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Chapter

Adsorption of Heavy Metals from
Industrial Wastewater Using
Nanoparticles from Agro Wastes
Lekan Taofeek Popoola and Alhaji Shehu Grema

Abstract

Effluents from essential industries have been characterized with heavy metals
which are non-biodegradable in nature and also detrimental to health when accu-
mulated in body tissues over long exposure. Adsorption was proved as the best
efficient process amongst others to remove these heavy metals from industrial
wastewater due to its excellent features. Activated carbons from nanoparticles of
agricultural wastes such as pods, shells, husks, peels, shafts and many prepared via
calcination process at high temperature can be used as active adsorbent for the
industrial wastewater treatment involving heavy metals removal. This chapter dis-
cusses heavy metals in industrial wastewater effluents and potential agro wastes
from which nanoparticles of activated carbon for industrial wastewater purification
could be generated. The transformation of agro wastes nanoparticles into activated
carbons via calcination and their applications for heavy metals removal from
industrial wastewater via adsorption were examined. Various characterization
techniques to study the effects of calcination on structural, morphological and
textural properties of activated carbon prepared from agro waste nanoparticles
were also discussed. Various isotherm, kinetics, mechanistic and thermodynamics
models to investigate the adsorptive nature of the process were presented. Error
functions and algorithms for both the linear and non-linear isotherm models
regression to affirm their fitness for prediction were presented. Lastly, proposed
adsorption mechanisms of heavy metals removal from industrial wastewater using
activated carbons from nanoparticles of agro wastes were presented.

Keywords: Adsorption, Industrial wastewater, Nanoparticles, Agro wastes, Heavy
metals, Calcination

1. Introduction

Water has been identified as the most essential element needed by man for
existence on Earth. However, the natural nature of water is altered when contami-
nated by waste substances generated from human activities. Water, whose biologi-
cal, chemical or physical properties have been altered due to the introduction of
certain substances, is called wastewater. This renders it useless and makes it
unsuitable for industrial and domestic purposes. Some of these contaminants are
heavy metals which exist in aqueous waste streams of several industries such as
mining operations, dye industries, metal plating, tanneries, alloy industries,
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smelting, textile industry, radiator manufacturing, and many more. Heavy metals
associated with these essential industries include chromium, lead, nickel, cadmium,
mercury and iron. They are known with non-biodegradable attribute and their
accumulation in body tissues may lead to disruption of functioning cells, kidney
congestion, liver damage, nausea, chronic asthma, diarrhea, dermatitis and many
more [1, 2]. In order to keep our environment safe from these carcinogenic sub-
stances, wastewater treatment techniques are required. Various means of removing
heavy metals from wastewater such as coagulation, flocculation, flotation, ion
exchange, membrane filtration, electrochemical treatment and chemical precipita-
tion have been presented [3]. However, adsorption was proved to be the most
efficient unit operation for the removal of hazardous heavy metals from wastewater
solution [4]. Amongst its outstanding features are design and operation simplicity,
toxic pollutants insensitiveness, cost effectiveness, high heavy metals sorption effi-
ciency and negligible sludge formation [5]. Nonetheless, nanoparticles synthesized
from agro wastes via calcination at higher temperatures have proved to be effec-
tively used as activated carbon for heavy metals removal from industrial wastewa-
ter. This chapter general discusses generation of activated carbons from
nanoparticles of agro waste as adsorbents for the removal of heavy metals that are
usually found in industrial wastewater.

2. Heavy metals in industrial wastewater

The high rate of global industrialization has contributed adversely to the indus-
trial wastewater generated annually. Industrial wastewater contributed to tens of
millions of cubic meters per day of the total wastewater discharged globally. In
developing countries, record shows that almost 80–90% of all the wastewater is
directly discharged untreated into surface water bodies [6]. This causes pollution of
water bodies and rivers which consequently endangers the living species around
this area and also makes the water unsuitable for usage. Many industrial activities
such as petrochemical, electronic, chemical, electrochemical and food processing
industries require the use of water for production and cleaning activities. During
this process, the water is contaminated by dissolved substances which are needed to
be removed before the water is discarded. Industrial wastewater characteristics,
quality and volume vary from industry to industry based on the materials they are
handling. Industrial wastewater effluent can contain metals, toxic organic com-
pounds, biodegradable organic matter, suspended solids, phosphorus, nitrogen and
pathogenic organisms [4]. However, industrial wastewater pollutants of major con-
cern in this context are the heavy metals because of their high toxicity to human
beings and plants. They pose risks to human health and the environment at certain
concentrations and exposure period. Examples include lead, cadmium, iron, mer-
cury, nickel, zinc, chromium, arsenic, aluminum and barium. Figure 1 shows the
distribution of most widely studied heavy metal ions.

3. Potential agro wastes for industrial wastewater purification

During agricultural practices, some fractions of agricultural biomass which are
non-edible in nature are discarded as wastes. These are termed agro wastes and
constitute environmental pollution after being discarded. Studies have shown that
approximately one-third of 1.6 to 6 billion tons of crops produced globally per year
constitutes environmental pollution [8]. However, these agro wastes have exhibited
excellent adsorption attributes in removing different pollutants (such as heavy
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metals) from wastewater either after chemical or physical modifications; or in their
natural state [9]. This could be attributed to active functional groups such as
carbonyl, acetamido, phenolic, alcoholic, amino and sulfhydryl which are present in
them [10]. Nevertheless, the structural composition of agro wastes to include
hemicellulose, lignin, lipids, simple sugars, starch and proteins helps in their
adsorption capacity of heavy metals removal from industrial wastewater [11].
Nanoparticles for heavy metals removal from different forms of contaminated
water had been prepared from different agro waste such as cotton seed hulls, snail
shell, fruit peels, cotton plant wastes, hen feathers, peanut hull, jatropa deoiled
cakes, soybean hulls, coconut shells, walnut shells, maize bran, mangosteen shell,
wheat shell, Ceiba pentandra hulls and many more [12]. Figure 2 shows different
agro wastes that can be transformed into nanoparticles for heavy metals removal
from industrial wastewater.

Figure 1.
Distribution of most widely studied heavy metal ions [7].

Figure 2.
Agro wastes for nanoparticles preparation [13].
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4. Transformation of agro wastes into activated carbon nanoparticles

Nanoparticles (NPs) are broad group of materials that include particulate sub-
stances, with dimensions ranging between 1 and 100 nm [14]. They found wide
industrial applications when researchers realized the significance of size on the
physiochemical properties of a substance [15]. NPs are made up of three layers
namely: surface layer (functionalized with a mixture of small metal ions, molecules,
polymers and surfactants), shell layer (chemically different material from the core
in all aspects), and lastly the core layer (essentially the NP central portion of the
NP) [16]. Consequently, studies have shown nanoparticles prepared from agro
wastes via physicochemical transformation (such as calcination) as good adsorbents
for heavy metals removal from solution [17]. Calcination involves subjecting solids
into heating under controlled temperature and environment, purposely to remove
volatile substances in order to improve their purity level [18]. In most cases, it is
carried out in furnaces which are purposely designed to exclude air such that an
inert gas may be replaced. The influence of this method on particle shape, size and
crystalline nature of the prepared nanoparticles from agro wastes supports its’
suitability for application in industrial wastewater treatment [19]. Factors that
determine the physical and chemical properties of activated carbon nanoparticles
prepared via calcination of solids (such as agro wastes) include temperature,
heating rate, calcination time, particle size and material nature [20].

5. Characterization of nanoparticles from agro wastes

The characterization of nanoparticles prepared from agro wastes for heavy
metals removal from industrial wastewater can be categorized into structural; mor-
phological; optical; and particle size and surface area characterizations.

5.1 Structural characterization

The structural characterization gives information about bulk properties, com-
position and bonding nature of the nanoparticles. These include X-ray diffraction
(XRD), energy dispersive X-ray (EDX) and X-ray photoelectron spectroscopy
(XPS). However, the first-two are the most prominent. XRD gives detailed infor-
mation about nanoparticles phase and crystallinity [21]. Information about the
crystal lattice is obtained by X-rays, high-energy electrons and neutrons of absorbed
or scattered radiation striking the nanoparticles. The diffraction pattern is obtained
via elastic interaction between incident radiation of smaller wavelengths and regu-
lar arrays of atoms in a crystal lattice. Nanoparticles crystalline structure depends
on diffraction angles and intensities in diffracted beams [22]. The atomic numbers
of the constituent atoms and their geometrical relationship with respect to the
lattice points determine the diffracted angle. The mean crystal size of the
nanoparticles can be determined from line widths which could be calculated using
Eq. (1) [23].

β ¼ Kλ

D cos θ
(1)

where β = line width at half the maximum peak intensity, K = correction factor
for nanoparticle shape (taken as 0.9 for spheres), D = crystallite size, and θ is the
angle of incidence for the selected diffraction peak.
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Another structural characterization usually used in obtaining information about
the composition of nanoparticles from agro wastes for treatment of industrial
wastewater via X-ray spectrum analysis is the energy dispersive X-ray (EDX) [24].
This is often used in conjunction with scanning electron microscopy (SEM) to
obtain nanoparticles elemental composition measured in wt %. The mechanism
involves emission of an electron from an inner electron shell of a sample resulting
from an incident electron or photon (such as γ –ray or X-ray) hitting an atom at a
ground state which leaves a vacancy site in the shell. This electron vacancy site is
filled by a more energetic valence electron from the outer shell causing the release
of excess energy in the form of an X-ray emission. The intensity of the X-ray
emitted by electron beam irradiation is a function of the constituent elements in the
nanoparticle. A directly proportional relation exists between the intensity of spe-
cific X-ray and the concentration of the explicit element present in the agro waste
nanoparticle. Figure 3 is a typical EDX result obtained for activated carbon pre-
pared from nanoparticles of composite snail shell and rice husk.

The X-ray photoelectron spectroscopy (XPS) is used to know the elements bond-
ing nature and their respective ratio in agro waste nanoparticles. Under this, X-ray
photons between 200 and 2000 eV interact with a sample under vacuum via
exchange of enough energy with core-level electrons close to the material surface to
cause electron ejection. The atomic electron binding energy (Eb) is determined using
Eq. (2). A typical XPS spectrum indicating a plot of number of electrons against the
electrons binding energy (eV) is obtained for interpretation. Specific set of XPS peaks
for each element at its own fingerprint binding energy value can be generated [26].
This characterization technique is highly sensitive and can be used to obtain overall
composition and compositional variation of nanoparticles with depth.

Ek ¼ hv� Eb �Φ (2)

where Ek = kinetic energy of ejected core electrons, hv = exciting photon energy
and Φ = material characteristic work function.

5.2 Morphological characterization

This characterization category is imperative as it gives information about
nanoparticles morphology which is an influential factor in determining most of
their properties. The most important techniques under this are scanning electron
microscopy (SEM) and transmission electron microscope (TEM).

In recent times, morphology of nanoparticles from agro wastes has been ana-
lyzed using SEM. It utilizes electrons with small wavelengths which are thermally

Figure 3.
EDX result of activated carbon from nanoparticles of composite snail shell and rice husk [25].
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excited to obtain high resolution of an electron microscope. The electron beam is
focused on the nanoparticle sample surface with the aid of electromagnetic lenses to
obtain a three-dimensional image of varying magnification and field depth.
Figure 4 is a typical SEM result of activated carbon from nanoparticles of composite
snail shell and rice husk.

In a similar manner, TEM is also based on the principle of electron transmit-
tance. However, carbon coated copper grid is used to support the nanoparticle
sample during its interaction with the electron beam. The three major parts of TEM
include the illumination system where emitted electron beam is allowed to pass
through the nanoparticle sample; objective lens and stage; and the imaging system.
The image is produced with the aid of connecting devices, intermediate lenses and a
projector lens. The image can be taken as either diffraction pattern mode or image
mode based on the selection of either the image plane or backfocal plane as the
objective plane of the intermediate lens and projector lens.

5.3 Particle size and surface area characterization

The previously discussed XRD, SEM and TEM can be used to determine
nanoparticles size and surface area [27]. However, the most common technique for
measuring nanoparticles surface area and size is the Brunauer–Emmett–Teller
(BET) method [28]. The technique of adsorption and desorption principle is
adopted using nitrogen gas. The specific surface area of agro waste nanoparticle is
calculated using a monolayer adsorbate weight (Wm) obtained from the slope and

intercept of a linear plot of 1
W Po=Pð Þ�1½ � against

P
Po

� �

in Eq. (3).

1

W Po=Pð Þ � 1½ � ¼
1

WmC
þ C� 1

WmC

P

Po

� �

(3)

where W = weight of the gas adsorbed at a relative pressure P/Po, P/Po = true
equilibrium pressure/equilibrium pressure if no gas were adsorbed and C = BET
constant which is a function of adsorption energy of the first adsorbed layer.
Table 1 gives information about surface area, total pore volume and average pore
diameter of activated carbon prepared from nanoparticles of agro wastes for heavy
metals removal from solution.

Figure 4.
SEM image of activated carbon from nanoparticles of composite snail shell and rice husk [25].
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Another prevailing quantitative characterization of nanoparticle from agrowaste
is the Fourier transform infrared spectroscopy (FTIR). The principle involves passage
of infrared (IR) radiations through the nanoparticle sample. Some of these IR radia-
tions are absorbed by the material and the remaining transmitted. Absorption peaks
at corresponding vibrations frequency between the atomic bonds are obtained in the
resulting IR spectrum for interpretation. The peaks size in the spectrum gives infor-
mation about the amount of material and chemical bonds present.

6. Adsorption of heavy metals from industrial wastewater using agro
wastes nanoparticles

Adsorption process as industrial wastewater treatment had also proved to be
superior to other conventional treatment techniques such as coagulation, flocculation,
flotation, ion exchange, membrane filtration, electrochemical treatment, chemical
precipitation and so on [33]. Adsorption involves binding of particles or molecules in
a solution onto adsorbent surface (e.g. activated carbon from nanoparticles of agro
wastes) and thus, it is usually a surface phenomenon. Heavy metals present in
industrial wastewater can be removed from solution by adsorption process using
activated carbon prepared from nanoparticles of agro wastes through calcination
process. Advantages include adsorbent regeneration and reuse attribute, high
adsorption efficiency, low cost of operation, heavy metals recovery possibility and
low sludge formation [34, 35]. A temperature-controlled equipment with a stirring
feature is usually used to study the batch adsorption process while concentration of
heavy metals in solution is measured via atomic absorption spectrometer. Major
factors that affect adsorption process of heavy metals from industrial wastewater
using activated carbon (AC) prepared from nanoparticles of agro wastes include
temperature, reaction time, AC dosage, stirring rate, solution pH and heavy metal
concentration in solution [36]. The adsorption capacity of the AC from nanoparticles
of agro wastes, qe (mg/g) at equilibrium could be measured using Eq. (4).

qe ¼ Co � Ceð Þ V
W

(4)

where Co and Ce are initial and final concentrations of heavy metals in solution
(mg/L), V is the volume of solution (L) and W is the weight of adsorbent (g).

Adsorption mechanisms of heavy metals over agro wastes nanoparticles from
industrial wastewater include chemisorption, physisorption, complexation, ion
exchange and pores diffusion through pores. Chemisorption is an irreversible
process which involves chemical bonding of molecules in solution onto adsorbent
surface while physisorption is a reversible process in which transfer or sharing of
electrons does not occur.

Agro waste sources for
activated carbon

Surface area
(m2/g)

Total pore volume
(cm2/g)

Average pore
diameter (Å)

Reference

oil palm frond 700.00 0.3200 5.85 [29]

kenaf core fiber 4.00 0.1128 28.39 [30]

wood 101.51 0.0567 22.35 [31]

walnut shell-rice husk 126.72 0.0811 4.18 [32]

Table 1.
Textural properties of activated carbons from nanoparticles of agro wastes used as adsorbent.
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7. Isotherm, kinetics and thermodynamics studies of heavy metals
removal from industrial wastewater using activated carbon (AC)
prepared from nanoparticles of agro wastes

Various isotherm, kinetics, mechanistic and thermodynamics models that can be
used to study the adsorptive nature of activated carbon from nanoparticles of agro
wastes on heavy metals in industrial wastewater are summarized in Table 2. The

Models Equations Applicability Assumption

Isotherm Models

Freundlich log qe ¼ logKF þ 1
n logCe 1. Heterogeneous

surface energy

systems.

2. Multilayer

description

adsorption with

interaction

between adsorbed

molecules.

1. Adsorption of

pollutant onto

heterogeneous

adsorbent

Langmuir Ce

qe
¼ 1

KLqmax
þ Ce

qmax

RL ¼ 1
1þKLCo

1. Monolayer coverage

relationship

formation of

adsorbate molecules.

1. Existence of

homogeneous active

sites at adsorbent

surface for

monomolecular

adsorbed layer

formation.

2. Negligible

interactions

between adsorbed

species.

Temkin qe ¼ bTInAT þ bTInCe 1. Covers adsorbate-

adsorbent

interaction.

1. Molecules heat

adsorption

decreases with

adsorbent surface

coverage increase.

2. Binding energies

uniform

distribution at the

adsorbent surface.

Dubinin-

Radushkevich
In qe
� �

¼ In qm
� �

� BDε
2

ε ¼ RTIn 1þ 1
Ce

� �

E ¼ 1
ffiffiffiffiffiffiffiffiffiffiffi

�2BDð Þ
p

1. Adsorbate-

adsorbent

equilibrium relation

can be expressed

independently of

temperature.

.

1. Adsorbent size is

comparable to

micropore size.

2. Characteristic curve

Gaussian-type

distribution

Harkin-Jura 1
q2e
¼ BHJ

AHJ
� 1

AHJ

� �

logCe
1. Multilayer

adsorption on

adsorbent surface

with heterogeneous

pore distribution.

Halsey Inqe ¼ 1
nH

InKH � 1
nH

InCe 1. Multilayer

adsorption

1. Heterogeneous

adsorbent if

equilibrium data are

well fitted using

Halsey isotherm.
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Models Equations Applicability Assumption

Redlich-Peterson In KRP
Ce

qe
� 1

� �

¼ βRPInCe þ InaRP
1. Prediction of

homogenous and

heterogeneous

adsorption

systems.

Sips In
qe

qm�qe

� �

¼ 1
n In Ceð Þ þ In bsð Þ1n 1. Merged Langmuir

and Freundlich

models.

2. Effectively reduced

to Freundlich

isotherm and

disobey Henry’s law

at low adsorbate

concentration.

3. Prediction of

monolayer sorption

capacity based on

Langmuir isotherm

at high

concentrations of

adsorbate.

Toth In qnte
qntm �qnte

� �

¼ ntInCe þ ntInKt

Adsorption Kinetics

Pseudofirst-

Order
In qe � qt
� �

¼ Inqe � k1t

Pseudosecond-

Order

t
qt
¼ 1

k2q2e
þ t

qe

Adsorption Mechanistic Modeling

Intraparticle

Diffusion
qt ¼ Kidt

0:5 þ C 1. Studies rate

controlling step

of biosorption

process

Adsorption Thermodynamics

Thermodynamics ΔGo ¼ �RTInKL

ΔGo ¼ ΔHo � TΔSo

InKL ¼ ΔSo

R � ΔHo

RT

qe (mg g�1): Experimental adsorption capacity at equilibrium, KF (mg g�1) (L mg�1)1/?: Freundlich isotherm
constant describing sorption capacity, Ce (mg L�1): Adsorbate equilibrium concentration, n: a constant which gives
information on heterogeneity grade, KL (L mg�1): Langmuir constant describing binding sites affinity and energy of
adsorption, Co (mg L�1): highest initial adsorbate concentration, RL: dimensionless Langmuir equilibrium parameter,
qm (mg g�1): adsorbent maximum monolayer adsorption capacity, R (8.314 J mol�1): universal gas constant,T (∘K):
absolute temperature, bT (J mol�1): Temkin constant indicating heat of adsorption, AT (L mg�1): equilibrium
binding constant related to maximum binding energy, BD (mol2 kJ�2): Dubinin-Radushkevich isotherm constant of
adsorption energy, ?: Polanyi potential related to the equilibrium concentration, E (kJ mol�1): mean free energy of
adsorption, AHJ and BHJ: Harkin-Jurah adsorption constants; KH and nH: Halsey isotherm constants; KRP (L/g):
Redlich–Peterson isotherm constant, aRP (L/mg): Redlich–Peterson isotherm constant, β: Redlich–Peterson exponent
with values between 0 and 1, bs: Sips isotherm constant related to energy of adsorption, Kt: Toth model adsorption
isotherm constant, nt: Toth model exponent, bK: Khan model constant, aK: Khan model exponent, qt (mg g�1):
equilibrium adsorption uptake at time, t, k1 (min�1): pseudo-first-order rate constant of adsorption, k2
(g mg�1 min�1): pseudo-second-order rate constant of adsorption, Kid (mg g�1 min�0.5): Intraparticle
diffusion rate constant, C (mg g�1): boundary layer diffusion effect, ΔG∘ (kJ mol�1): change in Gibbs free energy,
ΔH∘ (kJ mol�1): change in enthalpy, ΔS∘ (kJ mol�1 K�1): change in entropy, andKeq: thermodynamic equilibrium
constant.

Table 2.
Isotherm, kinetics, mechanistic and thermodynamics models for heavy metals [35].
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adsorption isotherms explain the distribution of adsorbed molecules between
industrial wastewater and activated carbon when equilibrium is attained during
adsorption process. The isotherm models for fitting experimental data by linear
regression method include two-parameters (Freundlich, Langmuir, Temkin,
Dubinin-Radushkevich, Harkin-Jura and Halsey) and three-parameters (Redlich-
Peterson, Sips and Toth) isotherm models. Adsorption kinetic studies predict the
degree of heavy metals removal from industrial wastewater which governs
adsorption reaction or residence time. The adsorption efficiency is a function of
adsorbent adsorption potential. Adsorption mechanistic model gives information
about the intraparticle diffusion of heavy metal molecules from bulk solution of
industrial wastewater into pores of AC adsorbent. The correlation coefficient (R2

value) then determines the isotherm, kinetics and mechanistic equations fitness for
the adsorption process. Values of R2 close to unity signify excellent fitness of
models.

For thermodynamic analysis, the Gibbs free energy change (∆Go), enthalpy
change (ΔHo) and entropy change (∆So) give information about inherent energetic
changes during adsorption and show whether the reaction can happen spontane-
ously or not. Positive value of ∆Go implies adsorption cannot happen spontaneously
at examined temperatures. Also, values of ∆Go between 0.0–20 kJ/mol and 80–
400 kJ/mol respectively imply physical and chemical adsorption respectively. A
positive value of enthalpy change (ΔHo) suggests endothermic behavior of the

Error Function Abbreviation Model

Nonlinear chi-square test χ2
χ2 ¼

P

n

i¼1

qe, exp �qe,calcð Þ2
qe, exp

Sum of squares of the errors SSE
SSE ¼ P

n

i¼1
qe, exp � qe,calc

� �2

Average relative error ARE
ARE ¼ 100

n

P

n

i¼1

qe, exp �qe,calc
qe, exp

	

	

	

	

	

	

Residual root mean square error RMSE
RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n�2

P

n

i¼1
qe, exp � qe,calc

� �2
s

Coefficient of determination R2

R2 ¼
P

qe, exp �qe,calcð Þ2
P

qe, exp�qe,calcð Þ2þP qe, exp �qe,calð Þ2

Standard deviation of relative errors SRE
SRE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn

i¼1
qe, exp �qe,calcð Þ�ARE½ �2

n�1

r

Marquardt’s percent standard deviation MPSD
MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n�p

P

n

i¼1

qe, exp �qe,calc
qe, exp

� �2
s

Normalized standard

deviation

NSD
NSD ¼ Δq %ð Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n�1

P

n

i¼1

qe, exp �qe,calc
qe, exp

� �2
s

Hybrid functional

error

HYBRID
HYBRID ¼ 100

n�pð Þ
P

n

i¼1

qe, exp �qe,calcð Þ
qe, exp

Sum of absolute error EABS
EABS ¼

P

n

i¼1
qe, exp � qe,calc

	

	

	

	

	

	

qe,exp (mg g�1): value obtained from the batch experiment, qe,calc (mg g�1): calculated value from the isotherm for
corresponding qe,exp, qe,calc (mg g�1): mean of qe,exp, n: number of experimental data points, and p: number of

parameters in the respective model.

Table 3.
List of error functions for isotherm and kinetics models fitness.
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heavy metals adsorption process onto AC nanoparticles of agro wastes. Neverthe-
less, enthalpy change within 2.1–20.9, 20.9–80.0 and 80.0–418.4 kJ mol�1 implies
physisorption, physisorption coupled with chemisorptions, and chemisorptions,
respectively [37]. Positive value of entropy change (ΔSo) indicates increase in the
degree of freedom and disorderliness at solid–liquid interface during removal of
heavy metals molecules on AC active sites.

The list of error functions that can be used to predict the degree of fitness of
isotherm and kinetic models for heavy metals removal from industrial wastewater
using AC from nanoparticles of agro wastes is presented in Table 3. The algorithms
that can be used for both the linear and non-linear isotherm models regression are
presented as Figures 5 and 6 respectively [38].

8. Adsorption mechanism

The proposed mechanism of heavy metals (HMs) removal from industrial
wastewater using activated carbon from nanoparticles of agro wastes (ACNAWs)
involves binding electrostatic forces existence between positively charged HMs and
existing negatively charged ions (-OH, -NH and COO�) on ACNAWs. The ioniza-
tion depends on the solution pH of the HMs which involves gaining or losing of a
proton to solution. At low pH, ACNAWs become positively charged via gaining of a
proton as written in Eqs. (5)–(7).

ACNAW–OHþHþ ! ACNAW–OH2
þ (5)

ACNAW–NHþHþ ! ACNAW–NH2
þ (6)

ACNAW–COOHþHþ ! ACNAW–COOH2
þ (7)

Figure 5.
Algorithm for linear isotherm models regression using error functions [38].
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Figure 6.
Algorithm for non-linear isotherm models regression using error functions [38].
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At very high pH, the surface of ACNAW becomes negatively charged via losing
a proton as written in Eqs. (8)–(10).

ACNAW–OHþOH� ! ACNAW–O� þH2O (8)

ACNAW–NHþOH� ! ACNAW–N� þH2O (9)

ACNAW–COOHþOH� ! ACNAW–COO� þH2O (10)

The removal of HMs from industrial wastewater via adsorption onto ACNAW is
then influenced by electrostatic attractive forces at high solution pH as written in
Eqs. (11)–(13).

ACNAW–O� þHM ! ACNAW–O�:…HM (11)

ACNAW–N� þHM ! ACNAW–N�:…HM (12)

ACNAW–COO� þHM ! ACNAW–COO�… :HM (13)

9. Conclusions

Heavy metals are hazardous substances which could be found in industrial
wastewater effluents of industries. They cause havoc when absorbed into the body
system. Also, wastes usually generated from agricultural practices pollute the envi-
ronment and constitute nuisance. However, these agro wastes can be transformed
into nanoparticles via mechanical technique and then to activated carbon via calci-
nation process. These activated carbons can be used to remove heavy metals from
industrial wastewater effluents via adsorption process. They have proved to be
effective. Characterization techniques also revealed significant effects of calcination
on structural, morphological and textural properties of activated carbon prepared
from agro waste nanoparticles. Also, information obtained from isotherm, kinetics,
mechanistic and thermodynamics studies give information about the adsorptive
nature of the process. Conclusively, proposed adsorption mechanism is a key factor
to know to how heavy metals are removed from industrial wastewater using acti-
vated carbons from nanoparticles of agro wastes.
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