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The waste water and industrial effluent-treatment re-
quires both inorganic and organic flocculants. Among
the organic type, polymeric flocculants (synthetic as
well as natural) are preferred because of their low
dosage, easy handling, inertness to pH changes, pro-
duction of large cohesive flocs and versatile tailorabi-
lity. The concern for environmental and ecological
issues warrants the use of the biodegradable flocculant
in waste water and industrial effluent treatments.
Natural polysaccharides such as starch, gums, glues,
alginate, etc. function as bridging flocculants. This
could be accounted for by the purification and chemi-
cal modification. It has been established that by graft-
ing polyacrylamide branches on polysaccharides, the
dangling grafted chains have easy approachability to
the contaminants. Among the grafted guar gum, xan-
than gum, carboxy methyl cellulose and starch, grafted
starch flocculates better. Starch consists of amylose
(a low molecular weight linear polymer) and amylo-
pectin (a high molecular weight, branched polymer).
The grafted amylopectin is found to be a suitable floccu-
lant for various kinds of industrial effluents. Here we
summarize the various investigations carried out using

flocculants based on polysaccharides.

FLOCCULATION is an essential phenomenon in domes-
tic/industrial waste water treatment and mineral benefi-
ciation' ™. It is caused by the addition of minute quantity
of chemicals known as ‘flocculants’. Both inorganic and
organic flocculants are used in a number of studies.
Among the inorganic flocculants, the salts of multivalent
metals like aluminium and iron are mostly used. The
organic flocculants are essentially polymeric 1n nature.
Both synthetic and natural water-soluble polymers are

used as flocculants. Some of the important examples of

synthetic polymers are polyacrylamide, poly(acrylic acid),
poly(styrenic sulphonic acid), poly(diallyl dimethyl ammo-
nium chloride) (DADMAC), etc. Among natural poly-
mers, guar gum, starch and alginic acid are very often
used as flocculants and retension aids. The synthetic tloc-
culants are available in all the three forms, i.e. cationic,

anionic and nonionic.
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The extensive use of polymers as flocculants is due to
their distinct characteristic attributes®. The pclymers are
convenient to use and do not affect the pH of the medium.
They are used in minute quantities (1-5 ppm) and flocs
formed during flocculation are larger, stronger and better
settling than do the simple coagulating electrolytes. The
flocculating efficiency of polymers increases with increas-
ing molecular weight. Large tonnage use of inorganic
compounds produces a lot of sludge, which 1s hardly a
problem 1n case of polymeric flocculants. Among poly-
meric flocculants, the synthetic polymers can be tailor
made by controlling the molecular weight, molecular
weight distribution, chemical structure of polymers,
nature and ratio of functional groups on polymeric back-
bone. Thus due to versatile tailorability, synthetic poly-
mers are very efficient flocculants. However, they are not
shear resistant. Natural polymers mainly polysaccharides
are fairly shear stable, biodegradable and easily available
from reproducible farm or forest resources. The bio-
degradability of natural polymers reduces their shelf life
and needs to be suitably controlled. Their required dosage
is large and their solutions and flocs lose stability and
strength respectively due to biodegradability. It 1s thus
evident that all polymers whether natural or synthetic have
one or other disadvantage. In the past, several attempts
have been made to combine the best properties of both by

Linegr Polymer

Grofted Polymer

Figure 1. Approachability of grafted and linear polymers to the con-
taminants tn an effluent.

CURRENT SCIENCE, VOL. 78, NO. 7, 10 APRIL 2000



RES_EARCH ACCOUNT

—

grafting synthetic polymers onto the backbone of natural
polymers after purificationf"{’. One of the great advantages
thus gained is the consequent reduced biodegradability
because of the drastic change in the original regular
structure of the natural polymer as well as the increased
synthetic polymer content within the product. It is also
observed that grafting of shear degradable polymers onto
rigid polysaccharide backbone provides fairly shear stable
systems”’.

It was envisaged® that by grafting flexible polyacryla-
mide chains on polysaccharides such as guar gum,
xanthan gum, carboxy-methyl cellulose and starch, it is
possible to develop efficient, shear stable and biodegra-
dable flocculants for treatment of industrial effluents and
mineral processing. In these flocculants, the flexible
chains ot polyacrylamide are grafted onto rigid backbone
of polysaccharides. Hence, the approachability of poly-
acrylamide chains for metallic and non-metallic contami-
nants increases significantlyf' (Figure 1). Thus they are
endowed with highly efficient attributes.

Surface charges are generated on the solid particles in a
suspension by three ways'. One is the isomorphic substi-
tution in the solid lattice. The second is the ionization ot
surface groups (such as an —“OH group in mineral oxides,
carboxyl groups for latex particles and carboxyl or amino
groups for proteins). The third method is the preferential
adsorption of ions or ionisable species from the suspen-
ding medium. Because of this surface charge, ions of
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Figure 2. Electrical double layer (Priesingg).
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Figure 3. Configuration of an adsorbed polymer chain (G. J. Fieer
et al. 1933).
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opposite charge in the solution will be attracted towards
the surtace. There will be a higher concentration of coun-
ter 1ons close to the surface, than in the bulk of the hquid.
This concentration falls oft with increasing distance from
the particle surface. Thus. there 1s a bound layer (Stern
layer) of counter ions at the particle surtace and after this
layer, a more diffuse layer still exists. Only the bound
layer moves with the particles. So there 1s a plane of shear
between the bound layer and the diffuse layer. The poten-
tial difference between the plane of shear and the bulk
solution 1s called the ‘zeta potential’. These phenomena
give rise to the electrical double layer which surrounds
the colloidal particles. The double layer composed of

(a) Without f{flocculant
(b) PAM

(c) Xanthon gum (puritied)

(e) GG-g-Am
(t) Starch-g-Am
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Figure 4. Variation of sedimentation time with concentration of lead
slurry by addition of 2 ppm of various flocculants.
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Figure 5. Variation of supernatant turbidity with tlocculant dose n
kaolin suspension (0.25%) in water: The comparison among Ap-g -
PAM 4, St-g-PAM and Am-g-PAM. (Rel. 2 in J. Appl Polym. Sl
1997, 66, 1721).
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the Stern and diffusive layers s shown in Figure 2. Be-
cause of the repulsive forces between the particles.,
charged thisy way, the suspension can be stabilized”. Flo-
ceulation occurs due to this destabilization of the colloidal
particles, by the addiion of some water-soluble polymers.

Table 1.  Flocculation characteristics of grafted polysacchandes

itn svathetic effluents

o The cffect of molecular pacameters of graft copolymers of guar gum
and polvacrvlamude (GM1) was evaluated in the synthetic effluent of
lead. The maximurn efticiency was shown by GMi. followed by
GAM, and GAM™ Among this senes GMa has fewer but longer
gratted chains of polyacrylamide. It appears that the presence of
lcad 1ons 1n the effluent. caused the straoightening effect on the
polymer chaing. Due to this the polymer chain has not assumed
globular form. thus making available all hydrogen bond-torming
sites o participate in the flocculation by bridging mechanism. GAM;5
with more number of shorter grafts showed poor performance but
still 1ts flocculation efficiency was much hl%her than that of com-
mercial polyacrvlamide-based flocculant®™! <", The synthesis of
GM- was scaled up and tested for vanous symhenc and industrial
effluents™ ", It was observed that GMs performs better than guar
gum and anmerual flocculant based on polyacrylamide (Figure 6).

¢ Among xanthan gum-—g-acrylamides, {XMj }'*17 is the most effec-
tive drag reducing having fewer but longer grafted polyacrylamide
chains on xanthan gum backbone. Its synthesis was scaled up®'. Its
efficiency was tested in synthetic effluent containing fead and paper
mill effluent. In lead efftuent. its performance is better than com-
mercial and purified xanthan gum and polyacrylamide. However the
performance of GMi is better than XMj and reason for this obser-
vation has been discussed elsewhere®’’2'! [ paper miil efflueni
treatment, the polymer acts as floccutant and aldﬁ aJc: %wnh alum' "'

e Starch is used extensively for mineral treatment™>">** Hence it was
contemplated that grafted starch may have better performance as
flocculant. As starch—g-—acrylamide (SAM) has fewer and longer
branches. it was chosen for scale up and testing for synthetic as well as
industrial effluents. A comparative study” was conducted for synthe-
tic lead slurry. It has been found that this provides the best flocculating
performance. At alkaline pH and higher shear rates, this flocculani
performs better than the flocculants available commercially’®.

» Starch consists of a linear polymer amylose of low molecular weight
{in range of 10,000-60,000} and branched amylopectin, which is
major fraction of high molecular weight (in range of 50,000~10").
The Ef:rfermance of grafted amylose is inferior to grafted
starch™ "

* A large numher of graft copolymers of amylopectin and polyacryla-
mide were synthesized (Ap—g-PAMI, Ap—g—PAMSE) and their {lo-
cculation efficiency has been evaluated in kaolin suspension, coal
suspensions and paper mill effluent®*>*2% 1t was found that Ap~g—
PAM is the best floccutant (Figure 5) compared to St—g-PAM and
Am-g-PAM. Enhanced efficiency of Ap-g-PAM is because of its
greater degree of branching and higher molecular weight. Among
the various graft copolymers, the one which has fewer but longer
branch gives the best performance.

* A number of graft copolymers of sodium alginate and polyaceyia-
mide (SAGI-SAGV) have been synthesized. Their performance is
inferior to AP-g-PAM but their performance is better than many
commercial flocculants. Similar is the performance of grafted
CMCﬁT.T}-

® When the grafted branches are partially hydrolysed in SAG-g-
PAM, the performance increases to a certain level and then
decreases. During hydrolysis, the grafted chains are straightened,
due to electrostatic repulsion of negatively charged carboxylate
antons. As a result, the approachability to the particles in a colloidal
suspensions increases, There is an optimum degree of hydrolysis
where grafted chains get straightened but have some degree of
flexibility. Beyond the optimum level, the grafted chains lose their
flexibility and behave like a rigid rod. As a resuit, flocculation
performance decreases. Hence it is concluded that for efficient

flocculation, the flexibility of grafted branches is necessary®”,
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The major mechanisms of flocculation by polyelectro-
lytes are surface charge neutralization and bridging. Sur-
face charge neutrahization occurs if the charge of the
flocculants s opposite in sign to that of the suspended
particles. Addition of such a polymer to the suspension
will result tn aggregation caused by specific ion absorp-
tion. For neutral tlocculants, the major mechanism of
flocculatton 1s the polymer bridging. The controversy
concerning the bridging and charge neutralization mecha-
nisms of aggregating aqueous suspensions by the adsorp-
tion of water soluble polymers 18 long standing. In their
carly expertmental and theoretical investigations, Lamer
and his school'” were prominent in advocating bridging.
Hence there 1s no question that the bridging mechanism
operates with uncharged polymers to the particles of
the suspension. When very long polymer molecules are
absorbed on the surtace of particles, they tend to form
loops that extend some distance from the surface into the
aqueous phase, and their ends may dangle. These loops
and ends may come into contact with, and attach to,
another particle forming a bridge between the two parti-
cles. This is the bridging mode of flocculation''. Here
charge of the particles/and or polymer do not play any
important role.

The reason for better flocculating power of the graft
copolymers over the linear polymers is as follows; essen-
tially polymer bridging occurs because segments of a
polymer chain absorb on different particles, thus linking
the particles together. In order for effective bridging to

Table 2. Flocculation characteristics of grafted polysaccharides

in industrial effluents

¢ For the industrial effluents containing nickel, copper and lead ions,
the performance of grafted guar gum is better than that of guar gum
and Tulespar (a commercial flocculant)?”?.

* [For industrial effluents from a copper lndustry (HCL, Ghatsila,
India). the grafied starch (SAM—g—II) is better than Magnafloc-i011
at lower concentrations of the floccutant’™

* In flocculation of hematite slimes, the grafted starch is found to be
an efficient flocculant with small dose compared to Magnafioc-1011
in the normal and acidic pH range. At alkaline pH, grafted starch
warks even better than Magnafloc-101 (ref. 38).

* For flocculation of iron ore and Kiriburu slime pond overflows,
greater setthing rate of particles was observed using Magnafloc-101 |
when flocculant dose was 30 ppm and pulp density 10% than that
using Ap—g-PAM. SAM-II and SAG-II. However, at 10 ppm floccu-
lant dose, the pecformance of Ap—g—PAM and SAM-II was better
than other commercial effluents™.

e Settling and filtration experiments were also performed with com-
mercial and laboratory synthesized biodegradable flocculants on
iron ore shimes. It is observed at flocculant dose of 10 ppm the sett-
ling performance of Ap—g-PAM and SAM-II was better than Mag-
nafloc-1011 {(Figure 7). In the filtration experiments, the perform-
ance of SAM-1I is much better than SAG-II and Magnafloc-1011} at
normai pH35 (Figure 3).

¢ The flocculation and settling characteristics of coking and non-
coking coal suspensions were studied using biodegradable floccu-
tants. The non-coking coals do not settle quickly and supernatant
turbidity is quite high. Considering settling velocity and residual
supernatant turbidity of the coal suspensions, the performance of
Ap-g-PAM is better followed by St-g—-PAM both for coking and
non-coking coals>® (Figure 9).

CURRENT SCIENCE, VOL. 78, NO. 7, 10 APRIL 2000



RESEARCH ACCOUNT

occur there must be sufficient chain lengths, which extend
far enough from the particle surface to attach to other

particles. In case of linear polymers, the polymer seg-

ments attached to the surface in trains, project into the
solution as tails, or form part of loops, which links trains
together'”. By this way they can form bridges between
the collotdal particles to form flocs. This is shown 1n
Figure 3. But for the graft copolymers, the dangling grafted
chains can easily bind the colloidal particles through
bridging to form flocs. This type of intense bridging is not
possible in case of hinear polymers.

Many graft copolymers have been synthesized by graft-
13-15

gum'®"” carboxy methyl cellulose and starch’®. Their shear

stability and drag reduction efficiency have been exten-
sively studied®'*. It has been found that by varying the
number and length of the grafted polyacrylamide chain
onto the backbone, the graft copolymers having fewer
and longer chains are more efficient as drag reducing
agent'>'®. Later on, the investigations on their floccula-
tion ability yield the same pattern, i.e. the graft copoly-
mers having fewer and longer grafted chains are found to
be more effective flocculants’. Among the grafted guar
gum, xanthan gum, carboxy methyl cellulose, sodium
alginate and starch, it has been found that grafted starch 1s

. . . . 6.20-25 .
ing polyacrylamide chains onto guar gum'~ °, xanthan the most efficient flocculant (Figure 4). Starch
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consists of linear amylose (molecular weight 10,000
60,000) and branched amylopectin (M,, = 50,000-10°).
Hence amylose and amylopectin was grafted with
polyacrylamide chains. Among all the polysaccharides,
grafted amylopectin®** has been found to have best
tlocculation efficiency (Figure 5), giving credence to the
proposed model®.

Most polysaccharides are purified before use’. The
various graftcopolymers have been synthesized by ceric
ion initiated solution polymerization technique'>*. In this
technique, the free radicals are formed exclusively on the
polysaccharide molecules, thus minimizing the formation
of homopolymers. Further, the acrylamide and ceric amm-
onium nitrate concentration was kept below 2.0 M within
the limits of Owen and Shen®® to ensure proper grafting.
Graft copolymers are characterized®’ by viscometry, IR,
NMR, thermal analysis, morphological study and XRD.
Recently the proof of grafting has been given by enzyme
hydrolysis™.

Biodegradation can be followed by monitoring absolute
viscosity at certain interval of times over entire period of
the test at 30°C when bacterial activity is maximum. As
mentioned earlier grafted polysaccharides are less prone
to biological attack™. The standard jar test and settling

o
tests were followed for measurement of flocculation and

settling characteristics®*™%*,

First the effectiveness as flocculant was measured in
synthetic effluents of kaolin, PbNO,; and coal. Later on
industrial effluents from steel, copper, electroplating
industries, iron ore mines and coal washeries were treated.
In most cases, comparative studies were done with comm-
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ercial effluents. The summary of above investigations is
given in Tables 1 and 2.

On the basis of above discussion, it can be concluded
that grafted polysaccharides are shear stable, efficient
tlocculating and settling aids for industrial effluent treat-
ment and mineral processing. Of all the grafted poly-
saccharides, polyacrylamide grafted amylopectin having
fewer but longer branches gives the best performance in a
variety of synthetic and industrial effluents. As amylopec-
tin itself 1s branched, its grafted chains will have more
approachability to contaminants in the effluent®.
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