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Adsorption and oligomerization of H4SiO4 at the amorphous TiO,-aqueous interface were studied using
in situ Attenuated Total Reflectance Infrared (ATR-IR) and ex situ solid state 2°Si nuclear magnetic reso-
nance (NMR). The ATR-IR spectra indicate that a monomeric silicate species is present at low silicate sur-
face concentration (I's;). Above a threshold I's; linear silicate oligomers are formed and these oligomers
dominate the surface at high I's;. Interestingly the ATR-IR spectra of H,SiO4 on the TiO, surface are very
similar to those previously observed on the poorly ordered iron oxide phase ferrihydrite. The 2°Si NMR
spectrum of silicate on the TiO, surface shows the presence of Si in three states with chemical shifts
corresponding to isolated monomers (Qp), the ends of linear oligomers (Q;) and the middle of linear olig-
omers (Qy). The ratio of the area of the Q; and Q, peaks was ~2:1 which is consistent with the proposed
formation of linear silicate trimers by insertion of a solution H4SiO4 between adjacent suitably orientated
adsorbed silicate monomers. A structural interpretation indicates that the observed interfacial silicate
oligomerization behavior is a general phenomenon whereby bidentate silicate monomers on oxide
surfaces are disposed towards forming linear oligomers by condensation reactions involving their two
terminal Si-OH groups. The high surface curvature of nanometer sized spheres inhibits the formation

of interfacial silicates with a higher degree of polymerization.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Titanium dioxides are wide band-gap semiconductors with
applications to photocatalysis, photovoltaics, sensors and pigments
[1-3]. The electronic and optical properties of TiO, have a complex
dependence on the bulk and surface properties of the material
[2,4], and the association of silicon oxides with TiO, can dramati-
cally alter these properties. For example the catalytically active
TiO, phase anatase converts to rutile at ~700 °C, which constrains
the utility of anatase. However, in mixed TiO,/SiO, oxides the tem-
perature of the anatase to rutile phase transition increases from
~700 to 1000 °C as the amount of Si increases from O to 5 atom
percent [5]. Studies on the chemistry and application of SiO,-
TiO, systems have included titanium deposited on SiO; [6,7], sili-
con deposited on TiO, [1,8] and sol-gel prepared mixed SiO,-
TiO, phases [9]. A key parameter in understanding the sol-gel pre-
pared SiO,-TiO, materials is the proportion of Ti-O-Si, Ti-O-Ti
and Si-0-Si linkages. The Ti—-O-Si linkages are indicative of atomic
scale homogeneity while the Ti-O-Ti and Si-O-Si linkages are
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indicative of SiO, and TiO, phase segregation [10]. A key parameter
for SiO, films on TiO, surfaces is film uniformity and this has been
achieved by a two step process involving the chemisorption (here-
in simply termed sorption) of a siloxane onto the TiO, surface
forming Ti-O-Si linkages, followed by thermal or photocatalytic
oxidation forming Si-O-Si linkages between the monomers [1,11].

Silicon oxides can promote the catalytic activity of TiO, surfaces
in numerous reactions [10,12] and several explanations have been
proposed for this observation depending on the system under
study. For example, the presence of SiO, modified the electronic
structure of a submonolayer of TiO, deposited on an SiO, substrate
[13] and this contributed to enhanced photocatalytic oxidation of
chlorinated organics by mixed TiO,-SiO, phases [14]. The rate of
the photocatalytic oxidation of rhodamine dye by TiO,/SiO, mixed
oxides was increased up to 3-fold by the presence of SiO, groups
on the oxide surface. The rate of oxidation was correlated with
the amount of rhodamine sorption by the mixed oxides with both
sorption and oxidation increasing to a maximum as the % SiO, in-
creased from O to 70% [9]. The presence of silicates dramatically al-
ters the acid-base properties of the TiO, surface. At low SiO,
surface coverage adsorption experiments with pyridine have dem-
onstrated that the TiO, surface drastically changes from Lewis acid
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character (electron acceptor) to Bronsted acid character (proton
donor). At high SiO, surface coverage the surface has neither Lewis
or Bronsted acid groups, consistent with the fact that the pH of
zero charge of TiO, and SiO, are ~6 and 2 respectively. At very high
surface coverage TiO, photocatalytic activity is inhibited. For
example the use of the TiO, phase rutile as a pigment requires it
to be coated with SiO, to inhibit the photocatalyzed oxidation of
the organic phase [1].

The current work explores the interaction between the inor-
ganic ligand silicic acid, H4SiO4, and the TiO, surface in an aqueous
suspension. There are several motivations for this study including
the role of surface silicate groups in several catalytic reactions
involving TiO; [10,12] and a comparison of H4SiO,4 surface chemis-
try on titanium and iron oxides. In addition solid state 2°Si NMR
spectra, which clearly distinguish silicates with different degrees
of polymerization, can be measured for silicates on the TiO, surface
but not for silicates on iron oxides because of the large number of
unpaired electrons in the high spin Fe3* ion. The interaction be-
tween silicates and TiO, involves sorption via Ti-O-Si bonds and
the development of Si—O-Si bonds due to silicate polymerization
reactions on the TiO, surface. Silicic acid is a weak acid with pKa
9.8 [15] and the initial sorption reaction involves ligand exchange
of surface Ti-OH groups with the H4SiO4. Evidence for Ti-O-Si
bonding in mixed SiO,-TiO, phases comes from IR and Raman
[16], 2°Si NMR [1], and X-ray photoelectron spectroscopy (XPS)
[17]. There have been no studies of the specific structure of the
TiO, sorbed H4Si04 surface complex. In the case of many other oxy-
anion ligands, such as phosphate [18], arsenate [19,20], formate,
and acetate [21] surface complexes with a bidentate and binuclear
attachment are formed on TiO, surfaces. This means that two oxy-
gen ions of the ligand are coordinated to two adjacent Ti ions on
the TiO, surface.

Infrared spectroscopy is particularly useful for the in situ study
of silicate sorption and polymerization reactions on the TiO, sur-
face because the shape of the Si-O stretching modes (v(Si-0)) for
the sorbed silicate provides insight on the symmetry of the surface
complex [22] while the position of the Si-O stretching modes pro-
vides insight on the degree of silicate polymerization [23,24].
Water is a very strong absorber of IR radiation and the applicability
of IR to the study of the metal oxide-water interface has been dra-
matically improved by the advent on Attenuated Total Reflectance
IR (ATR-IR) which provides a sampling method with the required
short path length. In this study we have used an amorphous TiO,
which is an important precursor in the formation of anatase and
because it has a large surface area which provides for high concen-
trations of adsorbed species and ATR-IR spectra with high signal to
noise ratios.

Numerous studies have shown that 2°Si NMR is a powerful
technique to discriminate between Si atoms with different degrees
of polymerization in both solution [15,25] and solid phases [26,27].
Silicon in an SiO4 unit is designated as Q" where n is the number of
Si-0-Si linkages and the 2°Si chemical shift becomes increasingly
negative with respect to (CH3)4Si as n increases. In the case of sil-
icate minerals typical 2°Si shifts are —70 + 4 ppm for isolated SiO,4
tetrahedra (Q°), ~—80 + 3 ppm for Q' such as in 51203* dimers or
the ends of linear chains, ~—87 + 1 ppm for Q2 such as in single sil-
icate chains, ~—98 +1 ppm for Q> such as in silicate sheets and
lastly ~—109 + 2 ppm for Q* as in three dimensional silicates like
quartz [28]. There is little overlap in the ranges of 2°Si peak posi-
tions for different degrees of polymerization. For mixed TiO,-
SiO, phases the high charge density of Ti means that the 2°Si
NMR peaks are at lower ppm such as —84 ppm for Q!, —92 to
—96 ppm for Q? and —100 to —102 for Q> [26].

The study of H,SiO4 chemistry on the TiO, surface follows sev-
eral papers of H4SiO4 chemistry on the surface of the poorly or-
dered iron oxide ferrihydrite [29-33]. Ferrihydrite formed by the

rapid hydrolysis of ferric nitrate solutions has a primary particle
size of 2-3 nm and only two broad peaks in the powder X-ray dif-
fraction (XRD) pattern [34]. At low Si surface concentrations mono-
meric silicate was the only adsorbed species present on the
ferrihydrite surface [31]. The v(Si-0) region of the ATR-IR spec-
trum of this species indicated the formation of a silicate surface
complex with a bidentate and binuclear linkage and was consistent
with Fe K edge Extended X-ray Absorption Fine Structure (EXAFS)
spectra of silicate complexes with iron oxides [30,31,35]. Changes
in the v(Si-0) region of the ATR-IR spectra at higher Si surface con-
centration indicated the formation of Si—O-Si linkages via silicate
condensation reactions on the ferrihydrite surface. This condensa-
tion produced a specific oligomer that was considered to be a lin-
ear oligomeric silicate species formed by a solution H,4SiO4
bridging two adjacent adsorbed monomeric silicates was proposed
based on the ATR-IR spectra and the structure of the 021 face that
has been proposed to be present on the ferrihydrite surface [31].
The formation of a particular condensed oligomeric species on
the ferrihydrite was contrasted with H4SiO4 condensation in solu-
tion which occurs in a disordered manner and produces numerous
and diverse products [36]. For this reason it was suggested that the
combination of the spatial arrangement of adsorption sites at the
iron oxide/water interface and the bidentate, binuclear adsorbed
monomer structure were promoting a specific lateral condensation
reaction between adsorbed species. The current paper uses ATR-IR
and 2°Si solid state NMR to examine the interaction of H,SiO,4 on
amorphous TiO, at pH 9 as a function of Si surface concentration.
A pH of 9 was used because H,SiO4 adsorption on TiOz(am) is at a
maximum at this pH. The pKx; of H4SiO, is 9.84 [37] and the Point
of Zero Charge (PZC) of TiO, lies between 5 and 6 [2] so at a pH of 9
the H4SiO,4 : H3SiO, ratio is ~7:1 and the TiO, surface has a nega-
tive surface charge. Spectra are interpreted based on the recently
proposed structural model for amorphous TiO, of Zhang et al. [4].

2. Materials and methods
2.1. Materials

All solutions were made from 18 MQ cm resistivity deionized
water that had been distilled, acidified to pH 4 and saturated with
N,. Adjustments to pH were made with 0.01 to 1 M isothermally
distilled HCl or low carbonate NaOH solutions. Solutions were
stored in polycarbonate containers which were kept either sealed
or under a stream of Nj. A stock H4SiO4 solution was prepared by
dissolving amorphous silica (1 g) in 50:50 (w/w) NaOH:H,0 (8 g)
followed by dilution to 1 L. The solution was further diluted to
1.66 mM, the pH lowered to ~8 for 1-2 days (to allow for depoly-
merization which is slow at pH 4) and then the pH was lowered to
pH 4 and the solution saturated with N, to produce a stable stock
solution of 1.66 mM monomeric silicic acid in 0.01 M NaCl. The
rate of color development in the molybdenum yellow method
[38] was used to determine that monomeric silicic acid was the
only species present within the limits of detection. For the 2°Si
NMR spectra the H,;SiO4 solution was prepared in the same way
but starting with an enriched SiO, with 99% 2°Si purchased from
Cambridge Isotope Laboratories. Amorphous TiO, was prepared
in two methods. An oxide termed TiO,(,) was precipitated by alka-
line hydrolysis of a solution of Ti'V dissolved in concentrated H,SO,
which was achieved by the drop wise addition of the Ti'V in H,SO,
to water that was maintained at pH 11 £ 1 by simultaneous drop
wise addition of a 50:50 NaOH:H,0 solution while the reaction
vessel was stirred rapidly in a water bath at 0 °C. An oxide termed
TiOy») was precipitated by the hydrolysis of titanium ethoxide in
water at 0 °C using the method of Zhang et al. [4]. This involves
quickly adding 29 mL water containing four drops of acetic acid
to a mixture of 21 mL titanium ethoxide and 25 mL ethanol under
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stirring. Based on X-ray absorption spectra (XAS) and wide angle
X-ray scattering (WAXS) this TiO,,) phase was described by Zhang
et al. [4] as being composed of highly distorted 2 nm diameter par-
ticles with a strained “anatase-like core”. In both cases the TiO,
formed instantaneously as a white suspension and was rinsed five
times with 0.1 M NaCl at pH 11 by centrifugation and decanting
and was then resuspended in water. The particle size of both
TiO, materials was too small to be discernable by transmission
electron microscopy indicating particles smaller than ~3 nm as ob-
served by Zhang et al. [4]. The H4SiO4 adsorption isotherms and the
ATR-IR spectra of H4SiO4 adsorbed on both materials were indistin-
guishable. Despite this the TiO, material has been specified as (a)
or (b) for completeness. The Ti content of the suspensions was
determined using the H,0, colorimetric assay after dissolution of
the suspension in conc. H,SO4 with 16 gL~ (NH,4),SO4. Powder
X-ray diffraction spectra were measured on a Phillips PW 1140
goniometer using a Cu Ko source with a 0.02° 26 step size and
2 s count time.

2.2. Adsorption experiments

For ATR-IR experiments 50 pL of a 1gL™" TiOy) suspension
was deposited onto a single bounce 45° diamond ATR crystal and
the water evaporated under a gentle stream of N,. The diamond
ATR crystal was placed in a flow cell and the TiO, film rinsed for
1 h with 0.1 M NaCl at pH 11 to remove adsorbed carbonate and
then equilibrated with 0.1 M NaCl at pH 9 for between 2 and
12 h. After this time ATR-IR spectra were collected (Section 2.3)
and when a stable background was obtained the solution flow
was stopped, silicic acid stock solution was added to the electro-
lyte, the pH readjusted to 9.0, and this solution was circulated
through the cell at ~1 mLmin~! for the duration of the experi-
ment. Infrared spectra were collected (with the fluid flowing) over
time for up to 48 h after which time there was little change in the
collected spectra as a function of time. The solution H4SiO,4 concen-
tration did not change appreciably during the course of an experi-
ment because the amount of TiO, present (0.5 pmol) was small
compared to the amount of H4SiO4 in solution (50-700 pumol).

An H,4SiO4 adsorption isotherm from 0.1 M NaCl at pH 9 was
measured by equilibrating TiO, suspensions with a known total
concentration of H4SiO4 (Sir), on an end-over-end mixer for 48 h.
After this time the suspensions were centrifuged and the clear
supernatant filtered through a 0.2 pm membrane and the concen-
tration of Si in solution, (Sise;), measured by the molybdenum Blue
method. The adsorbed Si (Si,gs) was determined from the differ-
ence between Sirand Sis,. All Si surface concentrations (I's;) are gi-
ven as moles of Si,qs per mole of Ti.

2.3. Infrared spectroscopy

A Nicolet® 8700 Spectrometer with DTGS detector and Omnic®
software was used to obtain ATR-IR spectra (resolution of 4 cm™!)
between 4000 and 500 cm~!. The spectra were corrected for
changes to the water signal that affected the low wavelength side
of the region of interest (between 1250 and 700 cm™!) by adding or
subtracting water spectra and then taking a horizontal baseline.
Spectra were ATR corrected using the Omnic® advanced ATR cor-
rection algorithm. Negative Savitsky-Golay 2nd derivatives were
calculated to assist band identification using an order of three
and with the number of points depending on the signal to noise ra-
tio in the original spectra. The matrix of IR spectra contained 49
rows and 261 columns representing 49 measured spectra between
~1250 and 750 cm™'. This matrix was analyzed by Principle Com-
ponent Analysis (PCA) and then Multivariate Curve Resolution with
Alternating Least Squares (MCR-ALS) in Matlab (Mathworks®)
using the constraints of non-negative concentration and non-

negative spectra [39]. MCR-ALS analysis was used to decompose
the data matrix (termed “D”) into the product of two matrices;
the spectra matrix (termed “S”) with x rows and 261 columns, rep-
resenting the spectra of each of the x pure surface species and the
composition matrix (termed “C”) with 49 rows and x columns rep-
resenting the contribution of each of the x surface species to each
measured spectrum. MCR-ALS was used to optimize C and selected
rows from S to minimize the difference between the D and the
product CS. This is illustrated below for x = 3.

dig  diy di 261

dy
D=":

dagr -+ -+ digper

€1 Ci2 C3

€1 : Si1 Si2 S1.261
C=: : © S=5, S2261

S31 -0 - S3a61

C491 Ca92 Cg93
dm,n = Cm1 XS1n+Cm2 XS2n+Cm3 X S3p

2.4. Solid state 2°Si NMR

Solid-state NMR spectra were measured on a freeze dried TiOxyy)
sample with 2°Si enriched H,SiO, using a Bruker AVANCE 300
spectrometer operating at 300.13 MHz proton and 59.63 MHz 2°Si
frequency. The 2°Si spectrum was obtained using the standard
one-pulse-and-collect sequence (Bloch decay) with heteronuclear
decoupling during the acquisition interval. The spectral width
was 20 kHz. The sample was spun using a 7 mm Bruker double
tuned probe with zirconia rotors. The recycle delay was determined
from the experiments with recycle delay increased from 50 up to
300 s until the relative peak intensities remained unchanged. The
recycle delay for the final experiment was 150 s and the spectrum
was obtained using 450 scans. Rotation speed was 7 kHz. Line
broadening of 60 Hz was applied before Fourier transform.

3. Results and discussion
3.1. Macroscopic properties

The XRD patterns of freeze dried TiO, prepared by both
methods are shown in Fig. 1. The main feature was a broad, low

Ti0, from Ti(OC,H,),

. "
| TiO, from Ti*" In H,SO,

Counts

Lm anatase . L]
A rutile X% m XZ;:(X 2w -
[ X brookite i 3 i i
T T T T T
20 40 60
° 2 theta

Fig. 1. The XRD pattern (Cu Ka) of the freeze dried TiO, samples shown with peak
positions for the standard TiO, crystalline phases.
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Fig. 2. The H4Si04 adsorption isotherm on a TiO2(,m) Suspension at pH 9 from 0.1 M
NaCl shown with the isotherm for H,4SiO4 on ferrihydrite modeled for the same
conditions using the parameters from Swedlund et al. [32].

intensity peak which coincides with one of the main brookite lines
as was observed by Zhang et al. [4] for TiO, prepared by titanium
ethoxide hydrolysis. The similarity in the XRD patterns between
the two TiO, oxides is consistent with the similarity in the
H,4SiO4 adsorption isotherms and the ATR-IR spectra of adsorbed
H,4SiO4 on both materials and the structural model for amorphous
TiO, developed by Zhang et al. [4] was used to interpret the H4SiO4
surface chemistry in the current study.

The isotherm for H4SiO4 adsorption onto a TiOy(,) suspension at
pH 9 has two distinct regions (Fig. 2). At I's;< 10~!* the log-log
isotherm had a slope of unity while the region of the isotherm with
1071 < I's; < 107%> had a slope of 0.30 over two orders of magni-
tude in Siso. This implies that adsorption at I's < 10~ involves
a single type of reaction occurring at adsorption sites that are ener-
getically equivalent (i.e. Langmuir adsorption) but at I's;> 10714
more complex surface processes are evident such as site heteroge-
neity or chemical interactions between adsorbing species. The
ATR-IR data discussed in Section 3.2 show that chemical interac-
tions between the sorbed monomers occurs at I's; > 10~ and this
can account for the change in isotherm slope [32]. Experimental
data for ferrihydrite under the same conditions is not available
but the isotherm modeled for the same conditions using the
parameters from Swedlund et al. [32] (shown in Fig. 2) is surpris-
ingly similar in shape and position to the isotherm measured for
TiO,.

3.2. ATR-IR spectra of H,Si04 adsorbed on am-TiO,

3.2.1. General trends

The v(Si-0) region of IR spectra measured over time as films of
TiOy(,) were exposed to Sis, between 0.097 and 1.34 mM are
shown in Fig. 3. Many aspects of the ATR-IR spectra of H4SiO4 on
TiO, were very similar to those observed for H4SiO,4 on ferrihydrite
[32] and the spectra are discussed only briefly. The area of the v(Si-
0) feature in the IR spectra (termed A,si_0)) increased approxi-
mately linearly as a function of the log of time at each Sig
(Fig. 4a). This type of adsorption kinetics has been observed for
several systems in which small molecules are adsorbing onto metal
oxides and has been attributed to either site heterogeneity and
interparticle or intraparticle diffusion [40]. For TiO, films exposed
to Siso Of either 0.097 or 1.34 mM the maximum IR absorbances
after ~30 h were 0.006 and 0.054 respectively. This can be com-
pared to the maximum IR absorbance of 0.00016 for a 1.66 mM
H,4Si04 solution under the same ATR conditions but without the
TiO, film deposited on the ATR crystal [30,41]. A solution with
1.66 mM H,4SiO4 is 10% below the solubility product of an amor-
phous SiO, precipitate [15] which demonstrates that the H,SiO4

C T T T T L T T ]

(a) 0.097 mM 102D 987 27h ]

K -12h 4

5L ‘ «-38h -

F e e 05h 1

i —0.08 h T

0: T N T T N B
t(b) 0.21 mM ~-32h 3

E 3.6h 1

10F 1.7h 4

’8‘ E A e 0.32h ]
S o —=0.07h 1
x E
© 0 femnen : : T g, ]
8 305_ T T T "’_I T T T "|'35h' 3
o} E S :
g ¢ ' E
2
10f

0 P T = T T T T —
£(d) 1.34 mM . Y N

40F N 9h 3

: ‘ 1.67h 3

E T L T e 042h

20 F —0.13h 7

ok : ' 3

T T T
1100 1000 900 800
Wavenumber (cm-')

st
1200

Fig. 3. ATR-IR spectra of H4SiO4 adsorbed on amorphous TiO, at pH 9 and 0.1 M
NaCl measured over time. Final concentrations of H;SiO4 are shown in the figure.
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Fig. 4. Properties of the Si-O stretching region in the ATR-IR spectra measured over
time as H4Si0,4 adsorbed on amorphous TiO at pH 9 and 0.1 M NacCl. (a) The area of
the spectra and (b) the position of the maximum IR absorbance. Final solution Si
concentrations are shown in the figure legends.

contained in the volume of the TiO, film that is sampled by the
ATR-IR beam is up to 300 times more concentrated than a satu-
rated H4SiO,4 solution. Precipitation of SiO, is not observed because
the H4SiO,4 is adsorbed on the oxide surface. It is also evident that
the solution H4SiO4 does not contribute appreciably to the mea-
sured spectra of adsorbed H,SiO4.

In all cases the spectra collected immediately after introduction
of H,SiO4 had a maximum IR absorbance at ~960 cm~!. At the
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Fig. 5. The ATR-IR spectra and band fitting of (a) the low I's; species on amorphous
TiO, (b) the low I's; species on ferrihydrite [30] (c) H4SiO4 in solution [41].

lowest Siso; of 0.097 mM the shape of the spectra did not change
over the 27h of the experiment. For each experiment with
Siso1 > 0.097 mM the IR absorption in the region of ~1015 cm™! in-
creased as I's; increased over time and this feature became more
prominent at higher H4SiO4 concentration. For example with
0.21 mM H,SiO, the feature at ~1015 cm~! developed over time
to become the dominant spectral feature after 32 h while with
0.65 mM H,SiO, the spectral feature at 1015 cm~! dominated the
spectra after 0.12 h. Examining the absorbance scales in Fig. 3 it
is evident that at each Sig, the IR absorbance at ~1015cm™! ex-
ceeded the IR absorbance at ~960 cm~! only when the maximum
IR absorbance was >0.01. Similarly the wavenumber of maximum
IR absorbance increased from ~960 to 1015 cm~' when the area
of the Si-O stretching feature exceeded ~2.6 (Fig. 4b). This implies
that there is some threshold H4SiO,4 surface concentration on the
TiOyam) where the silicate species that absorbs at 1015 cm™! be-
comes the dominant surface species.

3.2.2. Spectra at low I's;

When A,si_oy was <1 the IR spectra had the same shape and the
average of these spectra is shown in Fig. 5a. The maximum IR
absorbance occurred at 960 cm ™! and this band had shoulders on
either side of it which are particularly evident in the 2nd deriva-
tives. In addition there is a smaller shoulder at 830cm™! and a
broad band at around 1100 cm™'. The position and shape of this
spectral feature provides insights into the structure of the ad-
sorbed silicate under these conditions. The IR spectrum of H,SiO4
in solution (Fig. 5¢) has an asymmetric triply degenerate v(Si-0)
mode at 939 cm™! and a broad weak Si-O-H bending mode at
~1090 cm~! while the symmetric Si-O stretch occurs at
787 cm™~! in the Raman spectrum [41]. The spectra of H,SiO, ad-
sorbed on TiO, at low I's; are similar, but at slightly higher fre-
quency, to those of for the monomeric adsorbed H4SiO4; on
ferrihydrite at low I's; (Fig. 5b) [30]. The spectra of the monomeric
silicate on the ferrihydrite surface did not change with pH between
4 and 10, or with ionic strength between 0.01 and 0.1 M [32,33].

Ferrihydrite

Absorbance

T T T T T T T T T
1200 1100 1000 900 800

Wavenumber (cm™)

Fig. 6. Several ATR-IR spectra of H4SiO4 adsorbed at high surface coverage on
amorphous TiO, (this study) or ferrihydrite (Swedlund et al. [30]). All spectra are
scaled to the maximum absorbance. For each oxide the surface coverage decreases
in the order solid > dashed > dotted lines.

The three asymmetric v(Si-O) bands are all clearly resolved in
the silicate on TiO, spectrum compared to the spectrum for fer-
rihydrite where two v(Si-0) bands at ~946 cm~' were not re-
solved [30]. Both the higher frequency and greater splitting of
the v(Si-0) bands for H4SiO4 adsorbed on TiO; are consistent with
the higher charge density of the Ti*" cation compared to that of
Fe3*. The spectra indicate that H,SiO, adsorbed on TiO, at low
I's; is present as a monomeric silicate surface complex with asym-
metric v(Si-0) bands at 910, 961 and 1011 cm™!, the symmetric
¥(Si-0) band is weakly IR active at 833 cm~! while the broad band
at ~1100 cm! is the Si-O-H bending mode. The IR spectra indi-
cate a bidentate surface similar to the monomeric H4SiO4 surface
complex on the iron oxide surface [30,35].

3.2.3. ATR-IR spectra at high I';

As the Asi_o) increased from ~1 to 5 the shape of the spectra
changes from having a maximum absorbance at ~960 cm™! to a
spectrum with a maximum at ~1020 cm~'. However, as Aysi-oy in-
creases from ~5 to 10 the ATR-IR spectra have a similar shape
(Fig. 6), apart from a small decrease in the IR absorbance around
950cm~! and a small increase in IR absorbance around
1100 cm™'. At these high I's; the IR spectra of H,SiO, adsorbed
on the TiOyum) have the same shape as those observed at high
I's; on ferrihydrite [31] but, as observed at low ITs;, they are at
slightly higher frequency. This implies the same linear oligomers
are formed on the surfaces of both oxides. The structural interpre-
tation for the TiO, surface is presented in Section 3.3.

The last feature in the ATR-IR spectra is the small increase in IR
absorbance intensity between 1050 and 1150 cm™! observed at
high I's; in Fig. 6 and this feature can be attributed to the develop-
ment of an SiOy(am) on the TiOyam) surface [30]. This high I's; fea-
ture made a comparatively small contribution to the measured IR
spectra for the TiOy(,m) system even when Siso) was just 30% be-
low saturation with respect to precipitation of a bulk SiOam)
phase. This indicates that the TiO,(am) surface promotes the forma-
tion of an oligomeric silicate phase but does not strongly promote
the formation of three dimensional polymers.

3.2.4. Quantitative analysis of the ATR-IR spectra

The matrix of all 49 measured spectra (each with 261 data
points) were analyzed by MCR-ALS. Prior exploratory analysis of
the data using PCA gave eigenvalues similar to the values reported
for the ferrihydrite data [31] and were consistent with the pro-
posed model of two main surface species and a third minor species.
In the MCR-ALS analysis the monomer spectrum was fixed to the
average of the spectra at low I'; (Fig. 5a), the oligomer spectrum
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was optimized with the initial estimate being the average of the
high I's; spectra (Fig. 6), and the polymer spectrum was optimized
from an initial estimate from the data for ferrihydrite [31]. The
optimized model fitted the details of the measured ATR-IR spectra
very closely and the largest residual for any spectrum was on aver-
age 2% of the largest IR absorbance of that spectrum. The optimized
pure spectra for the surface species and typical fits to measured
spectra using these spectra are shown for various surface composi-
tions in Fig. SI 1.

The contributions that each surface species made to the area of
the measured spectra as H4SiO4 adsorbs onto TiOy(,m) over time
were similar to that observed on ferrihydrite and are shown in
Fig. SI 2. At each Si(s ) the monomeric species adsorbs initially
and then the oligomer species starts to form after some lag period.
The lag phase before oligomer formation is shorter at higher Sisol).
For example, the lag phase decreased from ~10 to 0.1 h as Si(sqy) in-
creased from 0.097 to 0.65 mM. At each Si(s) the growth of oligo-
mer was delayed until a certain surface coverage of monomer was
obtained corresponding to a component spectral area of ~1. The
contributions that each surface species made to the area of the
measured spectra as H4SiO4 adsorbs onto TiOy(,m) are shown as a
function of Aysi-oy in Fig. 7. The data for all Si(sop) from 0.097 to
1.34 mM follow the same trend indicating that the distribution of
surface species at a given surface concentration is independent of
solution concentration. The quantitative analysis agrees with the
qualitative analysis in that as I's; increased the surface changes
from being predominantly monomeric when A,sj_0)< 2 to being
predominantly oligomeric at Aysi_oy > 5.

3.3. 2%Si solid state NMR of H,SiO4 adsorbed on amorphous TiO,

Approximately 0.3 g of sample was needed for the NMR analysis
and this was obtained by equilibrating a suspension of TiOyy,
(0.06 g L) with 99% 2°Si enriched H,SiO,4 (0.28 mM total concen-
tration) at pH 9 in 0.1 M NacCl. Preliminary experiments with TiO,
suspensions were undertaken with natural abundance H,SiO,4 (i.e.
5% 2°Si) where the equilibrated TiO, pastes were collected by cen-
trifugation and ATR-IR spectra measured against TiO, pastes with
no Si. This was done to choose appropriate TiO, and H,4SiO4 con-
centrations that would result in a sample with appreciable
amounts of both monomeric and oligomeric adsorbed H,4SiO,4 for
the 2°Si NMR analysis. In addition the sample for NMR analysis
was freeze dried and ATR-IR spectra were measured on the
freeze-dried powder to compare with the spectrum from the un-
dried paste to assess for changes during drying. The ATR-IR spectra
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Fig. 7. Surface speciation as a function of surface concentration for H4SiO4
adsorbing over time onto amorphous TiO, from 0.1 M NaCl at pH 9. The solution
Si was 0.097 mM (circles), 0.21 mM (squares), 0.65 mM (triangles) and 1.34 mM
(diamonds).
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Fig. 8. The 2°Si solid state NMR spectrum of H,?°SiO, on TiOa,) with I's;=0.18.
Reference values are for mineralogical samples and TiO,-SiO, mixed phases as
detailed in the text [8,26,42].

of the H42°Si0,4 on the TiO, paste and the TiO, after freeze drying
(Fig. SI 3) were very similar with slightly less IR absorbance in
the dried sample around 940 cm™! indicating a small amount of
silicate condensation upon drying. The MCR-ALS fitting indicated
that the monomeric component comprised 50 and 55% of the area
of the ATR-IR spectra for the dried sample and paste sample
respectively.

The main peak in the NMR spectrum of this sample (Fig. 8) oc-
curs at ~—87 ppm and there are clearly shoulders on either side of
this peak, at —79.8 and —95.7 ppm. In addition there is a tail
extending on the more negative side of the peak at ~—105 ppm.
The 2°Si NMR peak position for a Q" Si depends primarily on the va-
lue of n but for Si with the same Q" the peak position become more
negative for higher charge densities of the cations to which the sil-
icates are coordinated [42,43]. Therefore to assign the peaks in the
spectrum it is necessary to refer to materials where silicates are
coordinated with Ti** cations. The peak at —79.8 ppm is within
the range observed for Q° Si including the orthosilicate mineral
titanite CaTiSiOs (—79.6 ppm) [42] and also Q° Si presumed to oc-
cupy interstitial sites in a rutile sample (—77.3 ppm) [42]. Similarly
the peak at —95.7 ppm is within the range for Q? Si in sol-gel pre-
pared mixed TiO,-SiO, oxides (—92 to —96 ppm) [8,26] and in the
cyclosilicate mineral benitoite (—94.2) [42]. Only one reference va-
lue for Q! Si was found which was for a mixed TiO,-SiO, oxide
(—84 ppm) [26] and it is clear that the peak at —87 ppm is Q.
The tail at ~—105 ppm indicates a small amount of silicate with
Q@3-Q* but the peak is too weak to allow for definitive peak fitting.

The NMR spectrum qualitatively agrees with the proposed
model for H,SiO4 polymerization at an oxide surface. The Q° peak
corresponds to the monomeric adsorbed H,SiO,, while the Q!
and Q? peaks correspond to terminal and middle Si in linear silicate
oligomers. Other possible surface silicate oligomers can be ex-
cluded. For example a cyclic silicate species would have all Q?
and a branched silicate would have Q!'-Q3 Si present. The percent-
age of the NMR spectrum due to the monomeric silicate was 30%
compared with 50% of the ATR-IR spectrum. The conditions of col-
lecting the NMR spectra were chosen so that the NMR signal will
be directly quantitative for the different types of silicate [26]
whereas the ATR-IR signal is only approximately quantitative.
The ratio of Q' and Q? peak areas would be 1:0.5 for a linear trimer
whereas the measured value was 1:0.4. Longer linear oligomers
would have larger Q? areas (e.g. 1:1 for a tetramer) and a dimeric
species would have no Q? peak [25]. In addition the in situ ATR-
IR spectra experiments on the TiO, and the ferrihydrite indicate
the formation of an oligomer which is predominantly one species
which is larger than a dimer and which forms directly from the
monomeric silicates. Possible explanations for the slightly higher
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measured Q':Q? include a small proportion of either a dimeric sil-
icate or a branched tetramer with Q':Q> of 1:0.3. The later option
would also explain the small Q>-Q* peak in the NMR spectrum.

3.4. Structural interpretation

The fact that the same silicate oligomerization product is
formed on the surface of two different poorly ordered oxides sug-
gest that this is a general phenomenon whereby bidentate silicate
monomers on an oxide surface are disposed towards forming lin-
ear oligomers by condensation reactions involving their two termi-
nal Si-OH groups. In this section we explore if the formation of
short one dimensional oligomers on the TiO, surface is structurally
reasonable based on geometric constraints of silicate polymeriza-
tion and the structural model for amorphous TiO, developed by
Zhang et al. [4] based on a combination of reverse Monte Carlo
and Molecular Dynamics simulations of wide-angle X-ray scatter-
ing data and X-ray adsorption spectra. Zhang et al. [4] kindly pro-
vided the atomic coordinates for their structural model of TiO,
particles containing 123 Ti atoms, 246 O atoms and having an
irregular “potato” shape as shown in Fig. SI 4. The particles had a
diameter of ~2 nm with a small strained “anatase-like” core and
a highly distorted shell [4]. The TiO2(am) structural model therefore
represents a disordered surface and the applicability of this inter-
pretation of silicate oligomerization to other disordered surfaces,
such as ferrihydrite, will be considered.

The average Ti coordination number was 5.3 due to the trunca-
tion of the many TiOg octahedra on the particle surface. In an aque-
ous suspension H,O will complete the coordination sphere of the
coordinatively unsaturated surface Ti ions such that, after deproto-
nation, the surface will have a large number of terminal Ti-OH
groups. For an irregular oxide particle there is no rigorous process
for defining which Ti ions are on the surface. For this work Ti ions
which were clearly beneath other Ti ions were excluded leaving 88
Ti atoms. The average coordination numbers of the outer 88 Ti ions
and the inner 35 Ti ions were 5.05 and 6.00 respectively. There
were 67 of the 88 outer Ti ions that had a coordination number less
than six and these Ti ions were considered to be surface active.

Geometric constraints for surface monomer and oligomer
adsorption sites are proposed based on the range of Si-O bond dis-
tances and angles observed in silicate minerals. Liebau [44] reports
that Si-O distances vary between 1.57 and 1.72 A, 0-Si-0O angles
vary between 98 and 122° while the Si-O-Si angles vary between
120 and 180°. Adjacent terminal Ti-OH groups that are sufficiently
close to be bridged by a H4SiO4 tetrahedra will provide sites that
can undergo ligand substitution producing a monomeric silicate
surface complex. The average distance between nearest neighbor
surface Ti atoms is 3.1 A (6 =0.18 A). A slightly larger distance of

Fig. 9. A linear silicate trimer (blue tetrahedra) formed between four Ti ions (gray
spheres) to illustrate the scheme for structural constraints for H4SiO4 oligomeri-
zation on the TiOz(am) surface. The extreme case where d' = 6.5 A and o4 = 0 = 120°
is shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.5 A was taken to be a maximum Ti-Ti distance for monomer
H4Si04 adsorption (d in Fig. 9) based on the edges of SiO,4 tetrahe-
dra in minerals which range from 2.4 to 3.0 A [44] and the possibil-
ity of the surface oxygen ions being closer than the underlying Ti
atoms. There are 66 surface Ti-Ti pairs at a distance less than
3.5 A and three isolated Ti ions as shown in Fig. 10 which is ex-
plained more fully below.

Sites for oligomerization require adjacent monomers with an
appropriate distance and orientation for insertion of a solution
H,Si04. The geometric constraints for oligomers to form between
adjacent monomers are based on the position of the Ti cations be-
cause of the large number of degrees of freedom to consider in the
range of Si-0 bond distances and angles. The geometric constraints
are based on the length (d’) of the line that connects the midpoints
of the two Ti-Ti pairs and the angles (o; and ;) between this line
and the lines between each Ti-Ti pair (Fig. 9). Values of d’ between
3 and 6.5 A combined with «; and o, values between 60 and 120°
(i.e. within 30° of normal) were considered reasonable for oligo-
merization between adjacent monomers based on empirical tests.
For example Fig. 9 shows a trimer on a base with d' =6.5A,

Fig. 10. The arrangement of monomer and oligomer sites on the TiO5(,m) model of
Zhang et al. [4]. (a) All spheres are Ti. Lines between spheres depict monomer sites
and lines between midpoints depict oligomer sites. The Ti are from darkest to
lightest the oligomerization sites, monomer sites only and isolated Ti ions. The red
quadrilaterals depict the sites for the two adjacent trimers depicted in (b). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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o = o = 120° and oligomer formation can occur within the range
of observed Si-O bond lengths and angles in minerals at this ex-
treme of the constraints even where the Ti-O bonds are con-
strained to be within 10° of normal to the surface. For values of
d’ close to 3 A the fact that the minimum Ti-Ti distance is at
2.9 A further constrains «; and . For example when d’ = 3 A then
o1 and op must be such that the two monomer edges of the quad-
rilateral are within 5° of being parallel. The dihedral angle was not
specifically constrained other than its effect on oy and o,. With
these constraints there are 40 sites for oligomerization on a
TiOy(am) particle surface. Of the 67 surface Ti ions 54 are part of a
potential oligomerization site, 10 are part of monomer sites that
are not predisposed to oligomerization while three are not part
of monomer or oligomer sites. With these constraints the Si/Ti ratio
at maximum surface coverage would be 0.36 compared to largest
value measured from the isotherm of 0.29 (Fig. 2).

This model of the surface is depicted in Fig. 10a which shows
oligomers can form on most of the particle surface. From this argu-
ment it would appear to be reasonable that oligomers can domi-
nate the surface at high I's;. Lastly we consider the amount of
monomeric and polymeric silicate on the surface. At the highest
I's; the amount of monomeric silicate (Fig. 7) plateaus to be
approximately 10% of the surface silicate rather than decreasing
to zero if all monomers were replaced with oligomers. The out-
come from the application of the geometric constraints implied
that some monomer sites would not be predisposed to oligomeri-
zation but the constraints were deliberately conservative. In addi-
tion it is evident that as oligomers form on the surface this will
preclude the formation of oligomers at other sites and some ad-
sorbed monomers will become isolated. In addition the formation
of pentamers from a monomer and an adjacent trimer will be sub-
ject to more stringent structural constraints relating to silicate
groups at the end of a trimers constrained movement. Lastly we
discuss the observation that the TiO, surface is not predisposed
to the formation of three dimensional polymers. Fig. 10b shows
the relationship between adjacent adsorbed trimers. It is clear that
adjacent trimers are orientated away from each other because of
the high curvature of the surface of the small diameter TiO, parti-
cle. The distance between terminal hydroxide groups on the adja-
cent trimers range from 8 to 12 A which is too large to be bridged
by a solution HSiO,.

The similarity in the H4SiO4 oligomerization chemistry on the
poorly ordered oxides of both Ti'V and Fe'! suggests the proposed
interpretation of silicate oligomerization may be more generally
applicable to disordered surfaces, such as 2-line ferrihydrite. From
simple geometric arguments nanometer sized oxide particles will
have both a high curvature and also a high surface concentration
of coordinatively unsaturated cations that will produce surface hy-
droxyl groups in water. These are the basic features of the proposed
silicate oligomerization model. While various structural models for
ferrihydrite have been proposed and refuted [45-48] the TiOy(am)
model indicates that nanometer sized particles with crystalline
cores will tend to have a highly strained and disordered surface be-
cause of the constraints of high surface curvature. The primary par-
ticle size of 2-line ferrihydrite is 2-3 nm [45] which is comparable
to that of TiO,(am). In addition the proposed concentration of mono-
mer adsorption sites are comparable on the two oxides i.e. 0.26 per
Ti for TiOyam) and 0.2 per Fe for ferrihydrite [32]. These structural
and morphological similarities may explain the similar silicate sur-
face chemistry on the ferrihydrite and TiO2(am).

4. Conclusions

Attenuated Total Reflectance IR and 2°Si NMR were used to
study the adsorption and interfacial condensation reactions of

H4Si04 on the surface of an amorphous TiO, at pH 9. At low Si sur-
face concentration the IR spectra show that the interfacial silicate
is present as monomers with maximum IR absorption at
~960 cm~!. Condensed oligomeric surface species with Si-O-Si
linkages and a maximum IR absorbance at ~1020 cm~' are formed
once a threshold surface concentration of silicate monomers was
reached. The condensed silicate surface species was considered
to be a linear oligomer formed by a solution H4SiO4 bridging adja-
cent monomers. The data were interpreted using the atomic coor-
dinates for a structural model of amorphous TiO, and the
geometric constraints of silicate polymerization observed in min-
eral systems. The surface of the amorphous TiO, was conducive
to the formation of linear silicate oligomers because it held adja-
cent monomers in a configuration which allowed for bridging by
a solution H4Si0,4. Despite the predominance of oligomeric silicate
on the TiO, surface the formation of three dimensional polymeric
silicates was minimal, even close to solution saturation with re-
spect to a pure SiO, phase. This was attributed to the small diam-
eter and high surface curvature of the TiO, particles which keeps
adjacent oligomers at too large a distance to be bridged by solution
H,4Si04.
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