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Propylsulfonic acid functionalized SiO> core/alkyl- or phenyl-bridged organosilica shell structured

PrSOsH-SiO@Si(R)Si (R = —CoHs—, —CeHs— or —CsH4—CsHs—) nanospheres exhibit excellent

catalytic activity and stability for the ethanolysis of D-fructose to ethyl levulinate.
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Highlights

e Propylsulfonic acid functionalized SiO> core/PMO shell nanospheres are prepared.
e PrSO3H-SiO>@Si(R)Si exhibit excellent catalytic activity in D-fructose ethanolysis.
e Strong Brensted acid nature of as-prepared catalysts plays key role to the activity.

e Unique hydrophilicity core/hydrophobicity shell positively influences the activity.

e  PrSO3H-SiO>@Si(R)Si can be reused at least 3 times without loss of activity.

Abstract

Propylsulfonic acid functionalized SiO. core/alkyl- or phenyl-bridged organosilica shell
structured PrSOzH-SiO>@Si(R)Si (R = —CzHs—, —CeHs— or —CeHs—CsH4—) nanospheres are
facilely prepared by a CTAB-directed one-pot two-step condensation strategy. The morphological
characteristics, textural properties, Brgnsted acid nature and structure of the PrSOzH-
SiO@Si(R)Si nanospheres are well characterized. The materials are successfully applied in the
catalytic transformation of D-fructose into the important organic chemical, ethyl levulinate, in the
presence of ethanol as both reactant and solvent. The catalytic activity of the PrSOsH-
SiO@Si(R)Si nanospheres outperform commercially available Amberlyst-15, HY zeolite and
HCI, mainly attributing to their strong Brgnsted acid nature; additionally, unique core-shell
structure with excellent porosity properties and well-adjusted hydrophilicity/hydrophobicity also
give the positive influence on the ethanolysis activity, which can improve the accessibility of the
reactants to the PrSOzH sites and facilitate the multi-step ethanolysis reaction proceeding to the

formation of the final product. The PrSO3H-SiO>@Si(R)Si nanospheres can be reused three times



without obvious activity loss, contributed from covalent bonding of the PrSOsH groups with the
silica and organosilica framework as well as hydrophobic PrSOsH-functionalized organosilica

shell.

Keywords: Solid acid, Biomass-derived platform molecule, Biofuel, D-fructose, Ethyl levulinate

1. Introduction

The utilization of abundant, naturally available and renewable biomass/derivatives for the
sustainable production of fuels and chemicals is of great current interest due to growing concerns
over the depletion of fossil resources and associated environmental issues [1-3]. In this research
field, catalytic transformation of carbohydrates (monosaccharides or polysaccharides) such as D-
fructose, glucose, sucrose and cellulose into the important chemical building blocks like 5-
hydroxymethylfurfural (5-HMF), 5-ethoxymethylfurfural (5-EMF), levulinic acid (LA) and alkyl
levulinate (AL) have attracted particular attention since the feedstocks can be derived from
lignocellulosic biomass [4-7]. Among the aforementioned chemical building blocks, ALs such as
methyl, ethyl and n-butyl levulinate have strong potential to be applied in the perfume and flavor
industries and as blending agents for diesel fuel formulation [8-10]; moreover, ethyl levulinate
(EL) is the most suitable fuel blend which can be directly used in diesel engines [11]. EL can be
synthesized from the acid-catalyzed esterification of levulinic acid with ethanol [12], however,
high price of levulinic acid makes the processes uneconomical [13]. More economically alternative
EL production process is the acid-catalyzed ethanolysis of various feedstocks such as furfuryl

alcohol, monosaccharides or polysaccharides, and particularly, efficient conversion of



monosaccharides or polysaccharides to EL is the ultimate process for the production of biofuels
and chemical buildings directly from lignocellulosic biomass [14]. Homogeneous liquid acids such
as HCI, H2SO4 or p-toluenesulfonic acid can catalyze the conversion of monosaccharides or
polysaccharides into ALs effectively due to their strong acidity and high acid site density.
However, the employment of them in industry often faces problems of waste generation,
equipment corrosion and recycling difficulty [15,16]. Heterogeneous acid catalysts such as
sulfated metal oxides [9,17], acidic zeolites [18], sulfonic acid silicas [18] and resin sulfonic acids
[17] have therefore received considerable attentions and applied in the above process. However,
the applications of the reported solid acids are limited owing to the disadvantages of low surface
area, worse accessibility to the acid sites, poor mechanical or thermal stability as well as inferior
durability and reusability. Thus, the development of novel, robust and recyclable strong solid acid
catalysts for direct synthesis of ALs from lignocellulosic biomass-derived carbohydrate remains a
challenge [17].

Silicas (SiO) or periodic mesoporous organosilicas (PMOs) are the ideal catalyst supports with
the advantages of tunable porosity properties, morphological characteristics and surface
hydrophilicity/hydrophobicity as well as easy functionalization. SiO2 or PMO nanopores,
nanospheres, nanorods, nanofibers and nanotubes have been successfully constructed [19].
Functionalization of these supports with sulfonic acid groups can significantly improve the
catalytic activity of SOsH-based solid acids because the aforementioned properties can influence
the accessibility to the acid sites [20-24]. In the search for novel solid acid catalysts for the
transformation of D-fructose (FOS) into EL, herein, propylsulfonic acid functionalized silica
core/alkyl- or phenyl-bridged organosilica shell structured nanospheres, PrSOzH-SiO.@Si(R)SI,

(R = —C2H4—, —CeHa— or —CeHs—CeH4—), with interesting micro/mesoporous bimodal structure are



facilely prepared by a CTAB-directed one-pot two-step condensation strategy. In the PrSOzH-
SiO2@Si(R)Si nanospheres, PrSOzH functionalized SiO2 core is more hydrophilic owing to the
presence of abundant hydroxyl groups in the silica framework, while PrSOsH functionalized PMO
shell is more hydrophobic because of the presence of alkyl or phenyl moieties within PMO
framework. Core-shell structured nanospheres with interior core and outer shell exhibit unique
properties including accessible pore channels, low density, large surface area, high permeability
and excellent loading capacity; meanwhile, their shell thickness can be well-adjusted, and both the
cores and shells can be functionalized. Therefore, as-prepared PrSOsH-SiO.@Si(R)Si nanospheres
are expected to exhibit excellent catalytic activity and reusability in direct ethanolysis of FOS to
EL. During the PrSOsH-SiO.@Si(R)Si nanospheres-catalyzed FOS ethanolysis process, the
influence of the shell thickness and core/shell compositions on the catalytic activity are studied.
Subsequently, the mechanism of EL production from the PrSOsH-SiO.@Si(R)Si-catalyzed
ethanolysis of FOS is reasonably put forward based on the identified intermediates. The excellent
ethanolysis activity of the PrSO3sH-SiO.@Si(R)Si nanospheres is explained in terms of the strong
Brensted acid nature, well-adjusted hydrophilicity/hydrophobicity and unique porosity and

morphological properties. Finally, the reusability of the PrSOsH-SiO.@Si(R)Si is investigated.

2. Experimental

2.1. Materials

1,2-Bis(trimethoxysilyl)ethane (BTMSE, 97%), 1,4-bis-(triethoxysilyl)benzene (BTESB,
96%), 4,4'-bis(triethoxysilyl)-1,1’-biphenyl (BTESBP, 95%) and 3-
mercaptopropyltrimethoxysilane (MPTMS, 95%) were purchased from Sigma-Aldrich.

Tetraethoxysilane (TEOS, 98%) and D-fructose (FOS, 98%) was purchased from Sinopharm



Chemical Reagent Co. Ltd.. Cetyltrimethylammonium bromide (CTAB, 99%) was purchased from
Beijing Fine Chemical Co.. Ethyl levulinate (EL, > 98.0%) was purchased from TCI. Commercial
available Amberlyst-15 and HY zeolite was purchased from Alfa Aesar. The above reagents were

used without further purification.

2.2. Catalyst preparation

2.2.1. PrSO3H-SiO,@Si(Ph)Si nanospheres

Typically, CTAB (0.16 g) was dissolved in 30 mL ethanol and 75 mL water solution containing
1 mL 25% ammonia at 35 °C under stirring for 1 h. Then, TEOS (1.2 mmol) and MPTMS (0.212
mmol) were simultaneously added to the above clear solution. After stirring for 24 h at 35 °C, a
mixture of BTESB (0.45, 0.6 or 0.75 mmol) and MPTMS (0.212 mmol) were rapidly added to the
above suspension, and the resultant white suspension was stirred at 35 °C for 24 h. The final
chemical composition of the precursor solution was 0.439CTAB: 1.2TEOS: (0.45, 0.6 or
0.75)BTESB: 0.424MPTMS: 6.5NH4+OH: 514C;HsOH: 4167H.0: 100H20. (molar ratio).
Subsequently, the white product was collected by centrifugation and washed with ethanol and
dispersed in aqueous solution. The suspension was transferred to an autoclave and heated at 120
°C with a heating rate of 2 °C min™! for additional 5 h. The resulting white solid powder was
collected by centrifugation and washed with boiling ethanol containing concentrated HCI (240 pL,
37%) for three times to remove CTAB in the product. The obtained product was washed with
ethanol three times and then dispersed in 10 mL H20O> aqueous solution at room temperature under
stirring for 24 h. The product was washed with deionized water to remove residual H>O> aqueous
solution and then air-dried at 60 °C for 12 h. The corresponding product is denoted as PrSO3zH-
SiO.@Si(Ph)Si-1, PrSOsH-SiO @Si(Ph)Si-2 and PrSO3H-SiO@Si(Ph)Si-3, respectively,

representing different contents of phenyl-bridged organosilica in the product.



2.2.2. PrSOsH-SiO.@Si(Ph-Ph)Si or PrSOsH-SiO.@Si(Et)Si nanospheres

The procedure is similar to that of the PrSOzH-SiO.@Si(Ph)Si nanospheres, however, BTESB
was replaced by BTESBP (precursor of biphenyl-bridged organosilica) or BTMSE (precursor of
ethyl-bridged organosilica). The final chemical composition of the precursor solution was
0.439CTAB: 1.2TEOS: 0.6BTESBP (or BTMSE): 0.424MPTMS: 6.5NH4+OH: 514C,;HsOH:

4167H20: 100H20, (molar ratio).

2.2.3. PrSOsH-Si(Et)Si@SiO2 nanospheres

The procedure is similar to that of the PrSO3H-SiO.@Si(Et)Si nanospheres, but BTMSE and
TEOS was successively added to the preparation system. The final chemical composition of the
precursor solution was 0.439CTAB: 1.2TEOS: 0.6BTMSE: 0.424MPTMS: 6.5NHsOH:

514C,Hs0OH: 4167H20: 100H202 (molar ratio).

2.2.4. PrSOsH-SiO2 nanospheres
The procedure is similar to that of the PrSOsH-SiO.@Si(Ph)Si nanospheres, but BTESB was
not added in the preparation system. The final chemical composition of the precursor solution was

0.439CTAB:1.2TEOS:0.2MPTMS:6.5NH40H:514C,Hs0H:4167H20:100H202 (molar ratio).

2.2.5. PrSOsH-Si(Ph)Si nanospheres
The procedure is similar to that of the PrSOsH-SiO» nanospheres, however, TEOS was replaced
by BTESB. The final chemical composition of the precursor solution was

0.439CTAB:0.6BTESB:0.2MPTMS:6.5NH4OH:514C>Hs0H:4167H20:100H202 (molar ratio).

2.3. Catalyst characterization



Transmission electron microscope (TEM) observations were performed on a JEM-2100F high
resolution transmission electron microscope at an accelerating voltage of 200 kV. Scanning
electron microscopy (SEM) images were taken on a XL-30 ESEM FEG field emission scanning
electron microscope. Nitrogen porosimetry measurement was performed on a Micromeritics
ASAP 2020M surface area and porosity analyzer after the samples were outgassed under vacuum
at 363 K for 1 h and 373 K for 12 h. The surface area (Sger) was calculated using the Brunauer-
Emmett-Teller equation, pore diameters (Dp) was calculated using Barrett-Joyner-Halenda
desorption branch of the isotherms, and pore volume (V) was accumulated up to P/Po = 0.99. 2°Sj
magic angle spinning (MAS) NMR and *3C cross polarization-magic angle spinning (CP-MAS)
NMR spectra were recorded on a Bruker AVANCE 111 400 WB spectrometer equipped with a 4
mm standard bore CP MAS probe head. The dried and finely powdered samples were packed in
the ZrO2 rotor closed with a Ke-F cap which was spun at 12 kHz rate. Chemical shifts for 2°Si
MAS NMR and 2C CP-MAS NMR spectra were referenced to the signal of 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt standard (6 = 0.0) and CioHie standard (6CH2 = 38.5),
respectively. The Brgnsted acid-site density (Atitration, peq(H") g 1) was determined by titration with
NaOH solution (0.0045 mol L 1), and the detailed procedures were followed by the literature work

[25].

2.4. Catalytic test

The catalysts were dried for 2 h at 120 °C in a vacuum before the catalytic tests.

Ethanolysis of FOS was carried out in an autoclave with a Teflon lining under the conditions of
140 °C, ethanol (68.95 mmol) to FOS (0.278 mmol) molar ratio of 248 and the ratio FOS/catalyst
of 1 wt/wt, and stirring was applied throughout the reaction. The concentration of the produced

EL was determined periodically on a Shimadzu 2014C gas chromatograph fitted with a HP-



INNOWAX capillary column and flame ionization detector. The injection port temperature was
250 °C, the oven temperature was maintained at 60 °C for 5 min, and then raised to 180 °C for 10
min at a heating rate of 8 °C mint. The GC injector temperature was 250 °C. Ethyl laurate was
applied as an internal standard. The catalytic activity of the catalyst was evaluated quantitatively
by the yield of EL (Y, %) and turnover frequency (TOF, h™?), respectively. Herein, Y (%) =
(Mp/Mt) % 100, where Mp and M~ is the number of moles of EL produced and expected. TOF
values were determined from the linear portion of the initial reaction rate profile for the yield of
EL, which were normalized to the acid site density measured by acid-base titration. The
intermediates produced during the catalytic process were identified by a mass spectrometry
coupled with gas chromatography (HP6890GC-5973MSD) and a high-resolution electrospray
ionization time-of-flight mass spectrometry equipped with high performance liquid

chromatography (Agilent1200HPLC-micrOTOFESI-TOF-MS).

3. Results and discussion

3.1. Preparation of the PrSOsH-SiO>@Si(R)Si nanospheres

The PrSOsH-SiO.@Si(R)Si nanospheres are facilely and repeatedly prepared by a CTAB-
directed one-pot two-step condensation strategy followed by H20O, post-oxidation process. As
shown in Scheme 1, the PrSO3H-SiO> core is obtained by a CTAB-directed
hydrolysis/condensation of tetraethoxysilane (TEOS) with 3-mercaptopropyltrimethoxysilane
(MPTMS) under ammonia environment. Specifically, when TEOS and MPTMS are mixed with
aqueous ethanol solution containing CTAB and ammonia, they gradually hydrolyze to give the
hydroxyl group-containing hydrolyzed precursors. Subsequently, the hydrolyzed precursors co-

assembly with spherical CTAB cation micelles (CTA™) via electrostatic interaction and condense



to form spherical propylthiol (SH) group-functionalized SiO> core. In the next step, spherical SH
group-functionalized PMO shell is fabricated around the core after further adding bissilylated
organic precursors (e.g. BTESB, BTESBP or BTMSE) and MPTMS into the reaction system with
a time interval of 24 h. The successive growth of the core and shell is further facilitated under
hydrothermal condition (120 °C, 5 h), leading to the formation of perfect spherical morphology
with porous core and shell (see Fig. 1). Moreover, the shell thickness can be modulated by
changing the starting amount of the bissilylated organic precursors, and the hydrophobicity of the
shell can be adjusted by the introduction of different alkyl or phenyl moieties within the
silica/carbon framework. Finally, propylsulfonic acid functionalized silica core/PMO shell
nanospheres are obtained after removing CTAB by acidic boiling ethanol washing and oxidation

of —SH groups by H-Ox.

3.2. Catalyst characterization

3.2.1. Morphological characteristics and porosity properties

Morphological characteristics of as-prepared PrSOsH-SiO.@Si(R)Si are revealed by TEM (Fig.
1) and SEM observations (Fig. 2). The images shown in Fig. 1a and b indicate that the PrSOsH-
SiO2 or PrSOsH-Si(Ph)Si prepared by a CTAB-directed hydrolysis/condensation of TEOS or
BTESB with MPTMS exhibit solid and monodispersed spherical morphology with porous
structure and well-distributed particle size, and the estimated outer diameter of the PrSO3H-SiO-
and PrSO3H-Si(Ph)Si particles are 155 and 140 nm (Table 1). After the formation of the PrSOzH-
SiO@Si(R)Si particles, their porous core-shell structure can be visibly observed (Fig. 1c-g), and
the average core diameter is closed to the outer diameter of the PrSO3H-SiO. or PrSOsH-Si(Ph)Si
nanospheres (Table 1). From the result shown in Fig. 1c, f and g it is found that the PrSOzH-

SiO.@Si(R)Si nanospheres prepared at the same bissilylated organic precursor (BTESB, BTESBP

10



or BTMSE) adding amount possess the similar shell thickness (21, 23 and 23 nm), regardless of
the structure of the incorporated functional organic moieties (R).

The core-shell structured PrSO3H-SiO.@Si(R)Si particles with opened porous structure favor
the diffusion of the reactants and intermediates into the interior of the spheres, which can improve
the accessibility of the active sites to the substrates. Moreover, the shell thickness is also one of
the factors that influence the diffusion of the reactants and products. In order to evaluate the
influence of the shell thickness on the catalytic activity of the PrSOsH-SiO>@Si(R)Si nanospheres,
the shell thickness of the representative PrSOsH-SiO.@Si(Ph)Si is modulated by changing the
starting amount of BTESB, which gives rise to the PrSOzH-SiO,@Si(Ph)Si-1, PrSOsH-
SiO,@Si(Ph)Si-2 and PrSO3H-SiO>@Si(Ph)Si-3 nanospheres with the estimated shell thickness
of 21, 25 and 30 nm, respectively (Fig. 1c—e and Table 1).

As for the PrSOsH-functionalized ethyl-bridged organosilica core/SiO2 shell structured
PrSOsH-Si(Et)Si@SiO, nanoparticles, its porous core-shell structure is also fabricated. The
estimated core diameter and shell thickness are 165 and 21 nm, respectively (Fig. 1h).

From the SEM images shown in Fig. 2a and b it is found that the representative samples,
PrSOsH-SiO.@Si(Ph)Si-2 (outer diameter of 205 nm) and PrSO3H-SiO>@Si(Ph-Ph)Si (outer
diameter of 206 nm), exhibit uniform and monodispersed spherical morphology; however, their
core-shell structure is hardly observed by this method.

The results of nitrogen gas porosimetry measurement support the above TEM and SEM
observations. From the nitrogen gas adsorption/desorption isotherms of three PrSOzH-
SiO@Si(Ph)Si nanospheres with different shell thicknesses it is found that the samples exhibit
interesting micro/mesoporosity with the characteristics of a rapid increasing nitrogen gas adsorbed

amount at relative pressure (P/Po) lower than 0.1 (Type I isotherm) and Type IV isotherm with a
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large H1-type hysteresis loop at P/Po = 0.4-1.0 (Fig. 3a). The result signifies that the PrSO3H-
SiOo@Si(Ph)Si nanospheres possess regular mesopores without interconnecting channels,
regardless of the shell thickness. The pore size distribution curves indicate that the mesopores of
three PrSOsH-SiO>@Si(Ph)Si nanospheres are well-distributed (Fig. 3b), and the average pore
diameter is 3.8 (PrSOsH-SiO,@Si(Ph)Si-1), 3.8 (PrSOsH-SiO,@Si(Ph)Si-2) and 4.2 nm (PrSOsH-
SiO@Si(Ph)Si-3), respectively. From the determined textural parameters summarized in Table 1
it can be seen that three PrSOsH-SiO>@Si(Ph)Si nanospheres exhibit excellent porosity properties
with extremely large BET surface area (866, 810 and 815 m? g*) and high pore volume (0.77, 0.73
and 0.62 cm® g ), and the shell thickness of the nanospheres has little influence on their BET
surface area. However, the pore volume is affected by the shell thickness in some extent, and the
nanospheres with thicker shell thickness possesse lower pore volume. The extremely large BET
surface area of the PrSOsH-SiO>@Si(Ph)Si nanospheres is contributed from the outer and inner
surface of both the core and the shell as well as open porous structure of the nanospheres.
Similarly, the PrSO3H-SiO.@Si(Ph-Ph)Si and PrSOsH-SiO.@Si(Et)Si nanospheres also show
the micro/mesoporosity properties to those of the PrSOsH-SiO>@Si(Ph)Si nanospheres, and their
nitrogen gas adsorption/desorption isotherms display a rapid increasing nitrogen gas adsorbed
amount at P/Pg lower than 0.1 (Type | isotherm) and H2- or H4-type hysteresis loop at P/Pg =
0.40-0.85 (Fig. 3c). Therefore, it is inferred that the PrSO3H-SiO,@Si(Ph-Ph)Si and PrSOsH-
SiO,@Si(Et)Si nanospheres possess narrow mouth shaped mesopores. These two samples show
very sharp pore size distribution curves, implying that they have uniform mesopores (Fig. 3d). The
determined average pore diameter of them is 3.8 nm, and they still possess large BET surface area,
i.e.,, 696 and 790 m? g for the PrSOsH-SiO.@Si(Ph-Ph)Si and PrSOsH-SiO.@Si(Et)Si,

respectively (Table 1).
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As for the PrSOsH-Si(Et)Si@SiO2 nanospheres composed of PrSOszH-functionalized ethyl-
bridged organosilica core and silica shell, it still exhibits micro/mesoporosity with very small
hysteresis loop (Fig. 3c); meanwhile, its pore size distribution curve becomes wider, together with
low pore volume (Fig. 3d). However, its BET surface area (777 m? g%, Table 1) is still large. The
individual PrSO3H-SiO2> and PrSOsH-Si(Ph)Si nanospheres also show micro/mesoporosity
properties, evidenced by the nitrogen gas adsorption/desorption isotherms and pore size
distribution curves presented in Fig. 3e and f; additionally, both of them possess extremely small
hysteresis loop. Owing to having plentiful pores within the nanospheres, the PrSO3zH-SiO has
extremely larger BET surface area (1060 m? g 1) than that of the PrSOsH-Si(Ph)Si (757 m? g1),
but their pore diameter is the same (3.9 nm, Table 1). As expected, after the formation of the core-
shell structured PrSO3sH-SiO>@Si(Ph)Si-1 nanospheres, its BET surface area (866 m? g 1) is larger

than that of PrSO3zH-Si(Ph)Si but smaller than PrSOsH-SiOa.

3.2.2 Composition and structure

The formation of the inorganic-organic silica framework and the incorporation of PrSOsH
groups within the framework of the PrSOsH-SiO,@Si(R)Si nanospheres were studied by 2°Si
MAS NMR (Fig. 4a) and 3C CP-MAS NMR spectra (Fig. 4b-d).

In the 2°Si MAS NMR spectrum of the representative sample, PrSOsH-SiO.@Si(Ph)Si-2, three
characteristic resonances are found at —56, —60 and —69 ppm, respectively, which are originated
from the organosiloxane species including T* [C-Si(OSi)(OH)2], T? [C-Si(OSi)2(OH)] and T [C—-
Si(OSi)3] within the carbon/silica framework of the shell [26,27]; additionally, the other four
characteristic resonances detected at —80, —94, —102 and —111 ppm are assigned to the inorganic
silica species including Q* [Si(OSi)(OH)s], Q? [Si(OSi)2(OH)2], Q* [Si(OSi)s(OH)] and Q*

[Si(OSi)4] from the core of nanospheres, respectively [27]. The result indicates that the silica core
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and organosilica shell of the PrSO3H-SiO,@Si(R)Si nanospheres are fabricated by using current
preparation route.

In the 1*C CP-MAS NMR spectrum of the PrSO3H-SiO,@Si(Ph)Si-2 nanospheres (Fig. 4b), the
detected three signals at 11, 17 and 53 ppm belong to the C1-C3 species of the PrSOsH groups,
implying that the PrSOsH groups are successfully introduced within the silicon/carbon framework
[28]. Additionally, the other predominant signal found at 132 ppm is due to the carbon species (C*)
of phenyl-bridged silsesquioxane framework of the shell [17,24,29].

Similarly, in the *C CP-MAS NMR spectra of the PrSOsH-SiO.@Si(Ph-Ph)Si (Fig. 4c) and
PrSOsH-SiO.@Si(Et)Si nanospheres (Fig. 4d), three characteristic resonances originated from
PrSOsH groups can also be found at 11, 17 and53 ppm. As for the other four strong signals found
at 143.0, 134.6, 130.3 and 126.2 ppm in Fig. 4c, they are assigned to C*~C’ species of biphenyl-
bridged silsesquioxane framework of the shell [24], while the strongest signal detected at 5.1 ppm
in Fig. 4d attributes to C* species of ethyl-bridged silsesquioxane framework of the shell [28,30].
As for the signal found at 58.2 ppm in Fig. 4b, c and d, it is assigned to the residual carbon species
of the ethoxy groups, which are formed during the boiling ethanol washing step [12,21,31].

Combination of the 2°Si MAS NMR and $3C CP-MAS NMR spectra it is concluded that PrSOzH
group-functionalized silica core/alkyl- or phenyl-bridged organosilica shell are created in the
PrSOsH-SiO>@Si(R)Si nanospheres by using CTAB-directed one-pot two steps sol-gel process,
and its core and shell are composed of covalently bonded —Si—O1 5-Si—PrSO3H and O1 5-Si—R-Si—

015-Si-PrSOsH (R = —CeHs—/-CsHs—CsHs—/—C2H4—) framework, respectively (Scheme 1).

3.2.3. Bransted acid site density
The Bronsted acid site density (Astation, peq g2) of as-prepared PrSOsH-SiO.@Si(R)Si

nanospheres is determined by titration with dilute NaOH solution. As shown in Table 1, three

14



PrSOsH-SiO>@Si(Ph)Si nanospheres possess similar Brgnsted acid-site density (522—-540 peq g~
1), and the shell thickness has a slight influence on this value. As for the PrSOsH-SiO,@Si(Ph-
Ph)Si (508 peq g ) and PrSOsH-SiO@Si(Et)Si (571 peq g*) nanospheres, their Bransted acid-
site density is similar to that of the PrSOsH-SiO.@Si(Ph)Si-1 nanospheres. The PrSOzH-
Si(Et)Si@SiO, nanospheres has the highest Bransted acid-site density (621 peq g*) among all
tested PrSOsH-based nanospheres. Additionally, the soilid PrSOsH-Si(Ph)Si and PrSOsH-SiO>
nanospheres have somewhat higher Brgnsted acid-site density (585 and 603 peq g*) than that of

the PrSOsH-SiO@Si(R)Si nanospheres.

3.3. Catalytic performance

The catalytic performance including activity, reaction mechanism and reusability of the
PrSOsH-SiO.@Si(R)Si nanospheres is studied in the synthesis of EL from ethanolysis of FOS
under the conditions of ethanol-to-FOS molar ratio of 248, the ratio FOS/catalyst of 1 wt/wt and

140°C.

3.3.1. Catalytic activity

Firstly, influence of ethanol-to-FOS molar ratio on the ethanolysis activity of the PrSOszH-
SiOo@Si(Ph)Si is studied by selecting the PrSOsH-SiO.@Si(Ph)Si-2 as the representative catalyst,
and the result is presented in Fig. 5a. It shows that after the reaction proceeds for 4 h, the yield of
EL increases from 24.9, 32.4 to 35.6% as increasing ethanol-to-FOS molar ratio from 124, 186 to
248. In the PrSOsH-SiO.@Si(Ph)Si-catalysed FOS ethanolysis reaction, ethanol is used as both
the reactant and solvent, and higher ethanol-to-FOS molar ratio (e.g. 248) can facilitate the
conversion process of FOS-5-HMF-5-EMF-EL, giving rise to higher EL yield. Otherwise, at

lower ethanol-to-FOS molar ratio (e.g. 124), more oligomeric byproducts may be produced owing
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to self-polymerization of some intermediates (e.g. 5-HMF), accompanying with the decreased EL
yield. Much higher ethanol-to-FOS molar ratio (higher than 248) may dilute the substrate and
thereby decreasing the yield of EL; meanwhile, excessive ethanol may lead to the above process
uneconomic. Therefore, in the subsequent catalytic test, ethanol-to-FOS molar ratio is set at 248.

Subsequently, influence of the shell thickness on the ethanolysis activity is studied by selecting
the PrSOsH-SiO.@Si(Ph)Si nanospheres as the representative catalysts. From the result shown in
Fig. 5b it can be seen that the yield of EL has a slight decrease with increasing the shell thickness
from 21, 25 to 30 nm, and it is 62.5 (PrSOsH-SiO.@Si(Ph)Si-1), 60.6 (PrSO3H-SiO@Si(Ph)Si-
2) and 58.8% (PrSO3H-SiO.@Si(Ph)Si-3) after the reaction carried out for 12 h. As for the core-
free PrSOsH-Si(Ph)Si and shell-free PrSO3H-SiO2 nanospheres, their ethanolysis activity are
lower than that of the core-shell structured PrSO3H-SiO>@Si(Ph)Si. Under the same conditions,
the yield of EL is 50.8 and 47.7%, respectively, for the PrSOsH-Si(Ph)Si- and PrSOzH-SiO>-
catalyzed FOS ethanolysis reaction. The result suggests that permeable and porous hydrophilic
silica core/hydrophobic PMO shell structure of the PrSOsH-SiO.@Si(R)Si nanospheres play an
important role in the enhancement of the ethanolysis activity.

Next, the catalytic activity of the PrSOsH-SiO>@Si(Ph)Si nanospheres with different R moieties
within the shell framework is tested. From the result shown in Fig. 6a it is found that the tested
catalysts follow the ethanolysis activity order of PrSOsH-SiO.@Si(Ph-Ph)Si > PrSOzH-
SiO@Si(Ph)Si-2 > PrSOsH-SiO>@Si(Et)Si > PrSOzH-Si(Et)Si@SiO. After the ethanolysis
reaction proceeded for 12 h, the yield of EL reaches 62.6, 60.6, 59.3 and 53.9%, respectively, for
the PrSOsH-SiO.@Si(Ph-Ph)Si-, PrSOsH-SiO.@Si(Ph)Si-2-, PrSOzH-SiO@Si(Et)Si- and

PrSOsH-Si(Et)Si@SiO.-catalyzed ethanolysis reaction.

16



Since the tested PrSOsH-SiO.@Si(Ph)Si nanospheres possess different Brgnsted acid site
densities, their ethanolysis activity is further compared in terms of TOF values determined from
the linear portion of the initial reaction rate profile for the yield of EL, which are normalized by
the acid site density. As displayed in Fig. 6b, the catalysts follow the TOF value order of PrSOsH-
SiO,@Si(Ph-Ph)Si (0.86 h'') > PrSOsH-SiO,@Si(Ph)Si-2 (0.81 h™*) > PrSOsH-SiO.@Si(Et)Si
(0.68 h™1) > PrSO3H-Si(Et)Si@SiO2 (0.62 h™), in line with the activity revealed by the yield of EL
(Fig. 6b).

Finally, the catalytic activity of the PrSOsH-SiO.@Si(Ph)Si-2 is further compared with some
reference acid catalysts including HCI, HY zeolite and Amberlyst-15. Fig. 7a displays the
ethanolysis activity of the tested catalysts revealed by the yield of EL, showing that they follow
the activity order of Amberlyst-15 > PrSOsH-SiO.@Si(Ph)Si-2 > HCI > HY zeolite. For the
Amberlyst-15-, PrSO3H-SiO.@Si(Ph)Si-2-, HCI- and HY zeolite-catalyzed ethanolysis reaction,
the yield of EL reached 75.5, 60.6, 53.4 and 30.9%, respectively, after the reaction proceeded for
12 h. Considering the difference of Brensted acid site density among the tested acid catalysts, the
corresponding TOF values are determined and presentated in Fig. 7b, showing that they follow the
TOF order of PrSOsH-SiO.@Si(Ph)Si-2 (0.81 h't) > HY zeolite (0.31 h™) > Amberlyst-15 (0.14
h™) > HCI (0.02 h™t). Therefore, the ethanolysis activity of the PrSOsH-SiO.@Si(Ph)Si-2
nanosphere outferforms these commerical acid catalysts, attributing to its unique hydrophilic
core/hydrophobic shell structure and excellent porosity properties such as large BET surface area
(810 m? g1) and high pore volum (0.73 cm® g%). In the case of Amberlyst-15 and HCI, they have
high EL yield but low TOF value, which is due to their high Brgnsted acid site density. Moreover,
the mechanical stability of Amberlyst-15 is poor at higher temperature (e.g. 140 °C), leading to it

difficultly being recycled. Homogeneous HCI suffers from disadvantages such as corrosion,
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difficulty in separation and acid-waste generation, resulting in it uncompetitive with respect to
heterogeneous acid catalysts. The lowest ethanolysis activity of microporous HY zeolite is due to

its small micropore, leading to poor accessibility of the reactants to the acid sites.

3.3.2. Possible reaction mechanism

During the process of ethanolysis of FOS to EL catalyzed by the PrSOsH-SiO.@Si(R)Si
nanospheres, the intermediates including ethyl fructoside (Compound 1), 5-HMF (Compound 2),
5-EMF (Compound 3), 5-hydroxymethylfurfural diethylacetal (Compound 4) and 5-
ethoxymethylfurfural diethylacetal (Compound 5) are identified through GC-MS and LC-MS
analysis (Scheme 2). Based on the identified intermediates and the relevant literature work, the
reaction mechanism of the PrSOzH-SiO.@Si(R)Si-catalyzed ethanolysis of FOS to EL is
tentatively proposed and illustrated in Scheme 2 [32,33]. Firstly, FOS molecules are activated by
the PrSOsH sites of the PrSO3sH-SiO.@Si(R)Si nanospheres, and the activated FOS molecules are
attacked by ethanol molecules to form ethyl fructoside, accompanying with the release of water.
Further release of both water and ethanol molecules from the activated ethyl fructoside gives rise
to 5-HMF. 5-HMF molecules are activated by the PrSOsH sites, and the activated 5-HMF
molecules are attacked by ethanol molecules to form 5-EMF or 5-hydroxymethylfurfural
diethylacetal and water. 5-EMF may also be yielded directly from the release of water from the
activated FOS molecule. Next, 5-EMF or 5-hydroxymethylfurfural diethylacetal are further
attacked by ethanol molecules to form 5-ethoxymethylfurfural diethylacetal and water (Step I). In
the other parallel pathway, the activated FOS molecules are isomerized by ethanol followed by the
release of water to form 5-HMF (Step II). During the above FOS-5-HMF-5-EMF dehydration

stage, permeable hydrophobic shell of the PrSOsH-SiO.@Si(R)Si nanospheres is favorable to
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selectively create an unsuitable environment for water, leading to it easy desorption from the
catalyst surface. As a consequence, the formation of 5-HMF and 5-EMF is facilitated.
Subsequently, the formation of EL (Compound 6) may undergo the following three possible
approaches: (i) protonation of epoxy groups of 5-EMF by the PrSOsH sites gives rise to cyclic
oxonium of 5-EMF, and the latter suffers from the ring-opening reaction under the attack of water
and ethanol molecules to produce EL; (ii) the activated 5-hydroxymethylfurfural diethylacetal is
attacked by water molecules, and EL is formed via the ring-opening reaction; and (iii) under the
attack of water molecules, the activated 5-ethoxymethylfurfural diethylacetal suffers from the ring-
opening reaction to form EL. During the above 5-EMF-EL stage, water yielded from the
dehydration of FOS participates in the ring-opening reaction of the intermediates, and therefore,
in order to increase the accessibility of the intermediates to the acid sites, core of the PrSO3zH-
SiOo@Si(R)Si nanospheres should be more hydrophilic than its shell, which can provide a more

suitable environment for the rehydration of hydrophilic intermediates.

3.3.3. Discussion

The excellent ethanolysis activity of the PrSO3H-SiO.@Si(R)Si nanospheres is attributed to
their strong Brensted acid nature, unique core-shell structure with excellent porosity properties
and well-adjusted hydrophilicity/hydrophobicity.

The strong Brensted acid nature of the PrSOsH-SiO.@Si(R)Si nanospheres plays the key role
to the synthesis of EL from FOS based on the above reaction mechanism discussion. Moreover, in
the PrSOsH-SiO.@Si(R)Si nanospheres, both the core and shell are functionalized by the PrSOsH
groups, which can provide more acid sites for the ethanolysis reaction. This is another reason that

ensures the target reaction proceeds at a fast rate.
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Additionally, the unique core-shell structure of the PrSOsH-SiO,@Si(R)Si nanospheres gives a
positive influence on their ethanolysis activity. On the one hand, the PrSOsH-SiO.@Si(R)Si
nanospheres exhibit interesting micro/mesoporous bimodal structure, leading to them excellent
porosity properties and better dispersion of the PrSOsH sites throughout the core and shell. The
large BET surface area and high pore volume can increase the population of the PrSOsH sites,
while the opened porous structure can reduce the diffusion limit of the reactants to the interior of
the spheres, leading to the increased accessibility of FOS molecules to the PrSOsH sites throughout
the core and shell. Both of the advantages can improve the catalytic activity of multi-step
ethanolysis reaction. For the reference acid catalyst Amberlyst-15, although it has extremely high
Brensted acid site density, its TOF value is lower than the PrSOz3H-SiO>@Si(Ph)Si nanosphere,
which is attributed to its smaller BET surface area (50 m? g1) or less exposed acid sites. In the
case of HY zeolite, its microporous structure limits the accessibility of the acid sites to the bulky
FOS molecules, leading to severe diffusion limit and thereby poor ethanolysis activity. The above
results further confirm that the porosity properties of the solid acids influence their catalytic
activity except for the Bragnsted acid nature.

The another contribution of the core-shell structured PrSOzH-SiO>@Si(R)Si nanospheres to the
ethanolysis activity is that they have permeable shell, which can facilitate mass transfer of the
reactants. The PrSOsH-SiO>@Si(Ph)Si-1 nanosphere with the thinnest shell among three PrSO3H-
SiO.@Si(Ph)Si nanospheres exhibits the highest ethanolysis activity, attributing to the shortest
mass transfer distance and thereby the increased accessibility of the PrSOsH groups to the
reactants.

Finally, the PrSOsH-SiO.@Si(R)Si nanospheres with more hydrophilic PrSOsH-functionalized

silica core and more hydrophobic PrSOzH-functionalized organosilica shell have a considerable
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influence on the ethanolysis activity. The conversion of FOS into EL in the presence of ethanol is
a continuous process of multi-step reaction. In the first stage, FOS dehydration or etherification
produces 5-HMF or ethyl fructoside, and then 5-EMF, 5-hydroxymethylfurfural diethylacetal and
5-ethyloxymethylfurfural diethylacetal are obtained. The process accompanies with the release of
water and formation of some hydrophilic oligomeric byproducts such as diethyl ether and 5,5'-
oxybis(methylene)bis-2-furfural (identified by GC-MS and LC-MS). In the next stage, EL is
formed via the ring opening reactions of the aforementioned intermediates with the help of the
yielded water in the first stage. Well-adjusted hydrophilicity/hydrophobicity of the PrSOsH-
SiO@Si(R)Si nanospheres can match the above reaction process. In the first stage, the
hydrophobic PrSOsH-functionalized organosilica shell may avoid the adsorption of water and
hydrophilic oligomeric byproducts on the catalyst surface, which can further facilitate the mass
transfer of the intermediates to the interior of hydrophilic PrSOzH-functionalized silica core
besides the shell. Accordingly, the ring opening reactions of the intermediates with the assistance
of water proceed effectively on the hydrophilic core, leading to considerably higher EL yield with
respect to shell-free PrSOsH-SiO2 and PrSOzH-Si(Et)Si@SiO> (hydrophilic shell and hydrophobic
core) nanospheres. The lower catalytic activity of the PrSO3H-SiO> nanospheres is due to the
strong interaction of the PrSOsH sites with water and hydrophilic oligomeric byproducts, which is
confirmed by the following recycling test (Fig. 8). Additionally, slight activity difference among
three PrSOsH-SiO.@Si(R)Si nanospheres with different bridging organic groups (e.g. ethyl,
phenyl and biphenyl) within the shell framework is mainly due to their different hydrophobicity.
The PrSOsH-SiO.@Si(Ph-Ph)Si nanosphere with the highest hydrophobicity exhibits the highest

ethanolysis activity although its BET surface area and acid site density are the lowest.

3.3.4. Regeneration and reusability

21



The reusability of the supported catalysts is one of the important properties that determines their
practical applications. To explore the catalytic stability of the incorporated PrSOsH groups and the
reusability of as-prepared PrSOsH-SiO.@Si(R)Si nanospheres, the PrSOzH-SiO>@Si(Ph)Si-2
nanosphere is selected and reused for three times in ethanolysis of FOS. As a comparison, the
reusability of shell-free PrSOsH-SiO2 nanosphere is also investigated under the same conditions.
As shown in Fig. 8a, the PrSOsH-SiO, nanosphere exhibits an obvious activity loss during three
consecutive cycles, and the yield of EL decreased from 47.7% (the first cycle) to 29.9% (the third
cycle). In the case of the PrSOsH-SiO.@Si(Ph)Si-2 nanosphere, it shows excellent catalytic
stability, and the yield of EL is 60.6 (1st cycle), 58.5 (2nd cycle) and 58.8% (3rd cycle),
respectively, under the same conditions. The result implies that the reusability of the PrSOsH-
SiO.@Si(R)Si nanosphere is superior to the shell-free PrSO3H-SiO2 nanosphere. The excellent
reusability of the PrSO3H-SiO>@Si(R)Si nanosphere is firstly due to the covalent bonding between
the PrSOsH groups with silica or PMO framework, which can avoid the leakage of the PrSOsH
groups during the catalytic recycle process. Additionally, the hydrophobic PrSOsH-Si(R)Si shell
can prevent the adsorption of the hydrophilic oligomeric byproducts on the catalyst surface and
maintain high accessibility of the reactants and intermediates to the PrSOsH sites of the core, and
therefore the deactivation of the catalyst hardly occurred in current catalytic system. However, the
hydrophilic oligomeric byproducts can be easily adsorbed on the surface of hydrophobic shell-free
PrSO3H-SiO2 nanopheres, leading to it poor reusiability. To further support the above explanation,
TEM image (Fig. 8b) and *C CP-MAS NMR spectrum (Fig. 8c) of the third used PrSOsH-
SiO,@Si(Ph)Si-2 catalyst are presented, showing that both the morphology and chemical structure
of the catalyst remain intact. The result also implies that the catalyst possesses excellent

mechanical stability under vigorous stirring and solvothermal conditions. Importantly, the
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adsorption of the oligomeric byproducts on the catalyst surface and obvious block of the
micro/mesoporous channel are hardly observed. Therefore, the PrSOsH-SiO.@Si(R)Si
nanospheres can work effectively as the recyclable solid acid catalysts in the conversion of FOS

to EL.

4. Conclusions

The CTAB-directed one-pot two-step co-condensation strategy was designed for the preparation
of propylsulfonic acid functionalized silica core/PMO shell structured nanospheres. The shell
thickness of the PrSOsH-SiO.@Si(R)Si nanospheres can be regulated by changing the starting
amount of the bissilylated organic precursors, while the hydrophobicity of the shell can be adjusted
by the introduction of different alkyl or phenyl moieties within the silica/carbon framework. The
PrSOsH-SiO>@Si(R)Si nanospheres exhibited excellent acid catalytic activity in the synthesis of
EL from ethanolysis of FOS, which is mainly attributed to the strong Brensted acid nature;
additionally, the unique core-shell structure of the PrSOzH-SiO.@Si(R)Si nanospheres with
micro/mesoporosity and permeable shell gives a positive influence on their catalytic activity,
which can improve the accessibility of to the PrSOzH sites throughout the core and shell; finally,
well-adjusted surface hydrophilicity/hydrophobicity of the PrSO3H-SiO.@Si(R)Si nanospheres
can avoid the adsorption of water and hydrophilic oligomeric byproducts on the shell, which can
further facilitate the mass transfer of the intermediates to the interior of hydrophilic PrSOsH-
functionalized silica core and thereby ensuring the formation of EL with considerably high yield.
As-prepared PrSOz3H-SiO.@Si(R)Si nanospheres also show excellent catalytic stability in the

target reaction, which is due to the covalent bonding the PrSOsH groups with the silica or
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silica/carbon framework; meanwhile, the hydrophobic PrSOsH-Si(R)Si shell can prevent the

catalyst deactivation originating from the adsorption of the hydrophilic oligomeric byproducts.
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Fig. 1 TEM images of the PrSOsH-SiO- (a), PrSOsH-Si(Ph)Si (b), PrSOsH-SiO.@Si(Ph)Si-1 (c),
PrSOsH-SiO.@Si(Ph)Si-2 (d), PrSO3H-SiO.@Si(Ph)Si-3 (e), PrSOsH-SiO.@Si(Ph-Ph)Si (f),

PrSOsH-SiO.@Si(Et)Si (g) and PrSOsH-Si(Et)Si@SiO2 nanospheres (h).
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Fig. 2 SEM images of the PrSOzH-SiO-@Si(Ph)Si-2 (a) and PrSOzH-SiO.@Si(Ph-Ph)Si

nanospheres (b).
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Fig. 3 Nitrogen gas adsorption—desorption isotherms (a, ¢, e) and BJH pore size distribution

profiles (b, d, f) of various PrSOsH-functionalized silica nanospheres.
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Fig. 4 °Si MAS NMR spectrum (a) of the PrSOsH-SiO.@Si(Ph)Si-2 and 3C CP-MAS NMR
spectra of the (b) PrSOsH-SiO-@Si(Ph)Si-2, (c) PrSOzH-SiO.@Si(Ph-Ph)Si and (d) PrSOsH-

SiO,@Si(Et)Si nanospheres.
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Fig. 5 (a) Influence of ethanol-to-FOS molar ratio on the ethanolysis activity of the PrSOsH-
SiOo@Si(Ph)Si-2. the ratio FOS/catalyst of 1 wt/wt, 4 h, 140 °C; (b) ethanolysis activity
comparison of various PrSOsH-SiO.@Si(Ph)Si as well as PrSOsH-Si(Ph)Si and PrSOsH-SiO;

nanospheres. Ethanol-to-FOS molar ratio of 248, the ratio FOS/catalyst of 1 wt/wt, 140 °C.
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Fig. 6 Comparison of the ethanolysis activity of the PrSOzH-SiO>@Si(Ph)Si nanospheres with
different core or shell compositions revealed by the yield of EL (a) and TOF (b). FOS 0.278 mmol,

ethanol 68.95 mmol, the ratio FOS/catalyst of 1 wt/wt, 140 °C.
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Fig. 7 Comparison of the ethanolysis activity of the PrSOsH-SiO.@Si(Ph)Si-2 nanospheres with
commercial solid acids revealed by the yield of EL (a) and TOF (b). FOS 0.278 mmol, ethanol

68.95 mmol, the ratio FOS/catalyst of 1 wt/wt, 140 °C.
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Fig. 8 Reusability of the PrSOsH-SiO.@Si(Ph)Si-2 and PrSOsH-SiO> nanospheres in ethanolysis
of FOS to EL (a). TEM image (b) and **C CP-MAS NMR spectrum (c) of the third used PrSOsH-
SiO2@Si(Ph)Si-2 nanosphere. FOS 0.278 mmol, ethanol 68.95 mmol, the ratio FOS/catalyst of 1

wt/wt, 140 °C.
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Scheme 1. Illustration of CTAB-templated preparation and network structure of the PrSOzH-

SiO.@Si(R)Si nanospheres, R = —CoHs—, —Ce¢Hs— or —CeHs—CesH4—.
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Scheme 2. Mechanism of EL production from the ethanolysis of FOS catalyzed over the PrSO3H-

SiO.@Si(R)Si nanospheres.
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Table 1. Textural parameters, Brgnsted acid site density, average core diameter (d) and average
shell thickness (0) of various propylsulfonic acid functionalized silica nanospheres. For
comparison, the textural parameters and Brgnsted acid site density of Amberlyst-15 and HY zeolite

are also presentated.

Catalyst BT o v Ptaton ‘ g
(m?g?®) (wm) (m’g?) (ueqg?)  (m)  (nhm)
PrSO3H-SiO.@Si(Ph)Si-1 866 3.8 0.77 540 155 21
PrSO3H-Si0.@Si(Ph)Si-2 810 3.8 0.73 535 155 25
PrSO3H-Si0.@Si(Ph)Si-3 815 4.2 0.62 522 155 30
PrsSO3H-Si0.@Si(Ph-Ph)Si 696 3.8 0.48 508 160 23
PrSO3H-SiO,@Si(Et)Si 790 3.8 0.38 571 160 23
PrSO3H-Si(Et)Si@SiO> 777 3.9 0.47 621 165 21
PrSO3H-Si(Ph)Si 757 3.9 0.46 585 140 n.d.
PrSOzH-SiO; 1060 3.9 0.60 603 155 n.d.
Amberlyst-152 50 n.d. n.d. 4800 n.d. n.d.
HY zeolite 573° 1.3° 0.29° 647 n.d. n.d.

2 Data was from ref 34. P Data was from ref 35.
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