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ABSTRTACT 

This study investigates the performance of granular dead anaerobic sludge (GDAS) bio-

sorbent as permeable reactive barrier in removing phenol from a simulated contaminated shallow 

groundwater. Batch tests have been performed to characterize the equilibrium sorption properties 

of the GDAS and sandy soil in phenol-containing aqueous solutions. The results of GDAS tests 

proved that the best values of operating parameters, which achieve the maximum removal 

efficiency of phenol (=85%), at equilibrium contact time (=3 hr), initial pH of the solution (=5), 

initial phenol concentration (=50 mg/l), GDAS dosage (=0.5 g/100 ml), and agitation speed 

(=250 rpm). Fourier transform infrared (FTIR) analysis proved that the carboxylic acid, 

aromatic, alkane, alcohol, and alkyl halides groups are responsible for the bio-sorption of phenol 

onto GDAS.  

A 2D advection-dispersion, solved numerically by computer solutions (COMSOL) 

Multiphysics 3.5a software which is based on the finite element method, has been used to 

simulate the equilibrium transport of phenol within groundwater. This model is taking into 

account the pollutant sorption onto the GDAS and sandy soil which is represented by Langmuir 

equation. Numerical and experimental results proved that the barrier plays a potential role in the 

restriction of the contaminant plume migration. Also, the barrier starts to saturate with 

contaminant as a function of the travel time. A good agreement between the predicted and 

experimental results was recognized with root mean squared error not exceeded the 0.055. 

Key words:  granular dead anaerobic sludge, phenol, permeable reactive barrier, transport. 

 

باستخذاو انكتهت انبايونوجيت انمازة كجذار تفاعهي نفار نتهوث بانفينول نجوفيت من احمايت انمياه ا  

 
اياد عبذ انحمزة فيصم                                                                                                      زياد طارق عبذ عهي                     

   اسخار يساعذ                                                                                              طانب دكخٕساة                         
  

                                                             جايعت بغذاد  -كهيت انُٓذست                                 جايعت بغذاد -كهيت انُٓذست

 

 انخلاصت

ُفار في انخفاعهي انحاجض ضًٍ انأنحًاِ انلإْٔائيت كًادِ ياصة عضٕيت انحانيت انٗ يعشفت ايكاَيت اسخخذاو  حٓذف انذساست

انًعانجت انًٕلعيت نهًياِ انجٕفيت لأصانت انفيُٕل يٍ انطبمت انًهٕرت راث الأعًاق انضحهت.  في اخخباساث انذفعت حى دساست حاريش 

ليى نٓزِ أٌ افضم  لإْائيت ٔانخشبت انشيهيت.نعذة يخغيشاث حشغيهيت نخحذيذ خٕاص عًهيت الايخضاص نهفيُٕل بٕاسطت انحًاِ ا

انذانت  ,(ساعت 3صيٍ انخًاط )= %( ْي88)= فيُٕلانًخغيشاث ٔانخي حى يٍ خلانٓا انحصٕل عهٗ اعهٗ كفاءة اصانت نه

 250)= ٔسشعت الاْخضاص, (يهيهخش 100غى/ 5)=كًيت انًادة انًًخضة  ,(يهغى/نخش 50)= انخشكيض الابخذائي ,(5انحايضيت )=

اٌ انخحهيم باسخخذاو الاشعت ححج انحًشاء اربج اٌ يجاييع الاسٔياحيك، انكشبٕكسيم ْٔانيذاث الانكيم ٔانكحٕل  .(دٔسة/دليمت

 ًسؤٔنت عٍ عًهيت الايخضاص انبايٕنٕجي نهفيُٕل.انفعانت انًجاييع انْي 

طشيمت انعُاصش انًحذدة بعذيٍ بٕاسطت بشَايج انكٕيسٕل انزٖ يعخًذ عهٗ ان اثريعادنت اَخمال انًهٕد انزائب  حى حم

ياخز بُظش الاعخباس عًهيت ايخضاص انًهٕد عهٗ انحًاِ  ًُٕرجْزا ان اٌ عًهيت اَخمال انفيُٕل خلال انًياِ انجٕفيّ، ةنًحاكا
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انُخائج انخي حى انحصٕل عهيٓا يٍ انًُارج انشياضيت ٔكزنك انُخائج لإْائيت ٔانخشبت انشيهيت ٔانخي حخضع نًعادنت لاَكًيش. نا

حهعب دٔسا يًٓا في اصانت ٔحمييذ حشكت انًهٕد كًا ٔبيُج اٌ حهك انجذساٌ حبذا انًخخبشيت اربخج باٌ انجذساٌ انخفاعهيت انُفارة 

نحهٕل انعذديت نهًُارج انشياضيت حيذ كاٌ جزس بيٍ انُخائج انعًهيت ٔا جيذبانخشبع بانًهٕد يع انضيٍ، اخيشا نٕحظ ٔجٕد حٕافك 

 . 0.055لا يخجأصيخٕسظ يشبع انخطأ 

 

1. INTRODUCTION 

The treatment and protection of groundwater and surface water are the significant problems 

which need to be resolved as fast as possible. Groundwater can be polluted mainly with 

pollutants from dumping sites, municipal landfills, petrol stations, airports, agriculture, chemical 

plants, etc. Contaminants from the above mentioned sources flow downward in the unsaturated 

zone, reach the groundwater and in the form of diluted solution flow horizontally and can pollute 

surface water like rivers, lakes, etc. There are more than 30 types of technologies for treating 

groundwater and contaminated soil. Each of them is effective in particular conditions. PRB 

technology is an interesting method for groundwater remediation and is used when contaminants 

are in the saturated zone. This novel technique of groundwater remediation is a passive one; 

contaminants are removed from an aquifer by the flow through a reactive barrier filled with a 

reactive material, Mieles, and Zhan, 2012. The advantages of this technology include treatment 

of contaminants in the subsurface, complete plume capture, a passive (low energy) treatment 

approach that has considerably lower operation and maintenance costs and lower long-term 

performance monitoring costs, Powell, et al., 2002. 

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

situ pump-and-treat technique. This technique is difficult, costly and ineffective most of the time 

in removing enough contamination to restore the groundwater to drinking water standards in 

acceptable time frames, Gillham, and Burris, 1992. The primary reason for the failure of pump 

and treat is the inability to extract contaminants from the subsurface due to hydro-geologic 

factors and trapped residual contaminant mass. Accordingly, PRBs technology was alternative 

method used to remediate groundwater contaminated with different types of contaminants. Many 

studies on PRBs using different types of reactive medium such as activated carbon, zeolite and 

others for treatment of inorganic and organic pollutants in groundwater have been achieved. The 

batch experiments showed that activated carbon is highly effective in removing of phenol, p-

chlorophenol, and p-nitroaniline. Its extraordinarily high surface area and unique surface 

chemistry account for the difference in capacity with other carbonaceous materials like brown 

coal, graphite, and coke, Ambrosini, 2004. The adsorption and biodegradation processes used in 

PRB technology were selected to assess the possibility of removal of benzene and phenols from 

groundwater contaminated by a dumping site located in a city in Upper Silesia, Poland. 

Groundwater treatment parameters for granulated active carbon as a reactive material in 

adsorption process were measured with the Freundlich isotherm, and for a mixture of coarse sand 

and granulated peat in biodegradation process they were determined with the first-order kinetics 

equation, Suponik, 2010. A three series barrier system to treat high concentrations of TCE (= 

500 mg/l) in synthetic groundwater was constructed. This system consisted of three reactive 

barriers using iron fillings as an iron-based barrier in the first column, sugarcane bagasse mixed 

with anaerobic sludge as an anaerobic barrier in the second column, and a biofilm coated on 

oxygen carbon inducer releasing material as an aerobic barrier in the third column. The 

efficiency of the three series barrier system  in removing TCE was approximately 84% in which 

the removal efficiency of TCE by  the iron filling barrier, anaerobic barrier and aerobic barrier 

were 42%, 16% and 25%, respectively, Teerakun, et al., 2011. 

The regular biological activities of municipal wastewater treatment plants release large 

quantities of by-product granular dead anaerobic sludge (GDAS). Thus, re-using of this by-
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product as a reactive medium in PRBs is attractive in terms of sustainable development, and 

reduced disposal costs. Accordingly, the aims of the present study are: (1) investigation the 

sorption of phenol (Ph) onto GDAS and sandy soil; (2) finding the predominant functional 

groups responsible of phenol removal process depended on the Fourier transfer infrared 

spectroscopy (FTIR) analysis; and (3) characterization the 2D equilibrium transport of Ph 

theoretically, using COMSOL Multiphysics 3.5a (2008) software, and compare it with 

experimental data.  

 

2. MATERIALS AND METHODS 

2.1 Medium and Contaminant 

The GDAS was dried at atmospheric temperature for 5 days and, then, sieved into (1/0.6) mm 

diameter mesh. This portion was washed five times in distilled water and dried at 70°C for 6 

hours prior to usage, Mathews, and Zayas, 1989. Table 1 shows the physical and chemical 

characteristics of GDAS used in the present study. These characteristics were measured in the 

Oil Research and Development Centre / Ministry of Oil / Iraq. 

The sandy soil, with porosity of 0.41, was used as aquifer in the conducted experiments. This 

soil had a particle size distribution ranged from 63 μm to 0.71 mm with an effective grain size, 

d10, of 110 μm, a median grain size, d50, of 180 μm and a uniformity coefficient, Cu= d60/d10, of 

1.73. The hydraulic conductivity and bulk density equal to 4.22 x 10
-3

 cm/s and 1.563 g/cm
3
, 

respectively Phenol (manufactured by BDH, England) was selected as a representative of organic 

contaminants. 

The required tests for specifying the characteristics of the soil and GDAS are carried out at; 

Iraqi Geological Survey-Ministry of Industry and Minerals, and Oil Research and Development 

Centre-Ministry of Oil. 

 

2.2 Batch Experiments 

These tests were carried out to specify the best conditions of contact time, initial pH of the 

solution, initial concentration of contaminant, dosage of sorbent and agitation speed. Six flasks 

of 250 ml are employed and each flask is filled with 100 ml of Ph solution which has initial 

concentration of 50 mg/l and initial pH=5. About 0.25 g of adsorbent was added into each flask 

and these flasks were kept stirred in the high-speed orbital shaker at 250 rpm. A fixed volume 

(20 ml) of the solution was withdrawn from each flask after different periods of time. This 

withdrawn solution was filtered to separate the adsorbent and a fixed volume (10 ml) of the clear 

solution was pipetted out for the concentration determination of phenol still present in solution. 

The measurements were carried out using high performance liquid chromatography (HPLC) 

(SHIMADZU, JAPAN). The adsorbed concentration of phenol on the reactive material was 

obtained by a mass balance. These tests were conducted with different values of initial pH (3, 4, 

5, 6 and 7), initial concentration of Ph (50, 100, 150, 200 and 250 mg/l), adsorbent dosage (0.15, 

0.25, 0.5, 1, 2 and 3 g added for 100 ml of solution) and agitation speed (0, 50, 100, 150, 200 and 

250 rpm). From the best experimental results, the amount of phenol retained in the GDAS phase, 

qe, was calculated using Eq.(1), Wang, et al., 2009:   

  

   (     )
 

 
                                                                                                                          (1) 

 

where Co and Ce are the initial and equilibrium concentrations of phenol in the solution (mg/l),   

V is the volume of solution (l), and m is the mass of GDAS (g).  
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2.3 Description of Equilibrium Isotherm Data 
    They were produced by plotting the qe against the Ce at constant temperature. Six isotherm 

models are used for the description of sorption data as follows, Hamdaoui, and Naffrechoux, 

2007. 

 Langmuir model: assumes uniform energies of adsorption onto the surface and no 

transmigration of adsorbate in the plane of the surface. It can be written as:  

 

    
     

     
                                                                                                                        (2) 

 

 qm is the maximum adsorption capacity (mg/g) and b is the constant related to the free 

energy of adsorption (l/mg). 

 Freundlich model: is quantified by:  

 

       
 
 ⁄                                                                                                                       (3) 

 

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

indicative of the intensity of the adsorption. 

 Elovich model: is based on a kinetic principle assuming that the adsorption sites increase 

exponentially with adsorption, which implies a multilayer adsorption. It can be expressed 

as: 

 

 
  

  
         ( 

  

  
)                                                                                                     (4) 

 

where KE is the Elovich equilibrium constant (l/mg) and qm is the Elovich maximum 

adsorption capacity (mg/g). 

 Temkin model: assumes that the heat of adsorption of all the molecules in the layer 

decreases linearly with coverage due to adsorbent–adsorbate interactions, and that the 

adsorption is characterized by a uniform distribution of the binding energies, up to some 

maximum binding energy. This model is given by: 

 

  
  

  
                                                                                                                         (5) 

 

where θ (=qe/qm) is the fractional coverage, R is the universal gas constant (kJ mol
−1

 K
−1

), 

T  is the temperature (K), ∆Q is the variation of adsorption energy (kJ mol
−1

), and Ko is 

the Temkin equilibrium constant (l/mg). 

 Kiselev model: is known as the adsorption isotherm in localized monomolecular layer 

and can be expressed by: 

 

     
 

(   )(     )
                                                                                                          (6) 

 

where k1 is the Kiselev equilibrium constant (l/mg), θ (=qe/qm)  is the fractional coverage, 

and kn is the constant of complex formation between adsorbed molecules. 

 Hill–de Boer model: describes the case where there are mobile adsorption and lateral 

interaction among adsorbed molecules. This model is given by:  
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   (

 

   
 
   

  
)                                                                                            (7) 

 

where k1 is the Hill–de Boer constant (l/mg), and k2 is the energetic constant of the 

interaction between adsorbed molecules (kJ/mol). 

 

 2.4 Continuous Experiments  

Fig.1 shows the schematic diagram of the bench-scale model aquifer used in the present 

study. The simulated Ph transport was performed in a two-dimensional tank. The bench-scale 

model aquifer is contained within a rectangular 6 mm thick Perspex glass tank (100 cm L × 40 

cm W × 10 cm D). This means that all sides of the tank were transparent to allow for visual 

observations. Two vertical perforated plates as partitions covered with filtration screen were 

used. These partitions are provided the lateral boundaries of the sand-filled middle compartment 

which has dimensions 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 storage tank, two constant head tanks, and 

flow-meter. One value of flow rate (1000 ml/min) is selected here with corresponding seepage 

velocity equal to 175.6 m/day.  

Sampling plate, Fig.2, was placed on the top of the Perspex glass tank to support the 

sampling ports. This plate contains 4 columns and 2 rows of sampling ports designated from P1 

to P8. Aqueous samples from the model aquifer were collected using stainless syringes at 

specified periods. The contaminant solution was introduced through the model aquifer from 

cubic source which was located at side of the aquifer. This source (5 cm D x 10 cm W x 10 cm 

L) was simulated a continuous release of contamination.  

At the beginning of each test, the middle compartment was packed with 5 cm depth model 

aquifer. The model aquifer consisted from three parts. The first part represented by 60 cm long 

of the sandy soil measured from left side of the tank. The second part represented by 10 cm long 

barrier of reactive material placed beside the packed soil. Again, 10 cm of the sandy soil 

represented the third part was placed beside this barrier. The aquifer was then filled with water 

and left overnight to settle and saturate of this soil. Then, the packed aquifer was flushed at 

maximum velocity until the effluent water was free of suspended fine material.  

Monitoring of Ph concentrations within the aquifer model in the effluent from sampling 

ports was conducted for a period of 5 day. Water sample of (3-5) ml volume was taken regularly 

(after 0.5, 1, 2, 3, 4 and 5 day) from each port. The samples were immediately introduced in 

glass vials and then analyzed by HPLC. At the end of each experiment, the soil was removed 

from the tank. The tank was soaked in a dilute NaOH solution and then rinsed first with tap 

water and finally with distilled water to avoid cross contamination between experiments. 

A tracer experiment, adopted the same procedure of, Ujfaludi, 1986, was performed to 

determine the effective longitudinal dispersion coefficient for the sandy soil and GDAS.  

 

2.5 FTIR Analysis of GDAS 

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

mechanisms by identifying the functional groups responsible for binding of Ph onto GDAS, 

Chen, et al., 2008. The characteristics bands of the GDAS before and after the Ph uptake at pH= 

5 were used to assess the changes in the functional groups of this material. Flask of 250 ml was 

filled with 100 ml of contaminant solution with concentration of 50 mg/l and 0.5 g of GDAS was 
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added. The flask was agitated for equilibrium time at 250 rpm. Infrared spectra of GDAS 

samples before and after bio-sorption of Pb
+2

 and Ph were examined using (SHIMADZU FTIR, 

800 series spectrophotometer).  

 

3. RESULTS AND DISCUSIONS 

3.1 Fourier Transform Infrared (FTIR) Analysis 

     Infrared spectra of GDAS samples before and after bio-sorption of Ph were examined. These 

spectra were measured within the range 400-4000 cm
-1

 as shown in Fig. 3 and Table 2. The 

shifts in the IR frequencies support that aromatic, phosphines, carboxylic acid, alkyl halides, and 

alcohol groups are responsible for the bio-sorption of phenol onto GDAS, Doke, et al., 2012. 

 

3.2 Influence of Batch Operating Parameters 

Fig. 4 shows the effect of contact time and initial pH of solution on phenol sorption using 

0.25 g of GDAS added to 100 ml of Ph solution for batch tests at 25 ºC. 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 (=3 hr). This may be due to the presence of large number of 

adsorbent sites available for the adsorption of Ph. As the remaining vacant surfaces decreasing, 

the sorption rate slowed down due to formation of replusive forces between the Ph on the solid 

surfaces and in the liquid phase, El-Sayed et al., 2010. Also, the increase in the Ph removal as 

the pH increases can be explained on the basis of a decrease in competition between proton and 

phenol for the surface sites which results in a lower columbic repulsion of the sorbing phenol. 

However, further increase in pH values would cause a decreasing in removal efficiency. It is 

clear from this figure that the maximum removal efficiency of Ph was achieved at initial pH of 5. 

Fig. 5 presents the removal efficiency of Ph as a function of different doses of GDAS ranged 

from 0.15 to 3 g added to 100 ml of solution. It can be observed that removal efficiency of the 

GDAS improved with increasing adsorbent dosage from 0.15 g to 0.5 g for a fixed phenol initial 

concentration. 

Fig. 6 explains that the removal efficiency of Ph decreased from 85% to 44% with increasing 

the initial concentration from 50 to 250 mg/l. This plateau represents saturation of the active sites 

available on the GDAS samples for interaction with ions of contaminant.  

Fig. 7 shows that about 8% of the phenol was removed before shaking (agitation speed= zero) 

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

contaminant uptake when agitation speed was increased from zero to 250 rpm at which about 

85% of Ph 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. 

 

3.3 Sorption Isotherms 

     The sorption data for phenol on GDAS are fitted with linearized forms of (Langmuir, 

Freundlich, Temkin, Elovich, Kiselev, and Hill-de Boer) models. Additionally, the sorption data 

of sandy soil are fitted only with Langmuir and Freundlich models. Table 3 presents the fitted 

parameters and coefficient of determination (R
2
) for each model. It is clear that the Langmuir 

isotherm model provided the best correlation in compared with other models. Accordingly, this 

model will be used to describe the sorption of Ph in the partial differential equation (PDE) 

governed the transport of a solute in the continuous mode. 
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3.4 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 GDAS are taken a linear 

relationship as follows: 

 

                         R
2
=0.9172                 [Soil]                                                            (8)  

   

                        R
2
=0.9792                 [GDAS]                                                        (9) 

 

These equations are taken the general form of longitudinal hydrodynamic dispersion 

coefficient as follows: 

 

        
                                                                                                                             (10) 

 

where D
*
 is the effective molecular diffusion coefficient. This means that the longitudinal 

dispersivity (αL) is equal to 22.9 cm for soil and 53.944 cm for GDAS. 

 

3.5 Two-Dimensional Model Development 

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

therefore, considering a two dimensional system (unidirectional fluid flow and 2D transient 

solute transport), the dissolved phenol mass balance equation may be written, as follows: 

 

  
     

   
   

     

   
   

    

  
 
    

  
 
  

 

  

  
                                                                     (11) 

 

where CPh represents phenol mass concentration in water, q the phenol concentration on solid, 

and ρb the dry adsorbing material bulk density. Under isotherm conditions, the second term (q) 

on the right hand side of this equation can be substituted by Langmuir model (Eq. (2)). Table 4 is 

summarized the model geometry, boundary value problem (i.e. governing equations, initial 

conditions, and boundary conditions), and solution procedure for simulated 2D problem adopted 

in the present study.   

     Fig. 8 describes the predicted surface and contour plot of phenol normalized concentrations 

across the laboratory 2D sandy soil packed tank in the presence of PRB after 1, 3, 7, and 10 day 

for flow rate equal to 500 ml/min. It is clear that the propagation of contaminated plume is 

restricted by the GDAS in the barrier region and the functionality of barrier will decrease with 

time because the decreasing of retardation factor. 

     Fig. 9 explains the effect of the applied flow rate, i.e. velocity of flow, on the extent and 

concentration magnitudes of the phenol plume. It is clear that the extent of contaminant plume in 

the longitudinal (X) direction is greater than transverse (Y) direction and this is consistent with 

assumption of unidirectional velocity adopted here. Also, highest concentrations occur in the 

sand bed which up-gradient of PRB. It is clear that the functionality of barrier will decrease with 

increasing the velocity of flow because the increasing penetration of the contaminant plume. 

     Figs. 10 and 11 present the comparison between the predicted and experimental results at 

nodes corresponding to monitoring ports (P1 to P8) during the migration of the phenol plume at 

different periods of time for flow rate equal to 1000 ml/min. Concentration values in the ports 

(P1, P2, P3, and P4) located along the centerline of the source area (Y=20 cm) are greater than 

that in the ports (P5, P6, P7, and P8) deviated from the centerline by 10 cm (i.e. Y=10 cm). Also, 

one can be recognized the potential functionality of the GDAS in the retardation of the 
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contaminant migration when compared between the concentrations of ports (P3 and P4) or (P7 

and P8). The shape of these curves is taken the S-curve in the ports located at furthest distance 

from line source such as P3 and P4. A good agreement between the predicted and experimental 

results can be observed with root mean squared error (RMSE), Anderson, and Woessner, 1992, 

not exceeded the 0.055.  

 

4. CONCLUSION 

 Depended on batch tests, the best values of parameters affected on the bio-sorption/ 

sorption process onto GDAS and sandy soil respectively were contact time=3 hr, initial 

pH of the solution=5, initial concentration=50 mg/l, sorbent dosage= 0.5 g/100 ml, and 

agitation speed=250 rpm. 

  Phenol sorption data on the GDAS and soil were correlated reasonably well by the 

Langmuir sorption isotherm with coefficient of determination (R
2
) equal to 0.9944 and 

0.9927, respectively. 

 As proved by FTIR analysis, the carboxylic acid, aromatic, alkane, alcohol, and alkyl 

halides groups are responsible for the bio-sorption of phenol onto GDAS. 

 The results of 2D numerical model under equilibrium condition proved that the GDAS 

barrier is efficient in the restriction of contaminant plume and the functionality of the 

barrier will decrease with increasing the travel time and the velocity of flow. A good 

agreement between the predicted and experimental results was recognized with RMSE 

not exceeded the 0.055. 
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NOMENCLATURE 

a= empirical constant, l/g. 

b= saturation coefficient, mg/g. 

C/Co= normalized concentration. 

Ce= equilibrium concentration, mg/l. 

Co= initial concentration of metal, mg/l. 

D
*
= effective molecular diffusion coefficient, m

2
/sec 

D= hydrodynamic dispersion coefficient, m
2
/sec. 

KF= Freundlich sorption coefficient. 

m= mass of zero-valent iron in the flask, g. 

n= porosity. 

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

R= retardation factor. 

t= travel time, sec. 

V= volume of solution in the flask, l. 

Vx= velocity of flow in the direction x, m/sec. 

αL= longitudinal dispersivity, cm. 

ρb= bulk density of the soil, g/cm
3
. 
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Table 1. Physical and chemical characteristics of GDAS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Functional groups responsible for phenol bio-sorption onto GDAS. 

FTIR 

peak 

Wave No. 

(cm
-1

) 

Type of 

bond 
Functional group Displacement (cm

-1
) 

1 514.33 -C-Br
-
 alkyl halides 4 

2 796.54 -PH
+
 phosphines 11 

3 875.62 -CH
+
 aromatic 13 

4 1028.11 -C-O-C
-
,OH

-
 alcohol, carboxylic acid 4 

5 1086.01 -C-O-C
-
 alcohol 2 

6 1421.03 -OH
-
 carboxylic acid 3 

7 1641.65 -CH
+
 alkane 10 

8 1800.99 -C=O
-
 carboxylic acid 4 

9 2364.06 -CH
+
 alkane 12 

10 2519.21 -OH
-
 carboxylic acid 5 

11 2855.78 -CH
+
 alkane 10 

12 2922.23 -CH
+
 alkane 8 

13 3740.11 -OH
-
 carboxylic acid 5 

 

 

 

 

 

 

 

 

 

 

 

 

Physical properties GDAS 

Actual density (kg/m
3
) 1741.6 

Apparent density (kg/m
3
) 609.9 

BET surface area (m
2
/g) 94.53 

Bed porosity 0.45 

Average  particle diameter (mm)  0.775 

Pore volume (cm
3
/g) 0.544 

Chemical properties GDAS 

pH 7.5 

Ash content (%) 12 

Cation exchange capacity (CEC, meq/100 g) 51.153 

Organic volatile solid (V.S, 10
6
 mg/l) 0.135 

Non-volatile solid (N.V.S, 10
6
 mg/l) 0.018 
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Table 3. Parameters of isotherm models for the bio-sorption of Ph onto GDAS and soil. 

Isotherm model Parameter 
Phenol 

GDAS R
2
 Soil R

2
 

Langmuir  
b (l/mg) 0.1410 

0.9944 
0.0178 

0.9927 
qm (mg/mg) 0.0252 0.0084 

Freundlich 
KF (mg/mg)(l/mg)

1/n
 0.0029 

0.9663 
0.0007 

0.9270 
n 1.4764 2.3201 

Elovich 
qm (mg/mg) 0.0140 

0.9297 _____ _____ 
KE (l/mg) 0.2749 

Temkin 
∆Q (KJ/mole) 13.0124 

0.9721 _____ _____ 
Ko (l/mg) 1.0007 

Kiselev 
k1 (l/mg) 0.1389 

0.9942 _____ _____ 
kn -0.1396 

Hill-de Boer 
k1 (l/mg) 0.0907 

0.9338 _____ _____ 
k2 (KJ/mole) 9.7621 

 

Table 4. Model geometry, boundary value problem, and solution procedure for simulated 2D 

problem adopted in the present study. 

Model geometry Governing 

equations 

Initial/boundary conditions (I.C./B.C.) Solution 

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

 

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

 

 
Figure 3. FTIR of GDAS before and after bio-sorption of phenol. 
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Figure 4. Removal efficiency of phenol on GDAS as a function of contact time and initial pH 

(Co=50 mg/l; dosage=0.25g/100 ml; agitation speed=250 rpm). 

 

 
Figure 5. Effect of GDAS dosage on removal efficiencies of Ph (Co=50 mg/l; pH=5; t=3 hr; 

agitation speed= 250 rpm). 

 

 
Figure 6. Effect of initial concentration on removal efficiency of Ph on GDAS (dosage=0.5 g/ 

100 ml, pH=5, t=3 hr, agitation speed= 250 rpm). 
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Figure 7. Effect of agitation speed on percentage removal of Ph (Co=50 mg/l, dosage=0.5 g/ 100 

ml, t=3 hr, pH=5). 
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Figure 8. Distribution of phenol concentration after (a) 1 (b) 3 (c) 7 and (d) 10 day for flow rate 

of 500 ml/min using GDAS as PRB. 

 

 

 

 

Figure 9. Distribution of phenol concentration after 5 days for flow rate equal to (a) 500, (b) 750 

and (b) 1000 ml/min using GDAS as PRB. 
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Figure 10. Breakthrough curves as a result of the phenol transport at ports (a) P1, (b) P2, (c) P3 

and (d) P4 using GDAS as PRB. 
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Figure 11. Breakthrough curves as a result of the phenol transport at ports (a) P5, (b) P6, (c) P7 

and (d) P8 using GDAS as PRB. 
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