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a b s t r a c t

The enantioseparation of (S)-amlodipine and (R)-amlodipine from pharmaceutical wastewater by 
hollow fiber supported liquid membrane was examined. The pH effects of feed solution, concentra-
tion of (+)-DBTA, temperature and the flow rates of feed and stripping solution were investigated. 
A central composite design (CCD) was used for the design of experiment and to determine the sig-
nificant factors and their interactions. Regression equations were created from the CCD to predict 
the percentages of extraction and stripping with varying factor levels. The validity of the model was 
evaluated, and the optimized condition determined by response surface methodology. The highest 
extraction and stripping performances were 82.0 and 76.0%, respectively. 
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1. Introduction

Amlodipine is a drug in a class of calcium channel 
blocker (CCB), used to treat high blood pressure (hyper-
tension) and reduce chest pain (angina) [1]. Amlodipine 
consists of (S)-amlodipine (Fig. 1a) and (R)-amlodipine 
(Fig. 1b). Essentially, the calcium channel blocking effect 
is confined to (S)-amlodipine, whereas (R)-amlodipine 
exhibits a much lower calcium channel blocking activity. 
(S)-amlodipine is a more potent showing about 2000 times 
the potency in in vitro evaluation in the rat aorta than the 
(R)-amlodipine [2]. (S)-amlodipine provides longer dura-
tion of action which reduces the chances of reflex tachy-
cardia [3]. The enantioseparation of (S)-amlodipine from 
its racemate is a very challenging research area. Several 

researchers dedicated to the separation of amlodipine 
have been reported. Gotrane et al. [4] separated diaste-
reomers by salt crystallization, however, this required 
a long time with multiple steps and led to considerable 
loss of product. Streel et al. [5] and Luksa et al. [6] used 
chromatographic techniques, and Zandkarimi et al. [7] 
used capillary electrophoresis. The common preparation 
of (S)-amlodipine follows the selective diastereomeric 
salt crystallization method. Unfortunately, this separation 
process has some serious disadvantages. The technique 
requires a considerable number of different steps and is 
not suitable for production of multi-gram-quantities. It 
is also time consuming and expensive. Asymmetric syn-
thesis and kinetic resolution have been developed, but 
the costs of these processes are high and require a long 
operating time to develop a proper route for all the chiral 
compounds.
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 Attempts were made to overcome these problems and 
separate (S)-amlodipine from its racemate. Liquid mem-
brane is considered an effective technique for the simulta-
neous extraction and recovery of target component from 
a very dilute solution in a feed by a single unit operation 
[8]. The membranes contain an extractant or a carrier. The 
solute can be transferred from low to high concentration 
because the extractant has the potential for selective perme-
ation using the facilitated transport mechanism [8]. There 
are two types of liquid membranes, emulsion liquid mem-
brane (ELM) and supported liquid membrane (SLM). ELM 
has a high transport area [9] and solute extraction is fast. 
However, the recovery process of the concentrated solute 
(demulsification) is complicated, and ELM suffers from 
swelling instability. These factors make the ELM technique 
commercially uneconomical. 

 In SLMs, the liquid membrane is held in a porous struc-
ture, usually in a porous polyethylene. There are many types 
of SLM including flat sheet, spiral and hollow fiber. The 
advantages of hollow fiber supported liquid membranes 
include a lower amount of extractant used than required 
in solvent extraction, long life time, low energy consump-
tion and high selectivity [10–12]. Therefore, the hollow fiber 
supported liquid membrane (HFSLM) was used to separate 
(S)-amlodipine and (R)-amlodipine from pharmaceutical 
wastewater. Liquid membranes have been widely applied 
to the extraction and recovery of metal ions [13–15], organic 
compounds [16] and enzymatic transformation. In our pre-
vious work, the separation of (S)-amlodipine by hollow 
fiber supported liquid membrane with promising results 
[17]. (+)-DBTA selectively reacted with (S)-amlodipine to 
form complexes by hydrogen bonding, while (R)-amlodip-
ine does not and would be remained in the feed solution.

This study investigated optimizing the separation of 
(S)-amlodipine with HFSLM from pharmaceutical waste-
water. Central composite design (CCD) is a systematic 
concept for the planning and execution of informative 
experiments. The effects of various factors including pH of 
the feed solution, temperature, concentration of (+)-DBTA, 
and flow rates of the feed and stripping solutions were 
investigated. The main effect and interaction effect of these 
parameters were determined. Consequently, regression 
models were developed by response surface methodology 
which correlated with the significant factors to optimize the 
extraction and stripping of (S)-amlodipine.

2. Separation mechanism of (S)-amlodipine in hollow 
fiber module

A hollow fiber supported liquid membrane system 
consists of an aqueous feed phase, an organic liquid mem-
brane phase, and an aqueous stripping phase (Fig. 2). The 
feed and stripping phases were in contact with the organic 
membrane phase, while the liquid membrane phase which 
contained an extractant was held in polymeric micropores 
by capillary force [8]. In this work, the feed solution con-
tained racemic amlodipine, and the liquid membrane had 
(+)-DBTA as an enantioselector dissolved in 1-decanol. The 
enantioselective extraction procedure of amlodipine was 
as follows. The enantioselector, (+)-DBTA would reacted 
with (S)-amlodipine in the feed phase to form a complex 
of (S)-amlodipine2 · (+)-DBTA by hydrogen bonding as 
described in Eq. (1) [18]. 

2

2[ -Amlodipine [( )-DBTA]
                                [ -amlodipine] ( ) DBTA

(S)

(S)

+ + ↔
⋅ + −

 (1)

This complex [(S)-amlodipine]2 · (+)-DBTA diffused 
across the membrane phase to the opposite side due to the 
concentration gradient, and reacted with β-cyclodextrin as 
the stripping agent. Finally, (S)-amlodipine was released 
into the stripping phase by the reaction shown in Eq. (2). 
The transport mechanism of (S)-amlodipine through the 
liquid membrane is also shown in Fig. 2. 

Fig. 1. The structure of (a) (S)-amlodipine; (b) (R)-amlodipine; (c) O,O’-dibenzoyl-(2S,3S)-tartaric acid; (d) β-cyclodextrin.

Fig. 2. Transport scheme for chiral extraction.
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β
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⋅ − + + −
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3. Experimental 

3.1. Chemicals and reagents

Wastewater containing 4 mmol/L of racemic amlodip-
ine was taken from a chemical synthesis-based amlodipine 
pharmaceutical plant of the Government Pharmaceuti-
cal Organization (GPO), Bangkok, Thailand. (+)-DBTA 
(O,O’-dibenzoyl-(2S,3S)-tartaric acid) and β-cyclodextrin 
were purchased from Acros Organics (Geel, Belgium). 
Analytical grade 1-decanol was used as the diluent. 

3.2. Apparatus 

•	 A Liqui-Cel® Laboratory Liquid/Liquid Extraction 
System (composed of two gear pumps, two variable 
speed controllers, two rotameters and four pressure 
gauges) was used.

•	 A Liqui-Cel® Extra-Flow module (Celgard, Char-
lotte, NC; formerly Hoechst Celanese) was used as a 
support material. This module uses Celgard® micro-
porous polyethylene fibers woven into a fabric and 
wrapped around a central tube feeder that supplies 
the shell-side fluid. The woven fabric allows more 
uniform fiber spacing, which in turn leads to higher 
mass transfer coefficients than those obtained with 
individual fibers. The properties of the hollow fiber 
module are shown in Table 1. The fibers were potted 
into a solvent-resistant polyethylene tube sheet with 
a polypropylene shell casing.

•	 High performance liquid chromatography (HPLC) 

3.3. Procedures

The single-module operation is shown in Fig. 3. The liq-
uid membrane, the solution between (+)-DBTA and 1-deca-
nol, was pumped into the tube and shell sides of the hollow 
fiber module for 20 min to ensure that the liquid membrane 

was fully embedded in the micropores. The feed and strip-
ping solutions were then fed counter-currently into the tube 
and the shell sides, respectively. The operating time was 50 
min. The outlets of the feed and stripping solutions were 
sampled and analyzed by high-performance liquid chroma-
tography (HPLC).

The chromatographic procedure was carried out using 
an Ultron ES-OVM, ovomucoid chiral column (5 µm, 4.6 
x 150 mm) (Agilent 1). The chromatographic system con-
sisted of an Agilent1 1100 Compact LC series (Agilent Tech-
nologies, Palo Alto CA, USA), equipped with a built-in 
solvent degasser, quaternary pump, column compartment, 
photodiode array detector with variable wavelength, and 
auto sampler. Data analysis was carried out using ChemSta-
tion1 version B.04.01 software (Agilent). The analysis was 
performed following U.S. Patent No 6646131 B2 [20].

Extraction and stripping percentages were calculated 
from Eqs. (3) and (4) 

% extraction 100f,in f,out

f,in

C C

C

−
= ×  (3)

,% stripping 100s out

f,in

C

C
= ×  (4)

where Cf,in and Cf,out are the inlet and outlet feed concentration 
of (S)-amlodipine (mmol/L), respectively, and Cs,out is the 
outlet stripping concentration of (S)-amlodipine (mmol/L).

3.4. Central composite design

Four factors with five levels of central composite design 
(CCD) for each factor [21] was used in this study to inves-
tigate and optimize the effect of enantioseparation process 
variables as the pH effects of feed solution (3–7, X1), the 
concentration of (+)-DBTA (1–5 mmol/L, X2), temperature 
(20–60ºC), and the flow rates of feed and stripping solu-
tion (50–250 mL/min, X4) on the maximum extraction and 
stripping of (S)-amlodipine. The process variables and their 
ranges were chosen from preliminary experimental results. 

The process factors were each varied in five levels as 
shown in Table 2 with +α, -α (axial points), +1, -1 (factorial 
points), and 0 (central point). The α-values were 2.00. The 
required number of experiments for the estimation of four 
process parameters was 31 with 16 experiments (factorial 
points), 8 experiments (axial points), and 7 experiments 
(central point). The factor level values are shown in Table 3. 

The regression equation of the second order polynomial 
model is presented in Eq. (5) 

2
0

1 1 1 1 1

k k k k k

j j jj j j j ij i j
j j j i j i

Y X X X X Xβ β β β β
= = = = = +

= + + + +∑ ∑ ∑ ∑ ∑  (5)

where Y is the response, Xi and Xj are variables (i and j from 
1 to k), βj, βjj, and βij are the coefficients of linear, quadratic 
and the second order terms, respectively, and k is the num-
ber of independent variables (k = 4 in this study).

 Minitab V.17.0 program was used to calculate these 
coefficients. The significant factors and their interactions 
were determined by analysis of variance (ANOVA) (Table 
3). Optimization was performed by the response surface 
and regression equation which correlated with the signifi-
cant factors. 

Table 1 
Properties of the hollow fiber module

Properties Description

Materials Polypropylene

Dimension of module (diameter × 
length)

6.3 × 20.3

Inside diameter of a hollow fiber 240 μm

Outside diameter of a hollow fiber 300 μm

Number of hollow fiber 35,000

Size of pore 0.05 μm

Effective surface area 1.39 m2

Porosity 30%

Area per unit volume 29.3 cm2/cm3
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4. Results and discussion

4.1. Effect of individual factors 

The results of the four individual effects on extraction 
and stripping are shown in Figs. 4a and 5a, respectively. 
At pH below 5.5, the percentages of extraction and strip-
ping were higher as pH (X1) was increased because when 

pH was increased, it would increase the ionized forms of 
amlodipine. The enantiomers of amlodipine are expected 
to be ionized at pH 5.0 because the pKa of amlodipine is 
8.6 [7,22]. However, at pH above 5.5 as pH increased, it 
would decrease of extractability and also the percentage of 
stripping for (S)-amlodipine because (R)-amlodipine could 
compete and bind to the extractant. According to the effect 
of (+)-DBTA concentration (X2), the initial increase in the 
extraction occurred with the rise in (+)-DBTA concentration. 
This led to a forward shift of the extraction reaction, result-
ing in the formation of extracted complexes and increasing 
the concentration gradient along the membrane thickness. 
However, when (+)-DBTA concentration exceeding 1.5 
mmol/L (X2 = –1.5), the extractability decreased because the 
viscosity of the membrane phase became significant. This 
resulted in the increase of the liquid membrane resistance 
toward the diffusion of the complex species [23]. The latter 
was due to the diffusion coefficient of the complex across 
the membrane, which was inversely proportional to the vis-
cosity, according to Wilke-Chang correlation in Eq. (6) [24].

8 0.5

0.6

7.4 10 ( )B B

B A

M T
D

Vµ

−× Φ
=  (6)

where DAB is the diffusivity of solute A in solvent B (cm2/s), 
T is the temperature (K), MB is the molecular weight of the 
solvent mB is the solvent viscosity (cP), FB is the association 
factor for the solvent, which is 1.0 for unassociated solvents 

Fig. 3. Schematic counter-current flow diagram for circulated mode operation of a hollow fiber supported liquid membrane system. 
1. Feed solution tank 2. Gear pump 3. Inlet pressure gauges 4. Outlet pressure gauges 5. Flow meters 6. Stripping solution tank 7. 
Hollow fiber module 8. heater.

Table 2 
Variable and their level for central composite design

Factor Factor level Unit

–2 –1 0 1 2

pH of feed 
solution (X1)

3.0 4.0 5.0 6.0 7.0 –

Conc. of (+) 
–DBTA (X2)

1.0 2.0 3.0 4.0 5.0 mmol/L

Temperature 
(X3)

20.0 30.0 40.0 50.0 60.0 ºC

Flow rates 
of feed and 
srtipping 
solutions 
(X4)

50.0 100.0 150.0 200.0 250.0 mL/min

X1 = (x1 – 5)/1; X2 = (x2 – 3)/1; X3 = (x3 – 40)/10; X4 = (x4 – 150)/50 xi 
means actual value and Xi means code value.
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such as hydrocarbons, and VA is the molar volume of the 
solute A at its boiling temperature (mL/mol).

Increase in temperature (X3) accelerated the rate of 
extraction and stripping reactions. Lastly, the increase of 
flow rates of feed and stripping solutions (X4) resulted in 
lower contact time of the relevant molecules in the reaction 
in the hollow fiber module. Therefore, the extraction and 
stripping decreased [25]. 

4.2. Effect of interaction between the factors 

 The interactions between each of the factors on the 
extraction and stripping are shown in Figs. 4b and 5b, respec-

tively. Almost every factor, X1, X2, X3, and X4, had no interaction 
between each factor because the curves were almost parallel. 
There was an interaction between the pH of feed solution (X1) 
and (+)-DBTA concentration (X2). When the concentration 

Table 3 
Central composite design factors and the responses

STD 
No.

X1 X2 X3 X4 % extraction % stripping

1 –1 –1 –1 –1 81.2 75.1

2 1 –1 –1 –1 80.3 74.1

3 –1 1 –1 –1 65.1 58.8

4 1 1 –1 –1 80.9 74.6

5 –1 –1 1 –1 85.5 79.5

6 1 –1 1 –1 81.3 75.0

7 –1 1 1 –1 70.6 64.0

8 1 1 1 –1 82.3 76.5

9 –1 –1 –1 1 78.9 72.2

10 1 –1 –1 1 77.9 71.5

11 –1 1 –1 1 66.0 59.9

12 1 1 –1 1 84.7 78.9

13 –1 –1 1 1 84.0 78.0

14 1 –1 1 1 76.0 69.8

15 –1 1 1 1 71.8 65.8

16 1 1 1 1 79.9 73.8

17 –2 0 0 0 71.6 65.4

18 2 0 0 0 72.3 66.2

19 0 –2 0 0 80.0 73.6

20 0 2 0 0 76.0 74.2

21 0 0 –2 0 80.0 73.8

22 0 0 2 0 84.0 78.1

23 0 0 0 –2 76.6 70.1

24 0 0 0 2 72.0 66.1

25 0 0 0 0 82.5 76.4

26 0 0 0 0 81.9 75.8

27 0 0 0 0 82.4 76.2

28 0 0 0 0 82.4 76.2

29 0 0 0 0 82.9 76.9

30 0 0 0 0 82.5 76.4

31 0 0 0 0 82.1 76.1

Fig. 4. Plot of the effect of pH effects of feed solution (X1), (+)–
DBTA (X2) concentration, Temperature (X3), and flow rates of 
feed and stripping solutions (X4) on the extraction of (S)-am-
lodipine. (4a) the main effect plots and (4b) the interaction plots.

Fig.5. Plot of the effect pH effects of feed solution (X1),  (+)–DBTA 
(X2) concentration, Temperature (X3), and flow rates of feed and 
stripping solutions (X4) on stripping of (S)-amlodipine. (5a) the 
main effect plots and (5b) the interaction plots.
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of (+)-DBTA (X2) was low (code = –1), an increase of pH (X1) 
resulted in a slight increase of extraction because of insufficient 
(+)-DBTA available to react with high protonated amlodipine 
[7]. Conversely, when the concentration of (+)-DBTA was high 
(code:1) the extraction abruptly increased with increasing pH 
(X1) because the high concentration of protonated amlodipine 
reacted with high concentration of (+)-DBTA. The extraction 
reaction shifted to the right side of Eq. (1). 

4.3. Significant factors and statistical analysis 

A second-order polynomial regression equation was fit-
ted to the experimental results to develop a mathematical 
model to assist in predicting the percentages of extraction 
(Y1) and stripping (Y2). The developed regression model 
obtained in terms of coded factors is given in Eqs. (7) and 
(8). High R2 of 0.924 and 0.900, respectively, clearly demon-
strated model precision in exhibiting the relationship 
between the response and independent variables [26].

1 1 2 3 4

2 2 2 2
1 2 3 4

1 2 1 3 1 4

2 3 2 4 3 4

82.386 1.733 2.158 1.017 0.717

2.386 0.874 0.126 1.799
4.275 1.562 0.288
0.037 0.938 0.500

Y X X X X

X X X X

X X X X X X

X X X X X X

= + − + −

− − + −
+ − −
− + −

 (7)

2 1 2 3 4

2 2 2 2
1 2 3 4

1 2 1 3 1 4

2 3 2 4 3 4

76.286 1.771 1.737 1.079 0.654

2.491 0.466 0.046 1.916
4.356 1.581 0.294
0.094 1.044 0.469

Y X X X X

X X X X

X X X X X X

X X X X X X

= + − + −

− − + −
+ − −
− + −

 (8)

where Y1 and Y2 are the responses for percentages of 
extraction and stripping, respectively. Analysis of variance 
(ANOVA) was used to analyze the experimental data and 
results are listed in Table 4. The p-value of X4, X2

3, X1X4, 
X2X3, X2X4 , and X3X4 in Eq. (7), and the p-value of X4, X2

2 , 
X2

3, X1X4, X2X3 , X2X4 , and X3X4 in Eq. (8) were higher than 
0.05. Thus, these effects were not significant with 95% con-
fidence [21]. Therefore, these terms were removed from 
the regression equations which were rewritten as Eqs. (9) 
and (10).

2
1 1 2 3 1

2 2
2 4 1 2 1 3

82.386 1.733 2.158 1.017 2.386

0.874 1.799 4.275 1.562

Y X X X X

X X X X X X

= + − + −

− − + −
 (9)

2
2 1 2 3 1

2
4 1 2 1 3

76.286 1.771 1.737 1.079 2.491

1.916 4.356 1.581

Y X X X X

X X X X X

= + − + −

− + −
 (10)

Table 4 
Analysis of variance (ANOVA)

Source df % Extraction Stripping

SS MS F value P-value SS MS F value P-value

Model 14 819.775 58.555 13.90 0.000 815.023 58.216 10.38 0.000

Linear 4 221.042 55.260 13.12 0.000 185.935 46.484 8.29 0.001

X1 1 72.107 72.107 17.12 0.001 75.260 75.260 13.42 0.002

X2 1 111.802 111.802 26.54 0.000 72.454 72.454 12.92 0.002

X3 1 24.807 24.807 5.89 0.027 27.950 27.950 4.98 0.040

X4 1 12.327 12.327 2.93 0.106 10.270 10.270 1.83 0.195

Square 4 247.853 61.963 14.71 0.000 262.984 65.746 11.72 0.000

X1
2 1 162.797 162.797 38.65 0.000 177.470 177.470 31.64 0.000

X2
2 1 21.819 21.819 5.18 0.037 6.216 6.216 1.11 0.308

X3
2 1 0.458 0.458 0.11 0.746 0.061 0.061 0.01 0.918

X4
2 1 92.497 92.497 21.96 0.000 105.001 105.001 18.72 0.001

Interaction 6 350.880 58.480 13.88 0.000 366.104 61.017 10.88 0.000

X1 X2 1 292.410 292.410 69.42 0.000 303.631 303.631 54.14 0.000

X1 X3 1 39.062 39.062 9.27 0.008 40.006 40.006 7.13 0.017

X1 X4 1 1.323 1.323 0.31 0.583 1.381 1.381 0.25 0.627

X2 X3 1 0.022 0.022 0.01 0.943 0.141 0.141 0.03 0.876

X2 X4 1 14.062 14.062 3.34 0.086 17.431 17.431 3.11 0.097

X3 X4 1 4.000 4.000 0.95 0.344 3.516 3.516 0.63 0.440

Error 16 67.393 4.212 89.734 5.608

Lack of fit 10 66.784 6.678 65.84 0.000 89.046 8.905 77.59 0.000

Pure error 6 0.609 0.101 0.689 0.115

Total 30 887.168 R2 = 0.924 904.757 R2 = 0.900
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4.4. Optimization of enantioseparation

The four operating factors of the pH of feed solution 
(X1), concentration of (+)-DBTA (X2), temperature (X3), 
and flow rates of feed and stripping solution (X4) were 
optimized using response surface methodology. A fitted 
regression equation was used to generate response surface 
and contour plots to visualize the relationship between 
response and experimental levels of process variables and 
deduce the optimal condition. Fig. 6a, 6b, and 6c, 6d show 
the response surface and contour plots for the extraction 
and stripping of (s)-amlodipine generated from Eqs. (9) 
and (10), respectively. The pH of the feed solution (X1) was 
fixed at 5.0 (code: 0), and the temperature (X3) was fixed 
at 30.0ºC (code: –1) for convenient operation. The contour 
plots of extraction and stripping in Fig. 6b and 6d were 
superimposed. From observation, point A in the overlap-

ping regions was selected as the optimum conditions for 
the extraction of ≥82.0% and stripping ≥76.0% as shown 
in Fig. 7. Therefore, the concentration of (+)-DBTA at 1.5 
mmol/L, (X2 = –1.5) and flow rates of feed and stripping 
solution of 125 mL/min (X4 = –0.5) were selected as the 
optimum condition. 

4.5. Validation of the optimized condition

 The optimized condition (X2 = –1.5, X4 = –0.5) pro-
cess predicted from section 4.4 was validated, and the 
percentages of extraction and stripping at different flow 
rates of feed and stripping solution are shown in Fig. 8. 
The results indicated that when the flow rates of feed and 
stripping solution increased from 100 to 300 mL/min, 
the percentages of extraction and stripping were around 

(a)

(b)

(c)

(d)

Fig. 6. Contour plots showing the effect of concentration of (+)–DBTA (X2) and flow rates of feed and stripping solutions (X4) and 
stripping (6b) of (S)-amlodipine. (6a) Response surface of extraction, (6b) Contour plot of  extraction, (6c) Response surface of strip-
ping, (6d) Contour plot of stripping. 
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80 and 75, respectively. The experimental values were, 
therefore, in agreement with the predicted values in Eqs. 
(9) and (10), and the optimized condition predicted by 
CCD and response surface was satisfactory. However, 
when the flow rate was 400 mL/min, both extraction 
and stripping percentages suddenly decreased because 
the flow rate was too high and the capillary force which 
immobilized the liquid membrane at the pore-mouth 
was destroyed. In this case, the extraction percentages 
of 50 and stripping percentages of 40 were meaningless. 
Therefore, according to this study, a flow rate between 
100 and 300 mL/min was recommended for the separa-
tion of (S)-amlodipine by hollow fiber supported liquid 
membrane.

5. Conclusions

(S)-amlodipine can be selectively extracted from race-
mic amlodipine in pharmaceutical wastewater. Flow rates 
and some interaction terms were insignificant factors. A 
concentration of (+)-DBTA of 3.5 mmol/L and flow rates 
of feed and stripping solution of 175 mL/min were deter-
mined as the optimum condition, while the pH of the 
feed solution and temperature were fixed at 5.0 and 30ºC, 
respectively.
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