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a b s t r a c t

An inexpensive Fe doped aluminoborate consisted of 18% Fe in PKU-1 material that exhibits high selectiv-

ity of 4-hydroxymethy-2,2-dimethyl-1,3-dioxolane (Solketal, 98.3%), considerable activity (TOF 51.7 h−1),

and recyclable ability in the ketalization of glycerol to Solketal with acetone at 318 K has been developed.

Our study demonstrated that the structure of Fe (less agglomerated iron species vs. FeOx clusters) can be

tuned by changing Fe loading in the PKU-1 material, which correlated well with experimental observa-

tions. Furthermore, the surface boron sites were promoted by iron loading and behaved as Lewis-acid

sites to facilitate the reaction process of glycerol ketalization, while the Solketal selectivity was closely

related with the structure of iron species in PKU-1, which was proved by kinetic studies, density function

theory (DFT) calculations, and a series of spectroscopy studies. This investigation demonstrates that the

surface B sites can play important roles in the reaction instead of being spectators.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the last few decades, much effort has been made to find al-

ternatives for fossil fuels. Biofuels, particularly as biodiesel, have

attracted extensive attention due to such green energy sources [1-

5]. Glycerol (GLY) is one of the main products from the reactions

of biodiesel. The global production of GLY is about 5.2 million tons

in 2020, and the crude glycerol price is currently as low as 0.04-

0.09 $/lb [6]. Therefore, it is of importance and economical interest

to develop selective catalysts to upgrade GLY into renewable fuels

and valuable chemicals. Solketal is a critical and valuable chemical

that can be used as an additive to decrease the viscosity, improve

cold properties, provide the flash point, and increase the octane

number of fuels [7-9]. Solketal also can function as an intermedi-

ate to synthesize high-value compounds, such as propylene glycol,

quinolines, and higher aldehydes through transacetalization reac-

tions [10,11].

∗ Corresponding authors.

E-mail addresses: weiluwang@ctbu.edu.cn (W. Wang), yangh1@usf.edu (Y. He).

In general, Solketal is produced via an acid-catalyzed mecha-

nism in the ketalization reaction where the soluble acids (i.e., HCl,

H2SO4 and p-toluenesulfonic acid) were used as catalysts. How-

ever, these mineral acids are not recyclable, uneconomical, and en-

vironmentally damaging [12,13]. An alternative strategy to circum-

vent the above mentioned disadvantages is to perform the reaction

in a heterogeneous catalysis system. Published work has shown

that both Brønsted and Lewis acid sites in solid acids played im-

portant roles in the ketalization reaction. For instance, Sn and Fe

have been applied as Lewis acid sites (LAS) to activate the carbonyl

group in acetone to form electrophilic centers, which facilitated the

reaction process towards Solketal (4-hydroxymethy-2,2-dimethyl-

1,3-dioxolane), Dioxane (2,2-dimethyl-1,3-dioxan-5-ol) and water

[14,15]. In the case of Brønsted acid sites (BAS), a tertiary alcohol

was generally formed at the beginning over the terminal hydroxyl

group of GLY and the carbonyl group of acetone by the activation

and thus generate final product [6]. A few studies also suggest that

the first step of glycerol acetalization occurred in the presence of

BAS, which activates the carbonyl group in acetone in the first step

https://doi.org/10.1016/j.cclet.2021.08.056
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[6,14]. More effects have been adopted to obtain catalysts with sat-

isfactory BAS rather than the ones involving perfect Lewis acid-

ity due to the low capacity of LAS to convert the acetone-glycerol

adduct to final products and poor water resistance [6,16].

Fe-promoted porous materials have been extensively studied

due to their high activity in the reactions involving COx, NOx, and

CHx groups, especially the catalytic effect caused by the physicho-

chemical properties of iron composition, such as aggregation ex-

tent and valence state [17–25]. These iron species also can function

as Lewis acid sites to control over the adsorption of reactants and

products, and thus modify reactivities of catalysts. Tiago Pinheiro

Braga reported that CoFe2O4-MCM-41 catalyzed the dehydrogena-

tion of ethylbenzene to styrene with high efficiency due to potent

activation of ethylbenzene by the Lewis-acid FeOx groups in molec-

ular sieve [26]. Additionally, isolated Fe3+ in Beta zeolite can en-

hance the surface acidity, and thus to improve the reaction perfor-

mance of NOx-SCR by modulating NH3 adsorption [27]. The activity

of Fe composition can be further elevated in incorporating with the

non-metal elements, i.e., N and P, and presents remarkable reactiv-

ity in CO2 reduction [25], oxygen reduction reaction [28] etc. The

non-metal element, boron was attractive due to its electron defi-

ciency and Lewis acidity, but traditionally considered as a specta-

tor rather than participating in the reaction [29,30]. More studies

have shown that the boron element is active in some reactions.

For instance, Hermans and co-workers have shown that the species

formed by B and O in BN material played a critical role in oxidative

dehydrogenation of propane [31]. Li-Yuan Zhao et al. also suggested

that B2O3 was Lewis-acid active for the ring-opening process of

epoxides [32]. The surface chemistry can be further modified when

these BOx groups combined with other functional groups, e.g., hy-

droxyl groups, and transition metals in a number of reactions [33–

36].

These years, a unique series of transition-metal doped alumino-

borate catalysts has been investigated, named as M-PKU-n, consist-

ing of AlO6 octahedra and borate groups by sharing vertex oxygen

atoms. The catalysts possess multi-ring channels that enable the

accommodation of high levels of transition metals, and have been

shown to exhibit excellent catalytic performance in the reactions

of selective oxidation of alcohols [37], dehydrogenation of styrene

[38], and the Strecker reaction [35]. However, the roles of transi-

tion metal and boron sites in the catalytic process still remained

unclear.

Herein, a suite of Fe-promoted PKU-1 (HAl3B6O12(OH)4�nH2O)

was investigated by systematically increasing Fe composition to as-

certain the roles of Fe and B atoms in the ketalization reaction.

Our study demonstrated how the catalytic reactivity could be in-

fluenced by the existence of Fe composition in the ketalization re-

action. The surface B atoms that behave as Lewis-acid sites exhibit

an aggressive reactivity towards acetone instead of being specta-

tors. These novel findings are supported by catalytic performance

tests, density function theory (DFT) calculations, and a series of

spectroscopy studies.

To understand if the crystal structure of PKU-1 is affected by

doped Fe, a systematic XRD study was performed as a function of

Fe loading (Fig. 1a). The results showed no clear change in the XRD

patterns of PKU-1 as Fe loading increased from 0 to 30%, which

suggested Fe did not change the bulk structure of PKU-1. Besides,

enlargements of crystal data, such as cell volume (Fig. 1b), a-axis,

and c-axis (Fig. S1 in Supporting information), obtained by Lebail

Refinement supports the fact that Fe atoms have a larger radius

(0.645 Å, coordination number (CN) = 6) than Al atoms (0.535

Å, CN = 6) [39]. A linear increase in cell volume was found as

the Fe loading increased, while a plateau was achieved when Fe

loading above 18%. As shown in IR spectra (Fig. S2), the broad ab-

sorption bands at around 1626 and 2750-3700 cm−1 are related

to the stretching vibrations of O−H groups [40]. The band peaks

appear at 586 and 624 cm−1, corresponding to vibration move-

ments of Al-O bonds in octahedron [41]. The others were located

at ∼490, 713, 893, 948 and 1340 cm−1 are attributed to the B-

O antisymmetric stretch, while the last four were related to BO

species in [BO3] groups [40]. The absence of characteristic peaks

at ∼1018 and 853 cm−1 corresponding to [BO4] groups indicates

that the boron atom has taken the planar triangle [BO3] coordi-

nation mode rather than the tetrahedral [BO4] one [42]. It can be

suggested in these IR patterns that Al atoms were also exclusively

in octahedral coordination, while the B atoms were also coordi-

nated in triangular geometries as ferric species increased in frame-

work, which further indicated that Fe dopant did not change the

framework of PKU-1. These data provided convincing evidence for

the successful isomorphous substitution of ferric iron into the lat-

tice of PKU-1 when Fe loading was lower than 18%. Some more fa-

mous molecular sieve, such as Fe-ZSM-5 and MCM-41, consisted of

tetrahedral-based framework. Their unit cell parameters generally

show unobvious change by transition metal (TM) doping due to

extra-framework insertion or low-concentration-type incorporation

in the framework [43,44]. Thus, the advanced reactivity of these

materials promoted by framework substitution was often doubtful

and cannot be conclusive.

The calculations based on the Scherrer equation toward XRD

patterns was also applied to estimate the mean crystallite sizes of

these metal-borates, which showed that a small rise in crystallite

size is observed by increasing the Fe loading in samples (Fig. 1b

and Table S2 in Supporting information). This situation was also

verified by the specific surface areas of 10% PKU-1, 18% Fe-PKU-1,

and 25% Fe-PKU-1, i.e., 89.4, 61.4 and 45.2 m2/g (Fig S3 in Sup-

porting information). The water contact angles (WCAs) of PKU-

1, 4% Fe-PKU-1, 10% Fe-PKU-1, 18% Fe-PKU-1, 20% Fe-PKU-1 and

25% Fe-PKU-1 are 10.9°, 12.1°, 21.7°, 31.9°, 24.4°, and 22.7° (Fig. 1d
and Fig. S4 in Supporting information), suggesting that Fe doping

was a benefit to improve the degree of hydrophobicity for PKU-1,

whereas these Fe promoted metal-borates were getting more hy-

drophilic if iron composition exceeded 18%.

The morphology and chemical composition of Fe-PKU-1 sam-

ples were analyzed by TEM and ICP. In TEM images (Fig. 1b), the

18% Fe-PKU-1 catalyst exhibited a needle-like morphology, and the

EDS elemental mapping analysis (Fig. 1d) suggested the homoge-

neous distribution of Al and Fe species all over the sample. Ad-

ditionally, the lattice fringes and diffraction spots (Fig. S5 in Sup-

porting information) from HRTEM indicated the presence of sin-

gle crystals with well-defined (110) and (100) facets. As shown in

Fig. 1b, the ICP-AES results showed that the actual Fe loading was

within a few percent of target loading over all Fe-PKU-1 catalysts.

To reveal the elemental composition and electronic structure

presented in the near surface layers of x Fe-PKU-1, XPS measure-

ments were performed over Fe-PKU-1 catalysts with 0%, 10%, 18%,

and 20% Fe loadings. Figs. 1c, and e and Fig. S6 (Supporting infor-

mation) showed the detailed regions of Al 2p, Fe 2p, B 1s, and O

1s. The full XPS spectra are shown in Fig. S7 (Supporting informa-

tion). The binding energy (BE) of C 1s peak at 284.6 eV was taken

as a reference. The results showed that the Fe 2p3/2 and 2p1/2

peaks of 18% Fe-PKU-1 were at 712.5 and 725.9 eV, respectively,

which were clearly higher than Fe2O3 (710.9 eV and 724.5 eV). This

could be attributed to the high dispersion of Fe atoms within the

PKU-1 framework [45,46]. Both Fe 2p peaks were systematically

shifted towards lower BE while the Al 2p and B 1s peaks shifted to

higher BE. This suggested a strong electronic interaction between

iron, aluminum, and boron. This strong electronic interaction was

also evidenced by the systematic peak shift of O 1s towards lower

BE as Fe composition increased (Fig. S6b). This shift may suggest

an increase in the amount of surface oxygen vacancies when the

Fe composition was elevated, which facilitated the electron trans-

fer from Al and B to Fe [47]. The similar BE shifts of Fe 2p and
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Fig. 1. (a) Powder XRD patterns for x Fe-PKU-1 samples (x = 0%, 4%, 10%, 12%, 15%, 18%, 20%, 25% and 30%). (b) Cell volumes obtained by Le Bail fitting vs. x (the blue dots).

The red dots represent the calculated x values from ICP-AES experiments; TEM images for 18% Fe-PKU-1 and crystallite sizes of these samples based on (110) lattice planes

were inset. (c) XPS spectra for Fe 2p of 10% Fe-PKU-1, 18% Fe-PKU-1 and 20% Fe-PKU-1. (d) The EDS elemental mapping of Fe, Al, and B. Contact angles measurements of 4%

Fe-PKU-1, 18% Fe-PKU-1, 20% Fe-PKU-1 and 25% Fe-PKU-1 were inset. (e) XPS spectra for B 1s of PKU-1, 10% Fe-PKU-1, 18% Fe-PKU-1 and 20% Fe-PKU-1.

Fig. 2. (a) Catalytic performance of Fe-PKU-1 with different Fe loading over the ketalization reaction. (b) The recyclability of 18% Fe-PKU-1 for GLY ketalization and its

powder XRD results before and after four-run reaction. (c) IR spectra of 18% Fe-PKU-1 before and after four-run reaction.

O 1s in the x Fe-PKU-1 materials also suggested that both Fe and

O atoms obtained electrons from the surrounding Al and B atoms.

The charge transfer can modulate the surface acid-base properties

of catalysts and further influence their reactivity.

Catalytic performance was then measured over all Fe-promoted

alminoborates to investigate the specific function of the incorpo-

rated iron element in ketalization reactions. All tests were per-

formed in a 50 mL flask heated by a silicon oil bath under vig-

orous stirring with 400 rmp/min. As shown in Fig. 2a, a steady in-

crease in the reaction performance of GLY ketalization was found

as the Fe loading increased. However, both conversion and Solke-

tal selectivity dropped, and the side reactions were simultaneously

promoted when Fe loading exceeded 18% in PKU-1. Thus, ferric in-

corporation does not always help to improve the catalytic reac-

tivity of PKU-1. Perhaps the surface hydrophobicity-hydrophilicity

of catalysts changes as Fe doping increasing, which property was

claimed to result in the variation over their catalytic activity to-

wards GLY ketalization [8]. As shown in Fig. 1d, the hydrophobicity

of PKU-1 gradually increased with the iron content in the material,

however these Fe promoted metal-borates were getting more hy-

drophilic if iron composition exceeded 18%. The hydrophobicity of

catalysts was demonstrated to accelerate the dehydration step of

the intermediate formed from glycerol and ketones, and thus facil-

itate the ketonization reaction of GLY [6]. The deeper reasons will

be discussed later. When benzaldehyde was applied to react with

GLY, and the conversion was trace. So, relatively large reactants

may not easily access the surface reaction site in catalysts. Ganap-

ati V. Shanbhag and colleagues reported similar reaction results,

which also suggested the ketones in smaller-sized reacting with

glycerol were favored to form Solketal rather than Dioxane prod-

ucts [48]. In addition, as suggested before, Fe doping enhances the

crystallinity of PKU-1 and the surface area of these Fe promoted

alumino-borates is also correspondingly reduced. Thus, Fe loading

in PKU-1 does not always help to enhance the catalytic activities.

The reaction temperature was also varied to investigate the ef-

fect on catalytic performance. Our results showed that the ketal-

ization reaction could be promoted as the temperature increased

up to 318 K whereas the Solketal selectivity dropped significantly

when the temperature was above 318 K (Fig. S8a in Supporting in-

formation). This phenomenon could be due to the exothermic na-

ture of the glycerol acetalization reaction. This slight decrease is

consistent with previous studies over the batch reaction system
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Table 1

Comparison of GLY ketalization with previously reported LAS dominating catalysts.

Catalyst Reaction temp. (K) Reaction time (h) GLY conv. (%) Solketal sel. (%) Facial TOFa (h−1) Initial TOFb (h−1) Ref.

Hf-TUD-1 353 6 52 > 99 320 — [51]

V-MCM-41 333 1 ∼ 93 ∼ 95 0.18 — [52]

VOxNT 383 6 73 17 37 — [53]

Fe-PKU-1 318 3 92.8 98.3 51.7 358.4 This work

a Facial TOF was calculated by the expression [converted substrate]/{[mole of acidic sites in catalyst]∗time} and according to the reaction data at 3 h (h−1).
b Initial TOF was calculated based on the methods plotted in Fig. S9.

Table 2

The chemical composition of surface elements in x Fe-PKU-1.

Catalyst Atomic ratio (%) Fe/(Fe+Al+B) ratios (%) Atomic concentration (%)

Fe Al B OL Oads OH2O

PKU-1 0 10.3 23.4 — 3.5 39.3 57.2

10% Fe-PKU-1 0.9 10.2 22.7 2.6 7.6 39.6 52.5

18% Fe-PKU-1 1.3 9.3 21.5 4.0 9.2 39.6 48.8

20% Fe-PKU-1 1.6 9.1 19.1 5.4 9.9 39.4 50.7

[8]. As shown in Fig. S8b (Supporting information), the steady in-

crease of catalyst loading (18% Fe-PKU-1) was beneficial to improve

GLY translation and the selectivity of Solketal. However, a further

enhancement of Solketal yields could not be achieved if the cata-

lyst loading was more than 50 mg due to more acidic sites are not

conducive to the process of GLY acetalization. As for the feed ra-

tio of glycerol and acetone (Fig. S8c in Supporting information), a

similar trend was displayed and the optimal ratio was 1/5. More-

over, 18% Fe-PKU-1 could be recycled up to four times (Fig. 2b

inset) with a 17.7% decrease in catalytic performance. This could

be caused by the occupation of surface reaction sites by strongly

bound reactants or intermediates [8,49,50]. After 4 runs, 18% Fe-

PKU-1 gave almost the same XRD pattern in comparison to the as-

synthesized one. The crystal parameters of 18% Fe-PKU-1, a, c and

V, were almost identical even after 4 runs (Fig. 2b inset), which

suggested a highly stable framework with Fe dopants, while the

IR results of the fresh sample and the recycled material showed a

difference which is related to BO3 groups (Fig. 2c). Fe-PKU-1 was

superior in conversion (92.8%, corresponds to 93.7% of theoretical

maximum 99.0%), selectivity (98.3%), and TOF (358.4 h−1, initial;

51.7 h−1, facial) in comparison to other Lewis-acid catalysts re-

ported in recent years (Table 1). These catalysts were also reported

to suffer from lower GLY conversion, Solketal selectivity, and un-

satisfactory activity [51–53].

To get insight into the effect of surface compositional changes

on the catalytic reactivity of Fe-PKU-1, the chemical constitution of

the material surface was analyzed. Our XPS results showed that the

surface Fe composition was gradually increased while the compo-

sition of B was lowered when Fe loading increased (Table 2). This

phenomenon was also encountered in the published work [54–56].

Combined with the above catalytic results (Fig. 2a), this suggested

that the systematic increase in the surface Fe composition could

promote the selectivity of Solketal when the total Fe loading was

equal or less than 18%. However, the drastic drop of Solketal se-

lectivity indicated a change in surface reactivity when the total

Fe loading was higher than 18%. The deconvolution of the O 1s

core level (Fig. S6b) from XPS measurements showed several dif-

ferent types of O species, which were lattice oxygen (OL, 529.7

eV), surface chemisorbed hydroxyl groups or other surface oxide

species (Oads, 531.3 eV), and molecular water adsorbed on the sur-

face (OH2O
, 532.8 eV), respectively [57,58]. Table 2 also shows that

the composition of OL was drastically increased when the Fe load-

ing was below 18%, and little change of Oads indicated the relative

stability of the BAS amount in the Fe-PKU-1 surface. However, lit-

tle change of OL was found when the Fe loading exceeded 18%. The

well-dispersed Fe species within PKU-1 could form small clusters

as the Fe loading increased to a certain level, which may be related

to the decrease in conversion and Solketal selectivity. This hypoth-

esis will be discussed in detail in the following paragraph.

UV-vis diffuse spectroscopy was employed to analyze the

charge transfer transitions between Fe and O within Fe-doped

PKU-1 catalysts with 10%, 18%, 20% and 30% Fe compositions,

which can provide information on the coordination states and ex-

tent of aggregation of iron species within the catalysts [19]. Band

deconvolution was performed by Gaussian/Lorentz functions to get

insight into the Fe species within the catalysts. The results showed

a pronounced adsorption band around 270 nm over all Fe-doped

PKU-1 materials, which could be attributed to the isolated six-

coordinated Fe-O vibrations [59,60]. This band was broadened as

Fe composition increased (Fig. S10 in Supporting information). All

catalysts displayed a fitted peak between 300 and 400 nm, which

could be due to the formation of small oligomeric iron clusters

[61]. This coincided with the observation of increased Fe compo-

sition near the surface via XPS measurements as Fe loading in-

creased (Table 2). The peak area of adsorption bands above 400

nm was small originally, which was assigned to d-d transitions of

large Fe2O3 particles located at the external surface of the catalyst

[61,62]. Quantitative analysis (Table 3) showed that Fe was initially

in the form of less agglomerated iron species (λ < 300 nm), within

PKU-1 bulk, and oligomerized to clusters (300 nm < λ < 400 nm)

as the composition increased. Finally, large Fe2O3 particles (λ >

400 nm) were formed when Fe composition exceeded 18%. The for-

mation of large Fe2O3 particles appeared to reduce the surface re-

activity, which may correspond to the decrease in GLY conversion

and Solketal selectivity.

The nature of catalyst acidity has been shown to play criti-

cal roles in dictating catalytic reactivity in ketalization reaction

[6,63,64]. The acidic properties of these Fe containing aluminobo-

rates were investigated using nonaqueous potentiometric titrations

with n-butylamine in acetonitrile. The total amount of acidic sites

and Ei values (corresponding to the strength of acid sites) of x Fe-

PKU-1 were calculated based on the potentiometric titration curves

(Fig. 3a). The results showed a volcano trend between Ei values and

Fe compositions, 18% Fe-PKU-1 also displayed the highest Ei value

(99.1 mV). This coincided with the trend observed in the catalytic

performance tests, which suggested that the enhanced acidity of

the catalyst could improve the catalytic performance in the ketal-

ization reaction. Quantitative analysis showed that the amounts of

acid sites were 0.031, 0.032, 0.065, 0.039 and 0.036 mmol/g for

PKU-1, 12% Fe-PKU-1, 18% Fe-PKU-1, 22% Fe-PKU-1 and 25% Fe-
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Table 3

Percentages of different iron species calculated from the deconvolution of UV-visible diffuse reflectance spectra of Fe-PKU-1.

Catalyst Fe species (%)

I1 (%, λ < 300 nm) I2 (%, 300< λ < 400 nm) I3 (%, λ > 400 nm)

10% Fe-PKU-1 71.4 23.7 4.9

18% Fe-PKU-1 64.9 24.4 10.7

20% Fe-PKU-1 47.9 25.4 26.7

30% Fe-PKU-1 38.3 30.3 31.4

Fig. 3. (a) Potentiometric titration employing n-butylamine for PKU-1 with different Fe loading and the test results were also shown inset. (b) The result of Pyridine-IR

measurement for 18% Fe-PKU-1. (c) Kinetic studies of GLY and acetone catalyzed by Fe-PKU-1: plots of −lg(dCGLY or acetone/dt) vs. −lg (Cx). The grading numbers of GLY and

acetone over PKU-1 with 10%, 15%, 18% and 25% Fe loading were inset. (d) Acetone adsorption on (i) the boron site of pure PKU-1, (ii) the boron site of PKU-1 modified with

the Fe in the lattice, (iii) the boron site and (iv) the Fe site of PKU-1 modified with Fe both in the lattice and on the surface. Green sphere, B; red sphere, O; blue sphere,

Al; light pink sphere, H; light brown sphere, Fe; dark brown sphere, C.

PKU-1, respectively. The 18% Fe-PKU-1 catalyst possesses the high-

est amount of acid sites and thus the highest catalytic reactivity

was obtained (Fig. 3a inset). It is worth noting that the Ei values

of 18% Fe-PKU-1 slightly decreased from 99.1 eV to 98.1 eV after 4

runs reaction, whereas the amount of acid sites in this sample fell

by 10%, thus the latter was more related to the loss for reaction

activity (17.7%) of this sample. Thus, the acid amounts in Fe-PKU-1

are more necessary than the strength of acid sites for facilitating

this reaction process.

To further ascertain the role of Brønsted and Lewis acid sites in

the GLY ketalization reaction mechanism over this kind of catalytic

materials, FT-IR with pyridine adsorption was applied to test acid

properties of 18% Fe-PKU-1. As shown in Fig. 3b, peaks located at

1449, 1574 and 1617 cm−1 are ascribed to Lewis acid sites; 1544

and 1639 cm−1 was linked to BAS sites caused by B-OH. The 1491

cm−1 band are corresponding to the contribution of both LAS and

BAS. It is clear that more LAS present in the sample of 18% Fe-PKU-

1 than BAS. As suggested before, XPS results showed little change

in Oads, indicating the relative stability in BAS amount in these Fe

promoted alumino-borates surface. The XPS results also showed

that electrons were transferred from Al and B to O and Fe with

iron doping rising, and this electron loss in boron atoms can en-

hance its Lewis acid nature. In addition, Fe species was proved to

be doped into the lattice of PKU-1 successfully, and the UV-vis test

indicated they could change from isolated atoms to binuclear and

small clusters in the material. This variation could influence the

physio-chemical properties of Fe species such as its Lewis acid na-

ture, and improve its catalytic activity [65]. Therefore, kinetic stud-

ies and DFT was applied to ascertain the contribution of iron and

boron for their Lewis acid properties in the reaction process in the

following paragraphs. Further combining with BET measurements

of these Fe promoted alumino-borates (Fig. S3) and the previous

views about the channel blocking of PKU-1 with boric acid [66], it

can be inferred that the reaction occurs on the geometric surface

of Fe-PKU-1, and the catalytic effects were related to acid sites in

Fe-PKU-1 exclusively rather than the specific surface area of cata-

lysts.

Kinetic experiments and related time-varying reactions were

also designed to further obtain some enlightenment about the re-

action mechanism. The kinetic parameters of the reaction were

calculated based on the mathematical operations of experimental

data at different times over the 18% Fe-PKU-1 catalyst. The re-

sults showed a good linear relationship between ln(dCGLY/dt) and

ln(CGLY) when the concentration of GLY was extremely high (10.0

mol/L) in the reactant solution (Fig. 3c). A similar trend was also

found when excess acetone was applied in the reaction. The slopes
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of the correlation between ln(dCx/dt) and ln(Cx) for these two cases

were measured as 2.01 and 2.11, respectively, which indicated that

the ketalization reaction over 18% Fe-PKU-1 obeyed second-order

reaction kinetics [67]. To understand how Fe affected the kinetics

in the reaction, the grading numbers of GLY and acetone were in-

vestigated as a function of Fe composition in the PKU-1 framework.

Figs. S11 and S12 (Supporting information) showed that the grad-

ing number of GLY varies from 1.92 to 2.01 with Fe/(Fe+Al) ratio

rising from 10% to 25%, while the ones of acetone increased from

1.83 to 2.11. The results suggested that these metal-borates favored

the activation of acetone more than GLY.

It is also critical to understand the role of boron sites of x Fe-

PKU-1 in the reaction. Our prior study on PKU-1 indicated that the

boron atoms could behave as Lewis acid sites in the Strecker re-

action. These sites could also work with their adjacent hydroxyl

groups that behave as Brønsted acid centers in the reaction [66].

The Lewis acid sites were more favored in activating acetone than

the Brønsted acid sites [51]. In the current study, the kinetic results

indicated that acetone was more sensitive than GLY in the ketaliza-

tion reaction over x Fe-PKU-1 catalysts (Fig. 3c). Therefore, quan-

tum chemical modeling calculations were employed using acetone

as a probe to ascertain if the surface B reaction sites have higher

reactivity towards acetone. Surface Fe sites were also tested for

comparison since they could also behave as the Lewis acid sites.

We have modeled pure PKU-1, Fe-doped inside the lattice of PKU-

1, and Fe doped into the lattice and on the surface of PKU-1 in

this study (Fig. 3d). In the case of pure PKU-1, the adsorption en-

ergy of acetone on the boron sites was calculated as −1.2 eV. The

energy became slightly exothermic when Fe was incorporated into

the PKU-1 lattice (Eads = −1.3 eV), which suggested a minor ef-

fect on acetone bonding strength when Fe composition was too

low. However, the interaction between surface boron sites and ace-

tone molecule was drastically increased when Fe was present on

the surface (−2.1 eV), which indicated a significant improvement

in the surface reactivity of boron reaction sites. This could be at-

tributed to the change of the electronic structure of surface boron

atoms when Fe species presented on the surface, which consisted

of a blue shift in boron BE shown in XPS results (Fig. 1e). The en-

hanced surface reactivity of boron sites may facilitate the cleav-

age of C−O bond in the reaction. In comparison to the surface

boron sites, the energy for acetone adsorption on the surface Fe

sites was measured as +0.1 eV, which was much more endother-

mic than that on the boron sites. This distinguished energetic dif-

ference clearly indicated that the surface boron sites were more

favorable to adsorb acetone than the surface Fe sites. This was also

supported by our IR study over fresh and recycled catalysts where

the peak related to the BO3 group (1230-1575 cm−1) broadens and

splits after 4 runs, which suggests that the reactants are favored

for bonding on surface boron sites (Fig. 2c). It is interesting to note

that PKU-1 cannot facilitate GLY ketalization, while the reactivity

of which were promoted if iron species was loaded into this ma-

terial. Further combining with XPS result, it can be inferred that

the charge transfer from B to ferric species may increase the Lewis

acidity in boron atoms, and thus active acetone to accelerate the

reaction process.

According to the obtained results and previous reports, a reac-

tion mechanism was proposed and shown in Scheme 1. When the

substrates diffused into the surface of Fe-PKU-1, the boron atoms

function as LAS to active the propanone carbonyl groups in ace-

tone, followed by the nucleophilic attack on the primary alcoholic

group in GLY, accompanying with forming an intermediate by link-

ing the β-carbon atoms of this triatomic alcohol. Then, the de-

hydration of this intermediate will take place and glycerol acetal

forms finally. It is generally accepted that this dehydration was

dominated by BAS, and could take a significant impact on the se-

lectivity of Solketal [6]. However, in the current system, it seems

Scheme 1. Proposed mechanism for GLY ketalization catalyzed by Fe-PKU-1.

that Fe is more crucial for the generation of Solketal than BAS.

Specifically, when iron species in low oligomeric are present simul-

taneously with BAS, the former is more closely related with Solke-

tal formation. As reported previously, the catalogue of transition-

metals, the valence and agglomerate extent which were reported

to have a considerable influence on dehydration reactions. For ex-

ample, the Fe-modified ZSM-5 displayed a higher catalytic perfor-

mance than Cu-ZSM-5 for syngas to dimethyl ether process, due to

a pronounced enhancement in the acid properties of ZSM-5 as fer-

ric introduction [68]. In summary, the Solketal selectivity was sug-

gested to closely relate with the structure-transformation of iron

species in PKU-1, and boron species in PKU-1 could function as the

Lewis-acid site to react with acetone to facilitate the ketalization

reaction.

In conclusion, the reaction conversion was linearly increased

when low content Fe dopant was dispersed in the lattice of PKU-

1. However, the excess ferric composition (>18%) would translate

to the ferric oxide, and the conversion and Solketal selectivity

thus dropped. The catalyst of 18% Fe-PKU-1 was found to exhibit

the best catalytic performance (92.8% conversion and 98.3% selec-

tivity in Solketal). Furthermore, our XPS analyses, IR tests, acid-

properties measurements, kinetic study, and DFT calculations all

showed that boron sites played an important role for the activa-

tion of acetone to facilitate the reaction process, while the Solke-

tal selectivity was closely related with the presence-state of iron

species in PKU-1. It is worth noting that boron atoms in PKU-1 do

not exhibit activity towards acetone, however, ferric introduction

in PKU-1 material lead to a charge transfer between boron and

iron dopants, i.e., the electron loss in boron, which result in an en-

hancement in Lewis-acid nature in boron atoms and thus increase

its reactivity. This finding is notable for the catalytic performance

of boron atoms since they have been always treated as spectators

in these reactions.
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