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Abstract: Using the yield as an indicator, the preparation of nanowhiskers of lotus-stem cellulose was optimized by
single-factor experiments combined with Box-Behnken response surface design. Moreover, the morphology, structure, and
physical and chemical characteristics of the whiskers were comprehensively characterized. The optimal preparation conditions
were as follows: solid-to-liquid ratio of 5:100 ( g/mL ) , hydrolysis time of 3.50 h, and hydrolysis temperature of 49 “C. Under these
conditions, the yield of the cellulose nanowhiskers was 65.61%. Scanning and transmission electron microscopy observations
revealed that cellulose was hydrolyzed by sulfuric acid and converted into a uniform, short, rod-like nanostructure. X-ray
diffraction and infrared analysis indicated that lotus-stem cellulose nanowhiskers were successfully prepared and the product
still maintained the basic chemical structure of cellulose, with the cellulose I structure. The particle size and polydispersity
index (PDI) suggest that as the degree of hydrolysis increases, the particle size of the whiskers decreases. The absolute zeta
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potential of the whisker suspension was greater than 35 mV, which indicates a good surface structure and stability of the

nanoparticles in the suspension. Thermal analysis demonstrated that the optimal thermal decomposition temperature of the

whiskers is 243 °‘C , indicating good thermal stability. In conclusion, cellulose nanowhiskers were successfully prepared from lotus

stem, an agricultural waste, and the products exhibited good physical and chemical properties. Compared with nanowhiskers

produced from other sources, nanowhiskers of lotus-stem cellulose have a smaller particle size and better stability. The

process for preparing lotus -stem-cellulose nanowhiskers is simple and efficient, and it has been proven that the product

can be used to stabilize Pickering emulsions. The technique enables enhanced utilization of by-products from lotus-root

production and facilitates loss reduction, value addition, and sustainable development of the industry.
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Table 2 Response surface test design and results

g X, KRR KRR A

FEF omL) W Xh XC "E%
| 6:100 4 60  41.51+1.53
2 6100 4 40 4715+1.01
3 8:100 I S0 30.82+1.09
4 8100 4 S0 51.88+043
5 8100 2 40 28084036
6 6100 2 50 50.09+0.09
7 6100 1 40 2075+040
8 4100 I S0 41894051
9 6100 2 S0 52.80+0.80
10 4100 2 40 46804031
1 4100 4 S0 54.30+0.15
2 %100 2 60 3025038
13 6100 2 S0 5838+ 142
14 4100 2 60 41.14+0.54
15 6100 1 60 47.30+1.06
16 6100 2 S0 5402+ 188
17 6100 2 S0 5191092

R 3 EAREFTEST

Table 3 Analysis of variance for regression equations

FEXRR BwE FHFA HF FIA P10 2HFHK

A 162990 9  181.10 560  1.67 *
A-HR 185.40 1 18540 573  4.78 *
B-7Kfig *
. 365.37 1 36537 1130 1.21
C;,M‘ﬂ* 8.66 1 8.66 027 62.08
/m}f{

AB 30.40 1 3040 094 3646
AC 15.33 1 1533 047 5132
BC 187.28 1 18728 579  4.70 *
A 13509 1 13509 4.18  8.02
B 112.01 1 11201 346 10.50
c 528.86 1636 0.49 *x

_.
W
e}
0
oY
o)

5k~ 226.35 7 32.34
£ WA 187.63 3 62.54 646  5.16
iR £ 38.72 4 9.68

Ae 1856.24 16

ek ATFMMEE (P<001);* £F2F (P<0.05).

224

o

KIS ] / h

DKL AR BRI 1 %

oo o b

0.07
0.06

2 16 0.05 .04 0.05 0.06 0.07 0.08
AR /b 10 004 b (¢/mL)

FHBLE (g/mL)

b

X

A : p

® ] [9)

5 : N E

& L

%

& 05~ >3.44'° g , T
50 ﬁz/.zz.s 10 16 22 28 34 40

AR / C 4010 7 KRN /b KRR IR / b

c

= 60

¥ .

g ©

o2 E

& I

ﬁ | & " . *

£ L .

& GOL\SS\ /6;0.08
. 0. 40 ¢ = 3]
50}\\//0 0.06 004 005 006 007 008

KRB/ C 40 0.04" sﬂs&bt(g/mm B (@/mL)
B2 mMEEXEERERER. TEERAESLE

Fig.2 Response surface interaction experiment results,
interaction contour plot

222 AR ERER SR T ENH

A A Desigh-Expert £ i ML 70 B it55, 40
A CNCs 2% (V) X () LKL, (B) ZKfEIS
A CC) Kb BE K — IR Bl 5 7

Y=56.35-4.944+6.76B+1.07C+2.684B+1.964AC-
6.66BC-5.664°-5.97B8°~11.21C° R & & ME vl i@ it
PBEATRCAT, Pk, AH RN B VR . 0
R 3R, HFAETRIA RIE G2 CNCs 15 2 i
F#4:B> A > C. CNCs 35 PE/NT 0.05,
X AR 2%, SRAUII P {H 5.16x107 > 0.05,
RUERURTAN T2 2R AR I R
R=0.88, #XII2IE R R=0.72, FWIIZIE VAT FEHY
RN SEER SN, SCIAAERRED, AT
CAVE T CNCs 13 R i Uit I L 2 S H i iy,
Hop ¢ PAE/NT 001, X3RRI CNCs 5%
AR IR .
223 @SR E IR

R R w AL BAE R 2 fros,
i & 2a AR, AEOKMRIRE — R, ORRBEL AT K fF
I 1) 52 B AR P & v 2k R LA D, JF H 3D A%




MK EBBHT

Modern Food Science and Technology

2025, Vol.41, No.9

EMRLE, ZRHAEMEE, MK EA 2 h i,
B B L3 K, CNCs 3 %5t LG R, H
Bl 2b AT %D, FERNE G — g i, K (] R0 K A iR
FEAS HAE & s 4 2 IR, HH 3D BHEIE
RS, ZHAEMEE, KRR N 50 CH,
BE & K @I R4 0, CNCs 3% % TG F%. |
Bl 2¢ ATH1, FEZKAA IS [A]— € I, R EC AN K A iR
FEAZ HAE S =& 2 IMIETE, 3D BIAEEMARLEE,
FToRZHAEH B, HEEEE N 6:100 (g/mL) I,
BE & KR E N, CNCs 3% % BTG N . H
Bl 2 mT L, K AR TE) 5 7K AR B R A ELAE A
SO R, T /KRR FE SRR L R 52 B/
2.3 W N LA R E

iHidi2 H Design-Expert 13 3K AFIHAT W11 5,
13 3 =P R K gl 4 CNCs [ L2240 (1)
BHRLL 5:100 (g/mL) . 7K 8] 3.37 h AZK gt 5
4829 C; (2) KM LY 5:100 7K fif if [A] 3.42 h.
JKAARE 48.90 C 5 (3) BHEE 5:100 (g/mL).
AT [E] 3.49 hy /KRR P 48.55 'Co NI IUE LIS
SE R EEE,  IF % RS B ST G 4 AR 1 AT AT 1 A AT
PRAE MR T2 S 8008, 7R 264 kAT 3 IR
S AT S8R, S92 bR K RV I % CNCs 15 3 8
58.48%-. 60.78% F1 65.61% (P <0.05), ik
TR E A A R e, IEBH % L2 AT, XT L
CL e B 2R 13 2 ma 37 [ S5 7 52, AR e 15
REEE 7.23%, F Uk, B e SLI iR & T ZONE
WL 5:100 Cg/mL) . ZKMRET[E] 3.50 h K fif il
49 C,

24 FAERAE

24.1 1f B (SEM)4 Rt

W 3a A1 3b FioR, b ORI R IALRS, 45
WO e LG 260, hIE 3c #13d RIL, Bkt
BT R 2T 24 25 R T 08 I BURE 2L, 3 7T R L v
FAA AR BT 4 KR, 51 B0 2 B 25 M
V. PEGHEA R RS A, K, #
Sy YR BT S bR, T B A A B A A
[N B 45 W 2 BUBIR , S 4R BB 5 S HE LT
95 3 R A TR 2 M A o8 A5 T 4 R Rt R %
ERAE, TR GELE M. Bl 3e A 3F K ILRR
B K AR 21 4 22 Ak N B S R IR T 25 34 20 ok
GER. BRURAL, IR A A BRI 0RE, )

T 9K A A RIRFERORRS, BAR AF4E R AT AT
U™, AR 3e~3h AL, R BRI
TR K FRAFYE R 22 T 80 CNCs Z5 W R RERE, 431 K
Al, JRFEETAUR. Li "% % CNCs I 231
FHRATAG R 2 BURL I 35, 3K ] fE 5 21 28 2R UE
UN SR PN

a Tl

E 374 (a). (b); THEFHEER (c). (d);
55 wt.% HiE&7kfiE CNCs (e) . (f) #1 64 wt.% Tl 7k fi#

CNCs (g) . (h) WafREER

Fig.3 SEM diagram of (a), (b) lobel, (c), (d) lobel cellulose,
(e), (f) 55 wt.% sulfuric acid hydrolysis of CNCs, and (g),

(h) 64 wt.% sulfuric acid hydrolysis of CNCs
242 &4 (TEM) #R547

K I TEM X6 fif 58 21 245 32 240 K i 20 ) o0 7 285
BEAT M, AR 4 Fion. CNCs 29PK AR
RGBT R KARE, D AEON A,
DL b 25 3L B CNCs (B Ih il 4 o IR R I 21 R
AT B & KT R B R A . IR
¥ B de~4f PG AR AL, 3R WY IE A B R T E A O
CNCs RO, 2l TRBRIE IR L m, 18K
RRERE v, ARBRA ARG f X AR S W X .

225




HRERRHX

Modern Food Science and Technology

2025, Vol.41, No.9

e 0251 Fy(4=258.62 nm

0.20

0.15

B /%

0.10

0.05

0'0(%00 150 200 250 300 350 400 450 500

HifE / nm

0.25 - S7444¢=240.07 nm

—

0.20 -

0.15 -

0.10 +

B /%

0.05 -

0.00

100 150 200 250 300 350 400 450
Rif% / nm
E455wt% (a). (c); 64wt% (b). (d) Bk
fi CNCs HIESTHREETM (e) . (f) HESTHE
Fig.4 TEM diagram of CNCs hydrolysed by (a), (¢c) 55 wt.%
sulfuric acid, (b), (d) 64 wt.% sulfuric acid, (e), (f) particle
size distribution of CNCs

L—-k\

64% CNC
k 55% CNC
//‘/ﬁ\\x_ﬁ_____ﬁ@gﬁ%
~’“Jf\-_-ﬁ__~ﬁﬁﬁﬂ

10 20 30 40 50 60 70 80
201/°

226

b ' \ ' .
! ! 64% CNC H :: .
= 5 ' ; L
8 S SRR J
= : : | R
2 whER % 3
W
4000 3500 3000 2500 2000 1500 1000 500
W/ em™?
¢ 100
80
) ]
oy d
w0l T 64% CNC
® T,~243°C
T,=240°C
20F
0 1 1 1 ﬁﬁé%é&% 1 1 ]
100 200 300 400 500 600 700 800
wE/C
4 00p i
N -64% CNC
-0.3 . T
;\3 “00
o 061 I
"\:, E 0.6
g -09p £ o\ nn
A i 55%CNC 12
-1.2¢ {Eﬂﬁﬁéﬁ% e lgﬁ/léto YT
YY) W e

100 2(I)0 3(I)0 4(I)0 SIOO 6(I)0 7(I)0 8(I)0
wEE/C
[ 5 Tor48 | FHELF S R FEBLF 4R AR RAH( a )XRD B,
(b) eI5bEE. (c) TGAXK (d) DTG E
Fig.5 (a) XRD plots, (b) FT-IR patterns, (¢) TGA and
(d) DTG plots of lobel, lobel cellulose and lobel

cellulose nanowhiskers

2.5 i EAaHT

i XRD #%2 [ itk LF4ER AL 55 wt.%
FT 64 wt.% fit B2 7K fiff il #5 1) CNCs & 1 25 14 R A,
AL 28 2 P Sa BT EH 2 B T R, A AR i A
2h o 2% S LR /K A1) 4% 1) CNCs 7 5 il 26 22 B ROK
Hodr, 15°~16°, 22°~23° Fll 34°~35° 43 5l %o Jo7 & #%
[ 110+ 200 F1004, A& I BLEF4E R (WRFE S AT TH -
R T 1r B SRR AR U6, faf BT 4 31 v 22°~23°
FEAT S W BE AN IR M, 0 BH A B A 3 ) AR o A




MK EBBHT

Modern Food Science and Technology

2025, Vol.41, No.9

Y RN G 2= WA 2 Fr. £ CNCs H, 22°~23°
Ab B U R TR S G A I AT A R TR A, T
15°~16° 1 34°~35° AL IR REFYE R BER B A 4E K
FEHERUY iR LE RN, b A R A 4 R
) df B EE R A = AR E . ONCs T AP 45 |
B, i R K AR B B B AR, AT S U AE 22°~23°
B0 45 e MR, T RE 2 64 wt.% WK & A,
IKARFR I v, AR T R4S & X308 7K A8 2
ghEmIX I, SEH I CNCs 45 5 B AG, X556
B AR ZEDIHE I — 3. 15°~16° Kb 1 3K oR AR 45 i
U, BEEBRER IR O, I AR ER K R AT 4
FKHAERARER Sy, 1E 20=23.0° WA HE X,
VAR T eF4E R I m R S5 1™, 220~23° Kby i
P BRI 2 O, i 64 wt.% it R 7K R T 0 B
INT YRR . TR0 R AR oy 5
YR TR, TR FH R R K A 25 1) 4% 2 4 3 )
Ko B XRD 4 #1, CNC T 7F 22.8°. 14.9° &
16.4° (b R2IAF 42 1 MM IATHFIE, CNC ITTE 12°,
20° Jz 21.8° Ab R INAF YL 1T () SRV AT S0, ESE [
CNC T FUIL AN [ it i [F) 35 S Ak

26 #ELSHN (TGA)

Kl 5c #1 5d o 1A ) TGA 1 DTG K&, 45
RRUFA RS IRAT AR =AM B Bk
PR AEEACY . W 5d BToR, 78 BT RS AR ER T
SR F0E, XA TG I R T K 78 R R £ 4
R ff. 1EEE—B B, BT RS 7E 80~150 'CHY
BEEE A MEIN BB ER D, X5R
WK 23 (R 2% R AR AT . o FE 55 B B, IR T TS
TE 150~400 °C 2 [A], #F &b o #O0L 5¢ 21 B 2 1) 5 &
PO, X E BTN T4 4 R R AP RO
R, e, IREVEEITE 400~800 ‘C 8], HiE
PR EE R TR0 PR, BN
Bl K2 1 Ak A5 W0 0 A2 i DA B B IR 1 T ok T
KA, SRR, 1 T 4k & R AR 1 )
RIRFE S (323 "C), ULEHHE BT B2 o 8 ok 41 4
2 R bR e, gERAiEEE, AR et
WK A B 2R T, AT LR B, CNCs 3
SEMEMI R 2, IR LR ERIR i, AR e T
7, XA[RE CNCs R TH 1 R & A 5. Bl
KRS Bl N IR R 3 - Fe 3 [, 2 5 B0 1 %
i BT RIMARILH 2 4F, CNCs HIRE L N
SO NP U Y e ol G e 70 [T S DI,

fit 1R 7K A 1] 26 P 3F 5 9 K 21 4 3 1) B R T AR T
WFE LFAEE, UG W R /K AR R X IZ AR #vER
SEVEP A T ARIRA .

2.7 AL EM AT

ZLAM G A ar W 1 53 40 JoT A RS A 46 A ) =
Bz — P f AR RORLR AT 4k R DL K% 55 wt.%
A 64 wt.% B B /K i) £ 1) CNCs 1 FT-IR 414 5b
Fias, 3552 BT IR 41 4 R AF 48 R AR, R
AT AT A B X £F 4E R CNCs IR 4R 4 &R
BRI S . EA1LE 3 200~3 400 cm™ (O-H
YIRS ). 2 900 em™ CARXFFR C-H 45 4R 3D -
1 640 em™ (C-O i 45 48 3 ) &b & 7 Hi 5 AiF IR U
I, 1055 cm™. 1162 cm™ (C-O-C Z5 i) 1897 cm’
(C-O-C DX FAFEIRB D, XF BT 1 BYLF- 2 3R (1)
FEUE o XoF b DU AN ) PR R R B, i Ak B P A
274 A CNCs £ 1 055 cm™ A3 i 158, 158 B
MRS ET . £ 1640 e AL DN, B
AR RS E M. % LAk, gt En
CNCs A 4R B H .

2.8 XPSHT

K XPS £ ARk — 2 73 B B i 2R 1 70 3 R
JRf R TH G R I AR or T 4580 AR =120 %
XPS i E TR AR R R, GF4EERT C. O,
S\ N HIEE AN 69.20%- 30.30%- 0.30%- 0.20%,
55 wt.% CNCs 1 C. O. S\ N & & 4 % M
59.00%-+39.70%-+1.00%.0.30%. 64 wt.% CNCs ' C.
O. S. N & &7 5N 63.80%- 33.30%- 2.30%-
0.60%. ZF4EZR PR N JGR A2 B %
JRARBR T IE . BRAKMZE C LR M & ERE
ik, O. STLEMGTEG N, HE— B UF i f 20K
ETETE IR A . 27 4 28 = B D B-(1,4)- i 17 B i %
e, BRKMRG O BEF RAE T HarlEbhsF%H 0
TLRFEMIEIN. CNCs PHlER N o, XAhe
S B TAEF T XPS W R i 1] % 57 1) 30 T 5 it
Has S IR R B 6a SR T AR AT 4E R
J CNCs &1, 21X =AN i, B A 5L
T 532 1285 eV [5ilE, 43 lEE Jx O 1s Al C 152,
Kl 6b~6d Eon T H IR RG24 3 . 7EEl 6b 1,
Tof B 21 4 3R CNCs #5858 H I AT— > /)
g, 3%k EF C-C. C-OH. C-O-C "] C JTLK.
TEB 6c I EoR — /N B EE W, AT E T -OH. 4

227




MR ERBE Modern Food Science and Technology 2025, Vol.41, No.9

Kl 6d filT7~, CNCs 1S 2p 3% B a7 DL A H — N 5if
WEFI— AN /NI, TTLF4E R AE 166 eV (S 2p) AbATE
1EVE, VLA REAR G ESEM T EA S TTEN
1PAE, BR/KMRJETE IR TH 5] N> SRR £L . R,
% XPS 73 M1 3 B i /K R TE K 47 4 2 3R T E &
PICIVNIRT {ive-1Ei P

a Ols
Cls
64% CNC
NlS S2p
. Ols
3
S o Cls
P 55% CNC
=
X 1
LT .
1200 1000 800 600 400 200 0
ZE4fE eV
b J|cis C-OH ]
286.45 eV ; cc
C-0-C 284.80 eV
288.86 eV &
eV 4 64% CNC
C-OH §
3 286.66eVEL
<
@ C-0-C 2ig%284.80 ev
= 288.20 eV S 55% CNC
C-OH . CC
286.45 eV 1281 284.80eV
Cc-0-C FN %
288.27 eV &
R EARS
1 1 1 1 1 1 1 1
300 296 292 288 284 280 276 272
(¢ Ols
64% CNC
-OH
~ 531.40 eV,
5
g C-0-C
o 533.13 eV 55% CNC
-OH
532.40 eV
C-0-C
534.08 eV, TR Y
540 536 532 528 524
EEHE eV

228

d S 2p S 2p3/2 o
166.54 eV £~
S2p,, ps
169.78 eVe & 64% CNC
»._.A.- iz 35 ,
S 2p3/2 <

= 166.04 eV72%
s S2p,
= . 167.500 eV 550, CNC
H R $ o 2p 2otn TR

S{M&% 2 o oS S

S2p,, < ) )
ST, e MO00OEVo. o HEA4ER-
4ihe/ eV
[ N ls
. 64% CNC
SRty

5 55% CNC
& ,--".'.
B

408 404 400 396 392 388

[ 6 B EZFEHE A L Z IR BB XPS
Fig.6 XPS images of lobel cellulose and lobel cellulose
nanowhiskers

#: (a) 23H; (b) 295 Cls; (¢) Ols; (d) S2p;
(e) Nls#H,

a 0r BRI, a 108
250 p PP

200

PDI

150

100

SERPRIAR / nm

50

0

1:100 2:100 4:100 6:100 8:100
FHRH (g/mL)




MR EmEHY Modern Food Science and Technology 2025, Vol.41, No.9
b 300r  mEERA 1038 EAIL I KA R . PDI R om b AR 23 A (1 5
asof PP BUOFERE, K, A Is), nREAFIERER
E 20| g2 o7 M. SERARAK. Parmita ST 64 wt% Bl
g 50 06 B K AR 5 P 7 L EE BT (BRI R4y
§lm " EREARZ S SLP N b A A IOEA R U P S U AN
B 0.5 453.11 nm, PDIH4 021, HIETF AR 55 wt.%
» B A & FORERE CNCs RSB/, 4h A5 T4,
=05 10 20 40 s0 XATRE S BRI IS A 5%, H B IBRERIR & S5
KA ] / b CNCs FifR s/, 5 FREIRMELE R
C ol . B TR 11.0 a BB L (g/mL)
sool. . ~=FDI los 1:100  2:100  4:100  6:100  8:100
E 400 |- b
€ 300} 106 8 >
_§ 200 - Cd §
“ ool 10.4 _g

30 40 50 60 70
KA / °C
E7 (a)#hgtt. (b) /kEEEHE (c) KEFREX
CNCs HIF 2 fn PDI EHIS M
Fig.7 Effects of (a) material-liquid ratio, (b) hydrolysis time

and (c) hydrolysis temperature on average particle size and
PDI value of CNCs
E: RRNBELFERT 0.05 KF LA G FEL.
B8 F.

2.9 At 7 APDIE

wn P 7a Broon, R EE N 4:100 (g/mL) B,
CNCs fkifef /s (181.29 nm). 1 24k L1 K,
WM B L, KRR TR, R85 XA
AR E R G X B £, SRR
Ko HE 7b &L CNCs BFIRLAR 2 IS T B E S
Ja NS . XGRS R RO A 4 R AR K AR R B
I, MR AE WL N, T R b R UL A /N BT
B ANE HRIARBOR RO, B SR (] [ 38
I, 255 KA S, MR B RRLAR R ORE s T
2R Y 3R SRR 3 2 AE K A SN I 58 A 7K it R b
F R HAMTTE TR, X FERARAR AN
R4 B 7e wT AT, Bl AE K AR TR R B0 T, AR 2R
BIRIAR /N o 3K 0] R A DN R B8 2 IR TR T v, KA
RNERRIZY, KREFEEE R S, AR . AR
Kl 7 By EEAAARAY,, A] DL ISE P RLAR AT PDI B A%,

b IKARIS ] / h
05 10 20 40 80

zetaHi AL / mV

v IR / °C
30 40 50 60 70

zetaHifL / mV

d

E 8 (a) #ftt. (b) kfgetiEFn (c) KAEREXS
CNCs Zeta I HIR2MT
Fig.8 Effects of (a) material-liquid ratio, (b) hydrolysis time
and (c) hydrolysis temperature on the Zeta
potential of CNCs

229




MR @i

Modern Food Science and Technology

2025, Vol.41, No.9

2.10 Zeta® {i

Zeta B PG 78 73 BOMURL b (AR E A )= S
HELRM 2 AL 2ZE, BT R e, K
KABURL IR 2 DR A AR 1 o FAEIRR/K BRI I A2
i T CNCs 22 T B B9 7 B g 250, IR e i 5 1
Zeta BLAIAE N GMH . Zeta FAALZAEXHE I K, FoR
UKL 2 T 4517 58 2 M ey, AT (SRR BE AR e . G
Kl 8a frar, BRI LR 0, Zeta HLAL FA 46 X6t
EHE K, X ] e 414k 2 h R T K &= 1 47 LT -COO
SRR EE ok, BN T 9K R 2R T A 7R
& 8b A I, 2.00 h /K fif CNCs ] Zeta F A7 2 %}
fHER, 4713 mV, ST E RS a8 R —
#, 2.00 h /KfiE CNCs 1 e m, GOKRBRLE £,
WHRERNEA B Z . R E 8c il %1, Ff
KRR A0, Zeta HLAZ A —39.11 mV FE1IK
2 -51.00 mV, KAk, KR BB R 2
CNCs 2[4 2 5 R PR AL, MG [ Zeta FLAL
fBHo Lee S Mt BB BT, AARAE WS 41 4k & ik
TR R IS0 R A IR KL, 4
Ye KAt — B eL, 570 MPa FACEEH 4 )5,
Zeta LA M —57.70 mV & 25 1% 0 ] -72.50 mV.
R, e K2F 2 2R (1 ) 25 2 At 22 R 3 Zeta HE
RERIZEA . AT AT & AR T4 =, F
FARRHA MR A 46 B AR 2 2 3 40 Zeta HLALIE
B, GRS AR E
2.11  Pickering & #y ji JF

DLH DL ) K S oA AR, AN EHR B CNCs 4>
AR R KA, KIMARFILE A 5:5, WFFC T CNCs
Pickering FLAL e /7 R H B0 f e . B 9b B T
F AN TR 2 11 CNCs Fa 7€ 11538 6 1) 2% 1 Pickering
FL I MG . B EEAR R 0.01 wt.%, K&
TEAERB I B A BB SR, KB CNCs BA (1)
Pickering FL L. A& /7. Bl & CNCs ¥ B 1139 1,
JZ BV SR AR B/, R LSRG D, Fop
JEJZ W B K AH AN T B, 3 B 35 ot b 310 7% v 9F
Ak BT A 9 2K IR AT [ 52 76 K i B B 9¢ R
T Pickering FL B0 S5 I EME. BHT IR
AN %), Pickering AL EIH —Z. 24 CNCs [
WEARE 0.01 wt.% B, B0 JE D = AAL
2, BRI CNCs B H a ALk e g
BE#E CNCs W E R, LERmAERD, #*
e e RO R . BRI ONCs IRFER, FUIRT

230

B AR RO B PIR 250, B, B ik 5K
£2, %5 T Pickering FLi A E M. DL E&ERE
W, farBELTAE R A9K & B LA FIEE5E Pickering L,
WHIVERT, A B0 98 40 K 27 4k R A8 & b S 1
. FH . Ding 2P ik /5 1) ik A B0 4 B
%, MWARFE R I T R BT AF 4 R AR RUKL, Zeta
RN -36.2 mV, 3R Z40N 4.9%, RKILH REFH
Pickering FLAL . S5 e A b, A SCHiI & (1 fr B
CNCs, 3FE 5, Zeta AL F, X Pickering FL
W E RO AR, JF B AR SR 4R 4k 2 9 K Wik
BIF R IR L, 20 Pickering FLIRAISML .

0.01 wt.% 0.04wt% 0.07wt%  0.10 wt.% 0.13 wt.%

a , ' 21 ! |
P ] ’
r_i-il e _‘d

bI . ‘1 ‘:E-“ ﬁr‘r '
F w W

. i
c & 3 ~=

9 A5 CNCs iR Pickering ZLil# & TR
HEOEHNHFEK
Fig.9 Digital image of Pickering emulsion preparation
process and centrifugation with different CNCs concentration
E: (a) HRAT; (b) HRUE; (¢) &$/E, 10000 vmin,
30 min, 4 C.

3 #Zip

A 0K B DR 3R R 5 e N T ) BT VR A 4
A4k 7 CNCs FI il % T2, fR 48 S2 bR 1 5 A 5k
A RIPE, # e s AR & 5% B LG
5:100 (g/mL). JKf#ERH] 3.50 he /KARIREE 49 C.
FXT ) 5 IR AF 4 3R S AUHAT IS &5 d 45440
A5 Zeta FAAT DA S #ER e VEREAT AT AT 92
TF 90 3 B 0 BR /K A7 1) %% CNCs (25 Ji B 2
ERRI SIDUR G R KRS AR R X S R 1
RUGERAT RO, a4 18, HEFRIFM
PEETE . RLAR 2 BT AN PDI E 2% B 7K MR A2 i v,
il £ 17 & 0 R AR R/, HLSP 23R 4% A0 PDIE AH
%, PDLEBR/N, @20 BOERIS5), WIS IR R




MR @R

Modern Food Science and Technology

2025, Vol.41, No.9

/N5 Zeta WAL 73 AT 2 B 1) 6 1) VA 20U R MR Zeta HE
L4 > 35 mV, UF B 40K B0k 1) 3R TR S A AR
FEVERUT . PRI AR HLH T AR 5E Pickering L. A
WFFEHR Y T — s R A BB 2T 4 232 90 oK F A0 o 5
JiiE, FERFAHNA, uEHE A H A1) Pickering
FLR M AACANFZ E BE ST AR = i i L& =4
() v (R AR P 3R, o) 3 i TR R i — 2D o
RIS BA —ERE L

(1]

[10]

(1]

[12]

[13]

LEAL C, GOUVINHAS I, SANTOS R A, et al. Potential
application of grape (Vitis vinifera L.)stem extracts in the
cosmetic and pharmaceutical industries: Valorization of a
by-product [J]. Industrial Crops and Products, 2020, 154(1):
112675-112686.

HUANG J, YANG S Y, LI W, et al. Valorization of the
industrial waste of two uncommon parts from lotus
(Nelumbo nucifera Gaertn.): Insight to phytochemicals and
hypolipidemic potential [J]. Industrial Crops and Products,
2022, 188(PA): 1-8.

SN 552 LA A (R T R AR S L T R
RIS T [I] 8 dh 5 R B RH5,2020,56(6):108-112.

T 75 R B2 4k 3R 9K ) ) 46 e e Pickering LR T
JEURE FE[D]. B BH PG AL AR R 22,2023,

el KB 27 4 3K SIS 40K f A 45 (D). _E i
IREER2,2016.

TG, TR DR IR AR B R, 55 R BB AR R 4L R W ] &% 5
FAT[I] 4055 T7E,2019,40(15):16-23.

HO H H D, NGUYEN N H, NGUYEN N B, et al.
Development of switching memory devices of cellulose fibers
from lotus petioles [J]. Journal of Materials Science: Materials
in Electronics, 2024, 35(6): 387-398.

KOSHANI R, MADADLOU A. A viewpoint on the
gastrointestinal fate of cellulose nanocrystals [J]. Trends in
Food Science & Technology, 2018, 71: 268-273.

SETAF T, AN X, LIU L, et al. Preparation and characterization
of high yield cellulose nanocrystals (CNC) derived from ball
mill pretreatment and maleic acid hydrolysis [J]. Carbohydrate
Polymers, 2020, 234: 115942.

DAI H, OU S, HUANG Y, et al. Utilization of pineapple
peel for production of nanocellulose and film application [J].
Cellulose, 2018, 25(3): 1743-1756.

MERTANIEMI H, ESCOBEDO-LUCEA C, SANZ-GARCIA
A, et al. Human stem cell decorated nanocellulose threads for
biomedical applications [J]. Biomaterials, 2016, 82: 208-220.
220, 5 BH L PNVEE 5 G AT 4 R SR E T 2 A Ak S
AEME [T]. 8 b 22 4 B E Al 2741, 2024,15(2):122-130.
TR BT AN IR L 529 55 T SR AR ) IOk A 4 g K

[14]

[16]

[17]

(18]

[19]

(23]

(27]

LR R[] R Tk K22 4%,2016,35(5):347-352.

LI X, LI J, GONG J, et al. Cellulose nanocrystals (CNCs)
with different crystalline allomorph for oil in water
Pickering emulsions [J]. Carbohydrate Polymers, 2018,
183:303-310.

URIGET 11, 9% KEL R, 55 il B2 0 KA o £ 4 3R 11 1 6 2
U T et 2 TP Y oy M A B ) AT S (0] AR & ot B
$,2019,35(10):148-154,188.

SANKAR S, K. VN, PARAMESWARANPILLALI J, et al.
Green engineering of cellulose nanofibers and nanopapers
from Wodyetia bifurcata fruits: a sustainable approach with
emphasis on process optimization and tensile property
assessment [J]. Biomass Conversion and Biorefinery, 2024, 18.
SRR, 5T R, o T L S KRN K 2T 4 2 10 ) & RAL
S FCAn B E PR LT]. b DR it 274, 2024,39(4):41-48.

7K TKK, % LA AR K AR B &
P ) 26 55 FRAE[T]. BRPE R 45 K 2222 4 ,2023,41(3):53-
61,78.

TR R AR A, S 8 RV 2T 4 3R AR )
Je HePickering L (KPR A i PE[J]. 46 p B TR 2227
W(E REFE1R),2022,50(8): 1-11.

JI C, WEI J, WANG Y. Cinnamaldehyde-enriched Pickering
emulsions stabilized by modified cellulose / and // nanocrystals
recycled from maple leaves for shrimp preservation [J].
Carbohydrate Polymers, 2024, 326: 121590-121601.

LI Z, JIANG X, ZHU L, et al. New insights into the thermal
degradation behavior of Hydroxypropyl-beta-cyclodextrin
inclusion complexes containing carvacrol essential oil via
thermogravimetric analysis [J]. Journal of Thermal Analysis
and Calorimetry, 2022, 147(20): 11301-11312.

SONG K, JI'Y, WANG L, et al. A green and environmental
benign method to extract cellulose nanocrystal by ball
mill assisted solid acid hydrolysis [J]. Journal of Cleaner
Production, 2018, 196: 1169-1175.

TIAN C, YI J, WU Y, et al. Preparation of highly charged
cellulose nanofibrils using high-pressure homogenization
coupled with strong acid hydrolysis pretreatments [J].
Carbohydrate Polymers, 2016, 136: 485-492.

D’ACIERNO F, MICHAL C A, MACLACHLAN M J.
Thermal stability of cellulose nanomaterials [J]. Chemical
Reviews, 2023, 123(11): 7295-7325.

W, 5 T, 55 AN () 5 R 1 o T B AROK AT 4 3
PR FRAE[)/OL]. & i Tolk BHEE, 1-15[2024-09-26].
BT, A TR 0 ER e, 55 2 1Rl 7 B IOKTE R 2 T 454
JREVE I LU T[] 8 & 5 A 4 R 24 41:,2023,42(10):
100-106.

ZHANG M, ZHU P, LIU J, et al. Introducing terminal
alkyne groups at the reducing end of cellulose nanocrystals
by aldimine condensation for further click reaction [J].

International Journal of Biological Macromolecules, 2024,

231




MR @i

Modern Food Science and Technology

2025, Vol.41, No.9

(28]

(29]

(30]

(31]

232

269: 131983.

ALKASSFARITY AN, YASSIN M A, REHIM M H A, et al.
Modified cellulose nanocrystals enhanced polycaprolactone
multifunctional films with barrier, UV-blocking and
antimicrobial properties for food packaging [J]. International
Journal of Biological Macromolecules, 2024, 261: 129871.
AR B8 JE AR X 55 I B e A 1) 2% AR 2T 4 3R
R[] K404k 12,2009,26(9):844-849.

GOGOI P, MANHOT N K, GAUTAM G, et al. Banana
peel nanocellulose and soy protein hydrolysate complexed
colloidal nanoparticles synthesis using ultrasonic interventions:
characterization and stable pickering emulsion formation [J].
Food Science and Biotechnology, 2024, 33(8): 1859-1869.
VANDERFLEET O M, CRANSTON E D. Production routes
to tailor the performance of cellulose nanocrystals [J]. Nature
Reviews Materials, 2021, 6(2): 124-144.

(32]

(33]

CRANSTON E D, MASSICOTTE M. Comparison of
techniques for drying cellulose nanocrystal pickering
emulsions into oil powders [J]. Acs Sustainable Chemistry &
Engineering, 2022, 210 (45): 14914-14925.

PIAO X, LI J, ZHAOYY, et al. Oxidized cellulose nanofibrils-
based surimi gel enhancing additives: Interactions, performance
and mechanisms [J]. Food Hydrocolloids, 2022, 133: 107893.
LEE Z J, TONG S C, TANG T K, et al. Palm-based cellulose
nanofiber isolated from mechano-chemical processing as
sustainable rheological modifier in reduced fat mayonnaise [J].
Journal of Food Science, 2022, 87(8): 3542-3561.

DING Y, FENG L, ZHANG Z, et al. Lignocellulose
nanoparticles extracted from cattle dung as pickering
emulsifiers for microencapsulating phase change materials
[J]. Acs Sustainable Chemistry & Engineering, 2023, 11(38):
14255-14266.




