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ABSTRACT: Herein, the alcoholysis of furfuryl alcohol in a series
of SBA-15-pr-SO3H catalysts with different pore sizes is reported.
Elemental analysis and NMR relaxation/diffusion methods show
that changes in pore size have a significant effect on catalyst activity
and durability. In particular, the decrease in catalyst activity after
catalyst reuse is mainly due to carbonaceous deposition, whereas
leaching of sulfonic acid groups is not significant. This effect is
more pronounced in the largest-pore-size catalyst C3, which
rapidly deactivates after one reaction cycle, whereas catalysts with a
relatively medium and small average pore size (named, respectively,
C2 and C1) deactivate after two reaction cycles and to a lesser
extent. CHNS elemental analysis showed that C1 and C3
experience a similar amount of carbonaceous deposition,
suggesting that the increased reusability of the small-pore-size catalyst can be attributed to the presence of SO3H groups mostly
present on the external surface, as corroborated by results on pore clogging obtained by NMR relaxation measurements. The
increased reusability of the C2 catalyst is attributed to a lower amount of humin being formed and, at the same time, reduced pore
clogging, which helps to maintain accessible the internal pore space.
KEYWORDS: humins, furfuryl alcohol, NMR relaxation, diffusion, SBA-15-based catalysts, heterogeneous catalysis, biobased molecules

■ INTRODUCTION
Since the industrial revolution, fossil fuels (oil, natural gas, and
coal) have been the predominant feedstock for the production
of chemicals and energy.1 However, their inherent non-
renewability and impact on climate change due to the release
of greenhouse gases have become a global concern.2 As a
result, a shift to more sustainable, renewable resources and
processes is paramount. Due to the Renewable Energy Policy
Network for the 21st century (REN21), the energy supply
from renewable resources has increased rapidly in recent
years,3 primarily from hydrothermal, wind, and solar power.
However, the renewable and sustainable manufacture of
chemical commodities remains challenging, with the vast
majority of the chemical industry utilizing raw materials
derived from fossil fuel-based materials.2,4 Therefore, it is
increasingly important to develop alternative synthetic routes
to existing key chemicals or develop sustainable substitutes.5,6

Lignocellulosic biomass is one of the most prominent and
promising renewable feedstocks for the production of fuels and
platform chemicals, consisting predominately of cellulose,
hemicelluloses, and lignin. One key advantage of lignocellulosic
biomass is that it is produced from nonedible parts of food

crops, so it does not compete with food production.
Valorization of lignocellulosic biomass begins with biorefinery
processing of lignocellulose, which consists of several physical
and chemical pretreatments to deconstruct the feedstock into
cellulose, hemicellulose, and lignin.7 Cellulose and hemi-
cellulose can undergo further processing, via saccharification,
to yield C6 and mixtures of C6 and C5 sugars, respectively. In
turn, C6 and C5 sugars can be used to produce a vast array of
important platform chemicals used in the production of a wide
variety of high-value chemicals, fuels, solvents, bioplastics, and
resin monomers.8−10

Pentose-derived furfural (FUR) and hexose-derived 5-
hydroxymethylfurfural (5-HMF) are highly desirable platform
chemicals owing to the inherent reactivity of their functional
groups (hydroxy, double bond, and carboxyl groups) that can
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be exploited to obtain molecules with different properties via
well-known chemical transformations.11,12 FUR, derived from
pentose saccharides via dehydration, has a projected market
value of €500 million by 2024.13−16 Furfuryl alcohol (FOL),
tetrahydrofuran, 2-methyltetrahydrofuran and maleic anhy-
dride, all obtainable from FUR, are among those molecules of
great academic and industrial interest.17 FOL is of particular
interest due to its applications as a fuel component and
polymer precursor.18 A wide range of methods for the
reduction of FUR to FOL have been reported, with a
significant number employing catalytic carbonyl hydrogenation
over palladium,19 copper,20 and zirconium, the latter via the
Meerwein−Ponndorf−Verley reduction.21 FOL can be further
transformed into levulinic acid (LA) and its ester analogues,
such as ethyl levulinate (EL), which are fundamental to
producing a range of biobased fuels, solvents, and polymers.
Both are easily obtained by either homogeneous or
heterogeneous FOL hydrolysis/alcoholysis catalyzed by
Brønsted acids.22−25 However, such processes tend to result
in unwanted side reactions, including the acid-catalyzed
polymerization of reactive species to unwanted oligomers,
known as humins, representing a major drawback in these
reactions.26 Humins are composed of a mixture of highly
polydispersed oligomeric/macromolecular byproducts, com-
prising a furanic-like backbone held together by short aliphatic
chains and ether bridges. Higher-molecular-weight fractions
are generally insoluble in both organic and aqueous solvents
(Scheme 1).

Thus, while the formation of humins negatively impacts the
overall product yield, it simultaneously further complicates
product isolation. Typically, this is very energetically or
chemically demanding for homogeneous systems, leading to
considerable waste generation from acid quenching and
washing. Minimizing humin formation has been achieved to
a degree via fine control over process conditions, i.e.,
temperature, concentration, cosolvent ratio, and pH.27−30

Nonetheless, their formation remains a major limitation for
scale-up and industrial production of valuable platform
chemicals.
As such, the development of heterogeneous catalytic systems

is greatly desirable in the industrial sector owing to the
possibility of recycling the catalyst and simplifying purifica-
tion/separation steps by simple filtration of the catalyst from
the reaction mixture.31−33 Unfortunately, humin formation is a

great concern for heterogeneous catalytic systems when
compared to homogeneous systems due to the deposition of
the insoluble, carbonaceous, macromolecular material over the
catalyst surface and within the catalyst pores, resulting in
deactivation of the catalyst active sites.34 Therefore, it is clear
that unraveling the effect of humin formation and its role in
heterogeneous catalyst deactivation is important in order to aid
a more efficient design of such systems. However, this aspect of
such critical chemical processes has remained relatively
unexplored.35

Herein, a study combining various analytical techniques,
including elemental analysis (EA), IR, solid-state NMR, and
N2 adsorption−desorption analysis, with NMR relaxation and
diffusion techniques is reported. The impact of humin
formation and deposition upon heterogeneous catalyst
deactivation during the Brønsted-acid-catalyzed alcoholysis of
FOL to EL, mediated by a series of SBA-15-pr-SO3H catalysts
with tuned mesopore size, is thereby thoroughly investigated
and described.

■ RESULTS AND DISCUSSION
Catalyst Activity and Stability Tests. To evaluate the

role of the catalyst pore diameter on catalyst deactivation via
humin accumulation during the FOL esterification over silica-
supported sulfonic acid catalysts, three SBA-15 supports with
tuned mesopore diameter were synthesized.36,37 By controlling
the hydrothermal treatment temperature, catalysts with average
pore sizes ranging from 3.8 to 13.7 nm were prepared. The
main textural properties (surface area, pore volume, and
average pore diameter) obtained from N2 adsorption−
desorption analysis of the three SBA-15 architectures are
summarized in Table 1 (denoted S1 for small, S2 for medium,

and S3 for large SBA-15 materials). Both the average pore
diameter and pore volume correlate positively with the
hydrothermal treatment temperature, while the Brunauer−
Emmett−Teller (BET) surface area effectively remains
constant.
The sulfonic acid functionality was introduced onto the

SBA-15 support via grafting of (3-mercaptopropyl)-
trimethoxysilane (3-MPTMS) and subsequent thiol oxidation
using H2O2 and sulfuric acid. The complete conversion of the
thiol group into −SO3H was confirmed by the absence of the
thiol stretching frequency (2550−2600 cm−1) in the Fourier
transform infrared (FT-IR) spectra as reported in Figure 1b.
To further confirm the nature of sulfur speciation,

specifically, the complete oxidation of the thiol (SH)
functionality to sulfonic acid (−SO3H) groups by H2O2
treatment, S 2p X-ray photoelectron spectroscopy (XPS) was

Scheme 1. Generic Structure of Humins Formed during
Alcoholysis/Hydrolysis of FOL and 5-HMF

Table 1. Structural Properties of Synthesized SBA-15 Silicas
Produced by Varying the Hydrothermal Temperaturea

Used during Catalyst Preparation

SBA-15

preparation
temperature
(°C)b

BET surface
area (m2/g)c

pore volume
(mL/g)d

average pore
diameter
(nm)d

S1 50 752 ± 75 0.70 ± 0.07 3.8 ± 0.4
S2 80 761 ± 76 0.81 ± 0.08 4.8 ± 0.5
S3 120 686 ± 69 2.89 ± 0.29 13.7 ± 1.4

aReaction conditions reported in the Experimental Section.
bHydrothermal treatment temperature. cCalculated by BET analysis.
dCalculated by BJH anaysis using the desorption branch.
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conducted, as shown in Figure 2. We can rule out any residual
thiol from the absence of a peak centered at ∼164 eV, while

the peak with a binding energy of ∼169 eV is consistent with
that for the sulfonic acid functionality, with all three catalysts
displaying only the single doublet of sulfonic acid.
The resulting loadings, determined via EA (see the

Supporting Information for details) and titration, are
comparable across the three supports with equal surface acid
site density, as shown in Table 2. This suggests a similar
surface −OH density across the different silica supports and
therefore an equal number of grafted sites.
The performance of the sulfonic acid catalysts was evaluated

for the alcoholysis of FOL to EL (Scheme 2). The catalyst acts
as a proton source by dissociation of sulfonic acid. Alcoholysis
of FOL occurs in several steps under these conditions. A
proposed mechanism is depicted in Scheme 3 according to the
studies of Dumesic et al.38 Reaction profiles illustrating
conversion of FOL and yield of EL as a function of time for
the three catalysts, along with data from two recycle runs to
evaluate potential losses in activity, are reported in Figure 3.

Between reaction cycles, spent catalysts were washed several
times with ethanol as described in the Experimental Section to
remove the soluble, low-molecular-weight fraction of humins.
For the first cycle of experiments, the catalyst performance

decreases slightly with increasing pore size of the SBA-15
support. In fact, C1 and C2 mesopores lead to an average
reaction rate R of 5.8 × 10−3 s−1 (normalized to −SO3H
concentration) and 5.4 × 10−3 s−1, respectively, calculated at 1
h. Conversely, FOL conversion over the large mesopore
catalyst is lower at the same point (R of 4.8 × 10−3 s−1). R
values observed in our experiments are in line with those
reported in the literature (i.e., the alcoholysis reaction of FOL
in n-butanol at 110 °C with SBA-15-pr-SO3H, reported by
Pagliaro et al., has an R of 3.0 × 10−3 s−1).39 Across the three
systems, the conversion (consumption of FOL) and product
yield (formation of EL) differ, mainly due to the formation of
humin.40 For the first reuse of the catalysts (cycle 2), an
appreciable drop in reactivity is observed only for large-pore-
size SBA-15-pr-SO3H. In contrast, a decrease in performance

Figure 1. FT-IR spectra of the (a) SBA-15 silica supports and (b) functionalized SBA-15-pr-SO3H catalysts.

Figure 2. S 2p XPS spectra for the fresh catalysts deconvoluted to the
3/2 and 1/2 doublet expected.

Table 2. Loading of SBA-15-pr-SO3H-Functionalized Silicas

SBA-15-pr-SO3H
catalyst loading
(mmol/g)a

acid capacity
(mmol [SO3H]/g [catalyst])

b

C1 0.38 ± 0.01 0.37 ± 0.02
C2 0.43 ± 0.01 0.46 ± 0.02
C3 0.36 ± 0.01 0.36 ± 0.02

aCatalyst loading calculated by EA through sulfur percentage
measurements in the sample. bAcid capacity calculated by titration.

Scheme 2. Alcoholysis of FOL to EL in EtOH Mediated by
SBA-15-pr-SO3H (C1, C2, or C3)
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(both conversion and yield) is seen across all catalysts for the
second reuse (cycle 3), even though C1 and C2 SBA-15-pr-
SO3H catalysts exhibited higher performance in terms of
conversion and yield compared to the larger-pore SBA-15-pr-
SO3H catalyst C3. This significant decrease in catalyst
performance after each reuse for the larger-pore-size catalyst
suggests a more rapid accumulation of humins within the
porous framework. EL yields at 100% FOL conversion further
support this conclusion, with lower yields for C3.
To understand the reasons for catalyst deactivation with

reuse, the possibility of leaching of the organic moiety
[Si(OMe)-pr-SO3H], as well as clogging due to humin
deposition were assessed by CHNS EA. Leaching of the active
site has been calculated by measuring the active site loading
after each cycle, as shown in the Supporting Information (see
eqs S24 and S25) and the results are summarized in Table 3.
Surface EA, from XPS, is reported in Tables S1 and S2, and
shows equivalent, albeit slightly higher (due to the surface
sensitivity of the technique) increases in C content with each
recycle for the three pore-size catalysts.
Interestingly, the medium-pore-size SBA-15-pr-SO3H cata-

lyst shows greater leaching of sulfur after the first use than both
the small- and large-pore-size catalysts, while the large-pore-
size catalyst shows less leaching of sulfur than the small-pore-
size catalyst. Furthermore, according to the kinetic experiments
reported in Figure 3, the medium-pore-size catalyst shows no
drop in activity after one cycle, whereas the large-pore-size
catalyst shows a drastic decrease, despite negligible leaching.
The results reported in Table 3 suggest that leaching is not the
main cause of deactivation; therefore, it is reasonable to
assume that the deposition of humins during the reaction, as
observed by CHNS EA (Figure 4) and XPS (Tables S1 and
S2), is the main cause of catalyst deactivation.41

Carbon content from EA of the fresh and spent catalyst
reveals significant amounts of carbon (C) deposition, which is
attributed to humin formation. The initial increase is lower in
both C1 and C2 catalysts (5.5 and 3.3% increase in % C from
fresh to cycle 1, respectively) and larger for C3 (6.7% increase
in % C from fresh to cycle 1). Further increases in humin
deposition are relatively consistent for C2 (3.2−3.8% increase
in % C per cycle), while C1 and C3 experience a larger
increase in carbonaceous deposition after cycle 2 (5.2 and 5.6%
increase in % C for cycle 2, respectively) than after cycle 3
(both ca. 4% increase in % C for cycle 3). The increase in
carbon accumulation and decreasing catalytic performance
with an increasing number of cycles suggest a significant
impact of humin deposition upon the accessibility to the
catalytic site, which inhibits the conversion to both desirable
EL and unwanted humins. The amount of carbon deposited is
greater in C1 and particularly in C3, which agrees well with the
catalyst stability tests reported in Figure 3, showing a more
significant deactivation for C1 and particularly C3.
Characterization of humin has been carried out by NMR

analysis and DRIFTS. Humins are formed as highly
polydisperse polymers in which lower-molecular-weight
fractions are commonly soluble in organic solvents. 1H and
13C NMR spectra of the fractions soluble in acetone are
reported in Figure 5a,b.
The main functional groups of humins are clearly present on

both spectra: the aldehyde singlets (between 9.72 and 9.54
ppm in the 1H spectrum and between 210 and 196 ppm in the
13C spectrum), the aromatic protons of furan rings (between
7.5 and 5.9 ppm), and the protons (and carbon) attached to
carbons directly bound to furans and oxygen (the region of
singlets from 4.5 to 3.0 ppm in 1H and the region from 91 to
50 ppm in 13C). These results are in line with the literature.42

Scheme 3. Proposed Mechanism for Acid-Catalyzed Alcoholysis of FOL to EL in EtOH
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Furthermore, the nonsoluble fractions of humin were
isolated by treating the spent catalyst C2 with NH4HF2 and
the sample was analyzed by solid-state NMR spectroscopy and
DRIFTS. The 13C NMR spectrum of the solid, shown in
Figure 5c, demonstrates the formation of rigid humins. Several
functional groups can be recognized, in particular, furanic
carbon at the α position (150 ppm) and furanic carbon at the β
position (110 ppm).43,44 Finally, the DRIFTS spectrum
(Figure 5d) clearly shows the presence of the main functional
groups (Table 4) belonging to the generic humin structure.45

A proposed mechanism for the uncontrolled formation of
humins by reactions among the intermediates formed in the
acid-catalyzed alcoholysis of FOL is depicted in Scheme 4.
Diffusion and Adsorption Studies. To further under-

stand the effect of humin deposition on diffusion and
adsorption properties within catalysts with different pore
sizes, NMR diffusion and relaxation studies were performed.

NMR relaxation measurements have previously been demon-
strated to be a powerful, nondestructive method to probe the
interactions of molecules over surfaces of inorganic/organic
heterogeneous catalysts.46−51 In addition, pulsed-field gradient
(PFG) NMR experiments can be used to measure diffusion
coefficients in a variety of situations, including liquid
mixtures,52,53 ionic solvents,54 liquids imbibed within porous
materials,55−57 and to probe accessibility of molecules in pore
structures.58,59

Figure 6 shows the PFG NMR log attenuation plots of the n-
octane probe molecule imbibed within the pores of the
different catalysts. Specific details of the PFG NMR method
and experiments performed are given in the Supporting
Information.
The self-diffusion coefficients D obtained from the plots in

Figure 6 are reported in Figure 7.

Figure 3. Conversion of FOL and yield of EL for C1 small, C2 medium, and C3 large SBA-15-pr-SO3H catalysts. C1, C2, or C3 (100% w/w) was
suspended in a solution of FOL (0.3 M) in EtOH and stirred at 120 °C. Conversion vs time (a,c,e) and yield vs time (b,d,f) bar charts were
obtained through GC analysis.
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The self-diffusion coefficient within the pores of the fresh
catalyst increases moving from smaller- (C1) to large-pore-size
(C3) SBA-15 catalysts. A similar behavior has previously been
observed in porous oxides when introducing larger pores into
the framework.58 The mobility inside the pores as a function of
cycles of reuse remains almost the same for C2 and C3,
whereas C1 shows an increase in diffusivity after each reuse.
While the latter result may seem counterintuitive, it is
reasonable to assume that because of the relatively small
pore size, the pathways with higher tortuosity, that is, lower
average molecular displacement, are being made less accessible
to molecules due to pore restrictions caused by humin
deposits. This will occur more easily in such small pores,
thereby facilitating diffusion through alternative pathways of
lower tortuosity (i.e., larger pores with better connectivity),
similar to what has been previously observed inside
hierarchical porous materials.59 We note here that the
tortuosity of a porous medium is inversely proportional to
the self-diffusion coefficient measured by PFG NMR using a
weakly interacting probe molecule such as n-octane; that is, a
lower self-diffusivity indicates a higher degree of tortuosity.
Therefore, it can be deduced that, for the small-pore catalysts,

the porous network becomes less tortuous with increasing
reuses likely due to pore blockage by humin deposition of the
smallest pores interconnecting the porous network. This is also
supported by porosimetry data on spent catalysts (see Table S3
of the Supporting Information), which shows that, for C1,
there is a significant reduction of surface area and pore size
after each reuse, which is relatively large when compared to the
behavior of C2 and C3. This suggests that the deactivation
mode of the small-pore catalyst is different from that occurring
in catalysts with larger pores, whereby in the latter, changes in
textural properties with catalyst reuse are also observed but to a
smaller extent compared to the small-pore catalyst.
For C2 and C3, humin deposition does not have a

significant effect on the catalyst self-diffusivity/tortuosity;
hence, the rate of bulk to pore diffusion is not significantly
affected after each cycle of reuse. That is, humin deposition in
C2 and C3 does not significantly affect the tortuosity of the
pore structure. This suggests that humin deposition over the
catalyst surface does not lead to significant pore blockage;
rather, it covers the surface of the internal pore space but
without blocking the pores. The results also suggest that for
larger pores, catalyst deactivation caused by humin deposition
does not occur via diffusion limitation.
NMR relaxation experiments were performed to probe the

surface of the spent catalyst. Deposition of organic carbona-
ceous deposits should result in a more lipophilic surface with
an increased affinity toward apolar molecules. The ratio of the
spin−lattice relaxation time (T1) and the spin−spin relaxation
time (T2) measured by NMR relaxation techniques can be
correlated with the strength of adsorbate/adsorbent surface
interactions where an increase of T1/T2 generally indicates a
stronger interaction with the surface.60−62 T1 values of n-
octane in the fresh and spent catalysts are measured using the
inversion recovery sequence and T2 values by using the Carr−
Purcell−Meiboom−Gill (CPMG) pulse sequence (see the
Supporting Information for details); the resultant plots are
reported in Figure 8.

Table 3. Leaching Data for the Spent Catalysts

aGenuine percentage of sulfur (%S*) calculated using eq S24 reported in the Supporting Information. bCatalyst loading as mmol of Si(OMe)-pr-
SO3H per gram (mmol g−1), see eq S25 in the Supporting Information. cPercentage of active sites [Si(OMe)-pr-SO3H] leached with respect to the
fresh catalyst. Percentages were measured by CHNS EA.

Figure 4.Weight percentage of carbon detected by CHNS EA during
subsequent experiment cycles of C1, C2, and C3 pore catalysts.
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T1/T2 values obtained are reported in Figure 9. For the
small-pore catalyst, T1/T2 of n-octane increases after the first
reuse of the catalyst (cycle 1), which can be explained by the
interactions with lipophilic humin deposits formed inside the
catalyst pores, which makes the surface more hydrophobic
compared to the fresh catalyst. T1/T2 then decreases after
reusing the catalyst a second (cycle 2) and third (cycle 3) time.
This can be attributed to blockage of the internal pores after
the first reuse, as suggested by the diffusion data, which
prevents n-octane from diffusing within the innermost part of

the internal pore network. Hence, n-octane mostly probes the
hydrophilic external surface, which is less affected by humin
deposits. Indeed, the behavior of sulfonic acid groups could be
affected by their location, for example, by differences in
geometric confinement. A similar behavior has previously been
reported by silanol groups in zeolites.63 One possible reason
for this observation is that confinement effects play a
significant role in determining humin formation; that is, in
more confined spaces the rate of humin formation can be
enhanced.
For C2 and C3, there is instead a general increase of T1/T2

of n-octane with subsequent reuses. This can be explained by
the increasing amount of humin deposits on the catalyst
surface with increasing reuses. However, unlike C1, the larger
pore size of the medium and large-pore catalysts does not lead
to a complete blockage of the internal pore network. Rather,
there is a buildup of carbonaceous deposits on the pore walls,
which remains accessible albeit with reduced pore dimensions
and shielding of the active sites. Hence, n-octane molecules are
still able to diffuse inside the internal pore structure and
interact with the lipophilic humin deposits. However, the
diffusion results clearly show that diffusivity is not significantly

Figure 5. (a) 1H NMR spectrum of soluble humin fractions in CDCl3 extracted with 5 mL of acetone. (b) 13C NMR spectrum of soluble humin
fractions in CDCl3 extracted with 5 mL of acetone. (c) {1H-}13C CPMAS NMR spectrum of solid humin, isolated from the catalyst via NH4HF2
treatment. Spinning side bands are denoted with asterisks. (d) DRIFTS spectrum of solid humin, isolated from the catalyst via NH4HF2 treatment.

Table 4. Characteristic Wavenumbers of the DRIFTS
Spectrum of the Insoluble Fraction of Humin

wavenumber (cm−1) assignment

3372 ν(OH)
3115 ν(CH sp2)
2941 ν(CH sp3)
2830
1711 ν(C�O)
1613
1441 ν(C�O) furan ring
1287 ν(CO)
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affected by the slight decrease in pore size that would
accompany the surface deposition of humin.

■ CONCLUSIONS
In conclusion, the deactivation profile of heterogeneous SBA-
15-pr-SO3H catalysts for the alcoholysis of biobased FOL in
ethanol is affected by the pore size of the catalysts.
Deactivation is not due to leaching of the active organic
moiety grafted on the surface but is mainly due to formation of
humin deposits. The large-pore catalyst deactivates more
rapidly compared to the small- and particularly medium-pore
catalyst. This is due to the formation of larger amounts of
humins, as demonstrated by EA. Humin formation affects also
transport and adsorption properties. In particular, in larger-
pore catalysts, molecules have greater access to the internal
pore structure, as revealed by NMR relaxation; even though,
humin deposition is not sufficient for blocking the pore in this
case, the coverage on the internal surface results in a drop in
reactivity.

■ EXPERIMENTAL SECTION
Materials and Methods. Pluronic P123 (average Mn ∼ 5800),

diphenyl ether (99%), EL (98%), tetraethyl orthosilicate (98%), 3-
MPTMS (95%), H2O2 aqueous solution (33% wt), and FOL (98%)
were purchased from Merck Life Science (Milan, Italy). Concentrated
hydrochloric acid and sulfuric acid were purchased from Carlo Erba
(Milan, Italy). All solvents were dried by standard laboratory methods
(distilled over proper drying agents or passed through anhydrous
silica). GC analysis was performed on a Carlo Erba 6000 instrument,
equipped with an FID and a Megadex 5 column (25 m × 0.25 mm)
with the following temperature programs: 80 °C for 1 min, then 1 °C/
min to 90 °C, and 25 °C/min to 190 °C; the retention times were
2.05 min for FOL and 6.10 min for EL; diphenyl ether was used as the
external standard to quantify conversions and yields.

T1, T2, and diffusion measurements were performed on a Magritek
benchtop 43 MHz SpinSolve using an inversion recovery, a CPMG,
and a pulsed-field gradient stimulated echo (PGSTE) sequence,
respectively.
FT-IR measurements were performed using a Bruker Vertex 70. EA

was performed using a FLASH 2000 series CHNS/O analyzer
(Thermo Fisher Scientific).
N2 adsorption−desorption isotherms were recorded on a

Quantachrome Quadrasorb porosimeter. Samples were degassed at
150 °C for 18 h prior to recording N2 adsorption−desorption
isotherms. BET surface areas were calculated over the relative
pressure range of 0.02−0.2. Mesopore size properties were calculated

Scheme 4. Proposed Mechanism for the Uncontrolled
Polymerization of the Intermediates of Acid-Catalyzed
Alcoholysis of FOL to EL in EtOH

Figure 6. PFG NMR attenuation plots for n-octane imbibed within (a) C1, (b) C2, and (c) C3 catalysts after various cycles of reuse.
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using the Barrett, Joyner, and Halenda (BJH) method applied to the
desorption branch of the isotherm.
XPS was performed on a Kratos Axis SUPRA X-ray photoelectron

spectrometer fitted with a charge neutralizer and magnetic focusing
lens using Al Kα monochromated radiation (1486.7 eV); spectral
fitting was performed using CasaXPS version 2.3.19, with energy
referencing to the C 1s peak of adventitious carbon at 284.6 eV. S 2p
backgrounds were modeled using a quadratic function of cross-section
(4535.29, −17.3355, 2704.68, −9) to account for the rising
background from Si 2s photoelectron energy loss processes and
subsequent Shirley-type function. Si 2p3/2 and 2p1/2 peaks were
modeled using a line shape of LA (1.53,243), an energy separation of
1.15 eV, and an area ratio of 2:1.

Solid-state 13C NMR spectra were recorded using a Bruker 9.4 T
(400 MHz 1H Larmor frequency) AVANCE III spectrometer
equipped with a 4 mm HFX magic angle spinning (MAS) probe.
Experiments were acquired at ambient temperature using an MAS
frequency of 12 kHz. The sample was packed into a 4 mm o.d.
zirconia rotor and sealed with a Kel-F rotor cap. The {1H-}13C cross-
polarization (CP) NMR experiment employed spin-locking for 2 ms
at ∼50 kHz for 13C, with corresponding ramped (70−100%) 73 kHz
1H spin-locking. 100 kHz SPINAL-64 heteronuclear 1H decoupling
was used throughout signal acquisition.64 A Hahn-echo τr−π−τr
sequence of two rotor periods total duration was applied to
circumvent receiver dead time. The 13C chemical shifts were
referenced to tetramethylsilane externally.

Figure 7. Diffusion coefficients of n-octane in fresh and recycled C1 (left), C2 (middle), and C3 (right) catalysts. Error bars represent a relative
error in the range of 5−6%.

Figure 8. (a−c) T1 inversion recovery and (d−f) T2 CPMG plots obtained using n-octane imbibed within the pores of the fresh and recycled C1,
C2, and C3 catalysts.
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In situ DRIFTS measurements were performed using a Bruker
Vertex 70 FT-IR spectrometer equipped with a liquid N2-cooled
mercury−cadmium−telluride detector. A catalyst sample (50−70 mg)
was placed in the ceramic crucible of the in situ DRIFTS cell.
S1/S2/S3 (SBA-15 Support) Preparation. SBA-15 was synthe-

sized using the procedure reported by Zhao et al.65 Pluronic P123 (10
g) was dissolved in water (74.5 mL) and hydrochloric acid (2 M,
291.5 mL) and stirred at 35 °C. Tetraethyl orthosilicate (23.4 mL)
was then added and left for 20 h under stirring. The resulting gel was
aged under sealed conditions for 24 h (50 °C for small-pore-size SBA-
15 synthesis, 80 °C for medium-pore-size SBA-15 synthesis, and 120
°C for large-pore-size SBA-15 synthesis) without stirring. The solid
was filtered, washed with water (1000 mL), and dried at room
temperature before calcination at 500 °C for 6 h in air (ramp rate of 1
°C/min). The pore size-controlled SBA-15 silicas were characterized
by FT-IR, BET, BJH, and nitrogen sorption isotherms.
C1/C2/C3 (SBA-15-pr-SO3H Catalyst) Preparation. C1, C2,

and C3 were synthesized according to the procedure reported in the
literature by a postgrafting approach:66,67 1 g of SBA-15 (S1, S2, or
S3) previously pretreated at 120 °C for 4 h under vacuum was
suspended in dry toluene (25 mL) under mild stirring. 3-MPTMS was
added (1.25 mL, 2.71 g, and 13.8 mmol), and the resulting opaque
suspension was refluxed for 24 h to obtain the resulting propyl thiol
group-modified SBA-15 (C1, C2, or C3). The solids were then
filtered and washed with toluene (3 × 20 mL), acetone (3 × 20 mL),
and n-hexane (3 × 20 mL). The materials were dried at 80 °C under
vacuum. The thiol groups were converted into SO3H groups by
treating the resulting SBA-15 with a H2O2 solution (20 mL, 30 wt %)
under continuous stirring at 60 °C for 24 h. Finally, the solid was
filtered, washed with water (3 × 20 mL), acidified under reflux
conditions with 20 mL of a H2SO4 solution (10 wt %), filtered again,
washed with water (3 × 20 mL), and then dried at 100 °C for 12 h
under vacuum. The pore size-diversified SBA-15-pr-SO3H silicas were
characterized by FT-IR, nitrogen sorption isotherms, EA, and XPS.
Catalyst loadings and acid capacity (concentration of −SO3H groups)
were determined by EA and titration, respectively. General method for
catalyst titration: the concentration of −SO3H groups in SBA-15-pr-
SO3H catalysts was determined by titration using a 0.01 M NaOH
solution. In detail, 50 mg of the catalyst was added to 5 mL of
deionized water and the suspension was stirred for 20 min. The
suspension was then titrated with a NaOH solution using
phenolphthalein as the indicator.
Conversion of FOL into EL and Catalyst Recycling. General

procedure for the synthesis of EL under batch conditions: C1, C2, or
C3 (100% w/w) was suspended in EtOH (4.5, 3.0, and 1.5 mL of the
fresh catalyst, once-used catalyst, and twice-used catalyst, respectively)
in a sealed Pyrex tube equipped with a poly(tetrafluoroethylene)-lined
screw cap. FOL 0.3 M (132 mg, 88 mg, and 44 mg for each successive
cycle) was added and the suspension was stirred at 120 °C for 16 h.

Conversion vs time and yield vs time plots were obtained by cooling
to room temperature and extracting 200 μL of the crude solution.
This was then combined with 161 μL of the external standard solution
(diphenyl ether, 0.414 M in ethyl acetate) and diluted to the mark
with ethyl acetate before filtering for GC analysis.
For the catalyst recycling of the solid catalyst (C1, C2, or C3), the

spent catalyst was collected from the reaction mixture via
centrifugation. After collection of the supernatant liquid, the resulting
brown solid was washed and centrifuged several times with fresh
portions of EtOH (5 × 7.0 mL). The resulting SBA-15-pr-SO3H
catalyst was recovered and dried (0.1 mbar, 40 °C, 16 h). A small
amount was retained for analysis (EA, NMR, etc.), and the other part
was directly used as the catalyst in the subsequent recycling
experiment. Conversion of FOL over time (t) was calculated as
[MFOL(initial) − MFOL(t)]/MFOL(initial). The yield of EL was calculated as
MEL(t)/MFOL(initial). The carbon content due to insoluble humin
deposits can be estimated by the formula % C(catalyst after x cycle) − %
C(fresh catalyst).
Sample Preparation and Parameter Setup for NMR

Relaxation and Diffusion Measurements. 1H NMR relaxation
measurements NMR experiments were performed on a Magritek
SpinSolve 43 MHz benchtop NMR spectrometer as described in the
Materials and Methods section.
Preparation of the solid samples for the NMR experiments was

performed as follows: the catalyst (C1, C2, or C3) solid particles were
soaked in the liquid for 24 h to ensure full saturation of the solid. The
saturated solid samples were then transferred to 5 mm NMR tubes.
To minimize errors due to evaporation of the liquid, a small amount
of pure liquid was added dropwise onto a filter paper, which was
placed under the cap of the NMR tube. The NMR tube was then
placed into the magnet and left for approximately 20 min to achieve
thermal equilibrium before measurements started.
For NMR measurements, a pulse length of 14 μs was used, with a

pulse amplitude of 0 dB for the 90° pulse. The receiver gain was set to
40, and 16 384 points were acquired in the time domain with a dwell
time of 20 μs.
Diffusion coefficients were determined using the PGSTE pulse

sequence (Figure S1 and the typical data set in Figure S2). PGSTE
experiments were performed by fixing the observation time Δ = 50 ms
and using values of gradient pulse duration δ = 2−5 ms. The
magnitude of the magnetic field gradient g was varied linearly with 16
spaced increments. In order to achieve full signal attenuation,
maximum values of g of up to 163 mT m−1 were necessary. The
diffusion coefficients D were calculated by fitting the Stejskal−Tanner
equation to the experimental data.68

T1 was measured using the inversion recovery pulse sequence
(Figure S3 and typical data set in Figure S4), with a repetition time of
between 5 × T1, depending on the sample, and acquiring 16 time

Figure 9. T1/T2 ratio of n-octane imbibed in fresh and recycled C1 (left), C2 (middle), and C3 (right) catalysts. Error bars represent a relative
error in the range of 5−6%.
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delay steps logarithmically spaced with a number of scans between 4
and 16, depending on the signal-to-noise ratio of the sample.

T2 was measured using the CPMG pulse sequence (Figure S5 and
typical data set in Figure S6) using an echo time of 120 μs with 16
steps, using between 3 to 30 echoes per step and between 4 and 16
scans per step.
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