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Wl AL A R G tERe i tt, HythimE., BWIKE., KBEREER, BEAMEMAERE S 7.16 MPa. 89.23%-
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MCM-41 (mobil composition of matter No. 41) 7&—
B AL AR ADRE, R S I 21 AR A 68 £ 1
(¥ 712 PR RBRse M AP RE MEAES . Bhah, MCM-41
HA AT KA. BRI R IAAIALZE, ATRAE
BRI E ), AR H 05 77 MG K FLIE T 28R
NI i e 5 400V BR1 7R T B bR A A% A P I ) 2 55k 5
li] it 210, SUN 2 R MCM-41 613 o-4 B Iy il 4%
KB ROIEIE, o4 B W B R T 2
36%. FHS b, Frdh (RPN 5 A0 0 B R AR R T AR
SEMAAR R, X7 7T HATIR D4Rk . BElik, wladid
3 BT AN [ B 2 A58 T 00 791 PR TSR 1 I 471 1 7] R
JRAT 9, FFHEH 0 TR 7 AR R %

BT, ARHEFL LSRR B e N U R, SR
FL A REAE Dy 0 G 7 P B P Ak A % A
VERD IS I LR . o B PR 3K 0 a2k A A R v T %
TR H . SRR THY-MCM-41 Jit 294 (138 &
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ANV R, SR IR A2 6 D0 A ) % T T 3 A e R
Wl % T2 S8 A it | B A& A A FR
JE-ARGH B AL PR8N OB TS A AT T, B A
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1.1 #MR5{LEE

LREEN (HEERTEAN (1238+1.24) %,
T . Bl &AES. NaCl. MgCl. 1 B &8
SEH R N BAEE. TR, BKOE, LilEER
WAEMBHARAR; ML 8 EE (MCM-41), IT
IEFIRM BRI A R A .

MEAL, CHY-C2A, BFR = GHLHE ARG R A A
W 18P K R, HH-6A, & INE A HIE AR 8
FEPE VR4, SB-120DT, T3 H AV R A R A
"]y RSB IEIL, CLASSIC 216, ¥ EZEHLH
HAGRAR; FXTEFM, DHG-9245A, Lig—1fER
A ERATF . BRI, MED-01, HrRd20thLH
ARG AT LA W3 G, UV-1900, HA
AT RS, FEI Sirion 200, ## FEI
BIRAR; E R AR S B, Nicolet 5700,
Thermo Nicolet A & ; 5 & #4r Hr4X, SDT650, 3% [H
TA A Al ERGEAR R, Agilent 1100, 38 E 2418
FHEHR A
1.2 THY-MCM-41 895

MCM-41. HHEEFBmAM =ZH L 10510 1tk
BRE, ZHMAEWRAAT 30min J5, HEFTEERTFEK
JG 155 THY-MCM-411"4,
1.3 SRETMEHEORENTIE

o B 1D RS AE] 100 mL £ &K HF,
£ 80 C HE 18 FE/K G B 780 WI4K 30 min f5 I THY-
MCM-41 #i#E 20 mino B J5 H N 38 28 70 i A0 28 Bk ) &
A8 4k 22 38R 20 min, B R TR B TE TH AL A 13 emx
13 cm FIREEL AT 40 C #1000 A HIBAR, (RAFEH .
14 BRZRAE

BT R PRI, o A R S e R
(0.03. 0.04. 0.05. 0.06. 0.07 g/mL) . H i &K
(0.005. 0.010. 0.015. 0.020. 0.025 g/mL) . & fk 45
JR B W (0.002. 0.004. 0.006. 0.008. 0.010 g/mL)
AT THY-MCM-41 FiEiRE (0.002. 0.004. 0.006. 0.008.
0.010 g/mL) HATHHREEIRXE, HERERLREEHN.
Hoh. SRS THY-MCM-41 J57 5% 3 0] 6,255 LA <
BRI 7K 25 BEL R A B PRS2
1.5 DRETMHEMHERENTIEIEZMNK

AR 3 B[R] 350 45 SR i et S e . H
AR THY-MCM-41 Ji &R B 1 3E Bk EEVa L, R
MLy (3% EARRE (£ 1. £2) MADRE RN
BLEE I B & L2340

*1 FERERKFR

Table 1  Factor level table (g'mL™"
Experimental factors
KT mgmipn s JUCh o THYMCMAl
Level JR T Bk HE JRELIRE
cve 0 A= EAKX
. Calcium THY-MCM-41
Potato starch mass Glycerin mass .
. . chloride mass mass
concentration 4 concentration B . .
concentration C concentration D
1 0.040 0.005 0.004 0.004
2 0.050 0.010 0.005 0.005
3 0.060 0.015 0.006 0.006
Fz2 EXRWFE
Table 2 Table of orthogonal tests (g'mL™"
%i'5 NO. A B c D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

1.6 DREEMEMERENEIEIREGE
1.6.1 R AHARM GE
IR W R4S B B ) R I, AR R R 1.5
cmx6.0 cm, fE MED-01 H ¥ $i /7 HL L L 50 mm/min ]
TR E WA A LR R E (TS, MPa) A K=
(EB, %) 1,
1.6.2 EIKE Ak A A FiTR
RN (2emx4em) BIVIIETREAN m,,
SR E IR R 25 IR E 40 mL 2 51 /K 30 min
Je, BUCH L3S IR E R R IR B K4y, BRI RN
my. VEIKIE M, (%) &R T,
M= (my—m,)/m;x100 (1
¥ 3 g KGN FR &I I AR (H
SR RH,=0%) , K &b B I (1) Bk 8 RN JES 345 5 A 1
ASEALENE T FHXTRE RH,=75%) s, &0
24hid MBI E, HEREMAHRERFALE.
IKFEAHELZE W, (g(mes-Pa)) AT,
Wyp= (Amxd)/[Pxsxtx(RH,—RH,)] 2)
X Am AREAIEE, ¢ d NEBEBEKERE, m; s
NIEHEET AL, m’s ONEJE — IRFR R IR, s
P N #ES)E, 1753.55 Pa.
1.63 FaEM
0,285 B 1) 375 AR P SR 9 SR B B AXUAE 25 °C 3R
B, MARmR 38.48 cm',
1.64 TEWRE
AIEEYI A 1 cmx4 em FIRF, 78 600 nm 3% < AL
EOEEEN
1.6.5 fa#4e4t (SEM) 547
JERE S AT WE 4 5, A B I F R O 10 kV 4
P S AR B 0 A 2 s ) R T T
1.6.6 AGZetpsrsbstig (FTIR) 447
K P AE B AR B 27 A6 18 AUAE 4 000~400 cm ™' K
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U P M A R A L0 AR e, RN 4 em s,
1.6.7 A& MSHT

FIFIFRE S ATAAE N, 5SRO ERERRAE 25~600 °C iR
JE YU B Y RO E AT AT, FHEBEZR N 10 C/min,
1.7 SRETMEHORECEEERERE

£ LEE P [ 77 750 50 88 2 e by i 1tk 3 i o
L AFWYE O FiAS AR -FH X8 B 20 & A 53 R R sh
JIH AT T . A5 32 T R 48 B EE 2 AN 100 mL
HIA MgCL ¥ (30%RH) . 131 NaCl i (75%RH)
MEBEF K (100%RH) » ERIFFUEHT, Kb 347 1
T 203 IAETAE 42 25 F1 37 °C HIFFEE P 24 h LR #F
RO B AR SR RE R e . ARJE, B ERE S B
TAFREE- MR EHEREE T ESS, EHNT
PR P HUH 2 emx2 om P ELEE RRE &, R BCRAR L
£20.22 um JEe PN JE S5, HBC 4 Luna Omega C18
3%+ (4.6 mmx250.0 mm, Phenomenex, CA) )& %%
TRAH L TEAAE 277 nm P AR 0 285 5 6 4 1 A Iy
& &, WEN 1 mL/min, FERN 40 C. WA NE
afigk (A FIZKE (B), BHEEDMEY: 0min: 75%A :
25%B; 40 min: 50%A : 50%B. K AMR I 5 i o
M H BAE BT E e &, RIEaREmEY E BE
Py P 6 o U B L S PR R

FIHZE 2. — 2. Higuchi fil Korsmeyer—Peppas B
TR TR AIT 7 5 4 28 e b vt e 2 M v v L A T R AN [ 3E
B RO, R R

TR AR
M, /M, =kt 3
— R TR .
In(1-M,/M.,) = —kyt 4
Higuchi B lci A :
M, /M =kst'? (5

Korsmeyer-Peppas & U 1 .
M, /M =k,t" (6)

b M, AR E] B, B A RE, mg: M.
NIRRE BER R RBE, mgs ke ks ks Rk S
AAZEY . —2. Higuchi 1 Korsmeyer-Peppas Ui 1Y
MR BT, 3 n AR EL.

I BTG JE 3085 28 5 A AN [R) ARG B2 2% AF T B LA
Py B T 2 Pl BE AR, TH SR T

Ink,= (—E,/R)/T+InA D

Kt by H— PR R R 4. E, iELREE, kI/mol;
R ANSARFEE, 8314 kJ/mol; T N4XTRIE, K 4 Nk
AT F o
1.8 HIBGIT o

FI R IE 22 3056 B F 11, Origin 2021 Al SPSS 22.0 #
PR AN A8, BB R A P<0.05 R

2 BRESH

2.1 BERAWLER
211 BRI RES LRI H ok

wE 1R, GEEBENAENES SR ZEEN R E
WA MM, FEE DR ek R ERE I,
PR R LR ATI K, X R TR AR A o
2 IS BN IR E N 0.05 g/mL B, A 3 5
ZUA K Rk B i KA 83.95%, KA PH RIS, M
1.86x107"" g/(m-s-Pa); 4TAAEIEMAITEIRIEN 0.06 g/mL
W, BERPRRE RN, N 6.19 MPa, K Rk B/
18 77.98%. FERUEREFE, T8 ek T S BE I S
3R LR EE N o> T IRIAH EAE R 77, THY-MCM-41 i
o U S 4 S R T B ) A ) IR 4% 3 Y,
M HE T 5 4 S Ve R B R I I LR PR R . thAh, B
TN S P 0 1 7 V) X 4% 45 R I e S K K o T
R, I m RN K. SR, RN SR E
R T EWOL T A A, AR AN, S8 THY-
MCM-41 75 [ ff 3 BE AR 22, M BE IR T A0 285 JE R AL

Wtk ae. BHKPERECA GBI . 26518, SREEH
Jo R P 3 B AR NS A 0.04~0.06 g/mL
87 =TS *w,, 4 Opa 1220
7 ¢EB T oM, /§ 1200
~ 1180
£ O 1160
o ST 1140
£+ & X ER
= B B 4f 1202 23
£ 5 1100 *
N 180
< - 160
s 1p A—A—p—F 140
0L— : 20

0.03  0.04 005 006 007
IR

Mass concentration/(g-mL™")

I TS AOFEBEMHRIREL: Wy, HEEBEFIKETET R Opa HEE
JEIAE L EB AW RRIMIR MR, TAQRRKEE: M, A
PERIEIREE . R

Note: TS is the tensile strength of the packaging film; Wy, is the water vapor
permeability of the packaging film; Opa is the opacity of the packaging film; EB
is the elongation at break of the packaging film; T is the thickness of the
packaging film; M, is the moisture absorption of the packaging film. The same
below.

B DAeERHRERES QAR YA
Fig.1 Effects of potato starch mass concentration on properties of
packaging films

2,12 Hih R EREM QR AT R

AR — P8, £ D% E ek bt 2 skl
D ETEINERA R F EERE R e . il 2 Fios, BEEH
TR RGN, R R P AN E B Y iR
RS, TR I R KESE S AN K A
5 U om BRI AN 2 B B AR AL A UAE ) . H IR I
SO T ITE A, RIS T A, FREW N
THEAMMBED, ISR Sy
TNEY, BN 2 T R R PR A L BT S R
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Ak, Hl 7 =AN R RS SRR Rk
AR, s T AR K 2 RE T R K A
FEHRE . R, ZREHT, H T SR B RS BA
JNYEE 4 0.005~0.015 g/mL.
213 AR IREAT QR R R

Wi 3 FroR, A ARSI SR N 0.002 g/mL Y
BN 0.006 g/mL B, AR AHTHL R EE M 4.37 MPa 50
F]7.28 MPa, WK R I 46.66% 1 K F] 68.19%. 4
LTS () 7 IR EE N 0.006 g/mL B, A28 i 1) /K 75 A BEL
e AF, A 1.61x107'° g/(m-s-Pa), MK LB /ME
94.86%. fEEEFEF, BACKE NS BB TiEh
BEMIB A EL Skt R AT AR, R IE R
S PR AR, e s, ARG T
R R FERIAE I BE, S 1 i tiae. thob,
IS 66 I 00V () 388 2 DR/ S P R I e s D, BRI S
FIFLER R, MK TRV EL. B EANSIE 2 2 KR
00, 5 2 ) K AR B I R AN K R AR AR . (H
HANE SRS E R A EAER, SR
(1) O 4% 235 420271, DT BT T 6 2 B F) LA A A AN B K
PERE. DAL, 256558, SRS B I IE B e
FEl >4 0.004~0.006 g/L.

107 =TS * W, -AOpa 1200
_ 9 ®LB T --M,A/i {180
8 -
£ ! 1160
s ol ><§/ 1140
& g E - X E R
= 5 Esp & * 0% 23
v = 7 m
T S4f . * 1100
X 3t §><i<
< 180
S o2p A—k—= —*
= 60
1 -
0 40

0.(;05 0.(;10 OA(.)15 oA(;zo 04(;25
JER
Mass concentration/(g-mL™")
B2 HihR KA QR
Fig.2 Effects of glycerol mass concentration on properties of
packaging films

=TS *W,, -&Opa

7 eEB eT _eM, 1220
1200
= Tr ®
. — {180
T [} 1160
= . 5r |
£t f NERE
S o E 4t {1207 2 =
] =
L &3l \Q\Q/é/ lig®= T =
% 180
R i— 60
B 1 0!
I 4 {40
0

1 1 1 1 1 20
0.002  0.004 0.006 0.008 0.010
IR
Mass concentration/(g:-mL")
B3 AR EIRES QR h
Fig.3 Effects of calcium chloride mass concentration on properties
of packaging films

2.1.4 THY-MCM-41 T & EAT QR IRM AL 0 #h
1 4 9 THY-MCM-41 5 8 B St 42 2 S L AW 2 it

Y e DL ROK RS BHRRPERE RIS . W 4 FoR, 24
THY-MCM-41 N3 nn, B ERE . A& E
ETIE N, UL B R W R R 0 S ), T K
ZRAE I AN B U I S ek JE g ke s, A
LSRR E Ny — PR e Y, IS T R i
(15 55 T2 Jl 8 e 1) S B SR AN T A S R T R 2 B, A
TR vt 2 S (Y A R AN SR 28, e, ARIR B () THY -
MCM-41 fEfiErR4 5] oA, B SR B A
e R ECE Y, ARG T K T F BRI R,
[T T 5 7o 1 0, 2 B ) T /K R BEL B 120, 3 B s i
WK B AR 28RBS R K. 4 THY-MCM-41 15
IR KT 0.006 g/mL B, 4205 5 1) 3 K BE ALK 25 <%
RN, 33X AL A R B A R I R T
RESRISRIR B 77, I &R FL AR R 1 R 4 R A= 1A
RUR, BOIREECE )20 MK L5, S8R R K
IR AE JIBRARD el T b T 5 A A A 4L =
AR SR 1) A1 5 1of 45 60 285 B 1) I 5 R AN O W B
THY-MCM-41 ¥8 INE 3 s . Hik, 2i6%
F&, THY-MCM-41 Ji 5K & 1F3&E 5 9 Iy Bl A 0.004~
0.006 g/mL.

=TS *W,, -A Opa

8r 1240
®EB oT oM,
a4l {220
;«j . 1200
T(‘A 4180
S 5 E 4l {1405 = S
2 2| * / {10 = T2
S O 3 A @
<, % {100
; {80
Ir ¢—* s 19

. . . . 40
0.002  0.004 0.006 0.008 0.010
JEIRE
Mass concentration/(g-mL ")

B 4 THY-MCM-41 /& R A QR B RE 49 R0
Fig.4 Effects of THY-MCM-41 mass concentration on properties
of packaging films

2.2 IERRIEHK

BHERRE LM, SRZEEh. Bl S
THY-MCM-41 Jig f3f B2 AR i () Ve R sz ok . @i
BRI R IR A RS R RS E R EREGE, A
TP RS & T E38, Wit L, Y EXRE
BB IE, SR WK 3 R, RHAZE MOk
BRI EE . ANBEHE . BIKE. KERRBELR. i
P B AN 2K 6 AN TR AR IR I 45 R 1L R — 48
br, ARYE B — TR bRl 5 R AT B . R R
BEMEAE bR N RS MR AR I E B, R EE. ANE
B VKBS JKZERIEIE AR Pu o B AT Wy S fh K %
FIBLEE Wiy Wy wis wys wss we 254 0.1 014 0.24 0.2,
0.3+ 0.1. WE 4 fivn, EMEEE RSN R EIRE B>
A>D>C,  RIH i o 59 B> 1 B S E Ry 0 9K B >THY -
MCM-41 Jii iRk FE>E A Rk B . XTI 3R 4 %K
I KAAEFT LA, K>K>Ks, B k>ko>k, (K N IE—7K
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P2 M, k=K/n, n=3), KV A BIVE R, Kk
R R IR N 0.04 g/mL; XFELINER B &K
FH KA LRI, K>K>K,, H k>k>ks K By
PR, PR H i AR IR E N 0.015 g/mL; X}
LR C & KFH KAERT LRI, K>K>K,, H k>
k>ky, KV C, BIVE B, DRI AU ) o R o ik S

4 0.005 g/mL; XFHEHEZER D SR K EAT LA, K>K,>
Ky, H k>k>kss 7K D, 90480, Itk THY-MCM-41
() e A R B IR N 0.005 g/mL. 48 EFFiR, DA ZiEk
£ 35 B A & T2 SO SR EIEM T EIRER
0.04 g/mL, HIMFEEKE N 0.015 g/mL, AL G EIRE
5 0.005 g/mL PLK THY-MCM-41 JFEHREH 0.005 g/mL.

x3 EXRWRITREIES
Table 3 Orthogonal experimental design and data results
# Factors Opa/

w5 T/ M./% Wyp/(x10° gm™"s'-Pa") 0
NO. i B C D pm mm! A% VP g TS/MPa EB/% Y
1 1 1 1 1 0 91.04 100 14.94 59.04 0 49.80
2 1 2 2 2 22.75 39.42 56.83 36.44 96.61 73.97 61.25
3 1 3 3 3 66.50 100 0 66.74 56.18 100 56.85
4 2 1 2 3 43.08 93.60 66.58 0 64.55 40.90 50.44
5 2 2 3 1 67.43 0 60.33 28.27 100 15.18 55.98
6 2 3 1 2 14.73 66.57 36.07 46.66 86.26 41.76 57.73
7 3 1 3 2 55.96 74.38 72.99 11.39 61.97 7.59 49.26
8 3 2 1 3 70.29 36.99 41.25 4242 54.80 15.88 45.49
9 3 3 2 1 100 65.34 64.02 100 0 48.14 54.15

VE: Y RIMBOEME. R

Note: Y is the weighted score. The same below.

JEB (A4,B;C;D) ~ RN BA B 1 5 8% 2 Je i
JiE C AR AL B 21 B8 F e b A D IR L. AN

x4 WMESHE
Table 4 Range Analysis Table

ﬁ? . . P % Factors . - B BrRiaRfs . WK, WK K& EY
re 167.01 129,50 153.02 159.94 FEREEM. W S P, BN A Pih 5w R W R
£OED D mh D ACEMETRRRCREED RIS (009
kl3 55:97 49:83 51:01 53:31 {ﬁﬂ&}g\ 7K7T<WLLK$HJ\_¥LI~$J.K%‘BEF1E\E (P<0.05) .
1;2 i;‘g 22;2 gi-gg nggg AL 2L AN B BE T 2 AR I T THY-MCM-41. X} H
I 6.34 8.42 497 5.15 TR B, WEEE A KfuhonEABr R K SR8 KR,

Ve K A A AT IR AL & UXTI K LR PRI, R R TBARE . RIS . KESETZMEEM RN, &
Average valte ofthe comesponding K valoe, Ricrange R b B . THY-MCM-41 551843 0 T8 R
" o, G5 IORERRE G, 1R R R

23 RBEBREAESAT HETFBLR, FHEK TR T LA TR
231 B QIR R AT RSB G, MG AR, HH T
A 7SR (R T Z AR IO HLRERE . DVIRARRE  yepgs e fr b (REFICTOT I MRLAT . 45 LPTIR, BOUE T I

MK PERE, I8 ﬁ%ﬁ~*ﬁ%“ﬁ RSLGEME TR ARSI LE, AR A AT,
oV T oo e v = B2 <9 3 B I =3 FfiEit SEM. FTIR. FAHE A 7T BL & BRI Eh 1200 7T
A (A4,B,C,D,) « z Fa bR 1E A2 56 23 B VF 40 358 v 1 A 2 IS AR A PR AR S LB
=5 BREMEMNRIGIIE
Table 5 Experimental verification of packaging film properties

(e Opa/ o . T G g OP/(x107"

Packaging Films T/um e TS/MPa EB/% M,/% Wyp/(x10 " g'm s -Pa) em®s™-Pa’!)

PFA 137.12+0.01° 1.16£0.05° 7.16£0.11° 88.14+0.85" 89.23+0.49° 1.42+0.09" 1.02+0.22°

PFB 148.43+0.03" 1.67+0.34* 6.31+0.27° 78.80+1.69° 97.10+1.50° 1.64+0.03° 1.28+0.13°

PFC 131.45+0.01°¢ 1.04+0.28%° 1.53+0.02° 95.53+0.10° 110.05+0.74° 4.62+0.31° 3.78+0.57°

PFD 120.02+0.01¢ 0.94+0.10° 1.73+0.44° 91.71+1.33*° 107.25+1.38" 4.33+0.28° 3.25+0.12°

: PFA NAUEEME A: TR RN 0.04 g¢mL™'. HH0.015 g¢mL ™" &4L45 0.005 g¢mL™'. THY-MCM-410.005 g-mL™'; PFB N3 B: D& Z ek
0.04 g'mL™". it 0.015 gomL ™'y &4L45 0.006 g'mL ™'\ THY-MCM-41 0.004 g-mL™"; PFC Jyf 3 C: DM 0.04 gmL ™', i 0.015 gomL ™", SA4L4S
0.005 g'mL ™', TTHEFEM 0.0024 g'mL™'; PFD AM3EM D: DAE K 0.04 gomL ™. HH 0.015 g'mL ™. 4645 0.005 gmL™'; OP NELEEEAEEME. .
Note: PFA is the package film A: potato starch 0.04 g-mL ", glycerin 0.015 g'-mL ™", calcium chloride 0.005 g-mL™', THY-MCM-41 0.005 g-mL""; PFB is the packaging film
B: potato starch 0.04 g-mL ™", glycerin 0.015 g-mL"", calcium chloride 0.006 g-mL™", THY-MCM-41 0.004 g-mL"'; PFC is the packaging film C: potato starch 0.04 g-mL™",
glycerin 0.015 g-mL ", calcium chloride 0.005 g'mL "', thymol 0.002 4 g:-mL"'; PFD is the packaging film D: potato starch 0.04 g-mL ", glycerin 0.015 g-rmL"", calcium
chloride 0.005 g:'mL""; OP is the oxygen permeability of the packaging film. The same below.
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37 °C MIXHEE N 100% MM, kEHEK, N 21.532,
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Table 6 Kinetic model parameters of thymol release under different combined temperature-relative humidity environments

hEggs it ZH 4°C 25°C 3¢
Release model Parameters ~ 30% RH  75% RH 100% RH  30%RH 75%RH 100%RH 30%RH 75%RH 100% RH
TR ky 0.058 0.069 0.072 0.063 0.058 0.105 0.043 0.072 0.103
Zero-order release model R? * * * * * * * * *
— PR TRU Y ks 0.070 0.092 0.114 0.112 0.181 0.241 0.198 0.322 0.586
First-order release model R 0.981 0.984 0.987 0.980 0.990 0.989 0.981 0.989 0.986
Higuchi B0 Ry ks 1.011 1.198 1.271 1.099 1.159 1.932 0.942 1.445 2.040
Higuchi release model R 0.871 0.873 0.732 0.796 * * 0.839 0.918 0.935
et R SN e N S S A 7 I
Korsmeyer—Peppas release model 2
R 0.927 0.921 0.939 0.914 0.917 0.930 0.955 0.932 0.951
W " RoRUAERZE (RF<0.700) .
Note: “*” indicates poor correlation (R < 0.700).
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Optimization of the potato starch film preparation process and release
kinetics of thymol in active packaging

CUI Yingjun , ZHANG Rongfei , WANG Xiangyou™ , CHENG Meng , LI Mengge
(School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo 255000, China)

Abstract: Essential oils extracted from natural plants can serve as safe food additives, compared with conventional chemical or
synthetic additives. Essential oils have also been incorporated into food packaging materials to impart their bacteriostatic and
antioxidant properties. Among them, thymol (THY), a monoterpene phenolic compound extracted from the thyme plant, has
been used as a bacteriostatic agent in active packaging materials with functional properties, due to its significant bacteriostatic
properties. However, the activity of highly volatile THY is easily affected by the packaging environment. Therefore,
appropriate techniques are needed to incorporate the THY into polymer matrices, in order to improve its stability and utilization
for controlled release. This study aims to prepare the potato starch films of active packaging, taking the mesoporous nano-silica
(mobil composition of matter No. 41, MCM-41) as the controlled-release carrier of THY (THY-MCM-41), potato starch as the
film-forming substrate, glycerol as the plasticizer, and calcium chloride as the cross-linking agent. Single-factor experiments
were carried out to determine the suitable additive ranges of potato starch, glycerol, calcium chloride, and THY-MCM-41 mass
concentration in the packaging film. The L9 (3*) orthogonal test was also implemented to investigate the interactive effects of
potato starch, glycerol, calcium chloride, and THY-MCM-41 on the thickness, opacity, moisture absorption (M,), water vapor
permeability (Wyyp), tensile strength (TS), and elongation at break (EB) of the packaging film. The optimal conditions were
obtained to prepare the potato starch films of active packaging. A systematic investigation was made to clarify the THY release
kinetics in the optimal combination of packaging film at different temperatures and relative humidity (RH) environments. A
prediction model of THY release was constructed to optimize the THY. The results showed that the optimal properties of the
prepared packaging film A were achieved in the TS, MA, WVP, oxygen permeability (OP) and opacity were 7.16 MPa,
89.23%, 1.42 x 10"° g/(m‘s-Pa), 1.02 x 10™"° cm?/s-Pa, and 1.16 mm', respectively, when the mass concentrations of potato
starch, glycerol, calcium chloride and THY-MCM-41 were 0.04, 0.015, 0.005, and 0.005 g/mL, respectively. Scanning electron
microscope (SEM) and Fourier-transformed infrared (FTIR) spectroscopy confirmed that the denser and more uniform
microstructure of packaging film was observed, where THY-MCM-41 was uniformly dispersed in the potato starch film,
indicating better compatibility with potato starch. Thermogravimetric (TG) analysis showed that the encapsulation of MCM-41
improved the stability of THY in the potato starch film. In addition, the release kinetics of THY in the potato starch film of
active packaging demonstrated that the initial explosive release was shifted to a subsequent sustained release under different
temperature-RH environments. The active packaging film was prepared to effectively control the release rate of THY for the
effective time of THY up to 10 d. The release pattern of THY was in accordance with the First-order release model (R >
0.980), and the release index “n” was less than 0.5, indicating that the release behavior of THY followed Fickian diffusion
law. This finding can also provide the theoretical foundation for the precise release of active substances in the development of
active packaging films.

Keywords: film preparation; optimization; nanoparticles; controlled release; release kinetics
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