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Abstract 

A Microwave Assisted Extraction (MAE) system was fabri않ted with a U-column of Pyrex g1a생 tubing placed 
in cylind다cal cavity having central focusing and dipolar power mode of 2450 MHz microwave and was applied 
to the εxtraction of yellow pigment from Cape Jasmine (Gardenia Jasminoides Ellis) with the result of 50% 
yicld increase. Thc pulsating tlow characteristics of MAE wcre investigated by monitoring pressure changes dur
ing MAE process with and without loading Cape Jasmine powder. Water vapor pressure in thε heating column 
of U-column built up to 4.11 kPa in 5 sec to obtain the first elution in unpacked U-column followcd by con
sccutive pulsating changes betweell 1.57-1.96 kPa. Thε first break through pr엉sure of the packed bed was 4.11 
kPa and gradually decreased to 1.96 kPa. The cffluent volumc of the extract through the packed column in
creased from 5 rnL to 11 mL during 1εaching period of 4 min η1ε micro-structural changcs in Cape Jasmine 
powder were examined by scanning electron microscopy and the incrεased porous structure was obscπed. 까JC 
displacement theory was employed tn elucidatc tlnw mcchanism in the packed bed nf U-ωlumn MAE system 
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Introduction 

Sincε Mahεshwari et al. (1988) noted micro

structural changεs caused by microwave during oil 

extraction from rape-seed, the studiεs on food ex

traction using microwave have bεen r，εported. Lρpez 

et al. (1996) introducεd the MAE procεss as an alt

ernative method to the conventional εxtractlOn pro

cess and re‘earches inciuding pectin εxtraction of 

fruit by Manabe et al. (1996) and essential oil cx

traction of peppermint leavεs by Spiro el al. (1995) 

showed that microwave treatment enhanced their 

εxtraction rates. Yeum (1996) obsεπεd incrεased 

yield of soluble solids from coffee, green tea, rεd 
pepper and barIey tea in batchwise microwavc cx

traction, and Bureau et al. (1996) reported a similar 
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result of flavor extraction from grapε juicε. 

Recently, Jun and Chun (1998) designed a U

column MAE system which could utilize efficient

Iy the powεr modε of microwave enεrgy in the cyl

indrical microwave applicator, and noted that the 

U-column MAE system revealζd two charactεristic 

propertiεs with 50% more yield than conventional 

method. Firstly , thε εxtract showed a pulsating elu

tion pattεrn. Secondly, the heating rate was sεIf-re

gulated during thε leaching process. The pulsating 

flow pattern and the pulse time interval were af

fected by thε size of column and the heating ratε 

of food inside the heating column under the focus

ed electrical field mode in the cavity. 까lis in

dicates that the flow propertiεs of thε packed bed 

in U-column MAE system can be diffiεrent from 

thε conventional one and that the extraction equip

ment should bε matched with tht: energy distribu

tion in the cavity 
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For further application of U-column MAE sys
tem to biolo밍cal mat메als， the characteristics of flow 
and bed structure under mi，σowave leaching should 
be investigated. Our objective was to elucidate the 
flow mechanism in the packed bed of U-column 
MAE system. 

Materials and Methods 

Theory 
Mass transfer in a packed bed leaching can be 

correlatεd to thε contacting time of solvent with 
solute particles in the bed. In MAE system the 
leaching process is completεd within short period 
of time ranging in 10-20 seconds and as such con
tacting time is an order of second. Diffusion mεch
anism, therefore, is not applicable to this MAE sys
tεm but thε displacemεnt modεI may be used. The 
displacement extraction modεI in the packed bed 
developed by Danckwerts (1953) was applied to 
barlεy tea extraction by Park (1984). 

Danckwerts model is described as thε following 
Equation 1. 

C 1 rR..，J-ι굉 ""' ( , r2 ì 
-=1--- | 2μ11- ~o 12πr dr (1) 
C(I πR2 ji J • l R2 J 

where CICo is concentration ratio at time t. After 
integration, it can be expressed by simplified equa
tion as follows; 

C [2 

Co 4 ji2 (2 
(2) 

C!CO is inversely proportional to two variables, 
the mean velocity and time. At a given length of 
packεd bed, vεlocity is affected by the porosity of 
the bed, which may also be associated to thε struc
ture of solid tissuε of Capζ Jasmine under MAE 
environment. The hydraulic diameter can be des
cribed as a function of the porosity of the bed as 

in Equation 3. 
Any change in hydraulic diameter by microwavε 

may affect the dynamic propeπies of fluid around 
the solid p따ticles such as thickness of laminar lay
er across which the solutes leach ou t. 

d= 균F -
S 

(3) 

Along with fluid properties, the steam generation 
and the characteristic pulsating flow in U-column 
MAE system must be explained. 

The structure of waveguide and cavity is an im
poπant design faαor for MAE system and the guide 
wavelength of the waveguide (Å"I) can be designed 
based on Equation 4 for TE IO modε with 2.45 GHz 
source (Roussy and Pearce, 1995). 

1= 판펀=필잖jI' (4) 

πle waveguide length (Lw) can be determined to 
be the integr허 m버ti미es of Å",!2. 

To build a cylindrical cavity having an axial 
focusing electric field , TM nrn mode is adapted and 

the cavity length (L) is calculated with Equation 5. 

L:= λ'g2 _ n λ -- λ =n-=-=• -
2 2 , 2 r---; χ ? 

、 /1_("':ι 「 ‘ f 1 - í λ깐Lf 
V λ2J 'V lpnmJ 

(5) 

The detai!s of the designing the cavity are found 

elsewhere reported by the authors (1998). 

Equipment 
Microwave applicator: 까le magnetron of 2.45 

GHz frequency producing 700 watt output was 
used and the power was transmitted through WR 
340 type rectan밍11ar waveguide (Roussy and Pear.α， 

1995). 까le dimensions of the waveguide fabricat
ed were 90 mm 피 width and 45 mm in length, 
and the waveguide length (Lw) was 166 mm by Equa
tion 4. 

The cylindrical cavity of TM(IJ mode with POI of 
2.405 was built to have 50 mm radius and 224 
mm height (L), which was calculated according to 
Equation 5, as depicted in Fig. 1. A stub tuner 
was provided at the waveguide in order to obtain 
thε maximum power transfer into thε cavlty. 

Extraction unit: Thε U-column MAE system 
reportεd by Jun and Chun (1998) was usεd with 
modification at top of thε inlet section of the heat
ing column by installing a manometer (P) to meas
ufε thε pressUfIε π1ε U-column was madε of Pyrεx 
glass and consisted of two sεparablε columns, thζ 
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Fig. 1. Structure of the cylindrical cavity for MAE sys
tem. 
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Fig. 2. Experimental set up for U-column MAE sys
tem. E: extracti‘10 column, H: heating column, M: mag
netron, S: slub, R: reservoir, C: cbcck valvc, F: fraction 
collector, T: thermocouple, P: manometer 

solvent heating column (H, 200 mm in length, 15 
mm in diameter) and the packed-bed extraction col
umn (E, 100 mm in length, 12 mm in diameter) as 
shown in Fig. 2. Thε heating and the extraction 
columns of the U-column were positionεd along 

the central axis and 10 mm apaπ from the wall of 
the cylindrical cavity, respectivζly. The sζt-up of 
U-column MAE system is shown schematically in 
Fig.2. 

Methods 
Nι<\E procedures and data analysis: After dis

sembling the extraction column (E) of the U-colurnn 
from thc cavity, 0.7 grams of φY powdεr (-8+10 
mesh, Tyler) of Cape lasmine were packεd in the 
εxtraction column and wεttεd by soaking int‘’ dis-
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tilled water at 200C for 2 min to expel air in the 
packed bed. The packed εxtraction column was 
connected to the heating column 떠) to form U
wlurnn. The solvent, water at 20oC, was supplied 
from thε reservoir (R) to flow through the check 
valve (C) up to the level of thε reseπoir. 

The MAE procedure was bεgun by εnergizing 

the magnetron (M) and the extracts from the pack

εd bed were collectεd with a fraction collector. 
The pigment content 0 1' the effluent was measured 
with a spectrophotometer (Ultraspec III, Sweden) 
at 440 nm. Non-energized MAE system seπed as 
the conventional extraction system for the control 
run ‘ and thε tεmperature and flow rate of the sol
vent werε adjusted to havζ nearly identical con
ditions to MAE procedure. 
Nεtwork Analyzer (Hewlett Packard, Model 

8753C, USA) was used to monitor and measure 
the power properties in thε cavity. The simulation 
of clectric field intensity in the cavity was carried 
out with I-DEAS Master Sεries3 (Structural Dy
namics Research Co. , USA) and the resulting pow
er intensity was expressed as the color irnage with 
thε rεlative gray unit of arbitrary scale ranging ()-
100. 

Temperature and pressure measurements: After 
quick disassembling of thε MAE unit, thε surface 
temperature of U-column was mβasured with Hy
brid rεcordεr (Yokogawa, HR-2300, Japan, with T
typε thεrmocouple)， assuming the proportionality of 
thε innεr temperature of matεrial loadεd and the 
surface tempεrature. 

Stεam pressure at inlet end of thε hεating col
umn was measured by U-tubε manometer filled 
with water and a graduate cylinder (100 mL) trap 
was used between two U-tubing sets. 

Scam피J.g electron microscopy (SEM): For SEM, 
particlεs of Cape lasminε (dimension: 7 mm)< 7 
mm) were taken from the packed U-column MAE 
system and the conventional extraction unit, respec
tivcly, under identical thermal trεatment and cf
fluent flow rate. After leaching for 5 minutes, the 
lεached particlεs from both systerns wεre obsεrved 
with a low-temperature scanning electron micros
cope. The inoculated specimens of extracted Cape 
lasmine were mounted to standard stubs using dou
blc-stick tapεs and plunged into a liquid nitrogcn 
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chamber for αyo-fixation. Thε specimens werε mo
nitored for sublimation process at 5 kV, sputtered 
with gold and observed with a Scanning Electron 
Miαoscope (JSM-541OV, JEOL Ltd. , Japan) inter
faced with a cryo-때sfer system (CT1500 Cryo
trans, Oxford Instruments Ltd., UK) at 15 kV. 

Results and Discussion 

Electrical power distribution in cylindrical cavity for 

MAE system 
The simulation result of TMOl modε εxhibited a 

dipolar powζr distribution as shown in Fig. 3. Max
imum power field intensity (100 scale) occurred at 
the upper part of the zone , and gradually de
crεased 10 25 scalε and thereafter, it increased 
again to 50 scale at the cδnter of the lowεr section 
forming anothεr minor focusing modε The radial 
powεr field intεnsity in the cylinder dεcrεasεd as 
the radius increased approaching to thε wall. 

Power absorption at U-column under material loaded 
Thε actual power absorption in the U-column 

placεd in thζ cavity with 2% agar loaded was dif
ferentiated from thε power mode of the empty cav
ity (Fig. 3). The highεst thermal εnergy was found 
in mid sεction of the heating column as confirmed 
by the picture of melted agar as noticed in Fig. 
4(a). The discrepancy between the power distribu
tions in the empty cavity and thermal energy ab
sorbed in thε packεd agar column was probably ar-

Fig. 3. Three dimensional power mode of microwave 
applicator. 

Check 
valve 

Vapor 

(a) 비
 

( 

Fig. 4. Changes in ßow rate and temperature of the ef
ßuent during U-column MAE operation. (a) Agar block 
melt; numeric figures are surface temperaturcs ('C) mcasur
ed after 12 sεc heating, (b) Model of vapor generation 
and solvent flow. 

isεn by the broken modes, which were reformed 
by microwave reflection at the U-column unit in
stalled ‘ When water was filled in the U-column, 
hot watεr was ejected abruptly through thc open 
tubε of U-column and the hottest zone occurred at 
the similar zonε of the agar column. Fig. 4(b) shows 
the location of heating and how the heated water 
flows out. 

Flow characteristics of U-column MAE system 
In our study on U-column MAE system (Jun 

and Chun, 1998), the pulsating εlution and thc self
regulatory heating pattem were observed during 
the lcaching process. Fig. 5 showed a similar pat
tεm betweεn effluent volume and tεmperature meas
urεd in outlεt tubing. The avεrage volumε fraction 
of the pulsating effluents was 30.7 mL with time in
tervals of 20 sεc and the tempεraturε fluctuations 
of the effluεnt fraction were se!f regulated withill 
thε rangε of 70-950C despite of high steam prcs
surε at thε heatillg column 
Thε focusεd enεrgy brought the so!vεnt in mid 

section of the heating column to boil instantly and 
vapor bubblεs werε grown very rapidly at this sεc
tion unti! thε pressure was high enough to t:ject 
thε solvent toward the extraction column. The V8-



U형 초단파 추출시스댐에서 치자분말 추출상내 59 

100 70 

60 

v ~ v ~ 'V V V V ~ ~ ~ t ~~ , 
::J ~ ~ ~ ~ n n n n n ~ ~ n ~ ::홍 

10 

0 
60 120 180 240 300 

Time (sec) 

Fig. 5. Changes in Oow rate and temperature of the ef. 
f1uent during U-column MAE operation with Cape 
Jasmine. -: Temperature, 디: Effluent volumc 

porization and the. release of its pressurc werc rc
pεated until the end of the leaching process and it 
made the pulsating flow. 

Pressure changes in U-column 페led with water 

during MAE operation 
To understand thc mechanism of pulsating elu

tion, the tÌme course changes of prεssurε at inlεt 

end of the heating column were plotted togεthεr 
with effluent volumes at outlet of the extraction 
column as shown in Fig. 6. Comparison of the pul
sating effluent curve with pressurε reveals a good 
agreement in their patterns suggesting that va
porization of solvent controls the flow pattern. 

The initial pressure at the inlct of the column 
was 200 mmH20 bccause the solvent was fiεd by 
graviη tlow, and the eftluent was to tlow out when 
the pressure inα'eased Qver this initial pressure, or 
break through pressure. Onsct of MAE, vapor prcs-
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Fig. 6. Changes of pressure and emuent volume in U
column 611ed with water during MAE operation. 

sure in heating column reachεd 600 mmH20 , which 
made the abrupt effluent tlow out until thε pres
sure was lowered down to thε ínitial pressure of 
200 mmH20. Fig. 6 shows thε pattern of thε pul
sati ng pressure during MAE with unloaded state 
and the pressure remained at steady value nεar 160 
mmH20 at the eftlucnt amount of 8 mL. Thc pcaks 
of pressure pulse and the volume of the cffluent de
creasεd similarly until the pressure was dropped to 
160 mmH20 and thereafter the pulses disappearcd 
Despite of thε disappearance of the peaks, the pul
sating eftluents continued. 까lÌs disappearance of 
the pressure pulses could be explained by the effect 
of trap installed between two U-tube columns as 
shown in Fig. 2. πle trap was gradu외Iy filled with 
the unheated solvent in the tubing outsidε the cav
ity and the solvent increasεd 36 mL with the ratε 

of 0.4 mUsec after 4 effluent fractions. At this mo
ment thc pressurized vapor was ε:jected from the 
heating column into the trapped water and con
densεd momentaπly without any intluence to the 
manometric readings of water leg of U-tuhe mano
meter. 

Pressure changes in packed U-column during MAE 
operation 

After U-column packed with Cape Jasmine, pres
sure pulses were appeared with the pressure diff
erencε in average 200 mmH20 during MAE as 
shown in Fig. 7(a) and the highest pressurc was re
cordεd with 400 mmH,O, which was almost two 
times of the average pressurε difference. The first 
peak pressures, 600 mmH20 , were gradually de
creased to 200 mmH20 at the end of thc leaching. 
On the contrary, the amounts of elution fractions 
showed an incrεasing trend as noticed in Fig. 7(h). 

Thesc phεnomena suggested that thc packed col
umn restricted thc flow rate of solvent through the 
bεd at remarkable extt:nt and εxtendεd the rcsi
dencε tirne of the solvent at hεating column 꺼1ε 

increasε of rεsidence time allowed for the solvcnt 
stream to absorb more energy and as such it in
creased vaporization rate, which substantially rc
sulted the incrεasc of effluent. 

1l1ese data were verv informativc in that somc 
structural changes might occur in the tluid path of 
the packεd bed during κ1AE operation 까1ε increase 
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Fig. 7. Changes of pressure and effiuent volume in U
column packed with Cape Jasmine during MAE opera
tion. Dotted line represents trend. (a) Pressure, (b) Effluent 
volume 

of elution volume could be resultεd by an incrεasε 

of hydraulic flow diametεr in the packed bed as 

dεscribεd in Equation 3. 

Effect of MAE on the microstructu re of Cape Jas

mlne 
In order to invεstigatε the etfect of microwave 

irradiation on the microstructurε of the tissue of 

Capε J asmine, scanning elεctron microscopy was 

conducted. SEM images obtainεd aftεr MAE opera

tion shows remarkable structural changes com

parεd to the specimεn of the conventional extrac

tion. The cutin layεr and surface of tissue were se

verely damaged as convinced in Fig. 8. Evεn though 
we did not idεntify the damagcd substanccs it 

might bc wax layεr which surrollnds thε cεlllllar 

componεnt (Juniper, 1995). Loss of thc surface lay

er was so significant that intracelllllar structurε 

was εxposed and flat surface of thc tissue was alt
ered to the hollow structure and that the porosity 

Fig. 8. Scanning electron micrographs of Cape 
Jasmine. A: Unleached (Control), B: Leached by con
vcntinnal methnd, C: Leached by MAE method 

fraction was increased several times. 

Thε structural modification can aff，εct the flow 
ratε through the packed bed by enlargement 0 1" hy

draulic diametεr and can increase the contacting 

area with thε solvent through more complicate ca

pillary structure. These results strongly support that 
micro-structural change can he the main cause ()f 

the yiεId increase in MAE system. 
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Flow mechanism in packed bed of U-column at 

MAE processing 

In spite of the peculiar nature of pulsating flow 

under focused power mode of microwave, we tri

ed to employ Dankwerts model to elucidate this 

leaching process. Plotting of the concentration ratio 

(C/Co) against 마 reciprocal of square time showed 

that MAE process data for Cape J asmine fitted the 

displacement 여uation described as Equation 2 (Fig. 

9). In the second run which was carried out one 

hour after the flISt MAE run, it also fitted wεII (Fig. 

10). 
The slopes of the fitted lines werε clearly dif

ferentiated between the U-column MAE system 

and the conventional one as shown in Figs. 9 and 

10. The increase of slope mεans the decreasε of 

solvent velocity in the packed bed of MAE system 

as shown in Equation 2. Even though the plot was 

obtained under the pulsating flow conditions un

Iike those of Danckwerts model, the linearity of 
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Fig. 9. Plots of the pigmeot cooceotratioo ratio agaiost 
the reciprocal of square time io the 엠rst MAE rtIo. (a) 
Conventional system (b) U-column MAE system 
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thε plot suggested that it apparently followed the 

displacement mechanism. 

As noticed in Table 1, at the same volume f10w 

rate mεan linear velocity was reduced to 30% at 

the first run and 50% at the second run. lt in

dicatεs that pore area is increased becausε wε can 

confirrn the hollow structure in the imagε of SEM 

(Fig. 8). 

Table 1. Meao velocity aod pore area io packed col
umo at MAE aod cooveotiooal extractioo systems 

First run Second run 

MAE Conventional κιO\E Conventional 

SIope1 (x 10') 2.96 1.42 1.83 0.35 
Mean velocity2 0.09 0.13 0.12 0.27 

(cm/sec) 
Yolume f10w rateJ 0.97 0.97 0.71 0.71 

(mUsec) 
Pore area' (cm 2

) 10.52 7.28 6.12 2.68 
lCoefficient of linear equation in Figs. 9 and 10. 
'Calculated by Equation 3 
34AVdojlusted manually 

lIme f10w rate divided by mean velocity 
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Considering the fluid characteristics of MAE sys

tem, the packed bed in column is alterεd to more 

porous structure and the bed is impactεd by pulsat

ing flow, which may affect the mass transfer rate 

of the pigment. For practical application thε rela

tionship between bed size and pressure develop

ment must bε studied. 

Nomenclature 

a, b : width and height of waveguide, m 

C : concentration of extract, %w /v 

C, : initial concentration of extract, %w/v 
d : hydraulic diameter, m 

1 : distance, m 

L. : lcngth of waveguide, m 

L, : lcngth of cylindrical cavity, m 

n : integer 

R : outer radius of packed bed, m 

radius, m 

S : cross section area, m2 

: tJme, sec 

ε : porosity 

λ : wavelεngth in free space, m 

Å,1 : cutoff wavelength in waveguide, m 

Å,2 : cutoff wavelength in cylindrical cavity, m 

\1 : guidε wavelength in waveguide, m 

A영2 : guide wavelength in cylindrical cavity, m 

μ : mean vεlocity ， m/sec 

pnm : m th root of Bessel function Jn (P) 
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