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The capacity of goethite for tdsubstitution has been explored in a series of synthetic samples
prepared from F& and Cd nitrate solutions aged 21 days in alkaline media. The total metal content
([Fe]+[Cd]) was 0.071 M in all preparations. The samples have been characterized by chemical
and X-ray diffraction analysis; the morphology of the solids is described. The cell parameters for all
samples were obtained by the Rietveld fits to the X-ray diffraction data. Refined structures show that
for samples prepared at the final molar rajig.,<5.50 (expressed agicq=100X[Cd]/[Cd]
+[Fe]), a(Cd, Fe-goethite is the only crystalline product. In these samples, the unit cell parameters
increased as a function of Cd concentration, indicating Cd incorporation in the structural frame. At
the preparative ratiopcq=7.03, the incorporation of Cd in the goethite structure is drastically
reduced and a probable Cd-substituted hematite is formed together with the Fe,Cd-goethite.
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I. INTRODUCTION Schwertmanret al, 1989; Gerth, 1990; Schwertmann and
Pfab, 1994; Gassest al, 1999; Manceawet al, 2000; Sileo
Goethite, (a-FeOOH, is widespread in the ecosystem, et al, 200)).
and it occurs in oxidizing and reducing environments. It is  Cadmium is a heavy metal that is known to bioaccumu-
found in Fe ore deposits and is the most important iron oxidgate (Jin et al., 1998; Lehoczkyet al, 1998. Its solutions are
hydroxide present in river and marine sediments. The naturaiighly toxic to humans and many other biota. It occurs in
phase commonly occurs as very fine particles that accumusome mine wastes and as a waste from various industrial
late heavy metals by adsorption and complexing and/or coactivities. The CH ion is one of the species that may be
precipitation(Cornell and Schwertmann, 1996 adsorbed and/or coprecipitated from solution into Fe oxide
In alkaline media, goethite forms from ferrihydrite, the hydroxides. As the ionic radius of &ds significantly larger
initial oxyhydroxide of Félll). Ferrihydrite is a metastable than that of F¥ (0.0920 vs 0.0615 njrthe substitution may
compound that may transform into goethite, hematite, or &onsiderably alter the structural framework of pure goethite,
mixture of the two, via two competing pathways. The inter-changing its morphology and its physicochemical properties.
conversion to goethite proceeds via a dissolution-The processes of Gduptake onto goethite surfaces have
reprecipitation procesgFisher, 1971; Blesa and Matijevic, peen fully analyzedForbeset al, 1979; Balistrieri and Mur-
1989. Formation of hematite involves a solid-state rear-ray, 1982; Venemat al, 1996; Collinset al, 1999; Parkman
rangement(Feitknecht and Michaelis, 1962; Schwertmannet |, 1999. However, only basic studies of cadmium incor-

and Fisher, 1966that starts in denser zones within the fer- horation into the structural frame of goethite have been re-
rinydrite aggregate. Giovanoli and Comnell992 have  norted(Gerth, 1990,
shown that some first row transition elements stabilize ferri-  ggethite shows an orthorhombic unit cell with four

hydrite tc_)ward dissolution so that hemat.ite forms more easgroups FeOOH. The structure is based on HCP packing of
|Iy_. Alumlnum alsq promotes the formatlon_ pf hematite, aSoxygen (Q) and hydroxide ions (§) with half of the octa-
this effect is attributed to a lower solubility of the Al- peqra| sites filled with P& ions. The structure may be de-
containing ferrihydrite precursor relative t_o pure fe_rrlhy_drltescribed in terms of Fe octahedra (F€OH)s) linked in
(SchwertmanneF al, 2000. _The metal-mlxeq ferrihydrite pairs by an edge, through two,Gatoms. These pairs form
may form. SUb.St'tUted g(_)ethlte a_nd/or hematite. ouble chains that run parallel {601] (Pbnm). Along the
Insert|on_|n synthetic goethites hag been demon;trate hain, the octahedra are joined by edges throughr@ Q
for the following elements: Al, Cr, Cd.’ Ni, Ga, Sc, Ge, Si, U atoms. Also each octah_edron _shares two corner!$ \Wah
Th, Co, Cu, Pb, V, Mn, and ZfNorrish and Taylor, 1961; two polyhedra from a neighboring double row. This arrange-

Lim-Numez and Gilkes, 1985; Stiers and Schwertmann :
! ! . ~'ment leads to double ch ted b t doubl
1985; Vandenberghet al, 1986; Cornell and Giovanoli, (522 F(ie;ursé; ouble chains separated by vacant double rows

1987, 1989; Diazet al, 1989; Ebinger and Schulze, 1989; cations M, M", and MY may substitute into the octa-

hedral Fe positions in the goethite structure; fdr &hd MY
3 Electronic mail: sileo@di.fcen.uba.ar substitution, an uptake or release of protons is expected, to
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a TABLE I. Chemical analyses for the samples.

Sample Preparation rafio Cd contertt
¢ S 0 0
T — b S, 0.99 0.96-1.06
S, 2.74 4.05-4.06
S; 3.63 4.55-4.56
S, 5.50 5.91-5.98
S5 7.03 454-4.73

aCadmium content measured by duplicate and expressed as 100
X[ Cd]/[Cd]+[Fe].

Morphological observations were carried out using a Philips
515 scanning electron microsco{$EM) operated at 30 keV.

Figure 1. Arrangement of polyhedra in the structure of goethite, the octa-
hedra share edges within the rows, and vertices between chains. . .
C. X-ray diffraction measurements

Samples were hand-ground in an agate mortar and
. s - . . : .~ . pestle, and side-loaded into an Al sample holder. XRD data
very different ionic radii, their electronic configuration is e . )
symmetric; F8 is ad® and Cd is ad™ ion. Thus, in the were collecteql at the measurement con(_JI|t_|ons given in Table
Cd-for-Fe ,substitution the symmetry of t'he cobrdinationl' The step width, 0.025°, assured a minimum of about 12

. . y y : ._intensity points for the narrower peaks.

sphere for both ions is expected to be approximately undis-

torted and only an enlargement of thgb, andc parameters

account for charge balance. Although'Fand Cd have

is expected. DS "
In this work, we investigated the morphological and cell P- Structure refinements
parameter variations for a series @FeOOH samples syn- The structures were refined in the 2-theta range

thesized from alkaline solutions of #econtaining different  18.500°—131.000° to ensure that only the specimen is irradi-
concentrations of Cdions. We determined the concentration ated. The Rietveld method was applied using the GSAS
range in which cadmium is incorporated into the goethite(General Structure Analysis Systgmrogram (Larson and
structure, and the maximum capacity of Cd in goethite. AsVon Dreele, 1994 Starting unit-cell parameters and atomic
the synthetic Cd-rich goethites obtained are poorly crystalcoordinates for goethit¢Szytulaet al, 1980, space group
line, structural changes are quantified through the Rietvel®bnm Z=4 and hematitéBlake et al, 1966, space group
analysis(Rietveld, 1969 of powder X-ray diffraction data.  R-3c, Z=6, were taken from published works. Although the
space group of goethite was reoriented”tamag in order to
facilitate comparisons with previous works, we present the
Il. EXPERIMENTAL results of the refinements as goethite having the space group
A. Preparation of the solids Pbnm The measured background was fitted with a simple

Pure and Cd-rich goethites were prepared by adding dinear interpolation. The Thompson—Cox—Hasting pseudo-
70°C, 50 mL of a 1 Mferric nitrate @ 1 M iron plus cad- Voigt function (Thompsonet al, 1987 with the microstrain

mium nitrates solution, to 650 mL of sodium hydroxide so- Proadening description of StephefStephens, 1999was
lutions (final OH~ concentration was in all cases 0.5.Mhe used for fitting peak profiles. Only the scale factors and the
suspensions obtained were aged for 21 days at 70°C ihackground coefficients were adjusted during the first cycles,
closed polyethylene flasks. Once a day, the flasks were vigid then gradually in successive cycles, the following pa-
orously shaken. The final products were centrifuged an ameters were varied in the least-squares refinement proce-

washed three times with doubly distilled water. In order todure: the sample displacement and the unit cell values, the

remove any non-structurally incorporated cations or ferrinySiZ€ refated LX and Xe and the strain relafg, parameters,

drite from the surfaces of the products, an acid oxalate exiNé a@symmetry parameters for the peak shapes, and the
traction (Schwertmann and Cornell, 199Was carried out atomic positional parameters. The isotropic thermal param-

twice. After the extraction process, the solids were washe§ters were varied for all atoms. The preferred orientation was
with doubly distilled water and dialyzed until the conductiv- cOrrécted using the March functiabollase, 1986 The oc-

ity of the solution was similar to that of bidistilled water, CUPancy factor of the metal site,was refined in two stages,
Finally, the solids were dried for three days at 40 °C. Prepaf'rSt* the starting occupancy factor of the Cd atom was fixed
ration molar ratioucy for the samples, expressed as 100t 0-0 (fre=1.0) and the occupancy factor of the site was

x[Cd]/[ Cd]+[Fe], were 0; 0.99; 2.88; 3.63; 5.05, and 7.03 obtained, then, and according to chemical analysis, the Cd
’ ToTT e T " ""ion was situated in the Fe position and the occupancy factors

of Cd and Fe were refined; this two-step procedure is dis-
cussed later. InsS containing goethite and hematiteeq in

The Fe and Cd content in the solids were measured usintpe goethite phase was calculated from regression data as
a Varian Techtrom A-A5R atomic absorption spectrometerexplained later.

B. Chemical and morphological analysis
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TABLE Il. Results of the refinements for sampleg-S .

Sample Pref Or (hkl)
(Anis. axis  Rwp Rp x° Reraggy Wt (%)  (ratio, fraction Ocup a (nm) b (nm) ¢ (nm) V (nmP)
S 8.84 657 128 453 100 021 Fe: 0.46114  0.995 892) 0.302 301) 0.138 8306)
(1.04, 0.99 0.8753)
(001) 140 Cd:
(1.36, 0.02 0.000
S, 925 6.64 149 3.33 100 021 Fe: 0.461BH7  0.997 044) 0.302 671) 0.139 31612)
(1.15, 0.60 0.879
(021 140 Cd:
(1.10, 0.40 0.01¢
S, 953 7.40 153 526 100 021 Fe: 0.46233  1.000 584) 0.303 431) 0.140 36613)
(1.49, 0.60 0.7991)
(021 140 Cd:
(1.23, 0.40 0.0331)
S, 850 6.44 125 3.18 100 021 Fe: 0.46220 1.001073) 0.303 591) 0.140 51205)
(1.13, 0.53 0.8061)
(021 140 Cd:
(1.01, 0.45 0.0381)
S, 9.02 6.89 142 4.99 100 021 Fe: 0.462%5 1.002 784) 0.303 931) 0.140 97613)
(1.13, 0.92 0.861(4)
(021 140 Cd:
(1.87, 0.06 0.0544)
S 854 654 125 3.14 89.14 021 Fe: 0.46245 1.002 136) 0.303 742) 0.140 76318)
(+0.09 (0.96, 0.43 0.8204) 0.505435° 0.505435° 1.3805726)° 0.30542654)"
(002 10.86 140 Cd:

(025  (0.99,057  0.0464)

2Values in parentheses are uesd for the least significant figures of the data shown, and are taken from the final cycle of the Rietveld refinements.
PNot refined.
“Data for the hematite-like phase.

ll. RESULTS AND DISCUSSION habits where some lengthy needleserage 1.80.2 um)

A. Chemical and XRD analysis of the solids coexist with a majority of short needletverage 0.5
p<0.2um) and star-shaped twins. From ® S, stars are
analysis for Fe and Cd for sampleg ® S,. The metal present together with needles where the length-to-width ratio

content of each sample was determined by duplicate. EledS Incréased; the largest length-to-width ratio is found in S
tron microscopy observations of the solids were performed@verage 1.20.1um). A change in morphology is detected
to rule out the presence of Cd and/or Fe amorphous material@ Ss Where only a few stars are present with needles that

or traces of metal oxides not detectable by XRD. As can b&NOW @ drastic reduction in crystal lengtiaverage 0.6
seen, from $to S,, the level of cadmium incorporation <0-1um and 0.%0.1um). Some imperfections in crystal

increases in accordance with the preparation ratioslthg ~ morphologies observed by SEM pictures in substituted-
process is inverted and an increase in the Cd content of tHPethites, were probably caused by the extraction processes.

initial solution provokes a decrease in the Cd content of the
solid obtained.

In samples §-S,, the ucqin the final sample is higher
than the preparation ratio; this fact is attributed to the extrac-
tion process by which only Fe amorphous phases are dis-
solved by the oxalic-oxalate solution.

Figure 2 presents the XRD diagrams obtained for the six
samples prepared. Fop ® S,, the only phase detected was
goethite(PDF: 29-0713 and a peak displacement to smaller
20 values was observed as the Cd content in the sample.
increased. For $Snew peaks are present af: 24.22° and
49.32°. These additional peaks indicate the presence of he-
matite (PDF: 33-0664

Table 1l shows the preparation ratio and the chemica
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B. Crystal morphology

Morphological information obtained via electron micro-
scopic imaging was obtained for all samples. Figure 3 shows

the scanning electron micrpgrgpﬂﬁEM) of samples & _511 Figure 2. XRD diagrams for sampleg ® S;, the asteriskg*) show the
S,, and §. S, (pure goethitgdisplays a variety of acicular formation of hematite in &

2-theta [degrees]
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Figure 3. SEM images for selected sampleggnifi-
cation 40 00&) showing the needles and some star-like
crystals and the increment of the length-to-width ratio
from § to S,. The drastic change in morphology of
sample §, is also shown.

C. Results of the X-ray diffraction refinements sample to anothefcf. Table Il). The 140 plane showed the

The structure of samplesSwas refined considering the highest ratio in § and § (1.36 and 1.88, respectivelyin
two phases, goethite and hematite. Several values of the préontrast the corresponding fractions were snt@lb1 and
ferred orientation function were used during the refinement0.06).
but only the 021 and 140 planes markedly improved the  Anisotropic line-shape broadening was detected in the
quality of the refinements. All samples show both preferredsolids; from § to S,, the anisotropic broadening axis was
orientations but the ratio and the fraction changed from on®21, and in § and §, was 001. The reliability factors for

0.4625 | o
A A 1002
) [ _
S 04620f o §
- E ]
g . a-value for S, B b-value for S,
S 04615} T 1 0.998} -
8‘ o §* /
3 " A B /,/
baer0p o] 0%pAT
0 1 2 304 5 6 0 i 2 3 4 5 6
Mo, = 100[Cd}/[Cd]+[Fe] U, = 100[Cd)/[Cd]+{Fe]
Figure 4. Lattice parameters and cell
volume for the goethite phase vs % to-
tal Cd content in samples;$o S;.
3.040 - o
A 0.1410 F 74
/*
3.036 A 0.1405 |- ®
g A \ —
Q
° 3032t 50.1400 -
g c-value for S, £ V-value for S,
8 308} S0.1395
=9 A =
& A S
> 0,139 |-
30241 7 .
1 1 L L 1 L L O 1 385 I ! il 1 1 1
0 i 2 3 4 5 6 0 1 2 3 4 5 6
Moo = 100[Cd)/[Cd]+[Fe] Heq = 100{Cd}/[Cd]+[Fe]
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with that of the Cd-substituted goethite. In tura,and c

2566 parameters for the hematite-phase are larger than reported

(0.50541) and 1.38063) nm vs 0.5034 and 1.3752 ppin-

-~ dicating a partial Cd-for-Fe substitution in the hematite struc-
v ture.

55¢

IV. CONCLUSION

it In the preparative rangecq4=0.99-7.03, the results ob-

g tained confirm the incorporation of ¢din the goethite

_ § ! framework. According to the Rietveld refinements, the maxi-
i wi ﬁtr&“ﬁ . " mum Cd-for-Fe substitution in the goethite structure was
v mcqg=5.90, and was achieved at the preparative condition

tntensity {ops]

R bl A VA Ao

S T - ion ratioge— i
o L Mcq=5.50. At the preparation ratiacq=7.03, nucleation of
0L M“' v _ , hematite is started within the Cd-rich ferrihydrite aggregate
205 o 314 368 100 3. hindering the formation of goethite, and the formation of
b fragaes] hematite becomes competitive with that of the Cd-substituted

goethite. The values of the cell parameters reveal that the Cd
Figure 5. ObservetH), calculated —) profiles, and difference plots for the INcorporation in the goethite phase diminishes in favor of
Rietveld refinement of S Positions of the Bragg peaks for the goethite and Cd-substituted hematite.
hematite phases are also sho(firom top to bottor. This work indicates that goethite binds significant
amounts of Cd through Cd-for-Fe substitution and can con-
trol the Cd distribution and concentration in aqueous sys-
S-S are presented in Table Rwp GoF, andRg,g¢values  tems. The formation of goethite in Cd containing solutions
are in the range 8.84-9.53, 1.3-1.5, and 2.94-5.26, respeiay be used to remove the metal from waste water and lig-
tively, and they are, in general, satisfactory. uid waste.
In all samples, the refined metal occupancy factor
(frercq) is smaller than 1.0, thér., ¢4 Values varied be-
tween 0.832 and Q.91(Seg Table ). This fact indicates the  AckKNOWLEDGMENTS
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