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ABSTRACT

Piliostigma thonningii (PSH), Parquetina nigrescens (PNS), and Hildegardia barteri (HB) activated carbon
were prepared as adsorbents for methylene blue (MB) dye removal from aqueous solutions. The
activation of raw materials with orthophosphoric acid (HsPOa4) leads to carbons with high adsorption
capacities. The biomasses were carbonized at 400 °C, 500 °C, and 600 °C, and the highest percentage
yields were achieved at 400 °C. The biomasses were characterized using scanning electron
microscope (SEM), energy dispersive X-ray (EDX), Fourier transform infrared (FTIR), and carbon,
hydrogen, and nitrogen (CHN). They were used for batch adsorption of MB dye from aqueous
solutions. Effects of initial concentration, contact time, pH, adsorbent dosage, and temperature were
studied to determine the optimal condition of the activated carbon (AcC) adsorbents. The adsorption
capacities of PSH, PNS, and HB were 55.25, 20.16, and 19.27 mg/g of MB, respectively. The negative
value of AH of adsorption for PSH (-0.065 KJ/mol) shows that the adsorption was exothermic, while
the positive value of AH for HB (+0.017 KJ/mol) and PNS (+0.128 KJ/mol) indicates that the adsorption
of MB was endothermic. The positive values of AS (7.30 J/mol/K for PSH, 9.77 J/mol/K for HB, and 11
J/mol/K for PNS) revealed randomness of the adsorption processes at the sorbent-sorbate interfaces.
Langmuir fitted better as the R? values were all close to unity, while the kinetics studies followed the
Pseudo-Second Order for all the adsorbents. The result demonstrated that the AcC sets from the three
biomasses have the potential to be employed as low-cost adsorbents.

Introduction

The physical environment is facing the worst pollution in
human history, with man being the pollution agent. The rise in
industrial and domestic activities is instrumental in releasing
pollutants into the water bodies, which directly affect humans,
resulting in diverse health problems. Much research has been
directed at solving environmental challenges, but no chemical
agent has successfully solved the pollution menace, as little has
been achieved yet. The application of inorganic materials has
done appreciably well, but it also comes with the high cost of
synthesis in terms of chemical acquisition and procedures.
Consequently, green synthesis using biomass adsorbents is a
better option for pollutant removal from the environment.
Activated carbon (AcC), popularly applied in wastewater
treatment in a variety of research works, can be prepared in
different ways. It is a carbon prepared with increased surface
area and many small-sized pores for adsorption purposes, and a
small gram is 500 m2. A high surface area is appropriate for
useful application in adsorption, but activation using chemical
methods increases the affinity of materials in adsorption. The
adsorption property and efficiency of an adsorbent such as AcC
is determined mainly by the type of method and starting in the
preparation process.

In an adsorption study, jatropha husk, the agricultural solid
waste generated by the bio-diesel industry, was used as a starting
material for the production of AcC by Namasivayam et al. [1].
The efficiency of removing some pollutants, such as

dyematerials from wastewater, was investigated. The findings
suggest that jatropha husk AcC adsorbent was used to
eliminate harmful heavy metal ions and other organic and
inorganic contaminants. Studies by Bernard et al. examined
the removal of some heavy metal ions (Pb, Fe, Cu, and Zn)
from wastewater on AcC prepared from the coconut shell [2].
Batch experiments were performed and showed that the
adsorption rate depended on factors like time, adsorbent
mass, pH, and stirring speed. The removal of Cd?** by
sugarcane bagasse-based AcC using factorial design was
investigated by Musa et al. [3], and the result was positive.
Sethu et al. investigated the thermodynamic adsorption of
Cu?>* jons from waste water using neem-leaf-based
biosorbents and concluded that the optimum adsorption
potential of neem leaf powder was 500 ppm with a value of
446.5 mg/g [4]. The results showed that the adsorption
mechanism occurred naturally, showing that the adsorbent is
a favorable biosorbent for extracting Cu?* ions from aqueous
solution. Similarly, Mohammed and Edward used cotton
stalks as a source of AcC for the removal of some metal ions
from the solution [5]. It was discovered that the AcC produced
showed potential for adsorption of heavy metals in the batch
equilibrium studies from both single and multi-component
aqueous phases. The studies revealed that there is a high
negative charge of AcC surface above pH 5.5. The studies
revealed that adsorption was mainly by electrostatic

*Correspondence: Dr. John Godwin, Department of chemistry, Kogi State College of Education (technical), Kabba, Kogi State, Nigeria, e-mail: godwinjohn1380@gmail.com

© 2024 The Author(s). Published by Reseapro Journals. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



SYNTHESIS, CHARACTERIZATION AND PROCESSING OF NEW MATERIALS

FOR INNOVATIVE APPLICATIONS
2024,VOL. 1, ISSUE 1

RESEAPRO

JOURNALS

interaction between the negatively charged surface of the
carbon adsorbent and the positively charged metal ions in the
solution. Nevertheless, removal of the metal ions, in some cases,
occurred at lower pH. Elaigwu et al. analyzed the adsorption of
Pb?>* by AcC prepared from cow dung under different
conditions [6]. The adsorption studies showed that the process
was fast, stable, and took less than 100 minutes to attain
equilibrium. In another research, the ability of Phanerochaete
crysosporium to extract Cr ions from aqueous solution was
investigated by Marandi [7]. The optimum pH for biosorption
of Cr (VI) was 2 at a steady temperature of 25 °C. Similarly,
Adebayo et al. studied the capacity of some prepared samples of
AcC made from Jatropha curcas stem, root, and seed coat and
concluded that the adsorbent labeled as ACS, ACR, and ACC
activated with HsPO4 have good adsorbing capacity for Pb ions
[8]. The Pb(II) ions adsorption was found to be maximal at pH
8. The numerous adsorption studies above and more in
literature have shown that AcC biomass has been applied in the
adsorption of many inorganic substances but is limited to
organic materials such as dyes. The ones that were used for the
removal of some dye molecules revealed low efficiencies and
capacities. This is what forms the basis and design of this
research work.

The optimum adsorption performance of Piliostigma
thonningii (PSH), Hildegardia barteri (HB), and Parquetina
nigrescens (PNS) biomass in removal of methylene blue (MB),
was investigated by optimizing adsorption parameters such as
concentration, adsorbent dose, absorption time, pH and
temperature, and subjecting the adsorption processes to
isotherm, kinetic and thermodynamic studies.

Materials and Methods
Sample collection

The biomass samples used in this study include PSH, HB, and
PNS. Fruit shells were collected from farms in the Offa local
government area of Kwara state, Nigeria.

Preparation of biomass sample

The samples were cracked using a hammer, and the seeds
embedded in white pulp were removed, leaving the shells that
were needed. The shells were properly washed using de-ionized
water. Dilute nitric acid (0.01M) was also used to wash the shells
to further remove impurities and then rinsed several times with
de-ionized water till the pH of the washed water was neutral.
The washed shells were air-dried for 5 days under laboratory
conditions, and they were later used to produce AcC by a
process of carbonization followed by chemical activation. The
carbonization process converts the organic materials to primary
carbon, whereas the activation process removes the
decomposed products deposited in the pores and makes the
AcC more porous in nature.

Preparation of activated carbon
Carbonization and activation

A 400 g sample of PNS, HB, and PSH was carbonized in a
pyrolizer under a continuous flow of nitrogen gas and at
temperatures of 400, 500, and 600 °C for 60 minutes duration.
The charred products were allowed to cool to room
temperature, crushed using mortar and pestle, and stored in
air-tight containers. A 150 g of carbonized sample was weighed
and transferred into a beaker containing 150 mL 75%

ortho-phosphoric acid (HsPOs), ratio 1:1. The impregnation
was carried out at 60 °C in a hot air oven for 24 h to achieve
well penetration of chemicals into the interior of the
precursor. The activated sample was then cooled to room
temperature, washed with de-ionized water to neutral pH,
oven-dried, and stored for characterization. After cooling,
each of the carbonized materials was weighed to determine
the percentage yield per mass of the raw sample used [8].

Characterization of adsorbents

The phase composition of the samples was analysed using
energy dispersive X-ray (EDX), while scanning electron
microscope (SEM) was used to determine the surface
morphology of the samples. A CHN analyser was used for
AcC to determine carbon, hydrogen, and nitrogen content,
and functional groups present in the structure of the samples
were appraised by Fourier transform infrared (FTIR)
spectroscopy.

Study of effects of adsorption parameters

The effect of initial concentration was studied by taking 25 ml
of 5, 10, 25, 50, 100, 250 mg/L of MB prepared from stock
solutions and agitated each with 0.1 g of the adsorbents
separately at 30 °C for 5 h. Each mixture was filtered, and the
filtrates were analyzed using a UV spectrometer [9]. The
quantity adsorbed, q., was calculated using Equation 2. The
adsorbate concentration that gave optimal adsorption was
determined through a plot of g, versus initial metal ion
concentration and was used in subsequent adsorption
processes.

The effect of mass dose was investigated by taking 25 mL
of the MB solutions in different conical flasks and agitating
with 0.1, 0.5, 1.0, 1.5, and 2.0 g of the biomass adsorbent at
30°C. These experimental procedures were carried out in
duplicate, and the mixtures were agitated on a mechanical
shaker for 2 h, filtered, and the filtrates were analyzed for MB
using a UV-Spectrometer. The quantity adsorbed, q,, was
calculated using Equation 2.

The effect of time was studied by taking 0.1 g of biomass
adsorbent separately and agitating in different conical flasks
with 25 mL of the optimum concentrations obtained for MB
solutions for different time intervals of 5, 10, 15, 30, 45, 60, 90,
120, 180, 240 and 300 minutes. These experimental
arrangements were carried out in duplicates. The solutions
were filtered, residual metal ion concentrations were
determined using a UV visible spectrophotometer, and the q,
was calculated using equation 2 [10].

The effect of temperature was carried out by varying the
temperature starting from 30, 40, 50, 60 to 70 °C. A 25 mL of
the optimum concentration obtained for MB was contacted
with the optimum adsorbent dose in a 100 mL conical flask.
The procedure was carried out in duplicates, and the mixtures
were agitated on the shaker for the optimal time, filtered, and
the filtrates were analyzed for MB. The q, and efficiency of
adsorption, in percentage, by the various adsorbents were
calculated by using equations 2 [9,11].

The effect of pH on MB adsorption was carried out over a
pH range of 2 to 8. A 25 ml of the optimum concentration of
MB was agitated with the optimal dose of biomass adsorbent
in different conical flasks; the solutions were filtered after
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adsorption, and the filtrates were analyzed for MB using a
UV-Spectrometer. The ge and efficiency removal in percentage
were calculated by using equation 2 [9].

Determination of adsorption capacity

The amount of metal ions adsorbed, q, (mg/g), by biomass
adsorbents was calculated using equation 1, while the efficiency
of adsorption in percentage (% Rem), which is metal ion
removed from aqueous solutions by the adsorbents was
estimated by equation 2 [12]:

Co—Ce
=2 €%
e M 14

1)

Co—

C
%R em= o £ x100 )

Where Co, and C. are the initial and equilibrium
concentration of metal ions in solution at any time (t) in (mg/L),
V (L) is the total volume of the metal ions, and M is the mass (g)
of adsorbent used.

Isotherm of adsorption

The Langmuir, Freundlich, and intraparticle diffusion
adsorption parameters were used to study the adsorption nature
of this study. The Langmuir adsorption isotherm describes the
homogenous adsorption layer between the sorbate-sorbent
particles. The linear form of the Langmuir is represented in
equation 3.

1 1 1

—=

de Am AmKLCe
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Where qm (mg/g) is maximum monolayer coverage
capacity, and K is Langmuir isotherm constant (L/mg). The
slope and intercept of the Langmuir plot were determined from
the values of K and qm. In terms of the equilibrium parameter,
Ry is an essential characteristic of the Langmuir isotherm

determined using equation 4.

Ri=—

4

Where: R, value indicates the adsorption nature, which
shows whether adsorption is unfavorable (R;>1), linear (R, = 1),
favorable (0 < Ry < 1), or irreversible (Ry = 0).

1+K,co

The Freundlich isotherm shown in linear equation 5 describes
heterogeneous adsorption on the surface of adsorbents [10, 13].

()

Where Ky is Freundlich isotherm constant (mg/g), n is
adsorption intensity, while 1/n is a function of the strength of
adsorption [14]. If n = 1, the partition between the two phases is
independent of the concentration. Where the value of 1/n is <1,
normal adsorption is indicated, while 1/n >1 indicates
cooperative adsorption.

Logq, = LogKs+1/nlogC,

The Temkin isotherm assumes that the adsorption heat of
all molecules in the layer will decrease linearly rather than
logarithmic with coverage. It is defined by a uniform
distribution of binding energies, which was determined by
plotting the ge against InCe, where the slope and intercept were
obtained. The linear equation 6 is used to determine the Temkin
parameters [15].

(6)
B=AT ™)

_bT

Qe =5 InAr+ L InC,
by br

Where Ay is Temkin isotherm equilibrium binding constant
(L/g), br is Temkin isotherm constant, R is universal gas

constant (8.314 Jmol'K™?), T is Temperature at 298K (25 °C),
and B is Constant related to the heat of sorption (Jmol).

Adsorption kinetics

A first-order rate equation (Eq. 8) is based on adsorption
capability [16].

In(qe — q¢) = Inge — kyt (8)

Where qt (mg/g) is the adsorption capacities at time, t
(min), while k* (min™") is the pseudo-first-order rate constant
for the kinetic model. A straight-line curve obtained from
linear plots of In(q,-q,) against twith regression coefficient, R?
value close to unity, determines the fitness of adsorption data
for the kinetic model.

The pseudo-second-order kinetics model is given in equation 9.

t 1
r_ 9)
ac  kpq3

+4t
de
Where K2 is the pseudo second order rate constant (g mg-!
min'). This is a straight-line graph obtained from a linear plot
of t/qt against t.

The intra-particle diffusion model describes mass transfer
in an amorphous and homogenous process. In several phases,
adsorbate movement from the aqueous phase to the surface of
the adsorbent pores takes place. The intra-particle diffusion in
equation 10 was used to estimate the various constants.

qe = Kigt*/?+1 (10)

Where Kid is the rate constant of intra-particle diffusion (mg/g
min-'?) and I is the intercept. The value of I provides an
indication of the thickness of the boundary layer [17]. The
intra-particle diffusion model is indicated by a plot of q; versus
t'2, where the values of K, were calculated. A straight-line plot
of qt versus tY? shows that the sorption mechanism is
controlled by an intraparticle diffusion process.

Adsorption thermodynamic studies

The adsorption thermodynamic study of MB dye onto PNS,
PSH, and HB AcC was carried out by evaluating the enthalpy
change (AH), the free energy change (AG), and the entropy
change (AS). The nature and spontaneity of the adsorption
process are determined by values of AH and AS. Adsorption is
endothermic and exothermic, with positive and negative
values of AH, respectively, and negative values of AG indicates
the feasible adsorption process. The values of AH and AS were
estimated from equation 11, while AG was determined from
equations 13 and 14, respectively,

InKqy = 5 2 (11)
Kaa = & (12)
AG = —RTInK,q (13)
Ink, = InA — 22 (14)

where Kad is the adsorption coefficient, R is the gas
constant, and k2 is the rate constant. The AH was estimated
from the plot of InKaq verses 1/T.

Results and Discussion
Percentage yield from carbonization process

The effects of charring temperature and time, which seriously
influenced the surface area yield of adsorbent and bulk density,
were studied. Percentage yield is an important parameter that
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is used to ascertain the rate of the carbonization process. Results
for the percentage yield of char during various conditions are
shown in Table 1. It was observed that there is a direct
relationship between charring temperature and percentage
yield. The highest percentage yield was attained at 400 °C and 60
min for all three samples. This is because increasing time and/or
increasing temperature of carbonization resulted in more
volatile components being lost and hence decreasing percentage

yield [18]. The highest observable percentage yield for PSH,
HB, and PNS was 41.61, 40.09 and 29.40 %, respectively, at
400°C for 60 min., while the least was at 600 °C for 60 min, and
the yield was 17.20, 29.40, and 28.70% for HB, PSH, and PNS
respectively. The negative effect of carbonization temperature
and time was most felt at the highest experimental temperature
of 600 °C [19].

Characteristic of adsorbents

Table 1. Carbonization time and temperature for HB, PSH, and PNS AcC.

Sample Code HBa HBb HBc PSHa PSHb PSHc PNSa PNSb PNSc
Charring 400 500 600 400 500 600 400 500 600
Temperature(C)

Charring Time (min) 60 60 60 60 60 60 60 60
%Yield 40.09 18.10 17.20 41.61 31.44 29.40 29.40 30.60 28.70

The physico-chemical characteristic of the adsorbent with
carbonization time of 60 min and 400 °C is presented in Table 2.
The moisture content was approximately the same for the three
biomasses. The moisture content ranges from 0.22 + 0.03 - 0.44
+ 0.01%, which was lower than banana empty fruit bunch
(BEFB), 5.21 + 0.16% [20]. The % ash is higher in PNS (4.20 +
0.03%) than PSH (3.40 + 0.02%), and HB (2.80 + 0.02%), but all
were lower than banana empty fruit bunch (15.73 + 1.66%),
[20]. The ash content is a reflection of the amount of inorganic
substituent present, and the higher the value, the higher the
value of inorganic constituents. The ash content was within the
range of most AcC from agricultural products (0.2 - 13.4%)
[21]. The % carbon yield was higher for PSH (41. 61 + 0.04) than
HB (40.09 + 0.04), while PNS was the least (29.40 + 0.03).

This study shows that PNS has a higher bulk density of
0.636 + 0.01 g/mL than KOH-treated DRFP (0.46g/ml), while
HB was found to be 0.450 + 0.0l1g/ml compared to
KOH-treated DRFP [20]. The bulk density shows the
precursor’s fiber quality. The lower the weight, the better its
level of regeneration after use [22]. A sample's iodine number is
expressed as the proportion of iodine adsorbed per gram of the
sample. The iodine amount of HB (950 + 25 mg/g) was found
to be higher than that of PNS (900 + 20 mg/g) and PSH (850 +
10 mg / g). This may be because HB is more porous than both
of them. The activation process increases the surface area and
porosity as well as lowers the surface acidity of the AcC, which
gives rise to low pH values of 4.4 and 5.7 observed for HB and
PSH, respectively.

Table 2. Physico-chemical characteristic of adsorbent (% wt) dry basis.

Parameter PSH AcC PNS AcC HB AcC
Moisture (%) 0.33+0.01 0.44+0.01 0.2240.03
Ash (%) 3.40+0.02 4.20+0.03 2.80+0.02
Carbon yield (%) 41.61+0.04 29.40+0.03 40.09+0.04
Bulk Density (g/ml) 0.635+0.01 0.636+0.01 0.45040.02
Iodine Number (mg/g) 850.0+10 900.0+20 950.0+25
pH 5.70 6.50 4.40

PHpc of adsorbent

The pH,, of PNS, PSH, and AcC were determined by the pH
drift method, which gave 7.5 pH,, for HB, 4.1 for PSH, and 4.9
for PNS. The value for HB was in close agreement with Nassar
and Rings red (7.5 +0.5) [23]. Positive pH values of PHpz0 favor
the adsorption of negatively charged species, while negatively
charged surfaces favor the adsorption of positively charged
species. The pHpzc for PSH and PNS is in the acidic region,
while HB is in the basic region. The graphs of the pHp,  are
shown in the Figures. 1 (a)-(c).

CHN analysis of PNS, PSH, and HB AcC adsorbents
The result of the CHN analysis is presented in Table 3, and it

shows that HB has the highest percentage of carbon (72.27%)
and PN the least (68.42%). PNS has the highest percentage of
hydrogen and nitrogen, i.e., 3.71 and 3.42%, respectively. HB
has the least value of hydrogen and nitrogen, i.e., 2.82% and
1.20%, respectively. The value for carbon was within the range
reported for most agricultural materials (41.23 - 84.50%),
hydrogen was below the range (4.63 - 6.26%), while nitrogen
was within the range (0.7 - 4.10%) [21]. The carbon, hydrogen,
and nitrogen content of PNS was higher than that of mango
seed (carbon 52.31%, hydrogen 3.38%, and nitrogen 1.02%),
while PSH and HB were higher in carbon and nitrogen but
lower in hydrogen than mango seed [22].
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Fig 1a: Graph of pHpzc for HB
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Fig 1b: Graph of pHpzc for PNS
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Fig 1c: Graph of pHpzc for PSH

Figure 1(a). Graph of pHpzc for HB. (b). Graph of pHpzc for PNS.
And (c). Graph of pHpzc for PSH.

Table 3. CHN Analysis.
Biomass % C % H % N
PNS 68.42 3.71 3.42
PSH 69.42 3.34 2.06
HB 72.27 2.82 1.20

SEM analysis of PNS, PSH, and HB AcC adsorbents

The SEM spectra results obtained from the analysis at different
magnifications (1,000x and 50,000x) are presented in Figures 2
(a)-(c). The sample particles showed a dense, irregular leaf-like
shape that tends to agglomerate; smaller and homogenous

particles were also found in PSH 1000x magnification. The
surface of the PNS particles showed larger pores (high
porosity). These pores will be readily available for composite
formation with other adsorbents or adsorption processes,
making the sample have prospects in practical application to
the adsorption process. The 50,000x magnification of the
samples showed agglomeration in sheet-like structures
comparable to treated and untreated BEFB [20].

100 pm
Nova NanoSEM

m

prr
ETD | 298 um | 5.00 keV 3 4.5 Nova NanoSEM

det | HFW |La " mag
ETD | 298 um | 5.00 keV |1 00 5.1 mm Nova NanoSEM

I (©)

Figure 2(a)-(c). 1,000X magnifications for HB, PNS, and PSH AcC.

EDX analysis of PNS, PSH, and HB AcC adsorbents

The EDX analysis was carried out using Perkin Elmer C624 to
determine the element’s composition of the sample as reported
in Table 4 and Figures 3 (a)-(c). Carbon was the predominant
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element in the samples with 79.20% for HB, 79.06% for PSH and
76.39% for PNS. Nitrogen was absent in PSH and HB, while it
was 5.52% for PNS. Oxygen was highest in PSH, with a value of
20.84%, followed by HB at 20.23%. The insignificant percentage
of phosphorus in HB and PSH were found as impurities. The
EDX results for carbon were slightly higher than that of CHN
but practically close. The EDX values for carbon ranges from
76.39-79.20%, while the CHN ranges from 68.42-72.27%. The
values for carbon were within the range reported for most
agricultural materials (41.23-84.50) [21]. The higher the carbon
content, the more desirable the material is as a precursor for
AcC preparation.

(c)

Figure 3(a). EDX graph for HB AcC. (b). PNS AcC. and (c). PSH
AcC.

Table 3. EDX Analysis for activated carbon.

Biomass % C % O %N %Cl %S %P
PSH 79.06  20.84 - - - 0.1
PNS 76.39 17.93 5.52 0.16 - -
HB 79.20  20.23 - - 0.22  0.35

FTIR analysis of PNS, PSH, and HB AcC adsorbents

The spectra were recorded over the range of 4000 - 500 cm-1, as
shown in Figures 4(a)-(c). The various absorption bands
obtained were utilized in the characterization of the adsorbents
using reported values [24]. The broadband 3000 - 4000 cm-1
centered at 3563.06 cm-1 and 3160.95 cm-1 can be assigned to
O-H stretching and bending vibrations arising from surface
hydroxyl groups on adsorbent particles and water. Two weak
absorption bands occurring at 2771.50 cm-1 and 2055.94 cm-1
in the spectrum correspond to H-O-H bending and stretching
vibration mode [25, 26]. The spectra of HB showed a prominent
peak at 2347.23 cm-1 that is attributed to C ¥ C stretching
vibration. Peaks were also observed at 1701.32 and 1593.67
cm-1, depicting C = O stretching and conjugated C = C [22].
The spectrum of PNH AcC was recorded over a range of 4000 -
500 cm-1, and a peak was observed at 2920.32 cm-1, which is

attributed to the C-H asymmetric stretching vibration of CH2.
Other peaks were seen at 2350.40 cm™!, 1704.49, 1448.02, and
874.93/811.61/748.28 cm depicting C=C stretching
vibration, C=0O stretching, methyl C-H asymmetric/
symmetric bend, and C-H bending (out of plane) vibration
respectively. Fig. 4c shows the typical spectrum of PNS AcC as
recorded over the range of 4000 - 500 cm-1. It shows a
prominent peak at 2926.65 cm-1 that is attributed to the C-H
asymmetric stretching vibration of CH2. A strong absorption
was noticed at 2350.40, 1704.49, 1606.33, and 874.93/783.11
cm-1, which indicates C=C stretching vibration, C=0
stretching, conjugated C = C and C-H bending (out of plane)
vibration, respectively [27].
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Figure 4(a). FTIR spectrum for HB AcC (b). PSH AcC. and (c). PNS
AcC.
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Batch adsorption experiment
Initial concentration effect of adsorption of MB
The results of the effect of initial MB dye concentration on

PNS, PSH, and HB are plotted in Figure 5a. Based on the
findings, the amount adsorbed also increased proportionally
when the initial concentration was increased. From the initial
concentration, the percentage of removal of MB increased
from 10 to 50 ppm and became constant from 50 to 400 ppm.
The fact that the initial MB concentration provides an
enormous driving force that overcomes mass transfer
resistance between the solid-aqueous interface was due to
enormous vacant sites on the surface of the adsorbent. This is a
result of a fixed number of active sites on the surface of the
adsorbent at a constant dose. As the initial MB concentration
was increased, the adsorbent's available active sites decreased,
and this made the removal of MB dependent on the initial
concentration [28]. Also, as the amount of MB molecules per
unit volume of solution increases, the ratio of the amount of
MB at the surface of the available adsorption sites also
increases, and more MB molecules in solution can be adsorbed
by the adsorbent which results in the increase of the
equilibrium adsorption capacity [28].

120

100 = i a

%Rem
@
3

—+—HB
—=#—PNS

— PSH
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0 50 100 150 200 250 300 350 400 450
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Figure 5(a). Effect of concentration on adsorption capacity of MB onto
HB, PNS & PSH AcC.

Contact time effect on adsorption of MB

The plot of the effect of agitation time on the adsorption of MB
on HB, PSH, and PNS AcC are depicted in Figure 5b. A fast
phase at the beginning (0 - 90 min) was observed, where
adsorption was rapid, which led to the equilibrium uptake of
MB by 5.82 mg/g HB (97.87%), 5.83mg/g PNS (97.18%) and
5.74 mg/g PSH (95.68%). The second phase is a slow phase that
occurs after the optimum adsorption from 120 to 300 Mins,
where the adsorption capacity drops. The MB adsorption step
was rapid, which is caused by the adsorption of MB onto the
surface of HB, PNS, and PSH AcC adsorbent, while a slow-step
diffusion-controlled phase followed the external adsorption
step. A similar observation was earlier reported by
Abdus-Salam and Buhari [22]. The optimum time for
adsorption of this dye onto HB, PSH, and PNS was 90 min.

——HB
—=—PNS
-4~ PSH

[ 50 100 150 200 250 300 350

Time (min)

(b)

Figure 5(b). Effect of time on adsorption capacity of MB onto HB,
PNS & PSH AcC.

Adsorbent mass effect on adsorption of MB

Figure 5c. shows that as the adsorbent dose was increased, the
quantity of MB adsorbed by PSH, HB, and PNS decreased. This
may have been due to the high adsorbent concentration
resulting in adsorbent particle interaction that contributed to a
reduction of the adsorbent's active surface due to overlap [29].
The decrease in the adsorbent quantity as the adsorbent dosage
increases is attributable to the fact that raising the adsorbent
mass decreases the unsaturation of the sites of adsorption. The
number of active locations per unit mass has, therefore,
decreased, resulting in comparatively less adsorption [30].
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Figure 5(c). Effect of adsorbent dosage on adsorption capacity of MB
onto HB, PNS & PSH AcC.

pH effect on adsorption of MB

In Figure 5d, it can be observed that the adsorption quantity
and percentage removal of the dye by PSH, PNS, and HB AcC
increase with an increase in pH [31]. Atlower pH between 2-4,
the adsorption of MB dye from the aqueous solution by the
three adsorbents was very slow. This may be due to the
hydrolysis of the adsorbents in water, which creates a positively
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charged site, leading to the competition of H* ions with the
cationic molecules of the dye, causing a decrease in the amount
of dye absorbed [32]. The adsorption then increased more
slowly from pH 5 to 8, which was almost constant. The
maximum adsorption was achieved at pH 8. MB (cationic dye)
bearing a positive charge and thus a basic dye showed maximum
quantity adsorbed and percentage removal at a higher pH of 8.
This is a result of electrostatic interaction between the OH-
group at higher pH on the surface of the adsorbent and the
positive charge of the dye leading to better efficiency at higher
pH, unlike what was observed at lower pH where the presence of
H* competes (electrostatic repulsion) with the dye for active
sites of the adsorbent (table 5) [31].

35
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Figure 5(d). Effect of pH on adsorption capacity of MB onto HB, PNS
& PSH AcC.

Table 5. Maximum adsorption capacity of different adsorbents
for MB adsorption.

Adsorbents Adsorbent Reference
capacity qm(mg/g)

Poplar Sawdust 4.34 [33]

Brazil nut shells 7.81 [34]

Posidonia oceanic  5.56 [35]

(L) fibres

Opyster shell 0.084 [36]

Short-neck clam 0.893 [36]

shell

Natural jordaman  16.6 [37]

Tripoli

Miswak leaves 200 [38]

Palm branches 14.30 [39]

HB 19.27 This work

PSH 55.25 This work

PNS 20.16 This work

Temperature effect on adsorption of MB

Figure 5e shows the influence of temperature change on the
quantity adsorbed of MB removed from aqueous solution using

the three adsorbents. It was observed from the results that the
qe increased from 27.303 mg/g (91.245%) to 28.312 mg/g
(94.373%), 27.403 mg/g (91.345%) to 28.122 mg/g (93.740%)
and 27.503 mg/g (91.445%) to 28.169 mg/g (93.898%) onto
HB, PNS and PSH AcC respectively when the temperature was
increased from 30 °C to 50 °C. The optimum adsorption
temperature was achieved at 50 °C for PNS, PSH, and HB
adsorbents, and beyond this temperature, there was only little
change in the qe of MB for all the adsorbents. The increase in
quantity adsorbed may result from an increase in the diffusion
rate of MB as a result of penetration of MB across the
adsorbent membrane at higher temperatures [40]. The little
change experienced after the optimum temperature is a result
of the saturation of the active sites and sorbate-sorbent bond
breakdown.

—+—HBMB
—=—PNS MB
+—PSH MB

a.(me/e)

20 30 40
Temp °C

50 60 80

(e)

Figure 5(e). Effect of temperature on adsorption capacity of MB onto
HB, PNS & PSH AcC.

Isotherm studies of MB adsorption

The equilibrium adsorption isotherm modeling of the
adsorption of MB is presented in Table 6. The value of Kg
measures the adsorption capacity of the adsorbent, while n
determines the adsorbent surface heterogeneity and also
indicates the degree of non-linearity between solutions. The Kg
and n values are given in Table 6 to be 1.4676 mg/g and 1.4288
for PSH, 1.7894 mg/g and 1.8169 for PNS, and 2.6140 mg/g
and 2.1173 for HB, respectively. The values of n are greater
than one (n > 1), which indicates good adsorption processes
for the three adsorbents. The Ky values show that HB has a
higher ability to adsorb MB dye compared to PSH and PNS.
The maximum binding energy, Ay are 3.0036, 1.1128, and
1.0191 L/mg for PSH, PNS, and HB, respectively. The values of
the constant, b, are 4.9012, 4.8347, and 4.9447 Jmol-! for PSH,
PNS, and HB, respectively, showing the heat of adsorption of
MB on the three adsorbents. The correlation coefficient (R?) is
0.8699, 0.8302, and 0.827 for PSH, PNS, and HB, respectively,
showing that the adsorption of MB onto PSH, PNS, and HB
fitted well with Temkin isotherm [22]. The Langmuir qm and
Ky, are 55.2486 mg/g and 0.006 L/mg for PSH, 20.1613 mg/g
and 0.0850 L/mg for PNS, and 19.2678 mg/g and 0.1453 L/mg
for HB. These q_ values are higher than those reported for
similar adsorption studies of alizarin and fluorescein dyes on
mango seeds with lower Kj values [22]. The correlation
coefficient (R2) is 0.9974, 0.9937, and 0.9718 for PSH, PNS, and
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HB, respectively. In general, the results showed that the
experimental data fitted well into the isotherms in the order of
Langmuir > Freundlich > Temkin. The values of the factor R, for
PSH, PNS, and HB are 0.9434, 0.5405, and 0.4077, respectively,
showing that the values are between 0.4 and 0.9, which revealed
that the adsorption is favorable [41].

Table 6. Isotherm parameter for MB adsorption on PSH, PNS,
and HB AcC adsorbents.

Kinetic studies of MB adsorption

Kinetic analysis results for MB adsorption onto PSH, PNS and
HB AcC is shown on Table 7. It was observed from the Table
that the calculated q_, cal values (5.4407 for PSH, 5.7937 for
PNS and 5.814 for HB) are in close agreement with the
experimental (q,, exp) values for the three adsorbents unlike
the pseudo - first order. This revealed that the adsorption of
MB onto the three adsorbents followed a pseudo second order
kinetic model. This is further confirmed by a very high

Isotherm Parameter PSH PNS HB correlation co-efficient value (R2 of 0.9999 for PSH, 1 for both
model AcC AcC AcC PNS and HB). The working of the pseudo second order for the
adsorption of MB onto PSH, PNS and HB indicates that the
Freundlich Kk 1.4676 1.7894 2.6140 concentration of MB and the adsorbents are involve in rate
Isotherm determining step [42]. The intra-particle rate constant in Table
N 14288 1.8169 2.1173 7 shows that the K;4 values are -0.0077 for PSH, -0.0024 for
R? 09092 0.9482  0.9494 PNS and -0.0038 for HB. The result indicated that the plot was
non-linear over the whole-time range and the curves does not
. ass through the origin showing that the intra-particle
Temkin A (L/mg)  3.0036 11128 10191 Siﬂ"usion wis not the %)nly rate d§termining step, bll)lt may
Isotherm B (Jmol) 4.9012 4.8347 4.9447 control adsorption rate [43]. The low values of K;4 also
indicated that intra-particle diffusion mechanism is not the
R? 0.8699 08302  0.827 predominant mechanism in the adsorption of MB onto the
three adsorbents [44]. The pseudo-second order shows that the
Langmuir K. (L/mg)  0.0060  0.0850  0.1453 calculated quantity adorbed, ge,cal, and the experimental
Isotherm quantity adsorbed, qe,exp., in Table 7 are in close agreement
qm (mg/g) 552486  20.1613  19.2678 unlike the pseudo-first order. The pseudo-second-order rate
R. 0.9434 05405  0.4077 constant (kz2) and the adsorbed quantity of g.,cal were obtained
from the plot slope and intercept of t/qt vs. t and are shown in

R? 0.9974 0.9937 0.9718

Table 7. It further shows that the adsorption of MB onto the
adsorbents followed pseudo-second order kinetics.

Table 7. Kinetic data for MB adsorption on PSH, PNS, and HB AcC adsorbents.

Kinetic model Parameter PSH AcC PNS AcC HB AcC
Pseudo-First-Order ki(min'') -2.0x10° 0.0026 0.0073
Geca(mg/g) 0.3046 0.0157 0.0078
e ep(mg/g) 5.7410 5.8454 5.8441
R? 3.0x10° 0.0265 0.4861
Pseudo-Second-Order  ka(gmg'min™) 0.00 0.00 0.00
Qe cal(mg/g) 5.4407 5.7937 5.814
e ep(mg/g) 5.7410 5.8454 5.8441
R? 0.9999 1 1
Intra-particle- Kia (mg/ gmin ) -0.0077 -0.0024 -0.0038
Diffusion C 5.5242 5.848 5.853
R? 0.1174 0.3705 0.6621

Thermodynamic studies of adsorption of MB

The negative values of AG indicate the degree of spontaneity of
the adsorption of MB onto the surface of PSH, HB, and PNS,
showing no external energy source. It can also be observed that
the negative value of the AG increases from -2.21 to -2.57
KJmol, -2.94 to -3.33 KJ/mol, and - 3.20 to -3.64 KJ/mol for
PSH, HB, and PNS respectively, reflecting more energetic
favorable adsorption at a higher temperature. Generally, a value
between 0 to -20 kJ/mol for AG is considered physical
adsorption, such as electrostatic attraction. Values of AG in the
range of -80 to -400 KJ/mol denote chemical adsorption [45].

Therefore, the adsorption of MB onto the three adsorbents is
physical adsorption with a weak force of attraction between
MB molecules and the three adsorbents. The negative value of
AH for PSH (-0.065 KJ/mol) shows that the adsorption was
exothermic in nature, while the positive value of AH for HB
0.017 KJ/mol and 0.128 KJ/mol for PNS indicated that the
adsorption of MB onto the two adsorbents are endothermic in
nature. The positive values of AS (7.30 J/mol/K for PSH, 9.77
J/mol/K for HB, and 11 J/mol/K for PNS) suggest that there is
an increase in randomness at the sorbent-sorbate solution
interface during the adsorption of MB onto the surface of PSH,
HB and PNS adsorbent (table 8) [45].
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Table 8. Thermodynamic parameters calculated for the
adsorption of methylene MB onto PSH, HB, and PNS AcC
adsorbents.

El Zayat MA, Smith E. Removal of heavy metals by using activated
carbon produced from cotton stalks. Can J Environ Constr Civ
Eng. 2010;1(4):71-79.

6. Elaigwu SE, Usman LA, Awolola GV, Adebayo GB, Ajayi RM.
Adsorbent T AG AS AH Adsorption of Pb(II) from aqueous solution by activated carbon
prepared from cow dung. Adv in Nat Appl Sci. 2009;3(3):442-446.
(K)  (KJ/mol)  (J/mol/K)  (KJ/mol) http://dx.doi.org/10.3923/erj.2010.257.260
PSH AcC 303 -2.21 +7.30 -0.065 7. Marandi R. Biosorption of hexavalent chromium from aqueous
solution by dead fungal biomass of Phanerochaete crysosporium:
313 -2.35 batch and fixed bed studies. Can ] Chem Eng Technol.
323 242 2011;2(2):8-22.
8. Adebayo GB, Abdus-salam N, Elelu SA. Adsorption of Lead (II)
333 249 ions by activated carbon prepared from different parts of jatropha
343 -2.57 curcas plant. Ilorin J Sci. 2014;1(1):28-49.
https://doi.org/10.54908/iljs.2014.01.01.003
HB AcC 303 294 +9.77 +0.017 9. AbIc)lus»SalamgN, Itiola AD.J Potential application of termite mound
313 -3.04 for adsorption and removal of Pb(II) from aqueous solutions. J
323 3.14 Iran Chem Soc. 2012;9:373-382.
’ https://doi.org/10.1007/s13738-011-0047-2
333 -3.24 10. Godwin J, Abdus-Salam N, Adegoke IH, Njimou JR, Akor EJ,
343 333 Etong ID, et al. Two step fabrication of nano-ZnO-a-FeOOH
composite for experimental and modeling studies of removal of
PNS AcC 303 -3.20 +11.00 +0.128 indigo carmine and alizarin red s in batch process. Chem Afr.
313 -3.31 2023;6(3):1305-1319. https://doi.org/10.1007/s42250-022-00567-2
11. Godwin J, Njimou JR, Abdus-Salam N, Panda PK, Tripathy BC,
323 -3.42 Ghosh MK, et al. Nanoscale ZnO-adsorbents carefully designed
333 -3.53 for the kinetic and thermodynamic studies of Rhodamine B. Inorg
Chem Commun. 2022;138:109287.
343 -3.64 https://doi.org/10.1016/j.inoche.2022.109287
12. Abia AA, Asuquo ED. Lead (II) and Nickel (II) adsorption kinetics
Conclusions from aqueous metal solutions using chemically modified and

The adsorption of MB dye molecules on AcC from PSH, (HB),
and (PNS) from aqueous solution was found to be more efficient
compared to most commercially available adsorbents found in
the literature. The adsorption of the dye molecules was pH
dependent and temperature and fitted well into Langmuir
isotherm, showing a monolayer and homogeneous adsorption
process. The kinetic studies indicated that the adsorption
process fitted well to the pseudo-second-order kinetic model,
while the adsorption thermodynamics gave positive values for A
H° and AS° showing the endothermic and random process at
the adsorbent-aqueous interphase with negative AG® values
showing that the process is spontaneous in nature. The value of
activation energy also suggests that the adsorption of MB is
physical adsorption, indicating that the adsorbent materials can
be recovered and reusable.
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