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ABSTRACT: Mercury is a highly toxic environmental pollutant; thus, there is an urgent need to

develop new materials for its simultaneous detection and removal from water. In the present study, i

new oxidized cellulose-based materials, including their Schiff bases, were synthesized and
investigated as a sensor—adsorbent for simple, rapid, highly selective, and simultaneous detection
and removal of mercury [Hg(II)] ions. Cellulose was extracted from the pine needles, etherified,
oxidized, and modified to Schiff base by reaction with r-lysine. The well-characterized cellulose
Schiff base materials were used as a sensor—adsorbent for Hg(II) from aqueous solution. Hg(II)
sensing was analysed with naked-eye detection and fluorescence spectroscopy. Schiff base having
a decyl chain, C;;—O—cell-HC=N-Lys, was observed to be an efficient adsorbent with a very
high maximum adsorption capacity of 258.75 mg g~". The data were analyzed on the basis of various
kinetic and isotherm models, and pseudo-second-order kinetics and Langmuir isotherm were

followed for Hg(II) adsorption.
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B INTRODUCTION

Environmental pollution by toxic heavy metal contamination is
one of the major problems to be addressed in the treatment of
waste water. Mercury (Hg) is one of the most hazardous
elements, and at present, the international community has
expressed huge concern regarding its presence in water." Major
sources of water pollution by Hg as a contaminant include
wood pulping, oil refining, solid waste incineration, coal and
gold mining, fossil fuel combustion, rubber processing, and
fertilizer industries.” Mercury occurs in different forms, such as
zero oxidation (Hg"), mercurous ion (Hg,*"), and mercuric ion
(Hg*"), all of which have very toxic effects, even at a very low
concentration. Hg(II) ions can be transformed into the potent
neurotoxin methylmercury, which presents a serious environ-
mental concern because of its bioaccumulation and magnifica-
tion in aquatic food chains. Therefore, it is necessary to develop
methods for the highly selective and rapid detection and
removal of mercury ions. A variety of sensors, such as func-
tionalized DNA sensors,” electrochemical sensors,* colorimetric
sensors,”® and fluorometric sensors,”® have been reported in
the last few years for the detection of Hg ions. Among these,
colorimetric and fluorometric sensors are widely studied
because of their potential for enabling naked-eye detection
in organic media. However, sensing of ions in aqueous medium
is thus far a challenge because of their strong hydration.”
Schiff bases derived from the reaction of aldehyde with amine
are important materials in the photometric and fluorescent
analysis of metal ions.'® Schiff bases coordinate metal ions
via azomethine nitrogen. Researchers have reported Schiff-base-
based materials as metal ion sensors, especially, for Hg(II)
detection."

Among all of the techniques used for the removal of Hg from
water, adsorption is one of the most common and simple
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methods."® In the last few decades, the use of biopolymer-based
adsorbents has emerged as one of the most promising
alternatives to the conventional heavy metal adsorbents. A
variety of biopolymers have been employed for the removal of
Hg ions, e.g, chitosan,'® lignin,17 pectin,18 and cellulose.'”?°
Schiff bases of biopolymers are widely reported as effective
adsorbents for the removal of metal ions, especially Hg ions.”!
Cellulose-based Schiff bases have also been reported as
adsorbents, including for the effective removal of Hg jons.”?
There are many reports on the sensors and adsorbents reported
for Hg(1I) ions that include nanosize particles. However, there
are only a few illustrations in the literature where dual-
functional materials have been reported for the simultaneous
detection and removal of Hg(II) ions from the aqueous
solutions.***> Such materials have huge potential in sensing and
purification technologies.

In view of the preceding statement, in the present work, a
novel cellulose—lysine—Schiff-base-based sensor—adsorbent
was developed using a simple procedure that allows its use
for selective mercury detection and removal from water, which
is one of the major drawbacks of most of the previously
reported Hg sensors and adsorbents. Cellulose is an abundant,
biodegradable, and renewable biopolymer that can be chemi-
cally modified to have various functional groups that improve
its chemical and physical properties for use in a wide range
of applications.”®*” Specific cleavage of the C,—C; bond of
anhydroglucose units in the cellulose chain by periodate
oxidation generates two aldehyde groups, which can be further
derivatized to introduce a variety of functional groups on the
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cellulose chain, such as carboxylic acid, hydroxyl, or imines.
There are a few reports in the literature where cellulose-based”
and lysine-based”®*” Hg(II) sensors have been used. In the
present work, a cellulose- and lysine-based Schiff base was
designed for the detection and adsorption of Hg(II) from its
aqueous solution and a parametric study was designed to
understand the kinetics of the adsorption, thereby exploring the
potential of the cellulose-based materials in the detection and
removal of Hg(II) ions from the aqueous solution. The material
reported in the present work was designed with the twin
objectives of simultaneous sensing and adsorption of Hg(II).
It exhibited rapid and very high removal capacity and naked-
eye sensing when investigated within a defined limit, i.e., from
10 ppm and above, ie., to cover both low and high Hg(II)
concentrations. The material reported in this work has high
technological potential, because apart from the rapid sensing
and scavenging of Hg(Il), it is of biological origin and, at the
same time, recyclable and reusable.

B EXPERIMENTAL SECTION

Materials. All of the chemicals, sodium chlorite (HiMedia, India),
butylbromide (SRL, India), sodium hydroxide, isopropanol, octyl-
bromide, and decylbromide (SD Fine Chemicals, Ltd., India), hexyl
bromide, mercuric acetate, and sodium periodate (Sigma-
Aldrich, Germany), isopropyl alcohol, ethylene glycol, methanol,
and L-lysine monohydrochloride (Sarabhai M. Chemicals, India),
sodium acetate, 100% (glacial) acetic acid, Michler’s thioketone
[4,4'-bis(dimethylamino)thiobenzophenone (TMK)], and 1-propanol
(Merck, Germany), were of reagent grade and used as received.
The concentration of Hg(II) ions was determined with a Photolab
6600 ultraviolet—visible (UV—vis) programmable spectrophotometer,
and pH values were measured with a pH meter (Eutech 20).

Synthesis of Cellulose—Lysine-Based Schiff Bases. Cellulose
was extracted from powdered oven-dried pine needles of Pinus
wallichiana using alkali treatment (4 wt % NaOH) at reflux tem-
perature for 4 h to remove lignin and hemicellulose.*>*' The extracted
cellulose was then filtered and washed with distilled water until pH was
neutral. Thereafter, it was bleached with 1.7% (w/v) sodium chlorite
solution in pH 4 acetic acid buffer (solid/ liquid ratio of 1:10, g/ mL)
at reflux temperature for 4 h. Cellulose was filtered, subsequently
washed with distilled water until neutral pH, and dried at room
temperature. Extracted cellulose was subjected to etherification before
oxidation because, if the reverse is done, a hemiacetal shift may occur
in the dialdehyde groups during etherification. Extracted cellulose
was treated with 18% NaOH for 2 h at room temperature, precipitated
with isopropanol, and then etherified with different alkyl bromides
(C4H,Br, C¢H,3Br, CgH,,Br, or C,oH,Br) at 60 °C for 6 h. The
products were extracted with methanol and dried at room temper-
ature. Etherified cellulose (1.0 g) was subjected to oxidation at the
C,—C; position with NalO, (1.65 g) at room temperature for 72 h
in the dark, and thereafter, the remaining NalO, was neutralized with
an excess of ethylene glycol.>* The product (R—O—cell-HC=0) was
filtered and washed with ethanol and water. Etherified oxidized
cellulose (R—O—cellHC=O0) was then treated with L-lysine
monohydrochloride in pH 7.2 phosphate buffer at 37 °C for § h.*
The product (R—O—cell-HC=N-Lys, where R = butyl, hexyl, octy],
or decyl) was filtered, washed with phosphate buffer (pH 7.2), and
dried at room temperature.

Determination of the Aldehyde Content. The degree of oxidiza-
tion of cellulose was evaluated by the determination of the aldehyde
content.*** Dialdehyde cellulose (R—O—cel-HC=0, DAC) was
converted to oxime by Schiff's base reaction with hydroxylamine
hydrochloride. A total of 0.1 g of DAC was suspended in 30 mL of
distilled water, and the pH was adjusted to 4.5 with HCI and NaOH.
Hydroxylamine hydrochloride solution (0.43 g in 20 mL of water at
pH 4.5) was added to the DAC suspension. The mixture was stirred
for 4 h in a water bath at 40 °C, and then released HCl was titrated
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with 0.1 N NaOH. The consumption of NaOH solution was recorded
as V. (L). The consumption of NaOH solution, V;, (L), for etherified
cellulose at pH 4.5 was used as a blank. The aldehyde content (AC) in
R—0O—cell-HC=O0 was calculated by

MNaOH(Vc - ‘/b)
m/M,, (1)

where My,oy is 0.1 N, m is the dry weight of the DAC sample (g),
and M,, is approximately the molecular weight of the repeating unit in
R—O—cell-HC=0.

Characterization of Cellulose—Lysine—Schiff Bases (R—O—
Cell-HC=N-Lys). The synthesized cellulose—lysine-based Schiff
bases were characterized using Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM), X-ray diffraction
(XRD), and energy-dispersive X-ray analysis (EDAX) to obtain the
evidence of modification. The FTIR spectrum was recorded on a
PerkinElmer FTIR spectrophotometer between 400 and 4000 cm™
using the KBr pellet technique. SEM—EDAX was recorded on SEM
Quanta 250 D9393 for determination of surface morphological
changes and elemental analysis. XRD patterns were recorded on a
Philips PAN Analytical XPERT-PRO X-ray diffractrometer using a
wavelength of 1.540 60 A (Cu Ka radiation), with the diffraction angle
20 varied from 10° to 70°. *C nuclear magnetic resonance (NMR)
was recorded on a Bruker 300 MHz solid-state NMR spectrometer.

Metal lon Detection and Removal from Aqueous Solution
Using Cellulose—Lysine—Schiff Bases (R—O—Cell-HC=N-Lys).
Metal lon Detection. A total of 10 mg of synthesized Schiff base was
added to 10 mL (100 ppm solution) of HgZJ’, Fe**, Zn**, Cd**, Pb**, or
Sr** ions for sensing of the color change by the naked eye and
fluorescence spectroscopy using a LSS0 luminescence spectrophotom-
eter (PerkinElmer). The photographs were taken with a digital camera.

Hg(ll) lon Removal from Aqueous Solution. The ion solutions
were prepared by dissolving mercuric acetate [Hg(CH;COO),] in
deionized water. The ion removal study was carried out on the above
synthesized Schiff bases using 0.01 g of polymer in 10.0 mL of Hg(II)
solution (100 ppm). After specific time intervals (10—180 min),
solution aliquots were withdrawn and the concentration of the
remaining ions was determined at 560 nm with a Photolab 6600 UV—
vis spectrophotometer using Michler’s thioketone (TMK) reagent to
evaluate the best performing adsorbent and equilibrium adsorption
time for further adsorption experiments.’® In view of the higher
efficiency of C,;—O—cell-HC=N-—Lys than the other adsorbents, it
was selected for the optimization of various adsorption parameters,
such as the temperature, pH, and initial concentration of ion solutions.
The effects of the temperature (20—60 °C), pH (2.0—8.0), and initial
Hg(Il) ion concentration (10—200 ppm) were studied at the
optimized time.

The maximum removal capacity (MRC) of the polymer was
determined by the repeated treatments of the same sample using
150 ppm of metal ions at the optimized conditions obtained for the
maximum ion uptake. The reusability studies were also carried out to
assess the regeneration of the adsorbent by stripping off the adsorbed
ions with 0.5 N HCL. The sorption results were evaluated with the
following expressions:

AC (%) = x 100

G-V
m

adsorption capacity (q) (mg/g) = @)
where g is the amount of ions adsorbed onto a unit dry mass of the
polymer (mg/g), C, and C, are the initial and residual concentrations
(mg/L) of metal ions after time ¢ in solution, respectively, V is the volume
of the aqueous phase (L), and m is the weight of the dry polymer (g).

Kinetics of lon Adsorption. The efficiency of the absorbent was
evaluated from pseudo-first-order, pseudo-second-order, and Elovich
kinetic models to understand the mechanism of adsorption on Co—
O—cell-HC=N-Lys. The rate constant of adsorption was
determined from the pseudo-first-order equation, which is generally
expressed as>

In(g, — g,) =Ilnq, — k¢t (3)
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Scheme 1. Synthesis of Cellulose—Lysine—Schiff Base
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where g, and g, are the adsorption capacities (mg/g) at equilibrium
and time ¢, respectively, and k, is the rate constant for pseudo-first-
order adsorption. From the plots of In(g, — q,) versus t, the values of
k, and g. were determined. The linear form of the pseudo-second-
order kinetic model is expressed as®’

t 1 1
= 3
4, kg [q] (4)
where k, is the rate constant for second-order adsorption (g mg™" min™")
and is determined from the linear plot of t/q, versus t.
The linear form of the Elovich equation is given as™®

In(aﬂ) + = ln t

©)

Constants @ and f were calculated from the slope and intercept of the
plot g; versus In t. The Langmuir and Freundlich adsorption isotherms
were used to describe the adsorption equilibrium over the entire
concentration range studied. The saturated monolayer Langmuir

isotherm® can be represented as
q,bC,
= T1c, 6)

The constants q,,, and b are characteristics of the Langmulr equatlon
and can be determined from its linear form, represented by*

C G 1
g™

q, bq,, (7)

or alternatively

1 1 1 1

q, bq C q,

q, ()

where C, (mg/L) is the equilibrium metal ion concentration, g, (mg/
g) is the amount of Hg(II) adsorbed on the adsorbent at equilibrium,
and the parameters g, (mg/g) and b (L/mg) are the Langmuir
constants that relate g, for a complete monolayer and energy of
adsorption, respectively. These constants can be calculated from the
linear plot of C./q. versus C, or 1/q, versus 1/C. The essential
characteristics of the Langmuir isotherm can be expressed in terms
of a dimensionless constant called the equilibrium parameter (Rj),
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which is defined as follows:

=1/(1 + bC,) )

where C, is the initial Hg(II) ion concentration (mg/L). The R, value
indicates the shape and favorability of the adsorption isotherm. R;
values between 0 and 1 indicate a favorable adsorption system.

The Freundlich isotherm®' is expressed by the following equation:

(10)

The linear logarithmic form of the Freundlich equation is as follows:

1/
qe = KFCe "

Ing =anF+llnC
¢ n

‘ (11)
where K; (mg/g) and 1/n indicate adsorption capacity and adsorption
intensity, respectively. The plot of In g, versus In C, gives a straight line
with a slope of 1/n and an intercept of In K.

Thermodynamic Study. Thermodynamics for the adsorption of
Hg(1I) was investigated in the temperature range of 20—60 °C
according to the van’t Hoff equation®"

mk = AS_ AH
R RT

(12)

where AH®, AS°, and R represent enthalpy, entropy, and the gas
constant (8.314 J mol™' K™'), respectively. The values of AH® and
AS° are calculated from the slope and intercept of the linear plot
between In K_ versus 1/T. The thermodynamic equilibrium constant,
K, for the adsorption of Hg(II) was calculated using the equation

X

e

K =
G -X

(13)

where X, is the concentration of solute adsorbed on the adsorbent at
equilibrium and C; is the initial ion concentration.
The standard free energy change is calculated as

AG®° = —RT InK_ (14)
Bl RESULTS AND DISCUSSION

Synthesis and Characterization of Cellulose—Lysine—
Schiff Bases. Periodate oxidation of cellulose generates
(—CHO) functional groups that give Schiff bases upon reaction
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with amines. In the present work, the extracted cellulose was
first etherified for ensuring stability of the final product and,
subsequently, oxidized to dialdehyde (R—O—cell-HC=0)
using NalO,. The latter was functionalized to the correspond-
ing Schiff base (R—O—cell-HC=N-Lys) by reaction with
lysine as per Scheme 1.

The aldehyde contents of 48, 51.8, 51.2, 59.8, and 62.9%
were calculated for dialdehyde celluloses cell-HC=0O, C,—O—
cell-HC=0, C¢—O—cell-HC=0, Cg—O—cell-HC=0,
and C,(—O—cell-HC=O0, respectively. FTIR spectra confirm-
ing the extraction of cellulose from pine needles as peaks,
which were observed in the FTIR spectra of pine needles at
1736 cm™" (acetyl and ester groups in hemicellulose or carbo-
xylic acid groups in the ferulic and p-coumeric components of
lignin), 1509 cm™" (aromatic —C=C stretching in lignin), and
1250 ecm™' (—C—O-—C stretching in lignin), were not present
in the spectrum of the extracted cellulose (Figure 1). The FTIR

Hg loaded
C,-O-cellHC=N-Lys

C, -O-celllHC=N-Lys

1376
1630

% T

10" O cel-HE=I-
C ,-O-cel-HC=0

1735
1160

897 !

1736 W 1509

1250

T T T T
2500 2000 1500 1000

‘Wavenumber (cm'l)

T T
3500 3000 500

Figure 1. FTIR spectra of pine needles, extracted cellulose, oxidized
decyl cellulose [C;q—O—cell-HC=O0], Schiff base [C,;—O—cell—
HC=N-Lys], and Hg(1I)-loaded C,,—O—cell-HC=N-Lys.

of extracted cellulose showed peaks at 3446 cm™' (—O-H
stretching), 2923 cm™' (—C—H stretching), 1060 cm™" (—C—
O-C pyranose ring skeletal vibration), and 897 cm™'
(p-glycosidic linkages). The FTIR spectrum of etherified
oxidized cellulose (C,(—O—cell-CH=0) showed peaks
at 1160 cm™' (—C—O stretching of the —C—O—C group),
1735 em™ (—C=O0 stretching), and 2891 cm™' (—C—H
stretching in aldehyde). The synthesis of Schiff base (C,;,—O—
cell-HC=N-Lys) was indicated by the appearance of peaks
at 1630 cm™" (—=C=N, characteristic of imine) and 1376 cm™"
(—COO™ sym stretching).

The XRD patterns reveal a high crystalline nature for the
extracted cellulose with a major intensity peak located at a 20
value of around 22.78°, which is related to the crystalline
structure of cellulose (Figure 2).
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Figure 2. XRD pattern of pine needles, extracted cellulose, C;;—O—
cell-HC=O0, and C;;—O—cell -HC=N-Lys.

The crystallinity indices of raw pine needle powder and
extracted cellulose were found to be 67.15 and 85.54%,
respectively. The XRD pattern of the native cellulose has peaks
at 20, with intensity given within the parentheses, of 14.37°
(23.06), 16.68° (33.69), and 22.78° (150.27), corresponding
to (110), (110), and (200) crystal planes of cellulose, res-
pectively.” The sharp peaks in the XRD patterns of C;;—O—
cell-CHO and C;j—O—cell-HC=N-Lys indicate their
crystalline nature. These peaks are at 26 of 17.63° (200.6),
18.91° (284.5), 20.83° (212.5), and 25.28° (292.54) and
17.62° (187.52), 18.92° (104.30), 20.76° (35.43), and 25.29°
(75.22) for C;y—O—cell-HC=0 and C;;—O—cell-HC=
N—Lys, respectively. The crystalline nature of the periodate-
oxidized cellulose has been reported.*>** In the present
case, it is reasonable to assume that aldehyde groups of
hydrophobically modified C,y;—O—cell-CHO may associate
to generate a well-packed structure, hence, the crystalline
nature. The same becomes disrupted on Schiff base formation
with lysine, resulting in the lower crystallinity of C,;—O—
cell-HC=N-Lys.

From SEM analysis (Figure 3), it was observed that the
cellulose fibers loosen and become separated into individual
fibers in the case of extracted cellulose after chemical treatment
of pine needles. The surfaces of C;;—O—cell-HC=O and
Cp—O—cell-HC=N-Lys look crystalline compared to the
extracted cellulose because the cellulose structure loosens as a
result of the introduction of hydrophobic alkyl chains via the
etherification reaction. The Schiff base synthesis is confirmed
by the presence of a high N content of 7.61 wt % in the EDAX
of C;;—O—cell-HC=N-Lys (Figure 4B).

The solid-state '*C NMR (Figure S) studies further
confirmed the extraction of cellulose and its derivatization.
The spectrum of the extracted cellulose has dominate peaks at
62.42 and 65.08 ppm (C-6), 72.01, 74.79, and 79.44 ppm (C-2,
C-3, and C-$), 83.66 and 88.74 ppm (C-4), and 104.89 ppm
(C-1), respectively. Modification of cellulose through ether-
ification with decyl bromide is confirmed by the shifting of
peaks present in cellulose, along with the appearance of peaks
as a result of the C;yH,; group mainly in the region of 24.01—
32.49 ppm.

dx.doi.org/10.1021/am500820n | ACS Appl. Mater. Interfaces 2014, 6, 5908—5917
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Figure 3. SEM images of (A) extracted cellulose, (B) C;(—O—cell-HC=O0, (C) C,;—O—cell-HC=N-Lys, and (D) Hg(II)-loaded C,;—O—cell—
HC=N-Lys.
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Figure 6. (A) Color changes of metal ion solution (100 ppm): (a—f) Hg?*, Fe>*, Zn?*, Cd**, Pb**, and Sr** after the addition of 10 mg of synthesized
Schiff base. (B) Color change of Hg(Il) solution (a) before and (b) after the addition of synthesized Schiff base. (C) Fluorescence spectra of
different concentrations of Hg(II) (10, 20, 40, 50, 7S and 100 ppm) after the addition of 10 mg of Schiff base (4., = 300 nm).

Hg(ll) lon Sensing. Among the metal ions studied for the
interaction with the synthesized Schiff bases, the color change
was visualized by the naked eye only with Hg(II) ions (Figure 6A).

After the addition of C;y—O—cell-HC=N-—Lys, the colorless
Hg(II) solution changed into yellow solution because of the
formation of a colored complex between the Schiff base and
Hg(1I) ions (Figure 6B). The complex was formed within <30s,
and the lowest concentration limit of Hg(Il) ion for visual
detection was observed from 10 ppm onwards, with a sharp
increase in intensity observed at 40 ppm. The fluorescence
spectra were obtained by excitation of the Hg solution after
adding synthesized Schiff base at 300 nm, and emission spectra
were obtained at 415 nm. Large fluorescence enhancement was
shown after the addition of Schiff base on increase of the con-
centration of Hg(II) solution. With the increase in the concentra-
tion of Hg(Il) ions from 10 to 100 ppm, the fluorescence
intensity was found to increase from 12.79 to 62.18 au
(Figure 6C). The Hg(II) ions and sensor form a complex that
undergoes 7—7z* electronic transitions. A, was observed at
295 nm in the UV spectrum. The large red shift to the yellow
color on the interaction of the sensor and Hg(II) ions results
from the formation of the ligand—metal charge transfer complex.

Parametric Studies of the Adsorption of Hg(ll) lons.
The effect of the different adsorption parameters, such as the
contact time, temperature, pH, and Hg(II) concentration, was
studied to evaluate the best conditions for the maximum ion
removal from its aqueous solutions. Variation of time was studied
from 10 to 180 min in batch experiments with 100 mg L™*
Hg(II) at pH 4.4 at 30 °C. Adsorption capacity (q) was observed
to increase with time, and the equilibrium was attained after
60 min (Figure 7A). Of all of the adsorbents used, C;;—O—cell—
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HC=N-Lys exhibited the maximum adsorption capacity of
50.6 mg/g. Hence, it was selected for further studies.
Temperature variation had a positive effect on the g values.
These increased sharply from 40.2 to 75.2 mg/g with the tem-
perature variation from 20 to 50 °C, and thereafter, equilibrium
was attained with the further increase in the temperature
(Figure 7B). With an increase in the temperature, the polymer
structure opens and more active sites become accessible to the
metal ions; hence, adsorption capacity was observed to increase.*
Adsorption of Hg(II) ions is strongly dependent upon pH.
The effect of pH variation on the adsorption of Hg(Il) was
studied in the pH range of 1.0—8.0. As seen in Figure 7B,
adsorption was observed to increase with the increase in pH
and then reached almost a plateau at pH 5.0. The adsorption
capacity increased from 27.3 to 84.2 mg/g with the increase in
pH from 2 to S. At lower pH, the protonation of active sites,
imine groups, on the adsorbent surface takes place, resulting in
the electrostatic repulsions between the metal cations and the
protonated groups, and prevents the adsorption of the metal
ions, hence resulting in lower Hg(II) ion uptake with a low g
value. At higher pH, free imine groups are available on the
adsorbent for ion adsorption; hence, q values increased with
pH,***” but the precipitation of Hg as Hg(OH), takes place
at pH > 6. Hence, pH 5.0 was selected as the optimum pH
for further studies.®® The effect of the initial concentration
of Hg(II) on the adsorption capacity is shown in Figure 7C.
Hg(II) adsorption capacity of the adsorbents increased initially
from 1.135 to 121.2 mg/g with the increasing Hg(II) con-
centration (10—150 ppm), and then equilibrium was reached.
For reusability studies, Hg(II)-loaded adsorbent was
regenerated by treatment with 0.5 N HCI solution for S min.

dx.doi.org/10.1021/am500820n | ACS Appl. Mater. Interfaces 2014, 6, 5908—5917
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Table 1. Parameters of the Kinetic Models for Adsorption of Hg(II) on C,;,—O—Cell-HC=N-Lys

pseudo-first-order

pseudo-second-order

Elovich equation

R?
0.984

k; (min~")
7.25 X 1072

k, (g mg™" min™")
329 X 107

q. (mg/g)
48.10

q. (mg/g)
55.04

R
0.999

R
0.784

p (g/mg)
0.14

a (mg g™ min~")

103.52

The regenerated hybrid materials were reused for 8 repeat
cycles, and the results are illustrated in Figure 7D. Schiff bases
are not generally stable and lack reusability. However, in the
present case, the short treatment time and nature of the
material used ensure it stability. It is effectively reusable for
many cycles because the presence of bulky hydrophobic alkyl
groups in the surroundings of the —C=N— bond protect the
imine bond against hydrolysis and increase its stability. The
efficacy of the material was also obtained from the high MRC
of 258.75 mg g~' that was obtained after 5 repeat cycles when
the same sample was used time and time again (Figure 7D).
The obtained values are close to the adsorption capacity of
269.5 mg g~' calculated from the Langmuir isotherm.

Kinetics, Isotherm, and Mechanism of Adsorption.
Three kinetic models, pseudo-first-order, pseudo-second-order,
and Elovich equation, were applied to examine the adsorption
kinetics. Various parameters calculated from the plots of kinetic
models are represented in Table 1.

The pseudo-second-order model best-fitted the experimental
data with a correlation coefficient value (R* = 0.999) close to 1,
as compared to the pseudo-first-order model (R* = 0.984) and
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the Elovich model (R* = 0.784). Moreover, the values of q
calculated from the pseudo-second-order model are closer to
the experimental values (Figure 8A).

Various parameters calculated from the Langmuir and
Freundlich isotherm plots are given in Table 2.

The value of R* was found to be higher for the Langmuir
isotherm (0.982) compared to the Freundlich isotherm (0.975).
In addition, the values of q calculated from the Langmuir
isotherm are quite close to the experimental values (Figure 8B).
The value Ry = 0.752 lies between 0 and 1, indicating a favorable
adsorption process. Thermodynamic parameters AG°, AH®,
and AS° values were evaluated from the slope and intercept of
the van’t Hoff plot (Figure 8C) and are presented in Table 3.

With increase in the temperature from 20 to 60 °C, the mag-
nitude of free energy change (AG®) shifted to a high negative
value, suggesting that adsorption was rapid and spontaneous.
The positive value of AH® confirmed the endothermic nature of
adsorption and high temperature preferable for adsorption. The
positive value of AS° suggested an increase in randomness at
the solid—solution interface during the adsorption of Hg(Il) on
the polymer.
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Figure 8. (A) Comparison of different kinetic models for the
adsorption of Hg(I) ions by C,;—O—cell-HC=N-Lys. (Inset)
Linear fit of the pseudo-second-order model. (B) Comparison of
different isotherms for the adsorption of Hg(II) ions by C;;—O—cell—
HC=N-Lys. (Inset) Linear fit of the Langmuir plot. (C) van’t Hoff
plot for Hg(II) removal by C,;—O—cell-HC=N-Lys.

Table 3. Thermodynamic Parameters for Adsorption of
Hg(II) by C,(—O—Cell-HC=N-Lys

temperature (K) —AG® (kJ/mol) AH® (kJ/mol) AS° (J mol™ K™*)

293 0.105 40.519 138.65
303 1.491
313 2.878
323 4.264
333 5.651

Evidence to support the adsorption of Hg(II) was obtained
from the FTIR spectrum of the Hg(II)-loaded C;,—O—cell—
HC=N-Lys. The adsorption of Hg(II) on the polymer is
indicated by the shifting of the position with the change in
intensity of some basic peaks and the presence of the additional
peaks in the FTIR spectrum (Figure 1). The shift in the char-
acteristic peak of —C=N from 1630 to 1638 cm™" indicates
that the —C=N bond is the main adsorption site for Hg(II)
adsorption. In addition, the peaks corresponding to amino acid
moiety shift to a higher wave number after Hg(II) adsorption,
indicating that these groups also take part in adsorption.
Similarly, the SEM image of Hg(II)-loaded C,;;—O—cell—
HC=N-Lys (Figure 3D) has different surface morphologies
than its precursor C;y—O—cell-HC=N-Lys (Figure 3C).
Furthermore, the EDAX of Hg(II)-loaded C;;—O—cell-HC=
N-Lys shows the presence of a peak corresponding to Hg in
the spectrum (Figure 4C), supporting the adsorption of Hg(II)
ions onto the adsorbent.

B CONCLUSION

A new cellulose—lysine Schiff-base-based sensor—adsorbent
from biowaste was designed to be effective sensors and
adsorbents for adsorption of Hg(II) from its aqueous solutions.
Hg(II) sensing was studied from the lower limit of 10 ppm, and
adsorption was found to be effective at pH 5.0 and 50 °C with
150 ppm Hg(II) ion solution for 1 h. The adsorption follows
pseudo-second-order kinetics and Langmuir isotherm and was
observed to be a feasible, spontaneous, and endothermic
adsorption process. The candidate material exhibited a very
high maximum removal capacity and good reusability up to
8 cycles, and therefore, these Schiff base materials behave as
good candidates for Hg(II) ion detection and removal in water
purification technologies.
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