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Abstract 

This study focused on the development of a novel Palladium (Pd)-Silver (Ag)-Carbon nanotubes 
adsorbent for the removal of Cu(II) and Ni(II) ions in industrial animal feed processing 
wastewater. Carbon nanotubes (CNTs) were produced via a catalytic chemical vapour deposition 
(CCVD) method and then purified by acid mixture of H2SO4 and HNO3. Pd-Ag-CNTs 
nanocomposites were produced through a combination of ultrasonic-assisted wet impregnation 
methods. Different analytical tools such as HRSEM, HRTEM, EDS, SAED, XRD and BET were 
used to characterize the prepared nanoadsorbent. The HRSEM analysis revealed homogeneous 
dispersion of Pd and Ag nanoparticles on the CNTs matrix. XRD pattern confirmed formation of 
graphitic face-centered cubic structure with or without metal matrix nanoparticles with an 
average crystallite sizes of 26.10 nm (Pd-Ag-CNTs) > 13.00 nm (Pure-CNTs). BET analysis 
showed that simultaneous addition of Pd and Ag nanoparticles onto CNTs contributed to 
enhanced surface area of (392.5 m2/g) compared to Pure-CNTs (227.63 m2/g). The effect of 
contact time, adsorbent dosage, and temperature on the nanoadsorbent efficacy with respect to 
Cu(II) and Ni(II) ions removal were investigated via batch adsorption mode. The optimum 
condition for the maximum removal of Ni(II) ions (99.84 %) and Cu(II) ions (77.86 %) by Pd-
Ag-CNTs were contact time (90 min), adsorbent dosage (60 mg)and reaction temperature (60 
°C). The adsorption isotherm data best fitted Florry-Huggins model based on the χ2, SSE and 
regression co-efficient values of 0.9947 (Cu) and 0.7098 (Ni), while the kinetic data suited 
pseudo-second order. The thermodynamic study was found to be non-spontaneous and 
endothermic in nature. This study demonstrated for the first time that Pd-Ag-CNTs exhibited 
exceptional adsorptive and recyclability properties for the removal of Cu(II) and Ni(II) ions from 
industrial animal feed processing wastewater even after five cycles. 

Keywords: Adsorption, animal feed processing wastewater, Palladium, Silver, Carbon 

nanotubes 

 



Introduction  

Human survival and development in the 21st century greatly depends on the availability of clean 

water vis-a-viz its applications in various sectors ranging from industries to agriculture, as well 

as other domestic purposes [1,2]. However, incessant misuse of water resources has led to water 

scarcity and poor water quality especially in the rural and urban settlement [3]. Human alterations 

of the natural hydrological cycle and global warming caused by heavy industrialization also 

contributed to non-availability of water[4] .On the other hand, wastes generated via industrial 

activities differs considerably depending on the types of operations employed. It should be 

mentioned that, natural environment is constantly contaminated by diverse organic and inorganic 

toxic chemicals released from manufacturing industries [5]. The indiscriminate discharge of 

untreated liquid/solid wastes generated via natural and anthropogenic activities has caused 

serious environmental distortions especially in the developing country 

One of such industries considered as an “engine” of economic growth of any nation is animal 

feed processing industry which involve the use of agricultural ingredients (such as corn, wheat, 

sorghum, forages, vitamins, other additives and minerals) to formulate nutritious feeds tailored 

for specific dietary needs of animals [6-7]. Animal feeds usually contain the required nutritional 

supplements that improve the health status of the target animals and the overall quality of the 

products from such animal. The animal feeds processes involve the conversion of raw materials 

of different physical, chemical and nutritional composition into homogeneous mixture of desired 

nutritional response in the animal. [8] Though the process is more of a physical than chemical and 

the production process could be achieved using different techniques and equipment. These 

processes generate wastewater that can no longer be used for other operational purposes and 

hence, discharged directly or indirectly from the facilities to the environment. [9] Some of the raw 



materials used for production of animal feeds formulations also contribute to higher organic 

loads of the wastewater. [10] The environmental concerns are related to the volume of water used 

during the operational processes (washing, cleaning or flushing of the machines). The untreated 

wastewater containing different toxic organic, inorganic and microbial constituents are released 

into the water bodies. The animal feed processing industry wastewater is characterized by the 

presence of colour, odour and its highly turbid [11]. 

Among various pollutants present in the wastewater, heavy metals such as copper, nickel, lead, 

chromium, cadmium, manganese, have received significant attention among researchers due to 

their mobility, persistency and toxicity nature and ubiquitous presence in the environment [11-12]. 

These heavy metals found their way into animal feeds or diet as either contaminants or as 

essential nutrients. Copper (Cu), nickel (Ni), zinc (Zn) and others are often added as additives to 

animal feeds due to their antimicrobial and growth-stimulating effects [13]. However, other 

sources of these metals in the final wastewater may be through leaching and corrosion of the 

pipes or from the feeds materials and compounds feeds [14].  Heavy metals in animal feeds can 

also originate from undesirable environmental substances or through the production process.   

For instance, nickel is considered a notorious water contaminant and commonly found in various 

industrial wastewaters like stainless steel, non-ferrous metals, porcelain and copper sulphate 

amongst others. [13] Copper is a mineral supplement which is of great concern and can find its 

way into the waterways through washing of the equipment, leaching or corrosion from pipes, 

faucets, and other plumbing material. [14]. Effect of acute human exposure to nickel metals in 

drinking water includes inhibition of oxidative enzymes activity, diarrhea, nausea, shortness of 

breath and vomiting[15]. Chronic exposure of nickel ions can result to lung cancer, renal edema, 

pulmonary fibrosis and skin dermatitis. [15] The presence of higher concentration of copper in 



water can cause other adverse effects on receiving waters in the aquatic system. According to 

World Health Organization, the maximum allowable concentration of copper and nickel in 

drinking water should not exceed 1 mg/L and 0.02, respectively [16, 17]. Thus, suggesting that 

even at low level of exposure these metals can be harmful if persisted. Apart from exposure to 

inorganic constituents, high level of chemical oxygen demand (COD), biochemical oxygen 

demand (BOD) and low level of dissolved oxygen can affect lakes and reservoir, thereby causing 

death of plants and aquatic animals.  

In Nigeria, there are little or no available stringent laws or penalty on environmental 

pollution, as such many industries discharge untreated wastewater into the water bodies leading 

to severe pollution [18].. Therefore, there is an urgent need to develop sustainable and advanced 

wastewater treatment method for the benefit of agricultural sector thereby promoting water 

resources management.  

Different conventional techniques such as filtration, precipitation, sedimentation, 

floatation, membrane separation and ion exchange usually employed for the elimination of toxic 

chemicals from wastewater are ineffective, very expensive and consume high amount of energy 

[19,20] For instance, chemical methods such as coagulation and precipitation technology involving 

the addition of coagulants have been widely used because of its increased capacity in 

biodegradation and economic viability. [21] However, the drawbacks of chemical methods include 

low removal rate of dissolved substances and generation of large amount of toxic chemical 

sludge which further require additional treatment. [22] Physical methods such as filtration, 

sedimentation and floatation are also becoming less effective since they are suitable only for the 

elimination of inorganic metals or dissolved compounds. Biological methods such as bioreactors, 



biological activated sludge (BAS) and enzymatic decomposition are very slow and inefficient on 

non-degradable compounds or when toxic compounds are present [20]  

On the contrary, adsorption techniques have been considered most promising for wastewater 

treatment due to its high efficiency, feasibility, low energy requirement, no prerequisite skills 

and simplicity in design [23] Adsorption occurs at the adsorbent-adsorbate interface through ion-

exchange, inner or outer diffusion mechanism. This method utilizes porous solids (activated 

carbons, polymers, agricultural wastes, silica gel, alumina, zeolites, clay minerals and others) to 

remove hazardous pollutants in wastewater [22]. Conversely, these conventional adsorbents have 

certain drawbacks such as low surface area and binding sites responsible for low adsorption and 

desorption efficiency. Other disadvantages include poor regeneration efficiency; generation of 

toxic secondary pollution and lack the selectivity for target pollutants in the aquatic matrix [24-25]. 

In view of this, there is a need for the development of exceptional hybrid materials of enhanced 

porosity (active sites) and functional groups for the removal of organic and inorganic pollutants 

from industrial wastewater. 

In the recent times, considerable attention has been shifted towards the application of 

nanomaterial as nano-adsorbent to remove different contaminants from industrial wastewater. [26] 

Among all the available nanomaterial, carbon-based nanomaterial such as carbon nanotubes 

(CNTs) and metallic nanomaterial (silver nanoparticles (AgNPs) and palladium nanoparticles 

(PdNPs)) have been extensively used to purify industrial wastewater due to their large specific 

surface areas, hollow and layered structures [27-29]. The surface functionalization of CNTs by 

oxidation treatment substantially increases its dispensability and reactivity for application in 

wastewater treatment. [30] Similarly, silver nanoparticles have been reported to be effective 

nanoadsorbent for the removal of various contaminants in wastewater due to its specific surface 



area and bactericidal properties. [28] In the same vein, palladium nanoparticles stand out as one of 

the most effective nanoadsorbent owing to its increased activity and stability during wastewater 

remediation. [29] Several researchers have utilized carbon nanotubes as nanoadsorbent for heavy 

metals removal from industrial or simulated wastewater.[31-33] For instance, Xu et al.34 employed 

chemical vapour deposition method to prepare multi-walled carbon nano tubes and utilized the 

material for the removal of Pb(II) from aqueous solution. The authors discovered that Pb(II) 

removal efficiencies of 10-20% and 90% from wastewater were dependent on pH value. Yan et 

al.[35] tested the adsorptive efficacy of carbon nanotube (CNTs)-reinforced geopolymer for 

methylene blue (MB) and heavy metals (Pb2+ and Ni2+) from wastewater and found that addition 

of 3% CNTs was responsible for the enhanced the surface area, adsorptive capacity and the 

removal efficiency of the pollutants (Pb2+, Ni2+ and MB).  Zhao et al.[36]  studied the removal of 

Cu(II) ions from aqueous solution by magnetic multi-walled carbon nanotubes  (MWCNTs) 

adsorbent via batch  process and found that  adsorption of the metal ion was mostly favourable in 

the pH range of 6-8 and MWCNTs alone removed 3.4% while modified MWCNTS achieved 

34.8% Cu (II) ions removal efficiency.  Zhao et al.[37] revealed that multi-walled carbon 

nanotubes alone (MWCNTs) and (MWCNTs) modified with MnFe2O4  successfully removed 

70% and 80%  tetracycline (TC) from aqueous solution through batch adsorption process in the 

pH range of 2-10. Egbosiuba et al.[38] utilised multi-walled carbon nanotubes (MWCNTs) and 

MWCNTs incorporated with carboxylic acid to remove  As(V) and Mn(VII) from industrial 

wastewater and found that the adsorption capacity of As(V) and Mn(VII) removal  for the former 

and the latter nanoadsorbent increased from 200 to 192 mg/g  Nevertheless, research on the 

complete removal of organic, inorganic and/or microbial pollutants using bimetallic incorporated 



carbon nanotubes as nanoadsorbent for the treatment of industrial animal feed processing 

wastewater is yet to be reported. 

Herein, the study reported for the first time the synthesis of Pd-Ag-CNTs nanocomposites. The 

synthesis of Pd and Ag nanoparticles were achieved using green chemistry protocol. Carbon 

nanotubes were synthesized by catalytic chemical vapour deposition method.While Pd-Ag-CNTs 

composites were prepared by ultrasonic-assisted wet impregnation methods. The as-synthesised 

nanomaterials were characterized by different analytical tools to ascertain their physico-chemical 

properties. Thereafter, the adsorptive potentials of the various nanomaterials for the treatment of 

industrial animal feed processing wastewater (removal of Cu and Ni and other water quality 

indicators parameters) were evaluated via batch adsorption mode. The regeneration properties of 

the Pd-Ag-CNTs were studied for five repeated cycles. 

Materials and Methods 

Materials 

The following chemicals namely Ni(NO3)2.6H2O (99.99%), Fe(NO3)2 9H2O (99.95%), C13H22N2 

(99.0%), NH2CH2CH2SH (95 %), AgNO3 (99.0%), PdCl2 (99 %), were supplied by Sigma-

Aldrich (USA), while H2SO4 (98 %) and HNO3 (70 %) were obtained from BDH chemicals. 

Acetylene gas (C2H2) and nitrogen gas (N2) were purchased from British Oxygen Company, 

Nigeria. The chemicals and reagents were used without any further purification. Kaolin was 

collected from Gbako local government of Niger State, Nigeria, while fresh leave sample of 

Ageratum conyzoides (Goat weed) were collected from Offa local government of Kwara state, 

washed, freeze dried in a freeze dryer for 3 h, and crushed to fine powder using mechanical 

blender.  Detail procedure on the extraction and Phytochemical Screening of Agerantum 



conyzoides extracts including green synthesis of Ag and Pd nanoparticles can be found in the 

supplementary data 

Production of Carbon Nanotubes 

The synthesis of carbon nanotubes was carried out using catalytic chemical vapour deposition 

method. The procedure described by Aliyu et al. [40] was followed for the CNTs synthesis. A 

known mass of the prepared Fe-Ni/Kaolin catalyst was weighed and spread uniformly in a quartz 

boat and placed at the center of a quartz reactor horizontally in an electrical tubular furnace. The 

furnace was heated from room temperature to 700 °C at 10 °C/min while a carrier gas (N2) was 

flown over the catalyst at 30 cm3/min until the desired temperature was reached. Subsequently, 

the flow rate of the carrier gas was raised to 350 cm3/min and the carbon source (acetylene gas) 

was introduced at flow rate of 100 cm3/min to produce CNTs under the continuous flow of 

nitrogen gas. 

The reaction time of CNTs growth over Fe-Ni/kaolin catalyst was 90 minutes. Then, the 

acetylene flow was stopped and nitrogen flow was reduced to the initial flow rate until the 

furnace cooled to room temperature. The boat was removed from the quartz tube and weighed to 

determine the CNTs yield using Equation 1. [41] 

                (1) 

Where Wt1 = Initial weight of the catalyst before reaction, Wt2 = the weight of catalyst and 

carbon deposited after the synthesis. The rate of CNT deposited was evaluated by Equation 2.  

)                (2)  

Where R = the rate of carbon deposition (%/min), Y = the carbon yield (%) and t = the residence 

time of the reaction (min)  



Purification/Modification of Carbon Nanotubes 

A known weight of prepared CNTs were oxidized in a mixture of concentrated acids such as 

sulphuric acid and nitric acid (3:1) under the influence of ultrasonicator for 30 min, to give 

functional groups on the purified CNTs and also act as a linker to attach other metallic 

nanoparticles. At the end of the acid treatment, the reaction mixture was diluted with distilled 

water and followed by filtration and further washed with distilled water until the pH of the 

filtrate was neutral. The obtained product was dried overnight in an oven at 120 °C for 

subsequent analysis. 

Functionalization of Pd-Ag-CNTs nanocomposites  

The intercalation of bi-metallic Pd-Ag nanoparticles onto purified carbon nanotubes was 

achieved through ultrasonic-assisted wet impregnation method. 1 g of purified-MWCNTs was 

dispersed in 80 cm3 of equal volume of aqueous solution of AgNPs and PdNPs. The mixture was 

dispersed in 20 % w/v of N, N’-Dicyclohexylcarbodiimide (DCC) and 10 cm3 of 0.1 M 2-

Mercaptoethylamine. The resulting suspensions were stirred for 30 min at 60 °C, under magnetic 

stirrer hot plate in a fume cupboard and later sonicated for 1 h, at 60 °C. The prepared materials 

were then washed until the filtrate become neutral and the solid products were obtained by 

centrifugation; oven dried at 120 °C for 8 h. The produced Pd-Ag-CNTs nanocomposites were 

then calcined in a furnace at 450 °C for 2 h. The multi-step mechanistic pathway for ultrasonic-

assisted wet impregnation of Pd-Ag-CNTs is represented in Fig. 1.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 (I-V): Multi-step mechanistic pathway for development of Pd-Ag-CNTs 

Characterization of the synthesized nanomaterials 

UV-Visible spectrophotometer was used to ascertain the formation of the synthesized 

nanoparticles. The morphology and structure, as well as the elemental composition of the 

synthesized nanocomposites were determined using a Zeiss Auriga High-Resolution Scanning 

Electron Microscope (HRSEM) coupled with Energy-Dispersive Spectroscopy and High-

Resolution Transmission Electron Microscope (HRTEM) attached with Selected Area Electron 

Diffractometer. The mineralogical phase of the prepared nanomaterials was examined using X-

ray Diffractometer. Scans were run with a diffractometer operating at 45 keV and 40 mA, with a 

step size of 0.02 o/s in the 2ϴ range of 10o to 90o and the phase identification was recorded from 

the XRD Data. The surface area, pore volume and pore size of Pd-Ag-CNTs nanocomposites 
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was determines using N2 adsorption-desorption isotherm (Brunauer-Emmett-Teller analyzer; 

Model; NOVA 2400e). The specific surface area was obtained from the plots of adsorption data 

through Brunauer-Emmett-Teller equation showing multiple points at P/Po between 0.05 and 

0.20.    

Physicochemical and metal ion analysis of industrial animal feed processing wastewater 

The American Public Health Association (APHA) methods were employed for the determination 

of different physicochemical parameters (before and after treatment). The concentrations of 

Copper and Nickel metal ions present in the industrial animal feed processing wastewater were 

determined by Atomic Adsorption Spectrophotometer (Model: Varian AAn240 FS). Both metals 

were analyzed using air-acetylene gas and all results were recorded in triplicates. 

Batch adsorption study 

Batch adsorption was performed on the wastewater in order to see the effects of different 

operational parameters such as contact time, adsorbent dosage and temperature [38]  

Effect of Contact time  

The effect of contact time was investigated by adding 10 mg of the nanoadsorbents into 250 cm3 

glass stoppered corked conical flask on a rotary shaker at 200 rpm, containing 50 cm3 of the 

industrial animal feed processing wastewater. The pH of the industrial animal feed processing 

wastewater was 6.28. The effect of contact time was conducted by shaking the mixture at 

different contact time (15, 30, 45, 60, 75 and 90 min) under room temperature. The solution was 

filtered using Whatmann filter paper and the filtrate was packaged for AAS analysis to determine 

the residual concentration of copper and nickel ions. 

 

 



Effect of adsorbent dosage 

The effect of adsorbent dosage on the removal efficiency of the toxic metals from wastewater 

was carried out by adding different amount of nanoadsorbents (10, 20, 30, 40, 50 and 60 mg) 

into 50 cm3 of industrial animal feed processing wastewater, in a 250 cm3 glass stoppered and 

corked conical flasks. The mixture was agitated at 200 rpm on a rotary shaker at a temperature of 

30 °C for 60 min. Thereafter, the resultant mixture was filtered and the concentrations of the 

residual metals (Cu and Ni) were determined using AAS.  

Effect of Temperature 

To evaluate the effect of temperature, 10 mg of the nanoadsorbent was added to 250 cm3 glass 

corked conical flask containing 50 cm3 of industrial animal feed processing wastewater. The 

mixture was shaken for 60 min (equilibrium time) in a thermostatic water bath shaker, and the 

temperature was varied from 30, 40, 50, 60, 70 to 80 °C. The solution was filtered using 

Whatmann filter paper, and the concentrations of the selected metal ions were determined using 

Atomic Absorption Spectrophotometer (AAS).  

Reusability test 

The re-usable ability of Pd-Ag-CNTs was examined as follows:  0.2 M  HCl was used to wash 

the used Pd-Ag-CNTs and thereafter 20 mg of Pd-Ag-CNTs was added  to 50 cm3 of the washed 

solution and the mixture was ultrasonicated and centrifuged after 90 min. The nanoadsorbent was 

washed again and re-used for the sorption of Cu(II) and Ni(II) for 5 cycles.  The re-adsorption 

efficiency was calculated using equation 3 

 

where qe,n  represent  nanoadsorbent adsorptive capacity after n cycles, while qe,0 stand for 

adsorptive capacity without regeneration. 



Data analysis 

The percentage adsorptive removal (%) and the adsorption capacity (qe) were calculated using 

Equations 4 and 5. 

                (4) 

                  (5) 

Where, Co is the adsorbate initial concentration in mg/l, Ce is the equilibrium concentration 

(mg/l), qe is the amount of adsorbate adsorbed per unit mass of the nanoadsorbents (mg/g), V is 

the used volume of the solution containing the adsorbate (cm3) and W is the mass of the 

adsorbent used (mg) during the adsorption process. 

Equilibrium Adsorption Isotherms, Kinetics and Thermodynamic Models 

Isotherm Study 

To best describe the adsorption mechanism of Cu(II) and Ni(II) ions by Pd-Ag-CNTs 

nanoadsorbent, five different isotherm models namely; Langmuir, Freundlich, Dubinin-

Radushkevich (D-R), Temkin and Folry-Huggin’s were employed to examine the adsorption 

pattern. Langmuir model was used to study the sorption capacity produced from unimolecular 

nature of adsorbents surface. [36] The linear form of the Langmuir equation is given as follow: 

              (6) 

The Langmuir constant (KL) related to the adsorption energy, and (qmax mg/g), the maximum 

adsorption capacity are respectively calculated from the slope and intercept of the linear plot of 

Ce/qe versus Ce. The separation factor RL was calculated using Equation 7.  

                (7) 



Where  is Langmuir constant (mg/g) and  is initial concentration of adsorbate (mg/g),  

values indicates the adsorption type of Langmuir isotherm to be unfavourable when greater than 

1, irreversible when , linear when  and it is considered favourable 

when  . [37]  

Freundlich isotherm model describes existence of adsorption process on either homogeneous or 

heterogeneous surfaces (Multi-layer adsorption) with interactions between the adsorbed 

molecules. The linearized form of Freundlich equation is given as: 

              (8)  

Where  is freundlich adsorption capacity (L/mg) and  is adsorption intensity; it also 

indicates the relative distribution of the energy and heterogeneity of the adsorbate site. By 

plotting the graph of , a straight line graph will be obtained such that  and Log , 

represent the slope and intercept, respectively. 

The Dubinin-Radushkevich (D-R) model is basically applied to distinguish physical process of 

metal ions adsorption from chemical processes. The model follows a pore filling mechanism, and 

it assumes a multi-layer character of Van-der Waal’s forces. The linearized form of D-R 

equation is expressed in Equation 9. 

                (9) 

Where  (mg/g) is the saturation theoretical capacity, K(D-R) is Dubinin-Radushkevich constant, 

representing the mean free energy of adsorption (mol-2KJ-2). Value of  and K(D-R) can be 

extrapolated from a graph of ln  versus 𝝐2. 𝝐 is Polanyi potential which can be calculated as 

represented in Equation (10). 

               (10) 



                (11) 

R is gas constant (8.31 Jmol-1K-1), T is absolute temperature and E in Equation (11), is the 

mean adsorption energy. If E < 8 KJmol-1, the process is said to be physisorption, while if 8 ≤ E 

≤ 16 KJmol-1, the results indicates that the process is chemisorption or the adsorption process is 

taken by ion exchange mechanism. 

Temkin model is based on a uniform distribution of the binding energies which takes into 

account the indirect interaction between adsorbate and molecules. The Temkin isotherm is 

represented in linear form as shown in Equation (12). 

               (12) 

Where , 

b is Temkin constant related to the heat of adsorption (Jmol-1) and KT is Temkin isotherm 

constant (Lg-1), representing the equilibrium binding constant or maximum binding energy. T is 

the absolute temperature  and R is the universal gas constant (8.314 JMol-1K-1). A graph of qe 

versus  gives a line with slope, , and intercept,  

Flory-Huggins isotherm model is an empirical model that describes the degree of surface 

coverage properties of adsorbate on adsorbent. The linearized form of Flory-Huggins equations 

were presented in Equation 13. 

             (13) 

 is the degree of surface coverage,  is number of adsorbates occupying 

adsorption sites,  is Flory-Huggins equilibrium constant  and it is used to calculate 

spontaneity Gibb's free energy as shown in Equation 14 



               (14) 

 is standard free energy change,  is absolute temperature, and  is universal gas constant 

(8.314 Jmol-1K-1). 

Kinetics Study 

The following kinetic models: pseudo-first-order model, pseudo-second-order model and intra-

particle diffusion model were employed to describe the experimental data 

Pseudo-first-order Kinetic Model: This model is represented in linear form as described by 

Equation (15) 

            (15) 

Where:  is the concentration of adsorbate adsorbed per unit mass of adsorbent (mg/g) at a 

particular time, while  is the concentration of adsorbate adsorbed per unit mass of adsorbent at 

equilibrium.  is the rate constant of first order sorption . A plot of  

against gives  and  as intercept and slope respectively. 

Pseudo-second-order Kinetic Model: The equation of this model is shown in equation (16), 

where  (mg/g) and  (mg/g) are the amount of contaminants adsorbed at time t and 

equilibrium, respectively;  is the equilibrium rate constant of pseudo-second-order adsorption 

(g/mg.min). The parameters  and   can be obtained directly from the slope and intercept of 

the linear plot of versus . 

             (16) 

Intra-particle Diffusion Model: This kinetic model explains the diffusion mechanism of 

adsorption process. According to the intra-particle diffusion model proposed by Weber and 

Moris, the initial rate of diffusion model is represented in Equation (17). 



            (17) 

Where  is the amount of contaminant on the surface of the adsorbent at time  (mg/g);  is the 

intercept (mg/g),  is the intra-particle diffusion rate constant (mg/g min1/2) and  is the time 

(min). However, a plot of  against  should be in a straight line when adsorption mechanism 

obeys the intra-particle diffusion process. But, if otherwise, it implies that intra-particle diffusion 

along with other models may control the adsorption rate. 

Thermodynamic Studies 

The study on the effect of temperature provides additional information as regards the 

thermodynamic parameters such as change in standard Gibb’s free enegy (ΔGo), enthalpy (ΔHo) 

and entropy (ΔSo). The ΔGo was determined by the relation in Equation (17) proposed by Liu et 

al. [38]   

               (18) 

R, denotes the gas constant (KJ/mol), T is the absolute temperature, and Kc represents the 

apparent equilibrium constant of the adsorption process, which was calculated at temperature 

interval using the relationship in equation (19) 

                (19) 

Where,  (mg/g) is the equilibrium concentrations of metal ions on adsorbents (adsorption 

amount), and  is equilibrium of metal ion concentration (mg/g) in solution. Van’t Hoff 

equation was used to evaluate the change in enthalpy (ΔHo) and entropy (ΔSo) from the slope and 

intercept of the plot of  against  as represented in Equation (20) 

                      (20) 

On substituting Equation (20) into Equation (18), the Equation is given as 



             (21)  

The plot of  as a function of  would yields a straight line from which thermodynamic 

parameters (ΔHo and ΔSo) would be calculated from the slope and intercept, respectively. 

Stastical error validity of adsorption model 

Sum of square error and Chi square error expressed by equation 22 and 23 was used to validate 

the isotherm and kinetic models 

             (22) 

              (23) 

Results and Discussion 

Phytochemical Analysis of the Extract 

The phytochemical screening of Agerantum conyzoides leave extract (ACE) reveals the presence 

of major secondary metabolites such as phenols, flavonoids, alkaloids, tannins and saponins as 

shown in Table S1 (supplementary information). The total flavonoids content for ACE was 

found to be 30.03 mg/100 g. Quantitative estimation of alkaloids, tannins, and saponins were 

found to be 13.92 mg/100g, 34.32 mg/100 g and 391.49 mg/100 g, respectively. It can be 

observed that the aqueous leave extracts of ACE has higher phenolic content followed by 

saponins. Studies have shown that these phytoconstituents play a leading role in the biochemical 

reduction of silver and palladium ions to silver and palladium nanoparticles, as well as 

stabilizing and capping the synthesized nanoparticles [39]. This was evident in the formation of 

dark brown and dirty brown colouration, as indicated in Fig. S2 (a) and (b).  

 

 



Uv-Vis Spectroscopy of silver and palladium nanoparticles  

UV-visible spectroscopy is one of the most significant techniques used to monitor the formation 

of metal nanoparticles in aqueous solution. The formation of silver and palladium nanoparticles 

in aqueous solution was confirmed by measuring the absorption spectra in the wavelength range 

of 200-800 nm. A prominent, strong and broad absorbance peak was observed at 413.50 nm for 

AgNPs (Fig. 3 (a) due to the reaction between biomolecules in the plant extracts and silver salt 

precursor.  

 

 

 

 

 

 

 

Figure 3. UV-visible Spectra of (a) AgNPs  (b) PdNPs nanoparticles 

The observed change in colour during the reduction process of Ag+ to Ago is an indication of 

formation of silver nanoparticles. The unique colour  in the reaction mixture (see Fig. S1 (Ia-d)) 

and the appearance of the peaks (Fig. 3a) may be ascribed to surface plasmonic resonance of 

silver [40] This occurs due to mutual oscillation of the conduction electrons on the surface of the 

Ag nanoparticles when they align in resonance with the irradiated light of the wave. The 
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combined oscillation of free electrons within the Ag nanoparticles and the surface resonance 

permit the scattering and absorption of light at a particular frequency, and thus, provide the 

characteristic colour of the produced nanoparticles. [41] It is evident from Fig. 3(a) that the UV-

visible spectrum of the synthesised AgNPs falls within the maximum range of absorption spectra 

of 400-500 nm due to surface plasmon resonance effect [41]. This is line with the range reported 

for a typical AgNPs [40-41].  A slight shift in the plasmonic peak of Ag may be linked to particles 

destabilization or depletion of stable Ag nanoparticles which ultimately led to reduced intensity. 

This supports the findings of other researchers that used plants extract for the preparation of 

AgNPs. [42] On the other hand, Fig. 3(b) demonstrated the Uv-visible spectrograph of the 

synthesized palladium nanoparticles (PdNPs) with an absorbance peak at 208.50 nm. An intense 

peak observed in the spectra indicated a higher concentration of the leave extracts, which has a 

strong correlation with particle size of the prepared nanoparticles. [43] The result obtained did not 

correlate well with the reports stated by Arsiya et al. [44] due to different range of absorbance 

peaks observed. Arsiya and colleagues identified PdNPs in the wavelength range 370-440 nm. 

The observed differences may be linked to different plant material (which were grown under 

different environmental factors) used for the synthesis procedure including different reaction 

time. [45] 

HRSEM and EDS Analysis of Pd-Ag-CNTs nanocomposite  

The surface morphologies of P-MWCNTs and the produced nanocomposites in terms of size, 

shape and purity were examined using HRSEM and the corresponding images are displayed in. 

Fig.4. According to Fig.4a, it was noticed that the P-MWCNTs have filamentous network as well 

as curve and interwoven web-like structures with shiny tips. 

 



 

 

 

 

 

  

Figure 4. High resolution scanning electron microscopy images of (a) P-MWCNTs (b) Pd-

Ag-CNTs 

The images also indicate a typical tube-like structure with diameters ranging from 16 to 38 nm 

(Fig. 4a), which is a characteristic property of the MWCNTs [46] The purification process of 

CNTs with acids introduced carboxylic acid groups at the defect sites of the CNTs, with 

negligible presence of metallic impurities. This process also led to cutting of the CNTs along the 

edges and basically around the openings. Furthermore, HRSEM analysis was performed on Pd-

Ag-CNTs nanocomposites to ascertain the presence or deposition of Pd and Ag nanoparticles on 

the CNTs surfaces. There were presences of thin and agglomerated network structure of Pd-Ag 

nanoparticles grafted onto the outer surface of the MWCNTs. This suggests the combined or 

antagonistic effects of the two metallic nanoparticles deposited on the wall of MWCNTs. These 

effects can be linked to the fact that the Pd nanoparticle is less dense than carbon atom, while 

nano silver is denser. This phenomenon can also be linked to high molecular weight of the 

combined nanoparticles which resulted to suppressive effects on the CNTs surface morphologies. 

The HRSEM micrograph of Pd-Ag-CNTs nanocomposites further reveals that the outer diameter 

(a) (b) 
Metallic cluster 



of the CNTs decreases upon dispersion of binary metallic nanoparticles, and fall within the size 

range of 12.5-35 nm. The reduction in the outer diameter has been linked to the implantation 

effects of Pd and Ag nanoparticles. 

In addition, elemental composition of the samples (P-MWCNTs and Pd-Ag-CNTs) composite 

was carried out using EDS and the result is displayed in Table 2. It can be found that P-

MWCNTs have high content of carbon atom, an evidence of high amount of CNTs with low 

metallic impurities within the inner tubes of P-MWCNTs. EDS analysis performed on Pd-Ag-

CNTs reveals the presence of C, Ag, Pd, and other lower percentile weight of metallic 

impurities. Based on the EDS results presented in Table 2, the relative percentage of Pd and Ag 

deposited on CNTs surfaces was observed to be 4.4 % and 9.4 %, respectively (Pd-Ag-CNTs 

nanocomposite), thus confirming successful implantation of the two metals nanomatrix on the 

MWCNTs layer. It is obvious that the oxygen contents is high in the prepared nanocomposite, 

this could attributed to oxygen containing compounds utilized for the purification of the CNTs or 

the phytoconstituents in plants extracts 

Table 2: Elemental composition (EDS) of P-MWCNTs and Pd-Ag-CNTs nanocomposites 

Elemental composition (atomic %) 

Composite 

Samples 
C Ag Pd O Al Si K Ca Cl Fe Ni 

P-MWCNTs 94.02 - - 2.11 0.92  1.17  0.04 0.13 - 0.89  0.71  

Pd-Ag-CNTs 67.76 9.4 4.4 4.29 3.33 2.57 0.91 1.21 1.71 2.97 1.45 

. 

 

 



HRTEM and SAED patterns of Pd-Ag-CNTs nanocomposite  

The internal and outer structure of the purified MWCNTs and MWCNTs-based nanocomposite 

was examined using HRTEM and the corresponding micrographs are depicted in Fig. 5.  It can 

be noticed that the purified and nano metals impregnated MWCNTs predominantly consist of 

multiple layers [46]. For instance, Fig. 5 (b and c) show that the MWCNTs are tubular in shape 

with dense network in the middle. The inner pore diameter of the P-MWCNTs is 16.7 nm, while 

the external diameter is 38 nm (See Fig. 5c). HRTEM image reveals a high degree of graphitic 

structure with some impurities encapsulated within the core layer and outer wall of the CNTs. 

According to the SAED pattern presented in Fig. 5 (a), the inter shell spacing were observed to 

be parallel with one another with value estimated to be 0.341 nm, which is closely related to that 

of graphite (0.335 nm). [47] HRTEM analysis of Pd-Ag-CNTs reveals etching of spherical shapes 

locked up within the internal cavity of the hollow tubes with the pore diameter varied from 12 

nm (internal diameter) to 32.5 nm (outer diameter). The decrease in thr inner-outer diameter 

could be linked to the embedment of bi-metallic Pd-Ag nanoparticles onto the layers of 

MWCNTs. Furthermore, the dark bright spot observed in Fig. 5 (e) indicates formation of 

hetero-junction between the two metals nanoparticles concentrated on the outer shell of the 

CNTs surface. This further suggests that high molecular weight of the combined metallic 

nanoparticles hindered the free movement of the small carbon particles. 

 

 

 

  



 

 

 

 

 

 

 

 

 

Figure 5. HRTEM analysis and SAED patterns of P-MWCNTs (a-c) Pd-Ag-CNTs (d-e) 

The SAED pattern shows different concentric ring which further confirmed the graphitic nature 

of the P-MWCNT and the major improvement in the order of crystallinity of the Pd-Ag-CNTs 

nanocomposites. This shows that produced nanocomposite is polycrystalline in nature even after 

immobilization of MWCNTs with palladium and silver nanoparticles.  

XRD pattern of P-MWCNTs and Pd-Ag-CNTs nanocomposite  

 X-ray diffraction technique was used to verify the crystalline nature and mineralogical phase of 

the materials. As shown in Fig 6 (a), the XRD patterns of the purified-MWCNTs samples 

showed only two prominent diffraction peaks at 2-theta value of 26.00° and 44.69°, which 

corresponds to the characteristic planes of (002) and (100) respectively. This result is in 

accordance with the findings reported by [48]. Fig. 6 (b) revealed the XRD results of Pd-Ag-CNTs 

composites. It can be observed that the Pd-Ag-CNTs based nanoadsorbent showed characteristic 
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diffraction peaks at 2ϴ value of 26.13° (See Fig. 6d), which is an indication of highly graphitic 

material. Apart from the intense peak of CNTs, the spectrum shows the existence of Pd and Ag 

which further confirm their incorporation onto the CNTs. Notably, some additional reflections 

indexed as (X) at 2ϴ values of 21.6o and 32.1o possibly belong to carbonaceous material in the 

plant extract employed in the biochemical synthesis of palladium and silver nanoparticles [49]. A 

shift in the diffraction peaks was observed between MWCNTs and Pd-Ag-CNTs based on ionic 

radius interstitial substitution effect of Ag and Pd ion on graphitic carbon. The ionic radii of Pd 

and Ag ions are greater than the carbon (Pd: 1.40, Ag: 1.60, and C: 0.70). This also suggests the 

existence of synergistic effects of both Pd and Ag nanoparticles impregnated on MWCNTs. 

According to Debye-Scherrer equation, the crystallite sizes of the purified MWCNTs, and Pd-

Ag-CNTs nanocomposites were calculated from the XRD patterns and the results showed an 

increase in crystallite size for Pd-Ag-CNTs nanocomposites compared P-MWCNTs alone, , 

which is among important criteria needed for effective adsorption (see Table 3). 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 6: XRD pattern of (a) MWCNTs alone  (b) Pd-Ag-CNTs 

Table 3: Crystalline size of P-MWCNTs and Pd-Ag-CNTs nanocomposites 

Composite Samples Variation of Crystalline size (nm) 

P-CNTs 17.84 15.68 5.48 

Pd-Ag-CNTs 22.74 29.74 25.81 

The observed variation in the crystallite size may be attributed to the Pd and Ag effects [51-52] 

BET results of P-MWCNTs and Pd-Ag-CNTs nanocomposite  

The BET analysis provides a better insight into the textural properties of the prepared 

nanoadsorbent, especially the specific surface area, pore volume and pore size distribution of the 

purified carbon nanotubes and impregnated carbon nanocomposites. The samples were 

characterized using BET N2 adsorption-desorption isotherm and the results are presented in 

Table 4.  
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Table 4: Brunauer-Emmett-Teller (BET) Analysis of the Functionalized Carbon Nanotubes 

Nanocomposites  Specific 

Surface Area  

(m2/g) 

Total Surface 

Area (m2) 

Pore Volume 

(cc/g) 

Pore Size 

(nm) 

P-MWCNTs 227.63 27.32 0.0827 3.156 

Pd-Ag-CNTs 392.5 47.1 0.1502 6.214 

 

According to Table 4, it was found that the BET specific surface area of Pd-Ag-CNTs (392.5 

m2/g) nanocomposite is 42.01 % greater than the corresponding P-MWCNTs (227.63 m2/g) due 

to the impregnation of the binary Pd and Ag nanoparticles on the former compared to the latter. 

The increased specific surface area is an evidence of more active site on the nanoadsorbent 

surfaces, which is of advantage on the adsorptive performance of the material.[50-53]. The pore 

size of the Pd-Ag-CNTs nanoadsorbent in comparison with purified-MWCNTs provided are in 

the range of 3.156 to 6.214 nm which falls within 2-50 nm range for mesoporous material 

according to International Union of Pure and Applied Chemistry (IUPAC). [54-55]. The increase in 

the pore size of the Pd-Ag-CNTs nanocomposites will facilitate electrostatic interaction, which 

enhances the efficiency of the nanoadsorbent materials.[56] [57].[58]. 

Treatment of industrial animal feed processing wastewater 

Physicochemical Analysis of Industrial Animal Feed Processing Wastewater 

The results of physicochemical properties of the raw and treated wastewater are presented in 

Table 5. pH measurements is a simple parameter which have direct influence on the level of 

metal ion in the water as well as other indicators of water quality [59]. The pH of a water body is 

very important since quite number of chemical reactions in aquatic habitat is measured by 

change in its value [59]. Table 5 indicates that the pH value was 6.28±0.98 in the raw industrial 



animal feed processing wastewater, and 7.88±0.77 at post-treatment. The result shows an 

increased pH value for Pd-Ag-CNTs nanoadsorbent. The pH level recorded against the raw 

wastewater sample maybe due to the removal of the acidic constituent materials utilized during 

production of feeds, or during cleaning and washing of the equipment. According to Lokhande et 

al. [60] any substance or solution that is highly acidic or alkaline would affect the solubility, 

mobility and metal toxicity in the water and consequently kill marine lives within the 

environment. Waters with pH value range of 6.5-9.0 are exceptional and preferable for most 

aquatic creatures, while the desirable pH of water prescribed as human tolerable levels by 

(WHO) and (NIS) standards is 6.5 to 8.5. [61], [62] In the raw wastewater, it can be observed that 

the pH value was slightly lower than the permissible limit set by NIS, while the treated 

wastewater falls within the range of WHO and NIS standard limits. Therefore, it can be 

concluded that the treated water in this study can be reuse for irrigation purposes [61]  [63] . [64] [65] 

[66]. Dissolved oxygen (DO) is also an important water quality parameter used in determining the 

contamination levels of industrial wastewater. Based on the present investigation, it was clearly 

observed that the DO value of industrial animal feed processing wastewater prior treatment was 

3.78±1.39 mg/L, while after treatment, the value increased to 5.40±1.32 mg/L. The result shows 

that DO value of the raw samples do not fall within the acceptable limit of 5-6 mg/L [60,63] or 

minimum value of 4 mg/L (NIS), but after treatment with the nanoadsorbents, the value 

increased to the level within the standard limits set by WHO/USEPA and NIS. In addition to this, 

the level of DO in water is inversely proportional to the amount of BOD. That is, the 

consequence of low DO is the same as those of high BOD. Biochemical oxygen demand (BOD) 

has been widely adopted as a measure of pollution effect and its regarded as one of the most 

common measures of organic pollutant in wastewater. The BOD value in Table 5 shows 



concentration level of 99±13.34 mg/L and 6.70±0.89 mg/L before and after treatment 

respectively. It is important to note that the nanoadsorbent Pd-Ag-CNTs was able to achieve 

approximately 93.23 % BOD reduction from the industrial animal feed processing wastewater, 

which was found within the permissible limit of 5-7 mg/L reported by USEPA [63] and safe limit 

of 10 mg/L set by WHO. [61] In summary, high BOD value observed in the raw samples is an 

indication of polluted water while low BOD contents noticed after the treatment indicates that 

the water is of good quality. This suggests abundance of free oxygen in the treated wastewater 

since BOD directly affects the amount of dissolved oxygen (DO) in water. Chemical oxygen 

demand (COD) is similar in function to BOD, in that both measure the relative oxygen depletion 

effect of wastewater. The COD test is used to quantify the amount of organic matter (pollutants) 

in a wastewater [60]. From the results presented in Table 5, the COD value in the wastewater 

collected from animal feed processing industry is 450±29.16 mg/L, which is 10 folds more than 

that of the safe discharge limits recommended by WHO and NIS standards. After the treatment 

process with the nanoadsorbents, the COD level reduced to 34.40±2.08 mg/L, with 

corresponding to percentage removal efficiency of 92.35 % hereby meeting up with the standard 

permissible limit of 40 mg/L as stated by USEPA. [63]  

As shown in Table 5, it can be noticed that concentration of copper (1.143±0.27 mg/L) was 

above the standard limits before treatment and the concentration reduced to 0.253±0.12 mg/L, 

representing 77.86 % removal efficiency after treatment for Pd-Ag-CNTs nanoadsorbent. 

Humans can handle proportionally large amounts of copper, but its acute exposure can cause 

different health problems like gastro-intestinal effects such as diarrhea, nausea, vascular injury, 

vomiting and anemia among others. The post-treatment analysis show that the copper level is 

safe for reuse as it falls below the permissible limit of 1 mg/L (see Table 5). 



Table 5: Mean concentration of physico-chemical analysis of industrial animal feed 

processing wastewater (before and after adsorption study) and standard limits 

Physico-chemical 

parameters 

Raw sample Treatment using 

Pd-Ag-CNTs 

Standard Limit 

WHO[61]/USEPA 
[52]         

NIS [62] 

Temperature (oC)   28.20±1.38 29.90±1.86 Ambient Ambient 

pH 6.28±0.98 7.88±0.77 5.5-8.5 6.5-8.5 

Turbidity (NTU) 244±24.69 4.15±0.49 5 5 

Conductivity (µS/cm) 684±31.21 320±22.92 1000 1000 

TDS (mg/L) 456±18.25 213±6.32 600 500 

TSS (mg/L) 160±15.13 0.66±0.01 0.75 0.75 

DO (mg/L) 3.78±1.39 5.40±1.32 5-6 Minimum 4 

COD (mg/L) 450±29.16 34.40±2.08 40 - 

BOD (mg/L) 90±13.34 6.70±0.89 10/5-7 6 

Copper (mg/L) 1.143±0.27 0.253±0.12 1.00 1.00 

Nickel (mg/L) 0.611±0.19 0.001±0.001 0.02 - 

Keys: TDS = Total Dissolved Solid, TSS = Total Suspended Solid, DO = Dissolved Oxygen, 

COD = Chemical Oxygen Demand, BOD = Biochemical Oxygen Demand, NS = No 

Specification. 

Some feed materials contain metallic nickel since it is used as a catalyst in their production. [67] 

Despite their small amount in feeds, their role in normal metabolism is highly valued. Deficiency 

or excess of nickel can result in immune system disorders and impairment of overall health status 

and decreases in production performance. [68]. Although, animal requirements for Ni have not 

been clearly defined and are estimated to be in the range of 50-100 µg Ni/Kg feed to prevent 

clinical symptoms of deficiency.[69]. Exposure to nickel compounds causes respiratory tract 

cancer if the dosage exceeds the allowable concentration of 1 µg of Ni/L. [70] As presented in 

Table 5, the Ni content in the animal feed processing industry wastewater is 0.611±0.19 mg/L 

and after treatment with the nanoadsorbent material, the value was found to be 0.001±0.001 



mg/L, approximately 99.84 % of Ni ion was removed from the wastewater samples, hence 

meeting up with the maximum required limit of 0.02 mg/L as stated by USEPA. [63]  

Effect of contact time 

As illustrated in Fig. 7 (a), the time of contact between the selected metal ion and nano-

adsorbents was investigated in the range of 15-90 min. It was observed that as interaction time 

between the nanoadsorbent and the adsorbate increases, removal efficiency also increases within 

the first 30 min. Thereafter, there was no significant effect in the percentage removal efficiency 

of both metal ion. As a consequence, the optimum time to attain the maximum removal of metal 

ion was 30 min. This suggests that the adsorbed molecules diffuse rapidly onto the pores of the 

nano-adsorbents (Pd-Ag-CNTs) due to strong interaction and competition among the selected 

metal ions. [71] Further, the increase in the removal efficiency of the selected metal ions reduced 

until it reaches the equilibrium stage (90 min). Here, it implies that the adsorbent-adsorbate 

system has reached the equilibrium point and additional increase in time of interaction rarely 

influences the percentage removal efficiency of the selected metal ion. It can be deduced that the 

removal rate remain unchanged after the equilibrium time due to the repulsive forces between the 

nanoadsorbents and the selected metal ions.[72]. Thus, this study suggests the occurrence of 

double phase sorption mechanism (fast and slow adsorption rate). This was similar to the report 

of Wu et al. [73] who observed that adsorption mechanism involve external and internal diffusion 

process. At equilibrium time, the maximum percentage removal efficiency of 77.69 (for Cu(II)) 

and 99.35 (for Ni(II) ion) were noticed can be explained based on ionic radius mechanism. For 

instance, ionic radius of Ni (II) (125Å) is smaller than that of Cu(II) (128Å) thus responsible for 

the fast diffusion of the former onto the inner pores of the nanoadsorbent than the former. The 

smaller the size of ionic radius, the faster the removal of the metal ion from industrial wastewater 



[74] Thus, the metal with smaller atomic radius will promptly reach the surface binding site faster 

compared to those of larger atomic radius. At every contact time, Ni (II) ion adsorbed better 

when compared to adsorption of Cu ion. Complete removal of the target metal ions was not 

achieved due to strong competition for the active sites between the metal ions of interest and 

radical scavengers (inorganic anions, chlorides, sulphates, carbonates, nitrates) amongst others. 

The partial blockage of the active sites by either total suspended solids or total dissolved solids 

may also contributed to non-complete removal of the metal ions. 

Effect of adsorbent dosage 

To evaluate the effect of adsorbent dosage on the adsorption efficiency of the metal ions by 

nanoadsorbent, the mass of nanoadsorbent was varied from 10 mg to 60 mg in 50 cm3 of 

wastewater sample. In Fig. 7 (b), it was observed that the percentage removal of the metals ions 

increases as the adsorbent dosage increases from 10 to 60 mg. The observed increment may be 

attributed to the availability of required number of active sites which is in accordance with the 

work of Almomani et al. [75] who reported an increased removal efficiency of heavy metals from 

18.6 % to 92.0% as the adsorbents increased from 5 to 25 g/L Also, there exist a linear 

relationship between the mass of an adsorbent and the removal efficiency of the metal ions. 

Similar trend to variation of contact time, it was discovered at every dosage, the amount of Ni(II) 

ion removed is higher than that of Cu(II) ion.  

Effect of Temperature 

The effect of temperature on the adsorption capacity and percentage removal of Cu(II) and Ni(II) 

ions from industrial animal feed processing wastewater is illustrated in Fig. 7(c). The 

experimental results revealed that maximum removal of both heavy metals was attained at 

temperature of 60 °C. It can be observed that increasing the solution temperature from 30 °C to 



60 °C showed an increase in percentage removal efficiency of Cu ion. In the case of nickel ion, 

the adsorption rate level off at temperature of 70 °C and 80 °C. This behaviour may be ascribed 

to the acid modification of the CNTs surface and impregnation of metallic nanoparticles. Acid 

modification often resulted to formation of temperature dependent surface active sites which 

influenced the sorption capacity of the adsorbent material [24] As the temperature increases,  

adsorption efficiency also increases due to the increase in number of collision and opening of 

binding site on the adsorbent surface, and increased mobility of adsorbate species, which results 

from new pores creation and reduction in the solution thickness [76] This implies that the solution 

temperature is directly proportional to the percentage metals adsorbed, indicating that the 

adsorption process is endothermic in nature. [77] This prediction was affirmed by determining the 

thermodynamic parameters which also provide additional information on the adsorption 

mechanism. However, the present study showed that Cu and Ni are adsorbed on the prepared Pd-

Ag-CNTs nanoadsorbent with maximum removal efficiency of 77.86 % and 99.84 %, 

respectively.  

Adsorption Isotherms 

Five isotherm models namely; Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Temkin and 

Flory-Huggins models were applied to study the behaviour of metal ions adsorption on the 

prepared nanoadsorbents and the result is presented in Table 6. The experimental data obtained 

were used to establish which model best fitted the adsorption process. The regression correlation 

co-efficient (R2) value did not fit for Langmuir, Dubinin-Radushkevich (D-R), and Temkin 

models while Flory Huggin’s isotherm model indicates the suitability for Cu ion only. On the 

other hand, Freundlich model was suitable for the adsorption of both heavy metals based on the 

R2 values obtained. 
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Figure. 7: Effect of adsorption parameters on metal ion adsorption onto Pd-Ag-CNTs 

nanocomposites (a) Effect of contact time (15 min. difference); (b) Effect of adsorbent 

dosage (10 mg difference); (c) Effect of temperature (10 oC interval) 

The Freundlich adsorption isotherm is an indicator of the level of heterogeneity of the 

nanoadsorbent surface. It explains the interaction between the adsorbed molecules (sorbate) on a 

non-uniform surface (heterogenous surface), where the Freundich constant KF and nF obtained 

from the intercept and slope of the plot of  Vs  indicates adsorption capacity and the 

adsorption intensity. [78]  
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Table 6: Isotherm parameter values on the sorption of Cu(II) and Ni (II) ions by Pd-Ag-

CNTs 

Isotherm models with Equations Parameters 

(units) 

Metal ion 

Cu(II) Ni(II) 

Langmuir qmax (mg/g) 0.8175 1000 
 KL (L/mg) -2.7685 1036.3 

Qmmc (mg/g) -0.2953 0.965 
 RL  -0.462 0.001577 

R2 0.8805 0.4649 
 SSE 0.1038 0.8877 
 χ2 0.0917 0.9671 

Freundliuch KF (mg/g) 3501.064 2.1459 
 1/nF  6.3506 0.2367 
 nF  0.1575 4.2248 
 R2 0.9672 0.9111 
 SSE 0.0500 0.1182 
 χ2 0.1285 0.2256 

Dubini-Radushkevich qm (mg/g) 581.3773 1.3484 
 KD-R (mol-2KJ-2) 5x10-7 5x10-9 
 E (KJmol-1) -1000 -10000 
 R2 0.8456 0.4982 
 SSE 0.8849 0.8183 
 χ2 0.9218 0.2256 

Temkin A 11.85 0.2406 
 bT (Jmol-1) 191.5377 9433.591 
 KT ((Lmg-1) 3.9499 2810 

R2  0.7817 0.4491 
 SSE 1.6848 1.2478 
 χ2 1.4928 1.0026 

Flory-Huggins LnKFH -0.6709 -0.3991 
 KFH (Lmol-1) 0.5112 0.6709 

nFH -0.3014 -0.0715 
 ΔG° (KJmol-1) -1522.97 -905.926 
 R2 0.9947 0.9889 
 SSE 2.07 x 10-5 0.0368 
 χ2 0.0131 0.0277 



According to Table 6, it can be noticed that the maximum sorption capacity  of Pd-Ag-

CNTs for Cu is (3501.064 mg/g), which was greater than Ni (2.1459 mg/g). The Freundlich 

constant (KF) indicates the adsorption capacity of the nanoadsorbent at equilibrium level in a 

solution and higher KF value suggests a higher adsorption capacity. Additionally, the value 

(adsorption intensity) which is an indication of the degree of non-linearity between solution 

concentration and adsorption process predicts the favourability of metal ions on nanoadsorbents. 

That is, the  value suggests physical process if the adsorption intensity (n > 1), chemical 

process (n < 1) or linear (n = 1). The calculated result of  values presented in Table 6, shows 

that  values of Pd-Ag-CNTs for Ni(II) is greater than the corresponding Cu (II) ion ( with  

values of Ni(II) greater than unity). This implies a favorable sorption of Ni(II) by Pd-Ag-CNTs. 

Hence, this study suggests that the adsorption of Cu(II) ion follow a chemical process, while 

Ni(II) ion adsorption onto the prepared nanoadsorbent with  values greater than unity 

(physical process) implies that the adsorption isotherm is characterized by a convex Freundlich 

isotherm [78] [79]. Also, it can be inferred that Freundlich adsorption isotherm is independent of 

the size (atomic or ionic) of each metal ion. The R2 value estimated from Freundlich isotherm 

model indicates the goodness of fit and also affirmed the sustainability of the tested 

nanoadsorbent for the removal of Cu(II) and Ni(II) ions from the industrial animal feed 

processing wastewater. Comparatively, it can be deduced that the equilibrium data best fit the 

Florry-Huggins model due to high correlation co-efficient (R2) followed by Freundlich, 

Langmuir, Dubinin-Raduskevich and Temkin model in descending order.  

In most cases, determination of best fitting relationship and validating the best isotherm model 

have always been through the use of linear correlation coefficient (R2) values. But, because of 

the inherent bias from this transformation, sum of square error (SSE) and non-linear-chi square 



test (χ2) were employed. These models have been introduced to further justify the suitability of 

the best isotherm model. Coupled with the highest correlation coefficient (R2) values, the 

closeness between the data of the and  alongside a low value of statistical also validate 

the model. That is, lower error value suggests the model best fitted the adsorption processes. In 

line with this, the Flory-Huggins isotherm model has the highest coefficient of determination 

(R2) which signifies the good fit of the models for all the analyzed metals. This assertion was 

justified with lower SSE and χ2 values obtained when compared with other isotherm models. 

Thus, indicating the closeness of the model experimental results to the calculated result obtained. 

The experimental data estimated from the isotherm models demonstrate that the used 

nanoadsorbent possess higher affinity towards the selected metal ions. 

Table 7 shows comparison of the percentage removal efficiency of previously reported 

adsorbents and present study, and it was observed that several researchers have reported similar 

removal efficiencies most especially on simulated wastewater. However, the present study shows 

that Pd/Ag/CNTs have greater capability for adsorption of both metals particularly Ni metal ion. 

The affinity of metal ions for specific adsorbents depends on several operational conditions such 

as the nature of adsorbent, ionic properties, and adsorption mechanism. Additionally, the current 

study reveal higher percentage removal efficiency compared to other studies irrespective of the 

adsorbent type or nature of the treated wastewater. The higher affinity of Ni (II) to Pd/Ag/CNTs 

nanoadsorbents may be attributed to higher electronegativity value, the values of which are 1.91 

for Ni (II) and 1.90 for Cu.  

 

 

 

 



Table 7: Comparison of the Removal Efficiency of Various Adsorbents and Present Study 

S/N Adsorbents Experimental 

Condition 

Metal 

Analysed 

Wastewater Percentage 

removal (%) 

Reference 

1  
 CNTs/Geopolymer spheres 

Dosage=0.5 g, contact 
time=300 min, 
pH=6.8, 
temperature=50°C 

Ni(II) Simulated 
wastewater 
containing 10 
g/L of Ni(II) 

94.2 [35] 

2 Multi-walled carbon nanotubes Dosage=40 mg, 
contact time=120 min, 
pH=6, 
temperature=35°C 

Cu(II) Simulated 
wastewater 
containing 5 
mg/L of 
Cu(II) 

34.6 [37] 

3  
 MnFe2O4/Multi-walled carbon 
nanotubes 

Dosage=40 mg, 
contact time=120 min, 
pH=6, 
temperature=35°C 

Cu(II) Simulated 
wastewater 
containing 5 
mg/L of 
Cu(II) 

76.0 [37] 

4 Fe3O3/Cyclodetrin polymer Temperature = 25 ; pH 
= 5.5; Initial 
Concentration = 300 
mg/ml 

Ni2+ Simulated 7.3 [80] 

5. Biomass Dosage = 0.1 g; 
Temperature = 30 °C; 
Contact time = 120 
min; pH = 2-5 (Cu), 2-
7 (Mn) 

Cu (II) Simulated 57.45 (Cu) 
 

[81]  

6. Oxidized MWCNTs pH = 5; Temperature = 
298K 

Cu (II), Ni 
(II) 

Simulated - [82] 

7. Tartaric acid modified MWCNTs pH = 5.5; Temperature 
= 298 

Cu (II) Simulated - [83] 

8 GO/MWCNTs/Fe3O4 pH =7.0; Contact time 
= 24 h; Dosage = 25 
mg; Temperature = 25 

Cu (II) Simulated 20.90 [84] 



°C 
9 Super paramagnetic Fe2O3 NP pH = 6; dosage = 0.05 

g; Temperature = 25 
°C 

Ni (II) Simulated 69  [85] 

10 Fe3O4/TiO2/CN Contact time = 60 min; 
pH = 7; Temperature = 
25 °C; Dosage = 45 
mg 

Ni (II) Simulated 75  [86] 

11 PHB-CNTs Contact time = 70 min 
pH = 5.63-5.65 
dosage = 20 mg 

Cu, Ni Electroplatin
g Wastewater 

77.95 (Ni) 
83.08 (Cu) 

[87] 

12 P-CNTs Contact time = 70 min 
pH = 5.63-5.65 
dosage = 20 mg 

Ni, Cu Industrial 
animal feed 
wastewater 

70 (Ni), 65 
(Cu)  

[11] 

13. Microwave-functionalized rice 
husk cellulose 

Dosage = 4 g/l; 
Contact time = 60 min; 
pH = 5.5; Temperature 
= 20 °C 

Ni (II) Electroplatin
g Wastewater 

96.38 [88] 

14 Multi-walled carbon nanotubes Dosage = 0.3 g/l; 
Contact time = 120 
min; pH = 10; 
Temperature = 30 °C 

Ni(II) Simulated 87.65 [89] 

15 Polyethersulfone/Carbon 
Nanotube/Polyvinyl alcohol 
composite 

- Cu (II) 
and Ni(II) 

Industrial 
Plating 
wastewater 
with 30.33 
ppm Cu(II) 
and 0.64 ppm 
Ni(II) 

88.56% 
(Cu(II)), 
89.06% 
Ni(II) 

[90] 

16 Pd-Ag-CNTs Contact time = 60 min 
Dosage = 10 mg 
Temperature = 25 °C 

Cu, Ni Animal Feed 
Processing 
Industry 
Wastewater 

77.86 (Cu) 
99.84 (Ni) 

This study 



Adsorption Kinetics 

The kinetics of metal ions adsorption on the nanoadsorbents were examined using pseudo-first 

order, pseudo-second order and intra-particle diffusion models and the results are represented in 

Table 8 and Figure 8 (a-c) respectively.   

Table 8: Kinetic model parameters for the adsorption of Cu(II) and Ni (II) ions by Pd-Ag-

CNTs 

Kinetic models with Equations Parameters 

(units) 

Metal ion 

Cu(II) Ni(II) 

Pseudo-first-order qexp. (mg/g) 2.96 2.0233 

 Qcal.(mg/g) 2.5979 1.5001 

 K1(/min) -0.0015 -0.0035 

 R2 0.8700 0.9346 

 SSE 0.3788 4.4007 

 χ2 0.2970 2.4147 

Pseudo-second-order qcal. (mg/g) 3.012 2.1716 

 K2(min-1) 0.1163 17.5288 

R2 0.9991 0.9948 

 SSE 0.0013 0.0049 

 χ2 0.0001 0.0015 

Intra-particle diffusion Kint.(mg/g.min-1/2)  0.0565 0.0859 

 R2 0.9272 0.964 

 C 2.4134 1.2132 

 SSE 0.0054 0.0060 

 χ2 0.0029 0.0082 



 

According to Table 8, it is obvious that the R2 values observed for pseudo-second order kinetics 

were higher compared to other models studied. Also, the adsorption capacity (Qcal) values from 

pseudo-second order kinetics matched closest to those obtained from the experimental adsorption 

equilibrium capacity (Qexp). This suggests that pseudo-second order kinetic model can suitably 

describe the adsorption kinetic of metal ion on the nanoadsorbents. The observed results may be 

connected to the fact that the prepared nanoadsorbent has large specific surface area with 

crystallite size of increased surface-active site, which invariably explain the high adsorption rate 

of metal ions by Pd-Ag-CNTs nanoadsorbent. Therefore, the correlation coefficients (R2) which 

were obtained from Fig. 8 (a-c) further confirmed that the adsorption of metal ions from 

industrial animal feed processing wastewater followed the pseudo-second order kinetics better 

than other kinetic models. 

Among the three kinetic models applied, the best fitting one was also determined based on the 

SSE and χ2 values to further explain the error deviation between the experimental and predicted 

equilibrium adsorption kinetic data. As indicated in Table 8, pseudo-first order kinetic model 

was the most suitable models to satisfactorily describe the adsorption phenomenon low 

magnitude of SSE and χ2 values. Indeed smaller values were found when modeling the kinetic 

data using pseudo-second order model. 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The plots of kinetic model for metal ion sorption onto Pd-Ag-CNTs (a) Pseudo-

first-order model (b) Pseudo-second-order model (c) intra-particle diffusion rate model (d) 

Vant’ Hoff plot of metal ion sorption onto Pd-Ag-CNTs. 

Thermodynamics 

The Gibb’s free energy (ΔG°) positive values in Table 9 indicates that the adsorption process is 

non-spontaneous, while the enthalpy and entropy values were 24266.07 and -92.12 (Cu(II)), and 

94679.83 and -322.37 (Ni(II)), respectively. In general, it was observed that ΔGº value increased 

with increase in temperature of adsorption, suggesting that there is increase in feasibility of 

adsorption of metal ion onto Pd-Ag-CNTs nanoadsorbent at higher temperature (adsorption is 
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more favorable at higher temperature). Also, ΔH° values were found positive and this further 

confirmed that the adsorption of selected heavy metals ions was endothermic in nature. [89, 90] It is 

possible that increasing temperature could have increased both the surface and pore diffusion of 

the studied adsorbent because temperature plays an important role in the transformation of 

surface complexation structures. [91] 

Table 9. Constants of thermodynamics model through adsorption of Cu(II) and Ni(II) by 

Pd-Ag-CNTs 

Metals  Temperature (°C) ΔG° (KJ/mol) ΔH° 
(KJ/mol) 

ΔS° 
(KJ/mol/K) 

Kc 

Cu 30 52178.17 24266.07 -92.12 1.00 x 10-9 

 40 53099.36   1.40 x 10-9 

 50 54020.55   1.80 x 10-9 

 60 56784.12   3.96 x 10-9 

 70 55862.93   3.11 x 10-9 

 80 54941.74   2.41 x 10-9 

Ni 30 192357 94679.83 -322.37 6.90 x 10-34 

 40 195581   2.30 x 10-33 

 50 198804   7.10 x 10-33 

 60 208475.4   1.41 x 10-31 

 70 205251.7   5.52 x 10-32 

 80 202028.1   2.04 x 10-32 

Besides, negative values of ΔS° are indicative of decreased degree of randomness at adsorbent-

adsorbate interface. This implies no structural changes between the adsorbed molecules and the 

nanoadsorbent after adsorption process. This confirmed the fact that the adsorption process 

involves an associative mechanism by way of coordination complex formation between the ions 

and the nanoadsorbent. This phenomenon can be related to the water holding capacity of the 

nanoadsorbent. In addition, there is a general increase in the rate of adsorption (Kc) as the 



temperature increases from 303-353 °C. This increment could be attributed to the strong 

electrostatic forces between the surface sites of the adsorbent and the adsorbed molecules. [87] 

The comparison of the prepared Pd/Ag/CNTs nanoadsorbent with other nano based material is 

presented in Table 10. Researchers have reported the adsorption capacity of the studied metal 

ions for several adsorbents. However, little or no literature provides sorption capacities of the 

selected metal ions onto Pd-Ag-CNTs nanoadsorbents. Hence, direct comparison of the literature 

data with the present study may lead to significant differences because adsorbents from literature 

based on distinct structural properties (that is, different surface area, functional group and 

different experimental factors such as pH, temperature and concentrations among others). [92] For 

instance, sorption capacity of Cu(II) and Ni(II) onto nanokaolinite is 125 mg/g (Cu2+) and 111 

(Ni2+). [93] A comparable value is observed for the same metal ions adsorbed on Pd-Ag-CNTs 

nanoadsorbent. The adsorption capacities are 1000 mg/g and 0.8175 mg/g. Herein, it was noticed 

that the adsorption capacity of Ni(II) ion is greater than Cu(II) ion in multiple folds. The low 

adsorption capacities of Cu(II) ion may be connected to their higher concentration before 

treatment. This may be the reason for their low removal from industrial animal feed processing 

wastewater compared to the former (Ni(II) ion). Overall, the novelty and relevance of 

Pd/Ag/CNTs nanoadsorbents in treatment of animal feed processing industry wastewater is 

explored and it was noticed that the removal efficiency of Pd/Ag/CNTs surpassed those other 

reported literature. Thus, indicating the efficacy of the tested nanoadsorbent for the removal of 

water quality parameters and  selected metal ions as presented in Table 7. 



Table 10: Comparison of Maximum Adsorption Capacity of Pd-Ag-CNTs with Other Adsorbents Reported in Literature 

S/N Adsorbents Waste

water 

Experimental 

condition 

Metal 

ion 

Maximum 

adsorption 

capacity 

(qmax) (mg/g) 

Isotherm 

Model 

Kinetic Model Thermodynamic Reference 

1 CNTs/Geop
olymer 
spheres 

Simul
ated 
waste
water  

Dosage=0.5 g, 
contact time=300 
min, pH=6.8, 
temperature=50°
C 

Ni(II)  
 8.915 Ni(II) 

 
 Langmuir  

 
 pseudo-second-
order 

spontaneous and 
does not need an 
energy drive, 
endothermic, 
increased 
randomness 

[35] 

2 MnFe2O4/m
ulti-wall 
carbon 
nanotubes 
(MMWCNT
s), 

Simul
ated 
waste
water 

Dosage=40 mg, 
contact time=120 
min, pH=6, 
temperature=35°
C 

Cu(II)  
 46.41 Cu(II) 

 
 Freundlich  

pseudo-second-
order 

spontaneous 
endothermic, 
increased 
randomness 

 [37] 

3 Biomass Simul
ated 
Waste
water 

Dosage = 0.1 g; 
pH = 2-5 (Cu), 2-
7 (Mn),  Contact 
time = 120 min, 
Temperature = 
30 °C. 

Cu 52.6 (Cu) Freundlich; 
Langmuir 

Pseudo-first- 
order; Pseudo-
second order 

Spontaneous and 
feasible 
Decrease 
randomness 
exothermic 

[81] 

4 Fe3O4/MW
CNTs-
COOH 

Simul
ated 
waste
water 

Dosage=0.2 g, 
contact time=10-
15 min, pH=7, 
temperature=25°
C 

Cu 9.50 (Cu) Freundlich; 
Langmuir 

Not done Not done [91] 

5 carbon 
nanotubes/ 
chitosan 

Simul
ated 
waste
water 

Dosage=0.2 g, 
contact time=10-
15 min, pH=7, 
temperature=25°
C 

Cu 115.84 (Cu) Langmuir pseudo-second-
order  

Spontaneous 
endothermic and 
randomness 

[92] 



6 Nanokaolini
te 

Simul
ated 
waste
water 

Temperature = 
30 
Contact times = 
120; pH = 5.5-6 

Cu, Ni 125 (Cu) 
111 (Ni) 

Langmuir 
Freundlich 

Pseudo-first-
order; Pseudo-
second order 
 

Endothermic 
Spontaneous 
Increased 
randomness 
 

[93] 

7 Fe3O4/TiO2/
CN 

Simul
ated 
waste
water 

Contact time = 
60 
pH = 7 
Temperature = 
25 
Dosage = 45 

Ni 75.76 Langmuir 
Freundlich 
 

Pseudo-first- 
order; Pseudo-
second order 
 

Endothermic 
Increased 
Randomness 
Spontaneous 

[86] 

8. Flower 
Globular 
Magnesium 
Hydroxide 
(FGMH) 

Simul
ated 
waste
water 

Dosage = 30 mg; 
Contact time = 
50 min; pH = 
6.07-7.71; 
Temperature = 
25 °C 

Ni 287.11 Langmuir 
Freundlich 
 

Pseudo-first- 
order; Pseudo-
second order 
Intraparticle 
diffusion model 

- [94] 

9. P-CNTs Indust
rial 
waste
watwa
ter 

Contact time = 
70 min 
pH = 5.63-5.65 
dosage = 20 mg 

Cu, Ni 10.09 (Ni) 
21.65 (Cu) 

Langmuir 
Freundlich 
Dubinin-
Radushkevi
ch 
Temkin 

Pseudo-first- 
order; Pseudo-
second order 
Elovich 
Fractional Power 
Kinetic Model 

Spontaneous 
Endothermic 
Increase 
Randomness 
 

[11] 

10 PHB-CNTs Indust
rial 
waste
water 

Contact time = 
70 min 
pH = 5.63-5.65 
dosage = 20 mg 

Cu, Ni 19.61 (Cu) 
10.16 (Ni) 
 

Langmuir 
Freundlich 
D-R 
Temkin 

Pseudo-first- 
order; Pseudo-
second order 
Elovich 
Fractional Power 

Spontaneous 
Endothermic 
Increase 
Randomness 
 
 
 
 
 
 

[87] 



 
 
 

11. Pd-Ag-
CNTs 

Anima
l Feed 
Proces
ssing 
Indust
ry 
waste
water  

Contact time = 
70 min 
pH = 5.63-5.65 
dosage = 20 mg 

Cu, Ni 0.82 (Cu) 
1000 (Ni) 

Langmuir 
Freundlich 
D-R 
Temkin 
Florry-
Huggins 
Halsey 

Pseudo-first- 
order; Pseudo-
second order 
Intra-particle 
diffusion model 

Non-spontaneous 
Endothermic 
Decreased degree 
of randomness 

This study 



Reusability test 

The repeated applications of Pd-Ag-CNTs nanoadsorbent for the removal of Cu(II) and Ni(II) 

ions  in industrial animal feed process wastewater was conducted via batch process. The re-

usable potential of adsorbent for wastewater is a key to economic survival of any industry. 

Figure 9 indicates the removal efficiency of Pd-Ag-CNTs nanoadsorbent after five cycles. 
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Figure 9: Regeneration potential of Pd-Ag-CNTs composite after five cycles 

According to Figure 9, it can be noticed that there was a slight difference in the amount of Cu(II) 

and Ni(II) ions adsorbed between the first and the fifth cycles using Pd-Ag-CNTs 

nanoadsorbent.. A decrease in the removal efficiency of the metal ions during applications was 

ascribed to the partial blockage or wrapping and stacking of tubular network of CNTs by other 

constituents in the wastewater. Similar observation was reported by Egbosiuba et al.,[38]  

 



Conclusion  

This study was based on synthesis of palladium-silver carbon nanotubes composites via 

ultrasonic-wet impregnation methods. This was followed by the characterization of the as-

synthesised nanomaterials by different analytical tools to confirm their physico-chemical 

properties. The prepared palladium-silver-carbon nanotubes composites was used for the 

adsorption of Cu and Ni ions from industrial animal feed processing wastewater via batch 

method. The influence of variables such as contact time, adsorbent dosage and temperature effect 

were investigated. Furthermore, the adsorption system mechanism was explained through 

investigation of isotherm model, kinetic model and thermodynamics. Based on the obtained 

results, the following conclusions were drawn: 

i. The adsorption of Cu and Ni ions onto Pd-Ag-CNTs nanoadsorbent was found to be 

adsorbent dosage, contact time and temperature dependent.  

ii. Maximum removal of Cu and Ni ions from industrial animal feed processing wastewater, 

found to be 77.87 % and 99.84 % under the applied optimum conditions. 

iii. The experimental data for the adsorption of Cu and Ni ions best fitted to Flory-Hugginsl 

and pseudo-second-kinetic order model respectively. The thermodynamic study indicated 

that the adsorption process is non-spontaneous, endothermic in nature with decrease in 

degree of randomness at adsorbent-adsorbate interface.  

iv. The study demonstrated addition of PdNPs and AgNPs onto CNTs enhanced the re-

usability potential and removal of Cu (II) and Ni (II) ions from industrial animal feed 

processing wastewater.    
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