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Abstract

A series of phosphate-modified Konjac was synthesized by esterification of natural polysaccharide Konjac, and comparative studies
were conducted to examine the flocculation efficiency and biodegradability for the modified and unmodified products. It is found that
both modified derivatives and the unmodified parent show flocculation ability and biodegradability. However, within the polymer con-
centration studied, the higher the phosphoric content, the better the flocculation efficiency is, and the modified analogues show superior
biodegradability to that of the parent polymer. The degradation mechanism was confirmed by IR spectrum that the P-O-P bond was cut

during the aging process at 30 °C.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Flocculant is an important family of components which
cause flocculation by adding minute quantities of chemi-
cals, and has played an important role in portable water
purification, sewage and wastewater treatment (Bratby,
1980), etc. The flocculants can be conveniently classified
into inorganic and organic categories. The inorganic floccu-
lants with multivalent metals like aluminum and iron are
mostly used. In general, organic flocculants are acrylamide-
based polymers and more effective because they posses the
advantages such as low dose, ease in handling, no interfer-
ence with pH of the suspensions and larger floc forming
capability (Bratby, 1980). However, the associated unre-
acted acrylamide monomers remained in synthetic poly-
mers have been proved to be carcinogenic (Rice, 2005),
though the synthetic polymers themselves are nontoxic. In
addition, the unbiodegradable property presents another
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major drawback of the polymeric flocculants, which will
result in “secondary pollution” for environment.

To obviate these deficiencies of polymeric flocculants,
“green” flocculants have been shown attractiveness in
water treatment industry. These materials are normally pre-
pared by modification of polysaccharide, which combined
the merits of high flocculation efficiency from synthetic
polymers and self-degradability from natural macromole-
cules. Singh group has successively investigated various
biodegradable flocculants by grafting acrylamide onto nat-
ural polysaccharides such as guar gum (Nayak & Singh,
2001), xanthan gum (Adhikary & Singh, 2004), sodium algi-
nate (Tripathy & Singh, 2001), carboxymethyl cellulose
(Biswal & Singh, 2004a) and amylose (Karmakar & Singh,
1997), etc, and Khalil et al. (Khalil & Aly, 2001; Khalil &
Abdel-Halim, 2001; Khalil & Farag, 1998; Khalil & Aly,
2002) developed a series of starch derivatives used as flocc-
ulants and chelating agents to remove heavy metals.

An attempt has been made in our laboratory to develop
novel biodegradable flocculants based on Konjac gluco-
mannan (KGM). KGM is a natural polysaccharide
extracted from tubers of Amorphophallus Konjac plants
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Fig. 1. The structural representation of Konjac glucomannan.

which grow in mountain or hilly areas mainly in the south-
east Asia. Traditionally, it has been used as food and food
additives in China and Japan. And now KGM has been
extensively applied in pharmaceutical (Du, Sun, & Xiong,
2004), biotechnology, and chemical industries and some
other areas (Zhang & Xie, 2005) because of its particular
physical and chemical properties. As shown in Fig. 1, KGM
consists of B-(1 — 4)-linked-D-mannose and D-glucose res-
idues as the main chain with branches through B-(1 — 6)-
glucose units (Katsuraya & Okuyama, 2003; Li & Xie,
2006). In a molar ratio of 1.6:1 (Kato & Matsuda, 1969)
with branching of 8% degree, it has an average molecular
weight of 0.67 to 1.9 million (Maeda & Shimahara, 1980;
Maekaji, 1974).

Because of its high molecular weight and biodegradabil-
ity (Chen, Liu, & Zhuo, 2005), it is possible to modify
KGM through the O-H bond in its molecule architecture
by esterification or graft functionality to a novel class of
flocculants. Reported in this paper are the preliminary
results of synthesis, flocculation performance and biode-
gradability of a series of phosphate-modified Konjac
(PMKonjac).

2. Experimental
2.1. Materials

Fine powder (40~ 120 mesh) of purified Konjac was
used as purchased from Root Ltd. (Chengdu, China) with-
out further treatment. The effective KGM content in the
powder is approximate to 75%.

Sodium dihydrogen phosphate dihydrate
(NaH,PO,-2H,0) and disodium hydrogen phosphate
dodecahydrate (Na,HPO,-12H,0), urea, hydrochloric
acid, acetone, kaolin were commercial chemicals with ana-
lytical grade. All the chemicals were used as received with-
out further purification.

2.2. Synthesis

The series of PMKonjac was prepared by modification
of Konjac with phosphate followed the process reported in
previous reports (Hu & Hu, 1990; Zhang & Yang, 1994),
but with revision in this work. A typical procedure is as fol-
lows: appropriate amount of NaH,PO,-2H,O and
Na,HPO, - 12H,0 with 2 g urea were put into a beaker and
were dissolved in 60 ml distilled water. pH of the final solu-
tion was adjusted to 2 by HCIL. Konjac powder was then

added into the solution under magnetic stirring and the
reaction was lasted for Smin followed by transferring the
reaction system into an oven to age at 60°C for 2 h. After-
wards, the product was dissolved in distilled water and pre-
cipitated in excess of acetone. The obtained polymer was
filtered and washed several times with acetone to remove
unreacted Konjac and phosphate. The final product was
dried under vacuum at 40 °C for 48 h prior to being stored
in a desiccator. The feed ratio of the series of PMKonjac
was summarized in Table 1.

2.3. Structural elucidation and phosphorous content
determination

To confirm if phosphoric was introduced into the Kon-
jac backbone, comparative FTIR analysis was performed
with a Nicolet MX-1E Infrared spectrophotometer (KBr
pellet) for the unmodified Konjac and the modified deriva-
tive PMKonjac-2.

A standard spectrophotometric method (ISO 3946,
1982) was employed to determine phosphoric content in the
modified and unmodified Konjacs and the final results have
been depicted in Table 1.

2.4. Flocculation test

Aqueous solutions (0.1%) of modified and unmodified
Konjacs were prepared by dissolving designed amount of
purified polymer powders into distilled water with mild agi-
tation for 24h. The stock solutions were then filtrated
through stainless steel screen (200 meshes) to remove the
undissolved microgel.

Flocculation performance of the polymers was examined
using jar tests (Bratby, 1980): six beakers of 1% kaolin sus-
pension prepared by mixing 1 g in 100 ml of distilled water
were used for flocculation studies. Immediately after the
addition of the polymer flocculants, all the suspensions
were stirred with magnetic bars at a constant speed of
75 rpm for 2 min, followed by a slow agitation at 25 rpm for
5min. The flocs were then allowed to settle down for 2 min.
At the end of the settling period, the transmittance of
supernatant liquid at 670nm was measured using a UV-
VIS spectrometer (HITACHI-U2010). The dose of floccu-
lants was varied in the range of 0.1~3 ppm.

The flocculation characteristics were also measured by
the column settling method (Biswal & Singh, 2004b). The

Table 1
Feed ratio and final phosphoric content in the series of Konjac products
Sample code Feed ratio Phosphoric
a
Phosphate (g)  Urea(g) Konjac (g) content” (%)
Konjac / / / 0.20
PMKonjac-1 4.0 2.0 6.0 1.73
PMKonjac-2 6.0 2.0 6.0 347
PMKonjac-3 9.0 2.0 6.0 498

# Determined with spectrophotometric method (ISO 3946, 1982).
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flocculation studies were carried out in 1 wt% kaolin sus-
pension with the help of a 100 ml stoppered graduated cyl-
inder. First, the kaolin suspension was put into the cylinder
and then the polymer solution was added. The final poly-
mer concentration in the suspension was kept at 1 ppm. The
cylinder was then inverted 10 times for thorough mixing.
After the cylinder was set upright, the height of sediment
was measured over time interval.

2.5. Biodegradation study

Biodegradability of the polymer solutions was evaluated
by monitoring the viscosity decay at a certain intervals of
time with glass Ubbelohde capillary viscometers (ID:
0.5~0.6mm). Viscosity measurement was conducted at
30°C when bacterial activity is at a maximum (Singh &
Karmakar, 2000a). The concentration of all polymer solu-
tions was fixed at 0.1% and the pH of the aqueous solution
was neutral.

To further examine the degradation mechanism of the
modified Konjac, an FTIR spectral analysis was performed
for the degraded PMKonjac-2: after § days of degradation
at 30°C, PMKonjac-2 was precipitated with acetone and
dried in a vacuum oven at 40 °C for 48 h, followed by sub-
jecting to FTIR analysis with KBr pellet method.

3. Results and discussions
3.1. Synthesis

Table 1 shows the synthesis parameters of the phosphate
modification process of Konjac. The ratio of phosphate to
Konjac was varied in order to examine the influence of
phosphoric content on the flocculation efficiency. The
added urea and acidity environment can fasten the esterifi-
cation reaction. It is found that the final phosphoric con-
tent in the products increases with increasing the phosphate
level in the feed ratio. Trace phosphor has also been
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detected in the unmodified Konjac polymer. This is proba-
bly due to trace element resided in the natural Konjac
(Kato & Matsuda, 1969).

Compared in Fig. 2 are the IR spectra of unmodified
(Fig. 2(a)) and modified Konjacs (Fig. 2(b)). The peaks at
895 and 810 cm ™! are the characteristic absorption bands
of mannose residues in the polysaccharides (Xiao & Liu,
2004). The broadband at 3381 cm™' is due to the stretch-
ing mode of the O-H groups. An intense band at
1725cm™" is assigned to the first overtone of the O-H
bending vibration and is considered as the absorption
band of carbonyl of acetyl groups (Chiu, Hsiue, & Chen,
2004). The absorption band at 1636cm™" and 1151 cm™!
are corresponding to the intra-molecular hydrogen bonds
and C-O stretching, respectively. The band at 1248 cm™!
is the fragment of CH,OH, and the bands at 1060, 1305,
1383, 2890 and 2928 cm~! are resulted from C—H stretch-
ing. The small smooth band at 1025cm™! contributes to
the stretching vibration of C-O bond (Zhang & Nisinari,
2001).

The only difference between the IR spectra of unmodi-
fied Konjac and that of modified product PMKonjac-2 is
that a peak appeared at 942 cm ™! in the spectrum of the lat-
ter, which is due to the P-O-P stretching. This clearly indi-
cates that the phosphorous group has been well introduced
into the Konjac molecule by esterification.

3.2. Flocculation

The flocculation performance can be explained in terms
of the transmittance of the supernatant liquid. The higher
the transmittance, the better the flocculating agent is. Plot-
ted in Fig. 3 are the comparative studies on the transmit-
tance of supernatant liquid of the unmodified and modified
Konjac products carried out in 1% kaolin suspensions.
Obviously, the transmittance of the supernatant, i.e., the
flocculation efficiency of unmodified Konjac is much lower
than those of modified analogues.
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Fig. 2. IR spectra of (a) Konjac, (b) PMKonjac-2, (c) PMKonjac-2 after biodegradation.
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Fig. 3. Supernatant transmittance varies with flocculants dose in kaolin
suspension (1%) for the modified and unmodified Konjacs.

Compared with the unmodified Konjac, the modified
polymers show higher transmittance, indicating the latter
has better flocculation performance. For all the polymers,
initially the transmittance of the supernatant liquid is
quite low as flocculation is at low doses of the flocculants
and the efficiency of all the modified products is more or
less similar when polymer concentration is lower than
0.3 ppm. When increasing polymer concentration, the
small aggregates form big flocs, and then precipitated,
which increases the transmittance of the supernatant
accordingly. For the modified products, faster uptrend of
transmittance for PMKonjac-2 and PMKonjac-3 was evi-
denced. This suggests that the higher the charge density,
the better the flocculability is.

The flocculation performance of the series of products
was further compared with column settling test (Fig. 4).
The larger the settling velocity of the floc-containing con-
taminants, the greater the flocculation performance is. It is
evident from Fig. 4 that the flocculation performance of all
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Fig. 4. Variation of the sediment height with time for kaolin suspensions
(1%) flocculated by modified or unmodified Konjacs at 1 ppm.

the modified Konjacs is much better than that of unmodi-
fied Konjac, which has a good agreement with the jar test
results appeared in Fig. 3.

The difference of the flocculability between the parent
Konjac and the modified derivatives can be interpreted by
their neutral and polyelectrolyte characteristics: there are
no ionic groups in the unmodified Konjac while anionic
phosphate moieties were incorporated into the unmodified
products.

It is well-known that bridging and surface-charge neu-
tralization are the two major flocculation mechanisms of
polymeric flocculants depending on the nature of the poly-
mer. Bridging occurs as a result of adsorption of polymer
molecules onto the surface of different particles, thus link-
ing them together to form flocs. Undoubtedly, bridging
function operates with both the neutral and charged poly-
mers. In bridging flocculation, macromolecule configura-
tions and lengths play important roles (Stoll & Buffle,
1996). When the long-chain polymer molecules are
adsorbed on the particles’ surface, they tend to form loops
and extend some distance from the particle surface into the
aqueous phase (Singh, Tripathy, & Karmakar, 2000b).
Their ends also dangle and get adsorbed on the surface of
another particle, forming a bridge between the particles. As
there are no ionic groups in the unmodified Konjac, its floc-
culability apparently arrives from bridging mechanism.

For the modified Konjac, the bridging also plays an
important role although surface-charge neutralization is
always attributed to the flocculation of polyelectrolytes.
However, this is not the case in this work where modified
Konjacs bear the same charge as that on Kaolin surface.
Because of high surface area to edge area ratio, the Kaolin
is known chemically carrying an overall net negative charge
in the surface (Besra, Sengupta, & Roy, 2006; Williams &
Williams, 1978). Thus, electrostatic repulsion predominates
the interaction between phosphate-modified Konjac and
Kaolin, while electrostatic attraction is always reported the
main mechanism to coagulate kaolin particles by cationic
polymers (Besra et al, 2006). Nevertheless, the anionic
phosphorous groups placed along the modified Konjac
backbone expand and the polymer coils, thus bridging
more fine particles than the unmodified polymer. This is
why the modified derivatives show superior flocculation
efficiency to the parent Konjac (Fig. 3) over the polymer
concentration examined in this work.

1 ppm in Fig. 3 was regarded as the optimal dose which
can account for the flocculation effect at this flocculant
comparison. Exhibited in Fig. 5 is the interrelation between
phosphoric content and flocculation effect at 1 ppm poly-
mer dosage. From this result it is apparently that floccula-
tion efficiency increases upon increasing phosphoric
content. When the phosphoric content reaches to a certain
value, for example, 3 wt%, the transmittance of the super-
natant becomes nearly unchanged. The more phosphate
causes the more repulsion of negative charge from each
other, which expands the polymer coils. The extend chain
will make more bridging function. However, the repulsive
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Fig. 5. The relation between phosphoric content and flocculation effect at
1 ppm.

operation arrives at the peak when phosphoric content
reaches to a certain value at which the polymer chain stiff-
ens at a maximum.

3.3. Biodegradability

The biodegradation of polysaccharide proceeds mainly
through hydrolysis and oxidation. There are many factors
influence biodegradability such as temperature, UV, mois-
ture level, oxygen, nutrients etc (Jayasekara & Harding,
2005). In this test, the factors which influence biodegrad-
ability were controlled: the test temperature was controlled
at 30°C, UV, moisture level, oxygen and nutrients were also
controlled in the common room condition. Hydroxy,
hydroperoxide and carboxyl groups formed during degra-
dation and they may lead to increased hydrophobicity,
which can cause biodegradation. As reported by Singh et al.
(Singh & Karmakar, 2000a), polymers which contain ester
and anhydride group are prone to hydrolysis and biodegra-
dation. The esterified products solution can be biodegraded
in 5~7 days until it turned turbidity finally.

Biodegradation can be examined by monitoring the
decay of relative viscosities (1,, the ratio of viscosity of
polymer solution to that of solvent, water) at certain inter-
vals of time over the entire test. Normally, it took one day
of time to completely dissolve the polymer powder in water,
so the viscosity measurement was performed after 24h of
dissolution. Fig. 6 compares the relative viscosities of three
modified PMKonjac products and the unmodified Konjac.

At the very beginning, the relative viscosities of the
esterified PMKonjac products are higher than that of
unmodified Konjac, and increase with increasing phos-
phoric level. As discussed above, incorporation of the
anionic phosphate groups extends the polymer chains, i.e.,
expanding the polymer coils, and thus the relative viscos-
ity of the polymers.
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Fig. 6. n; versus time to study the biodegradation of Konjac and its esteri-
fied products.

As shown in Fig. 6, after several days, biodegradation
has been observed for all the polymers. The viscosity of the
unmodified Konjac decreases smoothly, implying the
breakdown of the polysaccharide chain. However, faster
biodegradation is evidenced for all the modified PMKonjac
products as there are inflexions in the viscosity curves
(Fig. 6). The turning point of the curves indicates the P-O-P
bonds have been cut, which can be confirmed from Fig. 2
where a band at 942cm™! disappeared in the IR spectra of
the modified product PMKonjac-2 after biodegradation.

With the biodegradation process goes on, the relative
viscosities of both modified and unmodified Konjac step
down to a flat zone. The biodegradation test was termi-
nated at about 190h when the relative viscosities nearly
unchanged further and fermentation residues found in the
solution.

From what observed in Fig. 6, it seems there are two bio-
degradation processes for the modified products: break-
down of the main chain and elimination of the
phosphorous groups. And these two processes are preceded
simultaneously, while only rupture occurred in the unmodi-
fied Konjac. Interestingly, the final relative viscosities of
PMKonjac-1 and PMKonjac-3 are close to 1, while those
of Konjac and PMKonjac-2 stay around 2. This implies
PMKonjac-1 and PMKonjac-3 have been degraded com-
pletely, whereas the degradation process for Konjac and
PMKonjac-2 is still under way. However, all the polymer
solutions were fermented when the experiments lasted for
190 h at 30 °C, which impedes our further test.

4. Conclusions

“Green” flocculants with both good flocculation
efficiency and biodegradability are the pursuit of the
water treatment industry. These products inherit the
good performance but overcome the drawbacks such as
toxicity and “secondary pollution” of traditional
flocculants.
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This paper is one part of our series work focusing on
biodegradable flocculants. Incorporation of phosphate
improves both flocculation efficiency and biodegradability,
and the flocculation efficiency increases with increasing
phosphoric content. The biodegradability was assured from
the breakage of P-O-P bond along backbone of the esteri-
fied Konjac.

Ongoing work in our team is to get novel “green” floccu-
lants by grafting acrylamide or cationic monomers onto the
Konjac main chain.
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