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Superabsorbent hydrogels have been used to enhance water and nutrient retention in agricultural soils. However,
wide applications of these polymeric soil amendments on large farms are plagued by their high costs and
environmental footprints. Therefore, solutions are urgently needed in order to optimize the hydrogel application.
Biochar, which is a cost-effective pyrolysis product, has been applied as soil amendments for soil fertility
reservation. In this study, biochar was co-polymerized with hydrogels to explore the agronomic potentials.
Biochar-hydrogel composites were synthesized through rapid mediation of microwave radiation. The physico-
chemical properties of these composites, such as surface functionality, thermal stability, and morphology, were
characterized using various state-of-the-art analytical techniques. The discoveries in this study demonstrated that
microwave irradiation could effectively facilitate structural alteration and optimize cross-linkage of biochar-
hydrogel composites. Biochar-hydrogel composite (7.5% w/w biochar/composite) significantly improved
swelling capacity (20.18% water was absorbed after 48 h) and optimized the nitrogen release (20.03% of ni-
trogen was release after 30 days) of composites. Water adsorption and nitrogen release obeyed Gallagher-
Corrigan model and Korsmeyer-Peppas model, respectively. The results revealed the microwave-irradiated
biochar-hydrogel composite is a promising soil amendment with regard to economic benefit and environ-

mental footprint.

1. Introduction

Excessive irrigation and inefficiency of instant fertilizer are two
major issues last for a very long time in agricultural practices [1]. It was
estimated that 40%-60% of irrigation water has been leached through
subsurface soil and erosion [2]. At the same time, agricultural fertilizers
contribute significant amounts of phosphorus (P) and nitrogen (N) fluxes
to lakes and rivers in the United States because of wasteful water usage.
70% of N and P input to the Gulf of Mexico, where dead zone and
eutrophication kept recurring, came from the agricultural activity of the
upper river basin [3]. Therefore, it is an exigency to solve these two
major concerns (i.e., excessive irrigation and inefficiency of instant
fertilizer) to enhance the agricultural production.

Efforts have been made on the enhancement of instant fertilizer ef-
ficiency. Enhanced efficiency fertilizers (EEFs) are proposed to control
fertilizer release or eliminate reactions that lead to nutrient losses.
Different EEFs such as sulfur-coated urea, polymer-coated urea, and
urea formaldehyde were widely investigated in previous studies. The
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application of attapulgite-coated fertilizer successfully increased the
maize yield by 15%-18% [4]; polymer-coated urea was able to enhance
the grain yield to 26.4% [5]. However, the performances of EEFs are
largely dependent on the geographical conditions and climate. Although
N2O emission showed a significant decrease on the site applying
polymer-coated urea, the crop yield and nitrogen usage efficiency were
not affected in tropical cropping system [6]. Targeting on balancing the
inconsistency of EEFs’ performance, biochar is proposed to be
co-applied with EEFs. Because of its multi-benefits and cost effective-
ness, biochar has been assigned extensively in agriculture and horti-
culture for enhancements of soil fertility, crop production, water storage
and microorganism activity in soil environments [7]. It has been
observed that up to 70% increase in crop yield could be achieved in
nutrient-poor tropical soil with addition of nutrient biochar [8]. At the
same time, soil microbes exhibited strengthened resistance and resilient
to the drought after applying biochar, which would be helpful for the
nutrient cycling and soil carbon sequestration simultaneously [9].
Moreover, the introduction of biochar enhances the mechanical strength
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and prolong the nutrient release period, demonstrating great potential
for improving performance of EEFs [10].

Hydrogel is suitable to be a coating material as it provides protection
to stored nutrients from leaching as well as store appreciate amount of
water. Hydrogels are crosslinked polymers, on which hydrophilic
functional groups are attached [11]. Their distinct permeable structures
and diverse hydrophilic functional groups make them potential reser-
voirs for excess water and nutrients in agricultural soils. A prior review
reported that conventional polyacrylamide hydrogels could retain
distilled water of as much as 326 times their dry weight [12]. Despite its
promising application to EFFs, the major issue of this novel technology is
its weak biodegradability. Conventional hydrogels such as polyacrylic
acid and polyacrylamide are difficult to decompose, which consequently
leads to the undesirable environmental footprint [13]. Cellulose, which
is an abundant natural polymer, is considered for eliminating the dis-
advantages of conventional polymers [14].

The major concerns of a classical polymerization of hydrogel are the
involvement of organic solvents and production of byproducts [15].
Conventional heating during polymerization employs long-period rota-
tions in an organic media. Hydrogels derived from classical methods
retain additives and residues, which pose severe environmental threats
if directly be applied into the agricultural field [16]. The removal of
byproducts requires high temperature and high vacuum [17]. Hence,
microwave-mediated polymerization, which is clear from the organic
solvents and byproducts, is promising for green production. Microwave
irradiation provides rapid dipole rotation and generate inherent heat
within the materials, which significantly speed up the reaction process
and limit the side reactions [18]. Giachi et al. demonstrated that a
microwave-irradiated hydrogel exhibited a faster swelling and shrinking
behavior [19]. High efficiency of microwave irradiated cellulose/acry-
lamide hydrogel for delivering oral drug was also demonstrated, with
the properties of non-cytotoxicity and biocompatibility [20]. Although
the major advantages of microwave irradiation are high efficiency of
polymerization and cleaner process, it is significant to estimate its
cost-effectiveness. Because of its simple apparatus, limited additives,
and easy control, it can largely reduce processing cost and labor cost.
However, few studies have reported biochar-hydrogel composites via
microwave irradiation that can retain water and release nutrients.

The main objective of this study is to propose an efficient and cost-
effective biochar-hydrogel composite using microwave-irradiated poly-
merization. It is hypothesized that microwave irradiation is an efficient
strategy for polymerization. And the biochar-hydrogel composites
would exhibit great water retention and nitrogen release. Biochar in the
biochar-hydrogel composite is expected to prolong nitrogen release
period and retain larger amount of water than the composite without
biochar. At the same time, different dosages of biochar would alter the
structure architecture of the composite. To evince the structural char-
acterizations and morphology of synthesized composites, thermogravi-
metric (TG) analysis, Fourier transform infrared spectroscopy (FTIR),
and scanning electron microscope (SEM) would be utilized. Water
retention and nitrogen release behavior were also analyzed.

2. Materials and methods
2.1. Slow pyrolysis of biochar synthesis

Biochar was produced from switchgrass (Panicum virgatum).
Switchgrass (SG) is a perennial lowland species, which is prevalent in
Florida. The original SG feedstock was dried at 60 °C for 48 h until no
significant weight change was observed. Biochar was synthesized
through slow pyrolysis. During the pyrolysis, pure Ny gas (purity
>99.99%) was used at temperatures 500 °C in a bench scale pyrolysis
apparatus described in previous study [21]. In brief, dried feedstock
(between 10 and 14 g) was centered in a quartz tube (inner diameter: 2
cm, length: 45 cm). The tube was fitted with airtight connectors and
rubber O-rings. The tube packed with feedstock was heated in a
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controllable S-line single-zone split tube furnace (Thermcraft Inc.,
Wiston-Salem, NC) at heat ramp of 10 °C min~! until the desired tem-
perature and was kept at designate temperature for 60 min. The quartz
tube was purged with Ny gas (80 mL min ") during pyrolysis and cooling
to prevent rapid oxidation and/or auto-ignition.

2.2. Preparation of biochar-hydrogel composite

Acrylamide (MAA, purity >99.99%), cellulose, urea fertilizer, po-
tassium persulfate (KPS, purity >99%), N, N'-methylene bisacrylamide
(MBA, purity: 99%) were purchased from Sigma—Aldrich (Steinheim,
Germany). Materials were ground using a pestle and mortar, sieved to be
less than 0.5 mm in diameter. A Domestic Electric microwave
(JES2051SNSS, General Electric, Boston, MA), which possesses a 2.45
GHz frequency and a maximum 1650 W power output was utilized for
the synthesis of biochar-hydrogel composites. Each sample solution
containing 0.3 g of urea, 0.4 g of cellulose, 3 g MAA, 0.03 g KPS, 0.03 g
MBA and 40 mL distilled water was introduced to a 100 mL glass
container. Four samples containing biochar dosages of 0 g, 0.1 g, 0.2 g
and 0.3 g are named as composite 1, 2, 3, and 4, respectively. Therefore,
biochar constituted approximately 0%, 2.5%, 5.0%, and 7.5% (w/w) of
four composites. The mixed solutions have been stirred until homoge-
neity and then flushed with N3 gas for 20 min. Two power levels, Level 3
(495 W) and Level 5 (825 W), were used to synthesize. The samples were
irradiated for 1 min at the two power levels, respectively. The products
were washed with distilled water and dried to constant weight in an
oven at 60 °C for further use.

2.3. Physicochemical properties characterization of biochar and biochar-
hydrogel composite

2.3.1. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectra of raw materials (i.e., urea, cellulose, MAA and SG
biochar) and biochar-hydrogel composites were recorded on a Perki-
nElmer 100 spectrometer (Waltham, MA) using non-contact reflectance
imaging method. Raw materials and composites were ground to fine
particles using a pestle and mortar. The FTIR spectra were conducted in
the region of 4000 to 650 cm ™! with a spectral resolution of 4 cm ™! and
total number of 16 scans per sample. Before each measurement, back-
ground spectrum was scanned without loading samples for calibration.

2.3.2. Thermogravimetric analysis (TGA)

Thermal behavior of raw materials (i.e., urea, cellulose, MAA and SG
biochar) and biochar-hydrogel composites were analyzed using an MS-
TGA thermogravimetric analyzer (GA 550, TA Instrument, New Castle,
DE) under a flow of argon (50 mL min~1) Each time, 5 mg of sample was
weighed and then used for the thermal weight-change analysis. The
temperature ramp was set as follows: (1) isotherm at room temperature
(21 °C) for 5 min; (2) temperature equilibrium at 21 °C-100 °C; (3)
isotherm at (100 °C) for 5 min; (4) ramping of 5 °C min~! from 100 °C to
700 °C.

2.3.3. Morphology analysis

The surface morphology of four different biochar-hydrogel com-
posites and SG biochar were investigated via a FEI Nova 400 Nano SEM
(Hillsboro, OR). Samples were first coated with iridium (Ir) via sputter
coater (Cressington HR208 Sputter Coater, Ted Pella, Inc) with Ny gas
purging to dissipate charging artifacts and minimize the beam damage.
As a result, a 4 nm coat was applied to each sample. Images were taken
on samples under vacuum environment following the standard proced-
ures at scales ranging from 2 to 50 pm. Characterization of surface
morphology was performed using the SEM detector (Energy Dispersive
Spectroscopy, ETD) at voltage between 10 and 20 kV, current of 96 pA,
and focal length between 5 mm and 10 mm.
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2.4. Study of water absorbency and fertilizer release properties of
biochar-hydrogel composite

2.4.1. Measurements of water absorbency capacity and nutrient release
Water absorbency of biochar-hydrogel composites were examined
using a gravimetric method. Weighted dry sample (1.0 + 0.1 g) was
immersed in 50 ml distilled water at room temperature and allowed to
reach equilibrium water absorbency. In order to determine the sorption
kinetics, tests were run where at designated intervals. The water ab-
sorption capacity f; is calculated using the following equation:

f1 = M-M;p)/M; x 100% (€9)

Where M (g) is the weight of sample after water absorbency, M; (g) is
the weight of dry sample at initial stage.

Nitrogen release profile f; of biochar-hydrogel composite were
measured by a batch-scaled experiment. Weighted dry sample (1.0 +
0.1 g) was incubated in a glass bottle of 20 mL distilled water. 20 mL
sample were taken at designated intervals and fresh distilled water was
added immediately to keep the volume constant. The accumulated
release of urea fertilizer was measured in form of total nitrogen in the
solution following a persulfate digestion method. The absorbance of
sample solution was then detected by a visible spectrophotometer (DR
3900, Hach, Loveland, CO) to quantify total nitrogen concentration. The
amount of released nitrogen is calculated using the following equation:

fz = (C2 X V2 - Cl X Vl)/Mg x 100% (2)

Where M3 (g) is the initial weight of urea fertilizer (in form of nitrogen)
in the composite, V; (L) is the initial volume of sample solution in the
glass bottle, C; (mg L™!) is the initial nitrogen concentration in the glass
bottle. Cy (mg L’l) is the nitrogen concentration in the sample solution,
V3 (L) is the volume of sample. The measurements of water absorbency
and nitrogen release was tripled for each sample, respectively.

2.4.2. Water absorbency kinetics

The absorbency characteristic has been described as a quick swelling
burst and then followed by a slower absorbency. To better understand
the absorbency mechanism, the Gallagher-Corrigan model was applied
to describe the data. Gallagher-Corrigan model divides the water ab-
sorbency profile into two stages, i.e., biphasic water absorbency con-
sisting of a first-order quick burst and a subsequent smooth diffusion
controlled by polymer degradation [22]. The quick burst and smooth
diffusion are denoted as Stage I and Stage II, respectively.
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(0.5 < n < 1.0) [23].
2.5. Statistical analysis

The experimental data were processed and analyzed by one-way
analysis of variance (ANOVA) using SPSS for Windows 14.0 (IBM,
Armonk, NY). The corresponding Scheffé test was made to differentiate
means with 95% confidence (p < 0.05) when the study of variance
showed differences between means.

3. Results and discussion
3.1. Surface structure analysis of biochar-hydrogel composite

Intermolecular interactions affect the vibration of groups on polymer
segments. This information can be obtained by FTIR analysis (Fig. 1). In
general, composites with higher dosages of biochar resulted in low
transmission, which indicates enhanced molecular vibrations and/or
complexity of structure. Aromatic and heteroaromatic compounds on SG
biochar are confirmed by C-H wagging vibrations between 800 and 700
cm L. In the same region, the spectrum of composite 1 to composite 4
revealed peaks with different transmittances. Higher absorbency
exhibited on the composite 4 spectrum, which might result from the
increasing dosage of biochar. The spectrum of cellulose, MAA and bio-
char showed multiple peaks in the region of 990-1215 em L. The C-0-C
stretching of cellulose, hemicellulose, and lignin is the reason of
observed peaks on cellulose spectrum and biochar spectrum. This base
region overlapped the bands of Si-O (1030-950 cm™!) observed on
biochar [21]. Silica is the essential element for plant phytoliths, as it
could protect the plant carbon from degradation. On MAA spectrum, the
peaks in this region are usually assigned to the C-N-H stretching [24].
Therefore, the nadir in the region of 990-1215 cm™! on the composite
spectrums might have several contributions: 1) C-O-C stretching on
cellulose and biochar surface; 2) Si—O bands on biochar surface; 3) the
linkage of crosslinked MAA and cellulose. Similar results have also
revealed in previous studies, such as chitosan/biochar hydrogel [25]
and carboxymethyl cellulose-acrylamide-graphene oxide composite
[26]. The peaks at 1460 and 1662 cm ™! on composite spectrums indi-
cated the characteristic absorption of amine C-NH bond and
CH2-CO-NH bending vibration, combinedly corresponding to the urea
and MAA structure [27]. The absorption peaks at 2910, 3183, and 3330
em ! ascribes to C-H and O-H stretching vibration. The band at 3330
cm ™! might also be attributed to the overlapping vibration of O-H and

Fi= ()l —exp( =kt X )] + [(F)ae = F1)a)[exP (ke X 1=Kgo X tyar) [ (1 + exp(ken X t—kep X tar))] 3)

where, (1) is the cumulative absorbency profile in Stage I; Kg 1 and K »
are the absorbency factors in Stage I and Stage II, respectively; and
(f1)max is the maximum absorbency ratio during the process.

2.4.3. Nutrient release kinetics

Korsmeyer-Peppas model has been applied to study the mechanism
of nutrients release. The release mechanism can be explained by the
combined effect of polymer matrix relaxation and concentration-
dependent diffusion [5].

£2 = K" @

where Kx and n swelling rate constant in the Korsmeyer-Peppas model
and diffusion exponent, respectively. The exponent n in the equation
indicates different swelling behaviors: 1) Fickian/case I transport (n =
0.5); 2) n = 1.0, case II transport (n = 1.0); and 3) anomalous transport

N-H stretching [28].

3.2. Thermogravimetric characteristics of biochar-hydrogel composites

TG and DTG decomposition curves were analyzed for thermal sta-
bility. The composites exhibited three distinct stages of decomposition
from 50 to 700 °C. Initially, the thermal peaks observed before 100 °C
are contributed to the moisture loss associated with the hydrogel and
biochar (Fig. 2 (d)) [21]. These thermal peaks increased with the
increasing dosage of biochar. This might indicate that biochar helped
preserve water in the composite. The second stage between 200 and
300 °C can be interpreted as the result of labile functional groups on
MAA and cellulose, leading to the ammonia, CO and CO, formation
(Fig. 2 (e)) [29]. Temperature at which maximum decomposition rate
occur, i.e., Tpax is found within the temperature from 360.31 to
382.44 °C. The last stage of degradation and Tpax can be ascribed to
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Fig. 2. (a) DTG curves of raw materials; (b) DTG curves of hydrogel-biochar composites 1 to 4; (c) TG curve of hydrogel-biochar composites 1 to 4; (d) to (f) are
enlarged TG curves of hydrogel-biochar composites 1 to 4 with temperature in range of 50-100, 200 to 300 and 350 to 400, respectively.

main-chain scission and the destruction of crosslinked matrix (Fig. 2 (e))
[30]. Four composites exhibited parallel rates of destruction. Tmax
(360.31-382.44 °C) of four composites was clearly higher than that of
the raw materials (Fig. 2 (a) and Fig. 2 (b)). Different dosages of biochar
in samples did not alter the thermal stability. Microwave irradiation

efficiently produced the crosslinking characteristic, resulting a stabi-
lized composite than the raw materials. This conclusion is consistent
with previous study, which reported the crosslinking of cellulose and
gelatin is responsible for the improved thermal stability [31].
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Fig. 3. SEM images of (a) composite 1; (b) composite 2; (c) composite 3; (d) composite 4 and (e) SG biochar.

3.3. Morphology analysis of biochar-hydrogel composites

A well-defined three-dimensional interconnected porous surface
allows the transportation of guest molecules such as water and nitro-
gen to diffusion and/or release [32]. Thus, the microstructure of
composite is an important component to study. The composite without
biochar (composite 1) has a compact surface structure (Fig. 3 (a)). This
indicate the homogenous distribution of raw materials after the
microwave-irradiated synthesis. But the composites with biochar
exhibited coarse surfaces, demonstrating biochar dispersed on the
matrix surface as well as in the porous structure (Fig. 3 (b)-(d)).
Similar observation was reported that a fertilizer-polymer composite
(includes chitosan, acrylic acid, bentonite and NH4 *-loaded biochar)
displayed an undulant and coarse surface, resulting from the graft
polymerization of raw materials [7]. Irregular bulges dispersing on the
surface of composite are positively correlated with the biochar content
as reported in literatures [33].

3.4. Water absorbency of biochar-hydrogel composite

Water absorbency capacities had the order of composite 4 > com-
posite 3 > composite 1 > composite 2. Water absorbency capacity has
been enhanced by the increasing dosage of biochar (Fig. 4). The dif-
ferences became more pronounced after 15 h (Fig. 4(b)). However,
water absorption rate of composite 2 is slightly slower than the com-
posite without biochar (i.e., composite 1). Comparing to other three
composites, only composite 1 showed a decreasing trend after 35 h. It
proves that biochar-hydrogel composite has better water swelling ca-
pacity and longer water retention ability. The Gallagher—Corrigan model
fitted water absorbency of 4 composites (Table 1, R? from 0.9182 to
0.9736). This fitting revealed the two-phase water absorbency profile of
four composites: an initial quick burst (phase I) and a polymer
relaxation-controlled phase (phase II). During phase I, 77% of water can
easily diffused into the polymer matrix. The polymer matrix relaxation is
clearly observed after 24 h (phase II), coupling with the nitrogen release
behavior. This result is consistent with FTIR results. The transmittance
on composite 2 is lower than the composite 1 in the region of 3500 to
3200 cm ™! (Fig. 2 (c)), indicating less hydrophilic C-H and O-H groups
on composite 2 than 1. Small amount of biochar on the composite

surface might combine with the surface functional group, whereas
excessive biochar in composites inversely provides more hydrophilic
groups.

3.5. Nitrogen release behavior of biochar-hydrogel composite

Nitrogen release behaviors were significantly different between
composites with/without biochar (Fig. 5). Without biochar, the release
rate was very slow, which is not sufficient for plant growth. With bio-
char, nitrogen was steadily released. As discussed above, there was no
obvious crosslinking between biochar and other materials in the
biochar-hydrogel composite (Fig. 1). Therefore, biochar tied with urea
in the composite is likely to be gradually released during the composite
expansion (corresponding to phase II of water absorbency profile).
Except composite 1, the nutrient release behavior of other 3 composites
are all defined as anomalous transport, indicating a combination of
diffusion and polymer relaxation [23]. Composite 1 is defined as a case I
transport (n = 1.1507), which is independent to time. The nutrient
release from composite 1 is controlled by matrix relaxation (Table 2).

Indicated from the results, hydrogel-biochar composites with these
advanced characteristics could effectively improve the utilization of
nutrients and water. When imbedded in the soil, the composites are able
to release nutrients along with portion of biochar, enhancing soil
moisture content simultaneously. Indicating from previous studies, ni-
trogen released from the composite not only require sufficient amount,
but also on-time amount according to the needs of plants. For example,
snap bean has a slothful nutrient uptake (~10% of total nitrogen) at first
30 days followed by a rapid uptake (~40% of total nitrogen) lasting for a
month [34]. A slower rate at the beginning and a following rapid release
is optimal for plants’ need. Anomalous transport of composite 2 to 4
indicated that polymer matrix relaxation gradually occurred during the
nutrient release (Table 2). Therefore, nitrogen release is expected to
constantly increase afterwards, which fits the plants’ need (Fig. 5).

3.6. Cost benefit evaluation of microwave-irradiated polymerization
method

Production cost (per ton of composite) of hydrogel-biochar com-
posite is various due to the different local prices of raw materials, energy
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Fig. 4. Water absorbency capacity (%) of hydrogel-biochar composite (p < 0.01) () in first 1 h and (b) in 45 h.

Table 1
Kinetic fitting parameters of water absorbency of hydrogel-biochar composite.

Composite Gallagher-Corrigan Model
# Mt/ Mt/ kg1 Ky R?
Moo)g Moo)max

Composite 1 10.40 13.37 3.87 x 3.22 x 0.9420
103 102

Composite 2 9.42 12.27 6.05 x 3.24 x 0.9295
1073 10712

Composite 3 12.25 15.97 3.06 x 3.25 x 0.9528
10°° 10712

Composite 4 14.94 19.40 1.60 x 1.26 x 0.9556
1073 107

input, and labor cost. But the comparison of lab-scale polymerization
methods could be realized. For example, polyacrylamide polymerization
required different experimental conditions in radical polymerization
with microwave heating and conventional heating. The amount of
initiator, crosslinker and solvent are largely reduced during the micro-
wave polymerization (Table 3). In addition, it has been estimated that
microwave irradiation yield reaction rate enhancement of about
130-150% comparing to conventional methods [35]. Therefore,

assuming the same protocol was applied to the pretreatments (homog-
enous stir, degassing, pH adjustment), the microwave irradiation can
reduce at least 40% of the cost than conventional polymerization. The
scale-up microwave reaction (size > 1 L) is relatively hard to be esti-
mated because limited information [36]. But there are several successful
pilot-scaled examples (1000 t/year) provided by Microwave Chemical
Co. showing the promising applications (food additives, polyester,
nanoparticle etc.) of this technology. Hydrogel and biochar are all
desirable soil amendments but without large scale utilization. High de-
mand and lack of production contributed to the high pricing of these soil
amendments [11]. With the utilization of microwave-irradiated poly-
merization, it is believed that production efficiency can be enhanced,
and manufacturing cost can be largely reduced.

4. Conclusions

The result showed that microwave irradiation was successfully
employed to polymer composite production. Short time period (i.e., 2-
min duration) and clean production process were the dominant advan-
tages observed during the synthesis. After the synthesis, microwave-
mediated biochar-hydrogel composite exhibited appreciate water
retention and prolonged nutrient releasing capacity. Estimating from the
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Fig. 5. Accumulated nitrogen release (%) of hydrogel-biochar composite (p < 0.01) (a) in first 100 h and (b) in 700 h.
Table 2

Kinetic fitting parameters of nitrogen release from hydrogel-biochar composite.

Composite # Korsmeyer-Peppas Model Transport Mechanism

Table 3
Experimental conditions in polymerizations with microwave and with conven-
tional heating.

Ky n R?
Composite 1 6.28 x 107* 1.1507 0.9646 Case II transport
Composite 2 0.1106 0.8266 0.9850 Anomalous transport
Composite 3 0.1230 0.8485 0.9842 Anomalous transport
Composite 4 0.0447 0.9677 0.9931 Anomalous transport

scanning electron microscope (SEM), biochar dispersed uniformly in the
porous matrix and onto the polymer surface. Thermogravimetric anal-
ysis (TGA) indicated the thermal stability of linkages between cellulose
and acrylamide, but not with the biochar. FT-IR analysis demonstrated
the major functional groups of biochar-hydrogel composites. The link-
ages between cellulose and acrylamide were believed to maintain the
polymer matrix where biochar can be attached on and a reservoir to
store significant amount of water. The study revealed the significant role
of biochar in the hydrogel composite. It enhanced the moisture retention
as well as liberated nitrogen in an appropriate amount according to
plants’ need. Based on the cost benefit analysis and literature survey, it is
expected that microwave-assisted products will circumvent disadvan-
tages with conventional products.

Microwave Dosage Conventional Dosage
irradiation heating

Initiator Potassium 5% (w/w Potassium 0.8% (w/w
Persulfate, total raw Persulfate total raw
Ammonium materials) materials)
Persulfate

Crosslinker N, N- 1-5% (w/w N, N- 0.8% (w/w
bisacrylamide total raw bisacrylamide total raw
Methylene materials) Methylene materials)

Solvent Sodium 1g Distilled 1g
Hydroxide, products/ Water products/
Urea, Distilled 2.5 mL 2.5 mL

Reaction time

Temperature
or Power
level

Reference

Water
2h-20h
40 °C-70 °C

[12,37,38]

2 min-15 min
300 W-1200
w

This study [39,40],
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