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Abstract-Ferrihydrite prepared in different manners was kept under relative humidities ranging from 75 
to 100'l? and at ~e~peratures of 45° and 55°C for 180 days. Ferrihydrite transformed to hematite and goethite 
at relative ~lUmldJtl~s elose to 100%, but at1~wer relative humidities the transformation was less pronounced 
and hematIte. wa.s hlghly favored over goethite. Increasing temperature also favored hematite over goethite, 
~nd Al ~ubstItutIon compl~tely pre,:ented goethite formation. These results suggest that hematite can form 
lU relatIvely dry, warm sOlls or sediments, although more slowly than in moister environments. 
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INTRODUCTION 

Hematite is common, and generally more abundant 
than goethite in soils of warm and temperate areas 
where the relative humidity (RH) is markedly lower 
than 1O<Yl6 for prolonged periods (e.g., the soils of warm 
deserts and Mediterranean areas (Duchaufour, 1977». 
Synthesis from aqueous suspensions in which the ac
tivity of water is nearly equal to one have shown that 
hematite forms from ferrihydrite, which appears to be 
its necessary precursor (Fischer and Schwertmann, 
1975) and that goethite can also form from ferrihydrite 
via solution (Schwertmann and Fischer, 1966; Knight 
and Sylva, 1974). However, there is no evidence for the 
formation of hematite or goethite from ferrihydrite that 
has been dried and stored under the usual relative hu
midities and temperatures found in the laboratory. 
Consequently it is of interest to know whether the 
transformation of ferrihydrite can take place at higher 
RHs, such as those found in soils, and, if so, what are 
the final products. This paper answers these questions 
on the basis of experiments with synthetic ferrihydrite 
kept at different RHs and at nearly pedogenic temper
atures, thereby attempting to explain in part the com
mon presence ofhematite in such soils. 

MATERIALS AND METHODS 

Pure ferrihydrite (i 00 mmoles Fe in a final volume of 
I liter) was precipitated from 0.1 M Fe(NOah solutions 
and aluminous (2 mole % Al) ferrihydrite from 0.1 M 
Fe(NOah + AI(NOah solutions using either 1<Yl6 NH3 

or 3 M KOH for the precipitation. All chemicals were 
Merck Analytical Grade; the same batch was used for 
all preparations. Precipitation was accomplished while 
stirring the solution vigorously until a final pH of7 was 
reached. This process took approximately 10 min. The 
pH was readjusted to 7, if necessary, after stirring the 
suspension for an additional period of 15 min. The fer-

rihydrite products were then either dialyzed against 
deionized water for 40 days or rapidly washed (3-5 hr) 
with deionized water by successive centrifugations and 
decantations until dispersed. The final pH was found 
to be 6.5-7 and it was notfurther adjusted. Table I sum
marizes all preparations. 

After dialysis or washing, the ferrihydrite products 
were freeze-dried from suspensions having about 100 
mmoles Fe in 200 ml. The resulting granular, brittle 
product was ground to a fine powder and placed in hu
midity chambers in which saturated solutions of 
KH2P04 , BaCb, KCl, and NaCI kept a constant RH 
(O'Brien, 1948; Young, 1967). These solutions covered 
a range of about 75-93% RH. Additional subsampIes 
were placed in pure water. The experiments were car
ried out at 4SO and 55°C, and sampIes were taken out 
periodically for analysis. 

The amount of hematite or goethite formed was de
termined quantitatively by X-ray powder diffraction 
using CoKa radiation in a Philips instrument. Self-sup
porting mounts were prepared by back-filling about 200 
mg of sampIe into aluminum frames and then pressing 
the material against filter paper to minimize orientation. 
The amount of hematite or goethite formed was deter
mined by comparison with external standards that were 
prepared by mixing known amounts offerrihydrite, he
matite,and goethite having peak widths similar to those 
of sampIes being studied. The 110 and 111 refiections 
of goethite and the 102 and 110 refiections of hematite 
were used for comparison. 

RESULTS AND DISCUSSION 

Effect of relative humidity 

Figures I through 4 show the effect of RH on the 
transformation of ferrihydrites after 180 days and at 
temperatures of 45° and 5SOC. The crystalline final 
products were either hematite or a mixture of hematite 
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Table I. Summary of ferrihydrite preparations. 

Precipitated 
with: Salts eliminated by: 2 mole % Al: 

SampIe NH, KOH Washing Dialysis Yes No 

ND x x x 
NDA x x x 
KD x x x 
KDA x x x 
NW x x x 
NWA x x x 
KW x x x 
KWA x x x 

and goethite. In all products the total amount of he
matite + goethite that formed increased with RH, in
dicating that water plays a role in the transformation. 
Pure ferrihydrites yielded goethite plus hematite when 
stored in liquid water at either 4SO or 5SOC. Sampies KD, 
NW, and K W yielded only traces or no goethite when 
stored at :S93% RH. Therefore, lowering the water ac
tivity favored hematite over goethite. Because the 
water activity must control the dissolution of ferrihy
drite, the former results support the idea of Feitknecht 
and Michaelis (1 %2), Schwertmann and Fischer (1 %6), 
and Fischer and Schwertmann (1975) that goethite 
forms by the dissolution offerrihydrite and subsequent 
crystallization from solution, whereas, in a competitive 
reaction, hematite forms within the ferrihydrite aggre
gates and does not require an external solution phase. 

Sampie ND yielded similar amounts of goethite at all 
RHs (about 15% ofthe original ferrihydrite for 55°C and 
10% for 45°C). The crystaIlinity of this goethite was 
very poor (width at ~ height was 1.2°20 for the I IO re
flection) and it probably formed because incipient goe-
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Figure 1. Effect of RH on the crystallization of hematite (He) 
and goethite (Go) from pure ferrihydrite kept at 55°C for 180 
days. 
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Figure 2. Effect ofRH on the crystallization ofhematite (He) 
from a1uminous ferrihydrite kept at 55°C for 180 days. No goe
thite formed in this experiment. 

thite crystals were already produced during the initial 
sampie dialysis. Traces of poorly crystalline goethite 
were also detected in the other dialyzed sampie (KD). 

No precise quantitative relationships can be estab
lished between RH and amount of goethite + hematite 
because the degree and type of transformation is influ
enced by other factors discussed below. 

Effect oi Al substitution 

Al-containing ferrihydrite yielded, at all RHs, and 
after 180 days, a smaller amount of crystalline products 
than the corresponding Al-free ferrihydrite (cf. Figure 
1 with Figure 2; Figure 3 with Figure 4). The retarding 
effect of Al on the crystallization of ferrihydrite is 
known for aqueous suspensions (Wolska, 1976; 
Schwertmann et al., 1979) and, in the present experi
ments, this effect increased with decreasing RH. At 
75% RH substantial amounts of hematite were formed 
from pure ferrihydrite, but negligible amounts or no 
hematite. formed from aluminous ferrihydrite. Thus, 
both low RH and Al substitution delay the transfor
mation offerrihydrite to hematite. 

Al completely inhibited goethite formation at all 
RHs, which is in agreement with the experiments of 
Gastuche et al. (1%4), Wolska (1977), and Schwert
mann et al. (1979). 

Eiiect oi temperature 

The degree of transformation was always higher at 
55° than at 4SOC (Figure 5). The slope ofthe regression 
line of the amount of hematite formed at 55°C vs. the 
amount of hematite formed at 4SOC is much larger than 
the slope of the regression line of the amount of goethite 
formed at 55°C vs. the amount of goethite formed at 
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Figure 3. Effect of RH on the crystallization of hematite (He) 
and goethite (Go) from pure ferrihydrite kept at 45°C for 180 
days. 

4SOC (2.91 vs. 0.99). Thus, increasing temperature ap
pears to favor hematite over goethite in accordance 
with previous findings (Schwertmann and Fischer, 
1966; Lewis and Schwertmann, 1979). 

From the above results, the formation of hematite is 
very slow at lower, pedogenic temparatures. In another 
experiment, not reported here, hematite crystallizes at 
a RH above 88% from a ferrihydrite prepared in the 
same mann er as sampIe NWA and kept at 28°C. For 
that sampie one year of ageing was necessary before 
hematite could be detected by X-ray powder diffrac
tion. 

EffeCI 0/ pretreatmenf 

Precipitation by NHa vs . KOH or washing vs. dia
lyzing did not affect the crystallization of hematite and 
goethite from ferrihydrite. However, one of the di
alyzed sampIes (ND) yielded much more goethite at a 
RH beJow 100% than its washed counterpart; iInder liq
uid water, the washed sampIes always yielded more 
goethite than the dialyzed sampies. 

It is likely that factors that are difficult to control or 
measure (e .g., ion adsorption, small pH changes, speed 
of preparation , speed offreeze drying) obscure the ef
fect of pretreatment; thus , no definite conclusions can 
be drawn from the present results. 

CONCLUSIONS 

Ferrihydrite can transform to hematite and goethite 
at RH near 100%. At lower RH, the transformation is 
less complete and hematite is highly favored over goe
thite. Increasing temperature favors hematite forma
tion. and Al-substitution prevents goethite formation 
altogether. 

The results support the ideas of Schwertmann and 
Fischer (1966) and Fischer and Schwertmann (1975) 
that goethite forms from small entities in solution (pref
erable Fe(OHh + ions) (Knight and Sylva, 1974) sup
plied by the ferrihydrite whereas, in a competitive re-
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Figure 4. Effect ofRH on the crystallization ofhematite (He) 
from aluminous ferrihydrite kept at 45°C for 180 days. No goe
thite formed in this experiment. 

action, hematite crystallizes within the ferrihydrite 
aggregates by interna! rearrangement and dehydration. 
Considerable goethite was formed at 100% vs . ",:: 93% 
RH because a liquid phase containing monomers was 
available. At 100% RH more goethite was formed after 
quick washing than after long dialysis. This difference 
can be explained by a higher concentration of mono
mers after washing than after dialysis. The complete 
removal of monomers from a hydrolyzed solution of 
Fe(N03h inhibited goethite formation as compared to 
the presence of monomers (D. G. Lewis, Department 
of Soil Science, University of Adelaide, Adelaide 5064, 
Australia; unpublished results) . 

The resuIts also illuminate the mechanism of hema
tite formation from ferrihydrite . It is obvious that some 
water is necessary for hematite to form within the fer-
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Figure 5. Percent hematite and goethite formed at 5SOC vs. 
percent formed at 45°C. 
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rihydrite aggregate because the rate of hematite for
mation increased with increasing RH. Presumably the 
presence of water facilitated dehydration by proton 
transfer (tunneling) between OH groups. 

Gastuche, M. C., Bruggenwert, T., and Mortland, M. M. 
(1964) Crystallization of mixed iron and aluminium gels: 
SoU Sei. 98, 281-289. 

Knight, R. J. and Sylva, R. N. (1974) Precipitation in hydro
Iysed iron(III) solutions: J. Inorg. Nucl. Chern. 36,591-597. 

Although the results obtained here cannot be applied 
to natural environments in toto, it is likely that ferri
hydrite transforms into hematite in relatively dry and 
warm soils and sediments, such as the soils ofthe Med
iterranean region during the summer season. 
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Pe3IOMe-)KeJIe3HbIH-fHI\PßT, rrOl\fOTOBJIeHHbIH pa3HbIMß MeTOl\aMß, COl\ep)!(aJICH B Te'leHße 180 I\HeH B 
YCJIOBßHX OTHocßTeJIbHOH BJIa)!(HOCTß OT 75 1\0 100% ß TeMrrepaTypbI OT 45 1\0 55°C. )KeJIe3HbIH fHl\PßT 
rrpeBpaIl\aJICH B reMaTßT ß reTßT rrpß OTHOCßTeJIbHbIX Bra)!(HOCTHX 6JIß3KßX 100%, HO rrpß MeHblIIßx 
BeJIß'IßHax OTHocßTeJIbHOH BJIa)!(HOCTß 3Ta rrepeMeHa npoßcxol\ßJIa B MeHblIIeH cTerreHß c 60JIblIIßM 
KOJIß'IeCTBOM reMaTßTa rro CpaBHeHßIO C reTßToM. POCT TeMnepaTypbI TaK)!(e YBeJIß'IßBaJI KOJIß'IeCTBO 
reMaTßTa, a rrOI\CTaHOBKa Al rrOJIHOCTblO rrpel\OTBpaIl\aJIa <P0pMßpoBaHße reTßTa. 3Tß pe3YJIbTaTbI 
YKa3bIBalOT Ha TO, 'ITO reMaTßT MO)!(eT <P0pMßpoBaTbCH B OTHOCßTeJIbHO CYXßX, TerrJIbIX rrO'lBaX ßJIß 
oCMKax, XOTH 3TO rrpoßcxOI\ßT Mei\JIeHHee, 'IeM BO BJIa)!(HbIX cpel\ax. [E.C.] 

Resümee-Ferrihydrit, das auf verschiedene Arten hergestellt wurde, wurde relativen Feuchtigkeiten von 
75-100% bei Temperaturen von 45° und 55°C für 180 Tage ausgesetzt. Ferrihydrit wandelte sich bei rela
tiven Feuchtigkeiten nahe 100% in Haematit und Goethit um. Bei niedrigerer relativer Feuchtigkeit war 
die Vmwandlungjedoch schwächer, und es bildete sich wesentlich mehr Haematit als Goethit. Eine Tem
peraturzunahme begünstigte ebenfalls die Haematitbildung im Vergleich zu der von Goethit. Eine Al-Sub
stitution verhinderte die Bildung von Goethit vollständig. Diese Ergebnisse deuten darauf hin, daß sich 
Haematit in relativ trockenen, warmen Böden oder Sedimenten bilden kann, allerdings langsamer als unter 
Feuchten Bedingungen. [V.W.] 

Resume-De la ferrihydtrite preparee de manieres differentes a ete conservee ades humidites relatives 
s'etageant entre 75 a 100% et ades temperatures de 45° et 55°C pendant 180 jours. La ferrihydrite s'est 
transformee en hematite et en goethite ades humidites relatives pres de 100%, mais ades humidites relatives 
plus basses, la transformation etait moins prononcee et la formation d'hematite etait fortement favorisee 
par rapport a celle de goethite. Vne temperature croissante a aussi favorise la formation d'hematite par 
rapport a la goethite, et la substitution d' AI a completement empeche la formation de goethite. Ces resultats 
suggerent que l'hematite peut etre formee dans des sols ou des sediments relativement chauds et secs, 
quoique de maniere plus lente que dans des environements plus humides. [D.J.] 
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