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a b s t r a c t
A composite material comprising of green synthesized nano-cerium oxide and active carbon 
prepared from the leaves of Epipremnum aureum plants immobilized in Zr-alginate beads is suc-
cessfully investigated as an adsorbent for the simultaneous removal of ‘phosphate and nitrate’ 
from polluted water. Extraction conditions are optimized. X-ray diffraction, Fourier-transform 
infrared spectroscopy, field emission scanning electron microscopy and energy-dispersive X-ray 
spectroscopy studies are adopted for characterizing the sorbent. Sorption mechanisms are inves-
tigated using various adsorption isotherms and kinetic models. Thermodynamics parameters are 
evaluated. The data reveal the Freundlich isotherm model of adsorption, pseudo-second-order 
kinetics and spontaneity of the sorption process. Adsorption capacity is: 75.63 mg/g for phosphate 
and 66.92 mg/g for nitrate. The spent beads can be regenerated and reused. The method is applied 
for the removal of ‘phosphate and nitrate’ ions from real polluted water. The merit of this investi-
gation is that nCeO2 particles are synthesized via green routes and these particles in combination 
with an active carbon-embedded in Zr-alginate beads, have good adsorption capacities at neutral 
pH for the successful simultaneous removal of ‘phosphate and nitrate’ ions from real polluted water.

Keywords:  nCeO2; Zr-alginate beads; Epipremnum aureum; Activated carbon; Water remediation; 
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1. Introduction

Nitrate and phosphate are common contaminants in 
water bodies and are toxic when their concentrations are 
more than 50 ppm for nitrates [1] and 50 μg/L for phosphate 
respectively [2] as per WHO. Nitrate is the ultimate oxida-
tion product of nitrogenous matter of organic impurities in 
water under aerobic conditions. It is generated through the 
nitrogen cycle from anthropogenic sources such as septic 
tanks, human refuses, turf grass, and agricultural residues 

[3,4]. Further, nitrates find their way to water bodies due 
to over-fertilizing activities in agricultural fields. The main 
sources of phosphate pollution are agricultural run-offs, 
industrial sewages and domestic sewage wastes. Further, 
phosphate rocks weathering, human and animal excreta 
and food residues also contribute to phosphate pollution. 
Removal of nitrates and phosphates from polluted water is 
the most challenging environmental problem [5–7].

Consumption of nitrates contaminated water causes 
methamoglobinemia or blue babies. Nitrates and phosphates 
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through the process of ‘eutrophication’ in lakes cause the 
loss of ecological balance in aquatic life. Due to the over-
growth of biota in lakes, dissolved oxygen content in water 
decreases, resulting in stress on aquatic life [8–10]. Hence, 
investigations are carried out to remove these ions from pol-
luted water. On perusal of the literature, it is revealed that 
the removed phosphate and nitrate are affected based on 
physical, chemical and biological techniques [11–13] such as 
electrocoagulation [14], degradation [15] and fermentation 
[16]. The simultaneous removal of nitrate and phosphate 
using an effective adsorbent is a less trodden research con-
cept. The present investigation endeavors to this endpoint.

Methods based on adsorption using plant based-ma-
terials as adsorbents are interesting to the researchers 
as the procedures are simple, effective and economical. 
These bio-sorbents are eco-friendly and synthesized from 
renewable bio-sources [17,18]. Recently, increasing find-
ings are reported to purify water using adsorbents based 
on nanoparticles. The nanoparticles due to their size and 
inherited quantum confinements are proving to be effec-
tive adsorbents. High adsorption capacities are reported 
with these nano-based adsorbents [19,20]. Hence, in this 
work, we tried to develop an adsorbent based on active 
carbon and nCeO2 particles synthesized via green routes. 
The composite material of ‘active carbon and nCeO2’ is 
immobilized in Zr-alginate beads to impart better compat-
ibility and easy filtration besides added adsorption nature 
of Zr-alginate beads. These beads are found to be effective 
in the simultaneous removal of ‘nitrate and phosphate’ at 
pH: 7 with good adsorption capacities. This finding is inter-
esting as the adsorbent can be directly applied to polluted 
water without adjusting the pHs.

In the present work, the conditions for the maximum 
simultaneous removal of ‘nitrate and phosphate’ using 
‘Zr-alginate beads doped with nCeO2 and active carbon’ as 
adsorbent, are investigated and optimized. X-ray diffrac-
tion (XRD), Fourier-transform infrared spectroscopy (FTIR), 
field emission scanning electron microscopy (FESEM) and 
energy-dispersive X-ray spectroscopy (EDX) studies are 
employed for characterization. The nature of adsorption is 
analyzed by adopting different adsorption isotherms and 
kinetics models. Thermo-dynamical investigations are also 
made. The method developed is applied for the simultane-
ous removal of ‘nitrate and phosphate’ in synthetic mixers 
and also to the samples collected in polluted lakes in West 
Godavari District of Andhra Pradesh, India.

2. Materials and method

2.1. Reagents and chemicals

The chemicals used were of A.R. grade. Simulated solu-
tions of nitrate, phosphate and other reagents were pre-
pared with double-distilled water.

2.2. Active carbon generation

2.2.1. Plant

Epipremnum aureum is a house plant that belongs to 
the Arum family (Fig. 1). It grows well in tropical and sub- 
tropical conditions throughout the world.

2.2.2. Active carbon

Epipremnum aureum plant leaves were cut, washed 
with distilled water and dried under sunlight for 2 d. 
These dried leaves were immersed in concentrated H2SO4 
for 24 h in a round-bottomed flask. Then the bio-material 
was digested for 3 h with condenser set-up. The bio-mate-
rial was completely carbonized. Thus obtained biochar was 
filtered through G-3 crucibles and washed with distilled 
water repetitively for its neutrality. The biochar was dried 
at 105°C for 2 h in hot air-over. The biochar was crushed 
and sieved to the size: <75 μm. Thus activated biochar 
is named as ACLEA as per the terms ‘activated carbon 
derived from leaves of Epipremnum aureum’.

2.2.3. Sapindus plant seeds skin extract

The hot water extract of skins of seeds of Sapindus plant 
was used as capping and stabilizing agent as described in 
our previous work [21].

2.3. Nano-CeO2 synthesis

The requisite amount of (NH4)2Ce(NO3)6 was dissolved 
in a solvent’s blend of ‘water: ethylene glycol (4:1)’ to obtain 
a solution of 0.05 N concentration. 100 mL of this cerium 
salt solution was taken into a 250 mL beaker and to which, 
25.0 mL of extract of skins of Sapindus plant seeds was added 
and the resulting solution was stirred using a magnetic stir-
rer for 15 min. Then 5.0 g of urea was added and the solu-
tion was gradually heated while stirring until the solution 
had reached a temperature of 90°C. The precipitating agent, 
ammonia, was liberated due to urea hydrolysis and the 
pH of the solution was gradually increased. When the pH 
reached 9, the heating was stopped but stirring was con-
tinued for 10 h. This process of the homogeneous method 
of slow liberation of the precipitating agent prevented the 
super-saturation at local points and further, the increase in 
viscosity of the mother liquid by adding ethylene glycol pre-
vents the fast growth of the nuclei of the hydroxides of Ce. 
These conditions helped the particles to grow slowly and 
when the particle reached nano-size, the natural capping 
agent (extract) prevented further growth. Thus obtained 
material was centrifuged, washed with distilled water until 
the pH of the filtrate was neutral and dried at 105°C for 2 h 
and calcinated in the muffled furnace for 6 h at 500°C. Then 
the material was cooled and preserved in sealed bottles.

2.4. Preparation of composite (CeO2@ACLEA)

2.0 g of ACLEA and 1.0 g of nano-CeO2 were taken into 
a 250 mL beaker. To this mixture, 100 mL of distilled water 
was added and stirred continuously at temperature: 80°C for 
a period of 4 h. The resulting solution was cooled to room 
temperature, filtered, washed with distilled water and dried 
at 105°C for 3 h in the oven. The composite was named as: 
nCeO2@ACLEA (nano-cerium oxide loaded active carbon 
derived from leaves of Epipremnum aureum).

2.5. Zirconium alginate beads doped with CeO2@ACLEA

2.5% w/v sodium alginate solution in distilled water 
was subjected to heating at 80°C to obtain a gel. 2.5 g of 
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‘CeO2@ACLEA’ was added to the gel in small amounts 
through stirring for 3 h to get a homogeneous solution. 
The solution was cooled to room temperature and was 
added to 5°C cooled zirconyl chloride solution (taken 
in beaker), drop by drop with the help of a uniform 
bored-dropper. Beads doped with the composite material 
were formed and they were digested with the mother-li-
quor for 24 h at room temperature to facilitate the com-
plete development of the beads. Thus resulted beads were 
filtered, washed with distilled water and dried at 80°C for 
3 h. The beads were named as: nCeO2@ACLEA-Zr-Alg as 
per the terms: zirconium alginate beads doped with ‘nano-
CeO2 loaded ACLEA’. The methodology adopted for the 
synthesis is presented graphically in Fig. 2.

2.6. Extraction experiments

Batch modes of adsorption studies were employed 
[22–24]. Optimum conditions of extractions were investi-
gated with individual simulated solutions of nitrate and 
phosphate. After establishing the conditions, the devel-
oped method was applied to the admixtures of synthetic 
simulated solutions of ‘nitrate and phosphate’.

2.6.1. Establishment of optimum extraction conditions

For individual ions: known amounts of nitrate and 
phosphate were taken into 250 mL conical flasks and initial 
pHs were adjusted with dil. HCl or NaOH. The flasks were 
agitated in an orbital shaker for a desired period at 300 rpm 
and at temperature: 30°C ± 1°C. After required periods of 
equilibration, the solutions were filtered and the filtrates were 
analyzed using spectrophotometric methods as described in 
the literature [25]. Nitrate by sulphanilamide method and 
phosphate by molybdenum blue method was adopted.

% removals of NO3
– and PO4

3– and adsorption capac-
ities of ‘nCeO2@ACLEA-Zr-Alg’ (qe) for the said anions, 
were evaluated by using equations [26,27].
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where C0 and Ci are the initial and final concentrations 
(mg/L), m = mass of adsorbent (g); V = volume of the solution 
(L) of NO3

– and PO4
3–.

The effect of pH, ‘nCeO2@ACLEA-Zr-Alg’-dosage, time 
of contact, initial concentration of adsorbate, the effect of 
interfering ions, the temperature on the adsorptivities of 
the adsorbent were investigated. Regeneration and reuse 
of the spent adsorbent was also investigated. In assess-
ing adsorptivities, the targeted parameter was gradually 
varied while all other experimental conditions were kept 
at optimum levels.

2.6.2. Analysis of mixtures of ions

The investigations carried in this work revealed that 
maximum removal of ‘nitrate and phosphate’ was possible 
at pH: 7 with ‘nCeO2@ACLEA-Zr-Alg’ as adsorbent. For 
assessing whether the optimum conditions established for 
individual ions are good enough for the mixtures, investi-
gations were made with the mixtures of nitrate and phos-
phate at the optimum conditions established with the indi-
vidual ions. The results show that the adsorbent dosage is 
to be increased to 0.24 g/100 mL and time of equilibration 
to 60 min for the simultaneous removal of ‘phosphate and 
nitrate’. Except for these minor changes in the parame-
ters, the other extraction conditions are the same for indi-
vidual ions as well as for the mixtures. The conditions of 
extractions and results of the adsorptive investigations for 
the removal of toxic nitrate and phosphate are presented  
in Table 1.

2.7. Characterization of ‘nCeO2@ACLEA-Zr-Alg’

The adsorbent was subjected to XRD, FTIR, EDX and 
FESEM studies. For this investigation, the spectrum or 
images of ‘nCeO2@ACLEA-Zr-Alg’ were recorded before 
and after the adsorption of the adsorbates. The results are 
presented in Figs. 3–5.

 

Fig. 2. Methodology for preparation of nCeO2@ACLEA-Zr-Alg 
– beads.

Fig. 1. Epipremnum aureum plant.
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2.8. Applications

The methodology developed was applied to treat lake 
waters from West Godavari District, Andhra Pradesh, 
India. The water bodies in this district were reported to 
be polluted with nitrate and phosphate due to intensive 
agricultural activities. The samples were analyzed for the 

existing nitrate and phosphate concentration levels. Then 
these samples were subjected to the treatment with the pro-
cedures developed in this work. The results are presented 
in Table 5.

3. Result and discussion

3.1. Characterization studies

3.1.1. XRD analysis

The observed XRD spectra for the green synthesized 
nCeO2 and beads are presented in Fig. 3. The spectrum of 
nCeO2 exhibited a series of well-defined peaks of CeO2 at 
2θ = 28.5°, 33.0°, 47.5°, 56.3°, 59.1°, 69.4°, 76.8° and 79.1°, 
which may be accounted for the diffractions of the (111), 
(200), (220), (311), (222), (400), (331), and (420) crystalline 
planes of face centered cubic (FCC) CeO2, respectively as per 
JCPDS 43-1002.

The XRD spectrum of beads shows mixed peaks of 
active carbon, nCeO2 and Zr-alginate. The strong dif-
fraction peaks at 2θ = 24.8° and 2θ = 44.8° pertain to the 
active carbon, indicating the existence of graphite crystal-
lite [29]. The two typical crystalline peaks of at 14.30° and 
21.30° belong to zirconium alginate related to the crys-
tal planes (4 2 2) and (5 1 1) respectively [30]. The peaks 
at 2θ = 28.5° and 33.0° may be attributed to nCeO2 due 

 

Fig. 3. XRD spectra of: (A) CeO2 nanoparticles and (B) nCeO2@ACLEA-Zr-Alg’.

 

Fig. 4. FTIR spectra of before and after adsorption of NO3
– and 

PO4
3– ions.

Table 1
Simultaneous removal of nitrate and phosphate (optimum conditions: pH: 7; adsorbent dosage: 0.24 g/100 mL; time of 
equilibration: 60 min; rpm: 300; temp.: 30°C ± 1°C)

Simulated solution Compositiona % Removal

Before adsorption After adsorption

PO4
3– NO3

– PO4
3– NO3

– PO4
3– NO3

–

1 10.0 25.0 0.09 1.95 99.10 92.2
2 15.0 30.0 1.005 2.97 93.3 90.1
3 20.0 40.0 1.64 5.08 91.8 87.3
4 25.0 50.0 2.375 7.5 90.5 85.0
5 30.0 60.0 3.06 9.96 89.8 83.4

aAverage of five estimations; SD: ±0.20.
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to the diffraction at the planes (1 1 1) and (2 0 0) respec-
tively [31]. Further, the XRD peak of ZrO(OH)2 is noted 
at 35.55 [32]. The particle size of nCeO2 was evaluated 
using the Scherrer formula [28].

L k
B

�
�
�cos

 (3)

where λ = radiation wavelength; B = physical width of a 
reflection (in 2θ); θ = diffraction angle of a line maximum; 
and K is a constant of value ≈ 0.9. The nCeO2 particle size 
was found to be between 8.0 to 9.0 nm with an average 
size of 8.44 nm.

3.1.2. Fourier-transform infrared spectroscopy analysis

The FTIR spectra ‘nCeO2@ACLEA-Zr-Alg’-before and 
after adsorption of ‘phosphate and nitrate’ are presented 
in Fig. 4. The absorption band observed at ~3,350 cm–1 
in the spectrum of adsorbent pertains to the stretching 
vibrations of the ‘–OH’ group. This frequency is shifted to 
3,355 cm–1 after adsorption of NO3

– and to 3,358 cm–1 after 
PO4

3– adsorption. The frequency at 2,972 cm–1 in before 
adsorption spectrum is due to stretching of ‘C–H’ groups. 
It is shifted to 2,975 and 2,982.3 cm–1 after the adsorption 
of nitrates and phosphate respectively. The frequency at 
2,055 cm–1 attributed to the allene (C=C=C) group is shifted 
to 2,060 and 2,065 cm–1 after the adsorption of nitrate 
and phosphate respectively.

The frequency at 1,700 cm–1 attributed to C=O is shifted 
to 1,705 cm–1 after NO3

– adsorption and 1,710 cm–1 after PO4
3– 

adsorption. The strong absorption band at 1,408.5 cm–1 
before adsorption, 1,412 cm–1 after adsorption of NO3

– and 
1,415 cm–1 after PO4

3– adsorption is attributed to stretch-
ing vibrations of C=C and ‘–Ce–O–PO4

3–/NO3
–. The sharp 

bands at 1,130 cm–1 (before adsorption) are due to ‘C–O–C’ 

stretching vibrations and it is shifted to 1,132 and 1,135 cm–1 
after adsorption of nitrate and phosphate respectively. 
A sharp small peak at 778 cm–1 before adsorption pertains 
to Zr–O (stretching) is shifted to 780 and 785 cm–1 after 
adsorption of nitrate and phosphate respectively. The fre-
quency at 638.5 cm–1 before adsorption and the frequen-
cies at 640.5 and 645.3 cm–1 after adsorption of nitrate and 
phosphate respectively, are due to asymmetric stretching of 
‘Zr-PO4

3–/NO3
–. The changes in the peak positions and inten-

sities indicate that there are interactions between nitrate 
and phosphate with the functional groups of ‘nCeO2@ 
ACLEA-Zr-Alg’.

3.1.3. Energy-dispersive X-ray spectroscopy

The EDX spectra of adsorbent ‘nCeO2@ACLEA-Zr-
Alg’-before and after adsorption of NO3

– and PO4
3–, are 

presented in Figs. 5A–C. In comparison of the spectra, it 
is evident that peaks pertaining to N and P are appeared 
in the spectrum taken after adsorption (Figs. 5B and C). 
These peaks are missing in the before adsorption spec-
trum (Fig. 5A). These features are emphatic proofs for the 
adsorption NO3

– and PO4
3– by ‘nCeO2@ACLEA-Zr-Alg’-beads.

3.1.4. FESEM analysis

FESEM of ‘nCeO2@ACLEA-Zr-Alg’taken before and 
after adsorption of nitrate and phosphate are presented in 
Figs. 5D–F. Rough, micropores, spongy, irregular and het-
erogeneous structures can be noted in the before adsorp-
tions image (Fig. 5D). In the images take after adsorption 
of nitrate and phosphate, there are marked changes in the 
images: missing pores or decrease in pore size, and dis-
appearance of some corners and edges (Figs. 5E and F). 
These features reflect that the adsorption of NO3

– and PO4
3– 

onto the surface of the adsorbent.

 
Fig. 5. EDX: (A) before, (B and C) after adsorption of PO4

3– and NO3
–; FESEM: (D) before, (E and F) after adsorption of PO4

3– and NO3
–.
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3.2. Factors influencing the adsorptivity

Various extraction conditions were investigated to 
assess their effect on the adsoptivities of the adsorbent for 
nitrate and phosphate.

3.2.1. Effect of pH

The effect of pH of the equilibrating solution on the 
adsorptivity of adsorbent for ‘phosphate and nitrate’ was 
assessed by varying the pH from 2.0 to 12.0 but keeping all 
other parameters at constant values. The results are presented 
in Fig. 6A. The maximum removal of 96.6% for phosphate 
and 94.5% for nitrate are observed at neutral pH: 7 below 
and above this pH, the % removal is decreased. This is an 
important finding as it facilitates the simultaneous removal 
of ‘nitrate and phosphate’ and moreover at neutral pH.

From Fig. 6B, pHzero for ‘nCeO2@ACLEA-Zr-Alg’ was 
evaluated as: 7.0. At this pH, the surface of the adsorbent 
is neutral and above and below this value, the surface is 
charged. At the optimum pH: 7, phosphate (H2PO4

– and 
HPO4

2–) and nitrate (NO3
–) exist as anions. Hence, the adsorp-

tion of nitrate and phosphate at neutral conditions cannot be 
due to electrostatic interactions. So, the adsorption of nitrate 
and phosphate may be due to a short of complex formation 
between the said ions and adsorbent functional groups. This 
is supported by the thermodynamic data evaluated for the 
adsorption process in this investigation.

3.2.2. Effect of sorbent concentration

By changing the sorbent dosage from 0.08 to 0.14 
g/100 mL but maintaining other extraction conditions at 
constant levels, % removal was investigated. The results 
are depicted in Fig. 6C. The adsorption of ‘phosphate 
and nitrate’ is increased linearly with an increase in the 
concentration of adsorbent initially. But it has reached a 
steady-state after a certain concentration of the adsorbent. 
The maximum extraction is: 96.6% for phosphate with 
0.12 g/100 mL; and 94.5% for nitrate with 0.13 g/100 mL. 
With the increase in the dosage of the adsorbent, nat-
urally, the number of adsorption sites available for the 
adsorption process increases and hence, more adsorption 
is observed initially. But when the adsorbent is further 
increased, the proportional increase in adsorption is not 
observed. This may be due to the blocking of pathways 
for adsorbates to reach the active sites laid in the matrix 
of the adsorbent due to aggregation and/or deposition.

3.2.3. Effect of time

Agitation time is the time allowed for equilibration 
between adsorbates and adsorbents. The optimum time 
needed for maximum removal of nitrate and phosphate 
was investigated by estimating the % removal at var-
ied time intervals of equilibration. The results are pre-
sented in Fig. 6D. The adsorption is rapid initially and is 
slow down with the progress of time and attained steady 
state after 40 min for phosphate and 50 min for nitrate. 
Initially, the availability of active sites is more and so, 
the rate of adsorption is more. With time, the active sites 

are used up and hence, the adsorption rate is decreased. 
As the quantity of the adsorbent is fixed: 0.12 g/100 mL 
for phosphate and 0.13 g/100 mL nitrate, the active 
sites are fixed. When all the sites are engaged with the 
adsorption of adsorbates, steady states have resulted.

3.2.4. Effect of initial concentration

The initial concentration of adsorbate is another 
important parameter that influences the adsorption pro-
cess. So, the effect of various initial concentrations of 
phosphate and nitrate on the % removal was investigated 
and the results are depicted in Figs. 6E and F. With the 
increase of concentration from 10 to 150 mg/L, % removal is 
decreased from 96.6% to 52.5% for PO4

3– and 94.5% to 49.5% 
for NO3

– (Fig. 6E). As the sorbent dosage is fixed only a fixed 
number of active sites are available. So, as the concentration 
of adsorbate is increased, the number of available ‘active 
sites per ion’ is decreased and hence, % removal falls. 
However, the adsorption capacity (qe) is increasing with the 
increase in the concentration of adsorbate, Fig. 6F. As the 
concentration is increased from 10 to 150 mg/L, the val-
ues of qe are increased from 8.05 to 75.63 mg/g for PO4

3– 
and 7.23 to 66.92 mg/g for NO3

–. This may be attributed 
to the fact that as the concentration of nitrate and phos-
phate is increased, the concentration gradient between 
the bulk of the solution and the surface of the adsorbent 
with respect to the adsorbate is also increased. This causes 
the adsorbates to diffuse more towards the surface of 
the adsorbent and thereby resulting in more adsorptivities.

3.2.5. Effect of temperature

The effect of solution temperature on the adsorptivi-
ties of ‘nCeO2@ACLEA-Zr-Alg’ for phosphate and nitrate 
was investigated. The findings are noted in Figs. 6G and H. 
Adsorptivity is increased with an increase in temperature. 
An increase in solution temperature enhances the vibra-
tional kinetic energy of the functional groups present 
on the surface of ‘nCeO2@ACLEA-Zr-Alg’ and thereby 
decreases the surface-layer thickness. Further, the adsorbate 
ions acquire more kinetic energy. These two factors help 
in the penetration of adsorbate deeper into the ‘nCeO2@
ACLEA-Zr-Alg’ and hence, more adsorptivities with an 
increase in temperature.

3.3. Simultaneous removal of phosphate and nitrate

From Section 3.2, it may be inferred that the phosphate 
and nitrate are removed to an extent of 96.6% and 94.5% 
respectively at pH: 7 from the 10 mg/L concentration of 
the adsorbate at the optimum conditions: equilibration 
time: 40 min for phosphate and 50 min for nitrate; dosage 
of ‘nCeO2@ACLEA-Zr-Alg: 0.12 g/100 mL for phosphate 
and 0.13 g/100 mL for nitrate; rpm: 300; and temperature: 
30°C ± 1°C. Thus at pH:7, the simultaneous removal of 
phosphate and nitrate was investigated by changing the sor-
bent dosage from 0.2 g/100 mL to 0.28 g/100 mL and time 
of equilibration from 10 to 90 min. The other extraction 
conditions are maintained at optimum levels as evaluated 
for individual ions.
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Fig. 6. (A) Effect of pH, (B) evaluation of pHzpc, (C) effect of dosage, (D) effect of contact time, (E) effect of initial concentrations, 
(F) adsorption capacities, qe vs. initial concentration, (G and H) effect of temperature.
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For this, simulated solutions having admixtures of 
nitrate and phosphate in different proportions as noted in 
Table 1, were prepared and subjected to the extraction with 
the adsorbent: nCeO2@ACLEA-Zr-Alg, at the optimum con-
ditions established in this study. The results are noted in 
Table 1. It may be inferred from the table that substantial 
amounts of nitrate and phosphate can be simultaneously 
removed at the convenient neutral pH: 7.

3.3.1. Thermodynamic studies

The sign and magnitude of thermodynamic proper-
ties namely, Gibbs free energy (ΔG), entropy (ΔS), and 
enthalpy (ΔH) provide insight into the strength and type of 
bonds between adsorbate and adsorbent. These factors were 
evaluated using the following equations.

� � �G H T S� �  (4)

�G RT Kd� � ln  (5)

lnK S
R

H
RTd � �

� �  (6)

where qe = amount of adsorbed adsorbate, Kd = distribu-
tion coefficient of the adsorption, R = gas constant, and 
T = thermodynamic temperature in Kelvin as described 
in the literature [33,34]. The results are presented in Table 2.

Negative ΔG values reflect the spontaneity and endo-
thermic nature of the adsorption process. The negative 
values are increasing as the temperature increases. This 
indicates more favorable conditions of adsorption at ele-
vated temperatures. Change in enthalpy (ΔH) values was 
25.96 kJ/mol for PO4

3– and 23.45 kJ/mol for NO3
–. The mag-

nitudes of the values indicate the chemical nature of the 
adsorption process. A sort of surface complex formation 
occurs between the adsorbate and the functional groups of 
the sorbent, nCeO2@ACLEA-Zr-Alg.

Positive ΔS values and their magnitudes are the 
testimony of disorder at the ‘solid/liquid’ interface. As the 
disorder is more, the chances of adsorbate ions to cross over 
the boundary between the solution and solid-adsorbent, 
is more and hence, more adsorptivities.

3.4. Adsorption nature

The adsorption mechanism was analyzed using various 
isotherm models. The Freundlich, Eq. (1) [35], Langmuir, 
Eq. (2) [36], Temkin, Eq. (3) [37], and Dubinin–Radushkevich, 
Eq. (4) [38], isothermal models were employed to 

understand the adsorption mechanisms as described in the 
literature [39,40]. The pertaining equations used are:
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In Figs. 7A–D and Table 3, the pertaining results are 
presented. It can be inferred from the correlation coefficient 
(R2) that the Freundlich adsorption model having higher 
correlation coefficients: R2 = 0.992 for nitrate and 0.994 for 
phosphate, describe well the adsorption nature. This indi-
cates the heterogeneous and multi-layer adsorption at the 
surface of ‘nCeO2@ACLEA-Zr-Alg’. Further, the Langmuir 
adsorption model of RL values was found to be 0.465 for 
nitrate and 0.523 for phosphate. As per Hall et al. [41], these 
values imply the favourability of the adsorption process. 
From Temkin and Dubinin–Radushkevich equations ‘E and 
B’ values are evaluated and presented in Table 3.

3.5. Kinetics of adsorption

Pseudo-first-order [18,42], pseudo-second-order [43,44], 
Bangham’s pore diffusion model [45,46] and Elovich model 
[47], were employed in analysing the kinetics of adsorp-
tion. The pertaining evaluated factors are depicted in 
Table 4. From Table 4, it may be inferred that the R2 val-
ues fall in the order: pseudo-second-order > Elovich > 
pseudo-first-order > Bangham’s pore diffusion.

The data of NO3
– and PO4

3– are better modeled by 
pseudo- second-order rate kinetics (as in Fig. 8) as their 
correlation coefficients (R2) are 0.996 for PO4

3– and 0.998 for 
NO3

– as compared to the other rate models. So, the pseudo- 
second-order model describes well the adsorption process.

3.6. Co-ions interference

The effect of a two-fold excess of co-ions naturally 
found in water on % removal of nitrate and phosphate was 
investigated. Results are presented in Fig. 9. From the data, 
it may be inferred that the cations namely, Mg2+, Ca2+, Fe2+, 

Table 2
Evaluation of thermodynamics parameters

Adsorbate ΔH (kJ/mol) ΔS (kJ/mol) ΔG (kJ/mol) R2

303°K 313°K 323°K 333°K

PO4
3– 25.96 134.9 –15.41 –16.55 –17.69 –18.83 0.99

NO3
– 23.45 114.04 –13.37 –14.35 –15.32 –16.29 0.99
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Zn2+ and anions: Cl–, CO3
2–, F– are marginally interfered. 

SO4
2– has shown some interference.

3.7. Regeneration and reuse

Regeneration of spent adsorbents by treating with suit-
able eluents and their subsequent use as adsorbents is one 
of the important aspects. This recycling helps to decrease 
the cost of the treatment process. Hence, in this work many 
eluents comprising acids, bases and salts were investi-
gated for the regeneration of the spent ‘nCeO2@ACLEA-
Zr-Alg’. It was observed that 0.01 N NaOH was effective 
in restoring the adsorption capacity of the spent ‘nCeO2@
ACLEA-Zr-Alg’. The findings are presented in Fig. 10. 
The beads structure of the adsorbent has not deteriorated 
and was robust enough even after five regenerations. % 
remove of PO4

3– and NO3
– and even with 5th regenerated 

‘nCeO2@ACLEA-Zr-Alg’ is 88.4% and 86.30% respectively. 

Moreover, the repeated use of the regenerated adsorbent can 
remove completely PO4

3– and NO3
– ions from polluted water.

3.8. Applications

In this investigation, the developed nCeO2@ACLEA-
Zr-Alg was applied to treat polluted lake water samples 
collected from West Godavari District, Andhra Pradesh, 
India. Due to intensive agricultural activities and over-use of 
fertilizers, the water bodies of this area were reportedly pol-
luted with respect to nitrate and phosphate. The collected 
samples from West Godavari District, Andhra Pradesh, 
India were analyzed for the existing concentrations of 
nitrate and phosphate and cited in Table 5. The samples from 
the Lake water were subjected to treatment with nCeO2@
ACLEA-Zr-Alg for the simultaneous removal of ‘nitrate and 
phosphate’ at pH: 7 with the sorbent dosage: 0.24 g/100 mL; 
time of equilibration: 60 min; rpm; 300; and temperature 

 
Fig. 7. Adsorption isotherm models: (A) Langmuir, (B) Freundlich, (C) Temkin and (D) Dubinin–Radushkevich.

Table 3
Assessed adsorption isothermal parameters

Adsorbate Langmuir isotherm Freundlich isotherm Temkin isotherm Dubinin–Radushkevich isotherm

Phosphate Slope 0.0134 0.473 13.12 –1.55E-07
Intercept 0.147 2.62 14.85 3.9
R2 0.979 0.994 0.933 0.718

RL = 0.523 1/n = 0.0134 B = 13.12 E = 1.8 kJ/mol
Nitrate Slope 0.0122 0.43 12.92 –2.97E-07

Intercept 0.106 2.32 7.88 3.79
R2 0.974 0.992 0.946 0.722

RL = 0.465 1/n = 0.0122 B = 12.92 E = 1.3 kJ/mol
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30°C ± 1°C. The results are presented in Table 1. It is revealed 
from the table that the nCeO2@ACLEA-Zr-Alg is very effec-
tive in the treatment of water for the removal of nitrate and 
phosphate.

3.9. Comparison with previous works

The present developed adsorbent, nCeO2@ACLEA-Zr-
Alg is compared with different good adsorbents based on 

bio-materials and nano-materials reported, so far, for the 
removal of PO4

3– and NO3
–. These adsorbents are compared 

with respect to pH and adsorbent capacities. The data is pre-
sented in Table 6. It can be observed that nCeO2@ACLEA-Zr-
Alg is more effective than many of the adsorbents reported. 
Further, the present investigation permits the simultane-
ous removal of ‘nitrate and phosphate’ at the comfortable 
neutral pH:7.

4. Conclusions

Nano-cerium oxide particles are successfully syn-
thesized by green methods. These particles are admixed 
with an active carbon prepared by digesting leaves of the 
Epipremnum aureum plant in hot H2SO4. Thus obtained com-
posite comprising of nCeO2 and active carbon are immo-
bilized in Zr-alginate beads. These beads are investigated 
as adsorbents for the removal of nitrate and phosphate. 
Optimum extraction conditions are established. The beads 
show maximum adsorption for nitrate and phosphate at 
neutral pH: 7. This feature enables the establishment of 
the procedure for the simultaneous removal of nitrate 
and phosphate from water. XRD, FTIR, FESEM and EDX 
techniques are used in characterizing the adsorbent and 
adsorption process.

Adsorption nature is investigated using various adsorp-
tion isotherms, kinetic models and thermodynamics stud-
ies. The data reveals the Freundlich isotherm model of 
adsorption, pseudo-second-order kinetics and spontaneity 

Table 4
Assessed characteristics for kinetic models

Phosphate Nitrate

Pseudo-first-order model R2 0.978 0.975
Intercept 0.75 0.68
Slope –0.0297 –0.129

Pseudo-second-order model R2 0.996 0.998
Intercept 0.77 0.93
Slope 0.12 0.121

Elovich model R2 0.98 0.979
Intercept 0.96 1.3
Slope 1.6 1.73

Bangham’s pore diffusion R2 0.974 0.972
Intercept –1.89 –1.85
Slope 0.313 0.297

Table 5
Applications

Samples Initial concentration of ions, Ci
a (mg/L) Concentration of ions after treatment, Ce

a (mg/L) % Removala

NO3– PO43– NO3– PO43– NO3– PO43–

1 5.4 1.8 0 0 100 100
2 12.7 2.2 0 0 100 100
3 18.4 2.6 0.81 0.03 95.6 98.7
4 25.1 3.4 2.13 0.17 91.5 95.1
5 34.2 4.1 3.8 0.35 88.9 91.5

aAverage of five determinations; SD: ±0.15.

Table 6
Comparison with reported good adsorbents in literature

S. No. Adsorbent pH Names of ions Uptake capacity (mg/g) Reference

1 3D graphene−La2O3 composite 6.2 Phosphate 82.6 [48]
2 Activated carbon residue 4 Nitrate 3.8 [49]
3 NH4+ functionalized meso-SiO2 8 Nitrate 46.0 [50]
4 Fe–Ti nanocomposite 6.8 Phosphate 35.4 [51]
5 Chitosan/zeolite/nCeO2 6 Nitrate 23.58 [52]
6 La–Zr/peel 6.2 Phosphate 40.21 [53]
7 Nano-alumina 4.4 Nitrate 4.0 [54]
8 Nano-Ag@ACTR 3 Phosphate 13.62 [55]
9 nCeO2@ACLEA-Zr-Alg 7 Phosphate 75.625

This study10 nCeO2@ACLEA-Zr-Alg 7 Nitrate 66.92
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of the sorption process. Maximum adsorption capacity is 
75.63 mg/g for phosphate and 66.92 mg/g for nitrate. The 
spent beads can be regenerated and reused. The method is 
used for the simultaneous removal of ‘phosphate and nitrate’ 
ions from real polluted water.
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