Swelling Behavior and Metal Ion Retention from
Aqueous Solution of Hydrogels Based on N-1-Vinyl-2-
Pyrrolidone and N-Hydroxymethylacrylamide

Oscar.G. Marambio,’ Guadalupe del C. Pizarro," Manuel Jeria-Orell,' Kurt E. Geckeler

’La

lDelioartamento de Quimica, Universidad Tecnologica Metropolitana, Santiago de Chile, Chile
oratory of Applied Macromolecular Chemistry, Department of Materials Science and Engineering,

Gwangju Institute of Science and Technology (GIST), Gwangju, South Korea

Received 14 April 2008; accepted 21 December 2008
DOI 10.1002/app.29944

Published online 17 April 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Hydrophilic copolymer gels were prepared
by free-radical copolymerization of 1-vinyl-2-pyrrolidone
(NVP) and N-hydroxymethyl acrylamide (HMAm). The
ratios of both monomers and crosslinker agent (CA) were
varied, and the effect of external stimuli such as pH of
the swelling media and inorganic ion interaction were
investigated. The gels showed a pH-responsive behavior.
The interactions of inorganic ions with the hydrophilic
hydrogels were determined as a function of pH, copoly-
mer composition, and variation of the composition cross-
linking degree. Additionally, a decrease of the pH of the
solution caused a decrease in the equilibrium degree of
swelling of the copolymer gels. The capacity to remove
several metal ions such as Cu(Il), Cr(IlI), Co(Il), Zn(II),
Ni(II), Cd(Il), and Fe(Ill) in the aqueous phase was deter-
mined by using the liquid-phase polymer-based retention
(LPR) technique. In addition, the copolymers and their

complexes with transition metal ions were characterized
by the monomer reactivity ratios by using the Kelen-Tiid6s
method, elemental analysis, FTIR and TH-NMR spectros-
copy, differential scanning calorimetry, and thermogravi-
metric analysis. Based on the results of swelling and
retention capacity of metal ions of poly(NVP-co-HMAm), it
was concluded that the swelling and retention capacity prop-
erties of the hydrogels depends on the reaction environment’s
pH. This is regarded as a functional hydrogel, which could
be employed as biodegradable materials for applications in
agriculture chemicals and as drug delivery systems. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 113: 1792-1802, 2009
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INTRODUCTION

Interactions between polymers and different metal
ions are an interesting field of study because of their
potential analytical and technological applicability.
Water-insoluble resins have been extensively used to
selectively concentrate and separate metal ions from
water solutions.'?

Water-soluble polymers have also been applied to
this end, and different techniques such as dialysis™*
and ultrafiltration® have been utilized to study the
interactions of metal ions with these polymers.

Hydrogels are three-dimensional crosslinked poly-
meric structures, which are able to swell in an aque-
ous environment.'®!” The hydration power of the
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water absorption is one of the most important fac-
tors, which is determined by the functionality and
quality of hydrogel. Moreover, this feature directly
influences the majority of properties. This capacity
to imbibe solvent depends on the pH and the ionic
composition of the solution containing the hydrogel.
These materials are of great interest because of their
promising applications for sensors, separation mem-
branes, adsorbents, and materials in medicine and
pharmacy such as drug delivery systems.'®'”

During the last decade, considerable research has
been performed on the characterization and swelling
behavior of hydrogels prepared by simultaneous
free-radical copolymerization in the presence of an
initiator and crosslinking agent (CA).*>** Recently,
Katime and Rodriguez® synthesized hydrogels from
copolymers of acrylic acid and itaconic acid and
showed that the hydrogels are potential absorbents
of metal ions. The swelling properties of acrylamide
(AAm)-based hydrogels have been reported in many
studies.***’

The poly(NVP-co-HMAm) showed a LCST around
50°C, which was significantly higher than that of
poly(NIPAAm).?**°  Furthermore,  pH-sensitive
hydrogels could be prepared by free-radical
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TABLE I
Experimental Data of the Radical Copolymerization of N-1-Vinyl-2-pyrrolidone (NVP) with N-Hydroxymethyl
acrylamide (HMAm) at 70°C, THF (12 mL), Initiator: 0.5 mol %, Reaction Time: 45 min

NVP HMAmM CA Reason molar Copolymer
Samples f (mol %) (mol %) (mol %) Yield % in feed composition®
1 0.861 86.1 13.9 29.4 3.0:1.0 64.0/36.0
2 0.807 80.7 19.3 33.7 2.0:1.0 56.3/43.7
3 0.681 68.1 31.9 55.9 1.0:1.0 51.2/48.8
4 0.510 51.0 49.0 48.8 1.0:2.0 39.7/60.3
5 0.409 40.9 59.1 65.5 1.0:3.0 34.7/65.3
6 0.681 68.1 319 0.48 57.1 20:1.0 51.2/48.8
7 0.681 68.1 319 0.64 81.2 2.0:1.0 51.2/48.8
8 0.681 68.1 319 0.79 79.5 2.0:1.0 51.2/48.8
® Determined from elemental analyses (in mol %).
copolymerization of 1-vinyl-2-pyrrolidone (NVP) Measurements

and N-hydroxymethyl acrylamide (HMAm) in the
presence of N,N-methylenbisacrylamide (MBA) as
the CA.

The aim of this study was to investigate the swel-
ling properties of HMAm-based hydrogels as a func-
tion of pH, copolymer composition, and variation of
the composition crosslinking degree. Also, the inter-
actions of inorganic ions with the hydrophilic hydro-
gels were determined as a function of pH and the
filtration factor. The capacity to remove several
metal ions in heterogeneous aqueous phase was
determined by using the liquid-phase polymer-based
retention (LPR) technique. Although the MBA-cross-
linked poly(NVP-co-HMAm) was essentially insolu-
ble in water, the technique could be employed to
this copolymer in the dispersed state, when con-
sidering that the rate for changes in the gel volume
is inversely proportional to the square of the small-
est dimension of the hydrogel. The swelling pro-
perties of the hydrogel as dispersed particles
was performed by repeated swelling and shrinking
procedures.

EXPERIMENTAL
Reagents

The two monomers N-hydroxymethyl acrylamide
(HMAm) and 1-vinyl-2-pyrrolidone (NVP) were
obtained from Merck (Merck-Schuchardt OHG
Chemicals, Germany) and were distilled under
reduced nitrogen pressure before use. Benzoyl per-
oxide (BPO) (purchased from Aldrich chemicals,
CHEMIE GmbH, Germany) was used as the cross-
linker. The other chemicals are of analytical grade
and used without further purification. MBA (pur-
chased from Merck-Schuchardt OHG chemicals, Ger-
many) was used as the crosslinker. The solvents
were purified in the usual manner before use.

FTIR spectra were recorded on a Bruker model vec-
tor 22 Spectrophotometer (Bruker Optics, USA). The
"H-NMR spectra were recorded in solution at room
temperature with a Bruker AC 250 (Bruker, Karls-
ruhe, Germany) spectrometer using DMSO-d,
(99.8%). The elemental analyses were carried out
using a Carlo Erba 1106 analyzer (Italy).

The metal ion concentrations were measured with
a Perkin-Elmer 1100 Atomic Absorption Spectrome-
ter (Perkin Elmer, Shelton, CT). For dried samples, a
continuous freeze dryer (LAB CONCO 6L, Karl-
Heinz Miiller, Laborbedorf GmbH, USA) was used.
The pH was determined with a pH-meter Hanna
211 (Miami, USA). For the LPR technique, a mem-
brane filtration system was employed (Millipore,
Amicon, USA) to test the metal-complexing proper-
ties of the poly(NVP-co-HMAm). Details have been
previously described.”™®

Syntheses of the copolymers

The copolymerization of P(NVP-co-HMAm) was car-
ried out using several feed compositions of both
monomers from 25 to 75 mol %. The following gen-
eral procedure was used: 12 mL of tetrahydrofuran
(THF) were transferred to a septum-capped, nitro-
gen-purged ampoule containing 26.6 mmol of
HMAm, 0.5 mmol % of BPO, and 26.6 mmol of
NVP. The ampoule was degassed with several freeze
cycles and sealed under vacuum (1.33 x 10~* kPa).
The copolymerization was carried out at 70°C for 45
min. The copolymer material was filtered off,
washed with ether, collected, and dried under vac-
uum up to constant mass.

Syntheses of the hydrogels

Crosslinked P(VNP-co-HMAm) hydrogels (Samples
6, 7, and 8, respectively, see Table I) contained
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68.1 mol % of NVP and 31.9 mol % of HMAm as
feed mole ratios and 0.48, 0.64, and 0.79 mol % of
MBA, respectively. The hydrogels were prepared by
solution free-radical polymerization. NVP, HMAm,
and BPO (0.5 mol %) as initiator were dissolved in
THF, and the reaction solution was heated and poly-
merized for 45 min at 70°C in a glass tube. The
product was dried until constant weight. Finally, the
dried product was characterized and the swelling
properties were determined.

The degree of crosslinking of the copolymer was
not determined by elemental analysis, as both mono-
mer units and the CA possess nitrogen and carbon
atoms. Therefore, the crosslinking degree was esti-
mated from the amount of CAs by assuming a com-
plete gelation reaction.

Compositions of the copolymers

The copolymers, obtained in the form of long cylin-
ders, were cut into pieces (4- to 5-mm long) and
dried in a vacuum oven for 48 h to constant mass.
The copolymer composition was determined from
the elemental analysis data (nitrogen content).

Swelling studies

The swelling studies were carried out at 25°C in buf-
fered solutions, either 0.01M citrate buffer (pH < 7)
or phosphate buffer (pH > 7) was used. The dried
samples of copolymers were placed in a solution of
the defined pH (2-9) at 25°C. Each sample was
removed every hour from the solution and was
weighed after a period of 44 h. The swelling values
(Sw) were calculated using the following equation:

Sw = (Ws - Wd)/wd;

where W; is the weight of the swollen hydrogel at
an equilibrium state, and W, is the weight of the
dried hydrogel.

Complexation procedure

This technique uses ultrafiltration membrane to sep-
arate low-molecular-mass species such as the free
ions from high-molecular-mass compounds such as
the polymer—metal complexes. It is assumed that the
main separation mechanism is the size exclusion by
the ultrafiltration membrane (membranes with a mo-
lecular mass exclusion limit of 10,000 g mol™' were
used). To determine the complexing capacity, the co-
polymer (200 mg) was suspended in 10 mL water
and adjusted to the corresponding pH by adding
dilute nitric acid or sodium hydroxide. The aqueous
solutions of polymer and metal nitrate or chloride
(20 ppm) (2 wt %) solution were placed into the
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membrane filtration cell. The total volume in the cell
was kept constant at 20 mL. The reservoir contained
water and was adjusted to the pH of the cell solu-
tion. A membrane with a nominal exclusion limit of
10 kg mol™' (Amicon PM 10, or equivalent Milli-
pore) was used. The system was pressurized at 300
kPa, the cell solution stirred for 10 min, and then
washed with the reservoir fluid at a flow rate of 4-6
mL min . The filtration fractions (Z = 1-10) were
collected and the concentrations of metal ions in the
filtrate and in the retentate were determined by
atomic absorption spectroscopy. The copolymer was
dried for further analytical control by thermal analy-
ses and FTIR spectroscopy. Retention values were
calculated from the metal ion concentration determi-
nations in the filtrate and in the retentate.

Thermal analysis

The thermal analysis of the copolymers was deter-
mined by recording thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC)
under nitrogen atmosphere (flow rate = 150 and 50
cm® min~!, respectively). A sample size of 3-4 =+ 0.1
mg was used in each experiment. Thermal stability
studies were performed using a Mettler Toledo Star
System TGA (made in Spain) at a heating rate of
10°C min~'. DSC measurements were carried out
with a Mettler Toledo Star System 822e to determine
the glass transition temperature (T,) of the copoly-
mer. The T, was measured with a heating rate of
10°C min ™",

The LCST of the hydrogels were observed by
DSC, temperature range: 20-80°C. The rates of heat-
ing of the samples were adjusted at 5°C min . The
hydration of the aqueous copolymer solutions of
varying composition was observed by DSC. The con-
centration of the hydrogels were varied in a range
50-60 mg mL " (5-6 wt %).

RESULTS AND DISCUSSION
Synthesis and characterization of the copolymers

The radical copolymerization of NVP with HMAm
were conducted in tetrahydrofuran using several
feed monomer compositions. The resulting copoly-
mers were insoluble in solvents such as chloroform,
acetone, ethanol, methanol, pyridine, tetrahydrofu-
ran, dimethylsulfoxide, and water. The weight ratios
of NVP and HMAm in the copolymers were calcu-
lated from the C/N mass percent ratio determined
by elemental analysis. The general structure of the
copolymers P(NVP-co-HMAm) is illustrated in
Scheme 1. The experimental polymerization condi-
tions and results (summarized in Tables I and II)
show that for the NVP/HMAm system, the
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Scheme 1 Structure of poly(NVP-co-HMAm).

copolymer contained 51.2 mol % NVP while using
an initial monomer feed ratio of 2 : 1. The yield of
copolymers increased when the monomer feed ratio
NVP/HMAmM decreased (see Table I). These results
were correlated well with the values of r, obtained
for HMAm.

The 'H-NMR spectrum shows the following sig-
nals (6 in ppm): 1.0-2.7 (—CH; in ring from NVP);
(—CH,) from the backbone of both monomer units;
2.8-4.3 (—CH,NHCO of HMAm), NVP; 3.2-43
(—CH)N and —CHN); 4.1-4.9 (HOCH,NH from side
chain); 5.0-59 (—OH from HMAm), 7.8-8.6
(—HNCO from HMAm) (see Fig. 1).

The FTIR spectra of copolymers investigated are
presented in Figure 2. The absence of the absorption
band at 1640 cm !, characteristic for the carbon—car-
bon double bond, in the two investigated systems
clearly indicates that a true copolymer is formed in
both cases. In Figure 2, the absorption bands at
1655.9 cm ™! stem from the carbonyl group and that
at 1015.8 cm ™' the N—H stretching vibration of the
HMAm in the copolymer. On the other hand,
the bands that appear at 3418.9 cm ™' are assigned to

[ ? g 7 e 5 + 3 2 1 o

Figure 1 '"H-NMR spectrum of the copolymer P(1-vinyl-
2-pyrrolidone-co-N-hydroxymethyl acrylamide) (400 MHz,
in DMSO-dg, room temperature).

the OH stretching. The bands in the range of 2930.9
in the FTIR spectra indicate the aliphatic C—H
stretching vibration.

Monomer reactivity ratios

The copolymer compositions were determined from
the elemental analysis data (see Table II). To deter-
mine the monomer reactivity ratios, a plot of the
monomer feed composition (M;) versus the monomer
composition in the copolymer (i717) (mol %) for NVP
is shown in Figure 3 for P(NVP-co-HMAm). The
riovvpy and 7@vam) Monomer reactivity ratio values
were determined from the monomer feed ratios and
copolymer compositions obtained at low conversions
using the Kelen Tiidos (K-T) method.* The K-T
equation (1) is symmetrically transformed into

n=G/(a+F) &=F/(a+F) 1)

by introducing the new parameters &, n, and a
= (Fmin X Fnax)™>, where Foin and Foax correspond
to the smallest and largest fraction in the copolymer
(F) that are calculated, respectively.

The rivpy and 7prmvam) Values were also deter-
mined according to eq. (2):

n=(n+n/0)g )

where n and & are mathematical functions of the
monomer molar ratios in the feed and in the copoly-
mer, respectively, a is an arbitrary denominator with
any positive value, which produces a more homoge-
neous distribution of data along n — & axes.

By introducing the parameters &, n, and o, where

= (my/my — 1)/z and F = (m;/m,)/2z% z = log (1
- 61)/10g(1 - 62), 61 = Szy/Xo, 62 =wt % (},l. + Xo)/
(0 + v)/100; p = pw/w; y = my/my Xo = Mi/My;
wt % = conversion; p; and p, are the molecular

Trare mittance (%)

000 3500 W00 2500 000 1500 1000 500
wavwenumber ¢m- 1

Figure 2 FTIR spectrum of P(1-vinyl-2-pyrrolidone-co-N-
hydroxymethyl acryl amide).
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TABLE II
Elemental Analysis, N/C Ratio, and Copolymer Composition
Composition
Elemental analysis (calculated values) (mol %)*
Samples N C H M, my
1 11.53 (13.03) 52.18 (58.98) 7.80 (7.76) 86.1 64.0
2 11.68 (13.12) 51.34 (58.98) 7.56 (7.67) 80.7 56.3
3 11.76 (13.18) 50.68 (58.98) 7.69 (7.61) 68.1 51.2
4 12.03 (13.33) 49.43 (58.98) 7.53 (7.48) 51.0 39.7
5 12.00 (13.39) 48.30 (58.98) 7.45 (7.41) 40.9 34.7

? Determined from elemental analyses in mol %.

masses of the monomers 1 and 2, respectively; M,
and M, = initial composition of monomers in mol;
my and m;, correspond to the monomer composition
in the copolymer for each monomer.

Figures 4 and 5 shows the n — £ plots according to
the K-T method, from which the monomer reactivity
ratios were determined for both copolymers system
(see Table III).

The variable £ can take any possible value in the 0
to 1 interval. A plot of n vs. £ gives a straight line,
which on extrapolation to £ = 0 and £ = 1 gives
—rp/o and rq, respectively. The data base included
in Table 1V, yielded the reactivity ratios for P(NVP-
co-HMAm) of r, = 0.075 (NVP) and r, = 0.85
(HMAm). The reactivity ratios obtained indicate that
the systems of P(NVP-co-HMAm) can be considered
as a random-alternating incorporation, NVP tends to
copolymerization, whereas HMAm tends to
homopolymerization.

Degree of swelling

Crosslinked P(VNP-co-HMAm) hydrogels containing
68.1 mol % of NVP and 31.9 mol % of HMAm as
monomer units, and 0.48; 0.64, and 0.79 mol % of
MBA as cross-linker (see samples 6, 7, and 8, respec-

fl

F1

Figure 3 Relationship of the monomer ratio (F) and co-
polymer composition (f) for the copolymerization of NVP.

Journal of Applied Polymer Science DOI 10.1002/app

tively, Table, I). The swelling behavior of P(NVP-co-
HMAm) was also investigated as a function of pH at
different mol % of MBA at room temperature (25°C).
Figure 5(a,b) shows the swelling behavior of P(NVP-
co-HMAm) after different swelling times at different
MBA compositions and pH. The swelling of the
hydrogel increased at a pH range of 3-7, where the
maximum swelling could be observed at pH 7.
Moreover, the swelling increased with time, but after
a certain period (30 h), it levels off. This value of
swelling may be named equilibrium swelling per-
centage. The gels were swollen in buffered media
with I = 0.05M. From this data, it was observed that
the swelling decreased as the content of MBA
increased. A very low percentage of CA yield gels
with high retention capacity. Moreover, the swelling
of the hydrogels increased with a decreasing pH to
0.48 mol % of MBA, which could be attributed to
the high attraction forces due to the hydrogen bind-
ing at pH 3. For all compositions of MBA, the maxi-
mum swelling occurred at the pH range of 3-7,
except to the lower percentages of MBA studied.
The P(NVP-co-HMAm) gel (Sample 7) swells 400%
more at pH 7 when compared with the P(NVP-co-
HMAm) gel (Sample 8). A plausible explanation for

|}.I\:i.rl
005 o
000 <
005 4 MN=0167€-0,002
R'=0985
e'la L T L L L L L] T L) E
op o1 @2 O3 04 O5 0O ©OF OB 05 1D

Figure 4 m vs. & representation of the copolymerization
parameters according to the K-T method for the polymer-
ization for poly(NVP-co-HMAm).



SWELLING BEHAVIOR AND METAL ION RETENTION OF HYDROGELS

Swt.- %

Swut- %

1100

1000 -

200 -

800 4

700 4

500 4

F00 <

+00

300

200 <

100 =

048% pH3
048% pHS
048% pH?

e 75 %0 105

oo

1000 -

S00 -

00 -

T00 4

S00 4

F00 4

00

300 -

200

100

&

& 5

L |

4+ -

<4

L I |

0.64% pH3
0.64% pHS
D.B4% pHT

i

.
v

]
A

© 1 2 3 4 5 6 1T 8 9 30 4 6 15 %0
Time (h)

Figure 5 Swelling isotherm of poly(NVP-co-HMAm) at

different CA compositions: (a) CA 0.48 mol % ([1J); (b) CA

0.64 mol % (¥), respectively, as a function of time, in buf-
fered solutions at pH 3, 5, and 7 at 25°C.

this difference in the swelling may be found when
considering the chemical nature of the two hydro-
gels. Thus, the higher percentage of MBA oin the
network copolymer could lead to a reduction of the
hydrostatic pressure inside of the network, and, con-
sequently, the hydrodynamic volume of the hydro-
gels decreases.
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The results indicate that the copolymers obtained
are stimuli-responsive hydrogels that change their
volume and elasticity depending on the amount of
crosslinker and on the pH of the liquid phase.

A water absorption of 1000% per g xerogel for the
copolymer 2 : 1 was obtained, having the highest
content of NVP and 0.64 mol % of crosslinker. This
copolymer was also very stable with regard to time,
and the optimum pH was 7.

This result can be explained by the gradual diffu-
sion of water molecules into the network of the
hydrogel and the complete filling or occupation of
the preexisting or dynamically formed spaces in the
polymer chains. Nevertheless, the monomer ratio
feed of 2 : 1 with 0.64 mol % MBA provides suitable
properties of the hydrogel.

The hydrogel as a polychelatogen

The P(NVP-co-HMAm) hydrogel features three
potential ligand groups. Thus, the complexation
properties of the P(NVP-co-HMAm) hydrogel (Sam-
ples 1-8) at different copolymer compositions were
determined. The metal ion retention properties of
these polymers were compared using the LPR tech-
nique at different pH (3, 5, and 7).*"”** In the wash-
ing and enrichment methods, the metal ion retention
in the cell solution is defined as follows:

R =C,Cy" 100 (%)

where C, is the metal ion concentration in the reten-
tate (the cell solution volume, V,, after a filtrate vol-
ume, V, has been passed), and C is the initial metal
ion concentration in the cell. The filtration factor Z,
expressed in relative units, is another convenient
characteristic of the process.

zZ=V;v!

The retention depends on the dissociation of the
polymer complex, which is generally described by a
reversible reaction:

TABLE III
Data for the Determination of the Reactivity Ratios for P(1-Vinyl-2-pyrrolidone-co-N-hydroxymethyl acrylamide)
Using the Kelen-Tiidos Method

Copolymer
composition
Monomer feed (mol%) Parameters (mol%) wi K-T equation
M] (NVP) M2 (HMAm) XO Y M] my % a n
86.1 139 6.21 1.79 63.6 81.8 18.2 29.4 0.873 0.064
80.7 19.3 4.18 1.29 39.0 76.2 23.8 33.7 0.808 0.033
68.1 319 2.14 1.05 13.97 61.5 38.5 55.9 0.601 0.008
51.0 49.0 1.04 0.66 2.438 50.0 50.0 48.8 0.208 —0.056
40.9 59.1 0.69 0.53 1.351 35.7 64.3 65.5 0.272 —0.070

n vs. g p = 0.9098; o = 9.2716.

Journal of Applied Polymer Science DOI 10.1002/app



TABLE IV
Retention Values (%) of Seven Metal Ions for the Copolymer P(NVP-co-HMAm) at pH = 3, 5, and 7

Retention (%) of metal ion

Sample pH Cu(Il) Co(II) Cr(IIT) Fe(IID) Cd(m) Ni(II) Zn(Il)
la 3 0.0 0.0 0.0 0.0 15.5 0.0 8.0
1b 5 0.0 0.0 0.0 75 13.0 0.0 19.5
1c 7 95.0 10.0 515 98.0 19.0 67.5 21.0
3a 3 0.0 0.0 0.0 18.5 3.5 0.0 5.5
3b 5 19.5 0.0 14.5 96.5 7.0 0.0 27.5
3c 7 94.0 53.0 66.5 97.0 49.5 69.0 21.0
5a 3 0.0 0.0 0.0 0.0 0.0 0.0 6.5
5b 5 10.5 11.0 0.0 82.5 26.0 0.0 3.5
5¢ 7 89.0 36.5 54.5 98.0 39.0 58.5 9.0
6a 3 4.0 6.5 0.0 5.0 15.0 0.0 10.0
6b 5 9.0 15.0 0.0 75.5 21.0 0.0 17.5
6c 7 88.0 16.0 55.5 98.0 31.0 67.0 28.0
7a 3 8.0 6.5 3.0 25.0 28.0 0.0 20.0
7b 5 18.0 25.0 25.0 85.5 42.0 5.0 375
7¢ 7 98.0 26.0 55.5 98.0 64.0 87.0 38.0
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Figure 6 Retention profiles of different metal ions in aqueous solution (1 wt %) for poly(NVP-co-HMAm): (a) Sample 3
and (b) poly(NVP-co-HMAm) with CA, Sample 6, at different pH.
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where PL = P(NVP-co-HMAm) with pendant ligand
L at the chain; M"", metal ion; PLM"", the polymer-
metal complexes.

Typical retention profiles of P(NVP-co-HMAm) as
a function of the pH are shown in Figure 6(a,b). In
general, a high complexation with P(NVP-co-
HMAm) and metal ions was observed. The copoly-
mer’s retention percentage occurring with all metal
ions increased at pH 7. For example, the copolymers
showed lower retention values at pH 3 and 5 than
those at 7 for a filtration factor of Z = 10.

The P(NVP-co-HMAm) exhibited higher complex-
ing properties at higher pH (see Table IV). In gen-

retention for all metal ions at pH 7. At pH 3 and 5,
the copolymer presents lower metal ion retention.
These values increased at pH 7 when the copoly-
mers were rich in HMAm unit monomer, indicating
a predominant influence of the pH and copolymer
composition. At pH 7, for some metal ions, the
retention values are higher than that 75%, for exam-
ple Cu(l), Zn(ll), and Fe(Ill), when the copolymer
has the highest content of HMAm units. Therefore,
the metal ion retention increased, particularly for
Co(Il), Cr(IlI), Ni(Il), and Cd(II) for copolymer com-
positions rich in HMAm units (Samples 3-7, Table
IV). Thus, the P(NVP-co-HMAm) is an effective
reagent for the separation of various metal ions at
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Figure 7 FTIR spectra for the poly(NVP-co-HMAm)-metal
complex (a—c) at pH = 3, 5, and 7, respectively.

pH 7. At pH 3 and 5, the copolymers showed a low
metal ion affinity, and the copolymers presented low
retention values for all metal ions at different co-
polymer compositions.

The metal ion retention values for all copolymers
indicate that both comonomer units possess func-
tional groups with metal ion affinity at pH 7. This
retention behavior can be attributed to two charac-
teristics: the copolymer P(NVP-co-HMAm) having
two nonionic monomer units with carbonyl groups
from amide and hydroxy-functional groups in the
side chains of the HMAm structure. Therefore, it can
show that metal-binding forces as ionic polymers
also depend on the pH. Additionally, an interaction
of the nitrogen atom from the amide group could
exist and result in a molecular complex formation.
In this polymer—-metal complex, the results suggest
that the metal ion is bound to the nitrogen atom
from amide group, in which the absorption band
(sharp) from N—C (stretching) at 1539.2 and 1498
cm™ ! showed an intensity decrease, and the
hydroxyl group, in which the absorption band
(sharp) from OH (stretching) at 3392.8 cm ™, showed
an intensity decrease and a broad band (Fig. 7).

Thermal behavior

The thermal behavior of the P(NVP-co-HMAmM) was
examined by TGA and DSC under nitrogen at a
heating rate of 10°C min".

The TGA of the copolymers and their polymer—
metal complexes with the seven metal ions in the
mixture have been plotted in Figure 8, and the
derived data are shown in Table V. The plot shows
that the copolymer degraded continuously in a two-

stage process. As shown in Figure 8, the copolymers
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Figure 8 TGA thermograms of poly(NVP-co-HMAm): (a)
Sample 3 a—c and (b) Sample 6 a—c with CA at different
pH. Heating rate: 10°C/min; copolymer composition:
51.2 : 48.8 mol %.

were stable up to 320°C. At 150°C, the weight loss is
significant (around 15%) and is attributed to the loss
of water and a small amount of monomer residue in
the copolymer-metal complexes and crosslinking
copolymers. At pH 7, the complex exhibited a lower

TABLE V
Thermal Behavior and Thermal Decomposition
Temperatures for the Copolymer and Its
Copolymer-Metal Complexes at Different pH
(Initial Mass 2.2-4.0 mg)

Mass loss (%) at different temperatures (°C)

Sample 150 250 350 450 550 TDT

1 24 30.3 50.2 64.3 73.6 157.2
la 3.7 27.6 43.0 66.4 70.6 160.3
1b 5.0 11.3 23.6 40.0 60.7 170.6
1c 4.0 10.0 22.3 38.5 58.3 175.5
3 1.1 44.7 69.6 78.2 85.0 155.3
3a 4.0 40.0 65.0 74.0 80.0 160.4
3b 8.1 17.7 31.1 442 64.6 183.4
3c 6.1 154 28.6 42.7 60.9 198.2

Metal ions in the mixture: M"*: Cu®>*, Co*", Ni*t, Cd**,
Pb*", Zn*', Fe*', Cr’"; TDT, thermal decomposition
temperature.
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(a)

(b)

Figure 9 DSC thermograms of poly(NVP-co-HMAm): (a) Sample 3 and complex at different pH (3 a—) and (b) Sample 6

and complex at different pH (6 a—c). Heating rate: 10°C/min.

stability, obviously due to the complexing process of
the metal-polymer support. For example, the
P(NVP-co-HMAm) (Sample 6 a—c) had a mass loss of
2.4% at 150°C and for the complexes it was 5.0% at
pH 5. This may be due to the formation and rear-
rangement of different complexes of the copolymer
with some of the metal ions studied.

The copolymer metal complexes with a composi-
tion approximately 50 : 50 mol % (Sample 3) at dif-
ferent pH (Sample 3 a—c) exhibits a lower thermal
degradation temperature (TDT) than the copolymer
(Sample 3). The data are summarized in Table V.
The residual mass for complexes at pH = 3, 5, and 7
was higher than that of the copolymer, which can be
principally attributed to the fact that the linear
P(NVP-co-HMAm) exhibits in its structure a high
percentage of intramolecularly bonded metal ions.

Glass transition temperature

The glass transition temperature (T,) was analyzed
in the second run. The apparent glass transition was
found to be approximately at 90°C. Another signifi-
cant peak, a broad endothermic transition, was
observed and can be attributed to the decomposition
reaction in the temperature range of 300-400°C [Fig.
9(a,b)]. The copolymer shows a single T, indicating
the formation of random copolymers.

Low critical solution temperature

The pH-sensitive hydrogels could be prepared by
the free-radical copolymerization of NVP and
HMAm in the presence of the crosslinker MBA. The

P(NVP-co-HMAm) showed a LCST around 50°C
(Sample 3a, 50.3°C and 3b, 51°C) which was signifi-
cantly higher than P(NIPAAm).*® Several studies
have been performed to investigate the temperature
collapse in P(NIPAAm) hydrogels.®** It was
reported that when a hydrophilic moiety is incorpo-
rated into the hydrogel, the hydrophilic/hydropho-
bic balance is shifted toward a more hydrophilic
nature, and its LCST is shifted to a higher tempera-
ture. It was concluded that the swelling and reten-
tion capacity properties of the hydrogels depends on
the reaction environment’s pH. This is regarded as a
functional hydrogel that could be employed as bio-
degradable materials for applications in agriculture
chemicals and as drug delivery systems.

CONCLUSIONS

The copolymer gels P(NVP-co-HMAm) were pre-
pared by free-radical copolymerization. All polymers
obtained were insoluble in water and in some com-
mon organic solvents.

The reactivity ratios obtained indicate that the sys-
tem P(NVP-co-HMAm) can be considered as a ran-
dom-alternating copolymer, being much closer to
alternating than to random. The radical polymeri-
zation of NVP with HMAm exhibited random co-
polymer structure, whose copolymer composition
depended on the feed molar ratio.

The swelling characteristics of the copolymer gels
showed an increase at a pH range of 3-7, where the
swelling maximum was observed at pH 7. The co-
polymer composition has a significant impact on the
equilibrium degree of the swelling behavior of both
copolymer gels.

Journal of Applied Polymer Science DOI 10.1002/app



1802

A change in the CA of the hydrogel from 0.48 to
0.79 mol % caused a decrease in the equilibrium
degree of swelling. The copolymer composition and
the pH are the basic parameters affecting the equilib-
rium degree of swelling of the P(NVP-co-HMAm) gels.

The separation of various metal ions by the
P(NVP-co-HMAm) hydrogels to metal ions
depended on the pH and filtration factor Z. It is
shown that P(NVP-co-HMAm) can bind metal ions
like Co(Il), Zn(1l), Ni(II), and Fe(Ill) in aqueous solu-
tion at pH 5 and 7. At pH 7, most metal ions
showed retention values higher than 50%, except for
Co(Il), Zn(II), and Cd(II). Thus, P(NVP-co-HMAm) is
an effective reagent for the separation of metal ions
because of the high content of metal ions at pH 7.
This behavior can probably be attributed to the
chains’ intramolecular attraction forces.

A higher stability of the polymer—metal complexes
was found at pH 5 and 7, with the thermal decom-
position temperature up to 160°C.
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