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ABSTRACT

Possessing variable valence states, the element Arsenic (As) is intimidating the quality of the ecology and human health severely. In this study, eliminating As (III)
from water-based solutions with great efficiency was done using Bagasse-Mn-Al, a sugarcane bagasse-derived biochar impregnated with Mn and Al. The Bagasse-Mn-
Al composite yielded higher removal efficiency towards As (III) than the biochar itself. About 89.53 % of As (III) was removed within 65 min maintaining the very
first concentration of As (III) at 400 pg/L, initial pH at 2-2.5, and adsorbent dosage at 0.625 g/L. The Bagasse-Mn-Al composite showed an adsorption potential
maximum of 54.945 mg/g which is superior to most of the cheaply synthesized metal-impregnated biochar reported. Results from a variety of characterization
techniques indicated that the ¢OH free radical in the Bagasse-Mn-Al composite mainly contributed to the removal of As (III) where oxidation and complexation were
the major mechanisms. With high catalytic efficiency, this cost effectively produced metal-coated biochar showed easy and effective separation of As (III) from

aqueous solution. Further, this study focuses on the high potential of Bagasse-Mn-Al adsorbent in the treatment of both ground and wastewater.

1. Introduction

Water, often hailed as the essence of life on Earth, possesses
remarkable properties that sustain ecosystems and support all living
organisms. As the universal solvent, water has the unique ability to
dissolve a wide range of substances, making it essential for transporting
nutrients, facilitating chemical reactions, and maintaining the balance
of ecosystems. Water, with its remarkable ability to dissolve almost
anything, assumes a dual role in our world—both as a guardian of life
and as a potential harbinger of danger. Water, unfortunately, can
become contaminated during its journey through various applications
and processes. Contaminated water from various manufacturing pro-
cesses consists of both inorganic and organic substances. Especially the
heavy metals in it have raised concerns among the community and have
forced extensive research on it. According to the United States Envi-
ronmental Protection Agency (EPA), all the heavy metals e.g., arsenic,
mercury, chromium, lead, and cadmium are the most threatening [1-4].
Also, the World Health Organization (WHO) is conducting regular as-
sessments on the impact of contaminated drinking water on human
health. Studies have found that among the toxic heavy metals, arsenic
shows the most negative and chronic effects [5].

Arsenic is prevalent in water both in inorganic and organic forms.

* Corresponding authors.

The organic form includes methyl and dimethyl derivatives of arsenic
compounds. Whereas inorganic arsenic exists in Arsenite (As (III)) and
arsenate (As (V)) form. As (III) is prevalent as H3AsOs, HyAsO3, and
HAsO3~, where As(V) as H3AsO4, HpAsOz, and HAsO3 ™ [6,7]. Anthro-
pogenic pathways like excessive groundwater extraction, chemical
pesticides, ceramic manufacturing, and petroleum refining industries as
well as mine wastes can produce arsenic-contaminated water. Also,
natural phenomena such as soil erosion, weathering, and volcanic
eruption play a pivotal role in this regard [8]. The inorganic form shows
more toxicity than the organic form of arsenic. The As (III) forms are
more thermodynamically stable and mobile and hence show more
severity in terms of toxicity. Prolonged exposure to As (III) causes
arsenicosis, diabetes, cancer (lung, skin, kidney, liver, and bladder),
cardiovascular diseases, and neurological effects [9-11]. A Study found
arsenic content of 13.2 mg/kg and < 3 mg/kg in arsenic patients and
normal people respectively [12]. For this reason, the WHO as well as the
EPA has set the threshold limit of As in drinking water at a range from
50 pg/L to 10 pg/L [1,5]. But this limit can vary with countries. For
Bangladesh, the national standard of As for drinking water is 50 pg/L.
The presence of arsenic was first observed in 1993 in the country.
Groundwater from tubewells in 62 districts out of 64 here is contami-
nated with arsenic [13]. Studies have found that about 29 % of water
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from tubewells in Bangladesh is contaminated with arsenic content over
the national standard (50 pg/L) [14]. Water from most of the tubewells
contaminated with As has contamination ranging from 100 pg/L to 300
pg/L with the highest detection of 4.7 mg/L [15]. Not only through
drinking water but also through consumption of food, arsenic is
affecting millions of Bangladeshis [16]. Contaminated water with
arsenic is utilized for irrigating purposes and this helps in the accumu-
lation of arsenic in food stuffs. Studies revealed that Bangladeshi rice
contained an average of 0.1 to 0.95 pg/g of arsenic [17]. Hence exten-
sive research on arsenic removal from ground and waste water is a
crying need for this country.

Various methods have been developed over the years such as ex-
change of ions [18], chemical precipitation [19], membrane technolo-
gies [20], reverse osmosis [21], and electrochemical treatment [22]. But
often these methods find restrictions in application for complexity and
high cost. Adsorption on the other side is comparatively cheaper,
simpler, and also highly efficient in the removal of As (III) and As (V)
[23,24]. Large surface area, various surface groups, regeneration of
adsorbent after use, and less toxic sludge generation have made the
adsorption process really attractive. Previous works on the removal of
arsenic have been based on activated carbon [25,26], activated alumina
[27], hydrous zirconium oxide [28,29], lanthanum-loaded silica gel
[30], titanium oxides [31] and metal oxides (magnetite, hematite,
goethite, and ferrites) [32-35]. Among them, activated carbon and ion-
exchange resin are globally used for adsorption purposes. However, they
find limited application in developing nations because of the high cost
and operational complexities [36].

The use of biosorbent prepared from agro-waste can be a cheaper
option and also useful as it utilizes the waste and thus reduces the
emissions from waste management. There have been studies on the
removal of arsenic using biosorbents including duckweed, neem bark,
and sawdust [37,38]. There have also been studies on activated carbon
from biowastes impregnated with a variety of chemical agents to remove
arsenic. But those required a pre-oxidation of As (III) to As (V) made the
process more complex and uneconomical. Oxides of transitional metals
such as Fe, Ti, Zr, Mn, and Cu are reported to oxidize as well as adsorb As
(IT1) and As (V) and thus can reduce the complexity of pre-oxidation with
resulting side effects [39-42]. Also composite of bimetals has shown to
be more effective due to synergistic effects. Fe—Mn bimetal oxide [43],
Zr—Mn bimetal oxide [44], Ce—Ti bimetal oxide [31], Ce—Mn bimetal
oxide [45], Fe—Ni bimetal oxide [46] have shown high efficiency in
terms of arsenic uptake from water. Also, there has been a satisfactory
outcome on the use of tri-metal oxide composite. Effective elimination of
As (III) and As (V) by Fe-Ni-Mn tri-metal oxide [47], Al-Ti-Mn tri-metal
oxide [48], Fe-Ti-Mn tri-metal oxide [49], and Co-Al-Fe tri-metal oxide
[50] were sighted. Furthermore, the use of tri-metal oxide-impregnated
biochar in arsenic removal has shown high prospects. Fe-Mn-La-
impregnated biochar has been reported to remove As (III) effectively
[51]. Therefore, based on the previous works, the attempt of arsenic
removal using bimetallic biochar prepared from agricultural wastes has
been introduced in this study. Developed biochar based on Al
(aluminium) and Mn (manganese) have been widely used for water
treatment application due to low manufacturing cost and high removal
efficiency. Until recently, aluminium was considered harmless for the
human organism as it is readily excreted through urine. However,
studies of environmental toxicology conducted in recent years indicated
that aluminium could be a cause of many diseases in humans, animals
and plants. At elevated exposures, Mn has been associated with
increased levels of externalizing behaviors, including irritability,
aggression, and impulsivity. Moreover, there is no available data
regarding potential interactions between exposure to Mn and other
metals, especially arsenic (As).This study will help in achieving the
Sustainable Development Goals (SDG- 3,6 and 14) Bangladesh is aiming
to achieve by 2030 [52].

Hence this research focuses on the (1) synthesis of the metal-
impregnated biochar (2) characterization of the biochar composite
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using a variety of techniques (3) evaluation of its efficacy on the removal
of As from ground and wastewater in both high and low-level concen-
tration and (4) possible removal mechanism of the adsorbent.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals utilized in this research were of analytical grade.
Al5(S04)3.18H,0 and KMnO4 were taken for chemical activation of the
biochar prepared from sugarcane bagasse. 1000 mg/L standard solution
of Arsenic (III) (Spectro Pure, USA) was used to prepare different con-
centrations of As (III) solution by dilution. Highly purified Milli-Q water
(water resistivity >18.2 MQ-cm, 25 °C; Millipore, MA, USA) used for
dilution purposes. NaOH and HNO3 were used for pH adjustment of the
As (III) solution.

2.2. Synthesis of B-Mn-Al adsorbent

The sugarcane used in the present work was collected from a local
farm. After harvest, the residual sugarcane was weathered (for 10 days)
till the moisture content constant was reached. The collected materials
were washed with DI water several times to remove dust and fines. The
washing process was repeated until the color of the wash water was
transparent. The washed materials were then dried in a hot-air oven at
105 °C for 24 h. The bagasse was then powdered using a grinder and
sieved to obtain a homogenized powder. This powdered raw material
was then placed into crucibles with lids on it and then placed into a
muffle furnace. In the furnace, it was subjected to slow pyrolysis at
500 °C for 2 h. The obtained biochar was then taken out of the furnace
when it was conveniently cooled. Biochar obtained from bagasse was
1.3799 g. It was then impregnated with manganese and aluminium
metals by the coprecipitation method [53]. For this purpose, biochar
and salts were taken maintaining a biochar-to-salt ratio of 1:1. Among
the salts, 0.23 g of Al3(SO4)3.18H20 and 0.23 g of KMnO4 were added in
100 mL of water. After the salts were completely dissolved, 0.46 g of
biochar was added and stirred using a glass rod. After some period of
aging at room temperature, this mixture was magnetically agitated for 2
h. It was then filtered using a vacuum filter. The filter cake was washed
with DI water so that excess chemicals were removed. The obtained
filter cake was then dried in an oven for 2 h. When it is completely dried,
it is further placed into the muffle furnace for chemical activation of the
biochar. There it was kept at 700 °C for 1 h. Finally, 0.895 g of B-Mn-Al
activated carbon was obtained through this process. It was then stored
for further application.

2.3. Characterization of materials

Scanning Electron Microscope(SEM) (JEOL, USA) was used to
observe the morphology of the adsorbent surface, its pores, cracks and
image was captured at 10,000x and 5000 x magnification and 7.2 mm
working distance at vacuum mode with 5.00Kv [54]. Energy Dispersive
X-ray (EDS) was utilized for the elemental composition of the impreg-
nated Mn and Al as well as the adsorbed As on the adsorbent surface.
XRD (X-Ray Diffraction) was used to identify the crystallinity, purity,
and adsorbed metals [55]. XRD analysis was done with Ultima IV,
Rigaku Corporation at 40 kV and 40 mA. Cu K o radiation with a
wavelength of 1.54 A was utilized for the X-ray diffraction analysis, and
the samples were securely positioned in a glass holder.

2.4. The scanning

Process was conducted from 20°to 100° at a rate of 3.0 deg./min.
Fourier Transform Infrared spectroscopy (FTIR,8400S Shimadzu, Japan)
was adopted to inspect the presence of functional groups involved in
adsorption as well as the change in their peaks of to predict the
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adsorption kinetics whether it is chemisorption or not. pH meter
(HANNA Instrument,HI-98107, Germany) was used to adjust the pH of
the As (III) solution during the experiment. To analyze the content of As
(ITI) present in the sample, AAS (Atomic Absorption Spectroscopy) was
done using (Varian AA240, USA) at the Analytical Chemistry Labora-
tory, Chemistry Division, Atomic Energy Centre, Dhaka, Bangladesh.

2.5. Adsorption experiment

To find out an optimum dosage of the adsorbent to start with, 0.02 g,
0.04 g, 0.05 g, 0.07 g, and 0.11 g of the adsorbent were taken and placed
at the bottom of five adsorption columns. Then 80 mL of As (III) solution
at pH 3.5 with an initial concentration of 500 pg/L was poured into each
of these columns. Adjusting the flow rate, these solutions were allowed
to percolate through the adsorbent for a period of 120 min. From here
0.05 g adsorbent was selected for further analysis. Then the pH was
varied for choosing a suitable one. With the initial concentration of 500
ppb, As (III) solutions of pH 2, pH 4, pH 7, and pH 9 were prepared and
80 mL of each of them were allowed to percolate through 0.05 g of
adsorbents in each of the columns for 65 min. The analytic report
showed maximum removal efficiency for pH ~ 2. From here, selecting
the dosage of 0.05 g adsorbent (0.625 g/L), As (III) solution of pH 2, and
a contact time of 65 min, the concentration of the solution was modified
to determine the most favorable concentration. Here solution of 50 pg/L,
500 pg/L, 800 pg/L, 1200 pg/L and 1700 pg/L were used for analysis.
The optimum result was obtained for the solution of 500 pg/L. And last
of all, time was varied for 40 min, 55 min, 65 min, 80 min, 95 min, and
110 min considering all the other parameters constant. It was shown that
maximum removal of As (III) was obtained for a contact time of 65 min.
Finally, results obtained from the above four steps were combined and
an adsorbent dosage of 0.625 g/L, pH of the As (III) solution at 2, the
initial concentration at 500 pg/L and contact time of 65 min was
selected for further analysis.

3. Results and discussion
3.1. Comprehensive characterization of biochar composite
3.1.1. FTIR analysis
The presence of chemical bonds in a sample can be detected using

Fourier-transform infrared spectroscopy (FTIR) analysis. This technique
allows us to predict the mechanism of adsorption by identifying the
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functional groups on the adsorbent surface and observing how they
change before and after the adsorption process.

In this study, FTIR was performed to identify the functional groups
present on the adsorbent surface and their transformations during
adsorption. This information was crucial in predicting whether the
adsorption mechanism involved chemisorption. Three major peaks were
observed at 3223.93 cm ™}, 1571.22 cm ™! and 1072.07 cm ™! from the
FTIR analysis of the adsorbent before adsorption. After adsorption, three
peaks were found at 3216.21 em ™}, 1577.84 cm ! and 1059.28 cm ™.
The FTIR spectra of the adsorbent before and after adsorption of As(III)
are shown in Fig. 1.

The absorption band at 3223.93 cm™! corresponds to the stretching
vibration of hydroxyl groups (~OH). After the adsorption of As(III), this
peak shifted to 3216.21 cm™?, indicating the involvement of hydroxyl
groups in the adsorption process. This shift suggests a high affinity and
participation of the —~OH group in forming a stable complex with As(III).
The interactions that may occur are described by the following equation,
as per references [56,571]:

Biochar — MeOH + H,AsO3 ™~ < Biochar — MeHAsO; ™ +H,0 (Me
= Mn, Al)

There might be hydrogen bonding between the -OH group and
arsenate ions, as suggested by [56,57].

The other two peaks at 1577.84 cm™'and 1059.28 cm ™! correspond
to C=0 and C—O groups, respectively [58,59]. The shift of peaks from
1571.22 cm ™! to 1577.84 cm™*and from 1072.07 cm ™ t0 1059.28 ecm ™
indicates the involvement of these functional groups in the adsorption of
As(III). Furthermore, the decrease in transmittance of the peaks in Fig. 1
suggests the adsorption of As(IIl).Considering the obtained FTIR data, it
is possible to suggest that the adsorption process exhibits characteristics
of chemisorption. This conclusion is supported by the pseudo second-
order kinetics adsorption model.

3.1.2. SEM-EDS analysis

In this study, SEM analysis was done to inspect the surface
morphology of the synthesized activated carbon (B-Mn-Al). The ob-
tained SEM image of activated carbon before and after adsorption is
shown in Fig. 2(a,b) and Fig. 2(c,d) respectively. A porous surface with
spherical particles is shown in Fig. 2(a) and Fig. 2(b). These spherical
particles might be the Mn and Al metals that were impregnated. EDS
analysis further confirmed it. It showed the successful impregnation of
Mn and Al metals on the biochar. EDS analysis report from Fig. 2(f)

Before Adsorption
After Adsorption

Transmittance (%T)

70
69 —

68 T

1072.07

1059.28

1 1
4000 3500 3000

T
2500

1 1
2000 1500

Wavenumber (cm-1)

Fig. 1. FTIR spectra of adsorbent before and after adsorption.
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Fig. 2. SEM analysis of adsorbent before adsorption 2(a,b) and after adsorption 2(c,d), and EDS analysis of adsorbent before adsorption 2(e,f) and after adsorption 2
(g,h).
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revealed that 34.70 wt% of the activated carbon was metal of which
6.12 % constitutes Al and 28.58 % is Mn. In Fig. 2(c,d), a comparatively
dense surface is observed. This may be due to the fact that after the
adsorption of As (III), the surface gets more filled with spherical parti-
cles. And because of the smaller gaps of the adsorbed particles, aggre-
gates are found which has made the surface more dense. These
aggregates in Fig. 2(c,d) might be of arsenic. The EDS report further
confirms it. It is revealed from Fig. 2(h) that 18.26 wt% of the activated
carbon is metal of which 0.09 wt% is As. The concentration of As (III)
before and after adsorption can also be predicted from the EDS peak
intensity. A higher intensity in the peaks corresponds to a higher con-
centration of the adsorbed metal. EDS peak from Fig. 2(e) and Fig. 2(g)
shows a high cps/ev of As after adsorption. This corresponds to a good
concentration of As(III). So it clearly shows that a good proportion of As
(II) is adsorbed using the B-Mn-Al adsorbent. This makes the synthe-
sized Mn and Al-impregnated biochar a possible one for the As (III)
removal from the aqueous medium.

6000
—— Before adsorption
— Calculated data
Q 4000
o
2
‘@
o
2
£
2000
0 — 1t r T 1 T r*r 1 r T r* 1

10 20 30 40 50 80

20

60 70

3.1.3. XRD analysis

XRD (X-ray diffraction) spectra of the synthesized adsorbent were
analyzed and compared to identify the crystalline character, presence of
impregnated metals, and purity of the adsorbent. In Fig. 3(a), 6 broad
peaks were found at 20 values of 32.60°, 36.05°, 38.02°, 44.40°, 60.25°
and 64.43°. Broad peaks suggest the amorphous structure of the sample.
The distinct peaks indicate the presence of Mn and Al as Aluminium
Manganese (AlgMn) according to DB Card no. 01-087-1521. Thus it
shows the accomplished insemination of Mn and Al on the surface of the
biochar supporting the results from EDS analysis. There was also the
absence of foreign peaks except the peak at 20 of 32.60°. This indicates
the high purity of the synthesized adsorbent. From Fig. 3(b), 4 peaks at
20 values of 36.24°, 44.31°, 58.06° and 64.67° corresponding to phase
plane (111), (112), (004) and (104) were observed respectively. The
absence of a foreign peak indicates the high purity of the sample here. It
also verifies the successful adsorption of As as Manganese Arsenide
(Mn3As) on the surface according to DB Card no. 03-065-2262.

6000

—— After Adsorption
—— Calculated data

Intensity, cps

Fig. 3. XRD spectra of B-Mn-Al (a)before adsorption and (b) after adsorption.
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Fig. 4. Effect of adsorbent dosage on As (III) adsorption.
3.2. Batch adsorption studies

3.2.1. Effect of the dosage of adsorbent on adsorption

Increasing the dosage of adsorbent has a significant impact on the
removal of As (III). From Fig. 4 it is observed that increasing adsorbent
dosage increases the removal efficiency of As (III). Maintaining a contact
time of 65 min, % Adsorption of As (III) jumped from 44.96 % at an
adsorbent dosage of 0.25 g/L to 91.43 % at a dosage of 1.375 g/L
adsorbent. The reason behind this can be elucidated by the fact that as
the dosage of adsorbent increases, the quantity of active sites accessible
for the adsorption of As (III) also escalates.

3.2.2. Effects of pH on adsorption

The pH value of the aqueous solution containing As (III) has a direct
effect on the process of adsorption, as it not only governs the surface
charge of the adsorbent but also impacts the extent of ionization of As
(I1D). The results obtained from the investigation on the impact of pH on
the removal of As (III) from the aqueous medium are depicted in Fig. 5. It
was also observed that the % Adsorption of As (III) followed a downturn
with increasing pH value. The highest level of adsorption, amounting to

~
o
1

"

% Adsorption
g
1

a
o
1

pH

Fig. 5. Effect of pH of the solution on As (III) adsorption.
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88.85 %, was attained when the solution had a pH of 2 and a duration of
contact of 65 min. At lower pH levels, the protonation of biochar surface
groups is favored, resulting in a positively charged surface. This posi-
tively charged biochar enhances the adsorption capacity for arsenic (As)
anions. Conversely, at higher pH levels, the biochar surface becomes
negatively charged, repelling As anions and reducing adsorption
efficiency.

As the solution pH increased from 2 to 9, the redox reaction between
As(II) and manganese (Mn) oxides was suppressed, leading to a
noticeable decrease in As(III) removal. Thus, the efficient removal of As
(III) at low pH can be attributed to the high reactivity of Mn oxides and
the predominant role of oxidation effects.

The adsorption percentage of As(IIl) showed a diminishing pattern,
increasing from 35.48 % at pH 7 to 33.84 % at pH 9. This trend can be
explained by the positive charge of the adsorbent surface at lower pH
levels. Protonation of surface -OH groups makes the surface gradually
more positive as the pH decreases. Additionally, the arsenate ion formed
by the oxidation of As(III) predominates as HAsO4 and HASO?{ in acidic
media. These negatively charged ions are more attracted to the positive
surface of the adsorbent, enhancing physical sorption.

As the pH increases, deprotonation occurs, resulting in a progres-
sively negative surface on the adsorbent. At pH 7, As(IIl) exists primarily
as H3AsOs, which adsorbs mainly through physical sorption. Further
increases in pH make the surface more negative, ultimately inhibiting
the approach of arsenic anions to the adsorption sites due to electrostatic
repulsion. This explains the observed declining trend in adsorption ef-
ficiency with increasing pH.

3.2.3. Effect of initial arsenic concentration on adsorption

The study showed a noteworthy result regarding the influence of
initial concentration of As (III) solution on the removal efficiency. Ac-
cording to the study, it was determined that the adsorption of As(IIl)
increased up to a certain point as the concentration increased. But
beyond that point, further increasing of concentration affected
adversely. Results shown in Fig.S1 revealed that % adsorption leaped
from 73.205 % with an initial concentration of 31.76 pg/L to 88.851 %
with that of 496 pg/L. A downturn was observed after further increasing
of initial concentration beyond this point with the lowest %adsorption of
33.97 % observed at 1681 pg/L. Now this incident can be explained by
the fact that the ratio of the number of available adsorption sites to the
number of adsorbate molecules is quite large at a lower concentration of
As (III). With the increasing of initial concentration, the number of As
(II) molecules gets increased, but the available adsorption sites
remained the same. Hence with increasing concentration, this ratio of
the number of active adsorption sites to that of the adsorbate molecule
gets decreased. This is why such a declining pattern of the % adsorption
is observed with increasing initial concentration after attaining the
maximum point.

3.2.4. Effect of time on adsorption

The passage elucidates the notable influence of time on the elimi-
nation of As (II) from a solution composed of water. In order to validate
this assertion, the process of adsorption was permitted to occur at spe-
cific time intervals spanning 40, 55, 65, 80, 95, and 110 min. From
Fig. S2 it is observed that the removal efficiency increases very rapidly
during the first 60 min of adsorption. But beyond that the process gets
slower and achieves an equilibrium condition gradually. The study
showed that the %adsorption jumped rapidly from 82.02 % at 40 min to
89.526 % at a time interval of 65 min. After that, up to a time interval of
110 min, the process reached equilibrium with a % adsorption of 89 %
more or less. This phenomenon observed can be explained by the fact
that at the beginning of the process, there is abundance of adsorption
sites. With increasing time, the number of adsorption sites decreased and
hence the removal process gets slower. When all the available adsorp-
tion sites are blocked, the process finally gets the equilibrium condition.
This is why 65 min time interval was chosen as the contact time for
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further analysis.

3.3. Mechanism of adsorption

Adsorption of As (III) on B-Mn-Al adsorbent surface is thought to
occur in two routes. One is electrostatic adsorption and the other one is
through ion or ligand exchange between the adsorbate arsenate ion and
the active functional groups on the adsorbent surface. Electrostatic
adsorption is a physical adsorption that is linked with the surface
behavior of the sugarcane bagasse. Impregnated Al and Mn metal exis-
ted as their oxides which ultimately converted into ~OH groups. These
layer of ~OH groups presented an increased number of active sites. The
Mn—O moieties might oxidize the As (III) to As (V). The EDS report
supports the participation of Mn in the adsorption. From Fig. 2(f) and 2
(h), it could be seen that there was a decrease in the Atomic % of Mn.
This suggests that there might be a reaction between Mn and As that
triggered the release of Mn-containing species. XRD data further
revealed the adsorption of Arsenic as Manganese arsenide (MnyAs)on
the surface. In this way, promoting oxidation, Mn might have facilitated
the As (III) adsorption as As (V) could be removed more readily than As
(II). Al-OH moieties might be involved with ion exchange with the
arsenate ions in the solution. The decrease in atomic% of Al according to
Fig. 2 (f) and Fig. 2 (h) might be due to the participation of Al in arsenic
adsorption. In acidic conditions there might be reactions like the
following,

Biochar-AlIOH + HASO%’ ~Biochar-AlAsO,4 + H,0 [60].

The red shifts of FTIR peaks suggested the involvement of the func-
tional groups. These functional groups might took part in complex for-
mation with the As at the surface of the adsorbent. So it can be summed
up that the adsorption process went through oxidation, ion or ligand
exchange besides physical adsorption.

3.4. Adsorption kinetics

A study was conducted to investigate the kinetics of sorption of As
(III) on B-Mn-Al adsorbent using pseudo first order and pseudo second
order kinetics. The experimental data was used to understand the
sorption kinetics. The linear form of the kinetic models, namely the
pseudo-first order and pseudo-second order, can be expressed by the
equations provided:

In(q. — q:) = Inq. — Kt ¢

t_ 1 ¢t
@ K.¢? q.

(2)

Using eq. (1) and (2) for pseudo first order and pseudo-second order
kinetics respectively, In (qe-q¢) against t and t/q; against t graphs were
plotted in Origin pro 2016. The obtained values of different kinetic
parameters are enlisted in Table 1. Among the kinetics model parame-
ters, q; (mg/g) is the adsorption capacity of the adsorbent at time t,
K;(min~!) and Kz(g.mg_l.min_l) indicates the rate constant for pseudo
first order and pseudo second order kinetics respectively, q. is the
maximum adsorption capacity of the adsorbent at equilibrium, and R? is

Table 1
Kinetic parameters for Pseudo first-order, pseudo second-order models for the
adsorption of As(III).

Kinetics model Parameters Values

Pseudo first order Ky 0.06153
qc*(mg/g) 0.573
R® 0.80145
qe**(mg/g) 0.4265

Pseudo second order K, 0.38641
qe**(mg/g) 0.59855
R® 0.9986

*Experimental value, **Theoretical values.
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the regression coefficient. Analyzing the obtained values and Fig. S3(b),
it was found that the data were best fitted with pseudo second order
kinetics since the theoretical q. value obtained from this model is nearer
to the experimental qe. The regression coefficient (R? = 0.9986) value
also supports the pseudo second-order kinetic model. Further it is quite
lucid from Fig. S3(a) that the pseudo first order kinetics model didn’t fit
well at all. Hence this implies that the adsorption process follows
chemisorption according to the pseudo second-order kinetics model.

3.5. Adsorption isotherms

The equilibrium between the adsorbate in solution and on the surface
of the adsorbent was considered. An equilibrium isotherm study was
conducted to predict the adsorption mechanism and maximum capacity
for As (III) adsorption. The adsorption capacity was determined using
eq. (3):

g =—(C—-C) 3

Here, ge represents the adsorption capacity of the adsorbent at
equilibrium, measured in milligrams per liter (mg/L). V denotes the
volume of the solution, which is measured in liters (L). m represents the
quantity of adsorbent used, measured in grams (g). C, indicates the
initial concentration of As (III) in the solution, measured in milligrams
per liter (mg/L). Ce represents the equilibrium concentration of As (III)
in the solution, also measured in milligrams per liter (mg/L). Among the
various isotherm models commonly utilized, the Langmuir and
Freundlich isotherm models were taken into consideration. These
isotherm models enable the prediction of the adsorption behavior in a
solid-liquid system. The Langmuir isotherm model specifically supports
the concept of monolayer adsorption, while the Freundlich isotherm
model suggests the occurrence of non-uniform multilayer adsorption on
the surface of the adsorbent. The data obtained from this study was used
to fit the two models.

1 1 1
- 4= @
qe qumaxCe qmux
1
logq. = logks + ElogCe 5)

Here, Qqmax represents the upper limit of adsorption capacity
possessed by the adsorbent (in milligrams per liter). K; denotes the
Langmuir adsorption constant (in liters per milligram), which offers
insights into the affinity of the adsorbate towards the binding sites. K¢
and n, on the other hand, correspond to the Freundlich empirical con-
stants, which serve to estimate the strength of adsorption and the het-
erogeneity of the surface.

Linear forms of Langmuir and Freundlich isotherm model were
plotted using eq. (4) and (5) respectively in Origin Pro 2016. Fig.S4(a)
and Fig. S4(b) correspond to the Langmuir and Freundlich isotherm
models, respectively. The values of the correlation coefficient (R?) and
other parameters for the equilibrium models are listed in Table 2. The
data analysis shows that the correlation coefficient R for the Langmuir
isotherm (R? = 0.9827) is higher than that for the Freundlich isotherm
(R2 = 0.66275). Therefore, it is evident that the experimental data fits
well with the Langmuir isotherm model, indicating that the As (III)
removal process follows a monolayer homogeneous adsorption

Table 2

The values of Isotherms parameters of As (III) adsorption.
Langmuir isotherm Values Freundlich isotherm parameters Values
Parameters
Qmax (Mg/g) 55.0964 1/n 0.60161
Ky, 0.08052 K¢ 1.31105
Ry, 0.9616
R? 0.9827 R? 0.66275
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mechanism. Moreover, this suggests that all the adsorption sites are of
equal importance. The Ky, value (K;, = 0.08052) suggests good affinity of
the adsorbate for the adsorbent. The R;, value indicates the nature of the
adsorption whether it is favorable or not. A value less than 1 suggests
that the adsorption is favorable, whereas, for 1 and greater than 1, the
adsorption is linear and unfavorable respectively. In this study the Ry,
value of 0.9616 suggests that the process is quite favorable. Most
important of all, from the Langmuir model, As (III) adsorption capacity
of the adsorbent (qmax = 55.0964 mg/g) was calculated. Such value is
significantly larger than the recently reported metal-impregnated bio-
char composites such as iron-oxide impregnated corn straw derived
biochar (qm = 22.94 mg/g) [61], Zn-loaded raw pine cone biochar (qp
= 7 mg/g) [62], BMN nanocomposites (qm = 16.23 mg/g) [63], Mag-
netic calcium-rich biochar (qy, = 15.8 mg/g) [64], Hematite modified
biochar (g, = 2.828 mg/g) [65], Calcium based magnetic biochar (qy, =
6.34 mg/g) [66]. Adsorption capacity of pristine sugarcane bagasse
biochar is reported 11.9 mg/g [67]. Therefore, the B-Mn-Al adsorbent
can be so useful in removal of As (III) from aqueous medium in a cost-
effective and non-hazardous way.

4. Conclusion

In this study, B-Mn-Al activated carbon was synthesized from a cost
effective combination of  biowaste (sugarcane  bagasse),
Aly(S04)3.18H20, and KMnOy4 following a simple procedure. The acti-
vated carbon had a maximum adsorption capacity of 54.945 mg/g,
which is higher than most biochar-derived adsorbents. This efficiency is
due to the successful impregnation of Mn and Al, as confirmed by SEM-
EDS, XRD, and FTIR analysis. The adsorption of As (III) was directly
influenced by pH. Removal efficiency decreased with the increase of pH.
Experimental data supported the pseudo second order kinetics that
suggested chemisorption. The most probable mechanism for adsorption
was electrostatic adsorption, oxidation, ion or ligand exchange and
complexation. Also supporting the Langmuir isotherm model predicts
the homogenized monolayer adsorption. In summary, the B-Mn-Al can
efficiently remove As (III) from a very low concentration of aqueous
solution which makes it a potential adsorbent for the treatment of As-
polluted water.
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