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ABSTRACT
The presence of toxic pollutants in groundwater brings about
significant changes in the properties of water resources and has to be avoided
in order to preserve the environmental quality. Heavy metals are among the
most dangerous inorganic water pollutants, that related to many anthropogenic
sources and their compounds are extremely toxic. The treatment of
contaminated groundwater is among the most difficult and expensive
environmental problems. Over the past years, permeable reactive barriers have
provided an increasingly important role in the passive insitu treatment of
contaminated groundwater. There are a large number of materials that are able
to immobilize contaminants by sorption, including granulated active carbon,
zeolite, montmorillonite, peat, compost, sawdust, etc. Zeolite X is a synthetic
counterpart of the naturally occurring mineral Faujasite. It has one of the
largest cavities and cavity entrances of any known zeolites. The main aim of
this work is to examine the possibility of using synthetic zeolite X as an
engineering permeable reactive barrier to remove heavy metals from a
contaminated groundwater.

Within this context, the following investigations were carried out:
1. Review on the materials most commonly used as engineered permeable
reactive barriers to identify the important features to be considered in the
examination of the proposed permeable reactive barrier material (zeolite X).
2. Synthesis of zeolite X and characterization of the synthesized material using
different techniques.
3. Batch tests were carried out to characterize the equilibrium and kinetic
sorption properties of the synthesized zeolite X towards the concerned heavy
metals; zinc and cadmium ions.
4. Column tests were also performed to determine the design factors for
permeable reactive barrier against zinc and cadmium ions solutions.

x

Breakthrough curves measured in such experiments used to determine the
hydrodynamic dispersion coefficients for both metal ions.
5. Analytical models were used to describe the pollutant transport within the
permeable reactive barrier.

Based on the obtained results, the following can be concluded:
1. Synthetic zeolite X proposed as a reactive barrier material was successfully
prepared and completely characterized using XRD, FTIR, EDX, and SEM
techniques.
2. Sorption studies indicated the feasibility of using the prepared zeolite X as a
reactive barrier material due to its high capacity, chemical stability and
selectivity for the concerned heavy metals (Zn2+ and Cd2+ ions).
3. Transport properties of both zinc and cadmium ions through zeolite X
packed column have been determined. The hydrodynamic dispersion
coefficients needed for describe the migration of Zn2+ and Cd2+ ions were
determined.
4. Retardation coefficients using linear and nonlinear isotherm models were
utilized to determine the capability of the synthesized zeolite X to impede
the movement of zinc and cadmium ions carried by the fluid.
5. Transport of contaminants in groundwater systems, which is based on the
integration of advection dispersion equation using specific boundary
conditions, provides a number of analytical solutions. Some of these
solutions have been derived for one dimensional pulse contaminant input or
a continuous input.

xi

1.

INTRODUCTION

Egypt is an agricultural country in the first place. Despite the water
supply from the Nile, groundwater plays an important role as additional
resource for water. There are some territories in Egypt where people depend
completely on groundwater as the only source of water for agriculture and
domestic use [1].

Heavy metals are naturally present in rocks and ores and that is why
they always occur in soils, sediments and living organisms. Excessive
abnormal concentration of heavy metals in particular media leads to
contamination.[2]. They may pose various risks to the environment.
Groundwater contamination and plant uptake which may result in an
accumulation of heavy metals in the food chain and thus in adverse effects on
living organisms are of major concern [3].

The most common anthropogenic sources of groundwater pollution by
heavy metals include metal extraction, metal fabrication, metal finishing,
electroplating, painting, dyeing, surface treatment industry and printed circuit
board manufacture. Zinc is one of the most important heavy metals widely used
in the electroplating industries. It is used in a variety of other industries
including the production of fungicides, rubber, paint, ceramics, glass and
retrogress materials which are all potential sources of contamination of the
environment during manufacturing and application [4]. On the other hand,
cadmium finds its way to water bodies through metal plating industries,
cadmium-nickel batteries, phosphate fertilizer, mining, pigments, stabilizers
and alloys [5].

Pollutants released into the environment rarely remain at the point of
discharge. Transport through mechanisms of advection, dispersion, and
diffusion takes place. In most cases, contaminant mixtures are involved and
1

individual species may be transported at significantly different rates. Successful
hazardous waste management and site remediation therefore requires an
understanding of contaminant transport. Different aspects of contaminant
transport have been an active area of research [6, 7].

Contaminated groundwater remediation is a complicated, time
consuming and expensive task. The remediation aims to reduce contaminant
concentrations to below the threshold standard for the intended use. Strategies
for groundwater remediation are dependent upon a number of factors including
the source (point or non-point), duration of release, site characteristics (such as
soil thickness and type, depth to groundwater), physical properties of the
contaminant, potential flow paths and receptors, health and environmental risks
posed by the contaminant [8].

One of the most promising technologies to conventional remediation
methods, such as pump-and-treat, is the insitu treatment of groundwater
contaminants by means of permeable reactive barriers (PRBs). Since 1990's
both laboratory and full scale studies have been carried out on these systems to
show the potential of PRBs technology. The main advantage of a reactive
barrier is the passive nature of the treatment: the contaminated groundwater
moves under natural hydraulic gradient through the permeable reactive zone
where the pollutant is degraded or immobilized. The use of reactive materials
whose hydraulic conductivity is higher than that of the surrounding soils
ensures that groundwater spontaneously flows through the barrier without any
external energy input [9-11].

Reactive media used in permeable barriers should be compatible
with the subsurface environment. That is, the media should cause no adverse
chemical reactions or by-products when reacting with constituents in the
contaminant plume, and should not act as a possible source of contaminants
itself. This requires that the material be well understood and characterized. To
2

keep PRB costs to a minimum, the material should persist over long periods of
time, i.e., it should not be readily soluble or depleted in reactivity, and the
material should be readily available at a low to moderate cost. Various reactive
media have been proposed for application in PRBs according to the range of
contaminants, the prevailing physicochemical conditions, financial restrictions
etc.

Zeolites are hydrated aluminosilicate minerals having a net negative
charge on their surface that are balanced by exchangeable cations (e.g., Ca2+
and Na+), which are easily exchanged by other cations (e.g., Zn2+ and Cd2+).
Both natural and synthetic zeolites find use in industry as sorbents, soil
amendments, ion exchangers, and molecular sieves [12]. The large sorption
capacity of zeolite and an open framework, with large cavities capable of
maintaining a good hydraulic conductivity in permeable barriers, suggest a
promising reactive material for treating a wide range of contaminants [13, 14].
Recently, Hot Laboratory and Waste Management Center established
a research program to synthesize zeolite from fly ash. The aim of this program
is to solve the disposal problem of fly ash by utilizing it in the production of
synthetic zeolite. So that this productive use of fly ash would have
environmental benefits, i.e. reduce air, water and soil contamination. Zeolite
NaA-X blend was synthesized, characterized, and the sorption behavior of Cs+
on the prepared material as a function of pH, initial ion concentration and
temperature was studied by batch technique [15]. Then a detailed investigation
of the Cs retention and transport through the prepared material was conducted
to investigate the feasibility of using it as near surface disposal backfill
material. Tests were conducted at laboratory scale to evaluate the physical and
chemical properties of the prepared zeolite. The distribution coefficient (Kd)
value of Cs ions was evaluated using batch sorption experiment in synthetic
groundwater to simulate possible conditions for near surface disposal. The
transient behavior of the batch sorption experimental data was analyzed to
3

assess the controlling mechanism of the sorption process. The hydrodynamic
dispersion coefficient of Cs ions on the prepared material was studied using
column technique. To provide an overall functional performance of the
proposed backfill material, the long-term behavior of the prepared zeolite has
been evaluated using computer model. This model has been developed to study
the migration of Cs radionuclides from bare cementitious waste form through
the backfill. The study compares the release rate from bentonite crushed rock
mixture to that from the prepared zeolite. The result demonstrated that
synthetic zeolite NaA-X blend showed a better performance in terms of
radionuclide containment [16]. Finally the retention of Sr onto synthetic zeolite
NaA-X was studied using batch and column techniques. In order to investigate
the sorption mechanism, the kinetic data were tested. The suitability of the
geochemical conditions was preliminarily assessed by conducting equilibrium
sorption studies at different pH ranging from 2 to 9. To optimize the design of
the barrier, the effect of the initial concentration on the retention of Sr onto the
proposed material at three temperatures was investigated. The sorption
equilibrium data were analyzed to evaluate the sorption characteristics and the
thermodynamic parameters were calculated. To assess the effect of the utilized
method to determine the retardation coefficients on the predicted concentration,
a simple pulse analytical model was used [17]. This effort had indicated that
the prepared zeolite showed a good behavior in the containment of the studied
radionuclides and that the prediction of the concentration was found to be
highly affected by the method utilized to determine the retardation coefficient.
Also, the utilization of the distribution coefficient values to determine the
retardation coefficients produced overestimated values for the predicted
concentration. This might lead to a conservative design that reduces the amount
of the waste disposed in the disposal facility. The studies recommended that a
greater care should be given to the estimation of the retardation coefficient for
low waste inventory.

4

In this work, laboratory studies were conducted to investigate the
feasibility of using synthetic zeolite X as a permeable reactive barrier for the
remediation of groundwater contaminated with zinc and cadmium ions. The
sorption behavior of these metel ions were studied as a function of initial metal
ion concentration, PH, and temperature. The sorptian data were analyzed using
langmiur, freundlich, and D-R isotherms and various thermodynamic
parameters were determined. The dispersional behavior of both metal ions on
the prepared material was studied using column experiment and the
hydrodynamic dispersion coefficients were determined. Two different cases of
contaminant migration to the barrier are considered in the assessment of the
performance of the prepared zeolite as a reactive barrier media: (i) pulse release
scenario, and (ii) plume release scenario.

5

2. REVIEW OF LITERATURE
This chapter covers the survey related to the present study in four
aspects namely (i) Zeolite synthesis; (ii) Zeolite as sorbent material for removal
of heavy metals; (iii) Insitu remediation of contaminated groundwater; and (iv)
Design of an engineering permeable reactive barrier.

2.1. Zeolite Synthesis
Zeolites are crystalline molecular sieves with pores of molecular
dimensions; these have a high total surface area that makes them effective in a
wide range of applications including catalysis, ion exchange, and selective
adsorption. Zeolites are used as water softeners to remove calcium ions.
Industrial applications make use of synthetic zeolites of high purity, which
have larger cavities than the natural zeolites. These larger cavities enable
synthetic zeolites to adsorb or hold molecules that the natural zeolites do not
[18]. Due to the industrial important of this mineral, much effort is made to
study the mechanism responsible for its formation from its precursors.
Aluminosilicate zeolites synthesis involves mixing together Si and Al species,
metals cations and water, which are treated thermally and the mixture then
converted into a microporous crystalline aluminosilicate, this process can be
denoted as zeolitization [19].

Abd El-Rahman et al. [20] investigated the sorptive removal of
cesium and strontium ions from aqueous waste solution using synthetic zeolite
A. Experiments were carried out as a function of pH, solute concentration, and
temperature (298–333 K). Analysis of the respective rate data in accordance
with three kinetic models revealed that the intraparticle diffusion was the rate
determining step for the sorption of both studied ions. Values of the pseudo
first-order and pseudo second-order rate constants and the particle diffusion
coefficients were determined from the graphical representation of the proposed
6

models. Activation energy and thermodynamic parameters of free energy,
enthalpy and entropy of activation for each sorption process were calculated
from the linearized form of Arrhenius equation.

Abd El-Rahman et al. [21] examined the efficiency of the prepared
zeolite A as a cation exchanger for removal of Cs+,Sr2+ ,Ca2+ and Mg2+ ions
from aqueous solutions. The influence of initial ion concentration, PH and
temperature was studied. Equilibrium isotherms were tested for different
isotherm expressions and the sorption data were successfully modeled using
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) approach, Based on
the D-R model, the maximum ion exchange capacity and the mean free energy
of the studied cations were determined. The effect of temperature on the
equilibrium distribution values was utilized to evaluate the standard
thermodynamic parameters.

El-Kamash [22] studied the synthesis of zeolite A chemically as
inorganic ion exchange material for the removal of cesium and strontium ions
from aqueous solutions in both batch and fixed bed column operations. Batch
experiments were carried out as a function of pH, initial ion concentration and
temperature. Simple kinetic and thermodynamic models were applied to the
rate and isotherm sorption data and the relevant kinetic and thermodynamic
parameters were determined from the graphical presentation of these models.
Breakthrough data were determined in a fixed bed column at room temperature
(298 K) under the effect of various process parameters like bed depth, flow rate
and initial ion concentration. The results showed that the total metal ion uptake
and the overall bed capacity decreased with increasing flow rate and increased
with increasing initial ion concentrations and bed depth. The dynamics of the
ion exchange process was modeled by bed depth service time (BDST) model.
The sorption rate constants were found to increase with increase in flow rate
indicating that the overall system kinetics was dominated by external mass
transfer in the initial part of the sorption process in the column.
7

El-Naggar et al. [23] tested the use of silica extracts obtained from fly
ash to synthesize pure zeolites by alkaline leaching. The extraction potential of
industrial by-product fly ash was investigated under repeated fusion process
conditions. The amount of extracted silica was 131.43 g/kg ash while the
amount extracted alumina was limited to 41.72 g/kg ash. The results of zeolite
synthesis from the Si-bearing extracts demonstrated that pure zeolites with high
cation exchange capacity (4.624 meq/g) were produced. The sorption potential
of synthesized zeolite A-X blend for the removal of cesium ions was
investigated. A comparison of kinetic models applied to the sorption data was
evaluated for pseudo first-order, pseudo second-order and homogeneous
particle diffusion models. The results showed that both the pseudo secondorder and the homogeneous particle diffusion models were found to best
correlate the experimental rate data.

Ojha et al. [24] studied the synthesis of zeolite X from Coal fly ash by
alkali fusion followed by hydrothermal treatment. The synthesized zeolite was
characterized using various techniques such as X-ray diffraction, scanning
electron microscopy, Fourier transform infrared spectroscopy, BET method for
surface area measurement etc. The synthesis conditions were optimized to
obtain highly crystalline zeolite with maximum BET surface area. The
maximum surface area of the product was found to be 383 m2/g with high
purity. The crystallinity of the prepared zeolite was found to change with
fusion temperature and a maximum value was obtained at 823 K.

Regina et al. [25] examined the use of the solid by-product of oil shale
processing as a raw material to synthesize zeolites Na–A and Na–X. Two
preparation methods using the same starting material composition were carried
out. In the first method, alkaline fusion was used to prepare a glass, which was
then hydrated by refluxing. The largest amount of crystallinity was reached
with 2 h of refluxing. In the second Method, alkaline fusion was followed by
hydrothermal treatment. The most crystalline sample was obtained after 12 h of
8

heat treatment and after 96 h hydroxysodalite zeolite was formed. In both
procedures, the synthesis products were mainly composed of zeolite Na–X,
whose content was influenced by the crystallization time, and of zeolite Na–A
with a practically constant content.

Atta et al. [26] examined the synthesis of zeolite X from locally
available kaolin clay sourced in Nigeria. The extracted kaolin was converted to
metakaolin at 600°C. Subsequently, the highly reactive metakaolin was leached
with sulphuric acid to achieve the required silica-alumina ratio for zeolite X
synthesis. Infrared spectra analyses suggested the presence of zeolite
framework structure, hence the further confirmatory characterization by X-ray
diffraction method. The ion exchange capacity of the synthesised samples was
found to be 4.72-4.94 meq/g. The structure was also observed to be stable up to
a temperature of about 600°C.

Akiyama et al. [27] described the synthesis of zeolite X from waste
metals; in this synthesis, silicon sludge and Al(OH)3 from aluminum dross are
separately solved in NaOH solution, leading to the generation of hydrogen, and
then mixed with the desired molar ratio to synthesize zeolite X and residual
liquid was repeatedly used as raw material to save Si and Na sources. During
the synthesis, the effect of the cyclic use of residual liquid on the property of
zeolite was examined and it was compared with the product synthesized from
reagents of Al(OH)3, Si, and NaOH. Although the original raw materials used
were industrial wastes, all products showed the same X-ray diffraction patterns,
Si/Al molar ratio (1.0–1.5) and BET surface area (500–600 m2/g) as the
commercially available product. The use of the residual liquid increased the
utilization ratio 21.4 mol% in Si and 7.8 mol% in Na after three times of cyclic
use. Inverse manufacturing of zeolite X was experimentally validated.

Cao et al. [28] examined the use of clay to synthesize pure zeolite X
via a two-stage method. The synthetic parameters, such as calcination,
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crystallization time and SiO2/Al2O3 molar ratio were investigated. The results
indicated that calcination enhanced the extraction of silica from clay and was
beneficial for the formation of zeolite X. Micro sized pure zeolite X with the
particle size of 1-4 µm was obtained in the gel with the SiO2/Al2O3 molar ratio
range of 1.93 to 3 after hydrothermal treatment at 80 ºC for 5 h. The synthetic
zeolite X showed high specific surface area (487 m2/g) and low Si/Al ratio
(1.17).

Yuexiu [29] investigated that zeolite X was successfully synthesized
from bentonite by ultrasonic method and the synthesized product was
characterized. The result showed that, compared with traditional hydrothermal
method, crystallization temperature was lowered and crystallization time was
shortened through ultrasonic method. The crystal size of zeolite X was
decreased and specific surface area was increased, possessing an average
crystal size of 400 nm and BET value was 592 m2/g.

Chang et al. [30] studied a modified fusion process to synthesize
zeolites A and X from fly ash. It was found that the addition of aluminum
hydroxide to the fused fly ash solution followed by hydrothermal treatment at
60 °C produced single-phase zeolite A or a mixture of zeolites A and X
depending on the source of the as-received fly ash. The result confirmed that
the quantity of dissolved Al species is critical for the type of zeolite formed in
precursor solutions prepared from fused fly ashes. The ion exchange behaviors
of treated fly ash containing zeolites A and X were tested with Co2+ ions. It was
found that the ion exchange capacity (IEC) of treated fly ash with Co2+ ions
was much larger than that with Cs+ ions. In addition, the Co2+ ion exchange rate
of zeolite X was faster than that of zeolite A. This is probably related to the
bigger pore channels in zeolite X. The Co2+ IEC of treated fly ash containing
zeolite A reached 67.6% of commercial zeolite A and that containing zeolite X
reached 83.1% of commercial zeolite X.
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Sudaporn et al. [31] carried out an inspection of the synthesis of
zeolite from a low cost silica-alumina source, such as perlite, under various
NaOH concentrations, solid to liquid ratios, temperatures and times. The results
indicated that analcime was obtained with the highest percent crystallinity
under the condition of 3 M NaOH with a 1:5 solid/liquid ratio at 140oC for
24 h. The rate of crystallization increased with increasing reaction temperature.
The activation energy was found to be 11.2 kcal/mol. This value was connected
with dehydration of silicate and aluminate ion in solution to form crystal
building and condensation reaction between the crystal surfaces.

Querol et al. [32] provided an overview on the methodologies for
zeolite synthesis from coal fly ash (CFA) and a detailed description of
conventional alkaline conversion processes with special emphasis on the
experimental conditions to obtain high cation exchange capacity zeolites.
Zeolitic products having up to 3 meq/g were easily obtained from high glass
CFA by direct conversion. A review of potential applications of different
zeolitic products for waste water and flue gas treatment was also given.

Hitoshi et al. [33] studied the synthesis of zeolite from coal fly ash by
hydrothermal treatment with KOH solutions. Zeolite K-H (K2Al2 Si4O12.nH2O)
was produced under optimum conditions of 160 0C, 72h, 1 M KOH and liquid
solid ratio of 15 cm3/g. The uptake behavior of radioactive cesium for the
products was investigated by batch and column methods. The uptake
equilibrium of Cs+ for the product was attained within 2 h yielding the
distribution coefficient of above 10,000 cm3/g. The uptake of Cs+ was followed
by a Langmuir adsorption isotherm and the maximum uptake capacity was
estimated to be 3.34 mmol/g. The successive removal of Cs+ was accomplished
through the column packed with granular composites of product alginate gel
polymer.
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Wajima et al. [34] tested the use of ash from incineration of paper
sludge contained a high percentage of Ca in the form of anorthite (CaAl2Si2O8)
and gehlenite (Ca2Al2SiO7). The Ca in the sludge originates from calcite that is
included in paper as fillers. Acid leaching was applied with HCl on the ash to
reduce its Ca content. Zeolite was then synthesized from the leached ash
through reaction with 2.5 M NaOH solution at 80 ºC for 24 hours. The fraction
of Ca and Al extracted from the ash correlated with the pH of the leachant.
During acid leaching, gehlenite dissolved out at higher pH than anorthite. In
case of pH.>.5, both gehlenite and anorthite remained in the ash and
hydroxysodalite and LTA (Linde Type A) were synthesized in the product. In
case of pH = 1−5 in the leachant, gehlenite dissolved out but anorthite
remained in the ash, and LTA and Na-P1 (zeolite-P) were produced. In the case
of pH < 1, both gehlenite and anorthite dissolved out, and only Na-P1 were
produced.

Belviso et al. [35] converted the Italian coal fly ash into several types
of zeolite in laboratory experiments with temperatures of crystallization
ranging from 35 up to 90˚C. Distilled and seawater were used during the
hydrothermal synthesis process in separate experiments, after a pre-treatment
fusion with NaOH. The results indicated that zeolites could be formed from
different kinds of Italian coal fly ash at low temperature of crystallization using
both distilled and seawater. Scanning electron microscopy data and the powder
patterns of X-ray diffraction analysis showed that faujasite, zeolite ZK-5 and
sodalite were synthesized when using both distilled and seawater; zeolite A
crystallized only using distilled water. The experiments indicated that the
synthesis of zeolite X and zeolite ZK-5 takes place at lower temperatures when
using seawater (35 and 45˚C, respectively). The formation of sodalite was
competitive with zeolite X which showed a metastable behaviour at higher
temperatures (70–90 ˚C).
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2.2. Zeolite as Sorbent Material for Removal of Heavy
metals
Zeolites are microporous crystalline solids with well defined
structures. Because of their unique porous properties, zeolites are used in a
variety of applications as in petrochemical cracking, ion exchange (water
softening and purification), and in the separation and removal of gases. Other
applications are in agriculture, animal husbandry and construction. The fact
that zeolite exchangeable ions are relatively innocuous (sodium, calcium, and
potassium ions) makes them particularly suitable for removing undesirable
heavy metal ions from industrial water and contaminated groundwater [36].

EL-Kamash et al. [37] studied the sorptive removal of zinc and
cadmium ions from aqueous solutions using synthetic zeolite A. Experiments
were carried out as a function of solute concentration and temperature
(298-333 K). Several kinetic models were used to test the experimental rate
data and to examine the controlling mechanism of the sorption process. Various
parameters such as effective diffusion coefficient, activation energy and
entropy of activation were evaluated. Equilibrium sorption data were analyzed
using Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm
models. The mean free energy was in the range corresponding to the ion
exchange type of sorption.

Nava et al. [38] investigated the use of zeolite Na-X in the removal of
cobalt and cadmium ions from aqueous solutions. Ion exchange experiments
were performed with cobalt and cadmium solutions at various pH and
concentration. The cobalt, cadmium and sodium content were determined by
neutron activation analysis. It was stated that the selectivity for cadmium was
higher than for cobalt and the sorption of cadmium by zeolite X was higher
when PH in the range from 3 to 5 whereas, this range did not affect the sorption
of cobalt.
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Leinonen [39] studied the removal of harmful metals from metal
plating waste waters using selective ion exchangers. It was found that zeolite A
and X gave distribution coefficient values higher than 70,000 ml/g for both Ni
and Zn while zeolite L gave distribution coefficient values higher than 60,000
ml/g for Ni in all tested solutions. Zeolites A and X showed good performance
also for Cd, Cu and Co. The distribution coefficients for Cd were in the range
18,000- 33,000 ml/g in a 1M CdCl2 solution. In the column tests, zeolite X
showed best performance in nickel solutions. The uptake values were in the
range 2-2.4 meq/g at the 50% breakthrough point. Zeolites A and L performed
corresponding values around 0.6 meq/g.
Barros et al. [40] investigated the uptake capacity of Cr3+ ions in
zeolite Na-X. The experiments were carried out in continous and batch systems
at 303K. The batch isotherm evidenced an irreversible shape with a maximum
chromium uptake of 3.61 meq/g. The column experiments were carried out at
PH=3.5, with a flow rate of 9 ml/min and an average particle size of 0.180 mm.
The dynamic system provided a distinct ion echange mechanism, which
generated a favorable isotherm with a chromium uptake of 3.27 meq/g. A
mathematical model was also applied to represent the dynamics of the sorption
of the column. The model considered the axial dispersion in the column and the
intraparticle diffusion as the rate controlling step. The dynamic isotherm was
successfully modeled by the Freundlich equation and the mathematical model
described well the experimental dynamic data for the feed concentrations from
0.3 up to 3 meq/l.

Ismael [41] investigated the synthesis and characterization of low
silica zeolite X, from calcined Kalabsha kaolin, for adsorption of Zn2+ ions
from aqueous solution. The synthesis processes were performed under
hydrothermal treatment in alkaline solutions. The obtained zeolite samples
were characterized using X-ray diffraction, grain size distribution, surface area,
and scanning electron microscopy. The critical molar ratios of both SiO2/Al2O3
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and K2O/Na2O were about 2.9 and 0.16, respectively. Those ratios were used to
give individual low silica zeolite X in a minimum reaction time. The adsorption
capacity of the synthesized products was determined by adsorption of Zn2+ ions
from solution. The results suggested that the zeolite obtained could be
converted to a beneficial product, which can be used as an ion exchanger in
removing heavy metals from wastewaters.

Erdem et al. [42] studied the adsorption behavior of clinoptilolite with
respect to Co2+, Cu2+, Zn2+ and Mn2+ in order to consider its application to
purity metal finishing wastewaters. The percentage adsorption and distribution
coefficients (Kd) were determined for the adsorption system as a function of
sorbate concentration. In the ion exchange evaluation part of this study, it was
determined that in every concentration range, adsorption ratios of clinoptilolite
metal cations match to Langmuir, Freundlich, and Dubinin–Kaganer–
Radushkevich (DKR) adsorption isotherm data, adding to that every cation
exchange capacity of the studied metals were calculated. It was found that the
adsorption phenomena depend on charge density and hydrated ion diameter.
According to the equilibrium studies, the selectivity sequence was given as
Co2+ > Cu2+ > Zn2+ > Mn2+. These results showed that clinoptilolite hold great
potential to remove cationic heavy metal species from industrial wastewater.

Shevade et al. [43] studied the removal of arsenic from contaminated
groundwater by Zeolite NH4+/Y (NY6). Experiments were conducted to
examine the extent of arsenic removal as a function of pH. The effect of initial
arsenic concentration and liquid to solid ratio in the batch reactions were also
studied. NY6 showed significant arsenate removal capacity over a wide initial
pH range of 2–12. This performance was achieved by buffering the initial pH
to a range of 3.5 <pH< 7 where uptake of arsenate onto aluminol surface
groups was at a maximum value. The high aluminum content of NY6 was an
important factor governing the improved performance of this zeolite relative to
other tested zeolites with higher Si/Al ratio. The pH buffering capacity of NY6
15

could lead to savings in cost and process time for industrial effluent treatment
due to avoidance of a pH pre-conditioning step prior to arsenate removal.

Haron et al. [44] tested the use of modified zeolites (zeolite A, X, and
ZSM5) with lanthanum ion for the removal of arsenic salt from aqueous
solution. Among parameters investigated were effect of pH, arsenate initial
concentrations, contact time and temperature. The results showed that As(V)
sorption by La-zeolites occurred at about pH 6.5 and increased as pH increased
and reaching maximum at equilibrium pH about 7.8. The amounts of sorption
of As(V) by La exchanged zeolite increased as temperature increase. The
negative values of Gibbs free energy meant that the sorption of As(V) ions on
La-exchanged zeolite was spontaneous. A slightly positive entropy change for
sorption of As(V) ion on La-exchanged. The kinetics study showed that the
As(V) sorption followed first order kinetic model.

Biskup and Subotic [45] developed a simplified model of dynamic
exchange of cations in thin layer of zeolite A. The validity of the model was
confirmed by the correlation between measured and calculated values of the
concentration of Pb2+ ions in the layer of zeolite A and the lead nitrate solutions
passed through the layer. The exchange capacity of zeolite A for Pb2+ was 2.74
mol/kg.

Sultan et al [46] studied the removal of cadmium and lead from
aqueous solution by ion exchange with zeolite Na-Y under competitive and
non-competitive conditions. In the Pb/Na-Y and Cd/Na-Y exhibited a greater
preference for exchange with Pb but selectivity in favor of both heavy metal
ions decreased with increasing heavy metals concentration. Na-Y exchange
efficiency increased in the order Ni2+< Cu2+<Cd2+< Pd2+. In the Pb/ Cd/ Na-Y
ternary exchange process, Pb was preferred to a combination of Cd and Na at
all loadings and Pb is favor over Cd irregardless of the zeolitic Na content,
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neither Cd or Na is preferred to a combination of other ions and Pb removal
exceeded that of Cd by a factor of two.

Mark [47] studied the removal of copper and nickel from aqueous
solution by batch ion exchange with solid lithium-, sodium-, potassium-,
rubidium- and caesium-based Y zeolites. The extent of transition metal
removal was dependent strongly on the nature of the out-going alkali metal
cation with the overall preference of the zeolite for exchange with both metals
increasing in the order Cs Y< Rb Y < Na Y < Li Y. Copper removal was much
greater than that of nickel for all the zeolite exchangers under identical
experimental conditions with a maximum recorded exchange efficiency of 64%
and separation factor of 33.

Arellano et al. [48] discussed the sorption behavior of cobalt and
cadmium ions by zeolite Y. Cobalt and cadmium solutions were exchanged
with the zeolite at various pH. The concentration of the two metal ions in the
sample was determined by neutron activation analysis. The sorption of
cadmium was found to be higher than that of cobalt however, the selectivity for
both cations by zeoliteY was low.

2.3. Insitu Remediation of Contaminated Groundwater
Insitu reactive barriers or insitu treatment zones are permeable zones
emplaced within the aquifer, which relies on the movement of the contaminated
groundwater through the reactive material under the natural hydraulic gradient,
making it less energy intensive and more sustainable than conventional
techniques for groundwater treatment such as pump-and-treat method. The
contaminants in the groundwater are degraded or retarded through physical,
chemical or biological processes which are specific to the reactive material
employed [49].
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Wright et al. [50] investigated the use of Phosphate-Induced Metal
Stabilization (PIMS) employing the reactive media, Apatite II, in a subsurface
permeable reactive barrier (PRB), to treat groundwater containing elevated
levels of zinc, lead, cadmium, sulfate and nitrate at a success tailings/waste
rock pile. The emplaced PRB was reduced the concentrations of cadmium and
lead generally to below detection (2 mg/l), zinc was reduced to near
background (about 100 mg/l), and sulfate and nitrate was reduced to below
detection (50 mg/l). The PRB, filled with 100 tons of Apatite II, was in
operation for over two years and was removed over 3 tons of Zn as ZnS, over
0.05 tons of Pb as pyromorphite, and over 0.025 tons of Cd.

Golab et al. [51] examined the use of alkaline materials as a reactive
media in permeable reactive media to remediate leachate from acid sulphate
soils. Thirteen alkaline materials including recycled concrete, limestone,
calcite-bearing zeolitic breccia, blast furnace slag, lime and fly ash were tested.
The batch tests involved several phases, such as leaching in deionised water to
characterize the soluble components of the materials and the pH that each
material could achieve. Another phase involved testing with acidic water (pH=
3) to determine the acid leachable components of the materials and the pH after
neutralisation. The pH achieved by each reactive material was controlled by the
reaction kinetics of the dominant alkaline mineral. The concretes, fly ash, and
air cooled blast furnace slag (ACBFS) all achieved a pH that is consistent with
the dissolution of lime (pH = 12).

Zolla et al. [52] investigated the performance of zero valent iron in a
permeable reactive barrier (PRB) at a site contaminated with chlorinated. The
monitoring plan provides controls on groundwater chemistry (target
contaminants and geochemical indicators) and core sampling for mineralogical
analysis of zero valent iron by X-ray diffraction and scanning electron
microscopy. Monitoring data indicated that the plume is being adequately
captured and treated in order to accomplish the clean up goals with a good
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safety margin. However, the results showed that mineral precipitation and gas
phase accumulation could determine, over time, a decreasing in hydraulic
conductivity and porosity of the barrier, thus modifying the flow field through
the reactive cell.

Wilkin et al. [53] examined the use of zero valent iron in permeable
reactive barrier (PRB) to remove chromium from groundwater contaminated
with hexavalent chromium. After eight years of operation, the PRB remained
effective at reducing concentrations of Cr from average values >1500 µg/l in
groundwater hydraulically upgradient of the PRB to values <1 µg/l in
groundwater within and hydraulically downgradient of the PRB. It was found
that iron bearing mineral products enhances the capacity of zero valent iron
systems to remediate Cr in groundwater, either through redox reactions at the
mineral−water interface or by the release of Fe2+ to solution via mineral
dissolution and/or metal corrosion.

Komnitsas et al. [54] examined the efficiency of limestone and red
mud barriers to remove inorganic contaminants such as Fe, Zn, Mn, Al, Ni, Cu,
Co and Cd from synthetic sulfate solutions simulating acid mine drainage.
Tests were performed under dynamic flow conditions similar to those
prevailing in an insitu reactive wall emplacement. The experimental results
provide useful information for the elucidation of clean up mechanisms taking
place during interaction of reactive media and plumes contaminated with high
loads of heavy metals as well as for the design and estimation of the effective
life time of a PRB system.

Bartzas et al. [55] studied the flow through column experiments using
a series of continuous flow columns to investigate the performance of zero
valent iron permeable reactive barriers (PRB) for the treatment of acidic
leachates generated in active or abandoned mining and waste disposal sites.
Simulated acid mine drainage solutions of low and high metal ion
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concentration were pumped at different flow rates into the laboratory system.
Concentration profiles under steady state transport conditions were developed
by measuring metal ion concentration at various sampling ports. Results
showed that metal ion removal was mainly accomplished via redox reactions
that initiate precipitation of mineral phases. Sulfate green rust was identified
from the analysis of precipitates formed on the iron surface; sulfate and heavy
metals uptake by green rust is a secondary clean up mechanism. Experimental
results as well as geochemical modeling by PHREEQC-2 indicated that
cadmium and copper were removed by redox reactions while aluminum,
manganese, nickel, cobalt and zinc were mainly removed as metal hydroxides.
It was seen that zero valent iron barriers can be used as an environmentally and
economically viable remediation technology for the clean up of acidic leachates
loaded with several inorganic contaminants and sulfates and the subsequent
prevention of groundwater contamination.

Lee et al. [56] examined the factors affecting the performance of
zeolitic rocks as reactive media in a permeable reactive barrier (PRB) used to
remediate groundwater contaminated with Zn. Serial batch kinetic and sorption
tests were conducted on zeolitic rock samples under a variety of conditions
(i.e., reaction time, pH, initial Zn concentration, and particle size) using
Zn(NO3)2·6H2O solutions. Serial column tests were also conducted on zeolitic
rock samples at various flow rates. The removal of Zn increased approximately
from 20–60 to 70–100% with increasing pH from 2 to 4 and decreasing initial
Zn concentration from 434 to 5 mg/l. Zn removal was not affected by the
particle size, regardless of the zeolitic rock samples used in this study. The Zn
removal increased approximately from 20–70 to 60–100% with increasing the
cation exchange capacity (CEC) from 124.9 to 178.5 meq/100 g and increasing
zeolite (i.e., clinoptilonite and mordenite) and montmorillonite contents from
53.7 to 73.2%. The results from the column and batch tests were comparable.
Increasing the flow rate caused the earlier breakthrough of Zn (sorbing cation)
and a rapid decrease in the concentration of Na, Ca, and Mg (desorbing
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cations). The hydraulic conductivities of the samples were unaffected by the
particle size and mineral components.

Natale et al. [57] studied the reliability of an activated carbon
permeable reactive barrier in removing cadmium from a contaminated shallow
aquifer. Laboratory tests were performed to characterize the equilibrium and
kinetic adsorption properties of the activated carbon in cadmium-containing
aqueous solutions. A 2D numerical model was used to describe pollutant
transport within a groundwater and the pollutant adsorption on the permeable
adsorbing barrier (PAB). Numerical results showed that the PAB can achieve
long term efficiency by preventing river pollution for several months.

2.4. Design of an Engineering Permeable Reactive Barrier
The residence time required and the anticipated groundwater velocity
through the PRB are used to determine the size of PRB needed to achieve the
desired treatment level. Two basic configurations are currently being used for
full scale field application, continuous PRBs or funnel and gate designs. The
effect of system configurations on flow patterns and system dimensions can be
evaluated as part of the modeling effort.

A group of scientists [58] made Pilot scale tests on surfactant
modified zeolite (SMZ) permeable reactive barriers .The tests were performed
in an 8.5 m wide, 8.5 m long, 3 m deep concrete tank. The SMZ was installed
in a l m wide, 6 m long, 2 m deep barrier frame in the center of the tank. The
rest of the tank was filled with sand to form a simulated aquifer. An array of
405 samplers was installed in the barrier and in the sand. Controlled water flow
across the tank was maintained using up gradient injection wells and down
gradient withdrawal .In the first pilot test, 14-40 mesh (1.4-0.4 mm) SMZ was
used as the barrier material. Approximately 3,000 water samples were collected
and analyzed over a period of eight weeks.
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Lawrence et al. [59] examined the installation of a 170 m long PRB,
in two sections, for the treatment of acidic, metal-rich (700 mg/l Fe, 300 mg/l
Al and 240 mg/l Mn) spoil heap leachate at Shilbottle, Northumberland, in
2002. The PRB is a compost based system comprising 50% aggregate, 25%
horse manure and 25% green waste compost. The barrier is 3 m deep and 2 m
wide, with a nominal hydraulic retention time of 48 h. The removal efficiencies
were 96% for Fe, 78% for Zn, 71% for Ni, 52% for Mn, and 59% for SO4.
Blowes et al. [60] examined the 46 m long, 7.3 m deep, and 0.6 m
wide installed permeable subsurface reactive wall at the U.S. Coast Guard
(USCG) Support Center, North Carolina, in 1996. The reactive wall was
designed

to

remediate

hexavalent

chromium

[Cr(VI)]

contaminated

groundwater at the site, in addition to treating portions of a larger overlapping
trichloroethylene (TCE) groundwater plume. The wall was installed in using a
continuous trenching technique, which simultaneously removed aquifer
sediments and installed the porous reactive medium. The reactive medium was
composed entirely of granular iron. The reactive medium was selected from
various mixtures on the basis of reaction rates with Cr(VI), TCE and
degradation products, hydraulic conductivity, porosity, and cost.

Molfetta et al. [61] tested the first installed full scale zero valent iron
permeable reactive barrier in Italy. It was designed and realized to remediate a
chlorinated hydrocarbons plume at an old industrial landfill site, in the
Piemonte region. The dimensioning of the PRB was conducted by means of a
three dimensional flux and multispecies contaminant transport model based on
column degradation test. The excavation of the 120 m long, 13 m deep and 0.6
m thick barrier, was performed in just 8 days using a crawler crane equipped
with a hydraulic grab and supported by guar gum slurry. After the excavation,
the trench was backfilled with 1,700 tons of iron and the biopolymer degraded
using enzymes.
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Vanbroekhoven et al. [62] performed an extensive pilot program in
order to design an insitu remediation system for historic groundwater
contamination with heavy metals near a non ferrous metals producing plant in
Belgium. A profound site characterization was performed, in order to obtain a
detailed cross section of the subsoil and a detailed understanding of the
contaminated aquifer(s) presented in the water bearing strata. The hydraulic
characteristics of the water bearing strata were determined through aquifer tests
and piezometric campaigns. The selected site was characterized by a relative
shallow contamination of mainly Co (30-300 mg/l) and containing typical
sulphate concentrations in the range of 300-1200 mg/l. The aquifer was
characterized as clayey sand. The information obtained during this
characterization allowed developing and calibrating a hydraulic groundwater
model. On basis of the results of the site characterization, modeling and lab
tests, the final layout of the pilot test was fixed and injections started.

Gavaskar [63] demonstrated that adequate site characterization,
bench-scale column testing, and hydrogeologic modeling formed the basis for
the design and construction of permeable reactive barriers for groundwater
remediation at various sites. Dissolved chlorinated solvents, such as
perchloroethylene (PCE) and trichloroethylene (TCE), were the focus at many
sites because the passive nature of the reactive barrier operation made such
barriers useful for treating groundwater contaminants that can persist in the
aquifer for several years. A combination of conventional and innovative site
characterization, design, and construction techniques were used at these sites to
increase the potential cost effectiveness of field application.
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3. THEORITICAL BACKGROUND
3.1. Zeolites and their uses
The term ‘zeolite’ was firstly mentioned by Swedish mineralogist A.
F. Cronstedt in 1756 as a name of an aluminosilicate mineral (stilbite) that
seemed to steam when heated. The word zeolite is derived from the Greek
words ‘zeo’ (boil) and ‘lithos’ (stone). Since then, about 50 naturally occurring
and topologically different zeolites have been identified as a separate group of
minerals [64, 65]. As one of the most plentiful on the earth, they are occurred
in both of basalt and sedimentary tuffs, as well as in marine sediments, dry
saline lake beds and in low grade metamorphic rocks. Natural zeolites cannot
meet the huge demands in industry; therefore it becomes an urgent necessity to
use synthesized zeolites besides the natural ones. Nowadays, a large number of
synthetic zeolite structures and compositions are available, most of them
having no natural analogues. In comparison with natural zeolites, synthesized
zeolites have many advantages such as high purity, uniform pore size, and
better ion exchange abilities. The new structures and compositions and hence,
the new physicochemical properties enlarge the range of applications of
zeolites [66].

Zeolites are crystalline, microporous, hydrated aluminosilicates that
are built from an infinitely extending three dimensional network of [SiO4]4- and
[AlO4]5- tetrahedra linked to each other by the sharing of oxygen atoms. The
chemical composition of a zeolite is represented by the empirical formula as
[66]:

M2/n.Al2O3.ySiO2.wH2O
Where, y is 2 to 10, n is the cation valence and w represents the water in the
voids. Generally, their structure can be considered as inorganic polymer built
from tetrahedral TO4 units, where T is Si4+ or Al3+ ion. Each O atom is shared

24

between two T atoms, so that there are two O atoms for every Si or Al atom
[66].

Zeolite open structure framework consists of many channels and/or
interconnected voids of discrete size (in the range 0.3-20 Å) which are
occupied by cations and water molecules. Each AlO4 tetrahedron in the
framework bears a net negative charge which is balanced by a cation.
Typically, these counter ions are elements from the IA and IIA groups of the
periodic table. The cations can be exchanged for other ions possessing the same
sign charge when aqueous passed through channels and voids. This
replacement results in the narrowing of the pore diameter of the zeolite
channels [67, 68].

Zeolite structures are often described according to the size of pore
openings and the dimensionality of their channel system. These pore openings
are characterized by the size of the ring that defines the pore, usually
designated as n-ring, where n is the number of T atoms in a ring. Different pore
openings are assigned for different ring sizes. Hence an 8-ring is considered a
small ring opening, a 10-ring opening is considered a medium ring opening and
a 12-ring is considered a large ring opening [65,69]. The size and shape of the
pore opening depend on the configuration of the T and O atoms relative to each
other, Si/Al ratio, the size of the cation and the temperature [69].

The Si/Al ratio is a very important characteristic of zeolites. As the
Si/Al ratio increases, the cation content decreases, the thermal stability
increases and the surface selectivity changes from hydrophilic to hydrophobic
[65]. According to the increasing framework Si/Al ratio, zeolites are
categorized as: (1) low Si/Al zeolites (1 to 1.5, zeolite A, zeolite X ); (2)
intermediate Si/Al zeolites (~ 2 to 5); (3) high Si/Al zeolites (~ 10 to 100); and
(4) silica molecular sieves . Silica molecular sieves have a neutral framework,
are hydrophobic in nature, and have no ion exchange or catalytic properties,
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since [AlO4]-1 tetrahedra do not exist in the framework structure. There are
three traditional fields of application for zeolites: (1) separation, purification,
drying

and

environment

treatment

process;..(2)..petroleum

refining,

petrochemical, coal and fine chemical industries;..(3) ion exchange, detergent
industry, radioactive waste storage, and treatment of liquid waste. In recent
years, zeolites also find applications in new areas such as microelectronics and
molecular device manufacture.

Zeolites has been widely used in many applications due to their
unique properties (thermal stability, acidity, hydrophobicity/hydrophilicity of
surfaces, ion-exchange capacity, low density and large void volume, uniform
molecular sized channels, adsorption for gas and vapor and catalytic properties)
[65].

Zeolites are divided into two main classes, namely, mineral such as
clinoptilolite, mordenite and garronite and the synthetic zeolite such as zeolite
A, X and Y. Zeolite X is the synthetic form of the naturally occurring
aluminosilicate mineral faujasite [65, 69, 70]. It has channel structure of
3-dimensional with equidimensional channels intersecting in a perpendicular
order with free aperture of 7.4 Å. [71]. There are also smaller cavities called
sodalite cages which are connected to the supercages by rings of four and six
tetrahedra [69]. Exchangeable cations, which balance the negative charge of the
aluminosilicate framework, are found within the zeolite cavities. Zeolite X has
a wide range of industrial application primarily due to the excellent stability of
the crystal structure and a large available pore volume and surface area [72].

The sorption of cationic surfactant onto a negatively charged surface
of zeolite involves both cation exchange and hydrophobic bonding. Since it is
considered to be a particularly effective technique, sorption is the preferred
method for heavy metal removal such as Cu2+, Zn2+, Cd2+ , as well as for PO4
[73], H2 [74], CO2[75], CH4 and N2[76], NOx[77], N2 and O2 [78]. The
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synthetic zeolites are used commercially more often than natural zeolites due to
the purity of crystalline products and the uniformity of particle sizes [66]. The
sources for early synthesized zeolites were standard chemical reagents. By
optimizing the synthesis conditions zeolites with low Si/Al ratios (1-5) with
cavities and pores full of hydrated alkali cations were produced. One of the first
zeolites prepared in the laboratory is zeolite A (LTA), which has no natural
counterpart and is massively produced by the industry because of its use as a
detergent builder. Another one is zeolite Y (FAU), of large technological
importance as an active component of catalysts for gasoline cracking, whose
natural analoug, faujasite, is relatively rare. Zeolite synthesis has been also
developed by the transformation of one zeolite type into others. More recently,
zeolites with low aluminium content have been produced [79].

Conventional

zeolite

synthesis

involves

the

hydrothermal

crystallization of aluminosilicate gels (formed upon mixing an aluminate and
silica solution in the presence of alkali hydroxides and/or organic bases at
temperatures of around 25~150 °C (usually 100 °C)), or solutions in a basic
environment. The crystallization is in a closed hydrothermal system at
increasing temperature, autogenous pressure and varying time (few hours to
several days). The main disadvantages of this method include the inability to
create crystals with dimensions of a comparable size to their natural
counterparts. In the 1940's, low-silica zeolites were synthesized. By the end of
1954, zeolites A and X began to be produced industrially. Following this, a
number of companies in the United States, such as Linde, Mobil, and Exxon,
limitated the formation of natural zeolites and produced a series of synthesized
zeolites with an intermediate Si/Al ratio, including NaY, mordenite, zeolite L,
erionite, chabazite, clinoptilolite, and so on, which were widely applied in the
fields of gas purification and separation, catalytic processes of petroleum
refining and petrochemistry, and ion exchange. The progress of zeolite
synthesis is considered in the early 1960's, when scientists at Mobil
Corporation started to use organic amines and quaternary alkyl ammonium
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cations as templates in the hydrothermal synthesis of high silica zeolites. In
1970's, Flanigen first synthesized pure silica forms of ZSM-5 and ZSM-11
[80].

3.2. Conventional remediation techniques
Many toxic heavy metals have been discharged into the environment
as industrial wastes, causing serious soil and groundwater pollution [82]. Pb+2,
Cu+2, Zn+2, and Cd+2 are especially common metals that tend to accumulate in
organisms causing numerous diseases and disorders [83]. They are also
common groundwater contaminants at industrial and military installations.
Numerous processes exist for removing dissolved heavy metals, including ion
exchange, precipitation, phytoextraction, ultrafiltration, reverse osmosis, and
electrodialysis [84]. The use of alternative low cost materials as potential
sorbents for the removal of heavy metals has been emphasized recently.

Activated carbon sorption is considered to be a particularly
competitive and effective process for the removal of heavy metals at trace
quantities; however, the use of activated carbon is not suitable in developing
countries due to the high costs associated with production and regeneration of
spent carbon. Various treatment processes are available, among which ion
exchange is considered to be cost effective if low cost ion exchangers such as
zeolites are used. The fact that zeolite exchangeable ions are relatively
innocuous (sodium, calcium, and potassium ions) makes them particularly
suitable for removing undesirable heavy metal ions from contaminated
groundwater and industrial effluent water [85].

The

major

traditional

approach

to

addressing

contaminated

groundwater has been to remove it from the aquifer through extraction wells,
send it to a water treatment plant, and then either reinjects it into the ground or
dispose of it off site. This type of treatment is most commonly referred to as
“pump-and-treat.” Occasionally, a contaminant source area can be isolated with
28

low permeability barriers or covers to prevent contaminant migration, but the
pollution remains on site [49].
There are many disadvantages to the pump-and-treat method, which
have spurred an intensified search for replacement innovative technologies.
Pump-and-treat techniques are expensive, have high energy requirements, carry
the risk of exposure to contamination and are unable to remove contaminants
sorbed to the soil. Achieving a full remediation of an area through the use of
Pump-and-treat technologies is infrequent, resulting in the potential for
additional costly cleanup options. Using Pump-and-treat to remediate areas
where heavy metals are slowly leaching from a source or where polycyclic
aromatic hydrocarbons with low bioavailability are present has generally
proven ineffective [86]. Evidence has shown that permeable reactive barriers
may be an enhanced alternative to treat contaminated groundwater because,
when properly employed and operating effectively, they can decrease the risk
caused by inorganics and radionuclides within groundwater through reductionoxidation (redox) reactions, precipitation, and/or sorption of the contaminants
to a reactive media [49].

3.2.1. Permeable reactive barrier concept
Waste products and materials resulting from industrial, commercial,
mining, and agricultural operations are generally the most dangerous sources of
pollution to the environment. One of the most promising innovative solution of
contaminated groundwater is the use of permeable reactive barriers (PRBs)
filled with reactive material to intercept and decontaminate plumes in the
subsurface. The concept of PRBs is relatively simple. Reactive material is
placed in the subsurface to intercept a plume of contaminated groundwater
which must move through it as it flows, typically under its natural gradient,
thereby creating a passive treatment system. As the contaminant moves through
the material, reactions occur that transform it to less harmful (nontoxic) or
immobile species. Permeable reactive barriers are used for a number of
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purposes as it is able to treat a wide range of contaminants (organics,
inorganics, radionuclides), considered as passive treatment systems, may cost
less for cleanup, reduced exposure to contaminants, no loss of groundwater and
relatively low operational costs [59].

3.2.2. Reactive materials for contaminant attenuation
The selection of the reactive material to be used in a PRB depends on
the type of contaminant and the remediation approach (contaminant removal
mechanism). In general, contaminants can be removed from polluted water by
degradation, precipitation and sorption. Frequently, groundwater treatment can
involve a combination of these processes which cannot be individually
distinguished. Nowadays, the most widely used approaches for PRBs can be
grouped into two categories: reductive barriers and sorption barriers. Reductive
barriers employ mechanisms that lead to the reduction of the target compound
to achieve decomposition or immobilisation of that compound. Barriers
utilising surface reactions that lead to immobilisation of the target contaminants
by adsorption, ion exchange and precipitation without altering the chemical
state of the contaminant are usually termed as sorption barriers [49].o

A large number of materials that are able to sorb and trap certain
contaminants, and therefore immobilise them from the groundwater, are
available. The efficiency of the immobilisation mechanisms in terms of its
sorption capacity, selectivity, reaction kinetics and bonding strength is of great
importance. The target contaminants have to be fixed to the reactive material in
a way that they are not easily remobilised and subsequently released to the
groundwater. The reactive materials also need to be available in a form that
ensures a sufficiently high permeability and exhibit a non harmful behaviour
towards the environment. Possible materials for the use as reactive components
in sorption barriers are activated carbon, zeolites, iron oxides/oxyhydrates,
phosphate minerals, and surface modified minerals such as organophilic
zeolites, diatomites or clays [49].
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3.3. Transport of solutes in porous media and Governing
Equations
Evaluation of the design for permeable reactive barrier involves
making a quantitative prediction of potential impact of the heavy metals on
groundwater quality, keeping in mind that under most circumstances involving
contaminant movement through a barrier and into aquifer, the best one can
expect to do is to predict trends and a likely range of concentrations at any
given point in space and time. There are four aspects of any attempt to make
quantitative predictions, namely the need to identify the controlling
mechanisms, formulate or select a theoritical model, determine the relevant
parameters and solve the governing equations.

When dealing with

contaminant transport through saturated

engineered barriers, the transport mechanisms is affected by different
processes. They include advection, dispersion, diffusion, and sorption. These
processes can work together or separate in groundwater flow [87].

3.3.1. Molecular diffusion
Diffusion does not need advective velocity to occur. It is a process
due to the contaminant alone. The larger the amount of pollutant the greater
and farther the effects of diffusion can be. It is also not a large factor in systems
with large velocities because its effects can be small and slow in coming.
Usually molecular diffusion is only found to have affects at low velocities or
long time periods of travel [88]. A system that is dependent on diffusion would
be a low hydraulic conductivity layer such as a landfill liner. These layers will
have such low velocities so the regular dispersion will not even be noticed.
Molecular diffusion is due to concentration gradients and the random motion of
molecules. According to theory, Ficks law, the rate of transfer of diffusion
substance through unit area is proportional to the concentration gradient
dC
(
). The mass flux transported by diffusion alone can be written as [89, 90]:
dx
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F = −D

dC
dx

(3.1)

Where, F is the rate of transfer per unit area of cross section; D is the diffusion
coefficient or proportionality constant; C is the concentration of diffusion of
particles; x is the space coordinate measured normal to the cross section. The
negative sign, in equation (3.1), denotes that diffusion takes place in the
direction of decreasing concentration.

3.3.2. Advection
Advection or convection occurs when dissolved solids are carried
along with the flowing groundwater. The quantity of groundwater flowing and
the solute concentration determine the amount of solute being transported
applying Darcy’s law.

Darcy’s equation relates the flow of water through a porous medium
(Q, m3/s), to a cross sectional area (A, m2) and hydraulic head (h). This
relationship can be expressed as [89]:
Q = − KA

dh
dl

(3.2)

Where, K is a proportionality constant known as hydraulic conductivity and
dh/dl represents the gradient of hydraulic head. For one dimensional flow
normal to a unit cross sectional area of the porous media, the quantity of water
flowing can be obtained by multiplying the average linear velocity (water flow
rate through a cross sectional area) times the porosity [89, 90].
v =

K dh
ε dl

(3.3)

Where, v is the linear pore water velocity (m/s), K is the hydraulic conductivity
(m/s), ε is the porosity of sorbent material and dh/dl is the hydraulic gradient
(m/m). The mass flux, f, due to advection is then equal to the quantity of water
flowing times the concentration of dissolved solids as in [89, 90];
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f =v εC

(3.4)

= va C

(3.5)

Where, va is the Darcy velocity (m/s)

3.3.3. Advection and dispersion
The transport of solutes through porous materials can be described by
accounting for advection and hydrodynamic dispersion (as a sum of molecular
diffusion and mechanical dispersion). Due to the reason that geological
materials are not homogeneous and transport of a solute results in spreading at
different rates. These rates are both greater and less than the linear pore water
velocity. These differences are linked to flow path lengths and pore size. The
resulting effect of these velocity differences is a mixed solute front which is
diluted at the advancing edge of flow. This is called mechanical dispersion and
it can occur both along with the flow path and normal to it. Combining the
processes of molecular diffusion and mechanical dispersion, results in
hydrodynamic dispersion. Hydrodynamic dispersion uses an important
hydraulic parameter known as the hydrodynamic dispersion coefficient, DL,
which is related to a property of the porous medium called dispersivity, and to
the linear pore water velocity, mechanical dispersion and therefore,
hydrodynamic dispersion can also be described using Fick’s law for diffusion.
The mass flux is then given by [90]:
f = v a C − ε D ∂C
∂x

(3.6)

The combined effects of advection and dispersion are included in the
derivation of the advection dispersion equation for solute transport. The
working assumptions are that the porous medium is homogeneous, isotropic,
and saturated with fluid. The simplest form of advection dispersion equation is
[90]:
∂ C = D * ∂ 2 C − v* ∂ C
∂t
∂x
∂x 2
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(3.7)

Where, D* = DL/Rd, v* = v/Rd are the retarded dispersion coefficient and
retarded velocity, respectively and Rd is referred to the retardation coefficient
ρ ∂q
and is given by Rd = 1 +
. Where, ρ is the density of zeolite X.
ε ∂C

3.3.4. Sorption
Sorption is fixation of substances dissolved in water on solid surfaces.
The effect is that the dissolved concentration is reduced. Fixation may occur by
two main processes [67]:
i.

Physical sorption, forces of attraction between the molecules of the
adsorbate and the adsorbent are of the weak van der Waals' type. Since the
forces of attraction are weak, the process of physisorption can be easily
reversed by heating or decreasing the pressure of the adsorbate.

ii.

Chemical sorption, forces of attraction between the adsorbate and the
adsorbent are very strong; the molecules of adsorbate form chemical bonds
with the molecules of the adsorbent present in the surface. The sorption
onto the zeolites proceeded by ion exchange or chemisorption mechanism.

The relationship between the sorbed and dissolved concentrations can
be described using four possible isotherms: linear, Langmuir, Freundlich and
D-R isotherm models. The isotherms can be incorporated into the transport
model using a retardation factor. The parameters of the isotherm equations
express the surface properties and affinity of the sorbent at fixed temperature
and pH. In the simplest case, the sorption can modeled as being linear and so
the mass of contaminant removed from solution, qe, is proportional to the
concentration in solution,Ce according to [38] :
q e = Kd Ce

(3.8)

Where, Kd is the distribution coefficient. The Langmuir model is probably the
best known and most widely applied sorption isotherm. It has produced good
agreement with a wide variety of experimental data and maybe represented as
follows [68]:
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qe =

Q ob C e
1 + bC e

(3.9)

Where, Qo is the monolayer sorption capacity (mg/g) and b is the constant
related to the free energy of adsorption (b α e-∆G/RT).

Freundlich equation is derived to model the multilayer sorption and
for the sorption onto heterogeneous surfaces. The Freundlich sorption isotherm
usually fits the experimental data over a wide range of concentrations. It can be
written as [68]:

qe = K F ce1 / n

(3.10)

Where, KF is the constant indicative of the relative sorption capacity of the
sorbent and n is the constant indicative of the intensity of the sorption process.

The Dubinin-Radushkevich (D-R) isotherm model describes sorption
on a single type of uniform pores it can be expressed as [91]:
q e = q m exp(−βε 2 )

(3.11)

Where, qe is the weight of metal ions sorbed per unit weight of sorbent (mg/g),
qm is the maximum sorption capacity, β is the activity coefficient related to
mean sorption energy and ε is the Polanyi potential which can be calculated
from the following relation [91]:
ε = RT ln(1 +

1
)
Ce

(3.12)

Where, R is gas constant (kJ/mol.K) and T is the absolute temperature (k). The
most simplistic approach to model sorption phenomena is to assume that the
time scale associated with the microscopic processes of mass transfer to the
sorption site and subsequent sorption is very much smaller than that
associated with the macroscopic processes of fluid transport. This effectively
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assumes that the equilibrium prevails locally and is approached rapidly.
Putting that in other words, this concept implies, that for the case of a
permeable reactive barrier, the rate of change of the sorbed phase concentration
, q, at any point x, is reflected by the rate of change of the solution phase
concentration, C, at that point. Therefore, it is assumed that mass transfer
limitation in the liquid and solid phase are negligible and the sorption reaction
is rapid. The most simple Local equilibrium model, assumes that the
equilibrium distribution between the solid phase and the fluid phase is linear. In
this case a linear isotherm equation is applied [92].

The most frequently used solution techniques to solve the governing
equations in contaminant transport models can be divided into five board
categories; namely analytical, finite layer, boundary element, finite difference
and finite element techniques. There are many analytical solutions to equation
govering the flow of groundwater in a very simplified situation such as
homogenous medium and uniform flow [92].
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4. EXPERIMENTAL
4.1. Materials
All chemicals and reagents were of analar purity grade. Bidistilled
water was used for solution preparation and distilled water was used for
washing all glassware. The main chemicals used in this study are given in table
(4.1).
Table (4.1): Chemicals and reagents used

Name

Formula

Formula weight

Product of

Sodium hydroxide

NaOH

40

winlab

Hydrochloric acid

HCl

36.5

Merck

Cadmium chloride hydrate

CdCl2.2.5 H2O

228.34

Koch light laboratory

zinc chloride

ZnCl2

136.28

Koch light laboratory

Colloidal silica

SiO2

60.09

Aldrich

sodium aluminate anhydrous

NaAlO2

81.97

Sigma-Aldrich

sodium acetate anhydrous

CH3COONa

82.03

Wilkinson-Vickers-LTD

ammonium acetate

CH3COONH4

77.08

Loba

acetone

(CH3)2CO

58.08

Piochem

ethanol

C2H5OH

46.04

Piochem

4.2. Zeolite Synthesis
Zeolite synthesis is one of a number of potential applications for
obtaining high value industrial product for environmental applications. Zeolites
can be synthesized by a variety of methods. Most methods involve a soluble
silicon source and a soluble aluminum source reacted under basic conditions.

Zeolite X was synthesized from a mixture consisting of sodium
aluminosilicate substrate contacted with sodium hydroxide following the
method described by Breck [65]. In one liter polypropylene bottle provided
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with a magnetic stirrer, sodium aluminate solution was added to the colloidal
silica to form a gel. Stirring was continued until a homogeneous gel was
obtained. The batch composition of reactants was 7.38 Na2O: 5.03 SiO2: Al2O3:
400 H2O. The obtained homogenous gel was allowed to be crystallized by
putting into an electric hot air oven at a temperature of 95°C for 8 h. The
crystallized product was isolated by filtration then washed with sodium
hydroxide of 0.1M to remove excess unreacted gel and finally with bidistilled
water to remove the excess alkali content. The well-washed product was then
dried at 105°C for 24 h as shown in Fig. (4.1).

4.3. Characterization of zeolite
Spectroscopic and microscopic analysis were used to characterize the
prepared zeolite X. Spectroscopy techniques used include X-ray diffraction
(XRD), energy dispersive X-ray analysis (EDX) and fourier transformed
infrared spectroscopy (FTIR). Microscopy method used was scanning electron
microscopy (SEM). The total surface area of zeolite X was measured using
nitrogen adsorption method and application of the Brunauer, Emmett, and
Teller (BET) method. Also, the cation exchange capacity (CEC) of synthetic
zeolite X in Na+ form was measured experimentally.

4.3.1. X-ray diffraction (XRD) analysis
X-ray diffractometer (XRD) provides the most comprehensive
description of members of zeolite groups. The theory is based on the elastic
scattering of X-rays from structures that have long range order. XRD is used to
monitor the phase purity and crystallization of zeolite particles. XRD also gives
information of the particle strain and lattice size [5].

Powder X-ray diffraction patterns of the sample were measured using
CuKα radiation by Schimadzo X-ray diffractometer. Such prepared material
was identified by measuring the 2θ° values of the three pronounced low angle
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Main constituents of zeolite X

Sodium aluminate (alumina source)

Colloidial silica (silica source)

Distilled water

Distilled water

Sodium hydroxide
pellets

Sodium hydroxide
pellets

Aluminate solution

Silicate solution

Gel formation process

Crystalization process heating
temperature 95°C for 8 hours

Washing process using sodium hydroxide
(0.1M) and distilled water PH ~7

Filtration to isolate the
crystalized product

Drying process Temperature
~ 105 °C

Zeolite X

Fig. (4.1): Flow chart of zeolite synthesis
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peaks, particularly below 12°. Samples were scanned for 2θ ranging from 2 to
60 °.
The intensity of diffraction peaks can be used to determine the
crystallinity of the sample by comparing the intensity of one particular peak (or
number of peaks) in the examined sample with the intensity of the same peak
(or peaks) of a standard sample [93]:
X − ray crystallinity =

Intensity of peak hkl of sample
× 100
Intensity of peak hkl of standard

(4.1)

Furthermore, the width of diffraction peaks gave information about the
average crystallite size of the investigated zeolite sample. This was achieved by
applying the Scherrer relation between line width and crystallite size [94]:
t =

0 .9 λ
β Cos θ

(4.2)

Where, β is the line width, t is the crystallite size (nm) and λ is the wave length of
X-rays (nm).

4.3.2. Energy Dispersive X-ray spectroscopy (EDX)
Quantitative elemental analysis of the synthesized zeolite was
accomplished by the energy dispersive X-ray spectroscopy (EDX) of type
Philips, vacuum spectrograph, Italy. The EDX measures the energy of X-rays
that are generated by the atoms of the sample during interactions with the
electron beam. The X-ray spectra formed are characteristic of the atoms that
formed them, allowing the chemical composition of the sample to be
determined.

4.3.3. Fourier transformed infrared spectroscopy (FTIR)
Fourier transformed infrared spectroscopy (FTIR) is used to measure
the absorption of IR radiation by zeolite as the atoms vibrate about their bonds.
It is primarily used to idenify bond types, structures and functional groups in
organic and inorganic compounds. IR spectroscopy measures vibrational
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energy levels in molecules. It can be used for both qualitative and quantitative
analysis, to identify molecules and compounds, and to determine the presence
or absence of certain types of bonds and functional groups. IR characterization
of zeolite X was performed with PerkinElmer, BX spectrometer with a
frequency range of 4000-400 cm-1.

4.3.4. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is a versatile and well
established complementary technique to light optical microscopy. By using a
beam of electrons instead of photons, sample can be imaged at far higher
magnifications. SEM can use different signals to generate contrast
mechanisms. The back scattered electron and secondary electron signals can be
used to form images that can give information about the structure, topography
and compositional features of a sample. The scanning electron microscope
photographs were carried using Philips XL 30 attached with EDX Unit. Sample
was mounted on suitable substrates using conductive glue and was then coated
with a thin layer of gold.

4.3.5. Surface area measurements
The total surface area of synthesized powder zeolite X was measured
using standard volumetric method by nitrogen adsorption at 77oC and
application of BET equation by means of Nova 3200 BET instrument,
Quantachrome Corporation, USA. Sample was introduced into the sampler
holder then subjected to instruction of non wetting liquid. The specific surface
area was then evaluated from the obtained isotherms by the application of BET
equation.

4.3.6. Cation exchange capacity (CEC)
The cation exchange capacity (CEC) analysis gives information about
the number of exchangeable cations which can be replaced more or less easily
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with other cations without affecting the aluminosilicate framework. The
samples were initially dispersed in 1.0 M sodium acetate solution for 24 h,
washed five times with distilled water (1 l/wash), filtered, and dispersed in
absolute ethanol for 24 h. Then, samples were filtered and dried for 24 h at
105ºC. Exactly 5.0 g sample was weighted out and placed in 100 ml
polyethylene bottle. A 50.0 ml ammonium acetate solution was added and the
mixture was kept at 25ºC in a shaking water bath for 48 h. The supernatant was
filtered directly into 100 ml volumetric flask and care was taken. The extract
was then made up to 100 ml with bidistilled water and the concentration of
exchangeable Na+ ions was determined using flame photometer (Sherwood410).

4.4. Sorption studies
The sorption experiments were carried out on solutions containing
zinc and cadmium ions with the prepared zeolite X in batch as well as column
techniques. The scheme of this work can be grouped under the following
headings:

4.4.1. Effect of solution pH
pH has a significant impact on the sorption of both zinc and cadmium
ions from aqueous chloride solutions using the synthesized zeolite X. To
determine the pH range at which the maximum uptake of Zn2+ and/or Cd2+ ions
would take place onto zeolite X, a series of 50 ml test tubes each containing
0.02 g of zeolite X was filled with 10 ml of a desired concentration (10-4M).
The pH was adjusted to values ranging from 3.0 to 11.0 using dilute solution of
hydrochloric acid or sodium hydroxide. The tubes were shacked for 3 h to
attain equilibrium. Preliminary investigations showed that the sorption process
of each studied ion was completed after 2 h. The suspension obtained was
centrifuged to separate the solid from the liquid phase. The clear liquid phases
obtained were diluted to an appropriate concentration range for the elemental
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analysis using atomic absorption spectrophotometer (Buck scientific model
VGP 210).

4.4.2. Effect of initial concentration
The effect of initial concentration on the sorption process was studied
by varying initial metal concentrations from 50 to 700 mg/l at four different
temperatures (288,293,298 and 303K). For these investigations, 0.2 g of
zeolite X was contacted with 100 ml solution containing known concentration
of Zn2+ and/or Cd2+ ions and the solution in the beaker was kept stirred in a
thermostat shaker adjusted at the desired temperature for 2h. The solution was
centrifuged to separate the zeolite X and a fixed volume (1 ml) of the clear
solution was pipetted out for the determination of the amount of unsorbed
metal ion still present in solution.

4.4.3. Sorption kinetics
Kinetic batch studies were performed at constant initial metal ion
concentration of 500 mg/l using four differant temperatures of 288, 293, 298
and 303 K for Zn2+ and/or Cd2+ ions sorption onto zeolite X at constant solution
pH of 6.0 for Zn2+ ions and 7.0 for Cd2+ ions. For these investigations 0.2 g of
the studied zeolite was immersed in 100.0 ml solution of 500 mg/l metal ion
solution concentration under constant vigorous shaking using thermostatic
shaker. A fixed volume of (2 ml) of the aliquot was withdrawn at
predetermined time intervals while the solution was being continuously
shacked, thus the ratio of the solution volume to the zeolite weight does not
change from its initial value. The withdrawn aliquot was centrifuged to
separate the solid from the liquid phase. The obtained clear liquid phase was
diluted to an appropriate concentration range for analysis using atomic
absorption spectrophotometer (Buck scientific, VGP210).
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4.4.4. Sorption isotherms
In the experiments of sorption isotherm measurements, 10 ml of the
metal ion solution of varying concentrations (50–700 mg/l) were agitated with
0.02 g of zeolite X at different temperatures (288,293,298 and 303K) and at
constant pH of 6.0 for Zn2+ ions and 7.0 for Cd2+ ions. After the established
contact time (2 h) was reached, aliquots of supernatants were withdrawn and
the amount of the metal ion retained in the zeolite phase (mg/g) was then
estimated using the following equation:

q e = (C i − C e ).

V 

m

(4.3)

Where, Ci and Ce are the initial and equilibrium concentrations of metal ion in
solution (mg/l), V is the solution volume (l) and m is the weight of the prepared
zeolite X (g).

4.4.5. Effect of temperature
The effect of temperature on the investigated thermodynamic
parameters was studied at four different temperatures in the temperature range
from 288 K to 303 K for zinc and cadmium solutions. The temperature of the
system was maintained by a thermostat shaking water bath during the exchange
process.

4.4.6. Column experiment
Fixed bed sorption studies were conducted to evaluate the column
performance for Zn2+ and Cd2+ ions removal onto zeolite X. Experiments were
conducted in a vertical down flow column of 1.0 cm inner diameter and 10.0
cm length packed with prepared zeolite X at optimum pH of 6.0 for Zn2+ ions
and 7.0 for Cd2+ ions. Influent feed flow rate was supplied and maintained
throughout the experiment by the use of variable flow peristaltic pump. At the
exit of the column, flow rate was also controlled so as to get steady state
conditions in the column. Sampling of effluent was done at predetermined
volume in order to investigate the breakthrough point. The effluent samples
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were filtered, diluted and analyzed for Zn2+ and Cd2+ concentrations. Effects of
inlet feed flow rate (3.0 and 5.0 ml/min), zeolite X bed height (3.0, 4.5 and 6.0
cm) and initial Zn2+ and Cd2+ concentrations (100, 300 and 500 mg/l) was
investigated on the performance of the breakthrough curves for the sorption of
each studied ion. The column test was concluded when the relative
concentration (Ce/Ci) was equal to 1, in other words, when the concentration of
the effluent solution was equal to that of the initial influent solution. With the
obtained concentrations and the number of pore volume. Breakthrough curves
were constructed. From these curves the hydrodynamic dispersion (DL) needed
for transport model was obtained.
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5. RESULTS AND DISCUSSION
Permeable reactive barriers are relatively new technology for
groundwater remediation i.e. a trench arranged downstream of the contaminant
source and filled with reactive material allows the treatment of contaminated
groundwater passing slowly through. Groundwater remediation using
permeable reactive barriers is an insitu method with low energy demand that
offers the prospect of a more cost effective remediation technique, allowing
more contaminated sites to be dealt with and thus significantly enhancing
natural groundwater protection,. Generally, this cost effective clean up
technology impairs the environment much less than other methods do [95, 96].

Zeolites are porous crystalline aluminosilicates of both natural and
synthetic origin, they used commercially for their adsorption, ion exchange,
molecular sieve and catalytic properties [21]. Zeolites are used in water
treatment for removal of heavy metals such as Zn2+, Cd2+ and Cu2+. It is a
strong sorbing material that has been used successfully in permeable reactive
barriers [97]. Zeolite X is a synthetic Al-rich zeolite with a well defined three
dimensional crystal structure; its natural counterpart is the mineral Faujasite
[98]. Exchangeable cations that balance the negative charge of the
aluminosilicate framework of zeolite X are found within the zeolite cavities.
Trapping of heavy metal cations in zeolite structure is one of the possible ways
of cation immobilization.[99]. Chemical immobilization is based on ion
exchange of alkaline earth metal cations with heavy metal cations [100].

5.1. Characterization of zeolite X
The prepared zeolite material was identified by XRD measurements as
shown in Fig. (5.1). The XRD pattern exhibits fingerprint lines of the prepared
zeolite X (2θ = 6.12, 10.0 and 11.73) having the molecular formula of
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Na88Al88Si104O384.220H2O. These low angle peaks are considered to be the more
characteristic lines in identifying zeolite structure compared with the abundance of
other peaks that tend to cluster around 25° in most zeolite materials [101]. The
prepared zeolite X has a crystallinity of 91% and average crystallite size of about
6.21 nm.

The SEM micrographs of synthesized zeolite are shown in Fig. (5.2) with
magnification of 1,500 (a) and 5,000 (b). The images indicate that the prepared
material consists of crystallites having a tetrahedral morphology with sharp edges
expected of zeolite X [65]. The SEM image of zeolite X establishes that the material
is of good quality and free of unreacted aluminosilicate gel.

The FTIR spectra of the synthesized zeolite X is shown in Fig. (5.3).
Zeolites usually occur at 1230–860cm–1 and 500–420cm–1. Bands arising at 1200
– 450 cm−1 are known to be assigned to Si–O–Al, Si–O–Si, Si–O and Al–O
species [65]. A large broad band was observed at 983 cm-1 which is attributed to
the overlap between the asymmetric vibrations of Si–O (bridging) and Si–O (nonbridging) bonds. The strongest vibrational band at 983 cm−1 represents
asymmetrical stretching mode [OTO] of the tetrahedral building units (internal).
The vibrational bands at 760–710 cm−1 correspond to the vibration of
Al-O fragment. The mid-infrared region of the spectrum contains the fundamental
framework vibration of Si(Al)O4 groupings. In the first region (500–400 cm−1),
band arising at 461cm−1 refers to the bending mode of Si–O–Al vibration and is
assigned as T–O bending mode (where T = Si or Al).

The double six membered ring (D6R) vibrational band was observed at
563cm−1. It is characteristic for this type of zeolite. All these observations confirm
the formation of zeolite X [102].
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Fig. (5.1): XRD Pattern of the synthesized zeolite X

(b)

(a)

Fig. (5.2): SEM of the prepared zeolite X
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These results were qualitatively verified using Energy Dispersive X-ray analysis
(EDX). Table (5.1) listed the results of the elemental analysis of the prepared
zeolite material. Silicon to aluminum ratio (Si/Al) gives the expected zeolite type.
Based on the results listed in table (5.1) and shown in Fig. (5.4), the prepared
zeolite has Si/Al ratio of about 1.25 which falls in the range of zeolite X [103].
The experimental cation exchange capacity (CEC) of synthetic zeolite X in Na+
form equals 4.26 meq/g determined using flame photometer and the prepared
material has a specific surface area of 483.62 m2/g. These results are in
accordance with those obtained by Cao et al. [28] in the study of the synthesis
of zeolite X.
Table (5.1): Quantitative elemental analysis of the prepared zeolite X using EDX
Element
wt. %

Na

Al

Si

O

Cu

Zn

26.62

24.44

31.55

16.17

0.51

0.71

5.2. Sorption Experimental investigations
The migration of heavy metals in porous media is strongly affected by
the sorption of heavy metals on solid phases therefore, quantitative
characterization of the sorption and knowledge of its mechanism are needed for
better understanding and modeling of the migration [104]. The characteristics
of sorption behavior are generally inferred in terms of both sorption kinetics
and equilibrium isotherms. They are also important tools to understand the
sorption mechanism, viz. the theoretical evaluation and interpretation of
thermodynamic parameters [105]. The objective of this part of the study was to
investigate equilibrium and kinetic parameters for the sorption of Zn2+ and Cd2+
ions onto zeolite X.

5.2.1. Effect of pH
The sorption of both Zn2+ and Cd2+ ions from aqueous chloride
solutions using the prepared zeolite X is strongly influenced by the change in
the pH of the solution since it can influence metal speciation and integrity of
49

Fig. (5.3): FTIR Spectrum of the prepared zeolite X

Fig. (5.4): EDX of the prepared zeolite X
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zeolite. The ionic speciation of zinc and cadmium solutions were performed with
the visual MINTEQA2 [106] computer program version 4.6 at 10-4 M initial metal
ion concentration, ionic strength of 0.1, temperature of 25°C and different pH
values of the solution ranging from 3 to 13. From the speciation diagram (Fig.
(5.5)), free metal ions were predominant till pH = 7 for Zn2+ ions and pH=8 for
Cd2+ ions, whereas Zn+2 is present mainly as Zn2+ and Zn(OH)2 and in lesser
quantity as Zn(OH)+ at pH between 7-10 and Cd2+ ions as Cd2+ and Cd(OH)2,
and in lesser quantity as Cd(OH)+ and CdCl+ at pH between 8-11. At low pH
values, excess H+ present in solution competes with Zn2+ and Cd2+ions for
active sites leading to less metal ion removal and negative surface hydroxyl
groups begins to take place [107]. Therefore, at near neutral or neutral pH
values, the surface has a low net negative charge due to increase in positively
charged surfaces [107,108]. On the other hand, as the solution pH increases, the
number of negatively charged sites increases this favors the sorption of metal
cations and their hydroxides, forming surface metal complexes [109,110].

In the zeolite framework, the Si-O-Al is weaker than Si-O-Si and can
easily be attached by H+ ions affecting the zeolite structure. This defect is more in
the case of zeolites with low Si/Al ratios such as zeolite A and X types [111].
Zeolite X structure breaks down in highly acidic solutions with pH lower than
5.0, but the severity would be more below pH value of 3.0. In fact, pH less than
5.0 is not recommended for zeolites [112]. The speciation analysis results
revealed that the percentage of metal ions is higher than 99 % at pH = 6 for zinc
ions and pH=7 for cadmium ions. On the other hand, as the solution pH increases
the percentage begins moderately decrease to about 0.20 % for zinc ions and 0.08
% for cadmium ions at pH =10 and sharply reaches to 0.05 % for zinc ions and
0.04 % for cadmium ions at pH= 12 . Although, net negative charge of surface is
decreased, it was reported that zeolite surface can maintain its negativity at neutral
and even very acidic conditions. In addition, at low pH values, since H+ ions are
considered as competitive ions in ion exchange, metal ion uptake is reduced
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correspondingly [112-116]. The uptake capacity of zeolite X is found to be
maximum at pH of 6.0 for zinc ions and pH of 7.0 for cadmium ions.

5.2.2. Effect of initial concentration
The amount sorbed (mg/g) of both Zn2+ and Cd2+ ions onto zeolite X was
studied at temperatures of 288, 293, 298 and 303 K by varying the initial metal ion
concentration from 50 to 700 mg/l. All other parameters were kept constant.
Fig. (5.6) showed that the sorption amount of both studied ions increases with
increasing the initial metal ion concentration and the amount of Cd2+ ions
sorbed onto the prepared zeolite is greater than that of Zn+2 ions. The increase in
the amount sorbed onto the prepared zeolite with increasing initial metal ion
concentration may be due to higher probability of collision between each
investigated ion and the zeolite particles. The variation in the extent of sorption
may also be due to the fact that initially all sites on the surface of zeolite X were
vacant and the metal ion concentration gradient was relatively high.

5.2.3. Kinetic studies
Preliminary investigations on the sorption rate of the studied ions by
zeolite X indicated that the process is quite rapid and typically 80–90 %
sorption of the equilibrium value for each ion occurred within 30 min. The
initial rapid sorption subsequently gives way to a slow approach to equilibrium,
and equilibrium is reached in about 120 min as shown in Fig. (5.7).

5.2.3.1. Effect of contact time
The variation of amounts of both Zn2+ and Cd2+ ions sorbed onto
zeolite X at different time intervals as well as different sorption temperatures of
288, 293, 298, 303 K and initial metal ion concentration of 500 mg/l are shown
in Fig. (5.7). The experimental data showed that the amount of each metal ion
sorbed sharply increases with time in the initial stage (0-30 min range), and
then gradually increased to reach an equilibrium value at approximately 120
min. A further increase in contact time had a negligible effect on the amount of
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ion sorption. According to these results, the agitation time was fixed at three
hours for the rest of the batch experiments to make sure that the equilibrium
was reached. The extent of each metal ion uptake decreases significantly with
the increase of contact time depending on the decrease in the number of vacant
sites on the surface of zeolite material. The amount of the sorbed metal ions
increases with the increase in temperature indicating an endothermic nature of
the sorption process. This may be related to the fact that at higher temperature
both zinc and cadmium ions are moving faster, since their hydration radius
related inversely with temperature, resulting in higher removal efficiencies
[117]. This phenomenon allows ions to diffuse in the inner part of the pore
system of the zeolite crystals.

The amount of metal ion sorbed onto zeolite X at any time, qt (mg/g),
and the percentage of sorption (P) were calculated from the expressions:
V 
q t = (C i − C t ). 
m
P=

(C i − C e )
Ci

x 100

(5.1)

(5.2)

Where, Ci and Ce are the initial and equilibrium concentration of metal ion in
solution (mg/l), V is the solution volume (l) and m is the weight (g) of the
sorbent.

The batch distribution coefficient Kd is known as an equilibrium
measurement of the overall ability of the solid phase sorbent ion exchange
material to remove an ion of interest from solution under particular
experimental conditions of the contact. In general, the distribution coefficient
data implicitly indicate to the capacity and affinity of an ion for the ion
exchange material in the presence of a complex matrix of competing ions. It
represents the volume of metal ion solution that can be processed per mass of
sorbent (zeolite) under equilibrium conditions (Eq. (5.3)) [38].
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C i − C e  V
.
Kd = 
 C e  m

(5.3)

The values of the distribution coefficients and percentage uptake are
presented in Figs. (5.8), (5.9). Its clear from the figures that the percentage
removal and the distribution coefficient values of Zn2+ and Cd2+ ions decreased
with increasing initial metal ion concentrations and decreasing temperature in
aqueous solutions in other words, both P and Kd values increase as dilution of
metal ions in solution proceeds this may be related to the fact that energetically
less favorable sites are involved with increasing metal ion concentrations in the
solution. These results are in accordance with those obtained by El Kamash et
al. [37] in the study of removal of both zinc and cadmium cations (Zn2+, Cd2+)
by synthetic zeolite A.

5.2.3.2. Kinetic modelling
The prediction of kinetics is necessary for the design of sorption
systems. Chemical kinetics explain how fast the rate of chemical reaction
occurs and also on the factors affecting the reaction rate. In batch sorption
processes the sorbate molecules diffuse into the interior of the porous
adsorbent. There are different stages in the sorption process by porous sorbents
including: bulk diffusion, film diffusion, intraparticle diffusion and physical
and/or chemical reaction [118]. Bulk diffusion could be ignored if sufficient
mixing speed is achieved. Both pseudo first-order and pseudo second-order rate
models include all steps of sorption, in order to identify the controlling sorption
mechanism; the kinetic data were analyzed by homogenous particle model
equations, this model assumes that the rate determining step of sorption could
be described by either film diffusion or by particle diffusion [119].

i. Pseudo first-order kinetic model
The analysis of the experimental data using pseudo first-order kinetic
equation has been conducted to analyze the sorption kinetics. This model
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describes the sorption rate based on the sorption capacity and assumes that the
reaction rate is limited by only one process or mechanism on a single class of
sorbing sites and that all sites are of the time dependent type [120]. This model
can be expressed by the following equation [121]:
dqt
= k1 ( qe − qt )
dt

(5.4)

After the integration, the form of equation (5.4) becomes:
log (qe − q t ) = logq e −

k1
t
2.303

(5.5)

Where, qe and qt (mg/g) are the amount of metal ion sorbed onto zeolite X at
equilibrium and at time t, respectively and k1 is the pseudo first-order rate
constant (min−1). Fig. (5.10) showed the plotting of log (qe-qt) versus time. By
applying the linear regression procedure for the graphically presented results,
one can obtain the theoritical values of both qe and k1.
The obtained straight lines suggest the applicability of pseudo firstorder kinetic equation to fit the experimental data. By comparing the values of
theoretically calculated equilibrium sorption capacities, qe, with the apparent
experimental sorption capacities, a considerable deviation between these values
is noticed as shown in Table (5.2). This deviation indicates that it is not
appropriate to use pseudo first-order kinetic equation to represent the sorption
of both Zn2+ and Cd2+ ions onto the prepared zeolite X for the entire sorption
period.

ii. Pseudo second-order kinetic model
Ho and Mckay developed a pseudo second-order equation based on
the amount of sorbed sorbate on the sorbent [122,123]. If the rate of sorption is
a second-order mechanism, the pseudo second-order chemisorption kinetics
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rate equation is expressed as:
dqt
dt

(

= k 2 q e − qt

)2

(5.6)

For the boundary conditions t = 0 to t = t and qt = 0 to qt = qt, the
integrated form of Eq. (5.6) becomes:
1
1
=
+ k 2t
q e − qt q e

(5.7)

The integrated rate law for a pseudo second-order reaction (Eq. (5.7)) can be
rearranged to obtain a linear form [122,123]:
 t

 qt

  1
 = 

  k 2 q e2

  1
+
  qe
 


 t


(5.8)

The kinetic plots of t/qt versus t for both Zn2+ and Cd2+ ions sorption
at different temperatures are presented in Fig. (5.11). The relation is linear, and
the correlation coefficient (R2), suggested a strong correlation between the
parameters and also explains that the sorption process of each ion follows
pseudo second-order kinetics. From Table (5.2), it can be shown that the values
of the rate constant (k2) were increased with the increase in temperature. The
correlation coefficient R2 has an extremely high value, and its calculated
equilibrium sorption capacity (qe) is consistent with the experimental data.
These results explain that the pseudo second-order sorption mechanism is
predominant and that the overall rate constant of each sorption process appears
to be controlled by the chemical sorption process [123]. These results are in
accordance with those obtained by Leinonen [39] in the study of removal of
both zinc and nickle cations (Zn2+, Ni 2+) by Zeolite A and X.
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Table (5.2): Results of the kinetic studies of Zn+2 and Cd2+ sorbed onto Zeolite X
First-order kinetic parameters

Second-order kinetic parameters

R2

R2

Metal

Temp.,

k1,

Ion

K

min.-1

mg/g

288

0.070

66.07

0.9997

0.0005

179.25

0.9999

174.19

293

0.083

63.59

0.9994

0.0008

185.15

0.9999

179.99

298

0.099

61.08

0.9997

0.0013

189.96

0.9999

185.48

303

0.111

58.75

0.9998

0.0016

199.79

0.9999

197.98

288

0.069

112.20

0.9988

0.0009

189.75

0.9998

182.34

293

0.078

117.48

0.9977

0.0014

210.90

0.9996

204.84

298

0.101

169.82

0.9949

0.0015

229.88

0.9997

222.33

303

0.113

174.38

0.9923

0.0017

244.52

0.9998

238.81

Zn2+

Cd2+

qe,calc.

k2

qe, calc.

g/mg.min

mg/g

qe, exp

iii. Homogenous particle diffusion model
The kinetic data were also analyzed by homogenous particle diffusion
model equations in order to identify the controlling sorption mechanism. This
model assumes that the rate determining step of sorption could be described by
either film diffusion, at which the ions diffuse through the liquid film
surrounding the particle (eq. (5.9)), or by particle diffusion at which the ions
diffuse into the sorbent beads (eq. (5.10)) [119].
− ln(1 − x) =

3D eC 0
t
ro δq 0

− ln(1 − x 2 ) =

3D r π 2
ro

2

t

(5.9)

(5.10)

Where, De is the diffusion coefficient in the liquid phase (m2/s) and Dr is the
particle diffusion coefficient (m2/s), x the fraction attainment of equilibrium, δ
is the film thickness and ro is the radius of the sorbent particle. The results of
the analysis of the kinetic data by homogenous particle model equations are
illustrated in Fig. (5.12) and the calculated parameters are given in Table (5.3).
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Fig. (5.12): Plots of –ln (1-x) vs. time for the sorption of both Zn2+ and Cd2+ ions
onto zeolite X
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The plots of −ln (1−x) versus contact time are a linear relationship that
does not pass through the origin. This means that the film diffusion is not the
controlling sorption mechanism. Otherwise the plots of −ln (1−x2) are linear
relationships that pass through the origin as shown in Fig. (5.13). these results
revealed that the particle diffusion might be the controlling sorption mechanism
at all studied Zn2+and Cd2+ ions temperatures. The particle diffusion coefficient
was calculated form the slope of –ln (1−x2) versus time (Table (5.3)).

The magnitude of the diffusion coefficients depends on the nature of
the mechanism that controls the sorption process. For physical sorption, the
value of the diffusion coefficient ranges from 10−6 to 10−9m2/s and for
chemisorptions the value ranges from 10−9 to 10−17m2/s the difference in these
values is due to the fact that in physical sorption the bounds of the molecules
are weakly and can easily break and the molecules can migrate, whereas for
chemisorption the molecules are strongly bound and mostly localized [124].
The tabulated values of the diffusion coefficient are in the order of 10−12 m2/s
which confirm the result obtained from the analysis of the data to pseudo
second-order that the sorption process is chemisorption process for both zinc
and cadmium ions.

On the other hand, Plotting of ln Dr versus 1/T (Fig.5.14) showed a
straight line. This proves the validity of the Arrhenius equation [22]:
ln D r = ln D 0 −

Ea
RT

(5.11)

Where, Do is a pre-exponential constant analogous to Arrhenius
frequency factor. The energy of activation for zinc and cadmium ions, Ea, was
calculated from the slopes of the straight lines in Fig. (5.14) and the obtained
values were given in Table (5.3). Values of Ea<42.0 kJ/mol generally indicate
diffusion control processes and higher values represent chemical reaction
processes [125]. The activation energy for the sorption of zinc and cadmium
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ions indicates a chemical sorption process consisting of weak interaction
between sorbent and sorbate [126].

Table (5.3): Diffusion coefficients and activation energy of sorption of zinc and
cadmium ions onto the synthesized zeolite
Dr x 1012, m2/s

Metal ion

Dox108

Ea

2

288 K

293K

298 K

303 K

m /s

kJ/mol

Zn2+

1.73

2.11

2.55

2.99

8.04

23.708

Cd2+

8.78

10.2

11.8

13.5

5.04

22.726

5.2.4. Sorption isotherm models
Sorption equilibrium is usually described by an isotherm equation whose
parameters express the surface properties and affinity of the sorbent at a fixed
temperature and pH. An adsorption isotherm describes the relationship between
the amount of adsorbate on the adsorbent and the concentration of dissolved
adsorbate in the liquid at equilibrium [127]. In this concern, three widely used
isotherms, Langmuir, Freundlich, and Dubinin-Radushkevitch (D-R), were
tested with the obtained experimental data shown in Fig. (5.15). The sorption
isotherms are regular, positive, and concave to the concentration axis. These
results reflect the efficiency of zeolite X for the sorption of Zn2+ and Cd2+ ions
from aqueous solutions at different temperatures. The isotherm parameters
were evaluated using Langmuir, Freundlich and D-R isotherm models.

i. Langmiur isotherm model
The Langmuir sorption isotherm model is based on the monolayer
coverage of sorption surfaces and assumes that sorption occurs on a structurally
homogeneous sorbent and all the sorption sites are energetically identical. The
Langmuir equation can be expressed as [68]:
qe =

Q ob C e
1 + bC e
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(5.12)
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Fig. (5.15): Sorption of Zn2+ and Cd2+ ions onto zeolite X at different
temperatures
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For fitting the experimental data, the Langmuir model was linearized as:
Ce
1
1
=
+
Ce
o
qe Q b Qo

(5.13)

Where, qe is the amount of metal ion sorbed per unit weight of zeolite X
(mg/g), Ce is the equilibrium concentration of the metal ion in the equilibrium
solution (mg/l), Qo is the monolayer sorption capacity (mg/g) and b is the
constant related to the free energy of adsorption (b α e-∆G/RT). The langmiur
sorption isotherms of zinc and cadmium ions onto the prepared zeolite are
presented in Fig. (5.16). The numerical values of Qo and b for Zn2+ and Cd2+
ions evaluated from the slope and intercept of Ce/qe versus Ce are given in
Table (5.4). As it can be seen from Table (5.4), the monolayer sorption
capacity (Qo) values of zeolite X towards Cd2+ ions are relatively higher than
that of Zn2+ ions. The Langmuir constants Qo and b for the sorption of both
ions increased with temperature showing that the sorption capacity and
intensity of sorption are enhanced at higher temperatures. This increase in
sorption capacity with temperature suggested that the active surface available
for sorption has increased with temperature.
One of the essential characteristics of Langmuir isotherm model could be
explained in terms of a dimensionless constant separation factor RL that can be
expressed as:
RL =

1
1 + bC o

(5.14)

Where, C0 is the highest initial metal ion concentration (mg/l). The RL value
indicates the shape of the isotherm as follows: To be irreversible (RL = 0),
favorable (0 < RL < 1), linear (RL =1) and unfavorable (RL > 1) [126]. The
calculated value of RL indicated that the sorption of Zn2+ and Cd2+ ions onto
zeolite X was favorable as shown in Table (5.4).
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Fig. (5.16): Langmiur Sorption isotherm analysis for zinc and cadmium ions
sorbed onto zeolite X at four studied temperatures
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Table (5.4): Langmuir isotherm parameters for the sorption of Zn2+ and
Cd2+ ions onto zeolite X
Metal ion

Zn

2+

Cd2+

Temp.,K

Qo
mg/g

b,
L/mg

R2

RL

288
293

182.05
202.83

0.022
0.066

0.9997
0.9998

0.083
0.029

298
303
288
293
298
303

212.31
227.79
227.27
234.73
240.38
253.80

0.099
0.130
0.041
0.068
0.132
0.280

0.9999
0.9997
0.9963
0.9985
0.9996
0.9998

0.019
0.015
0.046
0.028
0.015
0.007

ii. Freundlich isotherm model
Freundlich equation is derived to model the multilayer sorption and
for the sorption onto heterogeneous surfaces. The Freundlich sorption isotherm,
one of the most widely used mathematical descriptions, usually fits the
experimental data over a wide range of concentrations. The Freundlich model
is represented by the equation [68]:

q e = K f Ce1/n

(5.15)

The Freundlich model is linearized as follows:
log q e = log K

f

+ (1 / n ) log C e

(5.16)

Where, Kf is constant indicative of the relative sorption capacity of the sorbent
(mg/g) and 1/n is the constant indicative of the intensity of sorption process.
The pictorial illustration of log qe vs. log Ce is shown in Fig. (5.17). The
numerical values of the constants 1/n and Kf are computed from the slope and
intercepts, by means of the linear least square fitting method, and also given in
Table (5.5). The 1/n value is usually dependent on the nature and strength of
sorption process as well as on the distribution of active sites. The values of Kf
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Fig. (5.17): Freundlish isotherm plots for the sorption of zinc and cadmium ions
sorbed onto zeolite X at four studied temperatures
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represent sorption capacity of ions sorbed onto zeolite X of a narrow subregion having equally distribution energy sites towards both ions.
Table (5.5): Freundlich isotherm parameters for the sorption of Zn2+ and
Cd2+ ions onto zeolite X
Metal ion
Zn

2+

Cd2+

Temp.,K

n

Kf, mg/g

R2

288
293

2.257
2.419

17.22
22.93

0.9571
0.9582

298
303
288
293
298
303

2.706
2.897
3.354
3.518
3.606
3.997

32.97
42.73
18.98
24.76
45.33
69.34

0.9591
0.9691
0.9416
0.9321
0.9113
0.8747

The results showed that Langmuir sorption equation fitted better with
equilibrium data from experiments of batch sorption of zeolite X towards zinc
and cadmium ions. It can be concluded from Tables (5.4,5.5) that the Langmuir
isotherm was more suitable than the Freundlich one, as in most cases the
correlation coefficient was higher. This indicated the applicability of
monolayer coverage of Zn2+ and Cd2+ ions onto the surface of the prepared
material.

iii. Dubinin-Radushkevich isotherm model
The Dubinin-Radushkevich (D-R) isotherm model describes sorption
on a single type of uniform pores. In this respect, the D–R isotherm is an
analogue of Langmuir type but it is more general because it does not assume a
homogeneous surface or constant sorption potential. The D–R model is
represented by the equation [91]:
2
q = q exp(−βε )
e m

The linear form of D-R equation can be expressed as :
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(5.17)

ln q e = ln q − βε 2
m

(5.18)

Where, qe is the amount of metal ions sorbed per unit weight of sorbent (mg/g),
qm is the maximum sorption capacity, β is the activity coefficient related to
mean sorption energy, and ε is the Polanyi potential, which is equal to:

ε = RTln (1 + 1/Ce )

(5.19)

Where, R is the gas constant (kJ/mol.K) and T is the temperature (K). The
sorption energy can also be worked out using the following relationship:

Ε = (− 2 β )−1/2

(5.20)

The D–R plots of ln qe versus ε 2 for the sorption of zinc and cadmium
ions at different temperatures resulted in the derivation of qm, β, E and the
correlation factor (R2) are given in Fig. (5.18). These linear plots indicate that
the D–R isotherm expression is followed for zinc and cadmium ions. The D–R
parameters are presented in Table (5.6) for Zn2+ and Cd2+ ions, respectively.
The saturation limit qm may represent the total specific micropore volume of
the sorbent. The sorption potential is independent of the temperature but varies
according to the nature of sorbent and sorbate [128]. The maximum sorption
capacities (qm) of zeolite X are in that ranges of 188.32- 233.78 mg/g for zinc
ions and 229.47–254.79 mg/g for cadmium ions. The values of the mean free
energy, E, of sorption is in all cases in the range of 8–16 kJ/mol, which are
within the energy ranges of ion exchange reaction [129].
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Fig. (5.18): D-R isotherm plots for the sorption of Zn2+ and Cd2+ ions from
aqueous solutions onto zeolite X
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Table (5.6): D-R isotherm parameters for the sorption of Zn2+ and Cd2+ ions
sorbed onto zeolite X

Metal ion

Temp.,
K
288
293
298
303
288
293
298
303

Zn2+

Cd2+

β,
mol2/kJ
-0.0050
-0.0045
-0.0037
-0.0031
-0.0039
-0.0030
-0.0027
-0.0023

qm,
mg/g
188.32
209.44
218.47
233.78
229.47
233.64
239.17
254.79

E,
kJ/mol
9.72
10.44
11.54
12.56
11.30
12.81
13.54
14.56

R2
0.978
0.980
0.982
0.988
0.954
0.953
0.957
0.971

5.2.5. Thermodynamic studies
In order to gain insight into the thermodynamic nature of the sorption
process, several thermodynamic parameters for the present system were
calculated. The values of the thermodynamic equilibrium constant (Kc) at
different studied temperatures were determined from the product of the
Langmuir equation parameters Q◦ and b [130]. The variation of Kc with
temperature, as summarized in Table (5.7), showed that Kc values increase with
increase in sorption temperature implying a strengthening of adsorbate–
adsorbent interactions at higher temperature. The Gibbs free energy change,

∆G◦,

is

the

fundamental

criterion

of

spontaneity.

Reactions

occur

spontaneously at a given temperature if ∆G◦ is a negative quantity. The free
energy of the sorption reaction is given by the following equation:

∆G o = − RT ln K c

(5.21)

Where, Kc is the sorption equilibrium constant, R is the gas constant
(KJ/mol.K) and T is the absolute temperature (K). The values of enthalpy
change (∆H◦) and entropy change (∆S◦) calculated from the slope and intercept
of the plot of ∆G◦ versus T (Fig. (5.19)) are also given in Table (5.7). The free
energy of the sorption reaction is given by the following equation:
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(5.22)

∆G o = ∆H o − T∆S o

The change in ∆H◦ for Zn2+ and Cd2+ ions in zeolite X was found to be
positive confirming the endothermic nature of the sorption processes. The
obtained negative values of ∆Go confirm the feasibility of the process and the
spontaneous nature of the sorption processes. ∆S◦ values were found to be
positive due to the exchange of the Zn2+ and Cd2+ ions with more mobile ions
present on the sorbent, which would cause increase in the entropy during the
sorption process. It is noted that ∆H◦ due to chemisorption takes values
between 40 and 120 kJ/mol. Therefore, chemisorption is the predominant
mechanism for the sorption of the examined ions. Also, the obtained negative
values of ∆G◦ confirm the feasibility of the process and the spontaneous nature
of the sorption processes [131].
Table (5.7): Values of thermodynamic parameters for sorption of Zn2+ and Cd2+
ions onto zeolite X

Metal ion

Zn2+

Cd2+

Temp., K

∆G◦

∆H◦

∆S◦

(kJ/mol)

(kJ/mol)

(J/mol.K)

93.16

337.1

98.59

360.2

Kc

288

4.01

-3.32

293

13.38

-6.32

298

21.02

-7.54

303

29.61

-8.53

288

9.32

-5.34

293

15.96

-6.75

298

31.73

-8.56

303

71.06

-10.74

5.2.6. Comparative material
The reactive material used in the barrier varies according to the type
of contaminants being treated. Most of the installed PRBs are made of zero
valent iron, Fe0, to remove heavy metals by redox reaction and precipitation
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Table (5.8): Comparison between sorbing materials and the prepared
zeolite X
Zeolite type

Cd2+

Zn2+

Referances

NaP1

1.384

0.809

[132]

KM

0.626

0.512

[132]

Kalsilite

0.057

0.175

[132]

Sodalite

0.773

0.609

[132]

LindeF

1.094

0.697

[132]

Cancrinite

0.486

0.507

[132]

Nepheline

0.373

0.202

[132]

Herschelite

1.522

0.873

[132]

Zeolite X

1.073

1.63

Present study

Zeolite A

0.825

1.265

[37]

zeolite A-X blend

-

1.702

[133]
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Fig. (5.19): Relationship between Gibbs free energy change and temperature of
sorption of Zn2+ and Cd2+ ions onto zeolite X.
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and to degrade chlorinated hydrocarbons, sulphates and nitrates. A weak point
of Fe0 barrier is that accumulation of precipitates may limit barrier longevity by
reducing porosity and conductivity. Preferential flow paths in the barrier may
form leading to a reduction of the contact time of the contaminated water with
the reactive material. Many researches are focused on the use of alternative
materials and physical chemical processes for PRBs. Sorption is a very
promising process for removing of heavy metals and chlorinated solvents from
contaminated groundwater. Several materials exhibit good sorption properties,
such as zeolites, organic humic materials, by-products of industrial processes,
industrial or natural activated carbons. The selection of the sorbing medium is a
critical step for proper barrier designing and is strictly related with the specific
pollutant to be treated [57]. Zeolites can be used as a reactive media in a
permeable reactive barrier (PRB) to remediate groundwater contaminated with
heavy metals due to their demonstrated effectiveness towards a wide variety of
contaminants and heavy metals, against which conventional clean-up methods
are almost useless [56]. Table (5.8) shows the comparison between different
types of zeolites, found in literature, and those of zeolite X. From these data, it
can be concluded that zeolite X has a high cation exchange capacity that can be
used as a high ion exchanger to trap both zinc and cadmium ions from
contaminanted groundwater.

5.2.7. Fixed bed studies
Batch experimental data are often difficult to apply directly to the
fixed bed sorption column because isotherms are unable to give accurate
data for scale up since a flow in the column is not at equilibrium [22]. The
fixed bed column operation allows more efficient utilization of the sorptive
capacity than the batch process. The shape of the breakthrough curve and the
time for the breakthrough appearance are the predominant factors for
determining the operation and the dynamic response of the sorption column.
All experiments were performed at room temperature (298 K) with pH of
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6.0 for Zn2+ and 7.0 for Cd2+ ions. As a result of these studies, ion
exchange performance of the prepared zeolite as well as the effect of
packing height (3.0, 4.5, 6.0 cm), initial zinc and cadmium ion concentrations
(100,300,500 mg/l) was determined. In this concern, the loading behavior of
Zn+2 and Cd2+ ions sorbed onto zeolite X from aqueous chloride solutions in a
fixed bed are shown by breakthrough curves that are expressed in terms of
normalized concentration defined as the ratio of effluent ion concentration to
its inlet concentration (Ce/Ci) as a function of numbers of bed volume for a
given bed height. The numbers of bed volume is the ratio between the total
water volume passed in the column during the sorption process and the volume
of the column bed. The general position of the breakthrough curve along the
volume/time axis depends on the capacity of the column with respect to bed
height, the feed concentration and flow rate [134-139]. The total sorbed ion
quantity (qtot, mg) in the column for a given feed concentration (Ci, mg/l) and
flow rate (Q, ml/min) can be found by calculating the area under the
breakthrough curve which is obtained by integrating the sorbed ion
concentration (Cads,mg/l), that equal to the difference between inlet ion
concentration (Ci) and its effluent concentration (Ce), versus time t (min) plot
(Eq. (5.23)).
q

tot

=

Q t = tot
Q t = tot
∫ C ads dt =
∫ (C i − C e ) dt
1000 t = 0
1000 t = 0

(5.23)

The total amount of ion fed to the column (X; mg) is calculated from
the following equation:
X =

C iV

(5.24)

eff

1000

The column performance by zeolite X can be calculated from the
following equation:
total ion removal (% ) =
82

qtot
×100
X

(5.25)

5.2.7.1. Effect of bed depth
The breakthrough curves obtained for Zn2+ and Cd2+ ions sorbed onto
zeolite X at different bed depths (3.0, 4.5, and 6.0 cm) for a constant flow rate of
3.0 ml/min and initial metal ion concentration of 500 mg/l are shown in Fig.
(5.20). The results indicate that the time of breakthrough varies with bed depth.
The bed capacity and the percent removal (column performance) of both Zn2+
and Cd2+ ions increased with increasing bed height (Table 5.9), as more binding
sites were available for sorption. The increase in the ion sorption with bed depth
was due to the increase in the sorbent doses in larger beds, which provided
greater sorption sites for Zn2+ and Cd2+ ions.

5.2.7.2. Effect of flow rate
The effect of flow rate on Zn2+ and Cd2+ ions sorption by zeolite X
was investigated by varying the flow rate from 3.0 to 5.0 ml/min and keeping
the initial Zn2+ and/or Cd2+ concentration (500 mg/l) for the same previous
studied bed depths. The plots of the breakthrough curves of Zn2+ and Cd2+ ions
at various flow rates are shown in Figs. (5.20, 5.21). The total sorbed ion
quantities, treated volume at breakthrough, breakthrough times and metal ion
removal percents with respect to each flow rate were evaluated from the
sorption data and are presented in Tables (5.9, 5.10). As is evident from these
results, an increase in the flow rate reduces the volume treated efficiently until
breakthrough and thereby decreases the service time of the bed. This is due to
the decrease in the residence time of the Zn2+ and Cd2+ ions within the bed at
higher flow rates. Much sharper breakthrough curves for Zn2+ and Cd2+ ions
sorption onto zeolite X were obtained at higher flow rates. The breakthrough
time and the amount of total Zn2+ and Cd2+ sorbed also decreased with
increasing flow rate. This is certainly because of the reduced contact time
causing a weak distribution of the liquid inside the column, which leads to a
lower diffusivity of the solute among the particles of the zeolite X [135].
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Fig. (5.20): Breakthrough curves for Zn+2 and Cd+2 ions sorbed onto zeolite X at
different bed depth and 3.0 ml/ min flow rate
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Fig. (5.21): Breakthrough curves for Zn+2 and Cd+2 ions sorbed onto zeolite X at
different bed depth and 5.0 ml/ min flow rate
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5.2.7.3. Effect of initial metal ion concentration
The effect of varying the initial Zn2+ and /or Cd2+ concentrations from
100 to 500 mg/l at a flow rate of 3.0 ml/min and bed depth of 3.0 cm are
illustrated in Fig. (5.22). The total sorbed Zn2+ and Cd2+ quantities, treated
volume at breakthrough, breakthrough times and removal percents with respect
to the initial Zn2+ and Cd2+ concentration were evaluated from the sorption data
and are also presented in Tables (5.9,5.10).
Table (5.9): Fixed bed data of Zn2+ and Cd2+ ions onto zeolite X at different
concentrations, flow rate and bed depth
Metal

Ci,

Q,

Z,

X,

Q total,

Column

Bed capacity

ion

mg/l

ml/min

(cm)

mg

mg

performance %

,mg/g

100

3

3

70

24.25

34.65

22.25

300

3

3

180

68.35

37.97

62.71

3

225

88.31

39.24

81.02

4.5

300

132.48

44.16

83.32

6

425

187.59

44.14

86.85

3

212.5

82.25

38.70

75.45

4.5

275

127.28

46.28

80.56

6

400

180.14

45.03

83.39

Zn+2

3
500

5

100

3

3

100

25.75

25.76

23.63

300

3

3

240

74.66

31.11

68.49

3

275

106.51

38.73

97.72

4.5

475

158.68

33.41

100.43

6

600

223.79

37.29

103.61

3

262.5

104.45

39.78

95.82

4.5

450

151.76

33.73

96.05

6

575

210.70

36.64

97.55

Cd +2

3
500

5

As it is evident from these tables, with the rise in the initial Zn2+
and/or Cd2+ concentration, the volume of solution treated before breakthrough
reduces considerably. This is due to the fact that a high metal ion concentration
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easily saturates the column bed, thereby decreasing the breakthrough time. The
main driving force for the sorption process is the concentration difference
between the metal ion in the solution and in the sorbent. This may explain the
reason why higher sorbed Zn2+ and Cd2+ quantities were obtained at higher
metal ion feed concentrations [136].

5.2.7.4. Evaluation of sorption column design parameters
The most important criterion in the design of fixed bed sorption
systems is the prediction of fixed bed column breakthrough or the shape of the
sorption wave front, which determines the operation life span of the bed. A
number of mathematical models have been developed for the use in design. At
least nine individual column tests must be conducted to collect the laboratory
data required for the Bohart–Adams approach, an expensive and timeconsuming task. Hutchins [139] presented a modification of Bohart–Adams
equation, which requires only three fixed bed tests to collect the necessary data
instead of nine columns. This is called the bed depth service time (BDST)
approach. The equation of Bohrat and Adams, which is based on surface
reaction rate theory, can be represented as follows:
NoZ
C iU o
 Ci

ln 
− 1 = ln( e
− 1) − KC i t
 Ce


(5.26)

Solving the above equation for t:

tb =

NoZ
 Ci

− 1 ln 
− 1
KC
i
C iU o
 Ce


(5.27)

Where, Ci is the initial concentration of solute (mg/l), Ce the desired
concentration of metal ion (mg/l), K the sorption rate constant (l/mg.min), N0
the volumetric sorption capacity (mg/l), Z is the bed depth of column (cm), U0
the linear flow velocity of feed to bed (cm/min), t is the service time of column
under above conditions (min).
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Fig. (5.22): Breakthrough curves for Zn2+ and Cd2+ ions sorbed onto zeolite X at
different initial ion concentrations
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The Eq. (5.27) can be used to determine the breakthrough service time, t, of a
column of bed depth, Z given the values of N0, Ci and K which must be
determined for laboratory columns operated over a range of velocity values,
U0. It can be simplified as:

t = mZ

+ b

(5.28)

Where, m is the slope, and b is the intercept represented by:

m=

No
C iU o

 Ci 
b = − 1 ln − 1
KCi  Ce 

, and

(5.29)

From the slope and intercept of the 10% saturation line in Fig. (5.23), the
design parameters like K and N0 could be found out using Eq. (5.27). The
values of K and N0 are showed in Table (5.10)
Table (5.10): BDST model parameters at 10% breakthrough for the removal of
Zn2+ and Cd2+ions at different flow rates on zeolite X
Metal

Q (ml/min)

Z

ion

N0

N0(mg/g)

(mg/ml)

Kx104
(l/mg.min)

3.0
3.0
Zn +2

5.0

3.0
Cd +2

5.0

4.5

Time to10%
break through (min)
33

33.81

57.31

2.14

58

6.0

86

3.0

8

4.5

30.89

52.36

2.93

26

6.0

44

3.0

47

4.5

38.20

64.75

2.87

77

6.0
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3.0

30

4.5

35.04

59.38

6.0

3.30
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Fig. (5.23): BDST plots at 10% breakthrough for the removal of Zn+2and
Cd2+ions at different flow rates on zeolite X
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Its indicated from the previous table, that the prepared zeolite is
highly efficient for removal of Zn2+ and Cd2+ from contaminated groundwater
and it is evident that the maximum sorption capacity (N0) decreased with the
increase in flow rate and the values of the sorption rate constant (K) were
influenced by flow rate and increased with increase in flow rate indicating that
external mass transfer dominated the overall system kinetics in the initial part
of the sorption in the column [136].

At 50% breakthrough or 0.5 (Ce/Ci), the logarithmic term in Eq. (5.27)
reduces to zero, and the final term of BDST equation becomes zero, giving the
relationship as in the following equation:
t1 / 2 =

No
Z
CiU o

(5.30)

If the curve of t1/2 (time to 50% breakthrough) versus Z is a straight line
passing through the origin, it can be explained that the data of the column follow
the BDST model. Fig. (5.24), represents the construction of this BDST plots and
the equations of linear relationship nearly pass through the origin with a high
correlation coefficient (R2 above 0.99). The obtained data for the sorption of
both metal ions using zeolite X in a fixed bed column were found to follow the
BDST model [135]. So the bed performance, such as the optimum bed depth
and the service time of zeolite X can be predicted from the equation of the
BDST model. The exchange capacity (No) was calculated and presented in Table
(5.11).
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Table (5.11): BDST model parameters at 50% breakthrough for the removal of
Zn2+ and Cd2+ions at different flow rates on zeolite X

Metal

Q, (ml/min)

Z, (cm)

ion

Zn

+2

3.0

5.0

3.0
Cd

+2

5.0

Time to 50%

N0,

N0,

breakthrough,(min)

(mg/mL)

(mg/g)

64.21

108.83

36.50

61.86

66.81

113.23

45.51

77.14

3.0

74

4.5

92

6.0

124

3.0

38

4.5

50

6.0

72

3.0

75

4.5

108

6.0

145

3.0

45

4.5

64

6.0
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5.2.7.5. Estimation of dispersion coefficient values
Understanding the solute transport in a porous media is of central
importance in the design of remediation schemes for contaminated
groundwater, radioactive waste disposal and tracer studies in oil recovery
[140]. Hydrodynamic dispersion coefficient describes the influence of heavy
metal diffusion and pore water velocity variation on the transport through the
reactive barrier. It can be determined in laboratory, using the result of the
column studies in terms of effluent pore volume variable (U), which is defined
as:

v ε At vt
=
(5.31)
AL ε
L
Where U is the number of effluent pore volume [dimensionless], v is the pore
U =

water velocity [m/yr], t is the time [yr], L is the column length [m] and ε is the
orosity of the porous media. Brigham recommended to plot the effluent relative
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Fig. (5.24): BDST plots at 50% breakthrough for the removal of Zn+2and Cd2+
ions at different flow rates onto zeolite X
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concentration, Ce/Ci as a function of (U − 1)/√U on linear probability scale. If
the measured experimental data were presented as straight line then the
hydrodynamic dispersion coefficient could be calculated using the following
equation [141]:

DL =

vL U − 1
U −1
((
) 0.84 − (
) 0.16 ) 2
8
U
U

(5.32)

 U −1 
 U −1 

 0.84 and 
correspond to the relative concentrations Ce/Ci
 U  0.16
 U 

Where

of 0.84 and 0.16, respectively. The examination of the plot of effluent relative
concentration, Ce/Ci versus (U−1)/√U on linear probability scale, was
illustrated as a straight line as shown in Figure (5.25). The values of the
hydrodynamic dispersion coefficients were found to be 0.192, 0.271 and 0.315
m2/yr for zinc ions and 0.099, 0.152 and 0.183 m2/yr for cadmium ions at initial
concentration of 100, 300 and 500 mg/l, respectively. Its clear from the
previous results that the dispersion of the studied cations during migration by
hydrodynamic processes increased with increasing the initial metal ion
concentration.

5.3. Derivation of advection – dispersion equation for heavy
metal transport in saturated zeolite barrier
To assess the performance of the prepared zeolite as a reactive media
in a permeable reactive barrier, simple analytical model was used. It was
assumed that the reactive barrier is porous, homogeneous, isotropic, saturated;
and the flow velocity does not vary through so it reached steady state and
Darcy’s law was applied.

When dealing with contaminants in groundwater the mass of
contaminant transported by advection per unit area per unit time (i.e. the mass
flux, f) is given by [80, 90]:
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Fig. (5.25): Plots of (U− 1)/ √U versus Ce/Ci for Zn2+ and Cd2+ ions
at three feed concentration (100, 300, 500 mg/l) on linear probability
scale
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f =vεC

= va C

(5.33)
(5.34)

Where va is the Darcy velocity = v ε (m/s); C is the concentration of
contaminant at the point and time of interest (g/l).

The total mass transported from a contaminant source into a barrier up
to some specific time, t, is obtained by summing (integrating) the mass flux
(equation (5.33)) with respect to time, t [90]:
t

m a = Ao ∫ ε vCdt

(5.35)

0

Where, ma is the mass of contaminant transported from the groundwater by
advection (g); A0 is the cross sectional area of the barrier through which
contaminant is passing.

When contaminant migration is associated with relatively high flows
(as in many aquifers) the mechanical dispersion is to be considered. This
process involves mixing that occurs due to local variations in the flow velocity
of the groundwater. It is also involves a mixing and spreading of the
contaminant due to non homogeneity in the aquifer.

The mass flux transported by diffusion alone can be written as [90]:

f = −ε D ∂C
∂X

(5.36)

Where D is the diffusion coefficient for the contaminant species of intereset.
The mass flux is then given by [90]:
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f = ε v C − ε D ∂C
∂X

(5.37)

By considering conservation of mass within any small region, the change in
concentration with time is given by [90]:

∂f
∂q
ε ∂C = −
−σ
∂t
∂X
∂t

(5.38)

Where, σ and ε is the bulk density [g/cm3] and porosity of the reactive barrier
material.

Which simply says that the increase in contaminant concentration
within a small volume is equal to the increase in mass due to advective∂f
diffusive transport minus −
the decrease in mass due to sorption process
∂X
(-

∂q
). The one dimensional advection dispersion equation for a contaminant
∂t

migration can be given by [90]:
2
∂q ∂C
ε ∂C + σ
= εD ∂ C − εv ∂C
∂t
∂C ∂t
∂X
∂X 2

(5.39)

This equation can be rewritten as [90]:

∂C 1 + σ ∂q  = D ∂ 2C − v∂C


∂t  ε ∂C 
∂X 2 ∂X

(5.40)

∂q
is the rate of change of adsorbed concentration to the solute
∂C
concentration.

Where

5.3.1. Evaluataion of retardation coefficient models
The retardation coefficient (Rd) describes the migration abilities of
particular components in groundwater as it shows how many times the
migration of the substance subjected to adsorption slower than the actual speed
of water flow in pores [143]. The retardation coefficient can be evaluated by
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laboratory methods, determining the adsorption isotherms of the migrating
substances, or by field observations of the speed of substance migration [144].
The results obtained from the analysis of the sorption equilibrium data were
used to quantify the degree of retardation for both zinc and cadmium ions
sorbed onto the prepared zeolite using linear and non linear (langmiur)
isotherm models. The general form of retardation coefficient Rd of a
contaminant can be given by [145]:
∂q
ε ∂C

Rd = 1 + σ

(5.41)

The retardation coefficient whose sorption on solid is governed by the
linear sorption isotherm, as a function of effluent solution concentration is
given as [145]:

Rd = 1 + σ k d
ε

(5.42)

For non linear isotherm model the retardation coefficient can be
represented as [145]:

Rd =1 +

σ RL Qο
ε (1+ RLC)2

(5.43)

To assess the effect of the utilized method to determine the retardation
coefficient on the prediction of effluent concentration for both zinc and
cadmium ions, the values of the hydrodynamic dispersion coefficient, the water
velocity and the barrier thickness were fixed at constant values. Fig.(5.26)
shows the variation in the retardation coefficient as a function of initial metal
ion concentration at four different studied temperatures using linear (curved
pattern) and non linear isotherm model (scatter pattern). Its clear that the
change in the retardation values for both zinc and cadmium ions, is affected by
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Fig. (5.26): Variation in the retardation coefficient values of Zn2+ and Cd2+ ions
as a function of initial concentration at four studied temperatures using linear
and non linear isotherm models.
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the initial metal ion concentration, and as the temperature increase the
deviation from both linear and nonlinear model increase and the uncertainty
between both models increase. The utilization of the non linear isotherm model
values to determine the retardation coefficient (Eq.5.43) were produced lower
values than that of linear case (Eq.5.42) this might lead to a conservative
design that reduces the amount of pollutants in the contaminated groundwater.
Cadmium was found to have better retention capability than zinc as it had a
higher retardation coefficient which shows the same trend as the comparative
sequence of batch sorption parameters and column experiments. Equation
(5.40) can be rewritten as [90]:

dC
d 2C
dC
= D*
− v*
dt
dX
dX 2

(5.44)

Where D* = D/Rd and v* = v/Rd are the retarded dispersion coefficient and
retarded velocity, respectively.

5.3.2. Assessment of the barrier performance
The transport of contaminants in groundwater systems, which is based
on the integration of Eq. (5.44) using specific boundary conditions, provides a
number of analytical solutions. The use of these analytical equations have a
number of applications [146], by providing an efficient model for controlled
laboratory experiments and it is a simple check to more complicated models
that require numerical solutions,. A useful application of one dimensional
advection dispersion equation for contaminants such as zinc and cadmium ions
was the evaluation of their migrating toward a point of interest and to quantify
their transport in simple groundwater systems that behave as one dimensional
model. When the effects of time variations in release rates are included, one
dimensional pulse contaminant input (pulse input scenario) or a continuous
input (plume input scenario) are the most common time-variant inputs in
transport models [147].
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A pulse input of contamination, such as a leaking underground
storage tank or the site of an accidental hazardous materials spill, has been
derived for the injection of a fluid (instantaneous input) with the initial
condition of C(x, 0) = 0 where the concentration equal zero everywhere, and
the boundary condition where the concentration at the source remains constant
at the value of Ci. The pulse response can be used to see how input pattern is
dispersed as it moves through the reactive barrier. Initially the concentration
equal to zero. As the fluid moves with v in the x direction, it spreads out
according to [147]:
C ( x, t ) =

Ci
( x − v * t )2
exp( −
)
4D * t
4πD * t

(5.45)

Another analytical solution of Eq. (5.44) was suggested by Ogata and
Banks (1961) for one dimensional plume contaminant input. The solution is
expressed in terms of a relative concentration, which is defined by a
concentration ratio as a function of depth and time to the initial concentration
of the solution, as expressed in Eq. (5.46). The solution to Eq. (5.44) is based
on its integration using the appropriate boundary conditions (for a continuous
source load at x=0, the concentration is set to C(0,t)=Ci for t> 0 and the
concentration at the other boundary x= ∞ is set to zero C(∞, t)=0 for t=0 . The
solution of Eq. (5.44) [148] becomes:
C( X , t) 1 
 X − v *t 
 X + v * t 
v* X 
= erfc
 + exp

.erfc.
Ci
2
 D* 
 2 D *t 
 2 D * t 

(5.46)

Where, erfc is the complimentary error function, a mathematical function
derived from basic statistics, defined as:
∞
erfc( X ) = 2 ∫ e −t 2 dt = 1 − erf ( X )
Π x

(5.47)

Where, erf(X) is the error function of the argument X [142]. Figures (5.27,
5.28) depict the effluent concentration (Ce) of the contaminant as a fumction
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of time at different initial metal ion concentration of 100,300,500 mg/l for
both zinc and cadmium ions with the model formulated to simulate both pulse
and plume input scenarios (equation (5.45, 5.46)). The plots of the
concentration profiles for a specific barrier thickness of 1.5 m and water
velocity of v = 0.005 m/d illustrate the marked effect of time and initial metal
ion concentration components onto contaminant concentrations through the
barrier and the corresponding implications for our groundwater contamination.

Fig. (5.27). illustrates the results of pulse input of contaminants onto
zeolite barrier for the studied initial metal ion concentrations. The breakthrough
curves show steep rise with early peaks and significant tailings. All the
produced peaks are characterized by a tail, thus suggesting that the process of
matrix diffusion/ sorption may explain the significant tailing. As the initial
concentration is reduced, the breakthrough curve of the pulse is becoming
broader (more retarded). This result might be explained by the higher
retardation coefficient of lower initial concentration. As the initial
contaminants concentration passing through the barrier decreased, the
contaminants peaks are reduced and become broader due to the retardation
effect. It is worthy to mention that lower initial concentration peaks are
characterized by broader peaks and the time to reach the peak increases as the
initial contaminant concentration decrease [149].

The migration of zinc and cadmium plumes of continous contaminant
discharge onto the barrier is shown in Fig. (5.28). It is clear that the steepness
of the breakthrough curve is a function of the initial metal ion concentration. At
a relatively higher concentration, the curves were steeper showing the faster
exhaustion of the zeolite barrier, this may be related to the smaller retardation
coefficient value compared with that obtained from lower concentration which
makes the contaminant plume migrate [51]. At a small concentration, contaminants
were hardly moving producing stretching at the tail of the plume (high
retardation). When contaminated groundwater is passed through the barrier,
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Fig. (5.27): Concentration distribution of zinc and cadmium ions as a function of
time for pulse input scenario
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most of the metal ions are initially adsorbed at the inlet part of the barrier,
building up of a saturated zone. As more contaminated water is passed, the
saturated zone moves forward until the full saturation is reached. The results
demonstrated that the change of concentration gradient affects the saturation
rate and exhausion time of the barrier (A high metal concentration may saturate
the barrier more quickly, thereby increasing the effluent concentration).
Displacement of cadmium curves to the right of zinc ones is consistent with the
larger degree of sorption and retardation. It is clear that the larger retardation
coefficient, the slower the contaminant moves [150]. This implies a greater
time required for sorption to take place and greater percentage uptake of
contaminates is obtained at lower concentration than that at higher ones.

To accept or refuse the barrier performance, the effluent concentration
of both zinc and cadmium ions were compared to a permissible limit defined
by certain regulatory body. The Egyptian standards for zinc and cadmium
concentration in water bodies refer that the concentration should not exceed of
1 mg/l and 0.1µg/l, respectively [151]. This preliminary assessment of the
zeolite barrier performance demonstrated that effluent concentration of both
studied metal ions exceed the maximum permissible limit for plume input
scenario especially at a higher concentration. The comparison of the analysed
data with permissible limit values indicated that if the zeolite barrier is used
without any modifications, the active sites will be highly susceptible to
exhaustion in case of a continous input of contaminants within short operating
times. A great care should be given in the design of this barrier to prevent
migration of contaminants across the site especially, if there is a continous
release of metal ions onto the barrier.
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time for plume input scenario
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Summary and Conclusions
Groundwater is the main source of available drinking water
worldwide, but its quality is constantly being threatened by various human
activities which changes physicochemical properties of water. Heavy metals
are in general highly toxic and not biodegradable; therefore they tend to
accumulate in living organisms, causing acute or chronic toxic effects. A
number of techniques can be used for the remediation of contaminated
groundwater. The traditional "pump-and treat-methods" however, demand high
energy consumption and cannot efficiently remove the part of the contaminants
sorbed on the organic part of the aquifer. Efficient and economical techniques
are therefore needed to remediate contaminated groundwater. A permeable
reactive barrier (PRB) is considered to be an innovative groundwater
remediation approach, where selected reactive materials are introduced
downstream of the contamination plume in order to retain or transform the
contaminants into environmentally acceptable forms. Various reactive media
have been proposed for application in PRBs according to the range of
contaminants. It is essential that the reactive media handle a wide spectrum of
contaminants, effectively and at low cost. The most commonly used
processes/reactions are: redox reactions, precipitation, adsorption, ion exchange
and biodegradation. Zeolites are used mainly for their ion exchange capacity,
their selectivity for specific metals and the necessary short time of application.

The purpose of this thesis is to assess the ability of the prepared
zeolite X to reduce the levels of both zinc and cadmium ions concentrations in
the polluted water and to determine the optimum conditions under which the
remediation is more efficient through permeable reactive barrier. The migration
behavior of zinc and cadmium ions, as the most two common types of heavy
metals causing serious threat to environment and human, through the proposed
permeable reactive barrier material is studied using mathematical models
represented by conventinal advection dispersion equation.
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The work carried out in this thesis are presented in six chapters, namely;
introduction; review of literature; theoretical background; experimental; results
and discussion and finally the summary and conclusions.

The first chapter, an introduction described the importance of groundwater,
sources of groundwater pollution, the effect of heavy metal toxicity on human
beings, the advantages of permeable reactive barriers over the conventional
techniques and the ability of using synthetic zeolite X as a proposed material
filling the permeable reactive barriers trench.

The second chapter, review of literature covered the survey related to the
present study in four aspects namely;(i) Zeolite synthesis (ii) Zeolites as
sorbent material for removal of heavy metals (iii) Insitu remediation of
contaminated groundwater (iv) Design of an engineering permeable reactive
barrier.

The third chapter, theoretical background includes; zeolite and their uses,
conventional remediation techniques discussing the importance of permeable
reactive barriers, permeable reactive barrier concept, reactive materials for
contaminant attenuation, and equations governing the transport of solutes in
porous media included in advection dispersion equation.

The fourth chapter, experimental; this chapter represented the experimental
procedure used in the preparation of zeolite X, which is divided into four main
parts namely, materials, zeolite synthesis, characterization of the prepared
zeolite, and sorption studies.

The fifth chapter, results and discussion; this chapter divided into three main
parts as follow:
1- Characterization of the synthesized zeolite X.
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2- Sorption experimental investigations of zinc and cadmium by synthesized
zeolite X.
3- Testing the ability of using the prepared zeolite as a proposed permeable
reactive barrier (zeolite X) in order to trap zinc and cadmium ions from
contaminated water.

The results obtained in this work can be summarized in the following points:
1- Characterization of the synthesized zeolite X
- Characterization of the synthesized zeolite X was performed using
spectroscopic and microscopic analysis. Spectroscopy techniques used include
X-ray Diffraction (XRD), Energy Dispersive X-ray analysis (EDX), and
Fourier Transformed Infrared spectroscopy (FTIR). Microscopy method used
was Scanning Electron microscopy (SEM). The cation exchange capacity
(CEC) of synthetic zeolite X in Na+ form was measured experimentally.
- XRD measurements indicated that the prepared material have the molecular
formula of Na88Al88Si104O384.220H2O indicating that the synthesized material is
of X type zeolite, quantitative elemental analysis of the synthesized material by
EDX instrument indicated that the prepared zeolite has Si/Al ratio of about 1.25
which falls in the range of zeolite X. The SEM micrographs showed that the
prepared material consists of crystallites having a tetrahedral morphology with
sharp edges expected of zeolite X. The FTIR spectra of the synthesized zeolite
contained the double six-membered ring (D6R) vibrational band at 563cm−1. It is
characteristic for this type of zeolite. All these observations confirm the formation
of zeolite X. The experimental cation exchange capacity (CEC) of synthetic
zeolite X in Na+ form equals 4.26 meq/g. The synthetic zeolite has a specific
surface area of 483.62 m2/g.

2- Sorption experimental investigations of zinc and cadmium ions by
synthesized zeolite X
-

Sorption was studied at different pH values ranging from 3 to 11 to

determine the chemical conditions at which Zn2+ and Cd2+ ions are effectively
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sorbed onto synthetic zeolite X. It was observed that, acidic media have an
inhibitory effect on the sorption processes for both studied ions and alkaline
media makes the precipitation process to be predominates. Thus, all sorption
experiments in the present study were carried out at pH value of 6.0 for zinc
ions and 7.0 for cadmium ions.
- Analyzing the batch experimental sorption data to different kinetic models
such as pseudo first-, pseudo second-order and homogenous particle diffusion
models to gain insight to the predominant mechanism that controls the sorption
behavior. It was found that the sorption is a chemisorption process and the
particle diffusion is the dominant sorption mechanism. The diffusion
coefficients for both studied ions were also determined.
-

Equilibrium isotherms have been determined and tested for different

isotherm expressions and the sorption data were modeled using Langmuir,
Freundlich, and Dubinin-Radushkviech (D-R) approaches. Based on the D-R
model expression, the maximum sorption capacity and the mean free energy of
the studied Zn2+ and Cd2+ ions have been determined. The values of the mean
free energy, E, of sorption at the studied temperatures is in the range of 8-16
kJ/mol, which are within the energy ranges of ion exchange reactions.
- Thermodynamic parameters, ∆H˚, ∆S˚, ∆G˚ were determined. The change in

∆H◦ for Zn2+ and Cd2+ ions in zeolite X was found to be positive confirming the
endothermic nature of the sorption processes. ∆S◦ values were found to be
positive due to the exchange of the Zn2+ and Cd2+ ions with more mobile ions
present on the sorbent, which would cause increase in the entropy during the
sorption process.
- The comparison between the performances of the synthetic zeolite X to that
of other zeolites towards the sorption of zinc and cadmium containment
indicated that the prepared zeolite has a high sorption capacity.
- Transport properties of zeolite X fixed bed column have been determined.
The classical advection dispersion model described successfully Zn2+ and Cd2+
breakthrough curves under saturated flow conditions. By fitting these column
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experimental data to Brigham method the hydrodynamic dispersion coefficients
were determined.

3- Assessment of the barrier performance
- Simple analytical model was used to assess the performance of the prepared
zeolite as a reactive media in a permeable reactive barrier, the effects of time
variations in release rates are included, one dimensional pulse contaminant
input or a continuous input as the most common time-variant input scenarios
used in transport models.

Recommendation for future studies
The conducted work offers useful information on the behavior of the
prepared zeolite X in order to be used as reactive media of permeable reactive
barrier. It should be careful if the zeolite barrier is used without any
modifications to prevent migration of contaminants across the site especially, if
there is a continous release of metal ions onto the barrier as the active sites will
be highly susceptible to exhaustion within short operating times. Further
studies will be carried out to improve the properties of the synthesized material
to be used in pilot then field scale.
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 ا  ا +,وا)(  '$أه #$درا  ا  ا  .و '.ا  ا+,
ض +11ث  '$ا( '$ (/ا #در ا   8 9:ا+7اص ا 3/45وا,; < 3 .
ا>; ABا  517ا +@/م < ا>;:ن .و  ,$ا  ا E+,ا (7CD EF+1ام ا+ا H3ا<C(G
ا  $:ا ABGوا)(  '$أه اAق ا(/(,ة ا  I$(Jدورا 4$ا (/اMه   EإPاض ا F+1ت
 ا  .QJ+و '$أه ا  /ا  9,/أن   QS+اPRر  (GPأTر ا +اد ا  < Uا+اH3
ه ا VBGواMداء ا<(رو .وا@CRار و أن +.ن ه ا د  9CG$ : +$وأن +.ن
ا +اد ا /+;Yا '$ ,Gادل ا ' ;+/Mه ا د و ا F+1ت +$ا@  Q$ا .Uو /اI+/4
وا)(  '$أآ Yا +اد ] P+ا (7:م Rزا ا+1ث  '$ا  ا[; +,ا   +/ ;Rه
ا `3#7آ  أ;  ):  4 /ا _A:ا .و(Jر  1P Pإ4$از ا ^Gا.1@Y
ا<(ف ا '$ :3ه ا ECه c_ +و b^+ا '$ I+/4ا+Gع أآH/V 'P d
اTر (Jرة ه ا دة  1Pإ4$از  hا ^Gا gY$ 1@Yا f;4و ا.د+$م _$ g P Fآة  E1
/Cن ا F+1ت kT '$ل درا i1P E1 $ ECأ( Pة +_ EFي  i1Pا I+/4وذ  # fا+اH3
ا< C(Gا  $:ا gcn ABGا[وف ا _ '$ <1P g#ا,رب و إ(7Cام ه ا o3G
+1C $ك إ;@ل ا F+1ت  '$ا  ا E+,إ ا+ا H3ا< C(Gا  $:ا(7CD ABGام ا Gذج
ا ES/و @$ر; Eأداء ه ا دة  +اد ز I+/اTي و I#1T (Jا(را ECا آ5ءة اI+/4
ا  H17ا _  cإ),ز  f1ا ^Gاr I_ 1@Yوف .G$
و :@  (Jا ECإ +# E: Tل وه-1 iا @( -2 ، $ا  v:ا_w  1ث ا +BGرة-3 ،
ا E517ا-4 ،E/[Gا,رب ا   g1_ F -5 ، E1ا o3Gو.<BJG$

ا  اول  :ا 
+_/ي ها ا vS+/ gT($ 1P g#5أه  ا  ا +,و ا #در ا  <F+1 517آ  أ; +_/ي
 1PأATر ا ^Gا _^ 1P 1@Yا>;:ن وأه اAق ا > $(7:زا ا+1ث  '$ا  ا+,
وأه 4 $ات ا+ا H3ا< C(Gا  $:ا ABGو ا+7اص ا  9,/أن   +ا +اد ا < EU
ا+ا H3و ا 4ات ا   +اP <{+ I+/4م وز I+/أآT <{+ dص.
ا  ا   :ا  ا 

! ث ا &$%رة

  ها ا EA8 g#5ا( '$ (/ا_Mث ا +BGرة  ,$ل ا(را ECوذ  fا >,ت ا|: E
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ا(7Cام ا I+/4ا > H17د#$ص ا^Gا.1@Y

-

اAق ا  @G 517ا  ا +,ا   F+1ا . QJ+

-

+1  # g Pا H3ا< C(Gا  $:ا.ABG

ا  ا  '  :ا ( ا &*)
 g B/ها ا 'P E/[; E51T 1P g#5ا(7Cا$ت ا I+/4ا  517و Vق  @17وآf
اCاض  +<5م ا+ا H3ا< C(Gا  $:ا ABGواAق ا@(  /ا آ;(7: Iم >زا ا+1ث
 '$ا  ا .+,وا Gذج ا ES/ا _  E$(7:آة ا;@ل ا ^Gا P 1@Yه ا+ا.H3
ا  ا ا  : +ا -.رب ا  (
  ها ا g#5اCاض ا +اد ا  c_  E$(7:ا '$ I+/4ا+Gع أآ dو]ح h5:$
  E1ا_c
و :@G/ا:
 -ا +اد ا   E$(7:ا,رب ا  E1و ]ح   1ا_ '$cه ا +اد.

 ا@Gت ا   E1ا  b^+  E$(7:ا I+/4ودرا Cا>د#$ص #Gي ا f;4وا.د+$م.
ا  ا  ( 0 : /ا & 12.و&3.%4
و :@G/ا  EFkFأ{4اء ر:E:3
  b^+ا I+/4ا  '$ H17ا +اد ا.3 . دراCت ا>د#$ص #Gي ا f;4و ا.د+$م +ا EACا I+/4ا .H17 @ أداء ا I+/4آ دة +1ا H3ا< C(Gا  $:ا.ABGو `71 '. /ا o3Gا  ا_+#ل  <1Pآ|:

 b^+ -١ا I+/4ا  '$ H17ا+Gع أآd
 أو+) EG@ I_Sد ا E]Mا EG:أن ا I+/4ا  H17ه '$ +ا+Gع أآ ) dأ;  Tn/اg.Bا Na88Al88Si104O384.220H2O U/4,آ  أن ا G_Gت 4 $ة <ا ا+Gع.
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 أو vSا_ g1ا#Gي +ا EACا>] Eا I+/41 EG:ا  H17ان ; :ا+.1:ن ا ;:ا> +;+م ه ) (1,25وها  IY/ان ا I+/4ا   G/ H17ا ا+Gع أآ.d
  درا) vAC g.] ECت ا I+/4ا + H17ا EG@ EACا .و+.Cب ا>.و; ا vCواو vSا g.Bا+1ري ا<_1 $ت أن ا I+/4ا  '$ H17ا+Gع أآ dو nآ( ذ(7Cn fام
@ Gا>] _ Iا_ اء .و (JأJ5Cس ا :اد ا 1 $ ;+.أن ; :ا+#د+/م ا +{+د
 ا{ g. Gام ز I+/ه { 4,26ام  .$و E):$ا g# vA:إ+) iا $ 483,62
{ g. Q$ام.

 -2دراCت ا>د#$ص #Gي ا f;4و ا.د+$م +ا EACا I+/4ا .H17
  درا Fn ECاMس ا<(رو{  Gا (ي  3 '$ا 11وو{( أن ; E:اRزا;+/M Eت ا f;4وا.د+$م (7Cnام  1 Pادل ا> g# ;+/ا أ (GP <  J #Jأس ه(رو{ f;41 6 Gو 7
.1د+$م.
  درا) ECآ Eا>د#$ص ) و{( أن ا E .ا 4ة  '$أ;+/ت ا f;4أآ  '$ا E .ا 4ة#Gا.د+$م وآ(7C  fام  hا Gذج ا '$ E.G.ا(ر{ Eا>و وا>($ ' E;Yت
ا>د#$ص وو{( أن ا+ Gذج  '$ا(ر{ Eا E;Yه +اMآ+ Yا@ >($ b^+ت ا>د#$ص وآf
 _( (/ا+A7ة ا _ E1 P  E .ا>;Bر $ HAد Eا>;Bر و' k$$ت ا>;Bر  E1
اد#$ص آ '$ gا f;4وا.د+$م +ا EACز I+/أآ.d
  ا(7Cام  hا Gذج ا ES/ا( E^7راG_G$ ECت اآ (GP 4در{ت )ارة  EFو<G$ D-R, Freundlich, Langmuirوذ EC (/(_ fا>د#$ص وو أن ا I+/4ا 4 / H17
 E:اد#$ص :)  F EPب دوال ا( .$G/ا_ار E/وا ' '$ vcا EJAا_ة وا _+ي
ا_اري kP51ت ا_د EFأن ه اkP5ت ذات  E3@1 EVو_1 E^$ارة.

  @ أداء ا دة ا _cة  ا[وف ا( E.$G/ا [ E<Bوف ا  اH/V 'P +,):ب  g$$ا H/5ا<(رود .$G/وه '$ +أه ا+ا g$ا ( E+1Aرا @/V ECا;@ل ا F+1ت
T> @AG$ '$ي دا gTا+ا H3ا< C(Gا  $:ا ABGو ):ب  g$$ا> JPا  ( 1P
):ب ا  .ا  vAC 1P 4ا 1 F .I+/4ذ$ HA fد ا_  gوا H/5و) gه
ا د  ا ,وا)( B;kر5ض و{+د اآ+T( @/V '$ Yل ا F+1ت .H31
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 وأو g ,$ I_Sا o3Gا _( <1P g#را(J ECرة ا I+/4ا   H17ا ع أآ 1Pا),زا ^Gا 1@Yوأ;< +5ق ا( '$ (/أ;+اع ا I+/4ا  517و (GP '.ا(را Cا>و
 I+/41ا _ cآ د +1 U$ا H3ا< C(Gا  $:ا(7C) ABGام $د ا_  gوا(H/5
أ vcأ;  9,/ا_ر  (GPا(7Cام ه ا د و )  ^Tد+Tل ا F+1ت 1P  :$ g.B
ا.H3
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