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Abstract: [Objective] Bamboo, due to its excellent mechanical properties, has become an ideal raw

material for the “bamboo-plastic substitution” strategy. However, its special gradient structure and high
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rigidity lead to cracking and rebound during processing, severely restricting its high-value utilization.
Addressing the issues of low efficiency and poor results in traditional softening techniques, this study aims
to construct a green and efficient “ deep eutectic solvent (DES)-high-temperature steam” synergistic
softening system, reveal its multiple softening mechanisms, and provide a new approach for solving the
plastic processing of bamboo. [Method] This study selected moso bamboo as the object and used three
typical DES systems: lactic acid/choline chloride (n(LA):n(ChCl) = 2:1), zinc chloride/choline chloride
(n(ZnCl,):n(ChCl) = 1:1), and lactic acid/zinc chloride (n(LA):n(ZnCl,) = 2:1) for pretreatment, combined
with high-temperature steam to achieve bamboo softening. The softening effect of bamboo was evaluated
through short-term compression ratio and elastic modulus. Comprehensive utilization of dynamic
mechanical analysis (DMA), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), carbon-13 solid-state nuclear magnetic resonance ("°C
NMR), thermogravimetric analysis (TG/DTG), X-ray diffraction (XRD), and small-angle X-ray scattering
(SAXS) analysis methods was used to analyze the plasticizing mechanism from multiple dimensions,
including glass transition temperature, microstructure, chemical bonding and hydrogen bonding network,
thermal stability, crystallinity and crystal structure, microfibril angle distribution, and fiber orientation.
[Result] (1) Considering the effects of softening time, temperature, and concentration, it was found that the
optimal treatment process was using a 70% LA/ZnCl, system at 130 °C steam for 1 hour. Under these
conditions, the short-term compression ratio of bamboo increased by about 165%; the elastic modulus
decreased by about 53%, and the softening effect was significantly better than that of pure steam treatment
and other DES systems. (2) Acidic DES and high-temperature steam synergistically promoted the hydrolysis
of hemicellulose and the breaking of B-O-4 ether bonds in lignin, partially deconstructing the LCC network
that restricts molecular motion, and promoted softening at the molecular level. (3) Zn*" deeply penetrates and
disrupts the structure of the cellulose crystalline region, destroying the hydrogen bond network between
molecular chains through coordination, resulting in a 3.60% decrease in crystallinity and a 2.90% decrease in
microfibril orientation, further enhancing the softening effect. [Conclusion] The LA/ZnCl, high-
temperature steam system achieves efficient plasticization of bamboo cell walls through a dual pathway of
“chemical degradation of the matrix” and “physical deconstruction of crystals”, providing a new technical
solution for the preparation of high-performance bamboo-based recombinant materials and the realization of
complex plastic deformation processing of bamboo.

Key words: bamboo; cell wall; deep eutectic solvent (DES); plasticization mechanism; lignin-carbohydrate

complex (LCC); microfibril angle; synergistic effect
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Fig. 1 Effect of different softening times on the short-term compression ratio (a) and modulus of elasticity (b) of bamboo
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Fig. 2 Effect of different softening temperatures on the short-term compression ratio (a) and modulus of elasticity (b) of bamboo
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Fig.3 Loss modulus curves for bamboo with different

softening treatment
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Fig. 4 Microstructural morphology of bamboo treated with different methods
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IR ME TR G, A7 M I 20 90 [ e A0 0 H B 2 Fig. 5 FT-IR spectra of bamboo from different treatment
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BTSN MR VE AR AR 5 M PR i AR TR A B L 5| B4R, 76 1605 em™' (A i 254530 20O H 1 239
N T BB LR, R, SXFP ST MBE R AT om ' (B A S ) b, % 28 £ 6 38 20 T R R
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Fig. 6 Cls XPS spectrum peak fitting plots for bamboo samples from different treatment
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Tab. 1 Carbon bond types and content in bamboo from different treatment
PhpLiEiR Cl/% C2/% C3/% C4/%
C 60.93 25.72 9.47 3.88
Steam-C 67.55 23.22 6.17 3.06
Water 62.28 24.57 8.38 4.76
LA/ChCl 54.61 24.62 14.18 6.58
ZnCl,/ChCl 65.36 24.42 7.72 2.50
LA/ZnCl, 63.34 22.10 10.54 4.02
7E: CIXJ)3283.3 ~ 283.5 eVALC—C/C—HEE; C2%1%284.7 ~ 285.1 eVAEC—O%E; C3XT[41285.9 ~ 286.4 eVALC=O%; C4XJ)3287.3 ~ 287.7 eVAE
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Fig. 7 Peak fitting of the O—H stretching vibration region in FT-IR spectra of bamboo treated by different methods
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Tab.2 Hydrogen bond types and content in bamboo from
different treatment

AbBRZH HiERE%  TAERY 2 TIREAR%
C 5.16 52.40 42.44
Steam-C 4.07 55.69 40.24
Water 8.05 49.21 4275
LA/ChCl 6.83 54.18 39.00
ZnCl,/ChCl 7.54 53.89 38.57
LA/ZnCl, 6.15 57.30 36.55
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() B8 5 A= AR B8, AT 7 77 77 44 76 2 0 A
iR
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ANIF] DES 14 & A (45 45 58 B A7/ 22 57, R LA/
ZnCl, 41K % 9B &, LA/ChCl ¥k Z., ZnCly/ChCl
FAXT 255, 1% Ui B LA 525 5) 71 Wi A J5 25 v T g 225
Fg (i B-O-4 ), fEFR 1 DES 5 =i &R AEH T,
ik £ 1) DT 24 1) 55 T 77 14 40 PR BE HR LCC 25 M0 43
BERI IR AR . RIS, SXFf 701 X 25 R A SR PRI T 4t
B[S BRE B, 50 DMA 43t T, IR &
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Fig. 8 '*C NMR spectra of bamboo treated by different methods
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REFYEFKAR AR R BRI R R, A IR T
IAE N B0 I e BB AL A A b, B R TR 2 TR
L, AT IR 5 K E . JLHE LAY
(LA/ChCI\ LA/ZnCI)T; N FFENIAE, Uil LA Xt
T KA B 45 K4 ) 82 Wi AT A () B4 il S N 25
KA. ERRIESEMET, g R RAEFRZIN Y
R, X 5 HTSC FT-IR 20 Mr o ge 2 25 5 — 2. 1M
ZnCl, 2. (ZnCl,/ChCl. LA/ZnCI) ) Ty 2 50, 156 B
Zo* A BT A T AR Y R TR A A A T —
RIS, 454 FT-IR F1°C NMR 4558, 3588 Zn* 2
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Fig. 9 TG (a) and DTG curves (b) of bamboo treated by different methods

K3 AELEMHPNESFERERRARERRE

Tab. 3 Initial decomposition temperature
and maximum weight loss temperature of
bamboo treated by different methods G
AbFR2H WG 73 MRIRLEECT) KR FZIRE (T

C 171.51 267.09
Steam-C 173.32 268.69
Water 160.96 274.15
LA/ChC1 134.23 284.87
ZnCl,/ChCl 159.80 306.82
LA/ZnCl, 128.67 295.29

15.62°, 21.46° 34.46°Hir £ H LRI LF4E 2 1 &
BURFIEAT S U, IX R AL AR B - BAE H T RES
SERINAE RS, RO 4E RN L . 25 5T
HAERCR DR T MERLE RS “TEEX
R 5 “45 SIX BN BRI HLAE 1) 56 4 8 R . Water
YA LA/ChCl 41 (1) 25 i FE AR A FE A (33.90%) 43 H
T # 35.30% F1 34.20%, 3X 5 HI 3C FT-IR 23 B —
H, RITERRMEBUK RGN, e R 5 T0E R4 5
RAEFRRERR, FEUA FR ik B I 27 4 5 45 5 XA
X BT

52 T Bt S LU 2, R RIFER AT o 5E

£4 FRLEBAHGTREERE.

r'y

SREE
—
Z
Q
=
s
[ S R R

B 10 AFALFRYTHF K XRD 1
Fig. 10 XRD spectra of bamboo treated by different methods

T4 5y I #5 %, ZnCl, 4H.(ZnCl,/ChCl. LA/ZnCl) ]
i EH R T REER . Rl LA/ZnCl, H, H 455
FEFE 2 30.30% 0 3X— i [ FRARA JTUESE 7R 7K #
W H o FiBE G, Zo MUER T e EIX, H
IRIEIBIE B Y R AT 2 R, BR T g A
M2, FEUE 4 X AT R X, [F
Z A AR ST IS A 3G 0, 454 TG/DTG IR 25

HEMTE DES FITER R, P 4e R kgl kA T EHE,
TSR B KA P 2 1 B 1 s i 2 4 35 A IR 45 1,
X T 5y T K 0 DX 385 e B KB, /N ROSH (R AN 58 48
in R BE 2% 5 52 21| DES FM H IR . X — 45 R 50

ERf Rt ERTH B BE R 4T 4R B [m]

Tab. 4 Cellulose crystallinity, crystal size, interplanar spacing, and fiber orientation of bamboo treated by different methods

A FRAL Hiwh /% Al P RUT/A o T ] /A LT HEHR R 152 /%
C 33.90 293 4.05 85.40
Steam-C 32.70 293 4.02 86.60
Water 35.30 29.1 4.05 86.40
LA/ChCl 34.20 30.1 4.05 82.60
ZnCl,/ChCl 32.90 29.8 4.04 83.70
LA/ZnCl, 30.30 30.8 4.05 82.50
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Fig. 11 Integration of scattering signals in two-dimensional SAXS images of the bamboo from different treatments
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