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Influence of radial gradient structure on moisture absorption of
Phyllostachys edulis 1 : static and dynamic hygroscopicity

Zhou Mengjia Wan Chenqi Ma Erni
(Beijing Key Laboratory of Wood Science and Engineering, School of Materials Science and Technology,
Beijing Forestry University, Beijing 100083, China)

Abstract: [Objective] Bamboo is a natural hygroscopic material. The synergistic effect of “pore-sorption
sites” of cell wall is a key factor influencing its hygroscopicity. However, whether this synergistic effect
influences the differences in static capacity and dynamic moisture sorption between the outer and inner
layers remains unclear. By comparing the “cell wall pore-sorption sites-hygroscopicity” between the bamboo
outer and inner layers, this study examined the moisture adsorption-desorption behavior of bamboo with a

radial gradient structure under both static and dynamic humidity conditions. [Method] After removing the
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pith ring and bark of Phyllostachys edulis, samples from the outer 2 mm and inner 2 mm along the radial
direction were defined as the bamboo outer layer and bamboo inner layer, respectively. The investigation

3

progressed from the macroscopic vascular bundle volume fraction to the microscopic “cell wall pore-
sorption sites”, ultimately focusing on static and dynamic hygroscopicity. Parameters including moisture
adsorption (M,.), moisture desorption (My.), and moisture buffer value (MBV) of the outer and inner layers
were analyzed based on dynamic test results. Thus, the influence of “cell wall pore-sorption sites” on the
static and dynamic hygroscopicity was compared between the outer and inner layers. [Result] The vascular
bundle volume fraction of the outer layer ((32.72 + 2.10)%) was higher than that of the inner layer ((20.36 +
1.60)%). Thereby, this gradient structure led to differences in radial pore structural parameters and hydroxyl
of the cell walls. At the oven-dry state, the specific surface area and pore volume of the outer layer were
smaller than those of the inner layer, and its hydroxyl accessibility ((22.76 + 0.43)%) was also lower than
that of the inner layer ((24.77 + 0.21)%). The microscopic interplay between cell wall pore and sorption sites
led to the observed macroscopic result: static capacity and dynamic response of the outer layer were both
lower than those of the inner layer. For static tests, there were significant differences in equilibrium moisture
content (EMC) between the two sides when the RH exceeded 70%. When the RH reached 95%, the EMC of
bamboo outer and inner layers were 19.48% and 22.04%, respectively. Under dynamic conditions of
humidity cycle, compared with RH, the moisture content of both the bamboo outer and inner layers showed
a similar trend, but lagged in phase. The inner layer was more sensitive to humidity with higher M,., My,
and MBV. [Conclusion] By testing from microscopic structure to macroscopic performance, this study
elucidated the mechanism connecting the gradient structure of “cell wall pore-sorption sites” to the static
capacity and dynamic moisture sorption of the outer and inner layer, providing a scientific basis for
advancing bamboo processing from “empirical control” to dimension stabilization regulated by “pore-site
synergy”.

Key words: Phyllostachys edulis; radial gradient structure; dynamic vapor sorption (DVS); moisture buffer

value (MBV); hydroxyl accessibility; pore-site synergy; dimensional stabilization; hierarchical structure
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Fig. 1 Schematic diagram of experimental specimen preparation
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Fig. 2 Schematic diagram for measuring volume

fraction of vascular bundles
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Tab.2 Mesoporous parameters of cell walls on

bamboo outer layer and bamboo inner layer
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Fig. 7 Sorption isotherm (a) and sorption rate (b) of bamboo outer layer and bamboo inner layer
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Tab.3 Dynamic moisture sorption parameters for the bamboo outer layer and bamboo inner layer

A=A B T AR R 38 R (M, )/ (grm™) BT T AR RO 2 (M )/ (grm ™) BEMEMBV)/(gm 2% ")
EMm 9.761 + 0.552 9.795+0.218 0.347 +0.019
g 12.659 + 1.066 13.364 + 1.249 0.472 +0.039

34 @

AT L BATITE M e Mot i &, o
T O BE LR e 3L EE S ER S
BNASWARAT N Z B N AEBR R, AT M AE 18 FE e |9
U N B AE T R AR . BB IRA LT 3 s

CODATFARE T, 1Ml 772 00 44 i 2 A FL 5L
By A EEALE 2 ~ 5 nm Yu B A, FE T EN, 775
M EA 2L 1.8 ~2.2 nm JEE[ A 10 nm LA L FL12
o)A e AR, VT EM EL R AN S LA F LR
S H BE FL B S Hh i T E s ARECTATE L AT
T LA 2 AR A L sk, 3 R 3 T R 43 g3
(2276 £ 0.43)%- (24.77 +0.21)%.

X T FRASRAIBE, 7 F M A7 3 0] 46 i I B
BRI 2RI “S” . 24 RH > 70% I, & WP &
KFEEMO) PR Z 5% . 24 RH =95% I, 775
(K] EMC 3 3] fix KAH 19.48%, 718N T+ 22.04% .
TR R 2, —FH Bl 109% F1 70% RH 575 2%
W 5 TH i #a % £E RH < 10% & RH > 70% X [a], 77
TR T AT E M, M E 10% ~ 70%RH U A,
P AR

GOX T BNAWARE, VTF M A7 85 7K 23
ARGV P R SZ U B, (HAR A S8 JE TR . AT
TGN BE FLBR 22 . o] Rt s, P s KK
Ptk (ISR E <R A=W P i1 = S K VATETR A
WG 5/ T % 1 4 v A1 %o ¥4 5 8 A 1) g 2 g 5 B
B

gi BT, A FC N Ui B BE FL B - A

IR AR HE R, BT T B A AR 1) 6 45 R FR B A oW
SR H R R S 5 B AR AR AT ISR, 45
7 T B om0 BE AL BRI o R IR S AR A
A5 HLXF 7K 73 B i 2 2 B AN B 285 ) S L 7 0 5 g
I, X R IR AE AT T SO0 20 B2 T 0T A R 4%
PRPELT TS B

SR, AT AL 57K 73 B4 P& U] B, AT 98 32 22

BT G5 5 7K 03 0 T AT AR A B R, T 1

A BT R A FEE 5 R WK 3 24 P B 7K 3 IR A4S T 2 A B

A A, BT E N E & YEE R R 1SR

DR AT S O35 7 73 Wi 7 SRR 2, SRR P

Wi, TERCH TR E Ak} 056 5 0T U5 LB
JE B ARK, IRANIRFNT—AAH ELAE F B E B,

BN R AL RAEEAR 7378 )1 #3055 T B, ATt

S B N FH S A 5 T SE R B S R, RIS O

Pri R 3s s, SREDIREACHTA R BT 5 8

E L, CUYIR AT R N A, ST 7 BN AR

& £ x W

(1] ek, 38K 5, Wit B, & 1T R IR & R R E R BT AL [T]. %2
AR 238, 2023, 29(7): 94-99.

Cheng L, Huang D Y, Chen S C, et al. Research on the progress
of comprehensive utilization of bamboo resources[J]. Anhui
Agricultural Science Bulletin, 2023, 29(7): 94—99.

[2] LiJ, Ma E. Characterization of water in wood by time-domain
nuclear magnetic resonance spectroscopy (TD-NMR): a review[J].
Forests, 2021, 12(7): 886.

[3] Cao M, Ren W, Zhu J, et al. Cell wall pore structures of bamboo

evaluated using gas adsorption methods[J]. Holzforschung, 2022,
76(8): 754-764.


https://doi.org/10.3390/f12070886
https://doi.org/10.1515/hf-2022-0006

166 D O NI %47 %

[4] Hou S, Wang J, Yin F, et al. Moisture sorption isotherms and Shang L L, Sun Z J, Jiang Z H, et al. Variation and morphology of
hysteresis of cellulose, hemicelluloses and lignin isolated from vascular bundle in moso bamboo[J]. Scientia Silvae Sinicae,
birch wood and their effects on wood hygroscopicity[J]. Wood 2012, 48(12): 16—21.

Science and Technology, 2022, 56(4): 1087-1102. [20] Lykiema J, Sing K S W, Haber J, et al. Reporting physisorption

[5] Han S, Xu H, Chen F, et al. Construction relationship between a data for gas/solid systems with special reference to the
functionally graded structure of bamboo and its strength and determination of surface area and porosity (Recommendations
toughness: underlying mechanisms[J]. Construction and Building 1984)[J]. Pure and Applied Chemistry, 1985, 57(4): 603—619.
Materials, 2023, 379: 131241, (21] EBUE, BT, SR, 5T HRE U KA 4 R LR A2 1L

[6] Zhang X, Guo F, Yu Z, et al. Why do bamboo parenchyma cells K43 sz 1], AL ETpROll K 2 244), 2023, 45(9): 127-136.
show higher nanofibrillation efficiency than fibers: an Wang K Q, Zhou Z Y, Ma E N. Effects of cell wall pore changes
investigation on their hierarchical cell wall structure[J]. on water of wood modified by furfuryl alcohol[J]. Journal of
Biomacromolecules, 2022, 23(10): 4053—4062. Beijing Forestry University, 2023, 45(9): 127-136.

[7] Yang X, Pang X, Liu X, et al. Determining the pore structure and [22] WESPF. T A0 H EE X FLRR S5 MR AIE K s ma R 7B 5T [D]. b
radial variability of moso bamboo (Phyllostachys edulis)[J]. ul: MO R AR, 2023.

Wood Science and Technology, 2023, 57(2): 345-357. Cao M D. The porous structure and its influencing factors of

[ 81 YL®f. BATHIBE EERHE RAHSCVER 78 [D]. 5 B Bl K2, bamboo cell wall [D]. Beijing: Chinese Academy of Forestry,
2025. 2023.

Jiang T. Research on gradient characteristics and correlation of [23] YinJ, Song K, Lu Y, et al. Comparison of changes in micropores
moso bamboo (Phyllostachys edulis)[D]. Nanjing: Nanjing and mesopores in the wood cell walls of sapwood and
Forestry University, 2025. heartwood[J]. Wood Science and Technology, 2015, 49(5):

[9] Wei X, Wang G, Smith L M, et al. The hygroscopicity of moso 987-1001.
bamboo (Phyllostachys edulis) with a gradient fiber structure[J]. [24] 2=k, &b 28, BRAT, . BATASFRIE T 40 B4 5 5oy S g
Journal of Materials Research and Technology, 2021, 15: SEMEREAE (1] b bRl K22 244), 2023, 45(8): 156-162.
4309—-4316. Li X, Zhong S H, Chen H, et al. Chemical composition and

[10] Yuan J, Lei Y, Mi B, et al. Differences in the hygroscopic thermal stability of cells in different structures of Phyllostachys
behavior of bamboo fiber and parenchyma[J]. Wood Science and edulis[J]. Journal of Beijing Forestry University, 2023, 45(8):
Technology, 2024, 58(2): 575—587. 156—162.

[11] Yuan J, Chen L, Chen Q, et al. Inherent characteristics of the [25] Popescu C M, Hill C A S. The water vapour adsorption-
hygroscopicity of fiber and parenchyma of bamboo[J]. Cellulose, desorption behaviour of naturally aged Tilia cordata Mill.
2022, 29(9): 4951-4959. wood[J]. Polymer Degradation and Stability, 2013, 98(9):

[12] Chen Q, Wang G, Ma X X, et al. The effect of graded fibrous 1804—1813.
structure of bamboo (Phyllostachys edulis) on its water vapor [26] Zhong X, Ma E. A novel approach for characterizing pore size
sorption isotherms[J]. Industrial Crops and Products, 2020, 151: distribution of wood cell wall using differential scanning
112467. calorimetry thermoporosimetry[J]. Thermochimica Acta, 2022,

[13] Yuan J, Chen Q, Fei B. Different characteristics in the 718: 179380.
hygroscopicity of the graded hierarchical bamboo structure[J]. [27] Ran Y, Li J, Zhang S, et al. Super-stable modified wood for
Industrial Crops and Products, 2022, 176: 114333. enhanced autonomous indoor humidity regulation[J]. Chemical

[14] Schniewind A P. Creep-rupture life of Douglas-fir under cyclic Engineering Journal, 2024, 488: 150814.
environmental conditions[J]. Wood Science and Technology, [28] Ning L, Zhang L, Zhang S, et al. How does surfactant affect the
1967, 1(4): 278—-288. hydrophobicity of wax-coated wood?[J]. Colloids and Surfaces A:

[15] Schniewind A P, Lyon E D. Further experiment of creep-rupture Physicochemical and Engineering Aspects, 2022, 650: 129606.
life under cyclic environmental conditions[J]. Wood and Fiber [29] gz, T 7y, 50, 5. KM N EK S5 B L2 RE
Science, 1973, 4: 334-341. BRI SRR [1]. #EHSAR, 2016, 30(9): 100-104.

[16] Panshin A J, de Zeeuw C. Textbook of wood technology[M]. New Liu J J, Yu J F, Wang X M, et al. A review about internal
York: McGraw-Hill, 1980. moisture diffusion of wood: mechanisms and multiscale

[17] Ma E, Nakao T, Zhao G, et al. Dynamic sorption and models[J]. Materials Reports, 2016, 30(9): 100—104.
hygroexpansion of wood subjected to cyclic relative humidity [30] Zhan T, Sun F, Lyu C, et al. Moisture diffusion properties of
changes[J]. Wood and Fiber Science, 2010, 42(2): 229-236. graded hierarchical structure of bamboo: longitudinal and radial

[18] Yang T, MaE, Li J. Effects of cyclic patterns of relative humidity variations[J]. Construction and Building Materials, 2020, 259:
on moisture sorption of Populus euramericana[J]. BioResources, 119641.

2019, 14(3): 6397-6410.
[19] FIHL, FMEZ, VLR, . BATHEE R E & LR R

I MRolkBRE, 2012, 48(12): 16-21.

NS

(F7THE%mHE % 43
TR E  H4£%)


https://doi.org/10.1007/s00226-022-01393-y
https://doi.org/10.1007/s00226-022-01393-y
https://doi.org/10.1016/j.conbuildmat.2023.131241
https://doi.org/10.1016/j.conbuildmat.2023.131241
https://doi.org/10.1021/acs.biomac.2c00224
https://doi.org/10.1007/s00226-022-01451-5
https://doi.org/10.1016/j.jmrt.2021.10.038
https://doi.org/10.1007/s00226-024-01541-6
https://doi.org/10.1007/s00226-024-01541-6
https://doi.org/10.1007/s10570-022-04599-2
https://doi.org/10.1016/j.indcrop.2020.112467
https://doi.org/10.1016/j.indcrop.2021.114333
https://doi.org/10.1007/BF00349759
https://doi.org/10.15376/biores.14.3.6397-6410
https://doi.org/10.1351/pac198557040603
https://doi.org/10.1007/s00226-015-0741-9
https://doi.org/10.1016/j.polymdegradstab.2013.05.021
https://doi.org/10.1016/j.tca.2022.179380
https://doi.org/10.1016/j.cej.2024.150814
https://doi.org/10.1016/j.cej.2024.150814
https://doi.org/10.1016/j.colsurfa.2022.129606
https://doi.org/10.1016/j.colsurfa.2022.129606

	1 材料与方法
	1.1 材　料
	1.2 研究方法
	1.2.1 维管束体积分数
	1.2.2 氮气吸附−脱附
	1.2.3 羟基可及度
	1.2.4 静态吸湿性
	1.2.5 动态吸湿性


	2 结果与讨论
	2.1 维管束分布
	2.2 细胞壁孔隙结构
	2.3 羟基可及度
	2.4 静态条件下竹材吸湿性
	2.5 动态条件下竹材吸湿性
	2.5.1 含水率变化趋势
	2.5.2 动态吸湿性参数


	3 结　　论
	参考文献

