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Abstract

In this study comparison for wastewater treatment takes place between corn straw (CS) waste and microcrystalline
cellulose (MCC) as two different reasonably priced biomass subjected to graft via acrylic acid. The grafting
polymerization for two biomass individually and Acrylic Acid (AA) was done viaammonium persulfate as initiator
and N,N-methylenebisacrylamide as a crosslinking agent, to concoct CS-g-AA&MCC-g-AA. The structure and
properties of the resulting product were characterized by add-on percent, FTIR, X-ray diffraction, and SEM. The
grafting conditions were studied and the final product was subjected to an adsorption study. The results of the
adsorption study revealed that grafting PAA onto MCC even at the lowest concentration improved the adsorption
efficacy significantly. The optimum conditions for the removal of RhB are pH 6, and 1.0 g/L where 93% was
removed in 90 min using MCC-g-PAAOQ.5 and 90% was removed in 90 min using CS-g-AA4. The adsorption
kinetics and isotherm studies illustrated that the adsorption process wasn’t simple. Comparing the Langmuir
theoretical monolayer saturation capacity of CS-g-AA4 (233 mg/g) showed its high potential as an adsorbent for
the treatment of dye-contaminated wastewater.

Keywords. Corn Waste; Microcrystalline cellulose; biomass; grafting polymerization; Wastewater treatment;

adsorption; kinetic and isotherm models.

1. Introduction

Following the immense environmental damage
caused by the manufacturing techniques utilized in
current systems, which result in accumulating carbon
emissions, global warming, and the creation of new
non-degradable components. Scientists have taken
action to lessen environmental contamination as a
result of these worries, which impede the life cycle
of many species on Earth. To get over these
obstacles, scientists have created green-designed
materials, which offer several benefits like being
biodegradable, inexpensive, lightweight, renewable,
chemically inert, and compatible with the majority of
synthetic plastic materials. [1-4]. The effort to
improve the characteristics of biocomposite
materials is still ongoing. Biocomposite materials
can be readily derived from a variety of agricultural
lagging materials, including kenaf, hemp, cassava,
wheat, jute, and corn. [5].

Agricultural wastes are more valuable than
materials from other sources because of their
characteristics—chemical, physical, and quantity—
and quality. They have varied degrees of
polymerization and a high cellulose content in their

fibers [6]. Moreover, the degree of crystallinity,
density, and porosity all affect how the
manufacturing process is varied. Corn is one of the
most important lignocellulosic crops cultivated. after
rice and wheat which are rich in starch. Corn is
regarded as a high-fiber and high-starch food. The
wet milling technique separates the maize husk fiber,
cellulose, hemicellulose, and gluten from the
granules. By drying, crushing, and sieving the stems
and leaves, corn stalk (CS) and husk can be extracted
[7]. Depending on the characteristics of the material
used as the matrix and the chemical interaction
formed between the filler and the matrix, the
percentage of corn in the biocomposite varies
dramatically for each composition. To attain ideal
mechanical, thermal, and chemical characteristics,
an experimental determination of the appropriate
composition is required. The characteristics often
start to decline beyond a certain point or percentage
of corn load, and adding more materials or
undergoing chemical or thermal treatment is
necessary to reverse the decline. Additionally, corn
is combined with other materials to improve their
qualities.
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Acrylic acid grafting onto corn waste can be a
promising approach for water treatment. Corn waste,
such as corn stalks, husks, or cobs, is a renewable and
abundant agricultural residue that can be utilized as
a low-cost and sustainable adsorbent material.
Grafting acrylic acid onto corn waste involves
modifying the surface of the waste material by
attaching acrylic acid molecules to it. This
modification enhances the adsorption capabilities of
the corn waste, allowing it to effectively remove
noxious waste from water.

Here are some key benefits and considerations for
using acrylic acid graft corn waste for water cure:

1- Adsorption Capacity: Acrylic acid grafting
can increase the surface area and introduce
functional groups on the corn waste, which
can enhance its adsorption capacity. The
grafted material can effectively adsorb
various  pollutants, including organic
compounds, heavy metals, and dyes, from
water.

2- Renewable and Low-Cost Material: Corn
waste is readily available as an agricultural
byproduct, making it an attractive choice for
water treatment applications. It offers a
sustainable alternative to synthetic adsorbents
and can be obtained at a relatively low cost,
reducing overall treatment expenses.

3-  Eco-Friendly Approach: Utilizing corn waste
as an adsorbent promotes the utilization of
agricultural residues and reduces waste
generation. This approach aligns with the
principles of sustainability and environmental
conservation.

4- Regeneration and Reusability: Depending on
the specific grafting method and adsorbent
characteristics, acrylic acid graft corn waste
can often be regenerated and reused. This can
be beneficial for long-term applications and
cost-effectiveness.

5- Optimization and Performance: The
efficiency of acrylic acid graft corn waste as
a water treatment material depends on several
factors, including the grafting process
parameters, the concentration and nature of
pollutants, and the operating conditions.
Optimization studies are necessary to
determine the optimal grafting conditions and
maximize the adsorption performance.

6- Compatibility and Application: Acrylic acid
graft corn waste can be used in various water
treatment applications, such as the removal of
organic pollutants from industrial wastewater
or the treatment of contaminated
groundwater. Compatibility with different
water matrices and pollutants needs to be
evaluated to ensure effective performance.

There are four primary categories of biomass:
wood, forestry residue, industrial waste, municipal

trash, and agricultural waste. Biomass has long been
investigated as an adsorbent in wastewater treatment
due to its abundance, low cost, and several functional
groups. Because of their short regeneration cycle,
effectiveness, availability, chemical stability,
environmental friendliness, and affordability,
agricultural waste in particular can be employed as
adsorbents for water remediation [8]. They easily
absorb dye and heavy metal ions due to their porous
structure, large specific surface area, and variety of
functional groups [9]. Adsorbents such as sawdust
[10], sugarcane bagasse [11], rice husk [12], rice
straw [13], maize straw, wheat straw [14], and wood
shavings [15] have been utilized in place of raw
agricultural solid wastes and waste products from the
forest industry. Because of their low cost and
physicochemical properties, these materials are
readily available in large quantities and may have
promise as sorbents [16].
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Scheme 1. Flow diagrams of corn waste content and
extraction methods

Corn waste and its derivatives are an inexpensive
and safe source of raw materials for the production
of inexpensive adsorbents that could be effective in
removing contaminants from wastewater. This
biopolymer presents an intriguing alternative as an
adsorbent due to its unique qualities (renewable,
abundant, and biodegradable raw resource) and
qualities like high reactivity and chemical stability,
resulting from the presence of chemically reactive
hydroxyl groups in polymer chains [17]. These
properties enable the chemical modification of corn
waste to meet various requirements. Following
alteration, starches exhibit large pore volume, high
specific area, and appropriate expansion, all of which
can improve their adsorption capacity. This indicates
that modified corn wastes are better suited to use as
catalytic carrier materials or as an adsorbent for dyes
and heavy metals [18].

Furthermore, dyes and heavy metals can be
successfully removed from synthetic wastewater by
using MCC-based materials, which are a common
carbohydrate polymer derived from lignocellulosic
biomass, as efficient adsorbents. With the Langmuir
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isotherm and  pseudo-second-order  primarily
reported as the best-fit models for the generated
equilibrium and kinetic data, respectively, MCC-
based materials performed exceptionally well in the
adsorption of dyes and heavy metals, pointing to the
homogeneous distribution of adsorption sites as well
as the formation of monolayer adsorbate on their
surfaces [19].

Water pollution has gained increasing attention in
recent years. It is now admitted that untreated and/or
improperly treated industrial wastewater discharges
are the main source of contamination of water bodies
[20-21]. The wastewater of dye-consuming
industries raises major environmental concerns
owing to its large amount, widespread, complexity,
and inclusion of several bio-recalcitrant dyes
[22,20]. The contamination of water sources by
synthetic organic dyes is visually unappealing,
hinders sunlight from penetrating the water leads to
serious damage to aquatic life, harms living
organisms, and can result in mutations, cancer,
allergic dermatitis, skin irritation, and nervous
system damage [22,23,20]. Therefore, the treatment
of dye-contaminated wastewater is a topic that poses
a true challenge and researchers are constantly
interested in it.

Various treatment techniques including chemical,
physical, and biological methods have been
investigated to treat dye-contaminated [20-22,24].
However, adsorption is widely used among other
treatment techniques as a result of its cost-
effectiveness, technical feasibility, simplicity, and
high efficiency [20,22].

The present work is undertaken to synthesize
innovative biomass polymeric products and to
characterize them as a prerequisite for their
utilization in the area of water treatment. In this
research, the combination of [AA] acrylic acid,
methylene bisacrylamide, and [CS] corn waste and
[MCC] in crosslinked-based adsorbents offers a
versatile and sustainable approach for water
treatment. It capitalizes on the adsorption properties
of acrylic acid, the cross-linking capabilities of
methylene bisacrylamide, and the natural filler
attributes of corn waste. We also used MCC Grafted
with acrylic acid and the presence of, methylene
bisacrylamide as a comparison for water treatment
application. The adsorption efficacy of the prepared
materials was assessed and compared using
Rhodamine B (RhB) as a model for dyes. RhB is a
highly water-soluble basic cationic dye belonging to
the xanthene group of dyes. RhB was selected as a
model in this study because of its extensive use in
leather, paper, printing, paint, and textile industries
in addition to its usage as a biomarker and tracer
[20,22,25]. RhB resists photolysis, thermolysis, and
biodegradation [22] and is toxic to many organisms,
and potential mutagen and carcinogen [20,25].
Therefore, the removal of RhB from the aqueous

solution is urgently required. The adsorption assay
included evaluating the effect of experimental
conditions such as the initial pH of the solution,
amount of used material, and contact time.
Furthermore, the adsorption kinetics and isotherms
were investigated and analyzed using the common
models.

Further research and development in this area can
contribute to the advancement of effective and
environmentally friendly water treatment solutions.
the aforementioned polymeric products were
characterized by Fourier transform infrared (FTIR)
spectroscopy and scanning electron microscopy
(SEM), X-ray diffraction.

2. Materials and methods
2.1. Materials

MCC was purchased from Chemicals LTD. Co.
(Korea). Acrylic acid was supplied from Fluka Co.
(Switzerland). MBA, NaOH, sodium carbonate, and
HCI were purchased from Sigma-Aldrich Co.
(Germany). Ammonium persulphate was purchased
from AIPHA CHEMICAL Co. (India). Corn waste
was collected from the residue of agricultural waste.
Other chemicals used in this study were of analytical
reagent grade and used without further purification.

2.1.1 Preparation of CS-g-AA and MCC-g-AA

Dry corn stalks [CS] were ground and sieved
using a 40-mesh sieve. Then, the resulting [CS]
crash-washed via alkaline media with 15% NaOH
solution at 55 °C in a water bath for 0.5 h. The
resulting alkaline corn waste was washed with
distilled water, and dried.

The graft polymerization reaction of CS and
MCC chain with vinyl monomer (AA) in the
presence of Am PS as an initiator and MBA as a
crosslinking agent was used to prepare the CS-g-AA
and MCC-g-AA. The synthesis process for MCC-g-
AA and CS-g-AA is shown in Scheme 1. A
mechanical stirrer was used to continuously stir a
solution containing varying concentrations of acrylic
acid in 30 milliliters of deionized water (DI). An
electrical bath was used to maintain a constant
reaction temperature. Using 0.01 M NaOH, the pH
of the reaction medium was brought to 4, and then
various concentrations of AA were added to the CS
or MCC solution. The CS/MCC/AAmM suspension
was then mixed with a constant concentration of
MBA (0.15 g/10 mL DI) and kept at 78°C for 4 hours
while being stirred and heated. The resulting
composite grafted materials were filtered out after
being cleaned off with a 20/80 ethanol/water
mixture. Ultimately, the resulting grafted products
were collected, dried at 90 °C, and stored for
additional research. The add-on % of the grafted
product is displayed in Figure 4.
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2. 2. Characterization
2.2.1. FTIR spectroscopy analysis

JASCO FT-IR 6100 spectrometer (Tokyo, Japan)
was used to record the FTIR spectra of the differently
prepared samples. The measurements were carried
out within the range of 4000400 cm!, with 60 scans
and a resolution of 4 cm™.

2.2.2. X-ray diffraction (XRD) analysis
Panalytical Empyrean X-ray diffractometer
(PANalytical, Netherlands), with an angle of
incident monochromatic X-ray in the range of 26=5—
80°, was used to analyse the lyophilized NCs and
NC-Ag bio- nanocomposites samples and dry films
of chitosan bio-nanocomposite under investigation.

2.2.3. Morphological analysis Quanta FEG-250
(Waltham, MA, USA)

scanning electron microscope, at a voltage of 20
kV, was used for imaging and elemental analysis, by
energy-dispersive X-ray spectroscopy, of the films.
The transmission electron micrographs of NCs and
NC-Ag bio-nanocomposites were captured with
high-resolution JEOL JEM-2100 (Japan). The ONC,
SNC, and PNC suspensions were dried on a
microgrid covered with a thin carbon film (=200
nm). To enhance the microscopic resolution, the
precipitated ONC, SNC, and PNC were dyed with a
2% uranyl acetate solution. On the other hand, the
precipitated ONC-Ag, SNC-Ag, and PNC-Ag bio-
nanocomposites were left without dyeing.

2.2.4. Instruments

The batch adsorption studies were performed
using an orbital shaking incubator (DAIHAN
Thermo  Stable™ 1S-30, Korea) and the
concentration of RhB was measured using a double-
beam UV-visible spectrophotometer (JASCO V730,
Japan).

2.2.4.1 Adsorption study

The adsorption efficacy of the prepared materials
was assessed using RhB as the model substrate.
Before the experiments, RhB solutions with different
concentrations were prepared and their visible
spectrum was recorded. Figure 1 shows the obtained
spectrum of 10 mg/L RhB solution, as an example,
and the calibration curve. The maximum absorption
wavelength (Amax) Was observed at 553 nm and the
calibration curve exhibited excellent linearity (R? =
0.9995) up to 100 mg/L. In the adsorption
experiment, the weight of the material was agitated
with RhB solution at 200 rpm and room temperature.
After certain contact times, samples were withdrawn
and the concentration of RhB was measured. The
percentage of RhB removed (R%) was calculated by
Equation 1.

R(%)—(l—%)x 100 1)

where C; is the concentration in mg/L of RhB at
contact time t, and C; is the initial concentration in
mg/L of RhB.
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Figure 1. (a) Visible spectrum of 10 mg/L RhB
solution and (b) calibration curve.

The adsorption study included assessing and
comparing the efficacy of the different prepared
materials, assessing the changes of R% with
changing the initial pH of RhB solution and the
amount of the material, adsorption kinetics, and
adsorption isotherm. The effect of the initial pH
(pHi) of the RhB solution was studied by adjusting
the pH t0 2.0, 4.0, 6.0, 8.0, or 10.0 using 0.1 M NaOH
or 0.1 M HCI and performing the adsorption
experiments. After identifying the optimum pHi,
different amounts (0.50-1.00 g/L) of the best-
performing material were agitated with RhB solution
pre-adjusted to the optimum pHi to explore the effect
of the amount of material. The kinetics of adsorption
were analyzed using the non-linear forms of the
widely applied pseudo-first-order (PFO) [26] and
pseudo-second-order (PSO) [27] equations. At first,
the amount of RhB adsorbed onto a gram of the
material (q;, mg/g) at contact time t (min.) was
calculated by equation 2 and then applied in the PFO
and PSO equations, equations 3 and 4 respectively.
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where ge is the amount of RhB adsorbed onto a
gram of the material at equilibrium (qe, mg/g), ki
(1/min) and k; (g/mg.min) are the rate constants of
the PFO and PSO reactions, respectively.

In the isotherm study, the initial concentration of
RhB was changed over the range of 5-100 mg/L, and
the obtained data was analyzed by the non-linear
forms of Freundlich [28] and (Langmuir 1918)[29]
models (equations 5 and 6, respectively).

q,=Kp C." ®)
_ qLKLCe
9™ Tk C, ©)

where Kr (mmol(1-1/n)L(1/n)/mol) and n (-) are
Freundlich constants, q; (mmol/g) is the Langmuir
theoretical monolayer saturation capacity, and K
(L/mmol) is Langmuir constant.

The experimental data were fitted to the kinetics
and isotherm models using OriginPro 2021 software.
The accuracy of the data predicted by the model was
judged based on the value of both the determination
coefficient (R?, equation 7), and chi-square (),
equation 8). The higher value of R? and lower value
of y* indicate excellent matching between the
practical and model-predicted data.

RZ
— Z (Qe,cal - qe,exp)z (7
Z (Qe,cal - C7(2,exza)2 - Z(qe,cal — (e,
N 2
2 _ (qe,exp - qe,cal) (8
r=,
qe,cal )

i=1

where g cal and qeexp are the model predicted and

experimental equilibrium adsorption capacity,

respectively, g exp is the average of geey, and N is
the number of experimental points.

3. Results and discussion

While research studies have demonstrated the
potential of acrylic acid graft corn waste and MCC
for water treatment, scaling up the production and
application of this material requires further
development and optimization. Considerations such
as cost-effectiveness, large-scale grafting methods,
and practical implementation need to be addressed
for real-world applications. It's important to note that
the effectiveness of acrylic acid graft corn waste for
water treatment can vary depending on the specific
pollutants, concentration levels, and water quality
parameters discussed below. Therefore, thorough
testing and evaluation should be conducted to assess
the performance of the material under the intended
water treatment conditions.
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Scheme 1. Flow diagrams of synthesis methods
mechanism of preparation CS-g-AA and MCC-g-
AA.

Evidence of Graft Polymerization
Characterization of the Functional Group of the
Copolymers by FTIR Spectroscopy

In addition to the ingredients utilized in grafting,
such as AA and MBA, Figure 2 displays the FTIR
spectra of the CS before and after the grafting. Figure
3 displays the grafted and native MCC. There is a
larger peak at 3400 cm-1 that originates from O-H
valence vibrations and a smaller peak at 2925 cm-1
that originates from C—H valence vibrations. C-O-C
stretching is described by wave numbers at
approximately 1153, 1078, and 1023 cm-1 [30]. The
OH valence band of the CS group and the NH
valence band of the MBA overlap in the CS-g-AA
example, resulting in a peak at 3730 cm-1 that rests
atop a peak that occurs at roughly 3670 cm-1. about
at 570, 764, 860, The strength and shape of the
grafted CS group's vibrations alter, suggesting that
the OH of the CS groups underwent changes during
the reaction.

Therefore, the existence of these extra peaks in
the grafted cellulose instance relative to CS indicates
that the grafting of poly (acrylic acid) chains onto CS
was successful. The FTIR spectrum of CS-g-AA
displays the following bands corresponding to the
monomer: C-O valence vibrations at 1295 and 1170
cm-1, C=C double bond valence vibrations at 1650
cm-1, C-H bond valence vibrations (CHs) at 2928
cm-1, and OH group valence vibrations at roughly
3420 cm-1. The effective grafting of AA onto the
treated CS was verified by the FTIR analysis.

Figure 3. MCC shows the O-H stretching
absorption in the range of 3650-3000 cm-1 (wide, s),
the C-H stretching at 2900 cm-1, and the wave
number of 1025 for the C—O stretching in addition to
the previously shown figures of the AA and MBA
peaks. All of the distinctive absorption peaks
associated with MCC were visible in the FTIR
spectra of MCC-g-AA. Furthermore, the C=0
stretching, which is a feature of the -COO group
found in AA, is indicated by the peak at 1728 cm-1.
The evidence supporting the grafting of acrylic acid
onto the MCC backbone was the new absorption
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band detected at 1728 cm-1. Additionally, as the
amount of graft grew, so did the peak intensities of
C-H stretching at 2900 cm-1, C=0 stretching at 1728
cm-1, and C=0 stretching at 1025 and 1165 cm-1.
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Figure 3. MCC, AA, MBA, MCC-g-AA.

Effect of Acrylic Acid Concentration on % add-
on

Figure 4 shows the Effect of acrylic acid
concentration on the % add-on of the grafted product
either CS-g-AA or MCC-g-AA. The figure shows at
low levels of monomer dosage there are slight
increase in the add-on level. By increasing monomer
concentration and ammonium persulfate initiator are
too many radicals that cause premature terminations
as well as increased homopolymer formation. The
reason for the latter is not fully clear but it is

speculated that in a further stage of the reaction, there
may be a limited number of grafting sites available
from the backbone carbohydrate, perhaps due to
steric hindrance. The optimum value is different for
each specific grafting system so it can only be
determined by experiments. We increase the AA
concentration until reaches a suitable concentration
for dye adsorption.
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Figure 4. Effect of Acrylic Acid Concentration on
% add-on
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Scanning Electron Microscope (SEM)

SEM was used to examine the morphological
characteristics of the CS, grafted CS-g-AA, and
MCC, as well as the grafted MCC-g-AA. A typical
surface morphology for both CS and CS-g-AA is
shown in Figs. [5 a,b], [6 a,b]. The surface of CS is
more asymmetrical, rugged, and porous. Grafted
corn waste has pores, which raises the likelihood that
metal ions may get trapped and adsorbed onto the
surface. The surface roughness of the modified
cellulose increased, as seen by the SEM images of
the adsorbent (Fig. 6a.b). The SEM pictures (Fig.
6a.b) demonstrate how entirely the AA layers cover
the cellulose's surface. This shows that the synthesis
was successful and that the AA treatment increased
the surface area.

Scanning electron microscopy was used to study
the surface appearances of MCC and MCC-g-AA, as
illustrated in Figure [6 a,b]. MCC had a flat surface,
as Figure 6(b) illustrates. Nevertheless, as Figure
6(b) illustrates, there were numerous aggregations of
modified cellulose following polymerization.
Additionally, as a result of microphase separation,
the surfaces of MCC-g-AA resembled the fish scales
depicted in Figure 6(b). Figure 6(b) depicted the pore
structure of MCC. The pores' diameter ranged from
few nanometers to dozens of nanometers, and their
surface was covered with a large number of irregular
pores. But upon copolymerization, the holes
vanished and were replaced by an uneven stripe, as
seen in Figure 6(b). There is a crosslinking structure
in the modified MCC.
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Figure 5 (a,b) SEM micrographs of the prepared, s-
g-AA before (a) and after grafting (b).
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Figure 6 a,b SEM micrographs of the prepared,
MCC-g-AA before (a) and after grafting (b).

X-ay Diffraction

MCC -—g-AA prepared using low feed
concentration (0.5% sample) was selected for further
characterization using XRD analyses. The crystal
structures of Raw MCC and MCC —g-AA are shown
in Fig. (7a,b,c). The XRD patterns (Fig. 7a,b) of both
samples exhibit peaks at 26=16°, 22° and 35°. These
peaks are consistent with the position of diffraction
peaks of the reference cotton cellulose/polymorph

structure Although there is not much difference in
peak positions of the two samples, the diffraction
peaks of the Raw MCC are less intense than the
grafted MCC. This phenomenon is probably due to
the introduction of vinyl groups onto the backbone.
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Adsorption study

The adsorption efficacy of the different prepared
materials toward RhB was assessed and compared.
Figure 8 displays the obtained results.
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Figure 8. Comparing the adsorption efficacy of the
different prepared materials toward (a) MCC-g-PAA
(Ci 10 mg/L, dosage 1.0 g/L, pH; 6) and (b) CS-g-
PAA (C; 10 mg/L, dosage 1.0 g/L, pH; 6).

Figure [8 a & b] shows that pure MCC cannot
adsorb RhB. On the contrary, pure PAA can
effectively remove RhB where 85% was removed
using 1 g/L after 2 hr. Figure [8 a] illustrates that
grafting AA onto MCC even with the lowest
concentration (sample MCC-g-PAAgs) has a
tremendous improving effect on the adsorption
efficacy of MCC. The removal of RhB using 1 g/L of
MCC-g-AAos reached 77% after 90 min and
increased to 80% after 120 min. Increasing the
concentration of grafted AA brought about a slight
increase in the R%. The R% was 86%, 84%, and 91%
for MCC-g-AA1, MCC-g-AA; and MCC-g-AA;,
respectively. The enhancement in R% associated
with increasing the AA concentration is insignificant,
therefore, the sample MCC-g-A Ao s was selected for
further study. On the other side, Figure [8 b] shows
that grafting AA onto CS improved the adsorption
efficacy of CS toward RhB, the R% using 1 g/L
increased from 38% for the pure CS to 93% for CS-
g-AA4 in 2 hr. Consequently, the sample CS-g-AA4
was used to evaluate its adsorption efficacy under
different conditions.

Generally, the surface charge of the adsorbent and
the ionic form of the adsorptive depend on the pH; of
the solution [21]. RhB has a pK, of 3.7, thus at pH <
3.7 it exists mainly as a cationic molecule (RhB*)
whereas at pH > 3.7 the carboxylic group
deprotonates forming the zwitterionic molecule
(RhB+).[31] Figure 9 represents these two forms of

Cationic form Zwitterionic form
pH <3.7 pH>3.7

Figure 9. Molecular structures of RhB at different
pHs.

As illustrated in [Figure 10a], the removal of RhB
by MCC-g-AAos was 80% at pH; 2 and increased to
96% at pH; 4. An additional increase in the RhB
solution pH; to 6 and 8 has a slight effect on R%
where it insignificantly dropped to 88% and 89%,
respectively, but at pH; 10 the R% significantly drops
to 65%. These results can be explained in terms of
electrostatic interactions. At highly acidic or alkaline
pHs, repulsion forces rules leading to low R% while
at pH 4-8 attraction forces rules leading to higher
R%. In more detail, at pH; 2 the oxygen-containing
functional groups of MCC-g-AAps become
protonated and repulse the cationic RhB whereas at
pHi 10 these functional groups become negatively
charged and repulse the carboxylate group of RhB.
In addition, at pH; 10 the zwitterionic form of RhB
aggregates producing a macromolecule that is hard
to adsorbed [32,33]. At pHi 4, the protonated oxygen-
containing functional groups of MCC-g-AA s attract
the carboxylate group of RhB resulting in the highest
observed R%. While at pH; 6 and 8 the magnitude of
protonation of these groups slightly decreased,
consequently the attraction forces are weakened
resulting in the observed insignificant drop in R%.
For CS-g-AA4 (Figure 10 b), the R% of RhB is not
significantly affected by the pHi. This observation
suggests that mechanisms other than electrostatic
interactions are probably included in the adsorption
of RhB onto CS-g-PAA4. Based on the results of the
pHi effect it can be concluded that the optimum pH;
is the natural pH of the RhB solution (pH 6).

[Figure 10 ¢ & d] discloses that the amount of
both MCC-g-AAos and CS-g-AA4 affects the
removal of RhB in a similar and traditional way. The
R% increases as the dosage of either MCC-g-AAqs
or CS-g-A A, increases. The R% was 75%, 86% and
96% using 0.50 g/L, 0.75 g/L, and 1.00 g/L of MCC-
g-AAos. Likewise, the R% was 82%, 90% and 93%
using 0.50 g/L, 0.75 g/L, and 1.00 g/L of CS-g-AA..
This outcome makes sense as adding more material
increases both the accessible surface area and the
number of adsorption sites.[34] Another note from
[Figure 10 ¢ & d] is that the increase of R% with
dosage was more significant for MCC-g-AAogs
relative to CS-g-AA4.

Contact time is a key parameter in evaluating an
adsorbent's efficiency. Analyzing the effect of
contact time on RhB R% [Figure 10 ¢ & d] reveals
that the R% increases stepwisely with contact time
for both MCC-g-A Ao s and CS-g-AA4. Moreover, the
adsorption of RhB by CS-g-AA4 was faster than
MCC-g-AAos, and the R% at the beginning of
contact time was considerably higher. These
observations infer that compared to MCC-g-AA:s,
CS-g-AA4 contains more adsorption sites, and/or
RhB accession to adsorption sites of CS-g-AA4 is
easier.
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Figure 10. Changes of R% with solution pH, (a)
MCC-g-AAos (Ci 10 mg/L, dosage 1.0 g/L) & (b)
CS-g-AA4 (Ci 10 mg/L, dosage 1.0 g/L) and dosage
of (¢c) MCC-g-AAys (C; 10 mg/L, pH 6) & (d) CS-
g-AA4 (C; 10 mg/L, pH 6).

Analyzing the adsorption kinetics helps in
understanding the adsorption mechanism and rate-
determining step. The PFO assumes that
physisorption is the rate-determining step whereas
the PSO assumes that chemisorption is the rate-
determining step (Mousavi et al. 2023). Figure 11
shows the fitting curves of the PFO and PSO models
to the experimental kinetic data and Table 1 gives the
obtained parameters of these models.
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O Experimental data
—— PFO fit
0 —— PSO fit
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0 20 40 60 80 100 120
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Figure 11. Kinetics of adsorption of RhB onto (a)
MCC-g-AAos (C; 10 mg/L, dosage 1.0 g/L, pH; 6)
and (b) CS-g-AA4 (Ci 10 mg/L, dosage 0.5 g/L, pH;
6).

A visual inspection of Figure 11 shows that the
experimental data can be well-fitted to both PFO and
PSO models. This observation is corroborated by the
numerical data in Table 1, where the R? of both PFO
and PSO are greater than 0.999. This outcome
implies that the adsorption process includes several
mechanisms. A similar outcome has been reported
before [21,33] Comparing the values y* for the PFO
and PSO models can expose which model can give a
better fit to the experimental data, the lower y? the
better fit. The ¥ values in Table 1 expose that the
PSO and PFO models describe the kinetics of
adsorption of RhB onto MCC-g-AAys and CS-g-
AA4 marginally better than the PFO and PSO
models, respectively. Thus, it can be said that
physisorption and chemisorption are both involved
in the adsorption of RhB, with chemisorption
predominating in the case of MCC-g-AAos and,
physisorption in the case of CS-g-AAs.
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Table 1. Values of the fitting parameters of the PFO and PSO kinetic models.

MCC-g-AAos CS-g-AAs
PFO PSO PFO PSO
R?  0.99998 0.99999 0.99999 0.99999
* 0.03973 0.03114 0.02298 0.02867
k 0.05 + 0.002 0.005 + 0.0004 0.040 = 0.002 0.004 + 0.0004
qe 12.06 £ 0.130 13.97 £0.21 9.580 = 0.119 11.60 £ 0.25

Studying the adsorption isotherm provides
insights about the relation between the initial
concentration of RhB and the amount adsorbed at
equilibrium, the mechanism of the adsorption
process, the nature of the adsorbent and the
theoretical maximum adsorption capacity of the
adsorbent. Herein, the experimental adsorption
isotherm was analyzed by Freundlich and Langmuir
models. Figure 12 depicts the experimental and
Freundlich and Langmuir fitted isotherm models. As
seen in Figure 12, the amount adsorbed of RhB
continuously increase with increasing the initial
concentration. When the initial concentration of RhB
increases, both the concentration gradient near the
adsorbent and the collisions between RhB molecules
increase. Consequently, the rate of diffusion of RhB
molecules to the surface of the adsorbent increases
which eventually results in the observed increase in
the amount of adsorbed RhB.
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Figure 12. Adsorption isotherms of RhB onto (a)
MCC-g-PAAys (dosage 1.0 g/L, pH; 6, contact time
3 hr) and (b) CS-g-PAA4 (dosage 0.75 g/L, pH; 6,
contact time 2 hr).

Figure 12 also illustrates that both Freundlich and
Langmuir isotherm models fit well the experimental
adsorption isotherm of RhB onto MCC-g-AA s and
CS-g-AA,. To validate this observation the isotherm
parameters were calculated and are listed in Table 2.
The values of R? for both Freundlich and Langmuir
isotherm models are greater than 0.999 which
verifies that they fit the experimental data well. This
observation agrees with precedent reports where
fitting of several different isotherm models to
experimental data have been reported before
[21,25,35,37-39]. Moreover, this observation
supports the outcome of the kinetic study that several
mechanisms are involved in the adsorption process.

Table 2. Values of the fitting parameters of
Freundlich and Langmuir isotherm models.

MCC-g-PAAo.s

Freundlich Langmuir
R2  0.99994 R?2  0.99988
¥ 0.06625 ¥ 0.12744

Kr 6.71+0.62 KL 2.85x10°+0.01
nr  0.91+0.04 qr  289589.58 +8.34 x 107

CS-g-PAA4

Freundlich Langmuir

R?2  0.99936 R?2  0.99960

¥ 0.89354 a 0.55974

Kr 798+1.79 Kr 0.03+£0.01

nrg 1.22+0.13 qL  233.03 +65.04

The values of ¥* in Table 2 illustrate that
Freundlich model describes the adsorption isotherm
of RhB onto MCC-g-AAgs slightly better than
Langmuir model. Also, though the values of R? and
y* suggest that the Langmuir can describe the
adsorption isotherm of RhB onto MCC-g-AAys, the
values of K and qr. appear illogical which rules out
the applicability of Langmuir model to the
experimental data. Freundlich model is designed to
describe the non-ideal multilayer adsorption onto
heterogeneous surfaces where the adsorbates interact
with each other [28]. Thus, it can be deduced that the
surface of MCC-g-AAs contains adsorption sites
with various energies and that the adsorbed RhB
forms multilayer onto MCC-g-AAos. On the other
side, according to the values of %’ the adsorption
isotherm of RhB onto CS-g-AAj is better described
by Langmuir model. Langmuir model is designed to
describe monolayer of non-interacting adsorbates
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onto an adsorbent that contains adsorption sites with
equal adsorption energies [29]. Accordingly, the
adsorption sites on the surface of CS-g-PAA4 have
equal energies, RhB forms monolayer on the surface
of CS-g-PA A4 and adsorbed RhB do not interact with
each other.

The theoretical monolayer saturation capacity is
a characteristic parameter of Langmuir model and is
widely used to compare the efficacy of adsorbents
reported in the literature toward a specific adsorptive.
Table 3 lists some of the reported Langmuir
theoretical monolayer saturation capacity of several
adsorbents toward RhB.

Table 3. Langmuir theoretical monolayer adsorption
capacity of different adsorbents toward RhB.

Adsorbent qL
(mg/g)

Activated carbon from cement waste [40] 531.84

Modified bentonite [41] 284.4

Chitosan modified with 2,3-dihydroxy- 233.40
benzaldehyde [42]

CS-g-PAA4 (This work) 233.03
SnS> [43] 200
Modified NH-bentonite [44] 192.3

Sodium tauroglycocholate functionalized 173.96
mesoporous silica nanoparticles [22]

Carbon xerogel modified with 132
ethylenediamine [45]

Java bentonite [44] 116.3
Mesoporous NiO nanoparticles [46] 111

Activated carbon from Samanea saman 101.01
waste pods [47]

Polyaniline-coated porous and fibrous 34.93
nanocomposite [48]

Moroccan natural clay bentonite [49] 29.33
Oligocyclopentadiene resin [50] 17.80
Kaolin-organic bentonite [51] 12.68
Fe—N co-modified biochar [52] 12.41
Kaolin [51] 7.760
Pomegranate peels ground powder [53] 7.370
Zeolite [25] 6.964
Acid-activated halloysite [50] 6.290
Stalk corn activated carbon [20] 53

Halloysite [25] 4.252
Chalcedonite [25] 2.701
Raw walnut shells [54] 2.292

Silica particles derived from natural 1.70
kaolinite [55]
Sugar cane bagasse [56] 1.250

Devonian sand [25] 0.349

Table 3 reveals that the qi of CS-g-A A4 is higher than
a lot of other reported adsorbents in the literature.
However, few other adsorbents such as activated

carbon from cement waste [41] and modified
bentonite [43] have higher adsorption capacity than
CS-g-AA,. Overall, it can be inferred from Table 3
that CS-g-A A4 has good adsorption capacity and can
be considered a promising candidate for removing
organic dyes from wastewater.

Conclusions

As comparison study between CS-g-AA and
MCC-g-AA on adsorption of RhB as representative
for cationic dyes show that there is no significant
difference in adsorption rate which prove that the
using of waste biomass or waste stalk is
costly effective, easier, faster, excessive compassion
with same result in comparative.

Globally, a great deal of research is being done to
create new materials that combine raw materials
from renewable, natural sources with
biodegradability. Several cellulose sources, such as
maize stalk waste, were generated by
copolymerization via free radical grafting and
employed as superabsorbent co-polymers utilizing
acrylic acid. The crosslinking agent employed in the
syntheses was hydrophilic N,N'-
methylenebisacrylamide, and the initiators used were
ammonium persulfate. It was discovered by FTIR
and SEM analyses that AA monomers had been
grafted onto the macromolecular chains of CS. For
the grafting of microcrystalline cellulose MCC and
product characterisation, a comparative experiment
was conducted.

Detailed adsorption study was performed using
RhB as representative for cationic dyes and included
the evaluation of the adsorption performance of all
the prepared materials, assessing the effect of initial
pH of RhB solution, and adsorbent dosage.
Furthermore, the adsorption kinetics and isotherm
studies were performed. The kinetic data was
analyzed using the pseudo-first-order and pseudo-
second-order models while the isotherm data was
analyzed using Freundlich and Langmuir models.
The results showed that pH affects the removal of
RhB by MCC-g-AA¢s and has insignificant effect
when CS-g-AA4 was used. The adsorption kinetic
followed both the pseudo-first-order and pseudo-
second-order models with the predominance of the
pseudo-second-order in case of MCC-g-AAos and
pseudo-first-order in case of CS-g-PAA4. Similarly,
both Freundlich and Langmuir models fitted the
experimental adsorption isotherm well with the
predominance of Freundlich in case of MCC-g-AAo s
and Langmuir in case of CS-g-AAs.

A comprehensive comparison of the Langmuir
theoretical monolayer saturation capacity of CS-g-
AA4 with literature revealed its high promise for the
removal of RhB from contaminated aqueous
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