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ABSTRACT: Propionic acid obtained from fermentation-derived lactic
acid has been appreciated since propionic acid is mainly used as a food
preservative, satisfying a natural food idea. Vapor-phase deoxygenation of
lactic acid to biopropionic acid over dispersant-dispersed molybdenum
oxides was investigated in this work. It was found that different dispersants
displayed different performances, and the N element in dispersants had a
positive effect. MoO3 was soon reduced to MoO2 under the in situ
hydrogen atmosphere, and the latter played an important role in catalytic
conversion of lactic acid to propionic acid. The discriminating experiments
revealed that propionic acid was formed mainly through direct
deoxygenation of lactic acid (main path) and not hydrogenation of acrylic
acid as an intermediate (minor path). Furthermore, only in situ hydrogen
was efficient, and external hydrogen was hardly efficient during catalytic
reaction. Under the base-free conditions, catalyst offered excellent activity
and durability and efficiently reduced the acid-treatment section in product separation.

1. INTRODUCTION

Propionic acid is mainly used as a preservative for food and
animal feed, and an intermediate and solvent for chemical
synthesis. As used for the former, it displays more excellent
bacteriostatic effect in epiphyte and mildew at pH < 6 than the
typical preservative of benzoic acid. For that reason, it is widely
used as a food preservative for grain, bread, cake, cheese, and
meat, etc.1−4 For the latter, it is used in esterification of alcohol
to synthesize its corresponding ester and also used in solvent
for various reactions. At present, its production mainly relies
on the oxidization of propanal obtained from ethylene
hydroformylation,5−10 hydrocarboxylation of ethylene,11,12

carbonylation of ethanol,13 hydrogenation of acrylic acid,14,15

and hydration of acrylonitrile,16−18 and these processes for
propionic acid production are almost all based on petroleum
feedstock, thus attributed to nonrenewable resources. The
search for new processes for production of propionic acid
based on sustainable feedstock is extremely urgent. Lactic acid
(LA) as sustainable feedstock has been produced on a large
scale by corn fermentation. In addition, rich and inexpensive
biomass materials such as cellulose,19 wheat straw,20 sugars,21

and sorbitol22 have also been used to produce LA in recent
publications. More importantly, LA instead of petroleum
material is used to produce propionic acid, which is known as
biopropionic acid and is appreciated popularly in use as a

preservative for food and animal feed since it can well meet the
concept of healthy food.
In pioneering work, homogeneous precious metal complexes

based on Pt, Pd, and Ir were used to catalyze conversion of LA
to propionic acid under hydrothermal conditions.23 Among
these precious metal complexes, PtH(Pet3)3 offered the best
catalytic performance (around 50% yield of propionic acid) at
250 °C in water at pH = 2. Korstanje et al.4 subsequently
developed non-noble molybdenum complexes to catalyze the
deoxygenation of LA into propionic acid, achieving 41% yield
of sodium propionate in the presence of alkali reagent
(NaOH). Heterogeneous catalysis which has a merit of easy
separation between catalyst and product is becoming attractive.
Earlier, Pt/Nb2O5 was used to catalyze conversion of LA to
propionic acid, achieving 25% propionic acid yield at 350 °C
and 50 bar H2 pressure.

24 Very recently, Co powder was used
as a catalyst and Zn powder as reductant for deoxygenation of
LA to propionic acid under the liquid−solid reaction mode at
250 °C.25 Under the optimal reaction condition, 58.8%
propionic acid yield was achieved. Differentiating from
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rhythmic reaction in the above work, we used continuous gas−
solid reaction to check the Fe and its oxides on activity for LA
conversion to propionic acid.26,27 By comparison, Fe3O4 was
found to act as an active species and offered an acceptable
propionic acid yield of ∼50%.
Although the precedent reports on LA conversion to

propionic acid have made considerable progress, the reaction
mechanism is unclearly known and catalytic efficiency is still
low. Ongoing efforts are still required in order to achieve
industrial application. In the present work, molybdenum oxides
were used as a catalyst in the fixed bed reactor for
deoxygenation of LA to propionic acid, and the reaction
mechanism was further revealed by characterization of catalyst
and discriminating experiments.

2. EXPERIMENTAL SECTION
2.1. Materials. L-(+)-Lactic acid (80 wt %, fermentation

type) is supplied by Henan Jindan Lactic Acid Technology
Co., Ltd. and is used for the production of propionic acid
without further purification. Acetaldehyde, acrylic acid,
propionic acid, acetic acid, 2,3-pentanedione, and isopropanol,
together with hydroquinone, are purchased from Sinopharm
Chemical Reagent Co., Ltd. Acrylic acid, propionic acid, acetic
acid, 2,3-pentanedione, and acetaldehyde are used for gas
chromatograph reference materials, and isobutanol is utilized
as internal standard material. Molybdenum trioxide, ethanol,
H2O2, and chemical dispersants such as PVP (poly-
(vinylpyrrolidone)), Tween 80 (polysorbate 80), and P123
(PEO−PPO−PEO) are purchased from Energy Chemical Co.
Natural dispersants such as yolk and albumen are purchased
from a supermarket.
2.2. Preparation of Catalysts. Dispersant-dispersed

MoO3 was prepared as followed. In a typical experiment,
0.005 mol of molybdenum trioxide (MoO3) was fully dispersed
in 15 mL of mixed solution of H2O2−CH3CH2OH (1:1 by
volume) under a stirring state for 30 min at room temperature.
Next, the resultant solution was heated to 60 °C and turned to
yellow color. Subsequently, the dispersant (0.18 g) was added
to the resultant solution, and stirring continued for 1 h. Then,
the resultant solution was slowly evaporated to remove the
solvent, and the dispersant-dispersed MoO3 was obtained .
2.3. Catalyst Characterization. Powder X-ray diffraction

measurement was conducted on a Dmax/Ultima IV diffrac-
tometer operated at 40 kV and 20 mA with Cu Κα radiation.
The FT-IR spectra of the catalysts were recorded in the range
of 500∼4000 cm−1 on a Nicolet 6700 spectrometer. Redox
properties of the samples were estimated by H2-TPR on a
Finesorb-3010 Instrument. The sample (ca. 50−60 mg) was
purged with dry He (50 mL/min, purity > 99.999 vt%) at 250
°C for 1.0 h, followed by reducing the furnace temperature to
30 °C, and switching to a flow of 10.0 vt% H2/He to execute
H2-TPR in the range of 30−650 °C at a rate of 10 °C/min. X-
ray photoelectron spectroscopy (XPS) measurements were
performed using a Thermo Scientific K-Alpha spectrometer,
equipped with a monochromatic small-spot X-ray source and a
180° double focusing hemispherical analyzer with a 128-
channel detector. Spectra were obtained using an aluminum
anode (Al Kα = 1486.6 eV) operating at 72 W and a spot size
of 400 μm. 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 argon because of the charge compensation dual beam
source. Data analysis was performed using CasaXPS software.

The binding energy was corrected for surface charging by
taking the C 1s peak of contaminant carbon as a reference at
284.6 eV.

2.4. Catalyst Evaluation. The synthesis of propionic acid
from lactic acid over the catalysts was carried out in an up−
down tubular quartz reactor with a 4 mm inner diameter
operated at an atmospheric pressure. The catalyst (ca. 500 mg,
20−40 meshes) was placed in the middle of the reactor, and
quartz wool was placed in both ends. First, the catalyst was
pretreated at the required reaction temperature (ca. 390 °C)
for 1.0 h under N2 with high purity (0.1 MPa, 1.2 mL/min).
The feedstock (20 wt % solution of LA) was then pumped into
the reactor (LA aqueous solution flow rate, 1.6 mL/h) and
driven through the catalyst bed by nitrogen. The contact time
of reactant over the catalyst is estimated according to eqs 1 and
2.28The liquid products were condensed using an ice−water
bath and analyzed off-line using a SP-6890 gas chromatograph
with a FFAP capillary column connected to a FID.
Quantitative analysis of the products was carried out by the
internal standard method using isobutanol as the internal
standard material. GC-MS analyses of the samples were
performed using an Agilent 5973N mass selective detector
attachment. The reaction tail gas was analyzed using GC with a
packed column of TDX-01 connected to TCD detector. The
conversion of LA and the selectivity toward propionic acid or
other byproducts were calculated according to eqs 3−5.

= W
F

CT
(1)

=F
n

t
LA

(2)

CT, contact time; g·h/mol; W, catalyst mass (g); F, LA feed
flow rate, mol/h; nLA, the moles of lactic acid passed over the
catalyst, mol; t, LA feed time, h.

=
‐

×X
n n

n
conversion ( )/% 1000 1

0 (3)

=
−

×S
n

n n
selectivity ( )/% 100p

0 1 (4)

= × ×Y X Syield ( )/% 100 (5)

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

3. RESULTS AND DISCUSSION
3.1. Effect of Dispersants on Catalytic Performance.

According to early work,4 molybdenum species has been
evaluated in activity for deoxygenation of LA to propionic acid,
and its complexes displayed far more activity than its oxides
(ca. MoO3) in reactive distillation. But its oxides have lower
price and more stability than its complexes. Improving its
activity for deoxygenation of LA to propionic acid,
undoubtedly, displays a potential prospect. In this work, we
chose water, instead of organic solvent, to dilute LA and fixed-
bed reactor to substitute for reactive distillation, and evaluated
the activity of its oxides. It was noted that MoO3 displayed a
low activity for selective deoxygenation of LA to propionic acid
(propionic acid yield, 1%) in previous work although LA
conversion (72%) was acceptable.4 However, its activity was

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.8b04713
Ind. Eng. Chem. Res. 2019, 58, 101−109

102

http://dx.doi.org/10.1021/acs.iecr.8b04713


largely enhanced by using the vapor-phase fixed-bed reactor in
the presence of water instead of organic solvent. For example,
propionic acid yield was up to 43.4%, and LA conversion was
also up to 97.1% (shown in Figure 1).

It is expected that high dispersion of molybdenum oxide
precursor can improve catalytic performance. Here, we chose
five typical dispersants to disperse MoO3 in H2O2−ethanol and
evaluated their activity (also shown in Figure 1). For LA
conversion, it decreased slightly with addition of any one of the
dispersants by comparison with blank experiment without
using dispersant. But, almost all samples treated with
dispersants offered higher propionic acid yield except for
Tween 80. Especially, the albumen-dispersed catalyst has given
the best propionic acid yield of 60.8% up to now, exceeding the
blank experiment by 17.4%. In order to illustrate the positive
role of dispersants, we evaluated the catalytic performance of
starting material MoO3, and the result was shown in
Supporting Information Table S1. It is evident that the
catalytic performance of starting material MoO3 is lower than
that of the blank sample and far lower than the samples with
dispersants. These results indicated dispersant-enhanced
selective deoxygenation reaction of LA to propionic acid.

Further observation showed that different dispersants
displayed different performances and increased in the following
order: Tween 80 < P123 < Yolk < PVP < Albumen. By
comparison in elements constructed of dispersants, the latter
three dispersants with N element gave better results than the
former two dispersants, indicating the N element displayed a
positive effect in dispersing MoO3 in H2O2−ethanol. More
importantly, bio-albumen is greener, safer, and more
ecofriendly for preparing catalyst for production of edible
propionic acid and propionates from bio-lactic acid.
In order to further understand the difference of catalytic

performance of samples treated with different dispersants,
XRD, FT-IR, XPS, and H2-TPR measurements were used to
characterize these samples, and the results were shown in
Figures 2−5. From Figure 2a, the blank sample displayed
different diffraction peaks from those of the starting material
(MoO3), suggesting that the MoO3 structure changed in the
H2O2−C2H5OH solution. Actually, MoO3 interacted with
H2O2 to form H2MoO5 (MoO3·H2O2), agreeing with the
standard sample H2MoO5 (JCPDS No.41-0359). With further
addition of dispersants, the characteristic diffraction peaks also
were different from those of the blank sample, suggesting that
sample structures continuously changed. By comparison with
XRD standard cards, the characteristic diffraction peaks
matched well with MoO3·2H2O (JCPDS No.16-0497).
These suggested that highly dispersed MoO3 with dispersants
interacted with H2O, instead of H2O2, to form MoO3·2H2O,
agreeing with standard sample MoO3·2H2O (JCPDS No.16-
0497). The observation on XRD of samples treated with/
without dispersants showed that dispersants can well disperse
MoO3 in H2O2−C2H5OH solution. So it is reasonable that
catalytic performance relates to the dispersity of MoO3 in LA
deoxygenation to propionic acid. From Figure 3a, the
characteristic absorption bands almost remained consistent at
absorption bands of >900 cm−1, while the absorption bands of
sample Tween 80 and sample P123 were different from others
at absorption bands of 500−700 cm−1. Slight diversity of IR
spectra reflected the influence of dispersant in MoO3 precursor
preparation. From Figure 3b, the sample treated with Tween
80 displayed two adjacent absorption bands at around 1626
and 1716 cm−1, being different from other samples. This
suggested that organic species covered the surface of the
catalyst, resulting in lower activity.
XRD patterns of the spent catalyst (Figure 2b) showed

identical diffraction peaks at 2θ = 26.1°, 37.1°, and 53.4°,
matching well with the standard sample of MoO2 (JCPDS No.

Figure 1. Effect of dispersant on deoxygenation of LA to propionic
acid: catalyst, 0.48−0.50 g, 0.38 mL; carrier gas N2, 1.2 mL/min; feed
flow rate, 1.6 mL/h; LA feedstock, 20 wt %; reaction temperature, 390
°C; TOS, 1−2 h (sample 1), 3−4 h (sample 2), 5−6 h (sample 3), 7−
8 h (sample 4), and 9−10 h (sample 5). LA conversion is lactic acid
conversion average value for five samples; PA yield is propionic acid
yield average value for five samples.

Figure 2. XRD patterns of dispersant-treated MoO3 (a, before reaction; b, after reaction).
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32-0671). Another piece of evidence from XPS character-
ization can also demonstrate that the spent catalysts belong to
MoO2 phase. For example, Mo characteristic peaks occurred at
binding energies of 229.6 and 232.8 eV, respectively, indexed
to Mo 3d5/2 and 3d3/2 in MoO2 (Figure 4b). These results
potentially indicated MoO2 as an active species for
deoxygenation of LA to propionic acid. In order to further
verify this view, we tested the activity of the spent catalyst, and
the results were shown in Figure S1. The spent catalyst almost
offered activity identical with that of fresh catalyst. It is
reasonable from this experimental evidence that MoO2 is
demonstrated as an active species.

H2-TPR profiles of fresh samples (Figure 5) can also support
these activity data. Blank sample and Tween 80-treated sample
hardly give an evident reduction peak in the range of 370−475
°C by comparison with other samples, suggesting that they are
difficultly reduced in 10 vt% H2−He mixture. The reducibility
of Mo species may relate to its dispersibility. In the catalyst
preparation, starting MoO3 displayed a low dispersion in blank
sample and Tween 80-treated sample. For that reason, they
offered a poor activity since the low valence molybdenum is
just active species.

3.2. Reaction Temperature. According to the comparison
of dispersants for catalytic deoxygenation of LA to propionic
acid, albumen has been found to be an excellent dispersant.
Therefore, the effect of reaction temperature on catalytic
performances such as LA conversion and product selectivity
was investigated over the albumen-dispersed MoO3, and the
results were shown in Figure 6. In the wide range of 270−410
°C, LA conversion drastically changed with an enhancement of
reaction temperature (Figure 6a). In low temperature, ca. 270
°C, LA conversion is low, only 28.8%, suggesting that LA is
stable during the contact time of 140 g·h/mol over this
catalyst. As reaction temperature increased from 270 to 300
°C, LA conversion jumped to 87.1%, and then it increased
slightly with further increase of reaction temperature.
According to previous work,26 propionic acid formation
depended on reaction temperature, and enhancing temperature
favored formation of propionic acid. In this work, we also
observed that propionic acid selectivity increased from 36.2%
to 62.8% with an increase of reaction temperature from 270 to
390 °C (Figure 6b). Furthermore, observing in the range of
300−390 °C, LA conversion remained >87%, and propionic

Figure 3. FT-IR spectra of dispersant-treated MoO3 (a, before reaction; b, after reaction).

Figure 4. Mo 3d and O 1s binding energies of the used MoO3 treated with PVP and albumen.

Figure 5. H2-TPR profiles of samples treated with different
dispersants (before reaction).
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acid selectivity changed drastically from 37.1% to 62.8%,
indicating that enhancing temperature can efficiently suppress
the parallel side reactions, and the deoxygenation of LA to
propionic acid gradually dominated. As reaction temperature
increased to 410 °C, propionic acid selectivity decreased to
44.7%, but higher than that obtained over iron oxide at 400 °C
(propionic acid selectivity, 19.5%).27 These results suggested
that dispersant-dispersed molybdenum oxides have more
selective conversion of lactic acid to propionic acid than
previous catalysts. As a result, 390 °C was chosen as an optimal
reaction temperature considering LA conversion and propionic
acid selectivity.
3.3. LA Concentration. Over the albumen-dispersed

MoO3, effect of LA concentration on reaction performance
of LA deoxygenation to propionic acid was further evaluated,
and the results were shown in Table 1. Contact time (W/F)

decreased with an increase of LA concentration, suggesting
that the residence time of LA molecules over the surface of
catalyst shortened. From the data shown in Table 1, LA
conversion decreased slightly, and always remained >95% with
an increase of LA concentration from 10 to 40 wt %, indicating
contact time was enough for LA conversion at any one of these
LA concentrations. Product distribution was substantially
affected by LA concentration. For example, propionic acid
selectivity was low, only 35.6% at LA concentration of 10 wt %,

and it increased to 62.8% at LA concentration of 20 wt %.
These results indicated that side reactions dominated at low
LA concentration, and LA deoxygenation to propionic acid
dominated at high LA concentration. It is known that the
hydrogen source for LA deoxygenation to propionic acid is
originated from inner reaction systems such as LA decarbox-
ylation, acetaldehyde hydration, and LA steam re-forma-
tion.4,27 As LA concentration was low, hydrogen production
was insufficient for LA deoxygenation to propionic acid,
resulting in a low propionic acid selectivity. At enhancing LA
concentration, more hydrogen was produced that could be
utilized in deoxygenation of LA to propionic acid and
suppressed other side reactions. As a result, propionic acid
selectivity increased at high LA concentration. In addition,
enhancing LA concentration can also increase propionic acid
productivity without increasing device devotion from the view
of industry.

3.4. Reaction Mechanism. In order to fully understand
the mechanism on LA converted to propionic acid, a series of
experiments are designed and performed as follows (Table 2).

It mainly contains two paths for LA conversion to propionic
acid (Figure 7). In path I, acrylic acid obtained through
dehydration of LA was believed to be an intermediate and
further hydrogenated to propionic acid. It is easily accepted
that according to previous investigations, the reaction on LA
converted to acrylic acid occurred at the present reaction
temperature of 390 °C.29−35 Next, the generated acrylic acid
hydrogenated with hydrogen to form propionic acid. In order
to verify this path, we directly used acrylic acid as substrate
instead of LA and performed hydrogenation reaction of acrylic
acid with external hydrogen at identical reaction conditions.

Figure 6. Reaction temperature vs catalytic performance (a, LA conversion; b, product selectivity): catalyst, 0.50 g, 0.38 mL; carrier gas N2, 1.2
mL/min; feed flow rate, 1.6 mL/h; LA feedstock, 20 wt %; TOS, 1−2 h (sample 1), 3−4 h (sample 2), 5−6 h (sample 3), 7−8 h (sample 4), and
9−10 h (sample 5). Lactic acid conversion is average value for five samples; product selectivity is average value for five samples. LA, lactic acid; PA,
propionic acid; AC, acetic acid; AD, acetaldehyde; AA, acrylic acid.

Table 1. Effect of LA Concentration on Deoxygenation of
LA to Propionic Acid

selectivity (%)

LA
concn
(wt %)

W/F
(g·h/mol)

LA
conversion

(%) PA AC AD AA others

10 281 98.3 35.6 12.5 32.5 7.4 12
15.4 182 97.6 43.8 10.3 24.4 6.2 15.3
20 140 96.8 62.8 9.2 20.6 3.9 3.5
30 93 96.5 57.8 7.4 21.2 3.1 10.5
40 70 95.8 58.8 7.3 22.2 3.2 8.5

aCatalyst: 0.50 g, 0.38 mL; carrier gas N2, 1.2 mL/min; LA feed flow
rate 1.6 mL/h, reaction temp. 390 °C; TOS, 1−2 h (sample 1), 3−4 h
(sample 2), 5−6 h (sample 3), 7−8 h (sample 4), and 9−10 h
(sample 5). bLA conversion: lactic acid conversion is average value for
five samples; product selectivity: product selectivity is average value
for five samples. cLA, lactic acid; PA, propionic acid; AC, acetic acid;
AD, acetaldehyde; AA, acrylic acid.

Table 2. Discriminating Experiments on Reaction Pathsa

entry feedstock/carrier gas
PA yield
(%)

1 20 wt % LA/N2 60.8
2 11.57 wt % acrylic acid/H2 14.0
3 14.45 wt % LA/H2 59.8
4 11.12 wt % acrylic acid + 8.88 wt % formic acid/N2 15.2
5 12.20 wt % LA + 7.8 wt % formic acid/N2 62.0
6 12.41 wt % LA+ 7.59 wt % acetaldehyde/N2 65.1

aConditions: catalyst, uncalcined MoO3, 0.2 g; feed flow rate, 1.6
mL/h; carrier gas, 1.2 mL/min; reaction temperature, 390 °C; molar
ratio of hydrogen/LA (or acrylic acid) > 1.2:1.
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Propionic acid yield of 14.0% (entry 2) was obtained through
calculation based on acrylic acid, far less than that obtained
from LA as substrate (∼60%, in entry 1). This result at least
demonstrated that, with the adoption of external hydrogen as
the hydrogen source, hydrogenation reaction proceeded with
difficulty compared to the present catalyst. For that reason, we
give up providing external hydrogen to utilize in situ hydrogen
for hydrogenation of acrylic acid to propionic acid. Here,
formic acid was chosen as the source of in situ hydrogen, and
the propionic acid yield (15.2%, entry 4) was enhanced slightly
in comparison with that from external hydrogen. Thus, these
results suggested whether external hydrogen or in situ
hydrogen hydrogenated should be used as the present catalyst
for conversion of acrylic acid to propionic acid.
In path II, the direct hydrogenolysis of C−OH bond in LA

to propionic acid naturally became possible. It is known that
propionic acid is obtained without providing external hydro-
gen, indicating that the hydrogen for hydrogenolysis of C−OH
bond in LA originated from LA steam re-form reaction.
Evidently, the in situ hydrogen from LA steam re-form reaction
can be well utilized in LA hydrogenolysis. Furthermore,
improving the in situ hydrogen formation rate has an
opportunity to enhance hydrogenolysis of LA to generate

propionic acid. Here, we chose two precursors of formic acid
and acetaldehyde to generate hydrogen more easily than LA.
Indeed, propionic acid yields were enhanced, 1.2% and 4.3%,
respectively (shown in entries 5 and 6). In addition, external
hydrogen was used as hydrogen source for hydrogenolysis of
LA to propionic acid. Unfortunately, the propionic acid yield
decreased 1% (shown in entry 3). These results indicated that
external hydrogen was unfavorable for direct hydrogenolysis of
LA and the in situ hydrogen was favorable for this reaction in
the presence of molybdenum oxide catalyst.
Based on the discussion of reaction paths, the possible

reaction mechanism was proposed. Unlike other catalytic
reactions with induction period, MoO3 was soon in situ
converted to MoO2 in the hydrogen atmosphere from LA
steam re-form reaction, and efficiently catalyzed the LA
conversion to propionic acid. In order to verify this view,
XRD and FT-IR measurements were used to investigate the
change of catalyst with time on stream (Figure 8). Within 1 h
on stream, the characteristic diffraction peaks indexed to MoO3
disappeared, and new characteristic diffraction peaks indexed
to MoO2 occurred (Figure 8a). With further increase of
reaction time, the catalyst always remained in the state of
MoO2. In other words, Mo existed as +4 valence. Similarly, the
FT-IR fingerprint region in 500−750 cm−1 also showed
obvious discrimination between before and after reaction
(Figure 8b), according to XRD results. Lower valence has to
relate to strong reduction atmosphere, while the reaction
atmosphere was constructed with a great deal of water steam
and a small amount of hydrogen lacks its corresponding
reduction circumstance. Furthermore, H2-TPR was used to
characterize the reducible ability of catalyst with time on
stream (Figure 8c). Compared with fresh sample (before
reaction), the spent sample displayed a newly relative

Figure 7. Reaction paths for LA conversion to propionic acid.

Figure 8. Structure, property, and catalytic performance vs time on stream (a, XRD; b, FT-IR; c, H2-TPR; d, catalytic performance).
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temperature peak of hydrogen consumption centered at 325
°C, and the high temperature peak of hydrogen consumption
centered at 425 °C decreased in peak intensity, indicating an
enhancement effect of reducibility. As such, the change of
catalyst reducibility has been almost completed within 1 h
reaction. Figure 8d showed the performance of catalyst with
time on stream. The induction period was hardly observed;
instead, excellent initial activity and stability were observed.
The observation of activity agreed well with the change of
catalyst in structure and property during the catalytic reaction.
Back to the reaction mechanism, a catalytic cycle was

proposed in Figure 9. As characterized with XRD, MoO3 was

reduced to MoO2 in the presence of in situ H2. The obtained
MoO2 deoxygenated the C−OH group (α-hydroxyl group) in
LA, and it again come back to MoO3. As a result, LA was
converted to propionic acid (product) due to its deoxygena-
tion. Then MoO3 was again reduced to MoO2 by in situ
hydrogen and began a new catalytic cycle.
3.5. Stability. In order to evaluate the prospect of catalyst

in industrial application, long-term stability of heterogeneous
catalyst has to be checked.36−38 In this work, the stability of
albumen-dispersed MoO3 was investigated at 390 °C and the
LA feed flow rate of 10 mL/h (corresponding contact time =
22.5 g·h·mol−1), and the results were depicted in Figure 10. LA

conversion retained about 95% within 40 h on stream, and it
decreased slightly. For example, the reaction time lengthened
to 43 h on stream, and LA conversion was also up to 91%.
Compared with iron oxide in previous reports,26,27 LA
conversion in this work was somewhat better than that in
the previous reports. Similarly, propionic acid yield (53−61%)
also retained an excellent stability with time on stream. In
terms of PA yield, the result was by far better than previous
reports.4,27 It is also noted that the LA feed flow rate of 10
mL/h (corresponding contact time = 22.5 g·h·mol−1) used in
this work is far more than previous reports on LA conversion
into other chemicals such as acrylic acid and 2,3-pentanedione,
indicating that deoxygenation reaction of LA is faster than
other conversions of LA, and rich active sites for deoxygena-
tion of LA exist on the surface of the catalyst.29,30,33,39−41 In
order to fully understand the stability of active sites of catalyst
at low LA conversion (∼30%), the catalyst was reduced from
0.5 to 0.16 g and remained with the LA feed flow rate (shown
in Figure S1). It was found that catalyst still offered an
excellent stability around 80 h on stream.

4. CONCLUSIONS
Bio-propionic acid was efficiently produced through LA
deoxygenation over molybdenum dioxide. It was found that
propionic acid was formed through not hydrogenation of an
acrylic acid intermediate derived from dehydration of LA but
direct deoxygenation of LA using molybdenum dioxide to form
molybdenum trioxide. The in situ hydrogen was efficiently
utilized to draw an oxygen atom from molybdenum trioxide
and was left in H2O molecule during the catalytic
deoxygenation of lactic acid. As such, molybdenum trioxide
again came back to the state of molybdenum dioxide and
began a new catalytic cycle. Encouragingly, at high LA feed
flow rate of 10 mL·h−1, the catalyst offered a satisfactory
stability within 45 h on stream.
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