
Wang et al. Biochar           (2026) 8:144  
https://doi.org/10.1007/s42773-026-00661-5

ORIGINAL RESEARCH Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Biochar

Cell‑wall chemistry governs anisotropic 
shrinkage during wood carbonization: 
roles of polysaccharide degradation 
and exchangeable cations
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Abstract 

The anisotropic shrinkage of wood during carbonization critically affects biochar microstructure, but its underly-
ing mechanisms remain unclear. We examined shrinkage behavior in the radial (R) and longitudinal (L) directions 
in relation to polysaccharide thermal degradation, exchangeable cation species, and cell structure, using ten wood 
species (five softwoods and five hardwoods) and their cation-exchanged derivatives (H+, Na+, K+, Mg2+, Ca2+). Thermo-
gravimetric and continuous dimensional analyses revealed that the onset of shrinkage in the R-direction is primarily 
associated with hemicellulose degradation, whereas shrinkage in the L-direction is linked to cellulose degradation 
and occurs rapidly at temperatures 10–20 °C higher than the derivative thermogravimetric peak, when most cellu-
lose microfibrils have already decomposed. Na+ and K+ lowered shrinkage onset temperatures across most species, 
whereas in hardwoods, R-direction shrinkage magnitude increased with H+ and Mg2+ substitution. Anatomical differ-
ences, particularly in ray parenchyma morphology, explained why hardwoods generally shrank more in the R direc-
tion. These results demonstrate that anisotropic shrinkage during wood carbonization is governed by polysaccharide-
specific thermal degradation, modulated by exchangeable cation species and anatomical features. Furthermore, 
directional shrinkage can be predictably tuned through cation control and species selection to optimize biochar 
microstructure.

Highlights 

•	 R-direction shrinkage begins with hemicellulose degradation and intensifies during cellulose degradation.
•	 L-direction shrinkage initiates with cellulose degradation and peaks as cellulose fully degrades.
•	 Shrinkage onset and extent are strongly affected by metal cations and wood cell structures.
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Graphical Abstract

1  Introduction
Wood has three principal anatomical directions: the lon-
gitudinal (L) direction, which runs parallel to the axis of 
the tree trunk; the radial (R) direction, which extends 
from the pith toward the bark and is perpendicular to 
the L direction; and the tangential (T) direction, which 
is perpendicular to both the L and R directions. These 
anatomical directions exhibit fundamentally different cell 
arrangements and cell wall architectures. In the L direc-
tion, most wood cells are aligned, and cellulose micro-
fibrils are oriented along the cell axis. In contrast, ray 
parenchyma cells are aligned in the R direction, resulting 
in most cell lumina having their long axes oriented in the 
R direction and their short-axis cross-sections arranged 
in the L direction. At the cell wall level, cellulose micro-
fibrils constitute the primary load-bearing framework 
and are embedded within a hemicellulose–lignin matrix. 
Xylan and glucomannan, the major hemicelluloses in 
hardwoods and softwoods, respectively, are generally 
associated with cellulose microfibril surfaces and con-
tribute to the supramolecular structure of the cell wall. 
Therefore, wood exhibits anisotropy at both the cellular 
and cell wall levels.

Thermal degradation of cellulose, hemicellulose, and 
lignin thus proceeds within these anisotropic struc-
tural frameworks. The degradation behavior of these 
constituents is expected to determine the properties of 
wood-derived biochar at the macroscopic (wood), cel-
lular, and cell wall levels, as well as its functional per-
formance in applications such as adsorption, catalysis, 

and soil amendment (Wang and Howard 2017; Yu et al. 
2018; de Oliveira et  al. 2022; Wang et  al. 2024). For 
example, dimensional stability and pore preservation 
are favorable for adsorption and catalysis, whereas con-
trolled anisotropic shrinkage may enhance soil amend-
ment performance by promoting microporosity. The R 
and L shrinkage behaviors differ markedly due to aniso-
tropic cell arrangement and the heterogeneous thermal 
degradation of the constituent polysaccharides (Rafsan-
jani et al. 2014; Xue et al. 2018; Gao et al. 2022; Wang 
et al. 2024). However, the detailed mechanisms under-
lying these relationships remain unclear.

A  previous study (Wang et  al. 2024) has shown that 
the onset and progression of shrinkage in different ana-
tomical directions are strongly linked to the thermal 
degradation behavior of hemicelluloses and cellulose. 
They demonstrated that, in untreated samples of ten 
softwood and hardwood species, R-direction shrinkage 
is closely associated with hemicellulose degradation, 
whereas L-direction shrinkage is primarily governed 
by cellulose degradation. That study, based solely on 
thermogravimetric (TG) analysis, further proposed that 
the onset temperature difference between the R and 
L directions (ΔT) correlates strongly with shrinkage 
anisotropy.

Subsequent work using the same ten species (Wang 
et  al. 2025a, 2025b) provided the first evidence that 
alkali and alkaline earth metal cations, which are natu-
rally present in wood and are mainly exchangeable with 
the uronic acid residues of xylan, profoundly influence 
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wood pyrolysis, particularly cellulose degradation. The 
results showed that Na+ and K+ substitution lowered 
the cellulose degradation temperature by approximately 
30 °C, despite cellulose being the most thermally stable 
wood component. In contrast, these cations had only 
minor effects on xylan, while markedly altering glu-
comannan reactivity. TG-MS analysis of lignin pyrolysis 
behavior suggested that cations modify lignin’s thermal 
degradation reactivity, which in turn affects both glu-
comannan and cellulose.

Building on previous work, the present study focuses 
on elucidating how exchangeable cation species, poly-
saccharide thermal reactivity, and anatomical features 
interact to determine anisotropic shrinkage, defined as 
uneven shrinkage of wood in different directions dur-
ing heating, in wood carbonization. While earlier studies 
(Wang et  al. 2025a, 2025b) quantified the thermal deg-
radation reactivity of cellulose, glucomannan, and xylan 
for the same ten species, and the first report (Wang et al. 
2024) directly monitored shrinkage behavior by TG anal-
ysis, the combined effects of cation species, wood anat-
omy, and polysaccharide chemistry on R- and L-direction 
shrinkage have not been systematically addressed.

In this study, both untreated and cation-exchanged 
woods from the same ten species (five softwoods and 
five hardwoods) were analyzed using previously obtained 
polysaccharide reactivity data in conjunction with con-
tinuous measurements of shrinkage in the R and L 
directions during heating. It is hypothesized that cation-
induced changes in polysaccharide degradation reactivity, 
together with species-specific anatomical characteristics, 
govern the dimensional stability and structural evolution 
of biochar during carbonization. By correlating shrinkage 
onset and rate with the degradation behavior of cellulose, 
glucomannan, and xylan, the underlying mechanisms 
are elucidated. These findings provide new insights into 
wood carbonization and a scientific basis for process 
optimization and microstructural control in biochar pro-
duction, while supporting the efficient and sustainable 
utilization of biomass resources within the environmen-
tal-economic nexus (Maroušek and Trakal 2022).

2 � Materials and methods
2.1 � Materials
Veneer sheets (thickness ≈ 0.2 mm) of five softwood 
species, namely Japanese cedar (Cryptomeria japonica), 
Japanese cypress (Chamaecyparis obtusa), western redc-
edar (Thuja plicata), Douglas fir (Pseudotsuga menziesii), 
and Japanese larch (Larix leptolepis), and five hardwood 
species, namely Japanese beech (Fagus crenata), Japa-
nese zelkova (Zelkova serrata), walnut (Juglans spp.), 
ash (Fraxinus spp.), and paulownia (Paulownia tomen-
tosa), were obtained from Daiwa Tsukiita Sangyo Corp. 

(Hiroshima, Japan). For each veneer, only the sapwood 
portion was used. These ten wood species were selected 
to represent commonly available and widely utilized soft-
wood and hardwood species in Japan, covering a range 
of anatomical structures and chemical compositions. By 
including five softwoods and five hardwoods, we aimed 
to capture systematic differences in hemicellulose com-
position (e.g., glucomannan-rich softwoods and xylan-
rich hardwoods), cell wall architecture, and exchangeable 
cation content. Japanese larch was also included as an 
exceptional softwood species containing a substantial 
amount of galactan, thereby allowing us to account for a 
distinctive variation in hemicellulose composition among 
the softwood species examined. All reagents including 
HCl and metal acetates were purchased from Nacalai 
Tesque, Inc. (Kyoto, Japan) and used without further 
purification.

Samples were first impregnated with 0.05 M HCl under 
vacuum using a wood-to-solution weight ratio of 1:20 
(w/w), followed by 24 h soaking, to remove native min-
eral cations and replace them with protons (H+). The 
resulting H+-exchanged (demineralized) samples were 
rinsed with deionized water to neutral pH and dried. 
Cation exchange was then performed by immersing the 
dried samples in 0.05 M solutions of sodium acetate 
(98.5%), potassium acetate (97%), magnesium acetate tet-
rahydrate (99%), or calcium acetate monohydrate (99%) 
under vacuum, followed by 24 h soaking, replacing the 
carboxyl-bound protons with the corresponding metal 
cations. After rinsing to neutrality and drying, a total of 
50 distinct samples were obtained, representing ten wood 
species each treated with five cation forms: H+, Na+, K+, 
Mg2+, and Ca2+. Each sample was cut into approximately 
4 mm × 4 mm slices along the longitudinal and radial 
directions for further analysis.

2.2 � Methods
2.2.1 � Thermogravimetric measurements
Thermogravimetric (TG) measurements were conducted 
using a thermal analyzer with a CCD camera (NEXTA 
STA200RV, Hitachi High-Tech Corp., Tokyo, Japan), as 
described in previous work (Wang et al. 2024). For each 
run, a 4 × 4 mm veneer sheet was placed in an aluminum 
pan and heated from 40 °C to 550 °C at 10 °C/min under 
a nitrogen flow of 100 mL/min, and the corresponding 
TG and derivative TG (DTG) profiles were recorded. 
CCD images captured during the TG runs were analyzed 
to determine longitudinal (L) and radial (R) dimensions 
at each set temperature, expressed relative to their values 
at 150 °C:

(1)L =

Li

L150
× 100(%)
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where Li and Ri denote the lengths at a given tempera-
ture, and L150 and R150 those at 150 °C in the L and R 
directions, respectively.

The onset temperature of shrinkage was defined, for 
both longitudinal (Onset T(L)) and radial (Onset T(R)) 
directions, as the temperature at which shrinkage was 
first detected in each direction. Similarly, the tempera-
tures at which the shrinkage rates in the radial and longi-
tudinal directions reached their maxima were defined as 
Max T(R) and Max T(L), respectively.

2.2.2 � Pyrolysis experiments
Pyrolysis was carried out using a high-frequency induc-
tion heating system (MU-α-III, SK Medical Electronics 
Co., Ltd., Japan), as described in previous work (Wang 
et al. 2025b). For each run, a veneer sheet (approximately 
20 mg, 30 mm × 10 mm) was heated under a nitrogen 
flow of 100 mL  min−1 in two sequential stages: (i) pre-
heating from ambient temperature to 220 °C, and (ii) 
heating from 220 °C to the designated target temperature 
(240–400 °C, at 20 °C intervals). Upon reaching the target 
temperature, induction heating was immediately stopped 
to terminate pyrolysis, and the reactor was allowed to 
cool to room temperature under continuous nitrogen 
flow.

As the temperature increases, certain temperature 
ranges are particularly critical for interpretation. For 
example, temperature regions in which cellulose recov-
ery decreases sharply are especially important for under-
standing degradation behavior. In contrast, temperature 
ranges where cellulose has already been almost com-
pletely decomposed are less informative for mechanis-
tic discussion. Accordingly, we increased the number of 
replicates in temperature regions that are most relevant 
to the key conclusions of this study in order to ensure 
reproducibility and statistical reliability of these critical 
data points.

2.2.3 � Hydrolysable sugar analysis
Hydrolysable sugars in the wood samples, before and 
after pyrolysis, were quantified via sulfuric acid hydroly-
sis. Detailed experimental procedures are provided in our 
previous study (Wang et al. 2025a). Xylan and glucoman-
nan recovery rates were defined as the ratios of xylose 
and mannose contents after pyrolysis to those before 
pyrolysis, respectively. Cellulose recovery was estimated 
from the glucose yield, corrected by subtracting the glu-
comannan-derived glucose; for this calculation, the man-
nose-to-glucose ratio in glucomannan was assumed to be 

(2)R =

Ri

R150

× 100(%)
3:1 for both softwoods and hardwoods. These recovery 
rates of hemicelluloses and cellulose were evaluated at 
each pyrolysis temperature.

2.2.4 � Determination of metal cation contents
The specific method is as follows (Wang et  al. 2025b): 
approximately 100 mg of each cation-exchanged sample 
was ashed in a muffle furnace at 600 °C for 6 h in air. The 
ash was dissolved in 30 mL of 0.1 M HNO₃ under soni-
cation for 10 min, followed by filtration through a 0.45 
μm membrane. Na+, K+, Mg2+, and Ca2+ concentrations 
were quantified using inductively coupled plasma atomic 
emission spectroscopy (ICPE−9000, Shimadzu Corp., 
Kyoto, Japan), and the results are presented in Table S1.

3 � Results
3.1 � Shrinkage behavior of virgin and demineralized 

softwoods and hardwoods
In our previous study (Wang et  al. 2024), shrinkage 
behavior of ten wood species was analyzed using only 
TG data. Here, we extend this work by including demin-
eralized samples and examining the relationship between 
shrinkage anisotropy and the extent of decomposition of 
cellulose and hemicelluloses at the onset of shrinkage in 
the R and L directions. Figure 1 plots the recovery yields 
of cellulose, glucomannan, and xylan against the onset 
temperatures of shrinkage, previously defined as Onset T 
(R) and Onset T (L). The onset temperatures are shown 
on the x-axis. The recovery yields at these temperatures 
were presented in our previous paper (Wang et al. 2025a).

At Onset T (R), most of the cellulose remained unde-
graded, whereas 40–90% of glucomannan and 30–90% 
of xylan remained (except for Japanese cedar), although 
considerable interspecies variation was observed. This 
suggests that the onset of R-direction shrinkage is associ-
ated primarily with hemicellulose decomposition rather 
than cellulose decomposition. At Onset T (L), the per-
centages of glucomannan and xylan remaining were 
generally below 10–20% (except for Japanese cedar and 
ash), indicating that these hemicelluloses had undergone 
extensive decomposition. In contrast, 10–80% of the 
cellulose remained, indicating that L-direction shrink-
age began only after cellulose decomposition had pro-
gressed substantially. These results are consistent with 
the hypotheses proposed in our previous TG-based study 
(Wang et al. 2024).

For the exceptional species, Japanese cedar and ash, the 
differences can be attributed to the high K+ and Na+ con-
tents in these species (Wang et al. 2025b). As discussed 
below, these monovalent cations promote the co-degra-
dation of cellulose and hemicelluloses. Consequently, cel-
lulose degradation can proceed even while relatively large 
amounts of hemicelluloses remain, which may explain 



Page 5 of 14Wang et al. Biochar           (2026) 8:144 	

why L-direction shrinkage begins at higher hemicel-
lulose recovery yields in Japanese cedar and ash than in 
the other species. Upon demineralization, Onset T (L) 
shifted to higher temperatures, and the hemicellulose 
recovery yields at Onset T (L) decreased to levels com-
parable to those observed for the other species, further 
supporting the involvement of K+ and Na+ in their char-
acteristic shrinkage behavior.

For the demineralized samples, the recovery yields of 
cellulose and hemicelluloses at the onset of shrinkage 
were generally similar to those of the untreated samples, 
whereas the onset temperatures tended to shift to higher 
temperatures. This shift is likely related to the removal 
of monovalent cations, particularly Na+ and K+, which 
promote the thermal decomposition of cellulose and glu-
comannan, as discussed in detail in Sect. 3.2.

Regarding interspecies differences, comparison 
between softwoods and hardwoods revealed no consist-
ent difference in the longitudinal direction, where inter-
species variation was more pronounced. In contrast, 
hardwoods generally showed lower Onset T (R) values 
than softwoods, with larger amounts of glucomannan 

and xylan remaining at the onset of radial shrinkage. Sim-
ilar trends were observed for the demineralized samples.

3.2 � Shrinkage behavior of metal cation exchanged 
softwoods and hardwoods

Our previous work with the same ten species (Wang 
et al. 2025b) demonstrated that the reactivity of the con-
stituent polysaccharides, particularly cellulose and glu-
comannan, was primarily determined by the species of 
exchangeable cations, rather than by whether the wood 
was a softwood or hardwood. In the present study, we 
investigated the shrinkage behavior of wood samples 
exchanged with H+, Na+, K+/Na+, Mg2+, and Ca2+.

As noted in our previous report (Wang et  al. 2025b), 
the potassium acetate reagent used for cation exchange 
contained sodium acetate as an impurity (0.5%). In many 
species, Na+ uptake was not negligible, and in some 
cases, Na+ incorporation even exceeded that of K+. 
Because Na+ and K+ exert similar effects on the thermal 
degradation behavior of wood polysaccharides, we fol-
low the convention of our previous study and designate 

Fig. 1  Relationship between the recovery (%) of cellulose, glucomannan, and xylan, and shrinkage onset temperature in the R and L directions 
for virgin (black circles) and demineralized (red squares) softwood and hardwood species. Solid symbols: softwoods; Open symbols: hardwoods. 
1: Japanese cedar; 2: Japanese cypress, 3: western redcedar; 4: Douglas fir; 5: Japanese larch; 6: Japanese beech; 7: Japanese zelkova; 8: Japanese 
walnut; 9: ash; 10: paulownia
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these samples as K+/Na+-exchanged wood throughout 
this paper.

Figure  2a and b show (i) shrinkage curves in the R 
and L directions, (ii) the R/L ratio as an index of shrink-
age anisotropy, and (iii) shrinkage rate curves obtained 
by differentiating the shrinkage curves. Photographs of 
specimens during TG analysis are presented in Fig. S1.

Shrinkage began in the R direction, followed by the L 
direction (Figs.  2 and S1). As temperature increased, 
the R/L ratio declined gradually, then dropped sharply 
in the range where R-direction shrinkage accelerated. 
The ratio stabilized above ~400 °C, which is beyond the 
temperature of maximum L-direction shrinkage rate. 
As noted previously (Wang et al. 2024), the R/L ratio at 
450 °C was proposed as a practical index of anisotropy 
during carbonization. The disappearance of anisotropy 
above 400 °C likely reflects the loss of cell-wall supramo-
lecular structure, particularly that associated with cel-
lulose microfibrils, which normally restrict L-direction 
shrinkage.

With few exceptions, Na+ and K+/Na+ exchange led to 
shrinkage onset at lower temperatures than H+, Mg2+, or 
Ca2+ exchange in both R and L directions, reflecting the 
strong influence of cation species on thermal reactivity. 
Exceptions included Japanese larch, whose thermal reac-
tivity and shrinkage curves were largely insensitive to cat-
ion type, and Japanese walnut, whose Mg2+-exchanged 
wood exhibited higher thermal reactivity and corre-
spondingly shifted shrinkage curves. These two species 
were also identified as exceptional in our previous study 
(Wang et  al. 2025a, 2025b). The distinctive behavior of 
Japanese larch was attributed to its galactan-containing 
hemicellulose composition, whereas that of Japanese wal-
nut was suggested to be related to a relatively less com-
pact aggregation state of its cell-wall components.

Consistent with our previous findings (Wang et  al. 
2024), hardwoods generally showed greater R-direction 
shrinkage than softwoods, regardless of cation type, 
while L-direction shrinkage was about 90% across all 
species and cation types. The effect of cation species on 
R-direction shrinkage was most evident in hardwoods; 
for instance, Japanese beech and ash exchanged with 
Mg2+ or H+ shrank more than those exchanged with 
other cations. In both wood groups, Ca2+ exchange 
tended to reduce R-direction shrinkage, though substan-
tial species-specific variability was observed.

Among the hardwoods, Japanese zelkova consistently 
showed smaller R-direction shrinkage ratios. This trend 
persisted across the cation-exchanged samples and is 
likely due to the high calcium oxalate content in zelkova, 
much of which remains after cation exchange, allowing 
the influence of Ca to persist regardless of the exchanged 
cation.

Figure  3 summarizes the relationships between Onset 
T (R) or Onset T (L) and the residual percentages of cel-
lulose, glucomannan, and xylan for H+-, K+/Na+-, and 
Ca2+-exchanged samples. Softwoods and hardwoods 
are plotted in blue and red, with open symbols for the R 
direction and solid symbols for the L direction. Because 
Na+ resembled K+/Na+ and Mg2+ resembled Ca2+ in 
thermal behavior, only K+/Na+ and Ca2+ results are 
shown for clarity. Diagonal lines aid cross-comparison 
between graphs; a higher recovery yield at the onset tem-
perature indicates that shrinkage in that direction begins 
at a less advanced stage of polysaccharide decomposition 
and thus reflects a greater tendency to shrink, whereas 
a lower recovery yield indicates that more extensive 
decomposition is required before shrinkage begins.

The recovery yields of polysaccharides at the onset of 
shrinkage in the R and L directions (Fig. 3) were gener-
ally consistent with those for virgin and demineralized 
wood (Fig. 1). R-direction shrinkage was linked to hemi-
cellulose degradation, with onset recovery yields ranging 
from 20% to 90% for both glucomannan and xylan across 
all cations, though interspecies variation was substantial. 
Hardwood species typically had higher recovery yields 
than softwoods, a difference most pronounced for K+/
Na+ and smallest for Ca2+. In K+/Na+-exchanged hard-
woods, except paulownia, the recovery yields at Onset 
T (R) reached 60–80% for glucomannan and 80–90% 
for xylan. These higher recovery yields indicate R-direc-
tion shrinkage began after less extensive hemicellulose 
decomposition than in wood exchanged with the other 
cations. Thus, in addition to promoting polysaccharide 
decomposition, K+/Na+ appears to enhance the tendency 
for R-direction shrinkage to occur at an earlier stage of 
hemicellulose decomposition.

Species-specific trends were also evident. Japanese 
cedar was generally less prone to R-direction shrinkage, 
with its H+-exchanged sample showing a particularly 
low hemicellulose recovery yield at Onset T (R). Japa-
nese zelkova exhibited unusually high recovery yields in 
H+-exchanged samples, likely due to its persistent cal-
cium oxalate content. Japanese beech showed consist-
ently high glucomannan and xylan recovery yields at 
Onset T (R) for all cations, together with low Onset T (R) 
values, indicating a strong tendency toward R-direction 
shrinkage.

Consistent relationships between Onset T and recov-
ery yields were generally observed across wood spe-
cies for each cation type, most clearly for H+- and 
Ca2+-exchanged samples. This is consistent with our pre-
vious finding that polysaccharide reactivity is governed 
more strongly by the exchangeable cation species than 
by differences among wood species. For cellulose and 
glucomannan, the recovery–temperature relationships 
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Fig. 2  Shrinkage curves in the R and L directions, R/L ratio curves and shrinkage rate curves in the R and L direction during thermogravimetric 
analysis for softwoods (a) and hardwoods (b) exchanged with H+ (black), Na+ (red), K+/Na+ (orange), Mg2+ (green), and Ca2+ (blue) ions
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for K+/Na+-exchanged samples were shifted toward 
lower temperatures compared with those for H+- and 
Ca2+-exchanged samples, indicating enhanced thermal 
reactivity in the presence of K+/Na+. For glucomannan, 
this shift was particularly pronounced in hardwoods, 
resulting in greater scatter in the K+/Na+ plots. In con-
trast, no comparable shift was observed for xylan.

Onset T (L) corresponded to the temperature range 
where cellulose recovery dropped sharply, reflecting the 
role of longitudinally aligned cellulose microfibrils in 
resisting L-direction shrinkage. The lower Onset T (L) of 
K+/Na+-exchanged samples is therefore consistent with 
the enhanced thermal reactivity of cellulose in the pres-
ence of these monovalent cations.

The hemicellulose recovery yield at Onset T (L) varied 
with cation species, being generally higher in K+/Na+-
exchanged samples. This can be explained by the co-deg-
radation of cellulose and hemicelluloses: in the presence 

of K+/Na+, partial cellulose degradation begins at lower 
temperatures where hemicellulose degradation primar-
ily occurs, allowing L-direction shrinkage to begin while 
relatively large amounts of hemicelluloses remain (Wang 
et  al. 2025b). In contrast, samples exchanged with H+, 
Ca2+, or Mg2+ showed more independent degradation of 
cellulose and hemicelluloses (Wang et al. 2025b).

Because cellulose decomposition is most pronounced 
near the DTG peak temperature (Tp), Fig. 4 plots Onset 
T (L) against Tp for each cation species, with the range 
for virgin wood (excluding ash) highlighted. Across all 
species, Onset T (L) occurred slightly below or near 
Tp, further supporting the close association between 
L-direction shrinkage and cellulose decomposition. 
Cellulose recovery yields at Tp (Tables  1 and S2) were 
determined from temperature-dependent degrada-
tion curves by identifying the residual cellulose frac-
tion at the specified temperatures. These yields ranged 

Fig. 3  Relationships between Onset T (R: open circles) and Onset T (L: solid circles), and the recovery yields of cellulose, glucomannan, and xylan 
for H+-, Ca2+-, and K+/Na+-exchanged softwood (blue) and hardwood (red) species. 1: Japanese cedar; 2: Japanese cypress, 3: western redcedar; 4: 
Douglas fir; 5: Japanese larch; 6: Japanese beech; 7: Japanese zelkova; 8: Japanese walnut; 9: ash; 10: paulownia



Page 9 of 14Wang et al. Biochar           (2026) 8:144 	

from 19% to 57% for softwoods and from  25% to  54% 
for hardwoods, consistent with the cellulose recovery 
yields observed at Onset T (L) in Fig. 3.

As noted earlier, the thermal degradation tempera-
ture of cellulose depends on the cation species, with 
Onset T (L) generally occurring at lower temperatures 
for Na+- and K+/Na+-exchanged samples than for those 
exchanged with H+, Mg2+, or Ca2+. This cation effect 
also explains the exceptionally low Onset T (L) of vir-
gin ash compared with the other virgin wood samples: 
its high Na+ and K+ contents likely promote cellulose 
degradation at lower temperatures, thereby shifting the 
onset of L-direction shrinkage to lower temperatures. 
In other species, including Japanese cedar, the effect on 

Onset T (L) was minimal despite its high Na+ and K+ 
contents, probably because the influence of its relatively 
high Ca2+ content outweighed that of Na+ and K+.

As shown in Fig. 3, Onset T (L) exhibited no clear dif-
ference between softwoods and hardwoods for any cat-
ion species, whereas Onset T (R) was distinctly lower in 
hardwoods. Consequently, the difference between the 
onset temperatures in the two directions, ΔT = Onset 
T (L) – Onset T (R), tended to be larger in hardwoods 
than in softwoods. Our previous work (Wang et  al. 
2024) reported a strong correlation between ΔT and 
shrinkage anisotropy at 450  °C (R/L ratio) for the ten 
virgin wood species. To examine whether this relation-
ship also applies to wood with different exchangeable 

Fig. 4  Relationship between onset T (L) and DTG peak temperature of cation-exchanged softwood and hardwood species compared 
with the range for virgin wood (excluding ash), highlighted by a red shadow square. Blue: softwoods; red: hardwoods; 1: Japanese cedar; 2: 
Japanese cypress, 3: western redcedar; 4: Douglas fir; 5: Japanese larch; 6: Japanese beech; 7: Japanese zelkova; 8: Japanese walnut; 9: ash; 10: 
paulownia

Table 1  Cellulose recovery yields (%) at Tp, Tp + 10°C and Tp + 20°C of softwoods and hardwoods

※: Tp is defined as the peak temperature of the derivative thermogravimetric curve obtained from thermogravimetric analysis

Softwoods Hardwoods
Type Tp※ Tp + 10°C Tp + 20°C Type Tp Tp + 10°C Tp + 20°C

Virgin 19–57 5–36 2–16 Virgin 25–41 6–20 1–7

H+ 29–56 9–35 3–16 H+ 30–42 8–25 2–6

K+/Na+ 27–42 14–21 2–8 K+/Na+ 34–54 12–17 2–12

Ca2+ 30–49 10–22 3–10 Ca2+ 28–44 6–18 2–7
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cations, Fig.  5 presents the relationship between ΔT 
and the R/L ratio for the cation-exchanged samples, 
together with the virgin wood data from our previous 
study.

In the cation-exchanged samples, ΔT was generally 
smaller in softwoods than in hardwoods. As observed for 
virgin wood, a larger ΔT was associated with a lower R/L 
ratio at 450  °C, indicating greater shrinkage anisotropy. 
Although this negative correlation was still evident in the 
cation-exchanged samples, the variation among species 
was greater than that observed for virgin wood. Accord-
ingly, the R2 values for the linear regressions decreased 
from 0.9008 for virgin wood to 0.5106–0.6484 for the 
cation-exchanged samples.

Figures  6a and b plot the temperatures at which the 
shrinkage rates reach their maxima, defined as Max 
T (R) and Max T (L), against the DTG peak tempera-
ture (Tp). The solid diagonal line indicates Max T = Tp, 
while the dashed line represents Max T = Tp + 20 °C for 
reference.

In most cation-exchanged samples, Max T (R) gener-
ally coincided with Tp. Although cells aligned in the R 
direction are mostly ray parenchyma cells and consti-
tute only a small proportion of the wood tissue, R-direc-
tion shrinkage progressed substantially near Tp, where 

cellulose degradation is pronounced. This suggests that 
the cellulose microfibrils of these cells also contribute to 
resistance against shrinkage in the R direction.

In contrast, in H⁺- and Mg2+-exchanged samples, 
Max T (R) occurred on average about 10  °C above Tp, 
and was accompanied by greater R-direction shrink-
age. The cellulose recovery yields at Tp + 10  °C for 
H⁺-exchanged samples ranged from 9% to 35% in soft-
woods and 8–25% in hardwoods (Table 1). These rela-
tively low yields suggest that more extensive thermal 
degradation of cellulose is required to induce signifi-
cant R-direction shrinkage in H⁺- and Mg2+-exchanged 
wood than in Na⁺-, K⁺/Na+-, or Ca2+-exchanged 
wood. The tendency toward independent degradation 
of cellulose and hemicelluloses observed in H⁺- and 
Mg2+-exchanged wood may be related to this phenom-
enon; however, further investigation is required to clar-
ify the underlying mechanism.

Max T (L) occurred approximately 10 °C higher than 
Max T (R), corresponding to Tp + 10–20  °C, at which 
cellulose degradation had progressed extensively (cel-
lulose recovery yields: 2–36% in softwoods, 1–25% 
in hardwoods; Table  1). This indicates that efficient 
L-direction shrinkage requires extensive degradation 
of cellulose microfibrils, suggesting that the remaining 

Fig. 5  Relationship between ΔT and R/L ratio at 450 °C. 1: Japanese cedar; 2: Japanese cypress; 3: western redcedar; 4: Douglas fir; 5: larch; 6: 
Japanese beech; 7: Japanese zelkova; 8: walnut; 9: ash; 10: paulownia. Blue: softwoods; red: hardwoods. ΔT: Onset T (L) – Onset T (R). R/L ratio 
(450 °C): ratio of the lengths in the R and L directions at 450 °C
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microfibrils structure strongly resists shrinkage in this 
direction. As observed for the R direction, Max T (L) 
was also higher in H⁺- and Mg2+-exchanged samples 
than in the other cation-exchanged samples.

4 � Discussion
Based on these results, the roles of polysaccharide ther-
mal degradation, exchangeable cations, cell types, and 
species differences in R- and L-direction shrinkage are 

Fig. 6  Peak temperatures of the shrinkage rate curves, Max T (R) and Max T (L), plotted against the DTG peak temperature (Tp): a. R direction; b. L 
direction. Blue: softwoods; red: hardwoods. The solid diagonal line denotes equality, while the dashed line represents Tp + 20 °C for reference
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discussed with reference to Fig.  7, which schemati-
cally illustrates wood cell arrangement. Although lignin 
pyrolysis behavior may also influence shrinkage, it is not 
included in the present discussion because quantifying 
lignin remaining in wood char is challenging.

Lignin generates a smaller amount of volatile products 
upon pyrolysis compared with cellulose and hemicellu-
lose, and its content in wood is relatively low (approxi-
mately 20–30%). Therefore, its influence on shrinkage 
during carbonization is considered to be less significant 
than that of cellulose and hemicellulose. Using thermo-
gravimetry–mass spectrometry (TG-MS), we demon-
strated that in  situ analysis of lignin pyrolysis in wood 
can be achieved by monitoring volatile products gener-
ated during heating (Taira et  al. 2026). Our previous 
study using this method (Wang et  al. 2025b) indicated 
that a fraction of lignin undergoes pyrolysis concur-
rently with cellulose in all cation-exchanged softwoods 
and hardwoods, suggesting the co-degradation of cellu-
lose and lignin. Although lignin pyrolysis in wood may 
promote cellulose degradation, the underlying mecha-
nisms remain unclear. This issue is currently under 
investigation.

Shrinkage in the R direction began mainly with hemi-
cellulose degradation, with large R-direction shrinkage 
occurring near the DTG peak temperature as cellulose 
degradation became significant. In contrast, L-direction 
shrinkage started around the DTG peak temperature and 
progressed substantially only after most cellulose had 

decomposed, reflecting the supramolecular architecture 
of the cell wall and the longitudinal orientation of cells.

Cellulose microfibrils, aligned along the cell’s longitudi-
nal axis (Fengel and Wegener 2011; Ross 1999; Sjöström 
2013), resist shrinkage until most have degraded. In the 
transverse axis, microfibrils are embedded in a hemi-
cellulose–lignin matrix, so shrinkage begins once the 
hemicelluloses in the matrix degrade. These structural 
differences explain the contrasting shrinkage behaviors in 
the R and L directions.

Most cells oriented in the R direction are ray paren-
chyma (Carlquist 2012; Słupianek et  al. 2021; Nakaba 
and Funada 2024), which resist shrinkage along their 
long axis; thus, their shape and arrangement strongly 
influence R-direction shrinkage. In softwoods, they typi-
cally occur as single rows along the R direction, whereas 
in hardwoods they often form large aggregates (Panshin 
and de Zeeuw 1981; Rowell 2005), as in the multiseriate 
rays of Japanese beech. Their extremely short long axes, 
especially in hardwoods (Fengel and Wegener 2011; Ross 
1999), may make them more susceptible to shrinkage 
during thermal degradation, partly explaining the greater 
R-direction shrinkage of hardwoods. In softwoods, 
ray tracheids (Wheeler et  al. 1989; Rowell 2005) at the 
ends of ray aggregates may further suppress shrinkage. 
Although further study is needed, these features high-
light the importance of ray parenchyma morphology in 
controlling R-direction shrinkage.

Fig. 7  Schematic illustration of wood cell arrangement for the discussion of the roles of polysaccharide thermal degradation, exchangeable 
cations, cell types, and species differences in radial and longitudinal shrinkage
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Among hardwoods, R-direction shrinkage varied 
by species, with Japanese beech and Japanese walnut 
showing greater shrinkage, possibly due to their diffuse-
porous vessel arrangement (Rowell 2005); large vessel 
lumens may facilitate inward shrinkage.

In the L direction, most cells (tracheids in softwoods; 
libriform fibers and vessels in hardwoods) align their 
long axes along this direction (Bowyer et al. 2003; Rowell 
2005; Wheeler et al. 1989), so shrinkage occurs via con-
traction along the cellulose microfibrils. Because some 
microfibrils remain until most cellulose has degraded, 
rapid L-direction shrinkage is observed at Tp + 10–20 °C. 
Above 400 °C, when cellulose degradation is complete, 
longitudinal restraint is removed and shrinkage anisot-
ropy disappears in charcoal.

The thermal degradation reactivity of cellulose varies 
with the species of exchangeable cations; substitution 
with monovalent alkali metals (Na⁺, K⁺) lowers the deg-
radation temperature by ~30 °C, markedly affecting the 
shrinkage temperature during carbonization. The present 
results also suggest that cations influence shrinkage mag-
nitude, likely by altering the thermal degradation, fluidi-
zation, and solidification behavior of wood constituents.

Although the present study focuses on elucidating the 
fundamental mechanisms governing shrinkage during 
carbonization, the findings also provide a scientific basis 
for the development of predictive frameworks for biochar 
production. In particular, understanding how polysac-
charide degradation reactivity, exchangeable cation spe-
cies, and cell structure collectively influence shrinkage 
behavior may contribute to predicting structural evolu-
tion and biochar properties during carbonization. Such 
mechanistic knowledge may support the rational opti-
mization of feedstock selection, pretreatment strategies, 
and carbonization conditions. Recent advances in artifi-
cial intelligence and machine learning (Chatterjee et  al. 
2025; Stefko et al. 2025; Kliestik et al. 2024) may further 
enhance the development of data-driven approaches for 
predicting complex carbonization behaviors and biochar 
characteristics. Integrating mechanistic understanding 
with such predictive methodologies could improve the 
reliability and applicability of future biochar design and 
production strategies.

Beyond process optimization, a better understanding 
of shrinkage and structural evolution during carboniza-
tion may facilitate the design of biochars with tailored 
pore structures and functionalities for specific applica-
tions, including environmental remediation and soil 
improvement (Marousek et  al. 2026). Such mechanistic 
insights may ultimately contribute to more efficient and 

sustainable biochar production and utilization pathways 
(Vochozka et al. 2016; Minofar et al. 2025).

In conclusion, this study clarifies how polysaccha-
ride degradation reactivity, exchangeable cation species, 
and cell structure collectively govern R- and L-direction 
shrinkage during carbonization. These findings provide 
new mechanistic insights into anisotropic shrinkage and 
contribute to a better understanding of micropore and 
fine-structure formation during biochar production.

5 � Conclusions
This study confirms the hypothesis that anisotropic 
shrinkage during wood carbonization is governed pri-
marily by the sequential thermal degradation of cell-wall 
polysaccharides and is further modulated by the chemi-
cal environment within the cell wall. The results dem-
onstrate that radial and longitudinal shrinkage are not 
independent phenomena but represent distinct struc-
tural responses associated with different stages of poly-
saccharide decomposition.

A key finding is that the anisotropy of shrinkage pro-
gressively diminishes as cellulose-derived structural con-
straints are lost during carbonization, indicating that 
cellulose microfibrils play a fundamental role in main-
taining dimensional stability at elevated temperatures. 
Furthermore, the strong influence of exchangeable cati-
ons reveals that shrinkage behavior can be manipulated 
through modification of the cell-wall chemical environ-
ment, providing a previously underexplored pathway for 
controlling carbonization-induced structural evolution.

These findings establish a mechanistic framework link-
ing biomass chemistry, cell-wall structure, and dimen-
sional evolution during carbonization. The proposed 
hypothesis that both polysaccharide degradation and 
cation-mediated chemical interactions govern shrinkage 
behavior is therefore strongly supported by the experi-
mental evidence.

From an application perspective, the results suggest 
that targeted selection of feedstock species and chemical 
pretreatments may enable control of shrinkage behavior 
and consequently influence pore development, micro-
structure formation, and product quality during bio-
char production. Such knowledge may contribute to 
the design of advanced biochar and biomass-derived 
carbon materials with tailored structural properties for 
environmental, energy-storage, and carbon-utilization 
applications.
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