –  8 – 12 
Cinnamaldehyde end-groups (J) –  3 – 2 

Degree of γ-acylation (%) –  40 – 60 
Lignin aromatic unitsb      

H (%) 7  4 11 8 
G (%) 61  63 45 43 
S (%) 32  33 44 49 

S/G ratio 0.52  0.52 0.98 1.14 
p-Hydroxycinnamatesc      

p-coumarates (pCA) 77  49 95 84 
ferulates (FA) 27  7 62 13 
p-coumarates/ferulates ratio 2.85  7.00 1.53 6.46 

Tricin (T)c 6  6 2 2  

a Expressed as a fraction of the total lignin inter-unit linkage types A-F 
b Molar percentages (H+G+S=100) 
c p-Hydroxycinnamates and tricin contents referred as percentages of total 

lignin content (H+G+S) 
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γ-acylated tetrahydrofuran structures instead. However, and contrary to 
what occurs in the lignins of other highly p-coumaroylated lignins that 
present significant amounts of β− β′ tetrahydrofurans (del Río et al., 
2012a), these tetrahydrofuran structures were present in relatively low 
abundances in the papyrus lignins, where they accounted for only 1% 
and 2% of all linkages in the lignins of the rind and pith, respectively. It 
has been indicated that the polymerization of lignin begins through the 
dimerization of monolignols producing resinols (Ralph et al., 2004a, 
2004b). In the case of grasses and other monocotyledonous plants with 
highly acylated lignins, tetrahydrofurans will be the dimerization 
products formed to start the lignin chain. The low amounts of resinols 
and tetrahydrofurans that are supposed to initiate polymerization in the 
papyrus lignins are probably linked to the fact that the lignin chains are 
initiated also by the flavone tricin present in these lignins, and possible 
by the other flavonoids too, as already indicated in grasses and other 
monocots (Lan et al., 2015; del Río et al., 2020, 2021). 

3.5. Nature of the groups that acylate the γ-OH of the lignin side-chains 

The HSQC spectra of the rind and pith lignins indicated that the γ-OH 
of the lignin side-chains were highly acylated. However, they did not 
give much information on the identity of the acylating groups. The 
presence of important amounts of p-coumarates in these lignins, as 
shown by Py-TMAH and 2D-HSQC NMR, along with the characteristic 
signal in the spectrum for p-hydroxycinnamyl alcohol end-groups acyl-
ated with p-coumarates Iγ(pCA), indicates that pCA could be the main 
group that acylates these lignins. To confirm this assumption, the lignins 
from the rind and pith of papyrus culms were analyzed by 2D-HMBC 
NMR long-range correlation experiments, as previously used for other 

highly p-coumaroylated lignins (Ralph et al., 1994; del Río et al., 2015). 
Fig. 5 shows the HMBC sections for the correlations of the carbonyl 
carbon of p-coumarate esters in both lignins. Characteristic signals were 
observed for the correlations of the carbonyl group of p-coumarate esters 
at δC 166.0 with their 7- and 8-protons at δH ~ 7.40 and 6.30, as well as 
with protons around δH 4.0–4.8 in the HMBC spectra of both lignins, 
which were more evident in the lignin of the rind, confirming that 
p-coumarates acylate the γ-OH in these lignins. 

Additional information regarding the nature and extent of acylation 
of the γ-OH in these lignins was obtained by DFRC, a chemical degra-
dative method that selectively cleaves β-ether bonds in lignin, releasing 
the lignin monomers involved in those linkages (Lu and Ralph, 1997; 
Regner et al., 2018). A characteristic and distinctive feature of the DFRC 
method in comparison with other degradative methods is that it leaves 
γ-esters intact, thus allowing the release of γ-acylated monolignols. 
Fig. 6 shows the chromatograms of the compounds released upon DFRC 
of the MWLs from the rind and pith of papyrus culms. The main com-
pounds released were the cis- and trans-isomers of p-hydroxyphenyl (tH), 
guaiacyl (cG and tG), and syringyl (cS and tS) lignin monomers arising 
from the normal (non-acylated) γ-OH lignin units involved in β-ether 
linkages. A predominance of the G-units was observed in both lignins. In 
addition, significant amounts of the cis- and trans-isomers of the sinapyl 
dihydro-p-coumarate (cSpCA, tSpCA) were also released, along with minor 
amounts of the guaiacyl analogues (cGpCA, tGpCA). Monolignol-ferulate 
conjugates, which have been shown to be present in the lignins of 
some plants (Karlen et al., 2016), were not be found, indicating that the 
ferulates present in these lignins were probably incorporated into the 
lignin structure by ether linkages or carbon-carbon bonds. The DFRC 
analyses thus confirmed that p-coumarates were the main groups that 

Fig. 5. Sections of the HMBC spectra (δC/δH 164–169/3.8–7.8) of the MWLs from the rind (A), and the pith (B) of papyrus culms, showing the correlations of the 
carbonyl carbons of p-coumarates (pCA) acylating the γ-OH of the lignin. Sections of the HSQC showing the Cγ/Hγ correlations of the γ-acylated lignin (δC 60–66) and 
the C7/H7 and C8/H8 correlations of p-coumarates (δC 112–115 and 142–147), are also shown. 
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acylated the γ-OH in these lignins, and also indicated that p-coumar-
oylation occurred preferentially at S units. Although the mechanism of 
monolignol p-coumaroylation has not been investigated in this partic-
ular plant, it is likely that it is similar to that described for grasses which 
involves p-coumaroyl-CoA:monolignol transferases with higher affinity 
for sinapyl alcohol (Withers et al., 2012; Marita et al., 2014). In addition, 
the DFRC also released significant amounts of the flavone tricin (T), 
which was more abundant in the lignin of the rind, in agreement with 
the NMR data. Tricin is widely present incorporated into the lignin of 
grasses and other monocotyledonous plants (del Río et al., 2012b, 2015, 
2020, 2021; Rencoret et al., 2013; Lan et al., 2015, 2016). Tricin can 
only form β–O–4′ linkages within the lignin polymer, and hence it can be 

easily released upon DFRC and other chemical degradative methods that 
cleave β-ether bonds and subsequently analyzed by either LC-MS or 
GC-MS (Lan et al., 2016; Rosado et al., 2021). Interestingly, other fla-
vonoids could also be identified among the DFRC degradation products, 
including the flavanones naringenin (N) and dihydrotricin (dhT), as well 
as the naringenin chalcone (Nch), in agreement with the signals 
observed in the HSQC spectra. Their identification was achieved by 
comparison with authentic standards as published elsewhere (Rencoret 
et al., 2021). 

On the other hand, acetates are also known to acylate the γ-OH of 
lignins in many plants (Ralph, 1996; del Río et al., 2007a, 2008), and the 
appearance of the characteristic signal of p-hydroxycinnamyl acetate 

Fig. 6. Chromatograms of the DFRC degradation products released from the MWL preparations from the rind (A) and pith (B) of papyrus culms. tH, cG, tG, cS and tS 
are the cis- and trans-p-coumaryl (H), coniferyl (G) and sinapyl (S) alcohol monomers; cGpCA, tGpCA, cSpCA, and tSpCA are the cis- and trans-coniferyl- and sinapyl- 
dihydro-p-coumarates; Nch: naringenin chalcone; N: naringenin; dhT: dihydrotricin; T: tricin. Note that all compounds are released as their acetate derivatives. 

Table 5 
Relative molar abundance of the non-acylated γ-OH p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin units, and the γ-acetylated (Gac, Sac), and γ-p-cou-
maroylated (GpCA, SpCA) lignin units, and flavonoids (tricin, T; naringenin, N; dihydrotricin, dhT; naringenin chalcone, Nch), obtained from DFRC and DFRC’ 
degradation of the MWLs from the rind and pith of papyrus culms. The percentages of acetylated and p-coumaroylated lignin units are also shown.   

H G Gac GpCA S Sac SpCA Ta Na dhTa Ncha %Gac
b %GpCA

b %Sac
c %SpCA

c 

MWL rind  3.1  76.8  1.6  2.3  8.7  0.3  7.2  3.0  1.2 0.3 0.6  2.0  2.9  1.9  44.4 
MWL pith  1.6  62.1  6.3  1.8  11.3  0.6  16.3  0.5  0.2 tr tr  9.0  2.6  2.1  57.8 

H: p-hydroxyphenyl units; G: guaiacyl units; S: syringyl units; Gac: acetylated guaiacyl units; Sac: acetylated syringyl units; GpCA: p-coumaroylated guaiacyl units; SpCA: 
p-coumaroylated syringyl units; T: tricin; N: naringenin; dhT: dihydrotricin; Nch: naringenin chalcone. 
tr: trace amounts 

a T, N, dhT and Nch molar contents referred to as to the percentage of total lignin units (H+G+Gac+GpCA+S+Sac+SpCA= 100). 
b %Gac and %GpCA are the percentages of acetylated (Gac) and p-coumaroylated (GpCA) G-units with respect to the total G-units (G+Gac+GpCA). 
c %Sac and %SpCA are the percentages of acetylated (Sac) and p-coumaroylated (SpCA) S-units with respect to the total S-units (S+Sac+SpCA). 
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Iγ(Ac) in the HSQC of the MWL of the pith indicates that acetates also 
acylate the γ-OH in these lignins. However, the original DFRC degra-
dation protocol uses acetate reagents and therefore cannot be used to 
investigate the presence of native acetates attached to the γ-OH. But 
following the same protocol and using propionylating reagents (DFRC’) 
instead of acetylating ones, it is possible to analyze the presence of 
native acetylated units in the lignins (Ralph and Lu, 1998; del Río et al., 
2007b). The DFRC’ analysis confirmed that the lignins of the rind and 
pith of papyrus culms were also acetylated at the γ-OH, although to a 
lesser degree. 

The results of the DFRC (and DFRC’) analysis, including the relative 
abundances of the different lignin monomeric units (H, G, S, Gac, Sac, 
GpCA, SpCA), the flavonoids (T, N, dhT, Nch), and the percentages of 
γ-acetylated (%Gac, %Sac) and γ-p-coumaroylated (%GpCA, %SpCA) lignin 
units, are shown in Table 5. The results corroborated that both lignins 
were highly acylated, and demonstrated that p-coumarate was the main 
group that acylated the γ-OH in these lignins, being predominantly 
attached to S-lignin units. Hence, in the rind lignin, 44.4% of S-units and 
2.9% of G-units were p-coumaroylated, while in the pith lignin, 57.8% of 
S-units and 2.6% of G-units were p-coumaroylated. Acetates were also 
found acylating the γ-OH of these lignins, although to a lesser extent 
(1.9% of S-units and 2.0% of G-units were acetylated in the rind, while 
2.1% of S-units and 9.0% of G-units were acetylated in the pith). 
Interestingly, while acetylation of the rind lignin showed a slight pref-
erence for S-units, similar to p-coumaroylation, acetylation of the pith 
lignin showed a strong preference for G-units. Similar preferences were 
observed for the lignins of the rind and pith of elephant grass (del Río 
et al., 2012a). Finally, significant amounts of tricin (3.0%) and nar-
ingenin (1.2%), along with lower amounts of dihydrotricin (0.3%) and 
naringenin chalcone (0.6%) were also released from the rind lignin; in 
the pith lignin, however, lower amounts of tricin (0.5%), and naringenin 
(0.2%) could be released whereas only trace amounts of dihydrotricin 
and naringenin chalcone were found. 

4. Conclusions 

The lignins of the rind and pith of the papyrus culms were isolated by 
aqueous dioxane and thoroughly studied by using advanced analytical 
techniques in lignin characterization. The rind lignin was composed 
mainly of G-units, with a H:G:S of 4:63:33 (S/G 0.52), whereas the pith 
lignin had a slightly higher abundance of S-units, with a H:G:S of 8:43:49 
(S/G 1.14). The rind lignin had a lower content of β–O–4′ alkyl aryl 
ethers (77% of all measured linkages) than the pith lignin, where they 
accounted for up to 85% of all linkages. Furthermore, the rind lignin 
presented a higher abundance of phenylcoumarans (15%), as well as 
other condensed linkages, than the pith lignin, where they represented 
only 11% of all measured linkages. Both lignins were highly acylated at 
the γ-OH with p-coumarates, which were mostly attached to S-units. In 
addition, the rind lignin, and to a lesser extent the pith lignin, contained 
significant amounts of tricin and other flavonoids (naringenin chalcone, 
naringenin and dihydrotricin) incorporated into their structure. The 
data shown in this work provides useful information on the structure of 
the lignins of the different parts of the papyrus culms, which is of interest 
to evaluate this material as a source of biomass for the production of 
biofuels and biomaterials in the context of the lignocellulosic 
biorefinery. 
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del Río, J.C., Martín, F., González-Vila, F.J., 1996. Thermally assisted hydrolysis and 
alkylation as a novel pyrolytic approach for the structural characterization of natural 
biopolymers and geomacromolecules. Trends Anal. Chem. 15, 70–79. https://doi. 
org/10.1016/0165-9936(96)80763-1. 

del Río, J.C., Marques, G., Rencoret, J., Martínez, A.T., Gutiérrez, A., 2007a. Occurrence 
of naturally acetylated lignin units. J. Agric. Food Chem. 55, 5461–5468. https:// 
doi.org/10.1021/jf0705264. 

del Río, J.C., Gutiérrez, A., Rodríguez, I.M., Ibarra, D., Martínez, A.,T., 2007b. 
Composition of non-woody plant lignins and cinnamic acids by Py-GC/MS, Py/ 
TMAH and FT-IR. J. Anal. Appl. Pyrol. 79, 39–46. https://doi.org/10.1016/j. 
jaap.2006.09.003. 

del Río, J.C., Rencoret, J., Marques, G., Gutiérrez, A., Ibarra, D., Santos, J.I., Jiménez- 
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