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THE GROWTH OF ARSENOPYRITE SINGLE CRYSTALS BY THE
CLOSED-TUBE IODINE VAPOUR TRANSPORT TECHNIQUE

by
S. Fushimi* and A.H. Websters*

ABSTRACT

Growth of arsenopyrite crystals was attempted by the closed-tube
lodine vapour transport technique. It was necessary to choose the conditions
i °f synthesis properly, or else loellingite and pyrrhotite would form in
' a8s8ociation with arsenopyrite. Indeed, the transported products always

Contained at least a trace of loellingite or pyrrhotite. Small but fairly

Well-shaped arsenopyrite crystals with dimensions upto 0.3 x 0.1 x 0.1 mm
1i Were obtained. It has not bzen possible, up to the present time, to obtain

1a‘rge single crystals: the product has generally consisted of agglomerated,

dendritic crystals with dimensions of up to 2 mm.
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LA CROISSANCE DES CRISTAUX D'ARSENOPYRITE
PAR LA METHODE DE TRANSPORT CHIMIQUE EN PRESENCE
D'IODE DANS DES AMPOULES SCELLEES

par

S. Fushimi* et A, H, Websteri*
RESUME

La croissance des cristaux d'arsénopyrite a été tentée par la méthode
de transport chimique en présence d'iode dans des ampoules scellées. Les

conditions de croissance devraient &tre cholsies avec soin, autrement du

18llingite ou du pyrrhotine se formera. En effet, les produits transportés

contiennent toujours au moins une trace de 18llingite ou de pyrrhotine. Des

petits cristaux bien formés d'arsénopyrite jusqu'a 0.3 sur 0.1 sur 0.1 mm

de grandeur s'obtiennent., Il n'a pas été possible, jusqu'au présent, d'obtenir

des monocristaux grands: le produit consiste d'ordinaire des cristaux

agglomérés et dendritiques, jusqu'a 2 mm de grandeur.
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INTRODUCTION

During the course of the continued, systematic studies performed
in the Mineral Sciences Division under ths Sulphide Research Project,aimed
at understanding and exploiting the nature of the important naturally-
Occurring sulphide and related minerals, theoretical consideration was given
to the structural stability of the minerals with pyrite, marcasite, arseno-
Pyrite and loellingite structures, with special consideration being given to
the electron configurations of these minerals(i).

A project for the experimental investigation of the bonding nature of
these series of minerals is under way in the Mineral Sciences Division.
FOl“ this investigation, a stock of good synthetic single crystals, free from
i1’1111>urlties;, is preferable to the naturally-occurring single crystals that
Usually contain a significant level of impurities.

Single crystals of pyrite (cubic FeSZ) and loellingite (FeAsZ) have
been grown in the Mineral Sciences Division by Mr. L. G. Ripley, and
in‘/‘estiga’cions on the growth of marcasite (orthorhombic FeSZ) crystals are

Under way. Since the growth of synthetic crystals of arsenopyrite (FeAs )

1.1%0.9
has not yet been reported, the authors undertook a study of the preparation

of arsenopyrite single crystals. The crystal growth of arsenopyrite has also
Stimulated the authors' interest in establishing a growth technique for
incOngruently-'melting ternary compounds that contain two volatile components,
Inthig case arsenic and sulphur.

According to the phase dlagram for the Fe~As-S system( 2), arseno-

Pyrite decomposes by incongruent melting at 702°C to pyrrhotite (Fe  S),

{-x
'loellingite, and a liquid phase. The phase diagram of the Fe-As-S system is
Shown in Fig. 1. Since it is impossible to attain the conditions for congruent
thel’ting of arsenopyrite by the presently available high-pressure techniques
for crystal growth, the techniques applicable to the growth of arsenopyrite

Single crystals were limited to solution growth or tothe chemical vapour transport

technique. The authors chose the closed-tube iodine vapour transport

A
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technique on account of its potential capability of providing purer crystals

than the other methods. Attempts at flux growth of arsenopyrite from
molten AsZS2 and from the KC1-LiCl eutectic mixture have failed, because

of the low solubility of arsenopyrite in these fluxes.
EXPERIMENTAL

Reagent-grade iron, sulphur,and metallic arsenic from the
MacArthur Chemical Co., Limited, were used for the first few runs of
the synthesis of the arsenopyrite powder samples. For the other syntheses
of arsenopyrite and pyrite, iron with 99.95 weight percent Fe, arsenic
with 99, 95 weight percent As* and sulphur with 99.999 weight percent S
were used. They were purchased from Alfa Inorganic,Inc. Reagent-grade
fodine from the MacArthur Chemical Co., Limited, was always used as
the transportant.

Iron was deoxidized in a Pyrex tube at some temperature between
600°C and 1000°C by passing de-oxygenated, dried hydrogen gas through
the tube for about 5 hours. A Pyrex tube containing arsenic at one end
Was posgitioned within a furnace,and purlified hydrogen gas was passed
thl‘ough the tube, The arsenic was heated to some temperature between
400°C and 500°C. Arsanic metal and arsenious oxide were distilled and
Collected in different zones of the tube. The purified arsenic samples
Were gstored in evacuated, sealed Pyrex tubes until they were used.

The synthesis of the powder samples of arsenopyrite and of pyrite
Was done using evacuated, sealed, transparent quartz tubes. The desired
Amounts of the elements were loaded into the tube, which was then evacuated

0 107 pam Hg and sealed by a torch. The volume of free space in the tube

Was minimized by inserting another evacuated, sealed quartz tube into it.

o~ — e

*The purity of arsenic given here is reliable only before opening the seal,
A significant level of arsenious oxide was formed when the arsenic was
exposged to the air, and a distillation process for purification was always
Necessary.



The tubes, with the elements, were heated slowly in an electric furnace to

600°C and kept at that temperature for 10 to 25 days. In most cases,

repeated grinding and heating were employed. The amounts of iron, arsenic
and sulphur used for the synthesis of the arsenopyrite powder samples were
chosen as 33.4, 49.4 and 17.2 weight percent for the three elements,

respectively, so that single-phased arsenopyrite could be obtained at 600°C.

(2)
The reported composition of arsenopyrite at 600°C is FeAs1 150. 9
The growth experiments for arsenopyrite by the vapour transport

technique were done using sealed, evacuated transparent quartz tubes. The

desired amountsof synthetic arsenopyrite powder and iodine were loaded at

-5
the one end of the tube, which was then evacuated to 10 ~ mm Hg and sealed

by a torch. In most runs, synthetic pyrite or sulphur was added to the
arsenopyrite powder. The reason for these additions will be discussed later.
The ampoules thus prepared were placed in furnaces and heated at the
intended temperatures for 7 to 32 days. The temperatures of both ends of
each ampoule were controlled, and the end containing the starting sample was
always maintained at the higher temperature.

Two different furnaces, which provided three different temperature
profiles, were used. The typical temperature profiles used in this study are
shown in Figs. 2 (a) and (b).

The ampoules were either cooled slowly in the furnaces or were

quenched by pulling the ampoules quickly out of the furnaces. The quenching

was employed in order to ensure that the liquid phase would condense on the
parts of the ampoule wall where it would not contaminate the bulk of the
crystalline product,

The cool-end products yielded by the transport reactions were wa shed
repeatedly with carbon disulphide to remove the condensed arsenic-sulphur
glass. The examination of the transported phases was done by Debye~Scherre”
X~ray diffraction using Co-;Ka radiation, or by electron-microprobe analysis.
Direct observation under the optical microscope was also employed.

Single-crystal arsenopyrite was examined,using the Buerger X-ray

precession camera,to determine its phase and crystal orientation.
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TABLE {

The Transport Experiments for the Synthesis of Arsenopyrite Crystals

Run Starting Composition ::‘;;o?fle T(hot) T(cool) Time Position®* of Conditions¥*** of Cool-end phases
Number (g {(mmg¢ x mm) (°C) (°q) (days) Ampoales Cooling —
:'j ge;%ss* g; ' 15, 150 620 550 10 A s FeAsShrrs, Feds rrkis
#5 behsS 7 2 {5, 130 650 600 i5 A s FeAsS, FeAs,
#6 Terss Z 18 15, 150 550 630 5 B S FeAss, Feds,
#7 f.e;ssss 5«51832 2?18 15, 140 650 590 10 A s FeAssS, Fez’«\sz‘ L
#8 f‘.e:;ss geos? :([)2 " 15, 140 650 599 10 B ) S FeAsS, FQASZ_W
#10 fleé*&ss 5.34552 22_18 15, 140 650 570 10 B s FeAs,, As .
#i1 febpass g'ezsoz 22:18 15, 150 650 605 12 A s FeAsS, Fe S
#12 f'ej;ss geisez. 22‘18 {5, 150 650 620 12 B s FeAs,
=20 Tenes - 2;18 15, 140 650 590 11 A Q FeAsS(tr.), Fe S
#az ] f‘ebﬁgss g'elssz 2. 15, 140 559 600 32 A o i:iz?trfﬂ = -
#23 TehsS TR s 15, 140 650 575 20 A ) FeAss, Fe S




TABLE 1 - (Continued)

Run Starting Composition it:x;o(;fle T(hot) T(cool) Time Positionk* of Conditions¥*% of Cool-end phases
Number (g (mme¢ x mm) (°c) (°C) (days) Ampoules Cooling
#25 7’;“3&55 I’Oq.eig 102,18 15, 140 650 580 20 c Q FeAsS, Fe )
#eb FehsS T Ris 15127 650 605 20 A Q ?:2:? Fepx® -
#27 5‘36"655 }Oqis& {)2.18 15, 127 650 610 13 c 0 FeAsS, FeAs,
#28 f.eé‘ass gefg %2.10 15, 120 650 603 47 A Q B ZEZ?_sjéé‘;i:________
e ok Ry 1m27  es0 s 2 c ° ToAsS Fehe,
T e e e w o e,
#32 fﬁe&ss g“‘eisg_s I()gig 15, 140 650 602 15 A Q FeAsS, FeAs, '
#33 f,e(ﬁ,ss f;fi;s I()2.18 15, 140 650 580 7 c Q FeAsSitr.), FeAs, .
F34 f“e&ss f;.eisgz 102. '8 15, 140 650 685 7 c Q I{;:‘ssé Feas,

_Fe, S ___ T

*FeAsS is used for convenience and simplicity to designate FeAs
*%Cy. Figs. 2 (a) and (b).
*%%S: Slow cooling in the furnaces; QQ: Quenching.
*#%%FeAsS is used only to designate the type of phase, not to represent its actual stoichiometric composition.
*‘f‘***FeAsz is used only to designate the type of phase; it actually contained up to 6 wt. % of sulphur.
tr. = trace.

1. 150.9'




RESULTS AND DISCUSSION

The results of the transport runs are listed in Table 1. From the
first two rans (#1 and #5), it was found that arsenopyrite could be transported,

but it was also apparent that loellingite crystals were obtained as well when
the starting material had the arsenopyrite composition. In addition to

arsenopyrite and loellingite, AsI3 crystals and red or blackish-red amorphous

precipitates were observed all over the inside of the ampoules when the

ampoules were cooled slowly, whereas amorphous precipitates and some
iodine crystals were observed when the ampoules were quenched. Since

AsI3 is unstable at the working temperature'( 3), it is coasidered to have

been formed at lower temperatures during the cooling process. The

amorphous precipitates are considered to have the gross composition

Asz+xsz’ since the gas phases in equilibrium with arsenopyrite and pyrrhotite,

or with arsenopyrite and loellingite, at 600°C include not only A84~34 but
also As4 gas,

The ideal reaction scheme for the transport of arsenopyrite by
iodine will be written as:

*
4FeAsS(s) + 612(g) = 4Fel 3 (g) + As4S4(g) R R (Eq. 1)

1f this reaction alone takes place,then only arsenopyrite will be transported.
Contrary to the requirements of this simplified model, the results of the

runs #1 and #5 indicate that different reaction schemes were involved in
these runs.

The dissociation pressure of arsenic in equilibrium with arsenopyrite
was given by B. A. Strathdee and L.. M., Pidgeon(4) as follows:

4FeAsS(s) = 4FeS**(8) + A8 (@) . oov' e (Eq. 2)
log P _ 6590 * -
8P iy = " + 9.52 (T = °K)

This indicates the significantly high dissociation pressure of arsenopyrite:

shouﬁ;;e_d—oainatg(ﬁ.
actually be given as Fe _.S. Egquation 2 does not imply that
the authors of reference (4) dealt with the strictly stoichiometric case.

*Some Fel_ could be present, but Fel
¥*FeS should



' T Rosgenqvist

250 mm Hg at 650°C and 100 mm Hg at 600°C. It is quite clear this reaction,

shown in Equation 2,took place along with that shown in Equation 1. When
this distillation reaction of arsenic from arsenopyrite takes place, the

reaction

2Fe1-XS(s) + 3(1—x)12(g) = Z(i—x)FeI3

also takes place, where the Fei—xs is obtained from the reaction given in

+ SZ ...... (Eq. 3)

Equation 2.

The lack of the data for the standard free energy of the reaction

As4(g) + ZSZ(g) = As4S4(g) ...................... ..(Eq. 4)
makes it difficult to estimate the standard free energy of the reaction given
in Equation 1, but the results indicate that the distillation of arsenic from
arsenopyrite predominated over the other reactions and, as a consequence,
loellingite was formed at the cool end, leaving pyrrhotite at the hot end. '
It is therefore necessary to suppress the distillation of arsenic from the
arsenopyrite, or, alternatively, to raise the sulphur ratio in the gas phase
and compensate for the excess free arsenic gas obtained through the reaction
given in Equation 2, to yield As484 gas. To suppress the distillation of
arsenic from arsenopyrite, it is necessary to lower the working temperature.
This method, however, would not provide an adequate rate of transport,

Since the temperatures employed in the Run #1 are almost at the lowest

limit for the transport by iodine; also, a lower temperature difference

Would also decrease the rate of transport. It is more practical to find out

the optimum starting composition for obtaining the arsenopyrite phase alone

a8 a cool-end product for a particular set of the hot~and cool-end temperatures;
for example, 650°C and 600°C.

Fixing the hot~end temperature at 650°C and varying the cool-end
temperature from 575°C to 610°C, the relationships between the starting
Composition and cool-end products were investigated. It is, as mentioned
farlier, necessary to raise the sulphur pressure and adjust the gas
COmposgition to that which would be in equilibrium with arsenopyrite at the
€00l end of the tube. This was done by adding the pyrite powder to the
ATrsenopyrite powder samples. The dissociation pressure of pyrite was given by

(5)

as follows:
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The boundaries, indicated in Fig. 3 by hatching, were noti clearly
established because of some inconsistency of the results,that might have been
caused by minor changes of the conditions. The optimum conditions for
transport of arsenopyrite are considered as the boundary between the (arseno-
pPyrite + loellingite) region and the (arsenopyrite + pyrrhotite) region, but
these conditions are hard to attain experimentally. It is more practical to
employ the working conditions indicated as the {arsenopyrite + pyrrhotite)
region and to separate the arsenopyrite crystals from pyrrhotite crystals by
Mmagnetic separation after synthesis.

Synthetic arsenopyrite single crystals, obtained by employing the
Working conditions indicated as A in Fig. 3, are shown in Fig. 5 (a). Well-
shaped arsenopyrite single crystals obtainsd in this study are seen as lustrous
rhombs, exhibiting the (203) and (430) face s¥, with the c-axis along the direction
of the rhombs, as shown in Fig. 5(b).

| The other crystal data are as follows:
a=6.35 b=9,65andc=5.684
Extinction rules: (OkJ{) pressnt only with k = 2n, (hOf) present only
With h = 2n,and (hill,) present only with h = 2n + 1. These data are consistent
7)(8)

With those for arsenopyrite, which,although actually triclinic or monodinic( R

is pseudo-orthorhombic with a = 6.43, b = 9.55, ¢ = 5. 69 4&(6)

, and are
Consistent with the space group Cmmm, with exiinctions (hkg) present only
With h + k = 2n. The apparent orthorhombic symmetry has bzen attributed
to twinning in the arsenopyrite crystals( 8).
In Fig. 6, some typical agglomerations of the crystals are shown.

The long direction of each crystallite will probably correspond to the c-axis,
| judging from their appearances.
' The conditions indicated as the @rsenopyrite + loellingite) region

And (arsenopyrite + pyrrhotite + loellingite) region are unfavourable for the

‘ Crystal growth of arsenopyrite. In thess regions, the intergrowth of arsenopyrite

- -

* -
Determined by optical goniometer measurements of the interfacial angles.
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and loellingite was observed. This intergrowth is understandable on the
basis of the structural similarity between arsenopyrite and loellingite.

The problem of the transport of the arsenopyrite phase has been
partly solved, but obtaining good, large single crystals is another problem.
Agglomerated, dendritic crystals were obtained from the runs with the
working conditions quite close to the optimum conditions for the precipitation
of arsenopyrite alone at the cool end of the tube, whereas from Run #9,

for which the working conditions were far from the optimum, small but

well-shaped arsenopyrite crystals were obtained. Judging from the

complicated crystal structure of arsenopyrite, the optimum growth rate of
the arsenopyrite would be very low. Even though no measurements of the
transport rate of arsenopyrlite were mads in this study bzcause the cool-end
products were partly covered by amorphous precipitates or by ~ASI3’ the
transport rates appeared to be considerably lower than that reported for
FeSZ(g) .

When the transport reaction was stopped after a short period of

heating, small but well-shaped crystals were obtained, whereas the crystals

were mostly dendritic when they were obtained from runs with prolonged
heating.

The use of sulphur in place of pyrite was also examined (Run #20),
and different results were obtained, Since the results are quite sensitive

to the amount of sulphur, the use of sulphur is not recommended.

The temperature profile is important for obtaining the desired

phases as the cool-end products. Amongst the temperature profiles

examined in this study, the A or C type profiles, which have a smooth
thermal gradient and reasonably long hot and cool ends, produced reproducible
results, whereas the B-type profile, which has a drastic thermal gradient,

encouraged the distillation of arsenic from arsenopyrite and was not suitable
for the present purposes (Run #10),



- 17 -

CONCLUSIONS

Attempts at growing arsenopyrite single crystals were performed by
the closed-tube iodine vapour transport technique. The reaction schemes
involved in the transport of arsenopyrite are complex,due to the distillation
reaction of arsenic from arsenopyrite.

The optimum working conditions for the transport of arsenopyrite
Were examined and a reaction diagram of the transport reaction of
arsenopyrite was established for a hot-end temperature in the transport
tube of 650°C. For this hot-end temperature, it 18 necessary to shift the
starting composition toward the sulphur-rich side of the arsenopyrite
Composition; for this purpose, pyrite was used with reasonable success.

Small but well-shaped arsenopyrite single crystals were obtained but,
In most cases, the product consisted of agglomerated dendritic crystals.
The transport rate of arsenopyrite should be very small to obtain good
Crystals. It will be necessary to examine other hot~-end temperatures
lower than 650°C in order to find conditions of growth with smaller
temperature differences between the hot and cool ends.

The closed-tube vapour transport technique is, however, still the
most promisihg method for growing arsenopyrite crystals,as good

fluxes for the flux- growth of arsenopyrite have not yet been found.
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