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a b s t r a c t
The efficiency of nitrogen-functionalized multiwalled carbon nanotubes (MWCNT-ttpy) for the 
removal of Cd2+ and Hg2+ from aqueous solutions was investigated and compared with their uptake on 
acid-functionalized multiwalled carbon nanotubes (MWCNT-COOH). Batch adsorption experiments 
investigating the influence of pH, contact time, adsorbent dose, metal ion concentration and adsorbate 
temperature were performed to determine the best sorption conditions for their removal. The exper-
imental data obtained for both adsorbates were best described by the pseudo-second-order model, 
indicating a bimolecular chemical interaction between active sites on the adsorbents and the metal ion 
species. The Langmuir and Sips isotherm models best described the equilibrium data obtained for both 
sorbates. For Cd2+, an uptake (qm) of 10.41 mg g–1 for MWCNT-COOH was achieved and 41.51 mg g–1 
for MWCNT-ttpy. An increase in Hg2+ uptake was also obtained for MWCNT-ttpy of 36.13 mg g–1 
compared with 33.89 mg g–1 for MWCNT-COOH. Hence, MWCNT-ttpy proved to be more effective 
towards the removal of both adsorbates, relative to MWCNT-COOH. Desorption experiments con-
ducted by using HCl as eluent afforded excellent recovery of sorbates and regeneration of sorbents, 
thus, increasing the chances of reutilization of sorbents. Hence, the application of MWCNT-ttpy as a 
potential sorbent for effluent and wastewater treatment is feasible and should be further explored for 
water pollution control.
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1. Introduction

The increase in the contamination of water supplies 
with toxins, such as heavy metals, has intensified in 
recent times due to the proliferation of urbanization and 
industrialization [1,2]. Industrial activities from battery 
manufacturing, electroplating, tanning and mining, pro-
duce effluents containing a variety of pollutants, espe-
cially metal ions in large amounts. Therefore, metal ions 
are largely distributed into natural waters through the 

indiscriminate discharge of industrial effluents into these 
water bodies [3–5].

Heavy metal contamination is one of the most significant 
environmental challenges and this is due to their solubility in 
water, and mobility, accumulation and persistence in the envi-
ronment [4,6]. Cadmium and mercury are regarded as one 
of the most poisonous pollutants [4,7], whose intake, even at 
low concentrations, results in several long-term health effects 
in man, wildlife and aquatic life [8]. The pathway through 
which Cd2+ enters into the environment is via the discharge 
of wastes generated from smelting, alloy production, elec-
troplating, batteries, mining and refinery operations [3,9]. 
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An intake of Cd2+ can result in damage of the lungs, kidneys 
and pancreas, and may also lead to various cardiovascular 
diseases [3,4,10]. Due to its ability to bioaccumulate in man, 
Cd2+ may persist in the human system for a period of 10 years 
[8,11]. Based on these consequences, concentrations of 0.005 
and 0.003 mg dm–3 were recommended by the United States 
Environmental Protection Agency (US EPA) and the World 
Health Organization (WHO), respectively, as the maximum 
permissible limits of Cd2+ in drinking water [9,11–13].

Additionally, the intake of mercury and its associated 
compounds can lead to several developmental and neurolog-
ical changes in living organisms [14]. Exposure to mercury is 
considered toxic to man, resulting in blood vessel congestion, 
kidney and lung dysfunction, cancerous, teratogenic and 
mutagenic diseases and, in extreme cases, may lead to death 
[14–16]. The release of Hg2+ into the environment is associ-
ated with vapours produced from volcanic eruptions and 
weathering of rocks [7], and emissions from coal-burning 
power plants and waste incinerators [17–19]. The most com-
mon discharge route of Hg2+ into aqueous solutions is the 
release of wastewater produced from paint, pulp, paper, fer-
tilizer and chloralkali manufacturing industries into receiv-
ing water streams [7,15]. The mercury poisoning reported in 
Minamata, Japan, was initiated by the release of methylmer-
cury-contaminated wastewater, produced from an industrial 
factory into water bodies in 1956 [7,15,16]. This resulted in the 
bioaccumulation of mercury in aquatic life. Its subsequent 
ingestion by man resulted in acute aftermaths such as coma 
and death. To this end, a concentration of 0.006 mg dm–3 was 
recommended by WHO as the maximum permissible limit of 
Hg2+ in drinking water [12,13].

In spite of the restraints on the use of Cd2+ and Hg2+ by the 
Restriction of Hazardous Substance Directives (RoHS) [20], 
these toxic metals are still employed for applications such 
as electrical and lightening equipment in industries [20] and 
often used in thermometers and manometers in the labora-
tory. Hence, the generation of contaminated wastewater pol-
luted by these toxins still exists. The treatment of wastewater 
is therefore of utmost importance before it is discharged into 
receiving streams.

Several techniques such as chemical precipitation [21], 
electrodeposition [22,23], reverse osmosis [24], coagulation 
[25], ion-exchange [26] and adsorption [1,6,7,27,28] have been 
employed for heavy metal removal from wastewater. The 
efficacy of some of these techniques for metal ion removal 
has been poor [3,4,15]. However, adsorption is a promising 
method for metal ion removal from wastewater due to its sim-
plicity, cost-effectiveness and the ability to regenerate spent 
adsorbents for reuse [3,9,11]. Adsorbents are easily handled 
[29], hence, the usage of sorbents such as activated carbon 
[30], resins [31], biochars [4], bagasse [32], rice husk [33] and 
clay [10,34], among many others, has been employed for Cd2+ 
and Hg2+ removal. Slow sorption processes, low adsorption 
capacity and inability to regenerate sorbents for reuse are 
some drawbacks attributed to the use of some conventional 
sorbents [35]. Hence, there is a need for the development of 
a fast, effective and efficient sorbent for the remediation of 
wastewater contaminated with either Cd2+ or Hg2+.

A growing research interest in the utilization of shaped 
carbon nanostructured materials as adsorbents has led to the 
application of multiwalled carbon nanotubes (MWCNTs) 

for pollutant removal in environmental sciences. MWCNTs 
possess remarkable physical and chemical properties with 
extraordinary thermal stability, and high porosities and surface 
areas available for adsorption [36,37]. Although MWCNTs are 
highly hydrophobic in nature, their surfaces are easily func-
tionalized to contain a number of functional groups, which 
serve as active sites for the removal of targeted pollutants 
from aqueous solutions. MWCNTs have been successfully 
applied for the removal of a variety of pollutants such as per-
fluorinated compounds [38], polyaromatic compounds [39], 
dyes [35,40] and phenol [41], among many. Metal ions, such 
as Cd2+ and Hg2+, have also been removed from wastewater by 
using MWCNT-containing adsorbents [2,9,11]. For increased 
application in a practical sense, the adsorption efficiency of 
MWCNTs needs to be improved to favour the effective and 
efficient removal of Cd2+ and Hg2+ from wastewater.

To overcome this hurdle, 4′-(4-hydroxy-
phenyl)-2,2′:6′,2″-terpyridine (HO-Phttpy) was employed 
as a modifier for further functionalization of acid-function-
alized MWCNTs (MWCNT-COOH). This process aims to 
improve the surface area and pore volume of the adsorbent, 
and hence increase the number of chelating sites available 
for adsorption. In this study, we report for the first time, 
the efficiency of 4′-(4-hydroxyphenyl)-2,2′:6′,2″-terpyridine 
functionalized MWCNT (MWCNT-ttpy) for the removal of 
Cd2+ and Hg2+ from aqueous solutions through a series of 
batch experiments. The uptake of the two adsorbates onto 
MWCNT-ttpy was compared with the adsorption capacity 
of MWCNT-COOH. Also, the kinetics of adsorption and the 
equilibrium isotherms were investigated.

2. Experimental

2.1. Materials and chemicals

Cadmium metal powder (99.9%) was obtained from 
Thomas Baker Chemicals (Pvt) Ltd. (Mumbai, India), while 
mercury(II) nitrate-monohydrate (Hg(NO3)2.H2O) and 
potassium chloride (KCl, 99.8%) were obtained from BDH 
Laboratory Supplies (Poole, England). Diphenyl carbazone 
was purchased from The British Drug Houses Ltd. (London, 
England). Sodium hydroxide (NaOH, 98%) was purchased 
from Merck Chemicals (Pty) Ltd. (Gauteng, South Africa) 
while chemicals such as sodium borohydride (NaBH4) (99%), 
4-hydroxybenzaldehyde (99%), 2-acetylpyridine (99%), 
indium bromide (InBr3, 99%) and solvents such as absolute 
ethanol, N,N′-dimethylformamide (DMF, 99%), dimethyl 
sulphoxide-d6 (DMSO-d6, 99%) and triethylsilane (Et3SiH, 
97%) were purchased from Sigma-Aldrich (St. Louis, USA). 
Tetrahydrofuran (THF, 99%), chloroform (99%) and thionyl 
chloride (SOCl2, 99%) were purchased from Merck Chemicals 
(Pty) Ltd. (Gauteng, South Africa) while aqueous ammonia 
(25%) was purchased from Associated Chemical Enterprises 
(Johannesburg, South Africa). Nitric (55%), sulphuric (98%) 
and hydrochloric acids (32%) were obtained from C.C. 
Imelmann Ltd. (Robertsham, South Africa). All materials and 
chemicals were of analytical grade and used as-received from 
suppliers without further purification. Pristine-MWCNTs 
(P-MWCNTs) (purity > 95%), synthesized by chemical 
vapour deposition (CVD), were obtained from Cheap Tubes 
Incorporation (Brattleboro, USA).
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2.2. Synthesis of 4′-(4-hydroxyphenyl)-2,2′:6′,2″-terpyridine 
(HO-Phttpy)

The ligand was synthesized as reported by 
Oyetade et al. [42]. In brief, 2-acetylpyridine (2.423 g, 
20.0 mmol) was added to 15 cm3 of a 2:1 (v/v) mixture of 
ethanol and water containing 4-hydroxybenzaldehyde 
(1.221 g, 10.0 mmol). To the suspension, NaOH pellets 
(1.458 g, 26.0 mmol) and 30 cm3 aqueous NH3 were added 
and stirred continuously at room temperature for 8 h to yield 
a cream-coloured precipitate. The resulting mixture was fil-
tered, the solid obtained was washed with deionized water 
(5 × 10 cm3), followed by absolute ethanol (3 × 5 cm3), to 
obtain the crude white product (508.8 mg, 42%).

2.3. Adsorbent preparation

2.3.1. Preparation of oxidized MWCNTs (MWCNT-COOH)

Oxidation of MWCNTs was carried out as reported 
by Santangelo et al. [43]. Pristine-MWCNTs (1.5 g) were 
placed in a round-bottomed flask containing 100 cm3 
of concentrated hydrochloric acid, and stirred for 4 h to 
remove residual metal impurities from the tubes. The 
resulting solution was filtered, and the solid washed with 
deionized water until a neutral pH was obtained. The sam-
ple obtained was dried in a vacuum oven at 80°C overnight 
and stored in a desiccator for future analysis. The purified 
MWCNTs were then oxidized by using a mixture of sul-
phuric and nitric acids in a volume ratio of 1:3, and refluxed 
at 80°C for 12 h. The resulting solution was diluted with 
deionized water, filtered, and the residue obtained was 
washed continuously with deionized water until a neutral 
pH was obtained.

2.3.2. Preparation of nitrogen-functionalized MWCNTs 
(MWCNT-ttpy)

Oxidized MWCNTs (150 mg) were dispersed in 30 cm3 of 
a solution containing a 20:1 (v/v) mixture of SOCl2 and DMF, 
and then refluxed at 70°C for 24 h [44]. The resulting mix-
ture was filtered, and the solid obtained was washed with 
deionized water until a neutral pH was achieved. Acylated 
MWCNTs (100 mg) were added to 100 mg of HO-Phttpy in 
20 cm3 of dry THF with the addition of 2–5 drops of glacial 
acetic acid. The suspension was refluxed at 64°C for 24 h 
under an inert atmosphere of argon. The suspension was 
filtered, and the solid obtained was washed with THF and 
dried in a vacuum oven.

The sample obtained (100 mg) was added to freshly 
distilled chloroform (30 cm3), InBr3 (10.6 mg, 0.03 mmol) 
and Et3SiH (380 µL, 2.4 mmol). The suspension was stirred 
and refluxed at 60°C for 1 h under an inert atmosphere 
of argon. The resulting mixture was filtered and the 
solid washed with chloroform, followed by water until 
a neutral pH was obtained. Evidence of the successful 
preparation of MWCNT-COOH and MWCNT-ttpy was 
obtained by various characterization techniques such as 
electron microscopy (scanning and transmission), Fourier 
transform infrared (FTIR) and Raman spectroscopy, 
thermogravimetric analysis, elemental analysis and 
Brunauer, Emmett and Teller (BET) surface area analysis.

2.4. Metal analysis procedure

2.4.1. Equipment

A PerkinElmer Optima 5300 DV inductively coupled 
plasma-optical emission spectrophotometer (ICP-OES) was 
used to measure the initial and final concentrations of Cd2+ in 
solution at a wavelength of 228.8 nm. Mercury analysis was 
performed on a PerkinElmer AAnalyst 200 atomic absorption 
spectrometer fitted with a hollow cathode lamp operated at a 
wavelength of 253.7 nm. The system was also equipped with 
a PerkinElmer mercury hydride system (MHS 15).

2.4.2. Preparation of adsorbate solutions

A stock solution of Cd2+ was prepared by dissolving 1 g of 
cadmium metal in 20 cm3 of concentrated HCl acid and 3–5 
drops of HNO3 acid. The solution was then made up to the 
mark in a 1,000 cm3 volumetric flask with deionized water. 
Working solutions of desired concentrations were made by 
dilution of this stock solution.

About 1.713 g of Hg(NO3)2.H2O was dissolved in 10 cm3 
of nitric acid and diluted to the mark in a 500 cm3 volumetric 
flask with deionized water. This solution was standardized 
against KCl by using diphenylcarbazone indicator [45]. A 
solution of Hg2+ with a concentration of 1,000 mg dm–3 was 
prepared by measuring the required volume of the Hg(NO3)2.
H2O stock solution and diluting to the mark, in a 1,000 cm3 
volumetric flask with deionized water. Working solutions of 
Hg2+ were prepared from the 1,000 mg dm–3 Hg(NO3)2.H2O 
solution by dilution to obtain the desired concentration.

2.4.3. Calibration of spectrophotometers

The ICP-OES and cold vapour atomic absorption spectro-
photometer (CVAAS) were calibrated for Cd2+ and Hg2+ analysis, 
respectively, by preparing standard solutions of Cd2+/Hg2+ with 
concentrations within the range of 0–100 mg dm–3 at each time 
of analysis. Calibration plots were obtained in these ranges and 
the initial and final concentrations of Cd2+/Hg2+ in the samples 
were estimated from these plots. For the CVAAS analysis of 
mercury, the reductant was a 0.8 mol dm–3 NaBH4 solution, 
which was prepared by dissolving a known amount of the salt 
in 1% NaOH solution, and thereafter diluted to the mark with 
the same solution in a 200 cm3 volumetric flask.

2.5. Batch adsorption studies

The influence of adsorption parameters, such as pH, 
contact time, adsorbent dose, initial metal ion concentration 
and temperature, was investigated through batch adsorption 
experiments for the removal of Cd2+ and Hg2+ onto MWCNT-
COOH and MWCNT-ttpy. Experiments were conducted 
sequentially to obtain the best experimental conditions for 
the adsorption of Cd2+ and Hg2+ from aqueous solutions. 
Working solutions of Cd2+ and Hg2+ with concentrations of 
100 and 50 mg dm–3, respectively, were prepared from the 
respective stock solutions.

Adsorption experiments were conducted by measuring 
25 cm3 aliquots of either a Cd2+ or Hg2+ solution into 100 cm3 
polypropylene plastic vials, and conditioned to obtain the 
desired pH with the addition of appropriate amounts of 
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0.1 mol dm–3 NaOH or HNO3 solution. A mass of 50 mg of 
each adsorbent was added into the solution and agitated in a 
thermostated water bath preset at 20°C for 24 h. After agita-
tion, the solutions were filtered, and the final concentrations 
of Cd2+ or Hg2+ determined by ICP-OES and CVAAS, respec-
tively. The amount of metal ion adsorbed on each sorbent 
was estimated from the difference between the initial and 
equilibrium metal ion concentrations. The adsorption capac-
ity (qe) of Cd2+ and Hg2+ was calculated from Eq. (1):

q
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eq ×  (1)

where Ci is the initial adsorbate concentration (mg dm–3), Ceq 
is the equilibrium concentration of adsorbate (mg dm–3), qe is 
the adsorption capacity (mg g–1), m is the mass of adsorbent 
(g) and V is the volume (dm3) of the adsorbate solution used. 
The percentage removal (% adsorbed) of Cd2+ and Hg2+ was 
calculated according to Eq. (2):
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2.5.1. Kinetics, isotherm and thermodynamic studies

The equilibration time of the adsorption process for each 
metal ion was determined by means of kinetic experiments. 
This was carried out by weighing about 50 mg of each sor-
bent into 100 cm3 polypropylene bottles, containing 25 cm3 
aliquots of either a Cd2+ or Hg2+ solution. The solutions were 
conditioned to obtain the desired pH by adding appropriate 
amounts of 0.1 mol dm–3 NaOH or HNO3 solution, and thereaf-
ter the bottles were placed in a thermostated water bath at 20°C. 
These samples were agitated for different time intervals in the 
range of 5–1,440 min. After the predetermined time intervals, 
the samples were filtered by gravity and the concentration of 

Cd2+ or Hg2+ determined by ICP-OES or CVAAS, respectively. 
The experimental adsorption data obtained were applied to 
the pseudo-first-order, pseudo-second-order, intraparticle 
diffusion and Elovich kinetics models as given in Table 1.

Adsorption isotherms were obtained by using vary-
ing concentrations of Cd2+ or Hg2+ ranging from 10 to 
100 mg dm–3, at a constant pH of 5.5 and 6.0, respectively. 
Aliquots of 25 cm3 were mixed with 50 mg of each adsor-
bent and agitated in a thermostated shaking water bath for 
24 h. The effect of temperature on the adsorption of Cd2+ 
was investigated at temperatures of 293, 303, 313 and 318 K, 
while similar experiments for Hg2+ were only conducted at 
293 and 303 K, due to the volatility of Hg2+. The experimental 
adsorption equilibrium data were analyzed by various two- 
and three-parameter isotherm models, such as the Langmuir, 
Freundlich, Temkin, Dubinin–Radushkevich, Sips, Toth, 
Redlich–Peterson and Khan models, as given in Table 2.  

Table 1
Kinetics models used for the adsorption of Cd2+ and Hg2+

Model Equationa Parameters References

Pseudo-first- 
order

q q et
k t= − −

eq( )1 1 qeq k1 [46–48]

Pseudo-second- 
order q

k q t
k q tt = +

2
2

21
eq

eq

k2 qeq [46,48,49]

Elovich
q tt = ( ) +1 1

β
αβ

β
ln ln

α β [50]

Intraparticle  
diffusion

q k t lt = +id
kid l [51]

aqt – quantity of adsorbate adsorbed at time t (mg g–1); qeq – quantity 
of adsorbate adsorbed at equilibrium (mg g–1); α – adsorption 
rate constant (mg g–1 min–1); β – desorption rate constant (g mg–1); 
k1 – pseudo-first-order rate constant (min–1); k2 – pseudo-second-order 
rate constant (g mg–1 min–1); kid – intraparticle diffusion rate constant 
(mg g–1 min0.5) and l – is a constant related to the boundary layer 
thickness.

Table 2
Isotherm models used for the adsorption of Cd2+ and Hg2+

Isotherm Equationa Parameters References

Langmuir
q

q bC
bC

m
eq

eq
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qm b [52]

Freundlich
q K CF n

eq eq=
1 KF n [53]

Temkin
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b
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bT AT [54]
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Toth
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qm KT nT [57]

Redlich– 
Peterson q

K C

a Cgeq
RP eq

RP eq

=
+1

KRP aRP g [58]

Khan
q

q b C

b C

m K

K

aKeq
eq

eq

=
+( )1

qm aK bK [59]

aqeq – adsorption capacity (mg g–1); Ceq – equilibrium concentration of 
adsorbate in solution (mg dm–3); qm – maximum monolayer capacity 
(mg g–1); b – Langmuir isotherm constant (dm3 mg–1); KF – Freundlich iso-
therm constant (mg g–1)(dm3 mg–1)n; n – adsorption intensity; bT – Temkin 
isotherm constant; AT – Temkin isotherm equilibrium binding constant 
(dm3 g–1); β – Dubinin–Radushkevich isotherm constant (mol2 kJ–2); 
KT – Toth isotherm constant (mg g–1); nT – Toth isotherm constant; 
KRP – Redlich–Peterson isotherm constant (dm3 g–1); aRP – Redlich–
Peterson isotherm constant; g – Redlich–Peterson isotherm exponent; 
aK – Khan isotherm exponent and bK – Khan isotherm constant.



257O.A. Oyetade et al. / Desalination and Water Treatment 108 (2018) 253–267

Thermodynamic parameters, such as change in Gibbs 
energy (ΔG°), change in enthalpy (ΔH°) and change in 
entropy (ΔS°), were also calculated over the studied tem-
perature ranges.

2.6. Desorption experiments

After conducting adsorption experiments with a 
50 mg dm–3 solution of Cd2+ or Hg2+ by using a 50 mg dose of 
each adsorbent, the loaded adsorbents were separated from 
the suspensions by filtration and the metal ion concentra-
tion in the filtrates was determined by using the appropri-
ate previously described techniques. The collected sorbents 
were washed with deionized water to remove unadsorbed 
metal ions and dried in a vacuum oven at 80°C. Desorption 
experiments were then conducted by agitating 50 mg of the 
metal loaded-adsorbent with 25 cm3 of 0.1 mol dm–3 HCl for 
30 min. The mixture was then filtered and the concentration 
of the desorbed metal ions in the filtrates was determined as 
described before. The percentage of metal desorbed was cal-
culated from Eq. (3):

Percentage desorption
Released metal ion concentration

I

%( ) =

nnitial metal ion concentration
×100

 (3)

2.7. Data analysis

The data obtained were fitted to the isotherm and kinetics 
models by means of the nonlinear regression routine (nls) in 
the R statistical computing environment [60]. The R statisti-
cal software takes into account the minimization of the sum 
of squared residuals (SSR) and the residual squared errors 
(RSE). A comparison of all SSR and RSE values was done and 
the adequacy of the models was assessed from the value with 
the lowest SSR.

3. Results and discussion

3.1. Characterization of adsorbents

The characterization of the two adsorbents, MWCNT-
COOH and MWCNT-ttpy, has been previously reported 
by Oyetade et al. [42]. Some pertinent characteristics of 
the adsorbents are presented in Tables 3 and 4. As can 
be seen in Table 3, the surface area and pore volume of 
MWCNT-ttpy are larger than those obtained for MWCNT-
COOH. Also, MWCNT-ttpy contains a larger number of 
functional groups per unit mass than MWCNT-COOH 
(Table 4). These properties demonstrate that both adsor-
bents may be suitable for metal ion sorption from aqueous 
solutions.

3.2. Batch adsorption experiments

Batch adsorption experiments were conducted to investi-
gate the optimum conditions for Cd2+ and Hg2+ removal from 
aqueous solutions. In this section, the influence of pH, con-
tact time, adsorbent dose, initial metal ion concentration and 
adsorbate temperature is presented and the results are dis-
cussed. Kinetics, isotherm and thermodynamic studies were 
also performed to understand the mechanisms involved in the 
removal of the targeted metal ions from aqueous solutions.

3.2.1. Effect of pH

Metal ion adsorption is significantly influenced by the 
solution pH, since it controls the distribution of species, sur-
face charges and also the degree of ionization of the sorbent 
[7]. The influence of pH on the sorption of Cd2+ and Hg2+ 
onto MWCNT-COOH and MWCNT-ttpy from aqueous solu-
tions was studied over a pH range of 1–10. Fig. 1 shows that 
the percentage Cd2+ and Hg2+ adsorbed by both adsorbents 
increases as the solution pH becomes more basic. The extent 
of Cd2+ removal by MWCNT-COOH increased steadily from 
9.5% to 59.0%, while higher removal efficiencies of 22.0% to 
99.2% were obtained with MWCNT-ttpy over the same pH 
range (Fig. 1(a)). Similarly, an increase in Hg2+ removal onto 
MWCNT-COOH from 55.8% to 85.9%, and from 83.0% to 
88.0% by MWCNT-ttpy, was observed with increasing solu-
tion pH as shown in Fig. 1(b).

These observations signify that the sorption of Cd2+ and 
Hg2+ was greatly enhanced by the change in solution pH. A 
lower removal of adsorbates under acidic conditions can be 
attributed to increasing competition between hydrogen ions 
and metal cations in solution. Also, this phenomenon induces 
an electrostatic repulsion between the metal cations and pos-
itive charges on the adsorbent, resulting in a lower removal 

Table 4
Surface chemistry of P-MWCNTs, MWCNT-COOH and MWCNT-ttpy determined by the Boehm titration method [42]

Adsorbents Carboxyl  
(mmol g–1)

Lactonic  
(mmol g–1)

Phenolic  
(mmol g–1)

Total acidic groups  
(mmol g–1)

Total basic groups  
(mmol g–1)

P-MWCNTs 0.136 0.014 0.114 0.264 0.145
MWCNT-COOH 0.719 0.104 0.401 1.224 0.226
MWCNT-ttpy 0.613 0.165 0.544 1.322 0.752

Table 3
Textural characterization of synthesized nanomaterials

Entry Adsorbents Surface  
area  
(m2 g–1)

Pore  
volume  
(cm3 g–1)

Pore  
diameter  
(nm)

1 P-MWCNT 108.8 0.494 18.44
2 MWCNT-COOH 126.8 0.692 22.95
3 MWCNT-ttpy 189.2 1.252 27.26
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under acidic conditions. An increase in solution pH reduces 
the amount of hydrogen ions and increases the number of 
hydroxyl ions in solution. This process facilitates the sorp-
tion of both adsorbates via electrostatic attraction between 
cations and negative charges on the adsorbent. Similar trends 
were reported by Kadirvelu et al. [7], Shadbad et al. [61], 
Hadavifar et al. [62], Liang et al. [11] and Li et al. [9] involv-
ing the sorption of Cd2+ and Hg2+ onto MWCNT-containing 
sorbents. It is also worthy of note that the sorption of Cd2+ 
and Hg2+ onto MWCNT-ttpy was more pronounced than 
for MWCNT-COOH. This could be due to the affinity of the 
nitrogen-donor atoms in MWCNT-ttpy to preferentially bind 
to these two soft metal ions and the increased number of coor-
dination sites available for chelation on this adsorbent. Hence, 
the increased metal ion uptake by MWCNT-ttpy could be 
attributed to metal ion coordination with the nitrogen-donor 
atoms on the surface of the adsorbent. These results are in 
agreement with the study reported by Hadavifar et al. [62], 
where amino- and thiol-functionalized MWCNTs proved 
more effective for Hg2+ removal than MWCNTs.

As shown in Fig. 2, various species of cadmium, such as 
Cd(OH)+, Cd(OH)2, Cd(OH)3, Cd(OH)4 and Cd4(OH)4, can be 
formed with increasing alkalinity of the solution. Similarly, 

in the case of mercury, species such as Hg(OH)2, Hg(OH)3
– 

and Hg(OH)+, may be formed under alkaline conditions. 
Hence, subsequent experiments were conducted at pH 5.5 
and 6.0 for Cd2+ and Hg2+, respectively, to avoid precipita-
tion of metal ions accompanying adsorption in solution. At 
both these pH values, the metal ions exist as free metal ions 
available for adsorption and do not exists as hydrolyzed or 
protonated species.

3.2.2. Effect of contact time

To investigate the effect of contact time on the adsorption 
of Cd2+ and Hg2+ onto MWCNT-COOH and MWCNT-ttpy, 
adsorption experiments were agitated over a period of 
5–1,440 min. Fig. 3 shows the percentage removal of Cd2+ and 
Hg2+ onto MWCNT-COOH and MWCNT-ttpy as a function 
of time. The figures reveal that the removal of both adsorbates 
increases with an increase in agitation time. Fig. 3(a) shows 
that equilibrium for the removal of Cd2+ was reached within 
360 min for both adsorbates. However, the percentage 
adsorbed was four times greater for MWCNT-ttpy than for 
MWCNT-COOH. This signifies that MWCNT-ttpy is a bet-
ter adsorbent for Cd2+ removal than MWCNT-COOH. This 
could be as a result of the introduction of nitrogen-donor 
atoms onto the adsorbent, which possess strong affinity 
towards cadmium metal ions. The soft Cd2+ ions will bind 
preferentially with the borderline pyridinyl-nitrogen 
donors in MWCNT-ttpy than the harder oxygen donors in 
MWCNT-COOH.

Similar trends were observed for the removal of Hg2+ 
onto MWCNT-COOH and MWCNT-ttpy (Fig. 3(b)). Fig. 
3(b) shows that equilibrium was achieved at 240 and 120 min 
by using MWCNT-COOH and MWCNT-ttpy, respectively. 
However, the difference in the percentage adsorbed by the 
two adsorbents was not as marked for Hg2+ as it was for Cd2+ 
(Fig. 3(b) vs. (a)). 

The rate of adsorption was rapid for the removal of 
Cd2+ and Hg2+ onto MWCNT-ttpy, attaining a percentage 

(a)

(b)

Fig. 1. Effect of pH on the adsorption of (a) Cd2+ and (b) Hg2+ by 
using MWCNT-COOH and MWCNT-ttpy (conditions: 25 cm3 of 
100 or 50 mg dm–3 of Cd2+/Hg2+ solution, 24 h equilibration time, 
50 mg adsorbent dose, agitation speed 150 rpm and temperature 
20°C).
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Fig. 2. Speciation of Cd2+ as a function of pH in aqueous solution. 
Numerical values of logβ for the metal hydroxides used in the 
calculation of the speciation curves were obtained from Critical 
Stability Constants compiled by Smith and Martell [63], and the 
speciation plot was obtained with the aid of HySS software [64].



259O.A. Oyetade et al. / Desalination and Water Treatment 108 (2018) 253–267

removal efficiency of 70% and 50%, respectively, after 
5 min. The removal of the adsorbates onto both sorbents, 
however, slows down with increased contact time, due 
to saturation of the active sites on the adsorbents. Hence, 
the initial fast removal can be attributed to the availabil-
ity of active sites which decrease with increase in time. In 
this study, all experiments were equilibrated for 24 h in 
order to ensure effective removal of adsorbates for higher 
concentrations.

3.2.2.1. Kinetics studies The mechanism of adsorption 
was investigated by modelling the kinetics data, to determine 
the rate-controlling step of the process. These experiments 
were conducted at fixed initial metal ion concentration, pH 
value, adsorbent dose, adsorbate volume and temperature. 
The experimental data collected at varying contact time, 
between 5 and 1,440 min, were analyzed through the kinetics 
models given in Table 1. A comparison of the stated models 
was done by using the non-linear regression (nls) routine in 
the R statistical computing software [60]. Table 5 presents the 

kinetics parameters obtained for both adsorption processes 
by using MWCNT-COOH and MWCNT-ttpy. The adequacy 
of the model which best describes the adsorption process was 
chosen based on the lowest values obtained for the SSR. 

The adsorption of Cd2+ onto MWCNT-COOH and 
MWCNT-ttpy was better described by the Elovich and 
pseudo-second-order models, respectively (Table 5). 
On the other hand, the adsorption of Hg2+ onto both 
adsorbents was best described by the pseudo-second-or-
der model. The pseudo-second-order model assumes 
that adsorption proceeds through a bimolecular chemical 
interaction between the adsorbate ions and the active sites 
on the adsorbents [65]. The adsorption of Hg2+ onto both 
adsorbents, and the removal of Cd2+ onto MWCNT-ttpy 
proceeded through this process. Hence, these adsorption 
processes were facilitated via bimolecular interactions 
between nitrogen- or oxygen-donor atoms and the metal 
cations. The Elovich model, on the other hand, is used to 
describe chemical sorption of gases onto solid surfaces. 
The mechanism of Cd2+ removal onto MWCNT-COOH 
therefore proceeded through the diffusion of adsorbate 
ions from the bulk solution to the surface of the adsor-
bent. Tofighy and Mohammadi [66], Liang et al. [11] 
and Vukovic et al. [67] also reported that Cd2+ removal 
by CNT-containing sorbents was better described by 
the pseudo-second-order model. However, they did not 
attempt to use the Elovich model. Also, the removal of Hg2+ 
produced similar trends as reported by Chen et al. [65], 
Shadbad et al. [61] and Kabbashi et al. [17].

The mechanism of adsorption can proceed via one or 
more of the following steps: (i) the transfer of solute from 
the bulk solution to the surface of the adsorbent, (ii) the 
transfer of solute from the bulk solution to the boundary 
film which surrounds the adsorbent surface (film diffusion), 
(iii) the solute transfer through the internal pores of the 
adsorbent (intraparticle diffusion) and (iv) the interaction 
between adsorbate molecules with the active sites on the 
external surface of the adsorbent. A plot of qe vs. √t gives an 
explanation into the processes controlling the adsorption. It 
is assumed that the process is multistep controlled if a lin-
ear plot is obtained which does not pass through the origin 
[68,69]. When a linear plot which passes through the origin 
is obtained, adsorption is assumed to proceed only by the 
intraparticle diffusion of adsorbates onto sites of the adsor-
bent [68]. All the plots obtained in this study were linear but 
did not pass through the origin, indicative that the adsorp-
tion of Cd2+ and Hg2+ was controlled by a series of steps. 
Hence, it could be inferred that the removal of Cd2+ and 
Hg2+ onto MWCNT-COOH and MWCNT-ttpy proceeded 
through intraparticle diffusion, and a number of other steps 
accompanying adsorption. Table 5 further demonstrates 
higher intraparticle diffusion constants (kid) and boundary 
layer (l) values for MWCNT-ttpy than MWCNT-COOH for 
both adsorption processes. These results are indicative that 
adsorption was boundary-controlled, hence, an increase 
in the uptake of adsorbates was noticed with increase in l 
values. Similarly, Table 5 shows that higher l values were 
obtained for Cd2+ sorption by using both sorbents, com-
pared with their corresponding values for Hg2+ sorption. 
This implied that both adsorbents had better affinity for the 
removal of Cd2+ than Hg2+.

 

(a)

(b)

Fig. 3. Effect of contact time on the adsorption of (a) Cd2+ and (b) 
Hg2+ by using MWCNT-COOH and MWCNT-ttpy (conditions: 
25 cm3 of 100 or 50 mg dm–3 of Cd2+/Hg2+ solution, 50 mg adsor-
bent dose, pH = 5.5 (Cd2+) and pH = 6.0 (Hg2+), agitation speed 
150 rpm and temperature 20°C).
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3.2.3. Effect of adsorbent dose

The influence of increasing adsorbent dose for the 
adsorption of Cd2+ and Hg2+ onto MWCNT-COOH and 
MWCNT-ttpy from aqueous solutions was investigated over 
a dosage range of 30–400 mg. Fig. 4 shows an increase in the 
removal efficiency of Cd2+ and Hg2+ onto MWCNT-COOH 
and MWCNT-ttpy as the adsorbent mass is increased. An 
increase in the removal of adsorbates can be attributed to 
the increase in the surface area and the number of active 
sites on the adsorbent, as a result of increasing the adsor-
bent dose [62]. The improved efficiency of MWCNT-ttpy 
over MWCNT-COOH is seen in Fig. 4, where sorption was 
greatly enhanced for Cd2+ and Hg2+ removal. As before, in 
the case of Cd2+, MWCNT-ttpy exhibits a large improvement 
over MWCNT-COOH. This can be attributed to the fact that 
both metal ions are soft acids and are expected to form strong 
covalent bonds with borderline bases such as nitrogen.

3.2.4. Effect of initial metal ion concentration

The influence of the initial metal ion concentration on 
the adsorption of Cd2+ and Hg2+ onto MWCNT-COOH and 
MWCNT-ttpy was examined over a concentration range of 
10–100 mg dm–3. As observed in both cases, an increase in 
the metal ion concentration, resulted in a decrease in the 
percentage removal from 38.2% to 16.8% and 97.7% to 88.0% 

for Cd2+, and 90.0% to 62.9% and 98.8% to 81.9% for Hg2+, 
onto MWCNT-COOH and MWCNT-ttpy, respectively. The 
observed decrease is due to the presence of more metal ions 
in solution, which limits the number of available adsorption 
sites [15]. This trend, however, yielded an increase in metal 
ion uptake per unit mass of adsorbent (qe) with increase in 
concentration as shown in Figs. 5 and 6. This can be attributed 
to an increasing number of collisions between the metal ions 
and active sorbent sites, resulting in higher occupation of 
the sites at high initial concentrations, and thus high adsorp-
tion capacities [15]. As the initial metal ion concentration is 
increased, the uptake of adsorbates is noticed to reach a pla-
teau where no further increase takes place. This plateau is 
as a result of the complete occupation of the active sites at a 
particular concentration, and little or no further increase can 
occur. 

Fig. 5(a) shows that the sorption of Cd2+ onto 
MWCNT-COOH was low compared with MWCNT-ttpy 
(Fig. 5(b)). This could be as a result of the low affinity of 
hard oxygen-donor atoms towards soft metals such as cad-
mium. The enhanced uptake of Cd2+ by MWCNT-ttpy could 
be as a result of the presence of nitrogen-donor atoms on 
the adsorbent, which act as chelating sites for the adsorbate. 
Fig. 6 demonstrates that both adsorbents had good efficiency 
towards the removal of Hg2+ over the concentration range 
studied. Hence, the sorption of Hg2+ could be said to be effec-
tive by using either oxygen- or nitrogen-containing MWCNTs.

Table 5
Kinetics parameters for the adsorption of Cd2+ and Hg2+ on MWCNT-COOH and MWCNT-ttpy (conditions: 25 cm3 of 100 mg dm–3 
Cd2+ at pH 5.5, or 50 mg dm–3 Hg2+ at pH 6.0, 50 mg adsorbent dose, agitation speed 150 rpm and temperature 20°C)

Model Parameter Cd2+ Hg2+

MWCNT-COOH MWCNT-ttpy MWCNT-COOH MWCNT-ttpy

Experimental qmeas/mg g–1 9.734 36.72 18.55 22.41
Pseudo-first-order k1/10–2 min–1 0.150 0.178 0.033 0.156

qeq/mg g–1 7.999 38.38 15.21 21.90

RSEa 1.071 2.581 0.722 0.729

SSRb 17.22 99.94 7.811 7.968

Pseudo-second-order k2/10–3 g mg–1 min–1 0.025 0.009 0.003 0.014

qeq/mg g–1 8.478 39.73 16.41 22.65

RSE 0.781 1.294 0.550 0.292

SSR 9.151 25.10 4.539 1.280

Intraparticle diffusion kid/mg g–1 min–0.5 0.401 1.830 0.677 1.032

l/mg g–1 5.603 26.63 1.470 11.30

RSE 3.878 21.48 5.949 12.23

SSR 240.6 7,382 566.3 2,394

Elovich α/mg g–1 min–1 4.169 27.460 4.599 4.534

β/g mg–1 0.756 2.074 0.434 8.343

RSE 0.190 2.036 1.608 1.514

 SSR 0.541 62.20 38.80 34.38

aResidual squared errors. 
bSum of squared residuals.
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3.2.5. Effect of temperature

The influence of temperature on the adsorption of 
Cd2+ was studied over a temperature range of 20°C–45°C. 
However, due to volatility losses which could result in envi-
ronmental hazards associated with Hg2+ at increased tempera-
tures, its temperature effects were examined only at 20°C and 
30°C. The sorption of Cd2+ onto both adsorbents was noticed 
to decrease with an increase in temperature (Fig. 5). This is 
attributed to a decrease in the physical adsorptive forces (van 
der Waals) and the release of heat between the metal ion and 
active sites on the adsorbent [15], hence, resulting in a sorp-
tion decrease as temperature is increased. The adsorption of 
Cd2+ onto the adsorbents was therefore exothermic in nature. 
In contrast, Fig. 6 shows an increase in the removal of Hg2+ 
as the adsorbate temperature is increased from 20°C to 30°C. 
This could be due to volatility losses of Hg2+ at increased tem-
peratures, or an increase in the mobility of Hg2+ towards the 
adsorbent sites and an increase in the size of the adsorbent 
pores [15]. These results are in agreement with inferences 

drawn by Hadi et al. [15], demonstrating the endothermic 
nature of adsorption for the removal of Hg2+ from aqueous 
solutions. Similarly, previous studies by Hamza [32], Al 
Othman et al. [29] and Kumar et al. [33] demonstrated that 
Cd2+ sorption was more favourable at low adsorbate tem-
perature. The thermodynamic parameters, such as enthalpy 
change, entropy change and change in Gibbs energy for the 
adsorption of Cd2+ were calculated and are discussed in sec-
tion 3.2.7. However, thermodynamic parameters for Hg2+ 
sorption could not be calculated due to environmental expo-
sure, which could be associated with increased adsorbate 
temperature, and hence, experiments were performed at only 
two temperatures from which inferences cannot be drawn.

(a)

(b)

Fig. 4. Effect of adsorbent dose on the adsorption of (a) Cd2+ and 
(b) Hg2+ by using MWCNT-COOH and MWCNT-ttpy (condi-
tions: 25 cm3 of 100 or 50 mg dm–3 of Cd2+/Hg2+ solution, 24 h 
equilibration time, pH = 5.5 (Cd2+) and pH = 6.0 (Hg2+), agitation 
speed 150 rpm and temperature 20°C).

(a)

(b)

Fig. 5. Effect of temperature on the adsorption of Cd2+ onto (a) 
MWCNT-COOH and (b) MWCNT-ttpy (conditions: 25 cm3 of 
Cd2+ solution, 24 h equilibration time, 50 mg adsorbent dose, 
pH = 5.5 and agitation speed 150 rpm).
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3.2.6. Isotherm studies

Equilibrium adsorption isotherms are mathemati-
cal expressions used to estimate the capacity of an adsor-
bent for the removal of a targeted pollutant and describe 
the distribution of species in the solid–liquid phases [8]. 
Adsorption experiments were performed by adding specific 
amounts of the adsorbents into aliquots of Cd2+/Hg2+ solu-
tions of varying metal ion concentrations ranging from 10 to 
100 mg dm–3 over a temperature range of 293–318 K for Cd2+ 
and 293–303 K for Hg2+. The equilibrium data obtained were 
fitted into various two- and three-parameter isotherm mod-
els listed in Table 2 and the fit of the models to the experi-
mental data were compared to obtain the isotherms that best 
describe the adsorption process. The adequacy of a model 
was decided based on the lowest values for the SSR and the 
RSE obtained.

Tables 6 and 7 give the isotherm parameters for models 
which fit the equilibrium data most appropriately for the 
adsorption of Cd2+ and Hg2+, respectively. The Langmuir 
isotherm was the best two-parameter model that could 
describe the adsorption of Cd2+ onto both sorbents (Table 6). 
The equilibrium data obtained for MWCNT-COOH could 
not be described by any of the three-parameter isotherm 
models, however, data obtained for MWCNT-ttpy were best 
described by the Redlich–Peterson (R-P) and Sips models.

The data obtained for the sorption of Hg2+ onto both 
adsorbents over a temperature range of 293–303 K were best 
described by the Langmuir model for the two-parameter 
isotherms, and the Sips model for the three-parameter iso-
therms (Table 7). 

The Langmuir model is used to describe systems with 
homogeneous adsorbent surfaces where it is assumed that 
the adsorbent surfaces contain a finite number of identical 
sites with uniform energies of adsorption, and hence no 
interactions exist between adjacent adsorbed species [8,70]. 
The Freundlich isotherm, however, describes a system 
where adsorption occurs on multilayer surfaces, containing 
heterogeneous adsorbent sites. Hence, since the sorption of 
Cd2+ and Hg2+ onto MWCNT-COOH and MWCNT-ttpy fit 
better to the Langmuir model than the Freundlich model, it 
could be assumed that all sites were equivalent, holding one 
adsorbate molecule without interactions with adjacent sites 
[70]. This model has been chosen as an isotherm of choice 
by other authors such as Wu et al. [8], Perez-Aguilar et al. 
[2], Kabbashi et al. [17] and Chen et al. [65] for the sorption 
of Cd2+ and Hg2+ from aqueous solutions. Of the three-pa-
rameter isotherms, the Sips model, which is a combination 
of the Langmuir and Freundlich models, was chosen to best 
describe both systems. 

A comparison of the maximum Langmuir adsorption 
capacity (qm) for MWCNT-COOH and MWCNT-ttpy demon-
strates that both sorbents compare favourably with other 
adsorbents from previous studies (Table 8). The capacity of 
MWCNT-ttpy was far greater than all other sorbents com-
pared for the removal of Cd2+, while the sorbent also shows a 
favourable uptake of Hg2+ when compared with other related 
sorbents (Table 8). This therefore shows that the application of 
MWCNT-ttpy is suitable, obtaining excellent uptakes of Cd2+ 
and Hg2+ from aqueous solutions. It is also interesting to note 
that a better adsorption ability for Cd2+ was obtained in this 
study for MWCNTs functionalized with a N-donor ligand 
(HO-Phttpy) than when nitrogen was doped into MWCNTs 
[2]. However, only slight improvement was noticed when 
MWCNT-ttpy was applied for Hg2+ removal compared with 
MWCNT-COOH.

Additionally, the parameters obtained from the Langmuir 
model can be used to estimate the favourability of the adsorp-
tion process. The constant, separation factor (RL), can be cal-
culated as given in Eq. (4) [77,78]:

R
bCL

i

=
+

1
1

 (4)

where Ci is the initial Cd2+/Hg2+ concentration (mg dm–3) and 
b is the Langmuir constant obtained from Tables 6 and 7 
(dm3 mg–1). The favourability of the adsorption process can 

(a)

(b)

Fig. 6. Effect of temperature on the adsorption of Hg2+ onto (a) 
MWCNT-COOH and (b) MWCNT-ttpy (conditions: 25 cm3 of 
Hg2+ solution, 24 h equilibration time, 50 mg adsorbent dose, 
pH = 6.0 and agitation speed 150 rpm).
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be estimated depending on the values of RL. Adsorption is 
assumed to be favourable if 0 < RL < 1, unfavourable if RL > 1, 
irreversible if RL = 0 and linear if RL = 1 [77]. All RL values 
obtained in this study were found to fall between 0 < RL < 1, 
hence adsorption of Cd2+ and Hg2+ onto MWCNT-COOH and 
MWCNT-ttpy indicated a favourable adsorption. The smaller 
the RL values, the more favourable the process is. The calcu-
lated values of RL obtained for Hg2+ produced lower values 
than those obtained for Cd2+, onto both adsorbents. This may 
be indicative that the sorption of Hg2+ was more favourable 
than Cd2+ sorption.

3.2.7. Thermodynamic parameters of adsorption

The thermodynamic parameters of adsorption, such as, 
the change in entropy (∆S°), change in enthalpy (∆H°) and 
change in Gibbs energy (∆G°), were calculated for the removal 
of Cd2+ from aqueous solutions. The calculations could not 
be done for the adsorption of Hg2+ from aqueous solutions 
due to the limitations of performing experiments at only 
two temperatures, hence, there was insufficient data to draw 
inferences. Thermodynamic parameters are calculated to 
understand the feasibility and spontaneity of the adsorption 
process. The process is feasible and spontaneous when ∆G° 
values are negative. A positive ∆H° value signifies the process 
is endothermic and the reverse is an exothermic process.

Table 6
Isotherm parameters for the adsorption of Cd2+ onto MWCNT-COOH and MWCNT-ttpy

Isotherms Parameter MWCNT-COOH MWCNT-ttpy

293 K 303 K 313 K 318 K 293 K 303 K 313 K 318 K

Langmuir qm 10.41 7.503 5.804 6.3026 41.51 39.71 38.89 36.94
b 0.022 0.022 0.029 0.017 0.558 0.426 0.288 0.250

RSEa 0.121 0.120 0.102 0.138 1.110 0.452 1.080 0.618

SSRb 0.117 0.114 0.084 0.151 9.864 1.631 9.331 3.052

Freundlich KF 0.631 0.451 0.507 0.280 – – – –

n 1.833 1.845 2.091 1.697 – – – –

RSE 0.200 0.137 0.187 0.450 – – – –

SSR 0.319 0.150 0.279 0.237 – – – –

Sips qm – – – – 37.36 37.97 34.62 34.31

b – – – – 0.635 0.439 0.2745 0.242

n – – – – 0.781 0.914 0.7739 0.8627

RSE – – – – 0.632 0.315 0.700 0.404

SSR – – – – 2.792 0.694 3.429 1.140

R-P K – – – – 19.01 15.02 8.932 7.671

α – – – – 0.316 0.306 0.1292 0.1323

β – – – – 1.154 1.0777 1.194 1.144

RSE – – – – 0.804 0.224 0.780 0.255

 SSR – – – – 4.524 0.3503 4.256 0.4549

aResidual squared errors. 
bSum of squared residuals.

Table 7
Isotherm parameters for the adsorption of Hg2+ onto MWCNT-
COOH and MWCNT-ttpy

Isotherms Parameter MWCNT-COOH MWCNT-ttpy

293 K 303 K 293 K 303 K

Langmuir qm 33.89 37.67 36.13 38.86
b 0.085 0.146 0.217 0.348

RSEa 0.769 0.545 1.234 2.019

SSRb 4.733 2.376 12.18 32.62

Freundlich KF 4.965 7.155 9.263 12.82

n 2.118 2.162 2.524 2.811

RSE 1.384 1.564 1.598 2.702

SSR 15.33 19.57 20.44 58.39

Sips qm 37.00 40.47 46.04 42.14

b 0.090 0.147 0.205 0.341

n 1.106 1.090 1.37 1.16

RSE 0.785 0.521 0.919 2.106

SSR 4.312 1.903 5.912 31.05

aResidual squared errors.
bSum of squared residuals.
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The change in Gibbs energy is calculated from the expres-
sion in Eq. (5) [48,79]:

∆ ° = −G RT Kln  (5)

where ΔG° is the standard Gibbs energy change (J mol–1), R 
is the universal gas constant (8.314 J K–1 mol–1) and T is the 
absolute temperature in Kelvin. The value of K was obtained 
from the product of qm and b obtained from the Langmuir 
plot (Table 6) [80,81]. The value of K was corrected to be 
dimensionless by multiplying by 1,000 [82].

In order to obtain ΔH° and ΔS° values, a linear plot of 
lnK against 1/T by using the Van’t Hoff expression given in 
Eq. (6), were used. Estimated values of ΔH° and ΔS° were cal-
culated from the slope and intercept of the line, respectively.

lnK H
RT

S
R

= −
∆ °

+
∆ °  (6)

The values obtained, as given in Table 9, demonstrate that 
the sorption of Cd2+ onto MWCNT-COOH and MWCNT-ttpy 

was both feasible and spontaneous, as indicated by the neg-
ative ΔG° values. Similarly, negative ΔH° and ΔS° values 
were obtained for both sorbents (Table 9), indicating that the 
sorption of Cd2+ onto MWCNT-COOH and MWCNT-ttpy is 
exothermic in nature and enthalpy-driven. The values of 
ΔH° obtained show that the heat evolved was in the range 
for a physisorption (2.1–20.9 kJ mol–1) process [35,83]. This 
indicates that the process for the removal of Cd2+ from aque-
ous solutions by using MWCNT-COOH was primarily phy-
sisorption. The sorption of Cd2+ onto MWCNT-ttpy can be 
assumed to be a physicochemical process, since ΔH° values 
were higher than the predicted values for a physisorption 
process [35,83]. However, negative ΔS° values were obtained 
for Cd2+ sorption onto MWCNT-COOH and MWCNT-ttpy. 
This trend demonstrates a decrease in the disorderliness of 
the system as the temperature is increased; adsorption onto 
both sorbents was enthalpy-driven. Hence, thermodynamic 
studies reveal the spontaneity of the adsorption process 
and the favourability of the process at low temperatures 
onto MWCNT-COOH. However, it is important to note that 
the sorption of Cd2+ onto MWCNT-ttpy was less affected 
by temperature (Fig. 5(b)), indicating the proficiency of 
the material for Cd2+ removal regardless of an increase in 
temperature.

3.3. Desorption studies

To investigate the regeneration of adsorbents for reuse, 
desorption experiments were performed on Cd2+/Hg2+-
loaded sorbents. In this study, 0.1 mol dm–3 HCl was used to 
desorb the metal ions from the adsorbents. Prior to desorp-
tion, the concentration of metal ions on the loaded adsor-
bents was obtained, and subsequently the loaded materials 
were agitated for 30 min in contact with 25 cm3 of eluent. The 
removal of Cd2+ from the adsorbents was effective achiev-
ing a percentage removal of 74% and 82% from MWCNT-
COOH and MWCNT-ttpy, respectively. The removal of 
Hg2+ from sorbents produced a percentage removal of 92% 
and 81% from MWCNT-COOH and MWCNT-ttpy, respec-
tively. The choice of eluent was based on previous reports by 
Hamza [32] and Hamza et al. [80], Vukovic et al. [67], Saber-
Samandari and Gazi [84], Rahman et al. [1], Perez-Aguilar 

Table 8
Comparison of the adsorption capacity of Cd2+ and Hg2+ onto 
MWCNT-COOH and MWCNT-ttpy with that of other sorbents

Adsorbent Cd2+ Hg2+ References

MWCNT 5.40 – [71]
MWCNT (H2SO4)a 8.60 – [71]

MWCNT (H2SO4/KMnO4) 46.3 – [71]

MWCNT 1.10 – [9]

MWCNT (H2O2) 2.60 – [9]

MWCNT (KMnO4) 11.0 – [9]

MWCNT (HNO3) 5.10 – [9]

N-doped MWCNT 9.33 – [2]

MWCNT 5.62 – [72]

MWCNT (H2SO4) 20.2 – [72]

MWCNT (HNO3) 10.9 – [73]

MWCNT-EDA 25.7 – [67]

MWCNT – 84.0 [61]

MWCNT-SH – 16.9 [62]

MWCNT-SiO2 – 13.3 [74]

MWCNT – 25.6 [75]

MWCNT(HNO3) – 27.3 [76]

MWCNT – 5.47 [76]

MWCNT – 0.36 [65]

MWCNT (HNO3) – 0.41 [65]

MWCNT (H2SO4/KMnO4) – 0.42 [65]

MWCNT (H2SO4/HNO3) 10.4 33.4 This study

N-functionalized MWCNT 41.5 36.1 This study

aModifying agents in parentheses.

Table 9
Thermodynamic parameters for the adsorption of Cd2+ onto 
MWCNT-COOH and MWCNT-ttpy

Adsorbent T 
(K)

ΔG°  
(kJ mol–1)

ΔH°  
(kJ mol–1)

ΔS°  
(J K–1 mol–1)

MWCNT-COOH 293 –13.28
303 –12.82

313 –13.32 –19.56 –78.96

318 –12.39

MWCNT-ttpy 293 –24.48

303 –24.53

313 –24.26 –28.74 –71.72

318 –24.14
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et al. [2] and Srivastava [85] justifying the removal of metal 
ions by using acidic solutions. The removal of Cd2+ and Hg2+ 
from MWCNT-COOH and MWCNT-ttpy proved efficient 
by using HCl, hence, isolation of the adsorbate and reutiliza-
tion of the sorbents is a viable option. The application of the 
sorbents for the removal of metal ions in solution should be 
economical, preventing the discharge of spent-sorbents and 
thereby avoiding the discharge of secondary pollutants into 
the environment.

4. Conclusions

In this study, nitrogen-functionalized multiwalled carbon 
nanotubes (MWCNT-ttpy) were applied for the removal of 
Cd2+ and Hg2+ from aqueous solutions. Their efficiency for 
metal ion removal was compared with that of acid-function-
alized multiwalled carbon nanotubes (MWCNT-COOH), 
in order to determine which of the two sorbents was more 
effective.

The results obtained showed that MWCNT-ttpy was 
much more effective towards Cd2+ and marginally more 
effective for Hg2+ than MWCNT-COOH. For Cd2+, a fourfold 
increase in removal (i.e., 10.41 to 41.51 mg g–1) was achieved by 
MWCNT-ttpy over MWCNT-COOH. Although, the removal 
efficiencies of both sorbents towards Hg2+ removal were sim-
ilar, an increase in its uptake was obtained for MWCNT-ttpy. 
This demonstrates the effectiveness of CNTs functionalized 
with a nitrogen-donor ligand towards the removal of diva-
lent metal ions in solution. The pseudo-second-order model 
described the kinetics data most appropriately, indicating a 
bimolecular chemical interaction between metal cations and 
the active surface of the adsorbents. Hence, the sorption of 
Cd2+ and Hg2+ primarily interacted with the active sites on 
the adsorbents via coordination (dative covalent bonding) 
interaction.

Of the two-parameter isotherms tested, the Langmuir 
model best described the sorption of both adsorbates, 
while the Sips model was the best of the three-parameter 
isotherms for the sorption of Cd2+ by MWCNT-ttpy and 
for Hg2+ with both adsorbents. An increase in temperature 
resulted in a decrease in the uptake of Cd2+, indicating that 
adsorption was favourable at low temperatures. However, 
the sorption of Hg2+ showed an increase in removal with 
an increase in temperature. This is indicative that the sor-
bents are effective for Hg2+ removal at high temperatures, 
and can be applied to effluents discharged at above ambient 
temperatures. 

Desorption of both adsorbents from the sorbents also 
produced good efficiencies, indicating that the sorbates and 
sorbents can be recovered and recycled for reuse. This study 
therefore demonstrated that MWCNT-ttpy is a good adsor-
bent for the removal of metal ions from solution and its appli-
cation in industry should be further explored.
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