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DISTINGUISHING BETWEEN SURFACE AND BULK DEHYDRATION-
DEHYDROXYLATION REACTIONS IN SYNTHETIC GOETHITES BY HIGH-
RESOLUTION THERMOGRAVIMETRIC ANALYSIS
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Abstract—Synthetic goethites studied by high-resolution thermogravimetry (HRTGA) show variability
in surface characteristics and structural stability as a function of aging conditions. Goethites were syn-
thesized at either pH 6 or 11, at temperatures of 40 or 70°C, and in the presence or absence of sorbed
Mn or Pb. Data from HRTGA analysis revealed at least four distinct weight-loss events near goethite
dehydroxylation that relate to 1) three events involving the evolution of water associated with surface
Fe-O functional groups and 2) bulk dehydroxylation of goethite during transformation to hematite. The
relative mass of evolved surface and bulk structural water was related to the predominant particle mor-
phology as determined by transmission electron microscopy (TEM). Differentiation of surface and bulk
decomposition reactions allowed the identification of bulk structural dehydroxylation. Goethite crystallin-
ity, estimated by the bulk dehydroxylation temperature, appeared to depend on the kinetics of crystalli-
zation. This trend was most evident for systems aged at pH 11 and 40°C. Greater concentrations of
coprecipitated Mn or Pb dramatically improved goethite crystallinity as indicated by higher dehydroxy-
lation temperatures and smaller widths of the (110) Bragg reflection. Comparison of bulk dehydroxylation
temperatures for these samples to other preparations suggests that structural defects predominated over
the effects of particle size and Mn/Pb substitution in determining goethite thermal stability. A conceptual
model is proposed to account for the disparate dehydroxylation profiles displayed by goethites of varying

crystallinity.
Key Words—Crystallinity, Dehydroxylation, Goethite, Thermogravimetry, Nonstoichiometric Water,
TEM, XRD.
INTRODUCTION The atomic structure of synthetic goethites may de-

viate from that of the ideal structure, a-FeOOH. Pos-
sible deviations for pure goethites include excess
structural OH and Fe cation deficiencies (Wolska and
Schwertmann, 1993). In addition, structural defects
such as stacking faults or intergrowths were also iden-
tified (Schwertmann, 1984a; Mann et al., 1985; Cor-
nell and Giovanoli, 1986). These defect structures re-
duce the overall stability of the mineral and may be
nucleation sites for dissolution or sorption reactions
(Maurice et al., 1995). Several studies showed that
goethites with a high population of structural defects
are more susceptible to acid attack during dissolution
(Cornell et al., 1974; Schwertmann, 1984a). In addi-
tion, slowly reversible metal sorption to synthetic goe-
thite was attributed to slow diffusion of metals from
micropores (Bruemmer e al., 1988). This internal mi-
croporous network is likely formed by the propagation
of structural defects during crystal growth (Cornell

Studies with synthetic goethite are commonly used
to develop models for the surface chemistry of soil
goethites. The morphology and structure of synthetic
and soil goethites can vary widely (Schwertmann and
Taylor, 1989; Schwertmann, 1990). Variability in par-
ticle morphology is due to the preferential develop-
ment of different crystallographic planes during
growth (Domingo et al., 1994). This results in particle
surfaces populated by Fe-O functional groups with dif-
ferent degrees of coordination to the bulk structure
and, therefore, variable surface reactivity (Parfitt et al.,
1975; Rochester and Topham, 1978). Hiemstra et al.
(1989) proposed that changes in the population of re-
active sites at the goethite surface influence the sorp-
tion of ionic species. For example, Colombo et al.
(1994) found that phosphate adsorption onto hematite,
a structurally related iron oxide, is influenced by the
predominant particle morphology. In addition, molec-
ular statics calculations of goethite surface structures and Giovanoli, 1986).

predicted the presence of several (oxo)hydroxo func- Numerous studies characterized the variablfa mor-
tional groups with varying degrees of reactivity (Rus- Phologies and crystallinity imparted to synthetic goe-
tad et al., 1996). thites as a function of the conditions controlling trans-

formation from ferrihydrite (Cornell and Giovanoli,
1985; Schwertmann et al., 1985; Schulze and Schwert-

* Current Address: University of Delaware, Department of ~Mann, 1987). The term crystallinity may embody sev-
Plant and Soil Sciences, Newark, Delaware 19717, USA. eral crystallite characteristics such as particle size and
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structural perfection; however, herein we define crys-
tallinity as the presence of structural defects affecting
the thermal stability of crystallites. For goethite, it was
generally shown that crystals with fewer defects are
the result of either slow crystal growth at low tem-
perature or by hydrothermal aging (Schulze, 1984,
Schwertmann, 1984a). Higher aging temperatures pur-
portedly improve crystallinity by providing the energy
necessary to heal structural imperfections (Schulze
and Schwertmann, 1987). Slow crystal growth appar-
ently leads to crystallites with fewer defects by reduc-
ing the likelihood of misorientation during the addition
of growth units (Mann et al., 1985).

The kinetics of the transformation of ferrihydrite to
goethite is influenced by several variables including
pH, temperature, and the presence of foreign ions
(Cornell et al., 1989). Schwertmann and Murad (1983)
and Schwertmann er al. (1985) showed that transfor-
mation rates are slowed with decreasing pH and tem-
perature. Transformation to goethite is also retarded by
metal sorption to ferrihydite (Cornell er al., 1989;
Giovanoli and Cornell, 1992). For example, studies
showed improved goethite crystallinity with increasing
levels of Al sorption during crystal growth (Schulze
and Schwertmann, 1984; Schwertmann, 1984a).

The crystallinity of soil and synthetic goethites was
commonly characterized by X-ray diffraction (XRD)
or infrared (IR) spectroscopy (Kuhnel er al., 1975;
Schulze and Schwertmann, 1984; Schwertmann et al.,
1985). XRD measures the degree of long-range order
within crystal structures, thus defects are indicated by
a decrease in the size of coherently diffracting do-
mains (Reynolds, 1989). Domain sizes are determined
based on the width of Bragg reflections, broader peaks
being indicative of poorer crystallinity. However, peak
broadening may also be influenced by particle size,
and it may be difficult to separate the influence of the
two characteristics (Schwertmann et al., 1985; Cam-
bier, 1986a). IR spectroscopy measures the short-range
structural order in goethite by probing hydroxyl and
lattice vibrational modes (Cambier, 1986b). This pro-
vides a more direct determination of the local structure
leading to poor crystallinity, but results may also be
influenced by particle morphology (Cambier, 1986a).

Both techniques provide information on how defects
occur within the crystal, but they do not directly mea-
sure instability imparted by these defects. The thermal
stability of goethites with varying crystallinity is best
measured via thermoanalytical techniques. Specifical-
ly, the temperature where bulk structural dehydroxy-
lation occurs, i.e. goethite transforms to hematite, is a
measure of the stability of the structure as a whole
(Goss, 1987). In addition, characteristics of the goe-
thite surface and the bulk structure may be probed un-
der favorable experimental conditions (Mackenzie et
al., 1981). The recent availability of high-resolution
thermogravimetric analyzers has expanded the capa-
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bilities of thermal analysis for the characterization of
mineral surfaces.

The objective of this research is to examine the in-
fluence of crystallization conditions on the surface
properties and thermal stability of synthetic goethites
formed by transformation of ferrihydrite. It is pre-
sumed that the rate of transformation has a profound
influence on the surface and bulk properties of goethite
crystallites. To test this hypothesis, we systematically
varied the transformation rate through adjustment of
pH and temperature of aging and by introducing Mn
or Pb at various concentrations as a contaminant with-
in the initial ferrihydrite coprecipitate. Bulk and sur-
face properties of the goethites produced during aging
was characterized by high-resolution thermogravime-
tric analysis (HRGTA). Transmission electron micros-
copy (TEM) was employed to assess differences in
crystallite morphology on observed surface character-
istics. Differences in the thermal stability or crystal-
linity of goethite was compared to XRD results. The
specific goal of this research is to show that HRTGA
can differentiate surface and bulk structural character-
istics of synthetic goethites.

MATERIALS AND METHODS
Precipitation and aging

Precipitates of Fe** in the presence or absence of
coprecipitated Mn?* or Pb?* were generated by the ad-
dition of 1 M low-CO, NaOH with a Radiometer au-
tomatic titration system to acidified solutions of the
metal salt (TTT 80 titrator unit, ABU 80 autoburette
with 10 ml burette) at room temperature in a Teflon
container. In all cases, starting solutions consisted of
20 ml of 0.1 M Fe(NO;),, 140 ml of 0.1 M NaNO,,
and 20 ml of either a MnCl, or Pb(NO;), solution to
give a final metal concentration between 0.05-1.0 mM
relative to Fe which was set at 10 mM. All stock metal
solutions were made up in 0.1 M HNO; and 0.1 M
NaNO,. Base was then added to these starting solu-
tions (starting pH = 1.6-1.7) over 1 h to an end-point
of either pH 6 or 7, and the resultant precipitate slur-
ries were held at this pH for an additional 2 h to insure
near-equilibrium adsorption of coprecipitated metals
and complete hydrolysis of solution Fe. After this pe-
riod, pH 6 systems were placed in a water bath at 40
or 70°C for aging, and pH 7 systems were titrated to
and held at pH 11 for 1.5 h prior to aging under the
same conditions (200 ml final volume in each case).
Prior to aging at 40 or 70°C, the precipitates were pri-
marily composed of ferrihydrite. Thus, during the ag-
ing period two processes might occur: 1) transforma-
tion of ferrihydrite to goethite and hematite and 2)
crystal healing of the transformed phases by hydro-
thermal treatment.

At pH 11, the hydroxyl ion was present at a suffi-
cient concentration to buffer the system during aging,
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Table 1. Aging parameters, extractable Fe fractions ([Fe]/[Fel), and temperatures of goethite dehydration-dehydroxylation
events for Fe oxide precipitates. Temperatures for dehydration-dehydroxylation events were determined using peak-fitting

method described in the text.

[Me**] Aging Aging Aging =S,0H =S,;0H =S,0H Toup
Sample ID mM T (°C) pH time (h) (Fel /[Fe], C) C) ©C) C)

FeB76 0 70 6 380 0.26 215 240 259.6 275.4
FePb1B76 0.05 70 6 380 0.07 204.6 2294 253 2793
FePblA76 0.5 70 6 379 0.28 206.7 230.7 256.9 273.7
FePb1C76 0.5 70 6 382 0.25 214.2 235.7 259.9 276.5
FePb1D76 0.5 70 6 380 0.23 212.3 236.8 258.2 272.3
FeMnlA76 0.5 70 6 378 0.2 201.7 224.8 249.5 273

FeB71 0 70 11 25 0.07 213.9 225 242.6 269.7
FeC71 0 70 11 243 0.01 209.4 230 251.9 268

FeD71 0 70 11 25.8 0.01 205.8 228.7 254.8 269

FePb1B71 0.5 70 11 26.5 0.1 204 226.2 2399 265.8
FePb2A71 0.75 70 11 26.5 0.14 2149 236.4 254.8 270

FePb2B71 Q.75 70 1t 27 0.17 216.7 2333 2554 270.8
FePb3A71 1 70 11 27.7 — 212.2 229.9 252.9 270.6
FeA41 0 40 11 379 — 203.1 224.3 241.4 248.2
FePblA41 0.5 40 11 481 0.06 216.9 230.6 246.2 260.1
FePb2A41 0.75 40 11 481 0.08 213.3 227.5 248.7 267

FePb3A41 1 40 11 475 0.12 204.5 220.2 246.7 270.2
FeMnlA41 0.5 40 11 476 0.03 2194 2319 243.2 259.8
FeMn2A41 0.75 40 11 483 0.08 200 220.2 244.3 266.7
FeMn3A41 1 40 11 481 0.15 203.6 223.1 247.6 272.1
FeB46 0 40 6 1437 0.63 206 228.5 248.1 268.4
FeMn1B46 0.05 40 6 1053 0.85 203.2 220 240.4 276.4
FeMnlA46 0.5 40 © 1008 0.88 201.1 225.2 255.4 273.5

and deviations were <*0.5 pH units. For the pH 6
systems, changes in pH were mitigated either by daily
manual adjustments with 0.1 M NaOH or the addition
of 2-(4-morpholino)-ethane sulfonic acid (MES) or pi-
perazine-N,N’-bis[2-ethanesulfonic acid] (PIPES) as
buffers (5 mM). Comparison of aging in the presence
or absence of MES or PIPES showed minor influence
of the buffer on metal partitioning and rate of crystal-
lization. However, the presence of MES increased the
relative fraction of hematite in the systems free of Mn
or Pb.

Solid phase characterization

Table 1 summarizes the aging conditions and time,
the ammonium oxalate extractable fraction (Schwert-
mann and Cornell, 1991), and data from thermogra-
vimetric analysis. Note that the fraction of ferrihydrite
remaining in the solids varied for systems aged at dif-
ferent pH and temperature. All samples were charac-
terized by the methods given below prior to extraction
of ferrihydrite.

Bulk mineralogy was characterized by HRTGA,
powder XRD, and for select samples by TEM.
HRTGA involved an atmosphere of He on freeze-dried
powder samples (~5 mg) using a TA Instruments Hi-
Res TGA 2950 over a temperature range of 40 to
700°C. High resolution is achieved by continuous
monitoring of weight-loss via computer control and
automatic reduction of the heating rate upon weight-
loss detection, thus allowing optimized resolution of
multiple closely-spaced decomposition reactions. The
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resolution of weight-loss events is optimized by ad-
justing resolution and sensitivity settings to achieve
near-isothermal conditions at each weight-loss event
(Anonymous, 1997). Instrumental parameters were:
(1) maximum heating rate = 20°C min~!, (2) resolu-
tion = 5.0, and (3) sensitivity = 1.0. Heating rate was
automatically reduced to values <1°C min~! for large
weight-loss events such as the goethite bulk dehy-
droxylation. In some cases, samples were extracted
with 0.4 M HCI for 30 min to remove ferrihydrite
(Cornell and Schneider, 1989), then washed with milli-
Q H,O and dried prior to analysis by HRTGA.

XRD analyses used oriented clay mineral aggre-
gates and a Scintag XDS 2000 diffractometer employ-
ing CuKa radiation and an intrinsic germanium detec-
tor. Samples were scanned over 20 = 10-70° with a
0.3 °260 step size (3.6 sec/step). TEM analysis was per-
formed with a JEOL 2010 transmission electron mi-
croscope at an accelerating voltage of 200 keV. Sam-
ples were prepared by drying a drop of dilute suspen-
sion on a holey carbon film supported by a copper
grid.

RESULTS AND DISCUSSION

Morphology and surface dehydration-
dehydroxylation

A complex series of weight-loss events prior to bulk
dehydroxylation was observed during characterization
of goethite by HRTGA (Figure 1). These features are
more easily visualized by the derivative of the weight-
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Figure 1. Thermogravimetric analysis of goethite synthe-

sized from a Pb-ferrihydrite coprecipitate. The left-hand scale
indicates the mass loss (wt. %) during heating, and the right-
hand scale is the derivative of the weight-loss curve. Aging
conditions: pH 6, 70°C, 0.05 mM Pb, 10 mM Fe, 0.14 M
NaNO;, 5 mM MES, 380 h.

loss curve, or thermogram; see the scale to the right
in Figure 1. Peak maxima coincide with a maximum
rate of weight-loss, whereas the minima between
peaks occur during the transition between weight-loss
events. Multiple weight-loss events immediately pre-
ceding bulk dehydroxylation are attributed to dehydra-
tion or dehydroxylation of surface Fe (oxo)hydroxo
functional groups and similar events were observed in
several investigations with goethites of varying crys-
tallinity (Paterson and Swaffield, 1980; Fey and Dix-
on, 1981; Mackenzie et al., 1981; Schulze and
Schwertmann, 1984; Schwertmann, 1984b; Schulze
and Schwertmann, 1987; Gasser ef al., 1996). In this
study, all goethites showed this complex weight-loss
pattern to varying degrees as illustrated by thermo-
grams for samples prepared in the absence of Mn or
Pb and aged at different pH and temperature (Figure
2). For comparison between samples, we modeled the
goethite thermogram within the temperature range of
180-300°C as the evolution of water from three dis-
tinct surface structural groups followed by bulk de-
hydroxylation.

The conceptual model of Paterson and Swaffield
(1980) based on the identification of surface hydroxyls
coordinated to one, two, or three Fe atoms within the
bulk structure (Russell et al., 1974; Sposito, 1984) was
adopted. Hereafter, we label these hydroxyls as
=S,0H, =S,0H, and =S,;0H. Based on our study, we
cannot determine if the evolved water is true dehy-
droxylation or from evolution of hydrogen-bonded
H,O molecules. However, Paterson and Swaffield
(1980) showed that these decomposition reactions are
partially reversible, suggesting specifically coordinated
water molecules consistent with the ferrihydrite sur-
face structural model proposed by Manceau and Gates
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Figure 2. HRTGA thermograms showing goethite decom-

position reactions for samples aged in the absence of Mn or
Pb under different pH and temperature. Temperature ranges
for surface and bulk dehydration-dehydroxylation events are
indicated.

(1997). Regardless of the exact surface structure, anal-
ysis of the goethites from this study clearly indicates
that these weight-loss events are distinct from dehy-
droxylation of the bulk structure.

Each thermogram was decomposed using Gaussian
peaks superimposed over a linear baseline to derive
information on the temperature and weight loss of
each event. The non-linear curve fitting routine of the
GRAMS/386 software package (Galactic Industries
Corporation) was used to model the thermogram. For
example, decomposition of the thermogram in Figure
1 at 180-300°C is displayed in Figure 3. As shown
below, the goethites synthesized at pH 6 and 70°C
were well-crystallized single crystals and the resolu-
tion of weight-loss events was optimal. Analysis of
these thermograms (six total) constrained the location
and peak width for weight-loss events in poorly-re-
solved thermograms for goethites of more variable
morphology synthesized at other pH and temperatures.
Specifically, the widths at half-height for ‘peaks’ at-
tributable to surface events were constrained to be
=25°C, and their maxima were constrained to fall
within the following temperature regions: =S,0H,
195-215°C; =S,0H, 220-240°C; and =S,OH, 240~
260°C. No constraints were placed on the width or
location of the weight-loss event attributed to bulk de-
hydroxylation. This analysis approach assumes that
surface decomposition reactions were relatively in-
variant regardless of differences in bulk crystallinity
for all goethites. As shown below, this assumption was
crucial for peak fitting for samples where there is sig-
nificant overlap between decomposition of the =S,0H
surface group and bulk dehydroxylation.
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Figure 3. Decomposition of the HRTGA thermogram show-

ing dehydration or dehydroxylation of three surface waters
preceding bulk dehydroxylation of goethite. Aging condi-
tions: pH 6, 70°C, 0.05 mM Pb, 10 mM Fe, 0.14 M NaNO;,
5 mM MES, 380 h.
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Figure 4. Characterization by (A) TEM and (B) HRTGA of
goethite produced by aging a Pb-ferrihydrite coprecipitate
(0.5 mM Pb) at pH 6 and 70°C for 380 h. The best-fit peaks
for dehydration-dehydroxylation of =S,0H, =S,0H, and
=8;0H and Tey,, are shown below the thermogram.
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Figure 5. Results of (A) TEM and (B) HRTGA analysis of

goethite produced by aging a Pb-ferrihydrite coprecipitate
(0.5 mM Pb) at pH 11 and 70°C for 26.5 h. The decompo-
sition of weight-loss events due to surface and bulk dehydra-
tion-dehydroxylation is shown below the thermogram.

The morphology and crystallinity of the goethites
are related to the aging pH. TEM inspection showed
that goethite formed at pH 6 and 70°C appeared highly
crystalline (Figure 4A). The mineralogy of this mate-
rial consists of ~25% ferrihydrite, minor amounts of
hematite and a predominance of short lath-like goe-
thite crystals with particle dimensions of 20 X 100 nm.
High-resolution TEM analysis of goethite crystallites
showed no defects (data not shown). The thermogram
for this sample showed clearly resolved surface and
bulk structural dehydration-dehydroxylation events
(Figure 4B). The thermograms presented in Figures 3
and 4B are representative of the thermal behavior of
all samples aged at pH 6. Regardless of the tempera-
ture of aging, the bulk dehydroxylation event was eas-
ily discerned from surface dehydration-dehydroxyla-
tion events during data analysis.

In contrast, the morphology of goethites formed at
pH 11 was more variable. For example, Figure 5
shows goethite formed at pH 11 and 70°C in the pres-
ence of 0.5 mM Pb. This sample contained ~10% fer-
rihydrite, goethite, and minor amounts of hematite.
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However, there appears to be two predominant goe-
thite morphologies: (1) acicular crystals with widths
of ~5 nm and lengths varying from 40 to 150 nm (¢
axis), and (2) multi-domainic lath-like crystals ~30—
160 nm wide and 100-300 nm long. TEM showed that
the larger crystals possessed multiple domains parallel
to the ¢ axis with particle dimensions similar to the
individual acicular crystals (data not shown). The ther-
mogram for this sample contrasted with the goethite
sample aged at pH 6 in that surface dehydration-de-
hydroxylation contributed more to the overall weight
loss (Figure 5B). This thermogram is representative of
the other samples aged at pH 11. Surface dehydration-
dehydroxylation events were not always clearly re-
solved from bulk dehydroxylation, thus requiring a
constraint of temperature of surface-decomposition
weight loss during peak fitting.

Systematic differences in the surface-weight losses
vs. bulk dehydroxylation for goethites formed at pH 6
and 11 appear related to the predominant particle mor-
phology developed during aging. Examination of par-
ticle development at pH 6 (Figure 4A), suggested that
the bulk structure has a greater contribution to the
overall hydroxyl population. A simple calculation, as-
suming an average parallelepiped particle geometry
with dimensions 30 X 30 X 100 nm, provides an es-
timate that ~5% of the unit cells (a = 0.4602 nm, b
= 0.9952 npm, ¢ = 0.3021 nm; Sampson, 1969) is lo-
cated at the particle surface. In contrast, samples syn-
thesized at pH 11 contained a larger proportion of sur-
face (oxo)hydroxo functional groups, consistent with
the predominance of acicular crystals or of domains
of similar size in larger particles (Figure 5A). Assum-
ing parallelepipeds with average dimensions of 5 X 5
X 100 nm, ~27% of the unit cells are located at the
particle surface. These trends were observed also for
goethites synthesized at 40°C, where HRTGA showed
a greater contribution of surface hydroxyls to the over-
all dehydration-dehydroxylation for samples aged at
pH 11 (e.g., see Figure 2). These findings are consis-
tent with Forsyth et al. (1968) and Goss (1987) where
water in excess of stoichiometric predictions was mea-
sured for goethite dehydroxylation.

Bulk dehydroxylation and goethite crystallinity

The temperature of bulk dehydroxylation was pre-
viously used as a measure of goethite crystallinity
(e.g., Schulze and Schwertmann, 1984; Schwertmann
et al., 1985). However, the determination of this pa-
rameter may be complicated for samples displaying
multiple weight-loss events over a narrow temperature
region. Previous researchers generally employed the
temperature of the last decomposition peak or an av-
erage temperature for all decomposition events as the
true dehydroxylation temperature (Schulze and
Schwertmann, 1984; Schulze and Schwertmann,
1987). Schwertmann (1984b) argued that multiple
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transitions observed during thermal analysis of syn-
thetic goethites by differential thermal analysis (DTA)
are characteristic of discrete bulk dehydroxylation
events. This interpretation is not supported by Paterson
and Swaffield (1980) who showed that weight-loss
events immediately preceding bulk dehydroxylation
are reversible following temperature reduction and re-
equilibration within the furnace. True bulk dehydrox-
ylation reversibility was not demonstrated for goethite.
There is no obvious mechanism to explain solid-state
conversion of hematite to the original goethite by cool-
ing. Thus, the multiple dehydroxylation processes pre-
viously observed for goethite can be attributed to a
combination of surface and bulk decomposition reac-
tions.

Using the analysis approach outlined above to de-
termine a bulk dehydroxylation event, it is shown that
various aging conditions significantly influenced goe-
thite thermal stability and particle morphology. The
variability in the temperature of bulk dehydroxylation
(Ton,) appears to be partially dependent on the pH and
temperature of aging. Values determined for Tyy, and
temperatures for surface dehydration-dehydroxylation
reactions are shown in Table 1. The range of Tgy,
values is lowest for goethites aged at 70°C at pH 6
(AToy, = 7.0°C) and pH 11 (ATgy, = 5.0°C). No re-
lationship exists between Toy,, and coprecipitated Mn
or Pb. This suggests that the higher aging temperature
may have compensated for the influence that rate of
ferrihydrite transformation may have exerted on the
stability of goethite during HRTGA analysis.

In contrast, the range in Ty, was generally greater
for samples synthesized at 40°C, especially for sam-
ples aged at pH 11 (Table 1). The range of values for
Tony is 8.0°C for systems aged at pH 6 and ATy, =
23.9°C for systems aged at pH 11. The results for ex-
periments at pH 11 and 40°C show a systematic in-
crease in Tyy, with increasing concentration of copre-
cipitated Mn or Pb. The increase in Tqy, is probably
attributable to a decrease in the rate of ferrihydrite
transformation with increasing coprecipitated Mn or
Pb, which is indicated by the levels of ammonium ox-
alate extractable Fe remaining in the systems aged at
pH 11 and 40°C (Table 1).

The presence of a metal may slow transformation
leading to an increased thermal stability by improving
goethite crystallinity (Schwertmann, 1984a). As a
measure of crystallinity, we also analyzed goethite
peak broadening from XRD results. For fine-grained
materials, peak broadening may be due to structural
defects as well as small particle size (Delhez et al.,
1988). We did not attempt to separate the contribution
of particle size. We used the width (uncorrected for
instrumental broadening) derived from fitting a Lor-
entzian profile to the goethite (110) Bragg reflection
as an indicator of disorder-induced broadening. Plots
of peak width vs. metal loading for coprecipitated sys-
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Figure 6. Variation of the uncorrected width of the goethite
(110) Bragg reflection. Goethites produced by the transfor-
mation of (A) Pb- and (B) Mn-ferrihydrite coprecipitates at
various metal loadings, pH, and temperature. Error bars in-
dicate variability between replicate systems.

tems show a dramatic decrease in peak broadening
with increasing Pb or Mn at pH 11 and 40°C (Figure
6A and 6B). The influence of the coprecipitated metal
at other synthesis conditions was less significant,
which is consistent with the smaller variability of Tqy,
(Table 1).

A plot of Tyy,, as a function of (110) peak broad-
ening for goethites synthesized at pH 11 and 40°C
showed a positive relationship between higher copre-
cipitated metal concentrations and increased thermal
stability of goethite (Figure 7). Support for a change
in crystallinity vs. particle size is provided by com-
paring Toy, for goethites synthesized at other aging
conditions. Particle dimensions are variable for these
goethites, ranging from 5 to 20 nm along the a or b
axes, yet the variability of T,y, was much lower than
for goethites synthesized at pH 11 and 40°C. TEM
results confirm that particle size and morphology for
an Fe-Mn coprecipitate aged at pH 11, 40°C were sim-
ilar to the Fe-Pb coprecipitate in Figure 4A (data not
shown). Substitution of Mn or Pb into the goethite
structure cannot account for the variation in mineral
stability. For goethites synthesized at pH 11 and 40°C,
total metal substitution determined by chemical dis-
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Figure 7. Variation of goethite dehydroxylation temperature
as a function of (110) peak broadening. Open symbols are
for goethites produced at pH 11, 40°C. Closed symbols are
the mean and standard deviation for all samples at the aging
conditions indicated.

solution was <2 mole % and varied <1 mole % within
a series of metal loadings. Thus, although particle size
(or surface area) and metal substitution can influence
Toup of goethite, crystallization rate apparently plays
a predominant role for the goethites formed at pH 11
and 40°C.

CONCLUSIONS

These results indicate that HRTGA is capable of
providing information on both bulk structural stability
and the distribution of surface structural groups in syn-
thetic goethite. In part, interpretation of goethite ther-
moanalytical data was limited in previous studies by
a lack of instrumental resolution of multiple decom-
position reactions. Our thermal analysis results may be
interpreted in two possible ways. First, the multiple
weight-loss events may be attributed to bulk dehy-
droxylation events of populations of goethites that
vary in crystallite size or crystallinity. Alternatively, a
single bulk dehydroxylation may exist that is preceded
by a series of weight-loss events due to dehydration-
dehydroxylation of surface structural groups.

We believe the latter hypothesis is more reasonable.
Whereas the distribution of =S,0OH, =S,0H, and
=S,0H will depend on the crystallite morphology, the
temperature at which these surface groups decompose
should be relatively invariant. The binding energy of
these surface groups will not vary regardless of goe-
thite crystallinity. In contrast, Toy, depends on the
long-range atomic order of the crystallite. Thus, Tey,
is sensitive to the type and number of defects that pop-
ulate the bulk structure as well as crystallite size. The
cumulative contributions of these three variables de-
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termine the bulk thermal stability of the goethite crys-
tallite.

The number of surface dehydration-dehydroxylation
events in our analytical model is somewhat arbitrary.
The actual number of surface dehydration-dehydrox-
ylation events is controlled by the Fe-(oxo)hydroxo
bonding environments present on faces that develop
during particle growth. Presumably these surface
structures are thermally less stable than the bulk struc-
ture, since surfaces have unsaturated broken bonds in
comparison to the bulk. The fitted temperatures show
significant variability for the three surface dehydra-
tion-dehydroxylation events for our samples, in part
due to differences in the amount of weight loss of the
various samples. The response of HRTGA, and thus
the temperature of maximum weight loss, depends
strongly on the magnitude of the weight loss.

We cannot conclude that the description of the ther-
mal behavior of goethite proposed here is based on the
only valid thermal model. However, it is consistent
with the available data observed for goethites char-
acterized here and elsewhere. We emphasize that pre-
vious research has shown similar reversible weight-
loss events prior to goethite bulk dehydroxylation (Pat-
terson and Swaffield, 1980). We suggest at least three
possible characteristic thermogram profiles for syn-
thetic goethites. For poorly crystalline goethite, bulk
dehydroxylation overlaps surface decomposition re-
actions resulting in an apparent ‘single’ dehydroxyla-
tion event at low temperatures. High-surface area goe-
thite with improved crystallinity shows a ‘double’ (or
multiple) dehydroxylation profile due to a shift of bulk
dehydroxylation to higher temperature and significant
weight loss from surface-decomposition reactions. Fi-
nally, goethites nearly free of structural imperfections
possess a ‘single’ dehydroxylation profile at a high
temperature dominated by the bulk decomposition re-
action. These profile shapes may be modified by the
presence of anionic surface impurities which interfere
with true surface dehydration-dehydroxylation reac-
tions (Paterson and Swaffield, 1980; Gasser et al.,
1996).

This model for goethite decomposition allows dif-
ferentiation of surface and bulk (i.e., crystallinity)
characteristics of synthetic goethites. The distribution
of nonstoichiometric surface water is related to particle
morphology. The ability to resolve these weight-loss
events suggests that, with proper instrument calibra-
tion, binding energies may be determined for various
surface species, which may be useful in constraining
molecular models for predicting surface-binding con-
stants for oxide minerals (Rustad et al., 1996).

The rate of ferrihydrite transformation appears to
exert the primary control on the thermal stability (or
crystallinity) of goethite. This was clearly demonstrat-
ed for goethites synthesized in the presence of Mn and
Pb at pH 11 and 40°C. This observation is supported
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by examination of Al-substituted goethites, where Al
substitution indirectly determined goethite crystallinity
(or resistance to dissolution) via retardation of trans-
formation rate (Schwertmann, 1984a). Thus, rapid
rates of transformation may account for poor crystal-
linity in synthetic or natural goethites (Cornell and
Giovanoli, 1986).
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