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Effect of N-Acetylation Degree on the Properties of Chitosan-Stabilized Pickering Emulsions
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Abstract: The aim of this study is to apply a modification strategy based on covalently grafting acetyl groups onto
polysaccharide chains to improve the emulsifying properties of chitosan. A second aim is to explore the optimal degree of
acetylation (DA). Infrared spectroscopy (IR) confirmed that acetic anhydride reacetylation could regulate the DA of chitosan,
and substitution only occurred on the amino group at the C2 position. The contact angle results showed that acetylation could
effectively improve the non-polar part of chitosan, resulting in enhanced emulsifying properties. The droplet size of the
Pickering emulsion stabilized by the modified chitosan significantly decreased compared with that observed with untreated
chitosan. The emulsifying activity index (EAI) and emulsion stability index (ESI) of acetylated chitosan with 32% DH were
the highest (39.56 m*/g and 65.54 min, respectively), and the average droplet size of the emulsion was the smallest (12.71 pm).
In addition, the creaming index (CI) decreased significantly to 11.3% compared with that using untreated chitosan. It
is proved that changing the molar proportion of N-acetyl-D-glucosamino units in chitosan can effectively improve the
emulsifying properties of chitosan and the storage stability of emulsions.
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Tl £ Pickering 7L -

HFREEMNRTAERNE - RRAGD TRA
Y. FEHE (chitosan, CS) & —FhRARFENHE T2
B, R R ST R AR K s N- 2L 3 - D- R R A R AL
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M= AR T CSRARMIBH B T B . AR A R 3k
RUFRIEMMEBNE S E VISR, SN “ 4%
7 g FILERR E Pickering FLy 7 T B A )2 B B AT
R HEBTCSEMEEKNS T, NERAHEE
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AR E .
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N-Z WA R0 I CS g AR FIURL, A5 FH L 25 v Ay it A
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SERITERR . R A . FLARRIE KR AR E . AR
B ERf s B AEIN-CBGARRE LAl B T e AL p A
ICS, MR E M & KA 5341 5535 2 [ Pickering
FL o B T EN- SRR FE X Pickering FL K FLAL PE IR 5%
Wi, AN R T CSIH LA R I BEHTLA

1 MeSh%

L1 MRS

CS (DA<95%) b e AR R i A
Ram; ol EHAEBMLARAFEGRAE: L%k
HOCHRM AR TR & 8 79.5% 2 AN A G R & &
9.5%. WANIEHTER & E11%) ol B R A R
Awls AR N s i
12 S 5E

FD-1EZAGHETEI  HEE (dbn) AR
A #]; Nicolet{d HLH-AF 27 #h6 1% (Fourier transform-
infrared spectroscopy, FT-IR) 1X % [E Thermo
Fisher Scientific/a #]; HARKE-SPCAX 14 fiil 1 & A%
JEm A BRI A 8 s MS 200080 R 4 HT A
PeE BRSNS A R A ] ; COXEM EM-30-+ 4 a1 i
#4555 (scanning electron microscope, SEM) i [ P2 3%
Waw; MLIDG RS HAMshotAH].
13 Jik
131  CSHH L

Z [ Gatto' " I LI RIAEAE L. K CSTRARAEMARA Sy
H2 % LR T HHC i) 15T AR B 9 100 mg/mL VR, 7E
4 CUFP IR E ARG . HREMBECSIHER, HHs
FRIS HRE AR R N2 1. ¥ Z IR BT 2218 I\ CSTE T
o, R AFERAEM, RIPTR. ERAFES h, MER
S 17 SR AR 28 3 1 mol/L NaOHA VR i % pHAE £8~9,
4 °CH, VORI, SR, F3RAT I SR I NiZE
Hras (R THiE N3 500 Da) f, FEAEEIREA FIRA
CAABK PSS S, B4 h, K8 . ML,
JEWRGE, ARG IRIIA FIDAMIN- BT R RE, 75
4 WNI-CS. N2-CS. N3-CS. N4-CSFIN5-CS.

# 1 BESECSIH SIEAFER N SR QAL R

Table1 Levels of acetic anhydride addition per gram of CS and
resulting DAs
B LRI mL DA/%
CS 0.000 <5
N1-CS 0.025 17
N2-CS 0.040 26
N3-CS 0.055 32
N4-CS 0.075 43
N35-CS 0.100 50

132 N-ZBEAGE MDA NI &

Z W Huang Zhi%" 1 )7 iAo 17710 mL
0.01 mol/L NaOH A ¥ FF i\ 20 mghil] % [IN- 2. Bh b 72 5
W, RE, BIREWIMMES C, RS2 h. RO
MICSYE xR 2H . AR Bk 48757, {1H0.01 mol/L HCI
TR E A B NaOH. 2%t (D« (D)
LML B HIDA
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1.3.3  FT-IRJIE

I2~3 mghf i 5KBril i & b 1: 100347 78 4 B
B, RS A . FFT-IRBGIAT RS, BFfiEnn
4 000~500 cm ™', ¥4 cem ', Hit64 k.

1.3.4 XHFRATH (X-ray diffraction, XRD) %€

FIFIXRDAH CS R RIN-CSHEAT 0 #7175 4644
HAHE L FE40 KV, HLI40 mA, Cu-Kafg 5. 94570
(20) H5°~70°, #:K:0.02°, 9#i% % H4°/min.,

135 TSt %E

B CSJEURL 5 ] £ 4 IIN-CSTE S R 6 751 v 241 20 73
fi, BTG EXHm490 s, F]FHSEMIA200 1% Al
5000 5 xf HAOM A HEAT ISR, LASRAS HAT S RVRRAE )
ETR IR
1.3.6  Fflfmm e

KRR BOARRIRE &R R A LR BEE FE 320 192 mm
B f, BTAeme b, F %S 878 B A = m i — i
FBAK (4ul) o FrPirfE, 8 E R EARALIC K
TEARIESAT A . RIS RECFAME .

1.3.7  Pickering 7Ly it 4%

K FH ¥ LA B AR ) 4% Pickering 2L ™. CSJERLAI
N-CSH# 4R 1 R84 8 N1.5%, IS mol/L NaOH ¥ i Al
1 mol/L HCA W i pHAE 5.5, LAIh ZSHF i A b AH,
M-KARARR L 322, FLIRA S AARUA20 mL. Sl s )
HLEFEH 12 000 r/min, BYH)3 min, FLET4 C%M4F %
1%, Ui Ia s,

S FH R 1 W LB S A T O e LR, 4
Sl N 7K P B A R R R, DRLARORE ) X R R LM A
M, AR Z R RS . 25 W0 TR K R 2 YHUIR,
T E AT AERR ORI, MAO/WRLFUIR: ez, T
HWIOBLFRIE . &AW, ARSTIRE S ITE KRS8
B, e AR AR A RO IR A, DR LRE S 38 N O/W A
LR -

1.3.8  Pickering AL A2 73 AT 5 Zeta HA 1 58
1.3.8.1  FLRKIZE DA

I FH L A B 25 S U BRI &= R 51 L kL
7o RHEF Pickering LV 10T S0 42D, , 1 22 43 B PE 45 $E

(polydispersity index, PDID) o F 238 7KW 7L fik
JERRRERI1 mg/mL, FE SR HT %N 1.52, B R
HK, ERAM TR,

1.3.82  ZetaFL AL 52

2281 KK AR 2R FEMBE S]] mg/mL, {FH
Nano-ZSHiL & J FLA7 73 G B AL Zeta L AL o AN i
WE3 K, BCEFME.
1.3.9  PickeringFLyf Ft il 2 O 45 K4 A1 73 A il &

Z#Meng Weihao2E PO 77 . W BRI NN 5 & 2
$0.1% )2 % 20 e B B30 minxd A 34T e, 19
JE R Gt B LR INAE BRI B LIS A . AR JE N
BB EEERMERYE b, AP0 #IL R &
BA4EE (confocal laser scanning microscope, CLSM)
M B il 15 Pickering FLIR M OW 454, R UK kK
9488 nm 1)/ RFCLSME A .
1.3.10  Pickering ZLi: 5 iU WL 5¢

W1 2 1K R 51 AL 57 R B B Pickering FL I
SRR TAT N N R e A 38
1.3.11  PickeringFLif 1 FLALIE M 4840 (emulsification
activity index, EAD) 522t (emulsion stability
index, ESD) Jll5E

K1) 2 1 R 51 WAl 76 SR B Pickering L 73 7 #E
0. 10 minff AR H R E30 nLALW, 55 mLJiE 7 3
0.1% -+ — Fe FE B R ANIE R &, RG2S, 7500 nm
BRI, a3 o (4 R
EATFIEST?:
2X2303XA4, XN
pX (1—¢) Xt

EAl/ (m¥g) = 3

ESI/min= Xt (4)

Al
A,—4,
A A A 5800 10 minBf [IROEEE s NN
MRS p NEETREWRE (g/L) 5 o AR
/% 918] BRI [E)/min .
1.3.12 Bt s Pickering 2L FL AT 5 L
(creaming index, CD JI%E
22 Xu Wei P[0 510t K i) 4% 1) 2L A e SR ik
Pickering ZLV B T A&, IR 7 £00.02% 1118 5
AN DL E 4 e AR, FiR (25 °C) WAF30 de 73
fE1. 5. 10, 15, 20, 25, 30 dXHFEMREAT SR, Idapf
m A BN %3 (5) THEFERICL:

_H
Cl/%= H, 00 ()]

b HONREEW R em; H 9 FURUE i fEfem.
1.4 HdRSHr

BT S ge 8 MK 2 03 Ik, BRas Ry £sR R
K FHSPSS 24051 A% B #m 3647 77 2 43 Hr, K F{Duncanfll
/N ZE ko AT WA VR LR, B X955 %
(P<<0.05) , {fiFHOriginfi {2
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2.1 FTIRSMT

3 300~3 500 cm ' ML & O —H
M gE PR S FIN—HE M 4 o zh &5 dkL; —CH
762 850~2 940 cm ' Bl HY BL— AN 55 A W i U
987~1 130 cm ™ "W U eh 22 B BE A 77 A, IX 2 CS
(¥ BARE Y W TR, KRR AEBURIE R BICSHE
FI7E1 600 om ™ ' HL A B B S RS AE IS I, [H]R Z. 8RR
LM EF AR IR AET 670 cm ™" (FERRTAE ) HIEL— UMK
SR, HCSAMEL, N-CSHEEZEL 700~1 300 cm ™ '7E
BBl 9 AE7E — el iic 484k . N-CSZ3rRIIFE1 670 (C=0) .
1520 (N—H) . 1350cm™" (C—N) HI 13 ML
PP, ANECSEEL 670 em™ ' (BRI A EH ] &
W A g HH B, T EL G 5 B A D A N T 32 A5 1 K
A1 600 cm™ A0 [ Z LR AT FTg o BEAh, frF
3300~3 500 cm ™' [X 35 (1 W A1 B 5 DA I b TR AR VR
IERERE A TS . RAh, RAETEHREBEN T
Bk fb g Sk FE e, 1 700~1 725 em™ 'S0 1] 5 R 0
5 —COO—HIXF B W s o (R, 1207 25 1 45 IO RE B
S A URTEC2A &R 2t |, WA TEC3RICeN &R E
RN OIS, & B I CAN- LA 72 0 .

I T T T T T : T T 1
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P11 A WIN- S S S I FT-TR I
Fig.1  FT-IR spectra of N-acetylated chitosan with different DAs

2.2 XRD4MT

CSIETHAMAR, HAWMRBEES, S50
BT (207E10°447) FIERAIT (207820° /5 47) B9, &2
Fizn, CSANAE19.45°4 — /MR AT Htig, KICSIER
B —FERIE (RBID 775, CS&N-LILE %7
SPPURE 1) 5 BE B T BRI, D AR N 2226 % 1] - 06 T 57 184
fm (3.87~4.73) (3R2) , RWYILBEEMIGINFEK T 451
(AT k. RINEN-CS /3 TAE 11/ A7 B 0T, X B A
BEAG CSIIN- LA, CSHER G el i BT A8y it BT

&2 A, CSIRKBIEE B N, &8 ERE
(55.41%) . M OB BRI, 45 5 E AW R,
TEH R A MR 5 R 2] T 3R MDAK32%, 4
i E R 41.42%, (A5 2 FIN- L35 NCSo 1
B, 45 R EIT AR R, R s AR E IN-CS (DA
H50%) BRAHEEMEME (51.73%)  F=AX—4;

gy, WTHG ) £ T R A ) BE R s T AR T ORI A
G, Sligh S TFUAME N, Sukmawan5P iR E
TRUUMB G . 3 HLimZEP e 70 b 45 HCSBEH T 45
s [0 AR B8 0 T AR A5 B W, 3t A 9 R 4 e 3dE N\ il
AFRAE T A, 48 L, CSHIN-Z it A 2L 22
(AMibur N il R E B iR Sy i Ay ATtk 2o

P2 AEIN- SRR e R X RDE
Fig.2  XRD spectra of N-acetylated chitosan with different DAs

#2  ANIN-ZBE SR B XRD 5 B

Table2  XRD analyses of N-acetylated chitosan with different DAs
AR BEE% 200 (°) U5
CS 55.4141.65 19.4540.01 3.87£0.14
NI-CS  483143.05" 19.30£0.38 4.03£0.11
N2-CS  43.55+1.07° 19.2740.33 4.73£0.23

N3-CS  41.42£272°  11.774025; 19.9840.42
N4-CS 45632219 11474037; 20284043

N5-CS  5173£2.64°  11.22:£051; 2034037
F: FSIAR TR ER R (P<0.05) .

2.89+0.17; 2.13£0.05
2.354+0.08; 1.73£0.03
1.74£0.04; 1.5340.03

2.3 SEM4HTr

WEBHR, JREICSE B, EMNIBRL H R
TR, 1 LB CSE I AR, i B 7
W B HERR A R . TF HLBEAE N- S AL R FE R,
CSR M 8 P AR BRI I . X P LB AL B i 2s 2 0%
JES i K (¥ i 15 Adebowale 5 ™ {51 — 5. WTAEMY
JEL PR R C SR 731 AL AN 231 i) S B T )7 B AR, R
WSS RA R, R A A 888 S FT-IR T L%
PSR . XAt A FDARCS/K M E AR
B R 2 =P, BIRUESE T N- SBHLREIR T CS T
L R A 5
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3 LI AR CSURE S, 5% i

Fig.3  Effect of acetylation on the granular structure of CS
24 B AT

TURL 55 5 T F B fu o R R R PR R M L IRAR
FNGE ) B EE AR bR, — AR B il Ay T i R i 3 A
TG TERY . AR, il BT 90° I S 5k 7
RAK, AL AR R CSar T 1Rt B 55 /K 1 PR
il 7 HAE NPickering FLik A2 @ A . A E4FTR,
HRSPHERCS (58.11°) MLk, N-CSE:fih M iz i K
(62.32°~85.75°) , [RIILN-Z. Btk 2oty AR T CS ¥
B KM, 3K T AE A R T3 K M S s K 2 T 3
HOARTT BEAR LK I o I HLBE 3 AR FE 2 M N- Z Bk AL
FoRBE A AR BT, BARIER/NT90°, BT IRK
JalE, EHMRTEECSE THENRT. R ZHL
PRI SR T CS IR o3 M AN 2 T i 1 o

A B
CS NI-CS
(58.11+0.67) °© (62.32£0.98) °

C D
N2-CS N3-CS
(67.761+0.84) ° (74.17£0.53) °

E F
N4-CS N5-CS
(79.76£0.59) ° (85.75+1.12) °

e D D

P4 AlalN- CEALSE R ik A7
Fig. 4  Contact angle plots of N-acetylated CS with different DAs

2.5 PickeringZLiRHI1E 501 5 Zeta AL /3BT

5 LIEAGCS T K B AL S LB, B8 ) T
TR KM BEAE R, MK Z B CSIREE TR 2 a3,
FERRME S N A BRI R LA Y. EISAN AR ECS
FIAF S HEN-CS (RS EN1.5%) FaE HiEO/W Ll
MR RS0 A . W EISBRT R, HR UM C SRR E FLIR 1)
WO R A s 7R M RSEYE R (0.5~80 pm)
HF 00 R ~F 32,65 um. M ELZ R, N-CSEaE Lk
(O ST o AR VBRI BB 3, IXAIESE T LR ek
PEXT 32 = CSHLALRE T 1A &t AT Re 1 JE A2 5T N1
B K L PRI T STk Sy, 3 43 7 AR ST b R
B, AT S B0 /N B R A . PDIT] BLF TP
SR R ST 20 A (25 SIRERE o N EISBAT R, P 4 1 L
TPDIAIFE0.3~0.52 [f], 3 HH T ] & 1 LR R~ 3
HREZH, XM E5ESA—F. BEEDAMNITREALF]
32%, FLHHIFIIWERE RSFIE R i, 12,71 pm. T4
DASEINFIS0%H, PR R . X Re R AA
e SR HIN-CSH B 2 I ZU IR, FERVE %A 7=
AT B R R AR FAS R CAEFRE LI 3 50 o i,
TR, RULsom 7 U R T R K i o

FLIR I Zeta H AL AT DL PP 0 FHE R 4 F5 LR 2
AR, tnE5CHR, MCS. N1-CS. N2-CS. N3-
CS. N4-CSHIN5-CSFE 1 FLi Zeta i A7 43 71 956.27
50.33, 33.26. 41.23, 37.06 mV#128.10 mV. CSTEMR
PR AR C2A b B 3k R AR ol 7 A T oy TE LA, R Y
S T AR S R 08 K AR R A I = R >,
PE AT % AL Zeta AL K 2 FRE#A%A . BAR 4T
B Hk T &%, HDAH26%H — L REmE
32% . 43 %I N-CSHill % ) FL R 7 5 iy 1 450 i 35
(P<<0.05) . WREMIMARE R /K PE RS NG B T n g 2
eI B, A T 2 AR SR E R E b, &S
AL T At LAy .
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Fig. 5 Droplet size distribution (A), mean droplet size (B) and zeta

potential (C) of emulsions

2.6 PickeringFL i 5T 2 O 45 #4 4 #fr

mEe6fRN, A NLE, FEP Ay, MHRT
T e BRIE I AT L, RIOKAH ORI X ) TR R
T RRECH B )Z, ESE T T & AR A S o/w
B, AFDA CSHEABBM M KN A HEZES,
JE R CSER B AL ek, I B i AF R R &5
W%, KRR AEATFE R CSK TR FEM b E i -
KGN L, BROKYE B B A, SRk R B
HEEFBKA T . 6T ERICS, BARHIDATREE T A 55 tEE
KAHEAER , BRI 8, /0350 i R 2
(RN AE FLAG I R CSTE - /K LT W B A PR, S B0k
MR A 2 o AT S M S AL CS, N1-CS,
N2-CS. N3-CS. N4-CSJria e i FLURBMR F /. T
hns—. X5 Wang Chenglei®s P HRiE 45—, ANME
(A, FHECT R /K M IR ) 6 B 5 C Sl i rEL A FH 4%
&, 1B G\ I A CSIRIN- 2. Ik -D- 58 7 2 Wl 2 T
VIR R LG, BT AR B0 R B/ . TINS-CS AR E 2,
W LB R ™ E, FARERTAETFEMNEEAR
] RV 2 e HE SR AR AR . AHEE T IR RICS, N-CSEasE
FLIE R R BE /N Hoay Ssi 50, dx e i g 48 1 5 i R
PO S

16  AIDA CSEasPickeringFLif ) CLSMFE {§
CLSM images of Pickering emulsions stabilized by N-acetylated
chitosan with different DAs
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AR AT e AL R O A 1 1 ik okt 23— BT b R
5 PN 5 & SN BT N RV S V9 A A 1 8T Rl oh =k
WAL A G, e RA R R AT 2 1 F BT
JikeE FL, S O A B A AT S A A . 1 il A AR
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R A2 C SR 7K XU BT T SF (00 57 T i 1 5 5 A0 BT T B 1)
LR ) AR AE P4, R~ Al 2 A RORE £ Yl - 7K ST Ak
JRAEANTT T R B, 3 B b ek v 4 R SR A AR A
TR T+ B AR FOR F2 v AL I BE /T TR AE A3 1)
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Distribution of emulsions under optical microscope
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