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Abstract
This study focuses on the synthesis of pure and Fe-
substituted CuAl₂O₄ nanospinels using the co-
precipitation method at elevated temperatures.
Various analytical techniques, including scanning
electron microscopy, transmission electron
microscopy, FT-IR spectroscopy, and X-ray
diffraction, were employed to confirm the
formation of the nanospinels. The efficiency of the
prepared nanospinels in adsorbing Pb²⁺ ions from
aqueous solutions was evaluated. A Response
Surface Methodology (RSM) based on a Central
Composite Design (CCD) was developed to
optimize three independent variables: pH, contact
time, and initial concentration. A quadratic model
was constructed to predict the adsorption behavior,
and the model predictions closely matched the
experimental values, indicating high reliability.
The adsorption isotherm and kinetic studies
suggest multilayer adsorption governed by the
Langmuir isotherm, with physisorption as the
dominant mechanism, although the kinetic data
fitted well with the pseudo-second-order kinetic
model. The spontaneity of the adsorption process
increased with rising temperature and was found
to be exothermic in nature. The adsorbents

Submitted: 3 February, 2026
Accepted: 4March, 2026
Published: 4 April, 2026

Vol. 2026,No. 1, 2026.
https://doi.org/10.71442/mari2026-0004

*Corresponding author:
 R Lakshmipathy
lakshmipathy.vit@gmail.com

exhibited preferential uptake of Pb²⁺ ions, though
the process was not selective. The adsorption
mechanism of Pb²⁺ ions onto CuAl₂O₄ and
CuAlFeO₄ nanospinels was elucidated as
electrostatic attraction, which was confirmed by
XPS analysis. The present work highlights the
potential application of CuAl₂O₄ and CuAlFeO₄

nanospinels for the adsorption of Pb²⁺ ions.
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1 Introduction

Spinel oxides have the general formula AB₂O₄,
where cations A occupy one-eighth of the
tetrahedral sites in a face-centered cubic (fcc) packed
oxygen sublattice, and cations B occupy half of the
octahedral sites. Spinel aluminates have attracted
significant interest due to their applications in
various fields such as catalysts, refractories,
pigments, and sensors [1–4]. Copper aluminate is a
promising material owing to its electronic, magnetic,
optical, and catalytic properties and is widely
applied in industries as coatings, pigments, and
catalysts [5–7]. CuAl₂O₄ belongs to the inverse
spinel structure, in which Cu²⁺ ions occupy one-
eighth of the tetrahedral interstices, while Al³⁺ ions
occupy half of the octahedral interstices [8].
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Researchers have been drawn to CuFe₂O₄ because
of its excellent magnetic characteristics; however,
due to the weak interdiffusion of Cu²⁺ and Fe³⁺ ions,
synthesizing CuFe₂O₄ remains a challenging task
[9]. Studies on the effect of ion substitution in
CuAl₂O₄ have not been extensively explored. To
enhance the catalytic activity of CuAl₂O₄, several
researchers have investigated Fe substitution in the
material [10].

Magnetic substitution in CuAlO₂ has recently been
investigated for thermoelectric applications. In such
studies, transition metal ions such as Fe³⁺ are
substituted for Al³⁺ ions. Some relevant literature
reports are summarized below. Upon substituting
Al³⁺ in CuFe₂O₄, a single-phase ferrite spinel is
observed up to 950 °C; however, on further heating
to 1050 °C and 1100 °C, the delafossite phase
CuFeO₂ appears along with the primary ferrite
spinel phase [11]. Trivedi et al. prepared Al³⁺-
substituted CuFe₂O₄, namely CuAlFeO₄, at 1000 °C
for 24 h without any impurity phases [12]. Similarly,
a pure CuAlFeO₄ compound was synthesized at
1200 °C for 20 h using the ceramic method [13]. Ata
Allah synthesized CuAlFeO₄ by substituting Al³⁺
ions for Fe³⁺ ions in ferrite, which attracted
considerable interest due to its non-magnetic nature
[14]. In the present work, Fe³⁺ ions are substituted
for Al³⁺ ions in CuAl₂O₄, as Fe³⁺ ions show a
stronger preference for the B-site and are expected
to impart magnetic properties. The introduction of
magnetic Fe³⁺ ions into the octahedral sites of
inverse spinel CuAl₂O₄ may result in interesting
structural and magnetic characteristics. Accordingly,
our objective is to synthesize copper aluminates
doped with Fe ions at the B-site. Fe-substituted
CuAl₂₋ₓFeₓO₄ (x = 0–1) samples were synthesized
and systematically studied using X-ray diffraction

Ferrites and γ-Al2O3 have been explored well as an
adsorbent for heavy metal ions [15, 16] Spinel
ferrites have been used for adsorption of dyes, metal
ions since it can be easily removed by magnetic
means. Adsorption property of γ-Al2O3 are well
reported. [17] reported in his work that Cu2+ ion in
CuAl2O4 has found to be active centre for the
adsorption of Nitrogen oxides. Nano Copper
aluminates are applied in photo catalytic
degradation of dyes due to its large surface area [18,
19] Even though CuAl2O4 has been explored well as
a catalyst due to its adsorbent properties it is used
for the removal of Cr(VI) ion [20].

Various methods have been employed for the
synthesis of substituted spinel aluminates, including
sol–gel [21], flame spray pyrolysis [22], co-
precipitation [23], and ball milling [24]. The present
work focuses on the synthesis of copper aluminates
doped with Fe ions at the B-site. To the best of our
knowledge, there are no literature reports on the use
of CuAl₂O₄ and CuAlFeO₄ as adsorbents for the
removal of heavy metal ions, particularly lead (Pb²⁺).
The primary objective of this study is to investigate
the removal of the highly hazardous environmental
pollutant lead using CuAl₂O₄ and CuAlFeO₄ as
adsorbents. The adsorption properties of copper
aluminates were examined with respect to Fe³⁺
substitution for Al³⁺. In this work, the effect of Fe³⁺
substitution in CuAl₂O₄ was systematically studied
using X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), transmission electron
microscopy (TEM), and Brunauer–Emmett–Teller
(BET) surface area analysis.

Lead is a toxic heavy metal with no known
biological function. Its predominant oxidation state
is +2, owing to the rare occurrence of Pb⁰ and the
extremely oxidizing conditions required for the
formation of Pb⁴⁺. The primary source of human
exposure to lead is drinking water transported
through corroded, lead-based plumbing materials.
Various methods have been reported for the
removal of lead from aqueous solutions, including
precipitation, electrochemical treatment, liquid–
liquid extraction, redox reactions, co-precipitation,
adsorption, flocculation, reverse osmosis, ion
exchange, and filtration [25]. However, most of
these methods suffer from several drawbacks, such
as high cost, low efficiency, limited applicability to a
wide range of pollutants, and high time and
chemical consumption [26]. The removal of heavy
metal ions from aqueous media using simple and
efficient techniques is therefore crucial in addressing
water pollution. Among the available methods,
adsorption is considered particularly effective for
wastewater treatment due to its simplicity and
efficiency [27]. Accordingly, in the present study,
lead adsorption onto CuAl₂O₄ and Fe-substituted
CuAl₂₋ₓFeₓO₄ (x = 1) nanospinels synthesized by
the co-precipitation method was systematically
investigated.
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2 EXPERIMENTAL

2.1 Materials

Aluminium Nitrate (98%) and Alginic acid (19-25%)
were procured from sd. fine-Chemical limited, India.
Cuprous acetate (99%) from Sisco lab and NH3 from
Qualigens. Stock solution of 0.01M of Pb (II) was
prepared from lead acetate using double distilled
water. All the regents used were of analytical grade.

2.2 Preparation of CuAl2O4

Alginic acid solutions (5 wt%) were prepared using
distilled water to obtain polymeric precursors. To
improve solubility, a few drops of ammonia solution
were added to the alginic acid. Cuprous acetate and
aluminum nitrate solutions, each with a
concentration of 1 M, were mixed in a 1:2 molar
ratio and stirred to obtain a homogeneous solution.
This metal ion solution was then slowly added to
the 5 wt% alginic acid solution under continuous
stirring, resulting in the formation of a copper–
aluminum alginate precursor. The precursor was
subsequently dried and calcined at different
temperatures ranging from 100 to 900 °C, with each
temperature maintained for six hours, to obtain pure
CuAl₂O₄.

2.3 Preparation of CuAlFeO4

Equimolar (1 M) solutions of cuprous acetate,
aluminum nitrate, and ferric nitrate were mixed in
equal volumes and stirred to obtain a homogeneous
solution. This metal ion solution was then gradually
added to the 5 wt% alginic acid solution under
continuous stirring, leading to the formation of a
copper–aluminum–iron alginate precursor. The
precursor was subsequently dried at 100 °C and
then calcined at temperatures up to 800 °C for 12 h.
After calcination, the resulting powder was
compacted into pellets and sintered at 900 °C for 12
h. Finally, the samples were allowed to cool slowly
to room temperature, yielding pure CuAlFeO₄.

2.4 Characterization

The phases present in the as-synthesized powders
(A and B) were characterized by powder X-ray
diffraction (XRD) at room temperature using a
Bruker D8 Advance diffractometer with Cu Kα
radiation (λ = 1.54 Å). The average crystallite size of
the synthesized products was estimated using the

Debye–Scherrer equation. Fourier-transform
infrared (FTIR) spectra were recorded using a
JASCO Model 4100 spectrometer with the KBr pellet
technique. Scanning electron microscopy (SEM)
analysis was performed using an FEI QUANTA FEG
200 HR scanning electron microscope. Transmission
electron microscopy (TEM) images were obtained
using a Philips CM 200 instrument operated at an
accelerating voltage of 20–200 kV. The residual Pb(II)
concentration in solution was determined using an
atomic absorption spectrophotometer (Varian AA
240). The specific surface areas of the samples were
measured by nitrogen adsorption isotherms using
an ASAP-2020 (V3.00 H) surface area analyzer.

2.5 Adsorption investigations

All the adsorption studies were carried out in the
100 ml glass beakers. The working volume of the
Pb2+ solution was taken as 25 ml and crucial
variables such as pH, contact time and initial
concentration was fixed according to the Central
Composite Design (CCD) of Response Surface
Methodology (RSM) and adsorbent dose was fixed
as 0.025 g for all the 20 runs. Immediately after the
addition of the adsorbents (CuAl2O4 and CuAlFeO4),
the solutions were stirred in a magnetic stirrer at 170
rpm for the adsorption of Pb2+ ions on to the
adsorbents. The experiment was conducted in room
temperature (29°C). After completion of the
experiments, the suspension was filtered through
Whatman No 1001-125 (dia125 mm) filter paper. The
concentration of Pb2+ ions present in the filtrate was
determined by Atomic Absorption
Spectrophotometer (AAS) and the quantity and
percentage of Pb2+ ions adsorbed was calculated
using the below equations.

%𝑅 =
𝐶0−𝐶1

𝐶0
𝑥 100 (1)

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑞𝑒 =
𝐶0−𝐶1

𝑚
𝑉 (2)

Where Co is the initial concentration of the Pb2+ ions
and C1 is the final or residual concentration. V is the
volume and m is the mass of the CuAl2O4 and
CuAlFeO4 adsorbents

2.6 Response Surface Methodology

Central Composite Design (CCD) was developed
using Response Surface Methodology for the
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optimization of three independent variables such as
pH, contact time and adsorbent dose for the removal
of lead ions from aqueous solution. The values
selected for the variables were done based on the
preliminary experimental results. A Design expert
version 13.0 software was used for the development
of CCD and optimization of the multivariate. The
CCD has a total of 20 runs containing 6 axial, 6
center and 8 factorial points to determine the
optimal conditions. The coded variables for the
relationship between the removal of lead ions and
independent variables in the form of polynomial
quadratic model are presented in equation 3 for
CuAl2O4 and in equation 4 for CuAlFeO4:

%𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = 98.58 + 1.57 𝐴 + 14.49 𝐵 − 4.82 𝐶 −

24.31 𝐴2 − 8.09 𝐵2 − 2.27 𝐶2 + 0.750 𝐴𝐵 − 1.25 𝐴𝐶 +

2.00 𝐵𝐶 (3)

%𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = 98.62 + 1.19 𝐴 + 14.37 𝐵 − 4.84 𝐶 −

24.58 𝐴2 − 8.03 𝐵2 − 2.18 𝐶2 + 1.000 𝐴𝐵 − 1.25 𝐴𝐶 +

2.00 𝐵𝐶 (4)

Where A is the pH, B is contact time and C is the
initial concentration and the selected summary of
levels is represented in Table 1.

Table 1.Optimization of independent variables, their levels
and symbols

Variables Symbol
Levels

-1 0 +1
pH A 4 6 8

Contact time B 30 75 120
Initial Concentration C 30 45 60

3 Results and Discussion

3.1 Characterisation of adsorbent

Figure 1 shows the X-ray diffraction (XRD) pattern
of the CuAl₂O₄ precursor calcined at 900 °C for 6 h,
while Figure 2 presents the compiled XRD patterns
of the CuAlFeO₄ precursor heated at different
temperatures for 12 h. CuO peaks are observed
along with CuAl₂O₄ peaks up to 700 °C. The
formation of pure CuAlFeO₄ is observed at 900 °C.
All the diffraction peaks can be indexed to the cubic
spinel structure of CuAl₂O₄ (JCPDS file No. 78-1605)
[28]. Based on the powder XRD data, the crystallite
sizes of the as-prepared powders were calculated
using the Scherrer equation.

K
D

cos  


 

 (5)

Where β is the full width maximum, K is shape
factor (0.9) and λ is the wavelength of X-ray source.
The grain size calculated for CuAl2O4and CuAl2-
xFexO4 is given in Table.2. In order to understand the
influence of Fe substitution in ‘B’ site of CuAl2O4,
lattice Constant is calculated. It is observed that the
lattice constant of CuAl2O4 increases with Fe
substitution which is given in Table1. Increase in
lattice constant ‘a’ on substitution of Fe is due to the
fact that the Pauling ionic radius of Fe3+ (0.64Å) is
greater than that of Al3+ (0.51Å). The grain size
calculated for CuAl2O4 (9.71nm) decreases on Fe
substitution in CuFeAlO4 (8.75nm).
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Figure 1. Powder XRD pattern of CuAl2O4 nanospinel

Table 2. Lattice parameter, density, Volume and particle
size of CuAl2O4 andCuFeAlO4 nanospinels

Sample Lattice
Parameter (Å)

Density
(g/cm3)

Volume
(Å3)

Particle
size (nm)

CuAl2O4 8.05 4.62 522 9.7
CuFeAlO4 8.25 5.08 563 8.7
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Figure 2. Powder XRD pattern of CuAl2-xFexO4 nanospinels
synthesised at various temperatures
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The FTIR pattern of CuAl2O4 (Fig.3.a) shows the
characteristic peak of Al-O and Cu-O-Al-O at 595
cm-1. The absorption band on Fe substitution
becomes narrow at 615 cm-1 (Fig.3b) [28]. The SEM
images of CuAl2O4 are given in Fig.4.a. The particles
of nano size are found to be agglomerated. SEM
image of CuAlFeO4 (Fig.4.b) shows the formation of
well-defined particles with almost uniform shape.
Due to the absence of any stabilizing agent the
particles are found to be agglomerated. EDX
analysis of CuAlFeO4 (Fig.5) confirms the presence
of Fe in CuAl2O4.

Figure 3. FTIR pattern of a) CuAl2O4 b) CuAl2-xFexO4

nanospinels synthesised in this study

a

300 nm

1000nm

b

Figure 4. SEM images of a) CuAl2O4 b) CuAl2-xFexO4

nanospinels synthesised in this study

Examination of the TEM image of CuAl2-xFexO4

confirms the formation of rectangular shape nano
particles (Fig.6). The surface area values determined
by BET-N2 surface area method for CuAl2O4 and
CuAlFeO4 are 23.1 and 23.9 m2/g respectively.
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Figure 5. EDAX pattern of CuAl2-xFexO4 nanospinels
synthesised in this study

Figure 6. TEM images of CuAlFeO4 nanospinels
synthesised in this study
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3.2 Response surface methodology

The reliability of the models can be verified based
on number of factors that can be derived from the
output of the data. In this study, the Central
Composite Design (CCD) was developed for the
removal of Pb2+ ions by CuAl2O4 and CuAlFeO4

nanomaterials from aqueous solution. Three
independent variables that are imperative for
adsorption of Pb2+ ions are optimised by the CCD
and the results of the 20 runs are summarised in
Table-3. The percentage removal of Pb2+ ions by
CuAl2O4 and CuAlFeO4 nanomaterials were found
to be high at pH 6 for an initial concentration of 45
mg L-1 with a contact time of 75 min. The
experimental removal efficiencies calculated for all
runs are very close to the predicted values of the
model suggesting the high reliability and
applicability of the developed model.

Table 3. Experimental and predicted design matrix factors
of CCD for the removal of Pb2+ ions by CuAl2O4 and

CuAlFeO4 nanospinels

Run
no.

pH
Contact
time
(min)

Initial
Concentration

(mg/L)

% Removal
CuAl2O4 CuAlFeO4

Exp. Pre. Exp. Pre.
1 6 75 45 99.6 98.5 99.7 98.6
2 6 10 45 55.2 60.7 56.5 61.1
3 9.3 75 45 31.5 34.9 29.9 33.6
4 6 75 45 99.5 98.5 99.6 98.6
5 6 75 45 99.6 98.5 99.6 98.6
6 8 30 30 61.0 58.3 60.8 57.7
7 6 75 45 99.4 98.5 99.8 98.6
8 6 75 45 99.7 98.5 99.4 98.6
9 8 120 60 79.1 76.6 78.4 76.2
10 4 30 60 46.3 43.0 45.8 43.6
11 4 120 60 75.3 74.5 75.9 74.4
12 6 75 45 99.5 98.5 99.4 98.6
13 4 120 30 77.7 77.6 76.8 77.5
14 4 30 30 55.9 54.1 56.6 54.8
15 6 75 70 80.3 84.2 81.5 84.4
16 8 120 30 85.2 84.7 86.6 84.4
17 6 150 45 100 100 100 100
18 8 30 60 46.3 42.1 46.8 41.5
19 2.6 75 45 25.3 25.6 26.4 25.5
20 6 75 20 100 100 100 100

Statistical analysis of the present model developed
for the removal of Pb2+ ions by CuAl2O4 and
CuAlFeO4 nanomaterials was performed using the
Design Expert software 13.0 and the data is

represented in Table 4 & 5. The probability value (p-
value) that defines the significance of the model was
found to be < 0.0001 for the removal of Pb2+ ions by
CuAl2O4 and CuAlFeO4 nanomaterials as seen in
Table 4 & 5. A p-value of < 0.0001 indicates that the
present model is significant for both the adsorbents
and suggesting that the results are significant and
reliable. The F-values of the both the models were
found to be 123.7 and 136.8 respectively towards
CuAl2O4 and CuAlFeO4 nanomaterials. F-values this
high in this study indicates that the model is
significant and better fits and the high values also
suggest that only 0.01% of chance to occur due to
noise [29,30].

Table 4.ANOVA data and values for the removal of Pb2+

ions by CuAl2O4 nanospinels

Source Sum of
Squares

df Mean
Square

F-
value

p-
value

Model 11854.48 9 1317.16 123.71 <
0.0001

A-pH 33.45 1 33.45 3.14 0.1067

B-Contact Time 2661.49 1 2661.49 249.97 <
0.0001

C-Initial
Concentration

314.89 1 314.89 29.57 0.0003

AB 4.50 1 4.50 0.4226 0.5303
AC 12.50 1 12.50 1.17 0.3040
BC 32.00 1 32.00 3.01 0.1137

A² 8468.02 1 8468.02 795.31 <
0.0001

B² 756.50 1 756.50 71.05
<

0.0001
C² 72.31 1 72.31 6.79 0.0262

Residual 106.47 10 10.65
Lack of Fit 106.47 5 21.29
Pure Error 0.0000 5 0.0000
Cor Total 11960.95 19
Std. Dev 3.26

R2 0.9911
Adjusted R2 0.9831
Predicted R2 0.9386

Press 734.7
Adequate
precision

32.36

The correlation coefficients obtained in this study
for both the models are closer to one and the
reliability of the model is further propounded by the
adjusted and predicted R2 values that are closer to
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the actual R2 values. The closer correlation values of
adjusted and predicted suggest that the correlation
is high and desirable. The signal to noise ratio can
be determined by the adequate precision and any
values > 4 is desirable and in this study, the
adequate precision is found to be 32.36 and 33.98.
These high adequate precision values suggest that
the model provide adequate signals and desirable.
Further smaller standard deviation values of 3.26
and 3.12 propound that the developed models have
excellent precision of the regression equation. The
diagnostic plots of experimental and predicted
values are presented in Fig. 7 and the points of
distribution lay straight in the line suggesting that
no significant deviation took place and bolsters the
regression model [31].

Table 5.ANOVA data and values for the removal of Pb2+

ions by CuAlFeO4

Source Sum of
Squares

df Mean
Square

F-value p-value

Model 11977.22 9 1330.80 136.38 <
0.0001

A-pH 19.35 1 19.35 1.98 0.1894

B-Contact Time 2617.17 1 2617.17 268.20 <
0.0001

C-Initial
Concentration

318.11 1 318.11 32.60 0.0002

AB 8.00 1 8.00 0.8198 0.3865
AC 12.50 1 12.50 1.28 0.2841
BC 32.00 1 32.00 3.28 0.1003

A² 8655.82 1 8655.82 887.01 <
0.0001

B² 744.24 1 744.24 76.27 <
0.0001

C² 67.17 1 67.17 6.88 0.0254
Residual 97.58 10 9.76
Lack of Fit 97.58 5 19.52
Pure Error 0.0000 5 0.0000
Cor Total 12074.80 19
Std. Dev 3.12

R2 0.9919
Adjusted R2 0.9846
Predicted R2 0.9431

Press 686.6
Adequate
Precision 33.98

Figure 7.Actual and Predicted values correlation for the
removal of Pb2+ ion by a) CuAl2O4 and b) CuAlFeO4

nanospinels

The interaction among the selected independent
variables can be graphically visualised in order to
better understand how each variables influence each
other for the removal of Pb2+ ions by the CuAl2O4

and CuAlFeO4 nanomaterials. The 3D and contour
plots of interaction of independent variables
towards removal of Pb2+ by CuAl2O4 and CuAlFeO4

nanomaterials are shown in Fig. 8 & 9. The
interactions among pH and contact time suggest
that the removal efficiencies are high at pH 6 and at
longer contact time intervals typically above 75 min
Fig 8a & 9a. In the case of pH, increase or decrease
in the pH results in reduced removal efficiency for
both nanoadsorbents. The optimal removal
efficiency achieved at pH 6 is attributed to the point
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zero charge (pHpzc) of the CuAl2O4 and CuAlFeO4

nanomaterials and the pHpzc were found to be 5.9
and 6.0 respectively for CuAl2O4 and CuAlFeO4

nanomaterials. The interaction 3D and contour plots
of pH and initial concentration recommends that
optimal removal efficiencies are observed at lower
initial concentrations at pH 6 and with surge in
initial concentration the removal efficiencies tend to
decline and this trend is observed due to exhaustion
of the active sites on the surface of the adsorbents
(Fig. 8b & 9b). These observations put forward that
the efficiency of removal is maximum at lower
concentrations typically less than 50 mg L-1. In the
case of contact time and initial concentrations, the
maximum removal efficiency is subject to higher
contact time with lower initial concentrations. The
3D and contour plots (Fig. 8c & 9c) of initial
concentration and contact time propounds that the
removal of Pb2+ ions by CuAl2O4 and CuAlFeO4

nanomaterials is maximum at 75 min of contact time
with an initial concentration of 45 mg L-1. The 3D
plots obtained for all the independent variables
interaction of CuAl2O4 and CuAlFeO4 nanomaterials
are found to be similar suggesting that both the
nanomaterials have same nature and tendency to
uptake the Pb2+ ions

Figure 8. 3D surface and Contour plots for the removal of
Pb2+ ions by CuAl2O4 nanospinels

Figure 9. 3D surface and Contour plots for the removal of
Pb2+ ions by CuAlFeO4 nanospinels

3.2.1 Adsorption isotherms

The mathematical models such as isotherms are
very much helpful in understanding the process of
adsorption of Pb2+ ion onto the adsorbent such as
nanomaterials. In order to predict and understand
the process of the adsorption of Pb2+ ions onto
CuAl2O4 and CuAlFeO4, two well-known isotherm
models such as Langmuir and Freundlich models
were adopted and analysed the experimental data.
The plots of isotherm models and their respective
correlation coefficients are represented in Fig. 10 &
11 and Table 6.

The results of the Langmuir and Freundlich
isotherms provided useful observations on the
removal of Pb2+ ions by the CuAl2O4 and CuAlFeO4

adsorbents. The equilibrium data tend to fit well
with the Langmuir and Freundlich isotherms as
seen in the Fig. 10 & 11. The correlation coefficients
of Langmuir are observed to be close to one
compared to be Freundlich isotherm however the
correlation coefficients of Freundlich are acceptable.
The applicability of Langmuir is further reinforced
with the experimental loading capacities coinciding
with theoretical values. These observations
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propound that the Pb2+ ions adsorption onto
CuAl2O4 and CuAlFeO4 follow multilayer
adsorption and each layer obeys Langmuir isotherm.
Several studies have reported similar observations
[32,33].

Figure 10. Langmuir plots for the removal of Pb2+ ions by
CuAl2O4 and CuAlFeO4 nanospinels

Figure 11. Freundlich plots for the removal of Pb2+ ions by
CuAl2O4 and CuAlFeO4 nanospinels

Table 6.Correlation coefficients and parameter values of
isotherms

Model Equation Parameters CuAl2O4 CuAlFeO4

Freundlich
𝑙𝑜𝑔𝑞𝑒=𝑙𝑜𝑔𝐾𝑓

+
1

𝑛
𝑙𝑜𝑔𝐶𝑒

Kf 1.84 1.83
1/n 0.0352 0.0361
R2 0.974 0.978

Langmuir
𝐶𝑒
𝑞𝑒

=
1

𝑏𝑉𝑚
+
𝐶𝑒
𝑉𝑚

b 0.0003 0.0011
Vm 163.9 166.6
R2 0.999 0.998

3.2.2 Kinetics of adsorption

The rate of adsorption is very essential to
understand and predict the mechanism of
adsorption of adsorbate onto adsorbent surface and

in view of that the kinetic data obtained for the
removal of Pb2+ ions by CuAl2O4 and CuAlFeO4

were analysed with various kinetic models. Further
to elucidate the mechanism, investigations were
performed by varying the temperature and rate
constants were determined. The plots and kinetic
constants obtained are summarised and presented
in Fig. 12 & 13 and Table 7 & 8.

The outcomes of the kinetic models, namely pseudo-
first-order (PFO) and pseudo-second-order (PSO),
offer intriguing insights. Both models demonstrate a
good fit with the kinetic data, resulting in linear
plots with high correlation coefficients across all
study temperatures. The correlation coefficients
obtained for PFO and PSO at various temperatures
in this investigation were consistently close to one.
However, when examining the qt values, it becomes
evident that PSO values closely align with the
experimental values compared to PFO (Fig. 12a&b).
These findings suggest that PSO provides a more
accurate representation of the kinetic data, with
correlation coefficients and qt values closely
matching theoretical values (Fig.12 c&d).

The implication is that if PSO is applicable, the rate-
limiting step should involve chemical reactions,
specifically those encompassing the transfer of
electrons leading to chemisorption [34]. To
confidently assert that the removal of Pb2+ ions by
CuAl2O4 and CuAlFeO4 is governed by chemical
reactions, several conditions must be met, as follows
[35]:

(1) The rate constant remains unchanged at all initial
concentrations of the adsorbate

(2) The rate constant remains unchanged
irrespective of the agitation speed and

(3) The rate constant remains unchanged on all
varying particle size of the adsorbents

To ascertain the validity of the specified conditions
and confirm that chemisorption serves as the
limiting factor in this investigation, assessments
were carried out by manipulating the initial
concentration of Pb2+ ions. Kinetic experiments were
executed at initial Pb2+ ion concentrations of 45 and
60 mg L-1, and the findings are outlined in Tables 7
and 8. It was observed that the rate constants (k2)
were not consistent and displayed variability in
response to changes in initial concentrations. In
cases where chemical reactions are the rate-
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determining step, altering the initial concentration
should not influence the reaction rate, and it should
remain constant. The observed variation in rate
constants indicates that chemical reactions and
chemisorption, despite demonstrating a better fit to
PSO, do not govern the rate-limiting step.

Moreover, the PSO equation is elaborated further
through its representation as the Arrhenius equation
with temperature as a variable. This expression
offers insights into the nature of adsorption. The
activation energy, derived from the Arrhenius
equation, serves as an indicator of the type of
adsorption of Pb2+ ions onto CuAl2O4 and CuAlFeO4.
Plots of lnk2 against 1/T resulted in linear

relationships, and the activation energy (Ea) was
determined from the slope. For CuAl2O4, activation
energies of 3.78 and 4.15 kJ mol-1 were calculated for
initial Pb2+ ion concentrations of 45 and 60 mg L-1,
respectively. Similarly, for CuAlFeO4, activation
energies of 5.47 and 3.90 kJ mol-1 were determined
for the corresponding initial concentrations.
Activation energies below 8.0 kJ mol-1 suggest a
preference for physio-sorption over chemisorption,
as the latter typically requires higher activation
energies (around 40 kJ mol-1) [36]. The positive Ea
values suggest that adsorption is favourable at
elevated temperatures, and pore diffusion is
deemed suitable for the absorption of Pb2+ ions by
both adsorbents.

Figure 12.Kinetic plots of a) PFO of CuAl2O4 b) PFO of CuAlFeO4 c) PSO of CuAl2O4 and d) PSO of CuAlFeO4 at initial
concentration 60 mg L-1.

Advancing in the study, the kinetic data underwent
analysis and was fit to the intra-particle diffusion
model. The resulting plots of qt against t1/2 are
depicted in Fig 13, offering valuable insights into the
adsorption of Pb2+ ions onto the surfaces of CuAl2O4

and CuAlFeO4 adsorbents. At lower temperatures
(303 K), the adsorption process onto CuAl2O4

unfolds as a two-step mechanism. The initial step, or
zone, is characterized by the rapid utilization of
surface sites, followed by a slower diffusion into the
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inner pores observed in the second zone. As the
temperature increases, the adsorption capacity
increases while the trend remains the same. Similar
trends were noticed for the plots of Pb2+ ions
removal by CuAlFeO4 nanoadsorbent at various
temperatures. These observations suggest that the
adsorption of Pb2+ ions is favoured at elevated
temperatures on both CuAl2O4 and CuAlFeO4

adsorbents.

Table 7.Kinetic parameters for the removal of Pb2+ by
CuAl2O4 nanomaterials

Model Parameters
303 K 313 K 323 K
45 60 45 60 45 60

Pseudo
first order

k1 0.031 0.039 0.019 0.022 0.016 0.018
qe 21.7 28.9 21.9 29.1 22.6 29.8
R2 0.990 0.991 0.992 0.997 0.996 0.990

Pseudo
second
order

k2 0.023 0.021 0.022 0.020 0.021 0.019
qe 110.9 153.8 111.6 154.5 112.4 155.2
R2 0.999 0.999 0.998 0.999 0.999 0.998

Table 8.Kinetic parameters for the removal of Pb2+ by
CuAlFeO4 nanomaterials

Model Parameters
303 K 313 K 323 K
45 60 45 60 45 60

Pseudo
first order

k1 0.037 0.041 0.020 0.023 0.018 0.019
qe 23.8 31.3 24.1 31.6 24.7 32.4
R2 0.990 0.984 0.996 0.993 0.997 0.995

Pseudo
second
order

k2 0.024 0.022 0.022 0.021 0.021 0.020
qe 111.7 156.2 112.5 156.8 113.1 157.5
R2 0.999 0.999 0.998 0.999 0.999 0.998

Figure 13.Weber and Morris intra-particle diffusion plots
for the removal of Pb2+ ions by CuAl2O4 nanospinels

3.2.3 Thermodynamics of adsorption

The data sourced from change in temperature
investigations can be prolifically used to understand

the nature of the Pb2+ ions adsorption onto the
CuAl2O4 and CuAlFeO4 adsorbents. It is noticed that
with the rise in temperature, the loading capacity
and removal efficiency improved. The improved
efficiencies or loading capacities at higher
temperature is due to greater diffusion of Pb2+ ions
into the inner pores of the materials. The
thermodynamic parameters which are generally
used to evaluate the adsorption process were
derived using the below equation and their values
are summarized in Table-9.

K𝐷 =
𝑞𝑒

𝐶𝑒
(6)

∆𝐺˚ = − 𝑅𝑇 𝑙𝑛𝐾𝐷 (7)

∆𝐺˚ = ∆𝐻˚ − 𝑇∆𝑆˚ (8)

𝑙𝑛𝐾𝐷 =
∆S˚

𝑅
−

∆H˚

𝑅𝑇
(9)

“Where KD is the equilibrium constant, R is gas constant
and T is temperature”

Table 9. Thermodynamic parameter values for the removal
of Pb2+ ions by CuAl2O4 and CuAlFeO4 nanospinels

Adsorbent
Temperature

(K)

Loading
capacity
qe (mg g-1)

Free
energy
(∆G⁰)

Enthalpy
(∆H⁰)

Entropy
(∆S⁰)

CuAl2O4

303 144.0 -10314
-8762 1443313 145.5 -11430

323 147.3 -13200

CuFeAlO4

303 145.5 -11065
-9230 1737313 147.0 -12512

323 148.3 -14540

The results of the thermodynamic parameters
propound that the present process of removal of
Pb2+ ions by CuAl2O4 and CuAlFeO4 nanospinels is
spontaneous at all investigated temperatures and
the spontaneity increases with rise in temperature
which is evidenced by the higher negative change in
free energy (∆G⁰) values. In the case of CuAlFeO4,
the spontaneity is higher than the CuAl2O4 which is
also noticed from the ∆G⁰ values. The negative
enthalpy (∆H⁰) values indicate that the process of
Pb2+ ions removal is exothermic in nature and high
negative values suggest that it is highly exothermic
in nature. The positive entropy (∆S⁰) values indicate
that the randomness increases with release of heat
during adsorption [37].
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3.2.4 Regeneration and reuse

The merits of the adsorbents are usually assessed on
the capability of regenerative ability and their reuse
in order to make it more economical. In view of the
above, regeneration of the spent CuAl2O4 and
CuAlFeO4 nanospinels were performed using
selective desorbing agents such as acids and bases.
The results of the regeneration efficiencies of various
desorbing agents are represented in Fig. 14. It is
observed that the regeneration of the nanospinels
were almost 100 % for HCl followed by CH3COOH
with regeneration efficiencies around 80 %. The
bases exhibited poor regeneration efficiencies
compared to acids and the superior regeneration
efficiency exhibited by the acids are due to
competition between hydronium ions and Pb2+ ions
thus dislodging them from the surface. The 99 %
regeneration efficiency exhibited by the nanospinels
suggests that the adsorption of Pb2+ ions onto
CuAl2O4 and CuAlFeO4 is physio-sorption due to
ion exchange nature. The regenerated nanospinels
were reused to assess their reusability for 3 cycles
and the efficiency remains almost close to the 1st
cycle of adsorption of Pb2+ ions. The established
regeneration and reusability abilities of the CuAl2O4

and CuAlFeO4 nanospinels make it more attractive
choice of adsorbents for the real time wastewater
treatment.

Figure 14. Regeneration of CuAl2O4 and CuAlFeO4

nanospinels by various desorbing agents

3.2.5 Selectivity and loading capacities

Since the real time samples might contains varying
concentrations of various metal ions, it is highly
essential to investigate the selective adsorption
ability of the adsorbents. Investigations were
performed to understand if the CuAl2O4 and
CuAlFeO4 nanospinels have selectivity towards Pb2+
ions from mixture of metal ions. A mixture of 50 ml
of multi metal solution containing Pb2+, Cd2+, Co2+,
Ni2+ and Zn2+ ions with each metal concentration
being 50 mg L-1 was prepared and tested for their
removal against CuAl2O4 and CuAlFeO4

nanospinels. The results of the investigations are
summarised and presented in Table-10. It is clearly
evident that the CuAl2O4 and CuAlFeO4 nanospinels
have preferential uptake towards Pb2+ ions
compared to other co-metal ions that were selected
in this study. The removal efficiency towards Pb2+
ions by both the nanospinels were above 85 % and
exhibited higher loading capacities as well. The Cd2+

ions were also moderately adsorbed by the CuAl2O4

and CuAlFeO4 nanospinels in addition to Pb2+ ions.
The adsorption of Co2+, Ni2+ and Zn2+ was very
poorly removed by the CuAl2O4 and CuAlFeO4

nanospinels. The preferential uptake of Pb2+ ions is
due to smaller ionic radius compared to other co-
cations that can easily get accommodated in the
inner pores of the CuAl2O4 and CuAlFeO4

nanospinels [38]. These observations propounds that
CuAl2O4 and CuAlFeO4 nanospinels have
preferential uptake of Pb2+ ions but not selective
towards Pb2+ ions. To further establish the merits of
the CuAl2O4 and CuAlFeO4 nanospinels a
comparison of loading capacities of various
nanoadsorbents towards Pb2+ ions are summarised
in Table-11. It is worth noting that the loading
capacities of CuAl2O4 and CuAlFeO4 nanospinels are
higher than several nanoadsorbents reported in
literature.

Table 10.Multi-metal removal results of CuAl2O4 and
CuAlFeO4 nanospinels

Metal ion
% Removal Loading capacity (mg g-1)

CuAl2O4 CuFeAlO4 CuAl2O4 CuFeAlO4

Pb2+ 86.7 87.1 108.3 108.8
Cd2+ 52.3 51.9 65.3 64.8
Co2+ 9.4 9.6 11.7 12.0
Ni2+ 11.8 11.6 14.7 14.5
Zn2+ 6.5 6.2 8.1 7.7
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Table 11. Loading capacity comparison of CuAl2O4 and
CuAlFeO4 nanospinels with other nanoadsorbent

S.No Adsorbent Loading
capacity (mg g-1)

Reference

1
Fe3O4 functionalised with

DMSO 116.5 [39]

2 MnFe2O4@SBA 31.0 [40]
3 Anatase nanoadsorbent 31.2 [41]
4 Fe2O3@thiol and Amine 110.1 [42]
5 CuO nanoparticles 97.0 [43]
6 Zn2GeO4-EDA nanoribbon 74.6 [44]

7
palygorskite/chitin

nanofibers 53.7 [45]

8
CNTs–PAMAM–Ag
nanocomposite 18.7 [46]

9 CuAl2O4 nanospines 163.9 This study
10 CuAlFeO4 nanospines 166.6 This study

3.2.6 Mechanism of adsorption

It is crucial to ascertain the mechanism of adsorption
of adsorbate on to the adsorbent and in this study
efforts were made to understand how the Pb2+ ions
are interacting with the CuAl2O4 and CuAlFeO4

nanospinels. Kinetic experiments and regeneration
investigations suggest that the uptake of Pb2+ ions
by CuAl2O4 and CuAlFeO4 is physio sorption and
electrostatic attraction is dominated as evidenced
from pH investigations. The second highly
electronegative element oxygen present in the
nanospinels will carry negative charge and thus
attracts the positively charged Pb2+ ion towards
them. Further the Alginic acid used during the
synthesis process binds onto the nanospinels as a
stabilizing agent and the stabilizing agent contains –
OH groups which can also involve in the binding of
the Pb2+ ions. However, the presence of –OH group
on nanospinels were not evident in FTIR. Hence, the
electrostatic attraction of Pb2+ ions by Oxygen atoms
should be the dominating factor for the adsorption.

To verify and support the proposed mechanism of
adsorption of Pb2+ ions by CuAl2O4 and CuAlFeO4

nanospinels, XPS analysis was carried out. The XPS
spectra acquired from the samples reveal the state of
surface adsorbed Pb2+ ions. The spectra for CuAl2O4

(pH=6 for 1h) and CuAlFeO4 (pH=6 for 1h) are
displayed in Fig.15. The Pb 4f spectrum of the
product formed on the surface of adsorbents
possesses two broad singlet peaks corresponding to
Pb 4f7/2 and Pb 4f5/2 centered around binding energy
values 138.56 eV and 143.6 eV respectively (Fig. 15a).
Based on the NIST XPS database the binding energy

values are identified as lead oxy interactions and
these values confirms Pb is in +2 oxidation state
[47,48]. Similarly the XPS spectra of CuAlFeO4 also
displayed two broad singlet peaks corresponding to
Pb 4f7/2 and Pb 4f5/2 (Fig 15b). These evidence
propounds that the Pb2+ ions are electrostatically
bind onto the CuAl2O4 and CuAlFeO4 nanospinels
and in addition to electrostatic attraction, pore
adsorption is also finds a role in the uptake of Pb2+
ions.
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Figure 15. XPS spectra of Pb2+ adsorbed a) CuAl2O4 and b)
CuAlFeO4 nanospinels

4 Conclusion
A simple co-precipitation method was employed to
synthesize CuAl₂O₄ and CuAlFeO₄ nanospinels
using alginic acid as a polymeric precursor. The
formation of the nanospinels was confirmed by XRD,
FTIR, SEM, and TEM analyses. The synthesized
nanospinels were evaluated as adsorbents for the
removal of Pb²⁺ ions from aqueous solutions. A
Central Composite Design (CCD) based on
Response Surface Methodology (RSM) was
developed to optimize the independent variables,
namely pH, contact time, and initial Pb²⁺
concentration. The developed models were found to
be robust and reliable, with p-values < 0.0001 and
predicted and adjusted correlation coefficients close
to unity. The three-dimensional surface plots
revealed that an optimal pH of 6, along with higher
contact times and lower initial Pb²⁺ concentrations,
resulted in higher Pb²⁺ removal efficiencies for both
CuAl₂O₄ and CuAlFeO₄ nanospinels. The
adsorption studies indicated multilayer adsorption
behavior, with each layer of Pb²⁺ adsorption

a
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governed by the Langmuir isotherm. Detailed
kinetic investigations showed that the rate-limiting
step was not chemisorption, even though the
pseudo-second-order model provided the best fit to
the kinetic data. The adsorption of Pb²⁺ ions onto
CuAl₂O₄ and CuAlFeO₄ nanospinels was found to
be highly spontaneous and exothermic in nature.
Furthermore, the nanospinels were successfully
regenerated and reused for three adsorption cycles
without significant loss of efficiency, demonstrating
their economic feasibility and industrial potential.
Overall, the results confirm that CuAl₂O₄ and
CuAlFeO₄ nanospinels are efficient adsorbents and
hold strong promise for real-time wastewater
treatment applications.
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