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Abstract: An ideal liquid secondary refrigerant should have a low freezing point and high safety. In this study, nine types

of direct immersion liquid secondary refrigerants were designed and prepared using deep eutectic solvents as modifiers, and their

characteristics and effects on the quality of chicken breast meat during storage then investigated. Results showed that BeGIyNS,

a secondary refrigerant modified by betaine and glycerol, exhibited a high heat transfer performance, low freezing point, and low

viscosity, making it the optimal refrigerant. Compared with water as a secondary refrigerant, BeGlyNS significantly shortened the

cooling time of chicken breast meat. The shelf life of fresh chicken breast meat treated with BeGlyNS was extended by 1-2 days.

After five days of storage, water loss in the BeGlyNS groups was lower than that of the control group. The decrease in inosine

monophosphate content measured in chicken breast meat from the BeGlyNS-I and BeGlyNS-II groups was 10.77% and 12.30%

lower than that of the control group, respectively. Additionally, the increase in hypoxanthine content measured in the BeGlyNS-I

and BeGlyNS-II groups was 49.22% and 71.06% lower than that of the control group, respectively. This study provides a theoretical

basis for the application of direct immersion cooling and preservation technology for fresh chicken meat.

Key words: deep eutectic solvents; secondary refrigerant; chicken breast; loss reduction and preservation
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Fig.1 Freezing point curve of refrigerant
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Table 2 Freezing points of different refrigerants
DES:NS
A F
0.1:1 0.2:1 1:1

-22.33+0.08%
-15.60 £ 0.09™

ChGIUNS  -1.84£0.13"  -2.83 +0.09*
ChTreNS —0.61 £0.10™ -1.42+0.30™
ChGIyNS  -1.02+0.24" -4.27+0.20*
ChXyINS -0.59+0.11* -2.51£0.16™

-30.31 % 0.60“

-19.60 * 0.64

BeMcNS  -0.63£0.10™  -1.14+0.13"  -11.05 +0.40™

BeXyINS -0.48+0.18"" -2.51+0.10"  -18.28 +0.05
BeGIyNS  —0.15+0.03" -4.12+0.01>  -31.20 £0.10°"
ProGIyNS -2.19+0.07"° -3.88+0.17%  -32.74+0.55*
ProSorNS  -0.42+0.29™ 278 £0.13%  -20.71 £0.23

E: ARXBFHEREARAZEAEHFZF (P<0.05),

RR DB FERER IR ZEFMKEZF (P<0.05). &3,

K 4R,
2.1.2 DESx#AF| 2L E th 3k
FEL, RABUARZ AN S E R B BT R B LT

B RE B RN 2508 B4 TN AL = R 5, 08 I G
EARG s, SR EA RIS, AT A 7
5B 1Y a3 AT LA A A R A
(1) 5 B2 241 DES Lb A5 () 38 hn i d 2 34 - (P<<0.05).
E S8 DES 5 NS DL 1:1 B il 1 28k % 77 &6 2 5 3%
T (P <0.05) H fth 75 Fh Lk ], {2 H & ChGIyNS.
ChGIuNS. ChXyINS il BeGlyNS 41 f %k 548 T34
AT SRIEEPT L Z BRI TR TS5 4 134 5
i N 4.64 mPas. EEMELIAES. o EEAM
Y S A R 22 TO R AR R RN 4.784 mPas.
D] b A4 591 (1 6 52 oKk 2% 18, DES 5 NS DA 1:1 e il
ff) ChGlyNS. ChGIuNS. ChXyINS F BeGIyNS 41 #
TR T HAR A .
%3 TEHAFHFE (mPa - s)
Table 3 The viscosity of different refrigerants

DES:N
BLH SN
0.1:1 0.2:1 1:1
ChGIuNS 1.04+0.01°  1.18+0.01%"  3.72+0.04""
ChTreNS 1.06 £0.00 121 £0.01%*  4.84+0.02"
ChGIyNS 1.02£0.01  1.14£0.01*  3.19+0.03"
ChXyINS 1.03£0.00°  1.20+0.01°*°  3.83+0.02*
BeMcNS 1.07£0.01°°  121+0.01° 524+0.01*
BeXyINS 1.10£0.01  1.23£0.03%¢  5.88+0.03"
BeGlyNS 1.08£0.01°  1.25+0.01%  4.33£0.06"
ProGlyNS 1.10£0.01  1.31+0.01"  544+0.01"
ProSorNS L11£0.01  1.36+0.01™  7.20+0.03"

2.1.3 DESH 847 % g =i0h

A I B N, DU RE L (0 K 2 S A B %
iz frshketh & /"™, Wk 4 frzr, DES 5 NS L
Bl 101 B, A TR B T A E ) 1 3K
A5 (P<<0.05). H - ChGIyNS % J& /)y, H k&
ChXyINS. ChTreNS A1 BeGlyNS 24, BeMcNS % J# %
Ko DES 5 NS iRy 0.2:1 i, AR[FIZRA 5 B AE
1.01~1.02 g-em > JulE A1k, 25 5 5 7K O % P AR 2R
K. DES 5 NS ELfil Ay 0.1:1 B, 9 Frfvafi 4 771 1) 25 1 0%
HREEES.
2.1.4 DESH #AF AT AR A

AR N HIR S 5K, DES 5 NS [ 5 0.2:1
ATO.1:1 B, AR R 45 55 5 3% = T DES 5 NS [
19 1:1 (A VR SE i VRES A I RA G IR
WS rh 2 R A RS, A BB 58 -5 X i PR 22 ) (1 42
e, R RN NEAFURR S 5 ER P, H AT
%4 DES 5 NS Fl o4 1:1 ()38 713k AT 4 3 1% 5T oF
#r, BLI%E H R R34 7
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4 FEBLHNZE (g cm™)

Table 4 The density of different refrigerants

DES:NS
BAF
0.1:1 0.2:1 1:1
ChGIuNS 1.02+0.001%  1.02+0.001°° 1.14+0.001*
ChTreNS 1.03+0.002"  1.02+0.002°° 1.13£0.001"
ChGIyNS 1.01£0.001%  1.02%0.003™ 1.09 +0.001*
ChXyINS 1.03 £0.000*  1.02 £0.001°  1.12 £0.003™
BeMcNS 1.02+0.002™  1.02+0.003™ 1.18 *0.004"
BeXyINS 1.02£0.001*  1.01+£0.001° 1.16 £0.001*
BeGlyNS 1.01 £0.044™ 1.02 £0.002*%* 1.13 £0.002*
ProGlyNS  1.01 £0.002% 1.01 £0.001°* 1.14 +0.001*
ProSorNS 1.01+0.002*  1.01+0.002°* 1.17%0.001

A S FE IR R L BT P R 2 A G R TiAA
{11 208 P2 AN i B 703k 3 (R 98 KT e A AR A (R DR 2 A A
UR7RCORI L 6 55 o e A P 288 P52 I B9 1 o 4 ) 38 K T o B

200 JEE K K BRI B 9 AR A TR,

o SR RN IR

% % 7 4 BeGlyNS, H X 4 ProSorNS. ChTreNS.
ChGIuNS. ProGlyNS. BeXyINS. BeMcNS, H. ‘& 1]
ZMTLEREEZES . FHREEEKMA ProSorNS,
T ChGlyNS 1 ChXyINS #F, ProSorNS 5 I fih J1 41
AN SRRBMILREZER. R BREE
K I 35 ¥ 7~ ProSorNS,  Fk ChXyINS 4k, ProSorNS
5 H A LA A T R 3 BOR BOE B35 2 7
BT A, BFRABMAYT ALK, BAF
P BE #3F 19 bR #E, ChGIuNS. ChTreNS. BeMcNS.
BeXyINS. BeGlyNS. ProGlyNS. ProSorNS 5 A if
H1#%7. HT ProGlyNS Fl ProSorNS #4771 &2 ik B
o LA M AR, A TR G T B T € R XU 7 A
Wi T oK 9% 2% ¢, ChGIluNS A ChTreNS ¥ 45 55 %5 i LA
J2 BeMcNS Fll BeXyINS #4 FI & K, &k
BeGlyNS £ #EA FIH T 5 22525
® 5 FEZAFIHIERERE

Table S The heat transfer performance of different refrigerants

BWER, W 2 8 DES 5 NS N 1:1 (1 9 Fhidk
BRI AR T . 9 Pl vA 70 (1 2 5 35 A B BY 1) 3 R
o R AR b, BT AR A 7R RS A IR T
MRS MR AR SRR, LA 1k R %R
A B2 R RGECR

9- —o— ChGIuNS —e—ChTreNS —eo— ChGIyNS
—o— ChXyINS —a—BeMCNS —o— BeXyINS
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Fig.2 Rheological properties of different refrigerants
2.1.5  DESKF#AFIAE Mot #8876

N T IEF AL, ATV T BRI A%
AAERE. MEIAEREE W AR LA IR BORIY
MRS HOANVE R AR SR, SRR
1 CIp R TR AR BERRRIBROR, B i
R4 70 BT RE AR BRI v RO, VAR / ¥ I R P
A A T R B A R A 3k
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s, S m A e T B AR 5
9 Fift A R AL I BE AN 3R 5 TR, HE AV K
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A A FRAR YA
7 /(J/g-K) /(W/m-K) /(mm?/s)
ChGIuNS 3.40%0.118"  0.375+0.014™ 0.097 £ 0.005"
ChTreNS 3.41%0.180™  0.428 +0.026™ 0.111 £0.002"™
ChGIyNS 247 £0.003°  0.305 £0.008" 0.113 £0.005°
ChXyINS 2.96+0.048°  0.310 £0.069 0.093 = 0.006°
BeMcNS  3.11 £0.057  0.398 +£0.043™ 0.109 = 0.003™
BeXyINS 3.25+0.152"  0.404+0.017" 0.107 £0.003"
BeGIyNS 3.71 £0.228"  0.470 = 0.020° 0. 112 £0.004™
ProGIyNS 3.35+0.170®  0.426 +0.015® 0.112 £0.004™
ProSorNS  3.48 £0.096"  0.487 +0.092° 0.120 = 0.005°

E: ARAEFEREKRRRA A I BE ., T4 F H A
AFHAKZ A BFEF (P<0.05).

2.2 A AL TE 3t A Ry A B o S

BB A2 4L L3 B ) AR 1k R 49 %R
HPUEA AR RIBERFEE ShNHEERN
HORERE -1 CP AR RS KL 75% KK
AP, REK AL RE R AT RE S N B H, &
SO 0 A AR R AR . SR G HIAE L,
PRTE A H) AL B N B A IR PR R, B2
&S G A A RS, Bk RRRAEEEE T
AR, FEMB OB RRNRTMMAEY I E. &
TEMIR, AR GE VA E v A e PR K 43 40 2R 38 R 42 5 4
IR R P A H BT BEIRARAE 0 17 155, R¥E (GB
12694-2016 £ it %24 [E Fbn e & & & 55 L 2R
o) TR, BREHENTE LA E 4 C, HE
BT MK A BEIB BITIA 295 10 'Co FILASLEL 4 C
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KIS B A BN A 10 CONRTIRZL; H 4k, RIITRSEE:
R, A E A B B R R TR E RS 2 -1 C e,
XS AR RIR LG, JE T AR XS
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Fig.3 The cooling rate of chicken breast meat at different

temperatures
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Ji A4 B AT AR R B 15.17 CBE 3 10 °C, BT A5 I A Ky
11 min, DL ESEREH, KA BeGlyNS #4714 H# 1Y
PR, 48R TR A PR VA BN IS, ANA B AR T XS B A
FEV EFE A i BTARE, 1T BB BRAR T HERK
B (RIS AT (I BE EFE,  JE XS PR T 28 A 1 [ B B (I A
FERRAR .
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TVB-N &8 & [ /3 7= A 1 DA R i 28 S vk
SR, A H A TR PSR R OB TR AR
HoS b, P AT R AR X B A 7 T R

HATE] TVB-N & & AL an i 4 Frs. AR 4E GB 2707-

2016 (Efh AR 6 QF) &, G- )
£, TVB-N % 8 <15 mg/100 g [H P A B, 1
MRTE 4 CR 5 d J5, — 49 H P TVB-N 231
B TR, TR RO, A
BOROBE BG4y s R KRR g A R A R AR
B, 43 TVB-N FMEAE K. g 5 d iy, 0f HEZH
BeGlyNS- I 2011 BeGlyNS- I ZH % i Al f) TVB-N & &
IYHIN 1747, 16.06 Al 14.02 mg/100 g HEAEEE P (1K) hR
T, X IELLAT BeGlyNS- T 2H (% il PRI 5%, 5 d 5 A2 J
1Ml BeGlyNS- IT ZH AL, 5 d IH A A2 B e iy, b3k
6 d G . H4h, BeGlyNS- T 4Hf %S i A5k 2 d,
BeGlyNS- 11 41 {48 fig P I8k 3 d 556 R ZH 388 1 d 1)
XSGR TVB-N & &L % % 5. X 545 LR,
K H BeGlyNS #/4 7I3AT EHAR A HIAL I, W aEsz
XS RIE 4 C s ak i T IR IR i 2, 2K T e
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Fig.4 The changes in TVB-N of chicken breast meat during
the storage period
7Z: BeGlyNS- 1 48: -1 ‘C#j BeGlyNS #4- 7] Adpa 2840 ;
BeGlyNS- 1148 : -5 C#j BeGlyNS # A A A #4320, A~C K
FAETEBARR) B 1) 5 R F 4L 1E 69 R M £ 7 (P<0.05), a~e X
FABRY LA ) R BT 19 69 B 3 £ F (P<<0.05). FR.
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Pl Sa il 1 X0 i A D5 [|) 28 B AR R R AR Ak, Bl
U o R [R) FR A, == 2 00 005 ) A 114 2% 8 45 2 20 38 T 1
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U6 A1 28 B AR 4 R 25.91% F026.10%. X} HE 2 I8
FE T (P<0.05) PIANSERZ. Hrp, BeGlyNS- I
ZH AT BeGlyNS- TT ZH X il A] Fr) 2 20457 2 43 1) L kit 2H 9k
T 4.01% F13.86%. A ARSI FUAS [ A #1 7 o
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Fig.5 The changes in water loss of chicken breast meat during
the storage period
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BeGlyNS- T 211 BeGlyNS- 1T 2H X% fii A 1 25 0o 453 2K 49
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Fig.6 The changes in freshness during the storage period of
chicken breast meat
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FiE 4 W 5 DU R T ) 1) J2E KT AR i S d R, X
HEZH ) IMP &5 8 A\ 195 [£{IC % 98 mg/100 g, 8/ T
49.74% ; BeGlyNS- I 171 BeGlyNS- 11 41 IMP & &)
Hk> T 38.97% F1 37.44%, BeGlyNS- I A1 BeGlyNS- I
A0 1 P R IMP B 5 [ A 26 4 J31) B R AR 10.77%
A1 12.30%. 2 W {# Fl BeGlyNS # ¥4 7l it 47 B #23%
WA ED AL B, I 25 PR AR XS g Py e 391 TMIP ) [

AN, EREE RS, IMP BI04 4 Hx, M

SO LB SR . B R TR e, = AN
M) Hx & s s8 BaE3m (E 6b). ik 0 d i, R
XS IR AL ) Hx 25 504 3.80 mg/100 g, Wi 5 d JA,
X HEEH XS B PR 1) Hx 2 B3 10 9.58 mg/100 g (34
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T 152.11%), BeGlyNS- T 4 fil BeGlyNS- II 41 ] Hx
TR BN T 102.89% F1 81.05%, BeGlyNS- I #l
BeGlyNS- 1T 2 %9 /i AT F) Hx 2 & 38 0 28 43 K T i
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