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Abstract

A functionalized graphene oxide (f-GO) based ternary
composite was fabricated with carboxymethyl cellulose
(CMC) and hydroxyapatite (HAp) and crosslinked with
glutaraldehyde (GA) for the adsorptive removal of
heavy metal lead (Il) from water. The composite was
characterized and the adsorption process was
optimized through batch and column studies.
Adsorption kinetics and mechanisms were investigated
using adsorption isotherm studies. The results showed
that the adsorption followed pseudo-second-order
kinetics (R*-0.9981) and the Freundlich isotherm (R’-
0.9965), indicating a heterogeneous surface and
multilayer  adsorption and pseudo-second-order
kinetics.

The fixed bed column studies demonstrated that 1 cm
of bed height, 200 mg/L of inlet concentration and 3
mL/min of flow rate were optimal for lead (Il) removal.
The functionalized graphene oxide based composite
exhibited a high adsorption capacity and efficiency,

making it a promising adsorbent for removing heavy
metals from industrial effluent. The study highlights the
potential of carboxymethyl cellulose, functionalized
graphene oxide-based composites as an effective and
eco-friendly solution for environmental heavy metal
pollution.
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Introduction

Due to their non-biodegradable nature, extreme toxicity even
at low concentrations and widespread presence in food,
drinking water, soil and air, heavy metal ions are a major
cause of environmental pollution. Heavy metals are a major
concern  worldwide because of their toxicity,
bioaccumulation and biomagnification in living organisms
like plants and animals®. Heavy metals are among the most
dangerous and enduring contaminants in industrial
effluent'3. Some of the polluting heavy metals are (Pb (1I)),
(As (1)), (Hg (ID), (Cr(VI)), (Cd (1)) found to be harmful
and toxic*! to the living ones even in trace amounts.
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The major use of lead is in making rechargeable storage
batteries®. Lead is a highly poisonous metal that affects
almost every organ in the body. The National Health and
Nutrition Examination Survey (NHANES), USA, has
calculated the level of lead(Pb) in blood in the U.S.
populations of children whose elevated levels of blood lead
were found to be (> 10pg/dL)°!. The allowed level of lead in
drinking water is 15 ug/L. Pb that is not biodegradable, can
enter the food chain and severely compromises human
physical fitness. Serious health issues that could arise from
it include renal and lung disorders, semi-permanent brain
stroke and cancer®. Lead poisoning shows a teratogenic
effect’?. Lead consumption damages the immune system,
particularly the tissues in the kidneys. Human exposure to
lead has been shown to have the following effects: mainly
Alzheimer’s disease and reduced fertility, both in men and
women>,

There have been reports of several methods, such as
membrane separation, ion exchange, coagulation-
precipitation and adsorption treatments that have been
effective in eliminating heavy metals from industrial
effluents’>. However, these procedures are inefficient
economically because they have inherent drawbacks over
adsorption including inadequate dye removal, high energy
needs, high running costs and the creation of by-products.
Adsorption, on the other hand, is recognized as a prominent
technique in this field due to its widespread use as a
physicochemical technology. Many advantages of this
approach include its simplicity of use, affordability,
increased selectivity, higher efficiency, compatibility with
the environment and ease of operation®%%-7>,

Given its benefits, including low secondary sludge
production, cost-effectiveness and convenience of operation,
one of the most promising methods for removing metals
from wastewater is adsorption®*>. Thus, adsorption is a
process primarily utilized in the water treatment sector and
efforts have been made to identify inexpensive and efficient
adsorbents*2.

Natural, biodegradable and reasonably priced polymers with
a variety of functional groups including -NH», -COOH and -
OH, such as polysaccharides, can be employed as adsorbents
for heavy metal ions'”. Modified polysaccharides are widely
employed due to improved properties®®. Most of the
agricultural waste, cotton and wood pulp all naturally
contain cellulose, a polysaccharide®®. Due to the abundance
of hydroxyl functional groups in cellulose, it can operate as
a biopolymeric ligand. However, the adsorption capacity of
cellulose may be greatly decreased because of the potential
instability of the complexes that result from the interaction
between the OH groups at positions C2 and C3 and the metal
cations.

Carboxymethyl cellulose is a derivative of cellulosic

material that has not yet been thoroughly studied or
customized. According to Bao et al'' and Hokkanen et al?’,
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carboxymethyl cellulose (CMC) is a cellulose derivative in
which specific hydroxyl groups of the glucopyranose
monomer ring that occupy the cellulose skeleton, are bonded
with -CH,-COOH groups. According to Rasoulzadeh and
Namazi®’, as an anionic polymer, CMC has excellent film-
forming properties, a high viscosity, resistance to oils, grease
and organic solvents and quick dissolution in both hot and
cold water.

In recent times, graphene oxide (GO) has garnered
significant interest since it is an intriguing two-dimensional
carbon-based substance having a high atomic thickness and
specific surface area that has a high adsorption capacity. The
functionalised graphene oxide is considered more attractive
due to its higher functionality created by -COOH and -SO3:H
and -OH groups. Thus, during the adsorption process, many
hydroxyl and carboxyl groups on the GO surface supply a
high number of active sites?®*. Accordingly, adding f-GO
will enhance the adsorption capacity and dispersity of CMC
in water®®. According to Zhao et al'%, the removal of metal
cations may also benefit from the use of the sulfonated
magnetic GO composite.

Any polymer can be easily blended with graphene oxide to
create a composite material that has better qualities than the
original polymer such as thermal stability, mechanical
strength and stiffness, electrical conductivity and tensile
strength®!. In the current work, a functionalization based on
carboxyl group reinforcement into the graphene oxide
matrix was carried out to improve the functional
characteristics of graphene oxide.

The form and chemistry of hydroxyapatite (HAp), a calcium
phosphate, are comparable to those of human hard tissues.
The basic inorganic component of calcium apatite is
hydroxyapatite, also known as hydroxylapatite®2. Its formula
is Cas(POs)s, however, it is typically written
Caio(PO4)s(OH): to indicate that the crystal unit cell consists
of two entities. Environmental researchers have recently
considered this material because of its unique qualities
which include extended shelf life, biocompatibility,
biodegradability and a high specific surface area?®*, Several
investigations have documented the appropriate operation of
hydroxyapatite in processes such as calcium ion exchange

with  divalent metals/ions®’, immobilization® and
adsorption?*,
Many crosslinkers including glutaraldehyde (GA),

epichlorohydrin (EPC), tripolyphosphate (TPP), genipin and
glyoxal, are frequently used to achieve chemical
crosslinking*®>!, Glutaraldehyde (GA) is one of the many
crosslinkers that has been widely employed to create
crosslinked, well-organized biopolymeric composites.
Hence, in the present work, functionalized graphene oxide
was fabricated with carboxymethyl cellulose and HAp with
the crosslinking agent glutaraldehyde (GA) is employed in
water as an adsorbent to extract lead (Pb) using batch
adsorptive mechanisms. The applicability of the adsorption
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process in the real-time situation was also tested by fixed-
bed column studies. The study results are suitably tested
using different isotherms and dynamic adsorption models.

Material and Methods

Materials: Hydroxyapatite was procured from Sigma-
Aldrich Co.Graphite was obtained from Molychem
Chemicals Ltd. Carboxymethyl cellulose, lead nitrate were
procured from Riochem Chemical Pvt. Ltd. Glutaraldehyde
was obtained from MPM scientific chemicals.

Synthesis of functionalized Graphene Oxide: GO was
developed using graphite powder with a modification of
Hummer's method®®. One gram of graphite powder was
dispersed in five mL of cold 98% sulfuric acid in an ice bath.
4 gms of KMnO,4 were gradually added within 5 min while
stirring the liquid below 20°C, following 20 min of stirring.
The reaction was kept continuing for 30 minutes at 35°C
after one hour. Subsequently, 50 mL of deionized water was
gradually added to the reaction blend. The solution was
further diluted to 200 mL with deionized water after 20 min
of reaction time at 98 °C. To eliminate any residual KMnOj4
and MnO», 5 mL of 30% H»O; was added.

Subsequently, the end product underwent four rounds of
continuous washing with 5% HCI solution and deionized
water. The resulting f-GO (yield 89%) was vacuum-dried in
an oven for ten hours at 70°C.

Preparation of carboxymethyl Cellulose/hydroxyapatite
/f-graphene oxide composite: A minimum of one gram of
carboxymethyl cellulose was dissolved in water.
Simultaneously, 0.5 g of hydroxyapatite and 0.25 g of f-
graphene oxide were dispersed in water. Each solution was
thoroughly mixed using a magnetic stirrer for approximately
20 min. The stirred hydroxyapatite and functionalized
graphene oxide solutions were slowly added to the
carboxymethyl cellulose taken in a beaker. The resulting
mixture was again magnetically stirred for about 2 hrs after
the addition of 7ml of glutaraldehyde as the crosslinking
agent and air dried in a Petri dish. The dried composite was
subjected to various characterization studies.

Fourier Transform Infra-red Spectroscopy: The
Shimadzu FT-IR Spectrometer, which has a range of 400-
4000 cm™!, was used to record the Fourier transform infrared
spectrophotometer (FT-IR) spectrum.

X-ray Diffraction Analysis: The Ni filter Cu Ka radiation
source (A=0.154nm) was used to capture the X-ray
diffraction pattern. The D8 advance diffractometer was
operated with a voltage of 30 kV and a current of 40 mA.

Thermogravimetric Analysis: To investigate the weight
losses at various phases, the SDT Q600 V8.0 Build 95
instrument was used in the TGA investigation. In a nitrogen
environment, the instrument was heated at a rate of 10 °C
per minute.
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Differential Scanning Calorimetry: The Netzsch DSC 200
PC was used to conduct the measurements in an Al pan with
a punctured lid, heating the material at a rate of 10 °C per
minute in a N, atmosphere.

Scanning Electron Microscopy with EDX: Scanning
electron microscopy was used to examine the composites'
surface morphology to verify the compatibility of the
polymers. For the analysis, using a sputter coater unit (VG
— Microtech, UCK field, UK), a thin layer of gold-palladium
was applied to the sample and the topography was studied
with a JEOL Model JSM - 6390LV model and Oxford XMX
N with a tungsten filament.

Antimicrobial Activity: The resultant composites'
antibacterial effectiveness was evaluated in comparison to
two Gram-negative and one Gram-positive bacterial strains
namely Staphylococcus aureus, Klebsiella pneumonia and
Escherichia coli utilizing the Muller Hinton agar (MHA)
medium and the disc diffusion method, along with antifungal
activity against Aspergillus flavus, Aspergillus niger and
Mucor using Sabouraud dextrose agar in the present research
work.

Antioxidant Activity: Antioxidants have a significant
function in disease prevention. Hence in the present work,
the antioxidant property of the composite was evaluated by
the DPPH radical scavenging method.

DPPH Scavenging Activity: Using the DPPH scavenging
experiment, the composite's antioxidant activity was
investigated. The DPPH radical scavenging activity is an
investigation of antioxidant capacity. The prepared
composite's capacity to scavenge radicals was ascertained by
measuring the absorbance of DPPH at 517nm. When the
color changes, the sample scavenges the DPPH by donating
hydrogen atoms to form a stable DPPH complex, which
causes the absorbance to drop. DPPH solution without a
sample is considered a control.

The following formula determined the percentage of
inhibition (1%) of free radical generation from DPPH:

Ac—As

% of inhibition = %100 (1)

[

where Ac is Absorbance of the control and As is Absorbance
of the sample solution.

Heavy metal lead removal using CMC/Hap/f-GO-GLU
composite by batch adsorption: Lead nitrate solution with
specified starting metal concentrations was used for batch
investigations by using CMC/HAp/f-GO-GLU composite.
The metal solution was taken in stoppered bottles and shaken
in an orbital shaker at a constant speed of 210 rpm at 30 °C.
The degree of metal removal was investigated separately by
changing the parameters of pH, contact time, adsorbent
dosage and starting metal ion concentration. The heavy
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metals' adsorption was analyzed using Varian AAA 220 FS
Atomic Absorption Spectroscopy after each treatment stage.

An analysis was conducted on the lead adsorption process
under optimal pH, duration of contact, dose of adsorbent and
initial concentration of metal ions. Both Freundlich and
Langmuir isotherms were fitted to the data. The formula for
the Langmuir equation is:

Ceq _ DBCeq , 1

Cads - Ky, + K_L (2)
K,
Cinax = YL 3)

where Cags is the metal ion adsorbed quantity (mg/g), Ceq is
the metal ion's equilibrium concentration in solution
(mg/dm?®). The Langmuir constant, or Ky, is represented in
dm’/g. b = Langmuir constant (dm3/mg).

The highest amount of metal ions that can bind to an
adsorbent is expressed as Cmax (mg/g). The Freundlich
equation used is expressed as:

Caas = KCeql/n 4

The Freundlich equation was expressed in a linearized form.
logCqqs =1logK +1/nlogCeq %)

where Cags are the amount of metal ions adsorbed (mg/g),
Freundlich constant (mg/g-1) is represented by 1/n and Ceq
is the equilibrium concentration in solution (mg/dm?) and K
= Freundlich contant (g.dm™).

By conducting a different set of adsorption experiments at
constant temperatures to track the adsorption over time, the
adsorption process's kinetics could be studied. Using the
pseudo-first- and pseudo-second-order models, it is possible
to determine quantitatively and evaluate the adsorption rate.

Pseudo first-order equation:

log(ge — q¢) = logqe — k1t/2.303 (©)
Pseudo Second-order equation:

t/q. = 1/k;q%e + t/q. (7

The adsorption rate constants of pseudo-first order and
pseudo-second order kinetics are represented by the
expressions ge and qt respectively and K; (min™') and K> (g
mg! min') are the amounts of metal adsorbed (mg/g) at
equilibrium at time t (min). The pseudo-first-order and
pseudo-second-order models are represented in the linear
charts by tracing log (qe - qt) versus t and (t/qt) versus t
respectively. The visualization of the experimental data
yields the rate constants ki and k.

Intraparticle diffusion Kinetics: The equation for
intraparticle diffusion is expressed as follows:

https://doi.org/10.25303/299rjce0860110
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where Kiq is the intraparticle diffusion rate constant (mg/g
min'?) and C is the intercept. Plotting g vs t /> allowed for
getting Kiq and C values based on the slope and intercept.

Desorption Studies: A desorption study was also carried out
for the lead-loaded composites after the adsorption process
was over. Desorption studies were done using 1N HCl as the
desorbing agent. 0.5 g of the lead-loaded adsorbent was
weighed and treated with 1N HCI, shaken well for 2 hours
and filtered. Then, the lead concentration in the filtrate was
analyzed using AAS studies.

Column Adsorption Studies: For the experiment, a Pyrex
glass tube with an inner diameter of 2.1 cm and a height of
30 cm served as the fixed bed column. Lead nitrate was used
to study the removal efficiency of the adsorbent through the
column. The metal solution was supplied to the column with
a downward flow. At regular intervals, a filtered sample was
gathered. The heavy metal lead was analyzed after each
period of remediation using an Atomic Absorption
spectrometer. Three dynamic models: the Boharts and
Adam, Thomas and Yoon Nelson models as well as
breakthrough curves, were used during the continuous
adsorption process that varied the impact of flow rates.

Thomas Model: The linearised form of the Thomas model
for an adsorption column was expressed as follows:

_ KrnqoX _ KrHGo v

C,
In=>— o Vers ©)

Ce Q

where C; and C, are the concentrations of inlet and effluent
solutes (mg/L), The formula for calculating the maximum
adsorption capacity is qo (mg/g), the total mass of the
adsorbent is X (g), the inlet volumetric flow rate is Q
(mL/min), the throughput volume is Vs (mL); and the
Thomas rate constant is kty = mL/min.mg. The equilibrium
absorption per gram of the adsorbent and g, can be found by
analyzing the slope and intercept of the plot of In (Co/Cy)-1
against throughput volume (V). The kinetic coefficient is
kTH.

Yoon Nelson Model: The linear form of the Yoon and
Nelson model is represented as follows:

C
ln I:Co_—t(:t:l = KYNt - TKYN (10)

where t is the breakthrough (sampling) time (min), t is the
time needed for 50% adsorbate breakthrough (min), C; and
C, are the effluent and inlet solute concentrations and kyn is
the Yoon and Nelson rate constant (min™'). With the help of
the slope and intercept of the plot of In (C,-Cy) versus t, the
kyn and 1 values were calculated.

Adam Bohart Model: The Adam-Bohart expression is
provided as follows:
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C, KagCotZ
In [C—:— 1] e N (11)

where Z is the column bed depth (cm), F is the superficial
velocity of the influent solution determined by dividing the
flow rate by the column section area (cm/min) and C; and C,
are the effluent and influent concentrations (mg L") at time
t and zero and kag is the kinetic constant (mL/min.mg). The
parameters (kag and N,), which characterize the
characteristic operations of the column, were found using the
slope and intercept of the plot of In (C /C,) against time (t)
respectively.

Results and Discussion

In the present work, carboxymethyl cellulose (CMC),
hydroxyapatite (HAp) and carboxyl functionalized graphene
oxide crosslinked with glutaraldehyde (1:0.5:0.25 + 7 ml
glutaraldehyde) were prepared and characterized by FT-IR,
XRD, TGA, DSC, SEM, antimicrobial and antioxidant
techniques. Subsequently, batch adsorption studies
determined the prepared CMC/HAP/f-GO-GLU composite's
adsorption capacity. Removal of heavy metal lead required
adjusting variables like starting metal ion concentration, pH,
adsorbent dose and contact time. The results of the
characterizations and various parameters were carried out
for the adsorption process:

Fourier Transform Infrared spectroscopy: Information
regarding the existence or lack of particular functional
groups and the identification of crosslinked networks present
in the composites are best provided by FT-IR. The FT-IR
spectrum of the CMC/HAp/f-GO composite made using the
cross-linking material glutaraldehyde is given in figure 1.
The FT-IR spectrum of the crosslinked CMC/HAp/f-GO-
GLU composite shows prominent and distinctive peaks that
represent each of the polymeric matrix's groups involved in
the crosslinked composite formation. The broadband that
appears at 3427.51 cm’! involves carboxymethyl cellulose's
O-H stretching vibration overlapping with the O-H

Res. J. Chem. Environ.

stretching of HAp and f-GO due to an intermolecularly H-
bonded O-H stretched vibration that has raised vibration
transferred to an area with a higher wavenumber as a result
of the crosslinking that occurred®*%.

The absorption peaks at 2929.87 cm™! and 2358.94 cm’! are
assigned to the asymmetric C-H stretching in methylenic and
C=0 stretching in O=C=0 anhydride moiety’®. The
appearance of C=0 asymmetric stretching vibration gives a
strong peak at 1633.71 cm™' due to the carboxylate
group. A strong peak observed at 1716.65 cm! indicates
the presence of C=O stretching vibration of aldehydic
linkages, confirming the formation of glutaraldehyde cross
linked composite®,

The development of a new peak at 1116.78 cm’! corresponds
to the C-O-C and C-O stretch in ethers and alcohol groups
present in the CMC and GO overlapping during composite
formation with glutaraldehyde. A small peak obtained at
1346.31 cm™ indicates the O-H bending and C-H
symmetrical deformation vibration of CMC. A 1051.20
cm’! sharp peak indicates C-O stretching vibration in
alcohol, C-O-C and P-O asymmetric stretching
vibrations!4872101 This overlap of O-H and P-O stretching
vibrations confirms the presence of HAp and f-GO, which
are included in the CMC matrix. The PO4*~ - bending mode
of HAp was confirmed by the presence of a peak at 565.14
cm!. Certain peaks at 781.17 cm™! and 617.22 cm™! refer to
the C-H bending and O-H out-of-plane bending in CMC?!-63,

The above-observed peaks for the crosslinked composite
confirmed the involvement of strong hydrogen bonding
among the CMC, HAp and f-GO with the crosslinker
glutaraldehyde due to the appearance of two peaks at
1716.65 cm™ and 1346.31 cm! which are indicative of the
interaction between them and glutaraldehyde, a physical
crosslinking agent that encourages hydrogen bonded
interactions in polymers and improves the polymers'
miscibility>3.
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Figure 1: FT-IR spectrum of CMC/HAp/f-GO-GLU composite
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X-ray diffraction analysis: One common technique for
characterizing various polymeric materials for the
investigation of atomic spacing and crystal structures is X-
ray diffraction (XRD). XRD is most often employed in
measuring the crystallinity in polymers. The constructive
interference of a crystalline sample with monochromatic X-
rays is the fundamental process of X-ray diffraction. The
identification of unknown crystalline materials such as
minerals and inorganic compounds, is the most popular use
of X-ray powder diffraction. The X-ray diffractogram
details of the CMC/HAp/f-GO-GLU crosslinked composite
are shown below. Figure 2 and Table 1 represent the
composite's percentage of crystallinity.

The X-ray diffractogram of the glutaraldehyde crosslinked
composite is shown in figure 2. The XRD pattern of the
composite exhibits a 20 shift to 25° on comparing it with
the composite prepared without crosslinker (22°). This shift
in the diffraction peak was due to the addition of the
crosslinking agent glutaraldehyde. In addition, 8.4% was
determined as the percentage of the degree of crystallinity.
The degree of crystallinity was found to be reduced by the
addition of the crosslinker. It can be seen that the apatite
peaks observed at 31.39°, 32.4° and 33.53° are consistent
with the standard XRD peaks of the HAp®.

This pattern also includes the characteristic and new peaks
at 26° and 39° when compared to Hap, which were attributed
to f-GO being well dispersed with the HAp and CMC
matrix*>%7. This reduction in the range of diffraction peaks
of the crosslinked composite shows the interaction between
the polymers through hydrogen bonding upon the addition
of the crosslinker glutaraldehyde. The reduction in the
percentage of the degree of crystallinity reveals that the
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CMC/HAp/f-GO-GLU composite is highly amorphous
which highly favors the adsorption process’.

Thermogravimetric analysis (TGA): Thermogravimetry
(TGA) is the method that uses a thermogravimetric analyzer
(TGA) or thermobalance to measure a sample's mass versus
temperature or time. This is a helpful tool to study the
volatile quantities, decomposition profile, thermal and
oxidative stability of the sample under analysis. The TGA
thermogram of the crosslinked CMC/HAp/f-GO-GLU
composite is shown in the figure 3. The TGA thermogram of
the crosslinked CMC/HAp/f-GO-GLU composite shows
that decomposition of the sample occurs at three stages of
weight loss. The first stage reveals the evaporation of water
molecules and moisture up to 250 °C with a small weight
loss of a sample of 7.4%!.

A major weight loss of up to 36.9 % starting from 300 °C —
590 °C has taken place, which indicates that the thermal
degradation of the carbon skeleton present in f-GO is due to
the destruction of carboxyl, hydroxyl and epoxy groups of
GO, This increase in the decomposition of the sample
was attributed to the crosslinking that had taken place
effectively, which increased the thermal stability of the
sample. Upon completion of the experiment, after fast
degradation up to 500 °C, there is a least significant
decomposition, indicating the higher thermal stability of the
composite noticed at 790 °C degradation temperature, which
may be possibly due to the decomposition of HAp dispersion
in the composite. The crosslinker glutaraldehyde enhanced
the thermal stability of HAp. After subtraction of weight
loss, it was estimated that when the experiment was over,
around 44.6% of the material was still in residue, showing
the high thermal stability of the composite®47°,

MMWMMW
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Figure 2: X-ray diffractogram of CMC/HAp/f-GO-GLU composite
(X-ray diffraction details of CMC/HAp/f-GO-GLU composite)
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Sample 20 values Degree of crystallinity (%)
CMC/HAp/f-GO 22°,26°, 32°,33°, 34° and 40° 15.5
(Unpublished work)
CMC/HAp/f-GO-GLU 25°,26°, 31°,32°,33° and 39° 8.4

Temperature (°C)

Universal V4 SA TA In

Figure 3: TGA thermogram of CMC/HAp/f-GO-GLU composite
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Figure 4: DSC thermogram of CMC/HAp/f-GO-GLU composite

Differential scanning calorimetric analysis (DSC): DSC
analysis is a thermoanalytical tool to monitor how materials
behave with temperature. When a sample is heated, cooled,
or maintained isothermally at a constant temperature, the
heat flow developed in the sample is measured using DSC
analysis'®. The glass transition temperature, crystalline
phase transition temperature and decomposition or melting
temperature are measured using DSC analysis. The
CMC/HAp/f-GO-GLU composite's DSC thermogram is
shown in figure 4. The cross-linked CMC/HAp/f-GO-GLU
composite's DSC thermogram displays a broad, wide
endothermic peak at 136°C which is caused by the sample's
absorbed water molecules evaporation. At this point,
crystallization starts to take place.

The composite's enhanced thermal stability is indicated by

https://doi.org/10.25303/299rjce0860110

the single glass transition temperature of 230°C. The higher
is the glass transition temperature, greater is the stability of
the sample. The composite's decomposition temperature is
suggested by the exothermic peak which appears at 332°C.
On comparing the crosslinked CMC/HAp/f-GO-GLU
composite with the uncrosslinked one, due to its higher glass
transition temperature of 230°C than the composite made
without glutaraldehyde, which has a glass transition
temperature of 204°C (Unpublished work), the former was
shown to be more thermally stable. On account of the
comparison, glutaraldehyde crosslinked composite shows
higher melting temperature because of the high fusion of the
crosslinker with the composite, providing thermal resistance
to the sample®.

Scanning electron microscopy studies (SEM): With a
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Scanning electron microscope (SEM), one can obtain three-
dimensional polymer morphology and topography by
measuring the particle size, shape and texture of the
substance in milligram quantities only. It is cost-effective
and inexpensive to operate. It is a surface characterization
technique used to obtain quantitative data of the sample
image related to size and shape distribution over the sample's
surface. The SEM micrograph details of the CMC/HAp/f-
GO-GLU composite are represented in figure 5.

The morphology of the glutaraldehyde cross-linked
composite did show micro and macro pores in the 50 um and
100 um magnification range. The deposition of the CMC
surface with HAp and f-GO particles caused the composite
to become highly porous and irregular. The composite has a
highly rough texture with good interconnectivity between
the pore walls, provided mainly by the crosslinker, which
favors the adsorption process?®. This uniform distribution of
irregular pores with a pore size of 7.3 um makes the
composite superadsorbent®?. This pore size is responsible for
providing active and binding sites for the adsorbent to be
essential to the metal ions' adsorption*®. From the evidence
of the rough and porous texture, which improves the
removal of metal ions, it can be decided that the developed
composite will be a more promising adsorbent for the
adsorption process.

Antimicrobial Activity: Since the fouling of the adsorbents

20kV X500 50um
Figure 5: Surface morphology images of CMC/HAp/f-GO-GLU composite
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has an impact on adsorption when continuously used, the
antimicrobial properties will help to prevent them from
fouling easily. Hence the efficiency of the glutaraldehyde
crosslinked CMC/HAp/f-GO composite was tested against
bacterial species such as Proteus mirabilis, Escherichia coli
also known as E. coli and Staphylococcus aureus, the fungal
species like Aspergillus flavus, Aspergillus niger and Mucor
sp. using well diffusion method.

Antibacterial activity: The antibacterial activity of the
CMC/HAp/f-GO-GLU composite was tested against Gram-
negative bacterial species like Proteus mirabilis and E.
coli and Gram-positive species Staphylococcus aureus. The
zone of inhibition value of the prepared composite was
measured in mm against the chosen bacteria's growth. The
developed composite's antibacterial activity screening
impact against the chosen bacterial species is shown in the
table 2.

a) Antifungal activity: The antifungal activity of
CMC/HAp/f-GO-GLU composite was tested against
Aspergillus flavus, Aspergillus niger and Mucor sp. by well
diffusion method. The CMC/HAp/f-GO-GLU composite's
zone of inhibition values against the growth of the chosen
fungi are expressed in millimeters. The findings of the
screening for antifungal activity of the CMC/HAp/f-GO-
GLU composite are listed in table 3.

20kV X100 100um 12 50 SEI

Table 2
Antibacterial activity data of the CMC/HAp/f-GO-GLU composite againstbacterial species measured in mm
Diameter of Zone of Inhibitionin mm Control (Ampicillin)
Organism CMC/HAp/f-GO-GLU composite (mm) (mm)
E.coli 27 12
Proteus mirabilis 25 15
Staphylococcus aureus 29 18

Table 3
Antifungal activity data of the CMC/HAp/f-GO-GLU composite against fungal species measured in mm

Diameter of Zone of Inhibition in mm Diameter of Zone of Inhibition in mm
Organism CMC/HAp/f-GO-GLU composite Control (Polymyxin Bsulfate)
Aspergillus flavus 31 12
Aspergillus niger 28 15
Mucor sp. 30 18
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The developed composite's zone of inhibition values against
bacterial and fungal species indicate a higher bacteriocidal
and fungicidal effect on the tested bacterial and fungal
species. The composite shows an antibacterial effect on
E.coli and staphylococcus than proteus with the zone of
inhibition value in mm around 27 mm, 29 mm and 25 mm
respectively. Higher fungicidal activity on Aspergillus flavus
and Mucor sp. rather than Aspergillus niger with the zone of
inhibition value 31 mm, 30 mm and 28 mm respectively was
recorded. It can be noted that the glutaraldehyde crosslinked
composite was found to have a higher antibacterial and
fungal activity which may be explained because of the
increased functional surface.

The bacteriocidal and bacteriostatic effect of the graphene-
based materials showed physical damage to the bacterial
membrane and caused bacterial death®. The wrapping of the
graphene oxide sheet induces membrane stress®. The
primary mechanisms of bacterial inactivation are reactive
oxygen species-induced oxidative stress (ROS) and damage
to cell membranes from coming into close contact with
graphene oxide's sharp edges. Graphene-based materials
with HAp show a bacteriostatic effect through favorable
affinity for bacterial adhesion’®. Graphene oxide-based
materials, binding upon treatment with crosslinking agents,
still further enhance the bacteriocidal effect on the

microorganisms?®.

Therefore, it can be said that cross-linked composite is a
potential source appropriate for biomedical applications and
has outstanding antibacterial and antifungal properties and
materials present in the polymeric matrix to protect the
adsorbent from bacterial and fungal attacks*.

Antioxidant activity: Carboxymethyl cellulose is a linear
polysaccharide’’. Hydrophilic properties of CMC may
restrict their everyday usage, but they can be overcome by
combining with other biopolymers to recover their usage
with low cost and appropriate mechanical features'®.
Crosslinking agents are the best way to increase the
hydrophobicity and mechanical properties to render CMC
for various applications®’. The scavenging activity of the

% of Scavenging activity of
CMC/HAp/f-GO-GLU
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glutaraldehyde crosslinked CMC/HAp/f-GO composite
was tested by using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) method. The antioxidant activity of the
glutaraldehyde crosslinked CMC/HAp/f-GO composite was
tested by the DPPH method by taking various concentrations
of the composite. Figure 6 illustrates that the scavenging
activity of the prepared composite shows an increase in
antioxidant activity of the composite with the increase in the
concentration of the composite, such as 10 mg/ml to
60mg/ml.

Enzymatic and non-enzymatic antioxidant defenses are how
antioxidants keep the process by which free radicals are
created®*. Chemicals called antioxidants aid in decreasing or
stopping the harm that free radicals can do. The reactive
oxygen species present in the CMC, combined with
functionalized graphene oxide, act as scavengers that may
protect cells against the effects of free radicals.
Incorporating glutaraldehyde into the polymer matrix
significantly increases the antioxidant activity of the other
polymers??. Hence, it can be concluded that the composite
has good and higher antioxidant activity against the free
radical generation.

Batch Adsorption Studies: The unfavorable consequence
of heavy metal pollution poses a significant risk to human
survival and the discharge of these heavy metals in
wastewater has increased in the last three decades'®. The pre-
treatment required to remove these heavy metals before
contaminating the environment involves the adsorption
process. The wide availability of carbon resources in the
various forms of their composites®® due to their properties
with two-dimensional nature makes them applicable to
remove contaminants’®. The primary goal of this project is
to examine the adsorption capacity of theCMC/HAp/f-GO-
GLU composite to extract lead (II) metal from wastewater.
The developed composite's adsorption capacity was
evaluated and the adsorption process's progress was
monitored continuously by optimizing the various
parameters. The results of the optimized parameters are
discussed.

20 40 60

Concentration (mg/ml)
Figure 6: Antioxidant scavenging activity of the CMC/HAp/f-GO-GLU composite
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Effect of pH: The impact of pH on Pb (II) removal via
adsorption in aqueous solution onto the CMC/HAp/f-GO-
GLU composite is shown in figure 7. By changing the metal
ion solution's pH, the crosslinked composite's adsorption
capacity was examined from 4 to 9 for lead metal by keeping
other parameters constant. The adsorption increases when
the metal solution's pH reaches pH 6, according to the results
of the pH effect shown in figure 7. The higher is the pH
value, the lower is the adsorption capability. For Pb (II), a
pH of six was optimum with 82.75% removal.

The amount of metal ions removed decreases at lower pH
levels because of the presence of strongly protonated H* and
HsO+ ions that cover the biosorbents' surface and also stop
metal ions from adhering to the adsorbents, reducing the
amount of heavy metals that are absorbed®®. Since GO
maintains a stronger electrostatic interaction between the
positively charged adsorbate metal solution and the
negatively charged adsorbent surface, the presence of metal
ions was shown to decrease as pH increased’®. Further
raising the pH of the solution causes metal hydroxides to
develop, which strongly repel using electrostatic
interactions. The GO surface contains negatively charged
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oxygenous functional groups that lower the adsorption
capability®*.

Effect of adsorbent dose: The effect of the dose of
adsorbent on the CMC/HAp/f-GO-GLU composite's
adsorptive removal of Pb (1) is shown in figure 8. Based on
the dosage of the adsorbent, the percentage of metal ion
removal was assessed by changing the amount of adsorbent
from 0.5 g to 2.5 g while maintaining a pH of 6 and agitating
the mixture for 1 hour at a concentration of 100 mg/L of
metal ions.

Figure 8 shows that when the dosage of adsorbent is raised
(i.e. from 87.52% to 89.88%), the elimination of metal ions
is also reduced. The initial rise in the adsorption process was
caused by a greater proportion of binding sites for the metal
ions with the adsorbent up to 2g. As time goes on, the
concentration of the metal ions decreases, rendering the
adsorbent dose ineffective’”. When a high sorbent dose is
employed, the adsorbent has more accessible active sites
than metal ions do. This results in a minor increase in
adsorbent saturation at the lowest possible concentration of
adsorbate?.

T
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Figure 7: Impact of pH on Pb (II) ion removal from aqueous solution utilizing CMC/HAp/f-GO-GLU composite
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Figure 8: The effect of adsorbent dosage on Pb (II) ion removal from aqueous solution
utilizing CMC/HAp/f-GO-GLU composite
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Effect of contact time: Figure 9 illustrates the effect of
changing the contact period from 30 minutes to 180 minutes
on Pb (II) adsorption on the composite CMC/HAp/f-GO-
GLU. The optimum conditions for the progress of the
contact time involve a constant pH of 6. The agitation time
was lh, keeping the constant metal ion concentration at 100
mg/L.

When contact duration increases, so does the removal
percentage of Pb (II) ions, from 77.99% to 94.74% (from 30
min to 180 minutes), as illustrated in figure 9. It is
noteworthy that after 120 minutes, there is no appreciable
rise in adsorption. After the number of metal ions has
occupied all of the adsorbent's active sites, the second stage
entails reaching equilibrium. The percentage of metal ion
removal rises as the contact duration increases because more
accessible adsorbent active sites are occupied by the metal
ions®2. This creates constancy in the removal percentage
without any significant change due to the complete
saturation of the adsorbent sites at 120 minutes. The active
sorbent surface containing the target metal ions is the cause
of the rise in removal percentage®.

Effect of starting concentration of metal ions: The impact

Res. J. Chem. Environ.

of the starting metal content is a critical component in
predicting how well the adsorption process will remove
heavy metals. By adjusting the metal ion concentration from
500 mg/L to 31.25 mg/L, the effect of the concentration of
metal ions on the CMC/HAp/f-GO-GLU composite was
studied. Figure 10 shows the effect of the initial metal ion
concentration on the adsorption of Pb (II) onto CMC/HAp/f-
GO-GLU composite with a constant pH 6 for Pb and an
agitation time of 1h with the adsorbent dose 0.5g for all the
concentrations.

Adsorption isotherms: Adsorption is typically described by
the association between the activity or equilibrium
concentration of the adsorbent and the amount of adsorbate
that adheres to the surface at a constant temperature is
expressed by the adsorption isotherm. In other words,
adsorption isotherms depict how an adsorbent and an
adsorbate interact. The graphical representation of isotherms
involves a plot showing the adsorbate quantities adsorbed on
the adsorbent surface at a constant temperature. Adsorption
isotherms provide much more detail about the adsorption
process. They reveal whether or not the adsorbate and
adsorbent have an attractiveinteraction®!.
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Figure 9: Impact of contact duration on Pb (II) heavy metal removal from aqueous solution
using CMC/HAp/f-GO-GLU composite
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Figure 10: Effect of starting concentration on the removal of Pb (II) ions
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Langmuir and Freundlich adsorption isotherm models:
At adsorption equilibrium, the adsorption process
optimization is explained by various adsorption models. The
prominent and most helpful methods for predicting the
adsorption isotherms are (i) Langmuir and (ii) Freundlich
which are used in the present work to describe the
equilibrium coefficients and the adsorbent's ability to
remove lead from an aqueous solution onto a cross-linked
CMC/HAp/f-GO-GLU composite.

After applying the Langmuir adsorption isotherm equation
to the results, the Langmuir constants KL and b were found
using the slope and intercept of the linear plot of the
Ceg/Cads vs Ceq'®. Plotting of the Langmuir adsorption
isotherms for Pb (II) adsorption ontoCMC/HAp/f-GO-GLU
composite is represented in figure 1la. Freundlich
adsorption isotherm model mainly applies to heterogeneous
surfaces by assuming multilayer adsorption®’. This linear
plot of log qc vs log Ce can be used to calculate the
exponential coefficient 1/n and the Freundlich isotherm
constant Kr. The linear regression coefficient plot for Pb (II)
adsorption on the surface of the CMC/HAp/f- GO-GLU
composite is depicted in figure 11b.

The computed values of the Langmuir adsorption isotherm
constants are shown in table 5 which indicates that the Cpax
value for lead was 64.45 mg/g. The calculated correlation
coefficient value (R?) was 0.8289 for lead metal. Table 4 also
represents the calculation value for the Freundlich
adsorption isotherm constant parameters K¢ = 2.5380 for Pb
(I) metal ions and the value of n lies between 1-10,
indicating that significant adsorption has taken place in the
very low concentration of the adsorbent. When 1/n is smaller
than 1, it shows that the adsorbent's capability for adsorption
governs the adsorption in the way of the chemisorption
process. The 1/n values predict the character of the process
of adsorption by the conditional factors to determine
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whether the isotherm is favorable (0<1/n<l), irreversible
(1/n = 0), or unfavorable (1/n>1). The above-mentioned
computed findings showed a suitable adsorption process for
removing metal ions which is found to be (0<1/n<1)°,

The correlation coefficient (R?) for Pb (IT) metal was found
to be greater for the Freundlich adsorption isotherm, ie.
0.9965, as compared to the Langmuir isotherm model
(0.8289), according to a comparison of the expected values
of the Langmuir and Freundlich isotherm constants for the
isotherms, thus proving that effective multilayer adsorption
has occurred on the adsorbent's surface®®. However, both
models were in good agreement in terms of predicting the
adsorption process's progress. Heavy metals are typically
adsorbed on adsorbents through electrostatic, hydrophobic,
chelation, ion exchange, hydrogen bonding, precipitation,
reduction, complexation, w-n, or weak Van der Waals
interactions to name a few mechanisms’?. One, two, or more
of these interactions, alone or in combination, drive the
adsorption process forward. Hence, a combination of
electrostatic interaction, van der Waals force and
complexation may be the type of interactions expected
between the -OH groups and -COO" of the CMC, Hap, {-GO
and Lead ions.

Kinetics of adsorption: Investigating kinetic models
facilitated the determination of the adsorption process's
reaction rate and mechanism under ideal conditions to
predict the suitable model capable of explaining the reaction
process. Higher adsorption capacity and a quicker
adsorption process rate are characteristics of an effective
adsorbent’. Three different adsorption kinetic models
including intra-particle diffusion, pseudo-first-order and
pseudo-second-order models, were utilized in this
investigation (Figures 12a, b and c) to examine the
experimental data.
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Figure 11: a) Langmuir adsorption isotherm b) Freundlich adsorption isotherm plots for lead (II)
onto CMC/HAp/f-GO-GLU composite

Table 4
Langmuir and Freundlich constants for Pb (II) removal onto CMC/HAp/f-GO composite

Metal ions Langmuir constants Freundlich constant
Ky, b (dm%mg) Cn R K¢ N R
(dm*/g) (mg/g)
Pb (1) 1.6113 0.0250 64.45 0.8289 2.5380 1.5228 0.9965
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Figure 12: a) Pseudo-first-order b) Pseudo-second-order c) Intraparticle diffusion kinetic plot of Pb (II)
onto CMC/HAp/f-GO-GLU composite

Table 5
Comparison of intra-particle diffusion models and Lagergren pseudo-first and pseudo-second order Kinetics for Lead
(IT) adsorption by CMC/HAp/f-GO-GLU Composite

Pseudo-first-order kineticmodel Intra particle diffusion Pseudo-second-order kineticmodel
e ki 2 Ka I 2 Qe kz (g mg! ?
Metal q R R R
| gy [ (min) (mg/g) | min)
Pb (1D 75.51 0.0192 0.8930 4.368 131.4 0.9944 199.8 0.000428 0.9981

Pseudo-first-order (PSO) and Pseudo-second-order
kinetics: The first-order rate constant, k; is obtained from
the slope of the log (qe—q:) against the time plot. The kinetic
plot of the pseudo-first-order for the Pb (II) onto the
CMC/HAp/f-GO- GLU composite is shown in figure 12a.
The pseudo-second-order kinetic plot for the Pb (II) onto the
CMC/HAp/f-GO composite is shown in figure 12b.

Intraparticle diffusion: The mechanism of the adsorption
process is understood by using the intraparticle diffusion
model, an adsorption model that describes the diffusion of
metal ions through the macro and micro pores of the
adsorbent. Diffusion mechanisms involving pores, films and
intraparticles are included in this model. This model's
linearized form is expressed as follows:

/2+C

qt =kid !
where the slope of the linear plot of g versus t"? can be used
to find the intraparticle diffusion rate constant (mg/g min'?)
and C is the intercept. As the intercept increases, so will the
boundary layer effect. The graphs illustrating intraparticle
diffusion of Pb (II) onto CMC/HAp/f-GO-GLU composite
are shown in figure 12c. For the intraparticle diffusion
model, pseudo-first-order and pseudo-second-order
correlation coefficients and rate constants are computed and
are represented in table 5.

The tabulated kinetics of the adsorption process are
explained by correlation coefficients R? equal to or near 1 or
relatively high R? values of the anticipated models in table
5. The plots of log (ge-qt) Vs t for pseudo-first-order, qt Vs
t2 for the intraparticle diffusion model and the plot of t/qt
Vs t for the pseudo-second-order model were plotted and
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their R? values were compared. The linear and straight line
that passes through the origin with the higher correlation
coefficient of R? = 0.9981 for Pb (II) ions was then
discovered to be provided by the pseudo-second-order
kinetic model. In addition, there is also a deviation in the
linear plot and reduced pseudo-first-order diffusion and
intraparticle correlation coefficient (R?) values.

In contrast to pseudo-first-order and intraparticle diffusion
models, the removal of metal ions Lead (I1) in the adsorption
process by CMC/HAp/f-GO-GLU composite was carried
out according to the pseudo-second-order kinetic model
based on the obtained data. The aforementioned data led to
the conclusion that Pb (II) ion adsorption onto CMC/HAp/f-
GO-GLU composite involves a chemical reaction between
the electron transitions of the adsorbent and adsorbate and is
modeled by a pseudo-second-order kinetic model.

The aforementioned data led to the conclusion that Pb (II)
ion adsorption onto CMC/HAp/f-GO-GLU composite
involves a chemical reaction between the electron transitions
of the adsorbent and adsorbate and is modeled by a pseudo-
second-order kinetic model. The square of the adsorbent's
vacant site count determines how many active sites are
occupied. The confirmation of metal ion uptake onto cross-
linked CMC/HAp/f-GO-GLU composite was done by
analyzing the metal-loaded composite by FT-IR spectrum
for both thePb (II) metal-loaded composites. The details of
the FT-IR spectrum are represented in the figure 13.

The FT-IR spectral details of the Pb (II) loaded CMC/HAp/f-
GO-GLU composite show that a broad peak appeared at
3435.22 cm’! and 3427.51cm™! corresponding to the O-H
stretching vibration due to the intermolecular hydrogen
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bonding*’. The appearance of C=0 asymmetric stretching
vibration gives a strong peak at 1633.71 cm’! in the case of
unadsorbed composite which shifted to 1627.92 cm' for
both the Pb (II) loaded composite due to the carboxylate
group in cases of metal loaded composite.

The development of a new peak at 1747.51 cm’! for Pb (II)
adsorbed composite with reduced intensity indicates that the
cross-linking agent glutaraldehyde is involved in the
coordination with the composite and also in chelation with
the metal ion in which this peak is absent in the case of
without crosslinked composite®®. Certain peaks observed at
1392.61 cm!' and 1400.32 cm" due to C-O stretching of
carboxylate ion group and —OH bending, were identified by
the shift from 1346.31 cm™! In the absence of metal loading,
the composite confirms the inclusion and contribution of
carboxylic groups to the removal process.

The peak's disappearance at 1116.78 c¢m™ and the
appearance of a sharp and single intense peak observed at
1039.63 cm™! for Pb (II) metal-loaded composite was the
shift from 1051.20 cm™! corresponding to P-O asymmetric
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stretching, indicating that these groups support the metal
ion chelation towards the composite. The major shift of
characteristic peak for the —OH group from 3427.51 cm! to
3435.22 cm’! in the metal metal-loaded composite illustrates
the attachment of metal by the hydroxyl groups of the
composite effectively®’.

In addition, mainly metal-carbon, metal-nitrogen and metal-
oxygen bonding will be observed in the case of the metal
ion adsorption process. The peaks that were noted at
565.14 cm! and 617.22 cm! for the CMC/HAp/f-GO-GLU
composite were shrunk into a single sharp and strong peak
at 588.29 cm!' for the lead-loaded composite during the
metal chelation process. Therefore, based on the data above,
it may be claimed that carboxyl and hydroxyl groups, along
with the phosphate group in the composite, are helpful in the
removal process to take place effectively. It proved to be an
efficient adsorbent. Based on the evidence of the FT-IR
spectrum taken after the adsorption of Pb (II) metal, the
mechanism is proposed for the metal ion attachment to the
active sites of the CMC/HAp/f-GO-GLU adsorbent as in
figure 14.
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Figure 13: FT-IR spectrum of CMC/HAp/f-GO-GLU composite after adsorption of Pb (II) heavy metal

Figure 14: Binding mechanism for the metal ion onto CMC/HAp/f-GO-GLUcomposite
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Energy Dispersive Scanning Electron Micrographic
Analysis (EDX-SEM): The confirmation of the metal ions'
adsorption onto the surface of the CMC/HAp/f-GO-GLU
composite has been done by another technique, namely
EDX spectral analysis. The EDX spectral analysis details
for the Pb (II) metal-loaded CMC/HAp/f-GO-GLU
composite are given in figure 15. The attachment of Pb (II)
metal ions to the composite's surface was demonstrated by
the EDX study conducted the metal ion adsorption process.
Initially, the presence of some calcium ions in the
hydroxyapatite was replaced by the lead metal during the
adsorption process and the appearance of more characteristic
peaks for carbon, oxygen and metal ion peaks showed the
effective adsorption of heavy metal removal process by the
glutaraldehyde cross-linked composite taking part in

chelation of metal ions®.

Desorption process: It is critical to test the adsorbent's
reversibility after the adsorption process has been shown
through the desorption process. To reduce the
consequences of adsorbents that exist in wastewater by
producing toxicity to the environment, investigation on the
regeneration and reusability of the adsorbents has been done
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Figure 15: EDX of Lead loaded CMIC/HAp/f-GO-GLUcomposite
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through desorption studies”. Here we have taken HCI as the
desorbing agent, which is found to be more effective and
faster for desorbing Pb** from the CMC/HAp/f-GO-GLU
adsorbent. Following the completion of the adsorption
process, 0.5g of the metal-loaded adsorbent was added to 50
ml of 0.1N HCI as the desorbing agent and the desorbing
process was done by the cycle of time intervals of 30 min,
60 min, 90 min and 120 min.

The above results (Figure 16), based on the sequence of
consecutive cycles, indicate that the ion exchange
mechanism is responsible for Pb (II) desorption from the
adsorbent, with a percentage of 98.90% for lead in the first
step of the consecutive cycle. At the end of the experiment,
it remains constant with a contact time of2 h in the
desorption process. Hence, the reusability and regeneration
of the composite have been proved by the desorption
process. Batch adsorption studies provide the efficacy or
capacity of the adsorbent to remove impurities. However,
the interaction time is insufficient for real-time process
applications. Modeling the column test is important for
predicting the adsorbent's large-scale adsorption behavior
and utilizing it practically.

90 120

Desorption time (Min)

Figure 16: Desorption process by 0.1N HCI on metal-loaded CMC/HAp/f-GO-GLUadsorbent
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Hence, continuous column studies are appropriate to study
the hazardous heavy metal removal from fixed-bed columns.
Column operation is the main method by which an
assessment is made of a sorbent's practical value in removing
impurities from wastewater®. For this reason, the dynamic
column adsorption investigations were done in the present
study to determine the composite system's practical
applicability.

Column Studies: Column adsorption is monitored through
the eluent's solute concentration over time or as a function
of the volume going out of the column. It is possible to alter
the solute concentration, flow rate and bed height. The
adsorption process in a fixed-bed column depends on both
time and distance. The breakthrough curves can be used to
describe the column's efficiency. Plotting column effluent
concentration vs treated volume or treatment time provides
a breakthrough curve!®?, Within a static bed column
adsorption system, several factors that influence the
performance of continuous biosorption, including in packed
bed reactors, the flow rate in volume and the starting
concentration of metal ions, have been studied. Three
optimization cycles have been completed to maintain a
consistent bed height of 1 cm, as well as the potential for
recycling and column regeneration.

Effect of flow rate: In the current investigation, by altering
the flow rate of the solution, the impact of flow rate was
assessed within a range of 1.0 mL/min to 3.0 mL/min while
keeping the starting metal ion concentration of 200 mg/L and
the bed height at 1.0 cm constant. The breakthrough curve,
Ct/Co versus time under different flow rate treatments with
a fixed bed depth of 1.0 cm and metal ion concentration of
200 mg/L is shown in figure 17 for Pb (II) adsorption onto
CMC-HAp-f-GO-GLU composite. When compared to the
greater flow rate (3.0 mL/min), the column performed well
at the reduced rate of flow (1.0 mL/min), as evidenced by
the breakthrough curve obtained for the flow rate plotted
above which also shows a longer breakthrough time and
longer saturation time.

A reduction in volumetric flow rate from 3.0 to 1.0 mL/min
proved more advantageous ion exchange/adsorption
conditions. This can be the result of the prolonged residence
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duration of the metal ions on the adsorbent, which lengthens
the time it takes for the metal ions to diffuse into the
adsorbent's pores via intraparticle diffusion’®. Because
equilibrium is reached faster at greater flow rates, the
breakthrough curves get steeper and achieve the
breakthrough sooner®®. Hence, at a 200 mg/L metal ion
concentration, 1.0 cm constant bed height and a flow rate of
1.0 mL/min, the produced adsorbent CMC-HAp-{-GO-GLU
exhibits a greater adsorption capacity. This is consistent with
the results that have been reported by Taty-Costodes et al®>.

Effect of initial metal ion concentration: A continuous
flow technique was used to examine the Pb (II) ion
concentration at the start of the adsorption process. The
concentration ranged from 100 mg/L to 300 mg/L, with a
bed height of 1 cm and a flow rate of 3.0 mL/min. The
breakthrough curves on the CMC-HAp-f-GO-GLU
composite at different starting metal ion concentrations are
represented in figure 18. It is evident that as the starting
metal ion concentration increased, so did the efficiency of
removal, the breakthrough time and the residence time of
columns. Because of the slow movement of metal ions onto
the CMC-HAp-f-GO-GLU composite, breakthroughs
occurred slowly and breakthrough curves appeared at
reduced amounts of influent metal ions. The presence of
enough active sites for the metal ions to be adsorbed may be
the cause of the higher removal efficiency at lower metal ion
concentrations. The percentage of metal ions removed
decreases at greater metal ion concentrations because there
are comparatively more metal ions than adsorption sites
available’.

Column Adsorption capacity and removal efficiency: The
adsorption results for various metal ion concentrations, flow
rates and constant bed heights are summarized in table 6.
The obtained values represented in table 6 indicate that the
ideal flow rate and initial concentration of metal ions for the
removal of Pb (II) onto CMC/HAp/f-GO-GLU composite
are therefore determined by the fact that, with an initial metal
ion concentration of 100 mg/L, the percentage removal of
metal ions was determined to be 3 mL/min at constant bed
height of 1 cm. This percentage decreases with an increase
in flow rate and metal ion concentration at constant bed
height.
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Figure 17: Effect of various flow rates on the breakthrough curve of Pb (II) adsorption
onto CMC-HAp-f-GO-GLU composite
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Figure 18: Effect of various initial metal ion concentrations on the breakthrough curve of Pb (II) adsorption onto
CMC-HAp-f-GO-GLU composite

Table 6
Adsorption data obtained at constant bed heights and various flow rates and metal ion concentration

Metal Flow Bed Initial metal Break Saturation q total m Total
ion Rate(Q) height | ion concentration through Time (mg) total removal
(mL/min) (Cm) (C,) (mg/L) time (tp) (ttota1) (mg) (%)
(min) (min)

Pb(II) Effect of Flow Rate
1 200 1800 6600 816 1140 71.58
2 1 200 1500 5700 1156.8 2280 50.74
3 1 200 1200 5700 1192 2280 47.89

Effect of Initial Metal Ion Concentration

3 1 100 1800 6600 993.3 1140 87.13
3 1 200 1500 5700 1192 2280 47.89
3 1 300 1200 5700 1298.3 2280 30.82

Column breakthrough kinetic modelling: The successful
outcome is that for the adsorbate to adsorb, the fixed bed
column technique depends on the adsorbent's adsorption
capability. which is very important for the adsorption system
and also for the prediction of various parameters involved in
column operations which becomes significant under
operating  conditions’. For this purpose, several
mathematical models such as Adam Bohart, Wolborska,
Thomas, Clark, Yoon Nelson, Dose-Response and Bed
Depth Service Time (BDST) models have been developed
for the evaluation of efficiency and column models'
suitability for large-scale operations®>. Three popular
models: the Yoon-Nelson model, the Adams-Bohart model
and the Thomas model, were utilized to assess column
performance achieved for flow rate and starting metal ion
concentration, as well as to determine breakthrough curves
in the present study.

Adam Bohart model: In the Adams-Bohart model, the
adsorption rate is thought to be proportional to the solid's
residual capacity as well as the concentration of the
adsorbing species'?. The Adam-Bohart model describes the
first portion of the breakthrough curve. This model states
that the rate of sorption is proportionate to the fraction of
sorption capacity and that the equilibrium is not attained
quickly?’.

https://doi.org/10.25303/299rjce0860110

The Adam-Bohart expression is given as:
C yA
In (C_Z) :KABNOE - KABCOt

where F is the linear flow rate (L min™), t is the duration
(min), Z is the column's bed depth (cm) and Ny is the
saturation concentration (mg L") and the concentrations of
the influent and effluent are C; and C, (mg L"). The intercept
and slope of a linear plot of In (C/C,) against time (t) were
used to define the parameters describing the typical
operations of the column (kag and Np).

Figure 19 represents the Adam Bohart model's linear plot of
experimental data at varying flow speed, starting metal ion
concentrations and constant bed height for CMC-HAp-f-
GO-GLU composite on lead (II) adsorption. Table 7
represents the values of the correlation coefficients and
Adam Bohart model parameters that were determined using
the analysis of linear regression under different conditions
for the CMC-HAp-f-GO-GLU composite on lead (II)
adsorption.

Plotting In(C¢/C,) against t (time) at a fixed bed height (z)
and flow rate (F) allows for the evaluation of Kag and No.
where Ny is the adsorption capacity and Kag is the Adams-
Bohart rate constant.
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Figure 19: Effect of flow rate: Adam Bohart Kinetic plot for the adsorption of Lead
onto CMC-HAp-f-GO-GLU composite
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Figure 20: Effect of initial metal ion concentration: Adam Bohart kinetic plot for the adsorption of Lead
onto CMC-HAp-f-GO-GLU composite

Table 7
Adam Bohart model parameters at different conditions using linear regression analysis for the adsorption of Lead
(II) onto CMC-HAp-f-GO-GLU composite

Flow rate Bed height Inlet conc Constant
(mL/ (cm) (mg/ kAB No (mg/L)
min) L) (mL/min.mg) (X10% R?
(x 10

1.0 1.0 200 2.321 13.28 0.8659
2.0 1.0 200 2.159 22.92 0.7989
3.0 1.0 200 1.930 34.38 0.9108
3.0 1.0 100 3.143 20.54 0.9104
3.0 1.0 200 1.930 34.38 0.9108
3.0 1.0 300 1.616 58.61 0.8696

From figures 19 and 20, it is clear that when the initial metal
ion concentration and the flow rate increased, so did the N,,.
This can be explained by the fact that more adsorbate
molecules pass through the adsorbent at high flow rates,
which raises the rate. Okewale et al’® suggested that as the
flow rate of the metal ion solution increased, the N, value
also increased.

https://doi.org/10.25303/299rjce0860110

Thomas Model: One of the most popular models for
interpreting results from fixed-bed column adsorption is the
Thomas equation. According to this model, the adsorption
process data adheres to the Langmuir isotherm and second-
order reversible reaction kinetics. It is assumed that there is
no internal or external dispersion restriction'>. Additionally,
the linearized form of the Thomas model for an adsorption
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column was expressed as follows. The data obtained from
the adsorption process conforms to the second-order
reversible reaction kinetics and the Langmuir isotherm.

C KtuqoX  KruCo
1 (_0_1):L _KrnCo v,
e Q Q o

where V. is the throughput volume (mL), X is the total mass
of the adsorbent (g), Q is the inlet volumetric flow rate
(ml/min), q, is the maximal adsorption capacity (mg/g) and
kry is the Thomas rate constant (mL/min.mg). By applying
linear regression to plot In (Co/Ci-1) versus throughput
volume (Vefr), the ktu and g, can be found from the slope
and intercept of the graph.

Res. J. Chem. Environ.

Figures 21 and 22 represent the Thomas model's linear plot
using experimental data at starting metal ion concentrations
(100 mg/L to 300 mg/L), flow rates (1 mL/min to 3 mL/min)
and bed height (1 cm) for Pb (I) onto CMC-HAp-f-GO-
GLU composite. Table 8 represents the Thomas model
parameters and R? computed using linear regression analysis
under different conditions for the CMC-HAp-f-GO-GLU
composite. The flow rate, initial ion concentration and bed
height all had an impact on the Thomas rate constant, or kry,
according to the table's data. kry characterizes the speed of
metal ion transport from solution to adsorbent. The maximal
adsorption capacity, or qo, grew in proportion to the original
metal ion concentration and flow rate
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Figure 21: Effect of flow rate: Thomas Kinetic plot for the adsorption of Lead onto CMC-HAp-f-GO-GLU composite
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Figure 22: Effect of initial metal ion concentration: Thomas kinetic plot for the adsorption of Lead
onto CMC-HAp-f-GO-GLU composite

Table 8
Thomas model parameters at different conditions using linear regression analysis for the adsorption of Lead (II) onto
CMC-HAp-f-GO-GLU composite

Flow rate Bed height Inlet conc Constant

(mL/ (cm) (mg/ kra (mL/ min. mg) qo (mg/g)

min) L) (x 10 (x 104 R?
1.0 1.0 200 53 17.5 0.9861
2.0 1.0 200 10.84 259 0.9691
3.0 1.0 200 16.9 55.4 0.9819
3.0 1.0 100 17.8 52.6 0.9298
3.0 1.0 200 16.9 55.4 0.9819
3.0 1.0 300 11.33 93.44 0.9674

https://doi.org/10.25303/299rjce0860110
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Correlation coefficient (R?) was determined for the Thomas
model under various operating conditions. It was found to be
more than 0.9, indicating a good confirmation and perfect fit
of the kinetic data into the model. Therefore, it is possible to
suggest that the Thomas model could explain the column's
total adsorption kinetics.

Yoon Nelson model: According to the Yoon-Nelson model,
each solute molecule's rate of decrease in sorption
probability is considered to be proportionate to molecule's
probability of sorption and the breakthrough of the adsorbate
on the adsorbent™. For a system with just one component,
the linearized model is expressed as:

In (COC—tCt): Kynt- Kyn T

where the concentrations of intake and effluent solutes are
represented by the variables C; and C,, ky is the Yoon and
Nelson rate constant (min'), t is the breakthrough
(sampling) time (min) and t is the time required for 50%
adsorbate breakthrough (min). A straight line with an
intercept of -t kyn and a slope of kyn is obtained when
plotting In (Cy/C,-C;) against t. The kyn and t values were
computed using the slope and intercept of the figure shown

Res. J. Chem. Environ.

(Figures 23 and 24). Figures 23 and 24 and table 9 depict the
Yoon Nelson model parameters' computed values and the
correlation coefficients using linear regression analysis in
different situations for CMC-HAp-f-GO-GLU composite on
Pb (IT) adsorption.

According to the data, the metal ion concentration and flow
rate increased with a constant bed height, causing the Kyn to
rise. The high values of the regression coefficient that were
found, indicate that the Yoon and Nelson model fits the
experimental data rather well. The duration needed for 50%
breakthrough, 7, reduced as concentrations of metal ions and
flow rate both rose®’. The rapid attainment of column
saturation may be the cause of the fall in 7 value. Because of
the slower saturation at higher bed heights, this will be the
opposite in the case of bed height’!. Eventually, tables 7 to
9 indicate that the correlation coefficients range from 0.8903
to 0.9819. indicating that the kinetic data of the Thomas
model and Yoon-Nelson are better fitted to this model.

The correlation coefficients (R?) of the Thomas and Yoon-
Nelson models in a fixed bed column that are listed in tables
8 and 9 offer the best fit (R > 0.9) to the experimental data
under different conditions?.
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Figure 23: Effect of flow rate: Yoon Nelson kinetic plot for the adsorption of Lead
onto CMC-HAp-f-GO-GLU composite
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Figure 24: Effect of initial metal ion concentration: Yoon Nelson kinetic plot for the adsorption of Lead
onto CMC-HAp-f-GO-GLU composite
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Table 9
Yoon Nelson model parameters at different conditions using linear regression analysis for the adsorption of Lead (II)
onto CMC-HAp-f-GO-GLU composite

Flow rate Bed height Inlet conc Constant
(mL/min) (cm) (mg/L) Ky~ (min) (10-%) T
(min) R?
10°)
1.0 1.0 200 1.044 3.724 0.8903
2.0 1.0 200 1.088 2.973 0.9482
3.0 1.0 200 1.127 2.771 0.9819
3.0 1.0 100 1.004 3.394 0.9298
3.0 1.0 200 1.127 2.771 0.9316
3.0 1.0 300 1.133 2.114 0.9674

It is thus confirmed that a column with an adsorbent of lcm
bed height, a flow rate of 3 ml/min and a concentration of
Lead solution with 200 mg/L are the ideal conditions for
effective remediation of heavy metal lead from aqueous
solution. Hence, the Thomas and Yoon-Nelson models can
be used to study the adsorption of lead on the CMC/HAp/f-
GO-GLU composite.

Conclusion

f~GO-based  glutaraldehyde  cross-linked  composite
constituted of carboxymethyl cellulose and hydroxyapatite
(CMC/HAp/f-GO-GLU) was prepared and characterized
using FT-IR, XRD, TGA, DSC, SEM, antimicrobial and
antioxidant studies. The results of the characterization
techniques revealed the good miscibility of thecomponents
in the polymer matrix. The higher thermal stability, rough
surface morphology and high surface area of the composite
established the good adsorbent capacity through the
investigation of the removal of lead and mercury heavy
metals removal by optimizing the dosage of the adsorbent,
pH, duration of contact and starting metal ion concentration.

The sorption capacity of the adsorbent is strongly dependent
on these factors. The kinetic studies demonstrated that the
equilibrium data fit the Freundlich model better than the
Langmuir isotherm model and the adsorbent followed
pseudo-second-order. The adsorption of the metal ions onto
the adsorbent was proved by taking the FT-IR and EDX
analysis of the metal-loaded sample. The column study's
findings showed that a starting metal ion concentration of
200 mg/L and an optimal flow rate of 3 ml/min are required.
The adsorbent capacity through column study was studied by
the breakthrough curves obtained for various models
predicted there.

Based on the R? value, the Thomas model and Yoon-Nelson
model can explain well about the adsorption capacity
through the column better than the Adam-Bohart model,
with a well fit of experimental values. Hence, the overall
results revealed that the prepared glutaraldehyde crosslinked
(CMC/HAp/f-GO-GLU) composite demonstrated its
effectiveness as an adsorbent with a higher percentage of
removal capacity that is appropriate for the adsorption of
lead metal. Hence, it can be concluded that the prepared

https://doi.org/10.25303/299rjce0860110

CMC/HAp/f-GO-GLU  composite  crosslinked  with
glutaraldehyde crosslinker showed promise as an adsorbent
for removing heavy metals from wastewater.
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