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Introduction

Chemicals and fuels are obtained from abundant, renewable
biomass and its products through catalytic conversion, which
provides a viable route to alleviate our strong dependence on
increasingly depleting fossil fuels.[1] For that reason, lactic acid
(LA) is particularly attractive because of its facile synthesis by
biomass fermentation together with chemical conversion of
glycerol and the expected increased availability and reduced
cost.[2] In recent years, the conversion of LA into chemicals
such as acrylic acid,[3] acetaldehyde,[4] poly(lactic acid),[5] and
2,3-pentanedione[6] has become a heated topic for the chemi-
cal industry to decrease the use of petrochemical reserves. Cur-
rently, the synthesis of 2,3-pentanedione is mainly performed
by oxidation of methyl propyl ketone in the presence of hy-
droxylamine hydrochloride catalyzed by NaNO2 and HCl.[7] Be-
sides, 2,3-pentanedione can also be obtained through conden-
sation of hydroxyacetone (acetol) with hexanal catalyzed by
acid. Here, a promising opportunity arises to replace petrole-

um-based feedstock by renewable lactic acid for a greener and
more sustainable 2,3-pentanedione production.

In the past decades, investigation on the condensation of LA
into 2,3-pentanedione has focused on carbon/silicon support-
ed on alkali-metal nitrates or phosphates as catalysts.[6, 7b–d] Al-
though the reaction conditions were optimized, these catalysts
displayed an unsatisfied performance, such as low 2,3-pentane-
dione selectivity and high acrylic acid selectivity. For example,
over the 9 %NaNO3/SBA-15 catalyst at 340 8C, the selectivities
of 2,3-pentanedione and acrylic acid were 62.1 % and 18.4 %,
respectively, and LA conversion was low, only 58.8 %.[6b] Fur-
thermore, most of these catalysts are short of evidence of cata-
lyst stability. This has prompted us to further investigate the
relation between the properties derived from the catalyst
structure and components and the activity with the aim to
achieve an efficient catalyst for the condensation of LA into
2,3-pentanedione.

Hydroxyapatite is widely used as a biomedical material be-
cause of its excellent biocompatibility. Recently, it has also
been used as an efficient catalyst for the dehydration of LA to
acrylic acid.[3d, 8] In comparison with its bare form, modified hy-
droxyapatite displayed better properties in application.[9] For
example, in zinc-incorporated hydroxyapatite, the preference
of Zn for the Ca2 site may facilitate the uptake and release of
Zn by biological hydroxyapatite.[10]

In this work, we developed a novel approach for the prepa-
ration of cesium-doped hydroxyapatites and investigated their
catalytic performance in the condensation of LA to 2,3-penta-
nedione. 2,3-Pentanedione yields as high as 72.3 % were ach-
ieved, with acetaldehyde and acrylic acid formed as valuable
byproducts. More importantly, the catalysts are very stable for
at least 40 h time on stream (Figure 1). The unprecedented cat-
alytic performance relates to the synergy between basic and
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We report the design and synthesis of cesium-doped hydrox-
yapatite for direct and high-yield conversion of biobased lactic
acid to 2,3-pentanedione (72.3 %). Cs species derived from
CsNO3 at high temperature of calcination is introduced into
the hydroxyapatite structure to regulate its acid–base proper-
ties. It is found that a balance of acid–base chemistry favors
the condensation of lactic acid to 2,3-pentanedione. As a

result, the undesired reactions such as lactic acid dehydration,
decarbonylation, and coking are suppressed. Instead, a con-
certed catalysis between surface basic site and acidic site for
lactic acid condensation to 2,3-pentanedione dominates on
the cesium-doped hydroxyapatite catalyst, leading to a highly
selective process for direct conversion of bio-lactic acid to 2,3-
pentanedione.
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acidic sites located on the surface of cesium-doped hydroxya-
patite catalysts.

Results and Discussion

Catalyst characterization

To incorporate the multiple functionality needed for catalytic
conversion in a process that directly converts bio-lactic acid to
2,3-pentanedione, a number of cesium-doped hydroxyapatite
materials were prepared by inducing the cesium component
together with high-temperature calcination, which favors
cesium component dispersion in the structure of hydroxyapa-
tite to regulate acid–base properties.

Hydroxyapatite and cesium-doped hydroxyapatite materials
with varying Ca/Cs ratios, unless otherwise noted, were pre-
pared in a one-pot synthesis and characterized by XRD, FTIR
spectroscopy, scanning electron microscopy energy-dispersive
X-ray spectroscopy (SEM–EDX), and surface area/pore-size
measurements. The wide-angle XRD patterns of catalyst mate-
rials with Ca/P/Cs = 1.622:0.958:1 are shown in Figure 2 at dif-
ferent calcination temperatures. The hydroxyapatite phase is
confirmed among all the samples except for the sample cal-
cined at 800 8C. The CsNO3 phase is also determined in the
samples calcined at temperatures of 600 8C and lower, and it
disappears with a further increase of the calcination tempera-
ture to 700 8C and higher. Although CsNO3 disappears at tem-
peratures higher than 700 8C, Cs is doped homogeneously into
the structure of hydroxyapatite, which was confirmed by EDX
analysis (Supporting Information, Figure S1 A) together with its
corresponding elemental mapping (Figure S1 B). These similar
phenomena were observed in the samples with different Cs-
doped amounts at a calcination temperature of 700 8C
(Figure 3). However, the CsNO3 phase was evident if the Cs
doped amount increased largely, up to a Ca/P/Cs ratio of ap-
proximately 1.622:0.958:2.333. In samples a–g (Figure 3), the

characteristic diffraction peaks of the CsNO3 phase can be
hardly seen because the calcination temperature (700 8C) was
higher than the decomposition temperature (600 8C). Further-
more, the intensity of the diffraction peaks indexed to hydrox-
yapatite is also reduced, suggesting that Cs is well doped into
the structure of hydroxyapatite. To obtain further insight into
Cs–hydroxyapatite support interactions, we studied the oxida-
tion state of Cs in the catalyst before and after calcination at
700 8C by X-ray photoelectron spectroscopy (XPS, Figure 4).
The binding energy (BE) was corrected for surface charging by
taking the C 1s peak of contaminating carbon as a reference at
284.6 eV. The Cs 3d5/2 BE in the catalyst calcined at 700 8C is ap-
proximately 723.36 eV, lower than before calcination
(723.76 eV). This phenomenon can be explained by the fact
that, before calcination at 700 8C, Cs combines with NO3

� ,
whereas upon calcination, Cs changes to combine with PO4

3�

Figure 1. LA conversion and 2,3-pentanedione (2,3-PD) selectivity vs. time
on stream using cesium doped hydroxyapatite. Reaction conditions: catalyst,
0.38 mL; catalyst with Ca/P/Cs = 1.622:0.958:1.667, calcination temperature:
700 8C, carrier gas N2: 1 mL min�1, feed flow rate: 1 mL h�1, LA feedstock:
20 wt % in water, reaction temperature: 290 8C.

Figure 2. XRD patterns of the catalysts at different calcination temperatures
(Ca/P/Cs = 1.622:0.958:1).

Figure 3. XRD patterns of the catalysts with different loadings of CsNO3 at a
calcination temperature of 700 8C. a: Ca/P = 1.622:0.958, b: Ca/P/
Cs = 1.622:0.958:0.334, c: Ca/P/Cs = 1.622:0.958:0.667, d: Ca/P/
Cs = 1.622:0.958:1, e: Ca/P/Cs = 1.622:0.958:1.333, f : Ca/P/
Cs = 1.622:0.958:1.667, g: Ca/P/Cs = 1.622:0.958:2, h: Ca/P/
Cs = 1.622:0.958:2.333.

ChemCatChem 2017, 9, 1 – 8 www.chemcatchem.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2

�� These are not the final page numbers!�� These are not the final page numbers!

Full Papers

1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49
50 50
51 51
52 52
53 53
54 54
55 55
56 56
57 57

http://www.chemcatchem.org


because NO3
� decomposes at high temperature. The electro-

negativity of N is higher than of P. This also confirmed that the
Cs component is well doped into the structure of hydroxyapa-
tite. In addition, FTIR spectra were used to investigate the
structure of the catalyst (Figure S2 and Figure 3). The absorp-
tion band at �1396 cm�1 ascribed to NO3

� disappears if the
calcination temperature increases to 700 8C, and the new ab-
sorption band at �910 cm�1 appears, which confirms the
strong interaction between Cs and PO4

3� (Figure S2). At higher
Cs content, an absorption band at �1385 cm�1 indexed to the
aggregation of a separate CsNO3 phase could be observed
(Figure S3), in agreement with the XRD results.

Nitrogen physisorption results are show in Table S1 and S2
in the Supporting Information. The specific surface area re-
duces from 38.3 to 2.0 m2 g�1 with increasing calcination tem-
perature whereas the average pore size for all samples remains
3.8 nm (Table S1). From the results showed in Table S2, the spe-
cific surface area for the samples with varying Cs contents
slightly fluctuates between 7.2 and 9.1 m2 g�1. Similarly, the
average pore size ranges from 3.4 to 3.8 nm.

Catalytic performance

The performances of hydroxyapatite doped with Cs at different
calcination temperatures for the condensation reaction of LA
to 2,3-pentanedione are shown in Table 1. Initially, LA conver-
sion lineally increases with increasing calcination temperature,
up to 700 8C, and then it decreases drastically with further in-
creasing the calcination temperature. In contrast with the
effect of the calcination temperature on LA conversion, the se-
lectivity to 2,3-pentanedione is quite sensitive to the calcina-
tion temperature. If the calcination temperature increases from
120 8C (drying temperature) to 700 8C, the selectivity to 2,3-
pentanedione increases from 42.1 to 66.9 %. However, above
700 8C, the selectivity to 2,3-pentanedione also drastically de-
creases. For example, at a calcination temperature of 900 8C,
2,3-pentanedione is hardly detected, and LA conversion is very
low, only �10 %. Again, correlating the catalyst performance
with its calcination temperature discloses that a volcano-type
dependence appears for 2,3-pentanedione production rate and
calcination temperature, which reveals that the choice of the
calcination temperature is an important factor for the selective
production of 2,3-pentanedione, with 700 8C as the optimal
calcination temperature in our experimental conditions for the
condensation reaction of LA into 2,3-pentanedione. Under the
fixed calcination temperature (700 8C), we further investigated
the effect of the Cs doping amount on the catalytic per-
formance (shown in Table 2). On the bare hydroxyapatite cata-
lyst (without a Cs component), the catalytic activity is very low
with a LA conversion of approximately 10 %, and 2,3-pentane-
dione is hardly detected. Notably, hydroxyapatite is an excel-
lent catalyst for the dehydration of LA to acrylic acid, and a
low 2,3-pentanedione selectivity (around 1 %) was reported at
360 8C reaction temperature.[3d, 8a] If a small amount of Cs is
doped into the hydroxyapatite structure (Ca/Cs molar ratio =

1.622:0.334), a LA conversion of 50.5 % and a 2,3-pentanedione
selectivity of 54.3 % are achieved, indicating that additional
catalytic chemistry took place. In the range of low Cs content
(Ca/Cs molar ratio >1.622:1), the catalytic activity increases
with an increase of Cs content. However, the catalytic activity
remains constant (�90 % of LA conversion and 70 % of 2,3-
pentanedione selectivity) if the Cs content is above the Cs/Ca
molar ratio of 1:1.622. However, an excessive Cs content such

Figure 4. XPS spectra of catalyst (Ca/P/Cs = 1.622:0.958:1) before and after
calcination at 700 8C (sample 1, uncalcination; sample 2, calcined at 700 8C).

Table 1. Catalytic activity results for hydroxyapatite doped with Cs at different calcination temperatures.[a, b]

Calcination temp. [8C] LA conv. [%] Sel. [%][b] Area-specific catalytic rate [mmol h�1 m�2]
2,3-PD AD PA AA ACA LA consumption PD formation

– 72.5 42.1 16.0 7.7 15.4 6.2 103 22
400 73.6 53.7 11.7 7.2 17.7 6.1 325 88
500 76.9 59.8 9.5 7.2 17.8 1.5 428 128
600 88.2 64.6 10.9 6.4 15.6 1.7 564 182
700 89.9 66.9 10.1 6.2 15.1 1.4 831 278
800 51.4 65.5 7.4 8.0 14.0 1.8 744 243
900 �10 – 617 –

[a] Catalyst, 0.38 mL; Ca/P/Cs = 1.622:0.958:1, particle size: �20–40 meshes, carrier gas N2 : 1 mL min�1, feed flow rate: 1 mL h�1, LA feedstock: 20 wt % in
water, reaction temperature: 300 8C, TOS: �4–5 h. [b] LA: lactic acid, 2,3-PD: 2,3-pentanedione, AD: acetaldehyde, PA: propionic acid, AA: acrylic acid, ACA:
acetic acid.
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as the Cs/Ca molar ratio of 2.33:1.622 does not favor the cata-
lytic performance (LA conversion = 70 % and 2,3-pentanedione
selectivity = 60.9 %). To the best of our knowledge, direct con-
version of LA to 2,3-pentanedione with both high selectivity (
�70 %) and high LA conversion (�90 %) has never been re-
ported. These observations indicate that calcination and the
Cs-doped amount enable an improvement of the acid–base
properties of the hydroxyapatite for direct conversion of LA to
2,3-pentanedione.

Multiple factors including reaction temperature, residence
time, and LA concentration were found to affect LA conversion
and 2,3-pentanedione selectivity on the hydroxyapatite doped
with Cs (Ca/P/Cs = 1.622:0.958:1.667). LA conversion drastically
increases whereas 2,3-pentanedione selectivity shows only
slight fluctuations with residence time (Figure 5 A), suggesting
that condensation reaction of LA to 2,3-pentanedione domi-
nates. In addition, we also found that with an increase of reac-
tion temperature, the selectivity to 2,3-pentanedione decreases
whereas the selectivities to byproducts such as acetaldehyde
and acrylic acid increase. Under a low reaction temperature
(290 8C), the effect of LA concentration on reaction per-
formance was investigated (Figure 5 B). 2,3-Pentanedione selec-
tivity increases with an increase of LA concentration whereas
LA conversion decreases. According to previous kinetic studies,
the formation of 2,3-pentanedione from LA through a conden-
sation reaction is second order in LA concentration whereas
other accompanied conversion reactions of LA to acrylic acid
and acetaldehyde are first order in LA concentration.[7c, d] Thus
an elevated LA concentration favors the formation of 2,3-pen-
tanedione to improve the 2,3-pentanedione selectivity. Nota-
bly, 2,3-pentanedione yields as high as 72.3 % were obtained
under the optimal reaction conditions tested in these studies
(Figure 5 A).

The reaction mechanism of the condensation of LA to 2,3-
pentanedione was investigated over sodium salts/silica or
silica–alumina catalysts.[6b, 7a, d] In those studies, the sodium lac-
tate in situ formed through the reaction of initial sodium salts
with lactic acid was believed as an important stable intermedi-
ate for the conversion of LA to 2,3-pentanedione, which was
confirmed experimentally. In the formation of 2,3-pentane-
dione from LA, two key steps, namely, decarboxylation of LA

and ketonization, accompanied with a loss of water are in-
volved. The catalyzed decarboxylation reaction requires basic
sites, and the catalyzed ketonization with loss of water requires
acidic sites. In other words, a bifunctional catalyst that possess-
es both acidic and basic sites on its surface has great potential
for catalyzing the condensation of LA to 2,3-pentanedione effi-
ciently. In previous studies, hydroxyapatite was shown to have
excellent activity for the dehydration of LA because of the

Table 2. Effect of Cs doped amount on catalytic performance of the condensation reaction of LA.[a, b]

Ca/Cs molar ratio LA conv. [%] Sel. [%][b] Area-specific catalytic rate [mmol h�1 m�2]
2,3-PD AD PA AA ACA LA consumption PD formation

1.622/– �10 – 98 –
1.622/0.334 50.5 54.3 2.8 9.1 10.5 3.1 457 124
1.622/0.667 66.7 68.8 8.1 7.9 11.1 2.4 646 222
1.622/1 89.9 66.9 10.1 6.2 15.1 1.4 831 278
1.622/1.333 90.5 69.2 9.2 6.6 13.2 1.6 866 300
1.622/1.667 91.4 69.9 9.3 5.4 13.9 1.2 906 317
1.622/2 86.3 72.7 8.6 5.9 11.1 1.4 789 287
1.622/2.33 70 60.9 14.6 8.7 12.7 2.8 823 251

[a] Catalyst, 0.38 mL; fixed Ca/ P molar ratio = 1.622:0.958, calcination temperature: 700 8C, particle size: �20–40 meshes, carrier gas N2: 1 mL min�1, feed
flow rate: 1 mL h�1, LA feedstock: 20 wt % in water, reaction temperature: 300 8C, TOS: 4�5 h. [b] LA: lactic acid, 2,3-PD: 2,3-pentanedione, AD: acetalde-
hyde, PA: propionic acid, AA: acrylic acid, ACA: acetic acid.

Figure 5. Catalyst performance at a molar ratio Ca/P/Cs = 1.622:0.958:1.667
for the condensation of LA as a function of residence time and reaction tem-
perature (A), and effect of LA concentration at 290 8C (B). a : catalyst, 0.23 g;
calcination temperature: 700 8C, LA concentration: 20 wt %, TOS: 4�5 h. b:
LA: lactic acid, 2,3-PD: 2,3-pentanedione, AD: acetaldehyde, PA: propionic
acid, AA: acrylic acid, ACA: acetic acid.
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presence of appropriate acidic sites on its surface.[3d, 8a, 11] There-
fore, hydroxyapatite was chosen as a catalyst support because
it possesses acidic sites appropriate for the dehydration reac-
tion of LA and its derivatives. However, possessing inherent
acid–base properties on its surface cannot well catalyze the
condensation of LA to 2,3-pentanedione. Thus, under high-
temperature calcination conditions, an active precursor
(CsNO3) was doped into its structure to regulate the acid–base
properties in situ by a one-pot method, and the results are
shown in Figure 6 and Figures S4 and S5. The acidity density
characterized by NH3 temperature-programmed desorption
(NH3–TPD) increases linearly if the calcination temperature is
enhanced, but a volcano-type curve appears for the basicity
density versus the calcination temperature as characterized by
CO2–TPD. Therefore, the basicity/acidity ratio versus calcination
temperature reveals a similar volcano-type curve. Furthermore,
we correlated the area-specific catalytic rates including LA con-
sumption rate and 2,3-pentanedione formation rate with the
basicity/acidity ratio, and the results are shown in Figure 7. The
area-specific catalytic rates increase slowly with the basicity/
acidity ratio in the range from 4.0 to 7.5, but decrease drasti-
cally as the basicity/acidity ratio is lower than 4.0. From the
data shown in Figure 7, it seems that the catalytic activity for
the conversion of LA to 2,3-pentanedione continuously in-
creases with enhancement of basicity/acidity ratio from >4.

However, this is not true from the data shown in Table 2 to-
gether with those from Figure 6 B. For example, the basicity/
acidity ratio is more than 19 on bare hydroxyapatite (without
Cs doping) with very low activity for the condensation reaction
of LA to 2,3-pentanedione and a LA conversion of �10 %. In-
terestingly, if the Cs component is doped into the structure of
hydroxyapatite, a rapid decrease of the basicity/acidity ratio
follows until it remains at �7–8 although the Cs doping
amount still changes. The results are supported by diffuse re-
flectance infrared Fourier transform spectra (DRIFTS) of ad-
sorbed pyridine on the catalysts because the number Brønsted
acidic sites and Lewis sites increased for the doped catalyst rel-
ative to bare hydroxyapatite &&OK?&& (Figure S6). More
importantly, all these catalysts with doped Cs offer acceptable
selectivity to 2,3-pentanedione (�54.3–72.7 %). From the
above observations, we can conclude that both calcination
temperature and the amount of Cs doping can provide a bal-
ance of surface acid–base chemistry in the Cs-doped hydroxya-
patite, which favors the activity for condensation of LA to 2,3-
pentanedione.

Based on these experimental evidences, a reaction mecha-
nism was proposed (shown in Scheme 1 and Scheme S1 in the
Supporting Information). In the mechanism, two steps are cru-
cial for the formation of 2,3-pentanedione from lactic acid.
First, the basic sites on the surface of catalyst attack H at the
a-carbon to produce an enolate form (I). After deprotonation,
the process undergoes a Claisen condensation, followed by de-

Figure 6. Acid–base properties of the catalysts versus calcination tempera-
ture at Ca/P/Cs = 1.622:0.958:1 (A) and Cs doping amount at a calcination
temperature of 700 8C (B).

Figure 7. Catalytic rate versus base/acid ratio.

Scheme 1. Proposed mechanism for the condensation of LA to 2,3-pentane-
dione. The reaction highlighted in green is the preferred pathway, whereas
the pink highlighted steps are undesirable. For a detailed reaction pathway,
see Scheme S1.
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carboxylation to produce form (II). In this step, a large amount
of CO2 is produced, as it was detected in the online reaction
tail gas analysis (shown in Figure S7) whereas only traces of CO
were detected &&Sentence OK?&&. Second, acidic sites
attack the b-OH of form (II) to remove a molecule of water and
form another enolate (III). Form (III) rapidly isomerizes into
product 2,3-pentanedione.

Conclusion

We report the efficient conversion of biobased lactic acid to
2,3-pentanedione, a high-value-added fine chemical useful for
flavoring chemicals, by using a multifunctional cesium-doped
hydroxyapatite catalyst. The unique modification of cesium-
doped hydroxyapatite provides a balance of the surface acid–
base chemistry in the catalyst. Consequently, undesirable reac-
tions such as dehydration and decarbonylation of lactic acid,
which are believed to by catalyzed by acidic sites, are largely
suppressed, and the surface basic and acidic sites synergically
catalyze the lactic acid condensation reaction to 2,3-pentane-
dione that dominates on the cesium-doped hydroxyapatite. In
this way, a highly selective (as high as 72.3 % yield) process for
direct conversion of bio-lactic acid to 2,3-pentanedione on the
cesium-doped hydroxyapatite has been achieved.

Experimental Section

Materials

Lactic acid (�85–90 wt %) was purchased from Chengdu Kelong
Chemical Reagent Co. and was used for the synthesis of 2,3-penta-
nedione without further purification. Triple distilled water was pre-
pared in the laboratory and was used to dilute lactic acid for the
demanded concentration. Cesium nitrate, Ca(OH)2, H3PO4, 2,3-pen-
tanedione, propionic acid, acetaldehyde, acrylic acid, acetic acid,
and n-butanol, together with hydroquinone were purchased from
Sinopharm Chemical Reagent Co., Ltd. 2,3-Pentanedione, propionic
acid, acetaldehyde, acrylic acid, and acetic acid were used for gas
chromatograph reference materials, and n-butanol was utilized as
an internal standard material. Hydroquinone (0.3 wt %) was used as
a polymerization inhibitor.

Preparation of catalysts

The Cs-doped hydroxyapatite catalysts were prepared by an evap-
oration-driven oriented assembly (EDOA) approach in a basic
Ca(OH)2/H3PO4/H2O/CsNO3 mixed solution. Typically, for Cs-doped
hydroxyapatite with Ca/P/Cs = 1.622:0.958:1, Ca(OH)2 (1.85 g,
25 mmol) was dissolved in 100 mL H2O, and stirred vigorously for
30 min to form a clear and transparent solution. Sequentially,
H3PO4 (1.0 mL, 14.76 mmol, 85 wt %) was added dropwise under
vigorous stirring for 60 min to form a white murky solution. Next,
CsNO3 (3.0 g, 15.41 mmol) was added to the resultant solution
under vigorous stirring for 300 min. After that, the obtained solu-
tion was transferred into a volumetric flask, and left in a drying
oven to evaporate solvent H2O at 70 8C for 8 h, then at 100 8C for
another 10 h to completely remove the solvent. The obtained
white powder was calcined at 700 8C for 600 min to be used as a
catalyst for LA condensation to 2,3-pentanedione. The bare hy-

droxyapatite (without Cs component) was prepared by using a
similar method.

Catalyst characterization

Powder X-ray diffraction measurements were conducted on a
Dmax/Ultima IV diffractometer operated at 40 kV and 20 mA with
Cu-Ka radiation. The FTIR spectra of the catalysts were recorded in
the range of �500–4000 cm�1 on a Nicolet 6700 spectrometer. The
morphologic features of the catalysts were determined by scan-
ning electron microscopy (SEM, JSM-6510). The specific surface
areas of catalysts were measured through nitrogen adsorption at
77 K using Autosorb IQ instrument. Prior to adsorption, the sam-
ples were treated at 250 8C under vacuum for 6 h and the specific
surface area was calculated according to the BET method. Surface
acid and base properties of the samples were estimated by NH3–
TPD and CO2–TPD, respectively, on a Quantachrome Instrument.
The sample (�50–60 mg) was purged with dry Ar (50 mL min�1,
purity>99.999 vol. %) at 400 8C for 1.0 h, followed by reducing the
furnace temperature to room temperature, and switching to a flow
of 8 vol. % NH3/Ar or 10 vol. %&&Correct vol. % for vt%?&& CO2/
Ar for 1 h to execute NH3 or CO2 adsorption. Then, NH3 or CO2 ad-
sorbed on the sample was desorbed in the range of �80–600 8C at
a rate of 10 8C min�1. FTIR spectroscopy of adsorbed pyridine sam-
ples were performed on a Bruker Tensor 27 FTIR spectrometer
equipped with Praying Mantis accessory and a high-pressure reac-
tion cell (Harrick Scientific Products Inc.) for in situ DRIFTS measure-
ments. Briefly, a �50 mg aliquot of finely ground sample was
loaded in the reaction cell. The sample was then heated to 400 8C
by a temperature ramp (10 8C min�1) for in situ purging under pure
Ar flow (flow rate 15 mL STP min�1). After holding it at 400 8C for
2 hours, the sample was cooled to ambient temperature in pure Ar
(15 mL STP min�1) and a background spectrum was taken. Pyridine
was introduced into the reaction cell by flowing He (5 mL
STP min�1) through a bubble generator at ambient temperature
until saturation (judged by the appearance of the 1596 cm�1 fea-
ture assigned to physisorbed pyridine). Physisorbed pyridine was
removed by pure Ar purging (15 mL STP min�1) at 100 8C. The
sample was then cooled to ambient temperature and IR spectra
were acquired. XPS measurements were performed by using a
Thermo Scientific K-Alpha spectrometer, equipped with a mono-
chromatic small-spot X-ray source and a 1808 double focusing
hemispherical analyzer with a 128-channel detector. Spectra were
obtained using an aluminum anode (Al Ka = 1486.6 eV) operating
at 72 W and a spot size of 400 mm. Survey scans were measured at
a constant pass energy of 200 eV and region scans at 50 eV. The
background pressure was 2 � 10�9 mbar and during measurement
3 � 10�7 mbar Ar because of the charge compensation dual-beam
source. Data analysis was performed by using CasaXPS software.
The binding energy was corrected for surface charging by taking
the C 1 s peak of contaminating carbon as a reference at 284.6 eV.

Catalyst evaluation

The condensation of lactic acid to 2,3-pentanedione over the cata-
lysts was performed in a fixed-bed quartz tubular reactor with a
4 mm inner diameter operated at atmospheric pressure. The cata-
lyst (�0.23–0.25 g, 20–40 meshes) was placed in the middle of the
reactor and quartz wool was placed in both ends. Firstly, the cata-
lyst was pretreated at the required reaction temperature (�300 8C)
for 1.5 h under N2 with high purity (0.1 MPa, 1.0 mL min�1). The
feedstock (20 wt % solution of LA) was then pumped into the reac-
tor (LA aqueous solution flow rate, 1.0 mL h�1) and driven through
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the catalyst bed by nitrogen. Residence time was calculated ac-
cording to equation (1). The liquid products were condensed by
using an ice-water bath and analyzed offline using a SP-6890 gas
chromatograph with a FFAP capillary column connected to a flame
ionization detector (FID). Quantitative analysis of the products was
performed by the internal standard method using n-butanol as the
internal standard material. GC–MS analyses of the samples were
performed using Agilent 5973 n Mass Selective Detector attach-
ment. The reaction tail gas was analyzed by using GC with a
packed column of TDX-01 connected to TCD detector. The conver-
sion of LA and the selectivity toward 2,3-pentanedione or other by-
products were calculated according to equations (2), (3), and (4).

tR ¼
w
F

ð1Þ

tR : Residence time (h g mL�1) ; w. : catalyst mass (g); F : feed (LA
aqueous solution) flow rate (mL h�1).

Conversion ½%� ¼ n0-n1

n0
� 100 ð2Þ

Selectivity ½%� ¼ np

n0-n1
� 100 ð3Þ

Yield ½%� ¼ np

n0
� 100 ð4Þ

in which, n0 is the molar quantity of LA fed into reactor, n1 is the
molar quantity of LA in the effluent, and np is the molar quantity
of lactic acid converted to 2,3-pentanedione or other byproducts
such as acetaldehyde, propionic acid, acrylic acid, and acetic acid.
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