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The effect of various ions on the process of crystallization (desublimation) on the sublimating 
surface of samples of polycrystalline ice in a vacuum with radiant heat supply is studied. Ex- 
tremal effects of great crystal growth were discovered upon change in the pH of the polycrys- 
tal (liquid phase) and for certain ions in the ice crystalline lattice. 

The m a j o r i t y  of works  devoted  to the m e c h a n i s m  of sub l imat ion  have not touched upon the ques t ion  of 
the ro le  of the su r f a c e  s t r u c t u r e  of  the subI imat ing  ice ;  the sub l imat ing  ice is a s s u m e d  to be m e r e l y  an 
e m i t t e r  of vapo r  m o l e c u l e s  which does  not i n t e r f e r e  with the sub l imat ion  p r o c e s s  by s t r u c t u r a l  changes .  
However ,  as  ou r  s tudies  [2] have shown, this  widely adopted app roach  e s sen t i a l l y  s c h e m a t i z e s  the phys ica l  
p i c tu r e  of the p r o c e s s  and is unable  to give a p r o p e r  p r e s e n t a t i o n  of it. 

The goal  of the s tudy d e s c r i b e d  below was to inves t iga te  the effect  on the i c e - w a t e r  sub l imat ion  
m e c h a n i s m  of the p r e s e n c e  and concen t r a t i on  of inorgan ic  componen t s  and, in p a r t i c u l a r ,  the ro le  of ions 
of  such componen t s ,  which could aid o r  h inder  c r y s t a l  f o r m a t i o n  (desubl imation)  on the su r f ace  of the 

TABLE i. Ion Content of Water Samples 

Water sample { 
rag/liter 

Water from 
Moscow River* 61,5 

Tap water 6,5 

Distillate 
Bidistillate 0,12 

Ca+2 [ _ Mg'~2 

% .  I0 4 

61,5 

6,5 

0,12 

Water sample [ so42 [ 

Water from 
Moscow River* 

Tap water 

Distillate 
Bidistillate 

*Data taken from 

mg mg 
l/liter %-Io' ~liter 

5,6 5,6 2,3 

rag. equiv] . . . j  
/liter I mg/met 

- -  14,2 

3,25 --- 

0,16 
0,06 

Cl- Si 032 

%, i0' 

14,2 

%.Io 4 rag/liter I 

2,3 7,15 

%. I0' 

7,15 

rag/liter 

3 

0,076 
0,51 

FeJr-3 

!m 'liter 
I 

o, 075 

0,075 
0,005 

Na-t- 1 

%. 10 4 

3 

0,51 

%. 10 4 

0,075 

0,005 
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TABLE 2. Ion Content and pH of Solutions Studied 

Cation 

Ca +2 

Ng+2 

Fe§ 

*, Inc ludin 

~/orking [Portion of cations [Portion of anionsin 
- - [substance!in solution * solution Norking suostancelin sore., , . . . . . .  

[%.__10 4 ling/liter I %.I0' I mg/liter, %-~0" 

CaCI~.6H20 32,4 6,0 
bigSO4 (crystal-] 35,0 

100,0 line) ] 
25,0 FeC13"6H20 ] 50,0 

6,62 
0,72 
7,0 

20,0 
5,0 

10,0 

6,62 
0,72 
7,0 

20,0 
5,0 

10,0 

16,2 
1,81 

35,0 
100,0 
14,5 
29,0 

16,2 
1,81 

35,0 
100,0 
14,5 
29,0 

given ion content in bidistillate. 

pH 

6,82 
6,85 
5,71 
5,76 
3,61 
3,54 

subl imat ion  ice l aye r .  M o r e o v e r ,  in the c o u r s e  of the s tudy,  the qual i ta t ive  effect  of the pH of the liquid 
solut ion on the in tens i ty  of desubl imat ion ,  and on the a v e r a g e  height  and shape of the ice c r y s t a l s  f o r m e d  
on the su r f ace  of  the sub l imat ing  p o l y c r y s t a l ,  was  shown. 

These  ques t ions  a r e  comple te ly  un inves t iga ted ,  and only in ce r t a in  works  on the p r a c t i c e  of  c r y s t a l  
growth,  under  comple te ly  d i f fe ren t  condi t ions ,  is t he re  ment ion  of the n e c e s s i t y  of  c l a r i fy ing  them [1]. 

The ice s a m p l e s  fo r  expe r imen ta l  inves t iga t ion  w e r e  p r e p a r e d  f r o m  wa te r  conta ining v a r y i n g  con-  
ten ts  of d i s so lved  sa l t s  and ba se s .  Inves t iga t ions  of the sub l imat ion  of  these  s amples  w e r e  conducted  with 
a rad iant  hea t  supply, mak ing  ex tens ive  use  of m a c r o p h o t o g r a p h y .  

It is evident  f r o m  Table  1 that  typ ica l  tap wa te r  conta ins  va r ious  inorgan ic  impur i t i e s  in the f o r m  of 
d i s so lved  sa l t s  and b a s e s .  Us ing  these  data and a l so  on the b a s i s  of  qual i ta t ive  s e m i m i c r o a n a l y s i s  con -  
ducted by the wa te r  and fuel t echno logy  facul ty  of  the Moscow E n e r g y  Inst i tute  for  the content  of Ca 2+, 
Fe  3+, and Na + ions ,  solut ions  with a known content  of  each  of  these  ions,  were  p r e p a r e d .  In o r d e r  to ex-  
clude the inf luence of  c e r t a i n  o the r  ions ,  the s a m p l e s  w e r e  p r e p a r e d  f r o m  a b id is t i l l a te .  Table  1 p r e -  
sen ts  the r e s u l t s  of qual i ta t ive  s e m i m i c r o a n a l y s i s  of  this  b id is t f l la te  fo r  b a s i c  ion content .  Af te r  p r e p a r a -  
t ion of the s a m p l e s ,  the solut ion pH was  d e t e r m i n e d  by  the p o t e n t i o m e t e r  method .  Glass  was  used  for  the 
m e a s u r e m e n t  e l ec t rode ;  ca lome l  f o r  the r e f e r e n c e  e l ec t rode .  An L P U - 0 1  high r e s i s t a n c e  p o t e n t i o m e t e r  
with sca le  ca l ib ra t ed  in pH uni t s  Was used  as  the m e a s u r i n g  device .  

Tab le  2 p r e s e n t s  the c h a r a c t e r i s t i c s  of the solut ions  s tudied.  

Af te r  p r e p a r a t i o n  of the solut ions ,  the s amp le s  w e r e  pou red  into spec ia l  con ta ine r s  'of d imens ions  
80 • 50 • 5 m m  and f r o z e n  at a t m o s p h e r i c  p r e s s u r e  in a r e f r i g e r a t o r .  T h e r e u p o n  subl imat ion  of the po ly -  
c ry s t a l l i ne  ice so obtained was  studied in a vacuum c h a m b e r  with rad ian t  heat  supply [2]. 

The subl imat ion  p r o c e s s  took p lace  due to the p r e s e n c e  of a t e m p e r a t u r e  g rad ien t  (or c o r r e s p o n d i n g  
p r e s s u r e  gradient)  p roduced  by p la s t i c  de fo rma t ion  of  the p o l y e r y s t a l .  Depending on the sample  th i ckness  

T A B L E  3. 

pH 

2,5 

4,0 

I0,0 

12,5 

Bidistill- 

ate 

Tap water, 
pH=6.4 

Effect  of Solution pH on C r y s t a l  Growth 

Experimental parameters 
Ip T , I ~ Te,QC mCr~ V/ , W/ w 

I I : ,~- / e ~c 
I 

114 0,5 28 / 13 

/ 
0,5 30 [ 13 117 

120 0,5 32 12 

114 0,5 30 13,5 

116 0,5 27 13 

120 I 0,5 30 13 
i ! 

Description of process 

Individual need le-shaped crystals observed on surface, 
average height, 6~70P. Growth region- separate 
surface zones(Fig, lb), 
Creepingdendritic crystals, average height 6~ 180P 
growing over entire surface(Fi b lc) 
Overentire surface dendritic crystals grow upto 8~1100/~ 
iFig. Id~ 
Needle-shaped crystals transform into "petal-shaped ~ 
'crystals with apparently fused tops). Crystaldensity on 
;urface decreases. Crystalheight reaches 8~500P 
(Fig. le) 
8 mall individual crystals. Crystal density in sample center 
greater than at edges(Hg, la) 
Individual dendritic stellate crysta Is, height to 6~ 500P 
(Fig. 1f) 
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F i g .  I .  E f f e c t  of  l i q u i d  s a m p l e  pH o n c r y s t a t  g r o w t h  on  s u b l i m a t -  
i ng  s u r f a c e  w i th  r a d i a n t  h e a t  s u p p l y :  a) pH = 2.0;  b) 2.5;  c) 4; 
d) 10; e) 12.5;  f) 6 .4 .  

and the values of the heat flux and vacuum, the intensity and character of the sublimation process change 
significantly. In these experiments we also observed the process noted by us earlier [2], desublimation 
(crystal formation on the surface of the sublimating ice layer). 

As sequential macrophotography showed, inclusion of various ions in the crystalline ice lattice sig- 
nificantly changes the picture of surface crystal growth and the sublimation mechanism. 

On the basis of chemical analysis of the bidistillate and study of the sublimation process it was pos- 
sible to determine that crystal growth depends on the pH value in the liquid sample (the preliminarily fro- 
zen polycrystal). The effect of solution pH on crystal growth is shown in Table 3 and Fig. i. 

At a sublimator pressure Pc = 0.5 mm Hg, ~-66.6 N/m 2, and black radiator screen temperature T e 
= 120~ no crystal growth occurs on the sublimating surface of the polycrystal prepared from double- 
distilled water (pH = 2). Under the same conditions with increase in bidistillate pH to 4 (see Fig. I), some 
crystal growth is noted (up to 6 ~- 180/i), and for pH = I0 significant dendritic crystal growth is observed 
(up to 6 ~- Ii00 #). On all photographs the grating spacing is 70/~. Further increase in pH to 12.5 leads 

TABLE 4. 

Salt  
(base) 

CaCI 2 

MgS04 

FeC13 

F eCl a 

Ca(OH)2 

Influence of Ions (Additions) on Crystal Growth 

Cation con- 
centration 

0.6 mg.equiv 120 
/l i ter 

7rag/liter 128 

5rag/liter 1t4 

10 rag/li ter 118 
J 

0.6 mg.equivl 118 
/l i ter ] 

i 

Experimental para meters 

0,5 30 13 

0,5 30 11 

0,5 29 12 

0,5 31 13 

0,5 30 13 

Description of process 

Sphericalcrystals upto 1501~ form on the 
surface (Fig. 2a) 
Growth of very fine crystals (6ma x = 100/1 ) 
i(Fig. 2b) 
Fine dendritic crystals to 80 ia( Fig. 2 d) 

Crystaldensity onsurface increase~. Crystals 
of severaItypes formed (needle-shaped, 
spicular, block). HeighttoS00 /a(Fig. 2e) 

lIndividualerystals some distance apart. 

~ eighttoS0# (Fig. 2c) 
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Fig. 2. 
MgSO4; 
/liter. 

Effect  of ce r ta in  ions on c r y s t a l  growth: a) CaC12; b) 
c) Ca(OH)2; d) FeC13, 5 r ag / l i t e r ;  e) FeC13, 10 mg  

8 

IOOO 

8oo 

5oo 

J 

?, 
FeCl ( S 

200 

I 

1 

HJ 

C0~2 

8 12 pH 

Fig. 3. Average  height 5 (~) of 
ice c r y s t a l s  on subl imat ing s u r -  
face as a function of pH of poly-  
c rys ta l l ine  ice (liquid sample) .  

c r y s t a l s  on the subl imation sur face .  

to dec rea se  in c r y s t a l  growth on the subl imat ing sur face .  At the 
same  t ime the c l ea r ly  defined c r y s t a l  f o rm t r a n s f o r m s  into a "pe ta l -  
shape."  The subl imat ion p r o c e s s  c ea se s  to be pure ly  molecu la r  
(with subl imat ion of exclus ively  individual ions f rom the surface)  and 
leads to growth (desublimation),  b reakage ,  and ca r ry ing  off f rom the 
sur face  of c ry s t a l s ,  dependent on the pH. 

If the curve  of c ry s t a l  height vs  pit (Fig. 3) is constructed,  it 
wi l l  have two m a x i m a  at pH = 5 and pH = 10, with a min imum at  pH 
= 7. In [1] the authors  indicate a c r i t i ca l  pH value for  growth of 
Li2SO4.H20 c r y s t a l s ,  located in the range 6.5-6.7,  as well as  the 
imposs ib i l i ty  of c rys t a l  growth for  pH deviat ions  of m o r e  than 0.25. 

The influence of var ious  ions on c rys t a l  growth is shown in 
Table  4. The p r e s e n c e  of Ca 2+ and Nig 2+ ions p roduces  no significant 
effect  on growth (Fig. 2b, c) and ag rees  well with the curve  of c rys t a l  
height against  pH (Fig. 3). However,  it mus t  be  noted that the addi-  
tion of Ca 2+ ions c r e a t e s  a curious new spher ica l  c rys t a l  f o rm on the 
subl imating sur face  (Fig. 2a). 

Thus,  l ike different  pH values ,  additions of var ious  ions can 
affect  the fo rm of the growing c rys ta l ,  in pa r t i cu l a r ,  the development  
of defined faces .  

Fe 3+ ions in concentra t ions  g r e a t e r  than 5 m g / l i t e r  in the b i -  
dis t i l la te  solution have a significant effect  on the growth of dendri t ic  
Thus,  at  a concentrat ion of 10 m g / l i t e r  the average  c rys t a l  height 

reached  6 ~ 430 ~ (Fig. 2e). It should be noted that on the sur face  of the po lyc rys ta l  p r e p a r e d  f rom tap 
water  with pH = 6.4, the ave rage  c rys t a l  height r eached  6 ~ 500/~. In the graph (Fig. 3), point A for  tap 
wa te r  does not lie upon the 5 = f(pH) curve  of the bidis t i l la te ,  which is evidently assoc ia ted  with the in-  
fluence of other  ions (in pa r t i cu la r ,  Fe 3+) included in the c ry s t a l  la t t ice .  

The exper iments  conducted indicated, in a sufficiently convincing manner ,  that c rys t a l  growth on the 
subl imat ing sur face  in a vacuum occurs  not f r o m  the liquid phase  (protrusion of liquid f i lms  [3]), but f rom 
the gaseous phase,  due to defects  in the c rys ta l l ine  la t t ice  of the po lycrys ta l l ine  ice.  The significant dif-  
f e rences  in c rys t a l  height and the dependence of the i r  f o r m s  on the pH value and the inclusion of var ious  
ions in the liquid sample  indicate the exis tence of differing conditions of mo lecu la r  in te rac t ion  onthe  sub- 
l imat ion sur face  (fields of concentrat ion,  supersa tura t ion ,  etc.) .  

These  complex conditions show the necess i ty  of considering,  along with them, the equally complex 
analyt ical  formulat ion of the externa l  sublimation p rob lem.  The exper imen t s  conducted show that in p r in -  
ciple the p r o c e s s  of sublimation of ice under  the effect  of radiant  heat  does not occur  unambiguously,  but 
depends on the chemical  composi t ion of the ice and on the the rmodynamic  conditions. It mus t  a lso  be noted 
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that existing concepts regarding the influence on crystal growth of residual air, entering the sublimator 

due to leakage (in attempts to maintain a given vacuum) are unfounded. In these experiments leakage of 
air in the working regions was practically excluded; the maintenance in the sublimator of a vacuum and an 

atmosphere of pure water vapor was accomplished by means of automatic valves located in the vacuum 

pump connections. 

NOTATION 

T e is the measurement screen temperature; 
Pc is the sublimator pressure; 
W e is the radiator electrical power; 
T w is the sublimator wall temperature. 

1. 

2. 

3. 
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