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a  b  s  t r  a  c  t

Rb+- and  Cs+-exchanged  Beta  zeolites  (RbxNa1−x� and  CsxNa1−x�)  of  varying  exchange  degrees
(x =  0–1.00)  were  employed  to  catalyze  the gas-phase  dehydration  of lactic  acid  (LA)  for  sustainable  pro-
duction  of acrylic  acid (AA)  in a flow  fixed-bed  reactor  at 360 ◦C, using  an  aqueous  solution  of LA (10  mol%
or  35.7%)  as  the  reaction  feed  at a weight  hourly  space  velocity  by  LA  of  2.1  h−1.  An appropriate  window
of  the  ion  exchange  degrees  for  highly  selective  AA production  (≥60  mol%)  was  determined  for either
series  of the  samples,  i.e.,  x =  0.85–0.98  for the  RbxNa1−x�  and  x =  0.71–0.90  for  the  CsxNa1−x�  samples.
The  best  performing  catalysts  Rb0.95Na0.05�, and  Cs0.81–0.90Na0.19–0.10� offered  the  highest  AA selectiv-
ity  (ca. 70  mol%)  and  yield  (ca.  60–65  mol%)  for reaction  periods  of  longer  than  10  h. Measurements  of
the  surface  acidity  and  basicity  of the  catalyst  samples  by  temperature-programmed  desorption  of  NH3

and  CO2 showed  that  the highly  selective  catalysts  in such  widows  should  have  both  weakly  acidic  and
weakly  basic  surface  sites  with  suitably  balanced  acidity  and  basicity.  The  acid-catalyzed  decarbony-
crylic acid lation/decarboxylation  and  base-catalyzed  condensation  of  LA,  which  lead  respectively  to  formation  of
acetaldehyde  and  2,3-pentanedione,  always  occurred  as  the competing  reactions  over  the investigated
catalysts.  Observations  on the  catalyst  selectivity  changes  for these  competing  reactions  clearly  demon-
strate  that  the  suitably  balanced  acidity  and  basicity  at the  catalyst  surface  is  the  key  to  the  high selectivity
for  the desired  dehydration  reaction.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Acrylic acid (AA) is an important intermediate for a number of
ey molecules and materials such as acrylate polymers [1], whose
roduction by gas-phase dehydration of bio-derivative lactic acid
LA) has been recommended as a promising green and sustain-
ble alternative to current commercial AA production technology
ased on a two-step selective catalytic oxidation technology using
etroleum-derivative propylene as the feed [2–5]. A number of het-
rogeneous catalysis studies on this LA-to-AA (LTA) reaction seem
o indicate that a suitable acidity and basicity at the catalyst sur-
ace should be essential for enabling highly selective AA production
hemistry [6–9].

Zeolite beta (�) in different forms has been widely used as
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt

olid catalyst in fine chemicals synthesis and petrochemical
ndustries [10,11], due to its three-dimensional 12-membered ring
hannel system [12–14] and easily adjustable acid–base and redox

∗ Corresponding author.
E-mail address: bqxu@mail.tsinghua.edu.cn (B.-Q. Xu).

ttp://dx.doi.org/10.1016/j.cattod.2015.10.030
920-5861/© 2015 Elsevier B.V. All rights reserved.
properties according to the nature and exchange degree of the
extra framework cations [15–17]. For instance, the exchange with
alkali ions of � zeolites has frequently been used to increase their
basicity and correspondingly decrease their acidity [18–23]. Thus,
the alkali-ion exchanged forms of � zeolites were used to serve as
base or acid–base bifunctional catalysts for a number of reactions,
including the side-chain alkylation of toluene [24–26], Knoeve-
nagel reactions [27,28], and Michael addition reactions [27,29].
Alkali-ion exchanged � zeolites (MxNa1−x�, M = Li+, Na+, K+, Rb+

or Cs+) were prepared and employed recently to catalyze the LTA
reaction under different conditions in our laboratory. When the
ion-exchange degrees were made higher than 80% or x ≥ 0.80, the
less acidic and more basic K+-, Rb+- and Cs+-exchanged samples
appeared to be more selective for AA production than their Li+-
and Na+-exchanged counterparts at nearly complete LA conver-
sion (97–100%) [30]. By systematic investigation of the effect of
K+-exchange degree on the catalytic performance of the KxNa1−x�
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030

(x = 0–1.00) catalyst, a window for the K+-exchange degrees (i.e.,
x = 0.92–0.98) was  uncovered for offering suitably balanced surface
acidity and basicity to enable a high AA selectivity (≥50 mol%)
[30]. These previous data imply that a further investigation of

dx.doi.org/10.1016/j.cattod.2015.10.030
dx.doi.org/10.1016/j.cattod.2015.10.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:bqxu@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.cattod.2015.10.030
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bNa� and CsNa� catalysts with respectively widely varied Rb+-
nd Cs+-exchange degrees would be deserving as the appropriate
on-exchange windows of Rb+ and Cs+ ions for the LTA reaction
emained unexplored in the earlier report.

We report herein the surface acid–base property of these
bxNa1−x� and CsxNa1−x� catalysts and their performance in cat-
lyzing the LTA reaction. The data obtained in this study are
iscussed by comparison with those obtained previously on the
xNa1−x� samples, which confirm that suitably balanced acidity
nd basicity at the catalyst surface is the key to the high efficiency
f the LTA reaction. Besides, the present RbxNa1−x� and CsxNa1−x�
atalysts are found superior to the previous KxNa1−x� catalysts in
atalyzing the LTA reaction in terms of AA selectivity and yield.

. Experimental

Raw powders of as-synthesized Beta zeolite (SiO2/Al2O3 = ca. 40,
ankai University Catalyst Co., Ltd.) were calcined in ambient air
t 420 ◦C for 1 h, then at 540 ◦C for 5 h to completely remove any
rganic residue. The calcined sample (15 g) was then converted
o its sodium form, i.e., Na�,  by subjecting for four times to ion-
xchange in 0.5 M NaNO3 aqueous solution (300 ml)  at 80 ◦C for

 h. The solid product powders were filtered, dried overnight at
10 ◦C and calcined at 500 ◦C for 3 h, and were then used to prepare
he Rb+- and Cs+-exchanged samples by ion-exchange with aque-
us solutions of RbNO3 and CsNO3, respectively. Variation of the
xchange degrees for Rb+ or Cs+ ions was done by adjusting the
oncentration of aqueous RbNO3 or CsNO3 (0.005–0.5 M),  and rep-
tition times (1–4 times) of the ion-exhange reaction. Typically, ca.

 g of Na� was dispersed and stirred in the RbNO3 or CsNO3 solu-
ion (40 ml)  at 80 ◦C for 1 h. The ion exchange reaction was  repeated
or 1–4 times to achieve the desirable exchange degrees. At the ter-

ination of the final ion exchange, the sample was filtered, dried
110 ◦C, overnight) and calcined (500 ◦C, 3 h). The calcined samples
re coded as MxNa1−x� (M = Rb+ or Cs+), in which x refers to the frac-
ional exchange degree of M (x = M/[M+Na] (molar)). In particular,
n additional calcination step (500 ◦C, 3 h) should be added after
he second ion-exchange reaction with 0.5 M RbNO3 or CsNO3 for
reparing the Rb1.00� and Cs1.00� samples. Table 1 presents the
ifferent MxNa1−x� samples investigated in this study.

The contents of alkali ions and SiO2/Al2O3 ratio in the MxNa1−x�
amples were determined by X-ray fluorescence (XRF) analysis
n a Shimadzu XRF-1800 fluorescence spectrometer. The BET sur-
ace areas, pore volumes and average pore diameters were derived
rom adsorption–desorption isotherms at −196 ◦C measured on a

icromeritics ASAP 2010C instrument after outgassing at 200 ◦C
or 5 h. Surface acid–base properties of the samples were probed
y temperature-programmed desorption of NH3 (NH3-TPD) and
O2 (CO2-TPD) on a Catalyst Analyzer (BEL JAPAN INC.) equipped
ith a well-calibrated quadrupole mass spectrometer (Inprocess

nstruments, GAM 200) as the detector [9]. The sample was  placed
n a quartz microreactor and pretreated in a flow of 20% O2/Ar
40 ml/min) at 500 ◦C for 1 h. After cooling the reactor to 100 ◦C,
he reactor was switched to a flow of 2% NH3/Ar or 2% CO2/Ar
40 ml/min) for NH3 or CO2 adsorption (1 h). Then, the sample was
urged with flowing Ar (40 ml/min) to remove weakly adsorbed
H3 or CO2 for 1–1.5 h (until the background signals of NH3 and CO2
ecame stabilized). The reactor temperature was then increased to
00 ◦C at a rate of 10 ◦C/min and the desorption profiles of NH3 and
O2 were monitored by recording the signals at m/z  = 15 and 44,
espectively. The calibration of the mass spectrometer and quan-
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt

ification of the desorbed NH3 and CO2 were documented earlier
9].

The gas-phase dehydration of LA was carried out under atmo-
pheric pressure at 360 ◦C in a vertical down-flow fixed-bed tubular
 PRESS
y xxx (2015) xxx–xxx

quartz reactor (50 cm × 9 mm (i.d.)). A constant weight of catalyst
(500 mg,  20–40 mesh) was  sandwiched in the middle of the reactor
with quartz wools. About 2 ml  of quartz sands (ca. 2 cm by height)
were placed above the catalyst bed to ensure complete evapora-
tion of the liquid feed. Prior to injection of the reaction feed, an
aqueous solution containing 10 mol% (35.7 wt%) LA, the catalyst
was pretreated at the reaction temperature for 1 h in flowing N2
(25 ml/min). A flow of N2 (15.5 ml/min) was used as the reaction
carrier gas, which combined with the vaporized liquid feed to make
a feeding gas mixture containing 7.4 kPa LA and 66.9 kPa H2O (N2
balance). The reaction weight hourly space velocity by LA (WHSVLA)
was 2.1 h−1. Each run of the reaction was  conducted for 10 h, dur-
ing which the reaction effluents were condensed in an ice-water
trap and collected hourly for off-line analysis by gas chromato-
graph (GC) and ion chromatograph (IC). The materials balance of
the reaction was always higher than 95%, except in the very first
hour. As reported earlier [9], the GC analysis would usually not be
that reliable for the quantification of LA, especially when its con-
version was  higher than 70% or LA concentration in the condensate
lower than 10 wt%. The IC analysis was instead established to accu-
rately determine the LA conversion in all possible levels (0–100%)
[9]. Further details of the GC and IC analyses including their cross
calibrations can be found in Refs. [9,30].

The LA conversion, product selectivity and AA yield were calcu-
lated according to the following equations [9,30]:

LA conversion (%) = moles of LA consumed
moles of LA in the feed

× 100,

Product selectivity (mol% or C%)

= moles of carbon atoms in the product defined
moles of carbon atoms in LA consumed

× 100,

AA yield (mol% or C%) = moles of AA produced
moles of LA in the feed

× 100.

3. Results and discussion

3.1. Composition and physicochemical properties

The two series of samples (RbxNa1−x� and CsxNa1−x�) prepared
from the parent Na� by ion-exchange with the aqueous solutions
of RbNO3 and CsNO3, respectively, are listed in Table 1, together
with their preparation descriptors (including the concentration of
RbNO3 or CsNO3 and repetition times of the ion-exchange), frac-
tional exchange degree (x) of Rb+ or Cs+, SiO2/Al2O3 ratio, and
textural properties. The exchange degree of Cs+ in the CsxNa1−x�
samples always appeared lower than that of Rb+ in RbxNa1−x�
when the ion-exchange reactions were conducted under the sim-
ilar conditions. Compared with the preparation of the KxNa1−x�
samples of comparable x in our previous study [30], more severe
conditions for the ion-exchange reactions had to be taken for pro-
ducing the current RbxNa1−x� and CsxNa1−x� samples. For instance,
the K1.00� sample was obtained by conducting at 80 ◦C the ion-
exchanging reaction of Na� in an aqueous solution of 0.5 M KBr
for four times, while the Rb1.00� and Cs1.00� samples could not be
obtained simply by repeating four times the ion-exchange reaction
in 0.5 M RbNO3 or 0.5 M CsNO3 solution unless an interim high-
temperature (500 ◦C) calcination step was  added. This is because
that some Na+ ions in the parent Na� are located inside the cages
with small openings and are not accessible to the larger Rb+ (1.48 Å)
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030

and Cs+ (1.69 Å) ions but smaller K+ ions (1.33 Å) [31], and the calci-
nation of the partially exchanged samples can cause redistribution
by thermal migration of the alkali ions within the zeolite, making
those Na+ accessible to and replaced by the coexisting Rb+ or Cs+

dx.doi.org/10.1016/j.cattod.2015.10.030
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Table 1
Preparation descriptors, fractional exchange degrees of the alkali ions, SiO2/Al2O3 ratio, textural and acid–base properties of the exchanged zeolite samples.

Samplesa Exchange solution Times of ion
exchange

SiO2/Al2O3
c SBET

d (m2 g−1) PVe (cm3 g−1) PDf (nm) EPg (e Å−1) Acidity by NH3-TPDh Basicity by CO2-TPDi

Peak temp.
(◦C)

Density*102

(molNH3 m−2)
Peak temp.
(◦C)

Density*103

(molCO2 m−2)

Na� – – 41.3 475 0.27 5.3 1.05 289 35.9 154 5.9
Rb0.60Na0.40� 0.05 M RbNO3 1 40.6 438 0.26 5.4 0.83 214 21.3 157 10.4
Rb0.73Na0.27� 0.1 M RbNO3 1 41.9 435 0.26 5.4 0.78 207 17.3 164 13.7
Rb0.85Na0.15� 0.1 M RbNO3 2 40.8 427 0.25 5.3 0.73 206 13.9 168 17.0
Rb0.90Na0.10� 0.5 M RbNO3 1 41.2 419 0.25 5.2 0.71 200 7.6 175 18.4
Rb0.95Na0.05� 0.5 M RbNO3 2 40.8 388 0.22 5.3 0.69 190 7.2 175 24.5
Rb0.98Na0.02� 0.5 M RbNO3 4 41.5 361 0.23 5.3 0.68 181 3.9 178 29.7
Rb1.00� 0.5 M RbNO3 4b 42.3 321 0.20 5.6 0.67 183 3.6 185 36.0
Cs0.16Na0.89� 0.005 M CsNO3 1 42.5 437 0.26 5.3 0.98 239 28.8 157 9.2
Cs0.55Na0.45� 0. 05 M CsNO3 1 42.7 415 0.25 5.3 0.80 209 19.9 161 12.2
Cs0.71Na0.29� 0.1 M CsNO3 1 42.1 421 0.25 5.4 0.73 207 9.0 164 15.3
Cs0.77Na0.23� 0.1 M CsNO3 2 41.9 411 0.26 5.5 0.70 191 6.3 162 21.2
Cs0.81Na0.19� 0.5 M CsNO3 1 40.8 413 0.24 5.1 0.68 181 3.3 167 24.9
Cs0.90Na0.10� 0.5 M CsNO3 2 40.9 397 0.25 5.2 0.64 180 2.4 174 34.8
Cs0.95Na0.05� 0.5 M CsNO3 4 41.8 356 0.23 5.3 0.61 179 1.8 180 44.1
Cs1.00� 0.5 M CsNO3 4b 43.0 285 0.19 5.7 0.59 177 1.3 188 60.6

a The subscript numbers show the fractional exchange degree of each alkali ion.
b Twice calcinations were used during the preparation.
c Determined from XRF measurements.
d BET surface area.
e Pore volume measured at P/P0 = 0.975.
f Average pore diameter measured from the desorption branch according to the BJH method.
g Electrostatic potential (EP) for the alkali ions in the exchanged zeolites =

∑
zi/ri × fi , in which zi , ri and fi stand, respectively, for the charge, radius and exchange degree of alkali ion i in the sample.

h Measured from NH3-TPD measurement.
i Measured from CO2-TPD measurement.

dx.doi.org/10.1016/j.cattod.2015.10.030
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ons [32,33]. The displaced Na+ ions then became exchanged with
he Rb+ or Cs+ ions during the later ion-exchange steps.

The RbxNa1−x� and CsxNa1−x� samples (x > 0) showed
maller surface areas (285–438 m2 g−1) and pore volumes
0.19–0.26 cm3 g−1) in comparison to their parent Na� (475 m2 g−1

nd 0.27 cm3 g−1). The increase in x generally led to lower surface
rea and pore volume among the CsxNa1−x� or RbxNa1−x� samples.
n the other hand, the surface area and pore volume for the sam-
les with similar x, also decreased according to the size of the alkali

ons, i.e., CsxNa1−x� < RbxNa1−x� < KxNa1−x�, in consistent with
any earlier observations [30,31,34,35]. The SiO2/Al2O3 ratios for

he RbxNa1−x� and CsxNa1−x� samples (40.6–43.0), measured by
RF analysis, were consistent with the ratio for the as-synthesized
eta zeolite (ca. 40) and its derived Na� (41.3); the error of the
easurement was within ±5%. The RbxNa1−x�, CsxNa1−x�, Na�

nd the calcined as-received raw samples showed also very similar
RD patterns but the intensity for the RbxNa1−x� and CsxNa1−x�
as significantly lower due to that the larger Rb+ and Cs+ ions had
uch lower X-ray absorptions [20,31,35]. These data indicate that

he repeated ion-exchange reaction and calcination caused no sig-
ificant changes in the zeolite framework and the SiO2/Al2O3 ratio.
hus, the surface area and pore volume losses of the RbxNa1−x�
nd CsxNa1−x� with high ion-exchange degrees (e.g., x > 0.7) could
e mainly attributed to partial pore blockage by the large Rb+ and
s+ ions, though a contribution from loss of zeolite crystallinity
ould not yet be completely excluded [20,31,35,36].

The acid–base properties of the RbxNa1−x� and CsxNa1−x� sam-
les were probed by the NH3- and CO2-TPD measurements. Similar
o the earlier study of the KxNa1−x� samples [30], the desorption of
ither NH3 or CO2 from these RbxNa1−x� and CsxNa1−x� samples
roduced only one TPD peak, though the peak temperature and
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt

ntensity (peak area) varied sensitively according to x of the sam-
le (Figs. 1 and 2). NH3 adsorbed on the parent Na� zeolite would
esorb in the temperature range of 140–450 ◦C, registering a peak
t 289 ◦C (Fig. 1A) and a surface acidity of 3.59 × 10−1 �mol  m−2

Fig. 1. NH3-TPD (A) and CO2-TPD (B) profiles from RbxNa1−x� of x = 0 (a), x = 0.60 (
 PRESS
y xxx (2015) xxx–xxx

(Table 1). The peak temperature of and the surface acidity reg-
istered from the NH3-TPD profile for the RbxNa1−x� sample
decreased from 289 ◦C and 3.59 × 10−1 �mol m−2 to 183 ◦C and
3.6 × 10−2 �mol  m−2, respectively, when x was increased from 0
to 1.00 (Fig. 1A and Table 1). On the other hand, CO2 adsorbed
on the parent Na� zeolite desorbed in the temperature range of
110–240 ◦C, registering a peak at 154 ◦C (Fig. 1B) and a surface
basicity of 5.9 × 10−3 �mol  m−2 (Table 1). The peak temperature of
and the surface basicity registered from the CO2-TPD profile for the
RbxNa1−x� sample increased from 154 ◦C and 5.9 × 10−3 �mol m−2

to 185 ◦C and 3.6 × 10−2 �mol  m−2, respectively, when x was
increased from 0 to 1.00 (Fig. 1B and Table 1). These data clearly
indicate that the increase in the exchange degree of Rb+ in the
RbxNa1−x� sample reduced the surface acidity but improved the
surface basicity, agreeing well with earlier documentations [19,30].

The NH3- and CO2-TPD profiles for the CsxNa1−x� samples
(Fig. 2) are similar to those for the RbxNa1−x� samples (Fig. 1).
Thus, increasing the value of x in CsxNa1−x� also led to smaller NH3-
TPD peak with lower peak temperature (acidity lower and weaker,
Fig. 2A) but larger CO2-TPD peak with higher peak temperature
(basicity higher and stronger, Fig. 2B). The specific data for the peak
temperature, surface acidity and basicity measured according to
the NH3- and CO2-TPD profiles are also detailed for every CsxNa1−x�
sample in Table 1. These observations on the dependences on x
of the surface acidity and basicity for the CsxNa1−x� samples are
consistent with those reported earlier for CsNaY zeolites [23,37].

Comparing the present NH3- and CO2-TPD results for CsxNa1−x�
and RbxNa1−x� with those for KxNa1−x� of similar x in our
previous work [30] would show that the acidity of alkali-ion
exchanged � zeolite (MxNa1−x�, M = K+, Rb+ and Cs+) decreased
but the basicity increased with the radius of the alkali ion, in
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030

line with many earlier reports in literature [18–20,38,39]. Specifi-
cally, the NH3-TPD peak temperature was 200 ◦C for K0.94Na0.06�,
190 ◦C for Rb0.95Na0.05� and 179 ◦C for Cs0.95Na0.05�, and the
surface acidity measured as the number of desorbed NH3 was

b), x = 0.73 (c), x = 0.85 (d), x = 0.90 (e), x = 0.95 (f), x = 0.98 (g) and x = 1.00 (h).

dx.doi.org/10.1016/j.cattod.2015.10.030
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ity (Fig. 4B) features an induction period of ca. 4 h for developing the
stable AA selectivity over all the RbxNa1−x� samples except Rb1.00�.
Note that the Na� sample (x = 0) always produced the lowest AA
selectivity (≤30 mol%) among the RbxNa1−x� catalysts. The stable
ig. 2. NH3-TPD (A) and CO2-TPD (B) profiles from CsxNa1−x� of x = 0 (a), x = 0.16 (b

.41 × 10−1 �mol  m−2 for K0.94Na0.06�, 7.2 × 10−2 �mol  m−2 for
b0.95Na0.05� and 1.8 × 10−2 �mol  m−2 for Cs0.95Na0.05�. On the
ther hand, the CO2-TPD peak temperatures were respectively 171,
75 and 180 ◦C, and the surface basicity data measured as the num-
er of desorbed CO2 were respectively 1.88 × 10−2, 2.45 × 10−2

nd 4.41 × 10−2 �mol  m−2 for K0.94Na0.06�, Rb0.95Na0.05� and
s0.95Na0.05�.

The acidity and basicity of the alkali-ion exchanged zeolites
ould be related to the electrostatic potential (EP) of the cations in
he zeolites. As the acidity (strength and amount) would increase
ut the basicity (strength and amount) decrease with EP for
lkali-ion exchanged X [40,41], Y [42,43] and � zeolites [30], the
umbers of EP can be used as a comprehensively unified descrip-
or to evaluate the overall acid–base property or acidity–basicity
alance of the cation-exchanged zeolites with varying exchange
egrees [30,40–43]. When the overall acidity–basicity balance is
xpressed by the two ratios, acidity/basicity (acidity-to-basicity
atio) and TNH3-TPD-peak/TCO2-TPD-peak (ratio of the NH3-desorption-
eak temperature to the CO2-desorption peak temperature in
egree Celsius), we obtain in Fig. 3 very clear correlations between
he overall acidity–basicity balance and EP of the cations for all the
bxNa1−x� and CsxNa1−x� samples.

.2. Catalytic performance

We  showed previously that the exchange degree of K+ sig-
ificantly affected the catalytic performance of KxNa1−x� for the
TA reaction and the samples with x in the window x = 0.90–0.98
ere more effective for AA production [30]. The best perform-

ng catalyst K0.94Na0.06� offered an AA yield of as high as 61%
selectivity: 64 mol%) for up to 8 h under optimized reaction con-
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt

itions (gas-phase feed composition: 7.4 kPa LA, 66.9 kPa H2O and
6.7 kPa N2, 360 ◦C, WHSVLA = 2.1 h−1) [30]. The catalytic reaction

n this study was also conducted under the conditions optimized
reviously for the K0.94Na0.06� catalyst. It should be noted that
.55 (c), x = 0.71 (d), x = 0.77 (e), x = 0.81 (f), x = 0.90 (g), x = 0.95 (h) and x = 1.00 (i).

the WHSVLA (2.1 h−1) used in our studies [9,30] is 1.5–5 folds
higher than those used in most literature [6–8,44–51]. Presented
in Fig. 4 are the effects of x for the RbxNa1−x� catalysts on the
time courses of LA conversion, AA selectivity and AA yield. The
LA conversion (Fig. 4A) decreased slightly and remained higher
than 96% during the reaction of up to TOS = 10 h for the samples
of x ≤ 0.73. The other samples of x = 0.85–1.00 produced lower LA
conversion and faster deactivation. The time courses of AA selectiv-
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030

Fig. 3. Dependence of the surface acidity-to-basicity ratio (�) and the ratio of
the  NH3-desorption-peak temperature to the CO2-desorption-peak temperature

(  ) on the electrostatic potential for the cations in the RbxNa1−x� and CsxNa1−x�
samples.

dx.doi.org/10.1016/j.cattod.2015.10.030
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Fig. 4. Catalytic performance by the time courses of LA conversion (A), AA selectivity

(B)  and AA yield (C) of the RbxNa1−x� catalysts of x = 0 (�), x = 0.60 ( ), x = 0.73

(

A
2
d
t
t
x
R
l
6
i
R
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Fig. 5. Catalytic performance by the time courses of LA conversion (A), AA selectivity

(B) and AA yield (C) of the CsxNa1−x� catalysts of x = 0 (�), x = 0.16 ( ), x = 0.55

ably from 26 mol% to 70–71 mol% when x was increased from 0
 ), x = 0.85 ( ), x = 0.90 (�), x = 0.95 ( ), x = 0.98 ( ) and x = 1.00 ( ).

A selectivity (at TOS = 9–10 h) increased significantly from
6 mol% to 70 mol% with increasing x from 0 to 0.95 and then
ecreased to ca. 63 mol% and 52 mol% at x = 0.98 and 1.00, respec-
ively. Thus, AA selectivity higher than 60 mol% and AA yields higher
han 56 mol% (Fig. 4C) were obtained only over the samples of

 = 0.85–0.98, which point to a specific window of x for making the
bxNa1−x� catalyst highly selective for the LTA reaction. Regard-

ess of TOS, the highest AA selectivity (ca. 70 mol%) and yield (ca.
6 mol%) were always produced on the sample of x = 0.95, which

dentify Rb0.95Na0.05� as the most efficient catalyst among the
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt

bxNa1−x� samples for the LTA reaction.
The effects of x for the CsxNa1−x� samples on the time courses

f LA conversion, AA selectivity and AA yield are presented in
(  ), x = 0.71 ( ), x = 0.77 (�), x = 0.81 ( ), x = 0.90 ( ), x = 0.95 ( ) and

x  = 1.00 ( ).

Fig. 5, which are similar to those for the RbxNa1−x� samples in
Fig. 4. However, the LA conversion data (Fig. 5A) show that these
CsxNa1−x� catalysts presented a little faster deactivation than the
RbxNa1−x� samples of similar x. An induction period (ca. 4 h) was
also observed for developing the AA selectivity over the CsxNa1−x�
samples of x ≤ 0.90; for the other CsxNa1−x� samples (i.e., x > 0.90
or Cs0.95Na0.05� and Cs1.00�), the AA selectivity decreased steadily
with TOS (Fig. 5B). The stable AA selectivity increased remark-
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030

to 0.77–0.81 and then decreased steadily to lower than 40 mol%
when x was  further increased to 1.00. Thus, AA selectivity higher
than 60 mol% and AA yields higher than 55 mol% (Fig. 5C) were

dx.doi.org/10.1016/j.cattod.2015.10.030
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btained only over the CsxNa1−x� catalysts of x = 0.71–0.90. Thus,
hese results uncover the appropriate window of x for obtaining
ighly selective CsxNa1−x� catalyst for the LTA reaction. However,
he CsxNa1−x� catalysts of x = 0.81–0.90 always produced the high-
st AA selectivity (ca. 70 mol%) and yield (>60 mol%) during the
eaction up to TOS = 10 h.

In our previous preliminary study of several RbxNa1−x� (x = 0.87
nd 0.95) and CsxNa1−x� (x = 0.80 and 0.90) catalysts for the LTA
eaction with a much lower WHSVLA (0.7 h−1), the obtainable AA
electivity was always no higher than 50 mol% [30]. The signifi-
antly higher AA selectivity (ca. 70 mol%) obtained using a 3-fold
igher WHSVLA (2.1 h−1) in this work over the catalysts of the sim-

lar ion-exchange degrees (Figs. 4 and 5) would be not surprising as
he much higher WHSVLA would mean a much shorter reaction con-
act time, which can significantly avoid many possible secondary
eactions of AA, including decomposition and bi-molecular side
eactions with the unreacted LA molecules and/or other products
9,30,31].

Therefore, our studies on alkali-ion exchanged � zeolite
MxNa1−x�) catalysts for the LTA reaction disclose that an appropri-
te window of exchange degree would exist for each kind of alkali
ons in order to make the catalyst more selective for AA produc-
ion. The exact range or width of the window is found specific to
he nature of M in MxNa1−x� samples (M = K+, Rb+ and Cs+).

Presented in Table 2 are the catalytic reaction data at TOS = 1–2 h
number outside the parenthesis) and TOS = 9–10 h (number in the
arenthesis) for all the RbxNa1−x� and CsxNa1−x� catalysts. Like in
ur earlier studies [9,30], AA, acetaldehyde (AD), 2,3-pentanedione
2,3-PD), propionic acid (PA) and 1-hydroxyacetone (1-HA) were
lways produced with selectivity of ≥1 mol%. Besides, a numbers
f very minor (<1 mol%) products including gases and carbona-
eous residues deposited on the catalyst surface were also detected.
xcept the clearly named products in Table 2, the other products
ncluding those in the gases and surface carbonaceous deposits

ere added up and shown as “Others” in the table. As the poo-
est catalyst for AA production, Na� was characterized by showing
he highest selectivity for AD (44∼46 mol%) and lowest selectivity
or 2,3-PD production. This is not surprising with the consider-
tion that Na� is the most acidic and least basic catalyst; the
igh acidity of its surface would favor the AD producing decar-
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt

onylation/decarboxylation reaction of LA but suppress the 2,3-PD
roducing condensation reaction of LA [52,53]. The introduction of
b+ or Cs+ ions by ion-exchange with the Na+ ions continuously

able 2
atalytic performance of Rb+- and Cs+-exchanged � zeolite catalysts for gas-phase dehyd

Catalyst Conv. (%) Product selectivity (mol%)b

AA AD 2,3-PD 

Na� 98 (97) 23 (26) 44 (46) 3 (4) 

Rb0.60Na0.40� 99 (98) 39 (40) 36 (35) 4 (5) 

Rb0.73Na0.27� 98 (97) 47 (49) 32 (30) 6 (8) 

Rb0.85Na0.15� 96 (92) 59 (61) 24 (20) 9 (12) 

Rb0.90Na0.10� 97 (91) 63 (66) 17 (15) 11 (13) 

Rb0.95Na0.05� 96 (91) 69 (70) 14 (12) 12 (14) 

Rb0.98Na0.01� 97 (92) 62 (63) 14 (10) 18 (20) 

Rb1.00� 95 (88) 56 (52) 8 (7) 22 (23) 

Cs0.16Na0.84� 98 (96) 34 (37) 38 (39) 3 (3) 

Cs0.55Na0.45� 99 (95) 53 (54) 30 (29) 7 (8) 

Cs0.71Na0.29� 98 (94) 56 (60) 23 (21) 9(10) 

Cs0.77Na0.23� 97 (88) 61 (63) 18 (17) 10 (12) 

Cs0.81Na0.19� 97 (87) 70 (70) 12 (10) 12 (13) 

Cs0.90Na0.10� 98 (86) 69 (70) 10 (8) 16 (15) 

Cs0.95Na0.05� 95 (84) 59 (47) 9 (7) 22 (28) 

Cs1.00� 86 (80) 52 (39) 7 (6) 25 (30) 

a Catalyst loading: 500 mg;  WHSVLA: 2.1 h−1; Rxn temp.: 360 ◦C; TOS = 1–2 h (number o
b AA: acrylic acid; AD: acetaldehyde; PA: propionic acid; 2,3-PD: 2,3-pentanedione; 1-H
c Selectivity for “Others” including surface carbonaceous deposits and uncondensed ga
 PRESS
y xxx (2015) xxx–xxx 7

lowered the AD selectivity but improved the 2,3-PD selectivity as
the consequence of increasing x in either RbxNa1−x� or CsxNa1−x�
catalyst, due to that the increase of x in the RbxNa1−x� or CsxNa1−x�
catalyst reduced the acidity and increased the basicity at the cat-
alyst surface, as demonstrated by the NH3- and CO2-TPD data
(Figs. 1 and 2, Table 1). Except over the Na� and Cs0.16Na0.84� cat-
alysts, AA was always produced as the main product in Table 2;
the most abundant by-product was AD over RbxNa1−x� of x ≤ 0.90
and CsxNa1−x� of x ≤ 0.77 but was changed to 2,3-PD over the other
catalysts of higher x. On the basis of similar x, the CsxNa1−x� cata-
lyst always produced more 2,3-PD and less AD than its counterpart
RbxNa1−x� catalyst. The change in PA selectivity was  parallel to
that of 2,3-PD but opposite to that of AD over both RbxNa1−x�
and CsxNa1−x� catalysts. Interestingly, the catalysts that offered the
highest AA selectivity also produced the lowest selectivity for “Oth-
ers”; the selectivity for “Others” was  less than 3 mol% over the most
selective Rb0.95Na0.05� and Cs0.81–0.90Na0.19–0.10� catalysts for AA
production. These are also in line with our previous observations
over hydroxyapatite [9] and KxNa1−x� catalysts [30].

Therefore, the exchange of Na� with Rb+ or Cs+ ions led to
reduced acidity but increased basicity in the resultant zeolite cata-
lyst, which exhibited better catalytic performance for the selective
production of AA mainly by inhibition of the AD producing decar-
bonylation/decarboxylation reaction of LA. However, excessive or
complete exchange of Na+ ions with either Rb+ or Cs+ ions would
“over-reduce” the acidity and make the zeolite catalyst too basic
for the LTA reaction due to that the 2,3-PD producing condensa-
tion reaction would become considerably favorable over the too
basic catalyst. On the other hand, the too basic sites would also
become more or less poisoned by LA and AA during the reac-
tion [6,7,30], resulting in the formation of increasing amounts of
unwanted and/or unknown products (Table 2) and faster cata-
lyst deactivation. In fact, a higher amount of “Others”, including
some insoluble “oil” in supernatant of the condensate was always
observed when Rb1.00�, Cs0.95Na0.05� or Cs1.00� was the cata-
lyst. Similar observations also appeared when the same reaction
was conducted by Onda et al. on other strongly basic catalysts
like MgO  and Pb-P hydroxyapatites [6,7]. Thus, Rb0.95Na0.05� and
Cs0.81–0.90Na0.19–0.10� were identified as the best performing cat-
alysts for AA production among the Rb Na � and Cs Na �
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030

x 1−x x 1−x
catalysts, respectively.

The stable selectivity data for AA, AD and 2,3-PD were corre-
lated in Fig. 6 with EP of the alkali ions in all the RbxNa1−x� and

ration of aqueous LA.a

AA yield (mol%)

PA 1-HA Othersc

1 (2) 1 (1) 28 (21) 23 (25)
1 (2) 1 (1) 19 (17) 39 (40)
1 (2) 1 (1) 13 (10) 46 (48)
2 (2) 1 (1) 5 (4) 57 (56)
2 (3) 1 (1) 6 (2) 61 (59)
2 (2) 1 (1) 2 (1) 66 (65)
2 (3) 1 (1) 3 (3) 60 (58)
4 (5) 1 (1) 9 (12) 53 (46)
1 (1) 1 (1) 23 (19) 33 (36)
1 (2) 1 (1) 8 (7) 52 (51)
2 (3) 2 (1) 8 (5) 55 (56)
2 (3) 1 (1) 8 (4) 59 (55)
2 (4) 1 (1) 3 (2) 68 (61)
3 (4) 1 (1) 1 (2) 67 (60)
3 (7) 1 (2) 6 (9) 56 (39)
6 (9) 1 (1) 9 (15) 44 (31)

utside the parenthesis) and 9–10 h (number in the parenthesis).
A: 1-hydroxyacetone.

s products (mol%) = 100 −
∑

(selectivity for each listed product).

dx.doi.org/10.1016/j.cattod.2015.10.030


ARTICLE IN PRESSG Model
CATTOD-9881; No. of Pages 9

8 B. Yan et al. / Catalysis Today xxx (2015) xxx–xxx

Fig. 6. Dependence of the selectivity levels for AA (�, ©),  AD ( ) and 2,3-PD

( ) at TOS = 9–10 h on the electrostatic potential for the alkali ions in the
RbxNa1−x� (solid data pionts) and CsxNa1−x� (open data points) catalysts.
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Scheme 1. Reactions and their related acid–base catalysis for LA conversion over
alkali-exchanged � zeolite catalysts [30].

Fig. 7. AA selectivity (TOS = 9–10 h) as a function of the electrostatic potential for
the  alkali ions in KxNa1−x� (♦), RbxNa1−x� ( ) and CsxNa1−x� ( ) catalysts (Rxn

optimizing the exchange degrees for Rb+ and Cs+, respectively, to
uncover the suitable acidity–basicity balance, offering the AA selec-
tivity as high as 69–70 mol% and AA yields higher than 65 mol%
sxNa1−x� catalysts. Apparently, the AD selectivity increased but
he 2,3-PD selectivity decreased with increasing EP, conforming
hat the more acidic catalyst favors to promote the formation of
D but the more basic catalyst prefers the production of 2,3-PD

6–9,30,42–51]. Miller et al. made the first observations that the
atalyst with a higher basicity would produce more 2,3-PD, and
trong solid bases such as CsOH/SiO2 and CsCl/SiO2 could produce
,3-PD with a selectivity higher than 60% [52,53]. On the other
and, the AA selectivity showed a volcano-type dependence on
he EP of the cations for the RbxNa1−x� and CsxNa1−x� catalysts
n Fig. 6. The AA selectivity became maximized when the EP was
ear 0.67 e Å−1. A similar correlation was obtained previously for
he KxNa1−x� catalysts though the maximum AA selectivity was
btained at EP = 0.77 e Å−1 [30]. Thus, the present results are in sup-
ort of the earlier conclusion that a balanced co-presence of acidic
nd basic sites is required for the selective formation of AA in the
as-phase LTA reaction [6–9,30]. In other words, this present study
urther confirms that the dehydration reaction of LA for AA produc-
ion proceeded in a cooperative acid–base bifunctional catalysis

echanism over the RbxNa1−x� and CsxNa1−x� catalysts [9,30].
cheme 1 summarizes the main reactions of LA and their related
cid–base catalysis in the gas-phase LA conversion over alkali-ion
xchanged � zeolites.

Fig. 7 compares the correlations between the stable AA selectiv-
ty and the EP of the alkali ions for the three series of MxNa1−x�
atalysts (M = K+, Rb+ and Cs+). The AA selectivity data for the
xNa1−x� samples, which were obtained at WHSVLA = 0.7 h−1 in
ur previous work [30], were generally much lower than that
or RbxNa1−x� and CsxNa1−x� obtained at WHSVLA = 2.1 h−1. The
hree correlation curves are in common to show the volcano-
ype dependences of the AA selectivity on the EP of the alkali
ons in the catalysts, however, the EP number for offering the
ighest AA selectivity (i.e., the maximum of the volcano curve)
epends sensitively on the nature of the alkali ion (M), being
.77 e Å−1 for KxNa1−x�, 0.69 e Å−1 for RbxNa1−x� and 0.66 e Å−1

or CsxNa1−x� samples. These EP numbers indicate that the bal-
nced acidity and basicity for selectively catalyzing the LTA
eaction would be different or specific for each type of the
atalysts.
Please cite this article in press as: B. Yan, et al., Sustainable production
catalytic gas-phase dehydration of lactic acid, Catal. Today (2015), htt
conditions: 360 ◦C; 10 mol% LA; WHSVLA = 0.7 h−1 over KxNa1−x�, WHSVLA = 2.1 h−1

over RbxNa1−x� and CsxNa1−x�).

4. Conclusions

This work demonstrates that the Rb+- and Cs+-exchanged Na�
zeolites with appropriate exchange degrees can be highly efficient
for catalyzing the gas-phase dehydration of bio-derivative LA for
sustainable AA production. Measurement of the surface acid–base
of the catalyst samples by NH3- and CO2-TPD showed that the
weakly acidic and weakly basic surface sites with suitably balanced
acidity and basicity are essential to the selective LTA reaction. The
decarbonylaiton/decarboylation of LA to AD and condensation of
LA to 2,3-PD, which were catalyzed over the acidic and basic sites,
respectively, were shown as the main competing reactions to the
desired LTA reaction. Rb0.95Na0.05� and Cs0.81–0.90Na0.19–0.10� are
identified as the best performing catalysts for AA production by
 of acrylic acid: Rb+- and Cs+-exchanged Beta zeolite catalysts for
p://dx.doi.org/10.1016/j.cattod.2015.10.030
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or longer than 10 h. These Rb0.95Na0.05� and Cs0.81–0.90Na0.19–0.10�
atalysts are superior to the best K+-exchanged Na� zeolite cat-
lyst (K0.94Na0.06�) in our previous study. Comprehension of the
cid–base property by the EP of the zeolite catalysts disclosed
hat the number of EP for enabling the highest AA selectivity for
he LTA reaction on the MxNa1−x� (M = K+, Rb+ and Cs+) cata-
yst was dependent of the nature of the alkali ions; the rank was
sxNa1−x� < RbxNa1−x� < KxNa1−x�.
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