
1564 
Journal of Applied Sciences Research, 9(3): 1564-1572, 2013 
ISSN 1819-544X 
This is a refereed journal and all articles are professionally screened and reviewed 
 

ORIGINAL ARTICLES 
 

Corresponding Author: ImanY. El-Sherif, Water Pollution Department, National Research Center, 12622 El- Dokki, Giza, 
Egypt 

  E-mail: iman_57us@hotmail.com,         Iman57us@yahoo.com 

Removal of chromium from tannery wastewater using magnetic nanoparticles 
 
1Iman Y. El-Sherif, 2Joseph Y. Farah, 3E. Girgis and 4Ola A. Mohamed 
 

1Water Pollution Department, 2Chemical Engineering Department, 3Solid State Physics Department, 4Tanning 
material and Leather technology Department, National Research Center 12622, Dokki, Giza, Egypt. 
 
ABSTRACT 
 
 This research concerned with chromium removal from tannery wastewater containing 750 mg/L, using 
magnetic nanoparticles (MNPs). The magnetic property of MNPs used, showed super paramagnetic behavior at 
room temperature and it has a cubic crystal system. Experimental results showed that 2g/l of MNPs and shaking 
at 200rpm for 30min.at pH7 are the optimum conditions for excellent removal of chrome. The experimental 
isotherm data were analyzed using Langmuir, Freundlich, Temkin and Elovich models. The average relative 
error function [ARE] was used to determine the best fit model. Temkin is found to be the best model to 
represent the equilibrium data. The operating lines were used to calculate the predicted values of the percent 
removal of chromium from solution using Temkin isotherm. 
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Introduction 
  
 The treatment of heavy metals from industrial wastewater is of special concern due to their recalcitrance 
and persistence in the environment. Water pollution by chromium is due to both, natural sources and manmade 
activities. Chromium is found in rocks, animals, plants, soils and in volcanic dusts and gases. Various industrial 
processes which involve the use of Cr(VI), such as steel production, electroplating, leather tanning, nuclear 
power plants, textile industries, wood preservation, anodizing of aluminum, water-cooling and chromate 
preparation are sources for chromium pollution. Discharge of wastes containing chromium has varied 
concentration between 0.5 and 270,000 mg/l, such discharge ultimately contaminates soil and water (Okuda et 
al., 1975; Ouki & Neufeld, 1997 and Altundogan, 2005).  
 In Egypt, the estimate limit for chromium to discharge into sewerage system 0.5 mg/L (Law 44, year 2000). 
 In nature chromium exists in two most stable oxidation states, i.e., trivalent and hexavalent forms in 
aqueous systems. Although, at trace level, the trivalent form is considered as an essential nutrient (Alloway, 
1995 and Rojas et al., 2005) whereas hexavalent form of chromium is toxic, carcinogenic and mutagenic in 
nature (Myers et al., 2000; Zhitkovich et al., 2002 and Dupont & Guillon, 2003). Kowalski (1994) revealed that 
the hexavalent form is about 500 times more toxic than trivalent form. Trivalent chromium reacts in specific 
conditions with existing organic compounds and manganese ions in medium to change to hexavalent chromium. 
Furthermore, Cr(VI) is highly mobile in soil and aquatic system, and also is a strong oxidant capable of being  
adsorbed by skin (Singh, & Singh, 2002) . The most common methods of Cr (VI) ions removal from aqueous 
system are chemical precipitation, ion exchange, membrane processes, electro dialysis and adsorption 
(Patterson, 1977; George, 1985; Tiravanti et al., 1997 and Dahbi et al., 1999). Hexavalent chromium usually 
exists in wastewater as oxyanions such as chromate  CrO4-2 and dichromate Cr2O7

-2 and does not precipitate 
easily using conventional precipitation methods. Ion exchange, reverse osmosis and elctrodialysis are efficient 
for Cr (VI) ions removal but the cost is relatively high (George, 1985). Furthermore, chromium removal 
techniques such as co-precipitation, membrane techniques and solvent extraction are challenged by the removal 
of lower concentrations of metals from solution (Valix et al., 2006). Adsorption has been proved to be one of 
the respective methods, which is simple, selective and economical process for the removal of heavy metal ions 
from aqueous solution. 
  Magnetite (Fe3O4) nanoparticles have attracted increasing research interest in the fields of catalysis and 
environmental remediation in recent years (Ngomsik et al., 2005; and Hsing et al., 2007). Magnetite 
nanoparticles possess not only strong adsorption/reduction activities, but also the property of being easily 
separated and collected by an external magnetic field (Booker et al., 1991 and Orbell et al., 1997).  The good 
adsorption activities of magnetite nanoparticles for many heavy metal ions have been reported in literatures 
(Oliveira et al., 2003; Hu et al., 2004; Banerjee and Chen, 2007).  
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 The main objective of this research is to remove chromium from tannery wastewater to meet the Egyptian 
law which controls the discharge to sewerage system. 
  
Materials and Methods 
  
 Adsorbent development: 
 
 Preparation of magnetic nano particles (MNPs) using FeCl3.6H2O and FeSO4.7H2O (obtained from ALPHA 
chemika) dissolved in 200 ml distilled water with known concentration (2:1) then  poly vinyl alcohol (PVA) was 
added to prevent the coagulation of the nanoparticles and heated to 90 ºC for 30 minutes. Then a defined volume 
of ammonium hydroxide was sequentially added rapidly, and then the sediment (MNPs) was filtered and 
washed with distilled water until neutrality was achieved, dried and put in Stoppard glass bottles till used 
(Cornell and Schertmann, 1991).     
 These samples have been received and measured with Vibrating Sample Method (VSM). Basing on the 
results of measurements, coercivity, remanence and saturation of samples have been determined, from each 
powder sample a certain amount of sample has been portioned out, put into another container and weighted. The 
VSM measurements have been performed on every sample.  
 
 Tannery wastewater: 
 
 Tannery wastewater was obtained from commercial tannery in the region of Misr El-Kadima, Cairo - 
Egypt. The Characteristics are given in Table 1. 
 
Table 1: Characteristics of tannery wastewater. 

Parameter  
pH 3.2 

Cr (total) 750 mg/L 
Phosphate 5.5 mg/L 

COD 4500 mg/L 
BOD < 2 mg/ L 
TSS 1590 mg/L 

 
Sorption Procedure: 
 
 Effect of contact time:  
    
 Kinetic experiments were performed in order to determine the contact time required for the MNPs to reach 
equilibrium with tannery wastewater. 50 ml of tannery wastewater (750mg/ L) was mixed with specified amount 
of sorbent (0.1 g). The sorption process was carried out in Pyrex glass bottles placed in an electric laboratory 
shaker (200 rpm) at room temperature (25 ± 2о C) for defined time intervals (15, 30, 60, 90,120, 180 min) until 
the equilibrium was reached.  Samples collected from each bottle, filtered then digested and chromium was 
measured according to standard methods (APHA, 2005) using Atomic Absorption Spectrophotometer, Varian 
model 220. 
 For each series of measurements absorption calibration curve was constructed composed of a blank and 
three or more standards from Merck Germany. Accuracy and precision of the metals measurement were 
confirmed using external reference standards from Merck, and standard reference material 1643e for trace 
elements in water and quality control sample from National Institute Standards and Technology (NIST), were 
used to confirm the instrument metal concentration reading. Instrument detection limit for Cr equal 0.02mg/L. 
 
Effect of pH:  
      
 The effect of initial pH of the solution on the amount of Chromium adsorbed was studied by agitating 0.1 g 
of MNPs in a series of bottles, containing 50 mL of tannery waste water of initial concentration 750 mg/L 
chromium at different initial solution pH ranging from 3.0 to 9.5.  Desired pH values of tannery wastewater 
were adjusted by using 0.1 M HCl or 0.1 M NaOH. The agitation was provided for 30 min, which was the time 
of equilibrium as observed from preliminary trials, at 200 rpm.The percentage removal of the chromium at 
different pHs were calculated using the following relationship: 
  

                                               (1) 
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 Where Co is the initial adsorbate concentration (mg/L) and  Ce the equilibrium adsorbate concentration 
(mg/L). 
  
Adsorption isotherm: 
       
 Accurately weighted amount  (0.05, 0.1, 0.15, 0.2, 0.25, 0.3 g) of MNPs were continuously shacked at 200 
rpm with 50 ml of   tannery wastewater. Agitation was provided for 30 min which is sufficient time to reach 
equilibrium at pH 7. At the end of the equilibrium period, the solutions were filtered and the chromium 
concentrations in the filtrates were determined. 
 The amount of the chromium adsorbed on the MNPs was determined by chromium mass balance, the 
amount of adsorbed chromium at equilibrium qe (mg/g) was calculated as follows: 
 

                (2) 
 
 Where Co, Ce, are the initial and equilibrium liquid-phase concentrations of chromium respectively (mg/L),  
V the volume of the solution (L) and m the weight of the MNPs used (g). 
 
Results and Discussions 
  
 Characterization of nanoparticles: 
 
 The scanning electron microscope of MNPs shows particle size in nano scale as in Fig. 1. 
 The magnetic property of MNPs was measured using vibrating sample magnetometer (VSM) at room 
temperature. Fig.2 shows the magnetic hysteresis loop of the Fe3O4 MNPs. The hysteresis loop shows a typical 
super paramagnetic behavior at room temperature. The magnetization curve proves that the magnetite 
nanoparticles have superparamagnetic properties at room temperature. 
 Fig. 3 Shows the X-Ray Diffraction (XRD) pattern of the Fe3O4 MNPs sample, All the strong peaks 
appeared at 2θ = 30.24°, 35.52°, 43.04°, 53.44°, 56.96°, and 62.88° are indexed to the crystal plane of magnetite 
structure (220), (311), (400) ,(422), (511), , and (440), respectively, which is quite identical to the magnetite 
nanoparticles indicating that the sample has a cubic crystal system. Characteristic peaks of Fe2O3 are also 
observed (Bozorth, 1951).  
 

 
 
Fig. 1: SEM photograph of MNPs. 
                       

 
Fig. 2: Magnetic hysteresis loop of the Fe3O4 MNPs. 
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Fig. 3: XRD pattern of the Fe3O4 MNPs sample. 
 
Sorption studies: 
 
Effect of contact time: 
 
 The adsorption of chromium onto MNPs as a function of contact time was carried out at (15, 30, 60, 90, 
120, 180 min) and it was observed that, the equilibrium was reached after 30 min and remains constant. 
 
 Effect of pH: 
 
 The most important parameter influencing the adsorption capacity is the pH of waste water.  The variation 
in adsorption capacity at pH ranges (3, 5, 7, 8, 9, and 9.5) is largely due to the influence of pH on the surface 
adsorption characteristics of nanoparticles. For chromium, the amount adsorbed increased from 55 % to 99 % as 
the pH increased from 3 (≈ initial pH of wastewater) to 7. For pH values greater than 7, the percentage removal 

 almost constant Fig.4. The increase in metal removal as pH increased can be explained on the basis of a 
decrease in competition between proton (H+) and positively charged metal ion at the surface sites, and by 
decrease in positive charge which results in a lower repulsion of the adsorbing chromium ions. This indicated 
that the adsorption capacity of the nanoparticles is clearly pH dependent (Cimino,Passerini and Toscano,2000; 
Selomulya, Meeyoo and Amal 1999). 
 

 
Fig. 4:  Effect of pH on chrome removal. 
 
 Adsorption isotherm: 
 
 The adsorption isotherm of chromium on MNPs was obtained by plotting the amount of Chromium 
adsorbed, (qe) Vs the equilibrium concentration of the Chromium in liquid-phase, Ce as shown in Fig. 5.  
 

 
Fig. 5: Adsorption isotherm of chromium on MNPs. 
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 Adsorption equilibrium study: 
 
 There are several isotherm models available for analysing experimental data and for describing the 
equilibrium of adsorption. Langmuir, Freundlich,Temkin and Elovich  isotherm equations were tested in this 
work. 
 
Langmuir model: 
 
 The Langmuir sorption isotherm (Langmuir, 1916) is most widely used for the sorption of solute from 
liquid solutions. The model is based on several basic assumptions: (i) sorption takes place on specific 
homogeneous sites within the adsorbent; (ii) the adsorbate molecule occupies a site; (iii) the adsorbent has a 
finite capacity for the adsorbate (at equilibrium, a saturation point is reached and further adsorption can 
proceed); (iv) all sites are identical and energetically equivalent (adsorbents are structurally homogeneous). The 
mathematical expression that represents the Langmuir isotherm can be written as follows 
  

                                                           (3) 

 
 Where qe is the equilibrium adsorbate concentration on the adsorbent (mg/ g), Ce the equilibrium 
concentration of chromium  solution  (mg/L),and kl (L/g), al (L/mg) are the Langmuir adsorption constants.  
The linear form of the Langmuir equation is represented by the following equation  
 

              (4) 
 
 The Langmuir constants were calculated from linear regression of Ce/qe versus Ce. The most important 
characteristics of the Langmuir isotherm can be expressed in term of a dimensionless separation factor (RL) 
which is defined by Weber and Chakravorti (Weber and Chakravorti, 1974) as 
  

              (5) 
 
 Where C0 is initial adsorbate concentration (mg/L) . RL values indicate whether the adsorption process is 
irreversible (RL = 0), favorable (0< RL < 1), linear (RL = 1), or unfavorable (RL > 1). 
 
Freundlich model:  
 
 Freundlich isotherm (Freundlich, 1906) is an empirical equation based upon the assumption of multilayer 
formation of adsorbate onto a heterogeneous surface adsorbent. It is assumed that the stronger binding sites are 
occupied first and the binding strength decreases with the increasing degree of site occupation. The Freundlich 
isotherm is commonly presented as follows: 
 

                                              (6) 
 
 Where kf (L /g) , n(-) are the Freundlich isotherm constants. This expression can be linearized to give the 
following equation:  
 

                    (7) 
 
 The values of Kf and n were calculated by plotting ln(qe) against ln(Ce). The magnitude of exponent n 
indicates the favourability of the adsorbent/ adsorbate system where value of n > 1 represents favourable 
adsorption (Treybal, 1980).  
 
Temkin model: 
 The derivation of the Temkin isotherm (Temkin and Pyzhev,1940)  is based on the assumption that the 
decline of the heat of sorption as a function of temperature is linear rather than logarithmic, as implied in the 
Freundlich equation. It can be described as follow: 
 

              (8) 
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Which can  be linearized as: 
  

                                                     (9) 
 
 Where B=RT/b, T is the absolute temperature in K, R the universal gas constant, kt  is the Temkin constant 
(L/mol) 
Thus, the constants can be obtained from the slope and intercept of a straight line plot of qe versus ln Ce. 
 
Elovich model: 
 
 The equation defining the Elovich (Chien and Clayton, 1980) model is based on a kinetic principle 
assuming that the adsorption sites increase exponentially with adsorption, which implies a multilayer adsorption. 
It is expressed by the relation: 
 

                (10) 
 
 Where KE is the Elovich equilibrium constant (L/ mg) and qm is the Elovich maximum adsorption capacity 
(mg/ g). 
 The linear form of the Elovich equation is represented by the following equation: 
  

            (11) 
 
  If the adsorption obeys Elovich equation, Elovich maximum adsorption capacity and Elovich constant can 
be calculated from the slope and the intercept of the plot of ln (qe/Ce) versus qe..Constants and error analysis of 
the four models described before were illustrated in Table 2. 
 
Validity of the isotherm models: 
 
 The classical method to find out the most suitable isotherm model to represent the experimental data was 
the use of the correlation coefficient (R), which measures the difference between the experimental and 
theoretical data in linear plots only,   but not the errors in isotherm curve. 
 The optimization procedure requires an error function to be defined in order to enable the optimization 
process to determine and evaluate the fit of the isotherm to the experimental equilibrium data. In this study the 
average relative error (ARE) were used (Kapoor and Yan,1989)  Here, the error function minimizes the 
fractional error distribution across the entire concentration range, this error function is given as: 
 

                                                 (12) 

 
 Where qe,exp is the  experimental equilibrium adsorbate concentration on the adsorbent (mg/ g), qe,cal is the  
calculated equilibrium adsorbate concentration on the adsorbent from the model (mg/ g)and p is the number of 
experimental points 
 The Langmuir, Freundlich, Temkin and Elovich equations were used to describe the data derived from the 
adsorption of  Chromium  by nanoparticles.  
 The plot of ce/qe versus ce showed that the experimental data fitted reasonably well to the linearized 
equation of the Langmuir isotherm. The Langmuir constants can be determined and listed in Table 2.  The value 
of the dimensionless constant separation factor, RL , equal 0.52, which means that the system has favorable 
isotherm. 
 Plots of  ln qe versus ln Ce enable the determination of the Freundlich constants  kf and n. Results are found 
in Table 2, value of the Freundlich exponent  n > 1 indicate that the system is favorable. 
 A plot of qe versus ln Ce enables the determination of the Temkin isotherm constants, B and kt, from the 
slope and the intercept respectively. The values of the constants of model are listed in Table 2. Plot of 
ln(qe/Ce)Versus qe enables the determination of Elovich constant (qm,R). 
  By comparing the results of the average relative error (ARE) in Table 2, it is clear that Temkin represent the 
lowest values which means that Temkin model gives the best agreement with the isotherm data obtained. 
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Table 2: Model constants with error analysis. 
Langmuir Freundlich Temkin Elovich 
al             1.02x10-3 
 kl          2.52 
R        0.89 
RL          0.52 
ARE    1.5 

kf         5.70 
 n      1.2 
R      0.99 
 
ARE    1.75 

k t              0.02 
B          325.64 
R           0.98 
 
ARE      1.01 

Ke        1.005    
qm      200 
R      0.78 
 
ARE   2.5 

 
Design of batch adsorber from isotherm data to be applied in field applications: 
 
 From our research we can obtain the empirical design based on the sorption equilibrium conditions which is 
the most common method to predict the design of a single-stage batch adsorber. A schematic diagram of single 
stage batch adsorber is shown in Fig. 6 where the effluent contains V (L) of solution with an initial chromium 
concentration Co (mg/L) which is to be reduced to Ce in adsorption process. In the treatment stage m (g) of nano 
particles is added and the effluent concentration on the solid changes from qo (initially) to qe . The tank is 
agitated for a certain fixed period of time. 
 

 
Fig. 6: Single-stage batch adsorber. 
 
 The mass balance that equates the chromium removed from the liquid effluent to that accumulated by the 
solid is: 
 
V (Co - Ce) = m (qe - qo)    (13) 
 
 From the most applicable isotherm relationship, Temkin, one can establish the value of qe and Ce. 
Furthermore, equation (13) can be rearranged as follows: 
 
-V/m = (qe - qo) / (Ce - Co)                                                                                                       (14) 
 
 This is an equation of a straight line passing through (qo, Co) and (qe, Ce); it has a negative slope of 
magnitude, -V/m, which is the ratio of the liquid treated to the mass of adsorbent used. 
 The equilibrium sorption capacity qe for any initial metal concentration can be obtained from the operating 
line and the isotherm Fig.7. Where –V/m is the slope of the operating lines; qe, ce can be found from (Figure 7). 
 Figure 7 shows series of operating lines with different slopes (ratio of chromium solution to mass of nano 
particles) at different initial chromium concentrations. The predicted qe, Ce values for different chromium 
concentrations at different V/m ratios are shown in Table 3. 
  
Table 3: Calculation of the adsorption capacity at 200   and 500 mg/L initial chromium concentrations and different values of V/m for the 

adsorption onto nanoparticles 
V/M 
(L /g) 

Co = 200 mg/L Co = 500 mg/L 
Equilibrium Solution 
concentration(mg/L) 

Percentage 
removal 

Equilibrium Solution 
concentration(mg/L) 

Percentage 
removal 

0.5 45 77.5 125 75 
1 63 68.5 183 63.4 
2 93 53.5 284 43.2 
3 118 41 346 30.8 
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Fig. 7:  Ratio of chromium solution to mass of nano particles. 
 
Conclusions: 
 
1) Magnetic nano particles (MNPs) are highly efficient for chromium removal from tannery wastewater 

(TWW). 
2) The optimum parameters were found to be 2gm of MNPs per liter of TWW at pH7 and agitation time for 30 

min. at 200 rpm at room temperature (25 ± 2.0oC) which gave 99% removal. 
3) The adsorption behavior was confirmed by the application of Langmuir, Freundlich, Temkin and Elovich 

models to the experimental data. Temkin model gave the best agreement with the isotherm data obtained 
from the average relative error (ARE) . 

4) Design of batch adsorber system from isotherm data was constructed to be applied in field applications. 
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