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a b s t r a c t

Acid mine drainage (AMD) is commonly treated by neutralization with alkaline substances. This treat-
ment is supported by titration experiments that illustrate the buffering mechanisms and estimate the
base neutralization capacity (BNC) of the AMD. Detailed explanation of titration curves requires
modeling with a hydro-chemical model. In this study the titration curves of water samples from the
drainage of the As Pontes mine and the corresponding dumps have been investigated and six buffers are
selected by analyzing those curves. Titration curves have been simulated by a reactive transport model to
discover the detailed buffering mechanisms. These simulations show seven regions involving different
buffering mechanism. The BNC is primarily from buffers of dissolved Fe, Al and hydrogen sulfate. The BNC
can be approximated by: BNC ¼ 3(CFe þ CAl) þ 0.05Csulfate, where the units are mol/L. The BNC of the
sample from the mine is 9.25 � 10�3 mol/L and that of the dumps sample is 1.28 � 10�2 mol/L.

Copyright � 2011, China University of Mining & Technology. All rights reserved.
1. Introduction

Mine activities may pose severe impacts in water resources and
ecosystems when pyrite-rich materials from those activities are
exposed to atmospheric conditions and then generate acid mine
drainage (AMD) waters. AMD is characterized by high acidity (pH
2e4), high sulfate concentrations (1e20 g/L) and large concentra-
tions of metals such as Fe, Mn, or Al [2e10,15]. Isolating mine
wastes from the atmosphere is expected to decrease AMD gener-
ation. Neutralizing AMD with alkaline substances is a common and
effective treatment for AMD water [1,5e8].

Titration is used to investigate the Base Neutralization Capacity
(BNC) of discharged water. Buffering systems in the AMD sample
can be described by titration curves that relate pH to acidity. A
detailed understanding of the buffering mechanisms relevant to
acid mine drainage neutralization can be obtained by hydro-
chemical modeling [12,13].

In this study, the titration curves of acidic waters from the As
Pontes mine lake, and the dumps located in Galicia (N.W. Spain)
were investigated and reproduced by geochemical modeling. The
objective was to obtain a detailed understanding and quantitative
description of buffering mechanisms relevant to AMD waters
neutralization.
yun).
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2. Materials and methods

Thestudywasperformedonwater fromtheAsPontesCoalMine in
Galicia north-west Spain. Mining ended there in December, 2007.
Mining left a big open pit with a volume of 547 hm3 and a tailings
dumpwith a surface area of 11.4 km2. AMDwater is generated in the
mine pit and the dumps areas even though land treatment was per-
formed properly [11]. Samples from the mine and the dumps were
titratedwith 0.1 N NaOH at a rate of 0.5mL/min. The initial volume of
eachsamplewas100mL.The chemical compositionof drainagewater
samples from the mine and the tailing dumps is shown in Table 1.

The titration curves were simulated using a multi-component
reactive transport code, CORE2DV4 (Javier Samper, 2003), to char-
acterize the buffering mechanisms and to describe contributions
from each acidebase pair to the BNC.

The geochemical model considers the following chemical reac-
tions: aqueous complexation, acidebase, redox,mineral dissolution/
precipitation, gas solution/exsolution and surface complexation. The
chemical system is defined in terms of the following 14 primary
species, H2O, Hþ, Ca2þ, Mg2þ, Naþ, Kþ, Fe, Mn, Al, Cl�, SO4

2�, HCO3
�,

SiO2(aq), O2(aq), and a surface complex, XOH. Relevant aqueous
complexes were identified from speciation runs performed with
EQ3/6 (Wolery, 1992).

3. Titration curve analysis

Buffering in a titration curve shows up as a buffering plane
where the slope of the curve decreases. Titration curves of the two
logy. All rights reserved.
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Table 1
Composition of drainage water samples from the mine and the tailing dumps (mol/
L).

Mine pit Dumps

pH 2.9 2.8
Naþ 1.21 � 10�3 8.69 � 10�4

Kþ 7.67 � 10�5 1.91 � 10�4

Mg2þ 2.46 � 10�3 1.02 � 10�2

Ca2þ 5.00 � 10�3 1.00 � 10�2

Fe total 1.48 � 10�3 2.81 � 10�3

Al total 1.02 � 10�3 4.02 � 10�4

Mn total 2.51 � 10�3 1.18 � 10�3

SO4
2� 3.49 � 10�2 6.51 � 10�2

Cl� 2.11 � 10�4 7.33 � 10�4

HCO3
� 1.64 � 10�8 1.66 � 10�8

SiO2(aq) 3.90 � 10�4 3.90 � 10�4

Table 2
Surface complexation reactions [14].

Surface complex log Kint

hXOH2
þ 5 hXOH þ Hþ �7.29

hXO� 5 hXOH � Hþ 8.93
hXSO4

� 5 hXOH þ SO4
2� þ Hþ � H2O �7.78

hXOHSO4
2� 5 hXOH þ SO4

2� �0.79
hXOCaþ 5 hXOH þ Ca2þ e Hþ 5.15
hXOMgþ 5 hXOH þ Mg2þ e Hþ 4.60
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types of samples are presented in Figs. 1 and 2. Fig. 1 shows that
there are three apparent buffering planes in the titration curve of
mine pit samples. Plane I indicates iron buffering and Plane II
indicates aluminum buffering, according to the literature [14].
Buffering Plane III (pH z 9.5) has not been found in any published
literature. However, the simulation shows that if an initial O2(aq)
concentration about 10�33 mol/L is adopted manganese precipita-
tion could then explain this buffering. The titration curve of the
dumps, Fig. 2, also shows three apparent buffering planes. It is
apparent that Plane IV is caused by the same buffering mechanism
as Plane I, and that Planes VI and III have the same origin, but Planes
V and II indicate different buffers. The Al buffering plane did not
appear because of the low concentration of dissolved Al in the
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Fig. 1. Measured titration curve of AMD water from the mine at As Pontes.
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Fig. 2. Measured titration curve of AMD water from the dumps at As Pontes.
dumps sample (see Table 1). Plane V is caused by the trans-
formation of Fe from schwertmannite to Fe(OH)3(s). This buffering
plane does not appear in Fig. 1 because the mine pit water has
a smaller concentration of dissolved Fe.

According to this analysis it is assumed that there are at least
five different buffering mechanisms present in the discharge water.

1) The slow increase before Plane I (pH< 3.0) is controlled by free
hydrogen and hydrogen sulfate buffering. In this stage, titrated
alkalis are neutralized until most HSO4

� and protons are
consumed:

Hþ ¼ H2O � OH� log K ¼ 14.00

HSO4
� ¼ SO4

2�þHþ log K ¼ �1.978

2) Buffering Plane IV (pH z 3.0) indicates iron buffering. The
dissolution/precipitation of iron minerals (Fe(OH)3(s) and
schwertmannite) provides this buffering. The reactions are:
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Fig. 4. Measured and calculated titration curves and cumulative mineral dissolution/
precipitation: mine sample.
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Fig. 3. Measured and calculated titration curves and concentrations of aqueous
species: mine sample (gray bands show the different buffering regions).
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Fig. 5. Measured and calculated titration curves and concentrations of the surface
complexes: mine sample.
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Fig. 7. Measured and calculated titration curves and cumulative mineral dissolution/
precipitation: dumps sample.
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Fe(OH)3(s) ¼ Fe3þ þ 3H2O � 3Hþ log K ¼ 4.90

Fe8O4(OH)12(SO4)2(s) ¼ 8Fe3þ þ 2SO4
2� þ 16H2O � 20Hþ

log K ¼ 12.00

3) Buffering Plane II (pH z 4.5) indicates aluminum buffering.
This buffer is associated with the dissolution/precipitation of
aluminum minerals (gibbsite and basaluminite). The main
reactions are:

Al(OH)3 ¼ Al3þ þ 3H2O � 3Hþ log K ¼ 9.00

Al(SO4)0.25(OH)2.5 ¼ Al3þ þ 0.25SO4
2� þ 2.5H2O � 2.5Hþ

log K ¼ 5.70

4) The slow increase between Planes V and VI (6.0 < pH < 9.5)
indicates surface complexation buffering [14]. Surface
complexation reactions are known to occur at the surface of
minerals. A fixed site model is used to model this surface
complexation buffering. The reactions are listed in Table 2. The
sorption site concentrations are set to 20% of the concentration
of the main minerals, 8.10 � 10�4 mol/L for the mine sample
and 1.55 � 10�3 mol/L for the sample from the dumps.

5) Buffering Planes III and VI (pH z 9.6) indicate manganese
buffering. Pyrolusite precipitation/dissolution was included in
the geochemical modeling though this reaction:

MnO2(s) ¼ Mn2þ þ 0.5O2(aq) þ H2O � 2Hþ log K ¼ �1.44
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Fig. 6. Measured and calculated titration curves and concentrations of aqueous
species: dumps sample.
4. Results and discussion

The titration curves were reproduced by the geochemical model
after adjusting the setting of the different buffering systems. Then
the titration curves were compared to the evolution of aqueous
specie concentrations (see Figs. 3 and 6), cumulative mineral
precipitation/dissolution (see Figs. 4 and 7) and surface complexes
(see Figs. 5 and 8) to analyse the structure of the buffering systems
and to quantify the capacity of each buffering mechanism. This
shows that the titration curves can be divided into seven sections
having the following buffering mechanisms.

1) Free hydrogen ions and hydrogen sulfate (pH < 3.0): In this
stage, hydrogen sulfate is the main base and HSO4

� decreases
quickly while pH increases slowly.

2) Schwertmannite precipitation (3.0 < pH < 3.4): Fe precipitates
as schwertmannite in this stage.

3) Basaluminite precipitation (3.4 < pH < 6.0)
4) Transformation of schwertmannite to Fe(OH)3(s) and of the

aluminum mineral basaluminite to gibbsite (pH z 6.0)
5) Surface complexation (6.0 < pH < 9.0). In this stage, surface

complexes transform from XOH2
þ to XOCaþ, XOMgþ, or XO� as

the pH increases from 6.0 to 9.0.
6) Mn precipitation and aqueous complexation of Al(OH)4�

(9.0 < pH < 10.8): Pyrolusite precipitation is controlled by the
redox conditions of the water sample. It is assumed that this
buffering stage is caused by Mn precipitation and the dissolu-
tion of gibbsite.

7) Aqueous complexes such as Fe(OH)4� (pH > 10.8).
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Fig. 8. Measured and calculated titration curves and concentrations of the surface
complexes: dumps sample.



M. Hongyun et al. / Mining Science and Technology (China) 21 (2011) 273e276276
The Base Neutralization Capacity (BNC) includes mainly three
acid buffers: hydrogen sulfate HSO4

�, which is about 5% of the total
sulfate according to the speciation estimates determined using
EQ3/6, dissolved Fe, and dissolved Al. The BNC value can be
approximated from:

BNC (mol/L) ¼ 3(CFe þ CAl) þ 1/20$Csulfate

where C indicates the dissolved concentration.
The BNC of the sample from the mine is 9.25 � 10�3 mol/L and

that of the dumps sample is 1.28 � 10�2 mol/L.
5. Conclusions

Titration experiments are basic measurements for determining
waste water acidity. Geochemical modeling can help analyse the
acidebase buffering reactions and to quantify the neutralization
capacity. In this study, one from the As Pontes Coal Mine pit and the
other from the corresponding dumps were investigated. Titration
curves were analysed and modeled using a reactive transport
model, CORE2DV4. The main conclusions are:

1) Titration curves of both samples are similar, and they show the
same kind of buffering mechanisms. This indicates that acid
mine drainage from the mine and the dumps had similar
environmental conditions when it was formed.

2) Five buffering species-free hydrogen, hydrogen sulfate, and
dissolved Fe, Al and Mn and surface complexation are required
to construct the buffering systems.

3) The base neutralization capacity (BNC) is primarily controlled
by buffer reactions involving Fe, Al, and hydrogen sulfate. BNC
can be approximated by: BNC ¼ 3(CFe þ CAl) þ 0.05Csulfate.
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