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An increase in water demand for drinking, agriculture, and industries necessitates the treatment of water and wastewater. Among
various conventional treatment techniques available, adsorption is found to be one of the most economical and feasible methods.
Adsorbents from plant biomass are efective for the removal of organic and inorganic pollutants. Cassava has gained attention
among researchers during the past decades due to its plentiful availability and resilient characteristics. Even though cassava
contains cyanogenic glucosides as toxins, it is used in industries for development of various products. Cassava stem, rhizome, peel,
and bagasse are industrial residues that are generated in abundance. Te present review focusses on factors afecting adsorption
using cassava residues, adsorbent preparation and activation methods, equilibrium, mass transfer, kinetics, and thermodynamic
studies of adsorption.

1. Introduction

According to the Food and Agricultural Organization
(FAO), cassava is considered to be one of the signifcant
crops in the tropical region of the world [1]. Te cassava
plant consists of leaves and tubers as feed and food, re-
spectively, and stem and rhizome being nonedible parts [2].
Cassava-producing industries generate peel and bagasse as
residues and utilize the pulp to produce starch, four, chips,
and bioethanol [3]. Te production statistics of cassava
tubers reveal an average production of 268, 283.8, and 293.5
MMT during 2011–13, 2014–16, and 2018–20, respectively,
with a sharp decline in 2017 at 277million tons (Figure 1). As
production increased during the mentioned periods,
cassava-producing industries emerged as a promising sector
for economic growth [4]. Hence, the waste generated from
cassava-producing industries requires a suitable alternate

option for waste to wealth conversion. Adsorbents could be
the potential route for utilization of cassava peel, bagasse,
stem, and rhizome.

Adsorption is an exothermic process in which liquid,
dissolved solid, or gas atoms, ions, or molecules (adsorbate)
accumulate inside the top surface of another solid substance
(adsorbent) [5]. Adsorption is caused by an imbalance of
forces forming hydrogen, Van derWaals, covalent, and ionic
bonds among the two species, the adsorbent and the ad-
sorbate [6]. Adsorption is used in chemical process in-
dustries for sugar refning, wastewater treatment,
chromatography, gas purifcation, moisture removal, met-
allurgy, etc. [7]. Te advantages of adsorption include op-
erating in mild conditions and having simpler designs.
Conventional methods are available to treat wastewater, but
adsorption creates interest among researchers due to its
economics [8, 9].
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In the literature, various parts of cassava are reported to
be adsorbents used in the removal of heavy metals, for
example, zinc ([10–13]), copper ([11, 13–21]), lead ([20–28]),
cobalt ([29, 30]), vanadium [30], chromium ([13, 17, 30, 31]),
and cadmium ([12, 15, 32–34]), dyes such as rhodamine B
[35], direct red [36], methylene blue ([36–40]), methyl or-
ange [40], and reactive dyes [41], antibiotics ([22, 42–44]),
phosphorous [45], biodiesel purifcation [46], organic pol-
lutants from industrial efuents ([29, 47, 48]), and free fatty
acid [49]. In addition, ZnO nanoparticles synthesized from
cassava starch are used as adsorbents [50].

Te present review highlights various activation
methods, process parameters, isotherms, kinetics, thermo-
dynamics, and binding mechanisms of adsorption using
cassava-based adsorbents.

2. Factors Affecting Adsorption

Adsorption can be afected by various factors such as pH,
initial concentration of adsorbates, contact time, adsorbent
dosage, adsorbent size, and temperature, in addition to
agitation speed (Figure 2). Te process optimization of the
aforementioned factors is required to maximize outcomes of
adsorption, percentage removal, and adsorption capacity,
the latter being the predominant.

2.1. Efect of pH. In the study of the adsorption process, the
parameter pH is critical as the degree of electrostatic charges
given by ionized adsorbates is controlled by it. As a result,
the rate of adsorption varies with the medium pH, not in
a particular pattern. At low pH, the adsorption capacity for
anionic molecules generally increases, whereas it decreases
for cationic molecules [51]. Te electrostatic repulsion be-
tween the positively charged adsorbate and the adsorbent
surface diminishes when the pH of the medium elevates,
resulting in a rise in charge density of surfaces [52].

By adjusting the pH between 3 and 6, Belcaid et al. [7]
examined the impact of pH on the process of chromium and
cobalt removal from the solution by cassava peel carbon.
Tey discovered that, in acidic environments, H+ ions
protonate the carbon surface of the cassava peel, favouring
the electrostatic interaction between HCr2O7

−2 and the
positively charged surface while creating competition

between H+ ions and CO2
+ ions for the adsorption site. Tey

discovered that a pH of 3 is ideal for removing chromium
and a pH of 6 for removing cobalt.

Beakou et al. varied the pH from 3 to 9 to investigate the
impact of pH on the cassava rind carbon’s ability to remove
malachite green, which is a pigment, from an aqueous so-
lution [53].Tey discovered that the adsorption of malachite
green increases noticeably at pH levels that correspond to
those of primary malachite green solutions. Te quantity of
malachite green absorptionmarginally rises in the ideal basic
pH zone. It is possible that negative electrostatic forces will
help the process of adsorption (surface charges change by
means of cationic dye malachite green and cassava rind
carbon). Because H+ ions participate with cationic malachite
green for the same adsorption sites at pH levels below 6.98,
malachite green absorption is minimal.

Kurniawan et al. calculated the outcome of pH variation
onNi(II) ion uptake from an aqueous solution by fuctuating
pH from 1 to 9 [5]. Te fndings demonstrate that the
quantity of Ni(II) ion absorption rises gradually as pH rises
from 1 to 5, peaking at pH 4.5. Compared to pH 4.5, less
Ni(II) is adsorbed at higher pH levels. Te occurrence of
metal hydroxide [Ni(OH)2], which occurs at alkali
pH ranges (pH> 7), may be the origin of this phenomenon.
Ni(II) ions are less concentrated in the solution due to the
production of Ni(OH)2, and as a result, less Ni(II) is re-
moved by the cassava peel. Because of this, a pH of 4.5 is
chosen for biosorption of metal investigations and helps as
the ideal means for Ni(II) elimination.

2.2. Efect of Contact Time. According to equilibrium
analysis, adsorption capacity increases as the contact time
increases to a point, after which further increase in the
contact time does not increase adsorbate uptake on
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Figure 1: Cassava production in the world from 2011 to 2020
(FAOSTAT, 2021).
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adsorbent due to saturation. Te quantity of the adsorbate
desorbing from the adsorbent present in the solution and the
quantity of the adsorbate being adsorbed onto the adsorbent
are in dynamic equilibrium. Te time to establish this
condition is known as the equilibrium time, and the quantity
of the adsorbate adsorbed at that time represents the
maximal adsorption capacity of the adsorbent under the
operating conditions [54]. Te contact time between ad-
sorbents and adsorbates has a substantial impact on ad-
sorption performance.

Abia et al. studied the outcome of time on adsorption of
cadmium on thioglycolic acid-modifed cassava fbre by
changing the contact time from 5 to 30minutes [55]. Tey
found that the adsorption of cadmium was rapid at frst 5 to
10minutes and that adsorption capacity was achieved at
30minutes. Also, they concluded that the faster rate of
adsorption at the initial time of 5 to 10minutes may be due
to availability of uncovered active sites on the adsorbent
surface.

Gunasekaran analysed the outcome of time for elimi-
nation of Metanil Yellow from an aqueous solution by using
cassava peel and varying the time in the range of
0–1440minutes [56]. He concluded that the percentage of
Metanil Yellow dye removal increases rapidly with time but
slows on attaining equilibrium. At the frst 480minutes of
the contact time, the percentage dye slowly increased as
availability of vacant sites on the adsorbent surface in-
creased. At 480minutes of the contact time, the Metanil
Yellow dye reached an equilibrium state. At this stage,
a dynamic equilibrium state between the amount of dye
desorbing from the adsorbent and that being adsorbed on
the adsorbent is established. After 960minutes of the contact
time, it started to decrease because of the saturation of active
sites which do not allow further adsorption to take place.

Belcaid et al. [7] investigated the outcome of the contact
time for elimination of chromium and cobalt from an
aqueous solution by using cassava peel carbon and varying
the time between 5 and 180minutes. Tey discovered that
there was rapid sorption uptake after 40minutes of metal ion
contact with activated carbon. Due to the nature of the
accessible surface sites for the process of adsorption, the
second stage is a sluggish phase of metal ion elimination that
evolved from 50min until 180min. Tere are many sites
available for sorption to take place when the interaction
between the heavy metal ion and carbon from the cassava
peel is established at the beginning of sorption, which ac-
counts for the rapid metal ion uptake seen. Te repulsive
interactions between the already adsorbed metal ion and the
entering sorbate and the constrained number of available
sites for occupation cause the rate of subsequent adsorption
to decrease as the uptake progresses, and the available sites
are occupied.

2.3. Efect of Initial Adsorbate Concentration. Te percentage
removal increases and the adsorption capacity decreases
with an increase in initial adsorbate concentrations. Te
efect of initial adsorbate concentrations is performed by
preparing adsorbate solution at diferent concentrations

using fxed pH, temperature, and contact time. Te efect of
initial adsorbate concentrations is used to study the in-
teraction between adsorbates and adsorbents through iso-
therm models [57].

Hassan [58] studied the efect of initial dye concentra-
tions on removal of malachite green dye from an aqueous
solution by varying the concentration from 10 to 300mg/L,
and he found that maximum dye removal was achieved at
a malachite green dye concentration of 100mg/L.

By adjusting the quantity of 3M H3PO4-activated cas-
sava peel carbon from 10 to 50mg/L, Tompson et al. [59]
studied the impact of the initial lead ion concentration on
the % removal and adsorption capabilities of lead ions from
wastewater. Tey observed that as concentration increased,
adsorption capacities increased, while % clearance de-
creased. Tis could be explained by the fact that there were
initially few lead ions on the surface of adsorbents at lower
concentrations, but as lead ion concentrations rose for
a fxed number of sites and stayed constant, the number of
substances that could be accommodated inside the difusion
layer enhanced, and the disposal of lead ions decreased.
Cassava peels showed a maximum adsorption capacity of
27mg/g at an initial concentration of 200mg/g; however,
with a preliminary concentration in the range of 50mg/g, the
adsorption capacity was 50.2mg·g. With cassava peels, the
highest clearance percentage of 89 was achieved at an initial
concentration of 50mg/g.

Ja’afar et al. [60] analysed the result of heavy metallic ion
concentrations for adsorption elimination of copper ions
from aqueous solvents by using amidoxime-modifed
polyacrylonitrile-grafted-cassava starch (AN-g-CS) and
changing the preliminary concentration of cuprum ions at
25, 50, 75, 100, and 200 ppm, respectively. It validates that
amidoxime-improved poly(AN-g-CS) increased and
reached its saturation point at 100 ppm as the original
volume per unit mass of cuprum ions (28 ppm) was raised
up to 150 ppm.

Due to more widely accessible solutes as well as elec-
trostatic interactions between solute and active sites, the
adsorption capacity rose as the number of potential binding
sites grew.

2.4. Efect of the Adsorbent Dosage. Adsorption capacity is
calculated as the mass of the adsorbate removed per ad-
sorbent mass. Te rate of adsorption surges as the adsorbent
dosage rises as a rise in the adsorbent dosage increases the
number of sorption sites at the exterior of adsorbents. To
study the consequence of the adsorbent dose on the process
of adsorption, trials are executed by preparing diferent
levels of mass of adsorbents at the fxed initial adsorbate
concentration and equilibrium time [56].

Navya et al. [61] investigated the consequence of the
adsorbent dosage for elimination of mixed responsive dye
from simulated efuents using cassava trunk biochar ad-
sorbents and by varying the adsorbent dosage from 0.6 g/l to
4.1 g/l. Tey discovered that the highest dye removal was 78
percent and that the adsorption capacity was 13.93mg/g at an
optimal concentration of 100mg per 100mL of dye solution.
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Dos Santos et al. [62] studied the efect of the adsorbent
dosage on removal of tartrazine yellow dye from the ex-
perimental solution by means of cassava waste biosorbents
and by altering the dosage of adsorbents from 2.4 g/L to
12.4 g/L. Tey concluded that greater biosorbent concen-
trations encourage greater adsorption efectiveness. Ad-
sorption was 35.8 percent at 0.1 at a dosage of 2.5 g/L, and
efciency improved to 83.3 percent at 0.1 at a concentration
of 12.5 g/L. Terefore, there are a proportion of active sites
that can be occupied by TAR molecules that have been
adsorbed because the contact area increases with increasing
biosorbent mass. A dose of 7.4 g/L was determined to be the
most suitable for further studies since it is close enough to
the border value and ofers material savings.

Okorocha et al. [63] analysed the outcome of the adsorbent
dosage for adsorptive elimination of crystal violet using raw
cassava peels as adsorbents and by varying the adsorbent
dosage.Tey noticed that, as the dosage of adsorbents rose, the
removal efectiveness of the crystal violet dye also increased.
Tis fnding can be explained by the fact that, as the dosage of
the adsorbent was raised, the quantity of active surface sites in
pure cassava peel areas increased. Although the adsorption
equilibrium capacity droppedwith an increase in the adsorbent
dosage, the percentage of crystal violet removal of dye rose.Te
accessibility of all active sites during the adsorption process
may be limited because of duplication or agglomeration of the
energetic or adsorption sites.

2.5. Efect of Temperature. Temperature afects the adsorp-
tion process based on the properties of bonds formed be-
tween adsorbate sites and adsorbents and the solubility of
the adsorbate in the medium. At low temperature, ad-
sorption due to strong and weak bonds increases, whereas it
increases for strong bonds and decreases for weak
forces [64].

Teng and Tan [65] investigated the outcome of tem-
perature of the environment on the adsorption potential of
one of the most reactive methylene blue dyes in addition to
Congo red dye on powder of cassava leaf by changing the
temperature within the range of 25°C to the extent of 75°C.
Tey concluded that, as soon as the temperature improved
from 25°C to 45°C, an increasing trend was seen for the
removal rate of methylene blue dye (from 99.45% to 99.91%)
because the frequency of collisions between the adsorbent
and adsorbate (dye solution) increased at higher tempera-
ture, which promotes adsorption on the adsorbent surface.
Only 98.95 percent removal was achieved at 75°C when the
temperature was increased further to 50°C because the high
temperature of the dye solution may have broken in-
termolecular hydrogen bonds between the dyes and the
adsorbent, which are the key contributors to the adsorption
process. Te clearance rate of Congo red dye, on the other
hand, showed a declining trend as the temperature was
raised from 25 to 75C (from 99.67 percent to 97.95 percent).
Tis might be because a higher temperature results in more
acidic pH. Congo red dye was more likely to dissolve in
water under these very acidic conditions and was more
challenging to remove from the solution.

By altering the temperature from 30°C to 50°C, Scheufele
et al. [66] investigated the impact of temperature on the
biological sorption of straight black dye on cassava root
husks. Tey drew the conclusion that straight black dye
sorption using the cassava root husk is by nature an exo-
thermic process since larger yields of adsorption occurred at
lower temperatures (30°C). However, only a very little
change was seen for the elevated temperature (between 40
and 50°C).

Li et al. [67] investigated the consequence of temperature
change for elimination of Congo red dye from an aqueous
solution using cassava residue and by changing the tem-
perature from 30°C to 50°C. Tey found that the adsorptive
capacity did not vary markedly with an increase in tem-
perature from 30°C to 50°C, indicating that energy gained or
released through the process of adsorption was insignifcant.

2.6. Efect of Adsorbent Size. Because of the greater surface
area, the adsorption rate increases with decreasing particle
diameter. Te restriction to the adsorbate’s penetration into
the adsorbent resulting from internal difusion as well as
transfer of mass is lessened with smaller particle size. Due to
this circumstance, equilibrium is reached more quickly, and
the greatest amount of adsorption capacity is possible [7].

Tejada-Tovar et al. [68] investigated the outcome of
particle size on hexavalent chromium adsorption from the
experimental solution using cassava peels as an adsorbent
with diferent sizes between 0.355 and 1mm. Tey found
that the highest amount of adsorbed metal ions on cassava
peel biomass was achieved at the smallest particle size
(0.355mm). Te particle size of adsorbent materials in-
fuences the adsorption process because the surface area is
increased to carry out the transfer of diferent ions from
a liquid phase to a solid phase. Te number of heavy metal
ions that can be adsorbed is directly proportional to volume,
and it is well known that this volume is directly proportional
to the surface area. In addition, there is a greater surface area
for small particle size; hence, a greater number of pores per
mass unit are available for uptake of heavy metal ions.

Using 0.3M HNO3-activated cassava peels as an ad-
sorbent, Sulaiman et al. [69] investigated the impact of
particle size on the adsorption of copper and zinc ions from
an aqueous solution. Tey found that, compared to the size
of mesh, 100 mesh (150 micron), and 80 mesh, 120 mesh size
(125 micron) is generally more successful in absorbing
copper (Cu2+) and zinc (Zn2+) metal ions (180 micron). Tis
fnding supports the notion that, due to a larger surface area
of contact between the adsorbent and the adsorbate, the
ability of the adsorbent increases with decreasing
particle size.

Rubio et al. [70] investigated the consequence of size of
the particle on deletion of methylene blue from the ex-
perimental solution by using raw cassava bark residue and
acid- and alkali-modifed cassava bark residue with diferent
particle sizes from 20 to 400 mesh numbers.Tey discovered
that the adsorption phenomena of methylene blue of 20
(88.0 percent), 30 (87.8 percent), and 40 were not signif-
cantly afected by particle size (88.4 percent). However, the
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alkalinization of CBR led to a signifcant improvement,
exhibiting 94.3 percent of methylene blue removal, while the
acidifcation of CBR showed a minor drop in methylene blue
separation (85.5 percent).

2.7. Efect ofMixing Speed. Horsfall and Abia [11] calculated
the result of mixing speediness for adsorption of cadmium
from an aqueous solution by using cassava waste biomass
(tuber bark) and conducting the experiment with diferent
speeds from 50 to 200 rpm.Tey concluded that the agitated
samples showed a 35 percent increase in adsorption over the
frst 30minutes of contact so that sorbate ions can efectively
be transferred onto the sorbent surface by adequate in-
teractions between metallic ions and biomass binding sites.
Te sorption efciency was discovered to be marginally
lower at 200 rotations per minute (rpm) than it was at
150 rpm. Tis fnding might point to weak Van der Waals
contacts between sorbents and chromium ions, which might
be broken in the presence of intense turbulence. Terefore,
an agitation speed is 150 rpm.

Ndlovu et al. [30] considered the consequence of agi-
tation speeds on the deletion of cobalt, chromium, and
vanadium from the experimental solution by using cassava-
peel biomass (both raw/treated with thioglycolic acid). Te
agitation speed ranged from 50 to 200 rpm during the ex-
periment. Tey discovered that, as the agitation speed rose
from 50 to 150 rpm, there was an increase in sorption.Tis is
such that the mass transfer rate of metal ions on the surface
of the biomass is maximized as the agitation speed is in-
creased. However, as the agitation speed increased from 150
to 200 rpm, sorption decreased. Tis happens when there is
a break in the link betweenmetal ions and adsorbents, which
causes metal ions to desorb from the surface sites. Te
outcomes also suggest that physical adsorption, not chemical
adsorption, is occurring.

Aulia et al. [71] examined the outcome of the mixing
speed for the dye elimination from screen printing industry
wastewater using cassava peels (20% H2SO4 acid activated)
and by varying the speed of 50, 100, 150, 200, and 250 rpm.
Te researchers discovered that 100 rpm was the ideal
stirring speed for removing colours, removing 96.78 percent.
Te adsorbate and the adsorbent were dispersed equally at
the maximum speed and throughout the maximum contact
duration, increasing the adsorption process.

Table 1 summarizes the efect of parameters on ad-
sorption using cassava residues as adsorbents.

3. Preparation of Adsorbents and
Activation Methods

Te materials used for preparation of adsorbents are rich in
carbon [74]. Among the plant biomass, lignocellulosic
materials are more appropriate for adsorbent preparation.
Lignocellulosic materials basically contain lignin, cellulose,
and hemicellulose. Lignin is an organic polymer composed
of coumaryl alcohol, sinapyl alcohol, and coniferyl alcohol.
Cellulose is a homopolysaccharide that is composed of many
units of glucose connected through β-1,6-glycosidic linkage.

Hemicellulose is a heteropolysaccharide mainly comprises
pentoses. Lignocellulosic materials rich in hemicellulose
yield a less quantity of adsorbents, whereas materials rich in
cellulose and lignin yield a high quantity of adsorbents.
Lignocellulosic materials are either angiosperms (hard-
wood) or gymnosperms (softwood). Gymnosperms are rich
in hemicellulose, and angiosperms are rich in cellulose.

Te steps followed in adsorbent preparation are breaking
of plant biomass to coarse particles and then to fne ones.
Ten, the fne particles are washed to remove debris and
light particles, dried at around 100°C, and activated to
produce efective adsorbents (Figure 3). Te economics of
adsorbent preparation are minimum so that the wastewater
treatment by adsorption can be feasible. Pyrolysis at high
temperatures for a short time is one of the feasible methods
for adsorbent preparation as it avoids multiple steps
([75–81]). However, energy consumption is higher in py-
rolysis. To overcome this problem,multistep drying followed
by activation is recommended. Drying of materials reduces
moisture, and activation increases porosity and
surface areas.

Activation may be performed by using chemicals or
other agents. It is performed by mixing the adsorbate and
activating agents at a specifc loading ratio and concentra-
tion of agents. Te mixture is agitated at the explicit speed
for defnite time and temperature. Finally, the mixture is
washed to remove excess activating agents and then dried to
constant weight.

Cassava peel and bagasse are rich in starch, whereas
cassava stem and rhizome are rich in cellulose based on the
level of growth. Tioglycolic acid, sulphuric acid, reactive
dye, potassium hydroxide, phosphoric acid, nitric acid,
mercaptoacetic acid, sodium bicarbonate, sodium hydrox-
ide, oxalic acid, citric acid, zinc chloride, hydrochloric acid,
titanium dioxide, hydroxylamine hydrochloride, ammo-
nium persulphate, hydrogen peroxide, ferric chloride, fer-
rous sulphate, silver nitrate, epichlorohydrin, pyridine,
ethylenediaminetetraacetic acid, magnetite, zinc oxide,
chloromethyl hydroxyquinoline are reported to be utilized
as activating agents for cassava-based materials. Magnetite
and titanium dioxide were used to improve themagnetic and
photocatalytic properties of cassava substances.

Tejada-Tovar et al. [68] examined the removal of hex-
avalent chromium using raw cassava peel powder and by
activating with citric acid. Te percentage removal has been
increased from 54.3% for raw powder to 56.2% for activated
materials. Being a tricarboxylic acid, citric acid does not
exhibit signifcant removal upon activation.

Rubio et al. [70] examined the consequence of acid and
alkali activation on cassava bark residue particles of varied
sizes. Mesh numbers 20, 30, and 40 were cast of to examine
the outcome of particle sizes of cassava bark residue for the
removal of methylene blue dye. Mesh number 20 produced
signifcant dye removal of 88.5% against 87.7 and 88.8%,
respectively, for mesh numbers 30 and 40. 0.1M sulphuric
acid and sodium hydroxide were used as activation agents to
remove dye at 85.6 and 94.2%, respectively. 0.1M sodium
hydroxide was found to be an efective activating agent for
cassava bark residue to remove methylene blue dye.
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Tri Widayati et al. [82] studied the removal of the total
suspended solid present in batik liquid waste by using
inactivated cassava peel carbon and activating carbon by
0.1M hydrochloric acid and 1.0M sodium hydroxide. Tey
observed a decrease in the total suspended solid for the
activating agent (hydrochloric acid) with an adsorption
percentage of 47.83%, whereas with the activating agent
(sodium hydroxide), the percentage of adsorption was
34.84%, and then, without the activating agent, the per-
centage of adsorption was found to be 28.57%.

Ndongo et al. [83] examined the synthesis and charac-
terization of ferric chloride-activated cassava peel.

Table 2 summarizes several activation methods reported
for adsorbent preparation from cassava residues.

4. Adsorption Isotherms

Te adsorption isotherm is cast of to explain the in-
teractions between adsorbates and adsorbents at the point of
equilibrium [108] (Figure 4).

4.1. One-Parameter Isotherm Model

4.1.1. Henry’s Isotherm Model. Henry’s adsorption isotherm
model is the most straightforward one since the partial
pressure of the gas, which is being adsorbed, is proportional
to the quantity of the surface adsorbate [109]. Henry’s model
ofers an excellent ft for the sorption of the adsorbate at
lower concentrations in most cases, while entire adsorbate
substances are separated from one another. As a result, the
following linear formula is used in Equation (1) to represent
the concentrations of the used adsorbate in equilibrium
conditions in the liquid phase (Ce) in addition to the
adsorbed phases.

qe � KHECe, (1)

where kHE is Henry’s constant.

4.2. Two-Parameter Isotherm Models

4.2.1. Langmuir Isotherm Model. Te original purpose of
this isotherm model for adsorption was to explain the

sorption of gases onto solid-phase adsorbates, such as ac-
tivated carbon. Te process of molecules adhering to a solid
surface, according to Langmuir, is centered on a kinetic
concept in which there is continual bombarding of particles
onto the surface and matching desorption or evaporating of
particles from the interface with the zero rate of the accu-
mulation at the substratum [110]. In other words, the rates of
adsorption and desorption ought to be equal.Te adsorption
capabilities of various adsorbents have typically been eval-
uated and compared using the Langmuir isotherm model.

An empirical model called the Langmuir isotherm as-
sumes that adsorbed coating is almost equal to one molecule
level thick (monolayer adsorption) and that the process of
adsorption takes place at equivalent, identical, and clearly
localized spots. Even on adjacent sites, there should not be
any sideway interaction or steric hindrance among the
experimented adsorbed layer of molecules. Tis isotherm
model presupposes that the phenomenon of adsorption is
homogeneous and that separated molecules have sorption
activation energy and constant enthalpies [111]. Tere
should be no adsorbate migration in the superfcial plane
and equal adsorbate afnities at all sites. According to
Langmuir theory, there is a connection between increasing
distance and a sharp decline in attractive forces between
molecules. Te equation derived from the Langmuir iso-
therm can be improved for adsorption of an aqueous phase
as given in the equation.

qe � qm

KLCe

1 + KLCe

, (2)

where qm and KL are the maximum adsorption capacity and
Langmuir constant, respectively.

Te isotherm equation becomes Henry’s law isotherm at
small concentrations and low pressure. Pressure causes the
amount of adsorbed material to increase linearly, and when
the pressure is strong enough to cover a monolayer, the
capacity of saturation of the quantity of adsorbed material is
attained. Due to their strong attraction for one another,
a greater afnity constant (b) results in extra surface ex-
posure with the adsorbate particle [112]. Te afnity con-
stant decreases as the temperature (T) rises because the
adsorption process is exothermal. For the adsorption

Raw material Drying Crushing Fine Particles

WashingPyrolysisCarbon (Coarse)
Activated Carbon

(Fines)

Activation

Figure 3: Preparation of adsorbents and activation methods.
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procedure to take place, free energy (ΔG) reduces, and the
reduction in the degrees of freedom is found to be negative
conversion for the entropy (ΔS); thus, equation (3) is

∆H � ∆G + T∆S< 0. (3)

Enthalpy (H) negativity shows that heat was released
throughout the adsorption process. Analogous to this,
raising the heat of adsorption causes a rise in the quantity of
surfactant adsorption, which means that the energy barrier
for molecules to recover to the gas phase is larger. Because
the molecules adsorbed require more energy to evaporate at
higher temperatures, the amount of adsorbed material at
a specifc pressure falls as temperature increases.

Since sediments are in the form of heterogeneous ad-
sorbents with dissimilar adsorption energies at every loca-
tion, as well as the Langmuir model presumes a surface of
homogeneous adsorbents with similar adsorption energies
for each site, there are some shortcomings in the Langmuir
isotherm model’s explanation of how toxicant sediments
facilitate adsorption. However, Henry’s adsorption isotherm
approach is thought to be the most straightforward one since
the partial pressure of the adsorbing gas is proportional to
the number of surface adsorbates, as per [109]. When all
adsorbate molecules are kept apart from one another,
Henry’s model typically ofers an excellent ft for the ad-
sorption of adsorbates at small doses. Furthermore, the
separation factor (RL) is defned as a dimensionless constant
which is represented in the equation.

RL �
1

1 + KLCO

, (4)

where Co is the initial concentration of the adsorbate
expressed in mg/L and KL is the adsorption capacity
expressed in mg/g. Variations in the appropriate area and
the adsorbent’s porosity can be associated with the KL
constant, suggesting that larger surface areas and pore
volumes can lead to increased adsorption capacities. Te
separation factor reveals the kind of adsorption, whichmight
be linear (RL � 1), irreversible (RL � 0), unfavourable
(RL> 1), or advantageous (0<RL< 1).

Te Langmuir isotherm model ftted well for adsorption
of malachite green by cassava rind carbon [53], cadmium,

copper and zinc on cassava tuber bark [93], lead and zinc on
modifed cassava stalk [94], cadmium, zinc, and chromium
on modifed cassava peel, lead on grafted cassava starch
[113], mixed dye of reactive red and Drimarene turquoise on
cassava stem biochar [61], chromium, cobalt on cassava peel
carbon [7], and ciprofoxacin on cassava dreg biochar at
various pyrolysis temperatures ranging from 350–750K
[114].

4.2.2. Freundlich Isotherm Model. Te Freundlich adsorp-
tion isotherm model describes the reversible cycle and the
nonideal adsorption process. Te Freundlich model, in
contrast to the Langmuir isotherm model, is relevant to
multilayer adsorption and is not restricted to monolayer
creation. In this isotherm model, the heat of adsorption and
afnities do not necessarily need to be distributed equally
across the heterogeneous surface. Te Freundlich isotherm
model formulation defnes surface heterogeneity and thus
the exponential distribution of the active sites and active site
energy [115]. For the adsorption of animal charcoal, the
Freundlich isotherm adsorption concept was developed in
the past. It demonstrated that, at diferent solution con-
centrations, the amount of solute that could be adsorbed on
a given mass of a specifc adsorbent was not constant.

Te adsorbed amount in this instance is calculated by
adding the amount of adsorption at each site. Stronger
binding sites will frst be occupied, and once the adsorption
process is complete, the adsorption energy will begin to fall
exponentially. Te Freundlich isotherm model is now ex-
tensively cast of in heterogeneous irregular systems, for
example, the adsorption of extremely interacting organic
chemicals or species onmolecular sieves or activated carbon.
For systems with heterogeneous surfaces in the gas phase,
this adsorption isotherm model is suitable. Due to this
isotherm’s inappropriate behaviour towards Henry’s law at
low pressure, it ofers a constrained range of pressure. It does
not have a fnite limit when the pressure is high enough.Tis
adsorption isotherm model therefore only applies to the
limited amount of adsorption data. Te nonlinearized form
of the Freundlich model is given in the equation.

qe � KFCe

1
n

. (5)

Te data of n, where KF and n parameters are infuenced
by temperature, serve as an identifer of the type of isotherm.
Te strength of the adsorption process or heterogeneity of
the surface, 1/n, indicates the relative distribution of energy
and the heterogeneity of the location of adsorbates. Te
adsorption process is favourable when 1/n is greater than
zero (0< 1/n< 1), unfavourable when 1/n is greater than 1,
and irreversible when 1/n� 1. Te fact that pressure or
concentration must drastically reduce to a low value prior to
desorption of adsorbate molecules from the surface explains
why the isotherm is irreversible [116].

Te Freundlich isothermmodel ftted well for adsorption
of norfoxacin at various pyrolysis temperatures ranging
from 350–750K [54], nickel on cassava peel [5], and rho-
damine on cassava slag carbon [57].

Adsorbent

Adsorbate

Adsorbent active site

Figure 4: Adsorption isotherm explaining interactions between
adsorbates and adsorbents.
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4.2.3. Dubinin–Radushkevich (D–R) Isotherm Model. For
explaining the mechanism of adsorption with the distri-
bution of Gaussian energy onto heterogeneous surfaces, the
D–R adsorption isotherm model is typically utilized. Te
description of the adsorption of gases and vapours on mi-
croporous sorbents like activated carbon and zeolites typi-
cally uses this model. Due to the unrealistic asymptotic
behaviour that is displayed, this model was successful in
ftting the high solute activity and the intermediate adsorbate
concentration range [117]. When pressure is low, the D–R
isotherm model does not, however, predict Henry’s law.

Te D–R model is a semiempirical equation in contrast
to Langmuir and Freundlich isotherm models, where the
adsorption of this model follows the mechanism of pore
flling.Tis model’s underlying presumption is that it may be
applied to physical adsorption processes and has amultilayer
character that involves Van der Waals forces. Tis isotherm
model is typically used to diferentiate between the chemical
and physical adsorption of metal ions. Temperature afects
the D–R isotherm model. It is regarded as a defning and
distinctive characteristic; as a result, when the potential
energy square is plotted against the logarithm of the
adsorbed amount, the appropriate data will form the
characteristic curve, on which it is located. Te D–R iso-
therm model has nonlinear form as given in the equation.

qe � qs e
− Kε2

. (6)

In addition, where Ps is the saturation vapour pressure (atm)
and P is the adsorbate equilibrium pressure (atm), the
following equation can be used to calculate: (atm). A fun-
damental need for using the D–R isotherm model is ac-
curately estimating the adsorption potential (ε). Following
the adsorption of a unit of molar mass of the used adsorbate,
it refects the Gibbs free energy change of adsorbents. Tis
isotherm model has been expanded to include the adsorp-
tion in the aqueous phase.

Te Dubinin–Radushkevich isotherm model ftted well
for adsorption of crystal violet on raw cassava peel [63] and
mixed dye of reactive red and Drimarene turquoise on
cassava stem biochar [61].

4.2.4. Temkin Isotherm Model. Te Temkin empirical iso-
therm model was initially used to describe the chemisorp-
tion system known as hydrogen adsorption over platinum
electrodes in an acidic solution.Tis isothermmodel ignores
extremely high and extremely low concentration values
while considering the interaction between the adsorbent and
the adsorbate. Tis model implies that, as surface coverage
increases, the adsorption heat (Hads) of all molecules in the
layer drops linearly rather than logarithmically as a function
of temperature [118]. Only an intermediate concentration
range can be used with this adsorption isothermmodel. Like
the isothermmodels presented above, the Temkin model has
a nonlinear form as given in the equation.

qe �
RT

bT

lnATCe. (7)

Both the AT and bT constants can be determined by
displaying qe vs. ln (Ce). Tis model is quite good at fore-
casting the equilibrium of the gas phase, assuming that it is
not necessary for it to be arranged in a tightly packed
structure with the same orientation. Its equation implies that
binding energies are equally distributed. On the other hand,
the presentation of complicated adsorption systems, such as
aqueous phase adsorption isotherms, does not suit this
isotherm model.

4.2.5. Flory–Huggins IsothermModel. Te solution theory of
the Flory–Huggins equation provides a straightforward yet
efective mathematical model for the thermodynamics of
polymer mixtures. Entropy and enthalpy are combined to
create the dissolution process, which may then be explained
using the Flory–Huggins equation. According to this theory,
solvent molecules occupy single sites, whereas polymer
segments occupy lattice sites [119]. Tis premise allows for
the calculation of the entropy of long-chain mixed
compounds.

Te kind and extent of the adsorbate’s surface coverage
on the adsorbent are considered by this isotherm adsorption
model. Regarding the viability and spontaneity of the
process, the Flory–Huggins isotherm model characterizes
the nature of the adsorption process. Te equation displays
the nonlinear equations for this adsorption isotherm model.
Te parameters θ and Co can be determined by using
a nonlinear form as

θ
CO

� FFH(1 − θ)
nFH . (8)

In this context, nFH stands for the number of metal ions
that occupy the adsorption sites on two membranes and (θ)
represents the degree of surface coverage. Te adsorption
equilibrium constant is KFH as well. Te spontaneous free
Gibbs energy is typically calculated using it as it is related to
the following expression:

∆G
o

� −RT lnKFH. (9)

4.2.6. Hill Isotherm Model. Te requisite of various types of
substrates which are homogeneous in nature is explained by
the adsorption isotherm model. Te adsorbate’s capacity to
attach at the single site on the surface of adsorbents may be
impacting other binding sites on the same adsorbent,
according to the isotherm model, which assumes that ad-
sorption is a cooperative occurrence [120]. Te nonlinear
representation as well as the form of this isotherm model is
stated as

qe �
qSH · C

nH
e

KD + C
nH
e

 . (10)

4.2.7. Halsey Isotherm Model. Te multilayer adsorption
system is evaluated by this adsorption isotherm, which also
describes how it condenses at a signifcant distance from the
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surface. Similar to the Freundlich isotherm model, the
Halsey model is appropriate for multilayer adsorption and
heterogeneous surfaces with nonuniformly distributed ad-
sorption heat [121]. Te nonlinearized form is

qe � e
lnKH− lnCe( )/nH , (11)

where kH and nH are the Halsey constant and exponent,
respectively.

4.2.8. Jovanovic Isotherm Model. Te Langmuir isotherm
model has all the underlying hypotheses for this model, plus
the potential addition of mechanical contact between the
molecules that are adsorbing and desorbing. Te Jovanovic
model’s adsorption surface is taken into account, although
its equation is frequently discared in physical analysis of
adsorption for both mobile and single layer adsorption with
no lateral interactions [122]. When the concentration is
high, this model’s equation can spread the saturation limit;
once the concentration is small, Henry’s law replaces it. Te
nonlinearization form is

qe � qmax 1 − e
KJCe , (12)

where KJ is the Jovanovic constant (L/g).

4.2.9. BET (Brunauer–Emmett–Teller) Isotherm and
Changed BET Isotherms. Te equilibrium of gas-solid sys-
tems is where the Brunauer–Emmett–Teller hypothetical
isotherm equation is utmost useful. Te invention of the
BET isotherm led to the creation of multiple layer adsorption
schemes through comparative pressures between 0.06 and
0.34, which resemble a single-layer treatment between 0.5
and 1.50 [123]. Tis approach is frequently used to calculate
the binding energy of the present state. Te simplifed form
is given in Equation (13) as both CBET and CBET(Ce/Cs) are
greater than 1.

qe �
qs

1 − Ce/Cs

. (13)

Tis model is prolonged towards the interface of liquid-
solid, and it is designated as

qe �
qmBETCBETCe

Ce − Cs(  1 + CBET − 1( Ce/Cs 
. (14)

Te BETmodel is regarded as a particular variety of the
Langmuir model. With the addition of additional simplifed
assumptions, it incorporates the same fundamental as-
sumptions as the Langmuir model; specifcally, the second,
third, and higher layers all contain the same adsorption
energy.Tis energy is equivalent to the heat from fusion that
is not predisposed by the connections among the localized
adsorbent in addition to the adsorbate. Te energy for the
frst layer, however, is distinct from that for the remaining
layers. Te number of layers goes to infnity when the
concentration hits the saturation concentration.

4.3. Tree-Parameter Isotherm Models

4.3.1. Redlich–Peterson Isotherm Model. Tis is a three-
parameter amalgam isotherm model that combines the
Freundlich and Langmuir isotherm models. Tis is not the
phenomenon of single-layer adsorption because this model
combines both concepts. Te adaptable Redlich–Peterson
isotherm model can be used in both heterogeneous and
homogeneous systems. Both the denominator and the nu-
merator of this isotherm model have an exponential func-
tion. Te equilibrium of the adsorption onto a large range of
concentrations is represented by its linear dependency on
concentrations [124]. Since the numerator comes from the
Langmuir isotherm model, it can get close to the Henry area
at infnite dilution.

Te nonlinear equation of this isotherm model is rep-
resented as

qe �
KRCe

1 + aRC
g
e

. (15)

Te expression of the reduced Freundlich model used in
higher concentrations is given as

qe �
KR

aR

C
1−β
e , (16)

where (1− β)� 1/n of the Freundlich isotherm model and
KR/aR �KF are used. However, when β� 1, aR � b, and
KR � bQ� it reduces to the Langmuir equation, and when
β� 0 and Henry’s constant is represented by 1/(1 + b), it
reduces to the Henry equation.

To solve the equations, this isotherm model uses
a minimized approach. It increases the coefcient of cor-
relation between the theoretical model’s predictions and the
data points from the experiment. Regarding the limitations,
this model is consistent with the high concentration limit of
the Freundlich isothermmodel, where the exponent tends to
be zero, and it approaches the ideal Langmuir condition at
the low concentration limit when values are close to one.

Te Redlich–Peterson isotherm model ftted well for
adsorption of chromium and cobalt on cassava peel carbon
[7] and methylene blue on cassava rind carbon [53].

4.3.2. Toth Isotherm Model. Te objective of this type of
isotherm model, an empirically changed version of the most
familiar model derived from the Langmuir equation, is to
lessen the predicted error between the data of the in-
vestigational result and the data predicted by the model.Tis
isotherm model is mostly used to defne the system of
heterogeneous adsorption that fulfls equally small and large
concentrations of adsorbates [125]. Te nonlinear form of
this isotherm model can be expressed as

qe �
KTCe

aT + Ce( 
(1/t) . (17)

When t� 1, the equation becomes the Langmuir isotherm
equation. As a result, (t) is a parameter that represents the
adsorption system’s heterogeneity; the adsorption system is
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regarded as heterogeneous when (t) is not equal to unity.
Due to the independent relationship between temperature
and the parameter t, the increasing temperature also causes
a quick increase in aT.

At low concentrations, the Toth equation simplifes to
Henry’s law, whereas at high concentrations, the Langmuir
isotherm model approaches a fnite capacity more slowly.
Tis isotherm model is frequently used to describe the
adsorption of diferent gases and vapours of organic sub-
stances. Additionally, the Toth isotherm model equation is
seen as superior to the Sips equation in that it can describe
the behaviour of the data at both high and low
concentrations.

Tis isotherm model’s slope has a constant limit at zero
loading, but it begins to decline at given loading at a pace
that is far faster than that of the Langmuir equation. Tis is
explained by the heterogeneity’s impact, which is refected
by the parameter t. Physically, molecules prefer to bind to
high-energy sites, and as the adsorption process advances,
molecules bind to locations with lower energies. Tis results
in a slower increase in the adsorbed amount vs. pressure
compared to that predicted by the Langmuir equation.

4.3.3. Sips Isotherm Model. Te Sips isotherm model, which
is derived to forecast the heterogeneity of adsorption systems
and get over the restrictions connected with the rising
concentrations of the adsorbate of the Freundlich model,
was created by combining the Langmuir and Freundlich
isotherm models. As a result, at high concentrations, an
expression with a fnite limit is created [126]. Without
adsorbate-adsorbate interactions, the Sips model is valid for
localizing adsorption. Te Sips equation is given by the
following nonlinear expression:

qe �
KSC

β
e S

1 + aSC
β
e S

. (18)

Due to the reduction to the Freundlich model at low
adsorbate concentrations, the Sips isotherm model does not
follow Henry’s law. On the other hand, it predicts the
monolayer adsorption characteristic of the Langmuir model
at high adsorbate concentrations. Te parameters in the
equation are controlled by operating conditions like changes
in temperature, pH, and concentration. Both the Freundlich
and Sips models have the same drawbacks, in which they fail
to provide the correct Henry’s law limit when the pressure
is low.

4.3.4. Khan Isotherm Model. Tis isotherm model, which
represents both the Langmuir and Freundlich models, is
a generalized model proposed for the adsorbate adsorption
from pure solutions. Tis isotherm model was created for
both single-component and multicomponent adsorption
systems [127]. Te equation of this model is expressed as

qe �
qSbKCeS

1 + bKCe( 
aK

. (19)

4.4. Four-Parameter Isotherm Models

4.4.1. Fritz–Schlunder Isotherm. Due to numerous co-
efcients in the isotherm, the Fritz–Schlunder isotherm is an
empirical equation of the Langmuir–Freundlich type that
can accommodate a variety of experimental results [128].
Te equation of this isotherm model can be expressed as

qe �
qmFSSKFSCe

1 + qmC
MFS
e

, (20)

where MFS (the equilibrium model of Fritz–Schlunder)
decreases to the Freundlich model for large adsorbate
concentrations but becomes the Langmuir model if it is� 1.
Te isotherm parameters can be found via nonlinear re-
gression analysis.

4.4.2. Baudu Isotherm Model. Te Langmuir isotherm was
compacted to the isotherm of Baudu as a result of the
observation that determines the coefcients of the equation
derived by Langmuir (b and qm); using tangent measuring at
diferent concentrations of the equilibrium reveals that these
coefcients, which are derived from the equation, are not at
all constants within the broader concentration range [129].
Te selected range is between (1 + x+ y)< 1 and (1 + x)< 1;
this model is appropriate. When surface coverage is mini-
mal, the Baudu-referred isotherm model is transformed into
the isotherm model of Freundlich. To identify the param-
eters of this isotherm, the nonlinear regression investigation
can be utilized in the equation as

qe �
qmb0C

1+x+y
e

1 + b0C
1+x
e

. (21)

4.4.3. Weber–Van Vliet Isotherm Model. Weber and van
Vliet projected an observed connection through four types
of parameters to explain the equilibrium, which results in
a variety of adsorption systems shown in the equation:

Ce � P1q
P2q

P3
e +P4( 

e , (22)

where the isotherm parameters P1, P2, P3, and P4 are con-
stants. Te multiple nonlinear curve ftting method can
predict the isotherm parameters by minimizing the sum-
mation of squares of residuals [130].

4.4.4. Marczewski–Jaroniec Isotherm Model. Te four-
parameter general Langmuir equation is another name for
this isotherm model. Te equation provides an expression
for the isotherm equation as follows:

qe � qMMJ

KMJCe 
nMJ

1 + C
1+x+y
e

⎛⎝ ⎞⎠

MMJ/nMJ( )

, (23)

where nMJ and MMJ are variables describing the heteroge-
neity of the adsorbent surface. Tis isotherm model reduces
to the Langmuir isotherm if nMJ andMMJ are both equal to 1
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but to the Langmuir–Freundlich isotherm model if nMJ and
MMJ are not equal. Based on the assumption of the local
Langmuir isotherm model and the distribution of adsorp-
tion energy in the active sites on the adsorbent, this isotherm
model is advised [131].

4.5. Five-Parameter Isotherm Models

4.5.1. Fritz–Schlunder Isotherm Model. A fve-parameter
observed model for the isotherm has been created that is
considered to simulate model variations more accurately for
use with a variety of equilibrium sets [128]. Tis isotherm
model is expressed as

qe �
1mFSSK1C

αFS

e

1 + K2C
βFS

e

. (24)

Tis model approaches the Langmuir isotherm model
when αFS and βFS � 1, but it decreases to the Freundlich
isotherm model for larger adsorbate concentrations.

Te isothermmodels for organic and inorganic pollutant
adsorption in water and wastewater are listed in Table 3.

5. Adsorption Kinetics

Adsorption kinetics relate the adsorption rate to its capacity.
Te rate constant is directly related to the change in ad-
sorption capacity with time.

5.1. Pseudofrst-Order (PFO) Model. Te model of PFO was
initially planned by the author of [132]. Equation (25) de-
scribes the PFO model’s diferential form [132]:

dqt

dt
� k1 qe − qt( . (25)

Integration in Equation (25), for the settings of q0 � 0,
produces Equation (26) as follows:

qt � qe 1 − e
− k1t

 . (26)

Te nonlinear technique, which can give precise model
parameter estimates, is described in the section that follows.
Te equilibrium adsorption amount planned by the PFO
model is the PFO parameter qe. How quickly the adsorption
equilibrium is reached is typically expressed using the PFO
parameter k1. On the other hand, Equation (1) demonstrates
that the adsorption rate dqt/dt is connected to both k1 and
(qe − qt). When adsorption is sluggish, it is possible to
achieve large values of (qe − qt) and small values of k1. To
describe the adsorption rate with greater accuracy, the PFO
rate presented in Equation (27) should be calculated rather
than the values of k1.

PFOrate � k1 qe − qt( . (27)

5.2. Pseudosecond-Order (PSO) Model. Te adsorption
process of lead upon peat was frst modelled using the PSO
model (Ho and McKay [133]). Te PSO model was then

widely used to explain the adsorption processes. In most
published publications, the adsorption experimental values
were predicted using the PSO model, and the rate constants
of adsorption were calculated using the equation as follows:

dqt

dt
� k2 qe − qt( 

2
. (28)

Te integrated PSO model is described as

qt �
q
2
ek2t

1 + qek2t
. (29)

Te following part ofers the nonlinear approach to
resolving the PSO model. Te PSO rate constant k2 is being
used to characterize the rate of adsorption equilibrium in
a manner like that of the PFO rate constant k1. However,
both k2 and (qe − qt)2 are related to the adsorption rate, dqt/
dt. As a result, using the equation to compute the PSO rate is
more accurate.

PSOrate � k2 qe − qt( 
2
. (30)

5.3. Mixed-Order (MO) Model. Te mixed-order (MO)
model is considered in the form as

dqt

dt
� k1′ qe − qt(  + k21′ qe − qt( 

2
. (31)

Te PFO and PSO rates for the MOmodel are calculated
as

PSOrate′ � k1′ qe − qt( , (32)

PSOrate′ � k21′ qe − qt( 
2
. (33)

Te steps of difusion and adsorption on active sites are
typically described by the PFO rate and PSO rates, re-
spectively. Te MO model also depicts the entire adsorption
process. Te following requirements are necessary for the
MO model’s assumption to be met: (1) arbitrary adsorption
stage, (2) either difusion or adsorption serves as the rate-
regulating phase, and (3) arbitrary initial concentration of
the adsorbate in solution [91].

5.4. Elovich Model. Te Elovich model’s fundamental pre-
sumptions were as follows: (1) the activation energy in-
creased with adsorption time and (2) the adsorbent surface
was heterogeneous. An empirical model without clear
physical implications is the Elovich model. Te chemi-
sorption of gas onto material is frequently modelled using
this technique. Te Elovich model has been described as
follows [134]:

dqt

dt
� ae

− bqt . (34)

Integrating Equation (34), for the condition of q0 � 0,
yields Equation (35) as follows:
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qt �
1
b
ln (1 + abt). (35)

Te nonlinear least squares regression method can be
used to solve the nonlinear equation (35) in this example.
Te nonlinear approach is more difcult than the linear
method.

5.5. Ritchie’s Equation. Te adsorption kinetic data of gases
on solids were initially modelled using Ritchie’s equation
(135). Ritchie’s equation’s physical signifcance is that ad-
sorption in active sites dominates all other types of ad-
sorption. Active sites can be occupied by a single adsorbate
ion or molecule. In this model, the desorption process is not
considered. Ritchie’s equation is presented as follows:

dθ
dt

� a(1 − θ)
n
. (36)

5.6. Pseudo-nth-Order (PNO) Mode. Pb(II) adsorption ki-
netic data on wheat bran treated with sulphuric acid were
modelled by Ozer [136] using pseudo-nth-order (PNO)
theory.

dqt
dt

� kn qe − qt( 
n
. (37)

Table 4 summarizes the kinetic models reported in the
literature for adsorption of organic and inorganic con-
taminants in water and wastewater.

6. Mass Transfer in Adsorption

6.1. External Difusion Models. Te slowest step, according
to external difusion models, is the difusion of adsorbed
species in an enclosing liquid flm. Tomodel the intraparticle
difusion process, various equations have been proposed.

6.1.1. Boyd’s External Difusion Equation. Boyd et al. [137]
presumed a kinetic expression to designate the difusion of
the adsorbate over a bounding liquid flm, as given in
equation.

dqt
dt

� 4πr2oD
l zCf

zr
 

r�ro

. (38)

6.1.2. Furusawa–Smith (F–S) Model. Furusawa et al. [138]
established an adsorption rate model.

Ct

Co
�

1
1 + msK

+
msK

1 + msK
e− 1+msK/msK( )kF&SSt.. (39)

Te value of kF&S St is used to characterize the exterior
difusional process. Te F–S model presupposes that the
isotherm is linear, intraparticle difusion is insignifcant, and
external difusion is the slowest step [138]. It should be noted
that the adsorption requirement that the isotherm is not
linear cannot be modelled by equation (39).

6.1.3. Mathews–Weber (M–W) Model. Te Math-
ews–Weber (M–W) model is ofered as follows [139]:

kM&W �
rOρ(1 − ε)

3ms

ln Co/Ct( 

t
. (40)

6.1.4. Phenomenological External Mass Transfer (EMT)
Model. According to the EMT model (Equation (41)),
equilibrium is reached on the interface of the adsorbent, and
flm difusion is assumed to be the slowest process [140].Te
gradient in adsorbent concentrations within the liquid flm is
what drives external difusion.

dqt
dt

�
ks
ρ

Ct − Cet(  + Kext Ct − Cet( . (41)

Ten, the adsorption isotherm model describes the
equilibrium phenomenon. Te isotherm model is presented
as qet � f(Cet). Ten, Cet � f−1(qet).

6.2. InternalDifusionModels. Te slowest step, according to
internal difusion theories, is the difusion of the adsorbate
within the adsorbent. Instantaneous adsorption onto the
active sites and adsorbate difusion in the aqueous flm
occurs from place to place in the adsorbent. Te three most
common internal difusion models, the intraparticle Boyd’s
difusion model, Weber and Morris (W–M) model, and
phenomenological interior mass transfer (IMT) model, were
evaluated in this study.

6.2.1. Boyd’s Intraparticle Difusion Model. Using an
intraparticle difusion model [137], the equation is as
follows:

F � 1 −
6
π2



∞

n�1

1
n2e

− n2Bt
. (42)

Te adsorption equilibriummodel yields q (mg·g1) when
F� qt/q∞, q∞ (mg·g−1), and (q∞� f(Ce)).

6.2.2. Weber–Morris (W–M)Model. Amodel was developed
by Weber and Morris in 1963 to explain the intraparticle
difusion process [141]. Te equation presents the W–M
model as follows:

qt � kW&Mt
(1/2)

. (43)

If the intercept is zero, then the governing mechanism is
intraparticle difusion. Otherwise, several processes regulate
adsorption.

6.2.3. Phenomenological Internal Mass Transfer (IMT)
Model. Te simplifed form of the IMT model is given as

dqt
dt

� kint qet − qt( . (44)
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6.3. Pore Volume and the Surface Difusion (PVSD) Model.
Te PVSD model’s fundamental presumptions are as fol-
lows: the adsorbent particle is globular, the solution is
homogeneous, the convective mass transfer in pores is low,
and the adsorption of substances on active sites is simul-
taneous. Te equation describes the PVSD model [142].

V
dCt

dt
� −mSpkF Ct − Ctr@r�r0 . (45)

Table 5 summarizes the mass transfer models reported in
the literature for adsorption of organic and inorganic
contaminants in water and wastewater.

7. Adsorption Thermodynamics

Te Van’t Hof equation is used to explain the thermody-
namics in adsorption systems [143]. Te equation is as
follows:

lnKe � −
∆Ho

RT
+
∆So

R
. (46)

Table 6 shows the thermodynamic values for standard
enthalpy, entropy, and Gibbs free energy of adsorption for
various cassava-based adsorbents.

 . Challenges and Future Prospectives

Cassava has drawbacks of quick deterioration, lack of active
sites, and lesser surface areas when it is used in raw powder.
Also, presence of toxins in cassava limits its applications for
food and feed. Hence, cassava requires carbonisation and
activation to utilize it as an adsorbent with improved
thermal stability, abundance of active sites, and enhanced
surface areas.

9. Conclusion

Te present review focussed on parameters afecting ad-
sorption, preparation, and activation methods of cassava-
based adsorbents, adsorption isotherms, kinetics, thermo-
dynamics, and binding mechanisms through mass transfer
studies. As cassava contains active functional groups, has
better electron transfer, and has smaller particle size, cassava
stem, rhizome, peel, and bagasse could be potential materials
for adsorbents for removal of organic and inorganic pol-
lutants from water and wastewater.
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