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Mesoporous BaTiO3@SBA-15 derived via solid state reaction and its excellent 

adsorption efficiency for the removal of hexavalent chromium from water  

Vandana Kumari, Manickam Sasidharan and Asim Bhaumik* 

 

BaTiO3@SBA-15 nanocomposite material has been synthesized via solid state reaction route and 

it is successfully employed as an adsorbent for the removal of chromium(VI) from contaminated 

water with very high adsorption efficiency and only 40 min contact time in a batch reactor.  
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Abstract 

We report the synthesis of barium-titanate/ mesoporous silica nanocomposite material 

BaTiO3@SBA-15 via aerosol assisted solid state reaction route by using SBA-15 as a hard 

template. Hexavalent chromium is one of the most harmful contaminants of industrial waste-

water. We have used BaTiO3@SBA-15 nanocomposite as an adsorbent for the removal of 

chromium(VI)-contaminated water and it showed adsorption capacity of 98.2 wt% within only 

40 min contact time in a batch reactor. This mesoporous composite has retained this excellent 

adsorption efficiency for several repetitive cycles for hexavalent chromium, suggesting its future 

potential for the remediation from water contamination by Cr(VI).   

Keywords: BaTiO3 nanoparticles; mesoporous silica; SBA-15; Cr(VI) adsorption; water 

contamination. 
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Introduction  

The removal of toxic heavy-metal ions/oxyanions of Cr, As, Hg, Pb, Cd, and Cu from the 

wastewater resources has received a significant attention over the years because of their 

hazardous nature to the environment and living organisms.1 Among these one of the most toxic 

pollutants is hexavalent chromium, which is generated to a large extent due to the industrial 

chemical processes, tannery,2 textile industries,3 chromium electroplating,4 metal polishing,5 dye 

and pigment manufacturing6 and leather tanning.7 Chromium exists in the environment in both 

chromium(III) and chromium(VI) forms. Chromium(III) is an essential microelement for plants, 

animals and human as it plays an important role in carbohydrate metabolism and nucleic acid 

synthesis.8 On the other hand, chromium(VI) is very toxic in nature. Chromium(VI) oxyanions 

are highly soluble and mobile in aquatic systems. Its long term exposure in drinking water can 

cause liver damage, pulmonary congestion, severe diarrhoea vomiting, and it is also carcinogenic 

and mutagenic in living organisms.9 The maximum allowed level of chromium(VI) in drinking 

water is 0.05 mg/L according to the standard set by the World Health Organization (WHO).10 

Thus, it has become a primary concern to remove chromium(VI) from industrial effluents before 

discharging them in to aquatic systems, which could slowly leach into the underground drinking 

water sources. Various technologies have been employed for the removal of heavy metal ion 

from industrial wastes like electrocoagulation,11 electro-chemical precipitation,12 membrane 

separation,13 ion exchange14 and adsorption.15 Among them, adsorption is most effective method 

for waste water treatment, because it is simple and economically favourable. In recent years, a 

wide variety of adsorbent have been studied including activated carbon,16 waste biomass,17 clays, 

polymer nanofiber18 and inorganic silicates.19 Although, these adsorbents showed good removal 

efficiency for chromium(VI), but these materials have low recyclability, poor efficiency and  
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their synthesis involved complicated procedures. So it is still a big challenge to design a simple 

method for high surface area porous nanomaterial with good adsorption capacity, easy separation 

and regeneration efficiency. Chemical stability and environmental acceptability are the other 

major concerns, which these adsorbents should satisfy for long term sustainability in the area of 

water treatment.  

In this context, mesoporous materials have attracted widespread interest in many frontier 

areas of science and technology due to their special characteristic features like exceptionally high 

surface area, uniform and well–defined pores of nanoscale dimensions.20 A wide range of 

mesoporous frameworks composed of metal oxides,21 sulphides,22 phosphates,23 etc. have been 

invented over last two decades. These materials are utilized for the efficient adsorption of a wide 

range of cations/anions depending on the surface electrostatic interactions.24 A variety of 

functionalized mesoporous polymers have been synthesized, which showed good adsorption 

efficiency for the toxic inorganic anions present of water.25 Thus, mesoporous nanocomposite 

materials, where the presence of the surface positively charged species (metal or metal oxide) 

could be responsible for the adsorption of contaminant oxyanions present could be a successful 

strategy for the purification of waste water.26 Although, there are some reports for the synthesis 

of mesoporous nanocomposite materials and their use for various adsorption applications, 

removal of hexavalent chromium from contaminated water still remains a big challenge in the 

developed world. Various synthetic pathways have been employed for the preparation barium 

titanate material with different particle sizes and morphologies, such as hydrothermal method,27 

sol-gel technique,28 solid state route,29 microwave-hydrothermal process,30 electrospinning,31 sol-

gel driven hydrothermal method,32 and solvothermal route.33 
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Herein, we first report the fabrication of low-cost, nontoxic, highly efficient, chemically 

stable and environment friendly functionalized SBA-15 material (BaTiO3@SBA-15) for the  Cr-

contaminated treatment. Mesoporous barium titanate/silica nanocomposite has been synthesized 

via aerosol assisted solid state reaction route by using 2D-hexagonal mesoporous SBA-15 as a 

high surface area inorganic matrix for the solid support. Detailed characterization of 

BaTiO3@SBA-15 nanomaterial has been carried out employing powder XRD, N2 sorption, 

TEM, SEM, TG-DTA and UV-vis spectroscopic studies. BaTiO3@SBA-15 composite has been 

successfully employed for the removal of Cr(VI) and detailed adsorption analysis has been 

conducted to understand the surface interaction between the adsorbent and adsorbate. We 

strongly believe that due to its high surface area and surface positive charge the BaTiO3@SBA-

15 nanomaterials have higher chromium removal efficiency over other BaTiO3 based materials. 

Experimental Section: 

Starting Materials:  

P123 (surfactant), tetraethyl orthosilicate (TEOS, 98%) and titanium isopropoxide (97%) 

were purchased from Sigma-Aldrich. Barium acetate (AR), 2N HCl, acetic acid and isopropyl 

alcohol were obtained from Loba Chemie, India. All chemicals were used without any further 

purification. 

Synthesis of amorphous barium-titanate gels: 

In a typical synthesis, 2.86 g titanium isopropoxide was taken in a mixture of 15 ml each 

of isopropyl alcohol and acetic acid. This mixture was stirred for 20 min at 60 oC. In a separate 

beaker 2.54 g barium acetate was dissolved in 5 ml distilled water. The synthetic gel was 

prepared by very slow addition of the aqueous barium acetate solution to the titanium-

isopropoxide solution. The resulting gel was stirred for 5 h at 60 oC temperature. After the 
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complete gelation the semisolid material was kept in a closed polypropylene bottle at 75 oC for 3 

days. Then the content was filtered, washed thoroughly with water and dried under vacuum. The 

powdered amorphous barium-titanate has been collected by proper grinding of the dried material.  

Synthesis of BaTiO3@SBA-15: 

The SBA-15 has been synthesized following the reported procedure.34 For the loading of 

BaTiO3 nanoparticles at the surface of the mesoporous silica, the amorphous barium-titanate was 

mixed with template-free mesoporous silica (SBA-15) by grinding it in the mortar together with 

the addition of a little amount (5 ml) of absolute ethanol. This paste has been filled in calcination  

boat. The material has been calcined at 700 oC for 5 h in presence of inert N2 atmosphere through 

controlled heating from room temperature at a rate of 5 oC min−1.  

Characterization techniques:  

Powder X-ray diffraction patterns of both the as-synthesized and calcined samples were 

recorded on a Bruker D8 Advance SWAX diffractometer operated at 40 kV voltages and 40 mA 

current. The instrument has been calibrated with a standard silicon sample, using Ni-filtered Cu 

Kα (λ = 0.15406 nm) radiation. A JEOL JEM 6700 field emission scanning electron microscope 

(SEM) was used for the determination of morphology of the nanocomposite material. JEOL JEM 

2010 transmission electron microscope operated at an accelerating voltage ranging from 100 kV 

to 200 kV has been employed for the determination of nanostructure and pore size. Nitrogen 

adsorption/desorption isotherms were recorded by using a Quantachrome Autosorb 1C surface 

area analyzer at 77 K. Prior to gas adsorption, samples were degassed for 4 h at 393 K under 

high vacuum. UV–visible diffuse reflectance spectra were recorded on a Shimadzu UV 2401PC 

coupled with an integrating sphere attachment. BaSO4 was used as background standard. A 
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Perkin Elmer differential scanning calorimeter (Diamond DSC7) working under nitrogen 

atmosphere was used to measure the thermal stability of the mesoporous nanocomposite. The 

instrument has been calibrated with indium before use. The samples were taken in aluminium 

pans and were crimped using a universal crimper. 

Adsorption analysis:  

Adsorption experiments were carried out over mesoporous BaTiO3@SBA-15 materials 

using aqueous potassium dichromate solutions of known strengths of ca. 10–100 ppm as the 

source of Cr(VI). For the adsorption measurements 0.05 g of BaTiO3@SBA-15 was taken in 20 

ml Cr(VI) solution and this solution has been stirred for 1 h at room temperature. Then the 

adsorbent was removed through filtration. After removing the adsorbent, the initial and final 

concentration of chromium in these solutions were measured through AAS analysis. We have 

calculated the percentage removal efficiency of the adsorbent by using following expression: 

Removal efficiency (%) = (Ci – Cf )/Ci × 100 

Where Ci is the initial concentration and Cf  is the final concentration of the chromium ion after 

treated with BaTiO3-SBA-15 at any time t, respectively.  

The effects of the pH on the adsorption of chromium(VI) by mesoporous BaTiO3@SBA-

15 were studied by varying the pH of the solutions over the range of 2.0-9.2 by using 0.1 M HCl, 

0.1 M NaOH, and 0.1 M CH3COOH and 0.1 M CH3COONa aqueous solution. All experiments 

other than pH study have been carried at pH = 4. In order to determine the adsorption kinetics for 

the complete removal of chromium(VI) oxyanions, the adsorption experiments are carried out at 

different times from 0 min to 1 h, at an initial Cr(VI) concentration of 100 ppm and pH=4 at 303 

K. The amount of chromium(VI) adsorption at time t, qt (mg g-1) was calculated by using 

following expression: 
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Where C0 and Ct (mg L-1) are the concentrations of chromium(VI) initially and at any time t, 

respectively, V is the volume of the dye solution (L), and W is the mass of adsorbent used (g). 

To check the stability of mesoporous BaTiO3-SBA-15, we have collected the adsorbent after 

experiment and washed with potassium chloride solution to remove the adsorbed chromium (in 

the form of chromate oxyanion) from the materials, dried and characterized by powder XRD. We 

have used BaTiO3@SBA-15 for five consecutive cycles for the adsorption of chromium to 

confirm the reusability and heterogeneous nature of the material. 

Results and discussion:  

2D-Hexagonal Mesophase:  

The small angle powder X-ray diffraction (PXRD) patterns of the calcined SBA-15 and 

BaTiO3-SBA-15 materials are shown in Figure 1. As seen in Figure 1 SBA-15 shows three 

characteristic peaks at the 2� values of 0.88, 1.52 and 1.76, which could be attributed for the 100 

(strong), 110 (weak) and 200 (weak) reflections respectively, corresponding to the 2D-hexagonal 

mesostructure.20 When the SBA-15 was loaded with the barium-titanate nanoparticles then a 

considerable decrease in the intensity and shifting in peak positions are observed, however 2D-

hexagonal ordering has been retained (Figure 1). The decrease in the intensities and shifting of 

the peaks reveals that barium-titanate nuclei have been successfully grown at the surface of 

SBA-15 merial. The wide angle XRD pattern of the barium-titanate immobilized SBA-15 

material is shown in Figure 2. This XRD pattern has been indexed and it clearly suggests that the 

cubic lattice (JCPDS file No. 01-089-2475) type arrangement present in the barium-titanate 
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nanocrystallities in BaTiO3@SBA-15.27 Rietveld refinement gives lattice parameters a = 4.015 

Å, which is very close to unit cell length of the cubic lattice reported in JCPDS file No. 01-089-

2475. In the inset of Figure 2 magnified pattern of the wide angle XRD between 2� values 43o to 

47o of the material is shown. This magnified XRD pattern shows there is no splitting of peak at 

45o, which also suggested that the BaTiO3 nanostructure in BaTiO3@SBA-15 have a cubic 

crystalline phase.35   

Porosity and Surface Area Analysis: 

The Brunauer-Emmett-Telller (BET) surface area and porosity of the mesoporous SBA-

15 and BaTiO3@SBA-15 composite nanomaterials are estimated from the respective N2 

adsorption/desorption isotherms at 77 K and these shown in Figure 3 (top and bottom, 

respectively). Both samples showed typical type IV isotherm, which is characteristic for 

mesoporous materials together with a very large hysteresis loop (H2 type) in the 0.69 to 0.91 

P/P0 range.36 The BET surface areas of the pure SBA-15 and BaTiO3@SBA-15 are 771 m2g-1 

and 185 m2g-1, respectively. A considerable decrease in the BET surface area for the 

BaTiO3@SBA-15 material suggests that barium-titanate nanocrystallites have grown at the pore 

surface of the 2D-hexagonal mesoporous SBA-15. Corresponding pore size distribution plots of 

these samples estimated by using the non-local density functional theory (NLDFT)37 model is 

shown in the inset of Figure 3. The pore dimension for the SBA-15 was 11.28 nm, which has 

been distinctly reduced to 9.40 nm after loading of barium-titanate nanocrystallites. The 

considerable decrease in the pore dimension clearly suggests that barium-titanate nanoparticles 

have been growth inside the pore channel of the mesoporous SBA-15 material. The calculated 

pore volume for the mesoporous SBA-15 and material BaTiO3@SBA-15 are 0.9048 and 0.2241 

ccg−1, respectively. 
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Electron microscopic analysis: 

Electron microscope images of the mesoporous BaTiO3@SBA-15 are shown in Figure 4. 

This UHR TEM image of the BaTiO3@SBA-15 suggested that the material have 2D-hexagonal 

tube like morphology (Figure 4b). The average diameters of the tubes are ca. 200-215 nm. The 

representative TEM images of mesoporous BaTiO3@SBA-15 are shown in Figure 4 (b, c and d). 

The TEM analysis of the material (BaTiO3@SBA-15) clearly suggests that uniformly ordered 

mesopores of dimensions ca. 8-9 nm have been arranged in a honeycomb like hexagonal array 

throughout the specimen. The black spots are uniformly distributed throughout the sample and 

this can be attributed to the presence of BaTiO3 nanoparticles in the mesopores (Figure 4c). The 

FFT diffractogram shown in the insets of Figure 4c further suggests 2D-hexagonal pore 

channels. The lattice fringes observed in the HR TEM image of the material BaTiO3@SBA-15 

suggested high crystallinity of the material. The distance between two crystal planes (Figure 4d) 

is quite good agreement with the d spacing of (110) crystal plane of cubic crystal structure with 

unit cell parameter a= 4.015 Å (JCPDS file no: 01-089-2475). The corresponding FFT pattern of 

the BaTiO3@SBA-15 material is shown in the inset of Figure 4d. 

UV-visible spectroscopy and Band Gap analysis:  

The optical property of the mesoporous BaTiO3@SBA-15 nanomaterial has been 

evaluated from the UV-visible diffuse reflectance spectroscopy. The UV-visible reflectance 

spectra of the mesoporous material BaTiO3@SBA-15 are shown in Figure 5. The material shows 

adsorption maxima at 254 nm, which corresponds to the band gap energy of 3.46 eV (inset of 

Figure 5). The UV emission of BaTiO3@SBA-15 shows blue shift and has higher bandgap than 

bulk barium-titanate (3.2 eV). This blue shift in reflectance spectra is good agreement with 

quantum confinement effects due to decreasing particle size.38  
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Differential scanning calorimetry:  

The DSC profile of BaTiO3@SBA-15 in the temperature range 298–793 K is shown in 

Figure 6. It is pertinent to mention that for cubic BaTiO3 nanomaterial there will be no phase 

transition and no enthalpy change around 120 oC.39 In Figure 6, the absence of enthalpy peak for 

BaTiO3@SBA-15 indicates no phase transition around 120 oC. This is a good agreement with 

PXRD pattern at room temperature that the BaTiO3@SBA-15 nanocomposite material is 

composed of purely cubic crystalline phase. 

Adsorption studies: chromium(VI) removal over mesoporous BaTiO3@SBA-15: 

The chromium (VI) content in aqueous solutions before and after adsorption studies are 

given in Table 1. As seen from the Table 1 that BaTiO3@SBA-15 nanocomposite material is 

very efficient for the removal of Cr(VI) from the aqueous medium than bulk BaTiO3 and pure 

SBA-15. As we go through the Table 1, the most interesting phenomenon is that with decreasing 

the concentration of pollutant ion in aqueous medium the efficiency of the BaTiO3 functionalized 

SBA-15 material increases gradually, which is the most demanding as well as challenging for the 

purification of waste water in the present scenario of the developed world. BaTiO3@SBA-15 

material also showed high distribution coefficient for the removal of chromium(VI) for all these 

adsorption experiments than the bulk barium-titanate. This could be attributed to the large 

surface areas and mesoporous architecture of the BaTiO3@SBA-15 material that can interact 

with chromium(VI) at its surface. Pure silica SBA-15 shows only 3.51% Cr(VI) removal 

efficiency under identical conditions.� The heavy metal ion adsorption at the solid surface is 

usually based on the electrostatic interaction between the adsorbent and adsorbate.40 Thus, the 

surface charge plays an important role in the adsorption phenomena. The surface area and 

porosity enhances the opportunity for the heavy metals to get adsorbed at the internal surface of 
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the pores and thus more oxyanions can get adsorbed. For the mesoporous BaTiO3@SBA-15 

nanocomposite there is positive charge at its surface due to the oxygen vacancy.41 Large surface 

area and positive surface charge are the important factors that can increase the adsorption 

efficiency of the nanocomposite material towards negatively charged chromate anions (CrO4
2-). 

We have performed the adsorption experiments in different batches to understand the effect of 

pH, initial concentration of chromate solutions and adsorption kinetics.  

Effect of initial concentration on the adsorption of chromium(VI): 

The chromium concentrations in different aqueous solutions before and after treatment 

with mesoporous BaTiO3@SBA-15 at pH=4.0 are shown in Table 1. As seen from Table 1 that 

the absorption efficiency for BaTiO3@SBA-15 has been decreases with increasing initial 

concentrations of chromate solution. For a fixed amount of mesoporous BaTiO3@SBA-15, the 

total available adsorption sites are limited. This leads to a decrease in removal rate of heavy 

metals corresponding to an increased initial concentration of chromium oxyanions(VI) in 

aqueous solutions.42 We observed that in all these experiments the adsorption efficiency of 

mesoporous BaTiO3@SBA-15 is more than 97%, thus suggesting that the Cr(VI)-removal rates 

are not much affected by the initial concentrations of chromium solution.   

Effect of pH on chromium(VI) uptake:  

The pH of the aqueous solution played an important role in removing of heavy metals 

and there is an optimum pH for maximum adsorption, below or above which a decrease in 

uptake generally occurs. The removal of chromium(VI) from aqueous solution over 

BaTiO3@SBA-15 adsorbent was studied by varying the pH of the solution over the range of 2.0-

9.0 for a 100 ppm concentration solution at room temperature. The results are shown in Figure 7. 

It is observed from the figure that the adsorption of chromium(VI) BaTiO3@SBA-15 increased 
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with an increase in pH up to 4.0, after that a decrease in the percentage removal efficiency has 

been observed. The material showed maximum efficiency for the removal of chromium at ca. pH 

= 4.0. Depending upon the pH of solution chromium oxyanions may be exist in solution, as 

chromate (CrO4
2−), dichromate (Cr2O7

2−) or hydrochromate (HCrO4
−).43 At lower pH 

chromium(VI) exists as either HCrO4
− or Cr2O7

2−, and at higher pH (above about pH = 6), it 

predominately exists as CrO4
2− ions.44 Highly acidic conditions (pH 1-2) are not favourable 

because at lower pH some chromium oxyanions are present in form of undissociated chromate 

acid (H2Cr2O7), which explains the weak adsorption.45 Furthermore, upon an increase in the pH, 

adsorption efficiency has been decreased. This may be due to the competition between the 

increased number of OH– and chromate oxyanions (CrO4
2−) for adsorption sites. The net positive 

surface potential of the adsorbent decreases, resulting in a weakening of the electrostatic forces 

between adsorbent and adsorbate, which ultimately leads to reduction in Cr(VI) removal 

efficiency.46 We observed that the adsorption efficiency of mesoporous BaTiO3@SBA-15 for all 

the Cr(VI) solutions are above 90%, indicating that these removal rates are not much affected by 

the solution pH. It may be due to the fact that the adsorption of chromium(VI) over mesoporous 

BaTiO3@SBA-15 is so high that the pH plays a very small role in the removal of chromium(VI). 

Adsorption Kinetics: 

The effects of adsorption time on the adsorption capacity of chromium(VI) are shown in 

Figure 8. The result shows that the adsorption capacity of Cr(VI) increases with an increase of   

adsorption time until equilibrium is reached. The Figure 8 shows that the adsorption rate reaches 

equilibrium after 40 min. The percentage removal efficiency was found 95.89% in 40 min of 

contact time. There is no significant change in the equilibrium concentration from 40 min to 60 

min. We observed that initially mesoporous BaTiO3-SBA-15 materials adsorb chromium 
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oxyanions to a large extent. The high uptake of chromium in first 10 minute could be attributed 

to the multilayer adsorption on the mesoporous surface of BaTiO3-SBA-15. The linear form of 

the pseudo-second-order kinetic rate model was employed to understand the mechanism of 

adsorption.47 
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Where �2 [g/(mg min)] is the rate constant of the pseudo second-order equation and qt and qe are 

the amounts of solute adsorbed on the adsorbent at equilibrium and at time t, respectively. The 

linear plots of t/qt versus t are shown in Figure 9. The calculated overall rate constant (�2) for the 

material BaTiO3-SBA-15 is 5.168 x10-2 g mg-1 min-1. 

Effect of solution temperature on chromium(VI) adsorption: 

The adsorption studies are carried out at three different temperatures 303, 313 and 323 K. 

The calculated rate constant (��) at three different temperatures 303, 313 and 323 K are 5.168 

x10-2, 5.69 x10-2 and 6.32 x10-2g mg-1 min-1 respectively. The results indicate that there is an 

increase of adsorption capacity with an increase of solution temperature. This may be due to an 

increase diffusion rate and energy of the adsorbing species, which leads to higher adsorption 

capacity and faster adsorption rate. These results suggest that the adsorption of Cr(VI) by the 

BaTiO3@SBA-15 material is endothermic in nature.48 

Adsorption thermodynamics: 

The thermodynamics supposes that in an isolated system, where energy cannot be gained 

or lost, the entropy change is the driving force.49 To understand the adsorption thermodynamics 

for the material BaTiO3-SBA-15 experiments are conducted at different temperatures (303, 313 

and 323K). The Arrhenius equation has been used to measure the activation energy of 
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adsorption,50 which represents the minimum energy that reactants must have for the reaction to 

proceed, by using following expression: 

���� � ���� �
��

��
 

R is the gas constant (8.314 J/ mol K), T is the temperature (K), A is the Arrhenius factor and Ea 

is the Arrhenius activation energy (kJ mol−1). When ���� is plotted against 1/T, a straight line 

with the slope �Ea/R is obtained (Figure 10). The magnitude of activation energy revels about 

the type of adsorption such as physical or chemical adsorption. The physisorption processes 

usually have activation energies in the range of 0–40 kJmol−1, while higher activation energies 

(40–800 kJmol−1) suggest chemisorption.51 The values of the activation energy (8.62 kJmol−1) 

confirm the nature of physisorption processes of BaTiO3@SBA-15 on chromium adsorption. 

 

Reusability of the material: 

We have used BaTiO3@SBA-15 for five consecutive cycles for the adsorption of 

chromium(VI) to confirm reusability and heterogeneous nature of the adsorbent (Figure 11). The 

adsorbent is recovered from the reaction mixture by filtration. Before the recycling test, the the 

adsorbent is washed with potassium chloride solution to remove the adsorbed chromium(VI). 

Then it has been dried overnight at 298 K for 8 h and reused for the next cycle. From Figure 11, 

it is quite clear that the adsorption efficiency of the material is not much declined after five 

conjugative cycles, suggesting our mesoporous BaTiO3@SBA-15 can be utilized efficiently for 

the removal of hexavalent chromium in the long run. 

Conclusions 

BaTiO3@SBA-15 nanocomposite material has been synthesized via aerosol assisted solid 

state reaction route by using mesoporous SBA-15 as a hard template. BaTiO3@SBA-15 
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nanocomposite has been employed as adsorbent for the removal of chromium(VI)-contaminated 

water. It showed adsorption capacity of 98.2 wt% within only 40 min contact time in a batch 

reactor and it has retained this excellent adsorption efficiency for several repetitive cycles for 

hexavalent chromium. Hexavalent chromium being one of the most harmful contaminants of 

industrial waste-water, this mesoporous nanocomposite material has huge potential for the 

remediation from water contamination by Cr(VI).   
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Table 1: Adsorption of Cr(VI) over mesoporous BaTiO3@SBA-15 and bulk BaTiO3: 

Sample  name Anion content in solution (ppm) 
 

Before                  After 

Anion removal 
efficiency (%) 

Distribution 
coefficient (Kd) 

(mL/g)a 
BaTiO3@SBA -15 100 2.740 97.26 1.4198 x 104 

 
 60 1.458 97.57 1.6060 x 104 

 
 50 1.055 97.89 1.8557 x 104 

 
 40 0.712 98.22 2.2071 x 104 

 
 30 0.471 98.43 2.5077 x 104 

 
 20 0.258 98.71 3.0607 x 104 

 
 10 0.118 98.82 3.3498 x 104 

 
Bulk BaTiO3 100 

 
30.77 69.23 8.998 x 102 

 60 
 

15.64 73.92 1.1345 x 103 

 50 12.56 74.88 1.1923 x 103 
 

 40 9.744 75.64 1.2420 x 103 
 

 30 7.179 76.07 1.2715 x 103 
 

 20 4.616 76.92 1.3331 x 103 
 

 10 2.292 77.08 1.3452 x 103 
 

Pure SBA-15 
 

100 96.49 3.51 1.455 x 101 

 

aDistribution coefficient (Kd) between solid and aqueous phase = number of CrO4
2- adsorbed per 

g of the solid/number of CrO4
2- present per ml solution after exchange. 

Kd = Csolid/Cwater (mol g-1/mol ml-1) = Csolid/Cwater (ml/g).  
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Figure captions 

Figure 1.�  Small angle powder XRD patterns of (a) pure SBA-15 (b) barium-titanate loaded 

SBA-15. 

Figure 2. Wide angle powder XRD pattern of BaTiO3@SBA-15. 

Figure 3. N2 adsorption (�)-desorption (�) isotherms of the pure SBA-15 (top) and 

BaTiO3@SBA-15 (down) at 77 K. Corresponding NLDFT pore size distributions 

are shown in the inset. 

Figure 4. FE-SEM image of BaTiO3@SBA-15 (a), UHR TEM image of mesoporous 

BaTiO3@SBA-15 (b, c) (FFT pattern for the hexagonal ordering shown in the 

inset of figure c), lattice fringes pattern for the BaTiO3 nanoparticle loaded 

mesoporous SBA-15 (d) (FFT pattern for the barium-titanate nanoparticle shown 

in the inset). 

Figure 5. UV-Visible diffuse reflectance of BaTiO3@SBA-15. Bandgap of the material is 

shown in inset.�

Figure 6.  DSC profile of the as-synthesized BaTiO3@SBA-15 material. 

Figure 7.  Effect of pH on the adsorption capacity of Cr(VI) on BaTiO3@SBA-15 material. 

Figure 8. The chromium adsorption kinetics of BaTiO3@SBA-15 material as a function of 

time.  

Figure 9. Pseudo-second-order kinetic for adsorption of Cr(VI) on BaTiO3@SBA-15. 
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Figure 10. Plot of ln k2 versus 1/T for Cr(VI) adsorption on BaTiO3@SBA-15. 

Figure 11. Chromium removal efficiency for several adsorption cycles with time over 

BaTiO3@SBA-15. 
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Figure 1 [Kumari, Sasidharan and Bhaumik] 
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Figure 2 [Kumari, Sasidharan and Bhaumik]                                                                                            
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Figure 3 [Kumari, Sasidharan and Bhaumik] 
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Figure 4 [Kumari, Sasidharan and Bhaumik] 
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                                                                                  Figure 5 [Kumari, Sasidharan and Bhaumik] 
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Figure 6 [Kumari, Sasidharan and Bhaumik] 
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                                                                                   Figure 7 [Kumari, Sasidharan and Bhaumik] 
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                                                                                Figure 8 [Kumari, Sasidharan and Bhaumik] 
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Figure 9 [Kumari, Sasidharan and Bhaumik] 
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Figure 10 [Kumari, Sasidharan and Bhaumik] 
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Figure 11 [Kumari, Sasidharan and Bhaumik] 
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