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Note:  

• This presentation contains more questions than answers.  



Gas diffusion in polymers 



When we determined LD and K of Xe-131 and Kr-85 in Makrofol N and DE we 
discussed that with Philippe Cassette 
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Dear Krasi,  

Yes, the behavior of molecular gas is a little bit strange. I plotted in the attached file, the 

diffusion coefficient vs. the kinetic diameter of the gas (I do not know if this is the pertinent 

quantity and perhaps some kind of molecular diameter would be more appropriate). It 

seems that there is a nice exponential correlation (D is in log scale) for the molecular gas 

(except CO2) and also for noble gas but with another exponential constant. The two curves 

cross for H2. The behavior of CO2 is atypical.  

From P. Cassette, private communication 



D for noble gases in polycarbonates 

R

Angstrioms LD Sigma LD LD  Sigma LD LD, cm D cm2/s Sigma D LD, cm D cm2/S Sigma D R2, A2 ln D Sigma Ln(D) R2, A2 ln D Sigma Ln(D)
85Kr 2.07 9140 910 9180 920 0.914 1.707E-09 3.398E-10 0.918 1.72159E-09 3.45068E-10 17.1396 -20.1888 1.991E-01 17.1396 -20.18 0.20043573
131mXe 2.28 132.4 3.2 145.1 3.2 0.01324 1.176E-10 5.683E-12 0.01451 1.41203E-10 6.2281E-12 20.7936 -22.864 4.834E-02 20.7936 -22.6808 0.04410751
222Rn 2.4 38.9 1 52.1 1 0.00389 3.175E-11 1.633E-12 0.00521 5.69587E-11 2.18651E-12 23.04 -24.173 5.141E-02 23.04 -23.5887 0.03838772

Makrofol N Makrofol DE

Nuclide

LD in Makrofol N LD in Makrofol DE Makrofol N Makrofol DE



There are indications that gas transport in glassy polymers depend on the free volume 
in the polymers 



Production matters ! 



Production matters !  Laot et. al.: 



Production matters ! 



Production matters ! 



Comment 

My primary concern here is about the fact that we are using 

polycarbonates like Makrofol DE and Makrofol N*, but we have 

little or no information about the production history of these 

polymers.   

* The usage of Makrofol N foil for radon studies was suggested 

and kindly provided by Luigi Tommasino. The usefulness of this 

support is very difficult to exaggerate. Thank you!  



The unsuccessful (thus  far) hunt for the radon absorbing scintillator 



Synthesis and characterisation 
of scintillating microspheres 

made of 
polystyrene/polycarbonate for 

222Rn measurements 

Pelay, E.; Tarancón, A.; Mitev, K.; Dutsov, Ch.; 
Georgiev, S.; Boshkova, T.; García, J.F.  

. 



Background 

The absorption of 222Rn in polymer samples can be 
described by the diffusion  equation taking into account 
the radioactive decay: 

The solution for spherical specimen exposed to ambient 
concentration Cenv for exposure time Ts and left to 
desorb in radon-free air is: 

with: 

LD and K are the physical parameters which describe the  
222Rn absorption in the polymer.  By definition:  

𝐿𝐷 =
𝐷

λ
 𝐾 =

𝐶𝑃𝐶,0+
𝐶𝑒𝑛𝑣

 

Experimental Determination of LD and K 
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222Rn, polymers and motivation 

• POLYCARBONATE  
High 222Rn absorption capabilities 
Track-etch properties 

• PLASTIC SCINTILLATION MICROSPHERES MADE OF POLYSTYRENE 
High scintillating capabilities 
Preliminary and successfully tested for 222Rn absorption and measurement  

Material 
Diffusion 

length, LD 

(µm) 

Partition 

coefficient from 

air,  K 

Makrofol® N 38.9 (13) 112 (12) 

Makrofol® DE 52.1 (10) 26.2 (25) 

1The values are for 20 °C. 

 

Material 
Diffusion 

length, LD 

(µm) 

Partition 

coefficient 

from air,  K 

PSm from 

polystyrene 
120.8 (21) 6.62(51) 

1The values are for 21 °C. 

 



Objectives  

• Develop PSm made of Polystyrene, Polycarbonate and mixtures 

for the 222Rn absorption and measurement.  

 Synthesis of PSm of PS, PC and mixtures of PS and PC.  
 

 Characterization (morphological and radiological) of the microspheres 
synthesised. 
 

 Test the applicability of the PSm to measure 222Rn. 



Preparation of PSm  

1 2 3 4 

Disperse phase Continuous phase Emulsion Organic solvent 
removal 

Microsphere harvest 
(and drying) 

Polymer and solutes 

• EVAPORATION/EXTRACTION METHOD  

ORGANIC PHASE  
• 25 g Polymer  
• 0.2 % (w/w) PPO 
• 0.05 % (w/w) POPOP 
• 250 mL Dichloromethane 

AQUEOUS PHASE 
• 2 L Deionized water 
• 1 % w/v PVA  

1. Preparation of the Organic and Aqueous phase 

2. Slow addition of phases using separation funnel 

3. Stirring 20h at 25ºC 

4. PSm filtered and cleaned with ethanol and water 

5. Dried 12h at 40ºC 



PSm prepared 

PS_SA 
Polystyrene Across  

260000 MW (average) 

PC_MAKD 
Polycarbonate 

Makrofol D (Bayer) 

Raw materials 

PSm Polymer Composition 

1 PS_SA 25 g of polystyrene Across 

2 PS_SA/PC_MAKD 75:25 18.75 g of Across polystyrene + 6.25 g of MAKD polycarbonate 

3 PS_SA/PC_MAKD 50:50 12.5g of Across polystyrene + 12.5 g of MAKD polycarbonate 

4 PS_SA/PC_MAKD 25:75 6,25 g of Across polystyrene +18.75 g of MAKD polycarbonate 

5 PC_MAKD 25 g of MAKD polycarbonate 

Preparation of PSm  



• 75g of PSm were prepared (3*25g).  

• In all cases particles were obtained and efficiency was close to 100%. 

 

PS_SA, PC_MAKD, 
PS/PC 50:50 

PS/PC 75:25 PS/PC 25:75 

PSm appearance 

Fine dust Blocks Agglomerates 

Preparation of PSm  



PSm_SA (polystyrene) 

• Median size 85μm 
• Smooth 
• Spherical without deformities 

Preparation of PSm  

PSm_MAKD (polycarbonate) 

• Median size 65μm 
• Smooth with Superficial holes 
• Non-Spherical  

 The PC PSm non-spherical form may be caused by the different formation of 
microdroplets and the process of solidification due to polarity of PC 



PS/PC  (75/25) 

 PC and PS are not miscible and form two phases into the microdroplet before precipitate. 
This behaviour and its proportion defines the final shape 

PS/PC (50/50) PS/PC (25/75) 

Preparation of PSm  

• Agglomerations 
• Median size 65μm 
• Plains formed in collisions 

• Median size 55 μm 
• Non-spherical 
• Line in the half 

• Very big agglomerations 
• Median size 100 μm 
• Big holes 



 IR analysis 

 Same peaks (PS is not modified) 

 Encapsulation of solutes  

 Some water and/or PVA? 

• PS_SA (polystyrene) 

• PSm_PS (microspheres of PS) 

Preparation of PSm  



PSm morphology (IR analysis) 

 Same peaks (PC is not modified) 

 Encapsulation of solutes  

• PC_MAKD (polycarbonate) 

• PSm_MAKD (microspheres of PC) 

Preparation of PSm  



PSm morphology (IR analysis) 

 Same peaks (PC and PS are not 

modified) 

 Encapsulation of solutes  

 Some PVA or water? 

• PSm_PS_PC_75/25 

• PSm_PS_PC_50/50 

• PSm_PS_PC_25/75 

Preparation of PSm  



PS_PC (100/0) PS_PC (75/25) PS_PC (50/50) PS_PC (25/75) PS_PC (0/100) 

SQP [E] 806(3) 799(4) 765(4) 745(5) 712(3) 

 Quenching increases with the increase of the amount of PC (chemical quenching) 

Radiometric Capabilities 

Spectrum position and Quenching 
Quantulus detector 



PS_PC (100/0) PS_PC (75/25) PS_PC (50/50) PS_PC (25/75) PS_PC (0/100) 

Blank [cpm] 0.94(0.10) 0.75(0.08) 0.87(0.21) 0.87(0.27) 0.83(0.11) 

SQP [E] 806(3) 799(4) 765(4) 745(5) 712(3) 

Eff. 3H [%] 0.9(0.1) 0.30(0.03) 0.66(0.03)  0.47(0.03) 0.53(0.02) 

Eff. 36Cl [%] 97(1) 84(3) 96(1) 91(2) 93(1) 

Eff. 241Am [%] 75(1) 53(4) 85(2) 74(1) 77(1) 

 Detection efficiency for tritium is low 

 Values are high in all cases except for 75/25 (agglomerations of PSm) 

 Detection efficiency is mainly dependent of the PSm diameter.  

Radiometric Capabilities 

Detection efficiency for high-energy beta and alpha emitters 
Quantulus detector 



Spectra of 222Rn absorbed in PSm 
(in equilibrium with its progeny)  

Radiometric Capabilities 
Rackbeta 1219 LS counter 

 Spectrum of PSm made of 100% polystyrene (PS) very similar to that of the LS cocktail 

 Quenching increases with the increase of the polycarbonate content  
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222

Rn in Toluene-based LSC

 100% PS   0% PC

   75% PS 25% PC

   50% PS 50% PC

   25% PS 75% PC

     0% PS 100% PC

Counting geometry optimized for better light 
collection  as suggested by Philippe Cassette   

Glass  tube  5mm diameter PSm 



Partition coefficients and diffusion lengths 

222Rn absorption properties 

 The production of PSm of polycarbobnate changed the radon absorption properties  

 The change is more pronounced for the partition coefficient K and less pronounced for LD 

PSm    K 

100% PS    0% PC  5.8 (15) 

  75% PS   25% PC  6.6 (17) 

  50% PS   50% PC  6.8 (17) 

  25% PS   75% PC  5.5 (14) 

    0% PS 100% PC  5.2 (13) 

6.62(51) 

26.2(25) 

PSm    LD ,  µm 

100% PS    0% PC  97.0 (23) 

  75% PS   25% PC  69.4 (18) 

  50% PS   50% PC  49 (14) 

  25% PS   75% PC  1125 (45) 

    0% PS 100% PC  112.9 (46) 

Compare  to 
K of the raw 
material: Compare  to LD: 

120.8(31) 

52.1(10) 

Residual PVA? 

Error introduced 
by non-spherical 
PSm?  



  PSm of PS, PC and mixtures of PS/PC can been prepared by the 

evaporation/extraction method 

  Different polarity of PS and PC cause formation of PSm of different shape: 

spherical for PS and pseudo-spherical for PC.  

 PC and PS are not miscible and in PSm of both are segregated.   

 Efficiency of PSm of PC is slightly lower due to quenching effect caused by PC. 

 The 222Rn absorption properties of PSm made from 100% polycarbonate differ 

from the 222Rn absorption properties of the polycarbonate material. 

Conclusions 
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The unsuccessful (thus  far) hunt for the radon absorbing scintillator – part 2 
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The unsuccessful (thus  far) hunt for the radon absorbing scintillator – part 2 



Final remarks: 

Thank you. 

 It will probably be beneficial if we gain more information about the  

production way of different polycarbonate- based products: pellets, CDs, 

DVDs, foils or even powder, since this information may be related to the 

noble gas absorption properties.  

It will be perhaps useful to test same material (e.g. Makrofol DE) 

produced in different ways: extrusion, meltcasting, extraction-

evaporation, etc., because these might enhance or suppres noble gas 

absorption properties.   


