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Abstract
The prepared activated zirconium oxide was characterized using different analytic techniques and investigated as a new inor-
ganic sorbent to get rid of the chromium and barium ions from the waste stream. Several experiments have been performed, 
including the impact of contact time, pH, initial ion concentration, temperature, desorption, and the effect of interfering ions. 
Different isotherm kinetic models were investigated. The outcomes demonstrated that, the second-order kinetic model was 
appropriate, and the monolayer capacities for the chromium and barium ions were 35.9 and 33.9 mg/g, respectively. Finally, 
zirconium oxide was recommended to be used as a highly selective adsorbent for hazardous metal ions.
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Introduction

The contamination of waste water resources has been a nota-
ble concern in worldwide [1]. The most important reason for 
exposure to toxic metals such as barium and chromium ions 
is their discharge into the water streams due to the devolu-
tion of industrialization in many countries worldwide [2]. 
The contaminated waste waters caused by the hazardous 
wastes released into the environment pose a serious threat 
to the environment and a sizable risk to human health [3]. 
Furthermore, the contaminated elements have an essentially 

 *	 Abeer El‑khalafawy 
	 abeerelkhalafawy@yahoo.com

1	 Analytical Chemistry and Control Department, Hot 
Laboratories Center, Egyptian Atomic Energy Authority, 
Cairo 13759, Egypt

2	 Waste Management Department, Hot Laboratories Center, 
Egyptian Atomic Energy Authority, Cairo 13759, Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-024-09388-8&domain=pdf


1884	 Journal of Radioanalytical and Nuclear Chemistry (2024) 333:1883–1897

toxic characterization because they are not biodegradable, 
they are classified as hazardous elements. Therefore, there 
is a lot of care paid to removing these elements and keeping 
their concentrations within the permitted limits [4]. Barium 
ions are considered an element that displays high solubility 
in water; this phenomenon leads to illimitable mobility in 
the environment. Radioactive barium is a long-lived radio-
nuclides (133Ba, for example, has a half-life of 10.54 years), 
which can be produced by a variety of activities, includ-
ing inadequate radioactive waste management and disposal 
efforts, unintentional environmental radioactive chemical 
releases, nuclear practices, and nuclear fuel cycle processes. 
Exposure to barium ions may cause many health issues, for 
example, kidney and heart failure, respiratory paralysis, 
and gastric hemorrhage etc. [5–7]. Recently, many people 
worldwide were affected by chromium, which polluted water 
streams. Chromium ions can reach groundwater mostly dur-
ing anthropogenic activities such as ore refining, electroplat-
ing, and leather tanning [8]. The permissible limits of total 
chromium ion in drinking water must be lower than 0.1 mg/l, 
and for the various industrial effluents, it must be less than 
1.71 mg/l on average per month, according to the United 
States Environmental Protection Agency. However, the total 
chromium ion concentrations in some industrial effluents, 
such as those from the tannery sector, can range from 0.7 
to 345 mg/l [9]. Also, chromium species may also be pro-
duced during the chemical decontamination process used to 
remove the oxide layer that has built up in a nuclear power 
plant's primary system. Additionally, radioactive wastewater 
has been discovered to contain radioactive chromium (51Cr, 
t1/2 = 27.7 days), which is a result of many nuclear operations 
such as radioisotope synthesis and radiochemistry research 
[10]. The most commonly applied techniques for removing 
dangerous metals from wastewater are reverse osmosis [11], 
coagulation [12], precipitation [13], ion exchange [14, 15], 
membrane [16], evaporation [17], adsorption [18, 19], as 
well as solvent extraction [20]. The adsorption technique is 
the most widely applied method for removing contaminating 
materials from wastewater [5], because of its effectiveness 
[6], and simplicity [7]. Oxides such as silica [24], nanopar-
ticles [25], magnetic materials [26], or composite materi-
als [27] were used in several studies to remove hazardous 
materials from waste water [28]. So, several studies aim to 
create novel adsorbents with high adsorption capacities. An 
inert oxide material called zirconium oxide has great chemi-
cal resistance to acids, bases, oxidants, and reductants [29]. 
With a focus on removing various cations from waste water, 
metal oxide surface preservation using active molecules has 
been widely used. In the current study, solution combustion 
was effectively used to prepare zirconium oxide, which was 
then used as adsorbent materials for the removal of Cr (III) 
and Ba (II) from waste water. The preparation method, phys-
ico-chemical characterization of the synthesized zirconium 

oxide powder, and explanation of adsorption were the focus 
of the studies.

Experimental

Chemicals and reagents

The reagents used in our preparative step are: (1) zirconium 
nitrate (Zr(NO3)4), M = 231.22 g/mol, Merck; (2) ascorbic 
acid C6H8O6 (known as vitamin C) with 99.5% purity and 
M = 176.12 g/mol. Finally, (3) ammonium chloride (NH4Cl, 
CAS Number 12125-02-9 from Sigma-Aldrich, USA), 
M = 53.4913 g/mol. All the reagents used in the second stage 
of the batch study are of analytical grade and were used 
without any additional purification. 1000 mg/l of adsorb-
ate stock solutions being prepared by dissolving appropri-
ate metal salts in double distilled water. The salts employed 
were barium chloride (BaCl2) and chromium oxide salt 
(Cr2O3). The stock solutions were diluted with distilled 
water to obtain standard solutions.

Preparation and characterization

Generally, solution combustion is a versatile, simple, and 
rapid process that involves a self-sustained reaction in a 
homogeneous solution of oxidizers (zirconium nitrates) and 
fuels (ascorbic acid). The investigation of the low-temper-
ature reaction of ascorbic acid (as a fuel) with zirconium 
nitrate (as an oxidizer) can be recognized as the starting 
point for the solution combustion method. These materials 
are in a solid state at room temperature and have a complex 
crystal structure. The crystal structure of these compounds 
contains atoms that function as fuel (H, C) as well as atoms 
of oxidizer (e.g., O), which are separated by angstrom-scale 
distances. The reaction of ascorbic acid with zirconium 
nitrate occurs in air at relatively low temperatures, yield-
ing ultrafine ZrO2 and a large amount of gaseous products. 
For example, the reaction of the formation of ZrO2 can be 
represented as follows:

Zirconium oxide powder was prepared as follows: A cer-
tain amount of Zr(NO3)4 (7.5 g) and 0.49 g of C6H8O6, as 
well as a definite quantity of NH4Cl (0.1 g), were dissolved 
in a specific volume (50 ml) of methanol with stirring for 
1 h. The nitrate works as an oxidizer, while the C6H8O6 
and methanol act as fuels. The mixture was protected in 
the dark for about 3 days with stirring until the color of 
the solution changed to a light brown. The zirconium salt 
was reacted with ascorbic acid and methanol to generate a 
colored compound.

(1)C6H8O6 + Zr(NO3)4 → ZrO2 + 6CO2 + 4H2O + 2N2
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The solution, after mixing the reactants, was heated in 
a 100 ml ceramic crucible. The combustion process of the 
mixture began after 30 min and was accompanied by an 
explosion sound. The combustion process continued for 
about 3 h. The product is left to cool at room temperature 
overnight. After this step, the sample powder has a gray-
white color.

Adsorption studies

Different experiments were carried out under kinetic and 
equilibrium conditions. To specify the pH range at which 
the maximum adsorption of Cr (III) and Ba(II) on the pre-
pared zirconium oxide occurs, a series of 50 ml test glasses, 
each including the activated zirconium oxide and 10 ml of 
a desired concentration (50 mg/L) of two ions, were added 
to 0.1 g of the prepared material. The mixture of solutions 
was shaken at room temperature. The different concentra-
tions (50–500 mg/l) were studied. The pH was adjusted to 
values ranging from 2.0 to 6.0 using a dilute solution of 
HCl or NaOH. The samples were centrifuged (after a cer-
tain period of time) to separate two phases (solid phase and 
liquid phase), and then a certain volume (5 ml) of the clear 
liquid phases obtained was pipetted out. The concentrations 
of ions were determined by the ICP (OES) 6 Wentworth 
Drive, Hudson New Hampshire 03051, USA. All experi-
ments were conducted in triplicate under the same condi-
tions. The removal percentage (R%), adsorption capacity 
(qe, mgg−1), and distribution coefficient (Kd) of Cr(III) and 
Ba(II) were determined as follows:

where C0 and Ce are the initial and equilibrium concen-
trations (mg/l) of metal ions in solution, respectively, the 
amount of the studied metal ions retained in the activated 
zirconium oxide powder is qe (mg/g), V is the volume (l), 
and m is the mass (g) of the activated zirconium oxide.

Barium and chromium desorption

The regeneration process can be done by using desorbing 
agent that results in the greatest percentage of Cr (III) and 
Ba (II) desorption from the loaded samples under evaluation. 
To follow the adsorption process, the loaded samples were 
shaken for 180 min at 25 °C while being in contact with 
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10 mL of 0.1 M HCl, NaOH, and distilled water. It was done 
to separate and evaluate the liquid phase. An equation was 
used to determine the desorption process (5).

Results and discussion

Characterization of activated zirconium oxide

The technique of x-ray diffraction (XRD) is an important 
analysis technique used to identify the phase structure of 
solid samples. An XRD pattern of activated zirconium 
oxide is presented in Fig. 1. The broad hump was detected 
at 2Ѳ ~ 25°, conformable to the amorphous nature of acti-
vated zirconium oxide [29, 30]. This broad hump may be due 
to zirconium oxide and hydrocarbon compound hydrogen 
bonding [31, 32].

The FT-IR spectra of prepared activated zirconium oxide 
were studied before and after the adsorption of both Cr (III) 
and Ba (II) to illustrate the different function groups that are 
responsible for the adsorption process and the changes in 
activated zirconium oxide after the adsorption process. Infra-
red analysis was applied to determine the main groups of 
the activated zirconium oxide, which are clarified in Fig. 2. 
Essentially, in the amorphous activated zirconium oxide, 
the FTIR spectra mostly contain –OH groups. These groups 
ordinarily form a chemical bond with Zr–OH on the material 
surface [29]. The broad band of –OH stretching vibration 
is appearing at 3435.62 cm−1; there is a signature for the 
accompanying stretching amine group (N–H2) with a small 
band around 3430 cm−1 [32]. The stretching vibration of 
charged amine (N–H+) appears with a band at 2925.53 cm−1 
while the bending vibration of the amine (N–H2) group 
appears at 1631.99 cm−1. The symmetric stretching absorp-
tion band of C-H is appearing around 2856.79 cm−1. The 
bending vibration band of the hydrogen attachment with the 
aromatic ring is appearing at 464.50 cm−1. The absorption 
bands appearing at 1454.26 and 1385.62 cm−1 belonged to 
(CH2) bending and (CH3) symmetrical deformations, respec-
tively. The band displayed at 1098.37 cm−1 is assigned to 
asymmetric stretching of the C–O group [29]. The band at 
519 cm–1 corresponds to vibrations of the Zr–O bond [33]. 
It is clear that the peaks changed after the adsorption of 
two ions due to the interaction and formation of a chemical 
bond between the ions and the prepared material. As there 
is a single pair of electrons that can be obtained from the 
nitrogen atom, the presence of amino groups in the activated 
zirconium oxide supplies the active sites for the various ions. 
This behavior of the material could be efficiently applied to 

(5)Desorption % =
Amount of desorped ion

Amount of adsorped ion
× 100
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the chelating with Cr (III) and Ba (II)) and the removal of 
these ions from the waste stream.

SEM micrographs of the activated zirconium oxide were 
assessed before and during the adsorption of two ions, and 
the results are shown in Fig. 3. It is clear that the activated 
zirconium oxide has irregularly agglomerated particles, and 
the surface of the activated zirconium oxide is rough [29]. 
A porous and rough surface of activated zirconium oxide 
was observed; these conditions might favor the adsorption 

of Ba (II) and Cr (III). The formation of a small granule was 
observed, and the particle size ranged from 10 � m to less 
than 1 � m. After the adsorption process is completed, some 
pores are shown to be closed by ions in Fig. 3B.

Activated zirconium oxide's thermal stability was exam-
ined using differential scanning calorimetry (DSC) and 
thermogravimetric. analysis (TGA) (Simultaneous Ther-
mogravimetric, model STA 449 F1 Jupiter, Netzch). The 
heating of about 10 mg of zirconium oxide powder in an 
alumina crucible in an inert and oxidative environment 
was done. Figure 4 shows the DSC data and corresponding 
TGA data for the melting behavior of the sample powder. 
The activated zirconium oxide shows decomposition occur-
ring in two stages. The first step, accompanied by weight 
loss up to 100 °C, coexists with a strong endothermic peak 
that is attributed to the water rising from the surface [31]. 
The sample exhibited a total weight loss of 58.63%, with 
the second stage of weight loss occurring between 200 and 
250 °C. Additionally, an endothermic peak was observed in 
the DSC curve. This is related to the evaporation process of 
high molecular weight organic compounds that takes place 
at higher temperatures than the preparation temperature [32].

The pore size distribution and porosity, as well as the 
specific surface area of the ZrO2 powders, were determined 
using the mercury intrusion porosimetry technique with the 

Fig. 1   XRD Pattern for activated zirconium oxide
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aid of the pore sizer chromatech 9320 (USA). The obtained 
data is displays in the following Table 1

Effect of pH

The distribution coefficient (Kd) quantities of Cr(III) and 
Ba(II) onto activated zirconium oxide alter as a function 
of pH, as shown in Fig. 5A and B, as well as the effect of 
pH on the removal efficiency of the ions utilized, Cr(III) 
and Ba(II). From Fig. 5B, it is obvious that the Kd amount 
increases with the raising of pH values. At highly acidic 
mediums (lower pH values), the Kd values of Cr (III) and 
Ba (II) were inhibited; this can be explained as follows: 
when the pH has a small value, there is an excess of pro-
tons that compete with both ions in the aqueous medium 
and, preferably, seize the active sites available on the sur-
face of the activated zirconium oxide. By raising the pH 
values, it was observed that the Kd values increased; this 
may be due to the decrease in proton competition. As can 
be seen from the figure, Cr(III) has higher Kd values than 
Ba(II). This is explained by the fact that Cr(III) can diffuse 
through the sorbent material’s surface, allowing ions to 
occupy a greater number of active sites than Ba(II). The 
reason for this is because Cr (III) has a lower ionic radius 
than Ba (II), which makes it easier for Cr (III) to enter the 
pores on the surface of the sorbent material. Both of the 
investigated ions have precipitated at higher pH values, 

making it more challenging to distinguish between the 
quantity of precipitated ions and the amount of Cr (III) 
and Ba (II) that adsorbed onto the activated zirconium [6]. 
This is confirmed by studying the point of zero charge of 
the prepared adsorbent in Fig. 5C, which displays a rela-
tion between the initial pH (pHi) and ΔpH, which is the 
difference between the final and initial pH values. The 
point at which the value of pHi is equal to pHf (ΔpH = 0) 
was recorded as pHpzc. The point of zero charge, pHpzc, 
can be defined as the point at which the net charge of the 
surface is zero; higher than this value, the surface charge 
was negative, and below this value, the surface charge was 
positive. The lower value of pHpzc indicates that the mate-
rial is a good sorbent material since it has a wide range 
of pH values at which the surface has a negative charge; 
hence, it can attract cations in a wide range of pH values. 

The speciation was executed using Hydra/Medusa 
chemical equilibrium software at a 50 mg/l initial metal 
ion concentration, room temperature, and a pH range of 
1.0–12.0. From the speciation diagram in Fig. 5E and D, 
the trivalent species, Cr(III), is the predominant species 
at pH 5 and up to pH 7. Above this value, the chromium 
ion is precipitated as Cr(OH)2. Therefore, the total chro-
mium removal at a pH lower than 7 is mainly attributed to 
the sorption process, while the precipitation process is the 
major mechanism at a pH higher than 7. While for barium 
ions, the divalent species, Ba2+, is the dominant species 
till pH 5, it starts to precipitate as Ba(OH)2 species at pH 
above 5, as displayed in Fig. 5D. pH 5.0 for both cations 
was selected as the optimum pH value for sorption in order 
to avoid the precipitation of metal ions in the form of their 
hydroxides.

Fig. 4   Thermal analysis results 
for the activated zirconium 
oxide: DSC and TGA curves

Table 1   Total specific surface area and porosity of the prepared sam-
ples

Sorbent Specific 
surface 
area
(m2/g)

Aver-
age pore 
diameter
(nm)

Bulk 
density
(g/mL)

Apparent 
density
(g/mL)

Porosity
(%)

ZrO2 124.21 678 0.54 0.94 92.43
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Effect of contact time

Exploratory studies regarding the adsorption of both Cr 
(III) and Ba (II) onto the synthetic activated zirconium 
oxide within the first 60 min demonstrated the rapid ion 
adsorption; following this time, adsorption behavior slows 
down until reaching equilibrium (Fig. 6). This behavior 
can be explained by the presence of available sites on the 
surface of zirconium oxide, which have progressively satu-
rated over time. This leads to a decreasing rate of adsorp-
tion as equilibrium approaches. The driving force of the 
adsorption process is the concentration variation between 
the solid–liquid interface and the bulk solution; at the ini-
tial stage, this difference is high, so the adsorption rate 
becomes high. The adsorption process becomes slower 
after a period of time; this may be attributed to the slower 
prevalence of both ions inside the pores at the interface 
of zirconium oxide. This leads to the ions occupying the 
available exchangeable sites at the interface of zirconium 
oxide.
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Fig. 6   Effect of contact time on the % removal of Cr(III) and Ba(II) 
onto activated zirconium oxide (Ci = 50 mg/l, V = 10 ml, m = 0.1  g, 
pH = 5)
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Sorption kinetic modeling

The kinetics model study of the adsorption process has a 
significant role in knowing the adsorption rate as well as 
evaluating the most convenient conditions for different 
applications [34]. The kinetic models of Cr (III) and Ba (II) 
adsorption onto activated zirconium were studied using four 
different kinetic models: non linear pseudo-first order; non 
linear pseudo-second order, linear intra-particle diffusion, 
and non linear Elovich models. The non-linear equation of 
the pseudo first-order model can be written as follows [35]:

The quantities of Cr (III) and Ba (II) adsorbed on activated 
zirconium oxide at equilibrium and at any time (t) are denoted 
by the symbols qe and qt (mg/g), respectively, where k1 is rate 
constant of the pseudo first- order model (min−1). Figure 7 
clarifies the relationship between the amount of ions adsorbed 
(qt) and time (t). The parameters of pseudo first-order (k1 and 

(6)qt = qe(1 − e−k1t)

qe) can be assessed, and the data are exhibited in Table 1, as 
are the values of R2. The results gained from the pseudo first-
order model curve point out the applicability of this model to 
fit the obtained data through the initial steps for the adsorption 
of both studied ions. Also, the calculated values of (qe) must 
be in agreement with the values of experimental capacities. 
The data in Table 2 show that the values of the correlation 
coefficients (R2) for the plots are good, but the values of the 
calculated amount adsorbed (qe) are not in concurrence with 
the experimental amount (qe) for Cr(III) and Ba(II). So, it is 
clear that the adsorption processes of Cr (III) and Ba(II) onto 
activated zirconium oxide do not follow this model.

The non-linear form of the pseudo-second-order equation 
is represented by Eq. 6 [34, 35]:

k2 represented the rate constant of pseudo second-order (g/
mg min). The relation between the qt with time, t, for Cr (III) 

(7)qt =
k2q

2
e
t

1 + k2qet

Fig. 7   Pseudo 1st order, pseudo 2nd order, Elovich, and intra-particle diffusion kinetic models plots for the adsorption of Cr(III) and Ba(II) ions 
onto zirconium oxide
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and Ba (II) is shown in Fig. 7. It is clear from Table 2 that 
the values of the correlation coefficient R2, and the calcu-
lated adsorption capacity (qe) are appropriate for the experi-
mental one. These data explain that the pseudo-second order 
is predominant and the adsorption behavior for Cr (III) and 
Ba (II) is controlled by the chemical adsorption mechanism 
[35].

The intra-particle diffusion model elucidates the motion 
of ions from the bulk of the solution to the interface of an 
adsorbent. The Weber–Morris equation is used to interpret 
the intraparticle diffusion from the liquid phase into the 
interface of the adsorbent and can be written as the follow-
ing [34]:

where qt represents to the quantity of Cr (III) and Ba(II) 
sorbed, Kdis refers to the rate constant for the intraparticle 
model (mg/g min1/2), and C represents the constant that sig-
nals to the thickness of the boundary layer. The intercept 
of the straight curve, which is the thickness of the sorb-
ent surface, provides information for the contribution of 
the adsorption onto the surface of the prepared material in 
the rate-determining step. As the intercept is greater, so is 
its contribution. Figure 7 displays the relationship between 
the amount of ions sorbed and t1/2 onto the prepared zirco-
nium oxide. It is obvious that the intra particle model for 
the adsorption behavior of Cr (III) and Ba (II) occurred over 
two stages. The first stage reports the adsorption onto the 
surface of the activated zirconium oxide, which may be the 

(8)qt = Kdist
1

2 + C

rate-limiting step. The second one represented equilibrium 
saturation. The fundamental element governing the adsorp-
tion mechanism, which includes both intra- and film diffu-
sion, is the multi-diffusion step. Table 2 offers the param-
eters of this model obtained from the rate limiting step part 
of the linear relationship.

The parameters of non linear Elovich model can be cal-
culated from the following Eq. 9 [36].

β is the initial velocity (mg g−1 min−1) that is related to 
the activation energy for chemisorption and the degree of 
surface coverage. ᾳ is the Elovich model constant (g mg−1).

From Fig. 7 and the data displayed in Table 2, it is the 
elucidate that the Elovich model encompasses the chem-
isorption of zirconium oxide towards Cr (III) and Ba (II) 
confirming pseudo-second order model, and this fact is simi-
lar to other studies [14, 37].

Adorption isotherms

Generally, the isotherm study is extremely helpful to inter-
pret the parameters controlling the retention or movability of 
a material from the aqueous phase to a solid-adsorbent at a 
certain temperature and pH. A diversity of isotherm models, 
such as Langmuir, Freundlich and D-R models, were used to 
study the adsorption behavior in this work.

Langmuir isotherm model

The Langmuir isotherm model postulates that the formation 
of the adsorbed material onto the adsorbent is monolayer, 
and the adsorption can only occur at a specific number of 
certain limited sites, which are equivalent and identical [1, 
26]. Also, this model supposes that the adsorption process is 
homogeneous and that all molecules have certain enthalpies 
and adsorption activation energies. The Langmuir nonlinear 
equation is written as follows [1]:

where qe represented the amount of Cr (III) and Ba (II) 
adsorbed at equilibrium per gram of activated zirconium 
oxide (mg/g), the concentration at equilibrium was symbol-
ized by Ce (mg/l), and Qmax is exemplifies the monolayer 
adsorption capacity (mg/g), as well as b, which illustrates 
the constant associated with the free energy of the adsorp-
tion process.

The nonlinear fit for the Cr(III) and Ba(II) adsorption 
behavior onto the activated zirconium oxide sample was 
made clear in Fig. 8. Table 3 provides an illustration of the 

(9)qt =
1

�
Ln(1 + ��t)

(10)qe =
QmaxbCe

1 + bCe

Table 2   The parameters of the pseudo first-order and pseudo second-
order kinetic models for Cr(III) and Ba(II) sorbed onto activated Zir-
conium oxide

Kinetic models Parameters Ba(II) Cr(III)

Pseudo-first-order equation qe(exp.) (mgg−1) 2.9 4.2
qe (Cal.) (mgg−1) 2.73 3.95
K1(min−1) 0.045 0.048
R2 0.803 0.904

Pseudo-second-order equation qe (Cal.) (mgg−1) 3.01 4.37
K2 (min−1) 0.022 0.015
R2 0.916 0.986

Intra-particle diffusion Kp1(mgg−1 min−1/2)
Kp2(mgg-1min-1/2)
  

1.43
2.03

1.09
2.72

C1  
C2   

0.06
0.05

0.31
0.09

1R2  
2R2

0.99
0.99

0.0.97
0.99

Elovich model β (mg g−1 min−1) 2.919 1.370
α (g mg−1) 3.34 1.54
R2 0.792 0.766
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model’s acquired outcomes. The data in Table 3 make it 
clear that activated zirconium oxide’s monolayer adsorp-
tion capacity (Qmax) values for Cr (III) are significantly 
higher than those for Ba (II). For the adsorption process to 
both Cr(III) and Ba(II), the Qmax and b constants of the 
Langmuir model increased as the temperature rose, showing 
that the capacity and intensity of adsorption are increased 

at higher temperatures. This raise in Qmax values with tem-
perature can be interpreted as follows: the accessible active 
sites onto the surface of the adsorbent material increase with 
temperature. The visual evidence in Table 3, and Fig. 8 sug-
gests that the adsorption of Cr (III) and Ba (II) onto activated 
zirconium oxide follows the Langmuir isotherm model. 
Additionally, other parameters, like the separation factor or 
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Fig. 8   Langmuir, Freundlich, and D-R isotherm plots models for the adsorption of Cr(III) and Ba(II) onto activated zirconium oxide at different 
temperature ranges

Table 3   Different isotherm models affection adsorption of Ba (II) and Cr (III) onto the activated zirconium oxide at different temperatures

Adsorbent Tempe °C Langmuir parameters Freundlich parameters D-R

qmax (mg/g) b (L/mg) RL R2 1/n kf R2 qm (mg/g) β (mol2 /kJ2) E(kJ/mol) R2

Cr(III) 25 35.9 0.05 0.51 0.999 2.14 2.58 0.962 121.6 0.006 8.1 0.987
35 36.8 0.516 0.56 0.998 2.03 1.97 0.980 115.4 0.007 9.5 0.996
45 38.2 0.912 0.63 0.994 1.96 1.79 0.979 104.5 0.007 9.8 0992

Ba(II) 25 33.9 0.045 0.81 0.999 1.57 0.64 0.994 100.1 0.004 8.2 0.991
35 35.7 0.114 0.83 0.997 2.81 1.19 0.947 123.8 0.007 9.5 0.998
45 36.7 0.995 0.81 0.999 1.58 0.49 0.995 124.0 0.008 11.9 0.995
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the dimensionless equilibrium parameter can be determined 
using the Langmuir equation (RL) [32].

Co is the starting (mg/l) concentration of Cr (III) and Ba 
(II), respectively. If an isotherm was irreversible (RL = 0), 
favorable (0˃RL < 1), linear (RL = 1), or unfavorable (RL > 1), 
the RL numbers indicate which type it was. Table 3  's val-
ues of RL show that both Cr (III) and Ba (II) have favorable 
adsorption isotherms because they are less than 1 and greater 
than 0.

Freundlich isotherm model

The Freundlich isotherm depicts adsorption behavior 
through heterogeneous surfaces; the nonlinear form of the 
model can be accessed via the following equation [37]:

Ce signifies the equilibrium concentration of Cr(III) and 
Ba(II), Kf signifies the relative adsorption capacity using 
activated zirconium oxide (mg/g), and 1/n signifies the 
model constant. Qe represents the amount of Cr(III) and 
Ba(II) that was adsorbed using activated zirconium oxide. 
The non-linear fitting curve is shown in Fig. 8, and it is clear 
that the adsorption of both Cr (III) and Ba (II) onto activated 
zirconium oxide does not coincide with the assumptions of 
the Freundlich model across all concentration ranges. The 
various Freundlich isotherm parameters have been calcu-
lated and are shown in Table 3. The values of n determine 
both the heterogeneity of the adsorbent surface and the 
intensity of the adsorption process. The sorbent surface is 
expected to be more heterogeneous the closer the value is 
to zero; values of 1/n greater than one indicate chemically 
cooperative adsorption.

Dubinin–Radushkviech (D–R) isotherm model

In order to discuss the nature of the adsorption processes for 
Cr (III) and Ba (II), D-R isotherm model was also studied 
and written in the following form [38]:

where qm symbolizes the maximum amount of Cr (III) and 
Ba (II) that can be adsorbed onto a unit mass of activated 
zirconium oxide (adsorption capacity) (mmol/g), β is a con-
stant denoting the adsorption energy (mol2/kJ2), � points 
out the Polanyi potential = RT ln (1 + 1/Ce), R represents the 

(11)RL =
1

1 + bC0

(12)qe = kf C
1

n

e

(13)ln qe = ln qm − ��2

gas constant (kJ/mol. K), and T refers to the absolute tem-
perature, K. The mean free energy of adsorption has been 
calculated from the following:

The value of E provides details about the adsorption 
mechanism, whether chemical or physical. The adsorp-
tion process is dominated by chemical mechanisms if E is 
between 8 and 16 kJ/mol [36]. But the adsorption mecha-
nism is physical if the E value is less than 8.0 kJ/mol. Fig-
ure 8 shows the relationship between ln qe and � 2 for the 
adsorption of both Cr(III) and Ba(II) at various tempera-
tures. The straight line that emerged from this relationship 
indicated that the D-R isotherm accurately represented the 
data on adsorption that had been collected. The parame-
ters of this model are determined and displayed in Table 3. 
The obtained data illustrated that the values of the E for 
the adsorption process ranged from 8 to 16 kJ/mol, thus the 
mechanism of the adsorption process is chemisorption [39].

Thermodynamic studies

There are two primary ways that temperature impacts the 
sorption process. Elevating the temperature is recognized to 
accelerate the metal ion species' diffusion through the exter-
nal boundary layer and into the sorbent particle's internal 
pores [40]. The thermodynamic parameters for the adsorp-
tion process can be estimated by computing the free energy 
change (ΔGo, kJ mol–1) using the following equation:

where Kec is the adsorption equilibrium constant, R is the 
general gas constant, and T is the absolute temperature, K.
ΔGo, is the crucial quality of spontaneity. The values of Kec 
at the studied temperatures were evaluated from the prod-
uct of the Langmuir constants (Qmax and b) [41]. The infor-
mation in Table 4 illustrates that the values of ΔGo have a 
negative sign, emphasizing the spontaneous nature of the 
adsorption process [42]. From Eq. 16, the other parameters 
of thermodynamics (enthalpy change, ΔH°, and entropy 
change, ΔS°) can be calculated and tabulated in Table 4.

According to Eq. (16), the values of enthalpy change and 
entropy change can be evaluated from the slope and intercept 
of the straight relationship between lnKce and 1/T, Fig. 9. The 
values of ΔH° are positive, which emphasizes the endother-
mic nature of the adsorption process, while the positive sign 

(14)E = (−2�)
−

1

2

(15)ΔG0 = −RT lnKec

(16)lnKc =
ΔS0

R
−

ΔH0

RT
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of ΔS° indicates the growth in randomness at the activated 
zirconium oxide/solution interface through the adsorption 
process.

Desorption study

The effectiveness of an adsorbent in treating wastewater 
is contingent upon its capacity for absorption as well as 
its propensity for regeneration [43]. Also improving pro-
cess economics is probably going to be largely depend-
ent on the sorbent's regeneration [44]. As displayed in 
Fig. 10, the desorption efficiency of acid (0.1 M HCl) is 
better than that of base (0.1 M NaOH) and water. So, HCL 
is more favorable as a desorbing agent than NaOH and 
water for the regeneration and reuse of zirconium oxide. 
From Fig. 10, HCL (0.1 M) shows desorption of Cr (III), 
and Ba (II), with desorption efficiency of 30% and 37%, 
respectively.

Effect of interfering ions

The effect of several competing ions, such as Zn (II), Ca 
(II), and Na (I) on the elimination of Cr(III) and Ba(II) 
from the prepared activated zirconium oxide has been 
studied (Fig. 11). A certain weight of prepared sorbent 
material (0.1 g) and different concentrations of Zn (II), Ca 

Table 4   Thermodynamic 
parameters for the adsorption of 
Cr(III) and Ba(II) onto activated 
zirconium oxide

Temp, K ΔGo, kJ/mol ΔHo, kJ/mol ΔSo, J/mol.K

Cr(III) Ba(II) Cr(III) Ba(II) Cr(III) Ba(II)

298  − 6.70  − 5.79 114.2 112.9 390.2 381.7
313  − 33.73  − 16.88
333  − 42.26  − 41.25
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Fig. 9   Thermodynamic study for the adsorption of Cr(III) and Ba(II) 
onto activated zirconium oxide at different temperature ranges

Fig. 10   Effect of different desorbing agents (0.1  M HCl, 0.1  M 
NaOH, and H2O) on the regeneration of zirconium oxide loaded with 
Ba(II) and Cr(III)
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(II), and Na (I) (10, 20, and 30 ppm), as well as Cr (III) 
and Ba (II) (50 ppm), have been mixed at optimum condi-
tions of pH and temperature. In Fig. 11, it is obvious that 
the percent uptake of Cr (III) and Ba (II) decreased with 
an increase in the concentration of competing ions. The 
notable negative influence of interfering ion concentra-
tions may be attributed to the interaction of the compet-
ing ions with the surface of zirconium oxide. The factor 
that may have an effect on the adsorption of both ions is 
the ion radius [45]. Ions with a small ionic radius may be 
adsorbed onto the surface of the sorbent, and they pen-
etrate the pores faster than the other ions. The ionic radius 
of Na(I) (0.95°A), Ca (II) (1.00°A), and Zn(II) (1.42°A) 
has a smaller ionic radius than Ba (II) (2.35°A) and Cr 
(III) (1.66°A). This indicates that the smallest ionic radius 
could be adsorbed onto the pores of activated zirconium 
oxide material; therefore, the adsorption of Cr (III) and 
Ba (II) is decreased.

Comparison the sorption capacity

The obtained sorption capacity of the prepared material 
has been compared with that of other materials, as seen 
in Table 5. 

Reaction mechanism

An important substance having acid–base properties, zir-
conium dioxide (ZrO2) is extremely stable in both oxidiz-
ing and reducing environments. Metal cations (Zr) serve as 
Lewis acids or potential electron charge acceptors, whereas 
O−

2 anions serve as conjugated bases. The nature of the 
acidic and basic sites, as well as their quantity and acidity/
base strength, all have an impact on the selectivity of many 
reactions. At least five stable structural polymorphs of zirco-
nia exist, each with unique characteristics. At low tempera-
tures, the monoclinic ZrO2 phase (m-ZrO2) is stable. On the 
surface of m-ZrO2, there are eight distinct oxygen atoms. O1 
to O5 are surface-bound, but O6 to O8 are subsurface-bound 
and are unable to bind the metal cation under study [53].

Nagaoka et al. reported that several bonding models of 
metal ions and zirconia have been proposed. M+ is adsorbed 
onto the zirconia surface via hydrogen bonding between the 
M–O− and Zr–OH groups. The second model indicates that 
M+ may interact with zirconia via ionic bonding [54].

Conclusion

Synthetic activated zirconium oxide was tested as an inor-
ganic sorbent for removal of Cr (III) and Ba (II) from aque-
ous solution. The kinetics of both Cr (III) and Ba (II) were 
studied, and the obtained results were analyzed using four 
kinetic models. Results explained that the pseudo second 
order adsorption mechanism is predominant, and the overall 
rate constant of adsorption behavior for Cr (III) and Ba (II) 
appears to be controlled by the chemical adsorption pro-
cess. Equilibrium isotherms have been determined and tested 

Fig. 11   Effect of different concentration (10,20, and 30  mg/l) inter-
fering ions Zn (II), Ca(II), and Na(I) on the removal % of Cr(III) 
and Ba(II) onto zirconium oxide (Ci of Ba(II) and Cr (III) = 50 mg/l, 
v = 10 ml, pH = 5, and 2 h shaking time)

Table 5   comparison the maximum capacity of Ba(II) and Cr(III) with 
other adsorbent

Material Saturated sorp-
tion capacity 
(mg/g)

References

Cr(III) Ba(II)

Chorfa silt material 26.30 NR [46]
Zinc ferrite‑humic acid
nanocomposite

NR 63.33 [47]

Spent coffee waste biochars NR 6.17 [48]
Pecan shell based activated carbon NR 3.33 [49]
SP(M) (miswak powder) NR 34.97 [50]
Chitosan-sodium alginate hydrogels 48.0 NR [51]
Carboxymethyl cellulose-g-

poly(acrylic acid-co-acrylamide)
47.7 NR [52]

Starch-craft-itaconic acid hydrogels 14.13 NR [53]
Caboxymethyl cellulose S2 NR 9.28 [54]
Activated zirconium oxide 35.9 33. 9 Present work
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for different isotherm expressions, and the adsorption data 
were successfully modeled using Langmuir, Freundlich, and 
Dubinin-Radushkviech (D-R) approaches. Based on the D-R 
model expression, the maximum adsorption capacity and the 
mean free energy of the studied ions have been determined. 
The adsorption of Cr (III) and Ba (II) is an endothermic 
process and spontaneous in nature. The surface of the loaded 
ZrO is more regenerated using Hcl (0.1 M) than NaOH and 
H2O. The R% decreased as the concentration of interfering 
ions increased.
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