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Abstract: Amine functionalised polymers are not widely used in applications owing to increased 

reactivity, sensitivity to air and moisture, low stability and processing difficulties. Here, we 

report a convergent strategy for the synthesis of four stable and processable amphiphilic amine 

functionalized poly(N-triazolepropyl phenyl aniline-co-styrene) P1, poly(N-triazoleoctyl phenyl 

aniline -co-styrene) P2, poly(N-triazolexylyl phenyl aniline-co-styrene) P3, and poly(N-

aminopropylphenyl pyridine-co-styrene) P4, using click reaction. Full structural characterization 

and properties of the polymers are established using different spectroscopic and physicochemical 

methods. All polymers were soluble in common organic solvents and insoluble in water. Porous 

films and spherical particles were obtained via drop-casting the solutions of copolymers in 

chloroform or in N,N-dimethylformamide, respectively, on glass substrates. The synthesized 

polyamines were used for the liquid-liquid and solid-liquid extraction of metal nanoparticles, 

organic dyes and heavy metal ions from water. All polymers showed significant extraction 

efficiencies towards metal nanoparticles (20 – 45 mg/g) and organic dyes (25 – 70 mg/g) 

dissolved in water. Such synthetic polyamines can be used as potential adsorbents for water 

purification. 

Keywords. Polyamine; Polystyrene, Free radical polymerization; Click reaction; 1,2,3-Triazole; 

Self-assembly; Organic dyes; Heavy metal ions; Kinetics 
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Introduction 

Nanoparticles are widely used in consumer products such as cosmetics, cleaning agents, 

clothing and washing machines.
1
 The increased use of nanoparticles in various commercial 

products enhances the possibility for contamination of environment.
2,3

 Since ultra-small metal 

particles Are known to cause health risks for living systems,
4-9

 it is important to remove them 

from contaminated water. However, the direct separation is difficult owing to their small size, 

high reactivity and large surface area of nanoparticles. This warrants the development of new 

materials and methods for water purification in the near future.  

Synthesis of polyamines has attracted significant interests in recent years owing to their 

sensitivity towards changes in pH, high reactivity and toxicity in living organisms.
10-14

 

Polyamines are used to extract heavy metal ions, nanoparticles and organic pollutants through 

electrostatic interactions.
15-22

 Polyethylenimine (PEI) with large number of primary and 

secondary amino groups exhibits good sorption ability for heavy metals.
23,24 

1,2,3-Triazole 

group, a versatile functional heterocycle unit formed by click reaction, has been used in 

supramolecular chemistry for coordination with anionic, neutral and cationic guest molecules.
25

 

Recently, we reported the synthesis and characterization of polyamines for the removal of 

dissolved metallic nanoparticles from water.
26

 

A few challenges related to polyamines are addressed in this paper, which include 

stability, easy accessibility, processability and proof of concept demonstration of potential use as 

adsorbent for water purification. Here we report a simple method for the synthesis of amphiphilic 

polyamines using click reaction and investigate potential application in liquid - liquid and solid – 

liquid extraction for the removal of dissolved pollutants from water. The choice of polystyrene as 

a backbone was based on synthetic flexibility and potential for introducing different amine 
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functional groups towards enhancing the extraction efficiencies. The target polymers are 

designed in such a way that the substituted aniline and pyridine incorporated side chains are 

connected to the polymer backbone through a flexible spacer. Alkyl chain spacer provides 

flexibility for the amine groups to interact with various pollutants. In addition the incorporation 

of 1,4-substituted benzene in the side chain, makes the polymer P3 more rigid as compared to 

other polymers. The concept and the target polymers are shown in Figure 1. 

         

 

 

Fig. 1 Schematic representation of the binding of nanoparticles with amine functionalized 

polymer and the molecular structure of random copolymers P1 – P4.  

 

Experimental 

Polyamine Nanoparticles Complex

Page 3 of 32 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

Materials 

Styrene (99%), 4-bromo styrene (98%), silver nitrate (AgNO3), sodium citrate, hydrogen 

tetrachloroaurate trihydrate (HAuCl4•3H2O), azobisisobutyronitrile (AIBN), 

diisopropylethylamine (DIPEA), bromotris(triphenylphosphine)copper(I) (CuBr(PPh3)3), sodium 

borohydride (NaBH4) and HPLC grade solvents where purchased from commercial sources.  All 

materials were used without further purification, unless specified otherwise. Chloroform (CHCl3) 

and N,N-dimethylformamide (DMF) were used for processing polyamines. Polyvinylpyrrolidone 

(PVP) capped water soluble Au and Ag nanoparticles were prepared according to reported 

procedures.
27

 Deionised water was used for preparing stock solutions of nanoparticles. 

 

Measurements 

Gel permeation chromatography (GPC) for polymers was performed on Waters e2695 alliance 

system equipped with Waters 2414 refractive index detector using THF as the eluent, flow rate 

of 0.3 mL/min at 40 °C and polystyrene standards for calibration. 
1
H and 

13
C nuclear magnetic 

resonance (NMR) spectra were recorded on Bruker Avance AV300 (300 MHz) NMR instrument 

using CDCl3 as the solvent. Bruker ALPHA FT-IR spectrophotometer was used for recording 

FT-IR spectra of polymers. Thermogravimetric analyses (TGA) were conducted using a SDT 

2960 TA instrument. All samples were heated under nitrogen atmosphere from 25 to 800 °C 

using a heating rate of 10 °C/min. Differential scanning calorimetry (DSC) measurements were 

done under nitrogen atmosphere using a Mettler Toledo DSC1 STARe System. Scanning 

electron microscope (SEM) images for random copolymers were taken with a field emission 

scanning electron microscopy (FESEM; JEOL JSM-6701F). The samples were mounted on 

copper stubs with double-sided conducting carbon tape and sputter-coated with platinum (2 nm) 
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before examination. The size of the nanoparticles was determined using a transmission electron 

microscope (TEM, JEOL JEM 2010). The extraction efficiency of polymers was quantified using 

a UV-Vis spectrophotometer (Shimadzu-1601 PC spectrophotometer). 

General procedure for click reaction 

A solution of the polymer (1.0 eq., based on (trimethylsilyl)ethynylstyrene units) in THF (20 

mL) was treated with azide derivatives (1.0 eq.), CuBr(PPh3)3 (0.01 eq.), and 

diisopropylethylamine (DIPEA, 0.5 mL, excess), and the mixture was allowed to stir at room 

temperature for 24 h. After removing the solvent under reduced pressure, the crude polymer was 

precipitated in excess methanol. The solid was filtered, washed repeatedly with methanol and 

dried under high vacuum at 40 °C for 16 h. 

Synthesis of monomer 2:
28-32

 

To a solution of 4-bromostyrene 1 (5 g, 27.5 mmol) in dry triethylamine (100 mL) was added  

trimethylsilylacetylene (6.0 g, 60.4 mmol) and bis(triphenylphosphine)palladium(II) chloride 

(0.38 g, 0.55 mmol). The reaction mixture was heated to 50 °C for five minutes and copper(I) 

iodide (0.06 g, 0.41 mmol) was added. The color of the solution changed from red to dark brown. 

The mixture was stirred for an additional 16 hours at 50 °C and the precipitated 

triethylammonium salt was removed by filtration and the excess solvent in the filtrate was 

removed under reduced pressure. The obtained brown crude compound was purified over 

column chromatography eluting with n-hexane to yield compound 2 as a colorless liquid (3.55 g, 

65%). 
1
H NMR: δ 7.43 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 6.69 (dd, J = 11.2, 17.6 Hz, 

1H), 5.75 (d, J = 17.6 Hz, 1H), 5.28 (d, J = 11.2 Hz, 1H), 0.26 (s, 9H). 
13

C NMR: δ 137.59, 

136.19, 132.13, 125.99, 122.35, 114.82, 105.07, 94.80, -0.03. 

Synthesis of homopolymer 3: 
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A mixture of (trimethylsilyl)ethynylstyrene 2 (0.5 g, 2.5 mmol) and AIBN (0.004 g, 0.01 eq.) in 

dry THF (5 mL) was degassed by repeated freeze-pump-thaw cycles, sealed under vacuum and 

heated at 70 °C for 4 hours. The viscous reaction mixture was dissolved in THF (5 mL) and 

precipitated in excess methanol to give crude polymer which was treated with 

tetrabutylammonium fluoride (5 mL, 1 M in THF, 2 eq.) to remove trimethylsilyl groups, stirred 

for two hours at 0 °C and concentrated under reduced pressure. The crude polymer was 

precipitated three times in methanol to afford 3 as a white powder (0.35 g, 70 %, Mn = 7540 

g/mol, PDI = 1.7); 
1
H NMR (300 MHz, CDCl3): δ 7.24-6.93 (m, Ar-H), 6.78-6.25 (m, Ar-H), 

1.90-1.23 (m, -CH2-CH-), 0.36-0.24 (s, Si(CH3)3); IR (KBr, cm
-1

): 3025 (Ar-H), 2930 (C-H), 

2145 ( C C ), 1620 ( ). 

Synthesis of homopolymer 4: 

Click reaction of polymer 3 (0.3 g) with azide derivative 8 (0.3 g, 1.27 mmol) in presence of 

CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL) afforded homo-polymer 4 in quantitative 

yield; IR (KBr, cm
-1

): 3445(N-H), 3021 (Ar-H), 2935 (C-H), 1605 ( ). 

Synthesis of poly[styrene-r-(trimethylsilyl)ethynylstyrene] 6: 

A mixture of styrene 5 (6.0 g, 57.6 mmol, 5 eq.) and (trimethylsilyl)ethynylstyrene 2 (2.3 g, 11.5 

mmol, 1 eq.) in dry THF (5 mL) was added AIBN (0.01 g, 0.01 eq.) and degassed by repeated 

freeze-pump-thaw cycles, sealed under vacuum and heated at 70 °C for 12 hours. The viscous 

reaction mixture was dissolved in THF (5 mL) and precipitated in excess methanol to give 

polymer 6 as a white powder (6.5 g, 81 %, Mn = 37056 g/mol, PDI = 2.2); 
1
H NMR (300 MHz, 

CDCl3): δ 7.25-6.95 (m, Ar-H), 6.75-6.22 (m, Ar-H), 1.95-1.25 (m, -CH2-CH-), 0.37-0.27 (s, 

Si(CH3)3); IR (KBr, cm
-1

): 3023 (Ar-H), 2915 (C-H), 2150 ( C C ), 1596 ( ). 

Synthesis of poly[styrene-r-4-ethynylstyrene] 7: 
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To a solution of poly(styrene-co-trimethylsilylethynylstyrene) 6 (5.0 g, 0.81 mmol based on 

(trimethylsilyl)ethynylstyrene units) in dry THF (100 mL), tetrabutylammonium fluoride (1.6 

mL, 1 M in THF, 2 eq.) was added and stirred for two hours at 0 °C. The solution was 

concentrated under reduced pressure and the polymer was precipitated three times in methanol to 

give 7 as a white powder (Yield: 90%, Mn = 28400 g/mol, polydispersity index (PDI) = 1.8); 
1
H 

NMR (300 MHz, CDCl3): δ 7.25-6.95 (m, Ar-H), 6.75-6.30 (m, Ar-H), 3.12-3.03 (s, C C ), 

1.96-1.26 (m, -CH2-CH-); IR (KBr, cm
-1

): 3025 (Ar-H), 2928 (C-H), 2155 ( C C ), 1610 

( ). 

Synthesis of polymer P-1:  

Click reaction of poly[styrene-r-4-ethynylstyrene] 7 (1.0 g) with  azide derivative 8 (0.3 g, 1.27 

mmol) in presence of  CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL) afforded P-1 in 

quantitative yield; 
1
H NMR (300 MHz, CDCl3): δ 7.24-6.88 (m, Ar-H), 6.74-6.27 (m, Ar-H), 

4.54-4.40 (m, triazole-CH2), 3.70-3.64 (s, Ar-CH2), 2.95-2.85 (s, N(CH3)2), 2.70-2.60 (m, N-

CH2), 2.15-1.25 (m, -CH2-CH-); IR (KBr, cm
-1

): 3440 (N-H), 3021 (Ar-H), 2926 (C-H), 1601 

( ). 

Synthesis of polymer P-2:  

Click reaction of poly[styrene-co-4-ethynylstyrene] 7 (1.0 g) with azide derivative 9 (0.38 g, 

1.27 mmol) in presence of CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL) afforded P-2 in 

quantitative yield; 
1
H NMR (300 MHz, CDCl3): δ 7.22-6.85 (m, Ar-H), 6.75-6.28 (m, Ar-H), 

4.40-4.30 (m, triazole-CH2), 3.72-3.62 (s, Ar-CH2), 2.97-2.85 (s, N(CH3)2), 2.65-2.55 (m, N-

CH2), 2.00-1.20 (m, -CH2-CH-); IR (KBr, cm
-1

): 3410 (N-H), 3023 (Ar-H), 2930 (C-H), 1618 

( ). 

Synthesis of polymer P-3:  
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Click reaction of poly[styrene-co-4-ethynylstyrene] 7 (1.0 g) with azide derivative 10 (0.37 g, 

1.27 mmol) in presence of CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL), afforded P-3 in 

quantitative yield; 
1
H NMR (300 MHz, CDCl3): δ 7.25-6.88 (m, Ar-H), 6.80-6.35 (m, Ar-H), 

5.60-5.45 (m, triazole-CH2), 3.88-3.77 (s, Ar-CH2), 3.77-3.67 (m, N-CH2), 2.97-2.87 (s, 

N(CH3)2), 1.95-1.25 (m, -CH2-CH-); IR (KBr, cm
-1

): 3420 (N-H), 3024 (Ar-H), 2926 (C-H), 

1615 ( ). 

Synthesis of polymer P-4:  

Click reaction of poly[styrene-co-4-ethynylstyrene] 7 (1.0 g) with azide derivative 11 (0.2 g, 

1.27 mmol) in presence of CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL), afforded P-4 in 

quantitative yield; 
1
H NMR (300 MHz, CDCl3): δ 7.20-6.90 (m, Ar-H), 6.75-6.35 (m, Ar-H), 

4.50-4.35 (m, triazole-CH2), 2.44-2.25 (m, Py-CH2), 1.97-1.30 (m, -CH2-CH-); IR (KBr, cm
-1

): 

3425 (N-H), 3027 (Ar-H), 2910 (C-H), 1592 ( ). 

Liquid – liquid extraction of metal nanoparticles, dyes and metal ions 

A solution (400 µL) of amine-functionalized amphiphilic random copolymers (1 mg / 4 mL) in 

chloroform was taken in a 2 mL centrifuge tube containing aqueous solution of citrate or PVP 

capped Au- or Ag nanoparticle (1.5 mL, 2.5 × 10
-4

 M) or aqueous solutions of dyes or metal ions 

(1.5 mL, 100 ppm) and agitated using a mechanical shaker (200 rpm) for 6 h. All extraction 

experiments were performed at room temperature (25 °C) and neutral pH. The residual 

concentrations of nanoparticles and dyes in aqueous solution were analyzed periodically until the 

system reached equilibrium. For quantification, nanoparticle solutions were analysed using UV-

Vis spectroscopy to estimate the amount of nanoparticles or dyes remained in the aqueous 

solution after extraction. The concentrations of metal ions were determined using inductively 
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coupled plasma – optical emission spectroscopy (ICP-OES) system. The extraction capacity Qe 

(mg/g) was calculated using the following equation.
33

 

Qe = (C0-Ce)V/M                                 (1) 

where C0 and Ce (mg/L) are initial and equilibrium concentration of nanoparticles, V is the 

volume of the nanoparticles solution and M is mass of the adsorbent used.  

Solid-liquid extraction of nanoparticles 

For solid-liquid extraction, polymer solution in CHCl3 (1 mg/mL) was drop cast on a glass slide 

to form a porous film through slow evaporation of the solvent. The morphology of the film was 

characterized using SEM. The glass slide with the polymer film was dipped in aqueous solution 

of nanoparticles (2 mL / 50 ppm) and allowed to stand at room temperature for 3 h, removed,  

washed with water, dried and analysed using SEM to check changes in surface characteristics 

before and after extraction studies. 

 

Results and discussions 

As illustrated in Scheme 1, the homopolymer 4 was synthesized from commercially available 

starting material, 4-bromostyrene 1 in 3 steps.
28-32

 However, the final polymer was insoluble in 

common solvents and not characterized fully. This prompted us to copolymerize monomer 2 

with styrene to develop soluble and processable polyamines (Scheme 2).  A random copolymer 

of styrene and monomer 2 (5:1) was prepared using free radical polymerization, and removal of 

trimethylsilyl groups using tetrabutylammoniumfluoride (TBAF) gave the desired acetylene 

incorporated macromolecule 7 (Mn = 28400 amu; PDI = 1.8). From the 
1
H-NMR spectrum, the 

peak integral ratio of the styrene unit and p-(acetylene)styrene was 5:1, which shows an 

approximately 227 repeating units of styrene and 36 repeating units of p-(acetylene)styrene in 
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the PS-r-PES polymer. The acetylene groups on the polymer 7 were used for click reaction with 

various azide derivatives (8 – 11) in presence of Cu(I) and DIPEA
34-38 

to synthesize the target 

polymers P1 - P4 in quantitative yield. The amount of acetylene functionalized repeating units 

on the polymer backbone is intentionally kept low to avoid solubility problems. 

 

 

Scheme 1 Synthesis route for amine functionalized homopolymer 4 
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Scheme 2 Synthesis of amine functionalized copolymers P1- P4  

 

Structural characterisation 

The structure of target copolymers was established using 
1
H-NMR analyses. Figure 2 shows the 

1
H-NMR spectra for the precursor polymer, PS-r-PES (7) and all target copolymers. Conversion 

of the acetylene groups to the triazole moieties resulted in the appearance of new peaks at 4.54 - 
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4.40 ppm (m, triazole-CH2), 2.95 ppm (s, N(CH3)2), 2.70 - 2.60 ppm (m, N-CH2), which 

correspond to the formation of amines. The signal due to aliphatic protons appeared in the range 

from 0.9 to 2.7 ppm, whereas the alkyne proton in precursor polymer 7 showed a broad signal 

centered at 3.12-3.03 ppm (s, C C H), [Fig. 2 (7)]. The signals of aromatic protons for all 

polymers appeared at 7.25 - 6.30 ppm. In addition, the disappearance of the peaks due to alkyne 

proton centered at 3.12 - 3.03 ppm (Fig. 2, P1-P4) implies a quantitative conversion to triazole 

group during the click reaction. 

 

 

Fig. 2 
1
H NMR spectra of copolymers PS-r-PES (7), P1 – P4 in CDCl3 under ambient conditions 
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FT-IR analysis 

FT-IR spectra of the polymers are shown in Figure 3. In Figure 3(a), the characteristic alkyne 

stretching of the precursor polymer 7 appeared at 2155 cm
-1

. The other peaks observed at 3025, 

2928, and 1610 are associated with stretching vibrations of Ar-H, C-H, and ( ) bonds, 

respectively. After Click reaction, new peaks of the polyamines emerged in the spectrum at 3100 

cm
-1 

- 3450 cm
-1

 (N-H). The peaks observed at 1590 - 1620 cm
-1

 are assigned to stretching 

vibrations of aromatic C-C bond. The click reaction product was further confirmed by the 

disappearance of 2155 cm
-1

 peak, which corresponds to  group.  
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Fig. 3 FTIR spectra of precursor polymer 7 and target amine-functionalized copolymers P1 – P4 

recorded using KBr as matrix. 
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Thermal properties  

To understand the thermal stability of the amphiphilic copolymers, thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) were performed under nitrogen atmosphere. 

TGA curves of all copolymers are shown in Figure 4, which suggest comparable thermal 

stabilities for all four copolymers. The data revealed that the polymers were stable up to 270 - 

300 °C, and 50 % weight loss was observed at around 400 - 425 °C. Except P3, all other 

polymers showed single stage decomposition and a char yield at 500 °C was in the range of 10 % 

− 15 %. The glass transition temperatures (Tg) observed for P1 – P4 in the DSC analyses 

indicate an increasing stiffness in the copolymers with the introduction of triazole and amine 

groups, when compared to the precursor copolymer PS-r-PES (7). The Tg of precursor polymer 7 

and polymers P1 – P4 are 69.9 °C, 79.2 °C, 79.3 °C, 102 °C and 110 °C, respectively (Table 1). 

All DSC traces are shown in supplementary information Figure S1. 
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Fig. 4 TGA curves of PS-r-PES (7), P1 – P4 copolymers recorded under nitrogen atmosphere. 
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Table 1: Degradation temperature and Tg of precursor polymer and polymers P1 – P4 

Polymers 
Decomposition temperature

a
 

(°C) 

Glass transition 

temperature 

Tg (°C) 

PS-r-PES (7) 370 69.9 

P1 315 79.2 

P2 345 79.3 

P3 265 102 

P4 368 110 

a
 Decomposition temperature was measured at 10% weight loss of polymers 

 

Solubility of the polymers: Solubility depends on the structure of polymers. Polyamines are 

soluble in water, but insoluble in common organic solvents.  The synthetic strategy reported here 

is used to prepare a series of amine functionalized copolymers, which are soluble in most 

common organic solvents such as CHCl3, tetrahydrofuran, DMF and not soluble in water. The 

number of amine functional groups on the polymer backbone is critical to achieve the desired 

solubility. Homopolyamine prepared through the click reactions using acetylene functionalized 

polystyrene and corresponding azides was not soluble in water or organic solvents. An optimum 

quantities of styrene and amine functionalized styrene on the polymer backbone is important to 

achieve the desired solubility.   

 

Liquid – liquid extraction of metal nanoparticles from aqueous solution 

Water soluble PVP capped Au- and Ag-nanoparticles were synthesized and fully characterized.
27

 

The size of the synthesized spherical Au NPs (15 – 20 nm) and Ag NPs (20 – 40 nm) were 

established using TEM and DLS analyses. Since the synthesized polymer is insoluble in water, 
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the nanoparticles in water were extracted using chloroform solution of the polymers. We 

hypothesized that the hydrophobic polyamines interact with nanoparticles at the interface and 

transfer them to the organic phase through ligand exchange. Extraction experiments were done 

using initial nanoparticle concentrations of (1.5 mL, 2.5 × 10
-4

 M) at neutral pH. UV-Vis spectra 

of Au NP and Ag NP solutions showed absorbance maxima at 510 nm and at 400 nm, 

respectively. Under normalized conditions, the changes in intensities observed at the absorption 

maxima after the extractions were used to calculate the extraction capacities of all four 

copolymers for Au NPs and Ag NPs from water and kinetic data were deduced from the 

experimental data. The amount of nanoparticles extracted from water to the CHCl3 solution of 

polyamines was calculated and found to increase with time. The dynamic equilibrium was 

reached within 20 min, owing to strong interaction of the polymers and nanoparticles (Fig. 5). 

Control experiments were performed using precursor polymer PS-r-PES (7) under similar 

conditions. The UV absorbance of the NP solutions before and after extractions revealed 

negligible amounts of NPs were transferred from water to organic phase. This is expected owing 

to the lack of amine groups on the polymer backbone of precursor polymer, 7.   

 

Time dependant studies 

Figure 5 shows the extraction efficiency of polymers for PVP-coated silver and gold 

nanoparticles as a function of time. Polymers P1, P2 and P3 showed equal extraction efficiencies 

with Qe values in the range of 30 mg/g and 40 mg/g with respect to Ag NPs and Au NPs, 

respectively and the extraction was rapid. Polymer with the pyridyl end groups (P4) showed 

lower extraction efficiencies and longer time to reach equilibrium.  
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Fig. 5 Effect of contact time on the extraction efficiency of polymers for the extraction of (A) 

Ag-PVP and (B) Au-PVP from water 

 

Extraction kinetics for metal nanoparticles 

The pseudo-first order kinetics plots are given in supplementary information (ESI, Fig. S2). The 

linear form of pseudo-first order is described as, 

log(Qe-Qt) = log Qe – (K1/2.303)t             (2) 

where, Qe and Qt are the amounts of nanoparticles adsorbed at equilibrium (mg/g) and at time ‘t’, 

respectively; K1 (min
-1

) is the rate constant for the pseudo-first order adsorption. From the 

experimental data, the graph of log(Qe-Qt) versus t was plotted for all nanoparticles and  

calculated the pseudo-first order rate constants (ESI, Fig. S2). The R
2
 values are significantly 

lower than 1 indicating poor fit with the pseudo-first order kinetic model, thus pseudo- second 

order kinetics was applied. The equation for the pseudo-second order kinetics model is given as:  

t/Qt = t/Qe + 1/(K2.Qe
2
)  (3) 

where K2 (g/mg min) is the pseudo-second order rate constant. The values of K2 and Qe were 

calculated from the slope and intercept of the t/Qt versus t plots. Figure 6 shows the graph of the 

pseudo-second order model for the adsorption of NP’s. Qe and K2 values were calculated from 

A B 
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the linear graphs and the values are summarised in Table 2. The correlation coefficient in all 

cases is closer to unity, which signifies that the adsorption follows pseudo-second order model. It 

is estimated that the electrostatic interactions between the amino groups on the polymer 

backbone and NPs are responsible for observed extraction efficiencies.
39

 The extraction 

efficiency of pyridyl groups in P4 is different from aliphatic amine groups on other polymers, 

which might demonstrate the lower extraction capacity of NPs by P4. Similar observations were 

reported earlier by other research groups.
40,41

 However, systematic studies on comparison of 

extraction efficiencies of pyridine incorporated polymers with other polyamines are not reported. 

We hypothesize that multiple amine groups on P1 – P3 contribute to the extraction of pollutants, 

while only pyridyl groups are available for coordination for P4, which might be the reason for 

observed low extraction efficiency for polymer P4.   
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Fig. 6 Pseudo-second order kinetics for the extraction of (A) Ag-PVP and (B) Au-PVP from 

water using the aminopolymers P1 – P4. 

 

Table 2: Pseudo-second order constants and correlation coefficients for the extraction of NP’s 

using polymers P1-P4. 

A B 
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NP’s 
Polyme

rs 

Qe 
(exp) 

Pseudo-first order kinetic 

model 

Pseudo-second order kinetic 

model 

(mg/g) 
Qe 

(mg/g) 

K1 

R
2
 

Qe 

(mg/g) 

K2 

R
2
 

  (min
-1

) 
(g/mg 

min) 

Ag-pvp 

P1 33.29 8.15 0.0343 0.713 33.40 0.03220 0.999 

P2 31.47 1.56 0.0212 0.158 31.27 0.82477 0.999 

P3 33.08 9.03 0.0279 0.359 32.79 -0.29532 0.999 

P4 19.51 10.68 0.0442 0.794 19.79 0.01730 0.998 

                  

Au-pvp 

P1 41.72 20.58 0.0321 0.509 42.37 0.00738 0.998 

P2 46.10 34.97 0.0184 0.839 51.07 0.00100 0.982 

P3 41.74 32.64 0.0858 0.922 43.48 0.00437 0.997 

P4 28.02 40.49 0.0248 0.948 35.21 0.00055 0.799 

 

Liquid – liquid extraction of dissolved metal ions and dyes from water 

Anionic dyes containing sulfonic or carboxylic acid groups are known to adsorb strongly on 

positively charged adsorbents through electrostatic interactions. Our initial extraction studies 

showed that cationic dyes such as alcian blue or methylene blue were not significantly extracted 

by polymers P1 – P4 from water. In order to compare the extraction efficiencies of P1 – P4 for 

anionic and neutral dyes, brilliant blue containing sulfonyl groups and neutral red dye with a tert-

amine group as illustrative dyes were selected. Similarly, aqueous solutions of metal cations 

(Pb
2+

) and anions (Cr2O7
2-

) were selected for extraction studies. In order to assess the extraction 

efficiencies of P1-P4 towards metal ions and organic dyes dissolved in water, stock solutions of 

polymers dissolved in chloroform (2 mg / mL) were prepared. The polymer solutions (0.5 mL) 

were mixed with 50 ppm solutions of Brilliant Blue, Neutral red dyes, and heavy metals - lead 

and chromium ions (1.5 mL each) in separate vials and agitated at 200 rpm at 25 °C and neutral 

pH. Aqueous samples were then separated from organic fractions at different time intervals of 5, 

10, 30, 60, 120, and 240 minutes and each of the samples were analysed by UV absorbance 
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spectrophotometer or ICP-OES analysis for determining the residual dye and metal content. The 

extraction capacity, Qe (mg/g) values were calculated using Eqn (1). Figure 7 represents the plots 

showing the effect of time on the extraction efficiencies towards dyes (A and B) and metal ions 

(C and D).  

 

It is apparent from the plots that the Qe values of the four polymers showed higher extraction 

efficiencies for anionic Brilliant Blue than the neutral red. Based on this data, extraction is 

strongly dependent on the interactions of positively charged amine groups on the polymer 

backbone with the negatively charged dyes. Since brilliant blue dyes contain sulfonated (SO3
−
) 

groups, the protonated amine interact strongly via electrostatic interactions. The extraction 

efficiencies follows the same order in case of brilliant blue and neutral red dyes, i.e., P4 > P2 > 

P1.  
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Fig. 7 Effect of contact time on the extraction of (A) brilliant blue, (B) neutral red dyes, (C) lead 

and (D) chromium ions from water using polymers P1-P4 at neutral pH. 

 

In the case of metal ions, the extraction efficiency of polymers for Pb(II) ions is higher than 

hexavalent chromium ions. Cr(VI) ions exist as chromate (HCrO4
−
) and dichromate (Cr2O7

2−
) 

ions in solution, the amounts varies with changes in pH of the medium. At neutral pH, the 

interaction between amine and Cr(VI) anions is lower as compared to solution at acidic pH.
42

  

 

Extraction kinetics for dyes and metal Ions 

Pseudo-first order and pseudo-second order kinetics for the adsorption of dyes and metal ions 

were determined and shown in supporting information (ESI, Fig. S2) and in Figure 8, 

respectively.  

C D 
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Fig. 8 Pseudo-second order kinetics for (A) brilliant blue, (B) neutral red, (C) lead and (D) 

chromium ions using polymers P1 – P4 in water. 

 

The rate constants, K1 and K2 and the Qe values were calculated from the slope and 

intercepts of the linear plots and substituting in Eqns (2) and (3). Table 3 summarizes the 

pseudo-first order and pseudo-second order kinetics data with rate constants (K1 and K2) and Qe 

values. Pseudo-second order kinetics fits better than the pseudo-first order for all polymers as the 

correlation coefficients (R
2
) of pseudo-second order kinetics are closer to unity and the 

calculated Qe values match with those determined experimentally.   

C D 

B A 

Page 22 of 32RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



23 

 

Adsorption of cationic dyes showed reverse order of adsorption capacity towards 

different polymers (P4 > P2 > P1) as compared to the adsorption of NPs. It is known that the 

amine groups interact with anionic dyes via hydrogen bonding or electrostatic interactions. This 

trend is linear with increase in number of amine groups on the polymer backbone. P4 showed 

lowest extraction efficiency towards chromate anion and NPs.  

Interaction of polymers with brilliant blue and neutral red may involve a combination of 

interactions such as aromatic interactions, pi-pi, electrostatic and donor-acceptor interactions 

involving different groups on the dyes with amine functional groups on the polymer backbone.  

 

Table 3: Pseudo-first order and pseudo-second order constants and correlation coefficients for 

the extraction of brilliant blue, neutral red dyes and lead and chromium ions by polymers P1-P4 

from water. 

Dyes/Metal 

ions 

Polyme

rs 

Qe 
(exp) 

Pseudo-first order 

kinetic model 

Pseudo-second order kinetic 

model 

(mg/g) 
Qe 

(mg/g) 

K1 

R
2
 

Qe 

(mg/g) 

K2 

R
2
 

  (min
-1
) 

(g/mg 

min) 

Brilliant 

Blue 

P1 50.18 31.3 0.0537 0.9393 50.61 0.00939 0.999 

P2 60.57 30.44 0.0184 0.4575 61.16 0.00253 0.998 

P3 38.42 15.55 0.0271 0.1175 38.73 0.0073 0.997 

P4 71.24 21.98 0.0201 0.3405 71.28 0.00544 0.998 

  

Neutral red 

P1 26.64 13.18 0.0181 0.6564 26.82 0.00843 0.998 

P2 34.17 6.50 0.0356 0.4811 34.26 0.03706 0.999 

P3 34.21 7.73 0.0321 0.5389 34.21 0.02898 0.999 

P4 43.3 26.24 0.0284 0.8907 44.17 0.004 0.997 

                  

Lead 

P1 23.03 30.10 0.0122 0.889 31.94 0.00015 0.899 

P2 24.32 23.03 0.006 0.996 29.06 0.00027 0.984 

P3 28.82 19.84 0.0085 0.894 29.57 0.00145 0.995 
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P4 17.68 13.70 0.0046 0.891 18.77 0.00118 0.996 

  

Chromium 

P1 11.65 8.43 -0.0021 0.423 12.18 0.00092 0.852 

P2 18.54 4.07 0.0068 0.942 6.25 0.00613 0.991 

P3 6.12 4.13 -0.0016 0.942 7.15 0.00036 0.992 

P4 4.46 4.13 -0.0016 0.730 7.15 0.00036 0.842 

 

 

Solvent assisted self-organization of polymers 

Starting from the pioneering work on the formation of breath figures in polymer films by 

François et al,
43

 numerous research groups have studied the effect of moisture and organic 

solvent on the formation of regular honeycomb structures. Even though, it is now well 

understood how the casting conditions, such as polymer concentration, humidity and air flow 

influence the honeycomb structure formation, the role of polymer structure is still ambiguous. 

The hydrophilic/hydrophobic part of the polymer is expected to play a significant role towards 

the honeycomb formation.
44

 Based on relative fractions of the hydrophobic (styrene) and 

hydrophilic (amine) groups
45,46 

on the polymer backbone, different morphologies may be 

expected from the self-assembly process. Polymer-solvent interactions and properties of solvents 

are known to control the packing of polymer chains.
47,48 

In the present study, thin films of the 

copolymers P1 – P4 were prepared on glass slides by drop-casting polymer solutions (1 mg mL
-

1
) in CHCl3 at room temperature. FESEM was used to establish the morphology of the films 

formed from different copolymers (Figure 9). Polymer films with porous morphologies were 

formed by drop-casting CHCl3 solutions of the polymers on glass substrates. Subtle differences 

in the formation of porous film can be explained owing to the small differences in strucutre of 

the copolymer backbone.
49-52
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Fig. 9 SEM images of the morphology of drop-casted film from polymers P-1 (a-b), P-2 (c-d), 

P-3 (e-f), and P-4 (g-h) on glass plates from CHCl3 and DMF solutions. Polymer concentration 

was 1 mg/mL. 

 

Similarly polymer solutions in DMF (1 mg mL
-1

) were dropcasted on glass plates and allowed 

the solvent to evaporate under ambient condition. In contrast to the thin films obtained in CHCl3, 

the polymer solutions in polar, high-boiling solvents such as DMF formed spherical 

morphologies upon evaporation of solvents.  

Solid – liquid Extraction of metal nanoparticles by polymer films 

The self-assembled porous films prepared by drop casting the chloroform solution of polymers 

on glass plates were used for extracting the nanoparticles from water. In this solid-liquid 

extraction, the polymer film was dipped in aqueous solution of nanoparticles (2 mL) and allowed 

to stand at room temperature for 3 h. After extraction, the polymer films were imaged by SEM 

and the micrographs are given in Figure 10.  
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Fig. 10 SEM images of porous film prepared by dropcasting of a chloroform solution of P1 after 

extraction of Ag-Cit (A and B) and Au-Cit NPs (C and D).  

 

It is clear that the small white aggregates observed on the surface are metal nanoparticles 

extracted from solution. However, only amine and triazole groups on the film surface are 

expected to interact with the hydrophilic nanoparticles in solution, thus the extraction 

efficiencies of solid films are expected to be lower. We are in the process of optimizing the 

procedure to quantify solid-liquid extractions and to improve the efficiency by changing the 

polymer backbone.  

 

Conclusions 

In summary, we have successfully synthesized four different polyamines using free radical co-

polymerization followed by click reaction as key steps. The convergent method developed to 

synthesize 1,2,3-triazole ring incorporated polyamines with different spacer lengths from a 

common alkyne functionalized precursor polymer and corresponding azide derivatives, is 

versatile and can be extended to prepare a series of polyamines. All polyamines showed porous 
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morphologies after drop casting from hydrophobic chloroform solutions and spherical 

morphologies from a polar solvent such as DMF. Both liquid – liquid and solid – liquid 

extractions were performed to establish the affinity of polymers with different pollutants in 

water. The copolymers were efficient in extracting pollutants such as Ag NPs (33 mg/g), Au NPs 

(46 mg/g), brilliant blue (60 mg/g), neutral red (34 mg/g) dyes, lead (28 mg/g) and chromium (18 

mg/g) ions from water. The amine groups on the polymer backbone and the insolubility of 

polymers in water are responsible for the observed extraction of pollutants into organic phase. 

Such readily accessible polyamines may be used for purification of contaminated water. 
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