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ABSTRACT 

 

Full Name : Akintola Seun Oluwafemi 

Thesis Title : Synthesis And Modification Of New Linear Polyamines Via Mannich 

Polycondensation Reaction And Their Applications In Wastewater 

Treatment 

Major Field : Chemistry 

Date of Degree : April 2015 

 

A series of new terpolymers were synthesized via the polycondensation reaction of 

aniline, different diaminoalkanes and paraformaldehyde. The polycondensation reactions 

were optimized under various conditions (temperature and type of solvent) in order to 

achieve high molecular weight, thermal resistant polymers. The synthesized polymers were 

characterized by NMR spectroscopy, C H N S Elemental Analyzer and Fourier Transform 

Infrared Spectroscopy (FT-IR).  Thermal properties were investigated by 

Thermogravimetric Analysis (TGA). Surface morphology of the polymers investigated 

using Scanning Electron Microscopy equipped with X-ray (SEM-EDX). Crystallinity of 

the synthesized polymers was characterized using X-ray Diffraction. The new polymers 

were evaluated for their effectiveness in the removal of toxic metal ions (lead and arsenic) 

by adsorption under various optimized conditions (pH, contact time, initial metal ion and 

concentration). The removal efficiency and mechanism of metal ions was studied under 

different isotherm models such as Freundlich, Langmuir and Intraparticle diffusion kinetic 

models. Once the synthesis and treatment conditions were optimized, the synthesized 

cross-linked polyamines were evaluated for their application in treatment of wastewater 

samples obtained from a treatment plant. The synthesized polyamine were chemically 

modified to dithiocarbamates via treatment with carbon disulfide in basic medium. The 
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properties of the new polydithiocarbamates were then characterized under various 

spectroscopic techniques in order to evaluate the effectiveness in selective removal of toxic 

mercury metal ions in aqueous solutions and also their use in wastewater treatment.  
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1 CHAPTER 1 

INTRODUCTION  

This research focuses on the synthesis and modification of tailored specialized new 

terpolymers via the polycondensation reaction of aniline, different alkyldiamines and 

paraformaldehyde meant for applications in the removal of toxic metal ions from aqueous 

media and further application in the treatment of real wastewater samples. The new polymers 

were designed and optimized in order to be synthesized in a one-step polymerization 

reaction, for the purpose of industrial application in wastewater treatment. Once the cross-

linked terpolymers were synthesized, they were characterized under various spectroscopic 

techniques to confirm the structure and surface morphology. The synthesized cross-linked 

terpolymers were then tested for their efficacy in toxic metal ions removal, specifically lead 

and arsenic, from aqueous solutions.  

The adsorption efficiency of the synthesized polyamines were evaluated under various 

conditions namely: 

1- Effect of pH. 

2- Effect of metal ion initial concentration. 

3- Effect of contact Time. 

4- Effect of temperature. 
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The data collected were subjected to different kinetic and thermodynamic isotherm 

models, in order to investigate the efficacy and mode of metal ion uptake. 

The second stage of this study was the chemical modification of the synthesized 

polyamines into polydithiocarbamates and the evaluation of their efficacy in selective 

removal of toxic mercury ions from aqueous media under similar optimized conditions as 

aforementioned. 

The final stage in this study involved testing of the new polymeric (polyamines and 

polydithiocarbamates) materials in the treatment of wastewater samples that was collected 

from a water treatment plant. 

This study is considered multidisciplinary; which will add knowledge in various fields in 

chemistry, chemical engineering and environmental studies. Also, it will have an added value 

in various aspects of life, such as, reduction in energy consumption used in the purification 

of water, increasing the awareness toward new adsorbents synthesized from efficient 

materials, easy to be synthesized with specialized functionality. This study will play a 

significant role toward enhancing the quality of the environment and human life.    
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1.1 Research Problem 

Highly efficient adsorbents for toxic metal ions removal from aqueous media have attracted 

large attention in recent years as they are easy to synthesize, cheap and can be designed to 

selectively remove specific toxic metal ions. This study aimed at designing and synthesizing 

new polymeric material via Mannich polycondensation reaction that is efficient in toxic 

metal ions removal. The new series were then subjected to chemical modification in order to 

improve their selectivity and removal efficiency toward mercury metal ions. The synthesized 

polymers and their modification represents the first of their kind. The new polymeric 

materials were characterized and evaluated for their efficacy as novel adsorbents that can 

work under various wastewater conditions.  

1.2 Literature Review 

It is of popular knowledge that the earthôs surface, over two-thirds of it, is covered by 

various kinds of water. Where only ~2.5 % of this water is available as freshwater, 69 % of 

the latter is locked up as icecaps and glaciers; thus the need to recycle the limited available 

water is therefore inevitable as failure to do so poses great health risks. Various human 

activities, especially industrial, are responsible for the indiscriminate disposal of heavy 

metals (like lead, arsenic and mercury) into water bodies and these harmful metals, even at 

trace levels, are of potential threat to animals and ultimately to humans as they are non-

biodegradable and bioaccumulation in the body of humans can cause various disorders and 

diseases [1-4].  
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Toxic metal ions can be removed from wastewater by one or more of methods like 

chemical precipitation, electro-deposition, adsorption, electrodialytic process, biosorption, 

foam-flotation, ultra-filtration, cementation, solvent extraction, complexation/ sequestration, 

filtration, reverse osmosis, and evaporation. Amongst the aforementioned methods, 

adsorption remains the most attractive due to the obtainability of several easily accessible, 

environmentally friendly and low-cost adsorbents [5-7]. 

In principle, adsorption mechanism in polymers/ resins is governed by the ability to form 

an attraction between the heavy metal ion and the polymerôs functional groups either by ion-

exchange or chelation [8, 9]. For example, adsorbents having sulfur-bearing functional 

groups are known to have higher affinity for heavy metals compared to lighter metals like 

Na+ or K+. This simple phenomenon can facilitate efficient removal of heavy metals from 

wastewater [10]. 

Polycondensation reactions of Mannich-type are well known for the production of 

polymers. The Mannich reaction at first mention in 1942 was explained to be the 

condensation of ammonia or a primary or secondary amine with formaldehyde and a 

compound which has at least one H atom of significantly high reactivity [11, 12]. Another 

early work done by Tsuchida et al mentioned the term ñMannich polymerizationò for some 

three component polymerization reactions involving formaldehyde as the ïCH2ï linkage-

forming monomer of the three. A part of their experiment comprised of alternating linkages 

between pyrrole or N-methylaniline and piperazine in the presence of a catalyst, however, 

there was no record of the application of the polymers to determine their usability [13]. More 

recent is the work of Endo et al (2009) who described the polymerization of a bi-functional 

benzoxazine from aniline and bisphenol-A where the main chain had phenol-type moiety 
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joined by the ïCH2ï linkage [14]. Altinkok et al (2011) also used similar monomers but 

sulfonediamine was used in place of aniline to prepare polybenzoxazine [15]. Baraka et al 

(2007) was able to synthesize a new chelating resin from nitrilotriacetic acid (NTA) and 

melamine using Mannich-type reaction and tested it for heavy metal removal from simulated 

wastewater[16]. Evidently, Mannich-type polycondensation reactions have enabled 

researchers to produce polymers with specific functionalities or a combination of several 

desired functionalities for different applications including removal of heavy metals from 

wastewater [14, 16, 17]. 

The toxic metal-removing efficacy of polymers from wastewater has been known to be 

significantly enhanced by the presence of amine functionality. Gurnule et al (2002) studied 

the ion-exchanging properties of a salicylic acidïformaldehydeïmelamine terpolymer resin 

for several metal ions viz Cu, Co, Ni, Fe, Zn, Pb and Cd ions [18]. Singru et al (2010) also 

did a similar study for the chelating ion-exchange ability of a p-Cresol-melamine terpolymer 

for these same metal ions [17]. Liu et al (2010) functionalized poly-glycidyl methacrylate 

beads having four aliphatic amines namely ethylenediamine, diethylenetriamine, 

triethylenetetramine, and tetraethylenepentamine and tested them for the removal of Copper 

ions; results showed that the diethylenetriamine-functionalised polymer was superior in 

adsorption capacity because of the higher amine content on a relative scale [19]. 

One of the most frequently used chelating ion-exchange polyamines is polyaniline.  Most 

recent applications include polyaniline as a component of composites with materials like 

graphene, polypyrrole, silica gel etc [20, 21]. Other works involve the introduction of 

polyaniline coatings on various materials like mesoporous silica, silica gel, jute fiber and saw 

dust [22-25]. However, most of these reports have not explored the potential efficacy of 
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polymers with amine functionality from two different monomers. Basically, polymer 

products that result from the polymerization of only aniline and those that involve the 

polycondensation of aniline and formaldehyde are referred to as polyaniline, however, 

aniline-formaldehyde condensates are mostly called Poly(aniline-formaldehyde) [26, 27]. 

 Also, researchers have explored the removal of metals ions from aqueous media with 

polymers having dithiocarbamate functionality taking advantage of the affinity of this sulfur-

containing chelating functionality towards selective heavy metal removal in aqueous media. 

Dithiocarbamate-functionalized materials have especially been applied to mercury removal 

because of the high affinity between mercury and sulfur. As a consequence, several results 

of enhanced performance by poly-dithiocarbamates/ dithiocarbamate-composites towards 

mercury removal have been recorded [7, 28-30]. A recent example is the work of Shaaban et 

al (2013) who synthesized a dithiocarbamate chelating resin and applied it for removal of 

mercury, cadmium and lead ions. They found out that the affinity of the resin for mercury 

removal was more pronounced [31]. 

In this research, we explored the efficacy of the removal of lead, arsenic and mercury 

from simulated and real wastewaters with a series of novel polyamines synthesized in a 

Mannich-type polycondensation reaction of aniline, 5 monomers of the alkyldiamine series 

and formaldehyde. We also modified the polyamine series with carbon disulfide to introduce 

a dithiocarbamate functionality into the polymers and checked for the forseen enhanced 

removal of mercury ions from simulated and real wastewater. 
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CHAPTER 2 

2 SYNTHESIS AND CHARACTERIZATION OF 

POLYAMINES MADE VIA  MANNICH 

POLYCONDENSATION REACTION AND THEIR 

APPLICATION IN WASTEWATER TREATMENT  

Abstract 

This study reports the production of a series of novel polyaniline terpolymers 

synthesized via Mannich polycondensation reaction of Aniline, formaldehyde and a series of 

alkyldiamines. The resulted terpolymer was basified by sodium hydroxide to obtain the 

required adsorbent. The uniqueness of these novel polymeric materials is the ability to 

maximize the amine chelate-forming functionality by combining two amine monomers. The 

polymer characterization was by FT-IR, 13C-NMR, and elemental analysis. The nature of the 

polymer in terms of being crystalline or amorphous was studied by XRD spectra. Thermal 

properties of the terpolymer series was investigated by TGA. The polymer series was tested 

for lead (II) ions removal from aqueous media. For An-Buta (Aniline, formaldehyde, 1,4-

butadiamine) terpolymer, a ~99% removal of Pb at 1ppm of the original solution has been 

recorded. For An-Dodeca (Aniline, formaldehyde, 1,12-dodecanediamine) terpolymer 

showed ~85% removal of Arsenic (V) at 1ppm of the original solution. Both terpolymers 

showed efficient removal of toxic metal ions from real wastewater showing high potential as 

novel adsorbent for wastewater treatment. 
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2.1 Introduction   

 

It is a known fact that over two-thirds of the earthôs surface is covered by water and 

only ~2.5% of this water is available as freshwater, of which icecaps and glaciers locked up 

to 69% of it; the need to recycle the limited available water is therefore inevitable as failure 

to do so poses great health risks. Heavy metals e.g. lead and arsenic disposed in water from 

various human activities especially industrial, even at trace levels, are of potential threat to 

animals and ultimately to humans as they are non-biodegradable and bioaccumulation in the 

human body can cause various disorders and diseases [2, 9, 32-34]. Removal of lead and 

arsenic is achievable by one or more of methods like chemical precipitation, adsorption, 

biosorption, electrodialytic process, ion exchange, electro-deposition, ultra-filtration, reverse 

osmosis, cementation, solvent extraction, foam-flotation, complexation/ sequestration, 

evaporation and filtration. However, of all these methods, adsorption remains the most 

preferred due to obtainability of several low-cost, easily accessible and environmentally 

friendly adsorbents [5, 7, 35]. 

Lead poisoning is a well-known cause of  neurobehavioral-cognitive deficits in 

children and adolescents [36]. A more recent study shows that early life exposure to lead 

poses a threat to fetal outcomes at birth and normal fetal growth [37]. Arsenic, on the other 

hand, has been associated with skin and internal cancer development in humans; Non-

carcinogenic effects associated with arsenic are peripheral neuropathy, diabetes, and 

cardiovascular diseases [38]. 

Mannich-type polycondensation reactions with formaldehyde have been reputable 

for production of polymers. Endo et al (2009) described the polymerization of a bifunctional 
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benzoxazine from aniline and bisphenol-A and the resulting main chain had phenol-type 

moiety linked by Mannich-type linkage (-CH2-NR-CH2-) [39]. Altinkok et al (2011) also 

used similar monomers but sulfonediamine was used in place of aniline to prepare 

polybenzoxazine [15], however, there is no record of application of these polyamines to 

determine their usability [13]. Baraka et al (2007) was able to synthesize a new chelating 

resin from nitrilotriacetic acid (NTA) and melamine using mannich-type reaction and tested 

it for heavy metal removal from simulated wastewater [40]. Evidently, Mannich-type 

polycondensation reactions have enabled researchers produce polymers with specific 

functionalities or a combination of several desired functionalities for different applications 

including removal of heavy metals from wastewater [39-42]. 

Many polymers with amine functionality have been reported for heavy metal ions 

removal from wastewater. Gurnule et al (2002) studied the ion-exchange properties of a 

salicylic acidïformaldehydeïmelamine terpolymer resin for seven metal ions viz Co , Zn , 

Cu , Ni, Cd, Fe and Pb ions [43]. Singru et al (2010) also did a similar study for the chelating 

ion-exchange ability of a p-Cresol-melamine terpolymer for these same metal ions [42]. Liu 

et al (2010) functionalized poly-glycidyl methacrylate beads with four aliphatic amines 

namely ethylenediamine, triethylenetetramine, diethylenetriamine, and 

tetraethylenepentamine and tested them for adsorption of Copper ions; results showed that 

the diethylenetriamine -functionalized polymer was superior in adsorption capacity because 

of the higher amine content in a relative sense [19].  

Polyaniline, especially, has been one of the most efficient of the chelating ion-exchange 

polyamines.  Recent applications include its use as a component of composites with materials 

like silica gel, polypyrrole, graphene etc [20, 44] Researchers have even introduced 
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polyaniline coatings on various materials like mesoporous silica, silica gel, jute fiber and saw 

dust [22, 23, 25, 45] However, most of these reports have not explored the potential efficacy 

of polymers with amine functionality from two different monomers.  

 

In this work, a novel series of polyamines was synthesized and characterized using 

different spectroscopic techniques for the removal of toxic metal ions. The novel series will 

be tested for their efficacy in the removal of lead (II) and Arsenic (V) from model and real 

wastewater samples via batch equilibrium studies. 

 

2.2 Experimental 

2.2.1 Materials 

 

Aniline (An), paraformaldehyde, 1,4-diaminbutane (Buta), 1,6-diaminohexane 

(Hexa), 1,8-diaminooctane (Octa) ,1,10-diaminodecane (Deca) and 1,12-diaminododecane 

from Fluka Chemie AG (Buchs, Switzerland) were used as received. All solvents used were 

of analytical grade.   

 

2.2.2 Equipment 

 

Analyses of elemental composition of the polymers were performed on a Perkin-

Elmer Elemental Analyzer Series II Model 2400. Infrared spectra were obtained on a Perkin 

Elmer 16F PC FTIR spectrometer using KBr Pellets in the 500-4000 cm-1 region. 13C-NMR 
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solid state spectra were obtained on a Bruker WB-400 spectrometer with a frequency of 

operation at 100.61MHz (9.40T). Samples were placed firmly into 4 mm zirconium oxide 

rotors at 25oC. Cross-polarization was used. contact time was 2 ms and Pulse delay was 5.0 

s in CPMAS experiments. The magic angle spinning rate was 4 KHz. Carbon chemical shifts 

were referenced to Tetramethylsilane using the high frequency isotropic peak of adamantine 

to 38.56 ppm. Scanning electron microscopy micrographs were obtained from TESCAN 

LYRA 3 (Czech Republic) equipped with an energy-dispersive X-ray spectroscopy (EDX) 

detector model X-Max. Thermogravimetric analysis (TGA) was done using a thermal 

analyzer (STA 429) by Netzsch (Germany). Inductively coupled plasma- mass spectroscopy 

(ICP-MS) analysis was performed using ICP-MS (Thermo Scientific) XSERIES-II.  The 

experiment was performed in a nitrogen atmosphere from 20ï800 °C with a heating rate of 

10 oC/min with a nitrogen flow rate of  20 ml/min. X-ray analysis was performed on Rigaku 

Rint D/max ï 2500 diffractometer  using Cu KŬ  radiation (wave length = 1.5418 A) in a 

scanning range 2ɗ = 5 ï 50o. The scanning step was 0.03 with scanning speed of 3° per min. 

 

2.2.3 Synthesis of cross-linked terpolymers 

 

3 The cross-linked terpolymers were prepared by pre-mixing 0.01 mol of aniline and 

0.03 mol of diaminoalkane in 30 ml n-Heptane as the reaction medium at 60 oC, and 

thereafter adding 0.06 mol of paraformaldehyde. The resulting turbid mixture was agitated 

using a magnetic stirrer. The temperature was increased slowly to 90 oC and kept stirring 

continuously for 24 h. After 24 h, the resinous material was filtered, crushed and soaked in 

distilled water for 24 h. Thereafter, the resulting polymer was filtered and washed several 
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times with distilled water. The resin was finally filtered and vacuum-dried at 60 oC until a 

constant weight was achieved. The results obtained are shown in Table 1. 

2.2.4     Adsorption experiments  

 

Adsorption experiments of the synthesized cross-linked terpolymers were performed via 

two steps; At first, 0.03g of each terpolymer was stirred for 24 hours in a 20 ml of 1mg L-1 

Pb(NO3)2 to distinguish the best adsorbent in the synthesized terpolymers (Figure 6). 

Secondly, further studies were performed for Pb (II) ions removal via a similar fashion to 

our earlier study[46] on An-Buta, where a mixture of 0.03 g of terpolymer in 20 ml Pb(NO3)2 

solution of desired pH was stirred for 24 h. The terpolymer was filtered and washed with 

deionized water. The amount of Pb (II) ions in the filtrate was analyzed by ICP-MS. The 

adsorption capacity (qe) in mg g-1 can be determined by equation (1): 

ή
ὅ ὅ ὠ
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where Co and Cf are initial and final concentration of Pb(II) ions in mg L-1, respectively, W 

is the weight of the dried terpolymer in g, and V is the volume of solution in L. The results 

obtained represent the average of three runs and varied by less than 5%. The adsorption 

isotherms were constructed by changing the concentration of Pb (II) ions from 0.2-1.0 mg L-

1 at pH 6 for 24 h at 25oC.   For adsorption kinetics, An-Buta was immersed in 20 ml of 1.0 

mg L-1 solution of Pb (II) ions for different times at pH 6. A similar procedure was performed 

for the removal of Arsenic (V) by the synthesized polyamines from 1.0 mg L-1 solution of 

H3AsO4.  
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Treatment of real wastewater samples were performed by immersing 0.03g of An-Buta and 

An-Dodeca in 20 ml of spiked (with 1mg L-1 Pb (II) ions/1 mg L-1 As (V) ions) and unspiked 

wastewater and left to stir for 24 h at room temperature. The metal concentrations before and 

after treatment were analyzed via ICP-MS.  

2.3     Results and discussion  

 

Polymeric material based on formaldehyde resins have shown to be an important class of 

polymers that have been extensively used in a variety of applications. Such applications 

include insulation material, consolidated wood products, oil filters, abrasive binders, ion 

exchange membranes and carbon membranes upon carbonization [47-49]. To further explore 

the possible benefits from formaldehyde resins the following new series of cross-linked 

terpolymers that shows efficient removal of lead (II) and arsenic (V) ions from aqueous 

solutions and wastewater samples is presented and discussed. 

2.3.1      Synthesis of cross-linked terpolymers 

 

The cross-linked terpolymers were prepared for the first time as outlined in scheme 1. 

Once the reaction components were mixed and as the temperature reached 60 oC, a white 

resinous material formed that was left overnight at 90 oC to cure. Upon completion of the 

reaction the resinous material was filtered, crushed and left to stir for 24 h in distilled water, 

and then the product was filtered and vacuum-dried at 60 oC until constant weight was 

achieved. All the polymers were insoluble in common solvents such as DMF, DMSO, H2O, 

n-heptane, acetone, diethylether, ethanol, methanol etc. The hardness of the synthesized 
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terpolymers varied from hard to rubbery-like material, which could be explained based on 

the length of the aliphatic chain of the diaminoalkane. 1,4-diaminobutane-based cross-linked 

terpolymer showed harder resin whereas, 1,12-diaminododecane based resin showed 

rubbery-like material, the larger amount of alkyl/aromatic ratio led to more flexible and 

rubbery like cross-linked terpolymer. During the reaction, the cross-linked terpolymers based 

on long alkyl chains formed spherical pellets compared with short alkyl chain that formed 

one large lump [50]. 

 

Scheme 1 Synthesis of cross-linked polyamines. 
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2.3.2     Characterization of terpolymers 

 

FT-IR spectra for the synthesized terpolymers are presented in Figure 1. The spectra of 

the five terpolymers (An_Buta, An_Hexa, An_Octa, An_Hexa and An_Dodeca) are 

consistent with the proposed structure given in scheme 1. The spectra show a broad band at 

~ 3425 cm-1 which is assigned to the intermolecular hydrogen bonding and the stretching 

vibration of ïNH  groups[51].  A sharp band at ~ 1640 cm-1 is assigned to the asymmetric ï

NH bending vibration. Two sharp and strong bands at ~ 1600 cm-1  and ~1467 cm-1 are 

assigned to the C=C aromatic ring stretching vibration while the strong sharp bands at ~1115 

cm-1  and ~750 cm-1 are assigned to C-N stretching vibration and N-H wag vibration 

respectively. The strong sharp band at ~ 720 cm-1 is assigned to the CH2 rock which indicates 

a long chain of CH2 which is consistent with the long aliphatic chains of the diaminoalkanes. 

Sharp intense bands at ~ 2925 cm-1 and ~ 2855 cm-1 are assigned to CïH asymmetric and 

symmetric stretching vibrations respectively, whose relative intensities to the broad ïNH2 

band at ~ 3425 cm-1 increases with increasing aliphatic chain length of the diaminoalkanes 

[52-54].   
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Figure 1 FT-IR of the synthesized polyamines. 
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Solid state 13C-NMR is considered a powerful technique for the characterization of cross-

linked polymers as they are insoluble in any solvent [55-57]. The 13C-NMR combined spectra 

are shown in Figure 2. Similar peaks are found to represent the structure of the five 

synthesized cross-linked terpolymers, but a difference in the intensity of aliphatic methylene 

chain (without the methylene units attached to the amino group) of the diaminoalkane; as the 

number of methylene units increase the intensity of the peak ~30 ppm increases. The 13C-

NMR spectra confirm the structure of the proposed synthesized cross-linked terpolymers.  

 

Figure 2 13C-NMR spectra for the synthesized polyamines 

 

Elemental analysis of the synthesized terpolymers was in agreement with the proposed 

structure (Table 1). As the chain length increases the structure is added with three CH2 units, 

increasing the % of carbon and decreasing the % of Nitrogen in the polymer monomer unit. 
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Thermogravimetric analysis was carried out in order to evaluate the thermal stability of 

the synthesized terpolymers (Figure 3). The thermogram shows three major degradation 

patterns, initial ~0-7% at 0oC ï 180oC, due to the loss of water molecules strongly held within 

the terpolymer network by intermolecular hydrogen bonds, which indicates the high 

hydrophilicity of An-Buta and An-Hexa, whereas An-Octa, An-Deca and An-Dodeca 

thermograms show absence of water molecules due to higher hydrophobicity. Then a sharp 

weight loss of ~70% at ~180 ï 400oC due to the thermal degradation of the aliphatic chain. 

Finally, a gradual weight loss of ~15% at ~400 ï 800oC due to carbonization or pyrolysis of 

the aromatic moieties[58].   
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Table 1 Mannich condensation terpolymerizationa of Aniline-formaldehyde-

alkyldiamine terpolymers 

Terpolymer 
Yield 

(%)b 

Elemental analysis 

Calculated (%)  Observed (%) 

C H N  C H N 

An-Buta 44.98 65.99 10.59 23.42  64.38 10.67 22.26 

An-Hexa 69.49 69.27 11.23 19.5  67.57 11.65 20.23 

An-Octa 75.01 72.21 12.28 15.51  71.24 12.15 16.55 

An-Deca 76.60 73.38 12.02 14.61  72.85 12.46 14.61 

An-Dodeca 80.10 74.74 12.28 12.98  74.4 12.49 13.14 

aPolymerization reactions were carried out using 0.01 mol of phenol, 0.03 mol of alkyldiamine and 0.06 mol 

of paraformaldehyde in 30 ml n-heptane at 90oC for 24 h. 

bYield (%) = (mass of product/mass of reactants)×100%. 

 

Figure 3 Thermogravimetric analyses of the synthesized polyamines. 

. 
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Powder X-ray diffraction patterns shown in Figure 4 reveals the presence of a peak at 

2ɗ ~ 20o; an increase of the chain length of the diaminoalkane present in the terpolymer 

showed enhanced crystallinity of the synthesized terpolymers.  As shown in the figure the 

crystallinity increased as the chain length increased where longer methylene chains allowed 

better packing of chains leading to enhanced crystallinity[59]. 

 

Figure 4 Powder X-ray for the synthesized polyamines 

 

2.3.3     Adsorption properties  

 

One main functionality is responsible for the adsorption of Pb (II) and As (V) ions in 

the synthesized cross-linked terpolymers; the primary and secondary amino groups (-NH-, 

-NH2-). The presence of one lone pair on the nitrogen atom with the high electronegativity 
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possessed with the nitrogen atom (nitrogen = 3.0) provide high electrostatic attraction 

between the positive Pb (II) ions and the synthesized cross-linked terpolymers. Whereas, 

As (V) ions that are found in the form of H3AsO4 showed repulsion, due to similar negative 

charge. Another factor is the length of the aliphatic alkyl chain of the alkyldiamine 

monomer; where 30 mg of each cross-linked terpolymer was immersed in 20 ml of a 1 mg 

L-1 solution of Lead (II) and Arsenic (V) ions and stirred for 24 h, filtered and the 

concentration of the solution was measured before and after adsorption. As seen in Figure 

5; as the chain length of the diaminoalkane  increases the adsorption capacity decreases in 

the adsorption of lead (II) ions, which could be attributed repulsion between the long 

hydrophobic entangled methylene chains (-(CH2)n-) and the hydrophilic hydration shell of 

Pb (II) ions. An-Deca and An-Dodeca shows an increase in adsorption capacity of Lead (II) 

ions which could be attributed to an increase in pore size of the synthesized terpolymers. 

Whereas, in the adsorption of Arsenic (V), as the chain length increases the adsorption 

capacity increases, which could be attributed to less repulsion between the amino groups 

and the negative As (V).  Also, the major factor for the increase in the adsorption capacity 

of As (V) could be attributed to the increase in the pore size as the chain length of the 

aliphatic moiety of the alkyldiamine monomer. Further studies were performed on An-Buta 

and An-Dodeca due to the higher efficiency in the removal of lead (II) ions and Arsenic (V) 

ions, respectively. 
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Figure 5 Equilibrium adsorption capacities of Lead (II) and Arsenic (V) ions by the synthesized polyamines. 

 

2.3.3.1     Effect of pH 

 

The effect of pH on the adsorption capacity is shown in Figure 6 revealing an increase 

in adsorption capacity as the pH is increased. The effect of pH is an important factor in the 

adsorption of heavy metals as H+ is competing for the adsorption sites in the synthesized 

cross-linked terpolymers. The second factor is metal speciation; where upon reaching above 

pH of 6 lead ions precipitate forming lead hydroxide precipitates[60, 61]. At low pH values, 

the positive ammonium ion (-NH2
+-) predominates leading to electrostatic repulsion with 

positive lead (II) ions. Whereas, higher pH decreases the amount of positive H+ and 

increases the negative charge on the surface of the cross-linked terpolymer leading to higher 

electrostatic attraction with lead (II) ions. On the other hand, the adsorption of Arsenic (V) 

by An-Dodeca increased with the increase of pH, Arsenic exists as H2AsO4
1- in the pH range 

of 2.1 to 6.9 [62-64], this could be attributed to the larger pore size in An-Dodeca, and the 
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smaller ratio of amine groups to aliphatic hydrophobic alkyl chains, which allows arsenic 

to diffuse into the terpolymer. 

 

Figure 6 Effect of pH on the adsorption capacity of Lead (II) ions by An-Buta and Arsenic (V) ions by An-

Dodeca. 

 

2.3.3.2     Effect of initial concentration and adsorption isotherms 

 

The effect of initial concentration was studied at pH = 6 on solutions of Lead (II) and 

Arsenic (V) ions with an initial concentration (Co) ranging between 0.2 and 1 mg L-1. The 

effect of initial concentration on the adsorption capacities of the synthesized cross-linked 

terpolymers are shown in Figure 7a and Table 2. The Figure shows an increase in the 

adsorption capacity with the increase of the initial concentration. Table 2 reveals an 

increase in % removal for up to 99% at 1 mg L-1 lead (II) ions and up to 85% removal of 

Arsenic (V) ions. In order to evaluate and explain the adsorption process three adsorption 

isotherms were applied; Langmuir, Freundlich and Dubinin-Kaganer-Radushkevich 

(DKR). 
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Table 2 Percentage Removal of Lead (II) and Arsenic (V) ions 

by An-Buta and An-Dodeca, respectively. 

Metal 
Initial Concentration, Co 

(µg L-1) 

qe 

(µg g-1
) 

% Removal 

Lead (II) 

200 103.3 78 

400 255.6 96 

600 388.0 97 

800 523.0 98 

1000 658.7 99 

 

Arsenic (V) 

200 28.0 19 

400 135.0 36 

600 258.0 55 

800 410.8 77 

1000 557.0 84 
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Figure 7 (a) Effect of initial concentration on the adsorption capacity of Lead (II) and Arsenic (V) ions by An-

Buta and An-Dodeca, respectively.(b) Langmuir isotherm model. (c) Freundlich isotherm model. (d) DKR model. 

 

The Langmuir adsorption isotherm model is utilized to describe the homogenous 

adsorption of metal ions on the surface of adsorbent, and each metal ion is adsorbed by 

one active site. The linear form for the model can be presented as follows: 

ὅ
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where Ce and qe  are the concentration (µg L-1) and adsorption capacity at equilibrium (µg 

g-1), respectively. b represents Langmuir constant (L3 µg-1) and Qm represents the 
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maximum adsorption capacity (µg g-1) that can be found from the intercept and slope of 

the linearized plot shown in figure 7b. This model assumes that the adsorption process is 

homogenous with uniform energy as all active sites possess equal affinity to metal ions[65, 

66].  However, negative Langmuir constants and poor regression values (R2) were obtained 

as shown in table 3 (Figure 7b). These negative values conclude the unfitness of the 

Langmuir model in explaining the adsorption process of Lead (II) and Arsenic (V) by An-

Buta and An-Dodeca, respectively.     

Opposed to Langmuir isotherm model, Freundlich isotherm model describes the 

adsorption on a heterogeneous surface. The linearized form can be expressed as 

follows[67, 68]: 

ÌÏÇή ὰέὫὯ
ρ
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where kf  and n are freundlich constants, that can be elucidated from the intercept and slope 

of the linear plot of log qe vs log Ce in figure 7c. The values of these constants are found in 

table 3. 

The slope (1/n) measures the heterogeneity of the surface, where a value close to zero is an 

indication to higher heterogeneity. A value of 1/n lower than one indicates favorable 

adsorption. A value of 1/n above one as an indication of cooperative adsorption. As can be 

seen from table 3 the 1/n values are above one which indicates that the adsorption of lead (II) 

and Arsenic (V) is cooperative adsorption. kf  value reflects the binding affinity of lead and 

arsenic to the polyamine, higher Kf values indicate more effective binding, as can be seen in 

table 3 the binding affinity of Lead (II) ions is larger to An-Buta, in comparison to Arsenic 
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(V) ions to An-Dodeca; this could be attributed to the higher electrostatic attraction between 

An-Buta an positive Lead (II) ions. Whereas, the lower binding affinity of Arsenic (V) to 

An-Dodeca may be contributed to the electrostatic repulsion between An-Dodeca with the 

negative Arsenic (V) species (H2AsO4
-). 

Table 3 Langmuir, Freundlich and DKR isotherm model constants for the adsorption of 

Lead (II) and Arsenic (V) ions. 

Polyamine Metal ion 
Langmuir isotherm model 

Qm b R2 

An-Buta Lead (II) -2500 -0.0002 0.5986 

An-Dodeca Arsenic (V) -169.5 -0.0398 0.6890 

  Freundlich isotherm model 

  kf 1/n R2 

An-Buta Lead (II) 0.2500 1.145 0.9961 

An-Dodeca Arsenic (V) 0.0017 1.856 0.9894 

  DKR isotherm model 

  ɓ qm E R2 

An-Buta Lead (II) 0.0112 535.0 6.682 0.9054 

An-Dodeca Arsenic (V) 0.0185 426.5 5.199 0.9279 

 

 

However, the DKR adsorption isotherm model is usually utilized to explain the 

adsorption mechanism, were it is considered to be more general than the Langmuir isotherm 

model as it doesnôt consider homogenous adsorption as sole mechanism or constant 
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adsorption potential [69]. The linear form of the DKR model is expressed in the following 

equation: 

ÌÎή ÌÎή  ‍‐                                                                     τ 

where qm is the maximum adsorption capacity (µg g-1), Ů is polany potential (kJ2 mol-2) 

which is calculated as follow: 

‐ ὙὝÌÎρ
ρ
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ɓ is a constant representing the energy of adsorption (mol2 kJ-2), the average free energy 

(E) of adsorption can be calculated from the  ɓ   as follow: 

Ὁ
ρ

ς‍
                                                                         φ 

 

The value of E is utilized to estimate the mode of adsorption mechanism, i.e., an E value 

of 1 ï 8 kJ mol-1 represents physical adsorption; E value of 8 ï 16 represents electrostatic 

attraction; E value of > 16 represents chemical adsorption. As shown in table 3 the E values 

for the adsorption are calculated to be 6.682 µg g-1 for Lead (II) ions adsorption and 5.199 

µg g-1 for Arsenic (V) ions adsorption; which indicates that the adsorption process may be 

physisorption [70-72]. 
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2.3.3.3     Effect of Contact Time and Adsorption Kinetic Models  

 

The effect of contact time and temperature on the adsorption capacity was only studied 

on An-Buta and An-Dodeca as they were found to be the most efficient adsorbents in the 

removal of Lead (II) and Arsenic (V) ions. As seen in figure 8a, the adsorption capacity 

increased with increase in time. It is important to note that the adsorption reached 

equilibrium within 1 hour; indicating efficient adsorption toward lead (II) ions by An-Buta, 

due to high electrostatic attraction between the high concentration of amino groups and the 

positive Lead (II) ions. Whereas, Arsenic adsorption reached equilibrium within 5 hours, 

which could be attributed to the adsorption process, were Arsenic (V) ions diffuses through 

the pores of An-Dodeca. In order to understand the adsorption mechanism, the 

experimental data was subjected to first-order, second-order and Intraparticle diffusion 

kinetic models. 

The first-order model assumes that the absorption rate relates to the vacant adsorptive 

sites on the adsorbent [72, 73], and the adsorption process is considered physisorption. The 

linear form can be expressed by the following equation: 

ÌÏÇή ή ÌÏÇή
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where qt  is the adsorption capacity at a certain time t (µg g-1) and k1 is the first-order rate 

cconstant (h-1). From the slope and intercept of the plot of log (qe ï qt) vs t the calculated qe  

aand k1 can be obtained. From the data shown in table 4 (figure 8b), the adsorption of Lead 

((II) ions by An-Buta poorly fitted the kinetic model. Whereas, the adsorption of Arsenic (V) 
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ions by An-Dodeca fitted the kinetic model were the adsorption capacity value is coherent 

with the experimental value, suggesting that the adsorption of Arsenic (V) ions by An-Dodeca 

may be physisorption.  

 

Figure 8 (a) Effect of time on the adsorption capacity of Lead (II) and Arsenic (V) ions by An-Buta and An-

Dodeca, respectively. (b) First ï order kinetic model. (c) Second ï order kinetic model. (d) Intraparticle diffusion 

model. 
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Table 4 First -order, second-order and Intraparticle diffusion kinetic models for the 

adsorption of Lead (II) and Arsenic (V) ions by An-Buta and An-Dodeca, 

respectively. 

   First order kinetic Model 

Polyamine Metal 
qe,exp  

(µg g-1) 

qe,cal 

(µg g-1) 

k1 

(h-1) 
R2 

An ïButa Lead (II) 661 29 0.5191 0.7582 

An-Dodeca Arsenic (V) 557 610 0.5730 0.9757 

   Second order kinetic model 

  
qe,exp 

(µg g-1) 

qe,cal 

(µg g-1) 

k2 

(g µg-1h-1) 
R2 

An-Buta Lead (II) 661 667 0.1124 1.000 

An-Dodeca Arsenic (V) 557 588 0.0011 0.9950 

   Intraparticle diffusion model 

  x kp R2 

An-Buta Lead (II) 552.02 114.17 0.9535 

An-Dodeca Arsenic (V) - 228.37 0.9677 

 

  However, the second-order kinetic model (figure 8c) which is related to the difference 

between the equilibrium vacant adsorptive sites and the occupied sites, and assumes that 

the adsorption process is considered to be chemisorption[51, 67, 73, 74], can be linearly 

expressed by the following equation: 
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Where k2 is the second order rate constant (g µg-1 h-1).  From the data shown in table 4, the 

experimental and the calculated adsorption capacity are coherent with good correlation 

coefficient (R2 > 0.99). The calculated adsorption capacity (qe) and the rate constant can 

be found from the slope and intercept of the linear plot in figure 8c.  The fitness of the data 

to the kinetic model suggests that the adsorption of Lead (II) and Arsenic (V) ions by An-

Buta and An-Dodeca may be chemisorption.  

By analyzing both kinetic models the experimental data fitted the second-order kinetic 

model more than the first ï order kinetic model, but looking at the adsorption of arsenic 

by An-Dodeca; both models fit the adsorption process. Moreover, the qe,cal results show 

that both models are close to qe,exp values.  

  

On the other hand, the Intraparticle diffusion model proposed by Weber and Morris[74, 

75], was used to investigate the mechanism of the adsorption process of Lead (II) and 

Arsenic (V) ions by An-Buta and An-Dodeca, respectively. The Intraparticle diffusion 

model assumes that the adsorption process goes through three steps, film diffusion; were 

metal ions transfer from the bulk solution to the adsorbent through a liquid film. Second; 

Intraparticle diffusion, where the metal ions diffuse through the pores of the adsorbent. 

The third step is where the adsorption of metal ions reaches equilibrium which is 

considered to negligible. The intraparticle diffusion model was used in order to determine 

whether the rate ï determining step in the adsorption process to be controlled by film 

diffusion or intraparticle diffusion and can be explained using the following equation: 
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Where x is the boundary layer thickness, and kp is the rate constant of the intraprticle 

diffusion. In order for the process to be totally controlled by intraparticle diffusion a plot 

of qt vs t0.5 has to pass through the origin. Figure 8d shows that the adsorption plot of Lead 

(II) ions by An-Buta possess three linear steps: first; rapid adsorption that represents film 

diffusion, second; slow, gradual increase in the adsorption capacity that is considered 

intraprticle diffusion, and finally reaching equilibrium. Whereas, the adsorption of Arsenic 

(V) ions by An-Dodeca was controlled by intraparticle diffusion, this can be shown by two 

linear steps: first; intraparticle diffusion, second; the adsorption reaches equilibrium.  

2.3.4     SEM-EDX images for loaded and unloaded An-Buta and An-Dodeca  

 

An-Buta and An-Dodeca were characterized using SEM-EDX. Both polyamines were 

scanned before and after adsorption with Lead (II) and Arsenic (V) ions. Unloaded An-Buta 

and An-Dodeca were immersed in 1mg L-1 solution of Lead (II) and Arsenic (V) ions and 

stirred overnight, filtered and dried at 60oC under vacuum until constant weight was 

achieved. The loaded and unloaded polyamines were then sputter coated with a thin film of 

gold. The adsorption of lead and arsenic was confirmed by the EDX analysis shown in figure 

9. SEM micrographs show that the polymers generally rough surfaces which become smooth 

after loading of the heavy metals. An -Buta showed more smoothness after adsorption which 

could be attributed to higher loading of lead ions compared to Arsenic loaded on An-Dodeca.    
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Figure 9 SEM-EDX images for the adsorption of Lead (II) and Arsenic (V) ions by An-Buta and An-Dodeca, 

repectively. 

 

 

2.3.5     Treatment of Wastewater Samples  

 

The most important factor in synthesizing new adsorbents is to apply it to real wastewater 

samples. In this study two wastewater samples (unspiked and spiked with 1mg L-1 lead (II) 

and 1mg L-1 Arsenic (V) ions) were utilized to test the efficacy of An-Buta and An-Dodeca 

in the removal of toxic metal ions. As shown in Table 5 and 6, An-Buta terpolymer showed 

high efficacy and selectivity in the removal of lead (II) ions from wastewater samples with a 

% removal of 97.5 %. Whereas, An-Dodeca showed no selectivity toward Arsenic ions, 








































































































