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Behavior of Flavor Release from Emulsified d- Limonene in Spray-dried
Powders with Various Wall Materials
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Kyoto University, Sakyo-ku, Kyoto 606-8502, japan
Release rates of d-limonene from spray-dried powders were investigated for various wall
materials such as maltodextrin (MD) (dextrose equivalent (DE)=25 and 19), a-lactose, and sucrose.
Spray-dried powder of d-limonene emulsified with hydrolyzed whey protein was prepared with the
solid content of 60 wt% and containing 53.9 wt% d-limonene and medium chain triglyceride (MCT)
oil (weight ratio (d-limonene/MCT oil) of 0.20), 35.7 wt% carrier solution with wall material, and 7
wt% hydrolyzed whey protein. The release rate of d-limonene from the spray-dried powders was
measured under storage conditions with constant temperature of 50°C and maintained at different
relative humidity (RH). The release rate of d-limonene increased at higher RH and was significantly
dependent on the wall material. Logarithm of release rate constant was proportional to RH for spraydried powders of lactose and MD (DE=25 and 19) above 68% RH.
Keywords: flavor, release, spray drying, powder, glass transition temperature

1. Introduction

Flavor has the primary importance in the quality of
food. It is highly vaporizable and unstable against heat
and light. Encapsulation is a technique by which flavor
oil is entrapped or enclosed within a continuous material
(carrier matrix) to prevent its deterioration owing to various physical and chemical factors such as water, oxygen,
temperature, and light. Microencapsulation of flavors in
carrier matrices is of great importance in the flavor and
food industries. Microencapsulation by spray-drying is a
technique in the food industry widely used for its cost
effectiveness [1]. Many studies have investigated the
effect of drying, operational conditions, and composition
of wall material on the retention and shelf life of the
encapsulated flavors [2-6]. In addition, Zuidan and
Heinlich summarized encapsulation of aroma [7].
Control of flavor release from spray-dried powder is
essential to estimate its storage period. The release rate
of aldehyde volatiles from maltodextrin-coated microcap(Received 16 Dec. 2016: accepted 24 Jan. 2017)

t Fax: +81-87-891-3021, E-mail: foodeng.yoshii@ag.kagawa-u.ac.jp
* Part of this study was presented at the 20th International Drying Symposium

sules was reported to increase upon increasing water
activity in the environment [8]. Yoshii et al. investigated
the microencapsulation of emulsified ethyl butyrate by
spray drying and its release rates from the spray-dried
powder. They showed that the release rate of ethyl butyrate was markedly dependent on relative humidity (RH)
and, the type of emulsifier, and that the release timecourse of ethyl butyrate fitted to the Avrami equation [9].
In their review on flavor encapsulation and controlled
release, Madene et al. summarized on flavor release by
diffusion, degradation, swelling, and melting [10].
Partanen et al. studied the effect of RH on oxidation of
spray-dried sea buckthorn seed oil and showed that RH
affected its stability during storage [11]. A recent research
investigated the effects of headspace solid-phase microextraction (HS-SPME) conditions and RH on the release of
volatile lipid oxidation products from spray-dried emulsions. The volatile profiles were dependent on RH, given its
effect on the binding ability and hydrophilicity of the matrix
[12]. Chin et al. showed that under accelerated storage condition, the rate of volatile release from the spray-dried powder increased markedly at a higher RH [13]. Furthermore,
flavor release or oxidation of oil in response to RH may be

(Gifu, August 7-10, 2016)
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affected by the glass transition temperature of the wall
material of spray-dried powder. Glass transition data
explained collapse occurrence and loss of aroma strength
in spray-dried encapsulated flavor (strawberry and orange)
upon storage at different RH [14]. Gharsallaoui et al. investigated the release characteristics of encapsulated flavors
during storage at various RH and showed that pectin addition did not alter the release profile [15]. These results
highlight that the selection of wall material is very important to control flavor release in dry powders. However, very
few studies describe the effect of various wall materials
under humid conditions on release behavior of flavors.
In this study, we investigated the effect of wall material
on the release rate of d-limonene from emulsified spraydried powders maintained at 50°C and different RH. The
spray-dried powders were sieved between 106 and 150
µm to produce oil-droplet diameter of 160 to 420 nm.

1 min of homogenization. Then, the mechanically homogenized solution was further homogenized at 100 MPa (two
cycles) by using Starburst Mini (HJP-25001K; Sugino,
Uozu, Japan) to obtain a small oil-droplet diameter.
2.3 Microencapsulation by spray drying

Flavor emulsions were spray-dried in a pilot plant spray
dryer (Ohkawara L-8; Ohkawara Kakohki Co., Ltd.,
Yokohama, Japan) with an atomizer speed of 10,000 rpm
and air flow rate of 110 kg/h. The temperature and flow rate
of the emulsion was maintained at 50°C and 30 mL/min,
respectively. The inlet temperature was 140°C and outlet
temperature was in the range of 82 to 92°C. The spray-dried
powders were stored at -30°C in an aluminum bag under
nitrogen atmosphere until their use for analysis.
2.4 Analysis of oil- droplet and powder
particle diameter

2. Materials and Methods
2.1 Materials

Sucrose (Sue), d-limonene, and sodium ascorbate
were purchased from Wako Pure Chemical Industries
Co., Ltd. (Osaka, Japan). Maltodextrin (MD, (with dextrose equivalent (DE) =19, 25) was a kind gift from
Matsutani Chemical Industry Co., Ltd. (Hyogo, Japan).
a-Lactose (Lac) was purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan). Hydrolyzed whey protein
(Emul-Up) was purchased from Morinaga Milk Industry
Co., Ltd. (Tokyo, Japan). Other chemicals used were of
analytical grade from Wako.

The size distribution of the oil droplets in the feed and
reconstituted emulsions as well as that of the particles in
the spray-dried powder was measured with a laser scattering particle size analyzer (SALD-7100, Shimadzu
Corporation, Kyoto, Japan) installed with a batch sample
cell. Reconstituted emulsions were obtained by dissolving the spray-dried powders in distilled water. The feed
solutions and reconstituted emulsions were pipetted
directly into the cell containing distilled water for respective measurements. The size distribution of the particles
in the spray-dried powders was analyzed by dispersing
the powder in 2-methyl-1-propanol in the cell. The volume-based diameter, D43, was regarded as the mean
diameter for all measurements.

2.2 Preparation of emulsion

The carrier solution was prepared by dissolving the
wall material MD (DE=25), MD (DE=19), Sue, or Lac,
along with the emulsifier hydrolyzed whey protein in distilled water at 50°C. The flavor d-limonene was dissolved
in medium chain triglyceride (MCT) oil, with a weight
ratio (d-limonene/oil) of 0.20. The oil mixture was
blended with the carrier solution to ensure that the total
content of the oil mixture and wall material was 60 wt%.
Infeed solutions for spray drying were prepared by
blending the oil mixture containing d-limonene and
MCT oil (53.9 wt%) with the carrier solution containing
wall material (35.7 wt%), hydrolyzed whey protein (7.0
wt%), and sodium ascorbate (antioxidant, 3.4 wt%). The
infeed solutions were homogenized with a Polytron
homogenizer (PT-6100, Kinematica, Littau, Switzerland)
at 8,000 rpm for 3 min with a 30 s interval between every

© 2017 Japan Society for Food Engineering

2.5 Water content of spray-dried powder

The water content of the spray-dried powders was
measured using a moisture analyzer (HB43, MettlerToledo Co., Ltd., Tokyo, Japan) maintained at 160°C.
2.6 Retention of d-limonene

Hundred milligram of d-limonene powder was completely dissolved in 1 mL of distilled water in a 12 mL
(16.5</!x105 mm) test tube. Four milliliter of hexane,
containing 1 µL/mL cyclohexanone as the internal standard, was added to the solution and tightly capped. To
extract the encapsulated d-limonene into the hexane
solution, the mixture was heated in a water bath at 90°C
for 90 min (the test tube was shaken every 10 min using
a vortex for 30 s). The extracted mixture was centrifuged
at 3,000 rpm for 10 min and quantified by gas chromatog-

Flavor Release from Spray-dried Powders with Various Wall Materials.

raphy, as described subsequently. Flavor retention was
defined by the following Equation (1):
Flavor retention =

(Wd-lim /Wwm)inpowder

(1)

(Wd-lim /Wwm)inemulsion

55

lary column (30 mX0.25 mmX0.5 µm, Ulbon HR-1,
Shinwa Chemical Industries Ltd., Kyoto, Japan), maintained at ll0°C and a flame ionization detector at 200°C
with nitrogen at 70 kPa. A splitless injection mode with
(30s sampling time) and 1:30 split ratio was used at 1:30

where Wd-lim is weight of d-limonene and Wwm is the
weight of the wall material. All the samples were ana-

2.9 Release of d- limonene from the spray-

lyzed in duplicate and the data presented as an average.

dried powder at constant humidity and
temperature

2.7 Surface d-limonene content on spraydried powder

Hundred milligram of d-limonene powder was washed
in 2 mL hexane containing 0.1 µL/mL cyclohexanone as
the internal standard to extract d-limonene from the surface of the powder. The contacting time of the solvent
and powder was prescribed as 10 min at ambient temperature. The mixture was centrifuged at 3,000 rpm for 10
min and quantified by gas chromatography, as described

We evaluated the release rate of d-limonene encapsulated in the powder. Approximately 0.1 g of each spraydried powders was weighed into a test tube, and placed
in desiccators containing a saturated salt solution of magnesium nitrate, sodium nitrite, sodium nitrate, sodium
chloride, and potassium chloride to maintain 44, 58, 68,
75, and 83% RH, respectively. The desiccators were
sealed and held in an air bath at 50°C.

subsequently. All the samples were analyzed in duplicate
and the data presented as an average.

3. Results and Discussion
3.1 Effect of wall material on the retention

2.8 Gas chromatographic analysis

of d-limonene in spray-dried powder

Quantification of d-limonene was performed by gas
chromatography according to the internal standard
method. For calibration, five bottles of standard solution
with varying d-limonene contents mixed with 1 µL/mL
of cyclohexanone in hexane were prepared. One microliters of each standard solution was injected twice into the
gas chromatograph. The average peak area was used as a
calibration value to quantify the amount of d-limonene.
Gas chromatography (GC-2014, Shimadzu Corporation,
Kyoto, Japan) was performed using a fused silica capil-

Table 1 shows physical properties of spray-dried powders before and after sieving between 106 and 150 µ m
for various wall materials. The average reconstituted oildroplet diameter was 0.16, 0.20, 0.27 and 0.30 µm for
Sue, Lac, MD (DE=25), and MD (DE=19), respectively.
The differences in the reconstituted oil-droplet diameter
may be attributed to the viscosity of the emulsified solutions during high-pressure homogenization. The average diameter of the sieved powder was 140, 128, 136, and
107 µm for Sue, Lac, MD (DE=25), and MD (DE=19),

Table 1 Physical properties of spray-dried powder before and after sieving between 106 and 150 µm.
Before sieving
Reconstituted oil-droplet size
Powder size
Surface limonene
Total limonene
Retention
Water content

[µm]
[µm]
[mg/g-powder]
[mg/ g-powderI
[%]
[%]

After sieving(106-150 µm)
Reconstituted oil-droplet size
Powder size
Surface limonene
Total limonene
Retention

[µm]
[µm]
[mg/g-powder]
[mg/ g-powder]

[%]

Sucrose

a-Lactose

MD(DE=25)

MD(DE=19)

0.16±0.002
89±4.9
0.16±0.03
96.9±1.82
94.8±1.79
0.76±0.07

0.20±0.000
104±9.4
0.22±0.01
96.9±1.30
94.8±1.27
0.67±0.54

0.27±0.005
98±9.8
0.60±0.03
99.7±3.09
97.6±3.02
1.48±0.12

0.30±0.032
102±6.5
0.80±0.04
97.5±0.75
95.4±0.73
1.85±0.12

Sucrose

a-Lactose

MD(DE=25)

MD(DE=19)

0.16±0.002
140±13.7
0.11±0.03
90.6±4.47
88.6±4.47

0.19±0.003
128±19.1
0.12±0.01
90.1±4.17
88.2±4.08

0.24±0.003
136±6.4
0.24±0.01
96.6±1.77
94.5±1.73

0.42±0.021
107±25.3
0.36±0.01
90.1±1.26
88.2±1.23
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respectively. The d-limonene retention after spray drying

3.2 Effect of relative humidity on the

and sieving was about 90% for Sue, Lac and MD (DE=

release rate of d-limonene

19) and 97% for MD (DE=25), respectively. These high

The release behavior of d-limonene from spray-dried

retention values are attributed to the nano- sized oil-

powders of Lac and MD (DE=25) at 44, 58, 68, 75, and 83%

droplet diameter in the spray- dried powder. The surface

RH and at 50°C is shown in Figs. 2 and 3, respectively.

d-limonene content was slightly higher for MD (DE=19)

Solid lines were calculated using the Avrami equation:

and MD (DE=25) than that for Sue and Lac. However,

(2)

R = exp(-kt)"

these amounts were below 0.4% of the total d-limonene
content. The flavor release may be due to the diffusion of

where R is the retention of d-limonene, k (day- 1) is the

d-limonene from the matrix of the spray-dried powder.

release rate constant, t (day) is the storage time, and n is

Figure 1 shows scanning electron microscopy (SEM)
images of all four types of spray-dried powders. Surface

the release mechanism constant, 0.56 is used to correlate
the data in Figs. 2 and 3.

structure analysis revealed that spray- dried powders of
Sue and Lac were smooth and completely round in shape

1.0

whereas those of MD had wrinkles and craters. The
cross-sectional structure of the powders as shown in
Fig. 1 (e-h) showed the presence of vacuole.

0.8
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...!..

c: 0.6
0
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Q)
Q)

c:::

0.4
0.2
0

MD (DE=25)

0

MD (DE=19)

2

4
Time [day]

6

8

Fig. 2 Release behavior of d-limonene from spray-dried powder
of the wall material Lac at different RH. (e: 44% RH, .<1>.: 58%
RH, T: 68% RH, +: 75% RH, •:83% RH) Solid lines were
calculated with Avrami equation using n=0.56 .
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Fig. 1 SEM images of spray- dried powders for wall material
of Sue, Lac, MD (DE=25) and MD (DE=19). (a-d) Surface
str ucture, (e-h) cross- sectional structure
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Fig. 3 Release behavior of d-limonene from spray-dried powder
of the wall material MD (DE=25) at different RH. (e: 44%
RH, .<1>.: 58% RH, T: 68% RH, +: 75% RH, •:83% RH) Solid
lines were calculated with Avrami equation using n=0. 56.

Flavor Release from Spray-dried Powders with Various Wall Materials.

The release rate of d-limonene for the spray-dried
powder of Lac at 44% RH was higher than that at 58,
68, 75, and 83% RH. This inversion phenomenon in the
release rate is attributed to transformation of amorphous Lac to crystalline form at higher RH. The glass
transition temperature of Lac is 101°C [16].
Furthermore, release behaviors at 58, 68, and 75% RH
could not be correlated with the Avrami equation. At
these conditions, collapse of the powder occurred possibly owing to aggregation and crystallization of Lac,
thereby resulting in slow release of d-limonene. The
release rate of d- limonene from the spray-dried powder of MD (DE=25) changed at different RH. The
observed change could be due to the high glass transition temperature (141°C) of MD (DE=25) [16].
The release rate constants obtained from the plots of
d-limonene release from spray-dried powders, were plotted against RHs as shown in Fig. 4. The release rate constant for the spray-dried powder of Sue initially
decreased from 44 to 58% RH, then increased from 58 to
68% RH followed by a constant value at higher RH. This
variation results from the aggregation of spray-dried
powder, as collapse of Sue occurred with moisture
absorption. The release rate constant for the spray-dried
powder of Lac decreased from 44 to about 60% RH followed by an increase at higher RH. With moisture
absorption at higher RH, amorphous Lac changed to
hydrous form. At 44% RH, the release rate of d-limonene
was higher than that at humidity above 44% RH. This
crystallization effect on flavor release rate is under investigation. In MD (DE=25 and 19), the release rate constant increased logarithmically with increase in RH.
The release rate of d-limonene was significantly
dependent on the wall material and RH. This behavior
may be explained by the glass transition temperature
of the wall material. The release rate constants may be
expressed using Eq. (3) above 58 and 68% RH for MD
and Lac, respectively, as indicated by the dotted lines
in Fig. 4.
lnk=a·RH+b

(3)

where a is the slope, and b is the intercept. The slope
a was 0.154 for Lac, MD (DE=25), and MD (DE=19)
and the intercepts of b was -14. 0 for Lac, -14. 7 for MD
(DE=25), and -15.7 for MD (DE=19). Evaluation of
the release rate of d-limonene according to humidity
ramping method at 40, 50, and 60°C is still under investigation.
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Fig. 4 Release rate constants versus RH for various wall
materials. (e: Sue, •:Lac,•: MD (DE=25), •: MD
(DE=19)) Solid lines were connecting lines of experimental
points and dotted lines were correlation linear lines with
logarithm of release rate constant to relative humidity.

4. CONCLUSIONS
The release rate of d-limonene from the spray-dried
powders, with Sue, Lac, and MD (DE=19 and 25) as wall
material was measured at 50°C and at different RH. The
release rate was significantly dependent on the wall
material. The release rate constant for spray-dried powder of Sue decreased from 44 to 58% RH, then increased
from 58 to 68% RH, and then remained constant at higher
RH. Logarithm of the release rate constant was proportional to RH for Lac as well as for MD (DE=25 and 19).
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種々の賦形剤を用いた乳化 d
ーリモネン噴霧乾燥粉末からの
d−リモネンの徐放挙動
高重至成 1，ヘルマワンアリアント I，四日洋和 2，安達修二 3，吉井英文 1
,t
1香川大学大学院農学研究科生物資源利用学専攻

2京都学園バイオ環境学部食農学科
3京都大学大学院農学研究科食品生物科学専攻

フレーパーは食品のおいしさに深くかかわっているた
め，近年，種々の粉末香料が用いられている．噴霧乾燥
による粉末香料の作製において，噴霧乾燥時のプレー
パーおよび，粉末回収率に加え，粉末貯蔵時のフレーパー
の酸化安定性や粉末からのプレーパー徐放性などが重要
となる．プレーパーの徐放挙動は，保存環境の温度，湿
度に大きく依存することがわかっている．また，粉末の
賦形剤によっても異なると考えられているが詳細な研究
ーリモネ
は行われていない．よって，本研究では乳化 d
−リモネンの徐放挙動に及ぼす賦形
ン噴霧乾燥粉末中の d
剤の影響を明らかにすることを目的として，ショ糖
(
S
u
e
，
） αーラクトース（Lac），マルトデキストリン（MD,
DextroseE
q
u
i
v
a
l
e
n
t (DE)=
2
5
,1
9）を賦形剤として用い
て乳化 d
ーリモネン噴霧乾燥粉末を作製し， d−
リモネンの
徐放挙動を恒温恒湿条件下で検討した
u
e
,L
a
c
, M D (DE=25),
蒸留水に賦形剤として S
M D (DE=l9），乳化剤として乳蛋白質加水分解物（エ
マルアップ，森永乳業），抗酸化剤としてアスコルビン
−リモネンと中鎖
酸ナトリウムを加えて溶解した後， d
指肪酸トリアシルグリセロール（アクター M‑2，理研
ビタミン）を添加し，乳化溶液を撹持作製した乳化

液を，噴霧乾燥機（ L‑8型，大川原化工機製）を用い
−リモネン噴霧乾燥粉末を調製した．作製
て乾燥し， d
した粉末は，目聞き簡径 106 μ mと 150μmで粉末を集
め，徐放試験に供した．ガラス製試料瓶に噴霧乾燥粉
.
1 g入れ，各種飽和塩によって 50℃の相対湿
末を約 0
4
,5
8
,6
8
,7
5
, 83%に調整したデシケータ
度（ RH) 4
内に静置した所定時間毎に試料を採取し，粉末中の
d
−リモネン量をガスクロマトグラフィ（ GC‑2014，島
津製作所）で測定した
ーリモネンの徐放機構が拡散挙動である
粉末からの d
として Avrami式の形状係数 n=0.56の値を用いて徐放
速度を相関した。賦形剤に M D (DE=25,1
9）を用いた
場合，湿度が大きくなるにつれて徐放速度も大きくな
り，湿度の増大と徐放速度には相闘がみられた賦形
剤に Lacを用いた場合， 44%RHと 83%RHでは急激に
徐放し， 8日後では 8割の徐放が観察されたのに対し，
5
8
,6
8
, 75%RHではおよそ半分の徐放にとどまり，湿
度と徐放速度には相闘がみられなかった．同様に，賦
形剤に Sueを用いた場合も，湿度と徐放速度の相闘が
−リモネンの徐放速度は賦形
みられなかったこれら d
剤の種類に大きく依存した

（受付 2016年 1
1月 4日，受理 2
0
1
7年 1月 1
4日
）
〒7
6
1
‑
0
7
9
5 香川県木田郡三木町池戸 2
3
9
3

tFAX:087‑891‑3021,E‑mailfoodengyoshu@ag.kagawa‑uac.jp

。

2
0
1
7J
a
p
a
nS
o
c
i
e
t
yf
o
rF
o
o
dE
n
g
i
n
e
e
r
i
n
g

Powered by TCPDF (www.tcpdf.org)

