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Abstract: The physical properties of small molecular sugars, such as monosaccharides and oligosaccharides, are important
to determine the processibility, storage stability, safety and nutritional value of sugar-rich foods. Temporal-spatial property,
as a new parameter to describe the mobility of molecules or groups included in sugars when experiencing phase transition,
has been proved to be related with the quality deterioration and the diffuse-limited reaction of sugar-rich foods. Therefore, a
comprehensive understanding of the temporal-spatial property can provide a novel idea and technical means to guarantee
the deep processing of small molecular sugars as well as to develop and construct the functional structure of sugar-rich
foods. In this review, the origins of temporal-spatial property and its latest practical studies are reviewed. This review aims
to provide a theoretical reserve for the development of temporal-spatial property and emphasised on the characterization
quantity of such property based on thermodynamic approach—Strength value. Meanwhile, the potential applications of the
above parameter in moisture-proof, anti-crystallization, and the controlling of diffusive-limited reactions on sugar-rich
foods are discussed. The main conclusions we summarized are of guiding significance for the improvement of the pro-

cessability and storage stability on sugar-rich food.
Key words: small molecular sugars; temporal-spatial property; glass transition; molecular mobility; processability and

storage stability; strength value

WREEHEA: 2021-03-31
EE&WH: BRa&AFA 5508 (31801488 ) ; ifI X547 #2FAH 2SR A (2019028) .
TEB®IIT: EHE (1988-) , B, M4, shm B/ el At 7, AP @ %% T4 b4t ¥, E-mail: fanghui. fan@szu.edu.cn,


https://doi.org/10.13386/j.issn1002-0306.2021030391
https://doi.org/10.13386/j.issn1002-0306.2021030391
mailto:fanghui.fan@szu.edu.cn

. 464 - gﬁT\|V*+H

20224 2 A

B gk | ZEHH X 24 /N 4 F % ( Small Molecular
Sugars \WEH—2EEEUEFRER, HA W AR HEIGEE
FAAEFEST . M AH L S 2 F S MA TR, — B
BAEEE S TSI RGT . Esk, EIRNSMEE
SERIET I N PR A il & th 2R Al e &
TmEERE, TIZ R RGBT L 2Rk
SR SRR RN AR Y NGRS DG ER 4H 4y
TEEBEE S E AL T B RS, HFRrFhES e in L, £/
PR A v A A S 5 A 0] S i A 7R, 20 R IR

mha R A e AR A — RN TR AR
AT, RRBEART mrobi & 1 &L BT 2 MR 3R
M EP,

NG TR A G SR B RN RN T L PR AR
R S R AP AR LIl R — R 9 557
PR A2E SN, T LeARA b 3w A B Sz o T 44
RAREE T2 AR R T & /N R SRS AR e
RIE M o BN, /NGy BEAE D% A 5% 228 TR (Glass
Transition Temperature, T,) [T iz 328tk G2 2%
7RAE T BRIEAL IR B FNEL B A Y 43T sl R B 19 -3l
(Translation Movement) ., MR #E A HAARFIEE S AT %1,
T R AERETREE B THAT A ) AR S-En, r=Ae
THEZ 2377, PR S BUN TR aS T AR 25 ]
RS R RASBEENT T | R SF-B), XA AR S SR
3Jj(Molecular Mobility, M, )P, 1B Rk /INo-T 4
Sy F oL HEAR RS T B s REW &S5, Bl -
23 HRIE (Spatio-Temporal Parameter )il % -5 /N T4
TE Ty BT i T 37 A2 59 M, X il B2 A8 AR i 3l 285
MR E A DG, I CIE S 5 S o T AR
TR ) B 45 AR RN 2 YRR ) B2 3 SR 2 TR A7
AH BRI R, Hi, £ X/ N TR -2 4R E
FAER IR ATA R AT Sl B S T ARt i A 22
L FVESFRME R —Fh g B R B

H AT T X0 BRI T @ Wi S A SR LR,
EFXF /NG TR E N T AR R v a8 A Ak R R AL
IS AE B I . ASSCERIR T /INGrFRHAT -2 AR iE 2
T B AH N A st st 3t e, B A st -25 4%
AR R R I — A0 7 VA AE m B i T et i
BN R RTEH RIS i s PRS2, ks, S
T FEBELEIRXT T LTI RerE S R AT 5 10
WFE S5 BT H5 52 .

1 M FRENBIBL T SRR
1.1 N FHEIEET

P FEALELAE (Glassy Transition) J2 554 51t B
E A& 1) R R AS A R AR T 2] Wi B2,
T, J N, IR R AR (C)) | K/ 48 R 5 (o) |
M, SRR sk A=A, N, 24N FHEE (T IR
T T, 54 T B (AR S B35, AT okl
BE(n>10" Pa-s), - FHuz shffe AL HA R DI IRF
BIrARRE 22, T u R H] HGeAE R RE B G 3l 24
ML T, PR EE PRI (< 10° Pa-s) IR AR MRS,

B IS SR R e 3, W T R —
FANE S S5 45 AR AN 32 B BR i R v 19 & AR
X S T &, A T HRES NS s
ShAEE 8, SRR R PIFZ 2P BR G R N AN
S BN SRS RS, A o BT RE S I RS ES
R, BT BIA R

PN S BE ST, DRSS 78 30 H A B A /NSy
TOBE I IR AR A CAC,) FF AT Hh 22 75 4713 e P A
( Differential Scanning Calorimeter, DSC) % . n
El 1A Fros, H T DSC JHEFHE T AC, 22kt ih
1B 5 B 18 13 4 00 28 1k 18 5 AH TR, iz e 4f VR
(Onset-T,) B Ay /Nor T BB B AT AL ) it S5
BEE . BRAN, FERESIR AL FE AR & A i VAR LRI
BAEE] 1(A) H, X FPPEIAARAY 2R AR S AT
[F) #4053t g, AR 36 T FE & 19 45 A4 5t ( Enthalpy
Relaxation) &l F2*, f5114n, CHEN 45 & 3+ G pEk:
FAREAN T S A R VA DG . A JI/ A
FERTE , PEIEACHE S I H H PEBE I AR A 1Y oA
jth(a-Relaxation) if 2, Ho T, {FLid n] iy Jyof ol f 28
HE(HRERE, B SIFERE, E7; A i BIFER I, "/
tand ) FEIRBE AR TERIEN . B35 7154 (Dynamic-
Mechanical Analyzer, DMA) M 4~ B, 43 #r{¥ ( Dielec-
tric Analyzer, DEA) & FH I & /N T Wi B 35 1L 5%
AR A AT R . S i i B i PASEIREA T, LA
TEATCR PR ARG A L, -t T 3l A PR RRR A AR SR
SENE R R R A U Y R, SRR
PR AU S B T OB 53T % TR RT3 () (AR D 2 R, 33X

A JEHYDSCIR ISR
THEAC AR
BTk 4 1 bk
R
NN \)
E | FHEae |
hr g
k=4 l P
A | T A
mem—— N
L IS%‘;EACP%LHE&J%
WA . )
I (°C or K)
B s b S
L
i \‘i* sa“\\‘s
i é§§§“$~
3 *‘E"“... E
gasiy | EEEARE 800000
i) i a-FAh -m
i}]}é i ' ?‘Q’SS:*
i 4‘/;’ 7 NN
Al RARAY
o RANK
mi!-%—:‘ : Sed8:3%. E'ore
i i =2E5F
3 3
— ,/\ll I]:H # > T
- a~FASIREE, T, R (°C or K)

1 N TR A DSC(A) K J12¢/
R SR ()
Fig.1 Schematic diagrams of the DSC (A) and DMA/DEA
(B) results on glass transition™®



%435 3

TR, & /NG T2 AT BT B Bt I T L FH B TS - 465 -

F U T 43+ FE HE T AT B A4 5t B 8] (Relaxation
Time, t; 7= 1/2nf) . K&l 1(B) /R T BB/ N0
RFESIRET BN E" (88 e PERE IR E A8 fhifash, H
- FA SR EE (T ) AT i 45 FEAR A I (E R 20 a2 HL
I TR RN T, (B IXPMIREE2E (T, —T) LB T
W43 A 35 N AT VA AR A 1) T Bh EE HER RO,
VAL E W= NE NP Sy L /N1 Y o N il W= BN Ay
[T 2 A R AR, O R a2 R AR R B R b
FEARHL, FRINK B-1% p-FAShAE, {H X SEHAT T 7 B Ta]
AT a-FATHM,
H AT, A 23 A0 5% 28 1 TB BPLER AR U4y 45
(R 1), Ll FOX &M H 19 A B A i
(Free-Volume Theory) f: M BAT . 2 BIS R B 55
e —xE Fe iy B AR R, £,=1%~13%), &
AEBCEAR AL S A AR, 23, Bz HEnT i
IR R (o) 5510 22 (T-T ) YA /R (223K
D)o X/ IN-FHEn S, T 2 BRI A AR i e I
FI A A FR g 44 e 5 834 43 7 & (Number-Average
Molecular Weight) £ 1IEAHSE, X FeBHEBETR A LB 1Y
A AR BB & 500 4 F I FR Fh gk A a2 3 R A
S8 gRing, H ARSI e R IR AR LT |
BRI N, X AR R 3240 5352 - B LS A AA ST
7EAE AR ARER AR TCVE A AR, R, IR 20 T
A TR AN SR A SRAHZS AR B . %55 A R AR R e
b, BT HIBAF AT RIS 43T AR sth B TR A 19 B
A BN S e T B L IO =P GBI 8 A N T [ R
FFR T 25 B S ER AT T T R B B AL % 228 1 TR AL
H (R Do B TXI BB ARTE B SE T ik Z IR A
AR, HETE I S A R AW, IR A
AT BIEAFATHT S /N FHE T NS T Az B -25 18 3))
R, sl RS 3R ] R — A 457 REL B o

f=f +a(T-T,) X (D

R BRI S K 32 SR IR

Table 1 Theories and their relevance reference source for
explaining the glass transition
MATHLE FESCHRAE
1 AR EYRING "; FOX%!1%); COHEN%!"!
B )RS SPERLING!"”!
LI 317 SPERLING!"; ROOS%1¥
f ety PEREZ ""; SJOGREN%5!""); DEBENEDETTIZ:")
S AL BRBH P2 2 PR A TARJUSZ!
42 I D Rl iz 3 e ADAMZP2; GIBBSZ52 24
Sy Fiblis e PEREZ!'Y

1.2 Rk EB LR

P ERZAS/INor T HEE I T ARG R v R IR R
& 18IS A T e A 1 ¥8 4K (Plasticization ) 0N HE
B R B AR A i R S T, HPY R, 24k
SIS R A AR R T, BSEIR T i Gordon-Taylor
S0 T R (A 25 FHoh: w Bl w, AAFR 451

JR ST, B wi+w,=1, kg AATEFO , Hdr 5%
Kgr P38 RS A AR i 5 AN [F] 2H 53 i 3RS A 2
WD AR R BB LR T S B SR AR R
TR/ INGT T B R PB AR, T TP il 7K
(Mobilized Water) s & ULIYYELLF) . X2 F 4l
KA T, EWAR(-137 °C), Sl T alizk NEAA7E
Kt | AR, 5/ VPR S RE RIS R 5
TUL B, TR F 0 T, B WFFE A BT K
P A BRSSOV B 5IR5S FEEAZ HU S 2 43 A SRR EE I
Me], 3R AT K S BE (a, ) FRAERY, aan, ZE TR
AR RS TR S U S B R AR, B A
F a,, BIHEIN, K537 00 PEEET L S eA A 22 S0
28, I T TRl ST, TR S50y (] 2A) .
BEAP, Wi B K 25 7= A e 38 %8 ( Anti-Plasticization ) /E
JH, BRI HAA I BE R B0 R ARG 2 5 g 24 A8E
SR INPY, CARCABAL 50 (915 & Bl
Aol Sz 1 90 3ok A o U S K TE IR S B 2H 5[] SR Y
L5 [R5 /NGB o1 N SV AR Y DRI B
FEUY . BRUFEZKSN, FEEIR R B  AR 25 )
NG TR B AL AR DY S RN (1 A BT
MBS IR R UE T AR ZR X B /K R AR S, T4 T
EKBIBARR .

AT, v 1005 E[STrIE
908 f

UF i

QBT gy i, @g
Sl
T O 4

Bl

,,,,,,,,, g &/
B A agn it
| 5
iR ‘
AR
B RR5F
LY S A

N
bl
=

WOKERE

200 4 [ 25 CRLRASR [x
®: KB B
15.0 L B 5ok
GABJLHY

/
m, (GAB) <m, (BET)

WeEs /K &t (g H,0/100 g solids) g

o
10.0 + 7K - 3/
l - Coap %
ol 3 R K AR
//
0.0 =  BETHE , , ,
0.0 0.2 0.4 0.6 0.8 1.0
K (ay,)

K2 Ui K IRV (A) B R AT R R (B)P)
Fig.2 Schematic diagrams for plasticization(A )and water
sorption(B)"

UBBINK #5021 11 £ A4 32 0 25 A R 2
(Usability ) iX—#E&, F-46 2 Tk -5
ARG ERES . i T U A . BAEAEN
JZATAE, N2 B Rz U S 2K 420, inT



- 466 - é’uﬁ&TWﬂ*ﬁ

PRt B ay, A1 52 SR E DL HERf I &1, /\GE
of a, AR DA AT R AR S R R RS . WROK SRR
(Water Sorption Isotherm, WSI) = ZRAE T{HIR T
BB KA T i B AAEACRAR, HAE /72 s
A FR U /K S B[R], AT AR e AA AR T2 4
JEE X 25 7K 5 40 43 45 G T RS Be B AE H S BT,
WSI JZF6 T a,, VAT U7 ES /KR FH B 2B 1< 7= L TR 2R 55
v i3I 775, BRUNAUER %5854 38 - i 5 [ 4
ABHEA R 7 S5 M SR BRI 9N 1 5 Fh s
ek W B 2% 5 B Ok 2 HY R T S5 2 W Y B Y
Brunauer-Emmett-Teller(BET) W 457 . BET 17
[T ESF P AL T R R e A A R P2 0 S R P T o
(my) FE 22322 (cppr) X PP R 2L 9 ) 5 2.,
F m, 454 Clausius—Clapeyron 75 2 (2> 2 3; Hir.
a,, Fl ay, 3 ARERIK RAER AL T, Fil T, B 7K 43
WEEE, qg AL, R S ERAE A 2K 8.314 J-mol
K™Y i 7] AR Ty 2% ff B AL 45 6 U 25 /K T 5 BE
P E LR SRR IR OKRAT 2 ) )R T
(S s AY) | 1) AY) 2 7k £ Honl i BET B AUAE
FLUL234 e AN IGLESIA 2B i T ik T £
41 T 12 W PR 12 B9 Guggenheim-Anderson-de Boer
(GAB)RRI R T i i b (A2 45 Horbm 28
AR WIKEE, C K EED, If-45 i GAB B TE
Cppr FERH IS A A A HIE (K, cppr = kegap ) FE
HEER R AR R my M HETE . T GAB BB
#iJie BET B a , W S FEI Y RIS 355 T oK S5k
RIS S, BRTE R 12 TR Srb s
WeoKAT R o SR, WF9E LA BET 2% GAB £
AR a, 5T (>0.44) B2 & SR AT R B
Gk w Bt DRG], A a8 k3R
BHa® r B AR ay, <0.44 K 0.44<a,, <0.76 i}
M my Fl cgap S5, KE)EEH W B/ THIE (K 2B),
X RIS a, FAEE AR R ThiiE EOK T S RS 31 B R
I8 A AE AR B T S BE R S 4521 . 20Ny
THE S a,, VTR DN WK AT S s 1Y) R R
SEUF B K IBARON 5 | R IARZS 72, XA E A 52
BK S aliRAZE RGN | S5 e BER R R, TS|
KSR ISR AR R oK AT . POTES 458 FEHIF
TS TN/ 2 RIS AR RO RAT I HIE T AR5
TE a,, < 0.44 FIKSFENILEH (Water Additive Princi-
ple), BIMAC SR G B K 1551251 Sl ZH 53 B i 4
e o e Z Al LIU 82 d@ i R GEWF 58 vk T30/
FLIE S B A R ORA T RAUESE T WK B RO X
m, [FFEE FIFH GAB BRI E HIVE EH#H R 2 0.76
ayo P R AR ST BT | R oK S IR0 BEE A
Y R K SRR a, 136 FHE, PR AE R Ui
BEKAHEE D7 A HRE T o
~ W, Ty tkerw, Ty

¢ w,Hkgrw, ﬁ 2

2022 4F 2 H

av\_ 9! _L
(i) -xlE ) e
0 CRa, ® (4

m, (1-Ka,)(1-Ka,+CKa,)
2 N TFRER-TSEHERA RIS R TR
2.1 B-ZHEHERIAIRIR

B 28/ N3 T - 25 R E A R Fe IR Th) A, R
WHFEdE T, MHE 738 (M) RS IR AR
ISR S k-2 R P UL ER, A sl a] )
ST HARF AR A A X ] ] (i 8 2, SLADE
SELO) /N OB -SSR E AR B SR, AT Se
T, B2 7K AR S 30 43 i sh Ho g —
Ao -2 S e EL S A S AT XIS 22 (T—T ) B MO E
BEAESE, IR 1R B William-Landel-Ferry (WLF)
Bl SR RN TR - A5 R AR R A A AR (A =X
55 Hodt: o A o, SO IR R AR T A T, B Ag#
s a], C, A1 C, M HE0 . WLF BERIE (& 3A)
Al HoE B C ) VR RN 2 i (s) /R /NG T4
T, BEFUT A St 18] A8 B B R B AEL, C, (°C) I T
FAAT AN TR N iR AR b, A A AR ES
AIAL C, AR MR S5 S P IK S 14 ARG
EHEVIME, NIk ¢, MasmSE, 2R, 58 %
B WLF 3fj Jy2# )y B b W $0(C =17.44 s Fl C,=
51.60 °C) AN FH T FRAE = SR P 19 B - 25 FRAEAR st ik
2, X/ N PRI EATE ), 5 o3 g X T, 1
4b, ANGELLY 421 T 3T Vogel-Tammann—Fulcher

J_— o
A WLEFFIER SIS X5 100 ¢ .

| . o T (CorK)
| , 9 )
-100 —50 T, 100
i logt="2s|----N\------ P
e 25-1---=-----1---- =C, (5)
Ss. =G, (C orK) C, (C orK)
\\
\ -50
B 20 AL
S < S R L
P SBYWPIR A
NIRRT Y
001 - DMA%f

ki i)

log T (FAFHATH], s)

2.0 >,
.......... Cade, Y
-4.0 TR
L
6.0 g "%iTI'(‘JDFA WM% 1S, % ,
0.0 10.0 20.0 30.0 40.0
T-T, (C)

3  WLF FHIEH B3 & L(A) K Strength 7~ EE(B)P
Fig.3 Schematic diagrams for the physical meaning of WLF
constants (A) and Strength parameter (B)®!



%435 3

TR, & /NG T2 AT BT B Bt I T L FH B TS - 467 -

(VTF) 3 F12211 “5i-Ha” 53 2k (A2 6; Hirpm Al

N, SRR RLEWREE T M Ty BFRREEE, D ARRAAR
ZRBIMENE ), IFXE AP A I - A AR B SE AT T 4

R, AFgEds th A bt R [A] B IRRE H (T/ T, ) BYZAZ

et/ s, RIHEAE T, BT AT ISR - 254K
AR B e 585 5 AHSOKAERS T, BT RO 2> T s RS
Kof HF - ZS AR R P e vy, DRI DR HAA St TR 6 I B L

AR B B o SRTT VTF 3l 72748 il
JBE LEFHFANIE T/ N3 11 S s B B i R s -2 R A

Ao FIAN, TEEMEAA Sl A] Xl B P AR A B S 5 T

KBS0 s - e PRSI S5 IE AR

_Cl (T_T )
o (1):_g K (5
T, C2+(T—Tg)
nzmenn/(rn) 7, (6)
S:_((jisc_zd (D

BOHTFER R B/ NG FHERA sth A ] 3 — 2k %K
P BE 22 (T—T,) BB SRS, BEAS I A /NI
S USSR AE I S B o) LR -2 KR AE g FR AR D71
TEHA BN WLF J7 B2 5 80 PR 36 al |, F)
535 RTERC B WLF 3l 122 7 BE RE S A AL 511K
AR (0.1~10° H2) AR5 [A] 5 T—T, B9AHICE.
1, ROOSM, FAN ZEB9 I MAIDANNYK 4543 St
[E4 i 1T —Fh A WLF i 2/logt 5 1/(T-T,)
LPEXR RITRBT-ZSRHEE 20 C, F1 C,, I3 7EM
REAZAMETTE] (10 s) PIFASEE]  REPU- P st (d =
4; WA BEIE AN T R AR A A % AR BT AR i St
[a]), 435 i SPIRAS 19 28 46 B —Strength (S) 1B (A5
7)o AERN— 1 THIBRAHEF A I R 4 Fiz sk
B SE, S HEE T HIaF A T ERT R =S
Ma] RS 435505 8., BENS MBI H /INoFRER T
LEFIZ BIPIRAS AR B - 23 i B g8 T, R4 sl
ARZSXTEF-ZSAKMIFREE S S (HEIEAHSG, iRERS
B3R Lk O A2 bl & S 3 R A T4l h A5
BIAEAN 2 W o #Un, BHANDARI 2570 [&]J65 1
et B BRI SR AN, o
KA T /N TR -2 R E RS SR 2R, IF48
S (EE T E i T AR BB R 1Y 40 L i A
BB, AN, RENZETTI 4594 YEdg H B F-41 k1
FeSPER WLF ) )57 BB AR 43R R e/ 2L
T AR B AR -25 2T AR, 13X AT ) H S g
T KNG TR -2 R R R YIS . UBBINK
02 3 X Y R A3 AR R - AR Y 2R
JaRB, S AEXT S B I - S SRR I SRR T A R
FERZIS R RN FHEIA AR F o
2.2 Bf-ZTSHHIEES

B IR o 2 Iy LA i AR, AR [E RS/
SRR -ZS RME S BERE L R 7. SOk e ARtk
ML AR, BARABLTE S (HAMEE L. 5 T, 18

FAARL, /N TR 53T SR AS BRI 25 /K B AR, 3
VASE T B /K B4 YBAVE FHBRAE A R AR 2 A ik
a0, MATDANNYK 45430 5 Se g el S {H Y
TR B, H S (ERBEM R S /KBS Fi%. FAN
LE) St BRI IURE S (H A BE, Hit 25 R AE A AR
sz B EBALAE TSI i, FLXREIES T, XF
IR ARG ERR AR, 32 T A X A AR A A T
AFEKES R/ N FRER- 2SR R A5 A (A 8).
_ WiSatKkerwsSe
W, K W,

H AT, A bt -2 R 256\ = a0 TR kA
gt o M R EAE TP EET X4k S fHAYTTE, i3
H, AR S F A ARIR (T<T,) T REMS LR ki ( =
102 Pass) B9 “RES RS, MRS T, IR B2 9
BENBEIAR, SRR RT3 8eaR B Ib . ishirEhy
fine ANGELL™ #7387 45 &4tk B R it AR i i v
SRSEARUAR RS SR, 8 K LR A
BN RS TR EBE IR A % AR AR IR BE X 3] (~ 10 °C)
PHT 107 s BEBE S 10 ¢ sCRREHEZ~10% /10 °C) , X
PR AR L A o AR rh RS st [R] (g R ZU Bl AR AR AL R B K
H BT shse Sk, sSOSaR sz /K Juk m s md
TS AL SCRRE RIS S, & BRI FH 22 et
F XA 9; G NBTYINNZR, v, By UIFAswATE])
ST VK HE —40~20 °C PYAS[EBY YT 7 % 7 #5 5th Hsf 1]
AR, BARIKIERE 10 °C 15 BE A8 A3 Bl P9 55 bk
S Ta] e KR B2 107 s, ik TR Es b4 A o ft vp
PIFASBE R AR LI . XSRS A THoK A &
IS, TR 24 5 5 UIAA s i TR E L T, N
SRR R A FANG IS (K 4B) . A, R WLF
Bl 1250 RS G Bl K AHIC T 124 FBY DA gt B R] SCiik
B AR R B a5 R, WLF sl )220 Bridk
ANFIRZ AN BT U N AA GBI [R5 (T—T ) B PE
HREEA AU, FLrb g2 ath i TR T T A SRR 44
B C,(23.47 s) & T By PIAS st [H] X 2 C,(18.00 s),
IX R VKA BB S BH AT « B RS- i B P K 53
T, 455 WA CHRBOREE S S (HITHR A
B, FE T/ INEARAIHR Y 1N s ST GRS R0k fn sl
rmad AR R T, T sl 2s SR (S=3.8 °C) %
Z R B PIFA G A R] T A525 SR (S=6 °C) XHiF 25 7K 43 F
mahtERIRE-SB(E 4B) . T Ee= X4k <3l
- AT vh 4 S BRI 25 5 i, AT oK
Sy T s R GEWFEIE A DL o

n=G.1

A (8

S (D)
3 B-FEfHEEEESER MM TIREP AN
3.1 BpiEl ESRPRINA

EOREE S P B BRSNS TR E N AR A
R 5 W (Hy groscope ), 5| & — ZR A B 95 A8, 4N
SERPIGE . S PAETN S FAN 25057 iF o B s 2L/
FLIE B E ARSI ORA T G KR, AR



. 468 - gl:ﬁ‘-lTﬂV*’\l’ﬁ

A 3001 e g
At -2 R R AR 7Y
B
20.0 4 MAIDANNY K251
S HUANG2
&
% N
g \
10.0 | \
S = WSy tkerW,Sy, \
w,tKgrw, S]
0.0 - - } + @
0.0 0.2 0.4 0.6 0.8 1.0
TRATIEE (av)
B 20y SHFBS K HA TS IR WLF S 1325 537
0.0 -“\
5 B\ WLEIF iR
= \ 1041}@
g 40 % N\ % G MAIDANNYK 0431
= ‘e S
= 601+ ! ROOSZF!N
2 |/</ , HUANG %2
e 801 ES T
k=) ]
-10.01 | &
1201 1 - b
140 (DI /LR OR i E1) UWA%@D‘F%
0.0 300  60.0 900 1200 150.0
T-T, (C)

E 4 Ny TR S (A) BB K S S se A T -
23R BT (B ) 128:3946)

Fig.4 Schematic diagram for the temporal-spatial property of

small-molecular sugars (A) and crystallization-glass transition

competition for mobilized water (B )34

LR AT -ZS FRE S UIAHSC . T oR 2R, ZUBE/ZL

MBS E AR RN S MEMR, AR & A Wt 28 il
T AR =, BIMARRMIBIRE /A58, YUAN 452
$& I S IR K SRR ZR S B 12 AT - A RIE AR S S

FRRASE, TR H 255 208 b B B 1 .

an, REZED WIF A AR B RS By
FRETE. MBF-ZS IR 22, ol B R R B 4 v )

FHBT -2 R AE L2 50 0 -G W /K B i R B AA SR ) -2 4
TEFL AR 25 K] (State Diagram) (F 5A), FIFH iz 2
AT SE AT RS /K B (8 a ) BURE A SC S I
B, PN 53 | AR 2R S 2 A 1A W3l st B2 I L 7Kk
o IR FUBE AR, LR G EEEIN T AR BT
A E R S B R AL T B S

HeAh, AR R S R A L LAY

(Crystallization) B4 L K i, st i R/ NFITE AR B
Xop H R B P AR B I D0, NG TR I A o
BERAEAE T, LA TR RIRE (T, , il H e —
BT RR, AFE: B OB BUAZ) 3958 (A A1)

AR BRI B/ sl Rz B O Y, o, A% TE
AN TAZ A AT R S /N TR AN R B -25 2 Y

B IPIRSEUIAESE, JT I [FPeE T 45 0 A 4500

B N, 24 R S e R (T ), A R

A%, H EH T2 58 BRIl it A A TSR T iR B ks
T T, MG, (EUR T35 B R A% A A
T, Fr LAGE SRR N T, A1 T, Z AR E

20224 2 H
A T _
A -2 FEAE AR A R 3
]
4 =1)
% 8
N e s
~ \ &7 ot
| N ; &)
m R ;
7 N ]
— > =
P
- i i
0.0 0.2 0.4 0.6 0.8 1.0
IKAMTEE (av)
B
2 Sl
d AT ] _E
A Ny
ﬁ ST I o\ AR
= JE\% A e R
5 DN )
—~ ’ Y Pt \
- h \\ e N\
.L_]'ﬂ Il :>:/ |
Iz /l -7 \\*\ \\
Ho ’ > ~ \
Ay ’ e < \
’ L S \
1 e Se AY
1 O N J
<
Tg YA Y o Tm
FUREI R E iy

K5 B oras il R (A) K4 ol 58 (B ) s 2 Y
Fig.5 Schematic diagrams for crystallization (A) and
crystallization rate on foods (B)F*

AR BN R IAEL (K 5B) o IO IG5, (A& b
B K W /R HE Bt B AT DL SRAESS fbad fe, 24
A2 A i G A BT AHE R AR AR, SRR A4
B i K T Es AR TR B HE R R HE T,
2 H B S 1] £ 722 A B DR AR 25 g & i B AR P78
A SR P A CRIEL M ERERUMT SR A R o, IR 514
Fa 95 28 S AR S B A/ NGy TR - 25 i ] g A2 A 2 D]
A AR T AN AR B InBEfS A R T
AE S (HIE A Z2 WK 45 Fhad 2, 3Tk B e i e 2s
Fsf -2 AR BEAS R v me BT s BTty i P RER?
LI 2557 gyt 5ede th, LIS 00 s 8 R A 28 B 7L
A ERAE . AR IBOREAF A 5T 2 AR AN E B RE AR, JX UL
EARIR T HE A SO FURE S T s T E . R
WFFEER, Bf-ZS e iR BEAS T IR s i 2 T ARG
IR AOAE R, R -SSR E R B A T L DL
A PERESR TR B Ui . BREEE AN, 2P
KBLFFEEA TP N THE T, BT T s
fiEJJ. NURHADI #5P% FERFFE L0 203 B i RE nd i
T R, R ZE ZPPRT S XA S if -2 R e St
PERBUE A R 21 2 D A TP Y BT L D A
PERE. BEAh, At 4 i R ng B2 N =R,
HAEAEDSE B 008 W . B, FUBEAT A P A 53
k¥, Sk Z AP E AR PR B 25 5, Sk Wi o
T OS2 A 2 B SRR ), S2 IR LN A 45 A AR
1E, FERTRE ™ Ar—LE R TR, A i B e lool
FH T 45 A5 R ) BRI RS R P D)
AHIG, XTI -ZS R IR AR E RS LA B . DUas i



%435 3

TR, & /NG T2 AT BT B Bt I T L FH B TS - 469 -

PERERITIREM: BB A S I 2 B AR R 20 S
3.2 RS FOEERRIN A
PrEEFR i 52 3 (Diffusion Limited Reaction), %1,

Bfre . AEBRAE AR ST, X B i BT A 5 ) B RO
AR IER L VA S N B - S - o il W g7 A~ 4 531 A VA2 )
R PR —FRAE SN AH M B LR Rl
— ZFNE SN AR S AN S [a] PN e A R O T
A HE—RAEXE 7] S H S I ) Rl 2 vy e 22 S IR
B2, Ak, SF-ZS R EAE S B e T
R H BT A O 2252 4T sl ey w R i
SN A B 25 A7, DRI B3O BIR o) s o Il 90 A%
ODTETXHES > T 254 E LA . N, MIAO
LV ST T E b R AR A P e A R S AR R )
TSI SCIBRE . LIM 25 BIF 98 T {8 p-ii 8

N EEAER TR ARG & B, -8 N AR
of F71 25 5 A FR PG el 0 B - REAE 2 YA O, B
S {E KK, BRI RS . LU S Bogr i ot &
A S X 3247 i BR il %) 75 37 22 e S o EL e AH G,
30 3o XA FR B - RN R I ER AF S, B A i1
BB EFE R Y WIRE I T REESbE B A,
T = X B ) SR A R 5 B -2 R E SCIRAI L i 1
A, H AR AR S 5T 25 S n FH 2 b B AR R B
. Pgh S rEREMGE T HRIEIAAR D
4+ WESRE

JRAEA X/ IN3FRERT - 23 REIE A ST L E

1GA R, (HZ S TR 2P BB . BT 2544
TERIRENRTE T3 12V E R BT - 25 R A 304 T
IHEATTEFRE BRI, ToiAT G T, BT i 28 1e- i
BN, AT ERAETR (S R 25 . X B R BT RN
FHOTTREEARMERT, BR: B-25 FRAE ARSI 55 i ok 2%
A R TCIE A SR G, A E G S RS i T
PRI BE M PT S — M o BN, /N TR - 25 4R 11E
AR, 25 AT R FH T EobE E Sh K 4 R 5 A 45
FEHRIESE 7 BB ERR HFT BT . PLas ARt
VPR IBAR? U8 OB S B ORI T i <R
JEEF7 IR R, %) IR AR, ATE T R ASHAT /Ny
TR -2 R AE R AR AT S B R  ae R A A
¥, IR AW A& L B 25870 . Prss tEaenythae
MRS, £35S/ N TR T A e BE
LM RESFFNE EEX/ N TR -2 REE R
HERRFAAT BB SR, X T S2 B K 2% /il A A 500
R ICEZE ., HRTE Y202 st FR 09
IR 25 B /AL S RTINS (H, FEER
BRI, ARoken] L /NG
FEPE . ARG T S B F I IR F K
FFATiG . N DSC 45 Se {3 X/ INr R g sk -2

SHESEAT B HNRABIENT o 3205 T IR AR
Xof BRI T ARG R 5 3R 2 O 28 Ak R ALl A &
TIPS E, X THEE SR E SRR Ttk
ELACBRE X o

S 3k
[1] DIAZ A B, BLANDINO A, CARO I. Value added products
from fermentation of sugars derived from agro-food residues[J].
Trends in Food Science & Technology, 2018, 71: 52—64.
[2] #hwets, BEM, ZRE DSTFHRELEMDE o- R HH
HEEE o F 2t ] & S A, 2020, 41(8): 139-143. [ XU X
M, WEN J Y, WANG Q H. Molecular docking of small-molecule
monosaccharides and their analogues[J]. Food Science, 2020, 41
(8):139-143. ]
[3] #ARZ, W45, E0E, F. BB ETLERZER T L
RAr R J]. Bk, 2013,32(8):1-4. [HUQL,QUET
T, REN X Y, et al. Application and research progress of glass trans-
ition in food preservation[J]. China Brewing, 2013, 32(8): 1-4. ]
[4] MEMH, £ 53R HBUHETHRRBEE WGP al] £
# 4, 2007(12): 539-546. [ ZHAO X W, MAO D B. Effects of
glass transition on food stability [J]. Food Science, 2007(12): 539—
546. ]
[5] FANF, ROOS Y H. Glass transition-associated structural re-
laxations and applications of relaxation times in amorphous food
solids: A review[J]. Food Engineering Reviews, 2017, 9(4).257—
270.
[6] SLADE L, LEVINE H, REID D S. Beyond water activity: Re-
cent advances based on an alternative approach to the assessment of
food quality and safety[J]. Critical Reviews in Food Science & Nu-
trition, 1991, 30(2-3): 115-360.
[ 7] BHANDARI B R, ROOS Y H. Non-equilibrium states and
glass transitions in foods: Processing effects and product-specific
implications|[M]. Woodhead Publishing, 2016, 153—168.
[8] LIUY, BHANDARI B, ZHOU W. Glass transition and en-
thalpy relaxation of amorphous food saccharides: A review[J].
Journal of Agricultural and Food Chemistry, 2006, 54(16): 5701—
5717.
[9] CHENY F, SINGH J, ARCHER R. Potato starch retrograda-
tion in tuber: Structural changes and gastro-small intestinal diges-
tion in vitro[J]. Food hydrocolloids, 2018, 84: 552—560.
[ 10 ] SILALAIN, ROOS Y H. Coupling of dielectric and mechan-
ical relaxations with glass transition and stickiness of milk solids[J].
Journal of Food Engineering, 2011, 104(3): 445-454.
[11] ROOS Y H, DRUSCH 8. Phase transitions in foods[M].
Second Edition, Academic Press, 2015.
[12] LIR, LIN D, ROOS Y H, et al. Glass transition, structural re-
laxation and stability of spray-dried amorphous food solids: A re-
view [J]. Drying Technology, 2019, 37(3): 287-300.
[13] KISSI E O, GROHGANZ H, LOBMANN K, et al. Glass-
transition temperature of the p-relaxation as the major predictive
parameter for recrystallization of neat amorphous drugs[J]. The
Journal of Physical Chemistry B, 2018, 122(10): 2803—2808.
[ 14 ] EYRING H. Viscosity, plasticity, and diffusion as examples
of absolute reaction rates[J]. J Chem Phys, 1936, 4(4): 283-291.
[15] FOXT GJR, FLORY P J. Second-order transition temperat-
ures and related properties of polystyrene. 1. Influence of molecular
weight[J]. J Appl Phys, 1950, 21(6): 581-591.
[16] COHENM H, TURNBULL D. Molecular transport in li-


https://doi.org/10.7506/spkx1002-6630-20181201-001
https://doi.org/10.7506/spkx1002-6630-20181201-001
https://doi.org/10.3321/j.issn:1002-6630.2007.12.129
https://doi.org/10.3321/j.issn:1002-6630.2007.12.129
https://doi.org/10.3321/j.issn:1002-6630.2007.12.129
https://doi.org/10.1007/s12393-017-9166-6
https://doi.org/10.1021/jf060188r
https://doi.org/10.1016/j.foodhyd.2018.05.044
https://doi.org/10.1016/j.jfoodeng.2011.01.009
https://doi.org/10.1080/07373937.2018.1459680
https://doi.org/10.1021/acs.jpcb.7b10105
https://doi.org/10.1021/acs.jpcb.7b10105
https://doi.org/10.1063/1.1749836
https://doi.org/10.1063/1.1699711
https://doi.org/10.7506/spkx1002-6630-20181201-001
https://doi.org/10.7506/spkx1002-6630-20181201-001
https://doi.org/10.3321/j.issn:1002-6630.2007.12.129
https://doi.org/10.3321/j.issn:1002-6630.2007.12.129
https://doi.org/10.3321/j.issn:1002-6630.2007.12.129
https://doi.org/10.1007/s12393-017-9166-6
https://doi.org/10.1021/jf060188r
https://doi.org/10.1016/j.foodhyd.2018.05.044
https://doi.org/10.1016/j.jfoodeng.2011.01.009
https://doi.org/10.1080/07373937.2018.1459680
https://doi.org/10.1021/acs.jpcb.7b10105
https://doi.org/10.1021/acs.jpcb.7b10105
https://doi.org/10.1063/1.1749836
https://doi.org/10.1063/1.1699711

- 470 - £ Tl B4

20224 2 A

quids and glasses [J]. J Chem Phys, 1959, 31(5): 1164—1169.

[ 17 ] SPERLING L H. Introduction to physical polymer science
[M]. John Wiley & Sons, 2005.

[ 18 ] PEREZ J. Theories of liquid-glass transition[J]. J Food Eng,
1994, 22: 89-114.

[19] SIOGREN L, GOTZE W. o-Relaxation spectra in super-
cooled liquids[J]. J Non-Cryst Solids, 1994, 172: 7-15.

[20] DEBENEDETTIP G, STILLINGER F H. Supercooled li-
quids and the glass transition[J]. Nature, 2001, 410(6825): 259~
267.

[21] TARJUS G, KIVELSON D. Breakdown of the stokes—Ein-
stein relation in supercooled liquids[J]. J Chem Phys, 1995, 103
(8):3071-3073.

[22] ADAM G, GIBBS J H. On the temperature dependence of
cooperative relaxation properties in glass-forming liquids[J]. J
Chem Phys, 1965, 43(1): 139-146.

[23] GIBBS J H, DIMARZIO E A. Nature of the glass transition
and the glassy state[J]. J Chem Phys, 1958, 28(3): 373—383.

[24 ] GIBBSJH, DIMARZIO E A. Statistical mechanics of helix-
coil transitions in biological macromolecules[J]. J Chem Phys,
1959,30(1): 271-282.

[25] LIU W, ROOS Y H, FAN F. Physicochemical properties and
relaxation time in strength analysis of amorphous poly (vinyl-
pyrrolidone) and maltodextrin: Effects of water, molecular weight,
and lactose addition[J]. Journal of Food Engineering, 2018, 226:
82-95.

[26 ] UBBINK J. Plasticization and antiplasticization in amorph-
ous food systems [J]. Curr Opin Food Sci, 2018, 21: 72—78.

[27] CHAUDHARY D S, ADHIKARI B P, KASAPIS S. Glass-
transition behaviour of plasticized starch biopolymer system-A mod-
ified Gordon-Taylor approach[J]. Food Hydrocolloid, 2011, 25(1):
114-121.

(28] BB, X sy, 7ok, 5. 5 F 3 H FEMKGS DT
B IS RERY R ], ARAE ®RAH, 2014,
30(9): 154-160, 165. [ ZHOU G H, LIU C M, WAN J, et al. Ef-
fect of moisture content on glass transition temperature and diffu-
sion properties of low-molecular[J]. Modern Food Science and
Technology, 2014, 30(9): 154160, 165. ]

[29 ] HUANG W L, FAN F. Strength analysis of amorphous water
and lactose containing water solutions[R]. IFT20 International Con-
ference, Chicago, 2020.

[30] CARCABAL P, JOCKUSCH R A, HUNIG 1. Hydrogen
bonding and cooperativity in isolated and hydrated sugars: Mannose,
galactose, glucose, and lactose[J]. J Am Chem Soc, 2005, 127(32):
11414-11425.

[31] P, e, 31445, . AL T 5 R b ey e T 4%
Ao de i [J]. £ Tk, 2006(2): 51-52. [ ZHAN S P, CHEN S
H, LIU H W, et al. Effect of glass transition on the processing stor-
age and quality of food products[J]. The Food Industry, 2006(2):
51-52.]

[32] UBBINKJ, DUPAS-LANGLET M. Rheology of carbo-
hydrate blends close to the glass transition: Temperature and water

content dependence of the viscosity in relation to fragility and

strength[J]. Food Research International, 2020, 138: 109801.

[33] FONTANAA J, CARTER B P. Measurement of water activ-
ity, moisture sorption isotherm, and moisture content of foods[M].
2020: 207-226.

[ 34 ] BRUNAUER S, EMMETT P H, TELLER E. Adsorption of
gases in multimolecular layers[J]. ] Am Chem Soc, 1938, 60(2):
309-319.

[35] TIMMERMANN E O, CHIRIFE J, IGLESIAS HA. Water
sorption isotherms of foods and foodstuffs: BET or GAB paramet-
ers?[J]. Journal of Food Engineering, 2001, 48: 19-31.

[36] IGLESIAS H A, CHIRIFE J. An alternative to the GAB mod-
el for the mathematical description of moisture sorption isotherms of
foods[J]. Food Res Int, 1995, 28: 317-321.

[37] FAN F, MOU T, NURHADI B, et al. Water sorption-in-
duced crystallization, structural relaxations and strength analysis of
relaxation times in amorphous lactose/whey protein systems[J].
Journal of Food Engineering, 2017, 196: 150—158.

[38] POTES N, KERRY J P, ROOS Y H. Additivity of water
sorption, alpha-relaxations and crystallization inhibition in lactose-
maltodextrin systems[J]. Carbohydrate polymers, 2012, 89(4):
1050-1059.

[39] FAN F, ROOS Y H. Structural relaxations of amorphous
lactose and lactose-whey protein mixtures[J]. Journal of Food En-
gineering, 2016, 173: 106—115.

[40] ANGELL C A. Formation of glasses from liquids and bi-
opolymers[J]. Science, 1995, 267(5206): 1924—1935.

[41] ROOS Y H, FRYER P J, KNORR D, et al. Food engineering
at multiple scales: Case studies, challenges and the future-a
European perspective[J]. Food Engineering Reviews, 2016, 8(2):
91-115.

[42] ROOS Y H. Relaxations, glass transition and engineering
properties of food solids[M]. In: Advances in Food Process Engin-
eering Research and Applications, Springer New York, 2013:
79-90.

[43] MAIDANNYK V A, ROOS Y H. Water sorption, glass
transition and “strength” of lactose~Whey protein systems[J]. Food
Hydrocolloids, 2017, 70: 76—87.

[44] RENZETTIS, JURGENS A. Rheological and thermal beha-
vior of food matrices during processing and storage: Relevance for
textural and nutritional quality of food[J]. Current Opinion in Food
Science, 2016, 9: 117-125.

[45] WU Y, HUANG W, CUI T, et al. Crystallization and strength
analysis of amorphous maltose and maltose/whey protein isolate
mixtures[J]. Journal of the Science of Food and Agriculture, 2020,
101(6): 2542-2551.

[46 ] MAIDANNYK V A, NURHADI B, ROOS Y H. Structural
strength analysis of amorphous trehalose-maltodextrin systems [J].
Food Research International, 2017, 96: 121-131.

[47] FANF, ROOS Y H. Crystallization and structural relaxation
times in structural strength analysis of amorphous sugar/whey pro-
tein systems [J]. Food Hydrocolloids, 2016, 60: 85-97.

(48] &G, HE, Alah, F. KRaysosdfe s Lo ar e [J].
) 23 3k, 2006(Z1): 449-451. [ZHANG J L, YUAN Y H,


https://doi.org/10.1063/1.1730566
https://doi.org/10.1016/0260-8774(94)90027-2
https://doi.org/10.1038/35065704
https://doi.org/10.1063/1.470495
https://doi.org/10.1063/1.1696442
https://doi.org/10.1063/1.1696442
https://doi.org/10.1063/1.1744141
https://doi.org/10.1063/1.1729886
https://doi.org/10.1016/j.jfoodeng.2018.01.020
https://doi.org/10.1016/j.cofs.2018.05.007
https://doi.org/10.1016/j.foodhyd.2010.06.002
https://doi.org/10.1021/ja0518575
https://doi.org/10.1016/j.foodres.2020.109801
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1016/0963-9969(94)00002-P
https://doi.org/10.1016/j.jfoodeng.2016.10.022
https://doi.org/10.1016/j.carbpol.2012.03.061
https://doi.org/10.1016/j.jfoodeng.2015.10.047
https://doi.org/10.1016/j.jfoodeng.2015.10.047
https://doi.org/10.1016/j.jfoodeng.2015.10.047
https://doi.org/10.1126/science.267.5206.1924
https://doi.org/10.1007/s12393-015-9125-z
https://doi.org/10.1016/j.foodhyd.2017.03.025
https://doi.org/10.1016/j.foodhyd.2017.03.025
https://doi.org/10.1016/j.cofs.2016.10.003
https://doi.org/10.1016/j.cofs.2016.10.003
https://doi.org/10.1016/j.foodres.2017.03.029
https://doi.org/10.1016/j.foodhyd.2016.03.019
https://doi.org/10.1063/1.1730566
https://doi.org/10.1016/0260-8774(94)90027-2
https://doi.org/10.1038/35065704
https://doi.org/10.1063/1.470495
https://doi.org/10.1063/1.1696442
https://doi.org/10.1063/1.1696442
https://doi.org/10.1063/1.1744141
https://doi.org/10.1063/1.1729886
https://doi.org/10.1016/j.jfoodeng.2018.01.020
https://doi.org/10.1016/j.cofs.2018.05.007
https://doi.org/10.1016/j.foodhyd.2010.06.002
https://doi.org/10.1021/ja0518575
https://doi.org/10.1016/j.foodres.2020.109801
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1016/0963-9969(94)00002-P
https://doi.org/10.1016/j.jfoodeng.2016.10.022
https://doi.org/10.1016/j.carbpol.2012.03.061
https://doi.org/10.1016/j.jfoodeng.2015.10.047
https://doi.org/10.1016/j.jfoodeng.2015.10.047
https://doi.org/10.1016/j.jfoodeng.2015.10.047
https://doi.org/10.1126/science.267.5206.1924
https://doi.org/10.1007/s12393-015-9125-z
https://doi.org/10.1016/j.foodhyd.2017.03.025
https://doi.org/10.1016/j.foodhyd.2017.03.025
https://doi.org/10.1016/j.cofs.2016.10.003
https://doi.org/10.1016/j.cofs.2016.10.003
https://doi.org/10.1016/j.foodres.2017.03.029
https://doi.org/10.1016/j.foodhyd.2016.03.019

%435 3

TR, & /NG T2 AT BT B Bt I T L FH B TS 471 -

ZHOU H W, et al. Investigation of water glass transition[J]. Pro-
gress in Physics, 2006(Z1): 449-451. ]

[49 ] R, k5T, JAKAR, 3. BLR A2 R R e Bk 9 7% B
T B AR A& R 424 [J/OL]. & S A, 2021
http://www.cnki.com.cn/Article/CJFDTotal-SPKX2021031
200K.htm. [ SU A X, PU H L, HU Q H, et al. Bacterial diversity
and control method of dried lentinus edodes stored at different water
activity[J/OL]. Food Science 2021. http://www.cnki.com.cn/Article/
CJFDTotal-SPKX2021031200K htm ]

[50 ] if, By, R, AR & EEARA A+ F A F
Koy #HmJ]. W& T 1,2019(12): 14-19. [ LING X, MA
S G, WANG X R. Effect of different water activity lowering agent
on the water activity of semi-dried pork[J]. Meat Industry,
2019(12): 14-19. ]

[51] BB, 2 s, 74k, 5.0 F3h A FEMKS 35T
M I IE A IR RN B R (1], AR AL, 2014,
9: 154-160. [ ZHOU G H, LIU C M, WAN J, et al. Effect of mois-
ture content on glass transition temperature and diffusion properties
of low-molecular[J]. Modern Food Science and Technology, 2014,
9: 154-160. ]

[52] YUAN X, CARTER B P, SCHMIDT S J. Determining the
critical relative humidity at which the glassy to rubbery transition
occurs in polydextrose using an automatic water vapor sorption in-
strument [J]. Journal of Food Science, 2011, 76(1): E78—E89.

[53] RER, RAF, Fauk, F A THBUETRRDFE
a4 A e B e AR AT A D] P B A R S AR, 2020, 2006):
209-218. [ SONG H H, CHEN Q Q, BI J F, et al. Studies on the
storage stability of goji powders based on the glass transition and
flow characterist[J]. Journal of Chinese Institute of Food Science
and Technology, 2020, 20(6): 209-218. ]

[ 54 ] MULLIN J W. Crystallization[M]. Elsevier, 2001, 181-284.
[55] 3K, b, REmW, 5. o TS DAL HRLE
A S B Ao R B A T 8 v (T]. F B R & F AR, 2019,
19(8): 49-59. [ ZHANG S, NI C L, ZHANG G P, et al. Effect of

low molecular weight saccharides on crystal structure, gelatinization
and freeze-thaw stab[J]. Journal of Chinese Institute of Food Sci-
ence and Technology, 2019, 19(8): 49-59. ]

[56] HARTEL R W, SHASTRY A V. Sugar crystallization in
food products[J]. Critical Reviews in Food Science & Nutrition,
1991, 30(1): 49-112.

[57] LIR, ROOS Y H, MIAO S. Influence of pre-crystallisation
and water plasticization on flow properties of lactose/WPI solids
systems[J]. Powder Technology, 2016, 294: 365—372.

[ 58] FAN F, ROOS Y H. Physicochemical properties, structural
transformation, and relaxation time in strength analysis for honey
powder models[J]. Food Research International, 2019, 122: 137—
148.

[ 59 ] NURHADI B, SAPUTRA R A, SUKRI, N. The role of en-
capsulant materials on the stability of bioactive compounds of red
ginger (Zingiber officinale Roscoe. var. Rubrum) extract powder
during storage [J]. Food Chemistry, 2020, 333: 127490.

[60] FAN F, XIANG P, ZHAO L. Vibrational spectra analysis of
amorphous lactose in structural transformation: Water/temperature
plasticization, crystal formation, and molecular mobility [J]. Food
Chemistry, 2021, 341: 128215.

[61] DAMODARAN S, PARKIN K L, FENNEMA O R. Fen-
nema's food chemistry[M]. CRC press, 2007: 17.

[62] MIAO S, ROOS Y H. Nonenzymatic browning kinetics of a
carbohydrate-based low-moisture food system at temperatures ap-
plicable to spray drying[J]. Journal of Agricultural and Food Chem-
istry, 2004, 52(16): 5250-5257.

[63] LIMA SL,ROOS Y H. Amorphous wall materials proper-
ties and degradation of carotenoids in spray dried formulations [J].
Journal of Food Engineering, 2018, 223: 62—69.

[64 ] LUW, MAIDANNYK V A, LIM A S. Carotenoids: Degrad-
ation and precautions during processing. Incarotenoids: Properties,

processing and applications[M]. Academic Press, 2020, 23—258.


https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.1111/j.1750-3841.2010.01884.x
https://doi.org/10.1016/j.foodres.2019.04.003
https://doi.org/10.1016/j.foodchem.2020.127490
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1016/j.jfoodeng.2017.12.001
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.1111/j.1750-3841.2010.01884.x
https://doi.org/10.1016/j.foodres.2019.04.003
https://doi.org/10.1016/j.foodchem.2020.127490
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1016/j.jfoodeng.2017.12.001
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.1111/j.1750-3841.2010.01884.x
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.3969/j.issn.1008-5467.2019.12.004
https://doi.org/10.1111/j.1750-3841.2010.01884.x
https://doi.org/10.1016/j.foodres.2019.04.003
https://doi.org/10.1016/j.foodchem.2020.127490
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1016/j.jfoodeng.2017.12.001
https://doi.org/10.1016/j.foodres.2019.04.003
https://doi.org/10.1016/j.foodchem.2020.127490
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1016/j.foodchem.2020.128215
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1021/jf049706t
https://doi.org/10.1016/j.jfoodeng.2017.12.001

	1 小分子糖的玻璃化转变与游离水塑化效应
	1.1 小分子糖玻璃化转变
	1.2 游离水塑化效应

	2 小分子糖时-空特征表述理论及变化规律
	2.1 时-空特征表述理论
	2.2 时-空特征趋势

	3 时-空特征调控在高糖食品加工保藏中的应用
	3.1 防潮、抗结晶中的应用
	3.2 扩散限制反应调控中的应用

	4 前景与展望

