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ABSTRACT: The synthesis of poly(N,N *-dimethylacrylamide-co-acrylic acid) under dif-
ferent feed molar ratios was carried out by radical polymerization. Both homopolymers
were also synthesized to compare the metal ion binding abilities. All polymers were
water-soluble and were characterized by FTIR, 1H-NMR, 13C-NMR, and TGA. The
metal complexing properties for the metals Cu(II) , Co(II) , Ni(II) , Cd(II) , Zn(II) ,
Pb(II) , Hg(II) , Cr(III) , and Fe(III) in the aqueous phase were investigated using the
liquid-phase polymer-based retention (LPR) method. The metal ion interactions with
the hydrophilic polymer were determined as a function of pH and the filtration factor.
According to the interaction pattern obtained, the metal ions form the most stable
complexes with the copolymer poly(N,N *-dimethylacrylamide-co-acrylic acid) within
the pH range 5–7. Hg(II) was not retained at all the pH ranges investigated. q 1998
John Wiley & Sons, Inc. J Appl Polym Sci 67: 93–100, 1998

INTRODUCTION alizing various basic polymers. By using these
polychelatogens in combination with membrane
filtration, higher efficiency and selectivity ofPolymeric supports with complexing groups are
membrane separations can be achieved. Thiswidely investigated and applied for the metal re-
method, based on the retention of certain metalcovery from a dilute solution, such as industrial
ions by a membrane which separates low molarfluids and waste water. Apart from insoluble,
mass compounds from macromolecular complexescrosslinked polymer reagents containing ligands,
of the ions, is called liquid-phase polymer-basede.g., amino, ammonium, phosphoric acid, carbox-
retention (LPR).18–20ylic acid, and amidoxime,1–8 water-soluble func-

It is well known that acrylic acid and acrylamidetional polymers have been investigated for the re-
moieties show a complexation ability for metalmoval of metals in the homogeneous phase.5,9–17

ions, particularly the former as carboxylic or car-These water-soluble chelating polymers, termed
boxylate ligand groups. According to that, we hadpolychelatogens, have been prepared by function-
an interest in investigating the complexation prop-
erties of poly(acrylic acid-co-N,N*-dimethylacry-

Correspondence to: B. L. Rivas. lamide) and both homopolymers with a number of
Contract grant sponsors: Volkswagen Foundation; FON- metal ions in a homogeneous aqueous phase. TheDECYT; contract grant number: 1951104.

retention as a parameter of interaction was studiedJournal of Applied Polymer Science, Vol. 67, 93–100 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/010093-08 in dependence on the filtrate volume and pH.
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94 RIVAS ET AL.

Table I Experimental Conditions and Results of the Copolymerization
of AA with DMAm and Homopolymerization of AA and DMAm in DMF
and 607C for 6 h

Polymer
Sample Feed Monomer (mol) Yield [h]

(No.) DMAm : AA (%) (dL g01)

1 0.020 — 77 0.3487
2 0.015 0.005 66 0.4655
3 0.012 0.008 73 0.3948
4 0.010 0.010 76 0.3177
5 0.008 0.012 66 0.2581
6 0.005 0.015 69 0.2146
7 — 0.020 73 0.2112

EXPERIMENTAL tyronitrile (AIBN; Merck) was recrystallized from
methanol. The metal salts (nitrate or chloride)
were commercially available and of analytical re-Reagents
agent grade.Acrylic acid (AA; Merck) was purified by distil-

lation, and N,N *-dimethylacrylamide (DMAm;
Fluka) was used as received. 2,2 *-Azobis-isobu- Synthesis of Polychelatogenic Polymers

Five monomer ratios of AA and DMAm were used
while keeping the total amount constant (0.02) in
DMF (12 mL), with AIBN (0.1 mol %) as the
initiator, at 607C for 6 h. The copolymers were
precipitated in diethyl ether and purified from low
molecular mass compounds by membrane filtra-
tion (exclusion rate of 1000 g mol01) . The prod-
ucts were dried under a vacuum up to a constant
mass. Both homopolymers, PAA and PAAm, were
accordingly synthesized by radical polymerization
with 0.1 mol % AIBN and 12 mL DMF at 607C.

Figure 2 1H-NMR spectrum of poly(DMAm-co-AA),Figure 1 FTIR spectrum of (a) poly(DMAm), (b)
poly(DMAm-co-AA), sample 4, and (c) poly(AA). sample 4 (250 MHz, D2O, 297C, TMS).
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Table II Copolymer Compositions of the
Different poly(DMAm-co-AA)s Determined
from 1H-NMR Spectra

Polymer Feed Monomer
Sample Mol Ratio Copolymer Composition

(No.) DMAm : AA DMAm : AA

2 1.00 : 0.33 1.00 : 0.03
3 1.00 : 0.66 1.00 : 0.19
4 1.00 : 1.00 1.00 : 0.47
5 1.00 : 1.50 1.00 : 0.64
6 1.00 : 3.00 1.00 : 1.44

Procedure to Investigate the Metal Ion
Binding Properties Figure 4 13C-NMR spectrum of poly(DMAm-co-AA),

sample 4 (62.9 MHz, MeOD, 297C, TMS).The membrane filtration [Filtron, 3000 Daltons,
poly(ether sulfone)] was carried out in a system
as described previously.9,11,18–20 For the determi-

was recollected and the concentration of metalnation of the complex binding ability, a 2 wt %
ions in the filtrate were determined by atomic ab-aqueous solution of each polymer was prepared
sorption spectroscopy. Z is defined as the ratio ofand adjusted to the corresponding pH by addition
the volume in the filtrate (Vf ) and the volume ofof diluted HNO3 or NaOH. The solutions of poly-
the cell solution (V0) .mer and metal nitrates or chlorides (20 mg L01)

were placed into the filtration cell. The total vol-
ume in the cell was kept constant at 20 mL. The Characterization
system was pressurized by nitrogen gas and kept

FTIR spectra were recorded on a Magna Nicoletconstant at 300 kPa during membrane filtration.
550 spectrophotometer. The 1H-NMR and 13C-A membrane with an exclusion rate of 3000 Dal-
NMR spectra were recorded on a Bruker AC 250tons was used. The filtration fraction (Z Å 1–10)
spectrometer. The viscosities of the polymers were
determined with an Ostwald viscometer at 30.0
{ 0.17C using water as a solvent. Dynamic ther-

Figure 5 Thermal behavior of the polymers: (a)Figure 3 Relationship of the feed monomer ratio and
copolymer composition for the copolymerization of DMAm, (b) poly(DMAm-co-AA), sample 4; (c) poly-

(AA) (heating rate: 107C min01 under N2).DMAm and AA (607C, 6 h, DMF).
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Table III Thermal Decomposition Temperature (TDT) and Activation
Energy of Polymers

Ea (kJ mol01)
Polymer Copolymer
Sample Composition TDT10%

a TDT50%
b 1st 2nd

(No.) DMAm : AA (K) (K) Decomposition Decomposition

1 — 681.15 730.15 203.27 —
2 1.00 : 0.03 558.35 710.15 46.23 86.57
3 1.00 : 0.19 543.15 696.15 57.34 62.95
4 1.00 : 0.47 538.35 694.15 14.55 15.70
5 1.00 : 0.64 538.35 694.15 10.50 14.64
6 1.00 : 1.44 536.35 690.15 16.88 11.42
7 — 523.35 681.78 16.39 6.31

a,b Temperatures that occur at 10 and 50% of weight loss, respectively.

mogravimetric analyses were carried out in a NMR spectrum shows the disappearance of ole-
Polymer Laboratories STA-625 thermobalance. finic protons as well as all the signals correspond-
Samples (1–3 mg) were placed in the Pt sample ing to the protons coming from both monomers
holder, and the thermal degradation measure- (see Fig. 2). For all copolymers, the intensity of
ments were carried out between 25 and 5007C at each peak varied according to the copolymer com-
a 107C min01 heating rate under N2. position. The signal at 4.9 ppm corresponds to

D2O (99.9%).
The copolymer composition was calculated

from these spectra by comparison of the integra-RESULTS AND DISCUSSION
tion area of 1 H belonging to DMAm with the
other one belonging to AA. Thus, the signals be-Synthesis and Characterization
tween 2.0 and 2.6 ppm were employed. The re-

The five copolymerizations were carried out in sults are summarized in Table II. Nevertheless,
DMF at different feed compositions, while keep- the integration areas are small, and the copoly-
ing constant the total amount of comonomers mer composition values are in agreement with
(0.02 mol) (see Table I) : those determined from the elemental analysis

(C, H, N). The copolymer composition depends
on the feed monomer ratio giving statistical co-
polymers. The DMAm radical shows a higher
tendency to homopropagate than to copolymerize
(see Fig. 3) . Due to the high conversion, it was
not possible to determine the copolymerization
parameters r1 and r2 either by the Fineman–All the copolymers are white solids and water-
Ross or by the Kelen–Tüdos methods.soluble. The yield ranged between 66 and 76%,

The copolymer structure was confirmed also bythe last value corresponding to a 1 : 1 feed ratio.
13C-NMR spectroscopy (see Fig. 4). The signalsThe intrinsic viscosity decreases as the DMAm
attributed to methyl, methylene, and methynecontent decreases in the copolymer composition
carbons coming from both monomers are placedranging between 0.4655 and 0.2146 (dL g01) .
between 30 and 48 ppm. At low field (177–180The FTIR spectrum of polymer 4 is shown in
ppm), both carbonyl carbons are absorbed. TheFigure 1. All the copolymer spectra show the pres-
signal at the lower field was assigned to carbonylence of nC|O (tertiary amide) at 1619.5 cm01

moieties from carboxylic acid.with variable intensity. Other important absorp-
The primary thermograms of all polymerstion signals correspond to nOH at 3445.8 cm01

and nC{H at 2935.8 cm01 . The 250 MHz 1H- have a typical sygmoidal shape. All the copoly-
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SYNTHESIS OF POLY(DMAm) 97

Figure 6 Retention of metal ions by an aqueous solution of 2 wt % poly(DMAm-co-
AA), sample 4, as a function of the ratio of filtrate volume to cell solution volume (Z )
at different pH.
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Figure 7 Effect of the pH at Z Å 10 on the retention of metal in an aqueous solution
of 2 wt % of poly(DMAm-co-AA), sample 4.

mers as well as poly(AA) degrade in two steps cess (Ea ) determined according to Wen and
Lin 21 increase as the content of the more stable(see Fig. 5) . The thermal stability and the acti-

vation energy involved in the degradation pro- moiety, DMAm, increases (see Table III ) . The
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Table IV Retention (%) of the Seven Metal Ions by the Three Polymers
Based on DMAm and AA for Z Å 10 at pH 7.0

Metal Ion

Polymer Cu(II) Co(II) Ni(II) Cd(II) Cr(III) Zn(II) Pb(II)

Poly(DMAm) 61 21 35 13 93 15 42
Poly(AA) 71 75 77 75 71 69 50
Poly(DMAm-co-AA) 90 90 88 97 93 97 50

most probable products of thermal degradation
R-COOM/ / R-COOH |

k2

(R-COO)2M / H/
are CO2 and NH3 .

The products of the composition 2 : 1 are presum-
Complexation Properties ably formed. This may be achieved either by inter-

action with two carboxyls of the same polymerThe complexing properties of water-soluble poly-
chain (intramolecular interaction) or by a differ-(DMAm-co-AA), sample 4, poly(AA), and poly-
ent one (intermolecular interaction).22 At pH 7(DMAm) for several metal ions were investigated
and Z Å 10, poly(DMAm-co-AA) forms strongerusing the LPR method.18–20 The complexation
metal complexes than do both homopolymers,abilities are documented in the retention profiles
poly(DMAm) and poly(AA), except for Cr(III) ,which are plots of the retention R vs. the filtration
which was strongly complexed with poly(DMAm)factor Z . Z is defined as the ratio of the volume of
(92.5%). In general, it may be due to the coopera-the filtrate (Vf ) and the volume of the cell solution
tive interactions between both ligand groups with(V0) . The retention of metal ions in the cell solu-
the corresponding metal ions, which would be fa-tion by a polymeric reagent can be conveniently
vored at pH 7.0 where the groups are basicallycalculated as follows:
free amide and carboxylate groups.23 The values
for Cu(II) , Co(II) , Ni(II) , Cd(II) , and Zn(II)R (%) Å CrrC01

0 r100
were higher: 87% (see Table IV). Hg(II) was not
complexed at all the pH investigated. This may bewhere Cr is the metal concentration in the reten-
attributed to the higher ion radius and differenttate (the cell solution after a filtrate volume of Vf
electronegativity.has been passed) and C0 is the initial metal ion

concentration in the cell. Typical retention pro-
files are shown in Figures 6 and 7. In general,

CONCLUSIONSonly a slight complexation with the hydrophilic
polymer takes place for all metals at pH 1 and 3

The radical copolymerization of DMAm with AAexcept for Fe(III) at pH 3. That allows the separa-
gave statistical copolymers whose copolymer com-tion of Fe(III) from the other metals. The com-
position depended on the feed molar ratio. Theplexation capability of poly(DMAm-co-AA) and
thermal stability of the copolymer was higherpoly(AA) increases as the pH increases, with a
than that of poly(AA) but lower than that ofsharp change of the complexation behavior at pH
poly(DMAm).3, particularly for Cu(II) , Zn(II) , Cd(II) , Cu(II) ,

The complexation ability of the hydrophilicCo(II) , Ni(II) , and Cr(III) . At pH 5, most of the
polymers depended on the pH and on the filtrationcarboxylic groups exist as carboxylate groups, and
factor. Poly(DMAm) forms stable and selectivelythe tertiary amide, as unprotonated groups.
complexes with Fe(III) at pH 3. The copolymericAssuming that the carboxylic acid moiety inter-
and the carboxylic acid moieties interacted moreacts stronger than does the tertiary amide moiety,
strongly with the metal ions than did the tertiaryeach divalent metal ion such as the Cu(II) ion
amide moiety, particularly at pH 5 and 7.interacts with one, two, or four carboxyls:

The authors thank the Volkswagen Foundation and
FONDECYT (Grant No. 1951104) for financial support.R-COOH / M2/

|

k1

R-COOM/ / H/
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