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Figure 2. SEM images of the fibers’ surface (2000x) of (a) unmodified cotton, (b) oxidized cotton and (c) cystamine-
modified cotton

The changes in the IR spectra of the modified cotton indicated the attachment of the ligands to cellulose. Figure 3
shows the IR spectra of unmodified cotton, oxidized cotton, and triethylenetetramine-modified cotton fibers. The
characteristic peaks of cellulose appear at 3300-3450 cm™ due the stretching of O-H bonds and ~2900 cm* for the
stretching of the non-aromatic C-H bonds. For the oxidized cotton spectra, along with these peaks, a new shoulder
peak was observed at around 1737 cm™ (Figure 3) due to the C=0 bond stretch of the aldehyde along with peaks at
around 1263 cm™ and 810 cm™. These peaks disappeared when the ligand was attached and new peak appeared at
~3445 cm! (overlapping with that the OH band) corresponding to the stretching of N-H bonds in the ligand.

Figure 3. IR spectra of unmodified cotton (black), oxidized cotton (red) and triethylenetetramine-modified cotton
(blue) fibers.

Furthermore, elemental analysis of the fiber surface using SEM-Energy Dispersive X-ray Spectroscopy (EDS) further
supported the attachment of the ligand to the cotton surface. Figure 4 shows EDS spectra of unmodified cotton and
cystamine-modified cotton fibers. The top spectra show the main elements present in cellulose fibers: carbon,
hydrogen, and oxygen. After oxidation and attachment of the cystamine ligand, a new peak corresponding to sulfur
appeared; the appearance of the peak was on the expense of the oxygen peak; the relative intensity of which decreased
from 48.4% in the unmodified cotton to 45.7% in the cystamine-modified cotton.
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Figure 4. EDS spectra for (a) unmodified cotton and (b) cystamine-modified cotton fibers.

Thermal Gravimetric Analysis (TGA) of the ligand-modified cotton fibers showed that these were less thermally stable
than the unmodified cotton fibers. The thermograms (Figure 5) of the fibers showed that unmodified cotton was stable
up to 290 °C at which it started to decompose. However, all the modified fibers started to decompose at ~ 200°C and
lost half their weight at ~365 °C. Cystamine-modified cotton showed a slightly different trend from the polyamine-
modified fibers decomposing at a slower rate. The lower thermal stability of the modified fibers can be attributed to
the weak imine bond which links the ligands to cellulose versus the C-C and C-O bonds present in the unmodified
cotton (Saravanan & Ravikumar, 2015).
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Figure 5. Thermal decomposition profiles of the unmodified cotton and the four different ligand-modified cotton
fibers.

The ability of the modified fibers to remove metal ions from polluted water was evaluated through batch experiments
where modified and non-modified fibers were soaked in solutions of different metals for 12 hours. Figure 6 shows the
amount of Cd, Hg and Pb metal ion removed from 100 ppm solution using 20 g of fibers per one litter of solution. The
fibers modified with the polyamines ligand removed about 50 % of Cd ions while fibers modified with
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triethylenetetramine and cystamine removed around 50% of Hg and about 90% of Pb; however, non-modified cotton
removed only 22% of Cd, 45% of Hg and 43% of Pb.

100.0
90.0
80.0
70.0
60.0
50.0

40.0

% of Metal Removed

30.0

20.0

10.0

0.0

Cd

Hg Pb

u Cotton
# tri

W tetra
& penta

=cys

Figure 6. The % removal of the metal at 100 ppm concentration using the modified fibers at 20 g/L ratio.

The efficacy of the modified fibers to remove the metals was dependent on the concentration of the metal in
solution. Figure 7 shows the relative change in metal-removal capacity (AC) of cotton as it was modified with
triethylenetetramine and cystamine, respectively. The percentage change of metal-removal capacity was calculated

according to (1):

AC=[ (Ct - Co) / Co] x 100

(1)

where Cs is the metal-removal capacity of modified fiber (mg/g of metal/fiber), and C, is the metal-removal capacity
of non-modified fiber (mg/g of metal/fiber). The results showed that the chemical modification of cotton with
triethylenetetramine had negative or insignificant effect on the metal-removal capacity at metal concentrations lower
that 100 ppm; as metal concentration increased to 200 ppm, the metal-removal capacity increased by 350% for Cd,
150% for Hg and 450 % for Pb. Chemical modification of cotton with cystamine had insignificant effect on the metal-
removal at 5 ppm and 20 ppm concentrations. As the concentration increased to 50 ppm, the loading capacity of Cd
increased by 200 % and then it decreased to 140% and 110% at 100 ppm and 200 ppm, respectively. An opposite
trend, however, was observed of Pb-removal capacity which increased by 30% at 50 ppm, 130% at 100 ppm and 190%

at 200 ppm.
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Figure 7. The % change of the metal-removing capacity (DC) of the cotton fibers upon modification with (a)
triethylenetetramine and (b) cystamine.

Conclusion

The results of this report showed that chemical modification of cellulose natural fibers would enhance their efficacy
as adsorbent for metal ions from polluted water. Further development of the procedures and investigations of other
ligands and fibers could provide valuable tool for remediation of wastewater contaminated heavy metals at a relatively
low cost.
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