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Abstract Ferrihydrite prepared in different manners was kept under relative humidities ranging from 75 
to 100% and at temperatures of 45 ~ and 55~ for 180 days. Ferrihydrite transformed to hematite and goethite 
at relative humidities close to 100%, but at lower relative humidities the transformation was less pronounced 
and hematite was highly favored over goethite. Increasing temperature also favored hematite over goethite, 
and AI substitution completely prevented goethite formation. These results suggest that hematite can form 
in relatively dry, warm soils or sediments, although more slowly than in moister environments. 
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INTRODUCTION 

Hemati te is common, and generally more abundant 
than goethite in soils of warm and temperate areas 
where the relative humidity (RH) is markedly lower 
than 100% 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 of hematite in such soils. 

MATERIALS AND METHODS 

Pure ferrihydrite (t00 mmoles Fe in a final volume of 
1 liter) was precipitated from 0.1 M Fe(NO3)3 solutions 
and aluminous (2 mole % A1) ferrihydrite from 0.1 M 
Fe(NO3)3 + Al(NO3)3 solutions using either 10% 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 of 7 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- 
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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 not further adjusted. Table 1 sum- 
marizes all preparations. 

After dialysis or washing, the ferrihydrite products 
were freeze-dried from suspensions having about 100 
tamales Fe  in 200 ml. The resulting granular, brittle 
product was ground to a fine powder  and placed in hu- 
midi ty chambers  in which sa tura ted  solutions of  
KH2PO4, BaCl2, KC1, and NaC1 kept a constant RH 
(O'Brien, 1948; Young, 1967). These solutions covered 
a range of about 75-93% RH. Additional subsamples 
were placed in pure water. The experiments were car- 
fled out at 45 ~ and 55~ and samples 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 sample 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 of ferrihydrite, he- 
matite, and goethite having peak widths similar to those 
of samples being studied. The 110 and 111 reflections 
of goethite and the 102 and 110 reflections of hematite 
were used for comparison. 

RESULTS AND DISCUSSION 

Effect o f  relative humidity 

Figures 1 through 4 show the effect of RH on the 
transformation of ferrihydrites after 180 days and at 
temperatures of 45 ~ and 55~ The crystalline final 
products were either hematite or a mixture of hematite 
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Table l. Summary of ferrihydrite preparations. 

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

Sample NH3 KOH Washing Dialysis Yes No 

ND x • • 
NDA x x • 
KD x • • 
KDA x x • 
NW • • • 
NWA • • • 
KW x • • 
KWA • 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 45 ~ or 55~ Samples KD, 
NW, and K W  yielded only traces or no goethite when 
stored at ~<93% 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 (1962), Schwertmann and Fischer (1966), 
and Fischer  and Schwertmann (1975) that goethite 
forms by the dissolution of ferrihydrite and subsequent 
crystallization from solution, whereas,  in a competit ive 
reaction, hematite forms within the ferrihydrite aggre- 
gates and does not require an external solution phase. 

Sample ND yielded similar amounts of goethite at all 
RHs (about 15% of the original ferrihydrite for 55~ and 
10% for 45~ The crystallinity of  this goethite was 
very poor (width at 1/2 height was 1.2~ for the 110 re- 
flection) and it probably formed because incipient goe- 
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Figure 1. EffectofRHonthecrystallizationofhematite(He) 
and goethite (Go) from pure ferrihydrite kept at 55~ for 180 
days. 
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Figure 2. Effect of RH on the crystallization of hematite (He) 
from aluminous ferrihydrite kept at 55~ for 180 days. No goe- 
thite formed in this experiment. 

thite crystals were already produced during the initial 
sample dialysis. Traces of poorly crystalline goethite 
were also detected in the other dialyzed sample (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 o f  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 A1 on the crystallization of ferrihydrite is 
known for aqueous  suspens ions  (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 A1 substitution delay the transfor- 
mation of ferrihydrite to hematite. 

AI completely inhibited goethite formation at all 
RHs, which is in agreement with the experiments of 
Gastuche et al. (1964), Wolska (1977), and Schwert- 
mann et al. (1979). 

Effect o f  temperature 

The degree of transformation was always higher at 
55 ~ than at 45~ (Figure 5). The slope of the regression 
line of the amount of hematite formed at 55~ vs. the 
amount of hematite formed at 45~ is much larger than 
the slope of the regression line of the amount ofgoethite 
formed at 55~ vs. the amount of goethite formed at 
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F i gu re  3. Effect of RH on the crystallization of hematite (He) 
and goethite (Go) from pure ferrihydrite kept at 45~ for 180 
days. 
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Figure 4. Effect of RH on the crystallization of hematite (He) 
from aluminous ferrihydrite kept at 45~ for 180 days. No goe- 
thite formed in this experiment. 

45~ (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 manner as sample NWA and kept at 28~ For  
that sample one year of ageing was necessary before 
hematite could be detected by X-ray powder  diffrac- 
tion. 

Effect of pretreatment 

Precipitation by NH3 vs. KOH or washing vs. dia- 
lyzing did not affect the crystallization of hematite and 
goethite from ferrihydrite. However ,  one of the di- 
alyzed samples (ND) yielded much more goethite at a 
RH below 100% than its washed counterpart;  Under liq- 
uid water, the washed samples always yielded more 
goethite than the dialyzed samples. 

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

CONCLUSIONS 

Ferrihydri te 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(OH)2 + ions) (Knight and Sylva, 1974) sup- 
plied by the ferrihydrite whereas, in a competitive re- 

action, hematite crystallizes within the ferrihydrite 
aggregates by internal 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(NO3)3 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 results 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 55~ vs. 
percent formed at 45~ 



340 Torrent, Guzman, and Parra Clays and Clay Minerals 

r ihydr i te  aggrega te  b e c a u s e  the  ra te  of  hema t i t e  for- 
ma t ion  inc reased  wi th  increas ing  RH.  P r e s u m a b l y  the  
p r e s e n c e  o f  wa te r  faci l i ta ted d e h y d r a t i o n  by  p r o t o n  
t r ans fe r  ( tunnel ing)  b e t w e e n  O H  groups .  

A l though  the  resul t s  ob t a ined  he re  c a n n o t  be  appl ied  
to na tu ra l  e n v i r o n m e n t s  in taro, it is l ikely t ha t  ferri- 
hydr i te  t r a n s f o r m s  into hema t i t e  in re la t ive ly  dry  and  
warm soils and  sed imen t s ,  such  as  the  soils of  the  Med-  
i t e r r a n e a n  reg ion  dur ing  the  s u m m e r  season.  
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PealOMe----)KeJIeaHbII~-rn~IpttT, noJIrOTOBJIeHItblfl paanblMll MeToJIaMII, co/IepacaJica B Teqeni4e 180 J1Hefi B 
yCJIOBBaX OTnOCrITe.abrIOfi BJlaacnocTn aT 75 JIo 100% n TeMnepaTypbi aT 45 JIO 55~ )arKeJleauhlfi r a j p u t  
npeapamancn a reMaTnT 14 FeTHT npn OTHOCFITeJIhHbIX araacnOCTnX 6JII,13KHX 100%, I-IO npn Menbmnx 
8eJmqnnax OTHOCRTe/IhHOfi BJIaacROCTI4 aTa uepeMeua nponcxo~nna a Menbtuefi cTenenn c 6oJihnJnM 
KOnnaeCTaOM reMaTnTa no cpaaIJennm c reTrlTOM. PaCT TeMnepaTypbl Tar:ace yaennqnBa.q KonnqecT•o 
reMaTnTa, a nO~CTaHoara A1 nonnocTbm npenoTapama~a qbopMnpoaanne reTnTa. 3Tn peayJ1bTaTbl 
yKa3blBamT Ha TO, qTO reMaTnT MonceT dpOpMripoBaTbCJJ B oTnocnTe~,HO cyxnx, Ten.ribiX noqaax nJIn 
ocajII<ax, XOTn 3TO nponcxo~InT Me~.neuuee, qeM BO aJmacnhIX cpe~ax. [E.C.] 

Resiimee--Ferrihydrit, das auf verschiedene Arten hergestellt wurde, wurde relativen Feuchtigkeiten van 
75-100% bei Temperaturen van 45 ~ und 55~ fiir 180 Tage ausgesetzt. Ferrihydrit wandelte sich bei rela- 
tiven Feuchtigkeiten nahe 100% in Haematit und Goethit urn. Bei niedrigerer relativer Feuchtigkeit war 
die Umwandlung jedoch schw~icher, und es bildete sich wesentlich mehr Haematit als Goethit. Eine Tem- 
peraturzunahme beg/instigte ebenfalls die Haematitbildung im Vergleich zu der van Goethit. Eine AI-Sub- 
stitution verhinderte die Bildung van Goethit vollst/indig. Diese Ergebnisse deuten darauf hin, dab sich 
Haematit in relativ trockenen, warmen Brden oder Sedimenten bilden kann, allerdings langsamer als unter 
Feuchten Bedingungen. [U.W.] 

Rrsumr---De la ferrihydtrite preparre de mani~res diffrrentes a 6t6 conservre ~t des humiditrs relatives 
s ' r tageant entre 75 ~t 100% et h des temprratures de 45 ~ et 55~ pendant 180 jours. La ferrihydrite s 'est  
transformre en hrmatite et en goethite h des humiditrs relatives pros de 100%, mais h des humiditrs relatives 
plus basses, la transformation 6tait mains prononcre et la formation d 'hrmati te 6tait fortement favorisre 
par rapport ~t celle de goethite. Une temprrature croissante a aussi favoris6 la formation d'hematite par 
rapport h la goethite, et la substitution d'A1 a compl6tement emp~ch6 la formation de goethite. Ces rrsultats 
suggrrent que l 'hrmatite peut ~tre formre dans des sols ou des sediments relativement chauds et secs, 
quoique de mani~re plus lente que dans des environements plus humides. [D.J.] 


