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Abstract

Iodate doped chitosan (I-CS) composite was synthesized, characterized and used as an adsorbent for
adsorption of Pb (II) ions from aqueous solution. The I-CS sorbent was extensively characterized by
nitrogen adsorption/desorption to determine the BET surface areas and BJH pore size distribution,
elemental analysis, TGA/DTA, FTIR, XRD and SEM. The influences of various chemical parameters
viz. pH, contact time, dose of adsorbent and initial metal ion concentration on adsorption performance
of Pb (II) ions were analyzed. Equilibrium adsorption isotherm and kinetics of adsorption has also
been studied. The BET results exhibited decreased porosity and specific surface area of I-CS
composite due to the blockage of internal porous cavities by incorporated iodate. The maximum
removal of the Pb (II) ions using I-CS adsorbent was observed at optimum pH 6. The dose of
adsorbent on the percentage removal of Pb (II) ions also has a prominent effect and maximum Pb (1)
ions mitigation found at 0.5 g/L adsorbent dose with 99% efficiency achieved in 4h. The adsorption of
Pb (II) ions shown applicability of the Langmuir and Freundlich adsorption isotherm suggests the
existence of both heterogeneous surface and monolayer coverage of adsorbed molecules. The
adsorption process follows pseudo-second-order kinetics. This doped composite adsorbent proved to

be an effective for adsorption of Pb (II) ions from aqueous solution.
Keywords lodate doped chitosan; Pb (II); Adsorption; Isotherm; Kinetics.

1. Introduction

The presence and high concentration of many heavy metals like lead, copper, zinc, mercury,
chromium, arsenic and cadmium in various water resources can be injurious to the environment and
public health. Among all the heavy metal ions, special attention has been given to Pb (II) ions
contamination in water. Research on lead has become a prime importance for environmentalist and
medical scientists because it has no biological use and highly fatal to human beings and aquatic flora
and fauna even in relatively low concentration.' It affects the central nervous system, kidneys, liver,

gastrointestinal system and it may directly or indirectly cause diseases such as anemia,
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encephalopathy, hepatitis and the nephritic syndrome.” It is a cumulative poison and carcinogenic
even at low concentration.” Levels of lead in drinking water, waste water and water used for
agricultural and recreational purposes must be reduced to within the maximum allowable
concentrations recommended by national and international health authorities such as World Health
Organization (WHO). The Current EPA drinking water standard for lead are 0.05 mg/L but a level of
0.02 mg/L has been proposed and is under review. According to Indian Standard Institution (ISI) the
tolerance limit for discharge of lead into drinking water is 0.05 mg/L and in land surface waters is
0.1mg/L.* The wide usage of Pb (II) in various industries has triggered the necessities of developing
an efficient method to remove this heavy metal ion from wastewaters. Many conventional methods
are known for lead removal from water namely chemical precipitation, membrane separation, ion
exchange, coagulation, reverse osmosis, evaporation and adsorption. The adsorption process is found
to be effective and economic for wide variety of water pollutant sorption.’

Several studies are reported for the removal of heavy metal ions from water. Biosorption of
Lead (II) from aqueous solutions by non-living algal biomass has been reported. An expensive and
effective adsorbent from bagasse fly ash obtained from a sugar industry has been developed for the
removal of lead and chromium.” Red mud from aluminum industry has been converted into an
inexpensive and efficient adsorbent and the authors have used this adsorbent for the removal of lead
and chromium from aqueous solution.* studies conducted on the kinetic parameter for the removal of
lead and chromium from wastewater using activated carbon developed from fertilizer waste material.®
Recently, adsorptions using biomaterials has been considered as one of the most favorable option in
treating wastewater as they are adequate, biodegradable, ecofriendly, non-toxic and have the
capability to physically or chemically interact with a variety of molecules.” A natural nitrogenous
polysaccharide material chitosan that can be obtained in large amounts and cheap used in wastewater
treatment. Chitosan is obtained by the N-deacetylation of chitin using an alkaline solution. It is a
heterogeneous cationic polymer composed of 2-amino-2-deoxy-D-glucopyranose and residual 2-
acetamido-2-deoxy-D-glucopyranose.'’  Chitin and chitosan are of commercial importance because
of their high nitrogen content (6.89%) and their excellent properties such as biocompatibility,
biodegradability, non-toxicity and adsorptive abilities. Chitosan has the ability to form complexes
with metals. It has a better adsorption capacity for metal ion. It has severe limitations in its use in
acidic media because of its solubility in acid.'' Chitosan shows high affinity for metal ions adsorption
due to the presence of amine (—NH,) and hydroxyl (~OH) functional groups acts as chelating sites.
The deacetylated amino groups in chitosan can be chemically modified easily.'> Therefore the certain
functional groups are also expected to have an adsorptive impact on heavy metals ions. Various
chitosan based adsorbents such as magnetic chitosan/graphene oxide material,"”’ graphite doped
chitosan composite,'* chitosan tripolyphosphate,”> bromine pretreated chitosan,'® for lead (II) ions
removal has been reported. chitosan immobilized on silica for removal of Zn(Il), Cu(Il), Cd(Il),

Pb(II), Fe(II) V(V), Mo(VI) has been investigated.'” Support materials for chitosan that have been
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previously studied are sand for Cu(Il) and Pb(II) removal,'® Chitosan - bentonite for Cu(II), Ni(II) and
Pb(IT) removal.” Adsorption of Hg” from coal combustion flue gases by novel iodine-modified
bentonite/chitosan sorbents.”® Removal of elemental mercury by iodine-modified rice husk ash
sorbents was reported.”’ Adsorption Properties of Iodine-doped pitch-based activated carbon fiber,”
Hg’ capture by halogenated activated carbon, such as chlorine impregnation,” iodine impregnation,
carbon-based and noncarbon sorbents modified by iodine ** have been studied for the improved
mercury removal after modification.

To the best of our knowledge, there is no literature reported on the removal of Pb (II) ions
from water using iodate doped chitosan (I-CS) composite. Due to this reason, the present study
attempt to find out whether the new surface chemistry of chitosan modified by iodate salt have an
impact on Pb(II) removal. This gave way for more adsorption studies for Pb (II) ions to be conducted
using I-CS. In present study, I-CS sorbent was synthesized and the properties of adsorbent are
investigated through SEM, XRD, TGA/DTA, BET, and FTIR analyses. The effect of contact time,
adsorbent dosage, pH and initial metal ion concentration on Pb (II) removal using [-CS were
systematically studied. The Langmuir and Freundlich isotherms were used to evaluate the equilibrium
adsorption data. The kinetics of adsorption was determined based on the pseudo first order, Pseudo

second order and intraparticle diffusion models.

2. Materials and methods

Chitosan used as an adsorbent was purchased from Sisco Research Laboratories, Mumbai (India),
Potassium iodate (Merck, India) anhydrous ethanol (Merck, India). All chemicals used were of
analytical reagent grade. Lead (II) nitrate (Merck, India) was used for preparation of standard 1000
mg/L Pb (II) ion solution. The required working standards of Pb (II) solutions were prepared from
standard lead nitrate solution by successive dilution using double distilled water. Acetic acid (Merck,
India) and ammonium hydroxide (Merck, India) used without further purification. The pH of the
medium was adjusted using 0.1 N nitric acid (Fisher scientific, India) and 0.1 N sodium hydroxide

(Merck, India).

2.1 Preparation of I-CS composite

Chitosan (Mw = 200,000 Da, degree of deacetylation > 90 %) dissolved in 3% acetic acid heated at
40-50°C to obtain homogeneous gel. Potassium iodate treated with anhydrous ethanol was added to
chitosan gel in (1:1 w/w) under a vigorous mechanical stirring. Then mixture was magnetically stirred
(800 rpm) at room temperature (27 °C) for 5-6 hours. This mixture was dropped in 50% aqueous
ammonia. Finally it was filtered, washed several times with distilled water and dried in oven at 80 °C.
The adsorbent was grounded, sieved to 150 mesh sizes and stored into the sorbent bottle for further

adsorption study.
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2.2 Characterizations

Brunauer-Emmet-Teller (BET) surface area of the sample was determined by nitrogen adsorption-
desorption method at 77 K using Micromeritics ASAP 2020 V3.04 H analyzer (USA). Elemental
analysis was used to estimate the density of the active sites in the sorbent. Carbon, hydrogen,
nitrogen, and sulfur wt % (absolute weight) were performed by an elemental analyzer (EL cube, Vario
Inc., Germany). The thermal stability of the sample was evaluated using thermal gravimetric analysis
(TGA/DTA) (Perkin Elmer Diamond instrument). Fourier Transform Infrared (FTIR) Spectroscopy
were recorded in the range of 450-4000 cm™ to study the functional groups and surface chemistry of
the adsorbent (Perkin Elmer spectrum one, Germany) using the KBr pressed pellet technique. XRD
measurements were taken with Rigaku MiniFlex2 Goniometer using Cu Ko radiation as X-ray source.
The surface morphology of chitosan and I-CS composite was studied by using scanning electron

microscope (SEM) at an accelerating voltage of 15kV using (Zeiss Sigma, Germany).

2.3 Batch adsorption experiments

Batch mode adsorption experiments were carried out with 0.05 g of adsorbent at room temperature
(27°C) with 100 ml of required Pb (II) ions solution in 250 ml Erlenmeyer flasks agitated on rotary
shaker at 200 rpm. Adsorption isotherm studies were carried out by varying Pb (II) ion concentration
from 35 to 115 mg/L at optimum pH 6. pH alterations were done using 0.1 N HNO; or 0.1 N NaOH.
All the flasks were agitated at 200 rpm at room temperature for 280 minutes to reach adsorption
equilibrium. The reaction mixture was filtered through Whatman filter paper-41 and analyzed for
residual Pb (II) ions concentration by atomic absorption spectrophotometer (SensAA GBC scientific
equipment). In adsorption kinetic experiments the samples were agitated and withdrawn at interval of
20 to 280 min to determine metal ion concentration. The percentage removal of Pb (II) was calculated
using equation (1)

% removal = % x 100 (1)

Adsorption capacities were calculated using equation (2) and (3) respectively.
ci—C
Qe = Tf xV (2)

qE%xV 3)

Where q. and q; were the amounts of metal ions adsorbed at equilibrium and at time t respectively in
(mg/g). C; and C; were the initial and final Pb (II) ions concentration in (mg/L). C; was the residual
metal ion concentration at time t in (mg/L). V is the volume of solution (L) and m represents mass of

adsorbent (g).
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2.4 Desorption experiment

The desorption study was carried out with 35 mg/L, 75 mg/L and 115 mg/L Pb (II) ion concentration.
0.05 g of lead loaded I-CS adsorbent was washed with distilled water, air dried and placed in contact
with 0.1M HCI as desorption agent in 250 ml Erlenmeyer flasks. Desorption experiments were carried
out at pH 3. The flasks were agitated at 200 rpm at 27 °C for 10 hrs to ensure the equilibrium. To
estimate the process of Pb (II) desorption, the Pb (II) ion concentration present in 0.1 M HCI were
analyzed using Atomic absorption spectrophotometer. The percentage desorption of Pb (1) was

calculated using equation (4).

% desorption = CAC_ACD X 100 4)

Where C, and Cp are the concentration of Pb (II) ions adsorbed and desorbed (mg/L) respectively.

The adsorbent was reused in four adsorption-desorption cycle.

3 Results and discussion
3.1 Physicochemical characterization of I-CS composite
3.1.1 BET and Elemental Analysis

The elemental analysis such as (C, H, N, and S) of CS and I-CS sorbents is given in table 1. BET
surface areas and pore structures of CS and I-CS adsorbents are also provided in Table 1. It was found
that the iodate doping actually decreased the BET surface areas and the pore volumes of I-CS
composite due to the blockage of internal porosity by incorporated KIOs. Since the average pore size
of the sample also increased after modification, the blocked pores would be micropores, resulting in a
decrease of specific surface area and total pore volume.” Fig. 1 (A) shows the nitrogen adsorption-
desorption isotherm of CS and I-CS composite. They exhibit typical Type IV isotherm according to
IUPAC classification which corresponds to the presence of large amount of mesopores and/or
macropores. The hysteresis exists due to the presence of slit shaped pores. The BJH based pore size
distributions of CS and I-CS are also shown in Fig. 1(B). The peaks in the range of 2 to 6 nm for [-CS
composite are located in the mesopore ranges. The adsorption capacity of adsorbent increases with
increasing surface area for pure physisorption process.”® It was observed that the BET surface area of
I-CS adsorbent was smaller than pure chitosan. Therefore it is concluded that the physisorption of I-
CS for Pb(Il) ions is limited and the chemisorptions is the predominant adsorptive mechanism due to

presence of active binding sites for the Pb(II) ions.
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Table 1 Pore Structure Parameters and Elemental Analysis of CS and I-CS Sorbents.

Mean

BET Vit  Vmico  Vimeso pore Element (wt %)

Sorbents (m*/g) (cc/g) (ce/g) (cc/g)  diameter

(nm) C H N S (0]
CS 3.5 4582 0.004 4578 523 3851 7.8 7.05 0.19 46.45
1-CS 0.87 2.126 0.0118 2.1142 9.77 37.17  7.14 7.01 0.18 48.5

Where V,y: total pore volume, V pi0: micropore volume, V.,: mesopore volume of CS and I-CS
composite.
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Fig. 1 (A) Nitrogen adsorption-desorption isotherm (B) BJH based pore size distribution of CS and I-

CS composite.

3.1.2 FTIR spectra analysis

FTIR spectra of pure chitosan, I-CS composite before and after Pb (II) ions adsorption are presented
in Fig. 2. The Peaks of chitosan at 3073 cm™ and 2876 cm™" are assigned to the hydroxyl groups.”” The
peaks at 1667 cm™ for carbonyl C=0 stretch in amide, 1530 cm™ due -NH bending in amide.”® The
broad peak at 1077 cm™ assigned to C-O stretching of the ring C-O-H, C-O-C and CH,OH.” The
absorption peak at 990 cm™ corresponds to saccharide structure.

In I-CS composite the wide absorption band at 3073 cm™ was shifted to the higher wavenumber at
3264 cm’, corresponding to the stretching vibration of -NH, and -OH groups. Similarly the
absorption peak at 1530 cm™ for N-H bending in amide was shifted to higher wavenumber at 1554
cm’. This is due to the fact that physical blend and chemical interaction of two or more polymers
illustrate the changes in characteristics absorption peaks.” The significant changes of N-H stretching
and N-H bending after modification of chitosan indicate that the N-H vibration is affected due to the
modification.’' In I-CS composite new absorption bands at 2946 cm™ for CH; asymmetric stretching,
2840 cm™ for CH, symmetric stretching and 2147 cm™ for C-N stretching vibrations appeared.
Similarly new absorption bands at 830 cm™ and 808 cm™ in the region of 515-830 cm™ indicating the
presence of iodate compounds.’”™ The appearance of new absorption peaks in I-CS suggested the

interaction between iodate and chitosan to form a composite.
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The spectral investigation of I-CS adsorbent after Pb (II) adsorption showed that the peaks either
decreases in intensity or disappear might involve in metals adsorption.’® *” The peaks at 3264 cm™,
2840 cm™, 2147 cm™, 1664 cm™", 899 cm™, 830 cm™ and 808 cm™ lost after lead adsorption, indicated
the participation of —OH, C-N, C=0 and iodate groups in forming complexes with Pb (II) ions. The
FTIR spectrum of lead-loaded I-CS composite shows some shift in wavenumbers. The band at 1554
cm ' and 1071 cm™ shifted to 1506 cm™' and 1067cm™" respectively suggested the involvement of N-
H and C=0 group in Pb(II) adsorption.*® The FTIR analysis revealed the functional groups —OH, C-N,
C=0, iodate and NH, responsible for Pb(Il) adsorption on I-CS composite.
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Fig. 2 FTIR spectra of (A) pure chitosan, (B) I-CS composite before Pb(Il) adsorption and (C) I-CS

composite after Pb(II) adsorption.
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Fig. 3 Binding mechanism for the Pb (II) ions adsorption onto I-CS composite.
3.1.3 X-ray diffraction analysis

XRD patterns of pure chitosan, I-CS composite before and after Pb (II) adsorption are shown in Fig. 4
(A), (B) and (C) respectively. X-ray diffraction pattern of chitosan exhibited broad diffraction peak at
26 = 20° with d- spacing of 4.2 A is characteristics of semi crystalline chitosan. ** In I-CS composite ,
the XRD pattern is slightly broadened and shown a small hump at 26 = 25° and at 20 = 34° as
compared to pure chitosan indicating amorphous nature of synthesized composite. The XRD pattern
of I-CS composite after Pb (II) adsorption shows some additional crystalline peaks related to Pb (II)
adsorption. The XRD studies revealed the blending between iodate and chitosan and adsorption of Pb

(IT) ions on I-CS composite.

Page 8 of 25



Page 9 of 25 RSC Advances

12500 ~ —A

—B

- M —
10000

7500

5000 ~

Intensity

2500 4 (100) Pb

10 20 30 40 50 60 70 80 90 '
2 theta
Fig. 4 XRD pattern of (A) pure chitosan (B) I-CS composite before Pb (II) adsorption (C) I-CS
composite after Pb (II) adsorption.

3.1.4 Thermo gravimetric analysis

Thermo gravimetric analysis / Differential Scanning Calorimetry (TGA/DSC) was used to evaluate
the thermal stability and to determine the decomposition temperature of pure chitosan and [-CS
composite. TGA/DSC analysis of pure chitosan and I-CS composite is shown in Fig. 5 (A) and (B)
respectively. The TGA of pure chitosan showed two steps of degradation, initial degradation occurred
at around 30-100°C with 5 % weight loss which may correspond to a loss of adsorbed/bound water/
moisture vaporization.* Initial decomposition around 100 °C for pure chitosan can be attributed to
the strong water adsorptive nature of chitosan. The second stage of degradation occurred at 270.97 °C
and continued up to 312.18 °C. There was 46.28 % weight loss occurring in the second stage due to
degradation of pure chitosan biopolymer and the temperature at which maximum degradation
observed was 288.35 °C. At the end of 955.1 °C the total weight loss of sample was 70 %.

The TGA of I-CS composite exhibited two steps of degradation and first stage decomposition
occurred between 30 °C until 200 °C which showed about 10 % weight loss due to evaporation of
water. The second stage of decomposition of I-CS composite showed a weight loss of 30.88 % in
temperature range of 259.50 °C to 304.03 °C. The maximum degradation occurred at temperature
280.26 °C. Two exothermic peaks were observed in DSC at different temperature ranges. The first
peak corresponding to physically adsorbed water in the temperature range of 140-170 °C."” The
second peak exhibited a rapid weight loss at 260-300 °C reaching a maximum at 283 °C for I-CS
composite and 292 °C for pure chitosan. The second degradation stage of I-CS composite sorbent

took place at lower temperature than the corresponding stage of pure chitosan indicating that I-CS
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composite is less stable than pure chitosan due to the weakening of inter and extramolecular hydrogen

bonding *land the presence of some active sites for Pb(IT) removal.
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Fig. 5 (A) TGA (B) DSC of Pure chitosan and I-CS composite.

3.1.5 Scanning electron microscope (SEM) analysis

In order to confirm the adsorption of metal ions on I-CS composite and for more information
concerning the alteration of the surface morphology after Pb (II) adsorption, a microscopic SEM
technique was applied. The SEM images of pure chitosan, I-CS adsorbent before and after Pb (II)
adsorption are given in Fig. 6 (a), (b) and (c) respectively. Fig. 6 (a) represented the surface
morphology of chitosan with uneven texture, bumpiness and porous cavities. Fig. 6 (b) indicated the
different surface morphology of I-CS adsorbent than with pure chitosan. In I-CS composite the
bumpiness was lost after doping of iodate with chitosan. Similarly the adsorbent surface was highly
irregular and porous in nature with large number of round or elliptical shape cavities. This will
provide the surface for adsorption of Pb (II) ions. Fig. 6 (c) shows the complete change of surface
morphology of adsorbent after Pb (IT) adsorption where the porous structure is quite shallow and not
clearly be seen. Pb (II) ions cover the surrounding adsorbent particles and filled the voids. The SEM
of exhausted adsorbent clearly indicated coverage of the surface of the adsorbent due to adsorption of
metal ions, presumably leading to formation of a monolayer of the metal ion over the adsorbent

surface.
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Fig. 6 SEM images of (a) Pure chitosan (b) I-CS composite before Pb(Il) adsorption (C) I-CS
composite after Pb(1l) adsorption.
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3.1.6 Point zero charge

In order to understand the adsorption mechanism, it is necessary to determine the zero charge point
(pHpzc) of the adsorbent.** Point of zero charge is of prime importance in the field of environmental
science. It determines how easily an adsorbent adsorbs toxic ions. Cationic adsorption is favored at
pH > pHp,c and anionic adsorption is favored at pH < pHpzc.!" The pH at point zero charge (pHpzc)
of the I-CS adsorbent was determined by solid addition method.*’ 50 mL KNO; was transferred to a
series of 100 ml conical flasks. The initial pH (pH;) of these solutions was roughly adjusted from 2 to
10 using either 0.1 N HNO; or 0.1 N NaOH solutions. The pH; of the solution was accurately noted
followed by addition of 0.1 g of I-CS to each flasks. The flasks were allowed to equilibrate for 24 h
with intermittent manual shaking. The final pH (pHy) values of the supernatant liquids were noted.
The difference between pH; and pH; values was plotted against pH; . The point of intersection of the
resulting curve at which difference between pH = 0 noted as pHpzc. Finally the point of zero-charge,
as shown in Fig. 7 (A) was evaluated to be 3.9. This indicates that the adsorbent was acidic in nature
and acquires a positive charge below pH 3.9. Thus, the adsorption of cations in case of heavy metals
is favored at pH values above the pHpZC44
3.2 Effect of pH

To ascertain the effect of pH on the adsorption of Pb (II) ions, the batch equilibrium
experiments were carried out at different pH values of 3-8 as shown in Fig. 7 (B). The experiments
were performed for an initial concentration of 35 mg/L with 0.5 g/L adsorbent dose at room
temperature (27 °C). It was observed that the percentage removal of Pb (II) increased with increase in
the pH from 3 to 6. The maximum 95 % Pb (II) removal occurred at pH 6, after which there is regular
decrease in the percentage removal with increase in pH up to 8. In general, at low pH values (pH <
pHpzc) the H' ion concentration far exceeds that of the Pb (II) ions and hence H' ions compete with
metal ions for the adsorption sites followed by decreased Pb(Il) ions adsorption capacity. By
increasing the pH (pH > pHpzc), the negative charge density on the adsorbent surface increasing and
consequently the reduced amount of protons in the solution weakens the competition with Pb (II) for
binding sites. This results in a higher adsorption amount of Pb (II) by the electrostatic interaction. The
fundamental mechanism that governs the adsorption of Pb (II) ions by I-CS composite at pH < pHpzc
is adsorption and at pH > pHp,c is adsorption and ion exchange. The decrease adsorption of Pb (II)
above pH 6 was probably due to the precipitation of Pb (II) ions as lead hydroxides but not due to
adsorption. *** Thus adsorption process is a combination of ion exchange and precipitation. In this
study, the optimum pH for Pb (II) removal was found 6.0 and further adsorption experiments were

performed at this pH value.

11
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Fig. 7 (A) Point zero charge of I-CS composite (B) Percentage removal of Pb(Il) at various pH

ranges.

3.3 Effect of contact time on Pb (II) adsorption

The effect of contact time on Pb (II) removal is shown in Fig. 8. The batch studies were carried out at
room temperature (27 °C) with varying initial metal ion concentration from 35 mg/L to 115 mg/L
using 0.05 g of adsorbent dosage at pH 6. The result shows that the percentage of Pb (II) removal
increases with increasing contact time from 20 min to 240 min. From 240 to 280 min, the percentage
removal of Pb (II) remains constant due to the attainment of equilibrium, indicating that 240 min of
contact time is enough for the maximum removal of Pb (II) ions from aqueous solution. Equilibrium
adsorption achieved may be due to the accumulation of Pb (II) ions on the vacant sites causes limited
mass transfer of the adsorbate from the bulk liquid to the external surface of adsorbent.” Equilibrium
time is of crucial importance as it is one of the parameter for economical wastewater treatment plant
application. From Fig. it is clear that, Pb (II) removal was highly concentration dependent. In fact the
adsorption increases for higher metal ion concentration. The result exhibited that at a fixed dose of
adsorbent the amount of Pb (II) ions adsorbed increases with increasing solution concentration but the
percentage of adsorption decreased. It may be explained on the basis that at low Pb (II)/adsorbent
ratio the active binding sites of adsorbent remains unsaturated offering large surface area for metal ion
adsorption while at higher Pb (II)/adsorbent ratio, exchangeable adsorption sites are saturated,

resulting in a decreased efficiency of Pb (II) ion adsorption.™

12
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Fig. 8 Effect of contact time on Pb (II) ions removal at various initial concentrations.

3.4 Effect of adsorbent dose

The effect of adsorbent dose at constant temperature 27 °C and at optimum pH 6 on the percentage
removal of Pb (II) is shown in Fig. 9. It can be seen that the removal extent of Pb (II) increases as the
amount of adsorbent increases from 0.1 to 0.5 g/L with adsorption capacity of 81 % to 98 %. When
the adsorbent dose increases, the number of adsorption sites on the adsorbent surface increases which
results in maximum Pb (II) removal from the solution.” Beyond 0.5 g dose of adsorbent the Pb (II)
removal efficiency is negligible due to attainment of equilibrium. These results clearly indicated that

the optimum adsorbent dose must be fixed at 0.5 g/L and is justified for cost-effective purpose that

leads to constant Pb (II) removal.
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% removal of Pb(ll)

844

82

80

T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Dose of adsorbent (g/L)

Fig. 9 Percentage removal of Pb (II) ions at various adsorbent doses.
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3.5 Regeneration Studies

The percentage desorption of Pb (II) ions as depicted in Fig. 10. In present work, four adsorption-
desorption cycles were performed using the desorbing agent 0.1 M HCI. The result revealed that the
% desorption increases as the initial metal ion concentration increases. It is obvious that the
detachment of Pb (II) ions from I-CS surface is directly proportional to the sites occupied by the
adsorbed metal ions. It was found that as the initial metal ion concentration increases from 35, 75 and
115 mg/L, the more metals ions are adsorbed resulting in higher rate of desorption at 115 mg/L. The
percentage recovery of metal ions decreased by 25-30% at the end of fourth adsorption desorption
cycle due to saturation of adsorbent binding sites. 0.1 M HCI found to be better desorbing agent at pH
3 due to high amount of H' ions in the solution. This results in exchange of ions where H" takes the
place of Pb (II) ions in solution. Consequently under acidic condition, the dissolution of adsorbent

occurred releasing the large amount of Pb (II) ions bound onto I-CS into the solution.

Adsorption cycle 1
Desorption cycle 1
Adsorption cycle 2
100 Desorption cycle 2
Adsorption cycle 3
Desorption cycle 3
Adsorption cycle 4

80+

Desorption cycle 4

60+

40

% Pb(ll) ions

204

35 70 105
Concentration of Pb(ll) ions (ppm)

Fig. 10 Adsorption-Desorption cycles of different Pb (II) ions concentration onto I-CS composite.

3.6 Adsorption isotherm models

Many sorption isotherm models are used to determine the adsorption isotherm data and to predict the
maximum adsorption capacity of the adsorbent. The experimental data were fitted into the most
widely used Langmuir and Freundlich isotherm models. The Langmuir model assumes monolayer
adsorption onto the surface of adsorbent containing a finite number of identical sites.’* The Langmuir
equation can be expressed as follows

Ce_ 1 G
de Qob Qo

)
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Where C,. (mg/L) is equilibrium concentration of Pb (II) in solution, q. (mg/g) is the amount of Pb (II)
adsorbed per unit weight of adsorbent at equilibrium. Q, (mg/g) is the maximum adsorption amount. b
(L/mg) is the Langmuir constant representing energy of adsorption. Q, and b obtained from slope and
intercept of the plot of C./q. against C, as shown in Fig. 11. Favorability of adsorption of Pb (II) on I-
CS was tested during the essential feature of the Langmuir isotherm expressed in terms of a
dimensionless constant, R, (separation factor) which can be expressed as 1/ (1+b.Cy).”” The value of
R; indicated the type of Langmuir isotherm to be R;>1 Unfavorable isotherm, R;=1 Linear isotherm,
R =0 Irreversible isotherm and 0<R;<1 Favorable isotherm. The value of Ry in many adsorption
systems in range of 0 to 1 indicates favorable adsorption.

Freundlich isotherm model is useful in multilayer adsorption system. It is an empirical equation
employed to describe that metal ions adsorption takes place on a heterogeneous adsorbent surface.>
Freundlich isotherm model for sorption of Pb (II) on I-CS composite as shown in Fig. 11. The
logarithmic form of Freundlich adsorption isotherm is represented as follows

Log q. = Log K¢ + (6)

nlogCe
Where Ky and n are Freundlich isotherm constants indicating adsorption capacity and adsorption
intensity respectively. The Freundlich constant i.e. 1/n and Ky were calculated from the slope and
intercept of Freundlich plots of log q. versus log C.. The parameter 1/n is related to the degree of
surface heterogeneity. A smaller 1/n value indicates more heterogeneous surface whereas a value
closer to or even one indicates the adsorbent has relatively more homogeneous binding sites.”” The
correlation coefficient and the other parameters obtained from Langmuir and Freundlich adsorption
isotherm for sorption of Pb (II) ions are shown in Table 2.

Estimates of the Langmuir parameters with correlation coefficient R*> =0.99 and the Langmuir
constant b=0.314, showed a good applicability of this model. Similarly the value of Ry for the
adsorption onto I-CS composite was in the range of 0.083-0.026 for 35 mg/L to 115 mg/L Pb(Il)
concentration and this specifies effective adsorption under the optimized experimental conditions.

The adsorption of Pb(II) ions by I-CS composite can also be explained by the Freundlich model with
correlation coefficient R*= 0.98. The Value of 1/n obtained for Pb (II) ions was 0.355 indicating the
heterogeneous adsorption binding sites of the adsorbent. The Langmuir and the Freundlich models
both could be used to describe the adsorption data well, showing the fact that both monolayer and
heterogeneous surface conditions exist under the experimental condition used. It signifies the
complex and more than one adsorption mechanism of Pb (II) ions onto I-CS composite. It is well
known that the Langmuir isotherm corresponds to a dominant ion exchange mechanism while the
Freundlich isotherm shows adsorption-complexation reactions taking place in the adsorption

}Z)I‘OCGSS.56
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Fig. 11 Plot of Log C. versus Log q. Freundlich adsorption isotherm and Plot of C,. versus C./q

Langmuir adsorption isotherm.

Table 2 Langmuir and Freundlich parameters for the adsorption of Pb (II) ions on I-CS composite

Equilibrium model Langmuir isotherm model Freundlich isotherm model

Parameter Q max b R? Ry Kg 1/n R?
(mg/g)  (L/mg) (mg/g)
Value 22.22 0.314 0.99 0.083-0.026 7.12 0.355 0.98
3.7 Adsorption Kinetics

The kinetic parameter used to govern the rate of adsorption and provides important information for
designing and modeling the process. The adsorption kinetics is commonly modeled with the pseudo
first order > and pseudo second order.™

Rate equation for the pseudo first order is generally expressed as follows

Dq

— ~Ki(ge-q) (7
Where q. and g, are the sorption capacities at equilibrium and at time t, respectively (mg/g) and K, is
the rate constant of pseudo first order sorption (min"'). After integration and applying boundary

conditions, q; = 0 to q; = q; at t = 0 to t=t, the integrated form of equation (7) is expressed as below

s @®)

2303t

Log (q.- q) = Log g -
Fig. 12 shows the Langergren pseudo first order kinetic plot for the adsorption of Pb (II) ions onto I-
CS composite. The pseudo first order rate constant can be obtained from the slope of plot between
Log (qe-q,) against time t.
Ho presented a pseudo second order rate law expression, which demonstrated how the rate depended
on the adsorption equilibrium capacity but not the concentration of the adsorbate.” The pseudo

second order rate expression is as follows

d
2 K@)’ ©)
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Where q. (mg/g) and q, (mg/g) are the sorption capacity of Pb (II) at equilibrium and at time t
respectively. K, is the pseudo second order rate constant (g/mg'min™"). For the boundary conditions g

= ( to q=q; at t=0 to t=t the integrated linear form of equation is as follows

t 1 1
— = + —t 10
qt  Kpqe? qe (10)

Fig. 12 shows the pseudo second order kinetic plot for the adsorption of Pb (II) ions onto I-CS
composite. Equilibrium adsorption capacity (q.) and the pseudo second order rate constant K, were
obtained from the slope and intercept of the plots of t/q; against t.

The kinetic parameters such as rate constants, equilibrium adsorption capacities and correlation
coefficients for Pb (II) adsorption using pseudo first order and pseudo second order models are
summarized in Table 3.

The results presented in table 3 clearly shows the lower correlation coefficient for pseudo first
order (R*= 0.88). Similarly the value of q. calculated is lower than q. observed experimentally and
not in agreement with each other indicating a poor fit with pseudo first order kinetic model.
Furthermore, this kinetic model does not fit well to the whole range of contact time. It would only be
applicable over the initial stage of the adsorption process.”

The pseudo second order kinetic model was used to determine whether the rate limiting step
during the adsorption process was chemisorptions. This model was more likely to predict the behavior
over whole range of contact time. The results presented in table 3 clearly shows that the coefficient of
determination for pseudo second order (R* = 0.99) is higher than pseudo first order. Moreover,
calculated . value is closer with observed experimental q. value suggested that the adsorption
phenomenon of Pb (II) by I-CS sorbent follows the pseudo second order kinetics. The confirmation of
pseudo second order kinetics indicated that the concentrations of both adsorbate and adsorbent are
involved in rate limiting step, which may be a chemical adsorption or chemisorptions, which involved

valence forces through sharing or exchange of electrons between the metal ions and the adsorbent.”'

04

40

0.2 ,
R?=0.99

0.0+ 304
-0.24
-0.44

-0.64

Log (ge-dy)

0 50 100 150 200 250 0 80 160 240
t t

Fig. 12 Plot of t versus Log (q.-q:) pseudo first order kinetics and Plot of t versus t/qt pseudo second
order kinetics.
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3.8 Intraparticle diffusion model

Intraparticle diffusion model is of prime importance because it is rate-determining step in the liquid
adsorption systems. During the batch mode of adsorption, there was a possibility of transport of
adsorbate into the pores of adsorbent, which is often the rate limiting step. The intraparticle diffusion
model developed by Weber and Morris,"> McKay and Poots.” The linear form of equation for

intraparticle diffusion is as follows
q@=Kt*+C (11)

Where g, (mg/g) is the amount of adsorbate adsorbed on the adsorbent surface at particular time t, t is
the time of adsorption (min), Ki is the intra-particle diffusion rate constant (mg/g min®) and C is the
intercept which represents the value of the thickness of boundary layer.* The intraparticle diffusion
plot of q, against t*° is shown in Fig. 13. According to this model, the plot of g, against the square root
of time (t*) should be linear and if these lines passes through the origin then intraparticle diffusion is
the rate-controlling step.”” When the plots do not pass through the origin, this is indicative of some
degree of boundary layer control and this further shows that the intraparticle diffusion is not the only
rate-limiting step but other kinetic models may also control the rate of adsorption. The intraparticle
diffusion parameters K; and C were obtained from the slope and intercept of plot of g, versus t*°. The
correlation coefficients (R* = 0.97) for the intraparticle diffusion model at 27 °C and as the straight
line did not pass through the origin indicates that the intra-particle diffusion was the part of the

adsorption but not the only rate-controlling step.

7.0 T T T T
6.8
6.6 1
6.4

6.2

qt

6.0

5.8

5.6

5.4

Fig. 13 Plot of square root of time (t) versus q; intraparticle diffusion model.
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Table 3 Adsorption kinetic parameters of pseudo first order, pseudo second order and intraparticle

diffusion model.

Metal Pseudo - first-order Qe Pseudo-second-order Intraparticle diffusion model

Pb(I) K, Qe R? (cal) K, Qe R? Kt C R?
(min")  (mg/g) (¢/mg'min")  (mg/g) (mg/g min®)  (mg/g)

Value  0.013 2.851 0.88 6.93 0.010 7.142 099 0.143 4.690 0.97

Table 4 Adsorption capacities of Pb (I) ions by various adsorbents.

Adsorbent qn (mg/g) pH References

chitosan crosslinked with epichlorohydrin-triphosphate  166.94 5 Laus et al. [66]
Chitosan-tripolyphosphate beads 57.33 4.5 Wan Ngah et al. [15]
Graphite doped chitosan composite 6.711 6 Gedam et al. [14]
Epichlorohydrin cross linked chitosan beads 39.42 6 Gyananath and Balhal. [67]
Chitosan 47.393 6 Asandei et al. [68]
Chitosan-immobilized on bentonite 15 4 Futalan et al. [69]

Cross linked chitosan clay beads 7.93 4.5  Tirtom et al. [70]

Bromine pretreated chitosan 1.755 5 Dongre et al. [16]

Iodate doped chitosan composite 22.22 6 This study

The comparative equilibrium adsorption capacity of Pb (II) ions on previously reported adsorbents is
given in Table 4. The results revealed [-CS as promising adsorbent as compared to bromine pretreated

chitosan for mitigation of Pb (II) from aqueous solution.

4. Conclusions

The present investigation is aimed in the use of I-CS composite as an adsorbent for the removal of
heavy metal Pb (II) ions from aqueous solution. The removal of Pb (II) using I-CS sorbent was pH
dependent and 95% Pb (II) removal occurred at pH 6 in contact time of 4 hours. Maximum Pb (II)
removal efficiency of 98% was achieved at an optimum dose of 0.5 g/ suggested reasonable and
cost-effective adsorption technique. The regeneration ability of I-CS adsorbent demonstrated 25-30%
decreased percentage recovery of Pb (I) ions at the end of fourth adsorption-desorption cycle.

The adsorption experimental data were fitted to both Langmuir and Freundlich isotherm models with
maximum adsorption capacity of 22.22 mg/g obtained from Langmuir isotherm. Adsorption
experimental data better obeyed the pseudo second order kinetics model, proposed that the
concentrations of both adsorbate and adsorbent are involved in rate-determining step. Adsorption not

merely an electrostatic interaction but also involved complexation and ion exchange mechanism.
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SEM observations indicated the vital interaction of lead particles at the adsorbent’s interface during
the adsorption process. The FTIR study revealed the functional groups —OH, C-N, C=0, iodate and
NH, was concerned with the adsorption performance by I-CS composite. Generally, for pure
physisorption process, the adsorptive capacity of sorbent increases with the specific surface area but
in this study, the surface area of [-CS adsorbent decreased after modification. In spite of low surface
area, the adsorbent found to be effective for Pb (II) removal from aqueous solution. Therefore, it can
be concluded that the physisorption of I-CS sorbent for Pb (II) removal is limited and the adsorptive
mechanisms will mainly be the chemisorption. The cost of removal of Pb (II) is expected to be quiet
low as the adsorbent is economical and easily available in large amount conveys us the new methods

and consideration for the increasing pressure of the worldwide environmental pollution.
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