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Removal of Pb*" from contaminated water using modified multiwalled
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The effects of ethylene diamine (EDA), poly (amidoamine) (PAMAM) dendrimer and
polyvinyl alcohols (PVA) modified multi-walled carbon nanotubes (MWCNTS) were
investigated for the adsorption of Pb*" ions in synthetic water and subsequently, in
wastewater samples. The prepared MWCNTSs nanocomposites were confirmed by Fourier
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). The concentration of Pb®* ions were measured by flame-atomic
absorption spectroscopy (F-AAS) and inductively coupled plasma-mass spectroscopy
(ICP-MS), respectively. Removal of Pb?* jons from synthetic solutions was carried out by
varying parameters such as pH, initial metal ion concentration, contact time and adsorbent
dosage. The maximum removal of Pb?* ions was achievable at a pH of 6.5. The removal
efficiency increased (more than 90%) with metal ion concentration; and reached
equilibrium at 40 mg/L Pb?* ions in all nanocomposites. Equilibrium was reached within
the first 30 minutes, (at a low adsorbent dosage of 0.03 g) and remained constant in all
nanocomposites. The EDA-MWCNTSs nanocomposite yielded more than 90% Pb*" ions
removal from synthetic solutions as compared to both PAMAM dendrimers and polyvinyl
alcohols. The analysis of wastewater indicated that the concentration of Pb®* before
treatment was ranging from 4.09 to 35.73 pg/L. The nanocomposite was able to remove
99% of Pb** from wastewater. Concentrations of Pb®* varied from 0.200 - 0.234 ug/L after
adsorption, which are below acceptable levels recommended by World Health
Organisation (WHO), i.e, 10 ug/L Pb*".
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1. Introduction

South Africa is one of the leading producers of a wide range of precious metals in the
world [1]. Unwanted waste containing heavy metals are discharged into the environment and
contaminate water. Heavy metals are hazardous to the environment and the communities near
various industries because during heavy rains, they are washed and deposited into rivers as
sediments [2, 3]. Among these heavy metals, lead ions easily accumulate in various water bodies.
In water it exists as Pb?*, which makes it easier to enter food chains and accumulates in body soft
tissues [4]. In the past, the environment was more populated with lead emissions to ambient air
due to its emission from petrol. Fortunately, in developing countries it has decreased due to
introduction of unleaded petrol [5]. In wastewater, lead originates from battery manufacturing,
printing, painting, dying and other industries [6]. The maximum permissible level (MPL) of lead
in drinking water as stated by World Health Organisation (WHO) is 10 pg/L [7]. It can enter the
body through digestive system or lungs; and if it is in large quantity this will result in cancer,
anaemia, renal kidney, headache, abdominal pains and various symptoms relayed to nervous
system [8, 9].
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Several techniques have been applied for removal of heavy metals and these includes
reverse osmosis and nano-filtration, ion exchange, membrane separation, precipitation and
adsorption [10, 11]. Amongst all methods, adsorption technology is preferred due to its low cost,
high efficiency and its simplicity of operation towards the removal of heavy metals [12].
Although, several commercially available adsorbents exist such as activated carbon, inorganic
oxides, and chitosan/natural zeolites, their applications are limited due to low sorption capacities
and efficiencies [13].

Several researchers have proven that multi-walled carbon nanotubes (MWCNTS) are
capable of removing heavy metals from water due to their unique structural properties such as
large surface area, high porous hollow structure, high adsorption rate and high thermal stability
[14]. For example, a study undertaken by Mubarak et al. [15] has shown that MWCNTSs are
capable of rapidly adsorbing Pb** from aqueous solution. However, their applications are limited
due to formation of bundles that are held together by weak Van der Waals forces, which
complicate their dispersity in various solvents. To subvert this, MWCNTSs are mainly polymerised
with a variety of polymers, which enhances their adsorption capacity due to improved interfacial
adhesion strength. For example, studies conducted elsewhere using MWCNTs modified with
ethylene diamine (EDA) [16] and poly (amidoamine) (PAMAM) dendrimers [17] showed
enhancement of the dispersity and the heavy metal adsorption [18-20] of the composite materials.
The type of branches and terminal functional groups attached on the core of the PAMAM can be
controlled, which makes it easier to modify MWCNTSs [20]. The polyvinyl alcohol (PVA; and
PVA, of two different molecular weights) modified MWCNTs Zhang et al. [21] showed an
improved strength of composite. Furthermore, the studies undertaken by Lin et al. [22] have
shozwn that PVVA has good chelating properties, which are envisaged to enhance the adsorption of
Pb*".

Although, Zang et al. [18] have reported the heavy metal adsorption properties of EDA-
MWCNTs composite, the focus was mainly on solid-phase extraction and pre-concentration of
metal ions in synthetic batch studies. Hence, this study has investigated the effects of EDA,
PAMAM dendrimer and polyvinyl alcohol (PVA; and PVA,) on MWCNTSs towards their
dispersity and adsorption of Pb?* from both synthetic and wastewater, collected from Lephalale
Municipality in Limpopo Province, South Africa.

2. Materials and methods

2.1. Materials

All reagents were of analytical grade and were used as received for all experiments, unless
otherwise stated. Calibration standards and sample preparation were carried out using double de-
ionised water obtained from an ultra-pure water purification unit (Milli-Q® Reference, Merck)
with a resistivity of 18.2 MQ.cm at 25 °C. Anhydrous acetone and methanol were obtained by
adding about 10 g of calcium or magnesium sulphate.

Multiwalled carbon nanotubes (MWCNTS, 110-170 nm X 5-9 pm, purity > 99%), nitric
acid (HNO; puriss p.a, 65%), hydrogen peroxide (H,O, puriss p.a, 30%,), ethylene diamine
(C,HgN, reagent Plus > 98%), polyvinyl alcohol (PVA hydrolysed > 99%), ethylene glycol
(C.HeO, reagent Plus > 99%), dimethyl sulfoxide (DMSO C,H¢OS Bioreagent > 99.7%),
aluminium chloride (AICl; 99% trace metals), N,N'-Dicyclohexylcarbodiimide (DCC, Ci3H»,N,
puriss > 99.0%), methyl acrylate (C4HsO, 99%), toluene-2,4-diisocyanate (CyHeN,O, 80%
technical grade), acetone (C3HgO ACS reagent > 99.5%), methanol (CH;OH > 99.9% absolute
AR), and calcium sulphate (CaSO, reagent Plus, > 99%), were all purchased from Sigma Aldrich.

Standards solutions were prepared daily using stock solution of lead standard (Pb** pure
plus single element in 2% HNOs), obtained from Sigma Aldrich. The solutions’ pHs were adjusted
using sodium hydroxide (1 M NaOH ACS Reagent > 98%) and hydrochloric acid (1 M HCI ACS
reagent, 37%) obtained from Sigma Aldrich. Nylon membrane filter papers (0.45 um x 47 mm)
were purchased from Rochelle Chemicals & Lab Equipment Close Corporation.
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For wastewater and river water sample analysis, the standard reference materials (SRMs)
used for validation of the analytical methods is an SRM 1643f - Trace elements in water (NIST,
USA).

2.2. Preparation of adsorbents

Prior to functionalisation with EDA, PAMAM dendrimer and polyvinyl alcohol (PVA;
and PVA,), MWCNTs were sonicated for 3 h at 25 °C using a mixture of H,O, and HNO3 (55%)
in a ratio of 3:1 (v/v). Thereafter, the acid treated MWCNTSs were diluted with de-ionised water
and filtered through a 0.45 pm nylon membrane until a neutral pH is reached and then dried under
vacuum at 80 °C for overnight [23]. The prepared acid treated MWCNTs were denoted as COOH-
MWCNTs.

2.2.1. Synthesis of EDA-MWCNTSs composite

The EDA-MWCNTSs were prepared following the method described elsewhere [18], with
modification. Briefly, about 2 g of COOH-MWCNTSs were suspended in 75 mL of EDA under
stirring at 80 °C. The mixture was allowed to reflux at 80 °C, for 48 h under nitrogen atmosphere.
Then the product was filtered, washed off and then dried under vacuum at 80 °C.

2.2.2. Synthesis of PVA-MWCNTSs composite

The PVA-MWCNTSs were prepared following the method described elsewhere [24], with
slight modification. Since PVA exists in many different molecular weights, the small molecular
weight ranging between 13.00 g/mol and 23.00 g/mol (PVA;) was chosen together with high
molecular weight ranging between 146.00 g/mol and 186.00 g/mol (PVA,).

Approximately 0.2 g of COOH-MWCNTSs was added to a mixture of 2 g of PVA; and 20
mL dimethyl sulfoxide in a three-necked round bottomed flask equipped with a magnetic stirrer.
The mixture in the flask was slowly heated from room temperature to 90 °C and when the PVA
was completely dissolved, 1 g of AICI; which serves as a catalyst, was added. The mixture was
continually stirred at 70 °C for 24 h under a nitrogen atmosphere. The reaction was terminated by
pouring the mixture into a solution of methanol mixed with hydrochloric acid (volume ratio 1:1).
The product was centrifuged at 3000 rpm for 15 min and the precipitates were washed with de-
ionised water several times until no apparent AICls. Finally, the PVA;-MWCNTS composite was
obtained after drying under vacuum at 80 °C for 3 h. A similar procedure was followed to prepare
a PVA,-MWCNTSs composite.

2.2.3. Synthesis of PAMAM-MWCNTSs composite

Firstly, about 0.5 g of COOH-MWCNTSs was dispersed in an anhydrous acetone (20 mL)
under stirring for 30 minutes, followed by drop-wise addition of 4 mL toluene 2.4-diisocyanate.
The amidation reaction by toluene 2,4-diisocyanate was undertaken in a dry nitrogen atmosphere
at 25 °C for 24 h. After 24 h, the functionalized NCO-MWCNTSs were washed with anhydrous
acetone to completely remove the residuals, filtered and left to dry at room temperature overnight
[17].

The next step involved dispersing about 0.3 g of produced NCO-MWCNTSs in 20 mL of
anhydrous acetone under sonication for 30 minutes, and then an excess ethylenediamine (about 10
mL) was added while stirring at 25 °C for 24 h. The resulting solid was washed with anhydrous
methanol, filtered and dried overnight (80 °C) in a vacuum, generating NH,-MWCNT [25].

The last step of formation of PAMAM on MWCNTs surface was initiated by NH,-
MWCNTSs involving the Michael addition of methyl acrylate (MA) on peripheral amino groups as
follows: Briefly, 0.1 g of NH,-MWCNTSs was dispersed in methanol (20 mL) while stirring and
then 40 mL of methanol/MA solution (1:1) was added and the mixture was allowed to react at 30
°C for 48 h. The resulting product was filtered, washed, and dried, yielding functionalized
MWCNTSs containing the “first generation” ester group (MWCNTs-Gy5-COOCHS,3) (Pan et al.,
2006). The amidation of the terminal groups of COOCH3;-MWCNTSs was carried out by the same
procedure as discussed above (except using EDA instead of MA). The product was washed with
methanol, filtered, and dried, yielding functionalized MWCNTSs containing the “first generation”
amino groups (NH,-G;-MWNTS) [26].
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2.3. Characterisations

The structure of all prepared composites was carried out by XRD with CuKa (1.5405A)
radiation. The morphology of the nanocomposites was examined by SEM (JSM 5910, JEOL
5910/Japan). For functional groups assessment FTIR (Thermo Nicolet 6700/USA) was used. TEM
(JM 2100, JEOL, Japan) was used for identification of the surface structure of the nanocomposites.
The TGA analyses were performed using a Perkin Elmer STA 6000 to monitor the thermal
stability of the MWCNTSs composites. The batch experiments were monitored using a Perkin
Elmer Pinnacle 500 flame-atomic absorption spectrometry (F-AAS) (United States), equipped with
an innovative touchscreen interface, which is flexible to operate through its easy-to-use Syngistix
Touch software or the more comprehensive, optional Syngistix™ for AA Software with operating
conditions indicated in Table 1.

Table 1. The operating condition for F-AAS for Pb.

Operating Conditions Pb
Measuring Wavelength (nm) 283.3
Lamp Current value (mA) 10.0
Slit Width (nm) 0.5
Burner height (mm) 7.0
Oxidant Air
Flow of C,H, (L/min) 2.0

Perkin Elmer Sciex Elan 6100 inductively coupled plasma-mass spectrometry (ICP-MS)
(Germany) was employed for detection of trace elements in water samples. The instrument was
equipped with quartz torch, nickel sampler and skimmer cones, a peristaltic pump, a cyclonic type
pneumatic nebulizer and a double pass Scott-type spray chamber. The summary of operating
conditions is indicated in Table 2.

Table 2. The ICP-MS operating conditions.

Parameter Settings
Nebulizer gas flow 1.0 L/min
Auxiliary gas flow 1.2 L/min

Plasma gas flow 14 L/min

ICP RF power 1400 L/min

Lens voltage 10V

Analogue stage voltage -2550 V

Pulse stage voltage 1050 V

Torch box temperature 30°C

Cooling system: Main temp. and interface water temp. | 18.0 °C & 32.6 °C

2.4. Pb** ions adsorption experiments

Batch experiments were conducted to study the effects of solution pH value (2 - 8),
contact time (2 - 60 min), initial metal ion concentration (20 - 100 mg/L) and adsorbent dosage
(0.03 - 0.13 g). Typically, approximately 0.05 g of nanocomposites (as adsorbents) were added
into a 100 mg/L Pb** ion solution (10 mL) in 100 mL beakers and stirred vigorously for specific
time to facilitate adsorption of the Pb®* ion onto the adsorbents. The pH was adjusted to the
respective value using a 0.1 M HCI and 0.1 M NaOH. The adsorbents-solution mixtures were
filtered through a nylon membrane of 0.45 um, and the metal concentrations were analysed before
and after adsorption using F-AAS. The effects of initial metal ion concentration were studied by
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adding 0.05 g of nanocomposites into 10 mL of Pb?* ions, with the concentration ranging between
20 and 100 mg/L. The removal rates (%) were calculated using equation 1.

Ci_Cf
R= c x100% 1)

where, C; (mg/g) and C; (mg/g), are the initial and final concentration of Pb* ions, respectively
and R is the removal rate (percentage) of Pb®* ions. The m (mg) is the mass of adsorbent, and V
(mL) is the volume of solution [27].

3. Results and discussion

3.1. Characterisation of nanocomposites
3.1.1 TGA analysis of COOH-MWCNTs, EDA-MWCNTs, PAMAM-MWCNTSs and
PVA-MWCNTSs

The data in figure 1 shows the TGA profiles of (a) COOH-MWCNTs, (b) PVA,-
MWCNTSs, (c) PVAL-MWCNTSs, (d) PAMAM-MWCNTSs, (¢) EDA-MWCNTs, (f) pure PVA; and
(9) pure PVA,. Prior to the TGA analysis no pre-treatment of samples was performed; hence the
moisture vaporisation weight loss peak was observed in most samples starting from 50 to 110 °C.
The data indicates that COOH-MWCNTSs (figure 1a) is stable up to 550 °C and an approximately 4
wt.% loss was observed from 150 °C, which can be associated with adsorbed water and some CO,
evolution of the carboxylic group attached to the surface of CNTs. Similar behaviour was reported
by Canete-Rosale et al. [16].

COOH-MWCNTs
PVA2-MWCNTs

PVA1-MWCNTs

PAMAM- MWCNTs

Weight (%)

d

EDA- MWCNTs
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Fig. 1. The TGA profiles for (a) COOH-MWCNTs, (b) PVA,-MWCNTSs, (¢) PVA;-MWCNTSs (d)
PAMAM-MWCNTSs, (e) EDA-MWCNTSs, (f) pure PVA; and (g) pure PVA,. All samples were not
pretreated to remove moisture, prior to TGA analysis.

The TGA profiles of PVA-MWCNTSs with different molecular masses portray related
weight loss with different decomposition temperatures. Moreover, the PVA;-MWCNTSs (Figure
1c) appear to have a low decomposition temperature, as compared to PVA,-MWCNTSs (Figure 1b).
This might be due to an increase in the number of chains which are strongly covalently bonded
together (in the case of PVA,-MWCNTS). The profiles of two pure PVAs with different molecular
masses are also displayed in figure 1f and 1g. The thermal behaviour of the two pure samples
agrees with the study by Zawawi et al. [28]. It was noted that pure PVA displays three distinct
weight loss stages, i.e., from 30 to 210 °C (5 wt. % loss of weakly physisorbed water), 210 to 400
°C (decomposition of side chain of PVA), and 400 to 450 °C (decomposition of main chain of
PVA). A sequential weight loss is detected for PAMAM-MWCNTSs composite (figure 1d), which
can be associated with the number of generations of PAMAM covalently bonded to the walls of
MWCNTSs. It has been reported that the number of generations of PAMAM dendrimer increases
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the quantity of PAMAM on the walls of MWCNTSs [26]; hence, a stepwise decomposition from
150 to 340 °C is observed. The TGA profile of EDA-MWCNTSs composite (figure 1e) shows an
initial weight loss of up to 150 °C, which is due to absorbed moisture. However, from 200 °C a
weight loss of almost 80% is observed as compared to acid functionalised MWCNTS, which is
attributed to the amine functional groups added on the surface of MWCNTSs.

3.1.2. The XRD patterns of COOH MWCNTs, EDA-MWCNTs, PAMAM-MWCNTS,

pure PVA and PVA-MWCNTSs

The data in figure 2 shows the XRD profiles of different nanocomposites used in the
study. The main XRD peak profile of COOH-MWCNTSs (figure 2a) strongly exhibits graphitic
characteristics due to their intrinsic nature; and the indexed peaks at 26.8°, and 39.8° 20 are due to
(002) and (100) planes, respectively [29]. The attachments of EDA on the surface of MWCNTSs
decreased the graphitic peak intensity on EDA-MWCNTSs [30], which confirms a successful
addition of EDA group on the surface/walls of MWCNTS.

The PVA is a crystalline polymer in nature, hence the broad sharp diffraction peak at 20 =
23.4° is a characteristic profile of PVA crystalline structure [31]. The intensity of a peak at 23.4°
20 of a pure PVA (figure 2d) now appears as a hump on PVA,-MWCNTSs (figure 2e) (similar
XRD features were observed on PVA-MWCNTSs, not shown), which confirms successful
modification [32]. This data supports the presence of approximately 20% of PVA on MWCNTS, as
noted on TGA profiles.

The characteristic crystallinities of MWCNTs in PAMAM-MWCNTs (figure 2c)
composite are not visible on XRD patterns. This could be attributed to insufficient content of
MWCNTSs or the encapsulation of MWCNTS by polymer (as confirmed by SEM data in figure 5d),
hence the decrease in intensity of peaks. Similar features were reported by Veerapandian et al.
[33].
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Fig. 2. XRD profiles for (a) COOH-MWCNTSs, (b) EDA-MWCNTSs, (c) PAMAM-MWCNTS
(d) pure PVA, (e) PVA,-MWCNTSs.

3.1.3 The FTIR spectra of pristine MWCNTs, COOH-MWCNTs, EDA-MWCNTS,
PAMAM-MWCNTSs and PVA-MWCNTSs

Oxidation of MWCNTSs brought up hydroxyl and carboxylic acid groups as shown in
figure 3a. The stretching band at 3220 cm™ is attributed to O-H functional groups. An aromatic
ring peak attributed to C=C was slightly observed at 1560 cm™. The appearance of peak at 1250
cm™ is associated with C-O stretching vibrations of carboxylated anions. Similar findings were
reported by several researchers [34; 35]. A smooth band at 3375 cm™ is attributed to the primary
amine stretching vibration of EDA-MWCNTSs (figure 3b), while peak at 1750 cm™ is assigned to -
NH, bending, as reported by Rahimpour et al. [36]. The presence of peak at 1635 and 1250 cm™
correspond to N-H bending and C-N stretching mode of aliphatic amines groups, respectively.
This is in agreement with the data reported by Jimeno et al. [37].
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The FTIR profile of PAMAM-MWCNTSs (figure 3c) composites shows the presence of a
sharp band at 1750 cm™, which correspond to an amide C=O stretching vibration; hence a
successful modification of MWCNTS has been achieved. Furthermore, the profile shows a peak at
1659 cm™ and 1500 cm™, which correspond to the amine stretching and bending mode,
respectively. The characteristic peaks of C-N group are observed at 1009 cm™ that shows a family
of PAMAM dendrimer, as reported by Barakat et al. [19] and Maleki et al. [38].
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Fig. 3. FTIR spectra of (a) COOH-MWCNTS, (b) EDA-MWCNTSs and (c) PAMAM-MWCNTS.

The FTIR profiles of PVA;, PVA,, PVA;-MWCNTSs and PVA,-MWCNTS are as shown in
figures 4. Pure PVA, (figure 4) have an absorption band of hydrogen bonded O-H peak above
3000 cm™ [39], which is the only broad peak when the alcohol is not dissolved in a solvent.
However, in the study undertaken the O-H peak is relatively sharp because MWCNTs was
modified with PVA dissolved in high boiling point solvent (DMSO) and further washed with
excess de-ionised water until neutral pH achieved. Since PVA is made-up of long chains, the peaks
below 1000 cm™ are attributed to the bending motion associated CH, groups in an open chain.
These spectra are thoroughly explained in the book of Pavia et al. [40]. These long-chain bands
prove that MWCNTSs were successfully modified by PVA.

It has been reported that an important absorption band in all PVAs is verified at
frequencies between 1100 cm* and 1000 cm™, and these vibrational band are mostly attributed to
the crystallization of PVA, related to carboxyl stretching band C-O. It has been further used as an
assessment tool of PVA structure and was reported by other researchers as well [41, 42].

The FTIR spectra of PVA;- and PVA,-MWCNTSs, shows an absorption bands at 2992 cm?
and 2951 cm™ which is attributed to C-H stretching (Figure 4). Furthermore, peaks at 1760 cm™
and 1768 cm™ corresponds to the C=0 stretching. Moreover, 1562 cm™ and 1508 cm™ presents the
characteristics of bending C-H groups, superposition C-H, and deforming O-H group. The peaks
above 3000 cm™ corresponds to the O-H stretching vibrations of carboxylic acid in all the
nanocomposites spectra. Similar results were reported elsewhere [41, 21].
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Fig. 4. FTIR spectra of (a) PVA; (b) PVA;-MWCNTSs, (c) PVA,and (d) PVA,-MWCNTSs.

3.1.4. SEM images of COOH-MWCNTs, EDA-MWCNTs, PAMAM-MWCNTS, PVA,-
MWCNTSs and pure PVA

The morphology of the prepared nanocomposites was further characterised by SEM as
shown in figure 5. The SEM data in figure 5 shows the images of COOH-MWCNTSs (figure 5(al)),
EDA-MWCNTs (figure 5(b1)), PAMAM-MWCNTSs (figure 5(cl1)) and PVA,-MWCNTSs (figure
5(d1)). The surface of COOH-MWCNTSs (figure 5(al)) was cleaned during oxidation process by
removing carbonaceous species such as amorphous carbon [43]. Moreover, compact stacking
morphology was exhibited and no disordered debris with entangled-like structures was observed.
Similar observation was made by Ma et al. [44]. The EDA-MWCNTs nanocomposite (figure
5(b1)) shows no agglomeration, which is attributed to the grafting of amino group on the surface
of MWCNTSs. Moreover, the EDA-MWCNTS nanocomposite appears to be brighter than COOH-
MWCNTSs (Figure 5(al)). This might be due to exposure to EDA functional groups, which
increases the MWCNTS surface reflection, as suggested by Hadavifar et al. [45]. The PAMAM-
MWCNTs nanocomposite (figure 5(c1)) shows a dense white spongy-like image of polymeric
matrix encapsulating the MWCNTSs [44]. It can further be noted that MWCNTSs tubes are invisible
on the grid surface, which support the weakening of graphitic peak of MWCNTSs as seen on XRD
profile for PAMAM-MWCNTSs (figure 2c).

The SEM image of MWCNTSs incorporated with PVA is depicted in figure 5(d1). The pure
PVA (figure 5(el)) present a uniform morphology with smooth surface and irregular shape in
comparison with PVA,-MWCNTSs (figure 5(d1)). It became gradually rough and spongy when
combined with MWCNTSs (figure 5(d1)), which may result in stronger interaction between
MWCNTSs and the polymer [46]. Moreover, the thin film of PVA polymer keep MWCNTSs apart
after grafting and thus disable the nanocomposites to agglomerate and entangle [46]. The two PVA
with different molar masses portrayed similar characteristics upon incorporation on MWCNTS.
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Fig. 5. SEM images of (a1) COOH-MWCNTSs, (b1) EDA-MWCNTSs, (c1) PAMAM-MWCNTSs, (d1) PVA,-
MWCNTSs and (el) pure PVA and their corresponding HRTEM images (a2, b2, c2, d2, e2).
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3.1.5. TEM images of COOH MWCNTs, EDA-MWCNTs, PAMAM-MWCNTS. PVA,-
MWCNTSs and pure PVA

The TEM surface images of COOH-MWCNTs, EDA-MWCNTs, PAMAM-MWCNTSs
and PVA,-MWCNTs and found in figure 5(a2) to figure 5(d2) respectively, at 200 nm
magnification. The walls of MWCNTSs appear to be thick and might be due the original nature of
its synthesis [47]. Acid functionalised MWCNTSs (figure 5(a2)) after treatment seemed to be rough
with no impurities indicating that they have been removed during oxidation process. Slight
damage of the MWCNTSs due to some acid treatment can be observed and XRD showed that the
peak intensity was not sharp, due to a loss of the crystallinity. Fortunately, MWCNTSs seemed to
have not lost its properties because it was able to undergo further modifications resulting in higher
removal efficiencies.

The data in figure 5(b2) and 5(c2) shows that all the TEM images of both EDA-MWCNTSs
and PAMAM-MWCNTSs are tubular regardless of different modifications. As shown in figure
5(b2), it is clearly apparent that some portions of the MWCNTSs walls are coated with EDA
polymer. As compared to the acid functionalised MWCNTS, the surface walls of EDA-MWCNTS
looks rougher, with the tubular structure remaining intact. Furthermore, it has exhibited thin and
different morphology as compared to other nanocomposites, as reported by Bushmita et al. [48].
The PAMAM-MWCNTs TEM images (Figure 5(c2)) shows that the PAMAM is well dispersed
with dense layer on the surface of oxidised MWCNTS, suggesting a successful attachment.

The TEM images of PVA,-MWCNTSs and pure PVA are shown in figure 5(d2) and figure
5(e2), respectively. There are spherical droplets of PVA on top of the copper grid in figure 5(e2),
which appears to be smooth. Park et al. [49] has also reported similar results. Modified MWCNTS
have dark spots in the tubes, which can be associated with polymer incorporated on the surface of
MWCNTs. Moreover, MWCNTSs have retained their tubular structure of carbon nanotubes. It can
be concluded that MWCNTS has been successfully modified with PVA.

3.2. Batch adsorption studies

3.2.1 Effects of pH on adsorption of Pb®* by various nanocomposites

The data in figure 7 show the effects of pH on adsorption of Pb*" ions by COOH-
MWCNTs, EDA-MWCNTSs, PVA;-MWCNTSs, PVA,-MWCNTs and PAMAM-MWCNTS. The
data indicates that COOH-MWCNTSs adsorbed a smallest, consistent amount of Pb** from low to
the highest pH, with the highest removal (approximately 23%) recorded at pH of 6.5. The COOH-
MWCNTs has minimum sites for adsorption, hence percentage removal was below 23%.
Furthermore, COOH-MWCNTs from SEM images (figure 5b) showed the presence of
carbonaceous species that restrict smooth adsorption of metal ions. Upon modification of
MWCNTSs, all composites except for PVA;-MWCNTSs (figure 7) had lower percentage removal of
Pb* at low pH. This is due to the surface protonation of the adsorbent by H* ions that are in
competition with metal ions for available binding active sites [12]. The maximum adsorption
values were obtained at pH of 6.5, for all nanocomposites (approximately 75% Pb*" ions removal),
except for PVA;-MWCNTSs composite. This is because metal ions interact with unprotonated
groups such as amine and carbonyl groups at high pH values [50]. A related pH effects on
adsorption of Pb** was noted on the work reported by Xiong et al. [29], though their maximum
adsorption were recorded at pH 5.8. A decrease in adsorption was obtained from 8.5 in basic
conditions and is attributed to an increase in OH" concentrations, which led to formation of metal
hydroxides precipitates. Related results were reported by Tehrani et al. [50]. Surprisingly, the
PVA;-MWCNTs composite showed an initial 84% removal of Pb®*, which then decreases with pH
until a pH of 8.5. The three nanocomposites (EDA-, PAMAM- and PVA,-MWCNTSs composites)
recorded maximum adsorption of +/-75% at pH 6.5, which differs from the results reported by
Wang et al. [51]. They have observed the maximum adsorption of 100% at a pH 4, which could be
due to a very low concentration of Pb®* used in the batch studies.
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Fig. 7. Effect of pH on adsorption of 20 mg/L Pb?** by nanocomposites.

3.2.2. Effects of concentrations on the adsorption of Pb?* by various nanocomposites

The data in figure 8 show the effect of concentration on adsorption of Pb%" by various
nanocomposites at pH of 6.5. The COOH-MWCNTSs had low removal of Pb?*, as compared to all
other nanocomposites.
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Fig. 8. Effect of initial concentration on Pb®* adsorption by nanocomposites.

An increase in Pb** removal was noted, when the concentration increased from 5 - 10
mg/L Pb?*, which then decreases as the concentration increases up to 100 mg/L. All four modified
MWCNTSs composites showed a rapid exponential growth of Pb** removal as the concentration
increases, with the stability (surface saturation) being reached at approximately 20 - 60 mg/L.
Similar adsorption trends where observed on various adsorbents [52, 29]. Both PVA,- and EDA-
MWCNTSs showed the highest adsorption at initial concentration, with EDA-MWCNTS attaining
the optimum adsorption at 40 mg/L. This suggests that the two nanocomposites have related
adsorption sites at a specific adsorbent dosage.

3.2.3. Effects of contact time on the adsorption of Pb?* by various nanocomposites

The data in figure 9 show the effects of contact time on adsorption of Pb*. The data
indicate that within the first 30 minutes equilibrium was already reached with more than 97%
removal of Pb* and these remained almost constant for 150 minutes of adsorption. Similar
observation was reported by Li et al. [53]. The rapid uptake revealed that there was a strong
adsorption affinity between Pb** and the three nanocomposites (EDA-, PAMAM- and PVA,-
MWCNTSs composites) during the first 30 minutes, which is thought to be due to large number of
available active sites on the adsorbents. The slight decrease might be due to the diffusion of Pb?*
within the pores of the nanocomposites while some adsorption taking place on some exterior
surface of the adsorbents [54]. However, the MWCNTs composites surpassed the bentonite clay
materials that were used by Vhahangwele et al. [55]. In their study for attenuation of heavy metals
from acidic wastewater, the removal efficiency of less than 90% was recorded. Furthermore, the
three nanocomposites also performed much better as compared to the adsorption of Pb®* by
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nanosilica functionalised with diethanolamine (DPM-SNPs), which adsorbed 86.10% after 60
minutes [29].

The PVA1-MWCNTSs has however, showed a clear decrease from 95% to below 90% Pb**
removal after 150 minutes. The COOH-MWCNTSs recorded the lowest Pb** removal efficiency as
compared to all nanocomposites, which emphasises the need for polymeric groups on the surface
of carbon nanotubes.
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Fig. 9. Effect of contact time on Pb?* adsorption by nanocomposites.

3.2.4. Effects of adsorbent dosage on the adsorption of Pb?* by various nanocomposites

The data in figure 10 show the effect of adsorbent dosage on adsorption of Pb?* by various
nanocomposites. All nanocomposites, except COOH-MWCNTs had an initial adsorption
efficiency above 85% at an initial dosage of 0.03 g. Interesting to note is that at an initial dosage of
0.03 g, EDA-MWCNTSs has almost achieve 100% adsorption, which then slightly decrease with an
increase of adsorbent dosage. This completely differs from the trends observed as the initial
concentration of Pb* is varied (section 3.2.2), which shows Both PVA,- and EDA-MWCNTs
nanocomposites displaying related adsorption activities. At a dosage of 0.03 g an EDA-MWCNTSs
has shown better adsorption properties as compared to Tris(2-Aminoethyl) Amine, which recorded
95% removal of Pb** ions [50].
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Fig. 10. Effect of adsorbent dosage on Pb** adsorption by nanocomposites.

3.3. Removal of Pb?* from polluted water using EDA-MWCNTSs nanocomposite

The concentrations of contaminated water samples collected from four different study
areas in the Limpopo province were analysed by ICP-MS before application studies using EDA-
MWCNTs nanocomposite to investigate its effectiveness as compared to the data obtained on
simulated water samples during batch studies. The samples were collected from Mankweng,
Polokwane, Seshego and Lebowakgomo wastewater treatment plants as well as in Mokolo River
in Lephalale. The EDA-MWCNTSs nanocomposite was chosen because of the highest adsorption
efficiency (95%) as compared to all other nanocomposites. Furthermore, the optimum pH (6.5),
contact time (60 min) and adsorbent dosage (0.03 g) were used.
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Prior to analysis of samples, the method should be validated to check accuracy of the
procedure undertaken throughout using standard reference material of trace elements in water. The
SRM 1643f was analysed to determine the accuracy of the method employed for water sample
analysis. The SRM 1643f with the certified concentration of 18.4 + 0.084 pg/L Pb? yielded a
measured concentration of 20.7 + 0.19 pg/L Pb*, which resulted in quantitative percentage
recovery of 112% and acceptable for method validation.

The investigation of Pb®* levels in contaminated water from four different study areas was
conducted using ICP-MS. For checking the efficacy of EDA-MWCNTs nanocomposite for
removal of Pb®* in real water samples, two samples with high Pb?* concentrations were employed.
The measured concentrations before and after removal by EDA-MWCNTSs nanocomposite are
presented in Table 3.

Table 3. Concentrations of Pb®* in water samples before and after treatment.

Sample | Pb (ug/L) | Pb (Mg/L)
ID before after

MK, 35.7+0.24 0.200 + 0.04
MK, 4.09+041 0.234 + 0.05

The metal ion concentrations in this study was found to be higher in samples from Mokolo
River compared to other study areas due to its proximity to variety of anthropogenic activities. The
removal efficiency of Pb** was found to be 99% and concentrations after treatment (0.200 and
0.234 pg/L) were far below the maximum permissible level for drinking water established by
WHO [7]. This shows high efficiency of EDA-MWCNTs nanocomposite for removal of Pb** from
contaminated water.

4. Conclusions

The FTIR, TGA and XRD data confirmed the successful additions of EDA, PAMAM and
PVA functional groups on the surface of MWCNTSs. Both SEM and TEM images have shown that
the structure of MWCNTSs remained intact upon modification, which is further supported by a
slight decrease of the characteristic graphitic peak of MWCNTSs. The maximum adsorptions of
Pb? by most nanocomposites were obtained at a pH of 6.5, which is closely related to the pH
acceptable for potable water. The data indicate that the three nanocomposites (EDA-, PAMAM-
and PVA,-MWCNTSs composites) have good adsorption rate for Pb®* (with approximately 97%
Pb”" ions removal within 30 minutes). Both PVA,- and EDA-MWCNTSs showed good adsorption
as the concentration increases, with EDA-MWCNTS attaining approximately 97% adsorption at an
initial adsorbent dosage of 0.03 g. Hence, the prepared nanocomposites can be considered as cost-
effective adsorbents for Pb®*. The EDA-MWCNTSs was able to remove 99% of Pb?* from polluted
water (concentrations vary from 0.200 to 0.234 pg/L after adsorption), and remainder was within
the WHO acceptable levels.
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