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ABSTRACT: A novel pH- and temperature-responsive hydrogel composed of carboxymethyl chitosan (CMC) and polyacrylamide

(PAM) semi-interpenetrating polymer networks (semi-IPNs) was synthesized by a crosslinking copolymerization route in the presence

of N,N-methylene bisacrylamide and potassium persulfate. The structure of the CMC/PAM hydrogels was characterized by Fourier

transform infrared spectroscopy, and the morphologies were observed by scanning electron microscopy. The swelling kinetics investi-

gations demonstrated that the equilibrium swelling ratios (ESRs) of the semi-IPN hydrogels depended on the compositional ratios,

pH values of the buffer solutions, and temperature. The ESR values increased with increasing CMC contents and pH values; this was

in agreement with the maximum theoretical water contents fitted by the swelling kinetic data. The CMC/PAM hydrogels complied

with Fickian behavior at pH 1.4 and non-Fickian behavior at pH 11.7 in the buffer solutions. These hydrogels displayed thermosensi-

tivities that were different from those of common thermoresponsive gels. The swelling was enhanced when the temperature of the

media was increased up to 40�C; this was followed by a reduction. Therefore, the swelling behavior of the CMC/PAM hydrogels could

be controlled and modulated by means of the compositional ratios of CMC to acrylamide, pH values of the buffer solutions, and

temperature. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 806–814, 2013
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INTRODUCTION

Hydrogels are polymeric networks that can absorb large quanti-

ties of water while remaining insoluble in aqueous solutions

because of the chemical or physical crosslinking of individual

polymer chains.1,2 They undergo a volume phase change in

response to a change in the external stimuli, such as the pH,

ionic strength, temperature, electric filed, solvent, pressure,

or light intensity.3–9 They have been demonstrated to induce

abrupt changes in the physical and chemical properties. All of

these properties of hydrogels make them important materials in

controlled drug delivery, tissue culture substrates, molecular

separation, and several technical applications.10–15 Chitosan is a

copolymer of D-glucosamine and N-acetyl glucosamine and is

derived from chitin. It has been reported that chitosan is a

potentially useful pharmaceutical material because of its good

biocompatibility and low toxicity.16–18 For drug-delivery

applications, chitosan needs to be crosslinked because of its

hydrophilic properties. On the other hand, it is well known that

polyacrylamide (PAM) is typically a kind of linear-type water-

soluble polymer whose hydrogels respond to possess pH respon-

siveness after hydrolyzation,19,20 temperature sensitivities in the

presence of N,N0-methylene bisacrylamide (NNMBA),21 and

good biocompatibility. More recently, many studies have been

conducted to fabricate and characterize hydrogels with dual

sensitivities. This is accomplished by the copolymerization of a

temperature-sensitive monomer, usually N-isopropyl acrylamide,

and a pH-sensitive monomer, such as acrylic acid or metha-

crylic acid.22–27

Considering the aforementioned description, we synthesized

novel pH-responsive and thermoresponsive PAM/carboxymethyl

chitosan (CMC) semi-interpenetrating network (semi-IPN)

hydrogels and characterized them by Fourier transform infrared

(FTIR) spectroscopy and scanning electron microscopy (SEM).

The swelling response of the hydrogels was studied as a function
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of the time, temperature, pH, and ionic strength. The swelling

dynamics of the hydrogels are discussed to evaluate the diffu-

sion mechanism. They are expected to find wide applications in

specific biomedical fields, such as drug controlled release.

EXPERIMENTAL

Materials and Reagents

Chitosan (CS), with degree of deacetylation of 80% and a mo-

lecular weight of 1.0 � 106, was obtained from the Shandong

Chemical Factory (Weifang, China). Acrylamide (AM; analytical

grade) was supplied by the Shantou Xianhua Chemicals Factory

(Shantou, China). The crosslinker, NNMBA (analytical grade),

was purchased from the Tianjin Kermol Chemical Regent Devel-

oping Center (Tianjin, China). Potassium persulfate (KPS) as

an initiator, supplied by the Xi’an Chemical Reagent Factory

(Xi’an, China), was recrystallized before use. Phosphate buffers

with various pH values of 1.4, 2.8, 7.4, 8.8, and 11.7 as physio-

logical media were prepared with Na2HPO4, NaH2PO4, HCl,

and H3PO4 to examine the swelling behavior, and NaCl was

used to adjust the ionic intensities.

Preparation of CMC

Purified chitosan (10.0 g) was added to 50 mL of a 50 wt %

NaOH solution at 20�C overnight for alkalization. After the

excessive alkali solution was extruded, the chitosan was put into

a 250-mL reactor. Afterward, chloroacetic acid (10.0 g) dis-

solved in 40.0 mL of isopropyl alcohol was added dropwise to

the system. After the mixture solution was refluxed at 60�C

under intense stirring for 4 h, the solvent was discarded. Next,

the mixture was neutralized with alcohol and precipitated in

acetone.28 The product was carefully washed by acetone three

times and then dried in an oven at 35�C until a constant weight

was reached, and the CMC was obtained.

Preparation of the CMC/PAM Semi-IPN Hydrogels

CMC/PAM semi-IPN hydrogels were synthesized with a free-

radical crosslinking copolymerization approach in the presence

of both CMC and AM, and the synthesizing strategy is dis-

played in Scheme 1. The formula compositions and codes used

in our study are shown in Table I.

Typically, in line with Table I, a stoichiometric amount of CMC

was dissolved in 10 mL of deionized water to form a viscous

solution, and then, a stoichiometric amount of AM monomer

was added to the aforementioned CMC solution. After it was

stirred at 60�C for about 10 min, 0.02 g of potassium persulfate

and 0.02 g of NNMBA (1 wt % of the total weight of the

monomer) were added to the reaction mixture with rapid

stirring. The reaction proceeded at 60�C for about 2 h. The

products were immersed in deionized water for 7 days to

remove residues of the unreacted monomers and crosslinking

agents. The resulting hydrogels were dried in an oven at 35�C

until a constant weight was reached.

Characterization and Measurements

The structural characterization of the CMC/PAM hydrogels was

carried out with the method of potassium bromide tableting on

an EQUINX55 FTIR spectroscope manufactured by the Bruker

Corp (Karlsruhe, Germany). The morphological observation of

the samples was conducted on a Quanta 200 scanning electron

microscope (Philips-FEI Corp, Eindhoven, The Netherlands),

with an operating voltage of 20 kV. To understand swelling of

the CMC/PAM hydrogels, the dried hydrogels [dried hydrogel

weight (W0)] were immersed in excess deionized water at room

temperature (25�C) until a swelling equilibrium was attained.

The wet weight of the sample (Wt) was determined after the re-

moval of the surface water by blotting with filter paper, and the

equilibrium water content (EWC) was designated as W1. The

swelling ratio (SR) and equilibrium swelling ratio (ESR) of the

samples were calculated from the following equations:

SR ¼ ðWt �W0Þ=W0 (1)

ESR ¼ ðW1 �W0Þ=W0 (2)

Scheme 1. Schematic demonstrating the synthesis of the CMC/PAM semi-IPN hydrogels. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table I. Proportions of the Various Ingredients Used in the Synthesis of

the Hydrogels

Samplea A B C D E

Ratio of CMC
to AM
(w/w %)

5 : 95 10 : 90 20 : 80 30 : 70 35 : 65
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RESULTS AND DISCUSSION

FTIR Analysis

Figure 1 illustrates the FTIR spectra of PAM, chitosan, CMC,

and the CMC/PAM hydrogels. Because the transmittance was

low, the FTIR spectrum of PAM as an insert was simultaneously

incorporated into Figure 1. As shown in inset (a) of Figure 1,

the relatively strong vibration band at about 3359 cm�1 corre-

sponded to the symmetrical stretching vibration absorption

peak of ANH2 groups on the PAM chains, and the shoulder

peak at 3193 cm�1 was attributable to ANH2 stretching in the

PAM molecules in the hydrogen-bonding state. The characteris-

tic peaks at 1679 and 1610 cm�1 were assigned to the carbonyl

group (AC¼¼O) stretching vibration and the NAH bending

vibration of amide groups, respectively.29,30 In the IR spectrum

shown in Figure 1(b), chitosan showed three peaks at 1017,

1082, and 1158 cm�1, which were characteristic peaks of the

saccharide structure. A broad peak around 3445 cm�1 was

assigned to the OAH and NAH stretching vibrations of the

polysaccharide. The appearance of amide absorption peaks at

1646 and 1380 cm�1 indicated that chitosan had a very high

deacetylation degree.28,31 In the IR spectrum of CMC, the peak

at 1449 cm�1 was assigned to the symmetrical stretching vibra-

tion of ACOO, and the strong absorption peak at 1735 cm�1

was attributable to the overlapping of the asymmetrical stretch-

ing vibration of ACOO and the deforming vibration of ANH2.

The CAO absorption peak of a secondary hydroxyl group

moved to 1070 cm�1. The results indicate that the carboxyme-

thylization reaction occurred. In the IR spectrum shown in Fig-

ure 1(d), the existence of peaks at 3441 and 1658 cm�1 was due

to the cocontribution of CMC and PAM in the CMC/PAM

hydrogel and was attributable to the superposition of asymmet-

ric ANH2 stretching and AOH stretching vibrations as well as

carbonyl stretching, respectively. The symmetrical stretching

vibrations of the ACOO� groups were located at 1405 cm�1.

All of this corroborated the formation of the CMC/PAM

hydrogels.

SEM Observations

The porous structure of these materials will be beneficial to the

diversion of the fluid when they are employed as biomaterials.

To investigate the morphologies of the hydrogels, the as-pre-

pared hydrogels were fractured after lyophilization and plated

with a thin layer of gold on their cross sections, and SEM was

used to observe the fractured morphologies of the freeze-dried

hydrogels, as shown in Figure 2. The SEM micrographs clearly

illustrate that the morphologies of the hydrogels may have been

correlated with their compositions to some extent. As shown in

Figure 2, the three-dimensional pores in the SEM picture

changed significantly, depending on their chemical composi-

tions. In the presence of the same NNMBA concentration, with

increasing CMC content in the hydrogel composition, the po-

rous structure became laxer, and the pore size got bigger. When

the CMC content was over 30 wt %, the porous walls of the

hydrogels shown in Figure 2(d,e) became thicker than those in

shown in Figure 2(a–c). These results signify that the compo-

nent and the feed ratios were directly related to the topologies

of the hydrogels. This morphological feature had an important

impact on swelling of the synthesized CMC/PAM hydrogels.

Figure 1. FTIR spectra of the (a) PAM, (b) CS, (c) CMC, and (d) CMC/

PAM hydrogel. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. SEM photographs of various hydrogels with different CMC contents. The mass ratios of CMC to AM were (A) 5 : 95, (B) 10 : 90, (C) 20 : 80,

(D) 30 : 70, and (E) 35 : 65. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Thermoresponsive Properties

It is well known that hydrogels with a suitable hydrophilic–

hydrophobic balance may exhibit thermosensitivity.32 Hydrogel

systems having the association/dissociation characteristics of the

hydrogen bonding between polar groups within semi-IPNs or

IPNs also show a temperature-responsive swelling behavior.33 In

most cases, PAM itself is generally believed not to exhibit tem-

perature sensitivities. However, Neamtu et al.34 reported a tem-

perature dependence of the swelling degree for PAM hydrogels

prepared with different NNMBA contents. This behavior was

also found in our experiments, as shown in Figure 3. They only

showed a moderate temperature response, which may have been

due to the absence of hydrophobic groups in the side chains of

PAM. The ESR values of the CMC/PAM hydrogels in deionized

water varied slightly with temperature but changed remarkably

with the CMC content. The ESR values were enhanced from 60

to 800 with increasing CMC content in the hydrogel composi-

tions, corresponding to the three-dimensional porous topologies

observed in Figure 2. In particular, for the hydrogels with 10

and 20 wt % CMC, the change was even more obvious. Below

10 wt % CMC, the ESR values increased slightly up to about

35�C; this was followed by a slight decrease in swelling. In con-

trast, when the CMC content was increased above 20 wt %, the

swelling first decreased and then swiftly increased with increas-

ing temperature of the media from 35 to 40�C; this was fol-

lowed by a remarkable reduction. In other words, the hydrogels

that included a large amount of CMC showed some tempera-

ture response, whereas the gels with low CMC contents did not

show any evident response. Therefore, we speculated that the

temperature response of the hydrogels may have come predomi-

nately from CMC, not just the PAM network.

The decrease in swelling that resulted from an increase in tem-

perature may be explained by the thermodynamic aspects. It is

well known that the entropy of mixing between polymers and

water decreases because of the formation of cage structures and

the enhancement of the order degree of water molecules. There-

fore, DS was negative, and DH was also negative because of the

formation of hydrogen bonds and the previous exothermic

swelling process.35–37 According to DG ¼ DH � TDS, DG is

defined as Gibbs free energy; DH is defined as enthalpy and DS
is defined as entropy, an increase in the temperature leads to

larger negative TDS values, and the DG values are then

increased; this is disadvantageous for the swelling of the hydro-

gels. To more deeply understand the effect of the temperature

on the swelling properties, the logarithm of EWC {EWC ¼
[(W1 � W0)/W1)]%} was plotted against the reciprocal of the

swelling medium temperature, as depicted in Figure 4. For five

hydrogels with different CMC contents, the EWC values are

tabulated in Table II; these values decreased with temperature.

According to the Gibbs–Helmholtz equation for EWC, the rela-

tionship between ln EWC and 1/T follows the Gibbs–Helmholtz

equation:38,39

d ln EWC=dð1=TÞ ¼ �DHm=R (3)

where T is defined as temperature in Kelvin; R is the gas con-

stant (8.314 J K�1 mol�1) and DHm is the enthalpy of mixing

between the dry polymer and an infinite amount of water. It

could be seen that the data points fit well to the straight line in

Figure 4. DHm of every sample was obtained according to the

slope of each line, as listed in Table III. The negative values of

DHm indicated that the swelling process of the CMC/PAM

copolymers was exothermic, and the value of DHm was depend-

ent on the copolymer composition and increased with increas-

ing CMC content.

Ionic Strength and pH Response

The capacity of swelling is one of the most important parame-

ters in the evaluation of the properties of hydrogels. For ionic

hydrogels, the degree of swelling not only depends on the chem-

ical compositions of the polymers but also responds to changes

in the external pH. The equilibrium swelling of ionic hydrogels

is determined by a balance of three primary forces: (1) the free

energy of mixing of the network chains with the swelling me-

dium, (2) the elastic retractile force of the network chains, and

(3) the ionic osmotic pressure resulting from mobile counter-

ions surrounding the fixed charged groups of the networks.40 In

other words, an appropriate balance of hydrophilicity and

hydrophobicity in the molecular structure of the polymer chain

is believed to be the key component in the phase-transition

behavior of the corresponding polymer networks.41–45

In this study, we investigated the ionic strength effect with a

collection of buffer solutions with various ionic strengths of 0.2,

Figure 3. Effect of the mass content of CMC and the temperature on the

EWC of the CMC/PAM hydrogels with CMC contents of (^) 5, (n) 10,

(~) 20, (h) 30, and (*) 35 wt %.

Figure 4. Temperature dependence of EWC for various hydrogels with

CMC contents of (^) 5, (n) 10, (~) 20, (h) 30, and (*) 35 wt %.
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0.4, 0.6, 0.8, and 1.0 (pH 7.4), as depicted in Figure 5. The

xerogels were swollen in aqueous solutions with various NaCl

concentrations, and the SR values were determined. Figure 5

shows the variation of SR values with different ionic strengths

and CMC contents for the hydrogels. With a pKa value of 2.3

for the ACOOH groups and a pKb value of 6.5–6.6 for the

ANH2 groups in the CMC structure,46,47 NH3þ and COOH

could exist in strongly acidic media, NH2 and COO� could

exist at pH values above 7, and NH3þ and COO� or NH2 and

COOH were present at pH values of 3.5–7. Consequently, it was

clear that the ionic strength effect on swelling was related not

only to the CMC content but also to the existing NH2 and

COO� groups at pH 7.4. Above a 20 wt % CMC content, as

the ionic strength (NaCl concentration) of the swelling media

increased, the SR values of the hydrogels decreased accordingly.

This well-known phenomenon, commonly observed in the swel-

ling of ionic hydrogels, is often attributed to a charge screening

effect of the additional cations, which causes a nonperfect

anion–anion electrostatic repulsion and leads to a decreased os-

motic pressure difference between the hydrogel network and the

external solution. The swelling loss was attributed to the charge

screening effect of the cations and led to the reduction of os-

motic pressure and the driving force for swelling between the

gel and the aqueous phases. Therefore, although the COO�–

COO� electrostatic repulsion stemming from the COOH groups

of CMC promoted swelling, the screening effect from counter-

ions greatly impaired the repulsion. Below 10 wt % CMC, the

SR values did not exhibit any noticeable change with ionic

strength; this may have been due to a complete screening effect

at low ACOOH contents, which counteracted the contribution

of the COO�–COO� electrostatic repulsion.

A pH-dependent swelling behavior was observed in different pH

buffer solutions at room temperature, as shown in Figure 6.

The CMC/PAM semi-IPNs were ionized hydrogels, in that their

swelling behavior depended on the characteristics of both the

chemical structure and the medium. In this experiment, the

hydrogel samples contained ACONH2, ANH2 (basic), and

ACOOH (acidic) groups. Therefore, the swelling change in the

CMC/PAM semi-IPNs hydrogels with pH was expected to be

influenced by charge density changes in the polymers caused by

the ANH2 and ACOOH group disintegration degrees at differ-

ent pH values and the CMC contents. Under highly acidic con-

ditions at pH values below 3.5, the acidic and basic groups

appeared as NH3þ and COOH, and thus, the hydrogels con-

tracted and deswelled because of the intramolecular and/or

intermolecular hydrogen bond interactions between PAM and

CMC. Although there were NH3þ cations in this case, the coun-

traion Cl� may have shielded the charge of the NH3þ cations

and prevented an efficient NH3þ–NH3þ repulsion and led to

decreased swelling. As pH increased, the partially protonated

(NH3þ) and/or deprotonated (COO�) groups gradually

increased the charge density on the polymer chains and caused

an enhancement of the osmotic pressure inside the gel particles

due to the gradually increased double NH3þ–NH3þ or COO�–

COO� electrostatic repulsion. Then, the hydrogels swelled.

Notably, there could be simultaneous hydrogen bonding

between NH2, ACONH2, and ACOOH or NH3þ–COO� as

these groups were ionized from pH 3.5 to 7.4, which resulted in

decreased swelling. The increased swelling was a result of the

combined effects of hydrogen bonding, electrostatic repulsion,

and the screening effect. The SR values arrived at a maximum at

a pH of 7.4 because of strong electrostatic repulsion interactions

from the highly ionized pendant carboxyl groups (COO�) in

the CMC chains. The slight decrease in swelling above pH 7.4

may have been due to the high charge screening effect of excess

counter ions of Naþ. The effect of various disintegration degrees

Table II. Dependence of the EWC Values of the Hydrogels on the Temperature and CMC Contents

CMC content (wt %)

5 10 20 30 35

T (K) EWC (wt %)

288 98.877 99.285 99.7716 99.8044 99.7524

298 98.962 99.311 99.7744 99.8214 99.7689

303 99.162 99.389 99.7784 99.8275 99.7826

308 99.243 99.53 99.7943 99.8327 99.7855

Table III. DHm Values for Various Hydrogels

Sample A B C D E

CMC content
(w/w %)

5 10 20 30 35

DHm (J/mol) �1.1723 �1.1748 �0.3143 �0.3475 �0.414

Figure 5. Effect of the ionic strength (I) on ESR at pH 7.4 and at room

temperature with CMC contents of (^) 5, (n) 10, (~) 20, and (h) 30

wt %, respectively.
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of ionic groups in CMC, such as ANH2 and ACOOH groups,

on swelling were further demonstrated by the various CMC

contents. When the CMC/AM composition was up to 35 wt %,

more ACOOH and ANH2 groups on the CMC side chains

resulted in the highest swelling. However, when the mass ratio

of CMC to AM was below 10%, changes in the swelling with

pH were not obvious.

To sum up, the CMC/PAM semi-IPN hydrogels showed both

pH and ionic strength sensitivities, and the ionic groups of

CMC, such as COO� and NHþ
3 groups, played the main role

in swelling variations; this led to different ESRs in the gels at

different pH and ionic strength values.

Swelling Kinetics Analysis

Generally, the swelling of hydrogels involves a water diffusion

process into the hydrogel and a larger scale segmental motion,

which ultimately results in an increase of the separation distance

among hydrogel chains. Diffusion involves the migration of

water into preexisting or dynamically formed spaces among

hydrogel chains. Figure 7 shows the time-dependent swelling

behaviors of the CMC/PAM hydrogels with various CMC con-

tents in different buffer solutions at room temperature. It was

clear that the swelling of the hydrogels gradually increased with

time, and in PBS at pH 7.4, the fastest swelling rate was

observed and was due to the COO�–COO� electrostatic repul-

sion of CMC. The swelling rates increased with increasing CMC

contents in PBS at pH values of 7.4 and 11.7. On the contrary,

for the hydrogels at pH 1.4, the swelling rate decreased because

of hydrogen-bonding interactions between the protonation of

carboxyl groups and charge screening.

To elucidate the diffusion model of the gel so as to understand

nature of swelling, the initial swelling data at pHs of 1.4 and

11.7, as shown in Figure 7, were fitted to the exponential heu-

ristic equation for S/S1 � 0.6:48–50

F ¼ S=S1 ¼ ktnor ln F ¼ ln k þ n ln t (4)

where F is the water fraction at time t; S and S1 are the

amounts of water absorbed by the hydrogel at time t and in the

equilibrium state, respectively; k is a characteristic constant of

the hydrogel; and n is a characteristic exponent of the mode of

transportation or penetration. The constant n and k were calcu-

lated from the slopes and intercepts of the graph of ln F against

ln t for the hydrogels in different buffer solutions. For the first

case, n � 0.5, corresponding to Fickian diffusion, the rate of

diffusion was much lower than the rate of relaxation, and for

the second, n ¼ 1, the diffusion was very fast, in contrast to the

rate of relaxation. The third case corresponded to an anomalous

diffusion with n values between 0.5 and 1. These results are

shown in Figure 8 and Table IV. The numerical value n provides

information about the mechanism of swelling kinetics. It can be

seen that the transport mechanism belonged to Fickian diffu-

sion or the anomalous diffusion mode in pH 1.4 buffer solution

for the CMC/PAM hydrogels at 25�C; this depended on the

Figure 7. SR values of various CMC/PAM hydrogel samples in different buffer solutions and at room temperature at pH values of (a) 1.4, (b) 7.4, and

(c) 11.7 with CMC contents of (^) 5, (n) 10, (~) 20, (h) 30, and (*) 35 wt %.

Figure 6. SR values of the CMC/PAM samples in different buffer solutions

and at room temperature with CMC contents of (^) 5, (n) 10, (~) 20,

(h) 30, and (*) 35 wt %.

Figure 8. Ln F versus ln t of the CMC/PAM hydrogels under various

mass ratios in buffer solutions at pH values of (a) 1.4 and (b) 11.7 and

at 25�C with CMC contents of (^) 5, (n) 10, (~) 20, (h) 30, and (*)

35 wt %.
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mass ratios of CMC to AM. The dynamic swelling behavior of

the CMC/PAM hydrogels in pH 11 buffer solutions, however,

complied with the non-Fickian diffusion mode. In this case, the

polymer chain relaxation played a major role in swelling. The

initial swelling process exhibited Fickian or non-Fickian behav-

ior, and the extensive swelling process followed the Schott sec-

ond-order dynamic equation:51

dS=dt ¼ ksðS1 � SÞ2
(5)

t=S ¼ Aþ Bt (6)

where A and B are constants related to the maximal theoretical

water contents and can be expressed as A ¼ 1/ksS1
2 ¼ 1/[dS/

dt)0] and B ¼ 1/S1, respectively, and ks is the swelling rate con-

stant. The reciprocal of the constant A is defined as the initial

swelling rate (r0 ¼ 1/A). The constants B and A were calculated

from the slopes and intercepts of the plots of t/S versus t curves

for hydrogels with various compositional proportions, as shown

in Figure 9. The swelling kinetic equations and the r0 and S1
values of the CMC/PAM hydrogel samples are tabulated in Ta-

ble V. All of the R2 values were greater than 0.999; this indicated

a small estimated standard error and a high precise linear

regression equation. With increasing CMC proportion in the

hydrogels, S1 was reduced in the pH 1.4 buffer solutions,

Table IV. Swelling Kinetic Equations and Kinetic Parameters of the CMC/PAM Hydrogel Samples in Buffer Solution at 258C

Buffer solution Initial swelling R2 n ln k

pH 1.4 ln FA ¼ 0.6025 Ln t � 2.1269 0.9995 0.6025 �2.1269

ln FB ¼ 0.5887 Ln t � 2.1675 0.9994 0.5887 �2.1675

ln FC ¼ 0.5887 Ln t � 1.8425 0.9989 0.4949 �1.8425

ln FD ¼ 0.4769 5887 Ln t � 1.5876 0.9959 0.4769 �1.5876

ln FE ¼ 0.35855887 Ln t � 0.684 0.9996 0.3585 �0.684

pH 11.7 ln FA ¼ 0.5945 5887 Ln t � 2.2268 0.9989 0.5945 �2.2268

ln FB ¼ 0.6452 5887 Ln t � 2.3664 0.9966 0.6452 �2.3664

ln FC ¼ 0.67455887 Ln t � 2.3747 0.9992 0.6745 �2.3747

ln FD ¼ 0.64075887 Ln t � 2.0742 0.9974 0.6407 �2.0742

ln FE ¼ 0.6766 5887 Ln t � 2.2012 0.9975 0.6766 �2.2012

The subscripts A, B, C, D, and E represent mass ratios of CMC to AM of
5 : 95, 10 : 90, 20 : 80, 30 : 70, and 35 : 65, respectively.

Figure 9. t/S versus t curves of the CMC/PAM hydrogels under various mass

ratios in buffer solutions at pH values of (a) 1.4 and (b) 11.7 and at 25�C

with CMC contents of (^) 5, (n) 10, (~) 20, (h) 30, and (*) 35 wt %.

Table V. Extensive Swelling Kinetic Equations, r0 Values, and Maximum Theoretical Water Contents (S‘’s) of the CMC/PAM Hydrogel Samples in PBS

Solution at 258C

Buffer solution Extensive swelling
S1 (g of water/g of
xerogel)

r0 [g of water
(g of xerogel)�1 min�1]

ks [g of water
(g of gel)�1 min�1]

pH ¼ 1.4 (t/S)A ¼ 0.0827t þ 0.887 12.09 1.13 164.84

(t/S)B ¼ 0.0897t þ 1.0381 11.15 0.96 119.72

(t/S)C ¼ 0.1197t þ 1.0182 8.35 0.98 68.55

(t/S)D ¼ 0.1326t þ 0.7337 7.54 1.36 77.52

(t/S)E ¼ 0.4302t � 0.4947 2.32 2.02 10.92

pH ¼ 11.7 (t/S)A ¼ 0.0597t þ 0.7637 16.75 1.31 367.39

(t/S)B ¼ 0.0381t þ 0.5644 26.25 1.77 1220.57

(t/S)C ¼ 0.0315t þ 0.4358 31.75 2.29 2312.55

(t/S)D ¼ 0.0213t þ 0.1957 46.95 5.11 11,262.89

(t/S)E ¼ 0.02t þ 0.2099 50.00 4.76 11,910.43

The subscripts A, B, C, D, and E represent mass ratios of CMC to AM of 5 : 95, 10 : 90, 20 : 80, 30 : 70, and 35 : 65, respectively.
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whereas the value increased in the pH 11 buffer solution. The

theoretically fitted results were in good agreement with the ex-

perimental data. Therefore, the compositional ratios and the

medium could be employed to modulate the swelling behavior.

CONCLUSIONS

In summary, we have demonstrated a simple method for the

synthesis of novel pH- and temperature-responsive CMC/PAM

semi-IPN hydrogels. The intermolecular hydrogen-bonding

interactions were confirmed by FTIR spectroscopy and were

proven to have an impact on the topologies of the as-synthe-

sized hydrogels. The morphologies and swelling response of

the CMC/PAM hydrogels were modulated and controlled by the

variation of the molar compositions of CMC and AM. The

swelling behavior of the hydrogels was closely related to charge

density changes in the polymers caused by the groups of ANH2

and ACOOH disintegrating at different pH values as well as the

CMC contents, and the swelling kinetics depended not only on

the pH but also on the compositions of the external solutions.

An increase in the ionic strength of the swelling medium or the

temperature resulted in a decrease in W1. The hydrogels exhib-

ited thermoresponsive properties in aqueous solutions at 35–

40�C to some extent, depending on the system composition.

The values of DHm between the polymer and water were

obtained for five hydrogels with different compositions; these

values were negative and increased with increasing CMC con-

tent. The proximity to physiological temperature opens some

possibilities for the application of these copolymers in drug

delivery. Under two buffer solution conditions, the transport

mechanism belongs to Fickian or non-Fickian transport for the

CMC/PAM hydrogels, and the extensive swelling process follows

the Schott second-order dynamic equation, of which the poly-

mer chain relaxation plays a major role in the rate of swelling.
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