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removal of the grid; aggregation could occur 
during the final drying of the film of liquid. 

Although the validity of the specimens has 
been checked by  comparison with haema- 
eytometer counts, the latter cannot be used 
to give the required results directly. The 
haemaeytometer gives the total number of 
particles in the liquid dispersion, and once 
it has been verified that  substantially the 
same numbers of particles of difl%ring sizes 
are preserved on the specimen films, the 
electron microscope can be used to measure 
the size distribution with some confidence. 

The most important feature of the results 
is that  the ratios of the numbers of particles 
of different sizes is preserved, since two 
effects could alter this ratio in opposite 
directions. The smaller particles are the more 
difficult to centrifuge onto the film, but  the 
larger ones have the greater tendency to 
become detached after impact on the film. 
These effects could conceivably cancel out, 
but  the good correlation of the absolute 
numbers shows that  this is not the case. 

The choice of latex particles for this 
investigation was governed by  their avM1- 
ability in monodisperse form with a range 
of mean particle sizes. I t  cannot be assumed 
that  the same results would be obtMned for 

dispersions of different types, and it may be 
considered advisable to check specimens of 
any system under s tudy by  comparison with 
haemaeytometer  counts. However, only a 
limited check should be necessary, in each 
case, in view of the principle established. 
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Summary 
Particle size distribution data have been determined 

by electron microscopy for dispersions containing 
known mixtures of monodisperse polystyrene latices of 
diameters in the range 0.08-0.4 # and particle con- 
centrations of 106-10 s particles m1-1, and good agree- 
ment was found for grid specimens prepared by 
centrifugation. 

Re/erences 
1) Black, J. J., M. J. Insley and G. 1). Parfitt, J. 

Photo. Sci. 12, 86 (1964). 
2) Hardy, A. C. and F. H. Perrin, The Principles 

of Optics, 13. 570 (New York 1932). 
3) Pugh, T. L. and W. Heller, J. Coll. Sei. 12, 173 

(1957). 

Author's address : 
Dr. W. D. Cooper et al., Department of Chemistry 

University, Nottingham (England) 

~rom the Laboratory o] Radiochemistry, Institute ".Rudjer Bogkovid", Zagreb, and Department of Physical Chemistry, 
Faculty o/Sciences, University of Zagreb, Zagreb (Yugoslavia) 

Heterogeneous Exchange of Precipitates 
V, Exchange between an Aqueous Ferric Chloride Solution and Ferric (Hydr)oxides Differently Treated after the 

Precipitation *) 

By R. H. H. Wol], M. Mirn ik ,  and B. Te~ak 

With 5 figures 

1. Introduction 
Investigating the heterogeneous exchange 

of ferric ion between an aqueous ferric 
chloride solution and some differently pre- 
pared solid ferric (hydr)oxides, we found 
various courses of the exchange process, 
evidently related to the properties of the 
solid phase. 

The problem should be considered there- 
fore from two points of view: the relation of 
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heterogeneous exchange to some already 
known characteristics of the solid phase, 
and some properties of the ferric (hydr)oxide 
system. 

1.1. Heterogeneous Exchange 
The heterogeneous exchange consists of 

a number of different processes. In the case 
of consecutive processes (such as diffusion 
inside the liquid phase - usually well stirred, 
boundary reaction and selfdiffusion inside 
the solid phase), selfdiffusion, being in 
general the slowest process, governs the 
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course of heterogeneous exchange (1). I f  
some other processes on the solid phase occur 
simultaneously with selfdiffusion, the self- 
diffusion process and sclfdiffusion coefficient 
can be investigated when other interfering 
processes are finished or reduced to a 
negligibly small role [fig. 3 in (2)], e. g. after 
"ageing" of the precipitate by standing in 
the mother liquor, heating, boiling, roasting, 
melting, smoothing, or for well developed 
crystals (2, 3, 4, 5, 6, 7, 8). 

The (self)diffusion inside the solid phase 
is related to the disorder and vacancies in 
the crystal lattice, the exchange being faster 
for a low ordered lattice than for a high 
ordered one (9, 3, I0), which was also 
observed in some solids with structurally 
conditioned defects [e. g. double-layer struc- 
ture consisting of an ordered main layer 
and a (partly) disordered interstitial layer 
(9)]. The structural change, related to 
lattice defects, can influence the mechanism 
of exchange governing process also [boundary 
reaction in amorphous precipitate with an 
imperfect lattice, and selfdiffusion in the 
precipitate after removal of lattice defects 
by heating (10)]. 

The "ageing" of a precipitate, by allowing 
it to stand in the mother liquor (11) at room 
or elevated temperature or by some special 
t reatment  [e. g. (10)], often introduces pro- 
eesses which can be considered as two kinds 
of reerystallization: 

a) recrystallization inside the particles or 
some of the lattice layers [the ordering of the 
lattice being brought about by diminishing 
the lattice defects, see fig. 6 in (14)], 

b) reerystallization in the sense of Ostwald's 
ripening (some of the particles grow, others 
dissolve). A much lower exchange rate for 
older (or "aged") systems than for the fresh 
one indicates that  recrystallization has 
taken place [p. 38 in (12), (13)]. 

The curve of fraction exchange or a 
suitably related function, plotted vs. time, 
consists generally of two parts: a relatively 
fast part  attributed to the boundary re- 
action, and the following slower part  due to 
(self)diffusion in the solid. I f  required 
conditions are fulfilled, the plot of fraction 
exchange or a ,suitably related function vs. 
square root of exchange time shows that  the 
first part  representing boundary reaction is 
generally curved, while the following part  
standing for (self)diffusion is linear [1, 15, 7, 
8, 3, 6; one system has been reported, in 
which the "boundary reaction" part was 
also linear, owing to the diffusion within a 

surface layer, and followed by a slower 
diffusion within the lattice (4)]. 

The heterogeneous exchange of ferric ion 
between the liquid phase and solid ferric 
oxide has been investigated. A rapid surface 
exchange, used to calculate the specific 
surface, and the following slow exchange 
process have been observed (16). The 
equilibrium between "solid" and "colloidal" 
ferric oxide in the solution (17), the diffusion 
coefficient and activation energy for iron 
(18, 19, 20) and tri t ium (7), and exchange and 
diffusion for oxygen (21, 22) in iron oxides 
have been investigated by various methods. 
The heterogeneous exchange of ferrous ion 
between the solution and solid F%04 has 
been described, the surface reaction and 
slower diffusion observed, and diffusion 
coefficient and activation energy calculated 
(23). 

1.2. Ferric (Hydr)oxide  
I f  a solution of ferric ions is mixed with 

a base, an "amorphous"  precipitate is formed, 
consisting of very small particles, "amor- 
phous" for X-rays, but  showing relatively 
sharp electron diffraction pat tern of the 
cr - F%O a (24). [It is of interest to mention 
that  Suzuk i  (28) found an analogously 
prepared precipitate showing a y-FeOOH 
diffraction pat tern - probably owing to the 
not identicai conditions - which, after 
boiling, changed into the a - F%Oa]. Depend- 
ing on the conditions, the "ageing" of a 
freshly formed "amorphous"  precipitate in- 
troduces some changes of the system. Th6 
change of crystallographic structure (29) 
and the transformation of the " t rue" ferric 
hydroxide Fe(OH)3 into ~-F%03 by con- 
densation of hydroxyl groups and formation 
of water have been reported (25). The 
growth of the particles was indicated by 
sharp X-ray diffraction pat tern (24) and 
observed in photographs from an electron 
microscope [26, 28, formation of particles 
K-F%Oa (27)]. We observed earlier (30, 3I) 
that  fresh positive "amorphous" ferric 
(hydr)oxide precipitate, formed near the 
equivalency on the precipitation curve of 
the system FeC13 + NaOIt, was not stable. 
Evidently sensitive to an excess of ferric 
ions and Pu, the previously formed pre- 
cipitate dissolved slowly [cr on figs. 7 and 8 
in (30), fig. 4 G and t I  in (31)]. 

The mentioned properties of ferric (hydr)- 
oxide could explain some phenomena of 
heterogeneous exchange reported in this 
paper. 
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2. Experimental 
All systems were investigated at the room tempera- 

ture. 

2.1. Preparation o[ the Systems 
The solutions were prepared from the analytical 

grade substances and bidistilled water. 

2.1.1. "Amorphous" ferric (hydr)oxide 
Two systems, A and B, were prepared and investigat- 

ed. 

A) 5.02 • 10-2N Fe(OH)8 + 4.0 • 10-3NFeC18 
+ 6 • 10 -x N NaC1 

(at the beginning of the experiment). 

Into a s~irred solution (5.02 • 10 - ~ N N a O H  
+ 6 • 10-1NNaC1), solution of FeC18 was slowly 
added so that  finally the concentration of 4.92 • 10 -2 N 
FeCl8 was obtained. The negatively charged solid phase 
of ferric hydroxide was formed, pH = 8 (30, 31). After 
17 hours, FeC]a solution was added, and the increase 
of the concentration was 5 • 10 -3NFeCla.  The 
system contained positively charged solid phase, 
p~ = 3.3 (30, 31). After labelling by 59FeC13 solution, 
the ferric chloride concentration in the liquid phase 
increased by 4 • 10 -4 N. nL + nS = 5.46 • 10 -2 (the 
sum of gramequivalents of ferric ions in the liquid (nL) 
and in the solid phase (nZ) per liter of the system; one 
third of the atomic weight of Fe was taken as the 
equivalent weight). The NaC1 component had been 
added previously to coagulate the colloidal ferric 
hydroxide. 

B) 5.02 X 10 -~ N Fe(OK)~ + 7.0 x 10 -~N FeCI a 
+ 6 x 10 -~NNaC1 

(at the beginning of the experiment). 

The negatively charged solid phase of ferric hydroxide 
was prepared as described under A by the reaction 
5.02 x 10-~N N a O H +  6 x 1O-~N NaCI+ 4.92 • 10-~N 
FeCls. After 17 hours FeC13 solution was added to 
increase the concentration by 8 • 10-aNFeCI~, and 
the system contained positively charged solid phase, 
p~ = 3.3 (30, 31). After labelling by ~gFeCI~ solution, 
the ferric chloride concentration in the liquid phase 
increased by 4 x 10 -a N. 

nL + nS = 5.76 • 10-h 

2.1.2. Ferric oxide obtained by drying an "amorphous" 
ferric (hydr)oxide in the air (165 ~ 4.5 hours) 

Into a stirred solution 1.3 • 10 -~ N FeCla a solution 
2.6 • 10 -~ N NH~OH was added in excess (p~ = 9,3). 
The obtained "amorphous" precipitate was washed 
with water, dried in the air at 165 ~ for 4.5 hdurs, 
crushed, and put  into aqueous ferric chloride solution. 

The composition of the system (at. the beginning of 
the experiment) : 

n S = 5 . 9  x 10 -~, nL=8.5 x 10 -~,  
nL+ n S = 6 . 7 5  x 10 -~. 

2.1.3. Ferric oxide obtained by boiling an "amorphous" 
ferric (hydr)oxide in water (100 ~ 4.5 hours). 

The "amorphous" ferric hydroxide, prepared as 
that  in chapter 2.1.2, was boiled under reflux condenser 
for 4.5 hours. After cooling, an aqueous ferric chloride 
solution was added to the solid phase. 

The composition of the system (at the beginning of 
the experiment) : 

n S = 4 . 9 5  x i0 -~, n ~ = 8 . 5  x 10 -s, 
nL+nS= 5.8 x 10 -~. 

2.2. Preparation o/Labelling 59FeC13 Solution 
F%08 p. a. "Merck" was irradiated by neutrons in 

the "A"  geaetor  of the Insti tute "Boris KidriS" in 
VinSa. The radioactive sample 59F%03 was dissolved in 
cone. HC1 p. a. "Merck", and the solution 3.66 N 59FeCla 
in a tIC1 medium was obtained. 

By irradiation of the Fe20a by neutrons, two kinds 
of radioactive nuclides, 59Fe and ~tMn (~4Mn without 
isotopic carrier), were obtained. 

2.3. Investigation o/the Heterogeneous 
Exchange and the Instruments 

The system consisted of the solid phase ferric 
(hydr)oxide and ferric ions in the liquid phase. Im- 
mediately after the preparation, the system was divided 
into portions of 100 ml, and, after certain time intervals, 
the portions of the system of corresponding "age" were 
labelled by the addition of 10 2 radioactive 3.66 N 5~FeCla 
solution in a HC1 medium (the "age" of the system is 
the time interval from the preparation of the system 
to the moment the system was labelled). After certain 
"exchange t ime" (the t ime interval from the moment 
of labelling the portions of the system to the moment 
the sample was taken out), the liquid phase was 
separated from the solid phase, the counting rate and 
ferric ion concentration of the liquid phase determined, 
and the specific 5~Fe radioactivity of the liquid phase 
calculated. 

The liquid phase was separated from the solid by a 
Servall centrifuge (4500 g for "amorphous" hydroxide 
and 28 800 g for the other systems for 40-60 minutes) 
and a clear or negligibly turbid supernatant liquid was 
obtained. 

The counting rate was determined by EKCO 
Electronic Scintillation Counter (Well type NaI, 
activated TII, crystal). (At)Fe represents the counting 
rate of 2 ml of the liquid phase of the sample, (Ao)Fe the 
counting rate of 2 ml of the system, when the same 
volume (10 ~) of radioactive solution was added into 
the same volume (100 ml) H~O. The value (At/Ao)Fe 
was used for the relative 59Fe radioactivity (the relative 
counting rate) of the liquid phase. The error from S~Fe 
decay was eliminated, because (Ao)Fe was determined 
immediately before each (At)Fe (practically at the 
same time). The counting rate was corrected for 
background. 

The pH measurements were carried out by a Beckman 
instrument with a glass electrode. 

The concentration of ferric ion was determined 
colorimetrically (with a Klett-Summerson photoelectric 
colorimeter or a Lange's Universal-Kolorimeter), HC1 
was used for reagent and light absorption determined 
in transmittance region at 420 m#). 

X-ray analysis of the solid phase was made by a 
Philips Debye-camera, ~ = 57,3 ram, CoK~ radiation, 
30 kV, 11 reAl). 

2.d. The Fraction Exchange FI and Flz 
The simple formula for fraction exchange, according 

to p. 8 (12) is represented by 

= - n , ) / ( &  - r l ]  

(fib represents the specific radioactivity of the liquid 
phase, the subscript letters correspond to the exchange 
time). I f  the inactive (i. e. not labelled) solid dissolved 
during the experiment (e. g. "amorphous" ferric 

1) We are indepted to Miss B. Prodid of the "Rudjer  
Bo~koviS" Insti tute and Dr. A. Bez]al~ of " Jueema"  for 
the X-ray analysis. 
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(hydr)oxide, chapter 2.1.1), the decrease of the specific 
radioactivity of the liquid phase is produced by two 
quite different processes: a) heterogeneous exchange, 
b) the dissolution of the (inactive) solid phase. The 
dissolution of the solid phase is not related to hetero- 
geneous exchange, and eq. [1] can give erroneous results 
and essentially wrong conclusions if strictly applied. In 
order to calculate the real fraction exchange, we 
introduced some corrections, and, being too large for 
this paper, they are presented in a following paper (32). 
The exchange fraction F I in fig. 2 was obtained by the 
corrected formula. 

In  other systems investigated (chapter 2.1.2. and 
2.1.3.), the concentration of ferric ion in the previously 
labelled liquid phase decreased, and the solid phase was 
formed during the experiment. The specific radio- 
activities of the liquid and of the solid phase were equal 
during the formation of the solid phase, and that 
process introduced no change of flL value. Eq. [1] gives 
the correct value for fraction exchange, and the results 
are represented by 2~ii in figs. 3 and 4. 

The values obtained by formulae FI  and ~'II for 
corresponding eases can be compared with each other 
in the same sense, as can be the values obtained by the 
simple formula F for systems of different composition, 
but without composition change during the experiment. 

2.5. (AdAo)F~ V a l u e  
In  order to investigate heterogeneous exchange for 

ferric ion, it is necessary to know the counting rate 
originating from ~gFe. During the experiment with 
"amorphous" ferric (hydr)oxide, the radioactivity of 
5*Mn, introduced into the system by labelling, was 
negligibly small if compared to 69Fe radioactivity. 
During the experiments with other ferric oxide systems, 
the ratio of **Mn radioactivity to SPFe radioactivity 
increased, according to their half-life values (47 days 
for ~PFe, 310 days for s4Mn). I t  was necessary to 
discriminate the counting rate originating from ~Fe 
from the total counting rate originating from both ~Fe 
and *aMn. Some of the samples were analysed by the 
~-ray analyser (256 channels, made at "t~ud]er Bo~ko- 
vi5" Institute, Zagreb), and the radioactivity of ~Fe 
(y-ray energy peaks at 1.10 and 1.30 MeV) was dis- 
criminated from ~Mn radioactivity (y-ray energy peak 
at 0.85 MeV). The analysis by y-ray spectra of these 
samples showed that the whole radioactivity of ~*M_n 
(error 10%) remained in the liquid phase of the fresh 
system as well as of the oldest system (age 7.2 days), 
after the shortest exchange time interval as well as 
after the longest time intmwal. We concluded there- 
fore that in all the systems investigated the whole 
a~Mn radioactivity remained in the liquid phase, 
(Xt/Ao)~n = 1. 

In  this way it was possible to calculate the relative 
counting rate (At/Ao)Fo for ~"Fe in the liquid phase for 
all the systems investigated from the corresponding 
(At)oount/(Ao)vou~t value. (At)ooun t and (A~)oou,t 
represent the total counting rate obtained by scintil- 
lation counter, originating from both ~Fe and ~*Mn 
radioactivity for corresponding exchange time t = t or 
t ~ 0 resp. If log (Ao)ooun t values are plotted vs. T 
(time related to the data the counting rate was deter- 
mined), fig. 1 is obtained. The values AD, A2~, AF re- 
present the difference log [(Ao)oount] T -- log [(A0)Fe]T, 
giving the value [(Ao)IVin]T/[(Aa)Fe]T for corresponding 
time T. Applying the equations for ~Fo and ~Mn 
decay, the value [(Ao)~n]T/[(Ao)Fe],2 can be determined 
for any time T. From the relations [(At)Count] T 
= [(At)FelT Jr [(At)An] T and [(Ao)eount]T = [(A0)Fe]T 
+ [(A0)~n]T, the value (At/Ao)Fe was calculated, sup- 
posing that (At/Ao)I~n = 1, as mentioned previously. 

A 
51 ~~cB "~'= 47. 3 days for Fe 59 

g F 

i i i ~ 0  
"0  100 200  3 0 0  ". 

T (days) 
Fig. 1. Log  (Ao)co.nt plotted vs. time (days). (Ao)eount 
= (A0)Fe + (A0)Mn for radioactive nuclides ~PFe and 

5qV[n 

3. Results 
The  resu l t s  are  s h o w n  in  fig. 2 for " a m o r -  

p h o u s "  ferr ic  (hydr )ox ide  (1), i n  fig. 3 for  
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Fig. 2. "Amorphous" ferric (hydr)oxide [system (1)]. 
The fraction exchange F I, the relative radioactivity 
(At/Ao)Fe for 5~Fe and the normality n J5 of ferric ion 
in the liquid phase plotted vs. log exchange time (hours) 
for systems A and ]3. Age of the system: 5 minutes (O), 

6 hours ( x ), 25 hours (+), 7 days (A), 3 weeks (0) 
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ferric oxide (2) ob ta ined  by  drying  a freshly 
p repared  precipi ta te  in the  air, and in fig. 4 
for ferric oxide (3) obta ined  b y  boiling the  
fresh precipi ta te  in water .  
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Fig. 3. Ferric oxide obtained by drying an "amor- 
phous" ferric (hydr)oxide in the air [system (2)]. 
The fraction exchange FII and the specific radio- 
activity flL of ferric ion in the liquid phase plotted 
vs. log exchange time (hours), the relative radio- 
activity (At/Ao)~n os 5aMn in the liquid phase plotted 
vs. log exchange time (hours), and the normality nL 
of ferric ion in the liquid phase plotted vs. log "total" 
age (hours) os the system. Age of the system: 25 minutes 

(O), 6.5 hours (x),  27.5 hours (-F), 7.2 d~ys (A) 

The  heterogeneous exchange for the 
sys tem (1) is indicated  b y  a decrease os 
rad ioac t iv i ty  of  the  liquid phase [(At/Ao)Fe 
in fig. 2], for the  sys tem (2) by  a decrease of  
specific r ad ioac t iv i ty  of  the  l iquid phase 
(ill in fig. 3), and  for the  sys tem (3) a low 
or no exchange is indicated  b y  corresponding 
small or no fiL decrease (fig. 4). The  hetero-  
geneous exchange in the  ment ioned  systems 
was accompanied b y  different  s imultaneous 
processes [the dissolution of  the  inact ive  
solid ferric (hydr)oxide - n L in fig. 2 - for 

sys tem (1), and the format ion  of  the  solid 
phase f rom the ferric ions labelled in the 
l iquid phase - n L in fig. 3 and  fig. 4 - for the  
systems (2) and (3)]. 
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Fog. 4. Ferric oxide obtained by boiling an "amor- 
phous" ferric (hydr)oxide in water [system (3)3. The 
fraction exchange FII and the specific radioactivity flL 
of ferric ion in the liquid phase plotted vs. log exchange 
time (hours), the relative radioactivity (At/Ao)~n of 
~aMn in the liquid phase plotted vs. log exchange time 
(hours), and the normality nn of ferric ion in the liquid 
phase plotted vs. log "total" age (hours) of the system. 
Age of the system: 30 minutes ( O ), 6.5 hours ( • ), 

27.5 hours (+), 7.2 days (A) 

In  order  to compare  the  course of  hetero-  
geneous exchange for all the  systems in- 
vest igated,  the f rac t ion exchange,  calculated 
for the  corresponding ease [FI and FII ,  see 
paper  (32)], is represented  in fig. 2, 3, and 4, 
showing t h a t  the ra te  of  heterogeneous 
exchange decreased b y  the sequence:  sys tem 
(1), sys tem (2), sys tem (3), and was slower 
in an old ("aged")  sys tem th an  in the  fresh 
one. 

The 54Mn nuclides wi thou t  isotopic carrier,  
in t roduced  b y  labelling into the  liquid phase 

8 *  
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of the system, remained in the liquid phase 
of the systems (2) and (3), (At/Ao)~n = 1 
(the results in fig. 3 and 4 are scattered 
within experimental error). In the system (1), 
the 5~Mn radioactivity, introduced by label- 
ling, was negligibly small, and counting rate 
results for 59Fe were not disturbed (all 
counting rate results log (Ao)count plotted 
vs. time were placed on a good straight line 
with a gradient corresponding to the half- 
life for 59Fe). 

The p~ value during the experiment was 
2.5-3.5 for the systems investigated. 

The X-ray analysis for the system ( l -A) 
was made 1.7 years after its preparation 
and showed a-FeOOH; for the system (2) 
10 months after the preparation showing a 
mixture of a-Fe20 a and 7-1~eOOH; for the 
system (3) 10 months after the preparation 
showing a-F%O8 with a small admixture of 
c~-FeOOH. 

I t  is necessary to mention that, after a 
certain time interval, the n L value for the 
system (1) decreased, owing to the slow 
hydrolysis and formation of fi-~'eOOtt [fig. 5 
in (33), (34)], but the fraction exchange had 
already reached the value FI = 1 (n L and 
Fi  in fig. 2). 

The "total" age of the system (n L curve 
in figs. 3 and 4) represents the sum of the 
age at the moment of labelling and the 
exchange time. 

4. Discussion 
I f  figs. 2, 3, and 4 are compared and the 

observed phenomena considered, some cha- 
racteristics of our freshly formed "amor- 
phous" precipitate and some changes, con- 
heated with the t reatment  of the solid phase 
after the precipitation, are evident. 

4.1. Our "amorphous" ferric (hydr)oxide 
corresponded to the previously described 
positively charged precipitate of the system 
FeC18 + NaOIt  near the equivalency on the 
precipitation curve, where the previously 
formed solid phase dissolved slowly, evident- 
ly owing to the sensitivity of the system to 
ferric ions in excess and lO~. 

Considering the results of fig. 2, we can 
conclude : 

a) The process of heterogeneous exchange 
as well as of the dissolution of the solid phase 
was initiated by the addition of the labelling 
solution 59FeCls in a HC1 medium. I f  the 
fraction exchange FI curves in fig. 2 for the 
systems of different age are compared, the 
differences are relatively small. The fact," 
that  the fraction exchange reached the value 

FI ~ 1 after a few hours (FI for "age"  
5 rain. in fig. 2) and that  after 3 weeks the 
intensity of the heterogeneous exchange was 
almost the same (FI for "age"  3 weeks in 
fig. 2), indicates that  it was not a continuous 
process, but  a process initiated by the 
labelling of the system. 

b) The recrystatlization of the solid phase 
was the process initiated by addition of 
59FeCls in a HC1 medium and was governing 
the course of heterogeneous exchange (it is 
not probable that  the addition of the 
labelling solution would initiate a process 
of selfdiffusion inside the solid phase). Some 
of the particles dissolved, the others grew 
building radioactive (59Fe)3+ ions from liquid 
phase into their crystal lattice. The increase 
of the concentration of the liquid phase (n L) 
indicates that  the dissolution of some 
particles was faster than the growth of the 
others. 

I t  seems that  the mentioned phenomenon 
(recrystallization of the solid phase initiated 
by FeCla in an acid medium) is characteristic 
of our "amorphous" ferric (hydr)oxide. 

4.2. The role of t reatment  of the solid 
phase becomes evident if the curves for 
fraction exchange in figs. 2, 3, and 4 are 
compared. The rate of heterogeneous ex- 
change decreased in the sequence: "amor- 
phous" ferric (hydr)oxide (1), ferric oxide (2) 
obtained by drying in the air, ferric oxide (3) 
obtained by boiling in water. 

Our "amorphous" precipitate (fig. 2) 
showed a specific phenomenon of initiated 
recrystallization. The precipitate dried in 
the air (fig. 3) showed no recrystallization 
during the exchange process, but the self- 
diffusion in the solid phase is indicated by 
hnear relationship of value 

1 - (~L)tt(t~)o = ~vrr. (nS)ol(nL + ns) 

plotted vs. square root of exchange time 
(fig. 5) [(nS)0 represents the n s value at the 
moment  the liquid phase of the system was 
labelled]. The first curved part, preceding 
the straight line, has to be attr ibuted to the 
boundary reaction. 

The fraction exchange values for boiled 
precipitate are too low and scattered, and 
it is not possible to detect the process 
governing heterogeneous exchange. 

We can conclude that  the previously 
described t reatment  introduced a structural 
change of primarily formed "amorphous" 
precipitate, a recrystallization in the sense 
of lattice ordering and particle growth 
inside the aggregates of small primarily 
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fo rmed  part icles,  before the  prec ip i ta te  had  
been b rough t  in con tac t  wi th  ferric ion 
solution and  labelled. The  fac t  t h a t  the  
boiled prec ip i ta te  showed the  effect of  being 
" b e t t e r  recrys ta l l ized"  (a slower hetero-  
geneous exchange,  fig. 4, corresponds  to a 
be t t e r  ordered  la t t ice  and  larger  part icles)  
t h a n  the  p rec ip i ta te  dried dur ing the  same 
t ime  in terval ,  could be p laus ib ly  explained.  
I t  is to be supposed  t h a t  the  par t ic le  g rowth  
and  la t t ice  ordering was going on th rough  
the  l iquid phase,  and  more  successfully if  the  
p rec ip i ta te  was boiled;  i f  the  p rec ip i ta te  
dried in the  air, the  wa t e r  g radua l ly  escaped 
and  finally s topped  the  process.  

I t  is in teres t ing t h a t  Schu lman ,  Pontrel l i  
and  Brescia  (17) have  r epo r t ed  t h a t  no 
dynamic  equi l ibr ium exists  be tween  solid 
ferric oxide and  its corresponding colloidally 
dispersed part ic les ,  and  t h a t  the  colloidal 
ferric oxide unde r  these condit ions does no t  
exchange  wi th  dissolved ferric iron (the 
expe r imen t  descr ibed in (17b), last  section 
on p. 19). We  h a v e  found  t h a t  the  t r e a t m e n t  
of  the  solid phase  p lays  an i m p o r t a n t  role 
in he te rogeneous  exchange,  and  we accept  
the  au tho r ' s  conclusion,  according to the  
au tho r s '  t ex t ,  "unde r  these  condi t ions"  [the 
colloidal solution, p r e p a r e d  b y  the  au thors  
(17), was  dialysed].  

4.3. W e  have  discussed the  p h e n o m e n a  
obse rved  f rom the  po in t  of  v iew of  the  
colloidal s ta te  and  the  degree of  la t t ice  order  
of  the  solid phase ,  and  we t h i n k  t h a t  these  
fac tors  can p l ay  an i m p o r t a n t  role. B u t  i t  is 
to be  emphasized ,  t h a t  o ther  factors ,  such 
as the  crys ta l lographic  s t ruc tu re  of  the  solid 
phase ,  the  change of  the  " t r u e "  ferric 
hydrox ide  Fe(OH)a into ferric oxide (25), 

and  the  composi t ion  of  the  solution (ferric 
complexes),  could also be  significant.  This  
should be inves t iga ted  before a final con- 
clusion is made .  

Summary 
The heterogeneous exchange of ferric ion between a 

labelled aqueous ferric chloride solution and some 
differently prepared ferric (hydr)oxides [(1) a freshly 
formed "amorphous" ferric (hydr)oxide, (2) ferric oxide 
obtained by drying the freshly formed precipitate in 
the air at 165 ~ for 4.5 hours, (3) ferric oxide obtained 
by boiling the freshly formed precipitate in water at 
100 ~ for 4.5 hours] was investigated at room tem- 
perature. 

The exchange rate decreased in the sequence: (1), 
(2), (3), that sequence being attributed to the re- 
crystallization of the solid phase in the sense of lattice 
ordering and particle growth, related to the treatment 
of freshly formed precipitate before the solid was put in 
contact with the ferric chloride and labelled. 

System (1) corresponded to a positively charged 
precipitate near the equivalency of the system FeCla 
+ NaOH, and the exchange was governed by a rapid 
recrystallization (particle growth), initiated by labelling 
5~ solution in an acid (HC1) medium. In the system 
(2) selfdiffusion is indicated as the exchange governing 
process. 

The radionuelide s4Mn, being present without 
isotopic carrier in labelling ~gFeC18 solution and 
introduced into the liquid phase, remained in the 
liquid phase of systems (2) and (3). 
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Heterogeneous Exchange of Precipitates 
YI. Exchange of Ferric Ion between an Aqueous Ferric Chloride Solution and 

Colloidal Beta Ferric Oxide Monohydrate Obtained by Slow Hydrolysis*) 

1. Introduct ion  

A preced ing  p a p e r  (1) r e p o r t e d  on  he te ro -  
geneous  e x c h a n g e  of  ferr ic  ion  b e t w e e n  t he  
l iquid  phase  o f  an  a q u e o u s  ferr ic  chlor ide  
so lu t ion  a n d  t he  solid phase  o f  ferr ic  (hydr) -  
oxide.  A n  , , a m o r p h o u s "  p rec ip i t a te ,  f o r m e d  
b y  r e l a t i ve ly  fas t  m i x i n g  o f  t he  c o m p o n e n t s  
a n d  cons is t ing  o f  smal l  ins tab le  par t ic les ,  
showed  some charac te r i s t i c s  w h i c h  were  
inf luenced b y  t he  s u b s e q u e n t  t r e a t m e n t  o f  
t he  p r ec ip i t a t e  (1). I t  s eemed  to  be o f  
in te res t  to  i nves t iga t e  a n  ana logous  sys t em,  
where  t he  solid p h a s e  was  p r o d u c e d  w i t h o u t  
a n y  o v e r s a t u r a t i o n  effects. 

*) Contribution number 113 from the Department 
of Physical Chemistry, Faculty of Sciences, University 
of Zagreb. 
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I n  th is  p a p e r  we r e p o r t  on  a sys t em,  
where  t he  colloidM f l - F e 0 0 H ,  p r o d u c e d  b y  
slow hydro lys i s  o f  an  a q u e o u s  ferr ic  chlor ide  
so lu t ion  (2, 3), was  chosen  as t he  solid phase .  

2. Exper imenta l  
An aqueous 3.0 • 10 -1 N ferric chloride solution, 

containing 3.0 • 10 -8 IqHC1, was boiled for 5 hours 
under reflux. A yellow colloidal precipitate was 
formed. After cooling to room temperature, the 
system was labelled, and the heterogeneous exchange 
was investigated at room temperature, n • = 2.1 x 10 -1 
(remained constant [ • 4%] during the experiment), 
n L "4- n S = 3.0 • 10 -1. 

The method of investigation and the instruments 
were described previously (1). In order to calculate the 
fraction exchange, the simple formula (p. 8 in [4]) was 
used, because the n L value was constant during the 
experiment (5). 


