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ABSTRACT: Objective To investigate the optimal sterilization effects of ultra-high temperature (UHT)
sterilization processes on thermophilic spores in plant-based drinks, and construct a UHT moderate sterilization
model. Methods The physicochemical properties of 6 types of functional plant-based drinks (FPD) were compared,
to determine the main changes in physicochemical indicators and the objects of characteristic drinks. The effects of
pH, viscosity and solid content on the UHT sterilization effect against thermophilic spores were investigated, and a
regression model was constructed. Results The pH and viscosity significantly influenced the UHT sterilization
F-value (P<0.05), while the effect of solid content was found to be relatively minor. The linear fitting coefficients of
pH and viscosity for the F( values were determined to be 208.927 (P<0.05) and 23.767 (P<0.01), respectively, while
the nonlinear fitting coefficients were found to be 171.067 (P<0.05) and 0.543 (square variable value, P<0.05). These
results indicate that the sterilization effectiveness weakened as the values of pH and viscosity increased. When the
temperature reached 130 °C, the significance of both parameters diminished, whereas the significance of the solid
content coefficient was observed to increase, with the P decreasing to approximately 0.03. The predicted values of the
models and the actual F, values showed a generally close correlation, with fitting trends resulting in R* values of
0.868 (linear) and 0.869 (nonlinear), indicating that the model possesses a high level of predictive performance.
Conclusion The constructed UHT model can accurately fit the sterilization parameters and predict the effect
according to the physicochemical properties of the plant-based drinks. This study provides essential guidance for the
design of the UHT sterilization process for FPD, ultimately enhancing the nutritional and flavor quality of the drink
products.
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Fig.1 Soluble solids content (A), viscosity (B), pH (C), water activity (D) and osmotic pressure (E) of 6 kinds of drinks (Huoyan, Qingrun,
Baoming, Baowei, Baoyuan, Anyan) treated with UHT
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Table 1 Effects of pH on the sterilization effect of Bacillus
stearothermophilus spores (x10° CFU/mL)
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30 4.20+0.80° 3.58+0.54° 4.52+0.63"
10 5.76+1.46" 3.26+0.55"  2.88+0.55"
130 20 2.42+0.49° 1.26+0.28" 0.84+0.03°
30 1.584+0.34 0.72+0.14° 1.1820.11°
10 4.02+0.48° 1.94+0.36° 3.02+0.21°
140 20 2.74+0.28* 0.86:0.30° 1.2240.56"
30 2.16+0.33" 0.86+0.29° 1.36£0.10°
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& 2
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Fig.2 Residual activity curves of spores under different pH (3.30, 4.40, 5.00, A—C), viscosity (20.0, 40.0, 60.0 mPa * s, D-F), solid content
(35.0%, 40.0%, 45.0%, G-1) and processing temperature conditions

140 °C

+pH 3.30
spH 4.10
4pH 5.00

Y=-0.0144X+3.7509
7=0.9908

Y=0.0256X+3.5908
°=0.8869

¥=0.0224X+3.6987
=0.8596

20
) /s

10

140 °C

40

+35.0%
= 40.0%
445.0%

¥=-0.024X+4.1097
=0.9123

Y=-0.0178X+4.0286
=0.9955

Y=-0.0165X+3.9991
=0.9768

20
Hsf 1) /s

10

140 °C

40

*20mPa * s
"40mPa * s
460 mPa * s
Y=0.0248X+3.9025
77=0.8309
¥=0.035X+3.9033
72=0.9206

¥=-0.0241X+3.9094
r=0.6941

A~ B _ (O
E 120 °C E 130 °C H 3.30 g
§ 380 +pH 3.30 £ a1 +pH 3. £330
=2 375 IpH4‘10 = lpH4.10
b spH5.00 G +pH 5.00
3 3.70 00051437677 e ats sl
= 3.65F 1=0.9079 = 0.
?g 3.601 y;—_%%osngax+3.6772 E Y;—_Oi)-()g27§5>9X+3-713
&g 3.55 ¥Y=0.0029X+3.737 ITE Y=0.0257X+3.6866 77 3.
R #=0.8582 R 2 =0.7839 &
& 3.50 : . : : & 25 . . . . ¥3.50
=2 0 10 20 30 40 =2 0 10 20 30 40 el 0
iR ) /s iR Hif ] /s iR
E
D~ — ~
) &) )
g 120 °C 35.0% S © 35.0% g
S +35.0% 5 130 °C «35.0% S
5 2400% E 4, =40.0% 5
g0 445.0% 0y L] 445.0% g
2 Y=0.005x+4.0954 = Y=0.0213X+4.0737 =2
;\5 12=0.9345 %4 3.8 2=0.994 ;\&
E ¥=0.0049X+4.009 i 3-6 A ¥ Y=0.0141X+4.0982 &
4 1=0.8205 vz 34 1=0.8593 v
gg . - 0.0052+3.9724 3& 12 Yz%ﬁsxﬁ.%ﬂ ﬁg )
3.6 . . L ) ! 0 . . A ;o =0
ﬁ 0 10 20 30 40 % 0 10 20 30 40 ﬁ 0
B 1A/ i Bl
H
G~ ~ ~
TE] 120 °C *20mPa * TE) 130 °C ?5]
5400 mPa * s 5 *20mPa * s S
=5 =40 mPa * s T 4.1 "40mPa-s = 41
O 3.95 Q Q
% 3.90 460mPa *s % 3.9 460 mPa * s 2 §~7
= ggg sl = g; ¥=0.0180x+39184 2= 3.5
=3 #=0.7757 = #=0.9046 = 2
E g;g ¥=0.0055X+3.7997 E g? 00226439196 % g?
. 2=0.8921 =g 1=0.9674 el
;’i‘% 3.65 Y=00034X3.8397 Gz 2.9 Y= 0.0239X+3.7866 4?, %2
3 3-60 #=0.7497 3 2.7 =0.9127 =
% 3.550 IIO 2‘O 3|O 4.0 % 2'50 1|0 2b 3I0 4I0 % 2.50
iR B a]/s iR st &) /s iR

20
RES

10 30

40

R pH (3.30. 4.40., 5.00, A~C). BiJ(20.0. 40.0. 60.0 mPa * s, D~F). [EIEMIEH(35.0%. 40.0%. 45.0%, G~D)FI4hFEIE I 4%



258 B dn 2 4 R R I A 4R

%16 &

222 BEHHEEZA

TR OB TR B o SR A3 A B 35.0% .
40.0% ., 45.0%(XT LAY pH 43318 5.28., 5.42., 5.22, FhiE 5
BIH 42,0, 43.0, 42.0 mPa * S)IYSAFT, XiEES HFrREBIE
Wi 2R K PSR TS SR BoR, AERTESE T, SR
TE ) & = X 2F A 00 A% T &R B2 AL A O N B2 (&
2D~F)(3 2), XAl 885 rik B & B EA X, 1%
JERET, B S AR e L5 RE 5 % a8 i AR 1k,
FEOLXT A R RGN . TR
TR IR AR E BRI T E, SR
FA) T RRR I A S ) S SRR . R R T
TS, AR R 2 A A R KT G g, AT REAR B T
Ve I A 2 R 7 A R TR A S i 22T

#z2 ERMEENEABHFENRFRAIERNRIN

(x10° CFU/mL)

Table 2 Effects of solid content on the sterilization effect of
Bacillus stearothermophilus spores (x10° CFU/mL)

I 35.0 40.0 45.0
/°C /s
- 0 12.00+3.44"  10.9242.06°  10.00+1.56°
10 11.68£1.81"  8.36+1.44™ 7.34+0.30°
120 20 9.98+0.89"  8.00+0.42° 7.86+0.58°
30 8.62+1.10°  7.62+0.85™ 6.56+0.35°
10 7.38+0.63"  11.58+1.84° 4.14+0.24°
130 20 4.14+0.16°  6.04£0.31° 3.40+0.46°
30 2.84+0.45"  4.58+0.31° 2.98+1.00%
10 7.02£0.45°  6.76%1.09° 6.46+0.25°
140 20 5.86£0.10°  4.86%0.57" 5.20+1.40°
30 2.02£0.03"  3.12+0.49" 3.04+1.43%®

223 BEMHE

VL ZE 4378 20.0. 40.0, 60.0 mPa * s(3t R [ pH
431 5.38. 513, 5.01, [ETEH& R4 510 7.8% . 22.2% .
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ARG, WiAE 120°CHE, S8 36 5 A% 10X 256 11 K B K
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FEZEALFE B A B 5w T B, X5 e TR
FHPE(3x10° mPa « s)FREIA 56, 32 5 I TAM X 4 22
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*3 FEXMNEAEBHFATEFARIELRZE
(x10° CFU/mL)
Table 3 Effects of viscosity on the sterilization effect of Bacillus
stearothermophilus spores (x10° CFU/mL)

B I 20.0 40.0 60.0
/°C /s
- 0 8.74+1.08° 7.440.68™ 6.56+0.79°
10 5.60+1.83° 6.12+3.66" 6.76£0.27*
120 20 5.20+0.84 5.28+0.42° 6.04+0.43°
30 4.96+1.23" 4.10+0.18" 5.20+0.75
10 4.42£0.29° 5.92+0.51° 3.72+0.51°
130 20 4.36+1.14° 3.00+0.38" 1.48+0.94°
30 2.06+0.56" 1.72+0.20° 1.4240.43"
10 5.02+0.46 4.86+2.16" 3.58+1.88"
140 20 1.58+0.35° 1.08+0.05* 3.86+2.02°
30 1.9240.11° 0.84+0.35° 1.00+0.26"

224 FREEMHTOHRE FAASH

HRYE ZE R ARG T (B 2), AN pHL A
BIEH & R R R T F EGEE 4). X 120, 130,
140 °CHy F HFTESA S, BEIARFELGAN F
(FI21){H. W& pH MIFATH Fo (R, RIR B E)
#idE . MEL pH 5.00, pH 3.30 3219 Fo (ES/ 43%,
RI A BRI A () S 25 40 . X F B & e, KRR EIE
WEBEZMT, Fo EITTBEBLME, R FTEr 4
B, TR & RX R SR N EI, AN
Z BB G s MR LT, BEE R R, H FofE
B ERS, SR YRR R R R, AL
T 20.0 mPa + s BHEALNL, 60.0 mPa + s BRI AR BHE]
BT 1.2 5, XSegh RS DRI R BUST &, LB
WG 1) B e AT A, RS2 BIRREE | pHL AT IR,
I HORE i ) e A LRI XU i okt 28 A 9126

4 FERHEESTHFRKNEF E

Table 4 F value of spore sterilization under different
combinations of conditions

By Fis
/(mPa * s) FTHE/% 120 °C 130 °C 140 °C

M4 pH

Fo

3.30 58.0 40.5 784 194 278 695

4.10 58.0 40.5 930 140 156 816

5.00 58.0 40.5 1379 156 179 1203

7.8 519 212 161 478

5.13 40.0 22.2 727 182 114 650

5.01 60.0 40.3 1176 167 166 1026

5.28 42.0 35.0 800 188 167 713

T|o|lm|m|jo|la|l®m | >
w
W
[ore]
[\)
(=}
1=

5.42 43.0 40.0 816 284 225 741

—
w
o
S
N
g
=}

45.0 769 241 242 691
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2.3 UHT REEEHE
23.1 KRR g

TR Fo L, f#H Im (Linear Model) pFi 45
SEERVER S AR, BB Fo (1)=pH+Viscosity+Solid.
ZERBIRER 5), BOARLA P I (Intercept) . pH . FhEE
(Viscosity) . [EIJEHI& & (Solid)ih & R E4> B h—1137.884
208.927. 23.767. —6.124, Hrh, #JE . pH. ZIEMREP
#/NF 0.05, FEBH pH FZHE I Z 7 IZE R BT Fo (E152

Wi SR, MRETEY & R R, UL pH M E r] fk
M UHT A BRI 58 %P7, Multiple R-squared
(RHFI Adjusted R-squared(J8% J5 (5 RY)2:514 0.8684 I
0.7894, XM RIGEMS RN AS B Fy [HAS 1Y 86.84%,
DL AR FERE R 8 B S0 RS2 R IS Tk 2 78.94%
RS R P2 0.012, FRIABA i fe e F A X% Fo A i
ERm . H, RAUARBIMEEERAKX R F

(1)=208.927xpH+23.767xViscosity—6.124xSolid-1137.884 .

H. .5
FE 5 H

F£S5 LZMHERFREMERSH
Table 5 Construction and parameters of linear regression model
. L e pam s - FR 2RI L/ it
L O S ST 2 e i pr fif . e b
121 Intercept ~1137.884 428.649 -2.655 0.045%
pH 208.927 64.272 3.251 0.023* 0.8684/ 11.00/
Viscosity 23.767 5.452 4.360 0.007%* 98.69 0.7894 0.012
Solid ~6.124 5.085 ~1.204 0.282
110 Intercept ~4559.900 1693.200 ~2.693 0.043*
pH 691.430 253.880 2.723 0.042+ 0.8641/ 10.60/
Viscosity 95.570 21.530 4.438 0.007** 389.80 0.7826 0.013
Solid -30.150 20.090 ~1.501 0.194
115 Intercept ~2777.730 1016.880 -2.732 0.041*
pH 441.890 152.470 2.898 0.034* 0.8671/ 10.87/
Viscosity 57.870 12.930 4.475 0.007%* 23410 0.7873 0.012
Solid ~17.610 12.060 ~1.460 0.204
120 Intercept ~1380.690 502.830 ~2.746 0.041*
pH 243.703 75.395 3.232 0.023* 0.8723/ 11.39/
Viscosity 28.661 6.395 4.482 0.007%* 1380 0.7957 0.011
Solid ~7.766 5.965 ~1.302 0.250
125 Intercept ~343.209 189.092 ~1.815 0.129
pH 93.347 28.353 3.292 0.022* 0.8327/ 3,30/
Viscosity 7.666 2.405 3.188 0.024* 353 0.7324 0.022
Solid ~0.503 2.243 ~0.224 0.831
130 Intercept 302.825 142.706 2.122 0.087
pH —4.677 21.398 -0.219 0.836 0.6598/ 323/
Viscosity ~4.810 1.815 ~2.650 0.045* 3283 0.4557 0.120
Solid 4.069 1.693 2.403 0.061
135 Intercept 392.525 133.654 2.937 0.032*
pH ~28.940 20.040 ~1.444 0.208 0.6535/ 314/
Viscosity ~4.777 1.700 2810 0.038* 3077 0.4456 0.125
Solid 4.720 1.585 2.977 0.031*
140 Intercept 482.882 150.835 3.201 0.024*
pH ~53.096 22.616 -2.348 0.066 07076/ 403/
Viscosity ~4.748 1.918 2475 0.056 W7 0.5321 0.084
Solid 5.350 1.789 2.990 0.030%

T #* R 22 5 i 2 (P<0.01); * R 25 53 1L % (P<0.05), % 6 [f],
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%16 &

AN, 43 5I%F 110, 115, 120, 125, 130, 135 1 140 °C
BB F A PP SRR 7 . B b4 SRR, 7E
110~125 *CH XN, FETEY) SRR zOR_ e w1k, 4
TRFEHEE & 130~140 °CHY, pH AU ISR B & MR s ss,
T [ 8 B A RS M AR B MR aR, PORTRRAIRE 2y 0.03,
XA RES KO FHZRY e SR AT T S EARMRES
BRI, X 2Ef A T K TR AR v O . A, AR
IR F Geitk(F-statistic) 1 S EPER T 0.05, RUIEAIH T
AR R A T X [ AR BTG B R X UHT KR L
R T 22 2K IR H Dy AR R (o R, FLh R &R
i (28 AL AR PT RE LR X B a3 s A, R REX T2tk
sk B 225 01, T A5 U & R, pH AR 9 & BN
BN T 2 A R AR S e v, T BB R IR
JE U T 2 A AR AR, 0 DR R 5 ) M A o AR
FERALRAE [l R AY ] DL EL R R 1 T AR R T o

232 AE&BFDRORSAE) G )IAEY M

FET O T M2k 1] RS R 25 M R AE, 25 R ST A
ek IR RY A TR FE IR, S 3 TE SR M B A AL RN,
I f# A nls (Nonlinear Least Squares)iR%Ca: vy ALk
INZFBIHB R NN Fy (2)=axpH+bxviscosity+cx
viscosity_squared+dxsolid, MR pH. FhiE . BEREHS
AT B KA 2 s R R, BRI GR M R (a=200,
b=-10, c=1, d=1). BRI LELZRBIRER 6), FEaFicy
P /T 0.05, B pH FIBHEE(Z k5755, viscosity squared)
FZA R T LA RGO, X R [HA BE . b
L d iy P RTF 0.05, RAZEEE(—K T AE &, viscosity)FlH]
TEW) & e 2R F R AR RN AN 25 o BT (%) Bk A
RF BB AU 2 02 2.26e-08, RIS FE I .
RAWSHBN WAL Fy (2)=171.067xpH-30.805x
viscosity+0.543xviscosity squared+3.452%solid,

#6 MR _REFERLERSH

Table 6 Construction and parameters of nonlinear least squares regression model

R BE/°C T A5 PrifEiRE tfH Pr{H FREpR Rz SCBIRSHRR A

a 171.067 51.966 3.292 0.022*
b -30.805 17.618 ~1.748 0.141

121 100.00 2.26e-08
c 0.543 0.209 2.594 0.049*
d 3.452 5.425 0.636 0.553
a 535.126 207.927 2.574 0.049*
b ~121.484 70.495 ~1.723 0.145

110 400.20 1.343¢-07
c 2.154 0.837 2.574 0.049*
d 8.014 21.706 0.369 0.727
a 345.387 125.685 2.748 0.040*
b ~73.894 42.612 ~1.734 0.143

115 241.90 2.01e-07
c 1.307 0.506 2.583 0.049*
d 5.578 13.120 0.425 0.688
a 196.435 61.777 3.180 0.025*
b ~37.082 20.945 ~1.770 0.137

120 118.90 7.637¢-08
c 0.653 0.249 2.624 0.047*
d 3.792 6.449 0.588 0.582
a 86.325 20.891 4.132 0.009%*

s b ~10.362 7.083 ~1.463 0.203 soa1 § 160,08
c 0.183 0.084 2.173 0.082 : 1oe
d 2.589 2.181 1.187 0.288
a 17.248 21.149 0.816 0.452

130 b 5.488 7.170 0.765 0.479 4070 | 2350.07
c -0.093 0.085 ~1.091 0.325
d 2.069 2.208 0.937 0.392
a 7.278 24.578 0.296 0.779
b 5.792 8.333 0.695 0.518

135 47.30 1.256e-07
c ~0.087 0.099 ~0.875 0.422
d 2.489 2.566 0.97 0.377
a 2,580 30.211 -0.085 0.935
b 6.128 10.243 0.598 0.576

140 58.14 5.163e-07
c ~0.081 0.122 ~0.663 0.537
d 2.882 3.154 0.914 0.403
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AR, A3BI%F 110, 115, 120, 125, 130, 135 LUK
140 °CHYARTE FAAEMFATARZ M M AR R . Ficd 5 B s
RERB, FE 110~120 °C W X [A] N, pH 1 35
(viscosity_squared) ) i S HA 2 2 1E(P<0.05), 11 pH 7E
125 °CHIH .25 (P<0.01) MR & F] 130 °CLA 5, pH
X RN FEAE AT A 85 M S 2B
Bt X i S G I v e T A0 T MR A T A R AR R R B,
i B 23 B AR, AT LA RCHN K 43 b B g
RN R AR Ak, T B RS A v R R A e, KA
Ll U/ N BB B o 355 AR 5T PP AR (1 ZR BURRAE AE 4B,
RIEBE 5 2 55 AL HAL R R . BB & 2 AR
BERMAET, X FETBEZW, X RN, ELt
e /N3 Il AR RS v pH IR B R B F R 52 ) S,
FERIAMLT 130 CHRETERE . BEE pH FIZhE(HY
B, REPCR R R SRR, %
HY TN GE S745 FF R Fe . SUNDS Z:BUSE T UHT 4P/
U % L S A 5 e AR Ot B AR TR
(20~50 °CYX TR BT HA P 19 5 12t i 28 HL A 51 B,
5 LR LA K a' il b R3S AN S 2 PR AR 5 (P<0.05), S
Bl IR AR AN [ R X1 P9 A # o LA B B R
HURNE RN B 12T
2.3.3 MAMEFH

MRS LRI [Fy (D)IFIARLAPERERLF, (2)]i
17 FoEIIE T . 250 B, TEARFBISMAF, Ltk
A LR AR A (14 FUL A T (R0 S RGN 1Y) Fo (B 22 [H), #RE IR
BRI R, WERBIA B R 2518 0.868 A
0.869(3% 7), FHHTMIMEEAT o, Forfr, Lok Aimy i T50 1 he
S TR A B, Al R PR AR AN B T 4 SRR AR W Al A
(B 3), 33X X5 T I2 bR A 771 2 Hh 9 KRR FH BT 42401 7T R
HAERAMERE . SINGH ZPe4E %t UHT b B A4-43 f%17
W1 Al R A B LA 5T APt R B, R R ORL PR A Y
UHT J0 AR 3 £ 3 T 3l ) SRR T A 2 45 (1A [
Mg, SLH A R 2 22 B AL R S 800 B R (R
AR X ] 0.76~0.98) 1 2 AL H AN [ A T AL 2

=7 ML EYIER Fo GRS T

Table 7 F, value fitting prediction of linear and nonlinear
regression models

AR LM dre /D — 3l

b =Rial
Py k. L 1] T A Y g

Fo (1) RY/AIC Fo (2) RY/AIC

A 695 682 744

B 816 849 881

C 1203 1037 1035

D 478 414 548
E 650 749 0.868/ 591 0.869/
107.650 ——— 106.490

F 1026 1086 1101

G 713 749 688

H 741 772 745

I 691 675 712

WOETR, SE A DO HH B S TR R R TR RO A AT SR TR A 261
F vsF (1)
B Y £
95% & 15 X 1] e
1000
900
~ 800 |
~ 700t
600
500 F, (1)=0.87F,+102.99
A P<0.01
400 £ L 1 Il 1
600 800 1000 1200
FO
100 F  — jyqee F,vs F,(2) A
95% {5 X [1] N
1000 |
900 -
S
=" 800
700 -
600 - F, (2)=0.82F,+147.26
A . . P<001 .
600 800 1000 1200

F

0

3 RMEREHELME AR Fo (G B
Fig.3 F, value fitting trend of linear and nonlinear
regression models

T 6 FIUR[R] FPD M BRAL R AT I 25 21, I
TYCRME S UHT FESZIGNT 4, LIREHE ) 270 iR AR
B ARARIE S RS bR, M UHT AR B F (G [A]-RR i
3o ST 2 M (lm) AT e 1 e/ 3 (nls) Il AR BRY A 7 R T
FolHILA, &I pH FIZE B ZEX) FPD 1Y UHT AR BCER
Wi i 5 (P<0.05), & MR RLE AT Fo {H 22 [A1HR S BUAH G
#, pH FIFHEERT Fo (HEMERIE RBORAEL L& R 50
REVIBEE pH AR EEE RSN, RIAPCR S %, 1
1T 42 i U 2 B 6 P {EL AR A S 25 R o o AN TR TR E 2%
PERRATE F U T IR R 2 B 25 % TR TR 1)
P, TERPEBIAIR, pH BRI 2 e BE AR, 1 [
TEH 0 1) 5 M 00, S 5 B iR, PRRAIREE 24 0.03; 7E:lE
LRSI ehr ) pH I FEE [R] 28 06 R A (A 1) S 204 107 S 2 1
KRB TR, £PITE 130~140 CRIRAWAMT, Yorkmy
pH FIESEE FRALRF T 2EALIG AR F (B R/N
R Fo (1D)FFo (2) 9 A AN SE BRI Fo (iR A2, 14
R 3555 0.868 F10.869, FiF BRI H.4 LT A9 TR
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