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Abstract: When wastewater containing methylene blue, a cationic dye is improperly treated or immediately
dumped into the environment, it can degrade the quality of water bodies and contaminate the ecological
environment. The removal of methylene blue from the aqueous solution is critical and urgent. The present
work focuses on the use of maize stalk agricultural waste to prepare an adsorbent for the removal of cationic
dye (methylene blue) from an aqueous solution. The prepared maize stalk biochar (MSB) was modified with
MnO: and the modified maize stalk biochar was characterized using Fourier transform infrared (FTIR)
spectroscopy. Taguchi technique was employed to determine the optimum conditions for the removal of
methylene blue (MB) dye from aqueous solution by MMSB. The factors were adsorbent dose (0.5, 1.0 and 1.5
g/100 mL), initial dye concentration (100, 200 and 300 mg/L), contact time (30, 60, 90 minutes) and pH (4, 6 and
8). Among the investigated process factors, adsorption efficiency was influenced by adsorbent dose and initial
MB dye concentration. The optimum parameters were 1 g/100 mL adsorbent dose, 100 mg/L initial dye
concentration, 60 minutes contact time and a pH of 8.0. This yielded a removal efficiency of 87.49% with
adsorption capacity of 206.53 mg/g. The adsorption kinetics agreed with the pseudo-second-order (Rz of
0.999968) model and fitted a Langmuir isotherm (R?> of 0.9795) representing homogeneous monolayer
chemisorption.

Keywords: maize stalk biochar; manganese (iv) oxide modification; Taguchi technique; methylene
blue; adsorption

1. Introduction

Increased discharge of colored wastewater from industries such as paper, plastic, textile,
pharmaceutical, leather, carpet, food, cosmetics, and printing press industries [1] has become a public
health and environmental risk [2]. Among the used dyes, methylene blue (MB) dye has serious health
problems. Methylene Blue (MB) is a complex aromatic cationic dye that is used to color cotton and
silk. Exposure to MB dye causes irreversible eye damage in humans and animals, as well as local
burns, nausea and vomiting, mental problems, and Methemoglobinemia [3]. Long-term methylene
blue exposure can potentially cause cancer or genetic changes in humans and other organisms. This
augmented concern for health and the environment has prompted the appropriate treatment of dye
wastewater [4]. Adsorption is less expensive than conventional treatment procedures such as
electrodialysis, ion exchange, reverse osmosis, micro- and ultra-filtration, oxidation, and solvent
extraction. Adsorption is a superior alternative to other methods in terms of cost, ease of design and
operation, availability, effectiveness, and lack of sensitivity to harmful compounds [5]. Several
studies have been conducted in order to develop low-cost adsorbents for removing MB dyes from
wastewater [6].
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The use of abundant waste and natural materials to create adsorbents for the removal of MB dye
from wastewater could reduce operating costs and prevent dye accumulation in the environment [7].
Some research groups have recently embraced agricultural wastes to create activated carbon and
biochar due to their high carbon content, low inorganics, mechanical strength, low levels of ash
content, and inexpensive cost [8]. Maize is one of Uganda's most important grain crops. Smallholder
farmers, in particular, rely on it for food and as a cash crop [9]. This generates large amounts of maize
stalks as waste. Maize stalk is high in cellulose, hemicellulose, pectin, lignin, and other nutrients
which when carbonized, provide avenues for adsorption [7]. The hydroxyl groups (-OH) in cellulose,
the major component of maize stalks, have some adsorption capacity; however, the adsorption
capacity of hydroxyl groups (-OH) in cellulose is normally lower due to -OH groups implicated in
cellulose intermolecular hydrogen bonds. To address the issue, numerous researchers have
continued to try to modify maize stalks by pretreating and functionalizing them [10]. In summary,
recent research on maize stalk-modified biochar has usually focused on the utilization of various
modifiers and raw materials, primarily in the realm of adsorption [11]. For instance, corn stalks
modified with HsPOs yielded an adsorption capacity of 129 mg/g for MB dye from an aqueous
solution [10]. However, when the HsPOs modification was performed on the corn stalk biochar, the
adsorption capacity for MB dye increased to 406.43 mg/g [12]. In another study by [13], the biochar
was modified with FesOs and the adsorption capacity of MB dye was 166.67 mg/g. Moreover, lignin
biochar modified with MnQO: yielded an adsorption capacity of 248.96 mg/g for MB dye [14].

With respect to optimisation, the Taguchi method can also be used to optimize the adsorption
process [15]. Taguchi design is the most basic, practical, and methodical technique based on a
fractional factorial design matrix since it maximizes each parameter and specific response [16]. The
Taguchi technique is a strong and reliable statistical analytic tool that allows for independent
evaluation of outcomes with the fewest number of experimental runs possible [17]. In the design of
the experiments, orthogonal arrays and signal-to-noise ratio are employed to suggest the optimal
control parameter configurations rather than the answers themselves, and as a result, variations
caused by uncontrollable factors are ignored [18]. This method, on the other hand, just clarifies the
linear relationship between the causes and effects [19]. In the literature, there is little research on the
Taguchi approach for adsorption investigations.

This work, therefore, focuses on the removal of methylene blue dye from an aqueous solution
using manganese (iv) oxide-modified maize stalk biochar with optimisation of the adsorption studies
conducted using Taguchi design of experiments technique. To discuss the adsorption feasibility of
the modified maize stalk biochar, various adsorption equilibrium and kinetic models were chosen.

2. Materials and Methods

2.1. Adsorbent Peparation

Maize straw biomass was collected from Bubugo maize scheme, Jinja, Uganda. The biomass was
washed with deionized water to remove fines and contaminants. The biomass was dried overnight
in an oven at 110°C. The oven-dried stalks (10 g) were pyrolyzed at 400°C for 1 hour in a nitrogen
atmosphere to produce maize stalk biochar (MSB). The obtained MSB was then crushed and sieved
to produce a uniform powder. 4 g of MSB was added to 100 mL 0.002 M manganese chloride solution
and vigorously stirred at 600 rpm for 6 hours. 200 mL of 0.02 M potassium permanganate was added
to the mixture portion-wise until the suspension turned dark brown. The suspension was filtered,
and dried overnight. The obtained sample is the manganese (iv) oxide-modified maize stalk biochar
(MMSB). The modification mechanism of manganese (iv) oxide is shown in Equation (1);

2Mn0%~ + 3Mn?* + 2H,0 - 5Mn0, | +4H* (1)
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2.2. Characterization of the Adsorbent

The MMSB was characterised in order to establish the functional groups on the MMSB. This
necessitated the use of an FTIR spectrometer. This confirmed the presence of functional groups
responsible for MB adsorption on MMSB surfaces. Under regular working conditions, an FTIR
spectrometer was used to create the FTIR spectra of FMSB at a scan rate of 32 scans per minute, a
resolution of 2 cm™, and a wave number range of 400-4000 cm!. Busitema University's materials and
metallurgy laboratory conducted the FTIR analysis.

2.3. Adsorbate Preparation

MB dye was sourced from the chemistry department, directorate of the government analytical
laboratory (DGAL), Kampala, Uganda. The synthetic dye wastewater was prepared by dissolving 1
g of the dye powder in 1000 mL of distilled water to make a 1000 ppm stock solution. The subsequent
concentrations were prepared by diluting the stock solution with distilled water as required by the
experimental runs.

2.4. Taguchi’s Design of Experiments Analysis

The mean value of removal efficiency acquired from the experimental findings was utilized in
this approach to determine the difference between the value tested and the desired value, which was
then turned into the signal-to-noise (5/N) ratio to examine the relationship between quality and
variability. The signal-to-noise ratio was used to calculate the difference between the desired values
and the response, where Noise represents the unwanted value and the signal represents the desired
value. In this scenario, the signal-to-noise ratio can be classified into three groups: smaller-the-better,
larger-the-better, and nominal-the-better. However, because the primary purpose of this study's
optimization was to achieve maximum removal efficiency, the larger the better S/N was chosen for
this examination. The maximum removal efficiency value is critical for better MB dye adsorption
from an aqueous solution. The S/N for the "larger, the better" criterion is given by Equation (2) [20].

S 1 1 2
N: —1010g [; ?zlg], ( )

where:

S = signal

N =noise

The original values for the various levels of the process parameters were discovered through
literature research and early tests. Using the Taguchi technique, the principal effects of four
processing parameters in the MB dye adsorption process, namely the adsorbent dose (A), initial MB
dye concentration (B), contact time (C), and pH (D), are investigated as illustrated in Table 1. Level 2
is the mean level for the three levels which was obtained from the literature review [1-3].

Table 1. Process conditions for MB dye adsorption by FMSB.

Factors Units Levels
Codes Name 1 2 3
A Adsorbent dose g/100 mL 0.5 1.0 1.5
B Dye concentration mg/L 100 200 300
C Contact time min 30 60 90
D pH - 4 6 8

In this study, 9 tests were carried out utilizing a L9 (34) orthogonal array (OA) Taguchi design.
Minitab version 17 was used to conduct the Taguchi design of experiments and analysis.

To establish the relationship between the response and the process parameters, a Taguchi linear
model, as shown in Equation (3), was devised.

Re = Bo + Z%(zl Bixi, 3)
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where:

Re = predicted response;

[o = constant of coefficient

(i = linear coefficient

The significant impacts of the factors in each model on removal efficiency were tested using
ANOVA with a significance level (alpha-value) of 5%. This criterion of statistical significance served
as the foundation for model reduction. A p-value of less than 0.05 indicates that the effect of the
parameter in question is significant and will be retained in the model. Otherwise, it indicates that the
effect of the parameter in question is insignificant, and it is thus removed from the model.

The purpose of Taguchi method optimization was to achieve maximum removal efficiency,
therefore among the three optimization S/N criteria, large-is-better was chosen, and the respective
ranks based on S/N were achieved. S/N and analysis of variance (ANOVA) studies were used to
identify the optimal arrangement of the process parameters. An experiment confirms the best process
parameters discovered during parameter design.

2.5. Batch Experimental Studies

Batch tests were carried out to investigate the effect of various parameters on adsorption
capacity and removal efficiency. These variables were the adsorbent dose, the starting dye
concentration, the contact period, and the pH. In 250 mL stoppered conical flasks, 100 mL of
aqueous solution of dyes produced with varied MB dye concentrations was taken for each
experimental run. Each flask received the required dose of MMSB based on the experimental run.
These flasks were agitated in an orbital shaking incubator at a constant shaking speed of 150 rpm at
the requisite time and temperature of 30°C. The batches were centrifuged separately at 4,000 rpm,
30°C temperature and 20 minutes. The clear solution was decanted off and filtered using a
Polytetrafluoroethylene (PTFE) 0.45 pm membrane filter. The residual MB dye concentration in the
solution (Ce) was determined using a UV-Vis spectrophotometer (Model: UV -2450) at a wavelength
of 664 nm. The experiments were conducted in triplicate. Equations (4) and (5) were used to calculate
the adsorption capacity (qe) and removal efficiency (Re) [1,2].

_ (Co=Co) 4(a)

e m 7

Re = (Co — Co) =, 4(b)
0
where:
Co = initial MB dye concentration in (mg/L);
C. = is the equilibrium MB dye concentration (mg/L);
m = adsorbent dose (g/L);
ge = amount of adsorbate adsorbed by the adsorbent at equilibrium (mg/g)
« = removal efficiency (%).

2.6. Adsorption Isotherms

The adsorption isotherm and the influence of the initial MB dye concentration on the equilibrium
adsorption capacities (qe) and removal efficiencies (Re) were evaluated using initial MB dye
concentrations (Co) ranging from 100 to 300 mg/L. To analyze the adsorption isotherm, the commonly
used Langmuir (Equation (5)) and Freundlich (Equation (6)) adsorption models were used to mimic
and comprehend the adsorption mechanism [3].

Ce_1 1 G (5)

de EK_L am’
Inqe = %ln Ce +InKg, ©)

where:
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Ce = equilibrium MB dye concentration in aqueous solution (g/L);

gm = maximum adsorption capacity;

ge = amount of B dye adsorbed on MMSB (mg/g);

Ki = Langmuir constant;

n = Freundlich constants related to the adsorption capacity;

KF = Freundlich constants related to adsorption intensity.

Langmuir isotherm suggests that a limited adsorption capacity is exhibited by the solid
adsorbent [21]. All active sites are indistinguishable and can only complex a single molecule of solute
(monolayer adsorption). The molecules that have been adsorbed do not interact [22]. On the other
hand, to illustrate the multi-layer adsorption on heterogamous surfaces, the Freundlich isotherm was
applied [23].

2.7. Adsorption Kinetics

The adsorption kinetics of MB dye by MMSB samples were studied using the previously
specified process parameters. A predetermined number of samples were placed in a 250 mL
Erlenmeyer flask and mixed with 50 mL of 100 mg/L methylene blue solution. The experiment was
carried out at 30 0C with a frequency of 150 rpm stirring. Adsorption is a complicated process that
usually involves both surface adsorption and diffusion into the pores.

2.7.1. Lagergren’s Pseudo-First-Order (PFO)

The pseudo-first-order (PSO) model explains a species' adsorption kinetics in an adsorbent
particle using the (ODE) ordinary first-order differential Equation (7) [23], which has a unique
solution.

% = kq1(qe — q(), @)

where;

ge = equilibrium adsorption capacity (mg/g);

q(t)= adsorption capacity at time, t.

Integrating the differential Equation (7) for the boundary condition, q(0)=0, yielded the pseudo-
first-order Lagergren equation (Equation (8)):

In(ge = q()) = In(qe) — kit (8)

Where;

ge = equilibrium adsorption capacity (mg/g);

q(t) = adsorption capacity at time, t.

ki = constant rate of Lagergren’s Pseudo first order

t = time (minutes).

2.7.2. Ho’s Pseudo Second Order (PSO)

Adsorption happens on two surface sites in pseudo-second order kinetics (referred to by some
writers as "Blanchard's model") and can thus be described by the second-order differential equation
9[12].

dq(t)
dt

©)

= ky(qe — q(®)"

where:

ge = equilibrium adsorption capacity;

k2 = constant rate of Ho's pseudo second order;

t = time (minutes).

Following the pseudo-second-order kinetic model, Equation (10) was generated as the
mathematical equation by integrating the differential Equation (9) for the boundary conditions of q(0)
=0.
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where;

de = amount of adsorbate in the adsorbent at equilibrium (mg/g);

q(t) = amount of adsorbate in the adsorbent at time t (mg/g);

t = time of contact (minutes);

ka2 = constant rate of Ho’s Pseudo Second Order.

In order to check this kinetic model, it is appropriate to represent t{q(t)) graphically as a function
of the contact time (t) and to note the coefficient of determination R2.

3. Results

3.1. Characterization of MMSB

The MMSB functional groups were characterized using Fourier transform infrared (FTIR)
analysis. Figure 1 depicts the sample's FTIR spectrum. The FTIR spectrum shows that a large number
of oxygen-containing functional groups are formed on the surface of MMSB during the preparation
procedure.

100

90

80

Transmitance (%)

70

4000 3500 3000 2500 2000 1500 1000 500

&
Wave number (cm )
Figure 1. FTIR spectrum for MMSB.

The main absorption peaks of its infrared spectrum were: 3248, 2931, 2348, 1625, 1542, 1018, 872
and 557 cm. The stretching vibration peak of the alcoholic hydroxyl group (-OH) and the N-H
stretching vibration peak of the intermolecular hydrogen bond association were the primary
absorption peaks at 3248 cm!. A similar range was obtained by X. J. Liu et al [14. The absorption
peaks at 2931 and 2348 cm™ corresponded to the stretching vibration peaks of the alkanes -CHs and -
CHa, respectively. This is in agreement with [7]. The vibration of the benzene ring skeleton was
responsible for the peak at 1625 to 1542 cm'. The modification of manganese (iv) oxide further
promotes the aromatization process. This is supported by Tang et al [10]. The C-O stretching vibration
of phenols and oxyhydrogen groups was ascribed to the absorption peak at 1018 cm. The peak at
872 cm™ could be due to the absorption vibration peak created by the weaker aromatization peak.
The hydroxyl, methyl, and methylene groups were reduced after manganese alteration and new
peaks were formed, which increased the degree of biochar aromatization [11].

doi:10.20944/preprints202312.0710.v1
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3.2. Statistical Analysis

Table 2 shows the reaction with its associated S/N ratio for each experimental run. Tables 4 and
5 for response means and S/N ratio respectively were developed and utilized to examine the impact
of each process parameter (A, B, C, and D) on removal efficiency. Figure 2 shows graphs of the level
values of the control parameters for removal efficiency indicated in Table 2, while Figure 3 shows the

matching S/N ratio.

C

Mean of removal efficiency (%)
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78 — - — o — SRR — — —
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Figure 2. Effect of factors on the removal efficiency.
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Figure 3. Effect of factors on adsorption capacity.
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Table 2. Taguchi experimental runs with respective removal efficiency and S/N ratio.

Runs A B C D Ce qe Re S/N ratio
1 0.5 100 30 4 18.8 1624  81.2 38.19112
2 0.5 200 60 6 39.6 320.8  80.2 38.08349
3 0.5 300 90 8 64.8 4704 784 37.88632
4 1 100 60 8 9.6 90.4 90.4 39.12337
5 1 200 90 4 29.2 1708 854 38.62916
6 1 300 30 6 46.2 253.8  84.6 38.54741
7 1.5 100 90 6 8.6 60.9 914 39.21892
8 1.5 200 30 8 19.2 1205 904 39.12337
9 1.5 300 60 4 37.2 1752  87.6 38.85008
Table 3. ANOVA for response means.
Source DF Adj SS Adj MS F-Value P-Value
Regression 4 175.987 43.997 19.42 0.007
A 1 146.027 146.027 64.46 0.001
B 1 25.627 25.627 11.31 0.028
C 1 0.167 0.167 0.07 0.800
D 1 4.167 4.167 1.84 0.247
Error 4 9.062 2.266
Total 8 185.049
Table 4. Signal-to-noise ratio with larger is better.
Level A B C D
1 38.05 38.84 38.62 38.56
2 38.77 38.61 38.69 38.62
3 39.06 38.43 38.58 38.71
Delta 1.01 0.42 0.11 0.15
Rank 1 2 4 3
Table 5. Means of removal efficiency.
Level A B C D
1 79.93 87.67 85.40 84.73
2 86.80 85.33 86.07 85.40
3 89.80 83.53 85.07 86.40
Delta 9.87 4.13 1.00 1.67
Rank 1 2 4 3

3.2.1. Effect of Adsorbent Dose

The removal rate of methylene blue increased as the adsorbent dosage was increased (Figure 2).
This was due to a greater number of adsorption sites. At modest levels of MMSB, the concentration
of methylene blue in the system was high, and there were numerous active sites for adsorption,
therefore the adsorption capacity was high. However, as the addition amount increased, the removal
rate tended to increase with the increase in dose due to an increase in the availability of vacancy

adsorption sites [14].

3.2.2. Effect of Initial MB Dye Concentration

At the start, the removal efficiency of methylene blue solution over MMSB was 87.67%.
However, as the initial concentration increased, the clearance rate dropped due to the fewer active
sites required for high dye concentrations (Figure 2). Adsorption capacity, on the other hand, rose
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significantly due to the high solution concentration and adsorption impulse (Figure 3), ensuring
complete contact between the adsorbent and methylene blue dye [24]. At the highest level of initial
MB dye concentration of 300 mg/L, the adsorption capacity reached 200.16 mg/g though the
adsorption capacity did not increase indefinitely.

3.2.3. Effect of Contact Time

The adsorption process is highly affected by the time spent where the adsorbent and MB dye are
in contact. It can be seen (Figure 2) that performance improves over time until equilibrium is reached
which is consistent with prior investigations on cationic dye removal [25]. The adsorption process
reaches equilibrium in 60 minutes, with no change in the removal percentage. This could be due to
dye molecules saturating reactive sites [26].

3.2.4. Effect of pH

With increasing pH, removal efficiency and adsorption capacity rose as well (Figure 2). At pH
4.0, the elimination efficiency of methylene blue was 84.7 %. When the methylene blue dye's pH hit
8.0, its removal efficiency approached 86.4 %, while its adsorption capacity increased from 110. 80 to
227.11 mg/g. The capacity of hydrogen ions combined binding sites on biochar was limited in acidic
conditions, whereas methylene blue was a positively charged cationic dye, which was likewise
positively charged. This would result in the electrostatic repulsion of methylene blue and MMSB thus
reducing the adsorption capacity [27]. Higher pH reduces hydrogen ion competition in the alkaline
environment, and electrostatic attraction between MMSB and methylene blue molecules was
strengthened by increasing the negative charge on the adsorbent surface hence higher adsorption
capacity and efficiency were registered [23].

3.2.5. Regression Model

The significant model terms were determined using ANOVA and a linear regression model.
Equation (11) with its coded terms provides the model. The model was statistically significant, with
a P-value of 0.007, an R? of 0.951, an adjusted R? of 0.902 and a predicted R? of 0.695.

R = 77.61Y +9.87A — 0.02067B — 0.0056C + 0.417D
Where Y denotes the removal efficiency (response) and A, B, C, and D denote the adsorbent
dose, initial MB dye concentration, contact time, and pH respectively.
The ANOVA for means was carried out as shown in Table 3. A and B are statistically significant
terms in the model at the 5% significance level whereas C and D are not.

3.2.6. Optimization

The Taguchi optimization proceeded with reference to the signal-to-noise ratio parameter. The
best level for each control factor was found according to the highest S/N ratio in the levels of that
control factor. Accordingly, the levels and S/N ratio in Table 4 for the factors giving the best removal
efficiency value were specified as factor A (Level 3, S/N ratio = 39.06), factor B (Level 1, S/N ratio =
38.84), factor C (Level 2, S/N ratio = 38.69) and factor D (Level 3, S/N ratio = 38.71.
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Figure 4. S/N ratio for the removal efficiency.

This implies that optimum control values for the adsorbent dose, initial MB dye concentration,
contact time and pH are 1.0 g, 100 mg/L, 60 min and 8 respectively which yielded the mean maximum
of 87. 49 % removal efficiency and 206. 53 mg/g adsorption capacity as illustrated in Tables 5 and 6.

Table 6. Means of adsorption capacity.

Level A B C D
1 295.53 82.24 156.58 110.80
2 152.73 185.11 178.07 211.84
3 101.49 282.40 215.11 227.11
Delta 194.04 200.16 58.53 116.31
Rank 2 1 4 3

3.3. Adsorption Isotherms

A total of five (5) experiments were conducted to determine the adsorption equilibrium
mechanism of MMSB. The MB dye concentration was varied through 100, 150, 200, 250 and 300 mg/L
as shown in Table 6 while the other factors were maintained at the optimum points as determined by
Taguchi analysis.

When the dye concentration was increased from 100 to 300 mg/L, the utilization rate of the
effective active sites on the MMSB adsorbent gradually rose, as did the adsorption capacity (qe) of
the MMSB adsorbent for MB dye as demonstrated in Table 6. The results were fitted with Langmuir
and Freundlich adsorption models as illustrated in Figure 5. The Langmuir model significantly
outperformed the Freundlich model in simulating adsorption isotherms. This is demonstrated by a
greater R2 of 0.9795 for the Langmuir model against 0.8744 for the Freundlich model. This implies
that MB dye adsorption on MMSB surfaces is chemisorption with homogeneous monolayer coverage.
This is in agreement with [7,14]. Furthermore, the theoretical equilibrium adsorption amount
determined by Langmuir isothermal fitting was 154.6 mg/g, which was close to the experimental
equilibrium adsorption amount.
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3.4. Adsorption Kinetics

MB dye concentration was prepared with optimized values obtained from Taguchi analysis.
The initial dye concentration was 100 mg/L and adjusted to pH of 8.0 and then 1 g of MMSB was
added. The adsorption batch experiments were performed at a constant temperature of 300°C while
varying the contact time with 30, 45, 60, 75 and 90 minutes as shown in Table 7.

Table 7. Adsorption capacities at varying MB dye concentrations.

Co Ce qe In(Ce) In(qe) Ce/qe

100 5.6 94.4 1.722767 4.547541 0.059322
150 11.6 138.4 2.451005 4.930148 0.083815
200 15.5 184.5 2.74084 5.217649 0.084011
250 21.4 228.6 3.063391 5.431974 0.093613
300 52.6 247 .4 3.962716 5.511006 0.212611

Table 8. Adsorption capacities at varying contact time.

t Ce q(t) In(ge-q(t)) t/q(t)
30 27.5 72.5 3.261935314 0.413793
45 17.4 82.6 2.772588722 0.544794
60 12.2 87.8 2.379546134 0.683371
75 7.6 92.4 1.824549292 0.811688
90 4.6 954 1.16315081 0.943396

At the first contact time, adsorption increases rapidly with increasing contact time, and then
steadily increases with increasing contact time until equilibrium adsorption capacity is reached. The
fitting results of the pseudo-second-order kinetic model and the pseudo-first-order kinetic model are
shown in Figure 6. As seen in Figure 6, the adsorption data fit the pseudo-second-order kinetic model
remarkably well. The pseudo-second-order kinetic model has a stronger linear coefficient of
determination (R? = 0.999968) than the pseudo-first-order kinetic model (R? = 0.9911). This could be
explained by the fact that the methylene blue adsorption process by MMSB was primarily governed
by the chemisorption mechanism rather than the material transport phase [11,12]. Similar kinetic
results for the adsorption kinetics of numerous water contaminants by carbon-based adsorbents have
been published in the literature [10,24].
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Figure 6. Langmuir and Freundlich adsorption models.
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Figure 7. Adsorption kinetic model plots.
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5. Conclusions

The results established that there is a remarkable influence of manganese (iv) oxide on the maize
stalk biochar. The FTIR analysis of the MSSB disclosed that hydroxyl, methyl, and methylene groups
were reduced after manganese alteration and new peaks were formed, which increased the degree of
biochar aromatization It increased the adsorption capacity from 166.4 mg/g to 206.53 mg/g. Among
the investigated factors adsorbent dose and initial dye concentration significantly affected the
removal efficiency and adsorption capacity. Pseudo-second-order kinetics and Langmuir isotherm
models could be used to describe the adsorption of manganese (iv) oxide-modified maize stalk
biochar to methylene blue in aqueous solution. The results showed that manganese compound
modification is a promising technique for the development of maize stalk biochar-derived adsorbents
for methylene blue in industrial effluents.
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