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Abstract: The deficiency of water sources and the environmental disposal of large amounts of biomass
waste (orange peels) produces economic and environmental problems, though its conversion into
biochar by a pyrolysis procedure might be used to improve soil productivity. In the current study, we
investigated the performance of superabsorbent biochar composite grafted on CMC as a low-cost,
alternative, and biodegradable terpolymer composite (IPNCB) for soil water retention capacity. The
IPNCB composite was synthesized by both microwave and conventional routes. The optimal reaction
parameters proved that the microwave route has a high grafting percentage (%G) and short reaction
time compared to the conventional route. The superabsorbent composite was characterized using
different methods: FTIR, TGA, and SEM. The results show that the equilibrium water swelling (EW)
of the IPNCB composite was improved at a 2% biochar concentration. The incorporation of biochar
(BC) into the polymer network improved the water holding capacity (WHC) to 57.6% and water
retention (WR) to 9.1% after 30 days. The degradation test indicates the IPNCB composite has a good
degradability rate. Mixing soil with the prepared IPNCB composite can improve plant growth and
reduce water consumption through the irrigation of arid lands. The IPNCB composite is a candidate
in sustainable agriculture applications.

Keywords: biochar; superabsorbent; swelling ratio and water retention; water holding capacity

1. Introduction

Water scarcity is a serious problem in various regions around the world, especially due
to climate change. Water is the main factor for crop production and cultured zones [1]. The
development of agriculture depends on solving these problems, and a potential method is
using materials with high water absorption called superabsorbent hydrogels.

Superabsorbent hydrogels (SAPs), which can be used as water management resources
for agricultural development, have recently attracted attention for their increased water
holding capacity, decreased irrigation rate, and ability to enhance growth of plants and
save water consumption [2]. These materials consist of three-dimensional networks and
are mainly divided into chemical and physical crosslinking according to the material used.
Chemical crosslinking can form hydrogels rapidly under mild condition with addition
of crosslinker. Physically crosslinked hydrogels have electrostatic interaction, hydrogen
bonds, hydrophobic interaction, and van der Waals force between the polymers without
the addition of ionic crosslinking agents.
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Superabsorbent hydrogels are broadly applied in several fields such as agriculture [3,4]
wastewater treatment [5–7], biosensors, drug release [8], self-healing [9], tissue engineer-
ing [10], adsorbents for organic [11], inorganic pollutants [12,13], and enhanced oil recov-
ery [14,15]. Usually, superabsorbent hydrogels based on synthetic polymers, compared
with those based on natural polymers such as chitosan [16], cellulose [17], starch [18], and
their substitutes, are of great interest due to their eco-friendly properties and low cost,
non-toxicity, biodegradability, and highly hydrophilic network [19].

The most abundant biopolymer in Egypt is carboxy methyl cellulose, CMC, a water
soluble ionic derivative of cellulose. It is the most significant ionic cellulose ether with
worldwide production. The main target is to use CMC as a core for superabsorbent hydro-
gel for water retention, soil conditioning, and fertilizer delivery to decrease the huge loss in
agriculture [17,20–22]. Superabsorbent hydrogels are mainly built on non-biodegradable re-
sources, for example polyacrylates. Many researchers made efforts to develop eco-friendly
and low-cost superabsorbent polymers to overcome poor biodegradability and high costs
of SAP based on acrylates by using biomass waste and clays embedded in the polymer
matrix [21,23].

Farmers in many countries especially in Egypt have become interested in applying
organic recycling materials for use in the agriculture sector. Biomass wastes available in
Egypt are an abundant source of biochar. Biochar is a carbon material that is produced
from the pyrolysis of biomass waste. Biochar may be applied in combined plans to improve
soil quality and raise productivity. Biochar has a unique adsorption property due to its
high surface area [24]. The polymer/biochar composite is usually applied because of its
low cost and high adsorption capacity for water pollution and in soil fertilizer. The ability
of superabsorbent hydrogel/biochar composite to uptake aqueous solutions is due to
the function groups connected to the composite backbone [25]. Therefore, conversion of
biomass waste to biochar reduces the negative effect of organic wastes on the environment
and helps to alleviate contamination, landfill, and economic impact.

The incorporation of biochar into polysaccharides not only decreases costs but also im-
proves the properties (e.g., gel strength, swelling ability, mechanical and thermal stability)
of hydrogels and accelerates the generation of new materials for special application.

In this study, through pyrolysis of biomass waste (orange peel waste to obtained
biochar), a unique green superabsorbent hydrogel-based biochar was prepared by grafting
of biochar based on copolymerization of AA, Am, and AMPS monomers along the chains
of CMC using the microwave and conventional techniques. The microwave route enhanced
swelling ratio, water retention, and water holding capacity, making the process suitable for
sustainable agriculture. The microwave technique is considered a green route alternate
to the traditional route, which is based on the thermal method and has a lengthy and
energy-consuming process. Microwave synthesis is a simple, high-productivity, low-
energy, and low-cost process that leads to less contamination and fewer byproducts. The
swelling properties of the prepared composite CMC-g-(Am-AMPS-AA)/Biochar (IPNCB)
in different solutions (water, 0.9% NaCl) and different buffers were systematically studied.
The composite synthesis of the interpenetrating superabsorbent composite IPNCB was
characterized through infrared spectroscopy, scanning electron microscopy, and thermal
analysis. Water retention and degradation rate of prepared superabsorbent composite
was evaluated.

Our objective was the synthesis of the green superabsorbent composite IPNCB with
unique properties and high swelling and minimal reaction time via the green microwave
route. WHC and WR performance show that this process can be considered suitable for
sustainable agriculture applications.

2. Materials and Methods
2.1. Materials

Carboxy methyl cellulose (CMC) and orange peel biochar were obtained locally
from Shibin El Kom, Egypt. Sandy soil was acquired from El-Hamoul, Egypt, while
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acrylic acid (AA), acrylamide (AM), acrylamide-co-2-acrylamido-2-methylpropane sulfonic
acid (AMPS), potassium persulfate (KPS), N, N′ methylene bisacrylamide (MBA), NaOH,
ethanol, and methanol were purchased from Sigma-Aldrich. Table 1 clarifies the properties
of biochar.

Table 1. Elemental composition (%) of biochar (BC).

Sample C H N O S

BC 67.43 4.91 1.12 25.21 0.33

2.2. Biochar Production

Orange peel waste was collected, dried at 70 ◦C, and pyrolyzed in an oven under N2
at 350 ◦C for 3 h [26]. The produced biochar was ground, washed with 0.1 M HCl for 5 h,
washed with distilled water to remove any impurities, and then dried in an oven at 70 ◦C
for 24 h. Table 1 shows the estimated elemental composition of biochar.

2.3. Sandy Soil

The sandy soil sample was collected from the El-Hamoul area (31-07′ N Latitude,
30-57′ E Longitude, with an elevation of about 6 m above mean sea level), Kafr El-Sheikh
Governorate, Egypt. Physical and chemical properties of the studied soil samples, which
were determined using the appropriate methods as described by Kim et al. [27], are
presented in Table 2.

Table 2. Chemical and physical characteristics of the studied soil.

Parameter Value Parameter Value

Soil Chemical Properties

EC (dS/m) 0.52 Cl− (meq/L) 1.50
pH 7.88 SO4

−2 (meq/L) 2.35
Na+ (cmol+ kg−1) 1.25 CaCO3 (%) 1.08
Ca++ (cmol+ kg−1) 2.75 SAR 6.04
Mg+ (cmol+ kg−1) 0.55 OM (%) 0.40
K+ (cmol+ kg−1) 0.38 Available N (mg/kg) 28.9

CO3 = (cmol+ kg−1) 0.0 Available P (mg/kg) 6.85
HCO3

− (cmol+ kg−1) 5.5 Available K (mg/kg) 65.5

Soil Physical Properties

Bd (Mg/m3) 1.58 FC (%) 18.2
Ks (m/day) 2.70 PWP (%) 8.6

SP (%) 34.0 AWC (%) 9.6

Particle Size Distribution (%)

Sand 84.8 Clay 9.6
Silt 5.6 Texture Sandy

EC: Soil salinity as electrical conductivity; Bd: Soil bulk density; Ks: Saturated hydraulic conductivity; FC: Soil
field capacity; PWP: Soil permanent wilting point; AWC: Soil available water content.

2.4. Preparation of CMC-g-(TerPols)/BC by Conventional Method

The synthesis of CMC-g-TerPols superabsorbent hydrogel was achieved using a free
radical polymerization technique. CMC is soluble in a specific quantity of d-water. At that
point, two different weight ratios (1% and 2%) of biochar (BC) were added and sonicated
for 20 min to form homogeneous dispersed solution. Added NaOH with a concentration
4 mol/L solution was utilized to neutralize the solution, and AA, Am, and AMPS were
added consistently. When the temperature reached 70 ◦C, the amount of KPS in d-water
was added to the mixture. After mixing for 15 min and decreasing the temperature to
40 ◦C, MBA in d-water was added to all the mixture with a purge of N2. The water bath
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was kept at 70 ◦C to complete the polymerization reaction for 3 h [28] to get CMC-g-
(TerPols)/biochar (IPNBC). This gel was cut into little pieces and washed by a suitable ratio
of distilled water and ethanol to remove the unreacted monomers and other chemicals. The
IPNBC was formed and dried overnight in an oven at 60 ◦C. The graft yield or percentage
grafting (G) was calculated using Equation (1):

G = [(W1 −WO)/WO] × 100 (1)

where WO and W1 denote the weight of CMC and graft copolymer, respectively. The
composition of CMC superabsorbent hydrogels is illustrated in Table 3.

Table 3. Optimized chemical composition of CMC-g-(TerPolys)/BC superabsorbent composite.

Samples CMC (g) Ac (mL) Am (g) AMPS (g) BC (%) KPS (g) MBA (g)

IPNCB 5 3 3 3 1, 2 0.7 0.5

2.5. Preparation of CMC-g-(TerPols)/BC by Microwave Method

CMC is soluble in a specific quantity of d-water. At that point, two different weight
ratios (1% and 2%) of biochar (BC) were added and sonicated for 20 min to form homoge-
neous dispersed solution. NaOH with a concentration 4 mol/L solution was utilized to
neutralize the solution, and AA, Am, and AMPS were added consistently. Then KPS and
MBA in d-water were added to the mixture with a purge of N2. The solution was kept in
the microwave reactor at 800 W, and the temperature was set to 70 ◦C for diverse timing.
After the completion of reaction time the gel obtained was cut into little pieces and washed
using a suitable ratio of distilled water and ethanol to remove the unreacted monomers
and other chemicals. The IPNBC was formed and dried overnight in an oven at 60 ◦C. The
graft yield or (%) grafting was calculated using Equation (1).

2.6. Swelling Behavior in Different Media and Equilibrium Water Absorbance of
(CMC-TerPols)/BC Superabsorbent Composite

The equilibrium water absorbance and swelling of synthesized hydrogel were mea-
sured by immersing 0.5 g of dried IPNBC composite in d-water (200 mL) to reach swelling
equilibrium state (Qeq) [29]. The swollen gel was filtered from the solution and dried. The
swollen gel was then weighed, and the Equilibrium water absorbance was calculated with
Equation (2):

Qeq = [(Ws −Wd)/Wd] × 100 (2)

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).

Swelling behavior of the CMC-g-(TerPols) superabsorbent in saline water (s-water)
0.9 wt% NaCl solution and several buffer mediums was measured as follows: 0.5 g of
the superabsorbent was placed in 500 mL beakers into which 100 mL of saline or buffer
solution was then poured. The swollen gels were then filtered, and the swelling behavior
of IPNBC was calculated according to the above Equation (2).

2.7. Water Retention (WR) and Water Holding Capacity (WHC) of Soil with IPNCB Composite

The WHC% and WR% of soil with IPNCB are the main properties used to investigate
the capacity of IPNBC composite to hold and retain the water inside its network matrix [30].
They were measured by taking 100 g of dry soil only (A), 100 g of dry soil mixed with
1.0 g of IPNCB (B), and 100 g of dry soil mixed with 2.0 g of IPNCB (C). Each sample was
placed in a sealed tube with 200-mesh nylon fabric and weighed (WO). The (A), (B), and
(C) samples were slowly soaked with d-water until saturation, and then the samples were
weighed again (W1). The WHC % of the soil was calculated using Equation (3).

WHC % = [(W1 −WO)/WO] × 100 (3)
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The WR % of the soil with the IPNCB composite was calculated by Equation (4), and
the A, B, C samples were kept under the same conditions and weighed every 3 days (Wi)
for 30 days.

WR % = [(Wi −WO)/(W1 −WO)] × 100 (4)

2.8. Degradation Rate (DR) of IPNCB Composite in Soil

The degradation rate of the IPNCB composite was determined by measuring the
weight loss of the IPNCB composite with the incubation time in soil. The IPNCB composite
(0.1 g) was stored in a nylon bag and then placed 5 cm under the surface of the soil and
incubated for up to 30 days. The bags of IPNCB were then picked out at various times (5,
10, 15, 20, 25, and 30 days), washed and dried until constant weight, and then the IPNCB
composite was weighed to calculate the weight loss with Equation (5).

DR % = [(WO −Wi)/WO] × 100 (5)

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

2.9. Characterization of IPNBC Superabsorbent Composite

The chemical structures were confirmed using Fourier transform infrared spectroscopy
(ATI Matson Genesis Series FTIR™). The thermal properties of the prepared hydrogels
were measured by using samples that were thermogravimetrically analyzed using a TGA
55 (Meslo, Sante Fe Springs, CA, USA). Film samples were placed in a pan of platinum and
heated in the range of 300 to 800 ◦C under N2 atmosphere at a heating rate of 10 ◦C per
minute, and weight loss was plotted versus temperature.

The morphology of the gel (freeze-dried for 24 h) was observed by using scanning
electron microscopy (SEM). The surface images of hydrogels were recorded using a Quanta
FEG 250 scanning electron microscope (FEI Company, Hillsboro, OR, USA) available from
EDRC, DRC, and Cairo. Samples were mounted onto SEM stubs. Applied SEM conditions
were a 10.1 mm working distance, with an in-lens detector with an excitation voltage of
20 kV.

3. Results and Discussion
3.1. Synthesis of CMC-g-(TerPols)/BC Composite and Spectral Analysis

Figure 1 verifies the predicted mechanism of graft polymerization. The crosslinking
procedure of AA, AMPS, and Am onto CMC chains was achieved both by conventional
and microwave methods. This was carried out by using APS as a radical initiator and MBA
as a crosslinking agent. APS was decomposed by heating to give sulfate radicals, which
pull hydrogen atoms from the -OH groups of the CMC matrix to create macroradicals. AA,
Am, and AMPS monomers can be grafted onto these active macroradicals and MBA in this
stage to crosslink monomers with radicals on the CMC matrix to form a three-dimensional
interpenetrating network–IPN structure. Through the formation of a 3D IPN network, BC
was dispersed and bounded in a superabsorbent interpenetrating network.

The grafting and BC incorporation into the superabsorbent IPN were confirmed by
comparing the FTIR spectra of CMC, BC, and IPNBC composite.

The FTIR spectra Figure 2a–c of the CMC-g-(TerPolys)/BC superabsorbent composite
were compared. As shown in Figure 2a, of the biochar spectrum, the absorption bands
at 805 and 915 cm−1 are related to the aromatic C-H out-of-plane bending vibration, the
band at 1701 cm−1 is assigned to the C=O group, and the band at 1066 cm−1 is assigned to
stretching C-N and C-O.
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The shifting of the peak at 3437.7 cm−1 is attributed to -OH stretching of CMC, and
the band of CMC at 1000–1166 cm−1 is reduced due to the contribution of -OH of CMC in
reaction (Figure 2b,c).

The characteristic band at 1548, 1670, and 1040 cm−1 is due to carboxylate anions,
carboxamide, and sulfonate groups, respectively. The introduction of COO-, -CONH, and
-SO3

− was therefore helpful for the water absorbency of the composite because of their
hydrophilic nature. Moreover, the presence of the hydrophilic functional groups and BC in
the polymeric matrix were also beneficial to the water absorbency [31].

3.2. Optimization Parameters
3.2.1. Optimization Time

Improving the optimization of the time of the reaction is crucial to improving graft
yield (G%). The optimized time for the conventional method was 70 min, while in mi-
crowave synthesis, it was nearly 12 min. The graft yield (G%) of the two techniques is 7.8,
which was reached at the termination stage. Any increase in the reaction time decreased
the G% due to the reduction of active groups and predictable homopolymer creation [32].
The microwave method is therefore faster and more promising when compared to the
conventional method, and the improved G% was achieved with minimal reaction time
(12 min). The swelling behavior was also improved.

Our aim was to prepare a green superabsorbent composite with a 12 min reaction time
and high swelling. WHC and WR performance was considered suitable for other studies.
We studied the different optimization parameters (initiator, monomer, and crosslinker
concentration) that affect graft yield using the microwave technique.

3.2.2. Optimum Initiator and Monomer Ratio

Figure 3 shows the optimization ratio of initiator required to reach the high %G of
IPNBC composite using the microwave technique. The maximum and optimal ratio of
initiator was 0.7 g. Any excess of initiator concentration is damaged graft yield (G%);
this may be due to the creation of many free radicals and homopolymers, which leads to
smaller chains of the polymer matrix [33]. The findings outlined in Figure 4 show that 3 g
of monomer reached the optimum %G, increasing grafting values continuously, and then
decreased along with the monomer concentration mentioned above, so the %G decreased.
This may be because any increase of monomer leads to the creation of homopolymers and
a reduction of active sites on the CMC matrix through polymerization, which decreases
graft yield (%G) [34].
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3.2.3. Optimum Crosslinker Ratio

The effect of crosslinker ratio on the swelling performance was studied by taking 0.3 g
of the IPNBC composite produced with different ratios of crosslinker (0.02–0.5 g), which
was added to small beakers with distilled water. The samples were kept until swelling of
the IPNCB composite, and the EW was calculated as given in Equation (2). From Table 4
it can be seen that the maximum swelling was recorded at 0.5 g of crosslinker ratio, then
decreased with further addition. This may be attributed to Flory’s theory; the swelling
behavior of any polymeric matrix is related to the crosslinked density [35]. In radical
polymerization, a high crosslinker ratio will provide many crosslinking sites and raise the
crosslinked density. Therefore, the network space for holding water was lessened, i.e., the
water absorbance capacity decreased [36].

Table 4. Optimization crosslinker concentration in CMC-g(TerPolys)/BC superabsorbent composite.

Crosslinker (MBA) Concentration (g) Equilibrium Swelling (EW) of IPNCB

0.02 1075
0.04 1200
0.06 1520
0.1 1730
0.5 1900

3.3. Morphological Analysis SEM

Two of the most significant properties of superabsorbent hydrogels are porosity and
pore size. SEM morphologies of the CMC-g-(TerPolys)/BC, and biochar (BC) are shown in
Figure 5a,b, respectively. The BC in Figure 5a shows pores and high surface area that lead
to a high number of adsorption sites over a short time, allowing much more water to be
held in pores during irrigation [37]. Figure 5b shows that in IPNBC, the pore size is smaller
and the compositive has a rough surface, which was due to the formation of crosslinked
network, which was enhanced due to the diffusion of water into the IPN composite and
increased swelling rate. These SEM results established that the BC was finely spread in the
composite to form a homogeneous composition.
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3.4. Thermogravimetric Analysis (TGA)

The effect of the grafting and crosslinking of monomer chains onto CMC and inter-
penetration of biochar within the CMC matrix on the thermal stability was studied. The
thermal stability of the CMC, BC, and IPNBC were evaluated by comparing the weight
loss (%) in the temperature range of 100 to 600 ◦C as shown in Figure 6. A three-stage
decomposition mechanism was found, and maximum weight loss was observed after the
first stage decomposition of crosslinked samples, indicating the chemical modification
of CMC. In all cases initial decomposition temperature (IDT) was 100–200 ◦C, which is
due to the loss of moisture or volatile compounds. The second stage was observed in the
temperature range of 300 to 500 ◦C due to the elimination of side chains. Finally, third-stage
decomposition was observed at 600 ◦C due to the breakdown of the crosslinked structure.
In comparison, the rate of decomposition was lower in the case of IPNBC than CMC or
CB, which indicates the more condensed and stable crosslinked polymeric network in
IPNBC. This may be due to the incorporation of biochar into the polymeric network, which
provides a protective barrier to both mass and energy transport in the hydrogel composite
interpenetrating network.
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An increase in hydrothermal severity leads to the generation of hydrochar with higher
condensed carbon through the removal of H and O in a coalification-like process. The com-
ponents of raw biomass go through various degradation processes. The major components
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of waste biomass were highlighted for a better understanding of the underlying reactions
and the interactions of the components in real biomass conversion during the degradation
process [38,39].

3.5. Equilibrium Water Absorbency and Swelling Behavior of IPNCB Composite in Different Media

The incorporation of BC into polymer matrix affects EW. The highest equilibrium
water swelling, EW value was found to be at the weight ratio of 2% BC. It is clear that in
Table 5, maximum equilibrium swelling is about 1900 g/g with microwave synthesis. This
may be due to the presence of hydrophilic groups in the matrix structure and the porous
property of biochar with high surface area, which enhances and increases water absorbance
capacity, and retention of water in the 3D interpenetrating network.

Table 5. Effect of CB weight ratio on water absorption capacity.

CB (%) Equilibrium Swelling (EW)

0 1200
1 1700
2 1900

On the contrary, when the concentration of BC increases, the water absorbance capacity
decreases, which may be due to the superiority of the hydrophobic properties over the
hydrophilicity of the IPNCB composite with an increase in biochar [40].

The water absorbance of IPNBC composite in s-water 0.9 wt% NaCl solution, as can
be seen in Figure 7, shows that the decrease in swelling behavior is relative to the values
in d-water. This action is attributed to a charge screening effect of ionic hydrogels [41],
producing an imperfect anion–anion repulsion, led to a reduced ionic pressure between
the SAP hydrogels and the water molecules, thereby decreasing water absorption capacity.
D-water displays good results, as it has lower ionic concentration, which aids in better
water intake by osmotic pressure.
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Figure 8 shows the equilibrium swelling (EW) of IPNBC composite at different pH
values. The IPNBC composite displayed a low EW in acidic media and maximum value
in neutral medium. This phenomenon refers to the increase in pH value; carboxyl groups
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in the CMC are converted to carboxylate ions, which leads to repulsion and forms space
between chains, allowing water particles to enter the IPNBC composite and enhancing
water absorption [42]. However, as pH increases above pH 7, absorption capacity is
reduced. This is possibly due to the existence of Na+ cations in basic solutions, which
avoid anion–anion repulsion and decrease space between chains, thereby decreasing water
absorption capacity [42,43]. Table 6 summarizes the values of EW in different media.
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Table 6. Swelling behavior of CMC-g-(TerPolys)/CB in various buffer media.

CB (%) EW (g/g)

D-water 2 1900
S-water 2 1600
Acidic 2 1190

Neutral 2 1455
Alkaline 2 1260

3.6. Physical Properties of the Soil with IPNCB Composite
3.6.1. Water Holding Capacity (WHC)

The WHC% and WR% of soil with various amounts of the IPNCB composite (1% and
2%) are represented in Figures 9 and 10, respectively. The WHC% of soil without composite
(0%) was 26%, whereas the WHC% of the treated soil was 41.8% and 57.6% for IPNCB of
1% and 2% (Figure 9). It can be clearly seen that CMC-g-(TerPolys)/BC had an outstanding
result on the WHC% of soil, which enhanced with increasing concentration ratio of the
IPNCB composite. The higher swelling absorbance (EW) due to existing hydrophilic
function groups in polymer composite CMC-g-(AA-Am-AMPS) and BC was proved by
the FTIR spectrum [44]. The incorporation of BC in the IPNCB composite enhances water
holding due to its highly porous structure, which was confirmed by SEM morphology [45].
The WHC% of soil was 57.6% and 41.8% for CMC-g-(TerPolys)/BC of 1% and 2%. The
soil can hold and store a significant amount of water when mixed with a larger ratio of
2% IPNCB composite concentration. As a result, soil wetness is improved, and water
consumption is decreased.
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3.6.2. Water Retention (WR)

As seen in Figure 10, the water retention of the soil without the IPNCB composite
decreases, with all the irrigated water lost over 12 days, while the WR% of the soil mixed
with (1% and 2%) of the IPNCB composite was depleted after 24 and 30 days. Therefore,
the water retention rate of the soil was increased by adding 2% of the IPNCB composite.
This action may be due to the IPNCB composite having many hydrophilic groups and the
highly porous structure of BC, which enhances the soil’s physical properties and increases
water absorption. The prepared IPNCB composite (2%) enhances the WR% of the soil
to 9.1% after 30 days. Soil mixed with the prepared IPNCB composite can accordingly
improve plant growth and reduce water consumption through irrigation of arid lands. The
IPNCB composite is therefore a candidate in agriculture applications.

3.7. Degradation Rate of IPNCB in Sandy Soil

Figure 11 shows that the degradation rate of the IPNCB composite in soil after 30 days
was calculated to be 23%. Soil is a complex system, including bacteria and enzymes. When
the IPNCB composite was buried in the soil, swelling commenced after irrigation of soil,
which allowed the interaction of the IPNCB composite with soil containing bacteria and
enzymes [46]. IPNCB then started to decompose into small pieces through the hydrolysis
of ether bonds (-O-).
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Figure 11. Degradation rate of IPNCB in the soil.

The degradation of TerPolys (AA-co-Am-co-AMPS) and bonds in CMC structure [47]
causes a decrease of crosslink density of the IPNCB composite, enabling breakdown of the
composite with bacteria and enzymes in the soil. The degradation rate in the present work
is in agreement with other studies that found comparable values for similar evaluation
times [48], indicating that the IPNCB superabsorbent composite is degradable and could
be applied in arid land and various agricultural applications.

3.8. Effect of IPNCB Composite on Plant Growth

Further confirming the efficiency of the prepared IPNCB composite on plant growth,
as shown in Figure 12, the wheat seedling height and strength of leaves were increased,
and leaves were greener in the case of 2% IPNCB than for 1% and 0% IPNCB. It was
evident that the addition of IPNCB composite to the soil helped plant growth more than
without it. Germination rate was 90.12 ± 2.44% in 2% IPNCB as compared to 1% IPNCB
(88.34 ± 2.44%) and 0% IPNCB (70.33 ± 2.44%). The plant height and root length were
increased by addition of IPNCB composite, and all data are summarized in Table 7. This
may be attributed to biochar (BC) incorporated into the IPN matrix, which provides
nutrients for plants and assists wheat growth.
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Table 7. Effect of IPNCB Composite on Wheat Plant Growth.

Sample Hight of Plant (cm) Length of Roots (cm) Germination Rate (%)

2% IPNCB 14.3 7.1 90.12 ± 2.44

1% IPNCB 11.5 6.7 88.43 ± 2.44

0% IPNCB 7.3 5.1 70.33 ± 2.44

4. Conclusions

An innovative superabsorbent composite based on biochar grafted on CMC-terpolymers
was fabricated (IPNCB) through conventional and microwave methods. The microwave route
improved the time of the polymerization reaction and shows high swelling behavior when
compared with the conventional technique with optimized monomer, crosslinker, and initiator
concentration. The addition of the 2% CB to the polymer matrix results in an improvement
in swelling behavior in different media. TGA showed better thermal stability of the IPNCB
composite as compared to the blank CMC. The porous structure of the IPNCB shown by
SEM proves the incorporation of biochar and CB into the polymer network. In addition,
the mixing of the INPCB composite into the studied soil can improve the WHC% and WR%
rate of the soil and wheat plant growth. IPNCB shows good degradation rate in the soil,
which helps to decrease environmental contamination. The prepared IPNCB composite
therefore shows promise in sustainable agriculture irrigation.
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