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Fig.1 Preparation method of nanocellulose
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Fig. 2 Manufacturing process of nanocellulose-
based foams
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Table 1 Comparison of Young’s modulus and energy absorption of foaming materials

L THRY: ®E/ (gem™) Py At /MPa  HoA% G /(MParem®/g ) BRI/ (KIm™) S50
CNF(0.04 g/mL) oD 0.151(0.004) 1.9(0.5) 12 (3) 354(5) [20]
CNF(0.063 g/mL) oD 0.178(0.007) 3.9(0.3) 24 (2) 377(20) [20]

CNF oD 0.02 1.1(0.3) 55 70(8) [23]
CNF FD 0.01 1.0 100 [18]
CNF FD 0.0081 0.05 6.7 [43]
CNF SCD 0.03 0.9 29 75 [44]
PU (i AHR 43 i ) 0.077 0.01463 19 [45]
PU (fIAHX43F i ) 0.068 13.056 192 [45]
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Fig. 3 Stress-strain diagram of nanocellulose-

based foams

S R E A SAR e SR S p RN AN
e, MR E KX IS RS PE IR b R
SGERINPE 4 7R . DUOKREFER FLEIRM R E A TTERY
BAUL G IR BRI b BERE, AEIRAR S5 7 . wl e
Wbk ATHRFEENE | AR AR PR RS 5 TR A
XEF . &5 JIR T AR LT A 3 S R E Ry G2 e
A A S8 K2 A 3R B IR B R T AR A AN
FU = AR, ol 1 RS L PR IR e L
S AE S, DURIERS B . Sy ah T Z b
SR 7Yl o o

BT I, AORET YRR G P IR R AT

%, ZerbREVELF . PURIRBE SRR, TEURESE
IR Ry TR AT B R BT ) AN i

UKL B LR W2
TRA A
e o Tl | ED T
i > st
Bl \ A S ML,
AR AR

B4 MRAERZBIAMBNRZEEFER/OTEE
Fig. 4 Radar plots of nanocellulose-based foam materials
and PE foam
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Table 2 Comparison of thermal conductivity of foaming materials

B A T B fgom™) AL /% FRABW (k) 25
CNF OD 0.012 99.0 0.049 [16]
CNF-GO-SEP 0.075 99.2 0.015 [26]
Cu-G-CNF OD 0.040 97.0 0.050 [34]
CNF/ chitosan OD 0.060~0.120 98.1~99.7 0.030~0.040 [40]
EPS 0.030~0.040 [40]
PU 0.030~0.080 0.020~0.027 [47]
CNF SCD 97.3 0.022~0.026 [48]
CNF FD 99.7 0.018~0.029 [48]

AN OK 2 2 2 TR R R AR GE IR MR S B R
O 2 FiR . GOKEF 4 R ILH R B TR 5L
£ 0.015~0.050 W/(m-K) Z [8], 52 RCAHREARITIZ
1 (BRI RUEs S FREU N ST 012 W/(m'K)
BIRERE) o HRIRGE, AOKS 4k R I TR AR AT i
ALK 2R AL, HE— BRI R
WM APKREF 4R | B 895 570 R & A+ ok
HISIEHCH 0.015 W/(mK)™, B BAL Tk
Bl AN IE Z TR (0.030~0.040 W/(mK) ) ¥ Fi
B M MK (0.020~0.027 W/(m'K) ) "M, K. Sakai
5 U052 1 20 K 21 4k 28 S5 TR MORE I S 3 R B
0.018~0.029 W/(mK) i Bl N, 5 & M8 i 7k 10 5 34
FPARFE AL, AL TFRAR KN

A, PRI, T . J1eErERe i man
REF U RIELMIAR M R IR R BB R, T
A= A L A L LA AR U S S
SRS AR R A AR A

4 THEERNGN K 4T B AR

4.1 PAKE

YOREFYEZ AR AT S TSI, $e
MRHRERATE, DASEGEREE . BHAH, S AR, Hl
FHE 5 B IO UL BRI, i an &b
Bk 7 A EALBEGOR R, A 8E . 5
WA EOARL IR . BRREEFIIADSE ) o Chen C.
G BN A R Cu”t R BE T A PR
Tl A8 AT 2/ GOKEF e R IR AR A B . B.
Wicklei % " $)08 790K LF 4R SR . Ak 805
M AFE LG, R E RS YIRS 4ER SR
RHGBRIAYE . Jiang S. %5 ™ $2 ol g sEfa el . W0IR
FARRER SRR LT e R, LIRS IR SR . MW
(ENER L P S A R iR e BTN P STIUR T

42 mER

AR AGRAPAEME, WS AL
BWEEA W T AR LF 4 Z IR br s v U HE i
i, 7eRW. RO (polyvinylamine, PVAm ) %5
FH S RA W el 54 o H fr (9 A0 R I RESS S, M
TELHARRESS, SEmiIR S5t , (AN E T,
HAMHAIET . A. Ottenhall 25 "7 JLF I 2 M e F5e B
BRI M B R PemvE, R L ds ik ik,
TR T AR 2 2 AR MR RAF PR ME . Wu ML Y.
G DR MRS . ST R B 2 RN IR WA 1
[FFEF, e s BAT BB 0 A T
43 EKkE

PUAT 1) 9 K 41 4 250 TR BRI A 2 W PR v
Gy R APE R EIEG , PT I8 R S INE K 2 sls K R
ill. Zheng C. % PO N TR 4K EF Gk K IR M R
B K, FHER S Bz B2 B 5 7K i o i Tk 5 T
PR, MRS AR A B TR K PR, FEK iR 7
d JG R K Hif#. C. Antonini 25 " 5 T UEBI44 K £F
A R IR BEHE B S T VS E R,
Y S — 244K (alkylketenedymer, AKD ) 245 /K5,
AL T B KR

5 #5iE

Y241k, AT 4 2 00 By A i
SR HUNIL, (AR I RE T8 A AR AR A 2 1T 4 751
AT R R 5 o MEAR MR P T 0R S 2R 0 T
L. R RIS, BB R Y
A, PR ET e R SRR RG] fd R b LA
AR TR T2 GOKEF R S0AR M B T AT
WA FLBR S . PRI SRR A
AR S AT 5S4 R bR AE i il £ % AV B 4115 ek
BAALGA IR R, 1AL, DOREF iR FGAIR

- 74 -



US MEX, =
KT AR RE B U R ST R

FORHERHIR . DURT | BiK S5 S0 b U Rt
JEo AR T BB Bea R £ 3R 4 T 2R S 2R A
BB RAS AR A 77 A Jh e A v e B BEAE A
KA A8 7, NGB RS ™ 1 R
RAIRFIT R I, WHE . AFEEm TR,
SR ET Y R IR RN T .

S 3k

[1] HASSANMM, TUCKERN, LE GUEN M J. Thermal,
Mechanical and Viscoelastic Properties of Citric Acid-
Crosslinked Starch/Cellulose Composite Foams[J].
Carbohydrate Polymers, 2020, 230: 115675.

[2] LIAO J M, LUAN P C, ZHANG Y X, ect al. A
Lightweight, Biodegradable, and Recyclable Cellulose-
Based Bio-Foam with Good Mechanical Strength and
Water Stability[J]. Journal of Environmental Chemical
Engineering, 2022, 10(3): 107788.

[3] JIAO X C, ZHENG K, CHEN Q X, et al.
Photocatalytic Conversion of Waste Plastics into C, Fuels
Under Simulated Natural Environment Conditions[J].
Angewandte Chemie International Edition, 2020,
59(36): 15497-15501.

[4] CHEN L, WANG S H, WANG S S, et al. Scalable
Production of Biodegradable, Recyclable, Sustainable
Cellulose-Mineral Foams via Coordination Interaction
Assisted Ambient Drying[J]. ACS Nano, 2022,
16(10): 16414-16425.

[5] WANG S, LU A, ZHANG L N. Recent Advances in
Regenerated Cellulose Materials[J]. Progress in Polymer
Science, 2016, 53: 169-206.

(6] BRfEVE, RN . P4 RYOREYEAE i e SR )
BEFEHERE (7). G2 T, 2022, 43(23): 1-8
CHEN Qiangian, CHANG Chunyu. Research Progress
of Cellulose Nanofibers in Food Packaging[J]. Packaging
Engineering, 2022, 43(23): 1-8.

[77 KARGARZADEH H, HUANGJ, LINN, etal. Recent
Developments in Nanocellulose-Based Biodegradable
Polymers, Thermoplastic Polymers, and Porous
Nanocomposites[J]. Progress in Polymer Science,
2018, 87: 197-227.

[8] HUANG S C, WANG X Y, ZHANG Y, et al.
Cellulose Nanofibers/Polyvinyl Alcohol Blends as an
Efficient Coating to Improve the Hydrophobic and
Oleophobic Properties of Paper[J]. Scientific Reports,
2022, 12: 16148.

(91 VrolEm, B, JHE . GORE4E R A 2K &

Ko FAE Ha AR~ 0 F b R BIF S T (0], i A3 T,
2020(10): 12-20.

XU Kairui, GONG Qinghua, ZHOU Guowei. Progress
on Preparation of Nanocelluloses and Its Applications in
Electrochemistry[J]. Polymer Bulletin, 2020(10): 12—
20.

[10] LONG W, OUYANG H, HU X, et al. State-of-Art
Review on Preparation, Surface Functionalization and
Biomedical Applications of Cellulose Nanocrystals-
Based Materials[J]. International Journal of Biological
Macromolecules, 2021, 186: 591-615.

[11] ZHANG H, CHEN Y, WANG S S, et al. Extraction
and Comparison of Cellulose Nanocrystals from Lemon
(Citrus Limon) Seeds Using Sulfuric Acid Hydrolysis and
Oxidation Methods[J]. Carbohydrate Polymers, 2020,
238: 116180.

[12] HUANG S T, LIU X H, CHANG C Y, et al. Recent

Developments and Prospective Food-Related Applications

of Cellulose Nanocrystals: A Review[J]. Cellulose,

2020, 27(6): 2991-3011.

MISHRA R K, SABU A, TIWARI S K. Materials

Chemistry and the Futurist Eco-Friendly Applications of

[13

—_

Nanocellulose: Status and Prospect[J]. Journal of Saudi
Chemical Society, 2018, 22(8): 949-978.

[14] CHEN Y M, ZHANG L, YANG Y, et al. Recent
Progress on Nanocellulose Aerogels: Preparation,
Modification, Composite Fabrication, Applications[J].
Advanced Materials, 2021, 33(11): ¢2005569.

[15] SUNY, CHUY L, WU W B, et al. Nanocellulose-
Based Lightweight Porous Materials: A Review[J].
Carbohydrate Polymers, 2021, 255: 117489.

[16] HOUY S, LIAOJ M, HUANG LY, et al. Plant Bio-
Inspired Laminar Cellulose-Based Foam with Flame
Retardant, Thermal Insulation and Excellent Mechanical
Properties[J]. Journal of Materials Chemistry A, 2023,
11(3): 1138-1147.

[17] OTTENHALL A, SEPPANEN T, EK M. Water-Stable
Cellulose Fiber Foam with Antimicrobial Properties for
Bio Based Low-Density Materials[J]. Cellulose, 2018,
25(4): 2599-2613.

[18] ANTONINI C, WU T T, ZIMMERMANN T, et al.
Ultra-Porous Nanocellulose Foams: A Facile and Scalable
Fabrication Approach[J]. Nanomaterials, 2019, 9(8):
1142.

[19] GHANADPOUR M, WICKLEIN B, CAROSIO F, et
al. All-Natural and Highly Flame-Resistant Freeze-Cast
Foams Based on Phosphorylated Cellulose Nanofibrils[J].
Nanoscale, 2018, 10(8): 4085-4095.

-75 -



05 €1 %= = f PACKAGING JOURNAL
2023 £ £ 1545 F 5 B Vol. 15No. 5 Sep. 2023

[20] FERREIRA E S, REZENDE C A. Simple Preparation
of Cellulosic Lightweight Materials from Eucalyptus
Pulp[J]. ACS Sustainable Chemistry & Engineering,
2018, 6(11): 14365-14373.

[21] T H, XIANG ZY, QI HS, et al. Strategy Towards
One-Step Preparation of Carboxylic Cellulose
Nanocrystals and Nanofibrils with High Yield,
Carboxylation and Highly Stable Dispersibility Using
Innocuous Citric Acid[J]. Green Chemistry, 2019,
21(8): 1956-1964.

[22] FNEICH F, VILLE J, SEANTIER B, et al.
Nanocellulose-Based Foam Morphological, Mechanical
and Thermal Properties in Relation to Hydrogel Precursor
Structure and Rheology[J]. Carbohydrate Polymers,
2021, 253: 117233.

[23] CERVIN N T, ANDERSSON L, NG J B S, et al.
Lightweight and Strong Cellulose Materials Made
from Aqueous Foams Stabilized by Nanofibrillated
Cellulose[J]. Biomacromolecules, 2013, 14(2): 503-
511.

[24] BELUNS S, GAIDUKOVS S, PLATNIEKS O, et al.
From Wood and Hemp Biomass Wastes to Sustainable
Nanocellulose Foams|[J]. Industrial Crops and Products,
2021, 170: 113780.

[25] WANG P P, ALIHEIDARI N, ZHANG X, et al.
Strong Ultralight Foams Based on Nanocrystalline
Cellulose for High-Performance Insulation[J].
Carbohydrate Polymers, 2019, 218: 103-111.

[26] KORHONEN O, BUDTOVA T. All-Cellulose Composite
Aerogels and Cryogels[J]. Composites Part A: Applied
Science and Manufacturing, 2020, 137: 106027.

[27] TARRES Q, BOUFIS, MUTJE P, et al. Enzymatically
Hydrolyzed and TEMPO-Oxidized Cellulose Nanofibers
for the Production of Nanopapers: Morphological,
Optical, Thermal and Mechanical Properties[J].
Cellulose, 2017, 24(9): 3943-3954.

[28] SANCHEZ-SALVADOR J L, CAMPANO C,
BALEA A, et al. Critical Comparison of the Properties
of Cellulose Nanofibers Produced from Softwood and
Hardwood Through Enzymatic, Chemical and Mechanical
Processes[J]. International Journal of Biological
Macromolecules, 2022, 205: 220-230.

[29] TIMOFEEV O N, JETSU P, KERANEN J T.
Drying of Thick Foam Formed Mats Comprising
Chemithermomechanical Pulp Fibers[J]. BioResources,
2022, 17(2): 2547-2562.

[30] HJELT T, KETOJA J A, KIISKINEN H, et al. Foam
Forming of Fiber Products: A Review[J]. Journal of

Dispersion Science and Technology, 2022, 43(10):
1462-1497.

[31] TARDY B L, YOKOTA S, AGO M, et al.
Nanocellulose-Surfactant Interactions[J]. Current Opinion
in Colloid & Interface Science, 2017, 29: 57-67.

[32] LIUY, LU P, XIAO H N, et al. Novel Aqueous
Spongy Foams Made of Three-Dimensionally Dispersed
Wood-Fiber: Entrapment and Stabilization with NFC/
MFC Within Capillary Foams[J]. Cellulose, 2017,
24(1): 241-251.

[33] WUMY, YUG, CHEN W, et al. A Pulp Foam with
Highly Improved Physical Strength, Fire-Resistance and
Antibiosis by Incorporation of Chitosan and CPAM[J].
Carbohydrate Polymers, 2022, 278: 118963.

[34] QINCN, YAOM Z, LIUY, et al. MFC/NFC-Based
Foam/Aerogel for Production of Porous Materials:
Preparation, Properties and Applications[J]. Materials,
2020, 13(23): 5568.

[35] CHEN CJ, ZHOU Y B, XIE W Q, et al. Lightweight,
Thermally Insulating, Fire-Proof Graphite-Cellulose
Foam[J]. Advanced Functional Materials, 2023,
33(6): 2204219.

[36] WANG R L, CHENCJ, PANGZ Q, et al. Fabrication
of Cellulose-Graphite Foam via Ion Cross-Linking and
Ambient-Drying[J]. Nano Letters, 2022, 22(10):
3931-3938.

[37] DARPENTIGNY C, NONGLATON G, BRAS J,
et al. Highly Absorbent Cellulose Nanofibrils Aerogels
Prepared by Supercritical Drying[J]. Carbohydrate
Polymers, 2020, 229: 115560.

[38] FITZPATRICK S E, DEB-CHOUDHURY 8§,
RANFORD S, et al. Canola Protein Aerogels via Salt-
Induced Gelation and Supercritical Carbon Dioxide
Drying[J]. European Polymer Journal, 2022, 168:
111126.

[39] FERREIRA E S, REZENDE C A, CRANSTON E D.
Fundamentals of Cellulose Lightweight Materials: Bio-
Based Assemblies with Tailored Properties[J]. Green
Chemistry, 2021, 23(10): 3542-3568.

[40] WICKLEIN B, KOCJAN A, SALAZAR-ALVAREZ
G, et al. Thermally Insulating and Fire-Retardant
Lightweight Anisotropic Foams Based on Nanocellulose
and Graphene Oxide[J]. Nature Nanotechnology, 2015,
10(3): 277-283.

[41] HAFEZ I, TAJVIDI M. Comprehensive Insight into
Foams Made of Thermomechanical Pulp Fibers and
Cellulose Nanofibrils via Microwave Radiation[J]. ACS
Sustainable Chemistry & Engineering, 2021, 9(30):

- 76 —



MEX, %
K ST RPN B T T ST R

05

10113-10122.

[42] NECHITA P, NASTAC S M. Overview on Foam
Forming Cellulose Materials for Cushioning Packaging
Applications[J]. Polymers, 2022, 14(10): 1963.

[43] JIANG F, HSIEH Y L. Amphiphilic Superabsorbent
Cellulose Nanofibril Aerogels[J]. Journal of Materials
Chemistry A, 2014, 2(18): 6337-6342.

[44] KOBAYASHI Y, SAITO T, ISOGAI A. Acrogels with
3D Ordered Nanofiber Skeletons of Liquid-Crystalline
Nanocellulose Derivatives as Tough and Transparent
Insulators[J]. Angewandte Chemie International Edition,
2014, 53(39): 10394-10397.

[45] SEHAQUI H, ZHOU Q, BERGLUND L A. High-
Porosity Aerogels of High Specific Surface Area Prepared
from Nanofibrillated Cellulose (NFC)[J]. Composites
Science and Technology, 2011, 71(13): 1593-1599.

[46] KASHIWAGI T, DU F M, DOUGLAS J F, et al.
Nanoparticle Networks Reduce the Flammability of

Polymer Nanocomposites[J]. Nature Materials, 2005,

4(12): 928-933.

[47] PAPADOPOULOS A M. State of the Art in
Thermal Insulation Materials and Aims for Future
Developments[J]. Energy and Buildings, 2005, 37(1):
77-86.

[48] SAKAI K, KOBAYASHI Y, SAITO T, et al.
Partitioned Airs at Microscale and Nanoscale:
Thermal Diffusivity in Ultrahigh Porosity Solids of
Nanocellulose[J]. Scientific Reports, 2016, 6: 20434,

[49] TIANG S, ZHANG M L, LIM M, et al. Cellulose-
Based Composite Thermal-Insulating Foams Toward Eco-
Friendly, Flexible and Flame-Retardant[J]. Carbohydrate
Polymers, 2021, 273: 118544.

[50] ZHENG C, LI D F, OTTENHALL A, et al. Cellulose
Fiber Based Fungal and Water Resistant Insulation
Materials[J]. Holzforschung, 2017, 71(7/8): 633-639.

(WAL s. F24)

Research Progress of Nanocellulose-Based Foams in Packaging Field

HAO Fayi, ZHANG Zicong, HU Dan

( College of Communication and Art Design, University of Shanghai for Science and Technology, Shanghai 200093, China )

Abstract: Nanocellulose, as a natural and degradable material, has excellent mechanical properties, high specific

surface area, large aspect ratio and other characteristics. In order to study the application of nanocellulose-based foam

materials in packaging field, different manufacturing methods of nanocellulose foam materials in recent years and their

advances in cushioning, heat insulation, flame retardant, antimicrobial and hydrophobic properties were reviewed. It

was indicated that great progress has been made in the fields of nanocellulose preparation, foaming process and foam

drying. However, there are still some problems to be solved in the scale production of nanocellulose-based foams due to

the complexity of nanocellulose production process and the high energy consumption and long drying time. Moreover,

the key performance index of nanocellulose-based foams as packaging materials still needs further improvement.

The research progress of nanocellulose-based foams in packaging field was reviewed with the purpose of providing

theoretical support for the development of sustainable packaging materials.

Keywords: nanocellulose; degradable foam; drying method; packaging
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