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Absorbent properties of the prepared superabsorbent poly-
mers were evaluated in saline solution and results showed 
high dependency of the absorbent properties on the cross-
linking agent polarity and concentration. Superabsorbent 
polymers cross-linked with EAS and GDGE showed the 
highest absorbency under loading and indicated that they 
formed gels with high strength in the aqueous solution. 
Absorbent properties of the prepared SAPs showed revers-
ible correlation with cross-linking agent concentration. 
The pH of the reaction mixture was optimized to achieve 
the highest free swell and absorbency under loading. The 
biodegradation properties of the superabsorbent polymers 
cross-linked with sucrose-based cross-linking agents were 
also evaluated and they showed degradation behavior under 
the influence of organisms Pseudomonas aeruginosa and 
Trichophyton rubrum.

Keywords Superabsorbent polymer · Polyacrylic acid · 
Allyl sucrose · Epoxy allyl sucrose · Cross-linking agent · 
Gel

Introduction

Superabsorbent polymers (SAPs) are defined as highly 
polar hydrogels that can absorb and retain large amounts 
of water or aqueous solutions [1, 2]. The hydrogels 
have the ability to absorb deionized water as high as 
10–1000 g water/g SAP. The first commercial SAP was 
developed 40 years ago by alkaline hydrolysis of starch-
graft-polyacrylonitrile (SPAN) [3, 4]. Since then, the 
applications of superabsorbent polymer have grown exten-
sively. They are currently used in a wide array of applica-
tions, which include personal disposable hygiene [5, 6], 
agriculture [7, 8], biomedical applications [9], food [10], 

Abstract In this study, new series of superabsorbent pol-
ymers, which were free of acrylate cross-linkers, were syn-
thesized and their absorbent properties were evaluated. The 
new superabsorbent polymers showed high free swell and 
absorbency under loading. They were synthesized in a sin-
gle-step process through a solution polymerization of par-
tially neutralized acrylic acid in the presence of cross-link-
ing agents allyl sucrose (AS) and epoxy allyl sucrose(EAS). 
Allyl sucrose was synthesized by reacting sucrose with 
allyl chloride in an alkaline medium. Allyl sucrose was 
then converted into EAS by oxidation with peracetic acid. 
The synthesis and absorbent properties of superabsorbent 
polymers (SAPs) cross-linked with commercially available 
non-sucrose-based epoxy cross-linking agents, e.g., glyc-
erol diglycidyl ethers (GDGE), 1,4-butanediol diglycidyl 
ether (1,4-BDGE) and 1,4-cyclohexanedimethanol diglyci-
dyl ether (1,4-CHDDMDGE) have been evaluated, as well. 
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cosmetics [11], surgical pads [12], controlled release [13], 
spill control [14], packaging materials [15], chemical sen-
sors [16, 17], filtration applications [18, 19], wound dress-
ing [12] and many other applications [20].

Superabsorbent polymers are usually made from natu-
ral or synthetic polymers that are hydrophilic and have 
high affinity for water. When these polymers chemically or 
physically are cross-linked, they can become water-swella-
ble, and not water-soluble.

There are several approaches for synthesis of the 
superabsorbent polymers. The main approach for making 
SAP is by solution polymerization of acrylic monomers 
such as acrylic acid (AA) or its salts in the presence of 
a cross-linking agent [21, 22]. Other approaches involve 
the synthesis of superabsorbent polymers by emulsion 
polymerization [23], inverse suspension polymerization 
[24, 25] and foaming polymerization [26, 27]. Natural 
product based superabsorbent polymers are usually pre-
pared by graft copolymerization in an aqueous solution 
[28, 29] or by a radiation-induced copolymerization 
[30].

One major disadvantage in the superabsorbent poly-
mers natural based such as cellulose or starch-based SAPs 
is the formation of tacky materials with poor gel texture 
and low gel strength during the polymerization [31]. Gen-
erally, SAPs are prepared by either simultaneous polym-
erization and cross-linking with a poly-functional acryl 
cross-linking agent, or cross-linking of water-soluble pre-
polymer with poly-functional materials capable of forming 
covalent bonds with the prepolymer functional groups. The 
poor absorption against pressure is one major disadvantage 
of SAPs prepared by either of these two pathways, which 
makes them unsuitable for certain application such as in 
baby diapers.

Since semi-swollen gel can cause what is known as gel 
blocking, particles tend to swell rapidly on the top layer 
of the gel bed and form an insulating layer, which inhib-
its the flow of fluid to the lower parts of the gel bed, lead-
ing to a less absorbency under loading. The gel-blocking 
phenomenon was solved by a process known as surface 
cross-linking [7, 20]. It is normally performed on a dried, 
milled and sized SAP as the final stage of the process. A 
cross-linking solution is applied to the particles which then 
cured through heating at high temperature (150–200 °C) 
for about 30–60 min. Suitable reagents for surface cross-
linking are those able to form multi ester or amide linkages 
simultaneously with several poly(acrylic acid) chains such 
as polyhydric alcohols glycerin. Relatively high tempera-
tures and long reaction time are required for the surface 
cross-linking reactions [20, 22] . Therefore, an important 
challenge is to prepare a superabsorbent polymer free of 
these disadvantages in a single step process.

In this study, we report a useful natural product (sugar) 
based cross-linking agents that allow the preparation of 
superabsorbent polymers with desired properties such as 
high swelling capacity, high swelling rate, and superior 
absorbency under loading in a single step. The biodegrada-
bility of the prepared SAPs was also evaluated.

Experimental

Materials

All chemicals were purchased from Aldrich (USA) and 
used without any further purification unless otherwise 
stated. All new compounds were purified by flash chroma-
tography on silica gel (100–200) mesh.

Characterization

Characterization was performed using 1HNMR, 13CNMR, 
and FTIR spectroscopy methods. Nuclear magnetic res-
onance spectra were recorded on Varian Gemini 200, 
300 MHz instrument (Palo Alto, California). All 1HNMR 
experiments are reported in δ units, (ppm) downfield 
from tetramethylsilane (TMS). All 13CNMR spectra are 
reported in ppm relative to the signal of the deuter chlo-
roform (77.0 ppm). The FTIR instrument was a Nicolet 
6200 spectrometer from Thermal Scientific (WI, Madison) 
equipped with a Split Pea ATR accessory which was used 
as the sample interface. The scanning electron microscope 
(SEM) Hitachi S-3400N (Japan) was used to obtain greater 
details of the sample morphology. The absorbent properties 
and various physical characteristics of the prepared supera-
bsorbent polymers were examined by the following test 
methods.

Absorbency under load

This test method was used to determine the ability of super-
absorbent polymer to absorb and retain fluid under load [4]. 
The absorbency test was carried out in a plastic cylinder 
“cell” with one inch inside diameter having a 100-mesh 
metal screen adhering to the cylinder bottom, containing a 
plastic spacer disk having 0.995 in. diameter and a weight 
of about 4.4 g. In this test, the weight of the cell containing 
the spacer disk was determined to the nearest 0.0001 g, and 
then the spacer was removed from the cylinder and about 
0.1 g (dry weight basis) of superabsorbent polymer was 
placed in the cylinder. The spacer disk then was inserted 
back into the cylinder with the superabsorbent polymer, 
and the cylinder and contents were weighed to the nearest 
0.0001 g. A load of 0.3 psi was then applied to the SAP pad 
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by placing a 100 g weight on the top of the spacer disk, 
and the SAP pad was allowed to equilibrate for 60 s, after 
which the cell and its contents were hanged in a petri dish 
containing a sufficient amount of saline solution (0.9 % 
by weight saline) to touch the bottom of the cell. The cell 
was allowed to stand in the petri dish for 10 min, and then 
it was removed and hanged in another empty petri dish 
and allowed to drip for 30 s. The 100 g weight was then 
removed and the weight of the cell and contents was deter-
mined. The weight of the saline solution absorbed per gram 
superabsorbent polymer was determined and expressed as 
absorbency under 0.3 psi load (g/g).

The cell containing the polymer was hanged again under 
zero loading in the tray containing the saline solution. The 
cell was left in contact with the saline solution for 10 min, 
and then it was removed and hanged in another empty petri 
dish and allowed to drip for 30 s. The weight of the cell and 
contents was determined. The weight of the saline solution 
absorbed per gram superabsorbent polymer was then deter-
mined and expressed as absorbent capacity (g/g). Cell and 
contents were then centrifuged for 3 min at 1400 rpm (cen-
trifuge model HN, International Equipment Co., Needham 
HTS, USA) and weighed. The weight of the saline solution 
retained was determined and expressed as the centrifuge 
retention capacity (CRC) (g/g). The absorbency was also 
determined underloads of 0.6 and 0.9 psi loads in the same 
manner.

Vortex time

In this test, a 400 mL beaker containing 50.0 mL of saline 
solution and magnetic stir bar was placed on a magnetic 
stir plate rotating at 600 revolutions per minute. While the 
saline solution was being stirred, 2.00 g of the superab-
sorbent polymer was added quickly to it between the center 
of the vortex and the side of the beaker. The time required 
for the vertex to become flat was recorded in seconds and 
reported as the vortex time. The vortex time represents the 
free swell absorbing rate of the superabsorbent material. 
While increasing the absorption rate counterpart, vortex 
time was reduced.

Preparation of allyl sucrose

Allyl sucrose was prepared by two methods (A and B). In 
method A, the following procedure was performed. The 
reaction was carried out in a three-neck round-bottomed 
flask, fitted with a magnet stir bar, pressure-equalized addi-
tion funnel, and a condenser connected to a nitrogen gas 
line. The flask was dried using a Bunsen burner and cooled 
down to room temperature under dry N2. Sodium hydride 
was added to the flask (20.0 g, 415.0 mmol, 60 % in oil) 
and washed with dry hexane (4 × 15 mL), residual hexane 

was removed with a syringe fitted with a Teflon tubing. To 
the NaH in the flask was added anhydrous DMAc (50 mL). 
In a separate round bottomed flask (200 mL) a solution of 
sucrose (10.0 g, 29.0 mmol) in DMAc (100.0 mL) solvent 
was prepared by stirring a mixture of sucrose in DMAc at 
about 60 °C under an inert atmosphere of dry N2. Then the 
solution was transferred to a pressure-equalized addition 
funnel via a cannula. The sucrose solution was added to the 
suspension of DMAc and sodium hydride over a period of 
30 min at 10 °C. The mixture was further stirred for 30 min. 
To the produced sodium sucrate mixture at 10 °C was then 
added dropwise allyl chloride (25.0 mL) over a period of 
30 min via a pressure-equalized addition funnel. After com-
pleting the addition, the temperature equilibrated to about 
50 °C, and the content was stirred for about 2 h. Later, the 
content was cooled to about 10 °C, quenched with 5 % 
aqueous sodium hydroxide (50 mL), diluted with water 
(500 mL), and extracted with ethyl acetate (3 × 100 mL). 
The organic extracts were combined, washed sequentially 
with water and brine (3 × 150 mL each), dried over anhy-
drous sodium sulfate, filtered and concentrated in vacuum 
to provide the desired products (18.0 mmol, 11.9 g) in 
62 % yields.

The average degree of allyl substitution was calcu-
lated from the relative peaks area of the 1HNMR to be 7.2. 
1HNMR (Fig. S1) (CDCl3) δ (ppm): 3.26–4.28 sucrose[s] 
hydrogens; 5.23 (terminal olefin hydrogens, Hb′); 5.24 (ter-
minal olefin hydrogens, Hb); 5.65 Ha of the glucopyranosyl 
moieties; 5.89 (internal olefin Hd). 13CNMR (Fig. S2) of 
allyl sucrose (CDC3) δ (ppm): 68.23–88.70; 104.13–104.44 
(C-3 resonances of the fructofuranosyl moieties of allyl 
sucrose); 118 (CH2-1 vinyl), 135.21 (CH2-2 vinyl).

In method B sucrose (100 g, 0.29 mol, 2.33 mol 
hydroxyl groups) and aqueous NaOH (140.2 g in 140 mL 
water, 3.5 mol, 1.5 eq/hydroxyl group) were placed in a 
Parr pressure vessel (Buchiglasuste, BMD 300, Switzer-
land). The vessel was sealed, heated with stirring to about 
80 °C over 30 min, and maintained at this temperature for 
about 1 h to dissolve the reagents. The content was then 
cooled to about 40 °C, the vessel opened, and charged 
with cold allyl chloride (300 mL, 3.5 mol, 1.5 eq/hydroxyl 
group) in one portion. The reactor was then sealed and 
pressurized with nitrogen gas to about 50 psi. The inter-
nal temperature was maintained at about 100 °C over a 
period of 2 h. Subsequently, the vessel was cooled to the 
room temperature by placing it in an ice water bath, depres-
surized, opened, and diluted with cold water (500 mL) to 
dissolve the salts. The content was transferred to a sepa-
ratory funnel and the mixture was extracted with ethyl 
acetate (3 × 150 mL). The combined organic layers were 
then washed serially with water (1 × 200 mL) and brine 
(1 × 200 mL), and then dried over sodium sulfate, fil-
tered, and concentrated in vacuo (40–50 °C). Allyl sucrose 
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C36H54O19, 178.7 g, 0.27 mol) was obtained in 80.3 % 
yield. The average degree of allyl substitution was 6.0 (cal-
culated by 1H NMR).

Preparation of epoxy allyl sucrose

In method A to synthesis of epoxy allyl sucrose (EAS), to 
a mechanically stirred solution of allyl sucrose (10 g), urea 
(120 g), sodium bicarbonate (0.6 g), and manganese sulfate 
(0.02 g) in 20 mL water and 110 mL of dichloromethane at 
25 °C was added dropwise over a period of 4 h 20 mL of 
30 % of aqueous hydrogen peroxide. After 4 h, the reaction 
mixture was extracted with (4 × 50 mL) ethyl acetate. The 
combined organic layer was dried over anhydrous sodium 
sulfate and evaporated to provide the desired product in 
20 % yield.

In method B, the reaction was carried out in a three-neck 
round bottomed flask, equipped with a stir bar, pressure-
equalized addition funnel, and a condenser connected to a 
nitrogen gas line. The flask was placed in an ice water bath 
and charged with allyl sucrose 10.0 g (average molecular 
weight 660.0 g, 15.2 mmol, 93.0 mmol of double bonds), 
ethyl acetate (50 mL), and sodium acetate (1.0 g, 10 % 
the number of moles of peracetic acid solution was added 
later). The content was stirred and cooled to about 5 °C, 
and over a period of 2 h a solution of peracetic acid (26.3 g, 
32 % in acetic acid, 110.0 mmol) was added dropwise to 
it. The temperature of reaction mixture was then raised to 
about 10 °C and stirred for 2 h. Subsequently, the mixture 
was diluted with ethyl acetate (200 mL), transferred to a 
separatory funnel, and washed serially with cold water 
(2 × 50 mL), cold aqueous saturated sodium carbonate 
(1 × 50 mL), and brine (2 × 50 mL). The organic layer 
was then separated, dried over anhydrous sodium sulfate, 
filtered, and concentrated in vacuo (at 50 °C) to yield EAS 
as a clear light yellow in 93 % yield (9.24 g, 11.7 mmol.).

A sample of the product was purified by flash chroma-
tography (hexane:ethyl acetate, 60:40). The 1HNMR (Fig. 
S3) of epoxy allyl sucrose (EAS) (CDCl3) δ (ppm): 2.67 
(H-c, epoxy group) 3.0–4.3 (sucrose protons and methyl-
enes), 4.82–4.98 (residual terminal olefin hydrogens), 5.55 
(H-1 signal of the glucopyranosyl moieties of the epoxy 
methallyl sucrose isomers). 13CNMR (Fig. S4) of epoxy 
allyl sucrose (CDCl3) δ (ppm): 19.24 (residual allylic CH3-
d), 51.5 (terminal epoxy allyl carbon CH2-c′), 56.1 (inter-
nal epoxy allyl carbon C-b′), 66–86 (sucroses carbons and 
methylenes CH2), 89.6 (C-1 resonances of the glucopyra-
nosyl moieties of the epoxy allyl sucrose), 104.2 (C-2′ 
resonances of the fructofuranosyl moieties of epoxy allyl 
sucrose isomers) and 105 (C-2′ residual resonances of the 
fructofuranosyl moieties of unepoxidized allyl sucrose iso-
mers), 111.7 (residual CH2-c), 141.3 (residual tetra substi-
tuted olefin carbons C-b).

Preparation of superabsorbent polymer

The reaction was carried out in a Pyrex reaction kettle 
(1.0 L). The reaction kettle was equipped with a thermo-
couple inserted though a rubber septum, a Teflon bladed 
agitator on a glass shaft attached to a mechanical mixer, gas 
inlet polyethylene tubing inserted through an adapter fitted 
with a rubber septum, and a gas outlet adapter connected 
to a gas trap partially filled with oil. Acrylic acid (300.0 g, 
neutralized to pH 6.0 with 615 g of 25 % aqueous NaOH) 
and desired amount of cross-linking agent, followed with 
0.6 g of surfactant Triton X-100 were added into the reac-
tion kettle. The mixture was agitated and purged with 
nitrogen gas for at least 30 min to remove oxygen. Then 
potassium persulfate (0.5 g in 50 mL distilled water) was 
added via a syringe followed by sodium thiosulfate solution 
(0.15 g in 5.0 mL water). Gelation accompanied with an 
exothermic reaction was started after about 15.0 min from 
the addition of the initiator. After the exothermic reaction 
had subsided (50 min), the reaction mixture was heated to 
70 °C and maintained at that temperature for about 2 h. The 
produced solid mass was dried for 24 h at about 80 °C. The 
dried solid was then ground in a Wiley mill to pass through 
a 20-mesh screen and retained on a 40-mesh screen.

Biodegradability

Test microorganisms

The microorganisms used in the degradation experiments 
were Pseudomonas aeruginosa and Trichophyton rubrum. 
Isolated P. aeruginosa was maintained on Nutrient Agar 
(NA) (Oxoid) plates and incubated for 48 h at 37 °C prior 
to use. Trichophyton rubrum was isolated from the super-
ficial skin of a human dermatomycosis patient. The iso-
lated fungal was maintained on Sabouraud Dextrose Agar 
(SDA).

Biodegradation testing method

Biodegradation experiment was performed using the plate 
assay, which detects polymer-degrading activity based on 
either the formation of a clear zone surrounding the fungal 
colonies or the growth of bacterial isolates as clear colonies 
on media with the polymer as a sole carbon source [26].

The assay medium used in the study was mineral salt 
media (MSM). The MSM per 1000 mL distilled water was 
prepared as follows: K2HPO4 1.0 g; KH2PO4 0.2 g; NaCl 
1.0 g; CaCl2

.2H2O 0.002 g; boric acid 0.005 g; (NH4)2SO4 
1.0 g; MgSO4

.7H2O 0.5 g; CuSO4
.5H2O 0.001 g; ZnSO4

.7H2O 
0.001 g; MnSO4

.H2O 0.001 g and FeSO4
.7H2O 0.01 g.

Fungal biodegradation experiment was screened using 
MSM containing 0.5 % (w/v) of the polymer either allyl 
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sucrose or epoxy sucrose as a sole carbon source, which 
was solidified with 1.0 % agar at pH 6.0.

For bacterial biodegradation, the MSM containing about 
0.5 % (w/v) of dry polymer (either allyl sucrose or epoxy 
sucrose) as a sole carbon source and solidified with 2 % 
agar at pH 7.0 was used. After autoclaving, the media were 
poured into plates and the agar was allowed to set, a loop-
ful of the bacterium or fungal strain were then inoculated 
on the agar and the inoculated plates were sealed with par-
afilm. The plates inoculated with bacteria were incubated 
at 37 °C for 7 days under aerobic conditions, while plates 
inoculated with fungi were incubated at room temperature 
for 1-3 weeks [32].

Results and discussion

Monomers synthesis

Allyl sucrose (AS) and epoxy allyl sucrose (EAS) based 
monomers were chosen for this study. Sucrose is a par-
ticularly appropriate material for use in the formation of 
specialty monomers since it is naturally occurring (bio-
degradable), relatively inexpensive, poly-functional, and 
non-reducing sugar, thus does not have the potential for 

the wide variety of side-reactions that reducing sugars 
have.

Both monomers AS and EAS were prepared according to 
the procedures published in the literature [33, 34]. As shown 
in Scheme 1, allyl sucrose was first prepared from the allyla-
tion of sodium sucrate with allyl chloride, which is then con-
verted into EAS via epoxidation using two different meth-
ods as shown in the experimental section. In the first method 
epoxidation was carried out in an aqueous solution of hydro-
gen peroxide and catalytic amount of magnesium sulfate. By 
this method a yield of 20.0 % was obtained, the low yield 
could be due to the reaction of epoxy groups as they form 
with water that is part of the reaction mixture, which form 
water soluble glycols. However, the second method which 
was carried out in ethyl acetate using the epoxidation reagent 
peracetic acid produced EAS in high yield.

In addition to these two monomers, SAPs were also pre-
pared using other commercially available epoxy monomers 
such as glycerol diglycidyl ether (GDGE), 1,4-butanediol 
diglycidyl ether (1,4-BDGE), and 1,4-cyclohexanedimetha-
nol diglycidyl ether (1,4-CHDGE). Commercial SAP col-
lected from Pampers® Cruisers Diapers size 3, (Procter & 
Gamble Co., Cincinnati, OH, USA) and SAP cross-linked 
with ethylene glycol diacrylate (EGDA) were also used in 
the study for a comparison purposes.

Scheme 1  Synthetic routes of allyl sucrose and epoxy ally sucrose
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Polymer preparation

Polymerization was performed in a partially neutralized 
aqueous mixture of acrylic acid (30 %) and cross-linking 
agents initiated with sodium persulfate. The reaction was 
ended in about 30 min. To ensure the reaction was com-
plete it was continued for about 2 h. Cross-linking agents 
were used at various concentrations to determine optimum 
amount of cross-linking agent. Prepared superabsorbent 
polymers were ground to a conventional particle size using 
Wiley mill by passing it through a 20-mesh screen and 
retaining on a 40-mesh screen before testing. In the polym-
erization reaction of AS and sodium acrylate a radical was 
developed on both AS and sodium acrylate which causes a 
chain growth polymerization and a cross-linking reactions 
to occur simultaneously. As a result of that a cross-linked 
polymer with high Mw was formed, the possible structure 
of the resulted polymer is shown in Scheme 2.

However, in the case of EAS, radical was developed 
on sodium acrylate only which caused it to undergo exo-
thermic chain growth polymerization. The heat evolved 
from the free radical polymerization reaction initiates the 
SN2 reaction between carboxylate anion and epoxy group 
which results on cross-linked polymer via an ester linkage 
(Scheme 3) [35]. Once the SN2 reaction begins it liber-
ate heat to the reaction mixture. Other side products were 
also formed during the course of the reaction; they were 

beyond the scope of this study and did not affect polymer 
absorbency.

FTIR of prepared SAP polymers cross‑linked with AS 
and EAS

An overlaid FTIR spectra of SAPs cross-linked with EGDA 
and EAS are shown in Fig. 1. Figure 1a represents the FTIR 
spectrum of SAP cross-linked with EAS and Fig. 1b is for 
SAP cross-linked with EGDA. The main characteristic peaks 
in both spectra are similar. The FTIR does not reveal the dif-
ferences between the two networks polymers, since the only 
difference between the two polymer networks are the cross-
linking agents that were used at low concentrations.

Both spectra show a broad peak that extends from 3600 
to 2700 cm−1 corresponding to O–H stretching vibration of 
carboxylic groups and moisture, aliphatic C–H starching 
vibration appears at 2950–2990 cm−1, several small stretch-
ing vibration peaks of C=O of ester links appear between 
1710 and 1650 cm−1, this is because the epoxy groups of 
the sucrose moiety are not equivalent, therefore produce 
no equivalent ester links. A strong peak at 1530 cm−1 
corresponding to asymmetric starching vibration and at 
1380 cm−1 corresponding to symmetric starching vibration 
peak of COO carboxylate groups. A small peak appears as 
a shoulder at about 1280 cm−1 could be related to C–O–C 
(ether) stretching of sucrose.

Scheme 2  Possible structures of superabsorbent polymers made from sodium acrylate AS
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Morphological analysis

SEM micrographs of SAP cross-linked with EGDA and 
EAS are shown in Fig. 2. The differences between the poly-
mers surfaces are noticeable. Conventional superabsorbent 

polymer made from acrylic acid and 1.5 % EGDA cross-
linking agent (Fig. 2a) has a solid smooth surface. While 
superabsorbent polymers cross-linked with EAS (Fig. 2b1) 
shows surface covered with the large number of bumps 
which could be attributed to porous polymeric network 
[36], the porosity can be seen clearly in the cross-sectional 
micrograph (Fig. 2b2). The porosity in SAP cross-linked 
with EAS could be attributed to the sucrose structure and 
the multi cross-linking sites it provides (Scheme 1).

Effect of type of cross‑linking agent on hydrogels 
absorbency

Desired features of superabsorbent polymers are high 
swelling capacity, high swelling rate and high gel strength. 
These properties make SAPs ideal for use in the fluid 
absorbing applications such as disposable diapers, feminine 
napkins, and agriculture, cosmetic and absorbent pads. The 
swelling properties of the prepared SAPs in saline were 
measured using the absorbency underload method, and the 
results are summarized in Tables 1, 2, 3 and 4.

Table 1 shows the effect of type of cross-linking agent 
on absorbent properties of the prepared SAPs. Variation of 

Scheme 3  Possible structures of superabsorbent polymers made from sodium acrylate and EAS

Fig. 1  FTIR spectra of SAP (neat) cross-linked with sugar-based 
monomers of a EAS and b EGDA



856 Iran Polym J (2015) 24:849–859

1 3

the cross-linking agent type caused considerable difference 
in the absorbent properties and swelling rate. As can be 
seen from the results in Tables 1 and 2, polar cross-linkers 
GDGE and EAS show the highest absorbency under load 
and the highest rate of swelling (the lowest vortex time). 
Cross-linkers GDGE and EAS produced polymers with 
relatively higher hydrophilicity than other cross-linking 
agents, thus more functional groups are getting hydrated.

Commercial SAP made using cross-linking agent such as 
EGDA showed the highest swelling capacity under low pres-
sure (0.01 psi). However, its absorbency under load was the 
lowest. For this reason commercial SAP requires surface cross-
linking. Its absorbency under load was higher than that for SAP 
cross-linked with EGDA but still lower than those prepared in a 
one step process using epoxide cross-linking agents.

Superabsorbent polymers cross-linked with various cross-
linking agents were also evaluated by vortex time method. 
Vortex time is related to the rate of swelling, the lower the 
vortex time, the higher the swelling rate. In this method, the 
time in seconds required for 2 g of a superabsorbent polymer 
to close a vortex (becomes flat) created by stirring 50 mL 
of saline solution at 600 revolutions per minute was meas-
ured. As can be seen from the results summarized in Table 2, 

Fig. 2  SEM micrographs of prepared SAPs a micrograph of super-
absorbent polymer cross-linked with 1.5 % EGDA at magnification 
×1000; b1 micrograph of superabsorbent polymer cross-linked with 
1.5 % EAS at magnification ×1000; b2 a cross-sectional micrograph 
of superabsorbent polymer cross-linked with 1.5 % EAS at magnifi-
cation ×500

Table 1  Effect of type of cross-linking agent on absorbency under 
load (in all runs 1.0 wt% cross-linking agents was used) (pH 6.2)

a Collected from Pampers® Cruisers Diapers size 3, Procter & Gam-
ble Co., Cincinnati, Ohio, USA

Cross-linking agent Absorbency under load (g saline/g SAP)

0.01 (psi) 0.3 (psi) 0.6 (psi) 0.9 (psi) CRC

AS 30.7 17.6 11.4 10.2 11.3

EAS 35.2 29.2 23.3 19.4 18.2

GDGE 35.6 31.2 24.1 20.2 19.2

1,4-BDGE 27.5 20.2 15.2 13.4 17.6

1,4-CHDGE 34.9 19.6 12.9 11.9 25.9

EGDA 39.0 10.5 10.5 10.5 33.5

Commercial SAPa 36.4 18.1 11.8 11.0 21.3

Table 2  Vortex time of prepared superabsorbent polymers

Cross-linking agent Vortex time (s)

Run 1 Run 2 Run 3 Average

AS 76 75 75 75.0

EAS 53 54 51 52.6

GDGE 57 56 56 56.0

1,4-BDGE 65 67 63 65.0

1,4-CHDGE 73 70 70 71.0

EGDA 108 114 111 111.0

Commercial SAP 105 103 105 104.0
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GDGE and EAS as the polar cross-linking agents produced 
SAP with higher rate of absorbency (low vortex time).

Effect of cross‑linking agent concentration on hydrogels 
absorbency

The effect of the amount of GDGE cross-linking agent on 
the absorbent properties was also evaluated. Results sum-
marized in Table 3 show that, there is a noticeable effect of 
cross-linking agent concentration on absorbency underload 
and swelling capacity, both increase by increasing concen-
tration of cross-linking up to 1 % over that the absorbency 
declined. Higher cross-link density may cause weaker ther-
modynamic force that leads to slower diffusion of water.

As a result, a denser network with lower spaces between 
the polymer chains was formed in a higher concentration of 
cross-linker. Consequently, the resulted highly cross-linked 
rigid structure expanded less and did not able to hold a large 
quantity of water [1, 37]. According to the results summa-
rized in Table 3, maximum swelling (35.6 g saline/g) was 
obtained with 1.0 % of GDGE, lower or higher than 1.0 % 
showed lower swelling capacity.

Effect of pH on hydrogels absorbency

The relationship between the pH of SAP and water absor-
bency values was also studied by varying the initial pH of 
acrylic acid solution. Several studies have been shown that 
superabsorbent polymers exhibit swelling dependency on 
pH values [38]. Therefore, in this series of experiments, a set 
of superabsorbent polymers with pH ranged from 5.3 to 8.3 
have been synthesized from acrylic acid that was neutralized 
to the desired pH prior the polymerization stage. The absor-
bency underload and swelling capacity of the prepared SAPs 
were then evaluated. Results are summarized in Tables 4 and 
5. Cross-linking agents used were GDGE and EAS which 
are the most polar compounds among the evaluated agents.

As shown in Tables 4 and 5, maximum swelling capac-
ity of “anionic” hydrogels (35.6 g saline/g) was obtained at 
pH 6.2. Under slightly acidic (pH <6.2) conditions, most of 
the carboxylate anions were protonated, and consequently 

swelling values decreased. At higher values of pH some of 
carboxylic acid groups were ionized and the electrostatic 
repulsion between carboxylate anionic groups caused an 
enhancement of the swelling capacity. Then, at higher pH 
6.2, a charge screening effect of the counter ions (cations) 
reduced the swelling.

Biodegradability

The biodegradability test results showed the formation of P. 
aeruginosa colonies and the presence of clear zones around 
T. rubrum colonies. The results were an indication that the 
cross-links between the polymer chains that were made 
up of sugar monomers were degrading and the polymers 
chains were breaking apart (Fig. 3). Therefore, superab-
sorbent polymer cross-linked with sugar monomers can be 
classified as biodegradable materials.

More works need to be carried out to confirm the bio-
degradability which is beyond the scope of this study.

Table 3  Effect of amount of 
cross-linking agent (GDGE) on 
absorbency of SAPs in saline 
under load (pH 6.2)

Sample no Cross-linking agent (%) Absorbency under load (g saline/g SAP)

0.01 (psi) 0.3 (psi) 0.6 (psi) 0.9 (psi) CRC

1 0.5 31.6 23.5 20.7 15.7 21.1

2 0.75 34.3 26.9 23.0 16.7 20.8

3 1.0 35.6 31.2 24.1 20.2 19.2

4 1.5 26.5 20.4 22.2 19.0 16.1

5 2.0 25.0 18.5 19.6 16.1 15.1

Commercial SAP 36.4 18.1 11.8 11.0 21.3

Table 4  Effect of pH of acrylic acid solution on absorbency under 
load (in all runs 1.0 wt% of GDGE was used)

pH Absorbency under load (g saline/g SAP)

0.01 (psi) 0.3 (psi) 0.6 (psi) 0.9 (psi) CRC

5.3 29.6 22.4 20.6 17.9 17.9

6.2 35.6 32.4 25.3 21.7 20.5

7.2 30.1 19.2 18.0 17.0 17.0

8.3 28.2 18.7 16.3 14.1 18.5

Table 5  Effect of pH of acrylic acid solution on absorbency under 
load (in all runs 1.0 wt% of EAS was used)

pH Absorbency under load (g saline/g SAP)

0.01 (psi) 0.3 (psi) 0.6 (psi) 0.9 (psi) CRC

5.3 32.6 30.4 23.6 19.9 18.9

6.2 35.2 31.2 24.1 20.2 19.2

7.2 33.0 27.8 23.4 18.9 17.7

8.3 31.8 25.6 21.4 16.6 16.2
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Conclusion

In the present study, new series of cross-linking agents 
were used for making superabsorbent polymers with 
enhanced absorbent properties and free of acrylate cross-
linkers. Among the cross-linking agents, sucrose-based 
allyl and epoxy agents were used. Superabsorbent poly-
mers were prepared in a one-step process via free radical 
polymerization, using a persulfate initiator. Certain vari-
ables (i.e., type of cross-linker and its concentration and 
pH of the monomers) for the preparation of SAP were sys-
tematically optimized to achieve a hydrogel with maximum 
AUL. The optimum reaction conditions to obtain maximum 
absorbent capacity of saline (35.6 g/g) were found to be 
with GDGE at 1.0 % and a pH 6.2. Under these conditions 
the highest AUL and liquid uptake were also obtained. 
Morphological examination of the prepared SAP by SEM 
indicated the porosity nature of the SAP cross-linked with 
epoxy allyl sucrose. Superabsorbent polymers cross-linked 
with sucrose-based cross-linking agents were subjected to 
biodegradability test using the organisms P. aeruginosa and 
T. rubrum. Results showed that these polymers can be clas-
sified as biodegradable materials.
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