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Abstract

The efficiency of using zeolite nano-clay and silica sand in removing iron from groundwater is investigated experimentally
as an application of in situ remediation technique using permeable reactive barrier (PRB). In the first stage of the study
batch experiments were conducted on coarse silica sand and fine silica gravel to determine their iron removal efficiency from
contaminated water. The results showed that the removal efficiency was about 51.90% for coarse silica sand while fine silica
gravel failed to reduce the iron concentration in water. A mix of zeolite nano-clay and coarse silica sand with a ratio of 1:30
was tested. It was found that iron removal efficiency significantly increases to about 99.70%. The linear adsorption isotherm
was found to be the most representative for the adsorption of iron onto coarse silica sand and the mix of nano-clay and coarse
silica sand with distribution coefficients equal 0.0009 and 0.001, respectively. In the second stage a glass sand tank with coarse
silica sand and a mix of zeolite nano-clay and coarse silica PRBs was constructed. The sand tank was used to investigate
the effect of sampling time, head difference, iron concentration, nano-clay dosage, and thickness of permeable reactive
barrier on the iron removal efficiency. The results indicated that increasing iron concentration and head difference decreases
iron removal efficiency. The mix of zeolite nano-clay and coarse silica sand improves iron removal efficiency. Furthermore,
increasing nano-clay dosage slightly increases the removal efficiency. However, increasing the thickness of filter layer (i.e.,
PRB) significantly improves the removal efficiency. Finally, the experimental model data were used to test the capability of
a numerical contaminant transport model to predict the removal efficiency. The MT3DMS numerical model included within
the Groundwater Modeling System (GMS) was used along with the different experimental data to obtain reaction rate values
as calibration parameters for linear isotherm. Reaction rates that yield modeling results matching experimental data were
obtained.

Keywords Nanotechnology - Preamble reactive barrier - Groundwater remediation - Nano-clay

1 Introduction iron and steel industry, metals corrosion and mining activi-

ties). High iron concentrations change the water appearance

Iron exists with significant amounts in earth’s crust. It also
exists naturally in water with low concentrations in two
forms: the complex form like ferric iron and the soluble form
like ferrous iron. It could also have an industrial origin (e.g.,
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and color to red in addition to giving the water a metallic taste
and unpleasant odor. Not to mention the toxicity if it exists
with very high concentrations to humans, animals, aquatic
life, and plants. It also causes corrosion to drains’ sewers
because of the development of ferro-bacteria and microor-
ganisms leading to the reduction in pipe flow cross section,
failure of water systems, and deteriorated water quality [1].

In the last two decades, groundwater remediation had
been an active area of research. Many remediation tech-
niques have been investigated which can be classified into
two main categories: in situ and ex situ. One of the most
effective and common in situ techniques is the permeable
reactive barrier (PRB) [2]. It had been widely used in Europe
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and America in the past 30 years. It includes the install-
ment of PRB perpendicular to the direction of groundwater
flow downstream the contamination. Then, pollutants that
migrates with groundwater flow reacts with the active mate-
rial chemically, physically, and biologically by adsorption,
precipitation, redox reaction, and biodegradation to remove
them from groundwater. The traditional methods, such as
pump and treat method, have many disadvantages including
the high cost, disturbance to the groundwater system and flow
pattern, further diffusion of pollutants and short-term effect.
The PRB method, on the other hand, has a number of advan-
tages such as the low cost, small disturbance to groundwater,
no need for external power, small secondary pollution, and
long-term effect and operation [3].

Although natural silica can be used as the active mate-
rial for the PRB for the removal of iron and zinc, it will
not achieve high removal efficiency [4]. Nanotechnology has
been a growing field of research in groundwater remediation.
Due to their tiny size and large surface area, nanoparticles
have special adsorption properties which enable them to
be a proper material for the removal of heavy metals and
organic pollutants from contaminated water and wastew-
ater [5-7]. The size of Nanoparticles ranges from 1 to
100 nm. They are classified into two categories: man-made
and natural nanoparticles. Man-made can be designed in labs
and produced as by-products. On the other hand, natural
nanoparticles can be of geogenic (resulting from geological
processes), biogenic (produced by living organisms), pyro-
genic (produced by heat or fever) or atmospheric origin. It is
also classified by composition to carbon-based and inorganic
[8,9].

Many researchers investigated the efficiency of using
several types of nanoparticles in groundwater remediation.
Zhang [10] reviewed the use of nanoscale iron particles in
groundwater remediation. He assessed developments in labo-
ratory and pilot studies, such as reactivity of the nanoparticles
towards contaminants in soil and water over extended periods
of time, synthesis of nanoscale iron particles from Fe(Il) and
Fe(IlD), in situ reactions of the nanoparticles in the subsurface
and field tests validating the injection of nanoparticles into
aquifer. Lien and Zhang [11, 12] investigated in batch exper-
iments the potential of using nanoscale bimetallic (Pd/Fe)
particles in reducing chlorinated ethenes. They concluded
that, the nanoscale bimetallic particles might be a treatment
alternative for groundwater in situ remediation of chlori-
nated ethanes. Prabhakar and Bibi [13] presented a review
for using nanotechnology for creating new and improved
remediation techniques to clean up the environment. They
clarified that nano-titanium dioxide is very effective cata-
lyst and can be used for the treatment of water from organic
pollutants. Nano-silver is used to disinfect drinking water.
Nanoscale zero-valent iron is used in ex situ slurry reactors
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for the treatment of contaminated soils, sediments, and solid
wastes.

Carbon-based nanoparticles (CNM) are considered the
most common nano-particles used in water remediation [14].
Single-walled carbon nanotubes (SWCNTSs) were used on
the removal of dissolved phenol compounds in industrial
wastewater [15]. Multiwalled carbon nanotubes (MWCNTSs)
are used in the removal of trichloroethylene manganese and
iron from groundwater using filtration [16, 17] or the removal
of chromium (VI) from groundwater [18]. In recent years,
nano-clay particles were used in water remediation such
as Montmorillonite nano-clay (Mt) which was used in the
removal of Cerium Ce (III) metal ion and Crystal Violet
(CV) organic dye from wastewater through batch adsorp-
tion experiments [19]. Zeolite cotton is used in the removal
of heavy metals from water through household water treat-
ment filter [20]. All these materials can be adjusted by many
processes such as oxidation and acidification to modify their
properties. A variety of nanomaterials are being developed
by researchers to use for in situ and ex situ groundwater
remediation.

The main objective of this study is to investigate the
efficiency of using zeolite nano-clay and silica sand in the
removal of iron from groundwater using experimental setups.
The setup is aimed at mimicking the application of in situ
remediation via permeable reactive barrier (PRB). The exper-
iments target identifying the factors that affect the removal
efficiency to provide guidance on the best arrangement for
field setup of PRB relying on such nanoparticles. Another
goal of this study is to test the capability of a numerical con-
taminant transport model to predict the experimental results
and obtain sorption isotherm coefficients.

2 Methodology

The objectives of this study were achieved through several
steps. In the first step, batch experiments were conducted to
determine the right size of silica sand to mix with nano-clay
and their iron removal efficiency. An experimental three-
dimensional sand box model simulating permeable reactive
barrier (PRB) was built to identify the parameters that affect
the removal efficiency and evaluate such effect. Finally, a
numerical contaminant transport model simulating nanopar-
ticles’ effect on contaminated groundwater was developed
to assess its capability to reproduce the experimental results
and to obtain sorption isotherm coefficients.
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3 Experimental Model Setup
3.1 Materials

Silica sand has been widely used as the main media in filters
for treating water used in swimming pools and household
water consumed by humans. Due to its purity, metal free and
high quality it achieves quite good removal efficiencies for
heavy metals and organic pollutants [4]. In this study coarse
silica sand (0.7-1.25 mm) and fine silica gravel (3—6 mm)
are used to determine their iron removal efficiency from
contaminated water. There are many types of clay minerals
(e.g., zeolite, perlite, and montmorillonite) that are used for
groundwater remediation. Zeolite has been previously used
as the active material in PRB for the removal of heavy metals
from groundwater. In this research, the efficiency of using a
mix of zeolite nano-clay and silica sand in removing iron
from groundwater is investigated. Iron sulfate salt was used
to produce iron solutions with different concentrations which
acts as iron contaminated groundwater in present study.

3.2 Batch Experiments

Batch experiments were conducted on two types of sil-
ica, coarse silica sand (0.7-1.25 mm) and fine silica gravel
(3—6 mm) to investigate their iron removal efficiency. A vol-
ume of 0.55 L of iron solutions with concentrations ranging
from 15 to 70 mg/l were added to 552.16 gm of coarse silica
sand and fine silica gravel. Vibratory sieve shaker was used
to shake the batch samples. The device was set on 50 ampli-
tudes for all samples. Samples were shaken for 60 min and
were left for 24 h to settle down. Final solutions of volume
0.1 L were extracted from all the samples.

A mass of 18.41 gm of zeolite nano-clay were mixed with
533.76 gm of coarse silica sand (1:30). A volume of 0.55 L of
iron solutions with concentrations ranging from 30 to 70 mg/1
were added to the mix. The same procedure presented above
is followed till extracting the final solutions from all samples.
A 22 batch experiments were conducted on all types of soils.
Figure 1 shows batch experiments on coarse silica sand and
mix of zeolite nano-clay with coarse silica sand 1:30 with
different concentrations of iron solutions.

3.3 Sand Tank Experiments

A tempered glass tank 6 mm thickness was built with dimen-
sions of 140 cm length, 75 cm height, and 40 cm width. An
iron frame surrounding all the corners of the glass tank is used
to support the joints of the glass tank. The tank is divided to
three chambers by Movable permeable barriers of stainless-
steel meshes 0.288 mm which move in paths made at 20 cm
and 120 cm from left edge of the tank.

Fig. 1 Batch experiments on coarse silica sand and mix of zeolite nano-
clay with coarse silica sand 1:30 using different concentrations of iron
solutions
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Fig.2 A schematic for sand tank experimental model

The left chamber of the glass tank is the inlet chamber
of 20 cm long. It receives the contaminated water from 500
L polyethylene tank through 1” pipe connected to a 0.5 HP
centrifugal pump. A ball valve was installed after the pump
to control the inlet flow. Overflow pipe of 1” diameter which
acts as inlet water level control is used to drain excess water
to the contaminated water tank.

The middle chamber of the glass tank is 1 m long. The
middle chamber is divided to three parts by Movable perme-
able barriers of stainless-steel meshes 0.288 mm which move
in paths made at specific distances to control the thickness of
the (PRB). The active material that simulates PRB is located
at the middle part which is surrounded by fine silica gravel
that located in the first and third part.

The right part of the glass tank is the outlet chamber of
20 cm long. It has an outlet level adjustable pipe 1” diameter
that drains the treated water to another 500 L polyethylene
tank. In addition, the outlet pipe acts as overflow pipe which
used to control the outlet water level and maintain a hydraulic
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Fig.3 A 10 PRB of a coarse
silica sand (type 1), b mix of
zeolite nano-clay and coarse
silica sand (1:30) (Type II), ¢ mix
of zeolite nano-clay and coarse
silica sand (1:15) (type III), and
d A 25 cm PRB of mix of zeolite
nano-clay and coarse silica sand
(1:30) (type IV)

Table 1 Tron removal efficiency () for different media

Type of sand C; (mg/l) Cr (mg/l) n (%)
Coarse silica sand 15 8.83 41.13
(0.7-1.25 mm) 20 10.87 45.65
25 12.83 48.68

30 16.49 45.03

35 14.09 59.74

40 15.25 61.88

50 17.79 64.42

70 36.13 48.39

Mix of nano-clay and coarse 30 0.08 99.72
silica sand 1:30 40 0.09 99.77
50 0.11 99.79

60 0.19 99.68

70 0.24 99.66

gradient due to the difference in water levels between inlet
and outlet chambers. The outlet level adjustable pipe enables
for changing the value of the outlet head and thus chang-
ing the value of hydraulic gradient. Figure 2 illustrates a
schematic for sand tank experimental model.

The contaminated water flows through the silica gravel
media and then through the active material which acts as
PRB to the other side of the silica gravel media and finally
to the outlet chamber of the glass tank. Four different types
of active materials and thicknesses representing PRB were
used to investigate the effect of different parameters as shown
in Fig. 3. Thirty kgs of coarse silica sand were used to
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form 10 cm thickness PRB (Type I). A ratio 1:30 of zeo-
lite nano-clay and coarse silica sand were used to form PRBs
of thicknesses 10 cm (type II) and 25 cm (type IV), respec-
tively. For type III, two kg of zeolite nano-clay were mixed
with thirty kgs of coarse silica sand (1:15) to form 10 cm
thickness PRB.

The sand tank experiment is used to investigate the effects
of head difference, iron concentration, contact time, nano-
clay dosage, and thickness of permeable reactive barrier on
the iron removal efficiency.

4 Results and Discussion
4.1 Batch Experiments

The following Equation is used to calculate iron removal
efficiency (1)

Ci—C
n= (—f)% M)

where C; and Cy are the initial and final iron concentration
in the solution in (mg/l), respectively. Table 1 presents iron
removal efficiency for coarse silica sand and a mix of zeo-
lite nano-clay with ratio 1:30. It can be seen from the table
that the average iron removal efficiency () for coarse sil-
ica at concentrations ranging from 15 to 70 mg/l is around
51.87% after one hour of shaking time and 24 h of reac-
tion. Moreover, mixing zeolite nano-clay with coarse silica
sand significantly improves iron removal efficiency to almost
100% at concentrations ranging from 30 to 70 mg/l. So, it
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can be used for removing iron from water to reach the safety
value (below 0.3 ppm) for drinking water as instructed by
EPA. On the other hand, fine silica gravel failed to reduce
iron concentration in water so it could perfectly mimic non-
reactive underground strata which can be used in the sand
tank experiment.

Figure 4 shows the relation between adsorbed concentra-
tion (adsorbed mass of iron with respect to the mass of the
media) (C) in (mg/g) and the initial concentration of iron
solution (C;) in mg/l. It can be noted from the figure that by
increasing solute initial concentrations, the adsorbed concen-
tration increases with a linear relationship. Thus, the linear
adsorption isotherm is the most representative for the adsorp-
tion of iron onto coarse silica sand and mix of nano-clay and
coarse silica sand with distribution coefficients (slope) equal
0.0009 and 0.001, respectively.

4.2 Sand Tank Experiments
4.2.1 Effect of Sampling Time

The samples were extracted from the outlet of sand tank
experiment at different times ranging from 5 to 60 min
measured from starting the experiment while the initial con-
centration of iron was 30 ppm, the head difference was 4 cm,
and PRB thickness was10 cm. The experiment was repeated
three times for the three types of PRB media: coarse silica
sand (type I), mix of zeolite nano-clay and coarse silica sand
with ratios 1:30 (type II) and 1:15 (Type III). Figure 5a shows
the iron removal efficiency (1) for different media of PRB
at different sampling times. It can be seen from the figure
that the iron removal efficiency increases in the first 15 min
then remains almost constant till the end of the experiments
for the three types of PRB media. It can be attributed to
unsteady state condition that exist during this period where

the sand tank is being filled and head difference is relatively
large thus flow velocity increases and contact time decreases.
After 15 min from starting the experiment, the flow turns to
steady condition and the flow velocity and contact time are
constant. One can conclude that, samples should not be taken
before 15 min from stating the experiment to insure the steady
state condition. It can be noticed also from the figure that the
iron removal efficiency after 60 min reach 96% and 98% for
PRB of mix of zeolite nano-clay and coarse silica sand with
ratios 1:30 and 1:15, respectively.

4.2.2 Effect of Initial Concentration of Iron

The effect of changing initial iron concentration on iron
removal efficiency is investigated for three different media
of permeable reactive barrier (PRB). Different values of ini-
tial iron concentration (C;) was used from 20 to 80 mg/l
while the head difference between the inlet flow and the outlet
flow was maintained at 15 cm. Samples were extracted from
the outlet after 30 min of starting the experiment which was
conducted three times for each value of initial iron concentra-
tion for three different media of PRB with 10 cm thickness;
coarse silica sand (type I), mix of nano-clay and coarse silica
sand with ratios 1:30 (type II) and 1:15 (type III). Figure 5b
presents the iron removal efficiency for different media of
PRB and different initial concentration of iron (C;). It could
be noticed from figure that for coarse silica sand PRB (type
I), by increasing iron initial concentration from 20 to 80 mg/1
the removal efficiency of iron decreases from 58 to 31%. It
can be seen also that by using a mix of zeolite nano-clay and
coarse silica sand with a ratiol:30 as the media of the PRB
(type II), significant improvement in the removal efficiency
is achieved which increased from 58 to 85% at C; = 20 ppm
and from 31 to 76% at C; = 80 ppm if it is compared to the
coarse silica sand PRB. In addition, the drop in the removal
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efficiency resulted from increasing initial concentration from
20 to 80 mg/1 decreases from about 30% for the silica sand
PRB to nearly 10% for a mix of zeolite nano-clay and coarse
silica sand (1:30) PRB. Finally, for the conducted experi-
ments using a mix of zeolite nano-clay and coarse silica sand
with a ratiol:15 (type III), the results show that increasing
nano-clay dosage increases the removal efficiency about 6%
for almost all values of initial iron concentration examined if
itis compared by a mix of zeolite nano-clay and coarse silica
sand with a ratiol:30 (type II). Adding zeolite nano-clay to
the silica sand increases the surface area of the mix due to
its small particle size, so it could adsorb larger amounts of
iron at high concentrations that increases iron the removal
efficiency.

Table 2 shows the initial and final iron concentrations,
and iron removal efficiency for different media of PRB. It
can be seen from the table that for the three media of BRB
the final iron concentration increases by increasing the initial
iron concentration but the iron removal efficiency decreases.

4.2.3 Effect of Head Difference

Sand tank experiment was conducted several times for dif-
ferent values of head difference between the inlet and the
outlet ranging from 4 to 15 cm and for three types of PRB
media: coarse silica sand (type I), mix of zeolite nano-clay
and coarse silica sand with ratios1:30 (type IT) and 1:15 (type
III). The initial concentration of iron was 30 ppm, samples
were extracted from the outlet after 30 min of starting the
experiment, and 10 cm PRB thickness. Figure 6a shows the
iron removal efficiency (1) for different media of PRB and
different Head difference. It can be noticed from the figure
that for coarse silica sand PRB (type I), increasing head dif-
ference from 4 to 15 cm slightly decreases iron removal
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efficiency from 54 to 51% as a result of increased flow veloc-
ity and thus decreases contact time between iron and active
media which causes a decrease in the iron removal efficiency.
Mixing zeolite nano-clay with coarse silica sand with a ratio
1:30 (type II) significantly increases the removal efficiency
to 92% at 4 cm head difference and to 84% at 15 cm head
difference as a result of increased surface area that causes
a significant increase in sorption capacity. Finally, doubling
the amount of zeolite nano-clay dosage (type III) increases
the removal efficiency to reach 96% and 89% at 4 and 15 cm
head differences, respectively.

4.2.4 Effect of PRB Thickness

The effect of changing PRB thickness on iron removal effi-
ciency is investigated for different values of initial iron
concentration. PRB of a mix of nano-clay and coarse sil-
ica sand with a ratio 1:30 and thickness of 10 (type II) and
25 cm (type IV) are used. Figure 6b presents the iron removal
efficiency (1) for 10 and 25 cm thickness PRB for different
iron initial concentration (Ci). It can be seen from the figure
that increasing the thickness of PRB increases iron removal
efficiency about 15%. It can be attributed to increasing the
surface area and the contact time between contaminant and
PRB media which increases the sorption of contaminant on
the surface area of the PRB media.

4.2.5 Effect of Hydraulic Gradient

The effect of changing the hydraulic gradient on iron removal
efficiency is investigated for 10 and 25 cm thickness PRB of
a mix of nano-clay and coarse silica sand with a ratio 1:30.
Table 3 presents iron removal efficiency for two values of
hydraulic gradient (0.4 and 0.6). It can be noted from the table
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Table 2 The initial and final iron concentrations and iron removal efficiency for different media of PRB
C; (mg/l)  Coarse silica sand Mix nano-silica (1:30) Mix nano-silica (1:15)
Cr (mg/l) Ci—Cy (mg/) % Cy (mg/ly Ci—Cy (mg/l) % Cr(mg/ll) Ci—Cy (mg/l) %

Removal Removal Removal
20 8.30 11.70 58.50 2.96 17.04 85.20 2.12 17.88 89.42
30 14.63 15.37 51.24 4.65 25.35 84.51 3.34 26.66 88.85
50 27.84 22.16 44.33 9.08 40.93 81.85 6.12 43.88 87.76
70 43.17 26.83 38.34 14.70 55.30 79 10.14 59.86 85.52
80 55.00 25.00 31.25 18.46 61.54 76.93 14.90 65.10 81.38
Fig.6 Iron removal efficiency 100 100
a for different media of PRB and =
different head difference and, 90 A 95 \\
b for 10 and 25 cm PRB o —~ 90
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Table 3 Effect of changing PRB thickness on the removal efficiency for
two hydraulic gradients

Gradient = 0.4 % Removal Gradient = 0.6 %
Removal
AH =4 cm 92.61 AH =6 cm 92.33
Thickness Thickness
10 cm 10 cm
AH =10 cm 95.88 AH =15cm 94.19
Thickness Thickness
25 cm 25 cm

that for the same thickness of PRP, increasing the hydraulic
gradient by 50% decrease iron removal efficiency but with
insignificant value. It can be attributed to increasing the con-
tact time between contaminant and PRB media. It can be
noticed also from the table that for the same value of hydraulic
gradient, increasing the thickness of the PRB increases iron
removal efficiency which attributed to increased surface area
of PRB media and the contact time between contaminant and
PRB media.

(a

(b)

4.3 Numerical Contaminant Transport Model
Verification

In this section, the experimental model data were used to
evaluate the capability of a numerical contaminant transport
model to reproduce the experimental results. The MT3DMS
numerical model [21] included within the Groundwater Mod-
eling System (GMS) was used along with the different
experimental data to obtain reaction rate values for linear
isotherms.

MT3DMS is a three-dimensional multi-species solute
transport model for simulating contaminant transport in
saturated groundwater flow systems [21, 22]. MT3DMS
interfaces directly with the US Geological Survey finite-
difference groundwater flow model MODFLOW for the
flow solution and supports the hydrologic and discretiza-
tion features of MODFLOW [23]. MT3DMS has been
widely used in research projects and practical field applica-
tions. Both MT3DMS and MODFLOW are packages within
the Groundwater Modeling System (GMS) that is a user-
friendly interface to deal with such models.
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Fig. 7 Head boundary conditions 60
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4.3.1 Groundwater Flow Model

Three groundwater flow models were built using 3D grid
in GMS. The first model simulating coarse silica sand PRB
with thickness 10 cm. the second and third models for PRB
of a mix of zeolite nano-clay and coarse silica sand with
ratios 1:30 and 1:15, respectively. The used grid size is 1 cm
x 1 cm with variable head boundary at upper and lower
edges of the models and no flow boundary at east and west
edges. Figure 7 shows the variable head boundary conditions
of the models that simulate the transient conditions during
the filling of the sand tank experiment. It can be seen from
the figure that, for upper and lower boundaries of 10 cm
PRB, the head increases from zero to 0.45 m in one minute
and from zero to 0.41 m in four minutes and then remain
constant to the end of simulation. The third model has the
same upper boundary condition while the lower boundary
condition change to simulate the increased filling time to
reach 5 min due to the increase in PRB thickness to 25 cm.
The bottom layer of the model is represented as impervious
layer to simulate the base of sand tank. Simulation time was
60 min. The porosities for gravel and coarse silica sand are
0.55 and 0.35 which were obtained experimentally. Also, the
hydraulic conductivities were obtained experimentally using
constant head test. The values of hydraulic conductivity for
gravel, coarse silica sand and a mix of zeolite nano-clay and
coarse silica sand are 0.07 m/s, 0.00605 m/s, and 0.001 m/s,
respectively.

Figure 8 shows a color filled head contours in plan view
for the model at steady state for a 10 cm coarse silica sand
PRB. The cells in the middle ten rows represent the 10 cm-
thickness PRB of coarse silica sand while the rest of the
cells represents the gravel media in sand tank experiment. It
can be seen from the figure that the reduction in the head is
very low upstream and downstream the PRB because of the

@ Springer

20 30 40 50 60
Time (min)

Head
0.45

0.44
0.43
0.43
0.42
0.41

la

Fig. 8 Color fill head contours in plan for 10 cm coarse silica sand PRB

high value of hydraulic conductivity in these regions which
simulates the gravel media in the sand tank experiment.

4.3.2 Contaminant Transport Model

After building the transient flow models and obtaining the
head values, the contaminant transport simulations were con-
ducted using MT3DMS [21]. The models simulating the
transport process through coarse silica sand PRB with thick-
ness 10 cm and a mix of zeolite nano-clay and coarse silica
sand with thicknesses 10 and 25 cm. The main objective of
these simulations is to investigate the capability of Linear
isotherm to predict the results obtained from the experimen-
tal model and obtaining adsorption isotherms constants. The
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kinetic formulation for the Linear isotherm is as follows

Table 4 Adsorption isotherm and reaction rate constants used to best
fit the experimental data for different media of PRB

E =K, (KqsC — C) =K fC—K »C 2) Media of PRB Ist sorption const ~ Reaction rate
at const
where K, is the reaction rate constant (7~ 1 ), K is the forward 10 cm coarse silica sand 0.08 0.085
reaction coefficient, K, is the backward reaction coefficient. 10 cm mix nano-clay and 0.1 0.2
If K reaches 00 the kinetic formulation returns to the equilib- silica sand 1:30
rium formulation. 10 cm mix nano-clay and 0.1 0.28
The chemical reaction package was used to simulate the silica sand 1:15
adsorption of iron onto the media of the PRB. The longitu- 25 cm mix nano-clay and 0.03 0.18

dinal dispersivity of the PRB and gravel layers were taken
3 m and 6 m, respectively [24, 25]. The advection pack-
age used was third order total variation diminishing (TVD)
scheme. The northern boundary of the model was set as a
permanent source of contamination with 30 mg/l and the
outlet concentration is obtained at the southern boundary of
the model through the 60-min simulation time. The linear
adsorption isotherm was constructed simultaneously with
first order kinetic reactions. The values of the adsorption
isotherm and kinetic rate reaction constant were adjusted
manually to obtain the best representation of the experimen-
tal adsorption isotherm.

Concentration breakthrough curves of the experimental
model and the numerical model for Linear Isotherm are pre-
sented in Fig. 9. It can be seen from the figure that the final
concentrations of iron increase in the first 4 min due to the
transient state during the filling of the tank then gradually
decline after 20 min then remain almost constant till the end
of simulation time. The values of adsorption isotherms con-
stants used to fit the experimental data alongside with kinetic
rate reaction constants are indicated in Table 4.

Figures 10 shows a color filled concentration contours in
plan view for the model at the end of simulation time. The
cells in the middle rows represent the PRB while the rest of

silica sand 1:30 PRB

the cells represent the gravel media in sand tank experiment.
It can be seen from the figure that the adsorption of iron occurs
mainly in the cells representing the PRB layer as Iron con-
centrations reduces from 30 ppm to about 14, 1 and 0.5 ppm
for a 10 cm PRB of coarse silica sand, 10 cm, and 25 cm PRB
of mix of nano-clay and silica sand 1:30, respectively while
the gravel layers did not reduce iron concentrations. The mix
layer significantly improved the adsorption of iron onto the
PRB. Moreover, increasing thickness of PRB decreased con-
centration gradient, so the reduction in iron concentration
occurred over larger distance.

Figure 11 presents the concentration profile at the end of
simulation time for different media of PRB. It can be seen
from the figure that iron concentration remains constant at
30 mg/1 through the upstream gravel layer which starts from
station O to station 45 cm. Then, iron concentration signifi-
cantly decreases through PRB layer. Then, it remains almost
constant through the downstream gravel layer simulating the
experimental model. By comparing Fig. 1 la with Figs. 11b—d
one can note that, the drop in iron concentration through the

@ Springer
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PRB of a mix of nano-clay and coarse silica sand is signifi-
cantly larger than for coarse silica sand PRB. The drop also
slightly increases as the mix ratio of nano-clay and coarse
silica sand increases from 1:30 to 1:15. One can also note
that increasing the thickness of the PRB increases the drop
in iron concentration through it and decreasing iron concen-
tration gradient.

5 Summary and Conclusions

In this research, the efficiency of using zeolite nano-clay and
silica sand in removing iron from groundwater is investi-
gated experimentally as an application of in situ remediation
technique using permeable reactive barrier (PRB). The study

@ Springer

objective was achieved through several steps. In the first
step batch experiments were conducted on coarse silica sand
(0.7-1.25 mm) and fine silica gravel (3—6 mm) using iron
solutions with concentrations ranging from 15 to 70 mg/l
to determine their iron removal efficiency from contami-
nated groundwater and identify the right size of silica to
mix with nano-clay. The results show that the removal effi-
ciency was about 51.87% for coarse silica sand while fine
silica gravel failed to reduce the iron concentration in water.
Also, batch experiments on a mix of zeolite nano-clay and
coarse silica sand (1:30) were conducted using iron solutions
of concentrations ranging from 30 to70 mg/l to determine
their iron removal efficiency. It is found that iron removal
efficiency significantly increases to about 99.70%. The lin-
ear adsorption isotherm was found the most representative
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for the adsorption of iron onto coarse silica sand and mix of
nano-clay and coarse silica sand with distribution coefficients
equal 0.0009 and 0.001, respectively.

The second step was to build an experimental model
based on the results from the batch experiments, simulat-
ing permeable reactive barrier PRB’s effect on contaminated
groundwater with iron as an application of in situ remedi-
ation techniques. A glass sand tank with coarse silica sand
and a mix of zeolite nano-clay and coarse silica PRBs was
constructed. Sensitivity analysis on the different parameters
affecting the removal efficiency (e.g., initial concentration of
iron, head difference, sampling time, nano-clay dosage, and
thickness of PRB) was conducted. The initial concentration
of iron was changed from 20 to 80 ppm. Head difference was
changed from 4 to 15 cm to investigate the effect of contact
time. Samples were extracted from the effluent tank at dif-
ferent times within an hour. Nano-clay dosage was increased
from one to 2 kg to achieve ratios of 1:30 and 1:15 of nano-
clay to coarse silica sand in the mix. Finally, thickness of
PRB was increased from 10 to 25 cm. The results indi-
cated that increasing iron concentration and head difference
decreases iron removal efficiency. The mix of zeolite nano-
clay and coarse silica sand improves iron removal efficiency.
Furthermore, increasing nano-clay dosage slightly increases
the removal efficiency. However, increasing the thickness of
filter layer significantly improves the removal efficiency.

In the third and final step, the experimental model data
were used to test the capability of a numerical contaminant
transport model to reproduce the experimental results. The
MT3DMS numerical model included within the Ground-
water Modeling System (GMS) was used along with the
different experimental data to obtain reaction rate values for
linear isotherm. The values of Linear isotherm constant that
represent the best fit to the experimental data are 0.08, 0.1, 0.1
and 0.03 for a 10 cm thickness PRB of a) coarse silica sand,
b) mix of zeolite nano-clay and coarse silica sand with ratio
1:30, ¢) mix of zeolite nano-clay and coarse silica sand with
ratio 1:15 and d) a 25 cm thickness mix of zeolite nano-clay
and coarse silica sand PRB, respectively.
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