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A B S T R A C T   

Aluminium oxyhydroxysulfates and hydroxides are known to precipitate from mining-generated acidic, neutral 
and basic pH drainage waters that are enriched in potentially toxic metal(loid)s. Their role as medium-term (1 
year) sinks of Al, As, Cu and Ni at pH values of 4, 7 and 10 was assessed using batch experiments. X-ray 
diffraction analysis showed that basaluminite initially formed at pH 4 and 7, whereas at pH 10, bayerite or 
nordstrandite (both Al(OH)3) formed. After 12 months of ageing at 20 ◦C, some of the pH 4 basaluminite 
recrystallised to form alunite, the pH 7 basaluminite recrystallised to form gibbsite, and the bayerite/nord-
strandite was unchanged. At pH 4, the basaluminite took up As but did not take up Ni or Cu. By the end of the 12 
months, some As was released from the basaluminite or alunite, and some Cu was taken up by these phases. At 
the beginning of the pH 7 experiments, As, Cu and Ni were taken up in the basaluminite, and these were retained 
in the gibbsite that replaced the basaluminite after 12 months. In the pH 10 experiments, only As was expelled 
from the bayerite/nordstrandite after 12 months. The differences in uptake of As, Cu and Ni are attributed to 
their aqueous speciation relative to the net surface charge of the Al oxyhydroxsulfates and hydroxides. Release of 
As from the pH 4 and pH 10 phases at 12 months was likely due to incorporation within the poorly crystalline 
original phases, followed by progressive release as the phases transformed to more crystalline minerals (at pH 4) 
or become more crystalline (at pH 10) with ageing. The results have significant implications for the mineralogy 
of Al oxyhydroxysulfates and hydroxides, and the cycling of As, Cu and Ni, in mine drainage systems.   

1. Introduction 

Mining activities can generate acidic, neutral and basic pH drainage 
waters that are enriched in potentially toxic metallic and metalloid el-
ements, such as Al, As, Cu or Ni (Nordstrom, 2011b), that pose hazards 
to receiving ecosystems (Niyogi et al., 2002). Aluminium oxy-
hydroxysulfates and hydroxides are known to precipitate from these 
waters. For example, solid-phase analyses have identified nano-
particulate, poorly crystalline basaluminite (Al4(SO4)(OH)10⋅4H2O) and 
hydrobasaluminite (Al4(SO4)(OH)10⋅15H2O) as the dominant Al phases 
formed when acid mine drainage is mixed with circumneutral buffered 
pH waters (Nordstrom and Alpers, 1999; Bigham and Nordstrom, 2000; 
Jones et al., 2011; Carrero et al., 2017a). Alunite (KAl3(SO4)2(OH)6) and 
gibbsite (Al(OH)3) have also been shown to form in acidic mine pit lakes 
(Kim, 2015; Sánchez-España et al., 2012; 2016). Aluminium oxy-
hydroxysulfates also form as a result of the dissolution of aluminosili-
cates or aluminium oxides in the presence of sulfate at pH above 5 

(Jambor et al., 2000), and basaluminite has also been identified as one 
of the main Al minerals precipitating in acid soils (Adams and Rawajfih, 
1977; Prietzel and Hirsch 1998). Even though basaluminite and 
hydrobasaluminite are the main fresh Al precipitates associated with 
acid waters and soils, it is known that these phases are metastable and 
tend to gradually transform into more crystalline phases such as alunite 
(Nordstrom, 1982; Prietzel and Hirsch, 1998) and nanoboehmite (Loz-
ano et al., 2018). This ageing transformation has been successfully 
reproduced in relatively short periods (around 15 weeks) under 
controlled laboratory conditions both at 20 ◦C and 50 ◦C (Adams and 
Rawajfih, 1977; Adams and Hajek, 1978; Prietzel and Hirsch, 1998; 
Prietzel and Mayer, 2005; Singh, 1982). 

The oxyhydroxysulfates or hydroxides of Al formed during the 
neutralization of acidic streams or soil seepage can scavenge dissolved 
cations and anions depending on their charge (Stumm and Morgan, 
2012), which is mainly controlled by the solution pH. Whereas the role 
as trace element sinks of common Fe-bearing oxyhydroxysulfates such as 
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jarosite (KFe3(SO4)2(OH)6] and schwertmannite (Fe8O8(OH)6SO4) has 
already been extensively studied (for a thorough review, see Nordstrom, 
2011a), much less is known about the role of Al oxyhydroxysulfates and 
hydroxides in these processes. Studies to date show that the precipita-
tion of amorphous or microcrystalline Al oxyhydroxysulfates may 
scavenge trace metals from acid waters (Lee et al., 2002; Munk et al., 
2002; Sánchez-España et al., 2006; Carrero et al., 2015). However, their 
behaviour during the progressive transformation of precipitated phases 
into more crystalline minerals with ageing remain unknown. Both 
questions are key to assess the possible role of Al oxyhydroxysulfates and 
hydroxides as temporary or permanents sinks for trace elements in 
mine-waste affected and natural environments, and treatment systems 
for potentially toxic trace metals and metalloids. This study fills this 
knowledge gap by determining the extent and processes of uptake of As, 
Cu and Ni by Al oxyhydroxysulfates and hydroxides in acid (pH 4), 
neutral (pH 7) and alkaline (pH 10) mine drainage-simulated solutions, 
and how this uptake is affected by ageing of the Al phases over 12 
months. The name ‘basaluminite’ was discredited by the International 
Mineralogical Association in 2006 (it is a microcrystalline variety of 
felsöbányaite; Farkas and Pertlik, 1997; Jambor et al., 1998). However, 
we use it in this manuscript because of its pervasiveness in the scientific 
literature and in thermodynamic databases (c.f., Sánchez-España et al., 
2011; Acero and Hudson-Edwards, 2018). Carrero et al. (2017c) also 
suggested that the status of basaluminite be re-evaluated to acknowl-
edge its occurrence as a nanomineral. 

2. Methods and materials 

2.1. Analytical, mineralogical and other techniques 

Al oxyhydroxysulfates and hydroxides were synthesised by mixing a 
0.02 M solution of Al2(SO4)3 with around 1100 ppb of As(V), Ni(II) and 
Cu(II) (typical of AMD environments, Nordstrom, 2011b) at an initial pH 
of 3.35. The concentrations of Al and sulfate were selected to allow 
precipitation processes to take place and to obtain the required amounts 
of precipitates for mineralogical determinations. In the case of As, Ni 
and Cu, their initial concentrations were selected to be high enough to 
minimise analytical problems (taking into account that large dilution 
factors are required) but trying to avoid their direct precipitation as pure 
secondary phases under the pH and sulfate concentrations present in the 
experiments. 

The required amounts of trace elements were obtained by dissolving 
Na2HAsO4⋅7H2O (for As), CuSO4 (for Cu) and NiSO4 (for Ni). KOH 1M 
was then added to this solution dropwise over several minutes to create 
solutions with pH values of c. 4, 7 and 10 (similar to acidic drainage and 
to neutralization conditions). All experiments were conducted in 
duplicate. The solutions were aged at 20 ◦C, and the pH was monitored 
every 2–10 days (more frequently at the beginning of the experiments). 
The pH values of 4, 7 and 10 were maintained by adding either KOH or 
H2SO4 dropwise while stirring. At the beginning of the experiment the 
solutions were stirred every day but after one month, they were stirred 
once every three days. Towards the end of the experiment, stirring was 
conducted once a week. Watch glasses were placed on top of the beakers 
to prevent evaporation and maintain a constant solid to solution ratio. 

Aqueous samples were taken periodically after the beakers were first 
stirred while measuring the pH. A 10 mL sample of the solid-solution 
suspension was then taken and filtered through a 0.2 μm filter. This 
sample was acidified with HNO3 and stored at 4 ◦C until analysis. Solid 
samples were taken after stirring the beaker, and by extracting a 30 mL 
sample of the suspension and filtering this through a fine mesh Whatman 
paper. The remaining solid was then washed with 18 MΩ de-ionised 
water and dried at 20 ◦C. The dried samples were stored in plastic 
vials at 20 ◦C until XRD determinations. The solid: solution ratio was 
assumed to be constant throughout all of the experiments because only 
well-mixed suspensions were sampled. 

Concentrations of Al, K and S in the terminal slurries involved in this 

study were obtained via Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES) on a Varian 720-ES (axial configuration) using 
a simultaneous solid-state detector (CCD). Calibration with sets of five 
standards was performed and laboratory standards were also analysed 
after every 10 samples and any drift in the measurements (generally less 
than 4%) was corrected accordingly. The quantification limits for K, Al 
and S were determined to be 2.6, 3.7 and 3.1 μmol L− 1, respectively, and 
the concentrations of the three elements were determined in the same 
run. Sulfur concentrations in the sampled solutions are reported as 
dissolved sulfate because this is the main stable species under the 
experimental conditions. To aid in determination of the phases that 
formed in the fresh and aged precipitates, speciation-solubility calcu-
lations using the experimental pH and temperature conditions and the 
measured concentrations of Al, K and S were carried out using the 
PHREEQC code (Parkhurst and Appelo, 2013) and the wateq4f.dat (Ball 
and Nordstrom, 1991) thermodynamic database distributed with the 
code. The dissolution reactions and corresponding log(K) values used to 
calculate the saturation indices by PHREEQC are shown in Table S1. 

Dissolved concentrations of As, Cu and Ni in all the aqueous samples 
taken over the year of the experiment while the suspensions were stirred 
were obtained via Inductively Coupled Plasma Mass Spectrometry (ICP- 
MS) on a Bruker 820-MS-ICP-MS. Calibration with sets of five standards 
was performed and laboratory standards were also analysed after every 
10 samples and any drift in the measurements (generally less than 4%) 
was corrected accordingly. The quantification limits for As, Cu and Ni 
0.5, 1.6 and 0.3 μmol L− 1, respectively. 

X-ray diffraction (XRD) was carried out using a D/max 2500 RIGAKU 
diffractometer with a rotating Cu anode at 40 kV and 80 mA. Data were 
collected using CuKα radiation over the 2θ range from 2.5◦ to 80◦, with 
step = 0.03 and a collection time of 2s/step. Mineral identification was 
carried out by comparison of the resultant peaks on the XRD spectra with 
those in the Powder Diffraction File (PDF) database provided by the 
International Centre for Diffraction Data (ICDD). 

3. Results and discussion 

3.1. Formation of Al oxyhydroxysulfates and hydroxides, and changes in 
mineralogy with time 

The major element concentrations for the pH 4, 7 and 10 experiments 
are shown in Tables S2, S4 and S6, respectively, and the calculated 

Table 1 
XRD and PHREEQC modelling results. Al(OH)3(a) = amorphous aluminium 
hydroxide.  

XRD Analysis pH 4 pH 7 pH 10 

Initial Basaluminite Basaluminite Bayerite, 
Nordstrandite 

Aged 12 months Basaluminite 
+ Alunite 

Gibbsite Bayerite, 
Nordstrandite 

PHREEQC 
Analysis 

Equilibrium (SI 
≈ 0) 

Oversaturated (SI > 
0)  

pH ≤ 5 Gibbsite Basaluminite, Alunite, 
Diaspore  

pH 5.5–6 Al(OH)3(a) Basaluminite, Alunite, 
Diaspore, Gibbsite  

pH 6.5–8 – Basaluminite, Alunite, 
Diaspore, Gibbsite, Al 
(OH)3(a)  

pH 10 – Diaspore, Gibbsite  
Mineral Formula   
Alunite KAl3(SO4)2(OH)6   

Basaluminite Al4(SO4) 
(OH)10⋅4H2O   

Diaspore AlOOH   
Gibbsite, 

Bayerite, 
Nordstrandite 

Al(OH)3    
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saturated indices for the phases shown in Table 1 are compiled in 
Tables S3, S5 and S7, respectively. Speciation-solubility calculations 
using PHREEQC and the wateq4f.dat database for the compositions of 
the terminal slurries show that the solutions of pH 4 and 7 are close to 
equilibrium or oversaturated with respect to basaluminite, alunite, 
gibbsite and diaspore (AlOOH) (Table 1). In the case of the solutions 
under pH 7, they seem to be also oversaturated with respect to amor-
phous aluminium hydroxide (Al(OH)3(a)). In contrast to these results, 
the solutions at pH 10 are predicted to be oversaturated only with 
respect to gibbsite and diaspore (Table 1). We are confident of the 
identification of all of these phases except Al(OH)3(a), because they 
produce clear XRD peaks that facilitate their identification (Fig. 1). We 
appreciate that, because Al(OH)3(a) may not be identified by XRD due to 
its poor crystallinity, our suggestion of its presence is hypothetical. 

XRD results agree, in general, with the PHREEQC calculations. The 
XRD spectrum for the initial pH 4 solid matches that of basaluminite, 
and that for the aged pH 4 solid seem to correspond to a mixture of 

basaluminite and alunite (Fig. 1). A possible overall reaction to describe 
such evolution of basaluminite in the presence of K+, H+ and SO4

2− , to 
form alunite could be:  

3 Al4(SO4)(OH)10.5H2O(s) (basaluminite) + 4 K+
(aq) + 6 H+

(aq) + 5 SO4
2−
(aq) → 4 

KAl3(SO4)2(OH)6(s) (alunite) + 21 H2O(l)                                            (1) 

In both basaluminite and alunite, the Al atoms are bonded with 6 
oxygen to form Al octahedra, and these octahedra are organised in layers 
with interstitial SO4

2− ions (Hawthorne et al., 2000). In reaction (1) the 
octrahedra are likely re-organised, and K+ introduced in the 12-fold 
co-ordinated interstitial vacancies, to form alunite. The conversion of 
basaluminite to alunite has been observed previously, and it is kineti-
cally inhibited, occurring very slowly and sometimes incompletely 
(Adams and Rawajfih, 1977; Nordstrom, 1982; Prietzel and Hirsch, 
1998; Prietzel and Mayer, 2005). The conversion has been proposed to 
be a re-dissolution/re-precipitation process in solutions with K+ activ-
ities greater than 10− 5 mol− 1 (Adams and Rawajfih, 1977; Nordstrom, 
1982), as basaluminite has been shown to dissolve readily at pH < 4 
(Acero and Hudson-Edwards, 2018). 

The XRD spectra for the initial pH 7 precipitates match those of 
basaluminite, and those for the aged precipitate point towards the 
presence of gibbsite (Fig. 1, Table 1). The formation of gibbsite from 
basaluminite could be described according to one of the following 
incongruent reactions, the first being acid-generating and the second 
base-generating:  

Al4(SO4)(OH)10.5H2O(s) (basaluminite) → 4 Al(OH)3(s) (gibbsite) + SO4
2−
(aq) +

2H+
(aq) + 3 H2O(l)                                                                             (2)  

Al4(SO4)(OH)10.5H2O(s) (basaluminite) → 3 Al(OH)3(s) (gibbsite) + Al3+(aq) +

SO4
2−
(aq) + OH−

(aq) + 5H2O(l) (Adams and Rawajfih, 1977)                        (3) 

For the experiments at pH 7 carried out in this study, it was necessary 
to periodically correct pH drifting towards lower pH values by means of 
KOH addition. In the light of such trends, an overall reaction similar to 
(2) (acid-generating basaluminite-gibbsite conversion) seems to be 
favoured throughout the experiments. During this reaction, the basalu-
minite structure breaks down, likely releasing sulfate ions, water mol-
ecules and protons and the Al octahedral sheets are hydrogen-bonded to 
form gibbsite. 

The XRD spectra for the pH 10 initial and aged precipitates match 
those of bayerite and nordstrandite (both Al(OH)3) (Fig. 1, Table 1). 
Basaluminite is not known to form under pH conditions above 7.5 
(Bigham and Nordstrom, 2000). The stable Al phase reported in earlier 
studies for those solutions seems to be Al(OH)3 (Bigham and Nordstrom, 
2000; Sánchez-España et al., 2012; 2016), in agreement with our results. 
The observed mineralogical evolution in the present study is also 
consistent with the earlier work by Schoen and Roberson (1970), who 
proposed that gibbsite ages to form bayerite, which later transforms into 
nordstrandite. 

Our XRD and PHREEQC speciation calculations presented in Table 1 
largely agree with those for other experimental and natural mine waste 
and other systems. Aluminum has been shown to hydrolyse and be 
removed from solution by precipitation above pH 4.5 (Nordstrom and 
Ball, 1986; Lükewille and van Breemen, 1992; Bigham and Nordstrom, 
2000) as the major dissolved species of Al change from Al3+ to Al(OH)2+

(Martell and Motekaitis, 1989; Bigham and Nordstrom, 2000). Bigham 
and Nordstrom (2000) suggested that amorphous Al(OH)3 or basalu-
minite formed from solutions with pH values between 4 and 7.5. Similar 
observations have also been reported in more recent studies focused on 
acid sulfate soils (Jones et al., 2011) and even near the bottom of acidic 
pit lakes (Sánchez-España et al., 2011). Lozano et al. (2018) showed that 
basaluminite dissolved incongruently between pH 4.95 and near-neutral 
values, forming amorphous Al-hydroxide, which in turn recrystallised to 
form nanoboemite over 81 days. 

Poorly crystalline and metastable basaluminite and amorphous Al Fig. 1. XRD patterns for initial and 12-month aged Al oxyhydroxysulfates and 
hydroxides at pH 4, 7 and 10. 
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(OH)3 have been reported to transform with time into more crystalline 
alunite and gibbsite (Nordstrom, 1982; Prietzel and Hirsch, 1998). In pit 
lakes in Rio Tinto area, Sánchez-España et al., 2012, 2016) reported 
stable alunite up to pH 4, basaluminite forming between pH 4 and 6 and 
gibbsite precipitating under pH values above pH 6. Adams and Hajek 
(1978) and Singh (1982) have shown that mixtures of gibbsite, basalu-
minite and alunite are generated by the ageing of acidic aluminum 
sulfate solutions. Our XRD spectra shown in Fig. 1 indicate that the 
crystallinity of the samples (as shown by the change from broad diffuse 
peaks to sharp peaks) strongly increases with aging and with increasing 
pH. 

3.2. Evolution of trace element concentrations in the supernatants during 
the experiments 

In this section, the evolution of the concentrations measured in the 
supernatant solutions for the target trace elements (As, Cu and Ni) will 
be described. The trace element concentrations for the pH 4, 7 and 10 
experiments are reported in Tables S8, S10 and S12, respectively. 
Saturation indices for selected Ni and Cu phases for the pH 4, 7 and 10 
experiments are reported in Tables S9, S11 and S13, respectively. 

3.2.1. Experiments at pH 4 
For the experiments at pH c. 4, the concentrations of Cu and Ni after 

one day of the formation of precipitates were very similar to the original 
concentrations (around 1100 μg L− 1) in the initial solutions before the 

pH adjustment and formation of precipitates (Fig. 2a). The dissolved 
concentrations of Ni remained around the initial values throughout the 
entire experiment, and the concentrations of Cu in the supernatant only 
remained around these values for the former six months of experiments, 
decreasing thereafter to values below the quantification limit at the end 
of the experiments (Fig. 2a). 

In contrast to this behaviour, As concentrations in the same solutions 
decreased after some days of precipitate formation to less than 500 μg 
L− 1 and then decreased even more in the samples after one month of 
experiment to values generally below 300 μg L− 1 (but above the quan-
tification limit) for the rest of the experiment (Fig. 2a). 

3.2.2. Experiments at pH 7 and 10 
The concentrations of all the studied trace elements in the experi-

ments at pH 7 and 10 decreased in the first sampled solution after pre-
cipitate formation to concentrations below the quantification limit (not 
shown). For Cu and Ni, the dissolved concentrations in the sampled 
supernatants remained similarly low throughout the entire experiments 
both at pH c. 7 and c. 10 (not shown). A similar evolution was observed 
for As concentrations in the experiments at pH c. 7. 

In contrast, the dissolved As concentrations in the experiments at pH 
c. 10 increased steadily in the subsequent supernatant solutions, 
reaching values above 400 μg L− 1 in the last supernatants after one year 
of precipitate-solution interaction (Fig. 2b). This increase in As con-
centrations was particularly rapid during the first six months of 
experiment. 

3.3. Possible processes involved in the observed evolution of the 
concentrations of trace elements in the supernatants 

The variations for the different elements and experimental pH in the 
solutions, described in the previous section, are likely attributable to: (1) 
changes in the type of precipitated phases and in the surface charge of 
the mineral sorbants with solution pH, and (2) differences in the 
speciation of each trace element under different pH conditions. These 
possible influences and processes will be described here with the assis-
tance of speciation-solubility calculations and taking into account the 
mineralogical results above. 

According to the XRD results, the precipitated phases for all the 
studied conditions include different types of aluminium hydroxides 
(gibbsite, bayerite and nordstrandite) and oxyhydroxysulfates (basalu-
minite). For the interpretation of interactions between the surfaces of 
these precipitates and the target dissolved trace elements under various 
pH conditions, one of the critical parameters is the point of zero charge 
(PZC). The PZC is the pH value at which the surface of the adsorbant is 
globally neutral (i.e. equal number of positive and negative charges) (e. 
g. Birdi, 2015). The adsorbant surface has a net positive charge for pH 
values below the PZC and a net negative charge for pH values above the 
PZC. 

The PZC has been reported to be above pH 8 for different aluminum 
hydroxides including gibbsite and amorphous Al(OH)3 (see compilation 
by Kosmulski, 2016), and at pH 9.5–10 for pristine gibbsite specifically 
(Huang et al., 2002). Although the PZC for basaluminite has not been 
reported yet (to the best of our knowledge), it could be assumed to be net 
positive charge under pH conditions of both 4 and 7, which would favor 
the uptake of anionic species by surface-solution interactions. On the 
other hand, the surface of the observed precipitates (bayer-
ite/nordstrandite) in the experiments at pH 10 would have a net nega-
tive charged surface, favoring the uptake of cationic species. 

The preferential uptake of As at pH 4 (Fig. 2) may be due to its 
occurrence mainly as H2AsO4

− (Fig. 3), which would be attracted to the 
net positive charge of the surface of both basaluminite and alunite. In 
contrast, the lack of sorption of Cu and Ni (Fig. 2) can be attributed to 
their predominant occurrence as neutral (CuSO4 and NiSO4) or cationic 
dissolved species (Cu2+ and Ni2+) (Fig. 3). The coprecipitation of these 
elements into basaluminite does not seem to be favoured either under 

Fig. 2. Evolution of dissolved concentrations in the supernatants for (a) the 
trace elements included in this study (As, Cu and Ni) during the experiment at 
pH c. 4 and (b) for the concentrations of As during the experiments at pH c. 10. 
For the rest of the elements and for the experiments at pH c. 7, all dissolved 
concentrations in the supernatants were below the quantification limit during 
the experiments. 
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these conditions. 
For Cu, the decrease of dissolved concentrations observed in the 

supernatant samples after 6 months (Fig. 2) does not seem to be related 
to any change in the speciation of this element or in the mineral sorbant- 
solution interaction. According to the solubility calculations, the pre-
cipitation of the Cu mineral phases included in the thermodynamic 
database is not favoured either (Tables S9, S11, S13). A possible 
explanation for the observed evolution of Cu concentrations in the last 
part of the experiments at pH c. 4 would be incorporation of Cu by 
substitution for Al3+ coupled with the creation of an OH− vacancy (cf., 
Hudson-Edwards and Wright, 2011) in alunite, which is forming by 
aging during this stage. Unfortunately, this hypothesis cannot be dis-
cussed further with the currently available information, but further 
research on this topic is granted. 

In the case of the experiments at pH 7, the dissolved concentrations 
of all the target elements decreased rapidly after basaluminite formation 
to values below the quantification limit, remaining similarly low for the 
rest of the experiment (not shown). Although not detectable by XRD, the 
precipitation of amorphous Al(OH)3 under these experimental condi-
tions is also possible according to solubility calculations (Tables 1 and 
S5), which should be taken into account in order to explain the observed 
evolution. 

As explained above, if the PZC for basaluminite is assumed to be 
above pH 8 (similar to other aluminum hydroxides including amorphous 
Al(OH)3; Kosmulski, 2016), the net surface charge of the mineral sor-
bants would be positive at pH 7. Since the main dissolved As species for 
these experiments are calculated to be the anionic species H2AsO4

− and 
HAsO4

2− (Fig. 3a), this surface charge could explain the observed 
decrease of As concentrations (by sorption). For Cu and Ni, their main 
calculated dissolved species are CuSO4, Cu(OH)2 and Cu2+ (for Cu; 
Fig. 3b) and NiSO4 and Ni2+ (for Ni; Fig. 3c). The uptake of the cationic 
species of both trace elements (Cu2+ and Ni2+) by surface-solution 

interactions would not be favoured at pH 7. 
In the light of solubility calculations, the precipitation of either Cu or 

Ni mineral phases is not favoured under these pH conditions. Another 
possibility would be the incorporation of both elements to the structure 
of precipitating basaluminite or amorphous Al(OH)3, by coprecipitation 
or in the form of surface precipitates (due to a local supersaturation at 
the mineral-water interface, as explained for instance in Sparks, 2003). 
For example, Chang et al. (2005) showed, using EXAFS, that neutral Cu 
(OH)2

0 species eventually formed surface Cu(OH)2 precipitates on the 
surface of gibbsite above pH 5.63. Scheckel and Sparks (2000) demon-
strated that Ni(OH)2 precipitates formed on gibbsite-silica surfaces at pH 
7.5, and over a year, these aged to form a Ni phyllosilicate. Although our 
calculated saturation indices for Ni(OH)2 and Cu(OH)2 are negative for 
the pH 7 experiments (− 3.37 to − 4.00 and − 1.52 to − 2.11, respectively; 
Table S11), they are weakly so, and thus precipitation of these phases 
may have been possible. More structural information, not available at 
this point of research, would be key to fully understand the relative 
importance of these processes. In any case, the aging of precipitates and 
the associated transformation of initial basaluminite (and possibly 
amorphous Al(OH)3) into more crystalline gibbsite does not seem to be 
associated with any release of As, Cu and Ni, whose dissolved concen-
trations remained below their quantification limits throughout this 
process until the end of the experiments at pH 7. 

Our results in the experiments at pH c. 4 and 7 are in agreement with 
earlier studies. Lee et al. (2002) found that more than 90% of the Cu and 
Ni were removed by aluminum amorphous precipitates (AlOHSO4 and 
basaluminite) between pH 4 and 6. During neutralization experiments 
involving AMD from the Snake River, Colorado, white Al precipitates 
that were proposed to be Al oxyhydroxysulfates and Al(OH)3 were 
shown to sorb divalent metal cations (Munk et al., 2002). At pH 4.8, 75% 
of the original Cu was sorbed, and only 18% of the Ni was sorbed. In the 
same study, Cu and Ni were reported to be completely sorbed at pH 

Fig. 3. Speciation of dissolved (a) As, (b) Cu and (c) Ni, expressed as the percentage with respect to total activity calculated by PHREEQC for the experiments under 
the three target pH conditions studied in this work (c. pH 4, 7 and 10). Only the species representing more than 10% of the activity for each studied trace element are 
displayed in the plots. 
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values of 6.4 and 6.7, respectively. Simón et al. (2005) demonstrated 
that Al oxyhydroxysulfates were involved in removing As and Cu 
(among other elements) from pH 3.5–6.5 solutions generated by the 
oxidation of pyrite tailings and reaction with limestone particles. 
Consistent results have recently been proposed by Robertson et al. 
(2016), who showed that Al oxyhydroxysulfates (proposed to contain 
some basaluminite) from uranium mill raffinate were able to uptake 
almost all of the As (between 2.78 and 341 mg/L) from pH 4 solutions. 
Sánchez-España and Reyes (2019) have also demonstrated that hydro-
basaluminite formed from neutralization of metal-rich mine waters 
takes up significant amounts of Cu (3.7–7.1 wt) and Ni (209–1821 ppm). 
Wanner et al. (2018) showed that As-bearing basaluminite also precip-
itated from an acidic (pH ~ 4) stream in Switzerland, and Carrero et al. 
(2017b) showed that synthetic basaluminite was effective in taking up 
As(V). 

For the experiments at pH 10, the net surface charge of precipitates 
(bayerite and nordstrandite) can reasonably assumed to be negative 
throughout the experiments. For dissolved As, the only relevant species 
according to speciation calculations is HAsO4

2− (Fig. 3a), which theo-
retically should not be attracted to the negatively charged precipitate 
surfaces. Since As dissolved concentrations are observed to decrease at 
the beginning of the experiments to values close to the quantification 
limit of 40 μg L− 1 (Fig. 2b), other processes different from surface- 
solution interactions seem to be responsible for the As uptake by 
aluminum precipitates. Solubility calculations do not cast much light on 
this observed behaviour due to the scarcity of thermodynamic data on 
As phases that could be of interest. Apart from the possible direct pre-
cipitation of small amounts of such hypothetical phases, the main other 
possibility to account for the observed As trends in the experiments at 
pH c.10 would be the incorporation of As to the lattice of the forming 
aluminum hydroxides and then its progressive release with aging as they 
become structurally more ordered. This would explain the observed 
initial decrease in As dissolved concentrations and then its release 
during the rest of the experiment (Fig. 2b). This is confirmed by the work 
of Masue et al. (2007), who observed low amounts of As(V) adsorption 
to 1:1 and 1:0 Al:Fe hydroxides, and attributed this to low numbers of 
surface sorption sites on bayerite and gibbsite due to Al3+ being fully 
coordinated to OH− groups on the surface and therefore unavailable for 
bonding. According to this, the ageing of the likely less crystalline initial 
Al(OH)3 to more crystalline bayerite or nordstrandite in our experiments 
would result in lower availability of surface Al3+ for bonding with the 
HAsO4

2− , and release of the As (Fig. 2b). 
In the case of Ni, the simplest explanation would be the precipitation 

of this element as Ni(OH)2, which seems to be thermodynamically fav-
oured according to solubility calculations (Table S13). Apart from this 
and according to speciation calculations, most of the dissolved Ni is 
present as neutral species (Ni(OH)2 and NiSO4), with around a 10% 
present as the cationic species Ni2+ (Fig. 3c). The uptake of all these 
species could also account for the observed decrease of Ni concentra-
tions to values below the quantification limit throughout the entire ex-
periments at pH c.10. 

Finally, Cu concentrations were below the quantification limit dur-
ing the whole of the experimental runs. This behaviour could be due to 
both the uptake of the neutral Cu(OH)2 species (the only relevant one at 
this pH; Fig. 3b) by surface processes or to the coprecipitation of Cu with 
the forming aluminum hydroxides. In contrast to Ni, solubility calcula-
tion results for Cu do not support the direct precipitation of any mineral 
of this element included in the thermodynamic database, although the 
saturation indices for Cu(OH)2 have low negative values (Table S13). 

4. Conclusions 

The aim of this study was to determine to what extent As, Cu and Ni 
were taken up by Al oxyhydroxysulfates and hydroxides in acidic to 
alkaline mine drainage analogue solutions, and how ageing over 12 
months affected the mineralogy of the Al phases and the retention of 

their incorporated trace elements. At pH 4, only As was taken up by the 
initially-formed basaluminite, and this was mostly retained by the 
basaluminite and alunite that remained at the end of the 12 months. At 
pH 7, As, Cu and Ni were all taken up by the initially-formed basalu-
minite, and all were retained over the 12 months as the mineral 
recrystallised to gibbsite. At pH 10, all three trace elements were taken 
up initially by the bayerite/nordstrandite. Copper and Ni were retained 
in the solid phase as the minerals recrystallised, but As was progressively 
released to solution over the 12 months of ageing. 

The mineralogical transformation results agree with previous studies 
on the evolution of Al oxyhydroxysulfates and hydroxides, but provide 
new insights into the timescales of changes and on the impact of 
incorporated trace elements on these changes. The study has demon-
strated significant differences in As, Cu and Ni behaviour with pH and 
mineralogy, which are in turn attributed to trace element speciation and 
mineral surface charge. To better understand the impact of mining on 
the environment, further work is required to understand the behaviour 
of these and other common mine waste contaminants (e.g., Pb, Sb, Zn) in 
Al-, S- and O-bearing natural and synthetic systems. 
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