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Highlights
e Dispersant architectural framework drives the pigment stabilisation mechanism
e Chemical functionality of a dispersant dictates its pigment surface interactions

e Branched dispersants can synergistically interact and improve dispersion stability

Abstract

Ensuring discrete dispersion of pigment particles is crucial to maintain their separation
during processing and storage, and to achieve the desired properties in coatings. To facilitate
dispersion and prevent aggregation, the stability of the dispersant along with the chemical
interaction between pigment particles and dispersants is critical. This study was conducted to
investigate the interaction between robust dispersants containing thermally stable carboxylate
and phosphonate functional groups and the titania pigment surface at pH values experienced in
pigment manufacturing as well as in application. The study found that the interaction depends
on the type of group, the distribution density of the group, and the solution pH.

Dispersant adsorption can occur under both alkaline and acidic solution conditions,
with the adsorption density increasing when the pH is reduced or the carboxylate group density
is increased. At pH 9.5, dispersant adsorption affinity and density is low, and hydrogen bonding
occurs in addition to phosphate group chemisorption. At pH 5.5, both the adsorption affinity
and density significantly increase due to electrostatic interactions between carboxylate and/or
phosphonate groups and the pigment surface, combined with phosphate group driven
chemisorption. Linear carboxylate-phosphonate copolymers and carboxylate dispersants
present at the pigment surface provide electrostatic stabilisation while branched copolymers
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provide both electrostatic and steric stabilisation. The synergistic physical and chemical
interaction combined with dispersion stability may lead to improved titania pigment

suspensions using branched copolymer dispersants.

Keywords: Pigment, dispersion, titania, architecture, adsorption.

1. Introduction

Titania pigment suspension properties are very important during pigment processing
and for maximising end-use properties in industrial products such as paint, papermaking and
plastics. Dispersion is of major importance to ensure adequate separation of pigment particles
and to maintain pigment suspensions during the manufacturing process as well as storage
stability. It is also vital in the application of inorganic coatings, and for managing coating
properties such as gloss, opacity, tint strength, and colour distribution. When dispersion is
inadequately controlled during the application of inorganic oxide coatings during
manufacturing, undesirable coated pigment aggregates can be formed. Aggregation is
detrimental to gloss, hiding power and colour, and the optimum effect of the pigments will not
be fully utilised.

To facilitate pigment suspension dispersion properties, the dispersion barrier can be
greatly improved by the addition of a suitable polymer or dispersant [1]. It is therefore critical
to understand the interactions between the dispersant functional groups and the pigment
particle surface. Interactions have been investigated extensively over the years to understand
the complex phenomena at the solid-liquid interface [2-12] however the nature of the
interactions are still relatively unknown and require specific investigations.

A dispersant primarily surrounds the pigment particle with a repulsive barrier that
hinders aggregation by providing electrostatic and/or steric repulsion. In the case of
electrostatic stabilisation, ionised molecules are adsorbed onto the pigment surface. Pigment
particles with similar charges will therefore repel each other and thus resist aggregation. Due
to the natural surface charge that exists on titania pigments, anionic dispersants are traditionally
preferred, although both cationic and non-ionic dispersants can be used [13]. In the case of
steric stabilisation, a physical barrier is provided by the adsorbed dispersant molecules which
maintains pigment particle separation.

The concurrent reduction of pigment suspension viscosity and maximization of solids

suspension loading can be achieved by utilising charge and/or steric stabilisation mechanisms



of colloidal particles [14]. Polyphosphates, for example, can provide electrosteric stabilisation
of such particles, however they degrade at both high temperatures and under alkaline solution
conditions that are present during pigment processing [15]. This degradation leads to a loss of
dispersion stability and higher aggregation levels in the pigment suspension [16]. A dispersant
must therefore impart a high level of stability under pigment processing conditions in order to
inhibit aggregation, thereby avoiding detrimental optical properties in final pigment products.

In order to overcome the deficiencies resulting from polyphosphate degradation,
alternative robust dispersants are necessary for titania pigment stabilisation, particularly during
processing. Phosphonate dispersants offer greater thermal and pH stability due to the presence
of the P-C bond making them a potential alternative for polyphosphates [5, 6]. Sulphonate and
carboxylate compounds have also been reported as effective and robust oxide dispersants [7,
17, 18]. Subsequently, dispersants with phosphonate and/or carboxylate functionality were
chosen for their enhanced robustness combined with their capacity for pigment interaction [18].
The aim of this study is to investigate the effectiveness of robust dispersants, with phosphonate
and/or carboxylate architecture, and their interaction with titania pigment particles. Three
anionic compounds: polyacrylic acid, phosphonobutane tricarboxyacid and 2-
carboxyethylphosphonic acid were tested as dispersants for titania pigments at pH 5.5 and 9.5,
values either side of the pigment iep and values experienced during the tail-end of pigment
processing. This work presents the results of adsorption, electrochemical and spectroscopic
studies of the dispersants to investigate the influence of the various types and densities of the

carboxylate, phosphate and hydroxy! groups.

2. Materials and Methods

2.1. Materials

The titania pigment sample used in this study is a commercially manufactured
aluminate- and zirconia-coated aluminium-doped rutile, with a density of 4.1 g/cm® and a BET
surface area measured by Nz adsorption of 7.018 m?/g. The particle mean diameter measured
by transmission electron microscopy (TEM) was 0.23 £ 0.02 um. The major surface elements
determined by X-ray photoelectron spectroscopy (XPS) were Al, Ti, Zr and O, at a surface
atomic concentration of 19, 6, 0.6 and 74 at.%, respectively, after removing the adventious
carbon contribution). The pigment isoelectric point (iep) is ca. 8.5 = 0.3 determined using an
AcoustoSizer 1. The anionic dispersants used were polyacrylic acid (PAA), phosphonobutane
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tricarboxy acid (PBTCA) and 2-carboxyethylphosphonic acid (CEPA). The PAA was obtained
from Aldrich Chemical Co. as 45 wt% sodium salt solution. The PBTCA was obtained courtesy
of Lanxess as a 50 wt% solution. The CEPA was obtained from Sigma-Aldrich with a purity
of >99%. The dispersant structures and molecular weight data are presented in Table 1.

High purity water (Milli-Q) was used throughout the experiments and was produced by
the following sequential treatment: reverse osmosis, two stage mixed bed ion exchange, two
stage activated carbon treatment, and a final filtering step through a 0.22 um filter. The
conductivity was less than 0.5 uS cm™ with a surface tension of 72.8 mN m at 20°C. All other

reagents used were analytical grade (unless otherwise stated).

Table 1. Structure and molecular weight (MW) values of the anionic dispersants.

Dispersant Abbreviation Structure MW/Da
poly(acrylic acid) PAA TOQH 13,600*
c—C
phosphonobutane tricarboxy acid PBTCA (|3| 270
HO—P—OH

CHQ—C—CHQ—(le2

COH COH  COMH

2-carboxy ethylphosphonic acid CEPA ﬁ 154
(phosphonopropionic acid) HO,C—C—C—P—OH
HQ HQ |
OH

Note: *Polydispersity ca. 2.1.

2.2. Adsorption Isotherms

Adsorption isotherms were performed in a glass-conditioning vessel at 25 °C at pH
values lower and higher than the pigment iep, pH 5.5 and 9.5, respectively. Titania pigment
suspensions (2.5 wt%) were conditioned by stirring continuously overnight in 0.01 M KCI
solution at natural pH. After pH adjustment to the desired value with a small amount of HCI or
KOH solution, a known concentration of the dispersant stock solution was introduced to the
vessel and stirred continuously for at least 30 minutes to reach adsorption equilibrium. During
the adsorption period pH was monitored and no considerable change was observed. A sample

of the suspension was removed and centrifuged with an Eppendorf 5416 centrifuge at 10,000
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rpm for 10-15 minutes and the dispersant concentration was increased incrementally up to 4
mg g of pigment. The supernatant was analysed to determine the amount of dispersant
remaining in solution and it was assumed that the amount of dispersant depleted from the
solution had adsorbed onto the pigment surface.

2.2.1. Concentration of Polyacrylic Acid

The concentration of PAA was monitored by adding ferric (111) ions that react with
PAA in solution forming a colourless complex. The excess ferric ions in solution are reacted
with thiocyanate ions to form the highly coloured ferric thiocyanate complex which can be
monitored colorimetrically. To a 5 mL sample of PAA solution, 0.25 mL of 0.004 M ferric
chloride solution was added. After 5 min, 0.5 mL of 2 M KSCN was added. After 10 min, the
absorbance was measured at 480 nm using a Varian CarylE UV/Visible spectrophotometer
and the concentration of PAA was determined from a calibration curve.

2.2.2. Concentration of Phosphonates

The concentration of the phosphonate dispersants was measured indirectly by
determining the amount of orthophosphate in solution following acid digestion. Samples of
50 mL solutions containing PBTCA or CEPA were heated in the presence of 1 mL of 11 N
H>SO4 and 0.4 g ammonium persulphate until a volume of approximately 10 mL was
remaining. The digested samples were then diluted to back to 50 mL. To a 5 mL aliquot of
each sample, 2 mL of 0.03 M ammonium molybdate and 2 mL of 0.01 M antimony potassium
tartrate were added followed by 1 mL of 0.1 M ascorbic acid. After 10 min, the absorbance
was measured at 650 nm using a Varian CarylE UV/Visible spectrophotometer and a

calibration curve of absorbance versus phosphonate concentration was obtained.

2.2.3. Langmuir Adsorption Isotherms

The linear form of the Langmuir adsorption equation is frequently applied to
polymer/dispersant adsorption [19] and has been described in detail elsewhere [6]. The
Langmuir equation was applied to the adsorption data and various constants including the

adsorption free energy and maximum adsorption density were obtained.

2.3. Zeta potential measurements

Zeta potential measurements were performed using a Colloidal Dynamics Inc.
Acoustosizer 1l. Pigment suspensions (4.2 wt%) were conditioned by continuous stirring
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overnight in a 0.01 M KCI solution. The electroacoustic signal of the pigment particles was
measured at 25 °C as a function of dispersant concentration which was increased incrementally
up to 4 mg g* of pigment, allowing 15 minutes equilibration between measurements. The pH
was adjusted with the addition of a small amount of HCI or KOH solution to maintain a constant
pH of 5.5 or 9.5.

2.4. Rheology measurements

A Haake rheometer (Rheostress 1 type) fitted with a Z34 DIN 53019 coaxial cylinder
sensor was used to measure the rheological response of the pigment suspensions. Pigment
suspensions were prepared at a solid content of 25 wt.% in 0.01M KCI. The shear stress of the
pigment suspensions was determined at 25 °C as a function of dispersant concentration. The
pigment suspensions were sheared at an increasing shear rate from 0 to 300 s in one minute
and back to rest in 1 minute with the torque sensor continuously determining the shear stress,
1. The dispersant concentration was increased incrementally up to 4 mg g of pigment,
allowing 15 minutes equilibration between measurements. The extrapolated yield stress, 1s,

was obtained from the flow curves using the Bingham model [20, 21].

2.5. Diffuse Reflectance Infrared Fourier Transformation (DRIFT) Spectroscopy

The pigment samples retained following the adsorption isotherm experiments (in 0.01
M KCI) at the maximum adsorption density were used to obtain the DRIFT spectra. A Bruker
Vector 22 FTIR spectrophotometer was used with spectra recorded over the range 4000-
400 cm™ at a resolution of 4 cm™ and 64 scans per sample. The pigment samples were gently
washed with Milli-Q water at the experimental pH values and ionic strength in order to remove
any unadsorbed dispersant, were filtered and dried for 24 h in a desiccator, then mixed with

spectroscopic grade KCI prior to acquisition.

3. Results and Discussion

3.1. Pigment Characterization

Figure 1 shows the pigment zeta potential and extrapolated yield stress as a function of
pH in 0.01 M KCI. From this plot it is evident that the isoelectric point (iep) occurs at ca. pH
8.5. which is slightly higher than the value of pH 7.8 previously reported for this pigment [21].

The zeta potential of the pigment particles (Figure 1(a)) is negative above the iep and decrease
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in magnitude with decreasing pH until the iep is reached. With further reduction in pH to acidic
conditions, the magnitude of the positive zeta potential increases. The yield stress (Figure 1(b))
increases to a maximum at the iep due to the decreased electrostatic repulsion that occurs at the
iep [22]. Generally, s increases with increasing pH until a maximum is reached, after which it
decreases. This suggests that particle attraction is dependent on pH, and the change in the
degree of particle attraction is attributed to the pH-dependent surface charge [20]. It should be
noted that the modest reduction in yield stress at pH values above the iep may be due to the
hydroxyl groups of the pigment surface being in different protonated states, and therefore
interaction through electrostatic attraction or via hydrogen bonding can lead to particle

aggregation.
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Figure 1. Titania pigment zeta potential (a) and extrapolated yield stress (b) as a function of
pH in 0.01 M KCI.

3.2. Adsorption Isotherms

Adsorption isotherms of the dispersants onto the pigment in 0.01 M KCI were obtained
at pH 5.5 and 9.5 as shown in Figure 2 and Figure 3 respectively. The Langmuir adsorption
model was applied using the Langmuir equation [19] with the calculated adsorption free energy
values and maximum adsorption density, Cadsmax Values presented in Table 2. The free energy

of adsorption, AGads, Was calculated from the Langmuir equilibrium constant, K, i.e., AGags
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= —RTInK, where R is the gas constant and T is the temperature. AGags iS represented as the

sum of four free energy components [23]:
AGads = AGchem + AGelec + AGH-bonding + AGhydrophobic 1)

where AGchem, AGelec, AGH-bonding and AGhydrophobic are the chemical, electrical, hydrogen
bonding and hydrophobic components of the free energy of adsorption.

Because of their simple shape, the isotherms shown in Figures 2 and 3 can be classified
as Langmuir type isotherms. The Langmuir equation (Equation (2)) was used to fit the
experimental data and obtain the parameters of adsorption equilibrium constant, Ceq, and

maximum concentration of dispersant adsorbed, Cadsmax, for each dispersant [20]:

Ceq __ 1 Ceq (2)
Cads K. Cads.max Cads.max

where Ceq is the equilibrium polymer solution concentration (mol/L), Cags is the concentration
of polymer adsorbed (mol/L), Cagsmax IS the maximum concentration of polymer adsorbed
(mol/L) and K is the Langmuir adsorption equilibrium constant (L/mol).

At pH 5.5 (Figure 2), each of the dispersants exhibit Langmuir adsorption behaviour as
demonstrated by fit of the data to the solid lines on the adsorption isotherms. At this pH, the
dispersant adsorption density (Table 2) is relatively high along with high affinity adsorption
occurring, particularly for the PAA and PBTCA dispersants. The adsorption behavior of the
dispersants onto the pigment surface shows large variation with functional group architecture.
At pH 5.5, the pigment surface is highly positively charged (Figure 1a) and is comprised of
positive AIOH,", ZrOH," and TiOH." surface groups [21] while the dispersant carboxylate
groups are negatively charged at pH 5.5 (pKa=4.5, [24]). Adsorption is therefore likely to occur
predominantly due to electrostatic interaction between the carboxylate anions and the positive
surface sites. The pKa of polyphosphate chain groups, is ~0-3 and the end groups is ~7-9
indicating that at pH 5.5, the chain groups are likely to be predominantly negatively ionised
[15]. As the pigment surface at pH 5.5 is comprised of positive surface groups, phosphate group
interaction is therefore likely to be dominating by electrostatic interaction with chemisorption
between the phosphate and the metal surface sites also likely to occur to some degree with the

pigment surface [25].
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Figure 2. Titania pigment adsorption isotherms of (o) PAA, (m) PBTCA and (o) CEPA at
pH 5.5in 0.01 M KCI. Solid lines were obtained from the Langmuir equation fit.
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Figure 3. Titania pigment adsorption isotherms of (o) PAA, (m) PBTCA and (o) CEPA at
pH 9.5 in 0.01 M KCI. Solid lines were obtained from the Langmuir equation fit.

Table 2. Langmuir adsorption isotherm paramters for the dispersants adsorbed onto titania
pigment at pH 5.5 and 9.5.

AGags (kJ mol™) Cads.max (Mg M2)
Dispersant pH 5.5 pH 9.5 pH 5.5 pH 9.5
PAA -20.2+0.5 -189+1.2 0.30+0.05 0.18+0.01
PBTCA -195+0.8 -16.0+1.0 0.16 +0.04 0.09 +0.02
CEPA -19.0+0.7 -15.8+0.8 0.10+0.03 0.08 +0.02

AGgg; is the free energy of adsorption and Cags max 1S the maximum amount of dispersant adsorbed



At pH 9.5 (Figure 3), the data also show good fits to the Langmuir model, however, the
dispersant adsorption density is moderate with reduced affinity adsorption occurring. The
adsorption of dispersants onto the pigment surface also shows significant variation with
functional group architecture. The pigment surface at pH 9.5 has minimal charge (Figure 1a),
comprised of predominantly neutral (AIOH, ZrOH and TiOH) groups with some positive
(AIOH2*, ZrOH>" and TiOH") surface groups also present. As the carboxylate groups are
negatively charged at pH 9.5, electrostatic attraction with the pigment surface is reduced with
adsorption likely to be occurring due to interaction between carboxylate anions and fewer
positive surface sites. Hydrogen bonding may also occur between the titania pigment surface
hydroxide groups and polymer carboxylate groups, as previously proposed [6]. At pH 9.5,
phosphate is highly negatively charged (pKa ~ 7-9) [25] and the pigment surface is minimally
charged. Adsorption is likely to be dominated by chemisorption between the polyphosphate
anion and metal surface sites and this is supported by the negative adsorption free energy values
(Table 2). Chemisorption, occurs between the polyphosphate and pigment surface and can form
a bridging bidentate surface complex through Me-O-P bonds [25]. The bidentate Me-O-P
complex anchors the dispersant to the pigment surface with the dispersant extending into the
solution due to electrostatic repulsion between neighboring negatively charged carboxylate
groups.

The data in Table 2 shows that the adsorption density for the dispersants decreases with
increasing pH as expected for anionic dispersants containing carboxyl groups. Furthermore,
the adsorption density is greater with higher carboxylate group density at either pH with
adsorption following in descending order PAA>PBTCA>CEPA. Unlike the other two
dispersants, the CEPA adsorption density onto the pigment is similar at pH 5.5 and 9.5
suggesting that the carboxylate group density provides the major pH variation. Adsorption
affinities of the phosphate containing dispersants (PBCTA and CEPA) are very similar at both
pH 5.5 and 9.5, suggesting that the phosphate groups contribute to adsorption with the
possibility of both chemisorption and electrostatic adsorption occurring [26]. The adsorption
free energy values, presented in Table 2, are higher than -13 kJ mol™? reported for PAA
adsorption onto alumina [27]. Moreover, the AGags values obtained in this study are less than -
25 kJ mol* suggesting that the interaction between the dispersants and the pigment surface is
rather weak and unlikely to be of a chemical nature [28] suggesting domination by electrostatic
interaction. For each of the dispersants, the AGags is lower at pH 9.5 due to an increase in

anionic repulsion. The pH clearly influences the adsorption density of the anionic dispersants
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with higher adsorption at lower pH. In addition, the affinities of the isotherms are much greater
at pH 5.5 than at pH 9.5 as expected. Similar behaviour has been reported for the adsorption of

PAA onto titania or titania pigment [29, 30].

3.3. Adsorption density, zeta potential and rheology

Adsorption density, zeta potential and rheology versus initial concentration of each
dispersant at pH 5.5 are presented in Figure 4(a) to (c) respectively. At pH 5.5, the pigment
zeta potential is positive (Figure 1) and the addition of each dispersant effectively decreases
the zeta potential (Figure 4(b)). The zeta potential becomes negative at ca. 0.3, 0.2 and 0.15
mg m for PAA, CEPA and PBTCA dispersants respectively. Similar trends are observed for
the rheology (Figure 4(c)) with the yield stress initially increasing with the addition of
dispersants as the net charge on the pigment particles becomes neutral. For the PAA and CEPA
dispersants, a maximum is reached close to the iep after which the yield stress decreases to
minimums of ca. 3.8 and 3.2 Pa at maximum adsorption density respectively. Addition of more
than 0.2 mg m of PBTCA dispersant effectively reduces the yield stress to zero which is well
below maximum adsorption density, suggesting steric stabilization has occurred. The observed
strong correlation between adsorption density, zeta potential and yield stress at pH 5.5 is
indicative of electrostatic interactions with similar behaviour reported previously for low

molecular weight PAA and polyphosphates adsorbed onto mineral oxides [26, 31].
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Figure 4. Plots of (a) adsorbed amount of dispersant, (b) zeta potential and (c) extrapolated
yield stress as a function of initial dispersant concentration for: (o) PAA, (m) PBTCA and (0O)
CEPA on titania pigment at pH 5.5.

Figure 5 (a) to (c) shows the adsorption density, zeta potential and rheology versus
initial concentration of each dispersant at pH 9.5 respectively. At pH 9.5 the pigment zeta
potential is negative (Figure 1) and the addition of each dispersant effectively decreases the
zeta potential (Figure 5(b)). The zeta potential is reduced by ca. 40 mV for PAA and PBTCA
and ca. 20 mV for CEPA at maximum adsorption density. This trend is in accordance with the
anionic group density of the dispersants with the lower density (CEPA) resulting in the lowest
zeta potential reduction. Similar trends are again observed for the rheology (Figure 5(c)) with
the yield stress decreasing from ca. 7 Pa with the addition of dispersants as the net charge on
the pigment particles becomes negative. For the PBTCA dispersant, the yield stress reduces
rapidly to zero at a concentration ca. 0.2 mg msuggesting the presence of steric stabilization.
Addition of PBTCA or CEPA dispersants, however, requires a significantly higher initial
concentrations ca. 0.4 mg m™ to reduce the yield stress to zero at maximum adsorption
densities. This suggests that a zeta potential reduction between 20-40 mV is required to
significantly reduce the yield stress. The strong correlation between adsorption density, zeta
potential and yield stress at pH 9.5, is further indicative of electrostatic interactions.
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Figure 5. Plots of (a) adsorbed amount of dispersant, (b) zeta potential and (c) extrapolated
yield stress versus dispersant concentration for: (o) PAA, (m) PBTCA and (o) CEPA on
titania pigment at pH 9.5.

3.4. DRIFT spectroscopy

Figure 6 show the DRIFT spectra of each dispersant unadsorbed and adsorbed onto the
pigment at pH 5.5 and 9.5. The spectrum of unadsorbed PAA (Figure 6(a,i)) shows several
characteristic peaks including those at 1560 cm™ and 1405 cm™ representing the asymmetric
and symmetric stretch of the carboxylate group respectively [32, 33]. The peak at 1560 cm™
shifts to slightly higher values of 1562 and 1565 cm™ upon adsorption of the dispersant onto
the pigment surface at pH 5.5 and 9.5 respectively. The peak at 1405 cm™ also moderately
shifts to higher values of 1411 and 1407 cm™ at pH 5.5 and 9.5 respectively, suggesting that
physisorption is occurring with the pigment surface [34]. Previous studies have reported similar
shifts in these peaks which were attributed to electrostatic interactions [27, 35-37] and/or
hydrogen bonding between the carboxylate groups of PAA and the hydroxide groups of the
pigment surface [6, 34]. The peak at 1448 cm is attributed to -CH: deformation which shifts
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slightly with adsorption at pH 5.5 and 9.5. This suggests that there may be some interaction

between the dispersant hydrocarbon chains and the pigment surface [6].
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Figure 6. DRIFT spectra of (a) PAA, (b) PBTCA and (c) CEPA: (i) unadsorbed and
adsorbed onto titania pigment at (ii) pH 5.5 and (iii) pH 9.5.

In Figure 6(b) and Figure 6(c), there are several peaks that are characteristic of the
phosphonate dispersants. These include peaks at ca. 930 cm™, which are representative of the
phosphate group [32, 38] and which are relatively consistent in peak position and height in
each of the spectra. This suggests that there is limited, if any, detectable interaction between
the pigment surface and the phosphate groups. For CEPA, which contains a greater density of
phosphate than PBCTA, peaks at ca. 1255 cm™ representing the antisymmetric vibration of
PO, are not significantly shifted upon adsorption suggesting limited interaction with the
pigment surface [39]. In addition to the phosphate groups, these dispersants also contain
carboxylate groups which are observed by strong peaks at 1720 and 1722 cm™. These peaks
are not observed for the adsorbed dispersants at either pH suggesting that interaction with the
pigment surface may be dominated by the dispersant carboxylate groups rather than the

phosphate groups.
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4. Conclusions

In this study, the influence of functional group dispersant architecture on titania pigment
particle interactions has been shown to be dependent upon group type and their distribution
density. Although both carboxylate and phosphonate dispersant functional groups interact with
the titania pigment surface groups. Our studies suggesting interaction is dominated by
carboxylate functional groups with dispersant adsorption density increasing with carboxylate
group density.

All anionic dispersants, as indicated by electrochemical studies, interact electrostatically
with the positively charged pigment surface (ie. at pH 5.5). At this pH, the adsorption affinity
and density is high and the interaction is primarily through the negatively charged carboxylate
and phosphate groups and the positive titania pigment surface. At pH 9.5, where the adsorption
affinity and density are relatively low, the anionic dispersant interactions are likely to be
primarily hydrogen-bonding. Dispersant phosphate functional groups, at both pH 5.5 and 9.5,
contribute to adsorption with the possibility of both chemisorption and electrostatic adsorption
occurring.

Methacrylic-phosphonate copolymers (CEPA) and mono-functional polyacrylic acid
(PAA) provide electrostatic stabilisation to pigment particle suspensions, whereas grafted
copolymers (PBCTA) provide both electrostatic and steric stabilisation. Grafted copolymers
therefore provide the synergistic benefit of physical and chemical interaction translating to
improved titania pigment suspension stability.

Acknowledgements
The authors are grateful to the Australian Research Council for financial support of this

project.

Conflict of interest

The authors declare no conflict of interest.

15



References

[1] T. Patton, Paint Flow and Pigment Dispersion, 2nd ed., John Wiley & Sons, New York,
USA, 1979.

[2] J.-P. Boisvert, J. Persello, J.-C. Castaing, B. Cabane, Dispersion of alumina-coated TiO-
particles by adsorption of sodium polyacrylate, Colloid Surf. A, 178 (2001) 187-198.

[3] K. Esumi, Adsorption and adsolubilization of surfactants on titanium dioxides with
functional groups, Colloid Surf. A, 176 (2001) 25-34.

[4] M.R.B. Romdhane, S. Boufi, S. Baklouti, T. Chartier, J.-F. Baumard, Dispersion of Al,O3
suspension with acrylic copolymers bearing carboxylic groups, Colloid Surf. A, 212
(2003) 271-283.

[5] S. Farrokhpay, G.E. Morris, D. Fornasiero, P. Self, Role of polymeric dispersant functional
groups in the dispersion behaviour of titania pigment particles, Prog. Coll. Polym. Sci.,
128 (2004) 216-220.

[6] S. Farrokhpay, G.E. Morris, D. Fornasiero, P. Self, Effects of chemical functional groups
on the polymer adsorption behavior onto titania pigment particles, J. Colloid Interface
Sci., 274 (2004) 33-40.

[7] F. Karakas, M.S. Celik, Mechanism of TiO stabilization by low molecular weight NaPAA
in reference to water-borne paint suspensions, Colloid Surf. A, 434 (2013) 185-193.

[8] Q. Xu, J. Zhao, H. Xu, H. Zhou, Dispersion of TiO2 particles and preparation of SiO- coating
layers on the surfaces of TiO2, Mater. Res. Innovations, 19 (2015) S5-142-S145-145.

[9] J. Jankolovits, A. Kusoglu, A.Z. Weber, A. Van Dyk, J. Bohling, J.A. Roper, C.J. Radke,
A. Katz, Stable Aqueous Dispersions of Hydrophobically Modified Titanium Dioxide
Pigments through Polyanion Adsorption: Synthesis, Characterization, and Application in
Coatings, Langmuir, 32 (2016) 1929-1938.

[10] N.A. Bulychev, A.V. Ivanov, Study of nanostructure of polymer adsorption layers on the
particles surface of titanium dioxide, Int. J. Nanotechnol., 16 (2019) 356-365.

[11] W.L. Loong, The basics of titanium dioxide dispersion, J. Surf. Coat. Aust., 56 (2019) 36-
39.

[12] D. Lof, G. Hamieau, M. Zalich, P. Ducher, S. Kynde, S.R. Midtgaard, C.F. Parasida, L.
Arleth, G.V. Jensen, Dispersion state of TiO2 pigment particles studied by ultra-small-
angle X-ray scattering revealing dependence on dispersant but limited change during
drying of paint coating, Prog. Org. Coat., 142 (2020) 105590.

[13] J. Clayton, Pigment/dispersant interactions in water based coatings, Surf. Coat. Int., 9
(1997) 414-420.



[14] J. Cesarano, III, I.A. Aksay, Processing of highly concentrated aqueous a-alumina
suspensions stabilized with polyelectrolytes, J. Am. Ceram. Soc., 71 (1988) 1062-1067.

[15] J.R. Van Wazer, Lower Oxyacids of Phosphorus, Their Salts and Esters, in: J.R. Van
Wazer (Ed.) Phosphorus and its Compounds, Interscience Publishers, Inc., New York,
1958, pp. 345-418.

[16] S. Farrokhpay, G.E. Morris, L.G. Britcher, Stability of sodium polyphosphate dispersants
in mineral processing applications, Miner. Eng., 39 (2012) 39-44.

[17] E. Ewais, A.A. Zaman, W. Sigmund, Temperature induced forming of zirconia from
aqueous slurries: mechanism and rheology, J. Eur. Ceram. Soc., 22 (2002) 2805-2812.

[18] S. Farrokhpay, A review of polymeric dispersant stabilisation of titania pigment, Advances
in Colloid and Interface Science, 151 (2009) 24-32.

[19] D.J. Shaw, Introduction to Colloid and Surface Chemistry, 4th ed., Butterworth-
Heinemann, Oxford, 1992.

[20] R.J. Hunter, Rheology of Colloidal Dispersions, Foundations of Colloid Science, Oxford
University Press, Oxford, 2001, pp. 713-765.

[21] S. Farrokhpay, G.E. Morris, D. Fornasiero, P. Self, Influence of polymer functional group
architecture on titania pigment dispersion, Colloid Surf. A, 253 (2005) 183-191.

[22] G.E. Morris, W.A. Skinner, P.G. Self, R.S.C. Smart, Surface chemistry and rheological
behaviour of titania pigment suspensions, Colloid Surf. A, 155 (1999) 27-41.

[23] M. Mackenzie, Organic polymers as depressants, in: D. Malhorta, W.F. Riggs (Eds.)
Chemical Reagents in the Mineral Processing Industry, Society of Mining Engineers,
Colorado, USA, 1986, pp. 139.

[24] G.E. Morris, The Adsorption Characteristics of Polymeric Depressants at the Talc-Water
Interface, University of South Australia, Adelaide, Australia, 1996.

[25] A. Michelmore, W. Gong, P. Jenkins, J. Ralston, The interaction of linear polyphosphates
with titanium dioxide surfaces, Phys. Chem. Chem. Phys., 2 (2000) 2985-2992.

[26] M.L. Taylor, G.E. Morris, R.S.C. Smart, Polyphosphate interaction with aluminium-doped
titania pigment particles, Colloid Surf. A, 190 (2001) 285-294.

[27] S. Subramanian, D. Santhiya, S.B. Shanbhag, K.A. Natarajan, S.G. Malghan, Adsorption
and electrokinetics studies on alumina suspensions using polyacrylic acid, in: S.P.
Mehrotra, R. Shekhar (Eds.) Mineral Processing: Recent Advances and Future Trends,
Allied Publisher Ltd., New Delhi, 1995, pp. 45-52.

17



[28] P. Atkins, J. de Paula, Physical Chemistry, 7th ed., Oxford University Press, Oxford, UK,
2002.

[29] H. Strauss, H. Heegn, I. Strienitz, Effect of PAA adsorption on stability and rheology of
TiO> dispersions, Chem. Eng. Sci., 48 (1993) 323-332.

[30] A. Foissy, A. El Attar, J.M. Lamarche, Adsorption of polyacrylic acid on titanium dioxide,
J. Colloid Interface Sci., 96 (1983) 275-287.

[31] A.A. Zaman, R. Tsuchiya, B.M. Moudgil, Adsorption of a low molecular weight
polyacrylic acid on silica, alumina and kaolin, J. Colloid Interface Sci., 256 (2002) 73-
78.

[32] L.J. Bellamy, The Infra-Red Spectra of Complex Molecules, Methuen & Co. Ltd., London,
UK, 1958.

[33] K. Vermohlen, H. Lewandowski, H.-D. Narres, E. Koglin, Adsorption of polyacrylic acid
on aluminum oxide: DRIFT spectroscopy and ab initio calculations, Colloid Surf. A, 170
(2000) 181-18¢9.

[34] R.A. Kohl, S.A. Taylor, Hydrogen bonding between the carbonyl group and wyoming
bentonite, Soil Sci., 91 (1961) 223-227.

[35] L. Eberson, Acidity and hydrogen bonding of carboxyl groups, in: S. Patai (Ed.) The
Chemistry of Carboxylic Acids and Esters, Interscience-Publishers, London, 1969, pp.
211-293.

[36] J.E. Gebhardt, D.W. Fuerstenau, Adsorption of Polyacrylic acid at oxide/water interface,
Colloids Surf., 7 (1983) 221-231.

[37] D. Santhiya, G. Nandini, S. Subramanian, K.A. Natarajan, S.G. Malghan, Effect of
polymer molecular weight on the absorption of polyacrylic acid at the alumina-water
interface, Colloid Surf. A, 133 (1998) 157-163.

[38] R.C. Bazito, D.A. Buttry, Adsorption of polyphosphonates on native aluminum oxide,
Proc. Electrochem. Soc., 2003-25 (2004) 241-250.

[39] A. Michelmore, W. Gong, P. Jenkins, J. Ralston, R. Schumann, The influence of
polyphosphates in modifying the surface behavior and interactions of metal oxide
particles, in: J.S. Laskowski (Ed.) Polymers in Mineral Processing, Quebec City, QC,
Canada, Proceedings of the UBC-McGill Bi-Annual International Symposium on
Fundamentals of Mineral Processing, 1999, pp. 231-245.

18



	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Adsorption Isotherms
	2.2.1. Concentration of Polyacrylic Acid
	2.2.2. Concentration of Phosphonates
	2.2.3. Langmuir Adsorption Isotherms

	2.3. Zeta potential measurements
	2.4. Rheology measurements
	2.5. Diffuse Reflectance Infrared Fourier Transformation (DRIFT) Spectroscopy

	3. Results and Discussion
	3.1. Pigment Characterization
	3.2. Adsorption Isotherms
	3.3. Adsorption density, zeta potential and rheology
	3.4. DRIFT spectroscopy

	4. Conclusions

