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Preface 

Water recycling/removal is a key element in pulp and paper manufacturing. Examples 
include the concentration of in-process water streams, white-water cleaning, and oxygen- 
delignification-filtrate and black-liquor spills concentration. Current methods of water removal 
such as evaporation are energy and cost intensive; here in addition to high capital and 
maintenance costs, a large amount of energy is needed to provide the heat of vaporization for 
each kg of water removed. Hence, alternate energy efficient methods are needed. 

This project was carried out to develop understanding toward a new water separation 
method based on temperature sensitive hydrogels. Hydrogels are three-dimensional network 
polymers that swell on contact with water but do not dissolve. The extent of swelling is 
determined by the chemical nature of the polymer chains and the crosslinking density. During 
the swelling and shrinking process, hydrogels preserve their overall shape. It is possible to select 
a hydrogel which can swell or shrink in response to the environment conditions such as pH, 
temperature and ionic strength. Detailed background on hydrogels and its various applications 
can be found in a Hydrogel chapter written by the author in Kirk-Othmer Encyclopedia of 
Chemical Technology, published in 2002 by John Wiley & Sons, New York, 
(h ttp : //w w w .mrw . in terscience . w ile y . com/kirk/articles/h y drgup t . a0 1 /frame. html) . 

The separation is based on the small molecular pore size of the hydrogels. Small 
molecules such as water can get into the pore and be removed by the hydrogel swelling, whereas 
large molecules such as lignin and carbohydrates remain outside the hydrogel. The swelling can 
be reversed by a small shift in the temperature; this behavior is utilized to regenerate the 
hydrogel and recover water. Various aspects of the hydrogel design are studied. This work has 
resulted in enhancing our understanding toward the design of an energy efficient water 
separation process. In addition, the work has resulted into synthesis of a new type of hydrogel 
called Bulk Hydrogel with Microstructure, which can find applications in many areas of science 
and technology. 

Author thanks the US Department of Energy and Auburn University's Pulp and Paper 
Research and Education Center for funding of this work, and colleagues at Auburn University 
for intellectual contributions. 

Ram B. Gupta 

Auburn, AL 
October 30,2002 
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1. 

Summary 
The overall objective of this project was to study the proposed Water Recycling/Removal 

Using Temperature-Sensitive Hydrogels. The main element of this technology is the design of a 
suitable hydrogel that can perform needed water separation for pulp and paper industry. The 
specific topics studied are to answer following questions: 

(a) Can water be removed using hydrogel from large molecules such as lignin? 

(b) Can the rate of separation be made faster? 

(c) What are the molecular interactions with hydrogel surface? 

(d) Can a hydrogel be designed for a high ionic strength and high temperature? 

Summary of the specific results is given below: 

Separation of Lignin from Aqueous Mixtures bv Ionic and Nonionic Temperature - 
Sensitive Hvdrogels 

Three ionic and nonionic temperature-sensitive hydrogels, poly(N-isopropylacrylamide) 
(PNIPAAm), poly(N-isopropylacrylamide-co-acrylic acid) (NIPAAm-AA), and poly(N- 
isopropylacrylamide-co hydroxypropyl methacrylate) (NIPAAm-HPMA), are synthesized and 
used to concentrate the lignin solutions of interest in the pulp and paper industry. The 
interactions between hydrogels and solutes play an important role in the separation. Because of 
the absorption of lignins in the hydrogels, the separation efficiency of the PNIPAAm hydrogel is 
low. By introducing the hydrophilic monomers AA and HPMA into the NIPAAm hydrogel, the 
separation efficiencies are increased because of the ionic repulsion between lignin and the 
incorporated hydrophilic groups. In addition, the separation efficiencies are affected by the 
extent of cross-linking and the solute concentration. The time dependence of the separation 
efficiency suggests that the separation is diffusion-controlled. 

Publication: Cai, Wensheng; Anderson, Eric C.; Gupta, Ram B. 
aqueous mixtures by ionic and nonionic temperature- sensitive hydrogels. 
Eng. Chem. Res. (2001), 40(10), 2283-2288 

Separation of lignin from 
Ind. 

Fast-Responding Bulk Hvdrogels with Microstructure 

A new method has been used to produce fast-responding bulk hydrogel with 
microstructure (BHM), having a high swelling ratio. These BHMs were synthesized by first 
forming poly(N-isopropylacrylmaide-co-acrylic acid) (NIPAAm-AA) microgel particles and 
then crosslinking the particles with NIPAAm monomer. The polymer obtained has desired 
microstructure, but is bulk (monolithic), hence it can be used in a variety of applications. The 
NIPAAm- AA microgel particles were characterized by transmission electron microscopy, and 
the formed BHMs are characterized by scanning electron microscopy. When compared to the 
conventional bulk hydrogels, the BHMs have a very high swelling ratio and a much faster 
swelling rate, attributed to the collaboration of the ionized microgel particles and bulk hydrogels. 
An increase in the microgel particles embedded in the BHM hydrogel provides faster hydrogel 

1 



swelling. The amounts of ionic acrylic acid (AA) groups in the hydrogel affect the swelling 
behavior of the hydrogels. 

Publication: Cai, Wensheng; Gupta, Ram B. Fast-responding bulk hydrogels with 
microstructure. J. Appl. Polym. Sci. (2002), 83(1), 169-178. 

Polv(N-ethvlacrvlamide) Hvdrogels for Lignin Separation 

Poly(N-ethylacrylamide) hydrogel (PEAM) and N-ethylacrylamide bulk hydrogel with 
micro-structure (EAM-BHM) are prepared. The lower critical solution temperature (LCST) of 
PEAM is determined to be 73 "C by DSC, and the microstructures of the hydrogels are 
characterized by SEM. When the microgel particles are incorporated into the matrix of EAM 
hydrogel, the formed bulk hydrogels have a faster swelling rate and a higher swelling ratio 
compared to those of the conventional PEAM hydrogels. The swelling diffusion mechanism in 
PEAM hydrogel changes from Fickian to non-Fickian when the cross-linker content is increased 
to 8 wt %. Both EAM-BHMs and conventional PEAM can be used to separate lignin at a high 
temperature ( q! 55 "C, typical in a pulp mill). Due to the microgel particles, the EAM-BHMs 
have a higher swelling ratio in lignin solution while the large surface area of the microgel also 
increases the adsorption of lignin on the hydrogel, thus decreasing the separation efficiency. The 
effects of lignin concentration, separation temperature, and salt on the separation efficiency are 
also studied. 

Publication: Cai, Wensheng; Gupta, Ram B. Poly(N-ethylacrylamide) hydrogels for lignin 
separation. Ind. Eng. Chem. Res. (2001), 40( 15), 3406-3412 

Thermosensitive and Ampholvtic Hvdrogel for Salt Solution 

A series of N-isopropylacrylamide/[3- (Methacryloylamino)propyl] dimethy(3- 
sulfopropy1)ammonium hydroxide] (NIPAAm/MPSA) copolymer hydrogels are prepared with 
various composition. Swelling of the hydrogels in water, aqueous NaC1, KC1, CaC12, MgC12 
solutions is studied. NIPAAm/MPSA hydrogels have higher swelling in water and salt solutions 
than poly(N-isopropylacrylamide) (PNIPAAm). Also NIPAAm/MPSA hydrogels are more salt 
resistant when deswelling in salt solutions. For less than 7 mol% MPSA, the formed hydrogels 
retain both temperature reversibility and high swelling. Higher content of MPSA (>11 mol.%) 
leads to better salt resistance but loses thermosensitivity. The swelling of NIPAAm/MPSA 
hydrogel in 0.05 M NaCl is non-Fickian. In NaCl and KC1 aqueous solutions, the zwitterionic 
hydrogels do not show obvious anti-polyelectrolyte swelling behavior, while in divalent salt 
CaC12 and MgC12 solutions, the swelling ability of NIPAAm/MPSA hydrogels is enhanced at 
low salt concentration, then decreases with further increase in salt concentration. The LCST of 
NIPAAm/MPSA hydrogels are also affected by concentrated salt solution. 

Publication: Cai, Wensheng; Gupta, Ram B. Thermosensitive and Ampholytic Hydrogel for 
Salt Solution. in press, J. Appl. Polym. Sci. (2002). 
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2. 
Separation of Lignin from Aqueous Mixtures by Ionic and Nonionic 

Temperature-Sensitive Hydrogels 
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SEPARATIONS 

Separation of Lignin &om Aqueous M i x b r e s  by Ionic and Nonionic 
T e m  pe rab reSens i t i ve  H ydrogels 

W ensheng C a i ,  Eric C .Anderson ,+ and Ram B . G uptii* 

D q a r h n  e n t o f C h a n  k ! a l E n g m f e r i n g , A u b u m  Univers?cy,Aubum,Alabam a 368493127 

Three ionic and nonionic temperature-sensitive hydrogels, poly(N -isopropylacrylamide) (PNIPAAm), 
poly(N -isopropylacrylamide-m-acrylic acid) (NIPAAm-AA), and poly(N -isopropylacrylamide-m- 
hydroxypropyl methacrylate) (NIPAAm-HPMA), are synthesized and used to concentrate the 
lignin solutions of interest in the pulp and paper industry. The interactions between hydrogels 
and solutes play an important role in the separation. Because of the absorption of lignins in the 
hydrogels, the separation efficiency of the PNIPAAm hydrogel is low. By introducing the 
hydrophilic monomers AA and HPMA into the NIPAAm hydrogel, the separation efficiencies 
are increased because of the ionic repulsion between lignin and the incorporated hydrophilic 
groups. In addition, the separation efficiencies are affected by the extent of cross-linking and 
the solute concentration. The time dependence of the separation efficiency suggests that the 
separation is diffusion-controlled. 

Introduction 

Traditional industrial separation methods include 
distillation, crystallization, and drying. However, be- 
cause of the phase change involved in such separations, 
these processes are energy-consuming. A convenient 
alternative to traditional separation methods is provided 
by hydrogels. The hydrogel-based separation requires 
less energy and is easy to operate. The separation is 
based on reversible hydrogels that undergo volume 
transitions in response to small changes in external 
conditions such as temperature, ionic strength, pH, or 
p r e s s ~ r e . l - ~  

Temperature-sensitive hydrogels have been studied 
to concentrate macromolecules by removing water and 
low-molecular-weight solutes from solution. Most of 
these applications are based on poly(N 4sopropylacryl- 
amide) (PNIPAAm) hydrogel. For example, Cussler et  
al.5-s used PNIPAAm and poly(N ,N -diethylacrylamide- 
-sodium acrylate) hydrogels to extract water for the 
separation of soy proteins, and Sun et  al.9J0 concen- 
trated aqueous protein solutions using different N -alkyl- 
substituted thermosensitive acrylamide hydrogels. Dur- 
ing the separation, the hydrogel absorbs water and 
excludes the large protein molecules, resulting in  the 
concentration of proteins. It was observed that the 
separation efficiency increases with increasing solute 
size and extent of cross-linking. 

Recently, Ichijo et  a1.I’ used poly(viny1 methyl ether) 
hydrogel to recover nonionic surfactants from aqueous 
solutions. Han et  a1.12 and Park et  al.13 used PNIPAAm 
hydrogel to concentrate alkaline serine protease and 

* Author t o  whom all correspondence should be addressed. 
Phone: (334)844-2013. Fax: (334) 844-2063. E-mail: 
gupta@auburn.edu. 

.‘-Present address: Merck and Co., Inc., West Point, PA 
19486. 

autographa californica nuclear polyhedrosis, respec- 
tively. Park and Igacio14J5 used PNIPAAm hydrogel to 
concentrate cellulases from the fermentation broth of 
trichoderma reesei and studied the effect of hydrogel 
particle size and geometry on the separation efficiency. 

Compared with the traditional separation methods in 
chemical industry, the advantages of separations using 
thermosensitive hydrogels are obvious .6  The hydrogels 
can easily be regenerated just by being heated above 
their lower critical solution temperatures (LCSTs), 
causing the release of water. Also, hydrogels can sepa- 
rate molecules based on size, i.e., they absorb the small- 
sized solute and exclude large molecules. However, in  
practice, the separation is not simply size-selective, as 
some other factors also influence the separation. The 
interactions between hydrogels and solutes are impor- 
tant. For example, some solutes are easily absorbed by 
hydrogels, which decreases the separation efficiency; on 
the other hand, repulsive interactions between hydro- 
gels and solutes can enhance the separation efficiency. 

In the pulp and paper industry, water separation from 
lignin presents a major cost, particularly in  in-process 
water streams , white-w ater cleaning, black-liquor spills, 
and oxygen-delignification filtration. These costs are 
expected to further increase because of enforcement of 
the new “cluster rule” legislation, which aims to reduce 
the load on wastewater treatment plants. Current 
methods of water removal such as evaporation are 
energy- and cost-intensive, as a large amount of energy 
is needed as the heat of evaporation for water removed. 
A new approach that has lower capital and energy 
requirements is highly desired. 

In this work, we have studied waterAignin separation 
using NIPAAm-based hydrogels. The swelling behavior 
and temperature sensitivity of these hydrogels are 
studied, the results of lignin separation are presented, 

10.1021/ie0009435 CCC: $20.00 0 2001 American Chemical Society 
Published on Web 04/17/2001 
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Table 1. Structures and Properties of the Hydrogek 

molar feed ratio 

NIP& AA HPhIA hydrogel LCST 
hydrogels CHzCHCONHCH(CH3)z CHzCHCOOH CHZC(CH~)COOC~H~OH appearance ("C) 

PNIPAAm 
NIP&-AA 
N I P h - H P h U  

100 
94 
90 

0 
6 
0 

and the chemical selectivity of the hydrogels to lignins 
is discussed. 

E x p e r h  en ta l sec t ion  

M aterials . NIPAAm, hydroxypropyl methacrylate 
(HPNIA), N ,N '-methylene-bis(acry1amide) @IS), am- 
monium persulfate (APS), and sodium metabisulfite 
(SBS) (all from Aldrich Chemical Co.) were used as 
received. The inhibitor from acrylic acid (AA, from 
Aldrich Chemical Co.) was removed by an inhibitor- 
remover column. Three kinds of lignins, lignin hydro- 
lytic (from Aldrich Chemical Co.), Indulin AT, and 
Indulin C (both from Westvaco Chemical Co.), with 
average molecular weights of 19 300, 2700, and 2700 
g/mol, respectively, were used as received. 

Synthesis o f  H ydrogels.Hydrogels were prepared 
by free-radical aqueous-solution polymerization using 
BIS as the cross-linking agent. The polymerizations 
were carried out at room temperature (23 "C) in  glass 
tubes. The monomer feed ratios are shown in Table 1. 
The monomer concentration was fixed at 10 wt % of the 
solution. After oxygen was removed by bubbling NZ for 
20 min, the redox initiators APS and SBS were added. 
The gelation was usually conducted for 1 day; then, the 
hydrogels were cut into small disks (16 mm diameter 
and 5 mm thick), washed with ethanol 4-5 times, and 
dried under vacuum at 50 "C to constant weight. Except 
as indicated, the amount of the cross-linking agent BIS 
was kept at 2 wt % of the total monomer. The amounts 
of the initiators APS and SBS were kept at a 1: l  molar 
ratio as 0.1 wt % of the total monomers. 

Separation of  Lignin a n d  S w  elling Behavior of  
the H ydrogels . The separation experiments were 
conducted in 100-mL wide-mouth bottles. The dry 
hydrogel disks were put into lignin solutions (0.01 N 
NaOH for lignin hydrolytic and Indulin AT; aqueous 
solution for Indulin C). The hydrogel samples were 
removed from the solvent at regular intervals, the 
excess surface solvent was blotted with filter paper, and 
then the samples were weighed and returned to the 
medium. The raffinate concentration was measured, and 
the separation efficiency (7) was calculated as 

n = 100 x ~~ 

measured concentration change 
maximum change expected from hydrogel swelling 

(1) 

Here, the solute concentration changes were measured 
with an ultraviolet (W) spectrophotometer (Spectronic 
Genesy 2). A quartz cell with a path length of 1 cm and 
a volume of 5 mL was used. Although the entire spectral 
range of the lignin solution (230-1100 nm) was recorded 
for each sample, only the absorbence (A) at 280 nm was 
utilized, and the absorbence at 1100 nm was used as 
baseline. The relationship between the net absorbence 
(absorbence at 280 nm minus absorbence at 1100 nm) 
and the solute concentration was confirmed to obey 
Beer-Lambert law. The maximum change expected 

0 
0 
10 

opaque 33 

opaque 34 
opaque 36 

OH (or lignin) 
lignin i 
CH,O H (or lignin) 

OH 
F igure 1. Structure of the repeat unit in lignin hydrolytic. 

from hydrogel swelling was achieved in  the case of 
complete solute exclusion by the hydrogel. 

The swelling ratio (SR) of the hydrogels is defined as 

SR = (W - W d)/W d (2) 

where W and w d are the weights of the wet and dry 
hydrogels, respectively. w is measured after the surface 
water has been blotted by filter paper. Except as 
indicated, the hydrogel swelling experiments were car- 
ried out at an ambient temperature of 23 "C. 

~ n k a r e d  Analysis .The lignin samples were pressed 
into pellets using an evacuable KBr pellet maker kit 
(P/N 2506-0001, Janoes Tech., Inc.), and the FTIR 
spectra were obtained using a Perkin-Elmer Spectrum 
2000 instrument. 
S E M Analysis .The dry hydrogel pieces were exam- 

ined by scanning electron microscopy (SEM). The samples 
were first dried under vacuum and gold-coated using a 
sputter coater (Pelco, model Sc-7) for 60 s and then 
observed by SEM (Zeiss, model DSM940). 

D S C  Analysis. DSC (Universal V2.5H TA instru- 
ment) was used to determine the transition temperature 
of the swollen hydrogels. Hydrogel pieces were equili- 
brated at room temperature in pure water and then 
sealed into an aluminum pan. An empty sealed alumi- 
num pan was used as the reference. In DSC, the sample 
was equilibrated at 10 "C for 5 min and then heated to 
55 "C at a rate of 2 "C/min. The temperature corre- 
sponding to the maximum heat flow was taken as the 
LCST. 

R esuIts a n d  D iscussion 

Characterization of  L ignins.Lignin occupies 20- 
30% of wood and acts as the glue to hold the fibers 
together in plants. It is the second most abundant 
natural polymer on the earth and has a complex 
molecular formula. In general, lignin molecules have 
5-500 substituted phenylpropanoid units.16 Monomer 
units in lignin hydrolytic have the chemical structure 
shown in Figure 1. Indulin AT and Indulin C have 
similar structures with the formulas {(CH&OH)Ar- 
(C3H40)}x and {(CH3)(ONa)Ar(C3H40)}x, respectively. 
Because Indulin C is a sodium salt, it is soluble in water, 
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T a b l e  2 .  S e p a r a t i o n  of L i g n i n s  by H ydrogels a t  23  'C after C ontacting for 24 H ours  

feed conc raffinate conc swelling separation amount of lignin 
hydrogel solute ( P P d  ( P P d  ratio efficiency absorbed (mg/g) 

PNIPAAm lignin hvdrolvtic 66.9 
Gdul inkT " 

Indulin C 

Indulin AT 
Indulin C 

Indulin AT 
Indulin C 

NIPAAm-AA lignin hydrolytic 

NIPAAm-HPhIA lignin hydrolytic 

47.6 
119.3 
54.3 
47.8 
61.4 
53.2 
69.5 
84.7 

80.0 
49.2 

151.1 
80.3 
77.1 
78.6 
62.2 
81.3 
90.4 

16.8 
11.0 
15.4 
12.9 
19.8 
29.9 

7.3 
10.6 
29.8 

15.3 
38.4 
24.8 
71.3 
88.3 
28.8 
89.0 
54.0 
29.8 

0.942 
0.912 
2.252 
0.406 
0.323 
0.577 
0.209 
0.587 
1.356 

30 , 

25 

20 

8 
c 

15 

10 

lignin hydrolytic '-,A i 

500 1000 1500 2000 2500 3000 3500 4000 

Wavenumber(cm ') 

F igure 2 .  FTIR spectra of the three lignins: Indulin AT, lignin 
hydrolytic, and Indulin C. 

whereas lignin hydrolytic and Indulin AT require an 
alkaline solution for solubilization. 

The FT-IR spectra of the three lignins (Figure 2) show 
that all three lignins (hydrolytic, Indulin AT, and 
Indulin C) have typical lignin structures.16 The peaks 
at around 3400 cm-l are attributed to the 0-H stretch, 
and the peaks at around 2918 cm-l are attributed to 
the C-H stretch. Lignin hydrolytic shows a stronger 
conjugated C=O stretching at 1690 cm-l. The peaks at 
around 1599, 1508, and 1451 cm-l are from aromatic 
skeletal vibrations in  the lignins; the 1112 and 1026 
cm-l peaks are from aromatic C-H in-plane deforma- 
tion; and the peaks at 828 cm-l are from aromatic C-H 
out-of-plane bending. 
SEM Observation of  the Hydrogels. Figure 3 

shows the SEM photographs of NIPAAm hydrogels. It 
can be seen that the three hydrogels have porous 
structures with pores of micrometer size. The NIPAAm- 
AA hydrogel has the biggest pore size in  the range of 

2.5-7.6 pm, and the PNIPAAm hydrogel has the small- 
est pore size in the range of 0.3-0.7 pm. 

Tern peratxre Sensitivity of  the Hydrogels.The 
compositions and LCSTs of the hydrogels synthesized 
in this work are listed in  Table 1. All of the hydrogels 
synthesized are opaque at room temperature. Based on 
the DSC results, the LCSTs of the NIPAAm-AA and 
NIPAAm-HPMA hydrogels are slightly higher than 
that of the PNIPAAm hydrogel. The phase transition 
temperature of a hydrogel is determined by a delicate 
balance between the hydrophilic and hydrophobic groups 
inside the hydrogels. Because of the presence of the 
hydrophilic monomers of AA and HPMA, the copolymer 
hydrogels have higher LCSTs. 

All three of the hydrogels are temperature-sensitive 
(Figure 4), as the swelling decreases sharply when they 
are heated above their transition temperatures. Figure 
5 shows that, because of the strong hydrophilicity of the 
AA monomer, the NIPAAm-AA hydrogel has a faster 
swelling rate and a higher swelling ratio in water than 
the other two hydrogels. After being kept in  water for 
180 min, the swelling ratio of NIPAAm-AA is 6.9, 
whereas the swelling ratios of NIPAAm-HPMA and 
PNIPAAm are only 2.7 and 3.4, respectively. 

Lignin Separation Results. The separation of 
lignins from aqueous solutions was performed with the 
PNIPAAm, NIPAAm-AA and NIPAAm-HPMA hydro- 
gels for 24 h (Table 2). The lignin concentrations 
increased because of water removal by hydrogel swell- 
ing. The separation efficiency varies with the type of 
hydrogel and lignin. Although lignin hydrolytic has the 
highest molecular weight (19 300 g/mol), no molecular- 
size-selective trend was observed, as the separation 
efficiencies of the PNIPAAm and NIPAAm-AA hydro- 
gels were not higher for lignin hydrolytic than for 
Indulin AT or Indulin C. In fact, lignin hydrolytic 
showed the lowest separation efficiency when used with 
PNIPAAm. Sung also observed that separation efficiency 
did not always increase with molecular size when bovine 

F i g u r e  3 .  SEM photographs of the hydrogels: (a) PNIPAAm, x5000, pore size = 0.3-0.7 p m .  (b) NIPAAm-AA-6, x5000, pore size = 
2.5-7.6 p m .  (a) NIPAAm-HPhIA, x5000, pore size = 1.6-3.2 p m .  
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3 25 
O L  -= u 
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I +- PNlPAAm 
-A- NIPAAm-AA 
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Temperature ("C) 
F igu re 4 . Temperature sensitivity of the hydrogels after swelling 
a t  23 "C for 24 h. 
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0 

NIPAAm-HPMA 0 .- 
5 8  a 
.- F6 - - 
Q 
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3 4  k a a 2 

0 
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Time (minutes) 
Figure 5.  Swelling rate of the hydrogels in water a t  23 "C. 

serum albumin (BSA) was separated with PNIPAAm 
hydrogel through the surface adsorption of BSA on the 
hydrogel. Hence, for the separation of lignin by NIPAAm- 
based hydrogels, the interaction between the hydrogel 
and the solute is important. Because of its nonpolar 
hydrophobic phenylpropanoid units, lignin can be ab- 
sorbed on the hydrophobic regions of the NIPAAm 
matrix. In fact, during our experiments with lignin 
hydrolytic and Indulin AT, the hydrogels had a weak 
brown color because of lignin absorption. The absorption 
decreased the separation efficiencies of the PNIPAAm 
hydrogel for all three lignins. When the AA and HPMA 
monomers were incorporated as hydrophilic groups into 
the hydrogel structures, lignin absorption decreased 
because of repulsion between the lignin molecules and 
the hydrogel matrix. As shown in Table 2, lignin 
hydrolytic absorption on the PNIPAAm hydrogel is 
0.942 mglg of hydrogel, but for the NIPAAm-AA and 
NIPAAm-HMPA hydrogels, the absorption decreases 
to 0.406 and 0.209 mglg, respectively, resulting in a 
separation efficiency increase from 15% to 71.3% and 
89%, respectively. It should be noticed that, although 
Indulin AT and Indulin C have similar molecular 
structures and sizes, their separation efficiencies differ 
greatly; this might be because Indulin C is in salt state, 
which is more easily absorbed by the hydrogels. From 
the above experiments, it can be concluded that the 
chemical selectivity between the hydrogels and the 
solutes plays a more important role than the solute size. 
Other factors affecting the separation efficiency include 
cross-linking, solute concentration, water and lignin 
diffusion, and hydrogel recycling and are discussed 
below. 
cross-linking. The effect of the cross-linking agent 

content in the NIPAAm-AA hydrogel on the separation 
efficiency is shown in Figure 6. Increasing the amount 

A 5 loo] 

C 
0 
c 40 - 

Q 

.- 
2 

Indulin AT 
-A- Indulin C 

0 2 4 6 8 10 12 

Crosslinking (wt.% BIS) 

Figure 6 .  Effect of the amount of cross-linking agent on  the 
separation efficiency of lignins by NIPAAm-AA hydrogel after 24 
h a t  23 "C. 

50 
19 -I 

" I  

7 i  

2 
10 p I *  

5 4  l o  
0 100 200 300 400 500 600 

Lignin Concentration (ppm) 

F igu re 7 . Effect of the Indulin AT concentration on the separation 
efficiency of NIPAAm-AA hydrogel after 24 h a t  23 "C. 

of BIS causes the hydrogel to be more cross-linked, 
thereby decreasing the pore size. With an increase in  
the BIS content, the separation efficiencies first in- 
crease, reaching a maximum at about 6 wt % cross- 
linking, and then decrease. Cussler et  aL5 reported that 
the separation efficiency of PNIPAAm to vitamin B and 
poly(ethy1ene glycol) increased with higher degrees of 
cross-linking. However, in their experiments, the amount 
of the cross-linking agent was less than 6 wt %, and no 
separations at higher cross-linking contents were re- 
ported. The results in Figure 6 suggest that, as the 
higher cross-linking (BIS% > 6 wt %) provided smaller 
pores to exclude more lignin, the swelling ability of the 
hydrogel was also reduced greatly. Less water was 
absorbed, and the absorption of lignin was not reduced, 
causing a decrease in  the final separation efficiency. 

s o h t e  c oncamt ion .  The influence of solute concen- 
tration on the separation efficiency and swelling ratio 
of the NIPAAm-AA hydrogel is shown in Figure 7. The 
swelling ratio decreases with increasing concentration 
of Indulin AT, which could be attributed to the differ- 
ences in the chemical potential of water between water 
and Indulin AT solutions, as explained by Champ et al.I7 
for other systems. Figure 8 shows that, with increasing 
Indulin AT concentration, the amount of solute absorbed 
by the NIPAAm-AA hydrogel increases, causing a de- 
crease in the separation efficiency shown in Figure 7. 
W aterand L &in D &sbn .Figure 9 shows the effect 

of time on the lignin hydrolytic separation efficiency for 
the PNIPAAm and NIPAAm-AA hydrogels. The sepa- 
ration efficiencies reach a maximum within the first few 
hours and then decrease for longer separation times. 
The NIPAAm hydrogel shows a maximum separation 
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F igure 8.  Absorption of Indulin AT by NIPAAm-AA hydrogel 
after 24 h a t  23 "C. 
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F igure 9. Lignin hydrolytic separation efficiency versus time a t  
23 "C. 

efficiency after 3 h, and the NIPAAm-AA hydrogel 
shows a maximum separation efficiency after 5 h. 
Extending the separation time does not increase the 
separation efficiency. This suggests that the separation 
process is mainly diffusion-controlled. When the hydro- 
gel begins to swell, it takes up water and some lignin 
hydrolytic. The separation efficiency of lignin hydrolytic 
is governed by the difference in  the rates of diffusion of 
water and lignin hydrolytic into the hydrogel network. 
Because of the difference in their affinities and molec- 
ular sizes, water initially diffuses faster than lignin. A 
high amount of water is absorbed during the first few 
hours, resulting in a large separation efficiency. With 
more water entering the hydrogel network, the osmotic 
pressure inside the hydrogel network decreases, result- 
ing in a drop in  the water flux and the separation 
efficiency at later times. 
H y d r o g e l R  ecycling.Figures 10 and 11 show the water 

removal results for hydrogels undergoing multiple 
cycles. All three hydrogels have good water uptake 
capacities (5.8-7.4 g of waterlg of hydrogel) in Indulin 
AT solution for the first cycle. For the later cycles, the 
water removal ability remains the same, confirming that 
the hydrogels exhibit good temperature reversibility. 
Interestingly, the separation efficiencies for the second 
and third cycles are higher than those for the first cycle. 
For the first cycle of water removal, the separation 
efficiencies for the PNIPAAm, NIPAAm-AA, and 
NIPAAm-HPAM hydrogels to Indulin AT are 34.5%, 
40.9%, and 49.7%, respectively; after the third water 
removal cycle, the separation efficiencies increase to 

1 2 3 

Cycles of Hydrogel Usage 

Figure 10. Water uptake by the hydrogels from Indulin AT 
solution for multiple cycles. 

EI PNlPAAm 
NIPAAm-AA ~ 

ONIPAAm-HPMA 

1 2 3 
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F igure 11. Lignin (Indulin AT) separation efficiency for multiple 
cycles. 

74.7%, 85.2%, and 95.8%, respectively. The increase in  
the separation efficiency is attributed to the saturation 
of the lignin absorption sites in  the hydrogels after the 
first cycle. During the second and third cycles, no 
further absorption of lignin occurs, resulting in  the 
increased separation efficiency. 

Conclusions 

Chemical selectivity plays an important role in  the 
separation of lignins by temperature-sensitive NIPAAm 
hydrogels. The separation efficiency increases upon 
incorporation of AA and HPNIA monomers into the 
hydrogel networks, because of the molecular repulsion 
between the hydrogels and the lignin molecules. The 
separation efficiency varies with the separation time, 
suggesting that the separation process is diffusion- 
controlled. The water removal experiments for multiple 
cycles show that the hydrogels exhibit good temperature 
reversibility and water removal ability for the concen- 
tration of lignin solutions. 
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ABSTRACT: A new method was used for the production of fast-responding bulk hydro- 
gels with microstructure (BHMs) with a high swelling ratio. These BHMs were 
synthesized first by the formation of poly(N-isopropylacrylamide-co-acrylic acid) 
(NIPAAn-AA) microgel particles and then by the crosslinking of the particles with 
N-isopropylacrylamide monomer. The polymer obtained had the desired microstructure 
but was bulk (monolithic), so  it could be used in a variety of applications. The 
NIPAAn-AA microgel particles were characterized with transmission electron micros- 
copy, and the formed BHMs were characterized with scanning electron microscopy. 
Compared with conventional bulk hydrogels, the BHMs had very high swelling ratios 
and much faster swelling rates attributable t o  the collaboration of the ionized microgel 
particles and bulk hydrogels. An increase in the microgel particles embedded in the 
BHMs provided faster hydrogel swelling. The number of ionic acrylic acid groups in the 
hydrogels affected their swelling behavior. 0 2002 J o h n  Wiley & Sons, Inc. J Appl Polym Sci 
83: 169-178, 2002 

Key words: hydrogel; microstructure; separation 

IN TRO D U CT ION 

In the past 20 years, a considerable amount of re- 
search has been focused on polymer hydrogels that 
can undergo volume transitions in response to  ex- 
ternal physical or chemical stimuli such as pH,1,2 
p r e s ~ u r e , ~ , ~  ionic ~ t r e n g t h , ~ . ~  electric field: and 
t empera t~ re .~”  These materials have been studied 
extensively because of their applications in various 
technologies, including controlled drug r e l e a ~ e , ~ ” ~  
electrophoresis,” and b i ~ s e p a r a t i o n . ~ ~ , ~ ~  Among 
stimuli-sensitive hydrogels, poly(N-isopropylacryl- 
amide) (PNIPAAm) is the most widely studied ther- 
mosensitive hydrogel; it undergoes a reversible vol- 
ume phase transition at 32°C [lower critical solu- 
tion temperature (LCST)]. 

Correspondence to: R. B. Gupta (gupta@auburn.edu). 
Contract grant sponsor: U.S. Department of Energy; con- 

tract grant number: DE-FC36-99G010417. 
Journal of Applied Polymer Science, Vol. 83, 169-178 (2002) 
8 2002 J o h n  Wiley & Sons, Inc. 

For molecular separation applications, bulk 
hydrogels are needed in  which swelling and 
shrinking are two important factors. Tanaka and 
Fillmore14 reported that the hydrogel swelling 
rate is inversely proportional t o  the square of a 
linear dimension of the hydrogel. In  general, bulk 
hydrogels take a long time t o  reach equilibrium 
swelling, from several hours t o  days, which is the 
main drawback for their practical usage. There- 
fore, attempts are being made t o  increase the 
swelling speed, and various synthesis methods 
have been suggested t o  prepare bulk hydrogels 
with fast responses and high swelling ratios. 

Wu et al l5 synthesized hydrogels with macro- 
porous structures t o  increase the pore volume and 
surface area of bulk hydrogels for fast swelling/ 
deswelling of PNIPAAm. They synthesized the 
hydrogels at temperatures above the LCST of the 
polymer by heating the reactor near the end of the 
polymerization. In  addition, they added t o  the 
monomer solution another LCST monomer, hy- 
droxypropyl cellulose, which worked as a pore- 
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forming agent, precipitating above its LCST 
(42°C). These hydrogels have larger pore vol- 
umes, larger average pore sizes, and faster mac- 
romolecular permeation rates in  comparison with 
PNIPAAm synthesized by conventional methods. 
The macroporous PNIPAAm hydrogels have 
higher swelling ratios at temperatures below the 
LCST and exhibit faster deswelling and reswell- 
ing rates. 

Comb-type grafted chains have been intro- 
duced t o  PNIPAAm backbones and crosslinked 
for rapid deswelling.16 This comb-type grafted hy- 
drogel has the same composition as conventional 
PNIPAAm but has a different architecture. The 
molecular mobility of the graft-type hydrogel is 
improved because of the freely mobile grafted 
chains. Higher equilibrium swellings at lower 
temperatures are observed for graft-type hydro- 
gels than for normal hydrogels; longer graft 
chains result in  higher equilibrium swelling be- 
cause of the freely mobile grafted chains. These 
modified hydrogels can swell or deswell within 20 
min. However, the swelling ratios are not im- 
proved in  comparison with those of the PNIPAAm 
hydrogel. 

Park and Park17 and Chen et  al ls  synthesized 
hydrogels with super pores and open channels by 
introducing a gas into the monomer solutions dur- 
ing the polymerization. The formed hydrogel 
foams have gas cells, most of which are connected 
t o  form open channels. The size and number of 
the gas cell can be controlled by the monomer 
concentration, solution viscosity, crosslinking ex- 
tent, surfactant, and type and amount of gas in- 
troduced into the polymerizing solution. The pore 
sizes in  the superporous dried hydrogels are in  
the range of hundreds of micrometers. These hy- 
drogel foams can fully swell within hours and can 
absorb more water than 100 times their own 
weight. However, the large pore size of the hydro- 
gel restricts its application in  some circumstances 
such as bioseparation processes, for which large 
pore sizes are not favorable because of the reduc- 
tion in  the separation efficiency. 

Freeze drying and subsequent hydration in  wa- 
ter are another way of accelerating the deswelling 
of PNIPAAm hydrogels. Using scanning electron 
microscopy (SEMI, Kat0 and Takahashilg showed 
that the freeze-drying treatment made the hydro- 
gel more porous, producing a weaker shrinking 
force, which made expansion easier compared 
with that of the conventional hydrogel. 

Zhang and Zhou2O synthesized PNIPAAm with 
watedacetone (1/1 v/v) as a mixed solvent during 

the hydrogel crosslinking reaction t o  obtain a 
faster deswelling rate. They proposed that during 
the polymerization process, the produced polymer 
chains were quite soluble and widely expanded in  
the mixed solvent. This may lead t o  the large 
swelling ratio of the hydrogel synthesized with 
mixed solvents. The swelling behaviors of the new 
hydrogel were not reported. 

Hydrogels that have micrometer-level dimen- 
sions have also been synthesized, first by Stand- 
inger and Husemann,21 and they were later 
named microgels by Baker.22 Because microgel 
particle dimensions change upon shear, the mi- 
crogels provide rheological control for automotive 
surface coatings. Microgels also show promise in  
pharmaceutical applications. The study of tem- 
perature- and pH-sensitive microgel particles has 
been a n  area of growing interest for a number of 
different applications .23-26 The microgel particles 
have diameters ranging from 50 nm t o  5 pm.27 
The bulk hydrogels need a long time t o  achieve 
full swelling, whereas a microgel particle can 
achieve a steady swelling state in  less than a 
second when the temperature is changed because 
of its small size and large surface area. The rapid 
swelling/deswelling kinetics is one of the benefi- 
cial features of microgels in  comparison with bulk 
hydrogels. More recently, researches have been 
able t o  combine the properties of two o r  more bulk 
hydrogels by forming interpenetrating polymer 
networks (IPNs), especially combining the pH 
and temperature s e n s i t i v i t i e ~ . ~ ~ ~ ~ ~  Inside IPN hy- 
drogels, each network may retain its own proper- 
ties, whereas the proportions of the networks are 
varied independently. The combined properties of 
the IPNs can be controlled by the ratios of their 
component monomers. 

Temperature-sensitive hydrogels have been 
used t o  extract water and low molecular weight 
solutes from solutions t o  concentrate the macro- 
 molecule^.^^-^^ Mo s t  of these applications are 
limited PNIPAAm hydrogels, which can be pH- o r  
temperature-sensitive and so can be regenerated 
with changes in  the hydrogel pH or  temperature 
for the release of absorbed water. In  a comparison 
with traditional separation methods, such as  dis- 
tillation, in  the chemical industry, the advantages 
of using thermosensitive hydrogels t o  extract sol- 
vents are obvious: these hydrogels can be easily 
regenerated by the temperature being raised 
above the LCST of the hydrogels, making the 
hydrogels release the absorbed water. 

In  the pulp and paper industry, the removal of 
water presents a major cost in  manufacturing, 
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particularly water from in-process water streams, 
which mainly contain lignin and water (e.g., from 
white water cleaning, black-liquor spills, and ox- 
ygen-delignification filtration). The costs will in- 
crease greatly because of the enforcement of the 
new cluster rule legislation, which aims t o  reduce 
the load on waste treatment plants. Current 
methods of water removal such as evaporation 
are energy- and cost-intensive because of the 
large amount of energy needed for the evapora- 
tion for water. Hence, new approaches with lower 
energy and lower capital investment are needed. 

In this article, we discuss the preparation of 
fast-responding bulk hydrogels with microstruc- 
ture (BHMs). The swelling behavior of the new 
hydrogels is compared with that of conventional 
bulk hydrogels. The effects of the microgel parti- 
cle loadings and the acrylic acid (AA) contents in 
the final BHMs on the swelling behavior are also 
studied. Finally, these BHMs are used t o  concen- 
trate lignin (lignin hydrolytic and Indulin AT), 
blue dextran, and bovine serum albumin. Separa- 
tion results are presented. 

EXPERIMENTAL 

Materials 

N-Isopropylacrylamide (NIPAAm), N,N’-methyl- 
enebis(acry1amide) (BIS), ammonium persulfate 
(APS), and sodium metabisulfite (SBS) were all 
obtained from Aldrich Chemical Co. (Milwaukee, 
WI). Before AA (Aldrich Chemical) was used, the 
inhibitor was removed with inhibitor-remover 
packing (Aldrich Chemical). Buffer solutions with 
pH values of 3-10 were acquired from Fisher Sci- 
entific Co. (Houston, TX). Lignin hydrolytic 
[weight-average molecular weight (M,) = 19,300 
g/mol; Westvaco Chemical Co., Charleston Hgts., 
SCI, Indulin AT (M,  = 2700 g/mol; Westvaco 
Chemical), blue dextran (M,  = 2,000,000 mol/g; 
Aldrich Chemical), and bovine serum albumin 
(M,  = 66,430 g/mol; Aldrich Chemical) were used 
as received. 

Synthesis of the Microgel Particles 

The microgel particles were synthesized by the 
surfactant free emulsion polymerization meth- 
od.33 Monomers NIPAAm and AA in the appro- 
priate molar ratios were added into a 500-mL 
flask with a reflux condenser and a magnetic stir- 
rer. The crosslinker (BIS) contents were kept at 2 

wt % of the total monomer, and the total monomer 
concentrations were kept at 1 wt  % of the solu- 
tion. After the solution was purged with N2 for 
half an hour, the initiator APS was added. The 
reaction temperature was maintained at 65°C. 
The reactions were allowed t o  proceed for 6-8 h, 
and the mixture was kept overnight at room tem- 
perature for completion of the reactions. Finally, 
the microgel solutions were concentrated under 
vacuum at room temperature t o  be used for fur- 
ther polymerization. 

Characterization of the Microgel Particles 

We used transmission electron microscopy (TEM) 
t o  observe the microgel particles. We prepared the 
TEM samples by placing a dilute drop of aqueous 
microgel particles onto the sample grid and allow- 
ing them t o  dry in air; the samples were observed 
under TEM (Zeiss EM 10CR; Carl Zeiss, Heidel- 
berg, Germany). 

Formation of the BHM 

The NIPAAm monomer, microgel solution, and 
crosslinker BIS were mixed in a 50-mL, round-bot- 
tom bottle. The feed ratios of microgel particles t o  
monomer were varied with changes in the concen- 
tration of the microgel solutions. The solution was 
shaken for 20 min for complete dissolution of the 
monomers and then purged with N, for 20 min for 
removal of the oxygen. Then, the redox initiators 
APS and SBS were added t o  the reaction mixture 
and polymerized at room temperature for 24 h. The 
formed bulk hydrogels were cut into disk form and 
put into ethanol t o  wash out the unreacted mono- 
mer, and the ethanol was changed every few hours 
during the washing process. Then, the hydrogels 
were vacuum-dried at 50-60°C for 1 day. The dried 
hydrogels were stored in a desiccator for further 
experiments. Conventional poly(N-isopropylacryl- 
amide-co-acrylic acid) (NIPAAm-AA) bulk hydro- 
gels were synthesized with a similar procedure, but 
without microgel. The NIPAAm-AA bulk hydrogel 
with n mol % AA in the feed ratio has been labeled 
NIPAAm-AA-n . 

Characterization of the BHMs and Bulk Hydrogels 

The surface structures of dry hydrogel pieces 
were examined via SEM. The hydrogel samples 
were first dried in a vacuum and coated with 
gold with a sputter coater (Pelco model Sc-7; Ted 
Pella, Inc., Redding, CA) for 60 s and then ob- 
served via SEM (Zeiss model DSM940; Carl Zeiss). 
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Differential Scanning Calorimetry (DSC) Analysis 

DSC (Universal V2.5H TA Instrument; New Cas- 
tle, DE) was used for the determination of the 
transition temperatures of the swelled hydrogels. 
Hydrogel pieces were first equilibrated at room 
temperature in pure water and then sealed into 
an aluminum pan. An empty aluminum sealed 
pan was used as a reference. In DSC, the sample 
was equilibrated at 10°C for 5 min and then 
heated t o  55°C at rate of 2"C/min. The tempera- 
ture corresponding t o  the maximum heat flow 
was taken as the LCST. 

Measurement of the Swelling Capacity of the 
Hydrogels 

The swelling ratios of the conventional bulk hy- 
drogel and BHMs were measured as follows: a 
dried piece of hydrogel was placed in deionized 
water (pH - 6.8) at a desired temperature for 1 
day, the hydrogel swelled up t o  equilibrium, the 
hydrogel was taken out, surface water was re- 
moved with filter paper, and the weight of the wet 
hydrogel was recorded. The swelling ratio (SR) is 
defined as 

where W, is the weight of the wet hydrogel and 
W, is the weight of the dry hydrogel. 

Measurement of the Swelling and Deswelling 
Speeds of Hydrogels 

The swelling and deswelling kinetics of bulk hy- 
drogels and BHMs were measured gravimetri- 
cally at fixed temperatures. The extent of swelling 
was measured at different time intervals. The 
water uptake and water retention were calculated 
as indications of the response speed of the hydro- 
gels: 

Figure 1 Transmission electron micrograph of 
NIPAAm-AA microgel particles (original magnifica- 
tion, 5000X). 

Molecular Separation Experiments 

In the separation experiments, various known 
amounts of dry hydrogel pieces were added t o  
solutions t o  be concentrated at different temper- 
atures (lignin hydrolytic and Indulin AT were 
dissolved in 0.OW NaOH, and blue dextran and 
bovine serum albumin were dissolved in water). 
The changes in the solution concentration before 
and after hydrogel contact were measured with 
an ultraviolet spectrophotometer (Spectronic 
Genesis 2; Spectronic Instruments, Rochester, 
NY). The separation efficiency (71) was defined as 

71 = 1OOX (measured concentration change/ 

maximum change expected from 

hydrogel swelling) 

The maximum concentration change is based on 
the assumption that no macromolecule pene- 
trates the hydrogel. 

RESULTS AND DISCUSSION wu = lOO"(W, - W,)/(W, - W,) (2) 

w, = lOO"(W, - W,)/(W, - W,) (3) 

where W, is the water uptake percentage during 
swelling, W, is the water retention percentage 
during deswelling, W, is the weight of the gel at a 
particular time, W, is the weight of the initial dry 
hydrogel, and We is the weight of the hydrogel at 
maximum swelling. 

Characterization of NIPAAm-AA Microgel 
Particles and N I PAAm-( N I PAAm-AA),i,,, BHM 

Figure 1 is a TEM photograph of NIPAAm-AA 
microgel particles; here the particles are 500-700 
nm. NIPAAm-AA microgels are ionic particles 
because of the carboxylic charge on AA. In these 
microgel particles, the AA groups tend t o  lie on 
the surface of the particles, and NIPAAm groups 
lie toward the inside; this prevents aggregation 
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Figure 2 
BHM based on microgel particles. 

Schematic illustration of the formation of a 

between microgel particles and makes the micro- 
gel particles more stable in the aqueous solutions. 
In this conformation, the carboxyl groups on the 
microgel particle surface can also be further 
crosslinked under suitable conditions, forming in- 
terpenetrating network structures. Bouillot and 

Vincent34 prepared poly(acry1ic acid)/poly(acryl- 
amide) (PAALPAM) interpenetrating network 
particles. The second polymer, PAA, was synthe- 
sized in the presence of the first polymer, PAM 
microgel particles. Within the IPN microgel par- 
ticles, there were cooperative interactions be- 
tween the PAA and PAM chains, exhibiting sharp 
swelling transitions for the PAALPAM particles. A 
higher swelling ratio was also observed above the 
upper critical solution temperature in comparison 
with the ratio for the poly(acry1ic acid-co-acryl- 
amide) copolymer microgel particles. On the basis 
of this ideal, we propose that when the monomer 
NIPAAm is mixed with the NIPAAm-AA micro- 
gel solution and crosslinker, the ionic microgel 
particles can be crosslinked with one another and 
into the bulk matrix, forming a BHM (Fig. 2). 

Figure 3 shows SEM photographs of prepared 

(c) N I P A ~ ~ ~ ~ - I N 1 P A A m - ~ ~ , ~ , , , , ; ,  - 4 2  7 $4 ~ J ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ . ~ ~  ~;,-,,,,,. -5.3 2, 

Figure 3 SEM photographs of NIPAAn-(NIPAAn-AA),,., with different amounts 
of the microgel [(a-c) original magnification, 2000X; (d) original magnification, 5000x1. 
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Figure 4 Effect of temperature on the swelling ratios 
of PNIPAAm and NIPAAn-AA-6 bulk hydrogels and 
NIPAAn-(NIPAAn-AA),, (40 wt% microgel). 

NIPAAm-(NIPAAm-AA)Inicl.o BHMs with differ- 
ent NIPAAm-AA microgel contents. With a n  in- 
creasing feed ratio of the NIPAAm-AA microgel, 
more microgel particles are embedded into the 
matrix. When the feed ratio of the microgel is 9.2 
wt %, few particles can be seen inside the matrix 
of the BHM; when the microgel amount in  the 
feed ratio increases t o  54.2 wt %, which is a ma- 
jority of the volume in  the BHM, a porous sponge 
structure is observed. The formed porous sponge 
structure indicates that the BHM has a more 
compatible network structure. Because this po- 
rous sponge structure is mainly composed of the 
microgel particles, which have fast a swelling rate 
when the temperature is changed, the BHM 
should display a fast response t o  external temper- 
ature changes. 

Swelling Behavior of the BHMs and Bulk 
Hydrogels 

The temperature dependence of the equilibrium 
swelling ratios of PNIPAAm and NIPAAm-AA-6 
bulk hydrogels and NIPAAm-(NIPAAm-AA)Inicl.o 
BHM (40 wt % microgel particles) is illustrated in  
Figure 4. Both BHMs and bulk hydrogels are 
temperature-sensitive. From 5 t o  25"C, these hy- 
drogels have higher swelling ratios, suggesting 
that the hydrogen-bonding interactions between 
polymer chains and water are dominant at low 
temperatures. When the temperature is raised 
above the transition temperature, the hydropho- 
bic interactions between the polymer chains be- 
come dominant and break the delicate balance 
between hydrogen-bonding and hydrophobic in- 
teractions, causing the hydrogel t o  collapse, de- 
creasing the swelling ratio dramatically. Com- 

pared with the bulk hydrogels, the BHM shows 
much higher equilibrium swelling at room temper- 
ature. At 25"C, the BHM swelling ratio reaches 78, 
whereas both PNIPAAm and NIPAAm-AA-6 have 
swelling ratios below 20. 

Figure 5 shows the swelling rate of the BHM and 
the PNIPAAm and NIPAAm-AA-6 hydrogels. The 
BHM swells much faster at room temperature. 
Within 5 h, it can swell t o  80% of the maximum 
value, and within 10 h, the BHM swells to  90% of 
the maximum value; however, the PNIPAAm and 
NIPAAm-AA-6 bulk hydrogels only have 40% and 
60% of their maximum water uptake, respectively, 
after 10 h of contact. The fast swelling rate of the 
BHM may be due to  the collaborative interaction of 
both the microgel particles and the hydrogen-bond- 
ing interactions between the PNIPAAm matrix and 
water. When water enters the BHM network, the 
microstructures swell first, causing the whole inter- 
connected matrix to  swell afterward. This collabo- 
ration of the swelling of the ionized particles and 
bulk matrix enhances the swelling rate of the whole 
BHM matrix. 

The deswelling behavior of hydrogels at 50°C is 
shown in Figure 6. Because 50°C is higher than 
the volume-transition temperature of the hydro- 
gels, the three hydrogels release water sharply in  
the beginning and slowly later on. Because of the 
hydrophilicity of AA groups, NIPAAm-AA and 
BHM deswell slower than the PNIPAAm hydro- 
gel. The BHM gives off 50% of its total water 
within 100 min. 

pH Sensitivity 

Figure 7 shows that both NIPAAmqNIPAAm- 
AA)Inicl.o BHMs and NIPAAm-AA bulk hydrogel are 
pH-sensitive, whereas PNIPAAm is not. BHMs 
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Figure 5 Comparison of the swelling kinetics of 
PNIPAAm and NIPAAn-AA-6 bulk hydrogels and 
NIPAAm-( NIPAAn-AA),, (40 % microgel) at 23 O C . 
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Figure 6 Deswelling speeds of PNIPAAm and 
NIPAAn-AA-6 bulk hydrogels and NIPAAm- 
(NIPAAm-AA),, (40% microgel) at 50°C. 

reach maximum swelling at pH 8, after which the 
swelling decreases with an  increase in the pH. The 
NIPAAm-AA bulk hydrogel does not show such a 
maximum within the experimental pH range. This 
difference in the pH sensitivity of the two hydrogels 
can be attributed to  the different architectures of 
the acid groups in the hydrogels. In the BHM, all 
the acid groups lie on the surface of the microgel 
particles, and the NIPAAm molecular chains are 
linked through the active carboxyl groups, leading 
to  the formation of the bulk hydrogel through mi- 
crogel bridging. With an increase in the pH, more 
AA groups are ionized, and the electrostatic repul- 
sion between the ionized groups results in a more 
expanded network. However, in high-pH solutions, 
the dissociated cations from the alkaline salt also 
increase, decreasing the ionic repulsion by shielding 
the ionic acid groups, and so the swelling decreases 
at a higher pH value. In BHMs, because all AA 
groups are in the microgel particles, they are easily 
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Figure 7 Swelling behavior as a function of pH at 
23°C for PNIPAAm and NIPAAn-AA-6 bulk hydrogels 
and BHMs with different amounts of the microgel. 
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Swelling ratios of BHM and NIPAAn-AA 

shielded by the dissociated cations, causing a drop 
in the swelling at pHs higher than 8. 

Effect of the AA Amount on the Swelling Behavior 

Figure 8 confirms that  the AA group architecture 
in the hydrogel plays an  important role in the 
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Figure 9 Effect of the amount of the microgel on the 
swelling behavior of the BHMs: (a) microgel NIPAAn- 
AA-15 and (b) microgel NIPAAn-AA-25. 
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Figure 10 DSC diagrams of NIPAAm-AA-6 hydrogel and BHM (16.4 wt  % microgel). 

swelling behavior of hydrogels. In  Figure 8, 
the swelling rates of the NIPAAM-(NIPAAm- 
AA)mic,o BHM and NIPAAm-AA-3 bulk hydrogel 
are compared; both are 3 wt % AA. Despite the 
small number of AA groups in the BHM, these 
groups greatly influence the swelling rate in com- 
parison with the bulk hydrogel. The swelling rate 
of BHM is much faster than that  of the 
NIPAAm-AA bulk hydrogel, which suggests that  
incorporating microgel particles accounts for the 
fast response of the BHM. 

Effect of the Amount of the Microgel on the 
Swelling Behavior 

The amount of the microgel particles in the BHM 
is very important for the swelling behavior (Fig. 
9). A larger amount of the microgel in the hydro- 
gel results in  faster BHM swelling. When micro- 
gel contents are less than  20 wt %, the swelling 
ratio increases slowly, but when the microgel con- 
tent is more than  30 wt %, there is a big increase 
in the swelling. This confirms that  the swelling 
speed is mainly determined by the amount of the 
microgel in the BHM. 

Thermal Analysis of the BHM and Bulk Hydrogel 

The transition of the hydrogel in  response t o  tem- 
perature changes can be observed with thermal 
analysis. Figure 10 shows DSC diagrams of the 
fully hydrated hydrogel of NIPAAm-AA-6 and 

the BHM containing 16.4 wt % microgel. The tem- 
perature corresponding t o  the maximum of the 
heat flow is defined as the LCST of the swollen 
hydrogel. With the incorporation of AA groups, 
the transition temperature of NIPAAm-AA-6 in- 
creases t o  35.9"C, higher than the temperature 
for PNIPAAm (LCST = 33.8"C; not shown in  Fig. 
10). On the contrary, the transition temperature 
of the BHM is decreased t o  31.4"C. This difference 
can be attributed t o  the different architectures of 
AA groups in the hydrogels. The transition en- 
thalpy calculated from the peak areas are 12.57 
and 12.80 J/g for NIPAAm-AA-6 and BHM, re- 
spectively. These values are different than the 
enthalpy of the PNIPAAm hydrogel transition, 14 
J/g at a heating rate of 0.5°C/min.35 

Separation of Macromolecules with BHMs 

The concentration and recovery of solutes from 
dilute aqueous solutions are needed in the phar- 
maceutical, chemical, and environmental indus- 
tries. Traditional separation methods, such as 
distillation and chromatography, are expensive. 
Hydrogel-based separation is promising because 
of the low energy costs. The separation is based on 
the absorption of water and low molecular weight 
solutes by the hydrogel, leaving behind a concen- 
trated solution of larger molecules. The hydrogel 
is regenerated by being heated t o  its LCST, which 
usually is only slightly different from the current 
temperature. 
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Table I Separation of Lignin Hydrolytic with 
NIPAAIM-(NIPAAm-AA)micro BHM Hydrogels 
After Contact for 24 h at 23°C 

Table I11 Separation of Blue Dextran with 
NIPAAIM-(NIPAAm-AA)micro BHM Hydrogels 
After Contact for 24 h at 23°C 

AA in the BHM Microgel in the BHM 
(wt %) (wt %) SR 9 

AA in the BHM Microgel in the BHM 
(wt %) (wt %) SR 9 

0.85 
1.67 
2.55 
3.61 
6.14 

16.4 26.2 12.6 
16.6 25.6 13.7 
13.0 34.4 51.0 
16.3 40.8 47.2 
28.1 72.2 33.6 

Tables I and I1 show the separation results for 
lignin hydrolytic and Indulin AT with NIPAAm- 
(NIPAAm-AA)Inic,o BHMs. Good separation effi- 
ciencies are achieved for both lignins. Both the 
AA and microgel contents affect the separation 
efficiency and swelling ratio. The swelling ratio 
increases with higher microgel contents in the 
BHM. For a given amount of the microgel, a 
larger amount of AA results in a higher swelling 
ratio and separation efficiency. 

The NIPAAm-(NIPAAm-AA)Inicl.o BHM has a 
maximum separation efficiency for lignin hydro- 
lytic and Indulin AT when the microgel content is 
13 wt %. A higher content of the microgel in the 
BHM increases the swelling rate and ratio, but 
the separation efficiency decreases. For example, 
when the microgel content is 28.1 wt %, although 
the swelling ratios of the BHM in the lignin hy- 
drolytic and Indulin AT are as high as 72.2 and 
77.9, the separation efficiencies are only 33.6 and 
40%, respectively. 

Tables I11 and IV show the separation results 
for blue dextran and bovine serum albumin with 
the NIPAAm-(NIPAAm-AA),icl.o BHMs. Because 
both blue dextran and bovine serum albumin 
have larger molecular sizes than lignin molecules 
(M,  = 2,000,000 for blue dextran; M ,  = 66,430 

Table I1 Separation of Indulin AT with 
NIPAAIM-(NIPAAm-AA)micro BHM Hydrogels 
After Contact for 24 h at 23°C 

AA in the BHM Microgel in the BHM 
(wt %) (wt %) SR 9 

0.85 
1.67 
2.55 
3.61 
6.14 

16.4 22.6 42.4 
16.6 35.0 51.8 
13.0 34.6 75.1 
16.3 38.7 64.6 
28.1 77.9 40.0 

0.85 
1.67 
3.61 

16.4 18.3 65.2 
13 15.8 72.7 
16.3 37.7 95.2 

for bovine serum albumin) and the molecular at- 
traction between the hydrogels and solutes is 
lower, the separation efficiencies are high. Also, a 
higher microgel content in the BHMs results in 
higher swelling. The separation efficiencies for 
blue dextran and bovine serum albumin are as 
high as 95.2 and 88.7%, respectively. 

CONCLUSION 

A method for synthesizing BHMs has been de- 
veloped. Compared with conventional hydro- 
gels, the BHMs have a faster response along 
with a high swelling ratio and thermosensitiv- 
ity. The faster response is due t o  the  collabora- 
tive interactions between the  ionized microgel 
particles and the bulk matrix. On contact with a 
solution, the microgel particles swell first, caus- 
ing the overall bulk matrix t o  swell quickly. 
Because of their  high absorption capacity and 
temperature sensitivity, the BHMs can be used 
t o  efficiently concentrate o r  separate macro- 
molecules. Separations are demonstrated with 
NIPAAm-(NIPAAm-AA),icl.o BHMs t o  concen- 
t ra te  lignin hydrolytic, Indulin AT, blue dex- 
t ran,  and bovine serum albumin in  aqueous so- 
lutions. 

Table IV Separation of Bovine Serum Albumin 
with NIPAAIM-(NIPAAm-AA)micro BHM 
Hydrogels After Contact for 24 h at 23°C 

AA in the BHM Microgel in the BHM 
(wt %) (wt %) SR 9 

0.85 
1.67 
3.61 

16.4 35.5 88.7 
13.0 71.3 73.6 
16.3 72.7 54.7 
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Poly(N -ethylacrylamide) hydrogel (PEAM) and N -ethylacrylamide bulk hydrogel with micro- 
structure (EAM-BHM) are prepared. The lower critical solution temperature (LCST) of PEAM 
is determined to be 73 "C by DSC, and the microstructures of the hydrogels are characterized 
by SEM. When the microgel particles are  incorporated into the matrix of EAM hydrogel, the 
formed bulk hydrogels have a faster swelling rate and a higher swelling ratio compared to those 
of the conventional PEAM hydrogels. The swelling diffusion mechanism in PEAM hydrogel 
changes from Fickian to non-Fickian when the cross-linker content is increased to 8 wt %. Both 
EAM-BHMs and conventional PEAM can be used to separate lignin at a high temperature (-55 
"C, typical in a pulp mill). Due to the microgel particles, the EAM-BHMs have a higher swelling 
ratio in lignin solution while the large surface area of the microgel also increases the adsorption 
of lignin on the hydrogel, thus decreasing the separation efficiency. The effects of lignin 
concentration, separation temperature, and salt on the separation efficiency are  also studied. 

Introduction 

Hydrogels are cross-linked polymer networks that 
swell but do not dissolve in water. In the past 20 years, 
considerable research attention has been focused on 
poly(N -isopropylacrylamide) (PNIPAAm), a temperature 
sensitive hydrogel, which can undergo a jumpwise 
volume transition above the lower critical solution 
temperature (LCST) at 33 0C.1-3 The thermosensitivity 
of hydrogels makes them attractive in  applications 
including controlled drug electrophoresis,6 
and bi~separation.~,' Especially hydrogels have been 
proposed for use in  the concentration or separation of 
solutes for a wide range of biological and synthetic 
materials produced in dilute solutions. Examples in- 
clude recoveries of soy  protein^,^ celluases enzymes from 
fermentation broths,1° dextran and Bovine serum al- 
bumin,'J1 textile dyes,12 and nonion surfactant13 from 
aqueous media. Compared to the traditional separation 
methods in the chemical industry, the advantages of the 
separation using thermosensitive hydrogels are obvious. 
The separation is based on uptake of water and low 
molecular weight solutes by the hydrogel, leaving 
behind the concentrated solution of large molecules. The 
hydrogels can be easily regenerated for further use by 
a mild heating above the LCST to expel the water. 

In addition to PNIPAAm, some other N-substituted 
acrylamide hydrogels have also been reported to un- 
dergo volume phase transition in water: poly(N ,N - 
diethylacrylamide) hydrogels were demonstrated to 
have a LCST of 32 OC,14 poly(N ,N -propylacrylamide) 
hydrogel has a LCST of 25 OC,15 and poly(N -cyclopro- 
pylacrylamide) hydrogel has a LCST of 48 'C.16 The 
hydrophobic interaction plays an important role in 
determining the LCST and swelling behavior of the 
N -alkylacrylamide hydr0ge1s.l~ An increase in the alkyl 
chains produces a dramatic decrease in the transition 
temperature. In addition, the ratio of hydrophobic to 
hydrophilic units within the side chains is important 

*Author t o  whom all the correspondence should be ad- 
dressed. Phone: (334) 844-2013. Fax: (334) 844-2063. E- 
mail: gupta@auburn.edu. 

in determining if the hydrogel will exhibit thermoswell- 
ing or thermoshrinking behavior. Among the N -alkyl- 
acrylmide hydrogels, poly(N -ethylacrylamide) (PEAM) 
has the highest transition temperature, although vary- 
ing LCST values have been reported. Taylor et  a1.l' 
reported in  their early work that the cloud point of 
PEAM aqueous solution is 74 "C, while Liu and Zhu 
recently indicated that the LCST of PEAM solution is 
82 OC." Ito et  al. reported that PEAM hydrogel has a 
transition temperature of 72 0C,20 but Seker and Ellis17 
demonstrated that the transition temperature of PEAM 
hydrogel is 80 "C. On the other hand, PEAM microgel 
was reported to have a LCST of around 80 oC.21 Further 
experiments are needed to get the accurate transition 
temperature of PEAM hydrogels. 

Microgel are cross-linked particles with diameters 
ranging from 50 nm to 5 pm.22 The bulk hydrogels need 
a long time to reach full swelling, whereas a microgel 
particle can reach a steady swelling state in  <l s when 
temperature is changed, because of the small size and 
large surface area. The rapid swelling/deswelling rate 
is the major beneficial feature of microgels in compari- 
son with bulk hydrogels. 

In the pulp and paper industry, water separation from 
lignin presents a major cost, particularly in  in-process 
water streams, white water cleaning, black-liquor spills, 
and oxygen-delignification filtration. These costs will 
further increase due to the enforcement of the new 
"cluster rule" legislation, which aims to reduce the load 
on wastewater treatment plants. Current methods of 
water removal such as evaporation are energy and cost 
intensive; a large amount of energy is needed to reach 
the heat of evaporation for the water to be removed. The 
temperature of lignin solutions in the pulp and paper 
industry is usually between 50 and 60 "C, which is 
higher than the LCST of PNIPAAm hydrogels. Hence, 
for separation of lignin by hydrogel, a hydrogel with a 
higher LCST is needed. In this study, PEAM hydrogel 
and PEAM bulk hydrogel with microstructure (BHM) 
were prepared and their swelling behaviors were com- 
pared. The separation results of lignin by the synthe- 
sized hydrogels were also presented, and the factors 
affecting the separation result were discussed. 

10.1021/ie0100151 CCC: $20.00 0 2001 American Chemical Society 
Published on Web 06/23/2001 
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M easurem entofsw ellingRatio.Thedriedhydr0- 
gel (mass = W d) is immersed in  an excess amount of 
deionized water at the desired temperature until swell- 
ing equilibrium is attained. The mass of wet sample 
(W w) is measured after removing the surface water with 
blotting paper. The swelling ratio (SR) is then calculated 
on the basis of the masses of wet hydrogel and dry 
hydrogel: 

SR = (W - w d ) / ~  (1) 

The water uptake and water retention are calculated 
as indications of the response speed of the hydrogels, 
as 

Experkn en ta l sec tbn  

M aterials .All materials except acrylic acid (AA) are 
used as received. The EAM is obtained from Monomer- 
Polymer and Dajac Laboratories Inc. (Feasterville, PA). 
Lignin (Indulin AT, M = 2700 g/mol) is obtained from 
Westvaco Chemical Co. All other materials are obtained 
from Aldrich. Inhibitors are removed from AA by an 
inhibitor-removing column before use. 

P reparation of  the H ydrogels. The hydrogels are 
prepared in aqueous solutions via free radical polym- 
erization of monomers in the presence of the cross-linker 
N ,N '-methylenebis(acry1amide) (BIS) and redox initia- 
tors ammonium persulfate (APS) and sodium meta- 
bisulfite (SBS). EAM-AA microgel particles are pre- 
pared by a surfactant-free aqueous polymerization 
method.21 EAM and AA in the appropriate molar ratios 
are added into a 500 mL flask with a reflux condenser 
and a magnetic stirrer. The cross-linker (BIS) contents 
are kept at 2 wt % of the total monomer amount, and 
total monomer concentrations are kept at 1 wt % of the 
solution. After the solution is purged by N2 for 0.5 h, 
the initiator APS (0.5 wt %) is added. The reactions are 
carried out at 80 "C for 6-8 h, and the mixture is kept 
overnight at room temperature. Finally, the microgel 
solutions are concentrated under vacuum at room 
temperature for further polymerization. To prepare 
BHM, EAM, EAM-AA microgel solution, and cross- 
linker BIS (2 wt %) are mixed in  a 50 mL round-bottom 
bottle. The solution is shaken for 20 min to make sure 
all monomers are completely dissolved. The solution is 
then purged with N2 for 20 min to remove the dissolved 
oxygen. The redox initiators APS and SBS (0.1 wt %) 
are added into the reaction mixture and polymerized 
at room temperature for 24 h. The formed bulk hydro- 
gels are cut into disk form and put in ethanol to extract 
out the unreacted monomer. The ethanol is changed 
every few hours. Then the hydrogels are dried at 50- 
60 "C under vacuum for 1 day. The dried hydrogels are 
stored in a desiccator for further experiments. The 
formed bulk hydrogels with n wt % of microgel content 
are termed as EAM-BHM-n. Conventional PEAM bulk 
hydrogels are prepared by a similar procedure, without 
microgel content. Except when mentioned, the BHM 
polymerization temperature is fixed at room tempera- 
ture (23 "C). 

Characterization of  M icrogel Particles. Trans- 
mission electron microscopy (TEM) was used to observe 
the microgel particles. The TEM sample was prepared 
by placing a dilute drop of aqueous microgel particles 
onto the sample grid and allowing it to dry in  air; the 
samples were observed via TEM (Zeiss EM 1OCR). 

S t rucb re  of  H ydrogels by Scanning Electron 
M icroscopy (SEM ) .  The structures of dry hydrogel 
pieces are examined by scanning electron microscopy 
(SEM). The hydrogel samples are first dried in a vacuum 
and coated with gold using a sputter coater (Pelco, 
model Sc-7) for 60 s and then observed by SEM (Zeiss, 
model DSM940). 

D S C  Analysis. DSC (Universal V2.5H TA Instru- 
ment) is used to determine the transition temperature 
of the swollen hydrogels. Hydrogel pieces were first 
equilibrated at room temperature in  pure water and 
then sealed in  an aluminum pan. An empty aluminum 
sealed pan is used as a reference. In DSC, the sample 
is equilibrated at 10 "C for 5 min and then heated to 55 
"C at a rate of 2 "C/min. The temperature corresponding 
to the maximum heat flow is taken as the LCST. 

where w u is the percent water uptake during swelling, 
w R is the percent water retention during deswelling, 
W t i s  the weight of the gel at a particular time, W d is 
the weight of the initial dry hydrogel, and w e is the 
weight of the hydrogel at maximum swelling. 

D yn am ic s w ellin g . The dried hydrogel is immersed 
in excess water at 55 "C, and swelling is measured by 
weighing the samples with time. The diffusion coef- 
ficient is calculated from 

where t i s  time, L is the initial thickness of the dried 
sample, M t is  the amount of water absorbed at time 
M is the amount of water absorbed at equilibrium, and 
D is the diffusion coefficient. 

M easurem entofTherm oreversibility.The dried 
hydrogel samples were immersed in deionized water at 
room temperature until swelling equilibrium. Then each 
swollen sample was removed to fresh deionized water 
at 85 "C, and the collapsed hydrogel was weighed at 
various time intervals. After that, the hydrogel was 
removed to deionized water at 55 "C for swelling and 
the swollen hydrogel was weighed at various time 
intervals. This cooling-heating process was repeated 
for three cycles. 

L ignin separation. A known amount of dried hy- 
drogel is added into lignin solutions (dissolved in  0.01 
N NaOH) to be concentrated at the desired temperature. 
The change in the lignin concentration is measured 
using an ultraviolet visible spectrophotometer (Spec- 
tronic Genesis 2), and the separation efficiency (7) is 
calculated as 

7 = 100 x 
(measured concentration change/maximum 

change expected from hydrogel swelling) 

The maximum concentration change is based on assum- 
ing that no lignin penetrates the hydrogel. 

R esu Its and D kcu ssbn  

T E M  P k b r e  of  E A M  -AA M k roge l  Particles. 
Figure 1 is a TEM photograph of EAM-AA microgel 
particles containing 15 wt % AA. EAM-AA microgels 
are ionic particles due to carboxylic charge on AA. In 
these microgel particles, the AA groups tend to lie on 
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F igure 1. TEM of EAM-AA microgel particles, x 5000. 

Monomer \ \ \  \ 
Crosslinker * * * *  * * * *  

Figure 2 .  Schematic of the synthesis of bulk hydrogel with 
microstructure (BHM) using microgel particles. 

the surface of the particles and EAM groups toward the 
inside, which prevents the aggregation between micro- 
gel particles and making the microgel particles stable 
in  the aqueous solutions. This conformation renders the 
possibility of forming further interpenetrating network 
structures under suitable conditions. Figure 2 is a 
schematic illustration of forming bulk hydrogel based 
on microgel particles. When the monomer EAM is mixed 
with an EAM-AA microgel solution and cross-linker, 
the ionic microgel particles are cross-linked with EAM 
monomer, forming the bulk matrix with the micorstruc- 
ture. 

SEM M icrographs ofEAM H ydrogels.Varyingthe 
polymerization temperature can control the structure 
of the temperature-sensitive hydrogels. Wu et al.23 found 
that PNIPAAm hydrogels synthesized above the LCST 
have a macroporous structure and a fast swelling 
behavior. Figure 3 shows the SEM photographs of 
PEAM and EAM-BHM hydrogels. Similar to PNIPAAm 
hydrogel prepared at different temperatures, the PEAM 
synthesized at 85 "C shows more macroporous structure 
than PEAM synthesized at 23 "C. In addition, PEAM 
hydrogel is transparent when synthesized at 23 "C but 
is opaque when synthesized at 85 "C. At 85 "C, the 
polymerization is carried out in a two-phase system: the 
solid phase consists of dispersed PEAM hydrogel; the 
other phase includes the liquid solution of monomer, 
cross-linker, and water. The precipitation enhances the 
nonuniform cross-linking in the hydrogel, resulting in 
a more macroporous structure compared to that of the 
hydrogels synthesized below LCST. Figure 3 also shows, 

with increasing of EAM-AA microparticle contents, 
more microgels are embedded in  the hydrogel matrix. 

S w  elling B ehavior  of Po ly  (N e t h y l a c r y l a m  ide) 
H ydroge1.h our previous work, we have reported that, 
with the incorporation of NIPAAm-AA ionic microgel 
particles into the NIPAAm bulk matrix, the formed 
BHMs have a faster response and higher swelling ratio 
compared with those of conventional hydro gel^.^^ Simi- 
lar results are obtained for the EAM hydrogel system 
shown here. Figure 4 shows the swelling behavior of 
PEAM and EAM-BHM. In 4.5 h, EAM-BHM-20 reaches 
46.2% of the maximum swelling, while conventional 
PEAM only reaches 28.3% of the maximum swelling at 
ambient temperature. Also EAM-BHM shows a much 
higher equilibrium swelling ratio than the conventional 
PEAM hydrogel. The fast swelling of BHM is mainly 
due to the cooperative interaction of both microgel 
particles and the hydrogen bonding interactions be- 
tween the EAM matrix and water. When the BHM 
swells in water, the microstructure swells first, and 
because the microgel particles are embedded in the 
matrix, the whole interconnected matrix swells after- 
ward; this collaboration of swelling of the ionized 
particles and bulk matrix enhances the swelling rate 
of the whole BHM matrix. Figure 5 shows that, at 85 
"C, both PEAM and EAM-BHM deswell fast, within the 
first 60 min, PEAM releases the 85% water absorbed, 
and EAM-BHM-20 releases 65% of the water absorbed. 

Figure 6 compares the temperature sensitivities of 
PEAM and EAM-BHM hydrogels. The hydrogels show 
continuous volume collapse when temperature is in- 
creased. With the ionic groups inside, EAM-BHM hy- 
drogels have a higher transition temperature than that 
of PEAM hydro gel^.^^ With an increase in  the extent of 
cross-linking, the transition temperatures of PEAM 
hydrogels increase, because when temperature is above 
the LCST, the hydrophobic interactions between N -ethyl 
groups in  EAM hydrogel become dominant, making the 
state of water in the hydrogel change from bound water 
to free water, causing the swelling ratio to decrease. 
Figure 6 also shows that an increase in the microgel 
contents increases the swelling of EAM-BHM hydrogels. 
Because PEAM hydrogels have a continuous volume 
collapse when temperature is increased above the LCST, 
the volume transition is not as sharp as that in  
PNIPAAm hydrogel; hence, the transition temperature 
could not be determined accurately from swelling ratio 
versus temperature data. This may be a reason for the 
different LCST values reported for the PEAM hydrogel 
in the literature. 

Analysis of D S C  Therm ogram .The transition of 
the hydrogel in response to the temperature change can 
be observed accurately by thermal analysis. When 
temperature is above the LCST of the hydrogel, phase 
transition occurs inside the water-swollen hydrogel, 
which is indicated by a peak in the heat flow. Figure 7 
shows the DSC diagram of the fully hydrated PEAM 
hydrogel. A major endothermic peak appears at 73 "C, 
which could be attributed to the LCST of the hydrated 
PEAM hydrogel. 

p H  DependenceofEAM 3 H M  HydrogeLBecause 
EAM-BHM hydrogels have acidic AA groups, the solu- 
tion pH will affect the swelling ratio of hydrogels. Figure 
8 shows the swelling of EAM-BHM as a function of pH 
at 55 "C. The hydrogel pieces were put into pH buffer 
solutions with swelling for 10 h before the swelling 
ratios were measured. Figure 8 shows that the swelling 
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Figure 3 .  SEM microphotographs: (a) PEAM synthesized at 23 "C; (b) PEAM synthesized at 85 "C; (c) EAM-BHM-20; (d) EAM-BHM-47 
hydrogel. 
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Figure 4 .  Swelling behavior of EAM hydrogels at 55 "C. 

ratio reaches maximum at neutral pH and gradually 
decreases with increasing acidity or  basicity. In the 
BHM, all AA groups tend to be on the surface of the 
microgel particles, and EAM molecular chains are 
linked through the active carboxyl groups, leading to 
the formation of bulk hydrogel through microgel bridg- 
ing. With an increase in the pH, more AA groups are 

Figure 5.  Deswelling behavior of EAM hydrogels a t  85 "C. 

ionized, and the electrostatic repulsion between the 
ionized groups results in a more expanded network. But 
at high pH, the concentration of the dissociated cations 
from the alkaline salt increases, which causes a decrease 
in the ionic repulsion due to shielding of the ionic acid 
groups. Hence, the swelling decreases at higher pH. 
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T em p e r a b r e  R eversib- of  P E A M  H ydrogels. 
Figure 9 shows the temperature reversibility of a series 
of PEAM hydrogels between 55 and 85 "C. The hydro- 
gels swell and deswell when transferred between lower 
and higher temperatures, demonstrating that the vol- 
ume phase transition is reversible. It could be seen that 
reswelling is slower than deswelling. The swelling ratios 
of reswelling are lower than the equilibrium swelling 
ratio of the hydrogel, which might be due to the fact 
that reswelling of the hydrogel has not reached equi- 
librium swelling during the experiment time range. 
In the first reswelling cycle, the PEAM hydrogels 
containing 3,5, and 8 wt % BIS can reswell to 70%, 60%, 
and 70% of their initial equilibrium swellings, respec- 
tively. 
Sw elling K inetics and Separation of  Lignin by 

E AM H ydrogels. Molecular separation by a tempera- 
ture sensitive hydrogel is based on the idea that the 
hydrogel absorbs water and other small molecules but 
excludes large molecules. Indulin AT is a lignin with 
the formula { (CH3)( OH)Ar( C3H40)}x, soluble in  alkaline 
water. To study the swelling kinetics of hydrogels in 
lignin solutions, initial swelling data can be fitted to the 
exponential heuristic equation for mass transfer.26 

where K is a characteristic constant of the hydrogel and 
n is a kinetic exponent of the mode of solute transport. 
Values of n and K are calculated from the slopes and 
intercepts of the plot of log(M t/M ,) versus log(t). For 
disk-shape samples, n is 0.5 if the swelling is by Fickian 
diffusion, n is between 0.5 and 1.0 for non-Fickian 
diffusion, n is 1.0 for case I1 diffusion, and n is '1 for 
super-case-I1 diffusion.26 On the other hand, according 
to eq 5, hydrogels should initially absorb solutes in  
proportion to the square root of time if the swelling is 
by Fickian mode. Figure 10 shows the swelling ratios 
of PEAM and EAM-BHM hydrogels versus square root 
of time in lignin solutions at 55 "C. EAM-BHM hydro- 
gels have obviously higher swelling ratios than PEAM 
hydrogels. Table 1 shows K, n, and D values for the 
EAM hydrogels obtained using eqs 4 and 5. K values 
for EAM-BHM hydrogels are much higher than those 
for PEAM hydrogels, suggesting the high swelling 
ability of EAM-BHM hydrogels in  lignin solutions. 
Except for PEAM (BIS = 8 wt %) hydrogel, the other 
hydrogels have n values between 0.48 and 0.54, which 
indicates the mechanism of swelling is mainly Fickian 
diffusion and the polymer chain relaxation has little 
effect on the rate of swelling. For PEAM (BIS= 8 wt %) 
hydrogel, n is 0.78, which indicates that the diffusion 
of lignin solution to the hydrogel is non-Fickian, and 
the polymer chain relaxation plays a major role in the 
rate of swelling. 

Table 2 shows the separation results for lignin by 
EAM hydrogels after 24 h at 55 "C. PEAM hydrogels 
have good separation efficiency for lignin; almost all the 
lignin is separated from water. Although microgel 
structure increases the swelling ability of BHM hydro- 
gel, the separation efficiency decreases greatly compared 
to that of PEAM hydrogel. The decrease in  separation 
efficiency is due to the microgel particles embedded in  
the bulk matrix. Park and 1gnaci0~~ reported that higher 
separation efficiency was achieved for large hydrogel 
particles compared to small hydrogel particles in  the 
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T a b l e l .  I n i k l D f i s i o n  Coefficient (D),Kinetic 
Exponent @ ) , a n d  Character is t icconstant  (K) for 
LignkSolut ion D f i s i o n  in P E A M  and E A M  %HM 
H ydrogels a t  55 'C 

hydrogel n K D ( x  lo7 cm2/S) 

PEAM (BIS =1 wt %) 0.49 0.19 2.76 
PEAM (BIS = 3 wt %) 0.48 0.26 3.11 
PEAM (BIS = 8 wt %) 0.78 0.26 3.65 
EAM-BHM-20 0.47 1.27 2.52 
EAM-BHM-47 0.54 2.53 2.82 

separation of cellulase. In BHM, microgel particles have 
a large surface area, which increases the adsorption of 
lignin at the hydrogel surface and decreases the separa- 
tion efficiency. So, with an increase in  the microgel 
particle contents, the separation efficiency decreases. 

E fEect of  Lignin C oncentration .Figure 11 shows 
the effect of solute concentration on the separation by 
EAM-BHM. Because of the large surface area of micro- 
gel particles in EAM-BHM, the adsorption of lignin 
increases with an increase in the lignin concentration; 

Table 2. Separation Results forLignin by EAM Based 
Hydrogelsat55'C a f t e r 2 4 h w i t h  I n i k l L i g n i n  
Concentrations around 150 ppm 

swelling separation 
hydrogel ratio (SR) efficiency (11) 

PEAM (BIS = 1 wt %) 9.8 100 
PEAM (BIS = 3 wt %) 7.1 99 
PEAM (BIS = 5 wt %) 6.6 99 
PEAM (BIS = 8 wt %) 5.1 100 
EAM-BHM-20 15.2 41 
EAM-BHM-47 27.1 34 
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F igure 11. Effect of lignin concentration on  the swelling ratio 
and the separation efficiency of EAM-BHM-20 at 55 "C after 
separating for 10 h. 
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Figure 12. Temperature effect on  the separation of lignin by 
EAM-BHM-40 after 24 h. The initial lignin concentration is about 
80 ppm. 

hence, the separation efficiency decreases sharply. The 
separation efficiency is 94% for 28 ppm lignin, but the 
efficiency decreases to 13% for the 326 ppm concentra- 
tion. On the other hand, the swelling ratio of the 
hydrogel does not change much when solution concen- 
tration is vaned during this concentration range. 

EfEect of  Separation Tern peratxre. Separation 
temperature strongly impacts both hydrogel swelling 
and separation efficiency (Figure 12). The swelling ratio 
of EAM-BHM-40 decreases linearly with an increase in 
the temperature. The separation efficiency first de- 
creases sharply from 25 to 35 "C and then slowly at 
higher temperatures. When temperature is increased 
from 25 to 65 "C, the separation efficiency decreases 
from 98% to 64%, whereas the swelling ratio decreases 
from 45 to 34. 

EfEectofAdditives on Swelling and Separation 
B ehavior. A sharp volume phase transition in  
PNIPAAM hydrogel with added NaCl is reported due 
to the chloride ions.28 Figure 13 shows the effect of 
added NazC03 on the swelling of EAM-BHM-40 and 
separation of lignin. The salt addition collapses the 
hydrogel with a continuous volume decrease. When Naz- 
COS concentration is increased from 0.078 to 0.42 M, 
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Figure 1 3 .  Effect of NazC03 concentration on  the hydrogel 
swelling and separation of lignin by EAM-BHM-40 a t  55 "C after 
24 h. 

the swelling ratio decreases from 13.8 to 3.2. The 
separation efficiency for lignin increases with added 
salt, because the volume collapse of the hydrogel reduces 
the pore size of the hydrogel; hence, more lignin is 
excluded from the hydrogel. When Na2C03 concentra- 
tion is higher than 0.157 M, almost all the lignin is 
separated. 

C o n c l u s i o n  

The transition temperature of PEAM hydrogel is 
determined to be 73 "C by DSC. After incorporating 
EAM-AA microgel into the EAM bulk matrix, the 
formed BHMs have both faster swelling rates and 
higher swelling ratios as compared to those of the 
conventional PEAM hydrogels. With increasing extent 
of cross-linking in PEAM hydrogel, the diffusion mode 
changes from Fickian to non-Fickian. Because of the 
presence of acrylic acid groups, EAM-BHM shows pH 
sensitivity. Both PEAM and EAM-BHM hydrogels can 
be used to concentrate lignin at a high temperature, 55 
"C. Compared to PEAM hydrogel, the EAM-BHM has 
a higher swelling ratio and a lower separation efficiency, 
because of the adsorption of lignin on the large surface 
area of microgel particles. With an increase in the solute 
concentration or separation temperatures, the separa- 
tion efficiency decreases. A small amount of Na2C03 salt 
can sharply collapse the hydrogel volume, decreasing 
the swelling in  lignin solution containing this salt. 

A c k n o w  l e d g m  e n t  

The financial support for this work was provided by 
the U.S. Department of Energy under Grant DE-FC36- 
99G010417. 

L i t e r a b r e  C i t e d  

(1) Hirotsu, S.; Hirokawa, Y.; Tanaka, T. Volume-phase Transi- 
tions ofIonized N-Isopropylacrylamide Gels. J . C h a  .Phys 1987, 
87 (2), 1392. 

(2) Dong, L. C.; Hoffman, A. S. Synthesis and Application of 
Thermally-Reversible Heterogels for Drug Delivery. J . C ontrolld 
R e l e a s e  1990, 13, 21. 

(3) Tanaka, T.; Nishio, I.; Sun, S. T.; Ueno-Nishio, S. Collapse 
of Gels in an Electric Field. s&ce 1982, 218 (4571), 467. 

(4) Bae, Y. H.; Okano, T.; Kim, S. W. Insulin Permeation 
throughThermo-Sensitive Hydrogels. J . C o n t r o l l d  Release1989, 
9 (3), 271. 

(5) Hoffman, A. S.; Afrassiabi, A,; Dong, L. C. Thermally 
Reversible Hydrogels: 11. Delivery and Selective Removal of 
Substances From Aqueous Solutions J .  C o n t r o l l d  R e l e a s e  1986, 
4, 213. 

(6) Liu, L.; Li, P. S.; Asher, S. A. Entropic Trapping of 
Macromolecules by Mesoscopic Periodic Voids in a Polymer Hy- 
drogel. N a b r e  1999, 397, 141. 

(7) Jin, M. R.; Wu, C. F.; Lin, P. Y.; Hou, W. Swelling of and 
Solute Exclusion by Poly(N-alkylacrylamide) Gels. J . A p p l .  P o r n  . 
Sci.  1995, 56, 285. 

(8) Sun, Y. S.; Qiu, Z. Y.; Hong, Y. L. Application of Nonionic 
Temperature Sensitive Hydrogel for Concentration of Protein 
Aqueous Solution. C h m . J . P o m  . S c i  1992, 10  (4), 311. 

(9) Cussler, E. L. A Temperature-Sensitive method of Size 
Extraction From Solutions. U.S. Patent 4,828,701, 1989. 
(10) Park, C. H.; Igmacio, 0. A. Concentration Cellulases Using 

a Temperature-Sensitive Hydrogels: Effect of Gel Particle Size 
and Geometry. Bio-01. Prog. 1993, 9,640. 

(11) Zhuang, Y. F.; Chen, L. W.; Zhu, Z. Q.; Yang, H. Prepara- 
tion and Separation Function of N-isopropylacrylamide Copolymer 
Hydrogel. P o r n  . A d v .  T f c h n o l .  2000, 11, 192. 

(12) Duran, S.; Solpan, D.; Guven, D. Synthesis and Charater- 
ization of Acrylamide-Acrylic Acid Hydrogels and Adsorption of 
Some Textile Dyes. N ucl. I n s m m  . M ethds Phys. R es. 19  9 9, B 151, 
196. 

(13) Ichijo, H.; Kishi, R.; Hirasa, 0. Separation of Organic 
Substances with Thermo-Responsitive Polymer Hydrogel. p o r n  . 
GelsNetworks 1994, (2), 315. 

(14) Gotoh T.; Nakatani, Y.; Sakohara, S. Novel Synthesis of 
Thermosensitive Porous Hydrogels. J . A p p l . P o m  .Sci.1998, 69, 
895. 

(15) Inomata, H.; Goto, S.; Saito, S. Phase Transition of 
N-Substituted Acrylamide Gels. M a c r o m  o h k  1990, 23, 4887. 

(16) Inomata, H.; Wada, N.; Yagi, Y.; Goto, S.; Saito, S. Swelling 
Behaviors of N-alkylamide Gels in Water: Effect of Copolymeri- 
zation and Cross-linking Density. p o r n  er 1995, 36 (4), 875. 

(17) Seker, F.; Ellis, A. B. Correlation of Chemical Structure 
and Swelling Behavior in N-Alkylacrylamide. J . P o r n  . Sci.  A : 
P o r n  . C h a  .1998, 36,2095. 

(18) Taylor, L. D.; Cerankowski, L. D. Preparation of Films 
Exhibiting a balanced Temperature Dependence to  Permeation by 
Aqueous Solution-A Study of Lower Consolute Behavior. J . 
P o r n  .Sci.: P o r n  . C h a  . E d .  1975, 13,2521. 

(19) Liu, H. Y.; Zhu, X. X. Lower Critical Solution Temperature 
of N-substituted Acrylamide Copolymers in Aqueous Solutions. 
P o r n  er 1999, 40, 6985. 

(20) Ito, S.; Hirasa, 0.; Yamauchi, A,; Fujishige, S.; Ichijo, H. 
In P o r n  er G els; Derossi et al., Eds.; Plenum Press: New York, 
1991. 

(21) Jennifer, S. L.; Bakur, Z. C.; John, R. P.; Martin, J .  S. The 
Preparation and Physico-Chemical Properties of Poly(N -ethyl- 
acylamide) Microgels. P o r n  er 1998, 39 (5), 1207. 

(22) Pelton, R. Temperature-Sensitive Aqueous Microgels. A d v .  
C o l l o i d  In-ce Sci.  2000, 85, 1. 

(23) Wu, B. S.; Hoffman, A. S.; Yager, P. Synthesis and 
Characterization of Thermally Reversible Macroporous Poly(N- 
isopropylacrylamide) Hydrogel. J .  P o r n  . Sci.  Part A :  P o r n  . 
C h a  .1992, 30, 2121-2129. 

(24) Cai, W. S.; Gupta, R. B. Fast-Responding Bulk Hydrogels 
With Microstructure. J . A p p l .  P o r n  . S ci, in press. 

(25) Feil, H.; Bae, Y. H.; Feijen, J.; Kim, S. W. Effect of 
Comonomer Hydrophilicity and Ionization on  the Critical Solution 
Temperature of N-isopropylacrylamide Copolymers. M a m  ol- 
e c u k  1993, 26, 2496. 

(26) Lee, W. F.; Huang, Y. L. Thermoreversible Hydrogels X I V .  
Synthesis and Swelling Behavior of the (N-isopropylacrylamide- 
co-2-Hydroxyethyl methacrylate) Copolymeric Hydrogels. J . A p p l .  
P o r n  . sci. 2000, 77, 1769. 

(27) Park, C. H.; Igmacio, 0. A. Concentrating Cellulases from 
Fermented Broth Using a Temperature-Sensitive Hydrogel. B io- 
t d m o l .  Prog. 1992, 8, 521. 

(28) Park, T. G.; Hoffman, A. S. Sodium Chloride-Induced 
Phase Transition in Nonionic Poly(N-isopropylacrylamide) Gel. 
M a m  o h k  1993, 26, 5045. 

Received hr revim January 8,2001 
Revised m a n u s c r i p t d v d  April 20,2001 

A c c q t d  May 9,2001 

IE010015L 



5. 
Thermosensitive and Ampholytic Hydrogel for Salt Solutions 

29 



Thermosensitive and Ampholytic Hydrogel for Salt Solution 

Wensheng Cai and Ram B. Guptal 
Department of Chemical Engineering, Auburn University, Auburn, AL 36849-5 127 

Phone: (334) 844-2013; Fax:(334) 844-2063; Email: 

Abstract 
A series of N-isopropylacrylamide/[3- (Methacryloylamino)propyl] dimethy(3- 

sulfopropy1)ammonium hydroxide] (NIPAAm/MPSA) copolymer hydrogels are prepared 
with various composition. Swelling of the hydrogels in water, aqueous NaCl, KC1, 
CaC12, MgC12 solutions is studied. NIPAAm/MPSA hydrogels have higher swelling in 
water and salt solutions than poly(N-isopropylacrylamide) (PNIPAAm). Also 
NIPAAm/MPSA hydrogels are more salt resistant when deswelling in salt solutions. For 
less than 7 mol% MPSA, the formed hydrogels retain both temperature reversibility and 
high swelling. Higher content of MPSA (>11 mol.%) leads to better salt resistance but 
loses thermosensitivity. The swelling of NIPAAm/MPSA hydrogel in 0.05 M NaCl is 
non-Fickian. In NaCl and KC1 aqueous solutions, the zwitterionic hydrogels do not show 
obvious anti-polyelectrolyte swelling behavior, while in divalent salt CaC12 and MgC12 
solutions, the swelling ability of NIPAAm/MPSA hydrogels is enhanced at low salt 
concentration, then decreases with further increase in salt concentration. The LCST of 
NIPAAm/MPSA hydrogels are also affected by concentrated salt solution. 

Key words: hydrogels, amphiphiles, thermo properties, iso-propylacrylamide 

Introduction 
Stimuli-responsive hydrogels have received attention since the last few decades 

for applications in bioseparation, medicine and pharmaceutical fields. These stimuli 
include temperat~rel-~, pH4’ 5, pressure6 and electric field7’ ’. Although many responsive 
hydrogels have been studied, hydrogels from derivatives or copolymers of acrylamide, 
especially poly(N-isopropylacrylamide) (PNIPAAm) have been most popular 9-11. On the 
other hand, a polyelectrolyte hydrogels with charged groups produce an electrostatic 
repulsion force among the electrolyte groups when swelling in water increasing the 
expansion of the hydrogel network. But the coulombic forces within polyelectrolyte 
hydrogels with dissociable polyions are sensitive to the internal pH and the amount of 
mobile ions in external solution. Adding salt into the swollen polyelectrolyte hydrogel 
may cause a volume collapse, due to the changes of the water structure induced by ion 
hydration and shielding the charge repulsion by the salt. 

Linear ampholytic polymers are known for antipolyelectrolyte behavior that is 
characterized by increasing chain expansion in presence of salt solution. This behavior is 
attributed to the breakage of the intra- or inter-macromolecular attractions between ionic 
groups due to salt screening12. There are two methods to prepare the ampholytic 
hydrogels: (1) copolymerizing a anionic monomer with a cationic monomer13, and (2) 
incorporating a zwitterionic monomer into the hydrogel network14’ 15. It has been shown 
that the hydrogels prepared from the first method show anti-electrolytic properties only in 
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a narrow composition range at nearly net-zero charge densities. At non-zero charge 
density composition, the hydrogels show polyelectrolyte behavior12. On the other hand, 
by using zwitterionic monomers it is easier to get the net-zero charge density on the 
hydrogel network, due to an equal amount of negative and positive charge within 
zwitterionic monomer chains. Different hydrogels with various zwitterionic components 
have been studied. NIPPAAm hydrogel copolymerized with zwitterionic monomer N-(3- 
acr ylamidoprop yl) -N,N- dimethylammonium propanesulfonate (DMAAPS) l5 shows 
antipolyelectrolyte swelling only at some NaCl concentrations. NIPPAAm hydrogel 
copolymerized with zwitterionic comonomer 1 -( 3-sulfopropyl)-2-vinyl-pyridinium- 
betaine (SPV) shows a high swelling at low NaCl concentration and decreased swelling 
at higher concentrations 16. 

The purpose of the present investigation is to prepare hydrogel with both 
temperature reversibility and high water swelling in aqueous salt solution. Hydrogels 
based on NIPAAm and zwitterionic comonomer [3- 
(Methacryloylamino)propyl]dimethy(3-sulfopropyl)ammonium hydroxide] (MPSA) are 
prepared, the swelling behavior in various salt solutions is studied and antipolyelectrolyte 
behaviors is discussed. 

Experimental Section 
Materials 

Monomer NIPAAm, N,N-methylene-bis(acry1amide) (BIS), ammonium 
persulfate (APS) and sodium metabisulfite (SBS) (all from Aldrich Chemical Co.) were 
used as received. Zwittrionic monomer MPSA (from Aldrich Chemical Co.) was purified 
by recrystallization with acetone before use. All other materials are from Aldrich 
Chemical Co. and used as received. 

Preparation of the Hvdrogels 
Hydrogels were prepared by free-radical aqueous-solution polymerization using 

BIS as a crosslinking agent. Various amount of NIPAAm and MPSA were mixed in 
water at a total concentration of 10 wt.% in a 50 ml round bottom bottle. After removing 
oxygen by bubbling N for 20 minutes, the redox initiators APS and SBS were added. 
The polymerization was carried at 50-60 "C for 24 hours then the hydrogels were cut into 
small disks (16 mm diameter, and 2 mm thick). The hydrogel disks were immersed in 
excess of deionized water at room temperature for a few days to remove of the residual 
unreacted monomers. The hydrogels were then dried under vacuum below 50 "C. The 
amount of crosslinking agent BIS was kept as 2 wt.% of the total monomer. The amount 
of initiators APS and SBS were kept at equal molar ratio and as 0.1 wt.% of the total 
monomers. 

Measurement of the Swelling; Capacitv of Hvdrogels 
The swelling ratios of the hydrogels were measured over a range of temperature 

(10 to 65 "C) in deionized water (pH- 6.8) and aqueous solutions of NaC1, KC1, CaC12, 
and MgC12. After swelling reach equilibrium, the hydrogels were taken out and surface 
water was removed off by filter paper, then the weights of wet hydrogels were recorded. 
The swelling ratio (SR) is defined as: 

(1) SR = (W, - wd) / wd 
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where, W, and Wd are the weights of wet and dry hydrogels, respectively. 

Swelling and Deswelling Rates 
The dried hydrogel disk is immersed in excess water or salt solution at room 

temperature, and swelling is measured by weighting the samples with time. The diffusion 
coefficient is calculated from equation (2)17: 

where, t is time, L is the initial thickness of the dried sample, Mt is the water absorbed at 
time t, and the MYis the water absorbed at equilibrium, and D is the diffusion coefficient. 

The deswelling of deionized-water-swollen hydrogel was measured by putting it 
into 1 M NaCl solution at room temperature. The weight of the hydrogel was recorded at 
different time intervals, the water retention is calculated by: 

where, SR(t) and SR(E) are the swelling ratio at time t and at equilibrium state, 
respectively. 

WR = 100. SR(t)/SR(E) (3) 

Results and Discussion 
Temperature Sensitivitv of NIPAAm/MPSA Hvdrogels 

For polymerization of NIPAAm/MPSA hydrogels in aqueous solution, the feed 
ratio of the copolymer hydrogels and the hydrogel properties at room temperature are 
listed in Table 1. Hydrogel loses temperature sensitivity with increase in the 
concentration of MPSA monomer. When MPSA in the feed ratio is 11 mol%, the 
copolymer hydrogels do not have obvious cloud point even when temperature was raised 
to 75 "C. Incorporation of zwitterionic monomer MPSA increases the hydrophility of the 
PNIPAAm hydrogel which in turn increases the swelling ratios of the hydrogels at room 
temperature. 

Figure 1 shows the temperature dependence of swelling ratio in pure water for 
NIPAAtd MPSA hydrogels. It is shown that around transition temperature, NM-2 and 
N-M-3 hydrogels have sharp transitions in swelling because of the shift in hydrophilic- 
hydrophobic balance caused by raising temperature; while the swelling ratio of NM-4 
and N-M-5 hydrogels decrease linearly with increasing of temperature, indicating that the 
high content of MPSA results in the loss of temperature sensitivity. Hence, to maintain 
the temperature sensitivity of the NIPAAm/MPSA, the feed ratio of zwitterionic 
monomer in the polymerization should not be greater than 11 mol.%. 

Swelling Kinetics of NIPAAd MPSA Hvdrogels 
Figure 2 shows the swelling kinetics of NIPAAd MPSA hydrogels in 0.05 M 

NaCl aqueous solution. The swelling equilibrium is reached in 24 hours at 25 "C. The 
initial swelling data are fitted to the exponential heuristic equation17: 

where K is a characteristic constant of the hydrogel and n is a kinetic exponent of the 
mode of solute transport. Values of n and K are calculated from the slopes and intercepts 
of the plot of log(MJMy) versus log(t). For disk-shape samples, n is 0.5 if the swelling is 
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by Fickian diffusion, n is between 0.5 and 1.0 for non-Fickian diffusion, n is 1.0 for case 
I1 diffusion, and n is greater than 1 for super-case-I1 diffusion". Table 2 shows K,  n, and 
D values for the NIPAAm/MPSA hydrogels obtained using Equations 2 and 4. The 
results indicate that for all case n > 0.5, suggesting that the swelling transport of these 
hydrogel in NaCl solution is non-Fickian transport. 

Salt Effect on the Swelling; Behavior 
Monovalent Salt 

The swelling of NIPAAm/MPSA hydrogels with different concentration of NaCl 
is illustrated in Figure 3. With increase in NaCl concentration, the hydrogel swelling 
decreases, while in very dilute salt solution to 0.05 M), the swelling ratio almost 
remains constant. This result is similar to the observation by Lee and Yeh" for poly(N- 
isoprop ylacrylamide-co-N,N' -dimethyl( acrylamidopropy1)ammonium propane sulfonate 
( N I P A W M A A P S )  hydrogel. In the aqueous solution of a linear zwitterionic polymer, 
the anionic and cationic groups of the zwitterionic monomer can form complex through 
interchain or intergroup associations, which is broken in presence of salt, thus giving rise 
to chain expansion in salt solution, displaying anti-polyelectrolyte behavior. In Figure 3, 
no obvious anti-polyelectrolyte swelling behavior for NIPAAm/MPSA hydrogels was 
observed. This could be attributed to that the added NaCl may not break the interchain 
association so easily in crosslinking structure as in linear structure. The net charge of the 
NIPAAm-MPSA hydrogel is zero, the decrease of swelling ratio is just caused by the 
reduction of chemical potential of water with addition of salt, so the swelling ratios do 
not decrease sharply at low NaCl concentration. While in ionic hydrogel system like 
poly(N-isopropylacrylamide-co-acrylic acid) (NIPAAdAA) 16, the swelling ratio of the 
hydrogel has been observed to decrease sharply when KC1 salt concentration is above 
0.001 M, which is due to the shielding of the anionic charge by salt. Figure 3 also shows 
that hydrogels with higher content of MPSA have higher swelling ratios. Incorporation of 
MPSA increases the hydrophility of the hydrogel due to the amide and sulphate groups of 
MPSA. Similar results were observed in KC1 solution, which are not illustrated here. 

CH3 

,,,=(rH 
T=O NH 

MPSA 
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NIPAAtdMPSA hydrogel also lose the temperature sensitivity with increasing in 
NaCl concentration (Figure 4). Hydrogel N-M- 1 exhibits lower critical solution 
temperature in up to 0.1 M NaC1, but in 1 M NaC1, the swelling of NM-1 decreases 
linearly with increasing of temperature. At the higher concentration of NaCl reduced 
chemical potential of water makes the hydrogel volume collapse even at low 
temperatures. 

The deswelling behaviors of PNIPAAm and NIPAAd MPSA are shown in 
Figure 5. After putting the swollen hydrogel in 1 M NaCl solution, all hydrogels show 
volume collapse. NIPAAtdMPSA hydrogels have higher water retention ability than 
PNIPAAm in concentrated salt solution. After 5.3 hours, PNIPAAm keeps 29% of water 
absorbed, while N-M-1, N-M-3, N-M-5 can keep 49%, 45%, and 50% water, 
respectively. This indicates that although NIPAAtd MPSA hydrogels do not show anti- 
polyelectrolyte behavior in NaCl solution, these are more salt resistant than PNIPAAm. 

Divalent Salt 
Anti-polyelectrolyte behaviors for NIPAAm/MPSA hydrogels were observed in 

divalent salt, MgC12 and CaC12 (Figures 6 and 7). Initially, the swelling increases with 
salt concentration in dilute solution, but decreases at higher salt concentrations. In CaC12 
solution, hydrogel swelling increases with salt concentration in range of dilute solution, 
reaching maximum at 0.01 M CaC12, then decreases with further increase in the salt 
concentration. The similar behavior is observed in MgC12 solution, except the maximum 
swelling ratio occurs at 0.05 M MgC12 which should be attributed to the different 
hydrated ionic radii of Ca2+ and Mg2+. The swelling also increases with the increase in 
zwitterionic monomer composition. There are two competing interactions in the salt 
solution of zwitterionic hydrogels: (a) salt decreases the chemical potential of water, 
making solvent poorer than aqueous solution, this will decrease the swelling; and (b) 
small amount of salt can break the strong association between zwitterionic monomers by 
shielding the positive and negative charges, causing the network expansion and 
increasing the swelling ratio. Figures 6 and 7 suggest that divalent cation salts more 
easily break the complexion between zwitterionic groups, thus making the crosslinking 
polymer chain expansive. These two contrary interactions determine if the hydrogel could 
show obvious anti-polyelectrolyte behavior in salt solution or not. If the interaction 
between salt and zwitterionic groups is stronger, the hydrogels tend to show anti- 
polyelectrolyte behavior. This anti-polyelectrolyte behavior is suppressed & higher salt 
concentrations because of the large amount of unbounded ions screen the expansion 
between ionic groups. 

Deswelling of NIPAAd MPSA hydrogels at concentrated CaC12 solution (0.5 M) 
is shown in Figure 8. Anti-polyelectrolyte behavior is suppressed and hydrogel volume 
collapses. It could be seen that zwitterionic hydrogels still have higher water content 
when deswelling in concentrated divalent salt solution than PNIPAAm which does not 
have zrittterionic groups. 

Conclusions: 
1. When MPSA in NIPAAtd MPSA hydrogels exceed 11 mol.%, the hydrogel loses 

the thermoreversibility . The swelling of NIPAAd MPS A hydrogel increases with 
increase in MPSA content. 
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2. In monovalent salt (NaC1 and KC1) solutions, NIPAAd MPSA hydrogel does not 
show obvious anti-polyelectrolyte behavior, while in CaC12 and MgC12 solutions, 
it shows anti-polyelectrolyte swelling behavior in dilute salt solution, but at higher 
salt concentration, the swelling ratio decreases. 

3. After incorporation of zwitterionic monomer MPSA, the formed hydrogels have 
higher swelling ratio in salt solution and a higher water content while deswelling 
in concentrated salt solution. 
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Table 1. Properties of NIPAAd MPSA hydrogels 
Feed Composition (mol%) 

NIP& MPSA Cloud Point Swelling Ratio 
Sample No. (“C) at 25 “C 

N-M-0 100 0 28-32 11.5 
N-M- 1 97.5 2.5 28-32 13.8 
N-M-2 94.4 5.6 30-35 16.2 
N-M-3 93 7 33-40 17.2 
N-M-4 89 11 >75 19.1 
N-M-5 85 15 >75 24.9 

Table 2. Initial Diffusion Coefficient (D),  Kinetic Exponent (n), and Characteristic 
Constant ( K )  for NIPAAm/MPSA Hydrogels in 0.05 M NaCl 

~I I Y  

Hydrogels K n D (XIO’ cm”/s) 
N-M- 1 0.128 0.7 175 3.48 
N-M-2 
N-M-3 

0.123 
0.113 

0.7532 
0.7756 

2.16 
2.4 
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