
Efficiency of composite permeable reactive barriers for the removal of Cr(VI)
from leachates

K. Komnitsasa,*, G. Bazdanisa, G. Bartzasb

aSchool of Mineral Resources Engineering, Technical University Crete, 73100 Chania, Greece, Tel. +30 28210 37686; Fax: +30
28210 69554; email: komni@mred.tuc.gr (K. Komnitsas), Tel. +30 28210 37674; email: gbazdanis@gmail.com (G. Bazdanis)
bSchool of Mining and Metallurgical Engineering, National Technical University of Athens, 15780 Greece, Tel. +30 210 7722181;
email: gbartzas@metal.ntua.gr

Received 9 January 2015; Accepted 2 March 2015

ABSTRACT

The present paper uses a novel approach and aims to assess the efficiency of composite
permeable reactive barriers (PRBs) containing organic material and elemental sulphur for
the clean-up of leachates containing Cr(VI) and acetate. The paper also aims to identify the
main mechanisms involved in the removal of Cr(VI). Experiments were carried out in lab-
oratory plexiglas columns, with a diameter of 5 cm and length of 50 cm. The feed contained
10 mg L−1 Cr(VI) and chemical oxygen demand (0.6 or 6 g L−1). Under the optimum experi-
mental set-up, the PRB exhibited over a period of 270 d excellent Cr(VI) decontamination
potential. X-ray diffraction, scanning electron microscopy and energy dispersive spectrome-
try as well as Fourier transform infrared spectroscopy were used to characterize the
exhausted reactive material, identify newly formed mineral phases and elucidate Cr(VI)
removal mechanisms. Sorption of the reduced Cr(III) on the organic material as well as
precipitation, mainly as Cr(OH)3, are the main Cr(VI) removal mechanisms.

Keywords: Characterization; Cr(VI); Hydrogen sulphide; Mechanisms; Permeable reactive
barriers

1. Introduction

Chromium is widely used in a number of indus-
tries including steel production, electroplating, galva-
nizing, leather tanning and wood treatment.
Chromium containing effluents, if not properly man-
aged, may contaminate severely soils and water
resources [1]. The most common chromium ions pre-
sent in industrial effluents and wastewaters are Cr(VI)
and Cr(III). Cr(VI) is considered as acutely toxic,
mutagenic and carcinogenic and thus extremely

hazardous to humans and other living organisms,
while Cr(III) which at low concentrations is necessary
for human nutrition, exhibits low solubility at neutral
pH [2,3]. It is underlined that the maximum allowable
concentration of chromium in drinking water should
not exceed 50 μg L−1 [4].

Numerous studies have been carried out for the
reduction of Cr(VI) to Cr(III) and thus amelioration of
its toxicity in waters/wastewaters and soils. Cr(VI)
reduction in industrial effluents may be achieved
through chemical or biological means [4–9]. Chemical
treatment involves mainly the use of zero-valent iron
(ZVI) in various forms [10–13]. Despite the rather high
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efficiency of chemical processes, several factors such
as the high cost of chemicals and the difficult manage-
ment of large volumes of the produced sludge should
always be considered. Biological reduction of Cr(VI)
has been also widely studied [14–20]. The major disad-
vantage of biological processes is the inhibition of
bacterial growth under high chromium concentrations
that results in reduced treatment efficiency [21,22].
Final polishing steps may be also required depending
on the desired quality of the treated effluent and the
disposal or reuse option foreseen [23]. Advanced treat-
ment options, including photo-Fenton and electrocoag-
ulation [24], chelating ion exchange resins [25] or
membrane technology [26] may also be considered for
the treatment of chromium-containing effluents.

The use of permeable reactive barriers (PRBs) con-
taining ZVI is an established treatment technique for
the decontamination of groundwater and contaminated
plumes [27–29]. These systems may encounter though,
mainly due to iron corrosion and the formation of pre-
cipitates, permeability loss and reduced long-term
reactivity, thus the efficiency of other alternative inor-
ganic or organic reactive materials has also been
investigated. Inorganic reactive materials mainly
include limestone, red mud, activated carbon and iron
sulphides [30–32]. Organic materials on the other hand,
may include agricultural by-products, sewage sludge
and other organic wastes [33,34]. Composite PRBs con-
taining mixtures of organic and inorganic reactive
materials may prove beneficial in terms of provision of
alkalinity and buffering of pH, thus resulting in
increased contaminant removal rates by activating
more than one clean-up mechanism (e.g. precipitation,
co-precipitation and sorption) [35–37]. The most impor-
tant parameters affecting the efficiency of a PRB
include pH, contaminant concentration, flow rate, tem-
perature and retention time. Optimum systems are
characterized by limited clogging, increased reactivity,
sufficient hydraulic conductivity, environmental com-
patibility, low cost and long-term stability [38,39].

Hydrogen sulphide which is a reagent character-
ized by high reduction efficiency and low cost may be
considered for the reduction of Cr(VI) in wastewaters
and industrial effluents [40,41]. Hydrogen sulphide
may be generated through the reduction of elemental
sulphur, which is a cheap, non toxic, insoluble in
water and readily available compound, in the pres-
ence of bacteria and an electron donor such as acetate
(reaction 1) and used for the reduction of Cr(VI) to Cr
(III) (reaction 2) [42,43]. Hydrogen sulphide may be
also generated through the reaction of acetate with
sulphate ions (reaction 3), if present in wastewaters,
and participate again in reaction (2):

CH3COOH þ 4S0 þ 4H2O ! 2H2CO3 þ 4H2S (1)

2CrO2�
4 þ 3H2Sþ 4Hþ ! 2Cr OHð Þ3þ3S0 þ 2H2O (2)

CH3COO� þ SO4
2� ! 2HCO3

� þHS� (3)

If a contaminated plume that contains heavy met-
als and sulphates reacts with organic matter (CH2O)
that contains sulphate-reducing bacteria (SRB), hydro-
gen sulphide and bicarbonate will be generated (reac-
tion 4). If anaerobic conditions are established then
bacterial growth is promoted and the generated
hydrogen is used as electron donor by SRBs. In this
case, if a divalent ion is present, a sulphide compound
will precipitate and acidity will be generated:

SO4
2� þ 2CH2O ! H2Sþ 2HCO3

� (4)

Me2þ þH2S ! MeS # þ 2Hþ (5)

The present paper aims to study the removal of Cr
(VI) from effluents in sulphur-amended organic PRBs
and identify the main mechanisms involved with the
use of analytical techniques, namely XRD, SEM-EDS
and FTIR.

2. Materials and methodology

2.1. Materials

The organic material used in this study is a com-
mercial fertilizer consisting of goat manure (GOM). It
has pH 7 and contains 47% organic matter, 16 × 107

colony forming units g−1 and traces of N, P2O5, K2O,
Ca, Mg, Fe, Mn, Cu, B, Mo and Zn. Sulphur was used
in powder form with 99% purity (Sulphur Mills Lim-
ited, India). Limestone, obtained from a local quarry
(Finobeton Mining S.A, Chania, Greece), consisted of
97% calcite and 3% dolomite and was ground to
−2 mm prior to use, with a Fritsch-Bico Pulverizer
(Germany).

Feed solutions were prepared by dissolving potas-
sium dichromate (K2Cr2O7) in distilled water, so that
the initial Cr(VI) concentration was 10 mg L−1. The
feed contained also acetate (0.01 M or 0.1 M) as elec-
tron donor and carbon source so that the initial chemi-
cal oxygen demand (COD) was either 0.6 or 6 g L−1.
The prepared feed represents the quality of plumes
existing in the vicinity of disposal areas where chro-
mium-containing wastewaters from leather tanning or
electroplating industry are discharged [44–46].
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2.2. Experimental set-up

Laboratory experiments were carried out using two
plexiglas columns (50 cm length and 5 cm internal
diameter) placed in series as shown in Fig. 1. The total
dry weight of the bed was 1,300 g, so that the weight
of the reactive material in each column was 650 g. In
sulphur-amended columns, 180 g of S were added in
each column (S/GOM = 0.3 w/w). Two 2.5 cm thick
silica sand (average size 1.5 mm) layers were placed at
the base and the top of each column in order to ensure
optimum flow distribution and prevent loss of fine
particles. This configuration was based on previous
experience [47] and was used in order to prevent clog-
ging, permeability loss and transfer of fines as well as

to increase retention time in the reactive bed and thus
improve the efficiency and longevity of the system.

Table 1 shows the experimental set-up. The system
containing only GOM was used as control. All experi-
ments were carried out in duplicate. Average results
are presented in this study but it is underlined that
the difference in system performance was in all cases
less than ±5%.

Up-flow was applied in order to eliminate chan-
nelling, maintain optimum contact between solution
and reactive materials and increase retention time.
The solution was pumped in the lower column from
10 L plastic vessels using PROMINENT GAMMA/4
peristaltic pumps at a Darcy velocity of 100 cm d−1.

Fig. 1. Laboratory column system [27].

8992 K. Komnitsas et al. / Desalination and Water Treatment 57 (2016) 8990–9000



No problems were noticed pertinent to the stability of
the operating solution. The flow rate was maintained
at 1.3 ± 0.05 mL min−1 so that one pore (total bed)
volume (500 mL) was fed every 6.4 h. The total empty
bed contact time, defined as the ratio bed length:ap-
proach velocity was 20 h. The hydraulic loading rate,
calculated by dividing the flow rate with the cross-sec-
tional area, was 0.04 m h−1.

2.3. Chemical and mineralogical analyses

Column effluents were analysed immediately for
pH, Eh (the potential of a solution relative to standard
hydrogen electrode, SHE) and electrical conductivity
using a HANNA pH 211 combined pH/Eh meter and
electric conductivity using a HANNA EC 215 EC
meter. Solutions were filtered using 0.45 μm acro disk
filters prior to analysis. Total Cr concentration was
determined using either an AAS (Perkin Elmer Analyst
100 flame atomic absorption spectrophotometer) or a
LaMotte Smart3 colorimeter. The difference in mea-
surements did not exceed 3%. Cr(VI), COD, sulphate,
phosphate and nitrate concentrations were determined
using a LaMotte Smart2 colorimeter. The procedures
followed are those described in the instrument’s man-
ual. The concentration of Cr(III) was determined by
subtracting the Cr(VI) from the total Cr concentration.
All analyses were carried out in duplicate.

The actual concentration of hydrogen sulphide in
the effluent was determined weekly using a Varian
CARY 1E UV–vis spectrophotometer [48]. The theo-
retical concentration of hydrogen sulphide in the efflu-
ent was calculated using the stoichiometry of reaction
(1), which indicates that from the oxidation of 1 mg
COD 2 mg of hydrogen sulphide are produced. Thus,
the free H2S concentration in the effluent was calcu-
lated by subtracting the hydrogen sulphide consumed
by reaction (2) from the respective quantity produced
from reaction (1). For the determination of the
hydrogen sulphide that participates in reaction (1), the

net COD consumption (CODout−CODin) was used.
The difference between theoretical and measured val-
ues was ±5%.

Prior to mineralogical analysis, solid samples of
the “exhausted” reactive material were air dried and
gently ground using an agate mortar and pestle and
then sieved manually. This procedure enabled separa-
tion of coarse particles (>140 μm, mostly organic mate-
rial) from the fines and adequate separation of
precipitates. The coarse fraction was hand-ground and
sieved two more times in order to adequately remove
surface precipitates and obtain a <63 μm fraction that
was used for analysis. The material obtained from this
procedure was analysed by XRD using a Siemens
D500 Diffractometer at 30 kV and 15 mA. SEM analy-
ses were also carried out using a JEOL 6380LV Scan-
ning Electron Microscope equipped with an EDS
INCA microanalysis system, under low vacuum, to
study the morphology of the formed phases. FTIR
analysis was carried out using KBr pellets and a Per-
kin-Elmer 1000 Spectrometer (USA). For the produc-
tion of the pellets, each sample was mixed with KBr
at a ratio 1:100 w/w.

3. Results and discussion

3.1. Cr(VI) removal

Fig. 2 shows the evolution of effluent pH and Eh
vs. time in all systems studied. The effluent pH in the
GOM (control) system, where the reactive bed con-
tains only GOM and the feed 10 mg L−1 Cr(VI),
increases from the initial feed value of 5.6 to almost 8
where it remains until day 45. Then pH drops slowly
and reaches 7.2 at the end of the test, after 90 d.

The initial pH of the feed solutions in all other sys-
tems is around 3 (pH 3.5 for the system GOM/S/
COD0.6 and ~2.9 for the system GOM/S/COD6). The
pH of the effluent in the system GOM/L/S/COD6, in
which limestone is present in the first column and

Table 1
Experimental set-up

System First column Second column Feed solution

GOM Organic material Organic material Cr(VI) 10 mg L−1

GOM/L/S/COD6 Organic material + 30% w/w
limestone

Organic material + 30% S (w/w) Cr(VI) 10 mg L−1 0.1 M
CH3COOH

GOM/S/COD6 Organic material + 30% S (w/w) Organic material + 30% S (w/w) Cr(VI) 10 mg L−1 0.1 M
CH3COOH

GOM/S/COD0.6 Organic material + 30% S (w/w) Organic material + 30% S (w/w) Cr(VI) 10 mg L−1 0.01 M
CH3COOH

Note: GOM: goat manure, L: limestone, S: sulphur, COD6 (COD6 g L−1), and COD0.6 (COD0.6 g L−1).
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sulphur in the second one, increases immediately to 6,
remains at this level for almost 25 d and then drops
gradually and after 90 d reaches the value of 4.6. The
pH of the system GOM/S/COD6, in which S is pre-
sent in both columns, drops much faster and reaches
the initial feed value of 3 after 45 d where it is stabi-
lized until the end of the test (90 d). It is thus seen
that the presence of limestone in the first column adds
alkalinity in the system and improves the buffering
capacity of the reactive bed. Finally, the effluent pH of
the system GOM/S/COD0.6, in which the feed con-
tains lower COD (0.6 g L−1), increases to 7.8 the first
day, drops gradually to 3.5 after 175 d and remains
close to this value until the end of the experiment.

Eh values in all systems (Fig. 2(b)) correspond to
pH values. It is obvious that net reducing conditions
are maintained throughout the experimental period
only in the system containing organic material. When
the feed contains high COD (6 g L−1), Eh values
increase and at the end of the test reach 150 and
250 mV for the systems GOM/L/S/COD6 and GOM/
S/COD6, respectively. The Eh in the system with low
COD in the feed increases gradually, after 175 d
reaches 210 mV and remains at this level until the end
of the experiment.

Fig. 3 shows the evolution of total and Cr(VI) con-
centration in the effluents of all systems studied.
When only GOM is used as reactive medium, the sys-
tem efficiency is limited and total Cr removal is less

than 50% just after 10 d. Cr(VI) removal drops gradu-
ally and after 70 d practically stops. It is obvious that
in this case sorption is the only process involved in
chromium removal.

The system GOM/L/S/COD6 that contains lime-
stone in the first column and exhibits higher pH val-
ues throughout the experimental period, is also
characterized by limited Cr(VI) removal efficiency
compared to the system GOM/S/COD6. It is believed
that some calcium solubilized from limestone reacts
and consumes part of COD according to reaction (6),
forming the soluble phase Ca(CH3COO)2. Thus, the
available amount of COD to react with elemental S
and produce hydrogen sulphide according to reaction
(1), which will in turn induce Cr(VI) removal, is
reduced. It is also shown that the total chromium con-
centration in the effluent increases more sharply when
the pH values drop below 6 (Fig. 3(a)). In this system,
almost half of the chromium present in the effluent is
in the form of Cr(III). The system GOM/S/COD6 per-
forms very well the first 35 d and the Cr concentration
in the effluent is lower than 1 mg L−1. Then, the reac-
tivity of the system drops gradually and after 85 d
only 40% of chromium is retained (total Cr concentra-
tion in the effluent 6 mg L−1).

2CH3COOHþ CaCO3 ! Ca CH3COOð Þ2 þ 4H2CO3

(6)

Fig. 2. Evolution of (a) effluent pH and (b) Eh vs. time.

Fig. 3. Evolution of (a) total Cr and (b) Cr(VI) concentra-
tion in effluents vs. time.
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The system GOM/S/COD0.6 shows much better Cr
(VI) removal efficiency. Total effluent chromium con-
centration does not exceed 1 mg L−1 the first 150 d.
Then it starts to increase slowly, after 250 d reaches
2 mg L−1, after 370 d exceeds 3 mg L−1 and after 420 d
reaches 5.8 mg L−1. The concentration of Cr(VI)
remains below 0.3 mg L−1 for the first 300 d and then
increases slowly and after 420 d reaches 2 mg L−1. So,
most of the Cr present in the effluent during the entire
experimental period is in the form of Cr(III).

The experimental results indicate that Cr(VI) is
reduced according to reaction (2) using the hydrogen
sulphide produced by reaction (1), when the COD of
the feed reacts with the S present in the reactive bed.
It is believed that in the reactive zone, the following
half reactions (7) and (8) may take place and result in
the reduction of Cr(VI) as Cr(III):

Cr2O
2�
7 (aq)þ 14Hþ (aq)þ 6e� ! 2Cr3þ(aq) þ 7H2O

E� ¼ þ1:33 V

(7)

H2S þ 4H2O ! SO2�
4 þ 10Hþ þ 8e�

E� ¼ þ0:221V
(8)

If reactions (7) and (8) are added, the overall
reaction (9) derives:

Cr2O
2�
7 þH2Sþ 4Hþ ! 2Cr3þ þ SO2�

4 þ 3H2O
E� ¼ þ1:551V

(9)

Fig. 4 shows the evolution of effluent COD while
Fig. 5 the calculated free H2S concentration vs. time in
all systems studied.

It is shown in Fig. 4 that in all systems, only part of
COD reacts with sulphur. When the initial COD is 6 g
L−1, an initial drop in its effluent concentration is shown
for the first 15 d and then for the remaining period the
concentration varies between 4 and 4.5 g L−1. The final

effluent COD concentration is slightly higher in the sys-
tem GOM/L/S/COD6 (approx. 5 g L−1) compared to
the system GOM/S/COD6 (4–4.5 g L1). Thus in the
GOM/L/S/COD6 system COD oxidation is around
15% for most of the experimental period, while in the
GOM/S/COD6 increases to 25–30%. In the most effi-
cient system GOM/S/COD0.6, the effluent COD con-
centration is quite stable for the first 100 d (0.45 g L−1)
and then increases and reaches 0.55–0.6 g L−1 after
160 d. Then COD concentration drops gradually and in
the last 100 d is approx. 0.5 g L−1. It is mentioned that
the effluent COD concentration in the GOM system
does not exceed 40 mg L−1. Calculations based on reac-
tions given earlier prove that even if 10% or less of the
incoming COD reacts with sulphur, sufficient H2S is
generated to reduce Cr(VI) as Cr(III).

An issue that needs further elucidation though is
why the system with less incoming COD (GOM/S/
COD0.6) behaves better that the system with 10 times
more incoming COD (GOM/S/COD6). There are very
little studies on this issue which indeed confirm the
results of the present study. Gyure et al. [49] mention
that high concentrations (5 mM) of organic acids inhi-
bit sulphate reduction at pH 3.8, whereas stimulation
was observed at concentrations of 0.1 mM. Koschor-
reck et al. [50] mention that acetate concentration
above 15 mM (900 mg L−1) inhibits sulphate reduction,
while if the acetate concentration is above 94 mM
(5,640 mg L−1) the inhibition is nearly complete. In our
study, the incoming COD concentration was 6,000 mg
L−1 for the system GOM/S/COD6 and 600 mg L−1 for
the system GOM/S/COD0.6. Furthermore, Muthumbi
et al. [51] mention that sodium in high concentrations
may also inhibit sulphate reduction, but in our system
practically no Na exists.

It is shown from Fig. 5 that the concentration of free
H2S in the effluent in the system with the optimum per-
formance (GOM/S/COD0.6) drops after day 50 and
reaches values varying between 50 and 100 mg L−1 afterFig. 4. Evolution of effluent COD vs. time.

Fig. 5. Evolution of effluent free H2S concentration vs.
time.
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120–220 d. Then it increases gradually and at the end of
the test, after 420 d, reaches 225 mg L−1. This is the per-
iod that the system shows the optimum efficiency and
thus most of the H2S produced is consumed. These data
are confirmed by visual observations showing that bub-
ble formation after day 200 is limited. Other researchers
indicated similar residual-dissolved sulphide concen-
trations during effluent clean-up studies for the
removal of Pb, Zn and Fe [52].

Figs. 6 and 7 show the evolution of effluent SO4

and COD/SO4 vs. time in all enriched with acetic acid
systems. It is shown in Fig. 6 that the system with the
best performance, GOM/S/COD0.6, exhibits at the
end of the run limited SO4 concentrations, which are
below the threshold for discharging effluents. On the
other hand, in the same system, increased COD/SO4

ratios are observed which exhibit two plateaus, one at
around 300 between day 130 and day 230 and the sec-
ond at around 500 during the last 150 d (Fig. 7).

Experimental data are in agreement with other
studies investigating Cr removal from effluents and
wastewaters. It has been reported that increased
COD/SO4 ratios in wastewaters improve hydrogen
sulphide production that induces heavy metal precip-
itation [53]. Other researchers suggest that COD/SO4

ratios varying between 1.5 and 2.25 could attain high
hydrogen sulphide production when acetate or lactate
was used as carbon and electron source [54]. Jeong
et al. [55] mention that the rate of hydrogen sulphide
production in anaerobic digestion studies using waste
activated sludge decreases when the COD concentra-
tion in the feed is high and thus the COD/SO4 ratio
also becomes high. The same authors mention that this
aqueous sulphide system is complicated due to the
dissociation equilibrium of soluble sulphide, which
has the equilibrium between gaseous and aqueous
hydrogen sulphide. The equilibrium between these
two phases is governed by the solubility of unionized
H2S species which is defined by the Henry’s law.

3.2. Mineralogical studies

The XRD pattern of the <63 μm fraction of precipi-
tates formed in the GOM/S/COD6 system is shown
in Fig. 8. XRD analyses show that apart from sulphur,
several new low-intensity peaks appear indicating the
formation of Cr(OH)3 as a result of the reduction of
Cr(VI) to Cr(IIΙ). The XRD pattern has a high
background noise due to the presence of organic mate-
rial in the sample and the corresponding peaks of
Cr-precipitated phases have been slightly shifted.

Previous studies mention that the reduction of
Cr(VI) is more complex than the direct production of
insoluble Cr(III) phases [56,57]. In this study, the
reduction of Cr(VI) to Cr(III) was also visually noticed
through the disappearance of the yellow colour of the
chromate-containing solution and the formation of a
green/violet Cr(III) precipitate.

SEM and EDS analyses were also carried out to
examine the surface morphology of the exhausted
material, identify newly formed phases and their ele-
mental composition and in turn to elucidate the main
Cr removal mechanisms involved. Fig. 9 shows a SEM

Fig. 6. Evolution of effluent SO4 vs. time.

Fig. 7. Evolution of effluent COD/SO4 vs. time.
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Fig. 8. XRD pattern of precipitates in the “exhausted”
GOM/S/COD6 system.

8996 K. Komnitsas et al. / Desalination and Water Treatment 57 (2016) 8990–9000



backscattered image of the GOM/S/COD6 reactive
mixture (a) prior to and (b) after column runs.

Chromium-loaded samples of the “exhausted”
GOM/S/COD6 mixture show different surface mor-
phology compared to the unloaded samples of the
same mixture. The matrix of the raw GOM/S/COD6
mixture (prior to column tests) exhibited an inflated
shape with a distinct external layer on the outer edge
surface, which became coated, shrunk and even
cracked after feeding of several loads of chromium-
containing leachates in the system. This structural
change of the reactive matrix indicates that the pri-
mary chromium sorption sites are located on the inner
surface instead of the outer edge sites. The corre-
sponding EDS spectra before and after chromium
uptake, provide further evidence of the strong bond of
Cr(III) ions and negatively charged chemical groups
on GOM/S/COD6 system as a result of Cr(VI) reduc-
tion. Signals of significant chromium content (up to
~6% wt.) were detected on the exhausted inner matrix
of the reactive mixture. However, it is not fully evi-
dent that the chromium content on the exhausted
GOM/S/COD6 mixture is only due to precipitates of
adsorbed Cr(III) and/or surface coatings of non-re-
duced Cr(VI). It is believed that the overall reaction
for Cr(VI) reduction mainly follows in general the stoi-
chiometry represented by reaction (9). As a result of
this reaction, the concentration of SO4 in the effluent

of the GOM/S/COD6 system increased after 40 d to
31 mg L−1 and then gradually decreased.

Fig. 10 shows the FTIR spectra of the “exhausted”
GOM/S/COD0.6 reactive mixture, while the FTIR
spectra band assignments are presented in Table 2.

The broad peak seen at around 3,440 cm−1 indi-
cates the presence of hydroxyl group (−OH) stretching
on the surface of the organic material. All other bands
are due to the presence of organic matter constituents,
such as short aliphatic chains, polysaccharides and
alcohols. The peaks at 2,855 and 2,920 cm−1 are

Fig. 9. (a) SEM-BSI and EDS spectra of “raw GOM/S/COD6 mixture”, scale 60 μm. (b) SEM-BSI and EDS spectra of
“exhausted GOM/S/COD6 mixture”, scale 100 μm.
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Fig. 10. FTIR spectra of the exhausted GOM/S/COD0.6
reactive mixture.
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ascribed to aliphatic C–H deforming vibration [58,59].
The sharp peak at around 1,640 cm−1 is due to the
presence of aromatic C=O ring or C=C stretching or
due to N–H bending of amide.

The band at 1,380 cm−1 is attributed to δ(C=H)
vibration in alkanes and alkyl groups [60]. The broad
bands at 1,050 and 1,090 cm−1 are characteristic of a
C–C−O or C–O−C asymmetric stretching or due to
C–O stretching of polysaccharide. All these functional
groups may be preferable for binding Cr(VI) ions on
the organic material surface [61,62]. In the region
475–775 cm−1, aromatic and heteroaromatic com-
pounds are confirmed by C–H wagging vibrations.

4. Conclusions

This novel study proves that composite PRBs, con-
taining organic material and elemental sulphur, can be
used for the effective clean-up of contaminated lea-
chates containing 10 mg L−1 Cr(VI) and 0.6 M COD.
The average chromium removal efficiency for the
GOM/S/COD0.6 system over a period of 270 d was
7.92 mg g−1.

The major effects of COD/SO4 ratio and organic
material load on Cr(VI) removal rates were mainly
associated with sorption, hydrogen sulphide genera-
tion and presence of a carbon source. Mineralogical
studies of the exhausted reactive mixture using XRD,
SEM/EDS and FTIR confirm the formation of new
precipitated phases, such as Cr(OH)3.

Although Cr(VI) was effectively removed in the
laboratory, using reactive beds containing sulphur-
amended organic material, additional research is
required prior to potential applications of such PRBs
in the field to predict their reactivity in the co-pres-
ence of other inorganic and organic contaminants as
well as their hydraulic performance, by considering
effects such as bioclogging and biofouling.

On the other hand, it has to be taken into account
that in field applications the hydrogeological condi-
tions that prevail may result in a substantial increase
in the effective Cr(VI) removal rate. It is known that
the average groundwater flow rate in PRBs operating
in the field is much lower (0.3 m d−1) than the flow
rate (1 m d−1) considered in the present study, thus
higher residence times are anticipated.
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[36] N. Moraci, P.S. Calabrò, Heavy metals removal and
hydraulic performance in zero-valent iron/pumice
permeable reactive barriers, J. Environ. Manage. 91
(2010) 2336–2341.

[37] F. Pagnanelli, C.C. Viggi, S. Mainelli, L. Toro, Assess-
ment of solid reactive mixtures for the development
of biological permeable reactive barriers, J. Hazard.
Mater. 170 (2009) 998–1005.

[38] G. Bartzas, K. Komnitsas, Solid phase studies and geo-
chemical modelling of low-cost permeable reactive
barriers, J. Hazard. Mater. 183 (2010) 301–308.
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