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Abstract  Xylan is the main contaminant of hard-
wood sulphite dissolving pulp used for the production 
of regenerated cellulose. The amount of xylan in pulp 
should not exceed the minimum allowable values and 
which is not easy to achieve. To control the pulping 
process, a basic knowledge of xylan removal is essen-
tial. In this study, Eucalyptus globulus glucuronoxy-
lan (GX) conversion during acidic Mg-base acid sul-
phite pulping of dissolving pulp was assessed for the 
first time in pilot experiments simulating the indus-
trial process. The kinetics of GX degradation and 
changes in its structure and molecular weight along 
all pulping steps were evaluated. According to pen-
tosans analysis, more than 60% of wood xylan was 
removed already in the heating-up step. A pseudo-
first-order reaction for xylan degradation at the final 
pulping temperature of 140–148  °C was obtained 
with an activation energy of 133.4 kJ/mol. Removal 
of residual GX from pulp was hampered by its entrap-
ment in cellulose fibril aggregates. The dynamics 
of xylan deacetylation and depolymerization dur-
ing pulping in isolated samples was revealed by 2D 
NMR and SEC techniques, respectively. Overall, the 

residual xylan structure in pulp is predetermined by 
its structural heterogeneity in the cell wall, rather than 
by structural changes occurring during pulping.

Keywords  Acid sulphite process · Dissolving 
pulp · Glucuronoxylan · Hydrolysis kinetics · 
Nuclear magnetic resonance (NMR) · Size exclusion 
chromatography (SEC)

Introduction

Glucuronoxylan (GX) is the most abundant non-
cellulosic structural polysaccharide in most vascu-
lar plants providing a supporting function in the cell 
wall, among others (Ebringerová et  al. 2005; Schel-
ler and Ulvskov 2010). In the woody plant domain, 
angiosperm GX is the second most abundant poly-
saccharide consisting of linear chains of β-(1,4)-D-
xylopyranose (Xylp) linked to terminal 4-O-methyl-
α-D-glucuronic acid (MeGlcpA) units on the O-2 
of xylosyl residues (5–15  mol.%) having degrees 
of acetylation (DS) ranging between 0.4 and 0.6. 
Unlike angiosperm GX, gymnosperm GX are gener-
ally non-acetylated and, in addition to the terminal 
MeGlcpA units at the O-2 position (20–30  mol.%), 
have small amounts of α-L-arabinofuranosyl (Araf) 
residues linked mainly to O-3 of the xylan backbone 
(5–8 mol.%). GX plays a significant role in the chemi-
cal processing of wood, contributing decisively to the 
properties of cellulosic pulps (Sixta 2006), being the 
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target for the production of biofuels, diverse compos-
ite materials, and supplements for food or biomedical 
applications (Deutschmann and Dekker 2012; Pet-
zold-Welcke et al. 2014; Nechita et al. 2021).

Regarding acid sulphite pulping of dissolving 
hardwood pulps, GX is the main non-cellulosic con-
taminant that deteriorates the production of target 
rayon fibres, whose control is essential (Sixta 2006; 
Mendes et  al. 2021; Ngene et  al. 2022). In the acid 
sulphite pulping of wood, the lignin removal occurs 
due to its sulphonation by hydrosulphite ions derived 
from SO2 in the presence of a suitable base (Ca2+, 
Mg2+, Na+ or NH4

+) at ca. 130–145 °C (Sixta 2006; 
Evtuguin 2016). The sulphonated lignin (lignosul-
phonate) is dissolved in the spent pulping liquor 
(SSL) together with sugars and oligosaccharides from 
degraded cellulose and hemicelluloses, mainly GX, 
under acidic conditions (pH < 2). It is noteworthy 
that the GX degradation products such as xylooligo-
saccharides (XOS), xylose, furfural, and acetic acid, 
released in spent liquor during pulping, represent a 
promising source of profits for the pulp mill (Pereira 
et al. 2013; Evtuguin 2016; Magina et al. 2022). On 
the other hand, the hitherto unclear resistance to the 
removal of xylan from wood causes problems with 
the control of the pulping process. In this context, 
deep basic knowledge about the behaviour of GX dur-
ing acid sulphite pulping is vital for elaborating the 
dissolving pulp quality and biorefinery profits.

It is generally assumed that GX is readily hydro-
lysed during the acid sulphite pulping, giving rise to 
the depolymerised (XOS and xylose) and more pro-
found degradation products (furfural, xylonic and 
acetic acids) dissolved in SSL (Sjöström 1993; Sixta 
2006). However, there is only scarce knowledge of the 
GX degradation kinetics during acid sulphite pulp-
ing. Thus, formal kinetics of spruce hemicelluloses 
(mainly glucomannan and a small proportion of GX) 
dissolution were reported under simulated laboratory 
conditions of Na-base acid sulphite pulping being 
quite different from industrial practice (Hagberg and 
Schöön 1973). A similar approach was expanded to 
evaluate hemicelluloses dissolution from eucalyptus 
wood in the Ca-base acid sulphite dissolving pulp 
pulping (Kilian and de Vaal 2000). In another study, 
the GX dissolution of Eucalyptus grandis and Euca-
lyptus saligna wood in Ca-base acid sulphite dissolv-
ing pulp pulping was evaluated in pilot experiments 
under conditions close to industrial practice (Watson 

1992). It was concluded that the removal of GX did 
not follow kinetics nor pseudo-zero, pseudo-first 
or pseudo-second-order. Although the best correla-
tion (r2 ≈ 0.62) was found with the first-order kinetic 
model, giving rise to a rather suspicious activation 
energy (69.3 kJ/mol). This is explained, at least par-
tially, by inaccuracies in the determination of the 
residual GX in pulps in a previous study (Watson 
1992). Hence, the proper chemical kinetics of GX 
hydrolysis concerning structural changes in GX was 
never previously studied.

The main objective of this study was to evalu-
ate the chemical kinetics of GX hydrolysis and the 
structural changes accompanying it in the Mg-base 
acid sulphite pulping of Eucalyptus globulus for dis-
solving pulp production. The pulping experiments 
were carried out in pilot-scale equipment following 
the sequence of operations and reagent loading, in 
accordance with industrial practice. First, the wood 
residue or pulp was analysed for yield and pentosans 
content along the pulping operations to assess the 
dynamics of GX removal. The GX structure was 
evaluated after isolation from wood or pulp samples 
by extraction with dimethyl sulphoxide (DMSO) of 
the respective peracetic holocellulose samples. Then, 
the composition of isolated GX was analysed by wet 
chemistry methods, the structure by 1D and 2D NMR 
techniques, and the molecular weight was determined 
by size-exclusion chromatography (SEC). Finally, the 
changes in cellulose’s physical structure during the 
pulping were assessed by solid-state 13C NMR of the 
purified pulp samples.

Materials and methods

Pilot scale experiments

Pulping experiments were conducted in a pilot scale 
digester (MK Systems Inc.), where about 1  kg of 
oven-dry (o.d.) wood chips was used for each pulp-
ing trial (Fig. 1). The composition of the filling acid 
varied to have in side-relief the concentrations of total 
SO2 and MgO of 6.0–7.0% and 0.70–0.9%, respec-
tively. After filling the digester with wood chips 
and pulping acid at room temperature, the tempera-
ture was allowed to increase to 70 °C in the digester, 
whereas the pressure was increased with nitrogen to 
9.0 bar (impregnation pressure). The temperature 
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continues to rise according to the set point for the 
heating rate, and at 115 °C the extraction of the pulp-
ing acid occurs (side-relief) to set the hydromodulus 
in the set point (3.5), with a decreasing in the pres-
sure. The temperature increases until the set-point 
(e.g., 142 °C, time 0 in data), and the pressure stabi-
lizes at 7.7 bar. The depressurisation starts after the 
cooking following the established procedure when 
the pulping time reaches the set-point value (high-
pressure depressurisation from 7.7 bar to 3.0 bar and 
the low-pressure depressurisation from 3.0 to 0.1 
bar). The pulping residues were disintegrated, washed 
exhaustively with water and air-dried. The yields 
were determined as an o.d. residue per weight of ini-
tial o.d. wood used for the pulping.

Chemical characterisation

The pentosans content (w/w %) in wood and pulp 
(Fig.  1) was analysed in the reaction with 3.85N 
hydrochloric acid under steam distillation during 
boiling giving rise to furfural, which was collected 
in the distillate and determined colorimetrically with 
orcinol-ferric chloride reagent, according to the Tappi 
standard T 223 cm-10. The lignin content in the pulps 
was analysed as kappa number according to the Tappi 
T 236 cm-10 standard.

The isolated glucuronoxylans were treated with 
72% H2SO4 at 20 °C for 3 h, followed by 1.5 h hydrol-
ysis with dilute 1 M H2SO4 at 100  °C according to 

Saeman hydrolysis (Selvendran et  al. 1979). Neutral 
monosaccharides were determined as alditol acetate 
derivatives by gas chromatography with flame-ion-
isation detection (GC-FID). Standard solutions were 
prepared for the identification and quantification of 
each sample sugar. Alditol acetates were quantified 
using a Focus GC-FID (Thermo Scientific, Waltham, 
MA, USA) using Chrom-Card software to control the 
instrument operation and to data acquisition under 
the following conditions: inlet temperature at 225 °C 
with a split flow of 30 mL/min; oven temperature at 
220 °C with a run time of 28 min and carrier flow of 
3 mL/min; detector temperature at 250 °C.

The uronic acids content in the glucuronoxy-
lans (Fig.  1) was determined colorimetrically with 
m-phenylphenol from an aliquot separated from the 
hydrolysis of neutral sugars (0.5 mL) and diluted four 
times according to the modified method of Blumenk-
rantz and Asboe-Hansen (Blumenkrantz and Asboe-
Hansen 1973; Coimbra et  al. 1996). The quantifica-
tion was made using galacturonic acid standards.

Isolation of holocellulose and xylans

Holocellulose was isolated from extractives-free 
Eucalyptus globulus wood (Fig.  1) using peracetic 
acid (concentration ca. 10%), according to a previ-
ously described method with some modifications 
(Evtuguin et al. 2003). About 5 g of extractives-free 
wood was treated with 200  mL of peracetic acid at 

Fig. 1   Pilot digester used for the cooking assays and generalized analysis scheme
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80 °C for 20 min under constant stirring and reflux. 
After the reaction, the flask content was quickly fil-
tered off and washed with hot water and acetone to 
neutral pH. For pulp residues obtained throughout 
the acid sulphite pulping, the procedure is the same, 
except the time of reaction that varied between 5 and 
15 min, depending on the sampling point (pulps with 
lower residual lignin content need less reaction time). 
Xylans were isolated from peracetic holocelluloses 
by extraction with DMSO (HPLC grade) followed by 
precipitation in a methanol/ethanol mixture according 
to a previously described procedure (Evtuguin et  al. 
2003).

Structural characterisation

Quantitative 1H NMR spectra were recorded using 
a Bruker AVANCE 300 spectrometer operating 
at 300.13 MHz, registered in D2O at 298  K using 
sodium 3-(trimethylsilyl)propionate-d4 as internal 
standard (δ = 0.00). The quantitative spectra were 
acquired using a 90° pulse, 12 s relaxation delay and 
collecting 300 scans. 2D 1H–1H (TOCSY) spectros-
copy was recorded using a Bruker AVANCE 300 
spectrometer operating at 300.13 MHz, registered at 
298 K. The spectrum was acquired at a spectral width 
of 2185 Hz in both dimensions (τmix = 0.050 s) with a 
relaxation delay of 2.0 s. For each FID, 128 transients 
were acquired; the data size was 1024 in t1 × 512 in 
t2. The phase-sensitive 1H–13C (HSQC) spectrum was 
recorded using a Bruker AVANCE 300 spectrometer 
operating at 300.13 MHz at 298 K over an F1 spectral 
weight of 12,000 Hz and an F2 width of 2000 Hz with 
2048 × 1024 matrix and 128 transients per increment. 
The delay between scans was 2  s, and the delay for 
polarization transfer was optimised for 1JCH = 148 Hz.

Solid-state Cross Polarization–Magic Angle Spin-
ning 13C Nuclear Magnetic Resonance (CP-MAS 13C 
NMR) spectra of holocelluloses (Fig.  1) were reg-
istered on a Bruker Advance 400 spectrometer. The 
CP-MAS 13C NMR spectroscopy was used to study 
a cellulose crystallinity index (CrI), which describes 
the relative amounts of crystalline and amorphous 
cellulose phases. Samples were packed into a zirco-
nia rotor sealed with Kel-FTM caps. The rotor’s spin-
ning speed was 12  kHz, contact time 1  ms, and ca. 
7000 scans with a 90° proton pulse were collected 
with a recovery delay of 2.5 s. Glycine was used for 
the Hartman-Hahn matching procedure and as an 

external standard for calibrating the chemical shift 
scale relative to tetramethyl silane ((CH3)4Si). CP-
MAS 13C NMR spectra were registered using holocel-
luloses samples (ca. 14% humidity). The crystallinity 
index was determined from the relationship between 
the integration areas of the ordered (A86–92ppm) and 
amorphous (A79–86ppm) C-4 signals in cellulose (Liitiä 
et al. 2000):

The lateral fibril dimensions and fibril aggre-
gates were determined by methodology proposed by 
(Wickholm et al. 1998), according to the model of a 
fibril with a square cross-section:

where q is the fraction of intensity of the signal of 
accessible and inaccessible surfaces to assess fibril 
dimensions or the fraction of intensity of the signal 
of accessible surfaces only to assess the dimensions 
of fibril aggregates; n is the number of cellulose poly-
mers perpendicular to the cross-section along one 
side of the square fibril cross-section. The assumed 
square fibril aggregate cross-section n can be con-
verted to a lateral dimension expressed in nm using a 
factor of 0.55 nm per chain (Krässig 1993).

Acetic acid quantification

The acetic acid present in the spent liquor samples 
(Fig.  1) was quantified by High-Performance Liq-
uid Chromatography (HPLC). Standard solutions 
were prepared for the identification and elaboration 
of the calibration curves. Before the HPLC analy-
sis, the solutions were filtered through syringe filters 
with polyether sulfone membrane (0.45 μm porosity 
and 25 mm diameter). The HPLC analysis was con-
ducted using a Thermo Scientific Accela HPLC sys-
tem equipped with an Accela 600 pump, Accela PDA 
and RI detectors, and an 8  μm Thermo Scientific 
HyperRez XP Organic Acids column 100 × 7.7  mm. 
ChromQuest software was used to ensure complete 
control of the instrument operation and data acquisi-
tion. The isocratic method consisted of using 0.001 M 
H2SO4 as the eluent at a 300 μL/min flow rate, with a 
run duration of 90 min, keeping the column at 40 °C.

(1)CrI,% =
A86−92ppm

A86−92ppm + A79−86ppm

(2)q =
4n − 4

n2
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Molecular weight determination

The molecular weight of the isolated glucuronoxy-
lan samples (Fig.  1) was determined by size exclu-
sion chromatography (SEC). About 4–5 mg of 
the sample was dissolved in 50  μm of 10% LiCl in 
dimethylacetamide (DMA, HPLC grade) and then 
diluted to 500 μm with the same solvent. The analy-
sis was carried out using Agilent PL-GPC 220 system 
equipped with two columns Agilent PL gel MIXED-
D, 7.5 × 300 mm, 5 µm (in series) protected by a PL 
gel MIXED pre-column, 7.5 × 50 mm, 5 µm. The col-
umns, injector system, and detector (RI) were main-
tained at 70  °C during the analysis. The eluent (0.1 
M LiCl in DMA) was pumped at a flow rate of 0.9 
mL/min. The columns were calibrated using pullulans 
(Polymer Laboratories, UK) (Mp = 0.8–100.0 kDa).

Results and discussion

Hemicellulose removal kinetics

The main steps of acid sulphite pulping of Eucalyp-
tus globulus wood, mimicking the industrial pro-
cess, include filling the pilot digester with warm (ca. 
70 °C) pulping acid containing a mixture of predeter-
mined amounts of H2SO3·SO2 and Mg(HSO3)2 at pH 
1.5–1.6 to cover the wood chips and fill the free head-
space of the digester. The digester is then pressurised 

to 9 bar to impregnate the wood, and the temperature 
rises to 115 °C for 2h10min. The excess pulping acid 
is then withdrawn (side-relief), and the content of the 
digester is heated up to the final pulping tempera-
ture for ca. 50–55 min with inside liquor circulation. 
The pulping time to produce the dissolving grade 
pulp was 196 min. The pulping is accomplished by 
programmed digester depressurising to atmospheric 
pressure and pulp discharge. More than 30% of the 
lignin is removed in the heating-up period, and the 
pseudo-first-order delignification kinetics were regis-
tered (Mendes et al. 2022b). The final pulp had a low 
residual lignin content with a Kappa number of 5–6.

The amount of GX in wood, wood residue after 
side-relief and in the pulps (0, 15, 30, 60, 120 and 
196 min) was evaluated as pentosans content. As in 
many hardwoods, Eucalyptus globulus GX contrib-
utes to almost 90% of the hemicelluloses (Evtuguin 
et al. 2003; Pinto et al. 2005a), this approach is justi-
fied being a common industrial practice (Sixta 2006). 
Knowing the yields of wood residues after side-relief 
and pulps after pulping at different times and the pen-
tosans content, an overall GX retention profile was 
established throughout the process (Fig.  2). About 
40% of GX was removed from the wood until side-
relief and more than 60% during the whole heating-
up period (until 0 min pulping time). Intensive GX 
removal continued until 15 min of pulping (about 
80%), after which it was more moderate at higher 
pulping times (Fig.  2). Therefore, the major release 

Fig. 2   Pentosans removal 
(%) and H-factor values 
throughout the Mg-base 
acid sulphite pulping of 
Eucalyptus globulus at 
142 °C



10442	 Cellulose (2023) 30:10437–10452

1 3
Vol:. (1234567890)

of GX was detected at a pulping H-factor below 20. 
Similar features were previously reviewed for the GX 
removal in acid sulphite pulping from other hard-
woods (Sixta 2006).

The intensity of hydrolysis reactions cannot 
explain the disclosed GX behaviour that occurred in 
the impregnation and heating-up step. During this 
period, the pH of the pulping liquor is the highest 
(Mendes et al. 2022a,b), and the severity of the pulp-
ing conditions is the lowest (H factor < 20). Further-
more, the molecular weight of residual GX dropped 
from 36.4  kDa in wood to only 18.6  kDa in wood 
residue after side-relief and to 13.6  kDa at the end 
of the heating-up period. The concentration of acetic 
acid in SSL released from GX (Alén 2015; Evtuguin 
2016), which may be an indication of the severity of 
its hydrolysis, was three times higher at the end of 
pulping than at the beginning (Fig. 3). All these facts 
indicate that GX was removed from the wood during 
the heating period mainly due to its dissolution and 
not to hydrolysis.

The GX solubility in water is favoured by its par-
tial acetylation and branching with MeGlcpA resi-
dues (Evtuguin et  al. 2003). Breaking of lignin-car-
bohydrate bonds and partial depolymerization of GX 
during the heating period must be two obvious fac-
tors that can promote its solubility in SSL. Further-
more, the most accessible cells for the cooking acid 
of the hardwood xylem, the vessels and ray paren-
chyma, contain even higher levels of GX than the 
fibres (Yoshinaga et  al. 1993; Vaz et  al. 2022). This 
accessibility factor also contributes to removing a 

significant amount of xylan in the impregnation and 
heating-up pulping periods. In eucalyptus wood, ves-
sels and ray parenchyma contribute to 30–40% (v/v) 
of xylem being second only to fibre content (libriform 
cells) (Dadswell and Wardrop 1960). Accordingly, 
the kinetics of xylan removal, at least in the impreg-
nation and heating-up period, cannot be explained 
as simply the results of hydrolysis reactions of the 
main backbone chains. This explains the abnormally 
high order (n) on hemicellulose degradation reaction 
(2.5 < n < 2.9) found in previous formal kinetic stud-
ies (Hagberg and Schöön 1973; Kilian and de Vaal 
2000) and the inability to describe the GX removal by 
pseudo-first or pseudo-second-order reaction models 
(Watson 1992).

The rate of the GX hydrolysis can be expressed in 
general form by Eq. (3):

where [HC] and [H+] are the concentration of GX 
expressed as the pentosan content and hydrogen ions 
concentration, respectively, and kHC(T) is a tempera-
ture-dependent reaction constant.

Since the liquor acidity was almost constant for 
the 0–150 min of the pulping at final temperature 
(Mendes et al. 2022a,b), the observed rate constant of 
GX hydrolysis can be combined with the concentra-
tion of hydrogen ions (Eq. (4)). Therefore, Eq. (3) can 
be rewritten as the first-order kinetics—Eq. (5).

The integration of Eq.  (5) for the pulping time 
and the pentosans conversion [HC]∕[HC]

0
 gives the 

known equation to determine the hydrolysis constant 
K

Obs

HC
(T) at a specific temperature T, Eq. (6):

The plot of −Ln
(

[HC]

[HC]0

)

 vs t at 142 °C for a pulping 
period of 0–196 min showed a relatively moderate 
correlation (r2 = 0.901) with the first-order model 
kinetics, which is certainly due to the zero point (t = 0 
min) dropping out of the general trendline (Fig. 4A)). 

(3)
d[HC]

dt
= −kHC(T) × [HC] ×

[

H+
]

(4)KObs
HC

(T) = kHC(T) ×
[

H+
]

(5)
d[HC]

dt
= −KObs

HC
(T) × [HC]

(6)Ln

(

[HC]

[HC]0

)

= −KObs
HC

(T) × t

Fig. 3   Changes in acetic acid concentration (g/L) in SSL dur-
ing acid sulphite pulping of Eucalyptus globulus for dissolving 
pulp production at 142 °C
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However, this dependency has been improved 
(r2 = 0.989) by eliminating the zero point and show-
ing the observed hydrolysis constant of 1.03.10–4 s−1 
(Fig.  4B)). The explanation is the aforementioned 
abnormal drop in pentosans content during the first 
15 min of pulping, which is predetermined by GX 
dissolution in SSL rather than by its hydrolysis 
(Fig. 2).

The effective activation energy (Ea), deter-
mined from the Arrhenius equation in the pulping 
interval of 15–196 min (Fig.  5), within the tem-
perature range commonly practised in the industry 
(140–148  °C), was 133.4 kJ/mol. However, it is 

noteworthy that when Ea was determined over the 
entire range of 0–196 min, its value was only 78.3 
kJ/mol, indicating the importance of the substrate 
diffusion during the first 15 min of pulping.

The order in hydrogen ions for the GX hydrol-
ysis kinetics was estimated using different pulp-
ing acid compositions (i.e., varying the pulping 
base concentration and, thus, the concentration of 
HSO3

− and H+ ions). The experiments were per-
formed at 142  °C applying the levels of combined 
SO2 between 1.14 and 1.66% while the total SO2 
charge varied between 6.0% and 7.0%. The concen-
tration of hydrogen ions was determined immedi-
ately at the end of the pulping at 25 °C.

The reaction order n of the GX hydrolysis was 
determined from the logarithmic plot Ln(KObs

HC
 ) 

vs Ln([H+]) (Fig.  6), considering Eq.  (7). Conse-
quently, the final kinetic equation of GX removal 
during acid sulphite pulping at the final temperature 
can be expressed as in Eq. (8).

A non-integer reaction order in [H+] less than 1 
indicates that the removal of GX from the pulp is 
a much more complex phenomenon than the simple 
hydrolytic degradation of the xylan backbone and 
may involve, for example, specific interactions of 

(7)KObs
HC

(T) = kHC(T) ×
[

H+
]n

(8)

d[HC]

dt
= 5.05 ⋅ 10

12 × e
−

133440

RT × [HC]1 ×
[

H+
]0.64

Fig. 4   Time-dependent conversion of GX at 142 °C in two different situations: with (A) and without (B) the point at 0 min

Fig. 5   Natural logarithm of apparent kinetic constants in the 
function of the inverse of temperature to determine the activa-
tion energy for the hemicellulose degradation
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GX with cellulose fibrils or permeation problems 
through the cellulose fibrils network.

Changes in the chemical composition of xylan 
throughout the acid sulphite pulping

To better understand the structural changes of GX 
during acid sulphite pulping, GX samples from wood 
before pulping (XylEG), at the end of the side-relief 
(Xylside), at the beginning (t = 0 min; Xyl0min) and 
after 15 (Xyl15min), 30 (Xyl30min), 60 (Xyl60min), 120 
(Xyl120min) and 196 min (Xyl196min) of pulping at final 
temperature were isolated by extraction with DMSO 
from peracetic holocellulose of respective pulps. This 
approach allowed the isolation of chemically intact 
GX (Evtuguin et al. 2003; Prozil et al. 2012) in rela-
tively high yields (50–60% of the total GX in the resi-
due). At the same time, the efforts to isolate a suit-
able sample from the pulping liquor at the heating-up 
period for the characterisation of released GX were 

unsuccessful due to the problems of GX purification 
from other SSL components, mainly from water-solu-
ble sulphonated lignin.

The analysis of monosaccharide compositions 
revealed the predominance of xylose and uronic 
acids in the hydrolysates of isolated GX samples 
(Table 1), which is common for hardwood O-acetyl-
(4-O-methylglucurono)-β-D-xylan (Ebringerová et al. 
2005; Pinto et al. 2005b). Small amounts of detected 
galactose, arabinose and rhamnose are due to rham-
noarabinogalactan (RAG) fragments attached to O-2 
of the terminal MeGlcpA residues linked to the main 
xylan backbone (Shatalov et al. 1999; Evtuguin et al. 
2003; Reis et  al. 2004). The structural association 
of GX with other polysaccharides favours its reten-
tion in the cellulosic pulp during kraft pulping, thus 
positively contributing to the kraft pulp yield (Pinto 
et  al. 2005a). However, this linkage between RAG 
and MeGlcpA residues is labile under alkaline and, 
especially, under acidic conditions. This is why it is 
not surprising that structurally association with the 
GX RAG almost disappeared in the heating-up pulp-
ing period (Table  1). Contaminations with gluco-
oligosaccharides formed from partially hydrolysed 
accessible cellulose can explain the increase in glucan 
content in the isolated GX along the pulping.

The most intriguing is the drastic drop in GX 
branching with MeGlcpA residues at the heating-
up period (Table  1), which cannot be assigned to 
the cleavage of quite stable under acidic conditions 
aldobiuronic acid structures (→ 4)[4-O-Me-α-D-
GlcpA-(1 → 2)][3-O-Ac]-β-D-Xylp-(1 →) (Bishop 
1953). The plausible explication is a previously sug-
gested structural heterogeneity of eucalyptus GX 
(Gomes et  al. 2020). Thus, about one-third of the 
GX in the cell wall is closely aligned to cellulose 
fibrils and is much less branched and accessible 
than the other two-thirds of the GX allocated in the 

Fig. 6   Natural logarithm of observed kinetic constants as a 
function of the natural logarithm of hydrogen ions to deter-
mine the order of hydrogen ions for GX degradation kinetics

Table 1   Composition 
of monosaccharides 
(% wt.) in the different 
glucuronoxylans

*Determined as the 
galacturonic acid; the 
relative error of sugars 
analysis varied by 2–5%

Monosaccharides XylEG Xylside Xyl0min Xyl15min Xyl30min Xyl60min Xyl120min Xylend

Xylose 79.1 88.4 90.5 90.8 89.9 92.3 90.2 84.7
Galactose 5.4 1.7 0.1 0.1 0.2 0.1 0.1 –
Glucose 3.4 2.7 2.3 2.0 3.4 1.7 3.6 9.3
Arabinose 0.5 0.4 0.3 0.3 0.3 0.3 0.3 0.3
Rhamnose 0.8 0.5 Traces Traces 0.1 Traces Traces 0.1
Mannose 0.1 0.9 1.3 1.2 1.4 0.7 0.9 1.4
MeGlcA 10.7 5.2 5.3 5.3 4.5 4.6 4.5 4.2
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interfibrillar space. In alkaline pulp extraction, the lat-
ter counterpart of the GX is easily removable, which 
depends on the permeation capacity of the fibre cell 
wall (Gomes et al. 2020). By analogy, the release of 
partially depolymerised and highly branched GX 
from the interfibrillar space during the heating-up 
period of acid sulphite pulping led to residual GX 
with a less branched structure tightly bound to cellu-
lose fibrils. This explains a significant drop in MeGl-
cpA residues content in isolated GX even before 
reaching the final pulping temperature (Table 1). It is 
noteworthy that during pulping at the final tempera-
ture, the content of MeGlcpA in the residual GX does 
not change significantly.

Structural analysis of glucuronoxylan throughout the 
acid sulphite pulping

The main assumptions concerning the GX behaviour 
during the acid sulphite pulping were confirmed by 
the structural analysis of GX samples isolated from 
wood and pulps, characterised in detail by 1D and 2D 

NMR. In addition, the presence of partially acetylated 
structures was unambiguously confirmed by HSQC 
spectra (Fig. 7). The proton and carbon signal assign-
ments were done using a previously published data-
base (Evtuguin et al. 2003; Pinto et al. 2005a; Prozil 
et al. 2012) and are depicted in Table 2.

The HSQC spectrum of GX isolated from the 
wood residue at the final pulping temperature showed 
typical partially acetylated structures in GX com-
monly reported in GX from wood (Evtuguin et  al. 
2003; Prozil et  al. 2012). This fact confirms that no 
extensive deacetylation reaction occurred in the GX 
retained in the residue after the impregnation and 
heating-up cooking periods. However, the H/C cross 
signal at 5.39/98.2 ppm from corresponding anomeric 
atoms in MeGlcpA residues linked at O-2 with galac-
tose residue of the attached RAG galactan backbone 
was too weak to be clearly seen (Fig. 7). This means 
these bonds were mostly cleaved in the impregnation 
pulping step, or the GX molecular fragments with 
these structural elements were readily dissolved in the 
SSL.

Fig. 7   HSQC spectrum of Xyl0min (D2O, 25 °C). The non-acetylated units are in blue, the acetylated ones in red and the MeGlcA 
residues in green. All the designations are the same as in Table 2
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The detailed analysis of different acetylated and 
non-acetylated GX structures was carried out while 
acquiring the quantitative 1H NMR spectra. The pro-
ton resonances were assigned using HSQC (Fig.  7) 
and TOCSY spectra and the literature database (Evtu-
guin et al. 2003; Prozil et al. 2012). 1H NMR spectra 
of extreme Xylside and Xyl196min samples clearly dem-
onstrated their differences with regard to the patterns 
of acetylated residues in GX (Fig.  8). The integrals 
of specific signals shown in the expanded anomeric 
proton region (Fig.  8) allowed the quantification of 
each particular structure based on 100 Xylp units of 
the GX backbone according to a previously published 
approach (Evtuguin et al. 2003).

The amount of deacetylated Xylp units in the 
residual GX decreased noticeably in the impregna-
tion and heating-up pulping period being then almost 
constant until the last hour of the pulping (Table 3). 
This feature is in tune with the almost constant pro-
file of hydrosulphite ions in SSL and coincides with 
the SSL acidity profile within the cooking period 
of 0–150 min (Mendes et  al. 2022a,b). Hence, the 
sharp increase in the acetic acid concentration in the 
SSL during the first 120 min at the final temperature 
(Fig. 3) is mainly due to the deacetylation of the GX 
dissolved in the SSL, and not to the residual GX in 
the pulp. Furthermore, the amount of terminal and 
branched at O-2 MeGlcpA residues in the residual 
GX also dropped during the heating-up period, keep-
ing almost constant throughout the pulping at the 
final temperature (Table  3). These findings on the 
GX structure are consistent with previous suggestions 
about the predominant dissolution of highly branched 

GX from the vessels, ray parenchyma and fibres in 
the heating-up pulping period.

It is noteworthy that all Xylp residues branched at 
O-2 with terminal MeGlcpA units were O-3 acety-
lated, thus confirming the particular stability of these 
substructures in the pulping (Table  3). The content 
of O-2,3 diacetylated Xylp units in the residual GX 
decreased substantially in the heating-up period and 
maintained almost constant until the end of the pulp-
ing. The major decrease of DS with acetyl groups in 
GX over the time-at-temperature period was due to 
hydrolysis at the O-2 or O-3 positions of the Xylp 
units. Moreover, the ratio of O-2 (Xyl-2Ac) and O-3 
(Xyl-3Ac) acetylated Xylp units in the residual GX 
was inconsistent throughout the pulping. The plausi-
ble explication of such behaviour can be the migra-
tion of the acetyl groups between O-2 and O-3 posi-
tions under acidic conditions, as already reported for 
acetylated xylan (Reicher et al. 1984) and glucoman-
nan (Lassfolk et  al. 2019, 2021). The most accentu-
ated deacetylation of the GX occurred right at the end 
of pulping, probably due to the increased pulping liq-
uor acidity (Table 3). Thus, the deacetylation of GX 
retained in the pulp also contributed substantially to 
the increased amount of acetic acid detected in SSL 
at the end of pulping (Fig. 3). The molecular weight 
of GX in the pulp also dropped substantially after 196 
min of cooking at final temperature (Table 3).

The GX released into the pulping solution is 
mainly hydrolysed to monosaccharides, although 
the xylooligosaccharides (XOS) were also detected 
in SSL (Marques et al., 2009). It was concluded that 
about 75% of the GX is reduced to sugars (mainly 

Table 2   Proton/carbon 
chemical shifts (ppm) in 
Xyl0min

Structural unit Assignments

H1-C1 H2-C2 H3-C3 H4-C4 H5-C5

Xylp (isol.) 4.46/102.51 3.26/73.39 3.53/74.20 3.79/77.08 4.10/63.69 (eq)
3.32/63.69 (ax)

Xylp-3Ac 4.55/102.33 3.46/71.60 4.97/76.09
4.02/76.54

3.93/76.63 n.d. (eq)
3.46/63.60(ax)

Xylp-2Ac 4.70/100.80 4.68/74.20 3.80/72.14 3.85/77.08 n.d. (eq)
3.45/63.60(ax)

Xylp-2,3Ac 4.81/99.99 4.80/72.58 5.11/74.29 4.07/76.72 n.d. (eq)
n.d. (ax)

Xylp-3Ac-2MeGlcpA 4.73/103.05 3.67/75.37 5.06/74.74 3.99/77.17 n.d. (eq)
n.d. (ax)

MeGlcpA 5.27/98.73 3.56/72.23 3.86/74.20 3.20/82.65 n.d. (eq)
n.d. (ax)
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Fig. 8   1H NMR spectra of O-acetyl-(4-O-methylglucurono)-
β-D-xylan isolated from woody residue after side-relief of 
Eucalyptus globulus magnesium-base sulphite pulping, Xylside 
(A) and from pulp at the end of pulping, Xyl196min (B). The 

expanded region of anomeric protons in the 1H NMR spectrum 
of Xylside (C); the designations are the same as presented in 
Table 3

Table 3   Relative abundance of acetyl groups in structural units and degree of acetylation (DS) of the isolated glucuronoxylans

Structural fragment and short designation Relative abundance (per 100 Xylp units)

XylEG Xylside Xyl0min Xyl15min Xyl30min Xyl60min Xyl120min Xylend

 → 4)-β-D-Xylp-(1 → (Xylp) 43 49 56 56 56 59 62 79
 → 4)[3-O-Ac]-β-D-Xylp-(1 → (Xylp-3Ac) 20 23 17 16 20 16 17 8
 → 4)[2-O-Ac]-β-D-Xylp-(1 → (Xylp-2Ac) 19 19 19 17 17 17 14 5
 → 4)[3-O-Ac][2-O-Ac]-β-D-Xylp-(1 → (Xylp-2,3Ac) 6 3 3 4 2 3 2 3
 → 4)[3-O-Me-α-D-GlcpA-(1 → 2)][3-O-Ac]-β-D-

Xylp-(1 → (Xylp-3Ac-2MeGlcpA)
11 6 6 6 5 5 5 5

4-O-Me-α-D-GlcpA-(1 → (MeGlcpA) 8 5 6 6 5 5 5 5
 → 2)-4-O-Me-α-D-GlcpA-(1 → (MeGlcpA-2Gal) 3 1 – – – – – –
DS (%) 63 54 48 48 46 44 40 24
Mw (kDa) 36.4 18.6 13.6 – – – 9.6 8.1
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xylose) and 25% is present in the form of XOS in the 
SSL at the end of the acid sulphite pulping of E. glob-
ulus wood (Xavier et  al. 2010). According to com-
mon mass balance, about 10% of the xylose in SSL is 
converted to furfural and xylonic acid (Magina et al. 
2022).

To summarize the results obtained from the com-
position and structural changes of GX during pulp-
ing, it can be proposed that the GX removal in the 
heating-up pulping period occurs predominantly from 
the interfibrillar space of the fibre cell wall together 
with sulphonated lignin. This leads to increased fibril 
aggregation due to its newly formed free surfaces. 
Furthermore, fibril aggregates entrap the residual 
tightly bound GX, thus hindering the dissolution of 
partially hydrolysed macromolecules. These fea-
tures are schematically represented in Fig.  9. Thus, 
the kinetics of GX removal during the impregnation 
and heating-up cooking periods is more affected by 
the dissolution of its degraded molecular fragments 
in SSL than by the kinetics of hydrolysis. In contrast, 
at the final pulping temperature, the release of large 
fragments of GX is hampered, and the removal of GX 
is mainly determined by the hydrolysis kinetics.

Relationship between glucuronoxylan removal and 
physical structure of cellulose.

The previously proposed relationship between the 
dissolution of GX in SSL and changes in the physical 
structure of cellulose was studied by solid-state 13C 
NMR on isolated wood holocellulose (HEG), wood 
residue after side-relief (Hside) and pulps obtained 
at the beginning (H0min) and after 196 min (H196min) 
of pulping at final temperature. CP-MAS 13C NMR 
spectra of holocelluloses (Fig. 10) showed a progres-
sive decrease in the residual GX content, as follows 
from the gradual decrease in the integral intensity 
of the characteristic resonance at 62.0 ppm (C-5 in 
GX). Simultaneously, the resonance at 88.8 ppm (C-4 
in mostly crystalline cellulose) was increased over 
resonance at 84.0 ppm (C-4 mostly in amorphous 
cellulose) throughout the pulping process, thus indi-
cating the increased degree of cellulose crystallin-
ity. As a result, the cellulose crystallinity index (CrI) 
in the final pulp increased by 25% concerning the 
wood (Table  4). The latter feature is quite common 
for cellulosic pulps when part of amorphous cellu-
lose is degraded during the pulping, and the aggrega-
tion of cellulose fibrils causes some increase in their 

Fig. 9   Schematic representation of the glucuronoxylan (GX) 
removal from fibre secondary cell wall during acid sulphite 
pulping. The accessible partially hydrolysed GX is dissolved 
jointly with lignin from interfibrillar space, causing the ele-

mentary cellulose fibril (EF) rearrangement. As a result, the 
release of the residual GX is hampered by formed EF aggre-
gates
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crystallinity due to the cocrystallization phenomenon 
(Hult et al. 2001; Rebuzzi and Evtuguin 2006; Rebola 
et al. 2021).

Aggregation of cellulose fibrils becomes possible 
when their surface is free of cell wall concomitants, 
mainly hemicelluloses and lignin. In other words, 
this process is enhanced as non-cellulosic substances 
are removed. Therefore, it is unsurprising that even 
partial delignification and GX removal until side-
relief led to more than twice the increase in lateral 
fibril aggregate dimension (DA), from 3.5 to 8.5 nm 
(Table  4). At the end of the heating-up period, DA 
was increased to 15.1 nm, which is not very far from 

Fig. 10   CP-MAS 13C NMR 
spectra of holocelluloses 
isolated at various stages of 
the magnesium-base acid 
sulphite pulping of Euca-
lyptus globulus (from wood 
(HEG), wood residue after 
side-relief (Hside) and pulps 
obtained at the beginning 
(H0min) and after 196 min 
(HEnd) of pulping). The 
expanded spectrum region 
of H0min at 80.0–92.0 ppm 
depicts the deconvolution 
peaks assigned to hemicel-
luloses (HC) and inacces-
sible (IN) and accessible 
(AC) cellulose surfaces 
used to calculate the lateral 
fibril aggregates

Table 4   Crystallinity index (CrI) and lateral fibril aggregate 
dimensions (DA, nm) of holocelluloses as revealed by CP-
MAS 13C NMR

Holocellulose Crystallinity 
index (CrI)

Lateral fibril aggre-
gate dimension (DA)

HEG 0.41 3.5
Hside 0.47 8.5
H0min 0.48 15.1
HEnd 0.51 20.0
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the maximum aggregate dimension found for the pulp 
after 196 min of pulping (20.0 nm). These results 
on cellulose fibre aggregation corroborate with 
GX removal from the fibre cell wall (Fig.  2) being 
inversely proportional (Fig.  11). This fact corrobo-
rates with the initial assumption about the importance 
of GX diffusion from fibre cell wall on the kinetics 
of its removal. In other words, the cellulose fibril 
network in the cell wall controls the release of GX 
caused by hydrolysis.

Conclusions

The results of this study showed that the removal of 
glucuronoxylan (GX) from wood during the impreg-
nation and heating-up period of the acid sulphite 
pulping of Eucalyptus globulus is predetermined 
mainly by the dissolution of its macromolecular struc-
tural fragments rather than by the rate of hydrolysis 
reactions. More than 60% of the GX was removed 
from the wood by the end of the impregnation and 
heating-up period. The kinetics of GX removal at the 
final pulping temperature follows a first-order kinetics 
and non-integer (0.64) order in hydrogen ions, show-
ing that not only the hydrolysis reactions affected the 
GX removal. These features of the GX removal kinet-
ics were explained by its accessibility in the fibre cell 
wall and changes in the physical structure of cellulose 
occurring during the pulping. The partial hydroly-
sis of GX and its bonds with lignin, which is easily 
sulphonated and becomes soluble, favours the disso-
lution of GX in the initial phase of sulphite pulping. 

Those most accessible to pulping acid and rich in GX 
vessels and ray parenchyma are considered to be the 
most susceptible to GX removal in the early stages of 
cooking. Much less accessible xylem fibres must be 
responsible for retaining GX at the final pulping tem-
perature. As most of the GX in the eucalyptus fibres 
allocated in the interfibrillar space is more branched 
than the other counterpart of the GX lined with cellu-
losic fibers, the former becomes more accessible and 
soluble in the spent sulphite liquor (SSL). Accord-
ingly, the residual GX possesses a less ramified struc-
ture more closely related to cellulose fibrils. In addi-
tion, the deacetylation favours GX hydrogen bonding 
to cellulose, which contributes to their tighter inter-
action. As wood delignification proceeds, cellulose 
fibres become more available for aggregation and 
entrap the concomitant aligned GX molecules, thus 
hampering their removal in the sulphite spent liquor. 
It can also be assumed that the degree of branching of 
residual GX embedded into cellulose fibre aggregates 
is mainly the result of the GX heterogeneity in the 
cell wall rather than the result of structural changes 
that occurred during acid sulphite pulping. It was also 
concluded that most of the acetic acid released in SSL 
(about 70%) was formed from GX at the final cooking 
temperature (bulk and residual delignification).
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