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ABSTRACT

The toxicity of Pb*, Cd*, and Zn* ions in an aqueous solution cannot be over-emphasized.
Therefore, it is essential to treat industrial wastewater containing these heavy metals before being
discharged into the environment. In this study, we evaluated the sorption of Pb*, Cd*, and Zn*
metal ions onto Thaumatococcus danielli. We studied the effects of different influential parameters
such as contact time, pH, metal ion concentrations, and temperature. The batch sorption study
revealed that the sorption process is pH dependent, with optimum pH obtained at 4.0 for Pb*
and Cd*" and 5.0 for Zn*, respectively. The sorption equilibrium and kinetic rates studied revealed
that the adsorption data best fit Freundlich isotherm and pseudo-second-order models, respec-
tively. The g__ values obtained are 95.215, 77.482 and 84.090 mg/g for Pb*, Zn** and Cd*, respec-
tively. Thermodynamics analyses indicate that the metal ions sorption on Thaumatococcus danielli
is feasible, spontaneous, and endothermic. The enthalpy values are 61.42, 42.17, and 41.34 kJ/
mol for Pb*, Cd* and Zn”, respectively. Fourier-transform infrared analysis showed ionizable
functional groups such as -OH, C=C, C=C, C=0, C-O, and C-H, which could involve the metal
binding. The results indicated that Thaumatococcus danielli could be a prospective sorbent for

the sorption of Pb*, Cd*, and Zn* from polluted aqueous solution.
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1. Introduction

Water pollution constitutes a significant threat to human
health and animals due to the release of toxic and hazard-
ous chemicals from various anthropogenic and industrial
activities [1].

Clean water is essential in almost all human deeds,
from domestic to industrial usage. Still, heavy metals in
water bodies render them unfit for use because they tend
to aggregate in living organs and become toxic.

Cadmium, for instance, is an essential metal for
many industrial processes such as coating and plating,
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rechargeable batteries, solar cells, alloys, and pigments.
However, it is a toxic environmental element with high
mobility [2]. The harmful effects of cadmium in the body
include kidney problems, cancer wearing of bone, hyper-
tension, lung dysfunction, and liver impairment dam-
age [2]. It causes the poisoning of aquatic organisms and
drastic changes in the marine ecosystem.

On the other hand, lead production is increasing glob-
ally because of its use in lead-acid batteries [3]. Soils and
plant contamination leads to transcending the food chain
affecting microorganisms and animals [3,4]. Lead exhibits
a high degree of toxicity (whether inhaled or swallowed) in

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



A.]. Ademoyegun et al. / Desalination and Water Treatment 273 (2022) 162-171 163

many organs, damaging the nervous, renal, reproductive,
hematopoietic, and cardiovascular systems after ingestion,
inhalation, or skin absorption [4].

The report also showed that lead(Il) compounds are
harmful contaminants to the biosphere, posing a detri-
mental risk to living organisms’ survival even at low con-
centrations [5]. In humans, for instance, regular contact
with lead has been found to cause edema, learning impair-
ment in children, damage to organs, and distortion of the
immune system [6].

Similarly, zinc is a vital element for living organ-
isms’ survival and a micronutrient in small amounts [7].
Nevertheless, persistent exposure to zinc could pose health
risks for humans. At higher concentrations, zinc causes
deformation of protein metabolism, arteriosclerosis dam-
age, and damage to the pancreas [7]. Consequently, there is
a need to reduce the concentrations of Pb*, Cd*, and Zn*
ions in polluted water to tolerable concentration levels.

Interestingly, various techniques for treating polluted
water include but are not limited to chemical precipitation,
reverse osmosis, solvent extraction, coagulation, mem-
brane separation, ion exchange, electrolytic processes, and
ultrafiltration [8-10]. The disadvantages of these conven-
tional methods include incomplete removal of pollutants,
costly, time-consuming, sludge generation, and high energy
requirements [8-10]. Thus, it is necessary to look for sub-
stitute options with low-cost operations that are simple
to manage and do not generate sludge.

Hence, the sorption process is an effective and straight-
forward method for heavy metals pollutant removal which
only requires minimal reagents and the possibility of recov-
ery of the added biomass through the regeneration process
[11,12]. However, the high cost of sorbent (activated car-
bon) for the sorption process has resulted in the continu-
ous search for cheaper and more effective sorbents. Some
sorbents successfully used to remove pollutants are y-alu-
mina nanoparticles and multi-walled carbon nanotubes [1],
clarified sludge, rice husk ash, neem bark, chemically acti-
vated alumina [7], orange peel [8], fish scale [9], groundnut
husk [10], maize wrapper [12], aerobic granules [13], and
dried marine green [14]. Thaumatococcus danielli is a plant
found in the forests in West Africa. Its uses are versatile.
It has medicinal value, a sweetener, and food packaging.
Thaumatococcus danielli is a non-tree (rhizomatous) plant
that grows naturally [15].

In this study, we used the biomass of Thaumatococcus
danielli leaf as a sorbent to eliminate Pb%*, Cd*, and Zn*
from an aqueous solution. We studied the influence of var-
ious factors such as the contact time, sorbent dosage, pH,
and initial concentration of heavy metal ions to determine
the optimum condition. Finally, the sorption isotherm and
kinetic studies of Pb*, Cd*, and Zn* ions onto the pre-
pared sorbent were studied and evaluated.

2. Experimental
2.1. Preparation of biomass

Thaumatococcus danielli (moimoi leaf) leaves used in this
study were plucked from a small farm at Ago-Iwoye, Ogun
State, Nigeria, and thoroughly washed with distilled water
to remove dust and other impurities. The leaves dried

for two weeks at room temperature, crushed into smaller
pieces to increase the surface area, carefully weighed into
different masses, and stored until the time of use.

2.2. Preparation of stock solution

All chemicals and reagents used were of analytical grade.
Standard stock solution (1,000 mg/L) of Pb*, Cd* and Zn*
were prepared by dissolving Pb(NO,), Cd(NO,),.4H,O,
and Zn(NQO,),.6H,O salts respectively in deionized water.
The desired solutions were prepared by dilution of the
stock solution. The pH was adjusted using 0.1 M HNO,
and 0.1 M NaOH.

2.3. Characterization analyses

We examined the surface of T. danielli with FT-IR
recorded at 400-4,000 cm™ using a Shimadzu FTIR model
8400 S spectrophotometer to provide information on the
nature of possible interactions between the functional
groups of T. danielli and the metal ions. Scanning electron
microscope (SEM) analysis was performed to investigate
the morphology and particle size of the sorbent with the
aid of Hitachi (Japan) S-3000H electron microscope with
an accelerating voltage of 15 kV.

2.4. Batch sorption study

The batch sorption experiments were carried out from
0 to 3 h in a test tube at 27°C in a thermostat water bath.
We contacted 0.5 g of T. danielli with 25 mL of 100 mg™ of
each prepared metal ions solution. The content was left for
different periods, from 0-3 h. At a particular time, the sam-
ples were taken out from the bath, filtered, and the resid-
ual Cd*, Pb*, and Zn?* ions concentration in solution were
determined using flame atomic absorption spectrophotom-
eter (FAAS) equipped with a flame burner (Perkin-Elmer
analyst 700). The quantity of pollutant (QE) and the per-
centage sorbed were calculated using the equations below:

S AN V4 1)

%Sorbed =

C-C
L /%100 )
C

i

where the concentration of the initial pollutant used is C,
and C, denotes the final concentration in mg/L, m stands
for the mass of T. danielli used in g. V is the volume of the
contaminants in L. We used different T. danielli dosages in
this study (0.2 to 2.0 g) at 100 mg/L metal ions concentra-
tion to determine the effect of varying T. danielli dosage.

3. Results and discussion
3.1. FT-IR elucidation

The FT-IR spectra of T. danielli loaded with metal
ions, and the sorbent was recorded in the range of
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350-4,000 cm™ (Fig. 1b). The functional groups promi-
nent on FTIR spectra of T. danielli leaf are; OH stretch-
ing of the carboxylic group at 3,264 cm™, C-H stretch
at 2,927.45 cm™, C=0O stretching of conjugated acid at
1,770 em™, C=C peak at 1,647.11 cm™, C-O stretch of
esters at 1,200 cm™, and C-O of alcohols at 1,100 cm™. The
presence of ionizable and electron-rich functional groups
of O-H, C=C, and C=C is likely the active sites that bind
with the metals’ positive ions (cations) [11,14]. There
was a hypochromic shift due to the sorption effect of the
metal ions on the sorption band of the free biomass.

The SEM visualize the biomass particles and the sor-
bent’s microstructure nature, as shown in Fig. la. The
SEM analysis of T. danielli revealed various sizes arranged
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in a flower-like display. The particles have a diameter of
10-130 pm.

3.2. Effect of solution pH on sorption of metal ions

The effect of pH on the sorption of Cd*, Pb*, and Zn*
ions, was done from 1-7, reacting 0.5 g of T. danielli leaf
with 25 ml of 100 mg™ of the tested metal ions. The result
in Fig. 2a. The optimal pH is pH 4.0 for Pb* and Cd* and
pH 5.0 for Zn*. Higher pH causes the precipitation of the
metal hydroxides [12,16]. At lower pH, the active sites of
the biomass protonate; hence, hydrogen ions, being posi-
tive ions, contend with the positive metal ions for binding
with the biomass surface’s active sites, resulting in low
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Fig. 1. (a) SEM image of Thaumatococcus danielli and (b) FT-IR spectra of the free and metal-bound TD leaf.
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Fig. 2. (a) Effect of pH on sorption of (b) time-dependence plot for sorption of Zn*, Pb* and Cd*, Pb* and Zn* by TD Cd*

onto the TD leaf.

sorption [12]. Literature also reveals that sorbent cell wall
ligands are saturated with hydroxonium ions, and repul-
sive forces prevent metal ions from binding onto the bio-
mass’s surface [12,16]. Optimum sorption in this present
study was established to be 92.00, 81.00 and 70.00 mg/g for
Pb*, Cd* and Zn?*, respectively. The results agreed well
with those documented using the Musa parasidiaca flower
for the sorption of the same metal ions [12].

3.3. Effect of biomass dosage

The sorbent dosage determines the sorption sites avail-
able for metal ions to adhere. Hence its quantity greatly
influences the uptake of pollutants from the solution [17].
Therefore, varying the biomass used is crucial in sorption
studies as it determines the sorbent efficiency for a given
contaminant. The increase in metal ion sorbed observed
with increasing sorbent dosage was due to the rise in
available sites on the T. danielli surface, as shown in Fig. 3
and an increase in the number of the receptors on the sor-
bent surface. However, when the sorbent dosage is above
the maximum values, a reduction in the amount of the
pollutant sorbed could be noticed [18].

3.4. Kinetics study

Sorption kinetics were carried out to assess the efficiency
of the sorption process with time. The kinetics of sorption
is crucial in determining the rate at which sorption occurs
and can also give helpful information about the sorption
mechanism. However, sorption kinetics has been found to
vary with different sorbents, as the sorption process could
depend on the composition of the sorbent material. The sorp-
tion data of the metal ion at various contact times revealed
that the number of metal ions sorbed increases as time
proceeds, as depicted in Fig. 2b. The sorption process was
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Fig. 3. Influence of sorbent’s dosage on the sorption of Pb*, Zn*
and Cd* by TD leaf.

initially rapid and gradually slowed down upon approach-
ing equilibrium. The fast initial removal of the metal ions
by the sorbent may be due to the availability of free binding
sites on the surface of the T. danielli leaf [19]. The sorption
rate becomes relatively steady as time progresses and then
reasonably constant at 150 min for Zn** and Cd*. In com-
parison, the rate of sorption was pretty consistent at 180 min
for Pb* (Fig. 2b). The difference in the equilibrium time
might be due to the difference in affinity of the metal ions
to the available active sites on the biomass surface. The data
showed that the maximum quantity of the pollutants sorbed
at equilibrium for the sorption processes are 88.04, 79.21,
and 66.92 mg/g for Pb*, Cd*, and Zn*, respectively.
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Four kinetic models were employed viz; pseudo-first-
order, pseudo-second-order, Elovich, and intraparticle diffu-
sion kinetic models as listed in Table 1 [20-23]. The models
were used to understand the mechanisms of the sorption
of the pollutants by the T. danielli leaf. The values obtained
from these models are as listed in Table 2 using Fig. 4a-d.

From Table 3, it follows that the kinetics studies are
best explained with the pseudo-second-order model with
the highest values of R? thus, suggesting that the sorp-
tion process proceeded via chemisorption. This corrobo-
rated closeness of the importance of the calculated sorption
capacity of the pseudo-second-order with the experimental
values. The calculated values of g, from the pseudo-second-
order are 85.22, 65.17, and 80.25 mg/g. Additionally, based
on the values of R? > 0.9 as listed in Table 3, the Elovich
equations seem to describe the sorption kinetics of the
metal, which proceeds via ion exchange systems and thus
suggest a chemical process.

3.5. Initial metal ion concentration and sorption isotherm

The driving force needed to overcome the mass trans-
fer forces between the pollutant and sorbent depends
mainly on the concentration of contaminants present in
the solution at the beginning of the reaction, which plays

Table 1
Kinetic sorption models
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a vital role in the sorption process [10,24]. At higher
concentrations, the uptake sites picked up the available
pollutant more rapidly due to the quick diffusion of
the pollutants particles into the available receptor cites of
the sorbent. Results from experimental equilibrium sorption
isotherm were analyzed with Langmuir, Freundlich, and
Temkin models [25-27] as listed in Table 3.

The Langmuir model suggested monolayer sorp-
tion on the sorbent surfaces and that there are no interac-
tions between adjacent molecules on the surface. Also, the
Freundlich isotherm model is an empirical equation that
describes the sorption process onto a heterogeneous sur-
face. The model estimates the sorption intensity of the sor-
bate into the sorbent surface. On the other hand, the Temkin
isotherm considers the interactions between sorbents and
metal ions to be sorbed, based on the assumption that the
free energy of sorption is a function of the surface cover-
age [28]. The linearized equation of the models is shown in
Table 3. C, is the equilibrium concentration (mg/L), g, is the
amount (mg/g) sorbed at equilibrium time, and 4, and b
are Langmuir constants related to maximum sorption capac-
ity (mg/g) and sorption energy associated with the heat of
sorption (L/mg). If and n are empirical Freundlich con-
stants, indicative of sorption capacity and intensity, respec-
tively. Temkin constants are o, and B. The former is the
maximum binding energy, while the latter is related to the
sorption heat.

S/N Kinetics model Linearized equation References Table 3
Sorption isotherm models parameters
Pseudo-first k,
1 log(q, —q,) =logq, ———t [20] — :
order 2.303 S/N  Isotherm model Linearized equation References
Pseudo- t 1 1 1
2 —= +—t 21 i = -
second-order 4, kg’ 4. [21] 1 Freundlich logq, =logK, + ” logC, [25]
3 Elovich q 1ln(ocB)+ Ly [22] 2 L i L1 1 [26]
ovic == -~ angmuir ==t
P p & b 9K Co
4 Intraparticle g, =k t"+C, [23] 3 Temkin g, =Blna. +BInC, [27]
Table 2
Kinetic parameters for the sorption of Zn*, Pb*" and Cd* using the TD leaf
Kinetic model Parameters Pb(1I) Zn(1II) Cd(I)
oo (MB/B) 88.04 66.92 79.21
Pseudo-first-order k, (min™) 1.432 x 1072 1.741 x 1072 1.711 x 102
R? 0.951 0.866 0.930
9, (Mg/g) 7143 87.11 68.79
Pseudo-first-order k, (g/mg-min) 3.95x10* 5.18 x 10+ 418 x10*
R? 0.994 0.997 0.996
A -7.571 -8.599 -7.571
Elovich B 17.71 14.62 17.51
R? 0.977 0.972 0.981
k, (mg/g-min) 2.685 x 107® 2.52 x 107 6.03 x 1071
Intraparticle diffusion B 17.71 14.62 17.50
R? 0.977 0.9712 0.981
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Fig. 4. Plots of (a) pseudo-first-order, (b) pseudo-second-order kinetic, (c) Elovich and (d) intraparticle kinetic models of the

sorption of Zn*, Pb* and Cd* using TD leaf.

Fig. 5 shows the plots of these isotherms, while the
values of their constant as generated are presented in
Table 4. Freundlich isotherm model with the highest cor-
relation coefficient (R?) value gave the best fit indicating
that the sorption mechanism occurs via multilayer diffusion
of the pollutants onto the sorbent surface.

The equilibrium capacity (QE) increases with the con-
centrations of the pollutants. The K, values obtained for
Pb*, Zn*, and Cd*, are 10.69, 10.68, and 8.98, suggesting
that Cd*" had a greater affinity toward the T. danielli leaf bio-
mass when compared with Pb* and Zn*" (Table 5). Also, the
Langmuir model obtained the g, values are 95.215, 77.482,
and 84.090 mg/g for Pb*, Zn*, and Cd*" as shown in Table 4.
The comparison of Cd(II), Pb(Il) and Zn(II) maximum sorp-
tion capacity of different sorbents with T. danielli leaf
biomass is shown in Table 6.

3.6. Thermodynamics evaluations

Experiments were performed in the temperature range
of 293-323 K to evaluate the thermodynamic parameters
while keeping other variables constant. The free energy
change (AG) was estimated using the equation below:

AG®=-RTInK, ®)

where the absolute temperature is given as T (K) and K is
the equilibrium constant estimated from the relationship
below:

ad ( 4)
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Table 4
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Isotherm parameters of the sorption of Pb*, Zn* and Cd* by TD leaf

Isotherm model Parameter Pb(II) Zn(IT) Cddrn)
N 1.135 1.136 1.169
K 12 10.683 8.978 10.692
Freundlich ; (mg/g)(ms/L)
R? 0.977 0.982 0.992
S.D 0.074 0.073 0.073
q,.., (Mg/g) 95.215 77.482 84.090
. K, (L/mg) -3.38 x 102 -3.42 x 102 2.76 x 102
Langmuir
R? 0.893 0.852 0.860
S.D 0.00641 0.0077 0.0062
o, (L/mol) 0.880 0.917 0.911
Temkin B (J/mol?) 29.407 24218 27.286
R? 0.965 0.975 0.963
u Zn(ll)
e Pb(ll)
u Zn(ll) A Cd(l)
® Pbll)
A Cd(l)
20 Y
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Fig. 5. Plots of (a) Freudlich, (b) Langmuir, and (c) Temkin isotherms of the sorption of Pb*, Zn* and Cd* by TD leaf.
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Table 5
Thermodynamic parameters of Pb*, Zn* and Cd* sorption by TD leaf
Metal ion AH (kJ/mol) AS (J/mol-K) E, (kJ/mol) AG (J/mol)
293 K 298 K 303K 308 K 313K 318K 323 K
Pb 61.42 214.45 61.42 148.7 240.5 356.4 462.7 536.5 752.4 766.9
Cd 42.17 147.85 42.17 85 162.1 291.8 355.8 489 454.5 476.2
Zn 41.34 141.15 41.34 63.3 50.72 122.2 226 337.5 374 387.6
The concentrations of pollutants at equilibrium (mg/L) — = Pb
and the sorbed concentration by the sorbent are C, and C_, i —e—Cd
respectively. 95+ - —A—7n
The thermodynamic parameters, enthalpy, and entropy &
were obtained using Van't Hoff equation. g 90__
o 85
AG® = AH® - TAS° G) 8 8]
3
Substituting Eq. (3) in (5), we obtained Eq. (6): 2 754
2 1
5 70
Ink =25 A1 © £ o]
R T S
S 60+ o
Gibbs’s free energy change (AG) measures in J/mol indi- % 55 e
cate the spontaneity and feasibility of the sorption process. § 1 d .
The enthalpy change (AH) measures in kJ/mol give infor-  § %0+ “
mation about the exothermic or endothermic nature of the 20 200 310 320 330
adsorption process, and entropy change (AS) measures in J/ Temperature (K)

mol-K represents the degree of randomness of the adsorp-
tion process. T is the absolute temperature in K and R is the
gas constant in J/mol-K. When the enthalpy change value
is positive, it signifies an endothermic sorption process
and can be favored by an increase in temperature, while a
negative value of enthalpy change indicates an exothermic
process favors a decrease in the temperature.

The impact of temperature on the sorption of Pb*, Zn?*,
and Cd?* on the surface of T. danielli leaves is shown in Fig. 6.
The sorption of the metal ion is found to increase with an
increase in temperature. The thermodynamic parame-
ters of enthalpy and entropy were obtained from the slope
and the intercept in Fig. 7. The enthalpy changes obtained
are 61.42, 42.17, and 41.34 kJ/mol for Pb*, Cd*, and Zn?*,
respectively (Table 5). The positive values of the enthalpy
indicate that the process is endothermic and requires an
input of energy to proceed. The sorption process was
spontaneous, demonstrating the feasibility of the sorption
process.

The entropy values are higher than the value reported
when the Musa parasidiaca flower was used to uptake the
same metal ions from an aqueous solution [29] which indi-
cates that the process is more spontaneous. Generally, the
value of AG® for a physio-sorption process range between
—-20 and 0 kJ/mol, whereas values between —80 and —400 kJ/
mol signify the chemisorption process [30]. The values of
AG® obtained in the present study ranged from -0.0633 to
-0.766 KkJ/mol, corresponding to a spontaneous physical
sorption process. The activation energy E_ is an essential
factor in reaction rate determination, if the value is signif-
icant, the reaction is slow, and vice versa. The relationship

Fig. 6. Effect of temperature on the sorption capacity of TD
on Pb%*, Zn* and Cd*.
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Fig. 7. van’t Hoff plots for the sorption of Pb*, Cd*, and Zn?.

between equilibrium constant K and activation energy E,
(in J/mol) can be established using the Arrhenius equa-
tion as shown in Eq. (7). A is the pre-exponential con-
stant factor that correlates with the empirical relationship
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Table 6
Comparison of Cd(II), Pb(II) and Zn(II) maximum sorption capacity of different sorbents
Sorbents Sorbate q, (mg/g) Optimum pH References
Musa parasidiaca Cd(II) 192.31 6 [29]
Pb(II) -144.72 6
Zn(1I) -847.46 6
Rice husk Zn(1I) 20.8 3.5 [31]
Mirabilis jalapa Cd(In 38.461 6 [32]
Pb(II) 23.461
Algae Cdrn) 2.52 5 [33]
Pb(II) 3.08 6
Pb(II) 2.60 6
Razor clam shell Cdrn) 4.24 6 [34]
Pb(II) 3.76 6
Zn(1I) 9.17 6
Opyster shell Cd(II) 8.91 6
Pb(II) 0.73 6
Zn(1I) 8.17 6
Azolla filiculoides Pb(II) 228 55 [35]
(treated with H,0,/MgCl,) Cd(n 86 6
Zn(1I) 48 6.7
Canola biomass Cd(n 25.86 7 [36]
Thaumatococcus danielli Pb(II) 95.2 4 Present study
cdarn 84.09 4
Zn(I0) 77.482 5

between rate constant and temperature. The energy of
activation is obtained via slope —E /R of the straight line
plot of InK_vs. 1/T.

InK, =InA- E, (7)
RT

The energy of activation was between 61 and 41 kJ/mol,
suggesting that the sorption process is relatively slow as
reported by [29], indicating that the present study is diffu-
sion controlled as given by the value of the activation energy
as shown in Table 6. Also, comparatively with other sor-
bents [31-36], T. danielli can serve as a suitable sorbent for
the sorption of the reported metal ions.

4. Conclusion

The batch study investigates the sorption of Pb*, Cd?*,
and Zn* onto Thaumatococcus danielli surface under differ-
ent reaction conditions such as contact time, pH, metal ion
concentrations, and temperature. From the results obtained,
we can infer that pH is one of the critical factors that affect
the rate of sorption of Pb*, Cd*, and Zn*" by Thaumatococcus
danielli. Maximum sorption occurred between pH 4.0 during
the sorption of Pb* and Zn* and 5.0 for Cd* removal by
T. danielli leaf. We found equilibrium time for sorption of
Pb*, Zn*, and Cd* from an aqueous solution achieved in
the range of 150 to 180 min, and the experimental data fit
the pseudo-second-order model. In contrast, the sorption

isotherm study showed that the Freundlich model provided
the best fit. The results suggest that the Thaumatococcus danieli
leaf is an efficient sorbent for deleting Pb*, Zn*, and Cd*
from an aqueous solution.

References

[1] S. Agarwal, 1. Tyagi, VK. Gupta, M.H. Dehghani, J. Jaafari,
D. Balarak, M. Asif, Rapid removal of noxious nickel(Il) using
novel +y-alumina nanoparticles and multi-walled carbon
nanotubes: kinetic and isotherm studies, J. Mol. Liq., 224 (2016)
618-623.

M. Igbal, A. Saeed, S.I. Zafar, Hybrid biosorbent: an innovative
matrix to enhance the biosorption of Cd(II) from aqueous
solution, J. Hazard. Mater., 148 (2007) 47-55.

B. Tolliday, Significant Growth in Lead Usage Underlines its
Importance to the Global Economy, Int. Lead Assoc., 2014.
M.A. Assi, M.N.M. Hezmee, A.W. Haron, M.Y.M. Sabri,
M.A. Rajion, The detrimental effects of lead on human and
animal health, Vet. World, 9 (2016) 660-671.

D. Xu, X. Tan, C.L. Chen, X.K. Wang, Removal of Pb(II) from
aqueous solution by oxidized multi-walled carbon nanotubes,
J. Hazard. Mater., 154 (2008) 407-416.

R. Rajalakshmi, S. Subhashini, P. Lalitha, The usefulness of acti-
vated carbon prepared from industrial wastes in the removal
of nickel from aqueous solution, J. Chem., 6 (2009) 361-370.

A K. Bhattacharya, S.N. Mandal, S.K. Das, Adsorption of Zn(II)
from aqueous solution by using different adsorbents, J. Chem.
Eng., 123 (2006) 43-51.

T.F. Akinhanmi, E.A. Ofudje, A.I. Adeogun, P. Aina, I.M. Joseph,
Orange peel as low-cost adsorbent in the elimination of Cd(II)
ion: kinetics, isotherm, thermodynamic and optimization
evaluations, Bioresour. Bioprocess., 7 (2020) 34, doi: 10.1186/
540643-020-00320-y.



(9]

[10]

(11]

[12]

(13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

A.]. Ademoyegun et al. / Desalination and Water Treatment 273 (2022) 162-171

Al Adeogun, E.A. Ofudje, M.A. Idowu, S.O. Kareem,
S. Vahidhabanu, B.R. Babu, Biosorption of Cd* and Zn* from
aqueous solution using tilapia fish scale (Oreochromis sp.):
kinetics, isothermal and thermodynamic study, Desal. Water
Treat., 107 (2018) 182-194.

E.A. Ofudje, A.O. Awotula, G.V. Hambate, F. Akinwunmi,
S.0. Alayande, O.D. Olukanni, Acid activation of groundnut
husk for copper adsorption: kinetics and equilibrium studies,
Desal. Water Treat., 86 (2017) 240-251.

B. Subramanyam, A. Das, Linearized and non-linearized
isotherm models comparative study on adsorption of aqueous
phenol solution in the soil, Int. J. Environ. Sci. Technol., 6 (2009)
633-640.

N.A.A.Babarinde, ]J.O. Babalola, O.A. Adebisi, Kinetic, isotherm,
and thermodynamic studies of the biosorption of zinc(Il) from
solution by maize wrapper, Int. J. Phys. Sci., 3 (2008) 50-55.

X.E. Sun, S.G. Wang, X.W. Liu, N. Bao, B.Y. Gao, H.Y. Zhang,
Biosorption of Malachite green from aqueous solutions onto
aerobic granules: kinetic and equilibrium studies, Bioresour.
Technol., 99 (2008) 3475-3483.

P. Pavasant, R. Aspiratikul, V. Sungkhum, P. Suthparinyanont,
S. Wattanachira, T.F. Marhaba, Biosorption of Cu*, Cd*, Pb*,
and Zn?, using dried marine green Caulerpalentilligera macroalga,
Bioresour. Technol., 97 (2006) 2321-2329.

S.N. Chinedu, A.Y. Oluwadamisi, S.T. Popoola, B.J. David,
T. Epelle, Analyses of the leaf, fruit and seed of Thaumatococcus
danielli (Benth) exploring potential uses, Pak. ]. Biol. Sci.,
17 (2014) 849-854.

S. Kalyani, P.S Rao, A. Krishnaiah. Removal of nickel(II) from
aqueous solutions using marine macroalgae as the sorbing
biomass, Chemosphere, 57 (2004) 1225-1229.

S. Kumar, K. Krishnan, Biosorption of Cd(Il) and Pb(Il) ions by
aqueous solutions of novel alkalophillic Streptomyces VITSVK5
spp. biomass, J. Ocean Univ. China, 10 (2011) 61-66.

J.C.P. Vaghetti, E.C. Lima, B. Royer, B.M. da Cunha, N.F. Cardoso,
J.L. Brasil, S.L.P. Dias, Pecan nutshell as biosorbent to remove
Cu(Il), Mn(Il), and Pb(II) from aqueous solution, J. Hazard.
Mater., 162 (2009) 270-280.

VK. Gupta, A. Rastogi, Biosorption of lead from aqueous
solution by green algae Spirogyra sp.: kinetics and equilibrium
studies, J. Hazard. Mater., 152 (2008) 407-414.

S. Lagergren, Zur theorie der sogenannten adsorption geloster
stoffe, K. Sven. Vetenskapsakad Handl., 24 (1898) 1-39.

YS. Ho, A.E. Ofomaja, Biosorption thermodynamics of
cadmium on coconut copra meal as biosorbent, Biochem. Eng. J.,
30 (2006) 117-123.

[22]
(23]

[24]

[25]
[26]
[27]

[28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

[36]

171

M.J.D. Low, Kinetics of chemisorption of gases on solids, Chem.
Rev,, 60 (1960) 267-312.

Y.S. Ho, G. McKay, Sorption of dye from aqueous solution by
peat, Chem. Eng. J., 70 (1998) 115-124.

V.B.H. Dang, H.D. Doan, T. Dang-Vu, A. Lohi, Equilibrium and
kinetics of biosorption of cadmium(Il) and copper(Il) ions by
wheat straw, Bioresour. Technol., 100 (2009) 211-219.

H.M.F. Freundlich, Uber die adsorption in lasugen, J. Phys.
Chem., 57 (1906) 385—470.

L. Langmuir, The dissociation of water vapor and carbon dioxide
at high temperatures, ]. Am. Chem. Soc., 28 (1906) 1357-1379.
M.J. Temkin, V. Pyzhev, Recent modifications to Langmuir
isotherms, Acta Physiochim. URSS, 12 (1940) 217-225.

J. Chen, W. Chen, D. Zhou, Adsorption of nonionic aromatic
compounds to single-walled carbon nanotubes: effects of
aqueous solution chemistry, Environ. Sci. Technol., 42 (2008)
7225-7230.

K.D. Ogundipe, A. Babarinde, Comparative study on batch
equilibrium biosorption of Cd(II), Pb(ll), and Zn(Il) using
plantain (Musa parasidiaca) flower: kinetics, isotherm, and
thermodynamics, Chem. Int., 3 (2017)135-149.

W.T. Zhou, X.H. Yu, C.Y. Liu, Y.D. Cha, X. Chen, Kinetics and
thermodynamics of adsorption of ganciclovir by ion exchange
resin, J. Chin. Pharm., 17 (2009) 1327-1331.

Y. Zhang, R. Zheng, J. Zhao, Y. Zhang, P. Wong, F. Ma,
Biosorption of zinc from aqueous solution using chemically
modified rice husk, Biomed. Res. Int., 2013 (2013) 265163,
doi: 10.1155/2013/265163.

S.A. Shahanaz Begmun, Y. Tharakeswar, Y. Kalyan, G.R. Naidu,
Biosorption of Cd(Il), Cr(II), and Pb(II) from aqueous solution
using Mirabilis jalapa as adsorbent, ]J. Encapsulation Adsorpt.
Sci., 5 (2015) 93-104.

S. Klimmek, H.J. Stan, A. Wilke, G. Bunke, R. Buchholz,
Comparative analysis of the biosorption of cadmium, lead,
nickel, and zinc by algae, Environ. Sci. Technol., 35 (2001)
4283-4288.

D. Yang, L. Zhu, Biosorption of divalent Pb, Cd, and Zn on
aragonite and calcite mollusk shells, Environ. Pollut., 159 (2011)
1763-1768.

M. Taghi Ganji, M. Khosravi, R. Rakhshaee, Biosorption of Pb,
Cd, Cu and Zn from the wastewater by treated Azolla filiculoides
with H,O,/MgClL, Int. J. Environ. Sci. Technol., 4 (2001) 265-271.
H. Azarpira, Y. Mahdavi, D. Balarak, Removal of Cd(II) by
adsorption on agricultural waste biomass, Der Pharma Chem.,
12 (2016) 61-67.



