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a  b  s  t  r  a  c  t

The  selective  conversion  of acetaldehyde  to C4  products,  minimizing  the  production  of  secondary  (C6,  C8)
condensation  products,  could  be  a potential  path  in  the  production  of  butadiene  from  ethanol,  a  process
of commercial  interest.  Therefore,  we  have  investigated  the  selective  aldol  condensation  of  acetaldehyde
in  liquid  phase  over  faujasite  zeolites,  NaX and  NaY.  Specifically,  we  have  examined  the  influence  of
the  number  and  location  of  the  exchangeable  cations,  type  of  cations,  and  post-synthesis  treatments  on
product  selectivity.  At 230 ◦C,  NaY  results  in higher  C4/(C6  +  C8)  product  ratio  than  NaX,  which  can  be
explained  in  terms  of  the  strength,  density,  and  accessibility  of  basic  sites, which  are  less favorable  in
NaX  than  NaY.  In fact,  the  CO2 TPD  measurements  indicate  the  presence  of  three  types  of basic  sites  of
varying  strength,  of  which  those  with  weak  and  medium  strength  are  most  important  for  the  selective
condensation.  A confinement  effect  is  observed  when  adding  K to the  NaY  zeolite.  The  observed  selec-
thanol
utadiene
aujasite
iomass.

tivity  changes  suggest  that  when  larger  cations  partially  occupy  the  supercages,  the  production  of  C8
products  decreases,  while  C6 products  increase.  Also,  post-synthesis  washing  treatments  show  signif-
icant variations  in selectivity,  which  demonstrate  the effects  of partial  occupation  of  the  zeolite pores
in  the  reaction.  It is  also shown  that  at a given  conversion,  the  C4/(C6  +  C8)  ratio  can  be  adjusted  by
modifying  the  micro/mesoporosity  balance  in the zeolite.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

1,3-Butadiene (BD) is a building block in the chemi-
al industry, used as a monomer or co-monomer in the
roduction of polybutadiene, styrene−butadiene rubber and

atex, acrylonitrile−butadiene−styrene resin, nitrile rubber, and
tyrene−butadiene block copolymers [1–3]. It is also used in the
ynthesis of monomer precursors, such as adiponitrile and chloro-
ropene. The global demand for BD is on an annual scale of around

 million tons [1]. Among the different approaches for the prepara-
ion of BD, steam cracking of paraffinic hydrocarbons accounts for
ver 91% of the world’s butadiene supply. However, in this process,
D is a by-product of the manufacturing of ethylene [2]. Direct pro-
uction of BD can be accomplished by catalytic dehydrogenation
f n-butane and n-butene, as well as oxidative dehydrogenation

f n-butene [1,3,4]. With increasing interest in utilizing renew-
ble natural resources instead of fossil resources [5], it becomes
mportant to investigate BD production routes from biomass. The

∗ Corresponding author.
E-mail addresses: resasco@ou.edu, ouresasco@gmail.com (D.E. Resasco).
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926-860X/© 2014 Elsevier B.V. All rights reserved.
abundant supply of ethanol from a variety of possible renewable
sources makes it an attractive feedstock for the production of com-
modity chemicals, such as BD [6–13].

A possible strategy for the conversion of ethanol to BD includes
the following steps: (i) dehydrogenation of ethanol to acetalde-
hyde; (ii) aldol condensation of acetaldehyde to crotonaldehyde;
(iii) Meerwein−Pondorf−Verley (MPV) hydrogen transfer between
ethanol and crotonaldeyde to produce crotyl alcohol; and (iv) dehy-
dration of crotyl alcohol to BD [14–18]. Aldol condensation is a
well-known reaction for C–C bond formation that can be catalyzed
by either acid or basic catalysts [19–27]. Specifically, the aldol con-
densation of acetaldehyde has been investigated in several previous
studies as an important intermediate reaction in the ethanol to
BD process. In these studies [28–32], metal oxides, hydrotalcite,
and amino acid have been used as catalysts, which exhibit varying
extents of selectivity to C4 products. In this contribution, we  have
investigated the use of faujasite zeolites for the selective aldol con-
densation of acetaldehyde to C4 products, trying to minimize the

excessive condensation to >C6 products.

Faujasite zeolites are commonly used in base-catalyzed reac-
tions since the strength of their basic sites (framework O ions) can
be adjusted by varying the Si/Al ratio and the electronegativity of

dx.doi.org/10.1016/j.apcata.2014.11.018
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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he exchangeable alkali metal cations used for compensating the
egative framework charges [33–36]. At the same time, zeolites
ffer the possibility of controlling reaction selectivity by adjus-
ing the extent of molecular confinement [37–39]. In consecutive
eactions like the acetaldehyde self-condensation of interest in this
ork, the formation of the larger products (>C6) may  be inhibited

y confinement. This characteristic distinguishes zeolites from
ther types of basic catalysts and makes them a better candidate
or obtaining high selectivities to C4 products since further conden-
ation to heavier C6 and C8 hydrocarbons may  be inhibited. While
he aldol condensation of acetaldehyde in the vapor phase has been
reviously investigated on zeolite X [26], no reports have been
ound on the aldol condensation of acetaldehyde in liquid phase
ver faujasites, which is the focus of the present contribution. More-
ver, in this work, we have investigated the aldol condensation in
he presence of an alcohol, which can undergo hydrogen transfer via

eerwein−Pondorf−Verley (MPV) reaction and significantly affect
he product distribution.

Specifically, in this study, we have examined NaX and NaY zeo-
ites. While both zeolites have the FAU framework [40], the Si/Al
tomic ratio for zeolite X is in the 1.0–1.5 range, while for zeolite Y
s above 1.5 [41]. The effect of partially exchanging Na by K has been
tudied with zeolites KNaX and KNaY, with different post-synthesis
ashing procedures.

. Experimental

.1. Zeolite synthesis and treatment

The reagents used in the synthesis of all samples were pur-
hased from Sigma-Aldrich and used as-received. They included
odium silicate (ca. 10.6% Na2O and 26.5% SiO2), anhydrous sodium
luminate (NaAlO2), sodium hydroxide (NaOH, ≥98%), potassium
ydroxide (KOH, ≥85%), aluminate sulfate octadecahydrate, and
otassium nitrate (≥99.0%).

The synthesis of zeolites NaX and NaY followed conventional
ethods reported in the literature. For zeolite NaX [42], a seed

olution with a gel composition of 19 Na2O:1.0 Al2O3:19 SiO2:370
2O was prepared by dissolving 2.1 g of NaOH in 12.36 g of distilled
ater; then, 0.51 g of NaAlO2 and 13.44 g of sodium silicate were

dded to the mixture while stirring for 30 min  in order to obtain
 homogeneous clear solution. After standing at room tempera-
ure for 24 h, it was ready for use. To synthesize the zeolite, 2.05 g
f NaAlO2 was added to 20.98 g of distilled water and stirred for
0 min. Then, 1.68 g of NaOH, 8.49 g of sodium silicate, and 3.3 mL
f the seed solution were added in sequence. The final solution was
tirred at room temperature for 30 min  before it was  placed into
eflon bottles, where crystallization was allowed to occur at 100 ◦C
or 4 h. The zeolite sample was obtained by separating the solid
hase from the liquid phase and washed with distilled water until
he pH of the mother liquid reached neutral. The resulting sample
as calcined at 400 ◦C for 2 h and stored.

Zeolite NaY was synthesized by following the procedure
escribed in US Patent No. 3,639,099. In this case, the seed solution
as prepared to get a gel composition of 15.6 Na2O:1.0 Al2O3:16

iO2:312 H2O. For this, 2.1 g of NaOH were dissolved in 10.43 g of
istilled water, and subsequently 0.51 g of NaAlO2 and 11.32 g of
odium silicate were added. The mixture was stirred for 10 min
ntil a homogeneous clear solution was obtained. It was allowed
o stand at room temperature for 48 h before use in the next
tep. To synthesize the NaY zeolite, 1.67 g of aluminum sulfate,
8.30 g of sodium silicate, and 11.99 g of distilled water were mixed

nd stirred for 10 min. Then, 5 g of the as-prepared seed solution
as added together with 1.64 g of NaAlO2. The final solution was

tirred at room temperature for 1 h. Once a homogeneous mixture
as obtained, the solution was subdivided in smaller aliquots and
General 504 (2015) 119–129

placed into several Teflon bottles. Crystallization was carried out at
100 ◦C for 10 h. The zeolite sample was obtained by separating the
solid phase from the liquid phase and washed with distilled water
until the pH of the mother liquid was neutral. The washed solid was
calcined at 400 ◦C for 2 h and stored.

The zeolite KNaX was synthesized by following the method
reported by Kühl [43]. Specifically, the initial gel composition was
5.5 Na2O:1.65 K2O:1.0 Al2O3:2.2 SiO2:122 H2O.  A typical proce-
dure was as follows: 7.4 g of KOH, 11.67 g of NaOH, and 35.3 g of
distilled water were mixed and subjected to vigorous stirring for
around 5 min. At the same time, 6.56 g of NaAlO2 and 20 g of dis-
tilled water were mixed and added to the former solution. Then, a
mixture containing 19.9 g of sodium silicate and 20 g of water was
added. The resultant solution was  stirred at room temperature for
10 min  and then transferred to Teflon bottles, which were capped
and sealed with paraffin films. Crystallization was carried out first
at 70 ◦C for 3 h and then at 100 ◦C for 2 h. Upon completion of the
crystallization, the product was  filtered and washed with distilled
water. The as-synthesized sample was  calcined at 400 ◦C for 2 h
before the catalytic test.

The zeolite KNaY was  obtained by ion-exchange on a pre-
synthesized NaY, using 50 mL  of the KNO3 solution per g of NaY
zeolite, based on a K/Na molar ratio of 2. After stirring for 6 h at
room temperature, the exchanged zeolite was recovered by filtra-
tion and thoroughly washed with distilled water. In this case, as
with all the other samples, the zeolite was calcined at 400 ◦C for 2 h
before use.

2.2. Zeolite characterization

Powder diffraction (XRD) patterns were recorded in reflection
geometry on a D8 Series II X-ray diffractometer (BRUKER AXS) that
uses Cu K� radiation generated at 40 kV and 35 mA. The elemen-
tal compositions of all zeolite samples were determined by ICP at
Galbraith Laboratories. N2 physisorption was performed on all sam-
ples by a Micromeritics ASAP 2010 unit. Prior to analysis, the zeolite
samples were degassed in situ at 230 ◦C for 24 h. The micropore vol-
ume  was  derived from the t-plot method (relative pressure range:
0.2 − 0.6) and the total pore volume was  determined at p/p0 = 0.99.
The mesopore size distribution was  obtained by applying the BJH
method to the data of the adsorption branch of the isotherm.

27Al NMR  experiments were performed at Florida State Univer-
sity on a Bruker AVIII HD NMR  spectrometer operating at a magnetic
field strength of 11.74 T, equipped with a 4 mm Bruker MAS  probe.
For the MAS  experiments of 27Al (130.3754 MHz), a single pulse
acquisition was applied with a spinning speed of 14 kHz, and a
short RF pulse (less than 15◦) with a recycle delay of 0.5–1 s. Spectra
were collected after 10,240 scans and referenced to AlCl3 (aq. 1 M)
at 0 ppm.

The basicity of the catalysts was  quantified by temperature-
programmed desorption (TPD) of adsorbed CO2 [44]. Before
chemisorption, a 200-mg sample was heated in situ under a He flow
of 30 mL/min with a heating rate of 10 ◦C/min up to 200 ◦C, holding
at this temperature for 3 h. After cooling the sample to room tem-
perature, it was  exposed to a 30 mL/min flow of CO2 for 30 min  and
then it was  purged with He for 2 h to remove the physisorbed CO2.
The TPD was performed under the same He flow rate by heating
from 0 to 600 ◦C with a heating rate of 10 ◦C/min.

2.3. Catalytic reaction measurements

The faujasite-catalyzed aldol condensation of acetaldehyde was

carried out in the liquid-phase using a high-pressure 50-mL stain-
less steel autoclave batch reactor (Parr Corporation) equipped with
impeller, temperature and pressure controllers, and sampling port.
Ethanol was  selected as the solvent to simulate conditions that
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Table  1
Molar ratios (from ICP chemical analysis) and porosity characteristics of the zeolite samples.

Catalyst Si/AI (K + Na)/AI K/Na Vmicro (cm3/g) Vmeso (cm3/g) Vmeso/Vmicro

NaX 1.28 0.99 0 0.267 0.144 0.539
NaY  2.14 1.03 0 0.362 0.039 0.108
KNaX  1.03 0.99 0.20 0.288 0.049 0.170
KNaY  2.08 0.92 2.65 NA NA NA
KNaX  (lower water) 1.01 1.13 0.23 0.248 0.037 0.149
NaX  (lower water) 1.25 1.07 0 0.225 0.085 0.378
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presence of four desorption peaks, centered at about 100, 150, 325,
and 450 ◦C. Previous studies have assigned the different TPD-CO2
peaks to different surface carbonate species, formed via the inter-
action of CO2 with basic sites of varying strength [50–54]. Based
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NaY

NaX

KNaX

KNaY
NaY  (lower water) 2.11 1.08 0 

NaOH-NaY 2.10 0.99 0 

ight be encountered in the ethanol-to-BD process. In such a pro-
ess, only a fraction of ethanol is dehydrogenated to acetaldehyde,
hich undergoes the aldol condensation; the unconverted ethanol

an be used as a hydrogen source in the MPV  reaction that converts
rotonaldehyde to crotyl alcohol. Reaction temperature range was
30–230 ◦C, while the total pressure was kept at 300 psi. In a typ-

cal experiment, a measured amount of catalyst was  mixed with
cetaldehyde and ethanol in the reactor vessel. After the reactor
as sealed, it was purged with N2 to 300 psi, and heated up to the
esired reaction temperature while stirring at 300−400 rpm. In all
uns, the initial ethanol:acetaldehyde volume ratio was kept at 10:1
2 mL  of acetaldehyde). After a given period of time (6 or 12 h), the
eaction was quenched by rapid cooling. Liquid products were fil-
ered and analyzed using gas chromatography, GC–MS for product
dentification and GC–FID for quantification. Chemical standards

ere used to obtain the retention times and response factors for all
eactants and products.

Determining the acetaldehyde conversion carries a large error
ecause it is highly volatile at room temperature and during reac-
ion can be formed from ethanol via dehydrogenation or MPV
eaction. Therefore, the evaluation of the catalytic activity and
electivity of the different zeolite catalysts in the batch was made
n the basis of the total moles of carbon in the products obtained
uring the given time period. At the beginning of the reaction, there
re 72 mmol  of carbon from 2 mL  of acetaldehyde. However, since
thanol could partially convert into acetaldehyde, the carbon yield
ould in principle exceed 72 mmol. The selectivity is defined as the
oles of carbon of a specific product to the total moles of carbon

roduced. The definitions are as follows:

C yield (mmol) = moles of carbon produced

C4 selectivity (%) = moles of C4 product × 4
Total moles of C in products

× 100

C6 selectivity (%) = moles of C6 product × 6
Total moles of C in products

× 100

C8 selectivity (%) = moles of C8 product × 8
Total moles of C in products

× 100

. Results and discussion

.1. Characterization of zeolites NaX and NaY

XRD patterns were obtained to examine the crystallinity of the
aX and NaY zeolites (Fig. S1A). Each of the observed diffrac-

ion peaks for the two synthesized samples can be assigned to hkl
eflections of FAU-type zeolites [45], without any additional peaks,
hich indicates that the two samples are pure faujasite zeolites.
s expected, the calculated d-spacing for the NaY sample is smaller
han the one for NaX, due to the higher Si/Al ratio in NaY than in NaX
see Table 1 for more information). This agrees with the relation-
hip between the Si/Al ratio and unit cell sizes reported previously
46].
0.331 0.027 0.082
0.324 0.047 0.145

Fig. S1B shows the 27Al MAS  NMR  spectra of zeolites NaX and
NaY. A single peak is seen for both samples, with a chemical shift
in the range of 55–68 ppm, which corresponds to the characteristic
tetrahedral Al(OSi)4 site of a perfectly crystalline faujasite [47] and
is consistent with previously reported spectra [48]. No peak asso-
ciated to octahedral extra-framework Al was  found in the spectra,
demonstrating the high crystallinity of the two catalysts. The slight
difference in the chemical shift of the 27Al signal in NaX (61 ppm)
and NaY (59 ppm) may  be ascribed to the different mean Al–O–Si
bond angle in the framework [47].

The N2 adsorption–desorption isotherms are included in Fig. S2.
While zeolite NaY exhibited the characteristic isotherm of micro-
porous materials [49], zeolite NaX displayed a clear hysteresis,
indicating the presence of some mesoporosity and a lower micro-
porosity than NaY. The use of NaOH during synthesis of NaX may
cause partial desilication, which would account for the observed
mesoporosity. All porosity values are summarized in Table 1, along
with the elemental analysis of the zeolites investigated.

The TPD of adsorbed CO2 provided a semi-quantitative eval-
uation of the strength and number of basic sites. Fig. 1 shows
that, on NaX, the desorption of CO2 started at about 50 ◦C, reached
a maximum at about 100 ◦C, and was essentially completed at
about 250 ◦C. Very small amounts desorbed at higher temperatures,
showing broad peaks in the regions 300–350 and 400–450 ◦C. An
approximate deconvolution of the profile (Fig. S3A) suggests the
0 100 200 300 400 500

Temperature/

Fig. 1. TPD profiles of CO2 over zeolite NaX, NaY, KNaX, and KNaY.
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Table 2
Density of basic sites of the zeolite samples as determined from CO2 chemisorption.

Catalyst Total basic sites
(�mol  CO2/g)

Number of basic sites for
different peaks (�mol  CO2/g)

Desorbed
below
T = 250 ◦C

Desorbed
above
T  = 250 ◦C

NaX 253.9 186.6 67.3
NaY  59.2 17.0 42.2
KNaX 224.7 192.3 32.4
KNaY 35.7 30.4 5.3
KNaX (lower water) 93.2 87.9 4.3
22 L. Zhang et al. / Applied Cataly

n these previous studies, the first two peaks could be ascribed to
icarbonate and bidentate carbonates species on basic sites of weak
o medium strength. The two peaks at higher temperatures can be
scribed to unidentate carbonates on strong basic sites (see Scheme
1 in Supplementary Material for an illustration of the different
arbonate species).

In marked contrast, the CO2 TPD profile for NaY (Fig. 1) shows
hat not only the total desorbed amount was four-fold lower,
ut also the distribution of basicity strengths was very differ-
nt. Assuming that adsorption of CO2 was in a 1:1 stoichiometry
53], a comparison of total basic sites in NaX and NaY is pre-
ented in Table 2, which includes the TPD results for all the zeolites
nvestigated. It is observed that the density of total basic sites is
pproximately four times higher in NaX than in NaY, which cor-
elates with the lower Si/Al ratio of NaX and therefore its higher
ensity of basic cations (Table 1). However, the most interesting

bservation is that the greatest difference is observed in the den-
ity of weak basic sites, that is, desorption below 250 ◦C. By contrast,
he density of strong basic sites desorbing above 250 ◦C is not sig-
ificantly different between the two catalysts.

Scheme 1. Reaction network for acetaldehyde con
NaX (lower water) 236.8 193.7 43.1
NaY (lower water) 56.4 29.9 26.5

3.2. Catalytic activity of zeolites NaX and NaY
As shown in Scheme 1, self-aldol condensation of acetaldehyde
produces 3-hydroxybutanal, which typically dehydrates readily
to form crotonaldehyde. Another self-condensation pathway

version over zeolite faujasite in liquid phase.
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Table 3
Catalytic performance of zeolites NaX and NaY (mass 400 mg)  for aldol condensation
of  acetaldehyde.

Catalyst NaX NaY

Reaction temperature (◦C) 130 180 230 130 180 230

Reaction time (h) 12 12 6 12 12 6
Product C yield (mmol) 24.8 25.8 29.0 42.2 21.3 33.2
Carbon selectivity (%)
1,1-Diethoxyethane 94.2 65.7 10.7 100.0 74.4 15.7
Crotonaldehyde 5.8 23.5 48.7 0.0 18.7 51.3
3-Hydroxybutanal 0.0 3.5 4.6 0.0 2.5 4.4
Crotyl alcohol 0.0 0.0 4.1 0.0 0.0 4.8
Ethyl acetate 0.0 6.1 11.2 0.0 4.4 8.6
Paraldehyde 0.0 0.0 0.0 0.0 0.0 3.3
Mixed condensation C6 0.0 0.0 3.2 0.0 0.0 1.8
Mixed condensation C8 0.0 1.2 17.5 0.0 0.0 10.0

Reported as overall product C yield and product distribution. Batch reactor at
varying temperatures, N2 pressure 300 psi, stirring rate 300–400 rpm, solvent
L. Zhang et al. / Applied Cataly

atalyzed by basic sites is the Tishchenko reaction [55] produces
thyl acetate. In addition, acetaldehyde can also oligomerize
orming the trimer paraldehyde [56]. As shown in the scheme,
,1-diethoxyethane is another possible product from the acid-
atalyzed acetalization [57], in which one acetaldehyde molecule
ombines with two of ethanol. Fortunately, these two reactions
re reversible and only important at low conversions. At longer
eaction times, these products reverse to acetaldehyde, which
ndergoes aldol condensation reaction that becomes dominant.
herefore, these reactions do not inhibit the high selectivity to the
esired C4 products.

However, crotonaldehyde can self-condense to C8 products
2,4,6-octatrienal and meta- or ortho-tolualdehyde) or can react
ith acetaldehyde to form C6 products (2,4-hexadienal and 2-

inyl-crotonaldehyde). 2,4-Hexadienal reacts with acetaldehyde
o form 2,4,6-octatrienal (C8 product, by aldol condensation) or
orm ethyl 3-hexenoate and ethyl hexanoate (C8 products, by
ishchenko).

Finally, another crucial reaction in determining the overall selec-
ivity is the MPV  reaction, which is catalyzed by Lewis acids or
ases. In the presence of ethanol, crotonaldehyde is reduced to form
rotyl alcohol, while ethanol is oxidized to form acetaldehyde [58].

The activity and selectivity of the zeolites NaX and NaY for the
ldol condensation of acetaldehyde in ethanol were evaluated in
he batch reactor. As mentioned above, ethanol undergoes dehy-
rogenation and H transfer producing acetaldehyde [59]. Therefore,
he catalytic performance was evaluated in terms of the amount of
roducts obtained as a function of time. In the first set of experi-
ents, the reaction was carried out at 130 ◦C for 12 h (Table 3). At

his relatively low temperature, the carbon product yield from NaY
as significantly higher than from NaX. However, over NaY only

,1-diethoxyethane was produced, but no condensation products
ere obtained with this catalyst. By contrast, a small crotonalde-
yde yield, but clearly higher than on NaY was  observed over
aX, which is in line with the higher density of basic sites in
aX. While the selectivity to the undesired acetalization prod-
ct (1,1-diethoxyethane) is very high on both catalysts at 130 ◦C,
his reaction is reversible and, as seen in Table 3, the selectiv-
ty to this product greatly decreases as the reaction temperature
ncreases. For instance, at 180 ◦C, the selectivity to condensation

roducts (crotonaldehyde and 3-hydroxybutanal) after 12 h reac-
ion over NaX increased to 27%. While the major product was still
,1-diethoxyethane (about 66%) a clear trend was observed. There-
ore, to further enhance the selectivity to condensation products,

Fig. 2. Product distribution from acetaldehyde conversion at 2
(ethanol)/reactant (acetaldehyde) volume ratio 10 with acetaldehyde 2 mL.

the reaction temperature was  increased to 230 ◦C. To eliminate
the catalyst deactivation issues for the comparison, reactions were
performed over zeolite NaY for different reaction times. Since the
acid-catalyzed acetalization is a reversible reaction and the prod-
uct 1,1-diethoxyethane is converted back to the reactant (ethanol
and acetaldehyde), only condensation product yields are compared
here. As shown in Fig. S4 (Supplementary Materials), the conden-
sation product yield increased almost linearly from 0, to 3 h, to
6 h. Moreover, it is observed that the C4/(C6 + C8) ratio is essen-
tially unchanged (at about 5) for the first 6 h. The results indicate
that there is no deactivation during the first 6 h (that is total con-
densation yield after 6 h is twice as that of 3 h). Based on the
results, 6 h of reaction time was chosen for the comparison dis-
cussed below.

Table 3 shows that similar carbon product yields were obtained
over the two catalysts, that is, 29.0 mmol  on NaX and 33.2 mmol
on NaY. The decrease in acetalization selectivity was  sharper
on NaX, but the selectivity to C4 products (crotonaldehyde, 3-
hydroxybutanal, and crotyl alcohol) greatly increased on both
catalysts. Accompanying the increase in desirable products, heavier
condensation products such as C6 and C8 began to appear in sig-

nificant yields on both catalysts. However, NaY seemed to exhibit a
much lower selectivity to C6–C8 products than NaX at comparable
C4 yields.

30 ◦C and 300 psi and basicity of zeolites NaX and NaY.
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Fig. 3. Location of cations in zeolites NaX and NaY.

A comparison between desirable and undesirable products on
he two zeolites is made in Fig. 2. Clearly, with a higher density of
asic sites, NaX exhibits a higher condensation/acetalization prod-
ct molar ratio than NaY (Fig. 2A). However, excess density of
asic sites may  be adverse to maximize C4 condensation products
crotonaldehyde, 3-hydroxybutanal, and crotyl alcohol). As seen in
ig. 2B, with essentially the same overall yield, the C4/(C6 + C8) ratio
s nearly twice on the less basic NaY than on the more highly basic
aX.

The location and proximity of basic sites in the faujasite zeolites
ay  significantly vary from NaX to NaY. It is well known that Na+

ons may  occupy different in the faujasite structure, as illustrated in
ig. 3 [60–62]. One can see that the so-called site I is in the hexagonal
rism, while site I′ is in the sodalite cage, facing the position of site

. Similarly, site II is at the center of the hexagonal window inside
he supercage, while site II′ is in the sodalite cage, facing position II.
inally, site III is located above a square window between two other
quare windows and site III′ is at the edge of the square window.

The location of Na+ cations at sites I, I′, II, and III′ in NaX were
emonstrated by Olson [63], using single-crystal X-ray diffraction.
y contrast, in zeolite NaY, the Na+ cations only occupy sites I, I′,
nd II. It is well known that the basicity of a zeolite can be ascribed
o negatively charged framework O atoms close to the cations [51].
hat is, lower Si/Al ratios require more exchangeable cations and
herefore results in higher basicity. In this case, NaX has a larger

umber of cations than NaY and consequently a higher density of
asic framework O atoms, connected to the cations located at the
pecific sites described above [64]. Therefore, these basic sites are
ocated inside and outside the supercages.

able 4
atalytic performance of zeolites NaX, NaY, KNaX, and KNaY for aldol condensation of ace

Catalyst NaX 

Product C yield (mmol) 29.0 

Carbon selectivity (%)
1,1-Diethoxyethane 10.7 

Crotonaldehyde 48.7 

3-Hydroxybutanal 4.6 

Crotyl  alcohol 4.1 

Ethyl  acetate 11.2
Paraldehyde 0.0 

Mixed  condensation C6 3.2 

Mixed  condensation C8 17.5 0.1 

Condensation product yield/number of basic sites C4/(C6 + C8) 2.8 

eported as overall product C yield and product distribution. Batch reactor at 230 ◦C, reac
olvent  (ethanol)/reactant (acetaldehyde) volume ratio 10 with acetaldehyde 2 mL with o
General 504 (2015) 119–129

One can explain the observed differences in C4/(C6 + C8) ratios in
terms of the density and location of the basic sites. A larger number
of exchangeable cations occupy the supercage in NaX than in NaY.
This could result in possible confinement effects. Pidko and van
Santen [65] have emphasized that in low-silica zeolites, where the
density of exchangeable cations is high, the intrazeolite arrange-
ment of cations plays a crucial role in activity and selectivity since
these ions can undergo multiple noncovalent interactions with
the reactants, resembling the active sites encountered in enzymes.
Such interactions are present even with small molecules such as
N2O4 [66].

We should expect a larger concentration of cations inside the
supercages in NaX, which may  hinder the base-catalyzed conden-
sation, but also acetalization, which is catalyzed by Lewis acid sites
inside the cages. Thus, only the basic sites outside the supercages,
active for condensation are left available. These sites, without much
steric constrains, may  favor both condensation to C4 and overcon-
densation to C6 and C8 products.

By contrast, NaY has a lower density of basic sites either inside
or outside the supercage, but, the accessibility to the internal cavi-
ties is higher in this zeolite than in NaX; thus, when acetaldehyde is
converted into C4 inside the zeolite, the possibility of further con-
densation to larger products such as C6 or C8 is more inhibited than
in the case of NaX. This confinement effect should result in a higher
selectivity to the C4 product that can leave the zeolite without fur-
ther reaction. At the same time, the lower density of basic sites
outside the cage further decreases the rate of over-condensation
of C4 products outside the supercages. We should also point out
that the lower density of basic sites in NaY fails to prevent the acid-
catalyzed acetalization, which is greatly reduced in NaX (Fig. 2A).

3.3. Catalytic activity of zeolites NaX and NaY after
pre-adsorption of CO2

Another important point to interpret the changes in selectivity
among different faujasite zeolites is the role played by the different
distribution of basicity strengths of the sites in NaX and NaY. The
following experiment was  conducted to determine whether only
the stronger basic sites (i.e., those responsible for CO2 desorption
above 300 ◦C) are active for acetaldehyde condensation. The NaX
or NaY catalyst was  first exposed to CO2 and then tested under the
same 230 ◦C conditions. At 230 ◦C, the CO2 adsorbed on the weak
basic sites would have left the surface but that one adsorbed on the
strong basic sites should still remain on the surface blocking those
sites.
For NaX, the majority of the CO2 desorption occurs below 250 C
(Fig. 1). Then, with the reaction temperature of 230 ◦C, only a small
fraction of basic sites is blocked by CO2. Table 4 shows the total
carbon product yields and the selectivities to products over the

taldehyde.

NaX (CO2) KNaX NaY NaY (CO2) KNaY

22.4 32.8 33.2 29.4 24.0

12.2 9.3 15.7 29.4 27.1
46.6 42.1 51.3 39.9 40.6

4.5 4.2 4.4 3.7 3.1
3.9 3.8 4.8 1.6 3.0

12.7 9.8 8.6 11.7 14.3
0.0 0.0 3.3 4.7 3.1
3.4 2.6 1.8 1.9 7.0

16.8 0.1 28.2 0.2 10.0 0.5 7.2 1.1 1.9 0.5
2.7 1.6 5.1 5.0 5.2

tion time 6 h, catalyst mass 400 mg, N2 pressure 300 psi, stirring rate 300–400 rpm,
r without exposure to CO2, as an inhibitor of basic sites.
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Fig. 4. Variation of product yield after exposure of zeolites NaX and NaY to CO2 as an inhibitor of basic sites expressed as the ratio of individual product yields obtained with
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nd  without exposure to CO2. Reaction temperature 230 C, reaction time 6 h, catalys
 mL.

O2-loaded zeolites. For NaX, only a slight decrease in total product
ield (22.4 mmol  vs. 29.0 mmol) was observed. This result indicates
hat only a small fraction of the activity can be ascribed to the strong
asic sites. As shown in Fig. 4, a small loss in yield was observed
or all products after exposure to CO2, with a moderately higher
oss in yield for the condensation C4, C6, and C8 products than for
hose catalyzed by acid sites. For NaY, the situation is somewhat dif-
erent. While the overall loss in total product yield was relatively
mall after exposure to CO2 (i.e., 29.4 from 32.2 mmol), the change
n product distribution was much more pronounced than that on
aX. As seen in Fig. 4, the yield of acid-catalyzed reaction prod-
cts increased significantly, but the condensation C4, C6, and C8
roducts greatly decreased, which is consistent with the CO2 TPD
easurements that show that a large fraction of sites was able to

old CO2 up to temperatures significantly higher than the reaction
emperature.

Fig. 5A compares the condensation/acetalization product ratios
efore and after CO2 loading on each catalyst. The ratio only
ecreased by less than 15% over CO2-loaded NaX, but by about 50%
ver CO2-loaded NaY. These results indicate that in NaY, with a
mall number of basic sites present and a significant fraction being
overed by CO2, the carbon yield remained high due to the acetal-
zation reaction, which can be catalyzed by Lewis acid sites (Na+

ons); the yield loss was specifically on the base-catalyzed conden-
ation products.

Interestingly, as shown in Fig. 5B, the C4/(C6 + C8) ratio was
ractically unchanged for either catalyst after exposure to CO2. This
ay  suggest that all basic sites catalyze both the formation of C4

nd its subsequent condensation, simultaneously.

.4. Catalytic activity of zeolites KNaX and KNaY

As mentioned above, a high basic site density can only be

ccomplished at low Si/Al ratios, which require a large number of
xchangeable cations. Low-silica zeolites with Si/Al ratios close to
nity can be achieved with zeolites KNaX, which can result in the
aximum possible number of cations per unit cell [67]. Therefore,
ht 400 mg,  solvent (ethanol)/reactant (acetaldehyde) volume ratio 10, acetaldehyde

to investigate the influence of the number of cations in the zeo-
lite, a KNaX with low Si/Al ratio was synthesized and tested for
the aldol condensation reaction. Similar to NaX, the cations in
KNaX are stabilized at sites I, I′, II, and III′, with K+ ions replacing
part of the Na+ ions at sites I′ [68,69]. The KNaX zeolite has more
exchangeable cations per supercage and therefore one can expect
a higher number of basic sites on the external surface than NaX
[68,69].

The synthesized KNaX zeolite was  thoroughly characterized
by XRD, 27Al NMR, atomic composition, and N2 adsorption. The
characterization results of the KNaX material are included in the
Supplementary Material. They clearly indicate that the synthesized
zeolite is a highly pure and crystalline FAU-type material (Supple-
mentary Material, Fig. S5). It has a Si/Al ratio of around one and
K/Na ratio of 0.2 (Table 1). The N2 adsorption–desorption isotherms
demonstrate its microporous characteristics and also the presence
of small mesopore volume (Supplementary Material, Fig. S6).

The results from the CO2 TPD (Table 2) would imply that KNaX
has a slightly lower basic site density than NaX. However, this result
must be analyzed with some detail, due to its lower Si/Al ratio,
the zeolite KNaX has a larger number of exchangeable cations than
NaX and, consequently, should have a higher density of O atoms
with basic characteristics. However, the TPD results do not reflect
this higher density. This discrepancy could be due to the higher
density of cations in the supercages and sodalities cages, which
may  limit the number of CO2 molecules that can be accommodated
in these cavities. In addition, the CO2 TPD profile of KNaX (Fig. 1)
shows a clear difference in the shape of the low-temperature peak
compared to that of NaX. The narrower peak of the former might
indicate that some of the medium-strength basic sites present in
the latter are eliminated. It is reasonable to ascribe this change to
the larger ionic radius of K+ compared to Na+, which could result in
weaker interactions with CO2 [50].
The catalytic results of the acetaldehyde condensation over
KNaX tested at 230 ◦C are presented in Table 4 and should be com-
pared to those obtained on NaX under the same conditions. While
both catalysts exhibited about the same total product yield, KNaX



1 sis A: General 504 (2015) 119–129

g
t

c
c
i
C
m
o
l

l
K
p
s
M
u
i

d
a
d
r
t
c
i
d
t
w
a
a

m
m
o
s

i
l
t
f
r
i
t
m

3
e

r
t
d
a
w
a
r
v
o
r
s
c
i
a
K

Table 5
Catalytic performance of zeolites KNaX, NaX, and NaY using lower amount of water
than the standard procedure.

Catalyst KNaX NaX NaY

Product C yield (mmol) 31.8 27.2 29.4
Carbon selectivity (%)
1,1-Diethoxyethane 23.0 6.9 13.1
Crotonaldehyde 26.3 42.7 49.4
3-Hydroxybutanal 3.5 5.0 5.2
Crotyl alcohol 3.5 3.5 3.6
Ethyl acetate 7.5 9.9 9.8
Paraldehyde 0.0 0.0 1.9
Mixed condensation C6 4.0 2.5 3.8
Mixed condensation C8 32.2 29.4 13.2

Reported as overall product C yield and product distribution. Batch reactor at
230 ◦C, reaction time 6 h, catalyst weight 400 mg, N2 pressure 300 psi, stirring
26 L. Zhang et al. / Applied Cataly

ave a lower selectivity to the acetalization reaction but at the same
ime it favored C8 product over the C4 condensation products.

These selectivity differences can be interpreted in terms of the
onfinement effects mentioned above. That is, when the cation
oncentration inside the supercages is too high, not even the
nitial condensation of C2–C4 takes place inside these cavities.
learly, with even less accessible space in the supercage and
ore basic sites on the external sites, condensation to C4 and

ver-condensation to C8 products occur at comparable rates, thus
owering the C4/(C6 + C8) ratio.

To examine the effect of incorporating K+ ions into the NaY zeo-
ite, a KNaY zeolite was prepared by ion-exchange. The resulting
/Na ratio determined by ICP was found to be about 2.7. The XRD
attern and 27Al NMR  spectrum show the high crystallinity and
tructural integrity of KNaY, as compared to NaY (Supplementary
aterial, Fig. S7). The catalytic results of KNaY, obtained at 230 ◦C,

nder the same conditions as those used for the other zeolites are
ncluded in Table 4.

Compared to NaY, KNaY shows a lower carbon yield with a
ecrease of about 14% in the desirable C4 product selectivity and
n increase of about 11% in selectivity to the less desirable 1,1-
iethoxyethane. Furthermore, a significant change in the C6/C8
atio was observed. While on NaY, C8 was much larger than C6,
he opposite is true on KNaY. The CO2 TPD plot indicates that KNaY
ontains less (accessible) basic sites than NaY (Table 2, see Fig. S8A
n Supplementary Material for the deconvoluted TPD profile). As
iscussed in the case of KNaX, this decrease results from two  fac-
ors: the incorporation of K+ ions inside the cages of the zeolite,
hich are larger than Na+ and may  block the access of molecules,

nd the weaker interaction between the basic sites induced by K+

nd CO2.
In contrast to NaY, which has low density of basic sites but the

ajority are strong, when K is incorporated, the KNaY shows a
uch lower density of strong basic sites. Again, the disappearance

f the strong sites from NaY can be ascribed to the weaker polarizing
trength of K+ compared to Na+ [50,70].

The observed changes in the C6/C8 ratio may  be due to the
ncreased confinement caused by the replacement of smaller Na+ by
arger K+ ions, which leave less space available for condensation of
wo C4 molecules that form C8, compared to one C4 and one C2 that
orm C6 products. The increase in the acetalization reaction might
esult from some degree structural collapse that may occur during
on exchange [71]. With some cations in the sodalite cages exposed
o acetaldehyde and ethanol, the Lewis acid-catalyzed acetalization

ay  be accelerated.

.5. Catalytic activity of zeolites NaX and NaY with different
xtent of post-synthesis washing

The synthesis of zeolites proceeds in a highly alkaline envi-
onment. After crystallization, zeolites are usually separated from
he mother liquid and completely washed using large amounts of
istilled water. For example, the zeolites NaX and NaY discussed
bove were washed until pH was close to neutral. For KNaX, it was
ashed until pH reached 9 to avoid hydrolysis [43]. If the zeolites

re washed using lower amounts of water, occluded cations may
emain in the zeolite and the properties and catalytic activity may
ary significantly. We  have examined the effect of different extents
f post-washing on the activity and selectivity for acetaldehyde
eaction. In this case, with zeolites NaX and NaY, post-washing was
topped when pH 9 was reached instead of 7, as in the standard

ase. Likewise, for the KNaX, the washing step was stopped at pH 11
nstead of 9, as above. These zeolites, with lower extents of washing
re identified here as NaX (lower-water), NaY (lower-water), and
NaX (lower-water).
rate 300–400 rpm, solvent (ethanol)/reactant (acetaldehyde) volume ratio 10 with
acetaldehyde 2 mL.

The XRD patterns did not differ from those with the more
extensive washing. They had only the peaks expected for the corre-
sponding faujasite. Similarly, the 27Al NMR  spectra only displayed
the signal of the tetrahedrally coordinated framework Al (Sup-
plementary Material, Fig. S6), demonstrating that the degree of
crystallinity remained high. As shown in Table 1, the elemen-
tal analysis shows that the Si/Al ratio of the zeolites washed
with low amount of water kept the same Si/Al ratio as the cor-
responding clean ones. However, these zeolites (lower-water)
resulted in an excess of alkali cations compared to Al; that is,
the (K + Na)/Al ratio for KNaX (lower-water) was 1.13, compared
to 1.03 for the clean KNaX. Further, as also shown in Table 1,
the zeolites (lower-water) had smaller Vmicro and Vmeso than
the corresponding clean zeolites. It is clear that the lower-water
zeolites contained extra alkali cations that block some of the
internal cavities of the zeolites. Consistently, the CO2 TPD data
indicate that these impurities block some of the pores, result-
ing in a lower density of accessible basic sites (Table 2, see Fig.
S8B–D in Supplementary Material for the deconvoluted TPD pro-
files).

Table 5 shows the catalytic performances of the zeolites washed
with lower amounts of water and thus containing excess alkali
cations. The three types of zeolites (lower-water) gave similar
carbon yields to the corresponding clean ones (Tables 3 and 4).
However, the product selectivity showed a significant variation.
A detailed comparison of the product distribution obtained over
the lower-water and clean zeolites is made in Fig. 6. Clearly, over
the lower-water zeolites, the condensation/acetalization product
ratio was higher, but the C4/(C6 + C8) ratio was lower. That is,
with the alkali impurities occluded in the zeolite cavities, the
reactions tended to proceed outside the supercages. Therefore,
these lower-water zeolites were less shape selective. Likewise,
the condensation/acetalization product ratio was  much lower over
lower-water KNaX than over the clean KNaX (Fig. 6), which can
be explained with the same arguments mentioned for the other
zeolites. Interestingly, the same selectivity and yields as those
obtained on the clean KNaX can be reproduced (Supplementary
Material, Fig. S9) when the lower-water KNaX was rewashed in
warm water (around 50 ◦C). These results demonstrate that the
observed differences are simply due to the presence of occluded
alkali cations, which can be easily removed by more extensive
washing.

Fig. 6 compares the condensation/acetalization and the
C4/(C6 + C8) ratios. Both are desirable product ratios in this study,

but they vary in opposite directions. In principle, one would con-
clude that the overall basicity is the main effect responsible for this
trend; that is, a higher basicity should result in higher condensa-
tion/acetalization ratio and lower C4/(C6 + C8). However, as shown
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ig. 5. Product ratios over NaX and NaY, before and after exposure to CO2. (A) Co
ethanol) to reactant (acetaldehyde) ratio was  10 by volume with acetaldehyde 2 m
as  400 mg.

n Table 4, the condensation yield does not increase with the density
f basic sites. In fact, the apparent yield/site rates are much lower in
aX than NaY zeolites. The latter produces about the same amount
f condensation products as the former, but with a much lower

ensity of basic sites. At the same time, C4/(C6 + C8) is much higher
n the NaY catalysts. These results are in good agreement with
he concepts mentioned above regarding the effect of accessibility
nd confinement. That is, the supercages in NaY zeolites are more

ig. 6. Comparison among zeolites KNaX, NaX, NaY, and the corresponding not fully wash
eight 400 mg,  solvent (ethanol)/reactant (acetaldehyde) volume ratio 10, acetaldehyde 
ation/acetalization ratio; (B) C4/(C6 + C8) condensation product ratio. The solvent
e reaction temperature was 230 ◦C and reaction time was 6 h. The catalyst weight

accessible than those of NaX and, particularly KNaX. In those cases,
the acid sites responsible for acetalization are more available, low-
ering the condensation/acetalization ratio. At the same time, the
greater accessibility plays a role in the C4/(C6 + C8) ratio, enhanc-

ing the production of C4 and reducing the over-condensation. By
contrast, on NaX, KNaX, and even more on the lower-water zeolites,
the majority of the cavities are not accessible for condensation reac-
tions. Thus, they occur on the external basic sites, which cannot

ed zeolites (lower-water). Reaction temperature 230 ◦C, reaction time 6 h, catalyst
2 mL.
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enefit by shape-selective effects, which lowers the C4/(C6 + C8)
atio.

To further evaluate the effect of confinement and mobility inside
he zeolite, a NaY containing enhanced mesoporosity was  prepared
y dispersing 1 g of the NaY sample in 50 mL  of 0.1 M NaOH solution.
pon stirring at room temperature for 30 min, the solid sample was
btained by filtration and completely washed using distilled water.

The immersion in NaOH results in partial desilication and
eneration of mesopores. In fact, the N2 adsorption–desorption
sotherms indicate that the Vmeso/Vmicro ratio of the resulting NaOH-
aY sample is 0.145, which is about 34% higher than that of NaY.
he mesopore size distribution graph (Supplementary Material, Fig.
10) shows that NaOH-NaY contains an additional peak at around
2 nm,  which reveals the presence of some additional mesoporo-
ity in the NaOH-NaY material. The catalytic comparison between
aY and NaOH-NaY tested under the 230 ◦C conditions is shown in

he Supplementary Material (Fig. S11). Clearly, a lower condensa-
ion/acetalization product ratio and a higher C4/(C6 + C8) ratio were
btained over the NaOH-NaY catalyst, which supports the concept
hat reduced confinement and enhanced mobility inside the zeolite
as a positive impact on the intermediate condensation toward C4
roducts, but at the same time sacrifices selectivity relative to the
cid-catalyzed acetalization.

.6. Role of ethanol as a solvent

To examine whether the ethanol solvent plays a direct role in the
eaction, a blank experiment was performed using only ethanol as

 feed while keeping the same catalyst (400 mg  NaY) and reaction
onditions unchanged (230 ◦C and 6 h). The result of the blank test
hows that the ethanol conversion was about 5.4% and the products
ncluded acetaldehyde, 1,1-diethoxyethane, and small amounts of
rotonaldehyde, which derive from the acetaldehyde produced.
hat is, the contribution of ethanol to the condensation reaction is
inimal. However, ethanol as a solvent plays an important role in

reserving the catalyst activity. In fact, when ethanol was  replaced
y n-hexane as the solvent, the initially white NaY catalyst became
lack after the reaction, a color change that was not observed when
thanol was the solvent and reflects the ability of ethanol to prevent
oke formation by limiting the formation of heavy condensation
roducts via the MPV  H-transfer reaction described above.

. Conclusions

A series of NaX and NaY zeolites have been compared as catalysts
or the aldol condensation of acetaldehyde in the liquid phase, using
thanol as a solvent and co-reactant. The target desirable product is
he first dimer condensation product (C4). However, at moderately
ow temperatures (130−180 ◦C), the dominant reaction is acetaliza-
ion, producing 1,1-diethoxyethane. The preferred condensation C4
roducts, including crotonaldehyde, 3-hydroxybutanal, and crotyl
lcohol only become major products at about 230 ◦C, but the
4/(C6 + C8) selectivity is a strong function of the type of catalyst

nvestigated.
It was found that, when compared at similar carbon product

ields, the NaX results in higher condensation/acetalization ratio
ut lower C4/(C6 + C8) ratio than NaY. These differences can be
scribed not only to the higher basicity of NaX, but also to the larger
umber of exchangeable cations per supercage. With a more highly
ccupied cage and higher density of basic sites on the external
urface, NaX has higher activity for the condensation reactions

ut lower selectivity to the desirable C4 products. By contrast,
n the NaY zeolite, the acid-catalyzed acetalization lowers the
ondensation/acetalization ratio, but enhances the C4/(C6 + C8)
atio due to a more effective shape selectivity. This conclusion is

[
[

[
[
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further supported by the comparison between KNaY and NaY. The
enhanced shape selectivity of NaY becomes more significant upon
introducing K+ ions in the supercage, as reflected by the more
pronounced decrease in C8 condensation product compared to C6.

Plugging sites inside the supercages while leaving external sites
accessible by either increasing the number of alkali cations or
reducing the extent of post-washing treatment all have the same
general effect, that is, to reduce the importance of acetalization
products but also the C4/(C6 + C8) product ratio. The incorporation
of mesoporosity improves the mobility of intermediate products
and increases the C4/(C6 + C8) ratio.

Supplementary material

As mentioned in the text, some of the data have been included
as supplementary material. They include N2 adsorption/desorption
isotherms, TPD profiles of adsorbed CO2, illustration of carbonate
species formed due to CO2 sorption, mesopore size distributions,
XRD patterns, and 27Al NMR  spectra, as well as comparisons of
carbon yields and selectivities.
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