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Abstract

The objective of this thesis is to synthesize amaracterize an efficient flocculant for
the separation of an industrially important mingkalolin. Flocculants are an integral
part of many industrial separations and waste wiaatment. Kaolin is a mineral
clay which has wide applications in ceramics, patdctronics and biomedical fields.
In view of its wide range of applications, kaoliapgration by flocculation is very

important.

Flocculation is a phenomenon of colloidal destabtion. Flocculants act on a
molecular level on the surface of particles to medthe repulsive forces and increase
the attractive forces. By the addition of flocculain ppm), finely divided or
dispersed particles aggregate together to fornsflafca bigger size, which makes
them to settle faster, effecting good separaticariotis parameters that influence the
efficiency of flocculation are polymer molecular iglet (MW), charge density,
polymer concentration, polymer dimension in solutithe presence of electrolytes
etc. Depending on the source and nature of chdlgegulants are classified into
organic and inorganic; synthetic and natural; aisiorationic and neutral flocculants.
There are different mechanisms proposed for theeti@tion which include bridging,
charge neutralization and electrostatic patch masldlough there are few reports on
the flocculation of kaolin mineral, efforts arellstieing made to design and develop

new, efficient flocculants for kaolin separation.

In this context, a research work was undertakersywthesize and characterize
efficient flocculants based on acrylamide (AM) aadtionic monomers such as
diallyldimethylammonium chloride (DADMAC) and 3-
acrylamidopropyltrimethylammonium chloride (APTMAG)r kaolin flocculation.

Further, in view of the environmental issues oftkgtic flocculants, a biopolymer
based flocculant namely chitosan-g-APTMAC graft @gmer was synthesized and
evaluated for kaolin separation. The flocculatidficency was correlated to the
structural characteristics of the flocculants sashmolecular weight, charge on the

flocculant. The plausible mechanism for driving fleeculation were discussed.

In poly(AM-co-DADMAC) system, the content of DADMA®@as varied in order to

obtain flocculants with different molecular weightsxd charge densities. The



chemical structure of the copolymer was confirmed ¥ and *C NMR
spectroscopy. The charge on the polymer was ardillyyezeta sizer. The molecular
weight was analyzed by GPC. The flocculation efficy was studied by measuring
the % transmittance of the supernatant liquid dfterculation. The zeta potential of
the supernatant kaolin suspension was measureartelate to the efficiency of
flocculation. These flocculants showed good efficke in flocculating kaolin
suspensions. The flocs formed were characterizetgrims of filter cake moisture
content (FCMC), initial settling rate (ISR) and iept microscopy, which gve insight

in understanding the flocculation process.

Since the reactivity of APTMAC monomer was higheopolymers of AM and
APTMAC were synthesized and examined for kaoligdldation. The composition of
APTMAC was varied in the copolymer to obtain floaous with varying molecular
weights and zeta potential. The flocculants weraratterized by NMR, GPC and
zeta potential. The flocculation efficiency was leaded using kaolin suspension and
the flocs were characterized in terms of FCMC, I optical microscopy. Efficient
flocculation of kaolin at lower dosages was demmstl with poly (AM-co-
APTMAC) cationic flocculant.

The use of chitosan as a backbone chain and ggaRPTMAC onto it yields a
partially biodegradable and environment friendigctiulant. The APTMAC content
was varied in the reaction feed to get differenaftyicopolymers with different
molecular weights and charge densities. The graftgmblymers were characterized
by NMR, GPC and zeta potential. The flocculatioficefncy was analyzed using
kaolin suspension and the flocs were characterizégrms of FCMC, ISR and optical

microscopy.

The flocculation of kaolin could be achieved rapi¢4 -10 min) with the lowest

dosages of 2 - 4 ppm in the jar test method. Adl flocculants synthesized and
characterized in this thesis showed efficient fidatton for kaolin separation and
have great potential in industrial separations.

Xi
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INTRODUCTION

CHAPTER-1

In this chapter we report on the literature sure¢yflocculants, factors affecting

flocculation, mechanisms of flocculation, variousctulants synthesized so far,

classification of flocculants. The characterizatidachniques for flocculants,

characterization of flocs and other factors assediavith flocculation are briefly

explained.




Chapter-1 I ntroduction

1.1 Introduction

Polymeric flocculants are an important class ofanals which hava wide range of
applications such as mineral reco\'*™ paper manufacturifif, sugar cane juic

12-15 and several othe

clarification” ™, protein recovery from marine waste w:
treatments of waste water in indust'®’. Flocculants act on a molecular level
the surface of particles to reduce the repulsivee® and inease the attractiv
forces. By the addition of flocculant (in ppm), dig divided or dispersed particles :
aggregated together to form flocs a bigger size which makes the to settle
speedily,effecting good separation. Various paramethat influence the efficienc
of flocculation are polymer molecular weight (Mwgharge density, polyme

concentration, polymer dimension in solutiche presence of electroly etc.

Depending on the sourctie flocculants can be classified into inorganid anganic

flocculants.The classification ishown in figure 1.1.

organic Inorganic
flocculants flocculants

A B

lonizable Non ionizable

1 1 |

Figure-1.1: Classification of flocculants

Inorganic flocculants have been in use for a vengltime and mostly include salts
multivalent metals such , alum, ferric chloride et¢*®° The advantage of inorgar
flocculants is that they are cheap and easily abk, but they have sever
drawbacks. These atike requirement of large dosages to cause effifiectulation
production of darge quantity of sludge as a-product,which is difficult to dispost

off. Further, inorganic flocculants are sensitieeptH and work for specific syster

Savitribai Phule Pune University 2 CSIR-National Chemical Laboratory



Chapter-1 I ntroduction

and do not flocculate very fine particles. Therefdhe use of inorganic flocculants is

almost abandoné®=2

Table-1.1 gives the details of some of the inorgdluicculants along with dosages

and working pH range.

Table-1.1: details of coagulant, dosage and working pH range

Coagulant Dosage(ppm) | pH range
Alum (KAI(SO4),12H,0) | 75 -250 45-7.0
FeCk 35-150 45-7.0
FeSQ- 7H,0O 70 - 200 40-7.0
Lime 150 - 500 9.0-11.0
Cationic poly electrolytes 2-5

Organic flocculants have a remarkable ability tawéiulate at very low concentrations
and have broad pH tolerance. Mostly, organic fltetis are polymeric and based on
the source they can be classified into (i) synthetiganic flocculants which are
synthesized from monomers such as acrylamide (Addjylic acid (Aa), ethylene
oxide (EO), Diallyldimethylammonium chloride (DADMB2), etc. These synthetic
polymers have advantages that they can be taildenta suit the end applications
and exhibit longer shelf life with higher stability microbial degradation. (ii) Natural
flocculants are derived from biopolymers such aisoshn, cellulose, alginates and
natural gums etc. Depending on the nature of tleggehpresent on the polymeric
chain, these flocculants are further classified inationic, anionic and non-ionic
flocculants. Therefore, many of the flocculants pmyelectrolyte in nature. The
flocculants cause colloidal destabilization by agson onto a particle surface and
extend beyond one particle. By virtue of their &amgolecular weights, the chains
extend and bind to large number of particles. Tdreect choice of flocculant is key to

efficient flocculation.

Savitribai Phule Pune University 3 CSIR-National Chemical Laboratory



Chapter-1 I ntroduction

1.1.1 Mechanism of flocculation:

Flocculation is a process of bridging destabilizetloidal particles together to allow
them to aggregate to a size where they will sélggravity. When polyelectrolytes
are added to the solution containing oppositelyrgdh particles, the electrostatic
attraction between them is considered to be thandyiforce for the adsorption and

the flocculation. A few mechanisms postulated BynJGregory in 1972**are:

* Bridging
» Charge neutralization

» Electrostatic patch model

1.1.1.1 Bridging

Bridging flocculation occurs when the same polysegment is bound to more than
one particle thereby, bridging particles togetlteis kind of flocculation is found to

be more efficient and effective in causing solglld separation. The charged
polymer will adsorb on fewer sites onto the pagtistrface, and the long loop or tails
of the polymer is available for binding to neighbag particles. Figure-1.2 depicts

the bridging mechanism in the flocculation process.

Figure-1.2: Bridging flocculation

For bridging to happen, the polymer chain shouldsddong that the extended loop
should reach neighbouring patrticle, that is attléae electrical double layer lengths.
The optimum dosage ranges from covering the 3@% Surface area of the particles;

generally, it is 30 to 35% surface area covering.
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1.1.1.2 Charge neutralization

Charge neutralization is caused by a reductionléctiec double layer repulsion

between particles due to the neutralization of gbsron the particles by oppositely
charged polyelectrolytes. Charge neutralization lsarcaused by multivalent metal
ions such as, Af, C&" and F&" or by low molecular weight polymer electrolytes.

The mechanism of charge neutralization is showiigure-1.3.

Negative charge
+3
B o Al A|:I+3 A AP
- — - — AR — - _
_ ‘ - H - ‘ » - ‘ :_--_> _
0 _ _ _ _+_3 AR .
— - = Al — — A - —
f :; | Tam Al
. ) o electrostatic
Colloid Electrostatic :
] repulsion
repulsion

Figure-1.3: Charge neutralization flocculation

The amount of flocculant required would be higherehsince the required weight of

flocculant to neutralize is stoichiometric to tl¢al available particle surface area.

1.1.1.3 Electrostatic patch model

In the electrostatic patch model, the highly chdrgelymer interacts with oppositely
charged particles as a patch and the net resithaaye on the patch on one particle
surface can attach to the bare part of an oppystdiearged particle again. This
mechanism may operate independently or in assogiatith bridging flocculation.

The mechanism of electrostatic patch model is shioviigure-1.4

Figure-1.4: Electrostatic patch flocculation

Savitribai Phule Pune University 5 CSIR-National Chemical Laboratory



Chapter-1 I ntroduction

The efficiency of any flocculation process will ety depend on several factors
including, the choice of flocculant type, dosagmic strength, total dissolved solids,
the size and distribution of colloidal particlessaspension. The effective flocculant
must have an extended and flexible (elastic) comdéigon in the solution to achieve
better particle bridging and to produce flocs cépald withstanding moderate shear
force without rupturing. The floc strength can stireated from the Bingham shear
yield stress, which is a measure of the maximunsefgrer unit area that the floc
structure can withstand before rupturing. The pataens that influence the
flocculation have been investigated and reportedityD. Graharft and Zhou and

Franks®. Amongst the several factors, Polymer moleculaighte Charge density,

Chain dimensions in solution, Polymer concentratioe the most important ones.

These serve as the guiding parameters for effifiectulation.

1.1.2 Polymer molecular weight:

Generally, high molecular weight polymer is desifed efficient flocculation. The
molecular weight should be high enough to overcdheetwo particle's electrical
double layer repulsion. The high molecular weightflocculant leads to bridging
flocculation. However, a very high molecular weigiita polymer can pose a problem
in solubility. This can result in a highly viscosslution that is prone to damage to
physical agitation. With very high molecular weighe filter cake moisture content
will also increase. Therefore, the optimization rablecular weight needs to be

considered.

1.1.3 Charge density on the flocculant:

Charge density on the flocculant is one of the ndrning forces for binding or
adsorption onto particle surfaces. Higher the chalgnsity better is the binding. A
very high charge density flocculant with low molkou weight can lead to
flocculation by the mechanism of the electrostpitch model. Excessive use of this
very high charge density flocculant might lead etiaidal restabilization.

A linear polymer with a randomly distributed charge the polymer surface can
strongly bind to the particles with increased agtaand might yield dense flocs. For

the graft copolymer, the binding can be weak anghtyield loose flocs.
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1.1.4 Polymer configuration in solution:

The molecular architecture of the polymer is vamportant in flocculation. The
charge on the polymer stretches the chain duepalsien and form loops and tails.
The initial contact between particles occurs thiotigese loops and tails. The number
and size of these loops and tails will determireedfiiciency of flocculation. A highly

stretched polymer chain can cause flocculationugjindoridging.

1.1.5 Polymer concentration:

Polymer concentration for optimum flocculation isctled by the nature of the
mechanism that is operating in flocculation. If thechanism of flocculation is by
charge neutralization, it might require concentmatiwhich is stoichiometric to the
total surface area of the particles. This is reédyi higher and yields large flocs. If the
mechanism of flocculation is by bridging, where gadymer is binding to more than
one particle, then the concentration required ifatikely very low. If the
concentration is increased, flocculation might tshibm bridging to electrostatic
patch mechanism or to even to colloidal restatilira Hence polymer concentration

for flocculation is very important.

1.1.6 Methods of measuring flocculation

There are many methods used for measuring flodonlafficiency. Brostow et &.
Zheng et af and Kumar et &I, have reported the use of Jar test and settlistofae
measuring flocculation.

1.1.6.1 Jar test

In a typical Jar test, the solution of flocculatdded to the suspension of particles
to be separated. The dosage is in ppm, and thensyststirred at high speed for the
first 2 min and then followed by a slow stirring & min. The stirring was done using
an overhead stirrer with cross blades impellemsues uniform mixing. The timings
of rapid and slow stirring vary from system to gyst The rapid mixing was done to
mix the flocculant with colloids to form flocs. leatthe stirring was slowed down to
prevent any possible damage to the polymer and floened. Then the suspension
was allowed to settle and the supernatant liquid a@alyzed for turbidity either by
turbidity meter or by transmittance using UV-spestiopy. The transmittance method
can be used to measure the clarity of the superhitmid with respect to time to
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obtain the kinetics of flocculation. The supernatéiquid is also tested for the
changes in zeta potential; flocculation causes it Bhthe zeta potential of the

suspension. Figure 1.5 is a representative imagigeghar test for mineral clay, kaolin
separation.

Figure-1.5: a) overhead stirring of kaolin suspension, b) kablank, c) flocculated

kaolin

1.1.6.2 Settling test

In the settling test, a graduated cylinder with #topper is used. The suspension of
the colloid is filled into the cylinder and to théslution, the flocculant is added. The
mixing of the flocculant with particle is done byerting the cylinder multiple times.
The movement of interface, which separates thddigumd particles, which is also
known as mud-line, is monitored with time. The Inigf the interface with reference
to the graduations on the cylinder is recorded witte. This gives the velocity of the
particle settling and the initial settling rate RS The velocity increases with the
increase in floc size. This test is also used pragent normalized mud-line height
Hu/Hiw, where Hh is the height of mud-line at time t1 ang I8 the height of the mud-
line at time zert. Figure 1.6 is a representative image to medSiRe
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Figure-1.6: Initial Settling Test 1) at time 0 and 2) after &

Further, the flocs thus formed are also charaadrizy various techniques, Chen et
al® have studied Filter cake moisture content (FCM@jch is the measure of
sludge conditioning efficiency. In this, the floésrmed after flocculation were
filtered through a 0.4b filter under a fixed vacuum for 30 min. Then thakes
formed were weighed before and after drying toudate FCMC. Optical microscopy
was also employed for studying flocs. Optical mécmpy images can be analyZed
for floc size. The floc characterization is impottaand specific for industrial

applications.

1.1.7 Nature of colloids:

Most of the naturally occurring minerals or pdegand many industrial colloids and
effluents which need to be separated or floccularedanionic in nature and require
cationic flocculants. Therefore, there is a greamdnd for cationic flocculants for
efficient flocculation or separation processes.|&db2 gives examples of some of

the colloidal systems along with suitable floccusamsed for their separation.
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Table 1.2: Nature of colloids and the type of flocculantdise

Colloidal system Chargeon colloid | Flocculant used
protein Anionic Cationic
Kaolin clay Anionic Cationic
Water treatment Anionic Cationic
Copper floatation o o

B Cationic Anionic
tailing
Mixed mineral Oxidg o

N Anionic Cationic
tailing

Cationic and

Paper manufacturing Anionic
neutral

Lee et al®. have reviewed the use of various organic floausldor the treatment of

waste water. The details along with referenceshosvn in table-1.3

Table-1.3: Application of different flocculants for waste teatreatment

Type of water pH Flocculants Reference
range
Oily wastewater - Derivative of polyacrylamide (Polyl| Zhong et
from refinery and 3530S), polyacrylamide al*,
plant
Olive mill 5.5-6.7 | Four cationic (FO-4700-SH, FO-449( Sarika et
effluent SH, FO-4350-SHU and FO-4190-SK  al*®

and two anionic (FLOCAN 23 and A
934-SH) polyelectrolytes

Aquaculture 6.9-7.7 Cationic polyamine (Magnafloc LT | Ebeling et
wastewater 7991), cationic organic al*.
polyelectrolytes (Magnafloc LT 799
and 7995), cationic polyacrylamide
(Hyperfloc CE 854 and CE 1950),
copolymer of quaternary acrylate se
and acrylamide (Magnafloc 22S)

Savitribai Phule Pune University 10 CSIR-National Chemical Laboratory



Chapter-1 I ntroduction

Coal waste slurry 8.3 Polyacrylamide-based polymers | Sabah and
(anionic: Praestol 2515, Praestol 25  Erkari”
non-ionic: Magnofloc 351, cationic:
Praestol 857 BS)

Pulp and paper| 7.3-8.3 | Cationic (Organopol 5415, Organop| Wong et
mill wastewater, 5020, Organopol 5470, Organopol  al**,
5450, Chemfloc 1515C) and anioni
(Organopol 5540, Chemfloc 430A,

AN 913, AN 913SH) polyacrylamide

Simulated 7.0 Cationic Kang et
reactive dye polydiallyldimethylammonium al®.
wastewater, 6.6-7.8 chloride (PDADMAC)

Simulated dye Yue et af®.
liquor 11.2 Cationic polyamine
wastewater,

Actual printing

and dyeing
wastewater
Pulp and paper 7.0 Cationic Razali et
mill wastewater polydiallyldimethylammonium al’.
chloride (polyDADMAC)
Kaolin 7.0 Cationic lignin polymers Hasan et
suspension al*’.

1.1.8 Flocculation of Kaolin

Kaolin is an important mineral clay which has a &dtapplications in ceramics,
coatings, cement, manufacturing of paint thickeneegalysis, chemical carriers,
liquid barrier, paper coating, detergents “€t¢ Awad et al. have given
comprehensive information about the applicationslik&. In view of its importance
and wide range of applications, flocculation of lkaohas become extremely
important. Globally, large scale production of kads made by IMERYS, BASF,

Kamin, Thiele, AIMR, Sibelco and Smart stones.
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Kaolin is anionic clay and consists of silica amdmina along with minor
guantities of ferric oxide and titanium. The cheahicomposition of kaolin is
Al,Si,O5(OH), and has a layered structure with alumina octahestreéts and silica
tetrahedral sheets stacked alternately. See figarder the structure of kaolin. The
layered lattice structure is inert over wide pHgef

Net negatively charged basal surface

Fig-1.7: kaolin structure

1.1.9 Cationic flocculants:

Cationic flocculants can bind strongly to negatyveharged particles and have a wide
range of industrial applications in separation oioaic particles. There are quite a
few cationic flocculants prepared from natural ayhthetic polymers° Many
commercial flocculants are often based on poly Waaride) [PAM] and its
derivatives since acrylamide [AM] is one of the memactive monomers to undergo
radical polymerization. AM has a high ratio of paggation to termination constant
and as a result yields ultra-high molecular weigbtymers. A large number of

cationic flocculants are prepared from copolymeéiia of AM monomer with

guaternary ammonium salt containing monomers suchs a
Acryolyloxyethyltrimethylammonium chloride (AOETMAC
Methacryolyloxyethyltrimethylammonium chloride (MOMIAC), 3-
acrylamidopropanetrimethylammonium chloride (APTMAC
Diallyldimethylammonium chloride (DADMAC) and

vinylbenzyltrimethylammonium chloride (VBTMAC). Kuan et al. have reported on
the amylopectin and acrylamide based cationic anghateric flocculants for the

kaolin flocculatiori’
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1.1.10 Chitosan

A large number of synthetic flocculants currentBed for industrial separations are
non-biodegradable and toxic in nature and pose reewmvironmental issues.
Therefore, there is a major focus on design andeldpment of natural
polyelectrolytes or the modification of natural yelectrolytes as flocculants for
separation. In this context, biopolymers have eertrgs promising materials to
synthesize flocculants. Amongst the wide veritybafpolymers, chitosan, cellulose,
guar gum, starch, sodium alginate, carrageenaraste become very important. For
example, Hasan and Fatehi have prepared catiogmnlipolymer for kaolin
flocculatiorf’. Starch-based flocculants have been preparedhrseparation of

kaolin®-63

and hematif&®* Particularly, chitosan is the second-largest bigper
next to cellulose which is available abundantlyrtker, chitosan being a non-food
source for human beings and animals offer an adgams a feed-stock for flocculant

development.

Chitosan is a copolymer of D-glucosamine and Niyddetglucosamine, which is
soluble in dilute acid solutién Figure 1.8 shows the sources and structure of

chitosan.

deacetylation
H OH H

H H™ O
H NH, SH2
H—O0 Chitosan

Figure-1.8: Source and structure of chitosan
Research on applications of chitosan in diverseasareuch as pharmaceuticals,
biomaterials, cosmetics, food processing, and tbelaf heavy metals has grown

phenomenally in recent ye&ts'® Among most of the modification methods, grafting
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has been proved to be a useful and convenient mhétihdhe synthesis of flocculants.
Yang et al’ have reported on the acrylamide grafted carboxyyhethitosan for

kaolin flocculation.

The graft copolymers generally combine the propsrof both the backbone chain
and the pendent grafted chain. A flexible chainftgchonto the rigid or semi-rigid
backbone can increase the conformational freedonsoiation and enhance the

efficiency of flocculation.

Although there are a few cationic flocculants based synthetic polymers and
modified natural polymers for the kaolin floccutati Still, there is a wide scope and
demand for the development of newer efficient fldants for kaolin mineral clay

flocculation and industrial separation processes.

In this thesis work, the focus is given on the gesand synthesis of cationic
flocculants using copolymers of acrylamide and DAB® / APTMAC and
APTMAC grafted chitosan graft copolymer for kadliocculation.
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In this chapter the scope and objectives of theishere discussed




Chapter-2 Scope and objectives

Although there are a few flocculants used for thelik flocculation, still there is a
great scope in designing and developing efficiaatioaic flocculants which have
optimum molecular weight and charge density forasafion of kaolin from aqueous
streams, particularly at low dosages. Therefordhimthesis work, efforts are made to
synthesize cationic flocculants based on acrylan®dd) monomer in combination
with cationic monomers such as diallyldimethylamimom chloride (DADMAC) and
3-acrylamidopropyltrimethylammonium chloride (APTMIA The composition of the
monomers in the reaction feed was varied to getlgarers with different molecular
weights and degree of charge. The chemical strestof all the copolymers were
confirmed by'H and*C NMR spectroscopy. The molecular weights and degfe
charge on the copolymers were determined usingpgeheation chromatography
(GPC) and zeta potential measurements. All the lgopers were used for kaolin
flocculation using the established jar test methwith the measurement of %
transmission. The optimum dosages were identifedafl the copolymers to obtain
maximum kaolin flocculation. The efficiency of floglation is correlated to the
molecular weight and zeta potential of the copolggrend the plausible mechanisms,
for the flocculation were proposed. The characsion of flocs in terms of Filter
Cake Moisture Content (FCMC), Initial Settling Ra{¢§SR) and the optical

microscopy of floc suspension were performed.

One of the most important anionic clay materialské®lin, which is an anionic
mineral clay consisting of silica and alumina alomgh minor quantities of ferric
oxide and titanium. Kaolin has a lot of applicagom coatings, manufacturing of
paints, electronic ceramics and as a filler foresalcosmetic formulations. The

extraction of kaolin from natural deposits invohsefiocculation proce&s

Further, there has been a growing interest in dgued flocculants from biopolymers
because of their environmentally friendly nafureln this context graft
copolymerization of vinyl monomers onto chitosan c¢gve desired properties to the
obtained flocculants. In view of this, a cationiomomer, APTMAC was grafted onto
chitosan and evaluated for the flocculation of kaolhe structural characterization
was performed on the graft copolymer Byl and *C NMR spectroscopy.
Flocculation of kaolin suspension was carried osing the chitosan-g-APTMAC
graft copolymers.
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The objectives of thethesisare:

e To design and synthesize cationic flocculants basedacrylamide and
cationic monomers namely, DADMAC and APTMAC

* To vary the composition of the monomers to obtapatymers with higher
molecular weight and higher zeta potential

e To characterize the obtained copolymers in termgheir chemical structure
(by NMR spectroscopy), molecular weight (by GPQ)d alegree of charge
(by zeta potential)

* To study the flocculation of kaolin using the abmyathesized copolymers
and to determine the optimum dosage levels fontagimum flocculation.

* To correlate the flocculation efficiency of the ywlers to their molecular
weight and charge density and to propose the mexrhaof flocculation.

* To characterize the flocs in terms of FCMC, ISR dlod morphology by
optical microscopy

* To synthesize chitosan-g-APTMAC graft copolymer awhluate and study

its performance for kaolin flocculation.
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FLOCCULATION OF KAOLIN USING
COPOLYMER OF ACRYLAMIDE (AM)
AND DIALLYLDIMETHYLAMMONIUM
CHLORIDE (DADMAC)

CHAPTER-3

In this chapter we report on the syntheis of poi{2o-DADMAC) copolymers with
varying content of AM and DADMAC. The copolymersneeharacterized by NMR,
GPC and zeta potential analysis. The viscometroess to coil dimensions were
studied by intrinsic viscosity and particle size hght scattering method. The
flocculation efficiency was studied using kaolinspansions and the flocs were
characterized in tems of FCMC, ISR and optical nscopy. The optimum dosage
was determined. The molecualr weight and chargesigeof the flocculant were

correlated to the flocculation efficiency.

RSC Advances 5, 27674-27681 (2015)




Chapter-3 Flocculation of kaolin using AM-co DADMAC

3.1 Introduction

The use of organic polymeric flocculants for sdigisid separations is known for a
very long timé. Polymeric flocculants of only acrylamide (AM) veerused in
industrial solid-liquid separations, such as ofigéne tailings separations and kaolin
separation. The use of only polyacrylamide suffeom the drawback of forming gel
like structures with high water retention in thecs. This was attributed to the
hydrogen bonding of the amide groups in acrylamiit positive ions in the slurfy
Hence use of only acrylamide is not advantageoopolymerization of acrylamide
with cationic monomers such as Diallyldimethylammuom chloride (DADMAC)
will have added advantage of including (+ve) chamgethe copolymer for efficient
flocculation. DADMAC is a cheaper monomer compatedmany other cationic
monomers and has a stable cationic structure wiifle wH working rangé There are
many synthesis methods for preparing copolymersarflamide and DADMAC,

such as solution polymerizatith y-radiation techniqué&g, dispersion and inverse

emulsion polymerizatidhetc. Of all the methods, solution polymerizatisraisimple
method, economically viable, safe and industrialtywvenient to operate. The use of
template polymerization of AM and DADMAC in presenof polyacrylic acid is
reported for flocculation kaolfh However the approach proposed in our work is a
simple copolymerization of AM and DADMAC in a simgistep. The flocculants
showed better charge and molecular weights witkciefft flocculation of kaolin
suspension (3 wt%) at lower dosages (8 to 14 ppm).

In this work, we have synthesized cationic flocatilhased on the combination of
acrylamide (AM) and Diallyldimethylammonium chloed (DADMAC) for
flocculation of kaolin suspension and demonstraedfficient flocculation in small
dosages (8-14ppm) of flocculants. The DADMAC monomes selected here
because of its low cost and commercial viability fiocculant production. But the
drawback of this monomer in flocculant synthesisitgs low reactivity ratio in
copolymerization. Which will lead to lesser incorgiion of the DADMAC into the
flocculant and result in low zeta potential withwlecharge density and moderately
high molecular weight. Therefore, our objectivethis work was to balance the zeta
potential and molecular weight by design and sysiieg different compositions of

the copolymers and to obtain optimum compositiothefflocculant for the efficient
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flocculation of kaolin using small dosages of flolant. The flocculants thus
synthesized were tested for their efficiency of lkaseparation. The chemical
structure of copolymer was determined usthyand *3C NMR spectroscopy. The
intrinsic viscosity measurements and particle smeasurements were done to
understand coil dimensions in solution. The floatioh efficiency was correlated to
the zeta potential and molecular weight of the tpper. Floc characterizations like
filter cake moisture content (FCMC), initial seiti rate (ISR) and optical

micrographs of flocs were studied and correlatetthédflocculation and dosages.
3.2 Experimental

3.2.1 Materialsand M ethods

Acrylamide (AM) monomer was purchased from Fluk&AJand was used as such;
diallyldimethylammonium chloride (DADMAC) monomesg wt% solution in water)
was purchased from Aldrich, USA; ammonium persuiphaodium metabisulphite
and sodium chloride were purchased from SD-finaribals, Mumbai, India which
were of analytical grade and used as received.ibmd water (conductivity 0.055
US cm' at 25° C) was obtained in the lab (TKA, GmbH Stank), Acetone was
procured from Rankem, Mumbai, India. Kaolin wasanied from Thomas Baker
Chemicals, Mumbai, India. Analytical grade Sodiuintrate was purchased from

Merck, Mumbai, India and used as received.

3.2.2 Synthesis of cationic flocculant based on Acrylamide and DADMAC

Copolymers of acrylamide with DADMAC were synthesiz by solution

polymerization using ammonium persulphate and sodinetabisulphite as a redox
initiator system. In a typical experiment, the cédted amounts of acrylamide and
DADMAC solution (65%) were added to a 100 ml DI aatn a double jacketed
reaction vessel equipped with circulating watemhkat maintain the desired reaction
temperature. The stirring of the reaction mass faeifitated using an overhead stirrer
with a cross blade impeller. The concentration ltg thonomers in the reaction
mixture was 10 wt%. The DADMAC contents were variénl get different

composition of copolymers. The reaction mixture wasgged with nitrogen gas for 30

min to remove any dissolved oxygen and temperata® increased to 4@. Then
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ammonium persulphate and sodium metabisulphite vastded at an initiator
concentration of 2 mol% and stirring was continu€de reaction mixture became

viscous and the polymerization was further caroetl for 6 h. Finally, the polymer

was precipitated in acetone and dried in vacuumrmate40 C. Three copolymers
with different feed ratios (moles) of AM and DADMAMAM: DADMAC; 80:20,
50:50 and 40:60) were synthesized and denoted a80®D, AD-5050 and AD-4060
respectively. The chemical structure of the cop@ssmwas characterized usifig
and *C NMR spectroscopy. The molecular weights of thepotymers were
determined using gel permeation chromatography (GPC

3.3 Characterizations

3.3.1 Gel permeation chromatography (GPC)

The molecular weight (MW) of the copolymers wasedetined using Agilent 1200
GPC with Shodex OH pak SB-800 series columns. Toleilsmphase used was 0.25 N
NaNG; with a flow rate of 0.4 ml/min. 100 pl was the gdeninjection volume. The
GPC column temperature was maintained at 40° C,parighcrylamide standards

were used for calibration.
3.3.2 Zeta potential measurements

Zeta potential measurements were carried out at@%fsing Brookhaven 90 plus
particle size analyzer, USA. The polymer conceiuratised was 0.1 g dL. The data

reported is the average value of 10 cycles andid®.r
3.3.3 Hydrodynamic radii

Hydro dynamic radii were measured using Brookha&@plus particle size analyzer,

USA. The experiments were performed at’,9fonitoring the variation in the
intensity of the scattered light caused by the Briaw motion of the particles. The
polymer solutions of known concentrations in dezexdi water were filtered through

0.22u filters (Millipore syringe filter)
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3.3.4 Viscosity measur ements

Viscosity measurements were conducted using an |blbdbe capillary viscometer
with capillary diameter 0.63 mm with AVS 479 (SCHODTGerate, Mainze,

Germany). The measurements were done either innidem water or in NacCl

solutions (0.0003 to 1 M). The temperature was taied at 25C = 0.05 C. For

only deionized water the polymer concentration eawgs 0.01 to 0.05 weight %. For
NacCl solutions the concentrations varied from 0.0.6 weight % due to decrease in

viscosity of the solution.
3.3.5NMR studies

The*H and™C NMR spectra of copolymers were recorded on Brukér500 MHz

spectrometer. The copolymer samples were prepai@gD.
3.3.6 Flocculation test for kaolin

Kaolin (particle size [1) suspension in water (3.0 wt-%) was used for ibectilation
test. Kaolin suspension was prepared by stirriraikaolution using overhead stirrer
at 400 rpm for 30 min. In a typical flocculatiomdy, to a 100 ml kaolin suspension, a
known volume of flocculant solution (1g*). was added and stirred for 5 min (with
300 rpm for first 2 min and at 100 rpm for 3 mirging an overhead stirrer, Heidolph
RZR 2012, Germany with cross blade impeller. A&eanin, stirring was stopped and
immediately, 1 ml aliquot was drawn from the celnprartion of the solution. The
transmittance (%) was measured for this solutionguShimadzu UV-PC 1601 UV-
Vis spectrophotometer, Japan, in the kinetic mod&(® nm. This value of the
transmittance was taken as zero minute reading.sbhdion was allowed to settle
and the aliquots were drawn at predefined interohltime till 40 min and
transmittance was measured. Then transmittancenws.was plotted to find out the
time required for maximum transmittance to occumlr Rhe zeta potential
measurement, the supernatant liquid was taken4@temin flocculation with different
dosages of flocculant.

The optimum dosage of the flocculant for each casitpm was determined.

Different dosages were tested for kaolin suspentomeulation, the dosage at which
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the transmittance is 90% or more was considerebmsnum dosage for that

composition. This 90% transmittance was higher thiaat was reported earlfer
3.3.7 Floc characterization
3.3.7.1 Initial settling rate (I SR)

The initial settling rate (ISR) of kaolin suspemnsitor the AD-4060, AD-5050 and
AD-8020 flocculants was evaluated by adding a knowalume of flocculant
(Concentration, 1g £) to a 100 ml of 3.0 Wt % kaolin suspension in @ppered
measuring cylinder. The flocculant was uniformlyxed by inverting the cylinder 10
times up-down. The height of the kaolin liquid nfié&e was recorded as a function of
time for AD-4060, AD-5050 and AD-8020.

3.3.7.2 Filter Cake Moisture Content (FCMC)

The property of kaolin flocs after the flocculatiras evaluated in terms of Filter
Cake Moisture Content (FCMEY: The FCMC is an important index used to
characterize the floc state. It is intuitive andmislely used method. The flocculants
are also used as a filtration aid, with the objectf increasing filtration rate and to
reduce the filter cake moisture content. FCMC igpontant in such industrial
separations where the floc is the product of irsieseich as kaolin separation, protein
separation form marine fish processing industry leésser the moisture content faster
will be the drying process. A 3.0 Wt % kaolin seispion was used for FCMC study.
The flocculation was performed by adding a knowfure of AD-4060, AD-5050
and AD-8020 flocculants (Concentration, 1g)land stirring at 300 rpm for 2 min
followed by 100 rpm for 3 min. Then the suspensi@s allowed to stand for 40 min
to reach equilibrium settling; this floc was fileer using a 0.45 um Millipore filter
paper in a sintered funnel at 450 mm of Hg vacuam3D min. The filter cake was

transferred to a crucible, weighed and dried iroaen at 100C for 24 h and FCMC

was calculated using the following equation.

FCMC = %x 100

1—Wo

Where W is the weight of the crucible, Ws the total weight of crucible + filter cake

before drying and Wis the total weight of crucible + cake after dgyito constant
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weight. With this FCMC study, one can get inforraatabout the role of polymer in

moisture retention in flocs.

The flocculation was monitored by using optical ragzopy (Leica, Germany) and
the filter cakes were photographed with a DSLR cqanf€anon EOS 77D, USA)

3.4 Results and Discussion

3.4.1 Synthesis and char acterization of flocculants

Amongst a few cationic monomers available, DADMA@sachosen considering its
high utility in commercial flocculants and it isalable at a cheaper price than many
cationic monomers. Synthesizing an efficient catidlocculant lies in obtaining high
molecular weight and high zeta potential copolyniére acrylamide monomer, with
its high ratio of propagation to termination comstagives high molecular weight to
the polymer. Whereas, the cationic monomer provastesverall charge density to the
copolymer. Therefore, it is very important to adily balance both the monomer
contents to obtain high molecular weight and higtazpotential polymer for efficient
flocculation. Accordingly, three copolymers, witharying AM and DADMAC
contents were prepared.. The copolymers were casléd-8020, AD-5050 and AD-
4060, respectively. The quantitative yields of tlopolymers AD-8020, AD-5050 and
AD-4060 were determined to be 88, 74, and 69% wtqmdy. The reaction scheme
for the synthesis of poly (AM-co-DADMAC) is shown scheme-3.1. The structural
characterization of the copolymers was carried osing 'H and *C NMR

spectroscopy.
( N
H: Ha ot —I—CH—CH -I—I-CH H c—l—
HC/ \CH HC/ | 2l | 2 2| y
I | K,S,05 c=o HC ——CH
l + HZC CHZ Na28205 NH2 H C CHZ
/ \ AN +/ ) ] N4
N Cl 40° C N .
N0 N N
H3C CH3 H3C CH3
AM DADMAC P(AM-co-DADMAC)
|\ J

Scheme 3.1: Reaction scheme for the synthesis of poly (AM-coEDMMAC)
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3.4.2 Chemical structure by NMR spectr oscopy

We show in figure-3.1, thédH NMR spectra of representative poly (AM-co-
DADMAC) [AD-8020] and a homopolymer of polyacrylate. The methyl (-Ckj

proton peaks of DADMAC appear in the range of @13 ppm and the methylene
(-CHy-) protons of DADMAC attached to nitrogen atom gpeaks at 3.78 ppm. The
methylene (-CH) proton peaks of the backbone chain of AM and DAL appear

in the range of 1.5 - 1.8 ppm. The methine prowfithe AM backbone appear at 2.0
to 2.4 ppm. All the characteristic peaks of theatpmer assigned, agree with those

reported in the literatufé®*3
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Figure-3.1: 500 MHz'H NMR spectrum for Polyacrylamide and Poly (AM-co-
DADMAC) [AD-8020]

The mol fractions of DADMAC in the copolymers wembtained by NMR
spectroscopy. ThéH NMR spectrum of the copolymer shows the AM peai2.8
ppm and that of DADAMAC at 2.78 ppm. The area urttierpeak for single protons
of AM and DADMAC was calculated, which yields theles of AM and DADMAC.

Savitribai Phule Pune University 33 CSIR-National Chemical Laboratory



Chapter-3 Flocculation of kaolin using AM-co DADMAC

Taking the molecular weights of AM (71.08 g mpand DADMAC (161.67g md))
into consideration, the mol fraction of the DADMA&as calculated to be 0.12, 0.32
and 0.44 respectively for AD-8020, AD-5050 and AO6A.

We also show in Figure-3.2, th&C NMR spectrum (Bruker, AV 500 MHz,-D) of
poly (AM-co-DADMAC) [AD-4060]. The methyl (-Cl) carbon peaks of DADMAC
appear at 54.4 ppm and methylene (>§tdarbon of the backbone chain of AM and
DADMAC appear aB4.9 ppm. The methylene (-GHi carbon of DADMAC attached
to nitrogen gives peak at 66 to 70 ppm and peak for methine (-ChiHon next to
carbon attached to nitrogen of DADMAC and methis@H-) carbon of acrylamide
backbone appear at 41.7 ppm. Both'tHeand™*C NMR spectra confirm the chemical

structure of the copolymer.
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Figure-3.2: 400 MHz**C NMR spectrum for Poly (AM-co-DADMAC)

In figure 3.3 and 3.4 we show thid and**C stacked NMR spectra of all the three
compositions AD-8020, AD-5050 and AD-4060 respesdtivThe NMR spectra of all
the compositions clearly show the peaks for both &nd DADMAC. Further, it can
be clearly seen that the intensity of peaks for AlMreases as the AM content
increases form AD-4060 to AD-8020 and Vice versa wlaserved for DADMAC.
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Figure-3.3: 500 MHz*H NMR spectrum for Poly (AM-co-DADMAC) [AD-4060,
AD-5050 and AD-8020]
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Figure-3.4: 400 MHz**C NMR spectrum for Poly (AM-co-DADMAC) [AD-4060,
AD-5050 and AD-8020]
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3.4.3 Study of coil dimensions of the flocculant in solution

The coil dimensions of the flocculant in solutiomsvstudied in the presence and
absence of salt. The hydrodynamic radii and inicingscosity were studied using
particle size analyzer and Ubbelohde capillary amseter respectively. In only water
and at low salt concentrations the polymer coilsnghupon an increase of polymer
concentration. For sufficiently high salinity ofetlsolvent the polymer coils expand,
this behaviour is due to the unfavourable thermadyic quality of solvents
containing much salt. Such a situation leads toiramease in the number of
intersegmental contacts and to higher frictionaAtertain characteristic salinity of the
solvent, the dimensions become independent of palyooncentration. Figure-3.5
shows the changes in hydrodynamic radii and intringscosity with the change in
polymer concentration. Figure-3.6 represents thedimensions at no salt, less salt

and sufficient salt conditions.

0.2 0.4 0.6 0.8 1.0 1.2

[n7]c

Figure-3.5: Comparison of the hydrodynamic radii of the podpttolyte coils (AD-
8020) as a function of the reduced polymer conediotr obtained from Dynamic

Light Scattering and viscometry in 0.25 mol NaCl.
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Figure-3.6: Coil dimensions as a function of the reduced polyme
concentration for the polymer sample AD-5050. Talé sontents of the

solvents are indicated in the graph.

It is clear from the figures that the coil dimemsodependent on the molecular
weight, charge and salt concentration in the swhutiThe free coil dimensions is
important parameter for efficient flocculation. Theil dimensions reduce with
increase in the concentrations. This implies thatdptimum dosage of the flocculant
should be at lower concentrations where the caihetisions are higher. Same

phenomenon was observed even at low salt conciemisat
3.4.4 Molecular weight and zeta potential

The molecular weight and zeta potential of the tppers were determined using
GPC and particle size analyzer, respectively. Wawsin table-3.1 the molecular
weights and zeta potential of AD-8020, AD-5050 &ma+4060 samples.
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Table-3.1: Molecular weight and Zeta potential of copolymers

Mol
M M PDI _ Zeta potential
Samples fraction pH
(Kgmol™) | (Kgmol™) | (M/M,) (mV)
DADMAC
AD-8020 | 227.0 87.7 2.6 0.12 6.0-715 (+) 20.0-22.0
AD-5050 93.4 42.5 2.2 0.32 6.5-7\5 (+) 26.5-28.5
AD-4060 52.3 35.8 1.5 0.44 6.5-718 (+)39.5-41.3
Kaolin - - - - 6.5-7.0f (-)18.0-20.0

It can be readily seen that when the acrylamide¢erdnn the copolymer is high, the
copolymer yields high molecular weight but givesvlaeta potential (AD-8020).
Whereas, the high content of cationic comonomerDMAC (AD-4060) gives
higher zeta potential due to the presence of higivge density on the polymer and
yields low molecular weight copolymer. The copolymeth equal feed ratio shows
the values in between both the AD-8020 and AD-40B0ese observations for
composition are further evidenced by NMR studidse Pparticle size of the polymer
also increases with the increase in DADMAC contd@ihis can be attributed to the
fact that the increased DADMAC content will increathe charge on the polymer
which leads to intra molecular charge repulsion apen coil confirmation of
polymer resulting into increase in size. This ogei confirmation is favourable for

effective binding to cause efficient flocculation.
3.4.5 Flocculation of Kaolin
The flocculation efficiency of copolymers, AD-8028D-5050 and AD-4060 on

kaolin aqueous suspension was examined by measimngansmittance on kaolin

suspension after the equilibrium flocculationd0 min). The kaolin bears a negative

charge on the surface in the pH range of 6.5 aidbexhibits the zeta potential of (-)

18 - 20.0 mV. The average size of the kaolin plagigvas~1.0 um. The efficiency of

flocculation of kaolin suspension (3.0 wt %) wasdstigated at different dosages of

flocculants.
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We show in figure-3.7, a typical setup for the folation of Kaolin suspensioifhe
flocculation setup consists of an overhead stiwih a cross blade impeller and a
beaker. Figure-3.7a shows the kaolin suspensioarddhe addition of flocculant
which is stable and looks milky. Upon addition ationic flocculant and initial
stirring the milky suspension turns into a clealuson after stopping the stirring
(figure-3.7b). The initial stirring was 300 rpm foirst 2 min, followed by stirring at
100 rpm for 3 min. This stirring cycle was followdxcause, during initial rapid
stirring, mixing of particles and polymer occur whiis the most desired. During the
slow stirring at 100 rpm the floc size increase ardin to settle at the bottom. The
transmittance of the clear solution was measuredilé&8 experiments were carried

out for different dosages of flocculants.

Figure-3.7: Flocculation of Kaolin aqueous suspension (1) fldatton setup,
(a) Before flocculation and (b) after flocculation
Figure-3.8 shows the percentage transmittance ofirkesupernatant liquid vs.
different dosage of flocculants, AD-8020, AD-505@0aAD-4060 taken at pH 7 and

at equilibrium flocculation time of 40 min.
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Figure-3.8: Transmittance of kaolin supernatant vs. dosag®otilants after 40

min of equilibrium flocculation

It can be revealed from the figure that, AD-4060vs$ nearly 95-98 % transmittance
at the dosage range of 8 - 10 ppm and remainsamngii 20 ppm. The AD-5050
showed 95 -98% transmittance at the dosage rand® ef12 ppm. Whereas, AD-
8020 flocculant showed 95-98 % transmittance atdib&age range of about 14 - 16
ppm. Therefore, the optimum dosage levels for AB80AD-5050 and AD-8020
flocculants for kaolin flocculation can be consef®ras 8.0 ppm, 10.0 ppm and 14.0
ppm, respectively. These flocculants showed efiiciocculation and the optimum

dosages were found to be quite low compared twahees reported earlief.

The AD-4060 flocculant contains more of cationidypoer and exhibits a high degree
of charge with high zeta potential (+ 41.3 mV). tms case, the mechanism of
flocculation could be due to the charge neutratmafollowed by bridging. In the
case of flocculant AD-5050, the charge is modevate moderate zeta potential (+
28.5 mV) and moderate molecular weight (93.4 Kg tholThe mechanism of

flocculation is also can be due to charge neuwmdbm and bridging. For the

flocculant AD-8020, a higher dosage was required 4.0 ppm) to get 95-98%

transmittance in the flocculation. In AD-8020 flot&nt, the charge density is low
(zeta potential + 22mV) but the molecular weighhiigh (227 Kg mof). Because of
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the high molecular weight, the long polymer chaan get attached to a large number
of kaolin particles and the flocculation can octlwough the bridging mechanism.
The requirement of more number of polymer chains Hadging leads to high
optimum dosage for AD-8020. These observationglgi@adicate that charge density
on the polymer plays a dominant role in the kafiboculation.

We also measured the zeta potential of kaolin sigtent solution as a function of
different dosage of flocculants AD-8020, AD-5050daAD-4060. The results are

shown in figure-3.9.

60
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1 A AD-4060
40 =
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Figure-3.9: Zeta potential of kaolin suspension supernatadifferent dosages after
equilibrium flocculation using AD-8020, AD-5050 aAdD-4060

It is observed that, the zeta potential of kaoblugson changed from (-) 20 mV to (+)

35 mV with an increase in the dosage of flocculamtss is due to the fact that the
oppositely charged flocculants neutralize and dishinthe surface charge of the
suspended kaolin particles resulting into the fdromaof kaolin flocs. However, it is

interesting to note from the figure-3.9 that théazeotential of the kaolin supernatant
did not reach zero value at 95% transmittanceHerdptimum dosage of AD-8020,
AD-5050 and AD-4060 flocculants. The zeta potenti@lues remained at (-) 15 to

Savitribai Phule Pune University 41 CSIR-National Chemical Laboratory



Chapter-3 Flocculation of kaolin using AM-co DADMAC

(-) 10 mV. This could be due to the presence df stime very fine particles of
unneutralized kaolin present in the supernatanidig-urther, the kaolin fine particles
are partially or heterogeneously bound by flocctdaa form micro flocs that cannot

settle down and hence they float and show reduetdpotential value.

At higher dosage content, the zeta potential vatvessed the zero value and attained
a positive value of zeta potentials. This is beeaubke higher concentration of
flocculant is available to bind to all the finelyispersed particles and the
heterogeneously bound kaolin particles. These whens clearly indicate that there
seems to be a broad flocculation regime and thesilpbsy of both charge
neutralization and bridging mechanism for drivihg flocculation.

It is also observed form the figure, that the desagt which the zeta potential value is

zero for AD-8020, AD-5050 and AD-4060 were 80, 48 and 30 ppm respectively.

These values are more than 5 times higher thampliemum dosages. At optimum
dosage, more than 95 % clarity of suspension wiaeaed or most of the kaolin was
flocculated and that supernatant water can be detsssuspend the kaolin for next
cycle of kaolin mining. This will improve the ecamg and efficiency of the kaolin

recovery process enormously.
3.4.6 Kinetics of flocculation

In order to understand the kinetics of flocculatitime percentage transmittance of
kaolin suspension as a function of time was measimeflocculants, AD-8020, AD-
5050 and AD-4060 at different dosages and at thygitmum dosages. Figure-3.10
shows the results of % transmittance vs. time foed flocculants at optimum
dosages. Figure-3.11 to 3.13 shows the results tifismittance vs. time for three

flocculants at different dosages.
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Figure-3.10: Kinetics of flocculation of AD-8020, AD-5050 and AID60 at

optimum dosage
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Figure-3.11: Transmittance of kaolin supernatant vs. time of &I2»0
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Figure-3.12: Transmittance of kaolin supernatant vs. time of BI»0
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Figure-3.13: Transmittance of kaolin supernatant vs. time of A0
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It is clearly seen that 80 - 85% transmittance @¢do¢ achieved within 3 min of
flocculant addition to the kaolin suspension airthespective optimum dosages. This
shows that the flocculant separates kaolin rapidlye AD-4060 flocculant gave
maximum % transmittance at optimum dosage of 8 pjimese studies indicate that
the charge on the flocculant (zeta potential) playslominant role compared to

molecular weight for the efficient flocculation Kfolin suspension.

From figure-3.11 to 3.13, it can be seen that th&ades prior to the optimum dosage
also shows reasonably good % transmittance, whidicates that the flocculants

have a broader flocculation range.

3.4.7 Floc characterization

3.4.7.1 Initial settling rate (ISR)

Figure 3.14 shows the interface height vs. timeflmcculants AD-4060, AD-5050
and AD-8020 at their optimum dosages of 8, 10 ahg@dm respectively. It can be
readily seen that, the interface height decreamgislly within the first 100 seconds

and remains almost constant after 300 seconddl fitveaflocculants. This predicts the

initial settling rate of~0.01cm & for the flocculants. These observations clearly

reveal that AD-4060, AD-5050 and AD-8020 flocculdtaolin suspension very
rapidly. It can also be seen that the AD-8020 laa$ekt and the AD-5050 has faster
initial settling rate compared to AD-4060. This wbbe due to the difference in their
floc size, wherein for AD-8020, the floc size fornis bigger by virtue of its higher
molecular weight. Whereas for AD-4060, the lowerenalar weight forms a smaller

floc size, which will take more time to settle.
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Figure-3.14: Initial settling rate of CP-4060 and CP-8020

3.4.7.2 Filter Cake Moisture Content (FCMC)

FCMC is an important parameter to characterizefldtestate. Flocculants were also
employed as filtration aids, where the flocs fornvatl help in faster filtration and
reduced moisture in the flocs. Which helps in fasgiging of the final floc product.
Figure-3.15 shows the results of FCMC for AD-408I-5050 and AD-8020 at
different dosages. The FCMC of AD-4060, AD-5050 aA®-8020 remained
independent with respect to dosage in the rang)db 20 ppm used in this work.
However, the earlier reports indicate a decreaseCNC with an increase in dosage

levels when the dosage levels are quite highQ(to 50 ppm). We observed a very

small change in FCMC with these low dosage levBlevertheless, these lower
dosages (10-20 ppm) were found to be efficientaoculation and gave more than 95
% transmittance in the flocculation process. Theerficakes of AD-8020 showed
slightly higher FCMC compared to AD-4060 and AD-B0&hich could be attributed
to the higher molecular weight of the polymer thegsults into increased
hydrophilicity of flocculant and absorbs more morst The cakes of AD-5050
showed less FCMC value than both AD-8020 and ADB4Qkis could be due to

lower molecular weight and charge density.
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Figure-3.15: Filter cake moisture content study of CP-4060 aRd3020 at different

dosages

The visual observation of the filter cakes aftex flocculation using AD-4060, AD-
5050 and AD-8020 at different dosages was made pdnadographs are shown in

figure-3.16.
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Figure-3.16: Photographs of filter cakes after flocculation ainging for AD-8020
(a-d) AD-5050 (e - h) and AD-4060 (i-1)

It is observed that, as the dosage increase, tif@cswof the filter cake becomes more
smoother and softer. This could be due to the foonaof dense flocs at higher
dosages of flocculant.

3.4.7.3 Optical microscopic studies

The optical microscopy was performed on kaolin saspns obtained under different
dosages of AD-4060, AD-5050 and AD-8020 floccularitke optical micrographs
are shown in figure-3.17. Kaolin suspension withany flocculant does not show the

flocs and one can see a uniform suspension [fi§uté-(a)]
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Figure-3.17: Optical micrographs of kaolin flocculation at diféat dosages, Kaolin
(@), AD-4060 (b-d), AD-5050 (e-g) and AD-8020 (h-j)

However, upon flocculation, kaolin flocs are obselwery clearly and the floc size
increases with the dosage of flocculant. The olekoptimum dosages of 8, 10 and
14 ppm for flocculants AD-4060, AD-5050 and AD-80&tspectively, show more
than 95 % transmittance in the supernatant ligdter ahe floc formation. This is

visible in the micrographs of figure-3.17 (b), &) (j).
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3.5 Conclusions

In conclusion, we have shown that the cationicdidants based on the copolymer of
acrylamide (AM) and diallyldimethylammonium chloeid DADMAC) efficiently
flocculates kaolin from its aqueous suspensiongeDding on the ratio of monomers
incorporated, the copolymers could be obtained witterent molecular weights and
zeta potentials which are very important propentezpiired for efficient flocculation.
The mole fraction of the DADMAC was determined bgtpn NMR spectroscopy. It
was inferred form the viscosity and particle sizeasurements that the intrinsic
viscosity and hydrodynamic radii decreases with gtrease in polymer
concentration. This means the hydrodynamic radiihigher at low polymer
concentrations. Similar phenomenon was observeget low salt concentrations
also. The optimum dosages for maximum flocculat@mne found to be 8.0, 10.0 and
14.0 ppm for AD-4060, AD-5050 and AD-8020 copolysjerespectively. The

minimum time required for maximum flocculation wadstermined to be~ 3-4

minutes investigated as per the laboratory scdie.cbpolymer (AD-4060) with high
zeta potential gave the best flocculation efficien€he floc characterization was
performed interms of floc size and FCMC. Basedhmnresults it was proposed that,
the charge neutralization and bridging are the nmagchanisms for driving the
flocculation. These copolymers show great promisthé flocculation of kaolin from

agueous streams in industries.
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FLOCCULATION OF KAOLIN USING
COPOLYMER OF ACRYLAMIDE (AM)
AND (3-ACRYLAMIDOPROPYL)
TRIMETHYLAMMONIUM CHLORIDE
(APTMAC)

CHAPTER-4

In this chapter we report on the synthesis of gdlil-co-APTMAC) copolymers.
The compositoin of APTMC was varied to obtain difiet copolymers. The polymers
were characterized by NMR, GPC and Zeta poteriila. flocculation efficiency was
studied using kaolin suspensions. The flocs weggaterized in terms of FCMC,
ISR and optical microscopic analysis. Correlatiaswrawn between the flocculation

efficiency and the molecular weight and chargehefftocculants.
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4.1 Introduction

Polyelectrolyte flocculants continue to attract onagttention due to their importance
in solid-liquid separations in a wide range of istlies. Large numbers of cationic
flocculants have been utilized for the flocculatioinkaolin. Divakaran and Pilldi®
have used chitosan for flocculation of kaolin. liaiy Li etal® have used starch based
cationic polymer for kaolin flocculation. Hasan létdave used cationic lignin
polymers for kaolin flocculation. Kumar etatave used cationic amylopectin based
flocculant for kaolin separation. Flocculation atelwatering of kaolin suspension
was performed using polyacrylamide in the preserficairfactant§™ A few cationic
monomers such as Diallyldimethylammonium chlorideDADMAC), 2-
Acryloyloxyethyltrimethylammonium chloride (AOETMAC 2-
Methacryloyloxyethyltrimethylammonium chloride (MORIAC), 3-
Acrylamidopropyltrimethylammonium chloride (APTMAC)etc., have been
copolymerized with acrylamide to synthesize catiofibcculants. Among these
cationic monomers, APTMAC has a high reactivityioavith acrylamidé&*®. This
higher reactivity ratio will result in higher inquoration of APTMAC into copolymer
resulting in higher charge and molecular weight the flocculant. A judicious
combination of APTMAC along with acrylamide can Igieationic flocculants with

desired properties.

In this work, we have synthesized cationic flocatilhased on the combination of
acrylamide (AM) and (3-Acrylamidopropyl) trimethylemonium chloride

(APTMAC) for flocculation of kaolin suspension armtemonstrated an efficient
flocculation in very small dosages (3-10ppm) ofcflolants. The chemical structure
of copolymer was determined usiftg and**C NMR spectroscopy. The flocculation
efficiency is correlated to the zeta potential amolecular weight of the copolymer.
Floc characterizations like filter cake moisturentamt (FCMC), initial settling rate

(ISR) and optical micrographs of floc were studst correlated to the flocculation

with an increase in dosage.
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4.2 Experimental

4.2.1 Materialsand Methods

Acrylamide (AM), 3-Acrylamidopropyltrimethylammoniu chloride (APTMAC) (75
wt-% aqueous solution), 2, 2'-azobis(2-methylprapimide) dihydrochloride (V-50)
were procured from Aldrich, USA and were used aseiked. Deionized water
(conductivity 0.055 uS crhat 25° C) was used for all the reactions. Acetoas
purchased from Rankem, Mumbai, India. Kaolin wascpred from Thomas Baker
chemicals, Mumbai, India. Analytical grade Sodiuntnate was obtained from Merck,

Mumbai, India and used as received.
4.2.2 Synthesis of cationic flocculant based on Acrylamide and APTMAC

Cationic flocculants were prepared by copolymer@abf acrylamide and APTMAC
monomer using solution polymerization technique50/-was used as a thermal
initiator. In a typical reaction, 5 g AM and 3.64485 ml) APTMAC were dissolved
in 90 ml of DI water in a flange type double jacgteaction vessel equipped with an
overhead stirrer, nitrogen gas inlet, and a theretlovihe initial total concentration of
the monomers in the reaction mixture was 10 Wt #e fieaction mixture was purged
with nitrogen gas for 30 minutes to remove anyalissd oxygen. The temperature of
the reaction mixture was increased to 56° C. TBefi/5 g V-50 initiator was added
to the reaction mixture with continuous stirringdamtrogen gas purging for 6 h. The
viscosity of the reaction mixture increased rapidhdicating the formation of the
copolymer. After 6 h, the polymer was precipitateédcetone and dried in an oven at
40° C under vacuum. Three copolymers with diffefeed ratios (moles) of AM and
APTMAC (AM: APTMAC,; 80:20, 50:50 and 40:60) weregpared and denoted as
AA-8020, AA-5050 and AA-4060, respectively. The oheal structure of the
copolymers was characterized usittty and *C NMR spectroscopy. The molecular
weights of the copolymers were determined using pggmeation chromatography
(GPC).
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4.3 characterizations

4.3.1 Gel permeation chromatography (GPC)

The molecular weight (MW) of the copolymers wasedetined using Agilent 1200
GPC with Shodex OH pak SB-800 series columns. Toleilsmphase used was 0.25 N
NaNG; with a flow rate of 0.4 ml/min. 100 pl was the sdeninjection volume. The
GPC column temperature was maintained at 40° C,parghcrylamide standards

were used for calibration.
4.3.2 Zeta potential measurements

Zeta potential and Particle size measurements warged out at 25° C using
Brookhaven 90 plus particle size analyzer, USA. pblgymer concentration used was
0.1 gdLh

4.3.3NMR studies

The'H and**C NMR spectra of copolymers were recorded on Brukérs500 MHz
and Bruker AV 400 MHz spectrometer respectivelyheTcopolymer samples were
prepared in BO.

4.3.4 Flocculation test for kaolin

Kaolin (particle size [1) suspension in water (3.0 wt-%) was used for tbectilation
test. Kaolin suspension was prepared by stirriraikaolution using overhead stirrer
at 400 rpm for 30 min. In a typical flocculatiomdy, to a 100 ml kaolin suspension, a
known volume of flocculant solution (1g*). was added and stirred for 5 min (with
300 rpm for first 2 min and at 100 rpm for 3 mirging an overhead stirrer, Heidolph
RZR 2012, Germany with cross blade impeller. A&eanin, stirring was stopped and
immediately 1 ml aliquot was drawn from the cenpaltion of the solution. The
transmittance (%) was measured for this solutionguShimadzu UV-PC 1601 UV-
Vis spectrophotometer, Japan in the kinetic mode&CGfi nm. This value of the

transmittance was taken as zero minute reading.sbhdion was allowed to settle

and the aliquots were drawn every 3 min 040 min and transmittance was

measured. Then transmittance vs time was plottefthtbout the time required for
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maximum flocculation to occur. For the zeta po@ntheasurement, the supernatant

liquid was taken after 40 min flocculation with feifent dosages of flocculant.
4.3.5 Floc characterization

The procedures for floc characterizations were ntepoearlier in chapter-3 under
section 3.3.7 (Initial settling rate (ISR) 3.3.7.1, Filter Cake Moisture Content
(FCMC) and optical microscopy studies 3.3.7.2)

4.4 Results and Discussion

4.4.1 Synthesis and characterization of flocculants

Cationic flocculants were prepared using acrylansidé APTMAC at three different
mole ratios (AM: APTMAC; 80:20, 5050 and 40:60). Angst a few cationic

monomers available, APTMAC was chosen considetisidnigh reactivity ratio with

AM. Synthesizing an efficient cationic flocculanéd in obtaining high molecular
weight and high zeta potential copolymer. The amyle monomer with its high
ratio of propagation to termination constant, gilegh molecular weight to the
polymer. Whereas, the cationic monomer provide®werall charge density to the
copolymer. Therefore, it is very important to adily balance both the monomer
contents to obtain high molecular weight and higtazpotential polymer for efficient
flocculation. Accordingly, three copolymers, withrying AM and APTMAC content

were prepared. The quantitative yields of the cgpers AA-8020, AA-5050 and

AA-4060 were determined to be 91, 92, and 93%eetbgely. The copolymers were
coded as AA-8020, AA-5050 and AA-4060, respectivélye reaction scheme for the
synthesis of poly (AM-co-APTMAC) is shown in scheshd. The structural

characterization of the copolymers was carried osing *H and *C NMR

spectroscopy.
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Scheme-4.1: Reaction scheme for the synthesis of poly (AMAGSFMAC)

4.4.2 Chemical structure by NMR spectr oscopy

We show in figure-4.1, tht#H NMR spectra of poly (AM-co-APTMAC) [AA-4060]
and a homopolymer of polyacrylamide. The methyHsJoroton peaks of APTMAC

appear at 3.4 ppm and the methylene EHbrotons of APTMAC attached to

nitrogen atom give peaks in the range of 3.2 {p®3. The methylene (-GH proton

peaks of the backbone chain of AM and APTMAC appedhe range of 1.6 - 1.7
ppm. All the characteristic peaks of the copolymssigned, agree with those reported
in the literature

11,12
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Figure-4.1: 500 MHz'H NMR spectra for Polyacrylamide and Poly (AM-co-
APTMAC) [AA-4060]

We also show in Figure-4.2, thi&€ NMR spectrum of poly (AM-co-APTMAC) [AA-
4060]. The methyl (-Ck carbon peaks of APTMAC appear at 53.17 ppm aed th
peaks for methylene (-GH carbon of APTMAC attached to amide nitrogen appe
at 36.45 ppm and methylene (-&Hcarbon of backbone chain of AM and APTMAC
appear aB5.01 ppm. The methylene (-Ghicarbon of APTMAC attached to nitrogen
givesa peak at 64.22 ppm and the peak for methylene )Qdrbon next to carbon
attached to nitrogen appears at 22.58 ppm. All ¢haracteristic peaks of the
copolymer assigned agree with the earlier repovdes®. Both the'H and *C

NMR spectra confirm the chemical structure of thpatymer.
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Figure-4.2: 400 MHz*C NMR spectra for Poly (AM-co-APTMAC) [AA-4060]

Figure-4.3 and 4.4 represent thé and°C stacked NMR spectra for all the three
compositions AA-8020, AA-5050 and AA-4060 respeelyv It can be clearly seen
that the intensity of peaks for APTMAC increasesnir AA-8020 to AA-4060,

indicating increased incorporation of APTMAC witkcreasing feed ratio.
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Figure-4.3: 500 MHz'H NMR spectra for AA-8020, AA-5050 and AA-4060
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Figure-4.4: 400 MHz**C NMR spectra for AA-8020, AA-5050 and AA-4060

4.4.3 Molecular weight and zeta potential

The molecular weight and zeta potential of the tppers were determined using

GPC and particle size analyzer, respectively. Wawsin table-4.1 the molecular
weights and zeta potential of AA-8020, AA-5050 axAl4060 samples.

Table-4.1: Molecular weight and Zeta potential of copolymers

My M PDI Zeta potential
Samples . pH
(Kg mol™) (Kg mol™) (Mw/My) (mV)
AA-8020 275 166 1.6 6.5-7.0 (+) 52.0 - 55.0
AA-5050 207 169 1.22 6.5-7.0 (+) 62.0 - 66.0
AA-4060 185 162 1.1 6.5-7.0 (+) 90.0 - 93.0
Kaolin - - - 6.5-7.0 (-) 18.0-20.0

It can be readily seen that when the acrylamideéerdnn the copolymer is high, the

copolymer yields high molecular weight but low zptatential (AA-8020). Whereas,

the high content of cationic comonomer, APTMAC (4R60) gives higher zeta

potential due to the presence of high charge dewsitthe polymer and yields low
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molecular weight copolymer. The copolymer with ddaad ratio shows the values in
between both the AA-8020 and AA-4060. The partisiee of the polymer also
increases with the increase in APTMAC content. Tisisbecause the increased
APTMAC content will increase the charge on the pwdy. This leads to charge
repulsion and open coil confirmation of polymer nmgkit to increase in size. This

open coil confirmation is favourable for effectibmding to cause flocculation.
4.4.4 Flocculation of Kaolin

The flocculation efficiency of copolymers, AA-802BA-5050 and AA-4060 on
kaolin aqueous suspension was examined by measimenggansmittance on kaolin
suspension after the equilibrium flocculationd0 min). The kaolin bears a negative

charge on the surface in the pH range of 6.5 aidbexhibits the zeta potential of (-)

18 - 20.0 mV. The average size of kaolin particles ~1.0 um. The efficiency of

flocculation of kaolin suspension (3.0 wt %) wasdstigated at different dosages of

flocculants.

A typical set-up for the kaolin flocculation is stw in figure 3.7 of chapter-3. Figure-
3.7a shows the kaolin suspension before the additidlocculant which is stable and
looks milky. Upon addition of cationic flocculam initial stirring milky suspension
turns into a clear solution after stopping therisiiy (figure-3.7b). The kaolin particles
begin to settle at the bottom the transmittanceéhef clear solution was measured.

Similar experiments were carried out for differdnsages of flocculants.

Figure-4.5 shows the percentage transmittance alirkasupernatant liquid vs
different dosage of flocculants, AA-8020, AA-5050daAA-4060 taken at pH 7 and

at equilibrium flocculation time of 40 min.
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Figure-4.5: Transmittance of kaolin supernatant vs dosageoctillants after 40 min

of equilibrium flocculation

It can be revealed from the figure that, AA-4060wh nearly 95-98 % transmittance
at the dosage range of 3 - 5 ppm and remains cunsifal0 ppm. The AA-5050
showed 95 -98% transmittance at the dosage range &f ppm. Whereas, AA-8020
flocculant showed 95-98 % transmittance at the giesange of about 9 - 10 ppm.
Therefore, the optimum dosage levels for AA-4060A-2050 and AA-8020
flocculants for kaolin flocculation can be conselras 3.0 ppm, 4 ppm and 9.0 ppm,
respectively. These flocculants showed efficierdcdulation and the optimum

dosages were found to be quite low compared twdhees reported earliéf.

The AA-4060 flocculant contains more of cationidymoer and exhibits a high degree
of charge with high zeta potential (+ 93 mV). Instlease, the driving force for the
flocculation could be attributed to the charge radigation followed by bridging.
However, because of the high charge content of gblymer (AA-4060), the
possibility of some contribution of patch mechanimflocculation cannot be ruled
out. In case of flocculant AA-5050 where, the cleaigmoderate with moderate zeta
potential (+ 66 mV) has moderate molecular wei@7(Kg mol'). Here the driving

force for flocculation is charge neutralizationléeved by bridging. For the flocculant

AA-8020, higher dosage levet0.0 ppm) was required to get 95-98% transmittance
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in the flocculation. In AA-8020 flocculant, the ¢lga density is low (zeta potential +
55mV) but the molecular weight is high (275 Kg Mol Because of the high
molecular weight, the long polymer chain can getchied to a large number of kaolin
particles and the flocculation can occur througle thridging mechanism. The
requirement of more number of polymer chains fadding leads to high optimum
dosage for AA-8020. These observations clearlycaigi that charge density on the

polymer plays a dominant role in the flocculatidrkaolin suspension studied here.

We also measured the zeta potential of kaolin sigpent solution as a function of
different dosage of flocculants AA-8020, AA-5050daAA-4060. The results are

shown in figure-4.6.

60

+ AA-8020
o AA-4060
A AA-5050

50 -

40 -

30 -
20 -
10 -

0

Zeta potential (mV)

-10 4 Dosage (ppm)

-20 - ]

-30

Figure-4.6: Zeta potential of kaolin suspension supernatadiffgrent dosages after
equilibrium flocculation using AA-8020, AA-5050 aWdA-4060

It is observed that, the zeta potential of kaotiltuson changed from (-) 20 mV to (+)
50 mV with an increase in the dosage of flocculamtss is due to the fact that the
oppositely charged flocculants neutralized and diishied the surface charge of the
suspended kaolin particles resulting into the fdromaof kaolin flocs. However, it is
surprising to see from the figure-4.6 that the zmitential of the kaolin supernatant

did not reach zero value at 95% transmittance Herdptimum dosage of AA-8020,
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AA-5050 and AA-4060 flocculants. The zeta potenti@iues remained at (-) 10 to (-)
20 mV. This could be due to the presence of stiing very fine particles of
unneutralized kaolin present in the supernatanidig-urther, the kaolin fine particles
are partially or heterogeneously bound by flocctdda form micro flocs that cannot
settle down and hence they float and show reduetdpotential value.

At higher dosage content, the zeta potential vatvessed the zero value and attained
positive zeta potentials. These observations gleadicate that there seems to be a
broad flocculation regime and the possibility ofttbbacharge neutralization and

bridging mechanism followed for the flocculation.

It is also observed form the figure, that the desagt which the zeta potential is zero
for AA-8020, AA-5050 and AA-4060 were 16, 12 and @om respectively. These
dosages are more than 3-4 times higher than thewpt dosage. At optimum dosage
more than 95 % clarity or kaolin was flocculatedl dhat supernatant water can be
reused to suspend kaolin for the next cycle of ikawlining. This will enormously

improve the economy and efficiency of the recoyacess.
4.4.5 Kinetics of flocculation

In order to understand the kinetics of flocculatiame measured the percentage
transmittance of kaolin suspension as a functiotiroé for flocculants, AA-8020,
AA-5050 and AA-4060 at their optimum dosage andifierent dosages. Figure-4.7
shows the results of % transmittance vs time foedahlocculants at their optimum
dosage. The figures 4.8 to 4.10 shows the restifis mansmittance vs time for three
flocculants at different dosages.
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Figure-4.7: Kinetics of flocculation at optimum dosage
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Figure-4.8: Kinetics of flocculation at different dosages of 8820
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Figure-4.10: Kinetics of flocculation at different dosages of AR60

It is clearly seen that 95 - 98% transmittance @¢du¢ achieved within 3 min of
flocculant addition to the kaolin suspension atrthespective optimum dosages of
flocculants. The AA-4060 flocculant gave maximumt@nsmittance at an optimum
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dosage of 3 ppm. These studies indicate that tlaegehon the flocculant (zeta
potential) plays a dominant role compared to madécweight for the efficient

flocculation of Kaolin suspension.

From figure-4.8 to 4.10, it can be seen that theades prior to the optimum dosage
also shows reasonably good % transmittance, whdicates that the flocculants
have a broader flocculation range.

4.4.6 Floc characterization
4.4.6.1 Initial settling rate (1 SR)

Figure 4.11 shows the interface height vs timdlfmrculants AA-4060, AA-5050 and
AA-8020 at their optimum dosage levels of 3, 4 &dpm respectively. It can be
readily seen that, the interface height decreamgislly within the first 100 seconds
and remains almost constant after 250 seconddl fiveaflocculants. This predicts the
initial settling rate of~0.1cm § for the flocculants. These observations clearlyeatv

that AA-4060, AA-5050 and AA-8020 flocculate kaoBnspension very rapidly.
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Figure-4.11: Initial settling rate of AA-4060, AA-5050 and AA-20
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4.4.6.2 Filter Cake Moisture Content (FCMC)

Figure-4.12 shows the results of FCMC for AA-40831-5050 and AA-8020 at
different dosages. The FCMC of AA-4060, AA-5050 aA@#-8020 remained
independent with respect to dosage in the rang2 tof 10 ppm used in this work.

However, the earlier reports indicate a decreaseCNC with an increase in dosage

levels when the dosage levels are quite highQ(to 50 ppm). We observed a very

small change in FCMC with these low dosage levBlsvertheless, these small
dosages (2-10 ppm) were found to be efficient@edulation and gave more than 95
% transmittance in the flocculation process. ThéMBCof AA-4060 showed slightly
higher FCMC to AA-8020 and AA-5050, which could &t¢ributed to the high charge
in the polymer which results into increased hydilgty of flocculant and absorbs
more moisture. The AA-5050 showed less FCMC vahaa thoth AA-8020 and AA-
4060; this may be because AA-5050 has lesser maleaeight than AA-8020 and
lesser charge than AA-4060 hence the water reteitess.
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Figure-4.12: Filter cake moisture content study of AA-4060, ABS® and AA-8020

at different dosages
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The visual observation of the filter cakes after flocculation using AA-4060, AA-

5050 and AA-8020 at different dosages was made pinudographs are shown in
figure-4.13.

Figure-4.13: Photographs of filter cakes after flocculation ainging for AA-4060
(a-d) AA-5050 (e - h) and AA-8020 (i-1)

It is observed that, as the dosage increase, ttfacsuof the filter cake becomes

smoother and softer. This could be due to the foomaof dense flocs at higher
dosages of flocculant.
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4.4.6.3 Optical microscopic studies

The optical microscopy was performed on kaolin dlagbtained under different
dosages of AA-4060, AA-5050 and AA-8020 flocculant®e optical micrographs

are shown in figure-4.14. Kaolin suspension withany flocculant does not show the
flocs and one can see a uniform suspension [figuré-(a)]

Y,

Figure-4.14: Optical micrographs of kaolin flocculation at diféat dosages Kaolin
(@), AA-4060 (b-d), AA-5050 (e-g) and AA-8020 (h-j)

However, upon flocculation, kaolin flocs are obselwery clearly and the floc size
increases with the dosage of flocculant. The oleskoptimum dosages of 3, 4 and 9
ppm for flocculants AA-4060, AA-5050 and AA-8020spectively show more than
95 % transmittance in the supernatant liquid afterfloc formation. This is visible in
the micrographs of figure-4.14 (b), (e) and (j).

Savitribai Phule Pune University 71 CSIR-National Chemical Laboratory



Chapter-4 Flocculation of kaolin using AM-co-APTMAC

45 Conclusions

In conclusion, we have shown that the cationicdidants based on the copolymer of
acrylamide (AM) and 3-acrylamidopropyltrimethylammnam chloride (APTMAC)
efficiently flocculates kaolin from aqueous solutioDepending on the ratio of
monomers, the copolymers could be obtained witfeiht molecular weight and
zeta potentials which are very important propertieguired for good flocculation.
The optimum dosages for maximum flocculation werentl to be 3.0, 4.0 and 9.0
ppm for AA-4060, AA-5050 and AA-8020 copolymersspectively. The minimum
time required for maximum flocculation was deterednto be 3-4 minutes in the
laboratory scale. The copolymer (AA-4060) with higbta potential gave the best
flocculation efficiency. The floc characterizatioras performed interms of floc size
and FCMC. Based on the results it was proposedtiigatharge neutralization and
bridging are the main mechanisms for driving thecdulation. These copolymers

show great promise in the flocculation of kaolionfr aqueous streams in industries.
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SYNTHESIS OF CHITOSAN GRAFT
COPOLYMER FLOCCULANTS

CHAPTER-5

In this chapter we report on the graft polymer@atof chitosan with APTMAC. The
feed weight ratio of APTMAC was varied to get di#nt graft copolymers. The
characterization of graft copolymer was done usiWMR, GPC and zeta potential
measurements. The flocculation efficiency was swidising kaolin suspensions. The
flocs were characterized by FCMC, ISR and opticatroscopic analysis. The

flocculation efficiency was correlated to chargel amlecular weight of the polymer.




Chapter-5 Synthesis of chitosan graft co-polymers

5.1 Introduction

The use of biopolymers for flocculation applicagomas been practiced since many
decades. The bio polymer based flocculants mosty polymers such as stafch
cellulos&™®, chitosar®™*° Pullulart®’, guar gum® 2% natural guni$?* etc. The
advantage of using chitosan over other biopolyneethat it is not a feedstock for
humans and animals and hence will not depletedbé $ource. The other advantages
of using chitosan are, it is biodegradable, noriet@nd environmental friendy*°
Chitosan is the second largest available carbolkggralymer on earth next only to
cellulose and is available in plenty at lesser .c$te use of chitosan alone as
flocculant is not very effective for flocculatinga@élin because of working pH
limitations and also due to low molecular wefgfit One of the major drawbacks of
using chitosan is its solubility, because of irged intra molecular hydrogen bonding,
chitosan dissolves only in acidic solution of plddehan 5. At this acidic pH, there is
a possibility of increased degradation of chitogdnch results in reduction of its
molecular weight and hence the flocculation effici¢?. The flocculant based on
chitosan graft polymer which is also soluble in tdnd above is preferred to avoid
its degradation and loss of flocculation efficien@hemical modification of chitosan
by grafting, using vinyl monomers and monomers wi#tionic charge has been
reported®**273273% The grafting improves the solubility of chitoshy interrupting
the inter and intra molecular hydrogen bonds. Hudresses the issue of solubility
and charge on chitosan for efficient flocculatidre graft polymers are partially
biodegradable because of the polysaccharide baekbod are stable for shearing
since the presence of flexible synthetic polymaimchs grafted onto a rigid or semi-
rigid polysaccharide backbone. This flexible grdftain helps in adsorption to the
colloidal particles, improving the flocculation efency. There are many methods to
graft chitosan but potassium persulfate induceé fizdical polymerization yields
better grafted chitosan flocculants which are gasiluble in water. The other
methods such as gamma radiation induced graftisglteein graft polymers having
lesser solubility in watéf. There are many cationic monomers grafted ontmsai.
The use of (2-methacryloyloxyethyl)trimethylammamiwchloride (MOETMAC) has
been reported by Jian-Ping Wang ét'#l The chitosan grafted MOETMAC shows
broader pH flocculation range but has a limitecubiity in water. The grafting of
both acrylamide and MOETMAC was also repotteavherein, the acrylamide
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monomer contributes to increase the molecular weigh the MOETMAC enhances
the charge density. The use of 3-acrylamidopropanethylammonium chloride
(APTMAC) for grafting onto chitosan and its apptioa for kaolin recovery is not

reported to the best of our knowledge.

In this work, we have synthesized cationic chitoflanculants based on the graft
copolymerization of chitosan (Chi) with cationic nmmer (3-Acrylamidopropyl)
trimethylammonium chloride (APTMAC) for flocculatmoof kaolin suspension and
demonstrated an efficient flocculation in very sha@lsages (2-4 ppm) of flocculants.
The chemical structure of the graft copolymer watednined usingH and**C NMR
spectroscopy. The flocculation efficiency was claterd to the zeta potential and
molecular weight of the copolymer. The charactéiares of flocculants in terms of
filter cake moisture content (FCMC), initial setti rate (ISR) and optical
micrographs of kaolin suspension were studied amckelated to the flocculation of

kaolin suspensions.
5.2 Experimental

5.2.1 Materialsand M ethods

Chitosan (Chi), 3-Acrylamidopropyltrimethylammoniuchloride (APTMAC) (75

wt-% aqueous solution), potassium persulfate weoeyred from Aldrich, USA and
were used as received. Deionized water (condugtzB55 pS ci at 25° C) (TKA

instruments, GmbH Stockland) was used for all thactions. Laboratory grade
acetone was purchased from Rankem, Mumbai, Ind&liK was procured from
Thomas Baker Chemicals, Mumbai, India. Chromatdagyagrade acetic acid was
obtained from Sisco Research Laboratory, MumbalialnAnalytical grade sodium
acetate was procured from Sd-fine chemicals, Mumbadia and was used as

received.
5.2.2 Synthesis of cationic flocculant: chitosan grafted with APTMAC

Cationic flocculants were prepared by grafting APA® onto chitosan using
Potassium persulfate as an initiator. The freeceddvas generated on the chitosan
backbone, which eventually polymerizes the APTMAGnomer into a graft chain.
In a typical reaction, 3 g accurately weighed cdato was transferred to a 500 ml
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capacity flanged double jacketed reactor, equippéd an overhead stirrer and a
temperature controlled circulating water bath. thes 300 ml of 1% acetic acid
aqueous solution was added (to obtain 1 Wt% chit@sdution). The solution was
stirred till chitosan was completely dissolved. Térgon gas was purged into the
solution for 30 min to remove any dissolved oxyg@éhen the temperature was
increased to 56° C and 120 mg ofS¥Og was added with continuous stirring with
continuous purging of argon gas. After 5 minuteshefaddition of KS,Og, required
amount of APTMAC monomer solution was added dropetfi This delayed addition
was performed to avoid possible homo polymerizattbrAPTMAC. The reaction
continued for 3 hours. The copolymer was recovénggrecipitation in acetone and
dried in a vacuum oven at 40° C. Three graft capels with different feed ratios (wt
%) of APTMAC and chitosan (Chi: APTMAC; 1:3, 1:5ci:8) were prepared and
denoted as CA-1:3, CA-1:5 and CA-1:8, respectivélye chemical structure of the
copolymers was characterized usitiyand*C NMR spectroscopy. The molecular
weights of the copolymers were determined using pggmeation chromatography
(GPC).

5.3 Characterizations

5.3.1 Gel permeation chromatography (GPC)

The molecular weight (MW) of copolymers was deteraoi using Agilent 1200 GPC
with Shodex OH pak SB-800 series columns. The raophase used was 0.3 N
CH3COOH and 0.2 N CECOONa with a flow rate of 0.8 ml/min. 100 pl wa®th
sample injection volume. The GPC column temperattag maintained at 40° C, and

Pullulan standards were used for calibration.

5.3.2 Zeta potential and Particle size measurements

Zeta potential and Particle size measurements warged out at 25° C using
Brookhaven 90 plus particle size analyzer, USA. pblymer concentration used was
0.1 gdLh
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5.3.3NMR studies

The'H and**C NMR spectra of copolymers were recorded on Brukérd00 MHz

spectrometer. The samples were prepareg@ D
5.3.4 Flocculation test for kaolin

Kaolin (particle size [1) suspension in water (3.0 wt-%) was used for ibectilation
test. Kaolin suspension was prepared by stirriraikaolution using overhead stirrer
at 400 rpm for 30 min. In a typical flocculatiomdy, to a 100 ml kaolin suspension, a
known volume of flocculant solution (1g*). was added and stirred for 5 min (with
300 rpm for first 2 min and at 100 rpm for 3 mirging an overhead stirrer, Heidolph
RZR 2012, Germany with cross blade impeller. A&anin, stirring was stopped and
immediately, 1 ml aliquot was drawn from the cenpartion of the solution. The
transmittance (%) was measured for this solutionguShimadzu UV-PC 1601 UV-
Vis spectrophotometer, Japan, in the kinetic mod&(® nm. This value of the
transmittance was taken as zero minute reading.sbhdion was allowed to settle
and the aliquots were drawn at a predetermined il min and transmittance was
measured. Then transmittance vs time was plottefthtbout the time required for
maximum transmission to occur. For the zeta paenteasurement, the supernatant
liquid was taken after 40 min of flocculation. Sibms with different dosages of

flocculant were examined.
5.3.5 Floc characterization

The procedures for floc characterizations were ntepoearlier in chapter-3 under
section 3.3.7 Iqitial settling rate (ISR) 3.3.7.1, Filter Cake Moisture Content
(FCMC) and optical microscopy studies 3.3.7.2)
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5.4 Results and Discussion

5.4.1 Synthesisand characterization of flocculants

Chitosan is structurally similar to cellulose, btthas amino (-NKH) groups and

acetamido (-NHCOCE) groups at the £position of the anhydroglucose unit (AGU).
These functional groups help in the chemical modifon of chitosan to improve its
solubility and widen its applications. Among varsomethods, graft copolymerization

is the most attractive and a large number of vimgnomers have been graft

copolymerized onto chitosan using free radicalatii@n ory-irradiation techniques.

In the chitosan grafted copolymers, the rigid nmatof chitosan can give a more
extended conformation in solution along with a hidrarge density. On the other
hand, the grafted polymer chain gives flexibilibythe overall polymer. Chitosan is a
unique polysaccharide with a positive charge irsitacture in the acidic medium and

helps in synthesizing cationic flocculants.

Grafting of cationic monomers onto chitosan canasick the charge density of the
copolymer which is generally a desired parameterafo efficient flocculant. In this
work, a cationic monomer namely 3-acrylamidoprop@methylammonium chloride
(APTMAC) was chosen to graft copolymerize onto @sén due to its high reactivity
ratio®®3® Copolymers with different contents of APTMAC (@san: APTMAC
W1t% 1:3; 1:5 and 1:8) were synthesized and denase@A-1:3, CA-1:5 and CA-1:8
respectively. The reaction pathway for the synthesichitosan-g-APTMAC is shown
in scheme-5.1. The quantitative yields of the gcaijpolymers CA-1:3, CA-1:5 and
CA-1: 8 were 42, 43, and 56% respectively.

Chitosan

APTMAC H,C CH

Scheme-5.1. Reaction scheme for the synthesis of chitosan-gMMRT copolymers
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5.4.2 Chemical structure by NMR spectroscopy

We show in figure-5.1, thtH NMR spectrum of representative CA-1:8 and chitosa
The methyl (-CH) proton peaks of APTMAC appear at 3.3 ppm andikéhylene (-
CHy- ) protons of APTMAC attached to nitrogen atomegpeaks in the range of 3.2—
3.3 ppm. The methyl (-CHi proton peak of the acetyl group of N-acetyl gkamine
appears at 2 ppm, the proton peak fgroHchitosan appear at 3.0 ppm and the proton
peaks for ring H to Hs of chitosan appear at 3.5 - 3.8 ppm. All the ctimrstic
peaks of the graft copolymer assigned match wihlbseé reported in the

literaturg®404
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Figure-5.1: 400MHz *H NMR spectrum for chitosan and CA-1:8

Figure-5.2 shows the representatid& NMR spectrum of CA-1:5 and chitosan. The
methyl (-CH) carbons of APTMAC appear at 53.1 ppm and the péakmethylene
(-CH2-) carbons of APTMAC attached to amide nitnoggpear at 36.5 ppm and
methylene (-CkH) carbon of backbone chain of APTMAC appears ab 3pm. The
methylene (-CH) carbon of APTMAC attached to nitrogen gives akpat 64.1 ppm
and peak for methylene (-GHl carbon next to carbon attached to nitrogen, appe
22.5 ppm. The carbons of the chitosan ring C5, @8@9 appear at 56.1, 71.7 and at
74.8 ppm respectively. The C6 carbon appears atpim. Both théH and*C NMR
spectra confirm the chemical structure of the gecaipolymer in comparison with

chitosan.
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Figure-5.2: 400 MHz**C NMR spectrum of chitosan and CA-1:5

Figures 5.3 and 5.4 show tHel and **C stacked NMR spectra of all the three
compositions respectively (CA-1:3, CA-1:5 and CA&)1The combined stack plots of

the NMR spectra clearly indicate the successiveease in the intensities of the peaks

for APTMAC with increase in its feed weight %.
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Figure-5.3: 400 MHz'H NMR spectra of CA-1:3, 1:5 and 1:8
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Figure-5.4: 400 MHz*C NMR spectrum of CA-1:3, 1:5 and 1:8
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5.4.3 Molecular weight and zeta potential

The molecular weight and zeta potential of the tgcafpolymers were determined
using GPC and particle size analyzer, respectivEble-5.1 shows the molecular

weights and zeta potential of CA-1:3, CA-1:5 and-CA& samples.

Table-5.1: Molecular weight and Zeta potential of copolymers

My Mn PDI Zeta potential

Samples pH

(Kg mol™) (Kg mol™) (My/M,) (mV)
CA-1:3 408 285 1.4 6.0-7.0 (+) 32.0 - 35.(
CA-1:5 790 229 3.4 6.0-7.0 (+) 50.0 - 53.4
CA-1:8 826 316 2.6 6.0-7.0 (+) 55.0 - 58.(
Kaolin - - - 6.0-7.0 (-) 18.0-20.0
Chitosan 375 - - - -

It can be seen from table-5.1 that when the APTMd@tent in the graft copolymer
increases, the molecular weight and zeta poteinttatases from CA-1:3 to CA-1:8.
The higher content of APTMAC in graft copolymer (€/8) shows higher zeta
potential value. The patrticle size of the polymksoancreased with the increase in
APTMAC content. This can be attributed to the egmhcoil conformation as a result
of the repulsion in the like charges of the polyraeilangement by the presence of
APTMAC. This extended coil confirmation is favoulalfor effective binding to

cause efficient flocculation.
5.4.4 Flocculation of Kaolin
The flocculation efficiency of graft copolymers, €A3, CA-1:5 and CA-1:8 on

kaolin aqueous suspension was examined by meastimengransmittance on kaolin
suspension after the equilibrium flocculationd0 min). The kaolin bears a negative
charge on the surface in the pH range of 6.5 aiddexhibits the zeta potential of (-)
18 - 20.0 mV. The average size of kaolin particles ~1.0 um. The efficiency of

flocculation of kaolin suspension (3.0 wt %) wasdstigated at different dosages of
flocculants.
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A typical set-up for the kaolin flocculation is stw in figure 3.7 of chapter-3. Figure-
3.7a shows the kaolin suspension before the addifidlocculant, which is stable and
looks milky. Upon addition of cationic flocculantné initial stirring, milky

suspension turns into a clear solution after stogppghe stirring (figure-3.7b). The
kaolin particles begin to settle at the bottom. Titamsmittance of the clear solution
was measured. Similar experiments were carried fout different dosages of

flocculants.

Figure-5.5 shows the percentage transmittance alirkasupernatant liquid vs
different dosages of flocculants, CA-1:3, CA-1:5dabA-1:8 taken at pH 7 and at

equilibrium flocculation time of~ 40 min.

100 - O
80 -
Q
3]
c i e CA-1:3
£ 60-
£ —o—CA-1:5
& —o—CA-1:8
5
= 40 -
X
20 Optimum dosage
1o
0 I ' 1 ' 1 ! 1 ' 1 i |
10 20 30 40 50

Dosage (ppm)

Figure-5.5: Transmittance of kaolin supernatant vs. dosag®otilants after 40

min of equilibrium flocculation

It can be clearly observed from the figure that,-C8 shows more than 90 %
transmittance at the dosage range of 2 - 6 ppmr@ndins constant till 20 ppm. After
20 ppm, the % transmittance reduced with the furtherease in flocculant dosage.
This is due to the colloidal restabilization. CAlalso shows more than 90%

transmittance at the dosage range of 2 - 6 ppmrenéins constant till 40 ppm.
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The % transmittance decreases after 40 ppm whidhbesto colloidal restabilization.
Whereas, CA-1:3 flocculant showed more than 90 &fsimittance in the dosage
range of about 4 - 10 ppm and remains constar@ilppm and showed no colloidal
restabilization. This could be attributed to lessbiarge on the CA-1:3. These
observations clearly show that the charge on thenper is directly proportional to
the feed weight ratio of APTMAC, which is furtherigenced by NMR studies. The
optimum dosage levels for CA-1:3, CA-1:5 and CA-Tl8cculants for kaolin
flocculation could be considered as 2.0 ppm, 2.0 @nd 4.0 ppm, respectively.
These flocculants showed efficient flocculation &nel optimum dosages were found

to be significantly lower compared to the valugsoréed earlief*>°

The CA-1:8 and CA-1:5 flocculants contain more &FIBMAC polymer and exhibit a
high degree of charge with high zeta potential ¢+t® 60 mV). In this case, the
driving force for the flocculation could be attried to the charge neutralization
followed by bridging. However, the possibility ofeetrostatic patch mechanism in

flocculation cannot be ruled out as there is aoiddll restabilization at higher dosage.

For the flocculant CA-1:3, higher dosage level(0- 8.0 ppm) was required to get

95-98% transmittance in the flocculation. In CA-fliculant, the charge density is
low (zeta potential + 32 mV) and also the molecwiaight is low (408 Kg mal).
Because of the lower charge density and low maodecwieight more flocculant is
needed to cause flocculation. These observatiaalglindicate that charge density

on the polymer plays a dominant role in the kafibboculation.

We also measured the zeta potential of kaolin sigpent solution as a function of
different dosage of flocculants CA-1:3, CA-1:5 dD4-1:8. The results are shown in
figure-5.6.
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Figure-5.6: Zeta potential of kaolin suspension supernatadiffgrent dosages after
equilibrium flocculation using CA-1:8, CA-1:5 andhcl:3

It is observed that the zeta potential of kaolituson changed from (-) 20 mV to (+)

50 mV with an increase in the dosage of flocculamtss is due to the fact that the
oppositely charged flocculants neutralize and dishinthe surface charge of the
suspended kaolin particles resulting into the fdromaof kaolin flocs. However, it is

interesting to note from the figure-5.8 that théazeotential of the kaolin supernatant
did not reach zero value at 95% transmittancelferoptimum dosage of CA-1:8, CA-
1:5 and CA-1:3 flocculants. The zeta potential galeemained at (-) 10 to (-) 20 mV.
This could be attributed to the presence of smadingjties of very fine particles of

unneutralized kaolin present in the supernatanidig-urther, the kaolin fine particles
are partially or heterogeneously bound by flocctdda form micro flocs that cannot

settle down and hence float and show reduced ¢l value.

At higher dosage content, the zeta potential vatvessed the zero value and attained
positive values of zeta potential. These obsermatiearly indicate that there seems
to be a broad flocculation regime and the possjbaf both charge neutralization and

bridging mechanism for driving the flocculation.

It is also observed form the figure that the dosaafewhich the zeta potential is zero
for CA-1:8, CA-1:5 and CA-1:3 were 30, 40 and 58mprespectively. These dosages
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are more than 10 times higher than the optimum gisat optimum dosage, more
than 95 % clarity or kaolin was flocculated andt thapernatant water can be reused
to suspend kaolin for next cycle of kaolin minifidnis can enormously improve the

economy and efficiency of the recovery process.
5.4.5 Kinetics of flocculation

In order to understand the kinetics of flocculatitime percentage transmittance of
kaolin suspension as a function of time were meakstor flocculants, CA-1:8, CA-
1:5 and CA-1:3 at different doses and also at thygiimum dosage. Figure-5.7 shows
the results of % transmittance vs time for threedlulants at their optimum dosage
and figure-5.8 to 5.10 shows the % transmittancaime for three flocculants at

different dosages.
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Figure-5.7: Kinetics of flocculation of CA-1:8, CA-1:5 and CA3lat optimum

dosage
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Figure-5.8: Transmittance of kaolin supernatant vs. time of CA-
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Figure-5.9: Transmittance of kaolin supernatant vs. time of CB-
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Figure-5.10: Transmittance of kaolin supernatant vs. time of C8-

It is clearly seen that, 80 - 85% transmittancelatdie achieved within 10 min of
flocculant addition to the kaolin suspension atrtihespective optimum dosages of
flocculants. At the end of 40 min, the % transmmit& reached to 90%, which
indicated a bridging mechanism for the flocculati®he initial phase of time during
flocculation is involved in charge neutralizationdalater the bridging occurs for the
effective flocculation. The % transmittance incesaswith time indicating that
bridging occurs with time. Further the high molesulveight of the polymer also
contributes to the bridging. Both CA-1:8 and CA-fj&@ve maximum % transmittance
of more than 90% at an optimum dosage of 2 ppms Thibecause the charge
required to neutralize the kaolin particles is jsistficient in CA-1:5 and the bridging
mechanism causes the increase in % transmittafeeiriCreased charge density in
CA-1:8 resulted in 90 % transmittance in a shoneti These studies indicate that both

charge and molecular weight play important roléhim efficient flocculation.
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5.4.6 Floc characterization
5.4.6.1 Initial settling rate (ISR)

Figure-5.11 shows the interface height vs. timefl@cculants CA-1:8, CA-1:5 and
CA-1:3 at their optimum dosage levels of 2, 2 angpn respectively. It can be
readily seen that the interface height decreagadlyawithin the first 100 seconds
and remains almost constant after 250 seconddl fitvesflocculants. This predicts the
initial settling rate of~0.1cm § for the flocculants. These observations clearlyeatv

that CA-1:8, CA-1:5 and CA-1:3 flocculate kaolirspension very rapidly.
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Figure-5.11: Initial settling rate of CA-1:8, CA-1:5 and CA-1:3
5.4.6.2 Filter Cake Moisture Content (FCMC)

Figure-5.12 shows the results of FCMC for CA-1:8-C5 and CA-1:3 at different
dosages. The FCMC of CA-1:8, CA-1:5 and CA-1:3 rema independent of dosages
in the range of 2 to 10 ppm. However, the earkgorts indicate a decrease in FCMC
with an increase in dosage levels when the dosagssl are quite high~40 to 50

ppm). We observed a very small change in FCMC \ligse low dosage levels.

Nevertheless, these small dosages (2-10 ppm) wewedf to be efficient in
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flocculation and gave more than 95 % transmittanade flocculation process. The
FCMC of CA-1:8 showed slightly higher FCMC to CAsland CA-1:3 which could
be attributed to the high charge and molecular keig the polymer which results
into increased hydrophilicity of flocculant and aldss more moisture. Further, the
FCMC is in the decreasing order with decreasing MRT content. This clearly

shows that charge on the polymer and moleculariweédluences the FCMC.
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Figure-5.12: Filter cake moisture content study of CA-1:8, CA-and CA-1:3 at

different dosages

The visual observation of the filter cakes aftex flocculation using CA-1:8, CA-1:5

and CA-1:3 at different dosages was made and phagibg are shown in figure-5.13
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Figure-5.13: Photographs of filter cakes after flocculation ainging for CA-1:3 (a-
d) CA-1:5 (f - i) and CA-1:8 (j-m)

It is observed that, as the dosage increase, ttiacsuof the filter cake becomes
smoother and softer. This could be due to the foonaof dense flocs at higher

dosages of flocculant.

5.4.6.3 Optical microscopic studies

The optical microscopy was performed on kaolin $laabtained under different
dosages of CA-1:8, CA-1:5 and CA-1:3 flocculanthieToptical micrographs are
shown in figure-5.14. Kaolin suspension without dlogculant does not show the

flocs and one can see a uniform suspension [fi§uté-(a)]
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Figure-5.14: Optical micrographs of kaolin flocculation at diféat dosages Kaolin
(@), CA-1:3 (b-d), CA-1:5 (e-g) and CA-1:8 (h-j)

However, upon flocculation, kaolin flocs are obserwery clearly and the floc size
increases with the dosage of flocculant. The oleskoptimum dosages of 2, 2 and 4
ppm for flocculants CA-1:8, CA-1:5 and CA-1:3 resfreely show more than 95 %
transmittance in the supernatant liquid after fbe formation. This is visible in the
micrographs of figure-5.16 (c), (f) and (i).
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5.5 Conclusions

In conclusion, we have shown that the cationic didants based on the graft
copolymer of chitosan and 3-acrylamidopropyltrimggimmonium chloride

(APTMAC) efficiently flocculates kaolin from aqueswsolution. Depending on the
ratio of monomers, the graft copolymers could btaioled with different molecular
weight and zeta potentials, which are very impdrfaoperties required for efficient
flocculation. The optimum dosages for maximum fldation were found to be 2.0,
2.0 and 4.0 ppm for CA-18, CA-1:5 and CA-1:3 gmapolymers, respectively. The
minimum time required for maximum flocculation waetermined to be 4-10 minutes
in the laboratory scale. Both the copolymers CA-ar8l CA-1:5 gave the best
flocculation efficiency. The floc characterizatioras performed in terms of floc size
and FCMC. Based on the results it was proposedtiigatharge neutralization and
bridging are the main mechanisms for driving thecdulation. These graft
copolymers show great promise in the flocculatibRawlin from agueous streams in

industries and are biodegradable and environméreably.
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SUMMARY AND CONCLUSIONS

CHAPTER-6

In this chapter summary and conclusions of the thesis work are discussed.




Chapter-6 Summary and conclusions

The main objective of this thesis work was to synthesize and characterize efficient
flocculants for kaolin flocculation. Accordingly, flocculants based on copolymers of
acrylamide and cationic functional monomers such as DADMAC and APTMAC and
graft copolymers of chitosan and APTMAC were synthesized and evaluated for kaolin
flocculation. Acrylamide monomer was selected because of its inherent property of
yielding high molecular weight and the cationic monomers impart cationic charge to
the flocculant, which are the most essential parameters for an efficient flocculant.
Chitosan, a biopolymer grafted with APTMAC vyielded partially biodegradable
flocculant. These flocculants were tested for their molecular weights and charge
density and examined for flocculation of kaolin suspensions. Kaolin is an important
industrial mineral which has wide applications in industry. This was the motivation

behind synthesizing efficient flocculants for kaolin separation.

In the first chapter a detalled literature survey on flocculants, importance of
flocculants in industrial separations is presented. Various mechanisms which drives
the flocculation and factors which influence the flocculation were explained.
Classification of flocculants based on their structure and source was given. Mgor
focus was given on flocculants used for kaolin separation. In view of the
environmental issues, the importance and use of biopolymer based flocculants were
discussed. Particular emphasis was given on chitosan based flocculants. Different
methods used to study flocculation such as jar test and settling test was explained, and
also the floc characterization methods such as FCMC and ISR were el aborated.

In the second chapter, the scope and objectives of the work in terms of design and

synthesis of new and efficient flocculants for kaolin floccul ation were given.

The third chapter dealt with synthesis of copolymers of acrylamide and DADMAC at
different molar composition. The characterizations in terms of chemical structure and
composition was performed using *H and **C NMR spectroscopy. The molecular
weights and zeta potentials were determined using GPC and Zeta sizer. The
flocculation efficiency was tested on kaolin suspension and the optimum dosages
were evaluated. The optimum dosages of flocculants AD-4060, AD-5050 and AD-
8020 were found to be 8 , 10 and 14 ppm, respectively. The flocs were characterized
in terms of FCMC and optical microscopy. The flocculation efficiency was correlated

to the molecular weight and charge on the flocculant.
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In the fourth chapter, the copolymerization of acrylamide and APTMAC was
discussed and copolymers with three different monomer compositions were
synthesized. The chemical structure of the copolymers was confirmed by *H and *C
NMR spectroscopy. The molecular weight and zeta potential were determined by
GPC and zetasizer. The flocculation efficiency was tested on kaolin suspension and
the optimum dosages were determined. The optimum dosages for flocculants, AA-
4060, AA-5050 and AA-8020 were found to be 3 , 4 and 9 ppm respectively. The
flocs were characterized in terms of FCMC and optical microscopy. The flocculation
efficiency was correlated to the molecular weight and charge on the flocculant, the
mechanism of flocculation was discussed in terms of charge neutralization and
bridging. To the best of our knowledge this copolymer system was used for the first
time for the kaolin flocculation and found to be efficient.

The fifth chapter dealt with the synthesis of biopolymer chitosan grafted APTMAC
copolymers. The composition of APTMAC was varied and three graft copolymers
with different APTMAC content were synthesized. The chemical structure of the graft
copolymers was characterized by *H and *C NMR spectroscopy. The molecular
weight and zeta potential values were determined. The flocculation efficiency was
tested on kaolin suspension and the optimum dosages were determined. The optimum
dosage of flocculants CA-1:8, CA-1:5 and CA-1:3 were found to be 2, 2 and 4 ppm
respectively. The flocs were characterized in terms of FCMC and optical microscopy.
The flocculation efficiency was correlated to the molecular weight and charge on the

flocculant.

We have successfully synthesized and characterized flocculants based on acrylamide
copolymers and chitosan graft copolymers and demonstrated their applications in
kaolin separation. Besides kaolin these flocculants also have a great potential in other

industrial solid liquid separations by flocculation.
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Abstract

The objective of this thesis is to synthesize amaracterize an efficient flocculant for
the separation of an industrially important mingkalolin. Flocculants are an integral
part of many industrial separations and waste waeatment. Kaolin is a mineral
clay which has wide applications in ceramics, pastdctronics and biomedical fields.
In view of its wide range of applications, kaoligpsiration by flocculation is very

important.

Flocculation is a phenomenon of colloidal destahtion. Flocculants act on a
molecular level on the surface of particles to mdthe repulsive forces and increase
the attractive forces. By the addition of flocculgim ppm), finely divided or
dispersed particles aggregate together to fornsflaica bigger size, which makes
them to settle faster, effecting good separaticariodis parameters that influence the
efficiency of flocculation are polymer molecular iglet (MW), charge density,
polymer concentration, polymer dimension in solufithe presence of electrolytes
etc. Depending on the source and nature of chdlgegulants are classified into
organic and inorganic; synthetic and natural; aiciocationic and neutral flocculants.
There are different mechanisms proposed for theedi@tion which include bridging,
charge neutralization and electrostatic patch ma&lgiough there are few reports on
the flocculation of kaolin mineral, efforts arellskieing made to design and develop

new, efficient flocculants for kaolin separation.

In this context, a research work was undertakersywthesize and characterize
efficient flocculants based on acrylamide (AM) aaadtionic monomers such as
diallyldimethylammonium chloride (DADMAC) and 3-
acrylamidopropyltrimethylammonium chloride (APTMAG)r kaolin flocculation.

Further, in view of the environmental issues oftkgtic flocculants, a biopolymer
based flocculant namely chitosan-g-APTMAC graft @gmer was synthesized and
evaluated for kaolin separation. The flocculatidficency was correlated to the
structural characteristics of the flocculants sashmolecular weight, charge on the

flocculant. The plausible mechanism for driving fleeculation were discussed.

In poly(AM-co-DADMAC) system, the content of DADMA®@as varied in order to

obtain flocculants with different molecular weightsnd charge densities. The



chemical structure of the copolymer was confirmed ¥ and *C NMR
spectroscopy. The charge on the polymer was argilygezeta sizer. The molecular
weight was analyzed by GPC. The flocculation effimy was studied by measuring
the % transmittance of the supernatant liquid dfterculation. The zeta potential of
the supernatant kaolin suspension was measuredrtelate to the efficiency of
flocculation. These flocculants showed good efficie in flocculating kaolin
suspensions. The flocs formed were characterizegrims of filter cake moisture
content (FCMC), initial settling rate (ISR) and iept microscopy, which gve insight

in understanding the flocculation process.

Since the reactivity of APTMAC monomer was higheopolymers of AM and
APTMAC were synthesized and examined for kaolircdldation. The composition
of APTMAC was varied in the copolymer to obtain dtolants with varying
molecular weights and zeta potential. The floccgamere characterized by NMR,
GPC and zeta potential. The flocculation efficienegs evaluated using kaolin
suspension and the flocs were characterized instasfmFCMC, ISR and optical
microscopy. Efficient flocculation of kaolin at l@wvdosages was demonstrated with
poly (AM-co-APTMAC) cationic flocculant.

The use of chitosan as a backbone chain and gra®iPTMAC onto it yields a
partially biodegradable and environment friendigcttulant. The APTMAC content
was varied in the reaction feed to get differenaftgicopolymers with different
molecular weights and charge densities. The graftgmblymers were characterized
by NMR, GPC and zeta potential. The flocculatioficedncy was analyzed using
kaolin suspension and the flocs were characterizégfrms of FCMC, ISR and optical

microscopy.

The flocculation of kaolin could be achieved rapi@4 -10 min) with the lowest

dosages of 2 - 4 ppm in the jar test method. Adl flocculants synthesized and
characterized in this thesis showed efficient fidatton for kaolin separation and
have great potential in industrial separations.
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INTRODUCTION

CHAPTER-1

In this chapter we report on the literature sure¢yflocculants, factors affecting
flocculation, mechanisms of flocculation, variousctulants synthesized so far,
classification of flocculants. The characterizatidachniques for flocculants,

characterization of flocs and other factors assediavith flocculation are briefly

explained.




Chapter-1 I ntroduction

1.1 Introduction

Polymeric flocculants are an important class ofanals which hava wide range of
applicationssuch as mineral recove™ paper manufacturig, sugar cane juice

12-15 and several other

clarification”™, protein recovery from marine waste w
treatments of waste water in indust'®?”. Flocculants act on a molecular level
the surface of particles to reduce the repulsivee® and increase the attract
forces. By the addition of flocculant (in ppm),dig divided or ispersed particles a
aggregated together to form flocs a bigger size which makes the to settle
speedily,effecting good separation. Various paramethatinfluence the efficienc
of flocculation are polymer molecular weight (Mwgharge density, olymer

concentration, polymer dimension in solutiche presence of electrolytes

Depending on the soul, the flocculants can be classified into inorganid anganic

flocculants.The classification ishown in figure 1.1.

organic Inorganic
flocculants flocculants

A B

lonizable Non ionizable

1 1 |

Figure-1.1: Classification of flocculants

Inorganic flocculants have been in use for a vengltime and mostly include salts
multivalent metals such , alum, ferric chloride et¢*®?° The advantage of inorgar
flocculants is that they are cheap and easily abk, but they have sever
drawbacks. These atke requirement of large dosages to cause effifiectulation,
production of darge quantity of sludge as a-product,which is difficult to dispost

off. Further, inorganic flocculants are sensitieeptH and work for specific syster
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and do not flocculate very fine particles. Therefdhe use of inorganic flocculants is

almost abandoné®=2

Table-1.1 gives the details of some of the inorgdluicculants along with dosages

and working pH range.

Table-1.1: details of coagulant, dosage and working pH range

Coagulant Dosage(ppm) | pH range
Alum (KAI(SO4),12H,0) | 75 -250 45-7.0
FeCk 35-150 45-7.0
FeSQ- 7H,0O 70 - 200 40-7.0
Lime 150 - 500 9.0-11.0
Cationic poly electrolytes 2-5

Organic flocculants have a remarkable ability tawéiulate at very low concentrations
and have broad pH tolerance. Mostly, organic fltetis are polymeric and based on
the source they can be classified into (i) synthetiganic flocculants which are
synthesized from monomers such as acrylamide (Addjylic acid (Aa), ethylene
oxide (EO), Diallyldimethylammonium chloride (DADMB2), etc. These synthetic
polymers have advantages that they can be taildenta suit the end applications
and exhibit longer shelf life with higher stability microbial degradation. (ii) Natural
flocculants are derived from biopolymers such aisoshn, cellulose, alginates and
natural gums etc. Depending on the nature of treggehpresent on the polymeric
chain, these flocculants are further classified inationic, anionic and non-ionic
flocculants. Therefore, many of the flocculants pmyelectrolyte in nature. The
flocculants cause colloidal destabilization by agson onto a particle surface and
extend beyond one particle. By virtue of their &amgolecular weights, the chains
extend and bind to large number of particles. Tdreect choice of flocculant is key to

efficient flocculation.

Savitribai Phule Pune University 3 CSIR-National Chemical Laboratory
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1.1.1 Mechanism of flocculation:

Flocculation is a process of bridging destabilizetloidal particles together to allow
them to aggregate to a size where they will sélgravity. When polyelectrolytes
are added to the solution containing oppositelyrgdh particles, the electrostatic
attraction between them is considered to be thandyiforce for the adsorption and

the flocculation. A few mechanisms postulated BynJGregory in 1972**are:

* Bridging
» Charge neutralization

» Electrostatic patch model

1.1.1.1 Bridging

Bridging flocculation occurs when the same polymsegment is bound to more than
one particle thereby, bridging particles togetltleis kind of flocculation is found to

be more efficient and effective in causing solglld separation. The charged
polymer will adsorb on fewer sites onto the pagtistrface, and the long loop or tails
of the polymer is available for binding to neighbog particles. Figure-1.2 depicts

the bridging mechanism in the flocculation process.

6

- = = +
C—o

Figure-1.2: Bridging flocculation

For bridging to happen, the polymer chain shouldsddong that the extended loop
should reach neighbouring particle, that is attléas electrical double layer lengths.
The optimum dosage ranges from covering the 3@% Surface area of the particles;

generally, it is 30 to 35% surface area covering.

Savitribai Phule Pune University 4 CSIR-National Chemical Laboratory
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1.1.1.2 Charge neutralization

Charge neutralization is caused by a reductionléctec double layer repulsion

between particles due to the neutralization of gbsron the particles by oppositely
charged polyelectrolytes. Charge neutralization lsarcaused by multivalent metal
ions such as, Af, C&" and F&" or by low molecular weight polymer electrolytes.

The mechanism of charge neutralization is showiigure-1.3.

Neit‘ive charge

Col/:;d

Electrostatic
repulsion

Al+3

Al+3 —_——

Alzl+3 AP

‘ :_“_> -
— Alﬂw Al+3—— p—

Al+3

No electrostatic
repulsion

AIP

+3 Alﬂ

Figure-1.3: Charge neutralization flocculation

The amount of flocculant required would be higherehsince the required weight of

flocculant to neutralize is stoichiometric to tlo¢al available particle surface area.

1.1.1.3 Electrostatic patch model

In the electrostatic patch model, the highly chdrgelymer interacts with oppositely
charged particles as a patch and the net resithaae on the patch on one particle
surface can attach to the bare part of an oppgpstiearged particle again. This
mechanism may operate independently or in assogiatith bridging flocculation.
The mechanism of electrostatic patch model is shoviigure-1.4

Figure-1.4: Electrostatic patch flocculation

Savitribai Phule Pune University 5 CSIR-National Chemical Laboratory
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The efficiency of any flocculation process will @ty depend on several factors
including, the choice of flocculant type, dosagmic strength, total dissolved solids,
the size and distribution of colloidal particlessaspension. The effective flocculant
must have an extended and flexible (elastic) comdéigon in the solution to achieve
better particle bridging and to produce flocs cépald withstanding moderate shear
force without rupturing. The floc strength can lstireated from the Bingham shear
yield stress, which is a measure of the maximunsefgrer unit area that the floc
structure can withstand before rupturing. The patans that influence the
flocculation have been investigated and reportedityD. Graharft and Zhou and

Franks®. Amongst the several factors, Polymer moleculaighte Charge density,

Chain dimensions in solution, Polymer concentratioe the most important ones.

These serve as the guiding parameters for effifiectulation.

1.1.2 Polymer molecular weight:

Generally, high molecular weight polymer is desifed efficient flocculation. The
molecular weight should be high enough to overcdheetwo particle's electrical
double layer repulsion. The high molecular weightflocculant leads to bridging
flocculation. However, a very high molecular weigiita polymer can pose a problem
in solubility. This can result in a highly viscosslution that is prone to damage to
physical agitation. With very high molecular weighe filter cake moisture content
will also increase. Therefore, the optimization rablecular weight needs to be

considered.

1.1.3 Charge density on the flocculant:

Charge density on the flocculant is one of the ndrning forces for binding or
adsorption onto particle surfaces. Higher the chalgnsity better is the binding. A
very high charge density flocculant with low molkou weight can lead to
flocculation by the mechanism of the electrostpitch model. Excessive use of this
very high charge density flocculant might lead etiaidal restabilization.

A linear polymer with a randomly distributed charge the polymer surface can
strongly bind to the particles with increased agtaand might yield dense flocs. For

the graft copolymer, the binding can be weak anghtyield loose flocs.

Savitribai Phule Pune University 6 CSIR-National Chemical Laboratory
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1.1.4 Polymer configuration in solution:

The molecular architecture of the polymer is vamportant in flocculation. The
charge on the polymer stretches the chain duepalsien and form loops and tails.
The initial contact between particles occurs thiotlgese loops and tails. The number
and size of these loops and tails will determireedfiiciency of flocculation. A highly

stretched polymer chain can cause flocculationuindoridging.

1.1.5 Polymer concentration:

Polymer concentration for optimum flocculation isctled by the nature of the
mechanism that is operating in flocculation. If thechanism of flocculation is by
charge neutralization, it might require concentmatiwhich is stoichiometric to the
total surface area of the particles. This is redédyi higher and yields large flocs. If the
mechanism of flocculation is by bridging, where gadymer is binding to more than
one particle, then the concentration required ifatikely very low. If the
concentration is increased, flocculation might tshibm bridging to electrostatic
patch mechanism or to even to colloidal restatilira Hence polymer concentration

for flocculation is very important.

1.1.6 Methods of measuring flocculation

There are many methods used for measuring flodonlafficiency. Brostow et &.
Zheng et af and Kumar et &I, have reported the use of Jar test and settlistofae
measuring flocculation.

1.1.6.1 Jar test

In a typical Jar test, the solution of flocculatdded to the suspension of particles
to be separated. The dosage is in ppm, and thensyststirred at high speed for the
first 2 min and then followed by a slow stirring & min. The stirring was done using
an overhead stirrer with cross blades impellemsues uniform mixing. The timings
of rapid and slow stirring vary from system to gyst The rapid mixing was done to
mix the flocculant with colloids to form flocs. leatthe stirring was slowed down to
prevent any possible damage to the polymer and floened. Then the suspension
was allowed to settle and the supernatant liquid a@alyzed for turbidity either by
turbidity meter or by transmittance using UV-spestiopy. The transmittance method
can be used to measure the clarity of the superhitmid with respect to time to

Savitribai Phule Pune University 7 CSIR-National Chemical Laboratory



Chapter-1 I ntroduction

obtain the kinetics of flocculation. The supernatéiquid is also tested for the
changes in zeta potential; flocculation causes it Bhthe zeta potential of the

suspension. Figure 1.5 is a representative imagigeghar test for mineral clay, kaolin
separation.

Figure-1.5: a) overhead stirring of kaolin suspension, b) kablank, c) flocculated

kaolin

1.1.6.2 Settling test

In the settling test, a graduated cylinder with #topper is used. The suspension of
the colloid is filled into the cylinder and to théslution, the flocculant is added. The
mixing of the flocculant with particle is done byerting the cylinder multiple times.
The movement of interface, which separates thddigumd particles, which is also
known as mud-line, is monitored with time. The Inigf the interface with reference
to the graduations on the cylinder is recorded witte. This gives the velocity of the
particle settling and the initial settling rate RS The velocity increases with the
increase in floc size. This test is also used pragent normalized mud-line height
Hu/Hiw, where Hh is the height of mud-line at time t1 ang I8 the height of the mud-
line at time zert. Figure 1.6 is a representative image to medSiRe

Savitribai Phule Pune University 8 CSIR-National Chemical Laboratory
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Figure-1.6: Initial Settling Test 1) at time 0 and 2) after &

Further, the flocs thus formed are also charaadrizy various techniques, Chen et
al® have studied Filter cake moisture content (FCM@jch is the measure of
sludge conditioning efficiency. In this, the floésrmed after flocculation were
filtered through a 0.4b filter under a fixed vacuum for 30 min. Then thakes
formed were weighed before and after drying toudate FCMC. Optical microscopy
was also employed for studying flocs. Optical mézmpy images can be analyZed
for floc size. The floc characterization is impaottaand specific for industrial

applications.

1.1.7 Nature of colloids:

Most of the naturally occurring minerals or pdegand many industrial colloids and
effluents which need to be separated or floccularedanionic in nature and require
cationic flocculants. Therefore, there is a greamndnd for cationic flocculants for
efficient flocculation or separation processes.|&db2 gives examples of some of

the colloidal systems along with suitable floccusamsed for their separation.
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Table 1.2: Nature of colloids and the type of flocculantdise

Colloidal system Chargeon colloid | Flocculant used
protein Anionic Cationic
Kaolin clay Anionic Cationic
Water treatment Anionic Cationic
Copper floatation o o

B Cationic Anionic
tailing
Mixed mineral Oxidg o

N Anionic Cationic
tailing

Cationic and

Paper manufacturing Anionic
neutral

Lee et al®. have reviewed the use of various organic floausldor the treatment of

waste water. The details along with referenceshosvn in table-1.3

Table-1.3: Application of different flocculants for waste teatreatment

Type of water pH Flocculants Reference
range
Oily wastewater - Derivative of polyacrylamide (Polyl| Zhong et
from refinery and 3530S), polyacrylamide al*,
plant
Olive mill 5.5-6.7 | Four cationic (FO-4700-SH, FO-449( Sarika et
effluent SH, FO-4350-SHU and FO-4190-SK  al*®

and two anionic (FLOCAN 23 and A
934-SH) polyelectrolytes

Aquaculture 6.9-7.7 Cationic polyamine (Magnafloc LT | Ebeling et
wastewater 7991), cationic organic al*.
polyelectrolytes (Magnafloc LT 799
and 7995), cationic polyacrylamide
(Hyperfloc CE 854 and CE 1950),
copolymer of quaternary acrylate se
and acrylamide (Magnafloc 22S)
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Coal waste slurry 8.3 Polyacrylamide-based polymers | Sabah and
(anionic: Praestol 2515, Praestol 25  Erkari”
non-ionic: Magnofloc 351, cationic:
Praestol 857 BS)
Pulp and paper| 7.3-8.3 | Cationic (Organopol 5415, Organop| Wong et
mill wastewater, 5020, Organopol 5470, Organopol  al**,
5450, Chemfloc 1515C) and anioni
(Organopol 5540, Chemfloc 430A,
AN 913, AN 913SH) polyacrylamide

Simulated 7.0 Cationic Kang et
reactive dye polydiallyldimethylammonium al®.
wastewater, 6.6-7.8 chloride (PDADMAC)

Simulated dye Yue et af®.
liquor 11.2 Cationic polyamine
wastewater,

Actual printing

and dyeing
wastewater
Pulp and paper 7.0 Cationic Razali et
mill wastewater polydiallyldimethylammonium al’.
chloride (polyDADMAC)
Kaolin 7.0 Cationic lignin polymers Hasan et
suspension al*’.

1.1.8 Flocculation of Kaolin

Kaolin is an important mineral clay which has a &dtapplications in ceramics,
coatings, cement, manufacturing of paint thickeneegalysis, chemical carriers,
liquid barrier, paper coating, detergents “€t¢ Awad et al. have given
comprehensive information about the applicationslik&. In view of its importance
and wide range of applications, flocculation of lkaohas become extremely
important. Globally, large scale production of kads made by IMERYS, BASF,
Kamin, Thiele, AIMR, Sibelco and Smart stones.
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Kaolin is anionic clay and consists of silica amdmina along with minor
guantities of ferric oxide and titanium. The cheahicomposition of kaolin is
Al,Si,O5(OH), and has a layered structure with alumina octahestreéts and silica
tetrahedral sheets stacked alternately. See figarder the structure of kaolin. The
layered lattice structure is inert over wide pHgef

Net negatively charged basal surface

Fig-1.7: kaolin structure

1.1.9 Cationic flocculants:

Cationic flocculants can bind strongly to negatyveharged particles and have a wide
range of industrial applications in separation oioaic particles. There are quite a
few cationic flocculants prepared from natural ayhthetic polymers° Many
commercial flocculants are often based on poly Waaride) [PAM] and its
derivatives since acrylamide [AM] is one of the memactive monomers to undergo
radical polymerization. AM has a high ratio of paggation to termination constant
and as a result yields ultra-high molecular weigbtymers. A large number of

cationic flocculants are prepared from copolymeéiia of AM monomer with

guaternary ammonium salt containing monomers suchs a
Acryolyloxyethyltrimethylammonium chloride (AOETMAC
Methacryolyloxyethyltrimethylammonium chloride (MOEIAC), 3-
acrylamidopropanetrimethylammonium chloride (APTMAC
Diallyldimethylammonium chloride (DADMAC) and

vinylbenzyltrimethylammonium chloride (VBTMAC). Kuan et al. have reported on
the amylopectin and acrylamide based cationic anghateric flocculants for the

kaolin flocculatiori’
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1.1.10 Chitosan

A large number of synthetic flocculants currentBed for industrial separations are
non-biodegradable and toxic in nature and pose reewmvironmental issues.
Therefore, there is a major focus on design andeldpment of natural
polyelectrolytes or the modification of natural yelectrolytes as flocculants for
separation. In this context, biopolymers have eertrgs promising materials to
synthesize flocculants. Amongst the wide veritybaipolymers, chitosan, cellulose,
guar gum, starch, sodium alginate, carrageenaraste become very important. For
example, Hasan and Fatehi have prepared catiogmnlipolymer for kaolin
flocculatiorf’. Starch-based flocculants have been preparedhfrseparation of

kaolin®-63

and hematif&®* Particularly, chitosan is the second-largest bigper
next to cellulose which is available abundantlyrtker, chitosan being a non-food
source for human beings and animals offer an adgams a feed-stock for flocculant

development.

Chitosan is a copolymer of D-glucosamine and Niyddetglucosamine, which is
soluble in dilute acid solutién Figure 1.8 shows the sources and structure of

chitosan.

deacetylation
H OH H

H H™ O
H NH, SH2
H—O0 Chitosan

Figure-1.8: Source and structure of chitosan
Research on applications of chitosan in diverseasareuch as pharmaceuticals,
biomaterials, cosmetics, food processing, and tbelaf heavy metals has grown

phenomenally in recent ye&ts'® Among most of the modification methods, grafting

Savitribai Phule Pune University 13 CSIR-National Chemical Laboratory



Chapter-1 I ntroduction

has been proved to be a useful and convenient mhétihdhe synthesis of flocculants.
Yang et al’ have reported on the acrylamide grafted carboxyyhethitosan for

kaolin flocculation.

The graft copolymers generally combine the propsroif both the backbone chain
and the pendent grafted chain. A flexible chainftgchonto the rigid or semi-rigid
backbone can increase the conformational freedonsoiation and enhance the

efficiency of flocculation.

Although there are a few cationic flocculants based synthetic polymers and
modified natural polymers for the kaolin floccutati Still, there is a wide scope and
demand for the development of newer efficient fldants for kaolin mineral clay

flocculation and industrial separation processes.

In this thesis work, the focus is given on the gesand synthesis of cationic
flocculants using copolymers of acrylamide and DAB® / APTMAC and
APTMAC grafted chitosan graft copolymer for kadliocculation.
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Chapter-2 Scope and objectives

Although there are a few flocculants used for thelik flocculation, still there is a
great scope in designing and developing efficieatioaic flocculants which have
optimum molecular weight and charge density forasafion of kaolin from aqueous
streams, particularly at low dosages. Thereforéhisithesis work, efforts are made to
synthesize cationic flocculants based on acrylankdd) monomer in combination
with cationic monomers such as diallyldimethylamiam chloride (DADMAC) and
3-acrylamidopropyltrimethylammonium chloride (APTNIA The composition of the
monomers in the reaction feed was varied to getlgapers with different molecular
weights and degree of charge. The chemical strestof all the copolymers were
confirmed by'H and**C NMR spectroscopy. The molecular weights and degfe
charge on the copolymers were determined usingpggheation chromatography
(GPC) and zeta potential measurements. All the lgopers were used for kaolin
flocculation using the established jar test methwith the measurement of %
transmission. The optimum dosages were identifoedafl the copolymers to obtain
maximum kaolin flocculation. The efficiency of floglation is correlated to the
molecular weight and zeta potential of the copolgrand the plausible mechanisms,
for the flocculation were proposed. The charactéion of flocs in terms of Filter
Cake Moisture Content (FCMC), Initial Settling RaféSR) and the optical

microscopy of floc suspension were performed.

One of the most important anionic clay materialska®lin, which is an anionic
mineral clay consisting of silica and alumina alomigh minor quantities of ferric
oxide and titanium. Kaolin has a lot of applicagsom coatings, manufacturing of
paints, electronic ceramics and as a filler foresalcosmetic formulations. The

extraction of kaolin from natural deposits involsefiocculation proceSs

Further, there has been a growing interest in dgued flocculants from biopolymers
because of their environmentally friendly nafureln this context graft
copolymerization of vinyl monomers onto chitosan give desired properties to the
obtained flocculants. In view of this, a cationiomemer, APTMAC was grafted onto
chitosan and evaluated for the flocculation of kaoThe structural characterization
was performed on the graft copolymer Byl and *C NMR spectroscopy.
Flocculation of kaolin suspension was carried osingl the chitosan-g-APTMAC
graft copolymers.
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The objectives of thethesisare:

e To design and synthesize cationic flocculants basedacrylamide and
cationic monomers namely, DADMAC and APTMAC

* To vary the composition of the monomers to obtapatymers with higher
molecular weight and higher zeta potential

* To characterize the obtained copolymers in termtheir chemical structure
(by NMR spectroscopy), molecular weight (by GPQ)d alegree of charge
(by zeta potential)

* To study the flocculation of kaolin using the abmyathesized copolymers
and to determine the optimum dosage levels fontagimum flocculation.

* To correlate the flocculation efficiency of the ywlers to their molecular
weight and charge density and to propose the mesrhaof flocculation.

* To characterize the flocs in terms of FCMC, ISR dlod morphology by
optical microscopy

* To synthesize chitosan-g-APTMAC graft copolymer awluate and study

its performance for kaolin flocculation.
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FLOCCULATION OF KAOLIN USING
COPOLYMER OF ACRYLAMIDE (AM)
AND DIALLYLDIMETHYLAMMONIUM

CHLORIDE (DADMAC)

CHAPTER-3

In this chapter we report on the syntheis of poao-DADMAC) copolymers with
varying content of AM and DADMAC. The copolymersneeharacterized by NMR,
GPC and zeta potential analysis. The viscometroess to coil dimensions were
studied by intrinsic viscosity and particle size bght scattering method. The
flocculation efficiency was studied using kaolinspansions and the flocs were
characterized in tems of FCMC, ISR and optical ogcopy. The optimum dosage
was determined. The molecualr weight and chargesigeof the flocculant were

correlated to the flocculation efficiency.

RSC Advances 5, 27674-27681 (2015)




Chapter-3 Flocculation of kaolin using AM-co DADMAC

3.1 Introduction

The use of organic polymeric flocculants for sdlgisid separations is known for a
very long timé. Polymeric flocculants of only acrylamide (AM) veemsed in
industrial solid-liquid separations, such as oilgéne tailings separations and kaolin
separation. The use of only polyacrylamide suffessn the drawback of forming gel
like structures with high water retention in thecs. This was attributed to the
hydrogen bonding of the amide groups in acrylamiita positive ions in the slurfy
Hence use of only acrylamide is not advantageoopolymerization of acrylamide
with cationic monomers such as Diallyldimethylammuom chloride (DADMAC)
will have added advantage of including (+ve) chasgethe copolymer for efficient
flocculation. DADMAC is a cheaper monomer compatedmany other cationic
monomers and has a stable cationic structure wiille wH working range There are
many synthesis methods for preparing copolymersarflamide and DADMAC,

such as solution polymerizatidh y-radiation techniqués, dispersion and inverse

emulsion polymerizatidhetc. Of all the methods, solution polymerizatieraisimple
method, economically viable, safe and industriatiypvenient to operate. The use of
template polymerization of AM and DADMAC in presenof polyacrylic acid is
reported for flocculation kaolfh However the approach proposed in our work is a
simple copolymerization of AM and DADMAC in a simglstep. The flocculants
showed better charge and molecular weights witkciefft flocculation of kaolin

suspension (3 wt%) at lower dosages (8 to 14 ppm).

In this work, we have synthesized cationic flocatlaased on the combination of
acrylamide (AM) and Diallyldimethylammonium chloed (DADMAC) for
flocculation of kaolin suspension and demonstratecdefficient flocculation in small
dosages (8-14ppm) of flocculants. The DADMAC monomes selected here
because of its low cost and commercial viability flocculant production. But the
drawback of this monomer in flocculant synthesisitgs low reactivity ratio in
copolymerization. Which will lead to lesser incorgiion of the DADMAC into the
flocculant and result in low zeta potential withwlaharge density and moderately
high molecular weight. Therefore, our objectivethis work was to balance the zeta
potential and molecular weight by design and sysitieg different compositions of

the copolymers and to obtain optimum compositiothefflocculant for the efficient
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flocculation of kaolin using small dosages of flolemt. The flocculants thus
synthesized were tested for their efficiency of lkeseparation. The chemical
structure of copolymer was determined usthgand **C NMR spectroscopy. The
intrinsic viscosity measurements and particle smeasurements were done to
understand coil dimensions in solution. The floatioh efficiency was correlated to
the zeta potential and molecular weight of the ¢gper. Floc characterizations like
filler cake moisture content (FCMC), initial settli rate (ISR) and optical

micrographs of flocs were studied and correlatetthéoflocculation and dosages.
3.2 Experimental

3.2.1 Materialsand M ethods

Acrylamide (AM) monomer was purchased from Fluk&AJand was used as such;
diallyldimethylammonium chloride (DADMAC) monomesg wt% solution in water)
was purchased from Aldrich, USA; ammonium persuighaodium metabisulphite
and sodium chloride were purchased from SD-finarabals, Mumbai, India which
were of analytical grade and used as received.®d water (conductivity 0.055
US cm' at 25° C) was obtained in the lab (TKA, GmbH Stank), Acetone was
procured from Rankem, Mumbai, India. Kaolin wasantéd from Thomas Baker
Chemicals, Mumbai, India. Analytical grade Sodiuntrate was purchased from

Merck, Mumbai, India and used as received.

3.2.2 Synthesis of cationic flocculant based on Acrylamide and DADMAC

Copolymers of acrylamide with DADMAC were synthesiz by solution

polymerization using ammonium persulphate and sodietabisulphite as a redox
initiator system. In a typical experiment, the cédted amounts of acrylamide and
DADMAC solution (65%) were added to a 100 ml DI eatn a double jacketed
reaction vessel equipped with circulating watethkat maintain the desired reaction
temperature. The stirring of the reaction massfaeititated using an overhead stirrer
with a cross blade impeller. The concentration ltg thonomers in the reaction
mixture was 10 wt%. The DADMAC contents were varignl get different

composition of copolymers. The reaction mixture wagged with nitrogen gas for 30

min to remove any dissolved oxygen and temperat@® increased to 4@€. Then
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ammonium persulphate and sodium metabisulphite vwastded at an initiator
concentration of 2 mol% and stirring was continu€de reaction mixture became

viscous and the polymerization was further caroeat for 6 h. Finally, the polymer

was precipitated in acetone and dried in vacuumrmate40 C. Three copolymers
with different feed ratios (moles) of AM and DADMARM: DADMAC; 80:20,
50:50 and 40:60) were synthesized and denoted a80®D, AD-5050 and AD-4060
respectively. The chemical structure of the cop@gsmwas characterized usirig
and *C NMR spectroscopy. The molecular weights of thepotgmers were
determined using gel permeation chromatography (GPC

3.3 Characterizations

3.3.1 Gel permeation chromatography (GPC)

The molecular weight (MW) of the copolymers wasedatined using Agilent 1200
GPC with Shodex OH pak SB-800 series columns. Thieilmphase used was 0.25 N
NaNG; with a flow rate of 0.4 ml/min. 100 pl was the gdeninjection volume. The
GPC column temperature was maintained at 40° C, paghcrylamide standards

were used for calibration.
3.3.2 Zeta potential measurements

Zeta potential measurements were carried out at@%bfsing Brookhaven 90 plus
particle size analyzer, USA. The polymer conceiuratised was 0.1 g dl. The data

reported is the average value of 10 cycles andid®.r
3.3.3 Hydrodynamic radii

Hydro dynamic radii were measured using Brookha&@iplus particle size analyzer,

USA. The experiments were performed at,9Monitoring the variation in the
intensity of the scattered light caused by the Brieaw motion of the particles. The
polymer solutions of known concentrations in detzexi water were filtered through

0.22u filters (Millipore syringe filter)
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3.3.4 Viscosity measur ements

Viscosity measurements were conducted using an loliitbe capillary viscometer
with capillary diameter 0.63 mm with AVS 479 (SCHOTGerate, Mainze,

Germany). The measurements were done either innidem water or in NacCl

solutions (0.0003 to 1 M). The temperature was taaied at 25C + 0.05 C. For

only deionized water the polymer concentration eawgs 0.01 to 0.05 weight %. For
NacCl solutions the concentrations varied from 0.0.6 weight % due to decrease in

viscosity of the solution.
3.3.5NMR studies

The*H and™C NMR spectra of copolymers were recorded on BruRér500 MHz

spectrometer. The copolymer samples were prepam@gD.
3.3.6 Flocculation test for kaolin

Kaolin (particle size [1) suspension in water (3.0 wt-%) was used for khectilation
test. Kaolin suspension was prepared by stirrirgikaolution using overhead stirrer
at 400 rpm for 30 min. In a typical flocculatiomdy, to a 100 ml kaolin suspension, a
known volume of flocculant solution (1g*). was added and stirred for 5 min (with
300 rpm for first 2 min and at 100 rpm for 3 mirging an overhead stirrer, Heidolph
RZR 2012, Germany with cross blade impeller. A&emnin, stirring was stopped and
immediately, 1 ml aliquot was drawn from the celnpartion of the solution. The
transmittance (%) was measured for this solutianguShimadzu UV-PC 1601 UV-
Vis spectrophotometer, Japan, in the kinetic mod&0® nm. This value of the
transmittance was taken as zero minute reading.sbhgion was allowed to settle
and the aliquots were drawn at predefined interofltime till 40 min and
transmittance was measured. Then transmittancenws.was plotted to find out the
time required for maximum transmittance to occulor Rhe zeta potential
measurement, the supernatant liquid was taken4ftenin flocculation with different
dosages of flocculant.

The optimum dosage of the flocculant for each cositfjpm was determined.

Different dosages were tested for kaolin suspentmeulation, the dosage at which
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the transmittance is 90% or more was considerecosnum dosage for that

composition. This 90% transmittance was higher thiat was reported earlfer
3.3.7 Floc characterization
3.3.7.1 Initial settling rate (ISR)

The initial settling rate (ISR) of kaolin suspensitor the AD-4060, AD-5050 and
AD-8020 flocculants was evaluated by adding a knowatume of flocculant
(Concentration, 1g 1) to a 100 ml of 3.0 Wt % kaolin suspension in @ppered
measuring cylinder. The flocculant was uniformlyxed by inverting the cylinder 10
times up-down. The height of the kaolin liquid miéee was recorded as a function of
time for AD-4060, AD-5050 and AD-8020.

3.3.7.2 Filter Cake Moisture Content (FCMC)

The property of kaolin flocs after the flocculatiovas evaluated in terms of Filter
Cake Moisture Content (FCMEY The FCMC is an important index used to
characterize the floc state. It is intuitive andmislely used method. The flocculants
are also used as a filtration aid, with the obyectf increasing filtration rate and to
reduce the filter cake moisture content. FCMC igpontiant in such industrial
separations where the floc is the product of irsteseich as kaolin separation, protein
separation form marine fish processing industry led¢sser the moisture content faster
will be the drying process. A 3.0 Wt % kaolin sespion was used for FCMC study.
The flocculation was performed by adding a knowturee of AD-4060, AD-5050
and AD-8020 flocculants (Concentration, 1g)land stirring at 300 rpm for 2 min
followed by 100 rpm for 3 min. Then the suspensi@s allowed to stand for 40 min
to reach equilibrium settling; this floc was fikeer using a 0.45 pm Millipore filter
paper in a sintered funnel at 450 mm of Hg vacuam3D min. The filter cake was

transferred to a crucible, weighed and dried iaen at 100C for 24 h and FCMC

was calculated using the following equation.

FCMC = %x 100

1—Wo

Where W is the weight of the crucible, Ws the total weight of crucible + filter cake

before drying and Wis the total weight of crucible + cake after dyito constant
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weight. With this FCMC study, one can get inforroatabout the role of polymer in

moisture retention in flocs.

The flocculation was monitored by using optical ragcopy (Leica, Germany) and
the filter cakes were photographed with a DSLR ganf€anon EOS 77D, USA)

3.4 Results and Discussion

3.4.1 Synthesis and characterization of flocculants

Amongst a few cationic monomers available, DADMA@sachosen considering its
high utility in commercial flocculants and it isailable at a cheaper price than many
cationic monomers. Synthesizing an efficient catdlocculant lies in obtaining high
molecular weight and high zeta potential copolynié¢re acrylamide monomer, with
its high ratio of propagation to termination comstagives high molecular weight to
the polymer. Whereas, the cationic monomer provaesverall charge density to the
copolymer. Therefore, it is very important to adily balance both the monomer
contents to obtain high molecular weight and higtazpotential polymer for efficient
flocculation. Accordingly, three copolymers, witharying AM and DADMAC
contents were prepared.. The copolymers were casléd-8020, AD-5050 and AD-
4060, respectively. The quantitative yields of tlopolymers AD-8020, AD-5050 and
AD-4060 were determined to be 88, 74, and 69% wmiady. The reaction scheme
for the synthesis of poly (AM-co-DADMAC) is shown scheme-3.1. The structural
characterization of the copolymers was carried osing *H and *C NMR

spectroscopy.
4 N\
e e ot —l—CH—CH -I—I-CH H c—l—
HC/ \CH HC/ | 2k I 2 2| y
| K,S,04 c=o0 HC——CH
C|: + H2C CHZ NaZSZOS NH2 H C CHZ
/ \ \N+/ cr 40° C i \N"/
N0 N /N or
H3C CH3 H3C CH3
AM DADMAC P(AM-co-DADMAC)
\\§ J

Scheme 3.1: Reaction scheme for the synthesis of poly (AM-coEDMMAC)
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3.4.2 Chemical structure by NMR spectroscopy

We show in figure-3.1, théH NMR spectra of representative poly (AM-co-
DADMAC) [AD-8020] and a homopolymer of polyacrylate. The methyl (-Ckj
proton peaks of DADMAC appear in the range of @13 ppm and the methylene
(-CHy-) protons of DADMAC attached to nitrogen atom gp@aks at 3.78 ppm. The
methylene (-Cht) proton peaks of the backbone chain of AM and DARC appear

in the range of 1.5 - 1.8 ppm. The methine prowiithe AM backbone appear at 2.0
to 2.4 ppm. All the characteristic peaks of thealpmer assigned, agree with those
reported in the literatute?*3

-
4.75 [020}
I

\

d ¢ € e

TH—CHz—H-THz HET—]T
: v

4 c=o o HG—CH,
222 | | ‘1_:
2 H,C H;
hz N +/ b
=
. HsC” CI “CH,
a a

Poly{AM-co-DADMAC)

Poly AM

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

L Chemical Shift (ppm) )

Figure-3.1: 500 MHz'H NMR spectrum for Polyacrylamide and Poly (AM-co-
DADMAC) [AD-8020]

The mol fractions of DADMAC in the copolymers werbtained by NMR
spectroscopy. ThéH NMR spectrum of the copolymer shows the AM petal2.8
ppm and that of DADAMAC at 2.78 ppm. The area urttierpeak for single protons
of AM and DADMAC was calculated, which yields theles of AM and DADMAC.
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Taking the molecular weights of AM (71.08 g mpand DADMAC (161.67g ma))
into consideration, the mol fraction of the DADMAAas calculated to be 0.12, 0.32
and 0.44 respectively for AD-8020, AD-5050 and AQGA.

We also show in Figure-3.2, th#&C NMR spectrum (Bruker, AV 500 MHz, D) of
poly (AM-co-DADMAC) [AD-4060]. The methyl (-Ch) carbon peaks of DADMAC
appear at 54.4 ppm and methylene (>§Harbon of the backbone chain of AM and
DADMAC appear aB4.9 ppm. The methylene (-GHi carbon of DADMAC attached
to nitrogen gives peak at 66 to 70 ppm and peak for methine (-CErH)on next to
carbon attached to nitrogen of DADMAC and methis@@H-) carbon of acrylamide
backbone appear at 41.7 ppm. Both'tHend**C NMR spectra confirm the chemical

structure of the copolymer.
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Figure-3.2: 400 MHz**C NMR spectrum for Poly (AM-co-DADMAC)

In figure 3.3 and 3.4 we show thi and**C stacked NMR spectra of all the three
compositions AD-8020, AD-5050 and AD-4060 respestivThe NMR spectra of all
the compositions clearly show the peaks for both &M DADMAC. Further, it can
be clearly seen that the intensity of peaks for Aidreases as the AM content
increases form AD-4060 to AD-8020 and Vice versa wlaserved for DADMAC.
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Figure-3.3: 500 MHz*H NMR spectrum for Poly (AM-co-DADMAC) [AD-4060,
AD-5050 and AD-8020]
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Figure-3.4: 400 MHz**C NMR spectrum for Poly (AM-co-DADMAC) [AD-4060,
AD-5050 and AD-8020]
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3.4.3 Study of coil dimensions of the flocculant in solution

The coil dimensions of the flocculant in solutiomsvstudied in the presence and
absence of salt. The hydrodynamic radii and inicingscosity were studied using
particle size analyzer and Ubbelohde capillary amseter respectively. In only water
and at low salt concentrations the polymer coilsn&hupon an increase of polymer
concentration. For sufficiently high salinity ofetlsolvent the polymer coils expand,
this behaviour is due to the unfavourable thermadyic quality of solvents
containing much salt. Such a situation leads toiramease in the number of
intersegmental contacts and to higher friction.aAtertain characteristic salinity of
the solvent, the dimensions become independentlgiy@r concentration. Figure-3.5
shows the changes in hydrodynamic radii and intrimgscosity with the change in
polymer concentration. Figure-3.6 represents thiedimensions at no salt, less salt

and sufficient salt conditions.

0.2 0.4 0.6 0.8 1.0 1.2

[n7]c

Figure-3.5: Comparison of the hydrodynamic radii of the podpttolyte coils (AD-
8020) as a function of the reduced polymer conediotr obtained from Dynamic

Light Scattering and viscometry in 0.25 mol NacCl.
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Figure-3.6: Coil dimensions as a function of the reduced polyme
concentration for the polymer sample AD-5050. Tale sontents of the

solvents are indicated in the graph.

It is clear from the figures that the coil dimemsodependent on the molecular
weight, charge and salt concentration in the swhutiThe free coil dimensions is
important parameter for efficient flocculation. Th®il dimensions reduce with
increase in the concentrations. This implies thatdptimum dosage of the flocculant
should be at lower concentrations where the caihetisions are higher. Same

phenomenon was observed even at low salt conciemnisat
3.4.4 Molecular weight and zeta potential

The molecular weight and zeta potential of the tppers were determined using
GPC and particle size analyzer, respectively. Wawsin table-3.1 the molecular
weights and zeta potential of AD-8020, AD-5050 &i2t4060 samples.
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Table-3.1: Molecular weight and Zeta potential of copolymers

Mol
M M PDI _ Zeta potential
Samples fraction pH
(Kgmol™) | (Kgmol™) | (M/M,) (mV)
DADMAC
AD-8020 | 227.0 87.7 2.6 0.12 6.0-715 (+) 20.0-22.0
AD-5050 93.4 42.5 2.2 0.32 6.5-7\5 (+) 26.5-28.5
AD-4060 52.3 35.8 1.5 0.44 6.5-7(8 (+)39.5-41.3
Kaolin - - - - 6.5-7.0[ (-)18.0-20.0

It can be readily seen that when the acrylamideecann the copolymer is high, the
copolymer yields high molecular weight but givesvlaeta potential (AD-8020).
Whereas, the high content of cationic comonomer,DMAC (AD-4060) gives
higher zeta potential due to the presence of higirge density on the polymer and
yields low molecular weight copolymer. The copolymeth equal feed ratio shows
the values in between both the AD-8020 and AD-4060ese observations for
composition are further evidenced by NMR studidse Pparticle size of the polymer
also increases with the increase in DADMAC contd@this can be attributed to the
fact that the increased DADMAC content will increake charge on the polymer
which leads to intra molecular charge repulsion apen coil confirmation of
polymer resulting into increase in size. This opeil confirmation is favourable for

effective binding to cause efficient flocculation.
3.4.5 Flocculation of Kaolin
The flocculation efficiency of copolymers, AD-8028D-5050 and AD-4060 on

kaolin aqueous suspension was examined by measimngansmittance on kaolin

suspension after the equilibrium flocculationdQ min). The kaolin bears a negative

charge on the surface in the pH range of 6.5 aidbexhibits the zeta potential of (-)

18 - 20.0 mV. The average size of the kaolin pkdigvas~1.0 um. The efficiency of

flocculation of kaolin suspension (3.0 wt %) wasdstigated at different dosages of

flocculants.
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We show in figure-3.7, a typical setup for the folation of Kaolin suspensioithe
flocculation setup consists of an overhead stiwigh a cross blade impeller and a
beaker. Figure-3.7a shows the kaolin suspensioarédhe addition of flocculant
which is stable and looks milky. Upon addition ctionic flocculant and initial
stirring the milky suspension turns into a clealuson after stopping the stirring
(figure-3.7b). The initial stirring was 300 rpm fbrst 2 min, followed by stirring at
100 rpm for 3 min. This stirring cycle was followdxkcause, during initial rapid
stirring, mixing of particles and polymer occur whiis the most desired. During the
slow stirring at 100 rpm the floc size increase ardin to settle at the bottom. The
transmittance of the clear solution was measuredilé&8 experiments were carried

out for different dosages of flocculants.

Figure-3.7: Flocculation of Kaolin aqueous suspension (1) fldaton setup,
(a) Before flocculation and (b) after flocculation
Figure-3.8 shows the percentage transmittance ofirkesupernatant liquid vs.
different dosage of flocculants, AD-8020, AD-5058daAD-4060 taken at pH 7 and

at equilibrium flocculation time of 40 min.
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Figure-3.8: Transmittance of kaolin supernatant vs. dosag®otilants after 40

min of equilibrium flocculation

It can be revealed from the figure that, AD-4060vs$ nearly 95-98 % transmittance
at the dosage range of 8 - 10 ppm and remains amansii 20 ppm. The AD-5050
showed 95 -98% transmittance at the dosage rand® ef12 ppm. Whereas, AD-
8020 flocculant showed 95-98 % transmittance atdibgage range of about 14 - 16
ppm. Therefore, the optimum dosage levels for AB80AD-5050 and AD-8020
flocculants for kaolin flocculation can be consiféras 8.0 ppm, 10.0 ppm and 14.0
ppm, respectively. These flocculants showed efiiiciocculation and the optimum

dosages were found to be quite low compared twdhees reported earlie?f.

The AD-4060 flocculant contains more of cationidypoer and exhibits a high degree
of charge with high zeta potential (+ 41.3 mV). this case, the mechanism of
flocculation could be due to the charge neutrabrafollowed by bridging. In the
case of flocculant AD-5050, the charge is modevath moderate zeta potential (+
28.5 mV) and moderate molecular weight (93.4 Kg tholThe mechanism of

flocculation is also can be due to charge neutdbm and bridging. For the

flocculant AD-8020, a higher dosage was required 4.0 ppm) to get 95-98%

transmittance in the flocculation. In AD-8020 flotant, the charge density is low
(zeta potential + 22mV) but the molecular weighhiigh (227 Kg mof). Because of
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the high molecular weight, the long polymer chaan get attached to a large number
of kaolin particles and the flocculation can octlwough the bridging mechanism.
The requirement of more number of polymer chains bBddging leads to high
optimum dosage for AD-8020. These observationglgi@adicate that charge density
on the polymer plays a dominant role in the kafibaculation.

We also measured the zeta potential of kaolin sipant solution as a function of
different dosage of flocculants AD-8020, AD-5050daAD-4060. The results are

shown in figure-3.9.
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Figure-3.9: Zeta potential of kaolin suspension supernatadifferent dosages after
equilibrium flocculation using AD-8020, AD-5050 aAdD-4060

It is observed that, the zeta potential of kaotlugson changed from (-) 20 mV to (+)

35 mV with an increase in the dosage of flocculamtss is due to the fact that the
oppositely charged flocculants neutralize and dishinthe surface charge of the
suspended kaolin particles resulting into the faromaof kaolin flocs. However, it is

interesting to note from the figure-3.9 that théazeotential of the kaolin supernatant
did not reach zero value at 95% transmittance Herdptimum dosage of AD-8020,
AD-5050 and AD-4060 flocculants. The zeta potentiglues remained at (-) 15 to

Savitribai Phule Pune University 41 CSIR-National Chemical Laboratory



Chapter-3 Flocculation of kaolin using AM-co DADMAC

(-) 10 mV. This could be due to the presence df stime very fine particles of
unneutralized kaolin present in the supernatantidiq Further, the kaolin fine
particles are partially or heterogeneously boundibgculants to form micro flocs

that cannot settle down and hence they float an@/ shduced zeta potential value.

At higher dosage content, the zeta potential vatvessed the zero value and attained
a positive value of zeta potentials. This is beeaubke higher concentration of
flocculant is available to bind to all the finelyisdersed particles and the
heterogeneously bound kaolin particles. These ghsens clearly indicate that there
seems to be a broad flocculation regime and thesilpbsy of both charge
neutralization and bridging mechanism for drivihg flocculation.

It is also observed form the figure, that the desaat which the zeta potential value is

zero for AD-8020, AD-5050 and AD-4060 wete 80, 48 and 30 ppm respectively.

These values are more than 5 times higher thamptimum dosages. At optimum
dosage, more than 95 % clarity of suspension wiaewaed or most of the kaolin was
flocculated and that supernatant water can be detsssuspend the kaolin for next
cycle of kaolin mining. This will improve the ecamng and efficiency of the kaolin

recovery process enormously.
3.4.6 Kinetics of flocculation

In order to understand the kinetics of flocculatitimee percentage transmittance of
kaolin suspension as a function of time was mealsiameflocculants, AD-8020, AD-
5050 and AD-4060 at different dosages and at thigiimum dosages. Figure-3.10
shows the results of % transmittance vs. time foed flocculants at optimum
dosages. Figure-3.11 to 3.13 shows the results gBfsmittance vs. time for three

flocculants at different dosages.
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Figure-3.10: Kinetics of flocculation of AD-8020, AD-5050 and AID60 at

optimum dosage
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Figure-3.11: Transmittance of kaolin supernatant vs. time of &I2»0
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Figure-3.12: Transmittance of kaolin supernatant vs. time of BI»0
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Figure-3.13: Transmittance of kaolin supernatant vs. time of A0
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It is clearly seen that 80 - 85% transmittance @du¢ achieved within 3 min of
flocculant addition to the kaolin suspension atrthespective optimum dosages. This
shows that the flocculant separates kaolin rapidlye AD-4060 flocculant gave
maximum % transmittance at optimum dosage of 8 pfimese studies indicate that
the charge on the flocculant (zeta potential) playslominant role compared to

molecular weight for the efficient flocculation Kholin suspension.

From figure-3.11 to 3.13, it can be seen that th&ades prior to the optimum dosage
also shows reasonably good % transmittance, whidicates that the flocculants

have a broader flocculation range.

3.4.7 Floc characterization

3.4.7.1 Initial settling rate (ISR)

Figure 3.14 shows the interface height vs. timefiimcculants AD-4060, AD-5050
and AD-8020 at their optimum dosages of 8, 10 athgpdm respectively. It can be
readily seen that, the interface height decreamgislly within the first 100 seconds

and remains almost constant after 300 seconddl fieeflocculants. This predicts the

initial settling rate of~0.01cm & for the flocculants. These observations clearly

reveal that AD-4060, AD-5050 and AD-8020 flocculdtaolin suspension very
rapidly. It can also be seen that the AD-8020 laa$ekt and the AD-5050 has faster
initial settling rate compared to AD-4060. This wbbe due to the difference in their
floc size, wherein for AD-8020, the floc size fornis bigger by virtue of its higher
molecular weight. Whereas for AD-4060, the lowelenalar weight forms a smaller

floc size, which will take more time to settle.
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Figure-3.14: Initial settling rate of CP-4060 and CP-8020
3.4.7.2 Filter Cake Moisture Content (FCMC)

FCMC is an important parameter to characterizeflteestate. Flocculants were also
employed as filtration aids, where the flocs fornvatl help in faster filtration and
reduced moisture in the flocs. Which helps in fagiging of the final floc product.
Figure-3.15 shows the results of FCMC for AD-408M-5050 and AD-8020 at
different dosages. The FCMC of AD-4060, AD-5050 aA®-8020 remained
independent with respect to dosage in the rangdb 20 ppm used in this work.

However, the earlier reports indicate a decreaseONIC with an increase in dosage

levels when the dosage levels are quite higdQ(to 50 ppm). We observed a very

small change in FCMC with these low dosage levBlsvertheless, these lower
dosages (10-20 ppm) were found to be efficientaaculation and gave more than 95
% transmittance in the flocculation process. Theerficakes of AD-8020 showed
slightly higher FCMC compared to AD-4060 and AD-B0&hich could be attributed
to the higher molecular weight of the polymer thagsults into increased
hydrophilicity of flocculant and absorbs more moist The cakes of AD-5050
showed less FCMC value than both AD-8020 and ADB4Qhis could be due to

lower molecular weight and charge density.
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Figure-3.15: Filter cake moisture content study of CP-4060 aRd3020 at different

dosages

The visual observation of the filter cakes after flocculation using AD-4060, AD-
5050 and AD-8020 at different dosages was madepdadographs are shown in
figure-3.16.
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Figure-3.16: Photographs of filter cakes after flocculation ainging for AD-8020
(a-d) AD-5050 (e - h) and AD-4060 (i-1)

It is observed that, as the dosage increase, tfecswf the filter cake becomes more
smoother and softer. This could be due to the faomaof dense flocs at higher

dosages of flocculant.

3.4.7.3 Optical microscopic studies

The optical microscopy was performed on kaolin saspns obtained under different
dosages of AD-4060, AD-5050 and AD-8020 floccularitse optical micrographs
are shown in figure-3.17. Kaolin suspension withany flocculant does not show the

flocs and one can see a uniform suspension [fi§uté-(a)]
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Figure-3.17: Optical micrographs of kaolin flocculation at diféat dosages, Kaolin
(@), AD-4060 (b-d), AD-5050 (e-g) and AD-8020 (h-j)

However, upon flocculation, kaolin flocs are obsehwery clearly and the floc size
increases with the dosage of flocculant. The olekoptimum dosages of 8, 10 and
14 ppm for flocculants AD-4060, AD-5050 and AD-80&spectively, show more
than 95 % transmittance in the supernatant ligdter ahe floc formation. This is

visible in the micrographs of figure-3.17 (b), &é&)d (j).
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3.5 Conclusions

In conclusion, we have shown that the cationicdidants based on the copolymer of
acrylamide (AM) and diallyldimethylammonium chloeid DADMAC) efficiently
flocculates kaolin from its aqueous suspensiongeDding on the ratio of monomers
incorporated, the copolymers could be obtained ditlerent molecular weights and
zeta potentials which are very important propentezgiired for efficient flocculation.
The mole fraction of the DADMAC was determined bgtpn NMR spectroscopy. It
was inferred form the viscosity and particle sizeasurements that the intrinsic
viscosity and hydrodynamic radii decreases with Bmgrease in polymer
concentration. This means the hydrodynamic radiihigher at low polymer
concentrations. Similar phenomenon was observedemt low salt concentrations
also. The optimum dosages for maximum flocculati@ne found to be 8.0, 10.0 and
14.0 ppm for AD-4060, AD-5050 and AD-8020 copolysjerespectively. The

minimum time required for maximum flocculation wdstermined to be~ 3-4

minutes investigated as per the laboratory scdie.cbpolymer (AD-4060) with high
zeta potential gave the best flocculation efficienthe floc characterization was
performed interms of floc size and FCMC. Basedhanresults it was proposed that,
the charge neutralization and bridging are the nmagthanisms for driving the
flocculation. These copolymers show great promistné flocculation of kaolin from

aqueous streams in industries.
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FLOCCULATION OF KAOLIN USING
COPOLYMER OF ACRYLAMIDE (AM)
AND (3-ACRYLAMIDOPROPYL)
TRIMETHYLAMMONIUM CHLORIDE
(APTMAC)

CHAPTER-4

In this chapter we report on the synthesis of gélil-co-APTMAC) copolymers.
The compositoin of APTMC was varied to obtain diiet copolymers. The polymers
were characterized by NMR, GPC and Zeta poteriila. flocculation efficiency was
studied using kaolin suspensions. The flocs weggadterized in terms of FCMC,
ISR and optical microscopic analysis. Correlatiaswrawn between the flocculation
efficiency and the molecular weight and chargehefftocculants.
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4.1 Introduction

Polyelectrolyte flocculants continue to attract onagttention due to their importance
in solid-liquid separations in a wide range of iatlies. Large numbers of cationic
flocculants have been utilized for the flocculatioinkaolin. Divakaran and Pilldi®
have used chitosan for flocculation of kaolin. kaiy Li etal®* have used starch based
cationic polymer for kaolin flocculation. Hasan létdave used cationic lignin
polymers for kaolin flocculation. Kumar etdtave used cationic amylopectin based
flocculant for kaolin separation. Flocculation atewatering of kaolin suspension
was performed using polyacrylamide in the preserficirfactant§™. A few cationic
monomers such as Diallyldimethylammonium chlorideDADMAC), 2-
Acryloyloxyethyltrimethylammonium chloride (AOETMAC 2-
Methacryloyloxyethyltrimethylammonium chloride (MOEIAC), 3-
Acrylamidopropyltrimethylammonium chloride (APTMAC)etc.,, have been
copolymerized with acrylamide to synthesize catiofibcculants. Among these
cationic monomers, APTMAC has a high reactivityicawith acrylamid&®. This
higher reactivity ratio will result in higher inqooration of APTMAC into copolymer
resulting in higher charge and molecular weight tbe flocculant. A judicious
combination of APTMAC along with acrylamide can Igieationic flocculants with

desired properties.

In this work, we have synthesized cationic flocatlhased on the combination of
acrylamide (AM) and (3-Acrylamidopropyl) trimethylamonium chloride

(APTMAC) for flocculation of kaolin suspension armtemonstrated an efficient
flocculation in very small dosages (3-10ppm) ofctiolants. The chemical structure
of copolymer was determined usifig and**C NMR spectroscopy. The flocculation
efficiency is correlated to the zeta potential amolecular weight of the copolymer.
Floc characterizations like filter cake moisturentamt (FCMC), initial settling rate

(ISR) and optical micrographs of floc were studasdl correlated to the flocculation

with an increase in dosage.
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4.2 Experimental
4.2.1 Materialsand Methods

Acrylamide (AM), 3-Acrylamidopropyltrimethylammomu chloride (APTMAC) (75
wt-% aqueous solution), 2, 2'-azobis(2-methylprapimide) dihydrochloride (V-50)
were procured from Aldrich, USA and were used aseived. Deionized water
(conductivity 0.055 uS crhat 25° C) was used for all the reactions. Acetoas
purchased from Rankem, Mumbai, India. Kaolin wascpred from Thomas Baker
chemicals, Mumbai, India. Analytical grade Sodiuitnate was obtained from Merck,

Mumbai, India and used as received.
4.2.2 Synthesis of cationic flocculant based on Acrylamideand APTMAC

Cationic flocculants were prepared by copolymertmadf acrylamide and APTMAC
monomer using solution polymerization technique50/-was used as a thermal
initiator. In a typical reaction, 5 g AM and 3.64485 ml) APTMAC were dissolved
in 90 ml of DI water in a flange type double jadgateaction vessel equipped with an
overhead stirrer, nitrogen gas inlet, and a therellowhe initial total concentration
of the monomers in the reaction mixture was 10 WtT¥e reaction mixture was
purged with nitrogen gas for 30 minutes to remowy dissolved oxygen. The
temperature of the reaction mixture was increage8& C. Then, 0.475 g V-50
initiator was added to the reaction mixture witmtbouous stirring and nitrogen gas
purging for 6 h. The viscosity of the reaction mpe increased rapidly, indicating the
formation of the copolymer. After 6 h, the polymweas precipitated in acetone and
dried in an oven at 40° C under vacuum. Three gopets with different feed ratios
(moles) of AM and APTMAC (AM: APTMAC; 80:20, 50:5@and 40:60) were
prepared and denoted as AA-8020, AA-5050 and AAB40@spectively. The
chemical structure of the copolymers was charamdriusing'H and **C NMR
spectroscopy. The molecular weights of the copotgnveere determined using gel

permeation chromatography (GPC).
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4.3 characterizations

4.3.1 Gel permeation chromatography (GPC)

The molecular weight (MW) of the copolymers wasedetined using Agilent 1200
GPC with Shodex OH pak SB-800 series columns. Thieilmmphase used was 0.25 N
NaNG; with a flow rate of 0.4 ml/min. 100 pl was the sdeninjection volume. The
GPC column temperature was maintained at 40° C, paghcrylamide standards

were used for calibration.
4.3.2 Zeta potential measurements

Zeta potential and Particle size measurements warged out at 25° C using
Brookhaven 90 plus particle size analyzer, USA. pblymer concentration used was
0.1 gdLh

4.3.3NMR studies

The'H and**C NMR spectra of copolymers were recorded on Brukér500 MHz
and Bruker AV 400 MHz spectrometer respectivelyhe topolymer samples were
prepared in RO.

4.3.4 Flocculation test for kaolin

Kaolin (particle size [1) suspension in water (3.0 wt-%) was used for kbectilation
test. Kaolin suspension was prepared by stirrirgikaolution using overhead stirrer
at 400 rpm for 30 min. In a typical flocculatiomdy, to a 100 ml kaolin suspension, a
known volume of flocculant solution (1g*). was added and stirred for 5 min (with
300 rpm for first 2 min and at 100 rpm for 3 mirging an overhead stirrer, Heidolph
RZR 2012, Germany with cross blade impeller. A&emin, stirring was stopped and
immediately 1 ml aliquot was drawn from the cenpaltion of the solution. The
transmittance (%) was measured for this solutianguShimadzu UV-PC 1601 UV-
Vis spectrophotometer, Japan in the kinetic mod&Qf nm. This value of the

transmittance was taken as zero minute reading.sbhgion was allowed to settle

and the aliquots were drawn every 3 min 040 min and transmittance was

measured. Then transmittance vs time was plottethtbout the time required for

Savitribai Phule Pune University 56 CSIR-National Chemical Laboratory



Chapter-4 Flocculation of kaolin using AM-co-APTMAC

maximum flocculation to occur. For the zeta pontneasurement, the supernatant

liquid was taken after 40 min flocculation with féifent dosages of flocculant.
4.3.5 Floc characterization

The procedures for floc characterizations were ntepoearlier in chapter-3 under
section 3.3.7(Initial settling rate (ISR) 3.3.7.1, Filter Cake Moisture Content
(FCMC) and optical microscopy studies 3.3.7.2)

4.4 Results and Discussion

4.4.1 Synthesis and characterization of flocculants

Cationic flocculants were prepared using acrylansidé APTMAC at three different
mole ratios (AM: APTMAC; 80:20, 5050 and 40:60). Angst a few cationic
monomers available, APTMAC was chosen considetisidnigh reactivity ratio with
AM. Synthesizing an efficient cationic flocculanéd in obtaining high molecular
weight and high zeta potential copolymer. The amyle monomer with its high
ratio of propagation to termination constant, gilegh molecular weight to the
polymer. Whereas, the cationic monomer provide®warall charge density to the
copolymer. Therefore, it is very important to adily balance both the monomer
contents to obtain high molecular weight and higtazpotential polymer for efficient
flocculation. Accordingly, three copolymers, witarying AM and APTMAC content
were prepared. The quantitative yields of the cgpers AA-8020, AA-5050 and
AA-4060 were determined to be 91, 92, and 93%eetsgely. The copolymers were
coded as AA-8020, AA-5050 and AA-4060, respectivé@lye reaction scheme for the
synthesis of poly (AM-co-APTMAC) is shown in scheshd. The structural
characterization of the copolymers was carried asing *H and *C NMR

spectroscopy.
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Scheme-4.1: Reaction scheme for the synthesis of poly (AMAGSFMAC)

4.4.2 Chemical structure by NMR spectroscopy

We show in figure-4.1, tht#H NMR spectra of poly (AM-co-APTMAC) [AA-4060]
and a homopolymer of polyacrylamide. The methyHsQoroton peaks of APTMAC

appear at 3.4 ppm and the methylene GEHbrotons of APTMAC attached to

nitrogen atom give peaks in the range of 3.2 pp®3. The methylene (-GH proton
peaks of the backbone chain of AM and APTMAC appeahe range of 1.6 - 1.7

ppm. All the characteristic peaks of the copolymesigned, agree with those reported
in the literature

11,12
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Figure-4.1: 500 MHz'H NMR spectra for Polyacrylamide and Poly (AM-co-
APTMAC) [AA-4060]

We also show in Figure-4.2, tht€ NMR spectrum of poly (AM-co-APTMAC) [AA-
4060]. The methyl (-Ck) carbon peaks of APTMAC appear at 53.17 ppm aed th
peaks for methylene (-GH carbon of APTMAC attached to amide nitrogen appe
at 36.45 ppm and methylene (-&Hcarbon of backbone chain of AM and APTMAC
appear aB5.01 ppm. The methylene (-Ghicarbon of APTMAC attached to nitrogen
givesa peak at 64.22 ppm and the peak for methylene Qidrbon next to carbon
attached to nitrogen appears at 22.58 ppm. All ¢haracteristic peaks of the
copolymer assigned agree with the earlier repovides®. Both the'H and **C

NMR spectra confirm the chemical structure of thpatymer.
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Figure-4.2: 400 MHz*C NMR spectra for Poly (AM-co-APTMAC) [AA-4060]

Figure-4.3 and 4.4 represent thé and*°C stacked NMR spectra for all the three
compositions AA-8020, AA-5050 and AA-4060 respeelyv It can be clearly seen
that the intensity of peaks for APTMAC increasesnir AA-8020 to AA-4060,

indicating increased incorporation of APTMAC witicreasing feed ratio.
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Figure-4.3: 500 MHz'H NMR spectra for AA-8020, AA-5050 and AA-4060
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Figure-4.4: 400 MHz**C NMR spectra for AA-8020, AA-5050 and AA-4060

4.4.3 Molecular weight and zeta potential

The molecular weight and zeta potential of the tppers were determined using

GPC and particle size analyzer, respectively. Wawsin table-4.1 the molecular
weights and zeta potential of AA-8020, AA-5050 a4060 samples.

Table-4.1: Molecular weight and Zeta potential of copolymers

My M PDI Zeta potential
Samples . pH
(Kg mol™) (Kg mol™) (Mw/My) (mV)
AA-8020 275 166 1.6 6.5-7.0 (+) 52.0 - 55.0
AA-5050 207 169 1.22 6.5-7.0 (+) 62.0 - 66.0
AA-4060 185 162 1.1 6.5-7.0 (+) 90.0 - 93.0
Kaolin - - - 6.5-7.0 (-) 18.0-20.0

It can be readily seen that when the acrylamideecann the copolymer is high, the

copolymer yields high molecular weight but low zptatential (AA-8020). Whereas,

the high content of cationic comonomer, APTMAC (A4860) gives higher zeta

potential due to the presence of high charge dewsitthe polymer and yields low
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molecular weight copolymer. The copolymer with ddiead ratio shows the values
in between both the AA-8020 and AA-4060. The pé&tisize of the polymer also
increases with the increase in APTMAC content. Tisisbecause the increased
APTMAC content will increase the charge on the pwdy. This leads to charge
repulsion and open coil confirmation of polymer nmgkit to increase in size. This

open coil confirmation is favourable for effectivmding to cause flocculation.
4.4.4 Flocculation of Kaolin

The flocculation efficiency of copolymers, AA-8020A-5050 and AA-4060 on
kaolin aqueous suspension was examined by measimengansmittance on kaolin
suspension after the equilibrium flocculationdQ min). The kaolin bears a negative

charge on the surface in the pH range of 6.5 aidbexhibits the zeta potential of (-)

18 - 20.0 mV. The average size of kaolin partisles ~1.0 um. The efficiency of

flocculation of kaolin suspension (3.0 wt %) wasdstigated at different dosages of

flocculants.

A typical set-up for the kaolin flocculation is sk in figure 3.7 of chapter-3. Figure-
3.7a shows the kaolin suspension before the addifidlocculant which is stable and
looks milky. Upon addition of cationic flocculam initial stirring milky suspension
turns into a clear solution after stopping theristiy (figure-3.7b). The kaolin particles
begin to settle at the bottom the transmittanceéhef clear solution was measured.

Similar experiments were carried out for differdosages of flocculants.

Figure-4.5 shows the percentage transmittance alirkasupernatant liquid vs
different dosage of flocculants, AA-8020, AA-5050daAA-4060 taken at pH 7 and

at equilibrium flocculation time of 40 min.
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Figure-4.5: Transmittance of kaolin supernatant vs dosageoctillants after 40 min

of equilibrium flocculation

It can be revealed from the figure that, AA-4060wh nearly 95-98 % transmittance
at the dosage range of 3 - 5 ppm and remains cungtal0 ppm. The AA-5050
showed 95 -98% transmittance at the dosage rande 6f ppm. Whereas, AA-8020
flocculant showed 95-98 % transmittance at the giwmsange of about 9 - 10 ppm.
Therefore, the optimum dosage levels for AA-4060A-2050 and AA-8020
flocculants for kaolin flocculation can be consefias 3.0 ppm, 4 ppm and 9.0 ppm,
respectively. These flocculants showed efficiemdcdulation and the optimum

dosages were found to be quite low compared twdhees reported earliéf.

The AA-4060 flocculant contains more of cationidymoer and exhibits a high degree
of charge with high zeta potential (+ 93 mV). Instlease, the driving force for the
flocculation could be attributed to the charge raigation followed by bridging.
However, because of the high charge content of gblymer (AA-4060), the
possibility of some contribution of patch mechanimflocculation cannot be ruled
out. In case of flocculant AA-5050 where, the clearggymoderate with moderate zeta
potential (+ 66 mV) has moderate molecular wei@d7(Kg mol'). Here the driving

force for flocculation is charge neutralizationléoved by bridging. For the flocculant

AA-8020, higher dosage level-0.0 ppm) was required to get 95-98% transmittance
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in the flocculation. In AA-8020 flocculant, the ¢lga density is low (zeta potential +
55mV) but the molecular weight is high (275 Kg ol Because of the high
molecular weight, the long polymer chain can getcted to a large number of kaolin
particles and the flocculation can occur througle thridging mechanism. The
requirement of more number of polymer chains fodding leads to high optimum
dosage for AA-8020. These observations clearlycaugi that charge density on the

polymer plays a dominant role in the flocculatidrkaolin suspension studied here.

We also measured the zeta potential of kaolin sipent solution as a function of
different dosage of flocculants AA-8020, AA-5050daAA-4060. The results are

shown in figure-4.6.

60
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o AA-4060
A AA-5050
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-10 4 Dosage (ppm)

-20 - ]
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Figure-4.6: Zeta potential of kaolin suspension supernatadiffgrent dosages after
equilibrium flocculation using AA-8020, AA-5050 ardh-4060

It is observed that, the zeta potential of kaotiluson changed from (-) 20 mV to (+)
50 mV with an increase in the dosage of flocculamtss is due to the fact that the
oppositely charged flocculants neutralized and dishied the surface charge of the
suspended kaolin particles resulting into the fdromaof kaolin flocs. However, it is
surprising to see from the figure-4.6 that the zmitential of the kaolin supernatant

did not reach zero value at 95% transmittance Herdptimum dosage of AA-8020,
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AA-5050 and AA-4060 flocculants. The zeta potenti@lues remained at (-) 10 to (-)
20 mV. This could be due to the presence of stiing very fine particles of
unneutralized kaolin present in the supernatantidiq Further, the kaolin fine
particles are partially or heterogeneously boundibgculants to form micro flocs
that cannot settle down and hence they float an@/ skduced zeta potential value.

At higher dosage content, the zeta potential vatvessed the zero value and attained
positive zeta potentials. These observations gleadicate that there seems to be a
broad flocculation regime and the possibility ofttbacharge neutralization and

bridging mechanism followed for the flocculation.

It is also observed form the figure, that the desaat which the zeta potential is zero
for AA-8020, AA-5050 and AA-4060 were 16, 12 and @@m respectively. These
dosages are more than 3-4 times higher than thewpt dosage. At optimum dosage
more than 95 % clarity or kaolin was flocculatedl dhat supernatant water can be
reused to suspend kaolin for the next cycle of ikawiining. This will enormously

improve the economy and efficiency of the recoyancess.
4.4.5 Kinetics of flocculation

In order to understand the kinetics of flocculatiome measured the percentage
transmittance of kaolin suspension as a functiomimé for flocculants, AA-8020,
AA-5050 and AA-4060 at their optimum dosage anditierent dosages. Figure-4.7
shows the results of % transmittance vs time foedflocculants at their optimum
dosage. The figures 4.8 to 4.10 shows the restiis mansmittance vs time for three
flocculants at different dosages.
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Figure-4.7: Kinetics of flocculation at optimum dosage
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Figure-4.8: Kinetics of flocculation at different dosages of 8820
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Figure-4.10: Kinetics of flocculation at different dosages of AR60

It is clearly seen that 95 - 98% transmittance @du¢ achieved within 3 min of
flocculant addition to the kaolin suspension atrtihespective optimum dosages of
flocculants. The AA-4060 flocculant gave maximumti#nsmittance at an optimum
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dosage of 3 ppm. These studies indicate that tlmegehon the flocculant (zeta
potential) plays a dominant role compared to mad&cweight for the efficient

flocculation of Kaolin suspension.

From figure-4.8 to 4.10, it can be seen that theades prior to the optimum dosage
also shows reasonably good % transmittance, whdicates that the flocculants

have a broader flocculation range.
4.4.6 Floc characterization
4.4.6.1 Initial settling rate (I SR)

Figure 4.11 shows the interface height vs timdltmculants AA-4060, AA-5050 and
AA-8020 at their optimum dosage levels of 3, 4 &dpm respectively. It can be
readily seen that, the interface height decreamgislly within the first 100 seconds
and remains almost constant after 250 seconddl fieeflocculants. This predicts the

initial settling rate of~0.1cm § for the flocculants. These observations clearlyeatv

that AA-4060, AA-5050 and AA-8020 flocculate kaofinspension very rapidly.
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Figure-4.11: Initial settling rate of AA-4060, AA-5050 and AA-20
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4.4.6.2 Filter Cake Moisture Content (FCMC)

Figure-4.12 shows the results of FCMC for AA-406801-5050 and AA-8020 at
different dosages. The FCMC of AA-4060, AA-5050 aA®-8020 remained
independent with respect to dosage in the rang2 tof 10 ppm used in this work.

However, the earlier reports indicate a decreaseONIC with an increase in dosage

levels when the dosage levels are quite higdQ(to 50 ppm). We observed a very

small change in FCMC with these low dosage levBlsvertheless, these small
dosages (2-10 ppm) were found to be efficientaedulation and gave more than 95
% transmittance in the flocculation process. ThéMBCof AA-4060 showed slightly
higher FCMC to AA-8020 and AA-5050, which could &t¢ributed to the high charge
in the polymer which results into increased hydilgty of flocculant and absorbs
more moisture. The AA-5050 showed less FCMC vahaa thoth AA-8020 and AA-
4060; this may be because AA-5050 has lesser maleaeight than AA-8020 and
lesser charge than AA-4060 hence the water retemgitess.
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Figure-4.12: Filter cake moisture content study of AA-4060, ABS® and AA-8020

at different dosages
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The visual observation of the filter cakes aftex flocculation using AA-4060, AA-

5050 and AA-8020 at different dosages was made plnrudographs are shown in
figure-4.13.

Figure-4.13: Photographs of filter cakes after flocculation ainging for AA-4060
(a-d) AA-5050 (e - h) and AA-8020 (i-1)

It is observed that, as the dosage increase, ttiacsuof the filter cake becomes

smoother and softer. This could be due to the foomaof dense flocs at higher
dosages of flocculant.
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4.4.6.3 Optical microscopic studies

The optical microscopy was performed on kaolin dlaabtained under different
dosages of AA-4060, AA-5050 and AA-8020 flocculantéie optical micrographs
are shown in figure-4.14. Kaolin suspension withany flocculant does not show the
flocs and one can see a uniform suspension [figuté-(a)]

Y,

Figure-4.14: Optical micrographs of kaolin flocculation at diféat dosages Kaolin
(@), AA-4060 (b-d), AA-5050 (e-g) and AA-8020 (h-j)

However, upon flocculation, kaolin flocs are obsehwery clearly and the floc size
increases with the dosage of flocculant. The oleskoptimum dosages of 3, 4 and 9
ppm for flocculants AA-4060, AA-5050 and AA-8020spectively show more than
95 % transmittance in the supernatant liquid dfierfloc formation. This is visible in
the micrographs of figure-4.14 (b), (e) and (j).
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45 Conclusions

In conclusion, we have shown that the cationicdidants based on the copolymer of
acrylamide (AM) and 3-acrylamidopropyltrimethylammiam chloride (APTMAC)
efficiently flocculates kaolin from aqueous solutioDepending on the ratio of
monomers, the copolymers could be obtained witkeiht molecular weight and
zeta potentials which are very important propertieguired for good flocculation.
The optimum dosages for maximum flocculation wexentl to be 3.0, 4.0 and 9.0
ppm for AA-4060, AA-5050 and AA-8020 copolymersspectively. The minimum
time required for maximum flocculation was deteretdnto be 3-4 minutes in the
laboratory scale. The copolymer (AA-4060) with higéta potential gave the best
flocculation efficiency. The floc characterizatiaras performed interms of floc size
and FCMC. Based on the results it was proposedthigatharge neutralization and
bridging are the main mechanisms for driving thecdulation. These copolymers

show great promise in the flocculation of kaoliorfr aqueous streams in industries.
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SYNTHESIS OF CHITOSAN GRAFT
COPOLYMER FLOCCULANTS

CHAPTER-5

In this chapter we report on the graft polymeri@atof chitosan with APTMAC. The
feed weight ratio of APTMAC was varied to get di#nt graft copolymers. The
characterization of graft copolymer was done usiMR, GPC and zeta potential
measurements. The flocculation efficiency was stidising kaolin suspensions. The
flocs were characterized by FCMC, ISR and opticatroscopic analysis. The

flocculation efficiency was correlated to charge amolecular weight of the polymer.
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5.1 Introduction

The use of biopolymers for flocculation applicagdmas been practiced since many
decades. The bio polymer based flocculants mosty polymers such as stafch
cellulos&™®, chitosan®™*® Pullulart®'’, guar gum®? natural gum©2* etc. The
advantage of using chitosan over other biopolyneefthat it is not a feedstock for
humans and animals and hence will not depleteabé $ource. The other advantages
of using chitosan are, it is biodegradable, noriet@nd environmental friendy>°
Chitosan is the second largest available carbokggralymer on earth next only to
cellulose and is available in plenty at lesser .cd$te use of chitosan alone as
flocculant is not very effective for flocculatinga&lin because of working pH
limitations and also due to low molecular wefgfit One of the major drawbacks of
using chitosan is its solubility, because of irged intra molecular hydrogen bonding,
chitosan dissolves only in acidic solution of plddehan 5. At this acidic pH, there is
a possibility of increased degradation of chitosdrich results in reduction of its
molecular weight and hence the flocculation effici¢?. The flocculant based on
chitosan graft polymer which is also soluble in @tnd above is preferred to avoid
its degradation and loss of flocculation efficien@hemical modification of chitosan
by grafting, using vinyl monomers and monomers wi#tionic charge has been
reported®!*273273% The grafting improves the solubility of chitoshy interrupting
the inter and intra molecular hydrogen bonds. Hudresses the issue of solubility
and charge on chitosan for efficient flocculatidre graft polymers are partially
biodegradable because of the polysaccharide baekbod are stable for shearing
since the presence of flexible synthetic polymetirchs grafted onto a rigid or semi-
rigid polysaccharide backbone. This flexible grdftdhain helps in adsorption to the
colloidal particles, improving the flocculation iefency. There are many methods to
graft chitosan but potassium persulfate induceeé fiadical polymerization yields
better grafted chitosan flocculants which are gasiluble in water. The other
methods such as gamma radiation induced graftisglteein graft polymers having
lesser solubility in watéf. There are many cationic monomers grafted ontmsai.
The use of (2-methacryloyloxyethyl)trimethylammamiwchloride (MOETMAC) has
been reported by Jian-Ping Wang ét# The chitosan grafted MOETMAC shows
broader pH flocculation range but has a limitecubiity in water. The grafting of
both acrylamide and MOETMAC was also repotteavherein, the acrylamide
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monomer contributes to increase the molecular weigh the MOETMAC enhances
the charge density. The use of 3-acrylamidopropemethylammonium chloride
(APTMAC) for grafting onto chitosan and its apptica for kaolin recovery is not

reported to the best of our knowledge.

In this work, we have synthesized cationic chitoflanculants based on the graft
copolymerization of chitosan (Chi) with cationic nwner (3-Acrylamidopropyl)
trimethylammonium chloride (APTMAC) for flocculatioof kaolin suspension and
demonstrated an efficient flocculation in very shamlsages (2-4 ppm) of flocculants.
The chemical structure of the graft copolymer watednined usingH and**C NMR
spectroscopy. The flocculation efficiency was claterl to the zeta potential and
molecular weight of the copolymer. The charactéiare of flocculants in terms of
filter cake moisture content (FCMC), initial settli rate (ISR) and optical
micrographs of kaolin suspension were studied amcelated to the flocculation of

kaolin suspensions.
5.2 Experimental

5.2.1 Materialsand M ethods

Chitosan (Chi), 3-Acrylamidopropyltrimethylammoniuchloride (APTMAC) (75

wt-% aqueous solution), potassium persulfate weoeysed from Aldrich, USA and
were used as received. Deionized water (condugt@55 pS ci at 25° C) (TKA

instruments, GmbH Stockland) was used for all thactions. Laboratory grade
acetone was purchased from Rankem, Mumbai, Ind&liK was procured from
Thomas Baker Chemicals, Mumbai, India. Chromatdagyagrade acetic acid was
obtained from Sisco Research Laboratory, MumbalialnAnalytical grade sodium
acetate was procured from Sd-fine chemicals, Mumbalia and was used as

received.
5.2.2 Synthesis of cationic flocculant: chitosan grafted with APTMAC

Cationic flocculants were prepared by grafting APA®™ onto chitosan using
Potassium persulfate as an initiator. The freeceddvas generated on the chitosan
backbone, which eventually polymerizes the APTMAGnmmer into a graft chain.
In a typical reaction, 3 g accurately weighed cdato was transferred to a 500 ml
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capacity flanged double jacketed reactor, equippéd an overhead stirrer and a
temperature controlled circulating water bath. ths 300 ml of 1% acetic acid
agueous solution was added (to obtain 1 Wt% chitagdution). The solution was
stirred till chitosan was completely dissolved. Témgon gas was purged into the
solution for 30 min to remove any dissolved oxygé@&hen the temperature was
increased to 56° C and 120 mg ofS¥Og was added with continuous stirring with
continuous purging of argon gas. After 5 minuteshefaddition of KS,Og, required
amount of APTMAC monomer solution was added dropeifi This delayed addition
was performed to avoid possible homo polymerizanérAPTMAC. The reaction
continued for 3 hours. The copolymer was recovénegrecipitation in acetone and
dried in a vacuum oven at 40° C. Three graft copels with different feed ratios (wt
%) of APTMAC and chitosan (Chi: APTMAC; 1:3, 1:5chA:8) were prepared and
denoted as CA-1:3, CA-1:5 and CA-1:8, respectivélye chemical structure of the
copolymers was characterized usitryand *C NMR spectroscopy. The molecular
weights of the copolymers were determined usingpgemeation chromatography
(GPC).

5.3 Characterizations

5.3.1 Gel permeation chromatography (GPC)

The molecular weight (MW) of copolymers was deteraoi using Agilent 1200 GPC
with Shodex OH pak SB-800 series columns. The rmaophase used was 0.3 N
CH3COOH and 0.2 N CECOONa with a flow rate of 0.8 ml/min. 100 pl wa® th
sample injection volume. The GPC column temperatae maintained at 40° C, and

Pullulan standards were used for calibration.

5.3.2 Zeta potential and Particle size measurements

Zeta potential and Particle size measurements warged out at 25° C using
Brookhaven 90 plus particle size analyzer, USA. pblymer concentration used was
0.1 gdLh
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5.3.3NMR studies

The'H and**C NMR spectra of copolymers were recorded on Brukérd00 MHz

spectrometer. The samples were preparecg@ D
5.3.4 Flocculation test for kaolin

Kaolin (particle size [1) suspension in water (3.0 wt-%) was used for khectilation
test. Kaolin suspension was prepared by stirrirgikaolution using overhead stirrer
at 400 rpm for 30 min. In a typical flocculatiomdy, to a 100 ml kaolin suspension, a
known volume of flocculant solution (1g"). was added and stirred for 5 min (with
300 rpm for first 2 min and at 100 rpm for 3 mirging an overhead stirrer, Heidolph
RZR 2012, Germany with cross blade impeller. A&enin, stirring was stopped and
immediately, 1 ml aliquot was drawn from the celnpartion of the solution. The
transmittance (%) was measured for this solutianguShimadzu UV-PC 1601 UV-
Vis spectrophotometer, Japan, in the kinetic mod&0® nm. This value of the
transmittance was taken as zero minute reading.sohdion was allowed to settle
and the aliquots were drawn at a predeterminedtilh? min and transmittance was
measured. Then transmittance vs time was plotteehtbout the time required for
maximum transmission to occur. For the zeta paénteasurement, the supernatant
liquid was taken after 40 min of flocculation. Sbms with different dosages of

flocculant were examined.
5.3.5 Floc characterization

The procedures for floc characterizations were ntepoearlier in chapter-3 under
section 3.3.7 lqitial settling rate (ISR) 3.3.7.1, Filter Cake Moisture Content
(FCMC) and optical microscopy studies 3.3.7.2)
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5.4 Results and Discussion

5.4.1 Synthesis and characterization of flocculants

Chitosan is structurally similar to cellulose, kbuthas amino (-NH) groups and

acetamido (-NHCOCE) groups at the £position of the anhydroglucose unit (AGU).
These functional groups help in the chemical modifon of chitosan to improve its
solubility and widen its applications. Among varsomethods, graft copolymerization

is the most attractive and a large number of vimgnomers have been graft

copolymerized onto chitosan using free radicalatid@n ory-irradiation techniques.

In the chitosan grafted copolymers, the rigid ratof chitosan can give a more
extended conformation in solution along with a higharge density. On the other
hand, the grafted polymer chain gives flexibilitythe overall polymer. Chitosan is a
unique polysaccharide with a positive charge irsttacture in the acidic medium and

helps in synthesizing cationic flocculants.

Grafting of cationic monomers onto chitosan canagick the charge density of the
copolymer which is generally a desired parameterafo efficient flocculant. In this
work, a cationic monomer namely 3-acrylamidopropamethylammonium chloride
(APTMAC) was chosen to graft copolymerize onto @sén due to its high reactivity
ratic*®*®. Copolymers with different contents of APTMAC (@san: APTMAC
Wit% 1:3; 1:5 and 1:8) were synthesized and denaseGA-1:3, CA-1:5 and CA-1:8
respectively. The reaction pathway for the syntheéchitosan-g-APTMAC is shown
in scheme-5.1. The quantitative yields of the gcaijbolymers CA-1:3, CA-1:5 and
CA-1: 8 were 42, 43, and 56% respectively.

OH
H H OH
H.0 K,S,04 &Ln
07 HoO 4 —— - 07 o= )
H NH, H HIC=C|: H;N
/c=o THI
HN\ Qz H CH
Nt Sa—
Chitosan /CH; Hzc/ ﬁz ﬁ 2
H.C 3 (o] j-g-
\ iy Chi-g-APTMAC
/CHZ
H,c—N' Cr CH;
N
APTMAC HC CHs

Scheme-5.1. Reaction scheme for the synthesis of chitosan-gMMRCT copolymers
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5.4.2 Chemical structure by NMR spectroscopy

We show in figure-5.1, thtH NMR spectrum of representative CA-1:8 and chitosa
The methyl (-CH) proton peaks of APTMAC appear at 3.3 ppm andleéhylene (-
CHy- ) protons of APTMAC attached to nitrogen atomegpeaks in the range of 3.2—
3.3 ppm. The methyl (-CHi proton peak of the acetyl group of N-acetyl gkmmine
appears at 2 ppm, the proton peak fgoHchitosan appear at 3.0 ppm and the proton
peaks for ring H to Hs of chitosan appear at 3.5 - 3.8 ppm. All the ctiarstic
peaks of the graft copolymer assigned match witbse reported in the
literaturd®44*
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Figure-5.1: 400MHz *H NMR spectrum for chitosan and CA-1:8

Figure-5.2 shows the representatid& NMR spectrum of CA-1:5 and chitosan. The
methyl (-CH) carbons of APTMAC appear at 53.1 ppm and the péakmethylene
(-CH2-) carbons of APTMAC attached to amide nitnoggppear at 36.5 ppm and
methylene (-CkH) carbon of backbone chain of APTMAC appears ad 3pm. The
methylene (-CH) carbon of APTMAC attached to nitrogen gives akpat 64.1 ppm
and peak for methylene (-GHl carbon next to carbon attached to nitrogen, appe
22.5 ppm. The carbons of the chitosan ring C5, @B@9 appear at 56.1, 71.7 and at
74.8 ppm respectively. The C6 carbon appears dt ppm. Both theH and*°C
NMR spectra confirm the chemical structure of tmaftgcopolymer in comparison

with chitosan.
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Figure-5.2: 400 MHz**C NMR spectrum of chitosan and CA-1:5

Figures 5.3 and 5.4 show tHel and **C stacked NMR spectra of all the three
compositions respectively (CA-1:3, CA-1:5 and CA&)1The combined stack plots of
the NMR spectra clearly indicate the successiveease in the intensities of the peaks

for APTMAC with increase in its feed weight %.
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Figure-5.4: 400 MHz*C NMR spectrum of CA-1:3, 1:5 and 1:8
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5.4.3 Molecular weight and zeta potential

The molecular weight and zeta potential of the tgcapolymers were determined
using GPC and particle size analyzer, respectivEple-5.1 shows the molecular

weights and zeta potential of CA-1:3, CA-1:5 and-CA& samples.

Table-5.1: Molecular weight and Zeta potential of copolymers

My Mp PDI Zeta potential

Samples pH

(Kg mol™) (Kg mol™) (My/M,) (mV)
CA-1:3 408 285 1.4 6.0-7.0 (+) 32.0 - 35.(
CA-1:5 790 229 3.4 6.0-7.0 (+) 50.0 - 53.4
CA-1:8 826 316 2.6 6.0-7.0 (+) 55.0 - 58.(
Kaolin - - - 6.0-7.0 (-) 18.0-20.0
Chitosan 375 - - - -

It can be seen from table-5.1 that when the APTM#Gtent in the graft copolymer
increases, the molecular weight and zeta poteinttaéases from CA-1:3 to CA-1:8.
The higher content of APTMAC in graft copolymer (€148) shows higher zeta
potential value. The particle size of the polymksoancreased with the increase in
APTMAC content. This can be attributed to the egtmhcoil conformation as a result
of the repulsion in the like charges of the polyraerangement by the presence of
APTMAC. This extended coil confirmation is favoulalfor effective binding to

cause efficient flocculation.
5.4.4 Flocculation of Kaolin
The flocculation efficiency of graft copolymers, €A3, CA-1:5 and CA-1:8 on

kaolin aqueous suspension was examined by measiimengansmittance on kaolin
suspension after the equilibrium flocculationd0 min). The kaolin bears a negative
charge on the surface in the pH range of 6.5 aidbexhibits the zeta potential of (-)
18 - 20.0 mV. The average size of kaolin partisles ~1.0 um. The efficiency of

flocculation of kaolin suspension (3.0 wt %) waseastigated at different dosages of
flocculants.
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A typical set-up for the kaolin flocculation is sk in figure 3.7 of chapter-3. Figure-
3.7a shows the kaolin suspension before the addifiélocculant, which is stable and
looks milky. Upon addition of cationic flocculantné initial stirring, milky

suspension turns into a clear solution after stopphe stirring (figure-3.7b). The
kaolin particles begin to settle at the bottom. Titamsmittance of the clear solution
was measured. Similar experiments were carried fout different dosages of

flocculants.

Figure-5.5 shows the percentage transmittance alirkasupernatant liquid vs
different dosages of flocculants, CA-1:3, CA-1:5dabA-1:8 taken at pH 7 and at

equilibrium flocculation time of~ 40 min.

100 - O
80 -
Q
Q
S = CA-1:3
£ 60-
£ —o—CA-1:5
& —o—CA-1:8
S
= 40 -
X
20 Optimum dosage
1o
0 I ' 1 ' 1 ! 1 ' 1 i |
10 20 30 40 50

Dosage (ppm)

Figure-5.5: Transmittance of kaolin supernatant vs. dosag®otilants after 40

min of equilibrium flocculation

It can be clearly observed from the figure that,-C8 shows more than 90 %
transmittance at the dosage range of 2 - 6 ppnra@andins constant till 20 ppm. After
20 ppm, the % transmittance reduced with the furiherease in flocculant dosage.
This is due to the colloidal restabilization. CAlalso shows more than 90%

transmittance at the dosage range of 2 - 6 ppmraanéins constant till 40 ppm.
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The % transmittance decreases after 40 ppm whidhasto colloidal restabilization.
Whereas, CA-1:3 flocculant showed more than 90 &fsimittance in the dosage
range of about 4 - 10 ppm and remains constarQilppm and showed no colloidal
restabilization. This could be attributed to lessbiarge on the CA-1:3. These
observations clearly show that the charge on thenper is directly proportional to
the feed weight ratio of APTMAC, which is furtherigenced by NMR studies. The
optimum dosage levels for CA-1:3, CA-1:5 and CA-Tl8cculants for kaolin
flocculation could be considered as 2.0 ppm, 2.h @nd 4.0 ppm, respectively.
These flocculants showed efficient flocculation d&nel optimum dosages were found

to be significantly lower compared to the valugsoréed earlier**°

The CA-1:8 and CA-1:5 flocculants contain more (FIPMAC polymer and exhibit a
high degree of charge with high zeta potential ¢+t® 60 mV). In this case, the
driving force for the flocculation could be attried to the charge neutralization
followed by bridging. However, the possibility ofeetrostatic patch mechanism in

flocculation cannot be ruled out as there is aotddil restabilization at higher dosage.

For the flocculant CA-1:3, higher dosage level(0- 8.0 ppm) was required to get

95-98% transmittance in the flocculation. In CA-fliculant, the charge density is
low (zeta potential + 32 mV) and also the molecwiaight is low (408 Kg mal).
Because of the lower charge density and low maodecwieight more flocculant is
needed to cause flocculation. These observati@elglindicate that charge density

on the polymer plays a dominant role in the kafdbaculation.

We also measured the zeta potential of kaolin sipent solution as a function of
different dosage of flocculants CA-1:3, CA-1:5 dDA-1:8. The results are shown in
figure-5.6.
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Figure-5.6: Zeta potential of kaolin suspension supernatadiffgrent dosages after
equilibrium flocculation using CA-1:8, CA-1:5 andhcl:3

It is observed that the zeta potential of kaoliluson changed from (-) 20 mV to (+)
50 mV with an increase in the dosage of flocculamtss is due to the fact that the
oppositely charged flocculants neutralize and dishinthe surface charge of the
suspended kaolin particles resulting into the faromaof kaolin flocs. However, it is
interesting to note from the figure-5.8 that théazeotential of the kaolin supernatant
did not reach zero value at 95% transmittance Her dptimum dosage of CA-1:8,
CA-1:5 and CA-1:3 flocculants. The zeta potentiaiues remained at (-) 10 to (-) 20
mV. This could be attributed to the presence oflsqantities of very fine particles
of unneutralized kaolin present in the supernataptid. Further, the kaolin fine
particles are partially or heterogeneously boundibgculants to form micro flocs
that cannot settle down and hence float and shducexl zeta potential value.

At higher dosage content, the zeta potential vatvessed the zero value and attained
positive values of zeta potential. These obsermatiearly indicate that there seems
to be a broad flocculation regime and the posgybalf both charge neutralization and

bridging mechanism for driving the flocculation.

It is also observed form the figure that the dosaaewhich the zeta potential is zero
for CA-1:8, CA-1:5 and CA-1:3 were 30, 40 and 58ppespectively. These dosages
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are more than 10 times higher than the optimum gksAt optimum dosage, more
than 95 % clarity or kaolin was flocculated andt thapernatant water can be reused
to suspend kaolin for next cycle of kaolin minifidnis can enormously improve the

economy and efficiency of the recovery process.
5.4.5 Kinetics of flocculation

In order to understand the kinetics of flocculafitime percentage transmittance of
kaolin suspension as a function of time were meakstor flocculants, CA-1:8, CA-
1:5 and CA-1:3 at different doses and also at thygitmum dosage. Figure-5.7 shows
the results of % transmittance vs time for threedulants at their optimum dosage
and figure-5.8 to 5.10 shows the % transmittancdime for three flocculants at

different dosages.

100
80 -
@
Q
c
£ 60
£
1]
c
Z 40 5 2ppm CA-1:8
° e 2ppm CA-1:5
4 ppm CA-1:3
20 -
0 ' T L T Y T Y T
0 10 20 30 40
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Figure-5.7: Kinetics of flocculation of CA-1:8, CA-1:5 and CA3lat optimum

dosage
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Figure-5.8: Transmittance of kaolin supernatant vs. time of CA-
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Figure-5.9: Transmittance of kaolin supernatant vs. time of CB-
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Figure-5.10: Transmittance of kaolin supernatant vs. time of C8-

It is clearly seen that, 80 - 85% transmittanceladdae achieved within 10 min of
flocculant addition to the kaolin suspension atirthespective optimum dosages of
flocculants. At the end of 40 min, the % transmiti& reached to 90%, which
indicated a bridging mechanism for the flocculati®he initial phase of time during
flocculation is involved in charge neutralizationdalater the bridging occurs for the
effective flocculation. The % transmittance incesaswith time indicating that
bridging occurs with time. Further the high moleculveight of the polymer also
contributes to the bridging. Both CA-1:8 and CA-fj&@ve maximum % transmittance
of more than 90% at an optimum dosage of 2 ppms Téibecause the charge
required to neutralize the kaolin particles is jgistficient in CA-1:5 and the bridging
mechanism causes the increase in % transmittafeeintreased charge density in
CA-1:8 resulted in 90 % transmittance in a shoneti These studies indicate that both
charge and molecular weight play important roléhim efficient flocculation.
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5.4.6 Floc characterization
5.4.6.1 Initial settling rate (ISR)

Figure-5.11 shows the interface height vs. timeflioecculants CA-1:8, CA-1:5 and
CA-1:3 at their optimum dosage levels of 2, 2 angpfn respectively. It can be
readily seen that the interface height decreagaslyawithin the first 100 seconds
and remains almost constant after 250 seconddl fiveeflocculants. This predicts the

initial settling rate of~0.1cm § for the flocculants. These observations clearlyeatv

that CA-1:8, CA-1:5 and CA-1:3 flocculate kaolirspension very rapidly.
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Figure-5.11: Initial settling rate of CA-1:8, CA-1:5 and CA-1:3
5.4.6.2 Filter Cake Moisture Content (FCMC)

Figure-5.12 shows the results of FCMC for CA-1:8-C5 and CA-1:3 at different
dosages. The FCMC of CA-1:8, CA-1:5 and CA-1:3 re®ad independent of
dosages in the range of 2 to 10 ppm. However, dhnigee reports indicate a decrease
in FCMC with an increase in dosage levels whendbsage levels are quite high
(~40 to 50 ppm). We observed a very small changeORIE with these low dosage

levels. Nevertheless, these small dosages (2-10 pmre found to be efficient in
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flocculation and gave more than 95 % transmittandde flocculation process. The
FCMC of CA-1:8 showed slightly higher FCMC to CAsland CA-1:3 which could
be attributed to the high charge and molecular kteig the polymer which results
into increased hydrophilicity of flocculant and aldss more moisture. Further, the
FCMC is in the decreasing order with decreasing MRT content. This clearly

shows that charge on the polymer and moleculariwadiuences the FCMC.
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Figure-5.12: Filter cake moisture content study of CA-1:8, CA-and CA-1:3 at

different dosages

The visual observation of the filter cakes after flocculation using CA-1:8, CA-1:5

and CA-1:3 at different dosages was made and phagibg are shown in figure-5.13
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Figure-5.13: Photographs of filter cakes after flocculation ainging for CA-1:3 (a-

d) CA-1:5 (f - i) and CA-1:8 (j-m)

It is observed that, as the dosage increase, ttHacsuof the filter cake becomes
smoother and softer. This could be due to the faomaof dense flocs at higher

dosages of flocculant.

5.4.6.3 Optical microscopic studies

The optical microscopy was performed on kaolin dlambtained under different
dosages of CA-1:8, CA-1:5 and CA-1:3 flocculanthieToptical micrographs are
shown in figure-5.14. Kaolin suspension without dlogculant does not show the

flocs and one can see a uniform suspension [fi§uté-(a)]
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Figure-5.14: Optical micrographs of kaolin flocculation at diféat dosages Kaolin
(@), CA-1:3 (b-d), CA-1:5 (e-g) and CA-1:8 (h-j)

However, upon flocculation, kaolin flocs are obsehwery clearly and the floc size
increases with the dosage of flocculant. The oleskoptimum dosages of 2, 2 and 4
ppm for flocculants CA-1:8, CA-1:5 and CA-1:3 respeecly show more than 95 %
transmittance in the supernatant liquid after fbe formation. This is visible in the
micrographs of figure-5.16 (c), (f) and (i).

Savitribai Phule Pune University 94 CSIR-National Chemical Laboratory



Chapter-5 Synthesis of chitosan graft co-polymers

5.5 Conclusions

In conclusion, we have shown that the cationic didants based on the graft
copolymer of chitosan and 3-acrylamidopropyltringgimmonium chloride

(APTMAC) efficiently flocculates kaolin from aquestsolution. Depending on the
ratio of monomers, the graft copolymers could btaioled with different molecular
weight and zeta potentials, which are very impdrfaoperties required for efficient
flocculation. The optimum dosages for maximum fldeton were found to be 2.0,
2.0 and 4.0 ppm for CA-18, CA-1:5 and CA-1:3 gm&polymers, respectively. The
minimum time required for maximum flocculation waetermined to be 4-10 minutes
in the laboratory scale. Both the copolymers CA-ar&l CA-1.5 gave the best
flocculation efficiency. The floc characterizatioras performed in terms of floc size
and FCMC. Based on the results it was proposedthigatharge neutralization and
bridging are the main mechanisms for driving thecdulation. These graft
copolymers show great promise in the flocculatibRawlin from agueous streams in

industries and are biodegradable and environméreably.
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CHAPTER-6

In this chapter summary and conclusions of the thesis work are discussed.




Chapter-6 Summary and conclusions

The main objective of this thesis work was to synthesize and characterize efficient
flocculants for kaolin flocculation. Accordingly, flocculants based on copolymers of
acrylamide and cationic functional monomers such as DADMAC and APTMAC and
graft copolymers of chitosan and APTMAC were synthesized and evaluated for
kaolin flocculation. Acrylamide monomer was selected because of its inherent
property of yielding high molecular weight and the cationic monomers impart cationic
charge to the flocculant, which are the most essential parameters for an efficient
flocculant. Chitosan, a biopolymer grafted with APTMAC vyielded partialy
biodegradable flocculant. These flocculants were tested for their molecular weights
and charge density and examined for flocculation of kaolin suspensions. Kaolin is an
important industrial mineral which has wide applications in industry. This was the

motivation behind synthesizing efficient flocculants for kaolin separation.

In the first chapter a detailed literature survey on flocculants, importance of
flocculants in industrial separations is presented. Various mechanisms which drives
the flocculation and factors which influence the flocculation were explained.
Classification of flocculants based on their structure and source was given. Major
focus was given on flocculants used for kaolin separation. In view of the
environmental issues, the importance and use of biopolymer based flocculants were
discussed. Particular emphasis was given on chitosan based flocculants. Different
methods used to study flocculation such as jar test and settling test was explained, and
also the floc characterization methods such as FCMC and ISR were el aborated.

In the second chapter, the scope and objectives of the work in terms of design and

synthesis of new and efficient flocculants for kaolin flocculation were given.

The third chapter dealt with synthesis of copolymers of acrylamide and DADMAC at
different molar composition. The characterizations in terms of chemical structure and
composition was performed using *H and **C NMR spectroscopy. The molecular
weights and zeta potentials were determined using GPC and Zeta sizer. The
flocculation efficiency was tested on kaolin suspension and the optimum dosages
were evaluated. The optimum dosages of flocculants AD-4060, AD-5050 and AD-
8020 were found to be 8 , 10 and 14 ppm, respectively. The flocs were characterized
in terms of FCMC and optical microscopy. The flocculation efficiency was correlated

to the molecular weight and charge on the flocculant.
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Chapter-6 Summary and conclusions

In the fourth chapter, the copolymerization of acrylamide and APTMAC was
discussed and copolymers with three different monomer compositions were
synthesized. The chemical structure of the copolymers was confirmed by *H and **C
NMR spectroscopy. The molecular weight and zeta potential were determined by
GPC and zetasizer. The flocculation efficiency was tested on kaolin suspension and
the optimum dosages were determined. The optimum dosages for flocculants, AA-
4060, AA-5050 and AA-8020 were found to be 3 , 4 and 9 ppm respectively. The
flocs were characterized in terms of FCMC and optical microscopy. The flocculation
efficiency was correlated to the molecular weight and charge on the flocculant, the
mechanism of flocculation was discussed in terms of charge neutralization and
bridging. To the best of our knowledge this copolymer system was used for the first
time for the kaolin floccul ation and found to be efficient.

The fifth chapter dealt with the synthesis of biopolymer chitosan grafted APTMAC
copolymers. The composition of APTMAC was varied and three graft copolymers
with different APTMAC content were synthesized. The chemical structure of the graft
copolymers was characterized by *H and *C NMR spectroscopy. The molecular
weight and zeta potential values were determined. The flocculation efficiency was
tested on kaolin suspension and the optimum dosages were determined. The optimum
dosage of flocculants CA-1:8, CA-1:5 and CA-1:3 were found to be 2, 2 and 4 ppm
respectively. The flocs were characterized in terms of FCMC and optical microscopy.
The flocculation efficiency was correlated to the molecular weight and charge on the

flocculant.

We have successfully synthesized and characterized flocculants based on acrylamide
copolymers and chitosan graft copolymers and demonstrated their applications in
kaolin separation. Besides kaolin these flocculants also have a great potential in other

industrial solid liquid separations by floccul ation.
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