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Abstract--Fe(ClO,)3 solutions of different concentration and acidity were studied to search for the 
factors governing their appearance and stability during aging and to elucidate the mechanisms for the 
formation of amorphous and crystalline iron(III) hydroxides from slow hydrolysis. It was found that 
dilute solutions (0.001M or lower) rapidly hydrolyzed to clear sols after a brief induction period. With 
an increase in iron(III) concentration, one could notice gradual increases in the induction period, tur- 
bidity and particle size. Thus, solutions 0.006M to 0.01M in iron(III) developed into dense, cloudy, 
yellow suspensions impervious to light. The polymeric iron(III) species in the aged 0-02M solution 
were primarily large particles that settled under gravity, resulting in a suspension of low turbidity. It 
was also observed that in dilute solutions, the initial polymerization product was amorphous iron(III) 
hydroxide which yielded X-ray diffraction peaks for FeOOH only after prolonged aging or not at all. In 
0.01 and 0.02M solutions, however, crystalline FeOOH was the major product from the very beginning 
of polymerization. The results suggest that the initial degree of supersaturation with respect to 
amorphous iron(III) hydroxide is the key factor governing particle size distribution, which in turn 
governs the appearance, stability and crystallinity of the hydrolyzed product during aging. 

The addition of HCIO, to dilute Fe(CIO,)3 solutions decreased, whereas the addition of NaOH to 
concentrated solutions increased, the degree of supersaturation and, thus, induced changes in induc- 
tion period, appearance, stability and crystallinity of the hydrolyzed product accordingly. 

INTRODUCTION 

IT HAS long been recognized that when an iron(III) 
salt is dissolved in water, the initial reaction prod- 
ucts are true solutions containing monomeric and 
possibly dimeric species. Nevertheless, except in a 
strongly acidic medium, the initial reaction prod- 
ucts will undergo a further relatively slow hy- 
drolysis during aging. The secondary hydrolysis 
products are known to contain colloidal particles or 
suspended solids and may vary greatly in appear- 
ance and stability. At one extreme, the products are 
clear sols that are stable for many years. At the 
other extreme, the products are large, well crystal- 
lized FeOOH particles that settle under gravity. 
The difficulty of reproducible preparation has been 
repeatedly emphasized in the literature (Mellor, 
1935; Lamb and Jacques, 1938). It has been pointed 
out by Goodwin and Grover (1900) and by 
Heymann (1928) that the appearance and stability 
of hydrolyzed iron(Ill) solutions are very sensitive 
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to iron(III) concentration, degree of acidity and 
temperature but the detailed conditions and the 
mechanisms leading to such differences have not 
been reported. The striking differences in appear- 
ance and stability led some workers (Feitknecht 
and Michaelis, 1962; Spiro et al., 1966) to assume 
that brown sols, turbid suspensions and precipitates 
are formed through different mechanisms. 

Although the secondary slow hydrolysis is funda- 
mental to the understanding of many earth science 
problems, it has received little attention among 
chemists since the work of Lamb and Jacques 
(1938). Most of the studies of iron(III) hydrolysis 
during the past three decades have been confined to 
the initial hydrolysis in a strongly acidic medium. 
This report presents a systematic study of the 
effects oLiron(III) concentration and acidity on the 
formation of clear sols, turbid suspensions and pre- 
cipitates resulting from the secondary slow hy- 
drolysis. The results are interpreted in terms of a 
nucleation hypothesis recently reported (Hsu and 
Ragone, 1972; Hsu, 1972). According to this 
hypothesis, the initial number of nuclei for 
polymerization relative to the concentration of non- 
colloidal iron(III) species, likely monomeric, is the 
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key factor governing particle size distribution 
which, in turn, governs the color, turbidity and sta- 
bility during aging. 

METHODS 

Preparation of sample solutions. Sample solu- 
tions were prepared by diluting a stock 0.SM 
Fe(C10,)3 solution to the desired concentration and 
keeping it at 23~ The stock 0.5 M solution was 
prepared by dissolving G. F. Smith reagent-grade 
yellow hydrate crystals in water without further 
purification. For studying the effect of acidity, pre- 
determined amounts of 0.1 N HCIO4 or NaOH were 
added to a 0.5 M Fe(C104)3 solution before dilution. 
The rate of NaOH addition and the order of mixing 
must be identical each time in order to observe re- 
producible results, In this study, samples were pre- 
pared by adding 0.1 N NaOH, drop by drop, to 40 
or 80 ml of 0.5 M Fe(CIO4)3 at a rate of 5 ml per min 
under vigorous stirring and then diluting to 11. 

Turbidity. Turbidity was measured with a Hach 
Turbidimeter, Model 2100. 

Oxalate-extractable iron(III) hydroxide. 
�9 Polymeric iron(III) hydroxide was first precipitated 

with Na2SO, as with the method of its determina- 
tion (Hsu and Ragone, 1972). The precipitate was 
separated from the supernatant solution by cen- 
trifugation and was then dispersed in 50 ml of 
oxalate-oxalic acid of pH 3 (Schwertmann, 1962) 
for 2 hr, recentrif~aged, washed with 50 ml of 0.01 N 
Na2SO4 and then dissolved in 3 ml of 6 N HC1 at 
60~ in a water bath. The oxalate-extractable 
iron(III) hydroxide was obtained by subtracting the 
residual iron(III) from total iron(III) hydroxide 
which was determined separately. 

H + concentration. Solution pH was measured 
with a Beckman Research pH meter, using a NaCI 
calomel electrode as reference (Mulay and Sel- 
wood, 1955). The concentration of H § in solution 
was calculated using an HC104-pH calibration 
curve. It was found necessary to use a NaCI 
calomel electrode for concentrated Fe(C104)3 solu- 
tions (0.04 M or above). The end readings were 
found to be erratic when a regular KCI calomel 
electrode was used as reference. 

Other determinations. Total polymeric iron(III) 
hydroxide was separated from solution by adding 
an appropriate amount of Na2SO4. Large particles 
that settle under gravity were separated from sus- 
pension by centrifuging the sample aliquot with an 
International Centrifuge, Size 2, at 2,000 r.p.m. 
(approximately 1,000G) for 30 min. Particle size 
was estimated with Millipore filtration, using a fil- 
tering centrifuge tube. The fraction of iron(III) that 

slowly reacts with SCN was estimated from the 
rate of Fe-SCN color development. The [Fe 3.] 
[OH ]~ concentration product was calculated by as- 
suming noncolloidal iron(III) species to be primar- 
ily monomeric, following Lamb and Jacques' (1938) 
model of Fe 3+ hydrolysis and using their hydrolysis 
constants. The details of the above determinations 
were given in an earlier report (Hsu and Ragone, 
1972). The specimen for X-ray diffraction was pre- 
pared by collecting the hydrolyzed product on Mil- 
lipore filter paper of desired pore size. For clear 
sols, a sample aliquot was dialyzed in ammoniated 
water of pH 8 for 2 days to induce coagulation prior 
to Millipore filtration (Hsu, 1972). 

RESULTS 

Effect of iron(III) concentration 
Hydrolysis and induction period. Fe(C104)3 solu- 

tions of different concentrations ranging from 
0.0002 to 0.1 M were investigated. A slow secon- 
dary hydrolysis, as indicated by the amount of H § 
released, was observed in all solutions up to 0.02 M 
in iron(III) following an induction period (Fig. l, 
Table 1). The higher the iron(III) concentration, the 
longer the induction period. The induction periods 
for the 0.0002 and 0-0005 M solutions are 2 and 10 
rain, respectively (not shown in the figure). Because 
of these brief induction periods, their initial H*/Fe 3§ 
ratios were only approximately estimated to be 1.05 
and 1.1, respectively. In contrast, the induction 
period for the 0.02 M solution was 4 months. No 
change in pH was observed in solutions 0-04-0-1 M 
in iron(III) up to at least 15 months. 

It is also shown in Fig. 1 that the time required 
for equilibration greatly increased with an increase 
in iron(III) concentration. For the four most dilute 
solutions, the change in pH became unnoticeable 
after approximately 1 day (0.0002M), 10 days 
(0.0005M), 30 days (0.001M) and 300 days 
(0.002 M), respectively, but the exact equilibration 
time is difficult to determine because experimental 
uncertainty exceeds the real pH change as solutions 
approach equilibrium. Similar results were reported 
by Goodwin and Graver (1900), Heymann (1928) 
and Lamb and Jacques (1938) among others but 
those earlier studies were confined to dilute solu- 
tions and short periods of aging. 

Formation of polymeric iron(III) hydroxide. 
Comparison of Fig. 2 with Fig. 1 shows that the 
secondary hydrolysis was accompanied by forma- 
tion of polymeric iron(III) hydroxide. In the three 
most dilute solutions, considerable amounts of 
polymeric iron(III) hydroxide were observed only 
several hours after preparation, and eventually 
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Fig. 1. Progress  of  hydrolysis  of  Fe(C10,)3 solutions of varying concentrations.  
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Fig. 2. Formation of polymeric iron(III) hydroxide in 
Fe(CIO,)3 solutions of different concentrations. 

some 97 per cent of the iron(III) became polymeric 
iron (III) hydroxide, as determined by Na2SO4 pre- 
cipitation. It is our experience that in solutions 
highly supersaturated with respect to amorphous 
iron(III) hydroxide, part of the monomeric iron(III) 
species may be rapidly polymerized during the 
Na2SO4 treatment and also precipitated. Because of 
this possibility, the rapid polymerization of 
Fe(OH)3 in fresh, dilute solutions was further ascer- 
tained on the basis of the rate of Fe-SCN color de- 
velopment. It is known that monomeric iron(III) 

*The results of Millipore filtration are useful for illus- 
trating the relative magnitude of particle size distribution, 
provided that all measurements are made under identical 
conditions such as the volume of sample aliquot, the con- 
centration of iron and the conditions of centrifugation. 
This technique, however, does not give the exact dimen- 
sion of particles, and is not useful for any quantitiative in- 
terpretation. 

species react with SCN- instantaneously (Hsu and 
Ragone, 1972). Therefore, the fraction of iron(III) 
that slowly reacts with SCN- may be considered to 
be the minimum amount of polymeric iron(III) hyd- 
roxide. On the basis of this reasoning, Fe(OH)3 
polymerization was detectable in the 0.0002 M solu- 
tion only 5 rain after preparation and in the 0.001 M 
solution, 1 hr after preparation. The Na2SO4 pre- 
cipitable fraction of iron(III) was always higher 
than the fraction that slowly reacts with SCN-, but 
the differences were small after 4hr  for the 
0-0002 M solution and after 12 hr for the 0-001 M 
solution (data not shown). Only results, from these 
two methods, that differed by less than 10 per cent 
were considered to be acceptable and were re- 
ported in Fig. 2. 

The results of Millipore filtration indicate that 
particle size* increased with increased iron(III) 
concentration (data not shown). Consequently, the 
large particles that settled under gravity were found 
only in solutions of moderate iron(III) concentra- 
tion; the quantity increased with increased iron(III) 
concentration (Table 1). In 0.02 M solution, 94 per 
cent of the polymeric iron(III) hydroxide was large 
enough to settle under gravity at the end of 10 
months. 

Appearance and stability. The hydrolyzed prod- 
ucts of different concentrations were very different 
in appearance and stability after prolonged aging 
(Table 1). The three most dilute solutions were ini- 
tially colorless but gradually darkened in color as 
the secondary hydrolysis began and then rapidly 
developed to a yellow (0.0002M), light brown 
(0.0005 M) or brown (0.001 M) colloidal sol a few 
hours after preparation. When an aged, clear, 
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brown (0.001 M) sol was diluted to 0.0002M, it 
changed to a yellow sol immediately after dilution 
while its polymeric iron(III) hydroxide content re- 
mained unchanged. This suggests that the different 
colors shown by these three samples were due only 
to the concentration of polymeric iron(III) hydrox- 
ide. All three of these hydrolyzed products were 
clear to the naked eye. The turbidity for 0.0002 M 
solution was less than 0.1 JTU during the entire 
period of this study. The turbidity readings for the 
0.0005 M and 0.001 M solutions rapidly increased to 
0.2 JTU in 4 hr and 1.2 JTU in 12 hr, respectively, 
and no significant change during aging was ob- 
served. With further increase in iron(III) concentra- 
tion, the color of the hydrolyzed products gradually 
changed from brown to orange to yellow, with a 
concurrent increase in turbidity. For example, the 
0.006 and 0.01 M solutions became dense, cloudy 
yellow suspensions impervious to light, with con- 
siderable amounts of settled precipitate. The pre- 
cipitate separated from the liquid phase was yellow 
with slightly orange color. The 0.02 M solution, fol- 
lowing a 4-month induction period, rapidly de- 
veloped into a (lense, cloudy yellow suspension. 
The turbidity then decreased with 94 per cent of the 
polymeric iron(III) hydroxide particles having set- 
tled to the bottom of the container. The precipitate 
was yellow. Those solutions 0.04 M or higher with 
respect to iron(III) remained clear up to the end of 
this study. 

Nature o[iron(III) hydroxide. Goethite or a mix- 
ture of goethite and lepidocrocite was observed in 
all samples in the concentration range from 0.001 to 
0.02 M after prolonged aging, but the crystallinity 
decreased with decreased iron(III) concentration 
(Fig. 3). The aged 0-001 M solution, after dialysis 
for 2 days in ammoniated water of pH 8, yielded a 
precipitate which gave several broad X-ray diffrac- 
tion peaks resembling the pattern for goethite. The 
polymeric iron(III) hydroxide in these two most di- 
lute solutions (0.0002 and 0.0005 M), however, is 
amorphous to X-ray diffraction and highly extracta- 
ble with oxalate solution (Table 1). 

The hydrolysis products reported above were 
characterized only at the end of aging. In order to 
gain insight into the process of crystallization, new 

*Broad FeOOH peaks were observed in all aged sam- 
ples (7 months or older), but the exact time for the first 
appearance of crystalline FeOOH is difficult to determine. 
With the method of specimen preparation used in this 
study, the reproducibility of X-ray diffraction is satisfac- 
tory for both well crystallized FeOOH and amorphous 
precipitates, but not satisfactory for poorly crystallized 
precipitates. 

2.44 ~,(G) 3.2e A(L) 
I 2.,58A(G) I 3.381(G) FI I  
I J2.e,~(G) If I'k 

239~(G) I N I  

40 ~ 30* 20 ~ tO ~ 
2O 

Fig. 3. X-ray diffraction patterns of hydrolyzed products 
collected from Fe(C104)3 solutions after 10 months of 

aging. G = goethite; L = lepidocrocite. 
1. 0.02 M 5. 0.002 M 
2. 0.01 M 6. 0.001 M 
3. 0.006 M 7. 0.0005 M 
4. 0.004 M 

samples of two representative solutions, 0.01 and 
0.001 M in iron(III), were prepared and periodically 
analyzed for their mineralogical composition and 
oxalate-extractable iron(III) hydroxide at close in- 
tervals for total aging periods up to 4 months. It was 
found that the polymeric iron(III) hydroxide in the 
0.01 M solution yielded X-ray diffraction peaks for 
goethite only 5 days after it became turbid. Al- 
though the total polymeric iron(III) hydroxide in- 
creased from 45.1 ppm after 10 days to 305 ppm 
after 4 months, the oxalate-extractable iron(IIl) ac- 
counts for only a small fraction of this total 
throughout the aging process (Table 2). Also, 
polymeric iron(III) hydroxide was exclusively re- 
tained by the 650 nm Millipore filter from the very 
beginning, similar to the results reported earlier 
(Hsu and Ragone, 1972). These circumstances sug- 
gest that the increase in polymeric iron(III) hydrox- 
ide is exclusively crystalline FeOOH during aging. 
In contrast, the hydrolyzed species in the! 0.001 M 
solution, after being dialyzed in ammoniated water 
of pH 8, was amorphous to X-ray diffraction up to 
at least 2 months and yielded broad FeOOH diffrac- 
tion peaks only after prolonged aging.* Neverthe- 
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Table 2. Changes in total and oxalate-extractable polymeric iron(III) hydroxide, 
in ppm Fe, of two Fe(CIO4h solutions during aging 

Polymeric Time of aging (days) 
iron(llI) hydroxide 1 2 10 15 30 60 120 

0.01 M Fe(C10,h 
Total 45.1 90.0 162.0 253.4 305.2 
Oxalate extractable 15.1 15.7 14-5 13.0 25.0 

0-001 M Fe(CIO,)3 
Total 34.4 39.0 47.5 49.5 53.5 54.5 54.0 
Oxalate extractable 20.9 18.5 14.5 12.0 11.0 11.5 10.5 

less, the hydrolyzed species became fairly resistant 
to oxalate extraction after 30 days. This situation 
suggests that the sample is a suspension of submic- 
ron crystals, even though it remained clear to the 
naked eye, with a turbidity less than 2 JTU. 

It will be shown later in the Discussion that all 
but one of these solutions are supersaturated with 
respect to iron(III) hydroxide, and that the degree 
of supersaturation decreases with increased 
iron(III) concentration. The different appearance 
and stability displayed by different solutions are 
attributed to these differences in degree of super- 
saturation. To investigate this hypothesis, two 
other experiments were conducted. In one experi- 
ment, acid was added to dilute iron(III) solutions to 
reduce the supersaturation. In the other, NaOH 
was added to concentrated solutions to increase 
supersaturation. The results are presented in the 
following two sections. 

lowing the same trend as was seen with decreasing 
iron(III) concentration. The results for the 0.04 M 
samples are shown in Table 4. It should be pointed 
out that the clear brown sols prepared in this exper- 
iment eventually became turbid after 6 months for 
the solution with NaOH/Fe = 0.5, and after 10 
months for the solution with NaOH/Fe= 1. 
Nevertheless, the clear sols prepared by spontane- 
ous hydrolysis of dilute Fe(C104h solutions were 
stable for many years. This difference probably is 
related to the concentration of polymeric iron(III) 
hydroxide. 

This experiment is in essence an extension of an 
earlier report (Hsu and Ragone, 1972). The present 
work investigated samples of higher iron(III) con- 
centration and wider range of NaOH/Fe ratio. Con- 
sequently, a series of hydrolyzed products of ap- 
pearance, stability and crystallinity varying from 
one extreme to another were obseerved. 

Effect o[ acid addition 
In this experiment, three series of solutions, 

0.0002, 0.0005 and 0.001 M in iron(III) respectively, 
were investigated. In each series, varying amounts 
Of HC104 were added to give different degrees of 
acidity. The addition of acid prolonged the induc- 
tion period, changed the clear sol to a turbid sus- 
pension and to large particles that settled under 
gravity, increased the resistance to oxalate extrac- 
tion, and changed the precipitate from amorphous 
to well crystallized FeOOH. These changes fol- 
lowed the same trend as was seen with increased 
iron(III) concentration. The results for the 
0.0005 M solutions are summarized in Table 3. 

Effect of base addition 
Two series of solutions, 0.02 and 0.04 M in iron 

(III) respectively, were investigated. In each series, 
various amounts of 0.1 N NaOH were added to ob- 
tain NaOH/Fe mole ratios ranging from 0 to 1. 
Addition of NaOH induced changes in induction 
period, stability and process of crystallization, fol- 

DISCUSSION 

The results indicate that the appearance and sta- 
bility of hydrolyzed iron(III) solutions are sensitive 
to iron(III) concentration and acidity level in prep- 
aration and are closely related to the duration of the 
induction period prior to the secondary hydrolysis. 
In general, clear sols formed when the induction 
period was less than 1 hr. With longer induction 
period, the hydrolyzed products were invariably 
turbid suspensions, and the longer the induction 
period, the higher the turbidity. With an induction 
period of 2 months or longer, the hydrolyzed prod- 
ucts were mainly large particles that settled under 
gravity. These observations are in good accord with 
the hypothesis that the initial number of nuclei rela- 
tive to the concentration of monomeric iron(III) 
species is the key factor governing the appearance 
and stability of hydrolyzed iron(III) solutions dur- 
ing aging (Hsu and Ragone, 1972; Hsu 1972). 

For convenience in discussion, the hypothesis 
proposed in two earlier reports is summarized as 
follows: when dissolving an iron(III) salt in water, 
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the products of primary hydrolysis are monomeric 
Fe(OH) 2+, Fe(OH)2 ~ and Fe(OH)3, which rapidly 
alter from one form to another. The process of sec- 
ondary hydrolysis begins with the condensation of 
monomeric Fe(OH)~ to polymeric Fen (OH)3,. This 
latter species may act as nuclei for continuing con- 
densation of other monomeric Fe(OH)3 molecules 
(Lamb and Jacques, 1938). During prolonged aging, 
the fresh amorphous Fe,(OH)3n gradually dehy- 
drates to the less soluble Fen O~ (OH)3n-2~ of varying 
composition and eventually to Fen (OOH)~ 
(Glemser and Rieck, 1958; Schindler et al., 1963). 
This crystallization process then perpetuates 
further hydrolysis and polymerization. The initial 
number of nuclei :for polymerization relative to the 
concentration of monomeric iron(III) species is the 
key factor governing particle size distribution 
which, in turn, governs the appearance and stability 
during aging. In the first report on this subject (Hsu 
and Ragone, 1972), clear brown sols were prepared 
by adding NaHCO3 to 0.01 M Fe(C10,)3 solutions 
(NaHCOdFe mole ratio = 1 or 2), which resulted in 
a large number of nuclei initially. In the second re- 
port (Hsu, 1972), hydrolyzed products of different 
appearance and stability were prepared by adding 
varying amounts of a clear brown sol as nuclei to 
acidified Fe(C1OD3 solutions. The results in the cur- 
rent report can be interpreted by the same mechan- 
ism, but the initial number of nuclei is governed by 
the degree of supersaturation. 

Following Lamb and Jacques' model of Fe 3+ hy- 
drolysis, the concentration of free Fe ~§ in each sol- 
ution can be calculated using the equation 

kl klk2 klk2k3"~ [Fe,od = lEe3+](1 + [ - ~  + [ ~  + [ - -g~)  

where k, = 2-5 x 10-3; k2 = 2 • 10 -5 and k3 = 4 x 10 -7. 
From the concentration of free Fe 3+ so obtained 
and the OH- concentration (determined), the 
[Fe3*][OH-] ~ concentration product for each solu- 
tion can be calculated (Table 1). By assuming the 
solubility product of amorphous iron(Ill) 

*The solubility product of amorphous iron(HI) hydrox- 
ide was also reported Io be 1 • 10 -~7 (Lamb and Jacques, 
1938). This writer now believes that the solubil/ty product 
of amorphous iron(III) hydroxide may cover a wide range 
rather than a point, because of its varying composition. A 
scrutiny of their methods of calculation suggests that 
Lamb and Jacques' data more likely represent fresh pre- 
cipitate of Fen (OH)3, composition whereas Biedermann 
and Schindler's data more likely represent the precipitate 
after brief aging with part of its ol-linkages converted to 
oxo-linkages. The investigation on this subject is in prog- 
ress. 

hydroxide* to be 2.5x 10 -39 (Biedermann and 
Schindler, 1957), it can be seen from Table I that all 
but one of these solutions were supersaturated with 
respect to amorphous iron(III) hydroxide, and that 
the degree of supersaturation decreased with in- 
crease of iron(III) concentration. The three most di- 
lute solutions were so highly supersaturated that a 
large number of nuclei formed at the beginning of 
polymerization. Much of the iron(HHI) polymerized 
to amorphous Feo (OH)3o shortly after preparation, 
leaving a small fraction of monomeric iron(III) 
species available for continuing hydrolysis and par- 
ticle growth. Consequently, the equilibration times 
were brief and particles were small, giving rise to 
the formation of clear colloidal sols. During aging, 
the initial amorphous Fe,(OH)~n gradually dehy- 
drated, through Feo Ox (Oil)3n-2x of varying compo- 
sition, eventually to Fen (OOH)n. The products re- 
mained amorphous to X-ray diffraction or yielded 
only broad diffraction peaks because of their small 
particle size even after the complete dehydration of 
Fen (OI-I)3~ to Fen (OOH)n. It has been shown that 
many so-called X-ray amorphous iron(III) hydrox- 
ide gels were actually suspensions of crystals of 
extremely small size (Atkinson et al., 1968; Gies- 
sen, 1966; Towe and Bradley, 1967). The brief in- 
duction period was apparently attributed to the high 
degree of supersaturation (Kolthoff et al., 1969). 

With a gradual increase in iron(III) concentra- 
tion, the degree of supersaturation gradually de- 
creased, accounting for a longer induction period 
and a larger fraction of monomeric iron(III) ions 
available for continuing hydrolysis and particle 
growth. This situation favors a longer equilibration 
time and larger particle size, giving rise to the for- 
mation of suspensions of a wide range of tur- 
bidities. The 0.02M solution was only slightly 
supersaturated with respect to amorphous iron(III) 
hydroxide. The amount of amorphous iron(l/I) hy- 
droxide, if any, should always have been very 
small, whereas abundant monomeric iron(III) 
species were available for continuing hydrolysis 
and particle growth. Therefore, this solution re- 
quired a long time to attain equilibrium, and crystal- 
line FeOOH particles of large size were the domin- 
ant product from the beginning of polymerization. 

The addition of HC104 to dilute Fe(CIO4)3 solu- 
tions simply lowered the degree of supersaturation 
(Table 3) and consequently induced changes in in- 
duction period, particle size, appearance and stabil- 
ity of hydrolyzed solutions, following the same 
trend as the increase of iron(Ill) concntration. On 
the other hand, the addition of NaOH to concen- 
trated iron(IID solution increased the degree of 
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supersaturation (Table 4) and induced changes in 
induction period, appearance and stability follow- 
ing the same trend as decreasing iron(III) concen- 
tration. The addition of NaOH also caused an ir- 
reversible formation of iron(III) hydroxide nuclei at 
the beginning and thus accelerated the process of 
secondary hydrolysis (Hsu and Ragone, 1972). The 
latter possibility is evident when the results for the 
low NaOH/Fe samples are compared. For example, 
a pure 0.04 M solution was stable for at least 15 
months. With NaOH/Fe ratio = 0.025 in prepara- 
tion, however, the secondary hydrolysis took place 
in 4 months after preparation. The initial pH values 
of these two samples were nearly the same and, 
thus, the difference in supersaturation was too 
small to be considered. 
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Rrsum6- Des solutions de Fe (C10,)3 de concentrations et aciditrs diffrrentes ont 6t6 utilisres pour 
6tudier les facteurs gouvernant leur aspect et leur stabilit6 lors du vieillissement et pour 61ucider les 
mrcanismes de formation des hydroxydes de fer(III) amorphes et cristallins par hydrolyse lente. On a 
trouv6 que les solutions dilures (0,001 M ou moins) s'hydrolysent rapidement en sols clalrs apr~s une 
courte prriode d'induction. Quand la concentration en fer(III) augmente, on peut noter une augmen- 
tation graduelle de la prdode d'induction, de la turbidit6 et de la taille des particules. Ainsi, des solu- 
tions de 0,006 M ~ 0,01 M en fer(III) drveloppent des suspensions jaunes, denses, fioconneuses et 
opaques. Les esprces polymrrisres du fer(III) dans la solution 0,02 M vieillie sont d'abord de grandes 
particules qui se drposent par gravit6, ce qui donne une suspension de faible turbiditr. On a observ6 
6galement qu'en solutions dilures, le produit de la polymrrisation initiale est un hydroxyde amorphe 
de fer(IlI) qui ne donne les pics de diffraction X de Fe OOH qu'aprrs un vieillissement prolong6 
seulement. I1 peut ne pas les donner du tout. En solutions 0,01 et 0,02 M cependant, Fe OOH cristal- 
lis6 est le produit principal juste au drbut de la polymrrisation. Ces rrsultats sugg~rent que le degr~ 
initial de sursaturation par rapport h l'hydroxyde amorphe de Fe(III) est le facteur cl6 qui drtermine la 
distribution granulomrtrique, qui ~ son tour drtermine eUe-m~me l'aspect, la stabilit6 et la cristallinit6 
du produit hydrolys6 lors du vieillissement. 

L'addition de HC104 ~ des solutions dilures de Fe (C104)3 diminue le degr6 de sursaturation alors 
que l'addition de NaOH ?~ des solutions concentrres l'augmente; ces deux rractifs induisent donc ainsi 
des changements dans la prriode d'induction, dans l'aspect, la stabilit6 et la cristallinit6 du produit 
hydrolysr. 

Kurzreferat--Fe(C10,)3-L~Ssungen unterschiedlicher Konzentration und Acidit~it werden untersucht, 
um die Faktoren zu erforschen, die ihr Aussehen und ihre Stabilit~it w~cihrend des Alterns bestimmen, 
und um die Mechanismen der Bildung von amorphen und kristaUinen Eisen(III)-Hydroxiden durch 
langsame Hydrolyse aufzukl~iren, Es wurde gefunden, dab verdiJnnte Ltisungen (0,001 m oder nied- 
riger) nach einer kurzen Anlaufzeit schnell zu klaren Solen hydrolysieren. Mit Anstieg der Eisen(III)- 
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Konzentration liel3 sich eine allm~hliche Zunahme der Anlaufzeit, der Trtibung und der Teilchengr615e 
feststellen. Eisen(III)-Ltisungen mit einer Molarit~it von 0,006-0,01 entwickelten sich daher zu 
dichten, wolkigen, gelben Suspensionen, die lichtundurchl~issig waren. Die polymeren Eisen(III)- 
Arten in der gealterten 0,02 m-L6sung bestanden vorwiegend aus grol3en Teilchen, die unter dem 
Einflul3 der Schwerkraft sedimentierten und eine Suspension geringer Triibung ergaben. Auch konnte 
beobachtet werden, daB in verdiinnten L6sungen das anf~ingliche Polymerisationsprodukt aus amor- 
phem Eisen(III)-Hydroxid bestand, d a s - w e n n  iiberhaupt-nur nach langer Alterungszeit Rtint- 
genbeugungspeaks fiir FeOOH ergab. In 0,01 und 0,02 m-L6sungen war dagegen kristallines FeOOH 
vom Beginn der Polymerisation an das vorherrschende Produkt. Die Ergebnisse lassen vermuten, dab 
der anf~ingliche Grad der 0bers~ittigung beziiglich des amorphen Eisen(III)-Hydroxids der 
Schliisselfaktor ist, der die Teilchengr613enverteilung steuert, die ihrerseits das Aussehen, die Stabilit~it 
und Kristallinit~it des hydrolysierten Produktes w[ihrend der Alterung bestimmt. 

Die Zugabe von HC104 zu verdiinnten Fe(C104)3-Ltisungen vermindert den Grad der Ubers~it- 
tigung-wiihrend die Zugabe yon NaOH zu konzentrierten L6sungen ihn erh6ht -und rief daher 
enstprechende Ver~inderungen in der Anlaufzeit, dem Aussehen, der Stabilit~it und Kristallinitiit der 
hydrolysierten Produkte hervor. 

Pe~loMe--klccne/IyroTca pacTaopbt Fe(CIO,,)3 pa3Jta,tHo~ KOHIIeRTpaI.tHH H KHCJI'OTHOCTH ~JIIl 
oape/Ieneaua ~aKTopoa perynapy~omax ux anell.l[tnii aI41I R yCTOl~tn'IaOCTb npa nojiaep~enriu 
cTapenn[o r[ /Inn npOJInTH~l CBeTa rla MeXaHItBMbI o6paaoaaHna neKpncTanna'~ecKofi a Kpl, ICTa.qJln- 
'~ecKoit rn~lpooKncn ~eae3a(3) npn Me~JleaHOM rn~Ipo:ln3e. Haman, '~TO nocne ne~oJlrO~ nn)lyKtlrlrl 
pa36anaemH,[e pacrBopst (0,001 M rr.a~ Hn~e) 6b~crpo rnjlpoan3apoBanr~c~, n npo3pa,~Hme Tnep~tI, le 
*ha.CTnllbI. YIo Mepe noBmmeana KonuertTpat~141J >xeae3a(3), 3aMe~ia.J/OCb nocTerIeuHoe no3pacTanrIe 
rtepno~la nmly~tlnn, 6onee cnnl, rtoe noMyT~eHne n yBenn,~e~ne pa3Mepa ,~acTnU. TaK~4M o6pa3oM, 
pacT~op~,~ OT 0,006 ~10 0,001 t,'l ~<e.ne3a(3) npeBpatuaJl~cb ~ rycTs~e, ~eaTb[e CBeTonenpoar~uae~u,~e 
cycnen3n~. FlonnMepnoe ~eae3o(3) n3 pacTsopa no~lBeprasmerocn cTape~[n~o o6pa3oBano rnaBn~,~M 
o6pa3oM l<pyrlHbie ~IaCTHUb[ oce~Iantu~4e no~l cn:~o~ Ta~eCTtI H B pe3ya~,TaTe noay'ianacb ~[OBOJlbHO 
~lclta3t cycne~3n~l. TaK~e 3aMeTnJ~H, qTO flpH pa36aB~eHHbiX paCTBOpax I4CXO]].HblM npoJlyKTOM 
noanMep~3atlun n~anaacr, aMopqbnaa rnapoo~ncb mene3a(3), ~IaBaBtuaa nnKosy~o peHTreHorpaMMy 
TOJIhlr ~J'In FeOOH nocae .~O.rlroro nO~lBepn<eHnn cTapenn~o nJ~r~ COBCeM ee He ~laBaBma~. B paCTBO- 
pax 0,01 a 0,02 M, 0anaKo, Kpncran~an~ecKn~ FeOOH nsnaeTca rnasns~M npo~IyKTOM C caMoro 
~a,fana nonuraepn3aunn. YIo peayn~,raTara MO~rto npe~lnoJ~araT~,, 'tTO nep~oaa,ianbnan cTenem, 
Hacb~meHan a~aopqbao~ rn~ipoo~ncn ~eae3a(3) n~aaerca r~anH~,~ qbaKTOpOM nnI~n~OLUnra na pa3- 
MepbI RaCI'HU, KOTOpble B CBOIO oqepe,/lb BJIn]:II-OT Ha BHenlHI4~ BI*t}I, yCTO~n, IBOCTI, I,I KpliCTaJIJI/JtlHOCTb 
rH}IpaJIn30Baltnoro npo~IyI<Ta BO BpeM~I no21Bep~eHH 8 cTapeHnlO. 

Pa36a~nenr~e pacrnopo~ Fe(CIO,03 2106aB:~eHaeM HCIO4 noHn~aeT nepecbmteHne, n TO BpeMa 
KaK ~06a~neaae HaOH K KORLIeHTp.'IpOBaHHblM paCTBOpaM rlOBb~lJlaeT cTeneHb nepeHacm~eHHa H, 
TaKltM o6pa3oM, BeJIeT K li3MerleRnm'a BO BpeMertH nH):IyKIII4H, BuenJHeFo B~l~Ia, yCTOI~ql4BOCTI, I kl 
~prtcTanan,~nOCTi4 FI'I,~IpoJIIt3ItpoBaHHOFO npo~lyKTa, COOTBeTCIBettltO. 
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