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"CHEMICAL" REACTIVITY ON THE DISORDERED SURFACES. THE CASE OF ICE 

J. OCAMPO, B. SCHMITT and J. KLINGER 

Laboratoire de Glaciologic et GBophysique de l'Environnement, 
BP 96, F-38402 St-Martin-d'Heres Cedex, France 

FGSPE : La cinetique de clathratim du d i m  de 0 et du krypton sur la 
surface de la glace a Qt6 etudik. A f i n  de canprendre le r6le jcu6 par une surface 
deso-& sur la clathration la "rugosit&" de la Surface est caracteride par sa 
dimension fra&e d. Cette dimensim a 6tE! calculb de m a n i h  indirede B partir 
de la diffusion des mlecules d'eau m N t  le fritage des particules de glace et 
pendant la clathration. Le fait que d < 2 implique que l'exploration est 
"anipacte"ce qui influem fortement le fritage et la clathratim. 

ABSTRACT : The kinetics of krypton and carbm dioxyde clathration on ice surface was 
studied. In order to understand the role played by a disordered surface in clathra- 
tion, the surfaceMrcughness" was characterized by the spectral dimension d- .This 
dimension was calculated indirectly frcm water diffusion dicing the sintering 
and clathration of ice particles. Since d < 2 the exploration is "capact " which 
strongly influences the sintering and clathration. 

The clathration by gas-ice reaction has been observed since 1962 [l to 41. Barrer 
and Edge theoretical approach was unique and based on the concept of preexisting 
cages being filled as Langmuir isotherms. 
This paper attempts to apply the physics of fractal structures to the measure oF the 
degree of surface disorder and the clathration kinetics. 
During these past few years, the concept of fractal structures developed by 
Mandelbrot [5] has been of great utility for the description of structures with 
geanetrical and dynamical properties w h i c h  appear purely ran& [6]. Avnir arad Farin 
[71 have remarked that the surfaces of mstmaterials are fractals at the mlecular 
scale. Since it is difficult to conceive any dynamic interfacial process that is 
indepadent of surface irregularities and defects, the study of gas clathration 
kinetics on the ice surface seems obviously very important. Catalysis is a pheno- 
mermn governed by such surface characteristics and certainly plays an important role 
in clathration. 

The ice pcrwder sample was prepared by deionized water condemation(l8 m/m at 
25"C)at 77K. A m 3 r p l - s ~ ~  ice is obtained. After heating the sample up to 200K m r -  
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phars ice is transformed into hvragondl ice. Fran single crystal we have also 
prepared a powder ice after  crushhq the ice in vaccrrm a t  77K. 
We observed the evolutim of specific anface area am3 heat of a&mpWcn of the 
powder ice annealed a t  195K, by m s n s  of Inyptoll -on isothernrs at 77K. The 
classical mamnetric me- used is &scribed asewhemC81. From tfiis e w l ~ ,  we 
have characterized the initial &~CB by a spedxxl c l h m s i c n .  
The fonnaticn of k q p t a ~  and carbcn dicqda claihrates was done a t  19% and mni- 
tored in the same way as an adsaption isotherm [9]. The lnyptan c1athratf.cn is 
possible oriLy i f  the surface ccntains the germ of another clathrate. The equilibrim 
pressure was canpared to data i n  the literature(usual1y obtained fran clathrates 
prepared by freezing of a gas liquid mixture). To confirm the fonnaticn of 
clathrates, the surface reacticn was followed qualitatively w i t h  an X - r a y  diffrac- 
taneter. 

Figure 1 shms the evolution of the specific surface area and heat of adsorption for 
crushed ice measured with Inypton a t  77K. The sample was annealed a t  19% for dif- 
ferent time intervals and came back to 77K to avoid evolution and to measure the 
krypton isotherms. 

1 I 

10 20 t (hours) 

Figure 1: Specific surface area (S ) and adsorption hat ( AQ) evolution.f<rypton was 
used to measure adsorptik isotherms a t  77K between differen& annealing 
periods a t  195K. 

W e  can observe a fast  evolution of the specific surface area and heat of arismption 
in the f i r s t  h3UT of the annealing period. The specific surface area decreased fm 
0,33 m2/g (fresh ice surface)to 0,06 m2/g, close to the equilibrium value o b s e d  
after 30 tams of annealing. 



'IAe krypton clathration was &me when the heat of adsorption equilibrium was fully 
attained and after clathratim and daxqasition with air. A germ of air clathrate 
& suspxhd to to after t h i s ~ ~ a n d t o s t x v a a s a n u c l e i f o r t h e  
kxypbzn clathraticn. 
Tn the case of c .  dl-, tfie heat of adsorpticn is omstant for several 
h a n s . T h e ~ ~ t i m e s e e n s l i n k e d w i t f i ~ ~ .  
F l g u m 2 a n d 3 s h o w ~ e w l u t f c n o f  ~ d f o x y d e a n d k r y p t a n c l a t h r a ~ .  N o h  
baticn time is observed for krypkn. Ihe equilibrium pressure a t  19% for the 
clathrates was 253 m b a r  and 280 nbar for Inyptcpl and carbm d i m  reqyxtively. 

Figure 2 : Carbon dioxyde clathration (n)  and evolution of the reaction rate 
constant ( K )  a t  195K. 

Figure 3 : Kryptm clathration (n) and evolution of the reactim rate constant 
a t  195K. 
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The reaction rates cxrstants shmn in iAese figures were calailated fran pressure p 
evolution towards the ~ U ~ m  pslessure Peq by me following equation : 

We observe a time depmdent behavicur of the reacticm rate ccmstant far  both kyptxm 
and carbm dim, even far fran the saturatim. 

The essential features of ou r  results may be interpreted in the following way: 
W sample preparation method cmsts a great mmker of surface defects which are 
rat-fimly distributed, therefore makirg a soft surface. The instability of both 
broken (or ncgl capasated) hydrogen bcsds and high surface energy probably causes 
the evolution of the w i f i c  surface area. This evolution seenrs to take place i n  a 
"sintering" fashion probably by short range migration of diffusing elements as we 
w i l l  see below. 

The average mmhr of "sintering or fusion sites" in  a fractal space w h i c h  have been 
visited by a randcm walker frun the start until the time t , before its capture is 

rU 

where d is the fractrm(or spectral ) dimension. 
The differential equation which governs the chemical reaction between two mlecules 
A and B is : 

where n is the amcentration before capture and 

K = KO N ( t)  / t (3) 

When fusion cccurs : n = n = A S (proportional to specific surface area) .Then, fran 
A B w 

equations (1) to (3)  we obtain : 

. - 
and f m  the graph slope of log S vs log t we found : d = 0;37 . 
It means that the exploration in this space is "canpact" ( d < 2)[ l l ] )  in the 
sense that it strongly influences the capture laws.If our system is considered as a - 
percolation one 161 % fractal dimension would be : d = 0.52 , which satisfies the 
relation : d > 5 > d . 
The value of 0.52 amfirms our hypothesis of "adhesion points" existence where the 

sintering takes place in short r a q e  diffusion paths. 
In order to identify the nature of diffusing elements,we have estimated the 
activation energies of the rates : (dSw/dt) and (&Q/dt) as the average rates a t  
the begining of the ewlutim. 
The rate of decreasing surface area has an activation energy of E = -0.05 eV for 
temperatures lcwer than 213K and the rate of decreasing adsorptig heat has an 
activation energy of E a = -0.16 eV for teaperatures lower than 258K . These 
energies are probably due to defect migration cn the ice surface (as OH or self 
in-tials [12] (131 ).The adsorpticm decrease was already seen in this range of 
-tures and is probably due to the creation of a "proton surface" [14]. 



A t  tapera- near the ~nelt ing point of ice,% rate of c k z = s b g  w o n  heat 
has an activation enexgy of E - = l . l 2 e V w h i c h i s s i m i l a r t O ~ s r n f a 0 e s a l f -  
diffusion energy. 
The carbcn dioxyde clathraticn a t  19% starts after an irzubaticn period cbning 
which there ism- .At  tfris time,% mmber of captmd s n o l e c d e ~  grors, 
slawly.Fran W beginning gesainati4n a self-catalytic process minbhs tfie 
reaction.Akxlttfietimedspendentratem K for-- dio#yde 
we mte that this ammalous reactian law depetds cgl the "cleaness" of the surface 
(absence of q m )  , t h ~  host molecule ~ t u r e  and the erruilibrim nressure. 
Tfie surface where clathratfanooaw is cartainly very disosderred and we can 
verify its fractal &xwackz in the same way as we did for the specific surf- 
area. 
Fran the differential equaticn (2) and i f  we ccnsider that : nA << n B 
(supertrappirg proass and far fnrn the sabration),we can have a soluticn : 

N 

In our case of clathratim,the presnne is m c n a l  to the ccnce~~tram in  the 
gas phase : r i  = a P.m--,*e t- mol.eculecmcentCatian ( % = nwater )* c m  

A 
sidered as an infinite mse.moir.lhen frrm : 

d 
P I  / P ) = l o g k , s + (  2 - 1  1 1 - t  

C 
we faund for kryptm clathratim : d = 1.28 , For a peroolatia s y s t e ~ ~ , a  fractal - 
dimension vnxlld be : d = 1.79 . 
Then the reaction for the luypton clathratim seens to occur in  quasi-linear 
paths.The diffusion constant estimated is : 3 .10-~~an~/s  . 
In the case of cartm d i m  c l a t h r a t i c n ~ ~ ~ 1 a c h g  the incubaticn period we can 
observe a first order reacticn w i t h  a diffusim o3nstant and an activation e m  

After this evoluticn the reacl&n rate decreases as a zero order reaction w i t h  a 
diffusion constant and activation enrrgy of: 

-14 2 
D = 10 on / s  E = -0.7 eV 
v v 

Those values which are very similar to surface self-diffusion and bulk self- 
diffusion of water mlecules in the ardinary hexagonal ice show that the diffusive 
element seems t9 be the water mlecule. 
The phase transformation £ ran  to cubic clathrate structure is then started 
by the capture of the adsorbed gas mlecule by water mleailes migration .For 
krypton it was necesary to have a residual clathrate of another gas in  order to 
start the clathraticn. 'Ihe reaction ans tant  attains a ocostant value after sane 
t i m e  and illustrates a traflsiticn from fractal kinetics to classical ones. 

The ice powder surface was as a fractal spaca and then dxxx3-d by a 
spectral dimensicn. A kinetics criterial,based on adsorption sites dimirertion and 
clathraticn was used to calculate the spe&cal di.mms3.m. 
The ice particles :plncm sintering" seens to occur in a space w b m  tha spectral 
dimension is : d = 0.37 ,probably by surface clef- migraticn in cmk to 
cmpensatethebroken'hydrqenbondsandtodiminishtbsuxfaceenerpy. 
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On the other hand the capture of gas molecules if? clathtation seems to occur in a 
fractal spacewhere~spectra ld imensicnis  d = 1.28 ;The diffusion on ice 
surface is realized by tha water mlecules and respects a quasi-linear paths-The 
apparent bulk diffusion of the gas mlecules is possibly due to exM3r-g free Cages 

in the clathrate structure and to bulk self-diffusicn of w a t e r  mlecules. 
The natural oclarrrenoe of gas hydrates ha. been mentimed in t f ie  past.MillerCl5lhas 
ccmnented their possible ocanrence in the solar system .Carbon dhxyde hy&ate 
s e e m S ~ € d & O n ~ a n d h ~ . ~  f m  7 0 f  
clathrate mtes ar t f ie Earth is th9 BFT hydrate in Antarctic f ce -ax~~  [161. 
Glaciological and -cal a p p l i c a t i a ~ ~  of this study are described 
elseurhareC171. 
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COMMENTS 

P.L.M. PLUMMER 

Have you done your fractal analysis in higher dimensions and if so were your results 
similar as to the fractal dimensions of the process 7 If you have not carried out 
the analysis would you care to speculate on the results ? 



Answer : 

No. A t  lower temperatures and i n  microporous i c e  we w i l l  have may be a f r a c t a l  
dimension between 2 and 3. 

J.P. DEVLIN 

We f ind  t h a t  polar  molecules (such as ethylene oxide) a r e  much more e f f e c t i v e  i n  
inducing c l a t h r a t e  hydrate formation. Do you have any comparative r a t e  da ta  f o r  
po la r  vs. nonpolar molecules. 

Answer : no. 

J.S. TSE 

What was t h e  gas pressure i n  your adsorpt ion experiment ? 

Answer : 

For C02 a t  195 K not higher than one bar. Always i n  the phase diagram region f o r  
c l a t h r a t e  formation. 


