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Abstract

In process synthesis, design, and optimization of solid-liquid extractor, extraction yield (EY) has been the only
process parameter used for centuries in determining the process performance. Solid-liquid extraction (SLE) is one
of the crucial units in phytochemical processing. This communication introduces a concept of extraction
selectivity (ES) as a new tool for green process analysis, design and development of solid-liquid extractor that
overcomes the limitations of EY. New and simple equations have been developed based on the fundamental
concepts of physical sciences, chemical, and process engineering. In addition, it proposes new schemes for the
green SLE based on the concept of multiple extractions analogous to multiple reactions. Some of the equations
were employed in the analysis of green SLE of andrographolide water extract and other phytochemical compounds
from Andrographis paniculata (AP) as a case study. It was found that the performance indicator, ES is more

sensitive and pronounced to changes in the process variables of SLE than EY.

Keywords: Extraction yield (EY); Extraction selectivity (ES); Multiple extractions; Green product and process
development; Andrographolide water extract; Andrographis paniculata.

1. Introduction

For centuries, extraction yield (EY) has been the only process parameter for analyzing the solid-
liquid extraction [1-33]. However, since EY relates the product extract(s) to the whole amount of feed
rather than the actual quantity of feed that disappeared or consumed in the extraction, it has some
limitations. Among other serious shortcomings, EY cannot accurately give the real performance and
clearly reveal the effects of process variables on the extraction. The normal plot or equilibrium curve of
EY experimental data generally follows the exponential growth and steady stationary curves. Moreover,
EY cannot be conveniently and efficiently used as a criterion for quick evaluation of process economic
potentials in either the so-called solvent selective single or multiple extraction(s) prior to the detailed
profitability analysis and for minimization of undesired side extraction(s) that occur along with the
desired extraction in multiple extraction(s). The SLE is one of the oldest practice unit processes or unit
operations. It is the process of leaching out soluble components from multi-component solid mixture by
contacting with the suitable solvent that selectively dissolves some but not all components in the solid.
According to Johnson and Lusas [34], the ideal solvent does not exist based on the experience and
practice. It is difficult to find a solvent that combined all of the properties of good solvent. A solvent
that is abundant, inexpensive, nontoxic, nonreactive, non-flammable, stable, and selective to a single
product of extract with high yield and purity. The SLE is mainly used in the production of sucrose from
sugar beet, lipids from oil seeds, and phytochemicals from plants, etc [35-38]. The selectivity term is

not new in the process industry or academia [39-45]. However, there is confusion within the industry
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and academia about the actual meaning of selectivity. Most of the academicians and professionals are
attributing this powerful process parameter to the only solvent selectivity or catalyst selectivity [1-2,46-
53]. Again, most of the definitions given for selectivity are not well presented, cumbersomely defined
and difficult to comprehend or in relative terms of desired and undesired products [40, 41, 44, 54-55]
except the definitions given by Smith [43],and Wells and Rose [42]. This paper introduces a new concept
called “extraction selectivity (ES)” as a novel tool for performance indication, and a criterion for the
process analysis, design and development of solid-liquid extractor that overcomes the limitations of EY.
It also proposes new schemes for the green or non-green SLE based on the concept of multiple
extractions similar to multiple reactions. New and simple equations for estimating the two (2) basic
forms of selectivity have been developed based on the fundamental concepts of physical sciences,

chemical, and process engineering.

2. Material and Methods
2.1 Material and method development

In the development of new techniques for estimating ES, we combined the fundamental concepts
of physical sciences, chemical, and process engineering. The green SLE of andrographolide from AP
was used as a case study. The dried leaves of AP were purchased in ground form from Fidea Resource
Sdn Bhd, and authenticated by Forest Research Institute of Malaysia (FRIM) with ID No.: SBID002/13.
The sample was stored in a cool room at Institute of Bioproduct Development (IBD), Universiti
Teknologi Malaysia (UTM). The samples were conditioned in an oven at 50 °C for 24 hours before
extraction. Distilled water was collected from IBD pilot plant. Standard chemical of andrographolide
(98 %) was procured from Sigma Aldrich®, USA. Deionized water was produced from NANOpure
Diamond™ Barnstead, USA. Methanol was of HPLC grade obtained from QRéc®, Malaysia. The
extraction was performed in an automated pressurized liquid extractor (PLE), utilizing Dionex ASE
100®, USA under isothermal conditions at temperatures of 80° C, 100° C, and 120° C. In the sensitivity
analysis of ES in comparison with EY, a set of 12 experimental runs were planned using design of
experiment (DoE). The experiments were performed randomly under isothermal condition at 80° C based
on the complete factorial experimental design (CFED) with center points as shown in Table 1. The
statistical analysis was performed with aid of Design Expert software package version 9 (Stat Ease Inc.,
Minneapolis, USA). Then, the detailed investigations of the dependence of ES in comparison with EY
on the process variables were examined at various conditions [56]. A high-performance liquid
chromatography (HPLC), Waters 2690 Alliance equipped with Waters 996 photodiode detector

absorbance (PDA) and auto sampler, USA, was employed for the analysis of the green extracts.

AJCER



U. A. Isah et al. / Arab. J. Chem. Environ. Res. 09 (2022) 38-56 41

Table 1. Ranges and coded levels of independent process variables for CFED

Process variable Range and level

Symbol -1 0 +1
Solid-liquid ratio (g/mL) A 1/50 3/50 5/50
Particle size (mm) B 0.175 0.605 1.200
Time (min) C 5 15 25

2.1.1 Holistic approach to process analysis of solid-liquid extraction

In reality, the SLE of phytochemical compound from plant materials using green or non-green
solvents results into the product of multiple extracts [57-54]. In the multiple extractions, the process
involves the extraction of the desired extract, other undesired extract(s), and undesired product(s) of a
single or multiple transformation(s) and reaction(s). Generally, multiple extractions proceed in parallel.
However, the product extract(s) can likely undergo multiple reactions in parallel, or in series, or in a
combination of parallel and series (complex), or in separate independently. New schemes for the SLE
are proposed based on the concept of multiple extractions similar to multiple reactions as shown in the

following schemes 1 to 7 [1-2].

Scheme 1. Single SLE of desired extract

A+ S BS

Scheme 1 represents the case of having a single solid-liquid extraction of desired extract B in solvent S

from solid material A.

Scheme 2. Multiple competing SLEs of desired and undesired extracts

Scheme 2 illustrates the situation of having multiple competing solid-liquid extractions of desired extract

B in solvent S and unwanted extracts C, D, E, F, G in solvent S, and unknown unwanted extracts n
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represented by dash line arrow in solvent S from solid material A.

Scheme 3. Multiple competing SLEs of desired and undesired extracts in series with single

transformation of desired extract

BS —>CS

DS
ES

FS

GS

HS

nS

Scheme 3 depicts the scenario of having multiple competing solid-liquid extractions of desired extract
B in solvent S and undesired extracts D, E, F, G, H in solvent S, and unknown unwanted extracts n
represented by dash line arrow in solvent S from solid material A in series with single transformation of

desired extract solution into product CS.

Scheme 4. Multiple competing SLEs of desired and undesired extracts in series with multiple competing

transformations of desired extract into unwanted products

BS—= S

ES ~_> DS

.

FS < mS
GS

HS

IS

AnS

Scheme 4 exhibits the circumstance of having multiple competing solid-liquid extractions of desired

extract B in solvent S and unwanted extracts E, F, G, H, I in solvent S, and unknown unwanted extracts
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n represented by dash line arrow in solvent S from solid material A in series with multiple competing
transformations of desired extract solution BS into solution of undesired products CS, DS, and unknown

unwanted products of transformations mS represented by dash line arrow.

Scheme 5. Multiple competing SLEs of desired and undesired extracts in series with multiple consecutive

transformations of desired product extract

BS—CS — DS

ES \’\_
FS mS

GS

Scheme 5 represents the situation of having multiple competing solid-liquid extractions of desired
extract B in solvent S and undesired extracts E, F, G, H, I in solvent S, and unknown unwanted extracts
n represented by dash line arrow in solvent S from solid material A in series with multiple competing
transformations of desired extract solution BS into unwanted products of CS to DS, and unknown

unwanted products of transformations mS represented by dash line arrow.

Scheme 6. Multiple competing SLEs of desired and undesired extracts in series with multiple

transformations of desired extract and its complex reactions with undesired extracts

Scheme 6 illustrates the scenario of having multiple competing solid-liquid extractions of desired extract
B in solvent S and undesired extracts C, D, E, F, G in solvent S, and unknown unwanted extracts n
represented by dash line arrow in solvent S from solid material A in series with multiple competing
transformations of desired extract solution BS into unwanted products of HS, JS to KS, LS and HS to
PS, QS and DS to RS, and unknown unwanted products of transformations mS represented by dash line
arrow, and complex reactions of desired extract solution (BS) and undesired extract solution (CS) to

unwanted product (IS).
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HS

yd

BS+ CS——=>IS

JS —>KS

LS+HS—>PS

A+SS QS+DS——>RS

Scheme 7. Multiple competing SLEs of desired and undesired extracts in series with multiple

independent transformations of undesired product extracts

BS

CS—HS + IS
DS —>JS+KS

ES — LS+ MS

A+S

FS ——>PS+ QS
GS ——>RS + TS

~ ns ——>m(WS + ZS)
Scheme 7 exhibits the case of having multiple competing solid-liquid extractions of desired extract B in
solvent S and undesired extracts C, D, E, F, G in solvent S, and unknown unwanted extracts n
represented by dash line arrow in solvent S from solid material A in series with multiple independent
transformations of undesired extracts CS, DS, ES, FS, GS, nS solution into unwanted products of HS
and IS, JS and KS, LS and MS, PS and QS, RS, TS, and unknown unwanted products of

transformations m (WS and ZS), respectively.
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2.1.2 A case study of solid-liquid extraction of andrographolide from AP

The phytochemical qualitative screening and HPLC quantitative analysis for the green SLE of

45

andrographolide water extracts from AP have shown the presence of both the primary and secondary

metabolites.

Table 2. Phytochemical qualitative analysis of AP green extracts

Constituents Test Observation Inference
Carbohydrates Molisch’s test A purple to violet coloration at Present
interface
Free reducing Fehling’s test A brick red precipitate formed Present
sugars
Cardiac Salkowsk’s test A layer of reddish-brown color Present
Glycosides formed
Tannins Lead Sub-Acetate test A color precipitate formed Present
FeClj test A blue-black precipitate formed  Present
Flavonoids Shinoda’s test A green color and heavy Present
NaOH test precipitate formed Present
Yellow coloration formed
Terpenes/steroids  Liebermann A violet blue and finally green Present
Burchard’s test formed
Alkaloids Dragendoff’s test A blue-blackish precipitate Present
Meyer’s test A precipitate formed Present
Wagner’s test A white precipitate Present
Saponins Frothing test A honey comb formed Present
Anthraquinones ~ Borntrager’s test A pink color formed Present
derivatives
0.40 é‘
:
0.20- \\/M 2

=
—TT—T —r—r —TrTT
5.00 6.00 7.00 8.0

Minutes

Figure 1. HPLC chromatogram of green extracts of Andrographis paniculata.
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These include carbohydrates, free reducing sugars, cardiac glycosides, tannins, flavonoids,
terpenes/steroids, alkaloids, saponins, and anthraquinones derivatives as shown in Table 2 and Figure 1.
The identification and quantification of the andrographolide marker compound of the AP was performed
using HPLC with aid of standard chemical of andrographolide procured from Sigma Aldrich, USA. The
detection and measurement of andrographolide concentration were best observed at 223 nm using
isocratic method with HPLC grade methanol: water system by modifying the ratio of methanol to water
system (60:40) as the mobile phase.

The results obtained from our case study and some of the published reports for the SLE of
andrographolide in accompany with other phytochemical compounds from AP can be best described to
proceed based on the scheme 6 above of the new proposed schemes as depicted in Figure 2. The
sequences of multiple competing green SLE of andrographolide with other phytochemical compounds
from AP in series with multiple reactions of andrographolide and other phytochemical compound(s) in
parallel or/and series is considered as a case study for demonstration. The letters in the scheme represent
the following: A—AP, S—green solvent(water), BS—andrographolide (desired extract) in green solvent
(water), undesired extracts (C—apigenin, D—glucose, E-7-O-methyl wogonin, F-skullcapflavone I, G-
andrographidines A, B, C, D, E, and F; and H-unknown competing product extracts in relatively larger
amounts from free reducing sugars, cardiac glycosidase, tannins, alkaloids, saponins, and
anthraquinones derivatives) in green solvent S, undesired products of andrographolide reactions (I-
isoandrographolide, = J—14—deoxyandrographolide, K—deoxyandrographolide, L—andrograpanin, P—
neoandrographolide, = Q-andrographiside, = R-14—deoxy—11,12—didehydroandrographolide, = T—
dehydroandrographolide, = U—14—deoxy—11-hydroxyandrographolide, and  V-14-deoxy—12—
hydroxyandrographolide) in green solvent S.

2.2 Development of solid-liquid extractor

The development of the solid-liquid extractor should be based on complete understanding of the
SLE for the desired product extract and the process characteristics. The performance indicator(s) that
characterize the extraction should be the basis for the selection of optimal extractor, extractor design and
scale-up or scale-down to any size [61]. In a situation whereby the desired product extract of multiple
extractions undergo series of consecutive reaction(s) with itself, or one or more of the undesired product
extract(s) to give another undesired product(s), the most important process variable for process control
is the time (i.e. real time for a batch extractor or space time for a flow extractor). For instance, It will be
extremely difficult to obtain the desired product extract B as illustrated in Figure 1, if the rate of

extraction of B is slower than the rate of reaction (transformations of B into I, J,
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Figure 2. Multiple competing green solid-liquid extractions (SLE) of desired extract and undesired
extracts in series with multiple transformations of a desired extract, and its complex reactions with

undesired extracts.
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K, L, R, T, U, and V). On the other hand, if the rate of extraction of B is faster than the rate of its
transformation to unwanted products, a high selectivity and yield of B can be achieved. However, if the
extraction is allowed to proceed for a long time in a batch extractor, the desired product extract B will
be transformed into the undesired products I, J, K, L, R, T, U, and V. It is important to know the exact
time for getting the maximum selectivity of the desired extract with the minimum selectivity of undesired
extracts of multiple competing extractions and minimum reaction selectivity multiple reactions.
Therefore, process research and development (R&D) should be focused on maximizing selectivity of
the desired product extract while minimizing selectivity of undesired product extracts of multiple

extraction(s), and reaction selectivity (RS) of multiple reactions.

3. Results and discussion

The well-known equation for the calculation of the EY is presented in equation 1. New and
simple equations of ES which have been developed, are for the instantaneous and overall selectivity
parameter of the desired, undesired, and desired with respect to undesired product(s) at the end of

extraction time in a batch extractor are summarized and shown from equations 2 to 7.

v — 4D
a A
D = (2)
AASM
Bl = L (3)
ApAsM
a A
SD/U = ﬁ ...................................................................................................... (4)
S = (5)
TDPCs
S = m (6)
TDPCs
Spju = :—ﬁ ....................................................................................................... 7

Where Y= Overall yield of desired product extract;

Sp, Su, and Spyy = Overall selectivity of desired, undesired, and desired with respect to undesired
extracts(s);

Ap, and Ay = Amount of desired and undesired product extract(s);

Auasu= Actual amount of solid material disappeared in SLE;

Asy= Whole amount of solid material used in SLE;

rp, and ry = Rate of formation of desired and undesired product extract(s);

rppcs = Rate of dissolution of all phytochemical compounds;
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Sp, Su, and Sp/v = Instantaneous selectivity of desired, undesired, and desired withrespect to undesired
product extract(s), respectively.

Both EY and ES are process parameters that are or can be used as the performance indicators to
characterize extraction process. The two parameters are similar to one another and are linearly related
to the concentration or amount of product(s) produced. They relate product(s) with the most essential
starting material or raw material, and disclose the effects of process variables on the performance of
SLE. However, ES is more powerful in revealing the effects of process variables on the process than
EY. This is because it uses only the actual amount of solid material (feed or raw material) that

disappeared in SLE, unlike EY that uses the whole amount of solid material.

Table 3. CFED matrix and responses for the green SLE of andrographolide

Independent process variables Responses
Codded levels Actual levels

Std Run A B C A B C OYA OSA

order order (%) (%)
+1 -1 +1 1 2

6 1 3150 0.175 > 2.98 13.11
-1 +1 +1 1 1.2 2

7 2 50 00 > 2.11 13.89
-1 -1 -1 1 1

1 3 50 0.175 > 4.36 22.32
0 0 0 3/50 0.605 15

9 5 2.59 13.97

. 1

10 4 0 0 0 3/50 0.605 5 55 13.60
+1 -1 -1 5/50 0.175 5

2 6 3.25 14.45
-1 -1 +1 1/50 0.175 25

5 7 1.82 8.75

. 1

11 8 0 0 0 3/50 0605 > 2.55 13.91
0 0 0 3/50 0.605 15

12 9 2.67 14.29
+1 +1 -1 1.2

4 10 3150 00 > 1.55 10.1
+1 +1 +1 1.2 2

8 11 3150 00 > 2.47 14.8
-1 +1 -1 1/50 1.200 5

3 12 1.3 10.82

For the detailed and rigorous green process analysis, the first three (3) equations for the instantaneous
selectivity (i.e., equations 5, 6, and 7) should be used in the ES computation when the rate of extraction

of desired and undesired product extract(s) are fully established with all their specific extraction rate
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constants, extraction order, and activation energies for extractions. On the other hand, the last three (3)
equations for the overall selectivity (i.e., equations 2, 3, and 4) should be used in the estimation of ES in
the absence of complete data.

Table 3 presents the CFED matrix and responses for the green SLE of andrographolide. In the
sensitivity analysis, the CFED matrix and responses were empirically modelled using first-order model
with double and triple factor interactions as shown in equation 8. The objective was to find the effects
of individual, double and triple interactions of the process variables on the two performance indicators
OYA and OSA and compare their sensitivity to changes in solid-liquid ratio (A), average particle size
(B), and extraction time (C) in green SLE of andrographolide. The empirical models for the response

variables of green SLE in terms of the coded process variables are shown in equations 9 to 10.

Vi = Bo + BLA + ByB + B3C + B13AB + BisAC + BysBC + BiygABC...iiiiiiei e (8)

Where y; is the predicted response i while A, B, and C are the coded form of the process variables; £, is
the intercept; £, £, and #; are the linear or partial regression coefficients relating responses (yi or y2,
etc) to the level of input variables (A or B or C); A1.. Pizand Prare the interaction coefficients
corresponding to the effect of double interactions (factor A with factor B, etc); and S 123 is the interaction

coefficient for the effect of triple interaction of process variables A, B and C.

OYA = +2.51 + 0.0824 — 0.62B — 0.14C + 0.070AB + 0.30AC + 0.57BC — 0.27ABC........ccovvvvvvvven... 9

0SA = +13.68 — 0.42A — 1.13B — 0.89C + 0.46AB + 1.73AC + 2.84BC — 1.33ABC............cooviii . (10)

The models were significant at 95% confidence level. They were demonstrated to cover the following
ranges for the overall yield of andrographolide from 1.3% (w/w) to 4.36% (w/w) and overall selectivity
of andrographolide was from 8.75% (w/w) to 22.32% (w/w). The summary for the analysis of variance
(ANOVA) performed at 95% confidence level of the models are presented is shown in Table 4. It can
be observed from the coefficients of the model terms, F-values, significant probability values (p-values
< 0.05), R’-values, adequate precision and standard deviation values that OSA appears to be more

sensitive to the changes in process variables than OYA.
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Table 4. Analysis of variance (ANOVA) for the selected factorial models of OYA (%) and OSA (%)

Source Sum of squares DF Mean squares F-value Prob>F

OYA OSA OYA OSA OYA OSA OYA OSA OYA OSA

N 5 S ¢ N O B C2 N C2) B O @%) 0 (%)
Model 7.21 122.0 7 7 1.03 17.43 199.6 283.7 0.0005® 0.0003™
A 0.054 1.38 1 1 0.05 1.38 10.56 2243 0.0475® 0.0178®
B 3.10 10.17 1 1 3.10 10.17 601.0 165.6 0.0001™ 0.0001™
C 0.15 6.37 1 1 0.15 6.37 28.26 103.7 0.0130™ 0.0020™
AB 0.04 1.71 1 1 0.04 1.71 7. 60 27.86 0.0703™ 0.0133®
AC 0.71 24.01 1 1 0.71 24.01 137.3 390.9 0.0013® 0.0003™
BC 2.58 64.30 1 1 2.58 64.30 499.5 1047 0.0002 <0.0001™
ABC 0.58 14.05 1 1 0.58 14.05 113.1 228.6 0.0018™ 0.0006™
Curvature 0.03 0.50 1 1 0.03 0.50 491 8.21 0.11340 0.06430
Pure
error 0.02 0.18 3 3 0.005 0.06

Cor total ~ 7.25 122.68 11 11

RZ
squared 0.994  0.994

Adeq.
precision  37.1 40.0

Std. dev.  0.10 0.41

OYA-Overall yield of andrographolide
OSA4- Overall selectivity of andrographolide
DF- Degree of freedom

Prob.—Probability
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Figure 3. Contour plots for OYA (%) and OSA (%) as a function of (a) solid-liquid ratio and time
at ave. particle size of 0.69 mm, (b) ave. particle size and time at S-L ratio of 3/50 (g/mL) and (c)
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The sensitivity of the two process parameters OYA and OSA to the impact of process variables
can be visualized and compared in the contour plots as displayed in Figure 3. It exhibits and
compares the contour plots of OYA and OSA as a function of solid-liquid ratio and extraction
time, average particle size and extraction time as well as solid-liquid ratio and average particle
size, while the third process variable is held constant at the centre levels in Figure 3 (a), (b) and
(c) respectively. It can be observed from both plots that OY A and OSA increase with the decrease
in both solid-liquid ratio and average particle size at shorter extraction time with stronger negative
effects for the lower solid-liquid ratio and smaller average particle size at longer extraction time.
However, both OYA and OSA increase at an extreme higher solid- liquid ratio (=5/50 g/mL) and
larger average particle size (=1.200 mm) with the increase in extraction time (=25 min). Unlike
OYA, OSA increases with both decrease in average particle size and solid-liquid ratio at extraction
time of 15 minutes with strong negative effect as average particle size increases.

Figures 4 and 5 exhibit the effects of average particle sizes, extraction time, and solid-liquid
ratios on the overall yield of andrographolide (OY A) in comparison with the overall selectivity of
andrographolide (OSA) in green SLE. The influences of process variables were studied under
isothermal condition at 80° C for solid-liquid ratios of 1:10 (g/mL) and 1:50 (g/mL). The maximum
OYA and OSA for solid-liquid ratio of 1/10 (g/mL) can be observed from Figure 4 (a) and (b) to
be 4.11 %, and 17.45% at 20 minutes and 10 minutes, respectively for average particle size of
0.175 mm. In addition, the highest values obtained are 3.58 % and 15.48 % at 20 minutes for
average particle size of 0.375 mm. Moreover, the maximums for average particle sizes of 0.605
mm, 0.855 mm, and 1.200 mm are found to be 3.11 % and 15.76 %; 2.68 % and 14.03 % and 2.47
% and 14.8 % at 25 minutes, respectively. On the other hand, the maximum OYA and OSA for
solid-liquid ratio of 1:50 (g/mL) can be seen from Figure 5 (a) and (b) to be 5.59 %, and 26.37%
at 15 minutes for average particle size of 0.175 mm. Besides, the highest values found are 3.94 %
and 20.26 %; 3.02 % and 16.45 %; 2.43 % and 14.99 % and 2.14 % and 15.64 % for average
particle size of 0.175 mm, 0.375 mm, 0.605 mm, 0.855 mm and 1.200 mm at 20 minutes,
respectively. It can be observed that the plots of the OYA and OSA follow the pattern of
exponential growth or law of diminishing returns as the concentrations of andrographolide keep
increasing up to a different region of time to each class of particle size where andrographolide

attains its equilibrium concentrations and starts to decline.
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Figure 4. Effects of average particle sizes and extraction time on (a) overall yield of andrographolide (OYA), (b) overall selectivity of

andrographolide (OSA) in green SLE for solid-liquid ratio of 1:10 (g/mL) under isothermal condition at 80 °C.
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Figure 5. Effects of average particle sizes and extraction time on (a) overall yield of andrographolide (OYA), (b) overall selectivity of

andrographolide (OSA) in green SLE for solid-liquid ratio of 1:50 (g/mL) under isothermal condition at 80 °C.
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Figure 6. Effects of average particle size and extraction time on (a) overall selectivity of other phytochemical compounds (OSOPCC)
and (b) overall selectivity of andrographolide with respect to other phytochemical compounds (OSA/OPCC) in green SLE for solid-
liquid ratio of 1:50 (g/mL) under isothermal condition at 80 °C.
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From the results on the plots of OYA and OSA, it can be noticed how OSA performance indicator
sincerely discloses the truth about the real impact of the process variables on the SLE. These can
be seen clearly for the curve of average particle sizes of 0.375 mm; and 0.855 mm and 1.200 mm
as depicted on the plots.

Figure 6 depicts the effects of average particle size and extraction time on overall
selectivity of other phytochemical compounds (OSOPCC), and overall selectivity of
andrographolide with respect to other phytochemical compounds (OSA/OPCC) in green SLE. The
condition was under isothermal at 80 C, and the solid-liquid ratio was 1:50 (g/mL). It proves how
simple the concept of ES can be used to depict the performance of undesired extracts (i.e., other
phytochemical compounds) and also relate the desired and undesired extract (s) in SLE.

Figures 7, 8, and 9 show the influences of average particle size and temperature on OYA
and OSA in green SLE for solid-liquid ratio of 1:50 (g/mL) at 10, 15, and 20 minutes, respectively.
They compare the responses of OY A and OSA based on the concepts of EY and ES to the changes
of average particle sizes and temperatures at different time regimes. It can be observed from the
Figures that the plots look similar to one another. However, it can be noted some of the plots
slightly differ from their patterns. This is evident in the case of average particle sizes of 1.200 mm
at 10 minutes, 0.855 mm, 0.605 mm, and 0.375 mm at 15 minutes, and 0.375 mm at 20 minutes as
shown in Figures 7b, 8b and 9b, respectively. These further indicate how sensitive is the concept

of ES in revealing the true performance of SLE process.

Conclusions

A new concept called extraction selectivity (ES) has been introduced as a performance
indicator and a criterion in the green process analysis, design and development of solid-liquid
extractor. New tools in the form of simple equations for determining the ES have been successfully
developed. Some of the tools have been validated in the process analysis of the green SLE of
andrographolide from AP. It was found that the ES is a function of not only solvent but also particle
size, solid-liquid ratio, time, and temperature. The profiles of ES have shown the capability of
debunking the plots of extraction yield (EY) and depicting the true picture of process performance
for the efficient extractor design and profitable operations.
With the amazing abilities to overcome the limitations of EY, the following conclusions can be

drawn:
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1 ES can be used as a powerful criterion in choosing extraction schemes and extractors,
process optimization and predicting profits that will optimize the extraction of desired
product extract at the early stage of green product and process development.

2 ES can be used more conveniently in the green process analysis of SLE than the existing
concept of atom economy developed by Trost [62] and proposed in the 12 principles of
green chemistry by Anastas and Warner [63].
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