
  
Abstract— Polypyrrole-magnetite (PPy-Fe3O4) nanocomposite 
(NC) was synthesized, characterized and tested for its ability to 
remove hexavalent Cr (VI) from aqueous solution. X-ray diffraction 
(XRD) analysis showed crystalline structure in the NC while 
magnetic measurements revealed super-paramagnetic properties. 
Batch adsorption kinetic studies indicated a strong influence of 
quantity of Fe3O4 and initial Cr (VI) concentration to the sorption 
capacity. Kinetic data fitted well to pseudo-second order kinetic 
model suggesting a chemisorption process. Finally, both intra-particle 
and film diffusion mechanisms controlled the adsorption process. 
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I. INTRODUCTION 

The increasing contamination of industrial and urban 
wastewater by toxic heavy metals is a worrying environmental 
and public health problem. One of the toxic heavy metals is 
chromium which is found in industrial effluents from 
electroplating facilities, electrolytic refining plants, acid mine 
plants, tanneries and textile plants among others [1][2]. 
Chromium primarily exists in trivalent Cr (III) and hexavalent 
forms Cr (VI) in the aquatic environment. The public is more 
concerned about Cr (VI) because its toxicity is 100 times 
higher than Cr (III), and it can seriously damage people’s 
health due to its teratogenicity, mutagenicity, and 
carcinogenicity in biological systems. The proposed limit of 
Cr (VI) in surface discharge and drinking water by the US 
EPA is 0.10 mg/L and 0.05 mg/L, respectively [3]. Therefore, 
Cr (VI) must be removed and recovered from polluted waste 
streams so as to comply with the tight environmental quality 
regulations [4]. 

The most commonly used methods for removal of Cr (VI) 
from aqueous solutions include precipitation, ion-exchange, 
reverse osmosis and electrocoagulation and adsorption [5]. 
Among these technologies, adsorption stands out as a 
technically feasible, simple, socially acceptable, fast, and 
economically viable method which does not generate 
secondary waste [6]. However, the success of an adsorption 
process depends very strongly on the quality of adsorbent. 
This has led to design and development of nanostructured 
adsorbents which offer large surface area to volume ratio, fast 
kinetics and high adsorption capacity [7]. A major problem 
with nanostructured sorbents is their separation from aqueous 
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environment because their small size limits their applications 
in filtration and fixed bed mechanisms where high pressure 
drops are often developed. 

Recently, magnetic nanoadsorbents have emerged 
strongly as candidates materials that could provide permanent 
solutions to solid-liquid separation processes. This is because 
after adsorption, they can be retrieved from aqueous media by 
external magnetic field. The commonly used magnetic 
nanoparticles are magnetite (Fe3O4) because of their 
simplicity in preparation and they possess super-paramagnetic 
properties. However, naked Fe3O4 NPs are prone to air 
oxidation and easily aggregate in solution hence their 
stabilization by surface modification is important [8]. 
Therefore, use of polypyrrole (PPy) to encapsulate Fe3O4 NPs 
would overcome these challenges materials because PPy and 
its derivatives has been widely used for extraction of various 
types of compounds. The encapsulation of Fe3O4 NPs creates 
an adsorbent with improved dispersion properties, and one 
that can be separated magnetically thus it can be applied 
selectively in adsorbing certain kinds of compounds from 
different matrices. 

In this study, we synthesized and characterized three 
grades of PPy-Fe3O4 NCs as a scavengers for mobile and 
toxic Cr (VI) using our previously reported method [9]. The 
sorption capacities of the NCs were explored through batch 
adsorption kinetic experiments for different initial Cr (VI) 
concentration. Thereafter, sorption kinetic data was fitted to 
existing kinetic models to extract important parameters that 
would aid in designing an adsorption system. 

II. MATERIALS AND METHODS 
2.1 Materials: Pyrrole (Py) monomer (98%), anhydrous 
ferric chloride (FeCl3) and potassium dichromate (K2Cr2O7) 
were purchased from Merck (Pty) Ltd (South Africa) while 1, 
5-diphenylcarbazide were supplied by Sigma-Aldrich 
(Germany). All other chemicals were of analytical reagent 
(AR) grade and were used as received. 
 
2.2  Preparation of the adsorption media: Magnetite (Fe3O4) 
nanoparticles were prepared through standard co-precipitation 
method [8] while PPy-Fe3O4 NCs with 40.3%, 50.4% and 
58.5% Fe3O4 loadings were synthesized using our previous 
method [9]. 
2.3 Characterization: The crystalline structure for the three 
grades of PPy-Fe3O4 nanocomposite was analyzed using X-ray 
diffraction (XRD) scans performed on specimens using 
Panalytical X’pert PRO diffractometer 3060/60 with Cu Kα  
(λ=0.154 nm) monochromated radiation source with variable 
slits operated at 45 kV/40 mA. Magnetic measurements were 
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done at room temperature (300 K) with superconducting 
quantum interference devices (SQUIDs with applied field in 
the range of -2T to 2T. 
2.4 Sorption dynamic studies. Adsorption kinetics 
experiments were conducted in the continuously stirred tank 
reactor (CSTR) under varied conditions. In short, 4 g of each 
of 40.3 %, 50.4 % and 58.5% NCs were dispersed in 5 litres 
containing 100 mg/L Cr (VI) aqueous solution at room 
temperature. The solutions pH was adjusted to 2 (optimised 
elsewhere [9]) using 0.1 M HCl or 0.1 M NaOH while stirring 
the solution at 300 rpm. Samples (5 mL) were collected at 
predetermined time intervals for a period of 6 hours. Analysis 
of residual Cr (VI) ions in the collected samples was done 
with UV-Vis spectrophotometer (1800-Shimadzu, Japan) at 
wavelength of 542 nm using the standard diphenylcarbazide 
method [10]. Finally, Cr (VI) removal percentage was 
computed according to (1) below. 

(1) 
where  and  are initial and time, t, concentrations (mg/L) 
of Cr (VI) ions, respectively. Experiments were repeated using 
50 and 150 mg/L of Cr (VI) ions. 

III. RESULTS AND DISCUSION 

3.1 Characterization 
3.1.1 X-ray Diffraction Analysis. Fig. 2 shows the XRD 
measurements obtained for 40.3 %, 50.4 % (before and after 
adsorption) and 58.5 % PPy-Fe3O4 NCs.  Six characteristic 
peaks are observed at 2 theta 30.13, 35.49, 43.13, 53.55, 
62.63, and 57.03, which is attributed to (220), (311), (400), 
(422), (440), and (511) planes of Fe3O4. The low intensities 
and background noise observed are caused by the amorphous 
polypyrrole shell [11].These observations demonstrate that all 
the as-prepared PPy-Fe3O4 nanocomposites display crystalline 
magnetite structure [12]. 

 
Fig. 1 X-ray diffraction (XRD) characterization of PPy-Fe3O4 
nanocomposites (a) 40.3%, (b) and (c) is 50.4% (before and after adsorption) 
and (d) 58.5% 
 
3.1.2 Magnetic Measurements. Figure 4 shows magnetization, 
M vs applied field, T plot obtained for 50.4% PPy-Fe3O4 NC 

as an example. The magnetizations saturation  obtained is 
30.20 emu/g which is low compared to that of bulk Fe3O4 

nanoparticles ( = 84 emu/g). The absence of hysteresis 
loops, remanance magnetism and coercivity as observed 

confirms that the NCs is super-paramagnetic [13].  Therefore, 
the NCs meets the minimum criterion for successful magnetic 
separation of a material from a solution by use of conventional 

methods which requires a material to possess a  value 
higher than 16 emu/g [14]. 

 
Fig. 2 Magnetic measurements for 50.4% Fe3O4 loaded PPy-Fe3O4 NC. 

3.2 Adsorption dynamic studies 
3.2.1 Effect of Fe3O4 NPs loadings to Cr (VI) removal. Fig. 5 
shows time dependent % Cr (VI) removal for 40.3 %, 50.4 % 
and 58.5% PPy-Fe3O4 NCs. It is seen that 95% Cr (VI) 
removal which corresponds to an uptake of 119 mg/g was 
achieved with 50.4% NC, while 58.5% and 40.3% NCs 
scavenged 87% (109 mg/g) and 82% (103 mg/g), respectively. 
Moreover, a rapid adsorption process is observed initially 
which later reduces between 150-180 minutes as the system 
approaches equilibrium. Yen et al.[15] observed that 
increasing Fe3O4 NPs in the PPy matrices alters the NCs 
structure from spherical to tube-like. Therefore, this could be 
the reason as to why 58.5% NC gave low capacity Cr (VI). 

 
Fig. 3 Time depended % Cr (VI) removal for 40.3% 50.4%, and 58.5% PPy-
Fe3O4 NCs (100 mg/l of Cr (VI); Temp: 22oC; 300 rpm; Volume: 5 L and pH 
2) 

3.2.2 Sorption concentration dependence. The effect of initial 
concentration of Cr (VI) ions on adsorption efficiency using 
50.4% NC is illustrated in Fig. 7. The sorption rate is seen to 
increase with increase in initial Cr (VI) concentration and for 
50 mg/l, the saturation is reached after 30 minutes, while 
approximately 150 min was required for 100 and 150 mg/l. 
The sorption uptake increases from 63 to 144 mg/g as the 
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initial Cr (VI) concentration is increased from 50 to 150 mg/l, 
respectively. This phenomenon is attributed to the increase in 
rate of accumulation of Cr (VI) ions on PPy-Fe3O4  NCs 
which is a function concentration gradient (driving force) 
according to linear driving force law [3][9][16]. Also, the 
improved ratio of total active sites to the total Cr (VI) ions in 
solution which leads to full interactions of Cr (VI) ions with 
the active sites contributes to these observations. Thus the 
sorption capacities are significantly influenced by the initial 
Cr (VI) concentrations. 

 
Fig. 4 Time dependent Cr (VI) uptake on 50.4% PPy-Fe3O4 NCs for different 
initial concentrations (pH=2, 300 rpm, Volume = 5 liters) 

Kinetic data was evaluated using linear pseudo first-order 
kinetic model, pseudo second-order, and Elovich models as 
per               (2), (3) and (4). 

(2) 
 

(3) 
 

(4) 
where  and  represents the amount of Cr (VI) (mg/g) 
sorbed at time t and at equilibrium, respectively, and  is the 
pseudo first-order rate constant (min-1). Linear relationships 
were obtained by plotting   against from where 
the values of  and  were determined from the slope and 
intercept, respectively. Pseudo first-order assumes that the rate 
limiting step is physisorption which involves Van der Waal 
forces, hydrogen bonding and π-π interactions between the 
sorbate and the sorbent [17]  is the rate constant for pseudo 
second-order adsorption (g/mg/min). If the adsorption follows 
a second model then a plot of  versus t should yield a 
linear relationship and parameters can be extracted 
accordingly. Pseudo second-order assumes a chemisorption 
process which involves exchange or sharing of electrons 
between the sorbent and the sorbate takes place [18].  and  
is the initial adsorption rate (mg/g.min) and desorption 
constant (g/mg.min) for any one given experiment, 
respectively. Parameters were calculated from the plot of  
versus  accordingly. Elovich equation is used to describe 
chemisorption kinetics and it assumes that the sorbent surface 
is heterogeneous in nature [19][20]. 
Fig. 6 shows plots for pseudo-second order linear kinetic 
model predictions of the Cr (VI) sorption on 50.4% NC as an 

example. The correlation coefficient values, , obtained are 
close to unity (above 0.9900) and the rate constants  
decreased from 0.0071 to 0.0009 mg/g/min with increase in 
concentration. Furthermore, the calculated equilibrium 
sorption uptake,  which were 63, 119 and 144 mg/g, for 
linear pseudo second model closer to the experimental 
equilibrium uptake,  (63,122,147 mg/g) contrary to 
linear pseudo first-order and Elovich models ( see parameters 
in Table 1). These findings confirms that sorption of Cr (VI) 
on PPy-Fe3O4 NC is well described using linear pseudo 
second order model which assumes that the rate limiting step 
may be chemical adsorption involving valence forces through 
sharing or exchange of electrons between adsorbent surface 
and Cr (VI) [20]. 

 
Fig. 5 Linearised fits for pseudo second order kinetic model (100 mg/l of Cr 
(VI), 4 g of 50.4% PPy-Fe3O4 nanocomposite, 22oC, 300 rpm, 5 liters and pH 
2) 

The adsorption rate controlling step was investigated by intra-
particle diffusion model by Weber and Morris                                                      
(5) and film diffusion model (Boyd model) (6) [21] [22].  
 

                                                       (5) 
 

 where  is the amount of adsorption in mg/g at any time , 
 is the intra-particle diffusion rate constant (mg/g/min0.5) 

and  (mg/g) is a constant that represents the boundary layer 
thickness.  

(6) 
where   is the adsorption rate constant. The intra-particle 
exhibited a multi-linearity characteristic with two steps being 
involved in the whole adsorption process [23]. The first step 
represents external surface or instantaneous adsorption process 
followed by the equilibrium step. Film diffusion model (plots 
not shown) reveals the plots did not pass through the origin 
and that lower correlation coefficients were obtained. These 
findings confirms that the adsorption process is governed by 
both intra-particle diffusion and external surface sorption. A 
summary of calculated parameters is given in Table 1 below. 
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Fig. 6. The intra-particle diffusion model plot 

 
Table 1. Kinetic parameters for Cr (VI) sorption onto 50.4% PPy-
Fe3O4 nanocomposite. 

 

 

IV. CONCLUSIONS 
The as-synthesized PPy-Fe3O4 NCs were found to be super-
paramagnetic with crystalline structure and good adsorption 
capacities for Cr (VI). Sorption kinetic studies demonstrated that Cr 
(VI) removal highly depends on Fe3O4 NPs loadings in the NCs. 
Chemisorption mechanisms well described the adsorption process 
with kinetic data fitting well to pseudo-second-order kinetic model. 
Consequently, adsorption is governed by both intra-particle and film 
diffusion. These findings demonstrated that the sorbent can be used 
to scavenge Cr (VI) and thereafter can be separated magnetically with 
external magnetic field 
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