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Abstract: The chemical composition and morphology 
of pulp fibers have a significant impact on the proper-
ties of fiber products. Pulp samples from a novel unique 
Eucalyptus triple hybrid [Eucalyptus grandis  ×  (Eucalyp-
tus urophylla  ×  Eucalyptus globulus)] were obtained by 
various pulping processes – kraft, soda-anthraquinone 
(NaOH-AQ), and thermomechanical pulping (TMP). The 
chemical composition of the fiber surfaces was evaluated 
by X-ray photoelectron spectroscopy (XPS). The surface 
lignin content of NaOH-AQ pulp fibers was lower than that 
of the kraft counterpart. However, kraft pulp handsheets 
showed better physical and mechanical properties. XPS 
data strongly suggests that together with the pulp bulk 
chemical composition the xylan is more abundant on the 
surface of kraft fibers, which is reflected on their better 
mechanical properties. Moreover, the relatively low sur-
face lignin content in TMP pulp compared to wood sug-
gests that defibration takes place in the secondary wall, 
where lignin is less concentrated.
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Introduction
Eucalyptus spp. wood is an already established raw mate-
rial for the pulp and paper industries worldwide. The 
interest in Eucalyptus wood stems is mainly due to its low 

production costs in certain regions and the high quality 
of its fibers for certain applications (Magaton et al. 2009). 
Especially in Brazil, a strong effort in the hybridization 
of Eucalyptus species has resulted in very homogeneous 
clonal forests that deliver very homogeneous wood fibers. 
In 2004, a successful research program (Genolyptus) was 
designed and launched to develop highly uniform clonal 
forests and to focus on the pulp and paper productivity. 
This Brazilian Network of Eucalyptus Genome Research is 
a nationwide network of laboratories and forestry compa-
nies and is devoted to an integrated molecular breeding 
approach (Grattapaglia 2004). Many companies already 
use hybrids developed within the Genolyptus framework 
aiming at the production of tissue and printing and writing 
paper grades. Recently, a new generation of Eucalyptus 
hybrids was deployed, which were thoroughly analyzed 
for their characteristics concerning fiber morphology 
and chemical properties (Prinsen et al. 2012). The evalu-
ation was aimed at alkaline peroxide mechanical pulping 
(Muguet et al. 2012) and thermomechanical pulping (TMP) 
(Muguet et al. 2013).

The kraft process is dominant for Eucalyptus wood 
pulping and the resulting fibers are largely used for print-
ing and writing paper and tissue. The current technol-
ogy for recovery of the kraft pulping chemicals, NaOH 
and Na2S, by means of the Tomlinson furnace is very 
efficient (Bose et  al. 2009). However, the ratio between 
power and steam production with the current technol-
ogy is not optimal. The black liquor gasification technol-
ogy instead of the Tomlinson furnace would improve this 
ratio, but the presence of sulfur in the black liquor makes 
the implementation of gasification difficult. Therefore, 
the development of a sulfur-free pulping process, such as 
the soda-anthraquinone (NaOH-AQ), is highly desirable 
(Bose et al. 2009). Mechanical pulping processes, on the 
other hand, give rise to a whole new category of products. 
The fibers obtained in high yield with their slightly hydro-
phobic surfaces (Muguet et  al. 2012) are well-suited for 
“green” biocomposite production.

Surface properties are of great importance for fiber 
products, as the strength development is partially related 
to the interface phenomena between fibers. Of course, 
the fiber properties are strongly affected by the type of 
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pulping processes. One of the keys to obtain tailored fibers 
for specific targeted purposes is a better understanding of 
the surface properties of fibers, including the state-of-the-
art Eucalyptus hybrids.

The objective of this study was to evaluate the surface 
chemistry of pulps produced by the kraft, NaOH-AQ, and 
TMP processes, which are derived from a novel Brazilian 
Eucalyptus triple hybrid [Eucalyptus grandis  ×  (Eucalyptus 
urophylla  ×  Eucalyptus globulus)].

Materials and methods
A novel Brazil-grown Eucalyptus triple hybrid E. grandis  ×  [E. uro-
phylla  ×  E. globulus], coded as G1xUGL, was obtained from the Brazilian 
Network of Eucalyptus Genome Research – Genolyptus. Its characteri-
zation is presented in Table 1. This hybrid was chosen due to its high 
annual growth, high density, and high xylan content among various 
Brazilian Eucalyptus hybrids. Most importantly, this hybrid contains 
E. globulus, which is known as the most suitable Eucalyptus species 
for pulp and papermaking, in its genotype. In addition, Prinsen et al. 
(2012) demonstrated that the G1xUGL hybrid has more uncondensed 
lignin structures than other Brazilian Eucalyptus hybrids, which 
means that it is an easy-delignifying raw material.

Wood density was evaluated according to the TAPPI standard 
(T258 om-06). The carbohydrate composition of wood and pulps 
were analyzed by HPAEC-PAD after acid hydrolysis following the 
procedure described by Wallis et al. (1996). Klason and acid soluble 
lignin were measured according to Gomide and Demuner’s (1986) 
and Goldschmid’s (1971) studies, respectively. The total lignin con-
tent is taken as the sum of Klason and acid soluble lignin (Dence 
1992). Lignin syringyl/guaiacyl ratio (S/G) was determined by 
nitrobenzene oxidation according to Lin et  al. (1992). Total uronic 
acids and acetyl groups were evaluated according to Scott (1979) 
and Solar et  al. (1987), respectively. Hexenuronic acid content and 
kappa number of chemical pulps were evaluated according to Vuori-
nen et al. (1999) and the TAPPI standard (T236 om-06), respectively. 
Molar mass distribution of the chemical pulps via GPC was evaluated 
according to Borrega et al. (2013). The samples were activated by a  
water-acetone-N,N-dimethylacetamide (DMAc) sequence prior to  

Table 1 Wood basic density and its general chemical composition 
expressed as percentage based on the extractive free dry wood 
weight.

Carbohydrates (%) Glucans 46.2
Xylan 13.6
Others 2.1

Acetyl groups (%) 2.9
Uronic acids (%) 4.0
Lignin content (%) Klason 25.4

Acid soluble 5.0
Total 30.4

Lignin S/G ratio 3.1
Density of wood (kg m-3) 500

the analyses. The activated samples were dissolved in 90 g l-1 LiCl 
solution containing DMAc at room temperature under gentle stirring. 
The samples were then diluted to 9 g l-1 LiCl/DMAc, filtered with 0.2-
μm syringe filters, and analyzed in a Dionex Ultimate 3000 system 
(Thermo Scientific Inc., Sunnyvale, USA) with a guard column, four 
analytical columns (PLgel Mixed-A, 7.5 × 300 mm), and RI-detection 
(Shodex RI-101, Showa Denko K K,  Tokyo, Japan). Flow rate: 0.750 ml 
min-1, 25°C. The system was calibrated with paucidisperse pullulan 
standards (343 Da–2500 kDa, PSS GmbH).

Kraft and NaOH-AQ cooking were carried out in an M&K 
digester, with two individual reactors (10 l each), equipped with a 
forced liquor circulation system and electrical heating under tem-
perature and pressure control. Conditions: variable active alkali, 
sulfidity 26% (only for the kraft process), AQ 0.05% (for the NaOH-AQ 
process), liquor-to-wood ratio 4:1 (l kg-1), maximum temperature of 
170°C, time to temperature (TTT) 90 min, and time at temperature 
(TAT) 50 min. Several cooking experiments were performed using 
different active alkali charges to establish the delignification curve 
(kappa no. vs. active alkali). After this, samples of pulp with kappa 
no. 15 were prepared. These samples were refined in a PFI mill at four 
different revolution levels, aimed at ca. 200 ml freeness, according to 
the TAPPI standard (T248 sp-00).

The TMP process was carried out in two steps. Firstly, the pre-
impregnation with deionized water, water-to-wood ratio 4:1 (l kg-1), 
10 bar pressure of pure oxygen, 5 h reaction time, to ensure complete 
saturation of the chips. Secondly, the mechanical defibration was 
carried out in a wing defibrator at ca. 37% consistency, 130°C, and 
refining times of 5, 10, and 15 min, as previously published (Muguet 
et al. 2013).

Handsheets were prepared (ISO 5269:1:2005) and tested for 
grammage (ISO 536:1995), brightness (ISO 2470:1999), and tensile 
index (SCAN-P38). The X-ray photoelectron spectroscopy (XPS) eval-
uation of surface lignin is based on the analysis of high resolution 
carbon C 1s signal recorded from samples with and without acetone 
extraction (6  h Soxhlet extraction), according to Johansson et  al. 
(2004) and Koljonen et al. (2003). The Raman spectra were recorded 
according to Jääskeläinen et  al. (2005); the baseline was corrected 
with Grams software (Thermo Scientific Inc., Sunnyvale, USA) and 
the normalization was based on the band at 1600 cm-1. Fiber morpho-
logical analyses were performed with the FiberLab analyzer (Metso 
Automation, Kajaani, Finland). SEM micrographs were obtained with 
a Hitachi TM-1000 (Hitachi High-Technologies Corporation, Tokyo, 
Japan) instrument after coating the samples with gold.

Results and discussion

TMP process

Usually, hardwoods are not suited for thermomechani-
cal processes because of their high specific energy con-
sumption (S.E.C.), which is the key limiting factor of such 
processes (Browne et al. 2001). However, hardwood TMP 
production may be reconsidered in view of the new tech-
nologies with lower S.E.C. The results of TMP refining 
experiments of the Eucalyptus wood used in this study is 
already published (Muguet et al. 2013) (Table 2).
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Kraft and NaOH-AQ pulping

The major disadvantages of the NaOH-AQ process, when 
compared to the kraft process, are the poorer bleachabil-
ity and higher NaOH requirement (Bose et al. 2009). The 
latter can be observed in the present study (Table 3).

A higher brightness of the NaOH-AQ pulps is in accord-
ance with the findings for Acer saccharum by Bose et al. 
(2009). Lower viscosity for NaOH-AQ pulps was also found 
for other Eucalyptus species (Khristova et  al. 2006) and 
reflects the higher alkalinity in the NaOH-AQ cook. These 
results are in line with the data of molecular weight distri-
bution (MWD), which shows higher Mw for the kraft pulp 
compared to NaOH-AQ pulp, indicating less carbohydrates 
chain cleavage in the former. Besides, the xylan content 
was notably higher for the kraft pulp, which has also been 
observed for the softwoods by Sjöberg et  al. (2002). The 
severe xylan loss by ca. 44% in kraft pulping in this study 
is in line with the results for Eucalyptus wood (Magaton 
et al. 2009, 2011). However, the xylan loss  > 60% in case of 
the NaOH-AQ process is even harsher. It should be pointed 
out that the xylan has a tendency to precipitate onto the 
fibers during the final cooking phase (Yllner and Enström 

Table 2 Results of the TMP refining.

Refining 
time (min)

S.E.C. (MWh  
odt-1)

Freeness 
(ml)

Based on wood (%)

Rejects Fines

5 2.62 525 2.2 14.0
10 4.39 375 2.2 14.6
15 5.83 295 1.2 12.5

S.E.C., specific energy consumption.

Table 3 Results of kraft and NaOH-AQ cooking results and chemical 
composition of the pulps.

Pulping method

Kraft NaOH-AQ

Alkali charge (% NaOH) 27.5 29.5
Residual alkali (g l-1 NaOH) 9.6 20.2
Black liquor pH 13.1 13.6
Kappa number 15.0 15.0
Brightness (% ISO) 32.7 34.4
Viscosity (dm3 kg-1) 1144 951
Glucans (%) 81.6 86.2
Xylan (%) 15.4 10.4
Uronic acids (%) 0.7 0.3
HexA (mmol kg-1) 41.8 21.2
Mw (kDa) 550.2 482.9
Mn (kDa) 106.8 106.0
Polydispersity 5.1 4.6
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Figure 1 Molecular mass distribution (a) and Raman spectra (b) of 
kraft and NaOH-AQ pulps.

1956, 1957; Aurell 1963, 1965; Hansson and Hartler 1969; 
Danielsson and Lindström 2005, 2009; Muguet et al. 2011). 
Such effects are influenced by many factors, e.g., the pH 
and/or OH ion concentration. At low OH ions concentra-
tion, precipitation is favored, which can partly explain the 
higher amount of xylan in the kraft pulp, as the residual 
alkali was ca. 50% lower than that in the NaOH-AQ cook 
(Table 3). Furthermore, such differences can also be seen 
on the MWD (Figure 1a), where the detector intensities at 
ca. 30 kDa (hemicelluloses) are higher for the kraft pulp. 
This difference in the xylan content may have various 
effects, especially on the S.E.C., refinability, and the 
bonding ability (Muguet et al. 2011; Silva et al. 2011).

Part of the xylan’s uronic acid side groups are con-
verted to hexenuronic acids (HexA) during chemical 
pulping (Daniel et  al. 2003; Simão et  al. 2005) and that 
conversion has a retarding effect on alkaline peeling (Jiang 
et al. 2000). At high temperatures and under strong alka-
line conditions, HexA that were previously formed start 
decomposing slowly (Johansson and Samuelson 1977; Gus-
tavsson and Al-Dajani 2000), which can explain the lower 
HexA content for the NaOH-AQ pulp. HexA are visible on 
the 1655  cm-1 band of the Raman spectra (Jääskeläinen 
et  al. 2005). Figure  1b shows that the kraft pulp has a 

 - 10.1515/hf-2013-0114
Downloaded from De Gruyter Online at 09/26/2016 01:16:32PM

via Aalto University - (former Helsinki Univ. of Technology)



276      M.C.dos S. Muguet et al.: Fiber properties of a novel Eucalyptus hybrid

higher intensity in a range related to HexA, which corrobo-
rates the results of Vuorinen et al. (1999) (Table 3).

Even though chemical pulps produce strong fibers, 
such properties are not necessarily optimal for end users of 
paper and fiber products. Refining is an established indus-
trial technique used to develop physical and mechanical 
properties via mechanical action. Different refinabilities 
can be seen between the chemical pulps (Figure 2), where 
the kraft pulp is PFI refined with 1000, 2000, and 3000 
revolutions and the NaOH-AQ pulp with 3000, 4000, and 
5000 revolutions. Refining of the NaOH-AQ pulp to 200 ml 
freeness required ∼70% more energy than the kraft pulp.

Such differences are related probably to the higher 
xylan and uronic acid content of the kraft pulp (Table 2). 
Hemicelluloses are highly hydrophilic and increase pulp 
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Figure 3 Example of XPS spectra (Kraft-1000) showing high resolution of O 1s and C 1s peaks with calculated carbon components. C1 for 
carbon atoms with no bonds to oxygen (C-C, C = C); C2 for carbon atoms with one bond to oxygen (C-O, C-O-C); and C3 for carbon atoms with 
two bonds to oxygen (C = O, O-C-O) (Zhou et al. 2006).
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Figure 2 Development of Canadian standard freeness as a function 
of S.E.C. in refining of kraft and NaOH-AQ pulps.

refinability (Bhaduri et  al. 1995). Muguet et  al. (2011) 
showed that by increasing the xylan content in Eucalyptus 
pulps, better technical properties can be achieved.

Surface properties

Surface properties of cellulosic fibers are essential for a 
good performance in various products and they govern 
the interfiber bonding. XPS is a well-known surface char-
acterization technique (Laine et al. 1994; Johansson and 
Campbell 2004). The handsheets were extracted with 
acetone, and the XPS measurements were performed with 
both extracted (ext.) and non-extracted (non-ext.) hand-
sheet samples (Figure 3).

As seen from the C1s high resolution spectra, the 
content of C1 species are overall notably lower for the 
extracted samples when compared to the non-extracted 
ones, which indicates the successful removal of extrac-
tives. The quantification of the carbon species for the 
wood and all pulp samples are presented in Table 4.

The surface lignin content from the C1% in acetone 
extracted pulps was calculated according to Koljonen 
et al. (2003). Figure 4a shows the concentration of lignin 
and carbohydrates calculated after high-resolution carbon 
deconvolution. The decrease in the lignin coverage with 
longer refining was expected, since the refining exposes 
secondary cell wall that is known to have lower lignin 
content than the primary cell wall of chemical pulp fibers.

Similar results have been found earlier for Eucalyp-
tus pulp (Fardim and Durán 2003). NaOH-AQ pulps have 
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Table 4 Results based on the deconvolution of the XPS signals.a

Materials Parameter Treatment C1* (%) C2* (%) C3* (%) C4* (%) C2/C3

Wood Non-ext. 52.0 36.2 8.3 3.5 4.38
Ext. 24.2 57.2 13.4 5.2 4.27

TMP 5 minb Non-ext. 16.5 65.4 13.6 4.6 4.82
Ext. 14.1 68.6 13.2 4.1 5.20

10 min Non-ext. 15.3 66.1 14.0 4.7 4.73
Ext. 12.8 69.4 13.7 4.0 5.06

15 min Non-ext. 15.0 66.7 13.9 4.5 4.82
Ext. 12.7 69.2 13.8 4.3 5.00

Kraft 0 Non-ext. 20.4 62.4 15.7 1.5 3.97
Ext. 10.0 71.2 17.7 1.1 4.01

1000c Non-ext. 22.9 60.8 15.1 1.2 4.03
Ext. 5.4 74.7 18.7 1.1 3.99

2000 Non-ext. 16.1 66.2 16.5 1.2 4.01
Ext. 4.0 76.1 18.9 1.0 4.03

3000 Non-ext. 14.0 67.9 16.9 1.2 4.02
Ext. 4.9 75.3 18.6 1.3 4.05

NaOH-AQ 0 Non-ext. 19.2 63.6 15.4 1.9 4.12
Ext. 4.9 75.4 18.5 1.3 4.08

3000c Non-ext. 13.1 68.8 16.9 1.2 4.06
Ext. 4.2 76.2 18.4 1.2 4.15

4000 Non-ext. 9.6 71.8 17.5 1.2 4.11
Ext. 3.4 76.7 18.8 1.1 4.09

5000 Non-ext. 10.0 71.4 17.3 1.4 4.13
Ext. 3.5 76.8 18.7 1.0 4.11

aC1*, percentage of carbon without bonds to oxygen (C-C, C = C); C2*, percentage of carbon atoms with one bond to oxygen (C-O, C-O-C); 
C3*, percentage of carbon atoms with two bonds to oxygen (C = O, O-C-O); and C4*, percentage of carbon atoms with three bonds to oxygen 
(O-C = O) (Zhou et al. 2006).
bRefining time.
cNumber of PFI revolutions.

lower lignin and higher carbohydrates coverage when 
compared to the kraft samples. Moreover, there is an addi-
tional subtle difference in the XPS high-resolution spectra 
of the carbon C1s region.

Furthermore, an interesting feature was applied in 
this study. XPS C2/C3 ratio was calculated for surface 
characterization (see Figure 5 for explanation). Nominally, 
cellulose shows a 5:1 ratio, whereas the xylan backbone 
shows ca. 4:1. However, an experimental ratio of 4.2 for 
pure cellulose reference samples is measured. Moreover, 
it was assumed that the influence of residual lignin, and 
side groups of xylan would have a minimum effect on the 
C2/C3 ratio values.

The C2/C3 ratios of the extracted pulps shift slightly 
down (4.11 for NaOH-AQ and 4.01 for kraft) from the 
experimental value of 4.2 measured for pure cellulose. 
The difference in the C2/C3 ratio between the kraft and 
NaOH-AQ pulps could be explained by differences in the 
surface xylan content. In that case, the lower values for 
kraft pulps suggest that there is more xylan in the car-
bohydrate fraction on the surface, which is in line with 
the total xylan amount of the pulp (Table 3). The higher 

value for NaOH-AQ, which is closer to pure cellulose, 
gives another indication for the harshness of the process 
regarding hemicelluloses removal, which was already 
observed as low xylan content of that pulp (Table  3). 
Fardim and Durán (2002) found that by increasing the 
amount of active alkali in kraft cooking, less lignin is left 
on the fiber surface. Likewise, the slightly lower lignin 
surface coverage of NaOH-AQ pulps might be due to the 
higher alkali charge used (Table 3). Moreover, the increase 
in active alkali reduces the surface charge in pulps, due 
to removal of lignin and uronic acid side groups of xylan 
(Fardim and Durán 2005), which was also detected in this 
study (Table 3).

Higher amounts of hemicelluloses on the surface of 
kraft pulps, when compared to that of NaOH-AQ pulps, 
were also found for softwoods by Sjöberg et  al. (2004). 
Fardim and Durán (2003) suggested that part of the xylan 
from the inner fiber layers are released during the refin-
ing process and might be adsorbed on the fiber surface. 
The higher amount of xylan on the surface promotes 
bonding and stress transfer and leads to better mechani-
cal properties.
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Table 5 Morphological characteristics of all pulp samples.

Parameter Length (mm) Width (μm)

TMPa 5 minb 0.57 16.8
10 min 0.60 16.7
15 min 0.58 16.3

Kraft 0 0.77 15.3
1000c 0.72 15.1
2000 0.71 15.0
3000 0.69 15.1

NaOH-AQ 0 0.81 14.9
3000c 0.66 14.5
4000 0.63 14.4
5000 0.62 14.5

aMuguet et al. (2013).
bRefining time.
cNumber of PFI revolutions.
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Figure 5 Cellulose and xylan partial structures for illustration of 
XPS results. For C2 (red circles) and C3 (green squares), see caption 
of Figure 3.

lignin matrix. Each zone is incompletely softened, and 
the overall fracture modulus of the wood remains high 
(Irvine 1985). That is the case of the TMP process, where 
the lignin as the main component of the middle lamella, 
remains hard, whereas the rest of the cell wall is more 
softened. Such a theory is corroborated by the lignin cov-
erage of the TMP fibers, which was ca. half of the lignin 
coverage of the wood chips (Figure  4), indicating that 
the defibration mostly took place on the secondary wall, 
which was expectable (Franzén 1986; Gustafsson et  al. 
2003; Muguet et  al. 2013). Moreover, the lignin concen-
tration in the wood fibers’ S2 layer amounts to ca. 20% 
(Panshin and DeZeeuw 1970), and this confirms the inter-
pretation that the defibration takes place in the second-
ary wall during the TMP process.

Fiber morphology and mechanical properties

Fiber morphology has a direct influence on the paper 
properties. Table  5 shows that the kraft pulping deliv-
ers stronger fibers, in the sense that the decrease in fiber 
length during refining was smaller than that of NaOH-AQ 
pulps (Table  5). Also, the harshness of the NaOH-AQ 
pulping is manifested in the lower values of fiber width, 
probably due to the extensive removal of hemicelluloses 
across the process, leaving the cell wall more porous and 
frayed. The other explanation is that hemicelluloses intro-
duce carboxylic groups into the fibers, leading to more 
swelling (Eriksson and Sjoström 1968), which can explain 
the higher fiber width values for the kraft pulp fibers. With 
hardwood fibers in general, fiber length can be considered 
as nearly uniform; thus, this parameter is small in compar-
ison with the fiber cross-sectional properties (Pulkkinen 

During mechanical pulping, lignin glass transi-
tion temperature (Tg) has a direct effect on the process. 
At temperatures below the lignin Tg, the cell wall can be 
considered as consisting of largely tangentially oriented 
lamellae of two zones, each of which has both hard and 
soft components. This means that the microfibrils consist 
of paracrystalline cellulose (as “soft” segments), crys-
talline cellulose (stiff and “hard” segments), and “soft” 
hemicelluloses. The fibers are surrounded by a “hard” 
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and Alopaeus 2012). Salmén and Burgert (2009) empha-
sized the importance of transversal dimensions (i.e., fiber 
wall thickness) for the mechanical properties of hand-
sheets. The probability is high that a decrease in the fiber 
width corresponds to a decrease in the fiber wall thick-
ness, which explains the better mechanical properties of 
the kraft pulps compared to NaOH-AQ pulps (Figure 4b). 
The results presented here are in agreement with the data 

of Prinsen et al. (2012), who found in the wood of the same 
G1xUGL hybrid a fiber length of ca. 0.75–1 mm and fiber 
width of ca. 17–23 μm.

The TMP fibers show lower fiber length values when 
compared to wood fibers (Prinsen et al. 2012), due to the 
mechanical actions taking place inside the refiner during 
the wood defibration, which leads to the formation of 
fines (Table 2).

D2,3 x10 k 10 µm D2,6 x3,0 k 30 µm

D2,6 x10 k 10 µm D2,5 x3,0 k 30 µm

D2,6 x10 k 10 µm D2,3 x3,0 k 30 µm

Figure 6 SEM micrographs: (a) TMP-5, 10 000 × ; (b) TMP-15, 3000 × ; (c) Kraft-0, 10 000 × ; (d) Kraft-3000, 3000 × ; (e) NaOH-AQ-0, 10 000 × ; 
and (f) NaOH-AQ-5000, 3000 × .
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High magnification SEM micrographs (10 000 × ) 
permits the identification of some peculiarities (Figure 6). 
For TMP fibers, delamination of the cell wall is visible 
(Figure 6a), which is in line with the theory that the fibers’ 
rupture occurs along the S1 layer of the secondary wall 
during defibration (Franzén 1986). Moreover, the fibril-
lation is really poor as bundles of microfibrils are more 
apparent than a single microfibril (Figure  6b). For the 
chemical pulp samples, the comparison is more challeng-
ing as the images are very similar.

The most common tool for evaluating the fiber prod-
ucts’ strength and quality is the tensile index. TMP pulps 
show extremely low tensile strength, due to low fiber flex-
ibility and low sheet density (Muguet et  al. 2013). Even 
though the NaOH-AQ pulps were refined with more revolu-
tions than the kraft pulps (Figure 2), their tensile strength 
values are lower than those of the kraft pulp (Figure 4b). 
This can be explained by the lower xylan content of the 
former. The C2/C3 ratios of XPS data related to the fibers’ 
surface coverage with xylan corroborates the higher tensile 
indices of the kraft pulps (Table  4). Xylan is extremely 
important for fiber bonding and pulp mechanical prop-
erties (Sihtola and Blomberg 1975; Schönberg et al. 2001; 
Sjöberg et  al. 2002; Kataja-aho et  al. 2011; Muguet et  al. 
2011; Schwikal et al. 2011; Silva et al. 2011; Han et al. 2012). 
The ionic carboxylate groups of xylans increase the swell-
ing of fibers. This results in a higher fiber’s specific surface 
with more potentially reactive sites and better flexibility 
and conformability, increasing the fiber to fiber bonding 
(Eriksson and Sjoström 1968). Dahlman et al. (2003) sug-
gested that the content and Mw of the hemicelluloses on 
the surface are higher than that in the inner layers of the 
fiber wall, and these parameters could serve as a predic-
tor of strength and bonding ability of the fibers. Muguet 
et al. (2011) stated that hemicelluloses can act as a stress-
transfer matrix. Kim et al. (1975) proposed that hemicel-
luloses in fibers improve the mobility of fibrils and their 
self-organization during drying, and this straightens dis-
locations and other potential weak spots.

Conclusions
Kraft process delivers stronger fibers with a higher amount 
of xylan when compared to the NaOH-AQ process. High 
resolution of XPS data obtained by carbon peak deconvo-
lution and calculation of surface components show that 
kraft fibers’ surface lignin content is higher compared to 
that of the NaOH-AQ fibers. However, the XPS C2/C3 ratio 
of kraft pulp fibers was lower, indicating higher xylan 
content on the surface when compared to NaOH-AQ fibers. 
This is in line with the total amount of xylan in the pulp. 
Such results explain the better physical and mechanical 
properties of kraft pulp fibers when compared to NaOH-
AQ, despite the higher surface lignin content. The finding 
of Wang et al. (2011) that the relative bonded area is more 
important than the lignin surface coverage on mechanical 
properties can be confirmed. For the TMP process, the rel-
atively low surface lignin content compared to wood sug-
gests that defibration takes place in the secondary wall. 
Fiber properties can be tailored by simply choosing the 
right pulping technique.
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