Received: 25 April 2022

Revised: 24 June 2022

W) Check for updates

Accepted: 21 July 2022

DOI: 10.1002/pat.5819

RESEARCH ARTICLE

paolymers
advanced.
technologies

WILEY

Preparation, properties, self crosslinking mechanism, and
characterization of UV initiated polyacrylic acid
superabsorbent resins

Amatjan Sawut |
Tongmeng Wu

State Key Laboratory of Chemistry and
Utilization of Carbon Based Energy Resources;
College of Chemistry, Xinjiang University,
Urumgi, People's Republic of China

Correspondence

Rena Simayi, State Key Laboratory of
Chemistry and Utilization of Carbon Based
Energy Resources; College of Chemistry,
Xinjiang University, Urumgi, 830017, Xinjiang,
People's Republic of China.

Email: renasimayi@sina.com

Funding information

Doctoral Initiation Fund of Xinjiang University,
Grant/Award Number: BS180218; General
project of natural science of Xinjiang
Autonomous Region, Grant/Award Number:
2022D01C22; Tianchi Doctors Project of
Xinjiang Education Department of China,
Grant/Award Number: 042312032

1 | INTRODUCTION
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Abstract

The self crosslinking polyacrylic acid (PAAsc) superabsorbent resins were prepared
by UV irradiation without crosslinking agents and initiators. The effects of reaction
factors on water absorbency and gel content of resins were investigated. The mecha-
nism of self crosslinking polymerization was studied by means of *H NMR and ESR,
while the structure and morphology of the resins were characterized by IR, NMR,
and SEM. The results show that the polymerization mechanism and structure of
PAAsc superabsorbent resins polymerized through light radiation is significantly dif-
ferent from those polymerized by initiators. The main chain of PAAsc contains double
bonds and polar functional groups such as ether groups and ester groups, which
improves the hydrophilicity of the main chain and significantly improves the liquid
absorption ability of the superabsorbent material. Moreover, the swelling kinetics,
salt-resistance, pH sensitivity, and water retention capacity of the PAAsc superabsor-
bents were studied. Owing to the remarkable water absorbency, salt resistance prop-
erty and water retention capacity, this superabsorbent material has a broad

application prospect in agriculture.

KEYWORDS
acrylic acid, mechanism of self crosslinking polymerization, superabsorbent resin, UV initiated
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are many methods to prepare polyacrylic acid (sodium) based superab-
sorbent hydrogels.°"” Among them, the synthesis by UV initiated

Superabsorbent resins are a kind of water swelling polymers contain-
ing strong hydrophilic groups and a certain degree of crosslinking.
They are insoluble in both water and organic solvents, and can absorb
water heavier than their own weight, enabling strong water absorp-
tion and water retention properties.>™ Polyacrylic acid (salt) superab-
sorbent resins have the advantages of simple synthetic process, high
and fast water absorption, and good heat resistance, thus attracting
extensive research and development interests, and having wide practi-
cal applications.*® Therefore, this kind of superabsorbent resins have

always occupied a leading position in the market.” At present, there

polymerization has received considerable attention because of the
short reaction time, low energy consumption., easy control of reaction
process and the “5E” characteristics, that is, economical, efficient,
energy saving, environment friendly of such light initiated reactions
and the rapid curing, even at ambient temperatures, of the resultant
materials. 1820

In recent years, there have been studies on the preparation of
superabsorbent resins (or hydrogels) by UV light initiation, but most

14,21-23

of them used initiators and cross-linking agents, and the water

absorption capacity of the prepared polymer has not been
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significantly improved. There are few reports on the study of photo-
initiated polymer superabsorbent materials without initiators and
cross-linkers. Although there are several studies on photoinitiator-free
reaction systems of acrylates,?*~2” little is known about self crosslink-
ing polyacrylates obtained without any initiators and crosslinkers.

A series of super absorbent resins have been prepared by our
research group via UV initiated polymerization using initiators and
cross-linkers over the years.227%° In previous studies,®! it was found
that the super absorbent resins prepared by UV photo polymerization
without any cross-linking agents and initiators had higher water
absorption and salt resistance, however, the water absorption ability
of each batch of resins fluctuated greatly. Therefore, the polymeriza-
tion and crosslinking mechanisms and experimental conditions of this
polymerization method needed to be further explored, which is of
great significance to the future development of high-performance
superabsorbent hydrogels.

In this study, the mechanism for the photolysis of monomers,
acrylic acid, and sodium acrylate is described (high pressure mercury
lamp was used for the irradiation), with the purpose of conducting
comprehensive studies for the self-crosslinking mechanism of UV ini-
tiated polymerization of polyacrylic acid (sodium) superabsorbent
resins prepared without any crosslinking agents and initiators, and the
crosslinking mode of superabsorbent resins obtained was discussed.
By optimizing the structure design and preparation conditions of
water absorbent resins, the salt resistance, water absorption, and
water retention properties of the material were improved. And the
composition, structure and properties of these water absorbent resins

were discussed.

2 | EXPERIMENTAL

21 | Materials and instrumentation

Acrylic acid: analytically pure, Tianjin Damao chemical reagent factory;
Sodium hydroxide: analytically pure, Tianjin Fuchen chemical reagent
factory; Irgacure-651(Pl): Shanghai Aladdin Reagent Co., Ltd; Sodium
chloride: analytically pure, Suzhou chemical reagent factory. Photo-
chemical reactor: Xi'an Boyle (light source is high pressure mercury
lamp, 500w, main wavelength 365 nm); Inova-400mhz nuclear mag-
netic resonance spectrometer of Varian company, USA; EQUINOX-55
Fourier transform infrared spectrometer of Bruker company,

Germany; Leo 1450vp scanning electron microscope.

2.2 | Synthesis of resins
221 | Synthesis of self crosslinking sodium
polyacrylate (PAAsc) superabsorbent Resins

The quartz tube was placed into the UV polymerization device. A cer-
tain amount of acrylic acid was absorbed using a pipette and placed

into the quartz tube. Under the electromagnetic stirring, a certain
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amount of distilled water was added to adjust the concentration of
acrylic acid. The solution was neutralized with 5 mol/L sodium
hydroxide solution (75% neutralization degree). After the solution
was fully and evenly mixed, it was cooled by circulating water at con-
stant temperature (reaction temperature was 9°C-11°C). The irradi-
ation with ultraviolet lamp for 35 min (with nitrogen protection or
no protection conditions) developed the original liquid into a gel,
that is, the desired product. The diagram of reaction device is shown

in Figure 1.

2.2.2 | Posttreatment of super absorbent resins

The post-treatment of the superabsorbent resins was carried out in
two steps: first, without any treatment, the resins were directly
vacuum dried until the mass is constant, then the mass m, of the
resin before treatment was recorded, followed by crushing into
powder, and the water absorption ability was measured; Second, a
certain amount of water absorbent resin sample was immersed in
15% acetone/water mixture at room temperature. After the full
swelling, the acetone was added to the white swelling substance,
the resulting mixture filtered and washed with acetone to remove
the soluble parts. The solid sample was then dried in vacuum until
the mass was constant. The mass of the absorbent resin was
recorded as m,, and the water absorption and gel content values
were measured.

2.3 | The property test and structure
characterization of the resins

2.3.1 | Determination of water absorbency

Sample (0.1000 g) with a particle size of 60-80 mesh was accurately
weighed, and placed in a beaker filled with excess amount of water
(1000 ml) or different concentrations of sodium chloride solutions
(300 ml), standing until the swelling equilibrium of the sample was
reached (about 240 min) before filtering with 100 mesh nylon screen
for 10 min. After the mass of the resin after water absorption was

weighed, the liquid absorption rate was calculated according to the

following formula:

CWe-Wo

Qeq(g‘gil) WO

1

where W;, W, are the weights of swollen and dried samples,

respectively.

2.3.2 | Determination of gel content

According to the relationship between the mass and the gel content

of the product: the ratio of my; and m, (mass of products obtained
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FIGURE 1 Photochemical
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before and after the post-treatment step) is equal to the gel content
of the product, the calculation formula is expressed as follows

Gel content (%) =my/my, (2)

where m4, m, are the weights of samples before and after acetone
treatment, respectively.

2.3.3 | Absorbency in different salt solutions

Absorbency of the superabsorbent was evaluated in different concen-
trations of NaCl, CaCl,, and FeCl; salt solutions according to the
above-described method (measurement of water absorbency), except

that salt solutions were used instead of distilled water.

2.34 | Absorbency at various pH values

Absorbency of sample in solutions with different pH was measured
according to the above-mentioned method (Section 5.0.3.). Test solu-
tions with various acidic and basic pH values were adjusted to the
desired pH value by addition of diluted HCI (pH 2.0) or NaOH (pH 12.0).

2.3.5 | Measurement of water retention in soil

Different amounts (0.2, 0.5, and 0.8 g) of the superabsorbent were
well-mixed with 200 g of dry soil and kept in 500 ml glass beakers,
then 80 g of tap water was slowly added into the beaker and the

]

beaker was weighed (W). A control experiment without the superab-
sorbent was also carried out. The beakers were maintained at room
temperature and weighed every day (W;) for 30 days. The water

retention in the soil (W,%) was calculated by the following equation:

Wi
Wi% =7t x 100% 3)

2.3.6 | Characterization by *H NMR

Liquid nuclear magnetic resonance (*H NMR) spectroscopy was used
for the determination of polymerization mechanism and structure
characterization of product.

1. Mechanism analysis: the aqueous solution of NaOD was used to
partially neutralize the acrylic acid, before placed into the quartz
NMR tube under the ultraviolet light, and the NMR tube was taken
for nuclear magnetic resonance analysis at different time intervals.

2. Structural characterization: a small amount of dried and smashed
resins was passed through a 100 mesh sieve before placed into
the NMR tube filled with heavy water and left for swelling for 1 h.
The NMR spectra were then obtained by nuclear magnetic reso-

nance instrument (Varian inova-400).

2.3.7 | Characterization by IR

The sample was smashed into powder and mixed with potassium bro-
mide to prepare tablets. The infrared spectrum was then taken by
Bruker equinox infrared spectrometer (FTIR).
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FIGURE 2
of superabsorbent and the gel content

2.3.8 | Characterization by scanning electron
microscope

After fully swelled in distilled water and frozen using liquid nitrogen,
the resins were placed in a freeze dryer for vacuum drying for 48 h.
The morphology of the outer layer was observed by electron micro-
scope scanner, with the acceleration voltage of 20 kV.

2.3.9 | Characterization by TGA

The thermogravimetric (TGA) measurement was carried out using the
STA449F3GA simultaneous thermal analyzer (NETZSCH Corporation,
Hanau, Germany) with the temperature ranging from 30°C to 800°C
under a nitrogen atmosphere. The nitrogen flow was 30 ml/min and

heating rate was 5°C/min.

3 | RESULTS AND DISCUSSION
3.1 | Optimization of PAAsc synthesis conditions

The influences of the preparation conditions on the water absorption capac-

ities and gel content of the superabsorbent polymer were investigated.

Qeq in distilled water (g/g)
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Effects of (A) monomer concentration, (B) exposure time, (C) temperature, and (D) neutralization degree on the water absorbency

3.1.1 | Effect of the monomer concentration on
water absorbency and gel content of PAAsc

The effects of monomer concentration on the monomer conversion in
grafts and the water absorption capacities of PAAsc superabsorbent
were shown in Figure 2A.

As can be seen, with the increase of monomer concentration,
the water absorption and gel content of PAAsc resins initially
increase and then decrease. When the monomer concentration is
low, there is less opportunity for the collision of monomer molecules,
thus the reaction is incomplete, meaning there is more unreacted
acrylic acid, leading to low gel content and water absorption of the
treated resin, resulting in low crosslinking density of the material;
With the increase of monomer concentration, the water absorption
and gel content of the resins will increase. Evidently, the increase of
monomer concentration promotes the chain growth reaction and
monomer conversion, resulting in the increase of water absorption
and gel content. While the monomer concentration continues to
increase, the opportunity for the transfer of chain free radicals to
monomer molecules is enhanced, resulting in the dominance of linear
polymerization.

As a result, the amount of soluble polymer increases, leading to
the decrease of gel content and the water absorption of the treated

resin, indicating that the crosslinking density of the resulted resin is
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unreasonable and the degree of crosslinking is uneven. On the other
hand, the viscosity of the reaction medium increases not only with the
raise of monomer concentration, but also during the polymerization
process. The increase of viscosity hinders the movement of free radi-
cals and monomers, leading to the premature termination of chain
growth reaction, affecting the grafting reaction, thus resulting in the
decrease of liquid absorption rate and gel content. When the mono-
mer concentration is 20%, the water absorption of the gel of PAAsc is
the largest. Therefore, 20% is selected as the optimal monomer

concentration.

3.1.2 | Effect of exposure time on water
absorbency and gel content of PAAsc

The effects of exposure time on water absorbency and gel content of
PAAsc superabsorbent were shown in Figure 2B. As can be seen,
before 35 min, with the extension of reaction time, the liquid absorp-
tion rate and gel content of PAAsc resins both increased. After
35 min, the water absorption rate of the resin decreased rapidly, but
the gel content continued to increase. Short reaction time leads to
insufficient active sites in the reaction system to initiate complete
polymerization, resulting in poor water absorption and low gel content
of the resin. With the increase of exposure time, reactive free radicals
are continuously generated in the reaction system, and the conversion
and grafting rate of monomers are also increased, resulting in the
increase of water absorption and gel content. However, the prolonged
exposure time causes a crowded crosslinking and the chain termina-
tion and chain transfer reactions occur more frequently, leading to
uneven polymerization, thus resulting in the failure to form an effec-
tive three-dimensional network structure. As a consequence, the
water absorption decreases and the gel content continues to increase.
Therefore, the exposure time of 35 min is regarded as the optimal

reaction time.

3.1.3 | Influences of temperature on water
absorbency and gel content of PAAsc

The effects of temperature on water absorbency and gel content
of PAAsc superabsorbent were shown in Figure 2C. When the
reaction temperature is above 9°C, the temperature has influence
on the water absorption of the resin, but with the increase of the
reaction temperature, the gel content decreases continuously. This
is because increasing the temperature can accelerate the free radi-
cal chain transfer rate and reduce the degree of polymerization.
When the temperature is relatively low (2°C-5°C), the gel content
is the lowest. At low temperature, the slow generation of free radi-
cals decelerates the conversion of monomers and the grafting
reaction, thus the crosslinking density of the polymer is low, result-
ing in the decrease of the water absorption and the gel content of
the resin. Therefore, the optimal reaction temperature range is
9°C-11°C.

3.14 | Effect of neutralization degree on water
absorbency and gel content of PAAsc

The effects of neutralization degree on the monomer conversion in
grafts and the water absorption capacities of PAAsc superabsorbent
were shown in Figure 2D. As can be seen, with the increase of mono-
mer neutralization degree, the gel content of PAAsc resin continu-
ously decreases, while the water absorption of the resin first increases
and then decreases. The change of neutralization degree is actually
reflected by the variation in the ratio of —COOH and —COONa
groups in the reaction system.

The increase of neutralization degree means the increase of
—COONa, thus the increase of ionic groups leads to the limitation of
self-crosslinking reaction, and the increase of water-soluble homopol-
ymer units. Therefore, when the neutralization degree is low, the
resultant resin has a high crosslinking density and gel content, and a
low absorption capacity. As the number of COONa, the main water
absorbent group, increases the polymer network formed constantly
expands to accommodate a large amount of water. When the neutrali-
zation rate is too high, the crosslinking density of the resin decreases,
resulting in the loose network structure which is unable to hold much
water, together with the increasing amount of water-soluble homo-
polymer, leads to the decrease of water absorption and gel content of
the resin. Therefore, the neutralization degree of 75% is considered as
the suitable value.

3.2 | Optimization of post-treatment conditions
According to the literature and the previous research, unreacted
monomers and water-soluble polymers in superabsorbent resins can
both affect the water absorption of the resin, but there are few stud-
ies on the post-treatment of superabsorbent resins. When analyzing
the structure of PAAsc superabsorbent resin by NMR (Figure 3B), it
was evident from the spectra that the residual monomers and water-
soluble polymers could not be removed by simple water washing and
vacuum drying. Therefore, the post-treatment of superabsorbent resin
was systematically studied. These super absorbent resins have poor
swelling in organic solvents; hence the monomers and water-soluble
homopolymer units surrounded by reticular macromolecules cannot
be removed by organic solvents because of the unbreakable hydrogen
bonds between them.

As shown in Figure 3A, with the increase of acetone content in
the aqueous solution, the water absorption of the superabsorbent
resin decreases rapidly. Therefore, the swelling degree of the superab-
sorbent resin is controlled by using a mixture solvent of water and
acetone. Initially, the resin is dissolved in low concentration acetone
aqueous solution (5%), then filtered, washed and concentrated with
higher concentration acetone aqueous solution (10%-20%), and then
washed and concentrated with 20%-30% concentration acetone
aqueous solution. Monomers and water-soluble homopolymers can
be separated via the described method to improve the purity and

water absorption of the resin.
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(A) Absorbance capacity of the superabsorbent resin in acetone solution, (B)*H NMR spectrum of before and after treatment of

TABLE 1 The absorbency of superabsorbent before & after the treatment and gel content
Sample no Water absorption(g.g %) treatment before & after Salt absorption(g.g ) treatment before & after Gel content (%) (or yield)
1 4800 & 6900 220 & 290 69.3
2 3700 & 6800 180 & 270 54.6
3 5600 & 7200 240 & 320 78.1
4 5200 & 6400 230 & 280 81.3
5 4600 & 7100 210 & 290 65.2

It can be seen from Figure 3B that, on the NMR spectrum of
crude PAAsc resin, 5 1.31-2.68 ppm is the proton peak of polypropyl-
ene chain. The peak at 5.63-6.21 ppm is assigned as the proton peak
of residual monomer acrylic acid. After treatment, the characteristic
peak of acrylic acid here basically disappeared, indicating that this
method is very effective in treating and purifying superabsorbent
resin.

It can be seen from Table 1 that, the liquid absorption rate of the
resin is improved after treatment, especially in deionized water, which
shows that the post-treatment method adopted is effective in remov-
ing the residual monomers and soluble polymers in the super absor-

bent resin.

3.3 | The influence of crosslinking agent and
initiator on the water absorbency and gel content of
resins

Under the same polymerization conditions, the water absorbency and
gel content of the super absorbent polymers obtained without cross-
linking agent and initiator were compared with those of the resins
prepared by solely adding crosslinking agent or initiator (at different
amounts), and adding both crosslinking agent (MBA) and initiator
(APS) (at different mounts), respectively. The results were illustrated

in Figure 4.

Under the conditions of adding only crosslinking agent, the water
absorbency of the resins decreases and the gel content increases with
the amount of crosslinking agent increases. This is due to the self-
crosslinking effect of the system during UV initiated polymerization.
According to Flory-Rehner theory,3?32 the self-crosslinking polymer
showed excellent swelling in water and the degree of swelling was
inversely proportional to the cross-linking density. Therefore, the use
of excess crosslinking agent will increase the crosslinking density of
the resin and reduce the water absorption.

In the case of adding only initiator (Figure 4A (b, ¢, d origins) and
Figure 4B (b, ¢, d origins)), the water absorbency and gel content of
the resins decrease with the increase of the initiator dose. This is
because the low decomposition activation energy of the initiator in
the system leads to the early breaking of some molecular double
bonds and the formation of non-crosslinked linear polymers, which in
turn increase the water solubility of the material thus reducing the
crosslinking density. With the appropriate amount of crosslinking
agent and initiator, the chain growth reaction can be promoted by ini-
tiator while the crosslinking density of polymer can be adjusted by the
crosslinking agent, leading to the increase in the water absorption and
gel content of resins. However, water absorption ratio of these resins
is significantly lower than that of super absorbent resins prepared
without initiator and crosslinking agent. This shows that the mecha-
nism of photo-initiated reaction is different from self-initiating and

self-crosslinking reaction.
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3.4 | Analysis of self crosslinking mechanism of UV
initiated PAAsc superabsorbent

3.4.1 | Analysis of initial free radicals in reaction
system by electron spin resonance

The free radicals produced in the process of photo-polymerization com-
bined with free radical trapping agents to form relatively stable spin
adducts, the electron spin resonance (ESR) was then measured (the trap-
ping agent used is 5,5-dimethylpyrroline-1-pyrroline N-oxide [DMPQ]).
The free radicals produced in the reaction can be captured by DMPO.

At the initial stage of UV initiation reaction, the signal of spin
adducts of hydroxyl radical trapped and bound by DMPO was mainly
detected due to the good selectivity of DMPO for the hydroxyl radi-
cal. With the progress of polymerization, the signal for the carbon rad-
ical of monomer and polymer appeared, while the signal of hydroxyl
radical weakened. This shows that hydroxyl radical and its related rad-
icals are produced in the initial stage of UV initiated polymerization of
acrylic acid (Figure 5).

342 |
process

NMR analysis of the photopolymerization

The reaction system was monitored by NMR during the UV initiated
polymerization of acrylic acid: the reactant acrylic acid was placed in
an NMR tube, and a certain amount of sodium hydroxide solution pre-
pared with heavy water was added for partial neutralization (75%).
The NMR tube was then exposed to direct UV irradiation and NMR
spectrum taken every 5 min. The results were depicted in Figure 6.

It can be seen from the NMR spectra that in the first 10 min weak
characteristic peaks related to oxygen atom (—O—CHy,—, —O—CH—,
or O=C—CH—, ester, ether, alcohol or ketone) appeared at about
2.51, 3.67, and 4.31 ppm. But there are no characteristic peaks for
hydrogen atom on carbon-carbon single bonds (1.2-2.4 ppm) at this
point, indicating that the double bond has not yet split or changed in
position, but the carboxylic moiety has changed. The characteristic

—_—
H.C N H

[s)
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.
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S (e R —
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FIGURE 5 ESR spectra of free radicals generated in the process
of the acrylic acid UV polymerization

peak of hydrogen atom on carbon-carbon single bonds appeared after
15 min of light radiation. According to the *H NMR results and the
characteristic peaks of hydroxyl radicals in ESR spectra, the initially
generated radicals and intermediates were speculated as follows:
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After UV irradiation of acrylic acid, radical A and hydroxyl radical
are first produced. Due to the permeability effect, the electron density
of radical A changes thus turning into radical B. The concentration of
free radicals generated in the initial stage is low. Hence, radicals A, B,
the hydroxyl radical and monomers combine with each other in differ-
ent ways to produce intermediates C, D, E, F, J, and hydrogen perox-
ide. The chemical shift values of the hydrogen atoms in these
intermediates basically agree with their structure. The appearance of
the characteristic peaks for hydrogens on the carbon-carbon single
bonds indicates the beginning of the chain growth reaction.

As illustrated in Figure 7A,B, as the reaction proceeds, the peak area
of the hydrogens on the carbon-carbon double bonds decreases while
the peak area of the hydrogens on the C—C single bonds increases. In

addition, the peak areas of hydrogen atoms at different positions on the

H,0,

double bond constantly change (initially 2:1, 15 min later 1.92:1, and
1.81:1 after the reaction) during the reaction. This shows that the dou-
ble bond moves from the end to the middle of the chain. The intermedi-
ates speculated above also contain “the middle double bond” structure,
in consistency with this observation. However, the total peak area of
hydrogen atoms on the double bonds is still considerable, indicating that

there are still a large number of unreacted monomers.

3.4.3 | Reaction mechanism for the synthesis of
PAAsc by UV initiation

According to the above ESR and *H NMR spectra, the possible mech-
anism of free radical polymerization is speculated as follows.
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1. Chain initiation gen peroxide, and addition of primary radicals to monomers and other

intermediates. The characteristics of this process includes exothermic
Chain initiation consists of two steps, first forming preliminary free reaction, low activation energy and fast reaction speed.
radicals, featured by endothermic reaction, high activation energy and

slow reaction speed. 2. Chain growth reaction

. -
0 0 * i, Yo . _/\U__, o

hv A : B
JOH - J_OH ) -

*OH
The second step is to form free radical active centers of monomer The monomer radicals rapidly initiate the addition of monomers and
in addition to intermediate products such as C, D, E, F, J, and hydro- intermediates to form macromolecular chain radicals.
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Free radicals, chain radicals and intermediates containing two
double bonds are chain polymerized into a network structure. The
main chain of the resin contains polar groups such as ether, carbonyl,
and ester groups. Therefore, the hydrophilicity of the main chain is

increased and the water absorption capacity is greatly improved.

35 |
resins

Characterization of PAAsc superabsorbent

In order to further confirm the structure, the structural characteristics
of water-soluble polyacrylic acid (PAA) and PAAsc superabsorbent
resin were compared by *H NMR, IR, and TG analysis.
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FIGURE 6 H NMR spectra of reaction system in the process of

UV polymerization
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3.51 | HNMR analysis of PAAsc superabsorbent
resin and PAA

The resulted product was analyzed by NMR after passing through
the acetone aqueous solution. The results are shown in Figure 8A.
According to the chemical shift of hydrogens on the *H NMR spec-
trum of the product, the structural fragments of self-crosslinked
acrylic super absorbent resins were preliminarily speculated. As illus-
trated in the figure, the peak at 1.18-2.45 ppm (a, b) correspond to
the protons on the polypropylene chain, and the characteristic peak
of carbonyl ortho carbon proton appears at 2.56 ppm (c, d), while
the signal at 3.67 ppm (h) is assigned to the hydroxyl linked methy-
lene hydrogens, and the signal for the methylene hydrogens con-
nected to ester chain or ether chain was found at 4.26 ppm (e). The
characteristic peaks of hydrogens on carbon-carbon double bonds
are appeared at 5.64 (f) and 6.03 ppm (j). The fact that the peak area
ratio of the two hydrogens (f and j) is different (2:1-1.68:1) indicates
that the position of some double bonds has changed, meaning the
double bonds now exist at both end and middle positions of the
chain.

In order to further clarify the crosslinking position, *H NMR anal-
ysis of PAA was carried out and compared with PAAsc super absor-
bent resins. The results are displayed in Figure 8B. It can be seen from
Figure 6 that there are no characteristic peaks related to crosslinking
(2.5-4.3 ppm) on the spectrum of water-soluble polyacrylic acid while
crosslinking related peaks are present on the spectrum of PAAsc, indi-
cating that the functional groups and structural points correspond to
these characteristic peaks play an important role in cross-linking and

the unique water absorption ability of the resins.

3.5.2 | IR analysis of PAAsc superabsorbent resin

The infrared spectra of PAA and PAAsc are compared, and the results

are presented in Figure 8C.

t=35min

8 7 6 5 4 3 2 1 0

7 6 5 4 3 2 1 0
ppm ppm
FIGURE 7 'H NMR spectra of product (A) after 15 min, (B) after 35 min reaction
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PAAsc and PAA

The IR spectra of PAAsc and PAA indicate the presence of
absorption bands at 3411 and 3393 cm™! corresponding to the
stretching of OH group of PAAsc and PAA, respectively. The band
at 1562 cm™ 1 is assigned to the COO™ stretching, and 1406 cm™!
comes from the symmetric stretching of COO™ in the structure.
The absorption peaks at 1712 and 1716 cm™! belong to the
stretching vibration of C=0 of PAAsc and PAA, respectively. The

characteristic signal at 1052 cm™*

on the infrared spectrum of
PAAsc superabsorbent resin is the stretching vibration of C—O—C
system containing ether or ester, but there is no such peak in the
infrared spectrum of water-soluble polyacrylic acid. Furthermore,
the infrared characteristic vibration of carbon-carbon double bond
appears at 992 and 898 cm~! on the IR spectrum of PAAsc, while
the characteristic peaks of carbon-carbon double bonds are not
detected on the IR of PAA. In other words, the IR spectrum of poly-
acrylic acid polymer, which needs an initiator during the synthesis,
does not have the characteristic absorption peaks of double bond,
ester or ether moieties, while the resins initiated by UV light
showed clear absorption peaks related to double bond and ether

functionality.
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1H NMR spectra of (A) PAAsc and its estimated structure, (B) PAA and PAAsc, (C) IR spectra of PAA and PAAsc, (D) TGA curves of

3.5.3 | TGA analysis
The TGA of PAA and PAAsc superabsorbent were shown in
Figure 8D.

The TGA curves demonstrated the difference between the
two polymers. The initial mass loss (80°C-258°C) of the two is
mainly due to the loss of the adsorbed water by resin, which is
4.9% (PAAsc) and 5.1% (PAA), respectively. For PAA, the weight
loss of 10.8% from 258°C to 406°C was attributed to the elimi-
nation of water molecules from two adjacent carboxyl groups in
the polymer chain. For PAAsc, the weight loss was 6.7% from
258°C to 392°C due to elimination of water molecules from two
adjacent carboxyl groups of paasc polymer chain. The weight
loss from 406°C to 527°C is 37.3% for PAA and from 392°C to
518°C is 38.7% in the case of PAAsc, these stages can be con-
sidered as the destruction of PAA and PAAsc structures, respec-
tively. It can be concluded from the data that the weight loss of
PAA polymer is higher than that of PAAsc, indicating that the
thermal stability of PAA is lower than that of PAAsc superabsor-
bent resin.
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FIGURE 9 (A, B) SEM images
of PAAsc superabsorbent, (C, D)
the pictures of PAAsc
superabsorbent before and after
swelling

3.54 | Morphology analysis of PAAsc
superabsorbent resin by SEM

Figure 9A,B displays the scanning electron microscope results of
PAAsc super absorbent resins after freeze-drying.

The surface layer of super absorbent resins easily loses water dur-
ing freeze-drying, showing a network structure on the scanning elec-
tron microscope (SEM) image. The water inside the resin is difficult to
remove and remains inside through hydrogen bonding with the resin
skeleton, but the free water in the center of the resin matrix is easy to
evaporate to form a highly porous morphology, indicating that the
polyacrylic acid has formed self-crosslinked network structure. It can
be seen from the figure that basically uniform sized interconnected
pores are distributed on the resin surface, resulting in the high water
absorption and great swelling rate of the material. The pictures of
PAAsc superabsorbent before and after swelling are provided. The vol-
ume of the PAAsc superabsorbent greatly increases without dissolu-
tion, demonstrating the superabsobency of the cross linking polymer.

3.6 | Properties of PAAsc superabsorbent polymer
3.6.1 | Swelling kinetics of PAAsc superabsorbent
resins

The absorption kinetics in distilled water and 0.9% NaCl solution for
PAAsc superabsorbent resins are shown in Figure 10A. It can be seen
from Figure 10A that the water absorption rate of PAAsc

palyrners 3677
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Mag= 300KxWO= 10mm

EHT = 20.00 kV

superabsorbent resins in deionized water is faster than that of in
brine. The water absorbed within 60 min is the 66% of the maximum
amount, while the brine absorbed by the resin within 60 min can
reach 64% of the maximum value. This is mainly because of the physi-
cal adsorption process through capillary action on the porous polymer
surface, thus the liquid absorption rate is considerably fast.

At 120 min, the water absorption reaches 96% of the maximum
value. The salt water absorption rate reaches 93% of the maximum
within 120 min, and the maximum absorption amount of salt water
can be reached within 160 min. During this process, water molecules
interact with the hydrophilic groups of the resin through hydrogen
bonds, the hydrophilic groups continue to dissociate, and the electro-
static repulsion force between ions increases, resulting in the expan-
sion of the network, thus slowing down the liquid absorption speed.

With the increase of water absorption, the osmotic pressure differ-
ence inside and outside the molecular network constantly decreases,
and finally reaches the water absorption equilibrium. The rate of resin
absorbing deionized water is faster than that of absorbing brine; this is
originated from the fact that the osmotic pressure difference of resin in
deionized water is greater than that of in brine. These data show that
the material prepared has good water absorption capacity.

3.6.2 |
solutions

Water absorbency of PAAsc in different salt

In the application of superabsorbent resins, most of the contact sys-
tem is a solution containing a variety of electrolytes, emphasizing the
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different salt solutions, (C) water absorbency in different pH solutions, (D) water retention capacity in soil

importance of investigating the absorption capacity of superabsorbent
resin in electrolyte solution. In this study, electrolyte solutions of dif-
ferent concentrations were prepared, and the absorption of electro-
lyte solution by resin was tested. The effects of salt solution
concentration and cation type (cations with different charges) on
swelling behavior of PAAsc were shown in Figure 10B.

With the increase of ionic strength (S = 1/2223@), the water
absorption of superabsorbent resin is significantly decreased. This
result is attributed to the decrease of ionic concentration/strength
difference inside and outside the molecular network, leading to the
decrease of osmotic pressure, resulting in the decrease of liquid
absorption capacity of the resin. In the same concentration of cationic
salt solution with different valence, the difference in the water
absorption capacity of polymer increases with the increase of ionic
charge number. The reason for this change is that in addition to the
reduction of osmotic pressure caused by ionic strength, the divalent
and trivalent ions cross-linked with carboxylic groups on the polymer

chain to form complexes (NaCl > CaCl, > FeCl5).
3.6.3 | Water absorbency of PAAsc in solutions
with different pH values

Dilute sodium hydroxide and hydrochloric acid were used to prepare
solutions with different pH values, and the effect of pH value on the

liquid absorption performance of PAAsc was measured. The results are
shown in Figure 10C. As shown in the figure, the liquid absorption rate
of PAAsc superabsorbent resin initially increases and then decreases
with the increase of pH value of the solution. The PAAsc superabsor-
bent polymer has a high liquid absorption capacity in the pH range of
5-9. Under acidic conditions, the dissociation of carboxyl sodium
groups in the polymer network structure is limited, and it is easy to
form intramolecular hydrogen bonds, thus reducing the network vol-
ume. When the pH value of the solution is around 7, the maximum lig-
uid absorption rate is reached. Due to the ionization and outward
movement of sodium ions in the polymer, large amount of anionic car-
boxyl groups are formed in the polymer, resulting in the increase of
electrostatic repulsion between the main chains, exaggerating the vol-
ume of the polymer molecules to contain a larger amount of water.
With the increase of pH value (9-11), the metal ions in the alkali
solution diffuse into the polymer, so that the anionic electric field on the
main chain is balanced, resulting in the reduction of the electrostatic
repulsion between the main chains and the curling of the molecular
chains, leads to the decrease of the liquid absorption rate of the resin.

3.64 | Water retention property of PAAsc in soil

The water retention capacity of the PAAsc superabsorbent in soil at
different dosages was shown in Figure 10D. As indicated in the figure,

85U801 SUOLILLOD 3A 81D 3|ded!|dde ayy Aq pausenob a1e Sspiie O 8sn JO Ss|nJ 10} ArIqIT]8UIIUO AB[IA LD (SUONIPUCD-PUe-SLLBI WO A8 | 1M ATRIq 1 BUI|UO//SdNL) SUORIPUOD pUe SWis | 38U 88S *[5202/20/8T] Lo AriqiTauluo A8|iMm ‘supipe N ArulBIBA NSTPUe NV NS T Ad 6185 1d/Z00T 0T/I0p/L00 A IM ARIq U1 |UO//SANY WO} papeojumod ‘0T ‘2202 ‘T8STE60T



SAWUT ET AL

the rate of water loss for the soil mixed with the PAAsc superabsor-
bent is obviously slower compared with that of without the
superabsorbent.

As shown in the figure, the soil without superabsorbent resin is
dried after 11 days under the natural state, while the soil with 0.2 g
superabsorbent resin still maintains 21% water retention after 11 days
under the same conditions, and the water retention rates of the soil
mixed with 0.5 and 0.8 g superabsorbent resin are even higher. After
30 days, the soil with 0.8 g superabsorbent resin still has a water
retention rate of 18%, indicating that the water retention capacity of
the soil is greatly improved and the water retention time is greatly
prolonged. Evidently, the addition of super absorbent resin increases
the water absorption capacity of the mixed soil, significantly reduces
the evaporation rate of water in the soil, and slows down the

drying rate.

4 | CONCLUSIONS

PAAsc superabsorbent resins were prepared by UV initiation
method with acrylic acid as the raw material without crosslinking
agent and initiators. The UV initiated polymerization process and
crosslinking mechanism were studied by *H NMR tracking analysis
and ESR free radical analysis. The structure, morphology, and ther-
mal stability of PAAsc resins were studied by NMR, IR, SEM, and
thermogravimetric analysis. The results of *H NMR and IR indicated
that PAAsc resins are cross-linked polymers while SEM results
revealed that the resins have a highly porous morphology. The self-
crosslinking reaction mechanism and the structure of the resin
show that PAAsc hydrogel is not only a polymer with three-
dimensional network structure crosslinked by chemical bond, but
also has carbon-carbon double bonds, ether groups, ester moieties,
and other polar functionalities on the main chain, thus improving
the hydrophilicity of the main chain and significantly enhancing the
liquid absorption capacity of the material. The maximum water
absorbency of PAAsc after treatment was 7200 g/g in distilled
water and 275 g/gin 0.9 wt% aqueous NaCl solution. Owing to the
considerable water absorbency, salt resistance and water retention
capacity of the synthesized PAAsc superabsorbent, it can be con-
sidered as an excellent candidate for application in the agricultural
field.
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