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a b s t r a c t
Metanil yellow and Rhodamine B are the emerging dyes having applications in a number of sec-
tors. As with every dye during their utilizations, some of its portion is lost into environment in 
effluents leading to numerous health complications in animals and plant. Herein, mono-metallic Cu 
and bimetallic Cu–Ni nanoparticles were prepared for the efficient removal of the mentioned dyes 
from textile effluents. SEM, XRD, EDX and FTIR techniques were used to study their surface mor-
phology, crystalline or amorphous nature, elemental composition and surface functionalities, respec-
tively. The copper nanoparticles were used as adsorbent for metanil yellow adsorption whereas for 
rhodamine the bimetallic nanoparticles were used as adsorbent. Batch adsorption test in line with 
various kinetics and isotherm models were utilized to determine the adsorption parameters and 
underlying mechanisms. For metanil yellow the equilibrium was achieved within 30 min whereas 
for Rhodamine B equilibrium was reached in 12 min correspondingly when contacted with mono 
and bimetallic particles of copper. Best fits for the kinetics and isotherm data were respectively 
obtained with pseudo-second-order model and Langmuir model. The maximum adsorption capac-
ity of Cu nanoparticles was 200 mg/g for metanil yellow whereas for Cu–Ni nanoparticles it was 
416 mg/g for Rhodamine B, at 333 K. The thermodynamic studies revealed both the processes to be 
endothermic, spontaneous, and favorable.
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1. Introduction

Out of the three portions of available waters on earth, 
only a small proportion is drinkable which is also con-
stantly prone to get contaminated with organic and inor-
ganic substances which slowly and gradually have made 

water unfit for drinking and other uses in some parts of 
the world. If left unchecked the human population on earth 
would faces severe water crises in near future. Though the 
contaminants are added from natural process as well but 
diverse human activities have worsened the situation fur-
ther. Among the added contaminants, dyes are a significant 
category that not only effecting the water quality but also 
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interfere with photosynthetic activities occurring in water 
bodies which in some cases leading to suffocation of ani-
mals dwelling there. Polluting effects of the dyes is some-
time due to their non-biodegradability, gets accumulated 
in water bodies. Some of the dyes even give rise to more 
drastic metabolites that are potential carcinogenic or muta-
genic compounds causing allergies, skin irritation, etc. [1,2]. 
In a reported study, Rhodamine B has been found to cause 
toxicity in oyster larvae and eggs in concentrations greater 
than 1 mg/L [3]. Metanil yellow is extensively used in the 
developing countries as a colorant in ice-creams, soft drinks 
and beverages, coating of turmeric, laddu, spices etc. due 
to its orange-yellow color. Although the use of metanil yel-
low as a colorant is not permissible, it is still widely used 
as a colorant in many food industries. The information 
regarding basic mechanism of toxicity induced by met-
anil yellow after ingestion through gastrointestinal tract 
are very limited. Metanil yellow disrupts the gastric and 
intestinal secretions, causing necrosis in the glandular and 
columnar epithelium cells of the stomach and intestine [4,5].

In recent years, various techniques have been developed 
for the removal of dyes from wastewater, including adsorp-
tion, biosorption, coagulation/flocculation, advanced oxi-
dation, ozonation, membrane filtration, etc. [6]. However, 
adsorption is the most efficient, economic and versatile 
technique among them [6]. Adsorption techniques have 
potential in removing organic and inorganic pollutants 
from water with high efficiency. Carbon based adsorbents 
comparatively have high specific surface area and are thus 
more frequently used in solving aqueous pollution prob-
lems. In spite of this it also suffers from few disadvan-
tages. However, on the other hand activated carbon is quite 
expensive, and its regeneration produces additional effluent 
resulting in considerable loss (10%–15%) of the adsorbent 
[7]. Recent advancements in nanotechnology have enabled 
us to fabricate particles of the desired sizes to get maxi-
mum uptakes of pollutants from wastewater. Such nano 
sized adsorbents are more versatile and are considered as 
alternative of activated carbons.

Nanoparticles finds extensive applications in various 
fields. Palladium nanoparticles have played their role as 
remarkable catalyst and adsorbent due to appreciable sur-
face area to volume ratio [8]. Notably, the utilization of metal 
nanoparticles in technology has exhibited exceptional effi-
cacy and adaptability in addressing emerging pollutants. In 
the technological and scientific fields, bimetallic nanoparti-
cles have attracted greater attention than their monometallic 
counterparts in chemical, biological, mechanical, electrical, 
and thermal capabilities these days. Bimetallic nanoparti-
cles have more surface area than their mono counterparts, 
which increases their capacities towards adsorption [9].

In the current study, monometallic Cu and bimetallic 
Co–Mn nanoparticles were synthesized, and characterized 
were then correspondingly used as adsorbents for metanil 
yellow and Rhodamine B dyes.

2. Material and methods

2.1. Materials

Nickel sulfate hexa-hydrate (NiSO4·6H2O), copper sul-
fate penta-hydrate (CuSO4·5H2O), sodium boro-hydride 

(NaBH4), sodium hydroxide (NaOH), ethanol (C2H5OH), 
and distilled water were the used chemical reagents in this 
study which were purchased from Sigma-Aldrich, Germany. 
Metanil yellow and Rhodamine B were also obtained from 
Sigma-Aldrich. All reagents were used without any further 
purification.

2.2. Metanil yellow

Acid yellow 36 (Fig. 1), also known as metanil yellow, 
an azo dye that is used as pH indicator. Though in foods its 
use is prohibited but still used extensively in some countries 
as it enhances the visual appearance of various food prod-
ucts. For example, in India, it is commonly used in sweets, 
beans, and even turmeric due to its distinctive yellow to 
orange color. Metanil yellow can potentially lead to toxic 
methemoglobinemia and cyanosis when ingested, and it 
may also cause allergic dermatitis upon direct skin contact.

2.3. Rhodamine B

Rhodamine B (Fig. 2) is chemical compound often used 
as a tracer dye in water to track its flow, speed, and direc-
tion. Rhodamine dyes are easy to spot because they emit 
fluorescence, and are detected in a cost-effective way using 
a fluorometer. Rhodamine B is among the most commonly 
employed dye, finding widespread uses in various industries 
such as leather production, paint, textiles, paper, and more. 
However, these organic dyes may cause serious biological 
and environmental problems, including the possibility of 
skin and eyes irritations.

2.4. Characterization

The prepared mono and bimetallic nanoparticles were 
characterized by scanning electron microscope (SEM Model: 

 
Fig. 1. Metanil yellow structure.

 

Fig. 2. Rhodamine B structure.
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JSM-IT-100), energy-dispersive X-ray diffraction (EDX), 
XRD (JDX-3532) and FTIR (Cary630).

2.5. Synthesis of nanoparticles

Copper (Cu) nanoparticles were synthesized using a 
copper precursor prepared by mixing a 2 mmol solution of 
CuSO4·6H2O with 1 mmol of NaBH4. The NaBH4 solution in 
ethanol was sonicated for 1 h prior to mixing followed by 
stirring on a magnetic stirrer for 10 min. Subsequently, the 
Cu solution was promptly introduced into NaBH4 solu-
tion and stirred for 1 h. After separation and purification 
of the Cu nanoparticles they were dried in an oven for 5 h 
and then allowed to cool to the room temperature. The cop-
per nanoparticles were subsequently used as adsorbent for 
metanil.

For the preparation of copper bimetallic nanoparticles 
nickel sulphate hexahydrate (NiSO4·6H2O) was reacted 
with pentahydrate of copper sulphate (CuSO4·5H2O) salts 
per following detail. An equimolar mixture of the two salts 
was dissolved in deionized water (1:1 ratio), resulting in a 
clear solution with a molarity of 0.01. Nitrogen gas (N2) was 
bubbled through the solution for 30 min. The sodium boro-
hydride (NaBH4) was then quickly poured into mixture to 
ensure the chemical reduction and stirred for 30 min. The 
precipitates formed were washed multiple times with water 
before being treated with ethanol. The precipitates were 
the dried at 60°C for 12 h in an oven. The resulting mate-
rial was used as adsorbent for Rhodamine B removal from  
solution.

2.6. Adsorption studies

Different concentration solutions of metanil yellow 
and Rhodamine B were respectively contacted with 0.05 g 
of copper and 0.05 g of Cu–Ni nanoparticles. The working 
solutions were prepared from the selected dyes stock solu-
tions having 0.0001 M concentration each. The solution pH 
were adjusted using 0.1 M HCl solution or a dilute (0.1 M) 
solution of sodium hydroxide as required (pH 5 and 8 
were optimum pH respectively for the selected dyes). After 
shaking for a specific interval of time the adsorbents were 
removed by filtration and the remaining concentration in 
solutions were determined using UV-Vis spectrophotometer 
(437 nm = Rhodamine B and 556 nm = metanil yellow).

2.7. Kinetic adsorption process

In a number of reagent bottles, a fixed concentration 
solution of metanil and rhodamine dyes were respectively 
contacted with 0.05 g of mono and bimetallic particles. 
These bottles were then subjected to shaking for different 
time intervals (10, 20, 30, 40, 50, and 60 min) at 3 different 
temperatures of 293, 313, and 333 K. The remaining dyes 
concentrations were determined.

2.8. Effects of temperature

The effect of temperature on Rhodamine B and met-
anil yellow was elucidated by contacting fixed concentra-
tion solutions of these dyes respectively with mono and 

bimetallic fabricated particles at different temperature in the 
range 293 to 333 K. The subsequent experimental detail was 
same as described.

2.9. pH effect

The way electric charges are distributed on the surface 
of both the adsorbent and the substance being adsorbed can 
be affected significantly by acidic or basic environment. The 
effect of pH was investigated in range from 2 to 12, whereas 
the other conditions mentioned before were left unchanged.

2.10. Regeneration of adsorbent

The used adsorbents up to 5 cycles were regenerated 
with acetone and then treating them with NaOH to test 
how effectively they could be regenerated for in future uses.

3. Results and discussion

3.1. Characterization

3.1.1. Scanning electron microscopy and FTIR spectra of 
adsorbents

The shape of particles and external appearance of both 
Cu along with Cu–Ni nanoparticles (NPs) were investi-
gated using the technique of scanning electron microscopy 
(SEM). Fig. 3a is representing it for Cu NPs whereas Fig. 3b 
for Cu–Ni NPs. Both adsorbents exhibited rough surfaces 
with many pores and dispersed particles which are man-
datory for adsorption process. The uneven distribution 
of adsorption sites is a morphological characteristic that 
could be advantageous for a number of uses, including the 
adsorption of dyes [10].

The Fourier-transform infrared spectroscopy is a use-
ful tool for characterizing the chemical functional groups 
found on the surfaces of adsorbents. Fig. 3c and d represent 
the FTIR spectrum of Cu and Cu–Ni NPs. Though there are 
peaks around 3,800 and 3,500 cm–1 in both the spectrum but 
may be originated from organic solvent used as medium in 
hydride solution. These graphs revealed some unique sig-
nals. For Cu nanoparticles, there’s a distinct signal around 
600 cm–1. For Cu–Ni nanoparticles, there are two peaks, 
one at around 605 cm–1 and another at 425 cm–1. These sig-
nals confirm the presence of CuO and NiO on the surfaces 
of the nanoparticles [11].

3.1.2. Energy-dispersive X-ray (EDX)

The energy-dispersive X-ray (EDX) spectra of copper 
and copper–nickel nanoparticles are respectively shown in 
Fig. 4a and b. The Cu NPs have 11.64% oxygen indicates 
that the copper on surface has oxidized. The Cu–Ni NPs 
also showed 22.81% oxygen, which suggests a similar oxi-
dation mechanism. In the bimetallic NPs nickel constitutes 
51.80% and copper accounts for 25.39%.

3.1.3. X-ray diffraction (XRD) pattern

The X-ray diffraction images of copper (Cu) and cop-
per–nickel (Cu–Ni) are shown in Fig. 5a and b, respectively. 
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The Scherer formula was used to calculate the crystallite’s 
sizes, which showed that it was 6 nm for Cu and 2 nm with 
Cu–Ni NPs. In addition, it was noted that 83% of the total 
crystals in Cu–Ni showed crystallinity, compared to 75% 
in Cu NPs that were crystalline. Crystallinity is correlated 
with the magnitude of diffraction peaks because the size 
of crystallites, and diffraction patterns provide an under-
standing of the arrangement of atoms within the crystal 
lattice. Understanding the properties and behavior of Cu 
and Cu–Ni in diverse applications requires knowledge of 
the structure of the crystal and size, which was provided by 

the XRD study. The existence of Cu–Ni in bimetallic NPS 
was confirmed by the diffraction peaks at 2θ values of 39°, 
42°, and 73°, which coincide with previously reported lit-
erature [11–13].

3.2. Adsorption kinetics

Adsorption kinetics involves the investigation of how 
quickly adsorption occurs and the factors influencing this 
process. It encompasses the study of the time-dependent 
behavior of adsorption, specifically the rate at which an 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. SEM images (a) and (b) of monometallic and bimetallic nanoparticles. FTIR spectra (c) and (d).

(a) (b) 

Fig. 4. EDX spectra of monometallic (a) and bimetallic (b) nanoparticles.
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adsorbate attaches to the surface of adsorbent. A compre-
hensive understanding of adsorption mechanisms requires 
a thorough examination of adsorption kinetics. Scientists 
may learn a lot about the underlying mechanisms regulat-
ing adsorption, such as mass transportation, diffusion, the 
interface reactions, by studying kinetics [14]. Fig. 6a shows 
the effect of contact time on adsorption of metanil by cop-
per mono NPS whereas Fig. 6b shows it for Rhodamine B on 
bimetallic NPs. The equilibrium time estimated was 30 min 
for metanil on Cu NPs whereas 12 min for Rhodamine B 
on Cu–Ni NPs.

3.2.1. Pseudo-first-order equation

The pseudo-first-order kinetic equation is expressed in 
its linear form as:

log log
.

q q q
k

e t e�� � � � 1

2 303
 (1)

where k1 (min–1) represents the equilibrium rate constant of 
the pseudo-first-order equation. qe and qt are the quantity 
of respective dyes adsorbed at equilibrium and time t. The 
slope and intercept of the graph log(qe–qt) vs. t is required 
to determine the variables k1 and qe [15]. Fig. 7a and b were 
used to estimate kinetic constant k1 values of Rhodamine 
B on Cu–Ni and metanil yellow on Cu nanoparticles, 

respectively. The R2 value was used to decide which model 
best fit the experimental data. When the R2 score is very less 
than 1, it means that the simulation does not completely 
account for the data’s variances and suggests that the model 
used might not be appropriate for correctly predicting 
or explaining the sorption processes taking place.

3.2.2. Pseudo-second-order equation

For a process in equilibrium, the pseudo-second-order 
kinetics equation can be written as:

t
q k q

t
qt e e

� �
1

2
2  (2)

where k2 represents the pseudo-second-order rate constant. 
The values of qe (mg/g) and k2 can be determined from a 
plot given in Fig. 8 between t/qt vs. t (the slopes and inter-
cepts) [16]. This model indicated a close match between 
the predicted and observed equilibrium adsorption capac-
ities (qe) at all temperatures for both adsorption processes. 
Additionally, it implies that chemisorption; a process in 
which the adsorbent and adsorbate form a chemical bond, 
is occuring at the adsorbent surface. The R2 values clearly 
suggest that a pseudo-second-order model more accurate 
to accomodate the kinetics data.

  
(a) 

 
(b) 

Fig. 5. XRD patterns of monometallic (a) and bimetallic (b) nanoparticles.

0

10

20

30

0 20 40 60
Time (minutes)

293K 313K 333K

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70

Am
ou

nt
 a

ds
or

be
d 

(m
g/

g)

Time (minutes)

293K 313K 333K

Am
ou

nt
 a

ds
or

be
d 

(m
g/

g)

(a) (b) 

Fig. 6. Effect of time on adsorption of metanil yellow on Cu monometallic (a) and Rhodamine B on Cu–Ni bimetallic (b) nanoparticles.
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3.3. Isotherm studies

To investigate the relationships between adsorbent 
and adsorbates, Langmuir, the Temkin, and the Freundlich 
isotherm models are often used. These models provide 
useful information on the surface characteristics and are 
helpful in enumerating adsorption capacities. These mod-
els are applied to explain the monolayer and multilayer 
adsorptions occurring of different surfaces [17].

3.3.1. Langmuir isotherm model

Adsorption takes place on a homogenous surface with 
a limited number of identical sites, as pointed out by this 
model. It emphasises on the formation of one layer of adsor-
bate while adsorbing onto a given solid surface. It pro-
vides some useful information about the surface energetics, 
equilibrium constant, and adsorption capacity. The model 
developed by Langmuir can be expressed mathematically 
as follows [18]:

C
q

C
Q K Q

e

e

e

m L m

� �
1  (3)

where Ce represents the equilibrium concentration, qe is 
the amount adsorbed at equilibrium, KL is the Langmuir 
constant, and Qm is the maximum adsorption capacity. To 
determine the values of Qm and KL, a plot of Ce/qe vs. Ce was 
constructed (Fig. 9a–c) for metanil yellow adsorption on Cu 
NPs and Fig. 9d–f for Rhodamine B on Cu–Ni NPs). The 
maximum adsorption capacities (Qm) for metanil yellow on 

Cu NPs were determined to be 182, 200, and 200 mg/g at 
temperatures of 293, 313, and 333 K, respectively. Similarly, 
for Rhodamine B on Cu–Ni NPs, the Qm values were found 
to be 357, 370, and 416 mg/g at the respective temperatures. 
The high R2 values for this model was very close to one, 
indicating the appropriateness of this model to accurately 
describes the adsorption processes.

3.3.2. Freundlich isotherm model

According to the Freundlich isotherm model, different 
adsorption sites on an uneven surface will experience var-
ied degrees of adsorption. It suggests that when the solute 
concentration in a solution grows, the adsorption capacity 
does not remain constant but rather increases. Along with 
Langmiur model, this is also equally employed to analyse 
experimental data and describe the adsorption character-
istics of various material used as adsorbent. It is crucial to 
keep in mind that this approach has limits and might not 
adequately explain adsorption processes in some situations, 
such as high concentrations of solute or surface saturation. 
This model can be given as follows:

ln ln lnq K
n

Ce f e� �
1  (4)

where Ce stands for the equilibrium concentration, qe for the 
adsorption at a state of equilibrium, Kf for the Freundlich 
constant, and 1/n for the adsorption intensity. The iso-
therm is regarded as irreversible when 1/n = 0, favourable 
when 1/n = 1, and unfavourable when 1/n > 1 [19].
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Fig. 7. Pseudo-first-order kinetics for adsorption of metanil yellow on Cu monometallic (a) and Rhodamine B on Cu–Ni bimetallic 
(b) NPs.
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Fig. 8. Linear pseudo-second-order kinetics for adsorption of metanil yellow on Cu monometallic (a) and Rhodamine B on Cu–Ni 
bimetallic (b) nanoparticles.
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Plotting ln(qe) vs. ln(Ce) the obtained graphs in help-
ful in determining the values of the mentioned parameters 
from the intercept and slope (Fig. 10a–c) for metanil yel-
low adsorption on Cu NPs and Fig. 10d–f for Rhodamine B 
adsorption on Cu–Ni NPs). At temperature of 293, 313, and 
333 K, respectively, the 1/n coefficients for the adsorption 
of metanil yellow on Cu were: 0.3177, 0.3778, and 0.3965, 
whereas of Rhodamine B on Cu–Ni NPs were; 0.6756, 0.5919, 
and 0.6193.

3.3.3. Temkin isotherm model

According to the Temkin equilibrium model, there 
are only slight interactions between the molecules of the 
adsorbate and the solid surface throughout the adsorption 
process. Further, the adsorbate–adsorbate interactions can 
cause a drop in capacity for a given adsorbate adsorption 
as surface coverage rises. It is common practise to analyse 
experimental data and establish adsorption parameters 
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using the Temkin isotherm model. Though it offers a good 
fit for some adsorption systems, it might not be appropriate 
in all circumstances, particularly where significant adsor-
bate–adsorbent interactions are prevalent. This model can be 
expressed mathematically as:

q K Ce T e� �� �ln ln  (5)

where β is is the heat of adsorption, and KT is the equilibrium 
binding constant, where T is the absolute temperature [20]. 
Plotting qe against ln(Ce) these constants were estimated as 
shown in Fig. 11a–c for the adsorption of metanil yellow on 
Cu NPs and Fig. 11d–f for the adsorption of Rhodamine B 
on Cu–Ni NPs.

The R2 value and its variation in contrast to error anal-
ysis were used to evaluate each model’s adequacy for 
describing experimental data. However, the R2 values for the 
Langmuir model were closer to 1 inferring that the model to 
be suitable for explaining isotherm data.

3.4. Effect of pH on % removal

Fig. 12a and b tell us that when the pH of the solution 
is between 2 and 5, it works best the rate of adsorption was 
maximum. At this pH range, the surface of the adsorbent 

becomes positively charged as there were lots of H+ ions 
in medium. This positive charge helps in attracting and 
removing the negatively charged dye molecules. There is a 
gradual decline in percent removal with increase in pH how-
ever, working with acidic pH rather difficult than neutral 
pH therefore, in this study we have used pH 6 as optimum.

3.5. Thermodynamic study

The following were the thermodynamic equations used 
to calculate the adsorption parameters:

ln K S
R

H
RTc� � � �

�
�� �  (6)

� � �G H T S� � � � �  (7)

The symbol ΔG° is for the Gibbs free energy, ΔH° is the 
enthalpy change, ΔS° is entropy change, Kc is the equilibrium 
constant of adsorption and T is temperature. The intercept 
and slope values obtained from ln(Kc) vs. 1/T graph can be 
used to determine the values of ΔH°, ΔG° and ΔS° (Fig. 13).

The spontaneity of the adsorption process was decided 
from the decrease of Gibbs free energy (ΔG°) at given 
temperatures, that is, 2.356, 2.117 and 1.878 J/mol for met-
anil yellow on Cu monometallic nanoparticles and –6.087, 
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Fig. 11. Temkin isotherms model for adsorption of metanil yellow on Cu monometallic (a) and Rhodamine B on Cu–Ni bimetallic 
(b) NPs.
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Fig. 12. Effect of pH on % removal of metanil yellow on Cu mono-metallic (a) and Rhodamine B on Cu–Ni bimetallic (b) nanoparticles.
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–6.937 and –7.787 J/mol for Rhodamine B on Cu–Ni bime-
tallic nanoparticles [21] as observed. The positive enthalpy 
value (ΔH°), that is, 5.861 kJ/mol for metanil yellow on Cu 
monometallic particles and 6.371 kJ/mol for Rhodamine B 
on Cu–Ni bimetallic NPs indicates the endothermic nature 
of the process.

The system gets more stable as adsorption progresses as 
is clear from positive entropy (ΔS°) 11.96 and 42.519 J/K·mol 
values respectively for metanil yellow and Rhodamine B 
on mono and bimetallic particles, that is, there is a rise in 
disordered at the solid-solution interface [22].

3.6. Regeneration and reusability

The prepared mono and bimetallic particles were sub-
jected to reusability study after contacting with their respec-
tive dyes for 5 cycles. Each time regenerated with suitable 
solvents and reused. Up to 5 cycles the activity still retained 
was 52% for monometallic NPs and 62% for bimetallic 
NPs as shown in Fig. 14a and b.

4. Conclusions

From metal salts precursors, monometallic Cu and 
bimetallic Cu–Ni were prepared and characterized by 
SEM, EDX, FTIR and XRD. The equilibrium was reached 
within 30 min for metanil yellow on Cu NPs whereas in 
the case of Rhodamine B it was established within 12 min. 
The chemisorption nature both processes was decided from 
the best fit of kinetics data obtained with pseudo-second- 
order kinetics model. The adsorption in monolayer was con-
firmed from best fit obtained with Langmuir isotherm model 
for the collected isotherm data. The maximum adsorption 
capacity calculated was 200 mg/g for metanil yellow over 
Cu NPs and 416 mg/g for Rhodamine B on Cu–Ni NPs. 

The metanil yellow adsorption onto Cu was found to be 
endothermic with an enthalpy value of 5.861 kJ/mol whereas 
it was 6.371 kJ/mol for Rhodamine B adsorption. The Gibs 
free energy values calculated were; 2.356, 2.117, and 1.878 kJ/
mol at 293, 313, and 333 K, respectively and –6.087, –6.937, 
and –7.787 kJ/mol for Rhodamine B correspondingly. The 
randomness across the interface between the solid and the 
solution during the process of adsorption calculated were, 
11.96 and 42.519 J/mol·K for metanil yellow and Rhodamine 
B adsorption on Cu and Cu–Ni NPs, respectively. Both 
these adsorbents could be used as alternative of activated 
carbon however, in this regard further studies are required 
on other pollutant to fully evaluate them for future uses.
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