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Low-cost materials are promising aqueous pollutant adsorbents but when batch adsorption method is
employed, separation of pollutant-loaded-adsorbents from water is a major challenge especially when
dealing with a large volume of wastewater. Thus, biomass and biochar from Quercus robur fruits were
valorized via magnetization (for easy post-adsorption separation) to prepare optimized biomass-
magnetic hybrid (BMM 0.5:1) and biochar-magnetic hybrid (BCM 1:1). The BMM 0.5:1 and BCM 1:1
were employed for Pb(II) and Cd(II) removal from simulated contaminated water. The hybrids exhibited
higher values of cation exchange capacity (CEC), BET surface area and pore sizes, as well as better thermal
stability and the presence of pure spinal structures of Fe3O4, along with the characteristic functional
groups of biomaterials (such as the hydroxyls, amides and carboxyls). The adsorption equilibria for both
cations were attained within 180min. Adsorption mechanism involved electrostatic interactions on both
external and pore surfaces, with Pb(II) data fitting the Langmuir adsorption isotherm model while Cd(II)
data fitted the Freundlich. The adsorption process was spontaneous and exothermic as solution tem-
perature was increased from 292 to 310 and 328 K. The adsorption of Cd(II) initially increased with
temperature but decreased on further temperature rise by similar percentages for both adsorbents. In
contrast, adsorption of Pb(II) decreased continuously but the decrease was higher for BMM 0.5:1 than
BCM 1:1 implying BCM is a more promising adsorbent. Adsorption capacities for BMM 0.5:1 are 63.6 and
21.0mg/g, while BCM 1:1 has 58.2mg/g and 21.3mg/g for Pb(II) and Cd(II), respectively. These adsorp-
tion capacities were better than many low-cost adsorbents in literature. Thus magnetic valorization,
apart from easing separation, enhances the adsorption capacity of low-cost adsorbents.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The volume of wastewater currently generated and dispersed
within receiving water bodies is unprecedented; in fact, an esti-
mated 42% of the world's population lack proper sanitation facil-
ities, while another 18% do not have access to any type of improved
drinking water facility e more than one out of six persons lack
access to safe drinking water (Olu-Owolabi et al., 2017). Hence, the
need for wastewater treatment cannot be overestimated especially
in urban centers.

Wastewater contains numerous toxic chemical pollutants. The
array is limitless and includes plastics and soluble chemical
oya).
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substances like persistent organic pollutants and toxic metals
(Diagboya and Dikio, 2018a). For the sake of this study, we focused
on two model pollutants, Pb(II) and Cd(II), which are two of the
most commonly found toxic metals in water. Pb(II) is linked to
disorders such as nervous breakdown while Cd(II) has been linked
to bone demineralization (Wang et al., 2015).

Several adsorption-based wastewater treatment techniques
have been employed because of their techno-economic and envi-
ronmental advantages over other techniques like precipitation, ion
exchange, electrochemical treatment and membrane technology.
Such advantages include: low-cost and availability of adsorbent as
waste or nuisance, ease of technique application, ease of tuning
surface functional groups of the adsorbents, regeneration of used
adsorbents, tunable adsorption efficiency and environmental
friendliness (Diagboya and Dikio, 2018b). Using low-cost
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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adsorbents which are available as wastes or nuisance is of partic-
ular environmental importance because it reduces their undesir-
able effects in the environment. For instance, acorn (Quercus robur)
tree is usually used as an ornamental plant in gardens around the
world and it is especially common in Vanderbiljpark, South Africa.
Nevertheless, the mature acorn tree produces several tonnes of its
fruit annually which constitute nuisance in the environment. Uti-
lizing this large amount of acorn fruits as adsorbent would be an
important way of remedying the environmental issue as well as
treating wastewater.

Several studies, including those of Anandkumar and Mandal
(2011), Okoli et al. (2017) and Russo et al. (2010), on adsorption-
based techniques employ low-cost and waste-type adsorbents for
aqueous pollutant removal via the batch adsorption method.
Though they have shownpromising results, a major challenge is the
separation of pollutant-loaded-adsorbent from the aqueous solu-
tion after the adsorption process. The conventional filtration and
centrifugation-based techniques are cumbersome, not cost-
effective and sometimes difficult to handle, and these challenges
are considerable when dealing with a large volume of waste. Thus,
there is need to design more effective batch process by eliminating
these challenges.

Low-cost adsorbent magnetization represents a potential
effective method of separating used adsorbents from treated water.
The process involves magnetizing the adsorbent which is then used
for the batch adsorption. The magnetized adsorbent is then
removed from solution after the adsorption process by using a
magnetic field to separate the used magnetized adsorbents from
solution. Similar magnetic procedure has been reported for sepa-
rating adsorbent materials from solution (Hao et al., 2010; Kang
et al., 2011; Nassar, 2010; Tian et al., 2009); however, most prepa-
ration methods are not cost-effective, use very high temperatures
and not simple. Hence, the aim of this study was the preparation of
cost-effective, benign and simple magnetic valorization of raw
biomass and biochar adsorbents, sourced from waste acorn fruit
biomass, for removal of Pb(II) and Cd(II) in simulated aqueous so-
lutions. Data generated from this study have been analyzed to
determine the adsorbents adsorption capacities as well as the
adsorption mechanisms involved.
Fig. 1. Magnetic-biomaterials preparation s
2. Materials and methods

2.1. Materials, biomass sampling and pretreatment

Analytical grade reagents (lead chloride, cadmium chloride,
ferric and ferrous chloride salts (Aldrich)) were used throughout
this study. Quercus robur (acorn) fruits (Fig. 1 insert) were obtained
from ornamental gardens around Vaal University of Technology
South Africa and pretreated by separating the pericarp from the
cotyledon. Both parts were then washed with tap water, dried at
105 �C to constant weight and pulverized to fineness using a steel
blender, followed by sieving through a 230 mmmesh size sieve. The
pulverized pericarp and cotyledon were stored separately in air-
tight containers prior to the study.
2.2. Sorbents preparation

Specific masses of the pulverized pericarp and cotyledon were
charred separately for 4 h in a furnace at 250 �C to obtain their
biochar. The biomasses were initially dried at 110 �C for 1 h, tem-
perature was then ramped at a rate of 5 �C/min until 250 �C which
was maintained for 4 h. The biochar obtained from the cotyledon
was insignificant (z6%) in mass (mostly ash) compared with the
pericarp; thus we did not continue the experiment with cotyledon
biochar but used the un-charred (raw) cotyledon. The pericarp
biochar (�33%) was cooled, ground, sieved with a 230 mm mesh,
followed by washing until the filtrate was colourless indicating no
leaching of residual carbon, dried at 105 �C, cooled, weighed, and
biochar stored. Due to durability and better performance the bio-
char of the biomasses were used whenever possible.

The magnetiteebiomass/biochar hybrids were prepared (Fig. 1)
from a suspension of the biomass in 400mL solution of FeCl3 and
FeCl2 (molar ratio 2:1) (Diagboya and Dikio, 2018c). This was
initially stirred to allow for wetness of the biomass before a 1.0M
NaOH solution was added drop-wise while stirring to raise sus-
pension pH above 9 and co-precipitate the magnetic nanoparticles
(MNP) on the biomass. Earlier, the weight of the biomass was
adjusted to obtain final biomass or biochar to MNP weight ratios of
either 0.5:1, 1:1 or 2:1. The charring experiment above gave details
chematics (Insert picture: Acorn seed).
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of the required mass to obtain this ratio for the biochareMNP
hybrid. Once the suspension became dark upon NaOH addition,
the biomasseMNP solution was further stirred for 1 h before sep-
aration from solution and filling of the residue into a crucible for
the pyrolysis process using the temperature regime described
above. After this, the residues were washed continuously until no
Fe and organic residues were leached from the hybrid upon
washing. The hybrids were dried and stored, and the
magneticepericarp biochar was denoted as BCM, while the
magneticecotyledon biomass was BMM. For this study, the hybrids
containing the highest amounts of biomass or biochar while still
exhibiting sufficient magnetic properties were chosen; thus the
final adsorbents were BCM 1:1 and BMM 0.5:1. These choices were
to allow for the maximum and minimum biomaterials and MNP
usage, respectively.

The MNP, pericarp and cotyledon biomasses, pericarp biochar,
and all ratios of BCM and BMM samples were characterized by
determining their pHH2O, point of zero charge (pHPZC) via the
solid addition method and Cation Exchange Capacity (CEC) via the
sodium saturation method (Olu-Owolabi et al., 2016a). The infra-
red spectra (Fourier transform infrared (FTIR) spectrometere Per-
kin Elmer Instruments, USA), specific surface area and porosity
using the Micromeritics TRISTAR II 3020 analyser (Micromeritics
Instrument Corporation, USA), Thermo-gravimetric analysis (TGA;
Perkin- Elmer TGA 4000, Perkin Elmer Instruments, USA), X-ray
diffractograms (X-ray diffractometer (XRD)e7000, Shimadzu,
Japan) and scanning electron micrographs (SEM; Zeiss Auriga Field
Emission Scanning Electron Microscope with Oxford X-max EDX
detector) of selected adsorbents were obtained (Igberase et al.,
2014).
2.3. Adsorption experimental studies

All adsorption experiments were carried out in replicates by
adding 20mL solution of specified concentration of the pollutant
(Pb(II) or Cd(II)) into 50mL plastic centrifuge tubes containing
20mg of the adsorbent (Olu-Owolabi et al., 2018). The pollutant/
adsorbent mixtures were then equilibrated at 200 rpm on a shaker
at 18± 1 �C and pH 6.8± 0.5 (except where otherwise stated). The
working solutions’ pH were adjusted when required by adding
drops of either 0.1M HCl or NaOH. At stipulated times or equilib-
rium, desired tubes were withdrawn, centrifuged at 4000 rpm for
10min and the concentrations of pollutants left in the supernatants
were determined using flame atomic absorption spectrophotom-
eter (FeAAS (AAe7000) Shimadzu, Japan). The effects of the
following experimental parameters were studied: time (1e240min
using 100mg/L of pollutant), pH (3e11; 100mg/L of pollutant; and
180min equilibration time), concentration (25e150mg/L and
180min), and temperature (19, 37, and 55 �C using similar condi-
tions in effect of concentration).
2.4. Data treatment

The quantity of any pollutant adsorbed at any particle point was
determined using qe ¼ ðCo � CeÞv=m, where qe (mg/g) is the
quantity of pollutant adsorbed, Co and Ce are initial and final pol-
lutants concentrations in solutions, while v (mL) and m (g) are the
volume of pollutant solution used and adsorbent mass,
respectively.

The nonlinear forms of the pseudo-first order (PFO) (Eq. (1)) and
pseudo-second order (PSO) (Eq. (2)) (Lagergren, 1898), and the
intra-particle diffusion (IPD) (Eq. (3)) (Weber and Morris, 1963)
kinetic models were employed in modeling the data.
qe ¼ qtð1� e�k1tÞ (1)

qe ¼ 1þ k2qet
k2q2et

(2)

qt ¼ kiðt1=2Þ þ C (3)

The model parameters were obtained using KyPlot software
where qe (mg/g) and qt (mg/g) denote quantities of pollutants
adsorbed at equilibrium and time t; and k1 (min�1) and k2 (g
mg�1min�1) are the PFO and PSO rate constants, respectively. The
rate parameter of the IPD is kIPD (g/g min1/2) while C is the pollut-
ants’ surface concentration on the adsorbent.

Equilibrium datawere fitted to the Langmuir (1916) (Eq. (4)) and
Freundlich (1906) (Eq. (5)) adsorption isotherm models.

qe ¼ QobCe
1þ bCe

(4)

qe ¼ kf C
1=n
e (5)

The variables Qo is the maximum adsorption capacity per unit
weight of adsorbent (mg/g), b is energy-related to soluteesurface
interaction, kf is Freundlich model capacity factor, 1/n the
isotherm linearity parameter, while other parameters are same as
above.

Thermodynamic parameters of enthalpy (DH�), entropy (DS�),
and Gibbs free energy (DG�) were determined from data at 292,
310, and 328 K as described in an earlier article (Diagboya and
Dikio, 2018c) and R, the ideal gas constant, was taken as 8.314 J/
mol K.
3. Results and discussion

3.1. Adsorbent physicochemical characterizations

The magnetic valorization of biosorbents sourced from a typical
ornamental seed waste or nuisance have been carried out in this
study. The inner fruity cotyledon (raw biomass) and the cellulosic
pericarp (processed into biochar) have been magnetized using
magnetic nanoparticles (MNP) at varying weight ratios to the bio-
materials in order to fabricate the magnetic biosorbents. The
various weight ratios used for both the raw and biochar adsorbents
are 0.5:1, 1:1 and 2:1. In this study, we regard a magnetic adsorbent
as useful if it has the highest amount of biomass or biochar while
still exhibiting good magnetic properties. Thus, the final two ad-
sorbents chosen from both categories were BCM 1:1 and BMM
0.5:1. The aim of the magnetization was to enhance adsorption
properties and ease adsorbents removal after the adsorption.

In order to appropriately describe the chemical, physical and
adsorption properties of the adsorbents, they have been charac-
terized using established methods as stated above and the results
are shown in Table 1, Fig. 2 and SM Figs. 1e4. The results indicated
enhanced cation exchange capacity (CEC), BET surface area and
pore size values for both BCM 1:1 and BMM 0.5:1 when compared
with the starting low-cost biomaterials (Table 1), though lower
than the pure MNP. These enhanced values were suggestive of
better adsorption properties with higher cation exchange both on
the external and internal surfaces/pores (Diagboya and Dikio,
2018c). The BCM 1:1 and BMM 0.5:1 adsorbents have both pHH2O
and pHPZC values which are close to each other but were slightly
alkaline (z8.8) and acidic (z4.3), respectively. Both parameters
affect cations adsorption in solution because they determine the



Table 1
Physicochemical characteristics of pre- and post-fabricated adsorbents.

Adsorbent pHH2O pHpzc CEC (cmol/kg) BET Surface area (m2/g) Pore size (cm2/g) Comment

MNP 10.34 9.81 9.16 72.90 0.17 Strong *M
Pericarp 6.66 6.57 5.56 0.014 e No M
Pericarp Biochar 7.16 7.08 7.48 0.63 e No M
Cotyledon Biomass 5.73 5.49 10.23 0.01 e No M
BMM 0.5:1 4.56 3.99 10.23 37.60 0.11 Good M and *B
BMM 1:1 8.48 7.89 6.53 37.79 0.07 Poor M
BCM 0.5:1 9.54 9.32 5.59 50.27 0.16 Good M; Low B
BCM 1:1 8.90 8.66 9.34 42.24 0.15 Good M and B
BCM 2:1 8.63 8.53 8.55 32.97 0.11 Poor M

* CECe cation exchange capacity; *Me Magnetism; *Be Biomaterial.

Fig. 2. Spectra from (a) FTIR, (b) TGA, and (c) XRD analysis, (d) SEM of BMM 0.1:1.
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charge state of the adsorbent.
The infra-red spectra peaks were scanned between 4000 and

450 cm�1 for all biosorbents (Fig. 2a, SM Figs. 1e3). The charac-
teristics peaks associated with biomass-sourced adsorbents were
observed (SM Fig. 1) for hydroxyl (z3400 cm�1), amides
(z1640 cm�1), carboxyl, carbonyl, methyl ketone, aromatic methyl
groups, and possibly CeH deformations of alkane (z1400 to
1000 cm�1) and, major plane group deformations and thioesters
groups (<1000 cm�1) (Asuquo and Martin, 2016; Okoli et al., 2017).
Notably, the characteristic intense peak of FeeO bond from the iron
oxide in MNP was expressed in Fig. 2a (SM Fig. 1e MNP) spectra at
547 cm�1 (Chen et al., 2011; Diagboya et al., 2015a). This peak
became expressed in all magnetic adsorbents as shown in Fig. 2a
(SM Figs. 2 and 3); this is an indication of the presence of FeeO
bond within the hybrid adsorbents which impacted magnetic
properties on them.
The thermogravimetric analysis (TGA) spectra of the MNP, bio-
char and BCM 1:1 and BMM 0.5:1 are shown in Fig. 2b. The TGAwas
carried out in the temperature range of z40 to 900 �C. The spectra
showed that the MNP was very stable losing only <5% mass at
900 �C, while the biochar was not as stable losingz58% of its mass
at the same temperature. Loss of trapped or embedded water
molecules in the MNP, biochar and adsorbents were observed at
�120 �C. This was followed by significant volatilization of part of
the labile oxygen-containing groups and stable backbone struc-
tures of the biomass and biochar starting around 180 �C for BMM
and increasing drastically from 250 �C for both BMM and BCM. A
total weight loss of approximately 40 and 68% were observed for
both adsorbents, respectively. The TGA showed that stability of the
BCM was greater than that of the BMM byz 30% mass.

Powder XRD of the biochar and hybrids adsorbents are shown in
Fig. 2c (SM Fig. 4). The biochar exhibited typical amorphous powder



Fig. 3. Adsorption trends as time varied for Pb(II) and Cd(II), and pseudo-first order (PFO) and pseudo-second order (PSO) kinetic fittings for (a) BCM 1:1 and (b) BMM 0.5:1
adsorbents; adsorption trends for (c) Cd(II) and (d) Pb(II) as pH varied.

R.P. Mohubedu et al. / Journal of Cleaner Production 209 (2019) 1016e10241020
spectra (Castro et al., 2009). In theMNP diffractogram, the presence
of pure spinal structures of Fe3O4 at 2-theta values of 29.8, 35.2,
43.1, 56.8, 62.6, and 77.4� are indicative of characteristic peaks of
MNP (Castro et al., 2009; Diagboya and Dikio, 2018c; Zhang et al.,
2013). The spectra patterns of the all magnetic adsorbents exhibi-
ted these characteristic MNP peaks albeit with slight shifts in in-
stances (Fig. 2c; SM Fig. 4). The SEM images (Fig. 2d; SM Fig. 5) of
both hybrids showed MNP distributed on the surfaces of both the
raw and charred biomass (Castro et al., 2009).

3.2. Adsorbent kinetic

The trends for the adsorption rates of Pb(II) and Cd(II) ions by
both BCM 1:1 and BMM 0.5:1 hybrid adsorbents are shown in
Fig. 3aeb (trend lines with filled marks). The trends showed fast
removal rates for both cations within 30min of initiating the
adsorption process, while a stable equilibrium was attained for
both adsorbents within 180min. The fast rates associated with the
initial 30min of the adsorption process were ascribed to adsorption
on easily accessible functional groups on the empty surface
adsorption sites on these adsorbents (Bulgariu and Bulgariu, 2016).
Once the empty surface adsorption sites are filled, pore surfaces
adsorption and entrapment within the interstitial spaces begin but
at slower rates due to difficulty of the cations permeating these
spaces; thus the nature of the curves between 30 and 120min. At
equilibrium, the adsorption was stable within the range of the
standard deviations (plateau of the curve).

The rates data for Pb(II) and Cd(II) ions adsorption on the hybrid
magnetic adsorbents were evaluated by the pseudoefirst order
(PFO), pseudoesecond order (PSO), and the intra-particle diffusion
(IPD) kinetic models. This was in order to predict the possible
adsorption mechanism(s) for both cations on these hybrids. The
model fittings and calculated parameters are shown in Fig. 3aeb
and Table 2, respectively. The nonlinear fittings (Fig. 3aeb) of the
Pb(II) and Cd(II) cations adsorption data obtained using the KyPlot
software shows that the PSO model (half filled markers without
trend lines) described the data better than the PFO model for both
cations and hybrids. The PFO model exhibited under-estimations of
both cations adsorption data. The detailed kinetic parameters of
both models shown in Table 2 give meaningful explanations for
these fittings. In agreement with the KyPlot fittings, the PSO cor-
relation coefficients (r2) were very close to unity (0.997e0.999)
while the calculated model qe values were similar to the experi-
mentally obtained values. On the other hand, the PFO model
showed lower r2 values (0.821e0.955) with very low under-
estimated qe values. The better fit of the PSO (higher r2 and qe
values close to experimental) is suggestive of a mechanism that
involves electrostatic interactions between the cations from solu-
tion and the negatively charged functional groups on the empty
adsorption surfaces (Olu-Owolabi et al., 2016b).

Table 2 also shows parameters for the IPD kinetic model. The
model also gives details of the nature of the removal processes. For
instance, the C (mg/g) value suggests where the adsorption
occurred on the adsorbent e surface or within pores or partitions.
This value indicates the surface thickness of the adsorbed species;
when equal to the experimental qe value, it implies the adsorption
process occurred majorly on the adsorbent surface. The C (mg/g)
values from this study showed that both surface and pore
adsorption played vital roles in both cations removal processes
with surface adsorption being more prominent for Cd(II) (ESA



Fig. 4. (a) Cd(II) and (b) Pb(II) adsorption trends on BCM 1:1; (c) Cd(II) and (d) Pb(II) adsorption trends on BMM 0.5:1 at 19, 37, and 55 �C.

Table 2
BCM 1:1 and BMM 0.5:1 kinetic model parameters for Pb(II) and Cd(II) adsorption.

Kinetic model Parameter Cd(II) on BCM 1:1 Cd(II) on BMM 0.5:1 Pb(II) on BCM 1:1 Pb(II) on BMM 0.5:1

*PFO qe (mg g�1) 4.73 3.66 19.61 27.84
k1 (min�1) �0.011 �0.010 �0.017 �0.021
r2 0.829 0.821 0.930 0.955

*PSO qe (mg g�1) 24.92 12.89 64.78 64.21
k2 (g mg�1min�1) 0.015 0.018 0.004 0.003
r2 0.999 0.997 0.999 0.999

*IPD C (mg g�1) 18.64 8.401 40.89 31.00
ki (g g�1 min1/2) 0.453 0.321 1.771 2.465
r2 0.890 0.818 0.756 0.819

*EPA % 23.6 32.3 35.2 50.2
*ESA % 76.4 67.8 64.8 49.8
Experimental mg/g 24.4 12.4 63.1 62.2

*Pseudo-first order (PFO) kinetic model; *Pseudo-second order (PSO) kinetic model; *Intra-particle diffusion (IPD) kinetic model; *EPA ¼ Estimated pore adsorption of IPD;
ESA ¼ Estimated surface adsorption of IPD.
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�67%) than Pb(II) (ESA �49%).

3.3. Effect of pH on Pb(II) and Cd(II) ions adsorption

The cation solution pH is one major variable that affects the
adsorption process. The cation solution pH affects the charge
density on the adsorbent's adsorption sites which influences the
extent of adsorption, as well as ionization state of the pollutant
(Asuquo and Martin, 2016). In order to ascertain the effect of pH on
these hybrids adsorption of both cations, the effect of pH was
probed as described above and the results are depicted in Fig. 2 ced.
The results showed that the adsorption process for both cations
were pH dependent and increased with pH until optimum
adsorption was attained between pH 6 and 7 for Pb(II) and Cd(II);
thus, both cations had similar trend. This adsorption trend could be
explained in terms of the influence of pH on the charge density on
the hybrids' adsorption sites. At the lowest solution pH value used
for the experiments (pH 3), the degree of ionization of surface
functional groups on adsorption sites are very low. The high con-
centration of protons (Hþ) in solution at this pH also enhances this
low ionization state, as well as behaves as competing group for the
negatively charged site (Okoli et al., 2017). Thus, in the absence or
low amounts of negatively charged functional groups and high
amount of Hþ, electrostatic interaction (predicted to be the major
mechanism of cation adsorption) is low, resulting in low adsorp-
tion. However, as pH increases, ionization of the negatively charged
sites/groups increases and the competition fromHþ for such groups
becomes less potent, resulting in increased electrostatic attraction
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and adsorption increases consequently.
3.4. Equilibrium, temperature studies and adsorption isotherm
modeling

Equilibrium studies on both adsorbents using varying concen-
trations of Pb(II) and Cd(II) were carried out and adsorption trends
are shown in Fig. 4 aed. The trends expressed increased adsorption
as concentrations were increased for both cations. The observed
trend was attributed to the enhanced adsorption which occurs
when adsorbate concentration is increased at the point of equal
movement of cations between the external surface film and inter-
nal pores (Diagboya and Dikio, 2018c), and possibly due to multi-
layer adsorption.

The cations adsorption exhibited different trends for Pb(II) and
Cd(II) as the temperature was varied (Fig. 4 aed). As temperature
increased from 292 to 310 K, Cd(II) adsorption trend increased by
approximately 10% for both adsorbents, but further temperature
increase to 328 K resulted in approximately 40% decrease in
adsorption. However, Pb(II) adsorption decreased continuously
with increased temperature from 292 to 310 and 328 K by
approximately 7 and 35% for BCM 1:1, and 28 and 46% for BMM
0.5:1, respectively. Thus, while Cd(II) adsorption initially increased
with temperature and then later decreased for both adsorbents, the
Pb(II) adsorption decreased continuously, but the decrease was
higher in BMM 0:1 than for BCM 1:1 implying BCM is a more
promising adsorbent. These trendswere irrespective of the biomass
nature, that is, whether raw biomass or the biochar. The trend for
Cd(II) was attributed to the fact that it is retained by exchange re-
actions which were enhanced (reduced activation energy) by initial
temperature rise, but further rise resulted in higher adsorbate en-
tropy and reduced adsorption. However, Pb(II) removal is basically
via inner sphere complexation with organic matter but the
increased entropy associated higher temperature meant that fewer
of these weak complexes were formed and hence the lower
removal quantities (Diagboya et al., 2015b; Lu and Xu, 2008).

The Pb(II) and Cd(II) equilibrium data at the various tempera-
tures were evaluated for the thermodynamic parameters as shown
in Table 3 in order to predict the nature of the adsorption process.
The calculated negative DH� values indicated exothermic processes
and supported the reduced cations adsorption observed with
increased input of external energy, while the mostly positive DS�

values suggested increased randomness for cations in solution as
Table 3
Thermodynamic parameters for Pb(II) and Cd(II) adsorption.

Thermodynamic Parameter Cd(II) BCM 1:1

DH� kJ mol�1 15.37
DS� J mol�1 K�1 �48.75
DG� (kJ mol�1) 292 K 1.58

310 K �0.76
328 K �0.06

Table 4
Langmuir and Freundlich adsorption isotherm models parameters.

Adsorption isotherm model Parameter Cd(II) BCM 1:1

Langmuir Qo (mg g�1) 33.33
b 0.02
r2 0.875

Freundlich 1/n 0.441
kf 1.69
r2 0.894

Experimental Qo mg/g 21.04
the adsorption moved towards equilibrium. The negative DG�

values were indicative of spontaneous adsorption processes for
both cations. The small positive DG� values observed in a few cases
may be attributed to inherent errors in the linear model thermo-
dynamic parameters calculation which become significant for low
energy surfaces (Diagboya et al., 2018).

The equilibrium data at 292 K were evaluated using the Lang-
muir and Freundlich adsorption isotherm models and the isotherm
parameters are shown in Table 4. It was observed that the Pb(II)
adsorption on both hybrids were better described by the Langmuir
adsorption isotherm model with r2 values of 0.999 and Qo values
that were equal to the experimentally obtained values. This good fit
was suggestive of monolayer Pb(II) adsorption on adsorption sites
with almost equal affinity for Pb(II) cation (Asuquo and Martin,
2016). The adsorption of Cd(II) on the other hand fit better to the
Freundlich adsorption isotherm model with r2 values� 0.894. This
model proposes that Cd(II) adsorption on these hybrids occurred on
heterogeneous surfaces of unequal energy and that multilayer
adsorption might have occurred on the initial surface adsorbates at
equilibrium (Asuquo and Martin, 2016).

In corroboration of our earlier report (Diagboya and Dikio,
2018c), the magnetic valorization, apart from easing the removal
of spent adsorbents from treated water, enhanced the adsorption
capacity of the hybrid adsorbents. In general, faster adsorption
rates were observed for Pb(II) compared to the Cd(II) on both ad-
sorbents. Also, comparing adsorption on both adsorbents showed
better adsorption on the biochar hybrid (BCM 1:1) than the raw
biomass hybrid (BMM 0.5:1), with higher adsorption for Pb(II) than
Cd(II). The hybrids adsorption capacities for Pb(II) and Cd(II) were
compared with some other low-cost adsorbents in literature in
order to evaluate their effectiveness (Table 5). Table 5 showed that
these hybrid adsorbents were better than several low-cost adsor-
bents reported in literature.
4. Conclusion

Biomass and biochar were valorized by magnetization via a
facile and benign process to prepare BMM 0.5:1 and BCM 1:1,
respectively. Both hybrids exhibited higher cation exchange ca-
pacity, BET surface area and pore sizes than the starting low-cost
biomaterials. The adsorption of Pb(II) and Cd(II) ions by the hy-
brids involved electrostatic interactions between the cations and
the negatively charged functional groups on the empty adsorption
Cd(II) BMM 0.5:1 Pb(II) BCM 1:1 Pb(II) BMM 0.5:1

�3.79 �98.28 �86.11
24.10 303.40 260.58
3.13 �10.51 �10.99
3.96 �2.36 �3.17
3.96 0.20 �1.86

Cd(II) BMM 0.5:1 Pb(II) BCM 1:1 Pb(II) BMM 0.5:1

125.00 58.82 66.67
0.002 2.83 2.50
0.512 0.999 0.999
0.890 0.118 0.151
0.38 33.07 37.33
0.991 0.498 0.653
21.30 58.22 63.56



Table 5
Comparison of adsorption capacities of the BMF composites with those of similar composites and some low-cost adsorbents.

Adsorbent Pollutant qe (mg/g) Reference

Bentonite-Carica papaya composite Cd(II) 10.9 (Olu-Owolabi et al., 2016a)
Feldspar-Pine cone composite Cd(II) 11.5 (Olu-Owolabi et al., 2018)
Feldspar-Carica papaya composite Cd(II) 12.6 (Olu-Owolabi et al., 2018)
Bentonite-Pine cone composite Cd(II) 12.6 (Olu-Owolabi et al., 2016a)
BMF-0.5 Cd(II) 15.8 (Diagboya and Dikio, 2018c)
BMF-1 Cd(II) 17.8 (Diagboya and Dikio, 2018c)
Sweet potato peels Cd(II) 18.9 (Asuquo and Martin, 2016)
BMM 0.5:1 Cd(II) 21.0 This study
BCM 1:1 Cd(II) 21.3 This study
Algae Waste Biomass (AWB) Cd(II) 33.7 (Bulgariu and Bulgariu, 2016)
Alkaline treatedeAWB Cd(II) 41.9 (Bulgariu and Bulgariu, 2016)
Feldspar-Carica papaya composite Pb(II) 26.0 (Olu-Owolabi et al., 2018)
Magnetic chitosan microparticles Pb(II) 121.3 (Li et al., 2013)
Magnetic xanthate-chitosan Pb(II) 76.9 (Zhu et al., 2012)
Valonia tannin resin Pb(II) 52.4 (Şengil and €Ozacar, 2009)
BMM 0.5:1 Pb(II) 63.6 This study
BCM 1:1 Pb(II) 58.2 This study
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surfaces on both the external surfaces and within pores. Adsorption
equilibrium was within 180min while optimum adsorption was
attained between pH values of 6 and 7. The Cd(II) adsorption
initially increased up to 310 K and then decreased for both adsor-
bents. However, Pb(II) adsorption decreased continuously but the
decrease was higher for BMM 0:1 than BCM 1:1 implying BCM is a
more promising adsorbent. Thermodynamic parameters calcula-
tions predicted spontaneous and exothermic processes for the
cations. The Pb(II) adsorption data for both hybrids suggested
monolayer adsorption on almost equal adsorption sites, while
Cd(II) adsorption data indicated adsorption on heterogeneous
surface sites of unequal energy and possibly multilayer adsorption.
In general, faster and higher adsorption rates were observed for
Pb(II) compared to the Cd(II) on both adsorbents, while signifi-
cantly higher adsorption was exhibited by the biochar hybrid (BCM
1:1) more than the raw biomass hybrid (BMM 0.5:1). The hybrids
adsorption capacities for Pb(II) and Cd(II) were better than many
low-cost adsorbents in literature. The magnetic valorization, apart
from easing the removal of spent adsorbents from treated water,
enhanced the adsorption capacity of the hybrid adsorbents.
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