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ABSTRACT: Grafting copolymers of polyacrylamide
(PAM) with Konjac gum (KGM) have been synthesized
using ceric-ion-induced initiation technique. The copoly-
mers were characterized using several instrumental techni-
ques, including infrared (IR) spectroscopy, elementary
analysis, scanning electron microscopy (SEM), size exclu-
sion chromatography (SEC) analysis, and intrinsic viscos-
ity to confirm the success of grafting. The flocculation
performance of graft copolymers was characterized by two
methods. One was to study the relationship between the
flocculants doses in kaolin suspension and the supernatant
transmittance, and the other is to examine the time de-
pendence of sediment height of kaolin suspensions. It was

found that the graft copolymer is better than KGM and
pure PAM. Biodegradation behavior was testified by
monitoring the decay of relative viscosities, and
approved by KGM ether bonds breaking in IR spectra
and the molecule weight reduction in SEC analysis. The
results indicate that the grafted KGM copolymers have
improved both, flocculation performance and better bio-
degradable properties than the unmodified parent KGM
and pure PAM. © 2008 Wiley Periodicals, Inc. ] Appl Polym
Sci 111: 2527-2536, 2009

Key words: graft copolymerization; Konjac; biodegrada-
tion; flocculants; polyacrylamide

INTRODUCTION

Flocculating agents, or flocculants, are the important
components which cause flocculation, a process of
bringing together small particles to form larger par-
ticles by adding minute quantities of chemicals in
water treatment.! Normally, flocculants are classified
into inorganic and organic categories. Though the
inorganic flocculants (also called coagulants) with
multivalent metals like Aluminum and Iron are
widely employed, organic flocculants based on ac-
rylamide (AM)-based polymers, like polyacrylamide
(PAM) and its derivatives, are generally more effec-
tive than their inorganic counterparts as they posses
the advantages, such as low dose, ease in handling,
no interference with pH of the suspensions and
larger floc-forming capability." However, the associ-
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ated unreacted acrylamide monomers resided in
synthetic polymers have been proved to be carcino-
genic,” though the synthetic polymers themselves
are nontoxic.” It is well-known that AM-based poly-
mers show the properties of thermal, photo, biologi-
cal, and chemical degradation,4'5 but the lack of self-
disdegradable characteristic presents another major
drawback of the organic flocculants, which will
result in “secondary pollution” for the environment.

To obviate these limitations of PAM polymers,
“green” flocculants have been appealed to minimize
the postpollution for the environment. These envi-
ronmentally-friendly materials are normally pre-
pared by modification of polysaccharides with
water-soluble polymers, combining the merits of
high-flocculation efficiency from synthetic polymers
and self-degradability from natural macromolecules,
and they have gained increased interest from both
academic community and industrial field. Singh'’s
team has successively investigated various natural
products by grafting PAM to polysaccharides, such
as guar gum,® xanthan gum,” sodium alginate,® car-
boxymethyl cellulose,” amylose,'’ dextran'! and gly-
cogen,'? etc. Khalil et al.">™'® have also developed a
series of starch derivatives used as flocculants and
chelating agents to remove heavy metals. Compared
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Figure 1 The structural representation of Konjac gluco-
mannan.

with the parent polysaccharides, the “tailored”
derivatives show higher flocculation efficiency
owing to the greater approachability of the dangling
flexible PAM chains to the contaminant particles of
the suspensions. Although the biodegradability was
frequently emphasized, little information has been
documented except that enzyme-induced degrada-
tion'” was occasionally reported.

In our laboratory, an attempt has been made to
develop novel biodegradable flocculants possessing
both improved flocculability and real self-degrad-
ability. Konjac glucomannan (KGM), a polysaccha-
ride extracted from tubers of Amorphophallus
Konjac plants, was chosen to be the parent macro-
molecules as it is conveniently available in China
and Southeast Asia where it is widely planted in
mountain or hilly areas. Normally, Konjac has been
used as food and food additives, because of its
excellent biocompatibility and biodegradable activ-
ity, and its derivatives have been extensively applied
in drug delivery,'®* films and membranes, coating
materials, emulsifiers and surfactants,?"* etc. In the
physical point of view, the solubility of KGM in
water is low and its aqueous solution is very vis-
cous, but it can hold a large amount of water and
form a strong gel in the presence of alkali.®** As
shown in Figure 1, KGM consists of B-(1—4)-linked-
D-mannose and D-glucose residues as the main chain
with branches through B-(1—6)-glucose units.” In a
molar ratio of 1.6 : 1 with branching of 8% degree,*
KGM has an average molecular weight of 0.67 to 1.9
million.”>* Because of its high molecular weight
and biodegradability,?® it is possible to modify KGM
through the O—H bond in its molecule architecture
by grafting functionality to form a novel family of
flocculants. But unfortunately, to the best of our
knowledge, there are few reports to date on the utili-
zation of modified Konjacs as flocculants.

In a previous article, we reported the phosphate-
esterification product of Konjac as flocculation
agents that possess both flocculability and biode-
gradability.”” However, anionic polymers like these
esterified products have been seldom utilized as
flocculants. Therefore, ongoing pursuit on “tailoring”
Konjac via grafting nonionic or cationic water-solu-
ble monomer onto its backbone has been continued
in our laboratory. Presented in this work are the
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results to graft a nonionic water-soluble monomer,
acrylamide, to Konjac, including synthesis, character-
ization, and the examination of flocculation and bio-
degradation properties as well.

EXPERIMENTAL
Materials

Konjac gum (120200 mesh) was purchased from
Root Co. (Chengdu, China) without further treat-
ment. The effective KGM content in the powder is
approximate to 95%. Acrylamide (AM) (99.5%) was
bought from Changjiu Agri-Scientific Co. (Nanchang,
China). Ceric ammonium nitrate (CAN) (AR), ace-
tone, EDTA (AR), kaolin (Guangxi Xilong, China)
are all commercial products and used as received.
The water used in this work was doubly distilled,
and nitrogen has the purity of 99.999%.

Homopolymer, PAM, with molecular weight of
around 2 million was synthesized via free-radical
aqueous solution polymerization in our laboratory
as a counterpart in comparison with the grafted
products in structural characterization, flocculation
performance.

Graft copolymerization

Grafting copolymerization was carried out in a
three-neck flask by the ceric-ion induced initiation
process.’>?" The typical synthesis procedure is as
follows: 1.0 g Konjac gum was dissolved in 125 mL
distilled water with constant stirring and bubbling
of a stream of nitrogen for about 1 h. The desired
quantity of AM was dissolved in 50 mL of distilled
water and mixed with the Konjac gum solution. The
solution was then purged with nitrogen for 30 min.
At this stage, 25 mL CAN solution and 0.073 g
EDTA which was used for chelating the trace heavy
metals in both monomer and Konjac gum were
added. The reaction was allowed to continue for 5 h,
after which it was terminated by adding a saturated
solution of hydroquinone. The reaction temperature
was maintained at 60 £ 1°C. At the end of the reac-
tion, the polymer was precipitated by adding an
excess of acetone. It was then dried in a vacuum
oven until constant weight was obtained. The syn-
thesis parameters are depicted in Table 1.

Characterization
Infrared spectroscopy

The infrared (IR) spectra of the KGM, PAM, KGM-g-
PAM1, and KGM-¢g-PAM1b which was the purified
product of the biodegraded residue of KGM-g-
PAM1, were registered in solid state using a KBr
pellet method in the transmittance mode. A Nicolet
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TABLE I
Synthesis Parameters of Graft Copolymerization
Feed ratio Product

Polymer Konjac (g) AM (mol) CAN (x10* mol) Xpam (%) Conversion® (%) [n] (mL - g’])
KGM-g-PAM1 1.0 0.12 1.875 84.51 81.5 389.1
KGM-¢-PAM2 1.0 0.12 2.500 90.40 82.5 346.5
KGM-¢-PAM3 1.0 0.12 5.000 98.60 82.6 269.6
KGM-g-PAM4 1.0 0.08 1.875 83.52 774 341.0
KGM-¢-PAM5 1.0 0.18 1.875 92.94 84.5 449.1
KGM-g-PAM6 1.0 0.24 1.875 95.40 87.3 465.3

? Conversion is determined gravitationally: [39] conversion = [(weight of grafted copolymer — weight of polysaccha-

ride)/amount of acrylamide] x 100.

MX-1E IR spectrophotometer was used to record
the IR spectra in the scanning range of 4000 to
400 cm ™.

Elementary analysis

The elementary analysis of all the samples, namely,
KGM and their grafted copolymers were done using
a Carlo Erba 1106 Elemental Analyzer. Considering
only four elements, i.e,, C, H, O, and N are resided
in AM, three of them, C, H and, N, were measured
in this work, by which PAM content in the grafted
polymers can be determined sufficiently through the
characteristic “N” content (Table II).

Scanning electron microscopy (SEM) observation

KGM, KGM-¢g-PAM1, and KGM-¢-PAMI1b were
used for SEM analysis to compare their bulk mor-
phology with an AMRY-1000B scanning electron
microscope. The samples were gold-coated and a
magnification of 2000-4000 times was obtained.

Size exclusion chromatography analysis

Size exclusion chromatography (SEC) analysis was
performed to compare the changes of molecular

TABLE II
The Elementary Analysis Results of Konjac
and Grafting Products

Measured value Theoretical value

Polymer C% H% N% N%*
Konjac 3996  6.19 0.12 0.00
KGM-g-PAM 1 46.69 7.29 15.54 17.31
KGM-g-PAM 2 46.78 7.37 15.70 17.46
KGM-g-PAM 3 47.05 7.41 15.80 17.62
KGM-g-PAM 4 4553 7.00 14.69 16.30
KGM-g-PAM 5 47.39 7.20 16.16 18.18
KGM-g-PAM 6  46.35 7.13 16.23 18.57

? Theoretical value of N% = the weight of acrylamide in
feed ratio x percent of N in acrylamide x the conversion
in Table I/the weight of KGM-g-PAM copolymer.

weight (MW) and molecular weight distribution
(MWD) of KGM, KGM-g-PAM1, and KGM-g-
PAM1b. The analysis was conducted using a Water
515 liquid chromatograph instrument connected
with a Waters 2410 refractive index detector. The gel
permeation column was linear ultrahydrogel (7.8
x 300 mm), and the solvent used was distilled
water. Polymer standards of Dextran were used
from NICPBP (National Institute for the Control of
Pharmaceutical and Biological Products). The sam-
ples were dissolved in 0.1M NaCl solution and ana-

lyzed at a flow rate of 0.8 mL min .

Intrinsic viscosity measurement

Intrinsic viscosities of polymers were measured with
the “five-spot” dilution method using an Ubbelohde
viscometer (constant: 0.00705) at 30 £+ 0.1°C. The sol-
vent used was distilled water.

Flocculation efficiency

Flocculation performance of the polymers was exam-
ined firstly by using the well-accepted Jar tests®*: Six
beakers of 1% (w/v) kaolin aqueous suspension
were used for flocculation studies. Immediately after
the addition of the polymer flocculants, all the sus-
pensions were stirred at a constant speed of 75 rpm
for 2 min, followed by a slow agitation at 25 rpm for
5 min. The flocs were then allowed to settle down
for 2 min. At the end of the settling period, the
transmission of supernatant liquid at 670 nm was
measured using a UV-VIS spectrometer (HITACHI-
U2010). The dose of flocculants was varied in the
range of 0.1 to 3 ppm.

The flocculation characteristics were also further
confirmed by column settling method.*® The floccu-
lation studies were carried out in 5% kaolin suspen-
sion with the help of a 100-mL stoppered graduated
cylinder. First, the kaolin suspension was put into
the cylinder and then the polymer solution was
added. The final polymer concentration in the sus-
pension was kept at 1 ppm. The cylinder was then

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 1 The mechanism route for grafting PAM onto Konjac.

inverted 20 times for thorough mixing. After the cyl-
inder was set upright, the height of sediment was
measured over time interval.

Biodegradation monitoring

The change of relative viscosity (m,), the ratio of
polymer solution flow time to that of solvent, water,
was used to monitor biodegradability. 1, was meas-
ured by using a capillary glass tube at certain inter-
vals of time over the entire test. All the viscosity
measurements were conducted at 30°C when bacte-
rial activity is at a maximum.'” After 190 h of biode-
gradation test, the m, was nearly unchanged and
humus was found in the solution, which impeded
further measurement.

RESULTS AND DISCUSSION
Synthesis and characterization
Synthesis

A number of methods, such as catalyst-, y-ray radia-
tion-,>** microwave radiation-induced initiation,>®
are available for initiating grafting sites on a poly-
saccharide backbone. However, the ceric-ion-induced
redox initiation method®*' has been proved to be
the most preferable. Listed in Table I are the synthe-
sis parameters for the KGM-based grafted copoly-
mers prepared by Ce(IV) initiation. Two series of
grafted copolymers have been synthesized by graft-
ing PAM onto Konjac gum. During the preparation
of the first series of polymers, KGM-¢g-PAM1, KGM-
g-PAM2, and KGM-¢g-PAMS3, the initiator concentra-
tion varied but the concentrations of KGM and AM
were kept constant; whereas for the second series of
polymers, KGM-¢g-PAM4, KGM-g-PAM5, KGM-g-
PAM6, and KGM-g-PAM1, AM concentration was
varied at fixed KGM and initiator concentrations.

In a grafting process, the avoidance of production
and elimination of homopolymer could be the most
important concerns. Homopolymer is inevitably pro-
duced according to the mechanism of ceric-ion-
induced initiation technique, and it is
reported”?'?** 3 that the homopolymer could be
removed by using soxhlet extraction with a mixture

Journal of Applied Polymer Science DOI 10.1002/app

of special solvents. Solvents used in these reports,
such as a mixture of ethylene glycol and acetic acid
(60 : 40, vol : vol)®! or a mixture of formamide and
acetic acid (1 : 1, vol : vol)*® were followed in our
work to remove homopolymers. But eventually, no
change of copolymer amount has been observed
indicating that no compounds have been removed
from the grafted products. This is probably because
of the fact that the ceric-ion-induced method initiates
free-radical sites exclusively on the polysaccharide
backbone, thus preventing from the formation of
homopolymer.***® Owen and Shen*! found that high
concentration of AM always resulted in homopoly-
merzation, but when AM is less than 2.0M, and ni-
tric acid and CAN are less than 1.2 and 0.1M,
homopolymer would not be produced in the graft
copolymerization. In our experiment, AM content is
between 0.4 and 1.2M, and CAN content is much
less than 0.1M when no nitric acid was used. There-
fore, it is anticipated that no homopolymer would
be produced in the graft of PAM on KGM backbone.

It is believed*** that the mechanism of ceric-ion
initiated graft copolymerization is decomposing and
generating free-radical sites on the polysaccharide
skeleton. Listed in Scheme 1 is the suggested reac-
tion path for the graft reaction of KGM:

The average number of grafting sites per backbone
of the polysaccharide molecule depends on the ratio
of the concentration of Ce(IV) to that of Konjac. A
relatively low concentration of catalyst will initiate
few grafting sites, resulting in longer PAM chains
against shorter PAM chains at higher concentration.
This is reflected in their corresponding intrinsic vis-
cosity ([n]) values (Table I).

Structural, morphological, and molecular
weight characterizations

Figure 2 compares IR spectra of KGM, PAM, KGM-
g-PAM1, and KGM-g-PAM1b. In the IR spectra of
KGM, the peaks at 895 and 810 cm ' are the charac-
teristic absorption bands of mannose residues in the
polysaccharides.** The broad band at 3381 cm ™ is
because of the stretching mode of the O—H groups.
An intense band at 1725 cm™ is assigned to the first
overtone of the O—H bending vibration.*> The
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Figure 2 Comparison of IR spectra of (a) KGM, (b) PAM, (c) KGM-¢g-PAMI, and (d) KGM-g-PAM1b. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

absorption band at 1636 cm ™' is the intramolecular

hydrogen bonds. The band at 1151 cm ™' is assigned
to C—O stretching, and the band at 1248 cm ! is the
fragment of CH,OH. The bands at 1060, 1305, 1383,
2890, and 2928 cm ' are resulted from C—H stretch-
ing. The band at 1025 cm™' contributes to the
stretching vibration of C—0.*

In the case of grafted copolymer KGM-g-PAM, the
peaks at 3438 and 3216 cm™' are attributed to the
overlap of —NH; stretching band of amide group
and O—H stretching band. The bands around 1661
and 1616 cm™!' are attributed to amide-I (C=O
stretching) and amide-II (N—H bending) of the am-
ide group in PAM. The C—N stretching bands
appear at 1450, 1411, 1347, and 1320 cm~'. The
bands in PAM at 1232 cm ' disappeared in KGM-g-
PAM as the C—N bands vanished in NHC=O. The
bands at 1176, 1119, 1061, and 1027 ecm™' are still
remaining in KGM-g-PAM as the C—O—C stretch.
The absence of the peak at 1725 cm ™' of KGM is in-
dicative of breaking of O—H.

The IR spectrum of the biodegraded product,
KGM-g-PAM1, has the similar peaks as those in
KGM-¢-PAM except the band at 1229 cm™'. This is
due to the peaks of C—O—C are too strong to show
the NHC=O band, but the biodegradation cut the
ether bonds because the ether bonds are the preferable
degraded sites in the polysaccharide backbone.*” As a
result, the peak at 1229 cm ™" appeared in the IR spec-
trum of KGM-¢g-PAMI1b owing to the broken bonds.

It shows in the elementary analysis (Table II) that
the “N” element content has been changed largely
when grafted PAM onto KGM. However, the negli-
gible amount of nitrogen in KGM may be the trace
quantities of unisolated proteins in the polysaccha-

rides. It has been found that there is a considerable
percentage of nitrogen in the grafted polymer
chains. In the series of grafted copolymers based on
KGM, the variation in the nitrogen content is not
significant. The higher percentage of nitrogen may
be due to the increased PAM content in the grafted
copolymer, which is also owing to the higher moles
of AM in the reaction feed. KGM-¢g-PAM4 has the
smallest percentage of nitrogen, which has lowest
PAM content compared to other graft copolymers in
the series. The theoretical value of N% is similar to
that found in the measurement.

From the measured “N” content, the weight frac-
tion of the grafted PAM, Xpanm, in the copolymer
can be calculated via the following equations:

Wpant = Neopotymer%/(14/71) (1)
Cram% = 36 X Neopolymer%/14 %)
Cxam% = Ceopolymer %o — Cpam % 3)
Wxam = Cikam %/ Ceopolymer 70 4)
Xpam = Wpam/(Weam + Wikam) (@)

where Wpam, Wkam stand for PAM and KGM con-
tents in the grafted copolymers; Cpam and Cxem
refer to the theoretical value of element “carbon”
content in PAM and KGM, respectively; Ccopolymer
and Ncopolymer represent the measured values of
“carbon” and “nitrogen” contents in copolymer;
“14” and “71” are the atom weight of element “N”
and molecular weight of AM.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Scanning electron micrographs of (a) Konjac, (b) PAM, (c) KGM-g-PAM1, and (d) KGM-g-PAM1b.

Difference in polymer bulk morphology observed
by SEM can gain insight into the structural informa-
tion of the products. Exhibited in Figure 3 are the
bulk morphologies of KGM, PAM, KGM-g-PAM1,
and KGM-g-PAM1b. Apparent differences can be
evidenced between the parent KGM, PAM and the
grafted product, KGM-¢-PAMI: the regular sharply
“forest” structure of KGM is lost after grafting, and
the “melted” structure of KGM-g-PAM1 also differs
from the “strip” structure of PAM. These differences
in bulk morphology of the unmodified parent,
grafted product and PAM confirm the success of
grafting copolymerization. The difference between
KGM-¢g-PAM1 and biodegraded residue, KGM-g-
PAM1b, will be discussed later.

SEC is a convenient process to analyze polymer’s
MW and MWD. The aim to use SEC in this study is

to compare the changes of MW and MWD for the
unmodified polymer, the grafted polymer, and the
biodegraded polymer, so as to further verify the suc-
cess of graft copolymerization and biodegradation.
As shown in Table III, the MW of KGM is about 2
million whereas KGM-¢g-PAM1 and KGM-¢g-PAM1b
are only 0.92 and 0.78 million, respectively, which
corresponds to the different retention time in SEC
analysis (Fig. 4). These molecular weight differences
were probably resulted from the solubility difference
between the unmodified parent KGM and grafted
KGM-g-PAMI: microgel resided in KGM solution
may lead to higher MW, which was also confirmed
in Figure 9 (see the “Biodegradation studies” sec-
tion) where much larger relative viscosity, n,, was
witnessed, while homogeneous aqueous solution of
KGM-¢g-PAM1 enables its MW to be precisely

TABLE III
The SEC Results of Konjac, KGM-g-PAM1, and its Biodegradation Products KGM-g-PAM 1b
Retention MP MW Mn
Polymer time (min) (x107° g - mol™Y)  (x107° g - mol ) (x107° g - mol 1Y) Polydispersity ~ [n] (mL - gfl)
Konjac 7.707 1.49 2.04 0.78 2.62 —
KGM-g-PAM1 8.121 0.68 0.92 0.31 2.95 389.1
KGM-¢-PAM1b 8.171 0.62 0.78 0.29 2.64 —

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEC analysis of (a) Konjac, (b) KGM-g-PAM]1,
and (c) KGM-g-PAM1b. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

determined. Similar results between the unmodified
and grafted guar gum were also reported elsewhere."”

Intrinsic viscosities, [n], of all the grafted copoly-
mers are also reported in Table I. Intrinsic viscosity
of a polymer is indicative of its hydrodynamic vol-
ume in solution, which depends on its molecular
weight, structure, nature of the solvent as well as
the temperature of the medium. For two polymers
with approximately similar molecular weight, the
branched polymer has lower hydrodynamic volume
compared to its linear counterpart and thus has
lower intrinsic viscosity value. Furthermore, the lon-
ger the branching, the higher the intrinsic viscosity
and vice versa. The intrinsic viscosity of a polymer,
although greatly dependent on its molecular weight,
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Figure 5 Transmittance of supernatant liquid varies
against flocculant dose in kaolin suspension (1%) for the
unmodified Konjac and grafted products prepared at dif-
ferent initiator concentration. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 6 Transmittance of supernatant liquid varies
against flocculant dose in kaolin suspension (1%) for the
unmodified Konjac and grafted products prepared at dif-
ferent AM content. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

is also significantly influenced by the structure of
the polymer in solution.*® When the CAN concentra-
tion increased in the feed ratio, the length of PAM
chains was reduced, because a greater number of
free radical sites were created by the higher concen-
tration of CAN. In the case of a series of grafted
copolymers with the same backbone, the longer the
grafted chains, the higher the hydrodynamic volume
and hence, the intrinsic viscosity.

The series of grafted copolymers consist of KGM-
g-PAM1, KGM-¢g-PAM2, and KGM-g-PAM3, which
were prepared by varying Ce(IV) concentration at
fixed KGM and AM loadings. In this series, a
decrease occurred in [n] values with increasing
Ce(IV) level. This implies that the number of graft-
ing sites increase with the augment of Ce(IV) con-
centration and the length of grafted chain decreases
when the point of grafted chain increases.

Another series of graft copolymers include KGM-
g-PAM1, KGM-¢g-PAM4, KGM-¢g-PAMS5 and KGM-g-
PAMBS6 that were synthesized by varying AM concen-
tration while keeping Ce(IV) and KGM levels con-
stant. In this series, [n] increases upon increasing
AM content, indicating the length of grafted PAM
chains is increased.

Flocculation studies

The flocculation performance is firstly explained in
terms of the transmittance of the supernatant liquid.
The higher the transmittance, the better the flocculat-
ing agent is. Both Figures 5 and 6 compared the
transmittance changes of the supernatant liquid ver-
sus polymer concentration in the case of all grafted
copolymers and KGM. Among the first series of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Variation of the sediment height versus time for
kaolin suspensions (1%) flocculated by the unmodified
Konjac, grafted product KGM-¢g-PAM1, and PAM at poly-
mer concentration of 1 ppm. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

grafted copolymers, KGM-g-PAM1, KGM-g-PAM2,
and KGM-¢g-PAM3, higher flocculation -efficiency
was found for the polymer with higher [n] values.
But among another series of grafted copolymers,
KGM-g-PAM1, KGM-g-PAM4, KGM-g-PAM5, and
KGM-¢-PAM6, KGM-g-PAM6 is slightly more effi-
cient. These results can be furthered verified by the
shorter sedimentation time and larger flocs with
KGM-¢-PAM1 and KGM-¢g-PAM6 compared with
their analogies.

Figures 7 and 8 compared the transmittance of the
supernatant liquid and the speed of sediments
among KGM, KGM-¢g-PAM1, and PAM, respectively.
As described in the experimental section, the homo-
polymer reference, PAM, was synthesized in our
laboratory and its molecule weight is close to 2 mil-
lion. It shows the grafted product, KGM-g-PAM]1,
has better flocculation efficiency than PAM and the
parent KGM. The increased flocculability of the
grafted products is due to their greater approach-
ability to the contaminants, which could be the
result of the spreading effect of the dangling grafted
PAM chains on the rigid polysaccharide backbone.

It is well-known that bridging is one of the major
flocculation mechanisms of polymeric flocculants.
The mechanism is particularly favored when long-
chain polymers which do not have a high level of
charges are used.* Essentially, the nonionic polymer
increases the size of the flocs by interaction with
the floc surface,”® and bridging then occurs when
the adsorbed chains interact with another floc in the
same way.

To create effective bridging, there must be suffi-
cient polymeric chains, which extend far enough
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from the particle surface to attach to other particles.
In bridging flocculation, macromolecule configura-
tions and lengths play important roles.” 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.” 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 Konjac gum, its flocculability apparently
arrives from bridging mechanism.

The bridging takes place by adsorption of a poly-
mer molecule at more than one site on a particle or
at sites from different particles. They tend to form
loops and extend aqueous phase when the long-
chain polymer molecules are adsorbed on the sur-
face of particles. Their ends also dangle and get
adsorbed on the surface of another particle forming
a bridge between the particles. For effective bridging
to occur, the length of polymer chains should be
long so they can extend from one particle surface to
another. Hence, as seen Figures 5 and 6, the poly-
mers with longer chains would be more effective
than those with shorter chains.

The product’s Xpam did not influence the effect of
flocculation, which means that it's not the content
but the chain length of PAM plays the major role for
flocculation. On the other hand, increasing ceric-ion
concentration resulted in the augment of the grafted
points but decreased the length of PAM chains. The
more dangling but shorter PAM chains make bridg-
ing worse because of the reduction of the adsorbing
particle ability. The increase of the AM concentration
also leads to the increasing of the length of the PAM
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Figure 8 Comparative transmittance of supernatant

varies against flocculants dose in kaolin suspension (1%)
for the unmodified Konjac, modified product KGM-g-
PAM1, and PAM. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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Figure 9 m, versus time for unmodified and modified
Konjacs to monitor the biodegradation (T = 30°C). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

chains, and the longer the chains, the more effective
of the flocculating performance is.

Biodegradation studies

The biodegradation of polysaccharide proceeds
mainly through hydrolysis and oxidation. There are
many factors governing biodegradability, such as
temperature, UV, moisture level, oxygen, and
nutrients.” In this test, the factors which influence
biodegradability were controlled. The test tempera-
ture was controlled at 30°C, and UV, moisture level,
oxygen, and nutrients were also controlled in the
common room condition. Hydroxy, hydroperoxide,
and carboxyl groups were formed during degrada-
tion, and this may lead to increased hydrophobicity,
which can cause biodegradation. Though their struc-
tures are different because PAM has been incorpo-
rated, the grafted copolymers still show the
biodegradability like their parent polymer, Konjac
gum, and the biodegradation still took place on
ether chains in KGM, which can be verified by IR in
Figure 2.

Biodegradation can also be examined by monitor-
ing the decay of n,, the ratio of viscosity of polymer
solution to that of solvent, water, at certain intervals
of time over the entire test.”” The test of biodegrada-
tion did not stopped until 190 h when humus gener-
ates. Figure 9 compares variation tendency of n, for
the four KGM-¢g-PAM representatives, as well as
their unmodified parent Konjac gum.

At the very beginning, n, of KGM-g-PAM prod-
ucts is all lower than that of Konjac gum. This was
due to the undissolved microgel found in Konjac so-
lution” while grafted products are completely dis-
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solved. This notable distinctness makes the different
1, of the grafted products and the ungrafted Konjac.

As time proceeded, decay of 1, was evidenced for
both the modified and unmodified products. Never-
theless, much sharper decrease for the parent Konjac
was witnessed. When times reached 80 h, n, of Kon-
jac decreased from 7.5 to 1.5. In such a process, vis-
cosity loss is as high as 80%. But in the same time
interval, viscosity losses for KGM-g-PAM1, KGM-g-
PAM2, KGM-¢g-PAMS5, and KGM-¢g-PAM6 are only
8.0%, 1.5%, 5.0%, and 5.6% respectively. The interest-
ing thing one may find is that the degradation for
all the products, including the unmodified, mainly
occurs between the time interval 30 to 80 h, out of
which n, was nearly unchanged. This implies not
only the optimum degradation time for Konjac gum
is just in such a period, but the main depolymeriza-
tion occurs in polysaccharide skeleton other than
PAM chain.

From Figure 9, one can also find the viscosity loss
of KGM-¢g-PAM2 is less than that of KGM-¢g-PAM]1,
but KGM-g-PAM6 resembles KGM-g-PAM5. This
may results from the more grafted points in KGM-g-
PAM2 than in KGM-g-PAM1. More grafted points
make more PAM chains which reside in the aqueous
solution, leading to higher viscosity left. Although
same grafted points are anticipated for KGM-g-
PAM1, KGM-g-PAMS5, and KGM-¢-PAM6 because of
the same amount of initiator used in their grafting
reaction (Table I), larger MWs owing to higher AM
level in feed ratio were obtained for the latter two
products. This suggests that longer PAM chains
were grafted in KGM-g-PAM5 and KGM-g-PAM6
than in KGM-g-PAM1. Therefore, the left longer
PAM chains for KGM-¢g-PAM5 and KGM-g-PAM6
resulted in lower viscosity losses. As KGM-g-PAM5
and KGM-¢g-PAM6 have similar MW (Table I), their
viscosity losses are also very close.

The biodegradation can be further approved by
the SEM observations where the degraded residue,
KGM-¢-PAMI1b, is observed as unrich, porous form
that has been changed from the continuous “melt-
ing” structure in KGM-g-PAM1 (Fig. 3). The porous
structure is inclining to the configuration of left
grafted products, in which KGM has been partly
degraded, and the grafted PAM chains were still
attached to the degraded KGM residue, leading to
some “holes” evidenced in the SEM micrograph.

Biodegradation can also be further confirmed by
the changes of MW and MWD of the grafted poly-
mer before and after degradation. As shown in Fig-
ure 4 and Table III, MW of KGM-¢g-PAM1 reduces
from 0.92 million to 0.77 million after depolymeriza-
tion, revealing the biodegradation happened. In
the same way, the biodegradation of KGM-g-PAM1
led the polydispersity of the degraded product,
KGM-g-PAMID, to fall to 2.64. These all demonstrated
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that the products of KGM-g-PAM1 biodegraded
successfully.

CONCLUSIONS

“Green” flocculants with both good flocculation effi-
ciency 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.

This article is one part of our series work focusing
on biodegradable flocculants based on KGM poly-
saccharide. From the above experimental studies, the
grafted products show both improved flocculation
efficiency and biodegradability compared to parent
Konjac and the homopolymer, PAM. Among the
grafted products, those containing long chain PAM
perform better than the short chain and multiple
grafted ones in the flocculating test. Although the
degradability of the products with long chain PAM
is worse than the short chain ones and so are the
multiple grated ones. A real “green” flocculant
should possess flocculability and biodegradability
simultaneously. Based on such a criterion, KGM-g-
PAM1 in this work would be the optimized product
among the grafted KGM family.
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