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ABSTRACT: Amino-alkylphosphonic acid-grafted TiO2 materials
are of increasing interest in a variety of applications such as metal
sorption, heterogeneous catalysis, CO2 capture, and enzyme
immobilization. To date, systematic insights into the synthesis−
properties−performance correlation are missing for such materials,
albeit giving important know-how towards their applicability and
limitations. In this work, the impact of the chain length and
modification conditions (concentration and temperature) of
amino-alkylphosphonic acid-grafted TiO2 on the surface properties
and adsorption performance of palladium is studied. Via grafting
with aminomethyl-, 3-aminopropyl-, and 6-aminohexylphosphonic
acid, combined with the spectroscopic techniques (DRIFT, 31P NMR, XPS) and zeta potential measurements, differences in surface
properties between the C1, C3, and C6 chains are revealed. The modification degree decreases with increasing chain length under
the same synthesis conditions, indicative of folded grafted groups that sterically shield an increasing area of binding sites with
increasing chain length. Next, all techniques confirm the different surface interactions of a C1 chain compared to a C3 or C6 chain.
This is in line with palladium adsorption experiments, where only for a C1 chain, the adsorption efficiency is affected by the
precursor concentration used for modification. The absence of a straightforward correlation between the number of free NH2 groups
and the adsorption capacity for the different chain lengths indicates that other chain-length-specific surface interactions are
controlling the adsorption performance. The increasing pH stability in the order of C1 < C3 < C6 can possibly be associated to a
higher fraction of inaccessible hydrophilic sites due to the presence of folded structures. Lastly, the comparison of adsorption
performance and pH stability with 3-aminopropyl(triethoxysilane)-grafted TiO2 reveals the applicability of both grafting methods
depending on the envisaged pH during sorption.

1. INTRODUCTION
Developments in non-siliceous transition-metal oxides (TiO2,
ZrO2, Al2O3, ITO) are of increasing interest in various research
domains.1−3 Especially, TiO2 is studied extensively due to its
synthesis possibilities that offer a wide variety of nano-
morphologies, crystal facet engineering, and the broad field of
application domains such as (photo)catalysis, photovoltaic
devices, and biosensing.4−10 For several applications where the
performance is governed by surface interactions, such as
separation and sorption processes, the native surface chemistry
(Ti−O−Ti and Ti−OH groups) limits the diversity and
specificity of interactions with the environment.11,12 Post-
synthesis surface modification (i.e., grafting) with organic
groups is known as a viable strategy to tune and control these
surface properties given their large versatility in functional
properties. Different precursors have been studied for surface
grafting, such as alcohols, carboxylic acids, organosilanes,
organophosphonic acids and their derivatives, and Grignard
reagents.13−15

Although organosilanes are most widely used and well
established, especially for the surface grafting of SiO2, they are
less applicable for metal oxides given their lower pH
stability.16−18 In this context, surface grafting with organo-
phosphonic acids (PAs) is a promising and flexible alternative.
It offers (sub)monolayer coverage with surface properties that
can be controlled and tailored by changing the reaction
conditions (e.g., temperature, concentration, solvent).19−31

Especially for aliphatic PAs, such synthesis−surface properties
correlations have already been studied in detail. Previous
reports on propylphosphonic acid-grafted P25 concluded that
the number of grafted groups, their distribution at the surface,
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and the extent of layered titaniumalkylphosphonate formation
could be tailored according to the modification conditions.27,30

Considering the wide versatility of PA-grafted materials, the
exploration and use of PAs bearing an additional functional
moiety such as amine, thiol, or carboxylic groups has received
considerable attention.32,33 In particular, most studies in this
field have been devoted to the grafting with aliphatic PAs
containing terminal amine functional groups given the wide-
stretched application perspectives. This is evidenced by the
grafting of various metal oxides including Fe3O4,

34−39

TiO2,
40−46 Al2O3,

47,48 and ZnO,49 targeted for applications
in supported metal catalysis,50,51 enzyme immobilization,52

metal scavenging,42 and hybrid (photo)electric devices.43,53

Besides previous reports that are mainly devoted to the
application perspective, more fundamental studies focused on
the various chemical states of the amine group upon grafting
were also reported. Canepa et al.54 grafted TiO2 foils with 6-
aminohexylphosphonic acid (6AHPA) and 12-aminododecyl-
phosphonic acid (12ADDPA) and revealed the presence of
both free NH2 and protonated NH3

+ groups via XPS analysis.
Similar results were obtained on 3-aminopropylphosphonic
acid (3APPA)-modified Fe3O4 by Tudisco et al.36 It was
suggested that the protonation of amine groups originates from
the interaction of amine groups with free P−OH groups and/
or through interactions with surface hydroxyl groups. Recently,
a study on 3APPA-modified TiO2 combining experimental
spectroscopic techniques with DFT/PBC calculations proved
the coexistence of a plethora of conformations of the
aminopropyl chain on the surface, further influenced by the
presence of water.55 Since the amine functional group was
found to be (partly) involved in hydrogen bonding and
proton-transfer reactions, this might affect the performance in
applications such as in metal sorption. However, despite the
advances in amino-alkylphosphonic acid-grafted TiO2, such
correlations between the synthesis−properties and the
performance have not yet been investigated. The main reason
for this may be that up to now, studies from the perspective of
either material characterization or performance have been
carried out separately and little attention has been devoted in
linking both. Nonetheless, elucidating the synthesis−proper-
ties−performance correlation is important for an improved
understanding toward the viability and limitations of amino-
alkylphosphonic acid-grafted TiO2 in applications and their
targeted synthesis.

This work aims to elucidate the chain-length dependence of
amino-alkylphosphonic acid-grafted TiO2 on the synthesis−
properties−performance correlation using Pd adsorption as an
envisaged application. Using aminomethyl-, aminopropyl-, and
aminohexylphosphonic acid in combination with grafting at
different concentrations and temperatures, insights are
provided on the impact of the chain length on the modification
degree, surface interactions at the level of the phosphonate
moiety, and the chemical states of the amine functional group.
Via Pd adsorption, it is evaluated to which extent the chain
length and modification conditions affect the adsorption
capacity, adsorption efficiency, and pH stability of the grafted
groups. Next, the comparison between organophosphonic and
organosilane grafting methodologies is made to reveal their
distinct advantages and limitations related to the envisaged
sorption conditions.

2. EXPERIMENTAL SECTION
2.1. Materials. Propylphosphonic acid (3PPA, ≥97%

purity), 3-aminopropylphosphonic acid hydrochloride salt
(3APPA, ≥97% purity), and 6-aminohexylphosphonic acid
hydrochloride salt (6AHPA, ≥98% purity) were purchased
from Sikeḿia. Aminomethylphosphonic acid (AMPA, 99%
purity) was purchased from Alfa Aesar (Thermo Fisher
Scientific). 3-Aminopropyl(triethoxysilane) (APTES) and
toluene (technical grade, 98%) were purchased from Sigma-
Aldrich. Molecular sieves (4 Å) were purchased from VWR.
Hombikat M311, supplied by Sachtleben Chemie GmbH (now
VENATOR), was used as a commercial TiO2 support without
further pre-treatment. This support consists of 100% anatase as
the crystalline phase (Figure S1), has an apparent Brunauer−
Emmett−Teller (BET) surface area of 300 m2/g, and contains
large mesopores/small macropores based on its nitrogen
sorption isotherm and derived pore-size distribution (Figure
S2). PdCl2 (≥99.9%) was purchased from Sigma-Aldrich. HCl
(37%, Sigma-Aldrich) and NaOH pellets (Sigma-Aldrich) were
used for pH adjustments.
2.2. Surface Modification. 2.2.1. Modification with

Amino-Alkylphosphonic Acids and Propylphosphonic Acid.
2.0 g of Hombikat M311 was stirred under reflux for 4 h in a
50 mL heated aqueous solution of AMPA, 3APPA, 6AHPA, or
3PPA. Both the concentration of the PA (20, 75, and 150 mM)
and temperature (50 and 90 °C) were varied. After
modification, the samples were washed by pressure filtration
to remove unreacted and physisorbed PA. During this process,
the reactant solution was removed, followed by batch pressure
filtration with 400 mL of H2O for each washing step. After five
consecutive washing steps (i.e., a total volume of 2 L), the
samples were dried overnight in an oven at 60 °C. The
phosphorus concentrations in the collected washing eluates
were analyzed via inductively coupled plasma optical emission
spectroscopy (ICP-OES) to evaluate the extent of washing
(Figure S3).

All samples have been given a systematic name; the first part
indicates the type of PA used, the second part represents its
concentration, and the last part is the modification temper-
ature. For example, AMPA20mM50 represents a sample
modified with 20 mM of AMPA at 50 °C, while
6AHPA150mM90 represents a sample modified with 150
mM of 6AHPA at 90 °C.

2.2.2. Modification with 3-Aminopropyltriethoxysilane. 2
g of Hombikat M311 was added to a round-bottom flask,
followed by addition of 200 mL of toluene dried with 4 Å
molecular sieves. 19.53 mmol (3.05 mL) of 3-amino-
propyltriethoxysilane was added, and the reaction mixture
was stirred for 24 h under reflux (110 °C). The suspension was
cooled down and filtered through a 0.4 μm cellulose filter
under vacuum. The residual cake was then added to a round-
bottom flask and redispersed in acetone under magnetic
stirring for 2 h. The acetone suspension was filtered through a
0.4 μm cellulose filter under vacuum. This washing step was
repeated once. The residual cake was then dried at 70 °C for
24 h.
2.3. Instrumentation. ICP-OES (Agilent Technologies

5100 ICP-OES) was performed to determine the phosphorus
content of the AMPA, 3APPA, and 6AHPA modified samples.
Samples were digested in a mixture of 1.5 mL of HNO3 (67−
69%), 1.5 mL of HF (48%), and 3 mL of H2SO4 (96%) for 24
h at 250 °C. After digestion, 16 mL of H3BO3 (4%) was added
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to neutralize the HF. The modification degree in number of
grafted groups per nm2 (#groups/nm2) was calculated from
the weight percentage of phosphorus according to eq 127,56

# = ×
× ×

i
k
jjj y

{
zzz N

S
mod . degr.

nm
wt %(P)

MM(P) 1002
A

BET (1)

in which wt % (P) is the weight percentage of phosphorus in
the sample, MM (P) is the molar mass of phosphorus (g/mol),
SBET (nm2/g) is the surface area of the unmodified TiO2
powder, and NA is Avogadro’s constant (molecules/mol). The
experimental error is estimated to be 0.1 groups/nm2 based on
four repeated modifications under fixed synthesis conditions.

Diffuse reflectance infrared Fourier transform (DRIFT)
measurements were performed on a Nicolet 6700 Fourier
Transform IR spectrometer (Thermo Scientific), equipped
with an electromagnetic source in the mid-IR region (4000−
700 cm−1) and a DTGS detector. A resolution of 4 cm−1 was
used, and for each spectrum, 100 scans were accumulated. The
used DRIFT accessory was a Praying Mantis High Temper-
ature Reaction Chamber (Harrick, USA) connected to a
vacuum rotation pump. The sample holder contained a 4 wt %
diluted sample in KBr, and measurements were performed
after 30 min at room temperature under 30 mbar vacuum to
reduce the amount of molecular adsorbed water. Subsequently,
the samples were heated stepwise to 100 and 200 °C, followed
each time by a DRIFT measurement after 30 min of
equilibration time at these temperatures.

Nitrogen sorption measurements were performed at −196
°C on a Quantachrome Quadrasorb SI automated gas
adsorption system. Prior to the measurements, the samples
were degassed for 16 h under high vacuum at 200 °C. The
specific surface area was calculated using the BET method, and
the average pore size and pore size distribution were
determined by the Barrett−Joyner−Halenda (BJH) method
using the desorption branch.

X-ray photoelectron spectroscopy (XPS) spectra were
collected using a VersaProbe II photoelectron spectroscope
(Physical Electronics) with an Al Kα monochromatic X-ray
source (1486.71 eV of photons). The vacuum in the analysis
chamber was approximately 5 × 10−7 Pa during measurements.
High-resolution scans of the Ti 2p, O 1s, C 1s, P 2p, and N 1s
photoelectron peaks were recorded from a spot diameter of
100 μm using a pass energy of 23.4 eV and a step size of 0.1
eV. Measurements were performed with a take-off angle of 45°
with respect to the sample surface. The powders were applied
on scotch tape. Data were analyzed with CasaXPS software.
Prior to curve fitting, the energy scale of the XPS spectra was
calibrated relative to the binding energy of Ti 2p3/2 (458.5
eV) in Ti(IV)O2.

57 Curve fitting was done after a Shirley-type
background removal using mixed Gaussian−Lorentzian (80−
100%) shapes for N 1s. For relative quantification of the
different components in the N 1s spectra, the area of the fitted
peaks was used. Two measurements were performed for each
sample, and the reported percentual contributions of the N 1s
components had an experimental error between 2 and 3%.

Phosphorus-31 solid-state cross-polarization magic angle
spinning (CP-MAS) NMR spectra were acquired at ambient
temperature on an Agilent VNMRS DirectDrive 400 MHz
spectrometer (9.4 T wide bore magnet) equipped with a
T3HX 3.2 mm VT probe dedicated for small sample volumes
and high decoupling powers. Magic angle spinning (MAS) was
performed at 15 kHz using ceramic zirconia rotors of 3.2 mm

in diameter (22 μL rotors). The phosphorus chemical shift
scale was calibrated to orthophosphoric acid (H3PO4) at 0
ppm. Other acquisition parameters used were a spectral width
of 60 kHz, a 90° pulse length of 3.2 μs, a spin-lock field for CP
of 80 kHz, a contact time for CP of 0.9 ms, an acquisition time
of 15 ms, a recycle delay time of 4 s, and 512 accumulations.
High-power proton dipolar decoupling during the acquisition
time was set at 80 kHz. The Hartmann−Hahn condition for
CP was calibrated accurately on the samples themselves.

Zeta potential measurements were performed on a Zetasizer
Nano ZS instrument (Malvern Panalytical) equipped with a
He−Ne laser (633 nm). The measurement cell consisted of a
folded capillary cell of polycarbonate with gold-coated
electrodes. The samples were dispersed in a 10 mM aqueous
NaCl solution to maintain a constant ionic strength during pH
adjustments. Dispersions were stirred continuously during pH
adjustment prior to each zeta potential measurement. The
reported zeta potential was the average value from three
sequential measurements at each specific pH. The isoelectric
point (IEP) was determined via interpolation, with the
standard error based on the experimentally obtained ±1.5
mV error on the zeta potential. Diluted HCl and NaOH
solutions with concentrations of 100, 10, and 1 mM were used
to vary the pH. The temperature was kept constant at 25 °C.
2.4. Adsorption Experiments. For each adsorption

experiment, 10 mL of Pd solution (250 mg/L) was transferred
into a 20 mL closed glass vial containing 25 ± 0.5 mg of the
adsorbent. The mixtures were stirred at 20 °C with a magnetic
stirring bar at 300 rpm for 24 h. Next, the adsorbent was
separated from the aqueous solution by filtration through a
0.45 μm syringe filter (Macherey-Nagel GmbH & Co,
Germany). Then, the remaining Pd concentration in the
filtrate was measured using ICP-OES (Agilent Technologies
5100). All sorption experiments were performed in duplicate.
The amount of Pd adsorbed per unit mass of adsorbent at time
t, qt (mmol/g), was determined according to eq 2

= ×
×

q
C C V
m

( )
MM(Pd)t

t0

(2)

where C0 and Ct are the initial Pd concentration (mg/L) and
the concentration after adsorption for 24 h, respectively. V (L)
is the volume of the solution, m (g) is the adsorbent mass, and
MM(Pd) is the molar mass of palladium (i.e., 106.42 mg/
mmol). For the quantification of Pd, P, and Si, the ICP-OES
system was calibrated with 2% HNO3 solutions using several
calibration solutions (until 2500 μg/L) in the axial viewing
direction. Independent control samples were used to check the
calibration, resulting in a recovery between 90 and 110%.
Multiple emission lines were measured for Pd, P, and Si to
verify possible interferences. All the samples were measured in
different dilutions (from 5000 to 10 times), and two of the
samples were spiked.
2.5. Effect of Initial pH Value. The influence of the pH

on the adsorption of Pd was studied at five different initial pH
values between 1.0 ± 0.1 and 5.0 ± 0.1. Since the Pd
speciation is strongly determined by the pH of the solution and
concentration of chloride ions, stock solutions of Pd at pH 1
were prepared by dissolving PdCl2 in 0.1 M HCl to ensure a
fixed Cl− concentration. The initial pH was adjusted using
concentrated NaOH (10 M) solution or NaOH pellets. This
resulted in five separate Pd solutions with a concentration of
250 mg/L, that is, one for each pH value.
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3. RESULTS AND DISCUSSION
3.1. Impact of Concentration and Temperature on

the Modification Degree. In a first step, changes in the
modification degree, induced by differences in the modification
conditions (i.e., concentration, temperature) and in function of
the chain length of the amino-alkylphosphonic acid (i.e.,
AMPA, 3APPA, and 6AHPA), were evaluated (Table 1). For

AMPA, modification degrees change significantly in function of
the concentration as these values range between 0.9 and 1.7
#/nm2. However, there seems to be little to no influence of the
temperature taking into account the experimental error of 0.1
#/nm2. Also for 3APPA, the modification degree increases with
increasing concentration but much less pronounced than for
AMPA. Furthermore, an increasing temperature provides a
slight increase in the modification degree. Overall, lower
modification degrees between 0.6 and 1.1 #/nm2 are obtained,
similar to earlier reported work where the comparison with
propylphosphonic acid (3PPA) was made.55 In that work, a
smaller change in the modification degree for 3APPA was
suggested to be caused by additional surface interactions of the
amine group, such as folding of the aminopropyl chain towards
the surface.

When evaluating the longest alkyl chain (i.e., 6AHPA), the
lowest modification degrees are obtained as they range
between 0.4 and 0.7 #/nm2. In contrast to AMPA and
3APPA, an increasing concentration does not result in a
significant increase in the modification degree, while an
enhanced temperature only provides a limited increase. Similar
to 3APPA, this indicates the occurrence of amine−surface
interactions, in which the longer chain length of adsorbed
6AHPA might sterically block or shield a larger area of binding
sites (e.g., surface hydroxyl groups, Ti centers) for other
6AHPA molecules. This could be a possible explanation for the
decreasing modification degree in function of the alkyl chain
length.
3.2. Surface Bonds and Surface Interactions at the

Level of the Phosphonate Moiety. DRIFT analysis is
performed to confirm the presence of grafted AMPA, 3APPA,
and 6AHPA groups and evaluate differences in their surface
binding. For the sake of clarity and without affecting the main
conclusions, only the DRIFT spectra of grafted samples at a
concentration of 20 mM at 50 °C are shown and discussed
(Figure 1). The strong similarities with the DRIFT spectra of
grafted samples at a higher concentration (150 mM) or higher
temperature (90 °C) are shown in Figures S4 and S5,
respectively. The presence of the aminomethyl, aminopropyl,
and aminohexyl chains can be evidenced in the alkyl
deformation region (1480−1400 cm−1). For 3APPA- and
6AHPA-grafted samples, three signals are visible at 1412, 1448,
and 1465 cm−1 corresponding to the methylene group bonded
to the phosphonate moiety (−CH2−P), the methylene group
bonded to the NH2 functionality (−CH2−N), and the
methylene groups bonded to adjacent carbon atoms (C−
CH2−C), respectively.58 Only one signal at 1434 cm−1 is
present for AMPA, in agreement with the P−CH2−N
environment.

The surface binding and interaction can be evaluated by
comparing the P−O regions (1300−900 cm−1). Similarities are
observed in the pattern of the P−O region of 3APPA20mM50
and 6AHPA20mM50, which are characterized by a super-
position of at least three absorption bands at 1116, 1042, and
990 cm−1. However, for AMPA20mM50, differences are

Table 1. Calculated Modification Degree Based on ICP-OES
Analysis for Hombikat M311 Modified with Different
Concentrations of AMPA, 3APPA, and 6AHPA in Water at
50 and 90 °C, Expressed as Number of Grafted Groups per
nm2 (#/nm2)a

T (°C) C (mM) AMPA (#/nm2) 3APPA (#/nm2) 6AHPA (#/nm2)

50 20 0.9 0.6 0.4
75 1.3 0.7 0.5
150 1.7 0.9 0.5

90 20 1.0 0.8 0.5
75 1.5 0.9 0.7
150 1.7 1.1 0.7

aExperimental error of 0.1 #/nm2.

Figure 1. DRIFT spectra of AMPA20mM50, 3APPA20mM50, and 6AHPA20mM50. Offset has been used to visualize the spectra more clearly.
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observed in the positions of the absorption bands and their
relative intensities. Instead of the signal at 990 cm−1, two
absorption bands become visible at 1008 and 970 cm−1. In
addition, the band at 1116 cm−1 for 3APPA and 6AHPA is not
resolved for AMPA, while two new signals become visible
around 1153 and 1184 cm−1. The different P−O region of
AMPA-grafted samples suggests differences in its surface
adsorption and associated conformations, compared to
3APPA and 6AHPA. In spite of these observations, only
qualitative insights can be obtained since peak assignments to a
particular conformation are difficult. Indeed, a plethora of
hydrogen bonding and other non-covalent interactions are
possible.

To gain further experimental insights into the surface
bonding of the phosphonate moiety, solid-state 31P NMR
spectroscopy has been applied. Figure 2 shows the 31P CP-
MAS spectra of Hombikat M311 grafted with AMPA, 3APPA,
and 6AHPA at concentrations of 20, 75, and 150 mM at 50 °C.
Broad asymmetric signals originating from the many different
chemical environments of the phosphorus atom can be
associated with different binding modes and surface con-
formations. The AMPA-grafted samples, prepared at different
concentrations, are similar in the 31P NMR spectra (Figure
2A). They are characterized by a main resonance at 9.0 ppm
which is clearly shifted upfield with respect to the precursor
resonance signal at 18.2 ppm. In addition, a downfield shoulder
between 18 and 26 ppm is present for all samples, which is
composed of at least two underlying signals at 21.0 and 23.5
ppm for AMPA20mM. With increasing concentration, the
relative contribution of this shoulder decreases and the 23.5
ppm signal gradually decreases in intensity until it is absent for
AMPA150mM.

The 31P CP-MAS spectra of 3APPA-grafted Hombikat
M311 (Figure 2B) have been described in detail in previous
work,55 and only the main findings will be given here.
Compared to the sharp resonance signal at 25.1 ppm of pure
3APPA (Figure S6), 3APPA20mM50 and 3APPA150mM
reveal a broad envelope between 35 and 12 ppm with a main
resonance signal at 25.5 ppm. These broad signals could be
correlated to a wide range of intra-adsorbate, inter-adsorbate,
and adsorbate−surface interactions in addition to the mono-
and bidentate bonding of the phosphonic group.55 This creates

a plethora of surface conformations with each a slightly
different phosphorus environment. Furthermore, 3AP-
PA150mM shows a broad band of multiple signals between
10 and −10 ppm which can be tentatively assigned to layered
titanium aminopropylphosphonate structures, formed via a
dissolution−precipitation reaction.27,59

The pure 6AHPA precursor has a sharp resonance signal at
31.2 ppm. Similar to 3APPA, upon grafting, a broad envelope
is visible between 38 and 14 ppm, but with a sharper main
resonance signal at 30 ppm and an upfield shoulder centered
around 22 ppm (Figure 2C). The sharper signal could indicate
a relative lower diversity in surface conformations as compared
to 3APPA. It can be observed that the main resonance signal of
3APPA- and 6AHPA-modified samples are only slightly shifted
with 0.4 and 1.2 ppm from the resonance signal of their pure
precursor, respectively. In contrast, the clear upfield shift of the
main resonance for AMPA-modified samples indicates the
presence of other surface interactions that distort the
phosphonate environment, which is in agreement with the
results from DRIFT. Such upfield shifts have previously been
assigned to conformations in which the amine group is folded
back towards the surface, perturbing the phosphorus environ-
ment significantly.55 Hence, these results could hint toward a
predominant presence of grafted AMPA groups with amine−
surface interactions, contrary to the expectation that the short
chain length of AMPA would disfavor such interactions.
3.3. Chemical State(s) of the Amine Group. Both

DRIFT and XPS were used to gain insights into the chemical
state(s) of the amine functionality and to which extent this was
affected by the modification conditions and chain lengths. In
the DRIFT spectra of AMPA20mM50, 3APPA20mM50, and
6AHPA20mM50 (Figure 1), the bending vibration of NH2
around 1582 cm−1 is visible as a shoulder on the intense
deformation mode of molecularly adsorbed water (1622
cm−1).60,61 In addition, in the region between 1540 and
1490 cm−1, a broad absorption signal centered at 1520 cm−1 is
present for all samples, which can be assigned to the
asymmetric deformation vibration of NH3

+ moieties.62,63

Unfortunately, evaluating the relative contribution of the
NH2 and NH3

+ signals for the different chain lengths is
hampered due to the strong interference of adsorbed water.

Figure 2. 31P CP-MAS spectra of Hombikat grafted with AMPA (A), 3APPA (B), and 6AHPA (C) at concentrations of 20, 75, and 150 mM at 50
°C. The main position of the pure amino-alkylphosphonic acid precursor is indicated with a blue dotted line.
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It has to be noted that DRIFT spectra taken at elevated
temperatures can diminish the interference of water. There-
fore, spectra were also recorded at 100 and 200 °C under
vacuum (Figure S7). Upon increasing temperature, the relative
intensity of the water signal decreases but remains visible at
200 °C for each chain length. Nevertheless, evaluating
differences in the DRIFT spectra at elevated temperatures
between the chain lengths can result in misinterpretations since
changes in the hydration degree have been reported to alter the
local phosphorous environments and conformations of amino-
propylphosphonic acid-modified TiO2.

55

XPS analysis of the N 1s region reveals semi-quantitative
information on the amine speciation. The N 1s spectra of the
pure starting precursors are shown in Figure S8. Figure 3
depicts the N 1s spectra of the modified samples at 20, 75, and
150 mM at a temperature of 50 °C. Upon grafting, a broad
asymmetric band appears in the N 1s spectra for each chain
length and concentration, composed of two contributions at
399.5 eV (±0.1 eV) and 401.4 (±0.1 eV) upon peak

deconvolution. The former component originates from non-
interacting NH2 groups, while the latter component can be
assigned to NH3

+ groups.64

The AMPA-modified samples are characterized by an
increase in relative intensity of the NH3

+ signal with increasing
concentration, as visible in the overlay of the normalized N 1s
spectra in Figure 3A1. This gradual increase is also visualized
by the N 1s spectra of each concentration after peak
deconvolution (Figure 3A2). Based on the relative areas of
the fitted NH2 and NH3

+ components, a decrease in the NH2/
NH3

+ ratio from 62:38 to 50:50 is found with increasing
concentration from AMPA20mM50 to AMPA150mM50. The
results of peak deconvolution are depicted in Table 2. As
already reported for 3APPA-grafted samples in previous work55

and shown in Figure 3B1, the normalized N 1s spectra of
3APPA20mM50 and 3APPA150mM50 overlap. This corre-
sponds to a fixed NH2/NH3

+ ratio of 65:35 (±2 to 3%) upon
peak deconvolution. As an example, the peak deconvoluted
spectrum of 3APPA150mM50 is shown in Figure 3B2. Similar

Figure 3. Normalized (first row) and peak deconvoluted (second row) N 1s spectra of AMPA (A1,A2), 3APPA (B1,B2), and 6AHPA (C1,C2)
grafted Hombikat M311 at 50 °C at concentrations of 20 mM (green spectra), 75 mM (blue spectra), and 150 mM (black spectra).

Table 2. Summarizing Overview of Modification Degrees, NH2 and NH3
+ Percentages from XPS, Adsorption Capacities (Qt),

and Calculated Adsorption Efficiencies (Pd/N Ratio) for Hombikat M311 Grafted with AMPA, 3APPA, and 6AHPA at
Concentrations of 20, 50, and 150 mM and a Temperature of 50 °Ca

mod. degr. XPS (%)

precursor conc. (mM) N (mmol/g) NH2 NH3
+ NH2(mmol/g) Qt(mmol/g) Pd/N ratio

AMPA 20 0.46 62 38 0.29 0.22 ± 0.02 0.49 ± 0.03
75 0.64 55 45 0.35 0.23 ± 0.02 0.36 ± 0.02
150 0.82 50 50 0.41 0.22 ± 0.02 0.27 ± 0.02

3APPA 20 0.32 65 35 0.21 0.07 ± 0.01 0.21 ± 0.02
75 0.36 65 35 0.23 0.07 ± 0.01 0.18 ± 0.03
150 0.42 65 35 0.27 0.09 ± 0.01 0.22 ± 0.02

6AHPA 20 0.20 75 25 0.15 0.13 ± 0.01 0.66 ± 0.05
75 0.24 75 25 0.18 0.14 ± 0.01 0.60 ± 0.04
150 0.24 75 25 0.18 0.15 ± 0.01 0.63 ± 0.04

APTES 98 1.70 n.d. n.d. n.d. 0.44 ± 0.01 0.26 ± 0.01
aThe comparison is made with an APTES-grafted sample. The Qt values and Pd/N ratios are based on the Pd sorption experiments at pH 5 (cfr.
Figure 6).
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to 3APPA, no significant impact of the concentration is found
in the normalized N 1s spectra for the 6AHPA-modified
samples at 20, 50, and 150 mM (Figure 3C1). However, one
can note the smaller relative contribution of the NH3

+ signal
associated with a fixed NH2/NH3

+ ratio of 75:25 (±2 to 3%)
compared to the shorter chain lengths. This is also clearly
illustrated by comparison of the peak deconvoluted spectrum
of 3APPA150mM50 (Figure 3B2) and 6AHPA150mM50
(Figure 3C2).

The aforementioned results indicate differences in the type
and relative amount of specific interactions in which the amine
functionality is involved and its correlation to the surface
conformations for the different chain lengths. Firstly, the
overlap of the normalized N 1s spectra for the different
concentrations in both 3APPA and 6AHPA suggests that the
relative contribution of specific surface conformations is
independent of the concentrations of these precursors.
However, it should be noted that this reasoning is only valid
if the different surface conformations have a sufficient
difference in binding energy since different surface con-
formations could also be associated with similar N 1s binding
energies. This is further complicated by the fact that hydrogen-
bonded amine groups are difficult to assign via XPS since the
precise peak position and the contribution to the N 1s
spectrum depends on the interaction strength. Nevertheless,
the 10% lower fraction of NH3

+ species for 6AHPA compared
to 3APPA can be indicative of a lower relative amount of
conformations in which the alkyl chain is folded towards the
surface, enabling the formation of NH3

+ groups. This is in
agreement with the more narrow peak in 31P CP-MAS NMR
spectra and the smaller contribution of the upfield shifted
signal with respect to the main resonance. However,
surprisingly, the highest relative amount of NH3

+ groups is
found for AMPA, which suggests the presence of specific
stabilizing interactions for the conformations involving NH3

+

groups. These interactions seem to be further favored with
increasing concentration (and associated increasing modifica-
tion degree) given the increasing relative fraction of NH3

+

moieties.
3.4. Zeta Potential Measurements. Zeta potential

measurements on native Hombikat M311 and AMPA-,
3APPA-, and 6AHPA-modified samples provide qualitative
insights on the proton-exchange properties and the accessi-
bility of the introduced amine functionality based on the zeta
potential as a function of pH. As can be observed from Figure
4, native Hombikat M311 (black squares) exhibits an IEP at
6.5. This value is in agreement with the range of literature-
reported IEP values between 5 and 7 for unmodified TiO2
powder.65−68 The observed IEPs upon grafting with the
amino-alkylphosphonic acids resemble a combination of acidic
P−OH groups and alkaline NH2 groups. Grafting with
propylphosphonic (3PPA), that is, the amine-free analogue
of 3APPA, results in IEPs of 5.2 and 4.3 for a precursor
concentration of 20 and 150 mM, respectively (Figure 5).
Since the phosphonate group (PO3H2) of 3PPA is the only
functionality possibly affecting the zeta potential, the decrease
of the IEP upon 3PPA grafting can be solely ascribed to the
presence of free/unbound Brönsted acidic P−OH groups. As
shown in Figure 4 for 3APPA-modified samples at 20 and 150
mM (blue curves), it appears that the modification results in
little to no shift in the IEP compared to native Hombikat
M311, illustrating the combined impact of P−OH and NH2
groups on the measured zeta potential.

When comparing the zeta potential curves for the different
chain lengths at a similar precursor concentration, a shift of the
zeta potential curve to lower pH values is observed with
decreasing chain length. This is also shown by the decrease of
the IEPs with decreasing chain length in Figure 5. From pH
titrations of the pure amino-alkylphosphonic acid precursors
(Figure S9), the pKa values of the two P−OH groups and the
NH2 group were determined (Table S1). The decreasing pKa
value from 2.3 to 1.7 of the first dissociating P−OH group with
decreasing chain length could possibly contribute to the
decreasing trend in IEP values. However, when acid−base
groups are confined on a solid support, the effective pKa can
differ from the value obtained in the bulk liquid phase. Shyue
et al.69 obtained effective pKa values as low as 3 for amine

Figure 4. Zeta potential as a function of pH for native Hombikat
M311 (black squares) and aminoalkyl-PA-grafted Hombikat M311 at
20mM (A) and 150 mM (B): AMPA (green), 3APPA (blue), and
6AHPA (orange). The dashed black line at ζ-potential = 0 is present
to visualize the IEP more clearly.

Figure 5. IEPs for unmodified Hombikat (gray), propylphosphonic
acid-grafted Hombikat M311 (3PPA), and the aminoalkyl-PA-grafted
samples (AMPA, 3APPA, 6AHPA). Orange- and green-colored
columns represent samples grafted at 50 °C at 20 and 150 mM,
respectively.
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groups in aminosiloxane-grafted silica. This can be explained
by a protonated amine group suppressing the ionization of an
adjacent neutral group, resulting in pKa values that depend on
the pH of the surrounding medium (which is not the case for
amines in solution).

Given the different chemical states and interactions in which
the amine groups are present at the surface (XPS), combined
with the different phosphonate environments (31P NMR), it is
highly likely that a variety of effective dissociation constants
(pKa,eff) are present for the amine groups and P−OH groups.
Combined with the macroscopic nature of zeta potential
measurements, revealing an averaged surface charge, the
precise individual contribution of the amine groups on the
zeta potential for each precursor remains elusive.
3.5. Correlation with Palladium Sorption. Based on all

data, an impact of the chain length of the amino-
alkylphosphonic acid is apparent. Moreover, for AMPA, a
much larger difference in surface properties can be observed in
comparison to 3APPA and 6AHPA based on the 31P NMR and
XPS data. These differences might have an impact on the
performance in application. Therefore, in order to probe the
amine accessibility in an aqueous environment, that is,
resembling application-related conditions, metal adsorption
experiments were conducted. Pd was selected as a probe since
it was reported to have a high affinity for nitrogen-based
functionalities, while possessing a negligible affinity for oxygen-
containing groups (e.g., Ti−OH, P−OH groups).70,71

At first, the impact of the pH on the adsorption capacity is
studied in the pH region of 2−5 since Pd is able to form stable
chloro-complexes such as PdCl2, PdCl3−, and PdCl42− under
these conditions.72 The Pd speciation strongly depends on the
chloride concentration and pH, and therefore, a fixed chloride
concentration (0.1 M) is maintained to ensure that PdCl42− is
the predominant complex at each pH (Figure S10).73Figure 6
plots the impact of the pH on the adsorption capacity for
AMPA-, 3APPA-, and 6AHPA-grafted samples at different
concentrations (20, 50, 150 mM) and temperatures (50, 90
°C). It should be noted that the initial Pd concentration of 250
mg/L is higher than in real applications to avoid the complete
depletion of Pd after adsorption. The adsorption capacity for
all samples is the highest at pH 4 and 5. Previous studies on
the adsorption of Pd on amine-based sorbents ascribed the
lower adsorption capacity at acidic pHs (2−3) to a stronger

competition between chloride ions and PdCl42− on the
interaction with protonated amine groups.74,75 The adsorption
mechanism can occur through an electrostatic attraction
between positively charged amine groups and negatively
charged PdCl42− complexes and/or via a coordinative/
chelation mechanism.76 Therefore, it is difficult to assess the
prevalence of either adsorption mechanism, but it is clear that
charge effects might play a role due to the lower sorption
capacities at pH 2 and 3 for all materials.

For the same functional group, no difference in behavior
dependent on the synthesis conditions seems to be present for
the AMPA (Figure 6A) and 6AHPA samples (Figure 6C),
taking into account the experimental error, except for 3APPA
(Figure 6B), where a slightly higher sorption capacity is
observed at 90 °C. The underlying reason remains yet to be
elucidated. The APTES-grafted sample (Figure 6D) also shows
a maximal adsorption capacity at pH 4 and pH 5, while
revealing a much higher adsorption capacity than all PA-
modified samples. The 3APPA-grafted samples seem to behave
slightly different from the other PA-grafted samples as the
maximal adsorption capacities are found at pH 4 and a slightly
lower value is obtained at pH 5.

From an application point of view, the APTES-grafted
sample would be the most viable material given the highest
adsorption capacities of 0.45 mmol/g compared to AMPA
(Qaverage = 0.25 mmol/g), 3APPA (Qaverage = 0.15 mmol/g),
and 6AHPA (Qaverage = 0.17 mmol/g). However, from the
perspective of studying the surface properties−performance
correlation of phosphonic acid-modified materials, it is of
importance to compare the adsorption efficiency in relation to
differences in surface properties and hence amine accessibility.
Therefore, the adsorption efficiency is defined as the amount of
adsorbed Pd in function of the modification degree (i.e., Pd/N
ratio), both expressed in mmol/g. This enables a representative
comparison between samples with a different modification
degree. The adsorption efficiencies are calculated based on the
adsorption capacities at pH 5. An overview of the calculated
adsorption efficiencies for samples modified at 20, 50, and 150
mM at 50 °C is shown in Table 2. The highest adsorption
efficiencies were obtained for the 6AHPA-grafted samples
(0.66−0.60), with similar calculated Pd/N ratios for each
concentration within the experimental error. For AMPA-
grafted samples, Pd/N ratios between 0.49 and 0.27 were

Figure 6. Effect of pH on the adsorption capacity for Pd (mmol/g) of Hombikat grafted with AMPA (A), 3APPA (B), 6AHPA (C), and APTES
(D). pH = 2 (red), pH = 3 (green), pH = 4 (blue), and pH = 5 (orange). Adsorbent dose: 2.5 g/L, t = 24 h, and CPd = 250 mg/L. Under complete
Pd depletion, an adsorption capacity of 0.94 mmol/g would be obtained.
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found, characterized by a decrease in the adsorption efficiency
with increasing precursor concentration. The lowest adsorp-
tion efficiencies are obtained for 3APPA-grafted samples,
varying between 0.22 and 0.18. Moreover, although the higher
modification degree for APTES-grafted Hombikat (i.e., 1.7
mmol/g) causes a high adsorption capacity (Figure 6), the
adsorption efficiency (Pd/N) was only around 0.26, being
slightly higher than that for 3APPA-grafted samples but only
half of that of 6AHPA. Given the high surface coverage of
amine groups for APTES, the relatively low adsorption
efficiency might be (partly) ascribed to the participation of
two amine groups in the adsorption of one Pd complex.
Furthermore, also the formation of ring-type structures at the
surface, as reported by earlier experimental and computational
reports, could be responsible for the lower adsorption
efficiency, herein caused by the interaction of amine groups
with silanol groups.77,78

Based on the aforementioned results, the adsorption
efficiency increases in the order of APTES ≈ 3APPA <
AMPA < 6AHPA. The decrease in adsorption efficiency for
AMPA with increasing concentration (i.e., increasing mod-
ification degree) seems to be associated with changes in the
surface chemistry. This can encompass a combination of
multiple aspects, such as changes in the adjacent distance
between grafted AMPA groups possibly affecting the number
of interacting amine groups for adsorption of a Pd complex
(cfr. APTES) or changes in the chemical state(s) and
interactions in which the amine groups are involved. Next,
given the modification degree and the XPS NH2/NH3

+ ratios
for the different chain lengths and concentrations, it is of
interest to assess if the absolute number of free NH2 groups
(i.e., modification degree multiplied by the fraction of free
NH2 groups determined by XPS) correlates to the adsorbed
amount of Pd (Table 2). However, no straightforward
correlation can be found for the different precursors.
Therefore, although XPS gives important insights into
differences in chemical states of the amine functional group
between different chain lengths and modification conditions, it
cannot be applied to predict the adsorption performance.
Clearly, other chain length-dependent interactions and proper-
ties at the surface affect the adsorption efficiency. For example,
amine groups can be involved in different types and strengths
of interaction (e.g., inter- and intra-adsorbate and amine−

surface interactions) depending on the chain length and
modification conditions, resulting in differences in the ease of
breaking amine−surface interactions in favor of the interaction
with a Pd complex.
3.6. pH Stability of the Grafted Amino-Alkylphosph-

onates and Comparison with APTES. Parallel with the Pd
adsorption experiments in function of pH (Figure 6), the
concentration of leached phosphorus in the eluates was
measured at each pH to evaluate and compare the pH stability
of grafted AMPA, 3APPA, and 6AHPA. Samples modified at
the three concentrations (20, 75, and 150 mM) and at 90 °C
are discussed. In addition, the comparison between 3APPA
and APTES is made to assess the pH stability of an
organosilane and organophosphonic acid-grafted TiO2 surface.
Figure 7 depicts the relative loss of grafted organic groups for
each modification condition and chain length, defined as the
relative amount of leached phosphorus (for the PAs) or silicon
(for APTES) with respect to the initial amount after grafting.
At pH 2, a similar range of leaching (10−15%) is found for all
PA-modified materials, except for AMPA20mM90, where only
a relative loss of 4% is obtained. At higher pH values, a clear
decrease in the degree of leaching is visible for each chain
length and concentration. Interestingly, there seems to be a
correlation between the leaching percentage and the chain
length. At pH values between 3 and 5, AMPA75mM90 and
AMPA150mM90 exhibit a leaching between 8 and 10%,
followed by 6−3% for 3APPA-grafted samples and 4−2% for
6AHPA-grafted samples.

It should be mentioned that no differences in the extent of
washing after grafting between the different amino-alkylphos-
phonic acids are found. Therefore, the measured phosphorus
concentration during pressure filtration is compared between
AMPA and 6AHPA for the highest (150 mM) concentration at
both 50 and 90 °C (Figure S3). When looking at the
phosphorus concentration at the last washing step, that is, a
total volume of 2 L, similar phosphorus concentrations
between 2 and 4 mg/L are found in the eluates for both
AMPA and 6AHPA. This reveals a similar extent of washing,
and therefore, the observed differences in leaching degrees
shown in Figure 7 are likely related to chain-length-dependent
surface interactions.

These results can indicate that adsorbed AMPA possesses a
lower binding strength with TiO2 compared to 3APPA and

Figure 7. Leaching degree* (%) of grafted groups from AMPA (A), 3APPA (B), 6AHPA (C), and APTES (D) grafted Hombikat M311 during the
Pd adsorption experiments (cfr. Figure 6). *The leaching degree was calculated based on the phosphorus and silicon concentrations in the eluates
after adsorption, measured by ICP-OES.
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6AHPA. On the other hand, given the more hydrophilic nature
of AMPA, stronger and/or more hydrophilic sites can be
present at the surface, enhancing interactions with water and
promoting hydrophilic attack of Ti−O−P bonds. A plausible
hypothesis could be that the increasing chain length could be
associated with a higher fraction of hydrophilic surface sites
sterically blocked for interactions with water due to the
presence of the ring-type structures. When looking at the pH
stability of APTES-grafted Hombikat M311, 65−70% of the
grafted groups were leached from the surface at pH 2. This also
explains the low adsorption capacity for Pd at pH 2 (Figure 6).
Furthermore, this illustrates the limited applicability of this
grafting methodology for applications in acidic pH < 3. These
results are in agreement with the lower hydrolytic stability of
Ti−O−Si bonds compared to Si−O−Si bonds.16 Several
strategies can be investigated to increase the stability, such as
end capping of residual Ti−OH groups or the use of amino-
organosilanes with longer chain lengths to increase the
hydrophobic character.

4. CONCLUSIONS
This study has been focused on unraveling the synthesis−
properties−performance correlation for amino-alkylphos-
phonic acid-grafted TiO2 in Pd adsorption using aminomethyl
(AMPA), 3-aminopropyl (3APPA), and 6-aminohexylphos-
phonic acid (6AHPA). The decreasing modification degree
with increasing chain length under similar synthesis conditions
hints toward the presence of folded conformations (e.g.,
amine−surface interactions) that shield a larger area of surface
binding sites. Next, AMPA reveals a peculiar behavior as it
reveals the highest NH3

+/NH2 ratio in XPS, which also
increases with increasing precursor concentration. In solid-
state 31P NMR, AMPA exhibits a strong upfield shift,
evidencing significantly perturbed phosphorus environment(s),
while the spectra of 6AHPA and 3APPA consist of a broad
signal centered around the position of their pure precursor.
The underlying surface interactions between AMPA and TiO2
that are responsible for the distinct behavior of AMPA cannot
yet be explained.

The impact of the chain length is also evidenced via Pd
adsorption experiments, revealing an increasing adsorption
efficiency (Pd/N ratio) in the order of 3APPA < AMPA <
6AHPA. While the adsorption efficiency is unaffected by the
modification concentration for 3APPA and 6AHPA, AMPA
shows a decreasing adsorption efficiency with increasing
concentration, which might be in line with the distinct
difference in synthesis−surface properties. The absence of a
straightforward correlation between the number of free NH2
groups (determined via XPS) and the adsorption capacity
indicates that chain-length-dependent interaction types and
strengths of the amine groups affect the possibility of
interaction with Pd. While the surface coverage for AMPA is
twofold and threefold higher than that for 3APPA and 6AHPA,
respectively, it shows the lowest pH stability. This could be
ascribed to a lower binding strength of AMPA with TiO2 due
to its higher hydrophilic nature or to the formation of more
and stronger hydrophilic sites that promote the interaction
with water for hydrolytic attack. In addition, although an
APTES-modified sample shows a two- to threefold higher
adsorption capacity than the PA-modified samples, the 65−
70% leaching of grafted APTES groups at pH 2 illustrates its
limited applicability under acidic conditions. This work reveals
the need for further experimental and computational

approaches to investigate the underlying mechanisms and the
competitive interplay between amine−surface and amine−
palladium interactions during adsorption.
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