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ABSTRACT 

    The permeable reactive barrier (PRB) is one of the promising innovative in situ groundwater 

remediation technologies, in removing of copper from a contaminated shallow aquifer. The 1:1-

mixture of waste foundry sand (WFS) and Kerbala’s sand (KS) was used for PRB. The WFS was 

represented the reactivity material while KS used to increase the permeability of PRB only. 

However, Fourier-transform infrared (FTIR) analysis proved that the carboxylic and alkyl 

halides groups are responsible for the sorption of copper onto WFS. Batch tests have been 

performed to characterize the equilibrium sorption properties of the (WFS+KS) mix in copper-

containing aqueous solutions. The sorption data for Cu
+2

 ions, obtained by batch experiments, 

have been subjected to the Langmuir and Freundlich isotherm models. The Langmuir model was 

chosen to describe the sorption of solute on the solid phase of PRB. COMSOL Multiphysics 3.5a 

based on finite element method was used for formulation the transport of copper ions in two-

dimension physical model under equilibrium condition. Numerical and experimental results 

proved that the PRB plays a potential role in the restriction of the contaminant plume migration. 

A good agreement between the predicted and experimental results was recognized with mean 

error (ME) not exceeded 10 %.  

Keywords: groundwater, permeable reactive barrier, waste foundry sand, heavy metal, polution. 
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 مريم ضياء الذين أحمذ                                                                                                         أياد عبذ الحمزة فيصل                                

 طانثح ياجسرٍش                                                     أسرار يساعذ                                           

 جــايـــعـح تـــغـــذاد -  كهٍح انهُذسح                                                    جــايـــعــح تـــغـــذاد -كهٍح انهُذسح                          

 

 الخلاصت

انًثركشج نًعانجح انًٍاِ انجىفٍح فً انًىقع فً اصانح عُصش انُحاط يٍ انطثقاخ  انحذٌصح انحاجض انرفاعهً انُفار يٍ انرقٍُاخ

كحاجض ذفاعهً َفار حٍس ذًصم يخهفاخ  ( أسرخذيد1:1وسيم كشتلاء تُسثح ) خهطح يخهفاخ سيم انًسثك.انسطحٍح انًهىشح

اٌ  أشثد سيم انًسثك انًادج انفعانح تًٍُا ٌسرخذو سيم كشتلاء نضٌادج َفارٌح هزا انحاجض .انرحهٍم تأسرخذاو الاشعح ذحد انحًشاء

اخرثاساخ انذفعح أَجضخ  يجًىعح انكشتىكسٍم وهانٍذاخ الانكٍم هً انًسؤونح عٍ أيرضاص انُحاط عهى يخهفاخ سيم انًسثك.

انثٍاَاخ انرً ذى  ( فً انًحهىل انحاوي عهى انُحاط . يخهفاخ سيم انًسثك وسيم كشتلاءنىصف صفاخ الايرضاص نهخهطح )

ذى أخرٍاس يىدٌم لاَكًٍش نىصف  انحصىل عهٍها يٍ انرجاسب تطشٌقح انذفعح ذى ذحهٍهها تىاسطح يىدٌلاخ لاَكًٍش وفشٌُذنج.

انزي   COMSOL Multiphysics 3.5 aذى أسرخذاو تشَايج  أيرضاص انًحهىل عهى انطىس انصهة نهحاجض انرفاعهً انُفار.

انُرائج  طشٌقح انعُاصش انًحذدج نىصف اَرقال اٌىَاخ انُحاط تًىدٌم فٍضٌائً شُائً الاتعاد فً ظم حانح انرىاصٌ.ٌعرًذ عهى 

.نىحع وجىد ذىافق جٍذ  شحانًخرثشٌح وانعذدٌح أشثرد أٌ انحاجض انرفاعهً انُفار ٌهعة دوس أساسً فً حصش حشكح انثقعح انًهى

  %.11م أوٌساويوانًخرثشٌح وتًعذل خطأ أق رىقعحتٍٍ انُرائج انً

 .انرهىز انًعادٌ انصقٍهح, ,يخهفاخ سيم انًسثك انحاجض انرفاعهً انُفار, ,انًٍاِ انجىفٍح : الرئيسيت الكلماث
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1. INTRODUCTION 

   Groundwater is water found beneath the surface of the ground. It is primarily water that has 

seeped down from the surface by migrating through the soil matrix and spaces in geologic 

formations. Groundwater in aquifers is important for irrigation, domestic and industrial uses . 

Groundwater contamination can occur either from improper disposal, accidental release ….etc. 

or from naturally occurring mineral and metallic deposits in rock and soil. A groundwater 

pollutant is any substance that, when it reaches an aquifer, makes the water unclean or otherwise 

unsuitable for a particular purpose, Mason, 2003.  

   Heavy metals are among the most dangerous inorganic water pollutants, they can be related to 

many anthropogenic sources and their compounds are extremely toxic. These metals can be 

accumulated in the aquatic food web reaching human beings through the food chain, and 

causing several pathologies. The presence of heavy metals in groundwater is due to water 

exchange with contaminated rivers and lakes or to leaching from contaminated soils by rainfall 

infiltration , Di Natale et al. ,2008. 

   The treatment of contaminated groundwater is among the most difficult and expensive 

environmental problems and often the primary factor limiting closure of contaminated sites. The 

most common technology used historically for remediation of groundwater has been ex-situ 

pump-and-treat systems. These systems are still suited for certain site-specific remediation 

scenarios; however, the limitations of pump-and-treat technologies have also been recognized. 

Accordingly, there was a necessity to develop other new innovative methods to remediate 

groundwater contaminated with heavy metals. Over the past decade, permeable reactive barriers 

(PRBs) have provided an increasingly important role in the passive interception and in-situ 

treatment of groundwater as a component of remedial action programs. PRBs have been used to 

remove a wide range of organic and inorganic contaminants from groundwater including 

petroleum hydrocarbons, chlorinated solvents, nutrients, metals and radionuclides , Mountjoy et 

al., 2003. 

    Bazdanis et al., 2011, studied the efficiency of PRBs containing organic material and limited 

quantities of ZVI, fly ash or red mud to remove heavy metals from leachates. Up-flow 

laboratory column experiments were carried out to study the efficiency in terms of Cu, Zn, Ni 

and Mn removal. The columns were filled with each reactive mixture and packed slightly to 

simulate field conditions; synthetic solutions with initial concentration of 50 mg/l of each metal 

were used. The experimental results showed in most cases adequate metal removal efficiency. 

   Chalermyanont et al., 2013, described performance of the PRBs on treating heavy-metal 

contaminated groundwater. ZVI and activated sludge were used as reactive media. Simulation 

results showed that funnel and gate PRBs have similar performance with the continuous PRBs 

on treating zinc contaminated groundwater but having less operation time. In additions, both 

ZVI and activated sludge can be used as reactive material with similar performance. The 

concentrations of zinc of treated groundwater are less than 5 mg/l. 

   However, the foundry industry releases large quantities of by-product WFS, which represent 

both a waste and a pollutant. For example, Nasr Company for Mechanical Industries, Special 

Steel Foundry / Iraq produced 10 tons of WFS per 8 hours when worked with full capacity. 

Thus, re-using of this waste as a reactive medium is attractive in terms of sustainable 

development ,Lee et al., 2004, Siddique et al., 2010 and  Oliveira et al., 2011. Thus, the 

significance of the present study are: (1) investigation the potential application of WFS as an 

inexpensive material in PRBs for the removal of copper (Cu
2+

) from the contaminated 

groundwater; (2) determining the predominant faunctional groups which are responsible of Cu
2+

 

removal in the WFS using Fourier transfer infrared spectroscopy (FTIR) analysis; and (3) 

characterization the 2D equilibrium transport of Cu
2+

 theoretically, using COMSOL 
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Multiphysics 3.5a (2008) software which is based on finite element method, and experimentally 
through simulated subsurface aquifer and WFS barrier under saturated condition for the 

equilibrium case. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

   The WFS Table 1 used in the present study had a particle size distribution ranged from 75 μm 

to 1 mm with an effective grain size, d10, of 180 μm, a median grain size, d50, of 320 μm and a 

uniformity coefficient, Cu, of 1.94. As the hydraulic conductivity of this sand was very low 

(=1x10
-6

 cm/s), it is mixed with Kerbala’s sand (KS). The 1:1-mixture of (WFS+KS) was used 

with achieved conductivity equal to 2x10
-3

 cm/s. Also, the bulk density and porosity of this 

tested reactive mixture are 1.48 g/cm
3
 and 0.42 respectively. 

   The sandy soil, with composition and properties shown in Table 2, was used as aquifer in the 

conducted experiments. This soil had a particle size distribution ranged from 75 μm to 2 mm  

with an effective grain size, d10, of 280 μm, a median grain size, d50, of 240 μm and a uniformity 

coefficient, Cu= d60/d10, of 1.54. 

   Copper was selected as a representative of heavy metal contaminants. To simulate the water's 

copper contamination, a solution of CuSO4.5H2O (manufactured by Germany) was prepared and 

added to the specimen to obtain representative concentration. 

 

2.2 Experimental Methodology 

2.2.1 Batch experiments 

   Batch equilibrium tests are carried out to specify the best conditions of contact time, initial 

pH, initial concentration, (WFS+KS) dosage and agitation speed. Series of 250 ml flasks are 

employed and each flask is filled with 100 ml of copper solution which has initial concentration 

of 50 mg/l. One gram of (WFS+KS) was added into different flasks and these flasks were kept 

stirred in the high-speed orbital shaker at 250 rpm for 4 hours. A fixed volume (20 ml) of the 

solution was withdrawn from each flask. This withdrawn solution was filtered to separate the 

sorbent and a fixed volume (10 ml) of the clear solution was pipetted out for the concentration 

determination of the copper ion still present in solution. The measurements were carried out 

using atomic absorption spectrophotometer (AAS) (Norwalk, Connecticut (USA)) at the Center 

for Market Research and Consumer Protection. These measurements were repeated for two 

times and average value has been taken. However, the adsorbed concentration of metal ion on 

the (WFS+KS) was obtained by a mass balance.  

   The effect of various parameters such as initial pH (2, 4, 6.5, and 8), initial Cu
2+ 

concentration 

(50, 100, 150, 200 and 250 mg/l), (WFS+KS) dosage (0.25, 0.5, 1, 3 and 5 g) and agitation 

speed (0, 50, 100, 150, 200 and 250 rpm) were studied in term of their effect on removal 

efficiency. The amount of metal ion retained on the (WFS+KS), qe in (mg/g), was calculated as 

follows , Wang et al. 2009:                           

 

    (     )
 

 
                                                                                                                       (1)         

                                              

where Co is the initial concentration of copper in the solution (mg/l), Ce is the equilibrium 

concentration of copper remaining in the solution after the end of the experiment (mg/l), V is the 

volume of solution in the flask (l), and m is the mass of (WFS+KS) in the flask (g). 

   Langmuir Eq. (2) and Freundlich Eq. (3) models are used for the description of sorption data 

as follows , Watts, 1998: 
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                                                                                                                                (2)    

          

where a is empirical constant and b is the saturation coefficient (l/mg). 

 

           
 
 ⁄                                                                                                                              (3)              

 

 where KF is the Freundlich sorption coefficient and n is an empirical coefficient. 
 

2.2.2 Continuous experiments  

   The simulated Cu
+2

 transport was performed in a two-dimensional tank schematically shown 

in Fig. 1. This bench-scale model aquifer is contained within a rectangular 6 mm thick acrylic 

glass tank (100 cm L × 40 cm W × 10 cm D), including two vertical perforated acrylic glass 

plates as partitions covered with filter paper. These partitions are provided the lateral boundaries 

of the sand-filled middle compartment which has dimensions of 80×40×10 cm. The purpose of 

the two outer compartments, i.e. influent and effluent chambers, was controlling the position of 

the watertable within the model aquifer deposited in the middle compartment and, in addition, 

controlling the wetting of this aquifer mass. Each outer compartment has dimensions of  10 cm 

long, 40 cm width, and 10 cm high. The flow through the model aquifer was accomplished by 

peristaltic pump discharging copper solution from a storage tank of 10 l volume. One value of 

flow rate (120 ml/min) was selected here with corresponding interstitial velocity equal to (0.6 

cm/min). Sampling plate Fig. 2 was placed on the top of the glass tank to support the sampling 

ports. This plate contains 3 columns and 2 rows of sampling ports. Aqueous samples from the 

model aquifer were collected using stainless needles at specified periods. 

   The tank was packed with sandy soil as aquifer and (WFS+KS) as barrier in the configuration 

and alignment (10 cm thickness) illustrated in Fig. 1. Monitoring of Cu
2+

 concentration along 

the length of the tank in the effluent from sampling ports was conducted for a period of 3 days. 

Water samples of 2 ml volume were taken regularly (after 12, 24, 36…. 72 hours) from these 

ports. For sampling the ports, six needles were connected to its location in each test. The 

samples were immediately introduced in test tubes and analyzed by AAS. The filling material in 

the middle compartment was assumed to be homogeneous and incompressible, and constant 

over time for water-filled porosity. All tubing and fitting for the influent and effluent lines 

should be composed of an inert material.  

   A tracer experiment in the tank described above was performed to determine the effective 

dispersion coefficient for the sandy soil and (WFS+KS) using the same procedure adopted by 

Ujfaludi , 1986. 
   A solution of 1 g/l NaCl in distilled water as a tracer was continuously fed into the tank. This 

tracer has been widely used due to its safety, cheapness, weak propensity to adsorption, not 

being affected by the liquids density and viscosity, and the easy detection of the concentration 

changes. 

3. RESULTS AND DISCUSSION 

 3.1 Fourier-Transform Infrared (FTIR) Analysis 

   This analysis has been considered as a kind of direct means for investigating the sorption 

mechanisms by identifying the functional groups responsible for metal binding , Chen et al., 

2008. Infrared spectra of WFS samples before and after sorption of Cu
+2

 were examined using 

(SHIMADZU FTIR, 800 series spectrophotometer). These spectra were measured within the 

range 4000-400 cm
-1

 as shown in Fig. 3. The sorption peaks in the region of 400-750 cm
-1

 can 

be assigned to –C–R stretching vibrations of alkyl halides group. The carboxylic stretching 
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vibrations can be attributed to sorption peak at 1037.70. The shifts in the IR frequencies support 

that carboxylic and alkyl halides groups are responsible for the sorption of copper onto WFS, 

Doke et al., 2012.  

3.2 Effect of Shaking Time and Initial pH of Solution 

   Fig. 4 shows the effect of contact time and initial pH of solution on Cu
+2

 sorption using 1 g of 

(WFS+KS) added to 100 ml of metal solution for batch tests at 25ºC. This figure shows that the 

sorption rate was very fast initially and it's increased with increasing of contact time until 

reached the equilibrium time (= 1 h). This may be due to the presence of large number of 

adsorbent sites available for the sorption of metal ions. As the remaining vacant surfaces 

decreasing, the sorption rate slowed down due to formation of replusive forces between the 

metals on the solid surfaces and in the liquid phase  , El-Sayed et al., 2010. Also, the increase in 

the Cu
+2

 removal as the pH increases can be explained on the basis of a decrease in competition 

between proton and metal species for the surface sites which results in a lower columbic 

repulsion of the sorbing metal. However, further increase in pH values would cause a decreasing 

in removal efficiency. This may be attributed to the formation of negative copper hydroxides 

which are precipitated from the solution making true sorption studies impossible. It is clear from 

this figure that the maximum removal efficiency of copper was achieved at initial pH of 6.5. 

 

3.3 Effect of (WFS+KS) Dose 

   Fig. 5 illustrates the Cu
+2

 removal efficiency as a function of different weights of (WFS+KS) 

ranged from 0.25 to 5 g added to 100 ml of metal solution. It can be observed that the removal 

efficiency improved with increasing (WFS+KS) dosage from 0.25 g to 1 g for a fixed initial 

metal concentration. This was expected due to the fact that the higher dose of adsorbents in the 

solution, the greater availability of sorption sites. 

 

 3.4 Effect of Agitation Speed 

   Fig. 6 shows that about 20% of the copper was removed before shaking (agitation speed= 

zero) and the uptake increases with the increase of shaking rate. There was gradual increase in 

metal ions uptake when agitation speed was increased from zero to 250 rpm at which about 93% 

of Cu
+2

 has been removed. This can be attributed to improving the diffusion of ions towards the 

surface of the reactive media and, consequently, proper contact between ions in solution and the 

binding sites can be achieved. 

 

3.5 Sorption Isotherms 

   The sorption isotherms were produced by plotting the amount of copper removed from the 

solution (qe in mg/g) against the equilibrium metal concentration in the solution (Ce in mg/l) at 

constant temperature , Hamdaouia, and Naffrechoux, 2007and  Kumar, and Kirthika, 2009. 

The data of the batch tests are fitted with linearized form of Langmuir and Freundlich models. 

Accordingly, the equations of these models will be; 

 

    
        

         
                 R2

=0.988                                                                                              (4)   

              

           
               R

2
=0.986                                                                                               (5)  

                 

   It is clear that these models are provided the best representation of copper sorption onto 

(WFS+KS) reactive material. However, the Langmuir model was chosen to describe the 
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sorption of solute on solid in the partial differential equation governed the transport of a solute 

undergoing equilibrium sorption through permeable reactive barrier in the continuous mode.  

3.6 Longitudinal Dispersion Coefficient 

   Results of the experimental runs concerned the measurement of longitudinal dispersion 

coefficient (DL) at different values of velocity (V) for soil and (WFS+KS) are taken a linear 

relationship as follows: 

For soil,   

     

                           R
2
=0.973                                                                                      (6)       

      

For (WFS+KS), 

 

                          R
2
=0.999                                                                                       (7)  

                     

   These equations are taken the general form of longitudinal hydrodynamic dispersion 

coefficient as follows: 

 

                                                                                                                                    (8) 

                                                               

This means that the longitudinal dispersivity (αL) is equal to 68.16 cm for soil and 73.51 cm for 

mix. 

3.7 2D PRB design-model setup 

   The contaminant migration in a porous medium is due to advection-dispersion processes; 

therefore, considering a two dimensional system, the dissolved copper mass balance equation 

may be written, as follows: 

 

   
     

   
   

     

   
   

    

  
  

    

  
                                                                                        (9)  

                               

where Ccu represents copper mass concentration in water and R is known as the retardation 

factor since it has the effect of retarding the transport of adsorbed species relative to the 

advection front..  

   For the flow of contaminated groundwater through the sandy soil, the value of R will be 

assumed equal to 1 which is reasonable for this type of soils. On the other hand, the sorption of 

copper on (WFS+KS) barrier is governed by Langmuir sorption isotherm and the retardation 

factor is expressed as: 

 

     
  

  
(

      

(          ) 
)                                                                                                        (10) 

                   

where nB is the porosity of the barrier.  

   To present theoretical verification for tank test described previously, Eq. (9) in combination 

with initial and boundary conditions Table 3 can be solved using COMSOL Multiphysics 3.5a. 

The used mesh discrezation (i.e. number of mesh points, number of elements, and type of 

elements ….etc) is shown in Fig. 7. 

   Fig. 8 plotted the predicted spatial distribution of copper normalized concentration across the 

sand aquifer in the presence of (WFS+KS) barrier after 7 days for flow rate equal to 60 and 120 
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ml/min. It is clear that the propagation of contaminated plume is restricted by this barrier region. 

Also, the value of applied flow rate, i.e. velocity of flow, plays a significant role in the extent 

and concentration magnitude of the contaminant plume. Accordingly, the extent of contaminant 

plume in the longitudinal (x) direction is greater than transverse (y) direction and highest 

concentrations occur in the sand bed which up-gradient of PRB. The concentration of the 

contaminated plume reaching the outlet may attain lower than 1.3 mg/l quality limit prescribed 

for surface water or drinking water , Hashim et al., 2011. 

   Comparisons between the predicted and experimental results at nodes corresponding to 

monitoring ports during the migration of the Cu
+2

 plume at different periods of time for flow 

rate equal to 120 ml/min using (WFS+KS) barrier are depicted in Fig. 9. Although the spatial 

and temporal concentration profiles are taken the same trend, concentration values in the ports 

(1, 2, and 3) located along the centerline of the source area (y=20 cm) are greater than that in the 

ports (4, 5, and 6) deviated from the centerline by 10 cm (i.e. y=10 cm). Also, it is clear that the 

(WFS+KS) barrier have a potential functionality in the retardation of the contaminant migration 

in the down gradient of this barrier (concentration at ports 3 & 6 equal approximately zero). 

However, a reasonable agreement between the predicted and experimental results can be 

observed with ME less than 10%.  

 

4. CONCLUSIONS 

 Contact time, initial pH of the solution, initial metal ion concentration, (WFS+KS) dose and 

agitation speed were most the parameters affected on the sorption process between Cu
+2

 ions 

and (WFS+KS). The best values of these parameters that will achieve the maximum removal 

efficiency of Cu
+2 

(=93%) were 1 h, 6.5, 50 mg/l, 1 g/100 ml, and 250 rpm respectively. 

 The experimental data for copper sorption on the (WFS+KS) were correlated well by the 

Langmuir isotherm model with coefficient of determination (R
2
) equal to 0.986.  

 FTIR analysis proved that the carboxylic and alkyl halides groups are responsible for the 

sorption of copper onto WFS.  

 The results of 2D numerical model solved by COMSOL Multiphysics 3.5a under 

equilibrium condition proved that the (WFS+KS) barrier is efficient technique in the 

restriction of contaminant plume. However, a good agreement between the predicted and 

experimental results was recognized with ME not exceeded 10 %.  
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NOMENCLATURE 

 
a: empirical constant , l/g. 

b: saturation coefficient , mg/g.                                          

Ccu: copper concentration , mg/l.

Co : initial concentration , mg/l.                                          

Ce : equilibrium concentration , mg/l.  

Cu: uniformity coefficient , dimensionless. 

DL: longitudinal hydrodynamic dispersion coefficient , m
2
/sec. 

Do: molecular diffusion coefficient , m
2
/sec. 

Dx: longitudinal dispersion coefficient ,  m
2
/sec. 

Dy: lateral dispersion coefficient ,  m
2
/sec. 

KF: freundlich sorption coefficient , m
2
/sec. 

m :mass of (WFS+KS) in the flask , g.                          

n: porosity ,dimensionless. 

qe: amount of solute removed from solution , mg/kg. 

R: retardation factor,dimensionless. 

R
2
: coefficient of determination 

V : volume of solution in the flask , l. 

  : actual velocity , m/sec. 

τ: tortuosity factor of soil medium 

ρb: bulk density of the soil , g/cm
3
. 

αL: longitudinal dispersivity , cm. 
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Table 1. Composition and physico-chemical properties of WFS. 

Property Value 

SiO2(%) 94.36 

Al2O3 (%) 2.82 

Fe2O3 (%)    2.12 

Na2O (%) 0.24 

CaO (%) 0.05 

TiO2 (%) 0.14 

MgO (%) 0.23 

K2O (%) 0.039 

Bulk density (g/cm3) 1.44 

Particle density (g/cm3) 2.67 

Porosity 0.46 

Surface area (m2/g) 5.9351  

Cation exchange capacity  (meq/100 g) 10.94 

 

                      

             Table 2. Composition and properties of the soil used in the present study. 

Property Value 

Particle size distribution (ASTM D 422) 

Sand (%) 

Silt and Clay (%) 

 

99 

1 

Hydraulic conductivity (cm s
-1

) 2x10
-3

 

Cation exchange capacity  (meq/100 g) 3.12 

pH 8.5 

Organic content (ASTM D 2974, %) 0.26 

Bulk density (g/cm
3
) 1.567 

Porosity  0.409 

Soil classification Sand 
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Table 3. Boundary and initial conditions used in the transport modeling of copper in 2D 

laboratory scale tank. 

Item Location Type/ Value 

Boundary conditions 

Upper boundary No flux/symmetry 

Lower boundary No flux/symmetry 

Left side boundary No flux/symmetry 

Right side boundary Advective flux 

Line source Concentration=50 mg/l 

Initial condition (x,y) Concentration=0 

 

 

 

 

 
 

 

 

 

Figure 1. Schematic diagram of the bench-scale model aquifer. 

 

 



Journal of Engineering    Volume    20    September    -   2014 Number  9 
 

 

66 
 

 
 

Figure 2. Schematic diagram of the sampling plate and sampling ports. 
 

 
 

             Figure 3. FTIR spectra of WFS (black line) before sorption and (red line) after sorption. 
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Figure 4. Effect of initial pH on removal efficiency of copper by (WFS+KS) as a function of 

contact time (Co= 50 mg/l; (WFS+KS) dose= 1 g/100 ml; agitation speed= 250 rpm; T= 25
o
C). 

 

                    

Figure 5. Effect of WFS dosage on removal efficiency of copper (Co=50 mg/l; pH=6.5; 

agitation speed= 250 rpm; contact time=1 h; T= 25
o
C). 
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Figure 6. Effect of agitation speed on removal efficiency of copper as a function of contact time 

(Co=50 mg/l; pH=6.5; WFS dose= 1 g/100 ml; T= 25
o
C). 

 

 

 
               Figure 7. Domain discrezation and mesh statistics of 2D model (all dimensions in cm). 
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Figure 8. Distribution of copper concentration after 7 days for flow rate equal to (a) 60and (b) 

120 ml/min. 

(b) 

(a) 
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                  Figure 9. Breakthrough curves as a result of the copper transport at different ports 

                                      located at (a) y=20 and (b) y=10 cm for flow rate=120 ml/min. 


