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Abstract 

In this study, we used a batch of sorption methods to examine the 

sorption, diffusion, and the sorption dynamic of benzene in the pure solvent 

and the aqueous solution by Polydimethylsiloxane (PDMS) membranes. 

Liquid-Film Model was developed to explain the mass transfer mechanism of 

benzene in the aqueous solution by PDMS membranes. 

The results, Freundlich and Langmuir were more adaptable for isotherm 

adsorption of PDMS in the benzene aqueous solution at 25 . In   dynamic, 

the diffusion of benzene in PDMS membranes was the persudo-Fickian model 

of the Non-Fickian diffusion. The diffusion coefficients were gained by curve 

fitting that was more adaptive for simulation results. In the aqueous solution, 

the diffusion coefficients of benzene were increased with increasing 

concentrations and then decreased. This situation may be influenced by 

hydrate. The solubility coefficients of PDMS membranes were decreased with 

increasing concentrations and they were very close to linear partition.     

Finally, the mass transfer mechanism of benzene by PDMS membranes 

was appropriately described in the aqueous solution by Liquid-Film Model in 

this study. It could be a possible method to SPME and waste water reuse 

technique in the future.  

Keywords: PDMS, Benzene, isotherm adsorption, diffusion coefficient, rush 
ring
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1.1

(Polydimethylsiloxane, PDMS)

-[(CH3)2Si-O]-n ( 1.1 ) PDMS

PDMS Si-O 250oC

PDMS

(dielectric strength)

PDMS

(pervaporation) (Li, 2004; Lu, 

2000) PDMS (Solid Phase Micro-Extraction, 

SPME)

PDMS (benzene)

SPME
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1.1 PDMS

1.2

PDMS

PDMS (immersion) PDMS

PDMS PDMS

(diffusion coefficient)

(solubility coefficient) PDMS

PDMS (batch)
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1. PDMS

2. PDMS

3. PDMS
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2.1

(adsorption) (adsorbent)

(adsorbate)

(physical adsorption) (chemical 

adsorption)

(I) ( 1995)

10 Kcal/mole

(van der waals force)

(electrostatic attraction and repulsion force) - (dipole-dipole 

interaction force) (hydrogen bounding)

(london-dispersion force)
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(Smith, 1996)

(II)

10 Kcal/mole

2.1
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2.1 (Ruthven, 1984) 

(<2 3 ) (>2 3 )
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2.2

PDMS

(adsorption isotherm curve)( 2.1 )

2.1 (a) Freundlich (b) Langmuir (c) BET 

Freundlich 1907 (Suzuki, 1990)

Langmuir 1918 1939 Bunauer Emmett

Teller Langmuir

BET
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(I) Freundlich

1

,           Eq.2.2.1n
f w eqq = K C

q = PDMS (M/M)

Cw,eq = (ML-3)

Kf, n = 

Freundlich log q log Cw,eq

1/n logKf

(II) Langmuir

Langmuir

Langmuir

1. (Activate Site)

2.

3.

4.
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Langmuir

,

,

        Eq.2.2.2m s w eq

s w eq

q K C
q =

1+ K C

q = PDMS (M/M)

Cw,eq= (ML-3)

qm = PDMS (M/M)

Ks = PDMS

1/q 1/Cw,eq 1/qmKs 1/qm Ks

Langmuir

Langmuir

(III) BET

Langmuir BET

BET

1.

2. Langmuir
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3.

4.

BET Eq.2.2.3

            Eq.2.2.3m w,eq

w,eq
s w,eq

s

X BC
q =

C
(C - C ) 1+(B - 1)

C

q = PDMS (M/M)

Cw,eq = (ML-3)

Cs = (ML-3)

B = BET

Xm = (M/M)  

BET

( )
w,eq w,eq

m m ss w,eq

C C1 B - 1= +
BX BX CC - C q

( )
,

,

w eq

s w eq

C
C C q−

,w eq

s

C
C

1

m

B
BX

− 1

mBX
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2.3

(I)

1.

2.

(II)

1.

2.

3.

(III)

1.

2.
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2.4 PDMS

- (solution-diffusion)

(diffusion) (J. K. Park, and Nibras, M., 1993 ; J. K. 

Park, Sakti, J.P., and Hoopes, J.A., 1996a, 1996b; Vergnaud, 1991)

PDMS Fick’s second law

Eq.2.4.1
2

Z Z
2

C C= D
t Z

∂ ∂
∂ ∂

CZ PDMS (ML-3) D

(L2T-1) Z (L)

PDMS PDMS

Eq.2.4.2t t o
t

o

M W -WC =
M W -W∞ ∞

=

 Wo (M) Wt t (M) W

(M) Ct (Time)1/2
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L PDMS Eq.2.4.1

Z

Z=0 Z=L

C = 0 0 < Z < L t = 0
C = C = S t >0

S PDMS (ML-3)

CZ (Crank, 1975) 

Eq.2.4.3
n

2 2Z
2

n=0

C 4 (-1) t (2n +1) Z= 1 - exp -D(2n +1) cos
C 2n + 1 L L

∞

∞

ππ
π

 Eq. 2.4.3 :

Eq.2.4.42 2t
2 2 2

n=0

M 8 1 t= 1- exp -D(2n+1)
M (2n+1) L

∞

∞

π
π

D (L2T-1)

Eq.2.4.5
2LD =

4
θπ
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Eq.2.4.6
2

0.5

LD = 0.049
t

( 50~55%) t0.5

Ct=0.5 (T)

2.5 PDMS

PDMS

Eq.2.4.1

ZC =0 0< Z < L t =0

Z=L Z=LC C= D t 0
t Z

∂ ∂− >
∂ ∂

PDMS Eq.2.4.1 Eq.

2.4.4 PDMS Eqs.2.4.5

2.4.6
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2.6 PDMS

PDMS S (ML-3)

Eq.2.6.1o

o

W -WS =
V

∞

 Vo PDMS (L3)

PDMS K ( ) Nerst

distribution function :

,

Eq2.6.2
w eq

SK
C

=

Cw,eq (ML-3) Cw,eq
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2.7

PDMS

(Crank, 1975) 

Eq .2.7.1ntM = kt
M ∞

Eq.2.7.1 n

Case I Sorption (n= 0.5)

Fickian diffusion

Fick’s Law 2.2 (a)

Case II Sorption (n= 1)

2.2 (b)

Case III Sorption (0.5< n< 1 n< 0.5) 

Anomalous or non-Fickian sorption(0.5< n< 1)

pseudo-Fickian

Sigmoidal two-stage (n<0.5) 2.3
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2.2(a) Case I Sorption (b) Case II Sorption

2.3 Case III Sorption
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2.8 PDMS

PDMS

/ 2000 Lu PDMS

PDMS

Li 2004 PDMS

(pervaporation) /

PDMS

(VOCs) PDMS (Riter, 2003 ; 

Tuduri, 2001; Xiong, 2004)
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3.1

Merck 99 % ACS

78.11 g/mole 1780 mg/L PDMS

(Shin-Etsu, KE1310ST) A (base) B

(catalyst) 10 1 1 90oC

120

( / )

3.1

1.5” 185 (m2/m3)

45 mm×18 mm

3.1
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3.2

1. PFA NR-182, SANKO, JAPAN

2. (electronic balance) AY220, Shimadzu, JAPAN

3. (teflon tubing) 2×3(mm), Taiwan 

4. (magnetic stirring/heating ) SP46925, USA

5. (oven) DOS45, 40oC 250oC

6. (low temperature incubator) LB-BOD-300, Taiwan

7. (GC) AutoSystem XL, Perkin Elmer, USA

8. (hamilton microliter syringe) Cat. No.20734, Switzerland

9. SM-112, Shimadzu, Japan
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3.3 PDMS

PDMS 3.2

1. PDMS A A

1 2 A 1

2. PDMS B (A : B 10 1) A B

1

3. PDMS

90oC 2

4. 1

5. PDMS 40-60

m

6. PDMS 7 mm×3 mm
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10 mL PDMS A 20 mL 1

1 mL PDMS B 1

PDMS

90oC 2

1

3.2 PDMS
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3.4

PDMS ( 3.3 )

PDMS

1. PDMS 3 ( 0.0001 g)

5 ( 0.01 mm) PDMS

2. 300 mL

40oC

3. PDMS

25±1oC

4. PDMS

5. 2

3.3 PDMS
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3.5

SANKO PFA ( 3.4 )

95 mm 117 mm

54.9 mg/L 146.5 mg/L 238.1 mg/L

329.6 mg/L 421.2 mg/L (stock solution) PFA

480 mL

3.4 PFA

PDMS

( 3.5) PDMS

3.3 PFA

25oC PFA

1 L (gas chromatograph, PE Auto-system XL)

(flame ionization detector)

10 30-60

PDMS
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3

(EquityTM-5, Supelco, USA) 0.53 mm

30 m 60oC 35oC/min 110oC

GC 200oC 220oC

5 psi GC R2 0.995
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3.4 PFA

95 mm 

117 mm 

95 mm 

16 mm 

9 mm 

Front view 

Top view 

PDMS
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 (a)   

 (b) 

3.5

(a)  (b)
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3.6

PDMS

PDMS

PDMS 3.6

1. (Shimadzu, AY220) (

0.0001 mg)

2. PDMS A (Shin-Etsu, KE1310ST)

A 1 4 1

PDMS B (A : B 10 1) 1

3. PDMS PDMS

60oC 15 4

4. PDMS 60oC 24

5. PDMS

PDMS

6. PDMS ( 3.7 )



29

480 mL PFA

PFA 25oC

7. PFA

25oC

8. PFA 1 L

GC/FID
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10 mL PDMS A 40 mL 1

1 mL PDMS B 1

PDMS

60 15

24

3.6

PDMS 15
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3.7

95 mm 

117 mm 

95 mm 

16 mm 

9 mm 

(3
Front view 

Top view 
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4.1

PFA

PFA 4.1 PFA

SAS 8.0 Kruskal-Wallis test

(p = 0.245) PFA

PDMS PFA

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0 60 120 180 240 300 360 420 480

Time(min)

C
/C

0

4.1
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4.2 PDMS

PDMS

PDMS

30.6% PDMS

Si-O

1.1~1.4%( 4.2)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 50 100 150 200 250 300 350 400
C (mg/L)

Sw
el

lin
g 

(%
)

4.2 PDMS
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4.3 PDMS

4.1

Freundlich Langmuir R2 0.975

0.971 Freundlich Langmuir PDMS

BET R2 0.537 PDMS

PDMS Freundlich Langmuir

         Eq.4.3.1
1

1.116
w,eqq = 0.198C  

       Eq.4.3.2w,eq

w,eq

0.0015C
q = 98.04  

1+0.0015C

4.1

Freundlich  Langmuir BET 

n Kf R2 Ks qm

(mg/g)

R2 B Xm

(mg/g) 

R2

1.116 0.198 0.975 0.0015 98.04 0.971 3.51 66.23 0.534
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4.4

4.3 PDMS 60

Eq.2.4.5 Eq.2.4.6 PDMS D1

D2 7.74×10-7 7.4×10-7 (cm2/s)

1 Eq.2.4.5
2LD =

4
θπ

Eq.2.4.6
2

2
0.5

LD = 0.049
t

D1 D2 Eq.2.4.4 Maple 8 

(Waterloo Maple Inc, Waterloo, Ontario, Canada) PDMS

4.3 D1 D2

PDMS 30.6%

50% D1 D2

Eq.2.7.1 n=0.35 PDMS

Non-Fickian diffusion pseudo-Fickian (Neogi,

1996) Fickian diffusion D1 D2 PDMS
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Eq.2.7 .1ntM = kt
M ∞

curve fitting PDMS

(Least Square Method) Eq.2.4.4 D3

6.27×10-7 (cm2/s) 4.3 Curve fitting

4.2 (Boscaini, 2004; Muzzalupo, 1999; Oh, 2006)

PDMS 1.34~6.23×10-6 (cm2/s)

PDMS

PDMS
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4.2

Study D (10-7 cm2/s) Condition 

Present 6.27 Liquid solvent, immersion, 25

Muzzalupo et al. 1999 62.3 Vapor, self-diffusion, 25

Oh et al. 2006 22.0 Vapor, Mass spectrometer, 25

Boscaini et al. 2004 13.4 Gas, MI-PTRMS, 25
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4.
3 

PD
M

S

C
on

ce
nt

ra
tio

n

(m
g/

L)
 

D
1

(1
0-7

 c
m

2 /s
)

Eq
.2

.4
.5

D
2

(1
0-7

 c
m

2 /s
)

Eq
. 2

.4
.6

 

D
3

(1
0-7

 c
m

2 /s
)

C
ur

ve
 fi

tti
ng

 

K

Eq
.2

.7
.1

P

(1
0-5

 c
m

2 /s
)

K
×D

3

42
.6

 
0.

89
 

0.
90

 
1.

02
 

14
9.

9 
1.

53
  

11
3.

7 
1.

59
 

0.
79

 
1.

23
 

12
4.

8 
1.

54
  

18
7.

1 
2.

66
 

1.
78

 
2.

30
 

11
1.

8 
2.

57
  

25
5.

6 
4.

10
 

4.
10

 
3.

58
 

11
1.

1 
3.

98
 

34
1.

6 
1.

18
 

0.
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1.

01
 

12
1.

0 
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4.3 PDMS

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 
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4.5 PDMS

4.3 Eq.2.4.5 Eq.2.4.6 Curve fitting

PDMS 0.89~4.1×10-6 (cm2/s)

(hydrate) (clustering)

PDMS

(Mishima, 2000; Sun, 1994) PDMS

4.4 PDMS

255.6 mg/L

341.6 mg/L

4.5 Eq.2.4.5

PDMS D1 D2

Eq.2.4.5

D2 t0.5

4.5 Curve fitting

Curve fitting D3

PDMS SAS D1 D3
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D2 D3 R2 0.992 (p<0.001) 0.976

(p<0.05)

4.6 PDMS K

111.1~149.9 (non-constant)

Linear partition Freundlich

n=1 PDMS Freundlich

n=1.116 Linear partition

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 50 100 150 200 250 300 350 400
C (mg/L)

D
 (1

0-
7 

cm
2/

s)

D1
D3
D2

4.4 PDMS
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 (a) 

(b)

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 
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  (c)  

  (d)

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 
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(e)

4.5 PDMS

(a)42.6 mg/L(b)113.7 mg/L(c)187.1mg/L(d)255.6mg/L(e)341.1 mg/L

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 

D1 Eq.2.4.5 
D2 Eq.2.4.6 
D3 curve fitting 
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0

50

100

150

200

0 50 100 150 200 250 300 350 400
C (mg/L)

K

4.6
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4.6

PDMS

4.7 Liquid-Film 

Model PDMS

4.7 Liquid-Film Model 

Liquid-Film Model PDMS

( ) ( ), , .4.6.1w L S
L w w eq w w eq

Lw wS

dC A k k AK C C C C Eqkdt V VkK

×= − = −
+
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Vw (L3) Cw (ML-3) Cw,eq

(ML-3) A (L2) KL

(LT-1) kL ks (LT-1) K PDMS

PDMS (kL>>ks) Eq.4.6.1

:

( ), .4.6.2w
S w w eq

w

dC AKk C C Eq
dt V

= −

PDMS ks D PDMS

L Eq.4.6.2

( ) ( ), , .4.6.3w
S w w eq w w eq

w w

dC A D AKk C C K C C Eq
dt V L V

= − = −

PDMS 295.87 mg/L PDMS

4.4 4.6 D K

2.5×10-7 cm2/sec 120 PDMS

0.0365 cm KL 0.049 cm/min

PDMS Cw,eq Eq.4.3.1

Freundlich 480 mL
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635 cm2 4.8 Eq.4.6.3

8%

Liquid-Film Model PDMS

PDMS
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4.8
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5.1

PDMS PDMS

SPME

Freundlich Langmuir 25

PDMS

PDMS n 0.35

Non-fickian diffusion pseudo-Fickian Curve fitting

PDMS

PDMS

Linear partition

Liquid-Film Model

PDMS
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5.2

PDMS

Liquid-Film Model SPME

VOC

VOC
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A (L2)

B BET

Cw : (ML-3)

Cw,eq (ML-3)

Cf (ML-3)

Cs (ML-3)

CZ PDMS (ML-3)

D PDMS (L2T-1)

K PDMS

KL (LT-1)

Kf

Ks PDMS

kL (LT-1)

ks (LT-1)

L PDMS (L)

Mt PDMS t (M) 

M0 PDMS (M)
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M PDMS (M) 

n

q PDMS (M/M)

qm PDMS (M/M

S PDMS (ML-3)

t : (T)

Vw : (L3)

Wt t PDMS (M)

W0 PDMS (M)

W PDMS (M)

Xm (M/M)
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A PDMS

 PDMS@25

Time(min) ( ) ( )

0 1.4713 1.259 

1 1.9465 1.8481 

3 2.2558 2.0245 

5 2.4306 2.2028 

7 2.5016 2.2523 

10 2.5971 2.2349 

15 2.9833 2.5542 

20 3.0916 2.6558 

25 3.1256 2.6336 

30 3.0699 2.6753 

40 3.248 2.71 

50 3.2693 2.7463 

70 3.3587 2.7669 

90 3.3586 2.7934 

120 3.3732 2.8066 

150 3.3864 2.8056 

180 3.3814 2.8119 
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y = 1040.3x
R2 = 0.9999
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A-1  42.6 mg/l

A-2 113.7 mg/l

A-3 187.1 mg/l

A-4 255.6 mg/l

A-5 341.6 mg/l
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A-1

Time(min) Conc.(mg/L) Conc.(mg/L) Conc.(mg/L) 

0 55.32 56.75 53.50

9 51.12 51.80 48.94

18 50.74 48.50 47.35

27 48.39 47.70 45.93

36 46.36 46.98 44.43

45 45.95 45.10 44.61

54 44.06 44.43 42.60

63 43.34 44.44 41.47

90 42.31 43.55 42.78

120 42.59 43.13 43.14

180 42.33 43.62 42.05

240 42.60 43.54 41.74

300 42.58 43.47 41.67

PDMS(g) 0.9184 1.0923 1.0627
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A-2

Time(min) Conc.(mg/L) Conc.(mg/L) Conc.(mg/L) 

0 139.76 146.57 140.15

9 134.06 139.02 129.99

18 129.69 134.99 125.95

27 121.74 129.55 122.85

36 113.98 123.54 112.59

45 113.82 119.87 112.29

54 113.81 119.12 112.12

63 111.54 119.47 111.13

90 111.51 119.88 109.81

120 111.55 119.49 110.36

180 111.46 119.16 109.98

240 113.63 118.85 109.64

300 111.76 118.72 110.60

PDMS(g) 1.2271 0.8432 1.0097
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A-3

Time(min) Conc.(mg/L) Conc.(mg/L) Conc.(mg/L) 

0 231.26 235.65 232.67

9 211.66 213.02 211.17

18 202.69 208.22 204.73

27 194.14 190.64 191.48

36 185.29 189.46 190.80

45 184.78 188.60 189.88

54 186.28 191.31 189.19

63 185.90 191.27 191.08

90 186.28 193.83 190.15

120 183.84 191.67 189.05

180 182.17 192.61 187.63

240 182.81 189.46 187.69

300 182.56 189.56 189.33

PDMS(g) 1.2083 1.1391 1.0651
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A-4

Time(min) Conc.(mg/L) Conc.(mg/L) Conc.(mg/L) 

0 332.58 335.11 335.11

9 298.76 299.28 292.56

18 286.88 285.47 281.20

27 275.56 274.70 270.74

36 271.15 270.56 262.62

45 269.42 270.73 256.75

54 260.32 262.05 261.55

63 257.82 262.75 256.82

90 256.14 256.49 260.84

120 257.06 259.13 257.27

180 254.65 258.95 253.98

240 254.72 256.58 256.09

300 255.53 256.62 255.60

PDMS(g) 1.3314 1.1072 1.4288
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A-5

Time(min) Conc.(mg/L) Conc.(mg/L) Conc.(mg/L) 

0 425.08 428.34 421.34

9 398.64 410.78 402.90

18 395.44 401.37 384.08

27 370.98 385.64 363.03

36 361.40 373.43 358.61

45 358.63 369.85 342.35

54 347.58 353.27 349.89

63 340.17 356.35 343.30

90 338.39 350.85 344.01

120 326.44 359.79 344.81

180 334.44 354.74 336.95

240 333.42 349.28 342.60

300 334.63 349.14 340.93

PDMS(g) 1.1647 0.8836 1.0524
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y = 1323.7x
R2 = 0.9975
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A

A

Time 

(min) 

Conc.

(mg/L) 

0 496.00 

5 392.73 

14 374.15 

23 356.72 

32 337.17 

41 312.69 

50 301.79 

59 299.60 

90 298.53 

120 301.88 

180 300.40 

240 299.90 

300 295.87 

PDMS(g) 2.4998 


