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Bi and Tri solutes Sorption System of Hazardous Pollutants onto Activated Carbon from Aqueous Solution  in Batch Adsorber
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Abstract
Single , binary and ternary system of Aniline, O-cresol and Benzoic acid from Aqueous Solution onto activated carbon was removed using adsorption technique. A batch adsorber model has been used to determine the diffusion coefficients for each solute .  Many of isotherm models were used to obtain the adsorption isotherm constants .The experimental data for each solute was fitted well with the Longmuir isotherm model for a single and with Extend Langmuir isotherm model for binary  and ternary solutes system. The results show that the adsorption process was  controlled by pore diffusion and the Benzoic acid  is being adsorbed faster  than Aniline and O-cresol.
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الخلاصة 
        تم ازالة نظام احادي و ثنائي وثلاثي للانلين والكريزول وحامض البنزويك  من المحاليل المائية من على   الكاربون المنشط باستخدام تقنيات الامتزاز. تم استخدام الموديل الرياضي للعمليه الدفعية لأيجاد معامل الانتشار لكل ملوث  . كما استخدمت عدة موديلات  رياضية للحصول على ثوابت التوازن. كانت النتائج العملية مطابقه لموديل لانكمير الرياضي بالنسبه للانظمه المنفردة وموديل لانكمير المعدل بالنسبة للانظمة الثنائية والثلاتية. اوضحت نتائج الامتزاز ان  الانتشار السائد يتم عن طريق المسامات   كما ان حامض البنزويك يمتز اسرع من الانلين والكريزول  
Introduction 
A hazardous pollutants   were contaminated water in which affect on human health and environmental .The transport of these compounds in the environment is a complex process, depending on such factors as solubility, octanol-water partition coefficient , chemical and biological reactivity . Adsorption is a well established and powerful technique for the removal of organic pollutants from wastewater, in which certain adsorbates are selectively transferred from the phase to the surface of insoluble, rigid particles suspended in a vessel or packed in a column  It is usually described through isotherms , that is the amount of adsorbate on the adsorbent as a function of its pressure (if gas) or concentration (if liquid) at constant temperature. Activated carbon is widely used as adsorbent in gas and liquid phase separation. Precursor materials for the commercial activated carbons are coal, lignite, nutshells, wood and peat, which are transformed in carbonaceous materials by proper carbonization.(Daifullah and Girgis,1997) .

Typical activated carbon consist of particles with porous structure having a network of interconnected macropores, mesopores and micropores resulting to high surface area and good capacity . The surface chemistry of activated carbons and the chemical characteristics of the adsorbate, such as polarity, ionic nature and functional groups determine the nature of bonding mechanism and the extend of adsorption (Li et al, 2008)

Adsorption onto activated carbon provides a useful and effective technique for purification of industrial wastewater and also for advanced treatment of the effluent from biological treatment plants. In most cases, design of single scale adsorption plants is still based on expensive experimental pilot-plant studies because a through understanding of process is lacking. The effective application of activated carbon adsorption requires a predictive model to facilitate the development of systematic design procedure (fritze et al.,1981 )

Sulaymon and Ahmed (2008)  studied the competitive adsorption of furfural and phenolic compounds in which a mathematical model was built to describe the mass transfer in a fixed bed of activated carbon. It was shown that the model involving external mass transfer and pore diffusion using a non linear isotherm well described the adsorption process of furfural and phenolic compounds in affixed bed.

Nasir (2010) studied the competitive adsorption of phenol, paranitrophenol and salicylic acid onto organoclay . The experimental data was  fitted well with Frundlich isotherm model . The adsorption process was controlled by surface diffusion . The results show that  salicylic acid  is being adsorbed faster  than phenolic compounds

The objective of this study is to  remove  the aniline , o-cresol and benzoic acid  as a  single, binary and  ternary solutes system  from wastewater onto activated carbon using adsorption technique in batch adsorber.

Mathematical model and Numerical solution                               

The governing equation applied to mathematical diffusion model for the solute concentration Cb  in the vessel is given by the following Mass balance  ( in fluid-bulk phase) equation (Ping and Guohua (II), 2001) : 
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The solute diffusion (Dp) inside spherical particle is described by the following Mass balance ( inside particle phase) equation :
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The initial and boundary conditions are :

	t=0;
	Cb=Co;
	Cp=0;
	q=0

	r=0;
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	r=Rp
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The Langmuir isotherm model is :                                                                    

                                                                                        (3)                   
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 Mass transfer to particles suspended in a liquid in turbulent flow, particularly in agitated vessels, has been studied by several investigators . However, these studies have shown a variety of results and have not predicted reliable correlations that are universally applicable. The inability to develop satisfactory correlations may stem from the fact that the flow fields around particles moving freely in the liquid are not only a function of the reactor and impeller geometries and power input, but also the particle shape and particle diameter distribution (Alexander and Zayas, 1989)                                                                 
The system of partial differential equations (PDE) were solved numerically will result in the unsteady state concentration of the solute in the vessel. The bulk-fluid phase and particle equations for the batch adsorber model are formalized using finite elements (FE) and orthogonal collocation (OC) method, respectively. The resulting ordinary differential equations (ODE) system is solved using an existing ODE solver provided by MATLAB V.6.5 . 
Materials 

Aniline , O-Cresol and Benzoic acid were used as adsorbates. Aniline is a colorless oily liquid with a characteristic taste. It is soluble in water. Exposure to aniline may occur from breathing contaminated outdoor air, smoking tobacco, or working or being near industries where it is produced or used.  The acute (short-term) and chronic (long-term) effects of aniline in humans consist mainly of effects on the lung, such as upper respiratory tract irritation and congestion.  Chronic exposure may also result in effects on the blood.  Human cancer data are insufficient to conclude that aniline is a cause of bladder tumors while animal studies indicate that aniline causes tumors of the spleen.  EPA has classified aniline as a Group B2, probable human carcinogen. (EPA,1985) 

O-cresol was used as an adsorbate because of its industrial importance and harmful effect in water . It is toxic, irritant , and corrosive to skin and mucous membranes. It is rapidly absorbed through skin-causes severe burns. Do not get on skin or in eyes. Avoid breathing vapor. Do not take internally. Acute inhalation exposure by humans to mixed cresols results in respiratory tract irritation, with symptoms such as dryness, nasal constriction, and throat irritation.  Mixed cresols are also strong dermal irritants.  Ingestion of high levels of mixed cresols by humans has resulted in effects on the respiratory system, gastrointestinal system, blood, liver, kidney. (ATSDR,1990)

Benzoic acid may cause irritation to the respiratory tract, (nose and throat); symptoms may include coughing  and sore throat. Large  oral doses may cause abdominal pain, sore throat, nausea, and vomiting. If allowed to remain on skin ore eyes may cause irritation with redness and pain. May form combustible dust concentration in air.(MSDS,2010). The physical properties of those pollutants are listed in Table (1)( Karel V.,(1983).

Granulated activated carbon was used as an adsorbent in the present work . it was supplied by Unicarbo, Italins to the Iraqi local markets. The physical properties were measured by the oil research and development center and were coincided with that supplied by the manufacturer. These physical properties are :bulk density of 820 kg/m3, particle porosity of 0.61, bed porosity of 0.45 and surface area of 800m2/g.
Table 1: Main properties of adsorbates used in this study (Karel,1983)
	Property
	Aniline
	O-cresol
	Benzoic acid

	Symbol
	An
	OC
	Ba

	Formula
	C6H5NH 2
	CH3C6H 4OH
	C6H5COOH

	Molecular weight, g/mole
	93
	108
	122

	Solubility in water (at 20o C), mg/l
	36000
	27000
	3600

	Octanal-Water ,Log (Kow)
	0.93
	1.90
	1.95

	UV wave length ( λmax ) (nm)
	340
	270
	248


Method

Batch experiments were carried out to obtain the adsorption isotherms of An, OC and Ba solutions onto activated carbon. The experiments were adjusted at the initial pH of  of 6.5-6.8. 100 ml of the prepared solution were placed in council flasks of 250ml in volume, containing different weighted amount of activated carbon (0.05, 0.1, 0.15, …….0.5 gm) at concentration of 0.1kg/m3 for each solute .The flasks were then placed on a shaker and agitated continuously for 24 hours at room temperature to achieve equilibrium concentrations. Then, the solutions were filtrate, and their concentration were determined by UV-spectrophotometer (Model V-1100D SPECTROPHOTOMETER) at λmax = 340nm，λ max =270nm and  λ max =248nm for An, OC and Ba respectively. The adsorption capacity qe (kg/kg) of each solute onto activated carbon was calculated by the following  equation:
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Where Co and Ce are the initial and equilibrium concentration of adsorbate respectively (kg/m3 ), V  is the volume of solution and W is the weight of the activated carbon used (kg).
The external mass transfer coefficient and the pore diffusion coefficient were obtained by using a well stirred batch contactor. In this method  a two liters Pyrex beaker fitted with stainless steel mixer (400-1500rpm) was used. The beaker was filled with 1.0 liter of known concentration solution and the agitation started before adding the activated carbon . At zero time, an accurate weight of activated carbon (0.51mm particle size) was added. A samples of solution  were taken every 10 minutes analysis. Each sample was returned  back to the solution to keep constant volume.
During these experiments the solute concentration decreased with time. According to Jaruwong et al.,(2005) the rate of adsorption of solute was measured by monitoring the solute concentration as function of time. The desired weight of activated carbon to reach related equilibrium concentration of C/Co=0.05 was calculated from the isotherm equation and mass balance equation for each solute.  The desired
[image: image8.wmf] speed was obtained by repeating the experiments for each component with different speeds (600,700,800 rpm). The speed at which the concentration ratio C/Co  remains constant  at 0.05 was  taken as optimum speed. This attributed to that equivalent to 95% removal efficiency and refer to the optimum operational and sustainability of the adsorption process.

Calculations and Results

The adsorption isotherms curves were obtained by plotting the weight of the solute adsorbed per unit weight of the adsorbent (qe) against the equilibrium concentration of the solute (Ce ) . The adsorption isotherm of a single and bi and tri-solutes system of  Aniline, O-cresol and benzoic acid onto activated carbon batch experiments were conducted with initial concentration of (0.1 kg/m 3 ) and particle size of (0.5 mm) at room temperature in order to determine the isotherms constants for each solutes using different isotherm model.

The parameters for each model were obtained using non-linear statistical fit Ver.4.5 programming of the equations to the experimental data . The results have shown the Langmuir isotherm model with (R2=0.9996) was fitted well with the experimental data for each solute as a single , while the Extended Langmuir model with (R2= 0.998, 0.994) for binary  and ternary  component systems respectively. 

The adsorption isotherms for single component systems of Aniline, o-cresol and benzoic acid onto activated carbon are shown in figures (1 to 7).
[image: image9.emf]Aniline isotherm, Co=0.1kg/m3
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Fig. 1 : adsorption isotherm of  Aniline onto activated carbon 
[image: image10.emf]O-cresol  isotherm, Co=0.1kg/m3
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Fig. 2 : adsorption isotherm of  O-cresol onto activated carbon
[image: image11.emf] Benzoic acid isotherm , Co=o.1kg/m3
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Fig. 3 : adsorption isotherm of  Benzoic acid onto activated carbon

[image: image12.emf]An-OC adsorption, Co,An=0.1kg/m3, Co,co=0.1kg/m3
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Fig.4 adsorption isotherm of (An-OC) as binary system   onto activated carbon

[image: image13.emf]An-Ba adsorption, Co,An=0.1 kg/m3, Co,Ba=0.1 kg/m3
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Fig. 5 adsorption isotherm of (An-Ba) as binary system   onto activated carbon
[image: image14.emf]OC-Ba adsorption, Co,oc=0.1kg/m3, Co,Ba=0.1kg/m3
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Fig. 6 adsorption isotherm of (OC-Ba) as binary system   onto activated carbon
[image: image15.emf]An-OC-Ba adsorption, 
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Fig.7 Adsorption isotherms of ( An-OC-Ba ) onto activated carbon
The adsorption isotherm for each solute in the combination systems  in single , bi and tri-solutes  systems are shown in figures  (8 to 10).
     [image: image16.emf]An adsorpion system, Co,An=0.1kg/m3
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Fig.8 Adsorption isotherm for Aniline onto activated carbon in single, Bi and Tri-solutes
Systems
[image: image17.emf]OC adsorption system, Co,co=0.1kg/m3
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Fig. 9 Adsorption isotherm for O-Cresol onto activated carbon n single, Bi and Tri-solutes systems
[image: image18.emf]Ba adsorption system, Co,Ba=0.1kg/m3
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Fig. 10 Adsorption isotherm for Benzoic acid onto activated carbon in single, Bi and Tri-solutes systems
The pore diffusion coefficient  Dp for An, OC and Ba can be determined  by matching experimental concentration curves with  predicted concentrations decay curves at optimum agitation speed .This can be generated by numerical solution of the batch adsorber model . The matching requires values of the optimum agitation speed and external mass transfer coefficient (kf)
To investigate the optimum agitation speed the  concentration decay values of solutes are shown in Table  (2) for An, Oc and Ba respectively at different agitation speeds (600,700,800 rpm) . The effluent concentration equal to 5% of inlet concentration was taken as the breakthrough  point .The optimum agitation speed needed to achieve Ce/Co=0.05 was found to be 700rpm .It is seen from the table that if the speed exceeds 700rpm , the equilibrium relative concentration is less the 0.05 , with possible attrition of activated carbon and consequently working with powdered rather than granular activated carbon .

The amount of activated carbon used for each solute were calculated for final equilibrium related concentration of Ce/Co=0.05 using Langmuir equation with mass balance in one liter of solution as follows:
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     Where   
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The optimum weight of activated carbon are :

· For Aniline 

Where VL=1x10-3 m3 ,  qm=0.651,  b =4.603 ,  

For Ce/Co=0.05 ,    at Co=0.1kg/m3 , hence  Ce =0.005 kg/m3
            So : WA= 6.5x10-3  kg

· For O-cresol

Where VL=1x10-3 m3 ,  qm =0.538,  b =7.018 , 

 For Ce/Co=0.05 ,  at Co=0.1kg/m3 , hence  Ce =0.005 kg/m3
            So : WA= 5.2x10-3  kg

· For Benzoic acid

Where VL=1x10-3 m3  ,  qm =0.284 ,  b =14.886
Ce/Co=0.05 , at Co=0.1 kg/m3 , hence Ce =0.005 kg/m3
            So : WA= 4.1x10-3  kg

The optimum weights of activated carbon for An, OC and Ba are found to be 6.5x10-3,  5.2x10-3 and  4.1x10-3 kg  respectively . 
The external mass transfer coefficient (kf) for the solute adsorbed in batch adsorber  was determined from the concentration decay values (Table 2) at  certain particle size and optimum agitation speed at the initial rate data, using the  following equation : (Alexandar and Zayas,1989):                                                                        
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                                                                                           (6)                                              
Where, Co and Ct are the solute concentration at time zero and time t respectively. For accurate estimation of Kf samples were taken after 2, 4 and 6 minutes and analyzed immediately . Generally, at Rp=0.25mm, ρp= 820kg/m3, VL=1x10-3 m3 and at the given amount of activated carbon for each solute the average calculated values of Kf were found to be 1.04*10-5 , 1.75*10-5  and 2.88*10-5 m/s for An, OC and Ba respectively. 
Table .2  Concentration-time decay data for adsorption of An, OC and benzoic acid onto activated carbon at different agitation speed.

	Time

min
	Aniline
	O-Cresol
	Benzoic acid

	
	600rpm
	700rpm
	800rpm
	600rpm
	700rpm
	800rpm
	600rpm
	700rpm
	800rpm

	
	C/Co
	C/Co
	C/Co
	C/Co
	C/Co
	C/Co
	C/Co
	C/Co
	C/Co

	0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0

	2
	0.919
	0.872
	0.878
	0.887
	0.804
	0.786
	0.872
	0.748
	0.742

	4
	0.889
	0.811
	0.769
	0.854
	0.766
	0.705
	0.831
	0.721
	0.671

	6
	0.798
	0.703
	0.676
	0.761
	0.674
	0.601
	0.702
	0.598
	0.501

	10
	0.755
	.611
	0.561
	0.702
	0.601
	0.443
	0.614
	0.504
	0.365

	20
	0.608
	0.415
	0.342
	0.483
	0.338
	0.231
	0.432
	0.273
	0.164

	30
	0.447
	0.312
	0.232
	0.346
	0.241
	0.125
	0.302
	0.203
	0.086

	40
	0.398
	0.204
	0.126
	0.261
	0.148
	0.101
	0.226
	0.118
	0.062

	50
	0.353
	0.163
	0.102
	0.174
	0.128
	0.083
	0.182
	0.102
	0.06

	60
	0.265
	0.128
	0.085
	0.148
	0.116
	0.063
	0.164
	0.091
	0.058

	70
	0.211
	0.106
	0.068
	0.136
	0.094
	0.059
	0.147
	0.085
	0.054

	80
	0.182
	0.092
	0.059
	0.129
	0.086
	0.051
	0.125
	0.065
	0.051

	90
	0.168
	0.081
	0.051
	0.122
	0.071
	0.048
	0.116
	0.061
	0.047

	100
	0.159
	0.072
	0.048
	0.116
	0.066
	0.045
	0.102
	0.058
	0.045

	110
	0.136
	0.068
	0.046
	0.108
	0.057
	0.043
	0.085
	0.054
	0.041

	120
	0.128
	0.063
	0.042
	0.083
	0.051
	0.041
	0.076
	0.052
	0.040


       The pore diffusion coefficients were derived from typical concentration decay for each solute by an iterative search technique for the minimization of the difference between experimental and predicted data from mathematical model. It is clear from batch modeling program (Appendix A) for each solute , there is  good matching between experimental and theoretical data using pore diffusion batch model .

Generally, at Rp=0.25mm, ρp= 820kg/m3, VL=1x10 -3 m-3 and at the given values of qm  ,b  and WA for each solute ,the values of  Dp from matching were found to be 0.21*10-10 , 0.63*10-10  and 0.96*10-10 m/s for An, OC and Ba respectively . 

Discussion

Examining the figures, it can be seen that the equilibrium isotherm for each solute is of favourable type and the Langmuir model gives the best fit of the experimental data for single solute systems with  high correlation coefficients. While, for binary component systems the equilibrium data  were fitted with Extended Langmuir model for competitive adsorption. The Langmuir model constants  were found to be as 0.497,  0.419  and 0.284  and for qm  and as 6.78  , 7.018 and 14 .886  for  b for  An, OC and  Ba respectively .Where qm is related primarily to the adsorbent capacity, and  b  is a function of the adsorption energy . For fixed values of Ce and  b  the smaller the value of   qm, the larger capacity (qe). For fixed values of qm and Ce, the larger the value of  b , the high adsorption energy. The  high value of  b   and the lower value of  qm  indicated that the sorption capacity of activated carbon for Benzoic acid was very high compared with Aniline and O-Cresol. 

 The values of physical proprieties of Aniline, O-Cresol and Benzoic acid (Table 1) shows that  Aniline is more  hydrophilic than OC and Ba. This is due to the structural form of Aniline in which contain the NH2 group. This group has capable to form hydrogen bond with water, this make the  compound has less capability  to be adsorbed in comparison with O-Cresol and benzoic acid. There is a competitive adsorption for each solute in the presence of other, therefore the uptake of Aniline is very much reduced by the addition of O-Cresol and benzoic acid. Also, the competition between solutes in the binary and ternary solute systems reduced the sorbed amount of each solute compared with that in the single-solute system .

The maximum adsorption capacity (qe ) for the  three solutes were (0.025, 0.038 and 0.042 kg/kg) for An, OC and Ba respectively. This indicate that the amount of O-Cresol and Benzoic acid onto activated carbon is larger than that of Aniline. The  values of pore diffusion model indicate that the rate of mass transfer of   Ba is higher than the OC and An and It has the largest value of Dp in comparison with OC and An. This attributed  that the Ba is being adsorbed  at faster rate than others.  Also, it can be seen the pore diffusion controlling the adsorption process.

Conclusions

1. The granular activated carbon was found to be suitable adsorbent for removal of aniline, o-cresol and benzoic acid from aqueous solution in single, binary and ternary system.

2. Pore diffusion model for batch adsorber is used to estimate the pore diffusion coefficient by matching the experimental and theoretical concentration decay curve obtained from the model.

3. The order of adsorption capacity for binary systems onto activated carbon was found to of :

                           OC>An                   Ba>OC             Ba>An

    The order of adsorption capacity for ternary systems onto activated carbon          was  found to of : 

                                             Ba>OC>An
4．   The amount of each solute onto activated carbon has been reduced in binary and    ternary system compared with that in single solute system.
5． The higher adsorption capacity of Benzoic acid onto activated carbon may be explained by its lower solubility, higher molecular weight and  higher octanal-water coefficient .
6． The lower adsorption capacity of aniline onto activated carbon may be explained by its higher solubility, lower molecular weight and  lower octanal-water coefficient. 
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List of symbols

	Symbols           Descriptions

	An
	Aniline 

	Ba
	Benzoic acid

	b
	Langmuir constant, m3/kg                                                    

	Cb
	Bulk adsorbate concentration, , kg /m3                                                   

	Ct
	Concentration at given time, kg/m3                                                                        

	Co
	Initial concentration, kg/m3                                                                           

	Cp
	Particle concentration, kg/m3                                                                           

	Ce
	Equilibrium concentration, kg/m3                                                                           

	Dp
	Pore diffusion coefficient, m2/s

	kf
	Fluid to particle mass transfer coefficient, m/s

	OC
	O-Cresol

	q
	The amount of adsorbate per unit weight of adsorbent,kg/kg

	qe
	Internal concentration of solute in particle at equilibrium, kg/kg

	qm
	Adsorption equilibrium constant defined by Langmuir equation, kg./kg

	R
	Correlation factor

	Rp
	Radius of particle, m

	r
	Spherical coordinate

	T
	Temperature , K

	t
	Time, s

	VL
	Volume of Liquid, m3

	W
	Weight of adsorbent, kg

	WA
	Mass of activated carbon, kg


	Greek symbols                                                                      

	εb
	Bed porosity, %

	εp
	Porosity of adsorbent, %

	ρ
	Density of particles, kg/m3


	Subscript                                                                           

	b
	Bulk fluid phase

	e
	Equilibrium

	i
	Component number (1, 2, 3 …)

	L
	Liquid phase 

	o
	Initial 

	p
	Particle phase
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