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ABSTRACT
	 The outer leaves of cabbage (Brassica oleracea L. var. capitata), which 
are usually discarded during processing or selling at the market, have been 
reported as a good raw material for producing functional dietary fiber powder. 
This study investigated the effects of different drying techniques, i.e., hot-air 
drying, vacuum drying and low-pressure superheated steam drying at 80°C, on 
selected functional properties and bioactive compounds of dietary fiber pow-
der from the outer leaves of cabbage. The results showed that vacuum drying 
improved water retention capacity and swelling capacity of the dietary fiber 
powder compared to the hot-air dried sample. Neither the pressure level (5 and 
10 kPa absolute pressure) nor steam injection before vacuum drying at 10 kPa 
affected the water retention or swelling capacities of the powder. No significant 
differences in the oil holding capacity (OHC) were observed among the samples 
prepared using different drying schemes. Vacuum-dried samples contained the 
highest contents of glucosinolates and phenolics. Overall, the results showed that 
powder undergoing vacuum drying at 80°C at 5 kPa possessed good functional 
properties and contained the most glucosinolates and phenols. 
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INTRODUCTION
	 White cabbage (Brassica oleracea L. var. capitata) is one of the most 
popular Brassica vegetables, commonly consumed raw or processed. The outer 
leaves of white cabbage, which are usually discarded during processing or selling 
at the market, are a rich source of dietary fiber (41-43% on a dry weight basis) 
(Jongaroontaprangsee et al., 2007) as well as various bioactive compounds, in-
cluding glucosinolates and phenolics (Tanongkankit et al., 2010). 
	 Jongaroontaprangsee et al. (2007) reported the potential of transforming 
the outer leaves of cabbage into dietary fiber powder containing associated bio-
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active compounds. Tanongkankit et al. (2010) studied the effects of processing 
steps, i.e., preparation and blanching method in combination with hot air drying 
at 80°C, on the retention of antioxidants during the production of dietary fiber 
powder. They recommended steam blanching the whole leaves of cabbage and 
then slicing, before hot-air drying at 80°C; this combination yielded a final 
product that retained the most antioxidants and displayed the highest antioxidant 
activity. Tanongkankit et al. (2012) and Tanongkankit et al. (2015) performed 
further investigations that suggested vacuum drying at 80°C retained even more 
antioxidants and glucosinolates. Tanongkankit et al. (2011) studied the effect of 
hot-air drying on sulforaphane, a hydrolysis product of glucosinolates and a potent 
food-derived anticarcinogen (Vig et al., 2009), in the outer leaves of cabbage. 
They concluded that sulforaphane was susceptible to heat, and to maximize its 
retention, the cabbage leaves should be subjected to hot-air drying at 60°C. Al-
though processing’s effects on the major phytochemicals in the outer leaves of 
cabbage have been reported previously, information on functional properties, such 
as hydration properties and oil holding capacity have not been reported. Different 
drying schemes may affect the functional properties of the dietary fiber powder 
differently. 
	 The functional properties of dietary fiber are important if using as an ingre-
dient in foods. Adding fiber to food may change the consistency, texture, rheo-
logical behavior, and sensory characteristics of the final products (Dhingra et al., 
2012). Hydration properties, i.e., water retention capacity and swelling capacity, 
play an important role in achieving a desirable texture (Thebaudin et al., 1997). 
Thickening, gelling, and water retention capacity contribute to the stabilization 
of the food structure, i.e., dispersions, emulsions, and foams (Thebaudin et al., 
1997). OHC is also an important property, helping to retain fat in cooked meat 
products (Thebaudin et al., 1997).
	 Among the many steps involved in the production of dietary fiber powder, 
drying is one of the most important. Drying of dietary fiber at higher temperature 
may cause partial degradation of some dietary fiber components and alter its 
hydration properties, i.e., water retention, swelling, and fat absorption capacities 
of the fiber (Larrauri, 1999; Garau et al., 2007). Drying also causes cell wall 
damage, leading to the collapse of cell structure in the dried sample (Deng and 
Zhao, 2008). Gong et al. (2007) reported that the drying method significantly 
affected the bulk density of dietary fiber powder from cabbage. 
	 Therefore, this research studied the effects of alternative drying techniques 
and conditions on the selected functional properties (water retention capacity, 
swelling capacity, and OHC) of dietary fiber powder from the outer leaves of 
cabbage. The major bioactive compounds, i.e., glucosinolates and phenolics, were 
also determined.
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MATERIALS AND METHODS
Sample preparation
	 The outer leaves of white cabbage (Brassica oleracea L. var. capitata) were 
obtained from Pak Klong Market in Bangkok, Thailand. The fresh leaves were kept 
at 4°C until use. Before each experiment, the leaves were washed under running 
tap water and drained on a screen to get rid of excess water. The leaves were 
steam-blanched for 1 min (Tanongkankit et al., 2011) and subsequently cooled 
in cold water (~ 4°C). The blanched leaves were sliced into 5 × 0.5 cm (length 
× width) pieces. 

Drying experiments
	 For hot-air drying, approximately 360 g of prepared cabbage sample was 
spread as a single layer on a 30 x 42 cm tray. An experiment was performed with 
the use of a laboratory-scale, hot-air oven (Termaks, TS8000, Bergen, Norway). 
Hot-air drying was conducted at 80°C at a constant air velocity of 0.6 m/s. Samples 
(3-5 g) were taken every 10 min to determine the moisture content following the 
gravimetric method at 105°C (AOAC Method 984.25; AOAC, 2000).  
	 Vacuum drying and low-pressure superheated steam drying experiments were 
conducted in the same equipment designed and tested by Devahastin et al. (2004). 
For the vacuum-drying experiment, approximately 360 g of prepared cabbage 
sample was placed as a single layer on the sample sieve holder. Experiments were 
performed at 80°C at absolute pressure of 5 kPa and 10 kPa. For the condition of 
steam injection followed by vacuum drying, the drying chamber was pre-heated 
to 80°C. Approximately 360 g of prepared cabbage sample was then placed as a 
single layer on the sample sieve holder. Steam injection was immediately introduced 
to the sample for 1 min. After that, the absolute pressure of the drying system 
was adjusted to an absolute pressure of 10 kPa; it took approximately 1 min to 
reach the targeted pressure. The sample temperature was measured continuously 
using type-K thermocouples with an accuracy of ± 0.1°C, while the change of 
the sample mass was followed by means of a load cell. Drying time was obtained 
from the drying curves, where the moisture content of the dried cabbage was less 
than 0.1 g/g dry basis. All drying experiments were performed in triplicate. For 
low-pressure superheated steam drying, the experimental procedures were similar 
to those performed during vacuum drying at 10 kPa, but used superheated steam 
as the drying medium instead.

Preparation of dietary fiber powder
	 The dried samples obtained from different drying conditions were ground 
into fine powder using a grinder (Waring, 8011BU, Torrington, CT) at 18,000 rpm 
for 1 min. The powder was sieved using a sieve analyzer (Retsch, AS200 basic, 
Haan, Germany). A powder size of less than 450 µm was obtained after sieving. 
The samples of dietary fiber powder were vacuum-packed in aluminum packets 
until use. 
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Determination of hydration properties
	 The water retention and swelling capacities of the dietary fiber powder 
were determined following the methods of Robertson et al. (2000). For the de-
termination of water retention capacity, 1 g of a dried sample was hydrated in 
30 mL of distilled water at room temperature (~30ºC). After equilibration (for 
18 h), the dry sample was centrifuged at 3000×g for 20 min and the supernatant 
was removed. The weight of residue was recorded both before drying (residue 
hydrated weight) at 105ºC and after drying (residue dry weight) until constant 
weight was obtained. The water retention capacity was calculated as follows: 

	
(1)

	
	 The swelling capacity was determined by hydrating 0.1 g of dry sample 
in 10 mL of distilled water in a calibrated cylinder (15 cm diameter) at room 
temperature (~30ºC). After equilibration for 18 h, the volume occupied by the 
settled sample was recorded. The swelling capacity was expressed as follows:

(2)

Determination of OHC 
	 OHC was determined following the method of de Escalada Pla et al. (2012) 
with slight modifications. One g of dry sample was mixed with sunflower oil (30 
mL) at room temperature (~30ºC). After equilibration (for 18 h), the sample was 
centrifuged at 1500×g for 5 min. The supernatant was decanted and the weight 
of the residue (pellet weight) was recorded. OHC was calculated as follows:

	 (3)

Determination of glucosinolates
	 Total glucosinolates were determined following the method of Declercq 
and Daun (1989) as later modified by Tanongkankit et al. (2012).

Determination of total phenolic content (TPC)
	 The TPC was determined using Folin-Ciocalteu reagent (Yu et al., 2005). 
Five grams of each sample was shaken in a shaker (New Brunswick Scientific, 
Innova 4230, Edison, NJ) with 50 mL of acetone–deionized water solution (1:1, 
v/v) at 120 rpm for 15 h at ambient temperature (~30ᵒC). The acetone extract 
was filtrated and kept in the dark at room temperature until further analysis. Fifty 
microliters of the extract was diluted with 3 mL of distilled water; 250 µL of Folin- 
Ciocalteu reagent and 750 µL of 20 % (w/v) sodium carbonate solution were then 
added. The absorbance was measured at 765 nm using an ultraviolet-visible (UV-
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Vis) scanning spectrophotometer (Shimadzu, UV 21101 PC, Kyoto, Japan) after 2 
h. TPC was estimated using gallic acid as the standard. The result was expressed as 
milligrams of gallic acid equivalent per one hundred grams of sample (dry basis).

Statistical analysis
	 The experiments were designed to be completely random. The data were 
subjected to analysis of variance (ANOVA) and were presented as mean values 
with standard deviations. Differences between mean values were established using 
Duncan’s multiple range tests; values were considered significant at a confidence 
level of 95%. All statistical analyses were performed using SPSS software (version 
17) (SPSS Inc., Chicago, IL). All experiments were performed in triplicate.

RESULTS
Drying characteristics of the outer leaves of cabbage
	 The changes in moisture content are shown in Figure 1. Moisture content 
of the fresh cabbage sample was 11.14 ± 0.66 g/g dry basis. After blanching, the 
moisture content increased to 13.28 ± 3.08 g/g dry basis. In the case of hot-air 
drying and vacuum drying, the moisture content of the samples decreased rapidly 
early, after which it decreased much more slowly until reaching equilibrium. Vac-
uum drying dried the samples faster than hot-air drying at the same temperature. 
Vacuum drying at 5 kPa was faster than at 10 kPa.

Figure 1.	Drying curve of the outer leaves of cabbage under different drying 
conditions at 80°C: Hot-air drying (●); vacuum drying at 5 kPa ( );  
vacuum drying at 10 kPa (▼); steam injection followed by vacuum 
drying at 10 kPa ( ); low-pressure superheated steam drying at 10 
kPa (■). 
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	 Additional steam pretreatment before vacuum drying at 10 kPa (SVD) was 
also conducted. Steam injection for 1 min in the same dryer resulted in an increase 
in moisture content of the sample; the sample moisture content was 14.54 g/g 
dry basis after steaming. Once the vacuum started, water at the sample surface 
was suddenly evaporated, leading to an accelerated decrease of moisture content 
early, after which the drying characteristics 

Table 1.	Time to dry the outer leaves of cabbage to a final moisture content of  
0.06-0.09 g/g dry basis.

Drying condition Drying time (min)
Hot-air drying 210
Vacuum drying at 5 kPa 135
Vacuum drying at 10 kPa 175
Steam injection following vacuum drying at 10 kPa 165
Low-pressure superheated steam drying at 10 kPa 180

were similar to vacuum drying at 10 kPa. For low-pressure superheated steam 
drying, an increase in moisture content of the samples was observed during the 
first few minutes of drying (see inserted graph in Figure 1). Afterwards, a decrease 
in moisture content of the sample was observed, but slower than occurred in the 
case of vacuum drying at the same pressure. Required drying times to obtain the 
final moisture content of less than 0.1 g/g dry basis are given in Table 1.

Effect of drying techniques and conditions on functional properties 
	 The water retention capacities of the samples from different drying conditions 
are given in Table 2. The water retention capacity of the vacuum-dried samples 
was higher than the hot-air dried sample. However, reducing absolute pressure to 
10 kPa and injecting steam before vacuum drying did not further improve water 
retention capacity of the dietary fiber powder. 
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Table 2.	Functional properties of dietary fiber powder from the outer leaves of 
cabbage.

Drying condition Water retention 
capacity (g/g sample)

Swelling capacity 
(mL/g sample)

OHC 
(g/g sample)

Hot-air drying 7.12 ± 1.23c 11.63 ± 2.02c 1.46 ± 0.19a

Vacuum drying at 5 kPa 11.53 ± 0.67a 21.31 ± 1.35a 1.32 ± 0.15a

Vacuum drying at 10 kPa 10.34 ± 0.08ab 19.64 ± 1.28a 1.21 ± 0.16a

Steam injection followed by 
vacuum drying at 10 kPa

10.02 ± 1.16b 17.45 ± 0.18b 1.45 ± 0.07a

Low-pressure superheated 
steam drying

6.01 ± 0.19c 9.75 ± 0.16d 1.48 ± 0.16a

Note: Same letters in the same column indicate that values are not significantly different (p ˃ 0.05).

	 Vacuum drying significantly improved swelling capacity of the dietary fiber 
powder. Injecting steam before vacuum drying at 10 kPa yielded similar swelling 
capacity to that of the vacuum-dried samples. Low-pressure superheated steam 
drying led to poor swelling capacity. 
	 No significant difference in OHC was observed among the dietary fiber 
powder samples prepared by different drying conditions. 

Bioactive compounds in dietary fiber powder
	 Table 3 lists the total glucosinolates and TPC in dietary fiber powder from 
the outer leaves of cabbage prepared by different drying schemes compared with 
that of fresh leaves. Steam blanching did not have a significant effect on the glu-
cosinolates and phenolic contents. Hot-air drying led to significant losses in total 
glucosinolates and TPC of approximately 43 and 37%, respectively, compared to 
the fresh sample. Vacuum-dried samples, particularly at lower absolute pressure, 
contained much higher contents of bioactive compounds than the hot air-dried 
sample. The low-pressure superheated steam drying sample lost more glucosino-
lates and phenols than the vacuum-dried samples.  
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Table 3.	Bioactive compounds of fresh (steam-blanched) and dietary fiber powder 
(various drying treatments) samples of outer leaves of cabbage. 

Drying condition Total glucosinolates content 
(µmol/100 g dry basis)

TPC (mg GAE/100 g dry 
basis)

Fresh 2117.51 ± 88.14a 1902.20 ± 95.77a

Steam blanching/slicing 2010.64 ± 93.91a,b 1800.62 ± 88.76a

Hot-air drying 1183.25 ± 58.01d

(56.01 ± 4.84C)
1191.76 ± 33.39d

(62.75 ± 3.25B)

Vacuum drying at 5 kPa 2003.36 ± 90.30a,b

(94.60 ± 0.47A)
1559.58 ± 67.75b

(82.08 ± 4.23A)

Vacuum drying at 10 kPa 1943.08 ± 79.56b

(91.77 ± 0.48A)
1544.32 ± 31.38b,c

(81.34 ± 4.76A)

Steam injection following 1927.99 ± 69.12b 1434.09 ± 40.69c

vacuum drying at 10 kPa (91.07 ± 0.64A) (75.46 ± 2.40A)
Low-pressure superheated 
steam drying at 10 kPa

1776.05 ± 67.50c

(83.89 ± 1.41B)
1435.03 ± 34.27c

(75.52 ± 2.63A)
Note: Same letters in the same column indicate that values are not significantly different (p ≥ 0.05). 
Numbers in parentheses indicate the retention (%) of compounds as compared with the amounts 
in the fresh sample.

DISCUSSION
	 The results showed that different drying schemes required different drying 
times. Vacuum drying dried the samples faster than hot-air drying, due to the 
reduced boiling temperature of moisture at a lower pressure (Devahastin et al., 
2004). Lowering the absolute pressure also lowered the boiling point of water 
(Methakhup et al., 2005), increasing the driving force for moisture removal from 
the material to the drying medium.
	 With low-pressure superheated steam drying, the surface temperature of 
the sample increased rapidly, due to steam condensation on the surface; this 
increased the moisture content of the sample during the early period of drying. 
Several investigators (Kerdpiboon and Devahastin, 2007; Phungamngoen et al., 
2011, for example) observed similar characteristics with low-pressure superheated 
steam drying.
	 The water retention capacity is the quantity of water that remains bound 
to the hydrated fiber following the application of an external force (pressure or 
centrifugation) (Raghavendra et al., 2006). The ability of fiber to retain water can 
be explained by absorption phenomena and some water is retained outside the 
fiber matrix (free water) (Viuda-Martos et al., 2012). Water retention capacity also 
relates to the capillary porous structure formed by polysaccharide chains (Zhu et 
al., 2014). In general, drying and heating can modify the physical properties of 
the fiber matrix and thus alter the fiber’s hydration properties (Bejar et al., 2011).
	 The water retention capacity of dietary fiber powder prepared by hot-air 
drying is close to those of lemon pomace (4.79 g water/ g sample) (Huang et al., 
2009) and citrus by-products (9.49 g water/ g powder) (Xingjian et al., 2014), 
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but lower than those of carrot peels (12.40-13.37 g water/ g dry weight) (Chan-
taro et al., 2008). The water retention capacity is very dependent on the fiber 
structure (Yamazaki et al., 2005), as it plays important roles on the kinetics of 
water uptake (Figuerola et al., 2005). The higher degree of shrinkage, as well as 
the collapse of the capillary porous structure, that occurred during hot-air drying 
at 80°C might limit the absorption of water by the fiber matrix, leading to the 
lower water retention capacity. Bondaruk et al. (2007) reported that hot-air drying 
generally resulted in more structural damage of plant tissues than vacuum drying. 
Krokida and Maroulis (1997) also reported that the porosity of air-dried samples 
was lower than that of vacuum-dried samples.
	 Previous research has reported that low-pressure superheated steam dry-
ing provided better quality dried products in terms of less shrinkage and higher 
porosity and rehydration (Devahastin et al., 2007). However, we found that the 
water retention capacity of the low-pressure, superheated, steam-dried sample 
was similar to that of the hot air-dried sample, but significantly lower than that 
of the vacuum-dried samples. The outer leaves of cabbage were preliminary 
steam-blanched for 1 min to eliminate the activity of the enzyme responsible for 
browning. This first steam blanching partially modified the plant structure. Once 
the blanched sample was subjected to low-pressure superheated steam drying, the 
cabbage tissues are subject to additional steam blanching due to steam condensation 
during the early period of drying, leading to the fiber losing its hydrophilic prop-
erty (Tanongkankit et al., 2012). The softened tissues were then collapsed during 
low-pressure superheated steam drying. Therefore, the low-pressure superheated 
steam drying fiber lost the ability to hold water in its matrix.
	 The swelling capacity of the vacuum-dried dietary fiber powder sample was 
much higher than those of plum pomace (11.5-13.6 mL/ g sample) (Kosmala et 
al., 2013) and wheat bran (5.75 mL/ g sample) (Matin et al., 2013). The results 
also showed that the swelling capacity of the fiber prepared by vacuum drying 
was approximately twice that of the fiber prepared by hot air drying. Vacuum 
drying appears to preserve the microstructure of the fiber matrix better than hot-
air drying.
	 Previous research has reported that drying methods and conditions sig-
nificantly affected the OHC of fiber powder (Femenia et al., 2003; Garau et al., 
2007; Ganem et al., 2012). However, in our study, the OHC values did not vary 
significantly by drying technique; our OHC results were similar to those of wheat 
bran (1.21 g oil/ g sample) and barley bran (1.79 g oil/g sample) (Matin et al., 
2013), but lower than those of lemon byproducts (6.60 g oil/ g sample) (Lario et 
al., 2004) and date fiber (Mrabet et al., 2012). 
	 The results presented here also showed that drying retained more of the 
bioactive compounds (glucosinolates and TPC) than hot-air drying due to the 
shorter drying time and oxygen deficient environment in the drying chamber 
(Devahastin et al., 2004; Jongaroontaprangsee et al., 2014). Vacuum-dried samples 
also possessed higher glucosinolates and TPC contents than the low-pressure, su-
perheated, steam-dried sample. The longer drying time required for low-pressure 
superheated steam drying may degrade more of the glucosinolates and TPC.
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CONCLUSION
	 This study investigated the effects of different drying techniques on the 
drying kinetics of cabbage. Vacuum drying at 5 kPa required the shortest drying 
time. Vacuum-dried powder exhibited good hydration properties, i.e., water re-
tention capacity and swelling capacity, compared with hot air-dried powder and 
low-pressure, superheated, steam-dried powder. The studied drying conditions 
did not affect OHC. Vacuum drying at 80°C at 5 kPa could be used to prepare 
functional dietary fiber powder from the outer leaves of cabbage.
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