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Due to rapid industrialization, urbanization, and surge in modern human activities, water contamination is a major threat to
humanity globally. Contaminants ranging from organic compounds, dyes, to inorganic heavy metals have been of major concern
in recent years. This necessitates the development of affordable water remediation technologies to improve water quality. There is a
growing interest in nanotechnology recently because of its application in eco-friendly, cost-effective, and durable material
production. This study presents a review of recent nanocomposite technologies based on clay, applied in the removal of heavy
metals from wastewater, and highlights the shortcomings of existing methods. Recently published reports, articles, and papers on
clay-based nanocomposites for the removal of heavy metals have been reviewed. Currently, the most common methods utilized in
the removal of heavy metals are reverse osmosis, electrodialysis, ion exchange, and activated carbon. These methods, however,
suffer major shortcomings such as inefficiency when trace amounts of contaminant are involved, uneconomical costs of operation
and maintenance, and production of contaminated sludge. The abundance of clay on the Earth’s surface and the ease of
modification to improve adsorption capabilities have made it a viable candidate for the synthesis of nanocomposites. Organoclay
nanocomposites such as polyacrylamide-bentonite, polyaniline-montmorillonite, and p-cyclodextrin-bentonite have been
synthesized for the selective removal of various heavy metals such as Cu®", Co**, among others. Bacterial clay nanocomposites
such as E. coli kaolinite nanocomposites have also been successfully synthesized and applied in the removal of heavy metals. Low-
cost nanocomposites of clay using biopolymers like chitosan and cellulose are especially in demand due to the cumulative
abundance of these materials in the environment. A comparative analysis of different synthetic processes to efficiently remove
heavy metal contaminants with clay-based nanocomposite adsorbents is made.

1. Introduction

Water is considered as the most essential source of life with
its usage ranging from domestic consumption to industrial
applications in cooling machinery and manufacturing.
Globally, water makes up 71% of the Earth’s surface, with a
major part of it (95.5%) in the oceans [1]. In a publication by
FAO-AQUASTAT, [2] it is estimated that by 2050, food and
water will need to be provided to about 9-10 billion people,
owing to a growing global population. The North American
and European industries alone use about 50% of all water
[3]. This is in comparison to 4 to 12% in developing

countries. World Health Organization [4] outlines that
about 785 million people do not have access to clean and safe
water. About 37% of these people live in Sub-Saharan Africa.
The same report outlines that 1 in 3 people worldwide does
not have access to safe and clean drinking water, a state
much more worsened when referencing children. More than
500,000 children die annually due to poor sanitation and
unsafe or contaminated water [5]. Industrialization, modern
agriculture, and other effects of human activities are the
major sources of water contaminants (Philippines, [6]).
Wastewater, generally classified as domestic, industrial,
or stormwater, has been defined as the used or polluted form
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of water due to human activities or rainwater runoff [7]. The
EPA [8] estimates that 23,000-75,000 sanitary sewers
overflow each year, contaminating adjacent water sources.
In addition to this, about 80% of global wastewater finds its
way back to the ecosystem without undergoing any form of
treatment [9]. This translates that close to 1.8 billion people
globally utilize contaminated water sources. In Kenya, ap-
proximately 32% of the total population consumes water
from water sources prone to contamination [10]. Industrial
wastewater has been defined as the effluent resulting from
substances suspended or dissolved in water after it has
undergone a manufacturing process or cleaning activities
involved in that process [11]. Very high volumes ranging
from 3 to 10 billion gallons of sewerage effluents are released
annually from treatment plants [12]. Industrial sewerage is
estimated to account for approximately 22% of global water
use, according to FAO-AQUASTAT [2]. In addition, ap-
proximately 80% of global municipal and industrial
wastewater end up polluting the environment in untreated
forms. Globally, public wastewater treatment facilities
process more than 8 million tons of dry sludge annually,
which consumes about a third of electricity use [13]. Lower
middle-income countries are reported to treat only about
28% of their wastewater, which means that in most countries
in Africa, about 72% of the sewerage effluents produced end
up contaminating the environment, endangering human
lives [10].

Wastewater effluents from factories are common heavy
metal contaminants to the environment, especially if the
effluents are not properly treated prior to disposal [14].
Heavy metals have been defined as metallic elements whose
density is considerably higher than that of water and, in
relatively low concentrations, exhibit toxicity or poisonous
effects [15]. Some of these metals include lead (Pb), mercury
(Hg), arsenic (As), thallium (T1), and cadmium (Cd). Some
heavy metals like gold exist naturally on Earth’s crust and are
often exploited for various applications. Others like man-
ganese, iron, among others, play an important role in
biochemical processes within the body, while they are
present in trace amounts [16]. Bioaccumulation of heavy
metals in the human body is what causes adverse effects as
affecting the nervous system, kidneys, among others [17].
Heavy metals eventually find their way to human bodies as a
result of anthropogenic activities like industrial waste re-
lease, mining activities, use of contaminated water for ir-
rigation, among others. Most heavy metals exist as
compounded salts in ores as sulfides or oxides. Copper, gold,
and manganese are known to exist naturally as oxides. Silver,
lead, and iron exist naturally as sulfides. When mined, these
ores are blasted and heavy metals are released into the open
environment, consequently finding their way into water
bodies, air, and soil as effluents. In industries, paints, pes-
ticides, herbicides, and cosmetics are common carriers of
heavy metals that are exposed to the environment through
erosion or runoff [16].

Heavy metals have diverse effects when they bio-
accumulate in human bodies. Arsenic, in an inorganic state,
occurs as arsenate and arsenite. Major sources of this metal
include microelectronic industries and smelting zones.
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Other sources include paints, wood preservatives, and
pesticides [18]. Arsenic bioaccumulates in nails, hair, and the
skin when it gets into the body. In some instances, it is
transported through the bloodstream to accumulate in the
heart, liver, neural tissues, and kidney [16]. The mechanism
of the biological toxicity of arsenic is not clear. It is however
reported that it generates free radicals like the peroxyl
radical (ROO'), dimethyl arsenic radical ((CH;),As-), su-
peroxide (O,-), nitric oxide (NOe), singlet oxygen (102),
among others [19]. Lead is one of the flagged heavy metals
for acute environmental poisoning today [20]. Major sources
of lead are linked to cigarettes, and domestic and industrial
sources. Storage batteries, gasoline, paints, and some
plumbing pipes have been documented as some major
sources of lead contamination [17]. Once it finds its way to
human bodies, lead can induce carcinogenic processes that
have been reported to cause DNA damage and interfere with
the DNA repair processes through the generation of reactive
oxygen species [20]. Cadmium is widely distributed on the
Earth’s surface and is estimated to have an average con-
centration of about 0.1 mg/kg [21]. Applications of this metal
include the production of batteries, alloys, and pigments
[22]. Due to strict environmental regulations, cadmium
uptake has been on the decrease especially in developed
countries. In the United States, the daily uptake of cadmium
has been reported to be about 0.4 ug/kg, which is less than
half of the U.S. EPA oral reference dose (US, [8]). Exposure
to cadmium occurs through occupational exposure like
working in cadmium-contaminated industries, smoking
cigarettes, or eating contaminated food. In some foods,
cadmium is found in trace amounts like in leafy vegetables,
liver and kidney, dried seaweed, among others [21]. Ex-
posure is determined through blood samples or urine
analysis, with cigarette smokers estimated to have the
highest cadmium levels in both samples [23]. Symptoms
associated with cadmium exposure include nausea, ab-
dominal pain, muscle cramps, burning sensation, shock, and
in severe cases, loss of consciousness within 15 to 30 minutes
[21].

In this regard, different methods have been employed in
the remediation of heavy metals from wastewater. Clay-
based nanocomposites have recently gained much attention
in the removal of heavy metals due to their increased surface
area and modifiable structures for selective contaminant
removal [24]. The removal of various heavy metals, by
various clay-based nanocomposites, is discussed in this
review.

2. Wastewater

2.1. Components of Wastewater. Wastewater is made up of
major components that are related to the treatment pro-
cesses employable on the sewage [25]. Some of these
components include biochemical oxygen demand (BOD),
total suspended solids (TSSs), pathogens, nutrients, and
other emergent contaminants [25]. BOD is described as the
amount of oxygen required or demanded by organic
compounds in wastewater to break down into simple and
stable compounds. A high BOD dictates that wastewater
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microbes would compete for oxygen with marine life if such
effluent is released to water bodies. It is of importance to
reduce BOD before the wastewater is released into water
bodies. The EPA standard concentration for BOD is 50 mg/L
[26]. However, different countries have their respective al-
lowable standard values of BOD for wastewater. Unpolluted
water typically has a BOD concentration of approximately
1 mg/L [27]. Household wastewater is typically in the range
of 200 mg/L for BOD [25]. This means that, under standard
procedures, it would take approximately 200 mg of dissolved
oxygen to break down its organic matter in approximately 5
days. Values in the range of 200-600 mg/L have the water
considered polluted and must be processed before releasing
to the environment [27]. According to Bezsenyi et al. [28],
the effect of hydrogen peroxide on the values of BOD
measured during ionizing radiation treatment of wastewater
can be erroneously overestimated in the presence of high
concentrations of hydrogen peroxide. In a study conducted
by Skoczko et al. [29] investigating the influence of seasonal
changes on various wastewater factors, it was reported that
the values of BOD removal efficiency showed no significant
difference over the seasons. However, the removal efficiency
increased slightly from winter to summer due to the positive
change in temperature. Nezhadheydari et al. [30] investi-
gated the effect of magnetic nanoparticle concentrations on
aquaculture wastewater treatment. The study reported that
the effect of the nanoparticles on BOD was only significant at
high concentrations. Pavithra and Shanthakumar [31] re-
ported BOD removal of 62.7% and 57.27% when using silica
and iron nanoparticles, respectively, from aquaculture
wastewater. Gharloghi et al. [32] estimated that iron oxide
nanoparticles could reduce BOD by approximately 25%
when applied to municipal wastewater.

TSS is the number of solids of a specific size (more than 2
microns) dispersed in the wastewater in suspension. It is the
specific measurement of the total suspended mass of solid
material in wastewater, whether organic or inorganic. Any
particles less than 2 microns in size are considered dissolved
solids [33]. In the environment, they are capable of clogging
fish gills, smothering fish eggs, and decreasing light dis-
persion in water bodies. They can be organic, such as fecal
matter, or inorganic, such as silt or clay. A high value of TSS
indicates a high biological oxygen demand, meaning that a
high percentage of solids is organic matter [25]. Often,
turbidity measurements are an estimate, and not an exact
value, of TSS. Turbidity is the optical determination of the
clarity of water, that is affected by both the dissolved matter
and the suspended particles in a water column [8]. Turbidity
values indicate the change in TSS concertation of wastewater
without giving exact measurements [34]. In most cases, TSS
values below 20 mg/L will show low turbidity levels of about
5 NTU, which is visually clear. TSS levels over 40 mg/L
shows cloudiness, which in comparison to estimated tur-
bidity levels show a value of about 55 NTU [35]. Raw
wastewater will often have TSS in the range of 155-330 mg/
L, whereby 250 mg/L is considered a typical wastewater TSS
concentration. After the primary treatment stage, this value
is expected to fall below 65 mg/L and below 25 mg/L after the
advanced secondary treatment system [36]. TSS-

contaminated wastewater increases the TSS value of
waterbodies it may be dumped into. When this happens, the
rise in TSS value can contribute to a rise in water tem-
perature and consequently decrease in dissolved oxygen
(DO) [34]. This happens when radiant heat from the sunlight
is absorbed by suspended matter that heats the water
molecules by conduction. Warmer waters release oxygen
easier than colder waters; therefore, this process lowers the
levels of DO [37]. In addition, high TSS levels can induce
water stratification, whereby water layers themselves by
temperature zones in such a way that the colder layers
(bottom) do not intermix with warmer layers (top). Since
respiration and decomposition occur in the lower layers, the
lack of intermiscibility would cause a state of hypoxia when
gradually decreasing oxygen levels to make it challenging for
organisms to survive [33]. In a study conducted by Amerian
etal. [38], studying the effect of TSS, among other factors, on
peracetic acid (PAA) decomposition, it was reported that
PAA demand increased for both primary and secondary
effluents with increase in concentration of TSS. The higher
demand for PAA in primary effluent was attributed to a
higher concentration of suspended organic matter. The
observed decay rate was 0.014 L/mg-min and 0.0039L/
mg-min in primary and secondary effluents, respectively, for
every 10mg/L increase in TSS concentration. The higher
decay rate in primary effluent was also attributed to a higher
concentration of organic matter in primary effluent. In a
similar study by, PAA rate of decay was observed to increase
by a factor of five as the concentration of TSS increased
gradually from 40 to 160 mg/L.

2.2. Characteristics of Wastewater and Effluent Quality
Parameters. Wastewater is characterized into three major
groups, namely physical, chemical, and biological charac-
teristics [39]. The physical characteristics include the color,
turbidity, temperature, odor, and total solids in the waste-
water. Sewer water is often brown and yellow when fresh,
and turns to dark color in time, as the organic matter begins
to decay [40]. It is a common characteristic of sewer effluents
to have a strong pungent odor. Temperatures are always
higher than normal due to biological activities that occur in
the sewer water. Additionally, the turbidity of sewerage is
high due to a high percentage of suspended solids [41].
Chemical characteristics include nitrogen, chemical
oxygen demand (COD), alkalinity, pH, total organic carbon
(TOC), chlorides, heavy metals, phosphorus, among others
[42]. COD defines the organic matter in wastewater by
determining the amount of oxygen required to oxidize them.
It is the quantity of oxygen that must be in the water to
oxidize the embedded chemical organic pollutants. High
levels of COD could indicate an imminent decrease in
dissolved oxygen, which can negatively impact marine life
and balance [43]. The TOC describes the amount of carbon
embedded in the organic materials in the wastewater. This
parameter is usually investigated as an ongoing assessment
of the change or lack of change of the organic content in the
wastewater [44]. Whitehead argued that TOC on its own
does not give satisfactory data regarding the organic content



in wastewater as compounds containing carbon can exist in
different forms. Phosphorus can exist both organically and
inorganically in wastewater. Nitrogen is often found in
organic forms in wastewater.

The biological characteristics include bacteria, fungi,
algae, viruses, and protozoa [41]. In the sewage, both in-
testinal and sewage bacteria are found. Pathogenic and
nonpathogenic intestinal bacteria such as fecal coliform,
Salmonella, Vibrio cholera, among others, find their way to
sewers through human stool. Anaerobic and aerobic sewage
bacteria exist naturally in sewer systems, playing a key role in
breaking down organic matter. Pepto coccus, Bifidobacte-
rium, Nocardia, Achromobactin, among others, are some of
the common real sewage bacteria. Algae and fungi in
sewerage effluents play an important role in trickling filters
during sewage treatment [41].

2.3. Wastewater Treatment. Edwards [11] classified waste-
water treatment methods into physical/chemical, thermal,
and biological classes. As the class names dictate, physical/
chemical methods employ the physical or chemical prop-
erties of the wastewater constituents to effect ample change
in the composition. Thermal methods involve the use of heat
that decomposes pollutants, while biological methods in-
volve the use of microorganisms in the removal of unde-
sirable wastes. In wastewater treatment, however, three
major steps, namely primary, secondary, and tertiary, are
undertaken to ensure clean and safe water [45].

Primary treatment, also known as a preliminary treat-
ment, involves the removal of grit and screenings from the
wastewater, often by the use of physical methods [46].
Primary sanitation technology reduces suspended solids
through the removal of scum and suspended solids through
surface screening and gravity settling. Bar screens are used
for the screening step and gravity settling makes use of grit
chambers to remove the settled grit [47]. Secondary treat-
ment is usually standardized to remove dissolved organic
matter that is not caught by the primary treatment stage and
suspended solids [7]. Biological processes play a key role in
waste removal at this stage, as microorganisms metabolize
organic matter to energy, water, and carbon dioxide. The
methods employed at this stage are trickling filters, oxidation
ponds, and activated sludge processes [45]. Recently, a ro-
tating biocontacter has been used [7]. Activated sludge
process, being the most common method in developing
countries, has been reported to remove approximately 80%
BOD and 78.28% COD in attached and suspended growth
reactors [48]. Tertiary processes are usually employed in
cases where the quality of the remediated water is of utmost
importance. Therefore, tertiary methods polish secondary
effluents to reduce unsafe concentrations of dissolved
chemicals such as heavy metals, phosphates, and nitrates
[45]. Granular media filters and micro-strainers are used to
remove BOD and any suspended solids from secondary
effluents in a process known as effluent polishing [49, 50].
These steps are summarized in Figure 1. Percentage removal
efficiencies of different pollutants at different stages are
summarized in Table 1 [53].
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In developing countries, the primary and the secondary
treatment stages are the most common in the municipal
wastewater process. This is due to the high maintenance
costs involved in setting up modern tertiary treatment fa-
cilities, which often leave their application to private
companies. The existing methods applied in the primary and
secondary stages such as the activated sludge process do not
particularly address the removal of heavy metals. This means
that most wastewater effluents from the primary and sec-
ondary treatment contain heavy metal concentrations
dangerous to the environment, animals, and humans alike.
Sustainable and affordable technologies such as clay-based
nanocomposites are being looked into to address this
problem, especially in developing countries whereby mod-
ern tertiary wastewater remediation methods are expensive
to set up and maintain.

3. Techniques of Heavy Metal Decontamination

3.1. Metal Precipitation. Metal precipitation methods
remove metals from wastewater by converting the metal ion
from the dissolved state to a solid state that is precipitated.
These methods employ chemical additives or make use of
microbiological processes. The most important parameter in
these methods is that the concentration of the metal ion has
to be high in complex liquid states. Metal precipitation
techniques do not achieve complete metal ion removal, and
often multiple techniques are employed in addition to re-
moving the metal ions [54].

3.1.1. Chemical Precipitation. Chemical precipitation works
under the metal ion saturation principle. When a solution
becomes saturated with metal ions and the solubility product
(Ksp) of the system is exceeded, the metal ion is precipitated
[55]. Ksp is the product at equilibrium between a solid and
its ions in the solution. The stages followed by a precipitation
process include the nucleation stage, nucleus growth, and
then the crystallization or aggregation stage [54]. Factors
that affect the quality of the precipitation process include the
concentration of the metal ions of interest, their type, the
conditions of the reaction like pH, the type of precipitant
used, and most importantly, the availability of precipitation
inhibitors [56].

Hydroxide precipitation employs alteration in pH using
calcium hydroxide or sodium hydroxide as the precipitation
agent. Different metals have optimal pH values for the
optimum hydroxide precipitation to occur, mainly in the
range of 7.5 to 11. The main challenge for this method is that
most metallic hydroxides exhibit amphoteric behavior,
which imposes a different challenge on precipitated metals
to solubilize back into the solution [56]. In addition to this
limitation, this method is prone to problematic sludge that
needs further processing. Wang and Chen [57] proposed a
method to sequentially precipitate heavy metals (Fe, Cu, and
Zn) and treat the sludge concurrently by modifying the
hydroxide precipitation with sulfide precipitation and oxi-
dation treatment. In this manner, they achieved 99.8% Fe
removal, 94% Cu removal, and 96.1% Zn removal and an
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FIGURE 1: Summary of wastewater treatment steps.
TaBLE 1: Percentage removal of pollutants at different stages.
% Removal
Stage Method . References
COD/BOD TSS Pathogens Nitrogen Phosphorus
Prima Sedimentation 45% 70% — 0-35% 0-35% (46]
Y Fine screen 45% — — — —
Primary clarifier 30.59% 50.61% — — —
Secondary Aeration tanks 73% 80% 75% 60% 50% [51, 52]
Activated sludge 91.28% 86.76% 50-80% >70% >70%
Activated carbon 85% 52% 95% 50% 60%
Tertiary Ion exchange 70-95% 35-85% >80% 35-80% 35-80% [52]
Disinfection — — 98% — —

increasing need for sludge disposal. In a study by Li et al.
[58], hydroxide precipitation method was used in the re-
covery of Zn ions achieving 70-80% removal, in a combined
Fenton process.

Sulfide precipitation provides less soluble metal pre-
cipitates and offers potential for selectivity in heavy metal
removal. This method is however used sparingly, due to
difficulties in controlling sulfide dosage and dangers of
toxicity in the case of excess sulfide. This form of precipi-
tation can be achieved by the use of solid iron sulfide or
calcium sulfide, aqueous ammonium sulfide, sodium sulfide
or sodium hydrogen sulfide, or gaseous hydrogen sulfide
[59]. Zainuddin et al. [60] studied the comparative ad-
sorption of Ni, Cu, and Zn by hydroxide and sulfide pre-
cipitation and reported more efficient removal by sulfide. A
95.32% Ni removal was achieved using sulfide precipitation
compared to 76.66% hydroxide precipitation removal. In
another study, Li et al. [58] removed Ti ions to trace levels
through combining Fenton process and sulfide

precipitation. The Fenton process achieved an excess of 95%
Ti ion removal, and the sulfide precipitation made the
method further effective to bring the ion concentration to
trace levels in industrial wastewater.

3.1.2. Biological Precipitation. Metal ions can be precipitated
as a consequence of the metabolism of microorganisms either
directly or indirectly when they produce metabolites that react
with the metal ions to precipitate them. Biological precipi-
tation has been reported to offer better selectivity in metal ion
removal compared to chemical precipitation. For example,
the metal precipitation of engineered systems is optimized
according to the rate of biological sulfide production, the
precipitation of metal sulfides, and the quality of the metal
precipitate product. In addition, it is low cost, applicable in
low-metal concentration leachates, and it provides better
settling. It is however more complex to operate compared to
the chemical precipitation method [61].



Sulfate reduction by bacteria is a common method ap-
plied in heavy metal precipitation in this genre. A carbon
source such as acetate, hydrogen, or sulfate is utilized to
produce a sulfide under anaerobic conditions, which reacts
with a metal ion to form a precipitable metal sulfide [62].
This method has been applied in metal recovery from an acid
mine drainage system [63]. The [54] mechanism is illustrated
in the following equations:

e~ donor + S0, — $* + HCO; (1)

$ + Me*t — MeS| + H" (2)

where e~ is an electron, Me?" is a metal ion, and MeS| is the
precipitated metal sulfide. In (1), sulfate-reducing bacteria
act on the electron donor species, such as acetate, in a
process to reduce the sulfate ions to sulfide ions. Organic
compounds acting as electron donors are reduced to car-
bonates. In (2), the sulfide ion reacts chemically with dis-
solved heavy metal ions to produce precipitable metal
sulfides that can be removed from the wastewater [62]. The
process in (2) lowers the pH of the reaction medium due to
the generation of high concentration of hydrogen ions. The
acidity is neutralized through biogenic alkalinity resulting
from equation (1). This is illustrated in equation (3) [64].

HCO; + H" — CO,(g) + H,0 (3)

Another approach used in metal ion removal in bio-
logical precipitation is bioreductive precipitation, whereby
the microorganisms utilize the metal ions in microbial
metabolism. In this manner, metal-reducing bacteria take
part in reducing the dissolved metal ions to precipitate. For
example, uranium-reducing bacteria have been used in bio-
reducing uranium (VI) to uranium (IV) [65]. Some of these
bacteria include denitrifiers, thermophilic bacteria, hyper
thermophilic archaea, acid-tolerant bacteria, fermentative
bacteria, and myxobacteria [64]. Some microorganisms are
able to produce energy through bioreduction mechanisms
by utilizing the metal as an alternative electron acceptor,
while others reduce heavy metal cometabolically, in which
case energy is not generated [66]. Growth of Desulfoto-
maculum, Shewanella, and Geobacter has been documented
to increase with reduction of U6+ U4+, whereas Desulfo-
vibrio shows cometabolic reduction when reducing U® [67].
Zhou et al. [68] used a hydrogen-based membrane in the
removal of U®" using a culture of Desulfovibrio vulgaris in
which a sole electron acceptor of U®" was fed. It was ob-
served that the reactor performance increased to about 98%
and then an almost complete reduction of U®" occurred.
Nanocrystalline UO, and U aggregates and precipitates were
observed; authors associated them with vegetative cells.

3.2. Ion Exchange. This method is used mainly due to its
major advantages in high efficiency and fast kinetics of heavy
metal removal [69]. Ion exchange resins, which can either be
natural or synthetic, are employed in this method. Synthetic
resins are preferable due to their high efficiency [70]. The
following equations show an illustration of ion exchange
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resin with the sulfonic acid group and a carboxylic acid
group:
nR-SO;H + M"" — (R-S0;),M"™" +nH" (4)

nR - COOH + M™ —> (R-COO™),M"™ +nH*  (5)

In (3), the exchange resin based on sulfonic acid group
can remove metal ion by exchanging the hydrogen ion on
the sulfonic group. In equation (4), the exchange resin is
based on carboxylic acid. In a scenario similar to equation
(3), the hydrogen ion on the carboxylic group is ex-
changeable for the metal ion.

Alyuz and Veli [70] studied the kinetics of the removal of
nickel and zinc, based on ionic exchange resins, and found
that ion exchange was highly dependent on pH, tempera-
ture, contact time, and initial temperature of the solution,
whereby the major removal was acquired in the pH range of
4-6 for zinc and nickel ions. Abo-Farha et al. [71] observed
similar results with cerium, iron, and lead ions and con-
cluded that the adsorption sequence was Ce*" > Fe’" > Pb*".

3.3. Adsorption. The adsorption process is considered a
thermal process that can occur physically or chemically. The
adsorbate must adsorb to the pores of the adsorbent to be
separated from the matrix through physical (physisorption)
or chemical (chemisorption) processes [72]. During phys-
isorption, van der Waals forces are the major players in the
separation, while in chemisorption, separation relies on
chemical interaction between the adsorbent and the ad-
sorbate. Adsorbents fall under the following three classifi-
cations based on pore size: 2-5nm pore sizes make up
micropores, 5-50 nm make up mesopores, and 50-100 nm
make up macropores [72]. This method of water purification
is considered highly effective and economic since in many
instances it results in highly purified effluents, in addition to
being flexible in terms of design and operation [69].
Activated carbon is a commonly used adsorbent because
of its high porosity; non-polarity; and made from carbon-
rich materials of mineral, plant, or animal origin. The ac-
tivation process can either be physical or chemical
depending on the raw material and required texture.
Physical activation mainly involves carbonizing the starting
materials to about 450°C and then heating in carbon dioxide,
air, or steam at temperatures of about 900°C at low pressures
[72]. The porosity of activated charcoal can be as high as
2000 g/m’, making it very useful for the removal of inor-
ganic, organic, and biological waste in water [73]. However,
its nonpolarity makes it a poor remover of heavy metals. To
remove heavy metals from water, activated charcoal has to
be modified chemically by the use of chelating groups [74].
Activated charcoal comes in either granular activated
charcoal form or powdered activated charcoal form.
Carbon nanotubes (CNT) are carbon-based tubular
structures entirely made up of hexagonally arranged hybrid
carbon atoms [75]. They can be single-walled if made up of a
singular sheet of graphene or multi-walled if multiple layers
of graphene make up the structure [76]. CNTs attract at-
tention as adsorbents as a result of their inert surfaces and
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high specific surface areas, making them excellent physical
adsorbers. They have been of great interest due to well-
defined and uniform atomic structure compared to activated
carbons [75]. Alijani and Shariatinia [77] fabricated a single-
walled CNT-based nanocomposite for the removal of
mercury from wastewater and achieved 99.56% adsorption
in about 7 minutes. Single-walled CNT alone was reported to
achieve about 45.39% adsorption of mercury.

A summary of the removal efficiency and operational
cost estimates of some of the methods discussed is sum-
marized in Table 2 [84].

4. Adsorbents

According to Pandit et al. [85], adsorbents can be defined as
solid materials that can remove or separate contaminants
from liquids or gases to avoid environmental harm. The
separation of contaminants is usually based on their selective
binding, or adsorption, on the surface of the adsorbent. This
selectivity can be kinetic and/or thermodynamic, based on
the specific interaction between the adsorbent’s surface and
the contaminants. In this manner, there’s an underlying
complex interaction among these three components, namely
the adsorbent, adsorbate, and wastewater [86]. The rela-
tionship is illustrated in Figure 2 [86].

In the ternary system illustrated in Figure 2, the main
interaction that controls the entire adsorption system is
between the adsorbate and the adsorbent. Other factors,
however, come into play to affect this interaction, that is the
affinity between the solution and the adsorbate, solution and
the adsorbent, and the contaminants. Owing to low solu-
bility, hydrophobic compounds in aqueous solutions are
observed to get attracted to the surface of the adsorbent.
Therefore, the adsorption capacity is considerably depen-
dent on the forces that arise from the interaction of these
three components [86]. Since the adsorption is by principle a
surface phenomenon, any solid needs to be porous and
possess a large surface area, to be considered an adsorbent.
In addition, other considerations are based on: ready
availability and low cost, great physical strength especially in
solutions, good mechanical properties, ability to regenerate,
and long life [87].

In order to ensure efficient contact between the adsor-
bent and the wastewater, different systems have been pro-
posed and applied both at the industrial and laboratory level.
Some of these methods include mobile mat filters, pulsed
beds, fluidized beds, fixed bed-type processes, and batch
methods. Depending on the application, the most common
systems are fixed bed and batch-type processes. When a
continuous system for contact is necessary, like in an in-
dustrial scale, the fixed bed-type contact system (reactor and
columns) is applicable, while for laboratory-level experi-
mentation, batch processes are usually applicable [88]. The
batch processes are necessitated at laboratory scale due to
their efficiency at small volumes of wastewater, ease of use,
and simplicity.

In fixed bed reactors, adsorption is heavily dependent on
the concentration of the adsorbate in the wastewater. The
contaminated solution (wastewater) is always in contact

with the adsorbate, which with continuous adsorption of the
solute ensures continuous dynamism in the concentration of
the adsorbate in the solution. This system offers great mass
and heat transfer and greater residence times than any other
batch reactor on the industrial scale [88]. Mat filters are often
implemented as depth filters with the ability to separate
contaminants from the liquid phase through sieving, in-
terception, and adsorption [89]. They are referred to as depth
filters because they not only filter on the surface but also in
the interior pores through adsorption [90]. Due to the in-
timate contact, they introduce between the adsorbate and
adsorbent in the liquid phase, they are most applicable when
the influent contains high particulate matter [91]. Yigzaw
et al. [90] and Shukla and Kandula [91] have utilized mat
filters in biological sciences for antibody purification and
recovery. For application in wastewater treatment, nano-
fibers have been used in mat filter fabrication to adsorb
various heavy metals such as Cu*" and Pb>" [92].

In pulsed bed adsorption, the feed flows from the un-
derside of the adsorbent material upwards. When the ad-
sorbent is spent, it is removed from the bottom and refilled
from the top (i.e., opposite the flow of the feed) to ensure a
constant column height to maintain efficiency [93]. Pulsed
bed adsorption is most preferable when the adsorbent and
the feed are of a high relative performance rate. Fluidized
beds are incorporated when high heat and mass transfer
applications are required. Most sets incorporate adsorption
and desorption sections to improve the efficiency of the
process. During adsorption, a solid adsorbent is fluidized by
the upward movement of the mobile phase influent, causing
a downward “flow” of the adsorbent as a fluid. This increases
contact between the phases and thus high adsorption is
possible in this setup. The fluidized adsorbent falls to a lower
desorption bed whereby desorption occurs through heat
exchange and the adsorbent can be gased to the top of the
column for cycling [94].

In an effort to control the liquid-phase adsorption
performance in a solid material, a number of factors affect
the adsorption process. Some of these factors include ([95]
(1)) the nature and origin of the adsorbent solid. This in-
cludes the physical considerations such as the specific
surface area, the particle size, and porosity; chemical con-
siderations including the functional groups of the solid,
surface charge, and pH when the solid has no charge; and
mechanical properties. (2) Conditions necessary for the
activation of the solid. These include considerations such as
chemical or physical treatment to activate the material and
the effects of the variables of the process applicable in the
contacting system. These variables include the initial con-
centration of the pollutants, contact time, stirring rate, and
solid dosage. (3) The mechanism of removal of the pollut-
ants. This includes the conditions of the solution such as the
temperature, pH, presence of impurities, among others.

Adsorbents have been classified to five categories
according to Crini et al. [86]. This classification is based on the
applications of the adsorbent in both the industrial setting and
the applicability in laboratory practice. Natural materials are
adsorbents that include wood, bauxite, sawdust, and fuller’s
earth. Treated natural materials are another classification that
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TaBLE 2: Removal efficiency and removal cost estimate of various methods.
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Method Operational cost estimate per year (USD) . Y References
Contaminant Removal capacity (mg/g or%)
Cu** 98%
cd* 99% (78]
Reverse osmosis ~17 million o .
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. - Pb** 16.2mg/g
Granular activated carbon 74-209 million ot 638 mg/g [83]
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FIGURE 2: Relationships of a three-component adsorption system.

include activated carbons, silica gel, or alumina. Manufac-
tured materials such as zeolites, resins, and aluminosilicates
are also among the adsorbent classification. Another type is
the industrial by-products and solid agricultural wastes such
as red mud and fly ash. The last type is the biosorbents that
include fungi, chitosan, cellulose, among others.

4.1. Low-Cost Adsorbents. Agricultural wastes and bio-
sorbents are termed low-cost adsorbents due to their
abundant nature and they inexpensive and potential to act as
complexing materials [95]. Chitosan occurs naturally in
large amounts and is a low-cost sustainable adsorbent for
waste water remediation [96]. It has been reported to bind
effectively with small ionic diameter metal ions such as Cu
(II) ions. To effectively remove larger ions, chitosan has been
modified to improve its structural properties [96]. Hos-
seinzadeh and Ramin [97] used a magnetic chitosan/gra-
phene oxide nanocomposite to remove copper ions from
wastewater and reported a maximum adsorption capacity of
approximately 217.4 mg/g.

Cellulose is one of the most abundant biopolymers that
are biodegradable, insoluble in most solvents, and non-
meltable [98]. The most common commercial sources of this
abundant material are wood and cotton but it is extractable
from other credible sources. Cellulose exhibits low

adsorption in an unmodified state and to be utilized for
heavy metal adsorption as a low-cost adsorbent, it often
requires modification [98]. Dridi-Dhaouadi et al. [99] in-
vestigated the adsorption of lead (II) ion and yellow 44 dye
by unmodified cellulose isolated from Posidonia oceanica
and observed that the cellulose had higher adsorption for
lead than for dye. Wu et al. [100] also investigated the
adsorption of lead (II) ions on cellulose and reported op-
timum removal at a pH of 6 with a maximum adsorption
capacity of 10.78m’/g. The authors also reported that
modification of the cellulose with thiol groups increased
metal adsorption.

5. Clay

5.1. Structure and Properties. aClay essentially refers to soil
particles of the size less than 5ym or rock made up of clay
minerals. Clay exhibits high plasticity when wet, and is
considered coherent when dry [101]. In soil, it ensures
proper porosity; good water retention; and acts as a reservoir
for nitrogen, calcium oxide, and potassium oxide minerals
[102]. Clay minerals are produced majorly through
weathering, hydrothermal alteration, and diagenesis pro-
cesses [102]. Clay minerals are structured to magnesia or
alumina octahedral sheets and silica tetrahedral sheets
(Figure 3). According to the arrangement of these sheets,
clay minerals are classified into four main groups namely
kaolinite, chlorite, illite, and smectite [103] and are shown in
Figure 3 [104].

In kaolinite, the structure arrangement between the
octahedral and tetrahedral sheets is in a ratio 1:1 and
consists of kaolinite, halloysite, dickite, and anauxite. The
charges between the two layers are usually balanced, and
thus the clay does not swell. The chlorite group includes an
extra brucite layer alternating with tetrahedral-octahedral-
tetrahedral layers [105]. The illite and smectite form tetra-
hedral-octahedral-tetrahedral layers (i.e., 2 : 1 ratio) joined to
each other by hydrogen bonding and electrostatic forces
[103]. The smectite group, consisting of bentonite and
montmorillonite (MMT), exhibits a higher swelling capacity
than illite. For application in heavy metal removal, the clay
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FIGURE 3: Classes of clays according to structural arrangement (Ghadiri et al., 2015).

mineral needs to have a high cation exchange capacity (CEC)
and a specific surface area. CEC is a characteristic quality of
soil to hold positively charged ions [106]. Karpinski and
Szkodo [105] reported that the smectite group has a higher
CEC (80-150 meq/100 g) and a specific surface area (800 m*/
g) compared to illite (10-40 meq/100 g, 15m?*/g). Kaolinite
was reported to have the lowest CEC.

Clay on its own has been applied in heavy metal removal
by various researchers. Kaolinite in raw and modified forms
has been used in the removal of chromium (VI) ions, and
adsorption has been reported to be highly sensitive to the pH
of the solution, with increasing adsorption from pH 1 to 7
[107]. Montmorillonite clay has also been used in the removal
of lead (II) ions in its raw form and maximum adsorption is
reported to be about 28mg/g [108]. In modified form,
montmorillonite was reported to increase metal ion ad-
sorption to 131.579 mg/g owing to an increase in active sites
with modification by acetic acid [109]. Bentonite has been
applied in the removal of various heavy metal ions including
copper (II), cobalt (II), nickel (II), and lead (II). The highest
adsorption capacity of lead (II) by unmodified bentonite is
59.7mg/g and in modified form is 123.3mg/g [24]. Al-]lil
[110] reported that the maximum removal of chromium (IIT)
by raw bentonite was 13.79 mg/g and in a modified state of 4-
aminoantipyrine, the adsorption capacity was 38.8 mg/g.

5.2. Types of Nano-Clay-Based Adsorbents. Clay is employed
as a nano adsorbent in several adsorption procedures due to
its unique characteristics and high removal effectiveness
[111]. Nanoclays are a potential property enhancer that has
been discovered to be super effective in the purification of
water. A large number of researchers have investigated the use
of clay minerals as adsorbent materials for the adsorption of
different hazardous substances such as heavy metals, coloring

agents, antibiotics, biocide substances, and other organic
chemicals. Nano adsorbents are made up of nanoparticles
with a large specific surface area and connected sorption sites.
The sorbent exhibits better adsorption for organic chemicals
due to the short intra-particle dispersal distance and ad-
justable pore size and surface chemistry.

5.2.1. 1D Clay Nano Rods. Attapulgite (APT) is a one-di-
mensional (1D) clay that is natural with a structure com-
parable to carbon nanorods. Awasthi et al. [112] suggest that
the APT is made up of 2:1 phyllosilicate ribbons, with
interspaces  between  them  measuring  around
0.4nm x 0.6 nm. Natural APT has a good adsorption ca-
pacity for dyes and heavy metals, thanks to these zeolite-like
nano channels. Because of the hydrogen bonds and Van der
Waals force, natural APT exists as mass aggregated crystal
bundles that inhibit dye macromolecules from reaching
efficient interaction with sites that are active sorption. The
fabrication of 1D APT nanorods by shattering bulk bundles
has sparked a lot of curiosity lately. The permanent inherent
negatively charged electrode and specifically large surface
area of disintegrating 1D APT nanorods enabled the de-
velopment of adsorbents that were 1D APT based.

They can develop hybrids with materials that are 2D
layered depending on different 1D morphology of APT
nanorods to acquire the highly customizable framework for
making full use of the properties of nanorods and nano-
sheets. Clay/APT nanocomposites were made by mixing 1D
APT with 2D bentonite nanosheets using homogenization of
a high-pressure. When APT was added, the rate of hydration
of bentonite and salt resistance improved, resulting in a
higher dosage of MB adsorbent in the presence of sodium
chloride. [113] developed a ceramic-supported composite
film of attapulgite/graphene oxide (GOA) with 1D APT
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inserted into 2D lamellar GO sheets, allowing high-flux
water transport through nano channels. The prepared GOA
showed about 100% disapproval efficacy against Ni**, Cd**,
Pb**, and Cu®*. This was due to the size exception effect, that
was based on nanotube correlation between the GO layers
formed by 6 APT nanorods.

5.2.2. 2D Clay Nanosheets. Clay minerals are mostly made
up of 2D nanosheet units, which are made up of a set of
neatly stacked layers [114]. Strong interactions such as
hydrogen bonding combine neighboring 2D nanosheet
units, while Van der Waals weak forces combine adjacent 2D
nanosheet units. Such clays have strong adsorption capa-
bility due to the unique interlayer space, that has been
extensively used in the pollutant removal from wastewater.
However, because the various sites of adsorption on the
interior surface have not yet been fully explored, the ef-
fectiveness of lamellar clay as an adsorbent is diminishing
when used immediately. Exfoliated 2D clay nanosheets were
able to totally release active adsorption sites and consider-
ably increase the surface area, both of which are beneficial to
improving adsorption performance. Because of its good
hydration swelling property, montmorillonite clay can be
easily exfoliated into 2D nanosheets. The fabrication of a
range of sophisticated functional nanocomposites using 2D
MMT nanosheets (MMTNS) with completely visible sites
that are active following exfoliation has further pushed the
use of MMT as adsorbents. According to El Kassimi et al.
[114], the hydrogel phase with three-dimensional macro-
scopic nanostructures is particularly helpful for simple solid-
liquid separation succeeding in removing contaminants
from liquids, among the many MMTNS-based adsorbent
materials. Also, the hydrogel’s ion diffusion velocity is
comparable to that of water, resulting in faster adsorption
kinetics. As a result, hydrogels are becoming an interesting
topic in search of adsorbents that are novel and can effec-
tively remove pollutants from water.

El Haouti et al. [115] created a new self-assembled gel for
the removal of MB under the influence of H,O, under visible
light. The Fe-CS/MMTNS gel with iron demonstrated
outstanding reuse and maintaining quality MB removal
efficiency attributed to the synergistic impact of reaction of
Fenton and adsorption degradation. Due to the complex
formation between iron and chitosan, the Fe-CS/MMTNS is
stable and operates well across a wide pH range attributed to
the prevalence of hydroxyls on the surface of MMTNS (CS).

5.2.3.  Clay-Supported Nanoparticles as Composites.
Nanoparticles (NPs) are a form of adsorbent that uses
nanoscale effect, extremely high surface area, and reactivity to
remove contaminants from water. NPs are tiny atomic
clusters that are less than 100 nanometers in size. Although
NPs have a larger capacity of adsorption than micron-sized
counterparts because of their nano size-particle distribution,
NPs are more afflicted to clustering in water because of their
increased energy of the surface, which reduces effective
sorption. As a result, the main hurdles in the use of nano
adsorbents are ensuring NP disposability after adsorption in
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liquid/solid dissociation and water. Masoudi et al. [116] de-
veloped nanoscale Fe,O;-treated halloysite nanotube (HNT)
adsorbents for treating excess phosphate in water and pre-
venting eutrophication. The surface charge density of treated
iron oxide was observed to boost the capacity of adsorption of
the nano adsorbent toward phosphate. To remove dyes, Rafati
et al. [117] used a carboxymethylcellulose-bentonite (LCB)
composite loaded with lanthanum (La). By crosslinking clay
and polymer, the addition of La’" strengthened the frame-
work. In the field of geo-engineering, Phoslock®, a type of
lanthanum (La)-modified bentonite clay, has been utilized to
regulate oxyanions in waste streams and sediments.

5.24. 1D Clay Nanotubes. Halloysite nanotubes (HNTs)
represent one-dimensional tubular clay. Such naturally
present nano-minerals are gaining favor as low-cost options
to produced nanotube substances like carbon nanotubes,
thanks to the exceptional properties of a 1D tubular structure.
Shapira and Zucker [118] created an Ag;PO,-HNT adsorbent
for the treatment of polluted water. The adsorbent produced
was capable of adsorbing soluble dyes and medicinal com-
pounds on HNT, which were subsequently photocatalyzed by
Ag:PO, and destroyed in visible light. Zhang et al. [111]
created a redox-participating HNT-CeOx(x=1.5-2.0)
nanohybrid. Electrostatic interaction uniformly coated CeO,
nanoparticles on the HNT substrate, greatly increasing the
adsorption capacity of As (III) (209 mg/g) compared to un-
supported CeO, nanoparticles (62 mg/g).

5.3.  Clay-Based = Nanocomposites as  Adsorbents.
Nanocomposites have been reported to possess high po-
rosity and immense surface area making them excellent
candidates for heavy metal removal [24]. The most im-
portant properties for good adsorption (porosity, active
surface area, CEC, pore volume among others) are enhanced
by one or more components of the nanocomposite [24]. Clay
polymer-based nanocomposite adsorbents such as cellulose-
montmorillonite [119], polyaniline-montmorillonite [120],
poly (acrylic acid)/organo-montmorillonite [121], and
B-cyclodextrin based bentonite [122] have been reported.

Irani et al. [123] synthesized an organomontmorillonite
hydrogel nanocomposite for the removal of lead (II) ions
and reported a maximum removal capacity of 430 mg/g.
Other researchers have also reported lead (II) ion removal by
use of clay-based nanocomposites [124, 125]. On the chi-
tosan-clay nanocomposite, the maximum adsorption of
cadmium (II) ions was reported to be approximately
72.31 mg/g by Tirtom et al. [126]. The maximum adsorption
of chromium (III) ions was reported to be about 0.25 mg/g
on a similar chitosan-clay nanocomposite [127].

Copper (II) ion removal has previously been investigated
by the use of various nanocomposites [125, 128-130] and the
maximum adsorption reported to be about 106.2 mg/g when
polyacrylamide-bentonite (PAA-B) nanocomposite modi-
fied with humic acid-immobilized-amine [128]. In a dif-
ferent study, the adsorption capacity was observed to
increase from 11 mg/g to 20 mg/g in PAA-B when the pH of
the solution was reduced from 6.2 to 5 [131].
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Removal of nickel (IT) ion has also been studied and
reported by various researchers [126, 132-134]. Tirtom et al.
utilized an epichlorohydrin crosslinker in chitosan-clay
nanocomposite in a study to comparatively adsorb nickel
(II) and cadmium (II) ions. According to the Langmuir
isotherm, Ni*" removal was reported to be 32.36 mg/g and
72.31 mg/g for Cd>*. Zhang and Wang [134] used a low-cost
lignocellulose/montmorillonite nanocomposite to adsorb
nickel (II) ions from synthetic wastewater. At a solution
temperature of 70°C and a pH of 6.8, the ion’s adsorption
was reported to reach 94.86 mg/g. Garcia-Padilla et al. [132]
reported high nickel (II) adsorption (97.1%) at a pH of 4.5
using starch/sodium montmorillonite nanocomposite.

Other reports are summarized in Table 3.

6. Adsorption Studies

6.1. Factors Affecting Adsorption. For a fixed amount of the
adsorbent, an optimum concentration of the ion to be re-
moved is required. When the initial ion concentration is low,
adsorption tends to be slow. Increasing the initial ion
concentration increases the adsorption rate, up to a certain
point, beyond which removal decreases. This is attributed to
the flooding of metal ions for an unchanging number of
adsorption sites [139]. In agreement with this, Hassana and
Shaban [140] reported that Fe’* adsorption onto kaolinite
increased with an increase in initial metal ion concentration.
Sallam et al. [141] in a study to remove Cr®" ions from
tannery wastewater reported the highest removal ranging
from 76.3% to 100% occurring with initial metal ion con-
centrations ranging from 10 to 50 mg/L. This illustrated that
metal ion removal occurred best with relatively high initial
concentrations.

At low pH, hydrogen ions are abundant in the solution,
and thus they compete with metal ions for active sites on the
adsorbent, thus lowering the adsorption of heavy metal ions.
Research conducted by [142] to investigate the effect of pH
on Hg (II) found that an increase of pH from 2 to 5 had
increasing Hg adsorption. Similar studies on the removal of
lead and copper by Razzaz et al. [92]found more removal at
pH 6 and least at pH 2 to 4. Zhao et al. [131] studied the
removal of Cu®" ions using bentonite-polyacrylamide
composite and reported a massive removal increase from 9%
to 97% as pH was increased from 2 to 7. Cadmium removal
maxed out at pH 9 in a study conducted by Kim et al. [143],
achieving adsorption of 97%. Studies by Ravikumar and
Udayakumar [144] also agree to this phenomenon for the
removal of Cd*" and Pb** achieving maximum metal ion
removal at a pH of 6 for both of them, using Moringa
oleifera/montmorillonite nanocomposite. Beyond this pH,
the metal ions seemed to precipitate. In the same study, Cr®*
ion adsorption disagreed with this phenomenon and showed
high adsorption at low pH values of 2 and 3. This was
because the ions in solution existed as polyanions of HCrO,,
CrO,%, and Cr,0,” at low pH. Xu et al. [145] agreed with
this in a similar investigation.

Concerning contact time, heavy metal ions in contact
with the nano adsorbent enhance the adsorption. At the
initial stage, adsorption will occur quickly because of the
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abundance of active sites and later slow down to a point
where the adsorption is independent of the contact time. At
this point, the system has reached an equilibrium between
the adsorption and desorption processes [139]. A study by
Jiang et al. [146] on heavy metal adsorption by kaolinite clay
reported high initial heavy metal ion removal within the first
30 minutes that gradually achieved equilibrium. It was also
observed that the rate of removal was ion dependent with
percentage removal represented as Pb (II) > Ni (II) > Cd (II)
> Cu (II) ranging from highest removal to lowest. Masheane
et al. [147]used a chitosan-based nanocomposite to remove
chromium and nitrate ions and reported rapid ion removal
in the first 30 minutes of application. The activity was in-
significant by the 60" minute which translated to a rapid
saturation of active sites of adsorption on the nanocomposite
material.

Temperature initially affects the viscosity of the solution,
enhancing the diffusion rates of the heavy metal ions. An
increased temperature can affect the adsorption process
depending on whether the mechanism is exothermic or
endothermic. In the case of exothermic adsorption, an in-
crease in temperature will decrease the rate of adsorption
due to the effect of heat on electrostatic interactions between
the metal ions and the adsorbent in addition to desorption
attributed to high ion mobility due to elevated temperatures
[142]. In the case of endothermic adsorption, an increase in
temperature enhances adsorption. This is attributed to in-
creased ion mobility that results in greater access to active
sites [148]. Murithi et al. [149] reported an increase in
adsorption of cadmium (II) ions with an increase in tem-
perature from 20°C to 43°C beyond which removal de-
creased, using the biomass of water hyacinth roots. This
implied an endothermic adsorption process. Zhao etal. [131]
reported Cu’* adsorption increase with an increase in
temperature of solution attributing it to a decrease in the
ionic strength of the solution as the temperature rose.

6.2. Adsorption Isotherm Models. Isotherms describe the
effect of concentration on metal ion adsorption at a constant
temperature. The most common isotherm models used to
describe adsorption isotherms are the Langmuir and
Freundlich models [139]. Others are Temkin and Dubinin-

Radushkevich, well discussed by Dada et al. [150].
Langmuir’s model, depicted in the following equation
[151], describes adsorption in the case of a monolayer
surface with equivalence in the affinity of the adsorbate ions.
C., 1 C

= —+—,
4. Qb Q

where g, represents the amount of metal ion adsorbed
(mg/g), C, is the equilibrium concentration (mg/L),
Q, represents the adsorption capacity (mg/g) and b is
the Langmuir’s constant (L/mg). The slope and intercept
of the plot of (C,/q,) to C, give 1/Q, and 1/Qub,
respectively.

In the case of heterogeneous adsorption, whereby ad-
sorbent surface texture matters, the Freundlich model is
considered. It is represented by the following equation [152]:

(6)
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TABLE 3: Previous reports on heavy metal removal by clay-based nanocomposites.

Clay-based nanocomposite Polymer used Metal = Adsorption capacity Observations Reference
removed (mg/g or %)
-Ami - 9 i
2.Am1nop hepol and 2 2-Aminophenol and Fe (III) Fe 29% (adsorption At high ranges of pH, reduction
nitrophenol/iron . area) 71% . o [135]
. 2-nitrophenol (In) ; occurred in the phenolic ring.
montmorillonite (adsorption area)
Cu (IT) 94% .
B-Cyclodextrin/bentonite B-cyclodextrin Zn (II) 98% Met:jazozlt)c::r?t;itlon [122]
Co (I1) 92% &
Ion-imprinted polymer/ Cu (II) imprinted Adsorption capacity maxed out
diazonium montmorillonite polymer Cu (D) 23.3mg/g at pH 5. [136]
Polyacrylgmld.e/sodmm . Co (1) 98.67% Highest removal of Ni (II)
montmorillonite Polyacrylamide . occurred at a pH of 7 and Co (II) [137]
, Ni (II) 99.30
nanocomposite at pH 6
Modified montmorillonite/ Zn (I1) 88.9% Highest removal was achieved
polyethersulfone-mixed matrix Polyethersulfone . =D with 3% clay mixture into the [138]
Ni (IT) 74.4% .
membrane polymer matrix
1 -1 1 ) ) conclusive on their own. An additional (11), therefore, re-
0g g =log Ky + 08 Ce lates the K, value to free energy [155].

where K and n represent Freundlich constants that cor-
respond to heterogeneity and the bonding energy, respec-
tively. These values arise from the intercept and slope of the
plot of In g, to In C,, respectively.

The Sip isotherm model exists to cross between the
Freundlich and the Langmuir’s isotherm models. It
combines them through linear (8) [153]. A low concen-
tration in this model describes adsorption in terms
multilayer coverage, or Freundlich, while a high con-
centration describes adsorption in monolayer coverage, or
Langmuir.

(1/n)
1 1 1 1
1_ (_) N (8)
qe Qmasz Ce Qmax

where K, given in L/mg, is described as the adsorption
affinity and n is the heterogeneity index. These two values are
derived from plots of (1/g,) against (1/C,)"™.

The Dubinin-Radushkevich (D-R) adsorption isotherm
is modeled to describe adsorption in terms of porosity and
free energy. Its major purpose is to differentiate the ad-
sorption mechanisms as either physisorption or chemi-
sorption. This model is described as follows [154]:

2
9. = Qpr eXP<_KDR[RT1n<1 —é>] >> 9)

2
In(g,) =1n QDR—KDR[RTln(1+Ci)] , (10)

e

where g, in mmol/g represents the amount of metal ions
adsorbed at equilibrium. Qpy in mmol/g describes the
maximum adsorption capacity at equilibrium. K, in mol®/
kJ* is usually a constant referred to as the Dubinin-
Radushkevich constant. C, in mol/dm® is the quantity of the
metal ion adsorbed at equilibrium. (9) and (10) describe only
the porosity aspects of the model and therefore are not

1
V2Kpr

The values of E are useful for estimating the type of
adsorption that occurs. When E <8 Kj/mol, the ad-
sorption is described as physisorption. When E > 8Kk]J/
mol, the adsorption process is described as chemisorption
[153].

Temkim isotherm model has the implication that the
heat of adsorption is describable linearly, rather than log-
arithmically. This model ignores the extremes of very high or
low concentrations. Among other factors, consumption is
also uniform in distribution of boundary energy up to
certain limits described as maximum bonding energy [155].
This model is described by

qg.=BInA+Bln C,.

E= (11)

(12)

In addition to the common parameters in isotherm
models, B introduced in the Temkim model is a constant that
is relatable to the heat of adsorption by the following
equation:

(13)

where b (J/mol) and A (L/g) are Temkim constants arising
from slopes (B) and intercepts (Bln A), respectively, of the
plot of g, versus In C, [155].

Sharma et al. [156]studied adsorption isotherms using
both Langmuir and Freundlich model at a pH of 6 and a
temperature of 25°C for a period of 2 hours. The authors
reported the adsorption to be best described by the
Freundlich model owing to the highest correlation co-
efficient values for all the studied heavy metal ions (Pb**
and Cd*"). Sallam et al. [141] used Langmuir, Freundlich,
and Temkim isotherm models for adsorption of Cr®* and
reported that the adsorption was best described by the
Freundlich model. This meant that the ion adsorbed onto
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heterogeneous areas using different binding energies.
Additional literature is summarized in Table 2.

6.3. Adsorption Kinetics. Adsorption kinetics tries to de-
scribe the adsorption based on time and metal ion con-
centration. Various models have been used to describe
adsorption kinetics, among which are pseudo first- and
second-order, double exponential, and intra-particle diffu-
sion [139].

Pseudo first-order is described as follows [136]:

ky
2.303

log(q, - q,) = log q, - 5~ —t. (14)
The integrated rate of pseudo second-order equation is
illustrated as follows [141]:

t_ 1t 1
q: kzﬂi 9e ( 5)

In (5) and (6), q; represents adsorption capacity, at time,
t. g. represents adsorption at equilibrium, given in mg/g. k;
and k, are pseudo first-order and second-order rate con-
stants, respectively, given in min~'. Tis the contact time in
min. The intercept and slope of log(q, —g,) versus t for
pseudo first-order gives the g, and k; values, respectively. In
the case of pseudo second-order, the intercept and slope of
the plot of (t/q,) versus t gives k, and g, (equilibrium ad-
sorption capacity), respectively.

The intra-particle diffusion model describes the ad-
sorption of ions from the solution to the surface of the
adsorbate and diffusion into the interior of the pores. It is
represented in (15) [157].

g, = K t*’ + C, (16)

where g, represents the adsorption capacity at time, ¢. £
represents the half-life time given in seconds. K,; represents
intra-particle diffusion rate constant in m/g-min®>. The
boundary thickness is represented by C. The values of C and
K;; are given by the intercept and slope of the plot of g,
versus %,

Previously reported adsorption parameters are sum-
marized in Table 4.

Sharma et al. [156] used pseudo 1° order, pseudo 2™
order, and intra-particle diffusion to study the adsorption
kinetics of mesoporous ZnO and Ti0,@ZnO monoliths and
reported the adsorption kinetics best fitted the pseudo
second-order kinetics. This translated to the fact that the
adsorption mechanism of the metal ions was mostly
chemisorption. Sallam et al. [141] used many kinetic models
to study Cr®" adsorption and reported that the adsorption
kinetics best fit the pseudo second-order model with a very
high correlation coefficient. This meant that the adsorption
was most likely based on chemisorption mechanism.

6.4. Thermodynamics of Adsorption. Thermodynamically,
adsorption can be described as either endothermic or
exothermic. An increase in adsorption with an increase in
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temperature presents an endothermic process, while a de-
crease in adsorption with increasing temperature describes
exothermic adsorption [163].

Adsorption thermodynamics behavior can be deter-
mined using Gibb’s energy, enthalpy, and entropy [164].

C
Kd:_A,
Cpg

AG’ = -RT'In K, (17)
I K AS"  AH®
n =—
¢ R RT

where K, represents thermodynamic equilibrium constant,
T is the absolute temperature in Kelvin, R universal gas
constant, C, and Cjy the concentration of the adsorbate on
the adsorbent and residual concentration at equilibrium,
respectively [163].

A negative AH represents an endothermic adsorption
process, while a positive value represents exothermic ad-
sorption. Negative AG® hints at spontaneous adsorption,
which interprets that the adsorption is possible at any
temperature. A negative AS? hints at low randomness at
adsorption [163].

Sharma et al. [156] reported the adsorption of Pb** and
Cd** ions on ZnO and TiO,@ZnO monoliths to be endo-
thermic and spontaneous in respect to a negative Gibb’s
energy and a positive enthalpy. They also reported positive
values of entropy due change of energy between the
monoliths and the metal ions adsorbed. Other reports on
thermodynamic adsorption parameters are summarized in
Table 5.

7. Analytical Techniques

7.1. Scanning Electron Microscopy and Transmitted Electron
Microscopy. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are extremely
essential techniques to understand the surface, morpho-
logical, and chemical interactions of materials. Both
methods work differently, but the common feature between
them is an electron lamp, electron apertures, and electro-
magnetic lenses.

SEM scans the samples in a raster fashion, detecting
backscattered electrons and reflected electrons to give data
about the surface of the material. It is limited to a scan area
of 0~5 nm. The sample needs to be positioned at the end of
the apparatus for quality scanning. TEM functions by
detecting the electrons that pass through (transmit) the
sample. Due to the nature of the electron, the samples need
to be very thin, typically less than 150 nm. For the SEM
analysis of clay-cellulose nanocomposite, clay particles are
expected to be coarsely aggregated in the matrix. Mirsafaei
and Kolahdoozan [167] analyzed the morphology of the
poly (amide-ester-imide)/sodic montmorillonite nano-
composite using SEM and observed polymer particles
inserted “crystallographically regular” in the clay
structure.
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TABLE 4: Previously reported adsorption parameters of clay polymer adsorbents.
Adsorbent Metal Modifying agent Optimum parameter Adsprp tion Isotherm Kinetic References
ion capacity (mg/g) model
Poly (acrylic acid)/ Pseudo
attapulgite Pb (II) Acrylic acid pH=5 38.0mg/g  Freundlich od o der [158]
nanocomposite
Bentonite cellulose . . . Pseudo
nanocomposite Cu (IT) L-cysteine Temperature = 50°C 32.37mg/g Langmuir 274 o der [159]
Cysteine/
Montmorillonite Pb (II) Cysteine — 0.180mg/g  Freundlich — [160]
nanocomposite
Sepiolite polymer Cu (II) Vinyltriethoxysilane H=54 86% — Pseudo [161]
nanocomposite ¥ 4 P = ’ 2" order
Membrane
Polyetherimide/grafted Pb (II) - e 80% (Pb ion) . Pseudo
bentonite membrane  Cd (II) Polyetherimide porosity = 62.7% Water 76% (Cd ion) Langmuir 1*t order [162]
uptake =71.3%
Ion-imprinted clay/ L. .
Visible light _ . Pseudo
polymer ' Pb (II) initiation pH=6.5 301 mg/g Langmuir 204 o der [136]
nanocomposite
TaBLE 5: Thermodynamic parameter of various clay polymer-based heavy metal adsorbents.
Adsorbent Adsorbate T (K) AG° (kJ/mol) AH° (kJ/mol) AS° (J/mol/K) References
303 ~5.81
Pb (I) 313 -6.02 1.42 20
. . . 323 -6.29
Polyacrylamide/bentonite hydrogel nanocomposite 303 511 [165]
cday 313 -5.58 9.34 40
323 —-6.06
298 ~3.434
Cellulose-montmorillonite nanocomposite Cr (IIT) 308 -6.455 90.07 313.02 [119]
318 ~9.685
293 -6.796
303 —4.308
Cu (IT) -3.794 —-40.456 -116.81
313
-2.356
323 —2.041
Cellulose-montmorillonite nanocomposite 293 5943 [166]
303 —2.243
Cd (I1) 313 —-2.145 -29.639 -86.216
323 -2.794
333 -0.792

SEM data are important in the analysis of surface
characteristics of materials [168]. Data arising from TEM are
important in detecting the internal workings of a sample
inclusive of crystal structure, morphology, and stress state.
TEM has been reported to achieve extremely low optical
spatial resolutions of less than 50 pm [169].

Sallam et al. [141] used SEM technology to characterize a
polymer-clay nanocomposite and reported smooth surfaced
sticking particles that were associated with the polymeri-
zation process. The authors used XRD and FTIR techniques
to describe further characteristics of the material. Khan et al.
[170] used TEM to observe the structure of polyacrylamide/
bentonite hydrogel nanocomposite. The authors reported
complete random exfoliation of the bentonite particles. This
was so because ultrasonic synthesis was applied during the
fabrication of the nanocomposite. The SEM data from the
same researchers for the raw and nanosized bentonite clay

had rougher texture compared to the hydrogel nano-
composite, which showed uniform texture on the surface
which did not agglomerate. Other reports on SEM and TEM
analysis have been summarized in Table 6.

7.2. X-Ray Diffraction. X-ray diffraction (XRD) was devel-
oped to characterize materials by analyzing the crystalline
structure of the material [175]. The principle of operation is
that when a high-energy electron beam displaces an electron
from the inner shell of an atom, the outer shell electron
cascades to fill the gap left releasing energy in the form of
x-rays. These x-rays are measurable and result in structural
data of the lattice [176]. Two methods exist to excite the
electrons on an atom. One method makes use of an electron
beam, as is used in scanning electron microscopes. The
second method makes use of x-rays, known as energy-
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TaBLE 6: Summary of SEM and TEM observations for clay-based nanocomposites.
Method Material Synthesis method Observations References
Polypropylene-Polypropylene-grafted-maleic . (i) Foaming cell size decreases as cell
. : . . Melt mix - o .
anhydride-montmorillonite clay nanocomposites extrusion density increases with increase in MMT [171]
(PP + PP-g-MA/MMT) content.
Physically crosslinked polyvinyl alcohol/bentonite  Freeze-thawing  (ii) Pore walls thicken in the
SEM and . . . [172]
TEM nanocomposite hydrogel technique nanocomposite compared to lean PVA
Polyaniline-clay hybrid nanocomposite (PANI/ In situ (iii) Denser regions indicating [173]
Clay) polymerization  intercalation of polymer
Post-consumer propylene/Tunisian clay Twin-screw (iv) Clay finely distributed in the
. . ! [174]
nanocomposite (PCPP/Clay) extrusion polymer matrix,

dispersive x-rays (EXD). Whichever the source, interactions
within the atoms remain the same. If the emitted rays obey
Bragg’s law illustrated in equation (17), the waves reflect
constructively thus amplifying their signal [177]. Energy-
dispersive x-ray diffraction is very sensitive to the texture of
the material to be analyzed. A poorly textured sample results
in noisy data, making it difficult to identify crystal lattices.
The main considerations for the sample are stability in
vacuumized environments and sample contamination [177].
Kumar et al. [119] used EXD to authenticate the adsorption
of Cr (III) ions on the surface of the cellulose-clay nano-
composite. XRD patterns from the same study indicated the
crystalline structure of the composite.

nA = 2d sin 6. (18)

In a study by Rafiei et al. [178], a poly (acrylic acid)/
bentonite nanocomposite was characterized using XRD, and
the interpreted diffractograms translated that polyacrylic
acid (PAA) and cetyltrimethylammonium (CTA) surfac-
tants had evenly intercalated in the mineral layers of
montmorillonite of the bentonite clay. The structure of the
material was therefore an intercalated nanocomposite. XRD
diffractograms for bentonite clay analyzed by [165] have
shown a basal peak corresponding to montmorillonite in a
study to synthesize a clay-hydrogel nanocomposite for Pb**
ad Cd** removal. This basal peak was reported to disappear
in the diffractogram of the nanocomposite due to exfoliation
of the clay structure. Other reports on XRD analysis are
summarized in Table 7.

7.3. Fourier Transform Infrared Spectroscopy (FTIR). The
infrared region of the electromagnetic spectrum spans be-
tween 12800 cm ™" and 10cm ™. It is therefore divided into
three categories, namely near-infrared region (12800 ~
4000 cm™"), middle infrared region (4000~200 cm™Y), and
far-infrared region (50~1000cm™"). Since IR spectroscopy
depends on vibrational movements of molecules with dipole
moments, homonuclear diatomic molecules are not de-
tectable with this method. The technique works on the
mechanism that when infrared energy is irradiated through a
sample, molecules absorb the energy at various wavelengths,
and some transform to excited states. The wavelengths at
which the absorption occurs are detected and peaks tabu-
lated. Molecules can have multiple absorption peaks based
on the vibrational freedom in the molecules [180]. Organic

and inorganic peaks are mostly found within the 4000 ~
400cm™" region [180]. To characterize polymer-clay
nanocomposites, it is important to analyze lean clay first to
detect clay peaks, corresponding to Si-O bonds. Peaks are
expected to sharpen when an intercalant is added to the clay
matrix [181]. Cole [181] used this method to study the degree
of intercalation between propylene and montmorillonite
clay particles.

In the study by Rafiei et al. [178], FTIR technique was
also used in the characterization and it confirmed the XRD
data that the CTA and PAA functional groups had inter-
calated into the clay interlayers. Unuabonah et al. [182]
fabricated a PVA-modified kaolinite clay nanocomposite for
the removal of Pb>" and Cd*" ions, and the FTIR analysis of
the material shows the presence of -OH functional groups
on its surface. Adsorption criteria were shown to be based on
“inner-sphere surface complexation mechanism,” according
to FTIR data, and this increased metal ion adsorption almost
three times [144]. In an FTIR characterization of poly-
acrylamide/bentonite hydrogel synthesized for the adsorp-
tion of Pb** and Cd*", it was reported that a C-N group peak
observed prior to heavy metal adsorption shifted to a lower
wave number with decreased sharpness when loaded with
heavy metal ions. This illustrated an interaction between
heavy metal ions and the C-N functional group in the
nanocomposite [165]. Other reports in FTIR analysis are
summarized in Table 8.

7.4. Thermogravimetric Analysis. Thermogravimetric anal-
ysis (TGA) is a method used to investigate the changes in
mass of a material owing to thermodynamic reactions taking
place in the material. The mass of the investigated material is
continuously monitored as the temperature changes over
time. Thereby, physical parameters, such as desorption,
adsorption, absorption, and phase transitions, and chemical
parameters, such as solid-gas reactions, thermal decompo-
sition, and chemisorption, are investigated [185]. Three
types of TGA exist as isothermal, quasistatic, or dynamic
thermogravimetry. Isothermal, also known as static TGA,
involves use of a constant temperature as change in mass is
recorded inferring to time. Quasistatic TGA involves
changing the temperature sequentially ensuring the sample
stabilizes before the following rise. Dynamic TGA involves a
linear change in temperature [186]. TGA is measured by the
use of a thermogravimetric analyzer, consisting of a highly
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TaBLE 7: Summary of XRD observations in clay-based nanocomposites.
M . Synthesis .
ethod Material Observations References
method
(i) Cu-doped compound showed an atacamite
Bimetallic-doped hybrid kaolinite Solvothermal =~ monoclinic polymorph [179]
nanocomposite process (ii) Cu/Zn-doped composite showed a
rhombohedral atacamite mineral.
Nanocrystalline cellulose/bentonite Solution g) Con.ﬁrmaetli)n ofcmogtm?rlllo(linteup eiaks o
nanocomposite (NCC-Bentonite) blending entonite (2 _ol 97" and 22°) and cellulose in (151]
NCC (20=22.3).
Pol)r.propylene?-Polypropylepe-g?afted- Melt mix (i) The characteristic peaks of MMT at 20=19.7°
maleic anhydride-montmorillonite clay trusi 422 d in intensit [171]
nanocomposites (PP + PP-g-MA/MMT) extrusion an ecrease in intensity
(i) Absence of a peak at 20=2-10" indicates a
. . . . possibility of exfoliation or mixed intercalated-
XRD Phil)smallx crosslinked pol?rvn;lyldalcoliol/ Freez;:l—thawmg exfoliated layers of clay in polymer matrix (172]
entonite nanocomposite hydroge technique, (ii) Characteristic peaks of semicrystalline PVA
appear at 19.8° and 22.9°
(i) Characteristic peaks of kaolinite identified at
7.17, 149, and 2.56 A
Post-consumer propylene/Tunisian clay Twin-screw (i) Impurities identified at 3.03 A (calcite) and [174]
nanocomposite extrusion 3.33 A (quartz)
(iil) Characteristic peak of Tunisian clay at 7.12 A
retained.
(i) Peak of unmodified clay observed at
Polyacrylonitrile vinyl triethoxysilane- Chemical 20 =8.215" and 13.95 shifting to 8.87° and 13.45°, [161]
sepiolite nanocomposite grafting respectively, on modification.
Modified sepiolite peaks at 40.01° and 49.91°.
TaBLE 8: Summary of FTIR observations in clay-based nanocomposites.
Method Material Synthesis method Observations References
Carboxymethyl chltosan/poly (ethylene In situ (i) Broad bands between 3600 and 3200 cm™" due to
glycol) bentonite nanocomposite olvmerizati “OH and -NH [183]
(CMCh/PEG/MMT) polymerization an groups
(i) Cellulose characteristic peaks at 1045 (C-O/
Nanocrystalline cellulose/bentonite Soluti & C),1357 (C._H)’. and 2841 (QHZ)
nanocomposite (NCC-Bentonite) olution blending (ii) Montmorillonite characteristic peaks at 361% [151]
(Al(Mg)-OH), 3441 (H-O-H), 1641 (-OH bending),
and 1041 cm™ (Si-O-Si stretch) in blentonite
Alginate/nano-cloisite nanocomposite  Electron beam M Si[rongfpceag (E)bsecrivedf atl 1.071 om d ;elzlaéeds.t 0 t.hT
hydrogel irradiation over, aP of C-C bonds of alginate and Si-O-Si axia [184]
plane in clay.
Polyaniline-clay hybrid nanocomposite In situ (i) PANI/Clay peaks at 1241 cm™" and 1304 cm™ [173]
(PANI/Clay) polymerization  characteristic of PANI polymer.
FTIR (i) Raw clay shglwed quartz (impurity) characteristic
peak at 420 cm™".
(ii) At 1433, 711.6, and 871.6 cm ™', carbonate
Post-consumer propylene/lay Twin-screw (dolomite (Ca, Mg (CO3),) or calcite (CaCO3)) are (174]
nanocomposite extrusion observed.
(iii) Smectite phase with dioctaedric character is
observed at 3627 and 912.1 cm ™", attributed to
Al-Al-OH- stretch.
(i) Characteristic sepiolite peaks at 643, 691, and
976 cm ™" in lean characteristic nitrile group peak
Polyacrylonitrile vinyl triethoxysilane- appeared at 2245 cm " erpiolite clay.
Chemical grafting (ii) New peaks at 1391, 2810, and 2970 cm (C-H [161]

sepiolite nanocomposite

vinyl group)
(iii) Characteristic nitrile group peak appeared at
2245cm™"
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TaBLE 9: Summary of TGA observations in clay-based nanocomposites.
Method Material Synthesis method Observations References
Polyp ropylene_—p olypropylel?e—glfafted— Melt mix (i) Thermal stability for nanocomposite was
maleic anhydride-montmorillonite clay trusi hicher than 1 ! [171]
nanocomposites (PP + PP-g-MA/MMT) extrusion 'gher than fean pofymer
Physically crosslinked polyvinyl alcohol/ Freeze-thawing (i) Filler content (clay) increased melting and [172]
bentonite nanocomposite hydrogel technique crystallization enthalpies in the PVA.
(i) Material with adsorbed heavy metal exhibited
TGA s . In situ lower decomposition temperature than in
Polyaniline/Clay nanocomposite polymerization ~ desorbed state. Metal ion reduced the material’s (1731
thermal stability.
Post-consumer propylene/Tunisian clay Twin-screw (i) Increase in clay content increased the thermal (174]
nanocomposite (PCPP/Clay) extrusion stability of the nanocomposite.
Polyacrylonitrile vinyl triethoxysilane- Chemical grafting (i) Thermal stability of nanocomposite reinforced [161]

sepiolite nanocomposite

by clay

sensitive precision balance and a furnace with program-
mable temperature control. Thermal reactions are caused
often by a constant rise in temperature. The atmosphere can
either include vacuum, ambient air, inert gas, corrosive gas,
reducing/oxidizing gases or carburizing gases. The pressures
are varied too, ranging from controlled, constant, or high
pressures [187]. TGA data are usually plotted into mass or
initial mass versus time or temperature. Such data form a
TGA curve. In some instances, a first derivative of the curve
known as the DTG is plotted to show peaks of inflections,
useful in differential thermal analysis [188]. TGA is used in
analysis such as paints, thermoplastics, thermosets, com-
posites, coatings, fuels, among others [186].

In a TGA analysis of geopolymer clay nanocomposite,
Maleki et al. [189] reported an initial mass loss at
80-200°C owing to water evaporation and a second one in
the region 400-700°C attributed to water loss due to clay’s
dihydroxylation. Kalantari and Afifi [190] reported an
initial 15% mass loss at 40-145°C when studying the
thermal stability of chitosan/polyvinyl alcohol/talc
nanocomposite. The nanocomposite was reported to be
more thermally stable compared to PVA and chitosan,
enabling the material to decompose at 800°C. When
polymers are reinforced with clay materials, they exhibit
higher thermal stability. Malayoglu [191] reported an
increase in thermal stability of chitosan when reinforced
with montmorillonite clay in a nanocomposite. The au-
thor attributed the observation to surfactant interaction
with chitosan-clay acting as a barrier in the chitosan decay
process. Abdeldaym et al. [192] reported a similar phe-
nomenon when using a polypyrrole/natural clay nano-
composite. Plain polypyrrole decomposed at about 204°C
whose decomposition was pushed higher by the addition
of clay to 226°C. El-Aziz et al. [193] also reported that
cellulose grafted in the presence of clay showed higher
thermostability in response to the presence of clay mineral
structures. Other reports in TGA analysis are summarized
in Table 9.

7.5. Brunauer-Emmett-Teller Analysis. Brunauer-Emmett—
Teller (BET) is used in the measurement of pore size and
surface area of solid materials in adsorption of gas molecules

(nitrogen gas adsorption is often used as a standard). Data
arising from BET analysis give insight into the physical
structure of the material, in addition to moisture retention,
shelf life, dissolution rate, and catalytic activity [194]. The
analysis process involves bringing the sample’s temperatures
to near cryogenic using liquid nitrogen. Then nitrogen gas
acting as an adsorbate is fed to the solid sample in controlled
measures, with relative pressure equilibrating and weight W,
of nitrogen adsorbed measured after each increment. An
equation is known as the BET equation (Equation 19) allows
a linear plot of 1/(Py/P — 1) versus (P/P,), which limits
adsorption to a region in the (P/P,) range of 0.05-0.35. By
use of the plot, the weight, W,,, of nitrogen adsorbed is
determined, which represents a monolayer surface coverage.
The slope of the equation and its interception give the cu-
mulative surface area of the sample [194].

(19)

1 1 C-1\P

= + —_—,

W ((P,/P)-1) W,C (WmC) P,

where C is the BET constant and is related to the adsorption

energy corresponding to the first layer of adsorption. The

value of C indicates the magnitude of adsorbate/adsorbent

interactions. This method of analysis is most preferable for

materials that exhibit Type II or Type IV adsorption iso-

therm behaviors. These materials showcase sufficient in-

teractions between the adsorbate and the adsorbent and
therefore give reliable data [195].

In a study by Maleki et al. [189] investigating the surface
area and pore volume of a magnetic geopolymer/bentonite
nanocomposite, the authors reported a greater surface area
in the composite compared to the plain geopolymer and a
slight decrease in the pore volume of the nanocomposite.
This was attributed to the loading of the magnetizing Fe;O,
nanoparticles. Batool et al. [196] reported similar findings
for pore volume when analyzing a polyacrylonitrile/cloisite
nanocomposite. Malayoglu [191] reported a decrease in BET
surface area of chitosan/montmorillonite nanocomposite
attributing it to compacting in clay’s interlayers, of the
chitosan molecules thereby blocking nitrogen passage. This
research agreed with Batool et al. [196] that the average
diameter of the pores of the nanocomposites involved was
higher compared to the respective non-composited
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TaBLE 10: Summary of BET observations in clay-based nanocomposites.

Method Material Synthesis method Observations References

Polyaniline-clay hybrid In situ (i) Surface area and total pore volume increased with [173]

nanocomposite (PANI/Clay) polymerization PANI intercalation
Polyacrylonitrile vinyl Chemical (i) Pore volume decreased on
triethoxysilane-sepiolite raftin vinyltriethoxysilanemodification, which further decreased  [161]
nanocomposite & & on grafting with polyacrylonitrile
Montmorillonite cellulose Solution (i) The BET s_urface area and pore Volumﬁ of clay reduced
. . on cellulose intercalation, as the pore diameter had a [197]

BET nanocomposite blending

Acid-activated montmorillonite
(AA-MMT)/polyethersulfone (PES)
nanocomposite membrane
Smectite titanium ultrafiltration
membrane nanocomposite (Sm/Z
UF)

Phase inversion
method

Layer-by-layer
technique

(i) Increase in AA-MMT in the matrix had an increase
effect on the distribution of pore sizes and volumes.

tremendous increment

[138]

(i) Increase in pore size distribution observed was
attributed to densification of inner and outer parts of the [198]
membrane thus increasing its porosity.

compared materials. Other reports in FTIR analysis are
summarized in Table 10.

8. Areas for Future Research

Based on the work reviewed herein, following areas have
been identified for future research:

(i) Mechanism of intercalation of biopolymers and
clay structures.

(if) Modification of clay-based nanocomposites to
remove both organic and inorganic contaminants
interchangeably.

(iii) Application of heavy metal adsorbents in real
contaminated water instead of simulated specifi-
cally contaminated wastewater.

(iv) Performance comparison of low-cost adsorbents
and existing adsorption technologies.

(v) Studies on large-scale applicability of clay-based
adsorbents in the decontamination of water.

(vi) Comparative study of regenerative capability and
sludge production and ease of disposal between the
existing adsorption technologies and clay-based
nanocomposites.

(vii) In-depth study of the active life cycle and sus-
tainability of clay-based nanocomposites especially
in developing countries.

9. Conclusions

In light of this review, it was concluded that:

(i) Clay-based nanocomposites mostly exhibit het-
erogeneous adsorption, although some nano-
composites exhibit homogeneous adsorption.

(ii) In the fabrication of clay-based nanocomposites,
high swelling clays, especially smectites, are of great
significance because of their increased surface area.

(iii) These nanocomposites have yet low to none in-
dustrial utilization, in as much as they portray high
efficiency in heavy metal removal.

(iv) Polymer intercalation into clay increases the surface
area of the clay.

(v) Clay as a filler material increases the heat retardancy
of polymers in which it is incorporated.
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