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propylene oxide rearrangement†
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and Qin Zhonga

Carbon deposition is a great problem for most solid acid and base catalysts applied in organic catalytic

reactions. Basic lithium phosphate catalyst, when used for propylene oxide rearrangement, is also easily

deactivated due to carbon deposition. In this paper, a green surface modification technique of steam

treatment was employed to suppress carbon deposition on the basic lithium phosphate catalyst and to

improve its catalytic performance. The results showed that the catalyst which was pre-treated with

steam at 300 �C for 30 minutes exhibited excellent catalytic activity. Furthermore, the amount of carbon

deposition was 15.1%, much lower than that of the untreated catalyst (21.5%). The steam treatment could

increase the amount of hydroxyl and adjust the distribution of the acid and base sites. The decrease of

the amount of Brønsted acid sites resulted in the reduction of carbon deposition. The enhancement of

activity could be attributed to the increase of synergistic sites, and this could be due to an increase in

the amount of Lewis acid sites and in the strength of the base sites.
1. Introduction

The rearrangement of epoxides is an important process because it
provides a simple method to obtain valuable key compounds in
organic and pharmaceutical synthesis.1,2 A number of Lewis- and
Brønsted-acid catalysts have been successfully used for the rear-
rangement of epoxides.2–5 Different catalysts lead to different
products depending on the surface acid–base characteristics of
the catalytic system.6 Lewis acids, such as Pd(0)/PR3,7,8 Bi(OTf)3-
$xH2O,9 IrCl3$xH2O10 and Er(OTf)3,11 are useful to obtain ketones
from epoxide rearrangements. Chromium(III) tetraphenylpor-
phyrin triate (CrTPP(OTf))12 and chromium(III) phthalocyanine
triate (CrTBPC(OTf))13 give the corresponding aldehydes from
epoxides in a stereoselectivemanner. Asymmetric rearrangements
of achiral epoxides to enantiomerically enriched allyl alcohols by
the action of chiral lithium bases have emerged as one of themost
useful methodologies in the eld of asymmetric synthesis.14,15

For the rearrangement of propylene oxide, different catalysts
may also result in different products, such as allyl alcohol,
propionaldehyde, and acetone. The acid–base characteristics of
the catalyst are important for the reaction. Some researchers
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have put forward that acid or base sites have an effect on the
distribution of the reaction products. Acetone is prone to be
produced on the base sites, while strong acid sites are benecial
to afford propionaldehyde. The production of allyl alcohol
requires acidic and basic active sites.16–18 Therefore, a wide
range of catalysts which are applied to this rearrangement have
attracted great attention.9

For the arrangement of most epoxides, the reactions take
place in the liquid phase or the liquid–solid phase. For
propylene oxide, however, there are two processes: the gas–solid
phase and the slurry phase. The gas–solid phase process is
much simpler and cleaner than the slurry phase; however,
carbon deposition has always been a major problem. Therefore,
it is important to suppress carbon deposition on the catalysts.19

Coke formation is closely related to the nature and distribution
of the acid sites.20,21 Thus, many investigations have aimed at
solving this problem via adjusting and controlling the distri-
bution of the acid and base sites. It has been reported that
steam treatment could decrease the coking rate and enhance
the catalytic activity. Hongxia Wang et al.22 revealed that post-
steam-treatment could improve the catalytic performance of
Mo/HZSM-5 catalysts in methane dehydroaromatization under
nonoxidative conditions. Also, further studies on this catalyst
led to the conclusion that the amount of free Brønsted acid sites
per unit cell decreased aer the steam treatment and also gave
higher methane conversion and a higher yield of light
aromatics, as well as a decrease in the rate of carbon deposition.
This journal is © The Royal Society of Chemistry 2016
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Although the effect of steam on catalysts has been reported
in some studies,23–27 basic lithium phosphate (abbreviated as
B-Li3PO4) catalyst has not yet been studied. In this work, we
investigated the effect of steam treatment on basic lithium
phosphate catalyst in the propylene oxide rearrangement reac-
tion. The results demonstrated that the product yield of allyl
alcohol improved. Moreover, the carbon deposition was sup-
pressed aer steam treatment at high temperature. Because the
carbon deposition takes place on the acid sites,28 we considered
that the decrease of the amount of Brønsted acid sites resulted
in the reduction of carbon deposition. Additionally, the catalytic
activity enhancement originates from an increase in synergistic
sites resulting from the increase in the number of Lewis acid
sites and in the strength of the base sites.
2. Experimental
2.1. Catalyst preparation

Lithium hydroxide monohydrate was dissolved in 100 mL of de-
ionized water at 60 �C in a 500 mL three-necked ask with
a stirrer. A solution prepared from sodium phosphate dodeca-
hydrate and water was dropped into the ask with stirring for
3 h. The resulting white precipitate was centrifuged and rinsed
with deionized water four times. The precipitate was dried at
120 �C for 12 h and then calcined at 320 �C for 8 h.

For steam treatment, about 1 g of lithium phosphate catalyst
thus prepared was further treated at T �C in owing steam and
then maintained at T �C for t h. Thus, steam treated lithium
phosphate catalysts were obtained. Here, “ST” means steam
treatment. The “t” represents the time of steam treatment in
hours and the “T” represents the temperature of the steam
treatment.19 Therefore, a steam treated basic lithium phosphate
catalyst at T �C for t h is described as the B-Li3PO4 (ST-t h/T �C)
catalyst.
2.2. Catalytic activity tests

Catalytic rearrangement reactions were conducted in a xed-
bed reactor. The catalyst (1.0 g, particle diameter of 0.3 to
0.45 mm) was placed in a tube (10 mm diameter) with a ther-
mocouple in contact with the catalyst bed. A mixture of N2 and
vaporized propylene oxide stream was introduced into the
reactor. The reaction temperature was controlled at the optimal
reaction temperature of 300 �C, and the WHSV (propylene
oxide) was 9 h�1.29 The products were measured by on-line gas
chromatography using an Agilent FF-AP capillary column. The
product yield of allyl alcohol (AA rate) (kgAA h�1 kgcat

�1) was
dened as given below:

AA rate ¼ rPO � VPO � aPO � SAA � 60/m (1)

where rPO is the density of propylene oxide (g cm�3), VPO is the
volume of propylene oxide (mL min�1), aPO is the conversation
of propylene oxide, SAA is the selectivity of allyl alcohol, andm is
the mass of the catalyst (g).
This journal is © The Royal Society of Chemistry 2016
2.3. Catalyst characterization

The Brunauer–Emmett–Teller (BET) surface area was deter-
mined by N2 adsorption–desorption measurements at 77 K
(Gold App V-sorb 2008). Powder X-ray diffraction (XRD) was
carried out with a general X-ray diffraction instrument (Bei-
jing Purkinjie XD-3, Cu Ka, voltage¼ 36 kV, electrical current
¼ 30 mA, 2q ¼ 5 to 80�). The crystallite size was calculated
from Scherrer's equation (D ¼ 0.9l/b cos q, where D is the
crystallite size, l is the wavelength of X-ray radiation
(0.15406 for Cu Ka radiation), b is the full length at half-
maximum of the (101) peak of the catalyst, and q is the
diffraction angle). Transmission electron microscope (TEM)
observations were carried out using a Philips Tecnai 12
instrument. The used catalysts were characterized by ther-
mogravimetric analysis (TG, Mettler-Toledo TGA/SDTA851e)
at the rate of 10 �C min�1 in nitrogen (99.999%, 30 mL
min�1) atmosphere. X-ray photoelectron spectroscopy (XPS)
experiments were carried out on a RBD-upgraded PHI-5000C
ESCA system (Perkin Elmer) with Mg Ka radiation (hn ¼
1253.6 eV), calibrated by the C 1s peak at 284.6 eV, with an
accuracy of 0.1 eV.

Diffuse reectance-Fourier transform infrared spectroscopy
(DRIFTS) was used to investigate the hydroxyl groups of the
basic lithium phosphate catalyst under different treatment
conditions. Moreover, in situ DRIFTS was used to study the
selective poisoning of acid sites and the surface acidity of the
catalysts. The spectra were recorded on a Nicolet iS10 spec-
trometer equipped with an iZ10 Auxiliary Module, which
consists of a liquid-N2-cooled high-sensitivity MCT-A detector
and a DRIFTS cell (Spectra-Tech) with KBr windows. For the
selective poisoning of acid sites, the catalysts adsorbed pyridine
at 50 �C and were purged by N2 for 30min to remove the gaseous
pyridine; then, a background spectrum was recorded. Next,
propylene epoxide was admitted into the cell at 50, 100, 200 and
300 �C, and the corresponding spectrum was recorded,
respectively. In order to analyse the Lewis acid sites and
Brønsted acid sites, the catalysts were characterized by infrared
spectroscopy of pyridine adsorption (pyridine-IR). Firstly,
a background spectrum was recorded. Then, approximately
50 mL (excess) of pyridine was admitted into the cell at 50 �C;
subsequently, the spectra were recorded at 200 and 350 �C,
respectively. All spectra were recorded aer cooling the sample
to 50 �C. For pyridine-IR, the spectra were recorded on a FTIR-
Frontier instrument (PE Company) with an in situ infrared cell
system.

Ammonia temperature-programmed desorption (NH3-TPD)
and carbon dioxide temperature-programmed desorption (CO2-
TPD) experiments were carried out under a ow of He (70 cm3

min�1) over 100 mg of catalyst. Prior to the TPD experiments,
the catalysts were preheated under a ow of He at 350 �C for 1 h,
followed by cooling to room temperature under the same He
ow. The NH3 or CO2 adsorption experiments were conducted
under a ow rate of 70 mL min�1 at room temperature.
Subsequently, the temperature was raised to 500 �C at a heating
rate of 10 �C min�1, and the NH3 or CO2 desorption prole was
obtained.
RSC Adv., 2016, 6, 57000–57008 | 57001



Fig. 1 TEM images of (a) the B-Li3PO4 catalyst and (b) the B-Li3PO4

(ST-0.5 h/300 �C) catalyst.

Fig. 2 TG-DTG curves of the B-Li3PO4 catalyst and the B-Li3PO4 (ST-
0.5 h/300 �C) catalyst after being used for 12 h in N2 atmosphere.
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3. Results and discussion
3.1. Structural and chemical characterizations

The physical properties of the B-Li3PO4 and B-Li3PO4 (ST-0.5 h/
300 �C) catalysts are listed in Table 1. The BET data of the
catalysts demonstrated that there was a gradual increase in
surface area from 20 to 23 m2 g�1 for the B-Li3PO4 and B-Li3PO4

(ST-0.5 h/300 �C) catalysts. The average pore diameter and the
pore volume also increased. The crystallite sizes, which were
calculated from the XRD patterns using the Scherrer equation,
are also shown in Table 1. It was found that the crystallite size
also increased from 32.1 nm of the untreated catalyst to 40.1 nm
of the treated catalyst. The larger surface area may provide more
adsorptive sites for gas reactants and benet the mass transfer
process.30 Thus, the steam treatment resulted in high catalytic
efficiency for the B-Li3PO4 catalyst.

Fig. 1 shows representative TEM images of the untreated B-
Li3PO4 catalyst and the B-Li3PO4 (ST-0.5 h/300 �C) catalyst. It can
be seen that B-Li3PO4 is a hollow sphere. Although the corre-
sponding TEM images illustrated that there was a slight change
at the edge of the B-Li3PO4 (ST-0.5 h/300 �C) catalyst, the B-Li3PO4

catalyst and the B-Li3PO4 (ST-0.5 h/300 �C) catalyst retained their
original hollow morphologies. For the steam untreated catalyst,
the particle sizes ranged from 0.7 to 1 mm. However, the particle
size of the catalyst was about 0.7 mmaer steam treatment. It was
found that the distribution of particle size became more homo-
geneous aer steam treatment. At the same time, the dispersion
became homogeneous aer steam treatment, which may be due
to the solution-precipitation processes.31 Fig. S1† shows XRD
patterns of the B-Li3PO4 catalyst and the B-Li3PO4 (ST-T �C)
catalysts. The patterns did not show any characteristic changes in
the structure of the catalysts. The TEM result was consistent with
the XRD results. Therefore, the B-Li3PO4 catalysts could maintain
stable morphology even aer steam treatment.

The TG-DTG technique was employed to study the effect of
steam treatment on carbon deposition on the B-Li3PO4 cata-
lysts.32 The TG-DTG curves are shown in Fig. 2. It can be seen
that the weight loss ratios of the used B-Li3PO4 catalyst and the
used B-Li3PO4 (ST-0.5 h/300 �C) catalyst were 21.5% and 15.1%,
respectively. This demonstrated that the carbonaceous species
which formed during the propylene oxide rearrangement were
signicantly suppressed on the B-Li3PO4 (ST-0.5 h/300 �C)
catalyst compared with the untreated B-Li3PO4 catalyst.

There was a distinct decrease in mass in the temperature range
from 300 to 500 �C, and the weight loss ratios were 13.6% and
8.4%, respectively. This stepmay result from the decomposition of
hydrocarbons, i.e., carbon deposition. For the untreated catalyst,
Table 1 Properties of the B-Li3PO4 and the B-Li3PO4 (ST-0.5 h/300 �C)

Catalyst
Surface areaa

(m2 g�1)
Average pore
diametera (nm

B-Li3PO4 20 110.2
ST-0.5 h/300 �C 23 148.7

a Obtained from the BET results. b Calculated from the XRD patterns by t

57002 | RSC Adv., 2016, 6, 57000–57008
there was a decomposition peak with Tmax ¼ 420 �C, which
corresponds to young coke with lowmolecular weight or a high H/
C.29 However, for the B-Li3PO4 (ST-0.5 h/300 �C) catalyst, there was
a main peak at 420 �C and a small, broad peak at 475 �C which
corresponds to older coke with a low H/C. Another distinct
decrease in mass was observed in the temperature range from 600
to 850 �C, and the weight loss ratios of the catalysts were similar.
Therefore, it could be concluded that steam treatment mainly
suppressed young coke with low molecular weight or high H/C.
This is because the carbon deposition was suppressed aer
steam treatment; this will be discussed in the following section.
3.2. The effect of steam treatment on the catalytic activity

The catalytic performance results of propylene oxide rearrange-
ment on the B-Li3PO4 catalyst and the B-Li3PO4 (ST-t h/T �C)
catalysts

)
Pore volumea

(cm3 g�1)
Crystallite sizeb

(nm)

0.07 32.1
0.11 40.1

he Scherrer equation.

This journal is © The Royal Society of Chemistry 2016



Fig. 3 Production yield of allyl alcohol treated with steam (a) for
different times at 300 �C and (b) at different temperatures for 30
minutes after being used for 12 h.

Fig. 4 FTIR spectra of fresh B-Li3PO4 catalysts treated with steam at
different temperatures.
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catalysts aer being used for 12 h are shown in Fig. 3. It can be
seen that the yield of allyl alcohol increased on the steam treated
catalyst compared with the untreated B-Li3PO4 catalyst.

The effect of the steam treatment time of the B-Li3PO4

catalysts on their catalytic performance was also investigated.
Fig. 3a demonstrates that the catalytic performance of the B-
Li3PO4 catalysts was very sensitive to the time of steam treat-
ment. With an increase of the steam treatment time from 20
minutes to 5 hours, all of the B-Li3PO4 (ST-t h) catalysts
exhibited higher activity than the untreated B-Li3PO4 catalyst.
However, excessive steam treatment, i.e., with longer treatment
time (6 h), may lead to a great decrease in the base sites, which
is unfavourable to the reaction.

The effect of the steam treatment temperature of the B-
Li3PO4 catalysts on their catalytic performance is shown in
Fig. 3b. This gure demonstrates that the B-Li3PO4 catalyst
which was treated at 300 �C showed the best catalytic perfor-
mance. Apparently, among these samples, the B-Li3PO4 catalyst
which was treated at 300 �C for 30 minutes showed the best
performance.

The catalytic performance results of the propylene oxide
rearrangement on the untreated B-Li3PO4 catalyst and the
B-Li3PO4 (ST-0.5 h/300 �C) catalyst aer being used for 12 h are
listed in Table 2. It can be seen that not only did the propylene
oxide conversion and the allyl alcohol yield increase on the
steam treated catalyst compared with those on the untreated
catalyst, but also the selectivity of allyl alcohol increased on the
Table 2 Comparison of catalytic behaviors between the B-Li3PO4 and t

Catalyst R.T. (h) Conv (%)

S (%)

PA AC

B-Li3PO4 3 55.5 5.8 6.4
6 40.0 5.7 7.0
9 36.0 5.5 6.6

12 33.5 5.2 6.4
ST-0.5 h/300 �C 3 70.6 5.4 6.4

6 65.7 4.9 5.7
9 55.6 6.2 6.8

12 54.4 4.7 5.4

a R.T.: reaction time, Conv: conversation, S: selectivity, PA: propionaldehy
alcohol, AA rate: the yield of allyl alcohol.

This journal is © The Royal Society of Chemistry 2016
B-Li3PO4 (ST-0.5 h/300 �C) catalyst. Among these side products,
the selectivity of propionaldehyde and acetone slightly changed.
However, the selectivity of isopropyl alcohol and n-propyl
alcohol decreased on the B-Li3PO4 (ST-0.5 h/300 �C) catalyst, in
comparison with that of the B-Li3PO4 catalyst. Therefore, aer
steam treatment, the selectivity of allyl alcohol slightly
increased on the B-Li3PO4 (ST-0.5 h/300 �C) catalyst.
3.3. Discussion of the reaction mechanism

3.3.1. Determination of surface hydroxyl groups (DRIFTS
and XPS). DRIFTS and XPS were carried out to investigate the
surface hydroxyl groups of the B-Li3PO4 catalyst and the
B-Li3PO4 (ST-0.5 h/300 �C) catalyst, owing to the important
function of the surface hydroxyl groups for propylene oxide
rearrangement.

The impact of steam on the behaviour of B-Li3PO4 catalyst
was investigated via FTIR spectral techniques. The role of steam
may be associated with the surface hydroxyl groups. The FTIR
spectra of the fresh B-Li3PO4 catalysts treated at different
temperatures with steam are shown in Fig. 4. The peaks at
he B-Li3PO4 (ST-0.5 h/300 �C) catalysts at different timea

AA rate kgAA h�1 kgcat
�1IPA NPA AA

1.3 1.8 84.8 4.7
0.5 1.2 85.6 3.4
0.4 1.1 86.4 2.8
0.4 1.0 87.0 2.9
0.4 1.0 86.9 6.1
0.4 0.9 88.2 5.8
0.3 0.8 85.9 4.8
0.3 0.8 88.9 4.8

de, AC: acetone, IPA: isopropyl alcohol, NPA: n-propyl alcohol, AA: allyl

RSC Adv., 2016, 6, 57000–57008 | 57003



RSC Advances Paper

Pu
bl

is
he

d 
on

 2
7 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
D

ar
 e

s 
Sa

la
am

 o
n 

9/
18

/2
01

8 
10

:1
9:

08
 A

M
. 

View Article Online
3480 cm�1 and 1646 cm�1 were ascribed to the O–H stretching
and bending vibrations, respectively.33 The peak of the O–H
bending vibration was too weak to easily analyse. However, we
could clearly see that the intensity of the peak at 3480 cm�1 was
different for the catalysts treated at different temperatures. An
attempt was made to quantitatively compare the amount of
hydroxyl groups. The area ratio of hydroxyl (�3480 cm�1) to
PO4

3� (�1100 cm�1) was employed to quantitatively estimate
the amount of hydroxyl groups for all the catalysts. The ratio of
the untreated catalyst was 0.18, and those of the catalysts
treated at 280, 290, 300, 310 and 320 �C were 0.23, 0.24, 0.26,
0.23 and 0.22, respectively. The area ratio of hydroxyl to PO4

3�

increased obviously from 0.18 for the untreated catalyst to 0.26
for the treated catalyst at 300 �C. The ratio, i.e., the amount of
hydroxyl groups, was in exact accordance with the order of the
catalytic activity shown in Fig. 3b. This indicated that the
hydroxyl groups promoted the catalytic activity of the B-Li3PO4

catalyst. The nature of the hydroxyl groups was further exam-
ined by XPS.

Fig. 5 shows typical XPS results together with tted O1s
peaks. Table 3 summarizes the results of the O1s peaks. It can
be seen from Fig. 5 that the peaks were asymmetric. Also, the
O1s peaks were perfectly tted to three peaks. For both cata-
lysts, in addition to the lattice oxygen with a binding energy of
529.7 eV, the surface of the catalysts contained hydroxyl groups
with a binding energy of 530.6 eV and a minor amount of
adsorbed water with a binding energy of 531.7 eV.34,35

In order to quantitatively compare the hydroxyl groups, the
area ratios of OH to P were calculated (Table 3).36,37 The ratio of
the steam treated catalyst was greater than that of the untreated
catalyst. Moreover, the area of the adsorbed water for the steam
treated catalyst was also slightly greater than that of the
untreated catalyst. The hydroxyl groups preferentially formed
when the catalyst was treated with steam. Combining with
Fig. 3, it can be seen that the steam treated catalyst with an area
Fig. 5 O 1s XPS profiles of (a) the B-Li3PO4 catalyst and (b) the B-
Li3PO4 (ST-0.5 h/300 �C) catalyst.

Table 3 Chemical compositions (atom%) of the catalysts based on the
XPS analyses

Catalyst

O1s/%

P2p/% Li1s/% OH/PO OH H2O

B-Li3PO4 59.1 19.2 3.2 18.5 <0.1 1.0
ST-0.5 h/300 �C 50.8 26.3 4.5 18.4 <0.1 1.4

57004 | RSC Adv., 2016, 6, 57000–57008
ratio of 1.43 had greater activity than the untreated catalyst with
an area ratio of 1.04. Therefore, we again veried that the
enhancement of catalytic activity was connected with the
formation of hydroxyl groups aer steam treatment. Because
the production of allyl alcohol requires strong base sites as
active sites,17,18 we speculated that the role of the hydroxyl
groups was associated with its base sites. NH3-TPD and CO2-
TPD were employed to further verify this speculation.

3.3.2. Determination of catalyst acidity and basicity (NH3-
TPD, CO2-TPD, in situ FTIR and pyridine-IR). NH3-TPD is an
efficient technique to measure the amount and strength of
acids. The peak area of the TPD prole represents the amount of
desorbed NH3, whereas the peak position corresponds to the
acid strength of the catalyst. The proles of the untreated and
the steam treated samples are shown in Fig. 6. For the untreated
catalyst, the peaks are perfectly tted to three peaks, which
represent three acid centres. In addition to the weak acid centre
with Tmax ¼ 143 �C and the strong acid centre with Tmax ¼
321 �C, there was a medium acid centre. Aer treatment, there
were two distinctive ammonia desorption peaks in the proles.
The rst peak with Tmax ¼ 157 �C represented the weak acid
sites, and the second peak with Tmax ¼ 373 �C corresponded to
the strong acid sites. We considered that the weak and strong
acid sites originated from P]O/H and Li+, respectively. It
could be observed from the peak area that the total acid amount
decreased; however, the acid strength of the strong acid sites
became stronger aer treatment. Because the phosphate ion
has covalent character,38 according to theoretical computations
we have performed, lithium bound with oxygen is prone to
provide electrons and change into lithium ion aer steam
treatment. The calculated results using Mulliken population
analysis of the charges of the water molecules and their indi-
vidual atoms before and aer steam treatment are shown in
Table 4. We found that aer water adsorption on Li3PO4 (100),
the charge of the Li atom increased from 0.96 to 0.98. At the
same time, the charge of the O atom increased from �1.25 to
�1.18. These results indicated that both the Li and O atoms lost
electrons. In addition, we found that the charge of the P atom
Fig. 6 NH3-TPD profiles of the B-Li3PO4 catalyst fitted with three
peaks and of the B-Li3PO4 (ST-0.5 h/300 �C) catalyst.

This journal is © The Royal Society of Chemistry 2016



Table 4 Mulliken charges for a water molecule adsorbed on the
Li3PO4 (100) surface of the configuration BV

H1 H2 O(H2O) Li O(Li3PO4) P

Isolated H2O 0.53 0.53 �1.06
Li3PO4 (100) 0.96 �1.25 2.21
H2O on Li3PO4 (100) 0.47 0.42 �1.04 0.98 �1.18 2.21
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retained a value of 2.23. In order to take the balance of the
charge into consideration, the Mulliken charges for the water
molecule changed from 0.00 to �0.15. These suggested that the
water molecule received some electrons from the Li and O
atoms. The lithium ion may act as a stronger acid site. Hence,
steam treatment could change the nature and distribution of
the acid sites. Because the carbon deposition generally takes
place on the acid sites,28 we considered that the decrease of the
total acid amount resulted in a reduction of the carbon depo-
sition. This explains why steam treatment can suppress the
carbon deposition.

CO2-TPD was employed to measure the base amount and
strength.39,40 The proles of the steam untreated and treated
catalysts are shown in Fig. 7. There were two carbon dioxide
desorption peaks in the proles. For the steam treated catalyst,
the rst peak with Tmax¼ 120 �C represented the weak base sites
(P]O) and the second peak with Tmax¼ 320 �C corresponded to
the strong base sites. The strong base sites may originate from
hydroxyl groups connected with Li, that is, Li–OH. However, for
the steam untreated catalyst, four main desorption peaks were
observed at 130 �C, 180 �C, 280 �C and 320 �C, indicating four
kinds of base sites on the surface of the catalyst. The peaks at
130 �C and 320 �C can be ascribed to the weak and strong base
sites, respectively. The peaks centered at 180 �C and 280 �C can
be assigned to the relatively weak base sites and the relatively
strong base sites of the catalyst, respectively. In other words,
steam treatment changed the distribution of the base sites to
form distinct weak and strong base sites. From the changes of
the peak locations, it was observed that the strength of the
Fig. 7 CO2-TPD profiles of the B-Li3PO4 catalyst fitted with four peaks
and of the B-Li3PO4 (ST-0.5 h/300 �C) catalyst.

This journal is © The Royal Society of Chemistry 2016
relatively weak base sites weakened slightly and the strength of
the relatively strong base sites increased aer steam treatment.
Therefore, the amount of strong base sites increased signi-
cantly, which may result from the formation of Li–OH. Also, the
amount of weak base sites decreased, which may be due to the
transition from P]O to P–OH. Because strong base sites are
favorable to improve the activity of basic catalysts,41 according
to what we have speculated from Fig. 4 and 5, we could conclude
that the hydroxyl groups improved the catalytic performance
due to the stronger base sites aer steam treatment.

In situ FTIR was performed to further determine the active
sites of propylene oxide rearrangement,42 and the results are
presented in Fig. 8. Aer pyridine was adsorbed on the basic
lithium phosphate catalyst at 50 �C, an absorption peak at
1454 cm�1 attributed to pyridine bound to the Lewis acid sites
was observed. Additionally, the FTIR spectra aer evacuation of
pyridine at different temperatures (Fig. 9) demonstrated that
the adsorption of pyridine on the Lewis acid sites was strong
and that complete desorption did not occur, even at 350 �C.
When propylene oxide was subsequently introduced, it was
found that the adsorption peak of pyridine bound to Lewis acid
sites decreased signicantly and even almost disappeared at
300 �C (optimal reaction temperature), which was a strong
indication of the competitive adsorption of propylene oxide and
pyridine on the Lewis acid sites. That is to say, propylene oxide
was prone to adsorb on the Lewis acid sites. In other words, the
Lewis acid sites were the active sites for propylene oxide rear-
rangement on the basic lithium phosphate catalyst. Hence, the
improvement of the catalytic activity may originate from the
increase of the amount of Lewis acid sites aer steam
treatment.

To verify the speculation that the amount of Lewis acid sites
increased aer steam treatment, the changes in the FTIR
spectra aer adsorption of pyridine on the catalysts43,44 before
and aer steam treatment are compared in Fig. 9. The amount
of pyridine evacuated at 200 �C represented the total amount of
acid sites. Also, the amount of pyridine evacuated at 350 �C
represented the medium and strong acid sites. The base sites of
Fig. 8 In situ FTIR spectra of propylene oxide rearrangement on the
fresh B-Li3PO4 catalysts.

RSC Adv., 2016, 6, 57000–57008 | 57005



Fig. 9 FTIR spectra of pyridine adsorption on the B-Li3PO4 catalyst
and the B-Li3PO4 (ST-0.5 h/300 �C) catalyst evacuated at (a and c)
200 �C and (b and d) 350 �C, respectively.
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lithium phosphate catalyst are prone to absorb carbon dioxide
from the air. Because the peak of the C–O stretching vibration of
CO3

2� appeared at 1400 to 1500 cm�1 in the spectrum,45 the
broad peak around 1450 cm�1 assigned to CO3

2� can be seen
(Fig. 9). The peaks of pyridine coordinated on Brønsted acid
sites and Lewis acid sites should appear around 1540 cm�1 and
1450 cm�1, respectively.46–48 Therefore, the peaks of pyridine
coordinated on Brønsted acid sites and Lewis acid sites will be
overlapped by the peak of CO3

2�. For both catalysts, a slight
change could still be seen in the peaks at 1534 cm�1 and 1448
cm�1. It could be speculated that this may result from the
presence of Brønsted acid sites and Lewis acid sites.

To quantify the acid sites of the untreated and the steam
treated catalysts, the integral area of the bands at 1534 cm�1

(Brønsted acid sites) and 1448 cm�1 (Lewis acid sites) were
used. The concentrations of Brønsted and Lewis acid sites was
calculated by the following formula49 and are listed in Table 5.

CL ¼ 1.42IA(L)R2/W (2)

CB ¼ 1.88IA(B)R2/W (3)

where CB is the concentration of pyridine on the Brønsted acid
sites (mmol g�1 catalyst), CL is the concentration of pyridine on
the Lewis acid sites (mmol g�1 catalyst), IA(B, L) is the inte-
grated absorbance of the B or L band (cm�1), R is the radius of
the catalyst disk (cm), and W is the weight of the disk (mg).

In Fig. 9, curves a and c represent the pyridine evacuation of
the untreated catalyst and the steam treated catalyst at 200 �C,
Table 5 Concentration of Lewis acid sites determined by pyridine
adsorption at different evacuation temperatures

Catalyst
200 �C
(mmol g�1)

350 �C
(mmol g�1)

B-Li3PO4 0.029 0.014
ST-0.5 h/300 �C 0.031 0.020

57006 | RSC Adv., 2016, 6, 57000–57008
respectively. The results show that the concentration of total
Lewis acid sites increased from 0.029 for the untreated catalyst
to 0.031 for the steam treated catalyst. Curves b and d represent
the pyridine evacuation of the untreated catalyst and the steam
treated catalyst at 350 �C, respectively. It can be seen that the
concentration of medium and strong Lewis acid sites increased
from 0.014 for the untreated catalyst to 0.020 for the steam
treated catalyst. Because of the limited amount of Brønsted acid
sites, the peak at 1534 cm�1 (Brønsted acid sites) was not
obvious. The amount of Brønsted acid sites could not be
determined quantitatively. Because the NH3-TPD results
showed that the total amount of acid sites decreased, according
to the increase of the amount of Lewis acid sites, the concen-
tration of Brønsted acid sites must decrease. Numerous papers
have proved that the Brønsted acid sites promote the formation
of carbon deposition.20,21 Hence, it could be concluded that the
decrease of Brønsted acid sites resulted in the reduction of
carbon deposition. The activity enhancement originated from
the increase in the amount of Lewis acid sites. Because the
phosphate ion has covalent character,38 according to our theo-
retical computations, lithium bound with oxygen was prone to
provide electrons and change into lithium ion aer steam
treatment. Hence, the lithium ions acted as Lewis acid sites.
Due to the increase of lithium ion, the amount of Lewis acid
sites increased. In conclusion, according to CO2-TPD, we can
conclude that the stronger base sites attributed to hydroxyl
groups were benecial to improve the activity of basic catalysts
aer steam treatment. Based on the FTIR spectra of pyridine
adsorption (Fig. 8 and 9), due to the increase of the amount of
Lewis acid sites, which are the active sites for propylene oxide
rearrangement on basic lithium phosphate catalyst, the cata-
lytic activity was enhanced. Hence, we propose that the activity
enhancement came from the increase of synergistic sites
resulting from the increase in the amount of Lewis acid sites
and in the strength of the base sites.

For the reaction mechanism of propylene oxide rearrange-
ment, Yasuaki Okamoto et al.41 have proposed a mechanism. For
the reaction mechanism aer steam treatment, a new reaction
mechanism has been proposed in the presence of basic lithium
phosphate catalyst. The possible mechanism is shown as follows.
This journal is © The Royal Society of Chemistry 2016
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Aer H2O molecule is absorbed on the lithium phosphate
catalyst, the hydrogen atom and the oxygen atom of the H2O
molecule can combine with the oxygen of P]O and with
lithium, respectively, and an intermediate is formed. Further-
more, the formation of Li–OH increases the strength of the base
sites of the catalyst. When propylene oxide is absorbed on the
intermediate, the oxygen of H2O combines with the a-hydrogen
of propylene oxide. The bond strength of O–H in H2O weakens
and the bond breaks. At the same time, the bond of 2C–O breaks
and 1C–OH is formed. The electron density of the two other
carbon atoms becomes negative and a 2C]3C bond is formed.
Thus, allyl alcohol is formed and the intermediate returns to the
original state.

4. Conclusions

A simple steam treatment method was developed to improve the
catalytic performance and enhance the coke resistance of basic
lithium phosphate catalyst for propylene oxide rearrangement.
The basic lithium phosphate catalyst had the highest activity
when the catalyst was treated with steam at 300 �C for
30 minutes. TEM micrographs showed that there was a slight
change at the edge of the B-Li3PO4 (ST-0.5 h/300 �C) catalyst.
From TG-DTG analysis, it could be seen that steam treatment
could suppress young coke with low molecular weight or with
high H/C. NH3-TPD demonstrated that the suppression might
result from a decrease in the amount of Brønsted acid sites.
According to CO2-TPD, we could conclude that the stronger base
sites attributed to the hydroxyl groups were benecial to
improve the activity of the basic catalyst aer steam treatment.
Based on the FTIR spectra of pyridine adsorption (Fig. 8 and 9),
due to the increase of the amount of Lewis acid sites which were
the active sites for propylene oxide rearrangement on basic
lithium phosphate catalyst, the catalytic activity was enhanced.
Hence, we propose that the activity enhancement originates
from the increase of synergistic sites resulting from the increase
in the amount of Lewis acid sites and in the strength of the base
sites.
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