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ABSTRACT 
 

Barium hexaferrite (BaFe12O19) magnetic nano-powder was prepared by co-precipitation method. The effectiveness of different 
chemical synthesis variables such as solvent and mechanical milling on the adsorption efficiency of barium hexaferrite nano-
particles to remove Cr (VI) ions from aqueous solutions was examined. Structural, magnetic, and adsorption properties of the 
powders are investigated by different techniques. X-ray diffraction analysis revealed that barium hexaferrite formed at a 
relatively low temperature of 700˚C in the sample prepared with a mixture of water/alcohol as a solvent. The FESEM and VSM 
studies confirmed that all samples had a plate like structure with a particle size in the range of 87-145 nm and high magnetic 
properties. It was demonstrated that nanometer barium hexaferrite was produced to be an operative adsorbent for removal of Cr 
(VI) ions from solutions. Different Cr (VI) adsorption experiments were carried out by controlling effective adsorption factors. 
It was revealed that the sample calcined at a temperature of 700°C and then milled for 5 h (owing themaximum surface area  
13 m

2
/g) showed the highest removal efficiency of 99.5% at pH 3.0, amount of nano adsorbent 1.5 g, initial chromium 

concentration 133 mg/l, and contact time 1 h. FTIR analysis showed that due to the existence of Cr-O stretching band on the 
surface of nano-particles, the electrostatic reaction between Cr (VI) ions and nano-adsorbent is possible. The adsorption data 
were best fitted with the pseudo-second-order kinetic model. Also, the equilibrium adsorption capacity of Cr (VI) calculated 
from adsorption experiments was found to be 13.25 mg/g. Adsorption studies indicated that the potential use of barium 
hexaferrite nano-adsorbents for the removal of the other heavy metal ions without sacrificing adsorption capacity can be 
practical. Copyright © 2016 VBRI Press. 
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Introduction  

It is important to develop new techniques for the treatment 
of natural water supplies and industrial wastewater polluted 
by heavy metal ions. In most of all industry there are non-
environmentally friendly chemicals in the effluents.  
In particular, environmental contamination by Cr (VI) 
widely used in alloy and steel manufacturing, 
electroplating, metal finishing, leather tanning, dying, and 
photography industries is a major problem in industrial 

areas [1]. It is reported that the effluents from these 
industries often contain around 50-100 mg/L of Cr (VI), 
which are above 1000 times higher than the maximum 
allowed concentration of standard for the wastewater 

discharge [1]. In addition, Cr (VI) is very toxic to living 
organisms resulting in severe health problems such as 

pulmonary congestion and skin irritation [2]. So, in light of 
Cr toxicity and environmental hazards, there is a need to 
remove this metallic element but also to recycle and use 
again it, which is beneficial an economical point of view. 

Today a variety of methods have been build up to remove 
Cr (VI) compounds from industrial wastewater.  
A few worth to mention are chemical precipitation, ion 
exchange, chemical coagulation and flocculation, solvent 
extraction, electrochemical cells, filtration, and reverse 

osmosis [1]. However, most of these methods possess some 
shortcomings: high waste treatment equipment cost, large 

consumption of reagents, disposal of metal sludge, and 

incompetent recovery of treated metals for reprocess [2]. 
Therefore, in view of the growing concern about 
environmental subjects, efforts have been made to extend 
new techniques for removing Cr (VI) pollutant form aquatic 
environment. The new improvements in using adsorption 
process with the aid ofnano-sized magnetic particles have 
solved some of the problems in this regard due to their 
multiple and unique characteristics: high surface area, 
magnetic response, fast adsorption kinetics, simplicity, and 

high efficiency [1]. 
Many attempts have been carried out showing the high 

efficiency of magnetic nano-particles in removing Cr (VI) 
metal ions in the field of industrial wastewater treatment, 

including application of magnetite nano-particles [3] and 
different types of ferrites such as nickel, cobalt, manganese, 

and magnesium ferrites [2] for the removal of Cr (VI) from 
simulated electroplating wastewater; removal of Cr (VI) 
and Alizarin Red S (ARS) from aquatic environment using 

magnetic nano-particles (Fe3O4) reformed by polymer [4]; 
application of Fe3O4 magnetic nano-particles with 
functional groups of amines for removal of Cu (II) and Cr 

(VI) heavy metal ions [5]; using manganese ferrite nano-

spheres [6] and surface-modified manganese ferrite [7] to 
remove Cr (VI) ions from wastewater; treatment of 
wastewater contaminated by Cr (VI) ions by Fe3O4 coated 

glycine doped polypyrrole magnetic nano-composite [8]; 
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Arsenic and Cr (VI) adsorption from water by ionically 

modified magnetic nano-materials [9]. Moreover, Patel et 

al. [10] studied the characterization of barium hexaferrite 
nano-particles to demonstrate its efficiency for the removal 
of arsenic from water resources. The results of the 
adsorption process revealed that 75% of Arsenic heavy 
metal ions effectively removed by barium hexaferrite nano-

adsorbent. Byun et al. [11] synthesized the thinnest barium 
ferrite nano-fiber by an organic solvent-free electrospining 
procedure. The prepared nano-fiber packed into a column 
evidently removed 12 nm magnetite nano-particles 
quantitatively. Then, pre-adsorption of arsenic onto 
magnetite nanoparticles was performed with different initial 
arsenic concentrations. The results showed that barium 
hexaferrite nano-fiber could support in removing arsenic 
with a maximum capacity of 700 mg of magnetic 

nanoparticles for a 99.9 % recovery. Kara et al. [12] 
revealed the feasibility of using barium ferrite containing 
metal-chelate microbeads (53-212 μm) for the adsorption of 
Cr (VI) from aqueous solution. They exhibited the highest 
Cr (VI) adsorption removal of 32% at pH 2.0 using 50 mg 
of magnetic nano-particles. So far few work has been 
reported on the application of nanometric barium 
hexaferrite magnetic particles and its adsorption kinetics for 
the removal of heavy metal ions from an aquatic 
environment. The purpose of this investigation therefore is 
to obtain an understanding of the adsorption of Cr (VI) on 
barium hexaferrite nano-adsorbent by studying the 
influence of synthesis variables and different experimental 
parameters on the adsorption process. In this regard, among 
varied methods for preparation of barium hexaferrite 
nanoparticles, co-precipitation is considered due to simple 
operation and ease of mass production. Moreover, the 
adsorption kinetics is investigated using the pseudo first-
order and pseudo second-order equations. Thus, by 
considering the high magnetic properties and high 
separation capacity of barium hexaferrite nano-particles to 
effectively remove Cr (VI) metal ions from an aqueous 
solution, it can be set to become an active adsorbent for the 
removal of the other heavy metal ions from natural water 
supplies and industrial wastewater in the environmental 
protection field. 

 

Experimental 

Materials  

Ferric chloride (FeCl3.6H2O) and barium chloride 
(BaCl2.2H2O) both with a purity of 99% (Merck) were used 
as starting materials. Sodium hydroxide (NaOH)with a 
purity of 97% (Merck) was used as a precipitant for co-
precipitation of iron and ferric chlorides solution and 
deionized water and ethanol (CH3CH2OH) with a purity of 
96% (Merck) were used as solvents.  
 
Materials synthesis 

FeCl3.6H2O and BaCl2.2H2O with a Fe
3+

/Ba
2+

 molar ratio 
of 11 were dissolved in two different solvents of water and 
ethanol/water mixture with volume ratio of 3:1. The 
prepared solutions were co-precipitated by adding of NaOH 

with an OH ̄/Cl ̄ molar ratio of 2 at room temperature to 
keep pH at 11-12. The co-precipitated samples were 
washed by deionized water and ethanol for about 5 times 

and then dried at 80˚C for 18 h. Dried powders derived 
from two different solvents of water and ethanol/water 

mixture were calcined at 900 and 700˚C, respectively [13-

14]. In order to study the effect of mechanical milling as a 
synthesis variable on the adsorption capacity of barium 
hexaferrite nano-particles, the prepared powders were also 
milled in a high energy planetary ball mill with hardened 
steel vial and balls under air atmosphere for 5 h. The balls 
to powder weight ratio and spinning speed were adjusted to 
20 and 300 r/min, respectively. The samples and processing 
conditions of the prepared barium hexaferrite powders are 

summarized in Table 1.  
 
Table 1. Description of the prepared samples under different synthesis 
conditions 

 

Sample 

Calcination 

temperature 

(˚C) 

Solvent 
Milling 

time (h) 

S1 900 Water 0 

S2 700 Water/ethanol 0 

S3 900 Water 5 

S4 700 Water/ethanol 5 

 

Characterizations 

Samples were characterized in phase composition by  
X-ray diffraction (XRD) on a Philips PW-1730 X-ray 
diffractometer using Cu-Kα radiation (λ=1.5405 A°). The 
average crystallite size of barium hexaferrite phase for non-
milled and milled samples were calculated by the Scherrer 

and Williamson-Hall equations, respectively [15-16].  
The microstructure of the prepared samples was 
characterized using a field emission scanning electron 
microscope (FESEM) CamScan MV2300. The multilateral 
interoperability programme (MIP) software was used to 
calculate the average particle sizes of all prepared samples 
from FESEM images. The average specific surface area  
Sa of the powders was determined by nitrogen adsorption  
at 77 K (BEL-Belsorp II instrument) employing the 
Brunauer–Emmett–Teller (BET) isotherm equation. 
Magnetic properties were measured using a vibrating 
sample magnetometer (VSM) under a maximum applied 
field of 10 kOe at ambient temperature. Adsorption 
experiments were carried out with a mechanical stirrer at 
ambient temperature and a shaking rate of 300 r/min.  
The Cr (VI) solution prepared from potassium dichromate 
(K2Cr2O7) powder with a purity of 99% (Merck), which 
was touched by BaFe12O19 magnetic nano-powders in the 
mechanical stirrer. Standard acid (0.1 M HNO3) and base 
(0.1 M NaOH) solutions were used for pH adjustment. The 
initial and optional adsorption parameters were pH 7.0, 
initial Cr (VI) concentration of 480 mg/L, amount of nano-
particles of 0.5 g, and a contact time of 8 h according to our 

previous work [17]. In the second step, the initial 
adsorption parameters were examined using all the 
prepared samples to set the optimized one. Then, in order 
for Cr (VI) to be removed at the high level by the optimized 
sample, adsorption studies obtained from different amount 
of the optimized sample from 0.5-2 g, initial Cr (VI) 
concentration from 100-480 mg/L at different pH levels of 
3-9 and a contact time of 1 h. After the adsorption process 
was finished, the nano-adsorbent was separated by an 
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external magnetic field and the supernatant was collected 
for metal concentration measurements. The concentration 
of Cr (VI) was measured by an inductively coupled plasma-
atomic emission spectrometer (ICP-AMS). Fourier 
transform infrared spectroscopy (FTIR) spectra of the 
optimized sample before and after adsorption experiment in 
the IR range of 400–4000 cm

−1
 were recorded by Bruker 

Equinox 55 spectrometer. 
 

Theory 

The amount of Cr (VI) or total Cr adsorbed per unit mass 

of barium hexaferrite was evaluated as eq. 1 [6]:  
 

                                       (1) 

 
where, qe is the equilibrium adsorption capacity of Cr (VI) 
(mg/g), Ci is the initial concentration of Cr (VI), Ce is the 
equilibrium concentration of Cr (VI) (mg/L), V is the 
volume of the Cr (VI) solution (mL), and m is the amount 
of adsorbent (mg).  

The Cr (VI) removal percentage (R%) was calculated 

using the following equation [6]: 
  

                 (2) 
 
where, Ci and Cf are the initial and final concentrations of 
Cr (VI). 

Pseudo-first-order model (eq. 3) and pseudo-second-
order model (eq. 4) were used to fit the experimental data 

for kinetic studies [18-19]. 
 

               (3) 
  

                  (4) 

 
where, qe and qt is Cr (VI) uptake at equilibrium condition 
and any time t and k1 and k2 are the pseudo-first-order and 
pseudo-second-order rate constants, respectively.  

 
Results and discussion 

Phase analysis 

Fig. 1 shows the XRD patterns of the S1, S2, S3 and S4 
samples. Analysis of XRD patterns confirms the formation 
of barium hexaferrite single phase in all four prepared 
samples. While the calcination temperature of 900°C is the 
suitable temperature for S1 sample to form pure phase of 
barium hexaferrite, this temperature decreased to 700°C for 
S2 sample. It is concluded that using ethanol as a co-
solvent significantly lower the formation temperature of 

single phase of barium hexaferrite [14]. By employing 
mechanical milling, this process not only can produce 
particulate powders with nanometer size due to the contact 
surface among particles, but also using ethanol as a co-
solvent along with mechanical milling process results in the 

broaden and softer peaks of single BaFe12O19 phase for S4 
sample in comparison to the other samples. 

 

 
 

Fig. 1. XRD patterns of S1, S2, S3 and S4 samples. 

 
The mean crystallite sizes of all prepared samples 

calculated from XRD patterns are shown in Fig. 2. It is 
shown that the mean crystallite sizes of single phase barium 
hexaferrite for S1, S2, S3 and S4 samples are 57.0, 47.0, 
39.3, and 27.0, respectively. It is accepted that the solution 
environment, the properties of the solvent, and mechanical 
milling process as synthesis variables can remarkably 
influence the formation trend of the precursor particles and 

nucleation and growth of crystals [14, 20]. 

 

 
 
Fig. 2. Calculated mean crystallite sizes of S1, S2, S3 and S4 samples. 

 
Morphological studies 

Fig. 3 shows the FESEM images of different samples, on 
which the effect of solvent and mechanical milling on the 

powder morphology is reflected. FESEM image in Fig. 3 
(a) shows that calcination at 900˚C for 1 h for S1 sample is 
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sufficient enough to form barium hexaferrite nano-particles 
with a plate-like morphology, which is in good harmony 
with the XRD results. Also, agglomerates stack in side of 
each other showing hexagonal-like particles with high 
magnetic attraction, a characteristic of barium hexaferrite 

nano-particles obtained by wet chemical methods [3]. It 
seems that morphology was affected by the type of solvent. 
When the barium hexaferrite powders treated in water as a 
solvent, they have a preference to form large particles of a 
hard agglomeration due to the unique property of water 
molecules to bridge the surface hydroxyl groups of 

precipitate adjacent small particles [14]. On the other hand, 
by considering ethanol as a co-solvent, particle-particle 
interaction is prevented and results in softer agglomeration 
nature with continuous hexagonal structure, which is shown 

in Fig. 3(b). It is supported by the fact that ethanol is 
proposed to the ability to weaken the hydrogen bands 
between surface hydroxyl groups of neighboring particles 
and its low surface tension also makes easy the formation of 

barium hexaferrite phase [14]. Moreover, Fig. 3 (c) and (d) 
depict the influence of mechanical milling on the 
morphology of the products. Agglomerated plate-like 
particles of barium hexaferrite could be observed in both 
samples. Moreover, some spherical particles are rarely 
observed besides hexagonal particles. They can be 
considered as the intermediate phases of particles 
undetectable by the related XRD patterns. 

 

     

   
 
Fig. 3. FESEM images of (a) S1, (b) S2, (c) S3 and (d) S4 samples. 

 
The average particle sizes calculated from FESEM 

images related to all samples prepared under different 

synthesis conditions are shown in Fig. 4. It can be observed 
that the mean particle sizes of S1 and S2 samples are 145 
and 90 nm, respectively. It is believed that the variation of 
the mean particle sizes of the samples is as a function of the 

calcination temperature [14]. Accordingly, low calcination 
temperature confirms grain refinement. By considering the 
role of final mechanical milling on S1 and S2 samples, the 
mean particle sizes decreased from 145 to 118 nm and from 
90 to 87 nm for S3 and S4 samples, respectively. 

 
 

Fig. 4. Calculated average barium hexaferrite particle sizes of S1, S2, S3 

and S4 samples. 

 
Also, the calculated Sa by BET method for S1, S2, S3 

and S4 samples are shown in Fig. 4. Indeed, higher values 
of Sa are consistent with lower values of the average barium 
hexaferrite particle sizes. It can be found that the maximum 
surface is of 13 m

2
/g is related to S4 sample. 

 
Table 2. Description of the magnetic properties of all prepared samples 
under different synthesis conditions. 

 
Sample Hc (A/m) Ms (A.m/kg) 

S1 5000 52.9 

S2 2600 46.7 

S3 5000 34.3 

S4 5000 49.6 

 
 

 

Magnetic properties studies 

The magnetic properties of all prepared samples are shown 

Fig. 5. Also, the magnetic data is summarized in Table 2. 
The saturation magnetization and coercivity of S1 sample 
were 52.9 emu/g and 5 kOe, respectively. A relatively low 
value of saturation magnetization might be due to the 
existence of poorly crystallized phases undetectable by 
XRD. Also, the reduction in Ms might be due to the 
decrease in particle size and also in the number of magnetic 
molecules in a single magnetic domain. This could be 
supported by the reality that the magnetization of ultrafine 
particles is smaller than that of the corresponding bulk 

materials [21]. It is evident from the magnetic hysteresis 
loop of S2 sample that by decreasing calcination 
temperature from 900 to 700°C, the saturation 
magnetization decreased from 52.9 to 46.7 emu/g, whilst 
the coercivity values remained almost constant at 5 kOe. 
Decreasing of Ms could be due to the decrease in the 
amount of barium hexaferrite magnetic phase necessary to 
formed. With considering two important factors on S1 
sample: the effect of mechanical milling and decreased 
particle size, it is clearly seen that saturation magnetization 
decreased from 52.9 to 34.3 emu/g for S3 sample. 
Moreover, it is known in barium hexaferrite that the amount 
of coercivity is intimately related to the nanometric 

structure and the amount of BaFe12O19 magnetic phase [20]. 
The intensive discrepancies between the coercivity values 
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of S1 (5kOe) and S3 samples (2.6 kOe) might be due to the 
more crystal defects introduced as a function of mechanical 
milling applied to S1 sample. 
 

 
 

Fig. 5. Room temperature magnetic hysteresis loops of S1, S2, S3 and S4 
samples. 
 

 
 

Fig. 6. Cr (VI) removal percentages in a contact time of 8 h under initial 
adsorption conditions. 
 

Adsorption studies 

The adsorption results of Cr (VI) by four produced barium 
hexaferrite powders include two steps: the first step is to 
find the optimized sample among four prepared samples 
under the initial and optional adsorption experiments 

according to our previous study [17]. The results of 
adsorption tests and percentage of Cr (VI) removal for S1, 
S2, S3 and S4 samples in a contact time of 8 h have been 

given in Fig. 6. As Fig. 6 shows, the most effective 
adsorption process of Cr (VI) ions is identified by S4 
sample. This result attributes to the fact that finer particles 
size of barium hexaferrite leads to higher removal 
efficiency of Cr (VI). It can be determined that the factor of 
high surface area of S4 sample (13 m

2
/g) is more effective 

for the high removal efficiency of Cr (VI). Therefore, this 
sample with the high removal percentage of 18% in a 
contact time of 8 h is considered as an optimized one for 

which the optimal adsorption parameters have been 
obtained in the second step.  
 

 

 

 
 

Fig. 7. Comparison of Cr (VI) removal efficiency under different 
adsorption conditions: (a) pH, (b) Initial Cr (VI) concentration,  
(c) amount of nano-adsorbent after adsorption process done by the 
optimized sample (S4). 

 
In the second step, Cr (VI) solution under different 

adsorption parameters: pH, initial Cr (VI) concentration, 
and amount of barium hexaferrite nano-particles was 
touched by S4 sample. This process was resulted in 
obtaining the optimal adsorption conditions by which the 

Cr (VI) was significantly removed from solution. Fig. 7 
shows Cr (VI) removal efficiency under different 

adsorption conditions. Fig. 7 (a) displays the effect of pH 
in the range of3-9 on Cr (VI) adsorption using 0.5 g of S4 
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powder and initial Cr (VI) concentration of 480 mg/L. As it 
can be seen, the optimal pH for the high removal 
percentage of Cr (VI) was considered to be 3.0 and 9.0. 
The adsorption of Cr (VI) metal ions onto the surface of S4 
sample as nano-adsorbent is generally affected by pH, since 
it not only changes the degree of ionization and speciation 
of the adsorbate during reaction, but also the surface charge 

of the adsorbent [10]. Regarding to the results, the effect of 
pH for higher removal of Cr (VI) metal ions by this 
adsorbent can be described as below: the adsorption of  
Cr (VI) ions depends on the protonation of functional 
groups on the surface of nano-adsorbent and equally the 
fraction of any particular species is dependent on Cr (VI) 
concentration and pH. It has been reported that Cr (VI) ions 

exist mainly in the form of HCrO4
 
̄ and Cr2O7

 2 
̄ in the pH 

range of 3-6, while CrO4
2 
̄ is major Cr (VI) species above 

pH of 6.0 [10]. As the pH zpc of barium hexaferrite nano-

particles is 5±0.5 [22]. The surface of barium hexaferrite is 
positively charged below pH 5±0.5, which leads to an 
electrostatic attraction for the negatively charged Cr (VI) 
species in the pH range of 3-6. However, as the solution pH 
increases beyond 6.0, the adsorption surface of the 
adsorbent is negatively charged, increasing electrostatic 
repulsion between negatively charged Cr (VI) species and 
adsorbent particles. Accordingly, due to the higher 

concentration of OH̄ ions present which compete with Cr 

(VI) species for the adsorption sites, uptake of Cr (VI) ions 
decreased. Studies by others also showed that the optimum 
pH for maximum removal Cr (VI) occurred in the acidic 
pH and by increasing pH up to the base level Cr (VI) 

removal percentage decreased [9]. From the pH study, it 
was found that efficient outcome of Cr (VI) adsorption with 
higher removal capacity of 14.4%occurs in the acidic pH of 
3.0. Thus, the remaining adsorption experiments are carried 

out at that pH considered as the optimal one. Fig. 7 (b) 
shows the effect of initial Cr (VI) concentration on 
chromium adsorption using 0.5 g of S4 powder at optimal 
pH of 3.0. It is shown that by increasing concentration from 
133 to 562 mg/L, removal efficiency of Cr (VI) was 
reduced from 29.4 to 14.4 percent. This could be supported 
by the fact that the adsorption reaction is via surface 
adsorption with limited sites on barium hexaferrite surface 
available for Cr (VI) ions. Due to the limited total available 
adsorption sites, it can be concluded that Cr (VI) removal is 
conversely related to the initial Cr (VI) concentration.

3
  

In addition, it was also observed that the optimal value of 
Cr (VI) concentration is 133 mg/L, in which the most 
efficient removal percentage of 29.4% was resulted. 
Therefore, to obtain the optimal values of the other 
parameters, the experiments went on using 133 mg/L 

concentration of Cr (VI). Fig. 7 (c), shows the effect of 
adsorbent dose on Cr (VI) adsorption with optimal pH of 
3.0 and initial Cr (VI) concentration of 133 mg/L. It can be 
seen that higher amount of barium hexaferrite nano-
particles directs to higher removal percentage. It is readily 
understood that due to the increase in the number of active 
sites available for adsorption, the removal efficiency of Cr 
(VI) increased. Previous studies have also emphasized this 

point [10]. Moreover, the results of adsorption reaction 
using 1.5 and 2 g nano-particles were found to be almost 
the same. So, the optimal value of the adsorbent dose for 
the removal of Cr (VI) is considered 1.5 g. Thus, the 

second step of adsorption experiment leading to the 
maximum removal efficiency of 99.5% using 5 h milled 
barium hexaferrite nano-powder by controlling the optimal 
adsorption conditions: pH 3.0, Cr (VI) concentration  
133 mg/L, volume of solution 150 mL, amount of nano-
particles 1.5 g, contact time 1 h, temperature 25˚C, and 
shaking rate 300 r/min is done. 

 

 
 

Fig. 8. FTIR spectra of the optimized sample: (a) before adsorption  
(b) after adsorption. 

 
FTIR analysis results of the optimized sample  

To investigate the electrostatic reaction done on the 
optimized sample to adsorb Cr (VI) ions from aqueous 
solution, the chemical bands and possible phase 
compositions existing in the optimized sample before and 
after adsorption experiment were demonstrated by FTIR 
analysis. FTIR spectrum of the optimized sample before 
and after adsorption method in the range of 400–4000 cm

-1
 

is presented in Fig. 8 (a) and (b), respectively. As can be 
seen, although the positions of their main peaks are almost 
consistent with each other, two curves seem different. The 
broad bands centered at 3420 and 3431 cm

−1
 for the 

optimized sample before and after adsorption procedure, 
respectively are due to the O–H stretching. The absorption 
bonds around 3200–3500 cm

−1
 relate to the O–H stretching 

mode, where freely vibrating OH groups and hydrogen-

bonded OH groups are obvious [23]. The spectra display an 
O–H bending band of the H2O molecules chemically 
adsorbed to the magnetic particle surface around 1620 and 
1633 cm

−1
.These peaks are assigned to the H–O–H bending 

vibration [14]. The characteristic of this peak for the 
optimized sample after adsorption may be due to more 
water present either as absorbed water or water of 
hydration. The absorption bands at 1412 and 1396 cm

−1
 

resulted from the carbonate groups [14]. Increasing the 
distinctive band of the BaCO3 at 1412 cm

−1
 before the 

adsorption reaction confirms the more amounts of this 
composition. Also, the presence of BaCO3 in these samples, 

were not detected, as observed by others [24], indicating 
that the adopted ceramic method (milling and calcination) 
was efficient to consume fully the starting reagents. Also, 
the peaks in the ranges 420–450 and 540–600 cm

−1
 can be 

attributed to the stretching vibration of the metal–oxygen 
bond indicating the formation of a hexaferrite structure 

including octahedral and tetrahedral sites, respectively [23]. 
It was observed that two new peaks appeared at 879 and 
942 cm

-1
 for the optimized sample after the adsorption 



 

Research Article                          Adv. Mater. Lett. 2016, 7(7), 579-586 Advanced Materials Letters 

Adv. Mater. Lett. 2016, 7(7), 579-586                                                                                  Copyright © 2016 VBRI Press   

                                            

process, which are seen in Fig. 8 (b). The main difference 
of the samples before and after adsorption are attributed to 
these new peaks, which may define the occurrence of the 
electrostatic reaction done between the Cr (VI) metal ions 
in the solution and the surface of barium hexaferrite  
nano-adsorbent. The chemistry of aqueous chromate 
solutions has been studied widely by different techniques. 
From these studies, the following chemical equilibria were 

suggested [25]: 
 
CrO4

2-
+ H

+
 ↔ HCrO4

-
               (5)  

2CrO4
2-

+ 2H
+
 ↔Cr2O7

2-
+ H2O                (6)  

2HCrO4
- 
↔Cr2O7

2-
+ H2O                (7) 

 
The above chemical equilibria as well as the Cr (VI) 

concentration and pH describe which specific Cr (VI) 
species be in the majority in solution. In basic solutions 
above pH 6, the major Cr (VI) species is CrO4

2-
; in pH 

range of 3-6 both HCrO4
-
 and Cr2O7

2-
 are dominant 

chromate species in solution. It is reported that the 
stretching bands between 846 to 860 cm

-1
 and 860-870 cm

-1
 

are assigned to the CrO4
2-

 ions in the neat chromates of 
barium and strontium and to the matrix-isolated CrO4

2-
 

guest ions, respectively [26]. While, the symmetric stretch 
of the dimeric Cr2O7

2-
 species performs at the high wave 

number side of the 870 cm
-1

 band; that is, 904-954cm
-1 

[27]. Besides, it is reported that the most intense peak of 
the spectrum of HCrO4

-
 was estimated to be in the region of 

880 cm
-l
 and would be strongly polarized [28]. According 

to this fact that the chromium solution for the optimized 
sample was prepared at pH 3.0, the main chromate species 
in the solution is Cr2O7

2-
. Therefore, the appeared peaks for 

the optimized sample after adsorption at 879 cm
-1

 and  
942 cm

-1
 correspond to the symmetric stretch of CrO2 and 

CrO3 groups of the ionic HCrO4
- 

and the dimeric Cr2O7
2-

 
species, respectively. It was revealed that the Cr (VI) ions 
indicated a stretching bands of Cr-oxygen by which Cr (VI) 
ions effectively adsorb on the surface of barium hexaferrite 
nano-particles. It is concluded that the barium hexaferrite 
magnetic nano-adsorbent showed a quite good capability 
for the rapid and efficient adsorption of chromium metal 
anions from aqueous solution, which was confirmed by 
FTIR results.  

 

 
 

Fig. 9. Effect of contact time on the removal of Cr (VI) by the optimized 
sample (pH: 3.0, Concentration: 133 mg/L, Nano-adsorbent: 1.5 g, 
Temperature: 25ºC). 

Effect of contact time and adsorption kinetics 

Adsorption kinetics is one of the important characteristics 
that explain the efficiency of adsorption. The Cr (VI) 
uptake as a function of contact time onto the optimized 
sample at an initial Cr (VI) concentration of 133 mg/L,  

pH 3.0, the amount of nano-adsorbent 1.5 g, and 25°C is 

presented in Fig. 9. It is found that the adsorption rate was 
fast at the initial time and reaches the equilibrium within  
60 min. The rapid adsorption of the optimized sample is 
because of the high surface area and more active sites of the 
adsorbent. At equilibrium, the adsorption capacity of  
Cr (VI) was found to be 13.25 mg/g. To study the 
adsorption rate and rate controlling step, two commonly 
kinetic models: pseudo-first-order and pseudo-second-order 
were applied. 
  

 

 
 
Fig. 10. Linear plot of kinetic models for the adsorption of Cr (VI) ions: 
(a) pseudo-first-order (b) pseudo-second-order. 

 
The plots of the two kinetic models are shown in  

Fig. 10 (a) and (b). As can be seen, pseudo-second- 
order describes the adsorption kinetics better than pseudo-
first-order model due to higher values of correlation 
coefficients (R

2
). The calculated equilibrium adsorption 

capacity and constant rate values for Cr (VI) adsorption 
using pseudo-second-order rate equation were 14.3 mg/g 
and 0.0063g mg

-1
 min

-1
, respectively. In contrast, the 

calculated equilibrium adsorption capacity and constant 
rate values for Cr (VI) adsorption using pseudo-firs-order 
rate equation were 21.4 mg/g and 0.075 min

-1
, respectively. 

From the obtained results, it is concluded that pseudo-
second-order model was effectively adapted to the 
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experimental data which helps describe the possible 
adsorption mechanisms.  
 

Conclusion 

Barium heaxaferrite nano-particles have been successfully 
produced by co-precipitation method. The crystallite sizes 
of different magnetic nano-powders found to be in the 
range of 27-57 nm. FESEM images of the optimized 
sample (S4) revealed fairly hexagonal morphology of nano-
particles with a mean particle size of 87 nm with the high 
surface area of 13 m

2
/g, and relatively high magnetic 

properties (Hc: 5kOe and Ms: 49.6 emu/g) was also 
obtained. It was conclusively obvious from bath adsorption 
studies that the use of all types of nano-scale barium 
hexaferrite for Cr (VI) removal was technically  
possible, environmentally-friendly and economically 
attractive for the treatment of Cr-contaminated solutions. 
By comparison of adsorption results among all types of the 
prepared samples, the optimized barium hexaferrite  
nano-particles stands out for having the highest Cr (VI) 
removal efficiency of 99.5% at the optimized adsorption 
conditions: pH 3.0, initial chromium concentration  
133 mg/L, amount of nano-particles 1.5 g at the shortest 
adsorption time of 1 h. FTIR analysis revealed that the  
Cr (VI) ions indicated a stretching bands of Cr-oxygen by 
which Cr (VI) ions effectively adsorb on the surface of 
barium hexaferrite nano-particles Also, the adsorption data 
fitted the pseudo-second-order kinetic model well. So, the 
present study succeeded in producing the most potential 
magnetic nano-adsorbent for the fast removal of Cr (VI) 
metal ions from polluted aqueous solutions, which can be 
applicable for the removal of the other heavy metal ions 
from industrial wastewaters. 
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