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1. Introduction

Diphenolic acid (DPA) is a structural analog of bisphenol A (BPA)

nd can serve in many of the same applications as BPA for the syn-
hesis of industrially important epoxy resins and polycarbonates
hat are used in the production of reinforced plastics and other
hemical materials [1,2]. DPA can be easily synthesized from the
ondensation reaction of levulinic acid (LA) with two moles of
henol in the presence of Brönsted acid [3,4]. The reactant LA is
ne of important biomass-derived platform molecules and can be
btained by treatment of 6-carbon sugar carbohydrates from starch
r lignocelluloses with acid [5]. The biofine process offers LA at
much lower cost which will open up new opportunities for the

ost-effective production of chemicals from the bio-renewable feed
tocks. Therefore, DPA can serve as a replacement for BPA, whose
evelopment will provide new sustainable opportunities for the
hemical industry. Traditionally, synthesis of DPA is catalyzed by
trong mineral acids like concentrated HCl under the reaction con-
itions of the molar ratio of phenol to LA in the range of 2.25–4,
eaction temperature up to 60 ◦C, and reaction time amounting to
0 h or more. Under these conditions, the maximum yield of total
PA can be up to 85% of the theoretical amount based on levulinic
cid [4]. However, most of mineral acids are toxic, corrosive, and
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artly substituted Wells–Dawson type heteropolyacids, CsxH6−xP2W18O62

and characterized using the techniques including UV–vis/DRS, FT-IR, XRD,
e unique and reusable solid acid catalysts, CsxH6−xP2W18O62 salts were

acid by the condensation reaction of phenol with bio-platform molecule,
cesium partly substituted Keggin type heteropolyacids (CsxH3−xPW12O40,
CM-49 were also tested. Influences on the catalytic activity and selectivity

cluding solvent, molar ratio of phenol to levulinic acid, amount of cata-
ing speed, and reaction time. The experimental results demonstrated that
2.5H0.5PW12O40 exhibited excellent catalytic performance under solvent-
oth selectivity and activity of Cs1.5H4.5P2W18O62 were higher than those

or the different catalytic behaviors between two types of cesium partly
re investigated.

© 2008 Elsevier B.V. All rights reserved.

produce many undesired side-products that are difficult to sep-
arate from the reaction media. Consequently, many efforts have
been made to replace the conventional catalysts by the solid acid
catalysts.

An ideal solid catalyst should be strong acidic and shape selec-
tive for the DPA synthesis reaction, where few by-products were

formed. Zeolites have attracted considerable attentions as solid
acids, but they present severe limitations when large reactant
and/or product molecules are involved [6]. Heteropolyacids (HPAs)
are useful solid acid catalysts for diverse reactions that require
strong acidity. The acid strength of HPAs is stronger than that of the
conventional solid acid catalysts (e.g. acidic oxides and zeolites).
Therefore, they are generally active catalysts which allow efficient
operation under mild conditions. The acid sites in HPAs are more
uniform and easier to control than those in other solid acid cata-
lysts. Owing to inherent advantages of HPAs, heterogeneous acid
catalysis by them has the potential of a great economic reward and
green benefits [7,8]. Although HPAs are themselves useful solid cat-
alysts, they are highly soluble in, and difficult to separate from polar
media [9]. Moreover, bulk HPAs show very small specific surface
areas (1–5 m2 g−1) [7].

To overcome these shortcomings, many studies have put efforts
into the immobilization of HPAs on high-surface-area solid sup-
ports including zeolite, silica, activated carbon, and zirconia.
However, the high solubility of HPAs still makes such sup-
ported variants unsuitable for catalyzing polar chemistry if wet
impregnation was used to prepare these materials [10–17]. More
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recently, we demonstrated a new route by combination of sol–gel
chemistry, templating, and hydrothermal treatment to prepare
H3PW12O40–silica composite catalysts with unique surface textural
properties. As-prepared H3PW12O40–silica composites were cat-
alytically active and stable to the synthesis reaction of DPA from
LA, but the selectivity to p,p′-DPA isomer was not high enough [18].
Another way to enhance surface area of HPAs and decrease their sol-
ubility over the parent HPAs is to exchange them with large alkali
cations such as Ag+, Cs+, or NH4

+ to form insoluble salts. Especially,
one of the partly substituted cesium salts of Keggin type dodec-
aheteropolyacids, Cs2.5H0.5PW12O40, has been reported to be the
unique solid acid catalyst for many catalytic reactions such as iso-
merisation of butane and pentane, esterification of benzoic and
acetic acids, and hydration of olefins [19,20]. The high catalytic
activity of Cs2.5H0.5PW12O40 is ascribed to the hydrophobicity and
bimodal pore structure as well as the strong acid strength [20]. It is
found that the cesium salts consist of ultrafine crystallites formed
by H3PW12O40 epitaxially deposited on the surface of a core of
Cs3.0PW12O40 [21].

Although many successful acid-catalyzed reactions over
cesium partly substituted HPAs have been reported, they are
still promising candidates of the solid acids for the reac-
tions with industrial interest. So far cesium partly substituted
HPAs used in almost all experiments are of Keggin type,
predominantly CsxH3−xPW12O40 with x = 1.0–3.0 [22]. However,
few of investigation have been done for the physicochem-
ical and catalytic properties of Wells–Dawson type cesium
salts. Recently, it was reported that Wells–Dawson type cesium
salts CsxH6−xP2W18O62 (Cs2.0H4.0P2W18O62, Cs4.0H2.0P2W18O62,
Cs5.0HP2W18O62, Cs5.5H0.5P2W18O62, and Cs6.0P2W18O62) were
active catalysts in gas phase synthesis of ethyl tert-butyl ether
(ETBE) [23]. In fact, this type of HPA in its acid form possesses super
acid strength and remarkable stability in both the solution and the
solid state. For example, Maksimov and Kozhevnikov reported that
a Wells–Dawson type HPA, H6P2W18O62, was 2.7 times more active
(per unit weight) than Keggin type HPA, H3PW12O40, in the homo-
geneous liquid-phase reaction of methanol and isobutylene to
produce methyl tert-butyl ether (MTBE) [24]. Misono and cowork-
ers reported that the activity of H6P2W18O62 for the gas synthesis
of MTBE was at least 13 times greater than that of Keggin type HPAs
(HnXW12O40, X = P, Si, Ge, B, and Co), and 170 times more than that
of SO4

2−/ZrO2, H-ZSM-5, and SiO2–Al2O3 [25]. They also found that
the activity of H6P2W18O62 was greatly enhanced by supporting
itself on silica matrix [26]. These properties make Wells–Dawson

type cesium salts suitable catalytic materials in homogeneous and
heterogeneous liquid-phase reactions, which are now the object of
investigations in many laboratories.

Herein, we synthesized a series of cesium partly substituted
Wells–Dawson type HPAs, CsxH6−xP2W18O62 (x = 1.5–6.0), as water-
tolerant catalysts for the DPA synthesis reaction. Furthermore, the
catalytic performance of CsxH6−xP2W18O62 was compared with
that of Keggin type acid cesium salts, CsxH3−xPW12O40 (x = 1.0–3.0).
The studied results demonstrate that both Cs1.5H4.5P2W18O62 and
Cs2.5H0.5PW12O40 exhibit excellent catalytic activity and selectivity
to the DPA synthesis reaction.

2. Experimental

2.1. Catalyst preparation

Octadecadiphosphotungstic acid, H6P2W18O62, was prepared
according to the literature method [27] and purified through ether
extraction and recrystallization. Commercial cesium carbonate
Cs2CO3 (99%) and 12-tungstophosphoric acid (99.9%) were pur-
is A: Chemical 290 (2008) 44–53 45

chased from Aldrich. The latter was recrystallized from deionized
water solution before used.

CsxH6−xP2W18O62 samples (x = 1.5, 2.0, 2.5, 3.5, 4.5, and 6.0,
abbreviated as CsxH6−xD) and CsxH3−xPW12O40 samples (x = 1.0,
1.5, 2.0, 2.5, and 3.0, abbreviated as CsxH3−xK) were pre-
pared by adding slowly dropwise the predetermined amounts of
Cs2CO3 (0.1 mol l−1) to H6P2W18O62 or H3PW12O40 (0.08 mol l−1)
solutions with vigorous stirring at room temperature. The pre-
cipitate obtained was aged in parent solution for 20 h at room
temperature, evaporated in vacuum at 45–50 ◦C, grinded into 60-
mesh-pass particles, and finally calcined in air at 300 ◦C for 1 h.
The products were stored in air before analyzing and reaction
testing.

2.2. Catalyst characterization

UV–vis diffuse reflectance spectra (UV–vis/DRS) were recorded
on a Cary 500 UV–vis–NIR spectrophotometer. Fourier transform
infrared spectra (FT-IR) were recorded on a Nicolet Magna 560 IR
spectrophotometer. Powder X-ray diffraction (XRD) patterns were
obtained on a Rigaku D/max-3c X-ray diffractometer using Cu K�
(� = 1.5418 Å) radiation. X-ray photoelectron spectra (XPS) were
performed on a VG-ADES 400 instrument with Mg K�-ADES source
at a residual gas pressure of below 10−8 Pa. All the binding ener-
gies were referenced to the C1s peak at 284.6 eV of the surface
adventitious carbon. The surface area of the composite catalyst was
measured by BET method on an ASAP 2010M surface analyzer (the
samples were outguessed under vacuum at 120 ◦C overnight). Con-
tents of P, W and Cs were determined by a Leeman Prodigy Spec
inductively coupled plasma atomic emission spectrometer (ICP-
AES) and Varian AA 220 FS atomic absorption spectrometer (AAS),
respectively.

2.3. Catalytic test

LA (99.9%) and phenol (analytical grade) were purchased from
Aldrich. DPA (99%) was purchased from BASF. All of the reagents
were used as purchased without further purification.

A typical condensation of LA with phenol to produce DPA was
performed in a sealed glass vessel at 100 ◦C for 6 h. A typical exper-
iment included a mixture of 0.99 g (10.2 mmol) of phenol, 0.40 g
(3.4 mmol) of LA, and 50 mg of the catalyst. At each reaction interval,
the concentration of LA and DPA were determined simultaneously.
Before the determination, a measured amount of acetonitrile was

added into the reaction system. Thereafter, the suspension was cen-
trifuged, and the resulting solution was further diluted with the
mixture of acetonitrile and water (1:1, v/v) and analyzed on an
Applied Biosystem liquid chromatography (LC, C8 column)-Q-Trap
triple quadrupole mass spectrometer (MS) equipped with electro-
spray ionization (EI) source. The instrument was interfaced to a
computer running Applied Biosystems Analyst version 1.4 software,
which was capable of recording ions up to m/z 1700. The analytical
results of LC–MS show that the reaction results in the formation
of two structural isomers of DPA, i.e., p,p′-DPA and o,p′-DPA (see
Scheme 1).

The performance of the catalysts is characterized quantitatively
by the conversion of LA (Conv%), the yield of DPA (Yield%), and
the selectivity to p,p′-DPA or o,p′-DPA isomer (Sel%) obtained at
the selected conditions. Conversion of LA is calculated as follows:
Conv% = ([LA]I − [LA]T)/[LA]I × 100, where [LA]I and [LA]T are the
concentration of LA at initial and terminal reaction time, respec-
tively. Yield of DPA is calculated as follows: Yield% = (MY/ME) × 100,
where MY is the number of moles of total DPA isomers yielded, ME is
the number of moles of total DPA expected. Selectivity is calculated
as follows: Sel% = Mp,p′-DPA or Mo,p′-DPA/(Mp,p′-DPA + Mo,p′-DPA) × 100,
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(2� = 8.79◦ and 9.30◦) appear simultaneously, implying that there
are two coexisting phases (one is similar to the structure of H6D
and the other is similar to the structure of Cs6.0D). However, the
crystallinity decreases compared with H6D or Cs6.0D. Additionally,
the peak at 2� = 7.60◦ is observed neither in H6D nor Cs6.0D. Further
increasing x to 3.5, most of the peaks originated from H6D disap-
pear. At x = 4.5, all H6D diffraction peaks disappear, and the sample
46 X. Yu et al. / Journal of Molecular C
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where Mp,p′-DPA or Mo,p′-DPA is the number of moles of p,p′-DPA or
o,p′-DPA.

3. Results and discussion

3.1. Catalyst characterization

Structures of CsxH3−xK and CsxH6−xD are firstly characterized by
UV–vis/DRS in Fig. 1, which shows that both types of cesium partly
substituted HPAs exhibit strong absorption at 195 nm regardless of
the structures of HPAs. This absorption is originated from charge-
transfer from O2p to W5d orbits occurring at W O terminal bonds.
Another relatively weak absorption peak is closely related to the
structure of HPA. This absorption is attributed to charge-transfer
from O2p to W5d orbits occurring at W O W bridge bonds. In
the case of Keggin type CsxH3−xK, the absorption peaks situate
at 260 nm. While, as for Wells–Dawson type CsxH6−xD, the weak
absorption peaks appear at 250 and 305 nm, respectively. The above
results are well consistent with those of the free acids H3K and
H6D, demonstrating that the primary Keggin and Wells–Dawson
structures remain intact after incorporation of Cs+ ions [28].

It is well known that both Wells–Dawson structure of
P2W18O62

6− and Keggin structure of PW12O40
3− as heteropolyan-

ions have W3O13 triads and consist of four kinds of oxygen atoms.
The first is P Oa in which oxygen atom connects with heteroatom
(here is P atom), the second is W Ob W oxygen bridges (corner-
sharing oxygen bridges between different W3O13 groups), the third
is W Oc W oxygen bridges (edge-sharing oxygen bridges within
W3O13 groups), and the last is W Od terminal oxygen atoms
[29]. The four kinds of oxygen atoms can be accurately identi-
fied by FT-IR. As shown in Fig. 2a, H6D shows four vibrational
absorption bands at �as(P Oa) = 1090 cm−1, �as(W Od) = 996 cm−1,
�as(W Ob W) = 915 cm−1, and �as(W Oc W) = 786 cm−1, respec-

tively, which are characteristics of Wells–Dawson type HPAs [30].
Once the protons are partly substituted by Cs+ ions, the vibration
frequency of W Od bonds shifts from 996 to 963 cm−1 for the six
CsxH6−xD salts with x = 1.5, 2.0, 2.5, 3.5, 4.5, and 6.0, respectively.
However, the positions of the other three bonds remain intact.
The shifts of the frequency of W Od bonds for CsxH6−xD are due
to the incorporation of large Cs+ ions as partial countercations.
In Fig. 2b, all CsxH3−xK (x = 0–3.0) exhibit the same character-
istic IR absorption bands at �as(P Oa) = 1080, �as(W Od) = 983,
�as(W Ob W) = 887, and �as(W Oc W) = 803 cm−1, respectively,
corresponding to those of the Keggin structure of PW12O40

3− anions
[31]. These results imply that exchange of Cs+ ions with protons has
little influence on the Keggin structure.

Fig. 3 displays XRD patterns of CsxH6−xD (Fig. 3a) and CsxH3−xK
(Fig. 3b), respectively. From Fig. 3a, it is found that difference of
XRD patterns of CsxH6−xD with various Cs contents are mainly
observed at low 2� values (2� ≤ 10◦). The free acid H6D shows
diffraction peaks at 4.71◦, 6.15◦, 6.87◦, 7.99◦, and 8.84◦, respectively.
The Cs6.0D salt shows diffraction peaks at 8.79◦ and 9.30◦, respec-
tively. As for CsxH6−xD salts, with low Cs contents (x = 1.5 and 2.0),
the peaks originated from both H6D (2� = 4.71◦ and 6.15◦) and Cs6.0D
Fig. 1. UV/DRS of cesium partly substituted Keggin (a) or Dawson type HPA samples
(b) with different cesium contents.
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of HPA. However, the primary structures of both types of HPAs still
remain intact [23,32].

To study the surface properties of CsxH6−xD, we have carried
out XPS analysis of Cs1.5H4.5D, Cs4.5H1.5D, and Cs6.0D. The XPS
spectra of Cs3d state of CsxH6−xD are fitted with the nonlinear least-
squares fit program using Gauss-Lorentzian peak shapes, and two
Cs3d5/2 peaks in the Cs4.5H1.5D and Cs6.0D samples are found after
deconvolution (Fig. 4). The results indicate that two different Cs
environments exist in the CsxH6−xD samples. Moreover, the Cs3d5/2
peak becomes broad with increasing Cs content. As for the low load-
ing sample, Cs1.5H4.5D exhibits a single characteristic peak of Cs+

ion at 724.8 eV. For high loading samples, Cs4.5H1.5D and Cs6.0D, a
second low binding energy state evolves at 724.3 eV. This obser-
vation reveals that there are two Cs+ coordination environments.
The results are analogous to previous studied results of XPS for
cesium partly substituted Keggin type HPAs, in which two Cs3d5/2
binding energy states are found with Cs content of x = 2.3–3.0. The
low and high binding energy components are attributed to the ter-
minal and bridge sites of surface-terminating layer, respectively
[32].
Fig. 2. FT-IR spectra of cesium partly substituted Dawson (a) or Keggin type HPA
samples (b) with different cesium contents.

exhibits Cs6.0D phase characteristics. These results demonstrate the
most probable substitution of Cs cations to the structure occurs for
samples containing not less than 4.5 Cs cations per Dawson anion
[23]. As for CsxH3−xK (Fig. 3b), the free acid H3K shows the main
diffraction peaks at 10.35◦, 14.60◦, 17.85◦, 20.68◦, 23.11◦, 25.44◦,
29.40◦, 31.22◦, and 34.67◦, respectively. Cs3.0K salt shows the main
diffraction peaks at 10.54◦, 18.45◦, 23.82◦, 26.15◦, 30.31◦, and 35.58◦,
respectively. At low Cs content (x = 1.0–2.0), the peaks originated
from both H3K (2� = 14.60◦, 20.68◦, and 31.22◦) and Cs3.0K (10.54◦,
18.45◦, 23.82◦, 26.15◦, 30.31◦, and 35.58◦) appear simultaneously. At
x = 2.5, all H3K diffraction peaks disappear, and the sample exhibits
a unique crystalline Cs3.0K phase characteristics [21,32]. The above
is A: Chemical 290 (2008) 44–53 47

XRD and IR results indicate that the effect of partial substitution of
protons by Cs+ cations is more obvious for Dawson type HPAs than
for Keggin type ones. Moreover, the structure difference between
the free Dawson acid (H6D) and its Cs salt (Cs6.0D) are only due to
an arrangement of anions and cations in the secondary structure
Fig. 3. XRD patterns of (a) cesium partly substituted Dawson type HPA samples
(CsxH6−xD), where signs (�) and (�) mark the main reflexes characteristic for H6D
and Cs6.0D, respectively; sign (�) is marked reflexes of Cs1.5H4.5D and Cs2.0H4.0D
which are not found in H6D or Cs6.0D patterns; (b) Cesium partly substituted Keg-
gin type HPA samples (CsxH3−xK), where signs (�) and (�) mark the main reflexes
characteristic for H3K and Cs3.0K, respectively.
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Table 2
Comparison of the conversion of LA, the yield of DPA, and the selectivity to p,p-DPA
or o,p-DPA isomer for different catalysts in condensation of phenol with LA reaction

Catalyst Conv% Yield% Sel%

p,p-DPA o,p-DPA

Cs1.5H4.5D 35.9 34.6 88.0 12.0
Cs2.0H4.0D 35.1 33.7 87.8 12.2
Cs2.5H3.5D 32.3 30.4 87.8 12.2
Cs3.5H2.5D 29.5 27.6 86.7 13.3
Cs4.5H1.5D 27.2 25.6 85.3 14.7
Cs6.0D 0.6 0.2 82.8 17.2
H6D 39.2 36.8 77.8 22.2
Cs1.0H2.0K 20.5 17.7 71.4 28.6
Cs1.5H1.5K 22.3 20.5 77.8 22.2
Cs2.0H1.0K 27.1 25.3 80.8 19.2
Cs2.5H0.5K 28.3 26.5 80.4 19.6
Cs3.0K 0.7 0.2 77.8 22.2
H3K 33.3 30.0 60.0 40.0
HZSM-5 0.9 0.3 60.0 40.0
MCM-49 19.7 14.0 51.9 48.1
HCl 45.8 27.5 68.8 31.2

3.4 mmol LA, 10.2 mmol phenol, catalyst 50 mg, 100 ◦C, stirring speed 1200 rpm, 6 h.
Fig. 4. High-resolution XPS spectra of Cs1.5H4.5D, Cs4.5H1.5D, and Cs6.0D in the Cs3d5/2

region.

The BET surface areas and average pore diameters of CsxH3−xK
samples are listed in Table 1. As the Cs content exceeds 2.0, the
surface areas increase sharply and reach maximum (150 m2 g−1)
at x = 3.0. In addition, study on porosity exhibits that average pore
diameter increases significantly from 3.2 to 11.9 nm for Cs con-
tent beyond x = 2.0. The above results are consistent with those
reported by the literatures [8,32], suggesting that CsxH3−xK have
dense porous network and higher surface areas than the free acid
H K. For the Wells–Dawson type Cs H D, according to measure-
3 x 6−x
ment of their BET surface areas in the literature, all samples remain
low BET surface areas (of order of 1 m2 g−1) [23].

3.2. Catalyst activity

The insoluble nature and high acid-catalytic activity of Daw-
son type CsxH6−xD (x > 1.5) in polar media make this HPA attractive
for use in the condensation reaction pertinent to DPA synthesis.
For comparison, Keggin type CsxH3−xK (x ≥ 1.5), free H6.0D and
H3.0K, HCl, HZSM-5, and MCM-49 are also tested. The acid catalytic
activities of above catalysts are summarized in Table 2 and Fig. 5.
Additionally, the adsorption behaviors of CsxH6−xD and CsxH3−xK,
and influence factors including solvents, molar ratios of phenol to
LA, catalyst amount, reaction temperatures, reactor stirring speed,
and reaction time are also considered during the DPA synthesis
procedure (Table 3 and Figs. 6–11).

3.2.1. Effect of the catalyst
As shown in Table 2, the catalyst activities for the condensation

reaction increase gradually in the order of HZSM-5 < MCM-

Table 1
BET surface area and average pore diameter of cesium partly substituted Keggin type
HPAs

Sample BET surface area (m2 g−1) Average pore diameter (nm)

Cs1.0H2.0K 2.0 –
Cs1.5H1.5K 3.1 –
Cs2.0H1.0K 36.4 3.2
Cs2.5H0.5K 125.8 8.6
Cs3.0K 150.0 11.9

Fig. 5. Correlation between the yield of DPA and cesium content in CsxH6−xD and
CsxH3−xK samples. 3.4 mmol LA, 10.2 mmol phenol, catalyst 50 mg, 100 ◦C, stirring
speed 1200 rpm, 6 h.

Fig. 6. Adsorption study of LA molecule by the bulk of CsxH6−xD and CsxH3−xK.
Catalyst 50 mg, stirring speed 1200 rpm, LA 0.4 g, 35 ◦C, 1 h. Adsorption ability of
CsxH6−xD or CsxH3−xK to LA is represented by the amount of LA molecule adsorbed
on per gram catalyst (mmol g cat−1).
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Fig. 6 shows LA adsorption by the bulk of CsxH6−xD (x = 0, 1.5,
2.5, 3.5, 4.5, and 6.0) and CsxH3−xK (x = 0, 1.0, 2.0, 2.5, and 3.0)
after adsorption–desorption reaches equilibrium. The results indi-
cate that substitution of protons by cesium ions can change the
adsorption ability of CsxH6−xD to LA, which is closely related to the
content of cesium in CsxH6−xD compounds. With increasing the
content of cesium in CsxH6−xD from 0 to 6, the adsorption abil-
ity of CsxH6−xD to LA decreases from 16.3 to 0.6 mmol g cat−1. The
amount of LA molecule adsorbed on Cs1.5H4.5D is the strongest
among all tested CsxH6−xD. In the case of CsxH3−xK, its adsorption
ability to LA increases with increasing the content of cesium from 1
to 3, implying that the adsorption ability of CsxH3−xK is determined
by its specific surface area.

3.2.3. Effect of the solvent
The results in Table 3 reveal that the condensation reaction of

phenol with LA to produce DPA has the best performance under
solvent-free condition. The yield of DPA in both apolar (benzene
and toluene) and polar media (H2O and ethanol) is very low, which
is probably ascribed to the competitive adsorption between the
solvent molecules and reaction molecules on the catalyst [26].
Fig. 7. Effects of the molar ratio of phenol to LA on the yield of DPA and selectivity
to p,p′-DPA. Catalyst 50 mg, 100 ◦C, stirring speed 1200 rpm, 6 h.

49 < HCl < CsxH3−xK < CsxH6−xD. As for CsxH6−xD or CsxH3−xK,
the correlation between the yield of DPA and Cs content in the
cesium partly substituted HPAs are shown in Fig. 5. In the CsxH6−xD
systems, the yield of DPA decreases monotonically with the order of
H6D > Cs1.5H4.5D > Cs2.0H4.0D > Cs2.5H3.5D > Cs3.5H2.5D > Cs4.5H1.5D >
Cs6.0D. Moreover, the activity decreases slowly with increas-
ing Cs content from x = 1.5 to x = 3.5 in the CsxH6−xD and
then decreases sharply with x beyond 4.5. However, in
the CsxH3−xK systems, the order of the catalyst activity is
H3K > Cs2.5H0.5K > Cs2.0H1.0K > Cs1.5H1.5K > Cs1.0H2.0K > Cs3.0K. That
is, the activity of CsxH3−xK increases from x = 1.0 to x = 2.5, and
then decreases greatly at x = 3.0. As for the most active Cs1.5H4.5D
and Cs2.5H0.5K, their selectivities to p,p′-DPA isomer are also the
highest among all tested samples, where the selectivity to p,p′-DPA

Table 3
Effects of solvent on the yield of DPA and the selectivity to p,p-DPA or o,p-DPA isomer
for CsxH6−xD or Cs2.5H0.5K in condensation of phenol with LA

Solvent Cs1.5H4.5D C2.5H0.5K

Yield% Sel% Yield% Sel%

p,p′-DPA o,p′-DPA p,p′-DPA o,p′-DPA

– 34.6 88.0 12.0 26.5 80.1 19.9
C6H6 1.8 – – 0.7 – –
PhCH3 2.5 83.0 17.0 0.9 – –
H2O 1.1 – – 0.5 – –
EtOH 1.3 – – 0.6 – –

3.4 mmol LA, 10.2 mmol phenol, catalyst 50 mg, 100 ◦C, stirring speed 1200 rpm, 6 h.
is A: Chemical 290 (2008) 44–53 49

isomer is higher for Cs1.5H4.5D system (88.0%) compared with
Cs2.5H0.5K system (80.4%) under the same conditions (Table 2).

3.2.2. Adsorption behavior of the catalyst
Fig. 8. Effects of catalyst amount on the yield of DPA and the selectivity to p,p′-
DPA. Cs1.5H4.5D system: LA 3.4 mmol, phenol 30.6 mmol, 100 ◦C, stirring speed
1200 rpm, 6 h; Cs2.5H0.5K system: LA 3.4 mmol, phenol 13.6 mmol, 100 ◦C, stirring
speed 1200 rpm, 6 h.
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selectivity of Cs2.5H0.5K to p,p′-DPA isomer increases from 74.4% to
81.8% as the molar ratio increases from 2:1 to 10:1.

3.2.5. Effect of the catalyst amount
Fig. 8 shows the effect of catalyst amount on the yield of DPA and

selectivity to p,p′-DPA isomer. The experiments are carried out with
varying catalyst amount between 25 and 250 mg using Cs1.5H4.5D
or Cs2.5H0.5K catalyst. The yield of DPA increases as the amount of
Cs1.5H4.5D or Cs2.5H0.5K increases. The maximum yield is attained at
100 mg of the catalyst amount, and then the yield almost remains
unchangeable with further increasing catalyst amount. However,
the effect of catalyst amount on the selectivity to p,p′-DPA isomer
is negligible.

3.2.6. Effect of the reaction temperature
For evaluating the effect of the reaction temperature on the

condensation reaction catalyzed by CsxH6−xD or CsxH3−xK, the reac-
tion is carried out at 80, 100, 120, and 150 ◦C, respectively. It is
observed that the yield of DPA increases slowly with increasing
Fig. 9. Effects of the reaction temperature on the yield of DPA and selectivity to
p,p′-DPA. Cs1.5H4.5D as a catalyst (50 mg), LA 3.4 mmol, phenol 30.6 mmol, stirring
speed 1200 rpm, 6 h; Cs2.5H0.5K as a catalyst (50 mg), LA 3.4 mmol, phenol 13.6 mmol,
stirring speed 1200 rpm, 6 h.

3.2.4. Effect of the molar ratio
The molar ratio of phenol to LA is one of the important fac-

tors that affect the yield of DPA and selectivity to p,p′-DPA isomer.
Herein, the molar ratio of phenol to LA is varied from 2:1 to 10:1. As
shown in Fig. 7a, the yield of DPA increases with increasing molar
ratio over Cs1.5H4.5D and reaches maximum yield (48.6%) at 9:1.

Fig. 10. Effects of the stirring speed on the yield of DPA. 3.4 mmol LA, 10.2 mmol
phenol, catalyst 50 mg, 100 ◦C, 6 h.
is A: Chemical 290 (2008) 44–53

However, the selectivity of Cs1.5H4.5D to p,p′-DPA isomer is almost
unchanged with molar ratio changes. As for Cs2.5H0.5K, the yield
of DPA increases with increasing molar ratio and reaches the max-
imum yield (26.3%) at 4:1, and further increasing the molar ratio
results in the decrease of the yield of DPA (Fig. 7b). However, the
the reaction temperature from 80 to 150 ◦C in the presence of

Fig. 11. Time courses of condensation of phenol with LA catalyzed over Cs1.5H4.5D
and Cs2.5H0.5K. (a) changes of the yield of DPA and (b) changes of the selectivity to
p,p′-DPA. Catalyst 100 mg, stirring speed 1200 rpm, molar ratio of phenol to LA 4:1
for Cs2.5H0.5K and 9:1 for Cs1.5H4.5D system, 150 ◦C.
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Cs1.5H4.5D or Cs2.5H0.5K catalyst (Fig. 9a). At 80 and 150 ◦C, the yield
of DPA reaches 16.2% and 35.0%, respectively, for the reaction cat-
alyzed by Cs2.5H0.5K. Under the same conditions, the yield of DPA
reaches 45.1% and 59.8%, respectively, for the reaction catalyzed
by Cs1.5H4.5D. As for the selectivity of Cs1.5H4.5D or Cs2.5H0.5K to
p,p′-DPA isomer, it increases obviously as increasing the reaction
temperature from 80 to 150 ◦C (Fig. 9b). At 80 and 150 ◦C, the selec-
tivity of Cs2.5H0.5K to p,p′-DPA isomer is 69.7% and 85.3%, while
the selectivity of Cs1.5H4.5D to p,p′-DPA isomer is 76.2% and 88.9%,
respectively.

3.2.7. Effect of the stirring speed
To estimate possible diffusion limitation in the CsxH3−xK- or

CsxH6−xD-catalyzed DPA synthesis system, the effect of stirring
speed on the yield of DPA is studied (Fig. 10). By changing the stir-
ring speed from 800 to 1200 rpm, the yield of DPA increases for
both Cs2.5H0.5K and Cs1.5H4.5D. However, the influence of stirring
speed on the yield of DPA is different for the above two systems.
In the Cs2.5H0.5K system, the yield of DPA increases obviously with
increase of the stirring speed. As for the Cs1.5H4.5D system, the yield
of DPA increases slowly. The results imply that the effect of exter-
nal diffusion limitation on the reaction catalyzed by Cs2.5H0.5K is
more obvious compared with Cs1.5H4.5D-catalyzed DPA synthesis
reaction.

The above results are consistent with those of the studies on
catalyst amount and reaction temperature, which shows the pres-
ence of external diffusion limitations in current catalytic systems.
Therefore, the increase of DPA yield is not proportional to the cat-
alyst amount. Moreover, the maximum conversion of LA at every
temperature is limited and rises slowly with increase of tempera-
ture.

3.2.8. Effect of the reaction time
Under the optimal conditions (catalyst 100 mg, stirring speed

1200 rpm, molar ratio of phenol to LA 4:1 for Cs2.5H0.5K and 9:1 for
Cs1.5H4.5D system, 150 ◦C), the time courses of the condensation
reaction in Cs1.5H4.5D and Cs2.5H0.5K systems are studied (Fig. 11).
For both of the catalysts, the activity and selectivity increase rapidly
at the beginning of the reaction. After the reaction proceeds for
10 h, DPA yield is 70.5% and 45.3% for Cs1.5H4.5D and Cs2.5H0.5K,
respectively, and the selectivity of Cs1.5H4.5D and Cs2.5H0.5K to p,p′-
DPA isomer is 88% and 83.1%, respectively. When the reaction time
increases further to 24 h changes of both activity and selectivity are
negligible.
3.2.9. The recycle tests of the catalyst
The catalyst reuse is one of the most valuable and attractive

properties for heterogeneous catalysts. Herein, the stability and
reusability of the catalyst (Cs1.5H4.5D or Cs2.5H0.5K) are examined
by repetitive use of the catalysts (Fig. 12). The results indicate that
the catalyst activity does not change significantly after three repeti-
tive runs. After the reaction finishes, the catalyst is easily separated
from the production mixture because it settles at the bottom of the
reactor. For the next catalytic cycle, the recovered catalyst is washed
with ethanol and then calcined at 100 ◦C in vacuum for 60 min. The
catalyst-free reaction liquor is examined by ICP-AES analysis. It is
found that the leakage of Cs1.5H4.5D and Cs2.5H0.5K is 4.5%, 2.1%,
1.8% and 3.1%, 1.8%, 1.0%, respectively, for the three catalytic runs.

To further test the leaching of the catalyst (Cs2.5H0.5K or
Cs1.5H4.5D) during the reaction process, the following experiment is
carried out under the same reaction conditions showed in Fig. 11.
The reaction is stopped after 2 h and the yield of DPA is 16.5% or
33.1% by using Cs2.5H0.5K or Cs1.5H4.5D catalyst. The separated fil-
trate is allowed to react for another 8 h under the same reaction
conditions, but the yield of DPA maintains unchangeable. Thus the
Fig. 12. Catalyst recycles for the DPA synthesis reaction over Cs2.5H0.5K (a) and
Cs1.5H4.5D (b). Catalyst 100 mg, 150 ◦C, stirring speed 1200 rpm, 10 h. Molar ratio
of phenol to LA 4:1 for Cs2.5H0.5K and 9:1 for Cs1.5H4.5D system.

catalysts (Cs2.5H0.5K and Cs1.5H4.5D) are considerably stable under
the present conditions.

3.3. Discussion
The above catalytic test results show that both activity and
selectivity of cesium partly substituted Dawson type HPAs are
higher than those of cesium partly substituted Keggin type HPAs
for the DPA synthesis reaction. Among all tested catalysts, the cat-
alytic activity of Cs1.5H4.5D or Cs2.5H0.5K is the highest. Considering
that the physicochemical surface properties and catalytic behav-
iors of CsxH6−xD are obviously different from those of CsxH3−xK,
we reasonably infer that the CsxH6−xD and CsxH3−xK-catalyzed DPA
synthesis reaction proceeds in different mechanisms. From XRD
results it can be seen that the crystallinity of Well-Dawson type
HPAs (CsxH6−xD) is low due to the ellipsoidal shape of polyanions
which is not suitable for the formation of stable crystalline struc-
ture. However, Keggin type polyanions (CsxH3−xK) with spherical
shape favor the crystalline structure. In addition, BET surface areas
of all CsxH6−xD remain low (ca. 1 m2 g−1), so that their catalytic
activity is independent of the specific surface area. On the other
hand, the adsorption behavior of CsxH6−xD to LA molecule is differ-
ent from that of CsxH3−xK. For the CsxH6−xD, its adsorption ability is
closely related to the content of cesium. For example, Cs1.5H4.5D and
H6D have the same adsorption ability, but the adsorption ability of
CsxH6−xD decreases gradually with Cs content further increased. As
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for the CsxH3−xK, its adsorption ability is determined by its specific
surface area.

The above properties suggest that CsxH6−xD-catalyzed DPA syn-
thesis reaction proceeds in the type of pseudo-liquid phase. Hence,
polar molecules (e.g. LA) are rapidly adsorbed into the CsxH6−xD
lattice and react there, where the solid catalyst behaves in a sense
like a concentrated solution [33]. This behavior often brings about
high catalytic activity and unique selectivity. For various tested
CsxH6−xD (x = 0–6.0) samples, their activity for DPA synthesis reac-
tion strongly depends on their acid strength. Thus, the activity is
the highest in the case of free acid (H6D) and decreases monoton-
ically with increasing Cs content in CsxH6−xD salts. These results
demonstrate that the catalytic activity of cesium partly substi-
tuted Dawson type HPAs can be designed by controlling their acid
strength in this manner. As for CsxH3−xK-catalyzed DPA synthesis
reaction, it takes place on the surface of CsxH3−xK (surface type
reaction) and the catalyst activity is controlled largely by the rel-
ative number of available surface acid sites (determined by both
surface area and acid strength) [33]. It has been reported that the
acid strength of CsxH3−xK materials are weakly perturbed during
exchange of proton with doping Cs up to loadings of Cs2.3H0.7K
[32]. However, the acid strength of heavily substituted (>Cs2.4H0.6K)
samples is significantly low. Considering the factors of BET sur-
face areas and acid strength, the available number of surface acid
sites is the most for Cs2.5H0.5K and the least for Cs3.0K in cesium
partly substituted Keggin type HPAs. Therefore, Cs2.5H0.5K and Cs3K
exhibit the highest and lowest activity to this reaction, respec-
tively. Although Cs2.5H0.5K has more surface sites, the number of
its surface acid sites is about half of the total number of pro-
tons contained in the free acid H3K [19]. Thus, the activity of
Cs2.5H0.5K is lower than that of H3K. Similar results have been
attained by many reactions using CsxH3−xK materials as catalysts
[34–37].

Owing to different reaction types between CsxH6−xD and
CsxH3−xK catalysts, higher catalytic activity and selectivity are
brought about by CsxH6−xD due to its pseudo-liquid phase behav-
ior. Therefore, the reactions take place at the surface and solid
bulk of the polyanions and the adsorption–desorption is rapid.
As for CsxH3−xK, the catalytic reaction takes place on the solid
surface due to its surface-type reaction, and adsorption is exces-
sive and slow [38]. Influence of molar ratio on the DPA yield
over different types of HPAs can also be explained by the differ-
ent types of catalysis. As for Cs1.5H4.5D sample, the high molar
ratio of phenol to LA makes the reactant molecules approach

active sites of the catalyst easily, which facilities the DPA forma-
tion [39]. However, the high molar ratio is unfavorable to the
DPA production if the reaction is catalyzed by Cs2.5H0.5K. This is
due to the reaction takes place in the pores of catalyst. As the
molar ratio increases, excessive reactant molecules may slow down
the reaction process [20]. Finally, although the free acid H6D and
H3K exhibit excellent activity for DPA synthesis, their selectiv-
ity to p,p′-DPA isomer is lower than that of the corresponding
cesium partly substituted salts. Significantly, they are completely
soluble in the reaction media and thus unable to compete with
many process advantages offered by their heterogeneous counter-
parts.

Considering potential industrial application, the selectivity to
p,p′-DPA isomer is expected to be improved further. This can be
obtained by using Cs1.5H4.5D rather than Cs2.5H0.5K catalyst under
the optimal experimental conditions including suitable molar ratio
of phenol to LA and reaction temperature. However, relatively low
yield of DPA under current reaction system is still a problem, and the
study will be extended to mend the performance of cesium partly
substituted Wells–Dawson type HPAs for increasing the reactivity
of DPA synthesis.
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4. Conclusions

Cesium partly substituted Wells–Dawson type HPAs, CsxH6−xD
(x = 1.5–6.0), have been investigated for the DPA synthesis reaction
from the important bio-platform molecule (LA). With x = 1.5, the
sample exhibits the highest activity and selectivity. For studying the
catalytic behaviors of CsxH6−xD, cesium partly substituted Keggin
type HPAs, CsxH3−xK (x = 1.0–3.0), are also tested under the same
experimental reactions. The most active and selective compound
in all tested CsxH3−xK samples is Cs2.5H0.5K. However, both activ-
ity and selectivity of Cs1.5H4.5D exceed those of Cs2.5H0.5K owing to
their different reaction types. For CsxH6−xD samples, pseudo-liquid
behavior should be considered as the governing factor of high cat-
alytic activity and selectivity. Besides that, changes of acid strength
with Cs content need to be examined. In the case of CsxH3−xK
samples, surface type reaction is followed, in which the activity
is determined by the relative number of available surface acid
sites.
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