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ABSTRACT

The fact that water is the most important matarsgd by mankind defines the importance of water
purification. Wastewater and industrial effluergaiment require removal of suspended solids for
purification and possible re-usage. The removallmaccomplished by gravitation (very slow), by
coagulation (dependent on electric charge situptonl by flocculation (not dependent on electric
charges and the fastest). Inorganic flocculantsusesl in very large quantities, they leave large
amounts of sludge and are strongly affected by pianges. We describe the mechanism of
flocculation by polymers in ppm concentrations byisg solvation of the liquid by the flocculant,
thus pushing the solid particles outside the setvatomains. The solid particles aggregate in much
smaller regions then available to them. Polymelocdulants cause formation of large cohesive
aggregates (flocs) and are inert to pH changesh Batural and synthetic polymers are used as
flocculants. Natural polymers are biodegradable,edfective at large dosages and are shear stable.
Synthetic polymers are highly effective flocculaatssmall dosages and have high tailorability but
poor shear stability. Concern for environmental ageblogical issues warrants the use of
biodegradable flocculants. Natural polysaccharglesh as starch, guar gum, alginate, glycogen or
dextran can be used. Chemical modification of tigslgsaccharides to improve their flocculation
efficacy is possible, including grafting polyacnylmle branches on polysaccharide backbones and
insertion of cationic moieties on the backbones. dgeuss flocculants based on polysaccharides
more in detail since they provide both shear stgtdhd biodegradability. Since flocculants exist a
polymers in solution, their standard characterats in terms of the radius of gyration; that tesdi

is related to the flocculation efficac®rag reduction (DR) is also related to flocculatgince the
same polymeric agents cause both. DR is brieflycrilesd and the common mechanism of both
phenomena is explained. Possibilities of using ckd industrial water after flocculation as
agricultural water are pointed out. Such usagelteguless contamination of the environment and
also in saving fresh water.


http://www.unt.edu/LAPOM/

158 Brostow, Hagg Lobland, Pal and Singh

1. INTRODUCTION Water is used, among other applications, in
mineral processing, such as in bringing metal
Materials play a major role also in loweringores in the form of water slurries from their
pollution and contamination of the environmentoriginal location below the Earth surface to the
For this reason there are intensive researshirface and also in subsequent transport.
activities in the areas of lowering toxicity ofMovement of coal from its deposits in coal
industrial waste, lowering toxicity of exhaustsmines and the subsequent surface transport
confinement of contamination and recycling osimilarly requires the use of water. It is for such
materials of many kinds — including water. S¢easons that the problem of potable water is
far standard instruction in Materials Science aniglated to that of industrial water. Clearly less
Engineering (MSE) largely ignores theseise of industrial water - or recycling some of it -
activities. A course on Environmental Protectionvill increase the supply of potable water.
taught at the Poznan University of Technology
by Paukszta and Garbarczyis an exception. The effluents are highly undesirable and unsafe
Other exceptions are those metallurgical ari@ use. Wastewater contains solid particles with
ceramic engineering curricula which includea wide variety of shapes, sizes, densities and
mineral processing so that flocculation is at leasomposition.  Specific properties of these
mentioned The present article represents Rarticles affect their behavior in liquid phases -
further step to remedy this situation. and thus the removal capabilities. Many
chemical and microbiological contaminants

Effluent disposal is a maior oroblem around thfound in wastewater are adsorbed on or incorp-
PO Jor p ! NBrated in the solid particles. Thus, essential for
world. Growing along with the population

rowth, industries create environmental rob;_)urification and recycling of both wastewater
g ’ PrOB3nd industrial effluents is the removal of solid
lems and health hazards for the populatio

. . particles.
Hence, environmental concerns and progressing

D aracre Souees benooufs renevable raw mateis, pobsacchardes

from renewable agricultural and plant resourc ?ready play an Important role as altgrnat|ves to

to lower the extent of pollution of the environ(-aI%SSII raw materials - due to both the.lr.generally

ment non-toxic nature and the constantly rising global
' demand for energy and raw materials. Poly-

saccharides are large organic molecules that

The world population is increasing — whileoccur in a variety of natural sources. Depending

availability of potable water is decreasing. Watempon the source, the polysaccharides contain

is essential for the survival of human beings warious impurities and also exhibit a variety of

not to mention modern industry. Although themolecular characteristics. However, by purifi-

earth consists of 75% of water, water focation, grafting and cationization, useful

drinking, sanitation, agricultural and industrialproducts can be made — usable as flocculating,

processes is not easily available. According tdrag reducing and viscosity enhancing agents

the United Nationals Organization Report of

2005, 1.2 billion people lack access to adequate

amounts of clean water and 2.6 billion people. METHODS OF REMOVAL OF SOLID

lack proper sanitationThis situation got only PARTICLES SUSPENDED IN LIQUIDS

worse since 2005 and necessitates recycling of

municipal wastewater and industrial effluents oifhe simplest process imaginable is dmavity.

a massive scale. To meet the requirements 8blid particles have higher densities than water.

potable, industrial and agricultural water, wéHowever, fine particles with diameters on the

have to treat the wastewater, particularly therder of 10 um willnot settle out of suspension

municipal sewage sludges and slimes arlgy gravity alone in an economically reasonable

industrial effluents. amount of time. We note that particle sizes in
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emulsionsare still smaller, 0.05 — 5 um, hencéhow ppm concentrations of a flocculating agent
the removal of particles from emulsions (deare sufficient. In Figure 1 we show a schematic
emulsification) is even more difficult. illustrating how one chain pervades a large
volume of the liquid.

The second process, still widely used, if
coagulation Destabilization of colloidal
suspensions occurs by neutralizing the electr
forces that keep the suspended particld
separatel The aggregates formed in the
coagulation process are small and loose
bound; their sedimentation velocities arg
relatively low — although higher than in gravity
separation. Given the nature of the process, t
results are strongly dependent on pH and i
variations.

Solvated Domain

Flocculationis caused by the addition of minute Solvated liquid

guantities of chemicals known as flocculants-
Both inorganic and organic flocculants are ifkigure 1. A section of a macromolecular chain in
use. Among the inorganic flocculants, salts dbrming of a domain pervaded by a chain in the
multivalent metals like aluminum and iron aresystem of liquid + suspended solid particles. Ldqui
applied most often - at high concentratibns molecules are either solvated by the chain (shaded
Inorganic flocculants are used in very larg@rea) _or_else are located inside a dqmain. Sizb_anf
quantities, they leave large amounts of sludgé@main is related to the polymer radius of gyration
and are strongly affected by pH change@.s discussed |n_the text. When aflocculgnt |S|e_t¢pl
Organic flocculants are typically polymeric inand such dqmalns Fhen formed, th_e solid particulate
) . . matter remains outside of the domains.
nature; by contrast to inorganic ones, they are
effective already in ppm concentrations. Bot
synthetic and natural water-soluble polymers al
used as flocculants.

lA measure of the pervaded volume is the radius
i gyration R. The radius is the root-mean-
square distance of the collection of atoms from

. their common center of gravity:
In contrast to the process of coagulation, electric

charge manipulation isnot the dominant B=>mr¥ = m, (1)
mechanism of action in flocculation. In fact,
flocculation is possible without significantHere mis the mass of the i-th atom whileis
changes in the particle surface charges. Astlae vector from the center of gravity to that
consequence, flocculation is not strongly affectatom; the summations run over all atoms. As
ed by pH in a given medium, or by pHdiscussed by Lucas and her colleaduesl also
variations. Moreover, flocculation is much moreoy Gedd& there are several methods of
effective than coagulation since the so-calledxperimental determination of GR including
flocs are larger and more strongly bound thalight scattering and viscometry.
the aggregates obtained by coagulation. Thus,
among the possible options, flocculation is thgvith large solvent volumes pervaded by the
method of choice. macromolecular chains, solid particulates are
pushed outsidghe solvated domains such as
shown in Figure 1. This is the main mechanism
3. MECHANISMSOF FLOCCULATION of action of the flocculating agents. The solid
particles aggregate in much smaller regions now
Polymeric  flocculants act by extensive available to them. Clearly higher molar mass of
solvatiort. Here lies, first of all, an explanationthe polymer results in larger or more solvated
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domains. We shall return to this issue in d@he surface charge explanation is in terms of
quantitative way later in this review whencontamination of solid particles in solution by

looking at suspensions containing specific solidglectrostatic adsorption of ions on their surfaces.
and flocculants used to treat them. We see why this cannot be a general mechanism

It has been found that polymeric flocculants arﬁ]c floccu_latlon. There_are SUSPEnsIons 1n which
also drag reduction (DR) age‘htéo. The DR occulation occurs while the electrostatic forces

phenomenon is used to advantage in oil pipeliff€ unimportant. Needless to say, in the pres-
conduits, oil well operations, flood waterénce of ions we can have flocculation enhanced
disposal, fire fighting, field irrigation, transpor by electrostatic adsorption of ions. The adsorp-
of suspensions and slurries, sewer systenfin can cause repulsion between solid particles,
water heating and cooling systems, airplane tarmitraction of counter ions into the vicinity of the
filling, marine systems. Most airplane passparticles, and thus formation of an electrical

engers do not realize that filling their plane fuediouble layer - a phenomenon known for a cen-
tank would take much more time without the usgry or so.

of DR agents. The importance of drag reducers
in saving human life during a fire can hardly b

Since it was clear for a long time that the
overstated.

electrostatic mechanism cannot be operational in
We do have a joint explanation of flocculatior2 number of systems in which flocculation
and DR. The large volumes pervaded bgpccurs, as far back as 1982ridging mechan-
polymeric chains cause DR. In turbulent flowsm model of flocculation was developed by
the solvated domains such as seen in FigureRuehrwein and Wald One assumes that a
resist the eddies of turbulence and - not mudingle polymer chain forms a bridge between
affected - move along the flow. The only differtwo or more particles. The basics of this model
ence is in the shape; the domains in flow afgave been subsequently refined, but the main
oval rather than static appoximately sphericalyinis are unchanged; the loops and tails of the

onest.) It h&s_beéer; demcl)tnstrateg th?t _st(_)Ivatl dsorbed polymer chain on one particle protrude
nUMDErs ovtained from ultrasound VEIOCIes arg;, <qution and get attached to a second solid

related to the DR efficacy; the larger the solv- . : ) : .
ation number, the stronger is a given DR a%empartlcle. The first problem with this model is that

Thus, a domain flows as a unit, with somd cannot explain how ppm concentrations of a
perturbation to its shape caused by the turb@olymer are sufficient to cause flocculation.

lence along the way. Here we see the reason f8gcond, what would be the force pushing a
DR: individual solvent molecules solvated bymacromolecular chain to get adsorbed on a
polymer chains are not ‘attacked’ individuallysecond particle? But assume for the sake of
by eddies of the turbulence. When such an attaekgument that such force exists, that anchoring
occurs, the solvent molecules defend themselves a macromolecular chain on two distinct

collectively The solvent molecules inside thesuspension particles occurs somehow, conceiv-
domains (see again Figure 1) are protected evgply as a consequence of simple Brownian
more than those whlch_ by solv_atlon are attachqﬂ,mmicS motions. Then a 'bridge’ would result
to macromolecular chains outside. in doubling the mass of the suspension particle,
not more. The fact that flocs are much larger and

We now return to flocculation. Given the . . ) . ,
practical importance of this phenomenont‘ea"'er than just twice the size of particles

various explanations have been advanced befdgfore flocculation cannot be explained by the
the mechanism described in Ref. 5 was formuPridge formation. Thus, we are left with the
ated. Two such explanations still mentioned ofolvation model described in the beginning of
occasion are surface charge neutralization atiis Section as the only one explaining the
bridging. We shall consider them in turn. totality of observed phenomena.
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4. CLASSESOF ORGANICFLOCCULANT degradable and easily available from reproduc-
ible farm or forest resources. The bio-degrad-
The organic flocculants fall into two categoriesability of natural polymers reduces their shelf
namely natural and synthetic. The polylife and needs to be suitably controlled. Their
saccharides, mainly starch and its constituentgquired dosage is large and their solutions and
different types of gums, alginic acid, cellulosdloc lose stability and strength respectively due
and its derivatives, dextran, glycogen etc. ar® biodegradability. It is thus evident that aléth
among the natural polymers used in flocculatiompolymers whether natural or synthetic have one
Synthetic flocculants are broadly divided a®r other disadvantages.
anionic, cationic and non-ionic categories. Poly-
acrylamide (PAM) and poly(ethylene oxide)ln this situation, attempts have been made to
(PEO) are non-ionic. The majority of the cationeombine the best properties of both kinds of
ic groups of polyelectrolytes are derived byolymers by grafting synthetic polymers onto
introducing quaternary ammonium groups ontbackbones of natural polymers after purifi-
the polymer backbone, although polymersatiorf**?® Biodegradability is reduced because
containing sulfonium and phosphonium groupsf a change in the original regular structure of
are used to a limited extent. The most commontye natural polymer as well as the increased
used cationic polyelectrolytes are poly(diallylsynthetic polymer content. It is also observed
dimethyl ammonium chloride) (polyDADMAC). that grafting of shear degradable polymers onto
In the anionic group of polyelectrolytes, mainlyrigid polysaccharide backbone provides fairly
two types of polymers are used; one type ishear stable systems.
polymers containing carboxyl functional groups
and the other containing sulfonic acid groups. &£ationic polysaccharides can be prepared by a
representative of the former is poly(acrylic acidjeaction of a polysaccharide with various
and its derivatives, of the latter poly(styren@eagents possessing positively charged groups
sulfonic acid) (PSSA). such as amino, imino, ammonium, sulfonium or
phosphonium groups. Cationized polysacch-
The extensive use of polymers as flocculants &rides are effective flocculants over a wide range
due to their distinct characteristic attribdfe§ of pH. They are non-toxic and their biodegrad-
As already noted, polymers are convenient tability can be controlled. They are being used
use and do not affect the pH of the mediunfor sustained organic and inorganic matter in
They are used in ppm guantities - with obvious/astewater carrying negative charges. They are
consequences for the cost of flocculation. Thalso used as wet-end additives in paper making -
flocs formed are larger, stronger and settle mofer controlling flocculation, retention and paper
easily than do the simple coagulation electrastrength. Introducing cationic groups onto starch
lytes. Flocculation efficiency of polymersgives good mineral binding properties; this is
increases with increasing molecular weight (wesquired for anchoring the mineral to the fibers.
shall return to this fact below). Large tonnage
use of inorganic compounds produces largBince we have concluded that synthetic poly-
amounts of sludge - a problem absent whemers grafted on natural ones provide the best
using polymeric flocculants. Among polymericcombination of properties, in Figure 2 we show
flocculants, the synthetic polymers can be tailaan example how graft polymerization can be
made by controlling the molecular weight, molinitiated. Ceric ions provide here the initiator.
ecular weight distribution and chemical
structure. Thus, due to tailorability, synthetidVhether grafting has been successful one can
polymers can be very efficient flocculants. verify by a variety of techniques: Fourier-
transform infra-red (FTIR) spectroscopy,
However, the synthetic polymers in flow are notlemental analysis (C, H, N analysis), intrinsic
shear resistant. Natural polymers — includingiscosity measuremefit thermophysical anal-
polysaccharides - are fairly shear stable, bigsis including determinations of glass and
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melting transitions®*%3* by several techniques "
for determination of molecular weight and

radius of gyratioh® and also by X-ray pH = Neutral

diffractometry’ 3* when crystalline phases are —= CatGly4
formed. T Ot —e—Cat AP2
=T —d—Cat GG4
= —¥—Cat 512
= —— Cat AM
5. EVALUATION OF FLOCCULATION E :
EFFICACY A
"H;m_
When flocculant is introduced into the E K\v\‘
container, an interface is formed. Above it is © -Xﬁ'n'\
the supernatant liquid while below is the £ \* ’\'
2 T

Twm

with the progress of the flocculation process,
that interface descends, until all contaminants
are settled at the bottom.

suspension containing the contaminants. Undei .5 s \ N .
the action of the flocculating agent, that is along '\'\w‘————ﬂr——ﬁ"‘
\.R—H i

T T T T T
oo 0.z 0.4 06 0.8 1.0

Two methods of flocculation efficacy determin- Polymer concentration/ppm
ation are in use, a so-called jar test and a
settling test. In thejar test one adds the Figure 3. Jar test results in 0.25 wt. % silica
flocculant in solution form to the suspension. A suspension using several flocculants.
typical flocculant dose varies from 0.025 ppm
to 1 ppm. The system is stirred at a uniform —
speed, first at a high speed such as 75 rpm for : | %I;I]; EI::S?;L P
minutes and then at a slow speed such as 2!
rpm for 5 minutes. Afterwards, a settling time e CaiGly
of 10 min was allowed. At the end of the —+— Mag 351
settling period, the turbidity of the supernatant =1 —a—Mag LT 22
liquid is measured with a turbidity meter. The IR:‘%EEHV
lower the turbidity, the better is the.flocculant.. E —+ Rish 276 LV
An example of results so obtained is shown in = .o
Figure 3 (the symbols in the insert pertain to "&b ‘\
different compositions of the flocculant). = \\& \
[-¥]

Supporters of the settling test claim that their .,E " \\ \.
test provides a higher accuracy than the jar test E
One reason is that the jar test results show 5 \\ \ \
sometimes minima and/or maxima. The nature = W N
of the solid suspension may also indicate which WA "W
test will perform better in a given situation. 1 \‘::H_ \‘\‘ k"&__ x‘h“
Where flocs are widely dispersed, it may be 23 NS \.,\\H
necessary to induce a velocity to suspendec
solids to obtain larger flocs. In this case the jar L LI L S L S L

o = [x] 1= 20 2= i IO =

test is more appropriate. In teettling testone
typically employs a 100 ml. graduated cylinder
and stopwatch. First the suspension sample is  Figure 4. Settling characteristics of a silica
placed in the cylinder and then polymeric suspension with addition of cationic glycogen (Cat
flocculant solution is added into it. The cylinder Gly) and several commercial flocculants.
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is inverted a number of times for thorough flocculation described in the beginning of
mixing. After that the cylinder is set upright and Section 3. We now consider experimental
the height of interface between water andevidence in the light of the mod&8everal types
settling solid bed is measured over time. An of suspensions were investigat& containing
example of such results is shown in Figure 4. in turn silica, iron ore, coal and manganese ore.
For each system the flocculation efficacy was
As can be seen in Figure 4, curves of thedetermined in terms of the settling velocity y
interface height as a function of time are linear,and the radii of gyration; a variety of polymers
except for fairly short final parts which are with different chemical structures was so
concave. The linear parts of such diagrams thusvaluated. The results are presented in Figure 5:
provide us with thesettling velocitiesy which  settling velocities vs. the radius of gyration.
are used as a measure of the flocculant efficacy
of an additive in a given suspension medium. Figure 5 demonstrates the validity of the
modef.  Several flocculating agents were
applied to each suspension system. In each
6. PREDICTION OF FLOCCULATION such system application of a polymeric
EFFICACY flocculant with a higher radius of gyration
results in an increased settling velocity. This
As already discussed in Section 4, the idea is tacan be represented by a relationship valid for
combine advantageous features of natural anagach system:
synthetic flocculants. Thus for instance y =B @)
copolymers have been synthesized by grafting
flexible polyacrylamide onto a rigid polysacch- where a and b are parameters characteristic for
aride backbone. Grafted glycogen has showna given suspension medium, that is both the
very good performance in flocculatfd®®  dispersed solid phase and the majority liquid
because glycogen has a highly branched strucphase. One can consider Eq. (2) as a quant-
ture and a high molecular weight. One of usitative formulation of the EAM discussed in the
has developed an Easy Approachability Modelbeginning of this Section.
(EAM)?. According to EAM, an increase in ) ) ] N
branching, in molecular weight and in sub- EQ. (2) provides us with the desired capability
sequent grafting/ionic loading, the approach-to select efficient flocculating agents. Given a

ability of the contaminants towards the floccul- llquid system, we evaluate radii of gyration of
ant chains is enhanced — and so is the flocculc@ndidate polymeric flocculants. The larger the
ation efficiency. radius of gyration, the higher will be the

flocculation efficacy.

EAM helps in the choice of a flocculant, .

: . : . e While
including a possible chemical modification of a
given flocculant by grafting. A quantitative
criterion would be still better. Discussing

flocculation mechanisms above, we have Flocculation experiments are not ‘colorful’. An
pointed out how interaction of solid particles instructional laboratory experiment is under
with polymeric chains affects the flocculation development.
efficacy. This fits with the discussion by
Kopczynska and Ehrenstéinhow important  We began this article with stressing the need for
are properties of interfaces in multiphase water recycling. Water purified by flocculation
systems. However, one begins with a candidatecannot be used as potable — but it can be used as
polymer and the question is: will it serve well agricultural water. Whenever that is done,
as a flocculant ? equivalent amounts of fresh water are saved.
At the same time, rejection of un-purified water
The answer can be found in the mechanism ofinto the environment has been prevented.

our primary concern is water
purification, Eqg. (2) is general. The majority
liquid phase does not have to be water.
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Figure 5.

Flocculation settling velocity for seal suspension media as a function of the radiggration of

the flocculating agent. While for silica suspensiove have only two experimental points, the dateeheen

sufficient to evaluate parameters in Eq. (2) amd fble curve.
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