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A temperature-sensitive polymer, poly(N-isopropylacrylamide) [poly(NIPAM)], was
tested to flocculate kaolinite clay suspensions. Settling tests at both room temperature
and 40°C were carried out. The results show that settling at 40°C resulted in significantly
higher settling rates and smaller sediment volumes. This behavior indicates that the poly-
mer molecules changed from a stretched structure to a coil-like conformation with
increasing temperature. It is the change in conformation that induced more compacted
flocs, thus resulting in faster settling. To understand the role of temperature in the floccu-
lation, the long-range interaction and adhesion forces between kaolinite clay particles in
the polymer solutions at both room temperature and 40°C were measured using an atomic
force microscope (AFM). The measured adhesion forces correlated well with the settling
characteristics: a stronger adhesion led to a higher initial settling rate. The retraction
force profiles obtained at different temperatures confirmed the conformational change of
the polymer with temperature. © 2006 American Institute of Chemical Engineers AIChE J, 53:
479-488, 2007
Keywords: poly(N-isopropylacrylamide), thermosensitive polymer, flocculation, colloidal

force, AFM

Introduction

Flocculation of fine clays has a wide range of practical
implications. In water-based processes used to extract bitumen
from oil sands, for example, the produced tailing slurry is dis-
charged into tailings ponds for solid-liquid separation.
Because of the very slow settling of fine solids in the tailing
ponds, there is a large accumulation of fine tailings inventory
with trapped water. It was estimated that the volume of the
mature fine tailings (MFT), the aged aqueous suspension of
fines, will increase to over one billion cubic meters by the year
2020." Flocculating fine solids in the produced tailings would
facilitate tailings management.

Over the last several years, many attempts have been made
to reduce the tailing volume by various treatments.” Several
processes were developed, including the composite tailings
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(CT) process2 and paste technology.4’5 In the CT process, gyp-
sum and coarse sands are added to the MFT to cause nonsegre-
gating sediments with quick release of water for recycle. How-
ever, gypsum addition can lead to an elevated concentration of
calcium in the recycled process water. A high concentration of
calcium in the process water has been found to be detrimental
to bitumen recovery.4 In paste technology polymers are added
to flocculate the fine clays, thickening them into a paste. Cym-
erman et al.* found anionic polyacrylamides with high molecu-
lar weight and medium charge density were effective in floccu-
lating the oil sand fines in tailings. However, the formed flocs
are usually loosely packed and trap a large amount of water,
which is very difficult to release.’ Consequently, it is desirable
to design flocculants that achieve more compacted flocs to
achieve faster release of water.

Temperature-sensitive polymer flocculants were recently
found to be able to form much denser flocs than polyacryl-
amides.® Temperature-sensitive polymers exhibit a phase tran-
sition with temperature. Usually, temperature-sensitive poly-
mers are hydrophilic and soluble in water when the tempera-
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Figure 1. (a) Molecular structure of the monomer of N-
isopropylacrylamide; (b) molecular structure
of poly(NIPAM).

ture is below their phase-transition temperature (PTT), but they
become hydrophobic and insoluble when the solution tempera-
ture is above their PTT.”® The hydrophilic/hydrophobic transi-
tion is reversible. A representative nonionic temperature-sensi-
tive polymer is poly(N-isopropylacrylamide) [poly(NIPAM)],
which has a transition temperature of about 32°C.

Guilet et al.'® described flocculation of suspended particles
using temperature-sensitive polymers. The main claim of their
patent was that below the transition temperature, temperature-
sensitive polymers were effective flocculants, exhibiting a
behavior similar to that of polyacrylamides, whereas above the
transition temperature, they became poor flocculants. In con-
trast, others''™'* found that temperature-sensitive polymers
could induce a flocculation even at a temperature above the
transition temperature. This discrepancy may be attributable to
the different procedures used in the mixing and flocculation
steps.

Because flocculation is controlled by interactions between
suspended particles and polymers, often causing a drastic
change in interactions between the particles, direct measure-
ment of the interaction forces between the particles in polymer
solutions would provide a quantitative study of flocculation
behaviors. In recent years, atomic force microscopy (AFM) has
been widely used for direct colloidal force measurements.'>™!
To provide fundamental insights into the role of a temperature-
sensitive polymer as a flocculant in fine clay flocculation, in
the current study, colloidal forces between clay particles in
aqueous solutions were directly measured using AFM. The
measured forces were correlated with the settling results of
clay suspensions.

Experimental
Polymer preparation

Poly(N-isopropylacrylamide) [poly(NIPAM)], a representa-
tive of temperature-sensitive polymers, was synthesized by
free-radical polymerization, following procedures described by
Guillet and Heskins.'® The monomer N-isopropylacrylamide
was obtained from Fisher Scientific (Pittsburgh, PA). The mo-
lecular structures of N-isopropylacrylamide and poly(NIPAM)
are shown in Figures la and 1b, respectively. The initiator and
accelerator used in the polymerization were potassium persul-
fate (99.99%) and potassium bisulfate (>99%), respectively
(both from Sigma—Aldrich, St. Louis, MO). A list of chemicals
used in the synthesis of poly(NIPAM) is given in Table 1.
More specifically, a 100 g/L. N-isopropylacrylamide solution
was prepared using deionized water, and 200 mL of the pre-
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pared solution was fed into a 250-mL reactor with a stirrer, a
gas inlet, and outlet. The reactor was degassed by successively
purging with high-purity nitrogen for 1 h. In the course of
being stirred, 4 mL of 5.0 g/L potassium bisulfate was added to
the solution followed by the addition of 8 mL of 5.0 g/L potas-
sium persulfate. The polymerization proceeded at room tem-
perature for 2 days. After the polymerization, the mixture was
first diluted with 500 mL deionized water. The diluted solution
was left undisturbed for 2 days, after which it was heated to
50°C, at which temperature the polymer became insoluble and
precipitated. The precipitated polymer was separated from the
solution by filtration. The polymer retained as a filter cake was
purified again by redissolving it in deionized water at room
temperature, heating to 50°C, and then filtrating following the
same procedure described above. This purification process was
repeated three times. The final collected filter cake was placed
in a vacuum oven at 60°C and 0.3 kPa for 1 day to evaporate
the entrapped water. The final polymer product was then
obtained.

Settling tests

Clay Suspension Preparation. Clay suspensions were pre-
pared by dispersing kaolinite clays (Wards Natural Science
Ltd., Ontario, Canada) in deionized water to 10 wt % of solids.
The pH of the suspensions was adjusted to 8.6. A 5 g/L poly
(NIPAM) stock solution was prepared by dissolving the pre-
pared polymer in deionized water at room temperature. Settling
tests were conducted in 100-mL graduated cylinders. In this
study, the following two settling procedures were used.

e Procedure A—Settling at room temperature

A 100-mL clay suspension was transferred into a 250-mL
beaker. A magnetic stirrer was used to mix the suspension at
1000 rpm for 2 min. While the suspension was being stirred, a
predetermined volume of polymer solution was added. After
the mixing, the suspension was carefully transferred into a
100-mL graduated cylinder. After inverting the cylinder a few
times, the cylinder was allowed to stand still, during which the
interface mud line®® (that is, the interface between the superna-
tant liquid at the top and the concentrated suspension layer at
the bottom) as a function of time was recorded. In this proce-
dure, the temperature was maintained at room temperature
throughout the whole process.

e Procedure B—Settling at 40°C

In procedure B, the mixing of the polymer with a kaolinite
suspension was performed at room temperature, following the
same procedure described above. The suspension was then
heated to 40°C using a heater while still being stirred. A ther-
mometer was used to control the suspension temperature.
When the temperature reached 40°C, the stirring was stopped
and the suspension was transferred to a 100-mL graduated cyl-
inder. A thermostatic water bath was used to keep the suspen-
sion temperature at 40°C. The cylinder was inverted a few
times and left still in the water bath. The mud line as a function

Table 1. Chemicals Used in the Synthesis of Poly(NIPAM)

Concentration
Monomer N-Isopropylacrylamide 0.1 g/mL
Initiator Potassium persulfate 200 ppm
Accelerator Potassium bisulfate 100 ppm
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Figure 2. (a) A kaolinite clay probe; (b) a kaolinite clay
particle glued on a substrate.

of time was then recorded. The sediment volume (that is, the
volume of the concentrated suspension layer) was plotted as a
function of time—referred to as the settling curve—which
allows us to determine the initial settling rate (m/h) from the
slope of the initial linear portion of the curve.*?!

Clay Probe Preparation. Kaolinite particles with a pseu-
dospherical shape were selected as the probe for the colloidal
force measurements. The particles were chosen from a larger
number of kaolinite particles under an optical microscope. The
chosen kaolinite particle was glued onto the tip of an AFM can-
tilever (lever-type, 100 um wide) with a spring constant of
0.58 N/m using a two-component epoxy (EP2LV, Master
Bound, Hackensack, NJ). The glued clay probes, such as the
one shown in Figure 2a, were allowed to set in a vacuum desic-
cator for >24 h. Before the force measurements, the prepared
probes were thoroughly rinsed with deionized water and etha-
nol followed by blow-drying with ultrapure-grade nitrogen.
The probes were then exposed to an ultraviolet light (115 V, 60 Hz,
0.48 A, Model SP-1, UVP, Inc., Upland, CA) for >5 h to re-
move any possible organic contaminants. The exact size of the
kaolinite clay particle used was determined with an optical
microscope before the force measurements. More details on
colloid probe preparation are provided elsewhere.?>?

Substrate Preparation. Kaolinite particles were glued onto
silica wafers of 12 x 12 mm?. As in probe preparation, only a
very small amount of the two-component epoxy was used
under an optical microscope. To dry the glue, the prepared sub-
strates were placed in a vacuum desiccator for 1 day. Before
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force measurements, the prepared substrates were thoroughly
rinsed with deionized water and ethanol, followed by blow-
drying with the ultrapure-grade nitrogen. The substrates were
then exposed to an ultraviolet light for >5 h to remove any pos-
sible organic contaminants. Figure 2b shows glued kaolinite
particles on a substrate.

Surface force measurement

Surface force measurement was conducted using a Nano-
scope E AFM (Digital Instruments, Santa Barbara, CA) with a
vender-supplied fluid cell. A prepared substrate was mounted
on the piezoelectric transition stage. A clay probe was mounted
in the fluid cell. To position a kaolinite probe just over a kao-
linite particle glued onto the substrate surface, an optical view-
ing and positioning system (Digital Instruments) was used. In
our experiment, a prepared solution was slowly injected into
the fluid cell with great care to avoid the trapping of air bub-
bles. The system was allowed to incubate for 1 h at room tem-
perature before the first approach of the probe to the substrate.
In the force measurements, the piezoelectric transition stage
brought the substrate with kaolinite particles to approach or
retract from the probe particle in the vertical (z) direction. The
forces between the probe and a particle on the substrate surface
were determined from the deflection of the cantilever using
Hooke’s law. Each force plot represents a complete extension/
retraction cycle of the piezo. When the substrate approached
the probe, the long-range interaction between the two particles
was measured, whereas the adhesion (or pull-off) force
between them was obtained during the retraction process after
contact was made. For the force measurements conducted at
40°C, a heater and a thermometer (Digital Instruments) were
used to control the temperature in the fluid cell. Because the
kaolinite clay particles were irregular, to obtain representative
results, each experiment was performed with three kaolinite—
kaolinite probe pairs and repeated twice for each pair. For each
test condition, hundreds of force profiles were recorded. For
quantitative comparison, the measured long-ranged interaction
force (F) and adhesion force were normalized by the probe ra-
dius (R). A more detailed description on the colloidal force
measurement using AFM can be found elsewhere.**2¢

Results and Discussion
Molecular weight of poly(NIPAM)

The molecular weight of poly(NIPAM) was estimated by
measuring the viscosity of a series of the polymer-in-tetrahy-
drofuran solutions at 27°C using a Ubbelohde viscometer
(Fisher Scientific). The viscosity of a polymer solution varies
with polymer concentration according to the following equa-

tion:%’

[n] = lim([(n — o) /noc] = lim(ny, /c)

where 7 is the viscosity of a polymer solution of concentration
¢, o is the viscosity of pure solvent, [#] is the intrinsic viscos-
ity, 1, is the specific viscosity, and c is the concentration of
polymer solution in g/L. The value of [#] can be experimen-
tally determined from the y-intercept by plotting the reduced
viscosity (1,,/c) as a function of the polymer concentration.
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Figure 3. Relationship between 7g,/c and the polymer
concentration in tetrahydrofuran.

Figure 3 shows the results of the reduced viscosity as a func-
tion of the polymer concentration in tetrahydrofuran. A good
linear relationship was obtained. From the y-intercept, as indi-
cated by the arrow in the figure, the value of [y] was deter-
mined to be 162 mL/g. The number-average molecular weight
M, is related to intrinsic viscosity of polymer by

[n] = 9.59 x 1073 M%%

From this equation, details of the method to measure the mo-
lecular weight of poly(NIPAM) can be found elsewhere.'>?®
The number-average molecular weight of the polymer was cal-
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Figure 4. (a) Initial settling rate as a function of polymer
dosage using procedure A; (b) sediment vol-
ume after a settling period of 120 min as a
function of polymer dosage.
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culated to be 3.2 x 10°. Polymers with such an average molec-
ular weight are suitable as flocculants.

Settling tests

Results of Procedure A. Figure 4 shows the effect of poly
(NIPAM) on the settling of 10 wt % kaolinite suspensions at
room temperature. With increasing polymer addition from O to
50 ppm, the initial settling rate increased from 0.01 to 0.05 m/h
(Figure 4a). Above this dosage level, the initial settling rate
decreased with further increasing the polymer dosage. When the
polymer dosage was at 200 ppm, the initial settling rate became
nearly zero. In this case, the kaolinite suspension actually
became well dispersed by the added polymers. Figure 4b shows
that when the polymer dosage increased from 0 to 50 ppm, the
sediment volume after a settling period of 120 min decreased
from 92 to 75 mL. A further increase in the polymer dosage
caused an increase in sediment volume. It is speculated that at
the optimal polymer dosage (that is, 50 ppm), the surface of kao-
linite clay particles was partially covered by the adsorbed poly-
mers, which allows bridging between the kaolinite clay particles
to form. At the dosage of 200 ppm, the surface of the kaolinite
particles was fully covered by the adsorbed polymers. In this
case, the adsorbed polymer layer sets a steric barrier to prevent
the kaolinite particles from approaching each other; as a result,
the suspension became more stabilized. These settling results
were consistent with those reported in other studies. >

Results of Procedure B. Figure 5 shows the settling results
of 10 wt % kaolinite suspensions obtained using procedure B
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Figure 5. (a) Initial settling rate as a function of the poly-
mer dosage using procedure B. (b) Sediment
volume after a settling period of 120 min as a
function of polymer dosage.

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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Figure 6. Long-range interaction and adhesion forces
between kaolinite particles in a 1 mM KCI so-
lution at pH ~ 8.6 at room temperature.

The solid curve is the DLVO force profile using =
—35mV, k' =9.61 nm and A = 2.20 x 1072 J. The inset
shows the adhesion force distribution.

(that is, mixing at room temperature and then settling at 40°C).
As shown in Figure 5a, the initial settling rate increased drasti-
cally when the polymer dosage was increased from 0 to
500 ppm. Accordingly, the sediment volume after a settling pe-
riod of 120 min decreased considerably from 73 to 28 mL, as
shown in Figure 5b. In a comparison of the settling results
obtained using procedure B with those obtained using proce-
dure A, it is clear that temperature has a significant impact on
the settling. Using procedure A, the maximum initial settling
rate was about 0.05 m/h obtained with 50 ppm polymer addi-
tion. In contrast, the initial settling rate of 2.0 m/h was obtained
using procedure B in the presence of 500 ppm poly(NIPAM).
Using procedure A, the smallest sediment volume after a set-
tling period of 120 min was about 75 mL, whereas it was
28 mL in the presence of 500 ppm poly(NIPAM) using proce-
dure B. These results indicate that the sediment formed using
procedure B was more compacted than that using procedure A.

AFM force measurements

Results Obtained at Room Temperature. To understand the
role of poly(NIPAM) as a flocculant in the settling of kaolinite
suspensions, the long-range interaction and adhesion forces
between two kaolinite particles were measured by AFM. As a
baseline, Figure 6 shows the measured forces in a 1 mM KCI
solution at pH 8.6 without polymer addition. As anticipated,
the data are fairly scattered as a result of the surface irregular-
ity of the kaolinite particles. The long-range interaction force
was purely repulsive. To find the dominant forces contributing
to the long-range repulsion, the classical DLVO (Derjaguin—
Landau—Verwey—Overbeek) theory was used to obtain theoret-
ical force proﬁles.31 The van der Waals force was calculated
using Hamaker’s microscopic approach. The reported Hamaker
constant (A) of the mica—water—mica system, 2.2 x 10720 53!
was used for the kaolinite—water—kaolinite system. The elec-
trostatic double-layer force, on the other hand, was calculated
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numerically by solving the nonlinear Poisson—Boltzmann
equation, using a constant surface potential of the kaolinite sur-
face as a boundary condition. The kaolinite clay surface is of
constant surface potential because its surface charge arises pri-
marily from adsorbed ions from solutions.**** The measured
zeta potential value (as an approximation of the Stern potential
V) of the kaolinite particles and the calculated decay length
(™Y of the electrolytes medium were used to calculate the
electric double-layer force. A zeta potential of kaolinite clay
particles in a 1 mM KCI solution at pH 8.6 at room temperature
was measured to be about —35 mV using a Zetaphoremeter
vm™ (SEPHY/CAD Instrumentations, Buckinghamshire,
UK).** The decay length is 9.61 nm for the 1 mM KCl solution.
A program developed by Liu et al.*> was used to calculate the
DLVO forces. As noted in Figure 6, the long-range force pro-
files at a separate distance >8 nm substantially agree with the
theoretical profile as shown by the solid curve in the figure.
This indicates that the long-range forces were dominated by
the electrostatic double-layer interactions. The adhesion force
distribution is shown in the inset of Figure 6. In most cases, no
adhesion was detected. Because the long-range force was re-
pulsive and the adhesion was nearly zero, it would be antici-
pated that at room temperature the kaolinite suspension would
be stable in a 1 mM KCI solution at pH 8.6 in the absence of
the polymer. This expectation was verified in the settling tests.
As discussed earlier under Results of Procedure A, the initial
settling rate of kaolinite suspension in the absence of polymer
at room temperature was small (0.01 m/h) and the sediment
volume after a settling period of 120 min was 92 mL, which is
very close to the volume of the original suspension of 100 mL.
Figure 7 shows the long-range interaction and adhesion
forces between kaolinite clay particles in the presence of
20 ppm poly(NIPAM) at room temperature. With poly
(NIPAM) addition, the long-range repulsive force decreased
significantly, indicating that the electrostatic double-layer force
was depressed by the polymer addition. Because the polymer is

0.4 -
03 = 20/ i
0.2 g 10 =T

%.0 0.5 1.0 15 20

Adhesion, mim

FIR, mN/m
o
SRTHESEN T

0 10 20 30
Separation, nm

Figure 7. Long-range interaction and adhesion forces
between kaolinite particles in a 1 mM KCI so-
lution in the presence of 20 ppm poly(NIPAM)
at pH ~ 8.6 and room temperature.

The inset shows the adhesion force distribution.
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bution of the pull-off distances obtained under
the same conditions as in (a).

nonionic, coverage of the surface by the polymer would screen
out the surface charge of the kaolinite particles to reduce the
electrostatic repulsive force. The flocculation of the kaolinite
suspension at room temperature in the presence of poly
(NIPAM) is attributed to the bridges between the kaolinite par-
ticles by the polymer. The bridging effect is verified by a typi-
cal retraction force profile at room temperature, as shown in
Figure 8a. The two kaolinite surfaces, presumably connected
by polymer chains, detached at a pull-off distance of about
60 nm. This observation suggests that poly(NIPAM) molecules
at room temperature have a long, extended structure. A distri-
bution of the pull-off distances is shown in Figure 8b. The pull-
off distances obtained are in a range of 40 to 150 nm, indicat-
ing a polydispersity of the synthesized polymer. The adhesion
force distribution as shown in the inset of Figure 7 is centered
at 0.8 mN/m. Appearance of the adhesion force suggests the
presence of forces holding the kaolinite particles together. The
reduced repulsion and presence of adhesion would make it pos-
sible for the kaolinite particles to approach and then connect
with each other, thereby resulting in flocculation between the
particles. As mentioned in the settling results using procedure
A, the suspension in the presence of 50 ppm polymer exhibited
an initial settling rate of 0.05 m/h and a sediment volume of
75 mL after a settling period of 120 min, in contrast to a negli-
gible settling without polymer addition, indicating a practical
flocculation arising from the reduced repulsion and increased
adhesion between the kaolinite particles by adequate polymer
adsorption.
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Figure 9. Long-range interaction and adhesion forces
between kaolinite particles in a 1 mM KCI so-
lution in the presence of 50 ppm poly(NIPAM)
at pH ~ 8.6 and room temperature.

The inset shows the adhesion force distribution.

Figure 9 shows the long-range repulsion and adhesion forces
between kaolinite particles in a 1 mM KCI solution containing
50 ppm polymer at pH 8.6 and room temperature. The long-
range repulsion became strong and the adhesion disappeared.
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In this case, both kaolinite surfaces were possibly fully covered
by the adsorbed polymers and the adsorbed polymers set a
steric barrier to prevent kaolinite particles from approaching
each other. The absence of adhesion indicates that the kaolinite
particles hardly attached to each other. Such a condition would
indicate a stable kaolinite suspension. This was verified by our
settling tests where the addition of 200 ppm polymer into the
suspension caused the initial settling rate to be almost zero,
indicating that the suspension was very stable.

Figure 10 shows the average adhesion force and the initial
settling rate as a function of poly(NIPAM) dosage at room tem-
perature. Both the average adhesion force (Figure 10a) and ini-
tial settling rate (Figure 10b) as a function of poly(NIPAM)
dosage exhibit a similar trend. The average adhesion and the
initial settling rate first increased with increasing polymer dos-
age to an optimal dosage, followed by a decrease with further
increasing the dosage, although the maximum was achieved at
different dosages. This finding indicates a clear correlation
between the adhesion force and the initial settling rate: the
higher the adhesion force, the higher the initial settling rate.
The difference in polymer dosages where the maximum is
located is attributed to the different surface areas of kaolinite
clay particles in the two test systems. The suspension contained
a large number of kaolinite particles, whereas there were only
a few kaolinite particles in the AFM force measurement. As a
result, the surface area of kaolinite particles in the suspension
is much larger than that in the AFM experiments, thereby
decreasing the polymer concentration in the water. It is evident
that further polymer addition is required in settling tests than in
AFM force measurement to ensure a similar availability of
polymer molecules to kaolinite particles in both systems. This
translates to a lesser amount of polymers needed in AFM force
measurement to achieve the maximum adhesion force.

Results Obtained at 40°C. As mentioned earlier, poly
(NIPAM) exhibited a better flocculation behavior using proce-
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dure B than procedure A. To understand this difference in the
settling experiments, the long-range interaction and adhesion
force measurements between kaolinite particles were con-
ducted following a temperature-changing procedure similar to
that used in procedure B, that is, the solution was first injected
into the fluid cell at room temperature, then the solution was
heated to and maintained at 40°C during the force measure-
ment. Figure 11 shows the long-range interaction and adhesion
forces between kaolinite particles in a 1 mM KCI solution at
pH 8.6. Compared with the long-range repulsive forces at room
temperature (Figure 6), the long-range repulsion at 40°C was
stronger. The classical DLVO theory was used to fit the meas-
ured long-range force profiles. In the fitting procedure, the
Hamaker constant (A) was the same as that used to calculate
DLVO forces at room temperature (Figure 6). The decay
length (x ) as a function of temperature was calculated to be
12.67 nm at 40°C using the following equation:®'

K_I*{ eeokpT }1/2
N €2 > ni(00)z?

where e is the charge on electron, n,(c0) is the number per unit
volume of the electrolyte ions of type i with valence z; in the
bulk solution far from the surface, kg is Boltzmann’s constant,
T is the absolute temperature in Kelvin, &g is the permittivity of
vacuum, and ¢ is the relative permittivity of the solution. The
zeta potential value of kaolinite clay particles (1) was set as an
adjustable parameter. Figure 11 shows that by using a zeta
potential value of —50 mV, the long-range repulsive forces
were in substantial accord with the classical DLVO theory,
suggesting that the surface potential of kaolinite particles
became more negatively charged (from —35 to —50 mV) when
the temperature increased from room temperature to 40°C.
Ramachandran and Somasundaran®® also found that the surface
of kaolinite particles became more negatively charged with
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Figure 12. Long-range interaction and adhesion forces
between kaolinite particles in a 1 mM KCI so-
lution at pH ~ 8.6 in the presence of 50 ppm
poly(NIPAM) at 40°C.

The inset shows the adhesion force distribution.
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Figure 13. At room temperature.

(a) Low polymer concentration (e.g., 10 ppm). The surface
of the particles was partially covered by the adsorbed poly-
mer molecules with a stretched structure. Bridging was
formed between the two particles by the adsorbed polymers.
(b) High polymer concentration (such as 50 ppm). The sur-
face of the particles was fully covered by the adsorbed
polymer molecules. A steric repulsion was caused by the
extruded polymer tails. At 40°C: (c) Low polymer concentra-
tion (such as 10 ppm). Bridging was formed between two par-
ticles by the adsorbed polymers with a coil-like structure. (d)
High polymer concentration (such as 50 ppm). The surface
coverage of the particles by the adsorbed polymers was
increased. More polymer bridges were formed between the
two particles by the adsorbed polymer molecules.

increasing temperature. For the kaolinite surface, an increase
in temperature would favor the formation of Al(OH); and
H3SiO4 groups, thus resulting in a more negative charge. The
adhesion force as shown in the inset of Figure 11 was nearly
zero. Based on the long-range and adhesion forces, the kaolin-
ite suspension is anticipated to be stable in a 1 mM KCI solu-
tion at pH 8.6. As discussed earlier, without polymer addition
using procedure B, the initial settling rates was 0.03 m/h, indi-
cating a stable suspension and supporting the implications
from the AFM force measurements.

Figure 12 shows the long-range interaction and adhesion
forces between kaolinite particles in a 1 mM KClI solution con-
taining 50 ppm poly(NIPAM) at pH 8.6 and 40°C. Compared
with the results obtained without polymer addition (Figure 11),
50 ppm poly(NIPAM) addition suppressed the long-range re-
pulsive force to nearly zero. The adhesion force increased dras-
tically to 3.5 mN/m. The weak long-range repulsion and strong
adhesion forces between kaolinite particles indicate that the ka-
olinite suspension in the presence of 50 ppm polymer will be
flocculated quickly. This expectation was verified by our set-
tling results using procedure B. As shown in Figure 5, in the
presence of 500 ppm poly(NIPAM), the initial settling rate
increased to 2.0 m/h and the sediment volume after a settling
period of 120 min decreased to 28 mL.

Comparison of the AFM results at room temperature with
those at 40°C at the same polymer dosage of 50 ppm (Figures 9
and 12) indicates much weaker long-range repulsive forces and
much stronger adhesion forces when the measurement was
performed at 40°C. This observation confirms that the good
flocculation of a kaolinite suspension at a higher polymer dos-
age using procedure B is attributed to the substantially weak re-
pulsive long-range forces and stronger adhesion forces
between the kaolinite particles. The difference in the adhesion
force obtained at 40°C and that at room temperature can be
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Figure 14. A typical retraction force profile obtained
between kaolinite particles in a 1 mM KClI so-
lution in the presence of 20 ppm poly(NIPAM)
at pH ~ 8.6 and 40°C.

attributed to the difference in binding strengths of polymer
with clay particles and polymer confirmation.

Figure 13 illustrates the effect of poly(NIPAM) concentra-
tion on the interaction between two particles at room tempera-
ture and 40°C, respectively. At room temperature, the polymer
molecule has a stretched structure. At a low polymer concen-
tration (such as 10 ppm), the particle surfaces were only par-
tially covered by the adsorbed polymers (Figure 13a). Some
free surface areas were still available for polymer adsorption.
Under such a condition, the dangling tails/loops of the polymer
molecules on one surface could contact and be adsorbed onto
the other surface, exhibiting bridging adhesion. With increas-
ing polymer concentration, the surface coverage of the par-
ticles by the polymers was increased. The number of the
formed polymer bridges was increased, resulting in an
increased adhesion force (such as 0.8 mN/m at a polymer con-
centration of 20 ppm). At a high polymer concentration (say
50 ppm), the particle surface was fully covered by the adsorbed
polymers (Figure 13b). A steric barrier was set by the extruded
tails of the adsorbed polymers, thereby preventing the two par-
ticles from approaching each other, leading to a strong long-
range repulsion and a negligible adhesion. At 40°C, poly
(NIPAM) molecules became coiled. At a low polymer concen-
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Figure 15. A schematic diagram of the flocculation
mechanism using a temperature-sensitive
polymer [poly(NIPAM)] under procedure B.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 16. (a) Average adhesion forces as a function of
polymer dosage at 40°C; (b) initial settling
rate as a function of the polymer dosage
using settling procedure B.

tration (such as 10 ppm), the adsorbed polymers caused a par-
tial coverage of the particle surface (Figure 13c). Bridging was
formed between the two particles by the adsorbed polymers
with a coil-like structure. At a high polymer concentration
(such as 50 ppm), the surface coverage of the particles by the
adsorbed polymers increases. Because the polymer molecule
was coiled, the surface of the particles was still partially cov-
ered (Figure 13d). The number of polymer bridges was signifi-
cantly increased, resulting in a strong adhesion force (such as
3.5 mN/m at a polymer concentration of 50 ppm).

The coil-like conformation of the polymer molecule was
verified by the AFM results. Figure 14 shows a typical retrac-
tion force profile in the presence of 20 ppm poly(NIPAM) at
40°C. A detachment at a separation distance of 9 nm was ob-
served, indicating a very compacted structure of the adsorbed
polymer on the kaolinite surface, whereas the retraction profile
obtained at room temperature (Figure 8a) shows a plateau of
about 60 nm, that is, a long stretch of polymer molecules, indi-
cating an extended structure. These results and interpretation
are consistent with other studies.?”*®

The conformational change of poly(NIPAM) molecule is
related to its chemical structure. As shown in Figure 1b, there
is a hydrophilic group (—CONH—) and a hydrophobic group
[—CH(CHj3),] on the polymer side chain. Ramon et al.*” and
Katsumoto et al.* found that in an aqueous solution relatively
strong hydrogen bonds were formed between the hydrophilic
group (—CONH—) and water molecules at room temperature.
Thus, the polymer became soluble and exhibited an extendable
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structure. When the temperature was increased, hydrogen
bonds between the hydrophilic groups and water molecules
were broken and intramolecular hydrogen bonds, C=0OH—N,
were formed. As a result of such intramolecular interactions,
the polymer molecules became coiled.

Figure 15 shows a schematic diagram of the flocculation
mechanism using poly(NIPAM) under procedure B. The poly-
mer molecules with a stretched structure were first mixed with
a clay suspension at room temperature. Under such a condition,
particles could adsorb onto different sites of the long extended
polymer chains. When the temperature was increased to 40°C,
the polymer chain became coiled. The adsorbed particles were
then brought together, leading to compacted flocs and thus
inducing a faster settling.

Figure 16 shows the average adhesion force and the initial
settling rate as a function of poly(NIPAM) dosage at 40°C. The
trends of the average adhesion forces (Figure 16a) and the ini-
tial settling rate in response to the change of poly(NIPAM)
dosage (Figure 16b) are similar; that is, they both increased
with increasing polymer dosage.

Conclusions

In this study, a temperature-sensitive polymer [poly(NIPAM)]
was synthesized and used as a flocculant to treat kaolinite clay
suspensions. Two settling procedures were used. In procedure
A, both mixing and settling were carried out at room tempera-
ture. In procedure B, mixing was carried out at room tempera-
ture, but settling was conducted at a higher temperature of
40°C. The following conclusions can be drawn from this
study.

(1) Suspension temperature shows an important impact on
the settling rate. Poly(NIPAM) exhibits a better flocculation
performance with a wider operational dosage range using pro-
cedure B than using procedure A.

(2) Results of AFM force measurement were consistent with
the settling results. A weaker long-range repulsive force and a
stronger adhesion force were obtained at 40°C.

(3) Poly(NIPAM) molecules exhibit a long, extended struc-
ture at room temperature and a coil-like conformation at a
higher temperature (40°C). It is this conformational change of
the polymer molecules that results in a better settling using
procedure B than that using procedure A.
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