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ALUMINUM-BEARING GOETHITE IN 
V E N E Z U E L A N  LATERITES 
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Abstract The presence of Al-bearing goethites has been unequivocally established in Venezuelan laterite 
sediments by means of infrared spectroscopy (IR), chemical dissolution, and X-ray powder diffraction 
(XRD) methods. The composition of these samples ranges from [Fe0.agA10,11]O(OH) to [Fe0.r~A10.24]O(OH). 
The data of dissolution experiments using a modified dithionite (CDB) treatment suggest a parallel behavior 
between Fe and A1; the gradual dissolution of A1 is associated with the destruction of the Al-containing 
goethite. The interpretation of the CDB dissolution results for SiO~/Fe2Oz is different; silica was only slight- 
ly extracted from phases other than goethite. Substitution of Fe a§ by AP + in these goethites was represented 
on the XRD patterns by a lowering of the (110) and (111) reflections corresponding to a reduction in size 
of the unit cell of goethite. IR spectroscopy showed the formation of such solid solutions by a shift of the 
405 cm -1 absorption band, assigned to v (Fe-O) in synthetic goethite, to >460 cm -~ in the spectrum of AI- 
bearing natural goethite. Moreover, this spectrum shows a shift of the 3140 cm -~ absorption, due to v (OH), 
to higher frequencies, indicating a H-bond weakening in [FexA1c~_~]O(OH) compared to FeO(Ot-I). 
Key Words---Al-goethite, Dithionite dissolution, Goethite, Laterite, Venezuela. 

INTRODUCTION 

Solid solution of iron and aluminum in goethite, 
a -FeOOH,  was reported in the investigation of iron 
oxides and hydroxides in soils (Schwertmann and Tay- 
lor, 1977) and in bauxite ores (Janot et al., 1971). Like 
many other ferruginous bauxite ores, Venezuelan lat- 
critic sediments consist mainly of goethite, gibbsite, 
kaolinite, and quartz. The exact location and content 
of aluminum in various laterite minerals is of consid- 
erable importance in predicting whether or not alumi- 
num can be economically extracted from such deposits.  
Normally, AI incorporated in the goethite structure is 
not extractable by conventional industrial treatments.  
In addition, the substitution of AI for Fe in the g0ethite 
structure may serve as a fingerprint for specific geo- 
chemical processes responsible for the formation of 
such deposits in weathering environments. 

Because the determination of total AlzO3 by standard 
chemical analysis does not distinguish between A1 in- 
corporated in the structure of goethite from that in other 
laterite minerals, an alternative method for the deter- 
mination of A1 in goethite was developed based on se- 
lective chemical dissolution. A simple technique was 
also devised using infrared spectroscopy (IR) and well- 
established X-ray powder diffraction (XRD) to identify 
Al-bearing goethites in laterite samples. 

EXPERIMENTAL 
Materials 

Three samples of Venezuelan laterites (~150 mesh) 
of variable composition were chosen for the study from 
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a residual profile in the Venezuelan Guayana (Mende- 
lovici et al., 1979). Locations, mineralogy, and total 
Fe203 contents of all samples are listed in Table 1. 

S y n t h e t i c  goe th i t e  was o b t a i n e d  by  t i t r a t ing  
FeCI~. 6HzO with KOH at pH 13 and aging the precip- 
itate at 60~ for at least 4 days (Landa and Gast, 1973). 
The crystalline goethite product was characterized by 
X-ray powder diffraction and infrared spectroscopic 
methods. The specific surface area was determined as 
29 m2/g by the BET method. 

Methods 

Selective chemical dissolution with dithionite. For  
the deferration of the Venezuelan laterite samples, the 
dithionite (CDB) method of Mehra and Jackson (1960) 
was adapted, with the following modifications: 2.5 g of 
sample was shaken with 20 ml of 0.3 M Na-citrate and 
2.5 ml of 1 N NaHCO3 in a water bath. When the tem- 
perature reached 75~ 0.5 g of Na-dithionite was 
added, and the suspension shaken for 20 min. After this 
digestion period saturated NaC1 solution was added to 
promote flocculation. The suspension was centrifuged, 
and Fe,  AI, and Si were determined in the decanted 
clear supernatant by atomic absorption spectroscopy 
(AA) using a N20-C2H2 flame. The solids were ana- 
lyzed for total iron in a fluoboric-boric acid matrix (La 
Brecque et al., 1978). In order to remove completely 
the free iron oxides, 8 consecutive extractions with 
CDB were necessary for sample a and 15 for samples 
b and c. The amount of Fe203 dissolved after further 
extractions with CDB was <0.01%. 

NaOH treatment. To identify and characterize the 
hydrous iron oxides by XRD and IR spectroscopy, 
gibbsite and part of the kaolinite were removed from 
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Table 1. Contents of major clay minerals and total Fe3Oz in 
Venezuelan laterite samples from an l 1-m thick section in Los 
Guaicas (Edo. Bolivar). 

S a m -  D e p t h  K a o l i n i t e  I G i b b s i t e  ~ G o e t h i t e  = F e 2 O z  s 
pie ( m )  ( % )  ( % )  ( % )  ( % )  

a 7 80 traces 11.1 13.22 
b 6 40 40 22.0 27.21 
c 3 5 70 21.5 24.90 

Approximate estimation by IR and XRD complemented 
by DTA. 

2 Estimated by the modified CDB treatment (this study). 
3 Determined by premanganometry, complexometry, and 

AA (La Brecque et al., 1978). 
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Figure 1. Percentages of Al=O3 extracted in a modified 
dithionite (CDB) treatment with respect to extracted Fe203 in 
samples a, b, and c. 

I 2 3 4  5 6  7 

the natural laterites by shaking them with 1.25 M NaOH 
at 75~ (Mackenzie and Robertson, 1961) for periods 
of 0.5 hr to 6 days. The resulting solids were washed by 
centrifugation with H20 to pH 7 and with spectroscopic 
grade acetone and then dried in air. For  a comparative 
study the synthetic goethite was also treated with 1.25 
M NaOH and further examined. 

X-ray powder diffraction. Diffractograms of  pow- 
dered samples were obtained on a Philips diffractom- 
eter using Mn-filtered F e K a  radiation. The X-ray unit 
was operated at 36 kV and 20 mA (5-sec time constant). 
The scanning speed was 1 ~ 20/min. 

Infrared spectroscopy. IR spectra were recorded on 
a Perkin-Elmer model 283 grating spectrophotometer 
at ambient beam temperature. The solids (0.5 mg) were 
examined in 200-mg KI disks, previously dried at 
110~ Preliminary experiments showed that better res- 
olution can be obtained by using KI instead of KBr as 
a dispersant for the preparation of the disks. 

RESULTS AND DISCUSSION 

Dissolution of goethite by dithionite 

The natural goethite contained in the Venezuelan 
laterites was only partially soluble in the buffered so- 
dium dithionite solution used in the present study. 
However,  by consecutive extractions with CDB prac- 
tically all of the free iron oxide was dissolved. After 8, 
15, and 15 extractions of samples a, b, and c, respec- 
tively, 10.0, 19.7, and 19.4% FezOz was dissolved. 

The degree of destruction of the goethite is inferred 
from the dissolution of iron. The pertinent results are 
presented in Figures 1 and 2, showing the amounts of 
AlzOz and SiO2 released into the CDB solutions as a 
function of the corresponding values of Fe2Oa. The 
same series of extraction were used for dissolving all 
the elements. Each figure represents three series of ex- 
tractions for each sample, and those points which are 
shown represent the maximum deviations from the 
plotted curves. 

The CDB extraction of the present study removes 
primarily free iron oxides and hydroxides as well as 

amorphous and poorly crystalline fractions of silica and 
alumina minerals (Kunze, 1965). After the exhaustive 
extraction of iron, practically no AIzO3 was dissolved 
(<0.01%). According to IR and XRD information, gibb- 
site and kaolinite persist in the residual sample. It is, 
therefore, inferred that under the present extraction 
treatment the contribution of gibbsite and kaolinite to 
the dissolved alumina can be neglected. 

Thus, the linear relationship between the extracted 
A1~O3 and Fe2Oa (Figure 1) is independent of the ex- 
traction number and series, and suggests a parallel be- 
havior between the aluminum and iron dissolved in 
CDB. Since, (1) the linear relationship holds until the 
complete dissolution of goethite, (2) gibbsite as well as 
kaolinite were practically unaffected by the present 
treatment, and (3) no amorphous A1203 was detected 
in the laterite samples examined (Mitchell et al., 1971), 
it may be assumed that the aluminum released by these 
CDB solutions comes chiefly from the goethite and was 
initially incorporated in the goethite structure. 

The molar ratios AlzOz/(A12Oz + Fe~Oa) in the var- 
ious samples, obtained from Figure 1, are 0.11, 0.16, 
and 0.24 for laterites a, b, and c, respectively. Accord- 
ing to Norrish and Taylor (1961), the substitution of  AI 
for Fe in goethite decreases the solubility of this min- 
eral. It is, therefore, expected that the goethite fraction 
with smaller AI content will be more soluble in dithio- 
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Figure 2. Percentages of SiO2 extracted in a modified dithio- 
nite (CDB) treatment with respect to extracted FezO3 in sam- 
ples a, b, and c. 



370 Mendelovici, Yariv, and Villalba Clays and Clay Minerals 

Table 2. Characteristic spacings of synthetic goethite and 
of goethites from Venezuelan laterites b and c after 15 hr of 
NaOH treatment. 

(hid) 

Synthet ic  goethi te  Lateri te b I Later i te  c l 
FeO(OH)  (Feo.s4Alo.~6)O(OH) (Feo.Te, AIo 24)0(0H) 

(A) (A) (A) 

110 4.195 4.18 4.164 
111 2.454 2.434 2.427 
121 2.254 2.238 2.242 
140 2.190 - -  2.167 
221 1.720 - -  1.717 

Because of a relative high ratio of quartz/goethite in sample 
a, the reflections of goethite were overlapped by those of 
quartz. 

Formulae derived from Figure 1. 

nite. The percentages of Fe203 dissolved in the first 
CDB extractions are 6.78, 5.78, and 5.12% for samples 
a, b, and c, respectively. These numbers correspond to 
68, 29, and 26% of the total free Fe203 and are inversely 
related to the A1 contents of the correspondent goe- 
thites. 

In the case of laterite c, the first extraction always 
gave smaller ratios of A1203 to (A1203 + Fe203) com- 
pared to the further extractions, indicating the presence 
of goethite with an A1 mole fraction lower than 0.24 
(Figure lc). This goethite material is the first to be ex- 
tracted by the dithionite solution and is responsible for 
the relatively high solubility of iron during the first 
CDB treatment (26% of the total free iron oxide). 

The SiO2 that is extracted by dithionite is indepen- 
dent of the destruction of the goethite (Figure 2). The 
amount of extracted silica decreases only slightly with 
the number of the extractions and shows a different 
trend from extracted iron. Furthermore,  the SiO~JFe203 
ratio constantly increases with the number of extrac- 
tions. The great difference in behavior between the dis- 
solution of silica and alumina supports the assumption 
that the latter, whose content in solution is one order 
of magnitude higher than silica, is not extracted from 
aluminosilicate minerals to any considerable extent. 

X-ray powder diffraction 

Norrish and Taylor (1961) reported a shift of the (111) 
reflection of goethite from 2.452 to 2.426 ,~ in soil goe- 
thites. They showed that these goethites contain up to 
30 mole % A1 giving rise to a substantial reduction in 
the size of the unit cell. On the other hand, Janot et al. 
(1971) observed a decrease of the (140) reflection from 
2.18 .~ in synthetic goethites to 2.14/~ in natural A1- 
goethites. Smaller changes were also reported in their 
study for the (111), (121), and (221) reflections. 

The decreased (110) and (111) spacings listed in Table 
2 for the NaOH-treated laterites and the synthetic goe- 
thites can be related to the amount of AI substitution 
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Figure 3. Infrared spectra of disks of synthetic goethite, re- 
ground (I) and sample c, unground (II) after 15 hr of NaOH 
treatment. 

in the goethites of these Venezuelan laterites, as esti- 
mated from the chemical dissolution data (Figure 1). 

Aluminum minerals in laterites interfere with the 
identification and characterization of goethite. Such 
phases were mostly destroyed by treatment with 1.25 
M NaOH, thus allowing the X-ray patterns to be in- 
spected for goethite, which was unaffected by such 
treatment. At higher alkali concentrations, however,  
structural modifications of goethites have been report- 
ed (Petit et al., 1964). 

Infrared spectroscopy 

Jonas and Solymar (1970) showed an increase in fre- 
quency for the 900 cm - t  band of synthetic Al-goethite, 
which can be related to the degree of Al substitution. 
In the presence of kaolinite and aluminum oxide min- 
erals it was not possible to identify goethite and Al-goe- 
thite in bauxites by IR methods. In fact, only one goe- 
thite band (800 cm -1) was detected by Jonas et al. 
(1974) in red mud from the Bayer process. 

The spectra recorded after various periods of treat- 
ment of the synthetic and lateritic goethites with 1.25 
M NaOH show no changes in the positions of the ab- 
sorption bands of goethite. This is in good agreement 
with the XRD observations, in the sense that no struc- 
tural modifications of goethite are apparent. To detect 
the diagnostic ~,(OH) band of goethite (at about 3140- 
3170 cm-t) ,  which may be detected in the presence of  
large amounts of kaolinite, NaOH treatments for 15, 6, 
and 0.5 hr were necessary for samples a ( - 8 0 %  kaolin- 
ite), b ( - 4 0 %  kaolinite), and c ( - 5 %  kaolinite), re- 
spectively. However,  to detect all of the goethite bands 
and therefore differentiate among various goethite va- 
rieties by IR, greater amounts of kaolinite must be re- 
moved by a longer NaOH treatment. Thus, 7-day, 15- 
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Table 3. Infrared absorption bands of synthetic goethite and of goethites from Venezuelan laterites a, b, and c. 

Synthetic goethite Laterite a Laterite b Laterite c 
Assignments FeO(OH) (Feo.a~Alo.~00(OH) ( F e o . a 4 A l o . ~ d O ( O H )  (Feo.r~Alo.~4)O(OH) 

(Ryskin, 1974) (cm -1) (cm 1) (cm-1) (cm-~) 

v(OH) 3140 3160 v.br. 3160 v.br. 3170 v.br. 
8(OH) 894 907 910 928 v.br. 
3,(OH) 790 793 798 802 br. 

690 w.sh. 690 w.sh. 
Fe-O 637 610 w.sh. 620 w.sh. 620 w.sh. 

455 w. 
Fe-O 405 v.s. 462 v.s. 465 v.s. 478 v.s. 

3971 4681 
375 sh. 365 w.sh. 370 w.sh. 

305 v.w. 
Fe-O 268 280 w. 283 w. 297 w. 

s. = strong; v. = very; w. = weak; br. = broad; sh. = shoulder. 
1 Disappeared on grinding. 

hr, and 3-hr treatments were needed for samples a, b, 
and c, respectively. 

The IR spectra of laterite c after 15 hr of NaOH treat- 
ment as well as those of synthetic goethite, are shown 
in Figure 3. Much broader bands were exhibited by the 
natural goethites than by the synthetic goethite; in ad- 
dition, the absorption maxima of the lateritic goethites 
are at higher frequencies (Table 3). The extent of these 
shifts are related to the amount of A1 in the goethite, as 
estimated from the chemical dissolution results. 

The most pronounced perturbation was the v(Fe-O) 
band. In synthetic goethite this band is at 405 cm -1, 
while in the natural goethites, it is >460 cm -~ and is 
very broad, overlapping with the 637,455, and 375 cm -1 
absorptions. In the light of the information obtained 
from oxalic acid dissolution experiments (Schwert- 
mann, 1973) the amount of amorphous iron in these 
laterites seems to be negligible and does not contribute 
to the development of the Fe-O vibrations mentioned 
above. Aluminum does not form an isolated phase, 
therefore no proper absorption bands can be identified 
as AI-O vibrations. Thus, it is concluded that the dras- 
tic changes displayed by the spectra of laterites in Fig- 
ure 3 and Table 3 are due to partial substitution of Fe 
by A1 in the goethite structure. 

Substitution of Fe by A1 should also change the acid 
strength of the hydroxyl groups, and therefore change 
the strength of the hydrogen-bonds between these hy- 
droxyls (Heller-Kallai et al., 1975). In the goethite 
structure OH groups form intrahydrogen bonds with 
one another. The band at 3140 cm -~ was assigned by 
Ryskin (1974) to hydrogen-bonded hydroxyls. Depend- 
ing on the degree of substitution, this band shifts to 
higher frequencies in the Al-bearing goethites indicat- 
ing a weakening of the hydrogen bonds compared to 
those in synthetic goethite. Because of the presence of 
a free d electron subshell in the Fe atom and its absence 
in the A1 atom, one would expect a higher screening 

effect in the AI -O-H group and a corresponding weak- 
ening of its H-bond compared to the F e - O - H  group. 
Therefore, it can be predicted that A1 substitution for 
Fe will shift the v(OH) to higher frequencies, as has 
been observed. 

CONCLUSIONS 

IR, XRD, and selective chemical dissolution data in- 
dicate that part of the Fe 3+ in the structure of the goe- 
thites of Venezuelan laterites is substituted by A13+. 
Infrared spectroscopy has proved to be a useful tool for 
discerning the existence of such solid solutions, rep- 
resented by the general formula: [FexAl~l_xdO(OH). 
The substitution of Fe by AI shows that the precipita- 
tion of these goethites during lateritization occurred in 
an aluminum-rich milieu. The occurrence of this solid 
solution in the Venezuelan laterites portends difficul- 
ties in the separation of aluminum and iron by conven- 
tional methods. 
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Pe3mMe---IlpncyTCTBlae reTI4TOB, co~xepmamnx A1, 6bmo onpe~xeaenno yCTaHOBJIeHO B Bene- 
cya~bcrnx ~aTepnTnblx oca41Kax npn noMomn MeTOJIOB nI~qbpa-rpacHofi cnerTpOCKOnnlt (HK), 
xnMt4qecKoro pacTBopen~la, 14 nopom~OBbIM MeTO~OM penTrenocTpyrTypnoro anajln3a. COCTaB aTHX 
06pa3uoa n3MenaeTca OT [Fe0,sgAl0,H]O(OH) ~0 [Fe0,r~d0,~4]O(OH). ~[annbIe :3KcnepHMeHTOB no 
pacTaopeHI410, ncno:Ib3yKm~e ycoaepmencTaoaannmfi ~InTraOHHTnblfi 6ydpep (Y~[B) yI<a3bmaeT na 
napanae:xbnoe noBe~eHne Mem]ly F e n  AI; nocTeneHHoe pacTaopeune AI ca~3aHo c pa3pymeH~em 
reTHTa, co~lepmamero AI. Hna~e nHTepnpeTI4pyloTC~I pe3yJlbTaTb~ paCTBOpenH$1 C ncnoJIb30BaHneM 
Y~B ~a~a SiO~/Fe203; KpeMHHH TOJIbKO caer ra  aKcTparnpoBa.rlca H3 qba3, He OTHOC~ImHXC~I K FeTHTy. 
3aMena Fe z+ adlIOMHHHeM A13+ n aTnX FeTBTax 6bi.rla Bblpa;~eHa Ha KapTHHaX PEA nonH:h~zeHtteM 
oTpa~ennfi (110) n (111), COoTaeTcTny~om~x yMenbmeHmo a paaMepe aaeMenTapHofi a'~efign reTnTa. 
1-[o /IaHHbIM I,'IK CHeKTpOCKOHHH orpa3oaattue TaKHx TBepJ~blX pacTBOpOB ~aoKa3bmaeTc~ CJIB~IFOM 
arcoprIBIOHHOfi no~Iocb~ 405 CM -t, npHnncblBaelofi v(Fe-O) a cnnTeTnttecKtlx reTnTax, K >460 
CM -1 B cneKTpe eCTeCTBeHHI~IX FeTHTOB, coAepxauatx Al. Bootee TOFO, ~TOT cneKTp IIOKa3blaaeT 
CJIBHF arcoprt~nn 3140 CM -1, orycJIOB.rIeHHblfi v(OH), K 6oJlee BI, lCOKHM qaCTOTaM, tlTO yKa3blBaeT Ha 
ocaaraenHe ao~xopo~Inofi caasn a [FexAltl_x~]O(OH) no cpaanenmo c FeO(OH). 

Resiimee---Die Anwesenheit von Al-haltigem Goethit wurde in Laterit-sedimenten yon Venezuela eindeutig 
mittels Infrarotspektroskopie, chemischer Zersetzung, und Rrntgenpulverdiagrammen (XRD) nachgewie- 
sen. Die Zusammensetzung dieser Proben geht von [Fe0.s~A10,1dO(OH) bis [Fe0,7eA10,24]O(OH). Die Werte 
ffir die Zersetzungsexperimente, wenn ein modifizierter Dithionit Puffer (CDB) benutzt wird, schlagen ein 
paralleles Verhalten zwischen Fe und A1 vor; die langsame Auflrsung von A1 ist mit der Zerstrrung von 
Al-haltigem Goethit verbunden. Die Interpretation der Resultate der CDB-Zersetzung fiir SiO2/Fe203 ist 
anders; nur wenig Kieselerde wurde, mit Ausnahme yon Goethit, von den anderen Phasen extrahiert. 
Austausch von Fe z+ mit A1 a+ wurde in diesen Goethiten in den XRD Mustern gesehen in der Form einer 
Senkung der (110) und (111) Reflektionen, was einer Reduktion in der Grrfle der Goethit-Einzellen ent- 
spricht. IR-Spektroskopie von Al-haltigem, natiirlichem Goethit zeigt die Bildung solcher festen Lrsungen 
durch eine Verschiebung des 405 cm -1 Absorptionsband, welches v(Fe-O) in synthetischem Goethit zu- 
geschrieben wird, nach >460 cm -1. AuBerdem zeigt dieses Spektrum eine Verschiebung der 3140 cm -~ 
Absorption, welche zu v(OH) gehfrt ,  zu hfheren Frequenzen, was auf eine Verschw~ichung yon Wasser- 
stoffbriicken in [FexAl~_x]O(OH) verglichen mit FeO(OH) hindeutet. 

Rrsumr--La  prrsence de goethite contenant A1 a 6t6 6tablie sans aucun doute dans des s6diments de latrrite 
du Vrnrzuela au moyen de spectroscopie h l'infra-rouge (IR), de dissolution chimique, et de diffrac- 
tion aux rayons X (XRD). La composition de ces 6chantillons s ' r t end  de [Feo,s~A10,11]O(OH) /~ 
[Fe0,70Al0,e4]O(OH). Les donnrs d'exprriences de dissolution utilisant un tampon de dithionite (CDB) mod- 
ifi6 sugg~re un comportement parall~le entre Fe et Al; la dissolution gradueUe d'A1 est associre avec la 
destruction de la goethite contenant A1. L'interprrtation des rrsultats de la dissolution CDB de SiO2/FezOz 
est diffrrente; la silice n ' r ta i t  que peu extraite des phases autres que la goethite. La substitution d 'AP + 
Fe z+ dans ces goethites est reprrsentre sur les clichrs XRD par une diminution des rrflections (110) et (l 11) 
correspondant/t  une rrduction dans la maille de la goethite. La spectroscopie I R a  montr6 la formation de 
telles solutions solides par un drplacement de la bande d'absorption de 405 cm -t ,  assignre ~t la goethite 
synthrtique v(Fe-O)/~ >460 cm -1 dans le spectre de la goethite naturelle contenant Al. De plus ce spectre 
montre un d6placement de l 'absorption 3140 cm -1, dfi h v(OH) h des frrquences plue 61evres, indiquant un 
faiblissement du lien H dans [FexAlt~_x)]O(OH) compar6/t  FeO(OH), 


