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Straightforward solid-phase modification of TiO,
with propylphosphonic acid via manual grinding
and shaker mixing: enhancing modification degree
by thermal control while improving atom
economy
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Grafting organophosphonic acids (PAs) on metal oxides has shown to be a flexible technology to tune the
surface properties of metal oxides for various applications. The solvents applied in the commonly used
synthesis method have associated impeding effect on tailoring the resulting modification degree. In this
work, an alternative solid-phase manual grinding method is proposed that (i) is straightforward, (i) can
achieve controllable and higher modification degree, and (iii) excludes the use of solvent during the syn-
thesis. Specifically, propylphosphonic acid (3PA) was grafted onto titania by manual grinding, and different
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modification degrees were obtained by varying the duration of the post-synthetic thermal treatment.
Importantly, the solid-phase method can achieve a modification degree that is 25.0% higher than the
maximal modification degree reached by the liquid-phase method, while its atom utilization efficiency is
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Introduction

Surface modification with organic molecules is a flexible
method to adjust the surface properties of metal oxides
(MOx)."* Organophosphonic acids (PAs) are of particular inter-
est, as the formed M-O-P bonds possess a higher hydrolytic
and thermal stability than the bonds resulting from other
organic modifiers, such as organosilanes, thiols, and car-

“School of Resources and Safety Engineering, Wuhan Institute of Technology,

Wuhan 430074, China

bLaboratory for Adsorption and Catalysis (LADCA), Department of Chemistry,
University of Antwerp, Universiteitsplein 1, 2610 Wilrijk, Belgium.

E-mail: angjinxin@yeah.net, vera.meynen@uantwerpen.be

“Center for Membrane Separations, Adsorption, Catalysis, and Spectroscopy KU
Leuven, University of Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium

9Flemish Institute for Technological research, VITO NV, Boeretang 200, 2400 Mol,
Belgium

“Materials and Chemistry, Electrochemical and Surface Engineering,

Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium

INMR Group, Applied and Circular Chemistry, Hasselt University,

Campus Diepenbeek — Gebouw D, 3590 Diepenbeek, Belgium

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4gc03330b

iSchool of Electrical and Electronic Engineering,
Technology, Wuhan 430068, China (current address).

Hubei University of

This journal is © The Royal Society of Chemistry 2024

4.8 times (toluene-based) or 7.5 times (water-based) that of the liquid-phase method.

boxylic acids.”™® PAs-modified metal oxides thus have been

used in various applications, ranging from adsorption,”®
separation,”'? catalysis'*" to biosensors."?

The P-OH groups and phosphoryl oxygen atoms (P=0) of
the PAs can interact and bond (grafting) with the reactive sites
(i.e., hydroxyl groups and Lewis acid sites) on metal oxides
supports (via different routes, see Scheme 1)."">'* However, in
a typical PAs surface modification method, solvents (water or
organic solvents) are applied that can also create (competitive)
interactions with these hydroxyl groups and Lewis acid sites
on supports as well as with the applied solute (type of phos-
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Scheme 1 Examples of organophosphonic acids (PAs) surface modifi-
cation process, adapted from ref. 1, with the permission from the John
Wiley and Sons.
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phonic acid), which can limit the resulting modification
degree.*”"” Nevertheless, in some applications, a higher modi-
fication degree is desired, as it can lead to a better perform-
ance, e.g., in CO, adsorption,'® Pd recovery,'® etc. Hence, to
achieve a higher modification degree, the concentration of PAs
or the reaction temperature needs to be elevated.'> However,
this results in increasing costs, particularly when increasing
their concentration, as PAs are expensive reagents (e.g., propyl-
phosphonic acid used in this study costs ~ 38 € per g).
Importantly, an increase in concentration or temperature is
also restricted to the solubility of the PAs in the solvent and
the boiling point of the solvent. Moreover, solvent itself, such
as organic solvents, might pose environmental harm or health
risks.?® Furthermore, depending on the type of PAs and pH, at
high concentration (e.g., 0.1 M) of PAs and/or high reaction
temperature (e.g., >90 °C) in aqueous systems, metal oxides
can be partially dissolved promoting the formation of layered
titanium phosphonate phase(s) by a dissolution-precipitation
side reaction at the surface,"*'>*' which might influence the
performance of the modified materials.

To mitigate the negative impact of solvents on grafting,
some researchers have attempted to reduce their usage during
the synthesis process.>*>* Hanson et al. introduced the T-BAG
method (tethering by aggregation and growth), improving the
grafting of octadecylphosphonic acid (ODPA) onto the Si (SiO,/
Si) that was less affinity to PAs.*> The ODPA solutions, with the
support inside, evaporated slowly (approximately 3 h, relative
humidity < 16%) until the support could not be submerged
anymore. Next, a heating at 140 °C (2 days) was carried out to
enhance the bonding between the PAs and the Si (SiO,/Si).
This method demonstrated the formation of a ODPA mono-
layer on Si (SiO,/Si) support. However, the grafting was sensi-
tive to moisture (interface water concentration), making the
method plagued by inhomogeneity due to poorly controlled
humidity levels.*

Researchers have also attempted to completely omit the
use of solvents during the synthesis process,”>>° but new pro-
blems rise and the use of uncommon equipment is also
necessary and/or more complex synthesis procedures are
required. For instance, Fischer et al. and Betke et al. validated
the feasibility of grafting phenylphosphonic acid (PhPA) onto
TiO, via reactive milling using a high-energy planetary ball
milling setup. They investigated the influence of milling para-
meters, such as the materials of the grind bowl, the grinding
sphere, rotation speed etc., on the resulting crystal phase of
TiO, and modification degrees.”””*® However, the crystal phase
of TiO, changed from anatase to rutile after the modification
due to the high-energy vibrational impact of the process.>”>°
This can be a drawback for applications, e.g., anatase TiO, out-
performs than rutile in photocatalytic degradation of volatile
organic compounds.**> Moreover, Gupta et al. used special
vacuum vapour deposition to achieve the deposition of mono-
layers of n-octylphosphonic acid (C8PA) onto the surface of
AlO,, but no specific modification degree was provided.?®

In this study, a straightforward manual grinding method is
proposed to provide a controllable and higher modification
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degree of PAs on metal oxides. It not only avoids the impeding
effect of a solvent, but also preserves the crystal phase of the
support. Moreover, it increases the greenness of the modifi-
cation method as the use of solvent is avoided during the
modification process and a higher atom efficiency can be
achieved, while using the same or lower PA/TiO, ratio.
Specifically, propylphosphonic acid (3PA) was grafted onto a
commercially available TiO, support, P25, by the proposed
manual grinding method, followed by a thermal treatment (of
different durations) to achieve different modification degrees.
The material properties obtained after each synthesis step,
including manual grinding, washing, and thermal treatment,
were elucidated by (in situ) diffuse reflectance infrared Fourier
transform (DRIFT), thermogravimetric analyses (TGA) coupled
with mass spectrometry (MS), solid-state *'P-MAS (magic angle
spinning) NMR, X-ray powder diffraction (XRD) and scanning
electron microscope (FEG-ESEM) measurements. Therefore,
the role of every step during the solid-phase modification is
thoroughly revealed. Additionally, the reproducibility of the
proposed method was validated by characterizing samples pre-
pared from different batches. The obtained 3PA-modified TiO,
is compared with those prepared by conventional liquid-phase
water- or toluene-based methods, demonstrating that the pro-
posed method is not only straightforward but also more atom
economic. To proof that the method can also be used for other
types of PAs, another organophosphonic acid, phenylphospho-
nic acid (PhPA), was grafted onto TiO,.

Experimental section
Materials

Propylphosphonic acid (3PA) and phenylphosphonic acid
(PhPA), see Scheme 2, were purchased from Cayman and
Sigma, respectively. Commercial TiO, P25 (Sigma-Aldrich) was
used as the metal oxide support in this work. Toluene, ethanol
(99.9%+, absolute) and acetone (99.5%+, for analysis) were
purchased from Fischer Chemical and Acros, respectively. All
chemicals were used without pre-treatment.

Surface modification

In the case of the solid-phase grafting method, 1 g of TiO, and
0.065 g of 3PA were ground by hand in a mortar for 20 min,
transferred to an open flask and heated at 90 °C in oil bath for
4 h, 24 h, 48 h, 72 h, and 96 h. The reference sample was only
ground but not heated. After grinding and heating, the
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Scheme 2 Chemical structures of 3PA (a) and PhPA (b).
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samples were washed with 3 x 30 mL ethanol and 3 x 30 mL
water, followed by a drying procedure overnight in an oven at
60 °C (ambient conditions). The obtained samples were
denoted as 3PA-G-P25 (without heating), 3PA-G-P25-4 h, 3PA-G-
P25-24 h, 3PA-G-P25-48 h, 3PA-G-P25-72 h, and 3PA-G-P25-
96 h, after 4 h, 24 h, 48 h, 72 h and 96 h of heating,
respectively.

To make a comparison with the solid-phase method, a
liquid-phase method was also applied. During the liquid-
phase synthesis, the same amounts of TiO, and 3PA, as used
in the solid-phase method, were put into an open flask, and
20 mL of solvent (water or toluene, both are good solvents for
3PA) was then added, resulting in a solution of 0.025 M 3PA.
The solution was stirred at 90 °C for X (4, 24, 48, 72, 96) h and
an additional 20 minutes, under reflux conditions. The reac-
tion time X of the liquid-phase method was prolonged by
20 min since the solid-phase method has 20 min of manual
grinding prior to the heating process. When the reaction was
finished, the sample modified in water was washed with 3 x
30 mL water and dried overnight in an oven at 60 °C. For the
samples prepared in toluene, additional washing steps were
applied to remove weakly interacting 3PA. Hence, the samples
were additionally washed with 3 x 30 mL toluene and 3 x
30 mL acetone before the washing steps with water, followed
by drying overnight in an oven at 60 °C. To obtain the highest
modification degree in water and toluene, also experimentally
optimized 3PA concentrations of 0.150 M (water) and 0.100 M
(toluene) were applied.’®'® In both cases, 3PA remained com-
pletely soluble. For convenience of description, samples pre-
pared by the liquid-phase reaction were denoted as 3PA-P25-W
(in water) and 3PA-P25-T (in toluene).

To further look into the solid-phase method, a sample was
prepared through simple mixing with a shaker rather than via
manual grinding to compare with the sample prepared by
manual grinding but without thermal treatment (3PA-G-P25).
No extra thermal treatment was applied for this shaker-mixed
sample (3PA-M-P25) either. The preparation is as follows: 3PA
and P25 were mixed in a digital shaker (VWR, advanced digital
shaker) at a speed of 300 rpm for 20 minutes. The reaction
time, as well as the amounts of 3PA (0.065 g) and P25 (1.0 g)
applied were kept identical to those used for the manually
ground sample, 3PA-G-P25. Subsequently, the mixed sample
was treated with the same washing and drying procedures as
those used for the preparation of 3PA-G-P25.

In addition, to create a blank sample for comparison with
washed 3PA-M-P25 and 3PA-G-P25, some unmodified P25
support underwent the same washing and drying procedure
but without the addition of 3PA.

To extend the solid-phase method, phenylphosphonic acid
(PhPA) was selected as the modifier. The grafting of PhPA on
P25 was achieved by both solid- and liquid-phase (water or
toluene as the solvent) methods. The amount of P25 was 1.0 g
for these two methods, the amount of PhPA was 0.0790 g (75%
less than the required amounts in liquid-phase method) and
0.3162 g (i.e., 0.1 M) for the solid- and liquid-phase methods,
respectively. The reaction temperature was kept at 90 °C for

This journal is © The Royal Society of Chemistry 2024
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both methods, while the reaction time was 48 h and 4 h for
the solid- and liquid-phase methods, respectively. The washing
steps were kept the same as those applied during the 3PA graft-
ing. The modified samples, obtained via the solid- and liquid-
phase methods, were denoted as PhPA-G-P25, PhPA-P25-W
(water-based) and PhPA-P25-T (toluene-based).

Before characterization, the samples obtained after washing
and drying were stored in an Ar atmosphere in a UV-resistant
case, preventing photo- and moist mediated decomposition of
the grafted 3PA.** The characterization of unwashed samples
was performed immediately after the synthesis to minimize
potential changes over time.

Characterizations

Thermogravimetric analyses (TGA) and differential thermo-
gravimetric analysis (DTG) were recorded on a Mettler Toledo
TGA-DSC 3+. The measurements were carried out under a con-
tinuous flow of 02 (30-600 °C, 80 mL min~") or Ar (30-800 °C,
50 mL min~') with a heating rate of 10 °C min~". For the
measurements in Ar atmosphere, a flushing of 30 min at 30 °C
was added prior to the temperature ramping, to remove traces
of oxygen. The modification degree, denoted as #/nm” (i.e.,
groups per nm?), was calculated from the weight loss of
burned hydrocarbon groups in O, by the following formula (1),
since the phosphorus group remains at the surface after
heating.®® The temperature range for the calculation is
240-420 °C or 270-420 °C for 3PA modification, depending on
the samples analyzed. For PhPA-modified P25, the temperature
range for calculating the modification degree is 300-480 °C.
The calculation of the modification degrees excludes the
weight of the titania phosphonate formed by the dissolution-
precipitation process (weight losses at temperature range of
420-475 °C for 3 PA™ or 480-550 °C for PhPA™).

# ) _ Wt% (R) X Ny o 10-18 (ﬁ) (1)

nm2/ MM(R) X Sggr nm?

mod.dg. (

In which wt%(R) is the weight percentage loss of the
organic group, MM(R) is the molar mass of the propyl
(43 ¢ mol™) or phenyl (77 g mol™") group, Sggr is the specific
surface area of P25 (50 m”* g '), and N, (6.02 x 107>* mol™") is
Avogadro’s constant. The experimental error is around
0.1 #/nm” based on five repeated measurements of different
batches of samples."

The atom utilization efficiency (AUE) is calculated as
follows:

AUE =

(2)

mod.°. x SBeT X Mw % 1018 (nmz)
Np X mpa

In which mod. deg. is the modification degree of the
sample (#/nm?), m(PA) and M,, are the amount (g) and the
molar weight (124.08 g mol™" for 3PA, 158.09 g mol™" for
PhPA) of the phosphonic acid used, respectively; Sger is the
specific surface area of P25 (50 m> g™'), and N, (6.02 x 10~%*
mol ™) is Avogadro’s constant. The experimental errors are cal-
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culated as standard deviation errors based on three different
batches of samples.

Thermogravimetric analysis coupled with mass spec-
trometry (TGA-MS) measurements were performed using a
Mettler Toledo TGA-DSC 3+ coupled with a Hiden HPR20
Mass spectrometer. Prior to the Ar measurement, the samples
were purged with an Ar flow of 50 mL min~" for 30 min at
room temperature to ensure a completely inert atmosphere.
The inert atmosphere was confirmed by the oxygen spectra
(m/z = 32) in the MS, with a response lower than 1 x 107",
Then, the temperature was ramped up to 800 °C with a heating
rate of 10 °C min™" under an Ar flow of 50 mL min~". For the
measurements under an O, atmosphere, the samples were
heated from RT to 600 °C with a heating rate of 10 °C min™"
under an O, flow of 80 mL min~". The data was recorded and
analyzed with the EGA software package. The m/z range of
2-150 was collected on the MS with the Secondary Electron
Multiplier (SEM) detector for measurements conducted in
both Ar and O, atmospheres.

The (in situ) diffuse reflectance infrared Fourier transform
(DRIFT) measurements were carried out on a Nicolet 6700
Fourier Transform IR spectrometer (Thermo Scientific),
equipped with an electromagnetic source in the mid-infrared
region (4000-400 cm™") and a DTGS detector. The applied
DRIFT accessory for the measurements at different tempera-
tures was a Praying Mantis High Temperature Reaction
Chamber (Harrick, USA). The resolution was 4 cm™*, and 100
scans were accumulated for each spectrum. The sample holder
contained a 2 wt% diluted sample in KBr, and the sample was
then measured at room temperature (30 °C) after 30 min
under an Ar flow of 50 mL min~" to reduce the amount of
molecular adsorbed water and CO,. All the spectra were nor-
malized with respect to the Ti-O-Ti peak between
1000-800 cm ™" (except for the spectrum of pure 3PA that was
normalized towards its highest peak at 945 cm™).

The in situ DRIFT spectra of undiluted samples at different
temperatures (30 °C to 600 °C) were obtained against a back-
ground of KBr, collected at 500 °C under an Ar flow of 50 mL
min~, using a 30 min constant heating at each temperature.
The spectra of samples were collected when the sample was
cooled back to room temperature to exclude thermal
effects.?**°

Solid-state *'P-MAS (magic angle spinning) NMR spectra
were obtained at room temperature using 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 was carried out at 15 kHz using ceramic zirconia
rotors of 3.2 mm in diameter (22 pL rotors). The phosphorus
chemical shift scale was calibrated to monopotassium phos-
phate (KH,PO,) at 3.9 ppm. Other acquisition parameters
applied were: a spectral width of 60 kHz, a 90° pulse length of
3.4 ps, an acquisition time of 25 ms, a recycle delay time of 20
s and between 3000-5000 accumulations. High power proton
dipolar decoupling during the acquisition time was set at 80
kHz.
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X-ray powder diffraction (XRD) spectra were obtained by a
D8 advance Eco diffractometer (Bruker) equipped with Cu-Ka
radiation (1 = 1.5406 A). The measurement parameters
included a scanning range of 5-80° 26 and a scanning rate of
0.04°/4 s. The software used for Rietveld analysis was X’'pert
highscore plus from Panalytical.

The field emission gun - environmental scanning electron
microscope (FEG-ESEM) was used to characterize the samples’
morphology before and after modification. The applied
measurement parameters comprise 20 kV of accelerating
voltage, 10 mm of measurement distance, 30° take-off angle
and 10 Pa chamber pressure. The samples were sputter-
coated with gold before the measurement. Limited magnifi-
cation (10 000x) was used to allow a sufficiently broad overview
of the particles that are representative for the batch of
materials.

Results and discussion
No thermal treatment, prior to washing and drying

In order to study the role of manual grinding in 3PA modifi-
cation on P25, 3PA-G-P25 (manual grinding with a pestle in a
mortar), 3PA-M-P25 (mixing 3PA and P25 by a shaker instead
of manual grinding, providing much less energy and no
mechanical forces on the system), native P25, and pure 3PA
were analyzed with DRIFT at room temperature (RT) under an
Ar flow (Fig. 1). These samples were measured prior to further
processing by washing or thermal treatment. The spectra of
3PA-G-P25, 3PA-M-P25, and native P25 were measured
undiluted (Fig. 1a, b and e) or as a 2 wt% dilution in KBr
(Fig. S17), to provide qualitative or semi-quantitative analysis,
respectively. The spectra of the undiluted samples display
more prominent signals compared to the diluted samples but
cannot be quantified as signal intensity depends on the depth
of penetration of the reflected IR signal, which is absorption
dependent. The DRIFT measurement of pure 3PA was per-
formed using a 2 wt% diluted sample in KBr (Fig. 1c and d).
All the spectra in Fig. 1 were normalized, the unnormalized
spectra can be found in Fig. S2.7 All the measurements were
performed immediately after the samples’ synthesis to avoid
potential changes over time.

In contrast to native P25, 3PA-M-P25 and 3PA-G-P25 both
show the characteristic peaks of C-H stretching and defor-
mation in alkyl groups between 3000-2800 cm™' and
1500-1300 cm™, respectively,”’ * a band at 1280 cm ™" might
be related to the P-O bond,*®*° and a broad band at
2302 cm™', characteristic for P-OH stretching vibrations
(Fig. 12).>**° The band at 1248 cm ™" (Enlarged in Fig. 1b) and
the subtle shoulder at 1108 cm ™" were exclusively observed for
3PA-G-P25. The band at 1248 cm™" might be assigned to phos-
phoryl vibrations (P=0, a minor signal at 1257 cm™" for pure
3PA in Fig. 1d)* even though DFT calculations proposed a
shift of the bond of free P=0 (1260 cm ™) to much lower wave-
numbers on clean surfaces.*' The small feature at 1108 cm ™"
might be related to P=0 in a bidentate bonding to anatase

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Normalized DRIFT spectra of diluted and undiluted samples were measured under an Ar flow of 50 mL min~* at RT. The spectra of undiluted
3PA-G-P25, 3PA-M-P25, and native P25, before washing and without thermal treatment, are presented in (a), and enlarged spectra of the
1300-1080 cm™ and 3800-3500 cm™ region are shown in (b) and (e), respectively. The spectrum of diluted 3PA (2 wt% in KBr) is shown in (c) of

which a zoom-in of the 1300-1100 cm™ region is shown in (d).

(001)*" or PO, stretching.*> Although reproducible, the band at
1108 cm™" is very small, therefore, the band at 1248 cm™" was
used to highlight the differences between 3PA-G-P25 and
3PA-M-P25. These mentioned signals are not observed for
native P25, while they can be found in the spectra of 3PA
(Fig. 1c). The presence versus absence of a peak at 1248 cm™"
for 3PA-G-P25 and 3PA-M-P25 can be attributed to the manual
grinding process, which is the primary distinction between the
synthesis methods of these two samples.

Additionally, differences in the stretching vibrations of OH
groups between 3750-3600 cm '**** are also visible when
comparing 3PA-G-P25 and 3PA-M-P25. Fig. le shows the
zoomed spectra to display the differences more clearly. 3PA-M-
P25 and P25 reveal a broad absorption band characterized by a
superposition of multiple (partly) overlapping signals at
3720 em™, 3690 cm™*, 3670 cm™?, 3655 cm™ ' and 3630 cm™!
(see Table S17} for specific assignments). In contrast to 3PA-M-
P25 and P25, a similar absorption band pattern, composed of
multiple signals, was absent for 3PA-G-P25, ie., these OH
group signals are barely visible or featureless for 3PA-G-P25.
Therefore, homogeneous mixing during manual grinding of
P25 and 3PA seems to promote the adsorption and grafting of
3PA groups through condensation reactions or hydrogen
bonding. Furthermore, differences in water signal (1620 cm ™
or 1630 cm™") can also be found in 3PA-G-P25, 3PA-M-P25, and
native P25, again suggesting a promotion of the interaction

This journal is © The Royal Society of Chemistry 2024

between 3PA and P25 during the manual grinding process. See
text S17 for detailed analysis.

In order to further correlate the observed changes with
grafting and to confirm the effect of manual grinding on the
modification, in situ DRIFT measurements were performed at
elevated temperatures under an Ar flow (Fig. 2) for the same
samples. All the spectra in Fig. 2 were normalized, the unnor-
malized spectra can be found in Fig. S3.1

Fig. 2a-c display the hydroxyl stretching region between
3800-3500 ¢cm™' and water deformation mode between
1630-1620 cm™'. The hydroxyl signals decrease in intensity
upon increasing temperature, and different evolutions were
observed for 3PA-G-P25 and 3PA-M-P25. The signals of
hydroxyl groups between 3750-3600 cm™" were barely visible
between 150-200 °C for 3PA-G-P25 (Fig. 2a). For 3PA-M-P25
(Fig. 2b), the intensity of OH groups largely decreased from RT
to 250 °C, and became almost invisible between 350-400 °C;
which is higher than the temperature at which the signals dis-
appeared for 3PA-G-P25. However, although the intensity of
OH groups gradually decreased for native P25, these signals
remain pronouncedly present even up to 600 °C (Fig. 2c).
Apparently, the presence of 3PA molecules affects the inter-
action of hydroxyl groups, also when 3PA and P25 are only
mixed via the shaker (3PA-M-P25), indicating that 3PA mole-
cules could condense/interact with hydroxyl groups on TiO,
while heating in situ. The differences in the OH-region in func-
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-1 and

1700-1550 cm™, (d—f) spectra between 3000-2800 cm™ and 1280-1200 cm™.

tion of heat between 3PA-M-P25 and 3PA-G-P25 again suggest
that the manual grinding process already induced the inter-
action or condensation between 3PA and TiO,. Furthermore,
the desorption temperature of surface water (1620-1630 cm™")
was lower for 3PA-G-P25 and 3PA-M-P25 (200-250 °C) than for
native P25 (250-300 °C), suggesting their weaker interactions
with surface water. Fig. 2d-f show the band at 1248 cm™" and
the C-H stretching in alkyl groups between 3000-2800 cm ™" as
a function of temperature for 3PA-G-P25, 3PA-M-P25, and
native P25. The peak at 1248 cm™' became more pronounced
or became visible when increasing the temperature from RT to
250 °C, for 3PA-G-P25 and 3PA-M-P25, respectively. As pre-
viously discussed, the peak at 1248 cm™' is not present for
pure P25 and might be originally situated at 1257 ecm™" for
pure 3PA (Fig. 1), therefore, its presence could be closely corre-
lated with the grafting or H-bond interaction of 3PA with the

10912 | Green Chem., 2024, 26, 10907-10920

surface (covalently bonded via condensation or coordination
of P=O0 to Lewis acid sites or H-bond interaction with surface
OH). As the 1248 cm™" peak is already clearly present after
manual grinding (at RT, 3PA-G-P25) while not present in the
RT spectrum of 3PA-M-P25, but only appears with temperature,
it is suggested that the grafting of 3PA on P25 does not occur
by simple shaker mixing but only forms upon heating the
material in situ. This points again to a difference between
manual grinding and shaker mixing with respect to the inter-
action of 3PA with the TiO, surface. Other changes in
3000-2800 cm™* and 1248 cm ™! can be found in text S2.t

To further confirm the effect of manual grinding on the
modification, to understand the difference with shaker mixing
and to provide insights in the occurring reactions for 3PA-G-
P25 and 3PA-M-P25, TG/DTG-MS analyses were performed
from RT to 800 °C under an Ar flow for these samples (Fig. 3).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 DTG (a) and TG (b) results of 3PA-G-P25, 3PA-M-P25, and native P25, obtained before washing and without thermal treatment. (c—e) The
corresponding DTG-MS results of 3PA-G-P25 (c), 3PA-M-P25 (d), and native P25 (e). The solid and dash-dot lines represent the MS and DTG results,

respectively. TG/DTG-MS were measured under an Ar flow of 50 mL min

Fig. 3a and b summarizes the TG/DTG results of 3PA-G-P25,
3PA-M-P25, and native P25, and their corresponding DTG-MS
results are displayed in Fig. 3c-e.

Different weight losses and maxima were observed in the
(D)TG curves of 3PA-G-P25, 3PA-M-P25, and native P25 (Fig. 3a
and b). In the region of 30-330 °C, 3PA-G-P25, 3PA-M-P25, and
native P25 show divergent weight losses which are all attribu-
ted to the loss of water, according to their water fragment
(m/z = 18) in MS (Fig. 3c—e). The water signals of these three
samples originate from molecular surface water desorption
and (partial) condensation of TiO, surface OH groups
(Fig. 2a—c). For 3PA-G-P25 and 3PA-M-P25, the condensation
between Ti-OH and P-OH (3PA) could also occur in the same
temperature region, by which water would be released. When
closely looking at the DTG maxima between 30-330 °C, both
3PA-G-P25 (Fig. 3c) and native P25 (Fig. 3e) presented two
water signals in this temperature region, while these signals
are less resolved for 3PA-G-P25, which coincides with the lower

This journal is © The Royal Society of Chemistry 2024

-1

water signal at 1630 cm™' and the invisible OH groups

between 3750-3600 cm™" in the DRIFT of 3PA-G-P25 (Fig. 1a
and e). In contrast, three pronounced DTG maxima were
observed for 3PA-M-P25, including the additional DTG
maximum between 270-330 °C, which can be related to the
large decrease in intensity of OH groups between RT - 250 °C
in Fig. 2b. Due to the absence of this signal in native P25, this
weight loss can be attributed to the condensation of the 3PA
with the titania surface, also explaining the higher decompo-
sition temperature of this grafted 3PA (Fig. 3d) compared to
pure 3PA (Fig. S4}). The temperature range for the conden-
sation was lower in in situ DRIFT (between RT and 250 °C
based on the OH signals between 3750-3600 cm™") compared
to that in TG/DTG. This can be caused by the 30 min stabiliz-
ation at each temperature applied in in situ DRIFT, which is
not present in TGA. Thus, the condensation reaction between
3PA and the surface might be affected by the duration of the
heating. Moreover, as suggested by in situ DRIFT, this conden-

Green Chem., 2024, 26,10907-10920 | 10913
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sation reaction of the 3PA with the surface OH-groups on P25
already occurred for 3PA-G-P25 during the manual grinding
process, explaining the absence of the weight loss between
270-330 °C in 3PA-G-P25 (Fig. 3c). This absence of the water
loss in this temperature range also coincides with the obser-
vations in 3PA liquid-phase modification of P25 in our pre-
vious work."” Other (D)TG results and discussion can be found
in Table S2 and text S3.}

To gain further insights into the differences between
manual grinding and shaker mixing, solid-state *'P-MAS NMR
measurements were performed to study the phosphorous
environment in more detail. Fig. 4 shows the *'P-MAS spectra
of pure 3PA, 3PA-M-P25, and 3PA-G-P25, and different reso-
nance signals are clearly observed for 3PA-M-P25 and 3PA-G-
P25. Both pure 3PA and 3PA-M-P25 exhibit a main sharp reso-
nance signal at 37 ppm, indicating that the phosphorus
environment remained unchanged after mixing 3PA with P25,
and so confirming that no modification occurred during the
shaker mixing process. However, the spectrum of 3PA-G-P25
does not show this signal of pure 3PA anymore and is charac-
terized by three upfield signals around 33 ppm, 28 ppm
(broad), and 8 ppm (besides small peaks around 25 and
18 ppm), indicating that 3PA molecules are attached to the P25
surface.”® The broad upfield shifted peak around 28 ppm was
assigned to a multitude of slightly different chemical environ-
ments around phosphorus nuclei that are covalently grafted to
the titania via P-O-Ti condensation bonds (non-uniform
binding) in grafting P25 with 3PA via a liquid-phase process."”
In all, it is evidenced that the grafting of 3PA to P25 is occur-
ring in the manual grinding process, while not taking place
during the shaker mixing. This finding is in accordance with
DRIFT and TG/DTG-MS results. Other detailed assignments of
these NMR peaks can be found in text S4.

33 ppm
37 ppm
28 ppm
8 ppm
3PA-G-P25
3PA-M-P25
Pure 3PA

I LR B L L L L L |
60 50 40 30 20 10 0 10 =20
& (ppm)

Fig. 4 Solid-state 'P-MAS NMR spectra of pure 3PA, 3PA-M-P25 and
3PA-G-P25 obtained before washing and without thermal treatment.
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In addition, the preparation of manually ground samples
showed good reproducibility compared to shaker mixed
samples, as proven by the TG/DTG and *'P-MAS measurements
of different independent batches of samples (Fig. S5T). See
ESIf for detailed analysis.

No thermal treatment, after washing and drying

As the *'P-MAS NMR also indicated the presence of weakly
interacting 3PA next to grafted 3PA (text S4t), a washing pro-
cedure was performed on 3PA-G-P25 to remove them and
unreacted 3PA, if any. Moreover, 3PA-M-P25 was washed using
the same washing procedure as a reference blank sample.
These two samples, before and after washing, were character-
ized by in situ DRIFT (Fig. S61) and *'P-MAS NMR spectra
(Fig. S7t). The results confirm that more weakly bonded 3PA
on both 3PA-M-P25 and 3PA-G-P25 were removed after washing
step. More detailed discussion can be found in ESL

The washed samples 3PA-M-P25 and 3PA-G-P25 were
further measured by TG/DTG-MS under an oxygen flow to
determine the number of grafted organic groups, as shown in
Fig. 5. Native P25 was also treated with the same washing pro-
cedure as a blank sample. Fig. 5a displays the TG/DTG results,
and the corresponding DTG-MS profiles are presented in
Fig. 5b-d. Fig. 5a shows that 3PA-G-P25, 3PA-M-P25, and native
P25 displayed different DTG maxima between 270 °C and
420 °C. 3PA-G-P25 and 3PA-M-P25 show two additional DTG
maxima around 325 °C and 360 °C (they are less resolved for
3PA-M-P25), while native P25 only exhibits a DTG maximum at
320 °C. Given that (i) native P25 shows a sharp but tiny DTG
maximum resulting from the release of only CO, (m/z = 44) in
this temperature range (Fig. 5d), (ii) while the DTG maxima of
3PA-G-P25 and 3PA-M-P25 in the same temperature range are
caused by simultaneous release of water (m/z = 18) and CO,
(m/z = 44) (Fig. 5b-c), the weight loss between 270-420 °C of
3PA-G-P25 and 3PA-M-P25 can be assigned to the burning of
the propyl groups of 3PA. Based on this weight loss in this
region, the modification degree (the number of grafted 3PA
groups) of 3PA-G-P25 and 3PA-M-P25 was determined, i.e., 1.3
#/nm? and 0.9 #/nm?>, respectively (see Table S3t for modifi-
cation degrees calculated by different methods). The higher
modification degree for 3PA-G-P25 than 3PA-M-P25 confirms
the positive effect of manual grinding on modification. The
presence of grafted organic groups on 3PA-M-P25 probably
results from the washing, which can create a short liquid-
phase grafting condition, and/or the following overnight
drying at 60 °C, as the possibility of grafting during the mixing
is small (Fig. 1-4) and less controllable (Fig. S5t). Other
detailed TG/DTG results and discussion of 3PA-G-P25 and
3PA-M-P25 can be found in Table S4 and text S5.F

XRD measurements were performed on 3PA-G-P25 (after
washing and overnight drying at 60 °C) and native P25 to
evaluate if any changes in the crystal phases of P25 occurred
during the manual grinding process. The XRD patterns in
Fig. 6 showed that 3PA-G-P25 consists of the same phase
mixture as the P25 reference, as indicated by asterisk symbols
(*) for anatase (JCPDS No. 21-1272) and diamond symbols (@)

This journal is © The Royal Society of Chemistry 2024
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(@) TG and DTG results for 3PA-G-P25, 3PA-M-P25, and native P25. These samples were obtained after washing and overnight drying at

60 °C. The solid and dash-dot lines represent the TG and DTG results, respectively. The experimental error on the modification degree is 0.1 #/nm?,
based on five repeated TG/DTG measurements on different batches of samples. (b—d) The corresponding DTG-MS results of 3PA-G-P25 (b), 3PA-M-
P25 (c), and native P25 (d). The solid and dash-dot lines represent the MS and DTG results, respectively. TG/DTG-MS were measured under an O,

flow of 80 mL min~%.
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Fig. 6 XRD patterns of native P25 and 3PA-G-P25. & is for anatase, * is
for rutile. The inserted table is the phase composition of 3PA-G-P25 and
native P25 based on a Rietveld analysis. 3PA-G-P25 was obtained after
washing and drying at 60 °C overnight.

for rutile (JCDPS 21-1276).*>*® As the corresponding relative
peak intensities remain unaffected, it could be inferred that
the crystal phases were not changed by the manual grinding
process. Moreover, a quantitative Rietveld phase analysis (the
table inserted in Fig. 6) showed that the proportions of anatase

This journal is © The Royal Society of Chemistry 2024

and rutile were similar for 3PA-G-P25 and native P25, although
changes in the amorphous phase cannot be excluded. This
confirms that the manual grinding process did not cause a
change in the crystal phases and phase composition.
Moreover, the SEM results indicate no obvious changes in
morphology or particle size after the grinding process

(Fig. S87).

The impact of an additional thermal treatment

In the case of manual grinding at RT, 3PA molecules at least
partially interact with the TiO, surface through covalent
bonding, while *'P-MAS NMR evidenced the presence of also
more weakly surface interacting 3PA (Fig. 4 and text S4f).
Moreover, as in situ DRIFT (Fig. 2a, b, d and e) and TG/DTG
(Fig. 3) results demonstrated that a thermal treatment can
enhance the bonding between 3PA and TiO, and the duration
of the thermal treatment can also influence the bonding.
Here, an extra thermal treatment with different durations was
introduced after the manual grinding step to strengthen the
bonding and increase the relative amount of strongly bonded
3PA.

In this study, 90 °C was selected as the thermal treatment
temperature based on both the in situ DRIFT results (conden-
sation occurs between RT - 250 °C) and the reaction tempera-
ture (50 °C, 90 °C, 130 °C) used in our previous work on
liquid-phase modification.">'®*” Different thermal durations
from 0 h to 96 h were investigated, and modification degrees
are summarized in Table 1. It is clear that the modification

Green Chem., 2024, 26,10907-10920 | 10915
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Table 1 Overview of modification degrees of samples synthesized by
the manual grinding method at 90 °C with different thermal durations
(0-96 h). The experimental error is 0.1 #/nm?, based on five repeated
TG/DTG measurements on different batches of samples

Thermal durations (h) 0 4 24 48 96
Modification degree (#/nm?) 1.3 1.8 1.9 2.3 2.5

degree rises from 1.3 #/nm” (0 h, ie., without thermal treat-
ment), to 1.8 #/nm” (4 h) and to 2.5 #/nm* (96 h), caused by an
enhanced amount of strongly grafted 3PA with increasing
thermal treatment, which remains after washing.
Corresponding TG/DTG results and more detailed discussions
can be found in Fig. S9.t

In addition, to confirm the effect of thermal treatment on
the grafting and type of bonds formed, the sample prepared
with a 4-hour thermal treatment was selected as an example to
compare with the one prepared without the thermal treatment.
Both were measured by solid-state *'P-NMR prior to washing
(Fig. S10%). The results confirm the positive effect of the
thermal treatment on enhancing the relatively amount of
strongly bonded 3PA molecules, i.e., the modification degree.
More detailed discussion can be found in ESL.{ Additionally,
the SEM and XRD results show that the thermal effect did not
cause changes in the samples morphology, particle size
(Fig. S117), or crystal composition (Fig. S127), respectively.

Solid-phase grafting vs. liquid-phase grafting

To further understand the proposed solid-phase grafting
method, the 3PA-G-P25-4 h sample was compared with
samples prepared by a common liquid-phase method under
the same reaction conditions, including the same reaction
temperature (90 °C), time (4 h), and 3PA/TiO, amounts
(0.065 g/1.0 g). The samples synthesized by the liquid-phase
method were obtained by grafting TiO, in a 3PA solution
under reflux using water or toluene as the solvent. The TG/
DTG results are shown in Fig. S131 and the modification
degrees are summarized in Table 2.

Table 2 shows that 3PA-G-P25-4 h reveals a similar modifi-
cation degree as 3PA-P25-T-4 h (1.8 #/nm?®), which is higher
than this of 3PA-P25-W-4 h (1.4 #/nm?). The lower modifi-
cation degree in water compared to toluene was previously
explained in literature and correlated to the existence of com-
petitive interactions between water and 3PA for adsorption at
the TiO, surface, while less competition between toluene and

Table 2 Overview of modification degrees of samples prepared by the
solid- and liquid-phase (water- or toluene-based) methods at 90 °C for
4 h. The amount of 3PA and TiO, used in these two methods were
0.065 g and 1.0 g, respectively. The experimental error is 0.1 #/nm?,
based on five repeated TG/DTG measurements on different batches of
samples

Samples 3PA-G-P25-4 h  3PA-P25-W-4h 3PA-P25-T-4 h
Modification degree 1.8 1.4 1.8
(#/nm?)

10916 | Green Chem., 2024, 26,10907-10920
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3PA accounts for the higher modification degree of 3PA-P25-
T-4 h."*'® Therefore, the similar higher modification degree of
3PA-G-P25-4 h might be explained by the absence of a competi-
tive solvent during modification, excluding competitive
solvent-solute interactions (except for moisture from the
ambient atmosphere and adsorbed surface water on the TiO,).
Additionally, 3PA-G-P25-4 h and 3PA-P25-T-4 h also show more
similarities in surface properties as compared to 3PA-P25-
W-4 h, e.g., surface OH groups, which was confirmed by TGA
(Fig. S131) and DRIFT (Fig. S141). Moreover, their similarities
in phosphorus environment was also validated by solid-state
31p-MAS NMR measurements (Fig. S15). More detailed discus-
sion can be found in ESI}

Furthermore, the impact of the reaction time at 90 °C (4 h,
24 h, 48 h, 72 h, and 96 h) on the modification degree was
explored, studying the kinetics for the solid-phase vs. liquid-
phase methods (Fig. S161). With increasing reaction time from
4 h to 96 h, the modification degree gradually increased for
3PA-G-P25, while it remained unchanged for samples prepared
by the liquid-phase water- or toluene-based method, within
the experimental error of 0.1 #/nm?.

As the reaction time does not allow to enhance the modifi-
cation degree in the liquid-phase method, the amount of 3PA
used in water and toluene was increased to respectively six and
four times the amount used in the solid-phase method. The
detailed results are summarized in Fig. 7 and TG/DTG results
are displayed in Fig. S17.}

In Fig. 7, the modification degrees reached by the liquid-
phase water- or toluene-based method can be regarded as the
maximal modification degrees that can be reached at 90 °C by
the liquid-phase method, according to our previous research.'*
However, the maximal modification degrees obtained by the
liquid-phase method in water or toluene (1.9 #/nm?” or 2.0
#/nm?) are still lower than the modification degree achieved by

l gy Wttt |2
El.s - V% %g
-
;E 0.6 % A
D.0¢ % |

3PA-G-P25-96h  3PA-P25-T-4h  3PA-P25-W-4h

Fig. 7 The modification degrees and the amount of 3PA used in
samples prepared by the solid- and liquid-phase (water- or toluene-
based) methods at 90 °C using the same amount of TiO, (1.0 g). The
error bars were calculated as standard deviation errors based on three
repeated experiments.
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the here applied solid-phase method (2.5 #/nm?, obtained
after a 96-hours thermal treatment). Therefore, higher surface
coverage with 3PA, ie., the reactivity of 3PA towards TiO,,
seems to be suppressed in the liquid-phase method, irrespec-
tive of the type of solvent used (water or toluene). This higher
modification degree obtained from the solid-phase method is
desired in some applications, such as CO, adsorption,'® Pd
recovery,'® etc. Moreover, apart from differences in surface cov-
erage, the formation of undesired side product, titanium phos-
phonate, was formed in liquid-phase water-based sample,
(3PA-P25-W-4 h, 1.9 #/nm?), while was limited for the sample
prepared by the solid-phase method (3PA-G-P25-96 h, 2.5
#/nm?, Fig. S17 and $181). This phenomenon again highlights
merits of the proposed solid-phase method. See ESI{ for
detailed analysis.

Furthermore, Fig. 7 indicates that the solid-phase method
achieves a 25.0% higher modification degree than the
maximal modification degree reached by the liquid-phase
method even with an 83.3% (in water) or 75.0% (in toluene)
lower amount of 3PA in the mixture. Therefore, the here
applied solid-phase method shows a pronouncedly improved
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atom economy, the quantitative discussion of the atom utiliz-
ation efficiency can be found later.

In-depth assessment of greenness of the solid-phase method

To further evaluate the greenness of the solid-phase method,
the atom utilization efficiency of the samples used in Fig. 7,
comprising the new solid-state grinding method in compari-
son to the state-of-the-art liquid-phase methods, was calcu-
lated. Moreover, the modification processes to synthesize these
samples were comprehensively analyzed and compared
(Table 3 and Fig. 8).

Table 3 summarizes the atom utilization efficiency, the
required amount of solvents and reaction/thermal treatment
time in synthesizing these samples (in Fig. 7) by the solid- and
liquid-phase methods. The atom uitlization efficiency of the
solid-phase method is much higher than that of the liquid-
phase method (toluene- or water-based), which is almost 4.8
times (toluene-based) or 7.5 (water-based) times as efficient.
To further confirm the higher atom utilization efficiency of the
solid-phase method, another organophsophonic acid, phenyl-
phosphonic acid (PhPA), was grafted onto P25 (Fig. S19 and

Table 3 Comparison of 3PA-modified TiO, synthesized by the solid- and liquid-phase methods at 90 °C

Amount of solvents used (mL)

During the
modification
process During the washing steps
Samples Atom utilization efficiency (%) Toluene water Toluene Acetone Ethanol Water Thermal treatment time (h)
3PA-G-P25-96 h 39.6 £ 0.5 X X X X 90 90 96
3PA-P25-T-4 h 8.3+0.2 20 X 90 90 X 90 4
3PA-P25-W-4 h 53+0.1 X 20 X X X 90 4
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Fig. 8 The human toxicity (a and b) and ecotoxicity (c and d) of the organic solvents used in the solid-phase method and toluene-based liquid-
phase method. (a) and (b) The rat's median lethal dose (LDso) and concentration (LCsp) values of different solvents, respectively; (c) and (d) the
daphnia magna’s and minnow's LCsq values of different solvents, respectively. The data is obtained from the safety data sheet (Fisher Chemical,

2023) of these organic solvents.
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Table S31). The results indicate that the atom utilization
efficiency of the solid-phase method (28.2%) is again much
higher than that of the liquid-phase toluene- (5.0%) or water-
based (6.6%) methods, being approximately 5.6 times
(toluene-based) or 4.3 (water-based) times as efficient, respect-
ively. These results confirm the improved atom efficiency of
the solid-phase method also when using a different PA with
another functional group (phenyl). The better atom economy
can also indirectly lower the impact of the synthesis of the
PAs, as less PAs is needed to achieve the same modification
degree. This means that lower amounts of reactants, such as
phosphonates and concentrated HCI (35%-37% in water)/HBr,
are needed, and less waste, such as excess (HClI/HBr), is pro-
duced.*® For some PAs, the improved atom economy might
also provide financial benefits for the modification, although
this depends on the type of PA: e.g. 3PA costs ~38 € per g vs.
PhPA ~0.39 € per g.

Additionally, as compared to the liquid-phase toluene- and
water-based methods, the solid-phase method also omits the
use of solvent during the modification process. Therefore, the
solid-phase method reduces the mass of solvent waste besides
the amounts of PAs required (based on its high atom utiliz-
ation efficiency). Table 3 also shows that the solid-phase
method requires longer thermal treatment (96 h) than the
liquid-phase methods (4 h) during the modification process.
However, the reaction temperature is only 90 °C, which does
not require much energy and can be achieved by using waste
heat, such as steam or electrical heating. Therefore, the longer
reaction time is not necessarily an issue. While the use of sol-
vents during the modification process in the liquid-phase
methods is a problem that can only be addressed by avoiding
them.

Although washing remains necessary after the modifi-
cation, the solid-phase method uses less amounts of organic
solvent (90 mL of ethanol) as compared to the toluene-based
liquid-phase method (90 mL toluene and 90 mL of acetone)
during the washing steps. Moreover, it avoids the use of toxic
organic solvents, using ethanol instead of toluene and
acetone. More detailed discussion about the greenness or tox-
icity of the applied solvents will be provided later (Fig. 8). To
sum up, this proposed method exhibits greater atom utiliz-
ation efficiency and/or is greener than the liquid-phase
methods (toluene- or water-based).

Fig. 8 further compares the human toxicity and ecotoxicity,
indicated by median lethal dose (LDs,) or concentration
(LCso), of the organic solvents used during the washing and/or
synthesis steps for the proposed solid-phase method (ethanol)
and conventional toluene-based liquid-phase method (toluene
and acetone). Fig. 8a-d display that toluene has the lowest
LDs, and LCs, values among these three organic solvents, indi-
cating its highest human toxicity and ecotoxicity. Ethanol has
the highest LDs, and LCso values, demonstrating the greener
nature among the three organic solvents. Acetone has a
medium human toxicity and ecotoxicity in this case. Similarly,
the Chem21 solvent selection guide*® and GlaxoSmithKline’s
(GSK) solvent selection guide® also reported that ethanol is a

10918 | Green Chem., 2024, 26,10907-10920
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recommended solvent, while toluene is highlighted as a pro-
blematic solvent and acetone is intermediate between them,
based on the combined metrics of safety, health and environ-
ment. Therefore, it is clear that the solid-phase method is
greener.

Further improvement could however still be achieved by
optimizing the solid-state method to a water-based washing
method. A critical note, although the solid-phase method is
greener and more atom efficient, it has one drawback with
respect to sustainability, as it requires longer heating during
the post-treatment. Its impact depends on the duration of the
thermal treatment and the energy source used. If electrical fur-
naces would be used, the energy mix used will determine its
footprint, which is expected lower when a renewable energy
source such as solar or wind is applied.

Conclusions

In this work, a straightforward and controllable solid-phase
manual grinding method (i.e. low energy) is proposed to graft
propylphosphonic acid on a commercially available TiO, (P25)
support. It (i) avoids the suppressive role of the solvent on
achieving a high modification degree; and (ii) preserves the
native crystal phase of the support as compared to the reactive
milling method. Furthermore, it allows to decrease environ-
mental harm or health risk while increase atom economy com-
pared to liquid-phase methods.

In contrast to shaker mixing, the manual grinding process
promotes the grafting interaction between 3PA and P25.
Moreover, a post-thermal treatment at 90 °C, explored as a
function of duration, allows to further increase the modifi-
cation degree. For the same reaction temperature and 3PA/
TiO, amounts, the solid-phase method shows an increase in
modification degree with increasing duration of the thermal
treatment, while little to no changes were found for samples
obtained by the liquid-phase method.

Importantly, the green solid-phase method allows to
achieve a modification degree that is 25.0% higher than the
maximal modification degree obtained by the liquid-phase
methods. It is worth to note that it does so even with an 83.3%
or 75.0% reduction in 3PA usage, while at the same time
excluding the use (and purification) of solvents. Therefore, this
method clearly demonstrates a prominent atom economy
advantage (7.5 or 4.8 times atom economy of the liquid-phase
methods). Moreover, the atom economy merit was also con-
firmed for PhPA-modified TiO,. Therefore, the atom economy
improved by the solid-phase method is regardless of the type
of PAs.

Additionally, this work provides some insights into the reac-
tion engineering principles necessary for scale-up, i.e., provid-
ing appropriate energy. This means that mechanical grinding
can be used, when the energy generated/provided in the
system is sufficiently controlled. However, further exploration
is needed to identify how this control should be implemented

This journal is © The Royal Society of Chemistry 2024
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(e.g., grinding time, grinding rate, grinding system and
materials, possible use of cooling) to ensure effective scale-up.
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