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EXPERIMENTAL STUDY OF SUBDIFFUSIONIN A MEMBRANE SYSTEM�K. Dwore
ki, S. W¡sik and T. Kosztoªowi
zIntitute of Physi
s, �wi�tokrzyska A
ademy�wi�tokrzyska 15, 25-406 Kiel
e, Poland(Re
eived De
ember 2, 2002)We present experimental results of the anomalous di�usion in a mem-brane system obtained by means of the laser interferometri
 te
hnique. Weshow that in membrane system with glu
ose di�using in a gel medium,the thi
kness of the 
on
entration boundary layers manifest a subdi�usive
hara
ter. Namely, the thi
kness of the 
on
entration boundary layer Æs
ales as t
 with 
 = 0:443� 0:019.PACS numbers: 05.60.Cd, 66.10.Cb, 82.65.Fr1. Introdu
tionDi�usion is an important transport pro
ess of matter in various physi-
al, 
hemi
al, and biologi
al systems. A form of time evolution of so-
allednear-membrane layers (NMLs) or the 
on
entration boundary layers (CBLs)
hara
terizes the di�usion in a membrane system [1�3℄. It 
an be also treatedas a useful representation of the measured 
on
entration pro�les. Therefore,dire
t measurements of the CBLs properties, be
ome essential for under-standing of transport me
hanisms present in the membrane system. Whenthe thi
kness of NML grows in time as t
 with 
 = 0:5 we deal with normal orGaussian di�usion, when 
 > 0:5 with a superdi�usive behavior, and when
 < 0:5 with a subdi�usive behavior [4,5℄. In the following, the attentionwill be fo
used on this latter 
ase. To observe the time evolution of NMLs,we use the laser-interferometri
al method: the interferen
e fringes patternprovides quantitative measurement of the substan
e 
on
entration [6,7℄.2. ExperimentThe membrane system under study is a 
ell with two glass 
uvettes sep-arated by a horizontally lo
ated membrane. Initially, we �ll both 
uvettes� Presented at the XV Marian Smolu
howski Symposium on Statisti
al Physi
s,Zakopane, Poland, September 7�12, 2002.(3695)
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zwith a gel but in the upper one we add some aqueous solution of glu
ose.Then, the glu
ose di�uses to the lower 
uvette. To measure the 
on
entra-tion pro�les in the membrane system we employ the laser interferometri
te
hnique [6℄. The experimental setup is des
ribed in [7℄. At present weonly re
all that it 
onsists of the measurement 
ell with the membrane, theMa
h�Zehnder interferometer, in
luding the He�Ne laser (� = 632; 8 nm),TV-CCD 
amera and 
omputerized data a
quisition system. The outputbeam of a 15 mW He�Ne laser is spatially �ltered and split into two beams.The �rst beam goes through the membrane system parallel to the membranesurfa
e, while the se
ond referen
e beam goes dire
tly to the light dete
tingsystem. The interferograms, whi
h appear due to the interferen
e of the twobeams, are 
ontrolled by the refra
tion 
oe�
ient of the solute, whi
h in turndepends on the substan
e 
on
entration. The analysis of the interferogramsallows one to re
onstru
t the time dependent 
on
entration pro�les of thesubstan
e transported a
ross the membrane. The substan
e 
on
entrationat position x and at time t is determined by the de�e
tion of fringes d(x; t)from their straight line run. Sin
e the relation between the 
on
entrationC(x; t) and the refra
tion 
oe�
ient n(x; t) is assumed to be linear, we have:C(x; t) = C0 + a�d(x; t)hf ; (1)where C0 is initial substan
e 
on
entration, a is the proportionality fa
torbetween the 
on
entration, and the refra
tion index, � is the wavelength ofthe laser light, h denotes the distan
e between the fringes in the area wherethey run parallel, f is the thi
kness of the solution layer in the measurement
uvette. Having the pro�les one 
an de�ne the 
on
entration boundary layer.When the substan
e di�uses a
ross the membrane into pure solvent (watergel-agar, 1% by weight) the thi
kness Æ of the CBL is de�ned as a length atwhi
h the 
on
entration de
reases k times, i.e.kC(x = 0; t) = C(x = Æ; t) (2)with x = 0 being the membrane surfa
e. The arbitrary 
onstant k is assumedto be k = 0:08 but one may take a di�erent value (< 1) depending on aspe
i�
 appli
ation. 3. ResultsWe have systemati
ally 
olle
ted several hundred interferograms show-ing various stages in the development of ea
h 
ombination of experimentalvariables. We restri
t the presentation here to sele
ted representative ex-amples. Figure 1 depi
ts distin
t 
ases. We show three, typi
al for this
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e fringes in theseinterferograms indi
ate that on both sides of membrane the 
on
entrationboundary layers are formed and they are hydrodynami
ally stabile. Theresults of the 
omputer analysis of interferen
e images whi
h refer to inter-fa
es solution/membrane, enable us to obtain 
on
entration pro�les C(x; t)in the 
on
entration boundary layers for di�erent times and di�erent initial
on
entration 
on
entration solutions. The results of this investigations ob-tained for a given membrane system are presented in �gure 2. The solute
on
entration pro�les were used to 
al
ulate the thi
kness of CBLs. Theexperimental results Æ(t) are presented in �gure 3.
Fig. 1. The interferograms that are analyzed to obtain the 
on
entration pro�les.There is initially uniform glu
ose solution of the 
on
entration 0.1 mol/l in theupper part of the measurement 
uvette. The interferograms are taken at severalvalues of time: (a) � 2 min, (b) � 10 min, and (
) � 20 min.
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Fig. 2. The 
on
entration pro�les for C=0.1 mol/l glu
ose solution in a gel formtaken at several values of time: 2 min, 10 min, and 20 min.The solid line on this �gure represents a �t log(Æ) vs. log(t). The resultsof the investigation of the dependen
e Æ(t) indi
ate that it 
an be a powerlaw Æ / t0:443�0:019. Thus, the pro
ess under study is subdi�usive.
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Fig. 3. The time evolution of the 
on
entration boundary layer for k = 0:08 ob-tained for gelled solution of glu
ose. The initial 
on
entration is 0.1 mol/l. The
ir
les show the experimental values, the solid line is a �t to power law whi
h yieldsan exponent of 0:443� 0:019. 4. Con
lusionsIt was demonstrated that the interferometri
 te
hnique 
ombined withdigital image analysis allows one to determine the temporal stru
ture of the
on
entration boundary layers in a membrane system. The experimentalresults of the investigation of the evolution of the CBLs show that theirthi
kness grows in time as t
 , with 
 < 0:5. This demonstrate a subdi�usiveme
hanism of solute transport in the membrane system.REFERENCES[1℄ E.L. Cussler, Di�usion Mass Transfer in Fluid Systems , Cambridge Univ.Press., 1995.[2℄ P.H. Barry, J.M. Diamond, Physiol. Rev. 64, 763 (1984).[3℄ K. Dwore
ki, T. Kosztoªowi
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zy«ski, Eur. J. Phys. E3,389 (2000).[4℄ R. Metzler, J. Klafter, Phys. Rep. 339, 1 (2000).[5℄ K. Hahn, J. Karger, U. Kukla, Phys. Rev. Lett. 15, 2762 (1996).[6℄ Interferometry Analysis, eds. U.W. Robinson, G.I. Reid, Bristol: Institute ofPhysi
s, 1993.[7℄ K. Dwore
ki, J. Biol. Phys. 21, 37 (1995).


