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ARTICLE INFO ABSTRACT

Keywords: The surface chemistry of bio-based materials governs surface properties such as adhesion but can also be central

CTMP to other functional properties such as dry and wet strength; however, how temperature-driven reorganization

Extractives during processing occurs is not well understood. Laboratory-prepared, statically hot-pressed CTMP handsheets
E‘;il:esmng and industrially hot-pressed CTMP sheets were investigated to evaluate temperature-dependent surface reor-
Polysaccharides ganization. A comparison of ATR-FTIR and ToF-SIMS results showed that heat treatment induced chemical
Surface chemistry changes at the nanometer scale. Principal component analysis revealed systematic variation with temperature
ToF-SIMS and sheet side, while orthogonal partial least squares-discriminant analysis and a shared-and-unique-structures

plot isolated temperature-specific marker ions independent of front/back-side asymmetry. At 100 °C, the front-
side is enriched in small carbohydrate- and lignin-derived fragments, sterols, and medium-chain fatty acid salts;
at 200 °C, lignin-derived fragments and long-chain fatty acids are more abundant. Side controls show no sys-
tematic front/back-side differences, indicating a primarily temperature-driven effect. The observed temperature-
dependent surface reorganization is attributed to moisture-assisted thermal softening, enhanced polymer-
segment mobility, and redistribution of lignin-rich domains and extractives during hot pressing. The marker-
set workflow provides an interface-sensitive approach for resolving temperature-driven surface reorganization
in chemically heterogeneous lignocellulosic materials.

1. Introduction hot-pressing of CTMP sheets remain poorly resolved. Most existing

studies emphasize bulk chemistry or macroscopic property changes,

The chemical composition at the surface of bio-based materials is
central to their functionality, yet our understanding of how their native
macromolecules reorganize under thermal processing remains limited,
partly because systematic methodologies for identifying surface-specific
chemical changes are still scarce. Hot-pressing has been reported to
enhance dry and wet strength of lignocellulosic fiber sheets [1,2],
commonly attributed to thermally activated softening and redistribution
of lignin that promotes interfacial contact and adhesion. Elevated tem-
peratures may also drive migration of extractives and alter the balance
between lignin- and carbohydrate-derived surface components [2,3],
and thereby influence fiber—fiber joint strength [1,4].

While thermally induced surface migration has been demonstrated in
related wood systems [5], surface-specific chemical changes during

leaving the specific surface-active species that enrich or deplete during
hot-pressing largely unresolved, despite their importance in controlling
interfacial behavior during use [6]. A clearer understanding of these
changes is essential for designing sustainable fiber materials that rely on
inherent surface chemistry rather than on additional treatments.
Characterizing temperature-induced surface reorganization in
lignocellulosic materials remains challenging because many conven-
tional analytical techniques primarily probe bulk composition or pro-
vide limited molecular specificity at the outermost surface. Time-of-
flight secondary ion mass spectrometry (ToF-SIMS) is particularly well
suited for this purpose because it provides chemically resolved infor-
mation from the outermost molecular layers while simultaneously
detecting a broad range of organic and inorganic surface species.
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Techniques such as ATR-FTIR and X-ray photoelectron spectroscopy
(XPS) can provide valuable complementary information on functional
groups and elemental surface composition, respectively; however, they
do not directly provide fragment-level molecular fingerprints from the
outermost surface [7]. ToF-SIMS can resolve which ion families
contribute to a surface-chemical contrast and how those signals are
distributed across heterogeneous fiber surfaces [8]. However, the
resulting spectra contain hundreds of fragment ions arising from ligno-
cellulosic polymers, extractives, inorganic species, and their associated
adducts. Consequently, multivariate chemometric methods are essential
for extracting systematic chemical trends and identifying
temperature-dependent surface fingerprints from these complex data-
sets [9,10].

2. Experimental
2.1. Materials

Chemi-thermomechanical pulp (CTMP) sheets were supplied by
Stora Enso (Sweden). Unbleached softwood CTMP was dispersed in
deionized water before being mixed at room temperature in an L&W
pulp disintegrator (Lorentzen & Wettre, ABB) for 60,000 revolutions at
2900 rpm and formed into laboratory handsheets with a target gram-
mage of 150 gm 2 were made according to the TAPPI/ANSI T 205 sp-18
standard41. Following sheet formation, the wet handsheets were dried
under restraint between blotters with ~3 kg stainless-steel plate to
produce flat and uniform sheets. The laboratory handsheets were sub-
sequently subjected to static hot pressing using a LabPro press (Fontijne
Presses, The Netherlands). The sheets (with a diameter of 16.5 cm) were
placed between two metal plates lined with Teflon sheets and pressed at
a constant force of 10 kN for 1 min. Three sample sets were prepared: a
reference (25 °C), and hot-pressed sheets at 100 °C and 200 °C. After hot
pressing, the sheets treated at elevated temperatures were immediately
transferred to room temperature and allowed to cool prior to surface
characterization.

Industrially hot-pressed CTMP sheets from Stora Enso were prepared
as described previously [11] and subsequently hot-pressed at two tem-
peratures (100 and 200 °C) under otherwise identical conditions (line
load, nip pressure, and web speed). For each hot-pressing temperature,
the side exposed to the heated surface is referred to as the front surface,
whereas the opposite side is referred to as the back (reference) surface.

Detailed analytical procedures for determination of the chemical
composition CTMP and results are provided in the Supporting Infor-
mation (SI).

2.2. ToF-SIMS analysis

ToF-SIMS measurements were performed on both sides of the sheets
prepared from the same batch at multiple surface locations, giving six
independent spectra per side and temperature (n = 6 for all analyses, i.
e., 100 °C front-side, 100 °C back-side, 200 °C front-side, and 200 °C
back-side, where front-side means the side that was exposed to heat).

Surface chemical profiles were acquired by time-of-flight secondary
ion mass spectrometry (ToF-SIMS V, IONTOF GmbH, Miinster, Ger-
many) operated in positive-ion mode with a pulsed Bi3+primary ion
beam (25 keV, ~0.35 pA). Static SIMS conditions were maintained
(primary ion dose <1 x 10'3 ions cm~2). Spectra were recorded over a
500 x 500 pm? raster with 15 scans per analysis position and a mass
range of m/z 0-800 with the cycle time of 125 ps. Charge compensation
was applied using a low-energy electron flood gun. For each sheet type
and treatment (100 and 200 °C, front- and back-side), six independent
surface locations were measured (n = 6), yielding a total of 24 spectra
for multivariate analysis. Peak lists were generated in SurfaceLab, and
single-ion intensities were normalized to the total ion current (TIC) prior
to further data processing.
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2.3. Multivariate analysis

Chemometric analysis was performed using SIMCA 18 (Sartorius/
Umetrics, Umed, Sweden). TIC-normalized peak intensities were mean-
centered and Pareto-scaled before modelling [12]. Supervised orthog-
onal projections to latent structures discriminant analysis (OPLS-DA)
models were built to compare (i) front- and back-sides at each
hot-pressing temperature and (ii) 100 and 200 °C treatments for the
hot-pressed front-side. Shared and unique structures (SUS) plots were
constructed by plotting the p(corr) loadings from the temperature model
against those from the corresponding side model. Model validity was
assessed by cross-validation, CV-ANOVA (p < 0.05), and permutation
testing. Marker ions were selected based on the combination of high
absolute correlation | p(corr) | (typically >0.4-0.6),
variable-importance-in-projection (VIP) > 1.0, and statistically signifi-
cant intensity differences according to Welch's unequal-variance t-test
on TIC-normalized data (p < 0.05).

3. Results and discussion

3.1. ATR-FTIR and ToF-SIMS analysis of static hot-pressed laboratory
sheets

To determine whether temperature-dependent chemical changes
occur at the fiber surface (within ~1-2 pm), ATR-FTIR measurements
were performed on laboratory-prepared CTMP handsheets on three
sample classes (reference and hot-pressed sheets (100 °C and 200 °C))
[13]. The average IR spectra exhibited the characteristic lignocellulosic
bands of cellulose, hemicelluloses, and lignin, with no pronounced dif-
ferences between the three sample classes. Even using principal
component analysis (PCA) on the IR spectra (Fig. S1) showed no clear
class separation. These observations indicate that no major chemical
changes are detectable over the ATR sampling depth.

To further investigate if we have chemical changes in the outermost
fiber surface due to heat treatment, we analyzed using ToF-SIMS, which
probes approximately the outermost 1-3 nm of the fiber surface [14].
Owing to its high surface sensitivity and mass resolution, ToF-SIMS is
well suited for characterizing heterogeneous lignocellulosic surfaces and
provides chemically resolved information on lignin, polysaccharides,
extractives, and inorganic species [15-17].

PCA showed systematic variation among the three sample classes,
with separation attributed to thermal treatment (Fig. 1a). To assess this
class separation more explicitly, we applied orthogonal partial least
squares-discriminant analysis (OPLS-DA), a supervised multivariate
method that separates predictive (class-correlated) and orthogonal
(class-uncorrelated) variation [9]. The corresponding global OPLS-DA
score plot confirmed clear discrimination among the reference,
100 °C, and 200 °C classes (Fig. 1b). Centroid arrows indicate the di-
rection of class displacement from the reference centroid to the
hot-pressed samples. Detailed model statistics for the global PCA and
OPLS-DA models, together with all pairwise models, are provided in the
SI (Fig. S2-S3).

3.2. ToF-SIMS analysis of industrially hot-pressed CTMP sheets

Having established measurable temperature-dependent differences
in static hot-pressed sheets, the next step was to investigate the influence
of temperature on industrial hot-pressed sheets, which are the primary
focus of this study. Due to the higher surface roughness of the
laboratory-prepared handsheets, reliable ToF-SIMS interpretation was
primarily limited to ions below approximately m/z 250. The smoother
industrially hot-pressed sheets provided improved spectral quality for
higher-m/z ions (m/z 800), enabling a more comprehensive interpreta-
tion of species. Furthermore, the industrially prepared sheets allowed
direct comparison of the heated front-side and the opposing back-side
surfaces, enabling temperature-driven chemical redistribution to be
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Fig. 1. Global PCA (a) and OPLS-DA (b) score plots of the laboratory static hot-pressed CTMP validation samples (untreated reference, 100 °C, and 200 °C),
demonstrating temperature-dependent surface chemical discrimination prior to analysis of the industrially hot-pressed sheets.

distinguished from front/back-side-related variation.

To distinguish temperature-driven chemistry from front/back-
related variation, we applied OPLS-DA to assess whether the four sur-
faces could be separated (Fig. 2). This test confirmed that the combined
effect of temperature and sheet side is strong and predictive. To identify
marker ions that reflect only temperature-driven molecular migration
and not front/back-side related variation in chemistry, and thereby
provide a robust, minimal mechanistic marker set for the hot-pressing-
temperature effect, four pairwise OPLS-DA comparisons were
performed.

To distinguish ions that respond specifically to temperature from
those influenced by front/back-side related variation in chemistry, we
used a shared and unique structures (SUS) plot [18-20]. In a SUS plot,
the correlation-scaled loadings (p(corr)) for the same variables are taken
from two OPLS-DA models built with partly overlapping class defini-
tions and are cross-plotted against one another. In our case, p(corr)
values from the 100 °C front/back-side model were placed on the x-axis,
and p(corr) values from the front-side 100 vs 200 °C model were placed
on the y-axis. The corresponding score plots showed clear class sepa-
ration for the 100 °C front/back-side model (Fig. 3a) and the front-side
100 versus 200 °C model (Fig. 3b).

The SUS plot derived from these two OPLS-DA models is shown in
Fig. 3c. The blue regions are defined as the areas that have absolute
values |p(corr)| > 0.6 in the pairwise comparison in M6 (100 vs 200 °C
front-side) and absolute values |p(corr)| < 0.6 in M5 (100 °C front-side
vs back-side). Thus, the upper blue region contains ions enriched on the
front-side at 200 °C, with high p(corr) in the temperature model (100 vs

200 °C, front-side) and low p(corr) in the side model (100 °C front vs
back). In contrast, the lower blue region contains ions enriched on the
front-side at 100 °C, with strong negative p(corr) in the temperature
model and low p(corr) in the front/back-side model. Together, these two
blue regions define the temperature-specific markers of interest in this
study. In contrast, the green region highlights ions that are predomi-
nantly side specific at 100 °C (front/back-side) with negligible temper-
ature dependence, and the orange region denotes ions that change
coherently in both models (shared effects across contrasts). Variables
near the origin have little or no discriminating power in either model.
Based on this separation, the analysis henceforth focuses on the blue-
marked regions in Fig. 3c.

The yellow stars within the blue regions denote selected marker ions
previously identified in the literature [16,21]. Table 1 lists the corre-
sponding m/z values and tentative species assignments for these starred
ions. The full set of marker ions, assignments, and literature references is
summarized in SI Table S1. To assess the relative temperature depen-
dence of the identified ions, we analyzed TIC-normalized ToF-SIMS
spectra (Fig. 4). The front/back-side controls at 100 °C and 200 °C
(Fig. 4b-d) show no systematic front/back-side differences, supporting a
temperature-driven effect rather than intrinsic front/back asymmetry.
We therefore focus on the most significant differences in the identified
ions between 100 °C and 200 °C.

Fig. 4a shows that, at 100 °C, the hot-pressed front-side is enriched in
lignin- and carbohydrate-related ions (m/z 63, 87, 109), sterol ions (oxo-
sitosterol CogHy47O™ at m/z 411; sitosterol CogHs; O™ at m/z 415) [21,22]
and fatty acid salt adducts (e.g., lignocerate and pentadecanoate, with
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Fig. 2. PCA (a) and OPLS-DA (b) score plots of the CTMP temperature treated sheets.

m/z 413 and 523, respectively). These species are consistent with re-
sidual wood extractives known to persist in pulp fiber matrices [21] and
are influenced by thermal behavior [23]. As seen in Fig. 4a and c, the
differences in ion count for the small fragments are less abundant than
for the larger fragments. Fig. 4c shows that, on the front-side at 200 °C,
the surface is enriched in lignin-related aromatic ions (C¢HgO3 at m/z
128; CoHoO3 at m/z 165), as well as long-chain fatty acid-derived
fragments and metal-carboxylate adducts, including Ca-myristate and
Ca-pentadecanoate (m/z 268, 296) [21,24] and Cp4—Cas fragments (m/z
355, 369, 383). The precise origin of the observed Ca-containing adducts
cannot be determined from the present data, but they could potentially
indicate exposure to calcium-containing water or process streams during
pulp washing or sheet preparation [17,25,26].

Notably, at 200 °C, the front-side shows clear enrichment in lignin-
derived fragments and long-chain fatty acid salts; by contrast, at
100 °C, the front-side is instead characterized by relatively higher
abundances of sterols and medium-chain fatty acids. Enrichment at the
surface likely reflects thermal softening and enhanced mobility of lignin-
derived fragments and extractives at higher temperature, which
together promote migration to the surface and thus surface enrichment
of these compounds. However, for the front-side of the 100 °C hot-

pressed sheet, the surface-exposed polysaccharides, sterols, and
medium-chain fatty acids are more apparent.

The literature indicates that surface reorganization is temperature-
dependent due to moisture-assisted softening of lignocellulosic poly-
mers during hot-pressing [4,27,28]. Residual moisture then acts as a
plasticizer for the amorphous lignin and hemicellulose phases, lowering
their effective glass-transition temperatures and increasing
polymer-segment mobility under elevated temperature and pressure.
This enhanced mobility can facilitate the redistribution of lignin-rich
domains and hydrophobic extractives toward favorable surface regions.

Although localized degradation reactions cannot be entirely
excluded, the temperatures employed in this study and the residence
time under the heated nip (<1 s) limit the extent of thermal degradation.
It is likely that the observed surface chemical differences can be inter-
preted primarily as the result of temperature-driven reorganization of
existing chemical components [23,29].

In addition to improved smoothness, such extractive accumulation
may be associated with altered surface properties [30]. In this work,
temperature-driven surface changes are resolved using a chemometrics
guided ToF-SIMS and SUS plot workflow, and the resulting marker set
provides a robust basis for identifying mobile compounds.



N. Venkatraman et al.

100 °C
W100°C

Score - CTMP sheet (M5, OPLS-DA)

e © 9o o
2 B 8 §

to[1] x 1.14302
o
“+

S

S
~

03

0 01 02
] x 100151

48, R2xo[1

Polymer Testing 161 (2026) 109301

Score - CTMP sheet (M6, OPLS-DA) 100 °C front-side

200 °C front-side

°
o
°
®
S
°
°
°

01 0 o1 02 03 04
t[1] x 100016

R2X, R2X[1
95%)

).473, R2Xo[1 ).164,

M6.p(corr)[1] - front-side100 °C vs 200 °C

M5.p(corr)[1] - 100 °C front vs back-side

Fig. 3. OPLS-DA score plots for hot-pressed CTMP sheet showing (a) front-side 100 versus 200 °C and (b) front/back-side samples at 100 °C, and (c) the SUS plot
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Table 1
Temperature-enriched marker ions with tentative assignments.

m/z Assignment Temperature-Driven ions
63 CsHj 100 °C
87 C4H,03 100 °C
109 CeHs03 100 °C
411 CaoHy70™" 100 °C
413 Cp4H4g02Na™t 100 °C
415 CaoHs1 07" 100 °C
523 C3oHs904Ca™ 100 °C
128 CeHgO3 200 °C
165 CoHoO3 200 °C
268 C14H0,Ca™ 200 °C
296 C16H3202Ca™ 200 °C
355 Cp4H5:0™" 200 °C
369 C24H4903 200 °C
383 CosH5,03 200 °C

4. Conclusions

Laboratory-prepared, statically hot-pressed CTMP handsheets
showed that hot pressing induces chemical changes at the nanometer
scale relative to untreated CTMP, whereas studies of industrially hot-
pressed CTMP sheets revealed temperature-dependent surface reorga-
nization using ToF-SIMS and chemometric analysis. While global
multivariate analysis of industrially hot-pressed sheets captured

contributions from both temperature and sheet side, the SUS-based
workflow isolated a robust set of temperature-responsive marker ions
independent of front/back-side asymmetry. The front side hot-pressed at
100 °C was relatively enriched in small carbohydrate- and lignin-related
fragments, sterols, and medium-chain fatty acid salts, whereas the sur-
face at 200 °C showed increased abundance of lignin-derived aromatic
ions and long-chain fatty acid-related species. These findings support a
temperature-driven redistribution mechanism involving enhanced
mobility of lignin-related components and extractives at higher tem-
peratures. The proposed workflow therefore provides a practical and
chemically interpretable strategy for monitoring process-induced sur-
face reorganization in lignocellulosic sheet materials.

Declaration of generative Al and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work, the authors used Microsoft
Copilot to improve the phrasing and clarity of this manuscript. All sci-
entific content, interpretation, and final wording were reviewed and
approved by the authors, who take full responsibility for the published
text.

Funding

This work was supported by the Bo Rydin Foundation for NV salary,
and FibRe — Design for circularity — Lignocellulose-based thermoplastics,



N. Venkatraman et al.

Polymer Testing 161 (2026) 109301

a b
1E-4 1E-4
 — *k*x *%x * *% *kk *k% * E — n.s. n.s. n.s. n.s. n.s. n.s. n.s.
3 y R e I = d?_' N
2 2 -
s P ~= PP o~
£ £
E E
o <}
[ =
O 40| o
g1 £ 101
@ [
o o
[ (=4
(1] [0}
© hel
= =
3 3
Qo Qo
< <
[ =3 =
s ' + s '] $+
Pp T+ ¢
K = & 3
[5) [} \*/
© ©
Temperature | 100 | 200 | 100 [ 200 | 100 | 200 | 100 [ 200 [ 100 [ 200 [ 100 [ 200 [ 100 [ 200 Sides |Back]F [Front[Back][Fr IF [FronBack]Fr [Front
mz| 63" 87" 109* M1* 415" 413" 523" mz| 3" 87" 109" 411" 45* 413* 523"
- i . . . & o 5 N N - . o 5
Fragment| cMs c 02 o2 (;,‘.,\-\no c,ﬁ\'\s\o c”\,\moi“ cw\,\sf,op Fragment| s o0 cdo Cr&““o cig\—\sxo cv\,\mm“ cw‘"ﬁﬁo‘c
c 1E-4 1E-4
= EE3 * F*kk *% EEEFS * k% ETE T — n.s., n.s. n.s. n.s. n.s. n.s., n.s.
3 kol I Tk B oA T ko (S sk T ok L i - E-
L 1004 e 2 N
© @
E E 2
o o
(= c 10
[9) o 104
Q Q
g A g §
@ ©
2 2
> 104 =
Q Q
5 ® v ¢ é ¢
2 4 ® 2 1 @&
K ©
Q Q
4 14
Temperature [ 100 | 200 [ 100 [ 200 [ 100 [ 200 100 | 200 | 100 [ 200 [ 100 [ 200 [ 100 200 Sides Back] [Front[Back[Fr [ [Front{Back[Fr [Fron
mz| 128 165" 268" 296* 355" 369* 383" mz| 128 165" 268" 296" 355" 369* 383"
Fragment| ¢ WO AL o, ~\,\ﬂ()-zc’a c‘a\‘\azoica cas® | o 0 | o W02 | Fragment| ¢nOs oL c“\‘\ﬂoica cﬁ\,\!,p-aca Cats® | o e | gm0

Fig. 4. Temperature-dependent behavior of selected marker ions on hot-pressed CTMP surfaces; a) TIC-normalized ion abundances on the front side at 100 and
200 °C for ions enriched at 100 °C; b) Front/back-side comparison at 100 °C for the same ions (side-control); ¢) TIC-normalized ion abundances on the front-side at
100 and 200 °C for ions enriched at 200 °C; d) Front/back-side comparison at 200 °C for the same ions (side-control); Welch's t-tests; *, p < 0.05; **, p < 0.01; ***, p

< 0.001; **** p < 0.0001; n. s., not significant.

a VINNOVA competence center (2019-00047) for AL for support of her
salary. In addition, the ToF-SIMS investigations were carried out using
the Chemical Imaging Infrastructure (CII) Research and Technology
Platform, which was funded by the Knut and Alice Wallenberg Foun-
dation via the Wallenberg Initiative Materials Science for Sustainability
(WISE)

CRediT authorship contribution statement

Nivedhitha Venkatraman: Data curation, Formal analysis, Inves-
tigation, Methodology, Validation, Visualization, Writing — original
draft, Writing — review & editing. Jutima Leksuntrakorn: Data cura-
tion. Anders Brolin: Conceptualization, Supervision, Writing — review
& editing. Per Malmberg: Conceptualization, Formal analysis, Meth-
odology, Software, Supervision, Writing — review & editing. Anette
Larsson: Conceptualization, Funding acquisition, Investigation, Project
administration, Resources, Supervision, Validation, Visualization,
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We acknowledge Elias Ranjbari, Research Engineer at the Chalmers
Materials Analysis Laboratory (CMAL), for his support with the ToF-
SIMS measurements, and Arvindh Seshadri Suresh for the laboratory
hot-press sample preparation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.polymertesting.2026.109301.

Data availability
Data will be made available on request.

References

[1] A. Mattsson, et al., Lignin inter-diffusion underlying improved mechanical
performance of hot-pressed paper webs, Polymers (Basel) 13 (15) (2021).

T. Joelsson, The influence of pulp type and hot-pressing conditions on paper
strength development, in: Mid Sweden University Doctoral Thesis, Mid Sweden
University, 2021, p. 92.

E. Retulainen, Condebelt press drying and sustainable paper cycle, Pap. Ja Puu 85
(2003) 329.

P. Elf, et al., Role of lignin in hot-pressing of paper: insights from molecular
simulations and experiments, Biomacromolecules 26 (9) (2025) 5965-5978.

M. Nuopponen, et al., The effects of a heat treatment on the behaviour of
extractives in softwood studied by FTIR spectroscopic methods, Wood Sci. Technol.
37 (2) (2003) 109-115.

P. Vernhes, et al., Effect of calendering on paper surface micro-structure: a multi-
scale analysis, J. Mater. Process. Technol. 209 (2009) 5204-5210.

M.E. Pemble, P. Gardner, Vibrational spectroscopy from surfaces, in: Surface
Analysis — the Principal Techniques, 2009, pp. 333-390.

J.C.B. Vickerman, David, ToF-SIMS: Materials Analysis by Mass Spectrometry,
second ed.nd, IM Publications, Chichester, UK, 2013.

J. Trygg, S. Wold, Orthogonal projections to latent structures (O-PLS), J. Chemom.
16 (3) (2002) 119-128.

R.E. Shaffer, Multi- and megavariate data analysis. Principles and applications, I.
Eriksson, E. Johansson, N. Kettaneh-Wold and S. Wold, umetrics Academy, Umed,
2001, ISBN 91-973730-1-X, 533pp, J. Chemom. 16 (5) (2002) 261-262.

G. Pettersson, S. Norgren, H. Hoglund, Strong paper from spruce CTMP - part I,
Nord. Pulp Pap. Res. J. 32 (1) (2017) 54-58.

[2]

[3]
[4]

[5]

[6]
71
[8]
[91

[10]

[11]


https://doi.org/10.1016/j.polymertesting.2026.109301
https://doi.org/10.1016/j.polymertesting.2026.109301
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref1
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref1
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref2
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref2
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref2
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref3
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref3
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref4
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref4
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref5
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref5
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref5
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref6
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref6
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref7
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref7
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref8
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref8
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref9
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref9
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref10
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref10
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref10
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref11
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref11

N. Venkatraman et al.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

R.A. van den Berg, et al., Centering, scaling, and transformations: improving the
biological information content of metabolomics data, BMC Genom. 7 (1) (2006)
142.

A. Warnheim, et al., Depth-resolved FTIR-ATR imaging studies of coating
degradation during accelerated and natural weathering—influence of biobased
reactive diluents in polyester melamine coil coating, ACS Omega 7 (27) (2022)
23842-23850.

L.E. Bryne, et al., Ageing of modified wood, Part 2: Determination of surface
composition of acetylated, furfurylated, and thermally modified wood by XPS and
ToF-SIMS 64 (3) (2010) 305-313.

H.Y. Mou, S. Wu, P. Fardim, Applications of ToF-SIMS in surface chemistry analysis
of lignocellulosic biomass: a review, Bioresources 11 (2016) 5581-5599.

R.E. Goacher, D. Jeremic, E.R. Master, Expanding the library of secondary ions that
Distinguish lignin and polysaccharides in time-of-flight secondary ion mass
spectrometry analysis of wood, Anal. Chem. 83 (3) (2011) 804-812.

P. Fardim, B. Holmbom, ToF-SIMS imaging: a valuable chemical microscopy
technique for paper and paper coatings, Appl. Surf. Sci. 249 (1) (2005) 393-407.
S. Wiklund, et al., Visualization of GC/TOF-MS-Based metabolomics data for
identification of biochemically interesting compounds using OPLS class models,
Anal. Chem. 80 (1) (2008) 115-122.

A.M. Wheelock, C.E. Wheelock, Trials and tribulations of ‘omics data analysis:
assessing quality of SIMCA-based multivariate models using examples from
pulmonary medicine, Mol. BioSyst. 9 (11) (2013) 2589-2596.

[20]

[21]

[22]
[23]
[24]

[25]

[26]

[27]
[28]
[29]

[30]

Polymer Testing 161 (2026) 109301

G.M. Kirwan, et al., Building multivariate systems biology models, Anal. Chem. 84
(16) (2012) 7064-7071.

P. Fardim, N. Durdn, Modification of fibre surfaces during pulping and refining as
analysed by SEM, XPS and ToF-SIMS, Colloids Surf. A Physicochem. Eng. Asp. 223
(1) (2003) 263-276.

C. Freire, et al., Comparative study of lipophilic extractives of hardwoods and
corresponding ECF bleached kraft pulps, Bioresources 1 (2006) 3-17.

P. Jusner, et al., Impact of residual extractives on the thermal stability of softwood
Kraft pulp, Cellulose 29 (16) (2022) 8797-8810.

P. Fardim, et al., Extractives on fiber surfaces investigated by XPS, ToF-SIMS and
AFM, Colloids Surf. A Physicochem. Eng. Asp. 255 (1) (2005) 91-103.

M. Jansson, R. Wadsborn, Calculation of the influence of carbonate concentration
on the formation of fatty acid calcium soaps in pulp washing, Nord. Pulp Pap. Res.
J. 22 (2007) 35-41.

M. Bjorklund Jansson, E.L. Back, M.I. Tufvesson, A review of kraft pulp deresination
and pitch problems. Papermaking raw materials, trans. of the VIIIth fund, Res. Symp.
Oxford (1985).

D.A.L Goring, Thermal softening of lignin. Hemicellulose and Cellulose, 1963.

E. Back, L. Salmén, Glass transitions of wood components hold implications for
molding and pulping processes, Tappi J. 65 (1982) 107110.

F. Ghonjizade-Samani, et al., The components' roles in thermal stability and
flammability of Cork powder, Materials 16 (10) (2023).

R. Nussbaum, M. Sterley, The effect of wood extractive content on glue adhesion
and surface wettability of wood, Wood Fiber Sci. 34 (2002) 57.


http://refhub.elsevier.com/S0142-9418(26)00218-7/sref12
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref12
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref12
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref13
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref13
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref13
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref13
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref14
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref14
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref14
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref15
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref15
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref16
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref16
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref16
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref17
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref17
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref18
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref18
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref18
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref19
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref19
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref19
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref20
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref20
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref21
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref21
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref21
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref22
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref22
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref23
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref23
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref24
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref24
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref25
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref25
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref25
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref26
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref26
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref26
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref27
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref28
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref28
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref29
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref29
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref30
http://refhub.elsevier.com/S0142-9418(26)00218-7/sref30

	Temperature-driven surface reorganization in hot-pressed CTMP sheets revealed by ToF-SIMS and chemometrics
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 ToF-SIMS analysis
	2.3 Multivariate analysis

	3 Results and discussion
	3.1 ATR-FTIR and ToF-SIMS analysis of static hot-pressed laboratory sheets
	3.2 ToF-SIMS analysis of industrially hot-pressed CTMP sheets

	4 Conclusions
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


