
Kinetics of Diffusion of Water and
Dimethylmethylphosphonate Through
Poly(dimethylsiloxane) Membrane Using
Coated Quartz Piezoelectric Sensor

SUSANTA BANERJEE, RAM ASREY, CHHAYA SAXENA, KRISHNADUTT VYAS, ARABINDA BHATTACHARYA

Defence Research & Development Establishment, Jhansi Road, Gwalior 474002, India

Received 21 August 1996; accepted 1 January 1997

ABSTRACT: The mass sensing principle of quartz crystal has successfully been employed
to study the diffusion of dimethylmethylphosphonate (DMMP) and water through a
poly(dimethylsiloxane) (PDMS) membrane. For this study a new permeation cell has
been fabricated which houses a Cu(II) butyrate ethylenediamine-coated quartz crystal
sensor. This development was motivated by the desire to measure the diffusion coeffi-
cients rapidly, precisely, and at different temperatures. Temperature dependence diffu-
sion coefficients of DMMP and water are also evaluated using the same cell, which
enables calculation of the activation energies for the diffusion process. From the diffu-
sion and solubility data permeability coefficients of DMMP and water have been calcu-
lated. It is observed that PDMS membrane offers a selectivity for DMMP over water
roughly by 13 : 1 (i.e., PDMMP/Pwater ú 13). q 1997 John Wiley & Sons, Inc. J Appl Polym
Sci 65: 1789–1794, 1997
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INTRODUCTION diffusion of different permeants through PDMS
membranes.

Poly(dimethylsiloxane) (PDMS) is a known hy- The time-lag method, in which the permeate
drophobic material. It has a tendency to discour- gas or vapor accumulates in a preevacuated down-
age the passage of water molecules, while at the stream volume, is still widely used for the deter-
same time allowing the passage of a wide range of mination of diffusion coefficients.3–5 This method
larger organic molecules.1 PDMS membrane not assumes that the diffusion coefficient is constant
only behaves as a sieve, but also behaves as a true throughout the permeation process from initia-
chemical separator which depends on the nature tion to steady-state permeation. In a permeation
of the permeating molecules. It is for this reason process where the diffusion coefficient is not con-
that PDMS membrane is used in different envi- stant, use of the time-lag method can lead to sig-
ronmental analytical detection inlet systems, e.g., nificant error.6 It is reported that this error can
portable G.C., portable MS, ion mobility mass be avoided by first differentiating the integrated
spectrometry, etc.2 It is therefore worthwhile to output signal in order to obtain the true perme-
investigate in detail the diffusion and kinetics of ation resistant.7 In practice the use of the above

technique is rare. Basically, there are a number
of reasons to doubt the reliability of the aboveCorrespondence to: Susanta Banerjee (root@drdrde.ren.
differentiating method.7 It has also been thoughtnic.in)

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/091789-06 that the time-lag method may be more useful for
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signal. To avoid this we thought to use PDMS
membrane as a separator membrane in the envi-
ronmental sampling inlet. To fulfill this goal, the
diffusion of dimethylmethylphosphonate (DMMP;
simulant OP compound) and water was studied
in a prefabricated diffusion cell; details of this
have already been published in our previous arti-
cle.21 The aim of the present article is to study the
diffusion and kinetics of diffusion of DMMP and
water through a PDMS membrane using a modi-
fied diffusion cell that has the facility to put the
membrane at various controlled temperatures
while sensing and reference crystals are kept at

Figure 1 Cross-sectional sketch of the permeation/ ambient temperature.
diffusion cell.

determining the diffusion coefficients by using a EXPERIMENTAL
rapid sensor. In that search, FTIR–ATR has been
employed by a group of workers.8,9 More recently, Preparation of Cu(II )butyrate ethylenediamine
we have also reported the study of diffusion of

The compound was prepared by reacting freshlydifferent chemical pollutants through differ-
prepared copper butyrate with freshly distilledent polymeric membranes by the FTIR–ATR
and dehydrated 1,2-ethylenediamine (Fluka, Swit-method.10,11 However, this method suffers from a
zerland) (1 : 1) in dehydrated methanol (SD, In-number of limitations; the instrument is costly
dia). The dark blue compound so obtained wasand the setup is cumbersome to some extent. The
characterized by copper estimation, elementalmethod also has some advantages; e.g., it is a uni-
analysis, and IR analysis.versal detector and the diffusion of more than one

permeant can be studied simultaneously if the dif-
ferent permeants have well-defined IR stretching Preparation of PDMS membrane
frequencies.

PDMS membranes of different thickness wereCoated piezoelectric quartz crystals have been
prepared from commercially available siliconewidely used as selective and sensitive sensors for
rubber (semicompounded stock from Anabond Si-detection of various gases and organophosphorus
licones, India, SILURUB, NPC-40 U). Silicone(OP) compounds.12,13 It has also been reported
rubber was mixed with 1 wt % of dicumyl peroxidethat modification of the crystal surface with suit-
in a two-roll rubber mixing mill and heat-curedable coating materials and enzymes that will re-
in a hydraulic press at 1707C for 8 min [Tensileversibly bind a particular gaseous substrate can
strength of the cure sheet was measured to beprovide enhanced specificity.14–16 In most of the
600 psi and elongation at break point is 227%,studies change in frequency of a single crystal
hardnessÅ 47 (Shore ‘‘A’’) ] . DMMP (Fluka, Swit-oscillator had been monitored and the deposited
zerland) was distilled prior to use.mass on the crystal is a function of change of fre-

quency, which can be calculated according to the
Sauerbrey equation.17,18 More recently, use of a Permeation/Diffusion Cell Assembly
dual crystal oscillator followed by a mixture and
filter to select the difference frequency had also A jacketed cylindrical diffusion cell was fabricated

from thick (10 mm) brass (height 40 mm, internalbeen reported for similar studies.19

We planned to utilize the quartz piezoelectric diameter 40 mm). The temperature of the cell was
controlled to an accuracy of {17C with the help ofcrystal as a sensor for detection of different toxic

OP compounds like sarin and soman. In that a temperature control circuit. The cell can be
closed by two lids which can be screwed to thesearch we found Cu(II)butyrate ethylenediamine

is a specific coating material.20 Although the coat- main body. The PDMS membrane was placed in
a slot below the right-hand lid of the cell. The lid ising material is specific to the OP compounds, it is

observed that water vapor and ammonia interfere connected to the crystal housing containing both
reference and sensing crystal and circulatingwith the coating material and result in a false
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Table I Sorption Uptake Responses of the Coated Crystal in Terms of Frequency Change (Hz)
with Time (s)

Time (s)

1007C 1207C 1507C
DF
(Hz) DMMP Water DMMP Water DMMP Water

50 108 126 98 92 43 46
100 118 148 103 112 53 56
150 — 163 — 124 — 64
200 136 179 113 136 70 69
250 — 195 — 148 — 72
300 152 210 123 162 83 75
350 — 226 — 174 — 78
400 168 242 133 186 89 81
450 — 258 — 200 — 84
500 181 272 140 212 92 87
550 — 288 — 224 — 90
600 185 304 144 237 95 93
650 — 320 — 250 — 96
700 189 — 148 — 98 99
750 — — — — — 102
800 193 — 153 — 100 105
850 — — — — — 108
900 189 — 156 — 103 —

1100 206 — 164 — 109 —
1300 213 — 172 — 114 —
1500 221 — 180 — 120 —
1700 229 — 188 — 125 —
1900 — — 198 — 131 —

pump (0.01 mL/min flow rate) through two hollow ing a differential piezoelectric oscillator cir-
cuit.20,21 The circuit is very stable and can mea-Teflon tubes having 2 mm internal diameter as

shown in Figure 1. The left-hand lid is connected sure even a 2-Hz frequency change which corre-
with a hollow metallic tube having a glass wool sponds to 1.7 ng of particulate mass deposition
plug at the inner tip for putting the permeants, according to the Sauerbrey equation.17,18 The shift
and the other end of which is connected with a of frequency is a function of time and increases
anhydrous CaCl2 tube to avoid forced permeation. as the diffusion process continues till saturation,
Two hundred mL permeants were injected in each which was monitored by an electronic stopwatch
set of experiments and the diffusion study was having a sensitivity of 1002 s01 . The modification
conducted by monitoring the drift of difference fre- of a previous cell21 was required to perform the
quency of the sensing and reference crystals with diffusion experiment at higher temperatures. Ini-
time. tially we thought that the reference and sensing

crystal should be within the diffusion cell to nul-
lify temperature interference, but the results
were not promising or repeatable. It might be dueRESULTS AND DISCUSSION
to instantaneous sorption–desorption phenom-
ena by the coating material itself, which affectsThe diffusion of DMMP and water was studied
the repeatability of the experiments. We plannedusing the modified diffusion cell as shown in Fig-
a two-chamber diffusion cell in which one con-ure 1. As mass deposition occurs on the crystal,
tained the membrane at high temperature andits characteristics change and results in shifting
the other contained both the reference and sens-of frequency. The response of the detector was

measured in terms of drift frequency (Hz) by us- ing crystals at room temperature. Both the cham-
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to our previous investigation.21 The falling diffu-
sion coefficient with increasing water activity has
been reported in terms of the statistical–mechan-
ical clustering of the water molecules in PDMS
membrane.7,22 We feel this mechanism of cluster-
ing has been prevented with the PDMS mem-
brane kept at high temperature, and thus diffu-
sive species are expected to be only water mono-
mers. Recently Watson and Baron23 have ruled
out the theory of water cluster formation in PDMS
membrane, but we feel further study is required
to come to a conclusion. As the temperature in-
creases the diffusivity of the permeant molecules
increases, because at high temperature the chain
mobility of PDMS membrane increases, which re-
sults in higher fractional free volume (FFV) avail-
able for the permeant molecules. Thermal energy
also contributes to the activation energy for the
diffusion process. Temperature dependence diffu-
sion coefficients have been used to calculate the
activation energies for the diffusion processes by
using the equation D Å D0e0Ed /RT . Slope of the
Arhenious plot of ln D vs. 1/T (T in kelvin) (Fig.
4) provides the activation energies (Ed ) . Activa-

Figure 2 Typical sorption uptake response curve for tion energies for DMMP and water in PDMS
DMMP. membrane are 19.58 and 20.92 KJ/mol, respec-

tively. Watson and Baron23 calculated that the
energy to generate voids of sufficient size to ac-bers were connected by a hollow Teflon tube. The

study was conducted with PDMS membrane of commodate the water molecules within PDMS is
thickness 0.037 cm at three different tempera-
tures: 100, 120, and 1507C. The sorption uptake
responses of the coated crystal in terms of drift
frequency are given in Table I. In our previous
article21 we have already reported that the trans-
port mechanism of water and DMMP is Fickian
and independent of thickness of PDMS mem-
brane, and the results have been supported by an
independent technique (conventional sorption–
desorption method).10 There we observed that
water diffuses at a slower rate than DMMP in
a PDMS membrane at room temperature (Dwater

Å 8.61 1007 , DDMMPÅ 1.01 1006) . In the present
experiment also, time-lag plots were obtained by
plotting DF versus time (s) . The representative
plots for DMMP and water are shown in Figures
2 and 3, respectively. The intercept at the time
axis by the linear portion of the curve is consid-
ered as permeation time (u) . The standard time-
lag equation D Å L2 /6u (where L is the thickness
of the membrane and D is the diffusion coeffi-
cient) is employed to calculate the diffusion coef-
ficients. The results are presented in Table II. It
is observed that water diffuses at a faster rate at Figure 3 Typical sorption uptake response curve for

water.high temperature than DMMP, which is contrary
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Table II The Diffusion Coefficient and Permeability Values of DMMP and Water in PDMS Membrane

D 1 106 P 1 108 (cm3 cm/
u (s) (cm2/s01) cm2 s01 atm)

Temperature a*
(7C) DMMP Water DMMP Water DMMP Water (PDMMP/Pwater)

100 165.83 118 1.37 1.93 19.04 1.39 13.70
120 120.00 86 1.90 2.65 26.41 1.91 13.84
150 78.33 56 2.91 4.07 40.45 2.93 13.80

Ç 14.5 KJ/mol, which is in close agreement with It may be attributed to the fact that the polymer–
penetrant interaction is not affected significantlyour experimental value.

The solubility coefficients of DMMP and water with temperature.24 The values are 0.72 1 1002

(400 mol/m3, i.e., 7000 ppm by mass) and 13.9 1in PDMS membranes have been calculated by the
gravimetric method.24 The PDMS membranes 1002 (1176 mol/m3, i.e., 17,880 ppm by mass) cm3

cm3 atm01 for water and DMMP, respectively. Awere dried in a vacuum oven at 1007C for 1 h,
dipped in DMMP and/or water, giving enough very high value of solubility coefficient for DMMP

in PDMS indicates strong polymer–penetrant in-time to equilibrate (Ç 80 h). Volume of sorption
uptake responses by the PDMS membranes were teraction and low value for water is mainly due

to the hydrophobic behavior of the PDMS mem-used to calculate the solubility coefficient. It is
observed that solubility coefficients of both brane. It is reported25 that the sorption figure for

filled PDMS membrane is Ç 200 mol/m3. HenceDMMP and water do not increase significantly
with increase of temperature, and the values are our value is double, which halves the selectivity

factor. This difference in sorption coefficient maycloser to the values obtained at room temperature.
be due to the presence of hydrophilic impurities.23

The permeability coefficients calculated by using
the equation P Å D 1 S are reported in Table II.
It is observed that the selectivity factor PDMMP/
Pwater ú 13. Although this selectivity value is
quite high, for better results, especially for an an-
alytical sample inlet system, nonfilled PDMS
membrane26 (sorption value for water is Ç 40
mol/m3, Ç 700 ppm by mass) or extremely hy-
drophobic hexamethyl disiloxane23 (water sorp-
tion is only 1 ppm) can be a better choice.

CONCLUSIONS

(1) A diffusion cell has been fabricated and em-
ployed for study of diffusion of chemical pollutants
at high temperatures using a coated piezoelectric
sensor; (2) temperature dependence diffusion co-
efficients for water and DMMP in PDMS mem-
brane are also reported, which enables calculation
of the activation energies; (3) permselectivity for
DMMP over water is also reported (a* Å 13); (4)
this method is highly sensitive, economic, porta-
ble, and provides repeatable data and can be used
to study the diffusion of other sorbates also if a
proper (specific) coating material for the piezo-Figure 4 Arrhenius plots of ln D versus 1/T for water

and DMMP. electric crystal can be found.

4372/ 8EA4$$4372 06-24-97 11:10:58 polaa W: Poly Applied



1794 BANERJEE ET AL.

The authors are thankful to Dr. R. V. Swamy, Director, tacharya, and N. B. S. N. Rao, J. Appl. Polym. Sci.,
60, 29 (1996).DRDE, Gwalior, for his encouragement and fruitful

12. J. Hlavay and G. G. Guilbault, Anal. Chem., 49,suggestions regarding this article.
1890 (1977).

13. J. Hlavay and G. G. Guilbault, Anal. Chem., 50,
965 (1978).

14. G. G. Guilbault, Anal. Chem., 55, 1682 (1983) .
REFERENCES 15. H. Muramastu, J. M. Dicks, E. Tamiya, and I. Kar-

ube, Anal. Chem., 59, 2760 (1987) .
16. G. G. Guilbault, J. Affolter, Y.-Tamita, Anal.

1. J. M. Watson, G. S. Zhang, and P. A. Payne, J. Chem., 53, 2057 (1981).
Membr. Sci., 73, 55 (1992). 17. G. H. Sauerbrey, Z. Phys., 155, 206 (1959) .

2. T. W. Carr, Ed., Plasma Chromatography, Plenum 18. G. H. Sauerbrey, Z. Phys., 178, 457 (1964) .
Press, New York, 1994, p. 32. 19. Z. Ali, C. L. Paul Thomos, J. F. Alder, and G. B.

3. S. A. Sterm, P. J. Garies, T. F. Sinclair, and P. H. Marshal, Analyst, 117, 899 (1992).
Mohr, J. Appl. Polym. Sci., 7, 2035 (1963). 20. Ram Asrey, K. D. Vyas, and A. Bhattacharya, in

4. D. R. Kempand and D. R. Paul, J. Polym. Sci.; Electronic Systems and Applications, R. P. Agarwal
Polym. Phys. Ed., 12, 485 (1974). and S. Sarkar, Eds., Allied Publishers Limited, In-

5. W. J. Koros, D. R. Paul, and A. A. Rocha, J. Polym. dia, 1994, pp. 225–229.
Sci. Phys. Ed., 14, 687 (1976). 21. S. Banerjee, Ram Asrey, K. D. Vyas, and A. Bhatta-

6. C. E. Rogers, in Polymer Permeability, J. Comyn, charya, J. Polym. Mater., 13, 29 (1996) .
Ed., Elsevier, Amsterdam, 1985, pp. 11–73. 22. E. Favrc, P. Schaetzel, Q. T. Nguyen, R. Clement,

7. J. M. Watson and M. G. Baron, J. Membr. Sci., 106, and J. Neel, J. Membr. Sci., 92, 169 (1994).
259 (1995). 23. J. M. Watson and M. G. Baron, J. Membr. Sci., 110,

8. J. R. Xu and C. M. Balik, Appl. Spectrosc., 42, 1543 47 (1996).
(1988). 24. A. Tager, Physical Chemistry of Polymers, 2nd ed.,

9. G. T. Fieldson and T. A. Barbari, Polymer, 34, 1146 MıB r, Moscow, 1978, Chap. 21.
(1993). 25. J. A. Barrie and D. Machin, J. Macromol. Sci. Phys.

10. S. Banerjee, R. P. Semwal, and S. Agrawal, J. Appl. B, 3 (4), 673 (1969).
Polym. Sci., 57, 1483 (1995). 26. J. A. Barrie and D. Machin, J. Macromol. Sci. Phys.

B, 3 (4), 645 (1969).11. R. P. Semwal, S. Banerjee, L. R. Chauhan, A. Bhat-

4372/ 8EA4$$4372 06-24-97 11:10:58 polaa W: Poly Applied


