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ABSTRACT: A hydrated, 1% by weight Na–kaolinite suspension in deionized water was
prepared, completely characterized, and reproducible measures of flocculation effi-
ciency were validated. Flocculation tests of copolymers of acrylamide (AM) with dim-
ethylacrylamide (DMA), methacrylamide (MeAM), or N-t-butylacrylamide (NTBAM)
with 1% Na–kaolinite suspensions gave average settling rate rates which decreased as
the proportion of DMA, MeAM, or NTBAM in the copolymer increased. However, for a
similar weight-average molecular weight and slightly lower �rg�, the copolymer from
DMA-co-AM-3 gave settling rates and supernatant turbidities comparable to similar
types of commercial polymers. This new copolymer was also more resistant to changes
in pH or the presence of an electrolyte than were the tested commercial polymers.
Cationic derivatives of the new copolymers gave lower average settling rates and higher
supernatant turbidities than those of Percol 721 (cationic PAM), probably because
of their lower charge densities. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84: 2090–2108,
2002; DOI 10.1002/app.10562
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INTRODUCTION

Earlier articles in this series described the prep-
aration of a series of polyacrylamides and their

copolymers and cationic derivatives, together
with their characterization and solution proper-
ties.1–4 The objective of these polymer prepara-
tions was to produce samples to examine how
polymer structures correlated with solution prop-
erties and, ultimately, their flocculation efficien-
cies. Here, we report on the concluding phase of
this work, the measurement of flocculation effi-
ciencies and supernatant clarification capabilities
of each of these polymers under carefully con-
trolled conditions. The results of these experi-
ments have been correlated as far as possible to
the previously reported solution properties of the
candidate polymers.
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Flocculation Background

Solid/liquid separations are often required for
suspensions of solids in water for applications
such as raw and wastewater clarification, sludge
dewatering, mineral processing, papermaking,
and other industrial processes. Addition of a co-
agulant or flocculant to these systems can often
greatly facilitate this process.5–7

Coagulation refers to the agglomeration of sus-
pended particles by the addition of inorganic floc-
culants such as the soluble salts of aluminum and
iron, and flocculation refers to particle aggrega-
tion by the addition of polymeric flocculants, such
as polyacrylamides.8–10 Synthetic polymeric floc-
culants are more expensive to use than are coag-
ulants. However, they compensate for this by pro-
ducing flocs which are larger, stronger, and
formed more rapidly to give smaller settled
sludge volumes than can be obtained with inor-
ganic coagulants.8 They also have an added fea-
ture, if it is a waste sludge, and final disposal is by
incineration, since polyacrylamides are com-
pletely combustible, unlike inorganic coagulants.
The end result is a smaller final volume of non-
corrosive ash, unlike the highly corrosive ash res-
idue obtained from the incineration of coagulant
sludges.

Electrostatic Interactions

Due to the preferential adsorption of certain ionic
species, dissociation of surface groups, and iso-
morphic substitution, aqueous suspensions of col-
loid particles typically bear a negative charge.9,11

The particle is surrounded by an electric double
layer which yields a net electroneutrality to the
surface charge. In this double layer is the Stern
layer of counterions which contains slightly less
charge than would achieve complete neutraliza-
tion of the surface charge. The balance of the
surface charge occurs in a diffuse outer layer
termed the Gouy–Chapman layer. Derjaguin,
Landau, Verwey, and Overbeek (DLVO) theory
predicts the observed repulsion between the dou-
ble layers of colloid particles.9,12

The addition of a polymer to a colloidal disper-
sion can either stabilize or destabilize it. Stabili-
zation contributes to a positive free energy and,
therefore, a repulsion of colloid particles which
generally occurs with high concentrations of a
polymer and/or the use of a dispersion medium
which has a high affinity for the polymer.13–15

Destabilization contributes to a negative free en-

ergy of the colloidal dispersion and, therefore, an
attraction of the particles of the dispersion caus-
ing aggregation. This can be achieved through
polymer addition, which increases the susceptibil-
ity of the colloid particles to added electrolyte
(sensitization) and flocculates the system.9,10

Mechanisms of Polymeric Flocculation

Polymeric flocculants are classified by charge
type, charge density, and molecular weight. An-
ionic and cationic polymers are classed as poly-
electrolytes, and nonionic polymers, as nonelec-
trolytes. High or ultrahigh molecular weight non-
ionic polymers (106 to 5 � 106 or �5 � 106 g/mol)
and polyelectrolytes having low charge densities
function as flocculants by a bridging mecha-
nism.8,15 Small segments of the polymer are ad-
sorbed onto colloid particles so as to leave loops or
trains of polymer dangling in solution. If these
loops are sufficiently extended, and they do not
have a high affinity for the dispersion medium,
then polymer bridging results.8,9

Polyelectrolytes having low or medium molec-
ular weights, moderate charge densities, and
charge types opposite to those of the colloid par-
ticles function as flocculants by charge neutral-
ization or the “electrostatic patch mecha-
nism.”8,15,16 This occurs when the electrostatic
interaction of positively and negatively charged
patches on the surface of each particle causes
agglomeration.

It is generally accepted that flocculation devel-
ops via the interaction of four distinct processes:
adsorption, reconformation, aggregation, and
degradation (Fig. 1).10 Adsorption of nonionic
polymers may occur by hydrophobic association,
hydrogen bonding, or dipole–crystal interactions
and is generally rapid and irreversible.8,17 Ortho-
kinetic flocculation, which involves agitation, in-
creases the rate of collisions relative to polymer
adsorption and/or colloid particle aggregation
processes which favors bridging flocculation.8,17

For this reason, the rate of aggregation or bridg-
ing of colloidal particles is affected by agitation.
Both the colloid concentration and the agitation
rate can affect floc strength and size. An opposing
process called degradation can occur, which
breaks flocs. Flocs formed via the bridging mech-
anism are more susceptible to the shearing forces
of agitation than are other aggregates and, thus,
are most affected by degradation. A more detailed
survey of the modern understanding of floccula-
tion theory was recently summarized.18
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EXPERIMENTAL

Percol 351 (nonionic polyacrylamide, 20 million
molecular weight, batch BOP2293B, July ‘93),
Percol E-24 (10% hydrolyzed polyacrylamide, 15
million molecular weight, batch BEX2322A, July

‘93), and Percol 721 (ca. 10% cationic polyacryl-
amide, 20 million molecular weight, batch 74630
Jan. ‘91) were obtained from Allied Colloids (Can-
ada) Ltd. (Brampton, Ontario, Canada). The
other acrylamide polymers tested were previously
prepared and characterized in these laboratories

Figure 1 (a) Average settling rate versus polymer dosage for flocculation of 3%
Na–kaolinite using PAM (5E�05 MW, Polysciences) or control PAM (5E�06 to 10E�06
MW). Conditions: 1000 rpm agitation, addition of 10 mL of polymer solution (10�4 to
10�3 MW) over 60 s. (b) Sediment volume versus polymer dosage for flocculation of 3%
Na–kaolinite using control PAM (5E�06 to 10E�06 MW) or PAM (5E�05 MW, Poly-
sciences). Conditions: as for (a).
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and are identified by the same codes.1–4 The ka-
olinite used was Reed Creek Sample Number RC-
32, Lot Number T187, obtained from the Thiele
Kaolin Co. (Sandersville, GA). It was converted to
its sodium form (Na–kaolinite) before use by the
procedure described by Van Olphen.19 Deionized
water was used throughout.

The adsorption isotherm for nitrogen gas on
the specially prepared Na–kaolinite was mea-
sured at the Alberta Research Council Labora-
tory, Devon, Alberta, using a Digisorb 2600 in-
strument. This was converted to the surface area
of homoionic Na–kaolinite by the method devel-
oped by Brunauer, Emmett, and Teller.20 Laurier
Schramm of the Petroleum Recovery Institute
(Calgary, Alberta) measured the isoelectric point
of the homoionic Na–kaolinite using a microelec-
trophoresis apparatus fitted with a rotating prism
and video viewing system.

Flocculation experiments were conducted in
400-mL beakers (7.6-cm diameter) fitted with
four evenly spaced 0.76-cm-wide Plexiglas baffles
cemented vertically to the beaker wall.21,22 A
Plexiglas turbine impeller with six blades,
2.53-cm diameter (1/3 that of the beaker), was
mounted on a stainless-steel shaft driven by a
Gallenkamp stirrer with a digital rpm readout. A
Sage syringe pump (Single-Channel Model 341B)
was used for reproducible addition of polymer
solutions.

Supernatant turbidities were measured with a
Hack Model 2100A turbidimeter with an operat-
ing range of 0–2000 nephelometric turbidity
units (NTU). Capillary suction times were ob-
tained using a Triton-W.R.C. multipurpose filtra-
tion unit, Model TW166, by the method of Basker-
ville and Gale.23

Flocculation Test Suspensions

Heteroionic kaolinite in deionized water in a
weight ratio of 1:2 was vigorously mixed for 15
min and then diluted to 1:30 (w/w) with deionized
water. The diluted slurry was mixed for 15 min
and then settled for 24 h. The supernatant was
then siphoned away to leave a sediment volume
equivalent to that of the original 1:2 slurry. This
treatment was repeated 10–12 times.

The final pretreatment used first 2M and then
1M aqueous NaCl solutions in a procedure iden-
tical to that used with water, except that the salt
solution replaced water for the first cycle to pro-
duce the 1:2 kaolinite slurry. This was followed by
repeated washing cycles with deionized water un-

til the electrolyte concentration in the superna-
tant of the settled slurry approached 1.5 � 10�4

M NaCl and the pH stabilized at 6–7. Dry Na–
kaolinite was recovered from the settled slurry by
freeze-drying in several portions, which were
combined and thoroughly mixed in a pestle and
mortar and then rolled before use. The floccula-
tion test media were prepared by adding 3 or 1%
(w/w) treated Na–kaolinite to deionized water on
10- or 20-L scales and then thoroughly mixing for
30 min each day for 10 days before use.

Supernatant NaCl Concentration Measurement

One liter of a 1.00 � 10�2 M stock solution was
prepared from 0.5843 g of NaCl in deionized wa-
ter, and from this, 1.0 � 10�4, 2.0 � 10�4, and 5.0
� 10�4 M standard solutions were prepared by
serial dilution. The specific conductance (S cm�1)
was measured for each solution using an Accumet
Model 50 pH/ion/conductivity meter, previously
standardized by entering 1408.07 �S/cm for a
0.7453 g/L KCl standard.24 The specific conduc-
tance of a 250-mL aliquot of the supernatant of
the settled kaolinite slurry was measured and the
concentration determined from a calibration plot
of equivalent conductance (S cm2) versus the
square root of concentration (eq/cm3)0.5 prepared
from the NaCl standards.

Three Percent Na–Kaolinite Test Procedure

A 10-mL aliquot of a 10�4 to 10�3 g/mL polymer
solution was added, at a controlled rate via a
30-mL plastic syringe and syringe pump, to 290
mL of 3% Na–kaolinite. Solution delivery was
just below the surface of the test medium between
two baffles. Calculated concentrations of the stock
and standard solutions were based on the ratio of
the dry mass of polymer to the dry mass of Na–
kaolinite. The 0–1000-ppm polymer solution
standards were prepared from a 1000 ppm stock
solution by adding approximately 90 mg of the
freeze-dried polymer to 1000 g of deionized water
followed by gentle stirring overnight.

To measure settling rates, flocculant-treated
slurry was poured into a 250-mL graduated cyl-
inder with graduations extended to 300 mL, and
timing was started at this instant. The first time
was recorded when the mud-line first formed and
subsequent times for 10-mL volume increments
from 290 to 210 mL and for 20-mL increments
from 210 to 90 mL.
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Individual settling rates were calculated from
the height in centimeters between successive vol-
ume increments (9-cm height per 10-mL volume
increment) divided by the elapsed time in sec-
onds. The method of successive averages was
used to calculate the initial average, the average
to compaction, and the average settling rate from
the individual settling rates.25 In most cases, the
initial average settling rate was calculated for the
times elapsed between the 290- and 250-mL vol-
ume increments. The average settling rate to
compaction and the average settling rate were
calculated as the averages of the individual set-
tling rates between the 290- and 170-mL levels
and the 290- and 90-mL levels, respectively.

The sediment volume and the supernatant tur-
bidity were measured 30 min after the flocculated
slurry was poured into the graduated cylinder. A
rubber stopper gauge used on the 20-mL sam-
pling pipette enabled consistent sampling of the
supernatant from the 190-mL level. Turbidity
was measured using the 0–2000 NTU range of
the turbidimeter to be able to measure the initial
3% Na–kaolinite suspension in the same range.
This was calibrated using a 0–2000 NTU stan-
dard before each measurement.

The capillary suction time was measured by first
redispersing the 280 mL of the settled test solution
remaining in the graduated cylinder by several in-
versions and then quickly pouring this into the a
Triton-W.R.C. multipurpose filtration unit. The liq-
uid phase was drawn into absorbent paper (What-
man No. 17) by capillary suction and the timing was
started when the liquid phase reached the electrical
contact at 3.2 cm. When the liquid phase reached
the electrical contact at 4.5 cm, the timing device
stopped to give the capillary suction time. These
were measured in triplicate and averaged.

Flocculation Test Variables

Prior to each flocculation test, a 290-mL aliquot of
the Na–kaolinite test medium was dispersed at
1500 rpm for 5 min and then adjusted to the
desired rpm for an additional 5 min. PAM from
control-6 (complementary to MeAM-co-AM-6) was
used to prepare 0–1000-ppm polymer solution
standards. After addition of the 10-mL aliquot of
the polymer solution to the Na–kaolinite test me-
dium, agitation was stopped.

The effect of the polymer dosage on the floccu-
lation performance was measured by stirring at
1000 rpm while exactly 10 mL of the polymer
solution was added for 60 s. The effect of agitation

on the flocculation performance was studied for
agitation rates of 500, 750, 1000, and 1250 rpm,
using a constant polymer dosage (700 ppm) and
rate of polymer addition (10 mL over 60 s). The
influence of the rate of polymer addition on the
flocculation performance was measured by the
addition of 10 mL of the polymer solution during
30, 60, and 90 s, while keeping the agitation rate
(1000 rpm) and polymer dose (700 ppm) constant.

Flocculation of 3% Na–Kaolinite

The sensitivity of the flocculation test procedure
to polymer chain extension was determined from
average settling rates, supernatant turbidity,
sediment volume, and capillary suction times for
3% Na–kaolinite using the copolymers from
MeAM-co-AM-2b to -4 and PAM from control-6
(complementary to MeAM-co-AM-6).2 These tests
all used a polymer dosage of 700 ppm, stirring at
1000 rpm, and polymer solution addition at 10
mL (of 10�4 to 10�3 g/mL) during 60 s.

Flocculation of 1% Na–Kaolinite

The sensitivity of the flocculation test to polymer
chain extension, using the 1% Na–kaolinite, was
measured for PAM from control-6 (5 � 106 to 10
� 106 g/mol) and PAM (5 � 105 g/mol, Poly-
sciences Inc., Warrington, PA). Polymer dosages
from 0 to 1000 ppm, 1000 rpm agitation, and a
polymer solution addition rate of 10 mL (of 10�4 to
10�3 g/mL) over 60 s were used. As before, settling
rates, supernatant turbidity, sediment volume, and
capillary suction time were used for evaluation.

The effect of agitation rates and addition rates
on flocculation was measured using the same
polymers as used for the 1% Na–kaolinite sensi-
tivity test above. Average settling rates and su-
pernatant turbidities were recorded for polymer
dosages of 25, 50, and 100 ppm and various agi-
tation and polymer solution addition rates.

Copolymers from DMA-co-AM-3 to -6, MeAM-
co-AM-2b to -5 (including PAM from control-6),
and NTBAM-co-AM-1b (cloudy layer), -1b (clear
layer), and -2 (dialysis fraction) as well as the
purified cationic derivatives of DMA-co-AM-7,
MeAM-co-AM-2b, NTBAM-co-AM-1b (cloudy layer),
PAM from control-6 (complementary to MeAM-co-
AM-6), and the commercial polymers Percol 351
(nonionic PAM), Percol 721 (cationic PAM), and
Percol E-24 (anionic PAM)1–4 were separately
tested at 25, 50, and 100 ppm polymer concentra-
tions using the 1% Na–kaolinite suspension. The
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agitation rate (1000 rpm) and the polymer addi-
tion rate (10 mL of 10�4 to 10�3 g/mL polymer
solution over 60 s) were kept constant for this
series.

RESULTS

NaCl Concentration in the Supernatant of Settled
Slurry

Equivalent conductance, � (S cm2), was calcu-
lated from the specific conductance, k (S cm�1)
using eq. (1), where C is the concentration in
equivalents/cm3:

� �
1000k

C (1)

The 10.3 �S/cm specific conductance measured for
the supernatant of the settled Na–kaolinite was
converted to equivalent conductance by elaborat-
ing eq. (1) to the form of eq. (2):

� �
1000 � 10.3�S/cm

c �
0.0103S/cm

c (2)

Substituting the above relation for equivalent
conductance into the equation for the best
straight line calculated from the calibration plot
of the equivalent conductance versus the square
root of concentration for the NaCl standards gave
a cubic equation in concentration, c :

c3 � �1.505 � 10�6	c2

� �2.106 � 10�11	c � 7.813 � 10�21 � 0 (3)

This was solved by using a published substitution
method.26 The result, in equivalents per liter, was
converted to 1.138 � 10�4 mol per liter for the
concentration of NaCl in the supernatant of the
settled Na–kaolinite.

Surface Area of the Na–Kaolinite

The adsorption isotherm for nitrogen gas on dry
Na–kaolinite was used to measure the surface
area of the Na–kaolinite particles using the “BET
equation,” developed by Brunauer, Emmett, and
Teller 20:

x
n�1 � x	

�
1

cm �
�c � 1	x

cm (4)

where x is the relative vapor pressure p/p0; n, the
weight of vapor adsorbed at a given vapor pres-
sure; m, the weight of the vapor adsorbed at
monolayer coverage; and c, a constant related to
the energy of adsorption of the first monolayer.

Linear regression gave a slope, m 
 0.184548
� 0.000965, an intercept, c 
 0.001543
� 0.000141, and a correlation coefficient, r

 0.9999 for the plot of x/n(1 � x) versus x. The
surface area was calculated as 23.3928 � 0.1225
m2/g. The BET surface area of Na–kaolinite pre-
pared here was slightly less than the 26.8 m2/g
found for a Na–kaolinite from Kaolin des Char-
entes.27 The same procedure was used for conver-
sion of both kaolinites from heterionic to Na–
kaolinite.

Isoelectric Point

The isoelectric point of the Na–kaolinite was de-
termined by plotting the electrophoretic mobility
(cm2 s�1 V�1) versus the solution pH for 50 mg/L
pH-adjusted Na–kaolinite standards, measured
at 25.0 � 0.5°C. The applied potential was kept
below 60 V to minimize interference from thermal
current-induced Brownian motion, and the elec-
tric field was kept on for 20 s or less for each
measurement. For zero electrophoretic mobility,
the data curve gave a solution pH of 2.7. Typi-
cally, the isolectric point of pure Na–kaolinite in
deionized water is 3.0.28,29

Flocculation Performance with 3% Na–Kaolinite
Suspensions

Effect of Dosage, Agitation Rate, and Polymer
Addition Rate

Somewhat variable average settling rates were
observed for PAM from control-6 (MeAM-co-
AM-6) from polymer dosages ranging from 50 to
1000 ppm, with apparent maxima at 400, 700,
and 1000 ppm, based on the dry mass of the
polymer to the dry mass of 3% Na–kaolinite. A
plot of the average settling rate versus the impel-
ler speed gave a maximum 0.82 cm/s average
settling rate at 500 rpm agitation and decreased
linearly to 0.21 cm/s at 1250 rpm. Measurement
of the average settling rate versus the rate of
addition of the polymer solution gave a maximum
average settling rate of 4.6 cm/s for the addition of
10 mL of the polymer solution for 60 s.

With Copolymers MeAM-co-AM-2b to -4 and
Control PAM

The initial average, average to compaction, and
average settling rates determined for the floccu-
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lation tests which used PAM from control-6 (com-
plementary to MeAM-co-AM-6) were much
greater than were those for the copolymers from
MeAM-co-AM-2b to -4 and decreased as the con-
tent of AM in the copolymer decreased (Table I).
The settling performance of 3% Na–kaolinite
without polymer addition was only slightly differ-
ent from that found for flocculation tests which
used the copolymers MeAM-co-AM-3 and -4.

The copolymer MeAM-co-AM-2b and PAM
were the only polymers which gave sediment vol-
umes which were less than those obtained for the
3% Na–kaolinite blank tests. The sediment vol-
ume, 30-min supernatant turbidity, and capillary
suction times decreased as the proportion of PAM
in the copolymers increased. From this group of
polymers, PAM gave the best values for these
parameters.

By Commercial PAM and Control PAM

The average settling rates showed the greatest
increase for PAM from control-6 (complementary
to MeAM-co-AM-6, 5E�06 to 10E�06 MW) and
commercial PAM from Polysciences (5E�05 MW)
between the 0 and 100 ppm polymer dosages [Fig.
1(a)]. This increase was much greater for the tests
which used control PAM than for those using
commercial PAM. The initial average and aver-
age to compaction results paralleled the average
settling rates for both polymers [Fig. 1(b)].

Flocculation performance was hardly affected
by the polymer dosage in the 25–800-ppm dose

range in the 30-min-sediment volume versus
polymer dosage test [Fig. 1(b)]. However, control
PAM produced 30-min supernatant turbidities
that were significantly lower than were those of
commercial PAM and at lower polymer dosages
[Fig. 2(a)]. Commercial PAM gave a slight in-
crease in the average capillary suction time as the
polymer dosage increased, whereas control PAM
gave a slight decrease [Fig. 2(b)].

Flocculation Performance with 1% Na–Kaolinite
Suspensions

Effect of Agitation Rate and Polymer Addition Rate
Using Control PAM

With tests of agitation rates using control PAM,
1000-rpm agitation gave the highest average set-
tling rates and the lowest 30-min supernatant
turbidities (Fig. 3). The average settling rates
increased with the polymer concentration for dos-
ages of 25, 50, and 100 ppm for all three agitation
rates.

For control PAM, a polymer addition rate of 10
mL for 60 s gave the highest average settling
rates, 0.6 cm/s, and the lowest supernatant tur-
bidities, 130 NTU, compared to the values ob-
tained from polymer addition during 30 or 90 s.
For polymer addition rates in the 0–100 ppm
range, the average settling rates increased and
the supernatant turbidities decreased with the
polymer dosage.

Table I Selection of Detailed Flocculation Results for the New Copolymers and Control PAM

Flocculant
Origin

Feedstock
AM Content

(mol %)

Initial
Average
Settling
Ratea

(cm/s)

Average to
Compaction

Settling
Rateb

(cm/s)

Average
Settling

Ratec

(cm/s)

Sediment
Volume

(mL)

Supernatant
Turbidity,
3.0 Min
(NTU)

Capillary
Suction

Time
(s)

3% Na–kaolinite
no flocculant n/ad 0.095 0.094 0.086 130 1167 54.7

MeAM-co-AM-2b 80 0.118 0.113 0.102 110 25.5 28.0
MeAM-co-AM-3 60 0.096 0.084 0.079 146 80.3 38.9
MeAM-co-AM-4 40 0.062 0.053 0.053 168 124.2 42.7
Control-6 PAM 100 0.187 0.174 0.157 102 9.45 27.2

Conditions: 3% by weight hydrated Na–kaolinite in water, polymer dosage of 700 ppm, polymer solution addition rate of 10 mL
for 60 s, and agitation at 1000 rpm.

a Initial average settling rates were measured between 290- and 250-mL volume increments.
b Average to compaction settling rates were measured between 290- and 170-mL volume increments.
c Average settling rates were measured between 290- and 90-mL volume increments.
d n/a, not applicable.
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By the Copolymers from DMA-co-AM-3 to -5 and
Control PAM

Low solubility restricted the flocculation tests to
the copolymers from DMA-co-AM-3 to -5. These
copolymers gave average settling rates which
were greater than those for PAM from control-6
(complementary to DMA-co-AM-6) and increased
as the content of DMA in the copolymers de-
creased [Fig. 4(a)]. Thirty-minute supernatant
turbidities obtained for these copolymers were
lower than were those for PAM and also de-
creased as the content of DMA in the copolymer
decreased [Fig. 5(a)].

By the Copolymers from MeAM-co-AM-2b to -5
and Control PAM

The average settling rates obtained for the copol-
ymers from MeAM-co-AM-2b to -5 were less than
were those for PAM from control-6 (complemen-
tary to MeAM-co-AM-6) and decreased as the con-
tent of MeAM in the copolymers increased [Fig.
4(b)]. Lower 30-min supernatant turbidities were
obtained for PAM than for the tests which used
the copolymers from MeAM-co-AM-2b to -5 and
decreased as the MeAM content decreased [Fig.
5(b)].

By the Copolymers NTBAM-co-AM and
Control PAM

The copolymers from NTBAM-co-AM-1b (cloudy
layer), -1b (clear layer), and -2 (dialyzed fraction)
gave lower average settling rates [Fig. 6(a)] and
higher supernatant turbidities than those of PAM
from control-6 (complementary to MeAM-co-AM-
6), which reflected the lower settling performance
[Fig. 7(a)]. Settling performance improved with
an increase in the polymer dose from 25 to 100
ppm. The average settling rates decreased and
the supernatant turbidities increased as the con-
tent of NTBAM in the copolymers increased.

By the Cationic Derivatives of the Copolymers

The purified cationic derivative of the DMA-co-
AM-7 copolymer gave the highest average settling
rates of the newly prepared cationic derivatives
of DMA-co-AM-7, MeAM-co-AM-2, NTBAM-co-
AM-1b (cloudy layer), and control PAM [Fig. 6(b)].
The average settling rates for a 100-ppm dosage
of the nonionic copolymers were greater than
were those obtained for the same dosages of their
cationic derivatives, except for nonionic MeAM-
co-AM-2b and its cationic derivative (Figs. 6 and
7). Also, the average settling rate for nonionic
PAM from control-6 (of MeAM-co-AM-6) was
greater than that of any of the new cationic de-
rivatives.

For 30-min supernatant turbidity tests which
exceeded the 2000 NTU limit of the turbidimeter,
turbidities were brought to within range by dilut-
ing the 20-mL aliquot of the supernatant with
deionized water. The equivalent turbidities of the
undiluted supernatant were calculated by assum-
ing the relationship given by eq. (5):

Equivalent NTU 
 diluted NTU

� diluted volume/20 mL (5)

Figure 2 (a) Thirty-minute supernatant turbidities
versus polymer dose for flocculation of 3% Na–kaolinite
using control PAM (5E�06 to 10E�06 MW) or PAM
(5E�05 MW, Polysciences). (b) Average capillary suc-
tion time versus polymer dosage for flocculation of 3%
Na–kaolinite using control PAM (5E�06 to 10E�06
MW) of PAM (5E�05 MW, Polysciences). Conditions:
as for (a).
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where equivalent NTU is the approximate turbid-
ity outside the 0–2000 NTU range, diluted NTU
is the turbidity of the diluted supernatant
brought within the 0–2000 NTU range, and the
diluted volume is the total volume of the diluted
20-mL supernatant sample.

The lowest 30-min supernatant turbidities
were obtained for the cationic derivative of the

copolymer from DMA-co-AM-7 (Table II). At a
polymer dosage of 100 ppm, the 30-min superna-
tant turbidity produced by the nonionic copoly-
mer from DMA-co-AM-7 was about the same as
that produced by its cationic derivative. At 100-
ppm dose rates, the nonionic copolymers from
MeAM-co-AM-2b and NTBAM-co-AM-1b (cloudy
layer) and control PAM all gave 30-min superna-

Figure 3 (a) Average settling rate versus polymer dosage and agitation rate for
flocculation of 1% Na–kaolinite using control PAM. Conditions: a polymer solution
addition rate of 10 mL per 60 s. (b) Thirty-minute supernatant turbidity versus polymer
dosage for flocculation of 1% Na–kaolinite using control PAM. Conditions: as for (a).
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tant turbidities, which were lower than were
those produced by their cationic derivatives.

By Commercial Percol 351, Percol 721, and Percol
E-24 and Control PAM

The commercial polymers all gave higher average
settling rates than those of PAM from control-6

(of MeAM-co-AM-6) (Fig. 8). Percol 721 gave the
highest average settling rate at 100 ppm.

All the commercial polymers gave lower and
comparable 30-min supernatant turbidities than
those of control PAM [Fig. 7(b)]. Again, at 100
ppm, Percol 721 gave the lowest 30-min superna-
tant turbidity by a small margin.

Figure 4 (a) Average settling rate versus dosage for flocculation of 1% Na–kaolinite
using the copolymers DMAM-co-AM3 to -5 and PAM from control-6. Conditions: 1000
rpm agitation, addition of 10 mL of polymer solution over 60 s. (b) Average settling rate
versus dosage for flocculation of 1% Na–kaolinite using the copolymers MeAM-co-
AM-2b to -5 and PAM from control-6. Conditions: as for (a).
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Overall Performance Comparison

The highest average settling rates and lowest su-
pernatant turbidities were obtained for the new
copolymers from DMA-co-AM-3, MeAM-co-AM-
2b, NTBAM-co-AM-1b (cloudy layer), and PAM
from control-6 (of MeAM-co-AM-6). However, the
commercial polymers did give higher average set-

tling rates and lower 30-min supernatant turbid-
ities (Figs. 7 and 8). The largest differences in
average settling rates were observed at 100 ppm.
The copolymer from DMA-co-AM-3 at 25- and 50-
ppm dosages gave average settling rates equiva-
lent to those of Percol 721, and at 100 ppm, gave
a nearly equivalent 30-min supernatant turbid-
ity.

Figure 5 (a) Thirty-minute supernatant turbidity versus polymer dosage for floccu-
lation of 1% Na–kaolinite for the copolymers DMAM-co-AM3 to -5 and PAM from
control-6. Conditions: 1000 rpm agitation and addition of 10 mL of polymer solution
over 60 s. (b) Thirty-minute supernatant turbidity versus polymer dosage for floccula-
tion of 1% Na–kaolinite for the copolymers MeAM-co-AM-2b to -5 and PAM from
control-6. Conditions: as for (a).
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DISCUSSION

Flocculation Test Medium

A reproducible test procedure was developed to
evaluate the performance of the acrylamide-based
polymers as flocculants and to link this perfor-
mance to their solution behavior. Kaolinite is a

preferred flocculation test medium30,31 since its
chemistry in aqueous suspensions is well under-
stood.32–34 It is the most common clay mineral of
the kaolin group and has the 1:1 layered structure
common to this group, comprising a layer of sili-
con oxygen tetrahedra joined by one of the four
oxygen atoms of each tetrahedron, or joined by a

Figure 6 (a) Average settling rate versus polymer dosage for flocculation of 1%
Na–kaolinite for the copolymers NTBAM-co-AM-1b (cloudy layer), -1b (clear layer, and
-2 (dialyzed fraction) and control PAM. Conditions: 1000 rpm agitation, addition of 10
mL of polymer solution over 60 s. (b) Average settling rate versus polymer dosage for
flocculation of 1% Na–kaolinite using the purified cationic polymers from DMAN-co-
AM-7, MeAM-co-AM-2b, NTBAM-co-AM-1b (cloudy layer), control PAM, and their
nonionic polymer substrates. Conditions: as for (b).
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hydroxyl group, to a layer of aluminum oxygen–
hydroxyl octahedra. Van der Waals attraction,
electrostatic interactions, and hydrogen bonding
bind together several 1:1 aluminosilicate layers.
Crude kaolinite contains counterions such as
Al3�, Fe2�, or Mg2�, which can cause ion ex-

change with the hydrogen atoms involved in in-
tramolecular hydrogen bonding, which does not
happen with Na�.31 For this reason, the hetero-
ionic kaolinite was converted to the sodium form
(Na–kaolinite) prior to use. The NaCl concentra-
tion in the supernatant of the converted slurry

Figure 7 (a) Thirty-minute supernatant turbidity versus polymer dosage for floccu-
lation of 1% Na–kaolinite for the copolymers from NTBAM-co-AM-1b (cloudy layer), -1b
(clear layer), and -2 (dialyzed fraction) and control PAM. Conditions: 1000 rpm agita-
tion, addition of 10 mL of polymer solution over 60 s. (b) Thirty-minute supernatant
turbidity versus polymer dosage for flocculation of 1% Na–kaolinite for Percol 351,
Percol 721, and Percol E-24, the copolymers from DMAM-co-AM-3, MeAM-co-AM-2b,
NTBAM-co-AM-1b (cloudy layer), and control PAM. Conditions: as for (a).
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was reduced to 1.138 � 10�4 M by washing, to
minimize adsorption of Na� on the basal face A
and to prevent hydrolysis in an aqueous medi-
um.31 This also isolated the edges of the Na–
kaolinite particles as the test sites for polymer–
clay interactions.

Suitability of 3% Na–Kaolinite for Bridging
Flocculation

The initial test medium used was 3% (w/w) Na–
kaolinite in deionized water, the pH of which was
7.0 � 0.2. This could cause the edges of the clay
particles to be prone to intramolecular hydrogen
bonding, which could hinder bridging flocculation,
but, at the same time, should enhance test sensi-
tivity to polymer structure and chain extension.
The isoelectronic point of the Na–kaolinite used
here (pH 2.7) and the low concentration of elec-

trolyte present should minimize contributions
from face–face or edge–face agglomeration.20,31

The average plate diameter of the Na–kaolin-
ite used was assumed to be similar to the Na–
kaolinite which originated from Kaolin des Char-
entes, from the agreement between the respective
BET surface areas.27 Having estimates of the av-
erage plate diameter (0.21 �m) and edge thick-
ness (0.04 �m), and assuming a double layer
thickness of 100 nm,9,12 polymer loops or trains
would have to extend 200 nm for bridging floccu-
lation to occur. Thus, many of the nonionic, acryl-
amide-based polymers prepared had sufficiently
high average polymer chain extensions to permit
this.

The number of Na–kaolinite particles and the
volume per particle in the test medium were cal-
culated by assuming the platelet dimensions of

Table II Comparison of Flocculation Results for the Nonionic Polymers and Their Purified Cationic
Derivatives with PAM from Control-6

Flocculant
Polymer Dosage

(ppm)
30-min Supernatant

Turbidity (NTU)a

Blank (1% Na–kaolinite) 0 9792
Nonionic DMAM-co-AM

(DMAM-co-AM-7) 100 222
Cationic DMAM-co-AM

(DMAM-co-AM-7) 25 2636
50 1182

100 215
Nonionic MeAM-co-AM

(MeAM-co-AM-2b) 100 1169
Cationic MeAM-co-AM

(MeAM-co-AM-2b) 25 9696
50 2862

100 1305
Nonionic NTBAM-co-AM

(NTBAM-co-AM-1b, clouded layer) 100 1040
Cationic NTBAM-co-AM

(NTBAM-co-AM-1b, clouded layer) 25 9360
50 2738

100 1370
Nonionic PAM

(control-6)b 25 4335
50 940

100 491
Cationic PAM

(control-6) 25 5448
50 1820

100 746

Conditions: 1% by weight Na-kaolinite in water, 1000 rpm agitation rate, and a polymer solution addition rate of 10 mL for 60 s.
a Turbidities exceeding 2000 NTU were approximated using eq. (5).
b Control-6 was prepared under equivalent experimental conditions to those used to prepare MeAM-co-AM-6.
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the Na–kaolinite from Kaolin des Charentes and
a perfect hexagon shape. This established that
the 3% Na–kaolinite test medium was sufficiently
dilute to accommodate even the theoretical high
limit of double-layer thickness without complica-
tions.

Equipment

The ASTM standard flocculation test (D2035-80)
requires instantaneous addition of the flocculant
to a stirred test medium, and the ISO/CD stan-
dard test (10086-1) uses instantaneous addition
of the flocculant to a stationary test medium fol-
lowed by mixing. However, Hogg et al. showed
that good mixing and flocculant addition during a
prescribed time decreases the probability of sur-
face saturation of colloidal particles.30 A mixing
tank was constructed to meet these requirements
and to match the fluid dynamics described by
Holland and Chapman.21 Polymer solutions were
kept to 10�4 to 10�3 g/mL concentrations to min-
imize polymer chain entanglement and 10-mL
volumes to keep the ratio of additive to treated
volume low.

The 3% Na–Kaolinite Flocculation Tests

The 10-L volume of the test medium prepared for
these tests ensured substrate consistency

throughout.30,35 Polyacrylamide (PAM, from con-
trol-6, MeAM-co-AM-6) was used as a control re-
agent, initially using 1000-rpm agitation and floc-
culant addition for 60 s.

Test Variables

The average settling rate was expected to in-
crease with increasing polymer dosage to a max-
imum value and then decrease with further in-
creases in polymer dosage. However, this was not
observed (Fig. 7), perhaps because the dose range
used was too narrow.

The effect of agitation at 500, 750, 1000, and
1250 rpm during the time of flocculant addition
was tested. The highest average settling rates
were obtained at 500 rpm, which would be ex-
pected, since agitation once some flocculant addi-
tion has occurred mainly causes degradation of
the floc.22,30

Flocculant addition for 30 or 90 s produced
lower average settling rates than did addition for
60 s. This is attributed to a less even polymer
distribution for flocculant addition for 30 s and
greater floc degradation from agitation-induced
shear for addition for 90 s. Subsequent tests all
used flocculant addition for 60 s.

Figure 8 Average settling rate versus polymer dosage for flocculation of 1% Na–
kaolinite for Percol 351, Percol 721, and Percol E-24 and the nonionic copolymers from
DMAM-co-AM-3, MeAM-co-AM-2b, and NTBAM-co-AM-1b (cloudy layer) and control
PAM. Conditions: 1000 rpm agitation, addition of 10 mL of polymer solution over 60 s.
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Sensitivity to Polymer Chain Extension

The average settling rates, supernatant turbidi-
ties, and capillary suction times obtained were
consistent with test sensitivity to polymer chain
extension and bridging flocculation (Table I). The
lower average settling rates observed for the co-
polymers from MeAM-co-AM-3 and -4 than for 3%
Na–kaolinite without flocculant were attributed
to the insufficient polymer chain extension of
these materials. The greater chain extension of
MeAM-co-AM-2b and PAM from control-6 proba-
bly contributed to the observed improvement in
the settling rate.

To remove the copolymer composition variable
from these tests, PAM (5E�05 MW, Polysciences)
and PAM from control-6 (of MeAM-co-AM-6,
5E�06 to 10E�06 MW) were tested at 0–1000
ppm using a 1% Na–kaolinite suspension. This
did not lower the average settling rates for higher
polymer concentrations beyond the maximum av-
erage settling rate (Fig. 3), perhaps because an
insufficient range of polymer concentrations was
tested. However, the large differences in the av-
erage settling rates and supernatant turbidities
recorded for polymer dosages between 0 and 100
ppm for each polymer tested is consistent with a
sensitivity of the test procedure to polymer chain
extension and polymer dosage (Figs. 1 and 2).

Influence of Flocculant on Settling Rate

During these flocculation tests, there was gener-
ally an initial period of a high settling rate, fol-
lowed by a constant rate period and then, as the
sediment compression point was reached, a de-
creased settling rate. So, to begin with, the initial
average, average to compaction, and overall aver-
age settling rates were recorded. However, as the
results were compiled, the overall average set-
tling rate was clearly sufficient to define the per-
formance of each flocculating system and, there-
fore, became the only settling value recorded.

Average settling rates for the PAM-treated
(control PAM) suspension and 1% Na–kaolinite
without flocculant were reproducible since these
all gave respective means within �5 % for tests
performed up to several days apart. The percent-
age difference between means only increased to
nearly 15% when conducted months apart, prob-
ably from aging effects of the Na–kaolinite test
medium, including some clay hydrolysis.

Supernatant Turbidity

The supernatant turbidities are relative results,
rather than absolute, since they were not mea-

sured against a standard. Unlike higher average
settling rates, which are generally related to floc
size, lower supernatant turbidities are generally
related to floc density.16,22 Like average settling
rates, the supernatant turbidities were reproduc-
ible as long as the measurements were taken
within a few days of each other.

Sediment Volume

Increased floc density would be expected to favor
a lower sediment volume, whereas increased floc
size would be expected to favor a larger sediment
volume. It was found that the sedimented volume
of a flocculated suspension was always greater
than that obtained without using a flocculant.
Consequently, sediment volumes were only re-
corded in preliminary tests.

Capillary Suction Time

Capillary suction time (CST) is a measure of the
filterability of a slurry and can also provide a
measure of floc strength.23,36 The filterability, in
turn, can be related to the floc size and floc den-
sity. Increased floc size would be expected to favor
a lower capillary suction time, whereas increased
floc density would be expected to favor a higher
capillary suction time. An exact volume of floccu-
lated slurry was not required to measure the cap-
illary suction times because the hydrostatic pres-
sure exerted by the slurry added to the instru-
ment reservoir was only 2.5% of the capillary
suction pressure of Whatman No. 17 absorbent
paper.23

Normally, capillary suction time and average
settling rate information complement one an-
other. Erratic capillary suction times were ob-
tained, probably because of the thin filter cake
obtained from the low percentage of solids in the
flocculated slurry. For a thin filter cake, CST
measurements are said to be a better indication of
blocking filtration rather than is filter cake per-
meability.36,37 For these reasons, CST measure-
ments were only used for preliminary tests.

One Percent Na–Kaolinite Flocculation Tests

Average settling rates and supernatant turbidi-
ties have now been established to be sensitive to
polymer dosage and to the difference in the aver-
age polymer chain extension between PAM (5
� 105 g/mol) and PAM (5 � 106, to 10 � 106 g/mol)
with 3% Na–kaolinite suspensions (Figs. 1 and 2).
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So, the same conditions were used with 1% Na–
kaolinite suspensions.

Newly Synthesized Nonionic Polymers

Average Settling Rates

The decline in the average settling rate observed
for greater average polymer chain extensions in
the copolymers from DMA-co-AM-3 to -5 was
probably due to hindered hydrogen bonding, since
the polymer chain extension also increased with a
greater proportion of DMA1 [Fig. 4(a)]. Evidently,
the hindered hydrogen bonding was less impor-
tant than was enhanced bridging since the higher
average polymer chain extensions of the copoly-
mers from DMA-co-AM-3 to -5 gave greater aver-
age settling rates than those of control PAM.

The decline in average settling rates [Fig. 4(b)]
observed for a greater proportion of MeAM in the
copolymers from MeAM-co-AM-2b to -5 is attrib-
uted to decreased average polymer chain exten-
sions2 and, therefore, decreased bridging capabil-
ity. The greater average settling rate obtained by
using PAM can be explained by both the higher-
average polymer chain extension and the less hin-
dered hydrogen bonding of PAM.

A greater proportion of NTBAM in the copoly-
mers from NTBAM-co-AM-1b (cloudy layer), -1b
(clear layer), and -2 (dialyzed fraction) caused a
decline in the average settling rate [Fig. 6(a]).
Hindered hydrogen bonding and, therefore, more
difficult adsorption, probably contributed to this.
The average polymer chain extensions of these
polymers were nearly equivalent,3 so the bridging
ability of the copolymers was not a variable. As
with the MeAM copolymers, the higher average
settling rates obtained by using PAM (control 6)
are attributed to the higher average polymer
chain extension and unhindered hydrogen bond-
ing of PAM.

Supernatant Turbidity

The lower supernatant turbidities observed from
tests with the DMA copolymers, than from tests
which used PAM from control-6 (from MeAM-co-
AM-6), suggests that both flocculation efficiency
and lower supernatant turbidity are promoted by
the greater average polymer chain extension of
these copolymers [Fig. 5(a)]. The lower superna-
tant turbidities observed for the tests which used
PAM, rather than the MeAM copolymers or NT-
BAM, are attributed to the greater average poly-
mer chain extension and the unhindered hydro-
gen bonding of PAM [Figs. 5(b) and 7(a)].

New Nonionic Polymers Compared to Their
Cationic Derivatives

Typically, flocculation of a charged test suspen-
sion by an oppositely charged polyelectrolyte pro-
ceeds by a bridging mechanism for polymers hav-
ing a high polymer chain extension and a low
charge density and by a charge neutralization
mechanism for polymers having a low polymer
chain extension and a high charge density.8,10,14–16

Since the cationic derivative having the greatest
chain extension and the highest percentage cat-
ionicity gave the highest settling rate, flocculation
could have developed from bridging, or charge
neutralization, or a combination of these mecha-
nisms. It is possible to test this, since charge
neutralization involves reversible adsorption of
the polyelectrolyte, whereas adsorption is irre-
versible for the bridging mechanism.8,17 The floc-
culated slurry was exposed to high shear agita-
tion for several minutes and then allowed to
stand. The flocculated slurry reformed, which
qualitatively supports the charge-neutralization
mechanism.

Lower average settling rates and higher super-
natant turbidities were recorded for the floccula-
tion tests which used the cationic derivatives
than for tests which used the nonionic polymer
substrates (Fig. 6). It is possible that the high
average polymer chain extensions of the cationic
derivatives4 covered a significant proportion of
the particle surface which hindered particle–par-
ticle interaction.

New Nonionic Polymers Compared to Commercial
Polymers

The higher average settling rates and lower su-
pernatant turbidities observed for flocculation
tests which used the commercial polymers than
those observed for the newly synthesized poly-
mers are attributed to the greater average poly-
mer chain extensions and, therefore, greater
bridging abilities of the commercial polymers
[Figs. 6(b) and 8]. This can probably be explained
by the low charge density of Percol 721 (cationic
PAM) helping to favor the bridging mechanism
over charge neutralization.

The highest average settling rates and lowest
supernatant turbidities were observed for tests
which used Percol 721 [Figs. 7(b) and 8)]. Unhin-
dered adsorption to the oppositely charged sur-
face of Na–kaolinite particles and superior poly-
mer chain extension probably contributed to this
result. Flocculation performances comparable to
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that obtained using Percol 721 indicate that poly-
mer–clay hydrogen bonding prevailed over in-
tramolecular hydrogen bonding of the clay parti-
cles.

The copolymer from DMA-co-AM-3 gave a floc-
culation performance comparable to that of the
commercial polymers and, at the same time, a
solution conformation which was insensitive to
changes in solution pH and the presence of elec-
trolytes. This suggests that a potential applica-
tion for this type of copolymer could be for the
effective treatment of variable pH aqueous
streams which might also contain electrolytes.

CONCLUSIONS

A reproducible flocculation test procedure was de-
veloped using Na–kaolinite suspensions in water
which was sensitive to the average polymer chain
extension and the structure of acrylamide-based
polymers. Using this procedure, the average set-
tling rate decreased and the radius of gyration,
�rg�, increased as the proportion of DMA in the
DMA-co-AM copolymers increased. These results
are explained by hindered hydrogen bonding for
these copolymers.

Both the settling rates and �rg� decreased as
the proportion of MeAM in the MeAM-co-AM co-
polymers increased. These results are attributed
to the diminished bridging ability of the copoly-
mers from decreased polymer extension. The de-
crease in average settling rates observed for an
increased proportion of NTBAM in the NTBAM-
co-AM copolymers is credited to both hindered
hydrogen bonding and the diminished bridging
ability of the copolymers.

Supernatant turbidity was found to be influ-
enced mainly by the bridging ability of the copol-
ymers and, therefore, the floc size. The lowest
values obtained for supernatant turbidity coin-
cided with the highest average settling rates. No
clear distinction could be made between floc size
and floc density with the low percent solids test
media used.

Greater chain extensions were found for the
cationic derivatives prepared from the nonionic
copolymers than for their nonionic precursors.
However, flocculation tests using the new cationic
derivatives gave lower average settling rates and
higher supernatant turbidities relative to those of
the commercial polyelectrolytes, probably due to
their higher charge densities. The higher average
settling rates and lower supernatant turbidities

observed for tests using Percol 721 (cationic
PAM), in particular, are attributed to the low
charge density, greater �rg�, and, therefore,
greater bridging ability of Percol 721.

The greater Mw and �rg� values of the commer-
cial polymers than those of the newly synthesized
copolymers explains the higher average settling
rates and lower supernatant turbidities obtained
for commercial polymers. However, for a similar
Mw and a slightly lower �rg�, the copolymer from
DMA-co-AM-3 gave settling rates and superna-
tant turbidities comparable to those of the com-
mercial polymers. This performance, plus the re-
sistance to conformation change with pH or the
presence of an electrolyte, suggests that these
copolymers could have broader applications than
have the current commercial polyelectrolytes.
Procedures developed here also confirm that AM
copolymerization with the tested substituted ac-
rylamides is possible to produce Mw’s and �rg�’s
which are adequate for flocculant applications.
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