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Progress in Preparation and Adsorption Properties
of Nano-Cellulose Based Aerogel
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(College of Materials Science and Engineering, Nanjing Forestry University, Nanjing 210037, China)

Abstract: Nowadays, sustainable development has become the consensus of all countries in the world. Reasonable and
efficient research and development of renewable biomass energy for reuse has become a hot research topic and direction of
major research groups at home and abroad. As a typical biomass renewable resource, nano-cellulose has become a good
choice in the field of environmental treatment. Meanwhile, nano-cellulose based aerogel as the third generation aerogels, has
the advantages of high porosity, high specific surface area, low density, low dielectric constant and high absorbability. It has
broad application prospects in dye adsorption, oil adsorption, heavy metal ions adsorption, CO, gas adsorption and other
fields. The preparation methods of nano-cellulose, the preparation technology of nano-cellulose based aerogel and its applica-
tions in the field of adsorption are reviewed in this paper. The problems existing in the research and development of nano-cel-
lulose based aerogel are discussed, and the future development direction of nano-cellulose based aerogel in the field of ad-
sorption is prospected.
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Fig. 1 Schematic of the preparation and application of 3D network nano-cellulose based aerogel 2!
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Fig.2 SEM images of CNF aerogels after freeze-drying by TEMPO method at =20 °C (a~c) and =196 C (d~f) (301, (a, d) radial cross section;

(b, e) longitudinal section; (c, f) external surface
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Fig. 3 Comparison of macro photographs and micro SEM images of BNCA membrane compared to PVDF membrane !

. (a) BC biofilm growth

in medium, (b) BC gels in deionized water, (c¢) supercritically dried BNCA, (d) surface morphology of BNCA membrane, (e, f)

cross sectional morphology of BNCA membrane ; (g) surface morphology of PVDF membrane, (h, i) cross sectional morphology of

PVDF membrane
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Fig. 4 Modification mechanism of functionalized nano-cellulose for different pollutants

[36]

Length Sﬂnm 2om
1 >1lmm | ]
scales — T l 1
Ocm 2 45'“11 1.25pm 15nm
. 3inger I CNF length CNF diameter
,’_____‘__"—_____‘_‘___‘___‘_‘___ ’_____—__: ___________________ ‘\\
! Citric Acid/ } ] / ™ wo wo |
| ’ Hydrochloric e i [hoo o Ho m‘ ] s \Mi; « B i
| i Acid 1+ o M._ 1 "R_O, Jd
| e o aive harewng o e Lol
| ! A i ' o 0 o %Mo ler ™ b In
| y Freeze-dried 1 N oLy WO WO GonT
| OH

l\ / \ Citric Acid )

S

e . e e e

| Heavy metal jon '
, Copper ions as |
| @ representative |

. Chemical absorption
Pseudo second order kinetic

‘Methylene blue

"""""""" CI

HyC- N‘C[ :©=N CH, Aerogel
CH, CH;

5  CNF S ERyil

Network capture effect
Bridging function

................

)NN {_\3 '

o) Na'

TR R

Fig. 5 Preparation and application of CNF aerogel *”]

o, ] DU I 5 LTS T 3 P e o7 2R 4 T e e I
PR A SR i e Tl G Ash i G 1) i 18 2 — i 6 Py A2 3 K
WG, TR R ISR, BT Lok G A i
FRF A e DR Bt RO A ), 0T LA CNF 3 2 ) g it

F . CNC Fegwkbng B30 A1 BC EEgeplmg il 3 28, H
BC FEYLHE R B30 B A E AR v, T Gl o B 8 B 5

Beb, WAEASC AT
CNF KAz AR A M40k 25k, Pk CNF <
BRSSO R 28 D10 55 114 15 B 1 B[] il o L 78 450 v 119

J12EPERE . Gu % LIS R JFURR F TEMPO 481k 32 i1
T CNF, #RJ5 LA AN K BAR A AR 4 K UKL ( PANP )
HAEF] CNF R0 L, HJ5 LR % TS 4 T CNF-PANP
SEEE, BRI, IR BRI B LS 0 AR T X
BB 7 (WIZRZ, CR) FIPHE T (O H 3L, MB) Jekbis
WHARS W ETERE, fEREE M S 65 KA T
PIREI91. 1% ~99. 0% Ml ze 3, HILA SEhrAmg g
AR FH 7 AR KA J1 . AR FAE 5 CNF <5
R4 73, Chen 251 LIAT P24 R 4040 0 JEURE,



554 RPN

ANOR T i 28 BRI 14 ) o B HL R B P RE AT 9 2 309

SER ML L AL B, SR J5 K 2, 3- 3R 40N 2k — 1 3
FALBEAR AT, b2 A BERD & R 38 5 15 3 B4 1k 1Y
YPORIFLFALLF 4 R (Q-NFC) , feJafE— & TS
FERME(CS) EBIFAR BTG HITE CS/Q-NFC B EX
BEME ., MR, B A RE AL RE KT 9%, H=
FH e e R DA () 5 | A B0 T 4 v X I 285 - e e 1) W o i
J1o WAL, R AR A S R R Al
RISEAE S YR W B — 0 B0 2 i ST 97 85— G ek iy iz g o
RT3k 98% , I H AT LA R 40 2 BHES T YLk A B & 7
Jurl, %GB IR IREE A 1 A W) B SR, ]
DL R R 25 B B T okl . NFC LA 5E i Y ) I B
FIEARRM LR, B RO A, (AR
K, AFIT N, B LA S B 28 81 JH At R b 36 1 57
P8 A RE LR B R RCR

AT CNF Wil 7577, T CNC KZ R R K
AR, SO R B AR (—CO0—) S5aiy £ i far 1 1k
A1, B CNC FSHE I G B 50) 4 FH St W B B 25+
Yekl, Liu 255 LU B 4RO M JEURE, 280 R /K it i
73 T CNCs, K575 22 HEF (MBA ) Rl AL IR S5 5] A A
F (APS/TMEDA) MFEFHT, % CNCs FIAMEIR (AA) A
IR LR 46 T CNCs-g-AA KEEIR, fiem KA %

APS/TM]ZDA Hvdrothermal
AA/MBA . \

g ™

o
A APS/TMEDA AA

m ﬁ‘;j\OT CNCs

CH,——CP[{ o

CNCs

HC.y APS/TMEDA

TN 2 K B T 4 T CNCs-g-AA SBERZ (B 6)
FFEFRW, CNCs-g-AA S EEH N H LW (MB, BHE ¥
YuRE) 408 - A 2 T IR F) 400 mg/g, HLZS 5 U R — i
Bl 5 Hoxr MB B L BR AR T 83. 1%, W B 545 K
F99.7 mg/g, Bt RIFMER FERES, TREIE &
AR IS IS B Ak T Gl AR b P K 1 I B e Al rh SR
BARBERHI S T EE AR, BAETRE S WA B
Pk, Wmeﬁ“HHUﬁ*¢E%%ﬁﬁ@%ﬁﬁ
FAORL, iR WU A SRR £k ML IR R AT K B Ak B
il 8 T A BURE AR (R A 3% ) A9k R IR A 4E R
o Je g H 5 5 R S R B (CMCT) SRR IE LK B I IR
FHAH TR T AR T g R RSB, E AR
G il B 120 X TR B, AR S AR B AT A o8 AR
IAFFEEE ST J, 78 SMH 0 e 3 A K 2 44 3% ik
(10 T8 L R 300 o0 5 RS2 7 T G 0 g e, DA 3
SBEROL S W B PERE . I BEIROT MB YAk i) i i 4%
HAEA 785 meg/g, H.Z5d 6 Uk BE—Jt B i 4 2R IR 6
JEATS AT IR U W B 25 2 1 83. 5%, RIIZREREA
SR EE Y, 1R RS O R R SBERCRT, ZEn]
o fire I B 24tk T HAG VAR B I FH AL

Bl 6 CNCs-g-AA SRl A HLER 2 1)
Fig. 6 Mechanistic diagram of the preparatton of CNCs-g-AA aerogel !/

3.2 ISR

B S 0 A s A i, N A2 XA 3 B 7 R
H A0, EammIrR, sk, A i TAE
R o T il 0 i A o i R T AR B K AR ER T
RIS, 5T B0 Ml 7K 95 et 7 T 5 W 2 AT feke B AN
ALZSERIE, PRI v AR R S 9 e ) RS A FE B TN

KEF Y R ILSEEE T HAF A B PERE, B AR R
EL T B PREE A Lr T W AL, Ay A DR i s T e ] 4
HET B &R,

T CNC KABR R K vk il 45, WO R AR e/
WIPER SRtk FL2 A, DRGSR FH CNC il 45 <
BER PRI A CNF 419, 1 CNF S EERE N #



310 Hh AR

39 %

FH 5 W B ), 30 5 SR A B 9 /K 0 AR HL AT
B K A P T SR B0 K 23 B P RIOCR o B R 04 B K e 7
= A R B (MTMS) | 3 = SRk be (MTCS) |
S HELGRERE(TMCS) . AAREK (TiO, ) FIE 2 3k — 5k
BE(OTCS) 25 Ay il £ FL AT W 00 R 14 44 oK £F 4 3
B, RIS IR R RORE, SRR . B B b
FRH £ T CNFs 27, SRIGERRME S5 0F T LA O 0
(PVA) Sy AH 2R Y R T 1 4 T PVA/CNFs &
HAREEE, FELL TMCS Bt R & & KB 31T B K
AR B R T A SR AR A SR (rGO) BRI,
BAEE Tk B vGO/PVA/CNFs & 458K, %71
il 8 1 2 A I AR AR (6. 78 mg/em’) | Bi/KMERE
P (KA R 138°) FLXHIM S A HLIA R EL A o W Btk
REAGm AR, HRH & RS . T2 B AR
BURAEE R, AFT T kA 7= 1 Gao %5 ] APl A=
MBI R, URZEM(PDA) A, + /i
(ODA) NBKMER, ¥ NFC {7 232 A PDA/ODA FL#
, KWRURTIRE, SR EA R ORI A Tk
152.5°) | MR (6. 04 mg/em’) | AL R4 4¢
PR GABER (NE 7 FR) o Z T2 RRAAT, 7558
B3 S Pk AT B R SE A, X Tl Ak 7= B — E Ry S
B, G AR A RS ik K o B B
P, AT LT FIIK R A 4 v DR e, R R
W RTTIL 176 ¢/, (20 4 WAFFRRI—BF K5
SRS AEAR I, R I i AR R ) 7 B ) P v 7
ANREIR BN FER , H 22007 B B /K A e il AN
73t 0 R R B R0 L B A A Ky B A T s B
KW, AN TFLL LS, Fatemeh ST ) LA [) e
FEM CNF g8 xd 4, SRR VR T il 4% TR .
AL B R ABE RS, SRR R A oS ke gk = AR
(HDTMS) (AL ARUTRL(CVD) X e ATk kot 46l

e 1 XPHILIA R i % B 7 5 i3 11 0 K 2T 4 2% 3
JE, ITEEALR B S A, T ELT o A BRI A
R BB EL, R B TR A i B Tl A A

decontamination

oil-pollution
F7  RT R Ko B BB K NFC SRR A il 4% 7 7 145
Fig. 7 Schematic illustration of the fabrication of superhydrophobic NFC-

absorption

based aerogels for highly efficient oil/water separation!*’)

i+ BC HA 5 CNF AR =2 4 45 44 H 2 A
S 12 B AR R RE, WOREH R FH 10 B F 5
W2, BN Sai 457 #E BC 2 i O = H R e S =
SRERER) = W L RE AL R N AT, AR JE AT R T
i RIS B K SE I R 20 B £F 4 28 BEIE (HBCAs, WA 8
FiR), ARBRRAEE  mRmA, SR &
BRK SRR AEPERE, Xl DL SR HILVE R0 B I I AT R Gk
185 /g, & 10 YOS A W B — W BRHIG FR I 56 )5, R o
PEREDI TR TE 120 /g JE L MIESURFEAZ, HAg 1]
ISR, BT B A Y 3 T G 3 2w AR ) IR 9 751
A% A BA ik B 98 T BC/Si0, 54 Bk I By il £ T
U IR T R R Bk R AR
B, IR ) BC SEABER & T2 iR s
e HARAF R S B B A (s /K P BE A 52 (4 3 75
W R AR, AR TS TS Y U R VAR 1 R AL

[o]

o
|

i !s‘\

o

HO.
o T
|

/I‘\

bacterial cellulose
HO-
*%go:"a e
|

K8 KRN LR 4E R B A H R BT (a) BCAs (IR A R IR, (b) HBCAs (A FHEAAINK, (o) 2

PEAN T 2T 4 3R ) 25 25 H R IR

Fig. 8 Schematic diagram of the preparation of hydrophobic and oil-wet bacterial cellulose aerogels'’’; (a) image and contact angle test of

BCAs, (b) image and contact angle test of HBCAs, (c) schematic of chemical structure of modified bacterial cellulose



%4

RICHIAE : AHORET Yl 285BI 14 ] o B HLR B P

FLHE I 311

3.3 EEEBETWRM

H T B T R R RO ELXERE i, A 20
WBOE TGS, XAy NI R 22 42y A P
BB, BRI AR B E KB A T R I
), IR ORET A R R AL AT A TG PR, B
T 328 28] B < Jm L M 4% 5 S PR S L B e
MR, R [ A AR A e AR ST A R, IRAS T
—ERBHIFICR

CNF B BEMA: 0 T 4 i 185 1 IR 408 114 T 22— 57
WOz ETE, H LB B s L SR sh Ry, AE
R S B0 W A E 7 BEA T F E W AR T, 55 CNF
SR I P B < R 1 A IR R], ONC 2R CBE RO
i 1 B R R S AR AR R T R AR A R, T L
RT3 P A 494 500 JHG X G Je 0 10 WAL T
R R AN AET A 28R HEEATE DA WS RS 51 B 952 R E 13 AR X
BARMRIRR, Li % DAARIE R JEORL, SR TEMPO 44k
WL T NFC, S8R5 R T 25 5 To A A S IORE L 5 5

~r CNFs () oxygen radical

® MBA

ETSSAA

AN

9 CNFs-AA(CA) BB K BUHLIT/R 72 S ROME S B A 151

i
o o on
o 10y Yon ¢
| % o " { o 4 f ) \ ‘;
A / . / )
H o 0
APS 0 P ;
H
H “OH O % Un H o0 0 I MBA#"*
e

Ml

ZIET N (PED) A H 4 T KEEIE, fZ R %1
PifilfF T NFC/PEL A BEE . WA B, BTl
(S BE e X 43 J B T Cu (1) Al Ph (1) 11455 K W82 of 2 43
WA 175. 44 F1 357. 44 mg/g, 2 3 WKW B—fi W 0 B 5
B BB A BT PR AE 90% LA b, X R A ik
RE MY RO ADTR A S A B A e T K Ak BIURD 4 J V5 G ik
PRAEXER, Tian 457" IMEA M IERE, SR HIL2F3E FAL
POEMIZE A BT 4 T ONF BT, IF LA iR e 1
HEALHT, RIGIMANIETR (AA) AT IR SN, B Jm 4
BT IEHIS T2 ALK R ILFEH A CNFs-AA
B (CA SBERE, B 9 FiR) ., FFE5 %W, CA K
B SEEEE TR MEREE S BT8R f e
FHAE 3 BMERT, ik 2% 5 42 Js B F AW BFF, %t Ph™ |
Cd™ | Cu™ fil Zn* SSHE L8 B T HA S W ERE . %
BEAE TG RD , AK Al A 306 5 45 A% S B g FH
T R SRAL G B R R R AR . AR TR T CNF S
BT T4 8 B WM e T2, Lin &5 RIS er 4 £

(a) CA SBEMIE AL /R ZER, (b) CNFs i TEM A, (c¢)

CNFs SEEIRK SEM B F | (d) fb2E3CBE CA SBEE, (o) AR (1) (Ca-Cu(I1) ) WEHHFAY CA SEERE, (£) ] Pb(11) (CA-Pb(II))

MR CA SBERE

Fig.9 Formation mechanism and micrograph of CNFs-AA ( CA) aerogel’®/: (a) schematic of formation mechanism of CA aerogel, (b) TEM
image of CNFs, (c) SEM images of CNFs aerogel, (d) chemically cross-linked CA aerogel, (e) CA aerogel adsorbed with Cu(II) ( CA-

Cu(1II)), (f) CA aerogel adsorbed with Pb(II) (CA-Pb(1I))



312 Hh A ki

39 %

HJFRLHIAS T BRI G KL 4E &R AR (CON) , I3l i ik de
IR PEI #2455 CCON RMJE Z &bk, FoE 25 R %
B, ZBEREXT Cr(VI) IR 25 5] 5 35 358. 42 mg/g,
25 5 YR B —Fr WA P50 5 X Cr (VL) 57 1 IR o 2%
L (185.19+2.59) me/g, &M% kI 78 T 2 fli
AT R AP AT A PR RSOR . R RIEREGOK 7 2 R IR
JEE KT 4 R S B B MR W R, Liu 26 K B R SR 3
R R sk o A5 A CNC Hh, BIFSE W R 35 A1 ik
ARG Ag™ . Cu™ | Fe™ S5 4 )& B 1 I W K e, AR5
R, S5FE LG CNC Mk, St CNC Xt Ag”,
Cu™ il Fe™ 55 T 42 & 85 I W M 25 2 43 135 1 136, 117
HI15 me/g, BRIRALIN K £ i B S BE AT Jg— b 25 2 i)
YRR, AT VE B TR KRR &R s, B
¥ Tl B K g Cu® T Fe® Mk BE AR 2 1 /K K 1Y
AE1, SR TEANURME T FHF /K5 Ak 1 31 558 A
VeRE, T EL B TN 4 JE B R B R R 8 R
HR

BC AFE AR G B 14 2T 2 28 0T 30 2o 2 T 4 38 38 %o
SR E TR BEROR . SR, o TR TS A A T
o, H T EAEGOR A AR R 5 Al AT i L
BiFZs . Ma 250 @it 7E BC 20 R A K4 @ A HLE 20
(MOF) 4Kbiv, il e T 2R ZAL 0T MOF < BE i,
ZE A RBERRT TOll /K i Ph™ 8 F15 Y i £ B R
AlIk 81%, HAR BC Al 1y 8 4 @ B F I W B 57, (R
HAE AR m, BHAt RN F A BE2#E U,
V5 L0 FH 30 4 a8 B - BRI A R
3.4 CO, Sk

HAl, BEESRET RSl &R, KENEEIR
THFEMIFS CO, MHEBCE 2RI, PR ERS W &
Wy 10 K e, CO, 51 A R 28R40 ) 451, 75 3] A 4%
FEISCH, Ph CO, o 3 MR M i R HE ik il 4 2k
EBRG T E A, ATXE CO, M54 B A1 A
WY, BG CO MR BT 1 W = U5 e sloxfE DLk AT 5
SHALBR PRHR ] R SR A= W) B 9 K £ 4E = pPRHE B CO,
T SR — B AT OGRS 04 T A A A5

YRR LT 2 2 S BRI AE o [ AR B 790, B i & T
P AT 4 R S = I A e S E Y i B SO P T ]
B2 TR CO, MR BF ST b, S XK £ 4
PEAT R AL O LASS B % O, W B A9 5 B9 (B8l 10 f
R) P i ONF JEASBE R T CNC BRI BC
SEERRA TR E | FLBRR ARG REME, Rtk L0
F| CO, W BAHema g = N AR A K i 4, R i D
FEAR Y T LT i 6 F )R, Mohd 45 LU K 5 £ A9 3
Fizs LR (OPEFB) J2 729 R JsUkE, SR FHRK S il 5 1

YR LT HEZR (NCC) , I N-(2-F B 23k ) -3-5 N
I~ WA Lk BE (AEAPDMS) X E AT A, #8378 T & i
FEBCPE G 9K LR 2 R X CO, MR HLER, RIEFXF CO,
W BRALER AT, SRR SEE DL H AR FE Rk e Sl o 5
X CNF EEBRIE K BERE A THA O, R ¥ R T
1 CNF SUBEE, WF98 1 45 T X485 CNF <BEM
CO, W BHPERE M52 M, e A5 B A M CNF A58 i it
CO, W BH-HHAT 535 1. 80 mmol/g, H.Z85 10 YR W B —fi i
PR S5 B M PE R AR e, R R 4F 0 P A BE
J1, BABKRMN ETS . R 13k — 2P W58 Uk 50 ik
XiF Y K £ 4 2 BRI B CO, PEREAIREI, Liu 457
DIREARARIE R J5okt, WA 5 UM A 45 G il 4% T &F
P RYURLF A BT, IF R FHASTRD M 32 1 e ) %o I sk
ot B VR TR R 2 28 T X O, HA L 5 W f
PEAEAY AT AR CNF B . 1T Wa 5% W 5E 1 e £
XF CNFs PEfig J 3 CO, AW MR RE R SE M, BF 5 45 1
T, BRI , CNFs A BER 3 iR, SFX 1L
B, A FT Co, Ak,

Z

H;

Z

H;

Ngn l‘g
NH, NH, HO-Si-O-Si-OH
? % “o‘,»‘ &n, dny
Ngu NH M
H,CO-$i-OCH, ——o—s noq;-ou + HO OH
,CO-$i-OCH,3 - -Sic
CH, e &n, THrrhr
(APS) (CNF)
0=C=0
0=C=0 \/ A
) N-H,

H;C -H, Y,
5 \SiMNHNN H, HSC\S,N\NHN
1

7N\ Absorb CO, P
A " A

Pl 10 SRR CNFs BRI A U 22 B M ML LR 8 el
Fig. 10 Schematic description of synthesis route of amino modified

CNFs aerogel and its adsorption mechanism!3%)

i Lk, ARSI B E1 T AR 4E R Al 4 7 vk
DAB A ET A 38 BRI 14 o T 25 R HE I 3 el i
WP, EE e IR S R L K CO, AR B 45 40
SREAIF T HERE AT LA de e A 3 ) 3 T R TR O o 4
KEFYE R IEATOCE TR R, LATE SR 7 AR 36 k201 BT
ZEEOLRL, DT 58 X R A e T ey g W [, R A
KET i ATy — b W B 500 0 B AR RSB S | 35 iR B
RS OR SR A T — A HL T R B SR,
S HIHE AR £T 2 2% BRI B ) WK B el A7 — &R 51
P19 ) AT £ i A

(D) il #& T 2T7 W, AEdl & 90K 4 R i 2
YR AR R BRI A B R . B JRFRTER,



55 43

RICHVAE : ORET Y3 I REME A il 2 S LM R REAIF 5 2 %

313

BT RRk BRI . PR LR i 2F 4R 3 A
R, YUK YER EABE Tl AN T AR FE ] %
R YR R BER N T 2L ek, W0 B e A8 )
HH BRI, 54608 10 B e T 20T LARE
AR 2 30, R d B AR A, S ol Akl
T B

(2) bR T 1, BARIKLF R IE B Z
il B b B A ROW PR A BIESE, [HAE 2 FhT B
ORI BAFAE B 2 0F T, B e R 2 ey 52 31 52
WA R, ATy BE— P s R 2 R B A 5 S PR T i AR
&, RDEBIETARE X S ZRE T PR GE, JTH
JERS T BEK AR B ;5 94 0K 2 A 38 S BRI AE 4R R
JE b SR R AR D GRS 458, DUEIT & RE %
7] S 1 B 22 7 e 2 0 Joi 140 52 WA S 590 O g R 0F 5 3 R
QUKL e R IL B C 2 WEIE ] 1T H XS 2 55 G 9y iy it
BRFRCR , (ELR R X R i 4 A K 47 4 21 S CBE T A
BRI 7 i RS E PR AT SE IR Ao B, DU s L AT
A FERRA AERE

AR BB X 20 K 2 2 28 2 BRI 5 9 AN IR A
FORG N T — QSR RGBT i L 2 454> G,
GRS EE PN ES SN

S#E#k References

[1] KISTLER S S. Nature[J], 1931, 127(3211) ; 741.

[2] DU A, ZHOU B, ZHANG Z H, et al. Materials[]], 2013, 6(3)
941-968.

[3] WANGZ, HANNM, WU Y, et al. Carbon[ J], 2017, 123; 385-394.

[4] AL-BILOUSHI, MOHAMMAD I, MILLIMAN H , et al. Journal of Ap-
plied Polymer Science[ ]], 2018, 135(6) : 45844.

[5] TANK W, HEO S K, FOO M L, et al. Science of the Total Environ-
ment[]], 2019, 650: 1309-1326.

[6] HANNINEN A, SARLIN E, LYYRA I, e al. Carbohydrate Polymers
[J], 2018, 202 418-424.

[7] THOMAS B, RAJ M C, ATHIRA K B, et al. Chemical Reviews[J],
2018, 118(24) . 11575-11625.

[8] TANS, LIJ, ZHOU L, et al. Journal of Materials Science[ J], 2018,
53(16) ; 11648-11658.

[9] KONTTURI E, LAAKSONEN P, TINDER M B, et al. Advanced Ma-
lerials[ 1], 2018, 30(24) ; 1703779.

[10] MIH Y, JING X, ZHENG Q, et al. Nano Energy[ 1], 2018, 48 327—
336.

[11] HAJIAN A, FU Q, BERGLUND L A. Composites Science and Tech-
nology[ J], 2018, 159. 1-10.

[12] TRACHE D, HUSSIN M H, HAAFIZ M K M, et al. Nanoscale[J],
2017, 9(5) : 1763-1786.

[13] =ik, MKSE, #ifta, 458 Mok TRSMI], 2018, 3(1):
1-9.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

WU Q L, MEI C T, HAN J Q, et al. Journal of Forestry Engineering
[J], 2018, 3(1); 1-9.

SEPPALA V. Express Polymer Letters[ J ], 2012, 6(4) ; 257.
BT, FHEDY, FEEE, AR EEAR[], 2016, 36(1) : 67-74.
ZHANG S H, FU R F, DONG L Q, et al. China Pulp & Paper[J],
2016, 36(1) : 6774,

AHUJA D, KAUSHIK A, SINGH M. International Journal of Biological
Macromolecules[ J ], 2017, 107(Pt A); 123-129.

SACUI'T A, NIEUWENDAAL R C, BURNETT D J, et al. ACS Ap-
plied Materials & Interfaces[ J], 2014, 6(9) : 6127-6138.

TRACHE D, HUSSIN M H, HAAFIZ M K M, et al. Nanoscale[ J],
2017, 9(5) : 1763-1786.

B, BN, W RS E T ], 2017, 38(7):
1286-1294.

LI C X, LIANG X R, GU J. Chemical Journal of Chinese Universities
[J], 2017, 38(7): 1286—1294.

WEE, B8, IR, S Mo S [T, 2017, 37(5):
139-145.

CAO F, ZHAO X, HU Y C, e al. Chemistry and Industry of Forest
Products[J], 2017, 37(5) : 139-145.

SANI A, DAHMAN Y. Journal of Chemical Technology and Biotech-
nology[J], 2010, 85(2) : 151-164.

g, ABSre, B, S ARRIIELR()], 2018, 37(4): 11-16.

LI X, DENG L G, FENG B, et al. Paper and Paper Making[J],
2018, 37(4): 11-16.

FHIE, XU, SKEH, SF SRR, 2018, 30(4) ; 448-462.
DU H S, LIU C, ZHANG M M, et al. Progress in Chemistry[ J],
2018, 30(4) ; 448-462.

LONG L Y, WENG Y X, WANG Y Z. Polymers[]J], 2018, 10
(6): 623.

HRRSE, Sk, TR, AR RAARIREEAAR (], 2018, 46(8)
91-96.

ZHANG T M, ZHANG Y, JIANG H, et al. Journal of Northeast For-
estry University[J ], 2018, 46(8): 91-96.

XURL, KA, KRS, . EEPIREAMRLII], 2018, 35(11) : 207-
215.

LIU S, ZHANG Y, ZHANG T M, et al. Acta Materiae Compositae Sin-
ica[J], 2018, 35(11) ; 207-215.

TAN C B, FUNG B M, NEWMAN J K, et al. Advanced Materials[ J ],
2001, 13(9) : 644-646.

INNERLOHINGER J, WEBER H K, KRAFT G. Macromol Symp[J],
2006, 244, 126-135.

WANG X Y, ZHANG Y, WANG S Q, et al. Journal of Materials Sci-
ence[J], 2018, 53(18) : 13304—13315.

JIANG F, HSIEH Y L. Journal of Materials Chemistry A[J], 2014, 2
(2): 350-359.

LEITCH M E, 11 C, IKKALA O, ef al. Environmental Science Tech-
nology Letters[ J], 2016, 3(3): 85-91.

ese, SWEMR, LB, S5 hERPEIBER[T], 2017, 37(9):



314 rf Ak i %39 %
671-680. [45] RUNAN G, SHAOLIANG X, WENTAO G, et al. ACS Sustainable
SHEN X D, WU X D, KONG Y, et al. Materials China[ J], 2017, 37 Chemistry & Engineering[ J], 2018, 6. 9047-9055.

(9) : 671-680. [46] FATEMEH R, MALEKSADAT H, MEHDI J, et al. Cellulose[J],
[33] ERLANDSSON J , FRANGON H, MARAIS A, et al. Biomacromole- 2018, 25; 4695-4710.

cules[J 7, 2019, 20(2) ; 728-737. [47] SAL H, FU R, XING L, et al. ACS Applied Materials & Interfaces
[34] SHAKK P Y, PANG Y L, MAH S K. Beilstein Journal of Nanotechn- [1], 2015, 7(13) ; 7373-7381.

ology[J], 2018, 9; 2479-2498. [48] SAI H, XING L, XIANG J, et al. Journal of Materials Chemistry A
[35] sKR5%, kif, VL4, 45 MRl TRR2EM[ ], 2018, 3(5): 91-96. (1], 2013, 1(27) : 7963-7970.

ZHANG T M, ZHANG Y, JIANG H, et al. Journal of Forestry Fngi- [49] SAI H, XING L, XIANG J, et al. RSC Advances[J], 2014, 4(57);

neering[ J ], 2018, 3(5) ; 91-96. 30453-30461.
[36] MAHFOUDHI N, BOUFI S. Cellulose[J], 2017, 24; 1171-1197. [50] LIJ, ZUO K, WU W, et al. Carbohydrate Polymers[J], 2018, 196;
[37] WANGD C, YUHY, FAN X M, et al. ACS Applied Materials & In- 376-384.

terfaces[ J ], 2018, 10; 20755-20766. [51] TIAN C H, SHE J R, WU Y Q, et al. Polymer Composites[J], 2018,
[38] wifh, HKEER, =UNOH, 45 L2 dERE()], 2017, 29(10) : 1228- 39(12) ; 4442-4451.

1251. [52] LIU C, JIN R N, OUYANG X K, et al. Applied Surface Science[J],

RUJ, GENG B Y, TONG C C, et al. Progress in Chemistry[J], 2017, 408; 77-87.

2017, 29(10) ; 1228-1251. [53] LIU P, BORRELL P F, BOZIC M, et al. Journal of Hazardous Mate-
[39] GUJ, HU C, ZHANG W, et al. Applied Catalysis B: Environmental rials[J], 2015, 294 177-185.

[J], 2018, 237 482-490. [54] MA X T, LOU Y, CHEN X B, et al. Chemical Engineering Journal
[40] CHEN Y F, RU J, GENG B Y, et al. Carbohydrate Polymers[]J], [J], 2019, 356, 227-235.

2017, 174(15) ; 841-848. [55] MOHD N H, ARMAN ALIM A A, ZAHARI J 1, e al. Materials Sci-
[41] LIU X H, YANG R, XU M C, et al. Polymers[J], 2018, 10; 1168. ence Forum[J], 2017, 883 284-289.
[42] YANG H, SHEIKHI A, VAN T G M. Langmuir[J], 2016, 32(45) ; [56] kRS2, ki, XX, S5 WAkl K BARR) [T,

1771-11779. 2018, 38(3); 181-187.
[43] XZf, BRTE, BKBES:, 45 @aF5A4R(1], 2016, 5; 544-559. ZHANG T M, ZHANG Y, LIU S, et al. Journal of Southwest Forestry

LIUH Z, CHEN Y F, GENG B Y, et al. Acta Polymerica Sinica[ J], University ( Natural Sciences) [J], 2018, 38(3) ; 181-187.

2016, 5: 544-559. [57] LIU S, ZHANG Y, JIANG H, et al. Environmental Chemistry Letters
[44] JRmGE, JAXK, 2R, 46 Mol TR2EHR[T], 2019, 4(1): 67— [J], 2018, 16; 605-614.

73. [58] WU Y, ZHANG Y, CHEN N, et al. Carbohydrate Polymers[J], 2018,

ZHOU L J, ZHOU H, LI J J, et al. Journal of Forestry Engineering
[J], 2019, 4(1): 67-73.

194 252-259.

(3 % L)



