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ARTICLE INFO ABSTRACT

Keywords: Eliminating synthetic dyes and organic contaminants from water is crucial for safeguarding
Ag-Cu-Ce0, human health and preserving the environment. In this study, we explored the effectiveness of
EZ"OCOTPOSHES Ag-Cu-CeO, nanocomposites as adsorbents to remove Congo Red dye from water. Three com-
Coi‘;?;:g’ positions of Ag-Cu-CeO2 nanocomposites (10:20:70, 15:15:70, and 20:10:70) have been syn-

thesized by the aqueous coprecipitation method. A comprehensive analysis was performed by
different techniques including X-ray diffraction, Fourier transform infrared spectroscopy, BET
surface area determination, Thermogravimetric analysis, Scanning electron microscopy, and
TEM. The synthesized nanocomposites have a dimension of 5 + 1 nm and a high surface area
(51.832-78.361 m?%g™)).

Among these, the nanocomposite with composition 15:15:70 showed the highest adsorption
capacity of 4.71 mg/g adsorption (96.83 % removal) from the 0.8 x 10~* M (55.6 mg/I) Congo
Red solution at pH values of 2 at 20 °C with contact time of 3h. The adsorption data is best fitted
in the Freundlich adsorption isotherm and pseudo-second-order kinetic model. The negative
values of enthalpy variation (—27.57, —26.43, and —16.73 kJ/mol) demonstrated that the
adsorption was spontaneous and exothermic. The cycling run showed a mere 12 % deactivation
after five cycles of use thus indicating that Ag—Cu-CeO; nanocomposites hold great potential as
effective and eco-friendly adsorbents to remove Congo Red from water.

Pseudo second order
Freundlich isotherm

1. Introduction

The increased demand for synthetic dyes in various industries has led to significant advancements in their production and
development over the years [1,2]. The presence of dyes in water ends in a diminution of its quality. Most importantly, the presence of
dyes lead to an unsightly appearance and reduction of light that penetrates the water, thus, adversely impacting the photosynthetic
activities of aquatic flora [3,4], it lowers the concentration of dissolved oxygen [5]. In addition, their complex structure makes them
degradation-resistant, which not only has a detrimental effect on the overall health of the aquatic ecosystem but also poses risk to
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human health due to their toxicity and carcinogenicity [6,7].

Congo Red (CR) is one of the highly soluble and stable anionic diazo dyes used in various industries such as textile, plastic, cos-
metics, and pharmaceutical [8]. As a reactive azo dye with an azo group (N]N) in its structure, CR is not biodegradable [9].
Metabolizing CR produces benzidine, which can cause hazardous effects on human health, including gastrointestinal, eye, and skin
irritation, blood clotting, somnolence, and breathing problems [10]. Therefore, it is crucial to eliminate CR from the effluent before
discharging it into the aquatic system to prevent plausible harm to the environment and human health.

Nanocomposites have been explored as adsorbents to remove various dyes from effluents. For example, CeO»-containing adsor-
bents, including chitosan-based nanocomposites [11], Fe304/CeO2 [12], and Zn/CeO»-NC [13], have found their application in dye
removal due to their high efficiency, regeneracy, and heterogeneity. Also, the Ag-doped nanocomposites showed enhanced efficiency
towards dye removal from wastewater due to the incorporation of Ag atoms at the surface of nanocomposites and their interaction with
matrix and the functional groups on the surface [14]. However, most of the previous studies focused on exploitation of photocatalytic
potential of ZnO, TiO,, CeO5 -based nanocomposites and its enhancement by doping Ag. The Ag-doped nanocomposites have been
underexplored for their adsorption potential and that too, limited to their use for adsorptive removal of certain ions only viz. viz. Hg2+,
Cr (VI), and fluoride ions [15,16]. [17-19]. Moreover, the high percentage (25-50 %) of Ag- in these Ag-doped nanocomposites makes
them costly and economically nonviable. A scant literature is available on the adsorption potential of Ag-mixed metal doped metal
oxides. Herein, we have focused on investigating the influence of bimetallic doping, specifically Ag with Cu, on the adsorption ca-
pabilities of cerium oxide so as to reduce the percentage of Ag by replacing it with Cu and at the same time getting optimum adsorption
efficiency of doped CeO nanocomposite. Cu has been chosen as the substitute of Ag because both are group 11 metals and have
similarities. Three different compositions of Ag-Cu-CeO, nanocomposites have been synthesized using a simple aqueous
co-precipitation method. These have been characterized by using different microscopic techniques and XRD, and BET analyses. The
synthesized bimetallic nanocomposites have been studied for their adsorption potential towards the aqueous solution of CR dye. The
key parameters have been optimized and to gain a comprehensive understanding of the adsorption process, we employed kinetic and
equilibrium adsorption isotherm models for data analysis. Our results demonstrated that the Ag—Cu- CeO, nanocomposites were
highly effective in the adsorptive dye removal.

2. Materials and methods
The analytical grade reagents were obtained from Sigma Aldrich including silver acetate, 98 % (CH3COOAg), cerium nitrate
hexahydrate, 99.9 % (Ce (NO3)3-6H20), copper sulphate, 99.5 % (CuSO4), Congo Red (MW: 696.66; g/mol Apn.x = 498 nm)

(C32H22NgNa06S,), cetyltrimethylammonium bromide, 99 % (CTAB). These reagents were utilized in their as-received form without
any modifications. Deionized water was used for solution preparation and washing processes.

2.1. Synthesis of Ag-Cu—CeO2 nanocomposites

The aqueous co-precipitation method was employed for the synthesis of the nanocomposites (Fig. 1). Initially, 100 mL of aqueous

Aqueous  sol*  of
precursor silver acetate

Aqueous
solution of

and copper sulfate CTAB
- _—

Aqueous sol* of Aqueous sol® of

Cerium Nitrate precursor silver acetate

and copper sulfate

Dropwise:  mixing  lof Dropwise addition of CTAB
soluticns, followsd, by (capping agent) + adjusted
Biieruiy arBLUC b 0 at pH 10 + 4 h continuous

stirring

Chapy,
“k-,;ht Washing till the
Yon [0 je @ removal of organic
residue
Calcination /
N Finely grinded
~ e powdered
Nano-composite _-—

nanocomposite
Oven-Drying of filtered
and ethanol-washed
precipitate at 80 °C for 2
h

Fig. 1. Schematic diagram of the synthesis process of Ag—Cu-CeO, nanocomposites.
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solutions of desired concentrations of silver acetate and copper sulphate were mixed together to form an aqueous solution of metal
precursors. It was mixed dropwise with an aqueous solution of cerium nitrate hexahydrate of the desired concentration with the aid of
a burette while continuously stirring the mixture at 500 rpm for 30 min at 60 °C. Subsequently, CTAB solution was gradually added
dropwise to the above mixture and the entire solution pH was maintained at 10 using NaOH. The solution was stirred for another 4 h at
60 °C to ensure a complete reaction and formation of the precipitate. The precipitate was filtered and washed multiple times with
deionized water followed by ethanol washing to ensure the impurities removal. The washings were checked repeatedly for the
presence of sulphate, acetate, and nitrate ions. The moisture was subsequently removed from the precipitate by drying it for 2 h at
80 °C. Finally, to enhance crystallinity and get rid of any remaining organic components, the powder was annealed in a furnace for 4 h
at 600 °C. After that, a mortar and pestle were used to grind the annealed material into a fine powder suitable for further investigation.
The following three different compositions of the Ag—Cu—-CeO, nanocomposites were synthesized for the study:

1. 10 % Ag, 20 % Cu, and 70 % CeO, by weight denoted as ACC 10:20:70.
2. 15 % Ag, 15 % Cu, and 70 % CeO, by weight denoted as ACC 15:15:70.
3. 20 % Ag, 10 % Cu, and 70 % CeO, by weight denoted as ACC 20:10:70.

2.2. Characterization techniques

The crystallographic analysis of the nanocomposites was conducted using a Bruker D8-Advance P-X ray diffractometer, set to a
current of 40 mA, with a 30 kV accelerating voltage and a wavelength ()) of 1.5405 A Cu-Ka radiation. To ascertain the nano-
composites’ crystal structure, the diffraction data were gathered over a 26 range of 10°-90°. SEM analysis was conducted using an
instrument at 10 kV, employing different scan rates. The samples were dispersed in ethanol and drop-cast onto a silicon wafer for
analysis. TEM analysis was performed on FEI Tecnai G2 F30S at 300 kV. Surface area and pore size investigations were performed
using the Quantachrome® ASiQwin™-Automated Gas Sorption instrument. Additionally, FT-IR analysis of the nanocomposites was
carried out using a PerkinElmer spectrum instrument. which enables the identification of functional groups and the analysis of
chemical bonds in a material. Thermogravimetric analysis was also performed by PerkinElmer.

2.3. Adsorption experiment

The adsorption potential of the synthesized nanocomposites was investigated by batch adsorption studies by taking a standard
solution of 55.6 mg/1 (0.8 x 10~* M) of CR natural pH of this solution was measured to 8.2.100 mg of the nanocomposites was added to
a 100 mL solution of CR in an Al-foil-covered beaker. Continuous stirring was performed at 500 rpm throughout the experiment using a
magnetic stirrer to ensure proper dispersal of the nanocomposite. At every 30-min interval, 5 mL of the solution was pipette out and
centrifuged at 5000 rpm to get the aliquot. A calibrated Systronics double-beam UV-visible spectrophotometer was used to quantify
the leftover dye concentration in the aliquot by spectrophotometry. The Adsorption efficiency of nanocomposites towards CR was
calculated using equation (1):

g _(C-C) (€D
0 C,
here %0 represents the adsorption efficiency, Cq is the initial concentration of CR solution (mg 171), and Ce is the CR aliquot’s final
concentration (mg 1’1):

qe :% (Co - Ce) (2)

Equation (2) was used to calculate the amount of CR adsorbed at equilibrium (qe, mg/g) by each adsorbent, where volume of CR
solution is denoted by V, and adsorbent mass is denoted as m.
The optimization of the following parameters in the range given below was also performed in this study:

. pH (2-12)

. Dosage of nanocomposite (0.01-0.05 g)
. Contact time (0-180 min)

. CR concentration (13.6-55.6 mg/L),

. Temperature (10-60 °C)

a b wnN =~

The typical leaching experiments were also performed to retrieve the adsorbent from the reaction mixture which was washed
multiple times with double distilled water, organic solvents with sulphuric acid and then dried for 2 h in hot air oven at 100 °C. The
adsorbent thus obtained was reused to assess its recyclability.

2.4. Adsorption isotherm

Adsorption isotherm study was done by analysing the adsorption data using Langmuir, Freundlich, and D-R
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(Dubinin-Radushkevich) isotherms.

The Langmuir isotherm is based on the concept of dynamic equilibrium between adsorption and desorption rates. It considers that
the amount of adsorbate adsorbed is proportional to the portion of the available adsorbent surface that is used for adsorption, while the
amount of adsorbate desorbed is related linearly to the fraction of the surface that is already covered. In other words, adsorption occurs
when there are empty sites available for adsorption, while desorption occurs when all sites are occupied.

Langmuir adsorption can be expressed in equation (3):

C, 1 C,

qe. h 4nKi g

3

where the equilibrium concentration of the adsorbate (Ce) is related to the adsorption capacity of the adsorbent (qy) through the
Langmuir constant (Kp). The Langmuir constant is a parameter that characterizes the adsorption capability of an adsorbent, and it is
influenced by the porosity and surface area of the material. High surface area and high pore volume of the adsorbent increases the
capacity to adsorption [20]. This implies that there is a close relationship between the adsorbent’s physical characteristics and the
Langmuir constant, and it can be used to compare the effectiveness of different materials for a particular adsorption process.

A model for describing the adsorption behaviour of molecules on surfaces is the Freundlich isotherm. which assumes that multi-
layer adsorption occurs and that there is an exponential decay in the distribution of energies of the adsorbed sites [21].

The Freundlich isotherm is expressed by equation (4):

1
log . =log Kr + ;log C. “@

where K represents the capacity of adsorption (I/mg) and 1 represents the intensity of adsorption, which reflects the degree of het-
erogeneity of the adsorbent surface and the distribution of active sites with varying adsorption energies.
The D-R (Dubinin-Radushkevich) isotherm is a mathematical model applied to describe the condition of physical or chemical
adsorption.
D-R activity coefficient B in mol?/kJ? and adsorption capacity Qn, in mg/g, were calculated from equation (5):
Ing,=InQ, — B )
Polanyi potential ¢ in kJ/mol is calculated from equation (6):

S:RTln+<l+Ci) 6)

The mean energy of the adsorption process in kJ mol ! is calculated by equation (7):

1
T @

2.5. Thermodynamics studies

To investigate the behavior of CR adsorption onto Ag—Cu-CeO, nanocomposites, thermodynamic variable like the Gibbs free
energy change (AG®), entropy change (AS°), and enthalpy change (AH®) were calculated. The experiments were performed over a
range of temperature between 10 and 60 °C (283-333 K). The AG® values were calculated using equation (8):

AG°= —RT InK ®

The values of AH® and AS° were obtained by plotting InK against 1/T and using Van’t Hoff’s as equation (9):

AS’ AH° (1
InK = § — <7) 9
R T T

where AS, is the standard entropy change.

2.6. Kinetic studies

The investigation of kinetics of adsorption is a valuable approach to gaining a more comprehensive understanding of the adsorption
mechanism and determining crucial kinetic parameters such as rate constants, that are crucial for future industrial applications [22].
The primary focus of this experiment was to examine the kinetics of CR adsorption by measuring the equilibrium adsorbate con-
centration (q.) over a period of time.

The Lagergren pseudo-first-order equation (equation (10)) [23] and the Ho pseudo-second-order equation (equation (11)) [24] are
two widely used rate equations that are frequently used in adsorption investigations to calculate the rate of adsorption. These
equations offer crucial insights into the adsorption process and can aid in identifying the best industrial application conditions.
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k
log(q. — q.) =log(q.) — (ﬁ)t 10)
q 1 t
- - 11

Here, measured the quantity of adsorbent used (W, measured in grams) and tracked the adsorption capacities at equilibrium and
over time (qe and qt, respectively, measured in milligrams per gram). Furthermore, we determined the rate constants (k; and ks,
respectively) for the pseudo-first-order and pseudo-second-order adsorption processes.

3. Result and discussion
3.1. Powder X-ray diffraction analysis of Ag-Cu—CeQOz (ACC) nanocomposites

The XRD analysis was utilized to determine the type of the produced crystalline phases and to compute crystallite size using
Scherrer’s equation. The X-ray diffraction pattern for the as-produced Ag—Cu-CeO, (ACC) nanocomposites of various compositions
showed the typical peaks at 28.6, 33.1, 47.5, and 56.4°, which, respectively, correspond to the CeO, reflection planes (111), (200),
(220), and (331) and are in agreement with the standard pattern of CeO5 (JCPDS card No. 34-0394). The calculated average crystallite
size (D) of differently doped and bare CeO, ranges between 6 and 7 nm.

Debye-Scherrer formula (equation (12)) was applied to evaluate the crystallite size of the synthesized ACC NCs:

0.942

crystallite size (¢) :ﬂ 7] 12)
cos

where, f represents the full-width at half-maximum (FWHM) of the XRD diffraction peak of highest intensity, while 6 denotes the
corresponding Bragg diffraction angle. The X-ray source used had a wavelength of 0.1504 nm, and the constant of 0.94 is known as the
shape factor. These results have been summarised in Table 1:

The lattice parameter values, calculated by using the free software MAUD- Materials Analysis Using Diffraction, showed a slight
variation from the pure CeO, phase (5.411 A), which can be attributed to the incorporation of Ag and Cu ions into the CeO, lattice.

However, it is interesting to observe that the Ag/Cu-containing catalysts exhibit the reflections that are typical of metallic Ag/Cu
particles. Peaks at 43.5° (111) and 73.90° (220) in Fig. 2(a) and (b) indicate the presence of Cu metal in the CeO, lattice (JCPDS No.
85-1326) [25] Also, a peak at 30.98° corresponds to CupsO with some shifting in values [26,27] These XRD data proves the presence of
Cu in metallic as well as in the oxidised form in the nanocomposites. The peaks at 20 values of 38.14°, 64.38° and 77.21° in Fig. 2(c)
correspond to the (111), (220), and (311) planes of face-centered cubic (fcc) crystalline silver (Ag), respectively (JCPDS files no.
03-0921) [28], [29]. These observations distinctly prove that apart from lattice incorporation, the secondary metals also coexist in the
form of individual metallic oxides and metals leading to formation of the multiphase system and the effective deposition of Ag and Cu
metals on the CeO, surface within the nanocomposite.

3.2. SEM analysis

The SEM images of ACC nanocomposites with composition ratios 10:20:70, 15:15:70 and 20:10:70 have been shown in Fig. 3(a—c),
The images depict the distinctive spherical morphology exhibited by all three compositions of ACC nanocomposites, showcasing a
certain level of agglomeration. The average particle size was observed to be in the micrometer range. This agglomeration behavior can
be ascribed to the inherent high surface energy possessed by the synthesized particles, which drives their propensity to cluster and form
larger agglomerates.

3.3. TEM analysis

The nanocomposite with composition 15:15:70 (ACC 15:15:70) was opted for TEM analysis as it showed the best adsorption results.
The TEM analysis was carried out at two different scales, 20 nm and 5 nm, to gain insights into its structural characteristics and particle
size distribution. When viewed at a 20 nm scale, the ACC 15:15:70 nanocomposite exhibits a remarkable degree of uniformity and
spherical morphology (Fig. 4(a)). The nanoparticles appear to be well-defined and consistently sized, indicating a high degree of
precision in the synthesis process. Despite the reduced scale at 5 nm (Fig. 4(b)), the nanoparticles continue to maintain their spherical
shape, affirming the consistency of the synthesis method. Additionally, Fig. 4(c) and (d) represent particle size distribution curves at

Table 1
XRD Characteristics of Ag-Cu-CeO, nanocomposites.
Sample Peak position (°) FWHM (%) Lattice parameter A Crystallite size (nm)
ACC 10:20:70 28.74 1.33216 5.687 6.80
ACC 15:15:70 28.65 1.31121 5.665 6.87
ACC 20:10:70 28.65 1.50217 5.665 6.00
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Fig. 2. XRD Spectra of (a) ACC 10:20:70 (b) ACC 15:15:70 (c) ACC 20:10:70 nanocomposite.
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Fig. 3. SEM images of (a) ACC 10:20:70, (b) ACC 15:15:70, (c) ACC 20:10:70 nanocomposites.
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Fig. 4. TEM images of (a) ACC 15: 15:70 (20 nm), (b) At high resolution (5 nm) and particle size distribution curve (¢) ACC 15:15:70 at 20 nm scale
and (d) ACC 15:15:70 at 5 nm scale.

20 nm and 5 nm scales, respectively. The mean particle size formulated from these curves comes to be 5.2435 nm for 20 nm scale while
5.3806 nm is for 5 nm scale. These consistent morphology and size uniformity are indicative of the high-quality production of these
nanocomposites, making them suitable for adsorption phenomenon.

3.4. FT-IR analysis

FT-IR analysis of all three nanocomposites: ACC (10:20:70), ACC (15:15:70), and ACC (20:10:70) were carried out before and after
the adsorption experiments. The changes in the FT-IR peaks of the nanocomposites after adsorption suggest the interaction of the
nanocomposites with the adsorbate. The FT-IR spectra of ACC (10:20:70) nanocomposite before and after adsorption are shown in
Fig. 5 (i) (a) and Fig. 5 (i) (b). The FTIR spectrum of ACC 10:20:70 nanocomposite before adsorption showed peaks at 504.01 cm !
(stretching of Ce-O bond) [30], 1106.93 em™! (stretching of Cu-O bond), 1631.55 em ™! (O-H bending mode of associated water) [31],
and 3300.25 cm ™! (O-H bond stretching of associated water) [32]. The dye adsorption caused some existing peaks to vanish and new
peaks to emerge. After the adsorption, the new peaks appeared mainly to correspond to different structural units/groups of the
adsorbed dye CR. For example, the peak at 1258.85 cm ™" is attributed to the C-N stretching vibration of the azo group in CR, whereas
the peak at 1016 cm ™ is assigned to the benzene ring’s C]C stretching vibration. The peak at 796 cm ™ is due to the C-H bending
vibration of the benzene ring. The peak at 1631.55 cm ™! disappeared, indicating CR adsorption and the peak at 504.01 cm ™~ shifted to
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Fig. 5. FT-IR Graph of (i) ACC 10:20:70 nanocomposite (a) before adsorption (b) After adsorption (ii) ACC 15:15:70 nanocomposite (a) before
adsorption (b) After adsorption (iii) ACC 20:10:70 nanocomposite (a) before adsorption (b) After adsorption.

alower frequency, confirming the interaction with CR [33]. The disappearance of the peak at 3300.25 cm ™! also indicates involvement
of hydroxyl groups in adsorption.

The Changes occur in FTIR spectra of ACC 15:15:70 and ACC 20:10:70 before and after adsorption was shown in Table 2 for ready
reference.

The absence of other peaks after adsorption for ACC (15:15:70) suggests minimal alteration to the nanocomposite structure.

In conclusion, the changes in FTIR peaks before and after adsorption indicate the interaction of the nanocomposites with the
adsorbate, which can be attributed to the formation of new chemical bonds or hydrogen bonding.

3.5. BET analysis

The results regarding the total surface area, total pore volume, and average pore diameter of ACC nanocomposites at different
compositions obtained by the BET analysis are tabulated in Table 3.

The total surface area is obtained to be 78.361 mz/g, 55.092 mz/g, and 51.2 mz/g for ACC (10:20:70), ACC (15:15:70), and ACC
(20:10:70) nanocomposites respectively. It is evident from Table 3 that when the concentration of Ag increased, the overall surface

Table 2
FTIR data of ACC (15:15:70) and ACC (20:10:70).
Composition Peak at (Before Peak of (Before adsorption) Reference  Peak at (After Peak of (After References
Adsorption) Adsorption) adsorption)
(cm’l) (cm’l)
ACC (15:15:70) 499.03 Ce-O bond [34] 1045.18 (C-O bond) C-O bond [35]
Fig. 5(ii) (a-
b)
605.24 Stretching vibration of Ce-O [34]
bond
1107.63 Cu-O bond
1634.30 O-H bending mode of [31]
associated water
3369.66 O-H bond [36]
ACC (20:10:70) 513.56 stretching vibration of Ce-O [37] 1258.62 C-N bond [38]
Fig. 5(iii) (a- bond
b)
1049.70 stretching vibration of Ag-O [39] 1017.51 Hydrogen bonding (N-H  [40]
bond bond
1473.53 bending vibration of O-H [41] 798.07 C-H bond [40]
bond
3049.70 stretching vibration of C-H [41]
bond
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Table 3
BET Characteristics of Ag—Cu-CeO, nanocomposites.
Samples Sger (M?/g) Average pore diameter(nm) Total pore volume(cm®/g)
ACC 10:20:70 78.361 5.562 0.194
ACC 15:15:70 55.092 4.867 0.197
ACC 20:10:70 51.832 9.490 0.123

area dropped. This decrease is possibly due to the formation of larger particles or a decrease in exposed surface area [42]. The ACC
(15:15:70) nanocomposite has the highest total pore volume despite having a lower surface area, suggesting that the presence of Cu
and CeO; contributes to a more porous structure. The ACC (20:10:70) nanocomposite has the largest average pore diameter, possibly
due to the presence of larger Ag particles [43].

The N adsorption-desorption curve shown in Fig. 6 indicates that the nanocomposites ACC 10:20:70 and ACC 15:15:70 exhibit
isotherm type IV Characteristics, this adsorption pattern exhibits a distinctive trend with a sharp and swift increase in adsorption
observed at lower relative pressures [44]). As the relative pressure continues to increase, the rate of adsorption gradually slows down,
resulting in a more gradual and incremental increase in adsorption. This behavior is commonly observed in materials having meso-
porous structures, where the distribution of pore sizes is centered around a certain pore diameter [45]. On the other hand, the material
ACC 20:10:70 exhibits isotherm type V behavior, which suggests that the weak adsorbent-adsorbate interactions are responsible for the
observed adsorption behavior [46].

3.6. TGA analysis

Thermogravimetric analysis was performed on the nanocomposites to evaluate their thermal stability and phase transitions. The
analysis was conducted across a temperature range of 30 °C-750 °C. in the TGA of the synthesized material is shown in Fig. 7 (a). [t was
observed that a marked weight loss was evident between 50 °C and 200 °C, potentially attributable to the evaporation of adsorbed
water molecules and organic residue. The graph revealed minimal weight loss between 250 °C and 750 °C, indicating the absence of
any breakdown of the nanocomposites’ structure or phase transitions. So, the stability of nanocomposites up to 750 °C suggests their
potential in high-temperature applications as adsorbent.

The TGA of used adsorbent, ACC 15:15:70, after desorption, (Fig. 7(b)), illustrates the extent of weight loss following the adsorption
process. It reveals that even after undergoing adsorption, the nanocomposite remains stable at elevated temperatures.

4. Optimizing adsorption parameters
Before conducting the adsorption experiment, the concentration range of CR was ascertained in which it followed Lambert’s Beer

Law. A calibration curve was plotted to ensure that the linear regression coefficient value was close to one for optimal results. Here are
the results of the optimization of various parameters:

4.1. Influence of pH
The pH value of a dye has an impact on its adsorption capacity, by adjusting the pH of the dye solution in the range of 2-12, the

impact of pH on adsorption effectiveness has been investigated and depicted in Fig. 8. 0.1 M solutions of HCl and NaOH were used to
adjust the pH of the dye solution. The research on CR dye revealed that as the pH of the dye solution was reduced from 8 to 2, the
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Fig. 6. N, adsorption—desorption isotherms of Ag-Cu-CeO, nanocomposites.
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Fig. 8. Influence of pH on Congo Red dye removal. (Temperature - 20 °C, C, - 55.6 mgl~}, m - 0.1 g, and Time- 180 min).

effectiveness of adsorbents increased. The dye removal rate was highest at pH 2, but as the pH rose from 8 to 12, the dye removal rate

was substantially decreased.
Based on the catalyst’s surface charge characteristics, it is possible to explain the dye removal rate’s apparent dependence on dye

solution pH [47]. The catalyst’s surface is positively charged at pH levels that are acidic. An anionic dye like CR interacts favourably
with the catalyst’s surface, which leads to a high extent of dye degradation. On the other hand, the catalyst surface becomes negatively
charged at alkaline pH levels. As a consequence, the dye molecules interact negatively with the catalyst’s surface, slowing the rate of

dye breakdown [48].

4.2. Influence of adsorbent dose

The amount of adsorbent influences the adsorbent’s removal capacity under specific conditions, which is a critical factor in the

60
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Fig. 9. Influence of the amount of adsorbate on Congo Red dye removal. (Temperature - 20 °C, C, - 55.6 mgl’l, pH-2, and Time- 180 min).
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adsorption process. To assess the consequences of the adsorbent dose, nanocomposites with doses ranging between 0.02 and 0.1 g per
100 mL of CR dye solution were used under optimized conditions of pH, 55.6 mg/1 dye solution, 400 rpm shaker speed, and 20 °C
temperature. The results, as depicted in Fig. 9, indicate that as the adsorbent dose rose from 0.02 to 0.1 g per 100 mL of dye solution,
the nanocomposites’ adsorption capability increased. As the amount of adsorbent used increases, there is a corresponding increase in
the adsorption of CR. This can be explained by the fact that a greater quantity of adsorbent creates more surface area for the CR
molecules to bind to, and also increases the number of available active sites for adsorption [49].

4.3. Influence of contact time

The adsorption efficiency of Ag-Cu-CeO2 nanocomposites towards CR was studied with varying contact times. The results of the
batch experiment suggest that initially, the CR adsorption was very fast, but it gradually slowed down, eventually reaching equilib-
rium. The graph is displayed in Fig. 10 shows a decreasing trend in the rate of adsorption over time, with the highest removal efficiency
occurring at the start of the process when on the surface of the adsorbent there were still many empty binding sites. As the binding sites
became occupied, the adsorbent capacity of adsorption approached equilibrium since no more binding sites were available [50]. The
adsorption reaction was observed to be very fast within the first 60 min, after which it slowed down, and the adsorption value very
slowly increased up until 150 min. No further change in the adsorption value was observed after 180 min. At the equilibrium contact
time, the nanocomposite exhibited adsorption capacities of 54.15, 54.54, and 33.91 mg/g for ACC 10:20:70, ACC 15:15:70, and ACC
20:10:70 respectively.

4.4. Influence of concentration

The dye’s initial concentration ranges between 13.6 mg/1 to 55.6 mg/1 while maintaining a constant amount of 0.1g of adsorbent at
20 °C and pH 2. The results revealed that the nanocomposites adsorption efficiency consistently increased upon increasing the con-
centration of dye in the solution (Fig. 11). It was observed that the ACC 15:15:70 nanocomposite exhibited the highest removal ef-
ficiency at lower concentrations of the dye (13.6 mg/1) because the saturation of the adsorption sites on the adsorbent surface brought
on by an increment in the initial dye concentration in the solution would eventually result in a reduction in the removal effectiveness
[51].

4.5. Influence of temperature

The influence of temperature on CR adsorption on nanocomposites was studied at the temperature from 10 °C to 60 °C (Fig. 12).
The outcomes suggest that the CR adsorption on the nanocomposites decreases linearly with the increase in the temperature of
adsorption. The study showed that the removal of CR was favoured by low temperatures. This is attributed to the involvement of poor
interaction forces during the process of adsorption. A rise in temperature weakens these adsorptive forces, leading to a breakdown and
ultimately resulting in a decrease in CR removal at higher temperatures [52].

5. Adsorption isotherm

Experimental data analysis for the adsorption isotherm by employing the Langmuir, Freundlich, and D-R models is presented in
Fig. 13(a) and (b), and 13(c), respectively, for all nanocomposites. Table 4 represents the isotherm factors which were calculated from
the values of the intercepts and slopes obtained from these curves. The values in the table indicate that ACC composition with a ratio of
15:15:70 exhibits the highest adsorption capacity (qmax) among the three compositions, with a value of 78.12. Additionally, it has a
relatively high Langmuir constant value (Ki) of 0.277, which suggests a strong affinity between this ACC composition and the
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Fig. 10. Influence of contact time on Congo Red dye removal. (Temperature - 20 °C, C, - 55.6 mgl~', pH-2, and m- 0.1 g).
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Fig. 12. Influence of temperature on Congo Red removal. (C, - 55.6 mgl~!, pH-2, m- 0.1 g and Time - 180min).

adsorbate. Among the three models compared (Langmuir, Freundlich, and D-R model), the Freundlich model exhibited the highest R?
value, indicating that the empirical data of this adsorption are better fit by this model [53] This suggests that the adsorption process
involves both monolayer and multilayer adsorption, and the adsorption sites on the Ag-Cu-CeO5 nanocomposites are heterogeneous.
When ‘n’, the exponent in the Freundlich equation, is greater than 1, it suggests a favorable adsorption process [51].

The obtained values of ‘B’ and ‘E’ from the Dubinin-Radushkevich (D-R) isotherm analysis suggest that the adsorption behavior of
the nanocomposites is influenced by both physical and chemical forces. Moreover, the activation energy for adsorption is found to be
composition-dependent, indicating that it varies based on the specific composition of the nanocomposite material [54].

6. Thermodynamic parameters

The thermodynamic parameters were analyzed to confirm the addition of energy and transfer of ions taking place during the
removal of CR dye at various temperatures. Table 5 summarizes the thermodynamic parameter for the CR adsorption onto
Ag-Cu-CeO, nanocomposites. The determination of AH? (standard entropy change) and AS® (standard enthalpy change) involves
estimating these values from the intercept and slope of the AGO versus temperature curve, as depicted in Fig. 14.

CR is thought to slowly bind as the temperature rises because negative values of (AH%) and (AS®) imply an exothermic sorption
process and a reduction in randomness in the adsorption process, respectively [55]. Additionally, as the temperature rises, the value of
(AG?) rises, which suggests that lower temperature makes the adsorption more favorable. These results suggest that the CR adsorption
is thermodynamically viable, and the exothermic nature of the process suggests heat is released during adsorption [56]However, the
reduction in randomness during the process of adsorption implies that increasing temperature leads to slower binding of CR to the
adsorbents [57].
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Fig. 13. (a) Langmuir Isotherm (b) Freundlich isotherm (c) D-R isotherm for adsorption of Congo Red on Ag-Cu-CeO, (Temperature - 20 °C, C, -
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Table 4
Isotherm constants for adsorption of Congo Red by Ag—Cu-CeO, nanocomposites.
R K, Gmax RE K n R? By E
(mg/g) (mg/g) mol?/Kj Kj/mol
ACC 10:20:70 0.9629 0.329 69.93 0.9994 3.471 1.81 0.9979 1.285 0.623
ACC 15:15:70 0.9512 0.277 78.12 0.9937 3.437 1.65 0.9927 1 167 0.654
ACC 20:10:70 0.9097 0.014 67.56 0.9996 1.179 0.80 0.9999 0.487 1.013

Table 5
Thermodynamic constants for adsorption of Congo Red by Ag-Cu-CeO, nanocomposites.
Nanocomposite AH° AS° AG? (kJmol 1) R?
(kJmol 1) (kJmol 1) 283K 293K 293K 303K 313K 323K 333K
ACC 10:20:70 —27.573 —0.072 —0.50 —0.40 —0.34 —0.29 —0.25 -0.21 0.9823
ACC 15:15:70 —26.431 —0.069 —0.51 —0.40 —0.34 —0.31 —0.25 -0.19 0.9796
ACC 20:10:70 —-16.637 —0.052 —0.13 —0.08 —0.05 —-0.01 0.01 0.05 0.9974

7. Kinetics studies

The pseudo-first-order (PFO) and pseudo-second-order (PSO) models were used to characterise the CR’s adsorption kinetics onto
the Ag—Cu-CeO, nanocomposites adsorbent surfaces. The dynamic parameters of the adsorption process were established by utilizing
the slopes and intercepts of the plots presented in Fig. 15 (a) (1st-order kinetics model) and Fig. 15 (b) (2nd-order kinetic model). The
values obtained from both models were recorded in Table 6. The study revealed notable differences in the R? values between the
pseudo-second-order (PSO) models and the pseudo-first-order (PFO) models. Specifically, it was found that the PSO models’ R? values
were higher (0.9959, 0.9963, and 0.9903) than the PFO models’ (0.9806, 0.9352, and 0.9252, respectively) for the ACC 10:20:70, ACC
15:15:70, and ACC 20:10:70 compositions. In light of this, the Ag—Cu—CeO, nanocomposites adsorbent was governed by the PSO model
[58]. The Pseudo-Second-Order adsorption mechanism is characterized by a chemical process where the adsorption rate is regulated
by the sharing of electrons. This mechanism suggests that covalent forces play a crucial role in the adsorption process, resulting in a
stronger interaction between the adsorbent and adsorbate [13,59]. Furthermore, the comparison between the calculated values of q¢
(Qe calc’) obtained from the slopes of the second-order plots and the experimental values of ge (e exp) revealed a high degree of

13



N. Semwal et al. Heliyon 9 (2023) 22027

0.5 1
0.4 4

|—=— ACC 10:20:70]
l—e— ACC 15:15:70
0.3 4—4— ACC 20:10:70

0.2 4
0.1+
0.0 4
-0.1 1
-0.2 4
-0.3 -

AG®

283 293 323 333

0.4 Temp(K)
-0.5+
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Fig. 15. (a) Pseudo First Order Kinetics. (b) Pseudo Second Order Kinetics plot for adsorption of Congo Red by Ag-Cu-CeO, nanocomposites (Initial
concentration-55.6 mg/1, pH-2, m-0.1g, Temp- 20 °C, Time- 180 min).

Table 6
Parameters of the First- and Second-order kinetic models for adsorption of Congo Red by Ag—Cu-CeO; nanocomposite.
First Order Second Order
Nanocomposite q. exp g.calc ky R? q. exp g,calc ky R?
ACC 10:20:70 54.22 0.172 0.021 0.9806 54.22 68.02 3104 0.9959
ACC 15:15:70 54.58 0.218 0.021 0.9352 54.58 59.88 7+10* 0.9963
ACC 20:10:70 34.91 0.251 0.015 0.9255 34.91 39.21 810 0.9903

similarity. This observation suggests that the pseudo-Second-order kinetic model is well-suited for accurately representing the
empirical data of this adsorption process.

8. Desorption and reusability studies

In the course of investigating the desorption of CR, a batch adsorption process was employed using different reagents. Results
obtained indicate NaOH was the optimum choice for desorption of CR. The adsorption process was allowed to reach equilibrium, and
then the adsorbent was centrifuged to separate it and rinsed with deionized water. Subsequently, the adsorbent was placed in a conical
flask containing the desorbing agent and permitted to stay at room temperature for 24 h [60] The study revealed that the maximal CR
dye desorption was achieved using a 0.1 M NaOH solution, with an 82 % removal rate recorded.

In order to test the reusability of nanocomposites, a series of cycles of adsorption were performed. The recycling test was performed
specifically on the ACC 15:15:70 nanocomposite, which gives the best adsorption results among the three nanocomposites tested
during the batch adsorption experiment.

The stability of the CR removing capacity of the ACC 15:15:70 nanocomposite was studied and presented in Fig. 16. The results
revealed that the removal capacity remained highly stable over multiple cycles, indicating no significant loss in activity. The
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Fig-16. Cycling runs of Removal of Congo Red by using ACC 15:15:70 nanocomposite.

nanocomposite demonstrated less than 12 % deactivation after five cycles of use, which is a promising indication of its durability and
reliability in removing CR.

9. Adsorption mechanism

The Inclusion of metal ions (Ce3*, Cu?", and Ag™) results in positively charged surface sites in the Ag—Cu—CeO5 nanocomposite. CR,
being negatively charged, is electrostatically attracted to the positively charged surface [61]. This initial interaction permits the dye
molecules to approach the surface of the nanocomposite [62]. Additionally, the presence of hydrogen bonding between the nano-
composite surface and CR is also evident. The hydroxyl groups on the nanocomposite surface establish hydrogen bonds with the CR
sulfonic acid groups and other functional groups [63] Fig. 17. Furthermore, the Ce~O and Cu-O bonds may participate in the formation
of coordination complexes with CR, enhancing its adsorption. The hypothesised adsorption mechanism involves a combination of
electrostatic interactions, hydrogen bonding, and coordination complex formation. These interactions all lead to the adsorption of CR
onto the Ag-Cu—CeO3 nanocomposite surface. The FT-IR analysis data support this mechanism by offering insights into the individual
bonds and interactions involved in the adsorption process.

In Table 7, Distinct adsorbents utilized for the adsorption of CR are compared with the removal capability of Metal Mixed Oxide
Nanomaterials, as well as their methods of manufacture. Ag-Cu-CeO,, as shown in table, offers itself as a promising and effective
adsorbent for colour removal of CR dye from polluted water.

e e Electrostatic Attraction

______ Hydrogen Bonding

O Cerium - Silver 6 Copper . Oxygen

Fig. 17. Illustration of the possible interaction between nanocomposites and Congo red including electrostatic forces and hydrogen bonding.
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Table 7

Comparison of the Synthesis Route and removal capacity of different metal oxide nanocomposites adsorbent toward Congo Red dye.
Material Synthesis Route Removal capacity References
Fe;03-MgO Nanocomposite One step hydrothermal method 95 % [64]
FeyCos 4 O4 Nanoparticles Aqueous Precipitation Method 86.12 % [65]
CeB,4 Nanocrystal Molten salt method 97.8 % [66]
Fe304@carbon@ZIF-8 Nanoparticles Self-assembly ~80 % [67]
Polyaniline-zinc titanate nanocomposite Polymerisation reaction 98 % [68]
L-cysteine decorated rGO/Polyaniline Aqueous Precipitation 98 % [69]
Biosynthesized ZnO Nanoparticles Sol-gel technique. 92 % [70]
ZnO/Chitosan Nanocomposites In-situ Precipitation 90 % [71]
Biosynthesized ZnO Nanoparticles Green Synthesis 94.125 % [72]
Fe304-TSPED- Tryptophan nanoparticles Simple Precipitation Method 99 % [73]
Ag-Cu-CeO, nanocomposites Aqueous Co-precipitation method 96.83 % This Study

10. Conclusion

In this study, the Ag—Cu—CeO, nanocomposites synthesized by facile aqueous coprecipitation method had fluorite structure with
crystallite size in the range 6.00-6.87 nm and particles in the range of 5.5 + 1 nm The synthesized Ag—Cu-CeO5 nanocomposites were
explored for their potential as adsorbents for the elimination of CR from water. Our findings demonstrate that the nanocomposites are
highly effective adsorbents with significant potential for use in water treatment applications. Through the use of various Character-
ization techniques, we were able to thoroughly investigate the nanocomposites. Our analysis revealed that the nanocomposites showed
higher adsorption rates at pH values of 2 for all three compositions: Ag—Cu—CeO, 10:20:70, Ag—Cu—CeO5 15:15:70, and Ag—Cu—CeO,
20:10:70. The maximum removal of CR dye was 53.93, 54.71, and 37.80 mg/g for each composition, respectively, using an optimal
adsorbent dose of 0.1 g and temperature of 20 °C. We also found that maximum adsorption was achieved at an equilibrium time of 180
min.

The data were best suited by the Freundlich adsorption isotherm and pseudo-second-order kinetic model, with high R? values for
each composition, demonstrating the effectiveness of the nanocomposites in removing CR dye. Furthermore, the negative values of
enthalpy variation (—27.57, —26.43, and —16.73 kJ/mol) demonstrated that the adsorption was spontaneous and exothermic. The
enhanced surface functionalities of the Ag—Cu—CeO, nanocomposites serve for the adsorption mechanism for CR. In essence, elec-
trostatic attraction, co-ordination complex formation and interactions involving hydrogen bonds are both substantial contributors to
this adsorption mechanism. In conclusion, our findings demonstrate that Ag—Cu-CeO, nanocomposites hold significant potential as
effective and environment-friendly adsorbents for CR removal from water. These nanocomposites have the potential to be used as an
effective remedy towards dye pollution and wastewater treatment.
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