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Chapter

Applications and Data Analysis
using Bayesian and Conventional
Statistics in Biochar Adsorption
Studies for Environmental
Protection
Obey Gotore,Tirivashe Phillip Masere, Osamu Nakagoe,

Vadzanayi Mushayi, Ramaraj Rameshprabu,

Yuwalee Unpaprom and Tomoaki Itayama

Abstract

The use of low-cost agricultural waste-derived biochar in solving water and
environmental challenges induced by climate change was investigated and sound
conclusions were presented. Water reuse strategies can diminish the impact of climate
change in rural and remote areas of developing countries. The novel biochar materials
from three agro-waste biomass (Matamba fruit shell, Mushuma, and Mupane tree
barks) were investigated and characterized to attest to their capacity to remove iodine
from the aqueous solution. Their surface morphologies were assessed using Field Emis-
sion Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (-
FESEM-EDX) which exhibited their structural phenomena to purge environmental
pollutants. The Fourier-transform infrared spectroscopy (FTIR) was conducted to show
surface functional groups of the biochar materials and Matamba fruit shell exhibited
hydroxyl (-OH), carbonyl groups (C=O), C=C stretches of aromatic rings, and the
carboxylate (C–O–O–) groups on its surface with corresponding data from the Isotherm
and Kinetic models, statistically analyzed by the conventional and Bayesian methods.
These surface mechanisms are said to be induced by weak van der Waals forces and -
and -stacking interaction on the biochar surface. These adsorbents promised to be
potential materials for environmental-ecosystem-protection and water re-use approach.

Keywords: adsorption, Bayesian statistics, Matamba fruit shell, Mushuma bark
biochar, Mupane bark biochar

1. Introduction

Global warming and climate change is triggering some drastic global
environmental complications and developing countries are facing cumulative water
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insufficiency and such problems are subsequently increasing [1]. Some developing
countries like Africa, South-East Asia, and South America are facing water deficits
triggered by climate changes [2]. These countries are very vulnerable because of
extremes of climatic change, which are increasing, their magnitude and frequency are
making the availability of water a challenge to their societal livelihood’s sustainability
[3]. Portable safe water availability is becoming scarce due to high toxicity contami-
nants in water sources with a variety of constituents such as dyes [4] just to mention a
few. Innovations, adaptations, and developments are being put in place to alleviate
such burdens, and paramount measures are being employed to make sure that water is
available and accessible to all in developing countries.

This study aims to remove micropollutants and recommend better wastewater
reuse technology for unserved rural communities in an off-the-grid system to achieve
socio-economic development using physiochemical properties of Mushuma, Mupani
barks, and Matamba fruit shells, by analyzing their characteristics to evaluate the
kinetic mechanism of adsorption from different models and statistical methods for the
determination of equilibrium analysis. Thus, waste or residual biomass utilization
such as biochar production has been given substantial attention because of its poten-
tial for carbon sequestration, waste management, and environmental remediation of
pollutants [5]. A lot of technologies have been employed to mitigate challenges of
water pollution globally, from a variety of sources and types of industries, for exam-
ple, photocatalytic degradation [6], photooxidative degradation [7], Fenton reagent
[8], and adsorption, wherein it is highly efficient in the removal of dyes and pigments
from the liquid phase [9].

During the adsorption process, activated carbon is normally used due to its large
specific surface area, well-developed pore structure, increased adsorption efficiency
as well as good chemical stability [3]. [10] reiterated that adsorption takes place in the
mesopores which act as conduits for adsorbate particles, and capillary condensation
takes place to adsorb these macromolecules. The adsorption process has proved to be
one of the best wastewater treatment technologies in the world and activated carbon
acts as the universal adsorbent for the removal of different types of water pollutants.
Most materials that come from carbon have great surface areas, which are stable with
extensive functional groups, interconnected pore structures, and shapes [11]. To add
to that, the Matamba fruit shell adsorption capacity, commonly found in Zimbabwe,
can be a potential solution for water reuse techniques for the local people, and its
kinetic adsorption was recently tested [11]. This can be attributed to adsorption as the
most lucrative treatment technique [12], Langmuir and Freundlich’s isotherms are
common models which are extensively used since they are simple to use because of
their empirical mathematical expressions [13].

The plant bark adsorbents for pollution reduction have widely been utilized in
numerous studies which have been conducted recently [11]. Plant species analyzed
included three eucalyptus, African border, flamboyant pods, and sycamore [14]
among others. Biochar that is derived from waste biomass has also been considered
one of the efficient adsorbents for wastewater pollutant removal because of its cost-
effective merits, easy obtainability, and beneficial physicochemical properties [3]. The
activated carbon materials, as adsorbents, has merits but are not limited to the ade-
quate surface area, porosity phenomena, and thermal stability [15].

Different researchers are studying the application of biochar for wastewater treat-
ment [5], and various materials are being pyrolyzed under different conditions and
they can affect the physicochemical properties of the product [16]. The use of
chemicals to modify the biochar by acids, bases, or polymers seems to give better
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adsorption effectiveness because of enlarged surface area, modified chemical func-
tionality, and availability of high-affinity adsorption sites [16]. Matamba, Mushuma,
and Mupane tree barks as a novel and recent research for the removal of
micropollutants as a wastewater re-use strategy or technology for unserved rural
communities in an off-the-grid system to achieve socio-economic development.

2. Production of biochar

2.1 Biomass materials and pyrolysis conditions

Biochar is a material rich in carbon, produced from cracking several biomasses,
such as wood, sludge, plants, food waste, and animal waste after carbonization [17, 18].
Such waste biomass materials exhibited to be effective for the removal of harmful
substances from the aqueous solutions considering their less production cost and
economic benefits, wide availability of raw material, and conducive surface properties.
Furthermore, as noted by [5, 11, 19, 20], the use of biomass or residual waste has now
been prioritized due to several advantages including environmental remediation, waste
management, carbon sequestration, and ameliorating the greenhouse gas effect.

Pyrolysis is one of the most used technology in the production of biochar. It
involves the carbonization of organic materials in limited or no oxygen conditions
[21]. It is a thermochemical decomposition process taking place at temperatures above
300°C. In addition, the pyrolysis process may also produce volatile liquids and gases
(e.g., carbon monoxide, carbon dioxide, hydrogen, methane, and biogas [22]. Pyroly-
sis may be categorized into four groups based on temperature conditions, reaction
time, and heating rate. These are: slow, fast, flash, and intermediate, and of these slow
and fast are the most common types [22]. In fast pyrolysis, the temperature and
heating rates are higher than in slow pyrolysis. As such the process can be done in
seconds and the resulting product consists mainly of bio-oils [23].

Conversely, in slow pyrolysis, the process can go on for hours and the heating rate
and temperature are lower; a temperature under 450°C is commonly used and the
resulting product is mainly biochar [22]. Biochar may be chemically modified using
acids, bases, or polymers to have better adsorption efficiency due to the increased
surface area, modified chemical functionality, and the presence of high-affinity
adsorption sites [16]. The adsorption mechanism of the biochar after pyrolysis is
shown on Figure 1 where both positive and negative charges do exist on the surface
due to thermal decomposition. This property enhancement process makes biochar a
cost-effective choice hazardous material removal from the environment.

2.2 Availability of Matamba fruit shell

Matamba (monkey orange - Strychnos spp.) are widely distributed in Southern
Africa and particularly in Zimbabwe, where they are generally found throughout the
country, but more so in the Midlands Province [11, 24]. These fruits proliferate in
semi-arid areas of Zimbabwe, with limited rainfall water, and produce the fruit in
abundance [25, 26]. Depending on the season, excess production of the fruit varies
and sometimes leads to its underutilization, and this can be seen in the highveld
around Zimbabwe where fruit remains and disturbs the environment [24]. The
Strychnos spp. fruit is extensively found in Zimbabwe, it is underutilized, and little or
no consideration has been raised for potential commercialization due to limited
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knowledge and dissemination of information about its propagation, agronomic prac-
tices, and product processing techniques for business [24].

The Matamba fruits begin to develop and grow during the autumn season and
ripen in winter up to the spring season [11, 24]. The fruit is spherical with a hard thick
shell, and the seeds are around 2–3 cm in diameter [11]. It is these seeds that are
edible by humans and animals. To access these seeds the hard shells must be broken
first, usually by hitting the shells on hard stone surfaces. After consumption of the
seeds, the empty hard shells are often thrown away or littered around the veld or
homesteads [24].

2.3 Agro-waste biomass

Agriculture and its related sectors like forestry generate massive volumes of bio-
mass residues generated in the forestry in most developing countries. However, these
residues should not be treated as waste given that a greater proportion of ‘waste’ is
usable. As already discussed, pyrolysis is an important and more beneficial alternative
to the usual farmer practice of burning, burying, or storing agricultural biomass
residues [21, 27]. There is a large range of waste materials that could be suitable for
pyrolysis and biochar production. However, for this study, agro-waste in the form of
Mushuma, Mupane barks, and Matamba fruit shells were considered.

Mushuma tree, an African native species, is dominant in the Midlands province of
Zimbabwe. The Shuma fruits (Jackle-berry, Diospyros mespiliformisare) [28] are
syrup-like juice and smooth with a soft-transparent-jelly inside. The tree has a
medium to huge tree stem with the outer bark peeling off naturally as the tree grows
as well as the season changes. The Mupane tree (Colophospermum mopane) [28] is a
legume family vegetation abundantly found in the Midlands of Zimbabwe in hot, dry
low-lying areas with an altitude ranging from 200 to 1150 meters above sea level.

The Mupane tree is also prevalent in South Africa, particularly in the Northwestern
part of that country [29]. Tree barks of Mushuma and Mupane are usually used to
start fires because of their common availability in the province as well as their affinity
to fires. It is very quick to start fires and the tree wood itself takes a long time without

Figure 1.
The adsorption mechanism of adsorbates onto the biochar and surface characteristics after pyrolysis.
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extinguishing. Generally, these trees’ bark is either left in the forest after the tree ages
or the outer barks peeled off or used as fuel by the local communities. However due to
high rural to urban movements, the availability of tree barks is increasing, and the rest
is getting decomposed in the bush with no value to the community.

3. Characterization of biomass materials

3.1 FESEM-EDX

In efforts to understand the thermal transformation and the structural setup of
Mupane, Mushuma tree bark as well as the Matamba fruit shell biochar, it was neces-
sary to characterize their surfaces with field emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy (EDX) after pyrolysis. These
materials were characterized by using FESEM (JEOL JSM-7500FAM Tokyo, Japan) for
surface morphology and image generation and EDX for element composition of biochar
with a low vacuum. The pretreatment of the samples was conducted, where the biochar
samples were dried at 105°C for 4 hours, stuck on the copper plate using a black double-
sided tape, vacuumed for 12 hours, and analyzed for surface transformation.

The outcome of the EDX conducted revealed the purity of the elemental composi-
tion of Mushuma, Mupane barks, and the Matamba fruit shell biochar. Principally, the
Matamba fruit shell biochar exhibited to be made up of 72.68 wt% C and some
significant elements such as 10.35 wt%, 14.14 wt%, 0.97 wt%, 0.46 wt%, 0.37 wt%,
and 0.31 wt% of O, N, K, Mg, Ca, P respectively with some trace compounds of Si and
S as shown in Table 1.

It was revealed that adequate content of the C element remained after pyrolysis
greatly influenced the adsorption capacity (44.071 mmol/g) of the biochar as ascribed
by the Elovich kinetic model. Furthermore, the available O composition also offers
enough polarization capability for high adsorption of the iodine used (43.65 mmol/g)
as observed in the experimental data.

3.2 FTIR measurement

The Fourier transform infrared spectroscopy (FTIR) analysis was carried out using
a wave number scanning range between 400 and 4000 cm�1. Before that, the content
of the moisture and ash that can be available in these materials was measured follow-
ing the ASTM D1762–84 guide. The elemental compositional analysis of C, H, and N
was executed accordingly. Acetanilide was used as a standard. Approximately 2 mg of
biochar was used for each measurement, and each measurement was carried out in
triplicate. The oxygen content (O) was then determined by the difference between the
original dried sample and the sum of C, H, N, and ash content.

3.3 Surface area estimation using iodine solution

The results from the EDX and FESEM elemental presentation show a high content
of Caborn with rigid skeleton structures of Matamba fruit shell, Mushuma, and
Mupane bark which would be ascribed to the residual lignin from incomplete pyroly-
sis of the materials. Moreover, the weak van der Waals forces played a role in the
removal of Iodine due to these high C, C/N, and O/C ratios which are inferred in
Table 2 and augmented biochar surface meso pore filling.
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Material Element C* N O* Na Mg* Al* Si P* S* Cl* K* Ca* Mn* Zn*

Mushuma biochar ms% 74.76 nd* 19.6 nd* 0.45 0.03 nd* 0.11 0.03 0.06 0.23 4.51 0.07 0.15

mol% 81.93 nd* 16.12 nd* 0.24 0.02 nd* 0.05 0.01 0.02 0.08 1.48 0.02 0.03

Mupane biochar ms% 80.92 nd* 14.25 nd* 0.25 nd* 0.04 0.02 0.07 nd 0.07 4.18 0.04 0.16

mol% 86.91 nd* 11.49 nd* 0.13 nd* 0.02 0.01 0.03 nd 0.02 1.34 0.01 0.03

Matamba biochar ms% 72.68 14.14 10.35 nd* 0.46 0.04 0.02 0.31 0.22 0.02 0.97 0.37 nd* nd*

mol% 77.71 12.97 8.3 nd* 0.24 0.02 0.01 0.13 0.09 0.01 0.32 0.12 nd* nd*

*nd not detected.

Table 1.
The elemental composition of Mushuma, Matamba, and Mupane biochar.
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MODEL Adsorbent Bayesian statistical analysis Conventional analysis

Model Parameter Mean (�SD) 2.50% 25% 50% 75% 97.50% Rhat MAP Mean AICc

Langmuir Matamba BC KL (L /mol) 218.5 � 81.8 110.2 171.5 206.03 248.42 400.1 1.001 195.6 206.4 � 49.11 0.527

Matamba BC qmax (mmol/g) 2.12 � 0.12 1.886 2.05 2.118 2.188 2.363 1.001 2.11 2.12 � 0.089

Freundlich Matamba BC KF (mmol L /mol) 3.061 � 0.40 2.3 2.8 3.1 3.3 3.892 1.001 3.08 3.08 � 0.295 5.377

Matamba BC mf [�] 0.194 � 0.04 0.11 0.2 0.2 0.2 0.282 1.027 0.2 0.196 � 0.032

Mushuma BC k2 (g mmol/min) 0.014 � 0.002 0.011 0.013 0.014 0.016 0.019 1.002

PSO Mushuma BC qt (mmol/g) 40.712 � 0.986 38.776 40.106 40.703 41.308 42.715 1.001

Mupane BC k2 (g mmol/min) 0.014 � 0.002 0.011 0.013 0.014 0.015 0.019 1.002

Mupane BC qt (mmol/g) 41.64 � 0.997 39.621 41.051 41.64 42.228 43.62 1.002

Mushuma BC α (mmol/g/ min) 112.85 � 40.2 55.621 86.492 105.82 131.39 212.627 1.002

Elovich Mushuma BC β (g/ mmol) 0.16 � 0.012 0.135 0.152 0.159 0.167 0.185 1.001

Mupane BC α (mmol/g/ min) 120.2 � 52.72 53.172 84.764 108.84 142.87 256.495 1.001

Mupane BC β (g/ mmol) 0.156 � 0.015 0.129 0.146 0.156 0.166 0.187 1.002

Table 2.
Shows both the Bayesian and conventional statistical analysis results for the biochar investigated using isotherm and kinetic models.
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The remaining alkaline elements such as Ca, Mg, and K with inorganic basic
minerals present might be ascribed to the main component of ash established from the
pyrolysis process of the biochar [29, 30]. In summary, the Iodine adsorption mecha-
nisms onto the investigated biochar materials made it a probable choice for environ-
mental contamination option, water reuse possibility, and global warming reduction
due to high C, C/N, and enough polarization propensity.

Regarding the biochar produced from Mushuma and Mupane barks, it was from
the FESEM images above that surface texture can be influenced by biomass type even
under identical pyrolysis conditions. Biochar produced from Mushuma bark has large
surface pores (10–15 m in diameter), uniformly distributed and separated by a thick
carbon wall (2–3 m) than Mupane bark. Biochar from Mupane bark had smaller and
heterogeneously distributed pores (3–5 m in diameter).

Similarly, the kinetic results from Iodine adsorption indicated that biochar from
Mupane had higher qt values than biochar from Mushuma bark. As found by [29],
larger pores tend to correlate to the limited surface area than small pores, thus there is
greater adsorption on smaller pores than on larger pores. Further, the small pores are
associated with high porosity and void volume.

4. Equilibrium mechanisms of adsorbents and data analysis

4.1 Adsorption kinetics of Matamba fruit shell and the tree bark adsorbents

In principle, [31] elucidated that adsorption is known as the mass transfer method
that entails some time for the adsorbate to diffuse from the bulk solution of the
aqueous phase, through the solid–liquid film into the material’s pore spaces and onto
the available active sites. Therefore, based on the results obtained from the experi-
ments kinetic models like pseudo-first-order (PFO), pseudo-second-order (PSO),
intraparticle diffusion (IPD), and Elovich models are shown in Table 3 and plotted as
shown in Figure 2a.

MPNBC advocated more adsorption for Iodine than MSHBC as exhibited in
Figure 3c and d correspondingly, however, Matamba fruit shell outperformed both
tree barks. Subsequently, the Iodine kinetic adsorption mechanism on these materials
could be divided into three stages: rapid adsorption stage, slow adsorption stage, and
adsorption equilibrium stage as elucidated by [32] as well.

The first 12 hours were observed to be a rapid Iodine adsorption stage on both
biochars. The graph for MPNBC seems to be steeper than MSHBC. The adsorption
capacity of the prepared Mupane and Mushuma barks were estimated to be 40.38 and
39.78 mmol g �1 respectively, from the experimental data. From conventional statis-
tical analysis of the Pseudo-second order model, Mushuma and Mupani biochar
exhibited adsorption capacity of 40.01 and 40.29 mmol g �1 which were slightly lower
than the Bayesian outcome of 40.712 and 41.639 mmol g �1 as shown in Table 2.

This reveals the strength of Bayesian analysis against classical statistics as different
quantile ranges revealed different estimations and the 50% (median) was so close to
the actual mean for each parameter. The adsorption rate constants of the two biochar
also exhibited the above phenomenon where the conventional method indicated a
homogeneous reaction rate (0.014 min �1), so as the Bayesian statistics as shown in
Table 2. The figures also elucidated that the linear relationship is presented not as a
continuous straight line but in two stages of least and enormous adsorption before and
after 4 hr. of adsorption respectively.
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The higher adsorption could be attributed to smaller biochar particle sizes
(0.25–1.00 mm) used in this experiment which started to diffuse into the pores later
since IPD is a slow process. The Elovich model revealed that the initial adsorption was
110.701 and 117.88 mmol g �1 min �1, 112.847 and 120.214 mmol g �1 min �1 for
Mupane and Mushuma biochar from Conventional and Bayesian methods respec-
tively.

Different adsorption mechanisms could have been encountered during the 48-
hour contact time, but the adsorption rate gradually decreased until the adsorption
reaches the equilibrium state as [28] elaborated. For Matamba biochar, Elovich
(Eq. (3)) and IPD (Eq. (4)) better describe the kinetic adsorption of biochar through
iodine adsorption than PFO (Eq. (1)) and PSO (Eq. (2)) models. Generally, the iodine
adsorption rate decreases exponentially as the amount of iodine adsorbed increases on
the heterogeneous surfaces of the Mushuma, Mushuma, and Matamba fruit shell
biochar. Several adsorption experiments have been reported to follow the Elovich
kinetic model [33, 34].

However, the adsorption kinetic results from conventional statistics on the tree
bark revealed that the PSO kinetic model better described the adsorption behaviors of
the biochar for Iodine adsorption [35, 36]. The model selection AICc scores for
MPNBC and MSHBC were 38.03 and 37.76 respectively, away below other models
used. AICc is a strong tool for model selection than using the correlation coefficient on
non-linear model functions. This can be theoretically supported by the equilibrium
adsorption capacity values from both statistical methods were also close to the exper-
imental equilibrium adsorption capacity, signifying that the pseudo-second-order
kinetic model could better describe the Iodine adsorption [36, 37]. From this point of

Kinetic

model

Equations Model

parameter

Matamba Mushuma Mupane Reference

PFO qt ¼ qe 1� exp �k1tð Þð Þ (1) qt (mmol/g) 40.08 37.28 38.2 Lagergren,
1898

(Eq. (1))
k1 (1/min) 0.232 0.4 0.41

AIC 59.05 51.52 51.14

PSO qt ¼
q2e k2 t

1þqek2t
(2) qt (mmol/g) 44.071 40.01 40.29 Ho and

Makay, 1999
(Eq. (2))

k2 (g mmol/
min)

0.0079 0.01 0.01

AIC 51.95 37.76 38.03

IPD qt ¼ kpt
1
2 þ C (3) α (mmol/g/

min)
45.41 110.7 117.88 Weber and

Morris, 1963
(Eq. (3))

β (g/ mmol) 0.127 0.16 0.16

AIC 38.26 41.52 44.92

kp (mmol/
min)

7.72 3.64 3.66

Elovich qt ¼
1
β

� �

ln αβð Þ þ 1
β

� �

ln tð Þ

(4)

C [�] 14.303 18.53 19.23 Bedin et al.,
2016

(Eq. (4))
AIC 46.56 54.29 55.94

The AIC scores were used for non-linear model selection instead of the coefficient of determination (R2).

Table 3.
The kinetic adsorption equations and estimated parameters from biochar materials after the experiment.
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view, it can be inferred that both conventional and Bayesian approaches to estima-
tions are well established and seem hard to justify if one of the two is preferred over
the other [38, 39]. It is thought that the π-π electron donor-acceptor (EDA) interaction
is the main player with a major role in the iodine - adsorbent interaction since the
adsorption capacity after 2 days of investigation. The strong interaction of π-donor
and π-acceptor compounds full fills the EDA theory taking into consideration the FTIR
results. As given in Figure 4e, the biochar materials also show various surface func-
tional groups. Regarding Figure 4e, the peaks at 3334 cm�1 and 1764–1710 cm�1, can
be ascribed to the hydroxyl groups (-OH) and the carbonyl groups (C=O) corre-
spondingly. The shallow peak at 1385 cm�1 and deep and wide peak at 1568 cm�1 are
due to C=C stretches of aromatic rings. Furthermore, the 1223 cm�1 peak can be
ascribed to the C=O stretching in ethers, alcohols, and/or phenols. The FTIR outcomes
clarify that the condition of pyrolysis has a great impact on the adsorption capacity of
Iodine in terms of the hydrogen bond capacity created on the biochar materials.

Furthermore, the hydrophobic sites could be originated from the graphitic struc-
ture of biochar which is assumed to be interacting with hydrophobic molecules of the
biochar. However, the adsorption isotherm results can corroborate this phenomenon.
For the tree bark materials, the adsorption kinetic results are shown in Figure 3c and d
and Table 3 and Table 3 revealed that the kinetic model fits follow the order
PSO > Elovich > PFO > IPD yet for the Matamba fruit shell, Elovich model fitted the
adsorption data better than other kinetic models.

Figure 2.
Elemental composition and FESEM analysis of (a) Matamba biochar (MTBBC), (b) Mupane tree bark
(MPNBC), and (c) Mushuma tree bark (MSHBC).
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4.2 Langmuir and Freundlich isotherms on Matamba fruit shell

Langmuir and Freundlich isotherm models (Eq. (5)) and (Eq. (6)) were used to
examine and investigate the adsorption mechanisms of iodine onto the biochar sur-
face. The Langmuir model described well the removal of iodine with the AICc of 0.527
(lower than 5.377 of the Freundlich model), which exhibited monolayer sorption on
the Biochar surface with determinate indistinguishable adsorption sites.

Additionally, Bayesian statistics exhibited a clear difference between the two
models from the ggplot2 since Freundlich (Figure 4d) shows a wider prediction band
than Langmuir (Figure 4c). The maximum capacity of adsorption deliberated from
the Langmuir model was so vital in biochar surface area estimation. The Matamba
fruit shell biochar surface area was estimated to be 267.9 m2 g�1 and 267.6 m2 g�1 from
NLS and Bayesian approaches respectively. The biochar surface area was estimated
from Iodine adsorption using (Eq. (7)), whereas the Langmuir and Freundlich models
reiterate that:

qe ¼
q
m
kLce

1þ kLce
(1)

qe ¼ kfc
mf
e (2)

SAr ¼ qt ∗ 10� 3 ∗NA ∗ωI (3)

Figure 3.
The results from the kinetic adsorption experimental model analysis of biochar materials (a), (c), (d) are PFO,
PSO, and Elovich models respectively, and (b), (e) are IPD models correspondingly.
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Where qm is the maximum adsorption capacity (mmol g�1), kL is Langmuir
constant (L mmol�1, Ce is the equilibrium concentration (mmol L�1), kf
(mmol L mmol�1), and mf are Freundlich constants. From this qt is the maximum
capacity of adsorption at equilibrium mmol/g, NA is the Avogadro constant,
NA = 6.023 � 1023 mol�1, and ωI is the surface area occupied by one iodine molecule
(0.2096 * 10�18 m2).

The surface area estimated from both Bayesian and Conventional statistics is
insignificant since the qmax parameter (Figure 5a–d) only underscores the capacity of
the biochar to adsorb the adsorbate yet has less substantial than the KL as explained by
[40]. The high value of the KL parameter from the MCMC in Figure 5 is directly
proportional to the observed surface area because iodine molecules are small enough
and strong to be attached to the biochar surface with minimum effects of desorption.

4.3 Statistical analysis using a Bayesian framework

The Bayesian statistics obtains qmax of 2.12 mmol g�1 and Conventional statistics
resulted in the maximum adsorption capacity (qmax) of 2.122 mmol g�1. Moreover,
the median value was estimated to be 2.12 mmol g�1, whereas the MAP value of
2.11 mmol g�1 was obtained and there were no significant differences with the qmax.
The Rhat between 1.05 and 0.9 is acceptable and helps in the rejection of the Markov

Figure 4.
(a) Freundlich and (b) Langmuir model density curves, (c) 95% Bayesian C.I. analysis of Langmuir and (d)
Freundlich adsorption models, (e) FTIR and FESEM for Matamba biochar, (f) Langmuir and Freundlich
adsorption models with conventional analysis method.
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chain Monte Carlo (MCMC) data simulation as it is far away from this range. The
Bayesian statistics estimated that the energy binding strength (KL) to be higher than
the NLS, this is shown in Table 2 where 218.5 L mmol�1 and 206.43 L mmol�1 were
observed for the Bayesian and NLS observed respectively.

The KL results exhibited a stronger evaluation as depicted by the Bayesian method
than conventional statistics, so, Bayesian statistics seem to have a great capacity to
estimate isotherm and kinetics parameters with consistency and supporting evidence
than the former. The KL is more significant as estimated by the Bayesian analysis and
designated the degree of interface among iodine solution and the biochar surface
property. Higher values of the KL relatively resemble a strong interaction or sorption
affinity of the adsorbate concentration onto the adsorbent as large values of KL reflect
the greater force of binding on the biochar material’s surface [41, 42].

5. Conclusions

The pyrolysis condition at 600°C revealed the surface characteristics and adsorp-
tion mechanisms of the biochar materials to be sufficient in generating adequate
biochar for the purpose. These agro-biomass materials used in this study were the first
to be investigated for their potential application as low-cost adsorbents in rural areas
of Zimbabwe for environmental protection. Easy access to these materials as well as
lower production cost makes them fit to solve the water shortages and remove
unwanted substances from the environment through adsorption. Elovich and PSO
models fitted the data in this study, and this exhibits a heterogeneous surface charac-
teristic of the biochar materials with significant chemisorption mechanisms developed
during pyrolysis of the agro-biobased biochar. Bayesian statistical analysis has
exhibited slightly higher qt estimations of 40.712 and 41.639 mmol/g when compared
to the conventional statistics with 40.01 and 40.29 mmol/g for Mushuma and Mupane

Figure 5.
Shows the MCMC density presentation of MPNBC and MSHBC from the Bayesian simulation of PSO and Elovich
model’s posterior probability distribution mean parameters.
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biochar. The Elovich model subsequently described the results very well, henceforth
representing a heterogenous surface property with chemisorption phenomena.
FESEM-EDX Spectroscopy also revealed that C (81.93 mol% and 86.91 mol %) and O
(16.12 mol% and 11.49 mol%) for Mushuma and Mupane respectively. These per-
centages agreed with the FTIR results where the surface physical properties desig-
nated a rich surface with fundamental functional groups and, as a recommendation
with the cost for future research, activating these materials could make them enduring
adsorbents. The investigation outcomes unveiled the competence and potential of the
locally obtainable and produced biochar in removing Iodine solution as affordable
materials that can be established for other emerging contaminants and unwanted
pollutants from the environment as water reuse and recycling strategy in developing
countries and unserved communities and as a climate change mitigatory measure.
Matamba, Museum, and Mupane biochar materials are locally available, no costs are
required to obtain them, and the benefits of wastewater recycling strategy should be
adopted with a proper design fit for rural communities as off-the-grid technology.
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