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a b s t r a c t
An effective hybrid adsorbent based on zirconia (ZrO2) and 3-aminopropyltriethoxysilane (APTES) 
was prepared for the removal of Cr(VI) from aqueous solutions. Co-precipitation method was used 
to prepare nano-crystalline zirconia (ZrO2) while its functionalization with 3-aminopropyltriehox-
ysilane (APTES) was carried out by grafting method. The characterization of ZrO2 and functional-
ized zirconia (NH2–ZrO2) was performed by Fourier transform infrared (FTIR) spectroscopy, X-ray 
diffraction analysis, scanning electron microscopy (SEM), and thermogravimetric analysis. The 
presence of carbon (10.73%), nitrogen (2.07%), silicon (0.15%), and a rise in the percentage of oxygen 
(from 26.79% to 28.23%) in the energy dispersive X-ray spectra of NH2–ZrO2 supported by FTIR 
analysis, showed that ZrO2 has been successfully functionalized with APTES. The adsorption char-
acteristics of NH2–ZrO2 for the removal of Cr(VI) were examined by the batch method. Adsorption 
was found to be highly dependent on solution pH, contact time, Cr(VI) initial concentration, and 
adsorbent dosage. Kinetic data was explained well by pseudo-second-order kinetic model, while 
the equilibrium data were best fitted the Langmuir model with a maximum adsorption capacity 
of 17.89  mg/g at 298  K. The thermodynamic parameters, that is, negative values of ∆H° and ∆G° 
confirmed the exothermic and spontaneous nature of adsorption process.

Keywords: �Co-precipitation method; Amino functionalized zirconia; Adsorption; Cr(VI); 
Kinetic models; Thermodynamic parameters

1. Introduction

Chromium has gained the attention of the scientific 
community because of its adverse effects on the surrounding 
environment and public health. The stable oxidation states 
of Cr are Cr(III) and Cr(VI), which exhibit different tox-
icities. Cr(III) is considered as an important micronutrient, 
while Cr(VI) is among the 16 most teratogenic and carcino-
genic toxic pollutants in the world [1,2]. The major sources 
that discharge Cr(VI) into the water streams include effluents 
from various industries like leather tanning, electroplating, 
metal finishing, wood protection, electrical, and electronic 
equipment manufactures, chromium mining pigments, 

and catalysis [3]. According to World Health Organization 
(WHO), the highest permitted value of Cr(VI) in drinking 
and wastewater is 0.05 and 0.2  µg/mL, respectively [4]. 
Exceeding concentration of Cr(VI) from their permitted 
level can cause different health hazards like ulceration, 
liver damage, epigastric pain, hemorrhage, severe diarrhea, 
bronchitis, bronchogenic carcinoma, nausea, pulmonary 
congestion, vomiting, and cancer in the digestive tract and 
lungs [2]. Hexavalent species of chromium mainly exist as 
chromate ion (CrO4

2–), hydrogen chromate ion (HCrO4
–), 

chromic acid (H2CrO4), and its salts which depend on solu-
tion pH. The predominant species of Cr(VI) are H2CrO4 
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predominant at solution pH less than 1, HCrO4
– predomi-

nant at pH values between 1 and 6, and CrO4
2– predominant 

when solution pH is above 6.
Different methods like ion exchange, chemical precip-

itation, advanced oxidation techniques, filtration, electro-
deposition, and adsorption have been applied for the 
purification of contaminated water [5]. Majority of these 
methods are not satisfactory due to the high cost, less effi-
ciency, large amount of sludge formation, and inapplicabil-
ity [6]. Adsorption is the most useful method for wastewater 
treatment because of its low cost, simple operation, appli-
cability at very low concentrations, little sludge generation, 
suitability for using batch and continuous processes, and 
reusability of the adsorbents [7]. However, the most import-
ant factor in adsorption is the selection of efficient and 
novel adsorbent.

Different types of adsorbents have been tested such as 
activated carbon [8,9], zeolites [10], clays [11], and agricul-
tural waste [12] to remove heavy metal ions from polluted 
water. The major issues with these adsorbents are their 
slow adsorption kinetics, low adsorption power, difficulties 
in regeneration and separation, and their comparatively 
weak interactions with heavy metals ions. Recently, various 
types of nanomaterials, for example, nanostructure zirconia 
[13], nanostructure alumina [14], and nanostructure titania 
[15] have been used for the detoxification of contaminated 
water. Nanomaterials have grabbed the attention of the sci-
entific community due to their unique properties, such as 
faster adsorption kinetics, high adsorption capacity, sim-
ple operation, and quick responses [16]. The direct use of 
nanomaterials in adsorption study is not favorable because 
of their non-selectivity, less stability, and agglomeration in 
liquid phase [17]. To overcome these problems, the surface 
of nanomaterials can be functionalized with certain groups 
which make it selective and prevent agglomeration [18].

Nanocrystalline zirconia (ZrO2) can be used as a sup-
port because of its attractive properties such as non-toxicity, 
very low solubility in water, good resistance to acids, bases, 
and oxidizing agents and high thermal stability [13]. The 
surface of ZrO2 is amphoteric in nature due to the presence 
of Bronsted basic and acidic groups and Lewis acid–base 
Zr4+–O2− pairs. The ZrO2 polymorphs surface have –OH 
groups which are important in surface structure and sur-
face chemistry [19]. The surface functionalization of ZrO2 
has already been reported by many researchers. Zhou 
et al. [20] reported the functionalization of ZrO2 surface 
by vinyl groups. Tarafdar and Pramanik [21] reported 
the functionalization of ZrO2–SiO2 mixed oxide by amino 
groups however there are few reports on the functional-
ization of ZrO2 by amino groups. Luo et al. [22] reported 
the functionalization of ZrO2 by amine groups using post-
synthesis method. Silanes are silicon containing monomeric 
compounds in which silicon atom is attached to four sub-
stituent groups. Silanes have been frequently used for the 
functionalization of metal oxide surfaces. The basic advan-
tages of using silanes in surface chemistry are that they 
can have different functional groups, for example, amino, 
carboxylic acid, cyano, etc., which can be easily introduced 
to metal oxide surface in one step [23,24]. Amino func-
tionalizations have gained importance recently because 
of their high potential applications. Functionalization of 

mesoporous silica with amine groups has been reported by 
Ostwal et al. [25], Stoltenberg and Seidel-Morgenstern [26], 
and Sakamoto et al. [27].

In the present study, the surface of ZrO2 particles is 
functionalized by amino groups of aminopropyltriethoxy 
silane (APTES). The prepared amino functionalized zirco-
nia (NH2–ZrO2) particles were used for the adsorption of 
Cr(VI) from aqueous solutions. Reported literature survey 
shows that adsorption of Cr(VI) has not been explored yet 
using amino functionalized zirconia (NH2–ZrO2) as novel 
green adsorbent. This study emphasizes the effect of differ-
ent sorption parameters on Cr(VI) adsorption and focuses 
on the investigation of the mass transfer limitations, kinetic, 
and thermodynamics features so as to develop a probable 
mechanism for Cr(VI) adsorption by NH2–ZrO2.

2. Experimental setup

2.1. Reagents and chemicals

Zirconium oxychloride octahydrate (ZrOCl2·8H2O, 99%), 
3-aminopropyltriethoxysilane (C9H23NO3Si, 98%), and 
potassium dichromate (K2Cr2O7) were provided by Merck 
while 1,5 diphenyl carbazide (C13H14N4O, 98%) and ace-
tone (C3H6O, 99%) were provided by Scharlau. Sulfuric acid 
(H2SO4, 98%) and sodium hydroxide (NaOH, 97%) were 
provided by BDH suppliers. Hydrochloric acid (HCl, 37%) 
was supplied by Riedel-de-Haen. Deionized water was 
used throughout the research work.

2.2. Adsorbent preparation

2.2.1. Synthesis of nanocrystalline zirconia

Nanocrystalline zirconia (ZrO2) was prepared by co-
precipitation method. First 450  mL of 0.088  M NaOH 
solution was taken in 1,000  mL round bottom flask. Then 
4  g of solid ZrOCl2·8H2O was added with stirring which 
yielded a white turbid solution. The solution was stirred 
for 4  h and then filtered through Whatman no 42  filter 
paper. The gel obtained was washed with 0.5  L of deion-
ized water to leach out the chloride ions. The chloride ions 
in filtrate were tested by silver nitrate solution. The washed 
gel was calcined at 823 K for 5 h in Nabertherm P330MB2 
Furnace. The obtained powder was further characterized by 
different spectroscopic techniques.

2.2.2. Functionalization of nanocrystalline zirconia

The surface of nano-crystalline ZrO2 was functionalized 
by treatment with 3-aminopropyltriethoxysilane (APTES). 
Nano-crystalline ZrO2 (100  mg) was added to 10  mL ace-
tone and 1 mL of APTES was dissolved in 9 mL H2O. The 
mixture was then sonicated for 2  h using a Sonicator 
(POWERSONIC-405). The reaction mixture was centrifuged 
in tabletop centrifuge DSC200-2. Afterward, it was washed 
with deionized water two times to remove the unattached 
coupling agent molecules followed by drying for 4  h to 
obtain the amino functionalized nano-crystalline zirconia 
(NH2–ZrO2). The overall process for synthesis and function-
alization of nanocrystalline zirconia is schematically pre-
sented in Fig. 1.
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2.3. Adsorbent characterization

Nano-crystalline ZrO2 and functionalized NH2–ZrO2 
were characterized using different analytical techniques. 
XRD analysis was carried out to get deeper knowledge 
about the crystallography and the crystallite size of ZrO2 
and NH2–ZrO using JEOL X-ray diffractometer (model 
JDX-3532) with manganese filtered copper-kα radiations. 
The X-ray patterns were obtained by determining 2 theta 
(2θ) values ranging from 10° to 70° with step size of 0.04° 
and a step time of 0.5  s. The applying current and voltage 
were fixed at 30 mA and 40 kV respectively. The microstruc-
tures were examined by using scanning electron microscopy 

(SEM; JSM-6490, JEOL, Japan) at 20 keV. Elemental analysis 
of ZrO2 and NH2–ZrO2 were performed by energy disper-
sive X-ray (EDX) micro analyzer spectrophotometer (EDX 
Inca-200, UK). Thermal analyses (TGA/DTA) were carried 
out in the temperature range 40°C–800°C at a heating rate 
of 10°C/min in the presence of continuous N2 flow, using 
Perkin-Elmer Pyris1 analyzer. Surface chemistry and chem-
ical structure of ZrO2 and NH2–ZrO2 was studied using a 
Fourier transform infrared (FTIR) spectrophotometer (FTIR-
2000, Perkin Elmer). Point of zero charge (pHPZC) was deter-
mined by salt addition method [28] using 0.1  M NaNO3 
solution as electrolyte. In a typical procedure 40 mL of 0.1 M 
NaNO3 solution was taken in a series of 100 mL polyethene 

Fig. 1. Schematic diagram for preparation of amino functionalized zirconia (NH2–ZrO2).
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bottles with pH adjusted from 2 to 11. Then 100 mg of NH2–
ZrO2 was added to each bottle and were kept in a shaking 
bath SHELAB (model WS17-2) at shaking rate of 140  rpm 
at 298 K. After 24 h the bottles were taken out and its final 
pH was recorded. The change in pH (pHf – pHi) was plotted 
against initial pHi.

2.4. Adsorption procedure and regeneration of adsorbent

To study the effect of various parameters such as solu-
tions pH, equilibrium time, media dosage, temperature, 
and adsorbates concentration on adsorption of Cr(VI) by 
NH2–ZrO2, batch experiments were performed. A known 
amount of NH2–ZrO2 was added to 40 mL of Cr(VI) solution 
taken in series of 100  mL bottles which were then placed 
in shaker bath at constant temperature and agitated at 
120  rpm for definite time. After equilibration the solution 
was filtered to remove adsorbent particles and analyzed 
for the residual concentration of Cr(VI) at the wavelength 
of maximum absorbance (λmax) using spectroscopic tech-
nique. The adsorption loading per unit mass of NH2–ZrO2, 
qe (mg/g), and percentage adsorption were calculated by 
using the following equation:
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where qe (mg/g) is the amount of adsorbate adsorbed, 
Ci (mg/L) is the initial concentration of solution, Ce (mg/L) 
is the equilibrium concentration, V (L) is the volume of 
solution, while m (g) is the mass of adsorbent added.

The regeneration study was carried out by adding 1  g 
NH2–ZrO2 into 200 mL of 58.35 mg/L Cr(VI) solution. The pH 
of mixture was adjusted to 2 and stirred at 300 rpm for 30 min 
at 298 K. The Cr(VI) loaded adsorbent was collected by filtra-
tion, rinsed, and dried. The used adsorbent was immersed in 
200 mL NaOH solution (0.1 N) and stirred under the same 
condition as those used in adsorption study. At the end of 
desorption experiments, the surface collected was washed, 
dried, and recycled. Six consecutive adsorption–desorption 
cycles were executed.

2.4.1. Cr(VI) analysis

There are many methods available for Cr(VI) determi-
nation, such as atomic absorption spectrometry (AAS), ion 
chromatography (IC), inductively coupled plasma-mass 
spectrometry (ICP-MS), inductively plasma-optical emis-
sion spectrometry (ICP-OES), etc., but they are expensive 
and require technical skills. The inexpensive, quick, and easy 
way for Cr(VI) determination in solution is diphenyl carba-
zide spectrophotometric method [1]. Absorbance values were 
determined at the corresponding λmax (540 nm) by preparing 
a colored complex of Cr(VI) with 1,5-diphenylcarbazide in 
the presences of sulfuric acid by using UV-spectrophotometer 
(UV-160A, Shimadzu, Japan). The absorbance was then 

changed into concentration data by utilizing the calibration 
relation.

2.4.2. Kinetics study

Kinetics of adsorption process was studied to observe 
the effect of contact time and determine kinetic parameters. 
A specific amount of NH2–ZrO2 (0.1 g) was added to 40 mL 
of Cr(VI) solutions (197 mg/L) in series of 100 mL bottles and 
agitated in thermostatic shaker at 120 rpm at constant tem-
perature (298, 303, and 308 K). The bottles were taken out of 
shaker bath after specific time intervals, filtered to remove 
adsorbent particles and analyzed for Cr(VI) concentration 
in filtrate.

The kinetics and mechanism of Cr(VI) adsorption was 
analyzed using different kinetics models such as using 
pseudo-first-order, pseudo-second-order, Elovich, intra-
particle diffusion, and Boyd models. In 1889 Lagergren 
introduced a first-order kinetic model to interpret the kinet-
ics of liquid–solid phase adsorption. The linear for of this 
model is given as follows:

log log
.

q q q
k

te t e−( ) = −








1

2 303
	 (3)

where k1 (min–1) represents the rate constant, qe (mg/g) shows 
the adsorption capacity, qt (mg/g) refers to the uptake at 
any time (t).

In 1995, Ho introduced second-order equation for the 
adsorption of species from solution as can be expressed as:
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In 1934 Zeldowitch, presented a kinetic equation for 
chemisorption reactions called Elovich equation. Basically, 
this equation was developed for the kinetics of gases adsorb 
on heterogeneous solid surfaces. Recently this equation 
has been applied for the adsorption of metal ions from solu-
tions. The general form of this equation is expressed [29] as:

dq
dt

et
t
q= −α β 	 (6)

To simplify the above equation, apply boundary condi-
tions, that is, “qt = 0 at t = 0 and q = qt at t =  t while taking 
αβ >> t.”

q tt = ( ) +
1 1
β

αβ
β

ln ln 	 (7)

where qt (mg/g) is the amount of adsorbate adsorbed at 
specific time, α is the initial rate of adsorption while β is 
the desorption constant.

Intraparticle diffusion model was presented by Weber 
and Morris [30]. According to this model, the uptake of 
solute particles from a solution is directly proportional 
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to t1/2 rather than contact time. Mathematically this model 
can be represented [31] as:

qt = Rid t1/2 + Ci	 (8)

where Rid (mg/g/min1/2) is the intraparticle diffusion rate 
constant while Ci is the boundary layer thickness. If the 
plot of “qt vs. t1/2” give a straight line and passing from the 
origin with slope Rid, and intercept Ci, mean that the data 
follows Weber and Morris.

The kinetic data were further analyzed by Boyd model 
for the determination of real rate-limiting step (intra-
particle diffusion or film diffusion). Boyd equation can be 
represented [32] as:
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Rearranging the above equation:
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Here F is the fractional attainment and Bt represents 
a function of F while m is the integer which defines the 
solution infinite series. Moreover, qe and qt are maximum 
sorption capacities at equilibrium and time t, respectively.

2.4.3. Equilibrium isotherm study

Equilibrium isotherm studies were carried out by add-
ing a specific amount of NH2–ZrO2 (0.1 g) to different initial 
concentration (9.90–283.20  mg/L) of Cr(VI) solutions with 
their pH adjusted at 2. The resulting mixtures were oscil-
lated at 120  rpm in shaking bath at constant temperature 
(298, 308, and 318  K). The samples were filtered and ana-
lyzed by UV-spectrophotometer. The experimental data 
were analyzed using different adsorption isotherm models.

In 1909, Freundlich presented an empirical model for the 
adsorption on heterogeneous surfaces. The general form of 
Freundlich adsorption isotherm is presented as [33].

q K Cf e
n= 1/ 	 (13)

The linear form of this isotherm is represented by the 
following equation:

log log logq K
n

Cf e= +
1 	 (14)

where Ce (mg/L) is equilibrium concentration, q (mg/g) is 
mount of adsorbate adsorbed, Kf is Freundlich constant, and 
n is the adsorption intensity.

In 1916, Langmuir presented a semi-empirical model 
for the adsorption of adsorbates on homogeneous surface 
of adsorbent. The basic consideration of this model is the 
fixed number of adsorptive sites on adsorbent surface, which 
leads to the monolayer adsorption. The more conventional 
form of Langmuir isotherm is represented [34] as:
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where qe (mg/g) is the adsorption capacity, qm (mg/g) is the 
maximum monolayer adsorption capacity, while Kb (L/mg) is 
binding energy constant.

The Temkin adsorption model assumed that the decrease 
in adsorption energy is linear instead of logarithmic, as 
expressed in the Freundlich equation. The decrease in 
adsorption energy with an increase of surface coverage is due 
to the solute-solid interaction. The general form of Temkin 
isotherm is expressed [35] as:

q RT
b

A Ce T e= ln 	 (16)

While the linear form of this isotherm is written as:

q B A B Ce T T T e= +ln ln 	 (17)

B RT
bT = 	 (18)

where T (K) is the absolute temperature, R (8.314  J/mol  k) 
is Universal gas constant, AT (L/mg) is Temkin isotherm 
constant while b is Temkin constant related to adsorption 
energy.

Dubinin–Radushkevich (D–R) model [36] is an empiri-
cal isotherm used for the adsorption process that take place 
on both heterogeneous and homogeneous surfaces. This 
model predicts the type of adsorption process from adsorp-
tion energy. The linear form of D–R adsorption isotherm is 
expressed as:

ln lnq qe = −−D R βε2 	 (19)

where e is Polanyi potential given with e  =  RT ln(1 + 1/Ce) 
and constant qD–R (mg/g) correspond to maximum monolayer 
uptake capacity. While β (mol2/J2) is a constant associated to 
the adsorption energy E (kJ/mol) by the equation as given 
below:

E =
1
2β

	 (20)

3. Results and discussion

3.1. Characterization

3.1.1. X-ray diffractometry (XRD)

XRD is very useful technique used for the identification 
of unknown solid samples. It gives information about phase 
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transformation, crystallinity, and unit cells dimensions of 
the sample. The XRD pattern of ZrO2 and NH2–ZrO2 is pre-
sented in Fig. 2. It can be seen that ZrO2 is highly crystalline 
in nature. The peaks appeared at d spacing values of 5.075, 
3.66, 3.157, 2.84, 2.674, 2.535, 2.498, and 1.659 with respec-
tive miller indices (001), (110), (–111), (111), (002), (–201), and 
(221) corresponding to monoclinic ZrO2 (JCPDS card No: 
37–1484). Furthermore, the peaks observed at d spacing val-
ues of 2.947, 2.181, 1.811, and 1.510 with corresponding miller 
indices (111), (112), (220), and (311) correspond to tetragonal 
ZrO2 (JCPDS card No: 17–923). The XRD pattern is domi-
nated by the characteristic peaks of the monoclinic structure, 
suggesting that the sample is mainly in the monoclinic phase. 
Similar observations have been reported by Sadiq et al. [37] 
and Guerrino et al. [38]. Crystallite size of ZrO2 particles 
were calculated using Debye Scherer’s equation given below:

Crystallite size
 cos

=
0 9. λ

θB
	 (21)

where λ is the wavelength of X-ray, B is the line broaden-
ing full width at half maximum (FWHM) of Bragg peak, 
and θ is the angle of reflection. The crystallite size calcu-
lated for monoclinic phase with the help of Scherer’s equa-
tion is 13.89  nm, which is comparable in magnitude with 
the values reported for monoclinic ZrO2 by Stoe et al. [39]. 
The same set of XRD peaks were observed for NH2–ZrO2 
showing the crystalline phase stability of ZrO2 during surface 
functionalization.

3.1.2. Surface morphology and EDX analysis

The microstructures and EDX spectra of ZrO2, NH2–
ZrO2, and Cr(VI) loaded NH2–ZrO2 are given in Figs. 3a–f. 
The SEM micrograph of ZrO2 shows spherical particles 
morphology which is highly agglomerated. The surface 
morphology of NH2–ZrO2 (Fig. 3c) is totally different from 
ZrO2 which may be due to the attachment of coupling agent 
on the surface. As can be seen (Fig. 3e) the SEM images of 

Cr(VI) loaded NH2–ZrO2 shows higher agglomeration of 
particles after adsorption. The percentage of different ele-
ments observed in EDX spectra of ZrO2 and NH2–ZrO2 is 
presented in Figs. 3b and d, respectively. The spectra of ZrO2 
(Fig. 3b) show the peaks only for zirconium and oxygen, 
indicating that the prepared ZrO2 is free from impurities. 
The chemical composition data obtained from EDX anal-
ysis are tabulated in the EDX table (Fig. 3b), which shows 
the weight percentage of zirconium and oxygen is 73.21% 
and 26.79%, respectively. Similar results were obtained 
by Sadiq et al. [37] while using ZrO2 as a catalyst for the 
oxidation of isopropanol to acetone. The EDX spectra of 
NH2–ZrO2 (Fig. 3d), shows some additional peaks for car-
bon (10.73%), nitrogen (2.07%), and silicon (0.15%) which 
confirms the successful attachment of silane coupling 
agents on ZrO2 surface. Whereas the EDX analysis of Cr(VI) 
loaded NH2–ZrO2 (Fig. 3f) shows additional peaks for Cr(VI) 
which confirms the adsorption of Cr(VI) onto NH2–ZrO2.

3.1.3. FTIR analysis

FTIR spectroscopy was employed to get information 
about the surface functional groups and chemical structure. 
The FTIR spectra of ZrO2 and NH2–ZrO2 were recorded in 
the range of 4,000–450  cm–1 as shown in Fig. 4. The spec-
tra of ZrO2 showed five characteristic peaks. The absorp-
tion peaks in the range of 490–745 cm−1 corresponds to the 
Zr–O–Zr bond [40]. A broad peak around 3,500–3,000 cm−1 
was assigned to stretching vibration of O–H groups on 
sample surface [20]. The peak at 1,630  cm–1 corresponds 
to the vibration of O–H bonds [41] and the one at around 
1,338  cm–1 may be referred to non-bridging –OH groups 
on the surface [42]. The NH2–ZrO2 sample showed new 
peaks at about 2,928; 1,548 cm–1 and at 1,025 cm–1. The peak 
at 2,928 cm–1 corresponds to C–H stretching vibration [43]. 
The peak at 1,630  cm–1 of ZrO2 shifted to 1,548  cm–1 after 
functionalization which can be associated with the bend-
ing mode of N–H bond [44] and another low-intensity 
peak also appeared on the shoulder of ZrO2 peak at around 
1,118 cm−1 which is assigned to the C–N bond [45] while the 
peak appearing at 1,025 cm–1 corresponded to Si–O–Zr bond 
[41]. The FTIR spectra after adsorption of Cr(VI) showed 
two new peaks at 1,627 and 938 cm–1. The peak at 1,627 cm–1 
is attributed to the stretching vibration of Cr=O [46], while 
the peak at 938  cm–1 indicates the resonance of Cr–O and 
Cr=O which confirms the presence of HCrO4

– [47].

3.1.4. TGA/DTA analysis

The TGA/DTA thermograms of nanocrystalline ZrO2 
and NH2–ZrO2 are presented in Figs. 5a and b, respec-
tively. The TGA of ZrO2 shows the weight loss in two steps. 
The first weight loss occurs in the temperature range of 
30°C–86°C while the second weight loss is observed in the 
range of 170°C–250°C. The weight loss in both regions is 
attributed to the desorption of adsorbed water from the 
sample surface and pores [48]. The appearance of two endo-
thermic peaks in the DTA thermogram confirmed that both 
the weight loss is endothermic. No obvious weight loss is 
observed from 250°C to 700°C, which reflects the high ther-
mal stability of nano-crystalline ZrO2. Furthermore, the TGA 
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Fig. 2. XRD pattern of ZrO2 and NH2–ZrO2.
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(b)
Element Weight% Atomic% 

O K 26.79 67.60 

Zr L 73.21 32.40 

Totals 100.00 100.00 

(a)

(d) Element Weight% Atomic% 

B K 13.86 27.96 
C K 10.73 19.48 
N K 2.07 3.23 
O K 28.23 38.48 
Si K 0.15 0.11 
Zr L 44.97 10.75 

Totals 100.00 100.00 

Element Weight% Atomic% 

B K 11.48 23.32 
C K 11.21 20.81 
N K 3.25 5.10 
O K 25.64 35.21 
F K 4.04 4.67 
Si K 0.13 0.11 
Cr K 0.72 0.30 
Zr L 43.53 10.48 

(f)(e)

(c)

Fig. 3. SEM image (a) and EDX spectrum (b) of ZrO2, SEM image (c) and EDX spectrum (d) of NH2–ZrO2 before adsorption, 
SEM image (e) and EDX spectrum of Cr(VI) loaded NH2–ZrO2 (f).
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thermograms of NH2–ZrO2 show two major weight losses 
in the temperature range of 30°C–70°C and 250°C–470°C. 
The first weight loss is attributed to the physically adsorbed 
water on the surface of NH2–ZrO2 while the second weight 
loss is assigned to the decomposition of amines groups on 
the surface of zirconia. The DTA curve shows two peaks 
which confirm the endothermic nature of both the weight 
losses. Similar TGA analysis was reported by Liu et al. [49] 
for amino functionalized zirconia.

3.1.5. Point of zero charge (pHPZC)

Salt addition method [28] was used to find out the 
pHPZC of NH2–ZrO2. The change in pH values were plot-
ted vs. pHi values. The pHpzc of NH2–ZrO2 is 9.3, which 
is comparable to that of amino functionalized titanate 
nanotubes reported by Niu et al. [50].

3.2. Adsorption studies

The effect of different process parameter such as solution 
pH, temperature, adsorbent dose, contact time, and elec-
trolyte concentration on adsorption of Cr(VI) on NH2–ZrO2 
is presented in Figs. 6a–e.

3.2.1. Effect of solution pH

The effect of solution pH on adsorption of Cr(VI) onto 
NH2–ZrO2 was examined within the pH range 2–11 at 
298  ±  1  K and the results obtained are shown in Fig. 6a. 
The percent removal of Cr(VI) was affected significantly by 
solution pH and maximum removal was seen in the most 
acidic condition. The percent removal of Cr(VI) decreased 
from 92.49% to 17.23% when the pH was changed from 2 
to 11  ±  0.1. The higher removal efficiency at lower pH is 
attributed to the electrostatic interactions between oppo-
sitely charged chromate ions and adsorbent surface. The 
decrease in percent removal at higher pH is associated 
with the pHpzc of adsorbent. The pHpzc of NH2–ZrO2 is 9.3 
which indicate that at lower pH, the surface is highly pro-
tonated. As the pH value increases, the surface protona-
tion weakens leading to a decrease in adsorption capacity 

of adsorbent. Sun et al. [51] also reported similar effect of 
pH on chromate adsorption onto amino functionalized 
magnetic cellulose nanocomposite.

3.2.2. Effect of Cr(VI) initial concentration and temperature

The effect of initial concentration on adsorption of Cr(VI) 
by NH2–ZrO2 was studied in the range 9.90–283.20  mg/L 
at three different temperatures at pH 2  ±  0.1. The experi-
mental results (Fig. 6b) shown that the adsorption capac-
ity of NH2–ZrO2 for Cr(VI) uptake increases initially with 
increase in chromate ions concentration and then the 
curve shows a bent beeline, indicating that no further 
adsorption take place. The primary increase in chromate 
ion adsorption is accredited to the high driving force, which 
overcome all the mass transfer resistance of chromate ions 
between aqueous phase and available surface-active sites. 
The bent beeline in the curve showed that the surface of 
adsorbent is saturated with chromate ions and there are no 
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more adsorptive sites available. Lou et al. [52] have reported 
similar results using amino functionalized halloysites for 
Cr(VI) adsorption.

To investigate the effect of temperature on adsorption 
of Cr(VI) by NH2–ZrO2, the adsorption experiments were 

conducted at 298, 308, and 318  ±  1  K (Fig. 6b). It can be 
observed that Cr(VI) adsorption decreases with rise in 
temperature. The decrease in adsorption with rising in tem-
perature, confirmed exothermic behavior of Cr(VI) adsorp-
tion by NH2–ZrO2. At high temperature, the interaction 
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between chromate ions and NH2–ZrO2 weakens, and 
the solubility of adsorbed species increases, leading to 
the decrease in adsorption capacity. Wang et al. [53] also 
reported similar findings for Cr(VI) adsorption using amino 
functionalized titanate nanotubes.

3.2.3. Effect of contact time

The effect of contact time on Cr(VI) adsorption by NH2–
ZrO2 was investigated at different temperatures (298, 303, 
and 308 K) at pH 2 ± 0.1 and Cr(VI) initial concentration of 
197 mg/L as shown in Fig. 6c. It can be seen that the uptake 
capacity of Cr(VI) is highly dependent on contact time and 
was found to increase significantly with time. The uptake 
was rapid in initial time intervals and then decreased 
steadily until equilibrium point is achieved. The equilib-
rium was reached in about 50 min. The high adsorption rate 
at initial intervals can be related to the presence of excess 
binding sites on NH2–ZrO2 surface. These sites then rapidly 
decrease with time which results in slow adsorption rate 
and finally attained a constant value. The slow adsorption 
rate near the equilibrium point may be due to electrostatic 
repulsion between different hexavalent species of chro-
mium such as HCrO4

−, CrO4
2−, HCr2O7

−, and Cr2O7
2− already 

adsorbed on NH2–ZrO2 surface and in the solution [2].

3.2.4. Effect of media dosage and electrolyte concentration

Effect of media dose on the removal efficiency of Cr(VI) 
by NH2–ZrO2 was examined at initial chromate ion con-
centration of 24.545 mg/L at pH 2 ± 0.1 as shown in Fig. 6d. 
The amount of adsorbent added to the solutions was in 
the range of 0.25–15  g/L. The plot shows a direct relation-
ship between percentage removal of Cr(VI) and adsorbent 
dose. The % removal increased to 93.45% and 99.17% at 
media dose of 2.5 and 5 g/L, respectively. The enhancement 
in % removal with increase in media dose is ascribed to the 
availability of more adsorptive sites.

Wastewater contains several types of ions in significant 
amounts which can affect the adsorption of Cr(VI). The 
effect of NaNO3 on adsorption of Cr(VI) was investigated 
at pH 2 ± 0.1. The results (Fig. 6e) indicate that the uptake 
of Cr(VI) on NH2–ZrO2 decreases significantly with rising 
NaNO3 concentration. The decrease in adsorption effi-
ciency is attributed to the competition between chromate 
and electrolyte anions for the surface-active sites of adsor-
bent [49]. The study also supports that Cr(VI) adsorbed on 
adsorbent surface is in anionic form.

3.2.5. Mechanism of adsorption

Hexavalent species of chromium exists in various forms 
depending upon the concentration and pH of solution. 
Different forms of Cr(VI) are H2CrO4, HCrO4

−, CrO4
2−, HCr2O7

−, 
and Cr2O7

2− which are a function of solution pH. The equilib-
rium among these species is expressed [54] as:

H2CrO4 ⇌ HCrO4
− + H+	 K1 = 1.58 × 10−1	 (i)

HCrO4
− ⇌ CrO4

2− + H+	 K2 = 3.16 × 10−7	 (ii)

2HCrO4
− ⇌ Cr2O7

2− + H2O	 K3 = 3.31 × 10	 (iii)

HCr2O7
− ⇌ Cr2O7

2− + H+	 K4 = 1.17	 (iv)

A close look of above equations shows that Eq. (iii) is 
independent of solution pH and depends on Cr(VI) con-
centration. Furthermore, H2CrO4 will be dominant species 
when solution pH values are less than 1, HCrO4

– will be 
dominant species when pH values are in the range of 1–6, 
while CrO4

2– will be dominant species when solution pH 
values are above 6. The following tentative mechanism was 
proposed for the adsorption of chromate ions on NH2–ZrO2.

ZrO2–NH3
+ + HCrO4

– ⇌ ZrO2–NH3
+……HCrO4

–	 (v)

ZrO2–NH3
+ + CrO4

2– ⇌ [ZrO2–NH3
+.......CrO4

2–]1–	 (vi)

ZrO2–NH3
+ + Cr2O7

2– ⇌ [ZrO2–NH3
+…….Cr2O7

2–]1–	 (vii)

However, Eq. (v) represents the most probable mech-
anism of Cr(VI) adsorption onto NH2–ZrO2 in the pres-
ent study as Cr(VI) adsorption was carried out at pH 2, at 
which HCrO4

– is the ruling molecular anion. Similar mech-
anism was proposed by Sun et al. [51] while studying the 
adsorption of Cr(VI) on amino-functionalized magnetic 
cellulose nanocomposite.

3.2.6. Adsorption kinetics studies

To study the kinetics of Cr(VI) adsorption onto NH2–
ZrO2 different kinetic models such as pseudo-first-order, 
pseudo-second-order, and Elovich kinetic model were used 
and the plots obtained are given in Figs. 7a–c. The uptake 
capacity (qe), rate constant K1, K2, and Elovich model parame-
ter, A, B, and the R2 values obtained from the above plots are 
summarized in Table 1. The pseudo-first-order and Elovich 
kinetic models do not fit well the sorption data with the the-
oretical and actual qe values were not in close agreement and 
have lower correlation coefficients (R2) values (Table 1) which 
confirms that the current data does not follow these models.

Pseudo-second-order kinetic model was also used to 
test the kinetics data. The plot of t/qt vs. t shows linear rela-
tionship with high regression constant values (R2  >  0.999), 
shows good quality of linearization. The values of qe and 
K2 were calculated from slope and intercept of the linear 
plot t/qt vs. t, (Fig. 7b) and the values obtained are listed in 
Table 1. As can be seen, the close agreement between the 
theoretical and experimental qe values further revealed that 
the current adsorption kinetics results can be described very 
well by pseudo-second-order kinetic model. The pseudo-
second-order rate constant (K2) value decreases with increas-
ing temperature from 298, 303, and 308  K (Table 1). The 
decrease in K2 and qe values with temperature shows exo-
thermic nature of Cr(VI) adsorption on NH2–ZrO2. Sharma 
et al. [55] have been observed comparable behavior while 
studying the adsorption of Cr(VI) on Nano Al2O3 powder.

To better understand the mechanism of Cr(VI) adsorp-
tion onto NH2–ZrO2, Weber–Morris intra-particle diffusion 
and Boyd’s models were applied for analyzing the sorp-
tion kinetic data and to confirm whether, Cr(VI) sorption is 
controlled by particle diffusion or film diffusion. The val-
ues of Rid and Ci are obtained from the slope and intercept 
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of the plot between qt vs. t0.5 (Fig. 7d). As can be seen, the 
correlation coefficient values (Table 1) are low, and the 
intercept does not pass through the origin which shows, 
intra-particle particle diffusion is not the only rate limiting 
step. Sharma et al. [55] observed similar trend while studying 

the adsorption of hexavalent chromium on nano Al2O3 pow-
der. Boyd model applied to the sorption kinetic data to 
further investigate the real rate-limiting step (intra-par-
ticle diffusion or film diffusion). The plot between Bt vs. t 
(Fig. 7e), gives a linear relationship with high correlation 
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coefficient values. The intercepts do not pass from the ori-
gin which confirms that film diffusion is the rate-limiting 
step for the adsorption of Cr(VI) on NH2–ZrO2.

3.2.7. Adsorption equilibrium study

Different isotherm models such as Langmuir, Freundlich, 
Temkin, and D–R were used to study the equilibrium data 
and investigate mechanism of Cr(VI) adsorption onto 
NH2–ZrO2.

Langmuir isotherm model for Cr(VI) adsorption onto 
NH2–ZrO2 are shown in Fig. 8a. The plots of Ce/qe vs. Ce 
were linear with high correlation coefficient values >0.999. 
The values of Langmuir model constants, Kb and qm were 
obtained from the intercepts and slopes of the plots and are 
listed in Table 2. The theoretical and experimental qm val-
ues obtained from Langmuir plot and equilibrium study 
are comparable which revealing that the current data fit-
ted well to Langmuir model. It can be observed that the 
maximum monolayer layer adsorption capacity (qm) and Kb 
values decrease with increasing temperature from 298 to 
318  ±  1  K, shows exothermic nature of Cr(VI) adsorption 
onto NH2–ZrO2. Erduran et al. [56] observed similar effects 
for adsorption of Cr(VI) on nano-alumina powder.

The feasibility of Cr(VI) adsorption onto NH2–ZrO2 was 
tested by dimensionless separation constant (RL) which 
can be expressed [54] as:

R
K CL
b i

=
+

1
1

	 (22)

where Ci (mg/L) and Kb (L/mg) are the initial concentration 
of solution and Langmuir binding energy constant, respec-
tively. The RL value decides whether the process is favorable 

or not. If RL > 1 the process will unfavorable, RL < 1 the pro-
cess will favorable and RL  =  1 the process is linear. In the 
preset study, the calculated RL values at all temperatures 
were in the range of 0–1, which confirmed the favorability 
of Cr(VI) adsorption onto NH2–ZrO2.

The Freundlich isotherm model plots were linear 
but with lower correlation coefficient values (R2  >  0.97) 
showing that this model does not fit well the experi-
mental equilibrium data. The values of Kf and 1/n were 
obtained from the intercepts and slopes of the linear 
plots of logqe vs. logCe (Fig. 8b) and are summarized in 
Table 2. It can be observed that Kf values decreases with 
rise in temperature (298–318  ±  1  K) confirmed the exo-
thermic nature of Cr(VI) adsorption on NH2–ZrO2. The 
feasibility of adsorption process was evaluated from 1/n 
values. The 1/n values less than 1 indicate feasible adsorp-
tion. The values of 1/n were less than 1 (Table 2) confirmed 
favorable adsorption of Cr(VI) on NH2–ZrO2.

The Temkin isotherm model plots Cr(VI) adsorption 
onto NH2–ZrO2 are liner with correlation coefficient val-
ues >0.97. The values of BT and AT were calculated from the 
slopes and intercepts of qe vs. lnCe plots (Fig. 8c). The BT val-
ues decrease from 2.142 to 1.753 with raise in temperature 
from 298 to 318 ± 1 K (Table 2) due to adsorbate–adsorbent 
interactions which show that adsorption of Cr(VI) on 
NH2–ZrO2 is more favorable at a lower temperature.

D–R model was used to know the mechanism of Cr(VI) 
adsorption by NH2–ZrO2. D–R model assumes the adsorp-
tion heterogeneity of adsorbent surface, which makes it 
more general from the Langmuir model. The plot between 
lnqe vs. e2 (Fig. 8d) showed a linear relationship with cor-
relation coefficient values <0.90. The D–R model constants 
β and qD–R were determined from the slopes and intercepts 
of D–R plots. The magnitude of E gives information about 

Table 1
Pseudo-first, pseudo-second-order, Elovich, and intra-particle diffusion model parameters for Cr(VI) adsorption by NH2–ZrO2

Model Parameters Temperature (K)

298 303 308

Pseudo-first-order Theoretical qm (mg/g) 12.09 16.29 7.740
Experimental qe (mg/g) 16.75 16.41 15.76
K1 (min–1) 0.212 0.225 0.138
R2 0.991 0.973 0.998

Pseudo-second-order Theoretical qm (mg/g) 16.89 16.50 16.13
Experimental qe (mg/g) 16.75 16.41 15.76
K2 (g/min/mg) 0.171 0.087 0.046
R2 0.999 0.999 0.999

Elovich qt (mg/g) (Experimental) 16.75 16.50 16.13
A (mg/g/min) 8.912 8.262 8.535
B (g/mg) 2.509 2.572 2.213
R2 0.877 0.936 0.969

Intra-particle diffusion Kid (mg/g/min0.5) 1.919 1.924 1.538
Ci (mg/g) 8.525 7.982 8.654
R2 0.900 0.968 0.958

Boyd Rate constant (B) min–1 0.210 0.223 0.137
R2 99.10 97.20 99.80
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the mechanism and type of adsorption reaction. The value 
of E in the range of 8–16  kJ/mol implies ion exchange 
mechanism; E  <  8  kJ/mol implies physio-sorption while 
E  >  16  kJ/mol shows chemisorption. In the present case, 
the E values are in the range of 2.24 to 0.91 kJ/mol (Table 2) 
which reveals that the adsorption of Cr(VI) on NH2–ZrO2 is 
physical in nature.

3.2.8. Thermodynamic studies

The feasibility of Cr(VI) adsorption on NH2–ZrO2 was 
investigated by different thermodynamic parameters like 
∆H°, ∆S°, and ∆G°. The values ∆H° and ∆S° were calculated 
from the slopes and intercepts of lnKd vs. 1/T plot (Fig. 9) and 
the values obtained are given in Table 3. The negative value 
of ∆H° reveals that the adsorption of Cr(VI) onto NH2–ZrO2 
is exothermic in nature. The positive value of ∆S° shows the 
increase in randomness at solid–liquid interface. The neg-
ative values of ∆G° confirmed the spontaneous nature of 
Cr(VI) adsorption on NH2–ZrO2. Moreover, the decrease in 
∆G° from –20.97 to –22.10  kJ/mol with rise in temperature 
indicates that Cr(VI) adsorption was more feasible at lower 
temperatures. Similar investigations have been noticed 
by Radjenovic and Medunic [57] during Cr(VI) sorption 
on carbon black.
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Fig. 8. (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) D–R isotherm models plots for Cr(VI) adsorption onto NH2–ZrO2.

Table 2
Equilibrium isotherm models parameters for Cr(VI) adsorption 
by NH2–ZrO2

Model Parameters Temperature (K)

298 308 318

Langmuir Theoretical qm (mg/g) 17.89 13.98 12.35
Experimental qe (mg/g) 17.60 13.76 11.82
Kb (L/mg) 0.092 0.087 0.082
R2 0.993 0.991 0.997

Freundlich 1/n 0.228 0.248 0.251
n 4.385 4.023 3.986
Kf (L/mg) 5.181 3.649 3.216
R2 0.993 0.977 0.986

Temkin BT 2.143 1.742 1.753
b (J/mg) 1,156 1,470 1,508
AT (L/mg) 11.53 8.989 3.798
R2 0.972 0.972 0.990

D–R qD–R (mg/g) 13.65 11.35 9.67
β (10–7) (mol2/J2) 1.44 4.52 5.60
E (kJ/mol) 2.24 1.00 0.91
R2 0.71 0.83 0.63
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Table 3
Thermodynamic parameters for adsorption of Cr(VI) by NH2–ZrO2

Temperature (K) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol/K) R2

298 –20.9786
–4.2476 56.1444 0.994308 –21.9786

318 –22.1069

Table 4
Comparison of adsorption capacity of NH2–ZrO2 for Cr(VI) with adsorbent reported in the literature

Adsorbents qm (mg/g) Reference

Starch functionalized iron oxide nanoparticles (SIONPs) 9.02 [59]
Cationic surfactant modified zeolite 12.83 [60]
SnO2 nanoparticles 3.09 [61]
ZnO nanoparticle 9.38 [61]
Nanocrystalline ZrO2 particles 9.68 [30]
CeO2 micro/nanospheres 9.4 [62]
MnO2 0.83 [63]
Mesoporous NiO nanoparticles 4.73 [64]
Amino-functionalized magnetic nano-adsorbent 11.24 [65]
Amino functionalized magnetic graphenes composite 17.29 [66]
Amino functionalized zirconia particles 17.93 Present study

Fig. 10. Regeneration study of Cr(VI) loaded NH2–ZrO2 using 
0.1 N NaOH solution in six consecutive cycles.
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3.2.9. Regeneration study

Regeneration is a vital criterion for investigating the 
efficiency and reusability of adsorbents in wastewater treat-
ment process. Regeneration of NH2–ZrO2 loaded with Cr(VI) 
was carried out for six consecutive cycles using NaOH as 
desorption medium and the results obtained are presented 
in Fig. 10. It can be seen that NH2–ZrO2 has high sorption 
efficiency up to the fourth cycle (81.24%) which shows that 
NH2–ZrO2 has good uptake properties and reusability in 

removal of Cr(VI) from aqueous systems. However, in fifth 
and sixth cycles the Cr(VI) removal efficiency was reduced 
to 76.91% and 63.69%, respectively. The decrease in adsorp-
tion efficiency in the fifth and sixth cycles may be associ-
ated to the loss of some binding positions on NH2–ZrO2 
surface caused by basic medium. Similar findings have 
been reported by Li et al. [58] for Cr(VI) removal by CTAB-
surface-functionalized magnetic MOF@MOF composite.

3.2.10. Comparison with other adsorbents

In the present study, the adsorption capacity of NH2–
ZrO2 (qm) used for Cr(VI) was compared with adsorbents 
already reported as listed in Table 4. As can be seen, NH2–
ZrO2 has appropriately higher uptake capacity for Cr(VI) 
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than many other adsorbents described in previous studies. 
This shows that NH2–ZrO2 can be an effective adsorbent for 
Cr(VI) removal from wastewater.

4. Conclusions

Nano-crystalline zirconia particles was prepared by 
co-precipitation method and functionalized by amino 
groups of amino propyltriethoxy silane (APTES). The 
functionalized zirconia particles (NH2–ZrO2) can be used 
as an effective adsorbent for removal of Cr(VI) from aque-
ous solutions. The presence of carbon (10.73%), nitrogen 
(2.07%), silicon (0.15%), and a rise in percentage of oxygen 
(from 26.79% to 28.23%) in the EDX spectra of NH2–ZrO2 
also supported by FTIR analysis, showed that ZrO2 has been 
successfully functionalized with APTES. The pHPZC (9.3) 
of NH2–ZrO2 revealed that it has the property of adsorp-
tion of anionic species such as chromate ions in a wide 
pH range. The adsorption of Cr(VI) follows the Langmuir 
adsorption isotherm and pseudo-second-order kinetics 
model. The thermodynamic parameters such as ∆H°, ∆G°, 
and ∆S° showed that Cr(VI) adsorption by NH2–ZrO2 is 
spontaneous and exothermic in nature. The values of sep-
aration factor (RL) which were between 0 and 1 and good 
monolayer adsorption capacity (17.89 mg/g), confirmed that 
NH2–ZrO2 could be used as an effective adsorbent for Cr(VI) 
removal from wastewater as its high uptake capacity than 
ZrO2 and other adsorbents reported previously. It was con-
cluded that NH2–ZrO2 prepared in the present study can be 
used effectively for the extraction of anionic species from an 
aqueous environment.
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