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orization of dyes in aqueous
solution using magnetic sweet potato (Ipomoea
batatas L.) peel waste

Paul N. Diagboya, * Alexander Odagwe, Henry H. Oyem, Chiadika Omoruyi
and Emmanuel Osabohien

Valorizing domestic biomass waste for contaminated water treatment may be an effective way to achieve

the sustainable development goal of attaining clean water for all. Hence, sweet potato peel (SPP) waste was

valorized by magnetizing the pretreated SPP adsorbent to prepare the magnetized adsorbent (MSP) which

was employed for methylene blue (MB) sorption. The MSP exhibited enhanced cation exchange capacity

(11%) and MB sorption greater than 100% of either of the starting pristine materials. Sorption equilibrium

was fast (20 min), and the adsorbent was effective over a wide pH (3–9) and temperature range (15–35 °

C). The observed sorption capacity of the MSP for MB was 14.3 mg g−1 and this is better than those of

most biomass-based adsorbents reported in the literature. The composite exhibited good reusability with

z70% efficiency after 5 cycles. The MB sorption mechanism was a rather complex process involving

electrostatic interaction, multi-layer adsorption, and pore-filling. Notwithstanding the enhanced sorption

capacity, the ease of magnetic separation of the MSP adsorbent from water post-adsorption, its stability,

and reusability are the major merits of this adsorbent. These facts make the MSP composite an appealing

cost-effective choice for treating MB-contaminated water.
Sustainability spotlight

Contaminated water is a serious concern because it has been linked to several diseases and health challenges. Achieving the UN sustainable development goal of
clean water for all is quite a difficult challenge for low-income countries due to intractable pollution sources, lack of technical know-how, and cost of water
treatment; water pollution is unprecedented and increasing. Thus, it is vital to develop easily accessible, cheap, and easy-to-use technologies for water treatment,
especially for small scale industries. Hence, we valorized common domestic waste by magnetization and employed it for dye-contaminated water treatment in
order to achieve the sustainable development goal of attaining clean water for all. Preparation and use (and multiple reuses) are easy and may be achieved by
inexperienced users.
1 Introduction

Industrial contamination of potable water sources is an issue of
serious concern due to the persistence and toxicity of most
water contaminants.1 The magnitude of this challenge is
unprecedented due to several recent industrial inputs but has
been compounded by other sources such as the emerging
contaminants from municipalities and pesticides from agri-
culture.2,3 It is estimated that approximately 60% of the global
population either lack adequate sanitary facilities or have no
access to any type of proper water treatment facility.4 The
majority of these water-stressed populations live in low-income
or developing countries where advanced water treatment tech-
niques are expensive and unavailable. Hence, the need for low-
cost treatment techniques cannot be underestimated.
diation (EnFaCRe) Laboratory, University

ahoo.com

6–694
Common water contaminants include dyes which are used
as coloring agents, and found in effluents released from leather,
cosmetics, paper, and textile industries.5 Dyes are toxic to biota,
and some are known carcinogens.5,6 In addition to affecting the
quality of water, the toxicity of dyes makes it important to
eliminate them from water. A typical example is methylene blue
(MB) which was used in this study as a model dye contaminant.
It is a cationic dye of utmost concern due to the presence of
a similar cationic moiety as found in several commonly used
reactive dyes. The presence of the benzene ring structure, as
well as the N and S atomsmakes it difficult to degrade and toxic.
It has been reported to be mutagenic, causing serotonin
syndrome which results in breakdown of red blood cells, and
irritation of the skin and the eyes.7 Dyes are the mainstay of the
tie-dye industry in sub-Saharan Africa, and pollution of water
bodies is common in the vicinities of this type of industry.
Advanced water treatment technologies such as ion exchange,
electrochemical treatment, chemical precipitation, membrane
© 2024 The Author(s). Published by the Royal Society of Chemistry
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technology, and reverse osmosis are too expensive to be applied
in small-scale industries, especially in low-income or devel-
oping countries.2,8 Compared to these techniques, adsorption-
based methods are very cheap, easy to apply, environmentally
friendly, and present the least techno-economic challenges.8–13

Different locally available materials, including wastes and
biomass, may be used,4,8,14 and their surface chemistry can be
tuned for enhanced contaminant sorption,3,4,8,15 while the used
adsorbents may be regenerated and reused.

Some of the studied low-cost adsorbents for the adsorption
of aqueous dyes and other water contaminants include
nonliving moss,14,16 Moringa oleifera seed waste,3,17 sweet potato
peel,18 banana peel,19 Nauclea diderrichii seed biomass,20 yam
peel,21 and tamarind fruit shell.22 One major advantage of
employing low-cost or agricultural materials and unwanted
domestic wastes is that it eliminates or reduces the undesirable
effects of these wastes on the environment. For instance, yam
(Dioscorea spp) and sweet potato (Ipomoea batatas L.) are
common staples in sub-Suhara Africa, and large amounts of
waste (millions of tonnes) are generated from their peels.18,21

The bulk of these wastes may not be used in other applications,
and constitute a nuisance in the environment. Thus, using
these wastes as biosorbents for water treatment is cheap and
would improve the aesthetics of the environment. In this
regard, sweet potato peel (a common sub-Saharan waste) was
employed as an adsorbent in this study.

Sweet potato waste-based materials have been employed as
adsorbents in some studies.18,23,24 These sweet potato-based
adsorbents have shown promising results, but a major short-
coming of these studies is the difficulty in separating the
adsorbents post-adsorption. The traditional centrifugation and
ltration-based techniques are expensive and cumbersome, and
the equipment used to perform these techniques becomes
considerably huge when handling large volumes of effluent
water. Magnetization of low-cost adsorbents presents a poten-
tially cost-effective and less cumbersome method to separate
adsorbents post-adsorption, as well as increase adsorbent effi-
ciency.4,6,25,26 Hence, the objective of this study was to magnetize
the sweet potato peel waste adsorbent, use it for the adsorption
of MB from aqueous solution, and easily separate the magne-
tized adsorbent from water post-adsorption under the inuence
of a magnetic eld. The adsorption data will be described using
various adsorption models.

2 Materials and methods
2.1 Biomass treatment and preparation of magnetic
biomass

Sweet potato (Ipomoea batatas L.) was obtained from a local
Nigerian market, and washed with tap water before peeling the
bark. The peeled bark (waste) was oven-dried at 110 °C until
constant weight to remove water and pulverized to neness. It
was then soaked in ethyl acetate overnight to remove oils and
fats. The cake obtained was oven-dried at 110 °C to remove all
traces of water, cooled, sieved through a 230 mesh size sieve,
and stored in an air-tight container before the study. This was
called the sweet potato peel (SPP) waste.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Analytical-grade reagents obtained from Sigma-Aldrich and
deionized water were used throughout the study. Methylene
blue (CAS: 61-73-4; C16H18ClN3S; MW: 319.86) stock solution of
500mg L−1 was used to prepare the working solutions employed
in the study. Magnetic (Fe3O4) nano-particles were prepared
using the chemical co-precipitation method4,25,26 by mixing
FeCl3 (CAS: 7705-08-0; MW: 162.2) (3.0 mL; 1 M) and FeCl2 (CAS:
7758-94-3; MW: 126.75) (1.0 mL; 2 M) solutions in a 250 mL
beaker containing a magnetic stirring bar. The beaker was
continuously stirred while slowly adding NaOH (2 M) solution.
The addition of the NaOH base was stopped with the magnetic
stirrer turned off once the initial brown iron solution turned
black indicating the formation of magnetite. The ferro-uid was
allowed to settle and the supernatant was decanted while the
stirrer bar was removed. The magnetic nanoparticles (MNP)
were washed four times with water and ethanol interchange-
ably, and the particles were separated from the solution by
decantation and air-dried. The magnetic nanoparticles–
biomass hybrid (MSP) was prepared as above but by adding
500 mg of SPP to the MNP before washing and continuously
stirring for 2 h. The mixture was then ltered, the residue air-
dried and stored.

2.2 Adsorbent characterization

The physicochemical characterization of the pristine and
magnetized adsorbent was carried out using various instru-
ments and methods. The adsorbents' pH values were deter-
mined in deionized water and 1 M KCl, and the pH at point of
zero charge (pHpzc) values were determined by the solid addi-
tion method, while the cation exchange capacity (CEC) values
were determined by the sodium saturation method.27 The
Fourier transform infrared (FTIR) and thermo-gravimetric
analysis (TGA) spectra were obtained using a FTIR spectrom-
eter (Spectrum Two, PerkinElmer Instruments, USA), and Pyris
Diamond Thermo-gravimetric analyzer (TGA 400, PerkinElmer
Instruments, USA), respectively, while the scanning electron
micrographs (SEM) were captured using a Zeiss Auriga Field
Emission Scanning Electron Microscope (Germany), and the X-
ray diffractograms were obtained using an X-ray diffractometer
(XRD-7000, Shimadzu, Japan).

2.3 Methylene blue decolorization studies and data
treatment

The SPP, MNP, and MSP were used in preliminary adsorption
experiments to estimate their MB uptake capacities. This was
followed by the determination of the effects of operating vari-
ables (time, pH, MB concentration, and temperature) on the
uptake of aqueous MB by the MSP. Batch experiments were
carried out in duplicate by adding 10 mL of aqueous MB solu-
tion (100 mg L−1) (except for the effect of MB concentration on
uptake) into experimental vials containing 200 mg of the
adsorbent. This mixture was equilibrated at 25 °C until equi-
librium. The pH of the experimental mixture was adjusted as
required during the study by adding drops of either 0.1 M HCl
or NaOH solutions. The effect of time on the uptake was
investigated by varying the time from 5–180 min, the effect of
RSC Sustainability, 2024, 2, 686–694 | 687
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pH was studied by varying the pH from 3–9, and the effect of MB
concentration was studied by varying the concentration from
50–300mg L−1 with a 20 min equilibration time, while the effect
of temperature was a repeat of the effect of concentration
carried out at 15, 25 and 35 °C. The concentration of MB
remaining in the solution aer each uptake study was deter-
mined using a UV-visible spectrophotometer (PerkinElmer,
USA) at the wavelength of 665 nm.

The reusability study was carried out by washing twice the
MB-loaded MSP with 20 mL of ethanol : water (50 : 50%) solu-
tion on a thermostatic shaker at 200 rpm for 1 h each, and oven
drying at 60 °C for 3 h. The washedMSP composite (200mg) was
then reused for MB sorption using 50 mg L−1 of MB solution.
This process was repeated ve times.

The initial (Co) and nal (Ce) concentrations of aqueous MB
were employed to estimate the extent of MB uptake at equili-
bration using eqn (1)

qe = (Co − Ce)v/m (1)

where qe, v, and m are the MB adsorbed (mg g−1), volume of the
solution (mL), and mass (mg) of the MSP adsorbent used,
respectively.

The rate data for MB uptake were obtained using three non-
linear kinetics models: the pseudo-rst-order (PFO) (eqn (2)),28

pseudo-second-order (PSO) (eqn (3)),29 and fractal pseudo-
second-order (FPSO) (eqn (4))29 kinetics models.

qt = qe(1 − e−k1t) (2)

qt ¼ qe
2k2t

1þ qek2t
(3)

qt ¼ kfqe
2ta

1þ kfqeta
(4)

The quantities qe and qt represent MB uptake (mg g−1) at
equilibrium and time t, respectively, while the rate constants of
pseudo-rst and second-order, as well as the FPSO are k1
(min−1), k2 (g mg−1 min−1), and kf (L g−1), respectively.

The equilibrium data at all three temperatures were
described using three non-linear adsorption isotherm
models: the Langmuir (eqn (5)),30 Freundlich (eqn (6)),30 and
Brouers–Sotolongo-fractal (eqn (7))29 models, as well as the
thermodynamic parameters: equilibrium constants (Kc) (eqn
(8)), entropy change (DS°) (eqn (9)), enthalpy change (DH°)
(eqn (9)), and Gibbs free energy (DG°) (eqn (10)). The Kc is the
intercept of the plot of qe vs. Ce, while the other parameters
were determined from the plot of ln Kc vs. 1/T (eqn (9)). The
parameters qe and Ce are the same as above, while Qo/max, b, kf,
n, a, and KW are the maximum adsorption capacity per
adsorbent unit weight, solute–surface interaction energy-
related parameter, Freundlich isotherm constant, Freund-
lich model linearity parameter, fractional time index, and the
Brouers–Sotolongo fractal constant, respectively. All model
parameters were generated using OriginPro 2015 computer
soware.
688 | RSC Sustainability, 2024, 2, 686–694
qe ¼ QobCe

1þ bCe

(5)

qe = kfCe
n (6)

Qe = Qmax(1 − (exp(−KwCe
a))) (7)

KC ¼ qe

Ce

(8)

ln KC ¼ DS�

R
� DH�

RT
(9)

DG˚ = −RT lnKC (10)
3 Results and discussion
3.1 Physicochemical characteristics of SPP, MNP, and MSP

The logic behind the magnetization process was to ease the
separation of the adsorbent from water aer the adsorption
and, possibly, enhance the adsorption efficiency. Thus, the
MNP and biomass were combined in a ratio of z1 : 1 for the
adsorbent to exhibit a strong enough magnetism to be affected
by an external magnetic eld. To empirically establish that the
magnetization process was effective and impacted the physi-
cochemical properties, physical examination under a magnetic
eld showed that the adsorbent could be separated from the
solution (Fig. 1a). Further comparative characterization of the
pristine and composite adsorbents was carried and the results
are shown in Table 1 and Fig. 1b and c. The results showed
marked differences between these adsorbents. These included
a higher cation exchange capacity (CEC) of over 45 and 11% for
the MNP and SPP, respectively (Table 1). This higher CEC was
suggestive of enhanced sorption cation efficiency in the
magnetic composite,4 and this was examined subsequently. The
MSP composite's pHpzc value (Table 1) was slightly alkaline
(z7.5) while those of the MNP (5.9) and SPP were slightly acidic
(6.5). The pHpzc indicates the likely charge density on the
adsorbent surface below and above the pHpzc value; above, the
surface charge density is negative and the adsorbent would
attract positive ions, while below the value, it is positive and the
surface would attract negative ions.31 In pure water, these
adsorbents exhibited alkaline pH values (Table 1), while these
values were slightly lower, but mainly alkaline when the pH was
tested in 1 M KCl solution. Similar alkaline pH values were re-
ported in the literature for raw biomasses.4

The FTIR spectra of all three adsorbents scanned between
4000 and 450 cm−1 are presented in Fig. 1b. Characteristics
biomass peaks were exhibited by the SPP spectra (Fig. 1b) and
these include the hydroxyl peaks at around 3300 cm−1, and the
amide peaks at 1650 cm−1, as well as the carbonyl, carboxyl,
ketone, aromatic methyl groups, and alkane C–H all found
between 1400 and 1000 cm−1.4,7,29 Major group deformations
including those of thio-esters were observed below
1000 cm−1.4,32,33 The magnetic composite (MSP) exhibited these
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Adsorbent separation under the influence of a magnetic field; (b) FTIR spectra of SPP, MNP, and MSP; (c) TGA spectra of SPP, MNP, and
MSP; (d) XRD diffractograms of the pristine and composite adsorbents.

Table 1 Adsorbent characterization result

Adsorbent pH in H2O pH in KCl pHpzc CEC (meq/100 g)

SPP 7.8 5.6 6.5 16.2
MNP 8.3 7.6 5.9 12.4
MSP 9.1 8.2 7.5 18.1
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groups found in the SPP adsorbents in addition to the notable
intense peak of the Fe–O group associated with iron oxide in
MNP which was uniquely expressed at 548 cm−1 (Fig. 1b).34,35

This appearance of the Fe–O peak is an indication of the
transference of magnetic properties to the composite
adsorbent.

TGA spectra obtained for the pristine and composite adsor-
bents in the temperature range of 40 and 900 °C are depicted in
Fig. 1c. It was observed that the MNP exhibited a high stability
losing <6% mass at 900 °C. The SPP biomass on the other hand
was quite labile and lost z78% mass at the nal temperature of
900 °C. The MSP composite exhibited a stability that was in
between that of the MNP and the SPP adsorbents: it lostz60% of
its mass at the nal temperature of 900 °C. The weight losses
(usually#6) observed in the initial stage from the spectra of these
adsorbents below 120 °C could be attributed to the loss of water
© 2024 The Author(s). Published by the Royal Society of Chemistry
molecules trapped or embedded within the adsorbent mass.4,31,36

The next signicant weight losses (between 30 and 60% loss) were
observed around 300 °C, especially for the SPP and MSP adsor-
bents; this was ascribed to massive volatilization of labile oxygen-
containing groups as well as a breakdown of some of the less
stable backbone structures of the biomass.4 Subsequent weight
losses could be attributed to an almost total collapse of the
biomass structure.

The XRD diffractogram of the SPP, MNP and MSP composite
adsorbents are shown in Fig. 1d. The SPP diffractogram
exhibited typical biomass amorphous spectra showing an
intense cellulose identier peak at a 2q angle around 22°,37,38

while the MNP spectra expressed characteristic Fe3O4 spinal
structure peaks at 2q values ofz30, 36, 44, 57, 63, and 77°.37,39,40

In the MSP composite spectra, the intensity of the amorphous
biomass in the composite was highly oppressed while the spinal
Fe3O4 peaks were mostly expressed albeit with slight shis and
lowered intensities. Post-adsorption, these peaks were not
altered but slightly suppressed likely due to the presence of the
MB covering the Fe3O4 spinal structures upon adsorption.
3.2 Adsorptive discoloration: rate, kinetics, and pH studies

The characterization data described above showed that the
adsorbents were ultimately altered in the nal composite and
RSC Sustainability, 2024, 2, 686–694 | 689
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Fig. 2 (a) Comparison of preliminary MB adsorption for SPP, MNP, and MSP; (b) adsorption rate trend and kinetics modeling of MB adsorption on
MSP; (c) adsorption trend at varying solution pH.

Table 2 Methylene blue discoloration kinetics model parameters

Kinetics model Parameter

PFO qe (mg g−1) 4.83
k1 (min−1) 4.66
r2 0.782
c2 0.207

PSO qe (mg g−1) 4.83
k2 (g mg−1 min−1) 20.6
r2 0.798
c2 0.193

FPSO qe (mg g−1) 7.54
kf 0.233
a 0.004
r2 0.143
c2 0.817

Experimental qe (mg g−1) 4.83
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this could have an impact on the MB sorption potential of these
adsorbents. Thus, a preliminary sorption experiment was
carried out with the three adsorbents to prove this assertion and
the results are depicted in Fig. 2a. It was observed that both the
pristine biomass (SPP) and the MNP exhibited almost equal MB
sorption potential. However, the MSP exhibited MB sorption
which was 100% higher than either adsorbent. The higher MB
sorption showed that the MSP composite was not only easier to
separate from the solution post-adsorption, but the combina-
tion enhanced the MB sorption efficiency by providing more
active sorption sites.

The MB sorption rate on the better-performing MSP
composite was subsequently investigated and the sorption
trend is detailed in Fig. 2b. It was observed that the sorption
process was fast and reached equilibrium within 15 min. There
was an initial increase in MB uptake within the rst 10 min
before equilibrium attainment when the rate of MB uptake and
desorption became equal. The fast uptake process could be
ascribed to the high affinity of MB to the rich vacant sorption
sites available on the MSP surface.29,36

In describing the MB sorption process on the MSP, three
kinetics models (PFO, PSO, and FPSO) were used to t the
experimental data with their tting curves depicted in Fig. 2b
and model parameters presented in Table 2. Assessing which
model ts the data best is usually based on the closeness of the
correlation coefficient (r2) value to unity, the lowest chi-square
(c2), and sometimes the closeness of the calculated qe value to
the experimental qe. Hence, comparing the values of all models'
parameters in Table 2 showed that the PFO and PSO models
could be used to explain the data because they have better
model parameters: the r2 value was closer to unity ($0.78) with
lower c2 (#0.21) values, and the calculated qe (4.83 mg g−1)
values were equal to the actual experimental qe values. The PFO
is mostly used to describe fast sorption processes that are
690 | RSC Sustainability, 2024, 2, 686–694
completed within a short time compared to the entire experi-
ment duration;41,42 this was the case for MB sorption on theMSP
composite (Fig. 2b). Again, according to the tting data, the
process could also be explained by the PSO model, implying
that the process was dominated by the sharing of electrons
through electrostatic interactions between the sorption sites
and the MB.43,44 Thus, MB sorption on the MSP was a fast
process dominated by electrostatic interactions.

The sorption trend at varying solution pH was also investi-
gated and the trend is presented in Fig. 2c. This is vital because
solution pH inuences the extent of charge speciation for both
the adsorbent and the adsorptive.7 Though there was no huge
difference over the entire pH region studied, the slight differ-
ences showed an increased MB sorption as pH increased from 3
to 6, and subsequently, there was a slight reduction in sorption
towards pH 9. This suggests that the composite adsorbent may
be employed for MB removal over a wide pH range. Adsorption
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Adsorption trends at varying concentrations and temperatures; (b) comparison of various adsorption isothermmodels at 15 °C; (c) MSP
reuse graph over 5 cycles.
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of contaminants over a wide pH margin could be associated
with some composite as other studies have reported that
composite adsorbents could be employed to adsorb contami-
nants over a wide pH range,29,30,45–47 and this may be associated
with the enhanced nature of the composite which eliminated
some drawbacks of the pristine adsorbents. Thus, irrespective
of the ionization state of the MB, the composite can signi-
cantly adsorb it.

3.3 Adsorptive discoloration dynamics

To understand the uptake dynamics, MB equilibrium sorption
on the MSP adsorbent was carried out at varying MB concen-
trations (50–300 mg L−1) and ambient temperatures (15–35 °C).
Table 3 Adsorption isotherm model parameters at varying temperature

Adsorption isotherm Parameter

Langmuir model Qo (mg g−1)
b
r2

c2

Freundlich model kF
n
r2

c2

Fractal Brouers–Sotolongo model Qmax (mg g−1)
Kw

a

r2

c2

Experimental qe (mg g−1)

a Over-estimation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The MB sorption trend is presented in Fig. 3a, and it shows that
sorption increased linearly with rising MB concentration
(within the studied concentration range). A similar trend was
observed at all studied temperatures, however, no signicant
difference in MB sorption was observed as the temperature was
varied from 15 to 35 °C. Thus, similar to the pH study, the MSP
adsorbent could be employed over a wide temperature range.
The enhanced MB uptake on the MSP has been attributed to the
abundant sorption sites available to accommodate the adsorp-
tive molecules as the concentration increased.1,29 The increasing
MB uptake even at saturation of the MSP sorption sites may be
ascribed to the multi-layer adsorption of MB on already adsor-
bed MB on the MSP surface;29,48 this could be tested by tting
s for methylene blue

MSP@15 °C MSP@25 °C MSP@35 °C

38.0 999a 999a

0.05 3.5 × 10−5 3.2 × 10−5

0.970 0.670 0.095
0.63 7.36 20.23
2.18 0.26 8.6 × 10−5

0.76 2.15 5.64
0.955 0.994 0.952
0.94 0.13 1.08

16.0 712.2 17.2
0.08 3.5 × 10−4 4.8 × 10−9

1.31 2.16 9.2
0.971 0.991 0.956
0.59 0.20 0.98

14.3 14.60 14.5
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Table 5 Comparison of some reported biomass-based MB
adsorbents

Adsorbent qe (mg g−1) Reference

Tamarind fruit shell 1.7 22
SPP 2.4 This study
Bone charcoal 5.0 49
Algal biomass 6.0 50
Defatted algal biomass 7.7 50
Acid-treated algal biomass 7.8 50
Sugar extracted spent rice biomass 8.1 51
Coir dust-activated carbon 14.3 52
MSP 14.3 This study
Sunower oil cake activated carbon 16.4 53
Date seed biochar 42.5 54
Acid-treated cocoa nutshell 50.6 55
Raw pine cone biomass 109.9 56

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/1

2/
20

26
 4

:2
1:

38
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
varying adsorption isotherm models to the equilibrium data. If
the assumption is correct, then Freundlich-like models would
t the data.

Three adsorption isotherm models (the Langmuir, Freund-
lich, and fractal Brouse–Sotolongo) were tted to the MB equi-
librium data, and the model ttings at 15 °C (since there was no
signicant difference in the sorption data at other tempera-
tures) are presented in Fig. 3b, while the model parameters are
shown in Table 3. Assessing these models' tness parameter (r2,
c2, and qe) values in Table 3, it was observed that these
parameters for the Freundlich adsorption isotherm model were
best with high r2 values $0.952 and low c2 values #1.08. This
implies that the Freundlich model ts the equilibrium data well
and could be described by it. This model describes MB sorption
on the heterogeneous MSP composite surfaces with a dissimilar
affinity for the MB molecule, and the presence of multi-layer
adsorption.

A close look at the Brouse–Sotolongo adsorption isotherm
model showed that though the model over-estimated the qe
values, especially at 25 °C, the high r2 values ($0.956) and low
c2 values (#0.98) suggest that the MB sorption on the MSP is
more of a complex process. As predicted above, models that
incorporate the Freundlich adsorption isotherm model would
describe the MB sorption on MSP to a large extent, and hence,
the good ts of the Freundlich and fractal Brouse–Sotolongo
models.

Evaluating the data obtained from the kinetics and adsorp-
tion isotherm models showed that the MB sorption on the MSP
adsorbent could not be described by any simple mechanism. It
was a rather complex sorption process involving electrostatic
interaction, multi-layer adsorption, several van der Waals
interactions, and pore-lling.

The equilibrium sorption data at all temperatures studied
were employed in calculating the thermodynamics parameters
(DH°, DS°, and DG°) in Table 4. The DG° value indicates the
spontaneity of the process; a negative value implies a sponta-
neous process, while a positive value implies a non-
spontaneous one.48 The negative DG° values for this study
(Table 4) indicate that MB sorption on the MSP was sponta-
neous and thermodynamically feasible. The DS° value was
positive, indicating a higher degree of freedom of the MB
molecules remaining in solution as the sorption process pro-
ceeded toward equilibrium.4 The DH° value obtained for this
study was positive, implying that the experimental MB sorption
process was endothermic;4,48 thus, higher temperature should
enhance the sorption process. This was not obvious in the
experimental results, especially in Fig. 3a, but the data suggest
that temperature may have little or no impact on the sorption of
MB on the MSP adsorbent.
Table 4 Methylene blue sorption thermodynamic parameters

DH°
(kJ mol−1)

DS°
(J mol−1 K−1)

DG° (kJ mol−1)

288 K 298 K 308 K

59.35 207.60 −7.70 −2.90 −0.40

692 | RSC Sustainability, 2024, 2, 686–694
The MSP composite reusability study was carried out for MB
sorption over 5 cycles under identical experimental conditions
as the pristine MSP adsorbent but aer washing the used
adsorbent with ethanol : water solution. The results are pre-
sented in Fig. 3c and it shows that MSP exhibited a sustained
sorption efficiency of z70% even aer 5 cycles of reuse. The
loss of sorption capacity aer each cycle did not exceed 9%,
indicating gradual, rather than rapid, loss of capacity. These
data suggest that the MSB composite is renewable and may be
a viable option in water treatment.

To assess the relative efficiency of the MSP adsorbent to some
other biomass-based adsorbents reported in the literature,
a comparison was made as shown in Table 5. It was observed that
the MSP composite exhibited z500% enhanced efficiency in
comparison to the pristine SPP and was also better than several
other reported adsorbents. Notwithstanding the enhanced sorp-
tion capacity, the ease of separation of the MSP adsorbent from
water post-adsorption, its stability, and reusability are the major
merits of this adsorbent over those reported in the literature.
4 Conclusion

Sweet potato peel (SPP) waste was valorized for contaminated
water treatment by magnetizing the defatted peel waste (MSP)
and employing MSP for methylene blue sorption from
contaminated water. Sorption equilibrium was fast (20 min),
and the adsorbent was effective over a wide pH (3–9) and
temperature range (15–35 °C). Compared to the pristine SPP,
the MSP exhibited enhanced cation exchange capacity (11%)
and MB sorption potential (z500%). The observed sorption
capacity of the MSP for MB was 14.3 mg g−1 and this is better
than those of most biomass-based adsorbents reported in the
literature. The composite exhibited good reusability withz70%
efficiency aer 5 cycles. The MB sorption mechanism was
a rather complex process involving electrostatic interaction,
multi-layer adsorption, several van der Waals interactions, and
pore-lling. Notwithstanding the enhanced sorption capacity,
the ease of magnetic separation of the MSP adsorbent from
water post-adsorption, its stability, and reusability are the major
merits of this adsorbent.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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