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Abstract: Acid mine drainage (AMD) is a process resulting from mining activity, which has a potential
degrading effect on metallic materials used in machinery and structural installations, mainly carbon
steel composites. This work shows how steel is affected and degraded by AMD, as well as the
physicochemical changes that occur in the solvent as a consequence of the metal corrosion process.
For this purpose, thirty specimens were immersed in AMD for thirty weeks and were removed once
per week, observing the changes that had occurred both in the metal and in the solvent to which
it was exposed. The results show a material degradation with a loss of weight and alterations in
the acid drainage with an increase in pH, total dissolved solids (TDS) and modifications in the rest
of the solvent characteristics. The data from the measurements of the plates under study, together
with the physicochemical data of the resulting reagent solution, were integrated into matrices for
subsequent graphical-statistical processing using Statgraphics Centurion software, a powerful tool
for exploratory data analysis, statistical summary, analysis of variance, statistical control, multivariate
analysis, time series, etc., and which allows the different variables studied to be classified into
categories or proximity ratios.
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1. Introduction

Acid mine drainage (AMD) is a global problem that affects all five continents and
occurs mainly in the mining of metallic sulphides and coal, as a consequence of the
oxidation of these sulphides, releasing hydrogen ions and immediately lowering the pH.
As a result, leachate is obtained that presents, in addition to an extraordinary acidity,
high concentrations of metals, metalloids, REE (rare Earth elements) and sulphates in
solution [1,2]. The result of the process is the degradation of the water environment,
which becomes unusable for any use other than mining, as it takes on high acidity values
and concentrations of metals and sulphates [3—6], reaching negative pH values [7]. It
is also the most serious and long-term environmental problem caused by the mining of
sulphide minerals, both metallic and non-metallic, as in the case of arsenic described by
Grande et al. [8]. Thus far, no global solution has been found for all scenarios affected by the
process; thus, mining facilities and receiving rivers are highly affected by this phenomenon.

The main sulphide oxidation reactions are extensively described in Younger et al. [9].
The oxidation of sulphides due to exposure to oxygen, water and microorganisms [10-15]
follows the basic equations shown in Equations (1) and (2) [16]:

FeSy +7/20, + HyO — Fe*t + 2503 +2H" 1)

Fe*t +1/40, + HY — Fe*T +1/2H,0 ()
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In addition to the countless environmental problems caused by AMD, of which water
is undoubtedly the greatest exponent, as it suffers physicochemical alterations that lead to
extremely low pH values, even reaching negative pH values [7], there are other economic
and social problems associated with the safety of machinery and installations, which
are currently of particular interest due to the high cost of maintenance and repair of
machines, tools, structures and installations subjected to these extraordinarily aggressive
environments for metal alloys and conditioning, including their durability and the safety
of users.

There are numerous studies in the scientific literature on the effects of saline water on
metal alloys [17-19]. However, in mining environments, the impact of acid mine water on
machine elements is a young and emerging line of work due to what is described in the
previous paragraph. In this work, the corrosion of steel in AMD is studied, which is already
new because there are few works on this subject, but in addition, the data are analysed
using a tool called factorial analysis, something that is also new.

Mining installations and machinery have a high metal component, both in the interior
material (pumps, drills, augers, electrical and electronic equipment, interior support struc-
tures, rails, wagons) and in the exterior (trucks, machinery used in mineralurgy for the
classification and size reduction of the ore, almost always wet, flotation cells, etc.). These
materials are subject to a high degree of deterioration due to corrosion, with the consequent
economic and safety costs that these entail [20-24].

Metallic materials suffer deterioration due to corrosion processes by chemical and
electrochemical reactions, which can be accelerated depending on the environment to which
they have been exposed [25,26], being noticeable when they are in aggressive environments
such as AMD [27,28]. These corrosion processes cause material loss and strength in metallic
materials, decreasing their performance. This leads to safety, stability and economic
concerns; thus, their analysis has become a relevant process and hence the importance of
knowing the conditioning factors that cause and favour it, such as the elements present
in the AMD, low pH, the presence of microorganisms, dissolved metals and minerals,
temperature, dissolved oxygen, and the hydrogeochemistry of the water itself.

The selection of material is made according to a series of physical, chemical, mechanical
and technological properties that respond to the foreseen criteria of viability, duration,
safety and cost. The failure of a material, for example, in a structure or machine, can cause
the rest of the system to malfunction or even collapse, implying not only a lack of quality
but also the consequences that can result from a safety point of view. It is in this context
that corrosion failure of the materials used becomes a major factor to consider.

An effective diagnosis of the processes, reactions and results that take place when
an alloy is in contact with these waters is a prerequisite for the proposal of measures to
improve the durability of these materials by opening lines of work aimed at this.

For the accomplishment of this paper, a bibliographic search was carried out that
showed the little scientific literature related to corrosion of steel by AMD. The reactive
solution was taken in a stream affected by acid mine drainage. The water was transported
to the laboratory in polypropylene bottles previously washed with diluted nitric acid in
closed containers and protected from direct light. Then, the water was placed in open
containers and with a stirrer so that it was in continuous movement. Submerged plates
were removed weekly and weighed, measured, and solvent water analysed. All data
obtained were studied with Statgraphics Centurion.

The main objective of this work is to analyse in the laboratory how corrosion evolves
in carbon steel subjected to the action of AMD water and to establish the cause—effect
relationships between the alterations measured during 30 consecutive weeks, as well as the
physicochemical composition of the reactive solution itself. To achieve the predetermined
objectives, the data were statistically processed using the statistical package Statgraphics
Centurion VII
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2. Materials and Methods

For this experiment, thirty “0.05 m x 0.06 m x 0.006 m” carbon steel metal plates
(%C < 0.25) were used whose chemical composition is in % (Properties of the material
extracted from the certification test): C = 0.20; Mn = 0.49; Si = 0.21; S = 0.017; P = 0.011;
Cu=0.22; Cr =0.08; Ni = 0.11; Ceq = 0.32. These plates were immersed in a reagent solution
using individual plastic containers of 0.8 L capacity. The plates rested on a circular plastic
ring to ensure that the maximum surface area was in contact with the reagent solution.

The reactive solution was taken in a stream affected by acid mine drainage, located in
the Iberian Pyritic Belt. This stream is the recipient of effluents contaminated by the Tharsis
Mines as an emblematic watercourse of one of the world’s largest sulphide metallogenic
provinces, with over 5000 years of mining without preventive or corrective measures [29].
The initial physicochemical characteristics of the reactive solution are pH 2.9, redox poten-
tial (Eh) 220 mV, total dissolved solids (TDS) 2.41 mg/1 and electrical conductivity (EC)
4.9 mS/cm. A reserve of 50 L of the same water was kept open and stirred to replenish
the reagent solution as it evaporated. The water was transported to the laboratory in
polypropylene bottles previously washed with diluted nitric acid in closed containers
protected from direct light. In the laboratory, it was deposited in open containers and with
a stirrer so that it was in continuous movement.

The 30 plates were introduced into the reagent solution on the same day (30 January
2021) and removed weekly; thus, the first plate was in contact with the reagent solution for
one week and the last plate for 30 weeks (6 September 2021). The experiment was carried
out at rest and without agitation.

Each extracted metal plate was cleaned and dried before being weighed and measured
(width, height and thickness). The physicochemical parameters (pH, EC, TDS, Eh and
T (temperature) of the resulting reagent solution were also measured using a HORIBA
LAQUA PC-110-K multi-parameter meter (Horiba ABX, Madrid, Spain).

The data from the measurements of the plates under study, together with the physico-
chemical data of the resulting reagent solution, were integrated into matrices for subsequent
graphical-statistical processing using Statgraphics Centurion software (Royal Technologies
S.A., Hudsonville, MI, USA), a technique widely used in environments affected by mining
activity by [30-33], and a powerful tool for exploratory data analysis, statistical summary,
analysis of variance, statistical control, multivariate analysis, time series, etc., and which
allows the different variables studied to be classified into categories or proximity ratios [34].

Factor analysis is a technique that summarises the information contained in a matrix of
data with “n” number of variables. For this, a reduced number of “f” factors are identified
so that f is smaller than n. This reduced number of factors represents the original variables
with a minimal loss of information.

The mathematical basis of factor analysis is attributed principally to Spearman [35],
Hotelling [36], Thurstone [37], Kaiser [38] and Harman [39]. A thorough revision of these
fundaments can be found in Cuadras [40]. Some examples of the applications of factor
analysis to geology and hydrogeology are described in Davis [41]) and in McCuen and
Snyder [42].

The calculations have been performed by multivariable methods of Statgraphics [43].
The summary of the application is:

(a) Calculation of the correlation matrix of the variables, starting from the matrix of
original data. Examination of this matrix.

(b) Calculation of the factor matrix, starting from the Pearson’s “r” of the previous matrix.

(c) Extraction of the two main factors in order to represent the data.

(d) Rotation of the factors, in order to make their interpretation easy.

The values of the factor matrix can be improved by rotating the axes using the “vari-
max” rotation [38], which maximises the factors’ variance. Varimax rotation attempts to
simplify the columns of the factor matrix by making all values close to either 0 or 1. This
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method tends to minimise the number of variables that present high saturations in a factor,
resulting in a more straightforward interpretation.

The factor rotation endeavours to select the simplest and interpretable solution. In
synthesis, it consists of the rotation of the axes of coordinates that represent the factors
in order to approximate the maximum to the variables in which the axes of coordinates
are saturated.

The rotated factor matrix is a linear combination of the first matrix and explains the
same quantity of initial variance [34]. As a result, we obtained the grouping of variables
around (determined) factors that we must define. Finally, the variables are represented in
graphs of the relationship between the determined factors. In the graph, the coordinates of
the variables represent the “weight” that each exercise on the factors considered.

3. Results and Discussion
3.1. Graphical Analysis

For a first approximation to the knowledge of the processes and results of the experi-
ence, we began the modelling of the system through a graphic treatment of the evolution

of the variables studied during the experience. The statistical summary of these variables is
shown in Table 1.

Table 1. Summary statistics.

EC Eh Exposure Surface Temperature Total Dissolved Volume Weight
(mS/cm) (mV) Time (Days) pH (cm?) (Celsius) Solids (mg/L) (cm®3) Loss (g)
Count 30 30 30 30 30 30 30 30 30
Average 18.7 258 112 2.63 71.1 18.4 7564 16.3 14.79
Coefficient of variation 63.1% 21.2% 56.8% 15.6%  2.62% 22.7% 56.9% 7.30% 73.7%
Minimum 5.40 190 9 2.05 66.9 10.5 2600 14.1 1.98
Maximum 45.646 392 219 3.60 74.0 24.5 17,100 17.9 37.0
Range 40.2 202 210 1.55 7.06 14.0 290 3.75 35.0

In the thirty-week weekly count, the electrical conductivity (EC) increases from
5.4 mS/cm to a maximum of 45.6 mS/cm. This is due to the increase in Fe?* in the
reagent solution from the steel plate (Figure 1a, comparison of the evolution of EC and
TDS). It can be observed that after 80 days of exposure, the total dissolved solids do not
show the same relationship with the electrical conductivity, possibly due to the considerable
increase in the Fe?* ion.
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Figure 1. (a) Comparison of the evolution of EC and TDS and (b) Eh—pH evolution.

Figure 1b shows the evolution of pH and Eh, where it can be seen how pH varies
from a value of 2.05 to 3.6. This value can be considered practically constant, with minor
variations that may be due to the processes taking place. The oxidation of the Fe coming
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from the steel plate consuming protons and the hydrolysis of the Fe** coming from the
reactive solution itself generate protons.

Regarding the Eh value, it presents a range of 202 millivolts, which is high, as it reaches
values close to 400 mv as a response to the degree of alteration of the ferrous matrix and the
implications on the oxidation-reduction potential of the aqueous medium. The Eh shows
specular peaks with the pH values up to day 120, after which both parameters remain
practically constant (Figure 1b, Eh—pH evolution).

The temperature shows an upward trend, with a range of 14° Celsius, and although it
shows oscillations due to the outside temperature, the exothermic corrosion reaction that
is taking place in the plates immersed in the solvent liquid can be observed (Figure 2a,
temporal evolution of temperature and volume). The temperature has a clear, albeit discrete,
relationship with the volume of the plate, showing the exothermic reaction that causes, over
time, the heating of the immersion water at the expense of the metallic corrosion processes.

= Volume (cm3] —=— TDS (mg/l) — Weight loss (g)
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Figure 2. (a) Temporal evolution of temperature and volume. (b) Weight loss and TDS. (c) Weight
loss and EC.

The weight loss presents a high range that reaches 37 g accumulated since we start
from a test tube with a mass of approximately 140 g, and this weight loss has been increasing
as the EC and TDS also increases (Figure 2b, temporal evolution of weight loss and TDS
and 2c¢, temporal evolution of weight loss and EC), which is logical if we understand that
the material lost from the plates has been passing into the solvent, which has produced an
increase in the last two parameters. This weight loss has led to a noticeable reduction in the
volume of the plates, as was to be expected.

It is evident how the accumulated weight loss increases with time until the plates
practically disappear, as we have been able to verify in a parallel experiment carried out in
the same riverbed with the same type of material (plates and reactive solution), in this case
accelerated by the mechanical abrasion processes induced by the kinetic energy of the river
water, which systematically removes the layers of oxides and sulphates, detaching them
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from the plate to continue with the oxidation of the Fe of the steel (Figure 3, evolution of
volume loss in specimens submerged in the same AMD river).

5 weeks

Exposure
Time

1 week

Figure 3. Evolution of volume loss in test specimens submerged in the same AMD river.

Figure 2c validates the operating model by comparing the evolution of the electrical
conductivity with the weight loss. This weight loss is due to the dissolution of Fe from the
steel plate, which passes into the reactive solution as Fe?*, thus increasing the conductivity.

3.2. Cluster Analysis

Cluster analysis allows us to rank the distance between variables by Pearson proximity
ratios, understood as ratios of non-linear dependence between them. In this work, cluster
analysis is approached from two different perspectives, Figure 4 (variable dendrogram)
and Figure 5 (dendrogram of observations).
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Figure 4. Variable dendrogram.
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Figure 5. Dendrogram of observations.

While in Figure 4, we consider as variables the physicochemical parameters deter-
mined in the test (inputs to the software), in this case, we use these same variables as the
output of the cluster. In Figure 5, using the same input and identical variables, we request
as output to the software the sampling weeks, which naturally carry the information of the
variables determined in each of these weeks, thus grouping the sampling weeks according
to the information carried by the variables determined in each of the weeks.

Focusing on Figure 4, cluster of variables, two main subclusters can be observed. To
the right of the image and with a high Pearson proximity, the variables’ residual surface
and residual volume are found. In this same first subcluster, the variable pH is linked with
a somewhat more discrete proximity ratio. A first observation that can be made is that the
residual surface and residual volume are intimately dependent on the pH.

The second subcluster on the left-hand side of the figure shows the rest of the variables
grouped together with extraordinarily high proximity ratios between EC and TDS; this
is because dissolved solids, mainly sulphates, are almost exclusively responsible for EC
variations [44]. The EC and TDS variables are linked with a high ratio of proximity to
the weight loss variable since the dissolved solids in the solvent come from the loss of
material from the plates, and these three are closely linked to exposure time. The longer the
exposure time is, the greater the capacity for dissolution reactions of the plate, the higher
the values of dissolved solids in water and, thus, the higher the EC values will be, which
corroborates other experiences developed in the field [45,46].

Linked to the second subcluster, but more distally, we find the Eh variable. To justify
the non-existence of a higher Pearson’s R, we have to invoke the existence of oxidation—
reduction and precipitation—dissolution processes, all in a closed system such as the immer-
sion test tubes and the volume of reactive water itself, with which we understand that the
hydrolysis processes, fundamentally of iron, play a fundamental role but different to what
happens in open systems (rivers affected by AMD), where pH and Eh present a quasi-linear
but inverse relationship due to the logarithmic character of this second variable.

As for the cluster in Figure 5, we observe, as in the first one, a marked proximity ratio
between variables and an acceptable grouping according to the sampling time. This fact
points to several issues.

(1) The analyses and in situ measurements have been correctly carried out as evidenced
by the high correlation coefficients.

(2) Another remarkable evidence is that something happens in some weeks (13 and 17),
which is precisely where the main clusters split into subclusters. We are probably
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FACTOR 2: STEEL DURABILITY
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approaching in those weeks the saturation limits of dissolved elements in the immer-
sion water coming from the plates, which are losing weight in favour of a greater
amount of total TDS and other additional changes related to the already mentioned
oxidation-reduction and precipitation-dissolution processes, always linked to the
already mentioned phenomenon of iron hydrolysis as explained above.

Note in this cluster in Figure 5 how the week numbers appear in a correlative order.
This fact is not random; according to the numerical order of the variables under study, the
software itself has clustered them according to the variables under study. There are two
“jumps” with weeks 6 and 9 that appear “out of place” in the numerical sequence, which
we understand is justified by the reasons given above.

3.3. Factor Analysis

The graph in Figure 6, factor analysis graph, shows the result of the application of
factor analysis in which a varimax rotation has been implemented, maximising the factors’
variance. This method tends to minimise the number of variables with high saturations in
a factor, making interpretation easier. In short, it consists of rotating the coordinate axes
representing the two factors to be defined until they are as close as possible to the variables
in which they are saturated.

FACTORS LOAD

T T T v v v T T T T T T T v T v r v T
— Eh (mV) —
- R.Plate Surface (cm?) -
R. Plate Volume x 20(cm®) .
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| pH x100 _

1 L 1 ) ) : 1 N 1 N L . ! ) . L 1
-1 —0.6 —0.2 0.2 0.6 1

FACTOR 1: TIME EXPOSURE
Figure 6. Factor analysis graph.

In Figure 6, the eight variables under study are grouped into four fields, remembering
that these two factors are two new variables not considered until now during the sampling
and measurement work but which by themselves govern the functioning of the water—
plate system, with a minimum loss of information since only with these two factors is the
variance justified up to 98%.

If afctor 1 is defined as time exposure and factor 2 as steel durability, factor 1 has a
clear positive and high influence on the variables T, weight loss, EC and TDS (measured
on the X-axis). At the same time, the variables residual plate surface and residual plate
volume are negatively influenced with high values by this same factor.

It is evident that the water-test plate immersion system will suffer over time a pro-
gressive increase in the TDS and consequently of the EC at the expense of the weight loss
that represents that part of the initial plate that is now mostly dissolved in water. In this
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same group of variables, the T* is found since the process of plate alteration is clearly
exothermic [47].

Concerning this same factor, the variables residual plate surface and residual plate
volume are observed at the opposite end of the spectrum to the previous group, as could
not be otherwise; these two variables decrease as the exposure time increases.

With regard to the pH variable, the exposure time exerts a notable influence with a
negative value, remembering that this variable is a logarithmic expression that indicates
the degree of acidity—aggressiveness of the water so that lower pH values indicate more
acidic water, which is why it is represented with negative values on the X-axis (Factor 1).

At the same time, the Eh has a moderate and positive influence due to the solubility of
the metal in the solvent water, which decreases as the solvent loses its capacity for oxidative
alteration of the submerged plates.

Different authors [48-50] have implemented this same statistical tool for mine water,
verifying that the Eh value is almost linearly opposed to the pH value when the experiment
is carried out in a natural environment, i.e., with constant renewal of the immersion water,
generally in mine beds. In this case, as the water in which the hydrolysis process, and
thus the available oxygen, is subject to a closed system, the pH-Eh contrast is not strictly
linear, such that the influence of the exposure time on the Eh, although positive, takes a
discrete value.

Concerning factor 2, steel durability, it can be seen how the residual variables surface
and volume take a positive and not high value, while TDS, EC, LW and T° are linearly
opposed to the two previous ones, taking negative and discrete values. In order to explain
this phenomenon, it must be taken into account that we are in a closed system and with
a water volume of less than 1 litre, which slows down the whole process in comparison
with what would happen in a natural environment, where new water, less saturated in
TDS, would have a much greater capacity to alter the plate. Regarding this same factor, it
is observed that it has a high, albeit negative, influence on the pH variable for the same
reason mentioned above, related to the logarithmic nature of this variable, while it has a
high effect on the durability of the plate. Plates that are more resistant to corrosion will
hinder the oxidation processes and, with it, the oxidation-reduction potential.

As a limitation of this study, it must be said that it is a preliminary study; thus, the
basic geochemical parameters were not evaluated, including the nature of the corrosion
products formed.

4. Conclusions

The present work was carried out to study the affection of carbon steel, the most
widely used material for manufacturing machine elements, engines, vehicles, parts, pipes
and structural elements in mines. This study made it possible to see the cause—effect
relationships between the physicochemical variations of the reactive solution and the
affection suffered by the metallic material immersed in it. To this end, graphical and
statistical treatments of the physical and chemical data derived from the study were carried
out, concluding that AMD strongly attacks carbon steel, causing a notorious decrease in its
volume and weight.

The main objective of this study has been to see how AMD waters influence the
corrosion rate of carbon steel. There is little in the scientific literature on this subject, but in
addition, the data are analysed using the factor analysis tool, something that is also new.

This work is the first time that factor analysis evaluates the corrosion processes of
steel. It is shown to be an effective technique for the graphical-statistical validation of
treatments (carried out with the same data matrix) and for the formulation of corrosion—
AMD interaction models. It is shown that the material lost by the plates has passed into the
immersion water, which has caused a change in the physico-chemistry of the solvent and
has led to a notable increase in the TDS and consequently in the EC. It can be concluded that
the pH undergoes few variations and that these are produced by the oxidation-reduction
and precipitation—-dissolution processes that occur in the system. The Eh has high values
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and is opposite to the pH for the first four months, but from then on, they have similar
values due to the fact that the reactive solution was already highly saturated. Although
fluctuating, the temperature increases throughout the experiment, which is expected, as
the corrosion process is an exothermic reaction. It can be observed how the temperature
increases at the same time the volume of the plate decreases, as the oxidation reaction
causes the submerged metal element to lose material.

All these variables are closely related to the exposure time. Logically, the longer the
immersion time of the plates, the greater the loss of weight and the resulting consequences
described above. The dendrogram of observations shows an almost correct alignment of
the plates, although some are misaligned due to the aforementioned oxidation-reduction
and precipitation—dissolution processes which cause alterations.

The results obtained coincide with those reported by other authors in other scenarios
studied. By means of cluster analysis, it has been possible to determine a significant
relationship between the physico-chemical parameters of the water and the weight loss of
the carbon steel plates.
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