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Synthesis of self-crosslinking sodium polyacrylate
hydrogel and water-absorbing mechanism
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In this paper, the super-absorbent, self-crosslinking sodium polyacrylate was synthesized
by means of reversed-phase suspension polymerization under gamma-ray irradiation and
the water-absorbing mechanism of the self-crosslinking hydrogel was revealed. Some
physical parameters of such a network were estimated and investigated. The stable
suspension polymerization of sodium acrylate was carried out in the presence of a
surfactant complex consisting of anionic surfactant dodecylbenzen sulfonic sodium (DSS)
and nonionic surfactant Span60 or Span20 with a certain ratio. The dual-electronic structure
resulted from such a surfactant complex makes the dispersed monomer solution droplets a
stable suspension in organic solvent. The water-sorbability was related to the radiation
conditions such as dose, dose rate, and degree of monomer neutralization. Only under high
dose and dose rate, some initiated branch side species on the main macromolecular chain
can couple each other and cause a self-crosslinking network which may contain a lot of
water. The gel dose was about 1.57 kGy (radiation dose unit), and G(X), or G value
expressed as crosslinking probability at certain energy of 100 ev, was calculated and found
to be 2.46 (1/100 ev). The water-sorbing procedure includes three stages, e.g., sorption on
the pore surface, ionization of the fixed charges in the network, and swelling equilibrium.
The crosslink chain length in the self-crosslinked sodium polycrylate network, expressed as
Mec, can be calculated and related to gel dose. © 2001 Kluwer Academic Publishers

1. Introduction intra-molecular crosslinking in presence of crosslink-
Synthetic materials which can absorb 1000 times oveing agents or bridge agents, suchMisN-methylene
their own weight are desired as water-retaining agentbisacryamide, bismethyl bisacrylate etc. However, the
for plant growing, or medical use such as disposablgeactions are exothermic, leading to uncontrolled poly-
diapers, tampons, sanitary napkins and the like. A lotnerization. Synthesis of such absorbents consisted of
of papers have been found to report synthesis of thesgodium acrylate by using high energy irradiation (e.g.,
polymeric materials in the past three decades yeargamma-ray from Co60, electronic-ray from Van de
[1-14]. In 1961, Russe#t al. [1] first reported synthe- Graalff accelerator or ultraviolet ray) is interesting, as
sis of starch-grafting polyacrylonitrile, then Fanta [6—8] they prevent exothermic polymerization. Li[14]firstre-
continued their study and its manufacture was realizeghorted co-polymerization of acrylamide in solution or
industrially in the Henkel Company. Wistler [3] re- bulk polymerization in the presence of a crosslinking
ported the developed procedure of acrylic acid-graftingagent by means of gamma-ray irradiation. These mate-
cellulose through reversed-phase suspension polymetriials showed good water-sorption at 500-1000 times.
zation. However, these grafting polymers could only Inthe previous paper [15-18], we reported the stable
absorb about 500 times their own weight. Anotherpolymerization initiated by heat, the kinetics of poly-
kind of material composed of crosslinking sodium merizationreaction, and the relationship between water-
polyacrylate or its copolymer exhibited the strongestsorbability and reaction conditions. In this paper, we
water-sorbability and were studied in detail recently [9,first carried out the polymerization of partly neut-
11-13]. The directly heat-induced polymerization ofralized sodium acrylate under low temperature th-
partly neutralized sodium acrylate or its comonomerrough reversed-phase suspension polymerization using
usually resulted in the inter-molecular crosslinking orgamma-rays. Hydrogel particles of self-crosslinking
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polyacrylate were directly obtained. The relationship pnase inversion temperature, °C
between intermolecular crosslinking degree and dose o
dose rate was established and the truly water-absorbin 4° .

mechanism disclosed. 357]

2. Materials and experimental 30
Acrylic acid(supplied from Gao Qiao Chemical Plant, 3
Shanghai) was distilled under vacuum. Span20, Span6
Span 80, Tween 20 and dodecylbenzen sulfonic sodiun 207]
(DSS) were directly used as obtained from Aldrich.
Other materials were of chemical purity provided from
various manufacturers. 107]
Neutralized sodium acrylate solution was first pre- |
pared by slowly dropping acrylic acid into a flask con-
taining 50% of NaOH solution with strong stirring at o T 7 T T T
0°C (cooled by using ice-water bath). Then, into 250 ml 00 s c mt ¢ “1)533 /20 * %
a three-neck flask equipped with reflux condenser, ontent o » 99
sodium acrylic solution, hexane and surfactants Wergigure 1 The dependence of PIT on the content of DSS. The total
all added. The mixture was purged with nitrogen, de-concentration of surfactant complex containing DSS and Span20 is
gassed three times, then sealed in vacuum. The gammid kg/m.
ray source of Cobalt-60 in East China University of

. 4 g
Science and Technology 7x 10*Bg) was utilized area was measured at 77 K with a micromerites ASHP

for imitating polymerization at room temperature. The .
resulting polymer, as hydrogel-like gel-spheres was £i1-2000, and calculated according to BET theory [19].

tered out, washed thoroughly with methanol three times . .

and then dried in an oven at 1G5 more than 24 hrs, 3- Result and discussion _

The sorbability of dry gel to various liquids like deion- 3-1- Stable reversed-phase suspension

ized water, NaCl salt solution, and other solvents, was ~ Polymerization of sodium acrylate with
measured by means of the Tea Bag method as follows: ~ different surfactant complex pairs

about 0.1 g of sample was added to a small bag made df general, some surfactants with a suitable HLB
nylon (50 mmx 90 mm) with 200 mesh., then the bag (Hydrophile-Lipophile-Balance) value, from surfactant
was dipped into deionized water with vigorous stirring COmplexing composed of either ionic and nonionic or
and the increase in weight was examined every 2 min@nion and nonionic surfactants pairs, were chosen for

utes. So the equilibrium absorption can be expressed &¥apilizing reversed-phase suspension polymerization.
follows: PIT (Phase Inversion Temperature) for the monomer

solution-solvent system containing surfactants com-
W plexes can be used to determine the stability. Fig. 1
Q= Wo (9/9) (1) showsthatPIT increases gradually with increasing DSS
content in complexes consisting of DSS, a anionic sur-
whereQ is the sorbability at balanc®\ is dry sample  factant, and a nonionic surfactant (Span20) and then
andW; is total weight of water-sorbing hydrogel. The decreases. The HLB value calculated from the weight
sol fraction,Swas determined using the extraction with ratio value at the peak in Fig. 1 is found close to 15. But
20% of methanol solution as solvent in a Soxhlet flasksurfactant pairs consisting of different weight ratios and
at 80C for 48 hrs.S can be written as surfactant types with the same HLB value cause differ-
ent effects on the stability of the suspension as listed
- MWo—Wp) o in Table I. It was found that only the two surfactant
=——— (%) 2) . -
Wp x 100 complex pairs consisting of DSS and Span20 or 60 can
keep the aqueous droplets suspended in organic solvent,
whereSis sol fraction, and\; is the remainder after and stabilizing the polymerization. This is because for
extracting. The viscosity of the sol part was measuredhe monomer solution-solvent reversed-phase system,
with Ullelohde viscometer and molecular weight cal- most of anionic surfactant molecules can dissolve in the
culated according to the Mark-Houwink equation asmonomer droplets and the nonionic surfactant in the
follows: organic solvent. Anionic surfactant molecules can dif-
fuse onto the surface of the agueous droplets except for
[n] = K « M“ (3) those partly aggregated to form micelles or rearranged
to form the stable electronic structures [20] with the
where K =6.52%x10°° m®/g anda =0.64 are from head of sulfonic acid group inward and the long alkyl
literature [16]. The mechanical property of hydrogel chain outward interacting with the nonionic surfactant
sample was determined at the rate of 0.05 m/min withas schematizedin Fig. 2. Inthe course of polymerization
Shimadzu tensile test machine according to ASTMfor such a system containing DSS and Span20, the fixed
D4018-81. The dissolving calorimetry of the samplecarboxyl ions on polyacrylate macromolecular chains
was examined with Calorimeter (Analysis and Instru-will tend to repel the negative ion group of DSS, result-
ment Plant No3. Shanghai, CHP101-88). The surfacéngin more anionic molecules diffusing onto the surface
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TABLE | Some physical parameters of sodium polyacrylate prepared with different radiation conditions

Absorbing properties of dry hydrogels

Amount of Shape of
Type of HLB surfactant, resulting Deionized Saline
surfactants value wt% polymers water, g/g wateyg
Span20 6 0.2 Lump 580 56
Span20 6 0.4 Lump 640 50
Span60 9 0.2 Lump 670 54
Span60 9 0.4 Lump 720 48
DSS 37 0.2 Lump 490 42
DSS 37 0.4 Lump 530 44
Span20/DSS 15 0.2 Particles 1240 120
Span60/DSS 15 0.2 Particles 1220 105
Span20/HTAB 15 0.2 Lump 580 56
Span60/HTAB 15 0.2 Lump 520 46
Span20/DSS 10 0.2 Large lump 890 102
Span20/DSS 25 0.2 Large particles 1040 81
Span60/DSS 20 0.2 Large particles 730 70
Span60/DSS 25 0.2 Large particles 680 61
Span20/HTAB 20 0.2 Lump 490 51
@ Acrylic anion .
’

@ Sodium cation . '
——@ DSS anion *

L ® P
.
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Y sl
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Figure 3 The micro-photo of hydrogel particles through reversed-phase
suspension polymerization. The total concentration of surfactant com-
plex containing DSS and Span20 is 2.1 k§/fSS content is 20 wt%,
dose is 2.34 kGy, dose rate is 0.95 kGy/hr, and neutralized degree is 90%
at18C.

Figure 2 The schematized dual-electronic structure of the dispersed

droplets.

surfactants from diffusing onto the surface of viscous
olymeric droplets. Then, the suspended droplets com-
ine with each other and to induce a polymerization
thich is out of control.

of the droplet. These surplus DSS molecules can kee

the viscous polymeric droplets from combining with

each other and the hygrolgel particles are obtained wit

a fine radius distribution as listed in Table | and Fig. 3. .
Results in Table | also show that the surfactant3-2. Sorbability dependence of dry

complexes consisting of HTAB (cation surfactant) and ~ hydrogel prepared with various

Span20 do not give stable suspension polymerization. ~ radiation conditions

This is related to the ionic exchange existing in the speFig. 4 shows the dependence of water-sorbability on

cific electronic structure [21, 22]. The HTAB micelles radiation dose. Water-sorbability increases to a peak

can strongly bind with carboxyl anions in the monomerand then decreases gradually with increasing dose. In

dropletand partly aggregate on the surface of the dropldhe reversed-phase suspension system, the monomer of

in order to control the suspension polymerization pro-sodium acrylate in the suspended droplets is polymeriz-

cedure. But during the polymerization the fixed nega-ed under irradiation according to a bulk-polymerization

tive Carboxy| ions on the po|ymeric chains may reactmechanism. The reaction mechanism can be schema-

with the cation head of the HTAB micelles, and the tized as follows:

counter Nd ions exchange with ammonia cation of

HTAB. Hence these ionic pairs which may be captured Initiation: M ~—=% M* (4)
in the polymeric chains or network because of increas- _

. . . . . . y—ray

ing viscosity of the system, will prevent the cationic Pn—— P, (5)
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Figure 4 The water-sorbability of sodium polyacrylate dry hydrogel Figure 5 The water-sorbability of sodium polyacrylate dry hydrogel
prepared with different dose. The total concentration of surfactants igprepared with different dose. Rate, the total concentration of surfac-
2.1 kg/n?, dose rate is 0.95 kGy/hr, and neutralized degree is 90% atants is 2.1 kg/m, dose is 2.34 kGy, and neutralized degree is 90% at
18°C. 18°C.

Propagation: M+ nM — P; (6)  The dashed line in the Fig. 5 illustrates that no poly-
Transfer: B + Small molecules> P, + R* @) meric network can be formed at low que rate and under
high dose rate the low water-sorbability may be related
Termination: P, 4 P 22 Couling p to two facts. First, increasing branch site radicals on the
) ) ) macromolecular chain takes advantage of the coupling
or Disproportionation (8)  termination reaction between the intra or inter macro-
molecular chain, resulting in a high crosslinking degree.
From Equation 5 there are alot of branched side radicatecond, in the high range of dose rate, the radiolysis of
sites on the main macromolecular chains initiated bywater is very low, so the concentration of the free rad-
gamma rays. These will propagate to form graft chainsical fracture is very low. The minimal transfer reaction
and they can take part in binary molecular couplingcan take place and result in high crosslinking degree.
reactions as Equation 8 and cause inter or intra- The crosslinking reactions as well as scission reac-
crosslinking reactions. The self-crosslinking effect cantions take place under irradiation. Two radiation param-
be enhanced with increasing the dose, resulting in aters, e.gqo and po expressed as the average number
polymeric network. It can further be confirmed by the of monomer units crosslinked and average number of
observed results of the Trommsdorff effect like themain chain scissions per radiation unit, respectively,
auto-accelerating phenomena during thermal poymefwill be introduced into the study. When exposed to
ization in the previous work [18]. Because the increas-an irradiation field, the ability of crosslinking chains
ing viscosity of the system and branch side chaingan frequently be expressed@svalue, e.g., the aver-
decreases the diffusion rate of propagating end chaingge number of crosslinking per 100 ev absorbed. For
during polymerization. The concentration of free simplicity G(x) (herex is expressed for any kind of
radicals sharply increases due to the collection otrosslinking chain) is probably determined on the ba-
branch side on the macromolecular chains or chain engis of sol-gel analysis according to Charlesby-Pinner

radical species. These radicals may promote couplingquation [23, 24]. The sol fraction depends on the dose
termination to form self-crosslinking chains after a as follows:

period of polymerization. So, at the high dose, the
higher self-crosslinking tendency can cause a shorter S+4/S= Po + (9)
spacing of the network and the water-sorbability falls. Go U1Dao

However, the smaller water-sorbability or water- whereSis sol fraction,u, is the initial polymerization
retaining ablllty obtained under the lower dose iSdegree of Crosslinking reaction afdis dose.

related to defects in the crosslink network. Under low S ,/Sploted against AD exhibits a linear plot (see
dose, the branch side species are limited and the lowig. 6). TheDy, expressed as dose at the point of gela-
probability of self-linking reaction causes a lot of tjon, is obtained from extrapolating curve =1 or
linear or multi short branch polymers. These polymerss . /S=2 and is found to be 1.57 kGy, which is very

may dissolve in the water and can't swell to retainclose to the dash-real cross point in F|g 4. Tr@(X)
water, and therefore exhibit low sorbability as showncan pe estimated as:
by the dashed line in the Fig. 4.

The dependence of water-sorbability on the dose rate G(X) = 4.8 x 10°
exhibits the same tendency compared with that on the - Dg x M
dose, as shown in Fig. 5. It is obvious that the low dose
rate produces low initiation efficiency on the main back-where average molecular weight of the sol part can

bone, giving rise to low probability of self-crosslinking. be estimated using the viscosity-measurement of the

1

(10)
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Figure 6 The plot of S++/S against D according to Charlesby- Degree of neutralizing acrylic acid, mol/mol

Pinner equation.

Figure 7 The dependence of sorbability to deionized water on degree of

. . . neutralizing acrylic acid. The dry hydrogel was prepared using reaction
sol part according to the Mark-Houwink equation. So oo Sdeniical to Fig. 3.

G(x) is calculated and found to be 2.46 (1/100 ev) at
Dy of 1.57 kGy in accordance with low crosslinking
probability before the gel dose. Sorbability, g/g
However, the concentration of the fixed ions in the
polymeric network as well as the dimension of the net-
work has an important effect on the water-sorbability |
. 1000
because the swelling force of the polyelectrolyte gel
usually results from the electrostatic interaction of the 1
fixed charges on the backbone. According to Flory [25].
The net osmotic pressure in a typical Donnan equilib- gyo-
rium system can be approximated as shown below:

12007

deionic

Salt
Methanol solution
Glycol solution

4 > o n

4007

iC2
T = RT|:7 — v(C; — CS)] (12) 200
wheren'i is.osmotic pressuréc,/Z_ is the ionic con- 0 o 1o 20 20 0 % 60
centration in the gek andcs are the concentration of Sorbing time, min

external solution and mobile electrolyte, respectively

andv = vy v is total molar volume of the gel jons. Figure 8 The sorbability of sodium polyacrylate dry hydrogel to differ-
Then. at the balance when the total of osmotic pressur@“ solvents. The dry hydrogel was prepared using reaction conditions
must be zero, Equation 11 can be written as the maxice"ica! t© Fig. 3.
mum swelling ratioQ instead of the osmotic pressure

as a further approximation as follows:

2/3 ~ i
Q= ((z_vu)

and furthermore the dry hydrogel can absorb water in
(Ve the open air continuously (see Fig. 9). The facts may
W)

(12) be partially attributed to the special surface properties.
Fig. 10 indicates a lot of pores with certain radius dis-
The term {/Z_u,) is the concentration of the fixed tribution measured by means of the BET method. Fur-

charges on the dry network prior to swelling. There-thermore, the ionization of the fixed charges with water

fore, the system with high neutralized degree usually@Pidly increases the swelling ratio, which is confirmed
produces the high water-sorbability (see Fig. 7), relateqVith thermal profile measured by using calorimetery

to the high concentration of fixed charges on the poly-2S illustrated in Fig. 11. In.this case, the .sorption _of
meric network. the small pores on the particle and the ionization with

water will cause sharply increase of water absorption.

Thus, the absorbing model of the ionic particle may be
3.3. Absorbing properties and mechanism schematized as Fig. 12 (in fact it as the same as that
Fig. 8 exhibits the sorbability of dry hydrogel for dif- reported by Loretta [26]). The part of the total water-
ferent liquids such as deionized water, 0.9% of NaClabsorbing amount is not easy to be lost even though
solution, and organic solvents. The sorbability to deionthe swollen hydrogel is dealt under high centrifugation
ized water is 6 times more than the salt, due to the higland mechanical load (see Fig. 13a and b), related to
ionic osmotic pressure when contacting outer solutiorthe ionization of fixed ions in the network. However,
(mentioned above). It is interesting that within the ini- organic solvents such as diethyl glycol and methanol
tial 5 minutes the deionized water sorbability attainscan only precipitate polyelectrolyte without any ion-
nearly 50% of total of water-sorbability (see Fig. 8), ization except for spontaneously swelling for mixing
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Figure 11 The profile of heat of dissolution measured with calorimetry.
as M, it can be calculated on the basis of Nikolansa
entropy increasing, subject to the chain shrinkage, stheory [27],
the sorbability is very low.

The maximum sorbability must be related to amount > =
of ions and the dimension of the swelling network ac- [or — 1/ Vo
cording to Flory [25]. If the molecular weight between where the tensile stressis expressed as the force per
the two cross junction pointsin the network is expressedinit area of swollen hydrogel, is the elongation ratio,

RT
‘ \évzl/3 (13)

736



Ve is the effective molar volume per structural chain Mc
unit, andV, and Vy are the volume concentration of 10000
dry and wet gels respectively. If the weight-average
concentration replaceg or Vj, then, 8000-
T Cor Mc\ 1/3
— _ =RT-=(1-—)q¥ .
[ — 1/a?] Me ( m )¢ -
1/2 —
E RT( /2= x1) (14) 40001
Vi
whereC, , is defined as the initial weight concentra- 20007
tion. Because in the case of the high swollen state the
number of entanglement chains may be neglected, ther . . . . .
the equilibrium swelling ratio can be written as fol- 0 1 2 3 4 5 6
lows [25]: Dose, kGy
. P Figure 15 The dependence of molecular weight between two cross link-
[ ing points,M; on doseD.
—— | +(1/2—- x)V
s <2Vu8“1/2> ( / Xl) 1

Ve/Vo crosslinking network. The water-absorbing mechanism

can be ascribed to three stages, i.e., sorptioninthe pores
on the material surface, ionization of fixed charges in
the network, and the swelling equilibrium. The chain
length between crosslinkdvl, is closely related to
dose.

By combining Equations 8 and 10 for elimination of
Ve/ Vo, We can obtain,

a—1\/1
r= RT( o2 )(E - )(1)V1qr?1/3 (16)

Thus, the parameter of the interaction coefficient be-
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