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2h, TEAAEJEEILE 50 Pa LU R . @ AT H%,
LYPRHERE LS| (45+0.5) CRF, PUkRESZiiE I & K RAE
5%LLTN, I E R R TR L, RIS LRGSR
TIEATE i

5

4

N y

3/? 4
b

2 d

¢ AR

Lofileds 2. THRA 3. Bt 4. MR 5. WIS 6. Ity 7. M
ARG 8. APHE 9. BIARE 10 HER

1. Refrigeration machine 2. Drying chamber 3. Shelf plate 4. Samples 5.
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Refrigeration coils 10. Vacuum pump
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Fig.1 Schematic of experimental device of vacuum freeze-drying
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Table 1 Sensory evaluation content and grading criteria

TiH B RHERIR P bR AE
Item Sensory description Grading criteria
[EhEs FRERNEAGE, REEREA

Color

o QU SN TG BT
Lemon flavor SO SHRRERRRE. 1 5
ROvk  RPRORITE DR R RIS 2 4 RS 34
Sour taste A5 45y THES; 5 90
WOR RN R R kT 6 28 A 7 )

Bitterness Bk 8 4y R5H: 9 4
Mok R O R
Astringency
JB TFin R PR BB
Texture
1.2.4 ZaEA3E

K G Mgt SPSS11.5 PRI B ¥m 34T 75 2 4>
M1, X Duncan’s V3172 E L, B2 MKF P<0.05.

2 HRE57H

2.1 MRLRERERKEERERE
ARIGTEFFP AR TR L2 PR A T S AR
RT3, BIEAS TR ANH PR 4, IR TP ek
VR G KA AR, E R AR RN P, s v A
6], AT 5k T BB oK N s TR, K
BRI 2 PR AR NP RLA B KA, AT R
PRI R G o TURT AR P W T AR 45 I 17K 0 40 Ok
WORNR R TAE, FEEH TRIZA UK AR
Jis i TR SR M0 A AE T AT B A VR TR IN TS T
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S IR) 2R 2230 53 7K 40 g B8 A R TR S5 2 R TR A AT
BT R . B2 R 45 T AR O 45 3 R I O K
ORI 25.62%. 4.55%, WFHZEFLE (P<0.05) , 7
BRI S WIN-285 C. =292 °C, ANTEER
(P>0.05) o 38 H AR5 75 B VRHAR S5 IR P 2K T
HILFh A 5 CULL, MRS RELA-23 C, H
AR T8 L2 rh W R 45 35 B AR AT L Bk . A
TR R RKEN R EZ S FE R TAG KKK
A RIS R R, BRARS IR SR 4 oKk £
YRR R S AR, X G SR TR A A,
2.2 FRIZHEMNRIFEHESHT

3 R ET TR T Z AR IR S A 2 By
7Ny A LA VR TR R TR T AR IR AT 2
f5CA Lo ARGV U5 TR AN G V8 U5 T Bl 7 v
AP IR I A1 0.5 h, BUERE 5054 0.5 hy 3 h,
FEEFE 4> 59 11.5 he 14 h, ST T 25NN 12.5 hy
17.5h, EMHEEZER (P<0.05) . ETHEEAG TR
0T H TR B s A i 7 5 =, IR i
B T3 1/3 RIER/K Sy, I/0 Ja B U TR s, Bk
AL BE VA1 T8 A8 TR L Z1) 5 h, A fugf+
JRIATTE T8 2.5 ho

S16} @mﬁi%iﬁﬂj‘lﬁj R .
2 ul Cold trap pre-cooling time
£ 2 b BRI Freezing time
#5012 O 18] Drying time
NI10
H e sl
B g ¢
w6
g 4t
z 2] Z
S0
BSOS e R
BT TR T4
Vacuum- Conventional Air drying
freezing-drying  freeze-drying
AbPH Treatment

¥ EP AR BEARE RN REEER (P<0.05) , FHEHE& L
EIEB

Note: Different letters in the same indicators indicate significant differences (P<
0.05), the same as below.

B2 IRFRIZALH

Fig.2 Consuming time of different drying processes
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BT ERAEAE R C R H0E 022 mg/g, 3 Pk
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Hl B A 2 P, T B S VR GE VR TR I K Mt
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PRI 25 2 A 5T A BB A 21 5| RS i R S5 R AT ARG DS, T
U 25 P BN GRS 1) i SR R 45 B T 40 B P9 b T R
BORUKER AR, AR FE AR XS &, Tl R K
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Fig.3 Vitamin C content and rehydration ratio of lemon
slices by different drying methods
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Table 2 Color indices of lemon slices by different drying methods

N Fifr goakE %
PR Red—g*reen Blue—y*ellow Color

. Lightness
Drying mode L a b difference AE

BT

Fresh lemon

FS R R T
Vacuum-freezing-drying

AT T
Conventional
freeze-drying

AT AR
Air drying

I RAFE R ERARE FRA REEZER (P<0.05) , FHIFRHPE L
.

Note: Different letters in the same indicators indicate significant differences
(P<0.05), the same as below.

2.5 FRAXNMITEREZELENKRE D RERR
oA

it SPME A HUA GC-MS 43 B %58 , ity 15 4%
RERKNAEDEERZM S FioHE D-FEME
(2332039 ug/g) « WEfhM (4509.64 uglg) « FENE-p-Tk
i (2279.08 ug/g) ~ f-TRKE (879.92 ug/g) - Ik (480.73
ug/e) FAEY, 1% 5 MR AEWE 3 FOTIE TR
JG, SEANIME 4 PR, PUBHEEFr BN IR, THE
KRG RATR, SR INE 3 Fw. XK
WA S, £ 4 FARRSHFEF PR EEENH
REMZESR, WHREAHRRIE, &8s e 2R )
SRR . BSGE A G TIRI B A . SRR ET
R RO IRITIR |, AR A R TR TR0
R S MR GRS i m, IR AE SR
BT, POTEIT AR R RAL (P<0.05) .

25000 a

83.12+0.38"  0.12+0.49° 15.28+0.39°

85.24+0.16" 1.50+0.21° 18.01+0.28° 4.80+0.22°

84.83+0.16° 1.2040.23° 20.01£0.26° 5.78+0.29"

72.14£031°  9.12+0.28" 27.47£0.16" 22.20+0.34°

B € 20000 [ ‘
- B #4478 Fresh lemon

O BESHE% % T Vacuum-freezing-drying

fEG Y5V T8 Conventional freeze-drying

15000 | | 1
i O #X T4 Air drying

o

10000 ’

HRAE XSRS PR 8

Volatile components content/(ug-g™")

W
(=3
(=2
(=]
T

P ey

& [ )
o LES e Bimd mbe o0
DAl BRI ARESIRE BRI M
D-Limonene Terpinene Bicyclo heptane beta.-Pinene Trimethylbicyclo
HER M RERALEH) Volatile components

B4 TREFBRY AN TEELMRANEY 2 F
Fig.4 Main volatile components content of lemon
slices by different drying methods

X TR AR TR S, AT ERED
MRERAER . AR SR N AT, R
SPWATEE R HE G R BK, Fr A AT B P 5
ot S B R AL B I IR T P AR e R TR T S IR A AT
B, BE IR KT AT B AR o 1T

T ARV TR T AR vh TR T G iz e e, 3 R XU
WE B K> THEM I, 53 AME R IR T %
RN AL SR 2 A2 R ZE A N AR 2P iy
18 BT B R AR R

%3 FETHRARITEHELRUADRSRER

Table 3 Retention ratio of main volatile components

of lemon slices by different drying methods %

TR D gmags OESEE a0

Drying D-Limonene  Terpin Bicyclo _pi Trimethylbic

Tpinene f-Pinene

mode heptane yclo
FVRGS
VsV T
YR 60.82+1.24" 55.20+2.35" 77.46+2.33 " 38.25£2.59" 67.58+2.72*
Vacuum-fre-
ezing-drying
TRGe% Ui
o

Convention- 45.52+0.65° 29.86+1.66° 49.08+2.58° 14.49+1.48" 47.63+2.19°
al freeze-
drying

ATt

18.15+1.04°¢
Air drying 815410

19.46+0.58 € 20.62+1.29° 17.19£1.54° 0.00°¢

MR E S REA TR L2 WERA TR T
A W T IRAFATE R KRS, J v R
T B A RS, A3 BT A R T T
gt b 45 R IR AL S P R A 28R 2 A 1 22 S AT LA ERL
T 1) HBGREAGETE ISP R RS E G 7 4
MO ZH 2 K o e R R R &, T Rt/ INK SR, X4l
N VIR FE AR, FHAET 5T SO X 2% FLIE D s
T A% G2V R 5 T 25 R P VR 445 1o T A 1 P P AR 6
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Fig.5 Plots of LF-NMR transverse relaxation
time 7, of lemon slices by different drying methods
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Effect of different drying methods on drying characteristics
and qualities of lemon dlices

Wang Haiou'?, Xie Huanxiong™®, Chen Shoujiang?, Fu Qingquan?,
Wang Rongrong?, Zhang Wei?, Hu Zhichao®**
(1. Key Laboratory of Modern Agricultural Equipment, Ministry of Agriculture, Nanjing 210014, China;
2. School of Food Science, Nanjing Xiaozhuang University, Nanjing 211171, China; 3. Nanjing Research Institute of
Agricultural Mechanization, Ministry of Agriculture, Nanjing 210014, China)

Abstract: Lemon tea has become one of indispensable health drinks in the market which are popular for many consumers
(especially women consumers). Dried lemon slices are generally processed by air drying (AD) or freeze-drying (FD). FD has
been considered as one of the best methods for obtaining dehydrated foods with high quality. However, conventional
freeze-drying (CFD) process technology is characterized by many disadvantages including complicated process steps, large
space occupation, huge equipment investment, frequent materials transferring, long drying time, and high production cost. In
order to simplify the food CFD processes and shorten the drying time, a novel integrated freeze-drying processing technology
(so-called vacuum-freezing-drying, VFD) was proposed based on the principle of vacuum cooling and vacuum freeze dryer. In
order to investigate the effects of different drying methods on the drying characteristics and quality of lemon slices,
comparison experiments and multi-index testing on the drying of lemon slices were conducted with the methods of VFD, CFD
and AD. Two different freezing methods were adopted in VFD and CFD, which resulted in 25.62% and 4.55% mass loss in the
lemon slice samples during freezing stage, respectively. The drying process time of VFD and CFD was 12.5 and 17.5 h,
respectively, which was more than twice of that of AD. Compared with the CFD process, and the VFD process reduced by 2.5 h in
either freezing stage or drying stage and saved 14.27% of power consumption, which was a considerable economic advantage.
The retention ratio of vitamin C in dried lemon slices with VFD, CFD and AD was 66.03%, 45.45% and 19.14%, respectively,
and the rehydration ratio was 4.60, 3.97 and 2.24, respectively, both showed the significant difference (P<0.05). Color of
lemon slice samples was measured with an automatic colorimeter. The comprehensive color difference index in air-dried
lemon slice was significantly higher than that in the 2 kinds of freeze-dried lemon slices which showed no significant
difference in the comprehensive color difference index (P>0.05). Volatile components of lemon slices were analyzed by using
solid-phase microextraction - gas chromatography - mass spectrometry (SPME-GC-MS). The top 5 volatile compounds were
separated and identified from the dried lemon slices, which were ranked in descending order as d-limonene, terpinene,
Levate-f-pinene, f-pinene and pinene. The highest retention ratio of the top 5 volatile compounds was achieved in the dried
lemon slices by the VFD method, then the CFD method and the AD method. Transverse relaxation time (73) of dried lemon
slices was measured with low field nuclear magnetic resonance (LF-NMR). Free water, non-flowing water and bond water
were observed in the atlas of 7, of the 3 groups of dried lemon slices. Bond water constituted the highest proportion of the
residual water, and non-flowing water and free water constituted the much smaller proportion. And the 75 peak of the hot-air
dried lemon slices showed a slight right-shift trend compared with the other 2 groups. The sensory characteristics of the 2
groups of freeze-dried lemon slices showed little difference. The overall sensory characteristics of air-dried lemon slices were
relatively weak. The sensory characteristic intensities in color, texture, and lemon flavor of air-dried lemon slices were much
less than the 2 freeze-dried groups. The freeze-drying method is suitable for the processing of dried lemon slices with high
quality and value. Compared with the CFD, the VFD method can shorten the process time, reduce energy consumption and
obtain better or equivalent quality of lemon slices, deserving further application in the industry. All the above research
conclusions can provide some theoretical and technical basis for the processing of lemon slices drying.

Keywords. drying; quality control; moisture; lemon slices; freeze-drying; vacuum freezing



