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a b s t r a c t

A continuous column experiment was carried out under dynamic flow conditions in order to study
the efficiency of low-cost permeable reactive barriers (PRBs) to remove several inorganic contami-
nants from acidic solutions. A 50:50 w/w waste iron/sand mixture was used as candidate reactive
media in order to activate precipitation and promote sorption and reduction–oxidation mechanisms.
Solid phase studies of the exhausted reactive products after column shutdown, using scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD), confirmed
that the principal Fe corrosion products identified in the reactive zone are amorphous iron (hydr)oxides
(maghemite/magnetite and goethite), intermediate products (sulfate green rust), and amorphous metal
eochemical modelling

ermeable reactive barrier
ero-valent iron

sulfides such as amFeS and/or mackinawite. Geochemical modelling of the metal removal processes,
including interactions between reactive media, heavy metal ions and sulfates, and interpretation of the
ionic profiles was also carried out by using the speciation/mass transfer computer code PHREEQC-2 and
the WATEQ4F database. Mineralogical characterization studies as well as geochemical modelling calcu-
lations also indicate that the effect of sulfate and silica sand on the efficiency of the reactive zone should
be considered carefully during design and operation of low-cost field PRBs.
. Introduction

Acid mine drainage (AMD) occurs when reactive sulfide miner-
ls (e.g. pyrite) are exposed to oxygen and water in the absence of
ufficient neutralizing minerals. These leachates, characterized by
ow pH and high concentrations of SO4

2−, Fe and several toxic met-
ls, are responsible for the deterioration of the quality of surface-
nd groundwater as well as soils [1].

In recent years, attention has been paid to the use of perme-
ble reactive barriers (PRBs) for the clean-up of acidic plumes and
he prevention of groundwater contamination. PRBs comprise an
ngineered treatment zone of reactive material(s) that is placed in
he subsurface in order to remediate a contaminated groundwa-
er plume as it flows through [2]. The contaminants are removed
rom groundwater by transformation to less dangerous compounds
nd/or efficient removal by the reactive material. The key element

or the design and efficient in situ operation of a PRB system is
he selection of an appropriate reactive medium, which, depend-
ng on the type of the contaminant, should be characterized by
ncreased reactivity, sufficient permeability or hydraulic conduc-
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304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.07.024
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tivity, excellent environmental compatibility, availability, low-cost,
and long-term stability.

Commercial zero-valent iron (Fe0) has been used as reactive
material in most constructed PRBs to degrade organic pollu-
tants. Chemical reduction by zero-valent iron has been extensively
studied for the treatment of chlorinated organics, nitroaromatic
compounds and pesticides [3]. Recently, due to its strong reducing
capacity and ability to alter its valence state into more favourable
forms for sorption and reductive precipitation, commercially avail-
able iron has been also successfully used for the remediation of
AMD contaminated by a large number of metals and trace elements
such as As, Cd, Co, Cr, Hg, Ni, Se, U and Zn [4]. Furthermore, due to
the continuous oxidation of zero valent iron in PRB systems, a sub-
strate of iron oxides is formed enhancing thus sorption of several
contaminants [5,6]. Nevertheless, the relatively high cost of com-
mercial Fe0 fillings may prevent their use at small contaminated
sites especially in developing countries.

As a result, laboratory attempts using industrial wastes or by-
products from other metallurgical or chemical processes such as fly

ash, bottom ash and red mud as potential cost-effective and conve-
nient sorbents for the removal of heavy metals have been recently
performed [7–9]. Waste iron in the form of steel scrap or iron sludge
seems to be a good alternative, as it is either discarded or sold at
very low prices (20 times lower than commercial iron) depending

dx.doi.org/10.1016/j.jhazmat.2010.07.024
http://www.sciencedirect.com/science/journal/03043894
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phases. All chemicals used were reagent grade (Merck, Aldrich or
Fluka).

Upward flow of the simulated AMD feed was applied using a
peristaltic pump Gala/4W in order to precisely simulate typical
groundwater flow rate of approximately 152.4 cm/day (∼5 ft/day)

Table 1
Feed solution composition and corresponding chemicals used.

Contaminants Concentration in mg/L Used chemicals

Al3+ 500 Al2(SO4)3·18H2O
Zn2+ 100 ZnSO4·7H2O
Cd2+ 25 3CdSO4·8H2O
Cu2+ 50 CuSO ·5H O
02 G. Bartzas, K. Komnitsas / Journal of

n its reactive content characteristics. Indeed, in most cases waste
ron contains high amounts of Fe0 which are directly available for
he treatment of contaminants without the need of any pretreat-

ent. These waste materials, as a result of the treatment process,
re usually covered with a double layer of iron oxides; however,
revious studies showed that when placed in acidic solutions, the
uter passive oxide layer is removed or converted by autoreduction
o a conducting magnetite film [10–13].

Despite the extensive field iron PRB applications, there is still
uch uncertainty in predicting their long-term effectiveness and

ydraulic performance over long periods of time as well as the type
f precipitates formed under given conditions. In most cases, the
etal removal mechanisms by Fe0 are not well defined/understood

ut are believed to involve cementation, adsorption and reductive
ineral precipitation processes. However, the predominant inor-

anic contaminant removal pathway is generally favoured by iron
orrosion depending on the metal species and experimental condi-
ions. Previous studies have shown that the main corrosion product
s amorphous ferrous hydroxide, which can be thermodynami-
ally converted to non-stoichiometric magnetite (Fe3O4) [14] or
o other intermediate products known as green rusts [GR(SO4

2−)]
11,14]. Secondary reactions cause the formation of magnetite,

aghemite (�-Fe3O4), goethite (a-FeOOH) and lepidocrocite (�-
eOOH) [16,17]. The type of the secondary minerals is primarily
ependent on the solution chemistry and the prevailing flow con-
itions.

As a result of these oxidation–reduction reactions, the Fe0 sur-
ace is gradually coated by a layer of iron oxides and oxyhydroxides
nd therefore the effective porosity of the reactive medium is
educed. In many studies, strong emphasis has been recently laid
n mixing zero-valent iron with sand to reduce material costs
18], prevent loss of reactivity and hydraulic conductivity and in
urn avoid reduction of groundwater flow [19,20]. Addition of sand
ncreases accessible porosity and eliminates both pore clogging and
evelopment of preferential flow channels by creating connected
ores not subject to infilling by corrosion products such as oxides
13,21]. However, several issues related to interfacial reactions of
e0 and its corrosion products with silicon substrates during treat-
ent require further elucidation.
Solid phase investigations coupled with geochemical studies of

he exhausted reactive media can be used to further predict mineral
recipitation and pore clogging changes and subsequently evaluate
heir effect on reactive materials hydraulic and treatment efficiency
22,23]. Solid phase studies can accurately assess the extent of iron
orrosion, the role of the presence of potential buffering minerals
nd the effect of precipitation of secondary minerals on reactive
ites. In addition, mobilisation and removal of metals can be eval-
ated with aqueous sampling and determination of pore water
hemistry. Reactive transport modelling is another valuable tool
hat can be used for the elucidation of the mechanisms involved
n each reactive system and the prediction of the effective lifetime
specially in field applications. Its use is extremely important dur-
ng evaluation of complicated multi-component systems such as
MD contaminated waters. A combination of these approaches pro-
ides valuable information on physical and chemical alterations in
he reactive zone and assists in the design of iron PRBs as a viable
ong-term and cost-effective remediation technology.

In the present study, a long-term continuous column exper-
ment was carried out using a mixture of waste iron and sand
s reactive material to study the clean-up of acidic leachates
nd assess the effect of sulfate ions and mineral precipitation

n iron corrosion. Solid phase studies using XRD, SEM and FTIR
oupled with geochemical modelling calculations were used to
nvestigate the formation of new mineral phases and identify iron
orrosion products. Emphasis was laid on the evaluation of the
ffect of silica sand as admixing material on the performance and
dous Materials 183 (2010) 301–308

longevity of waste iron-based PRBs during field treatment of acidic
leachates.

2. Materials and methods

2.1. Materials

2.1.1. Waste iron
Waste iron filings (0.2–1.2 mm) were obtained from Gotthart

Maier, Germany, and used as received. They have irregular shape
and slightly rough surface, while they contain 92% elemental iron,
approximately 3.3% carbon, and minor impurities. Their specific
surface area as determined by the BET N2-method was 0.0482 m2/g.

2.1.2. Silica sand
Silica sand (0.2–1.0 mm) was collected from a coastal area of

Milos Island, Greece. Its chemical analysis using XRF revealed the
presence of 97% SiO2 and traces of aluminum and sodium oxides; no
iron oxides were detected. Prior to use, sand particles were soaked
in 8% v/v HNO3 for 24 h and then rinsed with deionized water.

2.2. Experimental set-up

The experimental procedure (design, column set-up and oper-
ation) has been described in detail in an earlier publication [24].
Briefly, two plexiglas columns (45 cm length, 5 cm internal diame-
ter) were used in a series. Each column was homogeneously packed
with a 40 cm layer of 50:50 w/w waste iron filings/silica sand while
two 2.5 cm layers of silica sand were places at both ends. The poros-
ity of the packed waste iron/sand zone was calculated by weight
difference after filling the column with distilled water and con-
firmed by a tracer test (55%); a non-reactive chloride was flushed
into the column and the breakthrough of the tracer front was deter-
mined at the effluent sampling port. The experimental data were
modelled using the one-dimensional advection-dispersion equa-
tion so that an identical porosity was derived.

The upflow column test was performed at constant tempera-
ture, 25 ± 2 ◦C. An artificial acidic solution comprising several metal
sulfates was prepared from concentrated stock analytical grade
solutions to simulate the chemical composition of typical AMD gen-
erated in most mining and waste disposal sites (Table 1). No iron
was added because a) its concentration in real solutions is usu-
ally much higher than the concentration of the other elements,
dominating thus system kinetics and formation of new phases,
and b) iron is released in the system due to the corrosion of
Fe0. No further pH adjustment of the incoming feed was required
as its natural acidity (pH 1.8) prevents precipitation of metal
4 2

Mn2+ 50 MnSO4·H2O
Ni2+ 50 NiSO4·6H2O
Co2+ 50 CoSO4·7H2O
SO4

2− 5840 –
pH 1.8
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nd eliminate channelling and gas entrainment. Before running
he tests at steady flow conditions, three pore volumes of distilled
ater were flushed through the columns to equilibrate the system

nd remove residual oxygen from the voids. All tests were carried
ut in duplicate.

.3. Solid sample extraction and preparation

After completion of the tests, the columns were brought into
n anaerobic chamber and samples were extracted to perform
olid phase characterization studies. Solid samples of “exhausted”
eactive material (approximately 30 g) were taken from 3 repre-
entative sampling points (bottom, middle and top of the column)
nder nitrogen atmosphere to minimize oxidation and washed
ently with deoxygenated acetone/water solution (1:1 volume
atio).

Prior to mineralogical analysis, all samples were gently ground
sing an agate mortar and pestle and then sieved manually. This
rocedure enabled separation of coarse particles (>140 �m, mostly
e0 filings) from the fine exhausted material (fractions of <63 and
3–140 �m, mainly precipitated minerals and fine Fe0 filing frag-
ents) and adequate removal of precipitates. This procedure is

uitable when unstable minerals precipitate and wide assortment
f mineralogy appears due to gradual iron corrosion. The coarse
raction (>140 �m) was hand ground and sieved two more times in
rder to adequately remove surface precipitates.

.4. Solid phase studies

.4.1. XRD and FTIR
The mineralogical composition of column precipitates was

etermined by X-ray powder diffraction (XRD) and Fourier trans-
orm infrared spectroscopy (FTIR). Copper K� radiation and a
ruker D8 Focus diffractometer equipped with a vertical goniome-
er and a curved Cu diffracted beam monochromator was used in
RD studies. Samples were scanned from 2 to 70◦ 2� with 0.02◦ step
nd a counting rate of 1 s/step. FTIR spectra were derived using a
erkin–Elmer/Spectrum 100 spectrometer, in the range between
00 and 4000 cm−1. An 8 mg sample was mixed with 300 mg of
Br and pellets were obtained after pressing the mixture.

.4.2. SEM
Scanning electron microscopy (SEM) and energy dispersive X-

ay spectroscopy (EDS) were used to evaluate the morphology
nd composition of precipitates formed on the surface of the
ero-valent iron/sand particles. Measurements were conducted on
olished sections to determine the composition of surface pre-
ipitates on a semi-quantitative basis. Samples for SEM and EDS
nalysis were stored in an anaerobic glove box and then embed-
ed in an epoxy resin. Prior to SEM analysis, the epoxy-embedded
amples were polished using diamond abrasives and then coated
ith a thin gold layer. Secondary electron and back-scattered elec-

ron images were obtained using a JEOL-6380LV (Tokyo, Japan).
he instrument was operated using a 20 kV electron accelerating
otential and a beam current of about 10 nA.

.5. Geochemical modelling

The main reactions taking place in the reactive zone were sim-

lated using the PHREEQC version 2 software for speciation and
ne-dimensional transport [25]. The PHREEQC-2 code enables cal-
ulation of mineral saturation indices and allows prediction of
ineral precipitation that potentially controls the composition of

he aqueous phase during column operation. Thermodynamic con-
tants were retrieved from the WATEQ4F database [26].
dous Materials 183 (2010) 301–308 303

3. Results and discussion

During the continuous operation of the column system over a
period of nearly 1.5 months, physical and chemical changes were
observed. At the end of the runs, visible changes in the colour of
the reactive mixture from slight reddish (Fe3+ hydroxide) to greyish
green (Fe2+ hydroxide) were seen in the lower parts of the system.

The contaminant removal performance of waste iron/sand col-
umn system has been evaluated in detail in an earlier study [22]. An
oxide film was gradually formed due to the oxidation of zero-valent
iron, covered its surface and subsequently reduced the overall reac-
tivity of the system. As a result, porosity in the iron packed columns
during steady-state AMD clean-up decreased from the initial value
of 0.55–0.39; this value indicates that residence time is decreased
by four times. In order to determine the degree of iron corrosion and
further elucidate the removal mechanisms involved, newly formed
precipitates and iron corrosion products were characterized by sur-
face and structure analyses.

3.1. Iron corrosion products – effect of sulfates on metal removal

When the acidic solution reacts with the iron fillings, iron cor-
rosion takes place and pH increases (Eq. (1)):

4Fe0 + 8H2O ⇒ 4Fe2+ + 8OH− + 4H2 (1)

As a result of this reaction, the effluent pH increased at the early
stages of the experiment to 8.5; this is a typical value for iron
systems operating under moderate acidity and concentration of
contaminant. The rate of iron corrosion is controlled by the number
of sulfate ions present in the feed.

XRD analyses of the <63 �m fraction of precipitates formed at
the lower part of the system showed that apart from sand, the main
crystalline phases were sulfate green rust, goethite, and magnetite
(Fe3O4)/maghemite (�-Fe2O3) (Fig. 1). The last two mineral phases
are normally difficult to be distinguished by XRD, as they exhibit
similar XRD patterns differing in spacing by about 0.47% [27]. Under
slightly acidic conditions seen in this study, magnetite can contain
excessive amounts of maghemite or can be totally transformed to
its related product. As no significant mass of iron oxides is seen in
the unreacted iron particles, it is believed that their formation was
entirely due to Fe0 corrosion. Substantial amounts of both mag-
netite and maghemite have been detected in the reactive zone of
iron PRBs operating in the field.

Fe(OH)2 and ferrihydrite (Fe5OH8·4H2O) are usually the first
iron corrosion products. Although ferrihydrite has been detected
by transmission electron microscopy in PRBs containing commer-
cial iron [28], its formation was not identified by XRD in the present
study. Thermodynamic modelling calculations performed with
PHREEQC-2 at the given experimental conditions in the iron/sand
system, indicated that at acidic pH the reactive zone was under-
saturated in terms of ferrihydrite formation and oversaturated in
terms of both magnetite and hematite precipitation.

The XRD pattern of the precipitates formed indicated also the
presence of elemental copper, a redox-active phase formed by the
reduction of dissolved copper and its subsequent deposition onto
the iron surface. The removal mechanism for copper ions by zero-
valent iron (cementation) (E�

Fe2+/Fe
= −0.44 V, E�

Cu2+/Cu
= 0.34 V)

is discussed extensively in a previous study [24] and is briefly
described here by the following redox equation:

Fe0 + Cu2+ ⇒ Fe2+ + Cu0 (2)
Although, the ability to detect amorphous and metastable min-
eral phases by powder XRD is limited due to indirect inference,
instrument-related intensity variations and orientation effects,
solid sampling and preparation procedure used in this study



304 G. Bartzas, K. Komnitsas / Journal of Hazardous Materials 183 (2010) 301–308

F r part
i pper.

e
P
s
p
o

4

S

4

t
i
i
p
d
t

A
c
c
i
f

m
H
i
c
s
c
m
f
r

s
b
i
c
o
a
l
a

ig. 1. X-ray pattern of precipitates in the <63 �m fraction collected from the lowe
ron sulfide; Mt/Mh, maghemite and/or magnetite; Q, quartz; and Cu, elemental co

nabled the XRD detection of amorphous iron sulfide [(am)FeS].
revious studies [12,15] have shown that sulfate behaves as a
tronger reducing agent than the corresponding aqueous species
resent in solution and it could be responsible for the precipitation
f iron sulfides, as seen in the following reactions:

Fe0 + 8H2O ⇒ 4Fe2+ + 8OH− + 4H2 (3)

O2−
4 + 4H2 ⇒ HS− + 3H2O + OH− (4)

Fe2+ + HS− + 7OH− ⇒ FeS(am) + 3Fe(OH)2(am) + H2O (5)

The reduction of sulfate to sulfide occurs in natural AMD sys-
ems at pH values as low as 2–3 [29,30]. However, mineralogical
nvestigations in field iron PRBs showed that microbial activity
s an important promoter of sulfate reduction and subsequent
recipitation of am FeS. Amorphous iron sulfide can be disor-
ered/transformed to mackinawite [Fe(1+x)S] [31], a mineral phase
hat can present high metal removal capacity even at low pH [32].

The presence of significant amounts of sulfate in the simulated
MD feed (5840 mg/L) increases the likelihood for heavy metal
o-precipitation by the formation of ternary metal-sulfate surface
omplexes. On the contrary, S− does not tend to react with metal
ons and form metal sulfide complexes but may compete with sul-
ates for adsorption sites and hence inhibit metal adsorption.

Geochemical modelling with PHREEQC-2 also confirms that the
ajor contribution to iron corrosion is due to sulfate reduction.
owever, sulfate can be easily removed from solution by precip-

tation as metal sulfur compound, e.g., metal-sulfate/hydroxide
omplexes. Sulfate is also known to adsorb on iron (oxy)hydroxide
urfaces such as goethite and maghemite exhibiting net positive
harge at low pH [33]. Nevertheless, this behaviour may inhibit
etal removal as the presence of SO4

2− slows down the trans-
ormation of primary iron hydroxides into more crystallized and
eactive oxides [31].

It is believed that dissolved Al may also inhibit iron corro-
ion in near neutral pH conditions when the effluent solution is
elow saturation with respect to AlOOH [19]. However, geochem-

cal calculations carried out in this study predict that aluminium

oncentration in the PRB is mainly controlled by the formation
f amorphous Al(OH)3 or jurbanite (AlOHSO4·5H2O) when pH is
bove or below 5.5 respectively. This is supported by the relatively
ow sulfate concentration (475 mg/L) recorded at the final effluent
s well as by previous studies [12,34].
of the column system. Fe, zero-valent iron; GR, sulfate green rust; G, goethite; FeS,

The nature of the surface groups present in the reacted iron par-
ticles was further investigated with FTIR (Fig. 2). The spectra of the
precipitated fines (<63 �m fraction) separated from the corroded
waste iron filings consist of three main regions of interest: the O–H
stretching region from 4000 to 2000 cm−1, the combination band
and overtone region from 2000 to 1200 cm−1, and the lattice mode
and molecular ion region from ca. 1200 to 400 cm−1 [35].

It is important to note that FTIR analysis did not show the char-
acteristic spectral bands of surface silanols SiOH elongations of
pure quartz in the area 3600–3800 cm−1, as a result of its bond-
ing with hydrogen, either intramolecularly or with absorbed water.
This phenomenon may let us assume that these hydrogen based
elongations disappeared in the profit of the connections SiOFe in
the coated reactive mixture. In fact, the bands centred at 430 and
490 cm−1 confirmed the presence of SiOFe bond [36].

The lattice mode is the most complex region to determine in the
spectra of the mixed corrosion products. The peaks around 476 and
1120 cm−1 observed for corrosion products in the exhausted reac-
tive mixture correspond to the bending and stretching vibrations
of Fe–O bonding, indicating the existence of iron (hydr)oxides pre-
cipitates. The typical bands of �-FeOOH at 890 and 798 cm−1 are
the most noticeable features of spectra. The IR pattern of magnetite
is also present in iron corroded samples, showing a broad band at
575 cm−1 and a very broad band of low intensity at 408 cm−1 [37].

FTIR studies fully confirmed the formation of sulfate green rust
and maghemite under the particular conditions of this column
experiment. The IR spectrum of GR (SO4

2−) is well known [38]
and it is characterized by two main peaks at around (618–668) and
(1100–1138) cm−1. Respectively, the very broad and poor resolved
feature near 1400 cm−1 is also characteristic of maghemite [39].
Both these peaks observed on the exhausted iron samples indicate
that the IR data are, as a whole, consistent with the XRD anal-
yses. Finally, absorption bands at 610 and 778 cm−1 are related
to stretching modes of sulfates in association with a metal ion
such as aluminium or iron [40,41]. Under the given experimental
conditions, those absorption bands indicate the formation of the
corresponding sulfates or their hydrated forms.

SEM images and EDS analyses were also used to examine the

morphology of the newly formed precipitates and iron corrosion
products as well as their elemental composition. Microscopic char-
acterization of the reacted iron/sand material indicates that within
the reactive zone mineral accumulation does not only occur on the
surface of iron grains but also in the form of free mineral precip-
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Fig. 2. FTIR spectra o

tates not directly attached to iron grains. As seen in Fig. 3, the
ron grain (brighter area) is coated with a nearly compact phase
omprising three distinct layers: an outer thick shell, a middle
rystalline layer and an inner fibrous layer of small needles or
lates adjacent to iron metal surface. The iron reactive area is
righter in the SEM image because iron atoms when bombarded by
igh energy electrons emit more secondary electrons than epoxy
olecules do, so that more electrons are collected by the detector.
The presence of the oxygen peak on the SEM-EDS images, rang-

ng from 6.96% (Fig. 3b) to 30.92% w/w (Fig. 3c), provides a clear
vidence that the formation of both oxides, magnetite (Fe3O4) and
aghemite (Fe2O3), dominates the coating shell that was created

t the Fe0/solution interface. Coatings on iron grains are in some
egions either thin (20 �m) or over 100 �m filling thus completely
ore spaces.

The occurrence and predominance of the mineral phases vary
long the flow-path length and the proximity to the sand–Fe0 inter-

ace, fundamentally reflecting the significance of the pore water
hemistry. The characteristic hexagonal shape of sulfate green rust
nd the trapezoidal copper crystals were also identified on sur-
ace SEM images, further supporting the formation of these mineral
hases and the XRD results (Fig. 4a). EDS analysis showed the pres-

ig. 3. (a) Cross sectional (SEM)–backscatter electron (BSE) image of cemented iron filing
b) and (c) representative EDS analyses of the iron coating shell.
corrosion products.

ence of S and O, suggesting the occurrence of SO2−
4 anions at the

surface and/or in the interlayer of the sulfate green rust formed. A
bulbous formation of mixed iron (oxy)hydroxides aggregates due to
increased iron corrosion was also observed on the surface of waste
iron particles in the reactive zone.

Study of the reacted iron/sand surface with SEM revealed also
several small (2–8 �m) scattered spheres (Fig. 4b). EDS analysis
showed that these spheres are composed primarily of Fe and S
with minor amounts of Ca, Si, and O. Therefore, these round grains
are assumed to be precipitates of iron sulfide (or mackinawite), as
indicated by XRD.

3.2. Effect of sand

In field-scale PRB applications, sand or gravel are generally
mixed with reactive iron chips and used both as admixing and/or
backfill material in subsurface trenches. This cost-effective design

helps groundwater flow distribution through the PRB unit, min-
imizes both mineral precipitation and fouling at reactive surface
sites, and therefore enhances PRB reactivity and lifetime. Although
little is yet known about the spatial distribution of silica species
within an iron-sand reactive zone and with regard to iron corro-

s showing Fe (oxy)hydroxides corrosion coating adjacent to the iron filing surface,
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ig. 4. Minerals present on the surface of a reacted iron filing: (a) SEM photomicrog
Cu) and formation of magnetite/maghemite aggregates onto iron surface (Mg). (b)

ion, recent studies have shown that dissolution of silica may limits
ystem efficiency [42,43].

In natural waters, silica species are ubiquitous aqueous com-
ounds that mainly occur as silicic acid (Si(OH)4) through a single
reak of siloxane bonds ( Si–O–Si ) via water. Significant amounts
f dissolved silica are also commonly encountered in mine effluents
s a result of weathering of aluminosilicate minerals at low pH con-
itions. In this case, the overall dissolution reaction is monitored
y the production of silicic acid, H4SiO4(aq), as a final product of
he congruent dissolution of (am)SiO2 into water:

m SiO2 + 2H2O ⇒ H4SiO4(aq) (6)

Overall, dissolution rates of (am)SiO2 differ under standardized
onditions, when normalized to mineral surface area. At pH 3 and
5 ◦C, (am)SiO2 dissolution rate calculated by PHREEQC was found
o be about 2.8 × 10−13 mol m−2 s−1. However, the most noticeable
eature is that the log of the dissolution rates varies almost linearly
ith pH above and below the minimum rate seen at pH 3 (Fig. 5).

imilar dissolution rates of silica complexes were also determined
sing iron/sand mixtures in batch, column, and field investigations
44].

Although some researchers argue that dissolved silica promotes

e0 corrosion reaction by releasing protons in the solution through
nteraction with iron oxyhydroxide surface [45,46], recent stud-
es have revealed its inhibitory effect on zero-valent iron reactivity
ver time [42,43]. In this study, three main distinct regions are

Fig. 5. Log rate dissolution of amSiO2 as a function of pH.
howing hexagonal-shaped green rust (GR), trapezoidal crystals of elemental copper
BSE photomicrograph showing the distribution of rounded formations of FeS.

observed by using SEM on polished sections of reacted iron-sand
grains (Fig. 6a): the surface of the iron (Layer A), a dark brown non-
porous crust corresponding to silica sand (Layer B) and a powdery
layer of loosely bound, greyish Fe–Si precipitates (Layer C).

EDS point analyses showed that the iron grain in Layer A con-
tains about 1.3% Si, whereas the aggregated Fe–Si precipitates
(Layer C) contain almost 13.3% Si and traces of Ca (Table 2).
Moreover, EDS analysis combined with 2D mapping (Fig. 6b–e)
confirmed the penetration effect of Si into the iron coating shell;
therefore, it is likely that a fraction of iron corrosion is promoted
by its association with silica, thus creating a Fe–Si coating layer
that potentially isolates pore water from the bulk flow. Oxygen sig-
nals occur adjacent to iron corrosion products in the filled pores,
indicating the formation of iron oxyhydroxide layers while the scat-
tered clusters of manganese at certain locations indicate a delayed
sequence of its sulfide formation.

Silica/iron precipitates can either physically block access of the
metals to the reactive sites, or they could chemically alter the
reactivity of the interfacial region by changing the speciation of
the surface-associated iron. Geochemical modelling calculations
showed that the adsorption of dissolved silica onto the surface
of iron fillings is likely to be manifested at high pH as solubility
of silica increases with pH. The decrease in iron reactivity could
be also explained by the tendency of silica to serve either as an
anodic corrosion inhibitor that prevents iron from releasing elec-
trons to the metal contaminants or as chemical converter that
changes the types of iron (hydr)oxide phases that may be formed.
A previous iron-sand column study conducted for the treatment of
organohalides showed that the inhibitory effect of silica sand is not
only dependent on the concentration of dissolved silica species in

the feed solution, but also on the type of iron used in the reactive
matrix [42].

Finally, it is important to note that anaerobic corrosion of waste
iron by water would be expected to occur uniformly throughout
the reactive zone in an iron-sand column system. However, exten-

Table 2
Distribution of elements at representative points in the regions of the waste iron,
silica sand and Fe–Si precipitates.

EDS point at Elements

Fe Si Ca O

Layer A – waste iron 98.70 1.3 – –
Layer B – silica sand – 55.92 – 44.08
Layer C – silica/iron gel 59.89 13.31 0.61 26.19
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ig. 6. SEM image of a polished cross section of a reacted iron-sand grain showing
C), and 2D mapping distribution of (b) Fe, (c) Si, (d) O and (e) Mn in this reference

ive surface cracking mainly due to iron corrosion was observed in
elective grains of iron, with networks of cracks forming a series
f distinct intercalated flakes, often linked by bridging spheroids.

racks of approximately 500 �m in width and up to approximately
50 �m in length were observed on iron sections indicating that
igh iron corrosion rate prevailed during column operation. Sim-

lar signs of degeneration were also observed in field applications
f iron barriers [28,47].
l relationship between iron filings (A), silica sand grains (B) and Fe–Si precipitates
.

4. Conclusions

The overall results derived from this study suggest that PRBs

filled with a reactive mixture of waste iron and sand can be used
for cost-effective clean-up of acidic leachates.

Solid phase studies of the reactive mixture carried out at the end
of column run with XRD, SEM/EDS and FTIR confirm the formation
of new mineral phases (green rust, elemental copper, amorphous
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ron sulfide and/or mackinawite) as well as the formation of iron
oxy)hydroxides (magnetite/maghemite, goethite) as a result of
ron corrosion. Geochemical modelling is also required to fully
nderstand chemical reactions in waste iron PRBs, including terms

ssues related with inhibition as well as with acceleration of corro-
ion and metal removal capacity.

Finally, both solid phase studies and geochemical modelling
howed that although the dissolution of silica sand and concen-
ration of sulfates can enhance metal removal by inducing the
ormation of iron (hydr)oxide and intermediate green rust parti-
les, these particles in turn may affect the longevity of an iron PRB
y deposition and filling of the pores. This could eventually reduce
he porosity of the reactive zone, and thereby block the flow path
nd reduce the efficiency of a PRB. Therefore, the effects of sul-
ate and silica sand should be also taken into consideration when
esigning an iron PRB in the field.
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