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Abstract Thunbergia laurifolia leaves were dried by
freeze drying (FD) and microwave heat pump dehumidified
air drying (MHPD). The dried leaves were stored in
polypropylene (PP) or aluminum laminated pouches (ALP)
at 15, 25 or 35 °C and 60% RH. The samples were held for
180 days to observe changes in moisture content, color,
total phenolics, antioxidant activity, catechin and caffeic
acid. In general, samples in PP had a greater increase in
moisture. Total phenolics content and ferric-reducing
antioxidant power values increased for 120 days, then
decreased thereafter. After 180 days, both FD and MHPD
samples packaged in ALP and stored at 15 °C had the
greatest total phenolics, antioxidant activity and bioactive
compounds amongst the storage conditions. The first-order
equation best described degradation behavior of catechin
and caffeic acid for both drying technologies investigated.

Keywords Antioxidant activity - Bioactive compounds -
Microwave heat pump dehumidified air drying -
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Introduction
Thunbergia laurifolia belongs to the group of flowering

plants known as Acanthaceae, and is commonly known as
the “blue trumpet vine” or “rang chuet”. The plant is
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native to Southeast Asia and found throughout Thailand. It
has been used to treat poisoning from insecticides, ethyl
alcohol, arsenic and strychnine (Tangpong and Satarug
2010). T. laurifolia contains several phenolic compounds
that act as potent antioxidants or chelation agents (Srida
et al. 2002).

The production of T. laurifolia teas and powders has
increased considerably in recent years. To manufacture a
product that retains vital phytochemicals, has accept-
able shelf life and presents with acceptable consumer
quality attributes requires careful selection of sample pre-
treatments, drying methods and storage conditions. Rela-
tively high temperatures and long drying times can
diminish color, flavor, nutrients and desired phytochemi-
cals. Low temperature techniques such as freeze or vacuum
drying are beneficial for preserving color and chemical
compounds in dried leaf products (Ratti 2001). These
methods have some disadvantages related to batch-wise
processing and long drying times. An interesting hybrid
drying technology, known as heat pump dehumidified air
drying (HPD), has proven to be effective for producing
high quality herb and green leaf powders (Phoungchandang
et al. 2003; Potisate et al. 2015). These systems improve
efficiency by using a dehumidifier to reduce water vapor in
the air, then using the extracted heat to increase the tem-
perature of the drying air. Heat transfer efficiency can be
further improved by incorporating microwave radiation.

After drying, long term storage can lead to loss of color,
nutrients and bioactive compounds. For green-leaf prod-
ucts, the maintenance of color is associated with high-
quality and freshness. Some quality factors are unseen by
the consumer, yet expected in the product. Thus, for
medicinal herbs or other functional products, the retention
of antioxidants or specific phytochemicals is expected. The
maintenance of dried products qualities depends on the
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moisture level of the products, along with environmental
conditions and any packaging barriers to moisture or
oxygen.

Little is known about the effects of drying conditions,
storage and packaging on dried leaf products such as T.
laurifolia. The first goal of this research was to determine
the effects of microwave heat pump dehumidified air dry-
ing (MHPD) on the initial quality of 7. laurifolia leaves.
These results were compared to those from samples pre-
pared by freeze-drying (FD). Next, the effects of storage
temperature between 15 and 35 °C were examined, and
how this determines changes in color, phenolic compounds,
and antioxidant capacity during storage. In addition, two
types of packaging material (polypropylene; PP and alu-
minum laminated pouches; ALP) were studied. The results
were analyzed in terms of several kinetic models.

Materials and methods
Materials

Thunbergia laurifolia leaves were harvested from a private
orchard located at Khon Kaen University, Khon Kaen,
Thailand. Young leaves (1st and 2nd pairs from the top of
the stem) were picked and washed in 5 ppm chlorinated
water. Before drying, the leaves were blanched for 4 min to
inhibit enzymatic browning during drying, using a steam-
microwave process described by Phahom et al. (2017).

Drying treatments

Thunbergia laurifolia leaves were processed by two
methods, namely freeze drying and microwave heat pump
dehumidified air drying. For freeze drying, 80 g samples of
blanched leaves (previously frozen at — 60 °C) were
placed on cylindrical aluminum trays. Each of the five trays
had a surface area of 0.88 m? and a diameter of 375 mm.
These were placed onto the freeze dryer shelves (Christ,
DELTA 2-24 LSC, Fisher Scientific, England) and the
leaves were dried for 24 h at 5 Pa. The plate temperature
was programmed to ramp from — 60 to 25 °C. The final
moisture content of the dried leaves was about 3.74% d.b.

For the MHPD, 30 g of blanched T. laurifolia leaves
were initially dried at 900 W for 1 min in a microwave
dryer (Electrolux, model EMS3067X, China) as described
by Phahom et al. (2017). After microwave drying, the
samples were placed in the heat pump dehumidified air
dryer as described by Phoungchandang et al. (2003) and
dried at 40 °C for 25 min. The final moisture content of
dried leaves was about 6.65% d.b.
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Storage studies

Approximately 2 g of dried leaves, from both FD and
MHPD, were placed into either a 6 x 9” polypropylene
pouch (ULINE Pleasant Prairie, WI, USA) or a high-barrier
aluminum laminate pouch (ABC Packaging, Westlake,
OH, USA). The former was constructed of 2-mil
polypropylene and had a water vapor transmission rate of
260 g/m?-24 h, and an oxygen permeability of 81,000 cc/
m?-24 h. The latter consisted of alternating layers of alu-
minum and polyethylene (ALP; 12 um of polyethylene
terephthalate (PET) and 70 pm linear low density poly-
ethylene (LLDPE) laminated with 7 um aluminum). The
laminate bags had a water vapor transmission rate of
0.15 g/m*24 h, and an oxygen permeability of 0.2 cc/
m?-24 h. The samples were heat-sealed under vacuum (~
800 mPA absolute) using a Henkelman vacuum packaging
machine (Henkelman, Elmherst, IL, USA).

The samples were stored in Model 317522 environ-
mental chambers (Hotpak, Warminster, PA, USA) at 15, 25
or 35 °C (£ 0.2 °C) and constant relative humidity of 60%
for 180 days. The measured properties included moisture
content, water activity, total phenolics, antioxidant activity
(FRAP) and ion chelating efficiency, as well as specific
quantification of the bioactive compounds (catechin and
caffeic acid). Samples were removed and assayed every
60 days of storage. Dried leaves at 0 day of storage were
used as a control.

Color measurement

The color of the dried T. laurifolia leaves was measured
with a colorimeter (Konica Minolta, CR-400; Minolta Co.
Ltd., Tokyo, Japan) and recorded using the CIE L*a*b*
system. In addition, the H* (hue angle) was calculated to
evaluate the yellow—green color of the dried leaves.

b*
Hue angle = tan™! (a_*> (1)

Total color difference (AE*) was also determined as an
overall measure between treated and control samples:

2

A" = /(L — L)+ (a5 — ai) 4 (b3 — b)) @)

Moisture content and water activity

The moisture content of the dried T. laurifolia leaves was
measured using a Mettler-Toledo halogen moisture ana-
lyzer (Mettler Toledo, HG63, Greifensee, Switzerland).
Samples were dried at 125 °C until a constant mass
(£ 0.01%) was achieved as determined by the automatic
weighing mechanism.
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The water activity (a,,) of the dried leaves was deter-
mined at 20 °C using an AqualLab 4TE meter (Decagon
Devices Inc., Pullman, WA, USA).

Phenolics extraction

Thunbergia laurifolia leaf powder (1.5 g) was extracted
with three 120 mL portions of 70% (v/v) aqueous methanol
(Phahom et al. 2017). The mixture was agitated in a
shaking water bath (Toronto Surplus & Scientific Inc.,
Richmond Hill, ON, Canada) at 50 °C for 60 min after
which the sample was filtered through Whatman No. 1
filter paper, leaving the extracted compounds in the filtrate.
The methanol was then evaporated off at 45 °C and
200 mbar (Biichi Corporation, Rotavapor R-210, Flawil,
Switzerland). The residual aqueous mixture was dried
using a VirTis Benchtop “K” freeze dryer (SP Industries,
Warminster, PA, USA). The dried powder was weighed,
placed in a brown bottle and stored at — 80 °C. The
powder was used to determine the total phenolics content,
antioxidant activity and bioactive phenolic compounds
present.

Total phenolics content

The total phenolics content (TPC) of the extracts was
determined using the Folin—Ciocalteu assay adapted from
Oonsivilai et al. (2008). Five mg of each extract was dis-
solved in anhydrous methanol in a 25 mL volumetric flask.
The TPC analyses were performed in test tubes using
0.5 mL of the methanolic extract, 8 mL of deionized water,
0.5 mL of Folin and Ciocalteu’s phenol reagent and 1 mL
of sodium carbonate (7%, w/v). The mixtures were vor-
texed for 30 s and held at room temperature (21 °C) for
45 min to allow for maximal color development. Following
this period, a portion of the reaction mixture from each
tube was transferred to a 1 cm borosilicate glass cuvette
and the absorbance measured at A = 765 nm. A standard
curve was constructed from solutions of catechin
(2.5-25 pg/mL). Results were expressed as mg catechin
equivalents (CE)/g dry weight (d.w.).

Ferric-reducing antioxidant power (FRAP) assay

The reducing capacity of each leaf extract was determined
by the FRAP assay, as adapted from Oonsivilai et al.
(2008). Twenty-five mg of each extract was dissolved in
anhydrous methanol in a 25 mL volumetric flask. The
FRAP reagent was prepared fresh daily using 250 mL of
acetate buffer (pH 3.6) with 10 mM of 2,4,6-tripyridyl-S-
triazine (TPTZ), 40 mM HCI and 20 mM ferrous chloride
hexahydrate (FeCl;-6H,0). Each assay was performed in a
test tube using 0.04 mL of the methanolic extract, 1.6 mL

of deionized water and 4.5 mL of the FRAP reagent. The
mixture in each tube was vortexed for 30 s. After 15 min,
the absorbance of the mixtures was measured at 593 nm. A
standard curve was constructed with an iron sulfate hep-
tahydrate solution (FeSO4-7H,0) at five different concen-
trations ranging from 10 to 200 pM. The antioxidant
activity of the extract was reported as pmol Fe(Il) equiv-
alent/g d.w.

Chelating efficiency assay

The method of Tan and Chan (2014) was used to determine
the chelating efficiency of the 7. laurifolia extracts. Dif-
ferent extract concentrations were prepared in 2 mL
anhydrous methanol, then added into test tubes followed by
0.16 mL of 0.1 mM FeSO,. Next, 1 mL of 0.25 mM fer-
rozine was added to each tube, which was then vortexed for
30 s. The mixture was held at ~ 20 °C for 10 min. The
absorbance of the complex was then measured at 562 nm.
The ability to chelate ferrous iron was calculated as:

1- Ammple)
——] x 100 3
( Acontrol ( )

The chelating ability was expressed as CECs, that is the
effective concentration in mg/mL that chelates 50% of the
ferrous ion.

Chelating effect (%) =

Determination of catechin and caffeic acid

The powdered extract (25 mg) was dissolved in 10 mL
anhydrous methanol (Phahom et al. 2017). Samples were
hydrolyzed so the aglycone forms could be assayed.
Hydrolysis was conducted by adding 10 mL of 6 M HCl to
the mixture, which was then heated at 90 °C for 2 h. The
hydrolyzed extracts were filtered through a 0.22 um Phe-
nex RC filter (Phenomenex, Torrance, CA) prior to HPLC
analyses.

Samples were analyzed using the HPLC method
described by Ma et al. (2014). Phenolics were separated
with an Agilent 1200 HPLC with the quaternary pump,
autosampler, thermostated column, and UV-Vis diode
array detection, and analyzed with 3D ChemStation soft-
ware (Agilent Technologies, Santa Clara, CA, USA). A
reversed-phase Luna C18 column (4.6 x 250 mm, 5-pm
particle size; Phenomenex, Torrance, CA, USA) was uti-
lized. A gradient elution was employed consisting of
mobile phase A (H,O/CH;CN/CH3;COOH, 93:5:2, v/v/v)
and mobile phase B (H,O/CH3CN/CH3COOH, 58:40:2,
v/v/v) from 0 to 100% B over a 50-min period at a flow rate
of 1 mL/min. A volume of 15 pl. was injected for each
extract. Detection wavelengths were 276 nm (catechin) and
327 nm (caffeic acid). Identification of components was
made by matching UV-Vis spectra and retention time
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mapping with the commercial (+)-catechin and caffeic
acid standards (Sigma-Aldrich Chemical Co., St. Louis,
MO, USA).

Statistical analysis

Statistical analysis was conducted using SPSS 19.0 (SPSS,
Inc., Chicago, IL). A split—split-plot design (4 x 2 x 3)
was used in the study. The main plot was time (0, 60, 120
and 180 days); the sub-plot was packaging types (PP and
ALP); and the sub-sub plot was temperatures (15, 25, and
35 °C). Three replications were used to determine each
parameter. Duncan’s multiple range test was used to
compare the significance of treatment means at a 95%
confidence interval.

Degradation Kinetics and shelf-life

The degradation of catechin and caffeic acid in dried T.
laurifolia leaves during storage was modeled by zero and
first-order reaction kinetics equations:

C=—kot+C, 4)
C = Coexp(—k;t) (5)

Zero-order:
First-order:

where C is the concentration at time (t); Cy is the initial
value at time zero; t is the storage time (min); ko is the
zero-order kinetic constant (mg dayfl) and k; is the first-
order kinetic constant (day_l).

The measured values of catechin and caffeic acid during
storage were fitted to Eqgs. 4 and 5 using SPSS 19.0 s. The
zero-order constants (C, and k,) and first-order constants
(Cy and k;) were calculated using non-linear regression.
The coefficient of determination (Rz), standard error of
estimate (SEE) and root mean square error (RMSE) were
used as the basis to select the best fitting model, which
provided the highest R? and the lowest SEE and RMSE
values.

The half-life value (t;,), the time needed for 50%
degradation of catechin or caffeic acid, were calculated
from the zero or first-order models using:

—-0.5

Zero-order: ty;, = TCO (6)
—In(0.5

First-order: tiyp = % (7)

The dependence of the reaction rate (k) on temperature
was determined using the Arrhenius equation:

k =k exp (— %) (8)

where, E, is the activation energy (J/mol); k, is the kinetic
constant (day ") at a reference temperature; R is the ideal
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gas constant (8.3145 J/mol K) and T is the temperature
(K).

Results and discussion
Moisture content (MC) and water activity (ay,)

Changes in MC and a,, during storage are shown for FD
(Table 1) and MHPD leaves (Table 2). Initially, the FD
samples had lower moisture (3.74% d.b.) than MHPD
samples (6.65% d.b.). The corresponding a,, values were
0.20 and 0.50, respectively. Storage time, temperature and
packaging type were all significant factors for moisture
change. Long storage times had the greatest effects on
moisture. Specifically, for MPHD samples the greatest
moisture gain occurred in PP packaging at 35 °C,
increasing from 6.65 to 9.66% d.b. over 180 days. In
general, at 180 days samples which were packed in ALP
had lower MC than those packed in PP. Interestingly, a,,
did not vary much in the MPHD samples during storage.
Water activity values ranged from 0.41 to 0.50 over all
factors. All samples were stored at 60% RH, so there was
not a great driving force for moisture transfer into the
package contents. In contrast, FD samples had a starting a,,
of 0.20, and thus saw a greater increase over time. Values
ranged from 0.20 at day 0, up to 0.53 for samples stored in
PP at 35 °C. Even though the ALP packaging material has
minimal water transmission, in some cases samples in ALP
did increase in moisture. Thus, either some moisture could
migrate through the package, particularly at higher tem-
peratures, or chemical changes involving hydrolysis may
add to the water in the products.

Low moisture products are prone to moisture pickup in
high humidity environments. One purpose of packaging is
to limit moisture transfer into enclosed foods. Swain et al.
(2013) reported that MC and a,, of dried sweet peppers
increased with storage time. There was some pick-up of
moisture and change of quality factors even for products in
laminate packaging. Dried samples in PP would be
expected to have greater increases in MC and a,, compared
to those in ALP, as PP provided higher rate of water vapor
migration from the storage environment into the packaging
(Marsh and Bugusu 2007).

Color changes

Changes in the color parameters during storage are shown
for FD (Table 1), and for MHPD samples (Table 2). For
FD leaves in PP packaging, increasing storage time and
temperature resulted in a decrease in hue angle (H*),
indicating a slight decrease in green color. Little change
was noted for samples at 15 °C, or for any samples
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contained in ALP packages. The overall color difference
(AE*) values of dried leaves increased with storage time,
particularly for samples in PP packaging. After 180 days,
AE* also increased with temperature, reaching maximum
values of 2.78, 2.82 and 5.75 for samples stored in PP at 15,
25 and 35 °C, respectively. Color change of chlorophyll in
dried leaves is promoted by heat and oxygen during storage
(Meyer 1973). Post-harvest, chlorophyll in leaves can
undergo oxidation, hydrolysis and isomerization. Color
loss occurs as the magnesium atom of chlorophyll is
replaced by two hydrogen atoms, resulting in change from
bright green to olive green.

AE* values also increased with time for the MHPD
powders, but not as much as observed for FD samples.
Interestingly, AE* increased with increasing storage time
and temperature in both PP and ALP packaging for MHPD
samples. Hue angle for MHPD samples decreased with
storage time, particularly for samples stored at higher
temperature. Overall, H* values changed more in MHPD
powders than FD powders, although overall color differ-
ences were greater in the FD powders. This can be traced to
greater changes in lightness (L*) for the FD samples, and
this may be related to the fact that these picked up more
moisture overall. While it is understood that moisture level
affects the tristimulus color values of dried products, only a
few researchers have pursued this topic. For example,
Ozkan et al. (2003) showed that as the moisture content of
dried apricots was increased from 15.5 to 30.2%, L* and b*
values increased while a* decreased.

Antioxidant activity

Antioxidant activities of dried T. laurifolia leaves during
storage are also reported in Tables 1 and 2 for FD and
MHPD samples, respectively. Overall, all factors were
significant for antioxidant activity as measured by TPC and
FRAP. Greatest changes occurred for samples stored in PP
and at higher temperatures. It should be noted that while
TPC is not an antioxidant assay, it often correlates with
other antioxidant assays. From days O to 120, TPC and
FRAP values generally increased for all samples regardless
of drying method or packaging used for storage. Increases
in measured phenolic compounds may be found after
processing or storing some products. One theory is that
bound phenolics may be released or liberated into free
forms after heating or other processes that alter the food
structure (Li and Shah 2013). This process is temperature
dependent, as samples stored at higher temperature had
greater levels of TPC and FRAP at day 120. However, at
longer storage times (180 days) these values decreased. In
fact, the decreases in TPC and FRAP values at 180 days
were greater at higher temperature. This led to the inter-
esting observation that higher TPC or FRAP values might

be reached at 120 days in samples at 35 °C, which then
decreased to levels below those of samples held at 15 °C.
In general, ALP packaging with low storage temperature
was most effective at maintaining consistent antioxidant
activity in the dried leaves, and relatively high values after
180 days. Studies have shown antioxidant properties of
dried fruit are more stable in multilayer packaging, as it has
good barrier properties against the light, gases and water
vapor (Zoric et al. 2016; Gvozdenovic et al. 2007).

It was also observed that TPC and FRAP values were
greater in MHPD than in FD samples. Samples were dried
at 40 °C by MHPD, and while this is not an exceptionally
high drying temperature, it is greater than that used in
freeze drying. In addition, during MHPD moisture can
move in the liquid state, while in FD water is constrained to
the solid state. Thus, one hypothesis is that the higher
temperatures and freedom of motion for samples dried by
the MHPD leads to greater release of phenolic compounds
than occurs in freeze drying.

The CECsq value is the concentration of extract that
chelated 50% of the ferrous ion. Thus, lower CECs, values
indicate a greater chelating efficiency than higher values.
The samples kept in ALP packaging possessed lower
CECs values than those in PP packaging for both FD and
MHPD samples (Tables 1, 2). That is, ALP packaging did
a better job of preserving the chelation properties of the
samples. Interestingly, the FRAP values were inversely
correlated with CECs values (R2 = 0.85). This suggests
that factors that make for antioxidant properties may also
be useful for metal ion chelation. Mirzaei and Khatami
(2013) and Oliveri (1997) indicated that metals ions
including iron, copper and lead are catalysts in the oxida-
tion pathway, and promote free radical development. In
addition, phenolic compounds such as flavonoids are good
antioxidants due to their free radical scavenging properties
and have additional pharmacological actions related to
Fe?" chelating ability (Havsteen 1983).

Bioactive compounds

With respect to specific phenolic compounds, 7. laurifolia
leaves have significant levels of catechin and caffeic acid.
Levels of these compounds during storage are presented in
Table 3. Initial levels of catechin were similar in the two
dried products, with 27.89 mg/g d.w. in FD samples and
28.55 mg/g d.w. in MHPD samples. In all cases, levels of
the two compounds decreased throughout the 180 days
storage period. The changes in these compounds were
greater with higher temperature. After 180 days of storage,
ALP packaging and storage at 15 °C resulted in the highest
catechin and caffeic acid levels, while PP packaging and
storage temperature at 35 °C resulted in the lowest catechin
and caffeic acid content. At a given temperature and
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Table 3 Catechin and caffeic acid content of FD and MHPD dried T. laurifolia leaves during storage

MHPD

Caffeic acid (mg/g

Catechin (mg/g

Caffeic acid (mg/g

Packaging Temperature Time Drying method
(°C) (days) =
Catechin (mg/g
d.w.)
PP 15 0 27.89 + 0.49'
60 21.60 £ 0.40"
120 19.23 + 0.25°
180 15.93 £ 0.18°
25 0 27.89 + 0.49'
60 20.12 £ 0.108
120 18.58 + 0.03%
180 14.47 4+ 0.29°
35 0 27.89 + 0.49'
60 19.57 + 0.35°"¢
120 16.71 £ 0.38°
180 12.77 + 0.88*
ALP 15 0 27.89 + 0.49'
60 21.88 4 0.49"
120 19.53 4 0.58°'
180 15.99 + 0.14°
25 0 27.89 + 0.49'
60 21.51 + 0.45"
120 18.90 & 0.82°F
180 15.68 + 0.24°
35 0 27.89 + 0.49'
60 19.77 4 0.24%
120 17.83 & 0.54¢
180 12.87 + 0.99*

d.w.) d.w.) d.w.)

0.051 + 0.003" 28.55 + 0.08/ 0.063 + 0.001

0.037 + 0.002' 26.45 + 0.08! 0.044 + 0.001"
0.024 + 0.001% 22.40 £ 0.70 0.035 =+ 0.003°
0.022 + 0.001%° 19.37 £+ 0.21% 0.024 + 0.001°°
0.051 + 0.003" 28.55 + 0.09 0.063 + 0.0019

0.031 + 0.003%f 25.07 + 0.65%" 0.040 + 0.0018
0.023 =+ 0.002" 20.69 + 1.15° 0.032 £ 0.001¢
0.020 + 0.001° 18.76 £ 0.20" 0.024 + 0.000°
0.051 + 0.003" 28.55 + 0.08/ 0.063 + 0.001

0.028 =+ 0.000°% 23.29 + 0.26 0.036 =+ 0.000°"
0.023 + 0.002 19.93 + 0.21% 0.025 + 0.000°
0.014 £ 0.007° 17.15 £ 0.60* 0.021 £ 0.002°

0.051 + 0.003" 28.55 + 0.08/ 0.063 + 0.0019

0.038 =+ 0.0028 27.01 £ 1.24' 0.054 £ 0.002'

0.026 + 0.000°¢ 22.87 + 0.41F 0.036 + 0.002°f
0.023 + 0.001% 19.48 + 0.19%¢ 0.025 + 0.001°%
0.051 + 0.003" 28.55 + 0.08/ 0.063 + 0.001

0.034 =+ 0.007°' 25.99 + 0.99" 0.043 + 0.002"
0.024 + 0.000* 20.78 + 0.22° 0.033 + 0.001%
0.021 + 0.000° 19.30 + 0.29% 0.024 + 0.001°°
0.051 + 0.003" 28.55 + 0.08/ 0.063 + 0.001

0.030 £ 0.001% 24.67 £ 0.398 0.037 £ 0.002"

0.023 + 0.002°
0.020 + 0.001°

20.12 + 0.019%
17.82 + 0.59%

0.027 £ 0.000°
0.022 + 0.001%®

Mean values in the same column with different superscripts are significantly different at p < 0.05 by Duncan’s multiple range test (n = 3)

PP polypropylene, ALP aluminum laminated pouches

storage day, samples in ALP packaging had higher levels
than those in PP packaging, although the differences were
not great.

Li et al. (2011) demonstrated that both temperature and
moisture content affected the degradation of catechin in
green tea products. Increasing relative humidity led to
increased rates of catechin degradation in green tea power
during storage (Komatsu et al. 1992). Water absorbed into
amorphous systems acts as a plasticizer and possible
reactant, and accelerates chemical reactions by enhancing
molecular mobility as well as changing the local environ-
ment (Ortiz et al. 2009). Bioactive compounds of dried
products contained in laminated packaging had greater
stability than those in single layer packaging, as the lami-
nated material had greater barrier properties against the
light, gas and vapor transmission (Gvozdenovic et al.
2007).

@ Springer

Degradation kinetics and shelf-life prediction

The degradation kinetics of catechin and caffeic acid were
investigated using zero- and first-order models. Table 4
shows the fitted variables resulting from regression analy-
ses of the models. It was found that the first-order equation
was better fit the degradation of both catechin and caffeic
acid than the zero-order equation. Overall, R? values for
the first-order fit were in the ranges from 0.921 to 0.991,
while those for the zero-order model ranged from 0.780 to
0.982. The first-order models also had lower SEE and
RMSE than zero-order models in equivalent circumstances.
The degradation of catechin has been reported to follow
first-order kinetics in green tea products (Komatsu et al.
1992).

The reaction rate constant (k) was primarily dependent
upon temperature. E, values (Table 5) ranged from 8.90 to
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Table 5 Half-life (t;;) and activation energy (E,) of bioactive compounds

Drying Bioactive Package Temperature  Half-life (t;., k = k, exp (—Ea/RT)
methods compounds °C) days)
ko E, R? SEE (day~') RMSE
(day™)  (kJ/mol K) (day™h
FD Catechin PP 15 213.23 0.61 12.57 0.995 442 x 107" 3.61 x 107%
25 182.85
35 152.31
ALP 15 218.61 0.44 11.94 0.889 2.01 x 107 1.64 x 107*
25 206.25
35 161.16
Caffeic acid PP 15 128.57 1.022 12.59 0.990 9.79 x 107 8.00 x 107*
25 111.06
35 91.91
ALP 15 139.44 0.21 8.90 0.983 9.15 x 107" 747 x 107%
25 119.48
35 109.13
MHPD Catechin PP 15 343.07 0.72 14.07 0.999 152 x 107" 124 x 107%
25 285.19
35 234.92
ALP 15 362.83 0.38 12.707 0.999 1.13 x 107% 9.23 x 107
25 306.64
35 257.62
Caffeic acid PP 15 132.25 1.52 13.64 0.974 1.96 x 107 1.60 x 107*
25 116.28
35 92.52
ALP 15 150.00 3.02 15.58 0.988 1.33 x 107 1.09 x 107
25 126.46
35 99.43

PP polypropylene, ALP aluminum laminated pouches, FD freeze-drying, MHPD microwave heat-pump dehumidified air drying

15.58 kJ/mol K. In all cases, reaction rates for either cat-
echin or caffeic acid loss were greater in PP than ALP
packaging. The differences were the greatest for FD sam-
ples. Overall, ALP packaging and storage temperature at
15 °C resulted in the lowest rate of catechin or caffeic acid
loss. The E, values were in keeping with those of Potisate
et al. (2015), Komatsu et al. (1992) and Yang et al. (2008)
who determined that the E, of total flavonoids, catechin
and anthocyanin in dried products were in the ranges from
13.08 to 19.69 kJ/mol.

The half-life (t;;) of bioactive compounds for both
freeze and MHPD dried T. laurifolia leaves are presented
in Table 5. As expected, increasing temperature led to
shorter half-lives for the two compounds. ALP led to
greater t;,, than PP packaging under the same storage
conditions. For example, caffeic acid in FD samples had a
t1» ranging from 128 to 92 days in PP packages, and from
139 to 109 days in ALP packages. From the Table 5, the
results indicated that the MHPD products have a greater

@ Springer

shelf-life with respect to specific phenolics. The study of
Zoric et al. (2016) found that t;,, values were higher in
samples stored at low temperature (4 °C), and that storage
at lower temperatures prolonged the shelf life of cherry
products.

Conclusion

The effects of packaging materials, storage temperatures
and times on MC, ay, color parameters, total phenolics,
antioxidant activities and bioactive compounds were stud-
ied in this research. It was found that moisture content and
a,, increased with storage time and temperature, with
greatest changes found in the FD product. ALP packaging
resulted in lower MC and a,, of the dried leaves than PP
packaging in both FD and MHPD, but there was some
increase in moisture even in ALP samples. Increasing
storage time and temperature led to a small decrease in hue
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angle and increase in total color difference. After 180 days
of storage, samples in ALP packaging had greater total
phenolics, antioxidant activities and bioactive compounds
than those in PP. Catechin and caffeic acid also decreased
with storage temperature and storage time in both PP and
ALP packaging. First-order kinetics was the best equation
to describe degradation behavior of catechin and caffeic
acid. Half-life (t,,,) values were in the ranges from 152.3 to
362.8 and 91.9 to 150 days for catechin and caffeic acid,
respectively. Activation energies were in the ranges from
11.94 to 14.07 and 8.90 to 15.58 kJ/mol K for catechin and
caffeic acid, respectively. The dried sample from MHPD
packed in ALP, and stored at 15 °C were the best potential
storage conditions to extend the shelf-life of dried 7. lau-
rifolia leaves.
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