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a b s t r a c t
The present study is aimed at efficient removal of Cr(VI) ions from aqueous solution by employ-
ing CaAl2O4 nanoparticles. CaAl2O4 nanoparticles were synthesized by solution combustion method 
by employing two different fuels: glycine and oxalyl dihydrazide. Powder X-ray diffraction, Fourier 
transmission infrared spectroscopy, scanning electron microscope, and energy dispersive analysis of 
X-rays were used to characterize the CaAl2O4 adsorbent before and after adsorption process. CaAl2O4 
nanoparticles synthesized by glycine as fuel (CAG) exhibited excellent Cr(VI) ions removal compared 
with CaAl2O4 nanoparticles obtained by oxalyl dihydrazide as fuel (CAO) from aqueous solution at 
pH 7. The greater adsorption capacity of CAG compared with CAO can be attributed for the fact that 
CAG has smaller crystallite size about ~8 nm compared with CAO which has crystallite size about 
~19 nm. Both CAG and CAO obey second-order kinetics for Cr(VI) ion removal. Correlation coefficient 
(R2 = 0.9328 and 0.9213) and adsorption capacity (48.58 and 11.44 mg/g) were obtained for Freundlich 
and Langmuir isotherm models, respectively, for CAG and CAO.
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1. Introduction

Persistent and non-biodegradable nature of heavy metal ions 
present in water cause diverse effect on human beings, aquatic 
lives, and microorganisms above the maximum permissible 
level [1]. In this regard, strict limitations were imposed on metal 
discharge. But the contaminant complexity in effluents make the 
wastewater treatment process more difficult. Therefore, metal 
remediation from wastewater prior to discharge into waterbod-
ies has acquired great importance in recent past [1–3]. 

In nature, chromium exists in two oxidation states Cr(III) 
and Cr(VI). Chromium in +3 oxidation state is less soluble, 

less mobile, less toxic in aqueous medium, whereas chro-
mium in +6 oxidation state is highly soluble, highly mobile, 
more toxic, powerful epithelial irritant, and carcinogenic 
as well. The industries like electronics, electroplating, met-
allurgical, leather tanning, and wood preservatives [2] uses 
more chromium salts as raw material and are considered 
to be the main sources of Cr(VI) ions. At pH < 6.5, Cr2O7

2– 
predominates with high oxidation potential, whereas CrO4

2– 

predominates at pH > 6.5 [3]. Strong exposure to Cr(VI) ions 
may cause nausea, vomiting, severe diarrhoea, and cancer 
in the digestive tract and lungs [4]. According to the United 
states Environmental Protection Agency (USEPA), the max-
imum permissible limit for Cr(VI) is 0.1 mg/L for inland 
surface water discharge and 0.05 mg/L for potable water, 
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respectively [5]. Therefore, the removal of Cr(VI) ions from 
waterbodies is very important due to its severe toxicity.

The removal of heavy metals from wastewater has been 
well documented by conventional methods which include 
membrane separation [6], electrodialysis [7], reverse osmosis 
[8], chemical precipitation [9], reduction [10], and ion exchange 
[11]. But most of these methods suffer from disadvantages, 
such as high operational and capital costs, limited tolerance 
to pH range, incomplete metal removal, and energy require-
ments. In quest of the better treatment techniques, liquid-phase 
adsorption finds a place as one of the most efficient methods 
for the removal of colour, odour, organic, and inorganic pol-
lutants from industrial effluents to overcome the difficulties 
in above methods. Hence, adsorption technique is now recog-
nized as an effective, efficient, and economic method for heavy 
metal wastewater treatment [12,13]. Because, it offers flexibil-
ity in design and easy operation and results in high-quality 
treated effluent. In the past few decades, a wide variety of 
adsorbent materials has been tested and developed which 
includes, activated carbon [14], zeolites [15], clay minerals [16], 
chitosan [17], lignocelluloses [18], natural inorganic minerals 
[19], functionalized polymers [20], etc. However, most of these 
adsorbents are either not effective due to, diffusion limitation 
or the lack of enough active surface sites or have shown prob-
lems like high cost, difficulty in separation from wastewater 
or resulting in generation of secondary wastes. By considering 
these drawbacks, recently nanoadsorbents such as nanoalu-
mina [21], functionalized carbon nanotubes [22], hydroxyapa-
tite nanoparticles [23], etc, have demonstrated high adsorption 
efficiency for heavy metal removal.

From the available literature, it is clear that use of CaAl2O4 
nanoparticles as adsorbent for heavy metal removal from 
aqueous solution is an unexplored territory. Hence the pres-
ent study is aimed at investigation of CaAl2O4 nanoparticles 
as adsorbent for the Cr(VI) ions removal from aqueous solu-
tion. Two different fuels, glycine and oxalyl dihydrazide, were 
used to synthesize CaAl2O4 nanoparticles by simple solution 
combustion method. The physicochemical characteristics 
such as surface morphology, crystallite size, and elemental 
composition were done by scanning electron microscope 
(SEM), X-ray diffraction (XRD), EDAX, and Fourier transmis-
sion infrared spectroscopy (FTIR), respectively, before and 
after adsorption studies. The adsorption efficiency of Cr(VI) 
ions on CAG and CAO nanoparticles were investigated by 
studying different parameters such as effect of pH, contact 
time, and adsorbent dosage. Different kinetic models were 
tested to validate the experimental kinetic data.

2. Materials and methods

2.1. Materials and synthesis method

Calcium nitrate hexahydrate, aluminium nitrate 
pentahydrate, oxalyldihydrazide, glycine, and 
1,5-diphenylcarbazide were purchased from Sigma-Aldrich, 
India. All other chemical reagents used were of analytical grade 
without further purification. Solutions of Cr(VI) ions (10 ppm) 
were freshly prepared by dissolving known amount of K2Cr2O7 
in 1,000 mL of deionized water. 0.1 M NaOH or 0.1 M HCl were 
used to maintain the desired pH throughout the experiment.

A stoichiometric amount of calcium nitrate hexahydrate, 
aluminium nitrate pentahydrate, and oxalyldihydrazine 

(ODH), redox mixture were dissolved in minimum quantity 
of distilled water in a petri dish and was introduced into a 
preheated muffle furnace at 500°C. The solution boiled fol-
lowed by the dehydration, and at the end of the dehydration 
process, the reaction mixture burnt with flames with the evo-
lution of gaseous byproducts. The combustion process was 
over within 5 min and a porous white product (CaAl2O4) was 
obtained. The product obtained was collected and used for 
adsorption studies. Similar procedure was adopted for the 
preparation of CaAl2O4 nanoparticles using glycine as fuel. 
The probable reactions taking place during combustion pro-
cess are as follows:

Ca(NO ) 4H O 2Al(NO ) . 9H O 4C H N O
CaAl O 12N 8CO 3

3 2 2 3 3 2 2 6 4 2

2 4 2 2

. + + =
+ + + 44H O2

Ca(NO ) . 4H O 2Al(NO ) . 9H O 4.4C H NO
CaAl O 7N 8.8CO

3 2 2 3 3 2 2 6 2

2 4 2 2

+ + =
+ + ++ 33H O2

2.2. Characterization techniques

The phase formation of CaAl2O4 nanoparticles was ana-
lyzed using a X-ray diffractometer (Bruker D8 advanced 
with a Cu Kα [1.541 Å] radiation nickel filter). The XRD pat-
terns were observed at room temperature with 2θ degree 
at a scan rate with step time of 2° per min in the range of 
10°–80°. SEM (JEOL JSM 840) was used in order to determine 
the surface morphology of CaAl2O4 nanoparticles before and 
after adsorption of Cr(VI) ions. The elemental composition 
of the adsorbent was obtained by EDAX analysis before and 
after adsorption process. FTIR was used to analyze the sur-
face functional groups on the adsorbent. FTIR studies are 
performed on a Perkin Elmer spectrometer (Spectrum 1000) 
using KBr pellets. 

2.3. Batch adsorption experiments

For each experimental run, 50 mL of 10 ppm Cr(VI) ion 
solution was taken in 250 mL Erlenmeyer flask containing 
known amount of CaAl2O4 nanoparticles was agitated at 
250 rpm for 30 min at constant temperature. After predeter-
mined time ‘t’ (15, 30, 45, and 60 min), 2 mL of the solution 
was subjected for centrifugation and the residual Cr(VI) ion 
concentration in supernatant liquid was analyzed spectro-
photometrically by UV–visible spectrophotometer (ELICO-
156) at 540 nm using 1,5-diphenylcarbazide as complexing 
agent. Diphenylcarbazide reacts with Cr(VI) ions in acidic 
medium to form violet coloured Cr(VI)–diphenylcarbazone 
complex Eq. (1) [30]: 

2 3 8 84
2

2
3CrO H L H Cr(HL) Cr H L H O4 2 2

− + + ++ + = + + + � (1)

where H4L is 1,5-diphenylcarbazide and H2L is 
diphenylcarbazone.

The percentage removal of chromium from aqueous solu-
tion was calculated from the following Eq. (2): 

%removal =
−( )

×
C C
C

e0

0

100 � (2)
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The amount of Cr(VI) adsorbed at equilibrium qe (mg/g) 
was calculated by Eq. (3): 

q
C C
m

Ve
e=

−







0 � (3) 

where C0 is the initial Cr(VI) ion concentration (mg/L), Ce 
is the equilibrium Cr(VI) ion concentration (mg/L), V is the 
volume of solution (L), and m is the mass of adsorbent (g).

2.4. pH at point zero charge 

The point of zero charge (pHPZC) is the pH when the 
charge on the surface of CaAl2O4 is zero. The procedure of 
pHPZC drift method [24] could be described as follows: to a 
series of 250 mL conical flasks, 50 mL of 0.01 N NaCl was 
added. Then, the initial solution pH values (say pH initial) 
were adjusted in range between 2 and 12 with intervals of one 
using 0.01 N HCl solutions and 0.01 N NaOH. After constant 
value of pHinitial had been reached, 0.010 g of CaAl2O4 sample 
was added into each conical flask and caped them immedi-
ately. Then, stirred them for 12 h to reach equilibrium. After 
12 h, pH of solution was measured noted as pHfinal. The pHPZC 
of CaAl2O4 sample is the point when pHinitial = pHfinal.

3. Results and discussion

3.1. X-ray diffraction

Figs. 1(a) and (b) represents the XRD patterns of CaAl2O4 
nanoparticles obtained using glycine and ODH as fuels, 
respectively. XRD patterns of both CAG and CAO exhibited 
well-resolved peaks corresponding to all the planes of stan-
dard monoclinic CaAl2O4 (JCPDS 70-0134). The crystallite size 

is calculated from the full width at half maximum (FWHM 
(b)) of the diffraction peaks using Debye–Scherer’s method 
[25] using the following equation:

d k
=

λ
β θcos

� (4)

where ‘d’ is the average crystalline dimension perpendicu-
lar to the reflecting phases, ‘λ’ is the X-ray wavelength, ‘k’ is 
Scherer’s constant (0.92), ‘β’ is the FWHM intensity of a Bragg 
reflection excluding instrumental broadening, and ‘q’ is the 
Bragg’s angle. The calculated average crystallite size of CAG 
and CAO was found to be 8 and 19 nm, respectively.

3.2. Scanning electron micrograph

The scanning electron micrographs and energy disper-
sive spectra of CAG and CAO nanoparticles before and after 
adsorption are shown in Figs. 2 and 3, respectively. It is evi-
dent from SEM images that there are structural changes on 
the surface of CAG adsorbent before and after Cr(VI) ion 
adsorption and are shown in Figs. 2(a) and (b). It is observed 
that the surface of the adsorbent is porous in nature before 
adsorption, which were covered by Cr(VI) ions after adsorp-
tion indicating the structural changes of CAG adsorbent. 
Fig.  2(c) shows elemental composition of the adsorbent 
before treatment and Fig. 2(d) shows EDAX after treatment. 
It is worth noticing that there appears a Cr peak in samples 
after treatment which confirms the adsorption of chromium. 
In addition, the estimated elemental composition such as cal-
cium (Ca), aluminium (Al), and oxygen (O) from the EDAX 
analysis spectra confirms the composition of CaAl2O4.

But the surface of CAO particles possess less porous 
structure (Fig. 3(a)) compared with CAG nanoparticles, 
therefore, the decreased percentage adsorption of Cr(VI) ions 
(Fig. 3(b)) is reasonable. Smaller the crystallite size larger is 
the specific surface area that leads to more number of adsorp-
tion active sites, this results in strong interaction between 
the Cr(VI) ions and adsorbent surface of CAG rather than 
CAO nanoparticles [26]. EDAX spectra of the CAO samples 
(Figs. 3(c) and (d)) show similar results as that of CAG and 
further confirms the Cr(VI) adsorption.

3.3. Fourier transform infrared spectroscopy

The FTIR spectra of CAG and CAO indicated that the 
broad peaks at 3,487 and 3,465 cm–1 (Figs. 4 and 5) shows the 
presence of stretching and bending vibrations of hydrogen 
bonded surface –OH groups due to retainment of extra water 
molecules in addition to metal oxides present within the 
material [27]. In Fig. 4, the sharp peaks at 1,414 and 1,403 cm–1 
are due to symmetric stretching vibration of carbonate spe-
cies which also have been proved by observing a small sharp 
peak at 880 cm–1. A small peak at 1,642 cm–1 corresponds to 
the deformation vibration of free water molecules, while the 
sharp peak at 1,412 cm–1 was due to the deformation vibra-
tion of hydroxyl groups. The peaks at 510 and 550 cm–1 cor-
respond to the presence of stretching vibration of Al–O bond 
(Figs. 4(a) and (b)). This may be due to exposure of Al–O 
surface area during combustion resulting in the formation of 
CO2 and H2O, which are adsorbed on the surface of Al–O in 
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Fig. 1. XRD patterns (a) CAG and (b) CAO nanoparticles.
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the form of carbonate and free surface –OH groups [28]. The 
bands at 783 and 640 cm–1 correspond to Al–O bonds at two 
different spectral range as distinctive in particular [29]. It is 
attributed that there is no significant amount of water mole-
cules trapped and less number of surface –OH groups pres-
ent in CAO adsorbent in comparison with CAG nanoparticles 
leads decreased adsorption of Cr(VI) ions (Fig. 5). The addi-
tional peaks observed from ~800 to 1,000 cm–1 in both CAG 
and CAO after treatment confirms the presence of CrO4

2– ions 
[28] on the surface of the adsorbent (CaAl2O4).

3.4. Effect of contact time

The effect of contact time on adsorption of Cr(VI) ions on 
CAG and CAO was studied between 10 and 90 min in order to 
investigate the equilibrium contact time for maximum adsorp-
tion. The 10 ppm Cr(VI) ion solutions were agitated in 250 mL 
flask at 250 rpm with adsorbent dose of 2 g/L, at neutral pH 
and the results were shown in Fig. 6. From Fig. 6 it is found 
that there is a 45% Cr(VI) ion removal efficiency in first 15 min 

and is increased to 97% at 60 min for CAG, whereas 18% in first 
15 min and 47% at 60 min for CAO, respectively. This is because, 
the increase in contact time increases the diffusion of adsorp-
tion sites on adsorbent surface, which leads to more utilization 
of adsorption sites by Cr(VI) ions [30]. Hence, 60 min was kept 
as constant contact time for further adsorption studies.

3.5. Effect of pH

pH is considered to be an important parameter which has 
significant influence in controlling adsorption process. The 
effect of pH was determined by studying the adsorption of 
Cr(VI) ions onto CAG and CAO in a pH range of 1–11, at 
an initial Cr(VI) ion concentration of 10 mg/L with adsorbent 
dose of 2 g/L at 60 min contact time at 25°C. The effect of pH 
on Cr(VI) ion uptake on both CAG and CAO adsorbent was 
shown in Fig. 7. From the results (see Fig. 7), it is clear that 
the percentage Cr(VI) ion removal efficiency by both CAG 
and CAO adsorbents increases gradually with increase in 
pH from 1 to 7 and decreases with further increase in pH. 

Fig. 2. SEM micrographs of CAG (a) before adsorption and (b) after adsorption; and EDAX spectra of CAG (c) before adsorption and 
(d) after adsorption.
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Bhattacharyya  and Gupta [31] reported similar observations 
for Cr(VI) ions removal using clay as adsorbent. The decrease 
in adsorption efficiency other than pH 7 may be due to relative 
lowering of reaction site density in terms of positive charge 
on the surface. Paul et al. [32] reported similar observation 
in adsorption of Cr(VI) on nanotitania adsorbent. Therefore, 
we have carried out other experimental parameters keeping 
pH 7 as optimum for further experiments. However, other 
researchers have reported optimum efficiency of Cr(VI) ion 
removal at lower pH. The reason for higher efficiency in 
acidic pH was explained as follows. Below pH 7, Cr(VI) pre-
dominantly exists in HCrO4

– and CrO4
2− anionic forms [33]. 

Therefore, the removal efficiency at this pH range is higher 
due to Coulombic force of attraction between negatively 
charged ions and positive surface of the adsorbents [34].

3.6. Effect of adsorbent dose

The performance of Cr(VI) ions (10 mg/L) uptake by 
CAG and CAO nanoparticles were performed by varying 

adsorbent dose from 0.4 to 2.8 g/L, and the results were 
shown in Fig. 8. The percentage removal increases with 
increase in amount of adsorbent and equilibrium is attained 
at an adsorbent dose of 2 g/L and there is no considerable 
removal of Cr(VI) ions thereafter. For 2 g/L adsorbent dose, 
the maximum Cr(VI) ions removal percentage increases 
from 44 to 97 and 24 to 47 for CAG and CAO nanoparticles, 
respectively. The increase in Cr(VI) ion removal percentage 
could be attributed to the availability of more number of 
adsorption sites for CAG than CAO.

3.7. Recyclability

The recyclability of adsorbent being an important param-
eter for assessment and real-time applications. This is import-
ant considering the fact that better the recyclable efficiency of 
an adsorbent the more economically viable it is. The cycling 
runs for the adsorption of Cr(VI) ions using the CaAl2O4 
nanoparticles prepared by ODH and glycine were performed 
to evaluate its stability and recyclability. The samples were 

Fig. 3. SEM micrographs of CAO (a) before adsorption and (b) after adsorption; and EDAX spectra of CAO (c) before adsorption and 
(d) after adsorption.
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Fig. 4. FTIR spectra for CAG (a) before adsorption and (b) after 
adsorption.

Fig. 5. FTIR spectra for CAO (a) before adsorption and (b) after 
adsorption.

Fig. 7. Influence of pH on Cr(VI) removal by CaAl2O4 nanoparti-
cles by (a) glycine and (b) ODH.
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Fig. 6. Effect of contact time on Cr(VI) removal by CaAl2O4 
nanoparticles by (a) glycine and (b) ODH.
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filtered using ashless filter paper, washed with deionized 
water, and then heated to regenerate the adsorbent and 
restore the active sites for adsorption. Similar procedure was 
followed after each cycle and its adsorption studies were car-
ried out by usual batch adsorption techniques. The results of 
the recycling experiments are presented in Fig. 9. From the 
results it is clear that up to three cycles there is slight decrease 
in the adsorption removal of Cr(VI) ions but beyond three 
cycles there was significant decrease in the removal effi-
ciency. The observed decrease might be due to heating effect 
during regeneration that leads to decrease in the number of 
adsorption sites due to decrease in surface area.

3.8. pH at point zero charge determination

 The pHPZC results of the experiments performed with 
the CaAl2O4 adsorbent, where the pH ranged from 2 to 12. 
According to Fig. 10, the pHPZC of the CAG and CAO was 
found to be 7.5 and 7.9, which indicates the near neutral 
character of the CaAl2O4 surface, with the below the pHPZC 
value, the surface of CaAl2O4 is positively charged due to 
protonation [35], favouring the adsorption of anions. Above 

the pHPZC, the CaAl2O4 surface has a negative charge which 
favours the adsorption of cation species.

3.9. Mechanism of adsorption

The mechanism of Cr(VI) ion adsorption on the adsor-
bent surface is usually explained on the basis of surface 
charges created at specific pH and charge on the ionic spe-
cies in aqueous solutions [36]. However, in the present case 
optimum removal was obtained slightly above neutral pH 
which is greater than the pHPZC. This suggests that the posi-
tive surface of the adsorbent favours the adsorption of nega-
tively charged ions (in this case CrO4

2–). Further, the driving 
force or mechanism of adsorption can also be explained on 
the basis of Lewis acid sites on the CaAl2O4. Coster et al. [37] 
have reported that aluminates behave as Lewis acids and 
there are two different kinds of Lewis sites in aluminates (i) 
tetrahedral sites and (ii) pentagonal sites. These Lewis sites 
can accept the negative charges or have affinity for the nega-
tive charges. In this particular case at neutral pH, Cr(VI) ions 
exists as CrO4

2– as a dominant species. These chromate anions 
formed get adsorbed to the Lewis sites on the aluminates due 
to the electrostatic forces. The diagrammatic representation 
of the mechanism of adsorption is shown in Fig. 11.

4. Isotherm models

Adsorption isotherms are important models in examin-
ing the adsorption capacity between adsorbate and adsor-
bent, and in adsorbent optimization [38]. To investigate 
equilibrium adsorption capacity of Cr(VI) ions onto CAG 
and CAO nanoparticles, Langmuir and Freundlich isotherms 
were employed in the present study.

 4.1. Freundlich isotherm

The Freundlich isotherm assumes that the adsorption 
occurs with stronger binding sites onto a heterogeneous sur-
face in the beginning and decreased binding strength upon 
increased degree of adsorption sites occupation [39]. The lin-
earized Freundlich equation can be written as:

ln ln lnq K
n

Ce F e= +
1 � (5)

where qe is the amount of chromium adsorbed at equilibrium 
(mol/g), Ce the equilibrium concentration of chromium in 
solution (mol/L), KF the Freundlich constant ((mmol/kg)1−1/n) 
indicative of the relative adsorption capacity and 1/n is arbi-
trary constant related to adsorption intensity. The value of n 
lies in between 1 and 10 is indicative of favourable adsorp-
tion. A plot of Freundlich isotherm, ln(qe) vs. ln(Ce) would 
give a straight line from which K and n values can be cal-
culated from intercept and slope, respectively (Fig. 12). The 
values of n for CAG and CAO nanoparticles were found to 
be 2.9979 and 0.4129, respectively (Table 1), suggesting that 
adsorption of Cr(VI) ions is favourable for CAG than CAO. 
This may be attributed due to formation of relatively stron-
ger bonds between Cr(VI) ions on active sites of CAG than 
CAO nanoparticles.

Fig. 9. Percentage removal of Cr(VI) for regenerated adsorbent at 
different cycle runs.
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The relative higher R2 values of Freundlich plot than 
Langmuir isotherm suggest that the equilibrium adsorp-
tion of Cr(VI) ions onto CAG nanoparticles could be best 
described with the Freundlich isotherm.

4.2. Langmuir isotherm

 Langmuir isotherm is the most frequently used model 
to examine the sorption of pollutant from aqueous solution 
onto an adsorbent [40]. This model is introduced based on 
the assumption of adsorption homogeneity over the adsor-
bent surface. This model is valid for monolayer adsorption 

with a finite number of identical sites [41]. The linear form of 
Langmuir equation may be written as:

C
q K q

C
q

e

e L

e=
×

+
1

max max

� (6)

where qe is the amount of chromium adsorbed per unit weight 
of adsorbent (mg/g), Ce is the equilibrium concentration of 
Cr(VI) ions in the bulk solution (mg/L), qmax is the maximum 
adsorption capacity, and KL is the Langmuir constant (L/mg) 
related to the adsorption. The essential characteristics of a 
Langmuir isotherm can be expressed in terms of a dimen-
sionless constant separation factor or equilibrium parameter, 
RL, which is defined by the following Eq. (7):

R
q K CL

L o

=
+ ×

1
1 ( )max

� (7)

Fig.11. Proposed mechanism for the adsorption of Cr(VI) on to the CaAl2O4.

(a)

(b)

Fig. 12. Linearized Freundlich isotherm for Cr(VI) uptake on 
CaAl2O4 nanoparticles by (a) glycine and (b) ODH.

Table 1
Isotherm parameters for adsorption of Cr(VI) on CaAl2O4 
nanoparticles at room temperature

Freundlich isotherm
Parameters 1/n n KF (mg/g) R2

CAG 0.3335 2.9979 48.58 0.9328
CAO 2.4218 0.4129 0.0005 0.8126

Langmuir isotherm
Parameters qmax (mg/g) KL (L/mg) RL R2

CAG 11.4416 1.041 0.0892 0.9213
CAO 0.5145 0.0992 0.1539 0.5726
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where C0 is the initial concentration and RL indicates the shape 
of the isotherm (RL > 1 unfavourable; RL = 1 linear; 0 < RL < 1 
favourable, and RL = 0 irreversible). Therefore, adsorption is 
better if RL value lies in between 0 and 1. In the present study, 
the RL values were 0.0892 and 0.1539 for CAG and CAO, 
respectively (Table 1), indicating that adsorption is favour-
able for both the adsorbents. 

A plot of Ce/qe vs. Ce (Fig. 13) gives linearized Langmuir 
isotherm to calculate the adsorption coefficients. The adsorp-
tion capacities, qmax for CAG and CAO nanoparticles were 
11.44 and 0.5145 mg/g, respectively, and the corresponding 
correlation coefficient (KL) values for CAG and CAO were 
1.041 and 0.0992 L/mg in the same order. The R2 values 
(Table  1) suggests that CAG obeys the Langmuir isotherm 
better than CAO nanoparticles.

5. Adsorption kinetics

The pseudo-first-order and pseudo-second-order kinetic 
models were used to determine the rate of adsorption pro-
cess of Cr(VI) ions on CAG and CAO nanoparticles.

Lagergren [42] proposed a method for adsorption anal-
ysis which is the pseudo-first-order kinetic equation in the 
form:

dq
dt

k q qt
e t= −1( ) � (8)

where qe and qt are the amounts (mg/g) of adsorbate at 
equilibrium and at time t (min), respectively; and k1 is the 
pseudo-first-order rate constant (1/min). 

Integration of Eq. (8) at the boundary, qt = 0 at t = 0 and 
qt = qt at t = t, gives (Eq. (9)):
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2 303
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q

k
tt

e
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The linear plot of log (qe − qt) against time allows one 
to obtain the rate constant. The pseudo-first-order rate 

constants for the present study were calculated from the 
intercept and slope shown in Fig. 14 and found to be non-
linear and is not in agreement with correlation coefficient 
for CAG and CAO nanoparticles. The values k1 and qe were 
shown in Table 2.

The pseudo-second-order kinetic model [43] can be 
represented in the following form (Eq. 10):

dq
dt

k q qt
e t= −2

2( ) � (10)

where k2 is the rate constant (g/mg min). Integration of 
Eq. (10) at the boundary, qt= 0 at t = 0 and qt = qt at t = t and 
then rearrangement to a linear form gives (Eq. (11)):

1 1 1

2
2q k q q

t
t e e

= + � (11)

The value of k2 and qe can be determined from the slope 
and intercept of the plot t/qt vs. t (Fig. 15). The calculated R2 
value for pseudo-second-order kinetic model is shown in 
Table 2.

From Table 2, the calculated R2 values are in good agree-
ment for pseudo-second-order kinetic model. Therefore, 

(a)

(b)

Fig. 13. Linearized Langmuir isotherm for Cr(VI) uptake on 
CaAl2O4 nanoparticles by (a) glycine and (b) ODH.

(a)

(b)

Fig. 14. Pseudo-first-order kinetics of CaAl2O4 nanoparticles by 
(a) glycine and (b) ODH.

Table 2
Pseudo-first-order and pseudo-second–order rate constants for ad-
sorption of Cr(VI) on CaAl2O4 nanoparticles at room temperature

Pseudo-first-order kinetics
C0 (mg/L) k1(min–1) qe (mg/g) R2

CAG 6.89 27.46 0.7276
CAO 9.27 23.31 0.8993

Pseudo-second-order kinetics
C0 (mg/L) k2 (min–1) qe (mg/g) R2

CAG 0.0017 26.27 0.9801
CAO 0.0015 25.12 0.9640
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the adsorption process follows pseudo-second-order 
kinetic model for Cr(VI) ions adsorption on CAG and CAO 
nanoparticles.

6. Conclusions 

In this study we show that single experimental param-
eter namely the fuel used in combustion synthesis for 
preparing adsorbent (CaAl2O4) plays significant role in 
the efficient adsorption of Cr(VI) from aqueous solu-
tions. CaAl2O4 prepared using glycine as fuel exhibits 
better Cr(VI) removal than the one prepared using ODH. 
Adsorption of Cr(VI) is highly pH dependent and irrespec-
tive of the fuel used CaAl2O4 showed maximum removal at 
neutral pH. The surface charge on the CaAl2O4 was evalu-
ated from pHPZC and probable adsorption mechanism was 
proposed based on the PZC and Lewis acid–base concept. 
Lewis acid sites on the CaAl2O4 is the driving force for the 
adsorption of Cr(VI) from aqueous solutions. The CaAl2O4 
can be readily recycled and reused up to three cycles with-
out significant loss in its adsorption efficiency. This work 
demonstrates that the adsorption property of the nanoad-
sorbents prepared from combustion method can be tuned 
by fuel selection. 
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