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Abstract

River tamarind (RT) stem—derived biochar (BC) was studied as a potential adsorbent to remove hazardous dyes from con-
taminated water. The study elucidates the adsorption behavior and capacity of this novel BC through established Langmuir
and Freundlich adsorption isotherms. Furthermore, a comprehensive array of statistical analyses, including #-tests, analysis
of variance (ANOVA), paired t-tests, and chi-square tests (x2 observed =0.4155), was employed to discern correlations
between different experimental conditions and the dye adsorption properties and capacity of the BC. Karl Pearson’s coef-
ficient (0.999) was calculated to explore potential relationships among key variables. The findings reveal that the RT stem
biochar exhibits remarkable efficacy in removing phenol dye, achieving a removal efficiency of 98% from polluted water.
This study provides valuable insights into the adsorption capabilities of this new BC and its suitability for addressing water

pollution challenges posed by phenol dyes.
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Highlights

1. Stem of river tamarind was used to prepare biochar and study
its usefulness for the removal of hazardous phenol red dyes from
polluted water.

2. With a surface area of 28.04 m%/g and a pore volume of 0.0542
cc/g, the biochar was able to remove 98% of phenol red from the
contaminated water, when 200 mg/l biomass was used for 250 ml
30 ppm phenol red solution and 60 min of exposer time.

3. The Langmuir and Freundlich models with statistical techniques
allow a full assessment of biochar adsorption capability, advancing
sustainable water filtration.

4. Though the biochar had a surface area of 28.04 m%g with a pore
volume of 0.0542 cc/g, still it was able to remove 98% of phenol
red from the contaminated water.
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1 Introduction

The widespread use of synthetic dyes in industries such as
textiles, paper, and printing has led to a significant increase
in the release of dye-contaminated wastewater. These dyes,
often resistant to degradation, pose serious environmental
and health risks by persisting in water bodies. Consequently,
there’s an urgent need for efficient and sustainable methods
to remove dyes and safeguard ecosystems and water quality
[1-3]. The textile industry, while pivotal in modern society
for providing colorful fabrics, also bears a significant envi-
ronmental burden due to the hazardous effects of synthetic
dyes [4, 5]. These dyes, enhancing aesthetic appeal, endan-
ger aquatic ecosystems and human health when released
into water bodies. Industry statistics underscore the massive
scale of dye production and release, with significant vol-
umes entering water bodies annually, negatively impacting
aquatic life and water quality [6]. To address this pressing
issue, researchers have explored various dye removal tech-
niques, including physical, chemical, and advanced oxida-
tion processes [7, 8]. However, these methods often present
challenges such as high costs and the generation of toxic
by-products [9-11]. Adsorption-based techniques utiliz-
ing materials like activated carbon and zeolites have shown
promise but are not without limitations [12, 13]. In recent
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years, biochar (BC) has emerged as a promising adsorbent
for dye removal, offering high surface area and abundant
functional groups. BC’s eco-friendly nature, lower cost, and
renewable sourcing make it an attractive option for waste-
water treatment. Several studies have demonstrated BC’s
efficacy in removing dyes from wastewater, showcasing its
potential for real-world applications [14—19].

Focusing on BC, the study elucidates its unique proper-
ties and effectiveness compared to conventional materials,
aiming to contribute to innovative and sustainable solutions
for dye wastewater treatment. Through comprehensive eval-
uation, this research seeks to pave the way for more effective
and environmentally friendly approaches to tackling dye pol-
lution. In the realm of scientific research, the application of
statistical methods is crucial for analyzing and interpreting
data. One such method widely used to quantify the strength
and direction of a linear relationship between two variables
is Karl Pearson’s correlation coefficient, denoted as “r.”
Equation 1 displays the widely used correlation coefficient
of Karl Pearson, which measures the degree of connection
between two variables.

. [X (X = X) x (¥, - Y)] o

nXoyXoy

where X and Y are Karl Pearson’s correlation coefficient
variables. X; and Y; represent the ith value of independent
variables, and o, and o, represent standard deviations of X
and Y. X and Y represent values of ¢ and ¢/W, respectively,
for Langmuir isotherm and ¢ and W, respectively, for Freun-
dlich adsorption isotherm.

When it comes to studying the effectiveness of adsor-
bents, like BC in the removal of synthetic dyes from waste-
water, the correlation coefficient becomes a valuable tool for
researchers [20]. “r” is often referred to as Karl Pearson’s
correlation coefficient, which is a measure of the linear rela-
tionship between two variables. It quantifies the degree to
which changes in one variable correspond to the changes in
another variable. The range of this coefficient falls between
—1 and + 1 and a positive value of (r) represents a posi-
tive correlation, while a negative value indicates a nega-
tive correlation. Naturally, as one variable increases, the
other tends to decrease. When the value of (r) is 0, then
there is no linear correlation between the variables [21]. In
the context of studying the effectiveness of BC as a dye
adsorbent, researchers often employ Pearson’s correlation
coefficient to understand the relationship between different
factors. For instance, researchers might correlate the sur-
face area of BC particles with their dye adsorption capacity.
A positive correlation would imply that as the surface area
increases, the adsorption capacity also increases, indicat-
ing the importance of surface area in adsorption efficiency.
Interpreting the magnitude of (r) is essential. A coefficient
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close to + 1 or — 1 signifies a strong linear relationship. For
example, if a research study finds a correlation coefficient
of +0.9 between the pore size of BC and its dye adsorption
efficiency, it indicates a robust positive correlation. On the
other hand, a coefficient close to 0 suggests a weak or no
linear relationship [22]. While Pearson’s correlation coef-
ficient is a valuable tool, it is important to note its limi-
tations. It assumes a linear relationship between variables,
which might not always be the case in complex systems.
Additionally, correlation does not imply causation; even if
two variables are correlated, it does not mean that changes
in one variable cause changes in the other. In the context
of studying BC’s effectiveness in dye removal, research-
ers must carefully select the variables to correlate. Factors
like BC surface area, pore size distribution, and chemical
composition can be correlated with dye adsorption capacity.
By applying Pearson’s correlation coefficient in these stud-
ies, researchers gain valuable insights into the key factors
influencing the efficiency of BC as a sustainable solution
for wastewater treatment. This statistical analysis not only
enhances the understanding of the adsorption process but
also guides further research and development in the field of
environmental remediation.

2 The novelty of this work is as follows:

e River tamarind (RT) stem biochar (BC) is investigated
for its efficacy in adsorbing hazardous dyes from polluted
water sources.

e The utilization of RT stem, a commonly used culi-
nary ingredient, for BC production offers a sustainable
approach to address water pollution challenges.

e This study aims to elucidate the adsorption behavior and
capacity of RT stem BC using established Langmuir and
Freundlich adsorption isotherms.

e Comprehensive statistical analyses, including #-tests,
ANOVA, paired ¢-tests, and chi-square tests, are
employed to understand correlations between experi-
mental conditions and BC’s dye adsorption properties.

e Karl Pearson’s coefficient is calculated to explore poten-
tial relationships among key variables.

e The novelty of this work lies in its exploration of RT
stem biochar as a viable solution for removing phenol
dye from polluted water, with a high removal efficiency
of 98%.

3 Statistical analysis of experimental data

In the realm of scientific research, statistical analysis plays
a key role in drawing meaningful conclusions from experi-
mental data. One of the essential components of statistical
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analysis is hypothesis testing, a systematic method used
to make inferences about population parameters based on
sample data. The process of hypothesis testing involves the
formulation of hypotheses, determining the level of signifi-
cance, and selecting appropriate statistical tests based on the
nature of the data.

3.1 Null hypothesis and alternative hypothesis

The null hypothesis (Hy)) is assumed to be true initially,
serving as the basis for statistical analysis. The alternative
hypothesis ((H,), on the other hand, presents an oppos-
ing view, indicating what the researcher aims to establish.
Depending on the experimental findings, either the null
hypothesis is rejected in favor of the alternative hypothesis
or vice versa [23].

3.2 Application in experimental data analysis

In the context of studying the effectiveness of BC in dye
removal, researchers can utilize hypothesis testing to assess
various parameters. For example, they might use a #-test to
compare the mean dye adsorption capacity of BC samples
with that of traditional adsorbents. Alternatively, the chi-
square test could be employed to analyze the categorical data
related to different experimental conditions. The choice of
the appropriate test depends on the type of data collected and
the specific hypotheses being tested.

4 Adsorption isotherms

Utilizing equations known as adsorption isotherms,
researchers often analyze experimental data to clean insights
into underlying phenomena. The isotherm, though not rigid,
is subject to variation, and the coefficient of correlation plays
a pivotal role in this determination. A notable correlation
coefficient of 0.90 was achieved through the linear fitting of
experimental data, demonstrating its robustness [24]. Equa-
tion 2 represents a Langmuir isotherm:

W=

W, (—
g @)

where W is the adsorbent loading grams adsorbed per gram
of solid. For evaluating the Langmuir isotherm model, the
values of ¢ (dye concentration mg/l) are plotted against ¢/W.
This graphical representation elucidates the Langmuir con-
stants K and W_,,. A highly favorable isotherm is indicated
by a large K value and K, exceeding 1. Conversely, when K,
< 1, the isotherm exhibits near linearity [25].

The Freundlich isotherm, described by Eq. 3, also signi-
fies a favorable type of isotherm:

W=b.c" 3)

To scrutinize the Freundlich isotherm model, a log-log
plot of log ¢ versus log W is employed. This graphical depic-
tion aids in the determination of the Freundlich constants,
b and m. A stronger fit for adsorption from liquid environ-
ments is indicated when m < 1, suggesting its applicability
in practical scenarios [26].

5 Materials and method
5.1 Preparation method of biochar

In the present study, BC was prepared from river tamarind
(Leucaena leucocephala) tree stems to investigate its effi-
cacy in dye adsorption (Fig. 1). First, mature tree stems were
collected from a sustainable source to ensure the ecological
balance. The stems were carefully selected, free from any
signs of decay or damage. The collected tree stems were
thoroughly cleaned to remove dirt, debris, and any adhering
materials. After cleaning, the stems were left to air dry under
natural sunlight, allowing them to achieve the desired mois-
ture content. Once the tree stems were completely dry, they
were chopped into smaller pieces using a mechanical cutter.
These smaller pieces were further shredded into uniform
particles to facilitate uniform pyrolysis. The shredded tree
stem particles were subjected to pyrolysis, a process involv-
ing the heating of organic materials in a controlled environ-
ment with a limited oxygen supply. In a specially designed
pyrolysis chamber, the tree stem particles were heated at a
high temperature (typically around 500-700 °C) for a spe-
cific duration, usually several hours. This controlled heating
process ensured the conversion of the organic material into
BC while driving off volatile compounds [27].

After the pyrolysis, the BC was allowed to cool down
gradually to room temperature. During this cooling phase,
the BC stabilized, and its physical and chemical properties
were optimized for adsorption. The cooled BC was further
ground into a fine powder using a mortar and pestle. The
powdered BC was then sieved to obtain particles of a spe-
cific size range, typically between 100 and 200 mesh, ensur-
ing uniformity [28]. The prepared BC powder was stored
in an airtight container to prevent moisture absorption and
maintain its adsorption efficiency until further use in dye
adsorption experiments.

5.2 Characterization of biochar
Thus prepared BC was characterized using advanced tech-
niques: Brunauer-Emmett-Teller (BET) (model: Quan-

tachrome TouchWin v1.2 4) surface area analysis, HR trans-
mission electron microscopy (TEM) (model: JEOL JEM
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Fig. 1 Camera image of a RT
(Leucaena leucocephala), b
stem, ¢ naturally dried stem,
and d BC

2100 plus), and Fourier-transform infrared spectroscopy
(FTIR) (model: Agilent Cary 630 ATR-FTIR). These tech-
niques provided detailed insights into the structural, mor-
phological, and chemical properties of the BC, enhancing
our understanding of its potential for dye adsorption [29].
BET surface area analysis determines the specific surface
area and porosity of the BC. The analysis revealed substan-
tial information on the surface area, indicating the presence
of numerous active sites for adsorption. The high surface
area suggested that the BC possessed a significant capac-
ity to interact with dye molecules, enhancing its adsorption
capacity [30]. HRTEM was used to investigate the morpho-
logical features of the BC at the nanoscale level. The images
captured through HRTEM showcased the porous structure
and surface morphology of the BC particles. These images
provided valuable information about the particle size distri-
bution, porosity, and the presence of any nanoparticles or
microstructures on the BC surface, offering insights into its
adsorption capabilities [31]. FTIR spectroscopy was used
to study the functional groups present on the BC surface.
The FTIR spectrum exhibited distinct peaks correspond-
ing to various functional groups, such as hydroxyl (-OH)
and carbonyl (C=0) groups. The presence of these func-
tional groups indicated the BC’s chemical composition and
its potential to form hydrogen bonds with dye molecules
during adsorption. Additionally, FTIR analysis provided
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information about the BC’s surface chemistry, elucidat-
ing the nature of interactions between the BC and the dyes
[32]. The combined results from BET surface area analysis,
HRTEM imaging, and FTIR spectroscopy provided a com-
prehensive characterization of the BC material.

5.3 Batch adsorption of dye using biochar
5.3.1 Preparation of dye solution

To ensure precision and reproducibility, a meticulous
approach was adopted for the preparation the of dye solu-
tion. The stock solution was crafted by dissolving an appro-
priate amount of dye in deionized water (DIW), ensuring a
homogeneous mixture. Subsequent dilutions were executed
with precision to achieve the desired concentrations for the
adsorption experiments. This stringent preparation meth-
odology laid the foundation for accurate and reliable batch
adsorption experiments [33].

5.4 Batch adsorption experiments

The batch adsorption experiments were orchestrated using a
shaker apparatus, introducing a level of sophistication to the
process. Carefully measured quantities of BC were methodi-
cally introduced into a series of phenol red dye solutions,
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each featuring distinct initial concentrations. The mixtures
underwent agitation within the shaker for a meticulously
defined duration, facilitating the attainment of equilibrium
adsorption. The entire adsorption process unfolded under
closely monitored pH conditions, optimizing the experi-
mental parameters for enhanced precision. An advanced
dye adsorption study was performed to find the selectivity
of the adsorbent. Phenol red shows maximum adsorption
(Fig. 2) and is thus selected for further study.

5.5 Dynamic monitoring of adsorption process

In this real-time monitoring, the adsorption process was
prioritized. The use of a shaker apparatus ensured dynamic
agitation, fostering efficient interaction between BC and the
dye. Continuous observation of the pH conditions through-
out the experiment added an extra layer of control, allowing
for a nuanced understanding of the interplay between the
adsorbent and the dye molecules.

5.6 Quantification using UV-Vis spectrophotometry

Post adsorption, the remaining concentrations of phenol
red dye in the solutions were quantified with heightened
accuracy. A UV-Vis spectrophotometer was employed to
measure the absorption intensity at a specific wavelength.
The establishment of a comprehensive calibration curve,
utilizing standard solutions of known concentrations, facili-
tated a precise determination of the remaining phenol red
dye concentration in each sample. This refined quantification
approach enhanced the reliability of the results, ensuring a
robust foundation for data interpretation. In essence, this
improved methodology for batch adsorption of phenol red
dye combines meticulous preparation, dynamic experimen-
tation, and advanced quantification techniques. The result is

a sophisticated and precise approach that not only enhances
the reliability of experimental outcomes but also sets a
benchmark for future studies in the field of dye adsorption
using BC. After equilibrium, the supernatant was collected,
and the concentration of phenol red was analyzed by UV-Vis
method at A, = 556 nm [34].

5.7 Data analysis for adsorption of phenol red dye
on biochar

The collected adsorption data underwent a comprehensive
analysis employing sophisticated adsorption isotherm mod-
els, namely the Langmuir and Freundlich models. These
models were instrumental in unraveling the intricate adsorp-
tion behavior of phenol red dye on the BC surface. This
analytical approach provided a nuanced understanding of the
interaction dynamics between the BC and the dye molecules,
shedding light on the efficacy of the adsorption process.

To quantitatively assess the efficiency of dye removal, a
meticulously formulated formula was applied:

CO
] x 100 4)

C. —
%Removal = [ !
C

i

where C; represents the initial concentration of the dye and
C, signifies the equilibrium concentration post adsorption
[35].

6 Result and discussion

6.1 Characterization of biochar

Figure 3a displays the HRTEM images of BC. It is evident
that the BC possesses a nanostructure (Fig. 3a), with particle

Fig.2 Selection of dye
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Fig.3 a HRTEM image, b BET
spectra, and ¢ FTIR spectra of
BC
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sizes ranging from 70 to 90 nm. It also reveals the distinct
contrast between the central region and the margins of the
sphere, which indicates the presence of a core-shell structure
in the BC [36, 37]. The N, adsorption-desorption analy-
sis (Fig. 3b) exhibits a type IV isotherm with an H3-type
hysteresis loop, indicating that BC possesses mesoporous
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structures. Furthermore, the hysteresis loop exhibited a P/P,
value ranging from 0.4 to 0.95, indicating the presence of
a uniformly distributed mesoporous structure [38, 39]. The
BC is found to have a surface area (Sggy) of 28.04 m%/g, a
pore diameter (d) of 3.052 nm, and a total pore volume (V)
of 0.0552 cm?®/g. The FTIR spectra of BC are depicted in



Biomass Conversion and Biorefinery

Fig. 3c. The spectra exhibit a broad hydroxyl (~OH) band
spanning from 3000 to 3500 cm™'. The FTIR spectra exhib-
ited a prominent peak at 1585 cm™!, which was attributed to
the stretching vibration of the C=C aromatic ring [40, 41].
The broad peak observed at 1086 cm™ is attributed to the
stretching vibration of the C—O bond in the ester compound
[42, 43]. The band observed at 734 cm™! is attributed to
the out-of-plane bending of C—H bonds in the margins of
aromatic rings [44, 45].

6.2 Statistical analysis
6.2.1 Testing hypotheses

The information about dye concentration obtained from the
filtrate analysis fulfilled several functions in the study:

A. Checking the theories:

a) The data we acquired by examining the dye concen-
tration in the filtered liquid was beneficial to us in a
number of ways.

1. Tt assisted us in determining the ideal pH (acidity
level) to extract the maximum amount of dye from
the mixture.

2. It verified the success of our experiments.

3. It demonstrated that more dye was removed
when more adsorbent material was used.

4. Using it, we computed a value known as “K”
to determine whether our adsorption procedure
adhered to the Langmuir model.

5. We also computed a value known as “m” using
it to determine if our adsorption procedure
adhered to the Freundlich model.

6.3 Assessment of data reliability using Karl
Pearson’s correlation coefficient

We also used a statistical method called Karl Pearson’s cor-
relation coefficient to check how reliable our data was and
if there were any relationships between the different vari-
ables we measured. This helped us ensure the accuracy of
our results and the strength of any connections we found in
our data.

6.3.1 Hypothesis testing to determine the optimal pH
value for maximizing dye removal from a solution
containing 15 ppm dye

The process of identifying the most favorable pH level to
achieve the highest possible dye removal from a solution
with a dye concentration of 15 ppm entails a systematic
hypothesis testing methodology. The analysis in this study

utilizes a two-tailed t-test performed at a significance level
of 5%, as outlined in Table 1.
The hypotheses for this testing are as follows:

e Null hypothesis (Ho): The optimum pH for maximizing
phenol red dye removal is 5.

e Alternative hypothesis (Ha): The optimum pH for maxi-
mizing phenol red dye removal is not 5.

For (n — 1), the degree of freedom is the calculated
value of ¢

Xave — 1)
1= ——F " = los (5)

Vn
. . (Xi—Xye)
where o is the standard deviation =\/ Z[T

the average value of X, and 7 is the sample size.

The calculation is based on Eq. 5, where the standard
deviation’s value is determined as 25.41. The calculated
t-value is — 2.5040, and the tabulated #-value is 2.262,
considering 9 degrees of freedom (d.f.) and a 5% level
of significance for a f-distribution with two tails. Upon
scrutinizing the comparison between the calculated #-value
and the tabulated #-value, it is evident that the null hypoth-
esis proposing that the optimal pH value is 5 is accepted.
This decision is founded on the principle that the observed
t-value is less than the calculated #-value (Fig. 4), signify-
ing that the obtained results align with the null hypothesis
[46, 47]. The hypothesis testing undertaken to ascertain
the optimal pH level for maximizing phenol red removal
from a 30 ppm solution employs a comprehensive ¢-test
procedure. The acceptance of the null hypothesis under-
scores the inference that the optimal pH for effective phe-
nol red removal indeed aligns with the assumed value of 5.

1, X0 1S

avg

Table 1 pH-depended %removal of phenol red dye

Number pH %Removal (X;) (X-Xye)
1 1 32 777.016
2 2 34 669.516
3 3 46 192.516
4 4 74 199.516
5 5 98 1453.516
6 6 83 534.766
7 7 72 147.016
8 8 39 435.766
9 9 36 570.016
10 10 31 833.766
TX,=5813.40

Average X;=58.13
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tops=-2.5040
Tiape=2.262
95 % obs <t
Acceptance
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obs ~“table

Null hypothesis is accepted
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-2.262 +2.262

Fig.4 Probability chart for t-distribution for two-tailed test

(Dyye = 0)
: g

calculated — Ot (6)

Vn
where 7 is the number of matched pairs, D,,, is the mean of

differences, and o is the standard deviation of differences.

(Davg(mean of differences) = Z Di)/n — 1125

—(Dyy)

n—1

D; n
Standard deviation G4y = \/ [Z{ : }1=10.6454

Based on the data of Table 2 Eq. 6 was solved and #-value
was calculated as 4.97. In contrast, the tabulated ¢-value
stands at 2.365, calculated at a 5% significance level for 9
degrees of freedom (d.f.) within the context of a two-tailed
t-distribution [48, 49].

In this scenario, the calculated ¢-value (8.395) signifi-
cantly surpasses the tabulated ¢-value (2.365), indicating a
substantial departure from the expected outcome (Fig. 5).
This divergence between the calculated and tabulated #-val-
ues reflects a statistically significant effect within the data.
Consequently, given that the calculated ¢-value (7,,1cyjated)

Table 2 Concentration of phenol red dye in the solution before (X))
and after (Y;) the experiment

Number X; Y; D;=X,-Y, (D;— D‘,Jwg)2 % Adsorption
1 5 05 45 105.63 90.00
2 10 15 85 39.41 85.00
3 15 2 13 3.16 86.67
4 20 5 15 0.05 75.00
5 25 8 17 4.94 68.00
6 30 10 20 27.27 66.67
7 35 18 17 4.94 48.57
8 40 20 20 27.27 50.00
9 45 27 18 10.38 40.00
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Fig.5 t-distribution probability chart for two-tailed test

is notably greater than the observed t-value (f,pcerveq)> the
alternate hypothesis emerges as a more plausible explana-
tion. In essence, this signifies that the experimental approach
undertaken to remove phenol red from the contaminated
solution was indeed successful. Clearly, the null hypothesis
is rejected as it says that the experiment can not change the
concentration of dye within the solution [50]. This outcome
implies that the experimental process exerted a substan-
tial impact on the concentration of phenol red within the
solution, thereby leading to the acceptance of the alternate
hypothesis. This analytical approach, grounded in statisti-
cal significance, underscores the validity of the experimen-
tal method and its tangible influence on the system under
investigation. Referring to Eq. 5, the calculated #-value is
observed as 8.395. Meanwhile, the corresponding tabulated
t-value for a 5% significance level, considering 9 degrees of
freedom (d.f.) for a two-tailed #-distribution, is found to be
2.365 as indicated by Kothari [51].

Upon contrasting the calculated ¢-value and the tabu-
lated 7-value, a significant discrepancy becomes apparent.
The observed t-value of 8.395 remarkably surpasses the
tabulated r-value of 2.365, clearly demonstrating an exten-
sive difference between the experimental outcome and the
expected values. This substantial variation is indicative
of a pronounced impact resulting from the experimental
intervention. Given that the calculated #-value (¢,u1ated)
is significantly greater than the observed ¢-value (£ pcerved)s
the ensuing interpretation follows a stringent course. The
alternate hypothesis, asserting the triumph of the experi-
ment in successfully removing phenol red from the contami-
nated solution, is readily embraced. This acceptance of the
alternate hypothesis underscores the experiment’s efficacy
in producing a discernible transformation in the phenol red
concentration within the solution [52, 53]. Simultaneously,
the null hypothesis, postulating that the experimental pro-
cedure fails to induce any alteration in the phenol red con-
centration within the solution, finds itself discarded. This
dismissal of the null hypothesis stems from the irrefutable
evidence presented by the calculated 7-value, underscoring
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the substantial shift observed in the experimental results.
The scientific evaluation of the calculated and observed
t-values, in conjunction with the pertinent tabulated values,
serves as the cornerstone of the decision-making process.
This rigorous analysis empowers the researcher to confi-
dently accept the alternate hypothesis, thereby acknowledg-
ing the experiment’s success in phenol red removal, while
concurrently rejecting the null hypothesis that implies no
significant change in the phenol red concentration [54].

If O; = observed frequencies of the cell in the ith row
and jth column

E;; = expected frequencies of the cell in the ith row and
jth column

2= {0, - Ep[Ey) ™)

By referring to the data from Tables 3 and 4 to solve
Eq. 7, the computed value of the chi-square statistic (%)
is found as 0.4155. This evaluation is set against the back-
drop of the tabulated chi-square value (y2 tabulated), which
stands at 3.841 for a 5% significance level (Fig. 6). This
determination is made considering a single degree of free-
dom (d.f.) and employing the chi-square distribution as out-
lined by Kothari [51]. A careful examination of the relation-
ship between the computed and tabulated chi-square values
reveals a notable discrepancy. The observed chi-square value
(x* observed) of 0.4155 is notably lower than the tabulated
chi-square value (y2 tabulated) of 3.841. This distinct dispar-
ity underscores a substantial difference between the antici-
pated outcomes and the empirical results [55, 56]. Given
that the observed chi-square value (3 observed) is notably
lower than the tabulated chi-square value (y2 tabulated), the
ensuing scientific interpretation is grounded in a meticulous
analysis. The null hypothesis, positing that a higher dose of
adsorbent correlates with a heightened percentage of phe-
nol red removal, is embraced. This decision to accept the
null hypothesis stems from the clear indication provided by
the observed chi-square value, reinforcing the association
between the increased adsorbent dosage and the elevated
phenol red removal efficiency [57, 58]. The intricate inter-
play between the calculated and tabulated chi-square val-
ues, within the context of the experiment and its underlying

Table3 Observed frequencies of different adsorbent dosages (100
and 120 mg) in different dye concentrations (15 and 30 ppm) at pH 5

%Phenol red removal

Adsorbent dose Initial conc. 15 Initial conc. 30 Total
(mg) ppm ppm

100 20 50 A=170
120 30 60 a=90
Total B=50 b=110 N=160

Table 4 Calculation for chi-square

Group (o8 E; (0 —Ey/E;
AB 20 21.875 0.160
Ab 50 48.125 0.073
aB 30 28.125 0.125
ab 60 61.875 0.056

hypothesis, forms the bedrock of the analytical process. This
diligent assessment empowers researchers to confidently
accept the null hypothesis, acknowledging the positive influ-
ence of a higher adsorbent dose on the enhanced removal
percentage of the phenol red.

6.4 Adsorption isotherms

The adsorption isotherm equations for Langmuir and Freun-
dlich (Egs. 2 and 3) were used to analyze the experimental
data.

6.5 Langmuir isotherm

In a systematic effort to ascertain the favorability of the
Langmuir isotherm equation, the investigation employed
empirical data garnered from the experimental procedures.
This endeavor included the creation of an isotherm curve,
intricately woven into an arithmetic graph. This plot art-
fully juxtaposed the concentration of phenol red, denoted as
“c” in parts per million (ppm), against the quotient “c/W.”
Here, “W” signifies the adsorbent loading, quantified as
grams adsorbed per gram of solid (g adsorbed/g solid) [59,
60]. This comprehensive depiction of the experimental
data is meticulously presented in both Table 5 and Fig. 7.
Here, the coefficient of determination (R2) was found to
be 0.986, which unequivocally pointed toward a favorable
isotherm configuration. This favorable trend was unequivo-
cally underscored by the linear nature attributed to the value

Chi Sq,,,=0.4155
Chi SQy,e=3.841
95% Chi Sq,s <Chi SGy,pe
Acceptance
Region

Null hypothesis is Accepted

Rejection
Region

Rejection Region

-3.841 +3.841

Fig.6 Chi-square distribution probability chart
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Table5 Data obtained from the experiment to validate with Lang-
muir isotherm

¢ (ppm) Adsorbent Quantity of W=mg phenol c/W=Y
dose (mg) phenol red red adsorbed/mg
adsorbed adsorbent

5 200 43 0.043 116.27
10 200 8.5 0.085 117.64
15 200 12.5 0.125 120

20 200 16.2 0.162 123.45
25 200 19.7 0.197 126.90
30 200 23 0.23 130.43
35 200 26 0.26 134.61
40 200 29 0.29 137.93

of K(1), further confirming the positive connotation of the
isotherm equation’s favorability [61, 62]. To delve into the
correlations with greater rigor, the calculation yielded a
remarkable Karl Pearson correlation coefficient of 0.993,
as established through Eq. 1. This value, widely recognized
as a benchmark of the correlation strength between two
variables, emphatically attested to the exceptionally high
degree of correlation existing between the variables under
scrutiny [63, 64]. This scientific exposition delves into a
meticulous analysis that utilizes empirical data to unravel the
favorability of the Langmuir isotherm equation. Through a
well-structured graphical representation, supported by criti-
cal numerical values, the study effectively substantiates the
linear nature of the isotherm equation and attests to a robust
correlation between the variables. These comprehensive
findings underscore the scientific integrity of the conducted
experimentation and its conclusions regarding the Lang-
muir isotherm equation’s favorability [65, 66]. However, the
current adsorbent has a substantially better phenol red dye
adsorption capacity (¢,,,x = 98%) than previously described
adsorbents, demonstrating that this BC is effective for dye

removal. The Langmuir model absorption capabilities of
certain adsorbents are shown in Table 6.

6.6 Freundlich isotherm

The assessment of the positivity inherent in the Freundlich
adsorption isotherm was undertaken through a deliberate
investigation of the Freundlich isotherm condition. This
analytical process encompassed the construction of an iso-
therm curve, meticulously crafted by plotting the logarith-
mic values of the phenol red concentration “c” (measured in
parts per million, ppm) against the logarithmic values of the
adsorbent loading “W” (expressed as milligrams adsorbed
per gram of solid, mg adsorbed/g solid). The presentation
of this comprehensive endeavor is meticulously documented
both in Table 6 and Fig. 8. The pivotal parameter to emerge
from this endeavor was the R? of the isotherm curve, ascer-
tained to be 0.998. This numerical value is instrumental in
informing the nature of the adsorption process. It is notewor-
thy that the Freundlich adsorption isotherm, renowned for its
versatility, was discernibly mirrored in the experimentation’s
slope of one. This alignment served as compelling evidence

Table 6 Data obtained from the experiment to validate with Freun-
dlich isotherm

¢ (ppm) W=mg phenol Remaining phenol log ¢ log W
red adsorbed/mg  red in solution (Y;)
adsorbent
5 0.045 0.7 0.699 —1.366
10 0.085 1.5 1 -1.070
15 0.120 2.5 1.176 —0.903
20 0.155 3.8 1.301 —0.790
25 0.185 53 1.398 —0.705
30 0.220 7 1.477 —0.638
35 0.250 9 1.544 —0.585
40 0.285 11 1.60206 —0.5376

Fig.7 Langmuir isotherm plot
160 -

150 -
140 -
130

5120 -
110 -
100
90 -
80
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Fig.8 Freundlich isotherm of
phenol red adsorption in the BC

adsorbent

y=0.9171x - 1.9937
R?=0.9987

0.5 1
logc

1.5 2

for the suitability of the Freundlich model in effectively
capturing and representing the underlying adsorption data
[64, 67]. Equally enlightening was the insight provided by
the calculation of Karl Pearson’s correlation coefficient, a
robust statistical metric signifying the degree of correlation
between two variables. In this instance, the computed coef-
ficient attained a remarkable value of 0.998, an unmistak-
able indicator of the exceedingly high correlation existing
between the variables under examination [68, 69]. This rig-
orous scientific exposition delves into the intricate evaluation
of the Freundlich adsorption isotherm’s positivity. Through
a meticulous plotting of logarithmic values, supported by
pertinent numerical indicators, the study effectively rein-
forces the compatibility of the Freundlich isotherm with the
observed adsorption data. This comprehensive understand-
ing, augmented by the high correlation coefficient, solidifies
the scientific credibility of the conclusions drawn from the
experimentation’s assessment of the Freundlich adsorption
isotherm [70, 71].

Electrostatic interaction is the most important mechanism
for the adsorption of organic compounds on the biochar
surface (Fig. 9). The pH substantially influences the kind
and type of interaction that will take place between the dye
molecules and adsorbent. As point of zero charge (pHpzc)
of prepared biochar is 7.5, its surface is positively charged
below this pHpzc, and under acidic conditions (low pH),
phenol red occurs as a zwitterion, with the sulfate group
having a negative charge and the ketone group carrying an
extra proton [78]. The symbolic representation of this type
is occasionally expressed as H,"PS™. Here, phenol red is
adsorbed on the surface of biochar due to the electrostatic
interaction between these oppositely charged species [79].
Figure 10 shows the adsorption capacity (percentage) of the
phenol red after several regeneration cycles. The adsorp-
tion capacity was found to decrease as the biochar is reused
more frequently. The fresh biochar showed an adsorbing
capacity of 98%, whereas after the 5th regeneration cycle,
it dropped to 84%. This decrease in adsorption percentage

Fig.9 Schematic representa-
tion of adsorption process and
mechanism

@ s

Shaking for 90 min

>
30 ppm dye, pH=5
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Fig. 10 Adsorbent regeneration

study 100
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Table 7 Phenol red adsorption capacity of the new BC and other pre-
viously reported adsorbents

Adsorbent Adsorption%  Reference
Activated carbon 90 [72]
Graphene oxide 85 [73]
PVA/silica hybrid host matrix 70 [74]
Metal-organic frameworks (MOFs) 95 [75]

Zeolite 80 [76]

CaO nanoparticles 78 [77]

Biochar 98 Present study

can be attributed to the decrease/blockage of the adsorp-
tion sites and also changes in the physiochemical changes
that occurred during the regeneration process [77]. Table 7
shows the phenol red adsorption capacity of the new BC
with other previously reported adsorbents.

7 Conclusion

This new BC is found to have a surface area (Spgy) of 28.04
m?/g, a pore diameter (d) of 3.052 nm, and a total pore vol-
ume (V,,,) of 0.0552 cm?/g. BC possesses a nanostructure
with particle sizes ranging from 70 to 90 nm. The extensive
scientific study found that BC could effectively remove phe-
nol red from aqueous solutions. This new BC showed nearly
98% adsorption efficiency, when 200 mg/l BC was exposed
to 30 ppm phenol red for 60 min in 250 ml solution volume.
Statistical study findings, supported by careful hypothesis,
confirmed BC efficiency and showed how critical variables
affect adsorption. These findings can help adjust adsorp-
tion processes under different conditions, making BC more
viable for similar applications. The isotherm results suggest
that the BC can confirm to Langmuir and Freundlich mod-
els and handle different phenol red concentrations in aque-
ous solutions. This basic understanding of the adsorption

@ Springer

mechanism proposed for BC design and its application. The
combination of statistical study data, hypothesis testing, and
isotherm analysis supports its use in phenol red contamina-
tion problems. This study advances our understanding of
BC-based adsorption and helps us find a sustainable and
effective phenol red mitigation strategy for aquatic settings.
This study uses BC and statistical analysis to assess BC’s
phenol red adsorption. Integrating Langmuir and Freundlich
models with statistical techniques allows a full assessment
of BC adsorption capability, advancing sustainable water
filtration.
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