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Abstract

Heavy metals are not biodegradable and tend to accumulate in living organisms. Many 
heavy metal ions are known to be toxic or carcinogenic. Thus, removal of these toxic 
heavy metals from water is of crucial importance to protect the human population and 
the environment. In recent years, polymeric adsorbents have received considerable 
interest for heavy metal removal mainly due to important technological and scientific 
developments such as easy synthesis at controlled dimensions with variable functional 
groups, perfect mechanical rigidity, tunable surface chemistry, large surface area, pore 
size distribution, high uptake values and feasible regeneration under mild conditions. 
This chapter has attempted to present to the readers the widespread investigations of 
acrylic-based polymeric adsorbents so that the reader can get an idea about the vari-
ous types and forms of polymeric materials used for the removal of heavy metals from 
water.

Keywords: acrylics, heavy metal, removal, adsorption, remediation

1. Introduction

Remediation of environmental sources is a very important concern for human beings since 

these are essential to sustain life [1]. The presence of heavy metal ions in the environment is 

becoming a serious threat to public health and the environment. Heavy metal contamina-

tion exists in aqueous wastes of many industries, such as metal plating, mining operations, 

tanneries, chlor-alkali, radiator manufacturing, smelting, alloy industries and storage battery 
manufacture [2]. Most of the heavy metals are toxic, and therefore, their removal from envi-

ronmental sources is very important [3]. Several methods can be used for the removal of metal 

ions from water including chemical precipitation, ion exchange, filtration, reverse osmosis, 
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adsorption and membrane separation [4]. The advantages and the disadvantages of the vari-

ous treatment processes used in heavy metal removal are given in Table 1 [5].

By far, the most widely used method for removing heavy metals from solution is chemical 

precipitation. The soluble metal is converted into an insoluble precipitate (i.e. its hydroxide) 

by the increase in the pH of the solution. It is relatively simple and inexpensive to operate. 

The precipitates can be separated from the water by sedimentation or filtration. The treated 
water was then decanted and appropriately discharged or reused. The conventional chemical 

precipitation processes include hydroxide precipitation and sulphide precipitation [5].

Ion exchange is another most widely used method for the removal of heavy metals from the 

solution [6]. The ion exchanger is a solid capable of exchanging either cations or anions from 

the surrounding materials. Commonly used matrices for ion exchange are synthetic organic 

ion exchange resins.

Coagulation-flocculation can also be employed to treat water with heavy metals, wherein 
the coagulation process destabilises colloidal particles by adding a chemical agent (coagu-

lant) and results in sedimentation [7]. Many coagulants are widely used in the conventional 

wastewater treatment processes such as aluminium, ferrous sulphate and ferric chloride, 

resulting in the effective removal of wastewater particulates and impurities by charge neu-

tralisation of particles and by enmeshment of the impurities on the formed amorphous metal 

hydroxide precipitates. Coagulation is followed by flocculation of the unstable particles in 
order to increase their size and form into bulky floccules which can be settled out. Today, 
many kinds of flocculants, such as polyaluminium chloride, polyferric sulphate and poly-

acrylamide (PAM), are widely used in the treatment of waste water. However, it is nearly 

impracticable to remove heavy metals very well from waste water directly by these current 

flocculants.

Flotation is employed to separate solids or dispersed liquids from a liquid phase using bubble 

attachment [8]. Adsorptive bubble separation employs foaming to separate the metal impuri-

ties. Ion flotation, precipitate flotation and sorptive flotation are the main flotation process 
mechanisms for removal of metal ions from solution. Membrane filtration has received con-

siderable attention for the treatment of inorganic effluent, since it is capable of removing not 
only suspended solid and organic compounds but also inorganic contaminants such as heavy 

metals.

Electrochemical methods involve the plating out of metal ions on a cathode surface and can 

recover metals in the elemental metal state. Electrochemical wastewater technologies involve 

relatively large capital investment and the expensive electricity supply. The cost factor pre-

vents the usage of this method to be widely applied industrially [9].

Adsorption is now recognised as an effective and economic method for heavy metal wastewa-

ter treatment. The adsorption process offers flexibility in design and operation and in many 
cases will produce high-quality treated effluent. Among these methods, adsorption via the 
use of adsorbent is one of the most effective methods since it is rapid, economic, effective and 
easy. In addition, the regeneration of the adsorbent with resultant economy of operation may 

be possible because adsorption is sometimes reversible [10].
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Method Advantages Disadvantages

Chemical precipitation Simple Needs large amount of chemicals

Inexpensive to operate Excessive sludge production

Convenient and safe Sludge disposal cost

High maintenance cost

Slow metal precipitation

Ion exchange High removal efficiency Sensitive to the pH of the solution

Fast kinetics

High treatment capacity High initial cost

High regeneration High maintenance cost

Coagulation-flocculation Bacterial inactivation capability High chemical consumption

Good sludge settling High maintenance cost

Good dewatering characteristics High operation cost

Increased sludge volume generation

Flotation Removal of small particles

High selectivity to recover valuable ions High maintenance cost

Low retention time High initial capital cost

Production of more concentrated sludge High operation cost

High removal efficiency

Membrane filtration Low chemical consumption Process complexity

Low solid waste consumption Limited use

Small space requirement High maintenance cost

Possible to be metal selective High initial capital cost

High operation cost

Electrochemical treatment Rapid

Less sludge production High initial capital cost

Less chemical use High energy requirement

Provide good reduction yields Requires filtration for flocs

Moderately metal selective

Adsorption High capacity Performance depends on type of 

adsorbent
Flexibility in design and operation

Fast kinetics Chemical derivatization to improve 

sorption capacity

Wide variety of target pollutant

Table 1. Comparison of treatment processes used for heavy metal removal.
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In recent years, polymeric adsorbents have received considerable interest for heavy metal 

removal mainly due to important properties such as easy synthesis at controlled dimensions 

with variable functional groups, perfect mechanical rigidity, tunable surface chemistry, large 

surface area, pore size distribution, high uptake values and feasible regeneration under mild 

conditions. These novel properties allow the polymeric adsorbent to be applied for use in 

drug delivery systems, optics and water treatment. These can also be incorporated with other 

particles making them extremely versatile [11].

2. Acrylic-based polymers

Acrylic monomers have been widely utilised for the preparation of polymeric materials that 

can be used as sorbents in environmental remediation studies due to their valuable charac-

teristics such as water repellence, transparency and good film-forming ability. These have 
become more widely used in the last decades because they are also environmentally friendly, 

they offer easier clean-up, and, last but not least, their properties and application performance 
characteristics have been improved [12]. This section will explain the practical applications of 

polymeric adsorbents which are synthesised from their acrylic monomers for the removal of 

heavy metal ions in water.

2.1. Poly(acrylic acid) (PAAc)

Acrylic acid (AA), an important monomer of synthetic resins, is a versatile compound used 

in polymer synthesis. It has been widely used to fabricate a variety of functional materials, 

such as water-absorbent polymers, adhesives and textile-treatment agents and so on [13]. 

Radiation-induced graft polymerisation can be used to modify the polymers to introduce 

valuable properties to the synthesised materials. The technique is very advantageous over the 

conventional methods. For example, the chemical and photochemical grafting methods are 

simple and can be done without employing any additives or catalyst at any temperature [14].

Benamer et al. [15] have modified chitosan beads by a graft copolymerisation reaction of chi-
tosan with AA by gamma radiation, and the removal of Cd and Pb ions from aqueous solu-

tions was examined using the novel adsorbent. Raw chitosan beads were first modified by 
cross-linking with glutaraldehyde, and the radiation-induced grafting of AA onto the chito-

san beads was performed using 60Co gamma-source. The grafting rate of 81% was obtained at 

a dose rate of 20.64 Gy min−1. The FTIR was used for the structural characterisation of the sor-

bent, and their swelling measurements were performed at different pH values. The adsorp-

tion experiments were carried out both with modified and unmodified chitosan beads for 
Cd(II) and Pb(II) ions, and it was found that the grafting of new groups increased the number 

of adsorption sites in chitosan, leading to the increase in adsorption capacity. The optimum 

pH for Cd(II) and Pb(II) uptake was between 4 and 7 using the synthesised adsorbent. The 

experimental kinetic data were found to have a better fit with pseudo-second-order reaction, 
and Langmuir isotherm model was found to be more suitable to represent the experimental 

equilibrium.
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González-Gómez et al. [16] have synthesised two new comb-type hydrogels using two mono-

mers such as AA and 4-vinyl pyridine (4VP) by gamma radiation. The synthesised adsorbents 

were as follows: (a) Comb-type hydrogels of an AA network followed by grafting of 4VP 

(net-PAA)-g-4VP and comb-type hydrogels of an AA network grafted onto polypropylene 

(PP) followed by grafting of 4VP [net-(PP-g-AA)-g-4VP]. The 60Co gamma source was used to 

synthesise the comb-type systems. The AA in synthesised comb-type hydrogels was capable 

of removing metals because the ions primarily interact with the carboxyl groups. Moreover, 

the amino groups in 4VP increased the stability constant and complexation bond strength 

between the metals and functional groups. The retention of Cu(II) and Zn(II) ions was evalu-

ated by the new adsorbent, and a high adsorption capacity was found through the target 

ions. The quantification of the metal ions was performed with a colorimetric method using 
ultraviolet visible (UV-Vis) spectrophotometry. The net-(PP-g-AA)-g-4VP system exhibited 

better efficiency with Zn(II) ions (up to 90%), whereas the (net-PAA)-g-4VP system exhibited 
good efficiency for retaining both ions, with approximately 85–90% retention. The equilib-

rium adsorption capacities of Zn(II) ion were found to be 1086 and 480 mg g−1 for net-(PP-g-

AA)-g-4VP and (net-PAA)-g-4VP, respectively, which were higher than some results reported 

in literature. Moreover, adsorption/desorption studies indicated that the regeneration of the 

adsorbent was possible by altering the pH of the solutions. Freundlich model was the best 

model to describe the adsorption process, indicating heterogeneous adsorption. In addition, 

the kinetic results agreed with pseudo-second-order reaction indicating that the retention 

process occurred by chemisorption.

Radiation-induced graft copolymerisation of AA, styrene (Sty) on poly(N-vinyl-2-pyrrolidon) 

(PVP), was realised by El-Mohdy et al. [17] to remove Co(II), Cu(II) and Fe(III) metal ions 

from aqueous solutions. In order to prepare the hydrogels, AA and Sty were mixed together 

with different monomer feed ratios (AAc:Sty) at room temperature. The PVP (50 wt%) was 
mixed with these compositions and then irradiated with 60Co gamma rays at a dose rate of 

6.13 kGy/h. The obtained hydrogel was washed with ethanol/water mixture to remove unre-

acted monomer components and then dried in vacuum oven at 40°C. The sulfonation (Sf) (to 

introduce sulfonic group onto the styrene benzene ring) and alkaline treatment (to convert 

–COOH group of AA into –COO) were applied in order to functionalise the hydrogels. The 
success of characterisation of the newly synthesised materials was confirmed using FTIR, 
UV, thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and X-ray dif-

fraction (XRD) methods. The adsorption experiments of Co(II), Cu(II) and Fe(III) ions from 

aqueous solutions using the hydrogels were studied in terms of pH, temperature, initial metal 

concentration, contact time and polymer structure. The metal ion uptake efficiency of PVP/
(AA-co-Sty) hydrogel was found to be in the following order: hydrogel treated with NaOH/
Sf > hydrogel treated with NaOH > hydrogel treated with Sf > untreated hydrogel. The high-

est metal ion uptake was observed for Fe(III), and the lowest was observed for Cu(II). It was 

concluded that the hydrogels could be used as a potential adsorbent for the removal of target 

ions in environmental studies.

The poly(acrylic acid) (PAA), a polymer containing polar carboxylic functional groups in lin-

ear CH
2
-CH

2
 chain, has a great ability to form complexes with metal ions. It is pH sensitive 

and belongs to the class of commercial polymers produced on a large scale. It is widely used 
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in various industries, such as agriculture, medicine, etc., as pharmaceutical carriers, antifoul-

ing agents, flocculants and super absorbents [18].

Sezgin and Balkaya [19] have investigated the adsorption of Cu(II), Ni(II), Zn(II) and total 

Cr [Cr(III) and Cr(VI)] ions using polyacrylic acid hydrogel. The adsorbent was synthesised 

by free radical participation polymerisation of acrylic acid monomer in the presence of 1 

mol% monomer cross-linker [N,N-methylenebisacrylamide (NMBA)], 1 mol% monomer ini-

tiator [potassium persulphate (K
2
S

2
O

8
)] and an equal weight of accelerator [potassium bisul-

phite (KHSO
3
)] under nitrogen atmosphere. The polymeric hydrogel was characterised by 

FTIR. The surface characteristics of the hydrogel were evaluated using a scanning electron 

microscopy/energy dispersive X-Ray (SEM/EDX) analysis. The effects of adsorbent amount, 
contact time and shaking speed were studied using a real wastewater sample. Among the 

kinetic models investigated, pseudo-second-order model was found to describe the adsorp-

tion process since the correlation coefficients of the model are high, and the calculated q
e
 

(amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium) was in good agree-

ment with the experimental ones. Moreover, a multiple diffusion model was determined to 
be effective in adsorption. Freundlich model was found to represent the adsorption data. 
Thermodynamic experiments have pointed out a spontaneous and exothermic behaviour. A 

comparison for the removal of the metal ions was performed for industrial wastewater (IWW) 

and synthetic wastewater (SWW) samples, and a higher adsorption capacity was found for 

SWW. According to the results presented in the manuscript, AA hydrogel was found to be as 

an effective material in order to remove target metal ions from wastewater samples.

The PAA hydrogel beads were also examined as a potential adsorbent for the removal of 

Pb(II)ion from waste water [20]. The batch-type adsorption was applied, and the effect of 
pH contact time and temperature was studied. The optimum pH value was found to be 6.3, 

and the adsorption of Pb(II) increased with increase in temperature and time. The maximum 

capacity was reached in 24 hours with 113.43 mg g−1 value. The adsorption kinetic data were 

described by the pseudo-first-order kinetic model, and the adsorption isotherm agreed well 
with the Langmuir model. Moreover, the adsorption process was stated to be spontaneous 

and endothermic.

Although PAA has a strong ability to form complexes with metal ions, the high water solubil-

ity of this polymer hinders its application to remove the metal ions from the aqueous solutions. 

To overcome these limitations, the polymer was modified with several functional groups or 
combined with various materials such as clay, chitosan, carbon nanotubes, etc. [21, 22].

A polyacrylic acid–organobentonite nanocomposite (PAA-Bent) was synthesised by the inter-

calation of cetyl trimethylammonium (CTA) surfactant and polyacrylic acid into the benton-

ite interlayer spaces. The XRD patterns and FTIR evidences of the novel adsorbent confirmed 
the success of the synthesis [23]. The newly synthesised material was applied for the removal 

of Pb(II) ions, and a removal efficiency of 99.6% was achieved by the nanocomposite with a 
30-minute contact time for 7.5 g L−1 solid-to-liquid ratio and an initial metal concentration of 

400 mg L−1 at 25°C. The maximum adsorption capacity of the adsorbent was 93 mg g−1 which 

was approximately twice as much as that of untreated Bent (52 mg g−1). It was stated that the 

superior capacity and affinity of PAA-Bent nanocomposite towards Pb(II) were probably due to 
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the complex formation between the polymer carboxyl groups and Pb(II) ions. The kinetics and 

thermodynamics of Pb(II) adsorption onto bentonite and PAAc-Bent adsorbent were also inves-

tigated by the same research group in another study [24]. Batch-type adsorption experiments 

were conducted at different times, Pb(II) concentrations and temperatures. A fast adsorption 
(≥99.4% adsorption in 30 min) was observed at low lead concentration due to high complex-

ation affinity between metal ions and reactive functional groups on the surface of PAA-Bent. At 
higher lead concentrations, more Pb(II) ions were left unabsorbed in solution due to the satura-

tion of binding sites so that the equilibrium time for Pb(II) adsorption by the PAA-Bent nano-

composite increased from ~30 to ~60 min. When the effect of temperature was examined, the 
adsorption of lead ions increased with increasing temperature both for Bent and PAA-Bent. The 

equilibrium studies showed that Pb(II) adsorption data on PAA-Bent followed the Langmuir 

model. The endothermic and spontaneous adsorption of Pb(II) ions for both Bent and PAA-

Bent adsorbents was evaluated using thermodynamic studies. The adsorption kinetics of Pb 

onto PAA-Bent fitted better with the pseudo-second-order and pseudo-first-order kinetic mod-

els better than the Elovich and intraparticle diffusion models suggesting that chemi-adsorption 
controls the adsorption process. These results have indicated that PAA-Bent nanocomposite 

could be efficiently used as an adsorbent in lead removal studies from waste water.

Shirsath et al. [25] have prepared PAA hydrogel composite by incorporating kaoline (K) clay 

using ultrasound-induced polymerisation and conventional process. The utility of the syn-

thesised hydrogels has been investigated for the removal of brilliant green (BG) dye. The 

PAA-K hydrogel was synthesised using AA (monomer), ammonium persulphate (initiator) 

and sodium dodecyl sulphate (surfactant). The morphology of PAA-K hydrogel was evalu-

ated using FTIR and transmission electron microscope (TEM). The particle size of kaolin clay 

was measured from the TEM images and found to be in the range of 20–50 nm. The hydro-

gels were prepared using ultrasound-induced polymerisation and conventional process. The 

effect of different parameters (pH, temperature, initial dye concentration, quantity of hydrogel 
and clay content) on the extent of adsorption was examined in batch mode for the  hydrogels 

that were prepared both by using ultrasound-induced polymerisation and conventional pro-

cess. The concentration of BG dye was measured using UV-Vis spectrophotometer at 624 nm. 

Better results were obtained for the hydrogel prepared by ultrasound-assisted polymerisa-

tion process. The removal of BG dye was found to increase with an increase in pH (till the 

optimum value of 7), temperature, adsorbent and adsorbate concentrations as well as the 

kaolin clay content in the hydrogel. It has been observed that the maximum BG dye removal 

by PAA-K hydrogel was achieved for the initial dye concentration of 30 mg L−1 at a tempera-

ture of 35°C and pH 7. The pseudo-second-order kinetic model was found to fit the kinetic 
data. Both Freundlich and Langmuir adsorption isotherm models explained the experimental 

results satisfactorily. Moreover, the adsorption was spontaneous and endothermic in nature.

The removal of Co(II) from the aqueous solutions was investigated using PAA-grafted mul-

tiwall carbon nanotubes (MWCNTs) by Chen et al. [26]. Plasma techniques were applied to 

graft PAA onto the surface of MWCNTs to improve their dispersion property and adsorption 

capacity in the aqueous solutions. The characterisation of both raw MWCNT and MWCNT-

g-PAA was performed using techniques such as FTIR, TGA, Raman spectroscopy, SEM and 

TEM. The microstructures of the raw MWCNTs and MWCNT-g-PAAc were observed by SEM 
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and TEM. An entangled and curled framework was noticed for both of the adsorbents with 

almost no differences in their surface. A more compact stacking morphology was observed for 
MWCNT-g-PAA due to the interactions of carboxylic acid groups on the surface of MWCNTs. 

A very thin layer of grafted PAA was coated on partial external walls of MWCNTs and was 

investigated with TEM images. The results of FTIR spectra of raw MWCNTs and MWCNT-g-

PAA were compared, and MWCNT-g-PAA exhibited a relatively stronger broad peak around 

3400 cm−1 due to the O–H stretching vibration, which suggests the existence of hydroxyl, the 
functional group from PAA and chemisorbed water. Moreover, peaks at 3430 cm−1 (─OH), 
1680 cm−1 (C═O), 700 cm−1 (─CH

2
─) and 1080 and 1200 cm−1 (C─O) suggest that PAA was 

successfully grafted on the surface of raw MWCNTs by the plasma-induced grafting method. 

The TGA curves have indicated that the carbon impurity (such as amorphous carbon) in 

MWCNTs used was negligible, and the weight percentage of grafted PAA on the surface of 

MWCNTs was estimated to be 4.4%. The adsorption capacity of both adsorbents towards 

Co(II) ions was investigated, and the adsorption parameters (shaking time, pH, ionic strength 

and temperature) were optimised. A pH-dependent and rapid adsorption was observed. The 

main adsorption mechanism for Co(II) adsorbed onto MWCNT-g-PAA was stated to be due 

to the complexation of Co(II) with carboxyl groups on the surface of MWCNT-g-PAA. The 

spontaneous and endothermic adsorption process was well described by the pseudo-second-

order model. As a result, PAA was successfully grafted on the surface of raw MWCNTs and 

obviously enhanced its adsorption capacity for Co(II) which enables MWCNT-g-PAA as a 

promising adsorbent in water purification studies.

The effect of contact time, pH, foreign ions and PAA on oxidised MWCNT for the adsorp-

tion of Ni(II) was studied by Yang et al. [27]. The adsorbent characterisation was confirmed 
using FTIR. A rapid equilibration was achieved within 2 hours, and the experimental data 

were found to fit well by the pseudo-second-order model. The adsorption of Ni(II) on oxi-
dised MWCNTs increased with increasing pH. A positive effect of PAA on Ni(II) adsorption 
was found at pH < 8, whereas a negative effect was observed at pH > 8. The effect of addi-
tion sequences of PAA/Ni(II) on the adsorption of Ni(II) to PAA-MWCNT hybrids was also 

studied. The results indicated that the adsorption of Ni(II) was influenced by the addition 
sequences obviously. The Ni(II) adsorption on oxidised MWCNTs was dependent on foreign 

ions at low pH values and independent of foreign ions at high pH values. The adsorption of 

Ni(II) on oxidised MWCNTs was stated to complicate and was attributed to surface complex-

ation and ion exchange. The synthesised materials were found to be suitable adsorbents for 

the solidification and preconcentration of Ni(II) from aqueous solutions.

2.2. Polyacrylamide (PAM)

Polyacrylamide (PAM) is a water-soluble polymer, containing large number of amide groups 

as side groups, can be grafted onto various matrices and be used in environmental remedia-

tion studies as adsorbent [28].

Liu and Guo [29] have synthesised PAM-grafted attapulgite (ATP) nanofibrils by the surface-
initiated atom transfer radical polymerisation of acrylamide from the modified surfaces of 
the fibrillar clays. The elemental analysis, FTIR, TGA and TEM were used to characterise 
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the synthesised adsorbent. The percentage of grafting (PG%) was calculated from the results 

of the elemental analysis, and polymerisation time has been found to increase PG%. The 

adsorption capacity of both bare ATP and PAM-ATP was evaluated both for mercury and 

dyes (methylene blue and methyl orange). It was evaluated that surface graft polymerisation 

of acrylamide enhanced the adsorption capacity towards mercury and methylene blue but 

not methyl orange.

Kaşgöz et al. [30] have modified PAM hydrogels by Mannich reaction using different amine 
compounds, namely, diethylenetriamine (DETA), ethylenediamine (EDA) and triethylenetet-

ramine (TETA), and sulfomethylation reaction. The FTIR was used to characterise the adsor-

bents. Moreover, basic group content (BGC) and hydroxymethyl group content (HMG) and 

the equilibrium degree of swelling (EDS) were evaluated. These results indicated that the 

amine value (AV) of the adsorbents increased with time, temperature and amine amount. The 

adsorbents synthesised were used for the removal of Cu(II), Cd(II) and Pb(II) ions in competi-

tive or non-competitive conditions, and the effect of pH and adsorption rate was investigated. 
It was observed that the removal capacities of the adsorbents changed mainly according to 

their AV, BGC and EDS. Moreover, the Mannich products were selective towards Cu(II) ion, 

and the sulfomethylation products were highly selective to Pb(II) ions. Furthermore, regen-

eration studies were performed to demonstrate the practical use of the adsorbents.

The hydroxamic acid–modified polyacrylamide/Fe
3
O

4
 adsorbent (M-PAM-HA) was synthe-

sised by Zhao et al. by microemulsion polymerisation with acrylamide determined [31]. Its 

structure was characterised by various methods (XRD, FTIR, TGA, SEM, EDS, zeta poten-

tial), and its swelling and iron-leaching properties were also determined. Batch-type adsorp-

tion experiments were applied in order to investigate the removal efficiency of the adsorbent 
towards Cd(II), Pb(II), Co(II) and Ni(II) ions. The adsorption kinetic experiments revealed that 

the results are best correlated with the pseudo-second-order model indicating that the rate-

controlling step was chemisorption. Moreover, the equilibrium data have shown that Sips iso-

therm model best fitted with the experimental results rather than Freundlich and Langmuir 
isotherm models. The adsorption mechanism was elucidated both with FTIR and theoretical 

calculations, and it was proposed that the carbonyl and hydroxyl groups formed stable five-
membered ring chelates with divalent metal ions. Moreover, 0.1 M Na

2
EDTA was found to 

regenerate the adsorbent efficiently which shows that the novel adsorbent has great potential 
in wastewater treatments.

In a study by Yavuz et al. [32], polyacrylamide was grafted onto cross-linked poly(4-vinyl pyr-

idine) (P4-VP-g-PAm) and used only for the purpose of mercury removal from water samples 

at mg L−1 concentration levels. Yayayürük et al. [33] have used the same adsorbent, for the first 
time, for the selective preconcentration of Hg(II) prior to cold-vapour atomic-fluorescence 
measurements, and separate determinations of Hg(II) and MeHg(I) at the trace level were 

performed at a ng L−1 level. In addition, adsorption isotherms were studied, and the affinity of 
the adsorbent to several metal ions, such as Pb(II), Zn(II), Cu(II), Cd(II) and Fe(III), was inves-

tigated. The developed method was also applied to the determination of Hg(II) and MeHg(I) 

in sea water and estuarine water. The high uptake capacity of the adsorbent allowed the quan-

titative retention of Hg(II) in water samples, which is very important in Hg-polluted matrices.
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2.3. Poly(glycidyl methacrylate) (PGMA)

The use of poly(glycidyl methacrylate) (GMA) has become very attractive as an adsorbent in 
environmental remediation studies during the last years because of its high tensile strength, 

porous structure and resistance to acid and alkaline media. Moreover, GMA can be readily 

modified by chemical reaction and grafting. The GMA functional group can be easily trans-

formed into urea, pyrazole, amines, iminodiacetic, pyridine groups, etc. due to the epoxy 

group in GMA molecule [34].

Nastasovic et al. [35] have synthesised macroporous cross-linked poly(glycidyl methacrylate-

co-ethylene glycol dimethacrylate) and poly(GMA-co-EGDMA) with different porosities by 
suspension copolymerisation and functionalised with ethylene diamine and diethylene tri-

amine. These have elucidated the kinetics of the adsorbents towards hexavalent chromium 

[Cr(VI)] under both competitive and non-competitive conditions. The competitive kinetics 

was studied with several multicomponent solutions. A very fast Cr(VI) uptake was observed 

in non-competitive conditions due to the amino groups present at the adsorbent’s surface. 

It was found that the adsorption of Cr(VI) was much slower from their binary solutions 

than from single-component solution. This situation was pronounced due to competition 

of the metals for the active sites of the adsorbents. The pseudo-second-order model was 

determined to best fit with adsorption data meaning that adsorption depends both on the 
properties of the metal and the adsorbent. Nastasovic et al. [36] have also functionalised mac-

roporous poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) (PGME) by reacting 

the pendant epoxy groups with diethylene triamine (PGME-10/12-DETA) and investigated 

the adsorption mechanism of the adsorbent towards Cu(II), Cd(II) and Pb(II) ions in aque-

ous solution. The FTIR, X-ray photoelectron spectroscopy (XPS), SEM-EDX and atomic force 

microscopy (AFM) were used to elucidate the adsorption mechanism before and after inter-

action of PGME-10/12-DETA with the target ions. The XPS and FTIR analyses suggest that 

complexation through the formation of metal–O and metal–N bonds with the -OH, -NH and 
-NH

2
 groups as the possible mechanism of Cu(II), Cd(II) and Pb(II) adsorption on sample 

PGME-10/12-DETA. The AFM images indicate that the metal adsorption induces change in 

the size and morphology of the amino-functionalised PGME. The time required to reach 50% 

of the total adsorption capacity was 5 min for all the investigated metal ions. Already after 

30 min, PGME-10/12-DETA attained approximately 90%, and after 180 min, 95% of metal 
ions with maximal capacity was adsorbed. The pseudo-first-order, pseudo-second-order and 
surface reaction-based kinetic models were fitted to the experimental data, and the pseudo-
second-order model was found to describe adsorption kinetics for all metal ions.

A magnetic glycidyl methacrylate resin was synthesised by Elwakeel et al. [37] for the removal 

of Hg(II) in industrial waste water. The adsorbent was synthesised by coating a magnetite 

core with glycidyl methacrylate–based polymer. Further, it was grafted with diethylene tri-
amine (DETA). The characterisation methods (SEM, SEM-EDX, FTIR, BET and TEM) used 

indicated the successful synthesis of the polymer. The absence of coercivity and remanence in 

vibrating sample magnetometry (VSM) analysis confirmed that the material has super para-

magnetic properties. The effects of pH, counter ions, adsorbent amount and the tempera-

ture were investigated. Moreover, reaction kinetics and adsorption isotherms were  studied. 
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The maximum adsorption capacity was obtained at a pH of ~4. The adsorption kinetics and 

isotherms were best fitted with the pseudo-second-order model and Langmuir equation, 
respectively. Thermodynamic studies indicated that adsorption of Hg(II) by the adsorbent is 

exothermic and spontaneous with increased randomness. The desorption from the adsorbent 

was realised with KI or KI-thiourea mixture, and at least four cycles of adsorption/desorp-

tion were obtained with the proposed adsorbent. Two industrial effluents were used for the 
removal of Hg(II), and satisfactory results were obtained.

In a recent work by Şenkal and Bıçak, glycidyl methacrylate (GMA)-methyl methacrylate 
(MMA)-divinylbenzene (DVB) terpolymer having diethylenetriamine tetra acetic acid (DTTA) 

as a functional group was synthesised and used for the efficient removal of Ca(II) and Mg(II) 
ions from water [38]. The cross-linked terpolymer beads were prepared by suspension polymer-

isation of GMA (0.4 mol), MMA (0.5 mol) and DVB (0.1 mol) mixture and have been modified 
through epoxy functional groups in two steps: (i) by treating with excess of diethylene triamine 

(DETA) and (ii) by subsequent reaction with potassium chloroacetate. The resulting polymer 

possesses DTTA functional groups (with a degree of functionalisation, DF: 1.70 mmol g−1).  

The polymeric adsorbent was separated into different particular sizes within the range of 
125–250 μm by steel sieves prior to use. This novel adsorbent was also used for the removal 
of Hg(II) and Cu(II) ions in aqueous solution. In order to clarify the adsorption process with 

the novel adsorbent, the effect of pH, contact time and adsorbent amount was elucidated. The 
adsorption process was then investigated in terms of Langmuir and Freundlich isotherms to 

characterise the uptake of target ions by the adsorbent. In addition, the affinity of the adsorbent 
to several metal ions was investigated. The developed method was also applied to the determi-

nation of Hg(II) and Cu(II) in water samples. According to the obtained results, the polymeric 

adsorbent was proposed as a promising adsorbent for the removal of target ions in contami-

nated water [39, 40].

2.4. Poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA) is an important member in the family of poly(acrylic 

ester(s)). It was found to have widespread use due to its desirable properties such as good 

solvent resistance, excellent optical transparency, low cost and good flexibility [41].

Al-Muhtaseb et al. [42] have evaluated the adsorption potential of PMMA to remove phenol 

from water. The PMMA was polymerised using atom transfer radical polymerisation (ATRP) 

technique. The percentage conversion of the methyl methacrylate monomer was determined 

by weighing the dried polymer. Both 1H and 13C nuclear magnetic resonance (NMR) spectra 

of the adsorbent were recorded. Moreover, FTIR spectra of the adsorbent were taken before 

and after adsorption with phenol to check the functional groups of the materials. Batch-

type adsorption was applied at various temperatures (25–55°C), initial phenol concentra-

tions (10–90 mg L−1) and contact times (15 min to 4.5 hours). Phenol adsorption was found to 

increase with increase in contact time and initial phenol concentration. The data were best 

correlated with the pseudo-second-order kinetic model. From the intraparticle diffusion and 
Boyd models, the adsorption of phenol on PMMA was shown to be governed by film dif-
fusion. Both Freundlich and Redlich-Peterson isotherm models were found to describe the 
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adsorption data. Thermodynamic parameters indicated that the adsorption process is exo-

thermic and spontaneous in nature and higher ambient temperature results in more favour-

able adsorption [42].

Although PMMA is non-toxic, easy to obtain, cheap and being insoluble in water, its brittle 
texture and low thermal and mechanical stability are the disadvantages of this material. To 

overcome these drawbacks, several chemicals such as mesoporous silica or carbon were added 

to the polymer matrix that will result in an increase both in thermal and mechanical behaviour 

and its physical performance. Salisu et al. [43] have synthesised a novel adsorbent, sodium 

alginate-graft-poly(methyl methacrylate) (Alg-g-PMMA) in the form of calcium cross-linked 

beads and utilised for the removal of Pb(II) in aqueous solution. The beads were formed using 

a simple encapsulation method that enables the ionic interactions between glutaronate blocks 

of the graft copolymer and calcium ions. The FTIR, SEM and particle size analyser were used 

to characterise the adsorbents. The beads owing a spherical shape, rough surface and porosity 

having a mean size of ~1.2 mm were obtained. The adsorption process was found to depend 

on the initial pH and Pb(II) concentration. The optimum pH for the adsorption of the metal 

ions was found to be 4.0. The Langmuir model was found to describe the adsorption data with 

a maximum adsorption capacity of 526 mg g−1. Moreover, the adsorption followed a pseudo-

second-order kinetic model. HNO
3
 (0.1 M) was used in the regeneration studies. The results 

showed that the material proved to be excellent in the removal of the Pb(II) ions after nine 

cycles with no significant loss of adsorption capacity.

The oxidative-free radical-graft copolymerisation reaction was applied in order to synthesise 

a novel adsorbent, poly(methyl methacrylate)-grafted alginate/Fe
3
O

4
 nanocomposite for the 

removal of Pb(II) ions in aqueous solution [44]. The FTIR, XRD, SEM, TEM, TGA and DSC were 

employed to characterise the adsorbent. The adsorption feasibility of the adsorbent towards 

Pb(II) and Cu(II) ions was investigated in terms of pH, contact time, initial metal concentra-

tion and adsorbent dose. The adsorption of Pb(II) and Cu(II) was found to be pH dependent, 

and a pH 5 was found to be optimum for both of the metal ions. An increase was observed in 

the adsorption capacity of the adsorbent as the metal concentrations increase. This was due 

to the electrostatic interactions between metal ions and adsorbent, which involves active sites 

of progressively lower affinity for the heavy metal ions up to the saturation point. Moreover, 
the amount of metal ions was adsorbed rapidly at the initial stages of the adsorption process 

due to the availability of binding sites of the adsorbent, but as time went by, the adsorption 

slowed down before reaching equilibrium at about 180 min. The adsorption capacity of the 

adsorbent was increased with increasing the temperature indicating an endothermic nature 

of the adsorbent. The pseudo-first-order and pseudo-second-order Elovich and Weber-Morris 
intraparticle diffusion models were investigated to elucidate the adsorption kinetics, and the 
data were best described with the pseudo-second-order kinetic model. The experimental data 

were also investigated using Langmuir, Freundlich, Sips and Temkin models, and the data 

were best followed by the Freundlich model. The desorption of Pb(II) and Cu(II) was carried 

out by using 0.1 M HCl solution. The comparison of the adsorbent was done with some stud-

ies in literature, and it was found that the adsorbent exhibited a very good adsorption capac-

ity towards Pb(II) and Cu(II). Therefore, the present adsorbent can be utilised for successful 

removal of these metal ions from industrial wastewater samples.
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The poly(ethylene imine) (PEI)-immobilised PMMA microspheres were synthesised by Duru 

et al. [45] by suspension polymerisation and subsequent modifications. The SEM and elemen-

tal analysis were performed to characterise the adsorbent. The free amine content of the PEI-

immobilised PMMA microspheres was determined by potentiometric titration. The extent of 

removal of copper, cadmium and lead ions was evaluated with different initial amounts of 
metal ions (50–600 mg L−1) and at several pH values (3.0–7.0). The adsorption of heavy metal 
ions on the unmodified PMMA microspheres was very low. But, PEI-immobilised PMMA 
microspheres exhibited a higher adsorption capacity due to the presence of the metal-che-

lating ligand PEI on the surface of the adsorbent. The adsorption capacities increased with 

increasing pH, and an optimum pH value of 5.5 for Cu(II) and Pb(II) and 6.0 for Cd(II) was 

evaluated. The affinity order of adsorption was Cd(II) > Cu(II) > Pb(II). The experimental data 
were found to be consistent with the Langmuir model.

2.5. Poly(n-butyl acrylate) (PBA)

Poly(n-butyl acrylate) can also be used in adsorption studies since its homopolymer had a low 

glass transition temperature and hydrophobic characteristics. These two important properties 

make it to be tailored to several materials (e.g. chitosan and zeolite), and thereby, the mechan-

ical properties and water resistance properties will be improved in the final product [46].

Kumar et al. [47] have applied a novel microwave-assisted method for the preparation of 

n-butyl acrylate–grafted chitosan and used it as an adsorbent in Cr(VI) removal studies. Three 
minutes of irradiation time was applied to prepare the adsorbent. The analysis of chromium 

was performed spectrophotometrically at 540 nm by complexation of Cr(VI) with diphenyl-

carbazide. The surface characterisations of the adsorbent and the mechanism of the adsorp-

tion process were achieved using techniques, namely, FTIR, XRD and SEM/EDS. Moreover, 

XPS spectra of the n-butyl acrylate-grafted chitosan before and after adsorption with Cr(VI) 

were assessed. It was evaluated that the adsorption mechanism involved the electrostatic 

interaction between hydrochromate anion and the amino hydroxyl groups of the adsorbent. 

An effective adsorption was achieved at a pH of 3.5 with 25 mL of 20 mg L−1 Cr(VI) solution. 

The Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, Elovich and Redlich isotherms 

were studied in detail. A Langmuir adsorption capacity of 17.15 mg g−1 was attained, and 
the negative entropy change obtained in the study was due to the decrease in randomness at 

adsorbent-solution interface. The pseudo-second-order kinetics and spontaneous exothermic 

adsorption process were evaluated in the study. The quantitative desorption of chromium 

was achieved with ammonium hydroxide. Finally, n-butyl acrylate-grafted chitosan was pro-

posed as a promising adsorbent in chromium removal in real samples.

The Cr(VI) removal was also studied using chitosan-g-poly(butyl acrylate)/silica gel (Cs-g-

PBA/SG) nanocomposite in aqueous solution. The modification of chitosan was achieved by 
graft copolymerisation with butyl acrylate, and glutaraldehyde cross-linked silica gel/chito-

san-g-poly(butyl acrylate) nanocomposite was synthesised by sol-gel method. The particle 

size of the prepared Cs-g-PBA/SG nanocomposite was found to be 615.1 nm. The BET-specific 
surface area and average pore radius were determined by BET experiment and found to be 

95.9044 m2 g−1 and 1.7787 nm, respectively. The FTIR spectrum of bare Cs-g-PBA copolymer 
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and Cs-g-PBA/SG nanocomposite before and after chromium adsorption was studied to anal-

yse the reaction routes of the modification and adsorption process. The surface morphology 
of the Cs-g-PBA/SG nanocomposites obtained with SEM indicated that the nanocomposite 

was composed of particles of different shapes and sizes. The surface characterisation meth-

ods appeared to indicate that chromium ions were adsorbed via binding to the abundant 

–OH, –NH and C═O sites available in the composite prepared using sol-gel process which 
offered the possibility to tailor silica porosity and modulate the diffusion properties of the 
composites. Batch-type experiments were also conducted to investigate the effect of contact 
tine, adsorbent dose and pH, and the optimum values were found to be 120 min, 4 g and 7.0, 

respectively. The Langmuir model agreed well with the experimental data with a maximum 

adsorption capacity of 55.71 mg g−1. Moreover, the kinetic data followed pseudo-second-order 

model. The authors have concluded that Cs-g-PBA/SG nanocomposite is an excellent adsor-

bent for Cr(VI) removal from waste water [48].

Nithya and Sudha have also synthesised chitosan-g-poly(butyl acrylate)/bentonite nanocom-

posite and used for the removal of Cr(VI) and Pb(II) ions from tannery industrial waste water. 

The samples collected were also analysed for total hardness, turbidity, total solids, total dis-

solved solids, total suspended solids, chemical oxygen demand, biochemical oxygen demand, 

salinity and electrical conductivity. Batch-type adsorption experiments were conducted, and 

the influence of different experimental parameters on adsorption, such as pH (2–8), contact 
time (1–6 hours) and adsorbent amount (1–6 g), was evaluated. The maximum removal per-

centage (97.81%) of Cr(VI) in the tannery industrial waste water was found at an optimum 

adsorbent dosage of 5 g, contact time of 4 hours and pH of 3. Therefore, chitosan-g-poly(butyl 

acrylate)/bentonite nanocomposite was proposed as a promising adsorbent for target ions 

removal [49].

2.6. Poly(2-hydroxyethyl methacrylate) (PHEMA)

2-Hydroxyethyl methacrylate (HEMA) is an important functional monomer which is widely 

used in the manufacture of soft contact lenses. Although PHEMA homopolymer was hydro-

philic and has a high degree of hydration, it is not water soluble [50]. Poly(2-hydroxyethyl 

methacrylate) (PHEMA) is a biocompatible polymer, which is sensitive to pH and tempera-

ture and swells in water to form hydrogel. It has been used in dentistry, ophthalmic, scaffold, 
drug delivery and neutral tissue engineering [51].

Kharismadewi et al. [51] have synthesised graphene oxide-poly(2-hydroxyethyl methacry-

late) composite (GO-PHEMA) by dispersion polymerisation in supercritical CO
2
 and used for 

the removal of methylene blue (MB) in aqueous solutions. For this purpose, graphite was oxi-

dised to GO using the modified Hummer’s method to have the functional groups of epoxides, 
hydroxyls and carboxylic acids. The epoxide and hydroxyl groups were located on the GO 
surface, whereas carboxylic acid was located near the edges. From the –OH group, modifica-

tion occurred, where silane coupling agent, 3-(trimethoxysilyl)propyl methacrylate (MPTMS), 

reacted to produce the vinyl groups as the tail of GO. After modification with MPTMS, 
GO-MPTMS was polymerised with HEMA monomer by dispersion polymerisation in super-

critical CO
2
 using 2,2′-azobisisobutyronitrile as the initiator. The GO-PHEMA  composite as 
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an adsorbent formed a gel in an aqueous solution that provides benefit in the separation of 
adsorbent. The FTIR, TGA, SEM and XPS were used to confirm the existence of the grafted 
polymer onto the GO. The composite exhibited an improved thermal loss temperature and a 
decelerated decomposition rate than GO and GO-MPTMS. The adsorption behaviour of the 
adsorbent was investigated for the removal of MB from the aqueous solution as a function of 

the adsorbent concentration, contact time, pH and initial dye concentration. It was evaluated 

that 99.8% of MB was removed by the adsorbent under the optimum conditions (adsorbent 

dosage of 15 mg at pH 7, a contact time of 45 min and an initial dye concentration of 10 mg L−1 

at 25°C). The stability investigation showed that the composite still can remove 81.9% of MB 

from the solution after six cycles. The adsorption isotherm parameters were fitted well with 
the Freundlich adsorption isotherm owing a R2 value of 0.975 and the maximum predicted 

adsorption capacities of 39.41 mg g−1 at 25°C. The adsorption kinetic studies showed that the 

adsorption behaviour followed a pseudo-second-order model. Furthermore, the thermody-

namic studies showed that the adsorption process of MB onto the adsorbent was spontaneous 

and endothermic in nature with the highest adsorption efficiency observed at 45°C.

Denizli et al. [52] have synthesised poly(hydroxyethyl methacrylate-N-methacryloyl-(L)-glu-

tamic acid) [poly(HEMA-MAGA)] beads by suspension polymerisation for the removal of 

lead ions. Copolymer MAGA acted as the metal-complexing ligand and polymerised with 

HEMA. Therefore, the need for the leakage of metal complexing ligand was not necessary. 

The adsorbent was characterised with FTIR and 1H NMR. The surface area of the poly(HEMA-

MAGA) beads was measured by the BET method. The water uptake ratio, elemental analysis 

and surface morphology of the beads were also evaluated. Batch-type adsorption was used 

for the removal of Pb(II) ions, and the effect of pH (2.0–7.0) and initial ion concentration (10–
500 mg L−1) were determined. Sixty minutes was found to be enough to reach equilibrium. The 

adsorption of Pb(II) ions increased with increasing pH and reached to a plateau value at a pH 

of 5.0. It was evaluated that incorporation of MAGA into the polymer structure increased the 

lead adsorption capacity, ca. tenfold. The adsorption capacities of the poly(HEMA-MAGA) 

beads for Cd(II), Pb(II) and Hg(II) from synthetic waste water were determined, and the affin-

ity order of adsorption was found as Cd(II) > Pb(II) > Hg(II). The consecutive adsorption and 

elution cycles indicated the feasibility of repeated use meaning that the newly synthesised 

beads have a great potential for industrial heavy metal removal applications.

2.7. Polyacrylonitrile (PAN)

Polymers based on acrylonitrile (AN) are easy to prepare and present a reactive pendant 

cyano group, which can be modified by introducing new functional groups by nucleophilic 
addition and cycloaddition reactions. In general, AN polymers and copolymers for adsor-

bent are synthesised through suspension polymerisation to give spherical beads which can be 

readily handled. The porous-chelating resins can adsorb metal ions more efficiently because 
the existence of pores would provide convenient diffusion channels for metal ions into the 
interior of the resins when they are used in adsorption of metal ions in aqueous solution [53].

Godjevargova et al. [54] have synthesised five types of adsorbents from polyacrylonitrile 
(PAN) by varying its concentration and the composition of the coagulation bath, aiming to 
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achieve different porous structures in the modified adsorbents. The SEM analysis was applied 
to identify the porous structure of the adsorbents, and specific area, pore volume and pore 
radius were determined using a porosimeter. The sodium hydroxide and hydroxylamine 

were used to modify the adsorbents in order to introduce amidoxime and carboxylic groups 

into the adsorbent. The ability of the modified adsorbents through Cu(II), Ni(II), Zn(II) and 
Pb(II) ions was determined, and the highest adsorption with respect to all metal ions was 

achieved at pH values of 3–4. In addition, a rapid (20 min) metal uptake took place in all cases 
studied. The order of metal uptake for all types of PAN adsorbents was determined as Cu(II) 

> Ni(II) > Zn(II) > Pb(II). The EDTA was found to desorb the metal ions from the adsorbents. 

As a result, it was found that the synthesised adsorbents have good adsorption characteristics 

and are good candidates for the removal of Cu(II), Ni(II), Zn(II) and Pb (II) ions from aqueous 

solution.

Amine-containing resins based on PAN were synthesised through chemical modifications of 
PAN with diethylene triamine (DETA) by Kiani et al. [55]. The modified PAN resins (PAN-
DETA50 and PAN-DETA150) were used as adsorbent for the removal of Hg(II), Fe(III), Pb(II), 

Ag(I) and Zn(II) from aqueous solution. The FTIR, SEM and TGA were used to study the 

surface morphology of the adsorbents. Moreover, the amine content of the resins was deter-

mined by titration. The TGA and FTIR spectroscopy study on metal-resin complexes showed 

the presence of metal ions in PAN-DETA complexes. The SEM micrographs clarified that 
there are no drastic differences in morphology of resins when compared with unmodified 
PAN (except PAN-DETA-Zn). The adsorption behaviour of the resins studied for all metal 

ions confirmed that they have acceptable adsorption capacities. In addition, the adsorption of 
metal ions was examined under different pH conditions, and it was seen that adsorption was 
increased with increasing pH values [55].

3. Conclusions

The rise in industrial, medical, technological and domestic activities has led to huge increases 

in the levels of heavy metals which have serious impacts on both human health and environ-

ment. Therefore, the demand for reducing the effects of potential pollutants has increased 
throughout the world by improving existing techniques and introducing novel adsorbent 

materials. The preparation of such materials which can remove toxic heavy metals from aque-

ous media is still a continuing objective of environmental remediation efforts, particularly 
where there is a need to enhance the adsorption capacity and metal ion specificity. Recently, 
researchers have focused on polymeric adsorbents for separation and purification purposes 
due to their valuable advantages such as relatively easy regeneration, perfect mechanical 

rigidity, vast surface area, adjustable surface chemistry, simple processing and possibility to 

shape them into most suitable form (e.g. sheets, beads and membranes). This chapter high-

lighted the practical applications of acrylic-based polymers for the removal of heavy metals 

ions in water. In summary, it was clearly seen that there is still a need to develop new adsor-

bents for the removal of heavy metals to introduce simple, rapid and quantitative methods 

that can be applied in environmental remediation studies.
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