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ABSTRACT: A system composed of surfactant and foam stabilizer is used in preparing porous superabsorbent resins (SARs) of poly(-

sodium acrylic acid) (PAA-Na), which is obtained by free-radical solution polymerization of partially neutralized acrylic acid with

mechanical agitation of eggbeater. Different types of surfactant, including anionic surfactant sodium n-dodecyl benzene sulfate

(SDBS), cationic surfactant cetyltrimethyl ammonium bromide, and nonionic surfactant alkylphenols poly(oxyethylene) (OP-10), are

used as blowing agent to produce pores by mechanical agitation, and triethanolamine (TEA) is used to act as foam stabilizer agent.

The results show that a synergistic effect of SDBS with TEA is obtained and the packing density is decreased, which could be proved

by the clearly porous morphology, and the water absorbing capacity of SARs is enhanced. As a result, such method can get PAA-Na

SARs without any organic solvents, which provides an environmentally beneficial way to prepare SARs for hygiene and biomedical

products. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41298.
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INTRODUCTION

Superabsorbent resins (SARs) are a kind of slightly cross-

linked functional materials that can absorb large quantities of

water or other physiological fluids without any disruption and

have extensive applications in various areas such as agricul-

ture, horticulture, sanitary napkins, disposable nappies, and

other fields.1–4 In the development of new SARs, high water

absorption, fast swelling rate, and good gel strength are espe-

cially desired. Among these properties, swelling rate is most

important because it restricts applications of SARs in almost

every field. However, traditional SARs such as acrylic-

acrylamide-based SAR5 often takes hours to reach the swelling

equilibrium because of absorbing water through diffusion.

Therefore, many researchers have focused on improving the

swelling rate of SARs for expanding their applications. In

principle, a fast swelling rate is due to absorbing water by cap-

illary force and diffusion rather than by simple diffusion, and

the formed pores in the microstructure could be channels for

capilliary.6 So creating of porous microstructure allows faster

diffusion of water into the polymeric network by reducing

osmotic pressure. Many methods of creating porous micro-

structure have already been reported in the literatures, includ-

ing phase separation technique,7 freeze-drying method,8 the

foaming technique,9 and water-soluble porogens.10 However,

most of these methods are not suitable for industrial

production. The phase separation technique is not much con-

trol over the porosity of the porous SARs. The freeze-drying

method could not use widely due to high cost. The pore size

of SARs depends on the size of porogens, and it needs a large

quantity of water to remove the porogens when using the

water-soluble porogens. All those disadvantages have been

described in detail by Chen et al.,6 and the contradiction

between controlled porosity and the convenience of pore-

foaming technique has still not been solved. In this article, a

physical foaming method using surfactant as foaming agent

under fiercely agitation with eggbeater was first reported,

SARs with porous microstructure was obtained with high

water absorption and fast swelling rate, without using any

organic solvent during the process of polymerization and

post-treatment. As a result, an environmentally beneficial way

to prepare SARs for hygiene or biomedical products is realized

and this environmental friendly method has the possibility to

achieve the goal of industrial production.

Considering the surfactant-polymer mixtures with nontrivial

surface rheological property of low surfactant concentration vis-

coelasticity and high surfactant concentration fluxility,11 low

concentration of surfactant was chosen to prevent bubbles from

disappearing. Although in viscoelastic solution, the surfactant

can self-assembly into micelles to act as a pore template to gen-

erate porous microstructure in aqueous environment12 with the
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help of acutely mechanical agitation through eggbeater. The sur-

factant is comprising of two opposite groups, including the

hydrophilic group which is toward the solution and the hydro-

phobic group toward air, so the surfactant can self-assemble to

form foams, and it would form foam film in the gas–liquid

interface (as shown in Figure 1). The stability of the formed

bubbles is actually influenced by many factors, including the

viscosity of solution, the charge density of polymer,13 the con-

centration of electrolyte,14 the length of surfactant tails,15 and

the property of foam film, etc. So only relying on the surfactant

concentration could not always maintain the foam stability. In

this article, triethanolamine (TEA) was introduced as foam sta-

bilizer, and a special synergistic effect was obtained to increase

the stability of foam by increasing the strength and viscosity of

the foam film, which resulted from the amphiprotic of the sur-

factant and prolong the existence time of bubbles by decreasing

the drainage speed from the internal and closing to the surface

of bubbles.

In order to study such special synergistic effect in detail, three

different types of surfactant including anionic surfactant sodium

n-dodecyl benzene sulfate (SDBS), cationic surfactant cetyltri-

methyl ammonium bromide (CTAB), and nonionic surfactant

alkylphenols poly(oxyethylene) (OP-10) were introduced in the

process of polymerization reaction, and the porous morphology,

water absorption ability, swelling rate, and packing density were

investigated through water absorption test, swelling rate test,

packing density, and scanning electron microscope (SEM),

respectively. From the results, we could find out that anionic

surfactant SDBS has the best effect on enhancing the resulting

water absorption capacity of poly(sodium acrylic acid) (PAA-

Na) resins, and the water absorption was 466 g/g, whereas the

number was 395 g/g of the resin without adding surfactant. The

water absorption could even increase to 543 g/g in the system

of surfactant and foam stabilizer and the swelling rate was also

obviously enhanced by adding foam stabilizer. The prepared

porous PAA-Na resins that possess high water absorption and

fast swelling rate show great potential in various pharmaceutical

and biomedical applications.

EXPERIMENTAL

Materials

Acrylic acid (AA, 98%), inner crosslinker (AR), and redox ini-

tiator (AR) used in this work were supplied by Zhejiang Satel-

lite Petro Chemical Co. (Zhejiang, China). SDBS (AR), CTAB

(AR), and TEA (AR) used in this study were all purchased from

Aladdin Reagent Co. (Shanghai, China) and used as received

and the structures of which were shown in Scheme 1. Other

agents used were of analytical grade and all solutions were pre-

pared with distilled water.

The Synthesis of Poly(sodium acrylic acid)

Sodium hydroxide (44.4 g NaOH) was dissolved in 100 mL dis-

tilled water in a 500 mL beaker in 40�C water bath equipped

with a 100 mL constant pressure funnel and a thermometer to

monitor the temperature of the entire reaction. AA (100 mL)

was added into NaOH solution [Scheme 2(a)] dropwise

through a constant pressure funnel. Then, the inner crosslinker

(0.8 mL) was added into the monomer mixture. The appropri-

ate amount of surfactant and foam stabilizer dissolved in 10 mL

water was added to the mixture. At the same time, the egg-

beater with a speed of 15,000 rpm was used to produce a large

amount of bubbles [Scheme 2(c)]. Then, the system was heated

to 48�C. After that, 1.6 g 10 wt % aqueous solution of redox

Figure 1. Schematic presentation of the adsorption layers formed in the process of foam formation in the case of surfactant. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Scheme 1. The structure of the surfactants SDBS, CTAB, and OP-10 used

in this study.
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initiator (the proportion of oxidation and reduction initiator

was 1 : 1) was separately added to the mixture. The tempera-

ture was increased rapidly as well as the viscosity of the reac-

tion mixture due to the rapid polymerization process

[Scheme 2(b)]. The bubbles were wrapped in the polymeric

network, which has shown in Scheme 2(c). The resulting

hydrogels were washed thoroughly with methanol for several

times to remove unreacted monomers or surfactant for the

Fourier transform infrared (FTIR) spectroscopy test. And the

whole polymerization process in the air. The hydrogels were

removed from the beater, cut into bulk, and dried in an air-

oven at 100�C for 5 h. Dried products were grinding with a

minigrinder and screened 30–80 mesh (187–613 lm) particles

before testing.

The comparable nonporous PAA-Na without any surfactant or

foam stabilizer was prepared by a similar procedure with

surfactant-added samples. The nonporous, SDBS-added, OP-

added, and CTAB-added samples were designated as M1, M2,

M3, and M4, respectively. Adding foam stabilizer with surfac-

tant SDBS sample was marked as M5. Details of these formulas

in detail were shown in Table I.

Packing Density Test

The dried and screened samples were naturally fallen into a

known volume and weight container by a self-made funnel, and

then, the redundant part was carefully removed using a ruler

without pressing. The packing density q was calculated by the

following eq. (1):

q5
m22m1

V
(1)

where m2 is the weight of the container filled with samples (g)

and m1 is the weight of the empty container, V is the volume of

the container. Each test was repeated five times to obtain the

mean value q with the error range less than 5%.

Water Absorption Test

The water absorption of PAA-Na was determined by a conven-

tional method: 0.20 g dried samples were immersed in 500 mL

distilled water at room temperature. The excess water in the

swollen samples was then filtered out by sieve and the samples

were allowed to stand for 10 min to exclude the remaining

water. The water absorption (Qeq, g/g) was calculated by the fol-

lowing eq. (2):

Qeq5
m22m1

m1
(2)

where m2 is the weight of swollen samples (g) and m1 is the

weight of dried samples (g). Each test was repeated five times

to obtain the mean value Qeq with the error range less than 5%.

Swelling Rate Test

The swelling rate of PAA-Na was measured as follows: 0.10 g

dried samples were soaked in 200 mL distilled water. At

Scheme 2. Proposed mechanism for the formation of porous PAA-Na resins, (a) the neutralization process of AA, (b) the polymerization process of par-

tially neutralized AA, and (c) the process of the interaction of PAA-Na resin and foaming system. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table I. The Surfactant and SDBS with TEA of the Samples M1, M2, M3, M4, and M5

Samples M1 M2 M3 M4 M5

Surfactants Surfactant free SDBS OP-10 CTAB SDBS/TEA

The surfactant amount (mmol) 0 3 3 3 3/3

Note: Other additives have described are the same, including the types and amount.
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consecutive time intervals, the swelling degree (Qt) of PAA-Na

at a given time t (s) was measured by weighing the swollen

(m2) and the dried samples (m1) according to Eq. (2).

Fourier Transform Infrared

FTIR spectroscopy was measured on a Nicolet NEXUS FTIR

6700 infrared spectrophotometer in 4000–400 cm21 region

using KBr pellets.

Scanning Electron Microscope

The morphologies of the different samples were examined using

a Hitachi-S4700, Japan SEM instrument after coating the

samples with gold film.

RESULT AND DISCUSSION

Infrared Spectra

Figure 2 shows FTIR spectra of M1, M2, M3, M4, and M5,

respectively. The changes in the structure of PAA-Na were

observed in the case of surfactant-added samples. The peaks

appearing around 2865–2850 cm21 can be assigned to the

ACH2A symmetric stretching vibration of surfactant mole-

cules.11 It showed that surfactant can be acted as a foam tem-

plate for the formation of pore structure. For the FTIR spectra

of M, the broad absorption peaks at about 3420 cm21 can be

ascribed to the OAH stretching vibration of PAA-Na and the

bonding water molecules. And the peaks at 2940 cm21 and

1268 cm21 can be assigned to the CAH stretching and bending

vibration. The absorption bands at 1730–1722 cm21 is the

C@O asymmetrical stretching vibration, at 1573–1560 cm21 can

be attributed to the ACOO asymmetrical stretching of ACOO2

groups and at 1450–1400 cm21 can be attributed to the ACOO

symmetrical stretching of ACOO2 groups. The peaks at

1169 cm21 and 1033 cm21 correspond to CAC and CAO

stretching vibration. So, we prepared the PAA-Na resins, and

the new peak of 2865–2850 cm21 could be proved that the sur-

factants could be a foam agent to produce the porous micro-

structure acting on the resins.

The Influence of Surfactant and the Foam Stabilizer with

Surfactant on the Morphology of M1, M2, M3, M4, and M5

The SEM micrographs of the dried samples of M1, M2, M3,

M4, and M5 are shown in Figure 3. It gave a clear image of sur-

face morphology from screened particles. The samples M1 and

M4 [Figure 3(a,d)] showed a smooth surface with no obviously

pores, otherwise some pores existed in the surface of M2 and

M3 [Figure 3(b,c)], whereas the pores in M2 seemed denser

than M3. This result was in accordance with the packing density

of M1, M3, and M4 shown in Table II that the samples with

more pores have lower packing density. So, it could confirm

that the pores were varied in the polymeric network of samples

with the adding of different types of surfactant. As reported in

the literature,21 pores in the surface could improve the contact

area between polymeric network and external solution, and

endow the samples with additional space to hold more water,

which can facilitate the water absorption and swelling rate of

PAA-Na resin.

From comparing Figure 3(e) with Figure 3(b), it shows much

more pores as a result of adding the foam stabilizer TEA, which

could increase the stability of foams so that to prolong the

existing time of bubbles, thus they could be wrapped in the

polymeric network during the process of polymerization. There-

fore, such a superior synergistic effect TEA with SBDS provides

the resins lowest packing density according to the most pores,

which contributes to the water absorption and the swelling rate

of the SARs that have confirmed in the next description of

“The influence of the packing density on the water absorption”

and “The influence of the packing density on the swelling rate.”

The Influence of the Packing Density on the Water

Absorption

Figure 4 shows the water absorption of M1, M2, M3, M4, and

M5, it indicates that the packing density has a great influence

on the water absorption of SARs. The water absorption order

was: M2>M3>M1>M4, which is indicated that lower pack-

ing density has higher water absorption. When adding different

types of surfactant, the packing density is changed. Anionic or

nonionic surfactant (M2 or M3) has decreased the packing den-

sity; however, cationic surfactant (M4) has a deterioration effect

on it which has increased the packing density. This might be

explained by the following reasons: (1) the surfactant can form

a large amount of bubbles under stirring with eggbeater to

introduce porous microstructure into the polymeric network in

aqueous environment. The porosity reduces the packing density

Figure 2. (a) FTIR spectra 4000 cm21 to 500 cm21 of washed M1, M2,

M3, M4, and M5 and (b) the enlarged of FTIR spectra 3100 cm21 to

1800 cm21 of washed M1, M2, M3, M4, and M5.
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(Table II) and plays multiple roles in enhancing the water

absorption17 and the responsive rate of SARs; (2) the hydropho-

bic alkyl parts of surfactant could reduce the hydrogen-bonding

interaction of polymeric chains, and also expand the network

pore size. Accordingly, more water would be absorbed into the

polymeric network.18 However, the water absorption with the

addition of cationic surfactant CTAB (M4) was lower than non-

surfactant sample (M1). This is may be due to the electrostatic

attraction between the AN1(CH3)3 ionized from CTAB with

the ACOO2 of the reaction system during the polymerization

process, which induced a light physical crosslinking in the

hydrogel network,19 whereas pores in the surface disappeared

and this was confirmed by the SEM images [Figure 3(d)] and

the packing density was increased. While the electrostatic repul-

sion of the AOASO3
2 of SDBS molecules with the polyanionic

chains in the crosslinking procedure is more inclined to the

synergistic improvement of the porosity of the network, it

decreases the packing density and increases the water absorp-

tion. Therefore, the water absorption of anionic SDBS-added

was higher than that of nonionic OP-10-added and cationic

CTAB-added samples.

Figure 4 shows that the water absorption of M5 is higher than

M2. The stability of bubbles is dependent on the properties of

foam film which is shown in Figure 1, such as the viscosity,

strength, and so on. When adding the foam stabilizer TEA, it

can form hydrogen bonds with the O atoms of SDBS to

enhance the viscosity and strength of foam film. So adding TEA

can substantially improve the foam stability, and high foam sta-

bility can prevent bubbles from destroying and more pores can

be formed in the polymeric network. It results in slowing the

rate of liquid loss through the foam film and reducing gas per-

meability. So the foam lifelong can be prolonged and the foam

Figure 3. SEM images of PAA-Na resins (a) M1, (b) M2, (c) M3, (d) M4, and (e) M5.

Table II. The Packing Density of M1, M2, M3, M4, and M5

SARs M1 M2 M3 M4 M5

m2 3.70 3.51 3.59 3.82 3.40

q (g/mL) 0.84 0.79 0.81 0.87 0.76

Note: The known weight and volume container was 0.51 g and 3.8 mL,
respectively.
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stability is improved. Thus, the packing density is lower and the

water absorption is higher of TEA with SDBS-added than that

of only SDBS-added samples, as shown in Table II and Figure 4.

The Influence of the Packing Density on the Swelling Rate

Besides the water absorbency of SARs, the swelling rate is also

playing a key role in various application fields, such as biomedi-

cal, environmental, and pharmaceutical areas. The swelling rate

of SARs is dependent on composition of polymers, the packing

density and the external condition, and the influence of the

packing density which depends on different types of surfactant.

The system of foam stabilizer with surfactant on swelling rate is

investigated in this section (Figure 5). Initially, the swelling rate

increases and then begins to level off after 800 s until the equi-

librium swelling is achieved. The effect of the packing density of

the samples on the swelling kinetic behaviors analyzed by a

Schott’s pseudo second-order swelling kinetics model20 (3):

t

Qt

5
1

kis

1
1

Q1
t (3)

where Qt is the water absorption at time t, Q1 is the theoretical

equilibrium water absorption, and kis is the initial swelling rate

constant. Graphs of t/Qt versus t give straight lines with relative

good liner correlation coefficient, indicating that the swelling

rate of samples obeys the Schott’s theoretical model. The swel-

ling parameters such as kis and Q1 can be calculated by the

intercept and slope of lines and are presented in Table III.

Figure 5 shows the swelling behavior of M1, M2, M3, M4, and

M5 samples. Comparing with M1, M2, M3, and M4, we can see

that the swelling rate of the resins in distilled water is varied

with altering the packing density of the resins. The packing den-

sity is changed with the addition of surfactants. The addition of

proper amount of SDBS and OP-10 gives rise to the initial

absorption rate through the generation of porous microstruc-

ture in the three-dimensional polymeric network. However, in

the case of cationic surfactant CTAB, the electrostatic attractive

forces between the carboxylate ions (ACOO2) of anionic poly-

mer chains and ammonium ions (AN1(CH3)3) of CTAB mole-

cules result in almost no pores on the surface of M4 [as shown

in Figure 3(d)] and slight physical crosslinking in the polymeric

network, which reduce the free space network, increase the

packing density, and slow the diffusion of water molecules into

the samples.

The comparison between M2 and M5 in Figure 5 shows that

adding foam stabilizer could significantly improve the foam sta-

bility, make the foam surface denser, increase the surface elastic-

ity, and decrease the volume of single bubble which became

more uniform and small, so that the foams were difficult to

break. Therefore, as depicted above, M5 had more foams

formed in the polymeric network, more pores on the surface

[as shown in Figure 3(f)] which leads to lower packing density

Figure 4. The water absorption of M1, M2, M3, M4, and M5.

Figure 5. (a) The swelling kinetic curves and (b) t/Qt versus t graphs of

M1, M2, M3, M4, and M5.

Table III. Swelling Kinetic Parameters of M1, M2, M3, M4, and M5

SARs Qeq (g/g) Q1 (g/g) kis (g/g/s)

M1 369 389 1.91

M2 442 463 2.85

M3 398 418 2.15

M4 328 358 1.05

M5 484 508 3.12
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(Table II). Moreover, lower packing density facilitates the water

molecules to enter the polymeric network more easily and con-

tributes to enlarge surface area to speed up the diffusion rate of

water molecules and improve the swelling rate of the samples.

CONCLUSIONS

The superabsorbent PAA-Na resins was prepared by a free radi-

cal solution polymerization reaction, using a self-assembled

micelle of surfactant as a blowing agent to achieve a porous

microstructure for decreasing the packing density. Furthermore,

the water absorption and swelling rate is enhanced. In the case

of fiercely stirring by eggbeater, the action of the surfactant

formed a large number of bubbles, and then the bubbles were

enshrouded in the polymeric network of the resins during the

process of polymerization reaction, so a porous superabsorbent

PAA-Na resin was prepared. The experimental results proved

that using the anionic and nonionic surfactants could reduce

the packing density, and then improve both the water absorp-

tion and swelling rate, because they could form effective pores

to increase the surface area and change the way of resins

absorbing water, which is from diffusion into combined effect

of diffusion and capillary. Among these types of surfactant, the

anionic surfactant has the largest influence on the porous

microstructure, which is attributed to the electrostatic repulsion

existing between in the anionic surfactant molecules and car-

boxylate ions of polyanionic chains that could effectively expand

the polymeric network size. While the cationic surfactant has

negative effect on porous microstructure due to the electrostatic

attraction between the surfactant and polymer chains, so that it

has highest packing density and worst water absorbing capacity.

Furthermore, the foam stabilizer TEA with the surfactant SDBS

could form viscoelasticity foam film to prevent the formed bub-

bles to disappear, and prolong the lifetime of foams that is

because TEA can form hydrogen bonds with the O atoms of

SDBS, which could produce more pores in the polymeric net-

work than only surfactants were used. Hence, adding foam sta-

bilizer with surfactant could dramatically decrease the packing

density and increase the water absorbency. Therefore, we used

the special synergistic effect of the system of surfactant and

foam stabilizer, and it has dramatically influence on reducing

the packing density, improving the water absorption, and swel-

ling rate of superabsorbent PAA-Na resins.
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