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ABSTRACT

Periodic mesoporous organosilicas containing pyromellitic diimide units embedded in the pore walls (PMOPMI) were synthesized by co-condensation of the bridged
silsesquioxane precursor N,N’-bis(3-triethoxysilylpropyl)pyromellitimide with tetraethoxysilane (TEOS) in acidic conditions, in the presence of the structure-
directing agent Pluronics P-123. PMOPMI were also synthesized from the corresponding amic acid precursors. The PMOPMI were studied by different tech-
niques, including N, adsorption isotherms, transmission electron microscopy, infrared and diffuse reflectance spectroscopy and contact angles. The studied samples
displayed well-organized 2D-hexagonal structures. The PMOPMI were able to adsorb petroleum asphaltenes from toluene solutions, and were efficient photosen-
sitizers for the photodegradation of the adsorbed asphaltenes when irradiated. Most of the asphaltenes were removed from solutions by the combined action of

adsorption and photodegradation processes.

1. Introduction

Mesoporous organosilicas, hybrid organic-inorganic materials with
organized pores and high specific surface areas, are very attractive
supports for the introduction of organic functionalities [1-3]. Periodic
mesoporous organosilicas (PMO) are a particular class of mesoporous
organosilica where the organic modifier is inserted inside the pore walls,
rather than in the pore interior, thus avoiding pore blocking [3-7]. Ar-
omatic diimides, such as 3,4,9,10-perylenediimides (PDI) [8,9], 1,4,5,
8-naphthalenediimides (NDI) [9,10] and pyromellitimides (PMI) [9],
represent a very attractive class of compounds to incorporate into PMOs,
since they can be easily functionalized with two opposite triethoxysilyl
groups for condensation into the silica framework (Fig. 1A). Owing to
their outstanding photochemical properties and strong electron acceptor
character, aromatic diimides have been often employed in photo-
catalysis and organic electronics [11-13].

Our group has recently incorporated aromatic imides and diimides
into mesoporous organosilicas by post-synthetic modification (grafting)
[14-17]. This method, however, inserts the organic molecule in the pore
interior (Fig. 1B), since the inorganic silica framework was
pre-assembled, thus leading to partial pore blockage. In order to obtain
PMOs with the organic groups inserted inside the pore walls, bridged
silsesquioxanes are required, like the aromatic diimides of Fig. 1A.
Furthermore, they should be added during the synthesis of the silica
framework, usually together with a second silica source

(co-condensation method). After extensive literature search, we found
only four reports on PMO featuring aromatic imides as the organic
group, two of them employing PDI [18,19] and the other two with NDI
[20,21]. Therefore, to our knowledge, there are not previous reports on
the synthesis of PMI-functionalized PMOs.

In the present work, we report for the first time the synthesis and
characterization of PMO containing PMI units embedded in the pore
walls (Scheme 1). The novel materials were named PMOPMI. The syn-
thesis of PMOPMI was performed using N,N'-bis(3-triethoxysilylpropyl)
pyromellitimide (PMI-BS) (1A) as a precursor, in the presence of tet-
raethoxysilane (TEOS) and surfactant Pluronics P-123, in conditions
similar to the synthesis of SBA-15 [22]. PMI-BS, on its turn, was syn-
thesized by reaction between pyromellitic dianhydride (PMDA) and
3-aminopropyltriethoxysilane (APTES). Hydrolysis of the silane groups
was observed during the synthesis of PMI-BS, so that the actual pre-
cursor used in the synthesis of PMOPMI was the -Si(OH)3 derivative (1B)
(Scheme 1). The synthesis of PMOPMI was also carried out by a second
method, using the corresponding amic acids as precursors, which are
expectedly converted to PMI by ring closure during the hydrothermal
PMO synthesis.

In order to demonstrate the potential of the PMOPMI for applica-
tions, we studied the adsorption and subsequent photocatalytic degra-
dation of petroleum asphaltenes, in comparison to titanium dioxide, a
benchtop photocatalyst. The adsorption and photochemical degradation
of petroleum asphaltenes is of great interest for issues such as oil
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upgrading and the remediation of oil spills. Our results showed a better
performance for the PMOPMI than that of commercial TiO,.

2. Experimental part

Materials. Pluronic P-123, tetraethoxysilane (TEOS), 3-aminopropyl-
triethoxysilane (APTES) and pyromellitic dianhydride (PMDA) were
supplied by Sigma-Aldrich. Titanium dioxide (TiO2) was from Degussa,
consisting of a mixture of anatase and rutile phases (80:20). Deuterated
dimethylsulfoxide (DMSO-dg) was obtained from Merck. Hydrochloric
acid, ethanol and toluene were purchased from JT Baker (all solvents
were HPLC-grade). Petroleum ether (30-70 °C) and n-heptane (both
analytical grade) were obtained from Labsynth. Aqueous solutions were
prepared with deionized water. Non-modified SBA-15 was synthesized
according to the previously reported method [22]. A sample of PMO
containing 8 wt% NDI (PMONDI), synthesized according to our recent
report [20], was already available in our laboratory. Petroleum
asphaltenes were isolated from a sample of petroleum of Campos basin
(Brazil), using the SARA procedure (IP-143), which consists in precipi-
tation with n-heptane (800 mL heptane for 20 g of petroleum). The
syntheses of PMOPMI precursors N,N'-bis(3-triethoxysilylpropyl)-pyr-
omellitimide (PMI-BS) (1A), N,N’-bis(3-trihydroxysilylpropyl)-pyr-
omellitimide (1B) and amic acids (2) are given as supplementary
information (Scheme S1), and their structures were confirmed by Bii
NMR and UV-visible spectra [23] (Figures S1, S2 and S3).

Synthesis of PMOPMI-1 (starting from diimide precursor). Pluronics
(4.1 g) was stirred for 1 h in 30 mL water, until complete dissolution.
100 mL of HCl 2 M were added, and the mixture was stirred for
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additional 20 min. The solution was placed in an oil bath (35 °C) and
TEOS (9.2 mL, 42 mmol) was added, followed by hydrolyzed PMI-BS
(1B) (0.25 mmol) (Table 1), which was dissolved in 0.5 mL DMSO-dg,
as described in Method I (Scheme S1). The mixture was stirred for 24 h
at 35 °C, and then transferred to a mini-autoclave and heated for addi-
tional 24 h at 100 °C. After cooling down, water (2 L) was added and the
resulting white solid was filtered off in Buchner. The solid was washed
twice with a mixture of ethanol (500 mL) and HCI 2 M (20 mL), filtered
off and dried under vacuum. The material was finally extracted for 48 h
with ethanol in a soxhlet extractor, in order to remove the template
(Pluronics). The sample was named PMOPMI-1, since it arose from
Method L.

Synthesis of PMOPMI-2 (starting from amic acid precursors). The ma-
terial was synthesized using the same procedure as for PMOPMI-1,
except for the precursor added to the reaction. For PMOPMI-2, the
DMSO precursor solution from Method II, containing 30% PMI-BS +
70% amic acids (Scheme S1), was added to the reaction mixture after
TEOS. The amounts of reagents used for the synthesis of the PMOPMI are
summarized in Table 1.

Instruments. 'H NMR spectra were registered with a Varian VNMRS
500 MHz spectrometer. Absorption spectra were obtained with a Varian
Cary 50 UV-visible spectrophotometer. Diffuse reflectance spectroscopy
(DRS) was also performed with the Cary-50, using the optical fiber
external probe (Barrelino accessory). Nitrogen adsorption isotherms
were performed with a Nova 2200 Surface Area and Pore Size Analyzer
(Quantachrome). Specific surface areas were obtained with the BET
method, and pore size distributions (PSD) with the BJH method
(desorption branch). Pore volumes were obtained at P/Py = 0.97.
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Fig. 1. (A) Structure of silsesquioxane aromatic imides which have been used as precursors for mesoporous organosilicas: N,N’-bis(3-triethoxysilylpropyl)-3,4,9,10-
perylenediimide (PDI-BS) [18,19]; N,N’-bis(3-triethoxysilylpropyl)-1,4,5,8-naphthalenediimide (NDI-BS) [20,21]; N,N’-bis(3-triethoxysilylpropyl)-pyromellitimide
(PMI-BS) (this work); N-(3-triethoxysilylpropyl)-1,8-naphthalimide (NDI-MS) [17] (a monoimide). (B) Placing of the aromatic imides in mesoporous organosilicas for
different synthetic strategies: (a) Monoimides (regardless of method). (b) Diimides (grafting). (c) Diimides incorporated into PMO (co-condensation using bridged

silsesquioxanes).
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Micropore volumes and areas were calculated between P/Py = 0.2-0.5
using the t-plot method. Transmission electron microscopy (TEM) im-
ages were recorded with a JEOL microscope operating at 200 kV. Con-
tact angles were measured on the pressed PMOPMI powders with an
Attension Theta Optical Tensiometer (KSV). The tensiometer features a
digital camera which records drop images and analyses their shapes with
the included software (OneAttension v2.2). The images were recorded
immediately after drop deployment from the needle tip, using the
automatic trigger of the equipment. Infrared spectra were carried out at
the Analytical Center of University of Sao Paulo (CA-USP), using KBr
pellets, in a PerkinElmer Frontier FTIR. Elemental analysis (CHN) was
also performed at CA-USP.

Photocatalytic experiments. Irradiation was performed using an
Omnicure S1000 Hg lamp (100 W, bandpass filter: 320-500 nm), con-
taining an optic fiber guide. For the irradiation experiments, 15 mg of
catalyst were added to 5 mL of 400 mg/L asphaltene solutions in
toluene. The samples were stirred in the dark for 24 h to ensure
asphaltene adsorption equilibrium. After this period, the Hg lamp was
turned on, with the tip of the optic fiber guide positioned 5 cm above the
surface. The temperature was kept at 26 °C during irradiation, using a
water bath. Asphaltene concentration was determined after certain time
intervals (0, 15, 30, 60, 120, 180, 240 and 300 min). For this purpose,
the samples were centrifuged (5000 rpm, 5 min), and aliquots of 100 pL
were collected from the supernatant and diluted in 3 mL of toluene for
UV/Vis analysis. The asphaltene concentration was obtained from the
absorbance at 400 nm, in comparison to a standard curve (Fig. S4).
Direct asphaltene photolysis was performed with an 80 mg/L asphaltene
initial concentration.

3. Results and discussion

Synthesis of PMO precursors. After extensive literature survey, we
found only two reports on the synthesis of PMI-BS (1A). Wengrovius
et al. reported in 1994 a failed attempt to obtain the compound [24].
About 20 years later, Pfeifer et al. were able to obtain PMI-BS using
Gabriel synthesis [25]. It is also worth mentioning the report by Hobson
and Shea (1997) [26], who synthesized a series of bridged diimide sil-
sesquioxanes by transimidation, although the series did not include
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Table 1
Amounts of organic and inorganic precursors added to the synthesis of PMOPMIL.
Sample TEOS PMI precursor” PMI/TEOS
Mole ratio Weight ratio”
PMOPMI-1 42 mmol 0.25 mmol 0.6% 4%
PMOPMI-2 42 mmol 1 mmol 2.4% 16%

@ Organic precursor (see Scheme S1): hydrolyzed PMI-BS (1B) for PMOPMI-1;
amic acids (2) for PMOPMI-2.
b Considering full hydrolysis and condensation of the precursors.

pyromellitimides.

We employed here two different methods in attempt to obtain PMI-
BS (Scheme S1): Method I, employing stoichiometric amounts of the
reagents and DMSO as the solvent, and Method II, using excess APTES,
where the APTES works both as a reagent and as a solvent. Method II has
been employed recently by our group to synthesize the related naph-
thalenediimide derivative (NDI-BS) [20,21], and by other authors for
the corresponding perylenediimide derivative (PDI-BS) (Fig. 1A) [27,
28]. In both methods, the mixture was heated at 130 °C for a short time
(less than 5 min). Heating for longer times resulted in condensation,
leading to the formation of a gel, in agreement with Wengrovius’ report
[24].

The diimide was formed after 5 min of reaction with Method I, ac-
cording to TH NMR (Figs. S1-A) and UV-visible spectra (Fig. S2), which
agree with the reported spectra [23,25]. The 'H NMR spectrum shows
the expected aromatic singlet and the three methylene groups from the
propyl chain. However, partial hydrolysis of the ethoxy groups occurred,
as seen by the appearance of the signals of ethanol (3.43 and 1.04 ppm),
replacing those of the ethoxy groups in 1A (3.72 and 1.12 ppm). The
extent of hydrolysis was estimated as 85% from the integrals. After aging
for a week in the DMSO solution, hydrolysis was nearly complete, as
seen in Figs. S1-B (the signals at 3.72 and 1.12 ppm were barely visible),
giving compound 1B, which was then employed for PMO synthesis.
Since hydrolysis of the silane is the first step in PMO formation, it is not
critical to employ 1B as a precursor rather than 1A.

When we used Method II, however, the reaction did not go to
completion, as observed in the 'H NMR spectrum in Fig. S3. We obtained
ca. 30% PMI-BS, while the remaining 70% consisted of a mixture of amic
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Scheme 1. Synthesis of PMOPMI via diimide precursors.
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acids (2) (Scheme S1, right side), as confirmed by comparison with
published spectra [29]. The amic acids are the ring opened in-
termediates in the imide formation reaction. The imide 1 and the amic
acid 2 are easily distinguishable in the 'H NMR spectrum by the N-CHy-
protons, which lie at 2.79 ppm in the former and at 3.17 in the latter, and
by the aromatic proton region. Partial hydrolysis (=10%) of the ethoxy
groups occurred in this reaction as well, although to a lesser extent than
Method I. These results suggest that DMSO is a better solvent than
APTES for the reaction, perhaps due its higher polarity. The use of
APTES, on the other hand, resulted in a lesser extent of silane hydrolysis.

We then decided to use this mixture containing 1 + amic acids 2 as
precursors for PMOPMIL. It is well known that amic acids are converted
to imides by ring-closure (with loss of water) when heated. Polymer
chemists usually polymerize the amic acids, which are easier to process,
and then convert the polyamic acids to polyimides by annealing at high
temperatures. Polypyromellitimide-silica hybrids have been prepared
by this route [29-32]. In addition, acidic media favors ring closure.
Thus, all the conditions used in the hydrothermal synthesis of the PMO
are favorable to imide formation, and all the intermediates 2 in Scheme
S1 would expectedly be converted to PMI units when incorporated to the
PMO. Using amic acids as precursors might result in PMOs with different
properties as compared to pure imide precursors. The more flexible amic
acid chains will be present during the initial condensation steps, which
take place at room temperature, but later on will shrink as they lose
water and the rings close in the hydrothermal conditions, what could
affect the porosity.

Microporous and Mesoporous Materials 312 (2021) 110740

Synthesis and characterization of PMOPMI. The PMOPMI were syn-
thesized by co-condensation with TEOS, in conditions analogue to those
typically used in the synthesis of SBA-15 [20,22]. We obtained
well-organized 2D-hexagonal silica, regardless of using 1 or 2 as a pre-
cursor, as seen in the TEM images in Fig. 2. The PMOPMI were composed
by regular rods 200-300 nm wide and ca. 1 pm long, with well-aligned
pores parallel to the long axis, and fused to each other by the ends (and
laterally in some cases). Some free ends with hexagonal shape and
hexagonal pore arrangement can be observed. Additional TEM images
are shown in Fig. S5.

Nitrogen adsorption isotherms for the PMOPMI are shown in Fig. 3,
and the corresponding textural parameters are given in Table 2. The
isotherms are of type IV(a) with H1 hysteresis, typical of 2D-hexagonal
organosilicas of the SBA-15 family [33]. Note that the pore sizes of
PMOPMI were nearly the same as pristine SBA-15 (Table 2), indicating
that the diimides were indeed inserted within the walls, resulting in no
pore blocking (Fig. 1B). Furthermore, the sample PMOPMI-2, which was
synthesized from the amic acid mixture, presented higher surface area
and pore volume and a wider pore size distribution than PMOPMI-1
(Fig. 3B), synthesized from the diimide precursor. This finding could
be due to extra void space within the walls generated as the amic acid
molecules undergo ring closure to the less bulky imide molecule,
releasing water. This is in agreement with the higher micropore area of
PMOPMI-2 relative to PMOPMI-1, as calculated by the t-plot method.

Micropore analysis (Table 2) showed a great decrease in the micro-
pore volume and area of the PMOPMI in comparison to pristine SBA-15.

Fig. 2. TEM images of PMOPMI-1 (top) and PMOPMI-2 (bottom).
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Fig. 3. (A) Nitrogen adsorption isotherms of the PMOPMI samples. (B) Pore
size distribution of the PMOPMI samples from BJH method (desorp-
tion branch).

Table 2

Textural properties of SBA-15 and PMOPMI samples.
Sample SBET" mee" pore size® micropores’ %C* ca!
SBA-15 631 1.07 10.2 0.079 (174) 0.4% 11.4°
PMOPMI-1 566 0.97 10.2 0.003 (19) 4.5% 32.9°
PMOPMI-2 892 1.23 10.5 0.016 (50) 3.5% 33.4°

2 Specific surface area (m2/g).

b Total pore volume (crn?’/g), calculated at P/Py = 0.97.

¢ Pore diameter (nm) from BJH method (desorption branch).

d Micropore volume (cm3/g) and area (mz/g) (values in parenthesis) calcu-
lated with t-plot.

¢ Carbon content from elemental analysis.

f Contact angle (average of right and left contact angles).

The micropores in SBA-15 originate from the poly-ethylene oxide chains
of the Pluronic micelles, and are found perforating the walls [22].
Therefore, the decrease in micropore volume and area is another evi-
dence that the organic PMI groups are inside the walls in the PMOPMI.

We further characterized the PMOPMI by elemental analysis, contact
angle and infrared spectroscopy. The elemental analysis (Table 2)
showed between 3.5 and 4.5% carbon, which is consistent with the
added amount of precursors, supporting the successful incorporation of
the organic groups into the PMOPMI. The contact angle of water drop-
lets, measured on pellets of the compressed powders, showed an in-
crease from 11° in pristine SBA-15 to 33° in the PMOPMI (Fig. 4,
Table 2), indicating that the surface of the PMOPMI samples was more
hydrophobic than inorganic SBA-15, thus confirming the incorporation
of the organic groups. The infrared spectrum of PMOPMI-1 is shown in
Fig. S6. Although the strong Si-O stretching band and its overtones
cover most of the features of the organic molecules, the imide carbonyl
stretching of the pyromellitimide can be seen as a shoulder at 1725
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Fig. 4. Contact angle of water droplets on SBA-15, PMOPMI-1 and PMOPMI-2.

cm~!. C-H stretch bands are also observed in the range 2800-3000
cm .

Fig. 5 shows DRS spectra of the PMOPMI, as compared to the spec-
trum of the precursor PMI-BS in solution. As noticed, the absorption
band centered at 307 nm in the precursor PMI-BS was split into two
bands with maxima at 273 and 370 nm in the PMOPMI. We tentatively
attribute this finding to exciton-splitting between neighboring PMI units
within the PMO walls, showing that the diimide molecules are in close
proximity in the materials.

Asphaltene removal by PMOPMI. Removal of asphaltenes from liquid
streams is of great interest for several processes, ranging from the
deasphalting of crude oil in refineries to the remediation of oil spills
[34-36]. We have recently reported on the adsorptive capacity of
PMONDI materials towards asphaltenes [34]. Thus, we studied the
performance of the PMOPMI in asphaltene removal by the combined
adsorption and photocatalytic processes (Fig. 6), in comparison to
standard materials, namely, TiO5 (Degussa) and pristine SBA-15. Before
irradiation, the asphaltenes were adsorbed onto the different adsorbents
by stirring the powders for 24 h in asphaltene solutions in toluene.
Remarkably, the PMOPMI were able to remove virtually all the
asphaltenes from solution by the combined effects of adsorption and
photocatalysis, and in shorter times than the other adsorbents (Fig. 6).

Considering the adsorption process alone, the absorbance decay due

—— PMOPMI-1
—— PMOPMI-2

0.2+ ——PMI-BS in DMSO

Absorbance
o
1

0.0

r T T T
250 300 350 400
Wavelength (nm)

Fig. 5. DRS spectra of the PMOPMI samples in comparison to the solution
spectrum of PMI-BS.
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Fig. 6. Effect of the combined adsorption and photocatalytic processes in the
removal of asphaltenes from toluene solutions by PMOPMI (monitored by the
absorbance at > = 400 nm), as compared to standard materials. The lamp was
turned on at t = 0, so that negative time values correspond to asphaltene
adsorption in the dark (see Fig. 7).

to asphaltene adsorption in the dark can be seen in Fig. 6 (before turning
on the lamp) and the adsorption data are summarized in Fig. 7. The
higher adsorption capacity of TiO5 in comparison to SBA-15, in spite of
the former having a lower surface area, can be attributed to a higher
surface acidity of TiO5 [37]. It has been shown that a high surface acidity
favors asphaltene adsorption [38]. The PMOPMI, on their turn, dis-
played a higher adsorptive capacity than inorganic TiOy and SBA-15,
which can be attributed to the presence of the organic PMI moieties,
rendering the adsorbent surface more hydrophobic, as indicated by the
contact angle results. PMOs have been shown by other authors to be
efficient adsorbents for organic pollutants [39,40]. Phenylene- and
biphenylene-bridged PMOs [40-42], particularly, have been shown to
be excellent adsorbents for polycyclic aromatic hydrocarbons such as
naphthalene, anthracene and pyrene, which are often taken as asphal-
tene models.

The organized channels of mesoporous silica are very suitable hosts
for photochemical reactions. Photocatalytic systems within mesoporous
silica have been recently reviewed [43,44]. Fig. 8 shows the photo-
catalytic performance of the different materials after turning on the
lamp (at t = 0, see Fig. 6), normalized to the initial absorbance (A/Ag =
C/Cp). A sample of PMONDI (PMO with 8% NDI by weight), from our
previous work [20,34], was also tested. It can be noted that photo-
degradation in the presence of PMOPMI-1 and PMONDI was faster than
with all the other catalysts.

Note that UV-visible absorbance is an indirect measure of the pho-
todegradation rate, because the concentration of asphaltenes in the so-
lution phase is monitored, whereas the photochemical reactions occur
within the mesochannels. Most likely, the photodegradation products
were desorbed from the silica surface, leaving room for new asphaltene
molecules to adsorb, thus leading to the observed decrease of concen-
tration in the solution phase (Fig. 8). However, elucidating the detailed
photodegradation dynamics, which ought to be quite complex, is out of
the scope of the present work.

Because the asphaltenes can absorb the light from the Hg lamp, as
seen in Fig. 52, we also performed direct photolysis of the asphaltenes in
homogeneous solution as a control. As seen in Fig. 8, photolysis cata-
lyzed by PMOPMI and PMONDI was by far more efficient than direct
photolysis (direct photolysis resulted in a degradation rate similar to
SBA-15), stressing the important role of the diimide functionalities in the
process.

Mechanism of asphaltene photodegradation. The photochemistry of
aromatic diimides has been well documented [45-50]. They are known
as efficient triplet photosensitizers, especially the NDI and PMI. In
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Fig. 8. Asphaltene degradation under irradiation as a function of time for the
different systems.

general, the perylenediimides are highly fluorescent in the monomeric
form in solution. In contrast, the corresponding naphthalenediimides
and pyromellitimides are only weakly fluorescent. The difference resides
in the strong trend to intersystem crossing observed with the NDI and
PMI, so generating triplet states in high yields under irradiation. NDI
and 3PMI readily react with dissolved oxygen, generating oxygen reac-
tive species (ORS) such as singlet oxygen and hydroxyl radicals, which
will degrade the asphaltene molecules, in the so-called Type I mecha-
nism (Scheme 2). Other authors have proposed such mechanism to
explain dye degradation by NDI and PMI. The biological photoactivity of
the aromatic diimides (antimicrobial, antiviral and antitumor) has also
been attributed to damage to the DNA by ORS generation [45].

A second possible mechanism is via radical formation by electron
transfer (Type II mechanism, Scheme 2). Aromatic diimides are excel-
lent electron acceptors, forming stable anion radicals in the presence of
electron donors [8-10,51]. In our system, polycyclic aromatic hydro-
carbons (PAH) present in the asphaltenes could act as electron donors.
The PMI radicals formed within the PMO walls could then act as initi-
ators in radical chain degradation of asphaltenes. Radicals formed by
oxidation of the PAH could also participate in the photodegradation
process.

4. Conclusions

Pyromellitimide units were successfully inserted within the pore
walls of periodic mesoporous organosilicas, resulting in the PMOPMI
materials. The PMOPMI presented well organized 2D-hexagonal
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Scheme 2. Proposed mechanisms for asphaltene photodegradation in the presence of PMOPMI (the same mechanism also accounts for PMONDI activity). ISC:
Intersystem crossing; ORS: oxygen reactive species; PAH: polycyclic aromatic hydrocarbons.

structures, showing that the presence of PMI did not disturb the meso-
structure of the materials. Pore diameters of the PMOPMI were the
same as the unmodified mesoporous silica, confirming that the PMI were
indeed inside the walls, leaving the pores unobstructed. The PMOPMI
showed a great potential for asphaltene removal from solution by the
combined adsorption and photocatalytic processes, being more efficient
than inorganic standards, such as TiOy or mesoporous SiO5 (SBA-15).
The photocatalytic effect of PMOPMI can be attributed mainly to the
formation of triplet state PMI, which reacts with dissolved oxygen to
give reactive oxygen species that degrade the asphaltenes.
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