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Introduction
Tea is one of the popular beverages consuming more than 3.5 

billion cups per day [1-3] due to its antioxidant, anti-inflammatory, 
cholesterol-lowering, antimicrobial, neuroprotective and anti-
carcinogenic properties [4]. Many works of literature reported 
that tea affected significantly on many chronic diseases, such as 
cancer [5, 6], obesity [7], diabetics [8], and cardiovascular [9-11]. 
In addition to beverages, tea leaf contains a significant amount 
of chlorophyll, a valuable bioactive compound. Chlorophyll has 
antioxidant and antimutagenic properties. Chlorophyll and its 
derivatives are used as a natural color agent and applied in different 
manufacturers, including candy, soft drinks, cosmetics, mouthwash, 
ink, toothpaste, and soap [12,13]. The demand for chlorophyll has 
dramatically increased, which led to many attempts to extract the 
chlorophyll from the green plant leaves [14,15]. 

Chlorophyll in plants confines in chloroplasts where it 
complexes with phospholipids, polypeptides, and tocopherols 
and protected by a hydrophobic membrane [16] that water is 
not a good candidate for chlorophyll extraction. There are two  

 
chlorophyll extraction methods of organic solvent extraction and 
supercritical fluid extraction. This paper focused on organic solvent 
extraction, which is simple, but its disadvantage is environmental 
contamination. The organic solvent extraction involves the organic 
solvent penetrating the cell membrane and dissolving the lipids 
and the lipoproteins of the chlorophyll membrane, and chlorophyll 
diffuses out. Simon and Helliwell [17] studies organic solvent 
extraction of microalgal chlorophyll and found methanol has more 
extraction amount of chlorophyll than acetone. On the contrary, 
Hung et al. [18] explored the isothermal chlorophyll extraction 
from herbaceous plants and illustrated that acetone extracted 
chlorophyll faster than methanol. The solvent extraction depends 
on the capability of solvent penetration into the cell membrane 
for dissolving phospholipids, polypeptides, and tocopherols. Shy 
Jih Chuen, Ttes No 12, and Chin Shin Oolong, grown popularly in 
Taiwan, belong to the wood plant. Shy Jih Chuen harvests all year 
round, and Chin Shin Oolong is one of the most popular drinks 
in Taiwan. Ttes No 12 is the offspring of Ttes No 8 (mother) and 
Hard Branch Heart (father, Chin Shin Oolong); that harvest has 
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20%~50% more than Chin Shin Oolong. We have reported the 
chlorophyll extraction from the herbaceous plants [18], which 
prompted us to study chlorophyll extraction from woody plants. 
The aim is to use a diffusion model coupled with surface wetting 
based on a thermodynamics approach to analyze the chlorophyll 
extraction and compared chlorophyll extraction from herbaceous 
plants and woody plants. 

Experimental Procedure
The fresh leaves and dried leaves obtained from the same tea 

farm, where the Shy Jih Chuen and Ttes No 12 took from Tontas 
Tea House (Mingjian town, Nantou County, Taiwan) and Chin Shin 
Oolong was from Chasyu Tea House (Sanzhi Dist. New Taipei City, 
Taiwan), respectively. As-received leaves were clean with distilled 
water before the chlorophyll extraction. Methanol, ethanol, and 
acetone of analytic grade purchased from Echo Chemical Co. (Miaoli, 
Taiwan). Some researchers reported the detailed procedures of 
chlorophyll extraction [1,4], and we described it briefly here. The 

ratios of fresh and dried leaf weights to the solvent volume were 
0.25 g to 40 ml and 0.05 g to 40 ml, respectively. Several glass bottles 
contained solvent placed in a thermostatic water bath maintained 
at a given temperature. A tea leaf is immersed in the solvent bottle. 
Then, the 3 mL solution had the extracted chlorophyll poured in a 
cuvette for the chlorophyll measurement using a spectrophotometer 
(U-3010, Hitachi High-Technologies Corp, Tokyo, Japan). After 
eliminating the turbidity line and constraining the spectra from 
710 nm to 750 nm to be zero, we obtained the absorbance with 
spectra wavelengths of 400 nm to 750 nm. The concentrations of 
chlorophylls a and b dissolved in the different solvents calculated 
based on the equations listed in Table 1 [2,3,19]. After finishing 
the absorbance measurement, the 3 mL solution was immediately 
poured back into the bottle to maintain the original solvent volume. 
The solvent is added into the bottle to compensate for the solvent 
evaporation, if necessary. The process of absorbance measurement 
continued until the extracted chlorophyll concentration reached a 
plateau. 

Figure 2: The plots of amount, Mt, of (a) chlorophyll a and (b) chlorophyll b for Ttes No 12 fresh leaves, (c) chlorophyll a and 
(d) chlorophyll b for Shy-Jih-Chuen fresh leaves, and (e) chlorophyll a and (f) chlorophyll b for Chin-Shin Oolong fresh leaves 
extracted by ethanol with time at different temperatures. M0 is the extracted amount at time infinity
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Figure 3: The amount, Mt, of chlorophyll varies with time for the dried leaves of (a) Ttes No 12, (b) Shy-Jih-Chuen, and (c) Chin-
Shin Oolong extracted by ethanol at different temperatures

Figure 6: The total chlorophyll amount, Mt extracted by (a) acetone and (b) methanol with time for Shy-Jih-Chuen at different 
temperatures where M0 is the chlorophyll amount at time infinity.
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Figure 7: The plots of the total amount, Mt, of chlorophyll extracted from tea leaves of Ttes No12 by (a) acetone, (b) methanol 
versus extraction time at different temperatures where M0 is the amount of caffeine at time infinity

Table 1: The formulae are used to calculate chlorophyll a and b from UV-VIS absorbance at various wavelengths in different solvents. 
A665 and A649 are the specific absorbance coefficients at 665 nm 649 nm wavelengths, respectively.

solvent chlorophyll Formulae (mg/L) reference

ethanol
a 13.7A665 - 5.76A649

Rowan [20]
b 25.8A649 - 7.6A665

acetone
a 11.24A661.6 - 2.04A644.8 Lichtenthaler and Buschmann [21]
b 20.13A644.8 – 4.19A661.6

methanol
a 16.29A665 - 8.54A652 Porra et al. [22]
b 30.66A652 - 13.58A665

Results and Discussion
Figure 1(a), (b), and (c) exhibit the amounts of chlorophyll, 

Mt, extracted from fresh leaves of Ttes No 12, Shy Jih Chuen, and 
Chin Shin Oolong by ethanol at different temperatures, respectively, 
where M0 is the total extracted amount of chlorophyll at time 
infinity. For a given time, the amount of extracted chlorophyll 
increases with the increase of temperature in the range from 35 
oC to 60 oC. The higher the extracted temperature, the earlier the 
complete extraction process reaches. For a given temperature, Mt 
increases gradually initially, climbs rapidly, and finally approaches 
a plateau. The shape of Mt versus time looks like a character S, and 
the S-shape becomes more apparent at the lower temperatures. The 
data of Mt of the extracted chlorophylls a and b versus time for the 
fresh leaves of tea Ttes No 12, Shy Jih Chuen, and Chin Shin Oolong 
at different temperatures exhibit in Figs. 2(a), 2(b), 2(c), 2(d), 2(e), 
and 2(f) in Supplementary Information, respectively. The amount 
of chlorophyll extracted from fresh leaves of Ttes No 12 shown 
in Figure 1(a) is the sum of the extracted chlorophylls a and b 
illustrated separately in Figure 2(a) and 2(b). Similarly, the amount 
of chlorophyll extracted from fresh leaves of Shy Jih Chuen shown 
in Figure 1(b) and Chin Shin Oolong shown in Figure 1(c) are the 

sum of chlorophylls a and b illustrated in Figure S1(c) and S1(d), 
Figure 2(e) and 2(f), respectively. Again, Mt increases gradually in 
the beginning, then moves quickly, and finally approaches a plateau 
with the increase of time. In the following sections, the amount of 
chlorophyll indicates a sum of chlorophylls a and b except otherwise 
states. 

Instead of fresh leaves, Figure. 3(a), 3(b), and 3(c), respectively,  
show plots of the amount of chlorophyll versus time at different 
temperatures for the dried leaves of Ttes No 12, Shy Jih Chuen, and 
Chin Shin Oolong. To compare the effect of fresh leaves and dried 
leaves of three tea types on the chlorophyll extraction, we plot the 
amount of chlorophyll versus time for fresh and dried leaves of 
three kinds of tea at the temperature of 50 oC shown in Figure 4. 
The fresh leaves take less than 500 min to complete the chlorophyll 
extraction process at the temperature of 35 oC, but the dried tea 
leaves spend 1500 min at 50 oC. Even more significant difference 
in Chin Shin Oolong, the complete chlorophyll extraction process is 
longer for dried leaves than for fresh leaves by a factor of 16 times 
at the lower extraction temperatures (See  Fig. 3(c) and Figure 4). 
The Ttes No 12 has a higher extraction rate than its parent, Chin 
Shin Oolong, for the same sample preparation.
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The experimental data indicated by symbols shown in Figures 
Figs. 2(a)~(f), Figs. 3(a)~(c), and Figure 4 for the chlorophyll 
extracted from the fresh and dried leaves of three types of tea by 
using ethanol can fit by the following equations obtained by Hung 
et al. [18], who solved the diffusion equation coupling with the 
surface wetting theory, as 

where Mt and M0 are the total extracted amounts of chlorophyll 
at time t and infinity, respectively. Equations (1a) and (1b) satisfy 
the initial condition and boundary condition of Eqs. (2) and (3), 

where τ and t0 are structure relaxation time and surface wetting 
time. C and Co are the concentration at time t and constant at the 
initial time, respectively. ℓ is the half-thickness of the sample. One 

can see that the experimental data shown by symbols are in good 
agreement with the theoretical model indicated by the solid lines. 

Tables 2, 3, and 4 list the physical dimension of the leaves, leaf 
weight, the diffusion coefficient, surface wetting time, relaxation 
time, and the ratio of chlorophyll a to b for Ttes No 12, Shy Jih 
Chuen, and Chin Shin Oolong, respectively. One can see from Tables 
2, 3, and 4 that the extracted amount of the chlorophyll a was 
higher about 2.6~3.1 times than that of removed chlorophyll b for 
the fresh leaves, and the ratio of chlorophyll a to chlorophyll b was 
4.7~8.3 times for the dried leaves. For example, the total amount 
of extracted chlorophyll a from the fresh leaves of Ttes No12 at 40 
oC was 9.88 mg/L, and that of chlorophyll b at the same condition 
was 3.65 mg/L. The ratio of chlorophyll a to chlorophyll b is 2.706, 
which lists a row of a/b of Table 2. The ratio of chlorophyll a to b 
is in good agreement with the previous reports of approximately 
3 to 1 in fresh plant leaves [5,6]. Comparing dried leaves with 
fresh leaves, the ratios of thickness shrinkage to weight loss are at 
64% and 84% for tea Ttes No12, 49% and 82% for Shy Jih Chuen, 
and 79% and 80% Chin Shin Oolong, respectively. The significant 
components of weight loss are moisture and volatile chemicals [5]. 
In summary, chlorophyll a is dominant for all tea plants regardless 
of the tea process. 

Table 2: The chlorophyll diffusion coefficient, D, surface wetting time, t0, relaxation time, τ, leaf thickness, 2ℓ, leaf weight, Mleaf, and 

chlorophyll ratio a/b of fresh and dried leaves tea Ttes No12 using 99.5% ethanol.

Temperature 65 oC 60 oC 55 oC 50 oC 40 oC 35 oC

Fresh leaves

D(108cm2/s) 7.38 4.41 3.09 1.52 1.05

t0 (s) 268 526 1008 3086 5143

τ (s) 179 451 756 3527 5486

ℓ (mm) 0.2309 0.2301 0.251 0.2311 0.2415

Mleaf (g) 0.314 0.2231 0.3046 0.297 0.3267

a/b 2.62 2.613 2.792 2.706 2.766

R2 0.995 0.993 0.999 0.994 0.991

Dried leaves

D(108cm2/s) 0.44 0.276 0.161 0.107

t0 (s) 2117 3467 7529 12553

τ (s) 2117 3963 9411 18829

ℓ (mm) 0.1365 0.1479 0.1557 0.1639

Mleaf (g) 0.043 0.0456 0.046 0.053

a/b 4.896 4.667 8.124 7.152

R2 0.999 0.999 0.999 0.969
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Table 3: The chlorophyll diffusion coefficient, D, surface wetting time, t0, relaxation time, τ, leaf thickness, 2ℓ, leaf weight, Mleaf, and 
chlorophyll ratio, a/b, of fresh and dried leaves of tea Shy Jih Chuen using 99.5% ethanol.

Temperature 65oC 60 oC 55 oC 50 oC 45 oC 40 oC 35 oC

Fresh leaves

D(108cm2/s)    2.80 2.10 1.25 0.90

t0 (s)    694 1122 1988 3206

τ (s)    592 962 1988 4275

ℓ (mm)    0.2107 0.2321 0.2574 0.2774

Mleaf (g)    0.2686 0.3217 0.3696 0.2953

a/b    3.118 3.084 3.187 3.191

R2    0.996 0.999 0.989 0.97

Dried leaves

D(108cm2/s) 0.240 0.175 0.105 0.07    

t0 (s) 3185 5499 12096 15263    

τ (s) 1821 4277 7560 16161    

ℓ (mm) 0.1322 0.1308 0.1127 0.1017    

Mleaf (g) 0.0574 0.0581 0.0453 0.059    

a/b 4.375 4.387 4.695 8.341    

R2 0.999 0.996 0.985 0.972    

Table 4: The chlorophyll diffusion coefficient, D, surface wetting time, t0, relaxation time, τ, leaf thickness, 2ℓ, leaf weight, Mleaf, and 
chlorophyll ratio, a/b, of fresh and dried leaves of tea Chin Shin Oolong using 99.5% ethanol.

Temperature 65 oC 60 oC 55 oC 50 oC 45 oC 40 oC 35 oC

Fresh leaves

D(108cm2/s)    2.24 1.55 1.08 0.84

t0 (s)    529 1042 1742 3133

τ (s)    1586 1894 2613 3133

ℓ (mm)    0.2513 0.2798 2.2743 0.2649

Mleaf (g)    0.268 0.3336 0.341 0.305

a/b    2.984 3.028 3.053 3.022

R2    0.999 0.996 0.983 0.971
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Dried leaves

D(108cm2/s) 0.20 0.105 0.06 0.032    

t0 (s) 4704 11038 20350 39454    

τ (s) 18816 34340 61051 94689    

ℓ (mm) 0.224 0.203 0.221 0.201    

Mleaf (g) 0.064 0.061 0.068 0.06    

a/b 3.378 2.837 5.137 5.135    

R2 0.993 0.999 0.996 0.976    

Table 5: The diffusion coefficient, D, surface wetting time, t0, relaxation time, τ, leaf thickness, 2ℓ, of fresh leaves of tea Shy Jih Chuen 
using three solvents to extract the chlorophyll and their activation energies.

Temperature
50 oC 45 oC 40 oC 35 oC R2

Solvent type

acetone

D(108cm2/s) 2.7 1.91 1.4 1.03 0.997

t0 (s) 2012 2966 4134 6136 0.998

τ (s) 805 1141 1908 2888 0.993

ℓ (mm) 0.2407 0.2952 0.2669 0.2439

∆GD=52.94 kJ/mol ∆Gme=63.46 kJ/mol ∆Gτ=67.91 kJ/mol

ethanol

D(108cm2/s) 2.8 2.1 1.25 0.9 0.981

t0 (s) 694 1122 1988 3206 0.998

τ (s) 592 962 1988 4275 0.996

ℓ (mm) 0.2107 0.2321 0.2574 0.2774

∆GD=64.55 kJ/mol ∆Gme=87.67 kJ/mol ∆Gτ=109.68 kJ/mol

methanol

D(108cm2/s) 0.48 0.31 0.215 0.138 0.997

t0 (s) 7683 14206 24677 37835 0.987

τ (s) 6585 12915 26920 52387 0.999

ℓ (mm) 0.2053 0.2531 0.2778 0.2535

∆GD=67.91 kJ/mol ∆Gme=90.76 kJ/mol ∆Gτ=115.04 kJ/mol

Table 6: Diffusion coefficient D, surface wetting time t0, relaxation time τ, leaf thickness 2ℓ of fresh leaves of tea Ttes No 12 using 
different solvents to extract the chlorophyll and activation energies.

Temperature

Solvent type
60 oC 55 oC 50 oC 45 oC 40 oC 35 oC 30 oC R2

acetone

D(108cm2/s) 3.06 2.26 1.57 0.94 0.982

t0 (s) 2240 3172 4628 6256 0.995

τ (s) 395 668 1089 1564 0.985

ℓ (mm) 0.2407 0.2952 0.2669 0.2439

∆GD=62.66 kJ/mol ∆Gme=57.96 kJ/mol ∆Gτ=73.96 kJ/mol
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ethanol

D(108cm2/s) 7.38 4.41 3.09 1.52 1.05 0.987

t0 (s) 268 526 1008 3086 5143 0.990

τ (s) 179 451 756 3527 5486 0.995

ℓ (mm) 0.2309 0.2301 0.2510 0.2311 0.2415

∆GD=64.82 kJ/mol ∆Gme=102.71 kJ/mol ∆Gτ=115.81 kJ/mol

methanol

D(108cm2/s) 1.10 0.32 0.14 0.055 0.985

t0 (s) 5938 16027 36251 55092 0.948

τ (s) 3563 10684 39546 110184 0.995

ℓ (mm) 0.2286 0.2615 0.2717 0.201

∆GD=162.16 kJ/mol ∆Gme=125.83 kJ/mol ∆Gτ=191.37 kJ/mol

Figure 1: The plots of the amount of chlorophyll, Mt, extracted from fresh leaves of (a) Ttes No 12, (b) Shy Jih Chuen, and 
(c) Chin Shin Oolong conducted at different temperatures using ethanol versus time where M0 is the extracted amount of 
chlorophyll at time infinity
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Figure 4: The amount of total chlorophyll, Mt, as a function of time for fresh leaves and dried leaves of three teas conducted at 
50 oC using ethanol where M0 is the total chlorophyll at time infinity.

Figure 5: The plots of (a) log(D), (b) log(T/t0), and (c) log(1/) versus 1/T for the total chlorophyll extracted from fresh and 
dried leaves of three types of tea using ethanol.
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Figure 8: The plots of log(D), (b) log(T/t0), and (c) log(1/) versus 1/T for the chlorophyll extraction from fresh leaves of Shy 
Jih Chuen and Ttes No 12 using different solvents.

Figures 5(a), 5(b), and 5(c) show the plots of diffusion coefficient, 
surface wetting time, and structure relaxation time for both fresh 
and dried leaves of three types of tea using ethanol, respectively. 
All lines satisfy the Arrhenius relation. Diffusion, surface wetting, 
and structure relaxation are thermal-activated processes with 
activation energies (or energy barriers). Because of the significant 
differences in diffusion coefficient, surface wetting time, and 
structure relaxation time between the fresh leaves and dried leaves, 
one observed the two regimes in Figure 5. For a given temperature 
and the same tea species, the diffusion coefficient of fresh leaves 
is ca. 30 times higher than that of dried leaves. The Ttes12 has a 
more significant diffusion coefficient for a given temperature than 
its parent, Chin Shin Oolong, for fresh and dried leaves. However, 
their slopes of the two regimes are similar except that the slope of 
the relaxation time of fresh leaves of Chin Shin Oolong possesses 
the smallest value. When the extracted temperature increases from 
35 oC to 50 oC for fresh leaves of Chin Shin Oolong, the relaxation 
time increases approximately twice.

Nevertheless, a difference of seven times in relaxation time 
of the fresh leaves occurs for the other two tea types. The slight 
change of relaxation time in Chin Shin Oolong does not significantly 
affect the chlorophyll extraction efficiency compared to the rest 
two tea types. From the slope, we obtain the activation energies of 
chlorophyll diffusion obtained for fresh leaves of Ttes No 12, Shy 
Jih Chuen, and Chin Shin Oolong being 64.82, 64.55, and 54.58 kJ/
mol, respectively, and those for dried leaves of Ttes No 12, Shy Jih 
Chuen, and Chin Shin Oolong being 86.75, 73.86, and 110.93 kJ/

mol. One expects that for all types of tea trees, the activation 
energy of chlorophyll extracted from the fresh leaf by ethanol 
is smaller than that extracted from the dried leaf. The energy 
barriers of surface wetting for fresh leaves of Ttes No 12, Shy Jih 
Chuen, and Chin Shin Oolong are 102.71, 87.67, and 99.37 kJ/mol, 
and those energy barriers for dried leaves of Ttes No 12, Shy Jih 
Chuen, and Chin Shin Oolong are 113.74, 97.01, and 137.65 kJ/mol, 
respectively. The energy barrier of surface wetting is smaller for the 
fresh leaf than for the dried leaf, regardless of the type of tea. The 
activation energies of relaxation time for fresh leaves of Ttes No 12, 
Shy Jih Chuen, and Chin Shin Oolong are 115.81, 109.68, and 28.51 
kJ/mol, and those energies of relaxation time for dried leaves of 
Ttes No 12, Shy Jih Chuen and Chin Shin Oolong are 134.73, 130.10, 
and 108.46 kJ/mol, respectively. For ethanol extraction, the fresh 
leaf has smaller activation energies of structure relaxation than 
the dried leaf for all types of tea. Because of the larger diffusivity 
and the smaller surface wetting time and structure relaxation time 
for fresh leaves, the chlorophyll extraction rate is more significant 
for the fresh leaves of three types of tea than for the dried leaves 
for all three species. Note that fresh leaves have more chlorophyll 
than dried leaves due to thermal aging. Figs. 6(a) and 6(b) show 
the chlorophyll extracted from the fresh leaves of the Shy Jih Chuen 
using acetone and methanol at different temperatures, respectively. 
Similarly, Figures 7(a) and 7(b) exhibit chlorophyll extraction 
from the fresh leaves of Ttes No 12 using acetone and methanol, 
respectively. One obtains the solid lines in Figures 6 and 7 using Eq. 
(1), and tabulates the diffusion coefficient, D, surface wetting time, 
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t0, relaxation time, τ, and leaf thickness 2ℓ in Tables 5 and 6 for fresh 
leaves Shy Jih Chuen and Ttes No 12, respectively. In addition to 
acetone and methanol, Tables 5 and 6 also include the parameters 
of D, t0, τ, and 2ℓ for the fresh leaves of both tea types using ethanol. 
The times to approach the extraction plateau are roughly 500 min 
for the fresh leaves of Shy Jih Chuen and Ttes No 12 extracted by the 
ethanol and acetone, respectively. However, it takes over six times 
longer to approach a plateau using methanol than using the other 
two solvents. 

From the data of Tables 5 and 6, we plot the curves of the 
logarithm of D, T/t0, and 1/τ to 1/T for fresh leaves of Shy Jih Chuen 
and Ttes No 12 extracted by three solvents in Figs. 8(a), 8(b) and 
8(c), respectively. All lines satisfy the Arrhenius plot, and one 
calculates the corresponding activation energies listed in Tables 
5 and 6. One can see from Fig. 8 that the lines corresponding to 
extracted acetone and ethanol are higher than that corresponding 
to methanol. Compared to ethanol and acetone, the chlorophyll 
extraction from fresh tea leaves using methanol has a smaller D and 
larger t0 and τ than ethanol and acetone. That is, methanol has the 
lowest efficiency of chlorophyll extraction among the above three 
solvents. The activation energies of chlorophyll diffusion (∆GD), 
surface wetting (∆Gme), and structure relaxation (∆Gτ) processes 
for Shy Jih Chuen are 52.94, 63.46, and 67.91 kJ/mol using acetone, 
64.55, 87.67, and 109.68 kJ/mol using ethanol, and 67.91, 90.76, 
and 115.04 kJ/mol using methanol, respectively. The activation 
energies of chlorophyll diffusion, surface wetting, and structure 
relaxation processes for Ttes No12 are 62.66, 57.96, and 73.96 kJ/
mol using acetone, 64.82, 102.71, and 115.81 kJ/mol using ethanol, 
and 162.16, 125.83, and 191.37 kJ/mol using methanol, respectively. 
The relative polarities of methanol, ethanol, and acetone are 
0.767, 0.654, and 0.355, respectively [23]. The polarity strength of 
the solvent arranged in ascending order is methanol > ethanol > 
acetone. Note that the relative polarity of water is unity. The higher 
the polarity of the solvent used to extract the chlorophyll from the 
fresh leaves of the teas is, the larger the activation energies of the 
extraction process are. One infers that it is more difficult to extract 
the chlorophyll from the tea leaves and complete the extraction 
using a solvent with greater polarity. It is because chlorophyll is 
hydrophobic. Note that water was not found to extract chlorophyll 
in plants. Hung et al. [18] studied chlorophyll extracted from 
herbaceous plants by ethanol and acetone. The activation energies 
of chlorophyll diffusion in creep oxalis, nodalflower synedrella, 
and broomjute are 14.75±0.65, 5.89±0.09, and 8.17±0.23 kJ/mol 
using 80% acetone, whereas that in creep oxalis is 22.25±075 kJ/
mol using ethanol. For the same solvent, the activation energy of 
diffusion in herbaceous plants is lower than that in woody plants. 
The diffusion coefficient of chlorophyll in herbaceous plants is 
greater than that in wood plants by three orders of magnitude. On 
the other hand, the activation energies of surface wetting in creep 
oxalis, nodalflower synedrella, and broomjute are 47.8, 21.75±0.15, 
and 30.2 kJ/mol using 80% acetone, and 40.0±0.4 kJ/mol in creep 
oxalis using ethanol. Again for the same solvent, the energy barriers 
of chlorophyll to cross surface in herbaceous plants is lower than 

those in woody plants. In summary, herbaceous plants have more 
efficiency in chlorophyll extraction than woody plants using a 
solvent. 

Summary and Conclusions 
Chlorophyll is a significant component in tea leaves, which is 

essential to human health and industrial applications. Chlorophyll 
extraction from the fresh leaves and dried leaves of Shy Jih Chuen, 
Ttes No 12, and Chin Shin Oolong using methanol, ethanol, and 
acetone are studied where Ttes No 12 is an offspring of Chin Sin 
Oolong, and Shy Jih Chuen harvests all year round. The Shy Jih 
Chuen has the most remarkable chlorophyll extraction rate among 
three tea species for a given temperature. In the comparison of the 
dried leaves to the fresh leaves on extraction efficiency, the former 
has higher efficiency of chlorophyll extraction than the latter 
due to thermal aging. The dried leaves have a higher chlorophyll 
extraction rate for Ttes No 12 than for Chin Shin Oolong at the same 
temperature and solvent. The increasing efficiency of chlorophyll 
extraction follows the sequence methanol, ethanol, and acetone 
opposite to relative polarity because chlorophyll is hydrophobic. We 
infer that water is a poor solvent using chlorophyll extraction. We 
propose a diffusion model coupled with surface wetting to explain 
the chlorophyll extraction. The activation energies of diffusion 
and surface wetting for Shy Jih Chuen, Ttes No 12, and Chin Shin 
Oolong for a given solvent such as acetone, ethanol, and methanol 
are greater than those for creep oxalis, nodalflower synedrella, and 
broomjute, respectively. We conclude that herbaceous plants have 
more efficiency in chlorophyll extraction than woody plants using 
a solvent. 
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