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Abstract: The removal of refractory pollutants, i.e., methylene blue (MB) and ciprofloxacin (CIP),
relies heavily on sorption technologies to address global demands for ongoing access to clean water.
Because of the poor adsorbent–pollutant contact, traditional sorption procedures are inefficient. To
accomplish this, a wheat husk biochar (WHB), loaded with cinnamic acid, was created using a simple
intercalation approach to collect dangerous organic pollutants from an aqueous solution. Batch
experiments, detecting technologies, and density functional theory (DFT) calculations were used to
investigate the interactions at the wheat husk biochar modified with cinnamic acid (WHB/CA) and
water interface to learn more about the removal mechanisms. With MB (96.52%) and CIP (94.03%),
the functionalized WHB exhibited outstanding adsorption capabilities, with model fitting results
revealing that the adsorption process was chemisorption and monolayer contact. Furthermore,
DFT studies were performed to evaluate the interfacial interaction between MB and CIP with the
WHB/CA surface. The orbital interaction diagram provided a visual representation of the interaction
mechanism. These findings open up a new avenue for researchers to better understand adsorption
behavior for the utilization of WHB on an industrial scale.

Keywords: wheat husk biochar; cinnamic acid; wastewater treatment; adsorption; DFT

1. Introduction

Rapid industrialization and massive growth in the human population have resulted
in major environmental contamination in the last few decades. Increased concentrations
of a wide variety of contaminants or pollutants, such as toxic heavy metal ions, inorganic
anions, micropollutants, and organic compounds such as dyes, phenols, pesticides, humic
substances, detergents, and other persistent organic pollutants, have been widely reported
in recent decades in various parts of the world. The release of these harmful chemicals
into natural water bodies has devastated flora and fauna and has disrupted the ecological
balance. Many of these pollutants are not only chemically or biologically resistant, but they
also have a high level of environmental mobility and a high potential for bioaccumulation
in the food chain [1]. Water contaminants include inorganic dangerous elements, organic
compounds, and microorganisms. Inorganic hazardous elements include mercury, cad-
mium, lead, chromium, copper, and other inorganic metallic elements. Common organic
contaminants in water include pharmaceuticals, personal care products, endocrine disrup-
tors, pesticides, organic dyes, detergents, and common industrial organic wastes, such as
phenolics, halogens, and aromatics [2–4].
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Dyes are an important class of aromatic hydrocarbons that pollute the environment. These
are colored substances used in various industries [5]. Each year, 5–10% of the 7 × 105 metric
tons of dyes produced are discharged as waste into water [6]. Although these are used in a
variety of industries for a variety of purposes, their presence in water is extremely hazardous
due to their poor degradability, unpleasant odor, high toxicity level, and retardation of light
penetration into the water, causing the photosynthesis process to halt, thereby disrupting the
entire ecosystem [7].

There are various classes of dyes; among these, methylene blue is an important dye. It
is a heterocyclic compound with the chemical formula C16H18N3SCl.3H2O. Methylene blue
(MB), a biological staining agent, is the most commonly used cationic dye in the wool, silk,
leather, calico, cotton, and tannin industries. MB, which can inflict eye burns on humans
and aquatic critters and permanently harm their eyes. Furthermore, depending on the
length of time that people are exposed to MB, it can be hazardous to their health. Long-term
MB exposure can result in a burning sensation, mental disorientation, nausea, vomiting,
methemoglobinemia, cyanosis, convulsions, dyspnea, anemia, and hypertension, whereas
short-term exposure might result in quick or difficult breathing [8–10].

Ciprofloxacin is a second-generation fluoroquinolone antibiotic that targets Gram-
negative and Gram-positive bacteria and has a fluorine atom at position 6 in the quinoline
group. Its superior properties, such as excellent tissue penetration, good bioavailability,
and fewer side effects, led doctors and veterinarians all over the world to prescribe it
to treat a variety of bacterial infections, including infections of the respiratory system,
skin, bone, joints, urinary tract, and gastrointestinal tract [11]. According to many studies
from around the world, ciprofloxacin has been identified in alarming proportions in a
range of environmental systems, including agricultural soils, groundwater, surface water,
and effluents from various wastewater treatment plants (i.e., domestic, hospital, and
industrial) [12,13]. Even though ciprofloxacin concentrations in aquatic environments
range from ngL−1 to gL−1, these levels are adequate to cause and accelerate antimicrobial
resistance gene (AMR) proliferation in water. These genes can infect the body (human
or animal) with fatal diseases, while tolerating or competing with any antibiotic, posing
a severe threat to the world’s limited water supply. If reasonable measures to lower
ciprofloxacin content and related resistant genes in water are not performed, AMRs could
become a future pandemic similar to COVID-19 [14].

As a result, contaminated water and wastewater must be cleaned before being dis-
charged into the natural environment. To remove organic contaminants from wastewater,
many approaches have been tried, including electrochemical treatment [15], biological
treatment [16], photodegradation [17], ozonation [18], electrochemical treatment [19], mem-
brane filtration, oxidation [20], adsorption [21], reverse osmosis [22], physical nanofiltra-
tion [23,24], chemical oxidation [25,26], ion exchange, and electrocoagulation [27]. Among
these methods, adsorption is considered one of the best methods, because it is low-cost,
the nontoxic adsorbent can be regenerated, it is easy to operate, and has no chance of
high toxicity [28]. However, the surface area, porosity, and pore diameter of the adsorbent
and adsorbate that are utilized determine the efficacy of the adsorption process. This ap-
proach has used a variety of adsorbents, including carbon-based adsorbents [29], polymers
and resins [30,31], metal-organic frameworks, clays and minerals [32,33], nanomateri-
als [34] [35,36] such as PTA/Zr-MCM-41, and metals and their oxides [37], which have
been used for the adsorption of antibiotics/dyes. Activated carbon is the most important
and frequently used cost-effective adsorbent; it can be regenerated with some mass loss.
The production of activated carbon from different sources results in a difference in porosity,
adsorption, and other properties. Moreover, the method of preparation of activated carbon
and parameters used during this method affect the acidic and basic nature of activated
carbon [38].

One of the serious problems is that the direct usage of these adsorbents creates many
problems, such as poor adsorption capacity, emission of secondary pollutants, high COD,
BOD, and TOC [39], while wheat husk biochar modified with cinnamic acid has no such
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problems. It does not create sludge formation, nor does it emit secondary pollutants, and it
has no effects on BOD, COD, or TOC.

Biochar derived from wheat husk can be used as an adsorbent because it has a high
surface area, insolubility in water, high mechanical strength, and various functional groups.
Moreover, it has some alkali metal content that also enhances its adsorption capacity. The
chemical composition of wheat husk includes cellulose, 33.7–40%; hemicellulose, 21–26%;
lignin, 11–22.9%; and extractives that include alkali metal contents and silica, which account
for 15.3% [40].

Tons of wheat husk are produced every year, with very little usage in feedstock, energy
production, and the adsorption process. A large amount of wheat husk is thrown out as
waste material. The use of wheat husk as an adsorbent for the removal of organic pollutants
not only provides a solution for the usage of this waste material in a useful form, but also
plays an effective role in wastewater treatment. It is the cheapest and most renewable
source, but the problem is that natural wheat husk exhibits very poor adsorption capacity.
Although wheat straw biochar has been reported in the literature for the removal of MB,
it has a very low adsorption capacity of 46.6 mg/g in the absence of a magnetic field,
and 62.5 mg/g in the presence of a magnetic field. This poor adsorption capacity is not
sufficient for today’s threatening levels of pollutants [41]. Other modification techniques
can be used to improve the properties of the wheat husk [42]. The modification increases
surface area and adsorption properties [43].

This paper reports the modification of wheat husk-derived biochar with cinnamon acid,
as it is not a harsh acid, is less toxic, and is environmentally friendly, while the previously
reported modifying agents are harsh and have some toxic effects. There is currently no
literature available on the adsorption of organic pollutants using cinnamic acid-modified
wheat husk biochar. A study has been carried out on wheat husk biochar that has very little
affinity toward the removal of MB only, but no study has been carried out on wheat husk
biochar loaded with cinnamic acid for the removal of antibiotics. As a result, the goal of this
study was to fill a research gap by analyzing organic pollutant removal utilizing cinnamic
acid-modified wheat husk biochar and batch adsorption. Methylene blue, a well-known
thiazine dye, was chosen to represent cationic dyes, while ciprofloxacin, a fluoroquinolone
antibiotic with a fluorine atom at position 6 in the quinoline group, was chosen to represent
non-cationic colors. As part of the research, the adsorbent was characterized based on its
surface appearance and pore characteristics. In batch mode, the impacts of key adsorption
factors, such as adsorbent dosage, beginning pH, contact time, and initial concentration,
were also investigated. Finally, the adsorption mechanisms on both MB and ciprofloxacin,
with cinnamic acid-modified wheat husk biochar as the adsorbent, were investigated
using the fitting of experimental data with adsorption equilibrium isotherm, kinetic, and
mechanism models, as well as theoretical studies (Scheme 1).
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Hence, this study signifies that by preparing WHB/CA, we can remove refractory
pollutants from wastewater in heavy amounts. So, we can not only overcome water
pollution, but also land pollution.

2. Results and Discussion
2.1. SEM Analysis

The adsorbent’s surface micromorphology has a significant impact on its adsorption
performance. The micromorphology of biochar may be seen easily and intuitively using
scanning electron microscopy. The morphological changes of materials before and after
alteration can be better examined using electron microscopy. Figure 1 shows the SEM-EDS
pictures of the biochar before and after modification. The micromorphology of both WHB
and 7.5%WHB/CA is an inhomogeneous porous structure with a roughened surface, as
seen by SEM images (Figure 1). It can be seen from Figure 1a that the surface of WHB has
many prominent cracks that are lessened in the surface of 7.5%WHB/CA (Figure 1b), and
macropores are converted into microspores. Hence, the modifier aggregated on the surface
of WHB, which is very effective for the adsorption of organic pollutants on its surface, while
it is shown in Figure 1c that the surface of WHB has a small amount of debris on its surface,
with some smoother contents, while the surface of the 7.5%WHB/CA (Figure 1d) is rough
and was fully covered with the modifier. This aggregation on the surface of 7.5%WHB/CA
was an indication of successful modification [44].
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Figure 1. SEM of WHB (a,c) and WHB/CA (b,d), EDS of WHB (e), and EDS of MWH/CA (f).

2.2. XRD Analysis

XRD analysis was performed to investigate the crystallinity of the material. As shown
in Figure 2, a characteristic peak at around 22◦ appeared, which corresponded to cellulose
for WHB, while the same diffraction for 7.5%WHB/CA was very sharp, which is an
indication of preferred orientation. It shows the removal of amorphous constituents, such
as lignin and hemicellulose, and the insertion of cinnamic acid into the layers of WHB [45].
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2.3. FTIR Analysis

FTIR spectra of WHB, WHB/CA, and MB-WHB/CA samples were analyzed
(Figure 3). The peak at 2350 cm−1 gives evidence of CH stretch, and a peak at 1640 cm−1

corresponded to the C=C of the aromatic ring [46]. The vibrations of the carboxylate (COO-)
group were represented by a peak at 1450 cm−1, whereas the OCC stretch of the acetate
group was represented by a peak at 1160 cm−1, indicating that WHB was esterified. The
intensity of both peaks (C=O and COO-) increased after modification, which indicates that
modification was performed, and some sort of rearrangement may have been performed in
the biochar [47]. A band at 1070 cm−1 was due to COC stretch [46], which was suppressed
in the treated WH sample. Furthermore, the broadening of the peak at 1160 cm−1 and the
broadband of hydrogen-bonded OH at 3400 cm−1 also indicates the adsorption of dye onto
the modified sample. Hence, it is inferred that WHB/CA can adsorb MB effectively.
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2.4. Adsorption Experiments

Adsorption experiments were carried out by selecting the optimum impregnation ra-
tio of WHB and CA. Mixing 0.1 g of adsorbent with 100 mL of dye solution and 100 mL
(100 mg/L) of ciprofloxacin solution at room temperature for 160 minutes at 25 ◦C on an
orbital shaker at 100 RPM yielded the best impregnation ratio. It was seen from the results
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that the modified sample of 7.5% WHB/CA (wheat husk biochar/cinnamic acid) showed
maximum adsorption capacity against both adsorbates. Figure 4a shows the plot of impreg-
nation ratios of the samples vs. adsorption capacity of MB, while Figure 4b shows the plot
of impregnation ratios of the samples vs. adsorption capacity of Ciprofloxacin. It is inferred
from the results that a sample of 7.5% WHB/CA showed the highest adsorption capacity for
both adsorbates. So, the whole of the work was performed on a 7.5% WHB/CA sample.
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2.4.1. Effect of Adsorbent Dosage

The effect of the adsorbent dosage was evaluated by changing the adsorbent dosage
from 50 mg to 200 mg in 100 mL of dye solution. The adsorption percentage was enhanced
by increasing the dosage of the adsorbent from 83.155 to 99%, after which it became constant,
which indicates that 100 mg of adsorbent dosage is sufficient for the maximum removal
of pollutants; so, in this work, 100 mg of adsorbent dosage was used in all experiments.
This increase in adsorption percentage might be due to an increase in adsorption sites.
The adsorbent dose surface area increased, and thus, the adsorption rate also increased.
However, further enhancement or poor increment in the adsorption rate was due to the
unavailability of MB binding sites (Figure 5a) [48].
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2.4.2. Effect of pH

The pH of wastewater is a very important parameter that may affect the removal rate
of the pollutant, so the effect of pH on the adsorption rate was monitored by changing the
pH from 3 to 11. The MB removal rate was lowest at pH 3, and the adsorption percentage
increased from 95.658% to 99.6% as the pH increased from 3 to 5. So, the maximum removal
ratio was obtained at pH 5, which decreased, and then became almost constant. This
indicates that sorption is mainly due to hydrogen bonding functional groups (-NH-, SO−3)
in MB and hydroxyl groups present in the adsorbent. For this reason, all experiments were
performed at pH 5. Such results were reported by Jasmin S et al. (Figure 5b) [49].

2.4.3. Effect of Initial Concentration of Dye

The effect of the initial dye concentration was studied by adjusting the dye concentra-
tion from 100 to 500 mg/L, while keeping the other parameters constant. It was discovered
from the data that the sorption rate was initially high, which could be related to the pres-
ence of a significant number of active sites on the adsorbent. The sorption rate gradually
decreased after fast MB diffusion from the aqueous solution to the adsorbent surface.
This could be attributed to the saturation of all active sites on the adsorbent’s surface, as
well as dye molecules penetrating the adsorbent’s pores, lowering the rate of sorption
(Figure 5c) [50].

2.4.4. Effect of Contact Time

An adsorption process is mainly affected by contact time. To elucidate the effect of
time on the adsorption process, the contact time was varied in the range of 10–60 min
at 100 rpm on an orbital shaker, while other parameters were kept constant. The results
showed that a maximum adsorption of up to 96.52% was achieved in the early 20 min.
Initially, the adsorption rate was very high, which might be due to the presence of enough
active sites on the surface of the adsorbent, but as time increased, these sites were gradually
filled, clogging the sorption sites, and hence, the adsorption rate slowly increased, and after
forty minutes, it became constant. Therefore, the contact time was optimized as 120 min
(Figure 5d) [51].

2.4.5. Adsorption Isotherms

Adsorption isotherms are important to the understanding of the mechanism of inter-
action. The adsorption mechanism of MB on the adsorbent was determined by using the
Langmuir and Freundlich models, and their respective parameters are shown in Table 1.
It was shown that the R2 value was 0.97627 and 0.94287 for the Langmuir and Freundlich
isotherms, respectively. This showed that adsorption isotherm properties are consistent with
the Langmuir isotherm. The Langmuir isotherm is based on a monolayer adsorption mech-
anism on a homogenous surface. Figure 6a shows the isothermal plot for the Langmuir
isotherm, while Figure 6b shows the isotherm plot for the Freundlich isotherm. These two
Figures demonstrate that the adsorption mechanism was based on the Langmuir isotherm.

Table 1. Parameters of Langmuir and Freundlich isotherm.

Adsorption Model Isotherm Parameters R2

Freundlich Model Kf = 111.9026 mg/g
1/n = 3.34314 0.94287

Langmuir Model
Qmax = 427.35 mg/g

KL = 27721.8 m−1.g−1

RL = 0.003314
0.97627
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2.4.6. Adsorption Kinetics

Adsorption kinetics is very important for the investigation of adsorption efficiency and the
adsorption mechanism. So, kinetic parameters were evaluated by using two models, i.e., pseudo-
first-order kinetics and pseudo-second-order kinetics. Their parameters are shown in Table 2,
and their plots are shown in Figure 7a,b. The correlation coefficients (R2) for pseudo-second-
order and pseudo-first-order were (R2) 0.9999 and 0.83843, respectively, and the adsorption
capacity from pseudo-second-order was consistent with the experimental value.

Table 2. Parameters of pseudo-first- and pseudo-second-order.

Pseudo-First-
Order
Model

Co
(mg/L)

Qe (mg/g)
(exp)

Qe (mg/g)
(cal) K1 (min−1) R2

300 299.495 2162.46 −0.0005745 0.8383

Pseudo-
Second-Order

Model

Co
(mg/L)

Qe (mg/g)
(exp)

Qe (mg/g)
(cal)

K2 (g.mg−1

min−1) R2

200 299.495 300.300 321.54 0.9999
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2.5. Investigation of Adsorption Mechanism Based on DFT Analysis

To explore molecular communications among adapted biochar and MB, batch adsorp-
tion experiments were combined with density functional theory (DFT). Modified wheat
husk biochar has a much-enhanced ability to adsorb MB and CIP. To investigate the ad-
sorption mechanism and possible sites of adsorption, a DFT study was performed by using
the 6–31G Hartree–Fock method. The structures of the adsorbates and adsorbents were
optimized, and their molecular electrostatic potentials (MEP) were calculated. The MEP
analysis showed the region of upper and lower potential, as designated by blue and red
colors, respectively.
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Figure 8a shows the MEP diagram of cellulose cinnamate, representing possible sites
of attack. The hydrogen of the hydroxyl group is shown in blue color, having maximum
potential. Hence, it was a possible site of attack by the nucleophile. While the red color
indicates that the oxygen of the carbonyl group had the least potential, it was a possible site
of attack for an electrophile. While the MEP of MB is shown in Figure 8b, the phenothiazine
nitrogen atom was at a lower potential, represented by red, and could be a target for
an electrophilic attack, whereas the atoms of dimethylamine benzene were at a higher
potential, represented by blue, and could be a target for a nucleophilic assault. As a
result of the MEP analysis, electrophilic interaction in the nitrogen of methylene blue and
nucleophilic interaction in the dimethylamine group were discovered. The MEP diagram
of CIP in neutral form is shown in Figure 8c. It shows that oxygen attached to the benzene
ring and oxygen of the carbonyl group showed the least potential. Hence, these were
the possible sites for the attack of the electrophile, while hydrogen of the carbonyl group
showed maximum potential, so it was a possible site for the attack of the nucleophile. MEP
of CIP in zwitterion form is shown in Figure 8d; here, the oxygen of the carbonyl group and
oxygen-bearing negative charge showed the least potential, so these were the possible sites
for the attack of the electrophile, while the nitrogen of the amino group showed maximum
potential, and hence, it was a possible site for the attack of the nucleophile. In this way, MB
and CIP were adsorbed on the surface of WHB/CA and effectively improved the quality of
wastewater. [52].
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2.5.1. Possible Interactions of CIP with Modified Biochar

pH plays an important role during the adsorption of ciprofloxacin, as CIP exists
in protonated, deprotonated, neutral, and zwitterion forms at different pH. Hence, the
mechanism of adsorption of ciprofloxacin is highly dependent on the pH. So, pH is a crucial
parameter for the adsorption of ciprofloxacin on modified biochar. CIP exists in protonated
form at pH < 6.09 and deprotonated at pH > 8.64, while it exists in neutral and zwitterion
form at 6.09 > pH < 8.64, but here, the zwitterion form is more dominated than the neutral
form. At pH < 6.09, the amine group of ciprofloxacin gets protonated; hence, the protonated
form exists at this pH, while at pH > 8.64, the amine group of CIP gets deprotonated, so at
this pH, the deprotonated form exists. During the 6.09 < pH < 8.64, the amine group of CIP
gets protonated, and the carboxyl group is deprotonated. So, at this pH, both positive and
negative charges exist in CIP. Hence, at this pH, CIP exists in form zwitterion. All forms
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of CIP have a great attraction to modified biochar. This attraction is based on H-bonding,
pi–pi interaction, pore diffusion, and EDA (electron donor–acceptor) interaction. CIP has
electronegative and electropositive functional groups that form a hydrogen bond with
modified biochar. In zwitterion form, CIP has positively charged NH2+ and negatively
charged C-O-; both of these make a hydrogen bond with modified biochar. Moreover, the
presence of a highly electronegative fluorine atom also provides an extra site for electron
acceptance from modified biochar. Hence, EDA interaction also plays a part during the
adsorption of CIP on WHB/CA. Figure 9 shows various forms of CIP at different pH, while
Figures 2 and 3 show the interaction of modified biochar with the neutral form of CIP and
with the zwitterion form of CIP [53].
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2.5.2. Interaction Mechanism Based upon HOMO and LUMO

The interaction mechanism was explored by calculating the HOMO and LUMO of
ciprofloxacin in neutral form and zwitterion form (Figure 10). The calculated energy gap
between HOMO and LUMO of CIP in neutral form was 0.12974, while for zwitterion form, it
was 0.04452, which showed that more energy is required for the transition from LUMO to
HOMO for CIP in neutral form, while less energy is required for the transition in the case
of CIP in zwitterion form, suggesting that it is more reactive than neutral form. A possible
reaction mechanism for both neutral and zwitterion forms is given in Figures 11 and 12,
respectively, and their parameters are shown in Table 3 [54]. The WHB/CA for the adsorption
of MB and CIP was compared with other adsorbents in terms of the maximum uptake of
different adsorbents, as reported in Table 4.
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Table 3. HOMO and LUMO energy values and other parameters.

Parameters (eV) CIP (Neutral) CIP (Zwitterion)

ELUMO −0.21903 −0.10424
EHOMO −0.08929 −0.05972

Energy gap (EHOMO-ELUMO) 0.12974 0.04452
Ionization potential (I = –EHOMO) 0.08929 0.05972

Electron affinity (A = –ELUMO) 0.21903 0.10424
Chemical hardness (η = (I–A)/2) −0.06487 −0.02226

Chemical softness (ζ = 1/2η) −7.7077 −1.34141
Electronegativity (χ = (I + A)/2) 0.15416 0.08198

Chemical potential (µ = −(I + A)/2) −0.15416 −0.08198
Electrophilicity index (ω = µ2/2η) −0.183135 −0.15094
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Table 4. Comparison of maximum adsorption capacities of biochar prepared from different sources.

S. N. Adsorbent Adsorption Capacity (mg/g) Reference

1 Wheat bran sawdust/Fe3O4
composite 51.28 [55]

2 Biochar from mixed municipal
discarded material (MMDM) 7.2 [56]

3 Wodyetia bifurcate biochar 149.3 [57]

4 Mangolia Gradiflora Linn Leaf
biochar (MGB) 101.27 [58]

5 Sour lemon saw dust 52.4 [59]
6 Date palm sawdust 54 [59]
7 Eucalyptus sawdust 53.5 [59]
8 Reed 53.23 [60]

9 Ficus Carica Bast Activated
carbon 47.62 [61]

10 Biowaste sawdust 58.14 [62]
11 Peanut shell biochar 208 [49]
13 WHB/CA 427.35 This study

3. Materials and Methods

The wheat husk used in this work was collected from the Alnoor flour mill in Pasrur,
Punjab, Pakistan. All reagents, including sodium hydroxide, nitric acid, cinnamic acid,
hydrochloric acid, and methylene blue, were acquired from Sigma Aldrich and used as
received. Throughout the experiment, distilled water was used. The stock solutions of
methylene blue (500 mg/L) and ciprofloxacin (500 mg/L) were prepared in distilled water,
while other required solutions were prepared by making dilutions from stock solutions. In
this experiment, pH and temperature were measured using a digital meter. Concentrations
of MB and ciprofloxacin were determined at 698 nm and 276 nm, respectively, via a UV-
Visible spectrophotometer.

3.1. Preparation of Biochar

Firstly, the washing of wheat husk (WH) was performed with tap water and then with
distilled water several times to remove surface impurities. The washed WH was dried
for 24 h at 353 K and then chilled to room temperature before being crushed [63]. WH
was transformed into biochar by slow pyrolysis in an electrical furnace at a heating rate
of 10 ◦C/min and held for 2 h at 800 ◦C. Biochar was obtained under a limited supply of
oxygen [64,65]. It was then crushed with a pestle and mortar to generate a fine powder,
which was sieved to produce particles with a particle size of 40–60 mesh and stored in a
glass bottle with the words “Wheat Husk Biochar” on it (WHB).

3.2. Modification of WHB

The modification of WHB was performed by the method reported by Gong et al.,
with slight modifications [66]. WHB was modified with cinnamic acid (C.A) at different
impregnation ratios of 2.5%, 5%, 7.5%, and 10% (WHB/CA, W/W), followed by magnetic
stirring for 2 h at room temperature. Esterification was achieved by adding 2–3 drops of
nitric acid. It was then dried in a drying oven at 100 ◦C for 24 h, before being stored in a
glass bottle. The optimum impregnation ratio was determined by dissolving 100 mg of
adsorbent in 100 mL of dye solution at room temperature and shaking it for 160 min at
25 ◦C on an orbital shaker at 100 RPM. It was seen from the results that a modified sample
of 7.5% WHB/CA (wheat husk biochar/cinnamic acid) showed maximum adsorption. So,
the whole of the work was performed on this sample and named 7.5% WHB/CA.

3.3. Characterization

To investigate the surface topology and elemental content of the sample, scanning
electron microscopy (SEM), equipped with energy dispersive spectroscopy (EDS) (FEI
Nova 450 Nano SEM), was performed. Functional groups present in the samples were
analyzed by using Fourier transform infrared spectroscopy (IRSpirit-T, Shimadzu). For
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this, FTIR spectra of all impregnation ratios, WHB, and samples after adsorbing MB (TWH)
were recorded and analyzed. The concentration of pollutants was determined via a UV-
Vis spectrophotometer (Cecil 7400S). The crystallinity and phase of the adsorbent were
evaluated by X-ray diffraction (XRD) measurements in the range of 10–80◦ (2θ).

3.4. Batch Adsorption Study

The experiments were performed in batch mode in a 100 mL Erlenmeyer flask, shaken
in an orbital shaker (orbital shaker incubator ES 20) at 120 rpm for 120 min. NaOH and HCl
were used to adjust the initial pH. The effect of various parameters was investigated by
performing adsorption of MB at various initial concentrations (100–500 mg/L), adsorbent
dosages (0.5 g–0.2 g), times (10–60 min), and pH from 3–11. For reproducibility and accuracy,
each experiment was repeated thrice. The concentrations of dye and ciprofloxacin were
determined using a Cecil 7400S UV-Vis spectrophotometer at the wavelength of maximum
absorbance, λmax = 664 nm and 278 nm, respectively. Adsorption ability qe (mg/g) and
removal efficiency (%) were computed using Equations (1) and (2), respectively.

qe =
(C0 − Ct)V

W
(1)

% =
C0 − Ce

C0
(2)

Here, Ce and C0 represent the initial and equilibrium concentrations (mg/g) of the
adsorbate, while V represents the volume of the solution (L), and W represents the weight
of the adsorbent (g) used.

3.5. Adsorption Isotherm

Adsorption isotherms depict the relationship between adsorbents and adsorbates. They
depict the relationship between the amount of adsorbate adsorbed on the adsorbent and
amount present in the solution at equilibrium. The adsorption mechanism can also be inferred
from these models. In this work, two adsorption isothermal models were employed to analyze
adsorption equilibrium data, i.e., the Freundlich and Langmuir models. The Langmuir
model is based on the monolayer adsorption mechanism on the homogenous surface of the
adsorbent [52]. The Langmuir isotherm can be given by the following equation.

Ce
Qe

=
1

KLqm
+

1
qm

Ce (3)

Here, Ce represents the equilibrium concentration (mg/L), and Qe represents the
equilibrium adsorption capacity (mg/g), while qm is the maximum adsorption capacity
calculated by the Langmuir isotherm, and KL is the Langmuir constant. Table 1 shows that
the data obtained by the Langmuir isotherm, qe, KL, and qm are computed by the slope and
intercept of the fitted line of the Langmuir isotherm.

The Freundlich isotherm relies on the assumption that adsorption occurs on the
heterogeneous surface through a multi-layer adsorption mechanism [49]. The Freundlich
isotherm is given by the following equation.

lnqe =
1
n

lnCe + lnKF (4)

KF is the Freundlich constant (L/mg), n is a constant number that is related to ad-
sorption strength, and 1/n shows adsorption favorability, which is related to the degree of
heterogeneity of the surface [67].

3.6. Adsorption Kinetics

To explain adsorption characteristics and the adsorption mechanism, kinetic models
were studied. For the adsorption process, two commonly used models were employed:
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pseudo-first-order and pseudo-second-order. At various time intervals, the concentration
of the solution was determined, and the adsorption capacity at that time is defined as qt,
calculated by the following equation.

Pseudo-first-order is given by Equation (5).

ln
(

qe
qe−qt

)
=

K1t
2.303

(5)

K1 (1/min) shows the adsorption rate constant for pseudo-first-order, while qt and qe
show adsorption capacities at time t and equilibrium, respectively.

A pseudo-second-order kinetic model is given by Equation (6).

t
qt

=
t

qe
+

1
K2q2

e
(6)

qt (mg/g) and qe (mg/g) are the adsorption capacities at time t and equilibrium,
respectively, and K2 is a pseudo-second-order constant.

4. Conclusions

The WH-based adsorbent was prepared through acid modification. Optimal conditions
were pH 5, a dosage of 0.1 g, an initial dye concentration of 300 mg/L, and a contact time
of 2 h. Results showed that the maximum adsorption capacity was 299.493 mg/g for MB
and 94.03% for CIP. The best fit for the adsorption process was pseudo-second-order kinetics
combined with the Langmuir isotherm. Hence, their values also proved that WHB/CA is
the most acceptable adsorbent material for the removal of MB from wastewater. This study
also showed that WHB/CA is an efficient, novel, and cost-effective adsorbent for wastewater
treatment. Its synthesis also provides a new way for the utilization of wheat husk.
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