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In the present study, the adsorption behavior of o-nitrophenol from aqueous medium, using nano iron 
oxide loaded calcium alginate beads were studied using equilibrium batch and column flow techniques. 
The effect of pH, adsorbent dose, contact time and temperature on adsorption capacity of the magnetic 
beads was investigated. The optimum pH value was defined to be 2 at temperature 30°C. The 
equilibrium data were fitted to Langmuir and Freundlich isotherm models. Batch adsorption data was 
better described by Freundlich isotherm model than Langmuir model. In column experiments the effect 
of the initial concentration, bed height and flow rate on o- nitrophenol adsorption were studied. The bed 
depth service time (BDST) model was used to analyze the experimental data. The sorption capacity per 
unit bed volume (N0) and rate constant (Ka) were calculated to be 578.4 mg/L and 1.18 L/mg/min, 
respectively. The characterization of the prepared magnetic beads has been accomplished by Fourier 
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) measurements. 
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INTRODUCTION  
 
Industrial development is associated with the disposal of 
a large number of toxic pollutants that are difficult to 
degrade by natural means. Many industries discharge 
wastewater containing hazardous substances such as 
phenols, dyes and heavy metals. It is well known that the 
contamination of water from the industries provides many 
problems to human health. In our world, organic 
pollutants are still a problem for the environment and 
drinking water. A typical group of organic chemicals that 
are considered as both unwanted by-products as well as 
raw  material  in  several  industries is the phenol. Phenol 
 
 
 
*Corresponding author. E-mail: alkatiwari18@yahoo.co.in, 
alkatiwari18@gmail.com. Tel: 07415514000. Fax: 0788-
2324783. 

and its corresponding substituted compounds are 
important environmental pollutants because of their toxic 
effects towards life in the aquatic environment. 

There are many methods such as oxidation, ion 
exchange, electrochemical oxidation, reverse osmosis 
(Goncharuk et al., 2002) and photo-catalytic degradation, 
which have been used for the removal of phenol and its 
derivatives. 

Adsorption is a well established and powerful technique 
for the removal of organic pollutants from wastewater. 
Adsorption has been found to be superior choice than 
other techniques for water re-use because of low initial 
cost, simplicity of design, ease of operation and 
insensitivity to toxic substances (Juny et al., 2001). 
Nitrophenol compounds are common toxic, industrial and 
persistent pollutants. It is desirable to reduce their 
concentrations to less than 20 ppb. They are contained in 
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many industrial effluents such as those from oil refineries, 
plastics, textile, rubber processing plants and pesticide 
production (Yaneva and Koumanova, 2006). O-
nitrophenol is widely used in manufacturing fuel, 
vegetation protectant and drugs. This organic pollutant 
can enter our body through lungs and its toxicity lies in 
the chemical reaction with protein in the bioplasm of 
organism cell, producing insoluble protein and resulting in 
the loss of activity of the cell. It also could restrain 
microorganism growth, thereby decreasing the self 
purifying ability of water. Therefore, this compound must 
be removed from drinking water. 

A number of adsorption materials have been studied for 
their capacity to remove pollutants including ion 
exchange resins, bentonite (Banat et al., 2000), silica gel, 
activated carbon (Roostaei and Tezel, 2004) etc. Some 
of these materials such as ion exchange resins are quite 
effective but expensive and others like coal and straw are 
inexpensive but not very effective. Activated carbon is the 
most widely used adsorbent with high adsorption capacity 
for organic compounds, but its use is usually limited due 
to its high cost. 

The most widely studied polysaccharide based 
biosorbents are alginate, gelatin, chitosan, and starch. 
Alginate is a natural high molecular weight biopolymer, 
extracted mainly from brown seaweed (algae) (Pandey et 
al., 2007). It is a linear polysaccharide of (1-4)-linked α – 
L guluronate (G) and β - D mannuronate (M) residues 
arranged in a non-regular, block-wise pattern along the 
linear chain (Zouboulis and Katsoyiannis, 2002). Gelation 
of alginate is possible by interaction of carboxylate 
groups with divalent ions. Calcium cations are commonly 
used to cross-link sodium alginate (Pathak and Se-Jony, 
2009). Alginates are very much important, due to their 
biodegradability, immunogenicity and ability to form gel 
with a variety of cross- linking agents. 

The use of metal nanoparticles for environmental 
remediation is a relatively new area of research in which, 
only limited progress has happened so for (Zhany, 2003). 
Magnetic separation technique using magnetic polymeric 
particles is a quick and easy method for sensitive and 
reliable capture of inorganic or organic pollutants. The 
magnetic sorbents behave similar or even better than 
various commercial adsorbents (Ngah et al., 2006). 
Nanoscale particles are promising in this area because of 
their unique properties such as small particle sizes, large 
surface to volume ratio. After the usage, the magnetic 
sorbent can be easily separated from the solution by 
simple magnetic force. In this study, iron oxides have 
been found to be successfully used as composite 
materials with host materials in fabricating magnetic 
sorbent (Oliveira et al., 2003, 2004; Chang and Cheng, 
2006). 

The aim this study is to prepare nano iron oxide loaded 
calcium alginate beads to determine the adsorption 
capacity  of  o-nitrophenol  from  aqueous solution under 

 
 
 
 
batch equilibrium and column flow experimental 
conditions and to study the effect of various experimental 
parameters such as aqueous phase pH, adsorbent dose, 
contact time and initial adsorbate concentration on 
uptake capacity, predict the kinetic and  isotherm models, 
deduce the adsorption mechanism and accumulate data 
for their potential industrial application. The characteriza-
tions of prepared magnetic beads were carried out by 
Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscopy (SEM) and X-ray diffraction (XRD) 
measurements. The important column design parameters 
such as flow rate of fluid, bed height and initial 
concentration of o- nitrophenol solutions have been 
investigated. The breakthrough curves for the adsorption 
of o-nitrophenol were analyzed using bed depth service 
time (BDST) model. 
 
 
MATERIALS AND METHODS 
 
O-nitro phenol and alginate were obtained from Loba- Chemie 
Mumbai, India and used as received. Other chemicals such as 
ferrous chloride, ferric chloride and calcium chloride (cross linking 
agent for alginate) (Molychem, Mumbai, India) were used of AR 
grade. Double distilled water was used throughout the experiments. 
 
 
Preparation of magnetic particles 
 
To prepare the nano particles of iron oxide, to the mixture of ferrous 
chloride and ferric chloride (0.5 M) 25% ammonia solution was 
added at 80°C followed by the addition of concentrated ammonia 
solution drop wise under drastic stirring. After 15 min, black 
magnetic particles dispersed in liquid, which were then separated 
by an external magnetic field, washed several times with double 
distilled water and finally stored as a stock solution by adding 50 ml 
distilled water for the subsequent experiments (Chen and Wang, 
2007). 
 
 
Preparation of magnetic beads 

 
The sodium alginate gel was prepared by dissolving 1 g sodium 
alginate in double distilled water and was mixed with magnetic 
particle solution in 1:1 ratio. This blended gel was stirred for a 
period of 30 min for homogeneity and kept aside for 30 min to 
obtain a bubble free solution. Spherical shaped beads were then 
prepared by drop- wise addition of this mixture into a 0.05 M CaCl2 

solution with constant stirring. The beads so produced were allowed 
to harden by leaving them in solution for 24 h and thereafter filtered 
and washed with double distilled water to remove excess calcium. A 
photograph of dry and swollen magnetic beads is shown in Figure 
1. 
 
 
Adsorption experiments 
 

The adsorption of o-nitrophenol was carried out by the batch 
contact method and column flow method. In batch method, the 
swollen magnetic beads (0.1 g) were added to a 10 ml known 
solution of o-nitro phenol of 0.2 mg/ml concentrations at constant 
pH 2 and temperature 30°C. The suspension was shaken in a wrist 
action shaking machine for 4 h, which was found to be a sufficient



 

 
 
 
 

 
 
Figure 1. A Photograph showing (A) dry, (B) swollen magnetic 
beads. 

 
 
 
time to attain equilibrium adsorption. After shaking, the suspension 
was filtered through whatman filter paper and the concentration of 
o-nitrophenol was determined by measuring absorbance using 
UV/Visible spectrophotometer at 273 nm. The amount of o-
nitrophenol was calculated by the following mass balance equation. 
 

                                                  
Adsorbed amount (mg/g) =                            
                                                        

                                                  (Ci – Cf)V 
Adsorbed amount (mg/g) =                            
                                                        m      

             

                       (1) 
 
where Ci and Cf being the initial and final concentrations (mg/ml) of 
o-nitrophenol solution respectively, V being the volume of 
adsorbate and m is the weight of swollen beads taken as 
adsorbent. 
 
 
Desorption 
 
In order to desorb magnetic adsorbent the beads loaded with o-
nitrophenol were exposed to 2 ml of 0.1 N HCl for 15 min, filtered 
and washed with double distilled water. The beads were then again 
exposed to HCl to strip any remaining o-nitrophenol and then used 
again. 
 
 
Column adsorption experiments 

 
Column flow adsorption experiments were conducted in a glass 
column of about 1.0 cm internal diameter and 25 cm length. The 
column was filled with a known weight of the adsorbent by tapping 
so that the column was filled without gaps. The inlet solution of 
known concentration of o-nitrophenol was allowed to pass through 
the bed at constant flow rate, 1 ml/min

 
in down flow manner. The 

complete cycle of operation of each column experiment includes 
three steps: pH precondition of the adsorbate solution, solution flow 
and adsorption of solute until column exhaustion occurs. The outlet 
solution was collected at different time intervals and the 
concentration of adsorbate in the outlet solution was determined by 
UV- Visible spectrophotometer. The column experiments were 
carried out to study the effects of process parameters on adsorption 
of o-nitrophenol. 
 
 
Modeling and analysis of column data 

 
The performance of a fixed- bed column has been described 
through   the   concept  of  the  breakthrough  curve.  The  time   for 
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breakthrough appearance and the shape of the breakthrough curve 
are very important characteristics for determining the operation and 
the dynamic response of an adsorption column because they 
directly affect the feasibility and economics of the sorption 
phenomena. Experimental determination of these parameters is 
dependent on column operating conditions such as feed inlet 
concentration and flow rate. The breakthrough curve is usually 
expressed in terms of adsorbed o-nitrophenol concentration (C) or 
normalized concentration which is defined as the ratio between the 
adsorbate concentration in the liquid at the outlet and inlet of the 
column (C/C0), in a function of time or volume of the inlet, for a bed 
depth fixed (Aksu and Gonen, 2004). The volume of the outlet, Veff 
can be calculated through the following equation. 
  
Veff      =      Qttotal        

 
                                                                 (2) 

 
where ttotal is the total time in minutes, Q is the flow rate which 
circulated through the column in ml/min. 
The total amount of o- nitrophenol passed through the column in 

mg, can be calculated from the following Equation (3). 
 

     mtotal   =   C0Qttotal/1000                                                                         (3) 
 
The total (%) of o-nitrophenol removal can be calculated from the 
ratio of o- nitrophenol adsorbed (qtotal) to the total amount of o-
nitrophenol sent to the column (mtotal) as: 
 
                  qtotal 
% R   =                   × 100                         
                  mtotal 

                  

                                                   (4) 
 
The amount of o-nitrophenol adsorbed at equilibrium or adsorption 
capacity qeq (mg of adsorbed o-nitrophenol/g of adsorbent) can be 
determined using the following equation. 
 

                   qtotal 
   qeq =                                                   
                      X                                                                         (5) 

 
where X is the mass of adsorbent in g. 

The time at which the break point is attained is called 
breakthrough time (tb) and the portion of the influent concentration 
curve as a function of time is called breakthrough curve. The time at 
which o-nitrophenol concentration in the influent exceeded 99% of 
the inlet concentration is called bed exhaustion time (te). 

The mass transfer zone (∆t) is given by: 
 

     t =  te - tb                                                                                     (6) 

 
 
FTIR Spectra 

 
The FTIR spectra of magnetic beads of nano iron oxide and 
alginate (before adsorption and after adsorption) were recorded on 
a Perkin- Elmer spectrophotometer [CDRI. Lucknow]. 
 
 
SEM analysis 

 
To examine the morphological characteristics of the magnetic 
beads before and after adsorption, samples were viewed using a 
scanning electron microscope (IUC, DAE, Indore). 
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Figure 2. FTIR Spectra of (a) magnetic beads and (b) o-nitrophenol adsorbed 
magnetic beads. 

 
 
 

         

(a) (b) 

 
 
Figure 3. SEM image of bare (a) magnetic beads and (b) SEM image of magnetic 

beads after adsorption. 
 
 
 
XRD analysis 

 
The crystalline nature of the bare alginate beads and iron oxide 
loaded alginate beads was studied on a rotating X- ray 
diffractometer (IUC, DAE, Indore). 

 
 

RESULTS 
 

The FTIR spectra of bare beads and o-nitrophenol loaded 

magnetic alginate beads are illustrated in Figure 2a and 
b. In the FTIR spectra the major bands were obtained at 
3418, 1607, 1421 and 500 to 700 cm

-1
. 

The SEM micrographs of the nano iron- oxide loaded 
alginate beads are shown in Figure 3a and b 
respectively. 

The XRD patterns of the prepared alginate beads and 
iron oxide loaded alginate beads are shown in the Figure 
4a and b, respectively. The crystallinity of iron oxide
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Figure 4. XRD Pattern of (a) alginate beads and (b) nano iron oxide 
loaded alginate beads. 
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Figure 5. Langmuir adsorption isotherm drawn between 
adsorbed amount of o- nitrophenol and equilibrium 
concentration of o-nitrophenol solution showing the adsorption 
of o-nitrophenol onto magnetic beads of iron oxide and alginate 
= 0.1 g, pH = 2, temp. = 30°C. 

 
 
 

loaded alginate beads were determined by degree of 
crystallinity. The numerical formula used to calculate the 
percent crystallinity of alginate and iron oxide loaded 
alginate beads are shown in the following equation: 
 

 Xc (%) =  (Ac/Aa+Ac)  × 100    
                                     (7) 

 

where Ac and Aa are the area of crystalline and 
amorphous phases, respectively (Gupta and Bajpai, 
2010). 

The batch experiment was performed at different pH 
levels,  that  is,  2.0 to 9.0 and the highest adsorption was 
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Figure 6. Variation in the adsorption amount of o-nitrophenol 
with time for fixed amount of magnetic beads = 0.1g, pH = 2, 
temp. = 30°C. 

 
 
 

obtained at pH 5 Figure 5. 
The adsorption experiment was also conducted taking 

different adsorbent dosage (0.1 to 0.5 g) which was found 
to be 96% removal with 0.1 g Figure 6. 

In order to understand the adsorbent-adsorbate 
interaction, adsorption experiments with different o-
nitrophenol concentrations in the range (0.012 to 0.3 
mg/ml) were carried out and it was found that with the 
increase of o-nitrophenol concentration, the amount of 
adsorption also increases. 

The adsorption experiments were performed at 
different  temperatures  from  (10  to  50°C).  It  has  been 
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Figure 7. The effect of initial pH on the adsorption of o-
nitrophenol onto magnetic beads = 0.1, temp. = 300°C, 
time = 180 min, o-nitrophenol solution 10 ml of initial 
conc. 200 mg/L. 
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Figure 8. The effect of adsorbent dose on the adsorption of o-
nitrophenol, pH = 2, temp. = 30°C, time = 180 min, o-nirtophenol 
solution 10 ml of initial conc. 200 mg/L. 

 
 
 
observed that the adsorption of o-nitrophenol increases 
from 10 to 30°C, while beyond 30°C a sudden fall in 
adsorption is noticed as shown in Figure 7. 

The chemical composition of beads has a significant 
effect on the adsorption of o-nitrophenol because upon 
variation in the amount of polymer components in the 
adsorbent beads, the number and nature of active sites 
will be largely affected which in turn influence the 
adsorption process. In the case of iron oxide nano 
particles, the amount was varied in the range from 0.05 to 
0.2 ml. The results are shown in Figure 8. 
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Figure 9. The effect of temperature on the adsorption of o-
nitrophenol, magnetic beads = 0.1 g, pH = 2, time = 180 min, o- 
nitrophenol solution 10 ml of initial conc. 200 mg/L. 

 
 
 

Adsorption of o-nitrophenol is dependent on the 
quantity of adsorbent in the column. Breakthrough 
experiments were conducted at constant influent 
concentration of 0.2 mg/ml, flow rate of 1 ml/min and 
various bed heights of 2.5, 5 and 10 cm and 
breakthrough curves were plotted between ratio of final 
(outlet) and initial influent concentration (C/C0) and time 
(min) as shown in Figure 9. 

Solution flow rate is an important parameter, which also 
influences the overall performance and design of the 
adsorption column, as the contact time between the 
adsorbate and adsorbent gets affected with change in 
flow rate, and in turn it affects the mass transfer 
parameters and column capacity. It was studied at 
constant influent concentration of 0.2 mg/ml and bed 
height of 10 cm by varying flow rate from 1 to 5 ml/min. 
Breakthrough curves are shown in Figure 10. 

The effect of concentration on breakthrough curves has 
been depicted in Figure 11. A high concentration 
difference provides the high driving force for the 
adsorption process and this may explain why higher 
adsorption capacities were achieved in the column fed 
with higher o-nitrophenol concentration than that with a 
lower concentration. It is clear that adsorbent gets 
saturated early at high concentration (0.2 mg/ml) 
compared to low concentration (0.05 mg/ml). 
 
 
DISCUSSION 
 
FTIR Spectra 
 

According  to  Shem  and  Xu (2006), the band near 3418 



 

 
 
 
 

 
 
Figure 10. The effect of magnetic nanoparticles on the 
adsorption of o-nitrophenol, magnetic beads = 0.1 g, pH = 
2, temp. = 30°C, time = 180 min, o-nitrophenol solution 10 
ml of initial conc. 200 mg/L. 

 
 
 

 
 
Figure 11. The effect of bed height on breakthrough curve 
at temp. = 30°C, pH = 2, bed height of magnetic beads = 
2.5, 5 and 10 cm and flow rate = 1 ml/min and o-
nitriphenol solution of initial conc. 200 mg/L. 

 
 
 
cm

-1
 is due to –OH stretching. The band around 1607 cm

-

1 
is assigned to the strong asymmetrical stretching 

vibration band (CO) in carboxyl group and the band near 
1421 cm

-1
 is weak symmetrical stretching vibration band 

(C-O) in carboxyl group. The band at 1085 cm
-1
 is due to 

the C-O stretching of ether group and the band at 1029 
cm

-1
 is attributed to the –C-O stretching of alcoholic 

group. There is an obvious absorption band at low 
frequency zone of 500 to 700 cm

-1
, which is assigned to 

the  stretching  vibration of the Fe-O bond in iron oxide. A 
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general explanation is that alginate is attached to iron 
oxide via the interaction between the carboxylic groups of 
alginate and the surface hydroxyl groups of iron oxide 
(Finotelli et al., 2004). By comparing the curves of 
magnetic beads before adsorption and after adsorption 
the following conclusions can be drawn. The –OH 
stretching band shifting from 3418 to 3422 cm

-1
 suggests 

the attachment of o-nitrophenol on the adsorbent surface. 
The shifting of CO stretching band to the higher 
frequency (from 1607 to 1741 cm

-1
), may result from low 

electron density induced by the sorption of o-nitrophenol 
onto the adjacent hydroxyl group. The C-O band shifting 
to the higher frequency (from 1421 to 1629 cm

-1
) can be 

attributed to the associations of the hydroxyl group with 
o-nitrophenol. A slight shift of Fe-O band from 563 to 571 
cm

-1
 displays that some of the o-nitrophenol molecules 

are adsorbed onto the nano iron oxide surface. 
 
 
SEM analysis 
 
SEM is one of the most widely used surface diagnostic 
tools. The SEM micrographs of the nano iron oxide 
loaded alginate beads and o-nitrophenol adsorbed beads 
are shown in Figure 3a and b respectively. There are 
clear gaps which indicate that the surface of sorbent is 
rough with abundant protuberance, which might be the 
magnetite agglomeration. Figure 3b of o-nitrophenol 
adsorbed nano iron oxide loaded polymeric beads 
reveals the progressive changes and the presence of 
new uneven bulky particles over the surface which are 
absent before loading o-nitrophenol. Many pores are also 
present on the surface of adsorbent beads, which favor 
the adsorption of o-nitrophenol. 
 
 
XRD analysis 
 
In the XRD nature of alginate beads amorphous nature of 
alginate could not be observed due to the multivalent 
cations that is, Crosslinker, hence Figure 4a of cross 
linked alginate beads show low crystallinity and in Figure 
4b the appearance of new sharp peak at (12.5) suggests 
the impregnation of iron oxide into alginate beads. The 
present crystallinity of iron oxide loaded alginate beads 
was calculated to be approximately (26.44%). 
 
 
Adsorption isotherms 
 
Adsorption isotherms are essential for the description of 
interaction of solutes with adsorbents, and are critical in 
optimizing the use of adsorbents. The equilibrium 
adsorption isotherms are one of the most important data 
to understand sorption mechanism. Several isotherm 
equations   are  available  and  two  important   isotherms 
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Table 1. Static and kinetic parameters for adsorption of o-
nitrophenol onto magnetic beads of iron oxide and alginate. 
 

Parameter                                       Value 

Adsorption coefficient, K (g
-1

 dm
3
) 65.7 

Adsorption capacity, as (mg g
-1
) 2.924 

Rate constant for adsorption, k1 (S
-1

) 3.33×10
-1

 

Rate constant for desorption, k2 (dm
-3
 S

-1
) 1.13×10

-1
 

Predicted  sorption, Kf (mg g
-1
) 1.720 

Freundlich constant, n  1.152 

Separation factor, RL 0.829-0.048 

Kad (mg g
-1

) 1.006 

Kp (mg g S-
1/2

) 1.781 

β 1.003 

A 0.555 

 
 
 
selected for this study are the Langmuir and Freundlich 
models for the evaluation of experimental results. 
 
 
Langmuir isotherm 
 
The Langmuir isotherm is valid for monolayer adsorption 
on a surface containing a finite number of identical sites. 
The model assumes uniform adsorption on the surface 
and no transmigration on the plane of the surface. The 
linear form of the langmuir isotherm can be represented 
by the following equation. 
 

                Ce                   1              Ce  

                                    =                    K +                                                       

                         a             as                      as                                                                                         (8) 
 
where Ce (mg/L) is the equilibrium concentration of the 
adsorbate, a (mg/g) is the amount of adsorbate adsorbed 
per unit mass of adsorbent. In the present study, a plot of 
Ce (equilibrium concentration) versus a (adsorbed 
amount of o-nitrophenol) resulted in a linear graphical 
relation indicating the application of the previous model. 
The values of Langmuir isotherm constants are given in 
Table 1. It has been found that the removal of o-
nitrophenol increases with the increase in concentration 
of (0.012 to 0.3 mg/ml) and ultimately decreases showing 
the saturation in the adsorbed amount. The results are 
shown in Figure 12. The langmuir isotherm can be 
expressed by a separation factor (RL), which is given by 
the Equation (9). 
 

       

 
                              
RL    
                          
 

                              
=                                                 

                          

                              1 
=                                                 

                          1+ K C0                                                             (9) 
 
where  C0  is  the initial o-nitrophenol concentration and K 

 
 
 
 

 

Time (min)  
 
Figure 12. The effect of flow rate on breakthrough curve at 
temperature = 30°C, pH = 2, flow rate = 1, 2 and 5 ml/min, 
bed height = 10 cm and o-nitrophenol of initial conc. 200 
mg/L. 

 
 
 
is the langmuir constant. 

The RL value of in all the systems studied was observ-
ed between 0 and 1, indicating favorable adsorption of o- 
nitrophenol onto magnetic alginate beads. 
 
 
Freundlich isotherm 
 
The freundlich adsorption isotherm model is based on 
multilayer adsorption. The linear form of the freundlich 
isotherm model is given by the following relation 
(Rengaraj et al., 2002; Banat et al., 2000; Aksu and 
Yener, 2001; Khalid et al., 2000). 

 

a =   Kf  Ce 
1/n 

or     log a = Kf + (1/n) log Ce                                                 (10) 

 
where a is the adsorbed amount of o-introphenol at 
equilibrium (mg/g), Ce  is the equilibrium concentration of 
the adsorbate (mg/ml) and Kf and 1/n are the freundlich 
constants related to adsorption capacity and adsorption 
intensity respectively of the adsorbent. The higher value 
of kf, shows easy uptake of o-nitrophenol from aqueous 
solution. 1/n is the measure of the nature and strength of 
the adsorption process and the distribution of active sites. 
If (1/n) < 1, the bond energies increase with the surface 
density, if (1/n)>1, the bond energies decrease with the 
surface density and when n = 0 all surface sites are 
equivalent. Alternatively, it has been shown using 
mathematical  calculation  that  value  of n between 1 and  



 

 
 
 
 

 
 
Figure 13. The effect of inlet adsorbate concentration on 
breakthrough curve at temp. = 30°C, pH = 2, initial 
concentration = 50, 100 and 200 mg/L, bed height = 10 cm 
and flow rate = 1 ml/min. 

 
 
 
10, represent beneficial adsorption. The values of 
freundlich constants are given in Table 1. 

The higher regression values showed that the equili-
brium data for o-nitrophenol fitted well to both Langmuir 
and Freundlich isotherms in the studied concentration 
ranges. Based on the correlation coefficients (R

2
), the 

equilibrium data was slightly better fitted in the freundlich 
isotherm than the Langmuir isotherm. 
 
 
Modified freundlich isotherm 
 
Freundlich isotherm may be reduced to the modified 
freundlich isotherm as given: 
 

                        a                                       A                                                
             log            =   β log Ce + log                        
                     (as – a)                                                  as                                                                                                     (11) 

 
where β and A are empirical constants which can be 
determined through linear regression analysis. The 
values of β and A were calculated and are given in Table 
1. 
 
 
Adsorption kinetics 
 
In the adsorption system contact time plays a vital role, 
irrespective  of  the  other  experimental  parameters  that 
affect the adsorption kinetics. The effect  of  contact  time 
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on the removal of o-nitrophenol is presented in Figure 13. 
It was found that the removal of o-nitrophenol increases 
with the increase in contact time to some extent, then 
reaches up to the maximum value and then decreases, 
which may be due to the desorption process. The relative 
increase in the extent of removal of o-nitrophenol after 4 
h is negligible and hence it is fixed as the optimum 
contact time. The kinetics parameter, which is helpful for 
the prediction of adsorption rate, gives important 
information for designing and modeling the process. The 
kinetics scheme is given as follows: 
 

                 1                 t                1                                                
                      =   k1

                      +                                
                 C               C0             C0                                       (12) 

 
where C and Co being the concentrations of o-nitrophenol 
at any time t and at zero time respectively (that is, initial 
concentration) and k1 is the rate constant for adsorption. 
The value of k1 was calculated, as summarized in Table 
1. Once as and k1 are the known, the value of k2 (rate 
constant for desorption) may also be calculated, which is 
given in Table 1. 

The lagergreen model assumes a first-order kinetics 
rate based on surface reaction (Mondal and Lalvani, 
2000). It was found that the model represented the 
experimental data reasonably well as could be confirmed 
from the R

2
 values. The lagergreen rate equation is given 

as: 
 

Log (as – a) = log as – (Kad/2.303) t                                     (13) 
 
where kad is the lagergreen rate constant for adsorption, 
given in Table 1. 
 
 
Intraparticle diffusion  
 
In adsorption study it is necessary to determine the rate 
limiting step. Hence, the results obtained from the 
previous experiment were used in the adsorption 
process. The rate constant for intraparitcle diffusion (kp) 
is calculated by the following equation: 
  
a =   kp.t1/2                                                                           

 
                                                             (14) 

 

where a is the amount of o-nitrophenol adsorbed (mg/g) 
at time (t) and kp (mg/g min

0.5
) is the rate constant for 

intraparticle diffusion. Value of kp was calculated as 
shown in Table 1. The kp value was obtained from the 
slope of the linear portion of the curve. The initial curve 
portion is attributed to the boundary layer diffusion, while 
the linear portion is responsible for the intraparticle 
diffusion.
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Table 2. Results of breakthrough curve at different bed height for adsorption of o-nitrophenol on magnetic beads. 
 

Bed height 

(cm) 

Flow rate 

(ml/min) 

t  

Total (min) 

m  

Total (mg) 

q 

Total (mg) 

Total 

removal (%) 

qeq 

 (mg/g) 

2.5  1 50 11.25 5.25 46.6 3.5 

5  1 60 13.5 6 44.4 2 

10  1 70 15.75 9.8 62.2 1.63 

 
 
 
Effect of pH 
 

The pH value is an important parameter in adsorption 
taking place on the surface of adsorbent. The o-
nitrophenol is an ionized organic pollutant which makes 
much difference in sorption ability of adsorbent beads. 
Unionized molecule is more easily adsorbed on the 
surface of polymeric beads, as it has higher hydropho-
bicity than ionized molecule. Acidity of medium can affect 
its sorption behavior through altering its existing form. At 
more acidic pH values, the adsorbent surface is positively 
charged, while at pH values above 6.5, it is negatively 
charged. Therefore, the pH value will have a significant 
effect on the adsorption desorption properties at the 
adsorbent surface. 
 
 
Effect of adsorbent dosage 
 
Increase in the amount of adsorbent, the site for o-
nitrophenol adsorption increases. The maximum removal 
of o-nitrophenol (96%) from the aqueous solution could 
be achieved at 0.1 g adsorbent dose, which on further 
increase in adsorbent dose, the concentration of o-
nitrophenol in the solution did not show any marked 
variation. 
 
 

Effect of initial concentration 
 

The increase of o-nitrophenol concentration, the amount 
of adsorption also increases. It means that the adsorption 
is highly dependent on the initial concentration of 
adsorbate. This is because at lower concentration, the 
ratio of the initial number of o-nitrophenol molecules to 
the available surface area is low; subsequently the 
fractional adsorption becomes independent on the initial 
concentration. However, at higher concentrations the 
available sites for adsorption becomes fewer and hence, 
the percentage removal of o-nitrophenol is noticed to be 
dependent upon the initial concentration. 
 
 

Effect of temperature 
 
The observed increase in adsorption may be attributed to 

the fact that by increasing temperature, greater number 
of active sites may be generated on the magnetic beads 
because of enhanced rates of protonation / deprotonation 
of functional groups on beads. This will clearly bring 
about an increase in the adsorption of o-nitrophenol. The 
increased adsorption at higher temperatures also sug-
gests for the possibility of formation of some co- ordinate 
type of bonds between o-nitrophenol and electron rich 
donor atoms of adsorbent beads. The observed decrease 
in the adsorption at much higher temperature could be 
attributed to the weaking of the binding forces between o-
nitrophenol and active sites on the magnetic beads. 
 
 
Effect of beads composition 
 
The adsorption of o-nitrophenol increases with the 
increase in nano iron oxide concentration up to 0.1 ml 
and then further increase in iron concentration results a 
decrease in the adsorption. The increased adsorption in 
initial range (0.05 to 0.1 ml) may be due to the increase in 
the number of active sites on beads while beyond 0.1 ml 
nano iron concentration the decrease in adsorption was 
observed which may be due to the reason that at higher 
concentration, beads become morphologically compact 
and consequently the diffusion of o-nitrophenol may be 
hindered. 
 
 
Effect of bed height 
 
The results indicate that the breakthrough time increases 
with increasing bed height, due to the availability of more 
number of binding sites (that is, the total surface area 
increases) (Zulfadhly et al., 2011; Vijayaraghavan et al., 
2004). The o-nitrophenol adsorption capacity was also 
increased with bed height and was found to be maximum 
at 10 cm, which was selected as the optimized bed height 
for further experiments. The results showing the effects of 
bed height on the adsorption capacity of o-nitrophenol 
are shown in Table 2. In the continuous flow method the 
probability of contact between the adsorbate and the 
adsorbent is less when compared to batch mode, which 
ultimately results in lesser equilibrium sorption capacity in 
column mode. 
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Table 3. Results of breakthrough curve at different flow rate for adsorption of o-nitrophenol on magnetic beads. 
 

Bed height 

(cm) 

Flow rate 

(ml/min) 

t 

Total (min) 

m 

Total (mg) 

q 

Total (mg) 

Total 

removal (%) 

qeq 

(mg/g) 

10 1 70 15.57 9.8 62.2 1.63 

10 2 42 18.9 10.08 53.3 1.8 

10 5 14 15.75 3.85 24.4 0.64 

 
 
 
Table 4. Results of breakthrough curve at different inlet adsorbate concentration for adsorption of o-nitrophenol on magnetic beads. 
 

O nitrophenol conc. 
(mg/ml) 

Bed height 

(cm) 

Flow rate 

(ml/min) 

t 

Total (min) 

m 

Total (mg) 

q 

Total (mg) 

Total 

removal (%) 

qeq 

(mg/g) 

0.05 10 1 85 2.75 1.5 54.5 0.25 

0.1 10 1 80 9.3 5.7 61.2 0.95 

0.2 10 1 70 15.75 9.8 62.2 1.63 

 
 
 

 
 
Figure 14. BDST model for o-nitrophenol adsorption by 
magnetic beads, flow rate = 1 ml/min, initial o-nitrophenol 
concentration 200 mg/L. 

 
 
Effect of flow rate 
 

Breakthrough curves indicating clearly that there is rapid 
uptake of o-nitrophenol in the initial stages and rate 
decreases thereafter and finally reaches saturation. The 
breakthrough time decreases when flow rate increase 
from 1 to 5 ml/min, and the breakthrough curve becomes 
flatter at higher flow rate. This is due to decreased 
contact time between the adsorbate and the adsorbent at 
higher flow rate. The effects of flow rate on the adsorption 
capacity of o-nitrophenol are shown in Table 3. The effect 
of flow rate is helpful for the large-scale treatment 
systems in order to utilize the bed for its maximum 
capacity with minimal flow rate (Aksu et al., 2007). 

Effect of concentration 
 
The breakthrough time decreased with increase in initial 
o-nitrophenol concentration. This is because the 
adsorbent near the top of the column comes into contact 
with o-nitrophenol before adsorbent near the bottom of 
the column is saturated. So at high concentrations the 
adsorbent becomes more quickly saturated, thereby 
decreasing the breakthrough time. The major effect is the 
increase in adsorption capacity with increasing o-
nitrophenol concentration as shown in Table 4. 
 
 
Modeling of column adsorption by the bed depth 
service time (BDST) model 
 
BDST is a simple model which states that bed height (Z) 
and service time (t) of a column bears a linear 
relationship. Service time is referring to the time utilized 
by the adsorption column to reach the breakthrough point 
with specific saturation percentage, and it was related to 
adsorption operating conditions: 
 

t = N0Z/C0Q - 1/KaC0 ln (C0/Ct - 1)                                      (15) 
 
where N0 is the sorption capacity of bed (mg/L), Q is flow 
rate (ml/min) and Ka is rate constant (L/mg/min). 

The plot of service time against bed height at a flow 
rate of 1ml/min as shown in Figure 14 was linear (R

2
 = 

0.964) indicating the validity of BDST model for the 
present system. N0 (the sorption capacity of the bed per 
unit bed volume) was calculated from the slope of BDST 
plot, assuming initial concentration (C0), and flow rate (Q) 
as constant during the column adsorption. The rate 
constant (Ka), calculated from the intercept of BDST plot,
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Table 5. Calculated constants of Bed-Depth Service Time equation for adsorption of o-nitrophenol on 
magnetic beads. 
 

Adsorbent N0 ka R
2
 

Iron oxide loaded alginate beads 578.4 1.18 0.964 
 
 
 

characterizes the rate of solute transfer from the fluid 
phase to the solid phase (Ko et al., 2000). 

The calculated N0 and Ka values were 578.4 mg/L and 
1.18 L/mg/min respectively. If the value of Ka is large then 
even a short bed will avoid breakthrough but if Ka, 
decreases a progressively longer bed is required to avoid 
breakthrough. It is shown in Table 5. 

Thus, the BDST model parameters can be useful to 
scale up the process for other flow rates without further 
experiment run. 
 
 
Conclusion 
 
In this study, nano iron oxide loaded calcium alginate 
beads were prepared to study the removal of o-
nitrophenol from aqueous solution by batch and column 
flow techniques. This study identified magnetic alginate 
beads as an appropriate adsorbent to be utilized for 
continuous removal of o-nitrophenol from aqueous 
solution. The FTIR analysis confirmed that o-nitrophenol 
can be adsorbed onto the surface of magnetic beads 
through carboxyl and hydroxyl functional groups. The 
SEM image reveals the rough and heterogeneous, 
relatively spherical shape and narrow size distribution of 
the iron oxide in alginate. In the XRD studies, percentage 
(%) crystallinity results indicate the amorphous nature of 
alginate beads and crystalline nature of iron oxide loaded 
alginate beads. The pH studies indicate that the optimum 
o-nitrophenol sorption can be achieved at pH 2 and the 
maximum removal (96%) was obtained in 4 h. A series of 
column experiments revealed that the continuous 
adsorption system represented by the breakthrough 
curves was dependent on the initial o-nitrophenol 
concentration, bed height and the solution flow rate. The 
BDST model constants were determined and proposed 
for the use in column design. Consequently, the 
experimental results suggest that, as a kind of potential 
adsorbent, the nano iron oxide loaded alginate beads can 
be used for efficient removal of o-nitrophenol from 
wastewater using the technology of magnetic separation. 
Higher adsorption capacity was obtained in batch 
experiments than in column experiments. 
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