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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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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)



12

Journal of Chemistry

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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The aim of the present work is to eradicate Congo red (CR) dye from aqueous solutions since the dye compounds are harmful to
human life and the environment leading to detrimental results. For this purpose, Holarrhena antidysenterica (HA) and Citrullus
colocynthis (CC) adsorbents were used for the adsorptive removal of Congo red dye from wastewaters. The unmodified adsorbents
(U-HA and U-CC) were chemically modified using tartaric acid (TA). Morphological structures were examined by FTIR and
SEM. Batch adsorption studies were tested at a variety of pH, time exposure, temperatures, and adsorbent dosages.
Thermodynamic parameters such as Gibbs free energy (AG’), enthalpy (AH"), entropy changes (AS’), and energy of activation
(E,) were also calculated. The results revealed that tartaric acid-Citrullus colocynthis (TA-CC) gave optimum conditions of
time of contact (35 min), temperature conditions (40°C), pH (3), and dosage of adsorbent (1.6 g) for maximum dye removal.
Tartaric acid-Holarrhena antidysenterica (TA-HA) gave equilibrium time of contact (30 min), temperature (40°C), and pH
optimum (2) along with a 1.6g dosage of adsorbent. Mechanistic understanding of adsorption isotherm provided that the
Langmuir model was followed by raw and modified adsorbents. Maximum adsorption capacities Q,,, attained were 60.61
(mgg™), 12821 (mgg"), 87.71 (mgg"), and 131.57 (mgg"), respectively, for U-HA, TA-HA, U-CC, and TA-CC. The results
of kinetic modeling displayed a high value of R* (0.99) along with minimal error (RMSE) for dye removal showing that the
pseudo-second-order kinetic model has acceptable accuracy. Fourier transform infrared proposed the electrostatic, pi-pi
interactions, and hydrogen bonding as dominant adsorption mechanisms at acidic pH, respectively. Rate-determining steps
comprise both surface and intraparticle diffusions. Thermodynamics indicated that the dye adsorption of CR is spontaneous,
exothermic, and favorable in nature. These agricultural wastes due to specific points such as low cost, availability, and high
removal rates of adsorption are highly competent for the expulsion of anionic dye like CR from wastewaters.

1. Introduction

Water pollution is a great worry for modern civilization
because of industrialization, population sprouts, and urban-
ization. The last decade has witnessed rapid degradation of
the environment and mankind. Metals [1], drugs [2], endo-
crine disruptor compounds, chiral pesticides [3], paints,
plastics, detergents, surfactants, and dyes are directly dis-
charged into the wastewaters. These compounds persist for

a longer time and damage ground and surface water
esthetics. In humans, these compounds disrupt endocrine
functions and affect the normal functionality of the eyes
and skin while the sterility of the gonads is affected in male
marine animals [4, 5]. Daphnids, sea shrimps, and crayfishes
are poisoned [6].

Dyes when released even in minute quantities pose seri-
ous threats. They prevent sunlight penetration, retarded
growth, and malfunctioning of the aquatic flora and fauna.
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Several by-products are released via oxidation and hydroly-
sis. Their removal has attracted many researchers worldwide
empowering a number of technologies for their eradication.
These involve chemical procedures (ozonation, oxidation,
and ion exchange) [7-9], physical processes (photolysis
and magnetic nanocomposites) [10, 11], and biological
methods utilizing enzymes and microorganisms [12].

These classical methods are limited to smaller scale, haz-
ardous sludge production, elevated power consumers, costly
apparatus and hardware, insufficient removal of ions, and
none produce complete removal of colorants from eftluents,
hence opting for new insights and pathways into this
research [13]. Adsorption is favored due to its low cost, sim-
ple methodology, high selectivity, environment friendliness,
reduced organic solid waste production [14], simple meth-
odology, modest instrumentation, and abundancy of adsor-
bents [15, 16]. Agricultural biowastes contain carboxyl,
carbonyl, amines, and phenolic functional groups that bind
cationic and anionic dyes [17] leading towards purified
water and valuable components of production.

The world is now shifting towards the manufacturing of
smart appliances, such as stimuli-responsive nanoparticles,
which control polymer adsorption interactions in colloidal
suspension due to electrostatic, steric, and depleting bridged
structures. Dye removal was adopted by using photodegra-
dation on nanoparticles. Nanosized photocatalysts are gain-
ing worldwide importance due to extraordinary surface-to-
volume proportion [18, 19].

Congo red, an anionic direct diazo dye, is used in
paper, printing, leather, and plastic industries. It is also
called  3,3'-(biphenyl-4,4'-diyldidiazene-2,1-diyl)bis ~ (4-
aminonaphthalene-1-sulfonic acid)) having molecular for-
mula C;,H,,N.Na,O.S, and molecular mass of
696.7gmol . Due to its complex aromatic structure (a
central biphenyl group along with two symmetric naptha-
lenic groups) [20], it is difficult to degrade from wastewa-
ters, hence posing serious environmental hazards such as
eutrophication. In humans, it causes somnolence and eye,
skin, and respiratory problems [21]. Lately, CR had been
removed by nanocomposite fibres [11], photocatalysis
[22], microwave-assisted adsorption [23], advanced oxida-
tion, and adsorption techniques [24].

In the present study, novel biosorbents Holarrhena anti-
dysenterica and Citrullus colocynthis were used for the elim-
ination of CR from wastewaters. Both of these adsorbents
were subjected to tartaric acid modification to enhance the
adsorption performances. Since the adsorbents used are
waste materials, this experimentation provides positive sig-
nificance towards solid waste management and valorisation.

The aim of this study is to utilize the aforementioned
adsorbents for the sequestration of Congo red from aqueous
wastewaters both in raw and tartaric acid-modified forms.
The adsorbents were characterized by Fourier Transform
Infrared Spectroscopy (FTIR) and scanning electron micro-
scope. Adsorption parameters such as adsorption dosage,
pH studies, temperature measurements, and contact times
were studied. Thermodynamics, kinetics, and isothermal
studies were investigated to elaborate an efficient and com-
parative research of the batch adsorption process.

Journal of Chemistry

2. Experimental Details

2.1. Chemicals and Instrumentation. CR (C;,H,,N¢Na,O,S,,
molecular weight = 696.665 g/mol) was utilized as such in
contrast to any modification. The adsorbents were collected
from local Lahore markets (Pakistan). After washing, sun-
light drying, and grinding (60 mesh), the obtained adsor-
bents were stored in airtight glass containers. Chemical
modifications were carried out by soaking adsorbents in a
10% aqueous solution of tartaric acid (Merck). 0.1 M sodium
hydroxide (NaOH) (98%, Merck) and 0.1 M hydrochloric
acid (HCl) (37%, Merck) solutions were used for pH adjust-
ments. Absorbance was observed at A, =498 nm using
UV-Visible Spectrophotometer 720 (China).

Dye solution (1000 mg/L) was prepared by dissolving 1 g
of CR/1000 mL distilled water. Further solutions were made
by the dilution method. Experiments were performed twice,
and average values were calculated. FTIR and SEM analysis
were done by Cary 630 Agilent technology (USA) and Nova
NanoSem 450 (Thermo Fischer Scientific (USA)).

2.2. Batch Experiments. Experiments were performed in
batch mode. Adsorption parameters such as adsorbent dos-
age, temperature studies, pH, and time of contact were per-
formed using 100mL CR dye solutions in 250 mL conical
flasks. Filtrates were checked for dye concentrations, using
a UV-Vis spectrophotometer [25].

Adsorption capacity, g, (mg-g"') or amount of CR dye
adsorbed on adsorbents at time ¢, was calculated by follow-
ing the mass-balance relationship.

9= (G~ C) (1)

Vv
-

where C, is the initial CR concentration (mg-L™"), C, is
the dye concentration at any time ¢, V is the volume of solu-
tion (L), and m is the amount of adsorbents used (g). The
dye removal efficiency was monitored by

C
%adsorption = C, — C—t x 100. (2)

[

3. Results and Discussion

3.1. Chemical Treatment. Chemical pretreatment of biologi-
cal wastes extracts soluble organic compounds and enhances
chelating properties. Different modifying agents such as
mineral and organic acids (sulfuric acid, nitric acid, hydro-
chloric acid, tartaric acid, citric acid, and thioglycolic acid),
bases (sodium carbonate, sodium hydroxide, and calcium
hydroxide) [26], organic compounds (methanol, formalde-
hyde, epichlorohydrin, and ethylenediamine), and oxidizing
agents (hydrogen peroxide) [27] were used. These entities
reduce moisture levels and minimize fungal and bacterial
attacks, enhancing adsorbent stability [28]. Uniform distri-
bution of ions increases functionality, and acidic modifica-
tions rise protonation [29, 30] and ester linkages [31],
exposing more binding sites. Alkali treatment promotes high
micropore percentages [32, 33] and swelling and
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FiGUrE 1: Chemical treatment of adsorbents.

disintegrating of the biomass [34, 35]. Early attainment of
equilibrium is achieved [36]. 5g U-HA and U-CC when dis-
solved in 25 mL of acidic, basic, and chelating solvents for 4
hours resulted in filtrates that gave the desired results when
treated with CR [37]. Tartaric acid gave the most promising
results as shown in Figure 1).

3.2. Characterization

3.2.1. Physiochemical Analysis. Physiochemical analysis when
performed on the adsorbents gave the following results.
Moisture contents were lesser in CC than in HA. The pres-
ence of moisture decreases the pore connectivity and hampers
the adsorption process. Bulk, dry densities, and porous nature
of CC are nearly the same, slightly elevated than HA. A higher
value of particle density, bulk density, and porosity contributes
towards greater aesthetics of adsorbents [38, 39]. HA samples
bore more ash content components than CC, which can inter-
fere with the pore structure development, leading to increased
hydrophilicity and catalytic effects. This causes lower adsorp-
tion, decreased mechanical strength, and restricting process
during regeneration [40]. Iodine values determine the internal
capacity volumes and dispersion degrees of the micropores by
determining the amount of iodine adsorbed; thus, the adsor-
bent capability to eradicate pollutants can be determined. Sur-
face acidity was estimated using Boehm titrations [41]. It was
seen that higher acidic groups were present in CC than in HA
due to reaction with tartaric acid. Boehm indicated that oxida-
tion groups such as carboxylic acids and phenols were resul-
tant of oxidation reactions. These were present in the lignin,
cellulose, and hemicellulose components of the lignocellulosic
materials. Overall, Citrullus colocynthis (CC) was a better

TaBLE 1: Physiochemical properties of adsorbents.

Properties HA CC

Bulk density 0.95 0.96
Dry density (g/cm?) 0.73 0.79
Porosity (%) 0.974 0.975
Moisture (%) 11 07

Ash (%) 23 16

Volatile matter (%) 84.24 76.42
Todine number (mg/g) 16.92 28.99
Carboxylic groups (mmol) 1.98 1.94
Phenols (mmol) 0.94 0.96
Lactones (mmol) 0.84 1.08

adsorbent than Holarrhena antidysenterica (HA) towards the
adsorption of CR dye. Table 1 shows the results obtained.

3.2.2. Fourier Transform Infrared Studies (FTIR). Functional
groups, organic moieties, and nature of interactions between
the dye and adsorbents can be estimated by using FTIR spec-
troscopy. Figure 2 shows FTIR band frequencies in the span
of 400-4000cm™ for U-HA, TA-HA, U-CC, and TA-CC
with CR dye.

U-HA reacts with CR (Figure 2(a)) to give wide stretches
at 3737.6cm’' and 3653.0cm™ corresponding towards ~-OH
groups of alcohols and phenols, and the peaks at 2922 cm™,
2918cm™, 2853 cm’’, and 2850 cm™ are indicative of asym-
metric and symmetric sp3 C-H stretch [42], while weak
peaks of 2371 cm™ show the alkyne or nitrile group. Some
peaks of 1654cm™, 1636cm™, and 1647 cm™ demonstrate
aromatic -C=0 and C=C linkages of carboxylic acid
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FiGure 2: FTIR of raw and modified adsorbents: (a) U-HA-CR, (b) TA-HA-CR, (c) U-CC-CR, and (d) TA-CC-CR.

anions/amide linkages formed between CR and U-HA.
When TA-HA was treated with CR (Figure 2(b)), a few addi-
tional peaks were observed such as 3872cm’™, 3856cm’’,
3737cm’), 3568cm™, and 3547 cm’! displaying peaks of
hydroxyl of alcohols and phenols. Reduced peaks of
2921cm™ and 2852cm™ are evident of asymmetrical and
symmetrical alkane sp’> C-H stretch. Weak peaks of

2366cm™ contribute to alkyne/nitrile moieties. Peaks of
1801 cm'l, 1792 cm'1,1772 cm'l, and 1701cm™ represent
C=0 peaks of anhydride, carboxylic acids, and aldehydes.
Strong peaks at 1653 cm™ and 1636.cm™ are evident of aro-
matic amides/-C=0/C=C bonds in carboxylic acid anions,
indicating the reaction of CR with tartaric acid-treated
adsorbent. 1540cm™ and 1457 cm™ display C-H bending/
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(g)

(h)

F1Gure 3: SEM illustrations of (a) U-HA, (b) U-HA-CR, (c) TA-HA, (d) TA-HA-CR, (e) U-CC, (f) U-CC-CR, (g) TA-CC, and (h) TA-CC-

CR.

C=C/phenolic OH and -C=0 of carboxylates. 1161 cm™
show -C-O of ester linkages formed between tartaric acid
and lignocellulosic materials.

The second adsorbent U-CC (Figure 2(c)) when reacted
with CR was seen to consist of -OH stretch at 3568 cm™ and
3737 cm™ while alkenyl stretch at 3367 cm™ and alkane C-H
at 2850 cm™". Peaks at 1654cm™, 1647 cm’’, and 1636cm’™
display -C=0 of amide, aromatic -C=0, and C=C of carbox-
ylic acid anions whereas 1559 cm™ show C-H bending/C=C
stretches. When TA-CC was treated with CR (Figure 2(d)),
new peaks displaying hydroxyl groups were observed such

as 3904cm™, 3841cm’, 3631cm’, and 3547cm’. Alkyl
C-H stretch was seen at 2923.9cm™ while 2326cm™ dis-
played weak nitrile groups. Weak peaks at 1772 cm’™" repre-
sent C=0 of carboxylic acids, and 1734cm™ are evident of
ester linkages (-COO7)/(-COOR) formed between cellulose
and tartaric acids. 1684 cm™ represent amide groups of CR
reaction with adsorbent while 1457 cm™ show C-H bend.
A strong 1159 cm™ peak is evident of esters.

3.2.3. Scanning Electron Microscopy. SEM was used to inves-
tigate the structural properties of raw and modified forms of
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FIGURE 4: (a) Dosage of adsorbents, (b) contact times, (c) pH changes, and (d) temperature studies for CR eradiation.

adsorbents. It was seen that U-HA consists of porous, irreg-
ular, and spherical aggregates (Figure 3(a)) that convert to
sharply chiseled structures upon chemical modifications
(Figure 3(c)) while the U-CC consists of porous, aggregated
plate-shaped structure (Figure 3(e)) that convert towards
agglomerated, porous, irregular-shaped structure upon
modifications (Figure 3(h)). The tissues are arranged in
layers that provide additional adsorbent sites for the seques-
tration of the dye [43]. When CR was adsorbed, characteris-
tic changes of the phase were observed. Irregular structures
were converted to smooth pattern due to the binding of
CR dye molecule over the adsorbent sites after CR adsorp-
tion (Figures 3(b), 3(d), 3(e), and 3(h))) [39].

3.3. Effect of Adsorbent Dosage. Chemical modification
increased the availability of potential sites at lower concen-
trations; however, overlapping of sites was observed in
higher amounts. U-HA removed CR dye up to 89%, and
U-CC sequestered 93%, at 1.8g, whereas TA-HA and TA-
CC eradicated 91% and 98% at 1.6 g, respectively (Figure 4

(a)). After reaching maximum adsorption efficiency (91-
98%), an increase in dosage does not have much dye seques-
tration efficiency. This is due to the gradient distribution and
active site saturation between the adsorbent and dye [43, 44].
Hence, 1.8 g adsorbent dose for TA-HA and 1.6 g of TA-CC
were selected for further experiments as higher concentra-
tions did not yield significant results.

3.4. Effect of Contact Time. The effect of contact time is one
of the most important parameters as adsorption mechanism
and rate-determining steps are dependent upon its findings
[45]. CR dye sequestration by adsorbents is determined by
investigating the least time required for achieving equilib-
rium of dye with the adsorbent. The procedure was carried
out for sixty minutes with five minutes time interval until
equilibrium was achieved. Adsorption increased at initial
stages [46] and decreased at later terminals, where repulsion
of adsorbed-non-adsorbed species rendered its efliciency.
About 68% CR dye was adsorbed at 35 minutes for U-HA
that increased up to 81% at 30 minutes for TA-HA. U-CC
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removed 83% of CR at 40 minutes, which rose to 87% at 35
minutes for TA-CC (Figure 4(b)).

3.5. Influence of pH on CR Adsorption. The binding of dye
molecules with the adsorbent surface is monitored by pH as
it changes the degree of ionization of adsorbed species and
properties of adsorbent surfaces [47, 48]. Acidic pH promotes
protonation of carboxylic acids, which are present in lignocel-
lulosic materials resulting in acidic adsorption sites. Excess of
H" ions battles against the positive groups of basic dyes for
adsorption surfaces, resulting in repulsion among the cationic
groups of adsorbent and dye. A decrease in hydrogen bonding
is observed and anionic dye adsorption is favored. Whereas
basic pH causes deprotonation of functional moieties, more
hydroxyl ions render adsorption of anionic dyes, and positive
charges are reduced at solid-liquid interphase, making the
adsorption surface negatively charged, attracting cationic col-
orants. A range of 1-10 pH was selected for the sequestration
of the acidic dye. CR dye adsorption depends upon charge
and surface characteristics. Point of zero charge (pHpzc) [49,
50] was found to be 5 for U-HA and 6 for U-CC, determined
by the electrochemical method [51] in our previous studies
[37]. At pH > pHpzc, the adsorbent is negatively charged
while it is positive at pH < pHpzc. At lower pH, Congo red
is dissociated into polar groups (R-SO;") and the positive sur-
face of adsorbent attracts the sulfonate moieties through elec-
trostatic attractions. While at alkaline pH, higher (OH") and
(COO") concentrations compete with the dye anions for
potential sites, offering repulsion and decrease in adsorption
capacity [52, 53]. At pH3, U-HA removed 75% CR which
increased to 79% at pH 2 for the treated form. U-CC adsorbed
CR up to 81% for untreated adsorbent and 89% for modified
forms at pH 3 (Figure 4(c)).

3.6. Temperature. Rise in temperature promotes entropy
changes and inflammations in dye particles. An increase in
kinetic energy favors the intraparticle diffusion model. The
effect of temperature (in the range of 30-80°C) on CR
adsorption was studied. 73% adsorption was observed at
50°C for U-HA that rose to 75% at 40°C for modified forms.
U-CC was seen to remove 72% at 50°C and 85% for treated
adsorbents at 40°C (Figure 4(d)). Removal efficiency
decreased after saturation point indicating the reaction to
be an exothermic one. Increased mobility of larger dye ion
with temperature increases adsorption.

3.7. Kinetic Studies. Rate estimation and mechanistic under-
standing of adsorption procedure require the performance
of kinetic studies. These studies are dependent upon physical
and chemical properties of adsorbents and affect the adsorp-
tion mechanism [54, 55]. Popular models such as pseudo-
first-order, pseudo-second-order [55], and Elovich models
[56-58] were considered to elucidate CR adsorption mecha-
nism on adsorbents.

Pseudo-first-order reaction displays dependency of
adsorption on freely bounded surfaces. Its linear (Equation
(3)) and nonlinear forms (Equation (4)) are shown as follows:

In(q,-q,)=Inq,—kt, (3)

9, =9.(1 —exp—k;t), (4)

where g, (mgg') and g, (mgg™') are the amounts of CR
adsorbed at equilibrium and time ¢, k; (min'") represents the
rate constant for pseudo-first-order reaction. A graph between
In (g, - q,) against t yields a straight line, from which k; and
regression coefficient R? are calculated [59].

Reaction kinetics can also be explained by using pseudo-
second-order reaction. Linear (Equation (5)) and nonlinear
(Equation (6)) forms are as follows:

t_1 ot s
E_qug ‘Z, )

_ t-kz(%)z (6)

" l+tkyq,”

A plot of t/q, against t gives k, (g'mg ' min™") which is
the equilibrium rate constant. Initial rate of adsorption h
(mg-g” min™) is given by Equation (7) [46]:

h= Kz‘]i- (7)

The Elovich equation determines the adsorption on het-
erogeneous adsorbent surfaces. It is represented as linear
(Equation (8)) and nonlinear (Equation (9)) as follows:

_In(axp) Int
T TR

9, =q.(1 —exp—k;t), 9)

where & (mg-min/g) and 8 (g/mg) are initial process rate
constant and factors related to the activation energy for
chemical adsorption. A plot between g, and Int gives a
straight line from which & and 8 can be obtained.

Quantitative checking is performed by utilizing percent
relative deviation (P) as shown in

1 e(exp)—"1e(c
N qe(exp)

(8)

Here, q,(exp) (mg-g!) is the experimental adsorption

exp
capacities, ¢,y (mg/g) calculated adsorption capacities,
and N represents the total number of observations made
during the adsorption experiment. A lower P value is indic-
ative of higher appropriateness of the kinetic data [60].

Absorbance values were demonstrated using 25 mg/L of
CR dye solutions at 298 K with a 5-minute interval for reten-
tion kinetics. The upper buoyant floating layer of CR was
observed. It displayed rapid adsorption in the initial stages
that gradually receded as the experiment approached
equilibrium.

CR retention on adsorbents (raw and modified) was per-
formed (Table 2). Comparison of correlation coefficient R
proves that Ho’s model agrees with the experimental data
in all states. Moreover, (q, () i in complete agreement

to that of (qe(exp)). A smaller variance “P” is observed among
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TaBLE 2: Kinetic parameters for CR dye adsorption.

Kinetic models U-HA TA-HA U-CC TA-CC
Elovich
a (gmg ' min™) 2.67 243 3.03 441
b (gmg) 9.62 426 18.05 55.56
R? 0.9465 0.8752 0.8206 0.5199
RMSE values 0.199637 0.090748 0.286502 0.4375
Pseudo-First order Kinetics
Qe(experimentat) (MES™) 1.39 1.56 1.33 1.56
Qefeatcutatea) (MEE™) 0.03 0.01 0.02 0.07
k, (1/min) 0.19 0.23 0.16 0.21
R? 0.3724 0.7802 0.8194 0.8413
p 13.67 15.59 13.19 15.09
RMSE 0.37862719 0.43454551 0.38183609 0.45346783
Pseudo-second Order Kinetics
1/q 0.7234 0.6636 0.7443 0.6408
k, (g/(mgmin)) 0.84 6.52 1.00 2.97
q, (mgg™") 1.38 1.51 1.34 1.56
t1/2 0.86 0.10 0.74 0.22
h (mg/g-min) 1.62 14.81 1.81 7.25
R? 0.9978 0.9991 0.9995 0.9999
P 393 5.94 3.26 5.55
RMSE 0.018268723 0.018746589 0.000763183 0.002285479
Intraparticle diffusion
k,; (mg/(gmin'"?) 0.0398 0.0427 0.0265 0.0276
C (mg g’l) 1.1041 1.279 1.1485 1.4108
R? 0.891 0.7905 0.7958 0.8904
Film diffusion
K¢y (1/min) 0.0996 0.1298 0.0576 0.0751
R? 0.958 0.898 0.9093 0.9647

the calculated and experimental values of pseudo-second-
order kinetics. An increase in initial adsorption rate “h”
and a decline in > were seen as the adsorbents shifted
towards the chemically modified structures [32, 61]. Chem-
isorption at available adsorption sites [62] may be involved
in the dye elimination utilizing covalent bonding (sharing
or electron transfer) among CR and adsorbents [43, 63].
The Elovich model displayed a least fitting R*.

3.8. Calculation of Errors. RMSE (Root Mean Square Error)
(Equation (11)) was calculated in this study to estimate the devi-
ation among the experimental and calculated observations. The
model with the minimum error was the one accepted (Table 2).

2
(qe(cal) - qe(exp))

RMSE = Z N

(11)

Here, g, .\, (mg/g) defines experimental values, g, ., (mg/

exp

g) calculated numbers at time ¢, and N displays total number of

observations. The pseudo-second-order model and Langmuir
isotherms displayed the least error [64].

3.9. Mass Transfer Parameters. The intraparticle or bound-
ary layer diffusion mechanism is responsible for CR adsorp-
tion on raw and treated adsorbents. The complete
adsorption procedure consists of multiple steps such as (a)
film diffusion, adsorbate heading for the massed adsorbent,
(b) intraparticle/pore diffusion, penetration occurs from
exterior to interior orifices, and (c) complex forming within
the colorant and chemical groups in the adsorbent [65]. The
intraparticle diffusion model was popularized for the under-
standing of the mechanism involved [66]. The Webber and
Morris equation is as under

(12)

Here, g, (mg/g) is the amount adsorbed at time ¢ and k;,
(mgg ' min~""?) is the coefficient of intraparticle diffusion.
This mechanism is the sole process if the origin is intersected
when g, is plotted against /2. Multilinear plots show a

q, = kigt'"”.
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variety of steps involved. Initial steps involve adsorbate dif-
fusion on the exterior of the adsorbent or the boundary layer
diffusion of solute particles, next is the gradual adsorption
phase where the intraparticle diffusion rate becomes limit-
ing. At the last equilibrium stage, intraparticle diffusion
slows down due to the least availability of dye particles in
the solution [67]. “C” values determine the thickness of the
adsorbent layer [44]. When C=0, adsorption is limited
and intraparticle diffusion mechanism is involved. Negative
C shows an increase in the border layer while positive values
are representative of rapid adsorption [68]. The values are
raised for the modified forms leading towards the complex-
ity of the adsorption procedure. Table 2 represents the entire
figures of the model.

The rate of uptake is limited by the adsorbate’s size, dif-
fusion coeflicient, concentration, and attraction towards the
adsorbent. Degree of mixing, bulk phase, and pore-size dis-
tribution of the adsorbent also play an important role. Sys-
tems with higher concentrations of dyes, great mixing,
higher particle size, and a lower adsorbent affinity towards
the adsorbent favor the intraparticle diffusion mechanism
[69]. The results are displayed in Figures 5(d) and 5(e).

Boyd’s plots involve fractional attainment of equilibrium
with time variations [70]:

In (1-F)=~(K,t), (13)

e
I
[==

(14)

(AN
)

When the graph plotted among B, and ¢ passes through
the origin, the Webber-Morris mechanism is involved. How-
ever, if not crossed, the boundary layer/chemical reaction is
involved. Figures 5(f) and 5(g) indicate that the mechanism
is the boundary layer. Straight paths are following the curved
ones with varied adsorption lengths in the initial and final
stages. Hence, the boundary layer diffusion prevails in the
initial stages while intraparticle in the later ones. Increased
Ky, values along with higher correlations R? against intra-

particle (Table 2) are in complete agreement with the pro-
posed mechanism.

3.10. Isothermal Studies. Isothermal study determines the
adsorbent’s capacity, surface characteristics, and the mecha-
nism of the adsorption process [71]. It was done by selecting
10mg/L, 15mg/L, 20 mg/L, 25 mg/L, 30 mg/L, 35mg/L, and
40 mg/L concentrations of CR dye in 250 mL sealed flasks.
Optimum conditions of contact time, temperature, pH,
and dose of adsorbent were selected for this study. The equi-
librium dye retention was investigated using the Langmuir,
Freundlich, Temkin, and Dubnin Radoshkevich (D-R)
isotherms.

Langmuir isotherm addresses the adsorption process as
monolayered, homogeneously distributed over a fixed num-
ber of adsorption sites, involving no interaction among the
adsorbed species. Homogeneity is further used for the
description of binary system behavior [72].

The linear [73] and nonlinear forms [74] are given as fol-
lows:

Lo, ! (15)
qe qm KLque’
K
o i o
L%e

where K; (L/mg) is called the Langmuir constant; g,
(mg/g) is the maximum uptake ability of the adsorbent; C,
(mg/L) is the equilibrium CR dye adsorption. The graph
between 1/C, against 1/g, gives the desired plot [75].

Separation factor R; calculated from Langmuir constants
holds prime importance [70]:

1

Rj=———o
L7 1+K,.C,

(17)

where C, (mg/g) is the initial CR concentration. The
adsorption process is unfavorable if R; > 1, linear if R; =1,
appropriate if 0 < R; < 1, and irreversible if R; = 0.

Freundlich isotherms is another model used for heteroge-
neous, multilayer adsorption systems. This isotherm favors
physisorption. Linear (Equation (18)) and nonlinear forms
(Equation (19)) of the Freundlich equation are shown as

log g, =log K + ! log C,, (18)
n

9. =Kfcel/n’ (19)

where C, (mg/L) is the CR dye equilibrium concentrations
and g, (mg/g) is the amount of CR dye adsorbed. kf ((mg/g

/(L/mg)""") is the binding constant, and 7 (g/L) is the adsorp-
tion strength. These are determined from the slope and inter-
cept of the straight line when log g, is plotted against log C,.
Varied adsorption systems (chemical, physical, and linear)
are predicted by values of n (heterogeneity factor) [56, 72]. It
depends upon the coordination number of dye, dye-
adsorbate attractions, Avogadro’s number, and Boltzmann
constant. A value close to 0 indicates physisorption while near
to 1 is imminent of chemical adsorption or cooperative
adsorption.

The Temkin isotherm demonstrates linear reduction of
adsorption heat in all surface structures during adsorbent-
dye interactions [76]. Linear (Equation (20)) and nonlinear
(Equation (21)) Temkin isotherm is given as

2,=BInC,+Bln 4, (20)
1
q,= A (In (a.b.t)), (21)

where A} (L/g) is the equilibrium binding constant and
By (J-mol™?) is the heat of adsorption. These are determined
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from slope and intercept of linear plots of g, against In C,.
By lower values than 8 describe weak physical adsorption
but higher than 8 correspond to strong chemical adsorption
[77, 78]. Moreover, a higher By is responsible for rapidity of
the rate of adsorption at initial stages while a low A ratio is
indicative of weak bonds among adsorbent and adsorbate.
Another adsorption isotherm is the Dubnin-
Radoshkevich (D-R) isotherm, which considers adsorption
on homo- and heterogeneous potential sites [79] for inter-
mediate ranges of concentrations. Complete free energy as
well as physical and chemical properties of the procedure
is represented in this isotherm. Linear (Equation (22)) and
nonlinear form (Equation (24)) of D-R isotherm is given as

Ing,=Ingq,, - B¢, (22)
“RTIn 1+~ (23)
e=RT In c)
qe = qm exp (_ﬁsz)‘ (24)

Using “B> (mol*/J*), mean free energy “E” (Equation
(25)) is calculated:

E=—. (25)

The adsorption process depends upon E values, where
<8kJmol" represents physical adsorption, intermediate
range 8-16kJmol" shows ion-exchange phenomenon, and
>16kJmol ' shows chemical adsorption process. Plots of In
q, and E? provide linear plots of D-R isotherms [70].

Equilibrium isotherms are used for describing surface
characterization and equilibrium behavior between dye and
adsorbent (Table 3 and Figure 6). As seen from the table,
correlation coefficient R* for Langmuir isotherm is in close
proximity to one and higher than correlation coefficients of
all other isothermic models. Hence, the Langmuir model is
more in acceptance towards the experimental data. Q,, for
U-CC and its modified forms is higher than U-HA and its
treated forms, indicating better CR dye quenching. Hence,
adsorption of CR on raw and modified adsorbents is sin-
gle-layered, homogeneous, and chemically adsorbed process
with no side reactions occurring among the molecules [80].
R; values were lower than one implying a favorable adsorp-
tion [71]. Moreover, b values were in favor of CR adsorption
on raw and modified adsorbents.

The correlation coefficient of Freundlich, which is lesser,
does not favor the physisorption mechanism. Temkin and
D-R isotherm lower R? values also render fitting of these
models towards the experimental values. A higher ratio of
potential sites and better chelating abilities of CR are respon-
sible for this trend.

3.11. Thermodynamic Studies. To study the effect of temper-
ature on CR adsorption, temperature-controlled studies
were done in the 283K-323K range. Equations (26)-(28)

11
TaBLE 3: Isothermal parameters for CR dye adsorption.
Isotherm models U-HA  TA-HA U-CC TA-CC
Langmuir
Q,, (mg/g) 60.61 12821  87.71 131.57
R, (L mg_l) 0.47-0.25 0.12-0.05 0.29-0.13 0.15-0.06
b(Lgh 0.03 0.23 0.07 0.25
R? 0.9801 0.9812 0.9921 0.9918
RMSE 10.851 3.005 9.4962  1.605805728
Freundlich
n 0.691 1.53 0.75 1.43
Kf (mg/g) 1.25 25.28 6.32 29.26
R? 0.9667 0.9672 0.9897 0.9838
RMSE 11.048 3.745 9.924 2.561
Temkin
B (Jmol) 0.07 0.09 0.07 0.07
ALgh 0.25 2.30 0.73 2.03
R? 0.918186  0.9525 0.9517 0.98
RMSE 14.095 52.701 17.092 25.997
D-R
Q,, (mg/g) 56.4864 65.157 56.7582 79.3366
Bp (mol’/KJ*)  6x10° 3x107 3x107° 1x1077
Ep (KJ/mol) 0.28 0.41 0.40 0.71
R? 0.9219 0.9482 0.9282 0.9346
RMSE 3.0368 10.272 10.0011 17.948

were employed for the calculations and represented in
(Table 4) along with (Figure 7).

_AHTAS
InK,=— + —, 26
R TR (26)
AG = -RTInK,, (27)

K=k, (25)

where K is the equilibrium constant. AG®, AH’, and AS°
are Gibbs free energy, enthalpy, and entropy, respectively.
AH’ and AS’ are determined from Van’t Hoft plots. A favor-
able adsorption process is the one that shows negative (AG")
and increased K ; with the advancement of temperature [81].
(0> AH") shows the exothermic nature of the CR adsorp-
tion, and (0 < AS”) shows increased randomness or entropy
of the process. Activation energy is determined by the
Arrhenius equation:

InA-E,

Ink= RT

> (29)

where A is the frequency factor. Overall, the reaction
comes out to be a physical one.



12
0.07
0.06
0.05
L
< 0.04 s
— =
0.03
[ ]
0.02 n
]
0.01
0.05 0.25 0.45 0.65 0.85 1.05
1/Ce
U-HA U-CC
m TA-HA TA-CC
(a)
90
380
70
. —~
60 o
o0
o 50 ] g
S
40 =
30
20
10
0 0.5 1 15 2 25
In Ce
U-HA U-CC
= TA-HA TA-CC

(0

4.5
43
4.1
3.9
3.7
3.5
33
3.1
2.9
2.7
2.5

Journal of Chemistry

1.9

1.8
1.7
1.6
1.5
1.4
1.3
1.2

1.1

0.4 0.6

log Ce

0.8 1

U-CC
TA-CC

U-HA
m TA-HA

(b

0 1000000 2000000

€2(J?mol2)

3000000 4000000

U-HA
= TA-HA

U-CC
TA-CC

(d)

FIGURE 6: (a) Langmuir (b) Freundlich, (c) Temkin, and (d) D-R isothermal studies for CR dye.

3.12. Adsorption Mechanism. Different functional moieties
such as (-COOH), (-SO), (-NH,), and (-OH) are present
in the adsorbents that are responsible for the binding of
the dye. A basic pH converts these groups into anionic forms
(COO) and (OH') and is unable to adsorb negatively
charged dye particles because of interionic repulsion among
similar charged entities. Excessive OH" ions that compete for
potential sites hinder the adsorption of anionic dyes at
higher pH. For CR, the isoelectronic point is 3.0 and it
occurs in negatively charged forms in the pH range of 5.0-
10.0. Point of zero charge pH,,,. was demonstrated that the
adsorbent surface was positive below 6 (U-HA) and 5 (U-
CC) and negative above it. Carboxylate ions have pKa 3.0-
5.0, below which it dissociates into positively charged spe-
cies. In an acidic solution, CR dissociates into polar groups
(SO;") and adsorbs on positively charged adsorbent [44],
inducing electrostatic interactions between the surface and
dye [82]. Hydrogen bonding occurs between oxygen (car-
bonyl and carboxyl) and nitrogen-containing functional
groups of CR and adsorbents [82].

The FTIR spectra when observed displayed variations in
wavenumbers and peak intensities of the raw and modified
dye adsorptions. For example, the peaks of hydroxyl stretch-
ing 3737.6cm™, 3653.0cm™, and 3568.7 cm™ in IR of U-HA
adsorbents when reacted with CR (Figure 2(a)) shifted
towards 3872cm’, 3855cm™!, and 3752cm™ for TA-HA
with CR (Figure 2(b)). The second adsorbent U-CC when
treated with CR was seen to consist of -OH stretch at
3568 cm™’ and 3737cm’! (Figure 2(c)), when TA-CC was
treated with CR new peaks displaying hydroxyl groups were
observed such as 3904cm™, 3841cm™, 3631cm™, and
3547 cm™! (Figure 2(d)).

Also, peaks corresponding to -C=0 groups show a slight
shift in wavenumbers, demonstrating the involvement of
surface oxygen functionalities in dye removal. Strong elec-
trostatic and chemical binding is the dominant phenomenon
in removing CR from an aqueous phase.

The peaks at 2922 cm™, 2853 cm™, and 2850 cm™ corre-
sponding towards asymmetric and symmetric sp’> C-H
stretch in U-HA adsorbent (Figure 2(a)) show reduced peaks
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TaBLE 4: Thermodynamic parameters for CR dye adsorption.

Adsorbents T (K) AG® (KJmol™) K AH® (KJmol™) AS (Jmol ' K™ E, (kJmol™)
283 -1.3445 1.770619
293 -1.74341 2.045326
U-HA 303 -2.07376 2.277439 -48.9993044 180.941278 21.276294
313 -2.4044 2.518822
323 -4.9317 6.651246
283 -2.14711 2.49026
293 -2.56614 2.866906
TA-HA 303 -3.3066 3.714912 -56.44781139 214.45573 24.5105564
313 -4.67482 6.026144
323 -5.81927 8.728507
283 -1.41599 1.82523
293 -1.82091 2.111433
U-CC 303 -2.15721 2.354134 -25.48959516 101.2978 11.068
313 -2.7413 2.866906
323 -3.16494 3.249012
283 -2.28265 2.637902
293 -2.44928 2.732639
TA-CC 303 -2.96897 3.249012 -44.08980004 171.2372 19.1445079
313 -3.79373 4.295567
323 -5.43528 7.565737
2.3
2.1 - Strong hydrophobic interactions are the result of size
19 and hydrophilicity of CR dye. Physisorption involving sur-
face adsorption and hydrophobic and pi-pi interactions are
L7 observed with the adsorbent surfaces. In addition to these,
15 strong electrostatic interactions along with the chemical
a binding of the oxygen functionalities are engaged in CR
E 13 = removal from the active sites.
L1 N Thus, the adsorption mechanism (Figure 8) is a complex
physicochemical procedure [83] involving electrostatic
09 \- interactions, chemical binding with surface functionalities,
0.7 and hydrogen bondings. Similar mechanisms were proved
05 by Lafi et al. using coffee waste-activated carbon [52] and
Al-Zoubi et al. with jojoba residues [83].
08.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
VT 3.13. Comparison with Other Adsorbents. Traditionally used
U-HA U-CcC biosorbents pose significant problems towards the adsorp-
® TA-HA TA-CC tion procedure such as slow adsorption kinetics and lesser

FiGUurg 7: Thermodynamic studies for CR dye.

of 2921 cm™ and 2852 cm™ in modified forms (Figure 2(b)).
In the second adsorbent U-CC, alkane C-H at 2850 cm™
(Figure 2(c)) shifted to alkyl C-H stretch at 2923.9 cm™
(Figure 2(d)). This is evident of C-H groups as potential sites
contributing to the removal of CR from the water phase via
pi-pi interactions. The isothermal studies showed a greater
correlation of the Langmuir isotherm than other models
leading towards chemisorption.

adsorption capacities. The purification of wastewaters
should be efficient and able to neutralize effluents and return
purified water and valuable components of production [2,
84]. As mentioned in the following (Table 5), CR was
removed from the modified adsorbents in an efficient man-
ner and the adsorbents followed all the aforementioned
properties of a good adsorbent. The adsorbents are efficient,
inexpensive, and readily available. High adsorption capaci-
ties are achieved, and modifying them with more advanced
smart materials will enhance them more. Further research
is still needed to adopt new pathways for studying their
properties and expediency of their functionalization.
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Mechanism of CR Dye adsorption
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FIGURE 8: Proposed mechanism of CR dye adsorption.

3.14. Regeneration Study. Regeneration was performed in
three consecutive cycles, which yielded about 80%, 88%,

84%, and 90% dye removal for U-HA, TA-HA, U-CC, and
TA-CC, respectively.

3.15. Novelty of the Procedure. Within the scope of the
authors’ exhaustive search, Holarrhena antidysenterica and
Citrullus colocynthis are unreported for the adsorption of
Congo red dye contributing towards the novelty of the cur-
rent research. The ability of modified adsorbents for the effi-
cient and low-cost removal of Congo red dye contaminant
from wastewaters has been evaluated, and mechanistic study
of adsorption was fully comprehended.

3.16. Research Limitations/Implications. Usage of these
adsorbents for metal sequestration, organic pollutant elimi-

TaBLE 5: Estimation of Q.
adsorbents.

0

between previous and experimented

Journal of Chemistry

Adsorbents Qe (mgg™) Reference
Wheat straw 71.2 [72]
Trametes versicolor 51.81 [85]
Jojoba seeds 58.82 [83]
Green coffee residues 20.04 [86]
Pinus pinaster bark 3.92 [87]
U-HA 60.61 This study
TA-HA 128.21 This study
U-CC 87.71 This study
TA-CC 131.57 This study
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nation, activated carbon manufacturing, and nanoadsorbent
functioning in advanced wastewater treatments is the further
and future investigation underway.

4. Conclusions

Thus, it is concluded that adsorbents U-HA and U-CC are
cheap and environmentally friendly possessing high dye
removal properties. Their possession of higher oxygen-
containing functionalities after the treatment with tartaric acid
makes them the most promising candidates. FTIR and SEM
studies confirm the presence of -COOH and -OH groups that
bind CR with hydrophobic, pi-pi, chemical, and electrostatic
interactions. Exterior surfaces pose ample binding surfaces
for dye binding followed by the transfer of dye within the inte-
rior as evident from Boyd’s and Webber-Morris plots. The
Langmuir model gave Q,,. 128 (mgg") for TA-HA and 131
(mgg") for TA-CC with dye removal. Both treated and
untreated adsorbents were in correspondence towards the
pseudo-second-order kinetic model. Thermodynamics proved
the procedure exothermic and spontaneous along with
increasing randomness in the system.
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Various chemicals were explored in chemical combinations with two selected agrowastes in order to optimize, enhance, and
improve their biosorption potential for the optimal and effective eradication of noxious, carcinogenic, and malignant cationic and
basic dyes from wastewater. In this project, environmentally safe, economic, inexpensive, and widely available peels of Trapa
natans (TP) and Citrullus lanatus (CP) were collected, dried, and pretreated with citric acid, revealing promising results. FT-IR
and SEM characterizations of chemically changed biosorbents (C-TP and C-CP) have evidenced the presence of more secondary
adsorption sites on their surfaces. These acid-modified biosorbents were employed to eliminate the hazardous and toxic basic dyes
such as Rhodamine B (RAD) and Brilliant Green Dye (BLG) in batch mode processing. The Langmuir model was best fitted to
equilibrium experimental data as compared to Freundlich and Temkin isothermal mathematical models with Q.. of 15.63 and
27.55mg/g for RAD using C-TP and C-CP, respectively, whereas, for BLG on C-TP and C-CP, it was 128 and 189 mg/g, re-
spectively. Therefore, the mechanism is related to chelation and ion exchange modes between adsorbate molecules and adsorbent
surfaces, leading to homogeneous and monolayer adsorption and following pseudo-2nd-order kinetics in the best way. Ther-
modynamic parameters such as AG®, AS®, AH®, and AE° are determined statistically for the adsorption performance of both novel
chemically mutant biosorbents, which reflect that biosorption mechanisms are exothermic as well as spontaneous.

1. Introduction

The most severe and alarming ecological worldwide threat is
water pollution, which deteriorates the water quality. Textile,
fabrics, and printing industrial processing units discharged
about 10-15% coloring matters into water bodies, which
persist for an extended time span due to nonbiodegradable
ability [1]. Dyes consumption in textile industrial units is
more than 10000 tons per annum on global level, whereas,
according to an estimate after dyeing process, their waste-
water comprises dyes effluents about 1000 tons per annum
which has a significant role in contaminating water re-
sources [2, 3]. Unprocessed or partially treated dyestuffs
containing industrial water have serious adverse effects on
natural ecosystem and severely damage the water resources
ultimately and cause the complicated health problems in

mankind and increase in mortality rate per annum [4]. The
dyes mostly persist in water for extended period of time and
even in traces are easily visible and can be identified in water
[5]. Organic dyes such as azo dyes on introduction in human
body can cause tumors and bladder cancer, due to de-
struction of DNA molecules [6]. Previous investigations
revealed that drinking water containing dyes eftluents like
Rhodamine B (RAD) and Brilliant Green Dye (BLG) has
highly toxic, carcinogenic, hazardous, and severe mutagenic
effects on human bodies [7] and leads to acute poisoning,
gastrointestinal problems, liver dysfunction, breath short-
ness, infections in respiratory tract, and skin dermatitis [7].
Therefore, it is the requirement of time to get rid of such
toxic, hazardous, lethal, mortal, and incurable effluents from
water streams to save the precious lives of infants and people.
Different techniques including physical and chemical
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methods such as electrochemical oxidation, precipitation,
ozonolysis, coagulation-flocculation, and ion exchange have
been employed to eradicate the dyestuffs from water but
most of them are complicated and highly sensitive to en-
vironmental factors, prolong operational time, are costly,
and generate hazardous byproducts [8, 9]. In this investi-
gation, biosorption, the most emerging technique, is
employed to remove hazardous and toxic dyes from water.
This technique is widely explored because raw materials
(agrowaste) are usually eco-friendly, cheap, easy to use, and
easily available for removing any type of contaminants from
water. In previous investigations, agrowastes like Dalbergia
sissoo-activated carbon [10], raw pomegranate peels [11],
raw timber wood sawdust [12], nitric acid-treated pine cone
[13], banana peels [14], and jackfruit peels [15] had given
efficient adsorptive removal outcomes for RAD, while for the
adsorptive eradication of BLG areca nut husk [16], Sesamum
indicum tree waste [17], almond shells [16], date pits-acti-
vated carbon [3], tree wood of guava-activated carbon [18],
and rice husk [19] were utilized as biosorbents. It was ob-
served from reported data that chemically processed bio-
sorbents had shown good and promising results as
compared to the raw and untreated forms. In the consid-
eration of previously reported results of biosorption of dyes,
two cheap, eco-friendly, abundant, and easily accessible
agrowastes, TP and CP, have been selected for the expulsion
of toxic and hazardous RAD and BLG from wastewater. The
main objective of this investigation is to alter the surface
morphology of the lignocellulosic biomass by providing
additional active adsorption binding sites for the associa-
tions with the dye molecules from wastewater. After treat-
ment with the most suitable modifying agent, the adsorbents
will become more efficient and quicker to eradicate the
dyestuffs from the water. In this study, the selected bio-
sorbents will be chemically modified by using different
chemicals (solvents and chelating agents) to assess their
adsorption performance and efficiency for the removal of
selected dyes under suitable operating conditions.

2. Materials and Method

2.1. Chemicals and Glass Apparatus. In this study, pure
chemicals and reagents were acquired from well-known and
high reputed companies Merck and Fluka, which were BLG-
Amax Of 625 nm, RAD-A,,,, of 554 nm, urea, thiourea, EDTA,
hydrochloric acid, sulfuric acid, nitric acid, sodium hy-
droxide, sodium carbonate, sodium chloride, potassium
iodide, iodine, indicators, (R-OH) methyl, ethyl, and Iso-
propyl alcohols, propanone, organic acids chelating agents
like lactic acid, citric acid, and tartaric acid, while glassware
were made of Pyrex, were washed with deionized distilled
water, and were sterilized for 30 min. at 80°C in electrical
oven.

2.2. Methodology for the Preparation of Raw Biosorbents.
The biosorbents selected for this investigation are eco-
friendly, nontoxic, and easily accessible locally. The peels of
both biosorbents, Trapa natans (TP) and Citrullus lanatus
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(CP), were acquired from Lahore and nearby areas and,
thereafter, washed with running water to remove entrapped
dust and other waste matters. The peels of both adsorbents
were trimmed with a sharp knife into suitable sizes for
experiments and then carefully washed with distilled water.
Later, the peels were dried in sunlight for ten days and placed
in an oven at about 70°C for 72 hours to remove the
entrapped moisture in the first phase. After literature survey,
the peels were ground and sieved to a 70-mesh size, resulting
in fine powder [20]. These powdered peels were again dried
in an oven for 24 hours to remove further entrapped
moisture in the second phase and were placed in plastic jars
labelled as TP and CP for use in adsorption experimental
investigations. Flow sheet diagram for the preparation of raw
biosorbents is elaborated in Figure 1.

2.3. Characterization of Biosorbents. TP and CP were ana-
lyzed through different techniques like Boehm titration for
identification of acidic/basic moieties, pH, % age of moisture
and ash contents, elemental and volatile matters determi-
nations, estimation of porosity/bulk density, and iodine
titration as listed in Table 1 [21].

2.4. Chemical Treatment of Biosorbents. The surface mor-
phologies of both biosorbents (TP and CP) were chemically
amended by using different modifying agents such as dif-
ferent kinds of alcohols (methyl, ethyl, and isopropyl al-
cohols), acetone, mineral acid like HCI, caustic soda
(NaOH), numerous chelating agents like EDTA, urea,
thiourea, and organic acids (citric acid, lactic acid, and
tartaric acid). The chemistry of treatment of biosorbents
with different chemicals was categorized in two phases.

Phase I: chemical processing with different solvents:

100 g of each biosorbent was placed in 250 mL of each
solvent in Erlenmeyer flasks sealed with Al-foil for 6-10
hours at 30°C on an orbital shaker at 150 rpm. Extra and
excessive soaking in solvent-based modifying agents
was avoided to protect the raw adsorbents from de-
terioration and decay, especially in the cases of alkali
and acids. The content in each flask was filtered and
washed with distilled and deionized water carefully to
remove entrapped solvent molecules. Afterward, the
chemically modified biosorbents were dried for 24
hours at 80°C in an electric oven and then stored in
plastic jars for further experimental work.

Phase II: chemical processing with different chelating
agents:

To increase the additional active adsorption binding
sites on the interfaces of both raw biosorbents (TP and
CP), solid phase chemical modification was carried out
by using different chelating agents. For this purpose,
54g of each powdered biosorbent, TP and CP, was
thoroughly mixed with 6 g of each chelating agent in
different China dishes separately. Each China dish was
wrapped in aluminum foil and microwave-irradiated
for 8-10 minutes [22]. The chemically treated
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FIGURE 1: Schematic diagrams for the preparation of raw adsorbents.

TasLE 1: Physicochemical characterization of both biosorbents.

Evaluation of parameters TP values CP values

pH 5.6 5.9
Particle density (g.cm™) 0.588 0.479
Bulk density (g.cm™) 0.5 0.96
Percentage of ash content 6.8 2.4
Percentage of moisture content 7.7 8.3
Percentage of porosity 0.78 0.2
Percentage of volatile organic components ~ 89.7 5.6
Iodine number (mg.g’l) 15.5 2.1
Phenolic moieties (millimoles) 0.0841 0.0038
Lactones (millimoles) 0.0592 0.0056
Carboxylic acids (millimoles) 0.0391 2.442
Surface basic sites (millimoles) 0.0048 2.011

adsorbents were carefully stored in plastic jars for
further experimentation. These chemically modified
adsorbents were tested under optimized operational
conditions for the adsorption removal of RAD and BLG
from water bodies in a batch mode investigation.

2.5. Experimental Investigations on Biosorption. The maxi-
mum adsorptive removal of both basic dyes (RAD and BLG)
was promising with the citric acid-treated novel adsorbents
during the batch mode experiments. The native TP after
chemical treatment and amendment was labeled as C-TP,
whereas native CP was labeled as C-CP for further studies.
During the experimental approach, for each experiment,
25 ppm of each of the RAD and BLG solutions was prepared
and 25mL of each solution was taken in 100 mL conical
flasks to optimize the operational factors for adsorption
studies. The chemical structures of two basic (cationic)
model dyes selected for their elimination from wastewater
are shown in Figures 2 [23] and 3 [24], respectively.

2.5.1. Optimization of Operational Parameters. During the
biosorption experimental comparative studies, various op-
erational parameters, such as biosorbent dosage range

0 CH,
H,C—— a r
N ®]ﬂ i,
He—/ © Vi N4

COOH

FiGure 2: Chemical structure of Rhodamine B.

(0.2-2.0 g with difference 0.1 g), pH range (1-10), temper-
ature range (10-80°C), and contact time range (5-60 min-
utes), as well as shaking speed range (25-200 rpm with gap of
25rpm), were optimized to get better results. Mathematical
modeling for isothermal and kinetic equilibria investigations
was also determined to analyze and manipulate the reli-
ability of the adsorption results. The % age adsorption of
both dyes by using modified adsorbents was determined
from the relation given in the following equation [25]:

Cc -C
%Adsorption = (%) x 100. (1)

The amounts (mg/g) of adsorbed dyes were determined
from the following equation [26]:

o-[55) >

In the above relations, for each adsorbent, Q is amount of
dyes (mg/g), C, represents initial concentration (ppm), C, is
concentration (ppm) in equilibrium of both RAD and BLG,
V is volume in L, and W is mass in grams.
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FIGURE 3: Chemical structure of Brilliant Green Dye.

3. Results and Discussion

The biosorbents were chemically modified with numerous
modifying agents as mentioned in Section 2.4. After the
performance of many repeatedly experiments, the most
suitable modifying agent was selected for the amendment
of surface morphology of TP and CP. The characterization
of adsorbents was carried out through FT-IR and SEM.
The validity and reliability of equilibrium data were
evaluated by Langmuir, Freundlich, Temkin, and kinetics
modeling.

3.1. Chemical Modification of Biosorbents. The raw bio-
sorbents TP and CP were chemically treated with different
chemicals, including various organic solvents, acids, alkalis,
and chelating agents, as mentioned in experimental Section
2.4. The adsorption performance of chemically processed
biosorbents with different chemicals was assessed for the
removal of RAD and BLG from the water system. It was
observed after repeated experiments that citric acid-treated
TP and CP performed better and showed maximum ad-
sorptive removal of RAD and BLG, as elaborated in Figure 4.
It was evidenced from FT-IR and SEM analysis that citric
acid has been esterified with the OH groups on the surfaces
of biosorbents and has provided extra and additional ad-
sorption sites to associate with dye molecules from aqueous
solutions. Therefore, enhanced active binding sites on
modified biosorbents surfaces have contributed to efficient
and quick adsorption equilibria at the interface of adsorbate-
adsorbents.

The maximum adsorptions of RAD on citric acid-
modified adsorbents C-TP and C-CP at optimum condi-
tions were found to be 91% and 96%, respectively, whereas
for BLG on C-TP and C-CP they were 88% and 92%, re-
spectively, which were promising as compared to other
utilized chemicals. Solid phase chemical modification
treatment of raw biosorbents (TP and CP) with citric acid
under microwave irradiation was performed as mentioned
in Section 2.4.
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3.2. Spectroscopic Analysis

3.2.1. FT-IR Analysis of Chemically Processed Adsorbents.
0.8 g of each C-TP and C-CP had been placed separately in
four conical flasks containing 25 mL solutions of RAD and
BLG with 25 ppm conc. for 20 minutes at 125 rpm and 30°C.
After adsorption, each sample was filtered and the residue
was dried for FT-IR evaluation. Figure 5 represents a
comparative study of Trapa natans peels, native form (TP),
and after chemical treatment with citric acid (C-TP). The
region between 3900 and 3600 cm™" indicated the surface
modification under the influence of esterification between
free OH moieties of alcohols on TP and modifying agent
citric acid. A broad band at 3300 cm™" showed the COOH
moieties on TP which was obviously changed after treatment
and, similarly, a high amendment between 1395 and
1440 cm™" in C-TP as compared to TP is a good signal for
additional COOH groups which had played promising role
during adsorption.

The region between 1330 and 1415 cm ™" reflected the OH
bending for alcohols. Thus, the modified spectra of TP had
more and additional carboxylic acid groups for the efficient
and quicker adsorption of selected dyes. Figure 6 expresses a
comparative study of Citrullus lanatus peels, native form
(CP), and after chemical processing with citric acid (C-CP).
The region between 3850 and 3650 cm™" on C-TP showed
the surface chemical alteration due to reaction between free
OH groups on TP and modifying agent citric acid.

A reduced broad band at 3500-3200cm ™' on C-TP as
compared to CP showed intermolecular bonded forces of
citric acid with free OH moieties. A changed frequency at the
region between 3000 and 2700 cm™' on C-CP represented
the COOH moieties, while wavenumber (1778-1745) indi-
cated the COOH and esterified groups of citric acid mol-
ecules in C-TP. The new peaks in the range of
1435-1400 cm™" in C-TP as compared to TP associated with
OH bending groups of carboxylic acids, which had played
good role during adsorption of dyes. The region of
1260-1100cm ™! reflected ester linkage. Therefore, the
amended morphology of TP after chemical treatment shown
in C-TP in Figure 6 had provided numerous (COOH)
groups for the better and quicker adsorption equilibria in
aqueous solutions of RAD and BLG.

3.2.2. FT-IR Analysis after Adsorption of Dyes. Figure 7
depicts the FT-IR spectra of model dyes RAD and BLG
following adsorption on citric acid-treated adsorbents C-TP
and C-CP.

Figures 7(a) and 7(b) show the FT-IR spectra following
the adsorption of the first model dye, RAD, on C-TP and
C-CP, respectively. The change in wavenumber in the case of
C-TP after adsorption of RAD at 3875, 3730, and 3610 cm ™!
in Figure 7(a) and for C-CP at frequencies of 3902, 3855.5,
and 3737 cm ™" in Figure 7(b) reflects the adsorption under
the influence of strong intermolecular hydrogen bonding
caused by the involvement of the O-H group of -COOH
moieties with the dye molecules, while peaks between 3390
and 3200cm™ in Figure 7(a) and between 3330 and
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FIGURE 5: A comparative FT-IR analysis of native (TP) and citric
acid-modified (C-TP) Trapa natans peels.

3250cm™! in Figure 7(b) indicate interactions with RAD
caused by the -OH group of carboxylic acid on acid-mod-
ified adsorbents C-TP and C-CP, respectively. Figures 7(c)
and 7(d) show the FT-IR spectra following the adsorption of
the second model dye, BLG, on C-TP and C-CP, respec-
tively. In both cases, the change in wavenumber at 3900,
3845, and 3740 cm™" in Figure 7(c) and at 3900, 3820, and
3700 cm ™" in Figure 7(d) indicate significant intermolecular
interactions between BLG and the citric acid-modified ad-
sorbents C-TP and C-CP. The wavenumber at
1800-1570cm™ in 7(c) and 1760-1520 cm™" in 7(d) asso-
ciated with the adsorption of BLG. It was noticed from
previously reported data that functional groups containing
oxygen promote the adsorption of cationic dyes [27-29]. The

Figure 7(d) at 1440 cm ™ illustrate (OH) bending groups for
COOH moieties on modified adsorbents C-TP and C-CP,
respectively.

3.2.3. SEM Analysis of Modified Adsorbents. The unpro-
cessed TP in Figure 8(a) has packed tubular shapes gaps and
voids, while its chemically amended form using citric acid
C-TP in Figure 8(b) has irregular tubular, granular, and
honeycomb-like arrangements with increased surface area.
This revealed that the morphology of native TP had been
modified which favored and provided enhanced additional
binding linkages, surface area, and adsorption sites for
adsorptive elimination of selected dyes from water. The
structural morphology of raw CP is depicted in Figure 8(c),
with gaps, tiny imprinted depressions in between the many
spherical bodies, and dense circular clusters. Figure 8(d)
shows a chemically modified citric acid-treated form of CP.
It is converted into fleece lined, flossy, granular, frizzy, and
frothy bodies with numerous binding sites for efficient,
quicker, and good adsorptive removal of RAD and BLG
from aqueous solution. Figure 8(d) shows an aggregate of
clusters of citric acid molecules on the interface of C-CP. The
modified surface morphology of both C-TP and C-CP with
numerous available active adsorption sites promotes ad-
sorption phenomenon as compared to their unprocessed
forms which is reported in different investigations and
shown in Table 2.

3.3. Optimization of Operational Conditions. Parameters
settings for experiments like T (°C), biosorbent dosage,
retention time, stirring rate, and pH of solution were used to
determine the best conditions for adsorptive eradication of
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RAD and BLG by using citric acid-modified adsorbents
C-TP and C-CP, respectively.

3.3.1. Modified Adsorbent Dosage Effect on Adsorption.
The adsorbent dose of C-TP and C-CP ranged from 0.2 to
2.0 g, with a difference of 0.1 g being utilized under different
operational conditions.

According to FT-IR interpretation, citric acid-modified
adsorbents C-TP and C-CP with additional COOH groups
have more active binding affinity on their interfaces for
association with cationic dye molecules RAD* and BLG".
For this study, 25 ppm solutions with a volume of 25mL
were taken separately in four sets of Erlenmeyer flasks, and
each set contained ten flasks for smooth experimental
studies. The experimental operational conditions for the
study of adsorption dose investigation were employed as
follows: temperature of 30°C, 125 rpm agitation speed, initial
pH=5, and final pH for RAD on C-TP and C-CP = 4,
whereas for BLG on C-TP it was 4.5 and for BLG on C-CP it
was 4. Figure 9 depicts the experimental results graphically.
For 0.8 g of C-TP, the maximum RAD adsorptive removal
from aqueous solution was 91.5 percent, and, for 0.8¢g of
C-CP, it was 96.8 percent. Similarly, the maximum ad-
sorptive elimination of the second model dye, BLG, was
determined to be 96.84 percent on 0.8 g of C-TP and 98.94
percent on 0.8 g of C-CP. Figure 9 also illustrates that, at low
concentrations, the adsorption of each model dye, RAD and
BLG, increases due to a greater number of available binding
adsorption sites on the acid-treated biosorbents, but as
concentration increases, the equilibrium between adsorbates
and adsorbents interfaces is quickly established, resulting in
decreased adsorption [45]. The optimal adsorbent dose of
0.8 g was determined for further experimental studies.

3.3.2. Contact Time Influence on Adsorption. As shown in
Figure 10, the performance of the adsorption process is
related to the contact time interval and the number of
available binding sites on the interfaces of biosorbents C-TP
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Figure 7: FT-IR spectra after adsorption of RAD and BLG.
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and C-CP. Initially, with the increase in contact time in-
terval, the adsorption of RAD and BLG enhanced till the
optimal time interval was achieved and afterward decreased
by unit mass due to the establishment of equilibrium and
many vacant adsorption binding sites left on the surfaces of
C-TP and C-CP. A contact time duration of 60 minutes with
a difference of 5 minutes was selected for this study by using
25mL of each of RAD and BLG solutions with a concen-
tration of 25 ppm. The optimal time interval for maximum
adsorption removal of RAD on C-TP was 91.51% at 25
minutes, while for BLG on C-TP it was 93.68% at 25
minutes, whereas the adsorptive eradication from aqueous
solution of RAD on C-CP was 96.99% at 20 minutes, while
for BLG on C-CP it was 97.89% at 20 minutes as illustrated
in Figure 10. By comparing the results of citric acid-modified
biosorbents with the previously reported data as tabulated in
Table 2, the efficiency of the adsorption performance of
C-TP and C-CP is promising due to the accessibility of RAD
and BLG toward extra adsorption active sites and intra-
particle diffusion [46]. Moreover, after the optimal time
interval and with the passing of time period, the over-
abundance of the RAD and BLG cations on the surfaces of
C-TP and C-CP induces reduction and a cessation of the
efficiency of the adsorption performance [28]. Therefore, the
optimal contact time interval of 20 minutes was determined
for further experimental work.

3.3.3. Influence of Agitation on Adsorption. It is another
significant factor that controls the adsorption behavior
because it results in the formation of a light coating of
adsorbates (RAD and BLG) on adsorbents from solutions.
The formation of a distinctive and different outermost
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FIGURE 8: A comparative SEM evaluation. (a) TP, (b) C-TP, (c) CP, and (d) C-CP.

boundary of cationic dye molecules on modified adsorbents
boosts and promotes adsorption performance [47]. There-
fore, agitation rate influenced the adhering of RAD and BLG
on citric acid-modified C-TP and C-CP. This factor was
studied in the range of 25 to 200 rpm speed with just dif-
ference of 25 rpm. Experiments in batch mode were carried
out under other appropriate operating parameters such as
contact time of 20 minutes, temperature of 30°C, 0.8 g ad-
sorbent dose, initial pH of 5, and the conc. of each dye
solution of 25 ppm with a 25 mL volume.

As a consequence, maximal decontamination of RAD on
C-TP and C-CP was 91 and 92.6% at 125 rpm agitation speed,
whereas maximum adsorptive reduction of BLG on C-TP was
97% at 125 RPM and that on C-CP was 96% at 100 RPM, as
graphically shown in Figure 11. During the experiment, high
RPM speed was observed to be connected to a decrease in the
adsorption process owing to the creation of excessive uniform
circular motion velocity of independent RAD and BLG
molecules from water [48], which can also be seen in Figure 11.

3.3.4. Influence of Temperature Variations on Adsorption.
The adsorption mechanism can be exothermic or endo-
thermic, and it is strongly linked to temperature fluctua-
tions, which can be seen in Figure 12.

Temperature changes influence the kinetic energy of dye
molecules, which ultimately change the thermodynamic
parameters. According to the literature, adsorption is gen-
erally temperature-dependent, so higher temperatures de-
crease the rate of the adsorption process [48]. The impact of
temperature varying from 10 to 80°C with just a 10°C gap
was examined for optimization of the aforementioned pa-
rameters during this study by using a 25 mL volume of each
RAD and BLG separately, with a concentration of 25 ppm
under optimized conditions. The highest adsorption per-
centage expulsion of RAD on C-TP was 89% at 40°C and on
C-CP it was 94% at 30°C, while the maximal percentage
removal of BLG on C-TP and C-CP was 90.5% and 97%,
respectively, at 30°C. The adsorption of dyes rises at certain
high temperature levels, as mentioned in Figure 12, because
the adsorbent framework is degraded and disrupted by the
high temperature. As a consequence, in such cases, the
adsorbents expand, bulge, and elongate. Consequently, dyes
(RAD and BLG) penetrate deeper into the deteriorated
structure of the adsorbents [49]. Hence, the rate of ad-
sorption accelerates. As a consequence, in some cases, ad-
sorption increases at high temperature variations, such as
RAD adsorption on C-TP rising from 50 to 60°C (78 to 83%),
RAD adsorption on C-CP continuing to increase from 60 to
70°C (67 to 72%), and BLG adsorption on C-TP increasing
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FiGure 9: Effect of modified adsorbents dosage. Initial pH = 5, final
pH for RAD on C-TP and C-CP =4, BLG on C-TP=4.5, and BLG
on C-CP=4.

from 60 to 70°C (75 to 77%). As a result, the optimal
temperature of 30°C was determined for future experiments.

3.3.5. Influence of pH on Adsorption. The pH of the dye
adsorption on lignocellulose substrates was adjusted using
0.1 M NaOH or 0.1 M HCl solutions during the experimental
work [50]. The pHpzc of both biosorbents TP and CP is
significant for evaluating their adsorption potentials for both
model dyes RAD and BLG and was experimentally deter-
mined to be 5.8 and 5.6 for TP and CP, respectively [24].

8 Journal of Chemistry
TABLE 2: A comparison of the adsorption capacity with some previously published works.
Biosorbents Adsorption capacity (mg/g) References
Detoxification of Rhodamine B dye
Rhizophora mucronata, carbon nanotubes composite 6.784 [30]
Gracilaria edulis 8.96 [31]
Kappaphycus alvarezii 9.84 (31]
Gracilaria salicornia 11.03 [31]
Crude coconut fibers 13 [32]
HCOOH-modified coconut fibers 22 [32]
Artocarpus heterophyllus seed 264 [33]
Hexadecyltrimethylammonium bromide-treated Volvariella volvacea 33.51 [34]
Acrylic acid-processed walnut shell 48.87 [35]
Inactivated Aspergillus oryzae 98.59 [36]
Elaeis guineensis shell 108 [37]
Trapa natans peels modified with citric acid 15.63 Current research work
Citrullus lanatus peels modified with citric acid 27.55 Current research work
Detoxification of Brilliant Green Dye
Peanut shells 19.92 [38]
Raw peels of Trapa natans 50.51 [39]
Rock melon skin 118 [40]
Snail shell-rice husk 129.8 [41]
White rice husk ash 85.56 [42]
Cellulose (raw) 90.5 [43]
H;PO,-treated cellulose 150 [43]
Banana peels 22.44 [44]
Trapa natans peels modified with citric acid 128 Current research work
Citrullus lanatus peels modified with citric acid 189 Current research work
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FiGure 10: Contact time influence on adsorption. Initial pH = 5,
final pH for RAD on C-TP and C-CP =4, BLG on C-TP =4.5, and
BLG on C-CP=4.

Figure 13 illustrates the influence of pH on the adsorption of
model dyes RAD and BLG on citric acid-amended C-TP and
C-CP in a pH range from 1 to 10. For this investigation,
25 ppm solutions with a volume of 25 mL were taken sepa-
rately in four sets of Erlenmeyer flasks, and each set contained
ten flasks for smooth experimental studies, while 0.8 g of each
modified C-TP and C-CP was added to each pair of conical
flasks containing 25 mL of RAD and BLG solutions with a
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FIGURE 12: Influence of a change in temperature on biosorption.
Initial pH =5, final pH for RAD on C-TP and C-CP =4, BLG on C-
TP =4.5, and BLG on C-CP=4.

concentration of 25 ppm. The maximum adsorption elimi-
nation of RAD on C-TP was 96.99% at pH = 6, while RAD on
C-CP was 91.51% at pH =5, whereas maximum removal of
BLG on C-TP was 93.68% and on C-CP it was 96.84% at pH 5,
respectively. Figure 13 also illustrates that the decrease in
adsorption performance of RAD and BLG was associated
with an increase in pH, which influenced the development of
equilibria with the adsorption binding active sites [COO™] on
the surfaces of biosorbents C-TP and C-CP and attractive
associations of [RAD"] and [BLG'] cations with free [OH-]
ions in the aqueous solutions [51], resulting in hindering their
accessibility to negatively charged adsorption sites on the
interfaces of biosorbents [52].
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Figure 13: Influence of pH on adsorption mechanism.

Figure 13 also demonstrates that a decrease in pH causes
the protonation of the negatively binding sites of biosorbents
due to excessive H" ions in the solution, which compete with
the RAD" and BLG" cationic dye molecules, resulting in
hindered adsorption at the interfaces of biosorbents [53].
Therefore, by considering the above results, an optimal pH
value of 5 was determined for further studies.

3.4. Isothermal and Kinetic Modelling of Biosorption Processes

3.4.1. Approach to Equilibrium Isothermal Models. For the
validity and reliability of the experiments conducted for the
adsorption of RAD and BLG on citric acid-modified bio-
sorbents (C-TP and C-CP), three equilibrium isothermal
models by Langmuir, Freundlich, and Temkin were corre-
lated and implemented by using linear equations (3), (6),
and (7), respectively. The biosorption investigation was
carried out with the following optimized parameters: The
contact time interval was 20 minutes, the adsorbent dose
utilized was 0.8 g of each of C-TP and C-CP, the temperature
was 30°C, the agitation speed was 125 rpm, the initial pH of
solutions used was 5, and the initial volume and concen-
trations of each dye solution (RAD and BLG) were 100 mL
and 25 ppm.

(1) Langmuir Isotherm. Equation (3) displays a linear re-
gression formulation of the Langmuir isotherm model [54],
and Figure 14 elaborates on effective graphical factors.

olon)ean) @
Qe - b'QmaX Ce Qmax )

Here, quantity (ppm) of RAD and BLG adsorbed is
indicated as “Q,,” while residual quantity is expressed as C,,
and the adsorption capability “Qpuay~ is the maximum ad-
sorption capacity in mg.g~', while “b” is the adsorption
capacity (L/g) [55].
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FIGURE 14: A comparison of the Langmuir isothermal model for the
adsorptive dye removal efficiency of acid-treated biosorbents.
Initial pH = 5, final pH for RAD on C-TP and C-CP =4, BLG on C-
TP =4.5, and BLG on C-CP=4.

The correlation coefficient (R?) for the adsorption of
RAD on C-TP was 0.985, while on C-CP it was 0.999,
whereas for the adsorption of BLG on C-TP it was 0.986 and
on C-CP it was 0.999. The values of “R*” are close to unity in
all cases, revealing that the Langmuir model is the best fit for
the adsorption performance of C-TP and C-CP in this study.
The maximum adsorption capacity (Qp,.x) for adsorption of
RAD on C-TP was 15.6 and on C-CP it was 27.5mg/g,
whereas for BLG on C-TP it was 128 and on C-CP it was
189 mg/g, as tabulated in Table 3. The separation factor (R;)
was calculated by using the following equation:

1
RL=[1+bCO]' (4)

Its value between “0 and 1” reflects a good rate of ad-
sorption. The separation factor (Ry) for the adsorption of
RAD on C-TP was 0.414 and on C-CP it was 0.750, whereas
for the adsorption of BLG on C-TP it was 0.440 and on C-CP
it was 0.458. These values, being less than “1,” indicate the
good rate of adsorption and reflect the good and effective
application of the Langmuir model for biosorption. Fur-
thermore, the least values of RMSE for the adsorption of
RAD on C-TP and C-CP were 2.76 and 2.03, respectively,
while for BLG on C-TP and C-CP they were 4.1 and 5.2,
respectively, indicating favorable adsorption for all cases.
Moreover, “Qmax  values signify the monolayer homoge-
neity adsorption of dyes on C-TP and C-CP at a specific
number of identical adsorption binding sites distributed on
the interface boundaries of both biosorbents.

(2) Freundlich Isothermal Model. Freundlich isothermal
model is employed to evaluate the surface heterogeneity of
acid-modified adsorbents (C-TP and C-CP), as well as their
activity for adsorption performance toward RAD and BLG

Journal of Chemistry

in aqueous solutions. It is concerned with the comparative
distribution of energy in both physisorption and chemi-
sorption. Equation (5) represents a linear trend of this
isothermal system [54].

1
In g, =<ln Kp+-In Ce>. (5)
n

«

Here, “Kz” (mg' ™" L"" g7') is the binding factor and

“n” represents the adsorption frequency. A graphic com-
parison of the Freundlich model [In Q. versus In C,] is
depicted schematically in Figure 15, which illustrates straight
lines for both citric acid-modified biosorbents (C-TP and
C-CP).

As the graphical representation shown in Figure 15, for
each model dye, exhibiting a slope (1/n) less than 1 with
correlation coefficient value for RAD on C-TP and C-CP was
0.94 and 0.91, respectively, whereas, for BLG on C-TP and C-
CP was 0.77 and 0.92, respectively, which measured the
interface diversity or uptake capacities of C-TP and C-CP.
The correlation coefficients (R?) for the adsorptive removal
of RAD on C-TP and C-CP were 0.96 and 0.93, respectively,
whereas for BLG on C-TP and C-CP they were 0.98 and 0.94,
respectively. The correlation coefficients, as tabulated in
Table 3, reveal that the Langmuir model is more precise and
perfect for this investigation than the Freundlich model.

(3) Temkin Isothermal Studies. Based on the fundamental
assumption, Temkin modeling predicts an approximately
equivalent dispersion of binding affinities on C-TP and
C-CP. As a result, thermal diftusivity gradually decreases as
the saturation of binding sites on the surface of adsorbents
by RAD and BLG molecules increases. Linear representation
of the Temkin isotherm is shown in the following equation:

4. = (By In Ky + By In C,). (6)

The Temkin isotherm constant Br=Ry/by (kjmol™)
designates the energy released during adsorption, whereas
the equilibrium binding constant “K;” (L.g™ ") reflects the
maximal binding energy.

These constants were determined during the experi-
mental research by linear regression of the graph plotted
between “C, and InC,” by using equation (6) for the ad-
sorption of RAD and BLG on C-TP and C-CP, as shown
graphically in Figure 16. The Temkin isotherm parameters
are presented in Table 3, in which the heat of adsorption (Br)
for RAD on C-TP and that on C-TP were 1.1512 Jmol™* and
1.315Jmol ', respectively, while for BLG on C-TP and on
C-CP they were 1.28Jmol " and 1.5Jmol ™', respectively.
These By results are less than 8, confirming weak and
physical adsorbate-adsorbent interactions and demon-
strating physisorption rather than chemisorption.

The correlation coefficients (R*) as tabulated in Table 3
for adsorption of RAD on C-TP and C-CP were 0.83 and
0.93, respectively, whereas, for adsorption of BLG on C-TP
and C-CP they were 0.95 and 0.84, respectively. These values
of R* for Temkin were less as compared to the Langmuir or
Freundlich isothermal systems, suggesting that this model is
unsatisfactorily fitted to this adsorption system. Equilibrium
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TABLE 3: A comparison of isothermal parameters for the adsorptive elimination of RAD and BLG on citric acid-treated adsorbents C-TP and

C-CP.
Parameters RAD- C-TP RAD-C-CP BLG-C-TP BLG-C-CP
Langmuir isothermal adsorption model
R? 0.986 0.985 0.99 0.998
Quy (mglg) 15.625 27.55 128 189
R; (L/mg) 0.41428 0.75031 0.4403 0.4585
b (L/mg) 0.047 0.011 0.04368 0.03938
Root mean sq. error 2.76 2.03 4.101 5.256
Freundlich isothermal adsorption model
R? 0.96 0.936 0.98 0.94
1/n 0.94 0.91 0.77 0.92
n (1/m) 1.0675 1.0964 1.304 1.084
Ky (mg/g) 1.4395 2.5656 2.9450 41133
Root mean sq. error 3.14 2.43 4.496 5.493
Temkin isothermal adsorption model
R? 0.831 0.939 0.95 0.84
By (Jmol™) 1.1512 1.3154 1.28 1.5
Ky (Lg™h 1.8228 1.0050 9.85 10.0
0.8 The smaller root mean square values suggest that the
experimental findings for the adsorptive elimination of RAD
8| . and BLG on citric acid-treated adsorbents (C-TP and C-CP)
o li " R were favorable.
o 04 -
a *
0) A® ’ *
S 02 n . . .
= o i . 3.4.2 Batch Adsorption Kinetic Analyses.
o | m | Pseudo-first-order and pseudo-second-order kinetics have
-1 -0.5 o705 1 L5 been used to investigate the adsorption of each dye (RAD and
o —0i2,~ BLG) on chemically altered adsorbent materials (C-TP and
o C-CP) [58].
-04
In Ce

B RADon C-TP
y =0.9367x - 0.1582
R? = 0.9602
¢ RADon C-CP

y =0.9121x - 0.4092
R? =0.9367

A BLGon C-TP

y = 0.7668x + 0.4691
R?=0.9876

® BLGon C-CP
y=0.9221x + 0.6142
R?=0.9433
FiGUure 15: Evaluation of the Freundlich model regarding ad-
sorptive dye removal efficiency of acid-treated biosorbents. Initial
pH = 5, final pH for RAD on C-TP and C-CP=4, BLG on C-
TP =45, and BLG on C-CP=4.

binding constants “K;” (L.g™") for adsorption of RAD on
C-TP and C-CP were 1.822 and 1.00, respectively, while for
BLG on C-TP and C-CP they were 9.85 and 10.0, respec-
tively. The higher the magnitude of “Ky,” the greater the
number of accessible functional groups (like COOH, OH)
on the surface of adsorbents [56]. The root mean square
errors of C-TP and C-CP for adsorption of both RAD and
BLG were determined by using equation (7) [57] and they
are listed in Table 3.

2
RMSE = Z [(Qe(cal) ;\]Qe(exp)) ] (7)

(1) Pseudo-First-Order Kinetics. Equation (8) displays the
general formulation of Lagergren’s expression for this ki-
netic [59].

mfe,-Q]=[mey) -kl ®

where “Q,,” (mg/g) is indeed the quantity of RAD and BLG
taken at equilibrium and “K;” is the experimental data rate
constant for pseudo-first-order kinetics (g/mg 'min~!))
and “Q,” (mg/g) is the adsorption capacity in “mg” of every
dye RAD and BLG at time ¢ (min~") on 1 g of each C-TP and
C-CP, respectively [60]. A plot “ln[Qeq - Q,] versus (t)”
drawn illustrates adsorptive expulsion of both RAD and BLG
on citric acid-modified biosorbents C-TP and C-CP, re-
spectively, depicted in Figure 17. The corresponding char-
acteristic parameters are shown in Table 4. The correlation
coefficients R* for adsorption of RAD on C-TP and C-CP
were 0.53 and 0.71, respectively, while for adsorption of BLG
on C-TP and C-CP they were 0.63 and 0.59, respectively.
These smaller values of R* for both dyes on each modified
adsorbent reveal that Lagergren’s expression for the pseudo-
first-order mechanism presented in relation (8) is not
properly applicable to the overall adsorption process. Fur-
thermore, high values of RMSE for adsorption of RAD on
C-TP and C-CP were 4.557 and 5.604, while for adsorption
of BLG on C-TP and C-CP they were 6.15 and 10.272, also
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FIGURE 16: A comparison of the Temkin isothermal model for the
adsorptive dye removal efficiency of acid-treated biosorbents.
Initial pH = 5, final pH for RAD on C-TP and C-CP =4, BLG on C-
TP =4.5, and BLG on C-CP=4.

In (Qeq-QY

Time t (min)

B RADon C-TP

y = -0.0876x - 0.4598
R?=10.5334

& RAD on C-CP

y = -0.0853x + 0.1209
R?=0.713

A BLGon C-TP

y=-0.0628x - 0.614
R?=0.6286

® BLG on C-CP
y =-0.0565x - 0.9765
R?=0.5934

FIGURE 17: A comparative evaluation of the pseudo-first-order
kinetics for the adsorptive dye removal performance of acid-treated
biosorbents. Initial pH = 5, final pH for RAD on C-TP and C-
CP=4, BLG on C-TP=4.5, and BLG on C-CP=4. (b) Pseudo-
second-order kinetics.

indicating that this kinetic model is not suitable and does not
fit this adsorption system.

The rate equation (9) for pseudo-second-order mecha-
nism was presented by HO and McKay and is given as
follows [61]:
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o |\Kk-a,) "\ag)]

In the above equation, Q. (mg/g) denotes the optimum
adsorption capability, whereas Q, signifies the adsorption
efficiency in time t (min~'). An experimental data rate factor
(g/mg 'min~') is termed as K, [62].

The correlational evaluation for graph plotted linearly
among (Qt vs t), depicted graphically displayed in Figure 18.
This data is used to determine the rate constants and ad-
sorption capability from the slope by using equation (9). The
significant parameters have been determined and are listed in
Table 4. The correlation coefficients (R?) for the adsorption of
RAD on C-TP and C-CP were 0.92 and 0.96, respectively, while
for the adsorption of BLG on C-TP and C-CP they were 0.96
and 0.99, respectively, near to unity, indicating that the pseudo-
second-order kinetic model seems to be more fit than the
pseudo-first-order kinetic model. The RMSE values of pseudo-
second-order kinetics for the adsorption of RAD on C-TP and
C-CP were 3.328 and 3.418, respectively, while for the ad-
sorption of BLG on C-TP and C-CP they were 4.5 and 6.63, as
mentioned in Table 4. These values are smaller rather pseudo
second order kinetic. This also reflects the suitability and fitness
of the pseudo-second-order model for this adsorption system.

(2) Determination of Percent Relative Deviation (P). The
percent relative deviation has been used to determine the
validity of kinetics models for the adsorption of RAD and
BLG on both C-TP and C-CP. Equation (10) was employed
to determine it, and the conclusions are summed up in
Table 4. The least values of percent relative deviation for the
adsorption of RAD on C-TP and C-CP were —0.551 and
—1.186, while for BLG on C-TP and C-CP they were —0.553
and —0.103, respectively, reflecting that second-order ki-
netics support the acceptability and suitability in better way
as compared to the first-order kinetics [63].

100 Qe exp) Qe cal
%Relative Deviation (P) = — |: ((QP)—(D)] ,
e(exp)

N
(10)

where N represents the number of observations, Q, (exp.)
(mg/g) denotes the experimental value of adsorption
binding capacity, and Q, (cal.) (mg/g) represents the cal-
culated value of adsorption binding capabilities.

(3) Thermodynamic Investigation. Temperature change will
have an impact on the adsorption mechanism, leading to
variations in the kinetic energies of RAD and BLG mole-
cules. Because of the entire porous interface of used cellu-
losic biomass, this factor accelerates the amount of
dispersion of RAD and BLG. Table 5 highlights that the
effectiveness and rate of adsorption of RAD and BLG on
innovative C-TP and C-CP are determined by operational
thermodynamic parameters, such as Gibbs free energy,
enthalpy changes, and entropy changes. The increase (—AG°)
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TABLE 4: A comparison of parameters for kinetics studies.
Kinetic equilibrium models for adsorption
Parameters RAD-C-TP RAD-C-CP BLG-C-TP BLG-C-CP
Evaluation of pseudo-first-order kinetics
R? 0.53 0.71 0.63 0.59
Q. (exp.-mg/g) 0.46 0.62 0.50 0.75
Q, (cal.-mg/g) 0.63 1.13 0.54 0.38
K, (g/mg ‘min™") 0.00146 ~0.00142 ~0.00105 ~0.00094
Root mean sq. error 4.557 5.604 6.157 10.272
% relative deviation -2.837 —6.359 2.05 3.82
Evaluation of pseudo-second-order kinetics
R? 0.922 0.963 0.963 0.994
K, (g/mg 'min™ 1)) 0.275 0.11 0.201 0.369
Q, (exp.mg/g) 0.46 0.62 0.50 0.75
Q, (cal.mg/g) 0.494 0.712 0.54 0.76
Root mean sq. error 3.328 3.418 4.502 6.637
% relative deviation -0.551 -1.186 -0.553 —-0.103
160 200 kJmol ™" reflect strong interactions leading to chemi-
sorption. Adsorption of each RAD and BLG on C-TP and
140 o C-CP was observed chemically in nature and summarized in
120 w A Table 5. The fact that the citric acid-altered adsorbents have
= ey . greater enthalpy change values, determined from equation
100 AT e (13), promotes adsorption over their untreated forms.
T 80 Tooent T e The distortedness at the solid-liquid boundaries during
= - the adsorption can also be determined by the change in
60 ’ entropy (AS°) and was calculated as follows:
b In K AST A (13)
n =|l—-—
20 |.:: b R RT
0 3 . e .
o o " P 0 = p - Its high positive values favor a considerable pace of

Time t (min)

B RAD on C-TP
y = 2.0242x + 14.921
R?=0.9224
@ RAD on C-CP

y = 1.4049x + 17.933
R?=0.9634

A BLGon C-TP
y =1.8615x + 17.259
R?=0.968
® BLGon C-CP
y = 1.3185x + 4.7093
R% =0.9942
FIGURE 18: A comparison of the pseudo-second-order kinetics for
the adsorptive dye removal performance of acid-treated bio-
sorbents. Initial pH = 5, final pH for RAD on C-TP and C-CP =4,
BLG on C-TP=4.5, and BLG on C-CP =4.

of both unique citric acid-treated adsorbents reflects a rapid,
exothermic, and spontaneous adsorption mechanism. These
calculations were estimated from the following equation:

AG’ =[RT (In Kp)], (11)

where “R” is the universal gas constant, “T” is temperature in
Kelvin, and K, (distribution coeflicient) is determined using
the following equation:

— (Co B Ce)

e

Enthalpy change values varying from 2.1 to 20.9 kjmol ™
suggest physisorption, whereas values ranging from 80 to

adsorption [64]. A linear graph was drawn across “InKp
versus 1/T,” depicted in Figure 19.

The slope and intercept were used to determine the
values of AH® and AS’ for the adsorptive elimination of dyes
(RAD and BLG) on C-TP and C-CP. Equation (14), which is
arearranged form of equation (13), can be used to determine
AH’ and AS".

AG’ =[AH® - TAS'). (14)

The energy of activation (E,) for the adsorptive elimi-
nation of each RAD and BLG on C-TP and C-CP was
calculated using the Arrhenius equation.

E
n K =[n a-(22)] 15
n n RT (15)

Physical adsorption, E,, ranges from 5 to 40kJ/mole,
whereas chemical adsorption ranges from 40 to 800 k]J/mole.
In this investigation, the data given in Table 5 reveals the
physisorption process.

3.5. Mechanism of Adsorption. As evidenced by FT-IR and
SEM analysis, chemically modified adsorbents C-TP and
C-CP with chelator (citric acid) were suggested to include
various additional moieties, including carboxylic acids and
hydroxyl, carbonyls, and primary amines across their
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TaBLE 5: Thermodynamic comparative evaluation of the adsorptive elimination of RAD and BLG by citric acid-treated adsorbents (C-TP

and C-CP).
Thermodynamic parameters analysis
Temperature Kp AG® (kJmol ™) AH® (kJmol™") AS° (Jmol'K™) E, (IJmol ™)
RAD on C-TP
298 K 2.614 -2.4 —44 154 44
308K 4.141 =37
318K 7.902 =55
RAD on C-CP
298K 3.506 =31 —61 213 61
308K 6.157 -4.7
318K 16.38 -7.4
BLG on C-TP
298K 1.969 -1.7 -67 228 67
308K 3.703 -34
318K 10.728 -6.3
BLG on C-CP
298K 2.006 -1.7 -73 249 73
308K 4.08 -3.6
318K 12.768 —-6.7
3 According to reported data, chemical modification by using
* organic acids like citric acid, tartaric acid, or oxalic acids on
25 o solid base adsorbents alters and improves their surface
At morphology, orientation, and topography by providing
5 . additional functional groups like COOH and OH, resulting
in improved adsorption capacity and affinity of novel C-TP
a and C-CP lignocellulosic biomass. It was noted that the
SR adsorption phenomenon was highly dependent on pH of the
B . dye solutions. The rate of adsorption was increased and
1 m directly related to the ionization of carboxylic acid, with the
e result of producing negatively charged adsorption sites at the
05 interface of C-TP and C-CP. The deprotonation of car-
boxylic acids was associated with the rise in pH. The
resulting ion exchange mechanism of H* with cations of
00031 000315 00032 000325 00035 000335 00034 RAD" and BLG" was carried out as shown in Figure 20

1(T)

B RAD on C-TP
y = -5230x + 18.477
R? =0.9866
¢ RAD on C-CP
y = -7283.7x + 25.623
R?=0.9704

A BLGonC-TP

y = -8007.5x + 27.473
R?=10.9728
® BLG on C-CP

y = -8746.7x + 29.971
R?=0.9768

FIGURE 19: A comparison of the thermodynamics parameters for

the adsorptive dye removal performance of acid-treated bio-

sorbents. Initial pH = 5, final pH for RAD on C-TP and C-CP =4,

BLG on C-TP=4.5, and BLG on C-CP=4.

interfacing regions to interact with RAD and BLG, and they
were also discussed and explored in Sections 2.4 and 3.1. A
schematic and proposed interaction mechanisms created by
C-TP and C-CP with dye molecules (RAD and BLG) can be
seen in Figure 20. The weak Van der Waals interactions, such
as hydrogen bonding [65], surface complexion [66], che-
lation [67], ion exchange [68], and electrostatic forces [69],
cause chemical bonding between dye molecules (RAD and
BLG) on chemically amended-adsorbent surfaces.

[47, 70].

In addition to this, hydrogen bonding linkages in be-
tween “OH” moieties on lignocellulosic biomass of C-TP
and C-CP and a lone pair on nitrogen of amino groups of
both RAD and BLG were created, which partially contrib-
uted to enhancing the rate of adsorption [47].

Furthermore, electrostatic forces were also established
between cations of dye molecules and negatively active
binding sites on the surfaces of both modified adsorbents
[70]. Under the influence of such associations [51, 71],
mentioned below in Figure 21, the adsorption of hazardous
and toxic dyes has become more efficient and quicker during
this experimental approach.

3.6. Conclusion. In this investigation, the peels of Trapa
natans and Citrullus lanatus were pretreated chemically with
tricarboxylic acid (citric acid) to provide modified and ef-
fective novel forms for the adsorptive removal of harmful,
noxious, and carcinogenic basic and cationic dyes like
Rhodamine B and Brilliant Green from the aqueous system.
FT-IR and SEM analysis have provided evidence for
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FIGURE 20: Schematic diagram for the adsorption mechanism. (a) RAD on C-TP and C-CP. (b) BLG on C-TP and C-CP.

alteration of surface amendment under the influence of the
extra and additional oxygen-containing groups like COOH
and OH, which are directly associated with enhancing the
adsorption efficiency. Langmuir isotherm has shown that the
maximum adsorption capacity (Qmay) for RAD on C-TP was
15.6 and that on C-CP was 27.5mg/g, while for BLG on
C-TP it was 128 and on C-CP it was 189 mg/g. Furthermore,
correlation coefficient (R?) for the adsorption of RAD on
C-TP was 0.985, while on C-CP it was 0.999, whereas for the
adsorption of BLG on C-TP it was 0.986 and on C-CP it was
0.999. Therefore, “R*” is close to unity in all cases, revealing
that the Langmuir model is the best fit for the adsorption
performance of C-TP and C-CP in this study rather than the
Freundlich and Temkin isotherms. High Langmuir isotherm
regression coefficients, on the other hand, indicate that the
adsorption mechanism is monolayer, with homogeneous
chemisorption on equivalent active binding sites that are
abundant on the surfaces of acid-treated biosorbents (C-TP

and C-CP). The heats of adsorption (Br) for RAD on C-TP
and on C-TP were 1.1512Jmol " and 1.315Jmol ™, respec-
tively, whereas By for BLG on C-TP and on C-CP was
1.28 Jmol " and 1.5 Jmol ™, respectively, indicating weak and
physical adsorbate-adsorbent interactions and demon-
strating physisorption rather than chemisorption. The
correlation coefficients (R?) for the adsorption of RAD on
C-TP and C-CP were 0.92 and 0.96, respectively, while for
the adsorption of BLG on C-TP and C-CP they were 0.96
and 0.99, respectively, near to unity, indicating that the
pseudo-second-order kinetic model seems to be more fit
than the pseudo-first-order kinetic model. High negative
AG predicts that the adsorption mechanism is exothermic
as well as spontaneous. The adsorption efficiency of the citric
acid-treated peels of Trapa natans and Citrullus lanatus was
also assessed by comparing them with the adsorption ability
of previously reported biosorbents, as illustrated in Table 2,
and it was concluded that these novel adsorbents have a
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much higher ability to eliminate and evacuate basic and
cationic dyes like Rhodamine B and Brilliant Green from
wastewater [72].
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The purpose of this study was to fabricate a low-cost and eco-friendly adsorbent using bamboo biochar (BB), a kind of charcoal
composed of high Brunauer-Emmett-Teller surface area and variety of functional groups, and chitosan as substrates for re-
mediation of Cd(II) in Cd(II) contaminated water and characterized the functional group characteristics, surface morphology,
and Cd(II) adsorption effect using the Fourier transform infrared (FT-IR), scanning electron microscope (SEM), and energy-
dispersive X-ray spectrometer (EDS). Results showed that chitosan-modified bamboo biochar (CBB) provided more active
adsorption sites (such as -NH,, -COOH, -OH, and C=0) on the surface to enhance the Cd(II) removal efficiency in Cd(II)
contaminated wastewater. Meanwhile, the optimal pH, contact time, and dose of CBB on the Cd(II) removal efficiency are 7,
120 min, and 600 mg, respectively. In addition, the adsorption isotherm results revealed that the possible adsorption mechanisms
might include surface adsorption, electrostatic adsorption, and ion exchanges. Furthermore, the maximum adsorption capacity
(Qn) values predicted from the Langmuir model were 37.74 and 93.46 mg/g for BB and CBB, respectively, also indicating a
potential application of CBB in practical wastewater. Desorption and regeneration of CBB were attained simultaneously and the
results showed that even after five cycles of adsorption-elution, the adsorption and desorption of CBB exhibited a slight decline
and still reached at 71.70% and 65.92%. Results from this study would provide a reference to functionalized CBB for Cd(II)

adsorption in contaminated water.

1. Introduction

Water pollution is one of the most severe problems on our
planet. It is a novel challenge to manage water resources
sustainably under climate change and population growth in
the 21st century [1, 2]. Because of the high toxicity and
persistence of cadmium (Cd(II)) in natural water and
farmland, it has become an increasing concern over the past
decades [3]. In Japan, the main cause of the itai-itai disease
was Cd(II) accumulation in the aquatic environment [4].
Meanwhile, according to the World Health Organization
(WHO), as one of the most toxic heavy metals, Cd(II) could
lead to Cd(II) accumulation to cause harmful effects on the
human body and causes carcinogenicity and liver damage
[3]. Hence, Cd(II) must be removed from the contaminated
water and soil before they were disposed to the environment

[5, 6]. During the past decades, many techniques, including
ion exchange [7], membrane filtration [6], flocculation/
coagulation [8], chemical precipitation [9], photocatalysis
[10], phytoremediation [11], and adsorption [12], are per-
formed to remove heavy metals from the contaminated
water and soil. Especially, various physical and chemical
techniques have been employed to lower the Cd(II) con-
centration to meet environmental standards, including
chemical precipitation, ultrafiltration, membrane separa-
tion, electrochemical deposition, and adsorption [13].
However, these techniques have great limitations for heavy
metals removal due to their higher cost of energy and sludge
production.

Biochar is produced from sustainably sourced biomass
and is used for nonoxidative applications in agriculture
[14, 15]. If biochar is used as a fuel to burn and the carbon is
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oxidized into CO,, hence it is actually classified as
charcoal. Activated carbon is produced from any carbon
source, such as fossil, waste, and renewable, and engi-
neered to be used as sorbents to remove contaminants
from both gases and liquids [16, 17]. Thus, it is defined as a
material for contaminant sorption without exigencies in
regard to the sustainability of its production nor to the fate
of the carbon after its use. The bio-based adsorption is a
promising method for heavy metals removal because it has
good potential application prospects with an abundance of
functional groups. Recently, the recycling of agricultural
wastes as renewable adsorbents has received more and
more attention. As an eco-friendly material, biochar has
been widely used to remediate heavy metals and organic
pollutants in soil and water contaminants [18-20].
Bamboo biochar (BB), a kind of charcoal composed of
high Brunauer-Emmett-Teller (BET) surface area and a
variety of functional groups (e.g., -NH,, -COOH, and
-OH) that have gained more and more attention, is an
eco-friendly, readily available, low-cost, and renewable
biochar [18-20]. However, the BB adsorption perfor-
mance for heavy metal removal is not so good since the
surface functional groups are still insufficient. Therefore,
to enhance the heavy metals removal performance of BB,
in recent years, many attempts, for example, citric-acid
modification, amino modification, polyethylenimine
modification, and some other methods, have been per-
formed to surface modification with more functional
groups [21-24]. Chitosan, an abundant natural polysac-
charide in the world, is a plentiful, inexpensive, and
nontoxic product of the shellfish processing industry. In
recent years, chitosan has been used as alternative sor-
bents in many industrial and environmental applications
because their amine functional groups have a strong
bonding ability to various heavy metals [25-28].

Herein, the objectives of this research were to (1) fab-
ricate chitosan-modified bamboo biochar (CBB); (2) char-
acterize the surface morphology, element abundance, and
functional groups of CBB; (3) determine the Cd(II) ad-
sorption effect of CBB in contaminated water; and (4)
speculate the possible adsorption mechanisms of CBB in
Cd(II) contaminated water.

2. Materials and Methods

2.1. Materials. The offcuts of bamboo (Phyllostachys heter-
ocycla (Carr.) Mitford cv. Pubescens), collected from the
bamboo forest (N26729'49" and E106°44'10") in the Guiz-
hou Academy of Forestry, Guizhou Province, China. The
chemicals were purchased from Aladdin-reagent Co., Ltd.
(Shanghai, China).

2.2. Preparation of BB and CBB. The BB and CBB samples
were prepared by following the procedures reported pre-
viously with some modifications [29, 30]. The offcuts of
bamboo were washed with deionized water for three times
to remove the dirt contained in the samples. The washed
samples were air-dried, chopped into a particle size below
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1.0 x1.0 x1.0 cm, and then oven-dried at 100+ 5°C for 8 h
before use. After that, the bamboo particles were pyrolyzed
at 900°C for 4h under N, flow (100 mL/min) using a
vacuum annealing furnace. After pyrolysis, the samples
were ground via a ball grinder and passed through a
standard 200 mesh sieve to obtain a particle size of about
75.0pym. The samples were rinsed several times with
deionized water and then oven-dried at 80°C for 24h to
obtain BB products for further use. After that, 0.4g of
chitosan mixed with 2.0 g BB were added into 30 mL of
water. The mixtures were stirred well with sonication for 2 d
at 30°C and 75% relative humidity (RH) and then separated
by vacuum filtration and dried at 100+ 5°C to give rise to
the CBB.

2.3. Characterization of BB and CBB. The particle size dis-
tribution and specific surface area of BB and CBB were
measured using a laser Bettersize 2600 particle analyzer
(Bettersize Instruments Ltd., Dandong, China). The Fourier
transform infrared (FT-IR) spectra of BB and CBB were
obtained using a Thermo Nicolet 380 FT-IR spectrometer
(Waltham, MA, USA). The surface morphology and ele-
ments of BB and CBB were scanned using a Quanta 250
Scanning Electron Microscope (SEM; FEI, Oregon, USA)
equipped with a Bruker Quantax X-Flash 5030 energy
dispersive X-ray spectrometer (EDS; Bruker, Berlin, Ger-
many). The zeta potential values of BB and CBB were
measured by a zeta potential analyzer (Malvern Instruments
Ltd., Malvern, UK).

2.4. Batch-Adsorption Experiments. Batch-adsorption ex-
periments were performed to evaluate the maximum
Cd(II) adsorption efficiency of BB and CBB in 30mL
Cd(II) contaminated water with a concentration of 10 ug/
mL. Briefly, different BB or CBB amounts (100, 200, 400,
600, 800, and 1000 mg) with pH 7 and contact time of 2 h,
different contact times (5, 10, 30, 60, 120, 180, and
240 min) with pH 7 and BB or CBB amount of 600 mg, and
initial pH (3, 4, 5, 6, 7, and 8) with a contact time of 2 h and
BB or CBB amount of 600 mg on the Cd(II) adsorption
efficiency in Cd(II) contaminated water were studied
systemically. Briefly, the mixtures were shaken in a rotary
shaker at 20°C and 120 rpm. After adsorption, the sus-
pension was filtered with a 0.2 um syringe filter, the Cd(II)
concentration in the filtrate was determined by an iCE
3500 flame atomic absorption spectrometer (FAAS;
Thermo Fisher, MA, USA) and an inductively coupled
plasma mass spectrometry (ICP-MS; Thermo Scientific,
MA, USA). For experimental accuracy, each trial was
repeated three times.

The adsorption rate R (%) and adsorption amount Q
(mg/g) of Cd(II) in Cd(II) contaminated water by BB or CBB
were calculated using equations (1) and (2), where C, (mg/L)
and C. (mg/L) represent the Cd(II) concentrations at the
initial and adsorption equilibrium state, respectively, V (mL)
represents the volume of the aqueous solution, and m (g) is
the amount of BB or CBB.
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R(%) =

C,-C
£ x 100%,
c, X o (1)

Q(%) _C0=Ce (2)
m

2.5. Model for Equilibrium Study of Adsorption. The ad-
sorption kinetics of Cd(II) was studied in Cd(II) contami-
nated water using the Langmuir and Freundlich isotherm
models (3) and (4), where C. (mg/L) is the equilibrium
concentration, Q,, (mg/g) denotes the maximum adsorption
capacity, Q. (mg/g) represents the Cd(II) adsorbed amount
at the equilibrium concentration, K, (mg/g) and Ky (mg/g)
are Langmuir and Freundlich isotherm constants, respec-
tively, and 1/n relates to the adsorption capacity [31-34].

_ QmKLCe
Qe = 1+K.C. (3)
Q. = KzC!™. (4)

2.6. Desorption and Regeneration. To investigate the possi-
bility of repeated use of the adsorbent CBB, in this study, the
generation experiment was also conducted through five
consecutive adsorption-desorption processes with the es-
sential pH, contact time, and dose. Meanwhile, for the
desorption experiment after Cd(II) adsorption, the CBB was
transferred to a flask containing 40mL of 0.2M HCI
desorbing agent. The mixture was shaken at 200 rpm using a
rotary shaker for 3 h. After elution, the CBB was rinsed three
times with deionized water to remove any traces of acid and
suspended again in Cd(II) solution for the next adsorption
cycle. The adsorption-desorption cycle was repeated five
times using the same CBB. The desorption rates of CBB were
evaluated as

released Cd (IT)concentration

(5)

d ti te (%) =
esorption rate (%) initially sorbed Cd (II)concentration

2.7. Statistical Analysis. Statistical analysis was conducted by
ANOVA with software SPSS 17.0 (SPSS Inc, Chicago, USA).

3. Results and Discussion

3.1. Preparation of BB and CBB. This study successfully
fabricated a new kind of CBB using BB and chitosan as
substrates for Cd(II) remediation in Cd(II) contaminated
water. Some previous studies reported by Zhou et al. [29]
and Zhang et al. [30] had also explored the use of chitosan
to modify the BB surface to fabricate chitosan-modified
biochars (CMB) and chitosan-modified magnetic biochar
(CMMB) to enhance their affinity to heavy metals (Cr(IV),
Pb(II), Cu(Il), and Cd(II)) in water. It is interesting to note
that the preparation technology to fabricate CBB reported
in our present study is relatively simple and environ-
mentally friendly without using NaOH, Fe,(SO,);, and

FeSO,-7H,0. Therefore, as far as we know, it is the first
report to fabricate CBB using the above method reported in
our present study.

3.2. Characterization of BB and CBB. As shown in Table 1,
after the modification, CBB has no significant impact on the
specific surface area and particle size distribution of BB.
However, contrary to our findings, many biochar with or-
ganic matter have been shown to register very low surface
areas [35].

Figures 1(a)-1(c) show that the BB surface exhibits no-
table smoothness and has a rich pore structure and numerous
small particles, which may be formed after the degradation of
some bamboo tissue during high-temperature pyrolysis,
whereas Figures 1(d)-1(f) show that the CBB is slightly rather
rough due to the irregular stacking of the bamboo charcoal
particles. Meanwhile, EDS showed that the abundances of C,
K, N, and O elements, which were the essential components
of active functional groups, such as -NH,, -COOH, C=0,
and -OH were found to be uniformly distributed along the
surface of BB and CBB. In comparison, the abundances of C,
K, N, and O were more densely distributed at CBB than BB,
suggesting that CBB has abundant active ligand sites and has a
positive contribution to the Cd(II) adsorption.

3.3. Zeta Analysis. 'The effect of pH on the zeta potential
charge of BB and CBB surface is determined. As shown in
Figure 2(a), the zeta potentials of BB and CBB decreased
with the increase of the pH value, probably because of the
deposition of more OH"™ on the adsorbent surface [36]. Zeta
potentials of BB were in the range of +18.90 to -22.10 mV as
the initial pH of the suspensions increased from 3 to 8,
whereas the zeta potentials of CBB increased (+35.80 to
-5.26 mV) in the designed pH range from 3 to 8. The point of
zero charge pH (pH,,.) of BB is 5.2, whereas the pH,,,. of
CBB increased to 7.6 after being modified by chitosan,
suggesting that chitosan loaded on the BB surface increased
the positive charge. Meanwhile, Figure 2(b) shows that, after
Cd(II) adsorption, the zeta potentials of BB and CBB had an
apparent increase at the pH of 7, illustrating that amino
functionalization of chitosan had been adsorbed on the
surface of CBB and the adsorption mechanism of CBB was
based on electrostatic attraction [37, 38].

3.4. Infrared Spectroscopy Study. The surface functional
groups information of BB and CBB before and after Cd(II)
adsorption are presented in Figure 3. Figure 3 shows that the
broad FT-IR band at 3420cm™' was attributed to the
stretching vibrations of -OH and -NH- groups [39]. The
bands at 2960 and 1750cm™' were associated with the
stretching vibration of -CH- and C=0, respectively [40, 41].
The band at 1430cm™' was assigned to the in-of-plane
bending vibration for -COO™ and ~-OH of -COOH [42]. The
band at 1160 cm™" was ascribed to the stretching vibration of
C-O of various groups [43, 44]. The band at 1070 cm™'
indicated the occurrence of the C-O group [45]. Figure 3
also shows that, compared to BB, the contents of the main
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TaBLE 1: The specific surface area and particle size distribution of BB and CBB.
Parameters BB CBB
Specific surface area (mz/kg) 84.99 85.05
Volume mean diameter (ym) 83.45 82.61
Area mean diameter (ym) 26.15 26.13
Quantity mean diameter (um) 0.907 0.912
D90 (um) 186.8 187.0
D50 (ym) 63.05 62.37
D10 (um) 13.25 12.81

FiGURe 1: SEM images of BB (a-c) and CBB (d-f).
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FIGURE 2: The zeta potential for BB and CBB in Cd(II) contaminated water at different pH values (a) and before and after Cd(II) adsorption

at pH=7 (b).

oxygen-containing functional groups, such as C-O,
-COOH, C=0, and -OH, significantly increased during the
preparation of CBB. Surfaces with abundant oxygen-con-
taining functional groups could change the surface zeta
potentials to strengthen the metal ions adsorbent in con-
taminated water [46].

3.5. Effect of pH, Contact Time, and Dose on the Cd(II)
Adsorption. pH, an important parameter for affecting heavy
metals adsorption, could affect the surface potential, counter
ions concentration on the functional groups, and ionization
degree of adsorbents [47-50]. To examine the effect of pH on
the Cd(II) adsorption, the pH values were varied from 3 to 8.
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As shown in Figure 4(a), the adsorption rates of BB and CBB
in Cd(II) contaminated water depend on the pH values and
show similar trends. The adsorption rates of CBB increased
from 66.78% to 90.66%, respectively, over the pH values
range from 3 to 7, while the adsorption of Cd(II) tends to be
stable when pH is greater than 7. Therefore, the optimal pH
of CBB on the Cd(II) removal efficiency is 7. This is con-
sistent with the results reported for heavy metal removal
from industrial wastewater using chitosan-modified oil palm
shell charcoal which was in the pH values range of 6.8-7.1
[47]. Therefore, our results demonstrated that pH is one of
the most essential parameters in the Cd(II) adsorption
process and might change the function groups, mainly
oxygen-containing groups, of CBB [51].

Contact time is one of the critical parameters for the
contaminated water treatment system [52, 53]. To examine
the effect of contact time on the Cd(IT) removal efficiency,
the contact time were varied from 5 to 240 min. As shown in
Figure 4(b), the Cd(II) adsorption rates of CBB in Cd(II)
contaminated water are higher than those of BB and increase
with an increase in contact time before adsorption equi-
librium is reached. It can be seen that the adsorption rates of
CBB increase from 81.54% to 90.24% when the contact time
increase from 5 to 120 min. Therefore, the optimum contact
time for CBB is found to be 120 min, compared to that of BB
which is 180 min. Hence, CBB requires a shorter contact
time to reach adsorption equilibrium, demonstrating that
the greater availability of various functional groups on the
surface of chitosan could significantly improve the binding
capacity and the adsorption of Cd(II) from wastewater
[54-56].

The effect of different doses of BB and CBB on the Cd(II)
adsorption was studied by varying the amount of adsorbents
from 100 to 1000 mg, while keeping the pH value and
contact time constant. Figure 4(c) shows that the Cd(II)
removal efficiency of the BB and CBB adsorbents generally

improves with the increasing adsorbent dose. This is ex-
pected that the higher dose of adsorbents added in Cd(II)
contaminated water, the greater removal availability of
adsorbents for Cd(II) removal, and then shows no further
increase in Cd(II) adsorption after a certain amount of BB
and CBB adsorbents were added [57, 58]. Meanwhile, the
results, as shown in Figure 4(c), also indicate that the Cd(II)
adsorption rates of CBB in Cd(II) contaminated water are
higher than those of BB as well as increase with an increase in
dose before equilibrium is reached. It can be seen that the
adsorption rates of CBB increased from 73.33% to 90.66%
when the doses of CBB were increased from 100 to 600 mg.
Therefore, the optimum dose for CBB adsorbents is 600 mg,
compared to that of BB which is 800 mg.

3.6. Adsorption Isotherms. To further investigate the ad-
sorption mechanism of BB and CBB, the adsorption equilib-
rium isotherms of Cd(II) in Cd(II) wastewater were
determined at 20°C with optimal conditions. Figure 5(a) shows
the effect of contact time on the theoretical Cd(II) adsorption
capacity by BB and CBB, and the adsorption curves of BB and
CBB increased steeply within the first 180 min, indicating that
the abundant adsorption sites on the BB and CBB surface were
rapidly occupied by Cd(II) via surface absorption. Figure 5(b)
shows the effect of C, on the Cd(II) adsorption capacity by BB
and CBB. When C, <45 mg/L, the Cd(II) adsorption capacity
of the BB and CBB adsorbents was found to increase re-
markably, which could be ascribed to the sufficient active sites
on the BB and CBB surface. Meanwhile, as the C. values
continue to increase, the available active adsorption sites on the
surface of the BB and CBB adsorbents tend to saturate,
therefore resulting in a dynamic adsorption equilibrium for the
Cd(II) adsorption capacity. Similar results were reported by
Yan et al. [58]. The Langmuir and Freundlich fitting curves of
BB and CBB are plotted in Figures 5(c) and 5(d) and the related
parameters are presented in Table 2. Figures 5(c) and 5(d) as
well as Table 2 show that the Langmuir and Freundlich models
exhibit the best fit for BB and CBB with both the highest
correlation coefficients exceeding 0.95, indicating that the BB
and CBB surface are homogeneous [59]. Generally, 1/n rep-
resents the heterogeneity factor of the site energy on the
functional groups, and the smaller 1/n is, the better the ad-
sorption capacity is, such as 0<1/n<1 indicates favorable
adsorption [60, 61]. This study shows that the 1/n values of BB
and CBB are 0.24 and 0.21, respectively, indicating a favorable
Cd(II) adsorption by the two adsorbents. The Ky obtained from
the Freundlich model as well as K; obtained from the Lang-
muir model could be the critical indicators of heavy metals
adsorption [58]. Table 2 shows that the Kr and K values
followed the order: BB > CBB, suggesting that CBB had an
adsorption affinity toward Cd(II). Furthermore, the maximum
adsorption capacity (Q,,) values predicted from the Langmuir
model were 37.74 and 93.46 mg/g for BB and CBB, respectively.
In recent years, many modified biochars were also prepared
[61-65] and the comparison of the Q,, values of Cd(II) was
listed in Table 3. Table 3 shows that the Q,, value of Cd(II) is
higher than most of the reported modified biochars, indicating
a potential application of CBB in practical wastewater.
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TasLE 2: Langmuir and Freundlich isotherm parameters for the
adsorption of Cd(II).

Langmuir Freundlich
Adsorbents 5 2
Qn (mg/g) K, R Kg 1/n R
BB 37.74 0.14 0.99 2.63 0.24  0.99
CBB 93.46 0.06 095 2.10 0.21 0.99

TaBLE 3: Comparison of the Q,, values of Cd(II) of different
modified biochars.

Absorbent ng()m ¢/ Reference
CBB 93.46  This study
Chitosan-modified biochar 71.5 [29]
Phosphate—modlﬁed activated bamboo 202,66 [61]
biochar

Fe-Mn binary oxide-biochar 72.9927 [62]
Ball-milled bone biochar 165.77 [63]
Sulfonated biochar 85.76 [64]
Magnesium oxide biochar-chitosan 68.223 [65]

composite

3.7. Desorption and Reusability. The recyclability of ad-
sorbent is one of the important performance indexes to
evaluate the applicability of adsorbent in treating actual
wastewater [66]. The adsorption and desorption rates of
Cd(II) in five adsorption-desorption cycles were shown in
Figure 6. It was found that after five cycles, the adsorption
and desorption of CBB exhibited a slight decline and still
reached at 71.70% and 65.92%, respectively. The good re-
producibility indicated that CBB could be used as a de-
sirable, economic, and recyclable adsorbent in practical
wastewater.
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FIGURE 6: Five consecutive adsorption-desorption cycles of CBB for
Cd(I) adsorption. Error bars mean the standard deviation. “indicates
a significant difference at p <0.05 compared with cycle 1.

3.8. Possible Adsorption Mechanism. Based on the above
analysis and isotherm results, a possible mechanism for
the adsorption of Cd(II) by CBB has been proposed and
depicted in Figure 7. As shown in Figure 7, we speculate
that the possible adsorption mechanisms include surface
adsorption, electrostatic adsorption, and ion exchanges.
More specifically, the surface of CBB has abundant pores
and active functional groups (-NH,, -COOH, -OH, and
C=0), which could significantly improve the surface
adsorption capacity. Meanwhile, abundant -OH and
-COOH active functional groups on the surface of CBB
could change the surface zeta potentials by loss of H' to
form charged functional groups, thus strengthening the
electrostatic adsorption of the adsorbent in Cd(II) con-
taminated water. In addition, after carbonization at high
temperature, the abundant K of CBB are transformed into
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FIGURE 7: Diagram showing the possible adsorption mechanism of CBB on Cd(II) adsorption.

free K*, which continuously exchange with Cd(II) in an
aqueous solution, thus promoting the process of Cd(II)
ion exchange.

4. Conclusions

In summary, a new eco-friendly and low-cost adsorbent for
Cd(II) was prepared by the modification of BB with chitosan
via a simple method. Results showed that the modification
could significantly improve the surface properties and ad-
sorption performance for Cd(II) adsorption. As well, the
adsorption isotherm results show that the possible ad-
sorption mechanisms include surface adsorption, electro-
static adsorption, and ion exchanges. Thus, the CBB can be
considered as a feasible, promising, and high value-added
approach for Cd(II) contaminated water recycling.
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Nanotechnology has found vast applications in everyday life. Use of plant extract in the synthesis of nanocomposites produces
relatively less toxic and environment-friendly materials. The present study deals with the synthesis of zinc oxide nanocomposite
using gel from leaves of Aloe vera (black Aloe vera (BAV) and white Aloe vera (WAV)) and extract from powder of nuts of
Terminalia arjuna. Synthesized nanocomposites were then characterized by using SEM, FTIR, and UV-Vis techniques. Disc
diffusion method was opted to inquire the antimicrobial ability of nanocomposites against different bacterial strains such as
Escherichia coli () and Burkholderia stabilis (+). ZnO-BAV possessed good antimicrobial potential against both selected strains as
proved from zone of inhibitions. However, ZnO-WAYV and ZnO-N showed potential against E. coli and no response for B. stabilis.

1. Introduction

The study and utilization of material at atomic, molecular,
and macromolecular scale is an uprising subdiscipline in
different fields of science. During nanocomposite synthesis,
particle size reduction of metals is a very attractive field for
the researchers as it opens different opportunities to produce
novel products [1]. There is a remarkable interest in the
synthesis of nanoparticles as they exhibit tremendous
properties such as rapid disintegration, shorter dissolution
time, and organic, inorganic, and organometallic compo-
nents and can be used for synthesizing nanoparticles.
Electrochemical and physiochemical nature of nano-
particles defines various areas of their applications, such as
optics, photonics, chemisensitive sensing, medicine, phar-
maceutics, data storage devices, ceramics, and water puri-
fication by catalysis and adsorption [1, 2]. Synthesis of
nanoparticles is generally performed by following two dif-
ferent approaches termed as top-down and bottom-up. In

the former method, the macroparticles are reduced to
nanosized particles, but they are of nonuniform shape,
whereas in the later approach, nanoparticles of definite size,
shape, and structure are produced. Green synthesis defines
the route to produce nanoparticles using less and relatively
safer reagents in order to protect the environment [3, 4].
Enzymes and biological materials can be utilized as the
capping and reducing agents [3]. Nanoparticles can be
synthesized by using micro-organisms such as fungi instead
of plant extract, and these microorganisms’ help to reduce
the metals effectively [5].

During recent years, plant-mediated synthesis of metal
nanocomposites has gained noticeable popularity [6]. One
significant reason is that the plant-mediated synthesis of
nanoparticles is relatively faster than microorganism-based
synthesis of nanoparticles [7].

It has been already reported that various techniques can
be employed for the synthesis of ZnO nanopowders as
thermal  decomposition  of  organic  precursor,
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electrodeposition, microwave-assisted techniques, spray
pyrolysis, hydrothermal methods, precipitation methods, sol
gel method, and use of microemulsions [8-17].

A large variety of plant materials has been used for the
synthesis of metal nanocomposites, and their potential
antimicrobial effects have also been reported in literature
[18, 19]. In present studies, zinc nanoparticles are synthe-
sized with the help of Aloe vera gel and Terminalia arjuna
nuts.

Zinc is a strong reducing agent with a moderately re-
active property [20]. ZnO nanoparticles have promising
potential as an antimicrobial agent. It was observed that
ZnO maintains its antibacterial tendency even after
composite formation. Its antimicrobial properties include
damaging the micro-organism cell by discharge of ions
[21]. ZnO composites have also been used as nanofertilizer
[22].

Aloe vera is a succulent plant species from the genus
Aloe. It has cacti-like leafy structure and mostly found in
African and Asian regions. It is used as general tonic for
immune system, and its juice can potentially be used to treat
various diseases [23, 24]. It is effective in treating lung
cancer, diabetes, rheumatic arthritis, ulcers, skin burns, and
indigestion; it is used as an anti-inflammatory agent and has
cosmological importance [25-29].

Terminalia arjuna belongs to genus Terminalia. This
plant is usually located around riverbanks or near the
derelict riverbank in South Asia [30-32]. The main chemical
constituents of Terminalia nuts include triterpenoids, tan-
nins, saponins, gallic acid, flavonoids, phytosterols, and
ellagic acid [33]. Different studies showed that Terminalia
arjuna plant exhibits antioxidant potential, hypotensive,
anti-inflammatory, antiatherogenic, antimutagenic, anti-
carcinogenic, and gastroproductive effects. Extracts of this
plant has proved it useful against coronary heart diseases.

2. Materials and Methods

2.1. Materials. All the chemicals are used in the present
study: carbon tetrachloride, silver nitrate, zinc acetate, so-
dium hydroxide, and chromic acid were obtained from
Sigma Aldrich. Furthermore, double distilled water was used
for preparing all the solutions.

2.2. Collection of Plant Material. In this study, two plants
having medicinal significance were selected, i.e., Aloe vera
and Terminalia arjuna. Two varieties of dried Aloe vera gel
(commercially available marked as black Aloe vera (BAV)
and white Aloe vera (WAYV)) were purchased from the local
market. The dried plant material was ground to fine powder
and sieved through 20 ASTM and kept in a jar for further
use.

Almost dried nuts of Terminalia arjuna were directly
collected from the trees grown at Quaid-e-Azam Campus,
University of the Punjab, Lahore. The nuts were washed,
dried, and grounded using a ball mill and sieved through 20
ASTM. The powder was dried at 70°C and kept in an air-tight
jar for further use.
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2.3. Plant Extract Preparation. For the preparation of the
plant extract, 5 g of dried plant material was taken separately
in distilled water (100 mL). They were stirred at 100 rpm on a
hot plate for 15 minutes at 70°C. This solution was filtered
after cooling and used for the preparation of ZnO nano-
particles. Extract of both plant materials was prepared fol-
lowing the same procedure.

2.4. Synthesis of ZnO Nanocomposites. To synthesize the
ZnO nanomaterial with medicinal plant extracts, initially
zinc acetate (2.9 g) was dissolved in 50 mL of water. This
solution thus obtained was stirred using a magnetic stirrer
for 1 hour at room temperature in a conical flask. Then,
20 mL of 10% sodium hydroxide solution was slowly added,
and the contents were mixed thoroughly. Now, the flask is
covered after adding 50 mL of plant extract and left it for 1
hour. Then, it was placed on an orbital shaker at 100 rpm for
3 hours. Then, the contents were allowed to stand for an-
other 30 minutes. The yellow-coloured ZnO nano-
composites, settled down at bottom, were separated either by
centrifuging or by decanting off the supernatant liquid
carefully. The ZnO composites were dried in an oven at 80°C
for 2 hours. The scheme used is given in Figure 1.

2.5. Characterization of ZnO Nanocomposites. Composite
nanoparticles of zinc were characterized by using FTIR, UV,
and SEM techniques.

To study the presence of various functional groups, FTIR
analysis (Perkin Elmer) was carried out in the range of
4000-400 cm™" for plant extract and then compared with the
plant-based ZnO nanocomposites.

For conducting the UV analysis, Labomed 3500-UVD
was used to find A, of the synthesized material. They
absorb the characteristic wavelengths with a little variation
due to the organic molecules from plant materials acting as
capping and reducing agents.

To study the surface morphology of any material, SEM
analysis was conducted. To verify the formation of nano-
composites, the comparison of SEM of dried plant material
and synthesized nanocomposite was studied. It reveals the
change in the structural morphology that occurs during the
formation of nanocomposites.

3. Results and Discussion

3.1. FTIR Analysis of ZnO-BAV. FTIR spectra of BAV-Zn
indicated various bands. Weak signals at 3633cm™ " are
owing to the presence of N-H amines. Strong stretching
vibration owing to the formation of N-H amides is found at
1533 cm™. The spectra of ZnO-BAV, ZnO-WAYV, and ZnO-

N are displayed in Figures 2-4.

3.2. FTIR Analysis of ZnO-N. The presence of secondary
amines was displayed due to N-H amines at 3343cm™".
Strong stretching vibrational signals at 1511 cm ™" is owing to
the formation of the N-H amide bond. Strong stretching

vibration at 1362 cm™" is because of alpha methyl bending.
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F1GUure 3: FTIR spectrogram of ZnO-N nanocomposites.
Peak at 1069 cm™" indicated strong stretching due to oxy-  also validates our work who found the bands are at 3243,

gen-carbon bond. Band at 838 cm™" shows strong stretching 2168, 1383, 1599, 1076, 780, and 515cm™'. Peaks near
vibrations caused by the C-H bond. The work of Dobrucka ~ 515cm ™" can be owing to the stretching vibration of ZnO.
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FIGURE 6: SEM images of (a) ZnO-BAV, (b) ZnO-N, and (c) ZnO-WAV nanocomposites.

Other bands at 3245 and 1599 cm™" are indicating the -OH  3.3. FTIR Analysis of ZnO-WAV. In the spectrogram of
group. The peaks at 1383 and 1076 cm™' may be ascribed to ~ ZnO-WAYV, the band at 3207cm™' demonstrated the
-C-O- and -C-O-C-stretching vibes [34]. presence of amines, whereas the band at 1393 cm™" is owing
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against E. coli and B. stabilis.

TaBLE 1: Zone of inhibition produced by different ZnO
nanocomposites.

Zone of inhibitions for zinc

Nanocomposites nanocomposites

Escherichia coli Burkholderia stabilis
ZnO-BAV 0.24 +0.02 0.11 +£0.01
ZnO-WAV 0.20 +0.02 —
ZnO-N 0.11+0.02 —

to C-O-H bonding. The stretching of two O-C bonds is
exhibited by the band at 1020 cm™". The analysis of Jamdagni
also strengthens our spectral results, who gained FTIR peeks
at 3340.6, 3258.2, 2127.8, 1641.1, 1456.7, 1362.5, 1040, 1026.8,
746.25, and 620.65cm™" for ZnO nanocomposites [34].

3.4. UV-Vis Analysis. UV-Vis spectrographs were taken in
the range of 280-500nm for ZnO nanocomposites using
suitable solvents. UV absorption spectra for ZnO nano-
composites with BAV, WAV, and nuts are shown in Fig-
ure 5. It is revealed that A,,,, is shown at 320 and 310 nm,
respectively. Nearly, the same results were reported in the
previous work [34].

3.5. SEM Imaging. SEM images of ZnO-nanocomposites
have been performed on FEI Nova 450 NanoSEM. The shape
of each Figure (Figures 6(a), 6(b), 6(c)) obtained by SEM
images are fibrous-wired structure, scattered particle, and
octahedral, respectively. The different surface morphology of
ZnO nanocomposite revealed that ZnO-BAV showed fi-
brous-wired structure (~27 to 71 nm particle size), ZnO-N
showed scattered particle formation (~32 to 83 nm particle
size), and ZnO-WAV showed octahedral zinc composite
(~29 to 75 nm particle size) as shown in Figure 6.

3.6. Antimicrobial Activity. Antimicrobial potential of
synthesized ZnO-nanocomposites was investigated against
two bacterial strains, i.e., Burkholderia stabilis and Escher-
ichia coli. After preparing Petri plates using agar medium

and uniformly distributing the bacterial strains over the agar
surface, the disc diffusion method was applied. DMSO was
used to make the solutions. The zone of inhibition in case of
zinc oxide nanocomposites, as shown in Figure 7, revealed
active antimicrobial potency against the selected strains of
bacteria. Zone of inhibitions for ZnO nanocomposites are
compared in Table 1.

4. Conclusion

Nanocomposites of zinc oxide were synthesized by using the
plant extract of Aloe vera and Terminalia plants. These
nanoparticles are synthesized under ecofriendly conditions
with less toxic chemical production. Nanoparticles are then
characterized by using different analytical techniques such as
FTIR, UV-VIS, and SEM. In FTIR studies, the synthesized
nanoparticles showed absorbance and bending at expected
specific wavenumbers due to various functional groups which
confirmed the synthesis of nanocomposites. In the UV-Vis,
spectrum the synthesized products showed the maximum
absorption at specific wavelength assigned for ZnO that
confirms the formation of the product of interest. From SEM
images, the nanoparticle’s structure was further confirmed,
and it shows the morphology of the nanoparticles. Then, the
antibacterial potential was checked against two bacterial strains
Burkholderia stabilis and Escherichia coli, and both types of
nanocomposites indicated efficient antibacterial potency.
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