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Abstract - Raw Millet Husk (RMH) and Raw Millet Straw (RMS) were used as precursors and were carbonized; they were
further activated with Sodium Hydroxide (NaOH) to obtain Millet Husk and Straw (MHS) activated carbon. The industrial
effluent sample was analyzed before and after Adsorption by Atomic Absorption Spectrometry (AAS). The experimental data
were fitted to Langmuir and Freundlich isotherm models. Adsorption data of lead, arsenic and mercury were well fitted with
the Freundlich model as indicated by higher values of Regression coefficient R°. The agreement of the Freundlich model to the
experimental data may designate multilayer adsorption had taken place on the MHS surface that could contain a finite number
of identical sites. The experimental kinetics data was analyzed using pseudo-first-order, Pseudo-second-order, Elovich and
intraparticle diffusion. The pseudo-second-order kinetic model provided a better Correlation for the experimental data,

indicating a chemisorption process. This proposes that the forming of the interface between the adsorbate and the adsorbent on

the external surface of the adsorbent (film diffusion) is the rate-determining step.
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1. Introduction

Because of the accelerated rate of urbanization and
growth, as well as the discharge of industrial and municipal
effluents that threaten the survival of aquatic life, rivers are
under excessive stress (Khan et al.,, 2021). However,
untreated wastewater released by industries is the main cause
of water contamination. Among the toxins present in
industrial wastewater that find their way into the
environment are dyes, aromatics, pesticides, heavy metals,
oil, and other hazardous substances that pose a major risk to
both human health and the ecosystem (Nallakukkala et al.,
2022).

Both anthropogenic (sewerage systems, home and
industrial wastewater) and natural (geological weathering,
precipitation) sources of metal contamination are likely
present in freshwater habitats. Heavy Metals (HMs) have a
persistent non-biodegradable character that can cause bio-
accumulation and biomagnification when they enter the food
chain. At locations far from the source of contamination, the
interaction between Heavy Metals (HMs) and natural water
can modify the concentration and extent of the HMs' harmful
effects. Given that rivers are the main inland water resources
used for human sustenance, effective monitoring and
management of the water quality in these bodies of water is,
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therefore, essential (Khan et al., 2021). Heavy metals are
very soluble in water, which allows living things to absorb
them. Once heavy metals enter the food chain, they have the
potential to accumulate significantly in the human body.
Metal overconsumption beyond the permitted concentration
limit can lead to detrimental health effects. Therefore,
wastewater contaminated with heavy metals needs to be
cleaned before being released into the environment
(Nallakukkala et al., 2022).

To remove heavy metals from inorganic wastewater,
conventional treatment techniques such as adsorption,
membrane, chemical precipitation, and electrochemical
approaches are employed. Although these methods are
reliable, they have significant drawbacks, such as low
selectivity, restricted metal removal, high energy
requirements, and significant sludge production. A variety of
techniques have recently been studied in an effort to improve
treated water quality while simultaneously reducing the
amount of wastewater produced -cost-effectively and
efficiently (Nallakukkala et al., 2022). Owing to its low cost
of reusability, robust application, high removal rate, and ease
of operation, adsorption is the most promising technique for
removing heavy metal ions from wastewater that has
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received extensive research. This choice is contingent upon
the selection of inexpensive materials, high absorption rates,
and effective regeneration mechanisms. Chemical,
adsorption, and membrane techniques are typically the most
useful ones discussed in the literature (Qasem &
Mohammed, 2021).

There have been trials conducted on a variety of
agricultural by-products, including rice bran, rice husk,
wheat bran, sawdust from different plants, tree bark,
groundnut shells, coconut shells, back gramme husk, hazel
nut shells, walnut shells, cotton seed hulls, millet husk, waste
tree leaves, maize corn cob, sugarcane bagasse, banana,
orange peels, soya bean hulls, grapes stalks, water hyacinth,
sugar beet pulp, sunflower stalks, coffee bean, cotton stalk,
etc (Batagarawa et al., 2017). In Nigeria, an estimated 2.76
million tonnes of millet plant residue are produced annually
(Ajikashile et al., 2023). Every year, a significant amount of
crop residues—such as sorghum husk, millet husk, cowpea
husk, maize bran, wheat bran, groundnut halves, maize cobs
and maize straw—produced on government and private
farms in Nigeria are thrown away. Some are burned, while
some are allowed to rot in the field, which may increase soil
fertility (Millam, 2018). Among the millions of tonnes of
agricultural waste looking for a way out are millet husks.
Millet husk's renewable, biodegradable, lightweight, and
economical qualities make it an appealing material (Abba et
al., 2017). In local agricultural fields, millet husk is abundant
and regarded as waste following grain separation (Das et al.,
2018). Similar to wheat and rice straw, there is no other
documented commercial utility for millet straw (Karimi &
Tavakkoli, 2019). Consequently, this study presents the
preparation of NaOH-activated carbon from Millet Husk and
Millet Straw (MHS) and its application for heavy metals
adsorption from industrial effluent. In addition, the Isotherm
and kinetics of the adsorption process will be evaluated using
Langmuir, Freundlich, Pseudo-first-order, Pseudo-second-
order, Elovich and Intraparticle diffusion models to ascertain
the nature and mechanism of the adsorption process.

2. Materials and Method
2.1. Sample Collection

The sample effluent was collected in a 5-litre polyethene
can from the Coca-Cola Bottling Company, Maiduguri,
Borno State, Nigeria. The polyethene can was washed
thoroughly with hot boiled water to get rid of foreign
contaminants before the collection of the sample.

2.2. Sample Treatment

The millet husk was handpicked to remove dirty
particles and washed with tap water severally to get rid of
adhering particles. The millet straws were cut into pieces and
were similarly washed several times with water to remove
moisture-soluble impurities. Both samples were rewashed
thoroughly with distilled water, drained, and sun-dried for 12
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hours. The dried samples were stored in air-tight containers
for further analysis.

2.3. Preparation of NaOH — Activated Carbon

Activated Carbons were prepared from the dried Millet
Husk (MH) and Millet Straw (MS) using the chemical
activation method. The dried samples were carbonized at
500°C for 2 hours in muffle furnaces to obtain a carbonized
char. The obtained char was activated using NaOH at
different ratios. The different mass ratios of powdered MH
and MS to NaOH activation agent (1:2, 1:3 and 1:4) were
taken and impregnated. It is then mixed thoroughly and
allowed for 48 h at room temperature. A similar procedure
was followed to impregnate the Millet Straw (MS). After
impregnation, samples were then filtered and oven-dried at
105°C for 90 minutes so as to remove moisture completely.
The activated carbons produced were washed with 0.5 M
HCI acid solution, filtered and washed several times with
distilled water to obtain a fairly constant pH. The samples
were oven-dried at 250°C and labelled MH;, MH,, and MHj;
for millet husk and MS; MS, and MS; for millet straw with
subscripts of their corresponding impregnated molarities.
Such washing steps were required to eliminate metallic
sodium, possible excesses of hydroxide, and soluble
impurities present in the char (Byamba-ochir et al., 2016). A
composite adsorbent (IM MH, 2M MH, 1M MS and 3M
MS) was produced based on their performance from the first
experiments. The heavy metals (As, Pb and Hg) present in
samples were determined by using the Atomic Absorption
Spectrophotometric  (AAS) method. The adsorption
equilibrium  was investigated for different metal
concentrations between 20 and 140mg/L. In addition,
kinetics experiments were conducted with 20 — 140 mg/L
metal and 0.1 g of adsorbent at 25°C, temperature with
stirring at 250 rpm for 20 — 120 min.

2.4. Adsorption Isotherm Models
2.4.1. Langmuir Isotherm Model

The Langmuir isotherm is used to describe monolayer
sorption onto the surface of an adsorbent with a finite
number of identical adsorption sites and no interaction
between sites. The model is expressed by (Tatah et al., 2017):
Ce

- (1)

qm

Ce _ 1
de amKL

qm (mg/g) = monolayer adsorption capacity of the
adsorbent, K; (L/mg)= adsorption constant, which reflects
the affinity between the adsorbent and adsorbate. g,, and K;
were determined from the slope and intercept of the plots of
Ce/qe versus Ce.

2.4.2. Freundlich Isotherm Model

The Freundlich adsorption isotherm model describes the
reversible and non-ideal adsorption process. The Freundlich
model can be applied to multilayer adsorption, unlike the
Langmuir isotherm model, which is limited to monolayer
creation.



Burah Tijjani et al. / IJRES, 11(3), 77-88, 2024

The linearized form is:

logq, = logKy + %logCe 2)

Where q.is the equilibrium amount adsorbed per unit
mass of adsorbent (mg/g), C. is the equilibrium
concentration of the adsorbate in solution (mg/L); Ky is the
Freundlich isotherm constant (L/mg), and n is adsorption
intensity (Alaqgarbeh, 2021).

2.5. Kinetics Study

Kinetics is a significant factor in the determination of the
adsorption mechanism. In order to investigate the adsorption
behavior deeply, pseudo-first-order, pseudo second order,
Elovich and intraparticle diffusion kinetics models were used
to analyze the experimentally obtained data and can be
summarized as follows. The linear equations of pseudo-first-
order, pseudo-second-order, Elovich and intraparticle
kinetics models are as follows:

The pseudo-first-order with the boundary conditions as
follows: t=0, q; =0, and att=t, q; = q;, gives:

In(q. — q¢) = Inq, — kqt 23

Where q, and g, are the values of the amount adsorbed per
unit mass on the adsorbent at equilibrium and at various
times ¢, respectively; k; is the Pseudo-first-order adsorption
rate constant (min™). The values of k; and calculated g, can
be determined from the slope and intercept, respectively, of
the linear plot of In(q, — q;) versus ¢.

Pseudo-second-order with the boundary conditions ¢ = 0, q,=
0, and at t=+¢, g = g, results in:

t t 1

— 2.4
qt

de kzqg

Where k; is the pseudo-second-order adsorption rate constant
(g/mg. min), g, and q; are the amount adsorbed (mg/g) on
the adsorbent at equilibrium and at time t.

Elovich kinetics model with ¢ value at ¢, — ¢ and ¢, value
point in saturate adsorbent capacity (mg/g):

q = %ln((xﬂ) + %m (t+t,) 25
Where a is the initial adsorption rate (mg/min), and P is the
surface coverage and energy to interact with the
chemisorption process. To evaluate kinetic surface
interference with adsorbent plot linearly against q; vs.
In (t +t,) and the Elovich coefficients, o and f, calculate
slope and intercept.

Intraparticle diffusion:

q: = Kigt'/? + C 2.6
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Where K, is the intraparticle rate constant (mg L' min™"?),
and C is the thickness of the boundary layer. The model
calculates from a linear plot against the of g, vs. t/2.

3. Results and Discussion
3.1. Isotherms Study

Adsorption isotherms allow evaluating the applicability
of the adsorption process as a unit operation and estimating
the maximum adsorption capacities of adsorbent materials.
Moreover, the fit of the isotherm models to the experimental
data provides information about the nature of the adsorption
process. The adsorption parameters were determined by
using linearized Langmuir and Freundlich isotherm models.
Table 3.1 presents the isotherm parameters, while Figure 4.9
(a-c) shows the experimental data fitted to the Langmuir and
Freundlich isotherm models for the removal of Pb, As, and
Hg using MHS.

According to Table 3.1 and Figure 3.1(a-c), the
Freundlich model had a better fit to the experimental data
than the Langmuir model, considering the -correlation
coefficients, R? values of Pb, As, and Hg, which is 0.9999,
0.9985 and 0.9995 respectively. The agreement of the
Freundlich model to the experimental data may designate
multilayer adsorption had taken place on the MHS surface
that could contain a finite number of identical sites. In
addition, the values of n (0.926 and 0.914) for Pb and As on
MHS were less than 1 (n<1), suggesting that the adsorption
process is more likely to be chemical, indicating strong
interactions between the adsorbates (Pb and As) and the
adsorbent. On the other hand, the value of n (1.051) for Hg
on MHS was greater than 1 (n>1), which indicates that the
system is more heterogeneous, which leads to non-linearity
of the isotherm. The larger value of n implies stronger
adsorption intensity, meaning that more adsorption occurs
per unit mass of the adsorbent at relatively low
concentrations or pressures (Tatah et al., 2017). The high
value of n indicates a relatively uniform surface where low
values mean high adsorption at low concentrations of
solution. In addition, low values of n indicate the existence
of a high proportion of high-energy active sites (Adres et al.,
2022). A higher value of I/n indicates an unfavorable
adsorption process. Moreover, the values of Ky were found
to be 1.407, 1.593 and 1.006 L/g, implying that there was
high uptake of the metal ions onto the MHS surface. The
higher the value of Ky, the greater the adsorption intensity
(Vaishnav et al., 2012).

Although, the Langmuir separation factors (Rp= 0.022,
0.017, 0.050) for the adsorption of Pb, As and Hg onto MHS,
respectively, indicate that the adsorption process is favorable
(Shi et al., 2019). It was observed in this study that the
Langmuir adsorption model provided a poor fit to the
equilibrium data as compared to the Freundlich model. This



Burah Tijjani et al. / IJRES, 11(3), 77-88, 2024

was indicated by the low correlation coefficient (R?) values
0.3434, 0.3290, and 0.3851 on MHS for Pb, As and Hg,
respectively, which implied that the adsorption process of
Pb, As, and Hg onto MHS is not monolayer rather it is
multilayer. The Langmuir separation factor (Rp) is used to
evaluate the feasibility of the adsorption process, indicating

when the adsorption is unfavorable (R > 1), linear (Rp = 1),
favorable (0 < Ry > 1) or irreversible (Rr = 0) (Harrache et
al., 2018). A similar result was reported by Junejo et al.
(2019), where Reactive Blue (RB-19) Dye was adsorbed
using Calix (4) arene-based adsorbent.

Table 3.1. Isotherm parameters for the adsorption of heavy metals onto MHS

Models/Parameters Lead Arsenic Mercury
Langmuir
(max(mg/g) 201.423 140.213 259.038
Kv (L/mg) 2.264 2.969 0.945
Ro 0.022 0.017 0.050
R? 0.3434 0.3289 0.3851
Freundlich
Kr (L/g) 1.407 1.593 1.006
1/n 1.080 1.095 0.951
N 0.926 0914 1.051
R? 0.9999 0.9985 0.9995
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Fig. 3.1c Langmuir and Freundlich isotherms for Hg adsorption by MHS

3.2. Kinetics Study

Four kinetic models, Pseudo-First-Order, Pseudo-
Second-Order, Elovich, and Intraparticle diffusion model,
with initial concentrations of 20—140 mg/L, at different time
intervals and temperature of 25°C were applied to study the
reaction pathways and potential rate-determining steps of the
adsorption of Pb, As, and Hg onto MHS. Table 3.2(a-d)
summarized the kinetics parameters, whereas Figure 3.2(a-1)
presented the plots of the kinetics study.

The pseudo-second-order model exhibits better fitting of
the kinetic data due to the excellent linearity with high
correlation coefficients, R for the adsorption of Pb, As, and
Hg on MHS, unlike the pseudo-first-order model. Further,
the agreement between the calculated ge and the
experimental ge values is very good because the differences
are less, signifying that the adsorption of Pb, As, and Hg by
MHS is better fitted to the pseudo-second-order kinetic.
Thus, the adsorption process is controlled by chemisorption.
This proposes that the forming of the interface between the
adsorbate and the adsorbent on the external surface of the
adsorbent (film diffusion) is the rate-determining step.
Additionally, the fitness of pseudo-second-order indicates
that chemical interaction was involved in the adsorption
process of Pb, As and Hg onto the activated carbons (Bello et
al., 2020).

However, the pseudo-first-order model did not provide a
good fit for the experimental data. Table 3.1(a-c) showed low
correlation coefficient, R? values and the wide differences
between the calculated and experimental equilibrium
adsorption capacities ge of the pseudo-first-order model as
compared to the pseudo-second-order model, implying the
insufficiency of the pseudo-first-order model for describing
the adsorption kinetics of Pb, As, and Hg onto MHS. The
Elovich model with moderate R?, a, and B values, as shown
in Table 3.1(a-c), suggests that the mechanism is not entirely
a chemosorption. Figure 3.1(g-i) shows that the Elovich
model is linear at lower concentrations and nonlinear at
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higher concentrations. When the Elovich model is linear at
lower concentrations of the adsorbate, it means that the
relationship between the rate of the adsorption and the
concentration of the adsorbate follows a straight line; this
suggests that at low concentrations, the adsorption process is
relatively straightforward and predictable. The rate of
adsorption increases linearly with increasing concentration.

Conversely, when the Elovich model becomes nonlinear
at higher concentrations, it indicates that the relationship
between the rate of adsorption and the concentration of the
adsorbate deviates from a simple linear trend. At higher
concentrations, additional factors come into play. These
might include surface saturation, interactions between
adsorbed molecules or changes in the adsorption mechanism.
The nonlinearity suggests that the adsorption process
becomes more complex as the concentration of the adsorbate
increases (Ayawei et al., 2017). Moreover, the intraparticle
diffusion model did not provide a good fit for the
experimental data. The intraparticle diffusion rate constant,
Ki4, the intercept, C and the correlation coefficients, R? are
given in Table 3.1(d). Figure 3.1(j-1) gives a linear
relationship at lower concentrations of adsorbate and a
nonlinear at higher concentrations, which indicates a change
in the adsorption process based on the concentration levels.
At low concentrations, the model shows a linear relationship
between the adsorbate concentration and the rate of
intraparticle diffusion, suggesting a consistent diffusion
process. Conversely, at higher concentrations, this
relationship becomes nonlinear, implying that intraparticle
diffusion is no longer solely dependent on the concentration
but may be influenced by other factors, such as saturation of
adsorption sites or changes in the diffusion mechanism
(Karapanagioti et al., 2001). According to the model, a plot
of qt versus t"? yields a straight line whose slope corresponds
to the intraparticle diffusion rate constant (Kiq), and the
intercept (C) gives insights into the thickness of the boundary
layer around the adsorbent particles. If the plot exhibits a
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such as film diffusion or chemical adsorption, contribute
significantly to the overall adsorption process (Guo and
Wang, 2022).

linear trend, intraparticle diffusion plays a dominant role in
controlling the adsorption process. On the contrary, if the
plot shows a departure from linearity, other mechanisms,

Table 3.2a. Kinetic parameters for adsorption of Pb onto MHS

Pseudo-First-Order Pseudo-Second-Order Elovich
Co qe exp Ki qe cal R? K: qe cal R? B o R?
(mg/L) | (mg/g) | (1/hr) | (mg/g) (g/mg.min) | (mg/g) (mg/g) | (mg/min)
20 8.135 0.007 0.770 0.7433 0.215 7.782 | 0.9998 | 0.829 1.639 0.8800
40 16.267 0.017 1.152 0.9671 -0.005 18.797 | 0.9649 | -2.298 3.945 0.6635
60 23.400 0.006 0.821 0.9033 0.099 22.883 | 0.9999 | 2.467 4.827 0.8780
80 31.533 -0.004 1.041 0.7913 0.175 30.864 | 1.0000 | 3.399 6.536 0.8744
100 39.166 0.011 0.962 0.8266 0.114 38.911 | 1.0000 | 4.287 8.234 0.8741
120 45.799 0.024 1.112 0.8773 0.100 45.662 | 1.0000 | 5.027 9.686 0.8748
140 52.432 0.013 1.053 0.9019 0.091 52.356 | 1.0000 | 5.733 11.058 0.8750
Table 3.2b. Kinetic parameters for adsorption of As onto MHS
Pseudo-First-Order Pseudo-Second-Order Elovich
Co qe exp Ki qe cal R2 Kz qe cal R2 a R2
(mg/L) | (mg/g) | (1/hr) | (mg/g) (g/mg.min) | (mg/g) (mg/g) | (mg/min)
20 8.517 0.009 0.887 0.9193 0.158 8.183 0.9999 0.808 1.729 0.8958
40 16.529 0.025 1.986 0.8218 -0.005 18.939 | 0.9668 -2.351 3.932 0.6704
60 24.550 0.014 0.539 0.2540 0.251 24.390 | 0.9999 2.646 5.175 0.8779
80 32.567 0.003 1.030 0.3970 0.397 31.746 1.0000 3.518 6.745 0.8736
100 40.084 0.021 0.487 0.5780 0.625 40.000 1.0000 4483 8.484 0.8708
120 47.601 0.012 1.010 0.7334 0.111 47.393 1.0000 5.180 10.031 0.8758
140 54.118 0.005 1.078 0.8055 0.130 53.476 1.0000 5.934 11.343 0.8730
Table 3.2¢. Kinetic parameters for adsorption of Hg onto MHS
Pseudo-First-Order Pseudo-Second-Order Elovich
Co qe exp Ki qe cal R? Kz qe cal R? B a R?
(mg/L) | (mg/g) | (1/hr) | (mg/g) (g/mg.min) | (mg/g) (mg/g) | (mg/min)
20 5.562 0.034 5.039 0.3507 0.664 5.540 0.9997 0.620 1.169 0.8691
40 11.340 | 0.029 1.650 0.5286 0.007 12.837 | 0.9653 1.569 2.686 0.6642
60 19.829 | 0.013 0.605 0.3108 0.141 19.685 | 0.9998 2.141 4.158 0.8760
80 26.395 | 0.031 1.006 0.9012 0.129 26.385 | 1.0000 2.871 5.584 0.8768
100 32.310 | 0.031 1.583 0.5202 0.099 32.154 | 0.9997 3.502 6.794 0.8759
120 38.987 | 0.015 0.991 0.9192 0.099 38.911 1.0000 4.259 8.216 0.8750
140 40.848 | 0.048 1.333 0.8549 0.182 40.816 | 1.0000 4.549 8.654 0.8720
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Table 3.2d. Intraparticle diffusion constants for Pb, As and Hg onto MHS

Pb As Hg
Co (mg/L) Kia R? C Kia R? C Kia R? C
20 0.636 0.6791 2.176 0.675 0.6996 2.201 1.338 0.6641 1.596
40 1.963 0.7381 -1.565 1.965 0.7526 -1.676 1.610 0.7398 1.075
60 1.870 0.6750 6.458 2.003 0.6733 6.941 2.161 0.6727 5.584
80 2.526 0.6688 8.847 2.605 0.6674 9.152 3.177 0.6727 7.503
100 3.182 0.6687 11.149 3.272 0.6635 11.599 2.629 0.6717 9.142
120 3.744 0.6696 13.092 3.879 0.6708 13.525 3.177 0.6701 11.094
140 4.275 0.6698 14.939 4.380 0.6670 15.407 3.341 0.6655 11.788
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Fig. 3.2h Elovich plot of As onto MHS
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Fig. 3.2k Intraparticle diffusion plot of As onto MHS
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4. Conclusion

The adsorption isotherms and kinetics of NaOH based
activated carbon were examined in this study. The industrial
effluent sample was analyzed before and after adsorption by
Atomic Adsorption Spectrometry (AAS). The experimental
data were fitted to Isotherms and kinetics models (Langmuir,
Freundlich, Pseudo-first-order, Pseudo-second-order, Elovich
and Intraparticle diffusion). The result revealed that the
adsorption data of lead, arsenic and mercury were well fitted
with the Freundlich model as indicated by higher values of
Regression coefficient R* suggesting multilayer adsorption
had taken place on the MHS surface of the adsorbent. In
contrast, the Pseudo- -Second-Order Kinetic model had a
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better correlation with experimental data for all the metal
ions, thus signifying a chemisorption process on the surface
of MHS.
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