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bstract

A comparative study of the behavior of a binary alloy FeAl3 and an equivalent mixture of the pure metals towards chlorine, was carried out
etween 150 and 300 ◦C. The present work focuses at the analysis of the interactions between metals and the possibility of their separation.
ccording to the composition determined for the AlCl3 obtained from the reactants, the separation of the metals was more effective in the case of

he alloy, while for the FeCl3 the segregation of the aluminum from the iron was better in the mixture than in the alloy. The last result could be

evealing a stronger interaction between the chlorides in the alloy.

The reactants, products and residues were identified, characterized and quantified by X-ray diffraction (XRD), scanning electron microscopy
SEM), Mössbauer spectroscopy (MS), chemical analysis (atomic absorption, spectrophotometry and gravimetry) and X-ray fluorescence spec-
rometry (XRF).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Aluminum chloride has a monoclinic crystal structure with
he lattice dimensions: a = 5.914, b = 10.234, c = 6.148 and
= 108.3 [1]. It crystallizes in pseudohexagonal habit (twinned).
hen pure, is a white solid; however, the commercial product is
arketed in a range of colors: orange, yellow, gray and greenish.
esides, depending upon its method of collection during man-
facture, it may be either a powder or a crystalline material of
arious mesh sizes [2]. The chloride fumes in moist air, owing
o the formation of hydrochloric acid and AlCl3·6H2O, of the
hombohedral crystalline system, which is yellowish-white to
olorless.

In the presence of an excess of chlorine, iron forms ferric
hloride [3], with the characteristic dark-green highly hygro-

copic hexagonal crystals, and on exposure to air form a series
f hydrates; with 2, 5, 6 water molecules [4].

∗ Corresponding author.
E-mail address: alvarezf@cab.cnea.gov.ar (F.J. Alvarez).
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canning electron microscopy

Oersted first prepared anhydrous aluminum chloride in 1825
y the reaction of chlorine gas with a mixture of alumina and
arbon [5]. Most anhydrous aluminum chloride is made by chlo-
inating the metal, chlorine is passed through molten aluminum
n a tube-shaped reactor, while the temperature is maintained
t 670–850 ◦C by controlling the admission rates of chlorine
nd aluminum and by cooling the reactor walls with water. The
luminum chloride vapor leaving the reactor is passed through
eramic-lined tubes into large, air-cooled iron chambers. Solid
luminum chloride is withdrawn from the condenser walls at
egular intervals, ground and classified by sieving. Chlorine in
he off-gas is removed by conventional methods, such as absorp-
ion in caustic soda solution [6].

Another way of preparing the halide is the chlorination of
he molten metal in a refractory crucible, sparging chlorine
ver the surface. As it is an exothermic reaction, the removed
eat allows the volatilization of the chloride [7]. Among the
ost popular methods there is the reaction between aluminum
owder and gaseous hydrogen chloride inside a glass tube in
n electric furnace [8]. Moreover, aluminum trichloride vapors
ay be obtained by sparging a molten aluminum bed with pri-
ary chlorine in an enclosed zone at temperatures between
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In order to evaluate the starting temperature for the reaction of the reagents
with pure gaseous chlorine, a non-isothermic experiment was carried out, it was
done in the thermogravimetric analyser based on a Cahn 2000 electrobalance,
F.J. Alvarez et al. / Journal of Allo

80 and 760 ◦C. Finally, the product is burnt with a mixture of
ydrogen–air, and collected as finely-divided alumina [9]. Non-
gglomerated anhydrous aluminum chloride is formed after the
ction of chlorine on a fluidized bed of aluminum particles and
powdered inert material like native rutile, in a range of tem-
eratures between 200 and 300 ◦C [10].

Several works proposed different methods for the synthe-
is of iron(III) chloride, from the metal or the oxide, for
xample the direct combustion of metallic iron in dry chlo-
ine [11], or by reaction of ferric oxide with gaseous chlorine
etween 700 and 1000 ◦C [12]. The chlorine–iron(III) chlo-
ide system has been studied in detail, determining that when
eCl3 are grown from the gas phase with sufficient chlorine
resent to prevent the formation of FeCl2, FeCl3 crystals con-
ain some FeCl2 formed in solid solution. Nevertheless, the
hloride content decreases with increasing chlorine pressure
13]. As it was exposed before, there are less studies about
ron chlorination than that existent on aluminum reaction with
hlorine, probably due to its relevance from the technology
nterest.

The corrosion of Fe3Al in Cl2–Ar mixtures has been investi-
ated at the temperature range of 600–800 ◦C using thermogravi-
etric analysis [14]. Ko et al. separated AlCl3 from FeCl3 using

ractional distillation, after obtaining the chlorides by chlorina-
ion of the metals at 340 ◦C, with mixtures Cl2–N2 at 100 ml/min
ach, for 5 h [15].

In a previous study, most favorable conditions to selectively
orm the volatile aluminum chloride from a HEU Al-U spent fuel
ere theoretically determined by thermodynamic calculations

16]. An analysis performed later demonstrates that it is techni-
ally possible to apply the background available on chlorination
eactions to reprocessing of Al-U spent fuels, with some poten-
ially valuable advantages with respect to conventional aqueous
rocess. The thermogravimetric experiments performed dur-
ng the chlorination of the cladding alloy shows this reaction
s kinetically feasible at low temperatures, i.e. 473 K [17].
nother studies on thermodynamic analysis and experimental
ata of kinetics revealed a selective chlorination of aluminum,
hich volatilizes as aluminum chloride during the chlorination

18].
An oxy-chlorination process was proposed consisting of con-

ecutive steps of chlorination followed by the oxidation of
aseous chlorides, to be applied for producing aluminum oxide
n different phases depending on the pCl2 used [19]. Accord-
ng to some experiments done on the chlorination of AA6061,

complete volatilization of aluminum was attained at tem-
eratures higher than 200 ◦C, removing low amounts of other
onstituents of the alloy [20]. The chlorination of AA6061
nd CuZnAl alloy was carried out, revealing the complete
olatilization of aluminum chloride. The chlorination started
t 110 ◦C for AA6061 and at 300 ◦C for CuZnAl alloy [21].
n a more recent study the separation of several binary mix-
ure, like Al–Fe, Al–Ni, Al–Cu, Al–Zn, etc., was performed, and

he interactions between the different chlorides was determined
22].

In a previous work a theoretical and experimental study was
iven for the recovery of Al2O3 particles from a commercial
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luminum-matrix composite, showing that the chlorination is
easible above 205 ◦C [23]. The chlorination process has also
hown being an easy separation technique for complex materi-
ls, allowing the metals to turn into their respective chlorides
24].

In the present work, the separation of iron and aluminum
hlorides was studied. Direct chlorination of mixtures Fe–Al
0 wt.% and of a commercial FeAl3 alloy, was carried out in the
emperature range 150–300 ◦C. The composition of the resulting
hlorides was investigated by SEM, XRD, XRF and chemical
nalysis.

. Experimental details

The gas used was Cl2 99.8% purity (Indupa, Argentina). The solids
ere aluminum plates 99.99 wt.% (Atomergic Chemetals Corp.), iron lumps
9.98 wt.% (Aldrich) and FeAl3-325 mesh powder, intermetallic, 99 wt.% metal
asis (Alfa Aesar). Quantitative analysis of the starting materials was made
y atomic absorption, and spectrophotometry, the composition found is the
ollowing:

Aluminum: 99.83 wt.% Al, 0.06 wt.% Fe, 0.08 wt.% Si and 0.03 wt.% Zn.
Iron: 99.96 wt.% Fe and 0.04 wt.% Zn.
FeAl3: 63.11 wt.% Al, 36.88 wt.% Fe and 0.01 wt.% Cu.

Direct chlorination of the reagents was performed in a reactor in chlorine
ow. A raw mixture was prepared with iron and aluminum at an atomic ratio of
e:Al = 1:2. These samples and the FeAl3 alloy of about 300 mg were placed in
rucibles in a tubular reactor, both made of glass, and they were placed into a
orizontal electric furnace. The reactor has an “L” shape, with an elbow at the
xit of the gases, surrounded by a heating winding, maintained at 200 ◦C. Below
he end of the elbow, there is a cold vessel where the condensed substances are
ollected.

Another configuration used in the chlorination has a vertical furnace with
ook shape around the elbow, adjacent to the first reactor. This design gives an
omogeneous temperature distribution along the “L” of the reactor, making easy
ts separation from the line.

The reactor was purged with a flow of 2 l/h chlorine for 1 h, afterwards it was
eated with a ramp of 19 ◦C/min until it reaches the corresponding temperature
f the experiment. Since then, the thermal treatments were done isothermally in
hlorine atmosphere at 150, 175, 200, 225, 250, 275 and 300 ◦C, for periods of
h.

The products were removed from different temperatures zones of the reactor,
hile the residues remained in the crucible. Due to the hygrospicity of the
roducts, the powders coming from the reactor were isolated into a glove box
nd were prepared in well sealed samplers in order to be characterized by X-ray
iffraction (XRD), avoiding the absorption of moisture.

The residues were also characterized by XRD, but using samplers that did
ot isolate the specimen from contact with the atmosphere.

Moreover, the substances were identified by energy-dispersive spectroscopy
EDS), scanning electron microscopy (SEM) techniques and chemically quanti-
ed by atomic absorption and spectrophotometric analysis. Besides, Mössbauer
pectroscopy (MS) was carried out in some samples, in order to provide informa-
ion about the environment of the atom in the solid material. X-ray fluorescence
pectrometry (XRF) was used to corroborate the atomic absorption results.
he system has been described elsewhere [25].
Samples of aluminum, iron and FeAl3 between 15 and 40 mg were heated

rom room temperature to 276, 456 and 304 ◦C, for 49, 74 and 163 min, respec-
ively. The chlorine pressure was of 36.5 kPa in flowing Ar–Cl2 under an overall
ressure of 101.3 kPa.
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From the highest temperatures areas of the reactor dark-green
crystals were collected. As it is shown in Fig. 3, FeCl3 [31]
prevails in the product together with the hydrates (2, 5 and 6
molecules of water). The main reflections (0 0 3), (1 1 3), (1 1 6),
ig. 1. Non-isothermal chlorination of 16 mg of aluminum (curve a), 40 mg
f iron (curve b) and 20 mg of FeAl3 (curve c). The arrow shows the starting
emperature of the chlorination.

. Results and discussion

.1. Thermogravimetry

.1.1. Interactions in Al–Cl2 system
The reaction between aluminum and chlorine was studied and

he results have been reported elsewhere [18]. A non-isothermal
G curve corresponding to the direct chlorination of Al is shown
s curve a in Fig. 1. A progressive mass loss was detected at tem-
eratures above 132 ◦C, indicating the chlorination of aluminum
pecimen started, and due to the high vapor pressure of AlCl3
10−3 kPa at 132 ◦C to 10−1 kPa at 200 ◦C), it vaporizes as soon
s it is formed.

.1.2. Interactions in Fe–Cl2 system
Non-isothermal TG measurement of the chlorination of iron

hown in Fig. 1b reveals mass loss at temperatures higher than
52 ◦C, indicating that when the iron chloride is obtained, it
eaves the system as a gaseous product (if the product is FeCl3,
ts vapor pressure will be 10−3 kPa at 252 ◦C to 10−1 kPa at
20 ◦C).

.1.3. Interactions in Al–Fe–Cl2 system
The reaction beginning was detected at 180 ◦C, followed by a

apid mass loss, owing to the vaporization of aluminum chloride
rstly and secondly that of iron chloride. As seen in Fig. 1c, at
04 ◦C the whole sample has completely reacted with Cl2 and
as left the system with the gaseous flow.

.2. General analysis

The reaction always occured with formation of volatile sub-
tances, and the loss of mass in the case of the binary mixtures
as between 32% and 67% for the iron and of 100% for the alu-

inum, in the temperature range from 175 to 275 ◦C, while at

00 ◦C the reaction was completed. The product was collected
n different zones of the reactor and was classified according to
ts temperature, while the residues and other by-products, were
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aken from the reaction crucible. For the alloy the loss of mass
ould not be determined due to the formation of by-products
hich remained in the reaction place, together with the residue.
Supposing the metals of the alloy form chlorides in their

aximum state of oxidation, the chlorination should not leave
ny residue owing to their high vapor pressures. However, at
ow temperatures there is always some solid remaining, that
iminishes as the chlorination temperature increases due to the
ncrement in the chloride’s vapor pressure.

.3. Analysis of the reaction products

.3.1. Mixture 50 wt.% Fe + Al
The first signs of reaction were detected at 175 ◦C. The prod-

cts were collected from zones at different temperatures. Those
eposits extracted from the lowest temperature areas presented
yellowish color and XRD analysis were performed on sam-

les enclosed in sealed receptacles, the species identified were
ainly anhydrous aluminum chlorides, AlCl3 [26], whereas, at

he reaction temperatures of 275 and 300 ◦C, AlCl3·6H2O [27]
as also found.
A Rietveld analysis [28] was carried out to discern between

he different reference patterns found for AlCl3, no. 77-0819 [26]
nd no. 22-0010 [29]. Making use of the cell parameters cited
efore Ref. [1], compatibility was found with a structure that
ad a strong effect of preferred orientation along the (0 0 1) and
0 0 2) planes [30]. In Fig. 2 the diffractograms of the powders
rom different experiments, are shown. As it was said before,
here is a marked orientation effect on the reflections (0 0 1) and
0 0 2), which turned out to be different than the corresponding
elative intensity of the pattern. In a zone near to 2θ: 27◦, there
s a slight raising of the background, attributed to the growing
f amorphous AlCl3·6H2O.
ig. 2. Experimental diffractograms of the condensed products coming from
he chlorination of the mixture Fe–50 wt.% Al and removed from the low tem-
erature zones of the reactor: (a) product obtained at 175 ◦C, (b) 200 ◦C and (c)
00 ◦C. (d) Reference pattern of AlCl3, card no. 77-0819.
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Fig. 3. Experimental diffractograms of the condensed products coming from
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he chlorination of the mixture Fe–50 wt.% Al and removed from the high tem-
erature zones of the reactor: (a) product obtained at 175 ◦C, (b) 200 ◦C and (c)
50 ◦C. (d) Reference pattern of FeCl3, card no. 1-1059.

2 1 4) and (3 0 6) could be joint to the diffractograms for all the
hlorination temperatures, exhibiting preferred orientation, with
egard to the relative intensities of the ferric chloride’s pattern.
here is also an increment in the noise detected, due to the

ncipient appearance of the hydrates.
These products were simultaneously prepared into the glove

ox for Mössbauer analysis. It was observed a single peak with
n isomeric shift (IS) (Fe) of 0.446 mm/s, which corresponds

o FeCl3 [32], after several days the presence of the hydrated
hases was noticed, and the IS was 0.260 mm/s.

XRD and MS results were improved with chemical analy-
is. The quantitative composition of the products is exposed in

r
T
c

able 1
RD and composition data of the condensed products, after the chlorination of the F

emperature of chlorination (◦C) Temperature of the extraction zone (◦C)

75 142–164
133

00 212–213
206–218
Room

00b (22 V)c 159–185
157–159
Room

00b (26.4 V)c 162–203
Room

25 190–221
61–146

50b (26.4 V)c 187–235
Room

00 270–304
235–270
220

a Atomic absorption measurement.
b Experiments done with the attached vertical furnace.
c Voltage supplied to the vertical furnace.
d Compounds 424 (2006) 78–87 81

able 1, where the different specimen were sorted according to
he chlorination temperature and extraction zone. The weight
ercentage displayed was calculated based on the total content
f the metals present, without considering chlorine, water and
xygen.

From Table 1 it can be inferred that the higher the tempera-
ure of the zone is the richer the product is in iron; 94.89 wt.%
t 175 ◦C and 96.27 wt.% at 225 ◦C, while in the coldest areas
revails Al over Fe; 73.34 and 91.93 wt.% of aluminum, respec-
ively. These results prove the XRD characterization for all
emperatures of chlorination, showing that at the highest tem-
erature of collection the product is preferably ferric chloride.

Table 1 also exhibits that in a zone over 160 ◦C condenses
nly FeCl3 for the chlorination at 200 ◦C when the voltage sup-
lied to the vertical furnace is about 22 V, whereas, for 26.4 V
he product was superimposed with AlCl3, that condenses at a
igher temperature.

As regards the theoretical predictions, FeCl3 melts at 304 ◦C
nd boils at 319 ◦C, but has a considerable vapor pressure at
50 ◦C (6 × 10−3 kPa), that is why the content of iron detected
ithin the AlCl3 at this temperature was higher than the expected
alues; 10.60 wt.% at 250 ◦C and 11.50 wt.% at 300 ◦C. There-
ore, the separation of the chlorides decreased as the temperature
f the experiment increased, owing to the raising of the ferric
hloride volatilization. If the reaction’s temperatures continues
oing up, both chlorides will sublimate together and will deposit
ll jumbled.
Fig. 4 shows the morphology of the condensed products
emoved from the top of the vessel after chlorination at 250 ◦C.
he sample had an orange color with green shades and was
haracterized by XRD as AlCl3.

e–Al 50 wt.% mixtures, using the winding

Results of XRD Composition (wt.%)a

FeCl3, FeCl3·2H2O Al, 5.11; Fe, 94.89
AlCl3 Al, 73.34; Fe, 26.66

FeCl3·2H2O, FeCl3·5H2O –
AlCl3 Al, 18.09; Fe, 81.91
AlCl3 Al, 92.29; Fe, 8.72

FeCl3, FeCl3·2H2O Al, 24.16; Fe, 75.84
AlCl3 Al, 80.13; Fe, 19.87
AlCl3 Al, 92.17; Fe, 7.83

FeCl3, FeCl3·2H2O Al, 19.14; Fe, 80.86
AlCl3 Al, 91.74; Fe, 8.26

FeCl3, 2FeCl3·7H2O Al, 3.73; Fe, 96.27
AlCl3 Al, 91.93; Fe, 8.07

FeCl3 Al, 7.64; Fe, 92.36
AlCl3 Al, 89.40; Fe, 10.60

FeCl3, FeCl3·5H2O, FeCl3·6H2O Al, 8.37; Fe, 91.63
AlCl3 Al, 71.22; Fe, 28.78
AlCl3, AlCl3·6H2O Al, 88.50; Fe, 11.50
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ig. 4. SEM image of the condensed products removed from the vessel, after c
f the vessel, (b) morphology of the surface.

.3.2. FeAl3
The lowest temperature for the detection of any product was

50 ◦C and these were extracted near to the reaction zone and
rom the cold vessel placed at the exit to the gaseous flow.

The samples took out from the vessel exhibit a yellowish
olor, and were identified as AlCl3, their XRD were similar to
hose exposed in Fig. 2. There is an effect of preferred orienta-
ion on the reflections (0 0 1) and (0 0 2), as seen before on the
receding mixture. In the experiments done at 300 and 200 ◦C
ith 12% of power in the vertical furnace, it was detected a

light raising of the background, probably due to the incipient
ormation of AlCl3·6H2O.
The low temperature product obtained at 200 ◦C was analysed
y Mössbauer spectroscopy, and revealed the presence of Fe3+,
ith an IS of 0.397 mm/s, whereas, the XRD did not detect
eCl3.

i
i

i

able 2
RD and composition data of the condensed products and solid by-products, after th

emperature of chlorination (◦C) Temperature of the extraction zone (◦C

50 Room
138–152
147–152b

75 T > 100
155–172
168–177b

00 (22 V)c Room
156–185
185–196b

00 (26.4 V)c Room
162–203
191–203b

50 Room
192–235
247–256b

00 Room
262–298
287–301b

a Atomic absorption measurement.
b The temperature corresponds to the reaction zone.
c Voltage supplied to the vertical furnace.
ation at 250 ◦C of the mixture Fe–50 wt.% Al: (a) scales formed in the mouth

Meanwhile, in the high temperature zones of the reactor, there
ere dark-green crystals, characterized as FeCl3 like those that

an be seen in Fig. 3. However, at 150 ◦C the samples were
onstituted by 2FeCl3·7H2O [33].

Like the products of the previous section, ferric chloride
howed the preferred orientation on the reflections (0 0 3), for
he chlorinations at 175, 200 and 300 ◦C.

In the lower end of the reactor, adjacent to the AlCl3
laced over the mouth of the vessel, there was a scarce deposit
ith the aspect of bright green crystals, which became more

bundant in proportion to the rise of the temperature, 0.8 cm
ith at 175 ◦C, 1.5 cm at 200 ◦C and 3.5 cm at 250 ◦C, show-
ng major contamination with iron the more the temperature
ncreases.

Some chemical analysis of the products were performed, as
t is shown in Table 2. As the temperature of chlorination raises,

e chlorination of the FeAl3 alloy

) Results of XRD Composition (wt.%)a

AlCl3 Al, 97.41; Fe, 2.59
2FeCl3·7H2O Al, 18.03; Fe, 81.97
�-Al2O3 Al, 19.25; Fe, 80.75

AlCl3 Al, 93.73; Fe, 6.27
FeCl3 Al, 16.77; Fe, 83.23
�-Al2O3 Al, 95.36; Fe, 4.64

AlCl3 –
FeCl3 –
�-Al2O3 –

AlCl3, AlCl3·6H2O (traces) –
FeCl3 –
�-Al2O3 –

AlCl3 Al, 90.78; Fe, 9.22
FeCl3 Al, 12.92; Fe, 87.08
�-Al2O3 Al, 94.04; Fe, 5.96

AlCl3, AlCl3·6H2O (traces) –
FeCl3 –
�-Al2O3 –
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ig. 5. SEM image of the residues left in the crucible, after chlorination of the m
t 275 ◦C. (c) Aluminum ashes at 150 ◦C and (d) at 275 ◦C.

he aluminum chloride extracted enriches from 2.59 to 9.22 wt.%
f iron in an increment of 100 ◦C. The results achieved by XRF
onfirm the chemical analysis (not shown in the table).

Moreover, the content of iron in FeCl3 also increases with
he temperature change, and the quantity of Al decreases from
8.03 to 12.92 wt.%. The last deposits were only constituted
y FeCl3, and the high quantity of aluminum should have been
etected by XRD, however, the Al measured could be explained
f the metal is dissolved in ferric chloride forming a solid
olution.

.4. Analysis of the reaction residues and by-products

The remainder of the reactants and the by-products obtained
fter chlorination, were left in the glass reaction crucible. They
ere formed by fragile ashes and small pieces of metal.

.4.1. Mixture 50 wt.% Fe + Al
The residue was constituted by a dark grey ash of Al and

ome scraps of Fe. The composition of the remains was fulfilled
y EDS at 150 and 300 ◦C, finding that the ashes of aluminum
ere composed by 10.59 wt.% of iron at 300 ◦C, while at 150 ◦C

his element was not detected though a 0.02 wt.% was noticeable
y atomic absorption. This result is indicating an increase in the
ormation of FeCl3 at 300 ◦C and a portion of this accumulates
ver the residue.
On the other hand, aluminum was not noticed on the surface
f iron chlorinated at 150 ◦C, but the concentration of chlorine
as of 42 and 38 wt.% at 300 ◦C, due to the initial formation of

he chlorides.

d
r
1

re Fe–50 wt.% Al, at different temperatures: (a) iron residues at 150 ◦C and (b)

Fig. 5a and b shows the morphology exhibited by the remains
fter chlorination at several temperatures. As the temperature
teps up, the crystals of FeCl3 growing over the surface separate
rom the bulk, revealing their characteristic rhombohedral habit.
oncerning to the size, the crystallite have an average length
etween 3.6 and 10.7 �m.

It can be seen from Fig. 5c that aluminum ashes after chlori-
ation at 150 ◦C, have fissures all over the surface of the metal
ecause of the attack of the gaseous chlorine and small round
rains cover the area, which were constituted by 60.79 wt.% of
l, 0.65 wt.% of Fe and 38.56 wt.% of Cl, determined by EDS.
Fig. 5d corresponds to the aluminum collected after chlori-

ation at 275 ◦C, with the typical morphology of AlCl3 formed
y fragile thin flakes.

.4.2. FeAl3
From the crucible a greyish powder was collected and charac-

erized by XRD. Samples extracted from the experiments done
t 150, 175, 200, 250 and 300 ◦C revealed being constituted by
-Al2O3 [34].

The species �-Al2O3, is the most stable phase of the alu-
inum oxides known as corundum, which belongs to the rhom-

ohedral crystalline system.
According to Table 2, at 175 and 250 ◦C the samples were

ainly constituted by aluminum, while a 5–6 wt.% was iron,
ough the XRD technique did not detect any iron compound.
In some samples, orthorhombic aluminum oxychloride was
etected by XRD, as well as �-Al2O3. The morphology of those
esidues is exposed in Fig. 6a and b, for an experiment done at
75 ◦C.
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From the alloy:

2FeAl3 + 12Cl2 (g) = Fe2Cl6 (g) + 3Al2Cl6 (g) (c)

Table 3
Comparison between the composition of AlCl3 and FeCl3, for the chlorination
of the Fe–Al 50 wt.% mixture and the FeAl3 alloy, at 200 and 250 ◦C

Temperature (◦C)

200 250

Fe–Al 50 wt.% FeAl3 Fe–Al 50 wt.% FeAl3

Aluminum (wt.%)
AlCl3 92 96 89 91
Fig. 6. SEM image of the residues left in the crucible, after chlorinatio

Because of the fact that AlOCl was not found in most of the
amples, a Rietveld simulation [28] of several percentages of
ixtures with AlOCl and �-Al2O3 was done, in order to find out

he lowest detection limit of the oxychloride. From these results
an be concluded that below 10 wt.% of AlOCl, the reflection
ntensities of this compound are so weak that it is possible that in

ost of the cases the oxychloride may not be detected by XRD.
According to Fig. 6c and d, the appearance of the residues

s like very thin flakes, which is typical of the residues that
ome from the chlorination of the alloy AA6061 [22], that were
haracterized as AlCl3·6H2O. The last result agree with the com-
osition found by energy dispersive spectroscopy, that is shown
n Fig. 6, and though the hexahydrate was not detected in the
amples, its most important reflections could be hidden by the
aising background in the diffractogram.

.5. Interpretation of the phenomenology of the separation
etween Fe and Al in both systems: mixture 50 wt.% Fe + Al
nd FeAl3

Table 3 compares the composition of AlCl3 and FeCl3 for
he two systems under study. For the same temperature, the alu-

inum chloride obtained from the alloy is richer in Al and is less
ontaminated with Fe than for the mixture, 96 and 92 wt.% at

00 ◦C, respectively. As the temperature raises aluminum chlo-
ide dissolves more iron, 8 wt.% at 200 ◦C and 11 wt.% at 250 ◦C
or the mixture, and 4–9 wt.% for the alloy. As the temperature
ncreases, FeCl3 has less Al retained.

I

he alloy FeAl3: (a) and (b) at 175 ◦C, (c) at 200 ◦C and (d) at 300 ◦C.

The appearance of iron dissolved in the AlCl3 could be a sign
f the formation of an adduct constituted by iron, aluminum and
hlorine. The formation of the compound happens in gaseous
hase, according to the following reactions:

From the pure metals:

Fe + 3Cl2 (g) = Fe2Cl6 (g) (a)

Al + 3Cl2 (g) = Al2Cl6 (g) (b)
FeCl3 19 15 8 13

ron (wt.%)
AlCl3 8 4 11 9
FeCl3 81 85 92 87
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Table 4
Comparison between Al/Fe ratio in the condensed products (AlCl3 and FeCl3)
for the chlorination of the Fe–Al 50 wt.% mixture and the FeAl3 alloy, at different
temperatures of reaction

wt.% Al/wt.% Fe

AlCl3 FeCl3

Fe–Al 50 wt.% FeAl3 Fe–Al 50 wt.% FeAl3

150 ◦C – 37.64 – 0.22
175 ◦C 2.75 14.94 0.05 0.20
200 ◦C 11.11 25.82 0.24 0.17
225 ◦C 11.38 – 0.04 –
250 ◦C 8.44 9.85 0.08 0.15
2
3

t
t
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c
t
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w
T
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O
d
b
t

F
f
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p
a
(
a
a
that the complete isolation of Fe from Al could not be attained,
although at 150 ◦C is possible to obtain AlCl3 with the least
content of iron.

Table 5
Relative percentage of iron, present in the AlCl3 extracted from room temper-
ature’s zones, for the chlorination of the Fe–Al 50 wt.% mixture and the FeAl3
alloy

Reagents Temperature of chlorination (◦C)
F.J. Alvarez et al. / Journal of Allo

hen the gaseous chlorides interact as it is shown in the chemical
quation (d) [35]:

e2Cl6 (g) + Al2Cl6 (g) = 2FeAlCl6 (g) (d)

Al2Cl6 and Fe2Cl6 molecules are stable in the vapor
hase and coexist in gaseous mixtures together with FeAlCl6
olecules, the structure of this compound has been inferred from

he observed Raman spectrum in vapors [36]. Nalbandian et al.
lso measured the Raman spectra of the vapor complex in the
emperature range 227–627 ◦C [37].

Other authors did infrared and mass spectrometric studies,
nding out that the reaction between ferric chloride and alu-
inum chloride produces a volatile complex, which transports

ron from the reaction zone at temperatures as low as 50 ◦C.
esides, the complex molecule FeAlCl6 appeared to have a
olatility similar to that of AlCl3 [38].

In the range of temperature under study the chlorides are not
issociated, below 440 ◦C aluminum chloride and iron(III) chlo-
ide have the formula Al2Cl6 [39] and Fe2Cl6 [40], respectively.

Since there are slight differences in the compositions shown
n Table 3 for the two systems under study, it can be stated that
he formation of FeAlCl6 occurs in the gaseous phase and it is
ontrolled by the vapor pressure of ferric chloride.

In the highest temperature zones ferric chloride dissolves
lCl3, while at the lowest temperature regions aluminum chlo-

ide forms solid solutions with FeCl3.
With the purpose of demonstrating the influence of the

emoval of the complex and the metal chlorides over the con-
entration of the former at a fixed temperature, additional exper-
ments were done at 175 and 200 ◦C under different flow rates;
, 2 and 3.3 l/h of chlorine.

At 175 ◦C, as the flow rate increases from 1 to 3.3 l/h, the con-
ent of iron in aluminum chloride raises from 3.13 to 17.94 wt.%,
hile the concentration of aluminum in FeCl3 diminishes from
7.61 to 8.71 wt.%.

At 200 ◦C, Fe in AlCl3 goes up from 11.64 to 29.15 wt.% and
luminum decreases from 10.69 to 7.28 wt.% in FeCl3.

As can be seen from these results, when the flow rate increases
he removal of the gaseous species apparently prevails over the
ormation of FeAlCl6 and consequently less complex is formed.
he latter is in agreement with the low aluminum content that
as detected in the condensate of the high temperature zone.
For a fixed flow rate, an increment in temperature from 150

o 300 ◦C, did not show a noticeable change in the iron content
resent in aluminum chloride, but Al concentration in FeCl3 is
ower at higher temperatures, as it is shown in Table 2.

The condensed FeCl3 in the highest temperature zone has a
onstant complex partial pressure, because the region of deposi-
ion has a fixed temperature. Moreover, the concentration of the
ron that reaches the low temperature zone as a constituent of the
omplex, is not expected to change. If a high complex content
s desired to be deposited in the cold zone, an increment in the

ow rate is needed in order to shift the following equilibrium to

he right:

eAlCl6 (condensed) � FeAlCl6 (gaseous) (e)

F
F

75 ◦C 5.69 – – –
00 ◦C 2.47 – 0.09 –

Besides, a raise in the content of Al in FeCl3 from the high
emperature zone, shows that reaction (d) is exothermic, and
he concentration of the formed complex diminishes with an
ncrement of temperature. When condensating product in the
ited zone, equilibrium (e) is displaced to the left in order to keep
he complex partial pressure at the condensation temperature.

In Table 4 the data exposed try to show the results in a way that
ould explain the separation of the elements, iron and aluminum.
he second and third columns show the ratio of Al over Fe

or AlCl3, demonstrating that as the temperature increases the
rade of separation improves for the binary mixture, till 250 ◦C,
hen it started to be worst with an increment of temperature.
he interpretation is that the bigger is the quotient, less iron is
ragged towards the zone where aluminum chloride condenses.
n the other hand, in the case of the alloy the tendency is quite
ifferent, as temperature goes up the ratio diminishes, and the
est value is at 150 ◦C, however, its separation is still better than
hat of the mixture, for all the working temperatures.

Fourth and fifth columns corresponds to the ratios for the
eCl3, showing no change with temperature, except for the value
or mixture at 200 ◦C, where the quotient is higher than what it
s expected.

Table 5 express the ratio between the percentage of iron
resent in aluminum chloride condensed at room temperature
nd the sum of iron percentages in both condensed chlorides
AlCl3 + FeCl3). The separation factor is showed in a way that
s this number increases, it means that the conditions for the sep-
ration of the elements get worse. The previous results exhibit
150 200 225 250 300

e + Al 50 wt.% Did not react 9 8 11 12
eAl3 4 4 – 9 –
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. Conclusions

The starting temperature of the reaction was of 175 ◦C for the
inary mixture of the metals and 150 ◦C for the alloy.

The reaction advanced with formation of volatile substances,
hich condense in regions at high and low temperatures and

hese products resulted to be FeCl3 and AlCl3, respectively.
hese chemical species exhibited a strong effect of preferred
rientation that is more marked in ferric chloride and could
e attributed to the typical morphology of thin leaflets that
ave anisotropic growth and rhombohedral structure, while alu-
inum chloride forms fragile flakes with pseudohexagonal habit

twinned).
In the condensed phases, Al formed solid solution with FeCl3

nd Fe with AlCl3. It is presumed that there is formation of a
aseous complex in vapor phase from the individual chlorides,
nd in accordance with previous works it is proposed the chem-
cal formula FeAlCl6.

From the results attained it could be deduced that the reac-
ion temperature has little effect on iron content in the AlCl3 that
ondenses at low temperature. Whereas, the condensing temper-
ture of iron chloride is decisive and this should be the least in
rder to obtain a minimal partial pressure of the complex.

With the purpose of enhancing the purity of aluminum chlo-
ide, we need to reduce the amount of complex formed, by
ncreasing the temperature in the reaction zone, because accord-
ng to the results found the complex formation is exothermic.
n increment in the flow rate favors the volatilization of the

omplex and this pollutes the condensed AlCl3.
Some separation factors were determined under different

xperimental conditions for both systems and in none of them the
omplete separation of the metals was achieved, but at 150 ◦C
t is possible to obtain aluminum chloride with the least iron
ontent.

In all the chlorinations that advanced till complete conver-
ion, �-Al2O3 was found in the remains of the alloy in an amount
elow 3 wt.% of the initial mass. This demonstrates that the
xide scale that is present in the alloy is thicker than that of
he pure metals, and this oxide did no react with chlorine at the
orking temperature.
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