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ABSTRACT: The major sources of water pollution can be classified as municipal, industrial, and agricultural. Different types of
polluted aqueous effluents and sediments may be produced, which contain relatively high levels of heavy metals. During the 1990s,
the large-scale development of constructed wetlands around the world drew much attention from public and environmental groups.
The present study looks at the use of an integrated remediation system using zeolites for the treatment of wastewater and sediments.
Zeolites have been widely studied in the past 10 years due to their attractive properties such as molecular-sieving, high cation
exchange capacities, and their affinity for heavy metals. Coal industry by-products-based zeolites (faujasite type) have been tested
as an effective and low-cost novel alternative for wastewater treatment, particularly their removing of heavy metals. On the other
hand, a preliminary laboratory-scale experiment was conducted on the use of natural zeolites (clinoptilolite type) for the retention
of heavy metals from canal sediments. Experimental work revealed promising results, which could be replicated on a bigger scale.
Although this has been developed for canal sediments, the remediation strategy can be adapted to different waterways such as
rivers. The development of the proposed remediation system in a specific experimental site as the major part of an innovation park
can provide great benefits to a population living near contaminated effluents. It provides not only opportunities for the mitigation
of environmental impact, improving water quality and landscape amenity, but also allows for several recreational opportunities.
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RESUMEN: Las principales fuentes de contaminacion del agua pueden ser clasificadas como urbanas, industriales y agricolas.
Diferentes tipos de efluentes acuosos y sedimentos contaminados pueden ser producidos, los cuales contienen niveles relativamente
altos de metales pesados. Durante la década de los 90s, el desarrollo a gran escala global de humedales construidos dirigio la atencion
de grupos publicos y ambientalistas. El presente estudio examina el uso de un sistema de remediacion integrado usando zeolitas
para el tratamiento de aguas residuales y sedimentos. Las zeolitas han sido ampliamente estudiadas en la tlltima década debido a sus
propiedades atractivas como tamizado molecular, alta capacidad de intercambio cationico y afinidad por metales pesados. Zeolitas
(tipo faujasita) sintetizadas a partir de sub-productos de la industria del carbon han sido probadas como una novedosa alternativa
eficaz y de bajo costo para el tratamiento de aguas residuales, en particular en la eliminacion de metales pesados. Por otra parte,
una experimentacion preliminar a escala de laboratorio se llevo a cabo sobre el uso de las zeolitas naturales (tipo clinoptilolita) para
la eliminacion de metales pesados de sedimentos de canal. El trabajo experimental revelo resultados prometedores, que podrian
reproducirse en una mayor escala. Aunque esto se ha desarrollado para los sedimentos de canal, la estrategia de remediacion se puede
adaptar a diferentes cursos de agua tales como rios. El desarrollo del sistema de remediacion propuesto en un sitio experimental
especifico, representando la parte mas importante de un parque de innovacion, puede proporcionar grandes beneficios a la poblacion
que vive cerca de efluentes contaminados. Ofrece no sélo oportunidades para la mitigacion del impacto ambiental, la mejora de la
calidad del agua y la amenidad del paisaje, sino también varias oportunidades de recreacion.

PALABRAS CLAVE: aguas residuales, sedimentos, humedales construidos, sistema de remediacion integrado, zeolitas, metales pesados
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1. INTRODUCTION

The Oro River acts as the major site for the disposing of
industrial wastes from the industrial zone and municipal
wastes of Bucaramanga’s metropolitan area. At the
same time, it is the main source of water supply for the
entire region. Weathering products of the Santander
massif rocks constitute the lithogenic component of
the bed load (solid and dissolved). Several companies
operating along the Bucaramanga Industrial Park S.A.,
Santander (Colombia), discharge different types of
contaminants into the Oro River. The main pollution
is of an organic nature, coming from industries such as
food, petrochemistry, and car parts, which contribute
organic matter, biochemical oxygen demand, suspended
solids, phosphorus, and nitrogen. Vehicle repair
workshops contribute oils, grease, and heavy metals.
Furthermore, remnants of pollutants, which include
heavy metals from leather tanning and metal industries,
pose potential environmental and health hazards.
Heavy metals can be toxic to human health and the
environment at concentrations deemed unacceptable
by regulations. Therefore, pollutants comprise a broad
range of organic and inorganic compounds, their sources
are equally diverse, and effective interventions are
consequently difficult to target.

Constructed wetlands (CWs) are increasingly being
employed around the world since the early 1970s for
recycling wastewater to return it to the environment. It is
the last line of defense against water pollution and the need
to quantify the degree to which the pollution has actually
impacted the environment. These systems have been
recognized as providing many benefits including water
supply and control, mining, the use of plants, wildlife,
fish and invertebrates, integrated systems and aquaculture,
erosion control, gene pools and diversity, energy, education
and training, recreation, and reclamation [ 1-6]. They are low
construction, operation and maintenance costs compared
with conventional advanced treatment technologies.
Therefore, it is very important to develop new treatment
technologies as a contribution for the improvement of the
environmental impact. In this study, we have integrated the
concept of CWs coupled with remediation technologies,
using in situ channels (connected to the polluted river/
canal) using zeolites as substrates.

Globally, the worldwide coal industry produces
millions of metric tons per year of coal combustion

wastes. They include fly ash, bottom ash, boiler slag,
flue gas desulfurization sludge, and low-volume
wastes. In general, these wastes are used beneficially
in small portions as solid wastes in landfills, although
their disposal poses major challenges and serious
environmental problems. The spontaneous combustion
of coal beds is a natural phenomenon that has occurred
in carboniferous basins during the recent geologic
past (mainly during the Pleistocene Period), which
is a common geologic feature that has been reported
throughout the world. Intense heating of adjacent rock
units (primarily those overlying coal beds), produces
a variety of thermally altered rock types collectively
called natural clinker.

Recently, due to the shortage of landfill sites and
stricter environmental regulations, there has been a
shift in societal attitudes, resulting in a strong interest in
developing the beneficial recycling of coal by-products,
which is now permissible in various applications,
such as the synthesis of zeolites [7]. The use of these
by-products in the synthesis of zeolites means that the
technological transformation of such industrial wastes
can be used as a remediation alternative. Therefore,
it will contribute to considerably reduce the waste
load on landfills. A number of studies have attempted
to evaluate the suitability of fly ash in the synthesis
of zeolites for different applications [8-16]. Intense
research on the potential industrial applications of fly
ash-based zeolites has been developed mainly in the
removal of heavy metals from wastewater [17-26].
Rios and co-workers [23-24,27-28] have introduced
the use of natural clinker in the synthesis of zeolites
with potential applications in the treatment of polluted
effluents. Several procedures for wastewater treatment,
including chemical precipitation, electrodeposition, ion
exchange, membrane separation, and adsorption have
been developed [29-43]. However, adsorption has been
the preferred method for heavy metal removal, because
it is considered to be a particularly effective technique.

In principle, any solid material with a microporous
structure can be used as an adsorbent (e.g., bone and
coal char, clays, iron oxides, synthetic and natural
zeolites, molecular sieves, and activated carbon [44]).

Remediation of contaminated sediment sites often
proves technically difficult and costly [45-49]. On the
other hand, the remediation techniques on contaminated
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sediments are generally much more limited than for
most other solid waste materials. The widely diverse
contamination sources in larger catchment areas
usually produce a complex mixture of contaminants
that is very difficult to treat [46]. Multiple efforts have
been made during the last few decades to develop
alternative non-removal remediation techniques. In-situ
capping uses the sub-aqueous placement of a covering
layer over contaminated sediment in order to prevent
contaminants being released into the surface water.
The inhibition of contaminant release is based on the
(1) stabilisation of the sediment, (2) physical isolation,
and (3) chemical isolation of the sediment from the
overlying water body [47]. Different reactive materials
(e.g., activated carbon, apatite, organoclay, zeolite,
zero-valent iron) that are used for wastewater treatment
can be applied to in-situ capping [48].

Appasamy and co-workers have used a zeolite mat at
experimental scale for the treatment of contaminated
sediments [50-51]. The main purpose of this research
was to develop an experimental work on laboratory-
scale to show the efficiency of synthetic faujasite
and natural clinoptilolite in the removal of heavy
metals from wastewater and contaminated sediments,
respectively. A replicated work on a bigger scale
(integrated remediation system) can be performed in
a specific experimental site as the major part of an
innovation park (Bucaramanga Industrial Park S.A.).
This can provide water quality and landscape amenity,
recreational opportunities, the creation of fauna and
flora habitat, opportunities for storm water harvesting,
sometimes combined with aquifer storage and recovery
system, a degree of flood retention function and
community education designed to promote increased
knowledge, improved skills, and more positive attitudes
about the environment.

2. EXPERIMENTAL PROCEDURE

2.1 Treatment of acid mine drainage with synthetic
zeolite

A sample of acid mine drainage (AMD) from the
Parys Mountain copper-lead-zinc deposit of Anglesey
(North Wales) was collected for this study. It is strongly
acidic (pH < 2) and metal-rich due to the oxidation
of sulphide minerals, and its orange-brown colour is
due to the very high concentrations of ferric iron in

solution. The by-products of the coal industry used in
the synthesis of zeolites were: (1) fly ash: supplied by
the Rugeley Power Station, West Midlands (England),
which is generated by pulverized coal combustion and
classified as Class F fly ash, and (2) natural clinker:
collected in an open pit of the Cerrejon coal mining
site, La Guajira (Colombia), which is produced by the
spontaneous combustion of coal beds. Clinoptilolite
was provided by RS Minerals Ltd. (England). The
synthesis of zeolites was conducted following the
alkaline fusion method as reported by Rios et al. [24].
Faujasite-type zeolites were prepared by grinding with
a SpectroMill Ball Pestle Impact grinder and sieved on
200 mesh. Then, they were ground and particles of <
150 um were selected for sorption experiments. Batch
sorption reactions were carried out at room temperature
using faujasite as a sorbent material. The sorption of
heavy metals onto faujasite was studied in laboratory
batch experiments, which were carried out at room
temperature to investigate the efficiency of sorbents
for removing heavy metals and ammonium from
AMD. A weighted amount of sorbent (0.25 and 1 g)
was introduced in 100 ml PVC plastic bottles. Then, a
volume of 20 ml of AMD with pH 1.96 was added. The
resultant faujasite:AMD mixtures were continuously
shaken between 5 min and 24 h, and the temporal
evolution of the solution pH and EC was monitored. At
each scheduled reaction time, the PVC plastic bottles
were removed from the shaker. The adsorbent (faujasite)
was separated by filtration, and the filtrates were stored
at 4 °C in a refrigerator for chemical analyses. All
measurements were done according to the Standard
Methods for the Examination of Water and Wastewater.
Analysis of untreated and treated AMD and leachates
obtained after batch experiments were performed
measuring pH (pH 211 auto-calibration bench pH/mV
meter, Hanna Instruments) and electrical conductivity
(conductivity meter, version Cond 315i, WTW). The
metal concentrations were determined using a Thermo
Jarrell-Ash ICAP-9000 ICP-AE spectrometer. Figure
1 illustrates the experimental procedure followed with
regard to the synthesis of faujasite and its application
as a sorbent material for the treatment of AMD.

2.2 Treatment of contaminated sediments with
natural zeolite

Preliminary research on the use of natural clinoptilolite
for the treatment of canal sediments was conducted on
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a small scale laboratory setup (Fig. 2) as suggested by
Appasamy and co-workers [50-51]. To determine the
potential remediation of contaminated sediments by
natural clinoptilolite, the zeolite was used in pillow-
case like voile mats and placed over canal sediments
in A4 size tanks (25.5 x 39.5 x 15.5 ¢cm). The volume
ratio of clinoptilolite to sediment was 1:7 and this setup
was left undisturbed for 7 days. Sediment samples were
taken from the tank at scheduled times and analyzed
by X-ray fluorescence (XRF) spectroscopy.

Acid mine drainage Coal industry by-product
1
Synthesis
(alkaline fusion method)

Synthetic faujasite

Sorption study
(measuring pH and EC)

Colgyl -

Water analysis
ICP-AE spectroscopy

Figure 1. Chart flow showing the experimental procedure
used during the synthesis of zeolites from coal by-
products for the treatment of acid mine drainage

Zeolite mat

Sediment

Figure 2. Lab-scale experimental setup for pilot study
2.3 Design of the integrated remediation system

According to preliminary research on the use of zeolites
as a remediation tool for the treatment of contaminated

water and sediments, it was necessary to identify the
potential sites in order to locate a specific experimental
site, to estimate how to connect the proposed integrated
remediation system to that specific site, to select types
of canals (CWs without vegetation) to be used, to
determine their required volume, to integrate them
into site arrangement, and to determine their inlet and
outlet features.

3. RESULTS AND DISCUSSION

3.1 Heavy metal removal from acid mine drainage
by faujasite

The sorption process considered here refers to a sorbent
(zeolite of the faujasite type) and a polluted aqueous
media (AMD) containing dissolved heavy metals. The
pH and EC trends for the neutralization reactions between
the investigated sorbent and AMD are shown in Fig. 3.
The starting pH (1.96) changed during a monitoring time
of 24 h to 4.42 (fly ash-based faujasite, FAF) and 4.29
(natural clinker-based faujasite, NCF), although for the
monitoring time NCF generally produced slight higher
pH values than those obtained with the addition of FAF.
According to Geng¢-Fuhrman et al. [52], pH increases
mainly due to the dissolution of the sorbent in the
process of shaking. The final pH values were observed
in the batches due to the hydrolysis of the faujasite as
well as cationic exchange. Similar results are reported
elsewhere with a remark that the pH increase is almost
unavoidable in a faujasite heavy metal system [53]. A
similar behaviour was observed in the EC trends.

—«—Natural clinker-based faujasite
—«—Fly ash-based faujasite

—— Natural clinker-based faujasite
——Fly ash-based faujasite

pH
EC (mSlcm)
o - nNwAsBO~N® 0D

|
|
|
|
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Contact time (min) Contact time (min)

Figure 3. Variation of (a) pH and (b) EC as a function of
time during the adsorption batch experiments with starting
pH of 1.96 and EC of 3.77 mS/cm, sorbent (faujasite) dose

0f 0.25 g and volume of AMD of 20 ml

The immobilization of heavy metals from aqueous
solutions is quite a complicated process, which consists
of'ion exchange and adsorption. However, it is likely to
be accompanied by the precipitation of metal hydroxide
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complexes on active sites of the particle surface [54]. The
removal of heavy metals from AMD using the synthetic
faujasite is illustrated in Fig. 4, indicating that, in spite of
the starting material used for the synthesis of faujasite,
the zeolite showed a similar behaviour in the removal of
heavy metals. However, the NCF produced the lowest
residual concentrations of all metal ions, except for
Cu and Zn, compared with results obtained using FAF.
Faujasite has a strong affinity for heavy metals, which
are attracted into the sorbent and bound there by different
mechanisms. It is well known that the main mechanism
for metal uptake is the precipitation of metal complexes
on the surface of the sorbent and not sorption. We are
in agreement with Peric et al. [54], with regard to how
the removal of heavy metals from aqueous media is
not only controlled by ion exchange and adsorption but
also by precipitation of metal hydroxide complexes on
active sites of the particle surface. On the other hand,
the addition of an alkaline material such as faujasite to
the AMD increased the pH, and heavy metals can be
hydrolyzed and precipitated as suggested by Evangelou
and Zhang [55]. To investigate the effect of sorbent
dose, NCF was selected to develop an additional batch
reaction test (results not shown), taking into account that
this sorbent produced the highest pH value (9.43) after
a contact time of 24 h. The pH is strongly affected by
the sorbent material rather than the AMD composition
and particularly with a higher sorbent dose.
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3.2 Heavy metal removal from contaminated
sediments by clinoptilolite

In the remediating of the contaminated sediments, a
reactive mat composed by clinoptilopite was used to
eliminate the need for a thick cap and subsequent ex
situ treatment of sediments. Contaminants may be
trapped in the zeolite mat. Results from the remediation
experiments show that most of the heavy metals were
removed from the sediments and the concentration of
heavy metals considerably increased in the zeolite mat.
Table 1 summarizes the concentration of metal ions of
untreated and treated sediments with the clinoptilolite
mat. Zn is the element with the highest concentration
loss from sediments and highest adsorption by the
clinoptilolite followed by Pb and Cu. In general, other
heavy metals concentrations also decreased but in very
low concentrations to be considered as positive results.
Results reveal that there is a mass balance difference
between the concentration of heavy metals being
released from the sediment and that being absorbed
by the natural clinoptilolite. This can be explained
by the fact that heavy metals went into solution but
were not in contact with the clinoptilolite as the mat
is only in contact with the top layer of sediments. It
can also be due to the saturation of the zeolite as the
zeolite:sediment ratio used in the experiments was only
1:7. Further research is needed on secondary processes
occurring in sediments, such as oxidation, adsorption
and complexation. These processes are important,
especially in anoxic sediments as they regulate the
availability of the heavy metals and therefore the
efficiency of the remediation process. Other waterways,
such as rivers, have different secondary processes,
which would have to be considered before designing
the remediation strategy to achieve maximum
efficiency. Results demonstrated the effectiveness of
clinoptilolite in reducing the mobility of heavy metals,
which makes in-place immobilization an effective
remediation alternative.

Table 1. Metal ion concentration of untreated and treated

Figure 4. Heavy metal concentration variation as a
function of time during the adsorption batch experiments
with a starting pH of 1.96, an EC of 3.77 mS/cm, and a
sorbent (faujasite):AMD mixture of 0.25 g /20 ml; (a-b)
FAF; (c-d) NCF

sediments
Metal Initial conc?ntra.tion Final concefntra'tion Difference
ion of metal ions in of metal ions in e
sediment (ppm) sediment (ppm)
Ti 1417.9 1379.5 38.4
\ 48.73 45.35 3.38
Cr 312.4 292.3 20.1
Ni 260.71 253.86 6.85
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Metal Initial conc? ntra.tion Final conce: ntra‘tion Difference
ion of metal ions in of metal ions in -
sediment (ppm) sediment (ppm)
Cu 1688.3 1630.9 57.4
Zn 10863 9910.9 952.1
Pb 1501.5 1387.1 114.4
Mo 33.3 23.1 10.2
Metal Initial concf: ntra.tion Final concef ntra?ion Difference
ion of metal ions in of metal ions in )
zeolite (ppm) zeolite (ppm)
Ti 767.00 802.1 35.10
N <0.0026 >0.1 —
Cr <0.0035 >(.1 -
Ni <0.00058 1.19 -
Cu <0.0005 13.9 -
Zn 29.60 90.69 61.09
Pb 14.10 19.34 5.24
Mo <0.0034 >0.1 -

3.3 Large scale remediation setup for the treatment
of wastewater and contaminated sediments

The intended IRS (Fig. 5) can be used to improve the
water quality and landscape amenity, combined with
recreational opportunities for people of different ages.
This system consists in four long narrow canals with the
following dimensions: 10 m long, 0.4 m wide, and 0.3
m deep, which provide 4.0 m? of surface area. Zeolite
is used as a substrate. However, in order to compare the
performance of each canal, it should be interesting to
use different types of substrates as suggested by Rios
et al. [56]. These channels are interconnected to each
other. They are connected to the canal system through
a pump which will pump both water and sediments
into the system. Once they settle (in the static case),
and after zeolites have adsorbed the contaminants,
the water can then be drained and sediments removed
and used for other purposes (since they will not be
contaminated). Static and dynamic experiments should
be conducted. In static experiments, water will enter
from one side of the reactive mat until it became full
of water. It should be allowed to stand in the reactive
mat for 24 h, and then out flowed from the system. In
static experiments, the zeolite mat can work mainly on
two mechanisms: (1) the absorption of the substrate
due to their large ratio surface, (2) the biological action
of abundant microbes in the zeolite mat. In dynamic
experiments, oxygen with recycling water strengthened
the biological function.

4CWs
10mx0.3mx0.4m

Zeolite structure
(permeable)

Figure 5. Large scale remediation setup

The IRS would be very important focusing on advanced
remediation and treatment system for the treatment of
wastewater and contaminated sediments in a specific
experimental site (Fig. 6) as the major part of an
innovation park, providing several benefits for potential
users (tourism industry, governmental departments,
private entrepreneurs, private residences, aquaculture
industries, and agro-industries) for water quality
improvement and pollutant removal.

Figure 6. General sketch of an experimental site, showing
the different alternatives of recreation and tourism
attractions to be considered around a specific IRS

The benefits of the IRS applied to the treatment of
wastewater and contaminated sediments would include
improvement of water quality and landscape amenity,
recreational opportunities, the creation of fauna and flora
habitat, opportunities for storm water harvesting, sometimes
combined with aquifer storage and recovery system, a
degree of flood retention function, and community education
designed to promote increased knowledge, improved skills
and more positive attitudes about the environment (Fig. 7).
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Figure 7. Sustainable water and sediment management

Figure § is an example of the regeneration process of a
degraded area, similar to several areas observed along the
Bucaramanga Industrial Park S.A. However, the intended
idea aims to encourage tourism business to operate in an
environmentally friendly way, taking into account that it
is necessary to make efforts to reduce the environmental
impact, but keeping in mind that in spite of its benefits the
environment or nature should not be used as a marketing
tool. Therefore, the use of the IRS proposed in this study
would provide not only opportunities for mitigation
of the environmental impact, improving water quality
and landscape amenity, but also several recreational
opportunities along the area of interest.

Before

Figure 8. Regeneration process of a degraded arca

4. CONCLUSIONS

Results reveal that the efficiency of the faujasite-type
zeolite for the removal of heavy metals from AMD
depends on the sorbent material and applied dose.
Selectivity of faujasite for metal removal was in
decreasing order: Fe >As>Pb>Zn>Cu>Ni>Cr. In
addition to cation exchange reactions, other reactions
commonly occur. Precipitation of hydroxide species
played an important role in the co-precipitation and
adsorption, and, therefore, in the immobilization of
metals. The sorption study suggests that natural clinker-
based faujasite represents a beneficial product, which
can be used in future as an ion exchanger in removing
acidity and heavy metals from AMDs. On the other
hand, the natural clinoptilolite showed to be effective
with up to 75 % absorption efficiency in some cases.
The selectivity for this natural zeolite was Pb > Cu> Cd
>7Zn > Cr > Co > Ni. Its absorption efficiency ranged
from 75 % for Pb to approximately 45 % for Ni.

However, further research is needed to estimate the
efficiency of the tested absorbents for the removal of
other heavy metals. Heavy metals are often associated
with stable phases and thus have to be made soluble
first so that zeolites can achieve maximum adsorption
efficiency.

Constructed wetlands can be an effective,
environmentally friendly means of treating liquid and
solid wastes. However, we have adopted in this study
the principles of CWs, although without the use of
vegetation, as an IRS for wastewater and contaminated
sediment treatment. Zeolites represent an inexpensive
and environmentally friendly solution to improve the
effectiveness for treatment purposes. Furthermore, the
intended IRS can provide several benefits.
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