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Abstract New adsorbents, poly(N-(3-dimethylamino)propylmethacrylamide-co-acrylic
acid), POINDAPA-AA), poly(N-(3-dimethylamino)propylmethacrylamide-co-4-acryl-
oylmorpholine), P(NDAPA-AMo), and poly(N-(3-dimethylamino)propylmethacryla-
mide-co-2-acrylamidoglycolic acid), P(NDAPA-AAg) were obtained by radical
polymerization and characterized by Fourier transform infrared spectroscopy and
thermogravimetry. The uptake metal ion properties of cadmium(II), zinc(II), lead(II),
mercury(Il), and chromium(IIl) were examined by batch-equilibrium technique with
respect to the initial pH, temperature, and initial metal ion concentration under
competitive and noncompetitive conditions. Maximum adsorption capacity was
determined. Acid and basic regeneration was tested in order to restore the adsorbent
to initial conditions. Resins P(NDAPA-AA) and P(INDAPA-AMo) showed a great
ability to retain Cr(III), whereas P(NDAPA-co-AAg) to retain Hg(Il).

Keywords Adsorbents - Radical polymerization - Metal ions -
Polymer—metal complexes

Introduction

In the last two decades, the problem of water and wastewater remediation is
becoming more important due to the adverse impacts that increased industrial
activities have had on the economy and public health. The toxicity ascribed to heavy
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metals, such as cadmium(II), zinc(Il), lead(Il), mercury(Il), and chromium(IIl), is
due to mechanisms such as the blocking essential functional groups of biomolecules
and disrupting the integrity of biomembranes [1, 2]. In order to solve heavy metal
pollution, traditional technologies have been used. These include precipitation,
filtration, adsorption, chemical reduction, solvent extraction, membrane separation,
biological treatment, solid phase extraction (SPE), and finally periodic mesoporous
silica (PMOs) etc. may be involved [3-6], where adsorption is particularly useful in
metal recovery when the concentration of targeted ions in the solution is minute and
when a large volume of solution requires remediation. In this context, chelating
resins have received increasing attention because of their outstanding simplicity,
high efficiency and low cost during the ion exchange, physical adsorption, and
chelation [5-9].

Adsorption properties depend on the adsorbents’ physical and chemical
properties, such as type and structure of the functional group introduced into the
polymer matrix, the crosslinking degree, and swelling as well as sorption conditions
including the solution’s pH, the resin quality, contact time, metal ion concentration,
and presence of interfering ions [7-11].

The interaction between the functional group and the metal ion and the diffusion
of the metal ion into the adsorbent are crucial factors determining the chelating
resin’s capacity to adsorb metal ions [12].

Two methods to synthesize functional polymers that pre-concentrate and remove
metal ions are available. The first approach consists in the polymerization of a
monomer with a specific active ligand to target metal ions, while the second
approach consists in the modification of the polymeric matrix, after the polymer-
ization, by an active and specific ligand to one or more different metal ions [13]. In
order to extract, determine, pre-concentrate, and remove some heavy metal ions, a
variety of new types of functional resins have been developed and intensively
studied [7, 14-22].

The aim of this article is to study the ability of three adsorbents that contain
amide, amine, morpholinic, or carboxylic groups as active sites to recover, by batch-
equilibrium procedure, metal ions with environmental impact. These three resins
contain always one common moiety N-(3-dimethylamino)propylmethacrylamide
and it is changed the comonomer as 4-acryloylmorpholine, acrylic acid, and
2-acrylamidoglycolic acid.

Experimental

Reagents

N-(3-dimethylamino)propylmethacrylamide (NDAPA, Aldrich), 4-Acryloylmorpho-
line (AMo, 97% Aldrich), Acrylic acid (AA, 99% Aldrich), and 2-acrylamidoglycolic
acid (AAg, 96% Aldrich) were purified by distillation, N,N'-methylene-bisacrylamide

(MBA, 99% Aldrich) and ammonium persulfate (AP, 95% Aldrich) were used without
further purification.
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Scheme 1 Synthesis and structure of the adsorbents

The nitrate salts of cadmium(II), zinc(Il), lead(II), mercury(Il), and chro-
mium(IIl) (all from Merck) were used. The analytical grade, nitric acid, perchloric
acid, hydrochloric acid, sulfuric acid, and sodium hydroxide were purchased from
Merck.

Synthesis of the adsorbents

The adsorbents P(NDAPA-AMo), P(INDAPA-AA), and P(INDAPA-AAg) were
synthesized by radical polymerization by mixing the corresponding reagents in a
polymerization flask as follows:
P(NDAPA-AMo) NDAPA (0.029 mol, 5.0578 g), AMo (0.029 mol, 4.2681 g),
MBA (0.00352 mol, 0.5480 g), and AP (0.000293 mol, 0.0685 g), Yield = 54%.
P(NDAPA-AA) NDAPA (0.029 mol, 5.0554 g), AA (0.029 mol, 2.1246 g), MBA
(0.00117 mol, 0.1856 g), and AP (0.00117 mol, 0.2776 g), Yield = 100%.
P(NDAPA-AAg) NDAPA (0.029 mol, 5.0522 g), AAg (0.029 mol, 4.9870 g),
MBA (0.00352 mol, 0.5506 g), and AP (0.00117 mol, 0.2760 g), Yield = 100%.
The polymerization mixtures were kept under nitrogen at 60 °C for 4 h
(Scheme 1). Then, the adsorbent was removed from the flask, filtered and washed
with plenty of water (Type I). The adsorbent was dried under vacuum at 50 °C and
then milled and sized by screening. The fraction with mesh size in the range of
180-250 pm was chosen.

Metal ion uptake
The effect of the pH on the metal ion retention properties was studied by batch-

equilibrium procedure. These batch metal uptake experiments were carried out
using solutions of the following standard metal salts: Cd(NO;3),, Zn(NOs3),,
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Pb(NOs),, and Cr(NOs)3, at pH 1, 3, and 5; and Hg(NOs), at pH 1 and 2. All the
experiments were performed in flasks placed on a Julabo air-batch shaker at 20 °C
and 140 rpm. The retention ability for Cd(Il), Zn(II), Pb(Il), Cr(IIl), and Hg(Il),
under noncompetitive and competitive conditions, was determined as a function of
the pH. Batches of 50.0 mg adsorbent, together with a mixture of 5.00 mL of metal
ion(s) solution, were used. Under noncompetitive conditions, the adsorbent (repeat
unit)/metal ion ratio (in mol) is 20:1. Under competitive conditions, solutions were
prepared as before but considering the sum total mmol of the metal ions involved
while maintaining the adsorbent/metal ions ratio. After a preestablished shaking
time, concentration, and temperature, each sample was filtered and washed with
deionized water at the corresponding pH. The filtrate was collected into a calibrated
50.0 mL volumetric flask and diluted to volume. The metal ions were determined by
atomic absorption spectrometry (AAS).

In order to obtain the maximum adsorption capacity (MAC) for the metal ions,
batches of 500.0 mg adsorbent were used together with a mixture of 25.00 mL of
1.00 g/L metal ion solution. After a shaking time of 1 h at 20 °C, each sample was
filtered. Then, the batches were reconstituted by adding 25.00 mL of fresh metal ion
solution. The process was repeated three times. The last filtration step was followed
by a washing step with water at the corresponding pH. Filtrate was collected into
calibrated 100.0 mL volumetric flask and diluted to volume with water at the
selected pH. The metal ions were determined by AAS.

Time, temperature, and concentration effects on ion retention were performed
with all the adsorbents at the optimum retention pH of the corresponding metal ion
as described above under noncompetitive conditions. The time effect was studied at
15, 30, 60, and 80 min. Temperature effect was studied at 20, 30, 40, and 50 °C.
The concentration effect was studied at adsorbent/metal ion ratios of 20:1; 20:2, and
20:4. Selectivity was determined as described above under competitive conditions
by maintaining a constant 20:1 adsorbent/metal ions ratio as pointed before.

Elution of metal ions

Elution studies were performed by using HNO3, HCl, HCIO,4, and H,SO, at 1, 2,
and 4 mol L™! each and Na,CO;5 at 1 and 2 mol L~! as eluents. In this context,
50.0 mg of dry adsorbent—loaded at MAC were eluted by shaking with 5.00 mL of
eluent for 1 h. Then, the filtrate was collected and analyzed for the corresponding
metal ion by AAS.

Measurements

An Atomic Absorption Spectrometer (H. Jiirgens and Co. A Unicam Solar M Series)
was utilized for determination of metal ions in filtrates and eluates. A Magna
Nicolet 550 Spectrometer was used for recording the FTIR spectra of unloaded
adsorbents and some loaded adsorbents. An STA-625 Thermoanalyzer recorded the
corresponding thermograms of loaded as well as unloaded adsorbents by heating
approximately 5 mg of the dry sample at a heating rate of 20 °C/min under a
dynamic nitrogen atmosphere.
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Results and discussion
Synthesis and characterization of the adsorbents

Three water-insoluble adsorbents were synthesized by radical polymerization.
Adsorbents were characterized by FT-IR spectroscopy. Table 1 shows the most
characteristic absorption bands confirming the polymerization process. Adsorbent
compositions were determined from their FT-IR spectra by comparing the areas
corresponding to each monomer.

Data of the thermal study under dynamic conditions, shown in Table 2,
demonstrate that adsorbents loosed water occluded into the polymer matrix up to
200 °C. By comparison, the adsorbent having the lowest weight loss at 500 °C is
P(NDAPA-AAg) possibly because of the lack of carboxylic acid groups, whereas
the adsorbents PINDAPA-AMo) and P(INDAPA-AA) have the highest weight loss
probably due to the presence of carboxylic acid groups, as lateral substituent, which
decompose by forming CO,.

Metal ion adsorption studies

Effect of pH on the removal of metal ions

This study was carried out in order to compare adsorbent affinity and selectivity for
Cd(I), Zn(I), Pb(Il), Cr(IIl), and Hg(IT). The polymer surface chemistry as well as

the solution chemistry of these metal ions is pH dependent. The amount of absorbed
metal ions depends on the species’ stability in solution phase and on the adsorbent’s

Table 1 FT-IR characteristic absorption bands of the adsorbents

Adsorbent Characteristic absorption bands (in cm™ ) of the adsorbents [23]

P(NDAPA-AMo) C=0 C-H N-H CH,-O -
1641 2937 3432 2862

P(NDAPA-AA) C=0 CH;-N C-N Cc-0 N-H
1641 2928 1388 1256 3436

P(NDAPA-AAgQ) C=0 C-H N-H -
1634 2945 3432 2734

Table 2 Weight loss of the adsorbent at different temperatures

Adsorbent Weight loss (%) at different temperatures (°C)

100 200 300 400 500
P(NDAPA-AMo) 4.5 8.8 15.0 45.2 91.4
P(NDAPA-AA) 9.0 21.0 33.0 68.9 922
P(DAPA-AAg) 7.0 20.4 38.4 69.9 81.4

Heating rate: 20 °C min~'; Atmosphere: nitrogen
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Fig. 1 Metal uptake (mmol/g) at different pHs for adsorbent P(NPDA-AMo). Temperature: 20 °C;
Contact time: 1 h; Resin/metal ion ratio: 20:1 (mmol base)
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Fig. 2 Metal uptake (mmol/g) at different pHs for adsorbent P(NPDA-AA). Temperature: 20 °C;
Contact time: 1 h. Resin/metal ion ratio: 20:1 (mmol base)

adsorbing properties. Changes in pH are known to affect the adsorbent’s surface
charge, and the adsorbate’s degree of ionization and speciation [24]. Consequently,
the dependence of adsorption on adsorbents at different pH for the metal ions was
determined (see Figs. 1, 2, 3).

The contact time used was 1 h because all the metal ions achieve the equilibrium
close to 30 min, which is considered too short since the reactions occur in
heterogeneous media. This fast adsorption equilibrium time takes place probably
due to a high complexation rate (i.e. high affinity) between Cd(II), Zn(II), Pb(Il),
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Fig. 3 Metal uptake (mmol/g) at different pHs for adsorbent P(NPDA-AAg). Temperature: 20 °C;
Contact time: 1 h; Resin/metal ion ratio: 20:1 (mmol base)

Cr(Ill), and Hg(Il) ions and the functional group anchored in the adsorbent
structure.

The effect of pH on the removal of metal ions, except for Hg(Il), can be
explained with the well-known electrostatic interaction model, namely the ion
exchange model [25]. As the pH decreases, the adsorbent’s surface enhances its
positive character and the adsorption of cationic species becomes unfavorable.
These studies were performed up to pH 5 because above this value the precipitation
of the corresponding metal hydroxides starts to occur.

The lower metal ion retention observed at low pH can be explained by taking into
account that the nitrogen atom of the amine moieties is protonated at low pH,
forming -NH"A~-groups. As the pH increases, enough carboxylic acid groups
become available to complex metal ions or to form adducts with positive hydroxo
complexes [i.e. Hg(ID)]. In this context, the acryloylmorpholine group in P(NPDA-
AMo) does not contribute meaningfully to the complex: it does form adducts with
the studied metal ions, except for the amine moieties. This would explain the higher
retention observed with this adsorbent at the higher pHs (see Fig. 1). On the other
hand, when acrylic acid and acrylamidoglycolic acid moieties were incorporated in
adsorbents (P(NPDA-AA) and P(INPDA-AAg), a higher retention for Hg(II) was
observed at pH 2 (see Figs. 2, 3). This can be explained as due to the increased
availability of carboxylate groups at pH 2 than at the lowest pH.

Maximum retention capacity (MRC)
In order to explore the applications of the adsorbents, it is very important to know
their adsorption capacity for the metal ions studied. This parameter was determined

for each adsorbent by considering only those metal ions with significant retention
percentage at optimum pH. Results are summarized in Table 3.
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Table 3 Maximum retention capacity, MRC (meq of metal ion/g dry adsorbent) at pH 5

Ton: Cr(III) Pb(1I) Zn(ID) Hg(ID)
Adsorbent
P(NDAPA-AMo) 34 0.6 3.2 nd
P(NDAPA-AA) 33 nd nd nd
P(NDAPA-AAgQ) nd nd nd 1.0

nd not determined

Effect of temperature on adsorption

The temperature has two main effects on the adsorption process. Increasing the
temperature is known to improve the rate of the metal ion diffusion due to a
reduction in the solution’s viscosity. Additionally, the temperature change modifies
the absorbent’s capacity for the particular metal ion [26].

Considering the results of the effect of pH on retention, the combined effect of
temperature and pH on metal ions adsorption was investigated by carrying out a
series of experiments at different pHs from 20 to 50 °C. Resin P(NDAPA-AMo)
shows in Fig. 4 that Cr(Ill) and Zn(II) retention increases and Pb(II) retention
slightly decreases with increasing temperature at pH 5, which might be attributed to
a higher stability of the formed complexes at lower temperatures.

On the other hand, resin PINDAPA-co-AA) shows only an increment of almost
10% in the retention of Cr(IIl) at 30 °C with respect to the different values observed
in the same temperature range. Finally, resin PINDAPA-co-AAg) shows that the
retention of Hg(Il) at pH 2 decreases with increasing temperatures, even though a
higher temperature could accelerate decomposition of the chelate or the ion
exchanger group, which could explain the drop of the adsorption rate. In general
terms, the decrease in adsorption at higher temperatures may suggest that the

0,4-
—+—P(NDAPA-co- AMo)
0,35 (Cr(III), pH 5)

0,3+ ._\“\- ——P(NDAPA-co- AMo)
(Pb(ID); pH 5)

——P(NDAPA-co- AMo)
(Zn(I1); pH 5)

Metal uptake (mmol/g)
5=
(]

M ——P(NDAPA-co- AA)
0,1 (Cr(IlT), pH 5)
0,05 ——P(NDAPA-co- AAg)
(Hg(IT); pH 2)
e 20 30 40 50
Temperature (°C)

Fig. 4 Effect of the temperature on the metal ions retention. Contact time: 1 h. Resin/metal ion ratio:
20:1 (mmol base)
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Fig. 5 Effect of the contact time on the metal ions retention. Temperature: 20 °C. Resin/metal ion ratio:
20:1 (mmol base)

adsorption is a complex process and it could be the result of both chemical and
physical processes.

Effect of contact time on adsorption

For those metal ions appreciably retained at optimum pH, contact time effect on
retention was studied from 15 to 80 min. Results are shown in Fig. 5. As seen, resin
P(NDAPA-co-AMo) retained Cr(IIl) achieving a maximum capacity, within
15 min, which was not varied with an increasing time. On the other hand, retention
of Pb(Il) increased around 10% at 60 min with regard to the retention at 30 min.
Resin P(INDAPA-co-AAg) shows that retention of Hg(II) increases in a little extent
with time. Finally, resin PINDAPA-co-AA) shows a higher retention of Cr(II)
within 15 min which slightly increases with time.

Effect of resin/metal ion ratio on adsorption

The effect of the resin/metal ion ratio on adsorption was evaluated at 20:1, 20:2, and
20:4 ratios. Results are summarized in Fig. 6. As can be observed in all the cases,
metal ion uptake increases as the resin/metal ion ratio decreases, where Cr(IIl) is the
metal ion most retained by resin PINDAPA-co-AMo). Clearly in all the cases, the
uptake was below the resin’s maximum retention capacity.

Elution behavior
Attempts were carried out to desorb the adsorbed metal ions from the loaded
adsorbents at optimum pH, using HCI, HCIO,, HNO;, H,SO,, and Na,CO; at

different concentrations. The results are shown in Tables 4 and 5. The best
performance was achieved with 4 mol L~! HNO; to recover Cr(Ill) and Hg(I).
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Fig. 6 Effect of the concentration of the metal ion uptake [mmol of the metal ion/g of dry resin].
Temperature: 20 °C; Contact time: 1 h

Table 4 Elution (%) of metal ions vs. eluents at different concentrations from the loaded adsorbent

P(NDAPA-co-AMo) at pH 5

Eluent moles L™ moles L™! moles L™

1 2 4 1 2 4 1 2 4
HC1 3.8 8.7 16.8 13.7 14.5 14.2 40.2 40.4 44.2
HCI10, 0.7 3.02 11.8 11.9 13.3 14.1 26.9 29.9 -
HNO; 44 22.4 33.3 9.9 12.6 - 31.3 40.3 -
H,S0, 18.4 20.8 23.6 51.0 50.0 51.5 2.5 2.3 1.3
Na,CO3 0.2 0.2 - 0.7 33 - 0.9 1.0 -
Metal ion Cr(IIT) Zn(1I) Pb(II)

Table 5 Elution (%) of metal ions vs. eluents at different concentrations from the loaded adsorbents
P(NDAPA-co-AA) at pH 5 and PINDAPA-co-AAg) at pH 2

Eluent moles L™ moles L™!

1 2 4 2 4
HCl 2.3 4.6 10.7 44.5 44.5
HCIO, 1.5 4.3 6.2 70.0 74.2
HNO; 6.9 9.9 16.6 70.8 76.0
H,SO, - - - 75.1 73.2
Metal ion Cr(III) Hg(II)
Resin P(NDAPA-co-AA) P(NDAPA-co-AAg)
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Table 6 Selectivity behavior of the resin P(NDAPA-co-AMo) from the ternary mixture of Cr(III),
Zn(1l), and Pb(1I)

Metal ion Retention® (%) Retention® (%)
Cr(III) 36.5 95.8
Zn(II) 31.7 91.1
Pb(II) 31.8 96.1

? Respect to the total mmol retained

° Respect to each metal ion
Selectivity studies

In order to verify if the synthesized PINDAPA-co-AMo) can be useful for selective
separation of heavy metal ions, selectivity studies were performed under competitive
conditions for the ternary mixture of Cr(IIl), Zn(II), and Pb(II). Adsorption performed
batch-wise from solutions containing these three metal ions shows that this resin
offers high selectivity toward these heavy metal ions as can be seen in Table 6. Atlow
pH there is a competition of protons with metal as cations. At higher pH as at pH 5
almost all the amine groups are deprotonated and carboxylic acid are as carboxylate
and coordinate through the free electrons with the corresponding metal ion and
carboxylic acid are as carboxylate favoring the polymer ligand—metal ion complex.
Nevertheless, there is not experimental evidences to that, it is possible suggest that the
more important groups to remove metal ions are the amino and carboxylic acid
groups.

Conclusions

Three cross-linked adsorbents were synthesized by radical solution polymerization.
The adsorption was solution-pH dependent and the highest removal for the selected
metal ions occurred at pH 5 except for Hg(I) at pH 2. Adsorption equilibrium was
mostly achieved in approximately 15 min. P(NDAPA-co-AMo) showed high
retention for Cr(IIl) and Zn(IT) and P(NDAPA-co-AA) just for Cr(III). On the other
hand, PINDAPA-co-AAg) showed an important retention only for Hg(I). Acid was
used to regenerate the spent adsorbent, and 4 mol L' HNO; was the eluent that
best recovered the resin loaded with Cr(III) and Hg(II).
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