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Pyrrhotite-bearing aggregates are a major cause of internal sulphate attack (ISA) in concrete. The concentration of
pyrrhotite is usually too low to permit direct accurate quantification. Hence, safety restrictions put on aggregates
are expressed in terms of the total sulphur content. This paper outlines an analytical approach in which froth
flotation is employed to produce a bulk sulphide concentrate amenable to direct quantification of pyrrhotite. The
concentration of pyrrhotite in the concentrate is expected to be more than an order of magnitude higher than that

of the original sample. Aided by mass balancing based on conventional sulphur analysis, a safe and more accurate
estimate of the maximal concentration of pyrrhotite in the original feed can be obtained. This could facilitate better
resource utilization. Extensive work is required to develop and optimize the specific flotation procedure in order
to obtain a robust analytical protocol.

1. Introduction

Internal sulphate attack (ISA) is recognized as one of the most harmful
concrete deterioration mechanisms [1-4]. ISA can be described as the
formation of secondary mineral phases due to reactions between the
hydration products of the cement and sulphate ions produced by oxida-
tion of sulphide minerals present in the aggregate. The accompanying
volume expansion may lead to cracking or disintegration of the concrete.
Iron sulphides such as pyrite (FeS,) and pyrrhotite (Fe;4S, 0 <x < 0.125)
are common trace minerals in many rocks and are usually the main
source of sulphur in aggregates. Special attention has been given to
pyrrhotite due to its highly reactive nature, and a significant proportion
of ISA incidents is thought to be related to the use of pyrrhotite-bearing
aggregates [2,3].

To address the risk of ISA, European Standard 12,620 [5] states that
aggregates for concrete (other than air-cooled blast furnace slag) must
not contain more than 1% S by mass, and that a limit of 0.1% S applies if
pyrrhotite is known to be present. The expression of the latter require-
ment in terms of % S reflects the fact that whereas total sulphur analysis
can be obtained at a relatively high accuracy (e.g. by combustion analysis
or wet chemical methods [6]), accurate quantification of pyrrhotite at the
concentration levels in question is rarely possible.

This paper outlines and discusses an alternative analytical approach
in which conventional froth flotation [7] is employed to obtain a bulk
sulphide concentrate prior to analysis, thereby concentrating pyrrhotite
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to a level that would allow more accurate direct quantification by one or
several analytical methods. By combining direct quantification per-
formed on the concentrate with mass balancing (based on sulphur
analysis) over the entire separation process, a safe and more accurate
estimate for the maximal pyrrhotite concentration can be obtained. This
could reduce the risk of ISA and facilitate better resource utilization.

2. Concept

The proposed analytical approach is shown in Fig. 1. A representative
aggregates sample is ground (wet) in a laboratory mill to achieve the
necessary degree of mineral liberation, and a small representative sample
of the ground product is retrieved by a sample splitter. The bulk of the
ground product (i.e. the flotation feed) is then conditioned with surfac-
tants (i.e. collectors) that will adsorb selectively onto the sulphide sur-
faces and is subsequently subjected to froth flotation using a bench scale
batch flotation cell. A sulphide concentrate is recovered from the
resulting froth phase. As shown in Fig. 1, both the concentrate and tails
from the initial flotation (i.e. rougher flotation) can be subjected to an
additional independent flotation stage. By employing scavenger flota-
tion, a second concentrate can be produced.

The concentrations (m/m) of total sulphur in concentrate i (cs;) and
the flotation feed (cs,0) are determined using the methods specified [5]
and described [6] by the current standards, whereas the pyrrhotite
concentration (m/m) in concentrate i (ap,;) could be determined by
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Fig. 1. Schematic representation of the proposed analytical approach. The table
shows the variables determined for the respective products. Dashed lines
represent optional stages and streams.

various methods as discussed further in section 3.

An estimate of the maximal concentration of pyrrhotite in the original
feed sample can be found by making the precautionary assumption that
the sulphur not recovered in the concentrate can be attributed entirely to
pyrrhotite (assuming FeS stoichiometry) and then adding the contribu-
tion from the pyrrhotite directly quantified in the concentrate. This
approach provides an estimate that always errs on the side of caution and
can be expressed as:

L\ M; I\ M;
Ay o =k| cso— ZIVOCSJ + Zﬁomax (apos, f,) (€))
p

i=1

where q is the number of concentrates produced (1 or 2), My and M;
represent the respective mass (solids) of the flotation feed and concen-
trate i, a’p, is the detection limit for the analytical method used to
determine the pyrrhotite concentration and k = 2.74 is the stoichiometric
mass ratio between FeS and S.

3. Discussion

The proposed concept depends on the selectivity and efficiency of the
sulphide flotation process, a process that has been studied and optimized
for more than a century [7-9]. Sulphides, in spite of possessing only weak
natural flotability, are readily floated and separated from most
non-sulphides by the use of sulphydryl collectors such as xanthates,
dithiophosphates and carbamates [9] that impart additional hydropho-
bicity by adsorbing selectively to the sulphide surfaces. Most sulphides,
including pyrrhotite [10-13], have been subject to specific studies that
have demonstrated the potential for achieving a high degree of separa-
tion [7]. Selectivity between different sulphide minerals is achieved by
choice of collector(s), collector concentration, solution pH/Eh and the
addition of regulating agents (i.e. depressants or activators). The same
variables must be optimized to obtain a high grade/high recovery bulk
sulphide concentrate and to address the challenges posed by compli-
cating mineralogy or extensively oxidized surfaces [11,13,14]. Ideally,
all the sulphides should report to the concentrate while all non-sulphides
should remain in the cell (i.e. the sink fraction).

In a system employing a single flotation stage (g = 1) the recovery of
mineral i to the concentrate can be defined and expressed as:

mip M,
Ridef — =—
myy oMy

2
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where m; o and m; 1, are the respective masses of mineral i in the feed and
in the concentrate, whereas ;¢ and «a;; are the corresponding concen-
trations (m/m). Note that Eq. (2) also expresses the overall recovery in a
process where an initial rougher step is followed by a subsequent cleaner
step.

The enrichment ratio for a given mineral, i.e. the ratio between its
concentration in the concentrate and the feed, is defined in Eq. (3). As
shown by this equation, the enrichment ratio can be expressed in terms of
the mass distribution of each mineral or, ultimately, in terms of the
corresponding recoveries by employing the definition given in Eq. (2):

0
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If we take a simplified binary view on the mineralogy (sulphides and
non-sulphides), make use of the fact that the feed concentration of non-
sulfides equals (1-a5) and further assume that all sulphides (s) and non-
sulphides (ns) will display the same respective recoveries (i.e. Rs and Rp),
the sulphide enrichment ratio ¢ can be expressed as:

3
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To exemplify, consider a rock sample containing exactly 0.75% pyrite
and 0.25% pyrrhotite (Fe;Sg) by weight. This corresponds to a total
sulphur concentration of 0.50%, assuming that no other sources of
sulphur are present. Assume that the (overall) recovery of both sulphide
minerals is exactly 0.90, whereas the (overall) recovery of any non-
sulfide mineral to the sulphide concentrate is exactly 0.025. The result-
ing sulphide concentrate will represent 3.375% of the original sample
mass (flotation feed) and contain 20.0% pyrite and 6.67% pyrrhotite. The
enrichment ratio for the sulphides is 26.7. Equation (1) would then yield
an estimate of 0.36%, of which almost two thirds are directly quantified
by the pyrrhotite analysis. Assuming an optimized protocol and favorable
conditions an even higher R could be achieved without increasing Ry,
and even a very poor performance where R; = 0.80 and R,;s = 0.10 would
yield an enrichment ratio of 7.5.

The proposed approach does not in itself seek to distinguish between
pyrite and pyrrhotite, merely to provide a concentrate that would permit
the use of analytical methods that would struggle to quantify pyrrhotite
in the original feed sample given the much lower concentration. Once the
concentration has been increased by an order of magnitude or more,
several alternative techniques (or combination of techniques) could be
considered for quantifying the amount of pyrrhotite in the concentrates.
X-Ray Diffraction (XRD) analysis typically has a detection limit of ~1%
which makes it useless for feed analysis, but potentially useful for anal-
ysis of concentrates. The accuracy could be improved by combining XRD
with stoichiometric calculation of mineral content based on chemical
composition obtained from X-Ray Fluorescence (XRF) or Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS). In a concentrate where all
the major phases have been identified and the composition of the non-
sulphides are relatively low in iron, good estimates of the pyrrhotite
content could be obtained from the Fe/S ratio alone. The use of Differ-
ential Thermal Analysis (DTA) or Automated Mineralogy (AM) analysis
based on Scanning Electron Microscopy (SEM) would also benefit greatly
from working with an enriched concentrate.

The proposed approach would not have universal applicability and
would fail to offer improved estimates for materials exhibiting poor
flotation performance. However, as opposed to a protocol that relies on
concentration of pyrrhotite alone, producing a bulk sulphide concentrate
provides an additional measure of control since both the extent of sul-
phide concentration and the potential amount of remaining pyrrhotite
can be estimated from the more accurate sulphur analysis. Hence, the
validity of the results could be tested and confirmed for each separate
case and the resulting estimate would always err on the side of caution.

The accuracy and reproducibility of flotation tests depend on a large
number of operational variables. This is emphasized by Wills and Finch
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[8] who provide an overview of the step-by-step execution of flotation
test work and the factors that must be considered. Hence, extensive work
would be required to develop a robust analytical protocol. However, as
opposed to flotation test work for mineral processing, the test proposed in
this concept is not restricted by the fact that it also has to reflect the
realistic operating conditions of an industrial process, but is free to
implement any measure that would improve the degree of separation and
the associated accuracy and reproducibility.

4. Conclusion

The proposed flotation-based approach can be used to provide a more
accurate estimate of the total pyrrhotite concentration in an aggregates
sample by concentrating the sulphides to a level that would facilitate
(partial) direct quantification of pyrrhotite.

Aided by mass balancing over the separation process based on con-
ventional sulphur analysis, the validity of the results could be tested and
an estimate of the maximal concentration of pyrrhotite in the original feed
sample can be found by making the precautionary assumption that the
sulphur not recovered in the concentrate can be attributed entirely to
pyrrhotite.

Extensive work is required to develop and optimize the specific
flotation procedure in order to obtain a robust analytical protocol.
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