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bstract

Acid mine drainage (AMD) is a widespread environmental problem associated with both working and abandoned mining operations, resulting
rom the microbial oxidation of pyrite in presence of water and air, affording an acidic solution that contains toxic metal ions. The generation of
MD and release of dissolved heavy metals is an important concern facing the mining industry. The present study aimed at evaluating the use
f low-cost sorbents like coal fly ash, natural clinker and synthetic zeolites to clean-up AMD generated at the Parys Mountain copper–lead–zinc
eposit, Anglesey (North Wales), and to remove heavy metals and ammonium from AMD. pH played a very important role in the sorption/removal
f the contaminants and a higher adsorbent ratio in the treatment of AMD promoted the increase of the pH, particularly using natural clinker-based

aujasite (7.70–9.43) and the reduction of metal concentration. Na-phillipsite showed a lower efficiency as compared to that of faujasite. Selectivity
f faujasite for metal removal was, in decreasing order, Fe > As > Pb > Zn > Cu > Ni > Cr. Based on these results, the use of these materials has the
otential to provide improved methods for the treatment of AMD.
rown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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. Introduction

Wales (United Kingdom) is particularly rich in mineral
esources, the type and distribution of which are related to the
omplex geologic and tectonic history. The Parys Mountain
opper–lead–zinc deposit of Anglesey (North Wales) represents
volcanogenic massive sulphide (VMS) district of major met-

llogenic importance, which is characterized by the occurrence
f concordant massive to banded sulphide lens formed by vol-
anic processes normally on the sea floor. The Great Opencast
Fig. 1(a)) was opened up at an early stage of mining and forms
art of the geological heritage of Parys Mountain, being focus
f tourism attraction for visitors due to its similarity with a lunar

andscape. However, mining activities at this deposit have gen-
rated AMD, which results as a consequence of a complex series
f geochemical reactions that occur when sulphide minerals are
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xposed to the atmosphere under an oxidising environment, pro-
ucing polluted waters strongly acidic with high concentrations
f iron, sulphate and toxic metals, responsible for the resulting
amage to health of aquatic flora and fauna. Although AMD
s naturally occurring, underground and open pit mining activ-
ties may greatly accelerate its production because they expose
resh iron and sulphide surfaces to oxygen. Predictions of the
uture loading of dissolved metals from inactive mine sites sug-
est that sulphide oxidation and the release of dissolved metals
ill continue for decades to centuries [1]. Estimated costs for

tabilization of these sites are in the billions of dollars [2].
Iron sulphide minerals, especially pyrite (FeS2), contribute

he most to formation of AMD. The pyrite oxidation process
as been extensively studied and can be summarized by the
ollowing reaction sequence:

eS2 + 3.5O2 + H2O → Fe2+ + 2SO4
2− + 2H+ (1)
Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O (2)

Fe3+ + 12H2O → 4Fe(OH)3(s) ↓ + 12H+ (3)

eS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2− + 16H+ (4)

All rights reserved.
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Fig. 1. (a) A panoramic view of the Great Opencast of the Parys Mountain copper–lead–zinc deposit, Anglesey (North Wales), which can be obtained from the
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iewing platform; (b) brick-lined precipitation ponds used to extract copper; (c
he top of the mountain and by the entry road of the copper mine, respectively.

During the first step, pyrite reacts with oxygen and water,
roducing Fe2+ and sulphuric acid by reaction (1). The second
tep involves the oxidation of Fe2+ to Fe3+ by reaction (2), which
s pH-dependent. The third step corresponds to the hydrolysis
f Fe3+ with water to form a ferric hydroxide precipitate (ferri-
ydrite) and the release of additional acidity, which is promoted
y the pH-dependent reaction (3). The fourth step is defined
s the oxidation of additional pyrite by Fe3+ according to reac-
ion (4). The pyrite oxidation is controlled by bacterial species
hat have definite pH growth range and pH growth optimum [3].
he conversion of Fe2+ to Fe3+ in the overall pyrite reaction
equence has been described as the ‘rate determining step’ [4],
hich can be greatly accelerated by bacterial action. In AMD

here are many mineral-degrading acidophiles involved in the
etabolism of pyrite and the metabolic pathways involved in

his process are pyrite dissolution, iron oxidation, iron reduction,
nd sulphur oxidation [3]. The most common pyrite-oxidizing
acterium is Acidithiobacillus ferrooxidans, which is of great
ractical importance due to the extensive acid and metal pol-
ution generated when this species releases metals from acid

ine waters [5]. Once pyrite oxidation and acid production has
egun, conditions are favourable for bacteria to further accel-
rate the reaction rate. At pH values of about 6 and above,
acterial activity is thought to be insignificant or comparable

o abiotic reaction rates. The knowledge of the mineralogical
rocesses occur during the atmospheric oxidation of pyrite and
ther sulphide minerals in the presence of oxidising bacteria
nd any other product generated as a consequence of oxidation

s
t
a
o

(d) shallow and deep transient ponds from rainfall between spoil heaps near to

eactions (e.g., heavy metals solubilised by acid solutions) is
ery useful in both the prediction of AMD and its treatment.
raditionally, the treatment of AMDs consists in the neutral-

zation with limestone (CaCO3) or similar materials, resulting
n the precipitation of Fe and other metal hydroxides as well
s also gypsum (CaSO4). AMD treatment with limestone can
ncrease the pH to 6.0–7.5 [6], allowing the metals to be removed
rom solution. Several procedures for AMD treatment have been
eveloped [7–17], although adsorption has been the preferred
ethod for heavy metal removal, because it is considered a par-

icularly effective technique. There are two general categories
f AMD treatment which are well investigated: (1) active treat-
ent, which requires the use of chemical treatment systems

o buffer acidity, and (2) passive treatment, which allows nat-
rally occurring chemical and biological processes to do the
ork in a controlled system outside of the receiving polluted

ffluent. However, AMD remediation can be very costly and
ifficult due to the high costs of activated carbon’s production
nd regeneration for water treatment. Therefore, alternative low-
ost liming substitutes are constantly sought. Such adsorbents
hould be readily available, economically feasible and easily
egenerated. Coal fly ash (CFA) has been used for reclamation,
sphalt shingle production, quarry-fill and sludge stabilization,
ut most is disposed as landfill. Due to the shortage of landfill

ites and stricter environmental regulation, new ways to recycle
his coal combustion by-product should be quickly developed,
nd one new way is through its zeolitization. The potential use
f CFA, as well as the synthetic zeolites based on this solid
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aste material, in water purification has been evaluated by a
umber of research groups and the removal of heavy metals
rom contaminated water has been studied extensively [18–22].

oreover, recent works showed that the addition of CFA to
mining residue from the Iberian Pyrite Belt resulted in acid

eutralization, metal retention in neoformed precipitates, and
herefore, the improvement of the leachates’ quality [23]. In
hese conditions, Fe-precipitation as a coating on pyrite sur-
aces (microencapsulation technology) may prevent interaction
etween oxidizing agents and pyrite grains, thus halting pyrite
xidation and AMD production [24]. To our knowledge, no pre-
ious effort has been made to use natural clinker (NC) or the
ynthesis products obtained from this material as sorbents in
ater treatment. The aim of the present study is to examine

t laboratory-scale the effectiveness of CFA, NC and synthetic
eolites as sorbents in removing Cu, Pb, Zn, Ni, Cr, Fe and As
rom AMD generated at the Parys Mountain copper–lead–zinc
eposit.

. Materials and methods

.1. Sampling sites

The surface drainage waters at Parys Mountain are strongly
cidic (pH < 2) and metal-rich due to the oxidation of sul-
hide minerals, and its orange-brown colour is due to the
ery high concentrations of ferric iron in solution. AMD
amples were collected in three major locations from the aban-
oned copper–lead–zinc deposit and sealed in high-density
olyethylene bottles. On-site analyses of the pH and electrical
onductivity and temperature were performed in different sur-
ace drainage waters. Brick-lined precipitation ponds (Fig. 1(b))
ave been used to extract copper from water which was pumped
p to the mountain top and allowed to drain down through the
poil and underground workings, dissolving copper from the
ocks on the way. The copper precipitation is carried out by
he accumulation of copper-rich water in these ponds and then
dding scrap iron, which results in dissolution of iron and pre-
ipitation of copper as a black powder, that can be removed for
rocessing. This process has been very efficient to recover small
mounts of relatively pure copper. Fig. 1(c) illustrates a shallow
ransient pond from rainfall occurring between spoil heaps near
o the top of the mountain. Fig. 1(d) shows a deeper transient
ond located by the entry road of the copper mine, where the
owest pH (1.69) was obtained.

.2. Sorbents

For the treatment of AMD, CFA, NC and synthetic zeolites
ere used as sorbents. CFA is a waste incineration by-product

upplied by the Rugeley Power Station, West Midlands (Eng-
and), which is generated by pulverized coal combustion (PCC)
nd classified as Class F fly ash. NC is a product of coal-bed fires

gnited by natural processes obtained from the late Paleocene
errejón Formation, Cerrejón coal deposit, Colombia. Synthetic
eolites were prepared by two methods: (1) classic hydrothermal
ynthesis using NC and (2) alkaline fusion prior to hydrothermal

1
o
o
r

s Materials 156 (2008) 23–35 25

ynthesis using both CFA and NC. In the first method, sodium
ydroxide pellets were added to distilled water to prepare a 1 M
aOH solution. Then, NC was added to the alkaline solution
ith a solution/raw material ratio of 3.06 ml/g. The progressive

ddition of reagents was carried out under stirring conditions
ntil dissolve them to homogenize the reaction gels. In the sec-
nd method, sodium hydroxide powder was dry mixed with CFA
r NC (alkaline activator/raw material ratio of 1.2) for 30 min and
he resultant mixture was fused at 600 ◦C for 1 h. The alkaline-
used products were dissolved in water (H2O/alkali fused raw
aterial ratio = 4.89 ml/g), with stirring for 3.5 h until the hydro-

els were homogenized. The hydrogels were transferred to PTFE
ottles of 200 ml and heated under static conditions at 100 ◦C for
2 h (first method) or 60 ◦C for 24 h (second method). pH was
easured before and after hydrothermal treatment. The reactors
ere removed from the oven at the scheduled reaction times and
ere quenched in cold water. After hydrothermal treatment, the

eaction mixtures were filtered and washed with distilled water
nd the synthesis products were oven dried at 80 ◦C. The alka-
ine fusion step of the starting materials with NaOH was useful
o produce as far as possible, a highly crystalline homoionic
a-form faujasite type zeolite and its subsequent application in
econtamination experiments. The reagents used to activate the
tarting materials for zeolite synthesis were sodium hydroxide,
aOH, as pellets (99%, from Aldrich Chemical Company Inc.)
r powder (96%, from BDH GPR) and distilled water using
tandard purification methods.

.3. Characterization of sorbents

The mineral phases in sorbents were studied by X-
ay diffraction (Philips PW1710 diffractometer) operating in
ragg–Brentano geometry with Cu-K� radiation (40 kV and
0 mA) and secondary monochromation. Data collection was
arried out in the 2θ range 3–50◦, with a step size of 0.02◦. Phase
dentification was made by searching the ICDD powder diffrac-
ion file database, with the help of JCPDS (Joint Committee on
owder Diffraction Standards) files for inorganic compounds.
ZEISS EVO50 scanning electron microscope, equipped with

n energy dispersive (EDX) analyser, was used for microstruc-
ural characterization, under the following analytical conditions:
probe 1 nA, EHT = 20.00 kV, beam current 100 �A, Signal
= SE1, WD = 8.0 mm.

.4. Batch experiments and water analyses

The sorption of Cu, Pb, Zn, Ni, Cr, Fe, As and ammonium
nto coal fly ash, natural clinker and synthetic zeolites was stud-
ed in laboratory batch experiments, which were carried out at
oom temperature to investigate the efficiency of the sorbents for
emoving heavy metals and ammonium from AMD. A weighted
mount of sorbent (0.25 and 1 g) was introduced in PVC plastic
ottles of 100 ml, and then a volume of 20 ml of AMD with pH

.96 was added. Later, the sorbent:AMD mixtures were continu-
usly shaked between 5 min and 24 h, and the temporal evolution
f the solution pH and EC was monitored. At each scheduled
eaction time the PVC plastic bottles were removed from the
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haker and the adsorbents were separated by filtration, while the
ltrates were stored at 4 ◦C in a refrigerator for chemical anal-
ses. All measurements were done according to the Standard
ethods for the Examination of Water and Wastewater. The pH

nd electrical conductivity of the raw AMD and the filtrates
btained after batch experiments were measured using a pH 211
uto-calibration bench pH/mV meter (Hanna instruments) and a
ond 315i conductivity meter (WTW instruments), respectively.
he metal concentrations were determined using a Spectro Ciros

CP-AE Spectrometer. A Photometer 7100 fully integrated with
he Palintest water test system was used to measure ammo-
ia over the ranges 0–1.0 mg/l N. Dilutions were made using
istilled water depending on the original EC of each sample.

. Results and discussion

.1. Characterization of sorbents

Fig. 2 illustrates the XRD patterns and SEM micropho-
ographs of the different sorbents used in this study. Elemental
omposition data for the raw materials and synthesis products
re shown in Table 1. CFA mainly consists of an amorphous
hase giving rise to the broad hump between 20◦ and 35◦ 2θ and
he primary crystalline phases are quartz and mullite as identi-
ed by the sharp peaks (Fig. 2(a)), which were produced during

he thermal decomposition of clay minerals such as kaolinite
uring coal combustion. This residue from the combustion of
oal has ≥70% of SiO2 + Al2O3 + Fe2O3, with a SiO2/Al2O3
atio = 1.21, and very low contents of Fe, Ca and S. Therefore,
t can be classified as a low-calcium Sialic Class F CFA, which
s commonly produced from the burning of higher-rank bitu-

inous coals and anthracites [25]. Fig. 2(a) reveals that the
articles of CFA are predominantly spherical in shape with
relatively smooth surface texture (0.25–40 �m). The spheri-

al particles are generally hollow and empty (cenospheres) but
ome of them contain smaller spheres in their interiors (plero-

pheres). NC represents a geomaterial with a complex chemistry
nd mineralogy, which makes it difficult to do quantitative
nalysis by conventional X-ray diffraction. Quartz is the dom-
nant mineral phase and weak peaks indicate the occurrence

able 1
hemical composition of the adsorbents

omposition (wt%) CFA NC CFAF NCF NCZ

iO2 52.96 56.60 33.81 49.08 58.75
l2O3 43.60 23.61 38.28 27.67 24.31
e2O3 0.41 9.41 0.78 1.75 7.55
gO 0.33 3.94 0.00 0.00 0.00

2O 1.30 1.95 0.00 0.66 3.64
a2O 0.33 1.41 15.76 20.85 4.23
aO 0.48 0.53 10.04 0.00 0.43
nO 0.00 0.35 0.00 0.00 0.00

iO2 0.14 1.10 1.33 0.00 1.09
O3 0.45 1.11 0.00 0.00 0.00
iO2/Al2O3 ratio 1.21 2.40 0.88 1.77 2.42

FA, coal fly ash; NC, natural clinker; CFAF, coal fly ash-based faujasite; NCF,
atural clinker-based faujasite; NCZ, natural clinker-based Na-phillipsite.
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f hematite, muscovite and anatasa (Fig. 2(b)). NC contains
ery high contents of SiO2 and Al2O3, with a SiO2/Al2O3
atio = 2.40, with very low contents of major impurities, such
s Ca and S, and a higher content of Fe associated with the pres-
nce of hematite that can show an inert behaviour. It shows a
locky-like shape with vitreous amorphous material as shown
n Fig. 2(b), with a particle size of 1–150 �m. The SiO2/Al2O3
atios of 1.21 and 2.40 of CFA and NC, respectively, are appro-
riate for the synthesis of low-Si zeolitic materials with high
ation exchange capacity. Fig. 2(c) and (d) illustrate the X-ray
iffraction patterns of CFAF and NCF, respectively, obtained
ia alkaline fusion of the raw materials followed by hydrother-
al treatment at 100 ◦C for 24 h, which are characterized by the

isappearance of the characteristic peaks of the raw materials,
lthough faujasite crystallized along with hydroxysodalite when
C was used as starting material. The characteristic morphology
f CFAF is illustrated in Fig. 2(c) as single large bipyramidal
rystals, which have grown at the expense of an intergrowth
f cubic polycrystals of CFAF. Fig. 2(d) shows the occurrence
f octahedral crystals of NCF that are being transformed to
more stable phase such as hydroxysodalite (aggregates of

laded crystals growing onto the surface of faujasite) that can
e attributed to excessive enrichment of NCF with the alkaline
ctivator (NaOH) [26]. Fig. 2(e) shows the X-ray diffraction
attern and the morphology of Na-phillipsite, which represent
he main zeolitic phase obtained after activation of NC by
he conventional hydrothermal treatment. Na-phillipsite crys-
allized along with traces of hydroxysodalite and relic quartz
nd is characterized by large clusters of radiating tetragonal
risms. The morphology of the treated raw materials is rep-
esented by very fine grain size particles (0.25–5 �m), which
rystallized as aggregates of many zeolite crystals onto the orig-
nal surface of the CFA and NC particles, indicating a larger
urface area of the zeolitic products due to their smaller parti-
le size compared with that of the raw materials. Crystal size
nd morphology are important to constrain the sorption proper-
ies of the sorbents with potential as ion exchangers in water
reatment, taking into account that the reactivity of the sor-
ents and extent and mode of metal uptake onto sorbents which
ppear to be largely dependent on crystal size and morphol-
gy.

Assessment of the results presented in Table 1 shows that
n general the weight percent of the major oxides have been
educed during zeolite synthesis, which was expected, with some
xceptions. After the synthesis process, the raw materials incor-
orated significant amount of Na due to their activation with
aOH, although CFAF and NCF showed higher Na contents.
e content decreased after activation of natural clinker, partic-
larly using the alkaline fusion approach, whereas Ca content
ncreased after activation of CFA. The SiO2/Al2O3 ratio has a
ery significant impact on the zeolite performance in the decon-
amination process, since according to Misak [27] generally a
eolite with a low SiO2/Al2O3 ratio will tend to be hydrophilic,

hile a high silica zeolite (>2.00) will tend to be hydrophobic

nd organophillic. CFAF and NCF showed lower SiO2/Al2O3
atios, varying from 0.88 to 1.77, than those of the starting
aterials and NCZ showed a similar ratio to that obtained
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Fig. 2. XRD patterns (left) and SEM microphotographs (right) of CFA (a), NC (b), CFAF (c), NCF (d) and NCZ (e). FAU, faujasite; PHI, Na-phillipsite; SOD,
hydroxysodalite; Qtz, quartz; Mul, mullite; Ms, muscovite; Hem, hematite; Ats, anatase.
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or the raw material. Therefore, based on the low SiO2/Al2O3
atios determined in the as-synthesized faujasite, the expected
esults would be a higher concentration of terminal Al–OH
pecies at the zeolite–water interface during the batch reaction,
s well as increased hydrophilic nature of the zeolite and subse-
uent enhanced metal exchange capacity. However, although the
ation exchange capacity of zeolites represents a very important
haracteristic quality in the removal of undesired species from
olluted effluents, it is not the deciding factor in determination of
he zeolite’s performance during ion exchange processes, since
umerous other factors also needs to be considered [28].

.2. Characterization of AMD samples

At Parys Mountain, there is very little detectable change
n water chemistry along the surface drainage waters, where
MD was collected. Field data of AMD for 19 July 2007
ere: pH between 1.69 and 1.99; electrical conductivity between
.27 mS/cm (22.3 ◦C) and 3.89 mS/cm (21.0 ◦C) and ammo-
ium concentration 7.0 mg/l. Lab data of AMD for 20 July
007 were: pH between 1.96 and 2.07; electrical conductivity
etween 9.97 mS/cm (16.0 ◦C) and 5.05 mS/cm (17.0 ◦C) and
mmonium concentration 3.0 mg/l. AMD was strongly acidic
nd contained significant levels of metal ions, especially Fe,
nd sulphate. The acidic characteristic of the AMD results from
he percolation of water through sulphide minerals, generally
yrite, which oxidizes and dissociates when in contact with
ir and water. Therefore, Fe2+ is released and rapidly oxidizes
o Fe3+, which precipitates as hydroxides. After the onset of
he reaction, a cyclic series of events takes place starting with
he oxidation of Fe2+ to Fe3+ that is subsequently reduced by
yrite, releasing Fe2+ which increases the acidity of the solu-
ion [29]. Alternatively other metals like Zn, Cu and minor Pb
nd As occurring in minerals associated to the volcanic-hosted
assive Zn–Pb–Cu sulphide mineralization, can be solubilised

nd lixiviated as a consequence of the characteristic acidity of
he water and, therefore, the concentration of these elements
s often high. On the other hand, Smith et al. [30] investi-

ated the relationship between iron bacteria type, abundance,
tream environment and water/sediment chemistry in AMDs
nd concluded that bacteria exert a strong control over the pre-
ipitation of Fe–Mn oxyhydroxides, which can attenuate the

c
A
a
p

ig. 3. pH (a) and electrical conductivity (b) variation as a function of time during th
orbent dosage of 0.25 g, and volume of AMD of 20 ml.
s Materials 156 (2008) 23–35

oncentration of metal ions by sorption and coprecipitation
rocesses. AMD characterization indicates that the effluents
t Parys Mountain were highly toxic to organisms and could
estroy the natural ecosystem when disposed without previous
reatment.

.3. AMD treatment using CFA, NC and synthetic zeolites

The main objective of this experimental work was to carry
ut a study of the sorption efficiency of both the raw starting
aterials used in zeolite synthesis and their as-synthesized prod-

cts, with respect to the immobilization of heavy metals and
mmonium and to explore the applicability of these low-cost
on exchangers for the decontamination of AMD.

.3.1. Kinetics of the neutralization reaction
Neutralization is generally the first step in AMD treat-

ent. Therefore, the kinetics of the neutralization reaction was
nvestigated by monitoring the pH and electrical conductivity
f sorbent:AMD mixtures (0.25 g/20 ml and 1 g/20 ml) over a
eriod of 24 h. Figs. 3(a) and (b) show the pH and electrical
onductivity trends, respectively, for the neutralization reactions
etween the investigated sorbents and the AMD (0.25 g/20 ml).

small increase of the initial pH (1.96) of the AMD occurred
n contact with CFA (2.54) and NC (2.42) and synthesis prod-
cts (2.99–3.40) within the first 5 min of shaking. The reaction
ates decrease as equilibrium is approached. pH can increase as
consequence of the progressive dissolution of the sorbent dur-

ng the shaking process, and it can decrease due to the release of
elict organic matter. The pH was stabilized within 1 h when the
FA and NC were reacted with AMD, whereas 2 h were required
sing the synthetic zeolites as sorbents. The final pH ranges from
.86 to 2.66 (raw materials) to 2.86–4.42 (synthesis products),
eing higher when faujasite was used. No breakthrough to alka-
ine pH was observed, which indicates that contact time did not
ffect the alkalinity using a dosage of 0.25 g, but using a higher
orbent ratio a strong change in pH was observed as will be
iscussed later. The lack of buffering capacity for the solution

an be attributed to the very low concentration of Fe3+/Fe2+,
l3+, Mn [31]. A buffering region is associated to oxidation

nd hydrolysis of Fe2+ with releases H+ ions and delays rise in
H [32]. Electrical conductivity ranges of 5.00–6.93 mS/cm and

e sorption batch experiments with starting pH of 1.96 and EC of 3.77 mS/cm,
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.76–10.38 mS/cm were obtained for the CFA and NC, respec-
ively, whereas the as-synthesized products showed electrical
onductivity ranges of 4.96–7.74 mS/cm, 5.80–8.63 mS/cm and
.53–5.87 mS/cm. A sudden increase in electrical conductivity
as observed during the first 5 min for all batch experiments,

ndicating that very soluble material dissolved very quickly
esulting in a rapid and irregular increase in electrical conductiv-
ty during the initial contact sorbent:AMD. After 1 h of reaction,
he electrical conductivity values maintained fairly stable for the
est of the time intervals when NC was used. On the other hand,
FA showed a regularly and systematically decrease in elec-

rical conductivity, which can be associated to a reduction in
ulphate accompanied by the formation gypsum, whereas the
se of zeolitic products promoted a progressively increase in
lectrical conductivity, although showing slight concentration
uctuations. After an initial very rapid increase in electrical
onductivity, the release of solutes to the solution slows down
uring further reaction. Therefore, it is possible that ions from
cid-generating and acid-neutralizing reactions can effectively
ncrease both the salt concentration (salinity) of the AMD and its
lectrical conductivity, which means that the sorbents released
pecies in solution.

.3.2. Ammonium removal
The removal of ammonium from AMD using the raw mate-

ials and synthesis products is illustrated in Fig. 4(a) for
sorbent:AMD mixture of 0.25 g/20 ml. CFA produced an

ncrease in ammonium after 10 min, which becomes stable
etween 10 and 30 min and then abruptly decreases to the lower
oncentration, although it shows a strongly reversal character.
FA seems to release ammonium after some time in contact
ith AMD, which has been observed in similar studies [22].
C produced more or less stable behaviour in ammonium trend
uring the first hour of contact time, and then it shows a small
ncrease between 1 and 3 h, followed by a gradual small decrease
etween 3 and 24 h. CFAF and NCF show an increase in ammo-
ium after 5 or 10 min and then it abruptly decreases to lower
oncentrations, becoming stable after 30 min. NCZ produced a
mall increase in ammonium after 5 min and then it decreases
fter 10 min. However, the ammonium concentration shows a
trongly reversal character. On the other hand, the synthesis
roducts show a capacity to adsorb ammonium which could
e mainly through ion-exchange.

.3.3. Heavy metal removal
The immobilization of heavy metal ions from aqueous

olutions is quite a complicated process, consisting of ion
xchange and adsorption and is likely to be accompanied by
recipitation of metal hydroxide complexes on active sites
f the particle surface [33]. The removal of heavy metals
rom AMD using the raw materials and as-synthesized zeo-
ites is illustrated in Fig. 4(b)–(h) for a sorbent:AMD mixture
f 0.25 g/20 ml. As shown in Fig. 4(b), Ni increased within

he first 5 min, decreasing between 5 and 10 min when the
aw materials were used, whereas steep and slight increases
ere observed using faujasite (CFAF and NCF) and NCZ.
ll sorbents produced a progressive increase between 10 and

i

t
s

s Materials 156 (2008) 23–35 29

5 min, although CFA and NC showed a steep increase at
5 min and 1 h, respectively. During the first hour of reaction,
ll sorbents produced inconsistent trends characterized by con-
entration fluctuations and a reversible behaviour. After 2 h,
C and NCZ produced a progressive increase and decrease

n Ni concentration, respectively. However, the concentra-
ion of this metal ion tends to increase at longer reaction
imes.

In general, Cr (Fig. 4(c)) displays very low concentrations,
hich tend to stabilize after sorbent:AMD reaction, except when
FA was used, although no complete removal of Cr was reached.
he addition of CFA to AMD produced a steep increase in Cr,
ithin the first 5 min, followed by a decrease between 5 and
0 min. Then a progressive increase was observed between 10
nd 45 min, followed by a new decrease up to 2 h, showing a
light progressive increase with reaction time. Cr concentrations
fter CFA–AMD interaction are higher than those contained
riginally in the raw AMD. This is due to the fact that CFA
eleases Cr during its dissolution. NC also produced very low
oncentrations of Cr, with significant fluctuations, particularly
t 1 h. When synthesis products were used, lower residual con-
entrations of Cr were obtained, although with an inconsistent
ehaviour of their trends. CFAF and NCF produced similar
rends, with a decrease in Cr within the first 10 min, slightly
ncreasing up to 3 h, decreasing again between 3 and 4 h, after
hich it stabilized. The lowest residual concentrations were
bserved after 4 h using NCF and NCZ.

Pb (Fig. 4(d)) showed a steep decrease during the first 5 min
sing CFAF and NCF, followed by a slight progressive increase
or the rest of the time intervals. The lower residual Pb con-
entrations were obtained using NCF. CFA produced a steep
ecrease in Pb concentration within the first 10 min, followed
y a progressive increase between 10 and 45 min, and a new
ecrease between 45 min and 2 h, with slight concentration fluc-
uations for the rest of the time intervals. The addition of NC
nd NCZ produced a steep decrease in Pb concentration within
he first 5 min, followed by a very stable behaviour and a pro-
ressive decrease between 5 and 30 min using NC and NCZ,
espectively; a sudden increase occurred between 30 min and
h, followed by a new decrease between 1 and 2 h, with slight
oncentration fluctuations for the rest of the time intervals.

In the case of As (Fig. 4(e)), CFAF and NCF produced a
teep decrease during the first 5 min, after which plateau val-
es were reached with very low residual concentrations (around
ppm) for the rest of the time intervals, with an almost complete

emoval. NCZ produced a steep decrease in As concentration
uring the first 45 min, with considerable inconsistency in con-
entration as indicated by fluctuations in the plot; NCZ shows
lower efficiency than that shown by faujasite, The addition

f CFA and NC produced a steep decrease in As concentration
ithin the first 5 min, followed by a very stable behaviour for the

est of the time intervals, although the CFA produced a sudden
ncrease at 45 min. All sorbents showed a very slight progressive

ncrease after 2 h of reaction.

Cu concentration is illustrated in Fig. 4(f) and is charac-
erized by a steep increase within the first 5 min, using all
orbents, which continued after 10 min, except when CFA (small
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ig. 4. Variation of concentration of (a) ammonium and (b–h) metals as a funct
.77 mS/cm and sorbent:AMD mixture of 0.25 g/20 ml.

ecrease) and NCF were added. CFAF produced a progressive
ecrease up to 3 h, followed by a new increase between 3 and 4 h.
owever, the trend after 1 h shows an almost stable behaviour.

CF produced also a progressive decrease up to 45 min, fol-

owed by an increase between 45 and 60 min, and then stabilized
or the rest of the time intervals. NCZ produced slight concen-
ration fluctuations. The addition of CFA and NC promoted a

a
C
t
i

time during the sorption batch experiments with starting pH of 1.96 and EC of

ery stable behaviour of the Cu concentration, except by a sig-
ificant fluctuation in concentration observed at 45 min using
FA and a slight progressive increase after 2 h using NC. The

ddition of CFA and NC promoted a very stable behaviour of the
u concentration, except by a significant fluctuations in concen-

ration observed at 45 min using CFA and a slight progressive
ncrease after 2 h using NC. For all investigated materials, Cu
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oncentrations after sorbent:AMD interaction are higher than
hose contained originally in the raw AMD, which can also be
xplained by dissolution of the sorbents releasing Cu.

All sorbents produced similar trends of Zn (Fig. 4(g)) with
n abrupt decrease within the first 5 min, reaching a very stable
ehaviour, except by CFA, which produced a sudden increase at
5 min. In general, Zn concentration tends to slightly increase
t longer reaction time, particularly after 2 h.

In the case of Fe (Fig. 4(h)), CFAF and NCF produced a
teep decrease during the first 5 min, followed by a progressive
ecrease up to 1 h, after which plateau values were reached with
ery low residual concentrations (around 1 ppm) for the rest
f the time intervals, with an almost complete removal. NCZ
howed a lower efficiency than that shown by faujasite, pro-
ucing a steep decrease within the first 5 min, followed by a
rogressive increase up to 45 min; then, an abrupt increase was
bserved at 1 h, followed by a new decrease at 2 h, decreasing
gain for the rest of the time intervals. Therefore, this Fe trend
howed an inconsistent behaviour in concentration characterized
y significant concentration fluctuations. The addition of CFA
nd NC produced a steep decrease within the first 5 min, tending
o stabilize for the rest of the time intervals, except by an abrupt
ncrease in concentration observed at 45 min using CFA.

Based on the inherit alkalinity, induced by the alkaline activa-
ion of the raw materials, a higher pH was obtained upon zeolite
ddition. However, in conditions where the ion exchange pro-
ess occurs in considerably alkaline pH ranges, the precipitation
f certain solid phases on the surface of the ion exchanger may
e induced and as such, they can act as crystallization seeds
or the subsequent precipitation of the counter ion [28]. The
esult would be the enhancement of the metal uptake by the
on exchanger and this is what probably occurs during experi-
ents with inorganic exchangers, such as the ones synthesized in

his study. We can conclude that the main mechanism for metal
ptake is precipitation and not sorption and the increase in pH
ith the addition of the sorbents decreases the metal concentra-
ions probably due to precipitation on the surface of the sorbents.
he process of precipitation works on the basis that the pH is

eached at which the metals attain their minimum solubility and
s such, precipitate out [28]. However, in spite each metal por-

c
o
m
c

ig. 5. Variation of (a) pH and electrical conductivity and (b) ammonium concentra
ixture of 1 g/20 ml) with starting pH of 1.96 and EC of 3.77 mS/cm.
s Materials 156 (2008) 23–35 31

ray its own minimum solubility at its own characteristic pH, the
H required to precipitate most metals from water ranges from
H 6 to 9 (except for Fe, which precipitates at pH > 3.5), thus if
ufficient alkaline material is added, such that the pH is raised
p to 9, most of the metals will be hydrolyzed and precipitated
34].

.3.4. Effect of sorbent dosage
A sorbent:AMD mixture of 1 g/20 ml was used to establish

he effect of sorbent dosage, with an increase of pH in the
atch experiments occurred after 24 h of contact time, with final
H values from 4.20 to 9.43, except when NC was used (pH
.85). NCF was selected to develop an additional batch reaction
est to evaluate the removal of heavy metals and ammonium
ecause it produced the highest pH (9.43). Fig. 5 illustrates the
rends of pH and electrical conductivity as well as the ammo-
ium concentrations in AMD treated with NCF. The kinetics of
he neutralization reaction is initially very rapid, with the pH
Fig. 5(a)) increasing rapidly from 1.96 to 7.70 within the first
min on contact with NCF, which is probably the result of the

ree CaO present in the faujasite framework. The reaction rate
ecreases as equilibrium is approached, with an apparent equi-
ibrium pH of 8.34 being reached within 1 h. The pH increase
an be also associated to dissolution of the sorbent during the
haking process. However, a final pH similar to that obtained in
ur batch experiments has been attributed to hydrolysis of zeo-
ites as well as cationic exchange [35]. According to Ouki and
avannagh [36] and Pitcher et al. [37], the pH increase is almost
navoidable in a zeolite heavy metal system. The electrical con-
uctivity (Fig. 5(a)) also shows an abrupt increase from 3.77 to
.42 mS/cm within the first 5 min, which becomes stable after 1 h
f contact time. The ammonium concentration (Fig. 5(b)) shows
significant fluctuation during the first hour; a steep decrease

rom 3.0 to 0.30 mg/l of ammonium was observed within the
rst 5 min, with a progressive increase from 0.30 to 0.90 mg/l
f ammonium between 5 and 45 min, finally decreasing with

ontact time, although a complete removal of ammonium was
btained only after 24 h. Fig. 6 illustrates the trends of heavy
etal concentrations in AMD treated with NCF, which indi-

ates that during the first 5 min an abrupt decrease in all the

tion as a function of time during the sorption batch experiments (NCF:AMD



3 ardou

a
v
a
w
c
t
a
s
Z
4
i
t
g
d
r
w
c
s
Z
c
a
t
t
s
a
o

3

t
[
c
m
m
a
i
F
c
A
l
a
a
p
S
a
i
w
w
W

F
a

2 C.A. Rı́os et al. / Journal of Haz

nalysed elements occurred, except Ni and Cr, which showed a
ery small increase. Then, an abrupt increase in Zn and Cu, with
progressive decrease and increase in Pb and Ni, respectively,
as observed between 5 and 10 min, with Fe and As keeping

onstant. Cr displayed a very small decrease during this contact
ime. A steep decrease in Zn and Cu, with increasing Pb, Ni, Cr
nd As, occurred between 10 and 30 min, with Fe keeping con-
tant. A progressive increase in Pb and As, with a decrease in Ni,
n and Cr, occurred between 30 and 45 min. Finally, between
5 and 60 min a decrease in Pb and As, a very small decrease
n Zn and Cr, and an increase in Ni, was observed. With contact
ime the concentration levels decreased to the lower values. In
eneral, all metals showed a very steep concentration decrease
uring the first 5 min, reaching plateau values with very low
esidual concentrations for the rest of the time intervals, although
ithout a complete removal, with Pb and Ni showing slight con-

entration fluctuations during the first hour. The plots in Fig. 6
how the fact that removal was quite favourable in terms of Fe,
n, Cu, As and Pb, taking into account that very low residual
oncentrations were obtained after equilibration with NCF. Cr
nd Ni maintained fairly stable, showing very low concentra-
ions. pH has a very important role in the sorption/removal of

he contaminants, probably due to the charge developed on the
urfaces of the adsorbent as the pH increased. On the other hand,
higher adsorbent ratio showed a better efficiency in the removal
f contaminants.

A
h
A
c

ig. 6. Variation of heavy metal concentration as a function of time during the sorptio
nd EC of 3.77 mS/cm.
s Materials 156 (2008) 23–35

.3.5. pH versus dissolved metal content
The relationship between pH and the dissolved metal con-

ent in AMD can be summarized using ‘Ficklin’ diagrams
38–41], as shown in Fig. 7. These plots are very useful to
arry out an initial prediction of the potential impact from
ining sulphide-bearing mineral deposits, enabling an assess-
ent of correlations between particular mineral-deposit types

nd the observed metal, metalloid, pH and sulphate chem-
stry in the drainage [42]. However, in this study we use the
icklin diagrams to make a relationship between the metal con-
entration in treated AMDs and that corresponding to natural
MDs associated to different mineral assemblages and geo-

ogical conditions. The raw AMD is characterized by high
cid values of pH and extreme metal concentrations (Fig. 7)
nd its plot falls within the field typically associated with
yrite–enargite–chalcocite–covelline in acid altered rocks [40].
imilar results were observed when AMD was treated with CFA
nd NC (Fig. 7(a)) or with NCZ (Fig. 7(b)), which are character-
zed by high acid values of pH and extreme metal concentrations,
ith the cluster of points being equivalent to AMDs associated
ith pyrite–enargite–chalcocite–covelline in acid altered rocks.
hen CFAF (Fig. 7(c)) and NC (Fig. 7(d)) were used during

MD treatment, moderate acid values of pH and extreme to
igh metal concentrations were obtained, which is equivalent to
MDs associated with pyrite–sphalerite–galena–chalcopyrite in

arbonate-poor rocks. The effect of sorbent dosage is illustrated

n batch experiments (NCF:AMD mixture of 1 g/20 ml) with starting pH of 1.96
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ig. 7. Ficklin diagrams showing the sum of aqueous base metal concentrations
MD plots (grey circle) indicate the starting heavy metal concentration and pH

ndicated by black rombs (CFA); open rombs (NC); black circles (NCZ); black tr

n Fig. 7(d). A NCF:AMD mixture of 1 g/20 ml produced mainly
ear neutral pH and low metal concentrations, although after
min of reaction a near neutral pH and a high metal concentra-

ion was obtained, which is equivalent to AMDs associated with
yrite-poor sphalerite-galena veins and replacements in carbon-
te rocks or with pyrite-poor gold-telluride veins and breccias
ith carbonates. Therefore, the use of a higher sorbent dosage

n the treatment of AMD promoted the increase of the pH and
he reduction of metal concentration.

. Conclusions

In this study, CFA, NC and synthetic zeolites were investi-
ated in batch experiments as potential sorbents for treatment
f AMD at a starting pH of 1.96, which changed after 24 h
o 2.66 and 4.20 (CFA), 1.86 and 1.85 (NC), 4.42 and 8.41

CFAF), 4.29 and 9.43 (NCF) and 2.86 and 3.89 (NCZ), with
H values increasing with sorbent dosage, except when NC was
sed, which suggests that with sufficient reaction time (24 h), the
H is strongly affected by the sorbent material rather than the

T
s
o
i

D treated with (a) CFA and NC, (b) NCZ, (c–d) CFAF and NCF, respectively.
ereas the treated AMD data using a sorbent:AMD mixture of 0.25 g/20 ml are
es (CFAF and NCF). Open triangles indicate a NCF:AMD mixture of 1 g/20 ml.

MD composition and particularly with a higher sorbent dosage.
here are two competing processes here, release of alkalinity

rom sorbents and removal of acidity from AMD components,
t higher sorbent dosage the acidity from AMD components
s overwhelmed and pH is bound to increase while with lower
orbent dosage the alkalinity from the sorbent is overwhelmed
y the acidity from the AMD components and the pH remains
ow. Our experimental data reveal that the heavy metal removal
ill depend on the sorbent material and the applied dosage; NC

nd probably CFA did not show good efficiency as sorbents
o neutralize the AMD, but their synthesis products are bene-
cial products as ion exchangers in removing acidity, Fe, Zn
nd Cu from AMD. In addition to cation exchange reactions,
recipitation of hydroxide species (mainly of Fe) also played
n important role in the sorption and coprecipitation, and thus
mmobilization of metals in the batch experiments carried out.

he results of the absorption experiments suggest that fauja-
ite can be applied in wastewater treatment as an immobilizer
f pollutants. Selectivity of faujasite for metal removal was,
n decreasing order, Fe > As > Pb > Zn > Cu > Ni > Cr. From the
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bove results, we have demonstrated that faujasite was effec-
ive in reducing the Fe, As and Pb concentration, indicating the
omplete removal of Fe and As with a strongly irreversible char-
cter and not a complete removal of Pb, in spite of the dosage
f sorbent applied during AMD treatment. Cu and Zn were par-
ially removed when 1 g of sorbent was reacted with the AMD.
i shows a small progressive increase and displays a similar

rend to Pb, except when NCZ was used. The efficiency in the
emoval of ammonium was poor. However, the reaction between
ynthetic zeolites and AMD after 24 h of contact time produced
he lower ammonium concentrations. NCF produced a complete
emoval of ammonium was obtained after 24 h of contact time
hen a dosage of 1 g was used. In general, the different sorbents

ontain considerable amounts of accessory phases that partly
issolve during the batch reaction, which may explain the sud-
en increase or decrease in metal concentration and therefore,
he release rate of these elements is controlled by the dissolution
f the sorbent. Our results can be applied in waste management
cenarios, particularly in AMD treatment. However, it will be
ecessary to design and execute some more detailed experiments
o explore further application of the adsorbents for clean-up of
he AMD, which can be treated at the mine to some degree, usu-
lly by neutralisation at source by limestone, settling and tailings
onds or wetlands, although this process will not be ever fully
fficient and accidents with the treatment system are inevitable.
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35] H. Genç-Fuhrman, P.S. Mikkelsen, A. Ledin, Simultaneous removal of As,
Cd, Cr, Cu, Ni and Zn from stormwater: experimental comparison of 11
different Sorbents, Water Res. 41 (2007) 591–602.

36] S.K. Ouki, M. Kavannagh, Performance of natural zeolites for the treatment

of mixed metal-contaminated effluents, Waste Manage. Res. 15 (1997)
383–394.

37] S.K. Pitcher, R.C.T. Slade, N.I. Wards, Heavy metal removal from
motorway stormwater using zeolites, Sci. Total Environ. 334-335 (2004)
161–166.

[

s Materials 156 (2008) 23–35 35

38] W.H. Ficklin, G.S. Plumlee, K.S. Smith, J.B. McHugh, Geochemical clas-
sification of mine drainages and natural drainages in mineralized areas,
in: Y.K. Kharaka, A.S. Maest (Eds.), Proceedings of the 7th Interna-
tional Symposium on Water Rock Interaction, Park City, Utah, 1992,
pp. 381–384.

39] G.S. Plumlee, K.S. Smith, E.L. Mosier, W.H. Ficklin, M.R. Montour,
P. Briggs, A. Meier, Geochemical processes controlling acid-drainage
generation and cyanide degradation at Summitville, in: H.H. Posey,
J.A. Pendleton, D.J.A. Van Zyl (Eds.), Proceedings of the Sum-
mitville Forum’95, Colorado Geol. Surv. Spec. Pub. 38, Colorado, 1995,
pp. 23–34.

40] R.R. Seal II, N.K. Foley, R.B. Wanty, Introduction to geoenvironmental
models of mineral deposits, in: R.R. Seal II, N.K. Foley (Eds.), Progress on
Geoenvironmental Models for Selected Mineral Deposit Types, US Geol.
Surv. Open File Rep. 02-195, 2002, pp. 1–7.

41] A.J. Desbarats, G.C. Dirom, Temporal variations in the chemistry
of circum-neutral drainage from the 10-Level portal, Myra Mine,
415–435.
42] R.J. Bowell, J.V. Parshley, Control of pit-lake water chemistry by secondary

minerals, Summer Camp pit, Getchell mine, Nevada, Chem. Geol. 215
(2005) 373–385.


	Removal of heavy metals from acid mine drainage (AMD) using coal fly ash, natural clinker and synthetic zeolites
	Introduction
	Materials and methods
	Sampling sites
	Sorbents
	Characterization of sorbents
	Batch experiments and water analyses

	Results and discussion
	Characterization of sorbents
	Characterization of AMD samples
	AMD treatment using CFA, NC and synthetic zeolites
	Kinetics of the neutralization reaction
	Ammonium removal
	Heavy metal removal
	Effect of sorbent dosage
	pH versus dissolved metal content


	Conclusions
	Acknowledgments
	References


