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Abstract. This study investigated the adsorption and desorption performances of water hyacinth leaves powder (WHLP)
and water hyacinth roots powder (WHRP) towards Pb?*, Co%*, Zn?* and Ni?* in industrial wastewater. The parameters
influencing the process were assessed, models were proposed to explain the both the equilibrium and kinetics of the
sorption process and desorption study was conducted using different HNO3z and NaOH concentration. The results showed
that comparatively, the metal uptake capacity of water WHLP was higher than WHRP as examined by the investigated
parameters. The biosorption data fitted to both Langmuir and Freundlich isotherms. The kinetics of the process follows a
pseudo-second order reaction model because it provides good linearization of the experimental data. In addition, relatively
successful metal ions desorption from the biosorbents were recorded with both NaOH and HNO3 solutions.
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1. Introduction

Metals are a class of environmental contaminants and
many of them are very harmful even at low levels.
However, there has been increased pollution of the
biosphere with dangerous metals due to man's enormous
and sustained industrial activities [1, 2]. Typically,
environmental pollution arises from the smelting of
metals, consumption of fossil fuels, pesticides,
municipal wastes, fertilizers, and sewage [3]. Metals are
a major source of concern, owing to their recognized
toxicity to aquatic life and human health at very low
concentrations [4-6]. According to Zhou et al. [7] and
Aknhtar et al. [8], industrial discharges are likely the most
prominent anthropogenic source of metals in the aquatic
environment. However, a fundamental shortcoming in
estimating metals' fate and transit in wastewater
treatment processes is the lack of a reliable way to
predict metals distribution in treatment units,
necessitating the establishment of effective pre-
treatment guidelines [9].

Industrial growth and other human activities in some
emerging nations, along with an immense and
expanding demand for metals like cadmium, lead,
chromium, zinc, copper, and nickel results in significant
levels of pollution in water bodies [10, 11]. Metals in
wastewater, unlike organic pollutants, are not easily
destroyed by biological processes, and they display

effects on both humans and aquatic ecosystems via the
pollution of drinking water [12]. The reuse of cleansed
wastewater is a vital approach to saving water-based
resources, situated in areas prone to water scarcity.

In the quest to mitigate the unpleasant consequences
of metals present in water bodies, numerous research has
found that man-made wetlands are quite efficient in
removing metals from wastewater emanating from
industrial ~ sources [13-15]. However, marked
differences have been seen in the ability of diverse plant
species found in the wetland to absorb and retain certain
metals of interest [16]. For example, wetland plant
species such as water hyacinths with strong trace
element removal capacities from water have been
reported [17].

Water hyacinth (E. crassipes), a member of the
Pontederiaceae family, grows abundantly in certain
regions of the world such as Africa, the Pacific,
Southeast Asia, the Caribbean, and Latin America [18,
19]. When employed as a biological filtration system,
water hyacinth, like most macrophytes that grow in
aquatic environments, has displayed a high capacity for
removing contaminants as it possesses numerous sites
for binding metallic ions and complexes [20, 21]. These
sites include sulfate, imidazole, hydroxyl, amine,
phosphate, sulfhydryl, carboxyl, and other chemical
functional groups present in their cellular sugar and
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protein [22, 23]. Water hyacinth has shown great
potential in the absorption and bio-concentration of a
wide range of hazardous metals from aquatic settings.
As a result, throughout the last few decades, there has
been an increase in plant usage studies [24].

The biosorption course usually comprises two
phases: a solid phase (biosorbent) and water (or other
solvents) as a liquid phase in which components to be
adsorbed are dissolved [25, 26]. Metal-sequestering
properties of biosorbent materials can be exploited to
reduce metal ion concentrations in solution [27, 28]. The
advantages of this process over other methods include
high efficiency and high likelihood of recovering the
metals after adsorption, reduced cost, absence of
nutrition requirement, reduced biological/chemical
sludge, and biosorbent regeneration [29]. Previous
research has shown that the dried biomass of water
hyacinth may effectively remove metals from
contaminated solutions [30-33]. Hemalatha et al. [32]
found that the biosorbent prepared from root of water
hyacinth showed maximum Zn removal of 98.9% and
stem showed Cr removal of 96.4%. As a result, the
overarching goal of this research is to see how effective
dried roots and leaves of water hyacinth are, at removing
metals (Zn%*, Ni%¥*, Co%, and Pb%) from industrial
effluent.

2. Experimental

2.1. Materials and reagents

The water hyacinth plant was harvested from Oba Dam,
Ibadan. The reagents (nitric acid, sodium hydroxide,
hydrochloric acid, EDTA and stock solution of metals)
were purchased from Merck, Darmstadt, Germany.

2.2. Water hyacinth leaves and roots adsorbent
preparation

The collected water hyacinth leaves and roots used in the
study were washed severally with tap water, dried in the
open air for several days, and grounded to powder with
an electric blender. Thereafter, they were sieved using a
2 mm sieve before being employed for the metal ion
sorption without further pretreatment. The prepared
adsorbents were denoted as WHLP and WHRP for water
hyacinth leaves and roots powders respectively.

2.3. Characterization of biosorbents

The structural characterization of the biosorbents was
evaluated with KBr pellets using FT-IR TENSOR27
PMA 50 (manufactured by Brook, Germany). A 4.0
cm™! resolution over 32 scans ranging from 4000-400
cm~!was used. Biosorbent morphology was assessed on
an FEI Sirion Scanning Electron Microscope (SEM) and
FEI Tecnai G2 20 transmission electron microscope
(TEM) that operated at a voltage of 200 kV.

2.4. Preparation of adsorbate

The metal ion adsorbate stock solution was made by
dissolving a predetermined amount of the metal salts
into a 1 L volumetric flask with distilled water. This was
followed by the standardization of the stock solution
using standard 0.01M EDTA solution, a suitable
indicator, and buffer solution of pH 10. From the stock
solution, working solutions containing equal molar

quantities of the metal ions (samples) were made ready
by diluting the stock solution using distilled water. Each
sample was analyzed in triplicate to reduce experimental
error and obtain reproducible results; while the metal ion
quantities in the different samples were determined
using Perkin Elmer-manufactured AAS (Atomic
Absorption Spectrophotometer) Analyst 200, USA. The
wavelength values for metals determination were 213.9,
232, 240.7 and 283.3 nm for Zn?*, Ni%*, Co?*, and Pb?*
respectively. The accuracy of the analytical procedure
was evaluated by using a spike recovery method.
Already analyzed samples were spiked with a known
concentration of metal ions and the samples reanalyzed.
The percent spike recoveries for the metal ions were
between 96.4% and 102%. Metal ions determination
was performed in triplicate and the relative standard
deviations (RSD) for the triplicate analyses were < 10%.
The R? values of the calibration lines for the metals
varied between 0.9995 and 0.9999.

2.5. Batch adsorption experiments

The optimization of the conditions was carried out
according to already established procedures [33-35].
The effect of pH on the biosorbent was assessed by
adding 1.0 g of the powdered biosorbents to 25 mL of
the metal ions (sample) solution in a flask. The pH of
these suspensions was attuned to 4.0, 5.0, 6.0, 7.0, 8.0,
and 9.0 using 2M NaOH or 2M HCI solution. Also, the
influence of biosorbent contact time was assessed by
measuring 1 g of the powdered biosorbents into different
flasks for the different contact time frames of 15, 30, 45,
60, 75, and 90 min. Thereafter, 25 mL of the prepared
metal ion solution containing equal concentration (5
mg/L) at pH 7 was added to the container and shaken at
30 °C. The effect of the biosorbent dosage was
determined by mixing various sizes of the powdered
biosorbent (0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 g) with 25 mL
of the metal ion solution with the pH adjusted to 7 in a
separate flask. In addition, several standard solutions
containing an equal concentration of the metal ions were
prepared; while 1.0 g of the biosorbents was weighed
into several flasks to determine the influence of the
starting heavy metal concentration on the adsorption
performance. Next, 25 mL of the prepared metal ions
solutions (with the pH adjusted to 7) containing an equal
concentration of 5 mg/L was added to the flasks. In all
these processes, the obtained mixtures were shaken for
one hour with the aid of a rotary shaker at 30 °C.
Thereafter, it was filtered by gravity with filter paper
(Whatman No. 1). The concentration of the metal ions
in the filtrate was subsequently determined with AAS as
described previously [33-35].

2.6. Desorption studies
The desorption study was carried out with different
concentrations (2 M, 4 M, and 6 M) of HNO3z and NaOH.
Briefly, 25 mL of a mixture of the recovered biosorbent
and adsorbate was shaken for 1 h and left undisturbed
for one day. Thereafter, the solutions were filtered and
the metal ions concentrations were evaluated by AAS.
The desorption percentages were computed
according to this formula (Eqn. 1):
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released metal concentration

x100

o))

Efficiency of desorption (%) =

initially sorbed metal concentration

3. Results and discussion

3.1. Description of the biosorbents
The morphology of the WHLP and WHRP obtained
were investigated using SEM.

(b)

The SEM micrograph of WHLP revealed aggregated
layers with wide porous construction (Fig. 1a) [36].
However, the WHRP show aggregated fiber bundles
(Fig. 1b). The observed porous construction could serve
as sites where sorption of toxic metal ions takes place
[37]. More also, the TEM images further reveal the
uniform serpentine-like morphology due to the
interconnected fibrous structures in the adsorbents (Fig.
1c-d).

@

Figure 1. SEM and TEM images of water hyacinth (a/c) root and (b/d) leaves powders respectively

3.2. Effect of pH

Scholars have shown that the pH of a particular medium
influences how soluble metal ions can be in the medium.
It also influences the number of measurable counter ions
present on the functional groups of the sorbent cell
walls. For this reason, it can be said that pH is a vital
process index involved in the sorption of ions of metals
from aqueous solutions considering the fact that it
accounts for the protonation of sites where metals can
bind, the solubility of calcium carbonate and speciation
of metals in the solution [38].

This study revealed that Zn, Co, Pb, and Ni, uptake
by WHLP and WHRP increased as pH increased in
value from 4 to 7 (Fig. 2a-b). Beyond pH 7 there was not
much further increase in the uptake efficiency.
Comparable results have also been reported in the works
of literature on various sorbent systems [39-41]. This
observed boost in the sorption accompanying increase in
pH can be attributed to the mechanism displayed in ion-
exchange sorption in which a vital role is performed by

ligands possessing cation-exchange properties. The
removal of the metals (Zn, Co, Pb, and Ni) was hindered
at lesser pH ranges. The reason for this may be the
antagonism of H* and metal ions on the sorption sites,
with a clear predominance of H*, which blocks the
approach of positive metal ions as a result of the
repulsive force. At higher pH, ligands like carbonate
groups in the biosorbent are uncovered, thereby causing
an increase in the negative charge density available on
the surface of the sorbent with a resultant boost in the
pull of metallic ions having a net positive charge and
facilitating their sorption onto the surface of the sorbent.
As seen in this research, the examined metal cations (as
pH approached 7) may have interacted intensely with the
binding sites in the WHLP and WHRP that are
negatively charged. Going by this, pH 7 was the
optimum pH for the metal sorption and as such, the
remaining adsorption experiments were executed at pH
7.
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Figure 2. Influence of pH on metal ions sorption by (a) WHLP and (b) WHRP

3.3. Influence of time of contact

Time of contact has a vital function in the resourceful
removal of metals using WHLP and WHRP. The
influence of contact time on the biosorption capacity for
the diverse metals and with the different biosorbents was
investigated. The results show that the metal sorption
using water WHLP increases for Pb%* from 99.2 % to
99.5 %, Ni?* from 86.0 % to 87.5 %, Zn?* from 91.8 %
t0 95.3 %, and Co?* from 91.7 % to 93.0 % as the time
of contact move from 15 to 90 min (Fig. 3a). Meanwhile,
the WHRP displayed an increased removal efficiency
for Pb?* from 98.3 % to 98.7 %, Co?* from 81.9 % to
89.0 %, Zn?* from 89.5 % to 91.0 %, and Ni?* from 92.1
% to 95.7 %, as the time of contact move from 15 to 90
min (Fig. 3b).

The result vividly exposed that the adsorption rate is
superior at the starting point and this is due to the
availability of a huge number of active sites on the
adsorbent surface. As these sites are used up, the rate of

uptake is controlled by the speed at which the adsorbate
is moved to the interior sites of the particles involved in
the adsorption from the exterior [29]. Maximum
removal was achieved within the initial 60 min of the
time of contact and the sorption did not change
appreciably with further augmenting in the time of
contact. Going by this, the remaining sorption studies
were executed at 60 min time of contact. The
equilibrium time needed by the adsorbents employed for
this study was reduced, compared to some values
recorded in the literature [42]. This is noteworthy
because equilibrium time is an indispensable factor
considered for waste and economical applications. In
process application, this fast (or immediate) biosorption
phenomenon has great advantages since shorter the time
of contact successfully allow for the use of smaller
contact equipment, and this in turn greatly influences
both the operation competence cost of the process.
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Figure 3. Influence of time of contact on metal ions sorption by (a) WHLP and (b) WHRP

3.4. Effect of initial metal ion concentration

A biosorption process' viability and effectiveness are
influenced by the concentration of the metal ion solution
in addition to the characteristics of the biosorbents [43].
A significant force is provided by the initial metal ion
concentration to overcome all the metal mass transfer
resistances between the aqueous and solid phases [44].
The effect of the initial concentration of metal ions
shows that the removal efficiency decreased slightly for
Pb2* from 99.8 % to 99.3 %, and Zn?* from 95.9 % to
93.4 %, as well as a wide decrease in Ni?* from 86.3 %
t0 63.2 %, and Co?* from 93.6 % to 84.6 % as the initial
metal ions concentration increases from 5 mg/L to 30
mg/L using WHLP as biosorbent (Fig. 4a). For WHRP,
the metal ion removal efficiency reduces as regards Pb?*

from 99.4 % to 98.7 %, Co?" from 87.1 % to 80.2 %,
Zn?* from 97.7 % to 93.2 %, and Ni%* from 85.0 % to
63.0 % as the concentration of starting metal ions rises
from 5 mg/L to 30 mg/L (Fig. 4b).

The adsorbate concentration effect can result from a
variety of sources. First, during the adsorption reaction,
adsorption sites remain unsaturated. Meanwhile,
agglomeration of adsorbent particles at increasing
concentrations could be another cause. Such aggregation
results in an increase in the diffusional path length and a
decrease in the overall surface area of the adsorbent
particles available for adsorption [45]. The proportion of
sorption was higher at lower concentrations of metal
ions because all of the metal ions in the solution could
interact with the binding sites. Lower adsorption yield at
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greater concentrations is caused by saturating adsorption
sites. As a result, the dilution of waste fluids with a high

concentration of metal ions can boost the yield of
purification [46].
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Figure 4. Influence of initial metal ion concentration on the sorption of metal ions by (a) WHLP and (b) WHRP

3.5. Influence of dosage

The influence of varying the biosorbent dosage on the
sorption of the different metal ions is depicted in Fig. 5a-
b. It was seen that the efficiency of removal increases
correspondingly as the mass of the biosorbent increases
[47]. The increase in sorbent surface area and ion
binding sites causes a clear increase in the amount of
solute that was absorbed [42, 48]. For WHLP, the
removal competence increases in Ni?* from 87.5 % to

91.7 %, Pb?* from 82.1 % to 98.9 %, Zn?* from 87.2 %
t0 96.2 %, and Co?* from 93.1 % to 96.2 % as the dosage
increases from 0.2 g to 1.2 g at a first metal ion
concentration of 5 mg/L, while for WHRP, the
efficiency of removal increases for Ni?* from 99.5 % to
99.8 %, Pb?* from 99.3 % to 99.9 %, Zn?* from 99.7 %
t0 99.8 %, and Co?* from 99.4 % to 99.7 % as the dosage
increases from 0.2 g to 1.2 g at an initial metal ion
concentration of 5 mg/L.
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Figure 5. Influence of adsorbent dosage on the sorption of metal ions by (a) WHLP and (b) WHRP

3.6. Adsorption equilibrium

The investigation of the metal-adsorbent sorption
system utilized both the Freundlich and Langmuir
adsorption isotherm equilibrium models.

3.6.1. Langmuir isotherm

The maximum adsorption capacity of the adsorbent Qm
(mg/g) and a parameter (K,) related to the affinity of the
binding sites (I/mg) were calculated using the rearranged
Langmuir's adsorption isotherm model for analyzing the
monolayer sorption processes [49] shown in Eqgn. 2.

o g 0

de Qm'Ka Qm

Where: ge = metal ions concentration on biosorbent
(mg/g) at equilibrium; C. = metal ions concentration in
solution (mg/L) at equilibrium; Qm is the maximum
sorption upon complete saturation of the biosorbent
surface (mg/g); Ka is a constant related to the adsorption
/desorption energy (L/mg).

The plot of Ce/qe against C. for Pb?*, Ni?*, Zn?*, and
Co?* for all the adsorbents used are shown in Fig. Sla-d
and Fig. S2a-d, and the Langmuir isotherm parameters
QOm, Ka, Kg, and the regression coefficient (R?) are
shown in Tables 1-2.

The linear plot of the C./ge against C, shows that the
adsorption of the four metal ions by WHLP and WHRP
fits well with the Langmuir model.

The values of the R? obtained ranging from 0.893 to
0.981 for WHLP (Table 1) and 0.925 to 0.987 for
WHRP (Table 2) suggested that the Langmuir isotherm
gave a good example for the adsorption process. The
sorption process would adhere to the Langmuir
adsorption equation if the metal ions were taken up
separately on a single type of binding site so that the
uptake of the first metal ion does not affect the sorption
of the following ion.

The sorption capacity, Qm which is a measure of the
maximum adsorption capacity corresponding to
complete monolayer coverage showed that the order of
adsorption affinity on WHLP was Zn?* > Pb?* = Co?* >
Ni2*and WHRP was Pb?*>Co0?* > Zn?* > Ni?*,

Considering that the adsorption of metals in water
hyacinth leaves and roots powders is mainly due to ion
—exchanges at the surface level, it is expected that more
electronegative metal ions will show a higher adsorption
tendency [50]. Owing that the electronegativities of
metal ions are 2.33, 1.91, 1.65, and 1.88, for Pb?*, Ni?*,
Zn?*, and Co?" respectively, therefore, the order of
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electronegativity did not match the observed adsorption
affinity of metals resulting from Qm values [51].
Considering the ionic radius of each of the metal ions,
approximately given as Pb?*, Ni®*, Zn?*, and Co?* are
119 pm, 83 pm, 74 pm, and 79 pm respectively,
therefore, the metals having a larger ionic radius adsorb
more effectively than those with a lower ionic radius
[52]. However, the adsorption of Zn?* onto PWHL was
greater than that of Pb?, Ni%*, and Co?*; while the
greatest adsorption onto PWHR was greatest in Pb?*and
Co?*. The high adsorption capacity of Pb?* compared to
other metal ions could be due to their lower binding
energies [53].

The adsorption coefficient K, (I/mg) which is related
to the apparent energy of sorption was also given in
Tables 1-2. The order of favorable energy of adsorption
for the water hyacinth leaves was Pb?*> Zn*> Ni?*>
Co?* while for water hyacinth roots it was in the order
of Pb?*> Zn?*> Co%> Ni?*. The result shows that the
energy of sorption is more favorable for the sorption of

Pb onto the biosorbents than the other metal ions as the
Ka values are higher.

The dimensionless constant Kg (Eqn. 3), also known
as the separation factor, equilibrium factor, or
equilibrium parameter, can be used to explain the

fundamental property of the Langmuir isotherm.
1

Kp = (3)

1+ Kq- Co

here Cq is the initial metal ion concentration (mg/L), Ka
is the Langmuir constant, and Kr is the dimensionless
constant separation factor. The Kgr values reveal the
isotherm's form. According to the separation factor
value, the isotherm's shape can be categorized as
follows; Kr > 1 indicates unfavorable adsorption, Kgr =
0 indicates linear adsorption, 0 < Kgr < 1 indicates
favorable adsorption, and Kg < 0 indicates irreversible
adsorption. For this study, the values of K obtained for
all the metal ions and adsorbents used revealed that the
adsorption was favorable as Kg values were greater than
0 but less than 1.

Table 1. The parameters of the Langmuir and Freundlich isotherms for the adsorption of metal ions by WHLP and WHRP

Langmuir isotherm parameters

Freundlich isotherm parameters

Ka Qm KR R? 1/n n Kr R?
Pb? 10.95 1.06 0.02 0.974 0.607 1.65 2.10 0.990
Ni2+ 0.23 0.66 0.47 0.962 0.554 181 0.13 0.990
Zn# 0.42 1.58 0.32 0.981 0.788 1.27 0.45 0.988
Co? 0.29 1.06 0.41 0.893 0.647 1.55 0.23 0.994

Table 2. The parameters of the Langmuir and Freundlich isotherms for the adsorption of metal ions by WHLP and WHRP

Langmuir isotherm parameters

Freundlich isotherm parameters

Ka Qm K R? 1/n n Kr R?
Pb2* 2.69 1.43 0.07 0.925 0.72 1.39 151 0.994
Ni2* 0.25 0.64 0.44 0.986 0.56 1.80 0.14 0.977
Zn?* 1.08 1.02 0.16 0.987 0.63 1.60 0.50 0.983
Co? 0.14 1.36 0.59 0.948 0.78 1.29 0.16 0.989

3.6.2. Freundlich isotherm

The Freundlich equation is an empirical equation with
no basis in theory, which adopts an exponential variation
in site energies and also presumed that surface
adsorption is not the rate-limiting step [54]. The
rearranged Freundlich adsorption isotherm model for
evaluating the non-ideal adsorption involving
heterogeneous adsorption phenomena was evaluated by
the linearized equation (Eqn. 4) below:

logq. = logKs + %X logC, (@)

where 1/n and K are empirical constants.

The plots of Freundlich isotherms for the adsorption
of Pb?*, Co?*, Zn?*, and Ni?* by WHLP and WHRP are
shown in Fig. S3a-d and Fig. S4a-d respectively. The
linear plot of the logge against logCy indicates that the
adsorption of the sampled metal ions by WHLP and
WHRP fits well with the Freundlich model.

The Freundlich isotherm parameters 1/n, n, Ky, and
R? of all the four metal ions and the adsorbents were
captured in Tables 1-2. The R? values obtained ranging
from 0.983 to 0.994 and 0.977 to 0.994 for WHLP and
WHRP respectively for all the metal ions showed that

the Freundlich isotherm provided a good model for the
sorption process. Considering that n values between 1
and 10 represent beneficial adsorption, all the n values
obtained in this study for all the four metal ions on the
adsorbents lie between 1 and 10 and are therefore
beneficial.

In addition, the effectiveness of the adsorption will
shift more over the range of equilibrium concentrations
if 1/n is greater. The change in adsorbed concentration
is also greater than the change in solute concentration
when 1/n > 1.0. Additionally, values of 1/n less than
unity show that significant adsorption occurs at low
concentrations, but that as the concentrations rise, the
amount adsorbed increases less significantly and vice
versa. From this study, the value of 1/n obtained for the
four metal ions on the adsorbents was found to be less
than unity, which agrees with the results discussed
above on the decrease in the percentage adsorbed with
an increase in concentration.

The adsorption capacity Kr gotten for the various
metal ions and adsorbents shows that the array of
adsorption for WHLP was Pb?*> Zn?*> Co?* Ni?* while
for WHRP it was in the order of Pb?*> Zn?*> Co?*> Ni?*,
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In comparing the Ks values for the different adsorbents
used, Pb?* WHLP have the highest value of 2.10. For
Ni?* the least value (0.14) was observed for WHLP
while WHLP had the least value (0.45) for Zn?*. For
Co?*, WHRP displayed the least value of 0.16. This
confirms that WHLP have a higher adsorption capacity
for Pb?* than WHRP.

3.7 Kinetics of biosorption

The kinetic parameter aids in the estimation of the
adsorption rate and offers crucial details for process
design. The pseudo-first order and pseudo-second order
kinetic models are used to assess the data on the kinetics
of the adsorption.

3.7.1 Pseudo-first order model

The Kinetic rate expression of the first-order model is
given as (Eqgn. 5):

k
log(qe — q¢) = logqe — = Xt (5)

2.303

where ¢: and g. are the amounts of adsorbate (mg/g) at
time t (min) and equilibrium respectively. The constant
ki can be obtained from the slope of the plot of log (qe —
qt) versus t.

The plots of log(qe - q) versus t for Pb?*, Ni?*, Zn?*,
and Co?* for the adsorbents used are shown in Fig. S5a-
d and Fig. S6a-d. Tables 3-4 display the pseudo—first
order parameters ki, g (calculated), and the regression
coefficient (R?). The first-order model is not suitable to
describe the adsorption process, according to the R?
values obtained. Considering the rate constant ki, it can
be observed that the rate order for water hyacinth leaves
was Pb?* > Ni?* > Co?" > Zn?*, while for water hyacinth
roots, the order was Ni%* > Co?*> Pb?*> Zn?*. The value
of g (calculated) for all the adsorbents differs greatly
from those of the experimental. This is to be expected
because the adsorption process cannot be described by
the pseudo-first order.

Table 3. WHLP pseudo-first order characteristics for the
adsorption of metal ions

Table 4. WHRP pseudo-first order characteristics for the
adsorption of metal ions

Pseudo first order parameters

Metal Qe (exp.) Qe (calc.) k1

ions mg/g mg/g (1/min) R?
Pb2* 0.1234  3.76E-05 -0.06  0.248
Ni2* 0.1198  4.76E-03 -0.02  0.016
zZn?* 0.1138  4.34E-05 -0.10  0.486
Co?* 0.1113  1.71E-03 -0.03  0.068

Pseudo first order parameters

Metal ge (exp.) Qe (calc.) k1

ions mg/g mag/g (1/min)
Pb?* 0.1235 0.00014 -0.03 0.063
Ni2* 0.1224 0.00019 -0.04 0.118
Zn?* 0.1249 0.00034 -0.10 0.729

Co* 0.1244 0.00017 -0.05 0.174

3.7.2. Pseudo-second order
The pseudo-second order model for adsorption Kinetics
is expressed as (Egn. 6):

t 1 1

Lo L4ty )

ac ka4 qe

where k2 (g/mg-min) is the second-order rate constant.
The second-order rate constants are used to calculate
the initial sorption rate, given by (Eqn. 7):

h= ks q¢ ()

The plots of t/q; against t for all the metal ions and
all the adsorbents used are shown in Fig. 6a-d and Fig.
7a-d. The projected curves and experimental data points
fit together perfectly in the figures. In doing so, they
support the idea that chemisorption is the rate-limiting
step and that the process follows a pseudo-second order
reaction model by providing good linearization of the
experimental data [55].

The initial sorption capacity, h, the equilibrium
sorption capacity, ge (calculated), the rate constant, ko,
and the regression coefficient, R? were determined from
the plot and are shown in Tables S1-S2. The regression
coefficient R? for the linear plots was higher than 0.995
for all the systems. The equilibrium capacity ¢
(calculated) was very close to the experimental ge. Also,
considering the initial sorption rate h, and rate constant,
ks, it can be seen that the order of h and k, for WHLP
and WHRP was Pb?> Co?> Ni?*> Zn?" and Pb?*>
Zn**> Ni?*> Co?* respectively. This implies that Pb?*
may be better absorbed by WHLP and WHRP.

All these parameters show good compliance with the
pseudo-second order equation. The pseudo-second order
rate equation was widely used in the study of adsorption
kinetics since reported investigations showed that it was
a fairly good fit for the data over the full fractional
approach to equilibrium [56, 57].
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Figure 6. Pseudo-second order for the adsorption of (a) Pb?* (b) Ni?* (c) Zn?* (d) Co?* with WHLP for 5 mg/L of metal and 1 g/25
mL of sorbent
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Figure 7. Pseudo-second order for the adsorption of (a) Pb?*, (b) Ni?*, (c) Zn?*, and (d) Co?* with WHRP for 5 mg/L of metal ions
and 1 g/25 mL of sorbent

3.8. Desorption studies
After a sorbent material is been used, there is the
likelihood of land disposal and incineration. However,
these techniques may directly or indirectly harm the
environment. However, the recycling of adsorbate and
adsorbent may be a strategy for preserving the
environment if it were possible to recover metals from
the used adsorbent.

For WHLP (Table S3), desorption efficiency
increases from 9.42 % to 13.04 % for Pb?" as the
concentration of NaOH increases from 2 M to 6 M. On

the other hand, desorption efficiency increases from
20.43 % to 32.64 % for Ni%*, 52.14 % to 58.49 % for
Zn%**, and 16.78 % to 25.46 % for Co%** as the
concentration of NaOH increase from 2 M to 4 M.
However, when the concentration of NaOH increased
from 4 M to 6M desorption efficiency decreased to
28.90 % for Ni?*, 51.94 % for Zn?* and 21.78 % for Co?*.
With respect to HNO3, the desorption efficiency of Pb?*
increased from 34.5 % to 35.22 % with an increase in
the concentration of HNO3; from 2 M to 4 M. As the
concentration of HNOs increased further to 6 M,
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desorption efficiency decreased to 33.67 %. Ni?* and
Zn? have a similar trend. There was a decrease in the
desorption efficiency of Ni%* and Zn?* from 18.22 % to
16.30 % and 5.25 % to 5.03 % respectively as the
concentration of HNOs increased from 2 M to 4 M.
However, desorption efficiency increased to 17.78 %
and 5.65 % for Ni?* and Zn?" respectively with an
increase in HNO; concentration to 6 M. For Co?,
desorption efficiency increased from 14. 61 % to 15.61
% with an increase in HNOj3 concentration from 2 M to
6 M.

For WHRP (Table S4), desorption efficiency
increases with an increase in NaOH concentration for
Pb%* and Zn?*. Desorption efficiency increased from 7.2
% to 11.18 % and 4.53 % to 6.38 % for Pb?* and Zn?*
respectively as the concentration of NaOH increased
from 2 M to 6 M. Desorption efficiency increased from
19.2 % to 29.34 % for Ni?*, and 18.42 % to 27.7 3% for
Co?* with an increase in concentration of NaOH from 2
M to 4 M. With the increase in the concentration of
NaOH from 4 M to 6 M, desorption efficiency decreased
to 28.83 % and 27.33 % for Ni%* and Co?* respectively.
With respect to HNOs, the desorption efficiency of Pb?*
increased from 0.68 % to 36.01 % with an increase in
HNOs concentration from 2 M to 4 M. Increased in
concentration from 4 M to 6 M resulted in a decrease in
desorption efficiency from 36.01 % to 32.28 %. The
desorption efficiency of Ni?* decreased from 20.91 % to
18.89 % with an increase in HNO3 concentration from 2
M to 4 M. However, with an increase in concentration
from 4 M to 6 M, desorption efficiency increased from
18.89 % to 19.23 %. For Zn?* and Co?" desorption
efficiency decreases from 9.45 % to 9.35 % and 25.78
% to 24.02 % respectively with an increase in the
concentration of HNO3 from 4 M to 6 M.

Relatively, successful metal ions desorption from the
biosorbents was recorded with both NaOH and HNO3
solutions. The consequential desorption phenomenon
seen in both NaOH and HNOs; may be linked to ion
exchange type interaction rather than chemical sorption
[34, 58]. These results show that HNO3z; and NaOH can
be sufficiently employed in the desorption of the
sampled metals from adsorbents.

Desorption does not affect the recycling of used
adsorbents. Thus, the use of powdered adsorbents in a
suitable combustion chamber (e.g. the boiler at dye
works) may be a useful and effective means of disposal.
The gaseous products arising from combustion should
be trapped using appropriate solvents to avoid air
pollution.

4. Conclusions

Herein, we compared the biosorption capacity of WHLP
and WHRP in removing metal ions from industrial
effluent. Comparatively, the metal ions uptake capacity
of WHLP was higher than WHRP as examined by the
investigated parameters. This study revealed that Zn?*,
Co?*, Pb* and Ni?* uptake by WHLP and WHRP
increased as pH and initial concentration increased and
the optimum contact recorded was 60 min. As such, the
process follows a pseudo-second order reaction model
because it provides good linearization of the

experimental data. In addition, biosorption data fitted to
both Langmuir and Freundlich isotherms. Overall, this
study provides experimental and theoretical insights that
could open a new dimension to the exploration of
WHLP and WHRP for the efficient removal of metal
ions in industrial wastewater.
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