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KEYWORDS Abstract The impregnation of magnetite (Mt) nanoparticle (NPs) onto Musa acuminata peel
Bromophenol blue; (MApe), to form a novel magnetic combo (MApe-Mt) for the adsorption of anionic bromophenol
Bio-waste; blue (BPB) was studied. The SEM, EDX, BET, XRD, FTIR and TGA were used to characterize the
Nanoparticle; adsorbents. The FTIR showed that the OH and C=O groups were the major sites for BPB uptake
Magnetite; onto the adsorbent materials. The average Mt crystalline size on MApe-Mt was 21.13 nm. SEM
Water-treatment analysis revealed that Mt NPs were agglomerated on the surface of the MApe biosorbent, with

an average Mt diameter of 25.97 nm. After Mt impregnation, a decrease in BET surface area
(14.89 to 3.80 m?/g) and an increase in pore diameter (2.25-3.11 nm), pore volume (0.0052—
0.01418 cm®/g) and pH point of zero charge (6.4-7.2) was obtained. The presence of Pb(II) ions
in solution significantly decreased the uptake of BPB onto both MApe (66.1-43.8%) and MApe-
Mt (80.3-59.1%), compared to other competing ions (Zn(II), Cd(II), Ni(II)) in the solution. Iso-
therm modeling showed that the Freundlich model best fitted the adsorption data (R> > 0.994
and SSE < 0.0013). In addition, maximum monolayer uptake was enhanced from 6.04 to
8.12 mg/g after Mt impregnation. Kinetics were well described by the pseudo-first order and liquid
film diffusion models. Thermodynamics revealed a physical, endothermic adsorption of BPB onto
the adsorbents, with AH® values of 15.87-16.49 kJ/mol, corroborated by high desorption (over
90%) of BPB from the loaded materials. The viability of the prepared adsorbents was also revealed
in its reusability for BPB uptake.
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1. Introduction

Dyes are useful substances due to their ability to interact with
various materials and fabrics to provide beautiful colours. The
cosmetic, textile, food, plastic, carpet, printing and leather
industries are the major consumers of dyes (An et al., 2019b;
Mtshatsheni et al., 2019). Among these industries, the textile
industry is the largest consumer of dyes, with a global use of
about 700,000 tons of dye annually (Aguayo-Villarreal et al.,
2020). As a result, a significant amount of dyes are released
from the textile industrial wastewaters into the environment
(Ali et al., 2018b). This causes serious water pollution with sev-
ere adverse effects to the ecosystem, which is a cause for seri-
ous concern (An et al., 2020b; Xia et al., 2020; Zhang et al.,
2020). Dyes are difficult to remove from water due to their
high stability, which promotes resistance to biological and
photo-degradation (El-Gamal et al., 2015). They also reduce
the penetration of light into water bodies, affecting the photo-
synthetic activities of aquatic plants (An et al., 2020a; Chen
et al., 2018). In addition, their products of degradation in envi-
ronmental water can be mutagenic, carcinogenic and cause
damage to the skin, brain, liver, and kidneys, as well as to
the central nervous and reproductive systems (Madrakian
et al., 2013; Mtshatsheni et al., 2019; Oyekanmi et al., 2019;
You et al., 2019). Therefore, the treatment of dye containing
effluents before their discharge into the environment is vital.
Most previous studies have focused on the removal of dyes
such as methylene blue and congo red (Dbik et al., 2020;
Gorgiin et al., 2019; Song et al., 2018), with only few reports
on bromophenol blue (BPB), a widely used and toxic dye
(Dhananasekaran et al., 2016; Mazaheri et al., 2016; Xiang
et al., 2019). Hence, the removal of BPB dye from industrial
wastewater should also be given significant attention.

Dyes and other pollutants are usually removed from indus-
trial wastewater using processes such as solvent extraction,
ion-exchange, precipitation, oxidation, reduction, photocat-
alytic degradation, filtration, coagulation, flocculation and
adsorption (Dawodu and Akpomie, 2016; El-Zahhar et al.,
2014; Nassar et al., 2019; Shi et al., 2020a; Singh et al.,
2020a; Song et al., 2020). However, most of these methods
are capital intensive, complicated, may be inefficient and
require skilled personnel. The adsorption process of contami-
nants onto bio-materials, known as biosorption, is the pre-
ferred method, due to its simplicity, low cost, effectiveness,
biodegradability and reusability (An et al., 2019a; Crini
et al., 2019; Dil et al., 2016; Kocaman, 2020). Therefore, sev-
eral bio-materials such as micro-organisms, rice husk, orange
peels, corncob, groundnut shell, cotton wastes, sugarcane
bagasse, just to mention a few, have been successfully applied
for the biosorption of dyes and other pollutants (Ali et al.,
2018a; De Gisi et al., 2016; Gautam et al., 2014). Among these
biosorbents, banana (Musa acuminata) peel (MApe) has been
reported to be highly efficient for the uptake of various kind
of pollutants even in its natural form (Ahmad and Danish,
2018; Akpomie and Conradie, 2020). In addition, the fruit is
the world’s second largest fruit crop, grown in different parts
of the world, thus generating huge amounts of peel bio-waste
that can be harnessed easily and cheaply (Akpomie and
Conradie, 2020). However, this widely available, low-cost
and efficient bio-waste has not yet been utilized for the

biosorption of BPB. We thus evaluated the use of MApe for
the removal of BPB, while simultaneously recycling bio-waste.

In addition, recent research trends have proven the synthe-
sis and use of nanoparticles (NPs) for the adsorption of dyes
and other pollutants to be very effective (Ali et al., 2019a,
2017; Alipanahpour Dil et al., 2018; Mehrabi and
Alipanahpour Dil, 2017; Nassar et al., 2018, 2017). These
NPs are produced by several techniques such as green-
synthesis, sol-gel, hydrothermal, co-precipitation, chemical
vapour deposition and chemical reduction (Dai et al., 2020;
Fu et al., 2020; Kaur et al., 2019; Luo et al., 2018; Shi et al.,
2019, 2020b; Sun et al., 2020; Wang et al., 2020; Zhao et al.,
2019). However, the application of NPs for adsorption of con-
taminants from wastewater is limited by the difficulty in recov-
ering the loaded NP adsorbent from the treated water, due to
their small sizes (Ali et al., 2019d). Therefore, the impregnation
of these NPs on a suitable substrate (support) to form compos-
ite adsorbents have instead become popular to combat this
limitation. Researchers found that the loading of metallic
NPs on adsorbent surfaces significantly enhances their uptake
of dyes and other pollutants (Ali et al., 2019c; Alipanahpour
Dil et al., 2019; Du et al., 2020; Li et al., 2019). Among various
NPs, the magnetite (Mt) nanoparticle is the most promising
and has received significant attention (Abdel-Ghani et al.,
2019; Ali et al., 2019b; Ge et al., 2019; Islam et al., 2020;
Khoshsang et al., 2018; Mtshatsheni et al., 2019;
Muhammad et al., 2019; Nsom et al., 2019). This is ascribed
to the efficient catalytic activity of Mt, its good compatibility
with adsorbents, as well as the ease of recovery of the loaded
adsorbent from the waste solution by magnetic attraction.
Furthermore, Mt (Fe;0,) is the most magnetic of all the nat-
urally occurring minerals, and is very useful in adsorption
studies.

A thorough literature search showed that such nano-
magnetic treatment, such as biosorbent surfaces loaded with
Mt metallic NPs, has not yet been applied for the adsorption
of BPB. In addition, there is presently no report yet on the
impregnation of Mt nanoparticles on MApe biosorbent to
form a magnetic composite adsorbent. Thus, this study reports
for the first time the impregnation of Mt NPs on MApe to
form a novel magnetic composite (MApe-Mt), which was
applied for the adsorption of BPB dye from solution. The
influence of various operating conditions on the BPB uptake
was studied, as well as the kinetics, thermodynamics, and iso-
therms of the biosorption. The regeneration and reusability of
the adsorbents were further evaluated to provide a comprehen-
sive report on the efficiency of our prepared adsorbents.

2. Experimental

2.1. Materials and reagents used

The Musa acuminata (banana) was obtained from Checkers,
Mimosa mall, Bloemfontein, South Africa. Sodium hydroxide
(NaOH), hydrochloric acid (HCI), bromophenol blue (C;9H -
Br405S), nickel (II) acetate tetrahydrate (Ni(CH3COO),-4H,-
0) and cadmium chloride monohydrate (CdCl,-H,0), were
purchased from Sigma-Aldrich. The ferric chloride (FeCls)
and ferrous sulphate (FeSO4-7H,0), were obtained from Mer-
ck, while lead nitrate (Pb(NOs),) and zinc sulphate (Zn(SOy),),
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were purchased from Fluka. All the chemicals were of analyt-
ical grade and used without any purification.

2.2. Preparation of magnetite nanoparticle impregnated Musa
acuminata peel

The peels of Musa acuminata were removed and washed with
tap water to get rid of dirt. It was cut into smaller sizes and
sundried for 48 h, then oven dried for 24 h at 80 ©C. There-
after, the dried samples were pulverized into fine powder using
a mortar and pestle and designated as MApe. The composite
adsorbent was prepared by thermo-chemical precipitation
reaction in solution, by firstly dissolving FeCl; (2.37 g;
73.06 mM) and FeSO47H,0 (2.04 g; 35.97 mM) in 200 mL
distilled water on a hot plate and stirred for 1 h at 70 °C.
The stirring was done to ensure proper dissolution of the
added salts. Then 9.0 g of the prepared MApe was added with
constant stirring for 30 min. A colour change from light brown
to black-brown was observed. This was followed by the grad-
ual addition of 0.5 M NaOH, until the solution pH was 11.0.
The solution was stirred continuously for 2 h and a black solu-
tion was observed. The solution was centrifuged at 7000 rpm
for 50 min and the residue washed with excess distilled water
until neutral pH. The centrifugation was then repeated and
the residue was dried in an oven at 80 °C for 2 h. The dried
composite was further pulverized to fine powder using a mor-
tar and pestle and sieved through 100 pm mesh to obtain Mt
nanoparticle impregnated MApe, designated as MApe-Mt.
The schematic preparation of the composite, as well as its
use for BPB adsorption is shown in Scheme 1.

2.3. Adsorbent characterization

The X-ray diffraction (XRD) of the adsorbents was measured
by the X-ray diffractometer (Bruker D8-Discover Model) with
Cu radiation (A = 1.54 A) at step size of 0.1° and counting
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Preparation of the ferrimagnetic Magnetite (Fe3O4) nanoparticle impregnated Musa acuminata banana peel composite

time of 2 s. The surface functional groups were examined by
the Fourier transform infrared spectrometer (FTIR; Brucker
Model). The morphology and particle size were also examined
with a field emission scanning electron microscope (SEM; Joel
JSM-7800F Model) after iridium sputtering on the conductive
layer. Elemental composition was determined with an energy
dispersive X-ray spectroscopy (EDX, Oxford X-max) coupled
to the SEM. The Brunauer-Emmett-Teller surface area (Sggt)
and pore properties of the adsorbents were analyzed by the
surface area and porosity analyzer (Micromeritics ASAP
2020 model) and the results were evaluated by MicroActive
VI.0l software. Thermal behavior was examined by the
thermo-gravimetric analyzer (TGA; Mettler Toledo Model)
at 200 mL/min nitrogen flow rate and 10 °C/min heating time.
The pH point of zero charge (pHpzc) was determined by the
pH drift method (Jiao et al., 2017).

2.4. Biosorption experiments

An appropriate amount (25.0 mg) of BPB dye was dissolved
with distilled water in a 250 mL volumetric flask to prepare
a stock solution of concentration 100 mg/L. Further concen-
trations of 10-50 mg/L were prepared from the stock by dilu-
tion. The pH of these solutions were adjusted to a range of
2.0-9.0, using 0.1 M HCI or 0.1 M NaOH respectively.
Biosorption was conducted by the batch technique; using
0.1 g of adsorbent with 10 mL of 50 mg/L BPB contaminated
solution. The mixture was agitated for 5 min and left for a con-
tact time of 240 min. The solution was then centrifuged at
8000 rpm for 25 min and the filtrate analyzed for residual
BPB with the UV spectrophotometer (Shimadzu UV-1800
model), at a wavelength of 590 nm. The effect of varying pH
(2.0-9.0), contact time (10-240 min), BPB concentration (10—
50 mg/L), Temperature (300-323 K) and biosorbent dosage
(0.02-0.10 g) was evaluated. The respective studied parameter
was varied while maintaining the others constant. Each exper-

Reducing
agent

Efficient contact

Bromophenol blue (BPB)

(MApe-Mt) and its application for the adsorption of bromophenol blue from waste solution.
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iment was performed in duplicate and the mean calculated for
quality assurance. The uptake capacity (qe, mg/g) and percent-
age removal (R%) were calculated from the following equa-
tions respectively (Ezekoye et al., 2020).

qe = [(Co - CF)V]/WZ (1)

R(%) = [(C, — C.)/C,]100 2)

Where m (g) is the adsorbent weight, v (L) is the volume of
solution; C, and C, in mg/L are the initial and equilibrium
BPB concentrations respectively.

2.5. Regeneration and reusability

The regeneration of the adsorbents was performed using 0.5 M
NaOH solution as eluent. Here, 0.1 g of BPB loaded adsorbent
was added to 10 mL of the 0.5 M NaOH eluent, the mixture
was agitated for 10 min, then left for a contact time of
30 min. The amount of BPB desorbed into the eluent solution
was determined by the UV spectrophotometer. The regener-
ated adsorbent was oven dried at 80 °C for 30 min, then reused
for dye adsorption at a BPB concentration of 50 mg/L, pH 4.0
and contact time of 240 min. Three cycles of regeneration and
reuse of the same adsorbent material was carried out to evalu-
ate the potential recycling of both MApe and MApe-Mt. The
experiments were performed in duplicate and mean values
were computed.

2.6. Statistical analysis

The fitting of the kinetic and isotherm models applied in the
description of adsorption, were described by the coefficient
of determination (R?) and sum of square errors (SSE). The lar-
ger the R? value and the smaller the SSE, the better the model
fitting. The SSE is expressed as follows (Foo and Hameed,
2010):

SSE = Z (qecnl - qeexp)z (3)

where ge..; and ge.,, in mg/g denote the calculated model and
experimental uptake capacity respectively. The R? and SSE
values were estimated by the statistical function of the Origin
2019b software.

3. Results and discussion

3.1. Characterization of M Ape and M Ape-Mt

The surface functional groups on MApe and MApe-Mt were
examined by the FTIR analysis, as shown in Fig. la. As indi-
cated for pristine MApe, OH stretching was depicted at
3327 em™!, while C-H stretching was observed at 2942 cm ™"
(Chukwuemeka-Okorie et al., 2018). Alkyne bands were
observed at 2153 cm™" and 2003 cm ™', while the absorptions
at 1608 cm™', 1376 cm™' and 1053 cm™' corresponded to
the C=0, C=C and C—O functional groups respectively
(Trinh et al., 2020). After the impregnation of Mt nanoparti-
cles on MApe , shifts in the absorption bands from 3327 to
3336 cm~! (OH), 1608 to 1624 cm™' (C=0), 1376 to
1371 em™' (C=C) and 1053 to 1045 cm~' (C—O) were
observed. This indicated that Mt impregnation had occurred

on these functional sites. Apart from this, a decrease in inten-
sity of these absorption bands was noticed after Mt impregna-
tion, suggesting the occupation of these sites by the Mt NPs.
The occurrence of several functional groups on the surfaces
of MApe and MApe-Mt as identified by FTIR, indicates the
potential of both these biosorbents to interact with the con-
taminant BPB molecules in solution.

The XRD spectra of MApe and MApe-Mt are shown in
Fig. 1b. The diffraction pattern of the pristine MApe showed
the presence of KCI. This is evident by diffraction peaks at
20 values of 28.3°, 40.6°, 50.2°, 58.7°, 66.3° and 73.7°, corre-
sponding to the face-centered KCI cubic structural planes
(200), (220), (222), (400), (420) and (422), respectively
(Blanton et al., 1995). Similar composition was also reported
in the diffraction pattern of MApe by another study
(Stavrinou et al., 2018). For the composite MApe-Mt, the
appearance of new characteristic magnetite diffractions at 20
values of 30.4°, 35.3°, 43.2°, 53.3°, 57.1°, 62.5° and 73.9° were
observed, corresponding to the seven structural magnetite
planes of (220), (311), (400), (422), (511), (440) and (444),
respectively (Haldorai et al., 2015). The fact that the Mt
diffraction peaks were absent in pristine MApe, confirms the
successful impregnation of Mt onto MApe in the hybrid adsor-
bent. Similar Mt diffraction peaks in other magnetite impreg-
nated composites have also been reported by other studies
(Nsom et al., 2019; Rajput et al., 2016). From the main Mt
characteristic XRD peak at 20 (35.3°), the average crystalline
Mt size was calculated from the Debye-Scherrer equations,
as 21.13 nm. In addition, the XRD composition of the adsor-
bents was also supported by the EDX results, as shown in
Fig. 2. EDX percentage weight compositions of C (59.3), O
(33.4), K (5.5), C1(0.5) and Mg (0.2) were obtained for pristine
MApe, while C (52.6), O (28.4), Fe (16.2), K (1.8), Si (0.6) and
CI (0.3) were recorded for composite MApe-Mt. This compo-
sition clearly corroborates the presence of Mt on the hybrid
adsorbent.

The thermal behaviour of MApe and MApe-Mt was evalu-
ated by the TGA, as shown in Fig. 1c. Both adsorbents showed
significant weight loss from around 190 °C to 410 °C, attribu-
ted to the moisture removal as well as organic matter decom-
position (Eze et al., 2019). The impregnation of Mt increases
the thermal stability of MApe, as depicted by the lower weight
loss of MApe-Mt with temperature, indicating less decomposi-
tion than for pristine MApe. The tendency of Mt nanoparticles
to increase the thermal stability of the biosorbent was also
observed in another study, in the impregnation of Mt nanopar-
ticles onto pine biomass for the removal of methylene blue dye
(Mtshatsheni et al., 2019).

The pHpzc of the adsorbents, as determined from the pH
drift method, is shown in Fig. 1d. This parameter is significant
as it reveals the surface charge on the adsorbents. The pHpzc
of untreated MApe was 6.4, which is close to the previous val-
ues of 6.2 (Bhaumik and Mondal, 2016) and 6.54 (Stavrinou
et al., 2018) reported for MApe. However, the presence of
Mt NPs increased the pHpzc of the biosorbent to 7.2. This
increase is desirable as pH < pHpzc, the surface of the adsor-
bent is positive, thus favoring the adsorption of anionic pollu-
tants such as BPB (Jiao et al., 2017). A higher pHpzc simply
implies additional positive surface potential, for increased
uptake of BPB, in the pH range of 6.4-7.2 for the composite
MApe-Mt.
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The surface area and pore properties of the materials were
determined, as illustrated in the N, adsorption-desorption iso-
therm and pore analysis in Fig. 3. The BET surface area (Sggt)
of MApe was 14.89 m?/g, while that of MApe-Mt was 3.80 m?/
g. Although, there was a decrease in the Sggr of the biosorbent
after Mt impregnation, MApe-Mt showed a higher pore vol-
ume and pore diameter of 0.01418 cm®/g and 3.11 nm respec-
tively, compared to 0.00516 cm?®/g and 2.25 nm for MApe. The
enhanced pore properties would likely favour the uptake of
BPB molecules onto composite MApe-Mt. The lower available
surface area could have resulted from the impregnation of Mt
particles on the pores of MApe. It is important to mention that
the lower surface area does not imply lower adsorption poten-
tials of the adsorbent (Akpomie and Conradie, 2020). In addi-
tion, the existence of H3-type hysteresis loop for MApe-Mt,
correlating to the type V isotherm according to the IUPAC
classification, shows the existence of a mesoporous structure.
The mesoporous structure of the adsorbent would allow easy
diffusion of dye molecules through the pores for efficient
adsorption (Ali et al., 2019d, 2018b).

The surface morphology of MApe and MApe-Mt was
revealed in the SEM images presented in Fig. 4. MApe pre-
sented an irregular and porous surface structure with particles
of different sizes and shapes. There is a clear observation of the
presence of Mt nanoparticles on the surface of MApe-Mt after
Mt impregnation, which was absent in untreated MApe. In the
hybrid, the Mt nanoparticles displayed an agglomerated mor-
phology on the surface of MApe. The average Mt particle size
calculated from individual particles was found to be 25.97 nm,
which was close to the average crystalline size of 21.13 nm,
obtained from the Debye-Scherrer equation.

3.2. Removal dependence on solution pH

The adsorption of dyes is strongly dependent on pH of the
wastewater, since the pH influences the surface characteristics
of the adsorbent, as well as the ionization and solubility of
dyes. The dependence of BPB adsorption onto MApe and
MApe-Mt, as a function of solution pH, is illustrated in
Fig. 5a. With a pH increase from 2.0 to 9.0, a decrease in
the uptake of BPB from 3.6 to 1.9 mg/g for pristine MApe,

and from 4.23 to 2.3 mg/g for MApe-Mt, was recorded respec-
tively. A similar decrease in removal from 72.3 to 38.4% and
from 86.6 to 46.3% was observed for the respective adsor-
bents. This indicated that lower pH of the solution was favour-
able for BPB adsorption, due to the anionic nature of the dye
(Akpomie and Conradie, 2020). Similar trend of a steady
decrease in adsorption of BPB with increasing pH was also
documented in literature (Xiang et al., 2019; You et al.,
2006). The lower BPB removal at higher pH could be ascribe
to electrostatic repulsion between the anionic BPB molecules
in solution, and the increasing negative charge on MApe and
MApe-Mt. On the other hand, lower pH led to electrostatic
attraction between BPB and positive surface sites of the mate-
rials (Khoshsang et al., 2018). The consequences suggested
that electrostatic interaction must have played a major part
in BPB uptake onto the adsorbents. We conducted our exper-
iment using pH 4.0 rather than the optimum of 2.0, since the
latter lower pH rarely occurs in real industrial wastewaters.
It is clear that Mt impregnation increased the uptake of BPB
dye, at all the pH values evaluated, when compared to the pris-
tine adsorbent. The pHpzc of the materials had a significant
influence on the effect of pH in the adsorption of BPB. This
is attributed to the fact that at lower pH values than the
pHpzc, the material surface is associated with a positive
charge, but has a negative charge at higher values than the
pHpzc (Dawodu and Akpomie, 2014). It is clear from the
pHpzc of both MApe (6.4) and MApe-Mt (7.2) that the latter
had a wider range of positive surface characteristics than the
former. This positive surface attracted the anionic BPB mole-
cules in solution, thus influencing higher uptake than MApe.
The higher pHpzc of MApe-Mt compared to MApe must have
influenced the removal of BPB from solution. This result
establishes the fact that Mt impregnation was favourable for
BPB uptake at various pH values, with the same trend dis-
played for basic blue (Muhammad et al., 2019) and reactive
black 5 dyes (Kyzas et al., 2014).

3.3. Isotherm modeling

The isotherm modeling of BPB adsorption onto MApe and
MApe-Mt was evaluated from the data obtained from the
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influence of varying BPB concentration on adsorption
(Fig. 5b). As depicted, with an increase in BPB concentration
from 10 to 50 mg/g, the uptake capacity (qe) increased from
0.8 to 3.3 mg/g and from 0.95 to 4.0 mg/g for MApe and
MApe-Mt respectively. This higher uptake is ascribed to
greater interaction of BPB dye with the active groups on the
surface of the adsorbent materials, resulting from higher dye
concentration (Dehmani et al., 2020). On the other hand, we
noticed a simultaneous decrease in the overall percentage
biosorption from 80.4 to 66.1% and from 95.2 to 80.7% for
MApe and MApe-Mt, respectively. This could be since the
active sites on the surface of the adsorbents could easily take
up BPB from solution at low dye concentration, but eventually

become saturated at higher concentrations, leaving more resid-
ual BPB behind in solution (Akpomie and Dawodu, 2015a).

The isotherm of biosorption was evaluated by the Fre-
undlich, Langmuir, Temkin and Flory-Huggins isotherm mod-
els, with the respective equations given as follows (Foo and
Hameed, 2010):

log qe = log Kp+ [1/n]log C, (4)
Ce/qe =1/q, K+ Cc/q, (5
ge = B InA + B InC, (6)

log(0/C,) = log Kgy + npy log(1 — 6) (7)
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Fig. 5 The influence of (a) pH (dye conc. 50 mg/L, time 240 min, temp 300 K, dosage 0.1 g), (b) Dye concentration (pH 4.0, time
240 min, Temp 300 K, dosage 0.1 g), (c) Adsorbent dosage (pH 4.0, dye conc. 50 mg/L, time 240 min, Temp 300 K), and (d) contact time
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mg/g, as well as percentage adsorption for each biosorbent.

The Freundlich adsorption capacity and intensity corre-
spond to n and K (L/g) respectively. Langmuir constants
are denoted by K; (L/mg) and ¢, (mg/g), while 4 (L/mg)
and B represent the Temkin binding energy and heat of
removal, respectively. The constants ngy and Kpy are the
Flory Huggins model constants, while 6 = [1 — (C./C,)]
denotes the adsorbent surface coverage. The isotherm model
fittings for BPB uptake onto MApe and MApe-Mt are illus-
trated in Fig. 6, while the calculated model parameters are pre-
sented in Table 1. The Freundlich model clearly gave the best
fit to the dye concentration data for both adsorbents, as
depicted by the highest R? and lowest SSE values. This conse-
quently indicates a multilayer binding of BPB onto the hetero-
geneous surfaces of MApe and MApe-Mt (Chukwuemeka-
Okorie et al., 2018). The heterogeneous surface structure of
pristine MApe could be attributed to the presence of both
organic components of the biomass, as reflected in the FTIR
analysis as well as KCI sites observed in the XRD diffraction.
The heterogeneous surface of composite MApe-Mt was also
expected, due to the presence of the impregnated Mt sites in
addition to the organic sites of MApe to form an inorganic-
organic composite. The heterogeneous surface of inorganic-

organic composites was also clearly seen in the case of a corn
cob-kaolinite combo (Chukwuemeka-Okorie et al., 2018). In
that study, a change in the Langmuir fit (homogenous surface)
of the individual components (corn-cob and kaolinite) to the
Freundlich fit (heterogeneous surface) after their combination
was observed (Chukwuemeka-Okorie et al., 2018). A favour-
able pollutant uptake by any given adsorbent material is indi-
cated by Freundlich n values between 1 and 10 (Ezekoye et al.,
2020). The n values obtained from the Freundlich model of
1.48 and 2.09 for MApe and MApe-Mt respectively; therefore
confirm efficient binding of BPB onto the surface of both
materials. In addition, the Langmuir separation factor R
was in the range 0.222-0.588 and 0.091-0.333 for MApe and
MApe-Mt respectively, therefore for both adsorbents, R; is
less than one, which corroborates the favourable adsorption
of BPB (David et al., 2020). The optimum Langmuir mono-
layer BPB uptake (q;) for MApe was 6.01 mg/g and for
MApe-Mt was 8.12 mg/g. This showed that Mt impregnation
slightly increased the uptake of BPB onto MApe. The uptake
capacity of MApe and MApe-Mt was compared with other
adsorbents applied previously for the adsorption of BPB, as
shown in Table 2. Although the prepared adsorbents in this
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onto MApe and MApe-Mt.

study showed lower uptake than most adsorbents in literature,
their adsorption was much higher than polymeric gels (2.99—
2.98 mg/g) (Malana et al., 2010) and activated charcoal
(0.081 mg/g) (Igbal and Ashiq, 2007). The uptake onto banana
peel bio-materials was also comparable to the polymer-clay
composite (10.78 mg/g) (ElI-Zahhar et al., 2014). The abundant
and eco-friendly nature of our prepared adsorbents would be
their main advantage for practical application in the treatment
of BPB polluted wastewaters.

3.4. Dependence of adsorption on the dosage of M Ape and
MApe-Mt

The removal of BPB dye from solution onto MApe and
MApe-Mt as a function of biosorbent material dosage is
shown in Fig. 5c. The adsorption uptake capacity of BPB
decreases significantly from 9.0 to 3.3 mg/g and from 12.5 to
4.0 mg/g for the respective adsorbents, with increase in biosor-
bent dosage from 0.02 to 0.1 g. This is ascribe to the availabil-
ity of more active sites with dosage increase, for the removal of
the same dye concentration (50 mg/L) of BPB, resulting in less
amount of dye molecules being adsorbed onto specific active
sites. The decrease in uptake capacity is also due to increased
collision between biosorbent particles, resulting in aggregation
of the active sites as biosorbent dosage is increased (Li et al.,

2020). Therefore, maximum utilization of the active sites was
not achieved at higher biosorbent dosages. However, the pres-
ence of more active sites at higher dosages did result in overall
more removal of BPB molecules from solution. With increase
in biosorbent dosage from 0.02 to 0.1 g, an increase in the
removal of BPB from 36.2 to 66.1% and from 50.6 to 80.7%
was obtained for MApe and MApe-Mt respectively. This
shows that the uptake capacity reflects the characteristics of
the adsorbent material itself, while the percentage removal is
associated with the adsorbate or contaminant in solution.
Composite MApe-Mt also reflected a higher uptake of BPB
than MApe in the dosage range studied, which further sup-
ports the suitability of Mt NPs impregnation in enhancing
the uptake of dye molecules onto MApe. This trend of
decrease in uptake capacity and simultaneous increase in per-
centage removal with changing dosage, has also been docu-
mented by other workers (Jabar and Odusote, 2020; Rai
et al., 2016).

3.5. Adsorption kinetics

The kinetics of adsorption is important, as it determines how
fast a pollutant is removed from solution. This is vital for eco-
nomic reasons, as well as in the design of adsorption systems.
The effect of contact time on the adsorption of BPB onto
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Table 1 Equilibrium isotherm modelling of bromophenol
blue adsorption onto both biosorbents MApe and MApe-Mt.

Isotherm MApe MApe-Mt
Langmuir

K (L/mg) 0.07 0.2

qr (mg/g) 6.04 8.12
R? 0.9858 0.9658
SSE 0.0568 0.0844
Freundlich

N 1.48 2.09
Kr (L/g) 0.51 1.32
R? 0.9950 0.9993
SSE 0.0012 0.0002
Tempkin

B (mg/g) 1.183 0.991
A (L/g) 0.862 4.16
R? 0.9749 0.9534
SSE 0.1001 0.2698
Flory-Huggins

Krn 2.759 0.002
e —3.497 —1.2717
R? 0.9811 0.9926
SSE 0.0071 0.0027

MApe and MApe-Mt is shown in Fig. 5d. It was observed that
as the contact time increased from 10 to 240 min, uptake
capacity also increased from 0.6 to 3.3 mg/g and from 1.6 to
4.01 mg/g forMApe and MApe-Mt, respectively. A similar
increase in percentage BPB removal from 12.1 to 66.2% and
from 32.3 to 80.4% was observed for the respective materials.
Equilibrium BPB adsorption was achieved at 160 min and
140 min for MApe and MApe-Mt, respectively. This indicated
slightly faster kinetics of BPB removal onto the Mt impreg-
nated biosorbent. Apart from that, MApe-Mt also showed
higher BPB uptake over the range of contact time studied.
The increase in BPB adsorption at the initial stages was
ascribed to availability of abundant active sites on the adsor-
bents, which were eventually used up and saturated, resulting

in  equilibrium  (Akpomie and  Dawodu,  2015b;
Dhananasekaran et al., 2016), faster for MApe-Mt than for
pristine MApe.

The kinetic data modeling was described by the pseudo-first
order (PF), pseudo-second order (PS), Film diffusion (FD) and
intraparticle diffusion (ID) kinetic models, whose respective
equations are given as (Ezekoye et al., 2020):

log(ge — qt) = log qe — (K;1/2.303) (8)
t/qt = 1/Krqe* +t/qe 9)
In(1 — F) =Y — Kppt (10)
gt = Kg'? + C (11)

The constant F depicts fractional equilibrium attainment,
while K;, Krp, K> and K; are the rate constants of the ID,
FD, PS and PF kinetic data models, respectively. The gt
(mg/g) represents the uptake capacity at time (¢), while Y
and C correspond to the intercept of the FD and ID equations,
respectively. The kinetic model fittings for BPB adsorption are
shown in Fig. 7, while the calculated kinetic parameters are
presented in Table 3. Although the PS gave a higher R? than
the PF kinetic model, there was great discrepancy between
the theoretical and experimental qt values for PS, as revealed
by the high SSE for the PS kinetic model. In addition, the cal-
culated ge (qec,) values of the PF model were very close to the
experimental qe (qecxp) uptake capacity, more than for the PS
model. This clearly depicts that the PF model best describes
the uptake of BPB onto MApe and MApe-Mt and that
chemisorption therefore is not the rate controlling mechanism
(Olu-Owolabi et al., 2012). In addition, the rate constant of the
PF model of 0.026 min~! for the composite MApe-Mt was
higher than the rate constant of 0.0234 min~' obtained for
untreated MApe. Similarly, a higher PS rate constant was also
obtained for composite MApe-Mt. This result corroborates
the faster equilibrium uptake of BPB onto MApe-Mt com-
pared to MApe, obtained from the variation in contact time.
Faster equilibrium uptake is desired in adsorption systems
for practical application in industrial wastewater treatment,
as time is saved in the treatment process. Furthermore, the
higher R? and lower SSE presented by the FD compared to
the ID kinetic data model, showed that film diffusion was

Table 2 Comparison of the prepared adsorbents with other adsorbents applied for bromophenol blue adsorption.

Adsorbent pH Dosage (g) Conc (mg/L) Time (min) ge (mg/g) References

Activated charcoal 1.0-7.0 0.01 6.7 60 0.081 (Igbal and Ashiq, 2007)
Polymeric gels 7.0 0.5 1-11 300 2.984 (Malana et al., 2010)
MApe 4.0 0.1 50 240 6.04 This study

MApe-Mt 4.0 0.1 50 240 8.12 This study
Polymer-clay composite - 0.15 50 60 10.78 (El-Zahhar et al., 2014)
Sorel cement nanoparticles 8.3 0.05-0.25 2.84-25.14 90 16.39 (El-Gamal et al., 2015)
Mesoporous hybrid gel 3.0 0.125 0.02 mM 12,000 17.67 (You et al., 2006)
Graphene oxide 7.0 0.01 15 10 17.94 (Fathy et al., 2019)
Chitin nanoparticles 6.0 0.015 15 50 22.72 (Dhananasekaran et al., 2016)
Biomass derived activated carbon 1.0 1.0 10 50 23.45 (Ghaedi et al., 2014)
CuS-activated carbon composite 7.0 0.0091 10 10 106.38 (Mazaheri et al., 2016)
Supported ionic liquid 2.0-7.0 0.01 10-70 30 217.39 (Liu et al., 2014)
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the major diffusion mechanism of BPB removal onto MApe
and MApe-Mt (Chukwuemeka-Okorie et al., 2018). This film
diffusion mechanism must have played a major role, since
the contact between BPB dye and the adsorbents was mostly
carried out under settled conditions rather than with continu-
ous agitation of the system. The intraparticle diffusion mecha-
nism (ID) is usually dominant in a well-agitated adsorption
system, which promotes efficient diffusion of the dye adsorbate
from the surface to the interior surface sites of the adsorbent
(Akpomie et al., 2018).

3.6. Thermodynamics of BPB uptake

The characteristic temperature effect on effective BPB uptake
onto MApe and MApe-Mt was also examined. There was a
slight increase in BPB uptake from 3.3 to 3.77 mg/g and from
4.1 to 4.33 mg/g onto MApe and MApe-Mt, respectively, with
increasing solution temperature from 300 to 323 K. In addi-
tion, an increase in percentage removal from 66.1 to 75.4%
and from 80.6 to 86.6% was also recorded for the respective
adsorbents. A similar increase in adsorption of other dyes onto
Mt impregnated adsorbents with increased temperature, have
also been observed (Kyzas et al., 2014; Yadav et al., 2020).

The thermodynamic perspective of adsorption was exam-
ined, by considering the changes in free energy (AG®), enthalpy
(AH®) and entropy (AS°®) for the adsorption process, as
obtained from the following equations (Nassar et al., 2017,
Shang et al., 2019):

AG’ = —RT In K. (12)

(13)

Where K. (C,/C,) is the equilibrium constant, and C, (mg/
L) = C,— C,, is the concentration of BPB adsorbed from solu-
tion onto the biosorbent at equilibrium, T (K) is the sorption
temperature and R (J/molK) is the universal constant. The
thermodynamic parameters of the BPB adsorption onto both
MApe and MApe-Mt are presented in Table 4. A feasible
and spontaneous uptake of BPB dye onto the biosorbent mate-
rials was indicated by the negative AG® values (Mohammed
et al., 2020; Nassar et al., 2018). The increase in negativity of
AG® with temperature also suggested that higher temperature
was favourable for BPB uptake (Nassar et al., 2019). An
increase in collisions between the BPB in solution and the sur-
faces of MApe and MApe-Mt with increased temperature was
revealed by positive AS® values (Shakoor and Nasar, 2016). In

In K, = — (AH/RT) + (AS’/R)
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Table 3 Kinetic modelling of bromophenol blue adsorption
onto MApe and MApe-Mt.

Kinetic model MApe MApe-Mt
Qeexp (Mg/g) 3.33 3.98
Pseudo-first order

K; (min~') 0.0234 0.026
qecar (Mg/g) 3.71 3.85
R? 0.9213 0.9330
SSE 0.7245 0.5775
Pseudo-second order

K, (g/mg min) 0.0056 0.0118
Qecal (Mg/g) 4.04 4.39
R’ 0.9925 0.9988
SSE 37.829 5.2711
Intraparticle diffusion

K4 (mg/g min~"?) 0.2042 0.1818
C 0.5556 1.6032
R? 0.8829 0.8403
SSE 1.2092 1.3754
Film diffusion

Kgg 0.0234 0.0252
Y 0.1050 0.3124
R’ 0.9213 0.9482
SSE 1.1236 1.0217

addition, the endothermic nature of BPB uptake onto the
materials was affirmed by positive AH® values recorded for
both materials. The physical adsorption of BPB onto the
biosorbent materials which was deduced from the PF kinetic
evaluation, was further corroborated by AH® values within
the range 2.1 to 20.9 kJ/mol (Ogbu et al., 2019). This
physisorption mechanism suggests that weak forces of attrac-
tion between BPB and the surface functionality of both MApe
and MApe-Mt must have played a major role in the overall
adsorption process (Feigiang et al., 2018). Easy regeneration
of our prepared materials is therefore likely to be achieved,
due to the physical nature of interactions between the BPB
contaminant and the adsorbents.

3.7. Effect of competing metal ions

The effect of competing heavy metal ions on the adsorption of
BPB onto MApe and MApe-Mt was evaluated. This was car-
ried out because dye industrial effluents generally also contain
significant amounts of heavy metal ions, which could interfere
with the uptake of dye onto the adsorbents. Four heavy metals
commonly found in effluents were selected for this study,

namely Pb(II), Ni(II), Cd(II) and Zn(II) and their influence
on the BPB uptake onto the prepared adsorbents was investi-
gated. In this study, solutions containing 50 mg/L. BPB and
50 mg/L of each heavy metal ion were prepared, to ensure
an equal concentration of dye and heavy metal in solution.
Ten milliliters of each binary component solution at pH 4.0
was added to 0.1 g of each adsorbent material, agitated for
5 min and left for a contact time of 240 min at 300 K. The
residual BPB concentration in the filtrate was determined after
separation of the saturated adsorbent from solution. Fig. 8
shows the influence of the heavy metal ions on the percentage
uptake of BPB by the adsorbents. The presence of Zn(II) and
Cd(II) in solution only had a slight decrease in the removal of
BPB by the adsorbents, while Ni(II) and Pb(II) had a more sig-
nificant decrease. This suggests that both MApe and MApe-
Mt had higher affinity for Ni(Il) and Pb(II) ions compared
to Zn(Il) and Cd(II). Thus, Ni(II) and Pb(II) were more effec-
tively adsorbed onto the active sites, causing a decrease in the
number of sites available for further BPB removal from solu-
tion. Interestingly, this trend was strongly related to the
hydrated ionic radius of each metal ion (with the smallest ionic
radius being best adsorbed): Pb (0.401 nm) < Ni (0.404 n
m) < Cd (0.426) < Zn (0.43 nm) and also related to the elec-
tronegativity of the metal (with the highest electronegativity
being best adsorbed): Pb (2.33) > Ni (1.91) > Cd
(1.69) > Zn (1.65). Thus, Pb(II) and Ni(II) had smaller ionic
radii for easy diffusion and interaction, as well as higher elec-
tronegativity for attraction to the functional groups on the sur-
face of the adsorbents (Chukwuemeka-Okorie et al., 2018).
The fact that a significant amount of BPB dye was still
removed from solution in the presence of the metal ions,
showed the viability of these adsorbents for BPB adsorption.
This although the pH used was lower than the pHpzc of both
adsorbents, indicating a positive adsorbent surface for attrac-
tion of the anionic BPB dye and simultaneous repulsion of
cationic heavy metal ions (Dawodu and Akpomie, 2014). In
general, the binding of metal ions onto the MApe and
MApe-Mt adsorbents, decreases the active sites available for
the removal of BPB. It is important to note that MApe-Mt still
showed higher BPB uptake than pristine MApe, even in the
presence of the heavy metal ions in solution, suggesting the
efficiency of Mt impregnation in enhancing the uptake of
BPB onto the composite adsorbent.

3.8. Adsorption mechanism

The mechanism of BPB adsorption onto MApe and MApe-Mt
was elucidated from the FTIR analysis of the adsorbents
before and after the adsorption of BPB. This is significant as
shifts in adsorption bands of the materials after adsorption

Table 4 Thermodynamic analysis of bromophenol blue adsorption onto MApe and MApe-Mt.

Adsorbent T(K) K. AG® (kJ/mol) AH? (kJ/mol) AS° (J/mol K) R?
MApe 300 1.94 —1.65 15.867 58.33 0.9925
313 2.44 —2.33
323 3.06 —3.01
MApe-Mt 300 4.00 —3.46 16.494 66.32 0.9631
313 4.88 —4.13
323 6.46 —5.01
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Fig. 8 Effect of competing heavy metal ions in solution on the
percentage adsorption of bromophenol blue onto both adsorbents
MApe and MApe-Mt.

help to identify the surface functional groups responsible for
the adsorption of the dye (An et al., 2020a). The FTIR spectra
of MApe before and after BPB uptake is shown in Fig. 9a. We
observed significant shifts after adsorption in the OH bands
from 3327 to 3354 cm™!, the C—0O bands from 1608 to
1625 cm™ !, the C-O stretching from 1053 to 1031 cm™ !, while
the C-H and C=C were relatively unchanged. This indicates
that the OH, C=0 and C-O functional groups of MApe were
responsible for BPB adsorption by interaction with the BPB
molecules in solution. Similarly, from Fig. 9b, shifts in the
absorption bands of MApe-Mt from 3336 to 3295 cm™',
1624 to 1621 cm™' and 1645 to 1640 cm™' for OH, C=0
and C-O respectively, showed that these functional moieties
were responsible for the uptake of BPB onto MApe-Mt. It
has been stated previously that the OH, NH and C=0 func-
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—— After adsorption

C-H

Transmittance (%)
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tional groups are mainly responsible for the adsorption of pol-
lutants onto biosorbents (Rajapaksha et al., 2016). It is clear
that Mt impregnation on the pristine adsorbent did not alter
the active surface sites responsible for BPB uptake. The
involvement of the hydroxyl and carboxyl functionalities sug-
gests possible uptake of BPB dye onto the adsorbent by H-
bonding and hydrophobic as well as electrostatic interactions
(Senol, 2020; Singh et al., 2020b).

3.9. Recycling of M Ape and M Ape-Mt

The recycling of adsorbents by efficient regeneration and reuse
is important for economic applications and avoidance of

100 T T T T
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Fig. 10 Adsorption-desorption regeneration cycles for the
repeated adsorption of bromophenol blue onto MApe and
MApe-Mt.
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Fig. 9 Fourier transform infrared spectra of biosorbents (a) MApe and (b) MApe-Mt, both before and after the adsorption of
bromophenol blue, indicating which active sites had been used for biosorption of the dye.
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secondary contamination (Chatterjee and Abraham, 2019;
Momina et al., 2018). The regeneration of these adsorbents
using alkaline solution as stripping agent, showed 90.6% and
92.3% desorption of BPB from the loaded MApe and
MApe-Mt, respectively. This high desorption percentage is
desirable and suggests easy regeneration of the materials,
which is attributed to the physical nature of BPB bonding onto
the adsorbents. In addition, three successive cycles of reuse as
shown in Fig. 10, presented a gradual decrease in percentage
BPB removal, from 66.1 to 43.4% onto MApe and from
80.3 to 57.4% onto MApe-Mt, respectively. This decrease
could be attributed to weight loss of the biosorbent materials,
incomplete desorption from the functional groups before
reuse, as well as alterations of the active sites, due to the
destructive effect of the desorbing agent (Nessim et al.,
2011). Irrespective of these factors, both adsorbents showed
efficient potential for recycling. In addition, the spent adsor-
bents obtained after extended reuse, could be applied as biofu-
els and as additives in the manufacturing of building materials
(Mohanta and Ahmaruzzaman, 2018).

4. Conclusions

In conclusion, magnetite (Mt) nanoparticle impregnated Musa
acuminata bio-waste (MApe-Mt) was synthesized in a one-pot
system and successfully applied for the adsorption of bro-
mophenol blue (BPB) dye. The uptake of BPB onto Musa
acuminata waste (MApe) was enhanced by the impregnation
of Mt nanoparticles (ferromagnetic Fe;O,;) onto MApe.
Experimental variables such as temperature, pH, adsorbent
dosage, contact time and dye concentration, influenced the
overall removal of BPB. Higher dye adsorption was recorded
onto the MApe-Mt composite compared to pristine MApe,
for all variations in the above operating conditions. The FTIR
analysis showed the hydroxyl and carbonyl groups as the
major functional sites for BPB adsorption onto both MApe
and MApe-Mt. The impregnation of Mt nanoparticles onto
MApe increased the pore properties, pH point of zero charge,
as well as the thermal stability of the adsorbent, while XRD,
EDX and SEM characterizations showed successful impregna-
tion of 25.97 nm (average) sized Mt particles onto MApe-Mt.
Although the Mt impregnation decreased the surface area of
the adsorbent, yet the MApe-Mt composite recorded a higher
monolayer uptake capacity of 8.12 mg/g, compared to
6.04 mg/g obtained for the pristine MApe. The effect of co-
existing heavy metal ions in the contaminated solution showed
only a slight decrease in BPB uptake in the presence of Zn(II)
and Cd(II), with a more significant decrease when Ni(II) and
Pb(II) were present, with smaller ionic radius and higher elec-
tronegativity. The Freundlich isotherm model was well fitted
to the adsorption of BPB dye onto both adsorbents, which
indicated heterogeneous material surfaces involving multilayer
BPB binding. The kinetic data was well fitted by the liquid film
and pseudo-first order equation. A spontaneous, endothermic
and physical adsorption of BPB onto MApe and MApe-Mt
was deduced from thermodynamic evaluation. This physisorp-
tion enabled easy regeneration (over 90% BPB desorption)
and reusability of both MApe and MApe-Mt. These results
proved the viability of the prepared biosorbents for efficient
treatment of BPB polluted water, with Mt nanoparticles
enhancing the adsorption of potential of the bio-waste.
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