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ABSTRACT: The phosphorylated sago starch-extraction
residue (P-SR) was produced for the removal of heavy
metal from wastewater. The phosphoric ester in the phos-
phorylated residue was evaluated by means of infrared
microspectrometry and solid-state NMR. In this study, the
phosphorus contents of produced P-SR, phosphorylated
cellulose (P-C), and phosphorylated sago starch were 31.7,
34.2, and 4.6 mg/g, respectively. The phosphorus contents
of P-C and sago starch were clearly different because of
the difference of each structure. The maximum sorption
capacities of heavy metals (cadmium, lead, copper, and
zinc) in single heavy metal sorption on P-SR were 0.20,

0.25, 0.36, and 0.24 mmol/g (Cu > Pb > Zn > Cd), respec-
tively. On the other hand, the amount of sorbed heavy
metals in coexisted heavy metal sorption on P-SR followed
the order of Pb > Cu > Cd > Zn that was different from
the relations of maximum sorption capacities for individ-
ual heavy metals. The heavy metal sorption behavior
in single and coexisted heavy metal solution for P-SR
were different and P-SR showed the intrinsic heavy metal
sorption affinity, called as selective sorption. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 124: 549-559, 2012
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INTRODUCTION

Severe environmental regulations in the world
require the treatment of wastewater to remove
heavy metal.'™* Several remediation techniques, such
as precipitation on lime,” ion exchange,®® adsorp-
tion onto activated carbon,”!® membrane processes,11
and electrolytic methods,'? have been utilized to
reduce the concentration of heavy metal ions in
effluents.”” However, these methods are generally
expensive for the application in the environment.
The most common metals found in wastewater are
copper, cadmium, nickel, lead, and zinc that are
toxic at high concentration.™*

The sago palm (Metroxylon sagu) has a potential to
yield up to 25 tons of starch per hectare per year,
and the sago starch yield per unit area could be
about 3-4 times that of rice, corn, and wheat and
about 17 times that of cassava.'® Thus, sago starch is
a staple food in tropical Southeast Asia. It is a prom-
ising solution for the food crisis of countries with
tropical wetlands and may also further their eco-
nomical development. However, during the starch

Correspondence to: M. Igura (mst_igr@yahoo.co.jp).

Journal of Applied Polymer Science, Vol. 124, 549-559 (2012)
© 2011 Wiley Periodicals, Inc.

extraction, large amounts of residue that has no suit-
able method of disposal are produced in sago starch
producing countries in Southeast Asia.

Recently some of the effective use of biological
waste materials; such as rice straw, bagasse cotton
stalk, and wood pulp have been reported.'®'® Sago
starch-extraction residue was used for the raw mate-
rial of the production of biodegradable plastics,19'20
the heavy metal sorbent,?! and other additional uses
that are desirable.

The effective sorbent with chemical modification
of agricultural by-products'”'®**** is the techniques
to generate efficient, low-cost sorbents for the
removal of heavy metal from water. The sago starch-
extraction residue could be treated in some way to
make it an effective sorbent,?’ which could be used
for removal of heavy metals in wastewater. Phos-
phorylation, which is an esterification reaction, can
be expected to impart heavy metal sorption capacity
to sago starch-extraction residue.

In a previous study, the sago starch-extraction
residue phosphorylated using phosphoryl chloride
was produced to investigate the cadmium sorption
from waste water.”

The objectives of this study are to evaluate the
selective sorption affinity of heavy metals to phos-
phorylated sago starch-extraction residue (P-SR)
under the coexisting ions.



550

MATERIALS AND METHODS
Phosphorylation of sago starch-extraction residue

Phosphorylation for sago starch-extraction residue
was carried out according to the methods of Igura
and Okazaki®' Sago starch-extraction residue
obtained from Leyte in the Philippines was used as
a raw material. The extraction residue was pulver-
ized in a grinder and passed through a 0.5-mm
sieve. After lipid removal' and drying, the extrac-
tion residue and N,N-dimethylformamide were
mixed, and then phosphoryl chloride (5 mL) was
added, along with tributylamine. Then, the slurry
was stirred in an oil bath at 80°C for 2 h. After the
reaction, the product was washed with ethanol-hex-
ane (9 : 1) solution. The phosphorylated extraction
residue (powder) was designated as P-SR. Most of
sago starch-extraction residue is composed of
remaining starch and cellulose, and it also contains
hemicellulose and lignin.*® Thus, the sago starch and
cellulose are main components of sago starch-extrac-
tion residue. The phosphorylated sago starch (P-SS)
and cellulose were also prepared from the pure sago
starch and cellulose for comparison with the heavy
metal sorption behavior of P-SR. Tsujimoto et al.”’
reported that the particle size (in major axis) of sago
starch ranged from 30 to 45 pm. Thus, the sago
starch, which was passed through a 45-um sieve, was
used for the production of the P-SS, and the micro-
crystalline cellulose (Avicel, E. Merck, Darmstadt,
Germany, particle size < 50 pm) was used for the
production of the phosphorylated cellulose (P-C).

Elemental analysis

Phosphorus analysis

The phosphorus contents of the untreated sample
(sago starch-extraction residue, microcrystalline cel-
lulose, and sago starch) and the phosphorylated
sample (P-SR, P-C, and P-SS) were determined by
the molybdenum blue method.”'**?! After the pre-
treatment of the samples, the molybdenum blue rea-
gent was added into the resulting solution, and the
phosphorus contents of samples were determined
with a spectrophotometer (BioSpec-1600, Shimadzu
Co.) by means of the colorimetric method.

Total carbon and total nitrogen analysis

The total carbon and total nitrogen contents of the
P-SR, P-C, P-SS, and the untreated sago starch-
extraction residue (hereafter untreated extraction res-
idue) were determined with a CN coder (MT-700,
Yanaco Co.).** The P-SR (0.2 g) was mixed with 5 g
of copper oxide, and the mixture was placed in the
platinum sample holder and combusted in the oxi-
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dation furnace of the CN coder. The P-C, P-SS, and
the untreated extraction residue were also subjected
to the same procedure. Hippuric acid [carbon
(60.33%) and nitrogen (7.82%)] was used as a stand-
ard for total carbon and nitrogen analysis.

Infrared microspectrometric analysis of P-SR

Fourier transform infrared (FT-IR) analysis of P-SR
was carried out with an IR microspectrometer (FT/
IR-4100 type A and IRT-3000, JASCO Co.) and a KBr
disk with an aliquot of P-SR. The sago starch and
the fiber in P-SR were selected by IR microspectrom-
eter and they were analyzed in the wavenumber
range of 600-4000 ecm L. P-C, P-SS, and the
untreated extraction residue were subjected to the
same procedure.

3P and °C solid-state NMR analysis

3P and '3C solid-state CP/MS NMR analyses of
P-SR, P-C, P-SS, and the untreated extraction residue
were carried out with a solid-state NMR spectrome-
ter (NM-ECX, JEOL Co.). P-SR powder was placed
in a zirconia sample tube. The prepared sample tube
was used for both '*C and °'P solid-state NMR
analysis. The *'P NMR conditions were as follows:
resonance frequency 500 MHz, spinning rate 10 kHz,
number of points 2048, and number of scans 512 at
25°C. Ammonium phosphate dibasic [(NHs),HPO4]
was used as a standard for *'P. The ">*C-NMR condi-
tions were as follows: resonance frequency 500
MHz, spinning rate 10 kHz, number of points 2048,
and number of scans 1024 at 25°C. Adamantine
(C10H16) was used as a standard for C.

Heavy metal sorption on P-SR
Cadmium sorption on P-SR, P-C, and P-SS

The different dose of P-SR (0.05-0.20 g) was stirred
with 25 mL of aqueous cadmium (50 mg/L) at pH
4.0 for 1 h (in duplicate). The supernatant was fil-
tered by No. 5C (Advantec) filter paper and 0.45-pm
membrane filter, and the concentration of heavy
metal ions in the filtrate was determined with an
atomic absorption spectrophotometer (Z-5010, HITA-
CHLIL). The amount of sorbed heavy metal on P-SR
was calculated from the amount of remaining heavy
metal ions in the filtrate. The sorption data were
fitted to a Langmuir isotherm:

Ce/‘ie = 1/(meax) + Ce/Qmax

where C. is the concentration of the cadmium at
equilibrium (mg/L), g, is the amount of sorbed cad-
mium at equilibrium (mg/g), b is a constant related
to the energy of sorption, and Qmax is the maximum
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TABLE I
Phosphorus Content of P-SR Sample
Phosphate
Phosphorus ~ Total carbon  Total nitrogen ester
Sample mg P/g DW g/g DW g/g DW percentage (%)
P-SR® 317 0.40 0.01 6.1
Untreated” 0.0 0.41 0.00 -
p-C* 34.2 0.43 0.01 6.3
Microcrystalline cellulose 0.0 0.42 0.01 -
P-ss¢ 46 0.43 0.01 0.9
Sago starch® 0.0 0.43 0.01 -

DW: Dry weight.

# Phosphorylated sago starch-extraction residue.
" The untreated sago starch-extraction residue.
¢ Phosphorylated microcrystalline cellulose.

4 Phosphorylated sago starch.

¢ The sago starch that was passed through a 45-um sieve.

sorption capacity for cadmium (mg/g). The P-C and
P-SS were also subjected to the same procedure.

Selectivity for the heavy metal sorption on P-SR

For the evaluation of the selectivity for the heavy
metal sorption on P-SR, single heavy metal sorption
using cadmium (Cd), lead (Pb), copper (Cu), and zinc
(Zn) was conducted. The maximum sorption capacity
of cadmium, lead, copper, and zinc for P-SR was
determined. Meanwhile, competitive heavy metal
sorption that contained cadmium, lead, copper, and
zinc was also conducted for the evaluation of the sorp-
tion affinity for the heavy metals on P-SR. Many kinds
of metal ions coexist in the actual field environment.*
Therefore, the sorption test of mixed metal ions on
P-SR is necessary for the field applications of P-SR.

Maximum sorption capacity of single heavy metal

The different dose of P-SR (0.025-020 g) was
dispersed individually in 25 mL of aqueous for cad-
mium (50 mg/L), lead (100 mg/L), copper (50 mg/L),
and zinc (50 mg/L) at pH 4 for 1 h, respectively,
(in duplicate). The amounts of sorbed heavy metal
ions on P-SR were determined according to the
method described in section of cadmium sorption.

Selective sorption capacity under coexisting
heavy metals

Selective heavy metal sorption that contained cad-
mium, lead, copper, and zinc was also conducted for
the evaluation of the sorption affinity for the heavy
metals on P-SR. The mixed heavy metal solution
(25 mL, pH 4.0) that included the 0.2 mmol/L of cad-
mium, lead, copper, and zinc, was prepared. P-SR
(0.05 g) was dispersed in 25 mL of mixed heavy metal
solution at pH 4 for 1 h. The amounts of sorbed heavy

metal ions on P-SR were determined according to the
method described in section of cadmium sorption.

RESULTS AND DISCUSSION
Elemental characteristics of P-SR

Table I shows the phosphorus content of P-SR, P-C,
P-SS, and the untreated extraction residue. The phos-
phorus content of P-SR (31.7 mg P/g) due to the
introduction of phosphorus by phosphorylation was
clearly higher than that of the untreated extraction
residue. The phosphorus content of the P-C (34.2 mg
P/g) was clearly higher than that of the P-SS (4.6 mg
P/g), which indicated that cellulose had larger num-
ber of phosphorylation sites than starch, although
these were the same group of glucans with different
bondings. The total carbon and total nitrogen con-
tent of the untreated sample (sago starch-extraction
residue, microcrystalline cellulose, and sago starch)
and the phosphorylated sample (P-SR, P-C, and
P-SS) were nearly identical; there was no significant
change during phosphorylation reaction in carbon
and nitrogen content. The theoretical phosphate
ester percentage for phosphorylated samples was
calculated using the carbon and phosphate content.
The theoretical phosphate ester percentage for phos-
phorylated samples means the percentage of the
moles of phosphate in phosphorylated sample to the
moles of available hydroxyl groups in glucose units.
Each glucose unit in starch and cellulose have three
moles of available hydroxyl groups and six moles of
carbon atoms. The phosphate ester percentage by
phosphorylation presented in P-SR, P-C, and P-SS
(Table I) was 6.1, 6.3, and 0.9%, respectively.

Infrared microspectrometric characteristics of starch
and fiber in P-SR

Micrographic observation focused by FT/IR-4100
type A and IRT-3000 is shown in Figure 1. It was

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Micrograph of the sago starch-extraction residue [fiber (A) and sago starch (B)], the P-SR [fiber (C) and sago
starch (D)], P-C (E), and P-SS (F) (120 um x120 pm). P-SR, phosphorylated sago starch-extraction residue; P-C, phospho-
rylated cellulose; P-SS, phosphorylated sago starch. Each micrograph was obtained using IRT-3000 that could choose the
micro area on samples for FI-IR analysis. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

observed that fiber cluster (about 60 pm x 90 um) of
sago starch-extraction residue was commonly seen.
Sago starch particles presented in sago starch-extrac-
tion residue and some starch particles stuck to the
fiber [Fig. 1(B)]. The appearance of the fiber and the
sago starch in P-SR [Fig. 1(C,D)] was similar to the
untreated extraction residue [Fig. 1(A,B)]. These sago
starch particles (about 15 pm x 20 um) in this study
were slightly smaller than the ordinary sago starch
particles (30-45 um).

FT-IR analysis of the fiber and the sago starch in
the untreated extraction residue and the P-SR were

Journal of Applied Polymer Science DOI 10.1002/app

conducted individually. The FT-IR spectra of the
untreated sample (sago starch-extraction residue,
microcrystalline cellulose, and sago starch) and the
phosphorylated sample (P-SR, P-C, and P-SS) are
shown in Figures 2 and 3. The FI-IR spectra of all
samples showed the large adsorption bands at 3400
cm' (O—H stretching), 29002980 cm' (C—H
stretching), and 1150 and 1070 cm ! (C—O stretch-
ing). The FT-IR spectra of fiber fraction in P-SR and
P-C [Fig. 3(A,C)] showed new bands at 1750 cm !
[ester carbonyl group (C=O0)], 1240 cm ' corre-
sponding to the P=0O bonds, and a shoulder at
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Figure 2 FT-IR spectra of the untreated sago starch-
extraction residue [fiber (A) and sago starch (B)], the
microcrystalline cellulose (C), and the sago starch (45 um)
(D). Fiber: the fiber in sago starch-extraction residue that
mainly consists of cellulose and hemicellulose.

980 cm ! attributed to C—O—P stretching,”® com-
pared with that of fiber fraction in the untreated
extraction residue and microcrystalline cellulose
[Fig. 2(A,C)]. On the other hand, the FI-IR spectra
of sago starch fraction in P-SR and P-SS [Fig. 3(B,D)]
did not show clear change compared with that of
sago starch fraction in untreated extraction residue
and the sago starch [Fig. 2(B,D)]. The intensities of
the bands at 1200 and 980 cm™', which corresponds
to the P=O bonds and C—O—P stretching were
compared to those of the untreated extraction
residue using the relative absorbance method.*' The

A)
4
©)
()]
4000 3000 2000 1000 0

Wavenumber (cm'l)

Figure 3 FT-IR spectra of the P-SR [fiber (A) and sago
starch (B)], the P-C (C), and the P-SS (D). P-SR, phospho-
rylated sago starch-extraction residue; P-C, phosphorylated
cellulose; P-SS, phosphorylated sago starch.

relative absorbance of the bands at 1200 and
980 cm ™! for the fiber in untreated extraction residue
and P-SR were 1.20 and 0.94 before the phosphoryla-
tion and 1.89 and 1.41 after the phosphorylation
(Table II). Meanwhile, the relative absorbances for
the sago starch in untreated extraction residue and
P-SS were nearly same value. Therefore, it is con-
firmed that the fiber in untreated extraction residue
was easily phosphorylated by phosphorylation.
Similarly, the relative absorbance of the bands at
1200 and 980 cm ™' for P-C was increased by phos-
phorylation but the relative absorbance for P-SS was
maintained. When phosphorylation was occurred on
sago starch, phosphorus content of P-SS was clearly
lower than that of P-C. Therefore, similar FT-IR
spectra for sago starch in the untreated extraction
residue and P-SR will be related to the lower
amount of phosphorus contents in sago starch.

3P and '*C solid-state NMR spectra of P-SR

Figure 4 shows the *'P solid-state NMR spectrum of
the untreated and phosphorylated samples. The *'P
solid-state NMR spectrum of the untreated extrac-
tion residue did not show any clear peaks, whereas
the spectrum of P-SR showed a clear peak in the
range of 0-1.0 ppm [Fig. 4(A,B)]. This chemical shift
is typical for phosphoric di- and triesters, ** and
thus confirmed the presence of the phosphoric ester
in P-SR. The °'P solid-state NMR spectrum of P-SS
showed a little peak in the range of 0-1.0 ppm [Fig.
4(E,F)], whereas the spectrum of P-C showed a
strong peak in the range of 0-1.0 ppm as chemical
shift of typical for phosphoric di- and triesters (Note
that the symmetrical side bands at = 60 ppm are
rotational side bands resulting from powder

TABLE II
Relative Absorbance of C—O—P Bonds for Untreated
and Phosphorylated Samples

Relative absorbance®

1200 cm ™'/ 980 cm ™'/

Sample 1325 cm™! 1325 cm™!
Fiber in untreated” 1.20 0.94
Fiber in P-SR® 1.89 141
Sago starch in untreated 0.88 1.25
Sago starch in P-SR 0.86 1.34
Microcrystalline cellulose 0.84 1.23
p-c? 1.67 145
Sago starch® 0.82 1.33
P-Ssf 0.83 1.36

?Band intensity of C—O—P group/band intensity at
1325 cm ™.

" The untreated sago starch-extraction residue.

¢ Phosphorylated sago starch-extraction residue.

d Phosphorylated microcrystalline cellulose.

¢ The sago starch that was passed through a 45-um sieve.

f Phosphorylated sago starch.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 °'P solid-state NMR spectra for the untreated and phosphorylated samples. (A) The untreated sago starch-
extraction residue, (B) P-SR, (C) the microcrystalline cellulose, (D) P-C, (E) the sieved sago starch, and (F) P-SS. Untreated:
the untreated sago starch-extraction residue, microcrystalline cellulose and the sieved sago starch. P-SR, phosphorylated
sago starch-extraction residue; P-C, phosphorylated cellulose; P-SS, phosphorylated sago starch. Standard material of the

phosphate: Ammonium phosphate dibasic [(NH4),HPO,].

anisotropy.)® [Fig. 4(C,D)]. The resonance of phos-
phate introduced by phosphorylation was clearly
found by NMR, which indicated the sorption sites
for heavy metal ions.

The C solid-state NMR spectrum of the untreated
extraction residue showed four major peaks, at 61.9
(C6), 725 (C2, C3, and C5), 829 (C4), and 100-103
ppm (C1) [Fig. 5 (A) and Table II1].>>*7®

Journal of Applied Polymer Science DOI 10.1002/app

These NMR spectra were similar to that of the
sago starch and cellulose [Fig. 5(C,E)], because the
untreated extraction residue consists of sago starch,
cellulose, and hemicellulose. The C solid-state
NMR spectrum of the P-SR also showed four major
peaks [Fig. 5(B)], but the values of chemical shifts
were slightly changed (Table III). After the phospho-
rylation, the chemical shifts of C2, C3, and Cé6
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Figure 5 '°C solid state NMR spectra for the untreated and phosphorylated samples. (A) The untreated sago starch-
extraction residue, (B) P-SR, (C) the microcrystalline cellulose, (D) P-C, (E) the sieved sago starch, and (F) P-SS. Untreated:
the untreated sago starch-extraction residue, microcrystalline cellulose and the sieved sago starch. P-SR, phosphorylated
sago starch-extraction residue; P-C, phosphorylated cellulose; P-SS, phosphorylated sago starch. Standard material of the
phosphate: Adamantane (C;oHje). 99.8-103.1 ppm: C1, 83.1 ppm: C4, 72.6 ppm: C2, 3, 5, 62.3 ppm: C6.

(carbons bearing hydroxyl groups) moved to a lower
resonance region by f-effect as substitution
effect.>>* On the other hand, the chemical shifts of
C1 and C4 (the glycosidic linkage) of P-SR moved to
a higher resonance region by the y-effect as steric
effect,® which indicates a modification at C2 or C3
(next to C1 and C4, respectively).

The °C solid-state NMR spectrum of P-SS showed
four major peaks, at 62, 72, 82, and 100-101 ppm
[Fig. 5(F)]. These peaks were similar to that of the
sago starch. For the P-SS, phosphorus content was
lower than that of P-C and P-SR, and the *'P solid-
statet NMR spectrum peaks for phosphoric di-
and triesters were also smaller than that of P-C and

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III

Chemical Shifts of *C Solid-State NMR Spectra

for P-SR
Chemical shift (ppm)

Sample C1 C2,3,5 C4 Cé6
Untreated?® 102.7, 100.7 725 82.9 61.9
P-SR® 101.8, 1004 75.4,72.7 82.2 62.5
Microcrystalline 105.5 752,728 89.2,83.2 655, 63.1

cellulose
P-C¢ 105.5,104.6 752,723 89.1 65.7
Sago starch® 101.4, 100.1 72.6 82.9 62.4
P-Ss¢ 101.2, 100.1 72.6 82.3 62.6, 61.9

@ The untreated sago starch-extraction residue.

P Phosphorylated sago starch-extraction residue.

¢ Phosphorylated microcrystalline cellulose.

4 The sago starch that was passed through a 45-um sieve.
¢ Phosphorylated sago starch.

P-SR. Therefore, it seemed that the phosphate ester
was hardly formed in the P-SS and the sago starch
fraction in P-SR. Cereal starches are generally com-
posed of two crystalline polysaccharides, amylose
and amylopectin. Both contain C4-linked o-pD-gluco-
pyranose units with double helix structure. Amylose
is linear polymer with 200-1000 glucose unit,
whereas amylopectin is highly branched, since 5-6%
of the C4-linked units are also Cé-linked*’ with mo-
lecular weight of hundred thousands. It seemed that
the lower phosphorus contents of P-SS5 may be
related to the steric hindrance caused by the cluster
structure of amylopectin.*’™* On the other hand,
P-C showed the higher phosphorus content, and the
*IP solid-state NMR spectrum peaks for phosphoric

di- and triesters were strong. The molecular
0.25
an
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Figure 6 Cadmium sorption behavior on P-SR, P-C, and
P-SS. P-SR, phosphorylated sago starch-extraction residue;
P-C, phosphorylated cellulose; P-SS, phosphorylated sago
starch.
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structure of cellulose as a carbohydrate polymer
comprises of repeating B-D-glucopyranose units that
are covalently linked through acetal functions
between the hydroxyl group of the C4 and C1 car-
bon atoms ([3—1,4—glucan).44 The esterification of the
cellulose is hardly influenced by the polarity of
hydroxyl group in glucose residues and by the
difference in various esterification reactions, thus it
gives the high substitution product.”> The steric
hindrance of the B-p-glucose is smaller than that of
a-D-glucose, because the hydroxyl group of B-b-glu-
cose is equatorial orientation.*® The changes of the
13C solid-state NMR spectrum for the P-C from the
untreated microcrystalline cellulose [Fig. 5(C,D)]
were similar to that of P-SR (Table III). Thus, it
seemed that the phosphorylation was easily carried
out on fiber as cellulose and hemicellulose in
untreated extraction residue compared with the sago
starch in that.

Heavy metal sorption characteristics on P-SR
Cadmium sorption on P-SR, P-C, and P-SS

Figures 6 and 7 show the cadmium sorption behav-
ior on P-SR, P-C, and P-SS and that of the maximum
sorption capacity (Qmax). The amount of sorbed
cadmium of P-SR and P-C increased with the
increase in equilibrium concentration (Fig. 6), and
the Qmax of cadmium on P-SR (0.22 mmol/g) and
P-C (0.22 mmol/g) was almost the same value. On
the other hand, P-SS did not show the increase in
the amount of sorbed cadmium with increasing
equilibrium concentration. P-SS was not fitted to a

1.0

=
oo
T

for P-SR : 0.22 mmol g

E ~
'Ef 2

[
5
&5
SE0s |
53
s g
= o A P-SR
o L
2504 o PC
o =
O 4
£ 2
£3502 The maximum sorption capacity
g 4 for P-C: 0.22 mmol g!
= E
=)
m 0.0 . .

0.00 0.05 0.10 0.15

Equilibrium concentration forcadmium (mmolt)

Figure 7 Maximum sorption capacity of cadmium on P-SR,
P-C, and P-SS. P-SS was not fitted to a Langmuir isotherm,
so that the maximum sorption capacity of cadmium on P-SS
was deleted in this figure. P-SR, phosphorylated sago starch-
extraction residue; P-C, phosphorylated cellulose.
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Figure 9 Langmuir isotherm for the sorption of cadmium, lead, copper, and zinc on P-SR.
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TABLE IV
Maximum Sorption Capacity of Individual Heavy Metal
(cadmium, lead, copper, and zinc) for P-SR

Maximum sorption capacity

mg/g mmol/g
Cd 23.01 0.20
Pb 51.05 0.25
Cu 2297 0.36
Zn 15.97 0.24

Langmuir isotherm, so that the data of P-SS on
cadmium sorption were deleted from Figure 6. Phos-
phorus contents of P-SR, P-C, and P-SS were 31.7,
34.2, and 4.6 mg P/g, respectively, (Table I). Phos-
phorus content of P-SS was clearly lower than that
of P-SR and P-C. Therefore, the lower cadmium
sorption on P-SS will be related to the lower amount
of phosphorus content and phosphate ester in it.

Selectivity for the heavy metal sorption on P-SR

Maximum sorption capacity for individual heavy metal
(cadmium, lead, copper, and zinc) on P-SR. Figure 8
shows the single heavy metal sorption behavior of
cadmium, lead, copper, and zinc on P-SR. When
equilibrium concentration of each heavy metal
increased, the amount of sorbed metal ions tended
to increase, and each heavy metal finally reached the
sorption equilibrium. Figure 9 shows the Langmuir
isotherm for the sorption of cadmium, lead, copper,
and zinc on P-SR. The Qmax of heavy metals (cad-
mium, lead, copper, and zinc) on P-SR were 0.20,
0.25, 0.36, and 0.24 mmol/g, respectively, (Table IV).
The Qmax (in mmol/g) of each heavy metal on P-SR
followed the order of Cu > Pb > Zn > Cd. The
Qmax of copper was the highest among four heavy
metals. On the other hand, several kinds of organic
acid such as fulvic acid show the heavy metal sorp-
tion behavior on it. Selectivity sequence for heavy
metal cations (Cu, Pb, Zn) on P-SR was similar to
that on fulvic acid.*

Sorption behavior of coexisted heavy metals on P-SR.
Table V shows the amount of sorbed heavy metals
on P-SR in coexisted heavy metal solution. The
amount of sorbed cadmium, lead, copper, and zinc
were 0.039, 0.083, 0.057, and 0.023 mmol/g (39, 83,
57, and 23 pmol/g), respectively. The amount of
sorbed heavy metals followed the order of Pb > Cu
> Cd > Zn. This result was different from the rela-
tions of maximum sorption capacities for individual
heavy metals. Nada et al.'®'® evaluated heavy met-
als sorption affinity of phosphorylated plant resi-
dues (rice straw, bagasse cotton stalk, wood pulp)
using the solution that contained several kinds of
heavy metals, and the heavy metal sorption affinity
was different in every phosphorylated materials
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such as bagasse (Cu > Pb > Cd > Zn) (the amount
of sorbed heavy metals were 12.0, 6.8, 6.4, and
4.0 umol/g), wood pulp (Cu > Pb > Cd > Zn) (134,
8.3, 8.1, and 6.7 umol/g),17 rice straw (Cu > Zn >
Pb > Cd) (6.3, 3.8, 3.5, and 2.9 pmol/g), and cotton
stalk (Cu > Zn > Pb > Cd) (6.1, 4.6, 3.8, and
3.1 umol/g)."® The amount of sorbed heavy metals
of P-SR was higher than that of these phosphoryl-
ated materials, and moreover, the heavy metal sorp-
tion behavior of P-SR was clearly different. The
sorption affinity varies, depending of the ionic ra-
dius and the electro positive charge on the ions.*®
Also, sorption of metals onto the ion-exchanger can
be attributed to the intrinsic sorption and Coulombic
interaction.'® The Coulombic force results from the
electrostatic energy of interactions between the
adsorbents and adsorbate. The charges on the sub-
strates, as well as the softness and hardness of the
charge on both side, are mostly responsible for the
amount of adsorption. On the other hand, it seemed
that the amount of sorbed heavy metal related to the
phosphorus content of phosphorylated fiber and
starch fractions in P-SR, and the mixture of phos-
phorylated fiber and starch fractions in P-SR may
relate to the selective sorption of heavy metals on it.

CONCLUSION

By phosphorylation, the phosphate ester was intro-
duced into sago starch-extraction residue. The phos-
phorus content of P-SR was almost the same as that
of P-C, and P-5S showed the lowest phosphorus
content in all phosphorylated products. The pres-
ence of the phosphoric ester in P-SR, P-C, and P-SS
was confirmed by infrared microspectrometric anal-
ysis and solid-state NMR analysis, but each spec-
trum of P-SS was not clear compared with P-SR and
P-C. The phosphate ester percent of P-SR, P-C, and
P-SS by phosphorylation was 6.1, 6.3, and 0.9%,
respectively.

The cadmium sorption on P-SR and P-C were
higher than P-SS. It seemed that the difference of the
amount of sorbed heavy metal on phosphorylated
products related to the amount of phosphorus

TABLE V
The Amount of Sorbed Heavy Metals on P-SR in Mixed
Heavy Metal Solution

The amount of sorbed heavy metal

mg/g mmol/g
Cd 4.35 0.039
Pb 17.12 0.083
Cu 3.60 0.057
Zn 1.50 0.023

The mixed heavy metal solution contained the 0.2 mol/L
of cadmium, lead, copper, and zinc, respectively.
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content in it. Then, almost all of phosphate ester was
formed on the fiber in P-SR.

In single heavy metal sorption on P-SR, the maxi-
mum sorption capacities of heavy metals (cadmium,
lead, copper, and zinc) on P-SR were 0.20, 0.25, 0.36,
and 0.24 mmol/g (Cu > Pb > Zn > Cd), respec-
tively. On the other hand, the amount of sorbed
heavy metals in coexisted heavy metal sorption on
P-SR followed the order of Pb > Cu > Cd > Zn.
Thus, the heavy metal sorption behavior in single
and coexisted heavy metal solution for P-SR were
different, and it is suggested that P-SR had the
intrinsic sorption affinity for heavy metals.

The authors are grateful to Professor Emeritus Ryunosuke
Hamada, Tokyo University of Agriculture and Technology,
for critical review.
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