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Highlights

Graphical abstract

The reaction between aqueous sulfide and a-Fe is epitactic and
the rate is dominated by the spallation of tetragonal FeS from
the metal surface.

Spallation is caused by strains set up through the variations in
the Fe-Fe distance in o-iron and the mackinawite structure.
Molecular modelling and simulated XRD spectra closely
reproduce the experimental results confirming the process.
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Abstract

The reaction between aqueous sulfide and a-iron at ambient temperatures produces a ferrous
monosulfide with a tetragonal mackinawite structure, FeSy. The reaction is epitactic with the Fe
structure in FeSp, being similar, but not identical, to the Fe structure in a-iron. The strain induced
by these small structural differences ultimately results in spallation of the FeSy, product. This
causes the exposure of new o-iron sites and determines the rate of sulfide corrosion of a-iron. The
results provide a fundamental explanation for the real-world observation that pitting of stainless

steel pipes in sulfide environments is a major source of corrosion and pipe failure.

X-ray diffraction analyses of the FeSm product with time shows the development of anomalous
ratios of the intensities of the mackinawite (112) and (200) reflections and a complex change in the
length of the d(100) interplanar spacing during FeSr, crystal growth on a-iron. Molecular
mechanics simulations and computed X-ray diffraction spectra demonstrate that these variations in
the FeSnm crystal structure with time are caused by movement of S-Fe-S layers of FeSn, to low
energy sites on the a-iron surface. The initially-formed S-Fe-S layers have relative positions
controlled by the arrangement of Fe atoms in the a-iron and are offset relative to the ideal
mackinawite structure. The computed relative intensities of the mackinawite (112) and (200) peaks
then change with time as the mackinawite S-Fe-S layers move from the a-iron position to the
mackinawite position. At the same time, each S 3p, lone pair orbital in the mackinawite S-Fe-S
sheet projects toward a point equidistant from the four nearest lone pairs in the facing layer. The
lateral adjustment of the layers causes the interaction of S 3p, lone pairs in adjacent layers to first

increase, then decrease during crystal growth. Repulsion between the layers consequently
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increases, then decreases during crystal growth, with a resultant increase, then decrease in the

d(001) spacing of the newly-formed FeSm product.
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1 Introduction

Mackinawite is the naturally-occurring tetragonal form of FeS, described originally by Evans Jr,
Milton, Chao, Adler, Mead, Ingram and Berner [1] and Kuovo, Vuorelainen and Long [2]. A
similar material was originally described as "kansite" [3] formed through the sulfide corrosion of
iron pipes. Berner [4] found it occurring on iron scrap in Mystic River, Connecticut, and defined
its tetragonal structure. We refer to any material with a composition approaching iron monosulfide
as FeS. We refer to synthetic FeS with a mackinawite structure as FeSy, and distinguish this from
the naturally-occurring mineral, mackinawite. A key to the abbreviations used in the text is shown

in Table 1.

Table 1. Key to frequently used abbreviations herein, other abbreviations are defined in the
text.

Abbreviation Definition

o-Fe a-iron

(hkl) specific crystal plane

[hkl] crystal direction

a,b,c mackinawite tetragonal unit cell dimensions
d(hkl) Interplanar spacing

FeS iron monosulfide

FeSm synthetic mackinawite

1 X-ray diffraction intensity of a (hkl) reflection
mk Mackinawite
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FeSm has been found to be is an important corrosion product in the petroleum industry, sewage
transport/treatment environments, and the Girdler-sulfide process for making heavy water in the

nuclear industry [5].

The composition of FeSy, was shown to be stoichiometric FeS [6]. The result confirmed the
conclusion of an earlier crystallochemical study [7] which reported no evidence for vacancies or
excesses in the mackinawite structure. Previous renderings of the composition as Fe-excess, Fer+xS
or Fe-deficient, Feo.oS, were shown to be due to analytic error. There is also a problem with the
facile partial cryptic transformation of mackinawite to greigite (Fe3S4) which may result in Fe:S
ratios deviating from unity [8]. Natural mackinawites associated with high temperature magmatic
sulfide ores often show extremely high (< 15 wt %) contents of other metals, including Ni, Co, Cu
and Cr. Indeed, mackinawite was the main Ni-bearing phase of the Hitura Ni deposit, Finland.
Analytic imprecision also led to the idea that the metal:sulfur ratios of these mackinawites varied

from unity.

The tetragonal structure of FeSy, was first reported by Berner [4]. Subsequently, the mackinawite
crystal structure (Figure 2) was described by [2], [9], [10] and [11] and finally refined by [7],

who reported that the cell parameters are a=h=3.735 A and ¢ = 5.0329A.
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Figure 1. The basic structural unit of mackinawite consists of a square planar array of Fe
atoms (Fe-Fe distance 2.597 A) tetrahedrally coordinated with S atoms (Fe-S distance 2.256
A). A ball and stick view from 30° above the (001) plane emphasizing the extensive Fe-Fe

bonding (from an original representation by [12])

The basic structural unit of mackinawite is sheets of Fe atoms with perfect square planar

coordination [7], tetrahedrally coordinated with S atoms (Figure 1). Delocalization of electrons in
the Fe-Fe sheets was suggested as long ago as 1971 by [13] and strong Fe-Fe metallic bonding was
confirmed by [7]. The Fe-Fe distance is 2.597, which is similar to the 2.866 A Fe-Fe distance of o-

iron.
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Figure 2. Stacked FeS sheets in the c-direction (Figure 1) produce the mackinawite structure,
with a tetragonal unit cell (dashed lines), 3.58 A between S atoms in adjacent sheets and the
characteristic ca. 5 A (001) reflection caused by the vertical separation distance of the sheets

(Ball and stick structural rendering form an original idea by [12]).

The sheets are stacked normal to the ¢ axis (Figure 2), and the stacked sheets are held together by
weak van der Waals forces. The S atoms have a square pyramidal coordination with Fe and have a
lone pair of electrons (primarily 3p, character) projecting away from the plane of the sheet, toward
a point equidistant from the four nearest (3.58A) sulfur atoms in the overlying sheet. The result is
an average distance between the sheets of approximately 5A, which together with the shorter
distance between the Fe atoms in the square planar array produces the characteristic tetrahedral

symmetry of mackinawite.
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2 Methods
2.1 Experimental
Mackinawite was synthesized for this study in a 1-L glass reaction vessel with five ports in the lid

for the anode and cathode, a pH electrode, and H,S with deoxygenated N, inputs (Figure 3).

| ®

Current generator
0-30mA, 0-20VDC

pH meter

De-oxygenated —
N2 Input

(;mphuc/l —High purity Fe

electrode (+)

electrode bd
-) 5 R v
Fixed surface area
Temperature \Dcionimd H20
maintained by hot &l b pH adjusted with NaOH
plate or water bath ol t lonic strength adjusted
q with H2SO4 & Na2SO4
[ —

Figure 3. Experimental apparatus.

High-purity deionized water was sparged for 30 minutes with deoxygenated N, that was bubbled

through a pyrogallol solution (to eliminate the last traces of O;) before entering the reaction vessel.

The sulfide concentration was controlled by either the PH,s or by neutralizing a NaOH solution of
desired concentration. For runs above pH 7, in which HS- was the dominant aqueous sulfide
species, NaOH was first added at a concentration equal to the desired HS— concentration. H,S was
then bubbled through the vessel until the desired pH was obtained. Below pH 7, where H,S

becomes the dominant sulfide species (approximately 0.1m for saturation at 1 bar), the ionic
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strength of the solution was adjusted to match that of the HS~ runs by the addition of Na;SO4 and
H,S04, which also helped set the pH for the experiments. A cylindrical graphite electrode was
immersed through one of the ports, and the high purity iron plate was partially immersed in the
opposite port, approximately 10cm from the graphite electrode. The back and top of the front of
the plate were covered with paraffin so that the reactive area of the plate (2.25cm?2) would remain
constant from run to run, and so that all of the product would be deposited on the front of the plate
where it is accessible for X-ray diffraction analysis in situ. The gold-plated alligator clip at the top
of the plate was kept out of the solution so that it did not become part of the electrode area. The
iron plate (cathode) and graphite (anode) were attached to a DC power supply that could produce 0
to SOmA current through the solution at about 0-20V potential. The current was set at ImA to
30mA with the voltage increasing with current, and decreasing with increasing ionic strength at a
fixed current.

The current was manually controlled (+0.05 to 0.5mA, depending on the experimental conditions),
and auxiliary resistors were sometimes added to the circuit at low currents to decrease the
sensitivity of the output to changes in the position of the controlling potentiometer. A pH
electrode was inserted in the fifth port, and the pH was measured at the beginning and end of each
run when the current generator was off and disconnected. Most runs were at ambient temperature,
20-22°C, but the vessel was placed in a constant temperature water bath for run temperatures to
45°C. The duration that current was applied was recorded as the run duration.

Upon completion of a run, the plate was taken out of the vessel and immediately immersed in
acetone. In the case of the low pH runs, a quick but gentle dip in water before the acetone
removed the Na;SOy4 (which crystallized on the sample unless removed by the washing), without

disturbing the product. The sample was then removed from the acetone, quickly air-dried, and

10

Commented [SM4]: It is not clear what duration current
means. ..




170

171

172

173

174

175

176

177

178

179

180

181

182

183

184
185
186

187
188

189

190

191

192

193

mounted in the X-ray diffractometer using the iron plate as the sample support. This method
permitted very small amounts of FeSi to be detected on the iron surface while the o-iron acted as
an internal standard for 20. A check using X-ray diffraction and SEM examination showed that
preferred orientation was not a problem, primarily because of the very small particle size and
multiple orientations of the Fe grains in the plate.

The FeSm was removed from the plate with 1m hydrochloric acid, followed by a water rinse and
drying with acetone. The mass of the iron plate with and without the sulfide product was measured
with a Sartorius R 160 P precision microbalance with a sensitivity of 0.01 mg and a precision of <
0.02 mg. The mass of FeSiw produced was calculated from the mass difference between the plate
with FeS and the mass of the Fe plate after stripping off the FeS with HCI. A test using an
unreacted Fe plate showed that no measurable loss of mass of metallic Fe occurred during the
rapid HCI dip. The mass of reacted S was calculated from the mass difference between the plate

mass before reaction and the mass of the plate with FeS after each run.

2.2 Computational

The digitized X-ray diffractogram output was analyzed using both the built-in Philips APD
software, and MacDiff 3.2.4 PPC [14]. Calculated X-ray diffractograms of hypothetical
mackinawites with various amounts of interlayer offset were obtained using the Diffraction-Crystal

package of Cerius2 from Molecular Simulations, Inc. (Burlington, MA).

The extended-Hiickel and molecular mechanics investigation of the bonding in mackinawite
utilized the Extended Hiickel and Molecular Mechanics packages, respectively, of CAChe
Worksystem 3.6 (Oxford Molecular) for atomic and molecular orbital structures of fragments of
the mackinawite structure. YAeHMOP 2.0 and MacY AeHMOP 2.0b [15] were used to calculate

the band structure, density of state projections, and crystal orbital overlap populations for larger
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portions of the mackinawite structure. Optimized K-point grids for the YAeHMOP calculations

were obtained using the method of Ramirez and Béhm {16, 17] with the program Kgrid.

3  Results

3.1  Experimental

The mass of synthetic mackinawite produced increased nearly linearly with the duration of
synthesis (Figure 4). The slight curvature of some plots with synthesis times longer than 50

minutes (not shown) is probably due to the spalling of material during a run, especially at high

currents, long run duration or high stirring rates. That is, the mass of FeSy, formed as measured by

the difference in weights between the coated iron plate and the HCl-stripped iron plate was
underestimated since, under these more extreme conditions, increasing fractions of the FeSy,

produced ended up in the reaction flask and not attached to the weighed plate.

0.004
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Figure 4. Mass of FeSm(g) versus time (sec) for mackinawite syntheses at pH 8.1, 30.0mA,
2.1-2.5 V between 23.5 and 45°C.The estimated errors are shown for + 5.5% mass and +3 sec

duration. The amount of FeSmincreases with time almost linearly (R?= 0.993 to 0.996)

The precision of the results for the mass of FeSn, produced can be evaluated by comparing the
results with the theoretical mass of FeS produced (Figure 5). The equation for the formation of FeS
through the reaction of aqueous sulfide with a-Fe (1) results in the production of 2 electrons for

each mole of FeS formed.

Fe® + S(-IT) = FeS + 2¢° (D
These 2 electrons per mole of FeS are provided by the current, /, in amperes, imposed on the
electrode. The rate of production of electrons (¢ s™') is given by Equation (2) where C (Coulombs)
is the total charge carried by 6.24 x10'® electrons and ¢ is the duration of the experimental run

(seconds).

)
e s'=6.25x10"8 /¢t

Then from (1), the number of FeS molecules formed per unit time is 6.25x10'® /2¢ and the mass of

FeS formed per unit time is simply obtained from Avogadro’s number.

13
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Figure 5. Calculated FeS production (g) versus experimental duration for current settings

between 1 and 30mA for an Fe electrode surface area of 2.25cm?.

The theoretical rate of FeS formation at 30mA current is 1.37 x 10g s, This is compared with
observed values for the rate of FeSi, formation in Table . The computed rates compare closely with
the observed rate providing a further confirmation of the accuracy of the measurement method.
The observed rates in Figure 4 intersect the y-axis (FeSy mass) at finite values (Table 1) which
suggests that a mass of FeS (between 1.60 and 1.91 x 10 g) is formed within the first seconds of
the reaction. The rate of precipitation of FeSn, from solution has been shown to be virtually
instantaneous in geological terms (Rickard 1995) and to occur within a millisecond of the initiation
of the reaction. This means that the rate of nucleation of mackinawite is extremely rapid, consistent

with the observations of the present experimentation. The mass at times approaching 0 seconds

14
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indicated in Table 2 and on Figure 5 reflects this initial nucleation-dominated stage. The results

show that the observed rate curves (e.g., Figure 4) record the subsequent growth of FeSy, crystals.
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Table 2. Comparison of measured rates of FeSm production in terms of the slope of the
curves shown in Figure 3 for various temperatures (T°C) with the computed rate of FeS
formation. The intercept is the mass on the y-axis (g) for the computed R? values and reflects

the extremely rapid rate of FeSm nucleation (see text).

T (°C) Rate (g s™') Intercept (g) R?
23.5 1.42 x 10t 1.60 x 10 0.993
35 1.42x 107t 1.78 x 10* 0.996
45 1.41 x 107t 1.91x 10* 0.996
computed 1.37x 10t 0

The rate of formation of synthetic mackinawite was strongly affected by pH. Above pH 7.0, FeSn
formed rapidly and abundantly on the electrode. However, below pH 7.0, FeSy, formation was
very slow (Figure 6a). The pH was adjusted to pH 8 in most of the experiments so that efficient

FeSm production was obtained, and so HS” was the dominant reduced S species present.

The rate of stirring also had a negligible effect on the rate of FeSn, formation (Figure 6b), though at
the highest stirring rates (about 700rpm), flakes of product were more rapidly removed from the
electrode surface. The lack of any stirring rate dependence is consistent with the negligibly low

apparent activation energy and suggests that the reaction is not diffusion-controlled.

16
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Figure 6. (a) Effect of pH on mackinawite synthesis. (b) Effect of stirring rate (arbitrary

units) on the rate of mackinawite synthesis (pH 8.1, 20°C, 60 sec).

The effect of temperature on the rate of synthetic mackinawite formation in the experiments (see
Figure 4) was found to be negligible (20° to 45°C). However, the activation energy for the reaction
at all three temperatures is likely exceeded by the applied voltage in the experiments, obscuring
any temperature dependence of the reaction rates.

Two types of anomalies were noted in the X-ray diffractograms. Firstly, the mk d(001) of the
product increased (to as high as 5.35A), then decreased to the normal mackinawite d(001) of
5.03A with time during each synthesis (Error! Reference source not found.). With high current
densities (20-30mA/2.25¢m?), the maximum d(001) occurred earlier in the run than when the
current density was low (1-10mA/2.25cm?), but the same general behavior was observed over a

range of current densities.
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Figure 7. Variation of d(001) during crystal growth of FeSm.

The second anomaly observed in the X-ray diffractograms was that the ratio of the (200) and (112)
peak intensities varied greatly with time, with the (112) peak initially being weak to absent, then
rapidly increasing in intensity until it approached the normal intensity (Figure ). Similar behavior

was observed for experiments using other currents. l
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Figure 8. Experimental X-ray diffractograms of the (200) and (112) peaks of synthetic

mackinawite at various times between 4 and 903 minutes at 5mA current, pH 7.0 and 20°C

The effect of HS™ concentration on the reaction rate was negligible (Figure 9) for the range of HS
concentrations used in the experiments. Such behavior reflects the surface reaction control of the

reaction rate as long as there is an excess of HS™ in the solution adjacent to the Fe plate.
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Figure 9. FeSm production vs time at different HS" concentrations.

4 Discussion

The arrangement of Fe atoms in mackinawite is similar to that in a-iron (Figure ). The Fe-Fe
distance in a (001) layer is 2.866A, comparable to the corresponding Fe-Fe distance of 2.602A in
mackinawite. The insertion of S into the a—Fe structure results in the expansion in the distance

between the Fe layers, resulting in the tetragonal symmetry of mackinawite.

20
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Figure 10. Comparison of a-iron and mackinawite structures showing their intrinsic
congruity: (a) plan view (looking down the c-axis) showing homology of a-iron and
mackinawite structures; (b) cross-section (looking along the a-axis ) showing the expansion of

the Fe layers in the mackinawite structure.

The similarities of the mackinawite and o.-iron structures (Figure ) promote epitactic nucleation of

mackinawite on o-iron. The Fe-Fe distance of 2.602A along mk[110] or [T 10] is comparable to
the a-iron Fe-Fe distance of 2.866A along [100], [010], or [001] of a-iron. In the mackinawite
structure, the iron atoms in one S-Fe-S layer are directly below those in the overlying layer in
contrast to a-iron where the Fe atoms in subjacent layers are offset by 0.5a; + 0.5a, along [110].
The epitactic development of the mackinawite structure from o-iron then requires an offset of

0.5508a in adjacent Fe-layers along mk[100] or [010] in the mackinawite structure.
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Figure 11. Calculated X-ray diffractograms (relative counts versus 20, CoKa radiation) for

the mackinawite structure in terms of relative offsets (in units of a, the size of the

mackinawite unit cell in the a direction).

Selected calculated X-ray diffractograms for the (200) and (112) reflections of mackinawite-like

structures with various amounts of stacking offset of the (001) layers, from an offset of 0.5508a (a

is the mackinawite unit cell dimension in the [100] direction) through to 0.00a, are shown in

Figure 1. The initial offset of 0.5508« is determined by the positions of the Fe atoms in adjacent

layers in a-iron (Figure 10). Progressive slippage of layers along mackinawite [100] result in the

subsequent diffractograms, culminating with the diffractogram for normal mackinawite (0.00a

offset.
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Figure 12. Molecular mechanics simulation of S adsorption on a-iron. The situation of sulfur
atoms on the Fe surface is similar to elements of the mackinawite structure with the
development of a noticeable curvature in the atomic pattern due to imposed contraction of

the Fe-Fe distance in the near-surface Fe layer.

A molecular mechanics simulation of sulfur bonded to a-iron surface (Figure 2) shows that the
strain introduced by the contraction of the near-surface Fe layers leads to curling of the S-Fe layer.
Over a distance of several unit cells the strained area eventually detaches along one margin to
relieve the accumulated stresses. The S-Fe layer then peels up and away from the underlying o.-
iron surface, exposing new sites for S adsorption on both the underside of the separating flake

which acts to both counteract the curl and produce the complete S-Fe-S layer. At the same time the
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underlying o-iron surface is exposed to further S-attack. As the process continues and is repeated,

underlying a-iron layers are exposed and a stack of S-Fe-S layers is formed (Figure 3).

Figure 13. Molecular mechanics simulation of synthetic mackinawite formation on a-iron.
Continued reaction of S (HS™ here) with surface Fe on a-iron leads to underplating and

detachment of FeS layers with further S leading to spalling of resultant FeSm layers.

Because alternate layers of Fe atoms in a-iron are offset, the resulting mackinawite-like S-
Fe-S layers will also be offset as long as the flakes are attached along one edge to the a-iron
structure. Complete detachment of the flake from the o-iron, or a change in the angle of
inclination of the flakes to the iron structure, permits lateral shifting of the layers (equivalent to
movement along mk[100](001)) by approximately 0.5a(mk) to form a more mackinawite-like

structure during crystal growth.
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Figure 14. Effect of S 3p, non-bonding lone-pair orbitals on the development of the
mackinawite structure: (a) Initial stage of formation; (b) at 0.54 offset (maximum
repulsion); (¢) normal mackinawite structure. The upward-pointing 3p- lobes are offset into

the page by 1/2a relative to the downward-pointing lobes.
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As long as the S-Fe-S layers are still attached to the a-iron structure, they are offset from one
another by the equivalent of about 0.5508a along mk[100] or [010]. Non-bonding crystal orbitals,
dominantly S 3p, in character and containing a lone pair of electrons, project from one S-Fe-S
layer toward the subjacent later. In the initial stage of formation (Figure 4a), the mk(001) layers
are offset, bringing the S 3p, lone pairs of one layer into close proximity with and between the lone
pairs of the facing layer. When the stacking offset is 0.5a (Figure 4c), the orbital lobes project
between two nearest S 3p, lobes of the underlying layer. Extended Hiickel density of states and
Fermi energy calculations using MacY AeHMOP (Landrum, 1996) indicate that at an offset of
0.5a, the Fermi energy is at a local maximum. Offsets greater than or less than 0.5a along
mackinawite [100] or [010] directions will be more stable, with the Fermi energy of the normal
mackinawite configuration (no offset) being at a minimum.

The continued tethering of the forming flakes to the a-iron structure causes the stacked S-Fe-S
layers to be dragged over the high-energy position before reaching the more stable mackinawite
arrangement (Figure 4c). Shifting of adjacent layers along mk[100] by slightly more than 0.5«
produces the normal mackinawite structure. Each S 3p, lone pair orbital projects toward a point
equidistant from the four nearest lone pairs in the facing layer. The lateral adjustment of the layers
therefore requires that the interaction of S 3p, lone pairs in adjacent layers first increase, then
decrease during crystal growth. Repulsion between the layers consequently increases, then
decreases during crystal growth, with a resultant increase, then decrease in the d(001) spacing of

the newly-formed FeSn product (Error! Reference source not found.).
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Figure 15. Computed intensity ratios of the mackinawite (112) and (200) reflections (I
(112)/(200)) versus offset of the Fe layers in units of fractions of the a (100) length in
mackinawite showing effect of crystal growth of mackinawite from a-iron (offset 0.5508a) to

mackinawite (0a).

Normal mackinawite is tetragonal (P4nmm), giving the (200) XRD reflection a multiplicity of 4
and the (112) reflection a multiplicity of 8. For these two reflections, multiplicity plays a major
role in determining their relative intensities. If adjacent layers are offset along [100], the
multiplicity of the (200) reflection drops to 2, but the multiplicity of the (112) reflection drops to 0,
i.e., the reflection is extinguished. If the initially-formed S-Fe-S layers have relative positions

controlled by the arrangement of Fe atoms in the a-iron, the layers will be offset by 0.5508a in
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terms of the mackinawite structure. The computed relative intensities of the mackinawite (112)
and (200) peaks will then change with time as the mackinawite S-Fe-S layers move from the a-iron
position (at an offset of 0.5508a in the mackinawite structure) to the mackinawite position (at 0.0a)

(Figure 5).

The intensity of the (001) reflection is not greatly affected by such a lateral shift. The major effect
on d(001) is its change in size as the mackinawite structure develops. The distance between the S-
Fe-S sheets varies as they are dragged across the underlying sheets due to the repulsive effects of
the S 3p, non-bonding lone-pair orbitals (Figure 4) producing the complex curve for mk d(100)
shown in Error! Reference source not found.. The growth process thus explains the observed
anomalous X-ray diffraction reflections behavior of both the (001) peak (Error! Reference source

not found.) and the (200)/(112) behavior shown in Figure , 11, and 15.

5 Conclusions

Our experimental results demonstrate a mechanism for corrosion product layer growth in sulfide
corrosion which involves the epitactic growth of synthetic mackinawite and its subsequent
spallation due to strains caused by small deviations in the Fe-Fe distances in the mackinawite and
a-iron structures. The rapid formation of well-crystallized FeSn, the negligible activation energy
for the reaction, and the anomalous behavior of both d(001) and the intensities of the (112) and
(200) X-ray reflections all evidence the proposed mechanism.

Accumulated strain produced by contraction of Fe-Fe distances when S attaches to the Fe surface
leads to curling of the S-Fe layer away from the bulk iron and development of offset mackinawite-

like S-Fe-S layers. The intensities of the mk (112) and (200) reflections vary because of the
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stacking adjustments of the S-Fe-S layers during crystal growth. Once an S-Fe-S layer is
disconnected from the a-Fe structure during crystal growth, adjacent S-Fe-S layers in FeSy slide
from their offset positions toward commensurate positions. During that process, S 3p, non-bonding
orbitals of one layer are temporarily brought into close proximity with those of the underlying
layer, causing increased interlayer repulsion and expansion of the interlayer spacing, mk d(001).
Continued migration of layers along mk[100] eventually bring the layers into the lower-energy
relationship found in mackinawite.

The experimental and computed results are consistent with a surface reaction, rather than a
purely aqueous reaction. The experimental results reveal that the dominant control of the rate of
the reaction under the conditions of our experiments is the mechanical process of exposing new
reactive sites on the o-iron surface as S-Fe-S layers are peeled away. This may provide support,
and a basic mechanism, for the real world observations that pitting of steel pipes in sulfide

environments is a major source of corrosion and pipe failure [e.g. 18, 19, 20].
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Figure Captions

Figure 1. The basic structural unit of mackinawite consists of a square planar array of Fe atoms
(Fe-Fe distance 2.597 A) tetrahedrally coordinated with S atoms (Fe-S distance 2.256 A). A ball
and stick view from 300 above the (001) plane emphasizing the extensive Fe-Fe bonding (from an
original representation by [12])

Figure 2. Stacked FeS sheets in the c-direction (Figure 1) produce the mackinawite structure, with
a tetragonal unit cell (dashed lines), 3.58 A between S atoms in adjacent sheets and the
characteristic ca. 5 A (001) reflection caused by the vertical separation distance of the sheets (Ball
and stick structural rendering form an original idea by [12]).

Figure 3. Experimental apparatus.

Figure 4. Mass of FeSm(g) versus time (sec) for mackinawite syntheses at pH 8.1, 30.0mA, 2.1-2.5
V between 23.5 and 450C.The estimated errors are shown for + 5.5% mass and 3 sec duration.
The amount of FeSm increases with time almost linearly (R2=0.993 to 0.996)

Figure 5. Calculated FeS production (g) versus experimental duration for current settings between
1 and 30mA for an Fe electrode surface area of 2.25cm?2.

Figure 6. (a) Effect of pH on mackinawite synthesis. (b) Effect of stirring rate (arbitrary units) on
the rate of mackinawite synthesis (pH 8.1, 200C, 60 sec).

Figure 7. Variation of d(001) during crystal growth of FeSn, in the experiments.

Figure 8. Experimental X-ray diffractograms of the (200) and (112) peaks of synthetic
mackinawite at various times between 4 and 903 minutes at SmA current, pH 7.0 and 200C.
Figure 9. FeSnm production vs. time at different HS™ concentrations.

Figure 10. Comparison of a-iron and mackinawite structures showing their intrinsic congruity: (a)

plan view (looking down the c-axis) showing homology of a-iron and mackinawite structures; (b)
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cross-section (looking along the a-axis ) showing the expansion of the Fe layers in the mackinawite
structure.

Figure 11. Calculated X-ray diffractograms (relative counts versus 20, CoKa radiation) for the
mackinawite structure in terms of relative offsets (in units of a, the size of the mackinawite unit
cell in the a direction)

Figure 12. Molecular mechanics simulation of S adsorption on a-iron. The situation of sulfur
atoms on the Fe surface is similar to elements of the mackinawite structure with the development
of a noticeable curvature in the atomic pattern due to imposed contraction of the Fe-Fe distance in
the near-surface Fe layer.

Figure 13.Figure 13. Molecular mechanics simulation of synthetic mackinawite formation on [ I-
iron. Continued reaction of S (HS- here) with surface Fe on [J-iron leads to underplating and
detachment of FeS layers with further S leading to spalling of resultant FeS, layers

Figure 14. Effect of S 3pz non-bonding lone-pair orbitals on the development of the mackinawite
structure: (a) Initial stage of formation; (b) at 0.5a offset (maximum repulsion); (c) normal
mackinawite structure.

Figure 15. Computed intensity ratios of the mackinawite (112) and (200) reflections (I(112)/(200))
versus offset of the Fe layers in units of fractions of the a (100) length in mackinawite showing

effect of crystal growth of mackinawite from a-iron (offset 0.5508a) to mackinawite (0a).
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Tables

Table 2. Key to frequently used abbreviations herein, other abbreviations are defined in the

text.
Abbreviation Definition
o-Fe a-iron
(hkl) specific crystal plane
[hkl] crystal direction
a,b,c mackinawite tetragonal unit cell dimensions
d(hkl) Interplanar spacing
FeS iron monosulfide
FeSm synthetic mackinawite
1 X-ray diffraction intensity of a (hkl) reflection
mk Mackinawite
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Table 2. Comparison of measured rates of FeSm production in terms of the slope of the
curves shown in Figure 3 for various temperatures (T°C) with the computed rate of FeS
formation. The intercept is the mass on the y-axis (g) for the computed R? values and reflects
the extremely rapid rate of FeSm nucleation (see text).

T (°C) Rate (gs™) Intercept (g) R?
235 1.42x 10t 1.60 x 10* 0.993
35 1.42 x 105t 1.78 x 10* 0.996
45 1.41 x 10 1.91 x 10 0.996
computed 1.37 x 107 0
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Figure captions

Figure 7. The basic structural unit of mackinawite consists of a square planar array of Fe atoms
(Fe-Fe distance 2.597 A) tetrahedrally coordinated with S atoms (Fe-S distance 2.256 A). A ball
and stick view from 30° above the (001) plane emphasizing the extensive Fe-Fe bonding (from an

original representation by [12])

Figure 8. Stacked FeS sheets in the c-direction (Figure 1) produce the mackinawite structure, with
a tetragonal unit cell (dashed lines), 3.58 A between S atoms in adjacent sheets and the
characteristic ca. 5 A (001) reflection caused by the vertical separation distance of the sheets (Ball
and stick structural rendering form an original idea by [12]).

Figure 9. Experimental apparatus.

Figure 10. Mass of FeSm(g) versus time (sec) for mackinawite syntheses at pH 8.1, 30.0mA, 2.1-
2.5V between 23.5 and 45°C.The estimated errors are shown for + 5.5% mass and +3 sec duration.

The amount of FeSm increases with time almost linearly (R?=0.993 to 0.996).

Figure 11. Calculated FeS production (g) versus experimental duration for current settings between

1 and 30mA for an Fe electrode surface area of 2.25cm?.

Figure 12. (a) Effect of pH on mackinawite synthesis. (b) Effect of stirring rate (arbitrary units) on
the rate of mackinawite synthesis (pH 8.1, 20°C, 60 sec).

Figure 7. Variation of d(001) during crystal growth of FeSm.

Figure 8. Experimental X-ray diffractograms of the (200) and (112) peaks of synthetic

mackinawite at various times between 4 and 903 minutes at 5mA current, pH 7.0 and 20°C.

Figure 9. FeSm production vs time at different HS™ concentrations.

38



Figure 10. Comparison of | -iron and mackinawite structures showing their intrinsic congruity: (a)
plan view (looking down the c-axis) showing homology of ~-iron and mackinawite structures; (b)
cross-section (looking along the a-axis ) showing the expansion of the Fe layers in the mackinawite

structure.

Figure 11. Calculated X-ray diffractograms (relative counts versus 20, CoKa radiation) for the
mackinawite structure in terms of relative offsets (in units of a, the size of the mackinawite unit
cell in the a direction).

Figure 12. Molecular mechanics simulation of S adsorption on _-iron. The situation of sulfur
atoms on the Fe surface is similar to elements of the mackinawite structure with the development
of a noticeable curvature in the atomic pattern due to imposed contraction of the Fe-Fe distance in

the near-surface Fe layer.

Figure 13. Molecular mechanics simulation of synthetic mackinawite formation on [1-iron.
Continued reaction of S (HS™ here) with surface Fe on — -iron leads to underplating and detachment

of FeS layers with further S leading to spalling of resultant FeSm layers.

Figure 14. Effect of S 3pz non-bonding lone-pair orbitals on the development of the mackinawite
structure: (a) Initial stage of formation; (b) at 0.5a offset (maximum repulsion); (c) normal
mackinawite structure. The upward-pointing 3p; lobes are offset into the page by 1/2a relative to

the downward-pointing lobes.
Figure 15. Computed intensity ratios of the mackinawite (112) and (200) reflections (I (112/(200))

versus offset of the Fe layers in units of fractions of the a (100) length in mackinawite showing
effect of crystal growth of mackinawite from a-iron (offset 0.5508a) to mackinawite (0a).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 9
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Figure 11
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Figure 12
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Figure 13
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