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Abstract: In this study palladium-nickel (Pd-Ni) nanoparticles supported on carbon and cerium
oxide (Pd-Ni/AC-CeO,) were synthesized by a transfer phase method and characterized by scanning
electronic microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive X-ray spectroscopy
(EDX). The XRD and SEM data concluded the presence of alloy formation between Pd and Ni. The
synthesized particles were used as an adsorbent for removal of azo dye acid orange-8 (AO-8) from
water and were found to be effective in removal (over 90% removal efficiency) of the selected dye.
Different kinetics and equilibrium models were applied to calculate the adsorption parameters. The
most suitable model that best fitted the equilibrium data was the Langmuir model and maximum
adsorption capacities were 666.6, 714 and 769 mg/g at 293, 313 and 333 K, respectively, with R?
values closed to 1 while in the case of the kinetics data the best fit was obtained with a pseudo-second
order kinetics model with a high R? value. Furthermore, the adsorption thermodynamics parameters
such as free energy, enthalpy, and entropy were calculated and the adsorption process was to found
be exothermic with a value of AH® (—7.593 k] mol 1), spontaneous as AG® values were negative
(—18.7327, —19.4870, and —20.584 k] /mol at 293, 313 and 333 K, respectively). A positive entropy
change AS° with a value of 0.0384 k] /mol K indicates increased disorder at the solid-solution
interface during the adsorption process. An attempt was made to recycle the Pd-Ni/AC-CeO, with
suitable solvents and the recycled adsorbent was reused for 6 cycles with AO-8 removal efficiency
up to 80%. Based on findings of the study, the synthesized adsorbent could effectively be used
for the removal of other pollutants from wastewater, however, further studies are needed to prove
the mechanisms.
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1. Introduction

Various industries i.e., plastic, leather, textiles, etc. use different synthetic dyes (azo
dyes) to color surfaces of material objects and protect them from corrosive and environ-
mental damage. Acid orange-8 (AO-8) is one of the most hazardous azo dyes that is used
to color polyamide and wool fibers. Degradation and decolorization of textile dyes by dif-
ferent microbial strains have been shown in a recent study [1]. Low contents (4.5-15 mg/L)
of AO-7, AO-8 and other azo dyes have been shown to be represented in water and there
are possibilities of treatment with aerobic decolorization techniques. The World Health
Organization has estimated the share of dyes from textiles industry in water pollution that
is about 17% to 20% of all the industrial water pollution sources. In the textile industry
about 80% of the dyes used are azo dyes out of which nearly 10% to 15% are discharged
into wastewater treatment plant effluent and enter water bodies thereby causing water
pollution. Discharge of azo dyes alter pH and chemical composition of water and thus,
cause environmental imbalance, and an increase in chemical oxygen demand (COD) and
biological oxygen demand (BOD) of water. Along with interferences in light penetrations,
dyes’ presence leads to acute toxicity of the aquatic environment. Metanil yellow, an azo
dye, has exhibited hepatotoxic effects in albino rats. The azo dyes are non-biodegradable
and, overall, they are carcinogenic in nature due to the presence of the —N=N— (azo-)
chemical bond [1-4].

Nanoparticles (NPs) are applied in various fields [5], such as in water treatment due
to NPs’ characteristic magnetic [6], mechanical [7], optical [8], and electrical [9] prop-
erties. NPs have been prepared by different mechanisms including incipient wetness
impregnation [10], hydrothermal mechanisms [11], precipitation [12], co-precipitation [13],
sputtering [14] and vapor phase mechanisms [15] etc. NPs are widely used in medicine
production [16], cosmetics [17], textiles [18], leather [19], the petroleum industry [20], and
catalysis [21]. Moreover, they are also used for the degradation or removal of toxic dyes,
pesticides, drugs, and heavy metals present in wastewater [22-26].

The dye-containing wastewater has toxicity to the water ecosystem, reducing the
transmittance of light into water depths leading to a gradual disruption and destruction
of the aquatic ecosystem [27]. The degradation products of these dyes eventually reach
humans thereby affecting public health. In some cases, degradation products of these
dyes are carcinogenic, mutagenic and allergenic [28]. In order to preserve the aquatic
environment as well as human health, the wastewater must be treated properly to minimize
dye residues in it. Methods used for wastewater treatment are: flocculation, coagulation,
membrane extraction, chemical precipitation, solvent extraction, ion exchange, oxidation
and adsorption [29]. Among these techniques, adsorption is the most effective because of
its low cost, simplicity, availability of a variety of raw materials and high efficiencies of the
adsorbents. A number of adsorbents like activated sludge, rice husk ash, activated alumina,
fuller’s earth, fly ash, sawdust, neem bark [30] and activated carbon [31] have been used
for removal of dyes from water, including azo dye (AO-8). Among them, activated carbon
is widely applied as an adsorbent due to its vast surface area and prerequisite adsorption
capacities. The dye removal efficiencies of activated carbon could be further enhanced if it
is impregnated with various metals and metal alloys like NiO,, Au, Fe, Ag, Cu, etc. [32-36].

In the present study, bimetallic Pd-Ni nanoparticles were synthesized and loaded on
activated carbon as well as on cerium oxide (CeO;). The removal of AO-8 as azo dye from
wastewater were studied with different isotherm and kinetics models.

2. Materials and Methods
2.1. Chemicals and Instruments Used

Chemicals applied in tests were of characteristic analytical grade, manufactured by
Sigma Aldrich and in tests used without any additional purification. Acid orange 8 (AO-8)
dye was purchased from Sigma Aldrich (Figure 1). The physicochemical properties of the
selected dye are given in Table 1. Other chemicals used in this study were: palladium
(I) chloride (PdCl; >9%), nickel (II) chloride hexahydrate (NiCl,.6H,O, >99%), activated
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carbon (AC), tetraethyl ammonium bromide (TOABr, >99%), sodium borohydride (NaBHy),
oleic acid, oleylamine, sodium hydroxide (NaOH, >99%), potassium hydroxide (KOH,
>99%), sulphuric acid (Hy504, >99%), toluene, ethanol, acetone, chloroform, 2-propanol
and n-hexane.

OH
o CHs
N
NaO—|S| N//
g

Figure 1. Structure of acid orange 8 (AO-8).

Table 1. Physiochemical properties of acid orange 8.

Name of Dye Acid Orange 8
Molecular Formula C17H13NoNaO4S
Molecular Weight 364.4 g/mol
A max 490 nm
Dye content 65 %
Water solubility Soluble in water 1 mg/mL
Solubility in other solvents Acetone and ethanol, insoluble in other organic solvents
Refractive Index n?p ~1.66
Complexity 566

4-Amino 3 methylebenzenesulfonic acid dia azo and
Naphtalen-2-ol Coupling
Usage wool, silk, cotton, vinegar, polyamide fiber, paper, leather dyeing

Manufacturing method

2.2. Instrumentation

The samples were characterized by scanning electron microscopy (SEM) (JSM5910,
JEOL, Tokyo, Japan) with SEM and energy-dispersive X-ray spectroscopy (EDX) detectors
(INCA200/Oxford Instruments, Oxfordshire, UK), X-ray Diffractometer (JDX 3532, JEOL,
Japan) with CuKa source, in Centralized Resource Laboratory at University of Peshawar,
Pakistan. The dye concentration was determined by measuring absorbance using a dou-
ble beam ultraviolet—visible (UV-vis) spectrophotometer (UV-1800, Shimadzu Scientific
Instruments Inc., Kyoto, Japan) at a wavelength of 490 nm. Adsorption experiments were
conducted in a thermostatic water-bath shaker. The pH measurements were carried out
using pH meter.

2.3. Synthesis of Pd-Ni Nanoparticles Supported on Activated Carbon and Cerium Oxide

Pd-Ni nanoparticles were prepared (Figure 2) by the transfer phase method applying
a slight modification (the addition of capping agents like oleic acid and oleylamine).
Specifically, in the method, 5.60 mL of water solution of PdCl, (0.022 M) and 5.6 mL water
solution of NiCl, (0.033 M) were supplemented to a solution of phase-transfer chemical
(namely, tetraoctyl ammonium bromide—ToABr) in toluene (0.538 g of TOABr added into
37 mL of pure toluene). The solution was mixed during 2 h. The aqueous phase was
separated from the toluene phase and discarded. Furthermore, the capping substrates
(23.4 uL of oleic acid and 46 uL of oleylamine) were supplemented and mixed for 30 min.
To make reductions of the Pd?* to Pd? and Ni?* to Ni’, 35 mL of NaBH4 (0.2 M) solution
was drop- wisely injected and the solution was mixed during 12 h. Thereafter, the toluene
phase consisted of Pd-Ni colloidal particles, phase transferring agent (ToABr) and residues
of the reducer, which were then washed with solution of dilute solution of KOH (5 mM) and
distilled water. To deposit Pd-Ni particles on support, 60 mg activated carbon and 20 mg
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cerium oxide were added. After addition, the mixture was stirred for 12 h. The resulting
powder of Pd-Ni impregnated on activated carbon (Pd-Ni/AC-CeO,) were filtered. To
remove traces of TOABr, reducer and capping agents, which might have remained in the
toluene phase, the system was washed with ethanol, acetone, toluene, and chloroform.
After water addition and washing, the powder was filtered and was dispensed into a
dilute solution containing KOH in ethanol and the solution was homogenized in ultrasonic
treatment for 80 min. After sonication the powders were filtered and washed with ethanol,
acetone and ultrapure water thoroughly. The manufactured powder was stored in an oven
at 80 °C for 2 h and then stored in bottles until further use.

Solution of
TOABr

Aqueous solution of PdCl, Aqueous solution of NiCl,

Two phase liquid system
> (stirred for 2 hours)
F Discarded

) Aqueous phase

. Organic phase .
Capping agent :: > < ::l
Pping ag (Stirred for 12 hours) Reducing agent

Washing with
Activated carbon I:> Colloidal Pd-Ni Nanoparticles organic solvents

Washing with [
distilled water

¢ J)

\/7

Pd-Ni/AC-CeO,

Figure 2. Preparation of Pd-Ni bimetallic nanoparticles.

2.4. Adsorption Experiments

The adsorption performance of acid orange 8 (AO-8) dye in water medium was
measured in a fed-batch tests at pH 2. In tests, 0.01 g Pd-Ni/AC-CeO, were stirred
using 10 mL solution of dye (AO-8). pH of the solution was fixed by supplementing
small amounts of acidic chemical of HCI (1 M). Thereafter, the solutions were mixed
in a thermostatic water-bath shaker for specific time till homogenization occurred. At
predetermined time, reagent bottles were withdrawn from the shaker, the adsorbent was
filtered and dye concentration in filtrate was determined by UV-vis spectrophotometer at
Amax = 490 nm. The dye contents were measured according to calibration measurements



Water 2021, 13, 1095

50f17

at different wavelengths over concentration measures. The capacity of adsorption on
adsorbent q¢ (mg/g) and dye removal efficiency were calculated by the following equations:

Co— G
qt:T

Cy— C
Co

where, g is the amount of dye adsorbed (mg/g), %R is dye removal efficiency, Cy is initial
dye concentration (mg/L), C; is dye concentration after adsorption, V is volume of dye
solution (mL), W is the weight of adsorbent (g).

Equilibrium adsorption experiments were performed on different mixtures in the
range 50-500 mg/L with prepared adsorbent of 0.01 g. The pH of these samples was
adjusted to 2 and subsequently after supplementing the adsorbent solutions were mixed
for 1 h. The separation of adsorbent was thereafter done from the mixture by filtration and
residual contents were measured by UV-vis spectrometer.

Studies on kinetics were done with 100 mg/L solutions while remaining parame-
ters were same as described above. Similarly, effects of adsorbent dosage, pH (2-12)
and temperature were determined for 100 mg/L solutions sustaining the rest of the mea-
sures unchanged.

\ @

%R = 100 )

3. Results and Discussion
3.1. Characterization
3.1.1. Scanning Electron Microscopy (SEM)

The morphological studies of Pd-Ni nanoparticles supported on activated carbon
and cerium oxide were carried out using SEM analysis. The SEM images are shown in
Figure 3a—d. The micrographs show rough interfaces along with many cavities while
nanoparticles are randomly spread on the surface. Surface morphology showed character-
istic irregular channels of nanoparticles that could be used as an adsorption mechanism of
the dye.

3.1.2. X-Ray Diffraction (XRD) and Energy-Dispersive X-Ray (EDX) Measures of
Pd-Ni/AC-CeO, Nanoparticles

The crystallite size was computed from the Scherer formula, being at 6 (£2) nm,
while the crystallinity was found to be 75%. The characteristic peaks of cerium oxide were
observed at 20 values of 28.5, 33.08, 47.48, 56.3, 59.087, 69.4, 76.7 and 79.07, which were
showing similarity with a JCPDS (Joint Committee on Powder Diffraction Standards) file
(No. 34-0394) for pure cerium oxide. Figure 4 shows XRD pattern of Pd-Ni/AC-CeO,
nanoparticles. Ni peaks were observed at 2 theta values of 37.5, 44 and 63, which showed
an agreement with literature [37] whereas Pd presence was shown at 26 values at 42.8 and
69.7 [38].

Figure 5 shows the EDX spectrum of Pd-Ni/AC-CeO,, which showed the characteris-
tic peaks of palladium, nickel, carbon, cerium and oxygen in NPs.

3.2. Effect of Adsorbent Dosage and pH

For optimization of AO-8 dye adsorption, the adsorbent dosage of Pd-Ni/AC-CeO,
in the range 0.005-0.03 g was tested. Figure 6a shows a linear increase in removal efficiency
along with an increase of adsorbent dosage up to 0.01 g of adsorbent dosage, which was
attributed to the increase of adsorbent surface area and greater availability of adsorption
active sites. Therefore, 0.01 g of adsorbent dosage was selected as an optimal dosage and
was used for further tests.



Water 2021, 13, 1095

X168, 66g 1

Figure 3. Scanning electron microscope (SEM) images of Pd-Ni/ AC-CeO; on various resolutions and magnifications of:
(a) 5000, (b) 10,000, (c) 30,000, (d) 2500 magnification.
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Figure 4. Powder X-ray diffraction of Pd-Ni/AC-CeO,.
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Figure 6. Effects on AO-8 removal efficiency by (a) adsorbent dosage. (b) pH.

The effect of pH on adsorption of selected dye within the tested range is given in
Figure 6b showing that maximum adsorption took place from pH 2 to 5. Because of the
high H* ion concentration at low pH, the surface of the adsorbent was protonated and, on
the other hand, dye is anionic in nature, thus an electrostatic attraction was established at
low pH and a high dye removal capacity was observed. The second positive adsorption-
contributing factor was the soft-soft interaction between functional groups present at
adsorbate and at the metal center present at the adsorbent surface. At a low pH (2-5),
electrostatic interaction between adsorbent and dye and the dye-metal center were high
and resulted in a high removal efficiency of selected dye from solution. At a higher pH,
decrease in removal percentage of AO-8 might be due to hydroxide ion competition with
AO-8 molecules for adsorption sites on adsorbent surface [32].

3.3. Adsorption Kinetics

It is necessary to consider adsorption kinetics for precise adsorption process assess-
ment. Adsorption kinetics are used for the determination of the adsorption mechanism,
adsorbate—adsorbent interaction and adsorption characteristics. For this purpose, 0.01 g
Pd-Ni/AC-CeO, was added to series of 10 mL flasks containing 100 mg/L AO-8 solutions.
These flasks were shaken from 5 to 30 min at 293, 313, and 333 K temperature. Analysis of
experimental data at different intervals made it possible to calculate the kinetic parameter,
which in turn provided some information on feasibility of the process [34].
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The equilibrium time of AO-8 adsorption on prepared nanoparticles is given in
Figure 7 at three different temperatures. Equilibrium was reached from 5 to 6 min. Initially,
the adsorption sites available were higher as a result fast adsorption occurring, which then

gradually decreased to a steady state.

250
35 200
[-T]
3
8 150
o
[72]
©
(4]
£ 100
>
]
£
® 5o —4—293K —#—313K  —&—333K
0
0 5 10 15 20 25 30
time (min)

Figure 7. Adsorption kinetics for the adsorption of AO-8 Pd-Ni/AC-CeO;.

35

A number of kinetics models are used to explain the kinetics of adsorption process.

The different models applied in this study are given as follows:
Pseudo-first order equation [39]:

K
log(qe — ay) =10g(de) ~ 5705t

Second-order Lagergren equation [39]:

<f> 1t .1,
de kog?  q.

Elovich equation [39]:

o Int
q=In"r+ 5
Intra-particle diffusion model [39]:
q, = kid? +C

®)

)

Q)

(6)

In these equations: e and q; are the adsorption capacities at equilibrium and time
(t), respectively (mg/g), ki is the rate constant of pseudo-first order adsorption (1/min),
ky is the rate constant of pseudo-second order adsorption (g/mg/min), « is the initial
adsorption rate (mg/g min) and f3 is the desorption constant (mg/g min, C is the intercept

and kid is the intra-particle diffusion constant (mg/g min'/2) [39].

The experimental results were applied to the different models, which are shown
in (Figure 8a—d). From the data it is clear that the linear correlation coefficients for the
pseudo-first order model were lower as compared to the pseudo-second order model and a
very large difference existed between experimental and calculated qe for the pseudo-first
order model as well showing the inapplicability of this model to describe the kinetic of the
adsorption process. Thus, the pseudo-second order model was found to be the best model
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that can better fit the kinetic data rather than the pseudo-first order model, which confirms
the chemical nature of the sorption process [40,41].

t/q,

0.21
0.19
0.17
0.15
0.13
0.11
0.09
0.07
0.05
0.03

¢ 293K m313K A 333K

14

time (min)

24 34

(b)

time (min)
-12
30
-13
-~ -14
¢
g -15
oo
[)
= .16
-17
+ 293K m313K a 333K
-18
(a)
250
200
S~
o0
£ 100
o
50
* 293K m313K A 333K
0
1.5 2 2.5 3 3.5
Int

Figure 8. Kinetic models for adsorption of AO-8 on Pd-Ni/AC-CeO;. (a) Pseudo 1% order kinetics. (b) Pseudo 2nd order
kinetics. (c) Elovich model. (d) Intra particle diffusion model.

(©)
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220
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(d)

The Elovich model (Figure 8c) was also applied for adsorption of dye on prepared
adsorbent at different temperature [42]. The values of different parameters of this model

are given in Table 2.

The intraparticle diffusion plot (Figure 8d) between t'/2 and q; shows multilinearity
for the adsorption of AO-8 onto Pd-Ni/AC-CeO, indicating that the processes under
study involves more than one kinetic step. Various diffusion steps involved are explained

as follows.

The first step is the fastest step that can be attributed the diffusion of AO-8 from
solution towards the adsorbent surface. The second step is a slow step that corresponds
to the intraparticle diffusion where adsorption increases with an increase in temperature.
The third step is the diffusion through the small pores followed by an establishment of
equilibrium [41]. The parameters calculated for this model are given in Table 2.
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3.4. Isotherm Study

To determine the surface properties and affinity of the adsorbent, various isotherm
models were used. The isotherm study was also important for the description of how
the adsorbate interacts with adsorbent and gives data about adsorption capacities. The
surface of the adsorbent could be occupied by adsorbate with the formation of monolayer
or multilayer. To determine different isotherm parameters, Langmuir, Freundlich and
Temkin models were used [43,44].

Table 2. Parameters table for different kinetic models for adsorption of AO-8 on Pd-Ni/AC-CeO;.

Parameters 293 K 313K 333 K
ge (mol/g) 167.764 187.3706 198.9441
%R 83.87 93.68 99.47
Pseudo-first order
qe (cal) (mg/g) 82.22 82.451 99.174
ky (min~1) —0.0937 —0.0946 —0.1473
R? 0.9264 0.949 0.9478
Pseudo-second order
e (cal) (mg/g) 181.81 200 212
ky (g/mg/min) 0.0016 0.00181 0.00252
R? 0.9942 0.9967 0.9996
Elovich equation
« (mg/g min) 691.83 1270.6 5152.3
B (mg/g min) 0.041 0.0397 0.044
R? 0.9534 0.980 0.9933
Intra-particle diffusion
kig (mg/g min ~1/2) 13.623 14.022 12.364
C 92.362 110.5 135.16
R? 0.9918 0.9988 0.9634

3.4.1. Langmuir Isotherm

In order to explain the sorption of selected dye on the prepared adsorbent, the Lang-
muir model was used. This model defines that the sorption process takes place at specific
homogenous sites of the adsorbent and it only forms a monolayer on the surface. The
linear form of this model can be given as follows:

GG, 1
Je Qm KrLOm

where qe, Ce, K1, and Qn, are the adsorbed amount of dye adsorbed at equilibrium (mg/g),
concentration of dye solution at equilibrium (mg/L), Langmuir constant (L/g) and the
maximum adsorption capacity (mg/g), respectively [45]. A plot Ce/qe, versus Ce (from
slope and intercept) enabled us to define the Ki, and Qn, values (Figure 9) and their values
along with the correlation coefficient R? are given in Table 2. The Langmuir adsorption
maximum capacities were found to be 666, 714, and 769 mg/g at 293, 313 and 333 K,
respectively. The Langmuir isotherm showed the best correlation coefficient R? value and,
therefore, correlated best with tests.

@)

3.4.2. Freundlich Isotherm Model

This model describes behavior of non-ideal and reversibility of adsorption being
non-restricted to the monolayer formation. This model can be applied to adsorption on
heterogeneous surfaces (multilayer adsorption) and non-uniform distribution of adsorption
heat and affinities of the sites over the adsorbent surface. This model was shown as:

Inq, = InKf + % InCe (8)
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qe, Ce, Kf, and 1/n representing the quantity of adsorbate at equilibrium, equilibrium
concentration of dye solution, adsorption capacity at unit concentration and adsorption
intensity.

450

B
o
o

350
300
250
200
150
100

50

adsorption capicity (mg/g)

—— 293K —&— 313K —&— 333K

100 200 00 500 600

300 . 4
Concentration (mg/L)

Figure 9. Absorption isotherm equilibrium for adsorption of AO-8 on Pd-Ni/AC-CeOs,.

It should be noted that when (1/n = 0) the type of isotherm will be irreversible and
when (0 < 1/n < 1) will be favorable and (1/n > 1) will be unfavorable [46].

A plot of Inqe versus Ce makes it possible to the quantities of n and Kf from the
slope and gives the intercept (Figure 10d—f). The values of these parameters are given in
Table 3. The values of 1/n were found to be 0.6425, 0.7435 and 0.8136 at 293, 313 and 333 K,
respectively, which indicate the favorability of the adsorption process.

Table 3. Different isotherm parameters for adsorption of AO-8 on Pd-Ni/AC-CeOs,.

Parameter 293 K 313 K 333 K
Langmuir isotherm model
Om (mg/g) 666.6 714 769
Ka (g/mg) 0.0136 0.0174 0.01763
R? 0.9161 0.9262 0.9269
RL 0.128 0.103 0.101
Freundlich isotherm model
1/n 0.6425 0.7435 0.8136
K¢ 20.46 18.03 15.81
R? 0.891 0.9125 0.891
Temkin isotherm model
B 107.7 126.05 139.59
Kt 0.261 0.265 0.255
R? 0.8631 0.9391 0.9686

3.4.3. Temkin Isotherm Model

In the linear form this isotherm can be given as follows:
qe = BiInKt + B{InCe 9)

where: B; and Kt are constants of adsorption and equilibrium binding (L/mg), respec-
tively [47]. A dependence ge versus InCe gives us constants based on the values of these
(Figure 10g—i) and respective values are shown in Table 3.

According to Table 3, the regression values are higher for the Langmuir isotherm
rather than Freundlich and Temkin models.
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(d) Freundlich isotherm. (e) Freundlich isotherm. (f) Freundlich isotherm. (g) Temkin isotherm. (h) Temkin isotherm.

(i) Temkin isotherm.

3.5. Thermodynamic Study

The thermodynamic parameters for the adsorption of AO-8 performance on the Pd-
Ni/AC-CeO; nanoparticles were calculated using following equations:

AG® = —RTInKy4 (10)
where K4 = %Z ;
AS®  AH°

In these equations AG®, AH® and AS° are the differences in Gibbs free energy, enthalpy
and entropy, respectively. A dependence InK4 versus 1/T defines the parameters of AH®
and AS° that are usually obtained from the slope and intercept of the resultant plot. Their
values are given in Table 4.

Table 4. Thermodynamic parameters for adsorption of AO-8 on Pd-Ni/AC-CeO;.

AG® kJ/mol
293 K 313K 333K
—18.7327 —19.4870 —20.584

AH° kJ/mol AS° kJ/ molK

—7.593 0.0384
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The values of Gibbs free energy (AG°) were negative at all temperatures indicating the
feasibility of the adsorption process and its spontaneous nature. The observed decrease in
AG® values with increase in temperature suggests that the higher temperature would facili-
tate the adsorption process [48]. The negative value of AH® indicates the exothermic nature
of the process and the positive value of entropy shows the increase in randomness at the
dye/adsorbent interfaces and the feasibility of the process [49]. Previous researches have
been performed assessing the effect of pH and other factors on the material performance,
which could be done similarly in future studies [50-52].

3.6. Regeneration of Pd-Ni/AC-CeO,

In order to determine the reusability of the Pd-Ni/AC-CeO; adsorbent, the nanoparti-
cles were used several times and the removal efficiency was monitored. It is evident from
Figure 11 that the removal efficiency was reduced to 80% after 6 recycles.

l al al
Fresh 1st 2nd 3rd 4th 5th 6th
Cycles

Figure 11. Regeneration of adsorbent and its percentage removal per cycle.

4. Conclusions

In this study, palladium-nickel (Pd-Ni) nanoparticles supported on activated carbon
and cerium oxide were prepared and characterized through various instrumental tech-
niques. The particles acted as an efficient adsorbent for the removal of acid orange 8 with
more than 90% removal efficiency. The XRD and SEM data concluded the presence of alloy
formation between Pd and Ni. The carbon and cerium oxide-based composites were used
as adsorbents for the effective removal of AO-8. Different kinetics and equilibrium models
were applied to calculate the adsorption parameters. Langmuir and pseudo-second order
kinetics models explained the adsorption data well while the thermodynamic aspects of
the adsorption process were exothermic, spontaneous and favorable with an increase in
temperature. The prepared adsorbent could effectively be used to remove dyes and other
pollutants from water. However, further studies are needed to completely evaluate the
applicability and effectiveness of this novel bimetallic adsorbent in the case of it being used
as an adsorbent for other dyes” and pollutants’ removal from water.
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