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Remediation potential of mining,
agro-industrial, and urban wastes
against acid mine drainage
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Acid mine drainage (AMD) poses serious consequences for human health and ecosystems. Novel
strategies for its treatment involve the use of wastes. This paper evaluates the remediation
potential of wastes from urban, mining and agro-industrial activities to address acidity and high
concentrations of potentially toxic elements (PTE) in AMD. Samples of these waste products were
spiked with an artificially prepared AMD, then pH, electrical conductivity (EC), and PTE concentrations
in the leachates were measured. The artificial AMD obtained through oxidation of Aznalcdllar’s
tailing showed an ultra-acid character (pH - 2.89 + 0.03) and extreme high electrical conductivity
(EC-3.76 £0.14 dS m™). Moreover, most PTE were above maximum regulatory levels in natural
and irrigation waters. Wastes studied had a very high acid neutralising capacity, as well as a strong
capacity to immobilise PTE. Inorganic wastes, together with vermicompost from pruning, reduced
most PTE concentrations by over 95%, while organic wastes retained between 50 and 95%. Thus,

a wide range of urban, mining, and agro-industrial wastes have a high potential to be used in the
treatment of AMD. This study provides valuable input for the development of new eco-technologies
based on the combination of wastes (eg. Technosols, permeable reactive barriers) to remediate
degraded environments.

Mining is a crucial industry worldwide because of its economic and social relevance, as it supplies a large number
of important resources. In recent decades, the number of operating mines has increased significantly due to the
need for strategic elements (e.g., critical metals, rare earth elements, platinum-group elements, technology-
critical elements), raising health and environmental concerns'~. Sulfides are the main supplier of a broad range
of metal(loid)s, that can be considered as potentially toxic elements (PTE), and their exploitation is one of the
world’s most important mining activities*. The exposure of these sulfides (pyrite ore [FeS,] mainly), or their
wastes, to oxidising and rainfall conditions leads to the generation of acid mine drainage (AMD), which is com-
monly associated with serious environmental problems worldwide’; particularly, in abandoned or active mines
without legal concessions (i.e., extraction areas without environmental management of drainage and wastes).
Acid mine drainage is problematic because of its scale, both in space and time, as it can affect both mining
areas and their surroundings over large kilometres for decades or centuries®. Furthermore, AMD poses serious
consequences for human health (e.g., nervous system damage, cancers, mental retardation in children) and the
ecosystems (e.g., groundwater pollution, phytotoxicity and inhibition of photosynthesis, fish mortality)’°. A
good example of this concern can be found in the Iberian Pyrite Belt (Southeast Portugal and Southwest Spain),
one of the largest massive sulfide reserves in the world, where large-scale mining activities date back to the nine-
teenth century and earliest activities to the 3™ millennium BC'!. In this region, AMD is a legacy of abandoned
mines and associated tailing dumps, including enormous sulfide-bearing waste rock piles, tailings, and flooded
pits, as well as waste produced by operating mines!*>!"*. Thus, this region constitutes a potential source of AMD
pollution (Fig. S1) and is representative of other sulfide mines located all around the world.The discharge of
untreated AMD exerts negative effects on environment. In aquatic ecosystems, it is responsible for the entry of
PTE into these media, the alteration of water chemistry and nutrient cycles, the decrease in the amount of oxygen
available to organisms, and the precipitation of metals (Fe and Al hydroxides), among others. In general, water
quality is affected, causing direct toxicity to organisms and rendering it unsuitable for domestic, agricultural
and industrial uses”!*!>. In terrestrial ecosystems, the untreated discharge of AMD can lead to soil pollution,
and consequently, accelerates biodiversity loss and soil degradation’. Moreover, AMD generated both in active
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and abandoned mining areas, can have several health impacts on environment and living organisms (including
humans) by polluting surface water, groundwater and agricultural soils®.

Many technological solutions exist for the treatment of AMD involving chemical, physical and/or biological
processes (e.g., oxidation, (bio)reduction, (bio)sorption, ion exchange, complexation, precipitation, dilution,
alkaline generation)>®*!6!”. But these techniques are often costly (even unaffordable) and limited in field condi-
tions and over time, even compromising the economic viability of entire mining projects, as their development
demands relatively large capital investment on material handling, equipment and/or maintenance>''%", Thus,
it is necessary to advance AMD remediation strategies that lead to improved, cost-effective, and environmentally
friendly methods®. Recently, promising methods have focused on the use of low-cost amendments; for example,
employing wastes from several human activities, to tackle the negative impacts of AMD and connect with the
circular economy strategy?~* In this sense, some research has explored the use of materials at the end-of-life-
cycle from different sectors to control and treat AMD. For instance, wastes from steelmaking processes (slag
materials) and gas treatment at a thermal power plant (fly ash and gypsum) had removed inorganic PTE (As,
Hg, Pb, Zn, Cd, Cu and Ni) from AMD at the abandoned “La Soterrafia” mercury mine (Asturias, Spain)®.
Another example was the use of alkaline waste material from an alumina refining industry (“Bayer liquor” and
precipitates formed by the seawater neutralization of this “Bayer liquor”) as an alternative to neutralise AMD
from the Mount Morgan mine (Queensland, Australia), since they significantly buffer the acid pH and reduce
Al, Cu, Fe, Zn and Ni levels!8.

The unsustainable amount of waste generated today is also a main concern. For example, in 2018, a total of
2377 M tonnes of waste was generated in EU by all economic activities and households, of which, mining and
quarrying activities, together with wastewater treatment, agriculture, forestry and fishing, and households con-
tributed almost 46%?2*. In 2022, the world’s cities were estimated to generate 2240 M tonnes of municipal solid
waste (MSW)?, with differences between geographical areas (in kg yr~* ca™!; 800 in USA?, 657 in Australia?’,
505 in EU?, 368 in Brazil®, 277 in China®, and 168 in India*'). The mining waste amounts are even higher in
mass than those of MSW. The estimated global generation of solid wastes from mineral and metal production
is over 100,000 M tonnes per year?’.In Europe, 636 M tonnes of mining and quarrying wastes were generated
in 2018 (25% of all waste produced in the EU)*'. Agro-industry, also essential in the primary sector, generates
140,000 M tonnes of waste each year: mainly maize stalks, straw, sugarcane leavings, bagasse, manure from cattle,
poultry, and pigs, forestry residues, and garden pruning*?. The main global crops (wheat, maize, rice, soybean,
barley, rapeseed, sugarcane and sugar beet) produced generates almost 3300 M tonnes waste, where China, USA,
India and Europe are among the biggest producers (with 716, 682, 605, and 580 M tonnes, respectively)*. Other
example comes from our study area, Andalusia (Southeast Spain), where the production of olive oil creates 6 M
tonnes of waste every year®. So, there is an urgent need for waste policies to move towards approaches that
contribute to the circular economy by extracting high quality resources from waste as far as possible.

Most of the literature published to date on eco-technologies to remediate AMD based on the use of end-of-life
materials focused on industrial and mining waste but little attention has been paid to the use of other materi-
als coming from different activities such as agro-industrial or urban wastes. Here, we evaluate the remediation
potential of a wide range of inorganic and organic wastes coming from a large variety of human activities to
cope against acidity and PTE concentrations of AMD. In particular, the aim of this study is to evaluate the acid
neutralisation capacity and the removal effectiveness of PTE present in an acid mine drainage (AMD) of ten
different inorganic and organic waste materials, involving the main waste-generating activities (urban, mining
and agro-industrial activities), to contribute to the implementation of new eco-technologies for the treatment
of AMD in a circular economy scenario.

Material and methods

Waste characterization. In this study, a total of 10 waste materials (4 inorganics and 6 organics) available
in the case study region (Southeast Spain) have been selected, since the proximity of these materials is a key
factor in the cost effectiveness of the remediation treatments applied (Fig. 1). These waste materials come from
common activities all over the world in urban, mining and agro-industrial environments and are thus assumed
to be readily available in other regions affected by AMD. Inorganic wastes are of mining origin and included the
following: (i) dry sludges rich in iron oxyhydroxides (10), (ii) dry sludges from the cutting and polishing of mar-
ble (MS), (iii) carbonated wastes from a peat bog mining (CW), and (iv) gypsum mining spoils (GS). Organic
wastes come from both urban and agro-industrial activities. Those of urban origin are: (i) composted sewage
sludges (WS), (ii) bio-stabilised material from a municipal solid waste plant (BM), and iii) vermicompost pro-
duced from pruning and gardening (VC); those of agro-industrial origin are: (i) and (ii) two different composted
solid olive-mill by-products (OW: one irrigated with drinking water, OL: another irrigated with a liquid waste
product of the olive-mill), and iii) compost of agricultural greenhouse plant waste (GW).

Main physicochemical parameters of the waste materials were analysed in triplicate in ground and homog-
enised samples: pH in a water extract (1:2.5 m:V) with a 914 pH/conductivity-meter Metrohm (Metrohm AG,
Herisau, Switzerland); electrical conductivity (EC) in a water extract (1:5 m:V) using an Eutech CON700 con-
ductivity-meter (Oakton Instruments, Vernon-Hills, IL, USA); organic carbon content (OC) by wet oxidation®;
calcium carbonate content (CaCO3) by volumetric gases using a modified Bernard calcimeter; exchangeable
bases (Ca, Mg, Na, K) were determined after saturation with ammonium acetate (pH 7) and cation exchange
capacity (CEC) after saturation with sodium acetate (pH 8.2) according to the extraction method*” and measured
by atomic absorption spectroscopy using a VARIAN SpectrAA 220FS (Varian Associates, Palo Alto, Califor-
nia, USA); total nitrogen (Ny) and carbon (Cr) were analysed by dry combustion using an elemental analyser
LECO TruSpec CN (LECO Corporation, St. Joshep, MI, USA); and assimilable phosphorus concentration (P,)
by extraction with 0.5 M NaHCO, (pH 8.5) and subsequent evaluation by colorimetry in Spectronic Helios y
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Figure 1. Location of waste production sites in Southeast Spain. This satellite imagery was generated using
QGIS 3.20 Odense software (https://www.qgis.org/es/site/index.html) and orthophotography provided by
OpenStreetMap (https://www.openstreetmap.org/#map=6/40.007/-2.488).

UV-vis spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) using a solution of ammonium
molybdate and ascorbic acid®®. Furthermore, heterotrophic respiration was measured by determining the CO,
flux from waste material with a microbiological analyser u-Trac 4200 SY-LAB model (SY-LAB Gerdte GmbH,
Neupurkersdorf, Austria) according to ISO 17,155* and the results were expressed as the basal respiration rate
(BR) in pg CO, day™" kg soil™.

Total concentrations of PTE (As, Cd, Co, Cr, Cu, Fe, Ni, Pb, Sb, V, and Zn) were analysed in triplicate by
inductively coupled plasma optical emission spectrometry (ICP-OES) in a spectrometer PerkinElmer Avio 500
(PerkinElmer, Inc., Waltham, MA, USA) after acid digestion (HNO;+HF 3:1 V:V for inorganic wastes and
HNO;+H,0, 1:1 V:V for organic wastes) in a Mars XP1500 Plus microwave (CEM Corporation, Matthews, CN,
USA). The precision and accuracy of this method were assessed by measurement (three replicates) of a certified
reference material (CRM BCR-482 EC-JRC-IRMM, Geel, Belgium). For all elements of interest, measured values
were within the prediction interval of the certified value.

Preparation of acid mine drainage. An artificial AMD was prepared in the laboratory following a
method-based on the oxidation of pyritic tailings with hydrogen peroxide (H,0,)*. In detail, this pollutant
solution used as AMD was prepared by progressive addition of 1 L H,0, (33%) + 1 L H,O to 42.85 g of pyrite
tailing and after three days, the solution was extracted by discarding the precipitated sediment, and then pH and
EC (2.89 and 3.76 dS m™, respectively) were measured. The pyrite tailing used comes from the Aznalcéllar mine
(Seville, Spain), and belongs to the 0.9 x 10° m? of toxic tailings discharged into the Agrio and Guadiamar river
basin, in one of the biggest mining accidents in Europe, the Aznalcéllar’s environmental disaster in 199844,
The PTE concentrations in the toxic tailings immediately after the accident (Table S1) were measured in previ-
ous studies*>*,

Acid mine drainage treatment using waste materials. All waste materials were spiked with the acid
mine drainage (AMD) prepared from the oxidation of pyritic tailings. This experience was made by the addition
of 50 mL of AMD to 10 g of each waste material in triplicate to check the first impact of the AMD on different
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waste materials. Afterward, they were stirred for 24 h and filtered (Filter-Lab n°1250, pore size: 10-13 pm),
separating the waste material (solid phase) from the leachate (liquid phase). In the leachate, which is the AMD
treated, pH(;) and EC(;, were measured with a pH/conductivity-meter 914 Metrohm (Metrohm AG, Herisau,
Switzerland) and an Eutech CON700 conductivity-meter (Oakton Instruments, Vernon-Hills, IL, Waltham, MA,
USA), respectively, and PTE concentrations in solution were determined by inductively coupled plasma optical
mass spectrometry (ICP-MS) in a spectrometer PerkinElmer NexION 300D (PerkinElmer, Inc., Waltham, MA,
USA). The precision and accuracy of this method were assessed by measurement (three replicates) of a certi-
fied reference material (CRM BCR-482 EC-JRC-IRMM, Geel, Belgium). For all elements of interest, measured
values were within the prediction interval of the certified value.

Statistical analysis. A preliminary analysis of descriptive statistics was made. Non-parametric Kruskal-
Wallis and Dunn tests (p <0.05) for the analysis of mean comparison in the waste materials characterisation
were chosen due to the sample size®. To analyse the results of the treatment of AMD by wastes, normality was
checked with the Shapiro-Wilk test and homoscedasticity with the Levene test. As none of these conditions
were met, even after transforming the variables, non-parametric Kruskal-Wallis and Dunn tests (p <0.05) for
multiple comparisons were applied. Furthermore, to analyse the influence of waste properties on their capacity
of acid neutralisation and removal of PTE in polluted waters, significant bivariate Spearman’s correlations were
also performed. All analyses were made with a confidence level of 95% by using RStudio software (RStudio Inc.,
250 Northern Ave, Boston).

Ethical approval. This study did not use any kind of human participants or human data, which require any
kind of ethical approval or consent to participate.

Consent to publish.  Our study did not use any kind of individual data such as video and images.

Results

Characterisation of waste materials and acid mine drainage. All inorganic wastes were character-
ised by neutral to moderately alkaline pH (7.3-8.3), low organic carbon content (<1.3% OC), low total nitro-
gen concentration (<0.1% Ny), and moderate to low cation-exchange capacity (CEC< 15 cmol* kg™') (Table 1).
However, they were different in terms of other properties. Dry sludge rich in iron oxyhydroxides (I0) was domi-
nated by iron (Fe;~87%), had moderate to low carbonation (~13% CaCOs) and very low EC (<0.04 dS m™).
Dry marble sludge (MS) and carbonated waste (CW) had low values in total iron (<0.3%), very high CaCO;
content (>90%) and very high EC (>1 dS m™). Gypsum spoil (GS) had moderate to low values in total iron
(~1%), moderately high CaCO; content (~23%) and very high EC (>2.9 dS m™). The only inorganic waste that
showed an assimilable phosphorus content (P, ~470 mg kg') above detection limits was CW.

Organic wastes showed significant differences in relation to the inorganic ones, mainly by the higher content
in OC, CEC, exchangeable bases, total N, and available P (Table 1). Otherwise, differences between the organic
wastes were also important. Organic carbon ranged between 10.5% in vermicompost from gardening (VC) and
28% in bio-stabilised material of municipal solid waste (BM) and composted solid olive-mill irrigated with olive
leachate (OL); CEC varied between 36 cmol* kg™ in VC and 91 cmol* kg™ in OL; N was between 0.6% in VC
and 3.1% in composted sewage sludge (WS); and P, ranged between 134 mg kg™' in BM and 403 mg kg! in
compost of agricultural greenhouse (GW). For the other properties, no significant differences were observed with
respect to the inorganic wastes, although among the organic wastes there were. In this way, pH ranged from 6.5
in BM and 9.5 in GW; EC was low for VC (<0.4 dS m™), very high for composted solid olive-mill irrigated with
water (OW) and OL (2-4 dS m™), and extremely high (>7 dS m™) for the rest; and CaCO; was also detected
in all cases, ranging from 7.7% in BM to 24.9% in VC. Basal respiration (BR) presented a wide range of values
without significant differences between inorganic and organic wastes, with maximum of 124 ug CO, day™' kg™!
in CW and minimum of 14 in WS pg CO, day ' kg™".

Total concentrations of PTE showed significant differences among wastes (Table 2). However, in general,
between organic and inorganic wastes there were no clear differences, although the concentrations of Cr, Cu,
Ni, and Zn were usually higher in organic wastes than in inorganic ones. Within the inorganics, I0 and GS had
the highest concentrations of most PTE, especially IO with concentrations of As, Pb, and Sb close to 24, 29, and
21 mg kg™!, respectively. Otherwise, MS presented very low concentrations for As, Pb, V, and Zn; while CW
showed very low concentrations for Co, Cr, Ni, Sb, and V. The organic wastes presented low concentrations of
As, Cd, Co, and Sb, with values below 5.3, 2, 5, and 0.4 mg kg™, respectively. Lead showed differences between
wastes, ranging between 2.4 mg kg™! in OW and 52.6 mg kg™ in BM; while V ranged between 12 mg kg™ in BM
and 27 mg kg™! in WS. The elements with higher concentrations in relation to inorganic wastes also presented
significant differences between organics; Cr ranged between 16 mgkg™ in OW and 45 mg kg™ in BM; Cu varied
between 25 mg kg™! in VC and 365 mg kg™! in GW; Ni was between 9.7 mg kg™! in OW and 21.5 mg kg™! in BM;
and Zn oscillated between 49 mg kg™! in OW and 517 mg kg™' in WS.

The artificial AMD prepared by oxidation of the Aznalcdllar’s toxic tailings discharged in the accident showed
both the typical ultra-acid character (pH;,_2.89 +0.03) and the extremely high EC;) (3.76 £0.14 dS m™). Moreo-
ver, most of the PTE were present in high concentrations in AMD (Table 3). Below 100 pg L™ were Ba, Be, In, Mo,
Sc, Th, T, U, V, and Y; between 100 and 500 pg L™! were Bi, Cd, Co, Cr, Ni, and Sn; between 500 and 1000 pg L!
were Pb and Sb; and above 1000 ug L™! were As, Cu, Mn, and Zn.

Acid mine drainage treatment using waste materials. All leachates obtained after waste treatment
showed a pHy;, close to slightly acidic-neutral values (6-7.25), although with statistically significant differences
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Waste | As Cd Co Cr Cu Ni Pb Sb v Zn

10 23.92+198d |0.03+0.02ab |3.82+052cd | 6.18+0.56ab | 580+0.28a | 6.96%0.61abc | 28.56+2.94c |20.85+090c |43.10+2.88d | 25.86+1.68a

MS 0.77+0.17a | 0.15+0.02abc |1.21+0.04ab | 535+0.18a 401+0.03a | 2.94+0.09ab | 2.44+035a [033+0.09a | 539+03lab| 545+0.80a

cw 1.51£0.37a | 0.26+0.04abc | 0.15£0.05a 231£047a | 1378+2.08a | 0.68+037a | 9.01+1L15b [0.13+033a | 2.58+044a | 22.50+1.89a

GS 4.14£025bc |0.04£0.05ab |8.22+1.84e | 1146+2.57ab | 1127£0.71a |14.92+338de | 323+134a |261+048b |2564£093c | 2347+5.19a

ws 526+176c |072£0.18bc |388+071cd |33.6149.35¢ |211.83+9.52¢ |2075£2.07e |39.79+515d |nd 2679+300¢ | 37 10FO7

BM 1.80+0.17ab |1.88+037d |237+035bc |4507+8.12d |13513+24.11b |21.51+452¢e |52.61+9.55¢ |031+0.10a |11.63+2.12b |339.71+68.83 ¢

vC 3.22+0.42abc| 0.19+0.04 abc |2.83+£036bcd |24.05£437bc | 25.13+2.60a |13.20+2.12¢cd |24.09+2.71¢ |nd 23.50+3.44 é56'08i24'23

ow 1.1840.39a | 0.09+0.04abc |3.89+0.72cd | 16.04%3.42 abc ]1)“'341 1422 1 9714191 bed| 24440472 |nd 20.40+352c | 48.77+9.04a

oL 2.40+0.73ab | 0.06+0.04ab [4.96+1.02d | 16.29+3.35 abc ]1)47'08126'73 1227+244cd | 3.54+0.84a |027+0.06a |2510+451c | 62.86+11.38a

Gw 420£174bc [092+085¢ | 267132bcd | 40.00+1623cd| 30730 12412498 cd 103320471 | nd 1249%549b | [900°213:5
Table 2. Total concentrations of potentially toxic elements (PTE) in waste materials (IO, MS, CW, GS, WS,
BM, VC, OW, OL, GW) expressed in mg kg!. IO—Dry sludge rich in iron oxyhydroxides, MS—Dry marble
sludge, CW—Carbonated waste of a peat exploitation, GS—Gypsum mining spoil, WS—Composted sewage
sludge, BM—Bio-stabilised material of municipal solid wastes, VC—Vermicompost from pruning and
gardening, OW—Composted solid olive-mill by-product irrigated with drinking water, OL—Composted solid
olive-mill by-product irrigated with leachates of the olive-mill, GW—Composted greenhouse plant waste.
Letters represent significant differences among waste materials (Kruskal-Wallis and Dunn tests, p <0.05).

Maximum admissible concentration in Maximum admissible concentration in
Maximum level natural water by Spanish | reclaimed water for irrigation by Spanish | reclaimed water for irrigation by USA

PTE | AMD concentration (ug L) | legislation' legislation® legislation®

As 2859.70+£270.16 50 100 100

Ba 34.27+9.83 - - -

Be 3.19+0.36 - 100 100

Bi 180.20+£10.98 - -

cd 452.02+5.82 - 10 10

Co 434.61£8.20 - 50 50

Cr 351.89+5.66 50 100 100

Cu 6238.22+67.11 120 200 200

In 31.56+0.38 - - -

Mn | 12,937.64+216.04 - 200 200

Mo 6.33£0.30 - 10 10

Ni 197.82+1.89 - 200 200

Pb 597.69+81.54 - - 5000

Sb 817.85+32.29 - - -

Sc 29.93+0.19 - - -

Sn 443.91+32.71 - - -

Th 8.25+1.43 - - -

Tl 25.00+2.19 - -

U 14.55+0.68 - -

v 54.92+9.45 - 100 100

Y 39.86+0.29 - - -

Zn 32,208.45+495.51 500 - 2000

Table 3. Potentially toxic elements (PTE) concentration (mean * st. dev) expressed in pug L™ in the acid mine
drainage (AMD) obtained from the oxidation of pyrite tailings of Aznalcdllar compared to regulatory levels.
1“Normas de calidad ambiental (NCA)”: Concentration of a chemical in water, sediment, or biota, which must
not be exceeded to protect human health and the environment set by Spanish legislation in Annex V of RD
817/2015%. 2Maximum admissible value (VMA): The highest level of a pollutant that is allowed in reclaimed
water used for irrigation established by the Spanish legislation*”. *Recommended water quality criteria for
irrigation: The highest level of a pollutant that is allowed in reclaimed water used for irrigation established by
the United States Environmental Protection Agency*®. PTE that exceed regulatory levels in bold,
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among wastes (Fig. 2a). Whereas changes in EC;, due to waste treatment were quite heterogenous among the
waste material used (EC;): 2-24 dS m™). Some of them (IO, MS, GS, and VC) reduced the EC, of the AMD;
however, other wastes cause a significant increase in EC.;) (GW, WS, BM, OW, and OL) between 2- and sixfold
the EC measured in the AMD (Fig. 2b). Most PTE concentrations in the soluble fraction decreased significantly
after waste treatments, although with large differences in removal effectiveness between organic and inorganic
wastes (Table S2). Inorganic wastes showed a higher removal effectiveness of PTE than organic wastes, excluding
VC which had similar removal rates to inorganic ones (Table 4). For the main PTE (As, Cd, Cr, Cu, Pb, Sb, and
Zn), the retention rate of all tested inorganic wastes (IO, MS, CW, GS) as well as VC was above 95% in most cases
and close to 100% for many of them. Thus, reducing the concentration of these elements to values below the
regulatory levels in most cases. Similarly, the retention rate of other uncommon PTE such as In, Sc, Sn, Th, T1,
V and Y had also been outstanding, almost 100% in all inorganic wastes and VC. Furthermore, there were other
less significant PTE for which the variability in retention rate is very high, such as Ba, Be, Bi, Co, Mn, Mo, Nij,
and U. Among the inorganic wastes, dry sludge rich in iron oxyhydroxides (I0) had the highest capacity to retain
PTE, followed by wastes with a high calcium carbonate content (MS: dry marble sludge, CW: carbonated waste
from a peat exploitation). The gypsum spoil (GS) was not effective for Ba, Co, Mn, Mo, and Ni retention, but for
other PTE it was as affective as the other inorganic wastes. On the other hand, most organic wastes demonstrated
an overall good removal effectivity for these PTE, although lower than for inorganic wastes with the exception
of VC. The wastes with lowest retention capacity for most PTE were BM and GW.

Discussion

Physical, chemical, and biological characteristics of the waste materials reflect considerable differences in their
composition. There are wastes with a strong carbonate character (CW and MS), others that are highly organic
(VC, GW, OL, WS, OW, and BM), and also waste with high iron oxyhydroxide content (IO). These characteristics
are selected by their important role in the immobilisation of PTE and the acid neutralisation**-'. For example,
organic matter has a high affinity for some PTE because of the presence of ligands or functional groups™, in this
order: Cu?* >Hg?" >Cd*" >Fe* >Pb* >Ni** >Co?* >Mn?*" >Zn*" >As*" >As*** Thus, organic matter
together with total humic extract and humic and fulvic acids provide an important content of reactive colloidal
fractions that allow the complexation of the different chemical forms of PTE*>*°. Carbonates also exert a strong
control over pH, which is considered a key property in controlling the immobilisation of most PTE because of
its influence on the electrical charge of colloidal components™. In addition, it is a key component to neutralise
acid solutions®. Likewise, iron oxyhydroxides content is another constituent to consider for the retention of
some PTE, especially As, for which they exert a strong control on speciation and bioavailability®®*. In fact, the
results of AMD treatment test indicate that many of the wastes tested show considerable acid neutralisation and
PTE immobilisation capacity.

The concentration of most PTE in AMD was very high, exceeding the guideline values established by dif-
ferent legislations for As, Cd, Co, Cr, Cu, Mn, and Zn: (i) environmental quality standard for surface water in
Spain“; (ii) legal regime for the reuse of treated water for irrigation in Spain*” and (iii) guidelines for water reuse
in the USA*. The highest concentrations were found for As, Cd, Cu, and Zn, exceeding about 29-, 45-, 31-, and
16-fold the guideline values for reuse of treated water for irrigation according to Spanish legislation and United
States Environmental Protection Agency (US EPA)¥%; besides, other PTE such as Co, Cr, Cu, and Mn, were
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Figure 2. Variation of pH(j) and EC;, in leachates resulting after the treatment of acid mine drainage (AMD)
by the different waste materials. IO - Dry sludge rich in iron oxyhydroxides, MS — Dry marble sludge, CW
- Carbonated waste of a peat exploitation, GS — Gypsum mining spoil, WS - Composted sewage sludge,
BM - Bio-stabilised material of municipal solid wastes, VC — Vermicompost from pruning and gardening,
OW - Composted solid olive-mill by-product irrigated with drinking water, OL - Composted solid olive-
mill by-product irrigated with leachates of the olive-mill, GW - Composted greenhouse plant waste. Letters
represent significant differences among waste materials (Kruskal-Wallis and Dunn tests, p <0.05).
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Waste materials
PTE |IO MS Ccw GS WS BM vC ow OL GW
As 99.96+0.01e |99.53+0.27e |99.74+0.07¢ |99.87+0.04e |69.56+6.98b |46.95+3.49a |99.67+0.01e |88.13+3.68d |81.72+3.04cd | 77.20+2.92 bc
Ba - 40.27+4.17b z‘;'sl +3649 0.09+9.27 a - - - - - -
Be 100.00+0.00 e | 99.95+0.09¢ | 100.00+0.00e | 99.63+0.18¢ | 90.80+2.04d |70.53+2.32b |99.74+0.45e |80.77+4.47c 62.80+4.60a |80.46+1.92c
Bi 99.55+0.24d | 96.82+1.43cd | 97.93+0.66d | 98.68+0.18d | 80.87+8.10b 70.54£2.20a |99.76+£0.05d | 88.79+2.27cd |92.16+0.14cd | 97.33+0.49d
Cd 98.91+0.04 ef | 99.28+0.02ef | 99.68+0.02f. | 95.82+0.51¢ |97.44+0.30d | 7512+0.73a 98.54+0.07 df | 98.26+0.29 de | 94.85+0.30 ¢ 89.65+0.72 b
Co 98.80+0.02f. | 64.25£0.69b |95.49+0.22f. | 38.20+6.54a |8357+0.84cd |39.48+2.45a |95.17+0.59f. | 93.35+0.33¢f | 86.96+0.47de | 79.95+2.37 ¢
Cr 100.00+0.00 b | 100.00+0.00 b | 100.00+£0.00b | 100.00+£0.00b | 83.52+2.65 b 16.57+4.36a |100.00+0.00b | 87.72+3.60b |85.88+1.63b |-
Cu 99.93+0.01e |99.46+0.03e |98.45+0.01e |99.56+0.05e¢ |92.49+0.38¢c 67.12+£0.90a |99.82+0.01e |95.73+0.48d | 90.04+0.60c |78.79+2.42b
In 100.00+0.00d | 99.94+0.07d | 100.00+0.00d | 100.00+£0.00d | 91.86+1.65ab | 91.39+0.31a | 100.00+0.00d | 94.38+1.61 ¢ 93.81+£0.58 bc | 92.73+0.84 abc
Mn 98.02+0.16b | 78.43+0.30 a 94.28+0.30 b - 73.12x11.73a | - 71.64+2.50 a 75.19+0.67 a 70.43+1.03a |69.54+2.83a
Mo 3.45+81.16a | 73.25+2.85b - - - - - - - -
Ni 85.30+0.16 e 62.98+0.76 ¢ 74.74+0.54d - 19.98+17.38a | - 8742+1.24 e 69.88+0.94cd |47.79+1.65b | 47.76+6.51b
Pb 100.00+0.00 ¢ | 99.97+0.05¢ | 100.00+£0.00 ¢ | 100.00+£0.00c | 93.19+4.65b |82.18+1.30a |99.93+0.01¢c |9451+1.83b |90.90+1.46b |91.41+1.38b
Sb 99.33+0.03d | 98.55+0.06d |98.13+0.10d | 98.27+0.14d | 62.07£6.33b |40.90+3.51a |98.27+0.12d |8524+2.59¢ 84.31£0.30c |8530+191c
Sc 91.83+0.09d |97.35+0.43d |95.55+0.13d |95.68+0.21d |77.58+4.79¢ 50.15+2.12a |90.34+0.76d |67.70+5.87b 71.76 £1.01 bc | 78.65+2.47 ¢
Sn 100.00+0.00 ¢ | 99.38+0.54c | 100.00£0.00 ¢ | 100.00+0.00 ¢ | 43.34+22.57a | - 99.70+0.42¢c |83.22+4.71b |87.11+0.91b |90.10+2.49b
Th 98.95+0.51d |95.88+0.92d |95.51+1.03d |97.33+0.28d | 61.90+8.95¢ 16.58+2.04a |99.03£0.21d |56.40+7.41c 51.68+1.85bc | 43.92+5.20b
Tl 95.86+0.03f. | 60.10+£0.77 a 91.47+0.16 ef | 85.72+1.47 ¢ 90.98+2.91de | 75.13+0.68b | 91.70+0.02¢f | 86.42+0.28cd | 83.24+0.72¢ |78.07+3.96b
U 80.20+1.00 b 94.28+0.17 ¢ - 91.96+1.02 ¢ 66.31+7.12a 79.39£0.94b | 94.28+1.37¢ 74.45+1.54ab | 71.68+0.74a |-
\Y% 100.00+0.00 b | 100.00+£0.00 b | 100.00+£0.00b | 100.00+£0.00b | - - 100.00+£0.00b | 22.11+20.57a | - -
Y 99.93+0.11d | 99.92+0.06d | 99.87+0.22d |99.83+0.08d | 79.26+10.56¢ |34.75+2.33a |99.67+0.06d |81.85+3.88¢ 59.57+2.14b | 71.51+0.99 ¢
Zn 99.22+0.05 ef | 93.63+0.13cd | 99.86+0.01 f. | 92.87+0.64bc |95.17+0.83d | 64.01+1.57a 97.92+0.19¢ |97.96+0.39 ef | 95.09+0.36d | 91.09+0.74 b

Table 4. Retention effectiveness of potentially toxic elements (PTE) of the inorganic and organic wastes
expressed in %. IO—Dry sludge rich in iron oxyhydroxides, MS—Dry marble sludge, CW—Carbonated

waste of a peat exploitation, GS—Gypsum mining spoil, WS—Composted sewage sludge, BM—Bio-stabilised
material of municipal solid wastes, VC—Vermicompost from pruning and gardening, OW—Composted solid
olive-mill by-product irrigated with drinking water, OL—Composted solid olive-mill by-product irrigated with
leachates of the olive-mill, GW—Composted greenhouse plant waste. Letters represent significant differences
among different waste materials for a same element (Kruskal-Wallis and Dunn tests, p <0.05). Very high
retention >95% (bold), High retention >50% (italic), Low retention < 50% (bold italic), No retention (-).

also considered relevant in relation to their high concentrations also exceeding these regulatory levels. Other
elements like Pb, Sb, and Tl presented potentially concerning concentrations, although their guideline values are
not included in the previous references. In addition, most of the PTE in this acid mine drainage were at much
higher concentrations than those found in the acidic water discharged in the Aznalcéllar mine accident®, as
well as the concentrations in AMD generated in metal mines in Australia® or in other mining areas around the
world®. Thus, the results in this study can be extrapolated to most acid mine waters treatment situations around
the world; moreover, the use of the wastes tested in this study to treat real AMD worldwide would most likely
produce a better quality treated water than that achieved for the artificial AMD used in this study.

The treatment of AMD with wastes has been effective in neutralising the acidity in all cases. The pH in
treated water increases from pH <3 to values above 6 and close to neutrality depending on the waste used. In
this sense, although the role of carbonates in the neutralisation of acid mine drainage has already been widely
demonstrated®"%2, no statistical correlation was found between pH in leachate (pH;)) and the CaCO; concentra-
tion in the different wastes (Table S3). Nevertheless, carbonates are not the only buffering components controlling
pH; there are other constituents in the wastes (e.g., organic matter, exchange bases, Fe and Al oxides, silicates)
with relevant influence in this process capacity®>®*. Likewise, the concentrations of several PTE in AMD after
treatment with wastes have been significantly reduced. Indeed, the removal efficiencies of PTE obtained with
these wastes have been much higher than those achieved in other studies**®. Among the wastes used, inorganic
wastes were much more effective in retaining PTE than organic ones. The decreasing order of effectiveness was
as follows: IO>CW >MS>VC>GS>OW >OL>WS>GW >BM; where wastes rich in iron oxyhydroxides and
carbonates are more effective in the retention of PTE than wastes rich in organic matter. The removal rates for
wastes dominated by carbonates (CW and MS) or iron oxyhydroxides (I0) are above 95% for most PTE present
in AMD, while for organic wastes the removal rate was below 95% in most cases, with values as low as 15% in the
case of bio-stabilised material of municipal solid wastes (BM). In other studies, for similar wastes the removal
rates achieved were similar or even lower. For example, water filters partly made of iron-rich materials achieved
removal rates of 50% for As®. However, other studies that also explore As retention capacity of water filters with
iron oxide-rich materials reached rates of 90%%” and 99%. The latter study concerned not only filters made from
iron-rich waste, but also marble slurry filters for which As removal rate is 95%°. Furthermore, the success of
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these materials is not limited to As; for example, along with near 100% As retention in groundwater affected by
an abandoned gold mine when treated with various mixtures composed of organic carbon, zero-valent iron and
limestone, a strong decrease in the concentration of Al, Cd, Co, Cu and Ni has been demonstrated®; although
the concentrations of these elements in the groundwaters are much lower than in our study. On the other hand,
although less studied, the capacity of some organic wastes has also been assessed; for example, it has been
reported a 70% reduction of some PTE (Al As, Cd, Cu, Fe, Ni, Mn, Pb, and Zn) present in sulfide mine leachates
by the addition of aqueous organic wastes from domestic wastewater'®. Agricultural wastes have also been used
to remove pollutants; for example, solid-olive mill by-products have a great capacity to remove Cr, Mn, Cu, Zn,
Ni, and Pb from mining wastewater”. Similarly, there is an extensive list of agricultural waste (agave, bananas,
wheat, rice, citrus fruits) that have been used for the immobilisation of different PTE (Cd, Pb, Zn) with uncertain
results”". Particularly noteworthy is the case of vermicompost (VC), which shows retention rates of PTE close to
those of carbonated and iron-rich wastes. This may be due to the higher content of calcium carbonate and total
iron compared to other organic wastes, and, to a lesser extent, its considerable high OC content. In this sense,
vermicompost can be a very effective material for the treatment of AMD. A similar study for the treatment of
AMD?* using vermicompost and other agricultural by-products (sheep, cow, and rabbit manure) reported reten-
tion rates of 90% for As, Cd, Cu, and Zn in AMD. Similarly, gypsum spoil (GS) also has a high retention capacity
for PTE similar to that of the other inorganic wastes, although for some, such as Ni and Co, was very low. The
high retention capacity of GS is related to high CaCO; and FeT contents.

Equally, it should not be overlooked that the content of PTE in some wastes may pose a potential risk. In
relation to the initial concentration of PTE in the wastes, sludge rich in iron oxyhydroxide and gypsum spoil
presented slightly high concentrations of As, Pb and Sb. However, they do not exceed the guideline values to
declare a soil polluted according to the regional regulations” or the maximum levels that a compound must have
in order to be used as a fertiliser product in Spain*. The rest of the inorganic wastes have low concentrations of
most PTE. The same applies to organic wastes, although some of them show high concentrations of certain PTE
(Cr, Cu, V and Zn), they do not exceed the guideline values. In particular, the organic wastes with the highest
concentrations are compost from greenhouse waste (GW), composted sewage sludge (WS), and bio-stabilised
material from municipal solid waste treatment (BM); which are also the wastes with lowest retention capacity.
The presence of PTE in waste related to urban activities is common’>7¢, although in our case they do not exceed
the guidelines values and, therefore, pose a low risk of PTE pollution. Anyway, concern should be raised about
their use due to the very high salinity reflected in their high EC values. In fact, most of the organic wastes except
vermicompost cause an increase in EC in the leachates resulting from the treatment with respect to AMD.

The main PTE (As, Cd, Cr, Cu, Pb, and Zn) have been successfully removed (close to 100%) from AMD by
waste treatment. Especially inorganic wastes and vermicompost have the highest capacity, leaving the concentra-
tions of most of them in the treated water below the regulatory levels for irrigation and surface water in Spain*—%.
In contrast, in the treatment with the organic wastes, although significantly reduced the PTE concentrations, the
values were above the regulatory levels in most cases. However, the retention of other less studied PTE such as In,
Sc, Sn, Th, T1, V and Y is also remarkable. Promising results are obtained for specific elements, as in the case of V,
where previous studies with commercial iron products and a ferric residue from groundwater treatment obtained
85% of removal of this element from mining water’’, compared to values close to 100% removal in our study for
inorganic and vermicompost wastes. Thallium is another highly toxic element and quite understudied’®; and
the treatment and removal in wastewater is one of the major challenges in the coming years”. In our study, the
removal rate of Tl in AMD is above 75% for all wastes analysed and for some wastes such as IO, CW, WS and VC
above 90%, whereas in other studies included in’%, the reduction of Tl in wastewaters after treatment with lime is
between 21 and 49%. Antimony is also considered a concern element due to the potential toxicity in surface and
groundwater; and the use of commercial coagulants such as iron salts have proven to be effective in remediating
Sb-polluted waters; in this case, the ferric chloride coagulant presented removal rates higher than 80% across
a broad pH range®. The efficiency of Sb removal from AMD in our study is higher than 95% for inorganic and
vermicompost wastes, which shows the high potential application of the wastes that we have analysed.

Nowadays, the demand of many elements is projected to be high to achieve the energy transition and mining
is an essential activity which is reactivating. The production and availability of technology-critical elements is
also a current concern. In this scenario, the potential pollution and widespread of PTE into the environment is
predicted to rise in the short-term, together with the production of waste related to the different human activi-
ties. This study is in line with both problems (increased input of pollutants into the environment and increased
production of waste), so the promising results obtained may contribute to the environmental protection and
human safety.

Conclusions

This study tests the effectiveness of various wastes as a potential treatment of acid mine drainage to promote mine
restoration and environmental protection by the sustainable management of urban, mining, and agro-industrial
wastes in a circular economy scenario. Our results conclude that the waste materials studied have a very high acid
neutralising capacity, as well as a strong capacity to retain potentially toxic elements. Inorganic wastes, together
with vermicompost from pruning and gardening, reduced by more than 95% the concentrations of most PTE
in a highly polluted simulated AMD, while organic wastes retain between 50 and 95%. The potential effective-
ness followed this order: I0>CW 2 MS2=VC>GS>OW>OL>WS>GW >BM. Thus, a wide range of mining,
urban, and agro-industrial wastes could be recovered for use in the treatment of AMD. The use of these wastes
as AMD treatment technique showed promising results to be applied in the decontamination of polluted waters
and as a control technique on tailing deposits to prevent the AMD generation. This study is the first step in the
development of green technologies based on the different combinations of wastes with contrasting characteristics,
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to create solution (e.g.: Technosols, permeable reactive barriers, etc.) with a higher capacity to retain a greater
variety of PTE and reduce acidity in polluted environments. The use of waste to remediate AMD will decrease the
cost of the water treatment. This is especially relevant for the rehabilitation of areas with historical or abandoned
mines, where the decrease in cost by replacing commonly used and expensive reagents for worthless waste will
increase the affordability of water treatments. Nevertheless, additional site-specific studies should be conducted
to include the cost of waste transport, as well as to evaluate the in-situ effectiveness of waste combinations under
real field conditions.
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The authors confirm that the data supporting the findings of this study are available within the article and its
Supplementary materials. Moreover, the datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Received: 25 August 2022; Accepted: 22 July 2023
Published online: 26 July 2023

References

1. Grande, J. A. et al. The paradigm of Circular Mining in the world: the Iberian Pyrite Belt as a potential scenario of interaction.
Environ. Earth Sci. 77, 1-6 (2018).

2. Watari, T., Nansai, K. & Nakajima, K. Major metals demand, supply, and environmental impacts to 2100: A critical review. Resour.
Conserv. Recycl. 164, 105107 (2021).

3. Tao, Y. et al. Distribution of rare earth elements (REEs) and their roles in plant growth: A review. Environ. Pollut. 298, 118540
(2022).

4. Vaughan, D. J. Minerals | Sulphides. In Encyclopedia of Geology (eds Selley, R. C. et al.) 574-586 (Elsevier Ltd. Academic Press,
2005)

5. Skousen, J. G., Ziemkiewicz, P. F. & McDonald, L. M. Acid mine drainage formation, control and treatment: Approaches and
strategies. Extr. Indus. Soc. 6, 241-249 (2019).

6. Naidu, G. et al. A critical review on remediation, reuse, and resource recovery from acid mine drainage. Environ. Pollut. 247,
1110-1124 (2019).

7. Santos, E. S., Abreu, M. M. & Macias, F. Rehabilitation of mining areas through integrated biotechnological approach: Technosols
derived from organic/inorganic wastes and autochthonous plant development. Chemosphere 224, 765-775 (2019).

8. Kefeni, K. K., Msagati, T. A. M. & Mamba, B. B. Acid mine drainage: Prevention, treatment options, and resource recovery: A
review. J. Clean. Prod. 151, 475-493 (2017).

9. Dhir, B. Biotechnological Tools for Remediation of Acid Mine Drainage (Removal of Metals from Wastewater and Leachate). In
Bio-Geotechnologies for Mine Site Rehabilitation (eds Prasad, M. N. V. et al.) 67-82 (Elsevier, 2018).

10. Simate, G. S. & Ndlovu, S. Acid mine drainage: Challenges and opportunities. J. Environ. Chem. Eng. 2, 1785-1803 (2014).

11. Nocete, E et al. Gold in the Southwest of the Iberian Peninsula during the 3rd Millennium BC. J. Archaeol. Sci. 41, 691-704 (2014).

12. Santos, E. S., Abreu, M. M., Macias, F. & Magalhaes, M. C. E. Potential environmental impact of technosols composed of gossan
and sulfide-rich wastes from Sdo Domingos mine: Assay of simulated leaching. J. Soils Sediments 17, 1369-1383 (2017).

13. Sanchez Espaiia, J. et al. Acid mine drainage in the Iberian Pyrite Belt (Odiel river watershed, Huelva, SW Spain): Geochemistry,
mineralogy and environmental implications. Appl. Geochem. 20, 1320-1356 (2005).

14. Hogsden, K. L. & Harding, J. S. Consequences of acid mine drainage for the structure and function of benthic stream communities:
A review. Freshwater Sci. 31, 108-120 (2012).

15. Evans, D. M, Zipper, C. E., Hester, E. T. & Schoenholtz, S. H. Hydrologic effects of surface coal mining in Appalachia (US). J. Am.
Water Resour. Assoc. 51, 1436-1452 (2015).

16. Tapia, A., Cornejo-La Torre, M., Santos, E. S., Ardn, D. & Gallardo, A. Improvement of chemical quality of percolated leachates
by in situ application of aqueous organic wastes on sulfide mine tailings. J. Environ. Manag. 244, 154-160 (2019).

17. Sahoo, P. K, Kim, K., Equeenuddin, Sk. Md. & Powell, M. A. Current Approaches for Mitigating Acid Mine Drainage. In Reviews
of Environmental Contamination and Toxicology Vol. 226 (ed. Whitacre, D. M.) 1-32 (Springer, 2013).

18. Kaur, G., Couperthwaite, S. J., Hatton-Jones, B. W. & Millar, G. J. Alternative neutralisation materials for acid mine drainage treat-
ment. J. Water Process. Eng. 22, 46-58 (2018).

19. Anawar, H. M. Sustainable rehabilitation of mining waste and acid mine drainage using geochemistry, mine type, mineralogy,
texture, ore extraction and climate knowledge. J. Environ. Manag. 158, 111-121 (2015).

20. Lebre, E., Corder, G. & Golev, A. The role of the mining industry in a circular economy. A framework for resource management
at the mine site level. J. Ind. Ecol. 21, 662-672 (2017).

21. Stahel, W. R. The circular economy. Nature 531, 435-438 (2016).

22. Tayebi-Khorami, M., Edraki, M., Corder, G. & Golev, A. Re-thinking mining waste through an integrative approach led by circular
economy aspirations. Minerals 9, 286-299 (2019).

23. Ayala, J. & Fernandez, B. Industrial waste materials as adsorbents for the removal of As and other toxic elements from an abandoned
mine spoil heap leachate: A case study in Asturias. J. Hazard Mater. 384, 121446 (2020).

24. Eurostat. Waste statistics. https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_statistics#Total_waste_gener
ation (2022).

25. World Bank Group. Solid Waste Management. https://www.worldbank.org/en/topic/urbandevelopment/brief/solid-waste-manag
ement (2022).

26. US EPA (United States Environmental Protection Agency). National Overview: Facts and Figures on Materials, Wastes and Recy-
cling. https://www.epa.gov/facts-and-figuresabout-materials-waste-and-recycling/national-overview-facts-andfigures-materials
(2022).

27. Hla, S. S. & Roberts, D. Characterisation of chemical composition and energy content of green waste and municipal solid waste
from Greater Brisbane Australia. Waste Manag. 41, 12-19 (2015).

28. Eurostat. Municipal waste statistics. https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Municipal_waste_statistics
(2020).

29. Alfaia, R. G. de S. M., Costa, A. M. & Campos, J. C. Municipal solid waste in Brazil: A review. Waste Manag. Res. 35, 1195-1209
(2017).

30. Zhu, Y. et al. A review of municipal solid waste in China: Characteristics, compositions, influential factors and treatment technolo-
gies. Environ. Dev. Sustain. 23, 6603-6622 (2021).

31. Sharholy, M., Ahmad, K., Mahmood, G. & Trivedi, R. C. Municipal solid waste management in Indian cities—A review. Waste
Manag. 28, 459-467 (2008).

Scientific Reports |

(2023) 13:12120 https://doi.org/10.1038/s41598-023-39266-4 nature portfolio


https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_statistics#Total_waste_generation
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_statistics#Total_waste_generation
https://www.worldbank.org/en/topic/urbandevelopment/brief/solid-waste-management
https://www.worldbank.org/en/topic/urbandevelopment/brief/solid-waste-management
https://www.epa.gov/facts-and-figuresabout-materials-waste-and-recycling/national-overview-facts-andfigures-materials
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Municipal_waste_statistics

www.nature.com/scientificreports/

33.

34.

35.

37.

38.

39.

40.

41.

42,
43.

44,
45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

. UNEP (United Nations Environment Programme). Converting Waste Agricultural Biomass Into a Resource - Compendium of
Technologies. (Osaka/Shiga, Japan, United Nations Environment Programme Division of Technology, Industry and Economics
International Environmental Technology Centre, 2015).

Tripathi, N., Hills, C. D., Singh, R. S. & Atkinson, C. J. Biomass waste utilisation in low-carbon products: Harnessing a major
potential resource. NPJ Clim. Atmos. Sci. 2, 35 (2019).

AGAPA (Agencia de Gestion Agraria y Pesquera de la Junta de Andalucia). Evaluacién de la produccién y usos de los subproductos
de las agroindustrias del olivar en Andalucia. (Sevilla, Spain, Junta de Andalucia. Consejeria de Agricultura, Pesca y Desarrollo,
2015).

Tyurin, I. V. Analytical procedure for a comparative study of soil humus. Trudy Poch. Inst. Dokuchaev. 33, 5-21 (1951).

. Barahona, E. Determinaciones analiticas en suelos: carbonatos totales y caliza activa. in I Congreso Nacional de la Ciencia del
Suelo (ed. Sociedad Espafiola de la Ciencia del Suelo (SECS)) (Sociedad Espaiola de la Ciencia del Suelo, 1984).

SCS (Soil Conservation Service) - USDA (United States Department of Agriculture). Soil Survey Manual. Methods and procedures
for collecting soil samples. (Washington DC, USA, Soil Conservation Service - USDA, 1972).

Olsen, S. R. & Sommers, L. E. Determination of available phosphorus. in Method of Soil Analysis. Part 2, ASA and ASSA, 2nd
edn, vol. 2 (eds. Page, A. L., Miller, R. H. & Keeney, D. R.) 403-430 (Agronomy, 1982).

ISO 17155. Soil quality. Determination abundance activity soil microflora using respiration curves. International Standard ISO
No.17155. (Geneva, Switzerland, International Organization for Standardization, 2002).

Simén, M. et al. Interaction of limestone grains and acidic solutions from the oxidation of pyrite tailings. Environ. Pollut. 135,
65-72 (2005).

Aguilar, J. et al. Contaminacion de los suelos afectados por el vertido de Aznalcdllar y su evolucion en el tiempo (1998-2001).
Edafologia 10, 65-73 (2003).

Simén, M. et al. Pollution of soils by the toxic spill of a pyrite mine (Aznalcollar, Spain). Sci. Total Environ. 242, 105-115 (1999).
Nikolic, N., Kostic, L., Djordjevic, A. & Nikolic, M. Phosphorus deficiency is the major limiting factor for wheat on alluvium pol-
luted by the copper mine pyrite tailings: A black box approach. Plant Soil 339, 485-498 (2011).

Lopez-Pamo, E. et al. The extent of the Aznalcollar pyritic sludge spill and its effects on soils. Sci. Total Environ. 242, 57-88 (1999).
Theodorsson-Norheim, E. Kruskal-Wallis test: BASIC computer program to perform nonparametric one-way analysis of variance
and multiple comparisons on ranks of several independent samples. Comput. Methods Programs Biomed. 23, 57-62 (1986).
BOE (Boletin Oficial del Estado-Gobierno de Espaia). Real Decreto 817/2015, de 11 de septiembre, por el que se establecen
los criterios de seguimiento y evaluacion del estado de las aguas superficiales y las normas de calidad ambiental. (BOE, 219,
80582-80667, 2015).

BOE (Boletin Oficial del Estado - Gobierno de Espaa). Real Decreto 1620/2007, de 7 de diciembre, por el que se establece el
régimen juridico de la reutilizacion de aguas depuradas. (BOE, 294, 50639-50661, 2007).

US EPA (United States Environmental Protection Agency). Guidelines for Water Reuse. EPA/600/R-12/618 (Washington DC,
USA, US EPA, 2012).

Merdy, P,, Gharbi, L. T. & Lucas, Y. Pb, Cu and Cr interactions with soil: Sorption experiments and modelling. Colloids Surf. A
Physicochem. Eng. Asp 347, 192-199 (2009).

Aguilar-Garrido, A., Garcia-Carmona, M., Sierra-Aragoén, M., Martin-Peinado, F. J. & Garzon, M. E J. Carbonated waste valorisa-
tion from a peat bog exploitation in the treatment of arsenic-polluted waters. Int. J. Environ. Sci. Technol. 19, 3457-3468 (2022).
Bolan, N. et al. Remediation of heavy metal(loid)s contaminated soils-To mobilize or to immobilize?. J. Hazard Mater. 266, 141-166
(2014).

Harter, R. D. & Naidu, R. Role of metal-organic complexation in metal sorption by soils. Adv. Agron. 55, 219-263 (1995).
Takamatsu, T., Kusakabe, R. & Yoshida, T. Analysis of metal-humic acid interaction by paper chromatography using humic acid-
impregnated filter paper. Soil Sci. 136, 371-381 (1983).

Adriano, D. C. Trace Elements in Terrestrial Environments. Biogeochemistry, Bioavailability and Risks of Metals 2nd edn. (Springer
Science & Business Media, 2001).

Davis, J. A. Complexation of trace metals by adsorbed natural organic matter. Geochim. Cosmochim. Acta 48, 679-691 (1984).
Zhang, D. et al. Humic acid promotes arsenopyrite bio-oxidation and arsenic immobilization. J. Hazard Mater. 384, 121359 (2020).
Roberts, D., Nachtegaal, M. & Sparks, D. L. Speciation of Metals in Soils. In Chemical Processes in Soils (eds Tabatabai, M. A. &
Sparks, D. L.) 619-654 (Soil Science Society of America, 2005).

Bissen, M. & Frimmel, F. H. Arsenic—a review. Part I: Occurrence, toxicity, speciation, mobility. Acta Hydrochim. Hydrobiol. 31,
9-18 (2003).

Juhasz, A. L. et al. Toxicity issues associated with geogenic arsenic in the groundwater-soil-plant-human continuum. Bull. Environ.
Contam. Toxicol. 71, 1100-1107 (2003).

Lottermoser, B. G. Mine Wastes. Characterization Treatment and Environmental Impacts 3rd edn. (Springer, 2010).

. Heviankovi, S., Bestovd, I, Kyncl, M., Simkovd, L. & Zechner, M. Calcium carbonate as an agent in acid mine water neutralization.
Inzynieria Mineralna 14, 159-166 (2013).

Maree, J. P. & du Plessis, P. Neutralization of acid mine water with calcium carbonate. Water Sci. Technol. 29, 285-296 (1994).
Nawaz, R., Anurakpongsatorn, P., Chandio, A. A. & Ponza, S. Sodium and Calcium Depletion by Acid Rain from Clayey Soils of
Thailand H. in GMSTEC 2010: International Conference for a Sustainable Greater Mekong Subregion 233-236 (Greater Mekong
Subregion Tertiary Education Consortium, 2010).

Bennardi, D. O., Gorostegui, D. A., Juan, L., Millan, G. & Pellegrini, A. V. M. E. Evaluacién de la capacidad buffer de suelos 4cidos
de la region Pampeana. Ciencias del Suelo 36, 30-38 (2018).

Zhang, M. Adsorption study of Pb(II), Cu(II) and Zn(II) from simulated acid mine drainage using dairy manure compost. Chem.
Eng. J. 172, 361-368 (2011).

Casentini, B. et al. Mining rock wastes for water treatment: Potential reuse of Fe- and Mn-rich materials for arsenic removal. Water
11, 1897 (2019).

Nguyen, T. V. et al. Adsorption and removal of arsenic from water by iron ore mining waste. Water Sci. Technol. 60, 2301-2308
(2009).

Nighojkar, A. K. et al. Use of marble and iron waste additives for enhancing arsenic and E. Coli contaminant removal capacity and
strength of porous clay ceramic materials for point of use drinking water treatment. Desal. Water Treat. 157, 290-302 (2019).
Angai, J. U. et al. Removal of arsenic and metals from groundwater impacted by mine waste using zero-valent iron and organic
carbon: Laboratory column experiments. J. Hazard Mater. 424, 127295 (2022).

Fernandez-Gonzalez, R., Martin-Lara, M. A., Iifiez-Rodriguez, I. & Calero, M. Removal of heavy metals from acid mining effluents
by hydrolyzed olive cake. Bioresour. Technol. 268, 169-175 (2018).

Xu, M. & Mckay, G. Removal of Heavy Metals, Lead, Cadmium, and Zinc, using Adsorption Processes by Cost-Effective Adsor-
bents. In Adsorption Processes for Water Treatment and Purification (eds Bonilla-Petriciolet, A. et al.) 1-256 (Springer International
Publishing AG, 2017).

Carrillo-Gonzalez, R., Gatica, B. G., Del Carmen, A. M., Gonzélez-Chavez, C. A. & Dominguez, S. F. A. Trace elements adsorption
from solutions and acid mine drainage using agricultural by-products. Soil Sediment Contam. Int. J. 31, 348-366 (2022).

BOJA (Boletin Oficial de la Junta de Andalucia). Decreto 18/2015, por el que se aprueba el reglamento que regula el régimen aplicable
a los suelos contaminados. (BOJA, 38, 28-64., 2015).

Scientific Reports |

(2023) 13:1212

o https://doi.org/10.1038/s41598-023-39266-4 nature portfolio



www.nature.com/scientificreports/

74. BOE (Boletin Oficial del Estado—Gobierno de Espana). Real Decreto 506/2013, de 28 de junio, sobre productos fertilizantes. in
(BOE-A-2013-7540, 2013).

75. Shaheen, S. M., Shams, M. S., Khalifa, M. R., El-Dali, M. A. & Rinklebe, J. Various soil amendments and environmental wastes
affect the (im)mobilization and phytoavailability of potentially toxic elements in a sewage effluent irrigated sandy soil. Ecotoxicol.
Environ. Saf. 142, 375-387 (2017).

76. Palansooriya, K. N. et al. Soil amendments for immobilization of potentially toxic elements in contaminated soils: A critical review.
Environ. Int. 134, 105046 (2020).

77. Zhang, R, Lu, J., Dopson, M. & Leiviski, T. Vanadium removal from mining ditch water using commercial iron products and
ferric groundwater treatment residual-based materials. Chemosphere 286, 131817 (2022).

78. Liu, J. et al. Thallium pollution in China and removal technologies for waters: A review. Environ. Int. 126, 771-790 (2019).

79. Zhao, Z. et al. Adsorptive removal of trace thallium(I) from wastewater: A review and new perspectives. J. Hazard Mater. 393,
122378 (2020).

80. Inam, M. A, Khan, R., Akram, M., Khan, S. & Yeom, I. T. Effect of water chemistry on antimony removal by chemical coagulation:
Implications of {-potential and size of precipitates. Int. . Mol. Sci. 20, 2945 (2019).

Acknowledgements

This work was supported by the Research Project RTT 2018-094327-B-100 and the predoctoral contract FPU-
18/02901 of Antonio Aguilar-Garrido (A.A.-G.), both funded by the Spanish Ministry of Science, Innovation
and Universities. We also thank the municipal waste treatment company of the province of Granada (Resur
Granada), and the companies Turbera del Agia S.L., Biomasa del Guadalquivir S.A., Cooperativa San Isidro de
Loja S.C.A., Minas de Alquife S.L.U., Knauf GmbH, and the Faculty of Sciences of Granada for their contribution
to the study by providing waste samples.

Author contributions

A.A.-G.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Data curation, Writ-
ing—Original Draft, Writing—Review & Editing, Visualization, Funding acquisition. M.P.-L.: Formal analysis,
Investigation, Writing—Review & Editing, Visualization. M.S.-A.: Conceptualization, Resources, Data curation,
Writing—Review & Editing, Supervision, Project administration. EJ.M.G.: Conceptualization, Methodology,
Writing—Review & Editing, Supervision, Project administration. EJ.M.-P.: Conceptualization, Methodology,
Validation, Resources, Writing—Review & Editing, Supervision, Project administration, Funding acquisition.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-39266-4.

Correspondence and requests for materials should be addressed to A.A.-G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:12120 https://doi.org/10.1038/s41598-023-39266-4 nature portfolio


https://doi.org/10.1038/s41598-023-39266-4
https://doi.org/10.1038/s41598-023-39266-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Remediation potential of mining, agro-industrial, and urban wastes against acid mine drainage
	Material and methods
	Waste characterization. 
	Preparation of acid mine drainage. 
	Acid mine drainage treatment using waste materials. 
	Statistical analysis. 
	Ethical approval. 
	Consent to publish. 

	Results
	Characterisation of waste materials and acid mine drainage. 
	Acid mine drainage treatment using waste materials. 

	Discussion
	Conclusions
	References
	Acknowledgements


