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ABSTRACT

Activated carbons obtained from Cassia sieberiana were studied for the adsorption of Pb*" from an
aqueous solution. Characterization of the activated carbon by Fourier-transform infrared spectros-
copy (FTIR), Brunauer—-Emmett-Teller, point of zero charge, thermogravimetric analysis (TGA), and
scanning electron microscopy (SEM) were performed on the unmodified Cassia sieberiana (UMCS),
thermally modified Cassia sieberiana (TMCS) and base modified Cassia sieberiana (BMCS) adsor-
bents. The well-known batch sorption isotherm models such as Langmuir, Freundlich and Temkin
were tested with experimental data for the adsorption of Pb* to estimate the adsorption equilib-
rium parameters (rate constant and, adsorption capacity). The model with the best fit was identi-
fied from extensive statistical analysis of the results of nonlinear fitting of the experimental data.
The FTIR analysis before and after adsorption studies confirmed the presence of different functional
groups as well as shifting of functional groups after the adsorption of Pb*. SEM analysis showed
the surface morphology of the different adsorbents being relatively rough and irregular indicating
higher pores on the surface of the modified adsorbents. The modified C. sieberiana showed a large
surface area (471.521, 624.772 and 628.585 m?/g) and a point of zero charge at 4.42, 7.22 and 7.23
for UMCS, TMCS and BMCS, respectively. TGA analysis showed that the thermal decomposition
of the adsorbents took place in three or less well-evidenced stages, with significant mass losses.
The Langmuir isotherm gave the best fit with determination coefficients (R?) of 1. The adsorption
of Pb* ion onto UMCS, TMCS and BMCS best fitted into pseudo-second-order model with R? 0.999
suggesting chemical adsorption mechanism. The overall adsorption process was controlled by one
or more steps such as external diffusion, pore diffusion, surface diffusion and adsorption on the
pore surface or a combination of more than one step as predicted by the intraparticle diffusion
model. In general, modified C. sieberiana seed as an adsorbent can be used as an effective material
for the removal of Pb* from an aqueous solution.

Keywords: Adsorbents; Cassia sieberiana; Biosorbents; Pb*; Chemosorption; Intraparticle diffusion
model; Point of zero charge

1. Introduction other industries [1,2]. Toxic metal ions accumulate in the
food chain and living tissues, causing various diseases and
disorders [3], because of their toxic, non-degradable and
often deposited in organisms [4]. An increase in Pb* level
leads to a higher probability of contracting cardiovascular

Toxic metal ions released into the environment have
been on the increase due to the continuous development
of electroplating, smelting, battery-making, mining and
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diseases which may lead to death [4]. In that case, there is
a need to develop adsorbents materials and technologies
that can remove toxic metal ions from an aqueous solution.

There are many methods for the removal of toxic metal
ions from industrial effluents such as chemical or electro-
chemical precipitation [5], ion exchange [6], adsorption
on minerals and reverse osmosis [7-9]. Compared with
the other processes, the adsorption of heavy metal ions
from their aqueous solution onto insoluble compounds as
adsorbent is the most cheapest, effective and widely used
method [10]. Activated carbon is used as an adsorbent but
it is expensive, and so researchers are on their toes to find
cheaper and efficient alternative precursors for activated
carbon production. A low-cost adsorbent is abundant,
requires little processing and they are mostly waste mate-
rial from industry or agriculture [11]. At present, there is
growing interest in the use of modified waste materials for
the adsorption of heavy metals. Unreacted plant wastes
(agricultural waste) such as waste African canarium [12],
bulk beech wood [13], papaya wood [14], maize leaf [15], teak
leaf powder sago waste, banana and orange peels sawdust
[16], jute fibers [3], peanut hull pellets [17], oil bean [18], maize
husk [19], are inexpensive adsorbents because they have low
economic value. Some of the advantages of using these bio-
materials for heavy metal adsorption are simple techniques,
cheap processing, high adsorption efficiency, and selective
adsorption of heavy materials [11,20,21]. The adsorption
efficiency has been enhanced by the pretreatment of plant
wastes. Modifying agents such as base solution, acids solu-
tions, organic compounds, oxidizing agent, dyes, etc. can
extract soluble organic compounds and eliminate coloring
of effluents and finally increase the efficiency of heavy met-
als adsorption [3,22,23]. Many studies have been carried out
on the efficiency of modified low-cost adsorbents. Tarley et
al. [24] reported that adsorption of Cd?* increased by almost
double when rice husk as a precursor was treated with
NaOH. The reported adsorption capacities of Cd*" were 7
and 4 mg/g for NaOH treated and unmodified rice husk
respectively. Tiemann et al. [25] reported the maximum
adsorption capacity of 89.2 mg/g for Pb* by NaOH-treated
alfalfa biomass. Li et al. [23] demonstrated that Pb*, Cr*" and
Cu? could be effectively adsorbed by sulfuric acid-modi-
fied peanut husk. Low et al. [26] used nitric acid-modified
banana peels as an adsorbent and reported the maximum
capacity of 13.46 mg/g for Cu*. Karnitz et al. [27] showed
that sugar cane bagasse pretreated with sodium bicarbon-
ate could adsorb heavy metals effectively. Production of
activated carbon from almond shells has been reported
before. Ferro-Garcia et al. [28] prepared three activated
carbons by activation of almond shells, olive stones, and
peach stones by heating in CO, at 1,123 K. They reported
the maximum adsorption capacity of 6.65 mg/g for Zn*" by
almond shell carbon.

Despite the many studies about the use of plant wastes
as adsorbents around the world, the literature is insuffi-
cient about the use of modified Cassia sieberiana as adsor-
bent. C. sieberiana seed, an agricultural waste, is from a plant
native to Africa. C. sieberiana seed refers to seed as obtained
from pods of a tropical shrub (C. sieberiana). C. sieberiana, a
member of the family Caeasalpiniaceae, is an annual plant
that grows in the world’s tropical zones. It is an upright

growing plant that can reach a height of more than four
feet, with large, green leaves and very bright yellow flow-
ers [29]. These seeds range in color from greenish-brown
to dark brown with smooth surface and may have small
bright-colored bands on the outer surface [29]. Its fruits
are not edible and so litter the environment as observed
in the University of Nigeria, Nsukka premises. They are
used mostly for ornamental purposes because of its sharp
yellowish colored leaves.

2. Materials and method
2.1. Sample collection, thermal and chemical pretreatments

C. sieberiana seed was obtained from Nsukka, Enugu
State, Nigeria. The sample was identified and classified
based on their botanical names by the Taxonomists in the
Department of Crop Science, University of Nigeria, Nsukka.
Thereafter it was washed with de-ionized water to get rid
of unwanted materials. The C. sieberiana seed was sun-
dried for several days after which it was crushed, ground
and pulverized to a powdery form. The sample was then
passed through a 125-300 pm mesh sieve. 0.1 g of NaOH
was dissolved in 500 mL of distilled water in which 50 g
of the C. sieberiana adsorbent was added and then mixed
together by stirring. It was allowed to stand for 24 h and
the excess liquid was decanted, washed with de-ionized
water, dried in ovum at 110°C, stored in an air-tight con-
tainer and labeled base modified Cassia sieberiana (BMCS).
50 g of C. sieberiana was carbonized in a muffle furnace at
550°C for 90 min, removed, allowed to cool, and then stored
in an air-tight container already labeled thermally modified
Cassia sieberiana (TMCS).

2.2. Adsorbate preparation

The entire chemicals used in the study were of ana-
lytical grade obtained from Sigma-Aldrich (Germany)
and were used without further purification. A solution
of Pb* was prepared by weighing accurately 1.598 g of
Pb(NO,), in 50 mL of de-ionized water and was stirred
properly with a glass rod. Thereafter the 50 mL solu-
tion was placed in a 1 L volumetric flask and made up to
mark with de-ionized water to obtain a stock solution of
1,000 mg/L Pb*. 600 mg/L of the metal ion Pb(NO,), was
prepared from the stock solution through serial dilution.

2.3. Adsorption study
2.3.1. Contact time

0.2 g of the adsorbent, (NaOH modified and thermally
modified C. sieberiana seed) were placed in 100 mL plas-
tic bottles (five for each). 20 mL of 600 mg/L of Pb* were
added to each of the plastic bottles, agitated for 2 min
and left to stand at different contact times of 10, 20, 30,
40, and 90 min. At the end of the given contact time for
each experiment, the solution was filtered and the con-
centration of metal ions remaining in the filtrate was
determined using atomic absorption spectrophotometer
(AAS) AA-7000 Series Shimadzu (Japan).
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2.3.2. Percentage removal and adsorption capacity

The percentage of Pb* removal and the adsorption
capacity of the adsorbent were calculated using Egs. (1)
and (2) respectively.

Removal (%) = 100@ @)
q{mﬂ:V@ffJ @
g m

where g, (mg/g) is the adsorption capacity of the adsor-
bents, C, (mg/L) is the initial metal ion concentration in
solution, C, (mg/L) is the equilibrium of the metal ion
concentration, V (L) is the volume of adsorbate and m is
the mass (g) of the adsorbent.

2.4. Kinetic studies

Adsorption kinetic models were applied to the experi-
mental data in order to analyze the rate of adsorption and
possible adsorption mechanism of Pb* onto unmodified
Cassia sieberiana (UMCS), TMCS and BMCS. The pseudo-
first-order model also known as the Lagergren equation is
expressed as Eq. (3):

q,=q,[1-exp(K t)] 3)

where g, and g, are the amounts of metal ions adsorbed
at time t and at equilibrium in (mg/g), respectively. K| is
the pseudo-first-order adsorption rate constant (min™)
[30]. Nonlinear fitting using OriginPro9 of the plots of
log(q, — gq,) vs. t were used to determine the rate constant
(K)) and g..

The pseudo-second-order kinetic model was also used
to test the kinetic data obtained from the adsorption of Pb*
onto UMCS, TMCS and BMCS [Eq. (4)].

(E%)

= Z7 4
1+ K,q,t @)

9

where K, is the equilibrium rate constant of pseudo-
second-order adsorption (L/mg min) [31]. The values of
g, and K, were calculated using the nonlinear plot of #/
g, against t [31,32]. The initial sorption rate, & (mg/L min),
was also calculated from Eq. (5).

h=K,q 5)

The intraparticle diffusion model by Weber and Morris
[33] was applied to predict the rate-limiting step in the
adsorption of Pb*. For a solid-liquid sorption process of
this nature, the solute transfer is usually characterized by
external mass transfer (boundary layer diffusion), intrapar-
ticle diffusion or both. The intraparticle diffusion model
equation is given as Eq. (6).

q, =Kt +C (6)

where g, = adsorption at time ¢, K, = intraparticle diffusion
rate constant (mg/g min'?) and C = constant that gives the
thickness of the boundary layer, that is, the larger the val-
ues of C, the greater the boundary layer effects. A plot
of g, vs. 1 gives a straight line from the origin for the
sorption process to be controlled by intraparticle diffusion.

2.5. Error analysis

Two error functions of non-linear regression basis
were examined in order to evaluate the fit of the kinetic
models to represent the experimental data [34,35]. The
Hybrid Fractional Error Function (HYBRID), which is
given as Eq. (7):

2
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Marquardt’s Percent Standard Deviation (MPSD) error
function which is also given as Eq. (8):

1 ] 2{%,&}) " Fecal ] (8)
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where g, = experimental equilibrium adsorption capacity,
g, = theoretical equilibrium adsorption capacity, 7 = num-
ber of experimental data points and p = the number of
parameters in each isotherm model. HYBRID was devel-
oped to improve the fit of the square of errors function at
low concentration values while the MPSD is similar in some
respects to a geometric mean error distribution modified
according to the number of degrees of freedom of the system.

2.6. Brunauer—Emmett-Teller surface area and
point of zero charge

The Brunauer-Emmett-Teller (BET) surface area was
obtained by the Quantachrome NovaWin Version 11.03
Model Analyzer while the point of zero charge (PZC) was
obtained using acid-base potentiometric titration method
according to Miyittah et al. [36]; Uehara and Gillman [37].
Briefly, about 4 g of the sample was weighed into 20 mL of
0.002 M KCl and the mixture was equilibrated for about
24 h through shaking. The initial pH of the suspensions was
varied using 0.1 M HCl and 0.1 M NaOH while the blank
contained no acid or base. The pH of suspensions was mea-
sured after each subsequent addition and equilibration
with 0.1 M (1 mL) KCI and 2 M (0.5 mL) KCl. The amount
of potential-determining ions (H'/OH") adsorbed was esti-
mated as the pH difference between the blank and acid/base
titrated suspensions at each different KCI concentration.

3. Results and discussion
3.1. Characterization of the biosorbents
3.1.1. Fourier-transform infrared spectroscopy

Functional group types and net charge bonded to the
carbon surface is essential in understanding the mechanism
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of adsorption of ionic adsorbates on activated carbons [38].
The adsorption capacity of activated carbon is influenced
by functional groups on the carbon surface. Functional
groups do not only affect the adsorption behavior but also
dominate the adsorption mechanism. While increasing the
uptake kinetics at a lower coverage (monolayer coverage),
they also reduce the binding energy [39].

The Fourier-transform infrared spectroscopy (FTIR;
Shimadzu 8300, Japan and Agilent 4500, USA) spectra of
UMCS, TMCS and BMCS were recorded in the range of
4,000-400 cm™ (Figs. 1-6). The spectra identified the sur-
face functional groups and also illustrated the changes in
the biosorbent after thermal and base modification treat-
ments. The unmodified C. sieberiana spectrum (Fig. 1) exhib-
its several bands of multiple intensities merged to form a
broad and strong band in the functional group region of
3,410 cm™, which is associated with the stretching vibrations
of free or bonded OH groups of alcohols and carboxylic
acids. In the loaded unmodified biosorbent (Fig. 2), the OH
shifted to 3,268 cm™. Also, with the presence of inter and
intra-molecular hydrogen bonding between these hydroxyl
groups which is in accordance with the results of Boji¢ et
al. [40], 2,359 cm™ peak indicated the presence of amines
(RNH,) [41], which was conspicuously missing in the
loaded UMCS. The peak at 2,928 cm™ vibration frequency of
the unmodified C. sieberiana indicated the presence of C-H
bond and terminal alkynes, while the vibration frequency at
1,651 cm™ shows the presence of carbon—carbon bond. The
loaded UMCS also gave C-H at 2,929 cm™, but the C=C at
1,651 cm™ shifted to 1,629 cm™. Hu et al. [42], in Pb* bio-
sorption from aqueous solutions by live and dead biosor-
bents of the hydrocarbon-degrading strain Rhodococcus sp.
HX-2, attributed peaks at 2,929.75 and 2,863.31 cm™ to the
stretching vibration of the -CH, group, and those at 1,664.49
and 1,542.98 cm™ to the stretching vibration of the -NH and
—-CN groups, respectively. The spectra intensities merged to
form a broad and weak band in the functional group’s region
of 1,074 and 1,030 cm™ which suggested an asymmetric
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Fig. 1. FTIR spectrum of unmodified Cassia sieberiana.
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stretching vibration of alkane chains example, CH, [43].
Other functional groups present in the loaded UMCS are
C-0O of COOH, ethers, alcohols or esters (1,060-1,030 cm™)
and C-H of alkanes (1,413-1,380 cm™). But in the unloaded
UMCS, these functional groups shifted to different spectra,
while others were missing.

The unloaded TMCS (Fig. 3) show C-H band of C=C-H
(alkanes or aromatic compound) at 1,421-1,462 cm™, C-N or
C-O of aromatic rings at 1,007 cm™, C-H of alkenes at 698-
877 cm™, C-H of alkanes at 2,948-3,018 and C=0O of ketones,
aldehyde, COOH or esters at 1,700-1,719 cm™. But the loaded
thermally modified C. sieberiana FTIR (Fig. 4) show OH of
alcohol, C-H of alkanes, C-O of carboxylic, ester, ethers or
alcohol at 3,217.37, 2,972.40, and 1,016.52 cm™ adsorption
band respectively. Jha and Jha [44], obtained a similar results
in the iodine adsorption by activated carbon of modified
Spinacia oleracea (spinach) leaves.

The band at 3,450.77 cm™ of the unloaded BMCS
(Fig. 5) show the OH group of carboxylic acids, while
2,928.04, 1,651.12, 1,058.96-1,028.09 and 1,151.54 cm™ showed
the C-H of alkanes, C=C of alkene, C-O of esters, COOH,
ethers or alcohol and C-N of amines or amides respectively.
In the FTIR of the loaded BMCS biosorbent (Fig. 6), there
was shifting of these observed bands and formation of new
ones (Nitrate ion at 1,380 cm™, N-H bend of secondary or
primary amine at 1,622 cm™). This showed that base treat-
ment had significant effects on the functional groups. The
hydroxyl and carboxylic groups present on the surfaces of
both the biosorbents are believed to clearly act as an active
site for binding of positively charged cations in line with
the findings of Kirova et al. [45].

3.1.2. Scanning electron microscopy

Figs. 7-9 shows the scanning electron microscope
(Shimadzu ESCA-750, Japan) image of UMCS, TMCS and
BMCS respectively. The surface morphology of the UMCS,
TMCS and BMCS were studied, aimed at visualizing the
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Fig. 6. FTIR spectrum of base (NaOH) modified Cassia sieberiana after adsorption study (loading).

morphological characteristics obtained from the activa-
tion process at different modification conditions. From the
micrographs, pores are evident on the surface of the pre-
pared activated C. sieberiana. The UMCS appeared to have a
fairly smooth surface with cracks or voids, while the TMCS
and BMCS were relatively rough and irregular indicating
the higher pores on the surface of the modified C. sieberiana.
This showed that the activation stage produced extensive
external surfaces with quite irregular cavities and pores.
The high porosity observed on the surface of the modified
C. sieberiana were as a result of burn-offs from the surface,
pores of C. sieberiana and base evaporation leaving voids.
This is in line with Hesas et al. [46] observation in the meth-
ylene blue adsorption by activated carbon from apple waste.

3.1.3. Thermogravimetric analysis

The thermogravimetric analysis (Perkin Elmer TGA-
7, United Kingdom) pattern of UMCS, TMCS and BMCS

are shown in Figs. 10-12, respectively. From the figures,
it was observed that the adsorbents were thermally stable
up to temperature of 520°C, 510°C, and 450°C for UMCS,
TMCS and BMCS, respectively.

According to the TGA curves, the thermal decomposi-
tion of all adsorbent types under investigation took place
in three or less well-evidenced stages, with significant mass
losses, but the loss of mass accompanying them is quite
different and takes place in much narrower temperature
ranges. The initial mass loss from 0°C to 300°C is attributed
to the adsorbed moisture since the C. sieberiana husk was
hitherto dried at about 110°C for 1 h. The second mass loss
step from 300°C to about 450°C is attributed to the ther-
mal degradation of hemicellulose and cellulose, forming
a carbonaceous residue from 450°C which decomposes
slowly up to about 520°C. The final residue formed was
about 10%-15%, which is consistent with a mixture of ash
and carbon. This is in line with the observation of Oliveira
et al. [47] in the TGA/DTA analysis of renewable biomass,
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Fig. 7. SEM image and elemental content of unmodified Cassia sieberiana (at 100 to 537 um).

babassu. Bazan et al. [48] in the thermal analysis of acti-
vated carbon obtained from the residue after supercritical
extraction of hops.

3.2. Effect of contact time

The effect of contact time on the adsorption of
Pb* onto UMCS, TMCS and BMCS is as shown in Fig. 13.
The adsorption process decreased gradually between 10 to
20 min for UMCS, and then decreased sharply from 20 to
30 min. There was a significant rapid increase in adsorp-
tion from 30 to 40 min and then diminished gradually
for the next 50 min.

For the adsorption of Pb* onto TMCS, a gradual
decrease in adsorption was observed for 30 min and also a
gradual increase for the next 15 min. After 40 min there was
no significant increase in adsorption (Fig. 14). In the adsorp-
tion of Pb* onto BMCS, a rapid decrease was observed
from 97% to 93% for 10-20 min and a rapid increase
from 93% to 95% for the next 10 min. However, a sharp
decrease in adsorption is observed from 94.83% to 91.38%
for the next 10 min. Then from 40 to 90 min, there is no
significant change or increase in adsorption. A gradual

and rapid decrease for both UMCS and BMCS showed
that the adsorption site has been filled up at 40 min and
consequently became saturated attaining equilibrium
(Fig. 14). This is in agreement with Gupta et al. [49] obser-
vation in the removal of lead and chromium from aque-
ous solution using red mud-an aluminum industry waste.
Equilibrium was established around 40 min for both UMCS
and BMCS but about 45 min for TMCS. The sorption that
rapidly occurs in both UMCS and BMCS is normally con-
trolled by the diffusion process from the bulk of the solu-
tion to the adsorbent surface [50]. The slow uptake in the
later stages is probably due to an attachment-controlled
process caused by less available active sites for sorption
in accordance with the findings of Argun et al. [51] in
the toxic metal ions adsorption by modified oak sawdust.

3.3. Adsorption isotherm
3.3.1. Langmuir isotherm

The Langmuir isotherm is used to describe adsorption
based on the assumption that uptake occurs on a homog-
enous surface by monolayer sorption without interaction
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Fig. 8. SEM image and elemental content of thermally modified Cassia sieberiana (at 100 to 537 pm).

between adsorbed molecules. The nonlinear form of the
Langmuir isotherm equation can be expressed as Eq. (9):

_ (quLCe )

9= (1+K,C,) ©)

where g, is the monolayer adsorption capacity of the adsor-
bent (mg/g), K, is the Langmuir adsorption constant (L/
mg) related to the energy of adsorption, which quantita-
tively reflects the affinity between the adsorbent and the
adsorbate, g, is the maximum monolayer adsorption capac-
ity of the adsorbent (mg/g). The constant q, and K, can be

determined from the slope and the intercept of the linear
plot of C/q, and C,. The Langmuir isotherm plot for the
adsorption of Pb* onto UMCS, TMCS and BMCS (Fig. 15),
showed excellent fit.

3.3.2. Freundlich isotherm

The Freundlich isotherm model assumes a multilayer
adsorption onto a heterogeneous adsorbent surface and
provides the exponential distribution of the active sites.
The nonlinear form of Eq. (10) is:

q,=K.C" (10)
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Fig. 9. SEM image and elemental content of NaOH modified Cassia sieberiana (at 100 to 537 pum).

where K, (mg/g)(mg/L)"" and n is the Freundlich adsorp-
tion constant related to the adsorption capacity and the
intensity of the adsorbents respectively. The constants
were determined by the nonlinear plot of logg, vs. logC,
using OriginPro9 (Fig. 16). The determination coeffi-
cient (R?) of Pb* adsorption fell within 0.997-1 indicating
a good fit (Table 1). The results obtained were satisfac-
tory with the given experimental data. This suggests that
apart from homogeneous adsorption behavior as inferred
from Langmuir’s model, the availability of heteroge-
neous adsorption sites or possibilities of surface interac-
tion (chemical interaction) between the adsorbate and the

adsorbent could be possible. This is in agreement with the
experimental results obtained by Swapna Priya and Radha
[52] in the adsorption studies of tetracycline hydrochlo-
ride onto commercial-grade granular activated and Das
and Mondal [50] in the calcareous soil as a new adsorbent
to remove lead from aqueous solution.

3.3.3. Temkin isotherm

The Temkin isotherm model takes into account the
interactions between adsorbents and metal ions to be
adsorbed and is based on the assumption that the free
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energy of adsorption is a function of the surface cover-
age. The nonlinear form of the Temkin isotherm model is
expressed as:

RT
q,= Tln(KTCE) (11)
q,=BIn(K,C,) (12)

where B = RT/b, T is the temperature (K), R is the ideal
gas constant (8.314 J/mol K), g, is the adsorption capacity
at equilibrium (mg/g), C, is the equilibrium concentration

Fig. 14. Effect of contact time on the adsorption uptake of
Pb* onto unmodified, thermally modified and base modified
Cassia sieberiana.

of adsorbate in the bulk solution (mg/L), B is the Temkin
constant related to the heat of adsorption or the maxi-
mum binding energy (J/mol). The Temkin plot of g, vs.
InC, (Fig. 17) for the adsorption of Pb* onto UMCS, TMCS
and BMCS showed a determination coefficient (0.544
to 0.9999) to be a relatively good data fit. Temkin model
equation was derived on the assumptions that adsorp-
tion sites are similar owing to the impact of the sub-
stance adsorbed at the adjacent sites and that the energy
of adsorption decreases directly with an increase in active
site coverage [53]. When all the active sites are used, the
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Table 1
Langmuir, Freundlich and Temkin isotherm constants for Pb* adsorption onto UMCS, TMCS and BMCS
Isotherm models UMCS T™CS BMCS
Langmuir model
q, (mg/g) 459.11+13.9 613.63 +23.19 4,982.80 + 1.39E-6
K, (L/mg) 3.89E-5 + 1.18E-5 0.097 +0.0037 3.625 +0.00102
R? 1.000 1.000 0.997
Freundlich model
K, (mg/g)(mg/L)""> 1.8011 + 0.0024 1.775 + 6.83E-19 1.787 +0.00459
n 0.0644 + 0.003 6.84E-4 + 2.5E-19 0.0488 + 0.00568
R? 0.991 1.000 0.947
Temkin model
B (mg/g) -14.577 + 0.657 -0.861 + 0.575 -10.174 + 4.235
K, 0.00585 + 0.00102 3.92E-31 + 8.9E-29 0.00114 +0.0026
R? 0.991 0.073 0.544

distribution of energy is uniform along the length of the
active site’s coverage and in addition to this, the coverage
neither approaches zero or unity. As this model explains
the multivalent surface interactions of the adsorbate onto
the surface of the adsorbent, the high correlation values

obtained show that surface interactions between adsor-
bents and Pb* may possibly be the dominant process in
the adsorption of Pb* onto the surface of C. sieberiana.
This result is in agreement with the results obtained by
Dada et al. [54] in phosphoric acid modified rice husk.
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Fig. 16. Freundlich isotherm plot for the adsorption of Pb(II) ion onto UMCS (a), TMCS (b) and BMCS (c).

The nonlinear plots of the adsorption isotherm data
(Table 1), showed that the Langmuir monolayer adsorp-
tion capacity g, ranged from 459.11 to 4,982.80 mg/g for
the biosorbents with BMCS having the best adsorption
capacity. Freundlich and Temkin’s model was not suitable
to describe Pb* adsorption on these modified C. sieberiana.
The B values of Temkin adsorption isotherm for UMCS,
TMCS and BMCS were very low indicating an increase in
active site coverage. With these results, it can be inferred
that Langmuir adsorption isotherm best describes the
adsorption of Pb* onto C. sieberiana, suggesting homo-
geneous surface adsorption by monolayer sorption with-
out interaction between sorbed ions.

The pseudo-first-order equation did not fit into the
experimental data of Pb* ion adsorption by UMCS, TMCS
and BMCS (Fig. 18). This is indicated by the low value of
the determination coefficients (0.342-0.462) and the rate
constant K. The pseudo-second-order model provides
a good fit to the experimental data of Pb* adsorption
(Fig. 19). The R? values were excellent with high values of
equilibrium rate constant K, for UMCS, TMCS and BMCS.
These revealed that the pseudo-second-order model best
describes the experimental data obtained from the adsorp-
tion of Pb* by UMCS, TMCS and BMCS. Therefore, the
suitability of the second-order kinetics to explain the

adsorption mechanism suggests chemical adsorption. This is
in agreement with the results of Das and Mondal [50].

The error functions (HYBRID and MPSD) correspond-
ing to the minimized deviations between the experimental
and calculated kinetic models suggest pseudo-second-order
kinetics as the best (the lowest values of the error functions)
according to Srenscek-Nazzal et al. [55] (Table 2), and this
indicates that the adsorption is chemosorption. The cal-
culated g, values were closer to the experimental g, values
suggesting the overall rate of the adsorption process to be
most likely controlled by the chemosorption process and
the rate of the reaction directly proportional to the number
of active sites on the surface of the activated carbons [56].

The BET multipoint measurement surface area showed
that BMCS (628.585 m?/g) and TMCS (624.772 m?/g) pos-
sessed higher specific surface area more than the UMCS
(471.521 m?*g) adsorbent (Fig. 20) showing the effect
of base and thermal modifications on the C. sieberiana seed.

The knowledge of PZC which is the point where the
total positive charges are equal to the total negative charges
on adsorption surfaces plays an important role in under-
standing ion-sorption processes at the metal/solution
interface [57]. Negatively charged surfaces are surfaces
with a negative charge in physiological environments (pH
7). Such surfaces possess an isoelectric point (PI or PZC)



236

S.1. Eze et al. / Desalination and Water Treatment 226 (2021) 223-241

574 = (a) 60.1 n (b)
60.0
n
59.9 1
| |
:z:z:m: “FB’L;“:;:] 59.7 E;;zc;; : 0095
1 T e .
55 B 1457713 0.65705 a ]
T T T T T T T T 59.5 T T T T T T T T T T T T T T T
34 35 36 37 3.8 39 40 12 13 14 15 16 17 18 19 20
InCe InCe
58.5
5804 (C)
57.5+
57.0- -
56.5 -
g NewFunction74 (User)
56.0 - qe=B"Ln(KT*Ce) | |
51 BEL
ssof | w amim
u ]
54.5
2.8 30 32 34 36 28 40
InCe
Fig. 17. Temkin isotherm plot for the adsorption of Pb(II) ion onto UMCS (a), TMCS (b) and BMCS (c).
Table 2
Comparison of the kinetic model equations on the adsorption of Pb* solution of UMCS, TMCS and BMCS
Kinetic models UMCS TMCS BMCS
oo (MB/B) 57.03 59.98 58.15
Pseudo-first-order
G,n (M/R) ~0.776 + 0.361 -1.077 +0.393 0.0891 +0.149
K, (min™) 0.0322 + 0.00696 0.0254 + 0.0062 -0.0624 + 0.135
R? 0.462 0.466 0.342
Pseudo-second-order
h (mg/L min) 1.78E-02 1.67E-02 1.82E-02
K, (L/mg min) 6.34E-7 + 2.4E-62 2.07E-7 £ 3.3E-7 1.822E-9 + 1.7E-7
g, . (M/8) 167.64 +293.44 284.46 + 225.57 3,159.05 + 148,843
R? 0.999 0.999 0.999
HYBRID
First-order 34.25 34.54 33.23
Second-order 125.39 466.86 16,682
MPSD
First-order 33.79 33.93 33.28
Second-order —-64.65 -124.75 -745.70
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Fig. 20. BET surface area of BMCS (a), TMCS (b) and UMCS (c).

below pH 7 [57,58]. The ion affinity of this class of miner-
als is pH-dependent. As the pH of the solution in contact
with the adsorbate solution is reduced below the point
of zero charge (PZC), the surface of the adsorbate solu-
tion becomes positively charged. Conversely, as the pH is
increased above the PZC, the surface becomes negatively
charged. The acid-base potentiometric titration data showed
the PZC of UMCS at 4.42, TMCS at 7.22 and BMCS at 7.23
(Fig. 21). The PZC of the modified C. sieberiana was higher
than the UMCS. The PZC result obtained for the modified C.

(c)

sieberiana (TMCS and BMCS) were comparable to the values
recorded by Moon et al. [59] and Mahmood et al. [60] in the
preparation of ZrO,-coated NiO powder and comparison of
different methods for the PZC determination respectively.

3.4. Prediction of rate-limiting step

The intraparticle diffusion model by Weber and Morris
[33] was applied to predict the rate-limiting step in the
adsorption of Pb*. For a solid-liquid sorption process of
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Fig. 22. Intraparticle plot of Pb* onto UMCS, TMCS and BMCS.

this nature, the solute transfer is usually characterized by
external mass transfer (boundary layer diffusion), intrapar-
ticle diffusion or both. The result (Fig. 22) showed that the
plot of g, vs. t*> did not give a straight line graph that starts
from the origin and this suggests that intra-particle diffusion
is not the only rate-limiting step involved in the adsorption
of these metals on the activated carbons obtained, accord-
ing to Weber and Morris [33]. The variation from the origin
may be due to the variation of mass transfer in the initial
and final stage adsorption according to Mohanty et al. [61].

This indicates that the overall adsorption process may be
controlled either by one or more steps such as external dif-
fusion, pore diffusion, surface diffusion and adsorption on
the pore surface or a combination of more than one step.

4. Conclusion

The study successfully functionalized TMCS and
BMCS from UMCS which is evidenced in the FTIR spec-
trum showing the groups that acted as binding sites for
the adsorption of Pb*. Unmodified C. sieberiana seed of
Nigerian origin was successfully utilized as an adsor-
bent for the removal of Pb* ion from an aqueous solu-
tion by batch adsorption method. The experimental fac-
tor such as the contact time affected the adsorption of
Pb* onto unmodified and modified C. sieberiana seed
differently and shows that the modification increased
the efficiency of adsorption. The Langmuir isotherm
model and pseudo-second-order models best explain
the adsorption mechanism involved in the uptake of Pb*
by the adsorbents which suggest chemosorption. The
adsorption was very fast as more than 75% were removed
from the solution within 40 min. The overall adsorption
process was controlled by one or more steps such as
external diffusion, pore diffusion, surface diffusion and
adsorption on the pore surface or a combination of more
than one step. This study showed that C. sieberiana seed
could be utilized as effective low-cost adsorbents for
metal ions.
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Symbols

q, — Adsorption capacity of the adsorbents

C, — Initial metal ion concentration in solution

C, — Equilibrium of the metal ion concentration

14 — Volume of adsorbate

m — Mass of the adsorbent

q, — Amounts of metal ions adsorbed at time t and

q, — Amounts of metal ions adsorbed at equilibrium

K, — Pseudo-first-order adsorption rate constant

K, — Equilibrium rate constant of pseudo-second-
order adsorption

h — Initial sorption rate

q, — Adsorption at time t

K, — Intraparticle diffusion rate constant

C — Constant that gives the thickness of the bound-
ary layer

Do — Experimental equilibrium adsorption capacity

Docal — Theoretical equilibrium adsorption capacity

n — Number of experimental data points

p — Number of parameters in each isotherm model.

K, — Langmuir adsorption constant related to the
energy of adsorption

q, — Maximum monolayer adsorption capacity of the
adsorbent

K, — Freundlich adsorption constant related to the
adsorption capacity

n — Adsorption intensity of the adsorbents

T — Temperature

R — Ideal gas constant

B — Temkin constant related to the heat of adsorp-
tion or the maximum binding energy
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