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Influence of baking conditions on the quality attributes
of sponge cake
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Abstract

Sponge cake is a sweet bakery product characterized by its aerated and soft crumb and by its thin-coloured
crust. The aim of this work is to analyse the influence of baking conditions (natural or forced convection,
steam injection, oven temperature from 140°C to 180°C) on sponge cake quality. Both crust and crumb
regions were characterized by means of colour development, water content, crust/crumb relation, crust
thickness and crumb structure (in terms of porosity, crumb density and texture). Colour measurements
allowed obtaining an accurate model for browning kinetics. Crumb water content remains almost constant,
while considerable dehydration occurs in the crust. In general, no significant differences due to baking

conditions were found in the instrumental quality analysis.
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INTRODUCTION

Sponge cake is a type of sweet bakery product charac-
terized by its aerated and soft crumb and by its thin
coloured crust. This product is produced all over the
world and is decorated with different fillings, colours
and flavours to create different kinds of cakes. In gen-
eral, it is associated with celebrations and meetings, and
it must fit to high-quality standards required by the
consumers.

From a technological point of view, baking is a cru-
cial stage for sponge cake production. In this sense,
during baking, a complex mix (batter) containing
many ingredients (such as wheat flour, sugar, egg, fat,
leavening agents, salt, milk solids and water) changes
from fluid state to a porous structure. This transform-
ation is the result of different reactions and interactions
which occur as the product’s temperature increases.
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The rate of heat transfer, the amount of supplied
heat, the humidity level within the baking chamber
and the duration of the baking process influence the
quality of the final product (Sani et al., 2014).

During the last decades, several authors have studied
and linked the influence of baking conditions on prod-
uct quality for different bakery products. Baik et al.
(2000) evaluated some important quality parameters,
such as texture, colour, density and viscosity of the
cake batter during baking in two different multi-zone
industrial scale ovens: gas-fired band oven and electric-
powered mould oven, both operating in a similar range
of temperature to the one selected for the present work.
Lostie et al. (2002a) studied the texture evolution of
sponge cake by means of image analysis baked under
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natural convection (NC) at 200°C and 240°C. Sumnu
et al. (2005) and Turabi et al. (2008) focused on the
optimization of rice cake baking using a combination
of microwave and infrared technology, considering dif-
ferent quality parameters as weight loss, specific
volume, firmness and colour. Fehaili et al. (2010) moni-
tored the thermal reactions during baking of sponge
cake (convective oven, 140°C-200°C) identifying
three phases according to the relative importance of
conductive and evaporative internal heat transfer
regimes and to macroscopic changes (crust formation)
in the cake structure. Vignali and Volpi (2013) evalu-
ated different features (water activity, humidity,
pH and sensorial judge) of a final baked product,
Panettone, using the Design of Experiments
technique. Chhanwal et al. (2015) studied the use of
infrared radiation to achieve a more efficient baking
process in terms of bread quality attributes: moisture
content, volume, crumb firmness, colour and sensory
analysis. The results showed that breads baked with
infrared had higher moisture content, higher volume,
lower crumb firmness and similar overall quality score
compared with conventional baking process. Shahapuzi
et al. (2015) analysed the effect of the airflow on the
oven temperature profile, the internal cake temperature
and the cake quality. The authors found that the pres-
ence of airflow induced a faster heating rate, a higher
volume expansion rate and a more porous crumb
texture.

Particularly, this work was done in the framework of
a research focused on the study of the baking process of
sweet baked products. Regarding sponge cake, recently,
Ureta et al. (2016) published an experimental charac-
terization of the process (three convection modes, three
oven temperatures) accompanied with a mathematical
model simulating the heat transfer dynamics. In this
context, and following the line of research, the aim of
the present work is to complete the analysis, evaluating
the influence of the operative conditions on sponge
cake quality.

Therefore, both crust and crumb regions were char-
acterized in terms of colour development, water con-
tent, crust/crumb relation, crust thickness and crumb
structure.

MATERIALS AND METHODS
Batter preparation

Batter cake recipe was formulated with 270 g whole
fresh eggs mixed for 2min at 240 r/min in a multifunc-
tion food processor (Rowenta Universo 700, France)
and then 360g dry premix (containing wheat flour,
sugar, wheat starch, leavening agents, salt, flavours),
Tegral Satin Cream Cake Premix (Puratos, Argentine)
were added and mixed for another 2min. The final

Ureta et al.

batter composition was 45.4% carbohydrates, 9.7%
proteins, 7.2% fat, 1.7% ashes and 36.0% water.
After mixing, 500 g batter was dosed in an aluminium
mould (18 cm diameter, 7 cm height).

Sponge cake baking

Baking tests were performed with NC (domestic oven
Ariston FM87-FC, Italy), and with forced convection
and steam-assisted forced convection modes (FC and
SFC, respectively — semi-industrial convection oven
Multiequip HCE-3/300, Argentine). Both ovens have
similar useful volume (53 L and 58.8 L, respectively).
The first one operates with upper and lower resistances,
and the second one has a fan installed on the back wall,
which propelled the air at 2.8 m/s (fixed air velocity,
measured with a multifunction measuring instrument,
TESTO 435, equipped with a vane probe TESTO,
Germany). The latter has also a connection pipe to
provide steam to the cooking chamber. Each test
under SFC consumed ca. 600mL water to generate
steam, which was added in five equally spaced periods
along the SFC baking tests.

For each convection mode, three series of experi-
mental runs were performed, setting the nominal oven
temperature at 140°C, 160°C and 180 °C, respectively
(nine total baking conditions). The oven was preheated
for several minutes until it reached the pre-set tempera-
ture of each condition.

Temperature measurement

T-type thermocouples (Omega, USA) connected to a
data logger (Keithley DASTC, USA) were used to
record oven and sponge cake temperature during
the baking tests. Oven temperature was recorded by
placing two thermocouples in the centre of the oven
chamber, near the sample. Two replicates were per-
formed for each baking condition.

Cake temperature profiles were obtained with three
thermocouples attached to the mould before filling it
with the batter (without interfering with cake evolution).
The placement of the thermocouples was chosen accord-
ing to the previous reported results (Ureta et al., 2016),
in which it was highlighted that the last region to achieve
a complete crumb development and an adequate degree
of baking was the one near the axial axis (r0) and just
below the superficial top crust.

Therefore, two of the thermocouples were positioned
in the axial axis of the sample (r=0) at 0.075m (T1)
and 0.055m (T2) from the bottom mould. At the begin-
ning of the baking process, both of them were outside
the sample, and they were covered while expansion
occurred. The third one (T3) was positioned near the
mould wall (r=0.075m), at 0.02m from the mould
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bottom. This thermocouple was inside the sample
during the whole experiment.

Crust and crumb analysis

As it was mentioned, during baking, several physical
and chemical reactions are produced. Consequently,
the initial batter, fluid, is transformed into a solid,
sponge porous structure. In the final baked product,
two zones are easily distinguished: the crumb and
the crust.

To analyse the influence of the baking conditions on
the characteristics of both zones, different instrumental
measurements were performed, two of them (crust
colour and water content) along the whole baking pro-
cess, the other ones only in the final baked cake.

Kinetic of crust colour development. Along baking,
the surface colour changes, from light cream yellow
of the initial batter to gold brown, typical of sweet
baked goods. This evolution was quantified using the
CIELab parameters (L-lightness, a-redness, b-yellow-
ness), measured with a MINOLTA CR-300 tristimulus
colorimeter (Osaka, Japan). In order to observe this
colour change, partial baking tests were designed
(Ureta et al., 2014a) measuring the initial batter
colour, early crust formation, four intermediate
values, and finally, a burned product. Reported values
for each time and baking condition correspond to the
average of eight measurements.

The crust browning evolution is represented by a
browning index, BI (equation (1))

~ [100 (x — 0.31)]

Bl=""01n M

where

. (a+ 1.75L)
T (5.645L+a—3.012h)

)

This index has been proved to represent satisfac-
torily the browning of sweet baked products
(Sakin-Yilmazer et al., 2013; Ureta et al., 2014a).

Water content. Central crumb and upper crust water
content was measured along baking, for NC1 condi-
tion, performing partial baking tests. For the other
eight baking conditions, only final product values
were determined. The crust was carefully separated
using a scalpel and the water content of each section
(WC¢rust and WC ymp, respectively, %, wet basis) was
determined by drying 3-5g of sample in a stove at
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105°C, until constant weight was achieved. The results
are the average of four replicates.

Crust/crumb ratio. Crust/crumb ratio was calculated
according to Le-Bail et al. (2011). The samples were
removed from the oven and cooled for a few minutes;
the crust was separated from the crumb using a scalpel,
considering the crust as the dried and brown surface
located at the upper zone of the muffin. The crust-to-
crumb ratio was expressed as the mass ratio on wet
basis. Four replicates were made for each tested
condition.

Crust thickness. To quantify crust thickness in this
work, a non-destructive method of image analysis was
implemented by using low-intensity ultrasound, best
known as echography (Kossoff, 2000). In general
terms, the technique consists in the emission of high-
frequency sound waves, released by a transducer
through the studied object. The transducer picks up
the echoes of different amplitude generated by the
rebound of the sound wave in the diverse issues and
structures which comprise the object. The equipment
software processes the signals giving as a result
images of the examined issues differentiating the
shape and the size of each structure, as well as their
components.

In this study, portable ultrasound equipment
(MindrayDP-2200, China) with a 17-cm lineal trans-
ducer adjusted at 3.5MHz was used. Measurements
were done by placing the transducer on the top surface
of the cake baked on the same day (5h after the end of
the process). Crust thickness was calculated with the
equipment’s software. Reported results are an average
of four measurements (using two sponge cakes for each
baking condition).

Crumb structure. Crumb structure in this work is rep-
resented by three physical properties, i.e. porosity,
density and texture. Porosity (¢, cell cm™) is defined
as the ratio between the number of pores and the area.
It was measured by image analysis, using a technique
previously developed for muffins (Ureta et al., 2014a).
Crumb density (p., kgm™) was determined from
crumb cylinders cut from the central zone of the
sponge cake, using a cork borer. The crumb cylinder
was weighed, and its volume was calculated from its
height and diameter, measured with a calliper.

To identify the mechanical properties of the sponge
cake, a compression test was performed using a
TA.XT2i Texture Analyzer (Stable Micro Systems,
UK), equipped with a 75-mm-diameter aluminium
probe (P/75). Cylinders of crumb, 2.65cm diameter



and 1cm height, selected from the centre of the cake,
were measured. The test speed was 1 mm/s, and the
strain was 25% of the total height. The maximum
force was a firmness indicator (F, N) of the sponge
cake’s crumb.

Statistical analysis

The data were subjected to analysis of variance.
Comparison of means was conducted using Fisher’s
least significant difference test, with 5% significance
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Secondly, referring to product temperature profile,
T1 and T2 initially present a periodic profile with
values over 100°C, because in spite of being close to

Table 1. Effective oven temperature (Tes, °C) and baking
time (tmin, Min), with their respective standard error, for the
different operative conditions tested in this study: natural
convection (NC), forced convection (FC) and steam-
assisted forced convection (SFC)

Nominal temperature 140 160 180
level.
Natural convection NC1 NC2 NC3
RESULTS AND DISCUSSION Terr (°C) 145.4+45 161.4+4.7 185.8+41
. o trin (MiN) 514403 426+12 323+16
Temperature profiles and baking time
) ] Forced convection FC1 FC2 FC3
Figure 1 shows the tempterature .pfic.)ﬁlis.thst of;lll, Tor (°C) 1502469 17564249 1940+55
oven temperature presents a periodic chaviour (due o (min) 403406 418408 297410
to the oven ON-OFF control system), with an average _
effective temperature (Tey, dashed lines) which differs ~Steam-assisted SFC1 SFC2 SFC3
from the nominal temperature. Hence, each baking forced convection
condition will be identified with the nomenclature pre- Terr (*C) 151.2+£6.3 166.2+£6.1 183.5+6.7
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Figure 1. Oven and sponge cake temperature profiles: (a) natural convection NC, (b) forced convection FC and

(c) steam-assisted forced convection SFC modes.
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the cake surface, they measure air temperature. As
sponge cake baking progresses and thus, cake
volume expansion evolves, T1 and T2 start decreasing
their temperature values until they are immersed in the
product. By this time, recorded temperature is in the
range of 70°C—80°C, and then it increases up to a
stabilization value around 95°C. This value is con-
sidered a reference to ensure a complete starch gelat-
inization and protein denaturation, meaning a
complete crumb setting (Ahrné et al., 2007; Ureta
et al., 2016). Based on this, the minimal baking time
(tmin) 1S defined as the instant when T1 reaches 95°C;
these process times are also detailed in Table 1. The
first finding from these results suggests that no matter
the convection mode, t.,;, decreases with an increment
of the oven temperature. Furthermore, an exponential
dependence between these two variables was found,
where two groups of data could be distinguished:
NC and FC with and without steam injection (Ureta
et al., 2016).

On the contrary, as T3 is close to the mould wall and
is inside the sample from the beginning of baking, it
shows an increasing temperature during all the process,
and finally stabilizes near 105 °C.

Similar trends were observed for the nine baking
conditions studied in this work. It is worth mentioning
that all the determinations referring to cake quality in
this work (water content, crust/crumb ratio, crust
thickness and crumb structure characteristics) corres-
pond to a product baked at t;,.

Crust and crumb analysis

Kinetic of crust colour development. Figure 2(a)
shows the evolution of the BI vs. baking time, for the
different baking conditions tested in this work. As it
was detailed, BI adequately represents the colour
of sponge cake surface; this fact is visualized in
Figure 2(b). The sigmoid trend of BI vs. time is similar
to that reported for other sweet baked products (Ureta
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Figure 2. Surface colour evolution: (a) browning index along baking, experimental (symbols) and kinetic model
(full lines) and (b) photographs showing a colour sequence under NC2 condition.
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et al., 2014b). Beginning from its initial value, BI =33,
it shows first an induction period, the length of which
depends on oven condition, and then starts increasing
gradually up to a stabilization value where crust colour
presents a value in the range of 100-110. Similar levels
of BI were calculated from the CIELab values provided
by other authors who studied different aspects of
cake baking process (Baik et al., 2000; Psimouli and
Oreopoulou, 2013). In order to predict BI evolution,
different fitting equations were tested: zero order, first
order, parabolic, Weibull, logistic and dose—response.
The fitting procedure was performed with Origin Pro 8,
the dose—response function (equation (3)) being the best
model to describe the experimental curves (R® > 0.94)

(BImaX - BIO)

BI =Bl + =~ by

(€)

where BI is the browning index measured at time t; BI,
is the initial browning index of the batter (equal to
33.02); Bl.x is the maximum value; p is a kinetic con-
stant (min~') and t;» (min) is the time at which BI
value is the average between BI, and Bl,,,.. The kinetic
parameters p, t,, and Bl,,x and the coefficient of deter-
mination R? are reported in Table 2. As can be seen,
both p and BI,,,, are not different in a statistical sense,
instead t;, follows the same trend as the baking time
respect to Tz an exponential decrease with an increase
of Teg, two groups of data could be distinguished (NC
and FC/SFC modes). (Table 1).

Water content. Taking into account that water content
is one of the principal characteristics that defines the
crust region and differentiates it from the crumb, it was
monitored during sponge cake baking in the two zones.
Figure 3(a) shows the results obtained under the NC1
condition. It was observed that the crumb maintains
the initial batter water content (36%, w.b.); on the
other hand the crust presented a noticeable dehydration
during the process, with its final water content value
around 10%. Lostie et al. (2002a, 2002b) and Sakin-
Yilmazer et al. (2012) informed similar trends in cake
crust and crumb water contents. At last, this parameter
was measured in both zones at the end of baking for all
conditions tested in this work; the results are presented
in Table 2.

The analysis of these data suggests that crumb
water content is not influenced by the baking condition,
with its value between 34% and 35%, slightly lower than
the initial one. On the other hand, it is confirmed that the
crust suffers an important dehydration in all the tested
baking conditions. Besides, dehydration is less severe
when steam is added to the baking chamber (SFC),
and in NC and FC modes, a more drastic surface dehy-
dration occurs when the oven temperature increases.
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Crust/crumb ratio and crust thickness. Table 2 also
details the physical characteristics measured in sponge
cakes baked at t.,j,: crust/crumb ratio, crust thickness
and related to the crumb porosity, density and firmness.

The average crust/crumb ratio is 0.06£0.01
(g crust/g crumb). The dispersion of these values is
due to the methodology used to manually remove
the crust from the cake. The average crust thickness,
measured with a more precise technique, ultrasound
(Figure 3(b)), is 1.00 £0.04 mm with the exception of
the NCI1 condition. The minimum baking time at this
baking condition is the largest one (Table 1), which can
explain the development of a thicker crust.

Both precedent values confirm that the sponge cakes
have a thin crust, the crumb being the major zone of the
final product. Besides, baking is a heat transfer process
that causes a combination of chemical and physical
reactions comprising the formation of the spongy struc-
ture, typical of this kind of product (Hesso et al., 2015;
Sakin et al., 2007). As a consequence, in relation to the
product structure, the influence of the baking condi-
tions (convection mode, oven temperature) on the
crumb’s structural properties must be analysed.

Crumb structure. Crumb porosity was determined
using an image analysis technique; some images are
shown in Figure 3(c). A similar methodology was
used by Pérez-Nieto et al. (2010) to analyse the struc-
tural changes during bread baking. It was observed
that for all the convection modes tested in this work,
the sponge cake crumb presents a uniform porous dis-
tribution, without the existence of the channels or
macro pores that are observed in other sweet baked
products (Ureta et al., 2014a). However, from the
results detailed in Table 2, a significant influence of
the convection mode or the oven temperature is
observed. NC baking and low oven temperature
(NC1 and NC2) provide high crumb porosity
(79+£0.2 cell ecm™2 average value). On the other
hand, cakes obtained with forced convection (FC
and SFC) had similar and smaller porosity values
(6.6+0.6 cell cm ™2, averaged value).

Table 2 also details crumb density values. No signifi-
cant differences were found between different baking
conditions; the average crumb density value was
404+ 15kgm~>. Similar results were reported by
other authors. In this sense, Gomez et al. (2007), who
compared cakes formulated with different origins and
chemical structure of hydrocolloids, informed a crumb
density in the range of 380-450kgm " including the
control sample (without hydrocolloid). Kocer et al.
(2007) studied the effect of using polydextrose as a
sugar and fat replacer analysing several quality attri-
butes; they informed crumb density values in a range
of 290-380kgm™>.
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Figure 3. Crust and crumb measurements: (a) water content evolution (NC1 condition); (b) images obtained with the
ecograph and (c) crumb images (RGB and binary); I, Il and Il correspond to NC1, FC1 and SFC1 modes, respectively.

To complete crumb characterization, crumb firm-
ness (Table 2) was determined through a compression
test. For all the baking conditions, cake firmness
values were in the range of 2.3-4.0 N. Similar firmness
values were reported by Meziani et al. (2012) who
studied the influence of freezing conditions and the
amount of leavening agents in the final quality (phys-
ical and sensory) of a bakery product (Kougelhopf, a

typical cake from Germany, Alsace, Austria and
Switzerland).

For the baking modes without steam injection (NC
and FC), a significant decrease in crumb firmness, when
the oven temperature increases, was observed. On the
other hand, a humid ambient during baking (SFC)
encouraged a less firm crumb, independently of oven
temperature.
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CONCLUSIONS

In this work, the influence of baking conditions (oven
temperature, convection mode, steam injection and
baking time) on the quality attributes of sponge cake
(defined by means of instrumental characterization and
sensory analysis) was analysed.

Browning kinetics was modelled by means of a
BI. A dose-response model accurately adjusts to
experimental values of BI vs. time; kinetics param-
eters of colour change strongly depend on baking
condition.

Two zones are distinguished in the sponge cake,
crust and crumb. During baking, water content in the
crumb remains almost constant while considerable
dehydration occurs in the crust. No significant differ-
ences among baking conditions in crust thickness or
crumb structure were measured by the different instru-
mental techniques, the crust resulting really thin
(around 1 mm) and the crumb being light and aerated.

HIGHLIGHTS

e The influence of baking conditions on the develop-
ment of cake quality was analysed.

e Baking conditions strongly influences the develop-
ment of cake surface colour.

e No significant differences were measured in crust
thickness or crumb structure.

e The crust resulted really thin (around 1 mm) and the
crumb, light and aerated.
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