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Abstract
The production of environmentally friendly SAP using biodegradable natural 
resources such as chitosan was synthesized for water saving and controlled-released 
fertilizer. Chitosan-g-poly(acrylamide)/attapulgite superabsorbent composites (CTS) 
were created by crosslinking N,N’-methylene-bis-acrylamide (MBA) with chitosan 
(Ch), acrylamide, and attapulgite (ATP) and initiating the reaction with potassium 
persulfate (KPS). Spectroscopic techniques such as Fourier transform infrared spec-
troscopy, thermal gravimetric analysis (TGA), and scanning electron microscope 
were used to characterize the composite structures. It was done to determine how 
certain characteristics, such as the initiator percentage, crosslinker ratio, and clay 
content, affected the composite’s ability to swell. The results confirmed that the 
thermal stability of the composite was improved by the addition of ATP. The maxi-
mum swelling was attained when the KPS concentration was 0.1 g. However, the 
addition of 0.2 g of KPS created a composite with a lower swelling capacity. When 
the amount of ATP was increased by up to 0.4 g, the swelling increased from 210 
to 319 g/g. However, as the clay amount was increased further to 1.2 g, the swelling 
capacity decreased to 170 g/g. As pH increased to 3.0, the swelling of ATP2 grew 
larger; nevertheless, it shrank between pH values of 3 and 6. As the pH climbed to 
8, the swelling sharply grew. The chosen composition was evaluated as a controlled-
release method for urea fertilizer and swelled to 319 g/g in water (CTS2). The find-
ings demonstrated that when the formulation’s ATP content was increased from 0 to 
1.2 g, the release rate was delayed, and the release length increased from 5 to 21 h.
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Introduction

Due to the existence of several hydrophilic groups on the polymer chains, such as 
COOH,  NH2, CONH, OH, and  SO3H, superabsorbent polymers that can absorb and 
hold enormous amounts of water have attracted a lot of attention in recent years 
[1]. The majority of SAPs are built using acrylamide (AM), which offers the advan-
tage of excellent salt resistance in terms of raw material performance. The usage of 
SAPs is growing, as are their requests in areas such as water treatment, drug deliv-
ery systems, and other specialized industries. Examples of these industries include 
hygienic and bio-related products (most commonly one-use diapers and female nap-
kins), agriculture and horticulture (controlled release of agrochemicals in soil), and 
disposable diapers and pads [2, 3]. A layered aluminum silicate (with reactive OH 
groups on the surface) is attapulgite. As a result, it is a useful substrate for materi-
als that are extremely absorbent and is less sensitive to salts than other clays [4, 5]. 
Technological developments related to SAP are anticipated to enable the produc-
tion of environmentally friendly SAP using biodegradable natural resources. Ch is 
a natural, linear polysaccharide with strong biocompatibility, biodegradability, and 
antibacterial properties [6].
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The second greatest prevalent natural polymer in the world after cellulose is Ch, 
a copolymer of N-acetylglucosamine and N-glucosamine units dispersed arbitrar-
ily or in blocks across its chains [7]. It possesses a number of intriguing qualities, 
including the capacity to form gels and films as well as bio-adhesion, biodegradabil-
ity, and biocompatibility [8–11]. Additionally, Ch antibacterial possessions against 
a diversity of bactericides and fungi are prejudiced by frequent factors, including 
water solubility, pH level, and molecular weight [12, 13]. As a result, Ch and other 
superabsorbent may have antibacterial properties and so be utilized in hygienic 
products [14]. Especially for drug delivery, chitosan and its derivatives have been 
employed widely in the production of biomedical products, cell immobilization, and 
enzymes [15]. Prior to now, many SACs made of chitosan were created to achieve 
highly absorbent capacities. For instance, a brand-new chitosan-g-poly(acrylic acid)/
attapulgite superabsorbent composite was created, having water absorbency of 159.6 
g  g–1 in water and 42.3  gg−1 in 0.9 wt% NaCl solution [16].

Due to its high nitrogen concentration (46.4%) and comparatively low price, urea 
is the fertilizer most commonly used in agriculture to enhance crop growth [17]. 
By the way, nitrogen leaching and ammonia emission from the application of raw 
urea to the soil might result in pollution and economic loss [18]. So, it is in every-
one’s best interest; both economically and environmentally to develop slow- or con-
trolled-release urea systems made of sustainable materials. Silicate minerals, such 
as bentonite, attapulgite, and montmorillonite, and organic polymers, such as poly-
acrylamide (PAM), have been proposed for the manufacturing of slow-release urea 
fertilizers [19–22]. The integration of nutrients in hydrogels allows enhancing crops 
nutrition while minimizing the environmental impact owing to leaching of water-
soluble fertilizers, since also reduce evaporation losses and decrease the frequency 
of irrigation. The ingredients (Ch), acrylamide (AM), and attapulgite (ATP) clay 
were used to create SACs in the current study. Investigations were also conducted 
into the composites’ urea release.

Experimental

Materials

Ch, AM, and MBA were acquired from an organics company in New Jersey (USA) 
and used as received. KPS, urea, and NaOH were obtained from El-Nasr Pharma-
ceutical Co. (Egypt). ATP was marketed by the Southern Clay Corporation in the 
US.

Synthesis of superabsorbent composites

A series of samples having varied amounts of ATP, MBA, KPS, and AM were made 
using the following procedure:

(0.5–1.2 g) Ch was added to 20 mL of distilled water. KPS (0.05–0.2 g) was 
added to the combined solution and agitated for 15 minutes at 70 °C. A mixture 
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of (4.0–6.0 g) AM, (0.006 g) MBA, and (0–1.2 g) ATP was used. After 30 min-
utes, the completed product was added to a NaOH solution (2 mol/L) and reacted 
for 2 h at 80–90 °C before being hydrolyzed. In order to get rid of any base, mon-
omer, or ungrafted molecules, the product was rinsed using pure water. Following 
a second round of purification with methanol washing, the recovered product was 
ground, stored away from moisture, heat, and light after being dried for 10 h at 
70°C. This reaction was carried out by altering the amounts of the constituents, 
as shown in Table 1. 

Characterization techniques

With the TENSOR 27-Series, KBr pellet, and Bruker, FT-IR was captured (from 
400 to 4000  cm–1).

Cu-K radiation (at λ 0.1541 nm) was used to produce XRD spectra by the GNR 
APD-2000 (40 kV, 30 mA, and 2θ of 2–15°). Shimadzu’s TGA-50 (temperature 
rate 10 °C/min) was used to perform the TGA. The products were covered with 
gold at reduced pressure and examined under a SEM using JSM6510 JEOL 30Kv. 
A Biosystem BTS 350 with a full spectrum of LEDS was used to track the release 
of urea (340, 405, 505, 535, 560, 600, 635, and 670 nm). The samples were dried 
in a vacuum oven (BINDER, Germany) before to examination.

Table 1  Composition and 
swelling capacity of the various 
composites

Sample KPS (g) AM (g) ATP (g) Ch
(g)

MBA (g) Water 
ability
(g/g)

CTS1 0.1 6.0 0 0.5 0.006 260
CTS2 0.1 6.0 0 0.8 0.006 319
CTS3 0.1 6.0 0 1.0 0.006 250
CTS4 0.1 6.0 0 1.2 0.006 180
ATP1 0.1 6.0 0 0.8 0.006 210
ATP2 0.1 6.0 0.4 0.8 0.006 319
ATP3 0.1 6.0 0.8 0.8 0.006 240
ATP4 0.1 6.0 1.2 0.8 0.006 170
AM1 0.1 4.0 0.4 0.8 0.006 140
AM2 0.1 4.5 0.4 0.8 0.006 205
AM3 0.1 5.0 0.4 0.8 0.006 270
AM4 0.1 6.0 0.4 0.8 0.006 319
KPS1 0.05 6.0 0.4 0.8 0.006 275
KPS2 0.1 6.0 0.4 0.8 0.006 319
KPS3 0.15 6.0 0.4 0.8 0.006 290
KPS4 0.2 6.0 0.4 0.8 0.006 230
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Water absorbency measurement

To achieve the swelling equilibrium, a weight amount of the superabsorbent 
composite was submerged in distilled  H2O or saline solutions. After that, swol-
len products were filtered using a 70-mesh screen (30 minutes) to remove any 
residual  H2O [23]. The superabsorbent composite’s  H2O absorption  (QH2O) was 
projected by means of the formula:

where m2 is the product weight after being swollen by  H2O, and m1 is the dry prod-
uct weight. The amount of water in one gram of product, or  QH2O, was calculated.

Loading of urea onto the produced superabsorbent composite

This process involved adding 0.1 g of dried gel samples (APT1, APT2, APT3, 
and APT4) into an aqueous solution of 0.5 M urea. For a full day, this solution 
was allowed to swell. At 60 °C, the swelled gels were dried.

Study the release of urea from loaded superabsorbent composite in distilled  H2O

At room temperature, 100 mL of distilled  H2O (the release medium) was added 
to the 0.1 g of loaded gel. Urea concentrations in the solutions were measured 
using the biosystem method, and at various times, the amount of urea released 
was calculated.

Results and discussion

Scheme 1 shows the mechanism of the graft copolymerization of AM onto Ch. By 
heating the persulfate, sulfate anion radicals are produced. These radicals create 
alkoxy radicals, which are able to start the free radical polymerization of AM, by 
removing hydrogen from the OH groups of the chitosan backbones. To create the 
final composite, chitosan-grafted crosslinked AM interacted with ATP further.

Characterization of the superabsorbent composite

By using FT-IR, XRD, TGA, and SEM, the composites’ structural characteristics 
were identified.

FT-IR was used to pinpoint the functional groups in unmodified chitosan [24]. 
Figure 1 displays the FT-IR of CTS2 and CTS3. An absorption band at 2957  cm–1 
was attributed to CH stretching. Symmetric  COO– stretching is absorbed at 1415 
 cm–1. Band at 1562  cm–1 was caused by asymmetric  COO– stretching, representing 

QH2O =
(

m2−m1

)

∕m1
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the chemical environment of  COO– has changed, which might have some influence 
on the superabsorbent composite in capability to absorb [25].

The XRD technique was used to characterize the unmodified chitosan [24]. Fig-
ure 2 displays the XRD of ATP and Ch-g-PAM/ATP. The basal d-spacing of 1.30 
nm and a significant reflection of ATP at 2θ = 6.76 are shown [26–28]. This reflec-
tion of ATP is still observed in the composite’s diffraction pattern after grafting with 
Ch-g-PAM/ATP without noticeable shift. This outcome suggests that during polym-
erization, the crystalline structure of ATP was preserved.

Figure  3 displays the TGA of Ch-g-PAM and Ch-g-PAM/ATP composites. 
Between 100 and 200 °C, the adsorbed water lost weight, saccharide rings dehy-
drated, and the C-O-C glycosidic linkages in the main chain of CTS broke down 
[29–32]. The breakdown of the carboxyl groups in PAM chains was the cause 
of the weight losses in the 280–560 °C range. The addition of ATP to the poly-
mer network caused the final stable to develop around 560–800 °C. The TGA of 

Scheme 1.  The suggested grafting mechanism for AM and Ch
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the Ch-g-PAM and Ch-g-PAM/ATP revealed that the latter’s thermal stability had 
increased as a result of the addition of ATP. For instance, the residual weight of 
Ch-g-PAM at 600 °C was around 12%, whereas the remaining from Ch-g-PAM/
ATP was about 20%. These findings supported the notion that the addition of 
ATP increased the composite’s thermal stability.

Fig. 1  FT-IR spectra of a CTS3 and b CTS2

Fig. 2  XRD of a ATP and b Ch-g-PAM/ATP
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SEM was used to examine the morphological properties of unmodified chi-
tosan [24].

Figure  4 displays the Ch-g-PAM/ATP (CTS2) SEM images. It has been 
detected that the capability of superabsorbent composites to absorb  H2O and 
swell is prejudiced by the existence of a rough surface occupied with spaces.

Reaction parameter impact on water absorption

On composite swelling ability, the impact of several parameters including KPS, 
AM, ATP, chitosan quantities, and aqueous medium pH was examined.

The effect of the KPS amount

The prepared SACs’ water absorbency was examined in relation to the effect of 
the initiator, which ranges from 0.05 to 0.2 g (Figure 5 and Table 1).

Due to an increase in free radicals caused by the increase in initiator amount 
(from 0.05 to 0.1 g), water absorbance rose, which, in turn, increased the likeli-
hood that AM would react with Ch. When the KPS concentration reached 0.1 g, 
the greatest swelling was attained. However, by increasing the amount of KPS to 
0.15 g, the swelling ability was reduced. The addition of 0.2 g of KPS, which pro-
duced a composite with a decreased swelling ability, validated this observation. 
This is because there are additional free radicals present, which hasten the chain 
termination and diminish water absorption [33].

Fig. 3  TGA of Ch-g-PAM and Ch-g-PAM/ATP
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The effect of AM amount

By adjusting the AM quantity from 4.0 to 6.0 g, the impact of AM amount on 
the produced composite’s swelling ability was examined (Table  1). The out-
comes showed that raising the AM monomer concentration (from 140 to 319 g/g) 
increased the swelling ability (Figure 6). The increasing availability of monomer 
molecules close to the chain-propagating sites of chitosan macromolecules may 
be the cause of this rise in swelling.

Fig. 4  SEM images at diverse magnitude (X 1000 and X 1500) of CTS2
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The effect of ATP clay

Different concentrations of ATP (0–1.2 g) were added to the composites to study 
the impact of clay on their ability to swell. Figure 7 demonstrates that swelling 
rose as ATP levels rose. This might be because ATP has OH on its surface, which 

Fig. 5  Effect of KPS content on the composite swelling

Fig. 6  Effect of AM content on the composite swelling capacity
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reacts with AM to strengthen the polymeric network, increasing the water absorp-
tion as a result. For instance, the swelling improved from 210 to 319 g/g when 
the ATP amount was raised by up to 0.4 g. Nevertheless, the swelling ability fell 
to 170 g/g as the clay amount was elevated additional, to 1.2 g. Further crosslink 

Fig. 7  Effect of ATP content

Fig. 8  Effect of Ch amounts
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places were formed as ATP content increased, which produced the composite to 
contract.

The effect of chitosan content

Ch in various concentrations ranging from 0.5 to 1.5 g was added to the composite 
to examine the impact of the CTS quantities on the swelling (Fig. 8). The findings 
indicated that adding 1.5 g of Ch to the composite resulted in a decrease in swelling 
ability. This may be because the ratio of AM monomer to KPS has decreased, which 
has an impact on the grafting of small amounts of AM. Another way to put it is 
that while the amount of accessible AM monomer is constant, adding more chitosan 
dilutes the AM.

Effect of medium pH

At room temperature, the pH of the aqueous medium was diverse to determine the 
impact of pH on swelling ability (Fig. 9). Since the ionic strength affects how much 
an anionic superabsorbent swell, no further counter ions (cations) were presented to 
the buffer solution to set pH. The findings demonstrated that the swelling of ATP2 
enlarged as pH rose to 3.0 because of the presence of several interaction species 
in the swelling medium that is pH-dependent, and subsequently reduced in the pH 
range of 3–6 due to the impact of the counter ions. The carboxylic acid compo-
nent as well as  Cl- work to shield the K cations’ charge and prevent effective repul-
sion. The swelling increased dramatically as the pH level rose to 8. This might be a 
result of the carboxylate group becoming ionized, which increases swelling due to 

Fig. 9  Effect of pH
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the electrostatic interaction among the charge sites  (COO-). Again, at pH 9–13, a 
screening consequence of the counter ions  Na+ stops swelling [34].

Effect of saline solutions

The interaction of several saline solutions and the composite superabsorbent was 
studied since external saline solutions have a significant impact on the water absorp-
tion capacity of superabsorbent. The effect of NaCl,  CaCl2, and  FeCl3 on the water 
absorption is depicted in  Fig. 10.

By increasing the three-salt solution concentration, the water absorbency falls. 
The screening impact of penetration counter ions Na, Ca, and Fe on the anionic 
hydrophilic groups, which limits the growth of the polymeric network, made it clear 
that water absorbency diminishes with an increase in the ionic strength of the exter-
nal solution [35].

Release of urea

Urea was released during a 15-h period utilizing a Biosystem device. The results 
showed that the release rate was late, and the release duration extended from 5 
to 21 h when the amount of ATP in the formulation was raised from 0 g to 1.2 g 
(Fig. 11). The system displayed a comparatively high percentage of urea emission 
in the early hours. This is as a result of approximately urea molecules absorbing 
on the composite surface. Given that the coating composite has not yet reached 
the swelling equilibrium, the generated surface holes may have made it simple 
for water to penetrate to the urea contained in the core, resulting in the initial 

Fig. 10  Effect of saline solutions
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release of urea in the early hours. All of the surface pores may have closed after 
the swelling equilibrium has been established, causing the release of urea from 
control release urea fertilizer (CRUF) to proceed according to a diffusion process 
from the composite’s interlayers.

By increasing the ATP content, a reduction in the released urea rate was 
observed because of the release is diffusion-controlled; as a result, as the per-
centage of ATP rises, more barriers are created, slowing down diffusion and, in 
turn, the pace at which urea is released. The ideal swollen was generated once the 
swelling balance was attained.

Conclusions

By employing KPS as an initiator and MBA as a crosslinker during the graft 
copolymerization of AM and chitosan in the presence of attapulgite clay, a unique 
series of superabsorbent composites were created. With a swelling of 319 g/g in 
distilled  H2O and 170 g/g in 0.9 wt.% NaCl solution, a superabsorbent compos-
ite was created. The rate of urea release was reduced as the amount of ATP in 
the composite increased, resulting in superabsorbent composites with urea slow-
release functionality.
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