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Abstract: Salted duck egg (SDE) is a traditional Chinese food. The traditional curing method needs a long period. To shorten the pickling
process, ultrasonic power, ultrasonic time, and ultrasonic alternating temperature were employed as the single factor to produce SDE. The
salt  content  of  SDE  white  and  yolk  and  texture,  ultrasonic  apparent  oil  yield  rate  of  SDE  yolk  were  selected  as  test  index.  The  results
showed that all three factors affected the quality of SDE to different degrees. The trend related to the change of salt content was in line with
that  of  the  apparent  oil  yield  rate.  The  higher  product  quality  and  shorter  pickling  process  were  observed  when treated  with  ultrasonic
power  of  240  W,  ultrasonic  time  of  90  min,  and  heating/cooling  time  for  14  h/10  h.  Suitable  levels  for  three  factors  were  set  for  the
orthogonal experiment according to the results of the single-factor experiment. The results showed that the optimal experiment level was
240 W of ultrasonic treatment for 90 min at a time ratio of 14 h/10 h, shortening the pickling time to 18 d. Thus, this work established a
faster physical pickling method for SDE. Ultrasonic treatment could improve the quality of products,  and alternating temperature could
provide a temperature pump to accelerate the pickling speed, which could be considered to assist the low-salt curing process.
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1    Introduction
Salted  duck  egg  (SDE),  a  traditional  Chinese  food,  is  a  processed
egg that is pickled in salt for about 30 d[1]. To ensure health, low salt
curing  is  widely  used  in  the  production  of  SDE,  which  could
produce  SDE  with  high  quality  and  long  processing  time[2].  For
modern food manufacturers,  shorter  processing  time means  more
profit.  In  many  studies,  different  methods  were  employed  to
shorten  the  pickling  time,  including  chemical  and  physical
methods.

It  was  suggested  that  increasing  the  driving  force  of  the  mass
transfer  process  and  decreasing  the  mass  transfer  resistance  could
shorten the curing time of SDE[3]. When SDE was treated with high
brine  concentration,  temperature  and  pulsed  pressure,  the  driving
force increased, and the curing speed was faster[4−7]. In consideration
of  the  fragility  of  duck  eggshells,  high  pressure  or  pulsed  pressure
technology was rarely investigated in SDE pickling in recent years.
On  the  eggshell  surface,  there  are  thousands  of  pores,  which  are
channels  for  water,  air,  and other  extraneous substances[8−9].  At  the
early stage of the pickling process of Pidan, alkaline solution could
remove  the  compact  layer  on  the  surface  of  duck  eggshell,  and
expose the air holes, to promote the entrance of pickling solution[10].
Acid  soaking  could  make  the  eggshell  surface  rough  and  porous,
promoting the entrance of brine and inhibiting the generation rate
of  black  circles  (induced  by  the  combined  action  of  egg  yolk
proteins,  Fe3+,  S2– and  pigments)[11−13].  When  the  eggshell  surface
become porous, the mass transfer resistance decreases, accelerating

the  curing  process.  Ultrasonic  treatment  decreased  egg  white
viscosity[14], which also lowered the inner mass transfer resistance.

Other  than  the  chemical  methods,  different  physical  methods
were  employed  to  accelerate  the  pickling  process.  For  example,
vacuum technology was used to shorten the produce cycle to 15 d,
while  was  not  easy  to  achieve  continuous  and  mass  production[13].
When treated with high-density ultrasonication (80 W), the salting
time  of  the  reduced-sodium  SDEs  was  shorter  than  those  of  the
traditional  method[15−16].  In  contrast  with  high  pressure  or  pulsed
pressure  methods,  vacuum  curing  caused  differential  pressure
between  the  outer  and  inner  parts  of  duck  eggs,  which  induced
deformation relaxation phenomena of the inner material, decreased
the  mass  transfer  resistance,  and  shortened  the  curing  time[17−19].
However,  ultrasonic-assisted  curing  was  more  beneficial  in
improving  the  water  retention  and  tenderness  of  myofibrillar
protein  than  the  vacuum  method[20−21].  Refrigerating  temperature
was  commonly  employed  in  egg  storage  and  processing  of  egg
products  to  keep  their  safety  and  quality[22−23].  While,  low
temperature  will  inhibit  the  oil  elucidation,  and  high  temperature
will  promote lipid oxidation[24].  It  was demonstrated that  when the
pickling  temperature  was  increased  from  20  to  45  °C,  the
production  cycle  could  be  shorten  by  nearly  50%[25].  To  accelerate
the  pickling  process  and  prevent  lipid  oxidation,  a  proper
temperature should be selected.

In  this  work,  alternate  heating  and  cooling  and  ultrasonic
treatment  were  employed  to  produce  SDE  with  less  pickling  time
than the traditional method. 
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2    Materials and methods
 

2.1    Chemicals and reagents
Fresh  duck  eggs  with  green  eggshells  laid  within  24  h  were
purchased  from  the  education  supermarket  of  the  Henan
University of Animal Husbandry and Economy, stored at 4 °C, and
used  for  experiments  within  30  d.  Salt  (Weiqun,  Henan  Salt
Industry Group Co., Ltd.), high-alcohol Chinese Baijiu (53° Chinese
liquor,  Beijing  Laobaigan,  Beijing  Chengjingliang  Liquor  Industry
Co.,  Ltd.),  and  white  vinegar  (6°,  HADAY,  Foshan  Haitian
(Gaoming) Seasoning Food Co.,  Ltd.) were procured from Dennis
supermarket (Zhengzhou, China). 

2.2    Pickling process of SDE
The  picking  process  of  SDE  was  as  follows:  fresh  duck  eggs  →
checking (candling) → selecting eggs without cracks and cleaning →
soaking in white vinegar (3%, m/m) for 20 min → canning → filling
in  brine  with  24  g/100  mL  salt  and  3%  high-alcohol  Chinese
Baijiu → ultrasonic treatment → curing → sampling and testing every
5 d from day 7 or day 10.

All  the  duck  eggs  were  divided  into  15  groups  (5  ultrasonic
power  groups,  5  ultrasonic  time  groups,  and  5  temperature
alternating  groups)  with  12  eggs  in  each  group.  In  the
ultrasonic-assisted group, the ultrasonication frequency was 22 kHz,
and the operation was conducted once daily from day 1 to day 3. 

2.3    Analysis  of  ultrasonic  treatment  on  pickling  speed
and quality of SDE
After soaking in white vinegar,  duck eggs were immersed in brine
and  treated  using  ultrasonication  (WKS  900B/3S,  Jiangsu  Jiangda
Wuzisong Biotechnology Co.,  Ltd.) at different powers (0, 60, 120,
180, and 240 W) and times (0, 60, 90, 120, and 150 min in total, or
0, 20, 30, 40, and 50 min thrice). When the ultrasonic process was
completed, the duck eggs were stored at 40 °C until ripened. As the
ultrasonic time experiment required 3 d and taking account of the
actual workload, the eggs in the ultrasonic power experiment were
sampled on day 7, while that of the ultrasonic time experiment were
sampled on day 10. The sampling frequency was once every 5 d. 

2.4    Analysis  of  alternate  heating  and  cooling  conditions
on pickling speed and quality of SDE
After soaking in white vinegar,  duck eggs were immersed in brine
and treated with ultrasonication at  120 W for  40 min.  The curing
temperature  was  set  at  40  °C  in  constant  temperature  drying  box
(DHG-2080B,  Shanghai  Fuma  Laboratory  Instrument  Co.,  Ltd.)
and 5 °C in refrigerator (BCD-248WBSV, Qingdao Haier Co., Ltd.)
for  the  hot  and  cool  conditions,  respectively.  The  time  of
heating/cooling was set at 8 h/16 h, 10 h/14 h, 12 h/12 h, 14 h/10 h,
and 16 h/8 h until ripened. The samples were taken out from day 10
and detected every 5 d. 

2.5    Detection of salt content
The salt content of samples (SDE white and SDE yolk) was detected
using the digital salt meter (ES-421, Tokyo, Japan) according to the
method of Wang et al.[7]. The samples were ground evenly, and then
5 g of the sample was weighed accurately (accurate to 0.000 1 g) and
placed in a 50 mL colorimetric tube with a stopper. Next, 25 mL of
hot  distilled  water  (70  °C)  was  added  into  the  colorimetric  tube,

shaken for 2 min to mix the sample, ultrasonicated for 20 min with
ultrasonic  power  of  180  W,  cooled  to  room  temperature,  added
water to make up the volume, shaken, and filtered. The remaining
mixture above filter paper was sampled using the digital salt meter
to detect the salt content. Each test was replicated three times. 

2.6    Detection of apparent oil yield rate
The apparent  oil  yield rate  of  SDE yolk was detected according to
the  methods  of  Wang et  al.[26] and Ai  et  al.[27].  Four  pieces  of  7  cm
qualitative filter papers were dried at 105 °C to constant weight and
named m1 (g).  The  cooked  SDE  yolk  was  stirred  into  even  small
pieces  and  named m2 (g).  After  oil  absorption,  the  weight  of
oil-absorbing  filter  papers  was  measured  as m3 (g).  Each  test  was
replicated three times. The apparent oil yield rate was calculated as
follows:

Apparent oil yield rate (%) =
m3−m1

m2
× 100

 

2.7    Texture profile analysis (TPA)
The  TPA  of  cooked  SDE  white  and  yolk  were  accomplished
according  to  the  method  of  Wu  et  al.[21].  SDE  white  was  cut  into
10 mm × 10 mm × 8 mm sizes, and the SDE yolk was cut in half.
Each test  was  replicated  six  times.  The  texture  analyzer  (CT3 10k,
Brookfield,  USA)  was  employed  to  conduct  the  TPA.  TA11/1000
cylindrical  probe  (25.4  mm)  was  selected  to  detect  hardness  (g),
cohesiveness, springiness (mm), and chewiness (mJ) of samples at a
speed of  2.0  mm/s.  For  the SDE white,  the  compression ratio  was
50%,  and  the  trigger  point  load  was  5  g.  For  the  SDE  yolk,  the
compression ratio was 30%, and the trigger point load was 3 g. 

2.8    Statistical analysis
At  least  three  replicates  were  prepared  for  all  the  measurements.
The  results  of  separation  and  chemical  analysis  were  subjected  to
Duncan’s multiple range test using SPSS 16.0 (IBM SPSS Inc.). The
confidence intervals  were set  at  95% (P <  0.05).  Origin 2021b and
Adobe Illustrator CS 6 were employed to draw graphs. 

3    Results and discussion
 

3.1    Effect  of  ultrasonic  treatment  and  temperature
alternation on the pickling speed of SDE
When treated with 0–240 W for 0–150 min using ultrasonication,
the  pickling  speed  of  SDE  changed  (Figures  1A–D).  The  results
showed that the salt content of SDE white and yolk increased with
the  increase  in  ultrasonic  power,  and  the  240  W  ultrasonic
treatment presented the highest salt  content in both the white and
yolk,  inducing  faster  pickling  speed.  Ultrasonic  treatment  could
induce  cavitation,  causing  a  larger  surface  area  for  calcium
nanoparticles  and  making  salt  osmosis  easier  from  the  outside  to
the  inside  of  the  eggshell[28].  In  addition,  the  ultrasonic  treatment
could  improve  the  surface  hydrophobicity  of  protein,  increase  the
hydration  capacity,  and  promote  salt  diffusion  in  SDE  white  and
yolk[20,29]. Higher ultrasonic power can produce stronger cavitation [30].

As shown in Figures 1C and D, the optimal ultrasonic time was
90  min,  and  the  curing  speed  decreased  with  longer  ultrasonic
treatment.  It  was  demonstrated  that  ultrasonic  treatment  might
cause protein aggregation[31]. In this experiment, when the duration
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of  ultrasonic  treatment  was  longer  than  90  min,  extreme  protein
aggregation appeared, and the curing speed decreased.

When  the  pickling  temperature  changed,  the  speed  changed  as
well.  A  higher  pickling  temperature  could  shorten  the  process[25,32],
while  a  lower  temperature  could  preserve  eggs  maximally;  for
example,  by  lowering  lipid  oxidation  level[33] and  resulting  in  the
better  freshness  of  products[13].  Moreover,  as  shown  in Figures  1E
and F, a faster pickling process occurred when the time ratio of hot
to cool conditions was 14 h/10 h.

In conclusion, an ultrasonic treatment at appropriate power and
time and a specific ratio of heating/cooling time could significantly
increase the curing speed. 

3.2    Effect  of  different  treatments  on  the  texture  of
SDE yolk
When  processed  with  different  treatments,  the  texture  of  SDE
changed  correspondingly  in  hardness  and  chewiness,  while  the
cohesion and springiness didn’t show significant difference among
the  three  treatments  (Figure  2).  During  the  pickling  process,  the
final  hardness  and  chewiness  of  SDE  decreased  significantly
(P < 0.05) with the increase in ultrasonic power (Figures 2A and D).
This  might  induce  a  congealed  structure  of  cooked  egg  yolk,
offering space for the increasing flowing oil  to fill  and collapse the
gel  network  to  form a  distinctive  loss  in  texture[34].  Furthermore,  a
continuous ultrasonic treatment might destroy the structure of the
shell  and  vitelline  membranes,  causing  dehydration.  As  shown  in
Figures  2E and H,  120  min  of  ultrasonic  treatment  significantly
decreased the hardness and chewiness of SDE yolk (P < 0.05); thus,
it  could  be  selected  as  the  determined level  of  the  orthogonal  test.
However,  the  final  hardness  and  chewiness  were  higher  than  the
ultrasonic-treated  groups  at  different  powers,  which  could  be

attributed  to  the  protein  aggregation  due  to  the  long  duration  of
ultrasonic treatment[31]. It was reported that the salting process could
cause a pronounced dehydration phenomenon, leading to a closer
granule structure and harder yolk texture[29]. When the temperature
was  altered  (Figures  2J and L),  the  low  temperature  slowed  down
this process and produced a softer cooked yolk. 

3.3    Effect  of  different  treatments  on  apparent  oil  yield
rate of SDE yolk
The  salting  treatment  induces  oil  elucidation  of  exterior  yolk[29].  It
was reported that salt could break down the lipoprotein, causing the
yolk  particles  to  become  increasingly  compact  to  extrude  oil  and
forming  the  sandy  and  oil  quality  of  SDE  yolk[35].  As  shown  in
Figure  3,  in  different  curing  stages,  the  apparent  oil  yield  rate
increased  significantly  with  the  increase  in  ultrasonic  power
(P <  0.05)  and  reached  a  peak  value  around  a  90  min  ultrasonic
treatment  (P <  0.05).  When  treated  with  alternating  temperature
conditions, the oil yield rate was higher than the other two groups,
and the highest oil yield was harvested when the time ratio of hot to
cool was 14 h/10 h. Overall, the results of the three treatments with
regard  to  apparent  oil  yield  were  in  accordance  with  those  of  the
salt content, which proved that higher salt content and apparent oil
yield rate could mean a faster pickling process. 

3.4    Orthogonal experiment
Based on the three single-factor experiments results, suitable factor
levels  were  selected  for  the  orthogonal  experiment:  180,  240,  and
300  W  for  ultrasonic  power;  90,  105,  and  120  min  for  ultrasonic
time; 10 h/14 h, 14 h/10 h, and 16 h/8 h for time ratio of hot/cool
conditions (Table 1). The results and range analysis were shown in
Table 2, and the variance analysis was shown in Table 3.
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Figure 1    Effect of different treatments on the salt content of SDE white and yolk. (A) Ultrasonic power on SDE white; (B) ultrasonic power on SDE yolk; (C) ultrasonic
time  on  SDE  white;  (D)  ultrasonic  time  on  SDE  yolk;  (E)  temperature  alteration  on  SDE  white;  (F)  temperature  alteration  on  SDE  yolk.  Above  each  line,  different
lowercase letters mean significant variation among different treatment levels (P < 0.05).
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The  results  of  the  orthogonal  experiment  showed  that  the  final
salt  content  of  SDE yolk  was  highest  in  experiment  No.4,  and the
final  apparent  oil  yield  rate  was  highest  in  experiment  No.3.  To
compare  the  importance  of  different  factors  on  different  indexes,
the  range  analysis  was  conducted.  Through  the  analysis  of  the
quality  of  salted duck egg,  it  is  confirmed that  mature  salted duck
egg can be obtained after 18 d of curing cycle. At 18 d (Table 2), the
order was A > B > C for the salt content of SDE white, C > A > B
for  the  salt  content  of  SDE  yolk,  and C > A > B for  apparent  oil
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Figure 2    Effect  of  different  treatments  on the texture  of  SDE yolk.  (A–D) Hardness,  cohesion,  springiness,  and chewiness  at  different  ultrasonic  powers,  respectively.
(E–H)  Hardness,  cohesion,  springiness,  and  chewiness  at  different  ultrasonic  time,  respectively.  (I–L)  Hardness,  cohesion,  springiness,  and  chewiness  at  alternating
temperature conditions, respectively. Above each bar, different lowercase letters mean significant variation among different treatment groups (P < 0.05), different capital
letters mean significant variation among different pickling time groups (P < 0.05)
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Figure 3    Effect of different treatments on apparent oil yield rate of SDE yolk. (A) Ultrasonic power; (B) ultrasonic time; (C) time ratio of hot/cool conditions. Above each
bar, different lowercase letters mean significant variation among different treatment levels (P < 0.05).
 

Table 1    Factors and levels of orthogonal experimental.

Level A Ultrasonic
power (W)

B Ultrasonic
time (min)

C Time ratio of hot/cool
conditions (h)

1 180 90 10/14
2 240 105 14/10
3 300 120 16/8

 

Table 2    Result of orthogonal experimental.

No. A B C Salt content of
SDE white (%)

Salt content of
SDE yolk (%)

Apparent oil
yield rate (%)

1 1 1 1 6.09 1.18 16.84
2 1 2 2 6.46 1.16 20.78
3 1 3 3 7.09 1.38 24.21
4 2 1 2 7.94 2.77 22.19
5 2 2 3 7.63 1.34 16.09
6 2 3 1 6.62 1.17 16.27
7 3 1 3 7.77 1.14 20.44
8 3 2 1 8.57 1.72 18.01
9 3 3 2 7.66 2.14 21.05
R1 1.45 0.43 0.41
R2 0.52 0.29 0.74
R3 2.43 2.22 4.30
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yield rate. The variance analysis of the 18 d experiment showed that
all  three  factors  affected  all  three  indexes  significantly  (Table  3),
except ultrasonic power for SDE yolk (P = 0.088). A comprehensive
consideration  of  the  results,  range  and  variance  analyses  of  the
orthogonal  experiment  were  processed,  and  240  W  ultrasonic
treatment for 90 min at a time ratio of 14 h/10 h was selected as the
optimal pickling condition for SDE process.

The optimized pickling condition for SDE process was repeated.
The results showed that a ripe SDE could be produced after 18 d of
pickling,  which  was  not  observed  using  the  traditional  curing
method (Figure 4).
  

(A) (B)

Figure 4    Products  pickled  using  (A)  the  traditional  method  and  (B)  the
optimized experimental conditions. 

4    Conclusion
SDE is  a  traditional  Chinese food and popular  among consumers.
In  this  work,  ultrasonic  power,  ultrasonic  time,  and  alternating
temperature  conditions  were  employed  to  accelerate  the  pickling
process of SDE.

First,  a  single-factor  experiment  was  conducted  with  the  salt
content  of  SDE  white  and  yolk  and  texture  and  the  apparent  oil
yield rate of SDE yolk as the test index. All three factors affected the
quality  of  SDE  noticeably.  The  higher  the  ultrasonic  power
employed, the higher the salt content found in SDE white and yolk,
the  lower  the  hardness  and  chewiness  of  SDE  yolk  obtained,  and
the  higher  the  apparent  oil  yield  rate  acquired,  which  implied  a
faster  pickling  speed  and  a  better  product  quality.  When  the
ultrasonic  time  changed,  the  opposite  trend  of  salt  content  and
apparent oil  yield rate on either side of  90 min was observed.  The
pickling temperature altered between 40 and 5 °C every 24 h.  The
highest  salt  content  and  apparent  oil  yield  rate  of  SDE  yolk  were
detected at a time ratio of 14 h/10 h. It was identified that the trend
related  to  changes  in  the  salt  content  was  in  line  with  that  of
apparent oil yield rate.

According  to  the  results  of  the  single-factor  experiment,  an
ultrasonic  power  of  240  W,  ultrasonic  time  of  90  min,  and
alternating  temperature  conditions  for  14  h/10  h  were  selected  as
reference levels for the orthogonal experiment. The quality of SDEs
was investigated during the curing process.  It  was found that 18 d

was  enough  to  produce  ripe  SDEs  for  some  experiments.  After  a
comprehensive  judgment  from  the  salt  content  and  apparent  oil
yield rate at 18 d, an ultrasonic treatment of 240 W for 90 min at a
time ratio of 14 h/10 h was selected as the optimal experiment level,
which  was  in  agreement  with  the  results  of  single-factor
experiment.

This  work created a  faster  pickling technology for  SDE.  On the
one  side,  ultrasonic  treatment  could  improve  the  quality  of
products. On the other side, alternating temperature could provide
a  temperature  pump  to  accelerate  the  pickling  speed.  This  work
could be considered to assist the low-salt curing process. To realize
the  industrialize  of  this  pickling  technology  of  SDE,  more  specific
research work needs to be conducted. 
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