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Abstract  
Herein, zero-valent silver (Ag0) and polyvinyl acetate (PVAc) was ultrasonically incorporated into the surface matrix of MWCNTs to 

produce a multifunctional MWCNTs-Ag0/PVAc nanocomposite. The MWCNTs, MWCNTs-Ag0 and MWCNTs-Ag0/PVAc were 

characterized for the thermal stability, crystallographic structure and morphology using thermogravimetric analysis (TGA), X-ray 

diffraction (XRD) and high resolution scanning electron microscopy (HRSEM). Industrial wastewater containing Hg(II) and Cr(VI) 

ions were treated using the fabricated MWCNTs-Ag0/PVAc at different adsorption parameters such as pH, adsorbent mass, 

adsorption time and temperature. The characterization result obtained indicated successful incorporation of the Ag0 and PVAc to the 

surface matrix of MWCNTs-Ag0/PVAc. The materials were thermally stable and the crystalline peaks/patterns of the incorporated 

materials were evident on the MWCNTs-Ag0/PVAc. The adsorption study revealed maximum adsorption capacity of 249 mg/g and 237 

mg/g for the Hg(II) and Cr(VI) by MWCNTs-Ag0/PVAc at the pH (6 for Hg(II) and 3 for Cr(VI)), adsorbent mass (40 mg), adsorption 

time (60 min) and temperature (30 °C). The experimental data effectively fitted the Langmuir isotherm and pseudo-second order 

kinetic, respectively. Finally, MWCNTs-Ag0/PVAc showed remarkable performance as a suitable adsorbent for heavy metals removal 

from industrial wastewater. 

 

Keywords: Multi-walled carbon nanotubes, zero-valent silver, polyvinyl acetate, mercury, chromium, wastewater, 
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1.0 INTRODUCTION 

In the field of environmental sciences, pollution of 

water resources due to the anthropogenic activities in the 

industries had generated a global water crisis. Heavy 

metals constitute bulk of the pollutants contained in 

industrial effluents threatening the ecosystem and human 

health [1]. Among the cationic and anionic heavy metal 

ions, mercury (II) (Hg2+) and chromium (VI) (Cr6+) had 

attracted substantial global concern and interest to 

researchers due to their prevalence in the wastewater as 

HCrO4
−, H2CrO4, Cr2O7

2−, Cr3O10− and Cr4O13−which are 

basically known to be non-degradable, highly toxic and 

very mobile [1]. Generally, mercury are released to the 

environment from industrial activities such as 

pharmaceuticals, paint production, non-ferrous smelting, 

waste incineration, production of pesticides and electrical 
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production [2,3], while chromium are released from 

battery, leather, electroplating, cosmetics, tanning, textiles 

and plastic industries [4,5]. The accumulation of mercury 

in the human body causes severe damages to the skin, 

liver, kidney, thyroid, immune system and central nervous 

system [2]. Also, prolonged exposure to chromium are 

carcinogenic, mutagenic, causes diarrhea, asthma and 

severe damage to the brain, kidney and liver [4,6]. 

Therefore, it is a pressing task to remove mercury and 

chromium from wastewater to be in the recommended 

concentration of drinking water range from 0.002 to 0.006 

mg/L and 0.06 to 0.09 mg/L [7]. 

Before now, a number of treatment methods have 

been applied for the treatment of wastewater such as 

adsorption, coagulation-flocculation, ion exchange, 

filtration, photocatalysis, membrane separation, chemical 

precipitation, floatation and evaporation [8–13]. 

Nevertheless, few of these techniques are suitable for 

heavy metal removal application due to disadvantages 

such as high cost of production, low efficiency of 

purification, generation of large quantity of waste and 

complex operations [14–16]. Of these, adsorption 
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technique presents excellent wastewater treatment 

potential and predominantly used due to its high removal 

efficiency, low-cost, environmental friendliness, easy 

handling and highly effective adsorbents [17,18]. A good 

number of adsorbents such as agricultural waste, biochar, 

activated carbon, clay, zeolite, graphene, carbon 

nanotubes, chitosan, metal nanoparticles, metal organic 

frameworks and composites of materials have been 

employed to treat heavy metals contaminated wastewater 

[19–23]. In the past, studies have been carried out using 

multi-walled carbon nanotubes (MWCNTs) to remove 

heavy metal ions from wastewater [15,16,24].  

Previous research have also reported the 

incorporation of materials such as silver nanoparticles, 

nickel nanoparticles, chitosan, polyethylene glycol and 

graphene oxide into the surface matrix of MWCNTs for 

effective adsorption of heavy metals [25,26]. To the best 

of our knowledge, no study have investigated the 

incorporation of polyvinyl acetate on the surface matrix of 

MWCNTs for the removal of Hg(II) and Cr(VI) ions from 

wastewater. 

In this study, silver nanoparticles (Ag⁰) and PVAc 

was incorporated into the surface matrix of MWCNTs. 

The obtained MWCNTs, MWCNTs-Ag0 and MWCNTs-

Ag0/PVAc were characterized using thermogravimetric 

analysis (TGA), X-ray diffraction (XRD) and high 

resolution scanning electron microscopy (HRSEM) to 

ascertain the thermal stability, crystalline structure and 

morphology. Further investigation of the adsorption 

capacity of MWCNTs-Ag0/PVAc towards Hg(II) and 

Cr(VI) was conducted at different pH, adsorbent mass, 

adsorption time and temperature. The experimental data 

fro the adsorption studies were subjected to isotherm 

models and kinetic models to determine the mechanism of 

the process. The thermodynamic parameters were also 

determined for the effectiveness of Hg(II) and Cr(VI) 

adsorption by MWCNTs-Ag0/PVAc. 

 

 

2.0 MATERIALS AND METHODS 

2.1 Materials 

The chemicals such as polyvinyl acetate (PVAc), 

sodium hydroxide (NaOH), sulphuric acid (H2SO4), nitric 

acid (HNO3) and ethanol were in the purity range of 98 to 

99.5% and purchased from Sigma Aldrich, Lagos. All the 

chemicals utilized in this study were of analytical grade 

and used as received without further purification. The 

entire solution preparation was carried out using deionized 

water. The industrial wastewater was obtained from 

industrial layout, Nnewi Anambra State. The MWCNTs 

and zero valent silver (Ag0) used in this study were 

prepared as reported elsewhere [5,16,27]. 

2.2 Preparation MWCNTs-Ag0/PVAc 

Initially, the MWCNTs was purified and oxidized 

by ultrasonication technique using the procedure reported 

elsewhere [16,17]. Particularly, 10 g of MWCNTs was 

mixed into 250 mL Erlenmeyer flask containing a solution 

of H2SO4 (10 mL) and HNO3 (30 mL) placed in an 

ultrasonic bath at 60 °C for 3 h. Thereafter, the oxidized 

MWCNTs was washed to a pH around 7 using distilled 

water and oven dried overnight at 100 °C. Subsequently, 5 

g of Ag0 was added to a 2.5 g of PVAc dissolved in a 200 

mL mixed solution of ethanol and water (ratio 1:1, v/v) 

under continuous sonication at 40 °C for 2 h. Then, the 

oxidized MWCNTs was added to the mixture and the 

sonication continued for another 1 h. Afterwards, the 

mixture was filtered using Whatman No. 1 filter paper 

prior to oven drying at 105 °C for 10 h. The adsorbent 

obtained was stored in a safe bottle labelled MWCNTs-

Ag0/PVAc until further use. 

 

2.3 Characterization of Materials 

The MWCNTs, MWCNTs-Ag0 and MWCNTs-

Ag0/PVAc were characterized for thermal stability, 

crystallographic and morphological structure. Thermal 

stability investigation of the samples was determined using 

thermogravimetric analysis (TGA, PerkinElmer, UK) 

using temperature increase of 10 °C/min under nitrogen 

environment. A diffractometer (XRD, 6000, Shimadzu 

Scientific) was used to conduct the XRD analysis on the 

adsorbent to evaluate the crystallinity and phase structures. 

Also, scanning electron microscopy (SEM) was used to 

determine the morphological representations of the 

MWCNTs and MWCNTs-Ag0/PVAc. The surface 

properties of the MWCNTs-Ag0/PVAc were performed 

using Brunauer–Emmett–Teller (BET, NOVA 4200, UK) 

technique. 
 

2.4 Adsorption Tests 

The evaluation of adsorption capacity of 

MWCNTs-Ag0/PVAc towards Cr(VI) and Hg(II) at initial 

concentrations (Co) of 50 mg/L were conducted in a batch 

mode at various process parameters such as pH, adsorption 

time, adsorbent mass and temperature. Initially, the 

influence of pH on the removal of the metal ions was 

investigated in the pH range 1 – 7 by adding 15 mg of 

MWCNTs-Ag0/PVAc into a 200 mL conical flask 

containing 50 mL of Cr(VI) and Hg(II) ions solution in a 

water bath at constant adsorption time and temperature of 

30 min and 30 °C, respectively. To investigate the 

adsorption time influence on the removal of Cr(VI) and 

Hg(II) ions by MWCNTs-Ag0/PVAc, 15 mg of the 

adsorbent was added to the 50 mL of the wastewater 

solution maintained at pH (6 for Hg(II) and 3 for Cr(VI)) 
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in a corked 200 mL conical flask and placed in a water 

bath at 30 °C for the various adsorption time of 20, 30, 40, 

50, 60 and 90 min, respectively. The influence of 

adsorbent mass on the removal of Cr(VI) and Hg(II) was 

examined at constant pH (6 for Hg(II) and 3 for Cr(VI)), 

adsorption time (60 min) and temperature (30 °C) by 

adding different MWCNTs-Ag0/PVAc mass of 5, 10, 15, 

20, 25 and 30 mg into a 50 mL wastewater contained in a 

200 mL conical flask placed in a water bath. For the 

temperature influence of the removal of Cr(VI) and Hg(II) 

ions from wastewater, 30 mg of MWCNTs-Ag0/PVAc was 

added to 250 mL conical flask containing the wastewater 

at pH (6 for Hg(II) and 3 for Cr(VI)) in a water bath for 60 

min at 30, 35, 40, 45, 50, 55 and 60 °C, respectively. At 

the end of each pH, adsorption time, adsorbent mass and 

temperature variation, the mixture was filtered using 

Whatman No. 1 filter paper and the filtrate analyzed for 

the residual concentrations of Cr(VI) and Hg(II) using 

atomic adsorption spectrometry (AAS, PG 990, PG 

Instruments, UK) technique. The adsorption capacity (qe, 

mg/g) at equilibrium and the removal percentage (R%) of 

the metal ions were evaluated using Eqs. (1) and (2) 

[28,29]. 

 

qe =  
(C0 − Ce) x V

m
                                                             (1) 

 

R% =  
C0 − Ce,t

C0
  x 100%                                                    (2) 

 

In which C0 (mg/L) refers to the initial concentration of 

Cr(VI) and Hg(II) ions, while Ce (mg/L) represent the 

equilibrium concentrations of Cr(VI) and Hg(II) ions. 

Also, m (mg) and V (L) indicate the used mass of 

MWCNTs-Ag0/PVAc and the adsorbate solution volume. 

 

3.0 RESULTS AND DISCUSSION 

3.1 Characterization of materials 

The MWCNTs, MWCNTs-Ag0 and MWCNTs-

Ag0/PVAc were subjected to thermogravimetric analysis to 

determine their thermal stability and the results of the 

thermogram presented in Figure 1a. The thermogram curve 

for the MWCNT, MWCNTs-Ag0 and MWCNTs-

Ag0/PVAc showed similar pattern but differs slightly in 

their thermal stability. The thermogram curve of the 

MWCNTs did not show initial weight loss to moisture but 

was stable up to the temperature of 300 ºC, while 

MWCNTs-Ag0 and MWCNTs-Ag0/PVAc revealed 

noticeable degradation which were attributed to the loss of 

moisture. As shown by the thermogram, the peak 

decomposition temperature and percentage weight loss 

observed on the MWCNTs were 450 ºC and 55%, 

respectively. The thermogram curve of MWCNT-Ag0 

exhibited peak decomposition temperature at 442 ºC and 

percentage weight loss of 78%. At the temperature of 439 

ºC, the maximum percentage weight loss of 92% was 

recorded for MWCNTs-Ag0/PVAc. As seen from the TGA 

results, MWCNTs exhibited better thermal stability 

followed by MWCNTs-Ag0 and MWCNTs-Ag0/PVAc. 

The observed trend in the thermal stability of the materials 

may be attributed to the incorporation of Ag0 and PVAc to 

the surface matrix of MWCNTs. 

The phase structure of MWCNTs, MWCNTs-Ag0 

and MWCNTs-Ag0/PVAc were examined using XRD 

technique and the spectrum obtained shown in Figure 1b. 

The result shows the samples were predominantly 

composed of carbon and the XRD spectra of MWCNTs 

demonstrated intense, sharp and strong peaks at the 2 theta 

values of 26.6º, 44.4º, 51.2º, 75.2º and 77.5º which were 

assigned to the crystal planes of (002), (101), (102), (200) 

and (204), respectively. Also, the evaluated average 

crystallite sizes of 6.80 nm were obtained for the 

MWCNTs using Debye-Scherer equation. 

Correspondingly, the XRD pattern of MWCNTs-Ag0 

revealed the presence of graphite carbon with diffraction 

peaks at the 2 theta values of 26.6º, 44.4º and 77.5º that 

corresponds to the crystal planes of (002), (101) and (204). 

The diffraction peaks of Ag0 were observed at 38.1º and 

64.5º with the crystal planes of (111) and (220), 

respectively. The narrow shape of the diffraction peak 

linked to the crystal plane of (002), (101) and (102) 

suggests the high crystallization and graphitization degree 

of MWCNTs due to purification. It is important to state the 

weak diffraction peak of carbon at 51.2º and 75.2º, earlier 

present on the MWCNTs disappeared due to the 

suppression of the graphite carbon by the Ag0 [30]. It is 

also noteworthy that there was slight decrease on the 

diffraction peaks of carbon with the deposition of Ag0 

which confirms the result of the EDS in Table 1 that 

illustrated decrease of carbon content through the 

incorporation of Ag0 The appearance of the graphite 

carbon and silver nanoparticles at their respective peaks 

confirms the incorporation of the later into the former. The 

average crystallite sizes of 19.04 nm were obtained for 

MWCNTs-Ag0 using Scherer equation. It can also be seen 

in Figure 1b that the XRD spectra of MWCNTs-Ag0/PVAc 

shows the presence of graphite carbon identified at the 2 

theta values of 26.6º, 44.4º and 77.5º with a corresponding 

crystal plane of (002), (101) and (204). In addition, the 

presence of Ag0 were indicated by diffraction peak 38.1º 

and 64.5º corresponding to the crystal planes (111) and 

(220). Notably, additional peak was observed at 12.8º and 

81.6º due to the PVAc incorporation and were attributed to 

the crystal planes of (001) and (311) [31,32]. The average 
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crystallite sizes of MWCNTs-Ag0/PVAc obtained from 

Debye-Scherrer equation was 24.3 nm. The observed 

increase in the crystallite size may be ascribed to the 

incorporated materials on the surface matrix of MWCNTs. 

The crystallite sizes could serve as binding sites for the 

metal ions adsorption. 

 

Figure 1: (a) TGA of MWCNTs, MWCNTs-Ag0 and MWCNTs-Ag0/PVAc; (b) XRD of MWCNTs, MWCNTs-Ag0 and MWCNTs-

Ag0/PVAc: (c) HRSEM image of MWCNTs: (d) HRSEM image of MWCNTs-Ag0; (e) HRSEM image of MWCNTs-Ag0/PVAc 

before adsorption and (f) HRSEM image of MWCNTs-Ag0/PVAc after adsorption. 
 

The surface morphology of MWCNTs, MWCNTs-

Ag0 and MWCNTs-Ag0/PVAc were examined using 

HRSEM technique and the results presented in Figure 1(c-

f). It can be seen from HRSEM image in Figure 1c that 

MWCNTs has loosely smooth networked cylindrical tubes 

that were homogenously distributed and entangled. The 

morphologies of the MWCNTs observed could be linked 

to the efficiency of the purification process in the removal 

of metallic and amorphous impurities. The formation of 

smooth cylindrical shapes of the MWCNTs may also be 

due to the existence of intermolecular forces within the 

MWCNTs having different sizes of tubular and aggregated 

structures [33,34]. Typically, the surface morphology of 

MWCNTs-Ag0 presented in Figure 1d indicates dense 

cylindrical shapes of MWCNTs with whitish deposition of 

Ag0 on the surface of MWCNTs. The morphology of the 

MWCNTs-Ag0 shows the presence of polymorphic shapes 

that is rocky, spherical and irregular granulated 
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agglomerates of powder brighter facets of Ag0 on the 

MWCNTs surface fusing loosely with each other at their 

ends [35]. According to the result presented in Figure 1e, 

the surface morphology of MWCNTs-Ag0/PVAc appears 

similar, having aggregated morphologies and thick clusters 

like polymerized beehive structure. The surface 

morphology and shapes of the MWCNTs-Ag0/PVAc 

indicated the slight suppression of the cylindrical structure 

of the MWCNTs and the shiny tip presence of the Ag0 and 

PVAc.  

The result shows that the materials incorporated on the 

MWCNTs were appreciably dispersed on the surface. The 

suppression of the morphological arrangement of 

MWCNTs may be linked to the blockage of the inner wall 

by the Ag0 and PVAc particles [36]. Above all, HRSEM 

analysis was also performed on the MWCNTs-Ag0/PVAc 

after the adsorption studies and the result shown in Figure 

1f indicated that the tubular structure of the MWCNTs 

were retained. The result also revealed slight shortening 

and breakages of the MWCNTs with the reduction of 

intermolecular forces within the MWCNTs-Ag0/PVAc 

after the adsorption process because of the uptake of 

Cr(VI) and Hg(II) onto the surface of the outer walls of the 

aggregated structure of the MWCNTs-Ag0/PVAc [37]. 
 

Table 1: EDS elemental composition of adsorbents 

Element MWCNT Atomic (%) MWCNT-Ag0 Atomic (%) MWCNT-Ag0/PVAc Atomic (%) 

C 91.8 80.6 83.4 

O 6.6 5.5 5.0 

Ag 0.0 12.6 10.5 

Fe 0.9 0.7 0.6 

Ni 0.7 0.6 0.5 

Total 100. 100 100 

 

 

The results of EDS elemental analysis of the 

MWCNTs, MWCNTs-Ag0 and MWCNTs-Ag0/PVAc are 

presented in Table 1. It can be seen from the result that the 

major composition of MWCNTs are 91.8% carbon and 

6.6% oxygen. The 0.9% iron and 0.7% nickel were 

metallic impurities encapsulated within the MWCNTs 

walls during purification. The result shows the main 

constituent of MWCNTs-Ag0 as 80.6% carbon, 5.5% 

oxygen, 12.6% Ag0 and negligible 0.7% and 0.6% of iron 

and nickel. Overall, the EDS result revealed that 

MWCNTs-Ag0/PVAc were composed of 83.4% carbon, 

5.0% oxygen, 10.5% Ag0, 0.6% iron and 0.5% nickel. The 

noticeable reduction in the carbon content shown in Table 

1 could also be attributed to the incorporation of Ag0 and 

PVAc to the MWCNTs [38]. 

 

 

3.2 Adsorption of Hg(II) and Cr(VI) by MWCNTs-

Ag0/PVAc 

The preliminary investigation of the adsorption of 

Hg(II) and Cr(VI) by MWCNTs, MWCNTs-Ag0 and 

MWCNTs-Ag0/PVAc was conducted and the result 

revealed a higher adsorption capacity of MWCNTs-

Ag0/PVAc compared to others. Hence, the influence of 

pH, adsorption time, adsorbent mass and temperature on 

the removal of Hg(II) and Cr(VI) by MWCNTs-Ag0/PVAc 

was evaluated to determine the optimal adsorptive 

conditions. 

 

3.2.1 Influence of pH 

The acidic and alkaline nature of the solution is a 

significant parameter influencing the form of Hg(II) and 

Cr(VI) contaminants in the solution and the surface 

charges of the adsorbent [1–3,6]. The influence of pH was 

investigated in the range 1 to 7 because Hg(II) is unstable 

in alkaline condition. It can be seen in Figure 2a that the 

removal of Hg(II) initially increased from pH 1 to 6 and 

then decreased with further increase in pH to 7. The 

highest removal of 93.5% was achieved for Hg(II) 

adsorption by MWCNTs-Ag0/PVAc at pH 6. On the other 

hand, the highest adsorption removal of 82.9% for Cr(VI) 

was obtained at pH 3, indicating increase in adsorption 

removal from pH 1 to 3 and decrease beyond pH 3. 

Generally, Cr(VI) exists in acid solution (1 < pH < 5) as 

acid chromate ion (HCrO4
−) and present in large amount 

with others like H2CrO4, Cr2O7
2−, Cr3O10− and 

Cr4O13−[6,39]. Typically, the isoelectric point (pHPZC) of 

MWCNTs-Ag0/PVAc was evaluated by titration method 

and obtained as 4.5 whereby the adsorbent was barely 

charged. Hence, lower removal rates of Hg(II) at pH < 

pHPZC may be due to the electrostatic repulsion between 

positively charged Hg(II) and positively charged 

adsorbent. The reduction in adsorption effectiveness of 

Hg(II) at low pH could be attributed to occupation of 

adsorptive sites of adsorbent by hydrogen ions (H+) rather 

than Hg(II), that is competitive adsorption between protons 

and metal species  [1,2]. Comparatively, the adsorption of 
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Cr(VI) was facilitated and favored at low pH (pH > pHPZC) 

by electrostatic interaction between the negatively charged 

HCrO4
− (anion) and the positively charged adsorbent 

[6,39]. Notably, at the pH > pHPZC, the electrostatic 

attraction existing between positively charged Hg(II) and 

negatively charged adsorbent occurred and enhanced the 

adsorption capacity [3,39]. Above all, increasing the pH 

decreases the adsorption sites competition between metal 

species (Hg(II)) and protons as proposed by the theory of 

surface complex formation (SCF) [2]. On the contrary, low  

adsorption of Cr(VI) were revealed at pH > pHPZC (see 

Figure 2a) up to the alkaline medium due to competition 

between OH- and Cr2O7
2− which is the dominant form of 

Cr(VI) in the medium [39]. The results of this study 

corresponds with similar results reported over the literature 

for Hg(II) and Cr(VI) adsorption [1,6].

  

 
Figure 2: Influence of (a) pH; (b) adsorbent mass; (c) adsorption time and (d) temperature on the removal of Hg(II) and Cr(VI) by 

MWCNTs-Ag0/PVAc. 

 

3.2.2 Influence of Adsorbent Mass and Adsorption 

Isotherm  

Adsorbent mass had been reported as an important 

parameter that influences the adsorption of Hg(II) and 

Cr(VI) [3,39]. As seen in Figure 2b, the adsorption 

capacity of MWCNTs-Ag0/PVAc towards Hg(II) 

improved from 175 to 249 mg/g, while the adsorption of 

Cr(VI) increased from 134 to 237 mg/g using the same 

adsorbent mass of 5 to 40 mg. The observed increment 

may be linked to the availability of greater adsorption sites 

[3]. Different from the above trend, the adsorption capacity 

of Hg(II) and Cr(VI) decreased to 248 and 235 mg/g by 

increasing the adsorbent mass to 50 mg. This behavior 

may be ascribed to the greater occupation of the active 

sites by smaller masses and possible overlapping of the 

binding sites by larger masses [39]. Above all, it was 

observed that more Hg(II) ions were adsorbed at each 

adsorbent mass compared to Cr(VI) and may be attributed 

to the differences in the electronegativity of the metal ions. 

The electronegativities of Hg(II) and Cr(VI) are 2.00 and 

1.66, respectively. Thus, metal ion with higher 

electronegativity tends to adsorb faster, compared with a 

lower electronegative metal ion. 

The adsorption isotherm study is important in the 

description of the interaction between adsorbents and 

target pollutants [2]. Typically, three adsorption isotherm 
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models such as Langmuir, Freundlich and Dubinin-

Radushkevich (D-R) were investigated and the obtained 

parameters presented in Table 2. As shown in Figure 3(a, 

b) and Table 2, Langmuir isotherm with higher correlation 

coefficient (R2) of 0.993 and 0.979 for Hg(II) and Cr(VI) 

revealed a better fitting to experimental data compared to 

Freundlich and D-R. This indicate that the adsorption of 

Hg(II) and Cr(VI) by MWCNTs-Ag0/PVAc corresponds to 

monolayer homogenous coverage of the adsorption 

process.  

In addition, the adsorption capacity for the 

monolayer adsorption process were obtained as 238.10 

mg/g and 175.44 mg/g for Hg(II) and Cr(VI), respectively. 

Also, 0 < RL < 1 obtained in Table 2 is an indication of a 

good adsorption performance. 

 

3.2.3   Influence of adsorption time and adsorption kinetics 

Time dependent investigations were performed to 

evaluate the adsorptive rate of Hg(II) and Cr(VI) ions on 

the MWCNTs-Ag0/PVAc and the result presented in 

Figure 2c. According to the result, rapid removal of Hg(II) 

and Cr(VI) were observed within the first 30 min which 

gradually slowed down until equilibrium was achieved at 

the adsorption time of 60 min. The observed adsorption 

trend of the metal ions may be due to the larger adsorption 

sites availability [3]. Beyond 60 min, the adsorption of the 

metal ions declined, which could be attributed to the 

saturation of the binding sites on the adsorbent surface by 

the metal ions [40]. The adsorption of more Hg(II) ions 

than Cr(VI) may be linked to the higher electronegativity 

of the former than the later.  

 

 

Table 2: Isotherm and kinetic parameters of Hg(II) and Cr(VI) adsorption by MWCNTs-Ag0/PVAc. 

                Models Parameters Hg(II) Cr(VI) 

 

 

 

Isotherm 

 

Langmuir 

qm (mg/g) 249 237 

KL (L/min) 1.50 0.26 

RL 0.006 0.036 

R2 0.993 0.979 

 

Freundlich 

nF 12.97 4.18 

KF (mg/g) 330.14 293.17 

R2 0.818 0.901 

 

Dubinin-Radushkevich 

Kad  3x10-9 2x10-6 

qs 282.08 224.5 

R2 0.456 0.593 

 

 

 

 

Kinetics 

Pseudo-first order qe, cal (mg/g) 151.77 211.3 

K1 (1/min) 0.105 0.086 

R2 0.989 0.996 

Pseudo-second order qe (mg/g) 476.19 434.78 

K2 (g mg-1 min-1) 0.00130 0.0008 

R2 0.9999 0.9997 

 

Elovich 

α (g mg-1 min-2) 576.50 784.49 

β (mg g-1 min-1) 0.079 0.055 

R2 0.917 0.920 

 

To further understand the adsorption performance of 

MWCNTs-Ag0/PVAc for Hg(II) ions than Cr(VI), 

adsorption kinetic experiments were explored and fitted to 

kinetic models such as pseudo-first order, pseudo-second 

order and Elovich model. The results presented in Table 2 

and Figure 3c revealed that the R2 of pseudo-second order 

of the metal ions were larger (0.9999 for Hg(II) and 0.9994 

for Cr(VI)) than that of pseudo-first order (0.989 for Hg(II) 

and 0.996 for Cr(VI))  and Elovich (0.917 for Hg(II) and 

0.920 for Cr(VI)) model indicating a better fit of the 

experimental data to pseudo-second order. Overall, the 

adsorption kinetics indicate that the adsorption mechanism 

of Hg(II) and Cr(VI) ions were controlled by chemical 

adsorption interaction. In this study, the chemisorption 

controlled adsorption of Hg(II) and Cr(VI) ion onto 

MWCNTs-Ag0/PVAc involves the generation of valence 

forces by the exchange and sharing of electrons between 

the metal ions and the adsorbent [2]. 
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Figure 3: (a) Langmuir isotherm of Hg(II) adsorption; (b) Langmuir isotherm of Hg(II) adsorption; (c) Pseudo-second order kinetics 

of Hg(II) and Cr(VI) adsorption and (d) thermodynamics of metal ions adsorption by MWCNTs-Ag0/PVAc 

 

3.2.4 Influence of temperature and thermodynamics 

The influence of temperature on the adsorption 

capacity of MWCNTs-Ag0/PVAc for Hg(II) and Cr(VI) 

was investigated and the result shown in Figure 2d. 

Importantly, increase in temperature from 30 to 60 °C 

resulted to decline in the adsorption of metal ions on the 

adsorbent surface from 249 to 214 mg/g for Hg(II) and 

from 237 to 202 mg/g for Cr(VI) ion. The Van’t Hoff 

relationship plot and evaluated thermodynamic parameters 

are shown in Figure 3d and Table 3, respectively.  

 

Table 3: Thermodynamic parameters for the removal of Hg(II) and Cr(VI) by MWCNTs-Ag0/PVAc 

Temperature (°C) Hg(II) Cr(VI) 

ΔG⁰ ΔH⁰ ΔS⁰ ΔG⁰ ΔH⁰ ΔS⁰ 

30 -17389 -99859 -271 -11368 -41259 -98 

35 -16465   -10949   

40 -15455   -10652   

45 -13269   -10184   

50 -12011   -9475   

55 -11201   -9077   

60 -9368   -8399   

 

Accordingly, the ΔG⁰ were all negative for both 

Hg(II) and Cr(VI) at the various temperatures, indicating 

that the adsorption process of the metal ions were 

spontaneous on the surface of MWCNTs-Ag0/PVAc. The 

negative values of ΔH⁰ suggests that the adsorption 

procedure of Hg(II) and Cr(VI) releases heat (exothermic 

process), an indication that increase in temperature did not 

facilitate the adsorption process. In the end, the negative 



 166                     T. C. Egbosiuba 

           

         
Nigerian Journal of Technology (NIJOTECH)             Vol. 41, No. 1, January 2022. 

value of ΔS° for both Hg(II) and Cr(VI) is indicative of 

reduction in the stoichiometry of randomness at the 

adsorbent/adsorbate interface. 

 

4 CONCLUSION 

In this study, MWCNTs-Ag0/PVAc was 

successfully fabricated by the effective incorporation of 

highly dispersed Ag0 and PVAc on the surface of 

MWCNTs for the removal of Hg(II) and Cr(VI) ions from 

wastewater. Improved Hg(II) and Cr(VI) removal 

performance was achieved at the optimum pH (6 for 

Hg(II) and 3 for Cr(VI)), adsorbent mass (40 mg), 

adsorption time (60 min) and temperature (30 °C). The 

experimental data fitted better to the Langmuir isotherm, 

compared to Freundlich and D-R isotherm models. The 

maximum adsorption capacity of Hg(II) and Cr(VI) 

adsorption onto MWCNTs-Ag0/PVAc for the monolayer 

coverage were 249 mg/g and 237 mg/g, respectively. 

Equally, the kinetic data showed best suitability to pseudo-

second order model for the kinetic mechanism explanation, 

indicating chemisorption-controlled adsorption process. 

MWCNTs-Ag0/PVAc showed optimum performance 

effectiveness to remove Hg(II) and Cr(VI)  from 

wastewater than other nanoadsorbents.. 
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