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Abstract 

Preparation of macro-porous polyvinyl formaldehyde / multi-walled carbon nanotubes (PVF/MWCNTs) foam was done via 

one step reaction during acetalization of polyvinyl alcohol (PVA). The as-prepared PVF/MWCNTs composite was used as an 

eco-friendly, easy recovery sorbets for Pb (II) from aqueous medium. Fourier transform infrared (FTIR), and high-resolution 

scanning electron microscopy (HRSEM) were used to investigate the chemical composition and morphological structure of 

the prepared foam. The results showed that equilibrium occurred within 60 min at pH≈ 5 with a maximum adsorption capacity 

3.4 mg/g with 43 % removal (considering the total weight of composite). In addition, the kinetic results are most fitted with 

pseudo-second-order model indicating that the reaction mechanism is chemisorption in nature. Therefore, it is suggested that 

the prepared PVF/MWCNTs foam can be used in water treatment systems as an eco-friendly and efficiency sorbent. 
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1.Introduction 

Contamination of aquatic system by 

hazardous pollutants such as heavy metals has 

become a great threat to human health. 

Unfortunately, heavy metal ions are not 

biodegradable and proved to be accumulated in the 

body causing many diseases [1–3]. Among them, as 

non-biodegradable pollutant, lead can be considered 

as one of the most poisonous heavy metal which 

poses a direct threat for both humans and animals by 

accumulating in the living tissues throughout the food 

chains causing serious health problems [4,5]. Thus, 

removal of heavy metals from contaminated aqueous 

mediums has become very essential process. 

Therefore, various techniques have been reported for 

the removal of poisonous heavy metals from polluted 

aquatic sources such as; ion-exchange, reverse 

osmosis, chemical coagulation, solvent extraction, 

and adsorption [6–9]. Adsorption technique is 

considered to be one of the most conventional, 

economical, and efficient technique which applied to 

metal ions removal from aqueous mediums [10,11]. 

Many adsorbents have been used in treatment 

processes, such as polymers [12], activated carbon 

[13], graphene oxide [14], and resins [15]. According 

to its unique structure, physical, and chemical 

properties many studies have been reported on using 

multi-walled carbon nanotubes (MWCNTs) as 

efficient adsorbents for removing lead ions from 

aqueous solutions. Li et al., reported that refluxing 

as-grown MWCNTs with concentrated nitric acid 

increased the maximum adsorption capacity (Qt) 

from 1 mg/g to 15.6 mg/g [16]. Oxidized MWCNTs 

exhibited Qt value of 4.09 mg/g [17]. Chemically 

modified MWCNTs with 3-hydroxy-4-((3-

silylpropylimino) methyl) phenol showed a 

maximum Qt of 36.8 mg/g at pH= 4 [18]. MWCNTs 

functionalized by glutaric dihydrazide (GDH) 

showed Qt of 22.1, mg/g at pH 4.0 [19]. MWCNTs 

modified with pyridine group showed Qt of 179 mg/g 

for Pb ions removal [20]. Jahangiri et al., showed that 

MWCNTs modified with 1-isatin-3-

Egyptian Journal of Chemistry 
http://ejchem.journals.ekb.eg/ 

 

50 
 

 

mailto:badawi.ali@daad-alumni.de
https://ejchem.journals.ekb.eg/?_action=article&au=231642&_au=Mohammed++yosef
https://ejchem.journals.ekb.eg/article_108069.html#au1
https://ejchem.journals.ekb.eg/?_action=article&au=17564&_au=Alaa++Fahmy
https://ejchem.journals.ekb.eg/article_108069.html#au2
https://ejchem.journals.ekb.eg/?_action=article&au=12063&_au=Ali++hassan
https://ejchem.journals.ekb.eg/article_108069.html#au3
https://ejchem.journals.ekb.eg/?_action=article&au=106879&_au=Walid+Mosaad+El+hotaby
https://ejchem.journals.ekb.eg/article_108069.html#au4
https://ejchem.journals.ekb.eg/?_action=article&au=161589&_au=Badawi++Anis
https://ejchem.journals.ekb.eg/article_108069.html#au5
https://ejchem.journals.ekb.eg/?_action=article&kw=18681&_kw=MWCNTs
https://ejchem.journals.ekb.eg/?_action=article&kw=13010&_kw=adsorption+kinetics
https://ejchem.journals.ekb.eg/?_action=article&kw=9870&_kw=heavy+metal+removal
https://ejchem.journals.ekb.eg/?_action=article&kw=8630&_kw=water+treatment


 M.  Yosef et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 64, No. 1 (2021) 

 

 

534 

thiosemicarbazone had a maximum Qt value of 14.56 

mg/g [21]. 

However, there are serious health and 

environmental risks upon releasing MWCNTs into 

aquatic systems. So, sophisticated process such as 

high centrifugation or ultra-filtration is needed to 

remove MWCNTs powder from treated water before 

releasing it into the environment [22]. Therefore, 

environmentally safe sorbents are needed to avoid the 

risk of MWCNTs leakage into water [23]. 

In the present study, immobilization of 

MWCNTs powder into an open cell polyvinyl 

formaldehyde (PVF) foam matrix was made by one 

step acetylation reaction method. The as prepared 

PVF/MWCNTs foam suggested to be used as an 

effective easy recovery sorbent for Pb ions removal 

from aqueous solutions. Sorption experiments and 

kinetic studies were performed to study the removal 

efficiency and sorption mechanisms of the prepared 

PVF/MWCNTs foam.    

2. Experimental  

2.1. Materials  

Hydrolyzed polyvinyl alcohol (PVA) 98–

99% high molecular weight and formaldehyde were 

bought from Alfa Asear (Germany). Hydrochloric 

acid (37%, HCl), nitric acid (70%, HNO3), and 

sulfuric acid (98%, H2SO4), were purchased from 

Fischer scientific (Germany). Magnesium nitrate 

Mg(NO3)2·6H2O (99.00%), ferric nitrate Fe(NO3)3 

9H2O (99.99%), ammonium molybdate hydrate 

(NH4)6Mo7O24·4H2O (99.98%), and urea (99.00%) 

were bought from Sigma–Aldrich (Germany). Lead 

nitrate (analytical grade) was purchased from Merck 

(Germany). Milli Q distilled – de ionized water was 

used during this study. No further purification was 

made for the chemicals. 

2.2. Synthesis of multiwall carbon 

nanotubes (MWCNTs) 

Preparation of multi-walled carbon 

nanotubes was carried out with in-house-assembled 

chemical vapor deposition technique (CVD) setup. 

Combustion route was used to prepare nanoparticles 

of Fe and Mo supported over magnesium oxide 

(MgO) catalyst. The Mo:Fe:MgO molar ratio was 

kept at 1:1:13 [24][25]. The catalyst then spread 

uniformly over a quartz boat and inserted into a 

quartz tube inside an electrical tube furnace heated to 

700 ℃ in hydrogen atmosphere (1000 sscm). 

Subsequently, acetylene (50 sscm) gas was 

introduced into the reactor for 30 min. The resulted 

black dense material containing MWCNTs around 

the oxide grains was carefully ground to a fine 

powder. The as-prepared MWCNTs were refluxed at 

60 ℃ for 24 h with concentrated hydrochloric acid 

(HCl) then washed several times with de-ionized 

water to neutralize and remove the acid traces. After 

that, the product was dried and then dispersed in 

ethanol under sonication and filtered using cellulose 

nitrate filter paper (0.2 μm). The filtered product then 

dried at 100 ℃ for 6 h under dynamic vacuum. 

2.3. Preparation of PVF, PVF/MWCNTs 

foams 

PVF foam was prepared as reported in 

literature [25][26]. Briefly, 10 wt % of PVA solution 

was prepared by dissolving 5 g PVA powder in 45 ml 

deionized water during magnetic stirring at 90 °C for 

complete dissolution of PVA. 10 mL of 

formaldehyde were added to the prepared solution. 

Then, 30 mL of 50 wt% H2SO4 was added to the 

prepared froth at room temperature [25]. Finally, the 

obtained froth was baked at 60 °C for about 6 hours 

in an oven. To remove the un-reacted materials, the 

resulted foam sample was washed with deionized 

water many times and dried at 60 °C. The prepared 

pure PVF foam is shown in Fig.1 (a) 

 

In-situ method was employed to prepare 

PVF/MWCNTs foam. Typically, 50 mg of prepared 

MWCNTs was sonicated for 30 min in 15 mL 

deionized water. The resulted solution was added to 

the PVA solution during vigorously stirring before 

the addition of formaldehyde. The foaming process 

continued as explained above. The color of the 

PVF/MWCNTs foam obviously changed from white 

to homogenous black indicating a homogenous 

distribution of MWCNTs inside PVF matrix. The 

prepared PVF/MWCNTs foam is presented in Fig.1 

(b). For adsorption experiments, the PVF/MWCNTs 

foam was cut into small pieces to increase the active 

surface and then refluxed with 10% sulfuric acid at 

60 ℃ for 24 h to increase the amount of oxygenated 

functional groups over the surface, then washed again 

and finally dried at 60 °C in an oven for 1h [Fig. 1(c) 

and (d)]. 
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Figure 1:  Optical images of (a) as prepared pure PVF foams, (b) PVF/MWCNTs foam, (c) washing of the small pieces of 
PVF/MWCNTs to remove any reactant residuals, and (d) dried PVF/MWCNTs foam pieces. 

2.4. Preparation of Pb (II) stock solution 

1000 mg/L of Pb (II) stock solution was 

prepared by dissolving lead nitrate in deionized 

water. Then, further dilution by deionized water to 

the desired concentrations for the conducted 

experiments. 

2.5. Batch experiments 

It is well known that the adsorption capacity 

is highly dependent on the pH value of the solution. 

To study the effect of pH, 0.04 g of the prepared PVF 

and PVF/MWCNTs dry composites were used. 25 

mL of 20 (ppm) Pb (II) solutions were prepared with 

different range of pH values. The pH values (from 2 

to 7) were adjusted by using drops of 0.1 M NaOH 

and 0.1 M HCl. Then, the conducted experiment was 

done at room temperature by shaking the solution for 

2 h at 200 rpm. The effect of adsorbent dosage was 

investigated by different weights of the prepared PVF 

and PVF/MWCNTs foams (0.01, 0.04, 0.05, 0.06, 

0.08, and 0.1 g), 20 mL of 20 ppm Pb (II) solutions 

were shacked at 200 rpm for 2 h at room temperature. 

To study the effect of contact time, 0.25 g of the 

prepared materials (PVF and PVF/ MWCNTs) in 100 

mL of 20 ppm Pb2+ solution was shacked at room 

temperature. Samples (1 mL) were taken for the 

analysis at the pre-determined time. The adsorption 

capacity (Qt) was calculated using equation (1):  

                                                  (1) 

where: Co is the initial concentration (mg/L), Ce is the 

final solution concentration (mg/L), V is the solution 

volume (L), and W is the weight of adsorbent 

material (g). 
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To calculate the removal percentage equation 2 was 

used: 

            (2) 

2.6. Characterization techniques 

FTIR spectra were recorded in the frequency 

range from 400-4000 cm-1 using a VERTEX 80v 

(Bruker, Germany) coupled with PLATINUM ATR 

unit. High resolution scanning electron microscope 

(HRSEM), ZEISS Sigma 500 VP was used to study 

the morphology of the prepared foams. Energy 

dispersive X-ray (EDS) was conducted by EDS 

system attached to the same field emission of 

HRSEM. To measure the concentration of the lead 

ions, Agilent fast sequential double beam atomic 

absorption spectrometric system (240 FS-Agilent) 

equipped with air-acetylene flames was employed. 

3. Results and discussion  

3.1. Surface morphology  

To study the structure and surface morphology of the 

prepared porous material, HRSEM was used. Fig. (2) 

shows the SEM images of (a) PVF foam and (b) 

PVF/MWCNTs. From Fig. 2 (a), one can observe the 

spongy structure of the prepared PVF foam matrix. 

Also the foam exhibits an open-cell interconnecting 

macro-porous network structure [27]. After the 

addition of MWCNTs into the PVF matrix, Fig 2(b), 

the surface roughness and porosity of the PVF foam 

significantly changed. One can clearly observe the 

presence of MWCNTs bundles fill and connecting 

the PVF porous. Obviously, the addition of 

MWCNTs increased the surface roughness and 

changed the regular macro-porous network structure 

to opened lamellar structure [28]. After the 

adsorption of Pb (II) onto the composite, small 

crystals of lead aggregations appeared on the surface 

of PVF/ MWCNTs foam [Fig. 2(c)]. In addition, 

EDX analysis confirmed the adsorption of Pb ions on 

the surface of PVF/ MWCNTs foam [see Fig. 3]. 

Moreover, elemental mapping was used to investigate 

the distribution of Pb (II) on surface of the PVF/ 

MWCNTs foam as can be seen in Fig. 2(d). Also, the 

mapping image showed the lead ions are distributed 

homogenously on the foam’s surface. This can be 

owing to that the MWCNTs are homogenously 

distributed inside the PVF foam matrix. In addition, 

the weight percentage of Pb over the surface was 

equal to about 2.5% as calculated from the EDX 

results. 

3.2. FTIR 

Fig.4 (a)-(c) depicts the FTIR spectra for MWCNTs, 

PVF, and PVF/MWCNTs foams, respectively. For 

the MWCNTs [Fig. 4 (a)], the broad band centered at 

3340 cm-1 is related to the O-H stretching mode. The 

presence of absorption bands at ≈ 2848, 2920, and 

2960 cm-1 are due to the presence of C-Hn groups. 

The band appeared at ≈1727 cm-1 is related to C=O 

stretching vibration. The C=C stretching mode band 

is centered at 1650 cm-1. The band located at ≈1060 

cm-1 could be ascribed to the C-O stretching vibration 

mode [29]. For blank PVF foam (Fig. 4(b)), the 

absorption band at 3340 cm-1 is characteristic to the 

O-H stretching mode. The CH2 symmetric stretching 

mode can be observed at four bands at 2943, 2910, 

2857, and 2777 cm-1 [30–32]. The O–H bending 

vibration band appeared at 1642 cm-1. The bands 

located at 1447, 1426, 1398, and 1349 cm-1 are 

attributed to the C-H bending mode. The C-O-C 

stretching mode appeared at 1008 cm-1. The presence 

of the C-O-C-O-C stretching vibrations resulted in 

the appearance of bands located at 1175, 1126 and 

1062 cm-1 [27,33]. For the PVF/ MWCNTs foam 
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Figure 2: HRSEM image of (a) Blank PVF foam, (b) PVF/MWCNTs composite, (c) PVF/MWCNTs foam after Pb adsorption, and (d) elemental 

mapping of the PVF/MWCNTs foam loaded with Lead crystals 

 

Figure 3: The energy dispersive X-ray (EDX) elemental analysis of PVF/MWCNTs foam loaded with Lead 
crystals. 
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 (Fig. 4-c), the presence of O-H groups from 

the MWCNTs resulted in increasing the total amount 

of free O-H groups in the PVF matrix, accordingly 

the intensity of the band related to O-H stretching 

mode was increased. The other main peaks 

characteristic to blank PVF foam can be observed 

clearly with no major changes indicating that carbon 

nano tubes were attached to the foam matrix via van 

der Waals forces [33].  

3.4. Factors affecting the (Qt) adsorption capacity 

3.4.1. pH effect 

The adsorption capacity of the metal ions in 

the solution is highly dependent on the pH value. The 

competition occurs between the H+ on the adsorbent 

active sites and the Pb (II) ions in the solution are 

affected by the solution acidity.  

 

Figure 5: Influence of pH value on the adsorption 
capacity of Lead ions over blank PVF and PVF/ 
MWCNTs foam. The other parameter set at 0.04 g 
dose, 25 mL of 20 (ppm) Pb (II) solutions. 

 

Figure 4: FTIR spectra of (a) as grown MWCNTs powder, (b) blank PVF foam, and (c) PVF/MWCNTs 
composite in the frequency range 400 - 4000 cm-1. 
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Figure 5 depicts the relation between the adsorption 

capacity (Qt) and the pH value of the solution. The Qt 

of Pb (II) was increased by increasing the pH value till 

it reached a maximum at around pH 4-5. After that 

the Qt value started to decrease due to the effect of 

the precipitation of lead hydroxide when the pH 

exceeds to 7 [34,35]. 

3.4.2. Initial adsorbent dosage  

The adsorbent dosage is one of the 

important factors which affecting the adsorption 

behavior. Figure 6 shows the relation between the 

initial adsorbent dosage for PVF and PVF/ MWCNTs 

foams (expressed in grams) and the total adsorption 

capacity. It can be noted that, at pH 5 the total Qt 

value was enhanced by increasing the initial dosage. 

The maximum Qt was obtained at dosage 0.05 g (the 

equilibrium point) for both tested samples. After that, 

the Qt value decreased with increasing sorbent 

dosage. This could be explained as follows: by 

increasing the total number of available free 

adsorbing sites on the sorbent, the total adsorbed lead 

ions per unit mass of sorbent decreases, accordingly 

the total Qt value obviously decreased [36]. 

Furthermore, the adsorbed Pb (II) onto the material 

surface might blocked the other lead ions from 

reaching the internal pores of adsorbent, leading to a 

decrease in the total adsorption capacity [37]. 

 

Figure 6: Effect of the adsorbent weight on the 
adsorption capacity of Pb (II) ions onto blank PVF 
and PVF/MWCNTs foam (at pH 5, and 20 ml of 20 
ppm lead solution). 

3.4.3. Contact time  

The effect of contact time on the adsorption 

of Pb (II) from aqueous solution onto PVF and PVF/ 

MWCNTs foams is presented in Figure 7. The Qt was 

rapidly increased by increasing the contact time. The 

maximum Qt value is reached at 40 and 60 min for 

PVF, PVF/ MWCNTs, respectively, all other 

parameters were kept at optimum conditions (pH=5, 

dose 0.05g). The equilibrium between Pb (II) and 

adsorbent active sites at such time was achieved and 

after that no obvious change in the value of 

adsorption capacity was observed. 

 

Figure 7: Effect of the contact time on the adsorption 
capacity of Pb (II) ions onto blank PVF and PVF/ 
MWCNTs foam (at pH 5, and 0.25 g sorbent in 100 
mL of 20 ppm Pb2+ solution). 
 

4. Adsorption kinetics  

Different kinetic models can be used to 

examine the rate of the adsorption process and the 

rate-controlling step in liquid-phase systems such as: 

the intra-particle diffusion model, pseudo-first-order, 

and pseudo- second-order model [38]. Regarding the 

correlation coefficient (R2) values of the linear 

regression, the best-fit model is selected. If the 

experimental adsorption capacities qe (from the batch 

experiment results) is in compliance with the 

theoretical calculated data, therefore, the selected 

model would be the best one describing the overall 

adsorption process [37,39]. 

4.1. Pseudo first-order kinetic model 
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According to this model, the adsorption rate 

is determined based on the available binding sites on 

the adsorbent surface. The linear form of the pseudo-

first-order model is described by Equation (3): 

(3) 

where, qe and qt are the adsorption value of 

Pb (II) at equilibrium and pre-determined time t 

(mg/g), respectively. K1 is the pseudo-first-order 

kinetic model rate constant (min−1). According to 

equation 3, the slope of the straight line between log 

(qe −qt) against (t) gives K1, while the y-intercept is 

the value of qe (Figure 8-a). 

4.2. Pseudo second-order kinetic model: 

This model assumes that the rate of 

adsorption is dependent on the square of the number 

of free sites. Equation (4) describes the pseudo 

second-order kinetic model: 

                                                       

(4) 

where, qe and qt (mg/g) are the adsorption 

value of lead ions at equilibrium and time t, 

respectively. K2 (min−1) is the reaction rate constant 

of the pseudo-second-order model. t/qt versus t was 

plotted then qe and K2 were calculated (Figure 8-b). 

The summarized results of pseudo first-order, and 

pseudo second-order kinetic models K1, K2, qe 

(theoretical), qe (experimental) and R2 values are 

listed in Table 1. The adsorption mechanism of lead 

ions from an aqueous solution onto the prepared 

foam obeys the pseudo-second-order kinetic model 

with good values of the correlation coefficient (R2) 

0.998 and 0.999 for PVF and PVF/ MWCNTs, 

respectively. The adsorption values of Pb (II) at 

equilibrium (qe) for PVF and PVF/ MWCNTs were 

1.6 and 3.12 (mg/g), respectively. Therefore, the rate-

limiting step of this adsorption process mechanism 

might be chemisorption process [40]. 

Table 1: The kinetic models calculation for Pb (II) ions removal by PVF and PVF/ MWCNTs. 

Adsorbent 
qe (Exp) 

(mg/g) 

Pseudo first-order Pseudo second-order 

qe 

(mg/g) 

k1 

(min-1) 
R2 

qe 

(mg/g) 

k2 

(min-1) 
R2 

PVF 1.6 2.9 0.05 0.944 1.8 0.11 0.998 

PVF/MWCNTs 3.12 1.3 0.059 0.965 3.2 0.081 0.999 

4.3. Intra-particle diffusion model 

This model is described by a liner 

relationship between the specific sorption (qt) and the 

square root of time as: 

                                    (5) 

As suggested by Weber and Morris, the 

diffusion mechanism of the process is described by a 

linear plot of qt against t1/2. If the plotted graph was a 

straight line which passes through the origin point, so 

the adsorption process has one rate-limiting step [41]. 

However, McKay and Allen suggested that if the 

graph of qt vs. t1./2 divided into more than one 

sections, so there are many steps occurs [42]. 

Figure 9 reveals the Intra-particle diffusion 

model graph for both PVF and PVF/ MWCNTs 
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foams. For the PVF foam, the relation exhibit one 

liner plot indicating that the diffusion process of 

metal ions into the pours material occurred in one 

rate-limiting step.  

 

Figure 8:Adsorption kinetics fitting data of Pb onto 
blank PVF and PVF/CNT composite, (a) pseudo-
first-order kinetic model, and (b) pseudo-second-
order kinetic model 

 

 

Figure 9:Intra-particle diffusion model graph for both 
PVF and PVF/CNT. 

 

 

Figure 10:Effect of regeneration on the maximum 
adsorption capacity of the PVF/CNT foam using, 0.05g 
dose, pH=5, and 60 min contact time. 
 

In case of the PVF/ MWCNTs foam, two well 

defined linear sections were obtained indicating that 

the diffusion process occurred in two stages [42]. At 

the first, rapid diffusion of lead ions from the 

aqueous phase to the adsorbent outer-surface until 

reached to saturation. After that, a second stage 

occurred due to a slow adsorption into the porous 

structure of the adsorbents [21].  

5. Desorption and reusability  

Long-term stability of the prepared PVF/ 

MWCNTs material was investigated by successfully 

desorption of the adsorbed lead ions. Thus, the PVF/ 

MWCNTs can be effectively used repeatedly in 

heavy metal removal processes. A solution of 10% 

H2SO4 was used to desorb the Pb+2 and re-generates 

the free active sits. The prepared composite shows an 

excellent desorption-adsorption property for more 

than 10 cycles which will effectively reduce the 

overall cost for the removal process [see Fig. 10].  

6. Conclusion 

A novel highly mechanical and chemical 

stable sorbent based on PVF/ MWCNTs macro-

porous sponges was successfully prepared via in-situ 

traditional acetylation reaction of polyvinyl 

formaldehyde. The sorbent molecular structure was 

characterized by FT-IR spectroscopy. Scanning 
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electron microscopy was used to study the 

morphology characteristics of the prepared composite 

and EDX elemental analysis. The kinetic models 

were discussed for the adsorption mechanisms and 

the results revel that the prepared sponge adsorption 

mechanism was best fitted with the pseudo second-

order kinetic model with R2 value 0.9959, and the 

rate limiting step is chemisorption in nature. 

Moreover, the prepared composite exhibits great 

desorption-adsorption ability for up to 10 cycles with 

almost the same removal efficiency. Therefore, the 

developed PVF/ MWCNTs foam matrix is suggested 

to be an effective eco-friendly sorbent for water 

treatment systems. 
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