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Battered and breaded fish nuggets (BBFNs) were fried at three different temperatures (160, 170, and 180°C) for 30–180 s to study
the mass transfer kinetics of moisture loss and fat absorption. /e mass transfer mechanism was investigated through an analysis
of microstructure, surface oil (SO), and penetrated surface oil (PSO) contents of fried BBFNs. /e results showed that Fick’s
second law of diffusion and the first-order kinetic model could well describe the kinetics of moisture loss and fat absorption of the
crust, respectively. Transfer coefficients of the two mass transports significantly increased with an increase in the frying tem-
perature (P< 0.05). With the increase in the frying temperature, pore size of the crust increased./e PSO content of the crust also
increased with elevated frying temperature. /ese results suggest that frying temperature affects the moisture loss and fat
absorption kinetics of the crust by changing its microstructure.

1. Introduction

Deep-fat frying is widely used in the cooking of household
dishes and the production of fast food items [1]. Frying in
hot oil provides foods with a desirable, appealing flavor and
appearance [2, 3]. /e crispy texture of deep-fat fried foods
also enjoys great popularity among the consumers [4].

Moisture loss and fat absorption are the two important
mass transports that occur to foods during frying [5, 6].
/ese two processes can be adjusted through the change of
the rawmaterial property and the frying condition to modify
the quality and nutritional attributes of the fried products.
Mohammadalinejhad and Dehghannya [7] used ultrasound
pretreatment to reduce the fat absorption of potato chips
and achieved a maximum reduction of 23.18%. Dueik et al.
[8] reduced the oil content of carrot crisps by nearly 50% by
using vacuum frying. Kita [9] found that French fries and

potato crisps exhibited more crispy and delicate texture at a
higher frying temperature.

For frying, knowledge of mass transfer kinetics enables
prediction of food quality changes and permits improve-
ment of product value through proper selection of the frying
conditions [10, 11]. So far, numerous research works relating
to deep-fat frying modelling have been described in different
fried foods [12–14]. A variety of mathematical models for
mass transfer of deep-fat frying are proposed; for example,
the first-order kinetic model and the second-order poly-
nomial model for fat absorption [15, 16].

Fried battered and breaded fish nuggets (BBFNs),
characterized by gold-yellow crispy crust and tender fish
meat core, have gained growing popularity in the recent
years. Coating the fish nuggets with wheat flour batter and
bread crumbs can help the fish meat to retain moisture
during deep-fat frying and relieve the negative impact of
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high-temperature oil on the texture and flavor of the fish.
Our group has been endeavoring to develop fried fish
products with reduced fat content to scale-up the manu-
facture and has achieved good fat-reducing effect by
modifying the batter mix [17, 18]. To the best of our
knowledge, there is currently no study on the mass transfer
kinetics of the fried BBFNs. In this research, therefore, ki-
netics of moisture loss and fat absorption of BBFNs during
the frying process at three different temperatures were in-
vestigated./is researchmay helpmanufacturers to choose a
proper frying condition to scale-up the production of fried
BBFNs and provide kinetic models to predict the quality
change of the products during frying.

2. Materials and Methods

2.1. Materials. Fresh grass carp was purchased from a su-
permarket of the Wuhan Department Store Group Co., Ltd.
(Wuhan, China), which was eviscerated, scale-removed,
gills-removed, and then stored in a freezer (− 20°C). Corn
starch was supplied by Jincheng Co., Ltd. (Zhaoyuan,
China). Soybean oil (Golden Dragon Fish) was obtained
from the Yihai Kerry Group (Shanghai, China). Plain wheat
flour was obtained from the Wuhan Taiyanghang Food Co.,
Ltd. (Wuhan, China). Bread crumbs (particle size< 2mm)
were purchased from the Wuxi Jinhuanghua Food Co., Ltd.
(Wuxi, China). Baking powder was obtained from Angel
Yeast Co., Ltd. (Yichang, China). Sudan Red B was obtained
from Sigma-Aldrich Inc. (St. Louis, USA). Salt was pur-
chased from the Hubei Salt Industry Group Co., Ltd.
(Wuhan, China). All other chemicals were of analytical
grade unless otherwise stated.

2.2. Preparation of Sample. BBFNs were prepared as pre-
viously described [17] with slight modifications. Corn starch
(40 g), plain wheat flour (60 g), baking powder (1 g), and salt
(2 g) were blended into the batter powder. Deionized water
(98 g) was added to the powder and the mixture was stirred
with IKA RW20 electric mixer (IKA-Labortechnik, Dot-
tingen, Germany) at a speed of 1000 rpm for 10min to form
a homogeneous batter. Frozen fish was thawed in running
tap water and then cut to nuggets of size
42mm× 17mm× 17mm./e nuggets were deodorized with
2% green tea at a solid to liquid ratio of 1 :1 for 2 h.
/ereafter, the nuggets were cured by adding 3% salt for
0.5 h. /e cured fish nuggets were immersed into the batter
for 10 s, after which the nuggets were taken out and placed
on a stainless steel tray for about 15 s./e immersion process
was repeated one additional time, and the excess coating was
allowed to drain off./e battered nuggets were subsequently
rolled in bread crumbs until a uniform coverage was
attained. /e prepared battered and breaded nuggets were
then dried at 40°C for 6 h. On average, the coating layer
accounted for 27.4% of BBFNs’ weight before frying.

2.3. Frying. In batches of six fish nuggets each, BBFNs were
fried in soybean oil (1.5L) at 160–180°C (160°C, 170°C, and
180°C) using a YZ-3032-BC deep fryer (Guangdong Youtian

HouseholdAppliancesCo., Ltd., Foshan, China) for the required
time of 0–180 s (0, 30, 60, 90, 120, 150, and 180 s), respectively.
Fried BBFNs were placed in a wired basket at a temperature of
20°C and a relative humidity of 20–30%, allowing for cooling
and the removal of excess oil. /e crust and core parts of fried
products were separated for moisture and fat analysis.

2.4. Moisture and Fat Analysis. Crust and core parts of fried
BBFNs were finely ground using a stainless steel scissor until
ostensibly homogeneous. /e moisture content analysis of
the crust and the core were performed by following an oven
method obtained gravimetrically after heating at 105°C for
4 h. /e final moisture content on a dry basis (g/g, db) was
calculated by taking the difference between the wet and the
dry sample weights [19]./e fat content (g/g, db) of the crust
was measured via the Soxhlet extraction method by using
diethyl ether used as the solvent [20].

2.5. Kinetic Modelling for Mass Transfers. For modelling the
moisture transfer phenomenon in fried products, Fick’s
second law of diffusion provides a simplified picture of the
moisture loss during frying [11]. /e moisture diffusion
equation is as follows:
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whereM is the instantaneous moisture (g/g, db), t is time (s),
D is the effective diffusion coefficient (m2/s), and x is the
position coordinate in the product (m). However, the fried
BBFNs could not be set as an individual entity for Fick’s
second law, because it consists of two parts (the crust and the
core), and the initial moisture and the temperature after
frying were not evenly distributed. /erefore, the crust was
used to be fitted to the Fick’s second law.

According to the method of Nasiri et al. [21], the crust of
BBFNs was assumed to be an infinite slab, with an initial
uniform distribution of moisture and temperature in the
crust, and negligible external resistance to mass transfer,
with the mass transfer occurring from both sides of the
samples. Solution of the above partial differential equation
(equation (1)was presented as follows:
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where M0 and Me are the initial and equilibrium moisture
content (g/g, db), respectively, L is the half thickness of
sample (m).

It is reasonable to assume that moisture content is
negligible when equilibrium is reached in the frying process,
so Me � 0. Equation (2) can be simplified as follows to
calculate the effective diffusion coefficient:
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M
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�

8
π2

e
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/e first-order kinetic model was used to describe the fat
absorption of the crust [6].

FC � Oeq 1 − e
− kt

 , (4)
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where FC is the instantaneous fat content (g/g, db),Oeq is the
equilibrium fat content (g/g, db), and k is the transfer co-
efficient of fat absorption (s− 1).

/e variation of the effective diffusion coefficient (D) and
the equilibrium oil content (Oeq) with temperature was
determined using an Arrhenius-type equation [22]:

D � D0exp −
Ea

RT
 ,

Oeq � O0exp −
Ea

RT
 ,

(5)

where D0 and O0 are the frequency factors, Ea is the acti-
vation energy (J/mol), R is the universal gas constant
(8.314 J/mol), and T is the absolute temperature in Kelvin.

2.6. Scanning Electron Microscopy (SEM). SEM analysis was
performed by using a high vacuum (<1 Pa) back scattering
scanning electron microscope (S-3000N, Hitachi Co., Ltd.,
Tokyo, Japan) with a constant voltage of 15 kV. All the
images were taken at 80× magnification. Fried BBFNs were
cut into 2mm× 2mm× 1mm size of sheets from the in-
terface between the crust and the core. /e sheets were
handled by using the CO2 critical point drying method. /e
sheets were fixed by using 2.5% glutaraldehyde and PBS
(phosphate buffer saline), then washed by using PBS, fol-
lowed by dehydration processing sequentially performed
with 30–100% (30, 50, 70, 90, and 100%) ethanol solution,
respectively. Finally, anhydrous ethanol and isoamyl acetate
were used to replace the ethanol. Specifically, the crust
portion, the interface of the crust and the core, and the core
portion were scanned. /en photos were taken with the
appropriate magnification scans.

2.7. Surface Oil (SO) and Penetrated Surface Oil (PSO)
Analysis. SO is the oil adhering to the surface of the fried
foods. /e SO contents of fried BBFNs were measured
according to the method of Bouchon et al. [23] with a slight
change. Fried BBFNs were immersed in 150mL of petro-
leum ether for 10 s at an ambient temperature. /e resultant
solution was transferred to a 250mL round-bottom flask and
evaporated under vacuum. /e flask was then dried to
constant mass at 105°C to get the weight of SO.

PSO represents the oil suctioned into the food during
cooling after removal from the fryer. /e PSO contents of
fried BBFNs were determined using the dyed oil-frying
method of Yu et al. [24] with a slight modification. Soybean
oils with different Sudan Red B contents were heated at 60°C
for 4 h to obtain uniform solutions. Each solution was di-
luted with 20 folds of petroleum ether, and the absorbance
was measured at 510 nm by means of a spectrophotometer.
As a result, a calibration curve of dye concentration to
absorbance was obtained. /e fried BBFNs for PSO analysis
were prepared with the same procedure of Section 2.3 except
for the addition of Sudan Red B in the oil (concentration
0.5 g/L). /e dyed oil-fried BBFNs were immersed in pe-
troleum ether for 10 s to remove SO, and then were finely cut
and dried in a vacuum oven at 50°C for 12 h./e dried solids
were ground and extracted with petroleum ether using the
Soxhlet extraction method for PSO. /e extracted oil was
evaporated under vacuum and dried to constant mass. /e
dried oil was diluted with 20 folds of petroleum ether and
then measured for absorbance at 510 nm. /e concentration
of the dye in dried oil can be calculated from a calibration
curve, and the PSO content can be calculated using the
following equation:

PSO(g) �
Soxhlet − extracted oil × dye concentration of Soxhlet − extracted oil

dye concentration in frying oil
. (6)

2.8. StatisticalAnalysis. Data are expressed asmean± standard
deviation (SD). Statistical analysis on a completely randomized
design was conducted with the analysis of variance (ANOVA)
procedure using the SPSS software package (Version 17.0 for
windows; SPSS Inc., Chicago, IL,USA).Duncan’smultiple range
tests were used to compare the difference between mean values
at the significance level (P< 0.05).

3. Results and Discussion

3.1. Moisture Contents of Fried BBFNs. Crust and core
moisture contents of BBFNs fried for different durations
are shown in Figure 1. /e average initial moisture
contents of the coating layer and the core were 0.210 and
3.00 g/g (db), respectively. At all three frying tempera-
tures, moisture content of the crust decreased with in-
creasing frying time, and the initial 30 s of frying
accounted for the maximum moisture loss. Similar results
were found in the frying of shrimp and chicken nuggets

[25–27]. Nasiri et al. [25] ascribed the initial rapid fall of
moisture content to the loss of surface moisture. /e
temperature of hot frying oil was much higher than the
boiling point of water. As soon as the BBFNs came in
contact with the hot oil, the surface moisture of the batter
vaporized intensely. /e core exhibited less moisture loss
ratio than the crust, suggesting that the coating layer
inhibited the moisture loss of the nugget core during the
frying process. /e core part showed a decreasing ten-
dency in moisture except a slight increase as frying time
increased from 30 to 60 s. Ngadi et al. [22] got similar
results in the frying of chicken nuggets. /e abnormal
increase might be ascribed to the increased resistance of
moisture transfer and the conflict of heat and moisture
flows. Heat would gradually induce starch gelatinization
and protein denaturation in the batter, and the swelling
effect of these components would increase the resistance
of moisture transfer [28]. As the moisture transfer re-
sistance increased, the moisture loss tendency of the core
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was inhibited. Portion of surface water of the batter might
be driven by heat to enter the core, resulting in the
temporary increase of core moisture. Figure 1 also shows
that higher frying temperature generally caused more
moisture loss, both for the crust and core parts. After 180 s
of frying, the crust moisture contents of BBFNs fried at
160, 170, and 180°C were 0.0748, 0.0714, and 0.0593 g/g
(db), respectively; for the core of fried products, the
moisture contents were 2.34, 2.19, and 1.58 g/g (db), re-
spectively. Similar results were reported for fried shrimp
nuggets [25] and “Kroštula” dough [29]. /e increase of
frying temperature could prompt the heating of BBFNs
and accelerated the vaporization of moisture.

3.2.Crust FatContent of FriedBBFNs. /e crust fat contents
of BBFNs fried at three temperatures are shown in Fig-
ure 2. /e average initial fat content of the coating layer
was 0.0158 g/g (db). At a certain frying temperature, the
crust fat content of BBFNs firstly increased with the frying
time increasing from 0 to 120 s and then slightly decreased
as the frying time further extended. /e dramatic increase
of the crust fat content as frying time increased from 0 to
30 s might be due to the intense vaporization of surface
moisture, which leaves voids and pores for the oil to enter
later [30]. As the frying time increased from 30 to 120 s,
there was a decrease in the increasing trend of fat content.
It is generally accepted that fat absorption is heavily linked
to moisture loss since it determines the extent of crust
formation. In research of fried Gethi strips, Manjunatha
et al. [13] found that more moisture loss caused an in-
crease in the fat absorption of the product. Debnath et al.
[31] obtained similar results in the frying of chickpea
flour–based snack. As discussed above, the reducing trend
of the crust moisture decreased after 30 s, correspondingly
resulting in a reduced trend of fat absorption. In

accordance with Rahimi and Ngadi [32] in the research of
fried batter, a slight decrease of crust fat content was
observed after a maximum content. /is might be at-
tributed to the fat transfer from the crust to the core.
Figure 2 also shows that the fat content of the crust
generally increased with the increase in the frying tem-
perature. After 180 s of frying, the crust fat contents of
BBFNs fried at 160, 170, and 180°C were 0.262, 0.278, and
0.292 g/g (db), respectively. Similar results were found in
the frying of “Kroštula” dough [29] and chicken meat [33].
Kassama and Ngadi [33] suggested that high frying
temperature prompted the formation of the crust, which
would facilitate fat absorption.
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Figure 1: Crust and core moisture contents of BBFNs fried at different temperatures. (a) Crust; (b) core.
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3.3. Kinetic Model of Mass Transfer. /e data of crust
moisture and fat contents were fitted to Fick’s second law of
diffusion and the first-order kinetic model, respectively, and
the obtained model parameters are shown in Table 1. As
Table 1 shows, correlation coefficients (R2) of three fittings
for moisture loss kinetics were between 0.85∼0.94, sug-
gesting that the Fick’s law model could well describe the
moisture loss of the fried crust. /e D values of the frying
processes at 160, 170, and 180°C were 5.05×10− 9,

5.50×10− 9, and 5.81× 10− 9m2/s, respectively. /is result
suggested that the increase in the frying temperature
accelerated the moisture loss of the crust. Similar results
were reported on frying of the breaded chicken nuggets [26]
and “Kroštula” dough [29]. /e correlation coefficients of
three fittings for fat absorption kinetics were between
0.92∼0.95 (Table 1), suggesting that the first-order kinetic
model could well describe the fat absorption of the crust./e
k values of frying processes at 160, 170, and 180°C were

Table 1: Kinetic parameters and activation energies (Ea) for moisture loss and fat absorption of fried BBFNs†.

Frying temperature (°C)
Moisture loss Fat absorption

D× 109 (m2/s) R2 Ea (kJ/mol) k (s− 1) Oeq (g/g, db) R2 Ea (kJ/mol)
160 5.05± 0.05c 0.94

11.46± 0.61
0.055± 0.001c 0.295± 0.001c 0.95

7.67± 0.22170 5.50± 0.10b 0.89 0.059± 0.002b 0.315± 0.002b 0.93
180 5.81± 0.05a 0.85 0.066± 0.002a 0.324± 0.001a 0.92
†Data were expressed as mean± SE (n� 3). Data with the same letter in the same column were not significantly different at a significance level of 0.05.

C-180 SC-90 S

B-90 S

A-90 S A-180 S

B-180 S

Figure 3: SEM images of BBFNs fried at different frying temperatures. (A) 160°C; (B) 170°C; (C) 180°C.
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0.055, 0.059, and 0.066 s− 1, respectively./is result suggested
that fat absorption of the crust was accelerated with in-
creasing frying temperature. Similar results were reported
for fried Gethi strips [13] and chicken nuggets [34]. Acti-
vation energies (Ea) of moisture loss and fat absorption were
11.46 and 7.67 kJ/mol, respectively.

3.4. SEM. SEM images of fried BBFNs are depicted in
Figure 3. As Figure 3 shows, for BBFNs fried at all three
frying temperatures, pore size of the crust increased as the
frying time increased. /is result was consistent with
Adedeji et al. [35], whose research utilized confocal laser
scanning microscopy to observe the batter microstructure of
fried chicken nuggets. Taiwo and Baik [36] reported a similar
trend for the porosity of fried sweet potatoes. It can be found
from the comparison of SEM images of BBFNs fried at
different temperatures that pore size of fried BBFNs in-
creased as the frying temperature increased. /e change of
the crust microstructure was in accordance with the change
of the crust in moisture and fat contents. Adedeji and Ngadi
[37] reported similar results in the research of fried chicken
nuggets, which suggested that an increase of porosity
resulted in an increase of routes for moisture loss and fat
absorption.

3.5. SO and PSO Contents. SO and PSO contents of fried
BBFNs are shown in Figure 4. As frying time increased, SO
contents of BBFNs fried at all three temperatures firstly in-
creased and then decreased, but PSO contents exhibited steady
trends of increase. /is result suggested that more surface fat
penetrated into the inner part of the crust with prolonged
frying time. Similar results were reported in the case of fried
batter [32] and potato slices [38]. Bouchon et al. [23] also
observed the increase of PSO in fried potato chips, and they
ascribed this result to the increase of pores. Pore size of the

crust increased as frying time prolonged, allowing the oil to
enter easily into the structure during cooling. It can be found
from the comparison of SO and PSO contents of BBFNs fried
at three different temperatures that higher frying temperature
generally caused more penetration of fat. /is result was in
accordance with the SEM images. Similar results were also
reported in the case of fried potato slices [38].

4. Conclusions

Crust moisture content of fried BBFNs decreased with the
increase in the frying time. Moisture content of the core
exhibited a general decreasing trend except for a slight in-
crease at an early frying stage. Fat content of the crust firstly
increased to a maximum level and then decreased. /e
increase in the frying temperature increased the moisture
loss of both the crust and the core, and also increased the fat
absorption of the crust. /e moisture loss and fat absorption
of BBFNs during deep-fat frying can be well described by
Fick’s second law of diffusion and the first-order kinetic
model, respectively. /e mass transfer coefficients of
moisture loss and fat absorption increased with elevated
frying temperature. /e PSO content of the crust increased
with the increase in the frying temperature. High frying
temperature increased the pore size of the crust. /ese re-
sults suggest that the frying temperature influenced the
moisture loss and the fat absorption of the crust by changing
its microstructure.

Data Availability

All data and analyses are included as figures and tables
within the manuscript.
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