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In this study, the hydrothermal degradation of fats, carbohydrates and proteins in
sunflower seeds after treatment with subcritical water was observed. Sunflower seeds
were subjected to subcritical water in a wide temperature range (130-240 °C) for periods
from 5 to 120 minutes. The oil- and water-soluble phases were analysed for products of
hydrothermal degradation. Oil stability was investigated by analysing the content of free
fatty acids using gas chromatography. The water-soluble phase was analysed for the pres-
ence of any formed amino acids, and the amount of carbohydrates remaining after treat-
ment was determined. Total amino acids and carbohydrates were determined using the
ninhydrin and phenol/sulphuric acid spectrophotometric methods, respectively. The re-
sults show that oils are the most stable macronutrient present in sunflower seeds. Only
small amounts of free fatty acids had formed during processing but the amount drastical-
ly started to increase at 240 °C. Proteins seem to be less stable than oils, whereas carbo-

hydrates have proven to be very susceptible to hydrothermal degradation.
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Introduction

Subcritical water is an alternative and environ-
mentally friendly processing medium with interest-
ing applications in many fields of research'. Its abil-
ity to degrade natural biopolymers® (cellulose,
protein etc.) into smaller, usually water-soluble
products (sugars, amino acids etc.) has been found
to be quite useful, especially in waste and biomass
processing technologies. Nevertheless, for food pro-
cessing, these degradation reactions can have a neg-
ative effect on the foods structure itself, resulting in
an altered structure with lower quality or even for-
mation of toxic compounds®*. It is therefore import-
ant, that these hydrothermally induced reactions be
studied in more detail in order to know how and
when they occur.

In this study, the hydrothermal degradation of
fats, carbohydrates and proteins in subcritical water
was observed. For the raw material, sunflower seeds
were chosen, which were subjected to subcritical
water. The hexane soluble (oil) and water-soluble
phases (proteins and carbohydrates) were collected
and analysed for products of hydrothermal degrada-
tion. Oil stability was investigated by analysing the
content of total free fatty acids. The water-soluble
phase, on the other hand, was analysed for the pres-
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ence of any formed amino acids. Furthermore, the
total carbohydrates were analysed to evaluate any
loss of carbohydrates during the treatment.

Materials and methods
Subcritical water treatment

Raw dehulled sunflower seeds purchased from
the local market (Natura, Slovenia) were ground
and introduced into a high-pressure high-tempera-
ture autoclave (Parker Autoclave Engineers, PA,
USA). Pure water, at a material-to-solvent ratio of
1/20 g mL™", was added to the seeds. The autoclave
was sealed and purged several times with inert ni-
trogen (Messer, Slovenia), in order to remove any
present atmospheric oxygen, which could cause un-
wanted side-oxidation reactions.

The reactions were carried out at five different
temperatures, namely at 130 °C, 160 °C, 190 °C,
220 °C and 240 °C for five different time intervals
(5 min, 10 min, 30 min, 60 min and 120 min). The
pressure inside the autoclave during treatment was
35 bar.

After hydrothermal processing with subcritical
water, the obtained sunflower seed/water suspen-
sion was cooled to room temperature and filtered.
The supernatant, containing both a fat- and a wa-
ter-soluble fraction, was placed into a separation
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funnel and hexane (J.T. Baker, Netherlands) was
added. The funnel was shaken rigorously and the
obtained emulsion centrifuged in order to achieve
separation of the phases. Both phases were then col-
lected and evaporated until dryness using a vacuum
evaporator.

Free fatty acid content

The free fatty acid (FFA) content present in
the obtained oil samples was determined using
gas chromatography’. The analyses were per-
formed on a gas chromatograph 6890 HP model
(Hewlett-Packard, CA, USA) with a flame ioniza-
tion detector. The temperature of the detector was
set to 300 °C and the oven time-temperature profile
was as follows: 120 °C (1 min), 25 °C min™ to
180 °C (1 min), 5 °C min™ to 220 °C (10 min), 5 °C min™*
to 230 °C (30 min). The carrier gas that went
through the HP-FFAP capillary column (30 m x
0.25 mm x 0.25 pm) was helium at a flow rate of
64 mL min’'. Determination of FFAs was performed
using calibration curves made from standards. The
amounts of determined single FFAs were summed
and the results presented in % of FFAs.

Total carbohydrate and furfural content

The total carbohydrate and furfural content in
the water-soluble extract were determined with the
UV-VIS spectrophotometric phenol/sulphuric acid
method, firstly described by Dubois et al.® Solution
of water-soluble extract was prepared, and 1 mL of
5 % (w/v) phenol (Sigma-Aldrich, Slovenia) was
added to 2 mL of the solution. Added to the mixture
was 5 mL of 95 % H,SO, (Fluka, Germany), and
then stirred rapidly using an ultrasonic bath for 10
minutes. After stirring, the solution was left to cool
to room temperature before the absorbance was
measured at 490 nm on a UV-VIS spectrophotome-
ter (Carry 50, Varian, CA, USA). The reference
solution was prepared in a similar manner using
pure water instead of sunflower seed extract. Quan-
tification was performed by a calibration curve
made with glucose (>99 %, Sigma-Aldrich, Slove-
nia). Total carbohydrate and furfural content was
expressed in mg of glucose per g of sunflower ex-
tract.

Total amino acids and amines content

The total amino acids and primary amines con-
tent in the water-soluble extract was determined
with the UV-VIS spectrophotometric ninhydrin
method’. For this purpose, the ninhydrin reagent
was prepared by adding 0.5 g of ninhydrin (Sig-
ma-Aldrich, Slovenia) to a 50 mL dark flask and
diluting it with a mixture of 30 mL 2-propanol
(Merck, Germany) and 20 mL 0.1 mol L' solution

of acetate buffer (pH = 5.5). Solutions of water-sol-
uble extract were prepared in 0.05 % (v/v) aqueous
acetic acid (Merck, Germany). To 2 mL of prepared
solution, 2 mL of ninhydrin solution was added, and
gently stirred. The mixture was then put into a boil-
ing-water bath for 15 minutes, allowing colour to
develop. The boiled sample was cooled, and to it
were added 3 mL of 50 % (v/v) ethanol (J.T. Baker,
Netherlands). Absorption of the sample was mea-
sured at 570 nm by UV-VIS spectrophotometer. The
reference solution was prepared in a similar manner
using 0.05 % acetic acid instead of sunflower seed
extract. Quantification was performed by a calibra-
tion curve made with L-tyrosine (>98 %, Sigma-Al-
drich, Slovenia). Total amino acid and amine con-
tent was expressed in mg of L-tyrosine per g of
sunflower extract.

Statistical analysis

Experimental results were expressed as means
+ standard deviation (SD) of three parallel experi-
ments (n = 3). Each data point represents the aver-
age of at least five measurements and the relative
standard deviation between measurements was 1 %.

Results and discussion
Free fatty acid content

At ambient conditions, water is a polar solvent
with very poor solvation properties for non-polar
compounds, such as the triglycerides present in sun-
flower oil. In the subcritical region, the water is si-
multaneously heated and compressed to tempera-
tures well above its atmospheric boiling point. At
these conditions, the thermal motion of water mole-
cules increases drastically, thus reducing the num-
ber of hydrogen bonds normally present at ambient
conditions. Water, in subcritical state, therefore los-
es its characteristic polarity and becomes more sim-
ilar to an organic solvent®. The decrease in the num-
ber of hydrogen bonds, on the other hand, also
increases the ionic product of water, meaning that
the medium becomes more acidic at increased tem-
perature. This means that, although water, at these
conditions, can be used for dissolving a non-polar
substance, at the same time the question of interfer-
ing reactions of water molecules with the solute can
occur’. Triglycerides, for example can hydrolyse to
FFAs and glycerol. Nevertheless, it is possible that,
due to the still high polarity of water, the non-polar
triglycerides structure is not affected much, thus not
allowing protons to reach the donor electron pair
present at the carbonyl oxygen of the ester bond.

The percentage of formed FFAs in oils after
treatment with subcritical water is presented in



M. RAVBER et al., Hydrothermal Degradation of Fats, Carbohydrates and Proteins in..., Chem. Biochem. Eng. Q., 29 (3) 351-355 (2015) 353

Table 1 — Total FFAs in oil soluble fractions of sunflower
seeds after treatment with subcritical water

Tempe- | e Tempe- | e
ra;[ure [min] %FFAs ra(fure [min] %FFAs
[°C] [°C]
5 2.32+0.54 5 2.85+0.02
10 2.32+0.44 10 2.91+0.88
130 30 2.30+0.81 220 30 2.95+0.06
60 2.5240.05 60 9.08+0.15
120 2.62+0.51 120 19.12+0.98
5 2.33£0.64 5 3.12+1.02
10 2.35+0.08 10 3.46+0.06
160 30 2.3240.09 240 30 7.80£1.11
60 2.59+0.07 60  35.51+2.11
120 2.56+0.91 120 72.12+5.74
5 2.58+0.88
10 2.79+0.01
190 30 2.64+0.09

60 2.75+0.61
120 3.12+0.23

Table 1. It can be observed that indeed, the oils are
very stable at the lower temperatures (<190 °C),
whereas at 220 °C, the FFA content suddenly starts
to increase after 30 minutes of reaction. At 240 °C,
the increase in FFA content becomes very drastic
after 30 minutes as well, reaching almost complete
conversion of triglycerides after 120 minutes. This
induction period of FFA formation was already re-
ported by Minami and Saka'® and Alenezi et al.',
who stated that this seem to occur only at lower
(<300 °C) temperatures of subcritical water. At
higher temperatures (>300 °C), this induction peri-
od could no longer be observed, meaning that high
fractions of FFAs could be obtained very rapidly.

Although this is a wanted effect for biofuel
production, for food applications, on the other hand,
the formation of FFAs should be minimized, since
the presence of FFAs in edible oils causes rancidity,
which firstly increases down-stream processing
costs and secondly lowers the oils quality.

From the obtained results, it can be concluded
that, when using subcritical water for dissolving
fats, it should not undergo temperatures higher than
190 °C. Of course, at this point it should also be
mentioned that, although triglycerides are relative-
ly stable at the mentioned conditions, it is not
known how these temperatures affect the quality of
naturally present antioxidants, which contribute to
the overall stability of the oils. This subject has,

however, already been reported in our previous
work®.

Total carbohydrate and furfural content

It is well known that subcritical water is a me-
dium well suited for depolymerisation of polymeric
carbohydrates, such as cellulose and starch®!>!3,
Carbohydrates exhibit similar polarity as water at
subcritical conditions, which means that these com-
pounds will generally completely dissolve in the
medium. Due to a homogeneous mixture of water
and carbohydrates, the proton donation step is easi-
er (as compared to an emulsion for the system sub-
critical water/triglycerides), which consequently en-
ables fast conversion (hydrolysis) of complex chain
carbohydrates into simple sugars. However, at this
point, the degradation pathway does not stop, since
sugars can react even further with the water mole-
cules. Reactions like dehydration, decarboxylation
etc. can take place, although for these reactions to
occur, more contact time is needed'*. Products, such
as 5-hydroxymethylfurfural, levulinic acid, formic
acid and lactic acid are commonly found in residues
of subcritical water reactors, and should be removed
in any food product, since these compounds are
mostly non-edible and in most cases even toxic to
humans in high concentrations.

The amount of total carbohydrates present in
water-soluble extracts of sunflower seeds obtained
after subcritical water treatment is presented in Fig.
1. Although the phenol/sulphuric acid method is
primarily used for determination of total carbohy-
drates (poly-, oligo- and monosaccharides) it must
be mentioned that all formed or already present fur-
furals in the extracts are also accounted by this
method. Nevertheless, a decrease in total carbohy-
drate and furfural concentration would indicate fur-
ther hydrothermal degradation of these compounds
to organic acids. This phenomena can indeed be ob-
served in Fig. 1. Already at the lowest temperature
(130 °C), a decrease in total carbohydrate and furfu-
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Fig. 1 - Total carbohydrates and furfurals in water soluble
fraction of sunflower seeds after treatment with sub-
critical water



354 M. RAVBER et al., Hydrothermal Degradation of Fats, Carbohydrates and Proteins in..., Chem. Biochem. Eng. Q., 29 (3) 351-355 (2015)

ral content with time can be observed. At higher
temperatures, this decrease is even more drastic,
and at 220 °C and 240 °C, the complete conversa-
tion of carbohydrates and furfurals can be observed
in both cases. This means that, at these conditions,
no more carbohydrates are present in the extract.
Since the carbohydrate present in the sunflower
seeds is mostly starch!'> and since the activation en-
ergy of starch hydrothermal degradation in subcriti-
cal water is quite low?, the obtained results were, as
such, expected. For this reason, the carbohydrates
(in this case starch) should, not be induced in sub-
critical water for too long, otherwise the concentra-
tion rapidly decreases to such a point where no
more carbohydrates are present.

Total amino acids and amines content

Proteins present in the sunflower seeds repre-
sent a different type of water-soluble biopolymer,
compared to carbohydrates. As Rogalinski et al.’
reported, proteins in subcritical water degrade a lit-
tle differently than carbohydrates. Although the sol-
ubility of proteins is relatively high in ambient wa-
ter, in subcritical water this changes, since the
polarity of water becomes less similar to the polari-
ty of the proteins. In addition, unlike carbohydrates,
which tend to swell when in contact with hot water,
proteins on the other hand exhibit the opposite ef-
fect. At increased temperature, the protein structure
is usually coagulated (denaturized) and clumped
into a semi-soft, solid-like substance, which conse-
quently decreases the surface area of the protein
and the water molecules, thus decreasing reaction
degradation kinetics. Proteins are therefore much
more stable in subcritical water, but do undergo rap-
id and irreversible coagulation, even at low tem-
peratures.

From Fig. 2, it can be observed that indeed,
compared to the carbohydrates, the total amount
of amino acids (AA) and amines in the samples
increases much slower. At 130 °C, almost no
change in amino acid and amine content can be
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Fig. 2 — Total AA and amines in water soluble fraction of
sunflower seeds after treatment with subcritical
water

observed. Formation of free amino acids at this
temperature is not expected. Concentration of total
amino acids and amines in the extract is constant
(8 %). This is probably due to bonding of the ninhy-
drin reagent to the surface of the coagulated pro-
teins. Already at 160 °C, the content of total amino
acids and amines starts to increase with time very
slowly, whereas at 190 °C and higher temperatures,
this increase becomes quite drastic. At 240 °C, a
decrease in amino acids and amine content can be
noticed, which probably indicates the formation of
other amino compounds, such as ammonia*. Be-
cause ammonia is a gas at room temperature, it was
probably removed in the solvent separation step.
Although the formation of amino acids from pro-
teins or simpler peptides is possible, it is important
to note, that at these conditions, the amino acids
tend to degrade quickly even further to simpler
products if enough contact time with the subcritical
medium is allowed. In these cases, mostly primary
or secondary amines are formed, which are visible
by the ninhydrin method. These compounds also
cause a strong rancid odour in the food product, and
their formation should be minimized as much as
possible.

Conclusion

The results show that the oil, as the macronutri-
ent present in sunflower seeds, is the most stable in
subcritical water. Only small amounts of FFAs had
formed during hydrothermal processing, but the
amount drastically started to increase at 240 °C.
Proteins seem to be less stable than the oils, where-
as the carbohydrates have proven to be very suscep-
tible to hydrothermal degradation, since total carbo-
hydrate concentration rapidly decreases even at the
lowest observed temperature. This decrease in total
carbohydrates indicates that foods containing high
amounts of carbohydrates should not be exposed to
subcritical water at too high temperatures for too
long; otherwise, the product is quickly degraded to
non-edible or even toxic products, such as organic
acids.
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