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The importance of iron chemistry in geological, en- 
vironmental, metallurgical, industrial, and biological 
contexts makes understanding of iron chemistry of 
fundamental significance. In connection with metal- 
lurgical interest in the behavior of Fe(II1) in weakly acid 
solutions, literature on the hydrolysis and precipitation 
of Fe(II1) was retrieved. The amount of literature since 
1960 pertaining to the processes of hydrolysis and 
precipitation of Fe(II1) justified production of a review 
on the subject. The work of Spiro et al.;+ Hsu et al.," 
Quirk et  aI."lo and De Bruyn et  al."-15 are especially 
noteworthy. Thermodynamic data on Fe(III) hydrolysis 
have been reviewed or compiled by Langmuir,'6 Sylva,'' 
Baes and Mesmer,18 and Smith and Martell.lg 

The scope of this review includes studies on the hy- 
drolysis and precipitation of Fe(II1) from aqueous so- 
lutions of its inorganic salts, chiefly the nitrate, per- 
chlorate, chloride, and sulfate. After a survey of 
structural and thermodynamic properties of the rele- 
vant Fe(II1) species, this review examines the reactions 
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of hydrolysis and precipitation in aqueous Fe(II1) so- 
lutions. These reactions, most of which occur slowly, 
include the formation, aging, and agglomeration of a red 
cationic hydrolytic The constitution of 
the slowly precipitated hydrous oxide products is also 
examined. For comparison, the constitution and aging 
of rapidly precipitated hydrous iron(II1) oxides is briefly 
surveyed. Techniques employed in the study of Fe(II1) 
hydrolysis and precipitation include pH measurement, 
visible and infrared spectroscopy, ultracentrifugation, 
electron microscopy, and X-ray diffraction. Electro- 
kinetic properties and thermal dehydration of precip- 
itated iron oxides are not considered. Iron(II1) oxides, 
hydrous oxides, or related compounds formed via oxi- 
dation of elemental iron or iron(I1) compounds, or via 
other redox reactions, are not considered. 

I I .  Structural Data 

A. Crystalllns Iron( I I I) Oxldes and Hydrous 
Oxides 

The characterized crystalline iron(II1) oxides and 
hydrous oxides are Fez03 and FeO(OH), each of which 
is polymorphic. The phases important in the hydrolysis 
and precipitation of Fe(II1) salts are listed in Table 
I.2w3z Their crystal structures are illustrated sche- 
matically in Figure 1. The structures of CY- and p- 
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TABLE I. Crystalline Iron(II1) Oxides and Hydrous Oxides - 
Fe( 111) compound isomorphs structural formula ref 

a-Fe,  0, (hematite ) ol-Al,O, (corundum) FeO,,, 20-22 
u -FeO( OH) (goethite) m-AlO( OH) (diaspore) fQc-FeO,,,(OH),,, 23-25 
$-FeO( OH) (akaganeite) M',MnO , (hollandite)a fQc-FeO,,,(OH),,, 26-28 
y-FeO( OH) (lepidocrocite) y-AlO(OH) (boehmite) cis-FeO,,,(OH),,, 23, 29-32 

a M' = K,  Ea, etc. 

b 

H -~ ~ 

d 
C 

Fi re 1. Schematic crystal structures: (a) Hematite (a-FezO3) 
(RY, c Z = 6; a = 503, c = 1375 pm); projection along [Ool], (0) 
Fe a t  z = 0, '/& 'Iz, 2/3; (A) Fe a t  z = 0, lI3, 'Iz, 5/6; (D) F; a t  

= '0, ' 1 3 ,  ' 1 3 ,  ' 1 6 ;  (0) 0 a t  z = '/Iz, 5/12, 3/4; (0)  0 a t  z = 1 4 ,  
7/1z, j I 2 .  (b) Goethite (a-FeO(0H)) (Pbnm, Z = 4; a = 464, b 
= 998, c = 303 pm); projection along [Ool], (0) Fe a t  z = 'I4; (y) 
Fe a t  z = 3/4; (0) 0 at  z = lj4; (u) 0 a t  z = 3/4. (c) Akaganeite 
@-FeO(0H)) (I4/m, Z = 8; a = 1048, c = 302 pm); projection along 
[Ool], (0) Fe a t  z = 0; (D) Fe a t  z = 1/2; (0) 0 at  z = 0; (0) 0 
a t  z = (d) Lepidocrocite (yFeO(0H))  (Bbmm, Z = 4; a = 
1253, b = 388, c = 307 pm); projection along [Ool], (0) Fe a t  z 
= 0; (.) Fe a t  z = l j Z ;  (0) 0 at  z = 0; (0) 0 a t  z = ' I2 .  

FeO(0H) are built of double chains of edge-shared 
Fe(0,0H)6 octahedra; this feature is also discernible in 
the structure of yFeO(0H). The double-chain struc- 
tural element is illustrated in Figure 2. In contrast, 
the structure of a-Fe203 does not contain this double- 
chain element. 

B. Aqueous Iron( I I I) Specles 

Of interest here are the species Fe3+, Fe(OH),+, Fe- 
(OH),+, and Fe2(OH)$+ or Fe204+ that exist in aqueous 
Fe(II1) salt  solution^.^^^^ The Fe3+ ion has been shown 
to exist as the octahedral [Fe(OH2)B]3+ complex in Fe- 
(N03)3-9H20,33 in the alums, e.g., CsFe(S04),.12 H20,34 
and in The Fe(OH),+ and Fe(OH)2+ 
species derived by deprotonation of [Fe(OH2)6]3+ are 
expected to possess the structures [Fe(OH2)5(OH)]2+ 
and cis- or trun~-[Fe(OH,)~(0H)~]+, respectively. The 
dimeric species Fe2(OH)24+ or Fe204+ has been struc- 
turally characterized only in the form of complexes with 
organic ligands. In one complex, the structure is [L5- 
FeOFeL5] where L5 is a pentadentate amine.% Of the 
three other complexes, one is [L3(H20)2FeOFe(OH2)2- 
L3]39 and the other two are [L3(H20)Fe(OH),Fe- 
(OH2)L3];40,41 in all three L3 is a substituted picolinate. 

c . . . . .  , . . . .  

F$UR 2. chains of Fe(0,0H,Hz0)6 octahedra: (a) single straight 
chain, trans-FeX2Xllz; side and end views. (b) Double straight 
chain, c i s - fa~-FeXX~,~X~ 3- side and end views. (c) Single kinked 
chain, trans- and cis-Fek&4,2. 

TABLE 11. Gibbs Energy Data for Fe(II1) Species 

a G  f O m  9 

species kJ/mol ref 

Fe3+(aq) -17  t la 16, 54-59 
( l / 2 ) a - F e , 0 3  (hematite) - 3 7 1  I 1 16, 49, 50, 5 1  
o-FeO(OH) (goethite) -4891 1 50, 52, 53 
a-FeO( OH) (goethite) -491 I 1 1 6  

a Based on AGf',,,[FeZ'(aq)] = -91  i 1 kJ/mo1.'6,54-s8 

The existence of both Fe(OH),Fe and FeOFe forms 
with similar ligands suggests that the energy difference 
between Fe"'(OH),Fem and FeInOFe"' + H20 is small, 
and the presumed species [ (H20)4Fe(OH)2Fe(OH2)4]4+ 
and [(H20)6FeOFe(OH2)5]4+ may exist in equilibrium 
in solution. However, assessments of magnetic, infra- 
red, and kinetic data on aqueous Fe(II1) solutions in- 
dicate that the dimeric species should be formulated 
Fe2(OH)$+ rather than Fe204+.42143 

C. Coordination of Iron(II1) by 02-, OH-, and 

In all the species cited above, Fe(II1) is octahedrally 
coordinated by 0,-, OH-, or H20. A survey of Fe(II1) 
coordination in oxides, hydroxides, and aquo species by 
the author44 shows that Fe(II1) in acidic oxide envi- 
ronments, including aqueous solutions, is octahedrally 
coordinated. Only in basic environments does Fe(II1) 
occur in tetrahedral coordination to a significant extent; 
examples include fbNaFe02,45 Na5Fe04 and related 
compounds,46 BaFe204,47 and the rare-earth iron garnets 
Ln3Fe50128 (Ln = rare-earth element) in which three- 
fifths of the Fe(II1) ions are tetrahedrally coordinated. 

H2O 

I I I .  Thermodynamic Data 

Gibbs energy data for Fe203, FeO(OH), and Fe3+- 
(aq)1694s53 are given in Table 11. The value for Fe3+(aq) 
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TABLE 111. Solubility Products of Fe(II1) Oxides and 
Hydrous Oxides at 25 "C and 0 Ionic Strength 

(1/2)Fe,O,(s) + (3/2)H,O -+ Fe3' + 30H-  
FeO(OH)(s) + H,O -+ Fe3' + 30H-  
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solid phase -log Ksna ref 

(1/2)a-Fe,03 (hematite) 41.7b Gibbs energies 
(Table 11) 

42.7 1 9  
~ 4 1 . 9 i :  0.4 1 6  

(1/2)7-Fe20,  (maghemite) 2 3 8 . 8  2 0.5 1 6  
a-FeO(0H) (goethite) 41.7b Gibbs energies 

(Table 11) 
41.5 17-1 9 

G41.2 2 0.4 1 6  
p-FeO(0H) (akaganeite) 36  + xC 1 8 , 6 0  
T-FeO(OH) (lepidocrocite) 238.7 i: 0.5 1 6  
"Fe(OH)," (amorphous) 37.1-39.0d 16-19 

Uncertainties are 20.1 to 0.2 in most cases. 
on AGfD298[Fe3'(aq)] = -17 kJ/mol (see text)  and 
CODATA values for H,0(1) and OH-(aq).61 
from data given for Fe(OH),~,Cl,,, in references, with 
correction for chloride complexation from data in ref 19,  
and estimation of a correction of -1 log K  nit'^+'^ to con- 
vert from ionic strength 0.5 to  0. The term x is log K for 
the reaction p-FeO(OH)(s) + H,O + 0.31C1- -+ 

p-Fe(OH),.,Cl,.,(s) + 0.30H-. 
precipitate. 

is based on the value for Fe2+(aq)49@'*54-58 and the 
standard reduction potential Eo (Fe3+ + e- - Fe") of 
+0.77 V.59 Recent data favor a value of -91 f 1 kJ/ 
mo116*54-58 rather than -79 k J / m 0 1 ~ ~ ? ~  for AGf0298- 
[Fe2+(aq)l. 

Table I11 gives solubility product data for FezO3, 
FeO(OH), and amorphous hydrous iron(II1) ox- 
i d e ~ . ~ ~ ~ ~ * ~ - ~ ~  Both direct determinations and values 
calculated from Gibbs energy data (Table 11) are in- 
cluded. 

Equilibrium data for the hydrolysis reactions of Fe- 
(111) are given in Table IV.189199e2 The species Fe3+, 
Fe(OH)2+, Fe(OH)2+, and Fe2(OH)24+ are well charac- 
terized. The species Fe3(0H)t+ was reported in one 

Based 

Estimated 

Range for fresh to aged 

TABLE IV. Equilibrium Constants for Fe( 111) Hydrolysis Reactionsa 

0 I 2 3 4 
PH 

Figure 3. Approximate predominancearea pH w. log C p a  (M) 
diagram, 25 OC, ionic strength 0. The dashed lines labeled a, b, 
and c are the saturation lines for goethite, aged amorphous 
hydrous oxide, and fresh amorphous hydrous oxide, respectively. 

study.leJ9 The claim for a species Fe12(OH)342+63 has 
been refuted." A pH vs. log CFe(a diagram, calculated 
from the data in Tables I11 and IV, is given in Figure 
3; CFe(a is the total concentration of dissolved Fe(II1). 
Table V gives pH values for Fe(II1) salt solutions and 
shows that unacidified Fe(1II) salt solutions are unstable 
with respect to precipitation of &-Fez03 or a-FeO(0H) 
at all concentrations with the possible exception of very 
high concentrations. Solutions are unstable to precip- 
itation of amorphous hydrous oxide at concentrations 

The stability of a-FeO(0H) relative to a-Fe203 and 
water is uncertain; AGOm for reaction 1 is 0 f 1 kJ/mol, 

a-FeO(0H) - (1/2)a-Fe203 + (1/2)H20 (1) 

based on the data in Table II. LangmuiP has analyzed 
the dependence of AG of reaction 1 on particle size and 

mol/L. 

temperature, "C 
ionic strength, M 
-log K for reaction 

Fe3+ + H,O -+ FeOHz' + H' 
FeOH" + H,O -+ F e ( 0 H )  + + H+ 
Fe(OH),+ + H,O -+ Fe(OI-f), + H+ 
Fe(OH), + H,O -+ Fe(OH)$; + H+ 
2Fe" + 2H,O -+ Fe,(OH), t 2H+ 
3Fe3+ + 4H,O -+ Fe,(OH)45+ + 4H' 

ref 

25 25 
0 1.0 

2.2 2.8 
3.5 3.2 
6 

1 0  
2.9 2.7 
6.3 

1 8 , 1 9  1 8 , 1 9  
a Values are rounded averages because uncertainties are generally + 0.1-0.2. 

TABLE V. pH Values of Fe(NO,), Solutions, 20-25 "C 
CFe(III)~ l o - ]  
pH values 

n o  precipitationa 1.5 
saturation witha 

hematiteb 0.4 
goethiteC 0.5 
aged amorphous hydrous oxided 1.3 
fresh amorphous hydrous oxidee 2.1 

titration data, Fe(NO,), by NaOHf 
pure Fe( NO,), solution 1.5 
minimum for polymer formation 1.3 
minimum for immediate relaxationg 1.6 
plateau 2.0 

10- 

2.3 

0.7 
0.8 
1.7 
2.5 

2.3 
2.1 
2.3 
2.5 

25 
2.67 

2.9 
2.8 

3.2 

6 2  

10-3 

3.0 

1.1 
1.2 
2.1 
2.9 

3.2 
2.8 
3.0 
3.2 

25 
3.0 

3.0 
3.3 

2.9 
5.8 
18,19 

10-4 

3.8 

1 .4  
1.5 
2.5 
3.5 

80 
2.67 

2.1 
1.1 

2.5 

62 

10-5 

4.7 

1.8 
1.9 
3.0 
4.3 

a Calculated with equilibrium constants in Tables 111 and IV. pK,, = 41.7. pK,, = 41.5. pK,, = 39-0. e pKso = 
37.1. f Interpolated from data of De Bruyn et al.ll$lz g pHB;see text, section IVF1. 
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concludes that the effect of particle size on AG becomes 
significant (exceeding 5 kJ/mol) for particle sizes <lo-' 
Pm. 

Flynn 

equilibria are established rapidly, although the reactions 
involving Fez(OH)2+ are significantly slower than the 
reactions involving only monomers. Baes and Mesmerls 
have reviewed the kinetics of the decomposition of 
Fe2(OH)2+ by acid. The rate law is 

-d[Fez(OH)a+]/dt = (Itl + k2[H+])[Fez(OH)24+] (2) 

At 25 OC kl - 0.4 s-l and k, - 3 mol-l L s-l. At 35 "C 
the rate constants are higher by a factor of about 2. 

C. Formation of the Hydrolytic Polymer 

Addition of base at room temperature to Fe(II1) ni- 
trate, perchlorate, or chloride solutions in amounts in- 
sufficient to precipitate hydrous oxide results in rela- 
tively rapid formation of the red hydrolytic poly- 
mer.1-4i815 Similar treatment of Fe2(S04), solutions also 
produces polymer; however, precipitation occurs at 
lower pH values and at a greater rate than in solutions 
of salts with the monovalent anions.143N Both Hsu and 
&gone5 and this authorw have observed that addition 
of sulfate salts to polymer formed by adding NaHC0, 
to solutions of Fe(II1) perchlorate or nitrate causes rapid 
precipitation. 

De Bruyn et al."J2 titrated 6 X 10-4-6 X 10-1 M Fe- 
(NO,), solutions with homogeneously added NaOH.68 
They observed titration curves consisting of three re- 
gions. In the first region, OH-/Fe mole ratio 0 to -1, 
the pH increases. In the second region, OH-/Fe mole 
ratio -1 to 2.5, the pH curve is flattened to a plateau. 
In the third region, OH-/Fe mole ratio 22.5, the pH 
increases steeply and precipitation occurs. Table V 
gives pH values for pure Fe(N03), solutions and for the 
plateau part of the titration curve derived by plotting 
the published data vs. Fe(II1) concentration CFe(III) and 
interpolating to round values of CFe(III). 

De Bruyn et al.13 also examined the effect of C1- on 
the titration of Fe(II1) solutions by base. Results were 
similar to those obtained with Fe(N03), solutions; 
however, in the plateau region the pH actually de- 
creased slightly during the titration. 

D. Composition of the Polymer 

Spiro et al.ll3 and Quirk et al.s isolated the hydrolytic 
polymer as amorphous solids from 0.02-0.3 M Fe(II1) 
nitrate and chloride solutions by gel filtration and 
lyophilization and obtained chemical analyses. The 
solids dissolve readily in water or salt solutions, giving 
solutions that remain clear for several days. Hsu and 
Ragone5 analyzed the precipitates obtained by adding 
sodium sulfate solution to hydrolyzed 0.01 M Fe(C104), 
solutions. The derived OH-/Fe ratios, given in Table 
VI, indicate that the polymer is cationic. One would 
expect that the OH-/Fe mole ratio in the polymer 
would increase or possibly remain constant as OH-/Fe 
mole ratio in the preparation solution is increased. The 
data of Spiro et al.lp3 agree with this expectation, but 
the data of Hsu and Ragone5 contradict it. Possible 
reasons for the contradictory data are that the sulfate 
precipitates were washed with alcohol-water mixtures 
during isolation, during which loss of sulfate as H2SO4 
may have occurred; or that the precipitates may have 
contained colloidal hydrous oxide in addition to the 
polymer. The data show that the OH-/Fe ratio in the 
polymer increases with age; this observation is con- 

I V .  7he Hydrohsis Reactions 

The hydrolysis of inorganic Fe(II1) solutions consists 
of several steps: (1) formation of low-molecular-weight 
species; (2) formation of a red cationic polymer; (3) 
aging of the polymer, with eventual conversion to oxide 
phases; and (4) precipitation of oxide phases directly 
from low-molecular-weight precursors. After a sum- 
mary of investigative techniques, the hydrolysis steps, 
especially the formation, structure, and chemistry of the 
polymer, are described. 

A. Investigative Technlques 

Most of the hydrolysis studies have been conducted 
on solutions of Fe(II1) nitrate, perchlorate, or chloride 
in the concentration range 10-3-10-1 M, at room tem- 
perature. The behavior of hydrolyzed Fe(II1) solutions 
depends on the nature and mode of addition of basic 
r e a g e ~ ~ t s . ~ ~ ~ ~ ? ~ ~  Ordinary mixing of solutions of alkali 
hydroxide or ammonia with Fe(II1) solutions results in 
immediate formation of a precipitate; if the amount of 
base added corresponds to 52.5 mol base per mole iron, 
the precipitate redissolves. 

For reliable characterization of the hydrolysis process, 
it is necessary to add base so that precipitation does not 
occur. This has been accomplished by slow addition 
with rapid mixing of a weak base such as an alkali bi- 
~arbonate , ' - '~7~~'  slow addition of base solution with 
very rapid mixing in a specially designed vessel,11-15~68 
or solvent-extraction removal of acid liberated by hy- 
d r o l y ~ i s . ~ ~  The solvent-extraction technique has the 
advantages of being homogeneous and avoiding intro- 
duction of extraneous ions into the solution. 

Characterization of the hydrolysis reactions requires 
employment of a variety of modern experimental 
techniques, preferably concurrently. Most investiga- 
tions satisfying this requirement have been conducted 
by four groups of investigators. Hsu et al.5-7 studied 
hydrolyzed Fe(C104)3 solutions by pH measurement, 
chemical analysis, turbidimetry, and ultrafiltration. 
Although they referred to the hydrolysis product in 
solution as colloidal ferric hydroxide, their data are 
concordant with the data of the other investigators, and 
indicate that their solutions contained the hydrolytic 
polymer. Quirk et al."l0 employed pH measurement, 
chemical analyses, ultracentrifugation, and electron 
microscopy on hydrolyzed Fe(II1) nitrate, perchlorate, 
and chloride solutions. De Bruyn et al.11-15 examined 
hydrolyzed Fe(II1) nitrate, chloride, and sulfate solu- 
tions by visible spectrophotometry, light scattering, pH 
measurements, ultracentrifugation, and electron mi- 
croscopy. Spiro et al.14 isolated the polymer from hy- 
drolyzed Fe(N03)3 solutions and characterized it by 
chemical analysis, ultracentrifugation, visible spectro- 
photometry, X-ray diffraction, infrared spectroscopy, 
and Mossbauer spectroscopy. 

B. Low-Molecular-Weight Hydrolysis Products 

The low-molecular-weight hydrolysis products, Fe- 
(OH)", Fe(OHI2+, and Fe2(OH)24+, were discussed 
above in regard to their structures and equilibria. Their 
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TABLE VI. Selected Data on the Composition of Isolated Polymers 

Chemical Reviews, 1984, Vol. 84, No. 1 35 

initial 
C F ~ ( I I I )  in OH-IFe OH-/Fe 
prepn soln, in prepn in isolated 

anion in polymer ref M soln age, days polymer 
NO,- 1 

NO; 8 

c1- 8 

SO,'- (pptn from soln of C10,- salt) 5 

sistent with the pH decrease observed on aging of so- 
lutions containing the polymer (see section IVF). The 
lower OH-/Fe ratio in fresh chloride polymer relative 
to that in fresh nitrate polymer may be due to coor- 
dination of some C1- to Fe(II1) in the polymer. The 
greater increase in OH-/Fe ratio with age in chloride 
polymers relative to that in nitrate polymers may be 
caused by replacement of coordinated C1- by OH-. 
Additional evidence for the cationic nature of the 
polymer is its uptake, though slow, by cation-exchange 
resin,l and the metathetical replacement of nitrate by 
a ~ e t a t e . ~  The fact that in the addition of base to Fe(II1) 
salt solutions the maximum OH-/Fe ratio obtainable 
without precipitation is about 2.51*g13@167 is also con- 
sistent with the above analytical data. 

In contrast to these properties of the polymer, hyd- 
rous Fez03 precipitate (filtered, washed, and dried in 
air at  room temperature) consists of hard glassy frag- 
ments which do not undergo dispersion or reversion to 
gel on contact with water. 

E. Structure of the Polymer 

Evaluation of the structural data indicates that the 
iron atoms in the polymer have coordination number 
6, Fe(0,0H,H20)6. The infrared spectra and chemical 
metathesis observations reported by Spiro et al.3 in- 
dicate that NO3- is not coordinated to the iron in the 
polymer. X-ray diffraction data have been reported by 
Spiro et aL3 on solutions of the isolated polymer and 
by MaginP on hydrolyzed 2.8 M Fe(N03)3 solutions. 
The published radial distribution functions are very 
similar, Magini's data showing better resolution. Spiro 
interpreted his data in terms of tetrahedral coordination 
of iron by oxygen at  0.21 nm and a nearest Fe-Fe sep- 
aration of 0.35 nm. Magini interpreted his data in 
terms of octahedral coordination with Fe-0 separation 
0.20.21 nm, with a minimum Fe-Fe separation of 
0.34-0.35 nm. However, Spiro et aL3 indicated that 
their optical spectra were more consistent with octa- 
hedral than tetrahedral coordination of Fe(II1). Com- 
parison of observed Fe-O distances in the polymer with 
Fe-0 distances in crystals supports octahedral coor- 
dination in the polymer. In crystals Fe-O distances are 
0.20-0.21 nm for octahedral c o o r d i n a t i ~ n ~ ~ ~ ' ~  and 
0.184.19 nm for tetrahedral coordination.- As noted 
above under structural data, tetrahedral Fe-0 coordi- 
nation in Fe(II1) species in acidic aqueous media has 
not been observed. MaginP noted a continuity of 
structure from polymer-containing solution to precip- 
itated hydrous oxide, further supporting octahedral 
Fe-0 coordination. 

0.3 
0.3 
0.1 
0.1 
0.1 
0.1 
0.01 
0.01 
0.01 
0.01 

2.0 
1.0 
2.0 
2.0 
2.0 
2.0 
1.0 
2.0 
1 . 0  
2.0 

<1 
<1 

14 

14 
<1 
<1 
1 2  
1 2  

0.1 

0.1 

2.52 
2.27 
2.45 
2.75 
2.25 
2.9 
2.74 
2.65 
2.81 
2.75 

The presumed Fe(0,0H,H20)6 octahedra in the 
polymer are most likely connected by sharing vertices 
or edges. Expected Fe-Fe distances are 0.38-0.41 nm 
for octahedra sharing vertices and about 0.30 nm for 
octahedra sharing edges.2*32p3&41 A minimum Fe-Fe 
distance of 0.34-0.35 nm was deduced by Spiro et al.3 
and Maginie9 from their radial distribution functions; 
the contributions due to Fe-Fe interactions are not well 
resolved from those due to 0-0 interactions. Hence 
the data are inconclusive regarding the mode of linking 
of the Fe06 octahedra in the polymer; edge and vertex 
sharing may both be present. 

Electron m i c r o s ~ o p y ~ ~ J ~ J ~  has shown that the hy- 
drolytic polymer in nitrate, perchlorate, or chloride 
solutions consists of spheres 2-4 nm in diameter at ages 
less than a few days. Spiro et a1.l reported spheres of 
diameter -7 nm, but their results have been criticiz- 
ed.lM The density of the polymer isolated by gel fil- 
tration and lyophilization is about 3.5 g cm-3.198 Mo- 
lecular weight data reported by Spiro et a1.,1,2 derived 
from the size of the spheres and density, composition, 
and sedimentation data, were criticized and reanalyzed 
by Quirk et al.,lOd who calculated a molecular weight of - lo4, an order of magnitude lower than Spiro's value. 
On the basis of a monomer formula Fe(OH)2.50.S+ the 
number of iron atoms per polymer particle is -lo2. 
The high molecular weight of the polymer is also shown 
by its separability from low-molecular-weight Fe(II1) 
species by gel chromatography, where the elution vol- 
ume of the polymer approximates the void volume of 
the gel column, and the elution volume of the low-mo- 
lecular-weight Fe(II1) approximates the total volume 
of the c ~ l u m n . l ? ~  

In summary, the polymer consists of spheres 2-4 nm 
in diameter, containing -lo2 Fe(II1) ions, most likely 
in octahedral Fe(O,OH,H,O), coordination. These 
Fe(0,0H,H20)6 odahedra are condensed most probably 
by sharing edges or vertices; as suggested by Spiro et 
aL3 for their tetrahedral interpretation, they may form 
long chains or ribbons which are coiled and to some 
extent crosslinked. 

F. Aging of the Polymer 

Hydrolyzed Fe(II1) solutions containing the red 
polymer are not at  equilibrium, as shown by changes 
that at 25 "C become evident in hours and continue for 
months to years. At higher temperatures the aging 
processes are accelerated. At  90 "C the lifetime of the 
polymer is very short,4J1 at least when formed from Fe3+ 
during titrations at  that temperature. The changes 
observed on aging solutions containing the polymer 
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TABLE VII. pH Values of Fe(II1) Solutions (Nitrate or Perchlorate)" 

OH-/Fe mole ratio 0 0.5  1.0 1.5 2.0 2.5 0 0.5 1.0 1.5  2.0 2.5 
from observationsb 

fresh (< 1 day) 1.5 1.9 2.1 2.1 2.2 2.4 2.3 2.5 2.6 2.6 2.6 2.8 
plateau (- 10 days) 1.5 1.6 1.7 1.7 1.8 2.0 1 .9  1.9 2.0 2.1 2.2 2.4 
final ( > l o 0  days) 1.4 1 .4  1.4 1.5 1.5 1.6 1.8 1.8 1.8 1.9 2.0 2.1 

polymerization 

goethite" 0.5  0 .5  0.6 0.6 0.7 0.8 0.8 0.9 0.9 0.9 1.0 1.1 
aged amorphous hydrous oxided 1.3 1 .4  1.4 1 .4  1.5 1.6 1.7 1.7 1.8 1.8 1 . 9  2.0 

initial CFe(III), M 0.1 0.01 

calcd, no precipitation or  1.5 2.0 3.0 2.3 2.6 

calcd, with precipitation 

Probable accuracy ~ 0 . 1  unit. Interoolated from data of De Bruyn et  a1.,11312 Hsu and Ragone,' and Quirk et  a].' 
pK,, = 41.5. pK,, = 39.0. 

include changes in chemical composition:fi decrease in 
P H , ~ J ' - ' ~  increase in light ab~orption,4J~-~~ increase in 
turbidity or light scatterin 5~12*65 increase in sedimen- 
tation c o e f f i ~ i e n t s , l ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ i n c r e a s e  in particle size by 
electron m i c r o s ~ o p y , ~ ~ J ~ J ~  and decrease in the rate of 
degradation of the polymer by acid.4 

The following paragraphs describe the aging of the 
red polymer obtained at room temperature in Fe(II1) 
nitrate or perchlorate solutions. The aging behaviors 
of the polymers obtained in nitrate and perchlorate 
solutions are very similar, and are described together. 
The effects of chloride and sulfate on the aging of the 
polymer are considered separately. 

1. pH 

The pH of hydrolyzed Fe(II1) solutions is observed 
to decrease with time. The progress of the pH changes 
depends on C F ~ ( I ~ ~ )  and the OH-/Fe mole ratio. De 
Bruyn et a1.11v12 observed that in 6 X lo4+ X 10-' M 
Fe(N03)3 solutions there is a minimum initial pH, re- 
ferred to as PHB, above which the pH decrease (relax- 
ation) begins immediately after preparation of the so- 
lution. The pH* corresponds to a OH-/Fe mole ratio 
of about 0.5. A t  pH values below PHB, the pH begins 
to decrease only after an induction period. The in- 
duction period increases indefinitely at progressively 
lower initial pH values at constant CFecmp Hsu et aL5J 
also observed these two modes of pH variation in 2 X 
10% X M Fe(C104)3 solutions, although they did 
not report pHB Hsu6 observed that seeding solutions 
exhibiting the induction period with aged colloidal 
hydrous iron(II1) oxide sol (or polymer solution, 
OH-/Fe = 1.0) markedly decreased the induction pe- 
riod. The pH decrease after the induction period con- 
tinues at a decreasing rate and levels off at >lo0 days. 

The rate of decrease in pH occurring in solutions 
titrated with NaOH to pH > pHB is 0.2-0.5 pH unit per 
day in 0.01 M Fe(C104)3 and 0.2-0.3 pH unit per day 
in 0.06 M Fe(NO& during the first day of aging, and 
then decreases.5J2 The data of Hsu and %one for 0.01 
M Fe(C104)3,5 which extend to 300 days, show that the 
pH nearly levels off a t  time t = 1-10 days, then de- 
creases again with further aging to t >lo0 days. This 
behavior suggests that two aging processes are occur- 
ring. The pH data of De Bruyn et al.12 and the sparser 
pH data of Quirk et aL8 in 0.02-0.3 M Fe(II1) solutions, 
if plotted against log t, likewise show that the pH levela 
off at t = 1-10 days and subsequently decreases to t 
>lo0 days. De Bruyn et al.12J4 and Spiro et a l . ' p 4  pro- 
posed that the aging process consists of at least two 
steps (see section F9). 

The pH values of hydrolyzed solutions at selected 
Fe(II1) concentrations and OH-/Fe mole ratios are 
presented in Table VII. Approximate pH values cal- 
culated without precipitation or polymerization and 
with precipitation are also tabulated. The tabulated 
values derived from observations were obtained by 
plotting all reported observations and interpolating to 
the tabulated Fe(II1) concentrations and OH-/Fe mole 
ratios. The final observed pH values (>lo0 days) agree 
well with the pH values calculated for precipitation of 
aged amorphous hydrous oxide. The final pH values 
differ considerably from pH values calculated for 
goethite precipitation and indicate that the solutions 
may have not reached equilibrium. Alternatively, the 
difference of observed and calculated final pH values 
can be rationalized by particle-size considerations. The 
difference of 2.5 units in log values of goethite and 
aged amorphous hydrous iron(II1) oxide is equivalent 
to a difference of -14 kJ/mol = (AGfozs8[Fe0(OH), 
goethite]) - (AGfDm[FeO(OH), aged amorphous]). This 
difference in Gibbs energy. is attributable to particle size 
effects.64 MaginisS suggests that the aged amorphous 
precipitate may consist of microcrystals. 

2. Optical Spectra and Light Scattering 

Spectrophotometric and light-scattering observations 
were conducted by De Bruyn et d.12 on hydrolyzed 0.06 
M Fe(NO& solutions, and by Spiro et aL4 on polymer 
separated from hydrolyzed 0.3 M Fe(NO& solutions 
by gel chromatography. Turbidity measurements were 
also reported by Hsu et al.67 and Feitknecht and Mi- 
chaelks5 

The visible spectrum of the polymer consists of ab- 
sorption increasing monotonically with decreasing 
wavelength from >800 to <400 nm. A shoulder at about 
470 nm with an absorbance of 70-80 mol-' L cm-' was 
observed in solutions of separated polymer4 but not in 
the unseparated solutions.12 

De Bruyn et al.I2 observed that solutions with pH < 
~ H B  showed no change in absorbance and no turbidity 
until after the end of the induction period. Subse- 
quently, the absorbance was reported to increase, and 
turbidity developed. Hsu et al.67 observed a rapid 
development of turbidity commencing at the end of the 
induction period. 

In solutions with pH > pHB (OH-/Fe 0.5-2.0) light 
absorption at 400-800 nm was reported to increase 
during several d a y ~ . ~ J ~  Observations were terminated 
because of development of turbidity. The rate of in- 
crease of light absorption decreases with time and ap- 
parently approaches zero by age 14 days. Further in- 
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crease in absorption reported at 14-23 days may have 
been caused primarily by light scattering. 

Knight and S ~ l v a ~ ~  observed the time required for the 
appearance of turbidity, t T ,  in hydrolyzed 0.03-0.25 M 
Fe(II1) solutions. The variation of tT with OH-/Fe mole 
ratio showed a sharp minimum at OH-/Fe = 0.5-0.6, 
which is close to the OH-/Fe ratio at  pHB determined 
by De Bruyn et a1."J2 These data agree with obser- 
vations reported previously by Feitknecht and Mi- 
~ h a e l i s . ~ ~  

3. Ultracentrifugation and Electron Microscopy 

Quirk et al.1° and De Bruyn et al.12 conducted ex- 
tensive studies of hydrolyzed Fe(II1) solutions by ul- 
tracentrifugation and electron microscopy. Spiro et a l . ' y 4  
reported briefer observations. In hydrolyzed solutions 
with pH < pHB the concentration of polymer particles 
was too low for determination of the sedimentation 
coefficient S.12 A low concentration of much heavier 
particles was detected in those solutions, even during 
the induction period. Hydrolyzed solutions with initial 
pH > pHB aged less than 1 day contain particles with 
small S values. Electron microscopy shows spherical 
particles 2-4 nm in diameter. During aging for 1-10 
days, the S values increase slowly. Beginning at  ages 
longer than 1-10 days, the S values undergo a large 
increase. Concurrent electron microscopy observations 
show that the polymer spheres agglomerate to rods, 
which in turn agglomerate to rafts. At ages >10 days, 
the spheres composing the rods and rafts lose their 
identity. During a period of months the rafts slowly 
flocculate to form a precipitate. Increased ionic 
strength accelerates the agglomeration of the rods to 
rafts.1° 

4. Composition of the Solutions 

monitored hydrolyzed 0.02-0.3 M Fe(II1) 
nitrate and perchlorate solutions with initial pH > pHB 
by chemical analysis. The fraction of iron present as 
low-molecular-weight species remained nearly constant 
from 2 to 750 days. The fraction of iron present as 
precipitate was significant at  30 days and usually ex- 
ceeded 50% at 750 days. The fraction of iron present 
as polymer decreased correspondingly, as expected if 
the polymer is precursor to the precipitate. 

Hsu et a 1 5 y 7  determined total polymeric and colloidal 
iron in hydrolyzed 0.01 M Fe(C104)3 solutions by pre- 
cipitation with Na2S04 and found that the fraction of 
iron precipitated was nearly constant at  ages 30-300 
days for solutions with OH-/Fe mole ratio 1.0 or 2.0 (pH 
> PHB). For solutions with OH-/Fe mole ratio 0 (pH 
< pHB), no precipitate was obtained with Na2S04 until 
after an induction period ranging up to several days. 
This behavior correlates with the data described above 
on solutions exhibiting an induction period for pH de- 
crease. 

Hsu and Ragone5 analyzed their solutions by ultra- 
filtration and showed that formation of large (>lo2 nm) 
particles occurred slowly during a period of months. 

The constancy of the fraction of iron existing as 
low-molecular-weight species in solutions with initial 
pH > pHB at ages > 2 days indicates that polymer aging 
occurs without significant net uptake or release of low- 
molecular-weight iron species. The low-molecular- 
weight species may play a role in the aging mechanisms. 

Quirk et 
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In solutions with initial pH < PHB, Hsu and Ragone's5 
ultrafiltration and precipitation data indicate that the 
concentration of low-molecular-weight iron species de- 
creases after the induction period. 

5. Degradation of the Polymer by Acid 

Spiro et al.4 investigated the rate of degradation by 
HN03 of the polymer separated from hydrolyzed 0.3 M 
Fe(N03)3 solutions with OH-/Fe = 2.0 as a function of 
polymer age. They deduced a rate equation for deg- 
radation by acid: 

d [ Fe(po1ymer)l /dt = 4 [ Fe(polymer)] "[H+] (3) 

They determined m = 1.0 and n = 1.0 for HN03 con- 
centrations <1 M for polymer aged 9 3  hours at 24-25 
"C. For polymer separated, aged, and degraded at  
24-25 "C, lz = 4 X mol-' L s-l for polymer aged 0.4 
h, decreasing at  a rate greater than exponential to 4 X 

mol-' L s-l for polymer aged 100-200 h. 
Addition of polymer aged I 1  day to excess 1-2 M 

HN03 results in immediate precipitation of an unde- 
termined fraction of the  iron.'^^*^^ X-ray diffraction 
shows that the precipitate consists of microcrystalline 
goethite.67 

Hsu and Ragone5 also observed a slow reaction of 
hydrolyzed species with added acid. 

6. Final Products of Aging 

The hydrolyzed Fe(II1) solutions begin depositing 
precipitates in days to weeks; precipitation continues 
for months. X-ray diffraction and infrared spectros- 
copy5-8J0J1~65~67 demonstrated that the precipitates 
formed from nitrate and perchlorate solutions consist 
of a-FeO(0H) (goethite). Some y-FeO(0H) (lepido- 
crocite) was also observed to form from solutions with 
low CFe(III) and low OH-/Fe  ratio^.^*^'^@*^^ The quan- 
tities and rates of formation of goethite and lepido- 
crocite indicate that goethite is the product of aging of 
the polymer, and lepidocrocite is formed directly from 
low-molecular-weight species.8J0d Increasing ionic 
strength accelerates the precipitation rate of goethite 
but inhibits formation of lepidocrocite.8J0J2 Spiro et 
al.4 observed that the rate of precipitation is faster in 
solutions of polymer separated by gel filtration than in 
unseparated solutions and attributed this behavior to 
inhibition of agglomeration by low-molecular-weight 
species. 

7. Effects of Chloride Ion 

The effect of C1- on polymer aging was examined by 
Quirk et aL8J0 and De Bruyn et al.13 Polymer produced 
in chloride solutions consists of spherical particles like 
those obtained in nitrate or perchlorate solutions. The 
course of pH changes on aging is accelerated by the 
presence of C1-. This was indicated particularly by a 
decrease in pH during titration of chloride solutions on 
entering the plateau region of the titration ~ u r v e . ~ J ~  
Substitution of C1- by OH- in the polymer may con- 
tribute to the accelerated pH decrease.13 The sedi- 
mentation coefficients S for polymer in chloride solu- 
tions indicate earlier formation of large particles than 
in nitrate or perchlorate solutions.1° The S distributions 
in chloride solutions at  ages 0.1-7 days were bimodal, 
in contrast to the unimodal distributions in nitrate or 
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TABLE VIII. Summary of Observations on  Aging of Hydrolyzed Fe(II1) Nitrate or Perchlorate Solutionsa 

approximate range of OH-/Fe mole ratio <0 .5  

PH t < t , :  n o  change 
for CFeCIII)  - 10.’ M 

t > tI : decreases; levels off a t  
t > 100 days 

concentration of low-molecular-weight t < t I  : no change 
Fe( 111) species 

t > tI : decreases; levels off at 
t > 100 days 

light absorption (400-800 nm)  and t < t ,: n o  change 
scattering 

t > t, : turbidity develops 
rapdidly 

particle sizes by ultracentrifugation and concentration of particles < 100 
electron microscopy nm too low for characteriza- 

precipitation 

tion 

precipitation begins a t  t > t ~ ,  
continuing slowly to t > 
100 days 

a t = time; tI = induction period. 

perchlorate solutions of the same ages. Electron mi- 
croscopy observations on polymer in chloride solutions 
also showed faster agglomeration of the spheres. At  3-4 
h rods were evident in chloride solutions but not in 
nitrate or perchlorate solutions.1o Agglomeration of rods 
to rafts was slower in chloride solutions than in nitrate 
or perchlorate solutions. 

The principal effect of C1- on aging of the polymer 
is that the final precipitated product is P-FeO(OH) 
(akaganeite) rather- than -a-FeO(OH) (goeth- 
ite) .8,10b,13,26,60,67,71-73 

Quirk et al.’Od examined the effects of addition of C1- 
at different times during aging of the polymer obtained 
from nitrate solutions. Addition of C1- to 2-h-aged 
polymer from nitrate solutions resulted in sedimenta- 
tion behavior analogous to that observed in hydrolyzed 
FeC13 solutions. Addition of C1- to 1-day-aged polymer 
had much less effect on the subsequent sedimentation 
behavior, which resembled that of polymer in nitrate 
solutions. 

8. Effects of Sulfate Ion 

De Bruyn et al.14 reported briefly on the effect of 
S042- on the hydrolysis and precipitation of Fe(II1). 
Sulfate complexes strongly with Fe(III)19962 and results 
in complex behavior depending on the SOd2-/Fe ratio 
in the solutions. The presence of SO?- results in pre- 
cipitation at  a greater rate and at  lower pH values or 
OH-/Fe mole ratios than in solutions with only 
uninegative anions. Hematite and goethite were iden- 
tified in the solids precipitated from sulfate solutions, 
but no sodium jarosite (approximately NaFe3(oHl6- 
(SO,),) was observed. 

9. Summary of Aging Observations 

Table VI11 gives a summary of the observations 
pertaining to the aging of hydrolyzed Fe(II1) nitrate or 
perchlorate solutions. The behavior is determined by 
the value of the initial pH relative to ~ H B .  

Spiro et a1.l~~ inferred a two-step aging process of the 
polymer spheres from their data, which include kinetics 
of degradation by acid. The first stage consists of 
“hardening” of the polymer spheres, and the second, of 

0.5 t o  2.5 

decreases; levels off a t  t = 1-10 days, subsequent 
decrease, levels off a t  t > 100 days 

little or n o  change from t = 2 to t > 100 days 

increase in light absorption, leveling off by t = 
14  days; turbidity subsequently develops 

initially spheres 2-4 nm diameter; agglomeration 
of spheres to rods a t  t = 1-10 days; subsequent 
agglomeration of rods to rafts continuing to 
t > 100 days 

precipitation begins a t  t > 10 days, continuing 
slowly to  t > 100 days 

e.g., lepidocrocite 

Fresh polymer spheres 
2 t o 4 n m  

I Aged polymer rods I 
I - H i  

Aged polymer ra f ts  + 
I Precipi tated solids, 

e 9.. goethite 

Figure 4. Hydrolysis processes in Fe(II1) solutions. Numbers 
in parentheses give reaction times (9) a t  25 “C.  

agglomeration of the spheres. De Bruyn et al.123’4 from 
their data inferred a three-step hydrolysis process 
cohsisting of formation of the polymer spheres from 
low-molecular-weight species, aggregation of the 
spheres, and subsequent precipitation. The present 
review of the data justifies discerning a four-step hy- 
drolysis process, depicted in Figure 4. The four-step 
process combines the schemes proposed by De Bruyn 
et al. and Spiro et al., namely polymer formation, 
hardening, aggregation to rods and rafts, and precipi- 
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tation. Also shown in Figure 4 is the formation of solids, 
e.g., lepidocrocite, directly from low-molecular-weight 
s p e ~ i e s . ~ t ~ J ~ * ~ ~ * ~ ~  Mechanisms of these steps are dis- 
cussed below in section I. 

Chemical Reviews, 1984, Vol. 84, No. 1 39 

G. Products of High-Temperature Hydrolysis 

The course of hydrolysis of Fe(II1) solutions at  high 
temperatures was examined briefly by De Bruyn et al." 
The lifetime of the polymer decreases with increasing 
temperature, so that titrations conducted at 90 "C result 
in precipitation without formation of soluble polymer. 

Several investigators have skudied the solids precip- 
itated during high-temperature hydrolysis without ad- 
dition of base74-79 by X-ray diffraction, infrared spec- 
troscopy, and Mossbauer spectroscopy. The sensitivity 
of the effects of Fe(II1) concentration, anion identity 
and concentration, acidity, heating rate, temperature, 
and time on the nature of the products has been em- 
phasized by Matijevic and S ~ h e i n e r . ~ ~  Matijevic et 
a l . 7 6 9 7 7  have prepared monodisperse colloidal solutions 
of various Fe(II1) hydrolysis products by rigorously 
controlled high-temperature hydrolysis. The products 
obtained from nitrate, perchlorate, or bromide solutions 
are goethite or hematite.11t74v77-80 In the presence of 
chloride or fluoride, akaganeite is produced; goethite 
and hematite also form, especially after a long 
time.74f75.77p79~80 In the presence of sulfate, a variety of 
sulfate-containing products are formed in addition to 
goethite or hematite.14*74*76y79ym The particle sizes of the 
colloids are 102-103 nm,76p77 2 orders of magnitude larger 
than the polymer spheres discussed above. 

H. Constitution and Aging of Precipitated 
Hydrous Iron( I I I) Oxide Gels 

There have been several recent reinvestigations of the 
constitution and aging of precipitated hydrous iron(II1) 
oxide gels.66~6g~73~81-97 The precipitates obtained by ad- 
dition of bases to Fe(II1) solutions under a wide variety 
of conditions are amorphous to X-rays and are not 
stoichiometric hydroxides. X-ray diffraction and radial 
distribution functions and infrared and Mossbauer 
spectroscopy indicate short-range order; interpretations 
of the data are ~ o n f l i c t i n g . 6 ~ ~ ~ ~ ~ * ~ - ~  

Aging of the amorphous gels requires years at room 
temperature, and hours to days at  100 OC. The prod- 
ucts formed are goethite or hematite and depend on 
solution compositions, temperature, time, and the de- 
tails of preparation and pretreatment of the 
ge1.65178@987-95 A mixture of goethite and hematite often 
is obtained. There is a strong tendency toward pro- 
duction of goethite in solutions with pH >10 and he- 
matite in solutions with pH C4. This is true even in 
the presence of C1-, where akaganeite if formed is con- 
verted to goethite or hematite.83B7flp@M* Lepidocrocite 
is also converted to goethite or 

The author made semiquantitative observations at  
26-28 "C on the dissolution of amorphous hydrous 
iron(II1) oxide which shed more light on its constitu- 
tion.66 Amorphous hydrous iron(II1) oxide precipitated 
from unhydrolyzed or polymer-containing hydrolyzed 
Fe(N03)3 solutions redissolved when treated with an 
amount of HN03 or Fe(N03)3 solution calculated to give 
a final OH-/Fe = 2.0. The red solutions obtained ap- 
parently contain the hydrolytic polymer formed ac- 

cording to the simplified reactions (eq 4 or 5). For fresh 

2"Fe(OH)3"(amorphous) + H+ - 
Fe2(OH)5+(polymer) + H20 (4) 

3Fe2(0H)5+(polymer) (5)  

precipitates dissolution times were several seconds for 
reaction 4 and a few minutes for reaction 5 at reagent 
concentrations -10-' mol/L. Dissolution times were 
observed as a function of ages of the precipitates and 
of the polymer-containing solution, OH-/Fe = 2.0, from 
which the precipitates were prepared. For constant 
polymer age and increasing precipitate age, dissolution 
times increased as expected. For constant precipitate 
age and increasing polymer age to -8 days, dissolution 
times decreased by a factor of 2-3. For polymer ages 
8-14 days, precipitate dissolution times increased 
modestly. The behavior observed in chloride solutions 
was similar to that observed in nitrate solutions. These 
observations suggest that the precipitated hydrous ox- 
ide may consist of aggregates of polymer spheres or 
structural entities from which the polymer is readily 
reformed. The decreased dissolution time of precipi- 
tates obtained from polymer solutions with ages up to 
8 days is consistent with the hardening stage of polymer 
aging described above. In precipitate formed from 
hardened polymer, bonding between the presumed 
polymer-like entities is perhaps weaker than in pre- 
cipitate formed from fresh polymer. If the dissolution 
mechanism consists of scission of the bonds connecting 
the polymer entities and regeneration of dissolved 
polymer, precipitate dissolution time should decrease 
with increasing polymer age during the hardening pe- 
riod, in agreement with the observations. 

I. Discussion of Possible Reaction Mechanisms 

Mechanisms suggested for formation and aging of the 
hydrolytic polymer involve condensation of monomeric 
[Fe(H,O),,(OH),](")+ to form polymers in which Fe- 
(111) ions are bridged by OH- groups (olation, reaction 
6) or 02- ions (oxolation, reaction 7).11-14t98 The olation 

[Fe(OH),+], + Fe3+ + 2H20 - 

5"Fe(OH)3"(amorphous) + Fe3+ - 

[Fe(OH)2+In+l + 2H+ (6) 

(7) 

reaction 6 can be expressed in accordance with Figure 
2 as 

[Fe(OH),+], - [FeO(OH)], + nH+ 

[Fe(OH)2(H20)4/2+In + [Fe(H@)613+ - 
[Fe(OH)2(H20)4/2+ln+l + 2H+ + 2H20 (8) 

The oxolation reaction 7 is considered to be much 
slower than the olation reactions 6 or 8.11-14*98 The 
representation of oxolation by reaction 7 suggests 
straightforward deprotonation, which should be fast and 
reversible. A more plausible representation of oxolation 
is reaction 9, which represents it as a condensation- 

2[Fe(OH)2(H20),,2~)/2(OH)2,/2(1-P)+]n (single chains) - [Fe(H20)(OH)2/203/3J2, (double chain) + 
2 4 1  - p)H+ + 2nH20 (0 I p I 1) (9) 
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deprotonation of two single chains of edge-linked Fe- 
(OH,H20), octahedra to double chains of Fe(O,OH,- 
H20)6 octahedra (Figure 2). Considering the probable 
displacement of coordinated HzO, OH-, or other ligands 
and the steric requirements, a low rate for the oxolation 
reaction is not surprising. 

Condensation of the double chains by elimination of 
water could ultimately result in the structures of 
goethite or akageneite, as shown by comparing Figures 
lb,  IC, and 2. Formation of lepidocrocite or hematite 
cannot proceed simply from the double chains (Figures 
Id, la). This proposal is consistent with formation of 
goethite or akaganeite from the polymer and lepido- 
crocite from low-molecular-weight species in accord with 
the observations and proposals of Spiro et a l . , l p 4  Quirk 
et al.,l0 and De Bruyn et al.11J4 Whether hematite 
forms via a process involving the polymer, or forms 
mainly from low-molecular-weight species, is not clear. 
Kinked chains (Figure 2) may be involved because the 
structure of hematite (Figure la) cannot be built from 
straight single or double chains. 

The presence of Cl- during hydrolysis results in for- 
mation of akaganeite from the polymer instead of 
goethite. The observations by Quirk et al.'Od on the 
effect of addition of Cl- on aging of the polymer indicate 
that C1- is incorporated in the early stages of polymer 
formation and hardening, though some C1- is probably 
subsequently released. Consistent with this hypothesis 
is the presence of C1- in the resultant akaga- 

The fact that the presence of F- during hydrolysis 
also resulb in akaganeite formation, while goethite is 
obtained in nitrate, bromide, and perchlorate solutions, 
is consistent with the order of ionic volumes, namely, 
F- C C1- < Br- C NO3- C C104-. 

neite.26,60,71,72,73,99,100 

V .  References 

(11) 

Spiro, T. G.; Allerton, S. E.; Renner, J.; Terzis, A,; Bils, R.; 
Saltman, P. J.  Am. Chem. SOC. 1966,88, 2721. 
Allerton, S. E.; Ranner, J.; Colt, S.; Saltman, P. J. Am. Chem. 
SOC. 1966,88,3147. 
Brady, G. W.; Kurk'ian, C. R.; Lyden, E. F: X.; Robin, M. B.; 
Saltman, P.; Spiro, k.; Terzis, A. Bzochemzstry 1968, 7,2185. 
Sommer, B. A.; Margerum, D. W.; Renner, J.; Saltman, P.; 
Spiro, T. G. Bioinorg. Chem. 1973,2, 295. 
Hsu, P. H.; R one, S. E. J.  Soil Scz. 1972, 23, 17. 
Hsu, P. H. J.yoil Sci. 1972,23, 409. 
Hsu, P. H. Clays Clay Mzner. 1973,21, 267. 
Murphy, P. J.; Posner, A. M.; Quirk, J. P. Aust. J .  Soil Res. 
1975. 13. 189. 

I - - I  - - -  
Murphy, P. J.; Posner, A. M.; Quirk, J. P. J. Colloid Znterface 
Sci. 1975, 52, 229. 
(a) Murphy, P. J.; Posner, A. M.; Quirk, J. P. J.  Colloid 
Interface Sci. 1976.56.270. (b) Zbid. 1976,56,284. (c) Zbid. 
1976,'56, 298. (d) Zbid. 1976, 56, 312: 
Dousma. J.: De Bruvn. P. L. J. Colloid Interface Sci. 1976, . ,  I ,  _ I  

56, 527. 

64. 1.54. 
(12) Dousma, J.; De Bruyn, P. L. J. Colloid Interface Sci. 1978, 

(13) D&ma, J.; Van Den Hoven, T. J.; De Bruyn, P. L. J .  Znorg. 
Nucl. Chem. 1978,40, 1089. 

(14) Dousma, J.; Den Ottelander, D.; De Bruyn, P. L. J. Znorg. 
Nucl. Chem. 1979,41, 1565. 

(15) Dousma, J.; De Bruyn, P. L. J .  Colloid Interface Sci. 1979, 
72, 314. 

(16) Langmuir, D. Geol. Suru. Prof. Pap. (U.S.) 1969, No. 650-B; 
Chem. Abstr. 1969, 71, 43022s. 

(17) Sylva, R. N. Rev. Pure Appl. Chem. 1972,22, 115. 
(18) Baes, C. F., Jr.; Mesmer, R. E, 'The Hydrolysis of Cations"; 

Wile Interscience: New York, 1976; pp 229-237. 
(19) Smiti: R. M.; Martell, A. E. 'Critical Stability Constants"; 

Plenum: New York, 1976; Vol. 4, p 7. 
(20) Willis, B. T. M.; Rooksby, H. P. Proc. Phys. Soc. (London) 

1952, B65, 950. 

(21) Shirane, G.; Pickart, S. J.; Nathans, R.; Ishikawa, Y. J. Phys. 
Chem. Solids 1959, 10, 35. 

(22) Newnham, R. E.; DeHaan, Y. M. 2. Kristallogr. 1962, 117, 
235. 

(23) Chenavas, J.; Joubert, J. C.; Caponi, J. J.; Marezio, M. J .  
Solid State Chem. 1973, 6, 1. 

(24) Hill, R. J. Phys. Chem. Miner. 1979,5, 179. 
(25) Klun. A.: Farkas. L. Phvs. Chem. Miner. 1981. 7. 138. 
(26) Ma;kay,'A. L. Ahnerd Mag. 1960, 32, 545; 1962, 33, 270. 
(27) Szytula, A.; Balanda, M.; Dimitrijevic, Z. Phys. Status Solidi 

A 1970, A3, 1033. 
(28) Post, J. E.; Von Dreele, R. B.; Buseck, P. R. Acta Crystal- 

logr., Sect. B 1982, B38, 1056. 
(29) Milligan, W. 0.; McAtee, J. L. J. Phys. Chem. 1956,60, 273. 
(30) Farkas, L.; Gado, P.; Werner, P. E. Mater. Res. Bull. 1977, 

12, 1213. 
(31) (a) Christensen, H.; Christensen, A. N. Acta Chem. Scand., 

Ser. A 1978, A32, 87. (b) Christensen, A. N.; Lehmann, M. 
S.; Convert, P. Zbid. 1982, A36, 303. 

(32) Christoph, G. G.; Corbato, C. E.; Hofmann, D. A.; Tettenhors, 
R. T. Clays Clay Miner. 1979,27, 81. 

(33) Haire, N. J.; Beattie, J. K. Znorg. Chem. 1977, 16, 245. 
(34) Beattie, J. K.; Best, S. P.; Skelton, B. W.; White, A. H. J .  

Chem. Soc., Dalton Trans. 1981, 2105. 
(35) Magini, M.; Caminiti, R. J.  Inorg. Nucl. Chem. 1977,39,91. 
(36) Magini, M. J. Znorg. Nucl. Chem. 1978, 40, 43. 
(37) Sham, T. K.; Hastings, J. B.; Perlman, M. L. J .  Am. Chem. 

SOC. 1980.102. 5904. 
(38) Coda, A.; Kamenar, B.; Prout, K.; Carrothers, J. R.; Rollett, 

J. S. Acta Crystallogr., Sect. B 1975, B31, 1438. 
(39) Ou, C. C.; Wollmann, R. G.; Hendrickson, D. N.; Potenza, J. 

A.; Schugar, H. J. J. Am. Chem. SOC. 1978,100,4717. 
(40) Thich, J. A.; Ou, C. C.; Powers, D.; Vasiliou, B.; Mastropiolo, 

D.; Potenza, J. A.; Schugar, H. J. J. Am. Chem. SOC. 1976,98, 
1425. 

(41) Ou, C. C.; Lalancette, R. A.; Potenza, J. A.; Schugar, H. J. J. 
Am. Chem. SOC. 1978.100. 2053. 

(42) Schugar, H.; Walling,'C.; Jones, R. B.; Gray, H. B. J .  Am. 
Chem. SOC. 1967,89,3712. 

(43) Murray, K. S. Coord. Chem. Rev. 1974, 12, 1. 
(44) Flvnn. C. M.. Jr.. unoublished comoilation. Information mav , ,  

be" obtained 'by contkcting the auihor. 
(45) Bertaut, E. F.; Delapalme, A.; Bassi, G. J. Phys. (Paris) 1964, 

25, 545. 
(46) Hoppe, R. Angew. Chem., Znt. Ed. Engl. 1981, 20, 63 and 

references cited therein. 
(47) Mitauda, H.; Mori, S.; Okazaki, C. H. Acta. Crystallogr., Sect. 

B 1971, B27, 1263. 
(48) Euler, F.; Bruce, J. A. Acta Crystallogr. 1965, 19, 971. 
(49) Wa man, D. D.; Evans, W. H.; Parker, V. B.; Halow, I.; 

Baifey, S. M.; Schumm, R. H. NBS Tech. Note (U.S.) 1969, 
270-4. _. 

(50) Robie, R. A.; Hemingway, B. S.; Fisher, J. R. U S .  Geol. Suru. 
Bull. 1978. No. 1452. 

(51) Rau, H. J.'Chem. Thermodyn. 1972,4, 57. 
(52) Barany, R. Rep. huest.-U.S. Bur. Mines 1965, RZ 6618,lO 

PP. 
(53) King, E. G.; Weller, W. W. Rep. Invest.-US. Bur. Mines 

1970, RZ 7369, 6 pp. 
(54) Sweeton, F. H.; Baes, C. F., Jr. J .  Chem. Thermodyn. 1970, 

2, 479. 
(55) Tremaine, P. R.; Von Massow, R.; Shierman, G.  R. Thermo- 

chim. Acta 1977, 19, 287. 
(56) Johnson, G. K.; Bauman, J. E., Jr. Znorg. Chem. 1978, 17, 

2774. 
(57) Tremaine, P. R.; LeBlanc, J. C. J .  Solution Chem. 1980, 9, 

415. 
(58) Sadiq, M.; Lindsay, W. L. Arabian J. Sci. Eng. 1981, 6, 95. 
(59) Whittemore, D. 0.; Langmuir, D. J .  Chem. Eng. Data 1972, 

17, 288. 
(60) Biedermann, G.; Chow, J. T. Acta Chem. Scand. 1966, 20, 

1376. 
(61) CODATA J .  Chem. Thermodyn. 1978,10,903. 
(62) Sapieszko, R. S.; Patel, R. C.; Matijevic, E. J .  Phys. Chem. 

1977,81, 1061. 
(63) Ciavatta, L.; Grimaldi, M. J.  Znorg. Nucl. Chem. 1965, 37, 

lfi?,. 
(64) Lkgmuir, D. Am. J .  Sci. 1971, 271, 147; 1971, 272, 972. 
(65) Feitknecht, W.; Michaelis, W. Helu. Chim. Acta 1962,45,212. 
(66) Flvnn. C. M., Jr.. unoublished observations. Information . .  

may be obtained by contacting the author. 

591. 

J .  Colloid Interface Sci. 1975, 51, 449. 

1973, A29, 266. 

(67) Knight, R. J.; Sylva, R. N. J. Znorg. Nucl. Chem. 1974, 36, 

(68) Vermeulen, A. C.; Geus, 0. W.; Stol, R. J.; De Bruyn, P. L. 

(69) Magini, M. J.  Znorg. Nucl. Chem. 1977, 39, 409. 
(70) Brown, I. D.; Shannon, R. D. Acta. Crystallogr., Sect. A. 

(71) Soderquist, R.; Jansson, S. Acta Chem. Scand. 1966,20,1417. 



Hydrolysis of Inorganic Iron(1 I I )  Salts 

(72) Wolf, R. H. H.; Wrischer, M.; Sipalo-Zuljevic, J. Kolloid 2. 
2. Polym. 1967,215, 57. 

(73) Feitknecht. W.: Giovanoli. R.: Michaelis, W.: Muller, M. Helu. 
\ -, 

Chim. Acta 1973,56, 2847. ’ 
(74) Dasgupta, D. R.; Mackay, A. L. J.  Phys. SOC. Jpn. 1959,14, 

932. 
(75) Kauffman, K.; Hazel, F. J. Znorg. Nucl. Chem. 1975,37,1139. 
(76) Matijevic, E.; Sapieszko, R. S.; Melville, J. B. J.  Colloid Zn- 

terface Sci. 1975,50, 567. 
(77) Matijevic, E.; Scheiner, P. J.  Colloid Interface Sci. 1978,63, 

509. 
(78) Chriitensen, A. N.; Convert, P.; Lehmann, M. S. Acta Chem. 

Scand., Ser. A 1980, A34 771. 
(79) Music, S.; Vertes, A.; Simmons, G. W.; Czako-Nagy, I.; Leid- 

heiser, H., Jr. J.  Colloid Interface Sci. 1982,85, 256. 
(80) Ohyabu, M.; Ujihira, Y. J. Znorg. Nucl. Chem. 1981,43,3125. 
(81) Van Der Giessen, A. A. J.  Znorg. Nucl. Chem. 1966,28,2155. 
(82) Towe, K. M.; Bradley, W. F. J.  Colloid Interface Sci. 1967, 

24,384. 
(83) Landa, E. R.; Gast, R. G. Clays Clay Miner. 1973,21, 121. 
(84) Kauffman, K.; Hazel, F. J.  Colloid Interface Sci. 1975, 51, 

422. 
(85) Kobayashi, M.; Uda, M. J.  Non-Cryst. Solids 1978,29,419. 
(86) Saraswat, I. P.; Va’pei, A. C.; Garg,. V. K.; Sharma, V. K.; 

Prakash, N. J .  Colloid Interface Scz. 1980, 73, 373. 

Chemical Reviews, 1984, Vol. 84, No. 1 41 

Mackenzie, R. C.; Meldau, R. Mineral. Mag. 1959,32, 153. 
Schwertmann, U.; Fischer, W. R. 2. Anorg. Allg. Chem. 1966, 
346, 137. 
Christensen, A. N. Acta Chem. Scand. 1968,22,1487. 
Atkinson, R. J.; Posner, A. M.; Quirk, J. P. J. Znorg. Nucl. 
Chem. 1968,30, 2371. 
Van Der Kraan, A. M.; Medema, J. J .  Znorg. Nucl. Chem. 
1969,31,2039. 
Feitknecht, W.; Giovanoli, R.; Michaelis, W.; Mueller, M. 2. 
Anorg. Allg. Chem. 1975,417, 114. 
Fischer, W. R.; Schwertmann, U. Clays Clay Miner. 1975,23, 
33. 

(94) Lahann, R. W. Clays Clay Miner. 1976,24, 320. 
(95) Atkinaon, R. J.; Poaner, A. M.; Quirk, J. P. Clays Clay Miner. 

1977,25,49. 
(96) Van Oosterhout, G. W. J. Znorg. Nucl. Chem. 1967,29,1235. 
(97) Schwertmann, U.; Taylor, R. M. Clays Clay Miner. 1972,20, 

151. 
(98) Kepert, D. L. In “Comprehensive Inorganic Chemistry”; 

Bailar, J. C., Jr., Emeleus, H. J., Nyholm, R., Trotman- 
Dickenson, A. F., Eds.; Pergamon-Compendium: New York, 
1973; Cha ter 51, p 614. 

(99) Ellis, J.; 6’ iovanoli, R.; Stumm, W. Chimia 1976, 30, 194. 
(100) Johnston, J. H.; Logan, N. E. J. Chem. SOC., Dalton Trans. 

1979, 13. 


