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Chapter V (B)

5.2.1. Introduction

Water is an essential source for all living organisms to survive. In current scenario, the
increasing pollution loads on aquatic system are of significant concern. The discharge of
wastewater effluents from agricultural, residential and industrial resources introduces various
organic and inorganic pollutants such as pesticides, heavy metals, cyanides, hydrocarbon
solvents, dyes, etc. into natural systems®. Along with these, wastes generated from industries viz.
leather, steel, electroplating, metal foundry and battery manufacturing industries are potential
source of pollutants. Coloured wastewater resulting from dye processing has negative impacts on
dominant plants, animals as well as the ecosystem. Besides being the annoying aesthetic nature
of wastewater dye they also affect the food web of the ecosystem and finally affect humans
negatively?. Another major environmental issue is heavy metals, which pose a significant risk
because of their persistent nature and tendency to bioaccumulate. Trace amounts of heavy metals
and dyes in the water are undesirable and harmful because they are carcinogenic, mutagenic and
toxic. Methylene Blue (MB), an organic dye have tendency to cause sore throat, skin irritation,
asthma, eye irritation etc. whereas, Lead (Pb), is a hypertoxic heavy metal causes damage of
liver, kidney as well as disorders of central nervous system?. Lead is one of the non-destructive
heavy metal that binds with other biomolecules and transformed into different chemical form in
living organisms®*. Therefore, the greatest need of their treatment prior to discharging into the
natural environment is necessary. Heavy metals influence the biochemical and physiological
procedures that can be poisonous for macro-organism and micro-organisms reducing growth,
preventing photosynthesis, and deteriorating cell organelles®.

In order to eliminate dyes and heavy metals from contaminated water various chemical, physical
and biological techniques have been reported so far. Some of the methods among them are ion
exchange, adsorption, ozonation, oxidative processes and membrane process. Adsorption method
is one of the effective technique in terms of cost-effectiveness and convenience to eliminate
heavy metals and dyes for wastewater®. Number of adsorbents has been reported till date to
remove pollutants from contaminated water. Some of them are agricultural wastes’, alumina®,

graphene oxide®, hydrogels'®!!, aerogels'?'®, mesoporous SiO;*, MCM-41 and MCA?Y,

activated carbon'®, aerogels'>*3, polymer-clay’, nanoadsorbent'®, bioadsorbents etc. *°

Currently the major attention of researchers has been focused on bioadsorbents for wastewater

remediation process. They exhibit high sorption capacity, easy availability, regeneration, less
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financial input, modest sludge generation, non-toxic and eco-friendly nature in comparison to

other expensive methods 2. The existence of several functional groups like -NHz , -COOH, and -

OH on bioadsorbent surface helps in pollutants adsorption 2L. Several bioadsorbent based

pollutant removal studies have been reported. Taro (Colocasiaes-culenta(L.) Schott) has been
used for elimination of lead from aqueous solution has been reported utilizing.?> According to
the study of Han et al., lead ions adsorption from aqueous solution has been reported using native
wheat straw biomass and further modifying into biochar and ball-milled biochar showing
maximum adsorption capacity of 46.33, 119.55 and 134.68 mg/g*. Report of Lima et al.,
demonstrated the removal of methylene blue dye using bioadsorbent Enterolobium
contortisiliquum with 79% removal efficiency?®. Since simultaneous adsorption of organic and
inorganic pollutants are of great importance for treatment of wastewater and only few studies
have been reported in this context. Therefore, this study reports single and binary component
system adsorption of organic dye and heavy metal.

In this study, we report a simple, facile and superficial method to synthesize Citrus limetta based
bioadsorbent modified with cross-linker hexamethylene diisocyanate (HMDI). The synthesized
modified Citrus limetta (MCL) bioadsorbent has been successfully used for organic and
inorganic pollutants removal from aqueous solution within few hours of application. The
formation of urethane linkage due to HMDI with native Citrus limetta surface results stable
bioadsorbent system with various active sites. The synthesized bioadsorbent was characterized
using different methods like Fourier Transform Infrared Spectroscopy (FTIR),
Thermogravimetric Analysis (TGA), Scanning Electron Microscope (SEM), Brunauer-Emmett-
Teller (BET), X-ray Diffraction (XRD), Energy dispersive X-ray (EDX) etc. have been used for
characterization of synthesized bioadsorbent. All adsorption parameters like dosage,
concentration, temperature, pH variations have been studied in detail. Experimental data fitted
well on thermodynamic, kinetics and isotherm models. MCL bioadsorbent was successfully used
to eliminate dye and heavy metal from aqueous solution as well as color from environmental
sample. This adsorbent system could be utilized as a promising approach in contaminated water

treatment.
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5.2.2. Materials and Methods

5.2.2.1. Materials

Hexamethylene diisocyanate (HMDI), dibutyltin dilaurate (DBTDL) and Acetone were
purchased from Sigma Aldrich, India. N, N Dimethylformamide (DMF) was purchased from
Qualigens, Bombay, India. Methylene Blue and Lead Nitrate were obtained from Fisher
Scientific, Navi Mumbai, India. The Citrus limetta peel has been collected from fruit market,
Vadodara. Analytical grade reagents were used as received. The solutions of dye were prepared

using de-ionized water.

5.2.2.2. Synthesis of Modified Citrus limetta (MCL)
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Figure 5.2.1: Synthetic scheme of MCL
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For the synthesis of CLM, Citrus limetta peels have been collected and washed thoroughly. Peels
have been cut into small pieces and dehydrated in oven at 100 °C for 5-6 hours. After drying,
peels have been crushed and converted into uniform size of Citrus limetta. 100 mg powder of
Citrus limetta was dispersed in DMF (5-8 ml) on stirrer under nitrogen atmosphere. 100 pL
HMDI was dissolved into 1 mL of DMF and added into reaction mixture dropwise under
constant stirring. The obtained reaction mixture was heated at a constant temperature of 70°C in
oil bath in the presence of catalyst DBTDL (50 uL) for 1 hour in a round bottom flask. The
system was allowed to stir continuously to complete the synthesis. The synthesized MCL was
separated by filtration and cleaned with water and acetone. The product was dried and stored
under vacuum for further use in experiments. The synthetic scheme has been represented in
Figure 5.2.1.

5.2.2.3. Characterization of MCL

PerkinElmer IR spectrophotometer was used to record FTIR spectra of MCL as KBr discs at
room temperature. Energy Dispersive Spectrometer (EDS) analysis of the vacuum dried MCL
was recorded by the model-JSM-5610 LV. The Surface area and porosity of SPNA were
measured using a volumetric adsorption system (Micromeritics Instrument corporation, USA,

model ASAP 2020) using N2 adsorption/desorption isotherms at 77 K up to 1 bar. Before

measurements, the samples were activated (degassed) by heating at the rate of 1 K min™! up to

295 K under vacuum. Surface area was calculated using the Brunauer— Emmet-Teller (BET)
method and the porosity by the Barrett— Joyner—Halenda (BJH) method. Thermo gravimetric
analysis (TGA) was performed using TG-DTA 6300 INCARP EXSTAR 6000 at a heating rate
of 10°C/min in the temperature range of 30-500°C with nitrogen atmosphere maintained
throughout the measurement. The structure of the hydrogel was investigated using a D2 Phase 2
Bruker X-ray powder diffractometer at room temperature. X-rays of wavelength 0.1454 nm (Cu
K-alpha) were produced using a tube, a dried and pressed powder of the material was used as a
sample and diffraction patterns were collected in 0.05 steps per second with 26 ranging between
5° and 80°. UV-vis spectrophotometric measurements were done on Cary 60 UV-vis
spectrophotometer (Agilent Technologies). PinAAcle 500 Atomic Absorption Spectrometer of
Perkin Elmer has been used for heavy metal determination.
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5.2.2.4. Adsorption of organic and inorganic pollutants

To evaluate the adsorption capacity of MCL, one organic pollutant i.e. Methylene Blue (MB)
dye and one inorganic pollutant i.e. heavy metal Lead (Pb?*) were used as models for adsorption
studies. The adsorption process was carried out in 150 mL conical flasks containing 50 mL of
model solutions. In order to determine the optimum quantity of MCL to be used in subsequent
experiments, different amount (25- 200 mg) of MCL was added in 100 mg/L of prepared MB
and Pb?* solutions individually. The solutions were placed on magnetic stirring for different time
intervals; aliquots were collected and further measurement was carried out for determination of
unadsorbed pollutant content using UV-Vis Spectrophotometer and Atomic Absorption
Spectrometer. For determination of optimum concentration of MB and Pb?* to be used in
successive experiments, different concentrations (50 — 250 mg/L) of dye and heavy metal were
prepared and optimum amount of MCL was added to the solutions. All the solutions were placed
on shaker for 7 hours at 35°C (other than temperature variation study) and shaking speed of 160
rpm to attain equilibrium condition. Supernatant was separated and analyzed using UV-visible
spectrophotometer at the wavelength range of 400-800 nm and Atomic Absorption Spectrometer.
For pH variation study, 50 mL of 100 mg/L MB and Pb?* were taken with 100mg MCL at
different pH (2-12) and kept on shaker for equilibrium study, supernatants were collected after
adsorption and analyzed using UV-visible spectrophotometer (Amax = 665 for MB) and Atomic
Absorption Spectrometer. The pH adjustments were done using NaOH and HCI solutions. For
determination of point zero charge (pHezc), 50 mL pH 2-10 solutions were continuously stirred
with 50 mg MCL and final pH of solutions were measured. The graph between ApH (difference
between initial and final pH value) and initial pH demonstrate pHpzc®. Using the above
optimized conditions, Kinetics experiments were executed at various time intervals. The effect of
temperature on adsorption has also been studied on different temperature from 35°C to 55°C.
Each experiment has been performed in triplicates and mean values were reported. The

adsorption capacity, removal percentage and adsorption at particular time ‘t” were calculated

using the following equations?:

Co—C
%R, = <

e
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where, ge denotes adsorption capacity (mg/g), qg: is adsorption capacity at particular time ‘t’
(mg/g) and %Re denotes removal efficiency of pollutants; Co represents initial concentration
(mg/L), Ce is equilibrium concentration (mg/L) and C: denotes the concentration at time ‘t’
(mg/L) of pollutants in aqueous solution; ‘V’ represents the volume of solution (L) and ‘m’
denotes the weight of the adsorbent (g).

5.2.2.5. Simultaneous Adsorption of MB and Pb?*

Binary system of MB and Pb?* was used for adsorption study simultaneously owing to practical
relevance. For this study, 50 mL of 50 mg/L MB and 50 mg/L Pb?* solution were prepared and
ratio of mixing was 1:1. The adsorption study was performed till equilibrium and supernatant
were observed under UV-visible spectrophotometer and Atomic Absorption Spectrometer.

5.2.2.6. Desorption Experiment and Reusability

MCL (100 mg) was placed in conical flask containing 100 mg/L MB and 100 mg/L Pb**
individually and the solutions were magnetically stirred for 7 hours. After adsorption,
supernatants were separated and final concentrations of dye and heavy metal ions were
determined. The pollutant loaded MCL was desorbed by constant stirring with 0.1M HCI, the
desorbed bioadsorbent were washed several times by distilled water, air dried and stored to ruse
in new adsorption batch. The regenerated adsorbent was utilized in adsorption-desorption

experiments upto five cycles. The desorption efficiency was calculated by using equation (4)%'.

Amount of Pollutant Desorbed (4)
Amount of Pollutant Adsorbed

Desorption Efficiency =

5.2.3. Results and Discussion

5.2.3.1. Characterization of Bioadsorbent

5.2.3.1.1. FTIR Spectra Analysis

The IR spectra for MCL, MCL+MB and MCL+Pb?* (Figure 5.2.2) shows —OH stretching
vibrations at 3335 cm™. The peaks in the range of 1500-1650 cm™ represents the stretching
vibrations of carboxyl groups (-COOH). Peak at 2933, 2856 and 1576 shows stretching vibration
of -NH, —CH and C=0 groups corresponding the urethane linkage??. The characteristic peaks
at 1439, 1372, 1160, 1075 and 896 cm™ shows typical cellulose molecules bands®. The peaks in
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the range of 1320-1210 cm™ represents the appearance of —C-O and —C-H group?®. The FTIR
spectrum of MCL represents significant number of functional groups for binding with adsorbate
molecules. The peaks at 1075 and 1160 cm™ is related with C-O-C stretching vibration
representing polysaccharide skeleton of cellulose®®. Changes in intensity and shifting of peak
position represent the adsorption of MB and Pb?* on surface of MCL. The shifting of peak from
1626 to 1624 cm™ (MB) and 1623 cm™ (Pb?") signifies C=0/C=C bond involvement in the
process of adsorption®!. The band at 2933 cm™ corresponds to antisymmetric and symmetric
stretching of C—H bond associated with methyl and methylene groups. The decrease in intensity
of hydroxyl and carboxyl groups represents their involvement in binding with organic and

inorganic pollutant.

TN\

MCL+ Pb2+

Transmittance (%)

2500

Wavenumber (cm™)
Figure 5.2.2: FTIR spectra for MCL, MCL+MB and MCL+Pb?*
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5.2.3.1.2. SEM-EDX Analysis

The elemental composition and surface morphology of MCL and pollutant loaded MCL were
explored with the help of Scanning Electron Microscope coupled with Energy Dispersive
Spectrometer, as shown in Figure 5.2.3. SEM analysis of MCL indicates a slightly smoother

surface with active sites contributing to large surface area facilitating the process of pollutants

adsorption®?. The morphology of MB and Pb?* loaded bioadsorbent has been represented in

Figure 5.2.3 (I). According to EDS analysis of MCL the carbon and oxygen dominate the
composition and presence of nitrogen confirms the urethane linkage with Citrus limetta surface
(Figure 5.2.3 (1) and Table 5.2.1). The presence of elements complementary with adsorbate
molecules appears in EDS spectra represents transfer of dye molecules from solution to
bioadsorbent. Relatively higher content of carbon over other elements represents good adsorption
capacity of MCL.

Table 5.2.1: Elemental composition of MCL bioadsorbent before and after adsorption of
MB and Pb?*

Material O Mg Ca Pb Cl

MCL

MCL+MB

MCL+Pb?
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Spectrum 1

ull Scale 7004 cts Cursor: 0.000

Spectrum 1

7o
//' r?
- ull Scale 6313 cts Cursor: 0.000

“sem-seea

ull Scale 7058 cts Cursor: 0.000

Figure 5.2.3: (1) SEM images of (A) MCL, (B)MCL+MB and (C) MCL+Pb?*; (11) EDS
curves of (A) MCL, (B) MCL+MB and (C) MCL+Pb?*

5.2.3.1.3. BET Analysis

The nitrogen adsorption-desorption isotherm at -196°C result of MCL bioadsorbent has been
shown in Figure 5.2.4. According to the results obtained, the form of isotherm represents type Il
plots as per the IUPAC classification. The specific surface area and pore volume of MCL
bioadsorbent was found as 2.98 m?/g and 0.00354 cm®/g. The adsorption average pore size

distribution was found as 10.53 nm®. The pores fall in the range of mesoporous structure

showing possibility of monolayer adsorption®*.
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Figure 5.2.4: Nitrogen adsorption-desorption isotherm of MCL bioadsorbent

5.2.3.1.4. TGA Analysis

The thermal decomposition of MCL bioadsorbent was explored in the range of 30-550°C that
represents three stages of mass loss as shown in Figure 5.2.5. The first stage mass loss of 12.7%
was attributed with the presence of moisture content in the temperature range of 30-110 °C.
Second stage degradation was detected in the range of 110-360 °C showing major mass loss i.e.
56.6% associated with the decomposition of biomass compounds such as cellulose,
hemicelluloses and breakdown of urethane linakge®. The last stage mass loss of 14.9% after 360
°C shows the degradation of organic matter associated with bioadsorbent with higher thermal

stability.
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Figure 5.2.5: Thermogravimetric curves for MCL bioadsorbent

5.2.3.1.5. DLS Analysis
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Figure 5.2.6: DLS size distribution diagram of MCL bioadsorbent

The particle size of MCL bioadsorbent was investigated by using Dynamic Light Scattering
(DLS) measurement. The hydrodynamic diameter of MCL bioadsorbent recorded at 25 °C was

found as 122.4 nm as shown in Figure 5.2.6.
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5.2.3.1.6. XRD Analysis
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Figure 5.2.7: XRD spectra of MCL, MCL+Pb?* and MCL+MB

The X-ray diffraction pattern of MCL, MCL+Pb?" and MCL+MB has been represented in
Figure 5.2.7. Between (20) 15 to 25°, the broad peaks are associated with highly organized
crystalline cellulose content of bioadsorbent. The amorphous nature of bioadsorbent has been
shown by weak peaks®. Less organized polysaccharide structure was represented with very
small peaks around 16°%7. According to the XRD pattern, no change was observed in crystal
structure of the particles after adsorption of MB and Pb?*.The original peaks of MCL were
maintained even after adsorption ensuring the structural stability of bioadsorbent®. This was also
confirmed by the FTIR data of pollutant loaded MCL.
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5.2.3.2. Effect of MCL Dosage

The quantity of adsorbent plays crucial role in process of adsorption as it corresponds to the
available active sites. The availability of several active sites and functional groups can be utilized
at higher dosage of adsorbent ultimately increasing the adsorption capacity. The results of this
study have been shown in Figure 5.2.8. It has been investigated that removal efficiency
increases from 62.63% to 98.96% and 57.4% to 91.2% in case of MB and Pb?*, respectively with
increasing bioadsorbent quantity from 25 mg to 200 mg. The ideal bioadsorbent dosage for both
MB and Pb?* were selected as 100mg for 100 mg/L of their respective solutions.
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Figure 5.2.8: Effect of MCL dosage on the percentage removal of 100 mg/L of MB
and Pb?*at 35°C

5.2.3.3. Effect of Initial Concentration
The impact of initial concentration on equilibrium adsorption capacity and removal efficiency
was investigated in the range of 50-250 mg/L (Figure 5.2.9). It was observed that removal

efficiency increases rapidly before optimum concentration i.e. 100 mg/L for MB and Pb?* then
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decreases with increasing initial concentration. In case of MB the reduction of removal
efficiency is from 97.8% to 74.27% and for Pb?* the decrement is from 88% to 60.8%. The
adsorption capacity rises from 48.9 to 202.92 mg/g for MB and 44 to 152 mg/g for Pb?* with
rising initial concentration from 50 to 250 mg/L. The rapid organic and inorganic pollutant
adsorption is due to enhanced mass gradient among adsorbate and adsorbent because of
increasing concentration. The transport of pollutant molecules from bulk of the solution to the
surface of bioadsorbent is induced by mass transfer gradient. After attainment of equilibrium, the
decrease in removal efficiency with increasing concentration is due to repulsive force between
pollutant molecules on bioadsorbent surface and those in bulk solution. The reduction in number
of free active sites for adsorption and incapability of saturated sites to capture pollutant

molecules does not favor further adsorption describing the decreasing nature of the graph. 3940

=9-MB == Ph2+

Adsorption Capacity (mg/g)
Removal Efficiency (%)

100 200

Initial Concentration (ppm)

Figure 5.2.9: Effect of initial concentration of MB and Pb?* on adsorption capacity

and removal efficiency using MCL at 35°C
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5.2.3.4. Effect of pH
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Figure 5.2.10: (A) point zero charge (pHezc) estimation, (B) Effect of pH on removal
efficiency of MB and Pb?* on MCL at 35°C

Initial pH is a significant parameter of adsorption process for removal of organic and inorganic
pollutants which directly influences the adsorption capacity. The variation in solution pH may
result in change of ionization degree of adsorbate, surface charges associated with adsorbent and
level of functional group dissociation on bioadsorbent active sites*!. Point of zero charge (pHpzc)

has been investigated to determine the charge associated with bioadsorbent. The estimation of
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pHpzc and effect of pH variation on removal efficiency has been represented in Figure 5.2.10
and explained due to pHpzc. The cationic dye, MB shows higher removal efficiency in higher pH
(basic condition) due to negatively charges functional group on bioadsorbent surface. In case of
Pb?*, the removal efficiency increases with increasing pH upto neutral condition and decreases in
alkaline condition. The removal efficiency of MB increases from 38.8% to 97.5% with rising pH
and shows maximum removal efficiency at pH 8 i.e. 98.9%. For Pb?*, the removal efficiency
increases from 52.8% (pH 2) to 90.4% at pH 6 and decreases again with increasing pH.

The pHpzc is a facile index to investigate whether the surface charges of bioadsorbent are
positive or negative. The pHpzc of the bioadsorbent (MCL) was found to be 7.2, indicating that
bioadsorbent will acquire positive charge on their surface on pH < 7.2, net zero charge at pH =
7.2 and negative charge at pH > 7.2. Cationic model adsorption will be favored at pH > pHpzc
whereas anionic model adsorption will be favored at pH < pHpzc?. The adsorption of positively
charged MB has been strongly favored at pH more than pHpzc i.e. on negatively charged
bioadsorbent surface. The optimum pH for MB adsorption has been fixed to pH 8 as no
significant variation in removal efficiency has been observed with increasing pH. The removal
efficiency of Pb?* at low pH is less due to competition of H* ions with exchangeable cations on
MCL surface. With increasing pH, the weak competitive adsorption of H* ions in comparison to
Pb?* increases the rate of adsorption. Generally aqueous solution of heavy metals exist in form of

hydroxides in neutral to alkaline conditions leading to precipitation in the form of Pb(OH)..

Therefore, the removal efficiency of Pb?* varies with increasing pH and pH 6 is considered as

optimum pH for Pb?* adsorption®.

5.2.3.5. Effect of Contact Time

Figure 5.2.11 shows the impact of contact time on the process of adsorption of pollutants i.e.
MB and Pb?* by MCL at 1, 2, 3, 5 and 7 hours (pH 8 for MB and pH 6 Pb?*). Removal efficiency
of MB and Pb?* at the end of 7 hours was investigated as 95.13% and 89.5%, respectively. In
general, the carboxyl group can effectively adsorb the heavy metal ions. The removal efficiency
increases rapidly in initial stage due to abundance of unoccupied active functional sites on
bioadsorbent and adsorbate molecules migrate from solution to adsorbent surface. The
adsorption process could be explained by electrostatic interaction and hydrogen bonding in

between cationic pollutants and adsorbent. The adsorption process begins with increasing
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removal efficiency with time via Van der Waals forces and closer proximity of bioadsorbent with
cationic pollutant molecules lead to electrostatic interactions. Near equilibrium, between 5 to 7
hours the removal efficiency becomes sluggish due to saturation of active sites. The decreased
and constant removal rate occurs due to the inability of cationic pollutant molecules to occupy
the free active sites of the bioadsorbent surface because of repulsive forces of adsorbate
molecules between the bulk of solution and solid phase. Slower diffusion rate of adsorbate

molecules onto adsorbent and electrostatic hindrance also contribute to slower rate of removal

near equilibrium. Similar finding has been reported for adsorption with respect to time®.

--NB -B=Pb?%

Removal Efficiency (%)

4 6
Time (hours)

Figure 5.2.11: Effect of contact time on the percentage removal of 100mgL-! of
MB and Pb?* at pH-6.0 and pH- 8.0, respectively at 35°C

5.2.3.6. Effect of Temperature
The temperature variation has an effective role in increasing or decreasing the adsorption

process. In this system, removal efficiency increases with increasing temperature as represented
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in Figure 5.2.12. In case of MB the removal efficiency increases from 97.24% to 99.02% and
86.9% to 91.9% for Pb?" with rise in temperature from 35°C to 55°C. The investigated result
suggested that adsorption of MB and Pb?" on MCL is an endothermic process as adsorption is
favored at higher temperature. The increase of adsorption with increasing temperature might be
associated with increase in mobility of adsorbate molecules with temperature and also provide

sufficient energy for interaction of adsorption site of bioadsorbent surface and adsorbate

molecules®. A similar trend was also observed in some reported works of adsorption®?’ .

mMB m Pb%*
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Figure 5.2.12: Effect of temperature on dye removal efficiency with increasing temperature
from 35 °C to 55 °C

5.2.3.7. Adsorption Isotherms

Adsorption isotherm is considered as one of the crucial parameters of adsorption process.
Generally, the adsorption isotherm on the basis of adsorption equilibrium was used to estimate
performance of adsorbent. The relationship between adsorbate equilibrium concentration (Ce)
and per unit gram of adsorption capacity at equilibrium (Q¢) at constant temperature represents
adsorption isotherm?®. They are imperative for designing an adsorption system, its data analysis

and shows extensive interpretation of the nature of interaction. In this context, adsorption
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capacities of MB and Pb?* onto MCL were investigated using Langmuir and Freundlich

adsorption isotherm models (Figure 5.2.13).

Ce_l

qe_KL

Ce

1
logq. = logKy + ElogCe S )

where, Ce (mg L) and ge (mg g?) is the equilibrium concentration of dyes and adsorption
capacity of MCL at equilibrium, respectively; gm is the maximum adsorption capacity (mg g™?),
1/n represents constant associated with adsorption intensity variation with heterogeneity of
adsorbent and K. (L/mg) and Kr (L/mg)
adsorption constants, respectively. The value of Ki represents whether the adsorption is

are the Langmuir and Freundlich equilibrium

favorable, unfavorable or linear under the condition of (0 < Kr< 1), (KL> 1) and (KL = 1),
respectively?.

The calculated data of Langmuir and Freundlich isotherm model has been represented in Table
5.2.2. The experimental data fitted well into both adsorption isotherm model i.e. Langmuir and
Freundlich model. On the basis of correlation co-efficient, Langmuir adsorption isotherm model
fitted better than Freundlich model representing monolayer adsorption process for both
adsorbates. In monolayer adsorption process, certain homogeneous sites on the adsorbent

facilitates adsorption and all these sites are energetically identical *°.

Table 5.2.2: Isotherm constants for the adsorption of 100mgL* of MB and Pb?* at 35 °C

Dye Molecule

Langmuir

Freundlich

Om
(mg g™)

KL
(L mg?)

RZ

RL

1/n

KEe
(L mg?)

250

0.2352

0.321

62.37

200

0.0568

0.369

29.99
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Figure 5.2.13: (A&B) Langmuir and (C) Freundlich adsorption isotherm for the
removal of 100mgL! of MB and Pb?* at 35°C
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5.2.3.8. Adsorption Kinetics

o MB o MB mPb%

R*=0.768

6

Time (hours) Time (hours)

o MB u Pbh* oMB B Pb?*

|
R*=0.821

2 4 6 4 6
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R?=0.840

4 4 6

Time (hours) Time (hours)

Figure 5.2.14: Graphs of (A) Zero order (B) First Order (C) Second Order (D) Third
Order (E) Pseudo first order (F) Pseudo Second Order kinetic curves for MB and Pb?*
adsorption on MCL

Adsorption kinetics is very crucial study for practical applications, control of operation and

designing process since it provides significant insights into pathway of reaction as well as

mechanism of adsorption process. Solute uptake has been described by kinetics by controlling

the time of adsorbate uptake at interface of solid and solution. Several kinetic models have been
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implemented on experimental data, such as Zero order, First order, second-order, third order,
pseudo-first order, pseudo second order models. On the basis of correlation co-efficient it was

concluded that data fitted well with the pseudo- second order model as shown in Figure 5.2.14.

In(q. — q;) =lnq, — kqt ... cco e e ... (7)

t 1 4 t 8)
4. FqZ g,

Here, ge is the adsorbed dye amount at equilibrium, gt (mg g %) is the adsorbed dye amount at

time t (minutes). ki and k2 (mg min g™*) are the rate constant of pseudo-first order and pseudo-
second order kinetic models. The experimental data follow the pseudo second order model with
correlation coefficient of 0.999 for MB and 0.998 for Pb?*. Table 5.2.3 represents the kinetic
parameters of MB and Pb?* adsorption. This suggested that the adsorption of organic and
inorganic pollutant is influenced by its chemical interactions with bioadsorbent revealing that

chemisorption is the rate determining step “°.

Table 5.2.3: Kinetics parameters for adsorption of MB and Pb?*on MCL

Pollutants Pseudo First Order Pseudo Second Order

Qe (Mg/g)

ki (109 | R?

Qe ( mglg)

k2 (10%) | R?

MB

19.68

-1.19

100

0.68

PbZ*

28.76

-1.90

100

0.4

5.2.3.9. Adsorption Thermodynamics

The adsorption thermodynamics is an important parameter to evaluate whether the adsorption
process is spontaneous or not. It is also utilized to investigate the mechanism of adsorption. The
data obtained from adsorption experiments at different temperatures i.e. 35°C, 45°C and 55°C
were estimated using thermodynamics equations. Several parameters like Gibbs free energy
(AG®), change in entropy (AS°) and enthalpy change (AH°), were calculated from

thermodynamic equilibrium constant (Kc) using appropriate equations as mentioned below:
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where, as denotes activity of the adsorbate molecules adsorbed on the surface of bioadsorbent
and ae represents its activity within solution at equilibrium; vs is activity coefficient of adsorbate
adsorbed in solution and ve represents the activity coefficient of the adsorbate molecules at
equilibrium.

The activity coefficient v reaches closer to unity when concentration of adsorbate solution

decreases and approaches zero, under this situation the above equation could be represented as:

The values of AH® and AS® have been calculated from intercept and slope of Van’t Hoff plot of
experimental data In Kc versus 1/T at three different temperatures i.e. 308, 318 and 328 K. The
thermodynamic surface plot and Van’t Hoff plot has been shown in Figure 5.2.15. Then Gibbs

free energy has been calculated as per the equation 11.
AG° = —RT In(K,)

AS°  AH° 1
InK, = ——.=
R

The negative values of AG® at different temperatures reveal the spontaneous nature of MB and
Pb?* adsorption on MCL. More negative values with increasing temperature represent more
energetically favored process of adsorption. The studies exhibit an increase in negative value of
AG® with increasing temperature as shown in Table 5.2.4. The positive AS°® value shows
enhanced randomness during the process of adsorption at solid-solution interface. The positive
value of AH° suggested endothermic nature of the adsorption process associated with
bioadsorbent. It is also reported that physisorption process has been represented by 2.1-20.9 kJ
mol~ value of AH° and values lying between 80-200 kJ mol™ for chemisorption process. Since
the calculated values are more than 20.9, the process of organic and inorganic pollutant removal
via bioadsorbent follows chemisorption. This corroborates with the kinetics modelling obtained.

47

Table 5.2.4: Thermodynamic parameters for the adsorption of MB and Pb?* on MCL

Contaminants

Ke

308 K

318 K

328 K

AH®

AS°

AG*°

308 K

318 K

328 K

MB

35.26

63.53

101.15

44.29

0.173

-9.12

-10.97

-12.58

Pb?*

6.63

8

11.34

22.19

0.087

-4.83

-5.552

-6.599
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Figure 5.2.15: (A) In (Qe/Ce) versus 1/T graph for estimation of thermodynamic
parameters for adsorption of MB and Pb?*, (B&C) Thermodynamic surface plots of MB

and Pb?*, respectively
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5.2.3.10. Simultaneous Adsorption Study of MB and Pb?*
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Figure 5.2.16: (A) UV-vis spectra of MB in binary solution with time and (B) Removal

Efficiency of MB and Pb?* with time in binary solution

The results of simultaneous adsorption of MB and Pb?* represents that Pb?* has higher adsorption
capacity in comparison to MB in binary solution. The removal efficiency of MB and Pb?" was
investigated as 73.93% and 97.86% respectively, as shown in Figure 5.2.16. The simultaneous
adsorption effect of organic and inorganic pollutants on MCL was investigated by utilizing the

ratio of adsorption capacities (Rq):
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_ qui
Am, L

where, gv,i and gm,i represents the adsorption capacity of system ‘i’ in the binary and mono-

R

e (13)

q

component solution, respectively with same initial concentration.

In case of simultaneous adsorption, three probable conditions occur: i) Rq < 1 indecates
antagonism, where adsorption of one component is suppressed in the presence of other
component; ii) Rq > 1 represents synergism suggesting that the adsorption of one component is
amplified by the existence of other component and iii) Rq = 1 shows non-interaction i.e. the
adsorption of component ‘i’ is not afflicted by the presence of co-pollutant.

In this system, the presence of MB enhances the adsorption of Pb?* whereas, the presence Ph?*
reduces the adsorption of MB (i.e. Rq, ms =0.75 and Rq, po2+ = 1.11). The presence of Pb?* on
surface of MCL could not provide extra active sorption sites for MB. The co-existence of MB
and Pb?* leads to the competitive adsorption to the binding sites of adsorbent that reduces the
adsorption of MB. This phenomenon could be described by the fact that electrostatic attraction of
Pb?* with MCL is stronger in comparison to MB in binary adsorption mechanism ¢4, Thus,

maximum uptake of Pb?* occurs in binary solution due to its stronger affinity with MCL surface.

5.2.3.11. Desorption and Regeneration of MCL

Desorption study is one of the important indices to regenerate the adsorbent as well as recover
the adsorbate molecules. It also helps in defining the efficiency of the adsorbent. The successful
desorption process requires proper eluents system based on the type of adsorbent and adsorbate
interaction. To assess the reusability of bioadsorbent, successive adsorption/desorption cycles
were carried out using 0.1M HCI, 0.1M NaOH and Ethanol solution as eluents %! (Figure
5.2.17 (A)). The obtained results, suggested that HCI is better eluent system for desorption in
comparison to NaOH and Ethanol. The removal efficiency with HCI was found to be 98.6% for
MB and 89% for Pb?*. Results show that the removal efficiency decreases slowly after every
cycle (Figure 5.2.17 (B)). The FTIR analysis of regenerated MCL exhibits no change in
characteristic spectra of bioadsorbent as shown in Figure 5.2.17 (C). This suggests that after
successful adsorption of MB and Pb%*, MCL retains its structure enhancing the economic

viability of the process.
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Figure 5.2.17: (A) Desorption study of MB and Pb?* with different eluents; (B) Percentage
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removal of MB and Pb?* after successive desorption/adsorption cycles using HCI as eluent;

(C) FTIR spectra of regenerated MCL after adsorption of MB and Pb?*

5.2.3.12. Adsorption Mechanism

The probable interaction of MCL with MB and Pb?* is shown in Figure 5.2.18. The adsorption
mechanism is governed by several factors such as structural and functional behavior of adsorbate
molecules as well as surface characteristics of bioadsorbent including pore volume, surface area,
active sites and surface chemical groups®2. In this system, the adsorbate molecules are cationic

pollutants i.e. dye (MB) and heavy metal (Pb?"). The bioadsorbent surface has been affirmed by

presence of several functional groups such as -COOH, -OH, -NH etc. which in turn govern the
process of adsorption. The uptake of Pb?" molecule was regulated by electrostatic interaction and
in case of MB, the hydrogen bonding and electrostatic interaction plays major role in adsorption.
Since, MB adsorption undergoes both interactions i.e. hydrogen bonding and electrostatic
interaction, their adsorption rate is higher than Pb?*. The stability of bioadsorbent increases due

to strong urethane linkage utilized for cross-linking of native Citrus limetta powder. The FTIR
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analysis also helps in further investigation of adsorption mechanism. The MCL spectra before
and after adsorption of MB and Pb?* were analyzed to detect the functional groups interaction
with dye and heavy metal. The slight shift of hydroxyl peak from 3335 cm™ and decrease in its
intensity after adsorption confirms the contribution of hydroxyl groups in process of adsorption.

The shift of 2-5 cm™ from 1626 cm™ of —C=0 group after adsorption represents the successful
removal of pollutants®3,
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Figure 5.2.18: Probable mechanism of adsorption of MB and Pb?*

5.2.3.13. Adsorption of environmental sample using MCL bioadsorbent

In order to explore the application of MCL bioadsorbent in adsorption of pollutants from real
environmental sample, a preliminary study has been conducted. An effluent collected from
textile industry has been diluted in the ratio of 1:2 and furthered utilized as adsorbate system. 20
mL of environmental sample was stirred at 160 rpm with 100 mg of MCL bioadsorbent for 7
hours. The resultant UV-visible spectra (Figure 5.2.19) represented the decrement in color
intensity showing successful removal of color from environmental sample.
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Figure 5.2.19: UV visible spectra of environmental sample adsorption using MCL
bioadsorbent

5.2.3.14. Comparison with Other Bioadsorbents

The values of maximum adsorption capacities of the MB and Pb?* on MCL obtained from
experimental data have been compared with other reported adsorption capacities in literature
(Table 5.2.5). It is observed that MCL has a greater adsorption capability in comparison to other
bioadsorbents, suggesting that MCL could be considered as a promising bioadsorbent for

removal of organic and inorganic pollutants.
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Table 5.2.5: Comparison of maximum adsorption capacities of MCL with other adsorbents

ADSORBENT

ADSORBATE

Qm (mg/g)

Reference

Polyethyleneimine-bacterial
cellulose (PEI-BC) bioadsorbent

Cu (1) and Pb
)

141 mg/g and148 mg/g

54

Saffron flower waste

Pb (I1)

45.62 mg/g

Tomato waste

Pb (I1)

152 mgl/g

Wheat straw, Wheat straw biochar,

ball-milled wheat straw biochar

Pb (I1)

46.33 mg/g, 119.55
mg/g and 134.68 mg/g

Caryocar coriaceum Wittm bark

tailings

Pb (1)

106.36 mg/g

Dragon fruit, Hamimelon and

Avocado fruit peels

Alcian Blue,
Methylene Blue,
Pb%* and Ni%*

71.85 mg/g, 62.58 mg/g,
7.89 mg/g, 9.45 mg/g

L-arginine modified magnetic
bioadsorbent (Fe304-CS-L)

Zn (1), Cd (1)
and Pb (1)

256.41 mg/g, 156.99
mg/g and 128.63 mg/g

Activated carbon/cellulose

composite (ACC) biosorbent

MB

103.66 mg/g

cress seed mucilage (CSM) based

magnetic adsorbent

MB

44.6 mglg

Banana Peels (BP), Cucumber Peels
(CP) and Potato Peels (PP)

MB

211.9 mg/g, 179.9 mg/g
and 107.2 mg/g

MCL

MB and Pb (I1)

250 mg/g and 200 mg/g

This work

5.2.4. Conclusion

In summary, this work establishes a facile and simple approach to prepare a novel modified

Citrus limetta (MCL) bioadsorbent that effectively eliminate organic (MB) and inorganic (Pb?")

pollutants from aqueous solution as well as removal of color from environmental sample. The

results revealed that MCL is an excellent eco-friendly bioadsorbent system for removal of MB
and Pb?" with maximum removal efficiency of 99.02% and 91.9% for MB and Pb?,
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respectively. The maximum adsorption capacity of MB was found to be 250 mg/g and 200 mg/g

for Pb?*. The main advantage of bioadsorbent with urethane linkage was evaluated to enhance its

stability and facilitate the adsorption process. The detailed investigation of adsorption using
bioadsorbent (MCL) revealed that adsorption process was governed by hydrogen bonding and
electrostatic interaction between adsorbate molecules and adsorbent. The detailed investigation
of adsorption parameters included concentration, adsorbent dose, pH and temperature variation.
The adsorption kinetic studies revealed that adsorption process follows pseudo second order
model. The equilibrium experimental data were best fitted with Langmuir isotherm model
suggesting monolayer adsorption. The thermodynamic study shows spontaneous and
endothermic nature of adsorption process. Furthermore, MCL can be regenerated and reused
upto five cycles with slight decrement in removal efficiency. Thus, it can be concluded that
Modified Citrus limetta could be used as promising bioadsorbent for eliminating organic and

inorganic pollutants due to its high efficiency, cost effectiveness and ease of operation.
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