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ABSTRACT

The interaçtion of linear polyphosphates of the
general formula [P11 0 3n+t1<"+2 )· with the surface of
titanium dioxide and sílica has been studied as a
function of pH. Both equilibrium and kinetic aspects
of the interaction were addressed, using in situ
infrared spectroscopy, electrical double layer, ion
chromatography,
rheological
and
adsorption
investigations.
Linear polyphosphates adsorh on to tl1e titania surface
over a wide pH range as two kinds of species, a
bridging bidentate surface complex and an
electrostatically adsorbed ion. Adsorption is driven
by combined electrostatic and chemical contributions.
There is no detectable interaction between the linear
polyphosphates and the surface of silica at any pH
inve..~tigated . Linear polyphosphates witl1 larger n
displace lower molar mass species from the titanium
dioxide surface.

(Cotton and Wilkinson, 1988). These species are very
often present in detergent formulations , are used as
dispersing agents in minerais processing and in the
cleaning of silicon wafers in Lhe electronics industry.
Linear polyphosphates, which are the general formula
[P11 Ü 311 +t1(n+2)· may be prepared as essentially
monodisperse anions when tl1e number of P atoms is equal
to, or less than, four. The degree of polydispersity
increases thereafter. Linear polyphosphates are the focus
of tl1is present stud y.

ln tl1is investigation we report the results of a
combined in situ, attenuated total internal ret1ection
infrared
spectroscopy,
electrophoretic
mobility,
rheological and adsorption investigati on of the behaviour
of linear polyphosphates at the titanium dioxide and silicaaqueous solution interfaces as a function of pH.

RESULTS AND DISCUSSION

Polyphosphates
INTRODUCTION

TI1e principies tl1at underlie tl1e adsorption of
high molecular weight organic polymers and
hydrolysable metal ions at solid-liquid interfaces are
well defined (Stumm, 1992; Fleer et ai, 1993)
however this is not tl1e case for complex inorganic
species such as polyphosphates, polysilicates,
polymolybdates and polytungstates (Tateyama et ai,
1997). The latter are distinguished hy tl1e fact that
tl1cy contain more tl1an one P, Si, Mo or W atom
1

No solution phase infrared spectroscopic data for
polyphosphates are available, so that assignments of tl1e
bands were made witl1 recourse to the data available for
tl1e solids (Chapman and Thirlwell , 1964; Abbas and
Davidson, 1994; lvashkevich et ai, 1988; Rulmont et al,
199l). Account was also taken of tl1e distribution of
species in solution (Irani and Cal! is, 1961 ).
Based on an analysis of the IR spectra of
polyphosphates and their solutions, lhe spcctral features
for linear polyphosphates adsorbed on titanium dioxide
surfaces can be summarised as follows :
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•

a band occurs in ali of the spectra in the region
1
from 900-940 cm- , shifting to Jower frequency
with increasing chain length. Tt is assigned to the
antisymmctric stretching vibration of P-0-P.

•

a band in the 1100-1170 cm- region is present in
ali of the spectra and corresponds to the
antisymmetric
stretching vibration of the
terminal P0 3 •

•

a band in the 1200-1270 cm- region is present in
P 3 and P <Ifl> but not in P 2 ; it corresponds to the
antisymmetric stretching vibration of the
bridging P02 . The frequency and intensity of
this band increase with n.

•

1

unchanged as the pH varies .
The modest decrease in
1
frequency of the band at 1262 cm- with increasing pH
means that lhe anti-symmetric stretching frequency of the
bridging P0 2 of P <lO>. becomes slightly stronger with pH,
presumably due to a change in solution speciation. There
is certainly no interaction between the bridging P02
groups and the Ti02 surface, for the peak does not shift
upon adsorption (Figure (l(iv)).
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ali of the spectra of polyphosphates adsorbed on
the titanium dioxide surface are characteristic of
linear
polyphosphates,
for
any
cyclic
polyphosphate
contributions
are
absent
(Bhatmagar et ai, 1977).
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Although the spectra of the linear
polyphosphatc solutions varied markcdly with pH, the
spectra of polyphosphates adsorbed on to titania
surfaces showcd littlc change with pH . The number
of bands and the contours of the spectra remained
essentially the same as the pH varied. This indicates
that the tyre of adsorbed species and thcir symmetry
remains lhe sarne. The frequency of some of the
bands changed however, suggesting that the
interaction strcngth between the polyphosphate
species and titania surface changes with pH.
A
1
marked shift of thc 1169 cm· band in the spectra of
P2 adsorbcd on to thc titanium dioxide surfacc (Figure
1(i)) to lower frequcncies was observcd as the pH
increases. This indicates that the interaction between
lhe terminal P0 3 groups of the P 2 species and the
titanium dioxide surface bccomes stronger with
incrcasing pH. ln thc spectra of P 3 adsorbed on to the
titanium dioxide surface (Figure 1(ii)), a signilicant
1
shift of lhe bands at 1171 cm· towards lower
frcquencies is evident, whilst there is a smaller shift
1
of the band at 1226 cm- • This reveals that terminal
P0 3 of P 3 interacts with thc titanium dioxide surface
quite strongly, whilst lhe bridging P0 2 interaction is
The strengú1 of boú1 interactions
rather weak.
increascs with pH. ln the spectra of adsorbed P<I Il> on
the titanium dioxide surface (Figure 1(ii)), the band at
1
1159 cm- , due to thc anti-symmctric stretching
vibration of the terminal P0 3 , remains at almost the
same frequency . It is entircly abscnt in the solution
spectra shown, for clarity sake in Figure 1 (iv),
attesti ng to the speci fie nature of the adsorption
proccss. Thcrcforc, either this group in P<IO> is not
attachcd to the titanium dioxide surface or the
interaction betwecn thc group and the surface rcmains
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Figure 1(i)
ATR-FTIR spectra of species adsorbed on titanium
dioxide from P2 solution of 0.05 M P04 , I = 0.1 M KBr at
pH (a) 3.7, (b) 6.5 and (c) 9.1 after 10 min interaction; (ii)
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ATR-FfiR spectra of species adsorbed on titanium
dioxide surface from P 3 solution of 0.05 M P04 , I =
0.1 M KBr, at pH (a) 3.7, (b) 6.5 and (c) 9.1 after 10
min interaction; (iii) ATR-FfiR spectra of species
adsorbed on titanium dioxide surface from P <lO>
solution of 0.05 M P04 , I= 0.1 M KBr, at pH (a) 3.7,
(b) 6.5 and (c) 9.1 after 10 min interaction; (iv) ATRFfiR spectra of solution and adsorbed forms of P3
and P<lO> solution = 0.05 M P0 4 , I= 0.1 M KBr. (a)
P 3 in solution; (b) P 3 adsorbed on Ti0 2 ; (c) P<lO> in
solution; (d) P<lO> adsorbed at pH 3.7 on Ti0 2 .
The general trend of increase in the strength of
interaction between the linear polyphosphate species
and the titanium dioxide surface leads to the
following suggestions:
•

linear polyphosphate species interact with the
titanium dioxide surface through ionized terminal
P-0 groups, an interaction which increases with
pH.

•

the terminal ionized P-0 groups in the linear
polyphosphate species interact with the titanium
ions on the titanium dioxide surface to form a P0-Ti bond.

Phosphate Adsorption: Equilibrium Electrical Double
Layer and Adsorption Considerations

Zeta Potential

(a)

The zeta potential of titanium dioxide particles
3
was determined at pH 4 (1=10- M KN0 3 ) as a function of
both phosphate concentration and n. The results in Figure
2 show that the addition of polyphosphate to titanium
dioxide decreases the magnitude of the zeta potential of
the particles and reverses the potential in ali cases. There
is a clear dependcncc on n, with largcr species reversing
the zeta potcntial at lower concentrations. As phosphates
in solution are anionic, there is an electrostatic attraction
between the titanium dioxide surface and thc linear
polyphosphates at pH 4. However, reversal of the zeta
potential indicatcs that the interaction is not govcrned by
elcctrostatic forces alone - there is clear evidence of
specitic adsorption, in direct agreement with the FfiR
data.
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ln ordcr to test this mechanism of interaction
bctwecn phosphate ions and metal ions on surface,
the spcctra of linear polyphosphates adsorbed on to
Si0 2 surfaces were determined using the sarne IR
techniquc. A low pH of 1.5 was sclected instead of
3.7 since Si0 2 has a pHiep of about 2 (Vansant et ai,
1995). Si0 2 has a very strong infrared absorption
band {}ue to Si-O-Si stretching vibration in the region
1000-1100 cm· 1 (Vansant et ai, 1995). The spectra of
Si0 2 were obtained from the spectra of the relcvant
phosphate solutions plus a Si02 coating, from which
tl1e spectra of the phosphate solution were subtracted.
Useful information regarding the possible adsorption
of phosphate on Si02 surface can be obtained from
the subtraction spectra in the region outside 10001100 cm· 1 • Since no signiticant absorption bands were
observed in the region outside 1000-1100 cm·\ P 1
does not apparently forma P-0-Si bond with the Si0 2
surface. There were no bands observed in the region
1200-1300 cm· 1 due to t11e antisymmetric stretching
vibration of the bridging P0 2, hence P <lO> also does
not adsorb on Si02 surface. The absence of a
detectable P-0-Si bond on the Si0 2 surface indicates
that the presence of surface metal atoms is a
prerequisite for the formation of P-0-metal surface
bond.

>
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Figure 2
The zeta potential of titanium dioxide particles as a
3
function of polyphosphate concentration (pH 4, I = 10- M
KN03).

(h)

Adsorption Isotherms

The adsorption of phosphates onto titanium
dioxide was studied at two pH values. Of particular
interest was the effect of n on the maximum adsorbed
amount and the affinity of the polymer for the surface.
The adsorption isotherm results are presented in Figure 3.
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The adsorption isotherm data were fitted to the
The
Langmuir adsorption isotherm (Hunter, 1989).
chemical free energy of adsorption, ilG"chem was then
calculated as 1" 14

where ilG"ads is the total free energy of adsorption, z is ilie
ionic charge of the polyphosphate, e is the electronic
charge and is the zeta potential of the titanium dioxide.
The chemical free energy as a function of chain length
relationship is presented in Figure 4.
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Adsorption isotherms for polyphosphate adsorbing
onto titanium dioxide at pH 4 (a) and pH 9.1 (b).
Lines are Langmuir isotherm tits .
The maximum adsorbed amount varied with
boU1 n and the pH, with less adsorbing, on a molar
basis, as n increascd. This result suggests that the
larger molecules occupy a greater arca on the surface,
ie the polyphosphates adsorb in a "t1at" conformation
5
on lhe surfacc .
The maximum adsorbcd
amount is
approximatcly 5 times greater at pH 4.0 than at pH
9.1 for P 1 to P4 • Similarly, the aftinity of the
isotherms is much greater at pH 4.0. This is due to
the surfacc charge of thc titanium dioxide. At pH 4.0,
the zeta potcntial of titanium dioxide is +32 mV (± 3
mV) while at pH 9.1 the value is -15 mV (± 2 mV).
Duc to electrostatic attraction, high affinity isotherms
are observcd wiU1 correspondingly high maximum
adsorbed amounts at pH 4.0. At pH 9.1, however, the
electrostatic interaction is rcpulsive. The fact that
adsorption still occurs at the higher pH value
indicates that the phosphates interact chemically with
the surface, in agreement with the zcta potential and
FTIR data.
Tn'
c o mparison ,
the
isotherm
for
polyphosphatc (P 3 adsorption onto sílica at pH 4.0) is
shown - no adsorption was detccted. This agrees with
the FTIR data. A similar Jack of adsorption was
evident at highcr pH values.
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Figure 4
Chemical free energy of adsorption for the adsorption of
polyphosphate onto titanium dioxide at pH 4 and 9.1 (I=
10·3 M KNOJ).
Based on this evidence, a mechanism for
polyphosphate adsorption onto titanium dioxide may be
The
proposed. P 1 adsorbs as a single P0 3 group.
chemical free energy of this is -26 kJ mor 1 at pH 4 and -29
kJ mor 1 at pH 9.1. P 2, however, consists of two linked
P0 3 groups . The chemical free energy of P2 adsorption is
-25 kJ mor 1 at pH 4 and -31 kJ mor 1 at pH 9 .1. The bond
energy per P0 3 group is smaller for P2 , probably due to
sharing of electrons between the two groups.
This is
supported by the FTIR spectra. The peak at 1115 cm· 1 for
P 1 adsorbed on titanium dioxide corresponds to the antisymmetric vibration of the P0 3 group. For P 2 and P 3 this
peak has shifted to approximately 1170 cm· 1, showing that
the bond strength has decreased.
Surfactant adsorption behaviour has been studied
previously (Somasundaran et ai , 1988). The total energy of
adsorption required to bring a surfactant molecule to a
surface is given by the sum of a number of contributing
forces , ret1ecting in part contributions from each
individual component of ilie surfactant molecule. Hence
the dependence of the total energy of adsorption on ilie
chain length of the adsorbate can be used to extract the
energy of adsorption specific to each component of the
molecule. If we considera polyphosphate molecule with n
phosphorus atoms, two will be present as terminal P03

207

A. Michelmore, W. Gong, L. Huynh, P. .Tenkins and .T. Ralston

groups, while tl1e other (n-2) will be bridging P0 2
groups. Hence:

L\G ~hem

= 2L\G ~o, + (n - 2) L\G ~o 2

(5)

The gradient of the chemical free energy/(n)
relationship for n greater than or equal to 2 repeat
units should yield the chemical free energy of
adsorption of the linking P0 2 groups (Figure 4 ). At
pH 4 this is + 1.8 kJ/mol. The positive free energy
indicates that the P0 2 I titanium dioxide chemical
interaction is slightly unfavourable at pH 4. Hence it
is concludcd tl1at thc P0 2 groups do not interact with
the surface. This is confirmed by the FTIR spectra
where thc peak at 1260 cm· 1 for P<IO> is assigned to
the antisymmetric vibration of the P02 group. This
peak is not shi fted when the P <IO> is adsorbed onto
títanium dioxide when the "solution" and "adsorbed
form" spectra are comparcd (Michelmorc et ai, 1999).
Thc slight increase in free encrgy is possibly due to
unfavourable entropic considerations, for tl1e P02
groups are forced to assume a "flat" conformation on
thc surface by the chemically adsorbed termin al P0 3
groups.

(c)

Effect on Particle Interactions

The effcct of polyphosphate and silica
addition on tl1e interactions hetween titanium dioxide
particles was studied using rheology. The effect of P 3
is shown in Figure 6. A maximum yield stress value
was determined at vcry low polyphosphate
concentrations, followed by a substantial decrease at
higher concentrations. ln contrast, sílica particles did
not cause a marked decrease in the yield stress of the
titanium dioxide dispersion at high concentrations.
Thc rheological data were combined with
zeta potential measuremcnts and the yield stress was
plotted against the square of the zcta potential. For
sílica, thc relationship was linear, indicating tl1at
elcctrostatic interactions dominate the interparticle
forces. For tl1e linear polyphosphates, there was a
signiticant dcviation from linearity at low
polyphosphate
concentrations,
indicating
that
interactions apart from simple electrostatic may he
operative. We have demonstrated elsewhere, through
colloid probe microscopy, that a short range steric
barricr 31 arises in the presence of adsorbed
polyphosphates and dominates the interactions at
small interparticlc separation distances. At higher
polyphosphate concentrations, when the zeta potential
is negative, electrostatic interactions are dominant.

Phosphate Adsorption:
Considerations

Competitive and Kinetic

The ATR-FTIR spectra indicate that only the
bridging bidentate surface complex (Ti0) 2 P02 (bands at
1115 and 915 cm- 1) was detected initially on the titania
surt~1ce in contact with the sodium orthophosphate
solution. After about threc minutes, tl1e electrostatically
adsorbed

PO!-

ion (bands at 100X cm- 1) was detected.

The ATR-FTIR spectra of spccics adsorbed from a mixed
solution of P 1 and P <!O> showcd that thc bridging bidentate
surface complex (Ti0) 2 P0 2 (bands at 1114, 1056 and 915
cm 1) is dominant initially. The bands shifted during the
tirst tive minutes and the spectra gradually changed into
tl1at of adsorbed P <IO> (bands at 1265, 1158, 1087 and 900
cm. 1). After tive minutes the position of the bands
remained constam. This beh aviour is mirrored in
rheological data, where a large decrease in the yield stress
occurs over the sarne time period .
The displaccmcnt of small n linear phosphates
from thc surface of titanium dioxide by their larger n
relatives was followed as a function of time by ion
chromatography. P 1 was preadsorbcd onto thc surface of
titanium dioxide followed by the addition of P2, P 3 and
P <IO>··
ln ali cases, the larger linear polyphosphate
displaces the smaller species, perhaps shown most clearly
evident in the case of P<lO>·

CONCLUSIONS

Linear polyphosphates specitically adsorb onto
titanium dioxide surfaccs ovcr a wide range of pH values.
The proposed mcchanism involves terminal P0 3 groups
chemically ad.sorbing to the titanium dioxide surface, with
a bidentate complex forrning in the case of
orthophosphate. Linking P0 2 groups interact very weakly,
if at ali, with the surface. Elcctrostatic attraction is also
involved when the polyphosphate and titanium dioxide
surfaces are oppositely charged. There was no dctectable
adsorption onto sílica substrates at any pH examined. The
type of surface metal atom involved plays a key role in
controlling polyphosphate adsorption.
Both sílica and polyphosphatc addition were
shown to have a marked intluence on the rheological
properties of titanium dioxide slurrics, producing a
maximum yield stress value at low concentrations. The
yield stress was vcry scnsitive to polyphosphate
concentration, behaviour attributed to thc introduction of a
short range steric barrier.
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Competitive adsorption between different
adsorbates
showed
that
higher
n
linear
polyphosphates can displace lower n species from the
surface.
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