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Abstract
In the current study, the performance of superabsorbent hydrogel composites comprised of Guar gum-Pectin/Polyacrylamide/
ZnO crosslinked with gamma irradiation (10 kGy) has been investigated for sustainable agriculture. The claimed composites 
(GG/PC/PAAm/ZnOx) were characterized by FTIR, TGA, and AFM. The swelling capacity data reveal that the equilibrium 
water swelling (EW) of the composites was increased by increasing the ZnO content from 600 to 1050 g/g for zero to the 
highest concentration of ZnO, respectively. Furthermore, the physical properties of the soil mixed with the hydrogels were 
improved; water holding capacity (WHC) increased to 66% and water retention (WR) kept at 15% after 20 days. The compos-
ites showed a good degradability in the biodegradation test. They also portrayed super-absorption capacity at three swelling/
deswelling cycles. This advancement is important for reducing water consumption through the irrigation of arid lands. The 
prepared composites were proved as excellent candidates in sustainable agriculture applications.
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1 Introduction

One of the most important bases of bioeconomy is replacing 
fossil-based materials with environmentally friendly sustain-
able resources [1, 2]. In this regard, efforts are directed to 
employ different biopolymers in industrial, agricultural and 
biomedical applications [3]. Moreover, different biomass 
finds great importance in many novel applications such as 
electrode material for super capacitors [4], capacitive deioni-
zation perfromance [5], electromangetic wave absorber [6] 
and as electrocatalyst [7].

Plant-derived polymer such as cellulose, starch, pectin 
and guar gum are more advantageous than those of animal 
origin due to their abundancy, higher functionalities and 
ease of extraction and handling [8].

On the other hand, the continuous depletion of freshwater 
resources accompanied by an incessant increase in world's 
population is a serious global problem especially due to cli-
mate change. Water is the principal demand for agriculture, 
cultivation and crop production [9, 10]. One of the most effec-
tive solutions to reduce water consumption is using materi-
als with high water absorption and good retention capacities 
called superabsorbent hydrogels [2]. Superabsorbent hydro-
gels consist of three-dimensional (3D) hydrophilic polymer 
networks that have the potential to absorb and hold a large 
amount of water and aqueous solution [11, 12]. They are being 
used for water management aimed at agricultural development 
[13], as they can absorb and store water many times more from 
its particular volume and perform the function of reservoirs 
with water and increase water retention. This feature helps 
reduce water stress in plants and ensure high plant productiv-
ity, which leads to increased growth and yield [14]. The use of 
polymeric hydrogel can improve water and fertilizer efficiency. 
Also, superabsorbent polymers improve some physical prop-
erties of the soil. Synthetic hydrogels based on acrylates and 
acrylamides show high mechanical strength and the potential 
to absorb significant quantities of water. Due to the problem 
of their biodegradability, they are being blended with biopoly-
mers such as alginate, agar, cellulose, chitosan, gum and starch 

 * Manar El-Sayed Abdel-raouf 
 drmanar770@yahoo.com

1 Polymer Chemistry Department, National Center 
for Radiation Research and Technology, Egyptian Atomic 
Energy Authority, Cairo, Egypt

2 Egyptian Petroleum Research Institute, 1Ahmed Elzomor 
street, Nasr city, Cairo 11727, Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-022-02465-z&domain=pdf


4590 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4589–4600

1 3

[15]. Blending of natural polymer with a synthetic one has 
received increasing attention in last decades as it can reduce 
pollution of the synthetic polymers and also has a wide range 
of potential applications in different fields [16].

Natural polymers, especially the polysaccharides, have 
been widely used particularly in environmental applications 
due to their attractive issues such as low-cost, abundance, 
renewability, and biodegradability [17]. Guar gum (GG) is a 
galactomannan polysaccharide with comprised of main chain 
of mannose units joined by β-d (1 → 4) linkages having β-d 
galactopyranose units attached to this linear chain by (1 → 6) 
linkages. The guar molecule possesses numerous hydroxyl 
groups that can form extensive intra and inter hydrogen bond-
ing which make guar material one of the best- known natu-
ral polymer as gel forming material with excellent gelation 
property [18]. Pectin (PC) is another highly functional natural 
polymer [19]. At present, pectin is believed to consist mainly 
of linear d-galacturonic acid units, joined by a-(1–4) glycosidic 
linkage. These uronic acids have carboxyl groups, some of 
which are naturally present as methyl esters [20]. Combining 
these two natural polymers in a three-network structure ful-
fills maximum benefits from the advantages of both polymers. 
Moreover, incorporating an inorganic core such as zinc oxide 
reserves the cohesion of the gel matrix and keeping the gel 
consistency while absorbing huge amount of water. Therefore, 
the main target is to constitute a series green superabsorbent 
hydrogel for water retention and soil amendment. This was 
achieved by a green synthetic methodology based on irra-
diation polymerization and crosslinking of guar gum/Pectin 
grafted with polyacrylamide with a core of zinc oxide. The 
gamma route fulfills several advantages such as clean simple 
technique, high-productivity, low energy, and low-cost process 
that leads to less contamination and fewer byproducts [21, 22]. 
Radiation treatment can also introduce better surface cross-
linking between natural and synthetic polymers by enhancing 
the formation of free macroradicals which finally lead to for-
mation of crosslinked structure [23]. Moreover, the hydrogel 
composites were characterized via different techniques includ-
ing infrared spectroscopy, Atomic force microscopy, and ther-
mal analysis. The swelling properties of the prepared hydrogel 
composite GG-PC/Pam/ZnOx were verified in different saline 
solutions. Water retention and degradation rate of prepared 
superabsorbent composites were also evaluated. The swelling 
performance of the optimum hydrogel was investigated at three 
swelling/deswelling cycles.

2  Experimental Section

2.1  Materials

Pectin powder from apple [Poly-d-galctouronic acid methyl 
ester (PC)] with degree of esterification (DE) of 50–75% 

was purchased from Sigma-Aldirch (China), The viscos-
ity average molecular weight (Mv) of this pectin grade was 
informed to be 1.538 ×  105 g/mol [24].Ultra-pure Guar gum 
powder (GG) with viscometric molecular weight 2.5 ×  105 g/
mol was provided from Sigma-Aldrich and used without 
further purification. Acrylamide (AAm) of purity 99.9%, 
and zinc oxide nanopowder < 50 nm particle size molecular 
weight 81.39 surface area 10–25  m2/g were supplied from 
Sigma Aldirch, UK. Double-distilled water was used for 
the preparation of all solutions in this study. All other rea-
gents were in analytical grade and used without any further 
purification.

2.2  Sandy Soil

The sandy soil sample was collected from different points at 
Suez Road to the direction of Sokhna, Cairo, Egypt. Physical 
and chemical properties of the studied soil samples, were 
determined as described by Hasija et al. [25] (The data are 
presented in Table 1).

2.3  Preparation of GG‑PC/PAAm Hydrogel

A simple protocol was applied. Briefly, 1.3 g Guar gum 
and 0.7 g of pectin were separately dissolved in 46.2- and 
46.8-ml deionized water, respectively and stirred at 50 °C 
till complete solubility. Then, the two solutions were added 
together. Afterwards, 5 g of Acrylamide monomer was 
added to the GG-PC solution then the solution was stirred 
at ambient temperature until complete homogeneity, where 
the total polymer and monomer content was 7 wt%. Then 
20 mL of the resulted solution was poured into glass test 
tubes each and they were exposed to 60Co-gamma irradiation 
of irradiation doses 10 kGy; (this irradiation dose was suf-
ficient to form a gel% ≈ 99.9%), the resultant hydrogels were 
coded as GG-PC/PAAm/ZnO0. The prepared hydrogel was 
sliced into almost identical discs and incubated overnight in 
distilled water at 80 °C, to remove the unreacted monomer 
then dried at room temperature.

2.4  Preparation of GG‑PC/PAAm/ZnOx Composites

The hydrogel composites were prepared via a facile method-
ology. ZnO solution (0.1 gm in 50 mL of deionized water) 
was sonicated at 25 °C for 30 min then, different volumes 
of ZnO solution (0,1, 3, 5 &7 mL) were added to 20 mL of 
GG-PC/AAm solution with continuous stirring for 10 min 
to assure complete homogeneity. The resulted solutions 
were then transferred into glass test tubes and subjected to 
60Co-gamma rays at 10 kGy irradiation dose for synthesis 
of the GG-PC/PAAm/ZnO0, GG-PC/PAAm/ZnO1, GG-PC/
PAAm/ZnO3, GG-PC/PAAm/ZnO5, and GG-PC/PAAm/
ZnO7 respectively.
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2.5  Characterization

Fourier transform-infrared spectroscopy (Bruker, Unicom 
infra-red spectrophotometer, Germany) was used to iden-
tify the functional groups at 400–4000  cm−1 wavelength 
range. The KBr was ground and mixed with the dried 
sample, and the mixture was pressed into thin plates for 
infrared testing. The surface morphology and topography 
of the composites were monitored by AFM, Flexaxiom 
Nanosurf, C3000 at the dynamic mode (non-contact) to 
confirm chemical modification and to detect the changes 
accompanying the swelling process. The AFM examina-
tions were conducted at room temperature using a NCLR 
silicon cantilever with rectangular shape and a resonance 
frequency of 9 kHz. The thermal behavior of the prepared 
composites was verified via a thermogravimetric ana-
lyzer (Perkin-Elmer Co., USA) at a heating rate of 15 °C 
 min−1from 30 to 600 °C under a nitrogen atmosphere.

2.6  Swelling Behavior in Different Media 
and Equilibrium Water Absorbance of GG‑PC/
PAAm/ZnOx Superabsorbent Composites

The equilibrium water absorbance and swelling of synthe-
sized hydrogel composites were measured by immersing 
a circular disc of dried hydrogel in 250 ml of distilled 
water to attain maximum swelling equilibrium state  (Qeq) 
[26]. The swollen gel was taken off the water and gently 
dried with a tissue paper to remove the excess water, then 
it was weighed. The Equilibrium water absorbance was 
calculated according to the Eq. (1):

where  Qeq is the equilibrium water absorbance (g/g) (EW) 
at time t (min),  Ws is swollen hydrogel (g), and  Wd is dried 
hydrogel (g). The swollen gels were filtered, and the Equi-
librium water absorbance was calculated according to the 
above Eq. (1). Moreover, swelling behavior of the GG-PC/
PAAm/ZnOx hydrogel composites was verified versus dif-
ferent variables: Different saline concentration (1.7, 3.4, 5.1, 
6.8, 8.6 mmol/L), various pH solutions ranged from 1.0 to 
11.0, temperature range 25-45 °C.

2.7  Water Retention (WR) and Water Holding 
Capacity (WHC) of Soil with GG‑PC/PAAm/ZnOx 
Composite

The ability of the prepared composites to modify the soil 
holding and retaining capacity was monitored by calculating 
the WHC% and WR% of soil mixed with different concen-
trations of GG-PC/PAAm/ZnOx. They were measured by 
taking 100 g of dry soil (A) as blank, and 100 g of dry soil 
mixed with (1, 2 and 3%) g of GG-PC/PAAm/ZnO0 and 
GG-PC/PAAm/ZnO7 as (B) and (C) respectively. Each sam-
ple was placed in a sealed tube with 200-mesh nylon fabric 
and weighed  (WO). The three soil samples (A), (B), and (C) 
samples were soaked with distilled water until saturation, 
and then the samples were weighed again (W1). The WHC 
% of the soil was calculated using Eq. (2).

(1)Qeq(%) =
ws − wd

wd

× 100

(2)WHC% =
w1 − wo

wo

× 100

Table 1  Some chemical and physical characteristics and available nutrients for the investigated soil

Soil physicochemical properties

Particle size distribution (%) Textural grade pH OM (%) CaCO3 (%) CEC (cmol/Kg)

Sand Silt Clay

83.5 11.3 5.2 Sandy 8.21 0.71 12.11 9.15

Soil salinity

EC  (dSm−1) Soluble cations (meq/L) Soluble anions (meq/L)

Na+ K+ Ca++ Mg++ Cl− (HCO3)− (CO3)−2 (SO4)−2

1.56 7.11 0.33 4.02 1.72 8.12 2.99 0.78 4.34

Soil available nutrients (mg/kg)

Macronutrients Micronutrients

N P K S Fe Cu Zn Mn

55.12 3.17 811.17 6.78 3.12 0.52 0.96 5.79
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The WR % of the soil with the GG-PC/PAAm/ZnOx com-
posite was calculated by Eq. (4), and the soil samples were 
kept under the same conditions and weighed every 2 days 
(Wi) for 20 days.

2.8  Biodegradation Rate (BR) of GG‑PC/PAAm/ZnOx 
Composite in Soil

The degradation rate of the GG-PC/PAAm/ZnO0 GG-PC/
PAAm/ZnO7 composites was determined by measuring the 
weight loss of the composites with the incubation time in 
soil. The GG-PC/PAAm/ZnOx composite (0.1 g) was placed 
in perforated plastic bags and then buried about 5 cm under 
the surface of the soil and incubated for up to 30 days. The 
bags were then picked out each 2 days washed and dried 
until constant weight, and then the GG-PC-PAAm/ZnOx 
composite was weighed to calculate the weight loss with 
Eq. (4).

where: Wo and Wi are the weights of the hydrogel composites 
before and after degradation (g), respectively.

2.9  Swelling/Deswelling Study

The reusability study was conducted at three swelling/
deswelling cycles. A fixed weight of the composite (0.1 gm) 
was placed in an excessive amount of fresh water and 
allowed to reach maximum swelling at ambient temperature. 
Then, it is picked up and weighed. Afterwards, the swelled 
hydrogel is placed in an oven at 100 °C until reaching its 
original weight. This test is repeated for three times. The 
maximum water absorbance is calculated according to Eq. 5.

where  Qmax is the maximum water absorbance (g/g) (EW) 
at time t (min),  Ws is swollen hydrogel (g), and  Wd is dried 
hydrogel (g).

3  Results and Discussion

3.1  Synthesis of Green Composites

A green gamma irradiation is applied to generate macroradi-
cals on the reactive groups of guar gum and pectin. These 

(3)WR% =
Wi −Wo

W1 −Wo

× 100

(4)BR% =
W1 −Wo

Wo

× 100

(5)Qmax(%) =
Ws −Wd

Wd

× 100

macroradicals are crosslinked with interchain of acrylamide 
to form the three- dimensional structure that can hold and 
retain water molecules. Zinc oxide particles are incorpo-
rated to keep the consistency of the hydrogel during swell-
ing/deswelling process. The proposed reaction is given in 
Scheme 1. The initial step is the formation of guar gum and 
pectin macroradicals initiated by the gamma irradiation. The 
acrylamide radicals are also formed by the same mechanism. 
The radical formation step is followed by crosslinking and 
network formation. Finally, zinc oxide is chelated with the 
amine groups of polyacrylamide. This mechanism is pro-
posed by other investigators for irradiation crosslinking of 
different carbohydrate polymers [27, 28]. The photochemical 
initiation and crosslinking is highly favoured over thermo-
chemical process, particualry at adjusted dose and controlled 
conditions.

3.2  Fourier Transform Infrared spectroscopy (FT‑IR)

FT-IR spectra of GG, PC, GG-PC/PAAm/ZnO0 and GG-PC/
PAAm/ZnO7 are shown in Fig. 1. The spectrum of GG 
showed a broad band at 3363  cm−1 due to the stretching 
vibration of—OH groups. The band at 1637  cm−1 is due 
to ring stretching of mannose. The bands at 2897  cm−1, 
1395  cm−1, 1117  cm−1 and 1004  cm−1 correspond to C–H 
stretching mode, –C–H asymmetric bending, C–O–C 
stretching and C–O stretching vibrations respectively. [29].

The FTIR spectrum of PC also showed the broad band 
of—OH groups at 3334  cm−1. The asymmetrical stretching 
band of C–H appeared at 2931  cm−1. The bands of C = O 
and C–O of glycosidic bond was observed at 1731  cm−1 and 
1008  cm−1 [30], respectively. The FTIR spectrum of GG-PC/
PAAm/ZnO0 hydrogel showed shifting and reduction the 
intensity of the band of—OH group due to the formation of 
the crosslink structure in the hydrogel. The band of C = O 
group is shifted to 1603  cm−1 and become more intense due 
to the presence of amide group of PAAm. Almost the band 
of C–O disappeared, which also confirmed the formation 
of the hydrogel crosslinking structure. The FT-IR spectrum 
of PC-GG/PAAm /ZnO7 showed that the C = O stretching 
band of pectin has shifted from 1603  cm−1 to 1627  cm−1 
because of interaction with ZnO [31]. The other bands were 
also slightly shifted due to bonding between ZnO and poly-
meric matrix. This confirmed the successful formation of 
the nanocomposite.

3.3  Atomic Force Microscopy (AFM)

AFM is a modest tool for topography charcaterization of dif-
ferent material. It is used in describing the surface of hydro-
gels in previous works [10, 32]. In this work, the AFM is 
used to study the surface topography, the porous structure, 
and the height of GG-PC/PAAm/ZnO0, GG-PC/PAAm/
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ZnO3, and GG-PC/PAAm/ZnO7 (Fig. 2a–c) to investigate 
the effect of the addition of zinc oxide on the porosity and 
the pore volume of the prepared hydrogel composites. The 
images revealed that the height increases by the inclusion 
of zinc oxide in the composite matrix, which reflected the 
growth in the pore volume. The height measurements were 
found 0.51 nm, 0.92 nm, and 31.8 nm for GG-PC/PAAm/

ZnO0, GG-PC/PAAm/ZnO3, and GG-PC/PAAm/ZnO7, 
respectively. However, very wide pores are not suitable for 
retaining the water absorbed by the hydrogel. Therefore, it 
is expected from the AFM data that the maximum swelling 
will be achieved by GG-PC/Pam/ZnO7 hydrogel composite. 
Moreover, the humpy surface morphology resulting from the 
inclusion of zinc oxide indicated the increase in the effective 

Scheme 1  Proposed reaction for hydrogel composite synthesis
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surface area, which guarantees better absorption and swell-
ing [23].

3.4  Thermogravimetric Analysis (TGA)

The TGA thermograms of GG-PC/PAAm/ZnO0, GG-PC/
PAAm/ZnO3 and GG-PC/PAAm/ZnO7 are provided in 
Fig. 3. It is observed that the thermal degradation pattern 
includes three decomposition stages. The first decomposi-
tion stage was observed at 175 °C due to the elimination of 
the hydrated water. The second decomposition stage was 
observed at 295 °C due to the elimination of side groups. 
The third decomposition stage is due to decomposition of the 
backbone matrix 300–558 °C and the weight remaining (%) 
about 25% at 600 °C. On the other hand, the incorporation 
ZnO nanoparticle (GG-PC/PAAm/ZnO3 and GG-PC/PAAm/
ZnO7) induced a slight improvement in thermal behavior 
compared with GG-PC/PAAm/ZnO0 which may indicate 
strong interfacial interactions between ZnO and function 
groups of GG and PC the similar behavior was reported by 
Priyadarshi et al. with the addition of nZnO nanoparticles 
[33].

3.5  Factors Affecting the Swelling Capacity 
of GG‑PC/PAAm/ZnOx Composites

3.5.1  Effect of ZnO Concentration

Various concentrations of ZnO (wt%) are incorporated into 
GG-PC/PAAm/ZnOx hydrogel composite during prepara-
tion by gamma polymerization irradiation at a total expo-
sure dose 10 kGy. The swelling performance of the pre-
pared hydrogel composites versus zinc oxide concentration 

is represented in Fig. 4a. It can be depicted that there is 
a tremendous improvement in swelling performance as 
the percentage of incorporated zinc oxide increases. This 
improvement may be attributed to that the presence of ZnO 
nanoparticles causes penetration of more water molecules 
to balance the build-up ion osmotic pressure, which leads to 
swelling of the gel [34]. Furthermore, the presence of ZnO 
could expand the hydrogel network and increase the pores 
and free spaces within the networks, and as a consequence 
adsorbs more water [18].

3.5.2  Effects of Salinity

Figure 4b represents the swelling behaviors of GG-PC/
PAAm/ZnO0 and GG-PC/PAAm/ZnO7 in solutions with dif-
ferent NaCl concentrations; 1.7, 3.4, 5.1, 6.8, 8.6 mmol/L. 
The swelling capacity of GG-PC/PAAm/ZnO0 composite 
hydrogel is almost the same in distilled water and at lower 
salt concentration, up to 1 mmol/L. However, the swelling 
capacity was slightly increased within the range 1–3 mmol/L 
significantly decreased with increasing the concentration of 
the salt solutions. On the other hand, there is a dramatic 
decrease in the swelling percentage of GG-PC/PAAm/ZnO7 
when the salt concentration exceeds 3 mmol/L. This behav-
ior can be explained on the basis of the charge screening 
effect in salt solution; the anion–anion electrostatic repulsion 
is responsible for a decrease in the osmotic pressure differ-
ence between gel network and the external solution [35]. 
Therefore, the osmotic pressure difference between the gel 
network and the external solution reduced with increase in 
the ionic strength of the saline concentration [36]. It can 
also be concluded that the hydrogel composite has high salt 
tolerance and can hold huge amount of water at relatively 
high salt concentration which fits the requirement of farming 
in salty and sandy soils.

3.5.3  Effect of pH

The swelling capacity of GG-PC/PAAm/ZnOx hydrogel com-
posite was studied at various pH solutions ranged from 1.0 
to 11.0 as seen in Fig. 4c. The swelling capacities of both 
GG-PC/PAAm/ZnO0 and GG-PC/PAAm/ZnO7 hydrogel 
composites increase with increasing pH of the medium to get 
the maximum value at pH 9. Above this value a drop in the 
swelling capacity was observed. The carboxylic groups on the 
polymeric chains deprotonated with increasing the pH of the 
solution above the pKa value, which is 4.6. When the pH of 
the solution increased (5–9), some of –COOH groups are ion-
ized and the electrostatic repulsion among negatively charged 
–COO– groups was increased which facilitates the relaxation 
of polymeric chains [37]. In addition, the hydrogen bonding 
interactions among the -COOH groups was partially broken 
because which widens the size of the network pores and thus 

Fig. 1  FTIR spectra of: (a) GG, (b) PC, (c) GG-PC/PAAm/ZnO0 and 
GG-PC/PAAm/ZnO7
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Fig. 2  AFM images of a GG-PC/PAAm/ZnO0, b GG-PC/PAAm/ZnO3, and c GG-PC/PAAm/ZnO7 hydrogel composites
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enhances the swelling capacity due to less crosslinked network 
structure. However, at much higher pH (> 10), the ‘charge 
screening effect’ of excess Na + in the swelling medium 
restricts the net charges of –COO– anions and prevents effec-
tive anion–anion repulsion so swelling decreased [37].

3.5.4  Effect of Temperature

The swelling behavior of GG-PC/PAAm/ZnO0 and GG-PC/
PAAm/ZnO7 was verified at temperature range 30, 45, and 
55 °C, Fig. 4d. It was found that increasing temperature 
resulted in increasing the swelling capacity of the investi-
gated hydrogel composites. This may be explained by that the 
increase in temperature causes an increase in the diffusion and 
penetration of water into the pores existing within the hydrogel 
matrix.

3.6  Swelling Kinetics

The swelling capacity of GG-PC/PAAm/ZnO0 and GG-PC/
PAAm/ZnO7 was investigated as a function of time as shown 
in Fig. 5a. It is observed that the swelling capacity of all hydro-
gels increases progressively within the time of swelling up to 
500 min, thereafter it levels off. The swelling kinetic param-
eters GG-PC/PAAm/ZnO0 hydrogel, and PC-GG/PAAm/ZnO7 
hydrogel composite were investigated. The mechanism of the 
water transportation through the prepared hydrogel and nano-
composite was obtained by applying the following relation-
ships [38, 39].

(6)F =
Mt

Meq

= ktn

(7)lnF = ln k + n ln t

Fig. 3  TGA thermograms of GG-PC/PAAm/ZnO0, GG-PC/PAAm/
ZnO3 and GG-PC/PAAm/ZnO7

Fig. 4  Equilibrium Swelling (wt/wt%) of GG-PC/PAAm/ZnOx at differ-
ent: a ZnO content, b NaCl content; c pH values and d temperatures (oC)



4597Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4589–4600 

1 3

k is the diffusion constant (dependent on hydrogel type and 
swelling medium) incorporating characteristic of the poly-
meric network system., n is the diffusion exponent (which 
provides information regarding the transport mechanisms 
that drive the sorption of a particular solute), and  Mt and  Meq 
are hydrogel masses at a swelling time t and at equilibrium, 
respectively.

The Fick law (Eq. 6) was applied on GG-PC/PAAm/
ZnO0 and PC-GG/PAAm/ZnO7 composite hydrogels 
as shown in Fig. 5b and the obtained data are summa-
rized in Table 2. The nature of the water diffusion pro-
cess depends on the value of n. When n less than 0.5, the 
swelling mechanism is controlled by diffusion, when the 
value of n is between 0.5 < n < 1, the system is controlled 
by diffusion and relaxation. According to the values of n, 
GG-PC/PAAm/ZnO0 hydrogel is Fickian diffusion while 
PC-GG/PAAm/ZnO7 hydrogel composite is non-Fickian 
diffusion. This means that ZnO controls in the mechanism 
of swelling.

3.7  Amendment of Physical Properties of the Soil 
with GG‑PC/PAAm/ZnO7 Composite

3.7.1  Water Holding Capacity (WHC)

The WHC% of soil with various amounts of the PC-GG/
PAAm/ZnO7 hydrogel composite (1, 2, and 3%) are rep-
resented in Fig. 6a. The WHC% of soil without compos-
ite (0%) is 15%, whereas the WHC% of the treated soil is 
25%, 49% and 61%for PC-GG/PAAm/ZnO7 of 1%, 2% and 
3%, respectively. The soil can catch and keep a significant 
amount of water as the amount of added composite mate-
rial is increased. As a result, soil moisture is amended, and 
water consumption is diminished. This finding confirms the 
outstanding efficiency of the claimed hydrogel composite 
in modifying the physical nature of the sand soil used in 
this study. This result can be discussed on the basis of the 
hydrophilic nature of PC-GG/PAAm/ZnO7 [34]. Moreover, 
the highly porous structure and high surface area of PC-GG/
PAAm/ZnO7 as proved by the AFM images enhance water 
holding of the soil by capturing a huge amount of water 
within its voids. The water holding capacity of the prepared 
hydrogels was compared over similar materials in terms of 
maximum amount of absorbed water, the data are given in 
Table 3.

3.7.2  Water Retention (WR)

Figure 6b depicts the effect of different concentrations of the 
superabsorbent hydrogel composites PC-GG/PAAm/ZnO0 
and PC-GG/PAAm/ZnO7 on the water retention of the sandy 
soil. It can be seen that WR of blank soil decreases, with all 
the irrigated water lost over 7 days, while the WR% of the 
soil mixed with any concentration of the prepared composite 
was down after 18 and 20 days for 3% of PC-GG/PAAm/
ZnO0 and PC-GG/PAAm/ZnO7, respectively. Therefore, the 
water retention rate of the soil was improved by adding 3% of 
the composite. It is also clear that soil amendment achieved 
by PC-GG/PAAm/ZnO7 is more pronounced than that of 
PC-GG/PAAm/ZnO0. This behavior may be attributed to 
that the PC-GG/PAAm/ZnOx hydrogel composites possess-
ing a high hydrophilic structure with numerous hydrophilic 

Fig. 5  a Swelling percentage of GG-PC/PAAm/ZnO0 and GG-PC/
PAAm/ZnO7 hydrogel composite at different time intervals in dis-
tilled water. b Swelling kinetic curves for GG-PC/PAAm/ZnO0 
hydrogel, and PC-GG/PAAm/ZnO7 hydrogel composites

Table 2  Values of swelling coefficients of GG-PC/PAAm/ZnO0 and 
PC-GG/PAAm/ZnO7 hydrogel composite

Sample n K  (min−1) R2

PC-GG/PAAm/ZnO0 0.49 ± 0.014 27.51 ± 1.76 0.9904
PC-GG/PAAm/ZnO7 0.52 ± 0.017 39.62 ± 3.16 0.9873
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groups that can capture water molecules by hydrogen bond-
ing formation. In addition, the effective porosity and high 
surface area aid in absorbing and retaining a huge amount 
of water.

3.8  Biodegradation in Sandy Soil

The rate of biodegradation of GG- PC/PAAm/ZnO0 and 
GG-PC/PAAm/ZnO7 is illustrated in Fig. 6c. It is clear 
that the GG-PC/PAAm/ZnO0 exhibited fast degradation, 
i.e., about 45% of the mass of the incubated hydrogel 
was degraded after 30 days of the experiment due ot 
its high content of the green polymers. On the other 
hand, GG-PC/PAAm/ZnO7 showed high resistance to 
the biodegradation due to the antimicrobial activity of 
ZnO [44].

3.9  Reusability Study

The maximum water absorption of GG-PC/PAAm/ZnO0 
and GG-PC/PAAm/ZnO7 was estimated at three swelling/
deswelling cycles in order to investigate the reusability of 
these hydrogels. The data are presented in Fig. 7. It is clear 
that the composite hydrogel GG-PC/PAAm/ZnO7 can be 
repeatedly used with reasonable swelling capacity when 
compared with PC/PAAm/ZnO0. This observation may 
be due to the role of ZnO in reserving the hydrogel struc-
ture and protecting the gel matrix during repeated swell-
ing/deswelling cycles [45]. Repeated use of hydrogel with 
acceptable performance is very important for economic effi-
ciency and sustainable agriculture.

4  Conclusions

Green superabsorbent hydrogel composites were prepared 
and employed for sustained agriculture. The hydrogels 
comprised of guar gum, pectin and acrylamide crosslinked 
together with gamma irradiation and fabricated with dif-
ferent weight ratios of zinc oxide. The chemical struc-
ture of the composites was proved by the FT-IR and their 
topography was scanned by the AFM. The data reveal that 
the composite GG-PC/PAAm/ZnO7 depicted maximum 
swelling, high water retention and the lowest degradation 
due to the presence of zinc oxide which possess well-
established antibacterial effect. Moreover, the swelling 
kinetics reveal that GG-PC/PAAm/ZnO0 hydrogel follows 
Fickian diffusion while PC-GG/PAAm/ZnO7 hydrogel 
composite obeys non-Fickian diffusion. This proves that 
ZnO controls in the mechanism of swelling. The results 
also confirmed the high efficiency of the prepared com-
posites in amending the physical properties of sandy soil. 
So that they can be employed as excellent candidates in 
sustained agriculture.

Fig. 6  a Effect of GG-PC/PAAm/ZnO7 composite hydrogel content 
(wt%) on water holding capacity of the investigated soil (wt%). b 
Effect of different content of the superabsorbent composite hydrogels 
GG-PC/PAAm/ZnO0 and GG-PC/PAAm/ZnO7 on the water retention 
of the sandy soil. c Degradation percentage (%) of GG-PC/PAAm/
ZnO0 and GG-PC/PAAm /ZnO7 hydrogel composite
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