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DSC measurements in air from 20 to 800 ~ are reported on aged iron(III)-chromium(III) 
copreeipitated hydroxides (with Fe3+:Cr 3+ wt % ratios of 9:1, 7:3, 1:1, 3:7 and 1:9). A com- 
parison of the DSC profiles of aged coprecipitates with the thermal behaviour of freshly 
precipitated and well characterized samples provided information on the modification occur- 
ring in the structure and reactivity of the coprecipitates on prolonged aging. 
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with subsequent formation of a mixture of secondary crystals of the in- 
dividual Fe(III) and Cr(III) hydroxides or oxides.The growth of the secon- 
dary crystals was shown to proceed in accordance with a mechanism of 
oriented accretion or vice versa. 

In recent studies [2] on the structural and thermal characterization of 
coprecipitated iron(III)-chromium(III) hydroxides, we observed the similar 
existence of an inhomogeneous mierostructure in the coprecipitates, iden- 
tifiable with the presence of individual protoferrihydrite and chromium 
trihydroxide phases. These component phases tend to merge together on 
gradual heating, and result in nucleation and crystallization of a-Cr203, fol- 
lowed by that of a-Fe203 with formation rhombohedral: a-FezO3-CrzO3-type 
solid solutions as the final phase, discernible by a strong exothermic crystal- 
lization effect with a peak temperature in the range 410 ~ to 520 ~ Amongst 
the very many parameters which influence the physical and structural 
properties of the coprecipitates (such as the pH of precipitation, the reac- 
tants used, the concentrations of the reactants, the temperature of precipita- 
tion, the method of addition of the reactants, the degree of stirring, the 
method of washing, the aging time in wet and dry states, and the extent of 
drying (time and temperature)), the aging of the coprecipitates was deemed 
to be a crucial step during the synthesis of these systems and in determining 
their reactivity and thermal stability. 

The present work, as a continuation of previous studies, reports new 
results on the characterization by means of DSC, of coprecipitates aged at 
room temperature for a period of 5 years. A comparison of the thermal be- 
haviour of the aged coprecipitates with that of freshly prepared samples, 
revealed the influence of the aging time on the microstructure and reactivity 
of the coprecipitates. 

Experimental 

Coprecipitated iron-chromium hydroxides with Fe:Cr weight per cent 
ratios of 9:1, 7:3, 1:1, 3:7 and 1:9 were prepared by slowly adding 1 M 
sodium hydroxide (A. R.) solution to rapidly stirred and freshly prepared 
mixtures of Fe(III) chloride and Cr(III) chloride solutions, till the pH at the 
end of precipitation and that of the suspension was -~ 7. The coprecipitates 
were washed with double-distilled water until free from electrolyte, air- 
dried at 60 ~ in an electric oven for 24 hours, and then stored in a desiccator. 
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The aged specimens were obtained by aging the dried eopreeipitates in a 
desiccator at room temperature for 5 years. Thermal analysis of the freshly 
prepared eopreeipitates was carried out with a derivatograph (MOM, 
Budapest) from room temperature to 1000 ~ in air, at a rate of 10 deg per 
minute. The initial copreeipitates and the annealed products obtained on 
heating them at different temperatures were examined by means of powder 
XRD, electron microscopy (TEM), IR spectroscopy and M6ssbauer 
resonance spectroscopy. Some of the results of these studies have been pub- 
lished elsewhere [2]. 
DSC measurements on the aged coprecipitates were performed in air over 
the temperature range 300-1073 K, at a heating rate of 5 deg min "1, by using 
a DSC l l l - G  apparatus (Setaram, France). The coprecipitated sample mass 
was in each ease 25 mg, and calcined alumina was used as reference. 
Calibrations were performed via the melting points and enthalpies of melt- 
ing of high-purity metals. The error in the AH measurements is estimated to 
be < 0.2% and the error in the temperature is _< 0.5 deg. 

Results and discussion 

TaMe 1 summarizes the results of DSC measurements on the aged 
samples. DSC curves of the eopreeipitates and of iron(III) hydroxide and 

Table 1 Exothermic crystallization temperatures and heats of crystallization of bulk a-Cr203, 
corundum phase a-Fe203.Cr203 solid solutions, and a-Fe203 from DSC curves of aged 
samples of chromium hydroxide, coprecipitated Fe-Cr hydroxides, and iron(HI) hydroxide 

Composition Onset Peak Heat of 
Sample F e : C r  t e m p e r a t u r e  t empera tu re  crystallization 

No. weight % ratio ~ ~ -AH, +-0.2 J/g 
+-0.5 deg -+0.5 deg ... 

1 0:10 387 393 84 
(chromium(III) 

hydroxide) 
2 1:9 407 423 141 
3 3:7 393 407 78 
4 1:1 421 613 85 
5 7:3 543 575 74 
6 9:1 498 529 93 
7 10:1 366 374 129 

(iron(llI) 
hydroxide) .... 
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Pig. 1 DSC curves of samples aged for 5 years 

chromium(III) hydroxide, each aged at room temperature for 5 years, are 
depicted in Fig. 1. Figure 2 presents a DSC curve, traced on a different 
scale, for sample 4, so as to give a better resolution of the thermal effects in- 
volved. Thermal (DTA and TG) curves obtained for the freshly prepared 
coprecipitates are shown in Fig. 3. Figures 4 and 5 display the variation in 
the heat of crystallization and in the temperatures of crystallization, cor- 
responding to the formation of corundum phase solid solutions from the 
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aged coprecipitates, as a function of their composition (expressed in terms 
of the chromium content by weight per cent in the initial precursors). 

Below, we discuss the thermal curves of freshly prepared and aged 
samples in the light of information available from detailed microstructural 
studies. 

F ~ . z  

r 
7~s 

92 
I I I I I I I 

100 200 300 400 500 600 700 800 
Temperoture ~oC 

DSC curve of aged sample 4 (Fe:Cr ratio = 1:1) with a better peak resolution 

1. Study of aged iron(III) hydroxide and chromium(Ill) hydroxide precipitates 

For freshly precipitated iron(III) hydroxide, Van der Giessen [4] has 
shown that dehydration and rccrystallization are quite separate processes, 
which respectively give rise to the usual endothermic effect with a peak in 
the range of 140 ~ to 200 ~ and a strong exothermic effect with a peak between 
360 ~ and 450 ~ in their differential thermal curves. Similar thermal behaviour 
is displayed by natural protoferrihydrite specimens and its synthetic 
analogues [5, 6]. Displacement of water ligands due to aging of the 
precipitate may be expected to result in its partial or complete transforma- 
tion into goethite ( a - F e O O H ) o r  akagancite (p-FeOOH) and/or hematite 
(cr-Fe203) to different extents. This, along with an increased microporosity 
of the precipitate due to aging on early dehydration, would be expected to 
create a two or three-phase structure with local inhomogeneities due to the 
creation of anionic vacancies and cavities. Indeed, aging causes the follow- 
ing changes in the thermal features of the aged iron(III) hydroxide: 
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Fig. 4 Variation in - A H  (cxystaUization) with composition in aged coprecipitates 
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(i) The single broad endothermic effect corresponding to the dehydration of 
the freshly prepared hydroxide is associated with another, weak but distinct 
endothermic effect with a peak at relatively high temperature, e.g. 276 ~ cor- 
responding to the removal of water due to the dehydroxylation of goethite 
[7, 8] in the aged samples. 

40C 

�9 35( p -  
, J , x  1 = I i I t I 

20 40 60 80 100 :- 
Cr , 

Composition (~-~-~)~weight I, 

~ 600 

~ 5 5 0  

} 500 

"6 45O 

Fig. 5 Variation in temperatures of crystallization with composition in aged coprecipitates. 
Curve (a) indicates the onset temperature at which c~stallization just strats. Curve C o) 
refers to the peak temperatures at which the effect attain~ its maximum 

(ii) The sharp exothermic effect corresponding to the well-known glow 
phenomenon and crystallization of a-Fe203 may be considerably modified in 
its intensity and breadth, depending on the defect microstructure and sur- 
face area of the aged precipitate. The temperature of crystallization to a- 
Fe203 is also altered, depending on the size of the particles and the degree 
of continuity of the local microstructure. The immediate precursors of 
hematite obtained from goethite decomposition have been noted by Wolska 
[9] as protohematite and hydrohcmatite, with their nominal formulae given 
by Fez.m(OH)~O3., with 1 _> x > 0.5 (for protohematite) and 0.5 -> x > 0 
(for hydrohematite). Similar intermediate phases have been identified by 
Saraswat et aL [16, 17] during the thermal transformation of iron(III) oxide 
hydrate precipitates. 

In the present study the DSC curve of sample 7 of aged iron(III) 
hydroxide is characteristic of finely divided protoferrihydrite as a major 
phase [5, 6], along with a small fraction of goethite, which gives a separate 
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weak endotherm at 260 ~ (Fig. 1, Table 1), corresponding to its transforma- 
tion to the pseudohemati te phase [8, 9, 16, 17]. 

For chromium hydroxide precipitates, Carruthers et al. [10] have ob- 
served a complex structure in the low-temperature endothermie peak, 
having superimposed on it two exothermic peaks at about 230 and 280 ~ 
giving an appearance that might be mistaken for three endothermie peaks. 
The exothermic peak at 230 ~ has been shown to correspond [10, 11] to the 
partial hydrothermal conversion of the precipitate to the orthorhombic a- 
CrOOH phase. Further, the effect at 200-300 ~ is associated with the occur- 
renee of the exothermie oxidation of Cr 3* species to Cr4+-Cr 6+ mixed 
valency compounds (e.g. CrO3, CrO2 and Cr205), etc., predominantly in the 
surface layers of the precipitate. 

At temperatures above 200 ~ the loss in area of the calcined samples is 
associated with the oxidation-reduction cycle Cr3+~ Cr 6+--- Cr 3+ in air, and 
it results eventually in the formation of crystalline a-CrzO3 [12] with a sur- 
face structure that is not perfected till the calcination temperature  is above 
900 ~ . 

In conformity with these findings, the DSC curve of aged chromium 
hydroxide (Fig.l) shows a broad endotherm, intersected by two weak and 
distinct exothermie effects, peaking at 225 and 285 ~ These correspond [10, 
12] to partial hydrothermal conversion of the precipitate to a -CrOOH and 
its surface oxidation to Cr4+-Cr6+ compounds,  respectively. 

Further, a sharp exotherm with a peak at 423 ~ corresponding to the crys- 
tallization to a-Cr203, is indicative of the fact that, even after aging, the 
precipitate largely retains its finely divided form and interparticle con- 
tinuity, and the coherence of the precipitate is not much disrupted on aging. 
A weak exothermie signal peaking at 743 ~ is identifiable with the stiffening 
of the network for a fraction of the sample on aging, causing its crystal- 
lization to a-CreO3 to occur at higher temperature.  A similar effect has been 
repor ted for aged chromia gels by Fahim et al. [13]. This effect persists in 
some of the aged coprecipitates, as well. 

2. Studies on freshly prepared coprecipitates 

Before we deal with the DSC results on aged copreeipitates, it would be 
in place to examine briefly the thermal (TG - DTA) behaviour of freshly 
precipitated coprecipitates. Primarily the observed increase in mass loss for 
copreeipitates with increasing chromium component  is in conformity with 
the absorption of a significant amount of water in the more  polymeric amor- 
phous structure of the chromium hydroxide component.  The large uptake of 
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water in chromium hydroxide is to be associated with the availability of a 
larger population of coordinatively unsaturated chromium ions [11] in the 
chromium hydroxide, which has a high surface area, and therefore greater 
affinity for water ligands. This may be better seen from a consideration of 
the bulk compositions of the hydroxides: CreO3.4.4H20 [14] and 
FezO3.2.2.H20 [15]. A mierostructural characterization of the coprecipitates 
using electron microscopy [2] indicated that: 

(i) Mixing of the iron hydroxide component coarsens the a-Cr(OH)3 phase. 
This favours its transformation to a-CrOOH and decreases the oxidation of 
Cr 3§ to Cr4+-Cr 6§ mixed valency phases. It is known [10] that the occurrence 
of Cr4+-Cr6§ species in the surface layers facilitates the rearrangement of 
the lattice at a faster pace, thereby causing an early crystallization of 
microcrystalline a-Cr203, later manifested by the exothermic peak as- 
sociated with the glow phenomenon. 

Also, the smaller ionic radius of Fe 3§ ion, with its harder acid character 
and stronger affinity towards oxygen as compared with that of Cr 3§ ion, 
coupled with different states of dispersion and activation of component 
phases, results in a delayed and diminished oxidation of Cr 3§ ion to Cr 4§ 
Cr 6§ ions, which in turn delays crystallization of the corundum phase to 
higher temperature in comparison with that observed for chromium 
hydroxide alone. 

(ii) A protective chromium oxide layer formed on the iron hydroxide com- 
ponent, on the other hand, creates an island-like structure, thereby prevent- 
ing the particles from coalescing, and stabilizing the protohematite and 
hydrohematite phases. This observably retards their transformation to 
corundum phase solid solutions. 

This quelling of reactivity through "mutual retardation" is discerned for 
all the copreeipitates. With increasing incorporation of the iron ion com- 
ponent, the erystaUization temperature is shifted by as much as 110 deg for 
the sample with composition Fe:Cr = 9:1, as compared to that with com- 
position Fe:Cr = 1:9 (Fig. 3). Further, a continuous broadening of the ex- 
othermic effect occurs in parallel with this retardation, indicating that an 
increasingly inhomogeneous and stiffened network develops in the 
coprecipitates with increasing iron component, which shows that their crys- 
tallization to corundum phase solid solutions occurs rather sluggishly. 

In their extensive studies on freshly prepared iron-chromium 
trihydroxide gels obtained by adding NH4OH to mixtures of iron nitrate and 
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chromium nitrate solutions (followed by oven-drying of the samples at 110~ 
Bhattaeharya et aL [7, 8] have demonst ra ted  that  a maximum mutual  protec- 
tive action against crystallization (marked by an exothermic peak at 550 ~ 
(DTA) and a maximum surface area of 291.8 mZ/g (B.E.T.)) is exhibited by 
the gel containing 40 mole % Cr203 and 60 mole % Fe203. In the present  
study, however, due to the different preparat ion parameters  used, a rather  
different  t rend is discerned, showing the maximum protective action against 
crystallization in the coprecipitate with Fe:Cr wt % ratio = 9:1 (Table 2). 

Table 2 (a) Mass loss (from TG) and exothermie crystallization peak temperature (from DTA) of 
initial eopreeipitates 

Sample Composition, Mass loss, Crystallization temperature, 
No. Fe:Cr wt. % ratio % ~ 
1 1:9 38.7 410 
2 3:7 35.0 415 
3 1:1 34.0 435 
4 7:3 25.2 455 
5 9:1 20.4 520 

Table 2 (b) Crystallization temperature and heat of crystallization of a-Fe203 and a-C203, 
determined by DTA on freshly prepared iron and chromium hydroxides prepared by 
ammoniedd hydrolysis of the nitrates followed by drying in an airoven at ~ 120 ~ (after 
Natarajan et at. [3]) 

Sample Cxystallization temperature, ~ -A H, 
Starting temperature Peak temperature kJ/mol 

Chromium(III) 
hydroxide 390 410 51.16 
Iron(III) 
hydroxide 260 335 133.76 

3. Studies on aged Fe(III)-Cr(III) hydroxide coprecipitates 

DSC curves for the aged copreeipitates show the following changes as 
compared with the thermal features of freshly prepared samples: 
1. The endothermic effect corresponding to the initial removal of water ap- 
pears to be split into a twin peaked doublet  and shows different  degrees of 
asymmetry, depending on the initial microstructure of the aged 
coprecipitates.  This may be an indication of the presence of phases with dif- 
ferent  individual chemical compositions, such as goethite,  protoferrihydri te ,  
rhombohedra l  a -CrOOH,  and a-Cr(OH)a mixed or demixed to different  ex- 
tents. The existence of a single phase inhomogeneity,  e.g. the part i t ioning of 
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bulk and surface components having an identical chemical composition 
(with creation of microporosity on the removal of water from eoprecipitates 
on aging) or built up of an amorphous phase on the surface of bulk particu- 
late eopreeipitates, may also cause such asymmetry, due to the ine- 
quivalenee of the bond energies of water and hydroxy groups in different 
regions. 

2. The exothermic effects occurring at 225 ~ and 285 ~ for the bulk aged 
chromium hydroxide, corresponding to the partial hydrothermal conversion 
of the chromium hydroxide component into orthorhombic a-CrOOH and 
surface oxidation CrO2, CrO3 phases, are modified to different degrees due 
to different interactions in the coprecipitates on aging. The removal of 
water would be expected to create microporosity, with substantial or negli- 
gible modifications of the surface, which would in turn account for these 
subtle but distinct changes upon aging. The nucleation and primary crystal- 
lization of the a-Fe203 and a-Cr203 phases above 200 ~ following these 
events, would also be governed by the nature of the surfaces and morphol- 
ogy of the precursor phases formed below 200 ~ Thus, isolated primary par- 
ticles of iron hydroxide precipitates with a flaky aggregate structure would 
result in a porous metastable relic oxide on dehydration, while chromium 
hydroxide, with a highly amorphous polymeric structure with very fine par- 
tides constituting the precipitate, on dehydration would end up in a denser 
and highly microporous network for the oxides formed on dehydration. Cor- 
responding to the transformation of part of the iron hydroxide on aging into 
goethite, a-FeOOH, a weak endothermic effect with variable intensity also 
appears in the range 260-320 ~ in the DSC curves of the aged coprecipitates. 

3. The exothermie effect peaking in the range 407 ~ to 613 ~ in the DSC cur- 
ves of the aged coprecipitates shows - AH crystallization varying from -141 
to -74 J/g, corresponding to the release of energy on recrystallization and 
the formation of corundum phase solid solutions. This energy was stored by 
the relic oxide phases formed during their primary nucleation and crystal- 
lization. In freshly prepared coprecipitates, the crystallization temperature 
rises from 410 ~ (for Fe:Cr = 1:9) to 520 ~ (for Fe:Cr = 9:1) and the width of 
the endothermie peak increases with increasing iron hydroxide component, 
presumably due to an increasing surface area and porosity associated with 
iron hydroxide-rich samples. 

The aged samples qualitatively show a similar trend, but with several 
striking changes in both their temperatures and heats evolved on crystal- 

J. Thermal Anal., 36, 1990 



540 DEVAUX et aL: DSC STUDIES ON COPRECIP1TATES 

lization, which are to be accounted for by the substantial modifications in 
the microstructure of the coprecipitates on aging. The aging of xerogels in 
general is known to lead to a higher microporosity and a hardening of the 
network with the removal of water [19]. Electron microscopic (TEM) ex- 
amination indicated that the aging of coprecipitates resulted in a partial 
demixing of the constituents, thereby modifying the microStructure and 
homogeneity. Heating of these aged coprecipitates was shown to result in 
primary nucleation and crystallization of the individual oxides. 

In an earlier DSC study [18], we have shown that the different breadths 
of the exothermic effect corresponding to the transformation ?-FezO3 -~ a- 
FezO3 originate from differences in the particle size distribution of the 
samples. A similar effect occurs here. Thus, a broad exotherm for 
coprecipitates is observed for the oxides, resulting from their dehydration 
prior to their exothermal crystallization, which have a broad size range. A 
narrow size distribution of the crystallizing phases is again indicated by ob- 
servation of a sharp exotherm (Figs i and 2). 

Demixing and independent crystallization of the individual iron and 
chromium oxides in aged samples with Fe:Cr = 1:1, 7:3 and 9:1 therefore 
lead to a very broad exotherm. This corresponds to the slow process of or- 
dering and recrystallization states characterized by wide differences in their 
local coordinations and surface structures. 

As compared with the values o f - A H  of crystallization for the freshly 
precipitated chromium hydroxide and iron hydroxide, a sharp decrease in 
-AH occurs on aging in these samples, which is largely to be accounted for 
by the substantial loss in their original surface area. 

In view of the small ionic radius and hard acid character, the Fe a+ ion is 
substitutionally incorporated into the chromium hydroxide lattice during the 
process of coprecipitation [2]. However, this solubility is limited and for 
samples with a higher iron hydroxide content, i.e. other than with Fe:Cr = 
1:9, the iron hydroxide component exists only as eolloidally mixed with 
chromium hydroxide. The incorporation of iron into chromium hydroxide 
would result in an initial higher uptake of structural water (see Table 2). 
Loss of this excess, strongly held structural water would create higher disor- 
der than occurs in bulk chromium hydroxide alone. The vacancies, lattice 
imperfections and higher porosity thus created would lead to an observably 
large heat of crystallization at a temperature higher than that observed for 
chromium hydroxide. The observed DSC data on the aged coprecipitate 
(Fe:Cr = 1:9) are in conformity with these features. 

J. Thermal Anal., 36, 1990 
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In the sample with Fe:Cr = 3:7, d~placement of the water on aging 
results in a partial demixing of the components. Thus, iron hydroxide and 
iron-doped chromium hydroxide separate out and nucleate into the in- 
dividual oxides. The surface of the mixture of these oxides being less than 
that in the preceding case, it releases a lower amount of exothermic energy 
at a lower temperature, leading to the formation of corundum phase a- 
Fo203.Cr203 solid solution. 

In the sample with composition Fe:Cr = 1:I, aging results in still further 
demi~ng, giving iron hydroxide and iron-doped chromium hydroxide. Diver- 
gence of the DSC curve from the baseline, starting form 400 ~ and peaking at 
-- 450 ~ corresponds to the partial crystallization of an iron-containing 
chromium oxide phase and the nucleation of largely amorphous iron oxide. 
A broad exotherm centred at 613 ~ with a slightly higher - AH of crystal- 
lization; ( corresponds to the highly amorphous and inhomogeneous struc- 
ture of the phases; which need a higher temperature for recrystallization) 
into homogeneous r solid solution. For samples with Fe:Cr = 
7:3 and 9:1, a similar demixing of the component phases occurs. In the 
former, the chromium oxide phase interacts creating an island-like struc- 
ture, thereby promoting the amorphous character of the iron oxide. This 
results in a higher temperature of transformation than that observed for 
pure iron hydroxide, and a much higher -AH is to be expected. This is in- 
deed the case if we take into account the definite contribution made through 
the exothermic effect, reflected in the divergence of the DSC curve from the 
baseline starting at temperatures as low as 300 ~ to the -AH of 85 J/g deter- 
mined uniquely from the exothermic peak centred at 613 ~ 

In the sample with Fe:Cr = 9:1, the further relative lack of interaction of 
the chromium hydroxide component in the aged coprecipitate results in a 
still less amorphous structure than that in the preceding sample. This results 
in crystallization at a lower temperature, with a -AH of crystallization ap- 
proaching that of bulk a-Fe203, considering the contribution made to the ex- 
othermic DSC curve through the weak exothermic effects shown via the 
divergence of the curve from the baseline, observed as early as at 300 ~ . 

In conclusion, the demixing and hardening of the aged coprecipitates 
results in striking modifications in their microstructure, in terms of the at- 
tendant interactions occurring between the components and the surface 
states and bulk structures of the metastable and stable oxides formed there- 
from. In particular, the differences observed in the temperatures and heats 
of recrystallization -AH to corundum phase ~-Fe2O3.Cr203 solid solutions, 
studied by DSC measurements, have shown a reasonable relationship and 
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systematic evolution between the thermal characteristics observed and the 
microstructure anticipated for these systems using a host of characterization 
techniques. Such relationships, which are not fortuitous, and which are far 
from complete in this initial study, should be a useful guide for controlling 
the microstructure and reactivity in iron-chrominm mixed oxide systems and 
in studying the order-disorder and homogeneity-inhomogeneity problem in 
these mixed oxides, often prepared by using wet chemical methods [20, 22] 
or via the processing of mixed salt precursors [21]. 
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Z u s a m m e n f a s s u n g  -- Es werden DSC-Messungen an geal ter ten kogeffillten Eisen(III)  - 
Chrom(I I I )  - hydroxiden (mit Fe3+:Cr 3+ Gewichtsantei len yon 9:1, 7:3, 1:1, 3:7 und 1:9) im 
Tempera tu rbe re ich  yon 20 bis 800 ~ beschr ieben.  Ein Vergleich der  DSC-Profile yon gealter- 
ten  Kof~illungen mit  dem thermischen Verhal ten  frisch gef~llter und gut def inierbarer  
P roben  l ieferte In format ionen  fiber die Veri inderungen in Struktur  und Reakt ivi t i t  der  
Koniederschliige bei li/ngerem Altern.  

Z ThermalAnal., 36, 1990 


