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Abstract The aim of this study was to investigate the
effect of material type (artichoke leave, lemon peel, flaxseed meal), extraction temperature (50, 100, 120, 140, 160,
180, 200 °C) and static extraction time (5, 15, 30, 45 min)
on 5-hydroxymethylfurfural (5-HMF) formation during
subcritical water extraction. 5-HMF content of artichoke
leave and lemon peel extracts increased 7.2 and 26.1 times
with the rise of extraction temperature from 160 to 180 °C
for 5 min during subcritical water extraction, respectively.
Besides, 5-HMF content of artichoke leave, lemon peel and
flaxseed meal extracts increased 1.4, 2.0 and 4.5 times as
static extraction time increased from 15 to 45 min at
180 °C during subcritical water extraction, respectively.
The highest 5-HMF content of artichoke leave and lemon
peel extracts were obtained as 58.83 and 231.21 mg/L at
180 °C and 45 min, respectively. However, for flaxseed
meal, the highest 5-HMF content (222.94 mg/L) was
obtained at 200 °C and 15 min during subcritical water
extraction.
Keywords 5-Hydroxymethylfurfural  Subcritical water
extraction  Lemon peel  Flaxseed meal  Artichoke leave

Introduction
Subcritical water extraction is carried out between 100 and
273 °C and also, high pressure is applied to keep water in
the liquid state. Dielectric constant of water decrease with
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increasing extraction temperature during subcritical water
extraction process. So, apolar compounds can be extracted
with pressurized hot water or subcritical water [1, 2]. In the
literature, it was reported that various phenolic compounds
and other antioxidant compounds were extracted from
plants, foods and food-by products with subcritical water
[1, 3–7].
On the other hand, Maillard reaction (non-enzymatic
browning reaction) is occurred during subcritical water
extraction [8]. Furtherly, 5-hydroxymethyl furfural (HMF)
is formed at high temperatures during thermal processing
of foods. Carbohydrates such as fructose, glucose, sucrose,
inulin, hemicellulose and cellulose and also, other carbonyl
groups as polyphenols and ascorbic acid can be used during
5-HMF formation via the Maillard reaction [9, 10]. During
subcritical water extraction, decomposition of oligosaccharides and polysaccharides are occurred at high temperatures under high pressure [11, 12] so, food by-products,
which have high amount of inulin, hemicellulose, cellulose
and lignin, are potential sources for 5-HMF formation
during subcritical water extraction. Because of that,
material type is an important factor to form corresponding
5-HMF during subcritical water extraction. Besides,
extraction temperature is the most important parameter
during subcritical water extraction of bioactive compounds
and also, static extraction time is an effective parameter to
extract bioactive compounds with subcritical water
[3, 4, 13].
However, there are no studies about the effect of
material type and static extraction time on 5-HMF formation during subcritical water extraction in the literature and
also, there are not sufficient studies [14] about the effect of
extraction temperature on 5-HMF formation during subcritical water extraction. The aim of this study was to
investigate potential formation of 5-HMF during
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subcritical water extraction process. For this aim, the effect
of material type (different food by-products), extraction
temperature (50, 100, 120, 140, 160, 180, 200 °C) and
static extraction time (5, 15, 30, 45 min) were investigated.
As food by-products, artichoke (Cynara scolymus L.)
leave, lemon (C. limon L.) peel and flaxseed (Linum usitatissimum L.) meal were used in this study.

Materials and methods
Material
Artichokes (C. scolymus L.), Sakız variety, were obtained
from a natural farm in Aydın and dark green coloured
artichoke leaves were used as material. Interdonato Lemons (C. limon L.) were obtained from a natural farm in
Muğla and yellow coloured lemon peels were used as
material. Lemons were peeled with a stainless steel knife.
Artichokes leaves and lemon peels were dried in the vacuum air oven at 50 °C until constant weight. Besides,
flaxseed (L. usitatissimum L.) meal sticks, obtained from
Bükaş in İzmir, were used as material.
The materials were vacuum packed and stored at –
20 °C. Just before extraction process, the materials were
ground with a coffee grinder (Bosch, KM 13) and the
particle size range between 600 and 1500 lm was used
during subcritical water extraction process.
5-Hydroxymethyl furfural and methanol (Sigma), used
for the chromatographic determination of 5-HMF, was of
HPLC grade.
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Extraction temperature is the most important parameter
during subcritical water extraction by accelerated solvent
extractor. Static extraction time is also an effective
parameter during subcritical water extraction but, it is not
just as effective as temperature. Particle size is also an
important parameter because, small particle size increases
surface area and so, extraction efficiency increases. However, particle size, which was smaller than 65 lm, cause to
shut down accelerated solvent extractor because of clogging problem [13]. The particle size range between 600 and
1500 lm was used in this study.
Extraction temperature and static extraction time were
independent factors during subcritical water extraction
(Table 1). The effect of independent factors on system
response was determined by changing the level of one
factor and keeping the other factors constant and, it was
also reported by Çam and Hışıl [13] and Özkaynak Kanmaz and Ova [3]. The aim of this study was to investigate
the effect of material type (different food by-products),
extraction temperature (50, 100, 120, 140, 160, 180,
200 °C) and static extraction time (5, 15, 30, 45 min) on
5-HMF formation during subcritical water extraction. As
food by-products, artichoke (C. scolymus L.) leave, lemon
(C. limon L.) peel and flaxseed (L. usitatissimum L.) meal
were used (Table 1).
After each ASE run, the extracts were adjusted to 25 mL
volume with distilled water and stored at – 40 °C until
analyzed. All subcritical water extractions were performed
in duplicate.
Determination of 5-hydroxymethyl furfural (HMF) by ultra
performance liquid chromatography

Method
Subcritical water extraction process
Subcritical water extraction process was carried out by a
Dionex accelerated solvent extractor (ASE) Model 350
equipped with a Solvent Controller (Dionex Corp., Sunnyvale, CA, USA). All extractions were performed in
34 mL extraction cells, containing 1 g of sample for 1500
psi, 5% fresh water and one cycle. Subcritical water
extraction process by accelerated solvent extractor is as
follows: (1) sample is loaded into the cell; (2) the cell is
filled with water up to a pressure of 1500 psi; (3) initial
heat-up time is applied; (4) a static extraction with all
system valves closed is performed; (5) the cell is rinsed
(with 60% cell volume using water); (6) water is purged
from the cell with N2 gas and (7) depressurization takes
place. After each extraction process, a rinse of the complete
system was made in order to overcome any extract carryover.

123

5-Hydroxymethyl furfural (HMF) content of subcritical
water extracts were analysed by the method of RadaMendoza et al. [15] with some modifications. Ultra performance liquid chromatography (UPLC) (Thermo Scientific Accela), which equipped with Photodiode Array
(PDA) detector (Thermo Scientific Accela) at 283 nm, was
used. The UPLC column was ODS (Inertsil ODS-4, GL
Sciences; 250 mm * 4.6 mm * 5 lm) and column temperature was 30 °C.
Before HPLC analysis, all subcritical water extracts
were diluted 5 times and filtered through 0.45 lm PVDF
syringe filter (Millex). Injection volume was 20 lL. Flow
rate of mobile phase was 0.8 mL/min. Mobile phase had a
linear gradient from methanol:water (5:95) to
methanol:water (80:20) in 6 min and this isocratic elution
was applied for 9 min. Then, initial condition (methanol/
water: 5/95) was reestablished in 10 min and this isocratic
elution was applied for 13 min.
5-HMF (Sigma) was used as an external standard.
5-HMF content of subcritical water extracts were
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Table 1 The research design and subcritical water extraction parametersa for accelerated solvent extractor, ASE 350
Materials
The first part
of the study

Artichoke leave

Extraction
temperature (°C)
50

Static extraction time (min)

Pressure (psi)

Fresh water (%)

Sample
amount (g)

1500

5

1

1500

5

1

1500

5

1

5
15

1500

5

1

5

1500

5

1

1500

5

1

5
15

100

5
15

120

5
15

Lemon peel

140
160

15
180

5
15

The second part
of the study

Artichoke leave

180

15

1500

5

1

180

30

1500

5

1

Lemon peel

180

45

1500

5

1

Flaxseed meal

200

15

1500

5

1

a

All runs were carried out at one cycle

calculated against the calibration standard curve, which has
concentrations of 0, 1, 2, 5 and 10 ppm (R2: 0.9995).
Besides, LOD (limit of detection) and LOQ (limit of
quantification) were determined as 0.15 and 0.45 ppm,
respectively. 5-HMF content of all subcritical water
extracts were analysed in triplicate.
Statistical analysis
The study results were interpreted by analysis of variance
(ANOVA) with post hoc test, least significant difference
(LSD) test and t test using SPSS software package. The
statistical significance was evaluated at p \ 0.05 level.

Results and discussion
The study results suggested that material type, extraction
temperature and static extraction time had statistically
significant (p \ 0.05) effect on 5-HMF formation during
subcritical water extraction (Tables 2, 3). 5-HMF content
of artichoke leave and lemon peel extracts were determined
as 1.28 and 0.64 mg/L at 140 °C during subcritical water
extraction, respectively. However, 5-HMF content of artichoke leave and lemon peel extracts increased 5.4 and 20.8
times with the rise of extraction temperature from 140 to

160 °C for 15 min during subcritical water extraction,
respectively (Table 2).
180 °C was obtained as a critical extraction temperature
for 5-HMF formation during subcritical water extraction of
lemon peel (Table 2). 5-HMF content of lemon peel
extracts increased 26.1 and 8.6 times as extraction temperature increased from 160 to 180 °C for 5 and 15 min
during subcritical water extraction, respectively. The
noticeably rise of 5-HMF formation at 180 °C could be
explained with decomposition of hemicellulose, which was
found in lemon peel as 8.09% in dry weight [16]. Because,
hemicellulose is formed by different sugar units such as
glucose, galactose, mannose, xylose and arabinose so,
hemicellulose is hydrolysed faster than cellulose [9]. Also,
Xiao et al. [17] reported that hemicellulose components
such as glucose, galactose, xylose and arabinose reached to
the highest level at 160 °C and began to decrease at 180 °C
during hot compressed water pretreatment of woody biomass. As static extraction time increased from 15 to 30 min
at 180 °C, 5-HMF content of lemon peel extract increased
1.8 times and also, 5-HMF content of lemon peel extracts
increased 1.6 times with the rise of extraction temperature
from 180 to 200 °C for 15 min during subcritical water
extraction (Table 3). The rise of 5-HMF formation at high
extraction temperatures could be also explained with high
flavonoid content (12.54%) of lemon peel [18]. Also,
Pourali et al. [11] reported that eleven phenolic compounds
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Table 2 5-HMF content of subcritical water extracts at different extraction temperatures for artichoke leave and lemon peel
Extraction temperature (°C)

Static extraction time (min)

5-HMF content of artichoke leave (mg/L)

5-HMF content of lemon peel (mg/L)

50

ND

ND

100

ND

ND

120

ND

ND

ND

ND

140

5

1.43 ± 0.01b

160

0.97 ± 0.01b

180

10.32 ± 0.06

25.27 ± 0.19a

50

ND

ND

100

ND

ND

120

ND

140

a

15

160
180

ND

1.28 ± 0.01

c

0.64 ± 0.01c

b

13.33 ± 0.03b
115.13 ± 0.93a

6.87 ± 0.06
42.71 ± 1.17a

Values are means ± standard deviations of three (n = 3) measurements
ND not determined
Values with different superscript letters within a column are significantly different at p \ 0.05

Table 3 5-HMF content of subcritical water extracts obtained from food-by products at 180 and 200 °C
Extraction
temperature (°C)

Static extraction
time (min)

5-HMF content of
artichoke leave (mg/L)

5-HMF content of
lemon peel (mg/L)

180

15

42.71 ± 1.17c

115.13 ± 0.93d

47.49 ± 0.11c

30

b

b

122.73 ± 4.23b

a

180

48.90 ± 0.18

a

203.39 ± 1.32

5-HMF content of
flaxseed meal (mg/L)

180

45

58.83 ± 0.18

231.21 ± 3.14

215.02 ± 13.20a

200

15

44.49 ± 0.10c

181.45 ± 2.76c

222.94 ± 13.67a

Values are means ± standard deviations of three (n = 3) measurements
Values with different superscript letters within a column are significantly different at p \ 0.05

were identified after rice bran thermally decomposed during subcritical water extraction. Also, rise of 5-HMF formation at high extraction temperatures could be explained
with decomposition of cell wall at high temperatures under
high pressure during subcritical water extraction and so,
high lignin content (7.56%) of lemon peel [16]. Wahyudiono et al. [12] also reported that lignin decomposed into
phenolic compounds during subcritical and supercritical
water extraction because, secondary metabolites such as
flavonoids (luteolin and apigenin) and phenolic acids
(chlorogenic acid and dicaffeoylquinic acids) had precursor
role during biosynthesis of lignin in plants.
For artichoke leave, 180 °C was also obtained as a
critical extraction temperature for 5-HMF formation during
subcritical water extraction (Table 2). 5-HMF content of
artichoke leave extracts increased 7.2 and 4.8 times as
extraction temperature increased from 160 to 180 °C for 5
and 15 min during subcritical water extraction, respectively (Table 2). The noticeably rise of 5-HMF formation
at 180 °C could be explained with decomposition of inulin,

123

which was found in artichoke leave as 11.86% in dry
weight [19]. Besides, the brown coloured bubbles first
occurred at 180 °C for 5 and 15 min during subcritical
water extraction of artichoke leave (Fig. 1). The highest
5-HMF content of artichoke leave and lemon peel extracts
were obtained as 58.83 and 231.21 mg/L at 180 °C and
45 min, respectively However, for flaxseed meal, the
highest 5-HMF content (222.94 mg/L) was obtained at
200 °C and 15 min during subcritical water extraction
(Table 3). The noticeably low 5-HMF content of artichoke
leave could be explained with high cellulose content of
artichoke leave (53.78%) as compared with lemon peel
(23.06%) and flaxseed meal (21.89%) [16, 19, 20].
Because, decomposition of cellulose occurred at higher
extraction temperatures above 200 °C during subcritical
water extraction. Also, Sasaki et al. [21] reported that
cellulose was hydrolyzed to sugars and 5-HMF at high
extraction temperatures around critical point (273 °C)
during subcritical water extraction and supercritical water
extraction. Also, Bahari [22] reported that cellulose
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Fig. 1 Subcritical water extracts from artichoke leave at 160 and
180 °C for 15 min

hydrolysis was fast during alkali hydrolysis whereas, acidic
and hydrothermal conditions had slow reaction rate.
During subcritical water extraction of flaxseed meal,
5-HMF content of water extract increased 2.6 times with
the rise of static extraction time from 15 to 30 min at
180 °C. Also, 5-HMF content of flaxseed meal extract
increased 1.8 times with the rise of static extraction time
from 30 to 45 min at 180 °C and reached to 222.94 mg/L
at 200 °C, 15 min during subcritical water extraction
(Table 3). The rise of 5-HMF formation at 180 °C could be
explained with high secoisolariciresinol diglucoside (SDG)
lignan content of flaxseed meal. Özkaynak Kanmaz [4] also
reported that SDG lignan content of flaxseed meal extract
decreased 1.2 times with the rise of static extraction time
from 15 to 30 min at 180 °C whereas, total flavonoid
content increased 1.2 times during subcritical water
extraction. Also, the rise of 5-HMF formation could be
explained with phenolic compounds, which were reported
as potential sources for 5-HMF formation by Manzocco
et al. [10].
This study results also suggested that there was not a
relationship between 5-HMF content and the colour of
subcritical water extracts. In the literature, Ramı́rez-Jiménez et al. [23] also reported that a linear correlation was not
found between 5-HMF content and 100-L* (r2 = 0.004)
value of the selected bakery products. During subcritical
water extraction of flaxseed meal, that dark coloured
extracts occurred with the rise of extraction temperature
and it was also reported by Özkaynak Kanmaz and Ova [3].
However, subcritical water extracts from lemon peel had
the same colour such as dark brown-black at 160 and
180 °C for 15 min and also at 180 °C, 5 min (Fig. 2). On
the other hand, the colour of artichoke leave extracts was
dark green-black at each extraction temperature (from 50 to
200 °C) for 5 and 15 min during subcritical water extraction. It could be explained with high polyphenoloxidase
enzyme activity and so, enzymatic browning reaction. In
the literature, it was reported that polyphenoloxidase catalyzed the hydroxylation of monophenols to o-diphenols

Fig. 2 Subcritical water extracts from lemon peel at 160 and 180 °C
for 5 and 15 min, respectively

and o-quinones and so, peroxidase occurred by oxidation of
o-diphenols [24] and then quinones polymerized to dark
pigments [25]. Besides, Tuncay and Yagar [25] reported
that thermal stability of polyphenoloxidase enzyme in
artichoke head was better than artichoke leaves.
In the literature, it was reported that instant coffee had
5-HMF content between 91.3 and 3060 mg/kg by Husøy
et al. [26]. Czerwonka et al. [27] also reported that instant
coffee had 5-HMF content between 854.5 and 6099.3 mg/
kg. However, 5-HMF content of subcritical water extracts
obtained from artichoke leave, flaxseed meal and lemon
peel were noticeably lower than instant coffee. Besides,
Ramı́rez-Jiménez et al. [23] reported that 5-HMF content
of bakery products varied between 4.1 to 151.2 mg/kg. On
the other hand, Rosatella et al. [9] and Abraham et al. [28]
reported that 5-HMF did not have toxic effect on human
health. However, 5-HMF was metabolized to more toxic
molecule such as 5-sulfooxymethylfurfural (5-SMF) [28].
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