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Abstract- The mechanism of the transformation of lepidocrocite (yFeOOH) to goethite (aFeOOH) 
has previously been established and the effect of silicate on the transformation was investigated. 
Rather than completely inhibiting the reaction, as had been suggested, the presence of Si was found to 
merely retard the nucleation stage of the transformation. There was found to be no decrease in the 
dissolution rate of the lepidocrocite due to surface adsorption of Si. 

Si has no effect if introduced after the nucleation stage, and under conditions of pH and tempera
ture where the dissolution rate of the lepidocrocite largely determines the rate of transformation, the 
presence of Si has a reduced effect. The results show that Si is adsorbed and incorporated into the 
goethite structure, and due to its retarding effect on the nucleation, larger crystals of goethite are 
formed, many of which are twinned. 

It is inferred from the results that the apparent stability of lepidocrocite occurring in soils in 
association with goethite cannot be attributed solely to the presence of Si in the soil system. 

INTRODUCTION 
IN AN earlier paper (Schwertmann and Taylor, 
1972) the mechanism and kinetics of the trans
formation of lepidocrocite (yFeOOH) to its more 
stable polymorph, goethite (aFeOOH) have been 
described. It was concluded that this transforma
tion consists of a dissolution of the lepidocrocite, 
a nucleation of goethite from the resultant Fe in 
solution and the crystalline growth of these nuclei. 
Anyone of these three steps can be rate determin
ing, depending on the conditions under which the 
transformation is being conducted. 

Since lepidocrocite, although less stable than 
goethite, exists in soils and sediments for long 
periods of time it is thought that soil constituents 
might be capable of retarding or even inhibiting 
the transformation. In this connection the observa
tion of Hiller (1966) is interesting that the trans
formation of lepidocricite to goethite "can be 
completely inhibited by traces of silicate, alum
inate and stannate". In our first paper (Schwert
mann and Taylor, 1972) a similar observation has 
been mentioned. The following experiments were 
conducted to elucidate the influence of silicate on 
the various phases of the transformation. 

* Present address: Institut fijr Bodenkunde Techn. 
Univers. Munchen, 8050 Freising, West Germany. The 
research was carried out at the C.S.I.R.O., Division of 
Soils, Adelaide, South Australia whilst on a visiting 
fellowship. 
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MATERIALS AND METHODS 

Synthetic lepidocrocites used in these experi
ments were prepared by bubbling O2 through an 
aqueous solution of FeCl2 at approximately pH7. 
The conversions to goethite were carried out in 
stoppered polyethylene bottles in high concentra
tions (0·1 and 1·0 M) KOH. 

The conversion with time was followed by deter
mining the relative amounts of goethite and lepid
ocrocite by quantitative X-ray diifractometry using 
the (120) lepidocrocite peak and the (130) goethite 
peak. CoKe< radiation was used. Si in solution was 
determined photometrically by the molybdenum 
blue method (Boltz and Mellon, 1947) and iron 
colorimetrically as the o-phenanthroline complex 
(Asami and Kumada, 1960). For both these deter
minations an aliquot of the strongly alkaline solu
tion was firstly neutralised. (For further details of 
these methods see Schwertmann and Taylor, 1972). 

RESULTS AND DISCUSSION 

Si influence on conversion rate 
Figure 1 . shows that at 80°C and in M KOH the 

presence of Si in solution considerably retards the 
conversion of a well crystalline lepidocrocite (sur
face area 58 m2/g) to goethite, the retardation in
creasing . with increasing Si concentration in the 
initial solution. However, the mechanics of the 
conversion appear to be the same as evidenced by 
the similar shape of the conversion-time curves. 
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Fig. l. Variations in the transformation-time curves for the conversion of lepidocrocite to goethite in 
M KOH at 80°C with variations in Si solution concentrations and the presence of goethite nuclei. The solid 

lines were drawn from the best linear fits oftn (GJG f) = kt+ c. 

The rate of conversion increases with time through
out the whole process and a plot of In GtlGfvs. 
time yields a linear relationship , where G t is the 
concentration of goethite formed at time t, and G f 
is the final concentration of goethite after complete 
conversion. This indicates the autocatalytic nature 
of the reaction although a decrease in conversion 
rate towards the end of the reaction due to con
sumption of lepidocrocite as expected from an 
autocatalytic reaction could not be detected. An 
interpretation of this observation was given else
where (Schwertmann and Taylor, 1972). 

Table 1 contains the correlation coefficients for 
the linear relationships and also indicates that the 
half conversion time (HCT), where G,IG f = 0'5, 
increases almost linearly with the Si concentration 

of the original solution. The retardation is clearly 
reflected in a slower overall apparent conversion 
rate, k, where In GtlG f= kt+ c. These k values are 
also seen to decrease with increasing Si concentra
tion. The interpretation of the intercept of this 
linear relationship is doubtful (see Schwertmann 
and Taylor, 1972). It mayor may not indicate a 
certain amount of goethite (Go) at time zero. The 
average value of GoIG f for unseeded systems is 
extremely low (0,00032) and therefore , analytically 
not different from zero. Also, it is believed that 
goethite nucleation is possible without seeding the 
system with goethite. The linear relationship 
found is therefore only valid after a certain mini
mum amount of goethite was formed or in seeded 
systems. Here the average value of GO/Gfas deter-

Table 1. Parameters of the conversion of lepidocrocite (- 60 m2/g) in M KOH at various 
Si concentrations and with and without seeding* 

Si-conc. Temp. 
(M X 1()3) Seeded (OC) 

0 80 
0' 133 80 
0'266 80 
0·532 80 
0 * 80 
0'266 80 
0·0266 40 
0'266 40 

* Seeded with 6'8% goethite. 
tlnGJGf=kGI+c. 

HCT 
(hr) 

16·2 
28 
58 

102 
2·4 
4·9 

170 
770 

logGJGf 

kat =kt+logGoIGf 
min-1 x 103 (t in hr) 

4·06 0·106t-2·02 
3-48 0'916t-2'74 
1·26 0·03281-2'29 
0·95 0·0248t-2·91 

10·8 0·280t-0·973 
7-6 0'1981-1'28 
0'32 0'00834t-l' 72 
? ? 

r 

0·982 
0·990 
0·975 
0·965 
0·993 
0·998 
0·988 

? 
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mined from the linear relation, was 0·075 which is 
reasonably clos\! to the actual value of 0·068. 

A linear relationship between the HCT and the 
initial Si concentration also exists in the conversion 
of poorly crystalline lepidocrocites, providing the 
conversion is carried out at low temperatures, e.g. 
20°C. In a solution M in KOH and 0·332 x 10-3 M 
in Si a lepidocrocite with a surface area of 152 m2/g 
gave a HCT of 520 hr, whereas the same sample 
in the absence of Si had a HCT of only 190 hr. A 
similar observation was made for another poorly 
crystalline lepidocrocite, (135 m2/g) where the 
HCT times were 275, 480 and 950 hr for Si 
concentrations of 0, 0·123 x 10- 3 and 0·246 x 10-3 

M, respectively. 
The difference in overall conversion rate between 

a system with and without Si for the same poorly 
crystalline lepidocrocites is much less or even non 
existent if the conversion is carried out at 80°C. 
Under these conditions the conversion is extremely 
rapid due to very high supersaturation of Fe in 
solution with regard to goethite there-by minimiz
ing the possibility of Si interference. Moreover, at 
this temperature these poorly crystalline samples 
give rise to haematite as well as goethite, greater 
amounts being formed in the presence of Si that in 
its absence. Like oxalate (Schwertmann, 1969/70), 
silicate seems to inhibit the via solution formation 
of goethite to a certain extent and therefore favours 
the dehydration process of poorly crystalline 
material to haematite. 

In the system seeded with 6·8% goethite the 
retardation of the transformation of a well crystal
line lepidocrocite (57 m2/g) by Si is markedly 
reduced (Table 1). At the same time the Si uptake 
by the goethite (to be discussed in the next section) 
is also considerably decreased. 

Siuptake 
The Si concentration in solution showed a de

crease during the conversion process approaching 
a final value in equilibrium with the goethite formed. 
There is a definite initial decrease in the Si concen-

tration probably due to surface adsorption by lepid
ocrocite. This decrease is more marked in the case 
of poorly crystalline lepidocrocites but even then 
only constitutes a small part of the total Si removed 
from solution. 

The major part of the Si removed is highly cor
related with the amounts of goethite that have been 
formed. A linear relationship exists for the equation 

lnSit=_cGt 
Sio G f 

where Sit and Sio are the Si concentrations at times 
t and zero. 

This indicates that the goethite formed is respons
ible for the Si uptake, and furthermore that the 
relative Si uptake per unit time and per unit amount 
of goethite formed decreases as the transformation 
proceeds. This is most likely due to the decreasing 
Si concentration in solution which governs the 
uptake of Si by goethite. 

Plotting Si uptake per unit weight of goethite 
Siu/G t against Sit gives a significant positive cor
relation. However, this relationship has a simple 
linear form (Table 2) rather than that of a typical 
adsorption isotherm obtained if ordinary adsorp
tion was involved. This indicates that the Si taken 
up during the goethite formation is not in a revers
ible adsorption equilibrium with the Si in solution, 
but is probably incorporated into the goethite 
during its crystal growth. From the data in Table 2 
it appears that for the same initial Si concentration, 
the Si uptake per unit weight of goethite increases 
with half conversion time, i.e. the slower the 
goethite formation the more Si is taken up. To 
furnish further evidence on this idea of Si incorpor
ation in goethite some additional experiments were 
conducted. 

An addition of Si after the goethite has formed (in 
the absence of Si) leads to almost no Si uptake. This 
is reasonable in view ofthe high OH concentration 
of the system (see Hingston et aI., 1968). 

In a further experiment it was tried to remove 

Table 2. Relationship between Si concentration in solution (Sit) and 
Si uptake by goethite (Si.fG t) during its formation from lepidocroc

ite at 80°C in M KOH 

Initial 
Siconc. HCT Linear regression 

(M x 103) Seeding* (hr) Siu/Gtt = k . S~+c r 

0'133 28 0'194 Sit + 0 ·0076 0·980 
0·266 58 0'152 Sit +0·01l7 0·998 
0·266 * 4·9 0·113 Sit + 0·0059 0·997 

* Seeded with 6·8% goethite. 
tm-mole Si per mg of goethite formed at time t . 
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the Si taken up by extractions with fresh M KOH 
and with 0·2 N KCI adjusted with HCI to pH 2·90, 
1·90 and 0·99. Only in the first KOH extraction 
were measurable amounts of Si released but even 
in this case less than 1 % of the total Si taken up 
during the goethite formation was extracted. The 
KCI-HCI mixtures were even less efficient. 

These observations suggest that care must be 
taken in preparing synthetic goethites for such 
work as cation or anion exchange properties. If 
the goethite is prepared by ageing gels in glass
ware at high pH values there is every possibility 
that Si is dissolved from the glassware and incorp
orated into the goethite structure. 

Effect of Si addition at various times 
From the results obtained so far, particularly 

from the seeding experiments, it can be expected 
that the induction period due to Si should be short
er the later during the course of the transformation 
the Si is added. The results of an experiment design
ed to confirm this idea are given in Fig. 2. Si at a 
concentration of 2·66 x 10-4 M was added 2, 4, 6 
and 8 hr after the beginning of a transformation 
carried out in M KOH at 80°C and the degree of 
conversion and Si in solution were determined 
after 21 and 30 hr. After 21 hr complete conversion 
has taken place in the absence of Si. It can be seen 
from Fig. 2(b) that the addition of Si 4 hr or later 
after the start has no retarding influence on the 
conversion, although at this stage the conversion is 
just commencing. This is further evidence that the 
retarding influence of Si occurs mainly during the 
nucleation stage of the transformation, long before 
the major part of the Si is taken up by the goethite. 
This decreasing influence with the time of the Si 
addition after the start is reflected in a linear cor-

"'-0 
0_0 

3 
II GX Gf 

r--

relation (negative) between Si in solution and Si 
uptake by goethite (SiulGt= -0·0645 Sit + 0'0194). 

Morphology and surface area offinal goethites 
Goethites formed in the presence of Si differ 

somewhat in crystal morphology and surface area 
from those grown in Si free systems. As shown in 
Fig. 3a, goethites grown in the absence of Si con
sist of needles of various length and thickness. 
However, if Si is initially present in the system the 
goethite also occurs as large rod-like crystals which 
are quite often twinned, Fig. 3b, as well as the vari
able acicular forms mentioned above, the larger 
crystals being more prevalent at 80°C than at 20°C. 
The higher proportion of larger crystals is reflected 
in consistently lower surface areas as shown in 
Table 3. 

Table 3. Surface area of goethites grown from 
lepidocrocite in M KOH with and without Si 

Surface 
area of Surf. area 

lepidocr. Siconc. Temp. of goethite 
(m2/g) (M x 10") ( C) (m2/g) 

50 0 80 17 
50 0·246 80 14 
58 0 80 23 
58 0'266 80 12 

152 0 80 25 
152 0·266 80 23 
152 0 20 53 
152 0'322 20 34 
135 0 20 127 
135 0·123 20 89 
135 0'246 20 70 

o-o~o 10 
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Fig. 2. Influence of time of Si addition of the conversion oflepidocrocite to goethite and Si uptake in M KOH 
at 80°C after 21 and 30 hr. 
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Fig. 3a-b. Goethite formed from lepidocrocite at 80De in M KOH (3a) and M KOH + 0'266 X 10-3 M Si (3b). 

[Facing page 162] 
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These results are consistent with the idea that Si 
interferes particularly during the nucleation phase 
resulting in the formation of fewer crystals which 
subsequently grow to a larger crystal size. 

CONCLUSIONS 

Without changing the principal mechanism of 
the conversion the addition of Si at low concentra
tions (0-0,5 x 10-3 M) drastically retards, but does 
not completely inhibit, as suggested by Hiller 
(1966), the conversion of lepidocrocite to goethite 
in a strongly alkaline solution. The results suggest 
that the retardation is not due to the reduction of 
the rate of dissolution of the lepidocrocite by ad
sorption of Si. From additional experiments it is 
rather concluded that Si interferes mainly at the 
nucleation stage of the conversion. At this stage 
the relative Si concentration per unit area of goeth
ite nuclei is high and the surface therefore has to 
cope with the tendency of Si to be taken into the 
goethite lattice leading to slowed formation and 
growth of nuclei. The more goethite surface formed 
during nucleation the less serious will be this 
tendency so that the later Si is introduced into the 
system after the start of the conversion the smaller 
will be its retarding effect. 

Further evidence that Si is taken into the goeth
ite lattice rather than adsorbed at the surface was 
given by the unsuccessful attempts at Si extraction. 

The overall amount of Si taken up amounts to 
only one Si atom per 300-1000 Fe atoms. This 
marked influence of traces of Si at first appears to 
offer an explanation for the relative stability of 
lepidocrocite in soils and sediments where the Si 
in soil solutions may often be at higher concentra-

tions than those used in these experiments. How
ever, at room temperatures and lower pH values 
the conversion rate is mainly controlled by the dis
solution rate of the lepidocrocite rather than the 
nucleation rate, which is the rate determining 
process at higher temperatures and pH values 
(Schwertmann and Taylor, 1972). Thus in natural 
systems where the lepidocrocite is often intimately 
associated with goethite, i.e. the system is already 
nucleated, the apparent stability of the lepidocroc
ite cannot be attributed to the presence of Si. 
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Resume-Le mecanisme de la transformation de la lepidocrocite (yFeOOH) en goethite (aFeOOH) a 
ete etabli precedemment et I'eifet des silicates sur la transformation a ete etudie. On a trouve que 
plutot que d'inhiber completement la reaction, comme cela avait ete suggere, la presence de Si retarde 
simplement I'etape de nucleation de la transformation. On a trouve qu'il n'y a pas de diminution de la 
vitesse de dissolution de la lepidocrocite, due a une adsorption superficielle de Si. 

Si n'a pas d'eifet s'il est introduit apres I'etape de nucleation; dans des conditions de pH et de 
temperature ou la vitesse de dissolution de la lepidocrocite determine principalement la vitesse de 
transformation, la presence de Si n'a qu'un eifet reduit. Les resultats montrent que Si est adsorbe et 
incorpore dans la structure de la goethite; a cause de son eifet retardateur sur la nucleation, de plus 
grands cristaux de goethite se forment, un grand nombre d'entre eux etant macles. 

On infere de ces resultats que la stabilite apparente de la lepidocrocite presente dans les sols en 
association avec de la goethite ne peut pas etre attribuee uniquement a la presence de Si dans 
Ie systeme sol. 

Kurzreferat-Im Gegensatz zu bisherigen Vermutungen vermag die Anwesenheit von Si (0·03-0·53 x 
10-3 mol/I) die Umwandlung von Goethit in Lepidokrokit im alkalischen Bereich zwar nicht zu unter
binden aber doch stark zu hemmen. Die Losungsgeschwindigkeit des Lepidokrokit wird durch Si 
nicht vermindert. Si hat nur einen geringen EinfluB, wenn es nach AbschluB der Keimungsphase ein
gefiihrt wird sowie unter pH- und Temperaturbedingungen, bei dem die Losungsrate des Lepidokro
kits und nicht die Keimbildungsrate des Goethits geschwindigkeitsbestimmend ist. 

Daraus wird geschlossen, daB Si vorwiegend die Bildung von Goethitkeimen erschwert, was zur 
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Bildung weniger, aber groBerer Kristalle fiihrt, die hiiufig verzwillingt sind. Si wird offenbar in den 
Goethitkristall eingebaut. 

Die relativ hohe Persistenz des Lepidokrokits in BOden gegeniiber dem stabileren Goethit kann 
demnach nicht allein dem Si in der Bodenlosung zugeschrieben werden. 

PellOMe - MexaHH3M rrpeBpall.\eHH}( nerrH,n;OKpOKHTa (y FeOOH) B reTHT (0( FeOOH) 6b1n YCTaHoB
neH paHbllle H HCCJle,n;OBaHO BJlHlIHHe CHJlHKaTOB Ha npeBpall.\eHHe. OKa3aIiOCb, 'ITO rrpHCYTCTBHe Si 
TonbKO 3a,n;epJl(HBaeT CTa,n;HIO o6pa30BaHHlI lI,n;ep npH rrpeBpall.\eHHH, a He TOPM03HT peaKl(HIO 
COBepweHHO, KaK rrpe,n;rronaraJlOCb paHbwe. Haii,n;eHO TaKJI(e, 'ITO BCne,n;CTBHe rrosepxHocTHOH 
a,n;cop6l.\HH Si YMeHbweHHe CKOPOCTH paCTBopeHHlI nenH.n;OKpOKHTa He npOHcxo,n;HT. 

Si, BBe,n;eHHbIH rrocne CTa,n;HH o6pa30BaHHlI lI,n;ep, He BJlH}(eT Ha peaKI.\HIO, a rrpH HeKOTopblX 
ycnOBH}(X pH H TeMrrepaTYPbI, Kor,n;a pacTBopeHHe JlenH,n;oKpoKHTa B 60JlbllIOH CTerreHH orrpe,lJ;enlleT 
CKOPOCTb rrpeBpall.\eHHlI, BnHllHHe rrpHcYTcTBHlI Si YMeHblllaeTclI. Pe3YJlbTaTbl nOKa3b1Ba1OT, 'ITO Si 
a,lJ;COp6HpyeTcli H BKnlO'faeTCli B CTPYKTYPY reTHTa, a BCJle,lJ;CTBHe ero 3aMe,lJ;JllIlOll.\erO BJlH}(HHlI Ha 
o6paJoBaHHe }(,lJ;ep, 06pa3YIOTclI 60Jlee KpynHble KPHCTaJlJlbl reTHTa, 'faCTO C,lJ;BOeHHble. 

l-h pe3YJIbTaTOB c,n;eJlaH BbIBO,lJ;, 'ITO KaJl(Yll.\allClI cTa6HJlbHOCTh JlenH.n;OKpOKHTa B rrO'lBaX B 
CB1I3H C reTHTOM, He MOJl(eT 6bITb UeJlHKOM rrpHIIHcaHa npHCYTCTBHIO Si B rrO'lBeHHOH CHcreMe. 
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