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Abstract: An agricultural residue, white yam (Dioscorea rotundata) tuber peel (YTBS), was used for
the removal of Cd(Il) ion from an aqueous solution using a batch method. The adsorbent was
characterized using FTIR, TGA, SEM, EDX, N, BET, XRD, and XRFE. The optimization of sorption
variables such as pH, contact time, adsorbent dose, and initial metal ion concentration at 25 °C were
also carried out. The results indicated the dependence of sorption on the adsorbate pH and adsorbent
dose, while the adsorption system reached equilibrium in 180 min. The sorption kinetics was fitted to
three models (pseudo first order, pseudo second order, and Elovich) to validate the kinetics, and the
pseudo first order was the best model for the description of Cd(II) uptake. Equilibrium isotherm
modelling was also carried out using the Langmuir, Freundlich, and Temkin models, with the
Langmuir isotherm giving the best fitting to the experimental results. The maximum loading capacity
(Gmax) of the adsorbent for Cd(II) obtained from the Langmuir isotherm model was 22.4 mg- g’1 with
an isotherm constant (Kr) of 3.46 x 1073 L-mg~! and 2 value of 0.99. This result indicates that the
YTBS residue was a good adsorbent for the removal of Cd(Il) ion from aqueous system.
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1. Introduction

Heavy metal pollution is one of the consequences of the industrial revolution that has had detrimental
impacts on human life, as well as the environment, in a large number of regions around the world,
especially in developing countries. The pollution of air, water, and land environments by toxic heavy metal
ions such as mercury, cadmium, lead, and chromium, and their accumulation through the food chain has
resulted in a number of diseases and disorders [1]. These pollution incidences and their implications for
our environment has become a matter of huge global concern, especially in developing countries where
advanced technologies, capital investment, and environmental regulatory enforcement are limited [2].

One of the prominent metal ions associated with heavy metal toxicity and pollution is cadmium.
Its non-biodegradable and persistent characteristics in the environment has resulted in its classification by
national and international regulatory authorities such as the World Health Organization’s International
Agency for Research on Cancer (IARC) and the United States National Toxicity Program (USNTP) as
a human carcinogen [3-5]. The maximum acceptable amount of cadmium in drinking water in the
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European Union regulations is 5 pg-L~! (0.005mg-L~!) [6,7]. Cadmium has an extremely long biological
half-life and its toxic effects are known to manifest long after exposures [3]. It has been reported that the
amount of cadmium absorbed in the body varies depending on the route of entry with about 3-10% of
the metal ion absorbed from the gastrointestinal system and about 50% inhaled. This absorbed cadmium
can be transported to different organs in the body by the blood, where its estimated half-life in humans
is 1520 years [8-10]. Prolonged exposure to cadmium has also been reported to cause several biological
problems such as; kidney failure, anaemia, cardiovascular diseases, and growth impairment [11].

A number of industrial processes are sources of cadmium exposure to the environment as
cadmium is used in electroplating, pigment, and paints manufacture. It is also used in the manufacture
of Ni-Cd batteries [8,11]. Cadmium is also released into the environment from the corrosion of
galvanized pipes, refineries, fertilizer, and pesticide manufacturing [12,13]. The contamination of
water sources due to exposure to heavy metals such as cadmium is a major problem facing developing
countries arising from the indiscriminate release of chemical waste and effluents into water bodies.
For example, the “itai itai” heavy metal toxicity disaster was due to the contamination of the Jintsu
River in Japan with cadmium arising from industrial effluent discharge [12,13].

Due to the environmental and health implications of heavy metal pollution, a number of
techniques have been used to remove metal ions such as cadmium from aqueous systems and effluents.
These include reverse osmosis, coagulation, electrochemical precipitation, ultrafiltration, ion-exchange,
and nanofiltration [1,11,14]. However, these techniques suffer from a number of drawbacks especially
if they are applied in developing countries due to technical and economic constraints; hence, they are
mostly used in the developed countries. As a result, adsorption technology emerged as a promising
technique for removing heavy metal ions from contaminated water streams due to its low cost based
on the current exploitation of waste materials as adsorbents but high efficiency even at low metal ion
concentrations and the ease of their application in different environments [14-18]. Low-cost materials
have been reported as adsorbents for cadmium ion removal from aqueous systems in a number of studies
such as teak leaf powder [19], cashew nut shell [20], saw dust meal [21], wheat barn [22]. These materials
are mainly composed of lignocellulosic polymers and are effective as adsorbents for metal ions. This has
led to an increasing use of agricultural residues as adsorbents for heavy metal pollution abatement
from aqueous systems. This trend has been driven by the availability of these residues especially in
the developing countries where environmental pollution challenges exist as a large number of diseases
affecting the inhabitants of these countries are related to water contamination [12].

One category of agricultural produce that is cultivated in sub-Saharan Africa, Asia, and South America
is yam (Dioscorea spp.), which is a tropical perennial plant with over 600 varieties of which about 50 are
commercially cultivated for food globally [23,24]. It is mainly cultivated as a food crop and is an important
tuber crop with over 37 million tons produced in the “yam belt” of West Africa of which 18.3 million tons
is produced in Nigeria [25]. The most cultivated species of this crop in Nigeria are the Dioscorea rotundata
(white yam), Dioscorea alata L. (water yam) and Dioscorea cayenesis Lam. (yellow yam) [26]. The cultivation
and consumption of these tuber crops has led to the generation of large quantities of peel waste, which have
no significant value, except as animal feed thereby constituting a waste disposal problem. This present
practice also involves burning these residues or leaving them to decompose both of which lead to
pollution of the environment [27,28]. This waste residue is rich in lignocellulosic polysaccharides that have
been reported to be responsible for metal ion binding in lignocellulosic adsorbents used in wastewater
treatment [2]. Thus, this work is designed to provide an environmentally friendly outlet for the utilization
of these materials for pollution remediation targeting toxic heavy metal cadmium whose environmental
exposure is increasing in Nigeria due to the Country’s drive for industrialization. For example, it has been
reported in literature that industrial and domestic effluents have been discharged into River Delimi in
Jos, Nigeria. This river is used for extensive irrigation in the area and these practices have been suspected
as the reason for the reported increase in the concentrations of cadmium and copper ions. The values
reported are above the limit recommended for irrigation water by the Food and Agricultural Organization
(FAO) [29] thereby posing a significant health risk to the inhabitants of the area. Thus, the present work
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relates to the characteristics and sorption properties of white yam (Dioscorea rotundata) peel residue for
Cd(II) ion removal from aqueous systems, which could serve as a candidate material for polluted water
purification. It is aimed at studying the physicochemical properties of the residue using a number of
characterization techniques to gain insight into the nature of the residue before and after application as
an adsorbent for Cd(II) removal. Different experimental conditions will be used to assess the performance
of the yam tuber peel residue (YTBS) adsorbent for Cd(II) ion removal.

2. Materials and Methods

2.1. Chemicals

A Standard stock solution of 1000 mg-L~! of Cd(II) ion was prepared from an analytical grade
reagent [cadmium nitrate tetrahydrate-Cd (NO3),-4HpO (Sigma-Aldrich, St. Louis, MO, USA)
(99% assay)] in deionized water using a 1000 mL volumetric flask (£0.8 mL MBL Boro England).
The stock solution was acidified to prevent hydrolysis by adding 5 mL HNOj3 and the volume was
made up to the 1000 mL mark. The content of the volumetric flask was agitated in a Heidolph Unimax
instrument 1010 shaker at 300 rpm for 3 h to ensure complete dissolution at room temperature (25 °C).

2.2. Adsorbent Preparation

White yam tuber peels were obtained from two different sampling locations in Uyo, Akwa Ibom
in Nigeria. The white yam residue was washed with hot deionized water to remove dirt and color and
oven dried at 100 °C for 24 h. The dried residue was thereafter pulverized using a Coors porcelain
mortar and pestle. Particle size separation of the residues was carried out by sequential sieving wherein
500 g each of the pulverized residue was sieved through a 7 tray laboratory test sieve shaker, model
E.V.L.1. (Endecott’s Limited London, UK). After the sieving, the residues in the 140 pm sieve tray were
taken off, stored in clean polypropylene bottles, labelled unmodified residues, and stored at room
temperature for further use in the adsorption studies. This sample was labelled as the unmodified
white yam peel residue (YTBS) and used for the removal of Cd(Il) ion.

2.3. Instruments and Adsorbent Characterisation

The morphology of the YTBS adsorbent before and after Cd(Il) ion adsorption as well as the
chemical composition were analyzed by scanning electron microscopy (SEM) and energy dispersive
X-ray analysis (EDX). The equipment used for the SEM and EDX analysis was a FEI Quanta
200 Environmental Scanning Electron Microscope and the procedure was based on the approach
reported in Asuquo and Martin [30]. The inorganic chemical composition of the YIBS residue adsorbent
was determined using a wavelength dispersive X-ray fluorescence spectroscopy (WDXRF) instrument,
AXIOS model (Panalytical, The Netherlands). The surface area and porosity of the YTBS adsorbent was
determined using a MicromeriticsTristar 3000 Surface Area and Porosity Analyzer, and the procedure
was based on the approach reported in Asuquo and Martin [30]. The diffraction patterns of the
YTBS residue adsorbent before and after Cd(Il) sorption were determined using X-ray diffractometry.
The equipment used was a Rigaku Miniflex X-ray powder diffractometer using a CuKa radiation
(A =1.546 A) at a power of 30 kV and a current of 15 mA. X-ray diffraction spectra were obtained using
5 mg of sample within the range of 2 to 60° at a scan speed of 1.5° min~! with a step size of 0.03°.

A thermogravimetric analyzer (TGA Q5000-TA instrument, New Castle, DE, USA) determined the
gravimetric change with temperature of the YTBS residue adsorbent and the procedure was based on
the approach reported in Asuquo and Martin [30]. The density of the YTBS adsorbent was determined
using helium pycnometry since helium is a very small particle with an atomic diameter of 1.7 A.
The instrument used for the analysis of the residues was the Accu Pyc 11 1340 Helium pycnometer
(Micromeritics) and the procedure was based on the approach reported in Asuquo and Martin [30].
The point of zero charge (pHpzc) of the YIBS adsorbent was determined using the Malvern Zetasizer.
The equipment used was a Zetasizer 3000 HSA (Malvern Instruments, Malvern, UK) and the procedure
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was based on the approach reported in Asuquo et al. [31]. The samples were prepared using 0.1 g
of sample into 20 mL of 0.01 M NaCl solution at pH range of 2-12 and agitating it in a shaker at
300 rpm for 24 h. An attenuated total reflectance fourier transform infrared spectroscopy (ATR-FT-IR)
in transmittance mode with spectral resolution of 4 cm~!, background subtraction and spectral range
of from 4000-400 cm ™! based on average of 32 co-added scans was used to characterize the functional
groups on the YTBS adsorbent before and after Cd(II) ion sorption. The instrument used was a Smart
Golden Gate Thermo Nicolet Avatar 360 FI-IR with ATR probe [30].

2.4. Batch Sorption Experiments

The working solutions for individual sorption experiments were prepared by serial dilution of
aliquots of each stock solution. For the study of the effect of adsorbate pH on the removal of Cd(II)
ion using the YTBS adsorbent, a pH range of 2 to 10 was used, while the other parameters used
were: initial metal ion concentration of 500 mg-L~!, temperature of 25 °C and a reaction volume
of 0.1 L. The effect of the dose of the YTBS adsorbent on the sorption of Cd(Il) ion was evaluated using:
0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 g of YTBS adsorbent. Batch sorption experiments for the equilibrium
adsorption experiments was carried out by agitating known weight of the YTBS adsorbent with 100 mL
of adsorbate solutions of different initial concentrations (50, 100, 150, 200, 250, 300, 350, 400, 450,
and 500 mg-L~!) and from 5 min to 72 h. The pH 6.5 was used for the equilibrium, kinetics and
adsorption studies investigating the effect of adsorbent dose and the pH for each experiment was
modified using NaOH and HCI. The amount of adsorbent used was 2.0 g for the equilibrium, kinetics
and pH studies. The effect of contact time on the sorption processes was studied from 5 min to 72 h
and the time interval for the sorption studies investigating the effect of adsorbent dose and the pH
was from 5 to 180 minutes. The reaction vessel for each adsorption experiment was a 250 mL conical
flask and the sorption was carried out at a laboratory temperature of 25 °C. Each conical flask with the
adsorbate and adsorbent was agitated for a specified contact time using a Heidolph MR 3001 magnetic
stirrer with speed and temperature controls at a speed of 200 rpm. At the end of each experiment,
the resulting solution was separated from the adsorbent using Whatman (541) filter paper (Whatman
International, Maidstone, England) and the filtrate analysed by taking out 5 mL of each filtrate using
a Volac high precision micropipette (Poulten & Graf GmbH, Wertheim, Germany) and diluting it to
50 mL with deionized HyO. Thereafter, 10 mL of the resulting metal ion solution was taken out using
a micropipette into a sample analysis tube for metal ion determination. The metal ion concentrations
of the adsorbate solution were determined spectrophotometrically using ICP-OES.

For the determination of metal ion loading after sorption, the amount of metal ion adsorbed at
time ¢ was calculated using Equation (1).

p (Ci—CH)V @

w
where C; (mg-L 1) is the metal ion concentration at time ¢, gt (mg-g~!) is the loading of the metal ion
at time ¢, C; is the initial metal ion concentration, w is the weight of the adsorbent, and V is the volume
of the aqueous system.

2.5. Data Quality Evaluation

All adsorption experiments were carried out in triplicates to ensure reproducibility and accuracy
of results. The relative standard deviation was used as the error parameter for all analysis and the value
for each set of measurements was <5%. Each experimental set was carried out using blanks in order
to ensure the elimination of errors associated with experimental conditions. For each experimental
analysis procedure, blanks were prepared, using deionized H,O, and were subjected to the same
treatment process using the same type of experimental vessel [30,31].
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3. Equilibrium Isotherm Models

The experimental sorption data were modelled using isotherms characterize the equilibrium
process. The adsorption equilibrium shows the relationship between the amount of the adsorbate
sorbed per unit mass of adsorbent (g.) and the adsorbate concentration for the solution at equilibrium
C, [32]. Three sets of equilibrium isotherm models were used to characterize the removal of Cd(Il)
and ion from aqueous solution using the YTBS adsorbent. These were three 2-parameter isotherms-
Langmuir, Freundlich and Temkin isotherms.

The Langmuir isotherm model has been successfully applied to pollutant biosorption processes
and is one of the most widely used isotherms [17,33]. The model can be written in its non-linear format
as Equation (2):

qm KiCe

fe = 1+ K.C )

where g, is the equilibrium metal ion concentration on the adsorbent (mg-g 1),

C, is the equilibrium metal ion concentration in the solution (mg-L~1),

gm is the monolayer adsorption capacity of the adsorbent (mg-g~!) also known as gyax

K; is the Langmuir adsorption constant (L-mg ') related with the free energy of adsorption [34].

The Freundlich isotherm assumes a heterogeneous adsorption surface and active sites with
different energy based on multilayer adsorption. The model estimates the adsorption intensity of the
adsorbate on an adsorbent [35,36]. The model in its non-linear form is given as Equation (3):

ge = Kp(Co)V™ ®)

where K is a constant relating to the adsorption capacity (mg-g 1),

C, is the concentration of metal ions at equilibrium (mg~L_1) (L-mg_l)l/ n

and 1/n is an empirical
parameter relating to the adsorption intensity which varies with the heterogeneity of the material [34].

The Temkin isotherm model contains a factor that explicitly takes into account the
adsorbent-adsorbate interactions. It is based on the assumption that the heat of adsorption of
all the molecules in the layer would decrease linearly with coverage due to adsorbent-adsorbate
interactions [37,38]. The adsorption is characterized by a uniform distribution of binding energies,
up to some maximum binding energy. The Temkin adsorption isotherm in its non-linear form in
Equation (4) as reported by Temkin and Pyzhev [37,39].

e—gln
q _bT

(ArCe) 4
where B = (RT/br) is Temkin constant related to heat of adsorption (kJ-mol~1), At (L-mg’l) is the
equilibrium binding constant related to maximum binding energy, Ce (mg-L™!) is the equilibrium
concentration of cadmium ions, R (8.314 J-mol- K1) is the universal gas constant, and T (K) is the
absolute solution temperature (298 K).

3.1. Kinetic Models

Adsorption kinetics can be modelled using a number of equations and information obtained can
be used to explain the mechanism of metal ion sorption. The mechanism of a sorption system may be
influenced by the physicochemical characteristics of the adsorbent in addition to the mass transfer
process [40]. This (discrimination) can be carried out based on shapes and fitting of kinetic plots.
These kinetic plots were designed with assumptions that can be extrapolated to the system under
investigation. Insights from the kinetic modelling is used to differentiate the type of transport
mechanism and the description of the sorption process [41—43]. In this study, three kinetic models
(pseudo-first order (PFO), pseudo-second order (PSO), and Elovich) were applied to investigate the
kinetics of Cd(II) ion adsorption onto the YIBS adsorbent.
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3.1.1. Pseudo First Order Model

In 1898, Lagergren presented the first order rate equation for the adsorption of ocalic acid
and malonic acid onto charcoal to explain the kinetics of adsorption on solid surfaces. In order to
distinguish the kinetic processes based on concentration of solution and adsorption capacity of solid,
this Lagergren equation called the pseudo-first order equation [44,45], was the first rate equation
developed for sorption in liquid/solid systems and it is based on solid capacity [46]. It is one of
the most widely used rate equations reported in adsorption kinetic literature. Assuming that in
a solid/liquid adsorption system, the adsorption rate was proportional to the number of effective
adsorption sites, then the rate of adsorption would be expressed as Equation (5):

k
log (g0 — q) = log(qe) — 5552t (5)

Equation (5) is the linear form of the equation and the most common form of the pseudo-first order
(PFO) equation reported in literature for the description of sorption. Xuan et al. [47] used the linear
pseudo-first order equation to describe the kinetics of Pb(Il) biosorption onto pre-treated chemically
modified orange peel. Ho et al. [46] has also reported on the sorption of Pb(Il) from aqueous solutions
using tree fern adsorbent in which the linear form of the PFO equation was used. However, a number
of studies have reported that the linear form of the PFO equation may lead to error propagation in the
results by linearizing the PFO equation, which is non-linear, thereby implicitly altering the error structure
in the determination of the model parameters [30,31,48,49]. The non-linear form of the PFO is given as
Equation (6):

9 = g (1—e7") (6)

The non-linear form of the PFO will be used to model the kinetics of sorption of Cd(Il) onto
the YTBS adsorbent used in this study and Equation (6), represents the reversible interaction between
the adsorbate and adsorbent and is used for the prediction of the physisorption of the adsorbates onto
the adsorbents in the system under consideration [30,31].

3.1.2. Pseudo-Second Order Model

The reaction kinetics of adsorption is the basis of the adsorption reaction models used in kinetic
modelling and one of the most commonly used reaction models for the description of the kinetics
of adsorption is the pseudo-second order model proposed by Ho [50]. This model was proposed in
an attempt to present the equation that represents the adsorption of divalent metals onto sphagnum
moss peat during agitation. An assumption was made that the process may be second-order and that
sorption depends on the adsorption capacity of the adsorbent that is associated with the number of
available active sites. This pseudo-second order kinetics is presumed to proceed via chemisorption,
which involves valence forces through the sharing or exchange of electrons between the peat and the
divalent metal ion as covalent forces [30,31,50]. The equation has the linear form:

t 1 1

- il 7
gt Kpge? + qet @

where h (mg-g~!-min~!) can be regarded as initial sorption rate as g;/t—0, hence:

h = ky.qe? 8)
Equation (8) can be written as:
t_11 o
gt h  ge

Equation (9) is the linear form of the pseudo-second order (PSO) equation that is commonly
reported in literature. This linear form causes distortion in the error structure when used to plot the PSO
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model and leads to differences in model data between the non-linear and linear techniques in modelling
the (PSO) equation [48,51]. Hence, the better option is the use of the non-linear method, as the
PSO equation is a non-linear equation. Furthermore, the numerical optimization used to determine
parameters will provide a more accurate representation of the model, and the parameters within it,
than a linearization plot which often leads to propagation of errors in a model, [51]. This non-linear
approach will be applied for the modelling of the sorption kinetics of Cd(II) ion sorption onto the YTBS
adsorbent and the non-linear PSO equation that will be used for the kinetic modelling is given by Lin
and Wang, [49] as Equation (10):

Kz.q€2t

qt =

1+ Kpget (10)

Thus, Equation (10) will be used to model the non-linear PSO kinetics for the sorption reported
in this work and assumes a stronger interaction between the adsorbate and adsorbent based on the
chemisorption of the adsorbates onto the adsorbents in the system under consideration. One advantage
of using the PSO equation for the modelling of adsorption kinetics is that there is no need to know
the equilibrium capacity from the experiments, as this value, the PSO rate constant and the initial
adsorption rate can be calculated from the model [30,31,50].

3.1.3. Elovich Kinetic Model

The Elovich equation was previously used for the description of reactions involving chemisorption
of gases on a solid surface [52]. It has also been proven to be valid for the description of the kinetics
of systems in which the adsorbing surface is heterogeneous and therefore have different activation
energies for chemisorption [43,53]. Recently, it has been used by in number of studies to examining the
kinetics of sorption in the liquid phase [54,55]. The Elovich kinetic equation is generally expressed
as [52,56] as Equation (11):

oqt

e wexp(—Bq,) (11)

where a is the initial adsorption rate (mg-g~!-min~!) and B related to extent of surface coverage and
activation energy for chemisorption (g-mg~1) [57].

To simplify the Elovich equation Chien and Clayton [52] assumed that when a3t >> t and by applying
the boundary conditions g = 0 at t = 0 and g¢ = g¢ at t = £, the equation becomes Equation (20) [56,58].

gt = 1 In(ap) + 1 In(t) (12)
p p

This non-linear kinetic modelling approach will also be applied for the modelling of the kinetics

of Cd(II) ion sorption using the Elovich equation in Equation (12) [59,60]. From the Elovich equation

plot, the kinetic parameters will be obtained for Cd(II) ion sorption onto the YTBS adsorbent using the
solver add-in program in Microsoft Excel 2010 software.

3.2. Error Functions

The experimental equilibrium and kinetic data for the sorption of Cd(Il) ions onto the
YTBS adsorbent were modelled using the equilibrium and kinetic models described in this study.
To determine the model which best describes the sorption, a number of fitting parameters were used
to correlate the experimental data based on the magnitude of the determination coefficient [30,31].
Hence, the model with an r? value closest to unity is deemed the best fit [61]. The fitting of these
models with experimental data have been reported in a number of studies using a linearization of
the different equilibrium and kinetic models for the sorption of various adsorbates onto different
adsorbents [40,62,63]. However, this approach has been observed to be limited as it has an inherent
bias resulting from the linearization, as such, data transformations implicitly alters the error structure
and may result in a violation of the error equality of variance and normality hypotheses for standard
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least squares [61,64-66]. The use of non-linear optimization has been reported as a better approach for
the determination of model fitting to experimental data, and of isotherm parameter values as it most
commonly uses algorithms for the determination of the parameters [61,64,67-69]. The utilization
of the non-linear approach requires the definition of error function to enable the optimization
process determine and evaluate the fitting of the models to the experimental data [61]. For the
characterization of the equilibrium and kinetic models for the sorption of Cd(Il) using the YTBS
adsorbent, three different error parameters and the coefficient of determination (%) were determined
using the solver add-in in Microsoft excel 2010 software [30,31].

The error parameters used were:

1-The sum of the squares of the errors (ERRSQ)

ERRSQ =Y (qerexp —Germodel )* (13)

2-The Chi-square test (x?)

(qefexP-n —q€,model.n. )2
2=Y" 14
X Zn:l( (qermodel.n ) ( )

3-The root mean square error (RMSE)

N Y
RMSE = mzizl (gm — ge) (15)

4-The determination coefficient (%)

T2 — Z(qermodel —Y9C,a0. )2 (16)

Z(qermodel —q€av. )2 + Z(qelmodel —qCexp. )2

where: ge ;5401 is the equilibrium capacity obtained from the isotherm model;

ge,exp. is the equilibrium capacity obtained from experiment

geqv. is the average ge exp..

ge and gm are the measured and model amount of cadmium(II) ion adsorbed at time ¢ respectively

m is the number of data points evaluated

p is the number of parameters in the regression model

Thus the model that best predicts the experimental data is that which returns the smallest values
for the error parameters (ERRSQ,RMSE and x%) and the highest 12 value [17,30,31].

4. Results and Discussion

4.1. Adsorbent Characterisation

The characteristics of the YTBS adsorbent are presented in Table 1 and indicate that the material
is mainly composed of organic constituents and some inorganic constituents as well. The carbon
content of the adsorbent is about 41%, based on the ultimate analysis, of which 21% was fixed carbon
according to proximate analysis. The proximate analysis of the adsorbent also indicates that 66%
of the adsorbent was composed of volatile matter thereby indicating that the YTBS adsorbent was
mainly organic in nature with some inorganic constituents as shown by the ash content composition
in Table 1. The helium density of the YTBS residue presented in Table 1 was obtained based on the
helium pycnometry method. Consequently, the YTBS adsorbent is observed to have a low density
(0.32), which implies that the material has poor mechanical strength. It has been reported that the
density of residues also has implications on the mechanical strength of adsorbents prepared from them
especially those used for the synthesis of activated carbon type adsorbents [70,71].
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Table 1. Physical and chemical characteristics of white yam tuber peel (YTBS) adsorbent.

Characteristics YTBS
Ultimate Analysis (wt %) 2
Carbon 41.5
Hydrogen 6.26
Nitrogen 0.82
Oxygen © 483
Sulphur 0.15
Proximate Analysis (wt %) b
Fixed carbon 21.7
Volatile matter 66.1
Moisture 5.34
Ash 5.50
pH 5.90
pHpzc 6.43
Ash content (%) 4 8.30
Helium density 0.32

2 Ultimate analysis using CHNS analyzer. b Proximate analysis using thermogravimetric analyzer.
¢ Obtained by difference. ¢ Using AOAC [72] method.

The pH point of zero charge (pHpzc) is defined as the pH of the suspension at which the surface acidic
(or basic) functional groups of an adsorbent no longer contributes to the pH of the solution. It indicates
the two regions on which an adsorbent can be used for the adsorption of positive or negative species [73].
The plot of the pH versus zeta potential was used to obtain the pHpzc for the YTBS adsorbent presented in
Table 1. The pHpzc of the YTBS adsorbent was 5.9, while the pH of the YIBS adsorbate system was 6.4.
These two parameters indicate that the surface of the YTBS adsorbent is mildly acidic. Thus, to facilitate the
sorption of Cd(Il) ions by the YTBS adsorbent, a pH higher than the pHpzc, which provides the adsorbent
surface with more negative ions to interact with the target Cd(Il) ion, thereby making adsorption onto the
adsorbent surface more feasible, has to be chosen [73]. Hence, the pH 6.5 was chosen as the pH for Cd(II)
sorption studies onto the surface of the YTBS adsorbent. Similar results for the pHpzc of lignocellulosic
adsorbents have been reported in literature. A pHpzc of 6.6 was reported for African white star apple
(Chrysophyllum albidium) shell by Onwu and Ogah [74] in their studies on the effect of pH on the sorption
of Cd(II), nickel(Il) and chromium(VI) from aqueous solution. Prola et al. [75] has also reported a pHpzc
of 5.85 for Jatropha curcas shell used as a biosorbent for the removal of Reactive Red 120 textile dye from
aqueous solution.

4.1.1. BET Surface Area and Porosity

The BET surface area, total, micropore and mesopore volume as well as the pore diameter of the YTBS
adsorbent, obtained using nitrogen adsorption-desorption shown in Figure 1, are presented in Table 2.
The result indicates that the surface area of the YTBS adsorbent was low (0.5 m?-g~!) with a total pore
volume of 2.70 x 1073 cm3-g~1, implying that the adsorbent had a low surface area. This observation is
similar to previous reports on the BET surface area of lignocellulosic adsorbents that are of agricultural
origin. The BET surface area of 1.2 m?-g~! and total pore volume of 0.02 cm®-g~! of a date stone adsorbent
has been reported by Khelaifia et al. [76] in their study of the valorization biomaterial for Cr(VI) adsorption.
In another study reported by Setiabudi et al. [77], BET surface area and total pore volume of 2.59 m?.g !
and 2.0 x 1073 cm3-g~! were obtained for an agricultural residue-Elaeis guineesis leaves used for the
adsorption of methylene blue.

Table 2. Pore characteristics of YTBS adsorbent.

Parameter Value
BET surface area (m2~g’l) 0.50
Total Pore volume (cm3-g’1) 2.70 x 1073
Micropore volume (cm3-g~!) 1.82 x 1074
Mesopore volume (cm3-g~1) 2.52 x 1073
Micropore area (m?2- g’l) 0.34
Percent of micropores (%) 6.74
Percent of mesopores (%) 93.3

Average pore diameter (nm) 21.1
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Figure 1. N, adsorption-desorption isotherm (a) and BJH pore size (b) plot of YTBS adsorbent.

The classification of nitrogen adsorption-desorption isotherm according to the Brunauer, Deming,
Deming, and Teller (BDDT) method [78,79] has been used to characterize the nitrogen isotherm
plot of the YTBS adsorbent. From Figure 1a, it can be observed that at low relative pressures
(0.1-0.5), the adsorption and desorption branches of the isotherm are nearly horizontal to each other.
However, at intermediate to high relative pressures (0.6-0.9), the amount absorbed increases leading
to a characteristic type IV isotherm with a hysteresis loop, which is associated with the presence of
larger pores in the mesoporous range [80]. The presence of this hysteresis has been associated with
a number of processes and properties of mesoporous materials. Wickramaratne et al. [81] associates the
hysteresis loop in mesoporous materials to the effects of voids created within the adsorbent particles
which influence the nature of the nitrogen adsorption and desorption processes. Banerjee et al. [82]
and Li et al. [83], on the other hand, attribute this hysteresis loop to the effect of capillary condensation
in non-uniform or disordered pore arrangements.

The presence of the larger pores in the mesoporous range of the adsorbent is shown in the pore
size distribution (PSD) plot in Figure 1b and Table 2, which indicates that the YTBS adsorbent was
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mainly composed of mesopores (93% mesopores and 7% micropores). Figure 1b also shows that the
YTBS adsorbent had a narrow pore size distribution, with a distinct peak at 3.5 nm, and a wider
pore size distribution of mesopores between 4-9 nm. This trend in pore size distribution has
also been observed in some activated carbon adsorbents obtained from a lignocellulosic precursor
(horse chestnut shell) [84]. Furthermore, from the desorption branch of the N, adsorption-desorption
isotherm plot (Figure 1b), the average pore size of the YIBS adsorbent was 21.1 nm implying that the
adsorbent is mesoporous according to the IUPAC classification of porous materials [78,79].

4.1.2. Adsorbent Morphology

The yam peel residue photograph and that of the pulverized and dried YTBS adsorbent are shown
in Figure 2. The surface characteristic of the YIBS adsorbent was examined using scanning electron
microscopy (SEM). The SEM micrograph of the YTBS adsorbent is shown in Figure 3a and indicates
the non-porous structure of the material. This also shows the irregular crevices and rough surface on
the adsorbent which may serve as transport and attachment sites for metal ions [80,85,86]. The results
of the SEM of the YTBS adsorbent after Cd(II) ion sorption (Figure 3b) indicates that the morphology
of the adsorbent was not altered after sorption implying that the adsorbent was stable and there was
no aggregation of adsorbent particles during sorption.

Figure 3. Electron micrograph of YTBS before (a) after (b) Cd(II) ion adsorption.
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4.1.3. Adsorbent Chemical Composition

The carbons, hydrogen, nitrogen, sulphur, and oxygen contents of the YIBS adsorbent were
determined using the CHNS elemental analyzer and the results are presented in Table 1. This result
indicates that the residue adsorbent had high carbon and oxygen contents as is the nature of
lignocellulosic residues, thereby confirming the results obtained from the proximate and ultimate
analyses of the adsorbent. The inorganic composition of the YIBS adsorbent was determined using
X-ray fluorescence spectrometry (XRF) and the results are shown in Table 3.

Table 3. X-ray fluorescence spectrometry (XRF) of YTBS residue adsorbent.

Element
(%)

YTBS 0.01 0.08 0.15 0.75 0.36 0.16 0.01 1.51 0.05 0.05

NaZO MgO A1203 Si02 P205 503 Cl Kzo CaO Fe203

From Table 3, it can be observed that the adsorbent had high amounts of silica (SiO;) and potassium
(K20) which may account for its high ash content (Table 1), while the other elements such as sodium
(NapO), iron (FepO3), calcium (CaO), magnesium (MgO), alumina (Al,O3) chloride (Cl), and sulphur
(SO3) where in trace quantities. The inorganic constituents of the YIBS adsorbent contributed to its ash
composition and may also play an important role in metal ion sorption via ion-exchange mechanism [87].
Furthermore, the chemical composition of the YTBS adsorbent was also evaluated using energy dispersive
X-ray analysis (EDX) which was coupled to the scanning electron microscope (SEM) used for examination
of the morphology of the adsorbent. This technique was used to measure the chemical species on the
adsorbent surface before and after Cd(II) ion sorption. The EDX analysis of the fresh YTBS (Figure 4) gives
a description of the elemental composition of the residue which complements the results obtained using
the proximate, elemental, XRF analysis of the adsorbent.

906
c YTBS
Element Wit %

c 65.45

724+ 0 31.52
Mg 0.07
Al 0.19
si 0.2

543+ P 017
s 032
cl 0.12

362

181

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.0
Energy - ke

Figure 4. Energy dispersive X-ray analysis (EDX) spectrum of YTBS residue adsorbent.

The results obtained from Figure 4 indicates that carbon (65%) and oxygen (31%) were the
major constituents of fresh YTBS, while potassium (K), calcium (Ca), and sulphur (S) were the most
abundant inorganic constituents at 1.4%, 0.4%, and 0.3%, respectively. Other elements with trace
composition were; iron (Fe), chloride (Cl), sulphur (S), aluminum (Al), manganese (Mg), and silicon (5i).
The EDX spectrum (Figure 5) of the YTBS adsorbent after Cd(IlI) ion sorption (YTBS-Cd) was also
obtained to determine the effect of sorption on the elemental content of the adsorbent.
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Figure 5. EDX spectrum of YTBS residue adsorbent after Cd(II) sorption.

From Figure 5, it was observed that there was a decrease in the inorganic constituents and the
presence of elemental cadmium on the YTBS-Cd adsorbent thereby confirming the sorption of Cd(Il)
onto the adsorbent surface [88]. The EDX spectra (Figures 4 and 5) also shows that there was decrease
in the potassium and calcium contents of the YTBS adsorbent, before and after sorption. This may be
associated to the nature of uptake of the Cd(II) ions from the aqueous solutions onto the adsorbent
matrix as reported by Igbal et al. [89]. The utilization of EDX characterization of adsorbents before and
after metal ion sorption has also been reported in literature to infer evidence of adsorbent sorption
and indirectly deduce mechanism of adsorption (ion-exchange). Kamari et al. [90] has reported on the
use of EDX spectra of coconut dregs residue, before and after adsorption of Pb(II) ion, to confirm the
sorption onto the adsorbent and also infer the mechanism of ion-exchange.

4.1.4. Thermogravimetric Analysis

Thermal degradation of lignocellulosic biomass involves a complex reaction system which
includes a number of different reactions occurring simultaneously such as; dehydration,
depolymerisation, fragmentation, rearrangement, condensation and combustion [91,92]. Thus for the
YTBS residue under consideration an understanding of its thermal degradation profile is necessary to
identify its major components. Thermogravimetry (TG) and derivative thermogravimetry (DTG) were
used to evaluate the weight loss and thermal characteristics of the YTBS residue adsorbent with the
plots are shown in Figure 6 while the results are presented in Table 1.

Thermogravimetric pyrolysis (under nitrogen) and combustion (in air) was set to operate
concurrently from 20-500 °C and 500-600 °C, respectively. The TG curve (Figure 6a) shows
three regions (I, II & III) which describe the major stages in the decomposition of the residue adsorbent.
The DTG curve (Figure 6b) shows three exothermic peaks at a maximum of 71 °C, 281 °C, and 509 °C.
The first region (I) occurred during the temperature ramp from 20-100 °C, and the subsequent hold
at 100 °C, and corresponds to the elimination of non-dissociative, physically absorbed, hydrogen
bonded water molecules on the residue surface [93,94]. Complete moisture removal in this region,
which accounted for 5% weight loss was ensured by holding the temperature at 100 °C for 60 min.

The second stage (II) with a weight loss of 66% indicates the elimination of the volatile components
in the lignocellulosic adsorbent and this can be associated to the removal of the three major constituents;
cellulose, hemicellulose and lignin [94]. These three components also have varying ranges of
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decomposition temperatures (hemicellulose, 150-350 °C; cellulose, 275-380 °C; and lignin, 300-500 °C)
and this can be related to their degree of thermal stability [95]. This stage is characteristic of the thermal
decomposition of lignocellulosic biomass with a high rate of mass loss and has maxima in the DTG
curve (Figure 6b) between 270-310 °C which indicates the simultaneous thermal depolymerization of
residual hemicellulose and cellulose components [12,93,96]
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Figure 6. Thermogravimetric (a) and derivative thermogravimetric (b) analysis of YTBS in N (I-II) and
air (IIT) environments.

Lignin is the most stable component of the lignocellulosic biomass due to its aromatic content.
Thus, its thermal decomposition proceeds slowly and gradually to the end of the pyrolysis section
of the TG curve at 500 °C making it an important contributor to the fixed carbon content of the
residue [97]. At the end of this regime (II), the fixed carbon content of the YTBS adsorbent was 21%,
which shows its carbon content that is intrinsic in the chars. The third region (III) in the TG curve
(Figure 6a) shows the carbonization of the resulting chars from the pyrolysis regime (20-500 °C) to
obtain the residual ash composition of the YIBS adsorbent. This region is characterized by a maxima
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in the DTG curve (Figure 6b) between 503-530 °C which corresponds to the decomposition of the
chars in air. The resulting residue from the char carbonization gives the ash content of the YTBS
adsorbent (5%) which was comparable to the ash content obtained via the AOAC [72] method (8%) as
shown in Table 1. The thermal degradation profile of the YIBS adsorbent is similar to the profile of
orange and almond peels reported by Boumediene et al. [98] in their study on the characterization
of two cellulosic waste materials for use in removal of methylene blue from aqueous solutions.
A three-stage thermogravimetric analysis (TGA) and differential thermal analysis (DTA) profile for
ryegrass leaves (Lolium the perenne) showing the different stages of weight loss associated with the
different components of a lignocellulosic polysaccharide has also been reported by Liu et al. [96].

4.1.5. X-ray Diffraction

The XRD technique is used for the analysis of unknown materials based on a phase evaluation to
determine their nature (i.e., crystalline or amorphous) [40]. The XRD pattern obtained for the unloaded
adsorbent (YTBS) and the Cd(Il) ion loaded adsorbent (YIBS-Cd) are shown in Figure 7. The pattern of
the fresh adsorbent (YTBS) shows the presence of few well-defined diffraction peaks and a broad peak
which indicates that the YTBS adsorbent is mainly amorphous. The well-defined diffraction peaks in
the XRD pattern is due to highly ordered areas in the structure and indicates the presence of crystalline
cellulose I phases and silica (5iO;). The broad peak which is due to less ordering in the lignocellulosic
structure confirms the presence of amorphous lignocellulosic material such as amorphous cellulose,
hemicellulose and lignin [99]. For the YTBS adsorbent, the main diffraction signals at 26 values of
15.5°,17.2°, 21.0°, and 36.7° can be indexed to the (101), (101), (002) and (040) diffraction planes of
cellulose I respectively [99,100]. The diffractogram peak at 20 = 26.7°, which indicates the presence
of silica (SiO;) on the adsorbent matrix, confirms the results of the chemical analysis of the residues
reported previously using XRFE. For the YTBS—-Cd adsorbent the diffraction signals observed were
at 20 = 16.9° and 26.8° which were assigned to the 101y diffraction plane of cellulose I and silica
respectively. The peaks for cellulose I(101) and silica (SiO;) were observed to decrease after Cd(II)
sorption in the YTBS-Cd diffractogram, which reveals that there was a change in the crystallinity of
the YTBS adsorbent after sorption [32].
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Figure 7. XRD of YTBS residue adsorbent before and after Cd(II) sorption.
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The cellulose crystallinity index (CrlI) of the YTBS adsorbent was calculated using the peak height
method based on Equation (17) [101-103] as follows:

Crl(%) = {1002 — I“*”} x 100 (17)
Too2
where, Ioo, is the intensity of the crystalline region in the residue at 26 about 21.0°.

Iam is the intensity of the amorphous region (cellulose, hemicellulose and lignin) at a baseline at 20
about 16.0°.

From Equation (25), the cellulose crystallinity index (CrI) of the YTBS adsorbent was found to
be 19.2% implying low crystalline cellulose content. However, it was not possible to determine Crl
of the adsorbent after sorption (YI'BS-Cd) as the peak for the (002) phase was not well defined due
to the amorphous nature of the adsorbent. The crystallinity index of the YTBS residue adsorbent
is lower than that reported for Teff straw adsorbent (52.0%) by Wassie and Srivastava [104] in their
study on chromium removal from wastewater using Teff straw. The diffractogram obtained after
sorption (YTBS-Cd) also indicates the absence of some other crystalline cellulose I phases previously
observed in the YTBS adsorbent. This implies that the sorption process may affect the structure of the
adsorbent thereby making it more amorphous. The exhibition of irregular patterns in diffractograms is
a manifestation of materials that are mainly amorphous in nature and this observation can be made
regarding the YTBS adsorbent. Similar results to that of the YTBS adsorbent have been reported for
the different peaks of cellulose I and for cellulose crystallinity index from the XRD characterization of
Lespedeza crytobotrya stalks [100].

4.1.6. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy was used to obtain information on the nature and possible interactions
between the functional groups on the YTBS and the Cd(II) ion. The FT-IR spectra of the unloaded
YTBS adsorbent and the Cd(II) loaded YTBS adsorbent are shown in Figure 8. These spectra show
a broad peak at 3280 cm ™! which is assigned to the (O-H) stretching vibration in hydroxyl groups
(commonly appearing between 3550 cm ™! and 3200 cm~!) [62]. The groups with this functionality
found in the lignocellulosic structure of the YTBS are as follows: absorbed water, aliphatic primary and
secondary alcohols found in cellulose, hemicellulose, lignin, extractives, phenols with intermolecular
hydrogen bonds, and carboxylic acid groups in the extractives [105,106]. This peak is broad due to the
complex vibrational modes arising from a mixture of stretching vibrational bands of -OH groups in
hydrogen bonded and chemisorbed water as well as the inter and intramolecular hydrogen bonding
vibrations [94,107]. The peak at 2937 cm~! can be attributed to the symmetric or asymmetric stretching
vibrations of the CH; and CHj groups of side chains and aromatic methoxy groups in the different
lignocellulosic structures in the YIBS adsorbent [105,108].

The bands at 1724 cm~'and 1640 cm ! are due to carbonyl-group (C=0) stretching, which are
characteristics of aldehydes, ketones, esters, amides, and carboxylic acid in the lignin and extractives
components of the adsorbent [109]. These groups could exist as non-conjugated (1724 cm™1) in
lignin/carboxylic acid ester groups [110] or conjugated (1640 cm~!) moieties such as amides linked
to other aromatic rings within the lignocellulosic structure of the YIBS adsorbent [105,108,111-113].
The peak at 1640 cm ™! can also be associated with the bending vibrations in amide (N-H) groups in
the lignocellulosic structure of the adsorbent [114]. The peak at 1516 cm ™! corresponds to the skeletal
mode stretching of the aromatic ring for the symmetrical C=C vibration of the phenylpropane skeleton
in the lignin component of the YTBS structure [63,105,114]. C-H stretching deformation and aromatic
ring vibrations in lignin structures are features of the peak observed at 1415cm ™! on the spectrum
of the lignocellulosic YTBS adsorbent [63,106,110]. The peak at 1415 cm™~!can also be associated to
the symmetric stretching vibrations of the carboxylate ion (COO™) in the pectin component of the
lignocellulosic adsorbent [41,115].
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Figure 8. Fourier Transform Infrared (FTIR) spectra of YTBS before (YTBS) and after Cd(II) adsorption
(YTBS-CA).

The observed peak at 1334 cm ! indicates the presence of C-H vibration associated with cellulose
and the axial deformation of the C-O bond of the carboxylic acid [62], as well as the C;—O vibration in
syringyl derivatives rings in lignin [110,116]. The peak at 1234 cm~! corresponds to the syringyl ring and
C-O stretching in lignin and xylan (hemicellulose) components of the YTBS adsorbent [105,106,109,110].
The peak at 1077 cm ™! is attributed to the anti-symmetric bridge stretching of the ether bonds on
the C-O-C groups (pyranose ring skeletal vibration) in cellulose and hemicelluloses [108,110,114,116],
while the sharp shoulder at 1153 cm ™! is representative of the aromatic C-H in plane deformation of the
guaiacyl-lignin [109]. The peak at 935 cm ™! arises from the vibration associated with the C-O-C stretching at
the 3-(1—4)glycosidic linkages that is a characteristic peak associated with cellulosic polymers [96,117,118]
and the peak at 988 cm ! is due to the vibrations of the out-of-plane C=C aromatic functional groups in
the lignin [119]. The bands at 758 cm ! and 856 cm ™! can also be attributed to the aromatic C-H out of
plane deformations of the meta and para benzene groups of the phenolic structures in the lignocellulosic
biomass of the YTBS adsorbent [105,116].

After Cd(II) sorption, there were variations in a number of peaks in the YTBS-Cd spectrum when
compared to the unloaded YTBS adsorbents suggesting the participation of the functional groups on
the adsorbent in the sorption of Cd(II) ion [43]. The non-conjugated carbonyl group at 1724 cm ™!
associated with the carboxylic acid /ester(-COO) groups was not observed in the YTBS-Cd spectrum.
This decrease in wavenumber of the peak that is a characteristic for the C=O group from the carboxylic
acid, aldehydes and ketone moieties on the adsorbent and the disappearance of the peak at 1724 cm ™!
indicates that there may be interactions between the Cd(II) ion and these functional groups during
adsorption [2,106,109]. Also, there was a shift in the hydroxyl group peak from 3280 cm ! to 3276 cm ™!
after Cd(Il) sorption which may indicate that the hydroxyl group is involved in the biosorption
process [114,120]. Furthermore, the overall spectra of the YTBS adsorbent indicates that the functional
groups present in cellulose, hemicellulose, lignin, and extractives components of the adsorbent did
present shifts in wavenumbers at 1153 ecm L t0 1149 em ™1, 1334 em ! to 1321 em ™!, and 1077 cm ™!
to 1075 cm ! . These shifts in wavelengths of functional groups suggesting that the cellulose, lignin and
hemicellulose polysaccharides in the different chemical environments in the lignocellulosic structure
had interactions with the Cd(II) ions during sorption [120]. Shifts in peaks in the functional groups
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after Cd(Il) ion sorption has also been reported in a number of studies in literature. Wang et al. [120]
observed that the vibrations for the carbonyl, amine and hydroxyl groups in Phylolacca americana L.
biomass did shift due to their participation in the biosorption of Pb(II) ion. Peak shifts have also been
reported for the sorption of Cu(Il) ion from aqueous solution using a lignocellulosic based adsorbent-
chemically treated potato (Solanum tuberosum) leaf powder. In their study, the peaks for hydroxyl
and amino groups were observed to have shifted from both hydroxyl (3428 cm ! to 3416 cm~!) and
amino groups (1612 cm ™! to 1614 cm ') thus indicating that both amino and hydroxyl groups on the
adsorbent might be involved in Cu(Il) sorption [114].

4.2. Metal Ion Sorption Studies

Cd(I) ion sorption was carried out and some parameters used for adsorption were obtained
from the YTBS characterization that has been discussed. Based on the zeta potential and pHpzc
characterization of the YTBS adsorbent, the pH of 6.5 was chosen for Cd(II) ion sorption studies.
The effect of a number of parameters on the sorption of Cd(Il) ion by the YTBS adsorbent were studied.
These were adsorbate pH, contact time and adsorbent dose. Equilibrium sorption of Cd(I) ion was
also evaluated to determine the uptake capacity of the YTBS adsorbent. The determination of Cd(II)
ion loading on the YTBS adsorbent was based on Equation (1).

4.2.1. Effect of Adsorbate pH

The effect of adsorbate pH on the sorption Cd(II) ions was also studied in this work. The adsorbate
pH is a crucial parameter in sorption as it influences the speciation of ions in the adsorbate by
determining both the nature of the species and the charge on the adsorbent surface and hence the
probability of adsorption [121-123]. The effect of pH on Cd(IlI) ion sorption by the YTBS adsorbent
is presented in Figure 9. From Figure 9, it can be observed that the amount of Cd(Il) ions adsorbed
was initially low between the pH 2—4. The low loading observed for Cd(Il) at pH 2 is presumed to
be associated with the influence of protons in solution at the low pH which leads to the protonation
of the adsorbent surface (positively charged). Protonation of the adsorbent surface causes repulsion
of the positive Cd(II) ions thereby leading to the reduction in the binding ability of the adsorbent
for the metal ion. As the adsorbate pH increases, there is a gradual increase in the uptake of the
Cd(II) ions due to the increase in the amount of negatively charged ions that exist on the adsorbent
surface. This increase leads to the highest loading at pH 7.0 for Cd(II), and subsequently there is
a decrease in uptake as the pH increased from 8-10. The increased sorption of Cd(Il) ions at pH
5-7 may be due to the interaction of the species that are dominant at pH < 8, such as Cd?** and
Cd(OH)* with the functional groups on the YTBS adsorbent surface [124]. Since these species are
positively charged, there is more likelihood of interactions with the anions on the adsorbent surface
leading to increase in uptake especially beyond the pHpzc (6.4) when the surface of the adsorbent is
negatively charged. This is evident in Figure 9 where the highest loading is observed at pH 7 above
the pHpzc, thereby confirming that at this pH the proportion of active sites for sorption of the positive
Cd(II) ions are greatest. The increase in the species on the YTBS adsorbent that can interact with
the Cd(II) ions as the pH enters the alkaline region improves the probability of metal ion removal.
Thus due to the multiple-ion-binding sites on the adsorbent surfaces and the variety of metal ion
species {Cd(OH)* and Cd?*} in the adsorbate, a number of metal adsorbent complexes are formed
during sorption process. This can be represented according to Equation (18) [19,125,126]:

Mt +A-XH=M(A-X), +H" (18)

where M = metal; A — XH (Adsorbent surface); [X =S, O, COO, NH]; M(A — X),—metal adsorbent
complex and H*—Displaced proton.
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Figure 9. Effect of pH on Cd(II) ion sorption onto YTBS adsorbent.

Hence, the sorption of Cd(Il) by the YTBS adsorbent may occur by ion exchange where the metal
ion displaces the proton (H"*) from the adsorption site and becomes attached to the adsorbent forming
an adsorbent metal complex. This mechanism may account for the decrease in the pH of the adsorbate
after sorption between the pH 6-8 where there was substantial Cd(II) sorption which reduces as the pH
further increases up till pH 10 as shown in Table 4 and Figure 9. The reduction in the uptake of Cd(II)
ions from pH 8-10 indicates the effect of precipitation of the metal hydroxides species such as-Cd(OH),
thereby leading to low amounts of the metal ion adsorbed by the YTBS adsorbent. This effect has also
been reported by Dalali and Hagghi [127] in their study on the removal of cadmium from aqueous
solution using walnut green husk. Pehlivan et al. [128] has also observed the decrease in sorption of
Cd(II) by sugar beet pulp adsorbent with increasing pH and in their study, this was also attributed to
the effect of hydrolysis accompanying precipitation of metal hydroxides.

Table 4. Initial and final pH of adsorbate for YTBS sorption of Cd(II).

Initial 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Final 25 3.8 53 5.4 55 5.8 7.3 74 9.8

However, it should be noted that ion-exchange is not the only mechanism of sorption that might
occur between the Cd(II) ions and the active sites/functional groups on the YTBS adsorbent surface.
According to Sari et al. [34], metal ion removal by sorbents often involves complex mechanism such as
ion exchange, chelation, adsorption by physical forces, ion entrapment in the intrafibrillar capillaries
and spaces of the adsorbents and since the adsorbent surface is composed of functional groups such
as carbonyl, hydroxyl, and amine these group will be involved in all potential metal ion binding
mechanism. The maximum sorption of Cd(II) ion has also been reported in a number of previous
studies. Feizi and Jalali [129] in their study on the removal of some heavy metal from aqueous solution
using sunflower, potato, canola and walnut shell residues observed that the maximum uptake of Cd(II)
by these residues were observed at pH 7, 6, 6, and 7 for sunflower, potato, canola, and walnut shell
residues, respectively.
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4.2.2. Effect of Adsorbent Dose

The amount of an adsorbent used for sorption is an important parameter as it gives information
on the effectiveness of the adsorbent. The dependency of Cd(Il) ion sorption on the YTBS adsorbent
dosage was studied at pH 6.5, with initial metal ion concentration of 500 mg-L~!, a temperature
of 25 °C, and a reaction volume of 0.1 L. The amounts of adsorbent used were 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 g. The effect of adsorbent quantity on the efficiency of uptake of Cd(II) ions from the adsorbate
is shown in Figure 10. From Figure 10, it is observed that the increase in adsorbent dosage from 0.5
to 3.0 g resulted in an increase of about 30% in the adsorption of Cd(Il) ions. This trend in uptake is
attributed to the increasing number of active sites and surface area for Cd(Il) binding on the adsorbent
as the weight of the adsorbent increases from 0.53 g due to the availability of larger surface area and
more adsorption sites.
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Figure 10. Effect of adsorbent dose on the sorption of Cd(II) ion onto YTBS adsorbent.

This observation of the effect of adsorbent dose has also been reported by Shahidi et al. [130] in
their study on the adsorption of cadmium ions from aqueous solution using Luffa cylindrica adsorbent.
There was an increase in the percentage removal from 48-94% when the adsorbent dosage was
increased from 2.1 to 8.4 g'L_l. Barka et al. [131] has also reported a similar finding in their study of
Cd(II) ion sorption onto dried cactus (opuntia ficus indica) cladodes. In their observation, there was
an enhancement of metal ion loading from 10% to 36% when the biosorbent dosage was increased
from 0.5 to 4.0 g-L 1.

4.2.3. Sorption Kinetics

The kinetics of metal ion sorption provides information on the description of an adsorption
process as the kinetics governs the rate which in turn determines the residence time of sorption,
thus making it an essential characteristic that is used to define the efficiency of an adsorbent
system [132]. Since, the rate at which sorption takes place provides analysis data that is useful
for the design batch sorption systems, it is therefore pertinent to establish the time dependency of such
systems for various pollutant removal processes [133]. The sorption kinetics also provides information
on the minimum time required for considerable adsorption to take place and the can be used to predict
the possible diffusion control mechanism between the metal ions as it migrates from the adsorbate
towards the adsorbent surface [134].
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The effect of contact time on Cd(II) ion uptake using the YIBS adsorbent was studied at pH 6.5
with initial metal ion concentration of 500 mg-Lfl, temperature of 25 °C, and a volume of 0.1 L.
The amount of the YTBS adsorbent used was 2.0 g and the duration of kinetic studies was from 5 to
1440 minutes (72 h). From the experiment, the kinetic profile of Cd(Il) sorption was obtained and is
presented in Figure 11.
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Figure 11. Effect of contact time on Cd(II) ion sorption on YTBS adsorbent.

From Figure 11, Cd(Il) ion uptake by the YIBS adsorbent increased with time up till 1440 min.
The sorption process was slow due to the textural characteristics of the biosorbent (low surface area,
low pore volume) with maximum uptake at 180 min and thereafter there was a gradual loading of
Cd(II) ion on the YTBS adsorbent up till the attainment of pseudo-equilibrium loading of 11.89 mg-g~!
after 1440 min. The two stage process of the uptake of Cd(II) by the YTBS adsorbent can be explained
based on the availability of active sites on the YI'BS adsorbent for Cd(Il) ion loading. At inception of
the metal ion-adsorbent contact, there are a number of readily accessible active sites on the adsorbent
surface making the uptake of the Cd(Il) ions at the initial instance faster than the process after 180 min.
According to Sarada et al. [32] during metal ion uptake as a function of time, as contact time increases
the vacant sites on the adsorbent surface become occupied and the number of sites available for uptake
by incoming metal ions decreases thereby making the process slow. In addition, as more metal ions
adsorb onto the surface of the adsorbents, there is a repulsive interaction between the metal ions
in solution and those on the surface of the adsorbent due charge similarity thereby hindering the
rapid uptake of metal ions, since surface of the adsorbent are now predominantly positive [32,129].
The trend of the metal ion kinetics reported in this study is similar to those reported in literature for
example in a study by Guo et al. [135] on the sorption of Cd(II) by a chemically modified maize straw
adsorbent; the two stages of uptake were reported: the initial rapid stage of metal ion uptake was
associated with the activation energy and the subsequent slow stage linked with the rearrangement of
the adsorbed ions (Cd(Il)) on the surface of the adsorbent which leads to a more thorough utilization
of the adsorption sites on the adsorbent. These effects are presumed to contribute to the gradual
metal ions uptake noticed until equilibrium is attained. The two stage variation in the uptake profile
of the Cd(II) ions onto the surface of the YTBS adsorbent has also been observed in other studies.
Ding et al. [135] has also reported on the two stages in their description of the sorption kinetics of
aquatic Cd(II) ions using unmodified rice straw. Shahidi et al. [130] has also observed this two stage
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profile in their study on the adsorption of cadmium (II) ions from aqueous solution using Luffa cylindica
adsorbent and this was attributed to the presence of vacant sites at the inception of sorption.

4.2 4. Kinetic Modelling

A number of models have been used to describe the rate and extent of sorption of an adsorbate
onto an adsorbent and these models have assumptions for the prediction of these interactions [136].
To determine the potential rate-controlling step for Cd(Il) sorption by the YTBS adsorbent
three diffusion-based kinetic models were used to test the experimental data. The applicability
of different kinetic models is often tested based on their ability to describe the experimental kinetic
data using some optimization parameters. For the sorption of Cd(I) ions onto the YTBS adsorbent,
three kinetic models were evaluated and these are the pseudo-first order (PFO), pseudo second order
(PSO), and Elovich. To determine the goodness of fit of the kinetic models to the experimental data
using non-linear regression, the optimization procedure requires that error functions be defined to
enable the fitting of the model parameters with the experimental values. In this study, the coefficient
of determination (%), the root mean square error (RMSE), sum of square error (ERRSQ), and the Chi
square test ( x%) were used as error parameters for each model and these were determined based on
Equations (13)—(16) which have been previously described in this study. The kinetic modelling plot
of Cd(II) ion sorption onto the YTBS adsorbent is presented in Figure 12. From these models, the
kinetic parameters and their respective error functions obtained are presented in Table 5. From Table 5,
the results indicate that all the three kinetic models could be used to predict the kinetics of Cd(II)
ion uptake onto the YTBS adsorbent. For the pseudo-first order (PFO) & pseudo-second order (PSO)
models, the prediction of each model of the kinetic parameter (ge,,0401) is close to the result obtained
from the experimental analysis of Cd(II) ion sorption (11.89 mg- g_l). The Elovich equation on the
other hand also gave estimation of the initial adsorption rate («) and 3 which relates to the extent of
surface coverage and activation energy for chemisorption.
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Figure 12. Plot for pseudo first order (PFO), pseudo second order (PSO), and Elovich kinetic models.
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Table 5. Kinetic modelling parameters for cadmium sorption on YTBS.

Kinetic Models Parameters Values
qe,car (mg-g ™) 12.9
ks (grmg~!-min~1) 1.90 x 1073
h (mg-g~!-min~1) 3.20 x 1071
Pseudo-second order 72 0.960
ERRSQ 10.6
RMSE 410 x 107!
x2 1.03 x 1071
o (mg-g~!min~1) 7.74 x 107}
B (grmg~1) 0.430
) 72 0.870
Elovich ERRSQ 302
RMSE 1.16
x> 3.01 x 1071
qe cal (mg'gil) 11.7
Ky (min~1) 2.05 x 1072
. 72 0.990
Pseudo-first order ERRSQ 354
RMSE 1.29 x 1071
X2 3.28 x 1072

From Table 5, the rate constant (k;) of the pseudo first order (PFO) model was 2.05 x 1072 min~!
and this result is similar to what has been reported in previous studies for some lignocellulosic adsorbents
used for Cd(Il) adsorption. Feizi and Jalali [129] have reported on the kinetics of Cd(Il) sorption using
sunflower, potato, canola, and walnut shell adsorbents and in their study, the values of k; for the PFO
model were; 2.0 x 1072 min~1, 8.0 x 1072 min~1, 1.0 x 102 min~! and 1.0 x 102 min~! for sunflower,
potato, canola, and walnut shell adsorbents, respectively. In another study by Ding et al. [137], the rate
constant (k1) of the pseudo first order (PFO) model obtained for Cd(Il) sorption by unmodified rice
straw was reported as 1.1 x 107! min~!. A k; value of 1.6 x 107! min™! for the PFO model has also
been reported for the sorption of Cd(Il) from aqueous solution by Alhaji maurorum seed adsorbent [138].
For the pseudo second order (PSO) model, the rate constant (k;) obtained for Cd(Il) sorption by the YIBS
adsorbent was 1.9 x 1072 g-mg~!-min ! and this value indicates that the rate of uptake as described by
the PSO model was faster than that of the PFO model. Similar values for the PSO rate constant have
been reported by Feizi and Jalali [129] for the sorption of Cd(II) by potato (9.0 x 1072 g-mg~!-min~1)
and canola (7.0 x 1073 g-mg~!-min~') residue adsorbents. Igbal et al. [139] has also reported a pseudo
second order rate conatant of 1.0 x 1073 g-mg~!-min " in their study of Cd(Il) sorption by mango peels.
For the PSO model, the initial adsorption rate “h” obtained from the model as presented in Table 5 is
32 x 107! mg-g~!min~!, and this is observed from Table 5 to be lower than 7.7 x 10~! mg-g~!-min~!
obtained for initial adsorption rate (x) obtained based on the Elovich equation. Both the pseudo
second order model and the Elovich equation are based on fundamental assumptions of chemisorption
mechanism for adsorbate uptake, and the value of the initial adsorption rate from both models indicates
that the Elovich equation has a faster rate than that the PSO. The Elovich equation parameter which
relates to the extent of heterogeneous surface coverage was 0.43g mg ! and this indicates the extent of
Cd(II) loading on the YTBS surface based on this model. The surface loading obtained for the PFO and
PSO models were 11.7 mg-g~! and 12.9 mg-g !, respectively, and these values indicate that the (ge,c)
value obtained for the PFO model was closer to the experimental value (11.9 mg-g~1).

To determine which kinetic model best describes the sorption of Cd(Il) onto the YTBS adsorbent,
further evaluation of the values for error parameters (x?>, ERRSQ and RMSE) and determination
coefficient (r2) in Table 5 for the three models indicates that the PFO model had the lowest values for
the three error parameters and the highest 12 value (0.99). Thus, it can be said that the PFO model
gave the best approximation of the kinetics of Cd(II) sorption by the YTBS adsorbent than the PSO and
Elovich model. This implies that the kinetics supports the assumption that the rate limiting step of
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Cd(II) ion sorption onto the YTBS adsorbent is dependent on the concentration of the Cd(II) ions in the
adsorbate [46,140,141].

4.2.5. Equilibrium Isotherm Modelling

Analysis of equilibrium data is known to be important for the evaluation of the efficiency of
an adsorbent for the adsorbate under consideration. It is also used to generate isotherm modelling
parameters that can be used to compare different adsorbents as well as for the design and optimization
the sorption procedure [142]. The plot of the experimental and isotherm plots for Cd(II) ion removal
using the YTBS adsorbent is shown in Figure 13 and this figure indicates that the adsorption of the Cd(II)
ion was concentration dependent with loading (qe,exp) increasing from 1.32 mg-g~! to 11.28 mg-g~*
with increase in initial metal ion concentration from 50 to 500 mg-L~!. This increase can be associated
with the increase in availability of Cd(II) ions in the adsorbate system as the initial metal ion
concentration increased from 50 to 500 mg-L~!. This leads to an increase in the driving force afforded
the system by the increasing metal ion concentration making it possible to overcome the mass transfer
resistance that exist between the Cd(II) ions in the adsorbate and the YTBS adsorbent [17]. Based on
the classification of equilibrium adsorption isotherms according to Giles [143-145], the equilibrium
isotherm for YTBS sorption of Cd(Il) ions can grouped as an “L” isotherm. From these experimental
values, three isotherm models (Langmuir, Freundlich and Temkin) were used to further characterize
the sorption equilibrium between the adsorbent (YTBS) and the adsorbate. In this study, the coefficient
of determination (1), the root mean square error (RMSE), sum of square error (ERRSQ), and the
Chi square test (x?) were used as error parameters for each model and these were determined based
on Equations (13)-(16) which have been previously described in this study in addition with the
fundamental assumptions of these kinetic models theoretical models for fitting experimental data
section of this study.

From this isotherm plot, the Langmuir, Freundlich and Temkin isotherm parameters and errors
parameters (RMSE, x% and ERRSQ), as well as the coefficient of determination (r?) for the YIBS
adsorbent sorption of Cd(II) ions were obtained and are presented in Table 6. From the Langmuir
isotherm plot in Figure 13, the g4y is the parameter that is used to characterize the adsorbent loading
capacity; it is attributable to the maximum metal uptake upon complete saturation of the adsorbent,
while the parameter Kj, is a coefficient that describes the affinity between the adsorbent and the
adsorbate [17,33,142].

This model also assumes that there exist a monolayer coverage of the surface of the YIBS
adsorbent with Cd(Il) ions which is indicated by the g4 parameter [35]. From this model, the value of
Langmuir constant Ky obtained was 3.46 x 1073 L-mg~! for the YTBS adsorbent indicating the level
of adsorbent-adsorbate affinity as presented in Table 6. The value of the Langmuir isotherm constant
Gmax (22.4 mg-g~1) is also indicated in Table 6, and this implies that the maximum saturation capacity
of the YTBS adsorbent for the Cd(II) is 22.4 mg-g~!. The value obtained for the Cd(Il) ion maximum
monolayer loading capacity gy for the YIBS adsorbent was compared to those of some adsorbents
reported in literature as seen in Table 6. From the Table, it is observed that the adsorbent in this study
had a gyax value that was comparable to those reported in literature indicating that this residue can be
a promising adsorbent for the removal of cadmium from aqueous solutions and effluent systems.
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Figure 13. Langmuir, Freundlich, and Temkin equilibrium isotherm models for Cd(II) sorption on

YTBS residue.

Table 6. Isotherm model parameters for sorption of Cd(II) onto YTBS adsorbent.

Isotherm Models Parameters Values
Jmax (mg'g_l) 224
Ky (L-mg™1) 3.46 x 1073
2
Langmuir r 0.99
ERRSQ 1.21
RMSE 7.57 x 1072
x> 1.55 x 1072
Kp (mg-g~1)(L-m-g~1)/n 237 x 1071
N 1.46
2
) r 0.98
Freundlich ERRSQ 17
RMSE 8.56 x 1072
x> 1.80 x 1072
Ar (Lmg™1) 5.29 x 1072
B (kJ-mol~1) 3.84
2
. 7 0.98
Temkin ERRSQ 3.05
RMSE 1.90 x 1071
X 452 x 1072

For the Freundlich isotherm in Figure 13, the parameters “n
the multilayer nature of sorption on heterogeneous surfaces [35,36].

“u_ 1

and “Kg” are used to describe
For the sorption of Cd(II)

ions onto the YTBS adsorbent, the value of the parameter Kr, which relates to adsorption capacity
was 2.37 x 107! (mg-g™1) (L-mg~1)!/™ as presented in Table 7, thereby indicating a low multilayer

adsorption capacity.

The Freundlich constant “n” which relates to the adsorption intensity and varies with the
heterogeneity of the adsorbent surface is used to indicate how favorable the multilayer sorption
process is based on this model. The range of “n” from 1-10 indicates a favorable adsorption
process [17,32,34,146]. From Table 6, it is observed that the value of the parameter “n” for the sorption
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of Cd(II) ions onto the surface of the YTBS adsorbent was 1.46, which confirms that the sorption process
was favorable.

Table 7. Cd(II) Langmuir constant g,y of this study with those reported in literature.

Adsorbent pH Gmax (mg-g™1) Reference
Orange peel 7.0 35.7 [147]
Juniper fiber 4.2 9.2 [148]

Pine cone 7.0 13.5 [149]

Platanus orientalis leaves 7.0 20.2 [150]
Arundo donax reed 55 27.9 [151]
eucalyptus bark 6.0 14.5 [152]

Wheat bran 5.0 15.7 [153]

Olive stone 55 6.9 [154]

Alhaji maurorum seed 6.5 3.8 [138]
Banana cortex 6.0 27.8 [155]
Diplotaxis harra 6.5 25.2 [156]
Coconut copra meal 6.0 5.0 [157]
Pinus sylvestris sawdust 5.0 19.1 [158]
Kiwi cortex 6.0 159 [155]

Carica papaya wood 5.0 174 [159]
Glebionis Coronaria L. 6.5 18.3 [156]

Olive cake 45 10.6 [160]
Areca catechu 6.0 10.7 [161]

Tangerine cortex 6.0 175 [155]
White yam peels (YTBS) 7.0 23.4 This study

A number of studies have reported values for the Freundlich isotherm modeling of Cd(II)
sorption that are similar to those obtained in this study. Vazquez et al. [161] in their study on
the equilibrium and kinetic modelling of the adsorption of Cd?* ions onto chestnut shell reported
Kg value of 1.07 mg!~1/™ g=1 L1/™ and the value of “n” obtained was 2.7. Similarly, in another study by
Perez-Marin et al. [43] on the removal of cadmium from aqueous solution by adsorption onto orange
waste, the Freundlich isotherm parameters obtained were Kr (0.317) and n (3.38). The Temkin isotherm in
Figure 13 was used to obtain the constants of the Temkin equation presented in Table 6. From Table 6,
can be observed that the value of the Temkin constant “B” is 3.84 kJ-mol~!, this parameter relates to the
heat of adsorption gives an indication of the heat associated with the adsorption of the Cd(Il) ions onto the
surface of the YTBS adsorbent [37]. The second constant of the Temkin isotherm “Ar” is the equilibrium
constant and it indicates the loading of the adsorbate onto the adsorbent for the sorption process based on
the Temkin model. From Table 6, the value of At for the sorption of Cd(II) ions onto the YTBS adsorbent is
5.29 x 1072 L-mg ! and implies a very low loading based on the Temkin model. The results obtained for
the sorption of the YTBS adsorbent for the Temkin model is similar to what has been reported in literature.
Vashantha et al. [162] in their study on the adsorption of Cadmium(Il) ions from simulated wastewater
using raw Luffa husk have reported parameters for the Temkin model of 2.41 (Br) and 1.00 (K7).

Furthermore, from Table 6, a comparison of the three isotherm models can be made based on
the value of their respective error parameters used to characterize the non-linear modelling. It was
observed that the high > values and low root mean square error (RMSE), Chi square (x?) and sum of
error squared (ERRSQ) values for the three isotherm models implies that these models can be used
to described the sorption of Cd(II)ions onto the YTBS residue adsorbent. However, the Langmuir
model was the best model that described the uptake of Cd(II) ions onto the YTBS adsorbent as its
r? value (0.99) was higher than that of the Freundlich (0.98) and Temkin models (0.98). In addition,
the values of the three error parameters (ERRSQ, RMSE and x%) were lowest for the Langmuir model
when compared with those of the Temkin and Freundlich models.

4.3. Mechanism of Cd(II) Ion Sorption Onto YTBS Adsorbent

The identification of the mechanism that governs metal ion sorption on sorbents is a challenge
as a number of different processes may operate in a sorbent-sorbate system. The YTBS adsorbent
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is lignocellulosic biomass, and these types of adsorbents which are composed of cellulose, lignin,
and hemicellulose as major components and to a lesser extent fatty acid bearing functional groups
such as alcohol, ketone, and carboxylic acids have been reported as possible sites for complexation
reactions with metallic cations during sorption. Ion-exchange is another mechanism that has been
reported in literature as a mechanism of metal ion sorption [7,163].

In this study, the sorption mechanism via which Cd(II) ions were sorbed onto the YTBS adsorbent
was examined using EDX and FI-IR spectroscopy as previously discussed in adsorbent characterization.
Uptake mechanism can proceed via ion-exchange due to the interaction of the metal ions on the YIBS
surface with the Cd(Il) ions in the adsorbate and the examination of the EDX spectra (Figures 4 and 5)
indicates that there was a decrease in the percentage composition of some alkali metal ions potassium
(K) and calcium (Ca) present in the residue adsorbent (Figure 4) when compared to those of the Cd(II)
loaded adsorbent (Figure 5) after sorption. This may imply that there was ion-exchange between these
alkali- metal ions with Cd(II) on the adsorbent surface, thereby making this a possible mechanism
for metal ion uptake. This approach has also been reported by Igbal et al. [89] on the use of the EDX
analysis of grapefruit peel to confirm the mechanism of ion-exchange for the removal of Zn (II) from
aqueous solutions. The study observed that the calcium (Ca) and potassium (K) ions identified in
the EDX spectrum of the fresh grapefruit peel were absent in the peel used for Zn(II) ion adsorption,
thus suggesting that these ions (Ca, K) may be involved in the ion-exchange with the Zn(II) ions.

A number of functional groups such as hydroxyl, sulthydryl, sulfonate, carboxylate have been
proposed to be responsible for sorption related metal ion binding in adsorbents. The ability of
these groups also called active sites to bind metal ions during adsorption have been suggested by
El-Kamash et al. [164] to depend on a number of factor such as the quantity of sites, accessibility of
sites, chemical state of sites, and affinity between metal ion and active sites [17]. For the YTBS adsorbent
the data obtained from FTIR studies before and after Cd(II) sorption (Figure 8) shows that a number of
carbonyl (-CO), carboxylic acid/esters(~COO) amide (-N-H) and hydroxyl (-O-H) groups may be
active sites for metal ion interaction. These functional groups were observed to have decreased intensity
or disappeared in the spectrum of the YIBS adsorbent after Cd(Il) sorption (YTBS-Cd). Cd(II) belongs
to the transition group metal which has a greater tendency for interaction via coordination bonding.
This can be achieved through the coordination bonding using the vacant d-orbital by dative bonding
with lone pair of oxygen or nitrogen containing groups and these functional group contain lone pairs of
electrons [2,165]. Hence the Cd(Il) ions could bond with the amide, carboxyl and carboxylic acid/ester
groups by coordinating bonding as suggested by Vaghetti et al. [166]. This observation of coordination
bonding between Cd(II) ion and electron rich nitrogen and oxygen functional groups has also been
reported by Chand et al. [2] in their study on the sorption of Cd(Il) ions from aqueous solution using
chemically modified apple pomace. In their study the metal ion uptake by the adsorbent was proposed
to occur via coordinating to amine (-NH;) and carbonyl (-CO) groups.

5. Conclusions

An agricultural by-product (YTBS) was studied for the capacity to remove Cd(II) ion from aqueous
solution using a batch process. From the study, the following conclusions can be drawn from the results:

e Cd(I) ion sorption by the YTBS adsorbent was pH-dependent and the maximum uptake was
observed in the pH range 6.5-7.0.

e  Metal ion loading was found to increase with increasing amounts of adsorbent up to a maximum
at3g.

e  The kinetics of Cd(II) ion sorption indicated that metal ion loading showed a two stage uptake-
an initial quick uptake up to 180 min, which was followed by a gradual metal ion removal up
till 1440 min. The sorption kinetics was modelled using three equations (pseudo first order,
pseudo second order, and Elovich) to determine which gives the best description of Cd(Il) uptake.
This was found to be the pseudo first order based on the value of g, error parameters and
the 12 (0.99).
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e Equilibrium isotherm modelling on the effect of initial metal ion concentration on metal ion
removal was carried out using the Langmuir, Freundlich, and Temkin isotherms, with the
Langmuir isotherm giving the best fit for the description of experimental Cd(II) ion loading.
From the Langmuir isotherm modelling, the maximum loading capacity (§;ax) of Cd(II) on the
YTBS adsorbent was 23.4 mg-g~! indicating a high uptake capacity for an agricultural residue.

e  The mechanism of Cd(Il) ion removal from aqueous solution by the adsorbents were presumed to
be via ion-exchange and adsorption-complexation and these were elucidated from the EDAX and
ATR-FTIR characterization of the adsorbents before and after sorption.

o  The residue adsorbent was found to be effective in removal the heavy metal ion, and hence can be
a good resource for pollution control that can be utilized in developing countries to reduce the
effect of heavy metal pollution.
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Abbreviations

C; Initial metal ion concentration (mg-Lfl)

Ct Metal ion concentration at time ¢ (mg-L~1)

SEM Scanning electron microscopy

Gmax Langmuir isotherm maximum adsorption capacity (mg- g_l)
q Metal ion loading at time ¢ (mg-g ')

Ar Temkin isotherm constant (L-mgfl)

2 Co-efficient of determination

B Temkin constant related to heat of adsorption (J-mol—1)

w weight of adsorbent (g)

ERRSQ Sum of the squares of the errors

k1 Pseudo first order rate constant (L-min~!)

ko Pseudo second order rate constant (g-mg~!-min~!)

R Universal gas constant (8.314 J-mol-K—1)

YTBS White yam tuber peel

B Elovich parameter-surface coverage and activation energy

h Pseudo second order initial adsorption rate (mg-g~!-min~1)
ge Equilibrium adsorption loading (mg-g~?)

X2 Chi-square test

RMSE Root mean square error

o Elovich initial adsorption rate (mg-g~!-min~')

Ce Equilibrium metal ion concentration in the solution (mg-L_l)
EDS Energy dispersive X-ray analysis

pHpzc pH point of zero charge

n Freundlich isotherm parameter

Kr Freundlich isotherm constant (mg~g*1)

Ky Langmuir isotherm constant (L~mg*1)

ATR-FTIR Attenuated total reflectance Fourier transform infrared
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