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Abstract A series of mixed iron and titanium oxide coprecipitates ranging in composition between 0 < Ti/Ti + Fe < 1 
was synthesized and aged under varying conditions of pH, temperature and time in order to establish a working model for 
pedogenic titanium and titano-ferric oxides. X-ray powder diffraction (XRD), selective chemical dissolution, magnetic 
susceptibility, charge distribution and electron optical data indicate that the freshly prepared Fe-Ti oxides consist of an 
Fe-rich (Ti-ferrihydrite) phase (Ti/Ti + Fe ~< 0.70) having pH-dependent positive charge and a Ti-rich phase (Ti/Ti + Fe 
>~ 0.7) with permanent and pH dependent negative charge. 

Synthetic Ti-ferrihydrite and amorphous TiO2 were completely soluble in acid ammonium oxalate (2 hr extraction in 
the dark) whereas poorly crystalline anatase (width at half height, WHH > 2.0~ was partly oxalate soluble. NH4-oxalate 
soluble Ti was particularly high in soils developed under a cool montane climate (afro-alpine) and lower in soils of warmer 
subtropical climate, which contain anatase and futile. 

Several mixed Fe-Ti crystalline phases were identified after aging NH3 coprecipitates of Fe and Ti nitrate at 7WC and 
pH 5.5 for 70 days: 

(1) goethite and hematite in the composition range 0 < Ti/Ti + Fe ~< 0.20; at low Ti concentrations (<5 mole %) goethite 
was favored and/or hematite inhibited; 

(2) microcrystalline pseudorutile in the composition range 0.20 ~ Ti/Ti + Fe ~< 0.70; 
(3) anatase and ferriferous anatase in the range 0.70 ~< Ti/Ti + Fe < 1.0; with decreasing proportion of Ti the crystal- 

linity of anatase decreased. 
The results suggest that secondary or pedogenic Ti-Fe oxides can form by coprecipitation and crystallization in the 

weathering solution, and emphasize the essential role of water (as opposed to dry oxidation) in the alteration of primary 
titaniferous minerals. 
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INTRODUCTION 
Regardless of parent material, titanium is invariably 

detected in soils. Titaniferous oxides generally are con- 
sidered as inert materials in soil development and this 
has often been used to establish the degree of deposi- 
tional uniformity in soils. However, several workers 
(Sherman, 1952; Sudom and St. Arnaud, 1971; Fitz- 
patrick and le Roux, 1976) have suggested that Ti may 
be mobilized in all fractions during soil weathering. 
Recently Bain (1976) observed high amounts of X-ray 
amorphous and cryptocrystalline TiOz in a peaty pod- 
zol. Further work is needed in characterizing the mo- 
bile, amorphous and poorly crystalline fractions of Ti 
in soils. 

In recent studies dealing with titanium in soils and 
clays much emphasis has been placed on the fact that 
Ti is commonly combined with Fe. Selective dissolu- 
tion studies by Sayin and Jackson (1975) indicate that 
anatase in Georgia kaolinite contains small amounts of 
Fe. Weaver (1976) using electron probe techniques, 
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supported this view. Moreover, several forms of sec- 
ondary crystalline iron oxides containing structurally 
incorporated Ti (e.g. titanomaghemite, titanohematite, 
pseudobrookite and pseudorutile) have been detected 
in soils (e.g. Katsura et al., 1962; Walker et al., 1969; 
Fitzpatrick and le Roux, 1976). Their formation is 
thought to result mainly from the topotactic oxidation 
of primary minerals (e.g. titanomagnetite or ilmenite) 
and not to any great extent by coprecipitation and crys- 
tallization of Fe and Ti in the weathering solution. Di- 
vergent views exist on the exact nature and genesis of 
these alteration products, particularly ilmenite (Palm- 
er, 1909; Overholt et al., 1950; Bailey et al., 1956; Lynd, 
1960; Bykov, 1964; Temple, 1966; Grey and Reid, 
1975). However, there is broad agreement that in nature 
a distinct intermediate titaniferous product referred to 
as pseudorutile (Fe~Ti3Og--previously called arizonite) 
is involved in the alteration of ilmenite (Grey and Reid, 
1975). The difficulty in synthesizing pseudorutile free 
of other Fe and Ti minerals (e.g. hematite and ilmenite) 
which coincide with some of its XRD lines, together 
with its poorly crystalline nature, have been major 
problems in characterizing this intermediate alteration 
product (Lynd, 1960; Karkhanavala and Momin, 1959; 
Grey and Reid, 1975). Little information is available on 
pedogeochemical conditions under which Fe and Ti 
may coprecipitate and crystallize from the weathering 
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solution to form these mixed "al terat ion" products.  
Furthermore,  it is not yet  known what effect Ti and Fe 
have on the formation of iron (e.g. goethite and he- 
matite) and titanium (e.g. anatase and rutile) oxides, 
respectively,  at ordinary pressures and temperatures.  

Numerous synthesis studies have been undertaken 
at high temperatures and pressures to determine the 
stability fields of TiOz polymorphs and Fe-T i  minerals 
(Buddington and Linsley, 1964) during magmatic oxi- 
dation (i.e. in chemical petrology). Karkhanavala  and 
Momin (1959) hydrothermMly crystalized small amounts 
of pseudorutile at 300~ and 1200 psi and concluded 
that it was "not  the product of atmospheric oxidat ion."  
These results are considered to be of little value in de- 
termining the conditions and type of Fe -T i  phase which 
will form during the alteration of titaniferous primary 
minerals under earth surface conditions. 

Except  for the work of Weiser and Milligan (1934) on 
pure Ti systems, little work has been done on the pre- 
cipitation and crystal  growth in Ti (IV) solutions 
undergoing hydrolysis,  particularly in the presence of 
other metals. Several synthetic studies have been car- 
ried out on mixed Fe-A1 (e.g. Gastuche et al., 1964) and 
F e - S i  (e.g. Herbillon and Tran Vinh An, 1969) systems 
in vitro. 

The objective of this paper is to study a series of syn- 
thetic Ti and Fe-Ti  oxidesw aged under different con- 
ditions, in order to obtain a better understanding of pos- 
sible Fe/Ti products and to examine their presence in 
soils. 

EXPERIMENTAL 

Synthetic Fe-Ti  oxides 
Chloride contamination was avoided by employing 

a titanyl nitrate solution, prepared as follows: a fresh 
Ti oxide precipitate was obtained by adding a 10% am- 
monia solution to 0.5 M TIC14 (Merck, AR) until the pH 
of the solution was in the range 5-6. The resulting dense 
white precipitate was centrifuged-washed five times 
with deionized water and then dissolved in 5 N HNO3. 
A fresh Ti oxide gel was once again precipitated with 
NH3 solution, centrifuge-washed with deionized water 
until a negative chloride test (AgNO3) was obtained, 
redissolved in 5 N HNO3, and diluted to a concentration 
of 4.79 g Ti/1. 

The synthetic fresh titanium oxide (free of chloride) 
was finally prepared by the addition of a 10% NH3 so- 
lution to the titanyl nitrate solution until the pH was in 
the range 5-6. The white precipitate was centrifuge- 
washed thoroughly with deionized water and either 
freeze-dried immediately or aged in polyethylene bot- 
tles as follows: (l) at room temperature (~25~ for 30 
and 70 days,  (2) at 70~ for 70 days, both at pH 5.5 and 
12.0. 

w The term oxides in this paper includes all compounds in the system 
TiO~. H20 and Fe2On" H20 respectively. 

The synthetic flesh ferrihydrite (formerly called 
amorphous ferric hydroxide) was prepared by the ad- 
dition of a 10% NH3 solution to 0.1 M Fe (NO)3 solution 
(Merck, AR) until the pH ranged between 5 and 6. Nine 
mixed Ti(IV)-Fe(III)  coprecipitates of compositions 5, 
10, 20, 30, 50, 70, 80, 90 and 95 mote % Ti/Ti + Fe,  
respectively,  were prepared in exactly the same man- 
ner except that titanyl nitrate replaced iron in the initial 
solution in different proportions (for comparison sev- 
eral Fe-A1 and F e - Z r  coprecipitates were prepared in 
a similar way using nitrate salts). The fleshly precipi- 
tated oxides were centrifuge-washed with deionized 
water until dispersion and either freeze-dried immedi- 
ately or aged in polyethylene bottles at room temper- 
ature or at 70~ for 70 days. The pH was adjusted to 5.5 
by adding HNO3 or NH4OH every third day, and water 
added at intervals to compensate for evaporation. The 
samples were then washed free of excess salts and 
freeze-dried. 

Fifty mg of sample was dissolved in concentrated 
HC1 to ascertain total Fe and Ti and duplicate samples 
were extracted (1) with l0 ml NHa-oxalate (pH 3) in the 
dark (Schwertmann, 1964) on an end-over-end shaker 
for 2 hr and then centrifuged; and (2) with one 15-min 
treatment with ci trate-bicarbonate-dithionite (CBD) 
(Mehra and Jackson, 1960). The extracts were analysed 
for Fe by atomic absorption and Ti by the Tiron method 
(tests for NH4-oxalate interference in Fe and Ti deter- 
minations were negative). 

X-ray powder  diffraction patterns were obtained 
from gently pressed specimens of random orientation 
using a Philips PW 1050/70 instrument fitted with a 
graphite monochromator,  and CoKa  radiation. Slow 
scan rates (�88176 

Magnetic susceptibility was measured by the Gouy 
method using mercury (II) cobal t i te t ra thiocyanate  
HgCo(CNS)4 as a calibration standard at 25~ and 2000 
gauss. 

Charge distribution of the oxides was determined by 
equilibrating 100-300-mg samples overnight with l0 ml 
0.75 N KC1 (pH adjusted to 5 or 10 with HC1 or KOH) 
followed by a further two centrifuge washings. The sus- 
pensions were then centrifuge-washed five times with 
10 ml of 0.05 N KCI adjusted to the appropriate pH. 
The pH of the final washing was measured, and the tube 

p l u s  contents weighed immediately after decantation. 
Suspensions were then centrifuge-washed five times 
with l0 ml 0.22 N (NH4)2SO4. Potassium and C1 were 
analyzed in the combined extracts, made up to 50 ml 
with 0.22 N (NH4)2SO4 by flame emission and with an 
Aminco-Cotlove chloride titrator, respectively. Neg- 
ative and positive charges were calculated after cor- 
rection for occluded salt. 

Clay analysis 
Twelve soils from a climatotoposequence in Natal 

were selected for study (Table 1). Samples of the clay 
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Fig. 1. X-ray powder diffraction patterns from synthetic Fe-Ti prep- 
arations. Traces a-h are for freshly precipitated oxides with: (a) 0%; 
(b) 10%; (c) 20%; (d) 30%; (e) 50%; (f) 70%; (g) 90%; (h) 100% in Ti/Ti 
+ Fe, respectively. Traces i-1 are for the freshly precipitated pure Ti 
oxide: (i) aged at room temperature (pH 5.5) for 30 days; (j) aged at 
room temperature (pH 5.5) for 70 days; (k) as for (j) but pretreated with 
5 N NaOH at 90~ for 1 .hr; (1) aged at 70~ and pH 5.5 for 70 days; 

where A is anatase; F is ferrihydrite. 

fraction were obtained by sonic dispersion and sedi- 
mentation without pretreatment and freezed-dried. A 
Ti-rich clay sample (< 1.4/xm) from a peaty podzol re- 
ported on by Bain (1976) was also used. Fifty mg sub- 
samples of clay were (i) dissolved in H2SO4 (Pruden and 
King, 1969), (ii) extracted with CBD, (iii) extracted with 
NH4-oxalate (pH 3); and the extracts analyzed as for 
the synthetic oxides. Clays (and selected oxides) were 
also treated with 5 N NaOH at 90~ for 1 hr (Norrish 
and Taylor, 1961). 

RESULTS AND DISCUSSION 

Comparison of synthetic and natural Ti oxides 

The freshly prepared titanium oxide obtained by pre- 
cipitating titanyl nitrate (chloride flee) with NH3, was 
found to be amorphous to X-rays (Figure 1 h) and stayed 
so after aging at pH 12 for 70 days at room temperature 
and 70~ However, at pH 5.5 and at room temperature 
(-~25~ for 30 days it showed the strongest lines ofan- 
atase although very broad (Figure li). The line broad- 
ening corresponds to a mean crystallite dimension 
(MCD) of 20-80 ,~, as calculated from the (101) peak 
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Fig. 2. Relationship between TigTit and MCD (/~) for anatase 101 (calculated from the WHH of the anatase 101 X-ray reflection). �9 Freshly 
precipitated Ti and coprecipitated Fe-Ti oxides, • same but aged at room temperature for 10 days; Z~ same but aged at room temperature for 20 
days; �9 same but aged at room temperature for 30 days; �9 same but aged at 7&C and pH 5.5 for 70 days. Numbers refer to % Ti/Ti + Fe. 

using the Scherrer formula.I] The crystallinity of the 
anatase improves after aging for 70 days at room tem- 
perature (Figure l j). This observation is in general 
agreement with the results obtained by Weiser and Mil- 
ligan (1934) after 210 days of aging. We have some evi- 
dence that traces of  C1 delay the transformation of  
amorphous Ti-oxide to anatase and this may be the rea- 
son for the slower rate of anatase crystallization they 
observed. 

It is difficult to accurately locate the anatase peaks 
at low levels of crystallinity (Figures lh and i, WHH 
> 2.0~ or MCD < 50 A). The rate and degree of an- 
atase crystallization increased greatly when the amor- 
phous oxide was aged at 70~ for 70 days (Figure 11). 

Thus, having demonstrated that X-ray amorphous Ti 
and anatase with varying MCD could be prepared, 
these polymorphs were used to monitor and test NH4- 
oxalate (pH 3) and 1 N HCI as extraction reagents for 
obtaining a measure of the degree of crystallinity. The 
fresh, X-ray amorphous oxide (Figure lh) was found to 
be completely oxalate soluble (Tio/Tit = 1)# (Figures 2 
and 3), while both the anatase aged for 70 days at 70~ 
(Figure 11) and crystalline anatase�82 are insoluble 
(TidTit = 0) in oxalate after 2 hr extraction time (Figure 
2). The relative dissolution of extremely poorly ordered 
anatase in oxalate is related to the MCD of anatase [as 
calculated from WHH of the anatase (101) X-ray 
reflection] for crystallites <50/~,  i.e. WHH > 2.0~ 
(Figure 2). Thus, anatase with MCD > 50 ]k or with 
WHH < 2.0~ is resistant to oxalate dissolution 
(Figure 2) even after successive extractions (Figure 3). 
The X-ray amorphous Ti-oxide and the anatase with 
WHH > 2.0~ was completely soluble in 1 N HC1, but 

II MCD = Kh/(B - b)cos0 in which K is a constant (0.9), h the 
wavelength of the X-radiation, B the measured width at half height 
(WHH), b the instrumental line broadening and 0 the Bragg angle of the 
respective line used. 

# Tit and Ti0 represent total titanium and NH4-oxalate (pH 3) ex- 
tractable Ti, respectively, Fea represents CBD extractable Fe. 

�82 Obtained by courtesy from S.A. Titan Co., Rep. of South Africa. 

the HCl-dissolved Ti seemed to hydrolyze extremely 
rapidly (in some cases after standing for only 5 hr). Both 
these compounds are soluble in HzTiFn which agrees 
with previous work (Dolcator et al., 1970; Sayin and 
Jackson, 1975). Therefore, acid NH4-oxalate is the 
more selective extractant for X-ray amorphous TiO2 
and microcrystalline anatase. 

Based on these findings for synthetic materials, this 
reagent was used to extract selectively similar material 
from a wide range of soil clays. The results together 
with Fea # and Tit are given in Table 1. The ratio Tio/Tit 
was used because previous work on Transvaal highly 
weathered soils, (Fitzpatrick and le Roux, 1976) using 
HzTiF6, indicated that only minor amounts of Ti are 
associated with kaolinite. The peaty podzol gave the 
highest Tio and Ti0/Tit. Moreover, the total Ti was only 
partly oxalate soluble, which probably indicates that it 
is microcrystalline, as suggested by Bain (1976). From 
the data in Figure 2 the MCD of the anatase in the peaty 
podzol appears to be about 25 .~. All the Ti in this soil 
clay was extracted by H2TiF6. 

The Southwold soils (formed under an afro-alpine 
climate) also have relatively high oxalate soluble Ti val- 
ues (Table 1). In contrast, most of the other test soils 
gave low Ti0/Tit and FedFea values, which suggest that 
both the Ti and Fe oxides are crystalline. This was ver- 
ified by detecting anatase (and goethite) by XRD in 
these samples after removing the dominant kaolinitic 
material with 5 N NaOH digestion (Norrish and Taylor, 
1961). According to Sayin and Jackson (1976) NaOH 
treatment may dissolve or etch finer anatase particles. 
Since 5 N NaOH pretreatment is used to concentrate 
the Fe-oxides in sesquioxidic clays, with high amounts 
of kaolinite and gibbsite, prior to XRD the effect of this 
pretreatment on poorly crystalline synthetic anatase 
was tested. The XRD patterns before and after alkali 
treatment remained essentially the same (Figures lj and 
k) and no Ti was detected in the NaOH extract. 

There is a significant linear correlation (r = 0.61;p 
= 0.02) between Tio/Tit and Feo/Fea (Table 1) suggest- 
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ing that Ti follows a similar pattern to Fe in the crys- 
tallization process in soils. It is further evident that soils 
of cooler regions have high Fe0/Fea and Tio/Tit. These 
observations suggest that crystallization of pedogenic 
iron and titanium oxides are inhibited by cool temper- 
ature conditions and possibly also by interference of 
organic matter (Schwertmann, 1966) and/or coprecipi- 
ration of Fe and Ti. 

Freshly prepared Fe-Ti oxides 
The colors of fresh and aged mixed Fe--Ti oxides 

ranging in composition from 0 < Ti/Ti + Fe < 1 are 
given in Table 2, and range from brown to pale yellow to 
white with decreasing Fe content. Compared with these 
coprecipitates,  physically mixing the two freshly pre- 
cipitated end members resulted in more reddish-pinkish 
hues suggesting that the coprecipitates are not merely 
physical mixtures of Ti and Fe but possibly chemical 
combinations of Ti and Fe. Aging of the freshly pre- 
pared oxides at pH 5.5 and 70~ also resulted in color 
changes (Table 2). 

The XRD data are shown in Figures l a -h .  The pure 
Fe precipitate (Figure la) gives a pattern with two 
broad bands corresponding to proto-ferrihydrite (Chu- 
khrov et al., 1972). The coprecipitates with 0 < Ti/Ti 
+ Fe < 0.30 also resemble ferrihydrite (Figures lb  and 
c). However,  as the Ti/Ti + Fe ratio increases, the 
characteristic ferrihydrite pattern progressively weak- 
ens (and the two main lines gradually shift towards low- 
er angles, suggesting Ti substitution) to give an essen- 
tially X-ray amorphous pattern with a very broad halo 
between 25 and 35~ (Figures le -h) .  The net positive 
charge measured at pH 4.7-5.0 of the pure ferrihydrite 
and the "Ti-ferr ihydri tes"  remained fairly constant up 
to a composition of Ti/Ti + Fe = 0.70 at which point 
a net negative charge was measured which continued 
to increase sharply (Figure 4). A demixing of Fe  or sub- 
stitution of Fe in an amorphous-like titanium phase 
could account for both the apparent  decrease in ferri- 
hydrite (which has a high positive charge at pH 5) and 
the increase in net negative charge with increasing 
amounts of Ti. The formation of a separate negatively 
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Table 2. Munsell colors of freshly prepared Fe/Ti coprecipitates and after aging at 70~ (pH 5.5) for 70 days. 

Freshly prepared coprecipitates Aged coprecipitates 
Ti/Ti + Fe Colour Munsell notation Colour Munsell notation 

0.00 Dusky red 10 R 3/2 Dark red 10 R 4/6--3/6 
0.05 Dusky red 10 R 3/3 Dark red-red 2.5 YR 3/6 
0.10 Dark reddish brown 2.5 YR 3/4 Dark red-red 2.5 YR 3/6-4/6 
0.20 Dark red 2.5 YR 3/4-3/6 Dark red 2.5 YR 3/4-3/6 
0.30 Dark red 2.5 YR s/6 Dark red 2.5 YR 3/6 
0 . 5 0  Yellowish-red 5 YR s/s Yellowish-red 5 YR 4/6 
0 . 7 0  Reddish-yellow 7.5 YR 6/a Yellowish-red 5 YR s/a 
0.80 Yellow 10 YR 7/s Reddish-yellow 7.5 YR 6/6 
0.90 Pale yellow 2.5 Y s/4 Yellow 10 YR a/a 
0.95 Pale yellow 5 Y a/3 Pale yellow 2.5 Y s/4 
1.00 White 5 Y s/1 White 5 Y s/2 

https://doi.org/10.1346/CCMN.1978.0260302 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1978.0260302


194 Fitzpatrick, le Roux and Schwertmann Clays and Clay Minerals 

Fig. 4. 

220- 

200- 

180" 

160" 

~ 140- 

~ -  
80-  

60~ 

; ~  .o 

/ O ~ o  

0 pH 9.5-10.0 - -  / 0  
X pH 4 .7 -  5.0 / O  

/ 

X / 

X X 
X 

30 4 0  50 60  70 80  90  100 
Ti/TJ * ~e rr~le */, 

Negative and positive charge variation with pH in relation to composition of freshly prepared titano-ferric oxides. 

charged amorphous Ti-Fe phase and positively charged 
(pH 5) ferrihydrite phase could be analogous to that 
proposed for synthetic aluminosilicate (e.g. Cloos et 
al., 1969). 

The pure freshly prepared titanium member has a 
moderately high negative charge at pH 10 which de- 
creases at pH 5 (Figure 4). This pH-dependent charge 
is attributed to dissociation of Ti-OH groups. The neg- 
ative charge of the Ti-Fe phase could play an important 
role in controlling the Fe or Fe-Ti polymerization. The 
effect of negatively charged clay minerals in controlling 
A1 polymerization has been discussed by several re- 
searchers. 

All freshly prepared oxides are completely soluble in 
oxalate (Ti0/Tit = I, Feo/Fet = I) which confirms the 
"poorly ordered" nature as shown by XRD patterns 
(Figures la to h). Furthermore, this conforms with the 
data of Schwertmann and Fischer (1973) for synthetic 
and natural ferrihydrites. 

In agreement with results of Prasad and Ghildyal 

(1975) ferrihydrite has a high magnetic susceptibility 
(Figure 6) which is probably due to the low degree of 
order resulting from weak bonding [e.g. exposed Fe 
(III) polymers]. There is a steady decrease in magnetic 
susceptibility with increasing Ti content (Figure 6). The 
titanium which is diamagnetic, simply acts as a diluent 
in the freshly prepared coprecipitates as far as the mag- 
netic susceptibility is concerned. 

Titano-ferric oxides aged at room temperature 

In the composition range 0 < Ti/Ti + Fe < 0.3 
where ferrihydrite is present, the XRD pattern re- 
mained essentially unaltered after aging at room tem- 
perature for 70 days at pH 5.5, and the oxides were also 
oxalate soluble. However, at Ti/Ti + Fe ratios >0.70 
anatase was detected (Figure 1). With decreasing Fe in 
the composition range of 0.30 < Ti/Ti + Fe ~< 0.70, 
the (101) line of anatase becomes sharper, and the prod- 
uct is progressively less oxalate soluble (Figure 2). This 
is probably due to decreasing interference of Fe in the 

Fig. 5. 
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formation of the anatase. Thus, in the high Fe systems 
which are mainly ferrihydrite, crystallization proceeds 
slowly, while in the systems rich in Ti, crystallization 
takes place at a faster rate to form anatase. 

The effect of aging at pH 12 and 70~ for 70 days 
The coprecipitates in the composition range 0 < 

Ti/Ti + Fe < 0.30 aged at pH 12 and 70~ for 70 days,  
contained relatively high amounts of oxalate soluble Fe 
and Ti (i.e. amorphous Fe-Ti)  while in the oxalate res- 
idues large goethite crystals were detected by XRD 
(WHH of the 111 line = 0.22~ and electron micros- 
copy. These observations are in general agreement with 
previous oxalate extraction data for oxides prepared 
from FeCI3 and TiCI4 and aged at pH 12 and 60~ for 
30 days (Fitzpatrick and le Roux, 1976). Because of the 
increased aging time and temperature, employed in this 
study, the oxalate soluble values are slightly lower. The 
electron micrographs (Figure 7) show the large goethite 
crystals** coated or embedded in amorphous Fe -T i  
oxide. 

The effect of aging at pH 5.5 and 70~ for 70 days 
The amounts of Fe and Ti removed by oxalate after 

aging the oxides at pH 5.5 and 70~ for 70 days were 
extremely low (Figure 8) and constituted less than 1% 
of the total Fe and Ti in the aged oxides (e.g. Fe0/Fet 
< 0.01; Ti0/Tit < 0.002). Furthermore,  compared to 
the non-aged oxides there is a marked reduction in both 

** Dr. W. J. McHardy (personal communication) has carried out 
microanalysis on these single goethite crystal~, after removing amor- 
phous Fe-Ti with HCI, and found that Ti is incorporated in the goethite 
structure. 

charges (Figures 4 and 5) and magnetic susceptibility 
(Figure 6). These observations which indicate a marked 
degree of crystallization for the whole composition 
range (e.g. 0 < Ti/Ti + Fe < 1) are confirmed by the 
XRD results (Figures 1, 9 and 10). Furthermore,  aging 
at 70~ and pH 5.5 resulted in a slight increase in acidity 
probably as a result of the further hydrolysis. 

Composition range 0 < Ti/Ti + Fe ~< 0.20. When 
the pure ferrihydrite was aged at 70~ and pH 5.5 for 
70 days both goethite and hematite were detected by 
XRD (Figures 9a and 10) in agreement with previous 
work (Schellmann, 1959; Schwertmann, 1959). How- 
ever, on increasing the Ti/Ti + Fe ratio to 0.05, crys- 
talline goethite is favored, with a slightly lower X-ray 
line broadening while hematite is inhibited (Figures 9 
and 10). In contrast goethite rather than hematite was 
suppressed in the A1-Fe coprecipitates in the compo- 
sition range 0.05 < A1/A1 + Fe < 0.30 when aged for 
70 days at pH 5.5 and 70~ (see also Schwertmann et 
al., 1977). A possible explanation for this is that the AI- 
ferrihydrite structure might be less distorted than the 
Ti-ferrihydrite structure. On increasing the Ti/Ti + Fe 
rat io in the composi t ion  range 0.10 < Ti/Ti + Fe 
< 0.20 the goethite peaks become progressively weak- 
er and broader until Ti finally inhibits goethite crystal- 
lization. Herbillon and Tran Vinh An (1969) found that 
SiO~ inhibited the crys ta l l iza t ion of " a m o r p h o u s  
Fe203" to hematite. 

Only a very slight shift was observed in the d-spacing 
of  the goethite ( I l l )  line with increasing Ti content,  
possibly because the ionic size of Fe (III) (0.64/~) and 
Ti (IV) (0.68/~) are very similar. However ,  coprecipi- 
tates of  Fe and Zr  (IV) (0.80 A) in range 0.05 < Zr/Zr 

https://doi.org/10.1346/CCMN.1978.0260302 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1978.0260302


196 Fitzpatrick, le Roux and Schwertmann Clays and Clay Minerals 

Fig. 7. Electron micrographs of goethite prepared from titano-ferric oxides with 20%. in Ti/Ti + Fe pH 13 aged for 30 days (60~ and dialized 
against distilled water. Line indicates 1 /zm. 

§ Fe < 0.10, aged for 70 days at pH 5.5 and 70~ once 
again gave suppressed hematite reflections but the en- 
hanced ( l i d  goethite reflection showed a slight shift 
towards lower angles, suggesting isomorphous replace- 
ment of Zr for Fe in the goethite structure. In addition, 
the line broadening of the (111) goethite line was larger 
for the aged Fe -Zr  system than for the Fe-Ti  system. 

Composition range 0.20 < Ti/Ti + Fe ~< 0.70. The 
complicated nature of the intermediate composition 
range (i.e. from 0.20 < Ti/Ti + Fe ~< 0.70) with rather 
broad XRD peaks (Figure 9) which militates precise 
peak distinction and peak height measurement (hence 
the hatched area in Figure 9) has a pattern that resem- 
bles very closely natural Indonesian pseudorutile (Fig- 
ure 91). According to Grey?? and Reid (1975) pseu- 
dorutile has only a moderate degree of crystallinity and 
this is confirmed by the broad diffraction lines in Figure 
9 and also by the relatively higher negative and positive 
charges (Figure 5) observed for this composition range. 
Furthermore, the magnetic susceptibility values (Fig- 
ure 6) correspond closely to that for Malayan ilmenite 
which had undergone marked alteration to pseudorutile 
or "ar izoni te"  (i.e. <40 x 10 -6 c.g.s., Flinter, 1959). 

The success in synthesizing pseudorutile in vitro by 

ttAccording to Grey (personal communication) this sample con- 
tains traces of ruffle (Figure 91; for comparative purposes the XRD of 
all the samples in Figure 9 were run at the same intensity settings). 

aging a Fe-Ti  coprecipitate for 70 days at pH 5.5 and 
70~ probably is due to the role of the aqueous solution 
creating favorable conditions for the rearrangement of 
the Ti and Fe atoms which essentially is precluded for 
reactions at higher temperatures and pressures in the 
dry state (e.g. Buddington and Linsley, 1964) and is 
only partially successful under hydrothermal condi- 
tions (Karkhanavala, 1959; Karkhanavala and Momin, 
1959). Under dry conditions and high temperatures 
(e.g. 1200~ transformations are mainly topotactic. 
With increasing titanium content the d-spacing shows 
a shift to higher angles (Table 3) indicating that the unit 
cell does depend on the Ti/Ti + Fe ratio. 

Composition range 0.70 ~< Ti/Ti + Fe < 1.0. In the 
composition range 0.70 ~< Ti/Ti + Fe < 1 anatase was 

Table 3. Comparison between the three sharpest XRD lines 
for Pseudorutile in the synthetic Fe-Ti oxides of composition 
0.20 < Ti/Ti + Fe < 0.70, Indonesian Pseudorutile* and 

ASTM 19-635 Data reported for Pseudorutile. 

Pseudorutile Indonesian Ti/Ti + Fe 
ASTM Pseudorutile* 

No. 19-635 Ti/Ti + Fe = 0.69 0.20 0 .30 0 .50 0.70 

1.69 I0 1.69 1.71 1 .70 1.69 1.69 
2.49 6 2.49 2.54 2.52 2.51 2.50 
2.19 5 2.19 2.23 2.21 2 .20 2.19 

* Sample supplied by Grey and Reid (1975). 
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Relationship between ammonium oxalate extractable Ti and Fe to total Ti and Fe (Mo/Mt) and the composition of titano-ferric oxides 
aged at  7&C and pH 5.5 for 70 days.  

the only phase detected by XRD (Figures 9 and 10). The 
relatively low Tio/Tit ratio (<0.01; Figure 8) confirmed 
the crystallinity of the anatase, while the low Fe0/Fet 
ratio suggests that the Fe is incorporated in the anatase 
structure since no other phase was detected. The WHH 
of the anatase (101) line increases until Fe (at approx- 
imately 30-50 mole% finally inhibits crystallization 
(Figures 9 and 10). 

Evidence for possible Fe replacement for Ti in the 
anatase structure was also obtained by heating the 
freshly prepared coprecipitates at 250~ for 10 days 
which once again resulted in smaller anatase crystals 
with increasing iron content as shown by the general 
increase in line broadening (Figure 10). Thus, although 
anatase and ferriferous anatase show similar XRD lines 
they differ in WHH on heating in air or  aging in vitro 
and this is related to crystaIlite size. Anatase formed by 
aging amorphous TiO2 in vitro at 70~ and pH 5.5 for 
70 days has less line broadening than anatase produced 
by dry heating at 250~ for 10 days (Figure 10). This 
suggests that the rearrangement of Ti atoms to form 
crystalline anatase and especially ferriferous anatase is 
apparently more effective in aqueous suspension than 
by dry heating even at high temperatures. 

Coprecipitates of Zr and Ti and in the composition 
range 0.05 < Zr/Zr + Ti < 0.10 aged at 70~ and pH 
5.5 for 70 days resulted in anatase with very broad but 
symmetrical (101) peaks with WHH 4.5~ Further- 
more, a slight shift to smaller angles was observed, sug- 
gesting that Zr replaces (partly) Ti in the anatase struc- 
ture. It has been suggested by Valeton (1972) that in 
bauxites Zr may replace Ti in the anatase structure. 

CBD extracts very small amounts of the total Ti (Fea 
--0.90%) from the pure poorly crystalline anatase 
phase (e.g. Ti/Ti + Fe = 1 with a WHH of 4), whereas 
oxalate dissolves 30% of the total Ti (Figure 2). There 
is a fairly good relationship (Figure 2) between Ti0 and 
the MCD of anatase (101) below 50 ]k WHH > 2.0~ 
regardless of composition. This relationship does not 
hold for CBD-soluble Ti when Fe is present in the sys- 

tern. Thus, a fairly crystalline anatase with a WHH of 
2.8~ and a composition ofTi/Ti + Fe - 0.80 has a Tio 
= 4.0% (Figure 2) and Tia = 2.1%. The relatively high- 
er amounts of CBD-soluble Ti from the ferriferous an- 
atase phase (regardless of crystallinity) is probably due 
to preferential removal of Fe from the anatase structure 
by Fe reduction. 

CONCLUSIONS 
Titanium may occur in certain soils without being 

sufficiently crystalline to be detected by XRD tech- 
niques. An estimate of these poorly crystalline forms 
of TiO2 can, however, be obtained by chemical extrac- 
tion technique. Extraction of a series of synthetic Ti 
oxides with acid ammonium oxalate (2 hr in the dark) 
confirmed that oxalate selectively removes X-ray 
amorphous TiO2 and partly dissolves microcrystalline 
anatase with MCD < 50 ~ or WHH /> 2.0~ This 

i 
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ii 
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Fig. 9. X-ray powder  diffraction patterns o [  synthetic Fe-Ti  prepa- 
rations aged at  70~ and pH 5.5 for 70 days with: (a) 0%; (b) 5%; (c) 
10%; (d) 20%; (e) 30%; (f) 50%; (g) 70%; (h) 80%; (i) 90%; (j) 95%; (k) 
10(~o in Ti/Ti + Fe, respectively, and (I) Indonesian pseudorutile 

where A is anatase;  G is goethite; H is hematite, 
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Fig. 10. X-ray diffraction data evaluation (cm relative intensity and width at half heighO in relation to composition (Ti/Ti + Fe%) of the crys- 
talline species present in the titano-ferric system after aging in vitro for 70 days at 70~ (pH 5.5) and heating in air at 250~ for I day and 14 days. 

method is superior to other commonly used reagents 
(e.g. HCI or H~TiF~) and enables one to characterize 
more fully the nature and amounts of secondary tita- 
nium oxides ranging from X-ray amorphous TiO~ to 
poorly crystalline and crystalline anatase, and to relate 
these findings to soil development (e.g. in a soil-cli- 
mate-top�9 

The positive and negative charges of the freshly co- 
precipitated titan�9 oxides appear to be analogous 
to that proposed for synthetic amorphous aluminosili- 
cates. Furthermore, it is suggested that the composition 
of the starting Fe-Ti oxide has a pronounced influence 
on the crystallization of  the final product upon aging. 

Coprecipitates of Fe and Ti aged at high pH (> 10) 
and 70~ were found to be present primarily as an amor- 
phous phase adsorbed on large goethite crystals (with 
minor Ti isomorphous substitution). Aging at lower pH 
(5.5) and 70~ for 70 days, Fe and Ti combined to form 
crystalline phases (e.g. goethite, hematite, pseudorutile 
and anatase) depending on the Ti/Ti + Fe ratio. The 
transformation of freshly prepared oxides to crystalline 
products was monitored by XRD and showed corre- 
sponding decreases in solubility in oxalate, negative 
and positive charges, and magnetic susceptibility. 

Pseudorutile can be successfully synthesized under 
aqueous conditions at pH 5.5. This suggests that it may 
form not only from the weathering or decomposition of 
primary Ti-containing oxides (e.g. ilmenite) but also 

from the more weatherable Ti-bearing silicates (e.g. 
sphene, hornblende or biotite) under earth surface con- 
ditions (e.g. in bauxites and Ti-rich beach sands). This 
would involve removal of Fe and Ti from the primary 
mineral followed by precipitation and crystallization of 
Fe-Ti oxides rather than by topotactic oxidation of  pri- 
mary Ti-oxides. Thus, Fe-Ti coprecipitates ranging in 
composition from 0 < Ti/Ti + Fe < l may be present 
in the immediate"microweathering zone" (e.g. cracks) 
of an ilmenite or sphene crystal. The composition of the 
weathering solution (Ti/Ti + Fe ratio) and hence the 
crystallization product will be dependent largely on the 
rate of removal of iron from the primary mineral which 
is controlled by the prevailing Eh-pH conditions. Un- 
der reducing conditions iron is rendered mobile in the 
ferrous state and is relatively more mobile than tita- 
nium. A certain amount of iron is required to form pseu- 
dorutile via solution and when the iron is removed by 
weathering, the titanium atoms rearrange to an anatase 
structure which may contain small amounts of  Fe 
(<5%). 

In the light of these results, an appreciation of syn- 
thetic Fe-Ti oxide mixtures, precipitated and aged un- 
der conditions comparable to natural environments, is 
critical in studies on the genesis of  weathering pro- 
cesses and soil formation. The application of synthetic 
studies of this kind to studies of secondary Fe-Ti 
weathering products is suggested. 
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Pe3mMe- Fpynna CMemaHH~X oCa~KOB OKHCnOB me~esa H THTaHa,H3MeH~mmHXC~ ~O 
COCTaBy B npe~enax 0<Ti/Ti+Fe<~,6~a CHHTe3HpoBaHa H BBH~ep~aHa BO BpeMeHH 
np~ pa3~HqHhlX SHaqeH~X pH,TeMnePaTyP~ ~ BpeMeHH,qTO~ yCTaHOBHTB pa6o~ym 
Mo~enB ~n~ nOqBOO6Pa3ymmMx Oea~KOB TMTaHMCT~X H THTaHO--~ene3HCT~X OKMCnOB. 
HopomKoB~ MeTO~ ~M~paMuHM peHTFeHoBcMHx nyqe~ (~P~),ceneKTHBHOe XHMHqec- 
KOe paCTBOpeHMe,MaFHMTHa~ BOC~pMHMqHBOCTBspacnpe~eneHMe sap~OB H 9neKTpOH-- 
H~e OnTHqecKHe ~aHH~e yKas~BamT Ha TO,qTO CBe~enpH~OTOBneHH~e OKHCnN Fe-Ti 
COCTO~T MB O6oPa~eHHOS Fe(Ti-pH~PaT OKHCH ~enesa) ~as~ (Ti/Ti+Fe~3,70) MMe- 
mme~ nOnO~HTenBHSK4 sap~,saBHc~H~ OT pH,H O6oFaI~eHHOS Ti ~as~ (Ti/Ti+Fe~ 
0,7) c nOCTO~HHh~4 H BaBHCHN~40T pH OTpM~aTenBHh~ 3ap~oM. 
CMHTeTMqecKH~ ~i--FM~paT OKMCM ~enesa H aMOp~H~ TiO 2 6~nH nOnHOCTBm pac- 

TBOpPr541~ B o~canaTe aN~4OHH~ (2 qaca 9KCTpaK~MM B TeMHOTe),B TO BpeMH KaK 
chaco KpHCTannMqecKM~ aHaTas (OTHOmeHHe mHpHH~ K nOnOBHHe B~COT~,~HB> 
2,0 28) ~SDq ~aCTH~HO PaCTBOpMM B o~canaTe. Co~ep~aHHe paCTBOpMMoFo B NH 4- 
oKcanaTe Ti 6hulo Oco6eHHO Be~HKO B ~oqBax,o6PaSOBaBmMXCH B yC~OBHHX npox- 
na~HOFO FOpHOFO ~nHMaTa (a~po-anBnH~c~oFo) z ~eHBme B noqBaX~O6pasOBaB~MX-- 
C~ B yC~OBM~X 6onee TeHnoFo Cy~TPOnMqecKoFo EnMMaTa~KOTOp~e co~ep~aT aHa- 
TaB H pyTM~. 

HecKon~KO cMemaHH~X Fe-Ti KpHCTannMqecKHx ~as 65~M onpe~eneH~ nocne B~-- 
~ep~MBaHM~ BO BpeMeHM NH 3 oca~KoB Fe H HMTpaTa Ti npH 70Oc H pH 5.5 B Te- 
qeHHe 70 ~He~: 

i) FeTMT M FeMaTHT npH COCTaBe B npe~enax 0<Ti/Ti+Fe~<0,20;npH HM3KMX 
KOH~eHTpaUH~X Ti (<5 Mone~ %) FeTHT npeo~na~an Ha~ FeMaTHTOM; 

2) MHEpOKpMCTa~nHKeCMM~ nceB~opyTHn npH COCTaBe B npe~enax 0,20~Ti/Ti+ 
Fe~0,70; 

3) aHaTa3 H ~enesMcT~ aHaTas c npe~enaMH 0,70~Ti/Ti+Fe<l,0;c yMeHBmam- 
~e~cH ~ponop~He~ Tic yMeHB~eHMe~ KpHcTa~nMqHOCTH aHaTasa. 

PeBynBTaT~ ~oKaB~BamT,KTO BTOpH~H~e MnM nOqBOO~pasyD~Me OKMCn~ Ti-Fe 
MOPyT o~pa3OB~BaT~C~ ~pM COBMeCTHOM oca~eHMH M EpMcTannMga~MM B 9poBMOH-- 
H~X paCTBOpax H ~TO BO~a MPpaeT cy~eCTBeHHy~ ponB (qTO HpOTHBOHOCTaB~HeT-- 
CH CyXOMy OKMCneHMm) B HBMeHeHMM ~epBMqHhLX THTaHO--~enesMCTSIX MMHepanoB. 

Kurzreferat- Eine Serie von zusammen ausfallenden Eisen und Titanoxyden 
mit Zusammensetzungen zwischen 0<Ti/Ti+Fe<l, wurde synthetisiert und bei 
unterschiedlicher Temperatur, Zeitlinge und pH Werten gealtert, um ein 
brauchbares Modell f~r pedogenische Titan und Titan-Eisenoxyde herzustel- 
len. R~ntgenpulverdiagramme, selektive, chemische Auflosung, magnetische 
Suszeptibilitat, Ladungsverteilung und Elektronen-optische Daten schlagen 
vor, dab die frisch synthetisierten Fe-Ti oxyde aus einer Fe-reichen (Ti- 
ferrihydrit) Phase (Ti/Ti+Fe< 0,70) mit einer pH-abhingigen, positiven La- 
dung und aus einer Ti-reichen Phase (Ti/Ti+Fe~ 0,7) mit permanenter und 
pH-abhangiger, negativer Ladung bestehen. 
Synthetisches Ti-Ferrihydrit und amorphes Titandioxyd waren vollig loslich 
in saurem Ammoniumoxalat ( 2 Stunden Extraktion im Dunkeln), wo~ingegen 
schlecht-krystallisiertes Titandioxyd (Breite bei Halbhohe >2,0v20) nur 
teilweise in Oxalat l~slich war. In Ammoniumoxalat l~sliches Ti war beson- 
ders konzentriert in B6den, die sich in k~hlem Klima entwickelt hatten(Af- 
to-Alpine), aber weniger konzentriert in Boden in warmem, subtropischem 
Klima, die Anatas und Rutil enthalten. 
Etliche gemischt Fe-Ti,krystalline Stadien wurden nach dem Altern von mit 
Ammonia ausgefallenen Fe- und Ti-Nitraten identifiziert:(Das Altern fand 
bei 70~ und pH 5,5 fur 70 Tage stattl 
(i) Goethit und Hematit mit Zusammensetzungen 0<Ti/Ti+Fe<0,20; bei niedri- 
gen Ti Konzentrationen (<5 MoI%), wurde Goethit beg~nstigt und/oder Hematit 
formation verhindert. 
(2) Mikrokrystallines Pseudorutil in der Reichweite 0,20<Ti/Ti+Fe<0,70. 
(3) Anatas und Eisen(III) haltiges Anatas mit der Zusammensetzung O,70<Ti/ 
Ti+Fe<l,0; mit abnehmendem Ti Anteil nimmt die Kristallinit~t des Anatas ab. 
Die Resultate schlagen vor, dab sekondare oder pedogenische Ti-Fe oxyde 
durch Mitausfallen und Kristallisation in Verwitterungs-Losungen entstehen 
konnen, und betonen die wesentliche Rolle des Wassers (im Gegensatz zu 
trockener Oxydierung) in der Veranderung yon primaren, titanhaltigen Mine- 
ralien. 
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R~sum~-Une s~rie de copr~cipit~s d'oxides d'un m~lange de fer et de ti- 
tanium s'~tageant en composition de 0<Ti/Ti+Fe<l a ~t~ synth@tis~e et 
vieillie sous des conditions vari~es de pH,de temperature et de temps a- 
fin d'~tablir un module de travail pour le titanium p~dog~nique et les 
acides titano-ferriques.La diffraction aux rayons-X (X.R.D.),Ia disso- 
lution chimique s~lective,la susceptibilit~ magn@tique,la distribution de 
charge et les donn~es optiques d'~lectron indiquent que les oxides de Fe- 
Ti fra[chement prepares consistent d'une phase riche en Fe (Ti-ferrihy- 
drite) (Ti/Ti+Fe~0.70) ayant une charge positive d~pendante du pH et une 
phase riche en Ti (Ti/Ti+Fea0.7) avec une charge n~gative permanente et 
d~pendante du pH. 

La Ti-ferrihydrite synth~tique et le TiOz amorphe ~taient compl~tement 
solubles dans l'ammonium oxalate acide (extraction de deux heures dans 
le noir),tandis que l'anastase pauvrement cristallis~ (largeur ~ demi- 
hauteur,WHH>2.0~ ~tait partiellement soluble ~ l'oxalate. Le Ti so- 
luble dans le NH~-oxalate ~tait particuli~rement ~lev~ dans les sols d~- 
velopp~s sous un climat frais montagnard (afra-alpin) et plus bas dans 
les sols d'un climat subtropical plus chaud,contenant anastase et rutile. 

Plusieurs phases cristallines de Fe-Ti m~lang~es ont ~t~ identifi~es 
apr~s le vieillissement de copr~cipit~s NH3 de nitrate de Feet de Ti 
70~ et ~ un pH de 5.5 pendant 70 jours: (i) de la goethite et de l'h~- 
matite dont la composition s'etageait de 0<Ti/Ti+Fe~0.20; ~ basses con- 
centrations (<5 mole %) de Ti,la goethite ~tait favoris~e et/ou l'h~ma- 
tite inhib~e; (2) de la pseudorutile microcristalline dont la composition 
s'~tageait de 0.2sTi/Ti+Fe~0-7;(3) de l'anastase et de l'anastase ferri- 
ferreux dont la composition s'~tageait de 0.7~Ti/Ti+Fe~l;la cristalli- 
nit~ de l'anastase d~croissait proportionnellement ~ la proportion d~- 
croissante de Ti. 

Les r~sultats sugg~rent que des oxides Ti-Fe secondaires ou p~dog~- 
niques peuvent ~tre form@s par copr~cipitation et cristallisation dans 
la solution s'alt~rant et soulignent le r61e essentiel de l'eau (par 
opposition ~ l'oxidation s~che) dans l'alt~ration de min~raux titanifer- 
reux. 
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