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Chemical Science in China

Articles from China are showcased across RSC journals this
month, in recognition of the growing importance of Chinese
research in the Chemical Sciences.

492

New board member: Professor Buxing Han

PAPERS

493

Synthesis of the high-surface-area CexBa12xMnAl11Oy

catalyst in reverse microemulsions using inexpensive
inorganic salts as precursors

Fei Teng,* Ping Xu, Zhijian Tian,* Guoxing Xiong,*
Yunpeng Xu, Zhusheng Xu and Liwu Lin

The CexBa12xMnAl11Ox catalysts are synthesized in reverse
microemulsions using inexpensive inorganic salts as
precursors, which have high surface area and high activity for
methane combustion.

500

Markedly improving lipase-mediated asymmetric
ammonolysis of D,L-p-hydroxyphenylglycine methyl ester
by using an ionic liquid as the reaction medium

Wen-Yong Lou, Min-Hua Zong,* Hong Wu, Ruo Xu and
Ju-Fang Wang

A comparative study was made of lipase-catalyzed asymmetric
ammonolysis of D,L-p-hydroxyphenylglycine methyl ester
(D,L-HPGME) with ammonium carbamate as the ammonia
donor in nine ionic liquids (ILs) and four organic solvents.
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PAPERS

507

Preparation of water soluble poly(aniline) and its
gas-sensitivity

Xingfa Ma,* Mang Wang, Hongzheng Chen, Guang Li,
Jingzhi Sun and Ru Bai

The poly(aniline) film forming technology was improved via
inducement effects of poly(sodium-p-styrenesulfonate). The
composite film has good gas-sensitivity and reproducibility. It
has a potential application on artificial olfaction.

514

Direct aldol reactions catalyzed by
1,1,3,3-tetramethylguanidine lactate without solvent

Anlian Zhu, Tao Jiang,* Dong Wang, Buxing Han, Li Liu,
Jun Huang, Jicheng Zhang and Donghai Sun

Direct aldol reactions can be conducted using ionic liquid
[TMG][Lac] as a recyclable catalyst without any solvent. This
is a new and greener process to b-hydroxyl ketones.

518

Organic solvent-free process for the synthesis of propylene
carbonate from supercritical carbon dioxide and
propylene oxide catalyzed by insoluble ion exchange
resins

Ya Du, Fei Cai, De-Lin Kong and Liang-Nian He*

The process described here represents a simple, ecologically
safer, cost-effective route to cyclic carbonates with high
product quality, as well as easy product recovery and catalyst
recycling.

524

Effect of modifiers on the activity of a Cr2O3/Al2O3

catalyst in the dehydrogenation of ethylbenzene with CO2

Xingnan Ye, Yinghong Yue, Changxi Miao, Zaiku Xie,
Weiming Hua* and Zi Gao

We report a novel and highly active catalyst system for the
oxidative dehydrogenation of ethylbenzene to styrene using
CO2 as a mild oxidant.
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D
ow

nl
oa

de
d 

on
 0

6 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
2 

Ju
ne

 2
00

5 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

50
82

04
H

View Online

http://dx.doi.org/10.1039/B508204H


PAPERS

529

Hyperbranched aliphatic polyethers obtained from
environmentally benign monomer: glycerol carbonate

Gabriel Rokicki,* Paweł Rakoczy, Paweł Parzuchowski
and Marcin Sobiecki

The synthesis of hyperbranched polyethers from
environmentally acceptable monomer—glycerol carbonate—is
presented. Glycerol carbonate was obtained from benign
starting materials: glycerol and dimethyl carbonate.

540

Biological properties of arginine-based glycerolipidic
cationic surfactants

Noemı́ Pérez,* Lourdes Pérez, M. Rosa Infante and
M. Teresa Garcı́a*

In recent years, environmental concerns have provided the
driving force to develop biodegradable surfactants with low
toxicity. Here, we investigate the biodegradability and aquatic
toxicity of new cationic arginine based surfactants.

547

Optimal lipase-catalyzed formation of hexyl laurate

Shu-Wei Chang, Jei-Fu Shaw, Kun-Hsiang Yang,
Ing-Lung Shih, Chih-Han Hsieh and Chwen-Jen Shieh*

Hexyl laurate, used as an emollient in the cosmetic industry, is
commercially produced by chemical synthesis. This paper
shows that hexyl laurate can be prepared readily with high
molar conversion using lipase catalysis in n-hexane.

552

A novel highly active biomaterial supported palladium
catalyst

Mark J. Gronnow, Rafael Luque, Duncan J. Macquarrie
and James H. Clark*

An expanded starch supported palladium catalyst which is
highly active in Suzuki, Heck and Sonogashira reactions has
been developed. The biodegradable naturally occurring starch
has proven to form and stabilise palladium nanoclusters.
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Markus Hölscher reviews some of the recent literature in green chemistry

Biocatalytic asymmetric
epoxidation with
electrochemical regeneration
of monoxygenase

The interest in asymmetric synthesis using

enzymes as catalysts has been growing

steadily in recent years and a large area

is still to be exploited. The reduction of

O2 in asymmetric epoxidations using

monoxygenases is one of the fields in

which interesting progress is occurring.

Advantageously, oxygen is catalytically

incorporated with high regio- and

stereoselectivities under environmentally

benign reaction conditions into many

organic substrates. Unfortunately the

monooxygenase catalyzed epoxidation

suffers from dependence on cofactors

and reducing equivalents; e.g. the expen-

sive and unstable NAD(P)H cofactor has

to be supplied in monooxygenase cata-

lyzed reactions. Furthermore undesired

oxidative side-reactions are inherent

drawbacks. In a modified approach

Schmid and coworkers from the Swiss

Federal Institute of Technology replaced

the NADH/NAD+ reducing couple and

the reductase component StyB from

styrene monoxygenase (StyAB) by an

electrode, which was used as a cathode to

regenerate the FAD/FADH2 couple

which reduces the oxygenase component

StyA.1

They found trans-b-methyl styrene to

be epoxidized to practically enantiopure

(1S,2S)-1-phenylpropylene oxide. Very

high ee values were also obtained for

some other vinyl aromatic compounds

(98.1 to 99.5%). Additionally, the electro-

enzymatic reaction was much slower than

the one with the native enzyme, showing

a StyA activity of only 35.5 U g21

(compared to 2100 U g21 for the native

system; 1 U g21 translates to a turnover

frequency of 0.047 min21). It was

assumed that the ratio of the cathode

area to reaction volume has a large

influence on the activity and that by

increasing this ratio activities could be

enhanced significantly. Undesired oxida-

tive quenching during the regeneration

cycle is also responsible for the low

activities. However, increasing the aera-

tion rate led to much higher StyA

activities of up to 178.7 U g21. As a

result the minimization of a complex

native system to the oxygenase compo-

nent and electrochemical reduction of its

flavin prosthetic group is an interesting

addition to the toolbox of asymmetric

oxidation of organic substrates.

Enantioselective transfer
hydrogenation with recyclable
ruthenium catalysts in ionic
liquids

An interesting alternative to the hydro-

genation of ketones with molecular

hydrogen to obtain optically active sec-

ondary alcohols is the transfer hydro-

genation of ketones. An azeotrope of

formic acid and triethyl amine is often

used as hydrogen source leading to the

production of CO2 during the reaction.

Ohta and coworkers from the Kyoto

Pharmaceutical University investigated

the performance and recyclability of

different ruthenium catalysts containing

chiral ligands in transfer hydrogenations

of various acetophenones using ionic

liquids (ILs) as solvents.2

It was shown that the ruthenium

catalyst containing ligand 1 developed

by Noyori, Ikariya and coworkers led to

high ee values with moderate to quanti-

tative conversions when IL [bmim][PF6]

was used as the solvent, whereas ligand 2

resulted in moderate activity and enan-

tioselectivity. In an attempt to develop

new ligands well suited for this reaction

and for use in ILs, imidazolium salt 3

was synthesized and tested in transfer

hydrogenations of acetophenone in

comparison with ligand 1. Both catalyst

systems yielded ee values varying

between 92 and 93% ee in five consecu-

tive runs, however, the catalyst system

with ligand 1 lost a considerable part of

its activity, whereas the competitor

ligand 3 showed better results up to the

fourth cycle, which is probably related to

better immobilization in the IL.

Combinatorial ligand
optimization for asymmetric
olefin hydrogenations using
mixtures of monodentate
P-compounds

A few years ago monodentate P-ligands

were introduced to asymmetric Rh-

catalyzed hydrogenation of olefins,

breaking the dogma that only bidentate

P-ligands would supply the necessary

spatial features required for enantioselec-

tivity. In addition to being interesting in

itself, this fact opened the way to tackle

the search for the best ligands by a

HIGHLIGHT www.rsc.org/greenchem | Green Chemistry
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combinatorial approach. Reetz and Li

from the Max Planck Institute of Coal

Research utilized this strategy while

expanding it to the application of

mixtures of configurationally stable

and unstable monodentate P-ligands.3

Upon mixing the precursor complex

[Rh(cod)(La)2]BF4 with ligand Lb a

complex catalyst mixture is formed

which contains three different species:

[Rh(cod)(LaLa)]+, [Rh(cod)(LbLb]+, and

[Rh(cod)(La)(Lb)]+. Among these the

hetero combination [Rh(cod)(La)(Lb)]+

is present in two diastereomeric forms,

since only ligand La is configurationally

stable, whereas ligand Lb changes its

configuration rapidly on the NMR time-

scale even at low temperatures.

Screening experiments using BINOL

derived phosphite ligands La and differ-

ent phosphites Lb showed that optimum

combinations can be found reaching ee

values up to 98% in hydrogenations of

b-acylaminoacrylate 1 with conversions

of 100%. Also, dimethyl itaconate 2 can

be hydrogenated using a different ligand

combination yielding ee values up to

94%.

In addition to the theoretical interest

in detailed mechanistic investigations,

systems of this kind also have practical

implications as the ligand system partly

contains cheap achiral components.

Noncovalent anchoring of
cationic homogeneous
catalysts on polystyrene based
latices

Many immobilization strategies for

homogeneous catalysts rely on the cova-

lent anchoring of the complexes at a

given support, whereas noncovalent

anchoring e.g. via electrostatic interac-

tions has not gained much interest yet. In

order to avoid complex syntheses to

introduce ionic substituents to ligands,

Mecking, Vogt and coworkers contri-

buted an inverse approach in which

cationic homogeneous catalysts are

anchored noncovalently to the anionic

groups present in specially synthesized

polystyrene latices.4 At first they syn-

thesized a polymerizable triphenylsty-

rylborate anion (BS), which was

copolymerized with styrene, divinylben-

zene and a PEO macromonomer to yield

colloidal stable polymer latices.

These materials could be reacted

with [Rh(dppp)(cod)]BF4 (dppp 5 bis

(diphenylphosphino)-propane, cod 5

cyclooctadiene) resulting in cation

exchanged polymers with the

[Rh(dppp)]+ ion being present in an

amount of ca. 25% of the theoretical

latex capacity. As a test reaction

a-acetamidocinnamic acid was hydroge-

nated in batch experiments showing

turnover frequencies (TOF) of ca.

30 h21 for five of six consecutive runs

without loss of activity, with the TOF

in the first run being somewhat lower.

The activity obtained is about five

times lower than that of the correspond-

ing non-immobilized catalyst system,

however this approach might open inter-

esting alternatives for immobilizing

homogeneous catalysts.
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Chemical Science in China
DOI: 10.1039/b507557m

Articles from China are showcased across RSC journals this month, in recognition
of the growing importance of Chinese research in the Chemical Sciences.

This month we are proud to feature

articles from China across the covers of

Royal Society of Chemistry (RSC) jour-

nals and magazines. The number of

submissions from China to our journals

has increased dramatically, from a few

hundred papers in 1995 to now over 20%

of our total submissions (Fig. 1). This

increase reflects the growth and strength

of chemical research in China.

In recognition of the growing impor-

tance of Chinese research, groups from

the RSC, including the Director of

Publishing, Editorial Director and jour-

nal Editors, recently visited over 30 of

the most important Universities and

Institutes in China.

The focus of these visits was to strengthen

links with Chinese institutions and

improve our understanding of chemical

research in China. Research is developing

at an impressive pace: Funding is increas-

ing, as are the numbers of researchers at

all levels, and there is a substantial

investment in new buildings and research

facilities. Research output will clearly

continue to grow at a fast pace and to

increase in importance. There is commit-

ment from Universities and Institutes in

China to increase the quality of research

and articles published in international

journals, and there is wide success in

meeting this goal. The RSC is enthusiastic

to support this through working with

authors and our unbiased editorial

policies and procedures. We strongly

encourage submission of the highest

quality work from China. To aid authors

our Information for Authors and Ethical

Guidelines for publishing in RSC journals

are available from our web site in Chinese

(visit http://www.rsc.org/resource).

The cover of Green Chemistry features

an article by Liang-Nian He and collea-

gues from Nankai University, Tianjin,

China. Cyclic carbonates have been

produced on an industrial scale for over

40 years, and demand is increasing. The

group has developed a process for the

production of carbonates employing

supercritical CO2. Traditional catalysts

are replaced with ion exchange resins,

and the CO2 acts as both a reagent and

solvent, providing an environmentally-

benign and inexpensive process.

Higher Education in China is the focus

of the lead article in this August’s issue of

Chemistry World. The article describes

how the university system and funding

operate and also how the education

system has been reformed since the end

of the Cultural Revolution. The article is

also available from the web: http://

www.chemistryworld.org

2005 is the year of UK–China Partners

in Science, encouraging links and colla-

borations between the UK and China in

science, technology and innovation

(http://www.uk.cn/science). For several

years the RSC has been collaborating

with Charlesworth China for the produc-

tion of some of our leading journals.

Charlesworth typeset articles in Beijing,

contributing towards our fast publication

times by preparing proofs overnight on

our European timeframe.

Many thanks to the hosts who welcomed

the groups from the RSC to their institu-

tions and particular thanks to Professor

Xue Long Hou (Shanghai Institute of

Organic Chemistry), Professor Henry

Wong (Chinese University of Hong Kong

and ChemComm Editorial Advisory Board

member) and Professor Daoben Zhu

(Institute of Chemistry, Chinese Academy

of Sciences and Journal of Materials

Chemistry Associate Editor for China).

Harp Minhas, Editor

Robert Parker, Editorial Director

Fig. 1 Number of articles submitted to all RSC journals by year (total and Chinese

submissions).
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New board member: Professor Buxing Han
DOI: 10.1039/b506481n

Buxing Han was born in 1957. He

completed a BS in chemical engineering

in 1982 (Hebei University of Science and

Technology, Shijiazhuang), an MS in

inorganic chemistry in 1985 (Applied

Institute of Chemistry, Chinese Academy

of Sciences, Changchun) and a PhD in

physical chemistry from the Institute of

Chemistry of the Chinese Academy of

Sciences in Beijing in 1988. After a year

as an Assistant Professor at the Institute

of Chemistry, he took up a post-doctoral

position in the Department of Chemical

Engineering at the University of

Saskatchewan, Canada. He returned to

the Institute of Chemistry of the Chinese

Academy of Sciences in 1991 and was

promoted to Associate Professor in the

same year. He has been a full Professor

since 1993.

His research group has 35 members

including staff, post-docs and students.

Principal areas of research include

studying physicochemical properties of

supercritical fluids and ionic liquids, and

their applications in chemical reactions,

material science, and extraction and

fractionation.

Buxing Han has published 290

papers, 21 patents and has given invited

lectures at more than 10 international

conferences.

EDITORIAL www.rsc.org/greenchem | Green Chemistry
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Synthesis of the high-surface-area CexBa12xMnAl11Oy catalyst in reverse
microemulsions using inexpensive inorganic salts as precursors

Fei Teng,*ab Ping Xu,a Zhijian Tian,*a Guoxing Xiong,*b Yunpeng Xu,a Zhusheng Xua and Liwu Linab

Received 10th November 2004, Accepted 18th March 2005

First published as an Advance Article on the web 12th April 2005

DOI: 10.1039/b417229a

The high-surface-area CexBa12xMnAl11Oy (x 5 0, 0.1, 0.2, 0.3) catalysts were synthesized in the

nonionic reverse microemulsion (ME), using the inorganic salts as the reactants. The supercritical

drying (SCD) and conventional oven drying (CD) methods were used to remove the water in

hydrogels, respectively. The CexBa12xMnAl11Oy samples were characterized by N2-adsorption,

transmission electron microscopy (TEM), TGA-DTA, and X-ray powder diffraction (XRD). The

effects of the microemulsion composition, the drying method, the calcination temperature and the

introduction of Ce on the catalysts were investigated. The results showed that the morphology of

the catalyst was controlled by the microemulsion microstructure; and the homogeneity of the

precursor was improved effectively by the reverse microemulsion method and the supercritical

drying method. Due to the high homogeneity of the precursors, the initial formation temperature

of the hexaaluminate phase decreased to lower than 1100 uC. The BaMnAl11O19 catalyst had high

surface area (72.4 m2 g21) and high catalytic activity (T10 5 445 uC) for methane combustion.

When Ce was introduced, the CexBa12xMnAl11Oy catalyst (x 5 1) had the higher activity

(T10 5 430 uC) than that of the BaMnAl11O19 one due to a synergetic effect between Ce and Mn.

1. Introduction

Catalytic combustion is an environmental-friendly technology,

which can effectively reduce the emissions of CO and NOx. Up

to now, one of the main challenges in this field is to select and

prepare excellent catalytic materials with high thermal stability

and high activity at high temperature.1,2 Hexaaluminates are

good catalysts for methane combustion due to their excellent

thermal stability.3 Generally, hexaaluminates are synthesized

by sol–gel, supercritical drying and coprecipitation methods.3–6

In 2000, Zarur and Ying7 prepared CeO2/BaAl12O19 with the

highest surface area via a reverse microemulsion-mediated

sol–gel process, combining with freeze-drying and super-

critical drying. However, since the alcoxides used in the sol–

gel process are harmful and expensive, the preparation is not

enviromental-friendly and its cost is high. Besides, the

hydrolyses of the alcoxides need to be carried out under

very stringent conditions (moisture- and oxygen-free environ-

ment), so the preparation is difficult to operate. In addition,

for the coprecipitation route, the homogeneity of the

obtained precursor is poor; the conglomeration of the

particles can not be avoided, while upon calcination at high

temperature (above 1200 uC), the particles sinter very

severely. Therefore, the activity of the catalyst synthesized

by this method is low.

Herein, the nanostructured CexBa12xMnAl11Oy (x 5 0, 0.1,

0.2 and 0.3) catalysts were synthesized in the nonionic reverse

microemulsions, which consisted of polyoxyethylene (6)

tridecyl alcohol ether, n-hexanol, cyclohexane and aqueous

solution. During the process, the nontoxic and inexpensive

inorganic salts were used as the reactants, e.g., (NH4)2CO3,

Ba(NO3)2, Mn(NO3)2, Ce(NO3)3, and Al(NO3)3. Therefore,

the preparation is environmental-friendly and low-cost.

Through nanostructure processing with the reverse micro-

emulsion, the homogeneity of the precursors could be

improved at a molecular-level, and the particle size could be

effectively controlled in the nanoscale range. After drying in

supercritical ethanol, the homogeneity of the precursors could

be adequately maintained. The preparation promotes the

formation of hexaaluminate crystallites at a low temperature.

In this study, the effects of the microemulsion composition, the

drying method, the calcination temperature and the introduc-

tion of Ce on the physicochemical properties of the catalysts

were investigated.

2. Experimental

2.1. Preparation

The reverse microemulsion system used in this experiment

consisted of polyoxyethylene (6) tridecyl alcohol ether (C13E6,

MW 5 464) (S), n-hexanol (CS), cyclohexane (O) and aqueous

solution (W), which were employed as surfactant, cosurfac-

tant, continuous phase and dispersed phase, respectively. In

the experiment, the weight ratio of aqueous solution in the

reverse microemulsion was designated as W0, i.e. W0 5

(mW/(mW + mCS + mS + mO), in which mW, mCS, mS and mO

represent weight of W, CS, S and O, respectively.

During the preparation, two microemulsions were used,

which had the same proportions of W, S, CS and O, but

contained different aqueous solutions. One microemulsion

contained a 1.0 mol L21 (NH4)2CO3 solution, which was

*tfwd@dicp.ac.cn (Fei Teng)
tianz@dicp.ac.cn (Zhijian Tian)
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designated as MEa. The other contained a 0.5 mol L21 mixture

solution of stoichiometric Ba(NO3)2, Mn(NO3)2, Ce(NO3)3

and Al(NO3)3, designated as MEb. While the weight ratios of

CS, S and O were kept constant (i.e. 1.2 : 3.5 : 13.5), the

addition amount of aqueous solution was changed. The MEa

was stable at a W0 value lower than 0.25, while the MEb was

stable even when the W0 value was higher than 0.25.

Therefore, the W0 value was altered in the range 0.10 to

0.25. The CexBa12xMnAl11Oy (x 5 0, 0.1, 0.2, and 0.3)

catalysts were prepared by the procedures outlined below.

At room temperature, the same volumes of MEa and MEb

were mixed rapidly while vigorously stirring. The reaction

continued for 5 h under stirring, and then the reacting mixture

was aged for 24 h under ambient static conditions. After aging,

acetone was added to demulsify the system, and the hydrogel

was recovered by centrifugation. The hydrogel was washed

sufficiently with deionized water and ethanol in sequence, and

then dried by supercritical ethanol drying (SCD). The super-

critical drying process was operated at 260 uC and 7.0–8.0 MPa

for 2 h. The details of the drying method were described

elsewhere.8 The precursor was calcined at 800, 1000, 1100 and

1200 uC in a muffle in air for 5 h, respectively. The precursor

dried by the SCD method was designated as aerogel. The

obtained CexBa12xMnAl11Oy catalyst was designated as

Cx-SCD; namely, the BaMnAl11O19, Ce0.1Ba0.9MnAl11Oy,

Ce0.2Ba0.8MnAl11Oy, and Ce0.3Ba0.7MnAl11Oy catalysts

were denoted as C0-SCD, C1-SCD, C2-SCD and C3-SCD,

respectively.

In contrast with the SCD method, the synthesized hydrogels

were dried using the conventional oven drying method (CD).

The precursors were designated as xerogels, and the other

procedures were the same as above. The CexBa12xMnAl11Oy

(x 5 0, 0.1, 0.2, 0.3) catalysts prepared by the CD method

were designated as C0-CD, C1-CD, C2-CD and C3-CD,

respectively.

2.2. Characterization

The samples were characterized by X-ray powder diffraction

(XRD) on a Rigaku D/MAX-RB X-ray powder diffract-

ometer, using graphite monochromatized Cu Ka radiation

(l 5 1.54178 Å), operating at 40 kV and 50 mA. The spectra

were scanned between 5u and 70u (2h) at a scanning rate of

5u min21. A nitrogen adsorption isotherm was performed at

77 K and ,1024 bar on a Micromeritics ASAP2010 gas

adsorption analyzer. Each sample was degassed at 350 uC for

5 h before the measurement. Surface area and pore size

distribution were calculated by the BET (Brunauer–Emmett–

Teller) and the BJH (Barrett–Joyner–Halenda) methods,

respectively. The catalyst morphology was characterized with

a JEOL model 200CX transmission electron microscope, using

an accelerating voltage of 200 kV. The powders were dispersed

in ethanol ultrasonically, and then the samples were deposited

on a thin amorphous carbon film supported by copper grids.

TGA and DTA were carried out on Pyris 1 TGA-7

thermogravimeter and DTA-7 (US Perkin-Elmer Co.), respec-

tively. The catalyst particles (0.015 g) were heated from room

temperature to 1300 uC at a rate of 10 uC min21 in an air

stream. The flow rate of air was 30 mL min21.

2.3. Catalytic combustion of methane

The reaction of methane combustion was carried out in a

conventional flow system under atmospheric pressure. The

catalysts (1 mL, y1.2 g) (20–40 mesh) were loaded in a quartz

reactor (i.d. 5 10 mm), packed with quartz beads on both top

and bottom of the catalyst bed. A mixture gas of methane

(1 vol%) and air (99 vol%) was fed into the catalyst bed at a gas

hourly space velocity (GHSV) of 48 000 h21. The inlet and

outlet gas compositions were analyzed by on-line gas

chromatography, using a packed column of carbon molecular

sieves and a thermal conductivity detector (TCD). These

details have been described in the literature elsewhere.8 Here,

T10 and T90 are used to express the catalyst activity, in which

T10 and T90 represent the temperatures at 10% and 90%

conversions of methane, respectively.

3. Results and discussion

3.1. The BaMnAl11O19 catalyst morphology

The effects of microemulsion composition (W0) and drying

method on the catalyst morphology were investigated. As

observed in Table 1 and Fig. 1, the nanostructured

BaMnAl11O19 catalysts with different morphologies, i.e.

spherical, spindly and rodlike, were prepared at different W0

values. On the basis of the TEM images of the precursors and

electric conductivity of the system at different W0 values,9 we

could conclude that the catalyst morphology was strongly

dependent on the microemulsion microstructure, which acted

as a soft template. At a low W0 value (W0 5 0.10), the

interaction among the reverse micelles was weak, and the

reverse micelles maintained spherical morphology. However,

at a high W0 value (W0 5 0.25), the interaction among the

micelles was strong, and the regular spherical micelles could

not be maintained. As a result, the spherical micelles would

probably change into a rodlike or bicontinuous structure.10

The composition (W0) of the reverse microemulsion predomi-

nated the micelle morphology. The particles nucleated, grew,

and assembled within the reverse micelles with different

morphologies, and the morphology of reverse micelles would

be imprinted into the precursor particles. During the SCD

process, the aggregation of the particles was effectively

suppressed due to elimination of capillary tension of water.

Therefore, the morphology of the precursor was perfectly

maintained. After calcination, the BaMnAl11O19 catalyst

maintained its precursor morphology owing to its specific

anisotropic crystal structure.11 As observed from Fig. 1b and

Fig. 1c, the size of the CD catalyst was larger than that of the

SCD one. The large spindly particles probably resulted from

Table 1 The particle shape and size of the BaMnAl11O19 catalysts

Catalysta W0 Drying Particle shapeb Particle size/nmb

(a) 0.10 SCD Spherical 15–20
(b) 0.25 SCD Rod-like (5–10) 6 (100–200)
(c) 0.25 CD Spindly (50–100) 6 (400–500)
a Corresponding to the catalysts in Fig. 1. b Calcination at 1200 uC
for 5 h.
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the aggregation of the nanorods under the capillary tension of

water during the conventional oven drying process.

3.2. Texture properties of the BaMnAl11O19 catalysts and their

precursors

Texture properties of the samples are given in Table 2 and

Figs. 2 and 3. The SCD catalyst shows an IV-type adsorption

isotherm with H2-hysteresis loop, indicating that it gives rise to

the crossed pores with narrow necks and wide bodies (often

referred to as ‘inkbottle’ model mesopores).12 The average

pore size of the SCD catalyst is about 10 nm. Comparing curve

1 with curve 2 in Fig. 2, it is obvious that the collapsing of

small pores and the contracting of large pores have occurred

during calcination. The CD catalyst (IV-type isotherm curve,

H3-type hysteresis loop) gives rise to the slit-shaped meso-

pores.12 The average pore size of the CD catalyst is 30.5 nm,

whose pore size distribution (PSD) is wide, suggesting that the

CD sample sinter and agglomerate severely. The reason is that

the xerogel contains more water and hydroxyls than the

aerogel (proved by TGA-DTA in Fig. 4). Therefore, the

surface area (72.2 m2 g21) of the SCD catalyst is much higher

than that (43.3 m2 g21) of the CD one. The pore volume of the

aerogel is twice that of the xerogel, indicating the contact area

between particles for the SCD sample is smaller than that for

the CD one. This means the crossed pores in the CD sample

are easier to collapse than those in the SCD one.

Ishikawa et al.13 have reported that the contact area between

particles was associated to the pore volume, and the sintering

Fig. 1 TEM images of the BaMnAl11O19 catalysts prepared in the reverse microemulsions at different W0 values. (a) W0 5 0.10, SCD; (b)

W0 5 0.25, SCD; (c) W0 5 0.25, CD. SCD—supercritical drying, CD—conventional oven drying; W0 5 (mW/(mW + mCS + mS + mO), mW, mCS, mS,

mO: the weights of aqueous solution (W), n-hexanol (CS), C13E6 (S) and cyclohexane (O), respectively.

Table 2 Effect of drying on the BaMnAl11O19 catalysts and their
precursors prepared in the reverse microemulsions of W0 5 0.10

Sample Drying SSA/m2 g21 a Vpore/mL g21 a dpore/nm a

Xerogel CD 264.5 0.32 9.5
Aerogel SCD 325.9 0.78 15.5
BaMnAl11O19

b CD 43.3 0.20 30.5
BaMnAl11O19

b SCD 72.2 0.28 10.0
a SSA: Specific surface area; Vpore: Pore volume; dpore: Average pore
size. b Calcined at 1200 uC for 5 h.

Fig. 2 Pore size distributions (PSD) of the samples: 1—aerogel;

2—calcined SCD sample; 3—xerogel; 4—calcined CD sample.

Fig. 3 Changes of specific surface area (SSA) of the BaMnAl11O19

catalysts with calcination temperature.
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first took place at the contact neck between the particles. Large

pore volume means a small contact area between particles, and

therefore, the aerogel has high resistant ability to sintering. It

is well known that the most serious sintering process takes

place at high temperatures. However, the advanced porous

structure of aerogel could reduce the sintering rate and hinder

grain growth on the boundary between the particles at elevated

temperature.14 Poco et al.15 further reported that the alumina

aerogel does not sinter until above 950 uC due to its highly

advanced pore. Therefore, we believe the formation of aerogel

microstructure is responsible for its high resistant ability to

sintering below 1000 uC during calcination. Above 1000 uC,

the specific surface areas of the sample markedly decrease

(Fig. 3), which could be ascribed to the initial formation of

hexaaluminate phase. Once the hexaaluminate crystalline

structure forms, grain growth along (001) could be suppressed

effectively due to its specific crystal structure.16 As a result, the

hexaaluminate catalyst with high surface area could be

obtained. In contrast, during the CD process, the particles

would agglomerate severely into large particles under high

capillary tension of water (an order of y100 MPa).17 After

high-temperature calcination, the particles sintered or grew

severely, which leads to a small surface area.

3.3. The phase composition of the BaMnAl11O19 catalysts

TG–DTA results are shown in Fig. 4. For the aerogel, the TG

curve presents two stages of weight loss in the range of room

temperature to 800 uC. Below 200 uC, the weight loss of the

sample is about 5%, which is caused by the dehydration; and a

endothermal peak at about 100 uC appears in the DTA curve.

Above 200 uC, the weight loss of the sample is about 40%. This

may be mainly caused by the removal of the organic chemicals

and the hydroxyl, and the decomposition of the carbonates.

During the stage, the combustion of the organic chemicals is

exothermal; but the hydroxylation and the decomposition of

the carbonates are endothermal. As shown in Table 2 and

Fig. 2, the aerogel has a large pore size and pore volume, and

the organic chemicals may sufficiently contact with air. The

organic chemicals would combust quickly and produce

quantities of heat. Ultimately, an exothermal platform can

be observed between 200 and 800 uC in the DTA curve.

Above 800 uC, no weight loss and exothermal peak can be

observed in the TG curve and DTA curves, respectively. The

formation of hexaaluminate phase may be a slow process, or

the exothermic effect due to the decrease of surface energy may

be small under the experiment conditions; therefore, it is

difficult to determine accurately the formation temperature of

the hexaaluminate phase. As can be observed from Fig. 3,

however, the surface area of the aerogel sample decreases

rapidly from 1000 uC; it is probable that the hexaaluminate

crystallites begin to form at 1000 uC. In the range of room

temperature to 1300 uC, the total weight loss of the aerogel is

about 45%.

For the xerogel, there are also two stages of weight loss in

the TG curve. Below 200 uC, the weight loss of the sample is

10%, which is higher than that (5%) of the aerogel. At the same

time, an endothermal peak also appears at about 100 uC in the

DTA curve. This indicates the xerogel contains more water

than the aerogel. The reason may be that the drying

temperature (260 uC) in the SCD process is higher than that

(110 uC) in the CD one. In the range of 200 to 950 uC, the

weight loss of the CD sample is about 70%, which is higher

than that (40%) of the SCD sample. This indicates the xerogel

sample contains more hydroxyls than the aerogel does. In the

DTA curve, the exothermal peaks appear at 220, 290, 350 and

520 uC, and an exothermal platform between 580 and 950 uC
can be observed. However, the flat temperature region of the

xerogel extends to 950 uC, compared with that (750 uC) of the

aerogel. This could be ascribed to the texture of the xerogel. As

shown in Table 2 and Fig. 2, the xerogel has small pore size

and pore volume. The organic chemicals may not be in contact

with air sufficiently, and therefore the organic chemicals will

combust slowly. Due to the slow combustion model, the

exothermal platform is extended up to a temperature of 950 uC.

Above 950 uC, no weight loss in the TG curve and no

exothermal peak in the DTA curve can be observed. In the

range of room temperature to 1300 uC, the total weight loss of

the xerogel is about 80%, which is more than that (45%) of the

aerogel. This means that the xerogel contains more water and

hydroxyl than the aerogel. Therefore, the CD sample would

aggregate and sinter severely, compared with the SCD one. As

shown in Table 2, the surface area of the SCD catalyst is

higher than that of the CD one. From the DTA curve,

Fig. 4 TGA-DTA curves of the samples prepared in the reverse microemulsions (W0 5 0.10) by different drying methods: (a) aerogel, (b) xerogel.
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however, it is very difficult to determine the initial formation

temperature of hexaaluminate crystalline phase. The surface

area of the xerogel sample decreases rapidly from 1100 uC (in

Fig. 3). It is possible that the hexaaluminate crystallites begin

to form at about 1100 uC, which is higher than that (1000 uC)

of the aerogel sample. The difference could be ascribed to the

homogeneity of the precursors, which can be demonstrated by

the XRD patterns.

As observed from Fig. 5, before calcination, both xerogel

and aerogel are amorphous. No diffraction peaks of carbo-

nates or hydroxides (Al, Mn and Ba) appear, indicating that

the constituents were highly dispersed in the samples. Because

the whole reaction is predominated by the matter exchange

process between the micelles, the Al, Mn and Ba species would

react with carbonate homogeneously, although the Mn, Ba, Al

species have different precipitating rates. Therefore, through

processing with the reverse microemulsion, the precursors can

achieve the homogeneity at a molecular level. After calcination

at 800 uC, the SCD sample is still amorphous. For the CD

sample, however, the diffraction peaks of carbonates or oxides

(Ba, Mn and Al) are observed. This could be caused by the

drying method. In the SCD process, since the interface

between liquid and vapor disappeared, the migration of the

active species from inner to surface of the pores is eliminated

effectively. As a result, the homogeneity of the precursor could

be maintained. The high homogeneity could promote the

reactions among Ba, Mn and Al, and the hexaaluminate

crystalline phase could form at a low temperature.16 Therefore,

the SCD catalyst may maintain small particle size and high

surface area. Although the differences in reactivity of the Ba,

Mn and Al species could be eliminated through the reverse

microemulsion method, during the CD process, the active

components would migrate while the water flows from the

inner to the surface of the pores. As a result, the obtained

precursor by CD method is not homogeneous, and the

hexaaluminate phase would form at a high temperature.

After calcination at 1200 uC, the hexaaluminate phase,

together with amounts of a-Al2O3 and BaAl2O4, formed

(shown in Fig. 5b). It seems that phase transformation

pathways for the two samples are different. For the SCD

catalyst, the hexaaluminate phase formed directly from the

amorphous precursor. For the CD sample, the BaCO3 and

BaAl2O4 crystallites formed before the formation of the

hexaaluminate crystallites. This means that the hexaaluminate

crystallites formed via the BaAl2O4 intermediate.

In our previous study,8 we reported that the texture

properties of the precursor had a significant influence on the

formation of La-hexaaluminate. We believed that the forma-

tion of La-hexaaluminate phase was delayed to some extent by

SCD. In this study, it seems that the influence of the precursor

homogeneity on the formation of Ba-hexaaluminate is more

significant than that of its textural properties. To our

knowledge, Lanthanum carbonate can decompose at about

800 uC, while barium carbonate can only decompose above

1100 uC. Since the homogeneity of the SCD precursor is

superior to that of the CD precursor, the high homogeneity of

the precursor would be beneficial to the solid-state reactions

(BaCO3 + Al2O3 A BaAl2O4, BaAl2O4 + MnO + Al2O3 A
BaMnAl11O19).18 As a result, the hexaaluminate phase would

form at low temperatures, supported by the TG-DTA curves

and XRD patterns. Although the ultrafine particles are more

apt to sinter than the large ones, the highly homogeneous

precursor is beneficial to the formation of hexaaluminate

because the diffusion and rearrangement of the ion could be

promoted. Therefore, we believe that the homogeneity of the

precursor may play a more important role in the formation of

the Ba-hexaaluminate than in that of the La-hexaaluminate.

3.4. Effect of Ce introduction on the catalysts

Since ceria possesses the high storage capability of oxygen,19

we have attempted to introduce Ce into the hexaaluminate

Fig. 5 The XRD patterns of the BaMnAl11O19 catalysts prepared in the reverse microemulsions (W0 5 0.10) by different drying methods (a):

1—aerogel, 2—800 uC, 3—1100 uC, 4—1200 uC; (b): 1—xerogel, 2—800 uC, 3—1100 uC, 4—1200 uC.
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crystal lattice. Iyi et al.20 reported that only the mono-, di- and

trivalent ions with radius above 1.10 Å could be accommo-

dated in the mirror plane of hexaaluminate crystal. Since the

radius of the Ce(III) ion is 1.18 Å, it seems that it could be

accommodated in the hexaaluminate lattice. However, during

the calcination process at 1200 uC in flowing air, the Ce(III)

ions would be oxidized into the Ce(IV) ions. The radius of the

Ce(IV) ion is 0.92 Å, so Ce would be excluded from the

hexaaluminate lattice.

Fig. 6 presents the XRD patterns of the CexBa12xMnAl11Oy

catalysts. At x 5 0.1, no characteristic peaks of the CeO2 phase

could be observed, which indicates the CeO2 crystallites may

highly disperse in the hexaaluminate matrix. Zarur and Ying7

also observed the similar phenomenon when they synthesized

the CeO2/BaAl12O19 catalyst. At x 5 0.2, the CeO2 phase

appears as a separate impurity phase, and the hexaaluminate

phase is still present. The reason is that the hexaaluminate

could form in a wide range of Ba/Al ratios.21 When x 5 0.3,

the diffraction peaks of CeO2 crystallites are strong, and the

diffraction peaks of a-Al2O3 appear; but the diffraction peaks

of the hexaaluminate crystallites are very weak. This suggests

that the presence of Ce could prevent the formation of

hexaaluminate to some extent. On the other hand, compared

with pure a-Al2O3, the diffraction peaks of a-Al2O3 in the

CexBa12xMnAl11Oy sample (x 5 0.3) are weak, indicating that

the phase transition from c-Al2O3 to a-Al2O3 could be

restrained to some extent in the presence of CeO2 crystallites.

The phenomenon probably may be ascribed to the separating

effect of ceria crystallites.22

When Ce was introduced, the CexBa12xMnAl11Oy catalyst

had a large surface area at x 5 0.1 (Table 3), although Ce

could not enter the hexaaluminate lattice; when x . 0.1, the

surface area of the CexBa12xMnAl11Oy catalysts decreased due

to the formation of CeO2 phase. The results also show that the

hexaaluminate structure is stable at high temperature.

Therefore, the formation of pure hexaaluminate phase is very

important to obtain the materials with large surface area.

3.5 Methane combustion over the CexBa12xMnAl11Oy catalysts

The activities of methane combustion over the

CexBa12xMnAl11Oy catalysts are shown in Fig. 7, and

summarized in Table 3.

At x 5 0, T10 (the temperature at 10% methane conversion)

of methane combustion over the SCD catalyst is 445 uC, lower

than that (520 uC) over the CD one. At the low temperatures,

the combustion reaction is mainly controlled by surface

Fig. 6 The XRD patterns of the CexBa12xMnAl11Oy catalysts

prepared in the reverse microemulsions (W0 5 0.10) under supercritical

drying (SCD): (1) x 5 0.1; (2) x 5 0.2; (3) x 5 0.3.

Table 3 The catalytic activity for methane combustion over the
CexBa12xMnAl11Oy catalysts prepared in reverse microemulsions
(W0 5 0.10)

Catalysta Ce content (x) Drying SSA/m2 g21 T10/uC b T90/uC b

C0-SCD 0.0 SCD 72.4 445 770
C0-CD 0.0 CD 43.3 520 810
C1-SCD 0.1 SCD 74.2 430 730
C2-SCD 0.2 SCD 47.1 510 820
C3-SCD 0.3 SCD 25.5 550 850
a The CexBa12xMnAl11Oy catalysts prepared by SCD are designated
as Cx-SCD (x 5 0, 0.1, 0.2 and 0.3); the CexBa12xMnAl11Oy

catalysts prepared by CD were designated as Cx-CD. b T10 the
temperature at 10% methane conversion, T90 the temperature at 90%
methane conversion.

Fig. 7 Catalytic activities for methane combustion over the

CexBa12xMnAl11Oy catalysts prepared in the reverse microemulsions

(W0 5 0.10): (1) x 5 0, SCD; (2) x 5 0, CD; (3) x 5 0.1, SCD; (4)

x 5 0.2, SCD; (5) x 5 0.3, SCD.
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reaction.8 Compared with the CD catalyst, the SCD catalyst

has higher surface area; and the SCD catalyst could provide

larger reacting surface. T90 (the temperature at 90% methane

conversion) over the SCD catalyst is 770 uC, lower than those

over the CD one (810 uC). At the high temperatures, the

combustion reaction of methane is mainly controlled by mass

transfer process.8 The high surface area of the SCD catalyst

favors gas diffusivity. Therefore, the SCD catalyst shows

higher activity than the CD one. When x 5 0.1, the

Ce0.1Ba0.9MnAl11Oy catalyst has a slightly higher activity

(T10 5 430 uC, T90 5 730 uC) than the BaMnAl11O19 catalyst.

The high activity of the Ce0.1Ba0.9MnAl11Oy catalyst could be

ascribed to its high reactive surface, although the direct proof

was not obtained. Machida et al.23 concluded that the high

catalytic activity for methane combustion over the

BaMnAl11O19 catalyst resulted from the fast redox couple

between Mn2+ and Mn3+. It is well known that Ce can

transform between Ce(III) and Ce(IV).19 We believe that there

may exist a synergic effect between Ce and Mn, which could

improve the catalyst activity. Yan and Thompson24 also

reported the synergic effect between Mn and Co, when they

introduced Mn and Co into the Ba-hexaaluminate catalyst.

When x . 0.1, the activities of the CexBa12xMnAl11Oy

catalysts are low due to their low surface area.

4. Conclusions

In this study, the high-surface-area CexBa12xMnAl11Oy

catalysts were synthesized by the reverse microemulsion

method, using the nontoxic and inexpensive inorganic salts,

instead of the alkoxides, as reactants. Therefore, the prepara-

tion is environmentally friendly and low-cost. The study shows

that the catalyst morphology could be controlled effectively by

the microemulsion microstructure; the homogeneity of pre-

cursor could be enhanced greatly by the reverse microemulsion

method and the supercritical drying method. As a result, the

hexaaluminate phase could form at a relatively low tempera-

ture (lower than 1100 uC). The BaMnAl11O19 catalyst has high

surface area (72.4 m2 g21) and high activity (T10 5 445 uC).

Although Ce could not enter the hexaaluminate lattice, the

CeO2 crystallites could highly disperse in the catalyst at

moderate Ce concentration (x ¡ 1). Compared with the

BaMnAl11O19 catalyst, the Ce0.1Ba0.9MnAl11Oy catalyst shows

higher activity (T10 5 430 uC) due to the synergetic effect

between Mn and Ce.
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A comparative study was made of lipase-catalyzed asymmetric ammonolysis of

D,L-p-hydroxyphenylglycine methyl ester (D,L-HPGME) with ammonium carbamate as the

ammonia donor in nine ionic liquids (ILs) and four organic solvents. An obvious enhancement in

the enantioselectivity (E value) of the ammonolysis was observed using ILs as the reaction media

when compared to the organic solvents tested. However, the rate of ammonolysis in the IL

1-hexyl-3-methylimidazolium tetrafluoroborate (C6MIm?BF4), which was the best IL medium for

the reaction, was much lower than that achieved in tert-butanol. It was also found that both the

cation and the anion of ILs have a significant effect on the reaction. Candida antarctica lipase B

immobilized on an acrylic resin (CAL-B, i.e., Novozym 435) displayed no ammonolysis activity

toward D,L-HPGME in two ILs, 1-butyl-3-methylimidazolium bromide (C4MIm?Br) and

1-butyl-3-methyl-imidazolium nitrate (C4MIm?NO3). When an IL–tert-butanol co-solvent system

was adopted as the solvent for the enzymatic ammonolysis, the initial rate and enantioselectivity

were enhanced markedly. It was noticed that the ammonolysis was dependent on the water

activity (aw) in the co-solvent systems, and an aw of 0.75 was optimal. Among the six co-solvent

systems examined, the lowest apparent Km and activation energy (Ea), and the highest Vmax of the

ammonolysis were achieved with the co-solvent mixture of C6MIm?BF4 and tert-butanol

(20 : 80, v/v), in which the lipase CAL-B also exhibited good stability.

Introduction

Enantiomerically pure unnatural amino acids are widely used as

key intermediates for the synthesis of semisynthetic antibiotics,

peptide hormones, pyrethroids and pesticides.1 Among such

intermediates, enantiopure p-hydroxyphenylglycine(HPG)

and its derivatives, which play a crucial role in the manufacture

of amoxycillin, aspoxicillin, cefpyramide, complestatin and

vancomycin,2 are some of the most important. Currently,

enantiomerically pure HPG is commercially produced by a

chemoenzymatic route using D-hydantoinase. In this procedure,

chemically synthesized 5-hydroxyphenyl hydantoin is

stereoselectively hydrolyzed to N-carbamoyl-D-HPG by

D-hydantoinase, followed by the chemical conversion of the

product to D-HPG under acidic conditions. However, the

approach needs several additional operations and may

generate a large amount of process waste.3 Consequently,

more efficient methodologies for the production of enantio-

pure HPG are of great industrial importance. From a

practical standpoint, enzymatic kinetic resolution of race-

mates is a favorable option. The enzymatic ammonolysis of

carboxylic esters was discovered in the mid-1990s and

provides a mild procedure for the preparation of carboxylic

amides as well as an attractive method for the resolution of

racemates.4–6 Some efforts have been made on the enzymatic

ammonolysis of racemic phenylglycine methyl ester in

organic solvents to achieve the R-enantiomer, using ammo-

nia as the acyl acceptor.7–9 It has been found, however, that

excess ammonia is detrimental to the enzymatic reaction,

especially for long-term operation, and thus ammonium

carbamate has been employed in place of ammonia gas.10,11

Unfortunately, ammonolysis carried out in organic solvents

showed only moderate enantioselectivity. Additionally,

serious environmental problems are associated with the use

of volatile organic solvents, particularly when they are

employed on a large scale. Accordingly, there is a compel-

ling need for a reaction medium that would minimize harm

to the environment at the same time as permitting highly

enantioselective catalysis.

Ionic liquids (ILs), typically consisting of organic cations and

inorganic anions, have recently emerged as a promising

replacement for volatile organic solvents in a wide variety of

synthetic reactions, due to their advantageous properties

including negligible vapor pressure, high thermal and chemical

stability, recoverability and recyclability.12 Also, ILs exhibit an

excellent ability to dissolve polar and apolar organic, organo-

metallic and inorganic compounds. ILs are also very versatile in

that their properties can be manipulated to suit the require-

ments of a particular process by changing the nature of the

cation and anion and the length of the side chain attached to the

cation. All these unique characteristics make ILs promising for

biocatalytic processes as well as chemical processes.13

In recent years, many enzymatic transformations in ILs or

other systems containing ILs have been conducted successfully*btmhzong@scut.edu.cn
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and in many cases, with remarkably improved results.14–21 For

instance, we have recently reported papain-mediated enantio-

selective hydrolysis of D,L-p-hydroxyphenylglycine ester in a

co-solvent mixture of IL and phosphate buffer for the

preparation of enantiopure p-hydroxyphenylglycine (HPG).22

Papain displayed much higher hydrolytic activity and enan-

tioselectivity in a buffer solution containing 12.5% (v/v)

1-butyl-3-methylimidazolium tetrafluoroborate (C4MIm?BF4)

than in other co-solvent systems examined. Moreover,

markedly enhanced stability of the enzyme was observed in

the IL-buffer co-solvent systems. The reaction was subse-

quently carried out under reduced pressure to remove the

product methanol in situ, resulting in further raised yield and

enantiomeric excess (e.e.) of HPG.23 As an extension of our

ongoing research program on enzyme-catalyzed asymmetric

reactions in ILs, we herein describe the successful lipase-

mediated asymmetric ammonolysis of D,L-p-hydroxyphenyl-

glycine methyl ester (D,L-HPGME, rac-1) to enantiopure

D-hydroxyphenylglycine amide (D-HPGA, D-2) in ILs and IL–

tert-butanol co-solvent systems (Scheme 1) and we describe the

influence of the cation and the anion component of the IL on

the reaction as well as the enzyme stability.

Results and discussion

Recent studies have shown that the activity, stability and even,

in some cases, enantioselectivity of lipase-catalysed reaction

can be considerably enhanced by switching the reaction media

from organic solvents to ILs or systems containing ILs.24–27

However, the effect of different ionic liquids on lipase-

mediated reactions has been found to vary widely.

Consequently, we initially focused on the influence of the

cations and anions of nine ILs on the asymmetric ammonolysis

of rac-1 with ammonium carbamate by immobilized lipase

from Candida antarctica B (CAL-B) (Novozym 435) (Table 1,

entries 1–9), which displays good ammonolysis activity

towards other substrates like carboxylic acid esters.6 In

the case of 1-alkyl-3-methylimidazolium tetrafluoroborate

(CnMIm?BF4, n 5 3–8), both the hydrophobicity and the

viscosity of ILs increase with increasing length of the alkyl

group (i.e. increasing n value), while the polarity decreases to

some extent.28,29 As shown in Table 1, the reaction became

faster and more enantioselective (expressed in terms of the

enantiomeric ratio E unless specified otherwise) with the

elongation of the alkyl chain (Table1, entries 1–4). However,

further extension of the alkyl chain, to seven carbon atoms and

longer, resulted in lowered initial rate and minor variation in

E value (Table 1, entries 4–6). In addition, CAL-B showed

relatively high ammonolysis activity and low enantioselectivity

in C4MIm?BF4 compared to C4MIm?PF6. No ammonolysis

reaction was observed in C4MIm?NO3 or C4MIm?Br. These

results suggested that the activity and the enantioselectivity

of CAL-B-mediated ammonolysis is anion-dependent. The

anions NO3
2 and Br2 are more nucleophilic than BF4

2 and

PF6
2, and may coordinate strongly to positively charged sites

in the structure of lipase, resulting in conformational changes

and thus inactivation of the enzyme.30,31 Also, BF4
2 and PF6

2

anions spread their negative charge over four and six fluorine

atoms, respectively and thus weaken hydrogen-bond basicity

of the ILs C4MIm?BF4 and C4MIm?PF6. Lower hydrogen-

bond basicity minimizes interference with the internal hydro-

gen bonds of an enzyme and so consistent with this notion,

enzymes are inactive in C4MIm?NO3 and C4MIm?Br, which

have high hydrogen-bond basicity. Surprisingly, CAL-B

incubated for 48 h in C4MIm?NO3 retained around 85% of

its original activity, while CAL-B incubated for the same

period in C4MIm?Br displayed no detectable activity. The

reasons for this unexpected result are the subject of an ongoing

investigation in our laboratory.

It is of particular interest to compare the reactions carried

out in ILs with those in organic solvents. Table 1 illustrates

that CAL-B-mediated ammonolysis of rac-l proceeded in

tert-butanol (BuOH) and tert-amyl alcohol (AmOH) with

dramatically higher initial rates than those observed in 1,2-

dichloroethane (DClE), tetrahydrofuran (THF) or any of the

ILs that were investigated. However, the enzyme was less

enantioselective (E 5 8–22) in all the organic solvents tested

compared to the ILs. We tried to correlate the activity and the

enantioselectivity of the reaction with parameters such as

hydrophobicity, polarity, dielectric constant and viscosity of

the medium, but no such correlation was detected.

Scheme 1 Lipase-mediated asymmetric ammonolysis of D,L-HPGE (rac-1) in ILs or IL-tert-butanol co-solvent systems

This journal is � The Royal Society of Chemistry 2005 Green Chem., 2005, 7, 500–506 | 501
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Unlike the other three organic solvents, BuOH dissolves the

substrate rac-l and the product 2 well. Furthermore, it is also

miscible with C5MIm?BF4, C6MIm?BF4, and C7MIm?BF4 in

all proportions. To enhance the initial rate of the ammonolysis

performed in the ILs, mixtures of BuOH and ILs

(C5MIm?BF4, C6MIm?BF4 or C7MIm?BF4) were used as the

reaction media. Fig. 1 depicts the obvious effect of IL content

in the co-solvent mixture on the reaction. As expected, the

initial rate was strongly dependent on IL concentration. The

initial rate and the E value went up markedly with increasing

concentrations of C5MIm?BF4, C6MIm?BF4 and C7MIm?BF4

up to 30%, 20% and 15% (v/v), respectively, although further

increase in IL content led to a sharp drop in the initial rate and

a minor rise in the E value. High concentrations of IL cause

high ionic strength in the reaction medium that might partially

inactivate the enzyme. Also, the high viscosity of the reaction

mixture caused by high concentrations of IL may limit the

mass transfer of the substrate and product to and from the

active sites of the enzyme, and may contribute to the fall in

the initial rate seen at high IL concentrations. The results of a

comparative study of CAL-B-mediated ammonolysis of rac-l

in different co-solvent mixtures are summarized in Table 1

(entries 14–19). A remarkable enhancement in the initial rate

and the enantioselectivity was observed when the reaction was

performed in the co-solvent mixtures containing the optimal

concentration of each IL in BuOH. This is possibly because the

presence of the optimal concentration of IL causes subtle

changes in the enzyme conformation and the ionization state

of the substrate that enhance their interaction. Of the co-

solvent mixtures assayed, 20% (v/v) C6MIm?BF4–BuOH gave

both the highest initial rate and enantioselectivity.

To get a better insight into the effect of the IL in the co-

solvent mixtures on CAL-B-mediated ammonolysis of rac-l, a

comparative study of the kinetic parameters of this reaction

was conducted in 20% (v/v) C6MIm?BF4–BuOH, 50% (v/v)

AmOH–BuOH, pure BuOH and 20% (v/v) THF–BuOH. In all

four media the ammonolysis reaction followed Michaelis–

Menten kinetics when ammonium carbamate, the ammonia

donor, was in great excess. The values of apparent Vmax and

Km are listed in Table 2. As expected, the highest Vmax and

lowest Km were achieved when the reaction was carried out

in the 20% (v/v) C6MIm?BF4–BuOH mixture. The value of

Vmax/Km in 20% (v/v) C6MIm?BF4–BuOH was 2.2-, 2.9- and

Table 1 Lipase-mediated asymmetric ammonolysis of rac-l

Entry Lipasea Mediuma
Initial rate Time Yieldb e.e.p e.e.s

E(mM?min21?mg21) / h (%) (%) (%)

1 CAL-B C3MIm?BF4 0.38 48 33.2 88.2 48.4 25
2 CAL-B C4MIm?BF4 0.57 48 42.4 90.6 72.5 43
3 CAL-B C5MIm?BF4 0.63 48 43.8 92.4 78.7 59
4 CAL-B C6MIm?BF4 0.78 48 46.5 94.1 86.3 67
5 CAL-B C7MIm?BF4 0.45 48 38.3 94.7 61.5 68
6 CAL-B C8MIm?BF4 0.31 68 26.6 95.4 35.7 63
7 CAL-B C4MIm?PF6 0.19 86 23.5 94.8 30.1 50
8 CAL-B C4MIm?Br n.r. 48 n.r. n.r. n.r. n.r.
9 CAL-B C4MIm?NO3 n.r. 48 n.r. n.r. n.r. n.r.

10 CAL-B BuOH 1.83 4 38.6 71.4 57.5 12
11 CAL-B AmOHc 1.74 4 36.1 85.7 54.5 22
12 CAL-B DClEc 0.54 40 35.2 76.5 50.4 13
13 CAL-B THFc 0.32 60 24.3 70.7 28.2 8
14 CAL-B 30% (v/v) C5MIm?BF4–BuOH 2.66 4 45.5 89.9 82.7 48
15 CAL-B 15% (v/v) C7MIm?BF4–BuOH 2.42 4 42.7 91.7 74.7 52
16 CAL-B 20% (v/v) C6MIm?BF4–BuOH 3.18 4 46.8 92.6 87.6 63
17 CAL-B 50% (v/v) AmOH–BuOH 2.45 4 44.4 83.9 78.5 27
18 CAL-B 10% (v/v) DClE–BuOH 2.24 4 40.3 79.8 65.0 19
19 CAL-B 20% (v/v) THF–BuOH 1.56 4 34.0 78.2 47.7 15
20 TLL-IM 20% (v/v) C6MIm?BF4–BuOH 0.29 24 23.1 65.0 25.9 7
21 RML-IM 20% (v/v) C6MIm?BF4–BuOH n.r. 24 n.r. n.r. n.r. n.r.
22 CCL 20% (v/v) C6MIm?BF4–BuOH 2.17 6 31.3 28.6 35.7 3
23 CRL 20% (v/v) C6MIm?BF4–BuOH n.r. 24 n.r. n.r. n.r. n.r.
24 MML-IM 20% (v/v) C6MIm?BF4–BuOH n.r. 24 n.r. n.r. n.r. n.r.
a The aw in the reaction systems is 0.75. b Yield of the product 2 on a mole basis. c BuOH (tert-butanol) was added to AmOH (tert-Amyl
alcohol), DClE (1,2-Dichloroethane) and THF (Tetrahydrofuran) as co-solvent (20%, v/v) to dissolve the substrate rac-1. d n.r. 5 no reaction.

Fig. 1 Effect of ionic liquid content on lipase-catalyzed asymmetric

ammonolysis of rac-1. Open symbols refer to E value; Full symbols

refer to the initial rate. Symbols: (&%) C5MIm?BF4; (mn)

C6MIm?BF4; ($#) C7MIm?BF4.
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4.2-fold higher, respectively, than those observed in 50% (v/v)

AmOH–BuOH, BuOH and 20% (v/v) THF–BuOH. Thus, it

appears that the IL C6MIm?BF4 gives rise to an improvement

in the affinity of the enzyme towards the substrate, which

could partly account for the increased activity and enantios-

electivity exhibited by CAL-B in 20% (v/v) C6MIm?BF4–

BuOH in comparison with other media, as was demonstrated

in Table 1 (entries 10, 16, 17 and 19). An increase in enzyme

activity might also result from a decrease in activation energy

(Ea) of the enzymatic reaction. As shown in Table 2, the Ea

value of the reaction conducted in 20% (v/v) C6MIm?BF4–

BuOH was much lower than those with 50% (v/v) AmOH–

BuOH, pure BuOH and 20% THF–BuOH, suggesting that

C6MIm?BF4 could make the ‘‘enzyme–substrate’’ transition

state more stable due to its ionic nature.

Several other commercially available lipases were also

investigated for their potential in catalyzing the asymmetric

ammonolysis of rac-1 with ammonium carbamate in the co-

solvent mixture of 20% (v/v) C6MIm?BF4 and BuOH (Table 1,

entries 20–24). Among them, three lipases, namely RML-IM,

CRL and MML-IM, exhibited no ammonolysis activity

towards rac-1 (Table 1, entries 21, 23, 24) since the product

was not detectable and no decline of the substrate concentra-

tion was observed after incubation of the reaction mixture for

24 h. In spite of the good ammonolysis activity, CCL showed

no significant enantioselectivity to rac-1 (E 5 3, Table 1, entry

22). TLL-IM exhibited low activity towards rac-1 (Table 1,

entry 20), but interestingly had a slight preference of L-1 over

D-1, which is in contrast to CAL-B. Among all the lipases

tested, CAL-B displayed the highest activity and enantioselec-

tivity. After a reaction time of 4 h, the yield, the product e.e.

(e.e.p) and the remaining substrate e.e. (e.e.s) of the reaction

with CAL-B were 46.8%, 92.6% and 87.6%, respectively

(Table 1, entry 16).

It is well known that water activity (aw) plays a crucial role

in enzymatic reactions in non-aqueous media. In our case, it is

of great significance to optimize the amount of water in the

IL–tert-butanol co-solvent system since the presence of water

may promote the competitive hydrolysis of rac-1. Two

methods have been used to control aw in ILs, including

equilibration over saturated salt solutions,32–34 and the use of

salt hydrate pairs.35 The former is a well-established and

effective approach for aw studies, and the latter is not suitable

for some ILs with good salt solubilities. Hence the pre-

equilibration over saturated salt solutions for aw control was

chosen for this work. Table 3 shows the effect of aw in the

C6MIm?BF4–BuOH co-solvent system on the CAL-B-

mediated asymmetric ammonolysis of rac-1. When the aw

value was below 0.75, both the rate and the E value of the

ammonolysis increased with increasing aw. Further increase in

aw, however, led to lower reaction rates and lower enantios-

electivity. Although hydrolysis of the substrate could be

inhibited, the enzyme was hydrated incompletely and thus

showed lower ammonolysis activity when aw was below the

optimum. On the other hand, an aw above the optimum

presumably allowed the enzyme to become completely

hydrated, but competitive hydrolysis of the substrate rac-1

limited the ammonolysis reaction. It was also observed that

too much water in the co-solvent system caused aggregation of

the enzyme, which was clearly related to the decline in the

reaction rate and the enantioselectivity at high aw.

From both a practical and a theoretical viewpoint, it was of

considerable importance to understand the influence of ILs on

the stability of the enzyme. Accordingly, the operational

stability of CAL-B was studied by incubating it in 20% (v/v)

C6MIm?BF4–BuOH, 50% (v/v) AmOH–BuOH, pure BuOH

and 20% (v/v) THF–BuOH, respectively, for a specified period

of time at 35 uC, followed by the measurement of its relative

activity. After operating repeatedly for eight batches (6 h each

batch) in 20% (v/v) C6MIm?BF4–BuOH, 50% (v/v) AmOH–

BuOH, pure BuOH and 20% (v/v) THF–BuOH CAL-B

retained, respectively, approximately 83%, 37%, 25% and 5%

of its original activity (Fig. 2). Fig. 3 illustrates the deactiva-

tion profile of CAL-B at various temperatures and in various

media under the ammonolysis conditions. The much higher

enzymatic activity after incubation in 20% (v/v) C6MIm?BF4–

BuOH for 4 h at 90 uC than those in other media demonstrated

that C6MIm?BF4 increased the thermal stability of CAL-B

markedly. The coating and protection of the essential water

surrounding the lipase by the IL could partly account for

this.36 Also, a greatly enhanced interaction of the substrate

Table 2 The apparent kinetic parameters and activation energy of CAL-B-mediated ammonolysis of rac-l in various media

Media Km
a /mM Vmax

a /mM min21 mg21 Vmax/Km (1023min21 mg21) Ea
b /kJ mol21

20% (v/v) C6MIm?BF4–BuOH 42.2 12.29 0.29 11.1
50% (v/v) AmOH–BuOH 69.5 9.34 0.13 26.2
BuOH 83.4 8.23 0.10 38.6
20% (v/v)THF–BuOH 108.3 7.50 0.07 52.8
a The apparent kinetic parameters (Vmax and Km) were estimated by fitting the data to a standard Michaelis–Menten equation using the Eadie–
Hofstee plot (V 5 Vmax 2 Km? V/Cs, V: reaction rate; Cs: substrate concentration). b The apparent activation energy (Ea) values were
determined by the linear regression analysis of the Arrhenius plots.

Table 3 Influence of water activity on CAL-B-catalyzed asymmetric
ammonolysis of D,L-HPGME in the IL–tert-butanol co-solvent
mixture

aw

V0 /
mM min21 mg21

Yield of

D-HPGA
(4 h, %)

Conversion
(4 h, %)

E.e.s
(%)

E.e.p
(%) E

0.12 1.60 34.7 35.8 52.2 94.2 51
0.33 2.69 44.5 46.4 79.2 92.4 55
0.55 3.03 45.4 47.6 83.5 91.3 57
0.75 3.18 46.8 48.9 87.6 92.6 65
0.85 3.07 45.9 49.5 83.4 84.6 32
0.97 2.62 41.8 45.3 67.3 81.5 22
a Reaction conditions: 20 mM D,L-HPGME; 120 mM ammonium
carbamate; 40 uC; 250 rpm; 50 mg Novozym 435; 1 mL C6MIm?BF4

(20%,v/v)-tert-butanol co-solvent.
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with the active site of CAL-B in the presence of the IL

C6MIm?BF4 may be important in explaining these results.

Furthermore, enzyme–solvent interactions in different media

constitute an important factor in maintaining the active

conformation of the protein. Thus, the observable improve-

ment in the stability of CAL-B in C6MIm?BF4–BuOH mixture

is possibly due to the electrostatic interaction between the IL

and the protein, leading to a more rigid protein, which needs to

overcome a higher kinetic barrier to unfold in comparison with

the cases when the enzyme is incubated in non-ionic organic

solvents.37

Conclusions

The results described in this paper clearly demonstrate that the

ILs in the co-solvent systems can boost markedly the activity,

the enantioselectivity and the stability of CAL-B in asymmetric

ammonolysis of rac-1 with ammonium carbamate. It has been

found that the water activity and IL content in the co-solvent

systems have a significant impact on enzymatic ammonolysis.

Further detailed investigations, however, will be necessary to

gain sufficient knowledge about the impact of ILs on enzymes

in general, and especially the interactions of various types of

ILs with a wide variety of enzymes.

Experimental

Materials

Racemic p-hydroxyphenylglycine methyl ester (D,L-HPGME,

98% purity) and p-hydroxyphenylglycine (D,L-HPG, 99%

purity) were kindly donated by Hebei Xinji Taida

Petrochemical Co., Ltd. (Xinji, Hebei Province, China).

Enantiopure HPGME (97% purity), HPG (98% purity) and

ammonium carbamate (99%) were obtained from Aldrich-

Fluka (USA). Enantiopure p-hydroxyphenylglycine amide

(HPGA, over 97% purity) was obtained from DSM (Geleen,

The Netherlands). Immobilized Candida antarctica lipase B

(CAL-B) (i.e. Novozym 435, 10000 U g21), immobilized

Thermomyces lanuginosus lipase (TLL-IM) (i.e. LipozymeIM

TL, 50000 U g21), immobilized Rhizomucor miehei lipase

(RML-IM) (i.e. LipozymeIM RM, 20000 U g21) and immo-

bilized Mucor miehei lipase (MML-IM) (i.e. LipozymeIM,

9100 U g21) were kindly donated by Novozymes (Denmark).

Candida cylindracea lipase (CCL, 360 U mg21) and Candida

rugosa type VII lipase (CRL, 950 U mg21) were purchased

from Sigma (USA). The nine ionic liquids used during this

work {1-alkyl-3-methylimidazolium tetrafluorobrate

(CnMIm?BF4, n 5 3–8), 1-butyl-3-methylimidazolium hexa-

fluorophosphate (C4MIm?PF6), 1-butyl-3-methylimidazolium

nitrate (C4MIm?NO3) and 1-butyl-3-methylimidazolium bro-

mide (C4MIm?Br)} were supplied as gifts by Dr Li Xue-Hui

(Department of Chemical Engineering, South China

University of Technology, Guangzhou, China) and were all

of over 98% purity. ILs were dried at 200 uC for 48 h before

use. Solvents were dried over Zeolite CaA (Uetikon, activated

at 400 uC for 24 h before use). All other chemicals were from

commercial sources and were of analytical grade.

Water activity control

The pure solvents (ILs, organic solvents) and the substrate

solutions (in ILs, organic solvents or IL–tert-butanol co-

solvent mixtures) were equilibrated to fixed water activities

(aw) over saturated salt solutions in a closed container at 25 uC.

The following salts were used: LiCl (aw 5 0.11), MgCl2
(aw 5 0.33), Mg(NO3)2 (aw 5 0.53), NaCl (aw 5 0.75), KCl

(aw 5 0.85) and K2SO4 (aw 5 0.97).32 The equilibration was

monitored by water analysis using Karl Fischer titration until

constant water contents were observed. The enzyme was

equilibrated in separate vessels for 24 h at 25 uC.

General procedure for enzymatic ammonolysis

In a typical experiment, rac-1 (0.02 mmol), ammonium

carbamate (0.12 mmol) and the selected lipase (500 U, one

unit corresponds to the amount of enzyme that produces

1 mmole of fatty acid from a triglyceride h21 at pH 7.0 and

35 uC) were added to the reaction medium (IL or organic

Fig. 2 Operational stability of CAL-B in 20% (v/v) C6MIm?BF4–

BuOH c (%), 50% (v/v) AmOH–BuOH (n), BuOH (e) and 20%

THF–BuOH (#).

Fig. 3 Thermal stability of CAL-B in 20% (v/v) C6MIm?BF4–BuOH

(%), 50% (v/v) AmOH–BuOH (n), BuOH (e) and 20% THF–BuOH

(#).
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solvent or the co-solvent mixture of IL and organic solvent,

1 mL) with specified aw value. The resulting mixture was

shaken reciprocally (250 rpm) at 40 uC. Aliquots were

withdrawn at specified time intervals from the reaction mixture

and the reactions were stopped by adding concentrated

HClO4. Then, the aliquots were diluted 20 times with water

or methanol (when immiscible-water ILs such as C6MIm?BF4,

C7MIm?BF4, C8MIm?BF4 and C4MIm?PF6 were used as

solvents, methanol was added to dilute the samples) before

HPLC analysis. To assay kinetic parameters, the reactions

were carried out with rac-1 concentrations between 5 and

120 mM. To investigate activation energy (Ea), the reactions

were performed at various temperatures between 30 uC and

50 uC.

Enzyme stability

In order to assess the operational stability of the enzyme, the

re-use of the CAL-B (Novozym 435) was investigated over 8

reaction cycles. Initially 50 mg aliquots of the immobilized

enzyme were added into separate screw-capped vials each

containing 1 mL of each of the appropriate medium {20% (v/v)

C6MIm?BF4–tert-butanol co-solvent, 50% (v/v) tert-amyl

alcohol–tert-butanol co-solvent, tert-butanol, or 20% (v/v)

tetrahydrofuran–tert-butanol co-solvent}, together with rac-1

(0.02 mmol) and ammonium carbamate (0.12 mmol). The

reaction was then repeated over 8 cycles (6 h per batch) at 35 uC
and 250 rpm. Between cycles the immobilized enzyme was

filtered from the reaction mixture, then washed twice with

fresh solvent, and added to a fresh batch of substrate solution.

Additionally, the thermal stability of enzyme was studied by

incubating it in the various media described above for 4 h at

various temperatures from 35 to 90 uC, followed by the assay

of its activity in the ammonolysis reaction.

Isolation of the product D-HPGA

Upon completion of the reaction, the reaction mixture was

filtered to remove the immobilized enzyme and remaining

ammonium carbamate. The unreacted substrate L-HPGME

was extracted twice with ethyl acetate from the reaction

mixture. Then, water was added to the reaction mixture,

followed by dropwise addition of concentrated HCl (8.0 M)

until the pH value was lowered to about 3.0 to precipitate the

product D-HPGA. D-HPGA was filtered off and dried in

vacuum at 70 uC. The separation yield of D-HPGA is over

90%. 1H NMR (400 MHz, DMSO, ppm): d 5 4.17 (s, 1H,

CHCONH2), 6.68 and 7.16 (d, 4H, HOC6H4CH), 6.94 (s, 2H,

CONH2), 7.36 (s, 2H, CHNH2), 9.28 (s, 1H, HOC6H4).

HPLC analysis

The reaction mixture was analyzed by chiral HPLC on a

4 6150 mm 5 m Crownpak CR (+) column from Daicel

Chemical Industries Co., Ltd. (Tokyo, Japan) using a Waters

600 pump and a Waters 996 Photodiode Array Detector at

226 nm. The mobile phase was an aqueous solution of HClO4

(0.011 M, pH 2.0) at 0.8 mL min21. The retention times

for D-HPGA (D-2), D-HPGME (D-1), L-HPGA (L-2) and

L-HPGME (L-1) were 2.18, 4.21, 6.95 and 17.35 min,

respectively. The initial rate (V0), the enantiomeric excess

(e.e.) of D-2 (e.e.p), the e.e. of residual L-1 (e.e.s), the yield of

D-2 (on a mole basis unless specified), the substrate conversion

(c) and the enantiomeric ratio (E 5 ln [(1 2 c)(1 2 e.e.s)]/

ln [(1 2 c)(1 + e.e.s)]) were calculated from the HPLC data.

The average error for this determination was less than 0.7%.

All reported data are averages of experiments performed at

least in duplicate.
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Water soluble poly(aniline) was prepared using the chemical oxide method by adding a small

amount of poly(sodium-p-styrenesulfonate). Poly(aniline) composite film on interdigital

electrodes of carbon was formed via the spin-coating approach. After pretreatment of exposure in

an alkalescence atmosphere and desorption with high-purity N2, the film showed an excellent

sensitivity to trimethylamine of 5.14 6 1027 mol mL21. Moreover, this film also had a good

selectivity to analogous gases and a fast response while exhibiting a good reproducibility. It was

easily recovered by high-purity N2.

Introduction

Although a large number of studies on conductive polymers

have been reported for several decades, this is still a hot

research field. One of the main reasons is that devices with

excellent properties would be expected to be obtained via

tailoring the nano-structure of conductive polymers with

template, non-template and seeding approaches.1–6

Currently most of the research on conductive polymers is

still focusing on the preparation of materials and morphology

characterization,2,5,7–11 only a few reports have touched upon

device properties. According to most research results, the

sensitivity was very low and the response was very slow.12–14

In our opinion, there are two main problems obstructing the

progress development. One is that there are too many

processes involved from the functional material to the device

fabrication, and some of them are difficult to overcome in the

near future. The other is that the conductivity of poly(aniline)

strongly depends upon the doping and undoping. Because

there are so many factors affecting the doping and undoping,

and because it is too difficult to achieve the effect of doping

in-situ polymerization using common doping methods, the

excellent properties of the material are not easily realized on

the devices.

Recently, Huang and co-workers15–17 investigated the

sensitive properties of sensors based on nanostructured

poly(aniline) prepared with interface polymerization and

interdigital gold electrodes and obtained good results, which

encouraged us to develop organic sensors with high sensitivity.

Poly(aniline) is one kind of typical conductive polymers.

Due to its good mechanical flexibility, environmental stability

and controllable conductivity by acid/base (doping/undoping),

poly(aniline) has potential applications in many fields, such as

lightweight battery electrodes, electromagnetic shielding

devices, anticorrosion coatings, and sensors.2,3 In the sensor

field, poly(aniline) and some other conductive polymers play

the part of sensitive materials around room temperature and

are an attractive developmental prospect.

Due to the poor solubility of poly(aniline), it is difficult to

form films with general methods whereas many modifications

of poly(aniline) would affect some properties.

Electropolymerization is a reasonable approach to prepare

such a film, but it is difficult to carry out on the device with

interdigital electrodes. Although a few papers reported that

some poly(aniline)s could be dissolved in strong polar solvents,

such as N-methylpyrrolidone, m-cresol, etc., several disadvan-

tages still need to be overcome. One problem is that the bp of

N-methylpyrrolidone, m-cresol, etc., are too high to make the

film-forming extremely difficult. Another problem is that

the volatile solvent would cause serious pollution. Therefore,

the water soluble poly(aniline) obtained by adding a small

amount of poly(sodium-p-styrenesulfonate) as described in this

paper can overcome the problem mentioned above before it

becomes significant.

Trimethylamine is an important organic ammonia, which is

produced via metabolic processes of animal organs and

protein. It is also an important toxic gas in biological fields

and the food industry. At present, it is usually determined

using sensors fabricated from metal oxide. To improve its

sensitivity and speed of response, a poly(aniline) composite

film is designed to determine the concentration of trimethyl-

amine in our experiments.

The screen printing technique, which provides a method of

rapid, economic and reproducible manufacture of sensor

electrodes, has become a common method of electrode

fabrication. Considering the low cost for future applications,

we studied the poly(aniline) composite film formed by spin-

coating or an immersion method on the screen-printed

interdigital carbon paste electrodes in this paper.

The experimental results indicated that a device with high-

sensitivity, rapid response, low-cost, reversible at room

temperature and conveniently prepared was obtained after

the pretreatment of poly(aniline).

Experimental

Materials

Aniline (AR) was freshly distilled in vacuum before use,

ammonium peroxydisulfate (AR), hydrochloride (AR), poly

(sodium-p-styrenesulfonate), 30% aqueous trimethylamine

solution (C.P.), triethylamine (A.R.) are commercially*xingfamazju@yahoo.com.cn
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available. Deionized filtered water was used in all the studies.

Carbon paste (Jelcon CH-10) was purchased from Jujo

Chemical Co., Ltd., Japan.

The electrode is made of carbon paste, which is prepared

using screen-printing technology. The gap and length of

interdigital electrodes are 0.5 mm and 1.0 mm, respectively,

and the substrate of the devices comprises a 0.5 mm thick

polypropylene plate.

Preparation of sensing film

The coating mixture was prepared by adding equimolar aniline

and ammonium peroxydisulfate in hydrochloride solution, and

a small amount of poly(sodium-p-styrenesulfonate) was added.

The blue–black solution of poly(aniline) in water was obtained

after standing for 24 h. The gas-sensor was fabricated either by

immersing the carbon electrode in the mixture or using a spin-

coating method, and then dried at room temperature.

The pretreatment of poly(aniline) film

The device was put into an airproof test box (2.5 L), and

desorbed with high-purity N2. A certain amount of trimethy-

lamine or other base volatile solvent (about 0.2 mL) was

injected into the test chamber with a syringe for de-

protonation.

Gas-sensitivity characterization of sensor

The gas-sensitivity characterization of sensor to vapors was the

same as ref. 18. The details of the procedure are described as

follows. The device was put into an airproof test box (2.5 L),

which was connected to a vacuum and a high purity N2 system

with three-way valves. While 10 V DC voltage was applied on

the interdigital electrodes, the DC current response was

measured using a Keithley 236 Source Measure Unit. The

DC current was measured continuously under N2 atmosphere

with arbitrary time intervals, such as 1 s, for evaluating the

programmed detection time, and the current value was

recorded automatically by an IBM PC compatible computer.

The test box was flushed with high purity N2 repeatedly until

the current slowly reached the steady value without variation.

At this moment, a certain mount of trimethylamine or other

volatile solvent (about 0.2 mL) was injected into the test

chamber with a syringe. Definition of gas-sensitivity (R) of the

film is the ratio of Igas/IN2, in which, Igas and IN2 represent the

responsive currents of the sensor on exposure to measured gas

and N2, respectively.

The FTIR spectra measurement

The FTIR spectra were taken in silicon disks, and recorded on

an IFS 66 V/S Fourier transform infrared spectrometer (made by

the Bruker Company). Water soluble poly(aniline) was coated

on the surface of silicon disks and dried at room temperature

while insoluble poly(aniline) was coated on the surface of silicon

disks via in-situ polymerization for comparison.

The UV-vis absorption measurement

The UV-vis absorption was recorded by a CARY Bio100

spectrophotometer. The water soluble poly(aniline) was coated

on the quartz glass, and then dried at room temperature, while

insoluble poly(aniline) was coated on the quartz glass via

in-situ polymerization for comparison.

Morphology observation with SEM

Scanning electron microscopy (SEM) was performed on a

JSM-5510 Microscope. The water soluble poly(aniline) was

coated on the glass and then dried at room temperature, while

insoluble poly(aniline) was coated on the glass via in-situ

polymerization for comparison.

Results and discussion

The FTIR spectra of poly(aniline) composite film

The FTIR spectra of poly(aniline) composite film was shown

in Fig. 1.

Fig. 1 shows that, 3248 cm21 is attributed to the stretching

peak of N–H, 1594 cm21 to the stretching peak of CLC of

quinoid ring in emeraldine base and emeraldine salt, and

1318 cm21, 1171 cm21 to the stretching peak of C–N, CLN

respectively. This illustrated that this composite film contained

poly(aniline). Because the amount of poly(sodium-p-

styrenesulfonate) added in our experiment is very small, no

obvious difference was observed between the FTIR spectra of

poly(aniline) composite film with and without poly(sodium-

p-styrenesulfonate).

Since the poly(aniline) is easily prepared with the chemical

oxide method and a number of publications have reported its

synthesis and characterization, the details are not discussed in

this paper.

The sensitivity of poly(aniline) composite film after pretreatment

to trimethylamine and hydrochloride

The structure of the sensor is illustrated in Scheme 1.

Fig. 1 The effect of a small amount of poly(sodium-p-styrenesulfo-

nate) on the feature peaks of FTIR spectra of poly(aniline) composite

film.
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It is commonly known from previous publications already

mentioned that most sensors made of poly(aniline) are based

on the reversible reaction of acid/base, i.e. the conductivity of

poly(aniline) is increased along with the amount of acid,

and contrarily decreased with the amount of base. In our

experiments, we observed an interesting and unusual phenom-

ena, which is that when the film of protonated poly(aniline) is

exposed to the atmosphere of the base, the responsive current

of the film decreased sharply at the beginning, and then

increased greatly. At this time, the film could be easily

desorbed with high-purity N2, and can be utilized repeatedly.

This film is not only sensitive to the atmosphere of the acid

(the current of the film increased), but also sensitive to the

ambience of the base (the current of the film also increased).

The essential difference is that the film on exposure to acid

cannot be desorbed with N2, which must be recovered in the

atmosphere of the base. This inspired us to a new idea that the

conductivity of the de-protonated poly(aniline) film is

increased with the quantity of absorbed gas of base. Based

on this feature, a novel kind of gas-sensor, which has good

reproducibility, convenient operating, and could be recovered

with N2, may be developed. In this way, we believe that

poly(aniline) can be fabricated into two kinds of sensor for the

base atmosphere. The first kind is based on the reversible

reaction of acid/base (the responsive current of the film

increased on exposure to the acid atmosphere, and decreased

on exposure to the base atmosphere); the other is based on the

reversible process of polar vapors/N2 (the responsive current of

the film increased on exposure to the base atmosphere, and

decreased on exposure to the N2 atmosphere). It was also

found that the sensitivity of the latter one was much higher

than that of the previous.

Generally, the preparation of poly(aniline) is carried out in

an acid media. Consequently, the product obtained is usually

emeraldine salt, which has good conductivity. In the process

of de-protonation, it would contain several redox forms of

poly(aniline), such as leucoemeraldine base (fully reduced

form), emeraldine base (half-oxidized form), conducting

emeraldine salt (half-oxidized and protonated form), and

pernigraniline base (fully oxidized form).19 Therefore, the

mechanism of its gas-sensitivity to vapors should be com-

plex,16 including doping, dedoping, reduction, swelling, con-

formational changes of polymer chains, and so on.

The main reasons for the gas-sensitivity of the chemical

sensor could be attributed to the interaction between the

sensitive film and the adsorbed molecular gas, which means

both strong interaction (chemical bond) and weak interaction

(such as hydrogen bonding, van der Waals force, and so on).

For strong interacting systems, its recovery is generally very

difficult; while for weak interaction systems, its recovery is

relatively easier at room temperature with high-purity N2.

Moreover, we had even carried out some comparison tests

under similar conditions through a series of different polar

vapors. It was found that, the increasing degree of electrical

response of poly(aniline) after pretreatment strongly depended

on the polarity of adsorbed vapors. The stronger the polarity

of the vapor, the larger the increase of the conductivity. For

the non-polar or weak-polar vapors (such as: n-hexane,

toluene), there was little response. All of these phenomena

showed that, the sensor, is based on the reversible acid/base

reaction of poly(aniline), its mechanism involves protonation

and de-protonation processes; and the unusual electrical

conductivity response of poly(aniline) pretreated in our studies

should be attributed to van der Waals’ interactions. The latter

is very similar to that of the system of polymers filled with

carbon black.20–23 According to previous reports, although the

separation of amino acids has been carried out based on the

feature of weak interaction of poly(aniline) with chromato-

graphic technology,24 which acted as a stationary phase, some

very similar amino acids can be identified. So, it is meaningful

to obtain a great measurable physical signal based on this

weak interaction. Until now, there has been no report on the

electrical response increase on exposure to a base atmosphere.

The gas-sensitivity of poly(aniline) composite film after

pretreatment to trimethylamine and hydrochloride is shown in

Figs. 2 and 3 respectively. There is no response for blank

interdigital electrodes.

It can be seen from Fig. 2 that the poly(aniline) composite

film has a high gas-sensitivity of 5.14 6 1027mol mL21 and a

rapid response to trimethylamine. The responsive current took

about 100 s to reach 3 orders and 800 s to 6 orders.

It is well illustrated in Fig. 3 that this composite film also has

a good sensitivity of 5.14 6 1027mol mL21 and rapid response

to hydrochloride. The responsive current took about 140 s to

reach 5 orders and 500 s to 6 orders.

Scheme 1 The structure of the sensor in our experiments.

Fig. 2 Dependence of gas-sensitivity of poly(aniline) composite film

to trimethylamine (5.14 6 1027mol mL21) on time.
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Contrasted with the atmosphere of base, it is very difficult to

desorb with N2 completely for the film on exposure to acid. In

order to desorb with N2 completely, the film must first be put

into an atmosphere of base and then desorbs with N2.

The device absorbing base gas could be recovered

completely with high-purity N2 at room temperature so that

the device can be utilized repeatedly though the speed of

desorption, which can be quickened by increasing the flux

of N2, is slower than that of absorption in general. The curves

of desorption are shown in Figs. 4 and 5.

It can also be seen in Figs. 4 and 5 that the baselines of

current are different after desorption with N2. This indicates

that the protonation in part poly(aniline) is difficult to desorb

with N2.

The comparisons of sensitivity of common organic sensitive

materials

Among the organic sensitive materials, the phthalocyanine,

porphyrin compounds, etc. and their derivatives are a few

kinds of important sensitive materials, which showed good

sensitivity to many gases.18 It is believed that the chemical

modification to these compounds is important to enhance their

sensitivity and selectivity for many years. If we could obtain an

organic film device with good sensitivity via a simple

preparation method, it would be a meaningful event.

Therefore, a series of tests were carried out utilizing some

organic films for comparison under the same conditions. When

we used zinc phthalocyanine, zinc porphyrin, perylene and

their fluorination derivative-based films instead of poly-

(aniline) in the experiments, we observed similar results as

described in the literature,18 which showed relatively low

sensitivity and slow response rates. The results for these

organic compounds were consistent with ref. 18 This

illustrated that it is feasible to improve the speed of response

of sensors via a simple method. The comparison of results with

different sensitive materials is shown in Fig. 6.

Fig. 6 shows that the gas-sensitivity and response rates of

the poly(aniline) composite film in our experiments are much

higher than those of common organic sensitive materials and

modification compounds. This illustrates that this simple

method is very effective in obtaining film sensors with high

sensitivity.

Fig. 3 Dependence of gas-sensitivity of poly(aniline) composite film

to HCl (5.14 6 1027mol mL21) on time.

Fig. 4 Curve of desorption of poly(aniline) film with high-purity N2.

Fig. 5 Curve of desorption of poly(aniline) film with high-purity N2.

Fig. 6 Comparisons of gas-sensitivity of some common organic

compounds under the same conditions (A: poly(aniline); B: zinc

phthalocyanine; C: fluorination biphenyl perylenediimide; D: biphenyl

perylenediimide; E: fluorination zinc phthalocyanine; F: fluorination

tetraphenyl zinc porphyrin; G: tetraphenyl zinc porphyrin).
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The gas-sensitivity and selectivity of poly(aniline) composite film

to analogous and interferent gases

Unlike enzyme sensors, normally a single chemical sensor has

no specific character to distinguish between gases although

some gas sensor arrays can be used to identify different gases

with the aid of a sensor array and an artificial neural network

system. Therefore the gas-sensitivity of poly(aniline) composite

film to a series of vapors (trimethylamine and triethylamine)

was examined, and a blank comparison test was also carried

out by considering the effect of moisture on the sensitivity by

H2O injection instead of trimethylamine. The results are

shown in Fig. 7.

Distinct differences of the gas-sensitivity and response speed

to some similar gases can be observed in Fig. 7. The value of

gas-sensitivity and the response speed of triethylamine are

much lower than those of trimethylamine so that the

composite film can be used to distinguish between trimethyl-

amine and triethylamine.

It is well known that trimethylamine and triethylamine are

materials with electron donors, and the ability of electron

donors of methyl and ethyl groups is different, thus the

interaction force between sensitive films and adsorbed vapors

would be different, which led to a variation of gas-sensitivity

and response rate to different vapors.

Regarding the effect of moisture on the gas-sensitivity, the

influence is very small although the baseline shifts a little. With

comparison to the response to trimethylamine, this influence

could be neglected.

The effect of a small amount of poly(sodium-p-styrenesulfonate)

on the gas-sensitivity and other properties of poly(aniline)

composite film

The purpose of adding a small amount of poly (sodium-

p-styrenesulfonate) is to improve the solubility and film-

forming technology of poly(aniline). Does it affect the

gas-sensitivity? To answer this question, comparison tests of

gas-sensitivity were carried out with insoluble poly(aniline)

in-situ polymerization and soluble poly(aniline) in organic

solvent (N-methylpyrrolidone) under the same conditions. The

results are shown in Fig. 8.

Fig. 8 shows that the effect of a small amount of

poly(sodium-p-styrenesulfonate) on the gas-sensitivity of

poly(aniline) composite film is small. Otherwise, the value

of gas-sensitivity and response rate are much higher than that

of poly(aniline) film obtained via conventional spin-coating

[poly(aniline) was dissolved in N-methylpyrrolidone].

The UV-vis spectra of the poly(aniline) composite film is

shown in Fig. 9.

Although the effects of a small amount of poly(sodium-

p-styrenesulfonate) on the characteristic peaks in the FTIR

spectra of the poly(aniline) composite (see Fig. 1) is small, an

approximate 10 nm red shift was observed in the UV-vis

spectra of poly(aniline), which was due to the interaction

between poly(aniline) and poly(sodium-p-styrenesulfonate), as

shown in Fig. 9.

Comparing with the results of Huang and Kaner,2 the

characteristic peaks of poly(aniline) at 340, 440, and 800 nm in

Fig. 7 The gas-sensitivity of poly(aniline) composite film to a series

of vapors.

Fig. 8 The effect of a small amount of poly(sodium-p-styrenesulfo-

nate) on the gas-sensitivity of the composite film.

Fig. 9 The effect of a small amount of poly(sodium-p-styrenesulfo-

nate) on the UV/vis spectra of the poly(aniline) composite film.
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UV-vis spectra in our experiments are consistent with ref. 2 but

some peaks are widened (as shown in Fig. 9). This is possibly

as a result of interaction of the poly(aniline) composite film.

Although the effect of a small amount of poly(sodium-

p-styrenesulfonate) on the gas-sensitivity of the poly(aniline)

composite film is small, the film-forming technique is

improved greatly. The film can be coated with simple methods,

such as spin-coating and so on. This water soluble poly(ani-

line) obtained is attributed to the effect of inducement of

polyelectrolyte. The improvement of the film-forming techni-

que can also be seen in Fig. 10.

As shown in Fig. 10, we can see that, the surface of water

soluble poly(aniline) is more uniform than that of insoluble

poly(aniline). This indicates that the morphology of poly-

(aniline) can be controlled by adding a small amount of

poly(sodium-p-styrenesulfonate).

The circle reproducibility of composite film

The results of circle reproducibility of composite film are

shown in Fig. 11.

Fig. 11 shows that the composite film in our experiment has

an excellent reproducibility.

Conclusion

In summary, water soluble poly(aniline) was prepared by

addition of a small amount of poly(sodium-p-styrenesulfo-

nate). The film-forming technology was improved greatly by

adding a small amount of polyelectrolyte, though the gas-

sensitivity was affected slightly. In addition, the film exhibited

an excellent sensitivity and a circle reproducibility to

trimethylamine of 5.14 6 1027mol mL21, the film was easily

recovered with N2, and had a good selectivity to analogous

and interferent gases. Therefore, the film has good potential

applications to gas sensors, such as electronic noses.

This composite film was sensitive not only to the atmo-

sphere of base, but also equivalently to the atmosphere of acid.

The method used to prepare the devices was very simple and

feasible. It is suitable for mass production at low cost without

any environmental pollution.
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The ionic liquid, 1,1,3,3-tetramethylguanidine lactate ([TMG][Lac]), was used as a recyclable

catalyst for direct aldol reactions at room temperature without any solvent. The results

demonstrated that good chemo- and regio-selectivity could be achieved, and the ionic liquid can

be easily recovered and recycled without considerable decrease of activity. The protocol is green

and effective for producing b-hydroxyl ketones.

Aldol reactions are effective C–C bond forming reactions and

the products of b-hydroxy ketones are frequently found in

complex polyol architectures of natural products. These

reactions have been studied extensively.1,2 The classical aldol

reactions are highly atom-economic but suffer from problems of

low selectivity. A common method to improve the selectivity is

the use of enol silyl ether in the presence of Lewis acid

(Mukaiyama aldol reaction).3 However, this method is incon-

venient because it requires the masked enolates to be prepared

from the corresponding ketones in advance and then decreases

the atom-efficiency of aldol addition itself. Alternatively, a one-

pot Reformasky-type reaction promoted by Ba in THF between

haloketone and aldehyde at 278 uC was developed by

Yanagisawa et al.4 While this route produces the aldol adducts

in good yields, it still leads to the atom waste. The other

promising alternative is the direct aldol reactions5 between an

unmodified ketone and an aldehyde, which is the most efficient

approach from the atom-economy point of view.6–8

Aldol reactions can be catalyzed by organic or inorganic

bases. The reactions catalyzed by inorganic bases are not easily

controlled and the dehydration of the product is often

unavoidable. Organic molecules such as proline,6 cinchona-

derived chemicals9 and guanidines have also been used as the

catalysts. List and coworkers6a developed an elegant proline-

mediated aldol reaction based on the class I aldolases between

acetone and aldehydes. Schuchardt et al.10a used the encapsu-

lation of cycloguanidine in zeolite Y to catalyze aldol reaction

between acetone and benzaldehyde with the 4-phenyl-4-

hydroxybutan-2-one as the principle product, but the bypro-

duct from dehydration was still as high as 14%. They also used

guanidines encapsulated in zeolite Y or anchored to MCM-41

as the heterogeneous catalysts to carry out the aldol reaction

between acetone and benzaldehyde, and the homogeneous

reaction using guanidines (unsupported) as the catalyst.10b

When guanidine–MCM-41 and guanidine–zeolite Y were used,

the addition products were produced with reasonable yields,

while the homogeneous reaction produced 90–94% condensa-

tion product.

As we know, ionic liquids (ILs) are organic salts, which have

been investigated extensively in organic synthesis as solvents or

catalysts.11,12 They possess advantages, such as undetectable

vapor pressure and excellent reusability. In recent years, a

great number of new functional ILs has been synthesized.13 In

previous work, we reported the preparation and characteriza-

tion of guanidine (TMG) -based ILs.13b The IL, 1,1,3,3-

tetramethylguanidine lactate ([TMG][Lac]) could be prepared

by neutralizing TMG with lactic acid (Scheme 1). They have

been applied in carrying out Henry reactions14 and preparing

immobilized catalyst for hydrogenation of olefins.15

In this work, we used [TMG][Lac] as the basic catalyst for

the direct aldol reactions at room temperature, and no solvent

was used. It was demonstrated that for each reaction only the

aldol adduct was produced when the molar ratio of the IL and

substrate was smaller than 1.

The successful results of [TMG][Lac] catalyzed aldol

reactions are given in Table 1. The reactions of 4-nitrobenzal-

dehyde with acetone, cyclopentanone, cyclohexanone, and

acetophenone showed moderate to high yields. However,

the reactions of 4-nitrobenzaldehyde with 2-butanone and

2-pentanone gave low yields even after 72 or 96 hours,

respectively. The reason is that each of the ketones has two

different a-hydrogens. Each of the two reactions afforded a

sole product because one of the a-hydrogens is more active

than the other, showing a perfect regioselectivity. Table 1

shows that 3-nitrobenzaldehyde can also readily react with

acetone to give good yield (entry 7). When terephthalic

aldehyde reacted with acetone, the reaction had good

chemoselectivity, only producing hydroxyl ketone 8 as the

product in moderate yields, and leaving another aldehyde

group unreacted (entry 8).

It should be mentioned that a ketone possessing an alkyl

substituent at the a-position is an interesting substrate from the

view of syn/anti diastereoselectivity. As shown in Table 1, the

corresponding aldol adducts were more syn-diastereoselective

when the present IL was used to catalyze the reactions.

*Jiangt@iccas.ac.cn Scheme 1 Synthesis of the [TMG][Lac] ionic liquid.
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Table 1 The direct aldol reactions catalyzed by [TMG][Lac]

Entry Aldehyde Ketone Product Time/h Yield (%) (syn/anti)

1 Acetone 24 93

2 2-Butanone 72 25 (68/32)

3 2-Pentanone 96 28a (54/46)

4 Cyclopentanone 24 97a (68/32)

5 Cyclohexanone 24 85 (60/40)

6 Acetophenone 50 70

7 Acetone 24 85

8 Acetone 24 73

9 Cyclopentanone 2nd run 24 97a (70/30)

10 Cyclopentanone 3rd run 24 95a (64/36)

11 Cyclopentanone 4th run 24 93a (68/32)

a The yields were determined by 1H-NMR analysis.
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From the industrial point of view, one of the most intriguing

aspects for the utilization of ILs is that they can be recycled

easily. In this work, we tested the reusability of the IL by using

the reaction of cyclopentanone and 4-nitroaldehyde. After the

reaction was completed, the reaction mixture was extracted

with water and diethyl ether to form the IL-in-water layer and

the organic layer. Analysis showed that the amount of IL

leaching into the ether layer was negligible. Pure IL was

obtained after drying the water-rich layer, and the IL was

reused directly. As shown in Table 1, no considerable decrease

in reactivity and diastereoselectivity was observed after four

cycles (entries 4, 9, 10, 11).

In conclusion, our work presents successful examples of

direct aldol reactions catalyzed by a basic IL under solvent-

free conditions, and good chemo- and regio-selectivity can be

achieved. Moreover, after the reaction, the ionic liquid can be

easily recovered and recycled without considerably decrease of

activity, and the yield and the diastereoselectivity remains at a

comparable level as in the case of the fresh IL. This protocol

gives a greener and effective alternative for direct aldol

reactions over other reported methods.

Experimental

All starting materials (A. R. grade) were purchased from

Beijing chemical reagents company and purified before use. In

a typical experiment, 0.5 mmol aldehyde, 0.15 mmol IL, and

10 mmol ketone were mixed in a flask and stirred for the

desired time at room temperature. The reactions were

monitored by TLC. At the end of the reaction, water and

diethyl ether were added and the reaction mixture was

separated into two layers. As the IL was soluble in water,

pure IL was obtained after drying the water–IL layer, which

could be reused. The crude hydroxyl ketones were obtained

from the upper diethyl ether layer and then were purified by

flash chromatography on silica gel (eluent: ethyl acetate–

petroleum ether (bp 60–90 uC)). The product and the ratio of

syn/anti were analyzed by 1H-NMR spectroscopy.
1H NMR spectra were recorded as solutions in CDCl3 at

room temperature on a Brucker spectrometer at 300 MHz.

Product of entry 1: 1H-NMR (300 MHz, CDCl3) (ppm):

2.21 (s, 3H), 2.84 (m, 2H), 3.5 (bs 1H), 5.25 (m, 1H), 7.52 (d,

J 5 6Hz, 2H), 8.19 (d, J 5 6Hz, 2H).

Product of entry 2: 1H-NMR (300 MHz, CDCl3; syn) (ppm):

1.08 (d, J 5 6Hz, 3H), 2.26 (s, 3H), 2.84 (bs, 1H), 5.29 (d,

J 5 3Hz, 1H), 7.52–8.25 (m, 4H); 1H-NMR (300 MHz, CDCl3;

anti) (ppm): 1.03 (d, J 5 6Hz, 3H), 2.23 (s, 3H), 2.91 (bs, 1H),

4.88 (d, J 5 6Hz, 1H), 7.52–8.25 (m, 4H).

Product of entry 3: 1H-NMR (300 MHz, CDCl3; syn) (ppm):

0.82 (t, J 5 6Hz, 3H), 1.68–1.75 (m, 2H), 2.18 (s, 1H), 2.79 (m,

1H), 3.24 (bs, 1H), 5.10 (d, J 5 3Hz, 1H), 7.51–8.22 (m, 4H),
1H-NMR (300 MHz, CDCl3; anti) (ppm): 0.90 (t, J 5 6Hz,

3H), 1.48–1.55 (m, 2H), 2.14 (s, 3H), 2.84 (m, 1H), 3.27 (bs,

1H), 4.92 (d, J 5 6Hz, 1H), 7.51–8.24 (m, 4H).

Product of entry 4: 1H-NMR (300 MHz, CDCl3; syn) (ppm):

1.55–2.76 (m, 7H), 3.01 (bs, 1H), 5.42 (s, 1H), 7.73–8.32

(m, 4H), 1H-NMR (300 MHz, CDCl3; anti) (ppm): 1.55–2.76

(m, 7H), 4.78 (bs, 1H), 4.83 (d, J 5 9Hz, 1H), 7.73–8.32

(m, 4H).

Product of entry 5: 1H-NMR (300 MHz, CDCl3; syn) (ppm):

1.30–2.61 (m, 9H), 3.23 (bs, 1H), 5.49 (s, 1H), 7.51–8.23

(m, 4H), 1H-NMR (300 MHz, CDCl3; anti) (ppm): 1.30–2.61

(m, 9H), 4.12 (bs, 1H), 4.89 (d, J 5 9Hz, 1H), 7.51–8.23

(m, 4H).

Product of entry 6: 1H-NMR (300 MHz, CDCl3) (ppm):

3.38 (m, 1H), 3.8 (bs, 1H), 5.45 (m, 1H), 7.47–8.42 (m, 9H).

Product of entry 7: 1H-NMR (300 MHz, CDCl3) (ppm):

2.24 (s, 3H), 2.89 (d, J 5 6Hz, 2H), 3.6 (bs, 1H), 5.25

(t, J 5 6Hz, 1H), 7.50–8.24 (m, 4H).

Product of entry 8: 1H-NMR (300 MHz, CDCl3) (ppm):

2.21 (s, 3H), 2.85 (d, J 5 6Hz, 2H), 3.53 (bs, 1H), 5.22 (m, 1H),

7.52–7.88 (m, 4H), 10.00 (s, 1H).
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Insoluble ion exchange resins, one type of polystyryl supported catalysts containing an

ammonium salt or amino group, and the polar macroporous adsorption resin, are efficient and

reusable heterogeneous basic catalysts for the synthesis of propylene carbonate from propylene

oxide and CO2 under supercritical CO2 conditions (373 K, 8 MPa), which requires no additional

organic solvents either for the reaction or for the separation of product. Various parameters

affecting the reaction were examined. A quantitative yield (.99%) together with excellent

selectivity (.99%) was obtained. The purity of product separated directly by filtration from the

reaction mixture, reached more than 99.3% without further purification processes. The catalyst

can be easily recovered and reused without significant loss of its catalytic activity. The process

represents a simple, ecologically safer, cost-effective route to cyclic carbonates with high product

quality, as well as easy product recovery and catalyst recycling.

Introduction

The development of a truly environmentally friendly process

utilizing CO2, which is the most abundant greenhouse gas and

can be also regarded as a typical renewable natural resource,

has led to the current interest in synthetic chemistry from the

viewpoint of environmental protection and resource utiliza-

tion. Chemical fixation of CO2 into industrially useful

materials is one of the most attractive methods because there

are many possibilities for CO2 to be used as a safe and cheap

C1 building block in organic synthesis.1 Synthesis of cyclic

carbonates such as ethylene carbonate and propylene carbo-

nate via the coupling of CO2 with epoxides is one of the most

promising methodologies in this area since CO2 can be

incorporated without forming any co-products in view of

green chemistry and atom economy.1b,1d Moreover, cyclic

carbonates have been widely used for various purposes, such

as electrolytic elements of lithium secondary batteries, polar

aprotic solvents, monomers for synthesizing polycarbonate (a

biodegradable polymer), chemical ingredients for preparing

medicines or agricultural chemicals, and alkylating agents.2

Very recently, a phosgene-free process for the manufacture of

polycarbonates starting from CO2 and ethylene oxide, via

consecutive formation of ethylene carbonate, dimethyl carbo-

nate, diphenyl carbonate, has been commercialized.3

Therefore, there is an increasing demand for cyclic carbonates.

Since cyclic carbonates (e.g. ethylene carbonate and

propylene carbonate) were produced on an industrial scale

more than 40 years ago,4 many organic and inorganic

compounds have been developed to catalyze carbon dioxide

insertion into oxiranes for the synthesis of cyclic carbonates,

such as amines,5 phosphines,5 quaternary ammonium

salts,2c,4,5 polymer supported onium salts,4,6 alkali metal

salts,2c,5,7 halostannanes,8 antimony compounds,9 and por-

phyrin,10 and transition-metal compounds,11 maganesia,12

calcinated hydrotalcites,13 and metal phthalocyanines,14 Cs-

loaded zeolite and alumina,15 lanthanide oxychloride,16 poly-

oxometalate,17 and other types of homogeneous catalysts.18

Recently, ionic liquids such as imidazolium salts, molten

tetrabutyl ammonium halides,19 and the salen-type metal

complexes20 were reported to be most effective catalysts for

cyclic carbonate synthesis under mild conditions. However, in

addition to more expensive catalysts used in those cases,

organic solvents were needed for the reaction or were in fact

used in the work-up in order to isolate the products, which

defeated the original purpose.

In current processes employed by industry, a homogeneous

catalyst is undesirably dissolved in a phase containing cyclic

carbonate. Thus, it is necessary to separate the catalyst from

the product through a purification process such as distillation

after completion of the reaction, resulting in complicated

production processes, and decomposition of the catalyst or

formation of by-products during the separation step. In order

to facilitate the separation of the catalyst, a number of solid

catalysts have been proposed (vide supra), for example,

calcinated hydrotalcites,13 Cs-loaded zeolite,15 and lanthanide

oxychloride.16 More recently, niobium (V) oxide21a,b and other

heterogeneous catalyst systems21c–g have been found to be

efficient catalysts for the carboxylation of epoxides with

CO2.Unfortunately, these solid catalysts have insufficient

activity and most of them are essentially required to contain

a polar solvent as an additive for realizing activity and

selectivity. Typically, polymer supported onium salts,4,6

exhibited moderate activity for propylene carbonate synthesis

from CO2 (gas) even in the presence of large amounts of

organic solvent (e.g. DMF, toluene), which may have caused*heln@nankai.edu.cn
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catalyst leaching and required additional processes for product

separation.

Solid supported catalysts have received much more atten-

tion, because they may offer several advantages in preparative

procedures, e.g. simplifying work-up and separation and

recycling of the catalyst.22 These features may lead to

economical automation and may effectively reduce pollution

by hazardous compounds, advancing to an environmentally

benign process. Proper use of supercritical CO2 in hetero-

geneous catalysis may afford enhancement of the reaction rate,

control of selectivity, and increasing catalyst lifetime, facilitat-

ing easier separation as well.23 In other words, in hetero-

geneous catalysis, supercritical CO2 properties can help reduce

mass and heat transfer limitations and avoid coke formation

or catalyst poisoning. Therefore, heterogeneous catalysis

performed under supercritical CO2 conditions may allow the

construction of a fixed-bed continuous flow reactor and

provide interesting advantages concerning the process safety

and space requirement of chemical plants.

We attempted to carry out heterogeneous catalysis for

propylene carbonate synthesis under supercritical CO2 condi-

tions, where CO2 could act not only as a reagent but also as a

solvent, in order to promote the reactivity of CO2 and simplify

product separation. Herein, we wish to report an efficient and

environmentally benign process24 for a highly selective

synthesis of propylene carbonate from supercritical carbon

dioxide and propylene oxide using insoluble ion exchange

resins, as shown in Scheme 1. The reaction was carried out in

the presence of the insoluble ion exchange resins, one type of

polystyryl supported catalysts containing an ammonium salt

or amino group, and a polar macroporous adsorption resin,

under supercritical CO2 conditions (373 K, 8 MPa) without

any organic solvent or additive. An almost quantitative yield

together with excellent selectivity was obtained. The purity of

the product directly separated by simple filtration without

any other purification process, reached more than 99.3%.

Furthermore, the ion exchange resins used as solid catalysts in

this study can be easily recovered and reused over five runs

without significant loss of activity.

Experimental

The ion exchange resins were supplied from the Chemical

Plant of Nankai University. Characteristics of the ion

exchange resins are given in Table 1, entries 1–14. Prior to

the reaction, all of the ion exchange resins used in this study

were evacuated at 373 K for 3 h. SmOCl was prepared

according to the published procedure,16 and was evacuated at

573 K for 3 h before use. Other reagents were of analytic grade

and were used as received. The reaction was carried out in a

stainless-steel autoclave reactor with an inner volume of 25 ml.

A typical procedure for the synthesis of propylene carbonate

from propylene oxide and CO2 catalyzed by insoluble ion

exchange resin (D201) is as follows: in an autoclave equipped

with a magnetic stirrer, CO2 (liquid, 5 MPa) was added to a

mixture of propylene oxide (57.2 mmol), an ion exchange resin

(D201, 5 mmol%), and biphenyl (60 mg, as internal standard

for GC analysis) at room temperature. The initial pressure was

generally adjusted to 8 MPa at 373 K. The autoclave was

heated at that temperature for 12 h, and the pressure was kept

constant during the reaction. The vessel was then cooled to

ambient temperature by placement in an ice–water bath. The

excess gases were vented. The product yield was determined by

GC with a flame ionization detector and were further

identified using GC-MS by comparing retention times and

fragmentation patterns with authentic samples.{

Results and discussion

The insoluble ion exchange resins containing an ammonium

salt or amino group, and the polar macroporous adsorption

resin catalyzed the cycloaddition reaction of supercritical CO2

with propylene oxide at 373 K for 24 h to afford propylene

carbonate (Scheme 1). Table 1 summarizes the characteristics

of ion exchange resins, the yield and the selectivity of

propylene carbonate for the various ion exchange resins and

other catalysts for comparison. Without a catalyst, the

coupling of supercritical CO2 with propylene oxide afforded

no product (Table 1, entry 23); while in the presence of

catalytic amounts (5 mmol%) of ion exchange resins, such as

entries 1–10 in Table 1, quantitative yields (Table 1 entries 5

and 10) together with excellent selectivities were obtained. The

products other than propylene carbonate were isomers of

propylene oxide, such as acetone, propionaldehyde and 1,2-

propanediol (Scheme 2), or oligomers of propylene oxide and

their derivatives, such as 2-ethyl-4-methyl-1,3-dioxolane and

2-(1-methylethoxy)-1-propanol. It is noteworthy that no

chlorinated organic compounds were detected by GC-MS.

Notably, the catalytic activity strongly depended on the

pendant functional group at the polymeric backbone of ion

exchange resins. Several kinds of insoluble ion exchange resins,

e.g. basic anion exchange resin containing quaternary ammo-

nium salt or amino group, the macroporous adsorption resin,

acidic cation exchange resins, and chelate ion exchanger, were

screened for this purpose. As expected, the acidic cation

exchange resins (Table 1, entries 12 and 13), the chelate ion

exchanger (Table 1, entry 14), and apolar macroporous

adsorption resin (Table 1, entry 11), were found to be inactive

for propylene carbonate synthesis under the reaction condi-

tions. The basic anion exchange resins containing a quaternary

ammonium salt or amino group (Table 1, entries 1–9) were

very effective catalysts. Among them, with the same degree of

bead crosslinking (Table 1 entries 6, 8, 9), the catalytic activity

depended on the functional group. The order of activity was

found to be tertiary amine (entry 9) . secondary amine (entry

8) . primary amine (entry 6), which is the order of the basic

Scheme 1

{ CAUTION: experiments using compressed gases such as super-
critical fluids are potentially hazardous and must only be carried out
using appropriate equipment and safety precautions.1f,1h
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strength of the functional groups. The resin with quaternary

ammonium is the most active (entry 5), presumably due to the

synergistic effect of activation of the epoxide and CO2 by both

ammonium ion and halide anion.11,12,18a Furthermore, in

order to evaluate the effect of the halide, a series of

tetrabutylammonium halides, including chloride, bromide

and iodide, were used as catalysts. The order of activity under

the same conditions as mentioned in Table 1 was found to be

as follows: Bu4NI (36.4%) , Bu4NBr (55.8%) , Bu4NCl

(68.3%), which is in accord with the order of nucleophilicity of

the anion.5,6a Hence, the chloride anion was selected as the

counter ion in the case of resins with quaternary ammonium

ions.

It worth mentioning that a lower degree of crosslinking

increases the catalytic activity for the strongly basic anion

exchange resins (Table 1, entries 1–5), which is consistent with

published results.6 The strongly basic anion exchanger D201

containing pendant trimethyl ammonium chloride with a

degree crosslinking of 1% (Table 1, entry 6) is the best catalyst

for this reaction under the conditions used. Hence, ion

exchange resin D201 was chosen as a model catalyst for

further investigation. Surprisingly, the polar macroporous

adsorption resin (Table 1, entry 10) with a surface area of

110 m2 g21, exhibited comparable catalytic activity with D201,

whereas the non-polar one (Table 1, entry 11) had no activity,

which could probably be attributed to the ‘‘lewis acid and lewis

base cocatalyzed mechanism’’17f,18a in a broad sense.

Interestingly, for comparison with the polymer-supported

catalysts, the catalytic activities of the corresponding lower

molecular weight catalysts such as Et3N, NH4Cl, NMe4Cl

(Table 1, entries 16–18) were also examined for the reaction of

propylene oxide and supercritical CO2. The results indicate

that polymer supported ammonium salts or amino groups

have higher catalytic activities than such low molecular weight

catalysts under the same reaction conditions. It is noteworthy

that the activities of ion exchange resins containing ammonium

salts and amino groups or of the polar macroporous

adsorption resin (Table 1, entries 1–10) were much higher

than those of conventional catalysts,25 e.g. tetraethyl ammo-

nium bromide or potassium iodide (Table 1, entries 19 and 21),

even when the activity was compared in the presence of DMF

(Table 1, entries 20 and 22).

We recently reported that the heterogeneous catalyst, such

as lanthanide oxychloride, especially samarium oxychloride

and SmOCl supported on zirconia,16 can efficiently catalyze

the propylene carbonate synthesis from CO2 and propylene

oxide, where propylene carbonate is obtained in good yields

even in the absence of any additional organic solvents. To our

knowledge, samarium oxychloride is one of the most effective

heterogeneous catalysts reported to date. Surprisingly, the

Table 1 Organic solvent-free synthesis of propylene carbonate from propylene oxide and supercritical CO2 catalyzed by insoluble ion exchange
resinsa

Entry Catalystb Functional group Exchange capacityc/mmol g21 DCd of bead (%) PCe yield (%) Selectivity (%)

1 D201 6 4 N+(CH3)3Cl2 3.8 4 64.6 99.7
2 D201GF N+(CH3)3Cl2 4.0 3 75.8 98.8
3 D296 N+(CH3)3Cl2 3.6 2 82.6 99.6
4 D262 N+(CH3)3Cl2 2.0 2 84.6 99.4
5 D201 N+(CH3)3Cl2 3.7 1 99.2 99.8
6 D380 NH2 6.5 1 82.3 99.0
7 D392 NH2 4.8 2 84.5 98.4
8 D382 NHCH3 3.5 1 89.2 99.1
9 D301R N(CH3)2 4.8 1 92.9 99.2
10 S-8f polar — 0.6 98.1 99.5
11 D4020f apolar — 0.6 1.2 20.6
12 D072 SO3Na 4.2 — 2.9 75.4
13 D152 COOH 9.5 — 0.5 64.7
14 D418 NHCH2PO3Na2 14 — 2.9 63.2
15 SmOClg — — — 9.8 98.9
16 Et3N — — — 9.3 85.8
17 NH4Cl — — — 0 —
18 NMe4Cl — — — 3.4 90.6
19 Et4NBr — — — 5.7 90.8
20 Et4NBrh — — — 60.6 99.2
21 KI — — — 8.1 87.8
22 KIh — — — 56.4 99.5
23 None — — — 0 —
a Reaction conditions: propylene oxide (57.2 mmol), catalyst (5 mmol%), total pressure (8 MPa), 373 K, 24 h. b Trade names for ion exchange
resins (entries 1–14), bead diameter: 0.3–1.25 mm. The ion exchange resins used in this study were commercially supplied by the Chemical
Plant of Nankai University, Tianjin, China. c The exchange capacity for the functional group of N+(CH3)3Cl2 in entries 1–5 is equal to
chlorine percentage in bead (mmol g21). d Degree of crosslinking. e Determined by GC analysis. f The surface areas for macroporous resin S-8
(entry 10) and D4020 (entry 11) are 110 m2 g21 and 560 m2 g21, respectively. g SmOCl with a surface area of 8.7 m2 g21 was prepared
according to the published procedure, see: ref. 16a. The specific surface area was measured by means of the BET method using N2 adsorption
at 77 K after evacuation of the sample at 573 K. h In the presence of N,N-dimethylformamide (2 ml).

Scheme 2 Possible side reactions.
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catalytic activity of the ion exchange resin D201 (Table 1, entry

5) is much higher than that of SmOCl (Table 1, entry 15) under

the same reaction conditions, even when the activity16 was

compared in the presence of high catalyst loading (57.2 mmol

propylene oxide per 1 g of SmOCl) at high reaction

temperature (473 K) and high pressure (14 MPa).

Reaction time dependence of the yield of propylene

carbonate for ion exchange resin (D201) is given in Fig. 1.

The reactions were performed in the presence of 5 mol% of

catalyst D201 at 373 K under 8 MPa, and were monitored for

24 h at regular intervals. The results indicated that the reaction

proceeded rapidly within first 6 h. It is amazing to note that

within 12 h, almost quantitative yield (97.4%) could be

achieved with 99.4% selectivity, which is comparable to the

result for the reaction time of 24 h (Table 1, entry 5). In other

words, a reaction time of 12 h is required for complete

propylene oxide conversion. Notably, selectivity remains more

than 99% for the entire course of the reaction.

Fig. 2 shows the effect of CO2 pressure on the yield of

propylene carbonate for the catalyst D201. The selectivity is

independent in CO2 pressure range 1–14 MPa. However, the

yield slightly changed with variation of CO2 pressure,

demonstrating the preferential effect of the supercritical

conditions for promoting the reactivity of CO2 as seen in

Fig. 2. The isomerization to acetone increased at low CO2

pressure, while too high CO2 pressure may retard the

interaction21e between epoxide and the catalyst, and may

cause a low concentration of epoxide in the vicinity of the

catalyst, thus resulting in a low yield.

The reaction in supercritical CO2 was also advantageous in

terms of product separation from the reaction media. Thus,

the phase behaviour of the reaction visually inspected through

a sapphire window attached to the autoclave revealed that

propylene oxide and supercritical CO2 initially formed a

uniform phase while propylene carbonate was separated out

and formed a new phase after the reaction. In addition, the

catalyst D201 existed as a solid during the reaction. Therefore,

CO2 could be recycled, maintaining the high pressure.

Accordingly, this procedure could be applied to the develop-

ment of fixed-bed continuous flow reactors, avoiding the use

of organic solvent to isolate the products.

The temperature dependence of the yield and selectivity of

propylene carbonate is shown in Fig. 3 for catalyst D201. The

yield increased with reaction temperature up to 373 K, whereas

further increase in the temperature caused a decrease in the

selectivity and catalytic activity, possibly due to decomposition

of the catalyst and formation of more by-products at higher

temperature. Surprisingly, the selectivity was found to be

improved as temperature increased up to 333 K. In fact,

acetone was readily formed as the main by-product at low

temperature. The relatively low selectivity for the product is

possibly due to the lower catalytic activity at lower tempera-

ture (below 333 K). Conclusively, 373 K could be the optimal

temperature for the reaction.

Under the optimized reaction conditions, we examined the

reactions of other terminal epoxides with CO2 (Scheme 3), in

order to survey the applicability of various epoxides to this

process. The results are summarized in Table 2. The catalyst

(D201) was found to be applicable to a variety of terminal

epoxides, providing the corresponding cyclic carbonates in

high yields and selectivities. Glycidyl phenyl ether (1d) was

found to be the most reactive epoxide, while epichlorohydrin

(1e) exhibited relatively low activity among the epoxides

surveyed.

The ion exchange resin D201 as solid catalyst in this study

can be easily recovered via simple filtration, followed by

rinsing with ether and drying. Insolubility of the catalyst D201

in the product solution was confirmed by ion chromatography

Fig. 1 Reaction time dependence of the yield of propylene carbonate

for ion exchange resin D201. Reaction conditions: propylene oxide,

57.2 mmol, D201 (5 mmol%), CO2, 8 MPa, 373 K.

Fig. 2 Effect of CO2 pressure on the yield of propylene carbonate for

ion exchange resin D201. Reaction conditions: propylene oxide

(57.2 mmol), D201 (5 mmol%), 373 K, 12 h.

Fig. 3 Reaction temperature dependence of the yield and selectivity

of propylene carbonate for ion exchange resin D201. Reaction

conditions: propylene oxide (57.2 mmol), D201 (5 mmol%), CO2,

8 MPa, 12 h.
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and elemental analyses of the resulting filtrate. Catalyst

reusability was checked by performing reactions using the

recovered catalyst (D201) under the optimized reaction

conditions, that is 373 K, 8 MPa, 12 h. The results are

summarized in Fig. 4. It is interesting to note that the results

are similar to those of the fresh catalyst, suggesting that ion

exchange resin D201 can be reused over 5 times without

significant loss of its catalytic activity. More than 98% of

selectivity for propylene carbonate was still maintained in the

fifth run. Furthermore, judged by GC, the purities of the

produced propylene carbonates are .99.3%.

In conclusion, the insoluble ion exchange resin containing

ammonium salt or amino group, and the polar macroporous

adsorption resin, are very effective for propylene carbonate

synthesis under supercritical carbon dioxide conditions, where

CO2 could act not only as a reagent but also as a solvent. The

process has notable advantages and remarkable environmen-

tally benign features: 1) it requires no additional organic

solvents either for the reaction or for the separation of

products; 2) the catalyst is very effective at the mild conditions,

a quantitative yield together with excellent selectivity was

obtained; 3) the catalyst can be easily recovered and reused

over 5 times without significant loss of its catalytic activity; 4)

it is easy to get high purity (over 99.3%) of product without

further purification processes, in a batch-wise reaction. It

could be profitably applied to the development of continuous

flow reactors, avoiding the use of solvent to isolate the

products. The process disclosed here represents a simple,

ecologically safer, cost-effective route to cyclic carbonates with

high product quality, as well as easy product recovery and

catalyst recycling.
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Chromium oxide supported on alumina was modified with various transition metal oxides by an

incipient wetness method. The effect of modifiers on the activity of 20% Cr2O3/Al2O3 catalyst in

the dehydrogenation of EB with CO2 was investigated. The activity is enhanced for ceria and

vanadia modified supported chromium oxide catalysts, whereas the activity is decreased for

catalysts modified with cobalt, manganese, molybdenum and zinc oxides. Carbon monoxide was

detected in the course of the reaction, suggesting that carbon dioxide, which is one of the most

important greenhouse gases, could be utilized as a mild oxidant in the oxidative dehydrogenation

of ethylbenzene to styrene over unmodified and modified Cr2O3/Al2O3 catalysts.

Introduction

Styrene is one of the most important basic chemicals in the

petrochemical industry and is mainly used for the production

of many different polymeric materials, such as polystyrene,

styrene–acrylonitrile and acrylonitrile–butadiene–styrene

(ABS). It is commercially produced mainly by the catalytic

dehydrogenation of ethylbenzene (EB) using potassium-

promoted iron oxide catalysts in the presence of a large amount

of superheated steam as a diluent and heat carrier at high

temperatures of 550–650 uC.1,2 The present commercial process

is equilibrium limited and, moreover, it is very energy inefficient

because all the latent heat of condensation of steam is not

recovered in a liquid–gas separator following a reactor. Hence, a

worldwide search for alternative processes is underway. The

oxidative dehydrogenation of EB in the presence of oxygen has

received much attention, because this reaction is free from

thermodynamic constraints regarding conversion and can be

operated at lower temperatures.3–5 However, a considerable

decrease in styrene selectivity due to deep oxidation of

hydrocarbons to carbon monoxide or carbon dioxide makes it

uneconomical in view of industrial application.

In contrast to the present commercial process using steam,

EB dehydrogenation using CO2 as a non-traditional (mild)

oxidant can substantially decrease the energy consumed and

provide a higher equilibrium yield of styrene. It was estimated

that the energies required for producing styrene by a present

commercial process using steam and by a new process using

CO2 were 1.5 6 109 and 1.9 6 108 cal (ton-styrene)21,

respectively.6 High selectivity to styrene for this new process

can also be maintained. Moreover, it provides a new route to

solve the problem of emission of CO2 which is one of the most

important greenhouse gases. Therefore, the dehydrogenation

of EB in the presence of CO2 has attracted much attention

after the pioneering works of Sato et al.7 and Matsui et al..8

Unfortunately, potassium-promoted iron oxide catalysts used

for the present commercial dehydrogenation process do not

work effectively in the dehydrogenation of EB with CO2. Thus,

the development of catalysts with improved dehydrogenation

activity for the new process using CO2 is required. The

dehydrogenation of EB in the presence of CO2 has been

studied over a variety of metal oxide catalysts such as iron

oxide,9–13 vanadium oxide,14–17 chromium oxide,18–20 cerium

oxide14,18 and zirconium oxide.21,22 Among these catalysts,

vanadia and chromia give better performance in the dehy-

drogenation of EB with CO2. In our previous work,19,20 we

investigated the dehydrogenation of EB to styrene in the

presence of CO2 over supported chromia catalysts. It was

found that Cr2O3/Al2O3 catalysts exhibit the best catalytic

performance when the Cr2O3 loading is 20–25 wt%.

In the present work, the supported 20% Cr2O3/Al2O3

catalyst was modified with various transition metal oxides by

an incipient wetness method. The effect of modifiers on the

activity of 20% Cr2O3/Al2O3 catalyst in the dehydrogenation

of EB with CO2 has been studied. The aim of this work is to

improve the catalytic behavior of 20% Cr2O3/Al2O3 catalyst

through modification.

Results and discussion

The dehydrogenation of EB was performed in the presence of

CO2 at 500 uC. The major product of the reaction is styrene,

whereas benzene and toluene are minor by-products. As the

reaction goes on, a slow decrease in activity was observed and

meanwhile the selectivity to styrene rose very slightly. As an

example, the effect of reaction time on EB conversion and

styrene selectivity over the ceria modified 20% Cr/Al catalyst is

shown in Fig. 1. The catalytic behavior of the 20% Cr/Al

catalyst modified with various transition metal oxides after 6 h

on stream is summarized in Table 1, along with their surface

areas. The catalytic activities for EB dehydrogenation are

obviously different. The EB conversions of modified 20%

Cr/Al catalysts decrease in the order of 5% Ce/20% Cr/Al .

5% V/20% Cr/Al . 20% Cr/Al . 5% Co/20% Cr/Al . 5%

Mo/20% Cr/Al . 5% Zn/20% Cr/Al . 5% Mn/20% Cr/Al.

This suggests that the effect of modifiers on the reactivity of*wmhua@fudan.edu.cn
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20% Cr/Al catalyst for the dehydrogenation of EB is different.

The activity of 20% Cr/Al catalyst is promoted by the addition

of cerium and vanadium oxides, whereas addition of other

transition metal oxides to the 20% Cr/Al catalyst results in a

decrease in activity. The inhibiting effect of manganese oxide

on the reactivity of 20% Cr/Al catalyst for the dehydrogena-

tion of EB is most evident. All the catalysts display a similar

selectivity to styrene, which means that the influence of the

investigated modifiers on styrene selectivity is relatively small.

The influence of EB conversion on the styrene selectivity over

the 5% Ce/20% Cr/Al catalyst is shown in Table 2. The con-

version was adjusted through changing the catalyst loading. In

general, the selectivity declines with an increase in conversion.

However, this variation is very small when the EB conversion

is below 67%. The above result suggests that there is no need to

consider the change in selectivity with conversion when the

influence of the selected modifiers on styrene selectivity is

investigated. The BET surface area of the 20% Cr/Al catalyst

decreases to different extents after modification with various

transition metal oxides. Hirano discovered that the addition of

CeO2 to potassium-promoted iron oxide increased the catalytic

activity for EB dehydrogenation.23 Cherian et al. reported that

modification of Cr2O3/Al2O3 and Cr2O3/TiO2 catalysts with

vanadium oxide caused an increase in activity for the oxidative

dehydrogenation of propane.24 Our results are in agreement

with the phenomena reported in the literature,23,24 albeit the

catalyst system and the catalytic reaction are different.

The dehydrogenation activities of Ce/20% Cr/Al catalysts in

the presence of CO2 after 6 h on stream as a function of ceria

loading are illustrated in Fig. 2. As the CeO2 loading is

increased, the conversion of EB on Ce/20% Cr/Al catalysts first

increases and then decreases. A maximum of 67.4% conversion

appears at a CeO2 loading of 5 wt%. The selectivity to styrene

at the maximum conversion is 98.9%. Under the same reaction

conditions, the conversion of EB after 6 h on stream over the

5% Ce/Al catalyst is only 2%. Activated carbon-supported

ceria catalyst was reported to be effective for EB dehydrogena-

tion in the presence of CO2.14,18 This discrepancy is probably

caused by the different support employed in our work and in

the literature.

Table 3 shows the catalytic properties of unmodified and

ceria modified supported chromium oxide catalysts for the

dehydrogenation of EB in the presence of CO2 as well as in

the absence of CO2 after 6 h on stream. It is observed that the

selectivity to styrene is the same for both reaction atmospheres.

For both catalysts, the activity in the presence of CO2 is

obviously higher than that in the absence of CO2, indicating

that CO2 plays a positive role in the reaction. The promoting

effect of CO2 on the dehydrogenation of EB can be attributed

to both the oxidative dehydrogenation of EB by the oxygen

species originating from CO2
9,15,19,21 and the coupling of EB

dehydrogenation with the reverse water–gas shift reaction.10,25

A single reverse water–gas shift reaction was conducted at

500 uC by feeding a mixed gas of CO2 and H2 over the 5%

Ce/20% Cr/Al catalyst, and the result is given in Table 4. It is

Fig. 1 Effect of reaction time on EB conversion (&) and styrene

selectivity ($) at 500 uC over the 5% Ce/20% Cr/Al catalyst.

Table 1 Effect of modifiers on the catalytic property of 20% Cr/Al
catalyst for the dehydrogenation of ethylbenzene in the presence of
CO2

Catalyst SBET/m2 g21 Conv. (%)

Selectivity (%)a

STY T B

20% Cr/Al 173 57.5 99 0.8 0.2
5% Ce/20% Cr/Al 148 67.4 98.9 0.8 0.3
5% Co/20% Cr/Al 163 55.5 99.3 0.5 0.2
5% Mn/20% Cr/Al 144 41.1 98.9 0.9 0.2
5% Mo/20% Cr/Al 171 52.6 99.3 0.5 0.2
5% V/20% Cr/Al 142 65.7 98.8 0.7 0.5
5% Zn/20% Cr/Al 146 48.1 99.8 0.2 0
a STY = styrene, T = toluene, B = benzene.

Table 2 Influence of EB conversion on the styrene selectivity over the
5% Ce/20% Cr/Al catalyst

Conversion (%) 15.0 39.7 67.4 77.3
Selectivity (%) 99.2 99.1 98.9 98.1

Fig. 2 Effect of CeO2 content on the conversion of EB (&) and

selectivity to styrene ($) over Ce/20% Cr/Al catalysts at 500 uC.

Table 3 Comparison of catalytic behavior for the dehydrogenation of
ethylbenzene in the presence of CO2 and in the absence of CO2

Catalyst

With CO2 (%) Without CO2 (%)

Conv. Select. Conv. Select.

20% Cr/Al 57.5 99.0 48.9 98.9
5% Ce/20% Cr/Al 67.4 98.9 61.0 98.9
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clear that the catalyst is active for the reverse water–gas shift

reaction. Carbon monoxide was detected in the effluent gases,

suggesting that CO2 was converted into CO during the

reaction. Carbon monoxide is formed through the reverse

water–gas shift reaction and the direct reaction of CO2 and

EB.9,15,19,21,26 This implies that CO2 can be used as a mild

oxidant in the oxidative dehydrogenation of EB over

unmodified and modified Cr2O3/Al2O3 catalysts. In order to

understand the role of CO2 in the reaction, the variation of the

amount of CO in the reaction product as a function of reaction

time on the 5% Ce/20% Cr/Al catalyst at 500 uC was tested and

is given in Fig. 3. The amount of CO formed in the reaction is

always lower than the amount of styrene, and it is ca. 70% of

the styrene yield. This suggests that both oxidative dehydro-

genation and simple dehydrogenation reactions are probably

present on the catalyst,26,27 as shown below:

C6H5–C2H5 + CO2 A C6H5CHLCH2 + CO + H2O

C6H5–C2H5 A C6H5–CHLCH2 + H2

Fig. 4 shows the XRD patterns of various transition metal

oxide modified 20% Cr/Al catalysts calcined at 550 uC. All the

catalysts display a similar X-ray diffractogram to c-Al2O3. No

distinct diffraction peaks corresponding to crystalline modi-

fiers and Cr2O3 appear when the loadings of modifiers and

Cr2O3 are 5 and 20 wt%, respectively, suggesting that both

modifiers and chromia are highly dispersed on the c-Al2O3

support. Fig. 5 shows the XRD patterns of a series of Ce/20%

Cr/Al catalysts with various content of CeO2 calcined at

550 uC. The catalysts do not display distinct diffraction peaks

due to crystalline ceria, even if a CeO2 loading as high as

10 wt% is reached. In contrast, diffraction peaks of crystalline

CeO2 were observed on the 5% Ce/Al catalyst with a 5 wt%

CeO2 loading, indicating that sole ceria is poorly dispersed on

the c-Al2O3 support. There is probably a strong interaction

between CeO2 and Cr2O3, which leads to the formation of

smaller CeO2 crystals. Consequently, an improvement in the

dispersion of ceria on the c-Al2O3 support for Ce/20% Cr/Al

catalysts was observed.

The TPR profiles of some representative catalysts are

depicted in Fig. 6. For the 5% Ce/Al catalyst, there are two

very small peaks centered at 434 and 545 uC indicative of the

reduction of surface Ce4+, suggesting that CeO2 can be only

partially reduced under the experimental conditions employed

in this work. This is consistent with the results reported by

other authors.28 There is one strong reduction peak centered at

334 uC on the profile of the 20% Cr/Al catalyst, corresponding

to the reduction of Cr6+ to Cr3+.19,29,30 There is also one

reduction peak on the TPR profile of the 5% Ce/20% Cr/Al

catalyst, but the peak temperature is slightly shifted towards

lower temperature, suggesting that the oxygen is more weakly

bound in the dispersed chromia on the ceria modified catalyst.

Table 4 Reverse water–gas shift reaction over the 5% Ce/20% Cr/Al
catalyst at 500 uCa

Reaction time/h
CO formation/
mmol min21

H2 consumption/
mmol min21

2 0.0147 0.0145
6 0.0143 0.0141
a Catalyst loading: 150 mg; pre-treatment at 500 uC in N2 for 2 h;
reaction at 500 uC under the mixed gas flow of N2 : CO2 : H2 at
25 : 4 : 1 ml min21.

Fig. 3 Yield of styrene (&) and CO ($) in the course of the reaction

on the 5% Ce/20% Cr/Al catalyst at 500 uC.

Fig. 4 XRD patterns of various transition metal oxide modified 20%

Cr/Al catalysts calcined at 550 uC. (a) c-Al2O3, (b) 5% Ce, (c) 5% Co,

(d) 5% Mn, (e) 5% Mo, (f) 5% V, (g) 5% Zn.

Fig. 5 XRD patterns of a series of Ce/20% Cr/Al catalysts with

various CeO2 contents calcined at 550 uC. (a) 5% Ce/Al, (b) 1% Ce/20%

Cr/Al, (c) 3% Ce/20% Cr/Al, (d) 5% Ce/20% Cr/Al, (e) 8% Ce/20%

Cr/Al, (f) 10% Ce/20% Cr/Al. (*) CeO2.

526 | Green Chem., 2005, 7, 524–528 This journal is � The Royal Society of Chemistry 2005

D
ow

nl
oa

de
d 

on
 0

6 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
00

5 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

50
57

81
G

View Online

http://dx.doi.org/10.1039/B505781G


The disappearance of the very small peak corresponding to the

reduction of CeO2 in the 5% Ce/20% Cr/Al catalyst is probably

caused by the overlap between chromia and ceria reduction

peaks. The TPR data and the amount of Cr6+ in the catalysts

calculated from the H2 consumption are listed in Table 5. It is

observed that the amount of Cr6+ in the 5% Ce/20% Cr/Al

catalyst is higher than that in the 20% Cr/Al catalyst. In

previous literature,31,32 the n-butane or isobutane dehydro-

genation activity of Cr2O3/Al2O3 catalysts increased in line

with the amount of Cr6+ in the fresh catalyst. The high

oxidation state Cr species were proposed to be the precursors

of the active sites, which have a higher activity for the

dehydrogenation reaction. Our previous work on the dehy-

drogenation of EB in the presence of CO2 over chromia-based

catalysts seems to support this suggestion.19 The TPR results

reveal that the addition of ceria to the 20% Cr/Al catalyst

increases the reducibility of chromia and the amount of Cr6+

species in the fresh catalyst. This is probably the main reason

for the promoting effect of ceria on the reactivity of the 20%

Cr/Al catalyst for EB dehydrogenation with CO2.

Conclusion

In the present work we have shown that carbon dioxide can be

used as a selective oxidant in the oxidative dehydrogenation of

ethylbenzene to styrene over unmodified and modified Cr2O3/

Al2O3 catalysts. The 5% CeO2/20% Cr2O3/Al2O3 catalyst

exhibits the best catalytic performance for the dehydrogena-

tion of ethylbenzene with CO2, a much more energy efficient

process in comparison with the present commercial process

using steam. A higher styrene yield of 66.7% at high styrene

selectivity of 98.9% is achieved on this catalyst. The promoting

effect of ceria on the 20% Cr2O3/Al2O3 catalyst for ethylben-

zene dehydrogenation in the presence of CO2 can be ascribed

to the improved reducibility of chromia and the increased

amount of Cr6+ species in the fresh catalyst.

Experimental

Catalyst preparation

The c-Al2O3 support used in this work has a BET surface area

of 214 m2 g21. To prepare alumina supported chromium oxide

catalysts doped with MmOn (M = Ce, Co, Mn, Mo, V or Zn), a

certain amount of Ce(NO3)3, Co(NO3)2, Mn(NO3)2,

(NH4)2MoO4, NH4VO3 or Zn(NO3)2 was mixed with

Cr(NO3)3 and dissolved in a small amount of water, then the

aqueous solution was applied to the c-Al2O3 support until

incipient wetness, followed by drying at 110 uC overnight.

After calcination in air at 550 uC for 5 h, the catalysts were

obtained. They are denoted as x% M/20% Cr/Al, where x%

represents the weight percentage of MmOn in the catalysts, the

weight percentage of Cr2O3 in all catalysts was 20%. For

comparison, 20% Cr2O3/Al2O3 and 5% CeO2/Al2O3 catalysts

were also prepared in the same way as the above catalysts.

They are labeled as 20% Cr/Al and 5% Ce/Al, respectively.

Characterization of catalysts

The BET surface areas of the support and catalysts were

measured by N2 adsorption at 2196 uC on a Micromeritics

ASAP 2000 instrument. X-Ray powder diffraction (XRD)

patterns were recorded on a Rigaku D/MAX-IIA diffract-

ometer with Ni-filtered Cu Ka radiation operated at 30 kV and

20 mA. Temperature programmed reduction (TPR) experi-

ments were carried out using a Micromeritics TPD/TPR 2900

instrument. After pretreating 200 mg of catalyst in N2 at 300 uC
for 3 h, a reduction run was performed from 50 to 600 uC at a

heating rate of 10 uC min21 under a gas flow (40 ml min21) of

hydrogen (10 vol%) and argon (90 vol%).

Activity measurement

The oxidative dehydrogenation of EB in the presence of CO2

was carried out in a flow-type fixed-bed microreactor under

atmospheric pressure. To supply the reactant, a gas mixture of

N2 and CO2 (19 : 1 molar ratio) at a flow rate of 60 ml min21

was passed through a glass evaporator filled with liquid EB

maintained at 0 uC. The catalyst load was 100 mg, and the

reaction temperature was 500 uC. The molar ratio of CO2 to

EB was kept at a constant of 19. Prior to the reaction, the

catalyst was pretreated at 500 uC in N2 for 2 h. The

hydrocarbon products were analyzed with a gas chromato-

graph equipped with a flame ionization detector and a 2 m

long stainless steel column packed with 15% DNP. The

effluent from the reactor was also collected in a gas bag and

analyzed for CO and CO2 content with a gas chromatograph

equipped with a thermal conductivity detector and a 6 m long

stainless steel column packed with porapak Q.
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A hyperbranched aliphatic polyether with hydroxyl end groups was produced from glycerol

carbonate (4-hydroxymethyl-1,3-dioxolan-2-one)—the benign monomer obtained from renewable

starting materials: glycerol and dimethyl carbonate. Anionic polymerization of glycerol

carbonate, which proceeds with simultaneous decarboxylation, was performed using partially

deprotonated trimethylolpropane (TMP) as an initiator. Pendant hydroxyl groups facilitate the

ring-opening multibranching polymerization leading to a hyperbranched polyether. 13C NMR

analysis of the polymerization products confirmed the presence of linear, dendritic, and terminal

repeating units. MALDI-TOF mass spectrum analysis confirmed the presence of TMP and

glycerol core containing branched structures as well as a relatively small amount of

macromolecules with cyclic groups. The polymers were soluble in water, THF, methanol and

DMSO.

Introduction

Dendrimers represent a new class of polymeric compounds

which are distinguished from traditional linear polymers by

their unusual fractal-like architecture.1 Dendrimers are highly

branched entities with repeating units emanating from a

central core in a regular three-dimensional structure. The

perfect branched dendrimers are usually obtained in a stepwise

procedure and represent monodispersed polymers.2 Due to

their unique characteristic features they appear attractive for

applications in the fields of biology and materials sciences as

well as for use in homogeneous catalysis.3 However, the

synthesis of dendrimers often involves tedious multiple steps of

protection/deprotection procedure and complicated purifica-

tion. For these reasons they are not commonly used.

In contrast to dendrimers, hyperbranched polymers can be

prepared according to one synthetic step only.4 This type of

polymer structure has been known from natural polysacchar-

ides such as dextran, amylopectin.

In a synthetic route leading to hyperbranched polymers

ABn-type monomers are used. Such monomers contain one A

functionality and n complementary B groups. The only

possible reaction is that between the A and B groups. In the

majority of monomers used n 5 2. The reaction leading to a

hyperbranched polymer proceeds according to polycondensa-

tion or polymerization modes. In the case of polymerization,

mainly monomers containing oxirane or oxetane rings are

used. This class of monomers is considered as latent AB2-type

monomers due to the release of the second B functionality

upon reaction with group A.5,6

Two different types of aliphatic hyperbranched polyethers

have been obtained from latent AB2-type monomers. The

polymerization of glycidol, which can be carried out

according to anionic7,8 or cationic1,9–11 mechanisms, leads to

polyglycerol, and cationic polymerization of 3-ethyl-3-

(hydroxymethyl)oxetane12–14 to polytrimethylolpropane.

However, the anionic polymerization of substituted oxetane

has been recently reported.15

Polymers obtained via cationic polymerization exhibited

relatively low molecular weight and products of both

polymerization types have an irregular structure.

Sunder et al.16–18 developed a convenient reaction pathway

to well-defined hyperbranched polyglycerol, based on the

anionic polymerization of glycidol under slow monomer

addition conditions using partially dehydrogenated 1,1,1-

tris(hydroxymethyl)propane as an initiator-starter. Proton

exchange equilibrium maintains all hydroxyl groups present

in the growing polymer molecule as potentially active

propagation centers, thus leading to random branching. Due

to this procedure it is possible to incorporate a di-, tri- or

polyfunctional unit as a core of branched macromolecules and

control their molecular weight by monomer/starter ratio.

However, glycidol is produced according to non-environ-

mentally friendly methods. An industrial method of glycidol

production is accomplished by the hydrolysis of an epichlor-

ohydrin epoxy group, followed by the dehydrochlorination of

3-chloropropane-1,2-diol. Another method involves the epox-

idation of allyl alcohol. Both methods originate from

unrecoverable petrochemical resources. In the first method,

besides propylene, toxic chlorine is used in the process of

epichlorohydrin production. Epichlorohydrin and alkali metal

chlorides generated in the process are the main pollutants of

this method. Alkali metal chlorides are also generated in a

stoichiometric amount as side products in the process of

glycidol production.

As far as the method comprising the epoxidation process is

concerned, the hazardous compound H2O2 and a toxic

tungsten catalyst are usually used.

Moreover, it is well known that glycidol has a big impact on

the environment. Glycidol is reasonably anticipated to be a*gabro@ch.pw.edu.pl
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human carcinogen based on sufficient evidence of carcinogeni-

city in experimental animals.19,20 Glycidol is soluble in

water and in case of leakage can be harmful to fish. The

LC50 (14 day) determined for guppy was in the level of

50 mg l21.

A low molecular oligoglycerol moiety can be produced by

heating glycerol at 200 uC under vacuum with potassium

hydroxide as a catalyst. Carbon dioxide should be bubbled

through the reaction vessel to prevent oxidation.21

Very recently we have found that in the synthesis of the

hyperbranched polyether, glycerol carbonate (4-hydroxy-

methyl-1,3-dioxolan-2-one) can be used. This latent cyclic

AB2-type monomer containing a 1,3-dioxolan-2-one ring and

hydroxyl group in a single molecule can be easily obtained

from glycerol and dimethyl carbonate under mild conditions.

Glycerol carbonate is a stable, colorless liquid that is used as

a solvent, additive and chemical intermediate. As a chemical

intermediate it reacts readily with alcohols, phenols and

carboxylic acids with loss of CO2 as well as with aliphatic

amine with carbon dioxide recovery. Glycerol carbonate can

be obtained according to various methods, using epoxy

compounds as well as glycerol as raw materials.

It was reported that glycerol carbonate can be formed in the

reaction of epichlorohydrin with KHCO3 carried out at 80 uC
in the presence of 18-crown ether.22 Nevertheless, more

attractive methods are those utilising glycerol as a renewable

and cheap raw material. Taking into consideration that

biofuels for diesel engines are being introduced on the market

in increasing amounts, a large amount of glycerol will be

available as a side-product of the plant oils methanolysis.

A typical method of obtaining carbonate derivatives of

glycerol is its transesterification with ethylene carbonate or

dialkyl carbonate. In the reaction with ethylene carbonate

carried out at 125 uC in the presence of sodium bicarbonate the

product was formed in a yield of 81%.23 Recently, in the patent

literature, a glycerol carbonate synthesis was reported in which

urea was used in the reaction with glycerol to give the product

with a good selectivity (92%).24,25

Very promising methods of glycerol carbonate preparation

comprise the reaction of glycerol with CO2 or carbon

monoxide and oxygen in the presence of Cu(I) catalysts.26

The reaction of glycerol with carbon dioxide was carried out in

a scCO2 medium in the presence of zeolite and ethylene

carbonate as a co-source of carbonate groups.27 Nevertheless,

according to all the above mentioned methods glycerol

carbonate should be purified by distillation under reduced

pressure at a relatively high temperature (125–150 uC).

In our approach, the glycerol carbonate synthesis was

carried out under mild conditions without any solvent, using

glycerol and dimethyl carbonate as environmentally benign

and renewable reagents. Due to the almost quantitative

reaction yield there is no need for product purification by

distillation at high temperature and recovery of unreacted

glycerol.

In this paper we describe the anionic ring-opening poly-

merization of the obtained glycerol carbonate, which proceeds

with CO2 liberation leading to a branched polyether. 1,1,1-

Tris(hydroxymethyl)propane was used as a trifunctional

initiator-starter and central core of the polyether. The

hyperbranched polyglycerol structure was obtained by slow

addition of the cyclic carbonate monomer at above 150 uC.

Results and discussion

Glycerol carbonate synthesis

We have developed a convenient method of glycerol carbonate

(4-hydroxymethyl-1,3-dioxolan-2-one) (1) synthesis from gly-

cerol and dimethyl carbonate under mild conditions. Dimethyl

carbonate was used in a molar excess (3 : 1) to shift the

reaction equilibrium towards the product. When glycerol,

containing less than 2% water, was used for the reaction

carried out at 60–70 uC in the presence of K2CO3 as a catalyst,

the resulting glycerol carbonate was obtained in an almost

quantitative yield (Scheme 1). To suppress side product

formation, the reaction was carried out for 3 h under reflux,

and then methanol and unreacted dimethyl carbonate were

distilled off at 40 uC under reduced pressure. In the 1H NMR

spectrum of the product no signals were present in the range

3.0–3.5 ppm, which could be assigned to glycerol protons

(Fig. 1).

Under such conditions no reaction of dimethyl carbonate

with the third OH group of glycerol was observed. Due to the

proximity of the carbonate group in 1, the reactivity of the

third OH group was much lower than that of the first one.

No mixed methyl-glycerol carbonates (4 and 5, Scheme 2)

were observed in the product. The intramolecular reaction

with the second OH group (eqn. (a), Scheme 2) proceeds much

faster than the intermolecular one with the next dimethyl

carbonate molecule (eqn. (b) or (c), Scheme 2) and thermo-

dynamically stable five-membered cyclic carbonate 1 is formed

exclusively.

It was shown that when using dimethyl carbonate in a much

larger (10-fold) excess and for a longer reaction time (48 h),

diglycerol tricarbonate (2) was formed with relatively low yield

(18%) (Scheme 1). To involve the third OH group of glycerol,

the reaction with dimethyl carbonate should be carried out at

higher temperature (above 90 uC) with progressive methanol

removal from the reaction system and using a very large

excess of dimethyl carbonate. Crystals of glycerol dicarbonate

(4-(methoxycarbonyloxymethyl)-1,3-dioxolan-2-one) (3) were

obtained with 34% yield. In the 1H NMR spectrum of 3 there

is a signal at 3.7 ppm corresponding to the CH3 group protons

(Fig. 2).

The signal at 5.2 ppm, which was assigned to the OH group

proton, disappeared. In the FTIR spectrum two absorption

bands corresponding to the carbonyl group of linear

(1761 cm21) and cyclic carbonate (1788 cm21) were present

and no absorption band of the hydroxyl group was observed.

Synthesis of hyperbranched polyglycerol

It was found that glycerol carbonate can be used to obtain a

hyperbranched polyether. Similarly to the procedure of Sunder

et al.,16 partially deprotonated 1,1,1-tris(hydroxymethyl)pro-

pane (TMP) was used as a central core and initiator for anionic

polymerization. The deprotonation of TMP was carried out

with potassium methanolate. About 10% of the hydroxyl

groups were converted into alkoxide ones.
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According to this procedure, the concentration of active sites

(alkoxides) and simultaneous intramolecular ion transfer can

be controlled. To reduce the possibility of the formation of

cyclic polyethers, glycerol carbonate should be added very

slowly in a dropwise manner to the anionic initiator. Moreover,

slow addition of the cyclic carbonate monomer enables

complete decarboxylation of the intermediate products.

It is known28,29 that the reaction of alkoxide with five-

membered cyclic carbonate can proceed according to two

reaction pathways. The alkoxide can attack at the carbonyl

carbon atom leading to a linear carbonate or at alkyl carbon

atom and an ether linkage is formed (Scheme 3). The central

feature of the ring-opening process is that the carbonyl group

attack is favored kinetically, over the methylene group attack;

however, the carbonyl group attack is reversible, whereas the

methylene group attack is not, due to rapid decarboxylation

of the terminal carbonate groups (Scheme 3, eqn. 2).

The product of reaction 1 cannot react with another

molecule of glycerol carbonate for thermodynamic reasons30

and no oligocarbonate structures were observed in the product

(Scheme 4).

The intramolecular attack of the secondary alkoxide at

CH carbon atom in product (I) leads to secondary–secondary

ether unit formation (eqn. (a), Scheme 5). The reaction

proceeds irreversibly with carbon dioxide liberation.

According to this mechanism the terminal units with two

primary hydroxyl groups can be formed by proton exchange or

acid addition.

Scheme 1

Fig. 1 1H NMR (400 MHz, DMSO-d6) spectrum of glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-2-one).
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It is worth mentioning that these ether units were not

observed during the glycidol polymerization reported by

Sunder et al.16 In the case of glycidol polymerization, in the

propagation step the alkoxide initiator reacts with the epoxide

group on its unsubstituted end and thereby generates

secondary–primary or primary–primary ether units.

When the primary alkoxide attacks intramolecularly the

carbon atom of the CH group, secondary–primary ether units

are formed (Scheme 6). These ether units are observed in the

product of glycidol polymerization as well as being formed in

reaction 2 (Scheme 3).

It should be added that in the intramolecular attack of the

secondary alkoxide at the carbonyl carbon atom (eqn. (b),

Scheme 5) the glycerol carbonate molecule is restored.

Thus, taking into account that all hydroxyl groups are

potentially active in the reaction with glycerol carbonate and

the above discussed reactions can proceed, the resulting

structure of branched polyether consists of dendritic (D),

linear (L) and terminal (T) units. In dendritic units all hydroxyl

groups, in linear ones two OH groups, and in terminal ones

only one OH group are reacted. Depending on which OH

groups are engaged, linear 1,3 or 1,4 units and terminal units

Scheme 2

Fig. 2 1H NMR (400 MHz, DMSO-d6) spectrum of glycerol dicarbonate [4-(methoxycarbonyloxymethyl)-1,3-dioxolan-2-one].
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with 1,2-dihydroxyl or 1,3-dihydroxyl groups can be formed

(Fig. 3).

The DEPT 13C NMR spectrum of the hyperbranched

polyether obtained by polymerization of glycerol carbonate

by slow addition of the monomer to the partially deprotonated

TMP is presented in Fig. 4.

Only a few representative standards of oligoglycerols are

described in the literature.31–34 Signal assignments for 13C

NMR spectra of polyglycerol were reported by Vandenberg,8

Penczek et al.,10 Dworak et al.11 and Plusquellec et al.34

In the 13C NMR spectrum of the product the signals

corresponding to carbon atoms of dendritic as well as linear

and terminal units can be observed (Fig. 4).

The signals at 70.4 ppm can be assigned to CH2 and at

77.0 ppm to CH carbon atoms of dendritic units; at 60.8–61.1

and 69.4 ppm to the CH2 and 78.2 ppm to the CH carbon

atoms of linear 1,3 units; at 72.2 ppm to the CH2 and 68.8 ppm

to CH carbon atoms of linear 1,4 units; at 62.7 and 70.3 ppm

to CH2 and 70.5 ppm to CH carbon atoms of terminal

1,2 units.

Thus, the 13C NMR spectrum of the product obtained from

glycerol carbonate is very similar to that obtained from

glycidol.16 However, a new signal appeared, which can be

assigned to primary carbon atoms of CH2 terminal 1,3-

dihydroxy units (61.1 ppm). The chemical shifts of the

carbon atoms for these structures were established based

on the standards of oligoglycerols reported by Plusquellec

et al.34 and Penczek et al.10 The polyether obtained by cationic

polymerization of glycidol contained terminal units with 1,3-

dihydroxyl groups.

Scheme 3

Scheme 4

Scheme 5

Scheme 6 Fig. 3 Formation of different structural units from glycerol carbonate.
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It should be underlined that the intensity of the signals at

60.9–61.1 ppm corresponding to CH2OH carbon atoms of

linear 1,3 units is higher than that of signals at 78.2 ppm

corresponding to CH carbon atoms of these units. In the same

region (60–61 ppm), signals corresponding to carbon atoms of

terminal 1,3-dihydroxyl units are also present. Thus, the

relatively high intensity of these signals confirm the formation

of terminal units with 1,3-dihydroxyl groups.

The 1H NMR spectrum of the polyether obtained from

TMP and glycerol carbonate confirms the incorporation of

TMP into the polymer structure (Fig. 5). The signals

corresponding to the methyl and methylene groups of TMP

are present at 0.9 and 1.3 ppm, respectively. The methylene

and methine protons of polyether appeared as a broad

resonance pattern between 3.3 and 4.0 ppm.

To establish whether TMP was incorporated into the

polymer macromolecules and the extent of cyclization as well

as the molecular weight of polyglycerol, MALDI-TOF mass

spectrometry was used.

In Fig. 6 the MALDI-TOF mass spectrum of the polymer

obtained from TMP and glycerol carbonate at 170 uC with

slow addition of the monomer is shown. In the spectrum there

are 5 series of signals corresponding to polyether macro-

molecules. The peaks of each series are characterized by a mass

increment of 74 Da. This mass increment equals the mass of

the repeating unit in polyglycidol. The most intensive series of

signals (a) can be assigned to the potassium cation adduct

of macromolecules containing TMP as the core (134.2) and the

respective number of glycidol repeating units. A less intensive

series of signals (b) corresponds to macromolecules containing

glycerol as the core unit (92.1). The average molecular weight

of these macromolecules was distinctively smaller than that of

macromolecules with the TMP core. These macromolecules

were formed due to the presence of traces of glycerol in the

monomer. The smaller molecular weight of these macromole-

cules may be caused by lower reactivity of the secondary OH

group of glycerol in the reaction with glycerol carbonate. In

accordance with Vanderberg’s report,8 the lower reactivity is

due to higher sterical hindrance and lower stability of the

secondary alkoxide.

The third series of peaks (c) corresponds to macromolecules

containing a dimer of the TMP core.

At a relatively high reaction temperature (170 uC) and under

basic conditions, dimerization of TMP can take place similarly

to that reported by Wilson et al.21 for glycerol. The much less

intense series of signals (d) corresponds to macromolecules

with a cyclic structure resulting from the polymerization

initiated by a glycerol carbonate alkoxide (Scheme 7). The last

Fig. 4 13C NMR (400 MHz, D2O) spectrum of polyglycerol obtained at 170 uC from partially deprotonated TMP and glycerol carbonate by slow

addition of the monomer.

Fig. 5 1H NMR (400 MHz, D2O) spectrum of polyglycerol obtained

at 170 uC from partially deprotonated TMP and glycerol carbonate by

slow addition of the monomer.
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series of signals (e) can be assigned to macromolecules

containing the TMP core and cyclic ether group.

In the case of rapid addition of glycerol carbonate at 160 uC
to the partially deprotonated glycerol used as the core, a series

of peaks of high intensity, which can be assigned to cyclic

macromolecules, is observed in the MALDI-TOF mass

spectrum of the product (Fig. 7).

The cyclic structures of polyglycerol were formed by an

intramolecular ring-opening process when a large molar ratio

of glycerol carbonate to initiator was present in the reaction

medium (Scheme 7).

Under such conditions a hydrogen transfer from OH groups

of glycerol carbonate, the concentration of which is higher

than that of the initiator, proceeds with a higher probability

and deprotonated glycerol carbonate can initiate the ring-

opening polymerization of glycerol carbonate. When an

intramolecular attack at the cyclic carbonate group takes

place, macromolecules of a cyclic structure are formed.

Fig. 6 MALDI-TOF mass spectrum of polyglycerol obtained at 170 uC from partially deprotonated TMP and glycerol carbonate by slow

addition of the monomer.

Scheme 7
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When glycerol carbonate was added rapidly, at below

160 uC, linear carbonate units were observed in the product.

In the FTIR spectrum of the product the absorption band at

1745 cm21 was present. This absorption band confirmed the

reaction pathway comprising an attack at the carbonyl group

of 1,3-dioxolane-2-one and intermediate linear carbonate

formation (Scheme 3).

The molar weights of the obtained polyglycerols measured by

the GPC method were a few times higher than those obtained

from MALDI-TOF (Table 1). The explanation of the over-

estimated molecular weight cannot be limited to the fact that

hyperbranched polyols, due to a high concentration of hydroxyl

groups in the molecule outer sphere, exhibit aggregation. In the

case of hyperbranched polymers, it is difficult to calibrate the

GPC apparatus in order to obtain quantitative results due to

their undefined hydrodynamic volume which depends on the

degree of polymerization, degree of branching, solvent–polymer

interactions etc. Therefore, GPC measurements can lead to

erroneous molecular weight characterization.16 Similar observa-

tions were reported by the Frey’s group.35,36

Taking into consideration that the terminal units with

vicinal OH groups can be selectively transformed into five-

membered cyclic carbonate, as was discussed above for

glycerol carbonate synthesis, the obtained polyglycerol (Pgly

1) was treated with an excess of dimethyl carbonate in the

presence of K2CO3 as a catalyst to transform all OH groups

into carbonate ones (Scheme 8). In the FTIR spectrum of the

product, two absorption bands of carbonyl groups of the

linear carbonate (1745 cm21) as well as the five-membered

cyclic carbonate (1790 cm21) were present (Fig. 8).

No absorption band in the region 3400–3600 cm21

characteristic of hydroxyl groups was present. Using the

calibration curve, the molar ratio of linear carbonate to cyclic

carbonate groups was estimated as 83 : 17. In contrast, in the

FTIR spectrum of the polyglycerol of the same molecular

weight obtained from glycidol, a smaller molar ratio of linear

carbonate to cyclic carbonate groups (65 : 35) was observed.

Taking into account that only terminal units with vicinal OH

groups can form five-membered cyclic carbonates and that in

both 13C NMR spectra the intensity of the signals which can be

assigned to linear units are similar, the formation of terminal

units with two primary hydroxyl groups is additionally

confirmed.

Fig. 7 MALDI-TOF mass spectrum of polyglycerol obtained at 170 uC from partially deprotonated glycerol and glycerol carbonate by rapid

addition of the monomer.

Table 1 Characteristics of the hyperbranched polyglycerols obtained
in the anionic polymerization of glycerol carbonate at 170 uC, initiated
with partially deprotonated 1,1,1-tris(hydroxymethyl)propane (10%)

Polymer
GC/
TMP

13C NMR
DPa

MALDI-TOF
Viscosity/
Pa s (50 uC)

DSC,
Tg/uCMn Mw/Mn

Pgly 1 10/1 9 850 1.2 30.5 218
Pgly 2 10/1 9 830 1.2 29.1 —
Pgly 3 12/1 11 1020 1.3 50.3 219
a calculated from the 13C NMR spectrum according to Frey.37
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This method can be used for the determination of the degree

of branching of a polyglycerol obtained by polyglycidol

polymerization, in which only one type of terminal unit is

present.

Conclusions

A hyperbranched aliphatic polyether with hydroxyl end groups

can be produced from glycerol carbonate—the benign mono-

mer was obtained from renewable starting materials: glycerol

and dimethyl carbonate.

The convenient method of glycerol carbonate synthesis

developed leads, under mild conditions, to a product with

almost quantitative yield and there is no need for its additional

purification by distillation.

The ring-opening polymerization of glycerol carbonate

initiated with alkoxide can proceed according to two reaction

pathways in which attack at carbonyl or alkyl carbon atoms of

the cyclic carbonate group takes place. In the reaction

involving intermediate linear carbonate formation, terminal

units with two primary hydroxyl groups can be formed.

The chemical structure of the hyperbranched polyether

obtained from glycerol carbonate was very similar to that

obtained from glycidol and thus the various derivatization

reactions for modification of the end OH groups used for

glycidol based polyether can be applied to this polymer.

The high concentration of hydrophilic OH groups, which

can be easily transformed into hydrophobic ester groups,

enable the use of such hyperbranched polyglycerol in the

generation of new amphiphilic materials for biomedical

applications such as drug carriers, molecular labels or probe

moieties,37–39 and hydrogels.40

Experimental

Materials

Glycerol (POCh-Gliwice) was pretreated by azeotropic water

removal. 1,1,1-Tris(hydroxymethyl)propane, dimethyl carbo-

nate (Aldrich), K2CO3 (POCh-Gliwice) were used as received.

Monomer synthesis

Synthesis of glycerol carbonate (1). In a 100 cm3 flask

equipped with a magnetic stirrer, condenser and thermometer,

glycerol (99%) (40.05 g, 0.435 mol), dimethyl carbonate

(117.45 g, 1.305 mol) and K2CO3 as a catalyst (1.8 g,

13.05 mmol) were placed. The reaction was carried out under

reflux (73–75 uC) for 3 h. The transesterification reaction

progress was monitored by collecting samples of the reaction

mixture and observing the changes of the signal derived from

the cyclic carbonate carbonyl group (1796 cm21) by means of

infrared spectroscopy. Then, methanol and the excess of

dimethyl carbonate were distilled off at 40 uC under reduced

Scheme 8

Fig. 8 Fragments of IR spectra of the reaction products of

polyglycerol (Pgly 1) (a) and polyglycidol (b) with an excess of

dimethyl carbonate.
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pressure (0.5 mmHg). The crude product was filtrated over a

cation-exchanging resin (Amberlit IR 120) to remove the

catalyst (K2CO3). 48.8 g (yield 97%) of colorless liquid glycerol

carbonate was obtained.
1H NMR (400 MHz, DMSO-d6): d (ppm) 5 5.29 (t, 1H,

OH, J 5 5.6 Hz), 4.81–4.76 (m, 1H, CH), 4.48 (dd, 1H, OCH2

J1 5 8.0 Hz, J2 5 8.4 Hz), 4.28 (dd, 1H, OCH2CH, J1 5 8.0 Hz,

J2 5 6.0 Hz), 3.65 (ddd, 1H, CH2OH, J1 5 12.4 Hz, J2 5 5.6 Hz,

J3 5 2.8 Hz), 3.50 (ddd, 1H, CH2OH, J1 5 12.4 Hz, J2 5 5.6 Hz,

J3 5 3.2 Hz).

FTIR (film): 3401 (s. OH), 2931 (n. CH2), 1796 (n. OC(O)O),

1403 (s. CH2), 1181 (s. CH), 1054 cm21 (s. OH).

Synthesis of diglycerol tricarbonate (2). In a 50 cm3 flask

equipped with a magnetic stirrer, condenser and thermometer,

glycerol (99%) (4.8 g, 0.0425 mol), dimethyl carbonate (38.3 g,

0.424 mol) and K2CO3 as a catalyst (0.12 g, 0.85 mmol) were

placed. The reaction was carried out at 70 uC for 48 h. Then,

methanol and the excess of dimethyl carbonate were distilled

off at 40 uC under reduced pressure (0.5 mmHg). The

crystalline product was purified by recrystallization from

THF. 0.98 g of product 2 (yield 18%) was obtained. Mp

140.5–141.5 uC.
1H NMR (400 MHz, DMSO-d6): d (ppm) 5 5.09–5.02 (m,

2H, CH), 4.56 (dd, 1H, OCH2CHCH2O, J1 5 8.6 Hz,

J2 5 8.7 Hz), 4.40 (dd, 1H, OCH2CHCH2O, J1 5 12.4 Hz,

J2 5 2.8 Hz), 4.34 (dd, 1H, OCH2CHCH2O, J1 5 12.4 Hz,

J2 5 5.6 Hz), 4.29 (dd, 1H, OCH2CHCH2O, J1 5 8.6 Hz,

J2 5 6.2 Hz).

FTIR (KBr): 1790 (n.CLO cyclic), 1760 (n. OC(O)O linear),

1401 (s. CH2), 1176 cm21 (s. CH).

Synthesis of glycerol dicarbonate (3). In a 150 cm3 flask

equipped with a magnetic stirrer, thermometer, dropping

funnel and distillation column, glycerol (99%) (10.5 g,

0.089 mol), dimethyl carbonate (80.1 g, 0.89 mol) and

K2CO3 as a catalyst (0.37 g, 2.67 mmol) were placed. The

reaction was carried out at 95 uC for 10 h with continuously

removing methanol from the reaction medium. Then, residual

methanol and the excess of dimethyl carbonate were distilled

off at 40 uC under reduced pressure (0.5 mmHg). The

crystalline product was purified by recrystallization from

THF. 5.32 g of product 3 (yield 34%) was obtained. Mp

83.5–85.5 uC.
1H NMR (400 MHz, DMSO-6d): d (ppm) 5 5.08–4.99 (m,

1H, CH), 4.56 (dd, 1H, OCH2CHCH2O, J1 5 J2 5 8.6 Hz),

4.37 (dd, 1H, OCH2CHCH2O, J1 5 12.4 Hz, J2 5 2.4 Hz),

4.30 (dd, 1H, OCH2CHCH2O J1 5 12.4 Hz, J2 5 4.4 Hz), 4.28

(dd, 1H, OCH2CHCH2O J1 5 8.6 Hz, J2 5 5.8 Hz), 3.72 (s,

3H, CH3).

FTIR (KBr): 1788 (s. CLO cyclic), 1761 (s. CLO linear),

1451 (w. OCH3), 1397 (s. CH2), 1175 cm21 (s. CH).

Synthesis of hyperbranched polyether

The anionic ring-opening polymerization of glycerol carbonate

was carried out in a reactor equipped with a mechanical stirrer

and dosing pump under nitrogen atmosphere. Potassium

methanolate solution (25%) in methanol was used to partially

deprotonate 1,1,1-tris(hydroxymethyl)propane. An excess of

methanol was removed under reduced pressure at 50 uC.

Glycerol carbonate (molar ratio 12 : 1) was slowly (2 mL h21)

added by means of a dosing pump to the reaction system at

170 uC over 12 hours. The reaction was carried out until no

absorption band, corresponding to the carbonyl group, was

present in the IR spectrum. Then, the product was dissolved in

methanol and neutralized by filtration over a cation-exchange

resin. The polyether was obtained as a highly viscous liquid

(dynamic viscosity at 50 uC 29.1 Pa s).
1H NMR (400 MHz, D2O): d (ppm) 5 0.9 (t, CH2CH3), 1.3

(q, CH2CH3), 3.3–4.0 (m polyglycerol protons).
13C NMR (400 MHz, D2O): d (ppm) 69.4, 70.3–70.5, 72.2

(CH2O); 78.2, 77.0 (CHO); 60.8–61.1 (CH2OH); 68.8, 70.5

(CHOH).

Reaction of dimethyl carbonate with hyperbranched polyether.

In a 100 cm3 flask equipped with a magnetic stirrer, condenser

and thermometer, hyperbranched polyether (6.07 g, 4.87 mmol),

dimethyl carbonate (23.86 g, 0.265 mol) and K2CO3 as a catalyst

(0.31 g, 2.20 mmol) were placed. The reaction was carried out at

80 uC for 3 h. Then, the second portion of dimethyl carbonate

(23.86 g, 0.265 mol) was added. The reaction was carried out

with simultaneous distillation of methanol. After 3.5 h, when no

more methanol was generated, the residual amount of dimethyl

carbonate was distilled off under reduced pressure. The product

was dissolved in CH2Cl2 and the catalyst was filtrated off. 12.1 g

of hyperbranched polyether with cyclic and linear carbonate

groups was obtained. The viscosity of the polymer was 17.5 Pa s

at 50 uC.

FTIR (KBr): 1795 cm21 (CLO cyclic carbonate), 1745 cm21

(CLO linear carbonate), 1100 cm21 (C–O–C), 1050 cm21

(C–O).

Measurements

IR spectra were recorded on a Biorad FTIR spectrometer

(KBr pellets or film). 1H NMR and 13C NMR spectra were

recorded on a Varian VXR 400 MHz spectrometer.

Deuterated solvents were used and tetramethylsilane served

as internal standard. MALDI-TOF spectra were recorded on a

Kratos Kompact MALDI 4 V5.2.1 apparatus equipped with a

337 nm nitrogen laser with a 3 ns pulse duration. The

measurements were carried out in the linear mode of the

instrument at an acceleration voltage of +20 kV. For each

sample, spectra were averaged over 200 laser shots. The

samples were dissolved in isopropanol (5 mg mL21) and mixed

with a solution of the MALDI-TOF matrix (2,5-dihydrox-

ybenzoic acid (DHB)), 0.2 M in iso-PrOH. The laser power

was moderated in the range 120–130 units characteristic of this

apparatus in order to avoid distortion of the mass spectrum.

Measurements of the molecular weight were performed with a

GPC LabAlliance apparatus using water as an eluent at 35 uC.

Poly(oxyethylene) glycol was used for calibration. Dynamic

viscosity of hyperbranched polyglycerol was measured with

METTLER RM180 Rheomat at 50 uC. DSC thermograms

were recorded over the temperature range 2150 to 250 uC on a

Perkin Elmer Pyris 1 DSC apparatus. The samples were dried

at 80 uC for 48 h under vacuum (0.1 Torr) to remove moisture
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prior to recording the thermograms. The experiments were

carried out at a heating rate of 20 uC min21 under a nitrogen

purge of 20 mL min21. Sample weights were 15–25 mg.
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Amino acid-based surfactants have attracted much interest as environmentally friendly

surfactants because of their biodegradability, low aquatic toxicity, and low haemolytic activity.

Our group has recently developed a new family of arginine-based glycerolipidic surfactants:

1-acyl-3-O-(L-arginyl)-rac-glycerol?2HCl (X0R) and 1,2-diacyl-3-O-(L-arginyl)-rac-glycerol?2HCl

(XXR) with alkyl chain lengths in the range of C8–C14. In this paper we study the biodegradability

and aquatic toxicity of these recently developed arginine-based glycerolipidic cationic surfactants

and compare these to conventional cationic surfactants.

Introduction

Surfactants are employed in large quantities every day on a

worldwide scale. Since it is well known that surface-active

compounds can adversely affect the aquatic environment, the

biodegradability and biocompatibility of surfactants have

become almost as important as their functional performance

to the consumer.1 In this regard, amino acid-based surfactants

have attracted much interest as environmentally friendly

surfactants because of their biodegradability, low aquatic

toxicity, and low haemolytic activity.2,3 Their amphiphilic

structures consist of one polar amino acid head group joined

to a hydrophobic alkyl chain via a biodegradable acyl, amide,

or ester linkage.4,5 Furthermore, they are prepared from

renewable sources of raw materials.6–8 Preparation of surfac-

tant molecules which mimic the structure of natural com-

pounds such as lipoaminoacids,9 phospholipids10 and

glycerolipids,11 is becoming increasingly important because

of their unique physicochemical and biological properties.

Our group has recently developed a new family of

arginine-based glycerolipidic surfactants: 1-acyl-3-O-(L-argi-

nyl)-rac-glycerol?2HCl (X0R) and 1,2-diacyl-3-O-(L-arginyl)-

rac-glycerol?2HCl (XXR) (Fig. 1) with alkyl chain lengths in

the range of C8–C14.12,13 Like the mono and diacylglycerides,

these compounds have a glycerol backbone linked to one or

two alkyl chains by ester bonds. Nevertheless, these surfactants

posses cationic character due to the presence of the arginine in

the polar head, which introduces antimicrobian activity in the

molecule.13–15 In this paper we study the biodegradability and

aquatic toxicity of these new arginine-based glycerolipidic

cationic surfactants and compare them to conventional

cationic surfactants and other arginine-based and glycerolipi-

dic-based surfactants.

Results and discussion

Two types of arginine-based glycerolipidic surfactants were

initially prepared. The 1-acyl-3-O-(L-arginyl)-rac-glycerol?2HCl

(X0R) and 1,2-diacyl-3-O-(L-arginyl)-rac-glycerol?2HCl (XXR)

series (Fig. 1) with alkyl chains in the range of C8–C14 were

prepared using the synthetic approach previously

described.12,13

The biological behaviour of the X0R and XXR surfactants

is compared with that of conventional cationic surfactants and

other surfactants with arginine or glycerolipidic-like structure.

Conventional quaternary ammonium compounds and the non-

ionic monoglyceride 1000 (Fig. 1), were commercially avail-

able. The arginine-based single chain surfactants (CAM and

LAM) (Fig. 1) and the glycerolipidic arginine-based surfactant

with one positive charge in the polar head (1-dodecyl-3-

O-acetylarginyl-glycerol monochlorhydrate, 120RAc) (Fig. 1)

were previously prepared by our group as reported in

literature.3,12,16

Fig. 1 Molecular structure of: (A) 1-acyl-3-O-(L-arginyl)-rac-

glycerol?2HCl (X0R) and 1,2-diacyl-3-O-(L-arginyl)-rac-glycerol?

2HCl (XXR); (B) 1-dodecyl-3-O-acetylarginyl-glycerol monochlorhy-

drate (120RAc) and 1-acyl-rac-glycerol (1000) and (C) N-acyl-L-

arginine methyl esters (LAM and CAM).
*nplste@cid.csic.es (Noemı́ Pérez)
mtgbet@iiqab.csic.es (M. Teresa Garcı́a)
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Aquatic toxicity

Acute toxicity tests on freshwater crustaceans (Daphnia

magna)17 as well as on saltwater bacteria (Photobacterium

phosphoreum)18 were carried out to assess the aquatic toxicity

of the new cationic surfactants. The result of both the Daphnia

magna 24 h immobilisation test (IC50) and Photobacterium

phosphoreum 30 min luminiscent reduction test (EC50) for the

monoacyl and diacylglycerol arginine-based surfactants (X0R

and XXR, respectively) are summarised in Table 1.

The data indicated that the bacteria population is more

sensitive to toxic effects of these arginine-based cationic

surfactants than Daphnia, since the concentration of the

cationic surfactants able to reduce to 50% the light emitted

by the bacteria is one order of magnitude less than the

concentration required to immobilise 50% of the crustacean

population.

To evaluate the relative toxicity of the arginine-based

cationic surfactants investigated, the data obtained were

compared with those corresponding to some conventional

quaternary ammonium compounds and those corresponding

both to other arginine-based surfactants (Na-acyl-arginine-

methyl esters: CAM and LAM and acyl-acetylarginyl-glycerol:

120RAc) and to surfactants with glycerolipidic-like structures

(acyl-glycerols: X00). Tables 2 and 3 summarize toxicity data

for the chosen set of surfactants.

Against Daphnia magna, arginine-based mono (X0R) and

diglycerides (XXR) are much less toxic than the conventional

quaternary ammonium-based surfactants (differences in IC50

values about two orders of magnitude). Likewise, for

Photobacterium phosphoreum, X0R and XXR arginine-based

surfactants are clearly less toxic than quaternary ammonium

compounds although the differences in the effective concen-

trations are not so striking as for the microcrustacea

population.

It is interesting to compare the aquatic toxicity of these new

arginine-based mono (X0R) and diglyceride (XXR) com-

pounds with other structurally related surfactants such as

Na-acyl-arginine-methyl esters (LAM and CAM), 1-acyl-3-

O-acetylarginyl-glycerols (120RAc) and acyl-glycerols (X00)

(Tables 1 and 3). For the overall surfactants, the estimated

concentration able to immobilise 50% of the crustacean

population after a 24 hour exposure (IC50) ranged from 30 up

to 200 mmol L21 whereas the effective concentration required

to reduce by 50% the light produced by the bacteria after a

30 min exposure (EC50) ranged from 2 up to 10 mmol L21.

These data indicate that bacteria are more sensitive than the

microcrustacea population to the toxic effects of these

surfactants and that, with the exception of the shorter

homologues of each series, the potency of their biological

activity is very similar.

In the Daphnia magna test, the shorter alkyl chain length

homologue of both single chain arginine-based surfactants and

monoglyceride surfactants (100R, CAM and 1000, respec-

tively) proved to be clearly less toxic than their corresponding

more hydrophobic homologues, as demonstrated by their

effective concentrations being about 5 times higher than those

corresponding to the longer alkyl chain length homologues.

Table 1 Aquatic toxicity values of X0R and XXR series on Daphnia magna and Photobacterium phosphoreum and critical micellar concentration
(CMC) values of these surfactants in the aqueous media of the toxicity bioassays

Compound

Daphnia magna IC50
a/mM P. phosphoreum EC50

b/mM CMCc/mM

Mean 95% CI Mean 95% CI A B

100R 200 (170–220) 10 (8–12) 0.25 0.40
120R 50 (40–60) 2 (1–3) 0.10 0.10
140R 30 (20–40) 2 (1–5) 0.03 0.02
88R —d — 2 (1–9) —d —d

1010R 30 (20–40) 5 (3–7) —e —e

1212R 40 (30–50) —e — —e —e

1414R 60 (50–80) —e — —e —e

a Concentration values that cause 50% inhibition in the crustacean mobility after 24 h of exposure. b Concentration values that cause 50%
reduction in the light emitted by the bacteria after 30 min of exposure. c CMC values obtained by fluorescence measurements in the Daphnia
magna (A) and Photobacterium phosphoreum (B) test media. d Problems of solubility in the test medium. e Not enough available amount of
surfactant.

Table 2 Acute toxicity of quaternary ammonium surfactants on
Daphnia magna and Photobacterium phosphoreum

Compounda D. magna IC50/mM P. phosphoreum EC50/mM

DT 1.23 0.78
TT 0.42 0.83
HT 0.36 1.73
BDD 0.34 0.47
BDT 0.35 0.41
BDH 0.56 1.39
a DT, dodecyl trimethyl ammonium bromide; TT, tetradecyl
trimethyl ammonium bromide; HT, hexadecyl trimethyl ammonium
bromide; BDD dodecyl benzyl dimethyl ammonium bromide; BDT
tetradecyl benzyl dimethyl ammonium chloride; BDH hexadecyl
benzyl dimethyl ammonium chloride. Data reported by Garcia
et al.19

Table 3 Acute toxicity of some arginine-based cationic surfactants
and non-ionic glycerolipidic surfactants on D. magna and P.
phosphoreum

Compounda D. magna IC50/mM P. phosphoreum EC50/mM

CAM 203b 11b

LAM 37b 30b

120RAc 60 ¡ 10 8 ¡ 2
1000 170 ¡ 20 29 ¡ 6
1200 — 8 ¡ 2
a CAM, Na-caproyl-L-arginine methyl ester; LAM, Na-lauroyl-L-
arginine methyl ester; 120Rac, 1-dodecyl-3-O-acetylarginyl-glycerol
monochlorhydrate; 1000, 1-acyl-rac-glycerol; 1200, 1-acyl-rac-
glycerol. b Data reported by Perez et al.20
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Bearing in mind that biological membranes are essentially

nonpolar interfaces, evidence exists that the toxicity of

chemicals against the water-living species tested is caused by

the ability of the molecules to disrupt the integral membrane

by a hydrophobic/ionic adsorption phenomenon at the cell

membrane–water interface.21,22 The more hydrophobic the

molecule, the higher its ability to accumulate at the interfaces,

exerting a toxic effect. Therefore, higher toxicity would be

expected with increasing hydrophobicity in the molecule, as

reported for anionic surfactants on Daphnia magna23 and for

alcohol ethoxylated surfactants on Photobacterium phosphor-

eum.24 Accordingly, acute toxicity clearly grows with increas-

ing alkyl chain length from C10 to C12 homologues for the

single alkyl chain surfactants. Likewise, the introduction of a

second alkyl chain in the surfactant molecule (from 100R to

1010R) increases the acute toxicity. However, an incremental

difference in toxicity with increasing alkyl chain length or with

introducing a second alkyl chain was not observed for the

longer alkyl chain homologues. This could be attributed to the

lower bioavailability of the longer alkyl chain homologues due

to their poor solubility in the test medium. This assumption is

enhanced by the results on antimicrobial activity, which shows

that the less soluble compound, 1414R, exhibits the lower

activity against the microorganisms tested.13

CMC values are consistent with the above comments on

solubility and bio-availability of these surfactants. The results

obtained show that the CMC depends on the alkyl chain

length. The CMC values decreased as the number of methylene

groups in the alkyl chain was raised, i.e., the more

hydrophobic the molecule, the lower the CMC value.

Biodegradability assessment

The biodegradability of the arginine-based glycerolipidic catio-

nic surfactants prepared in this study was evaluated by applying

two ready biodegradation tests, the Modified Screening Test25

and the Closed Bottle Test.26 In these tests, ultimate biodegrada-

tion or mineralisation of the surfactants, that is, the microbial

transformation of the parent chemical into inorganic final

products of the degradation process, such as carbon dioxide,

water, and assimilated biomass, was determined.

In the Modified Screening Test, a determined amount of the

cationic surfactant tested was dissolved in an inorganic

medium, inoculated with a small number of microorganisms

from a mixed population and aerated at 23 ¡ 1 uC in the dark.

The biodegradation process was monitored through DOC

measurements, as recommended by the standard procedure.25

However, due to the possible adsorption of the cationic

surfactants onto the filters used for DOC determination, TOC

measurements were also carried out. Reaction vessels of all

series were withdrawn in triplicate. The procedure was checked

by means of a readily biodegradable surfactant, sodium

n-dodecyl sulfate (SDS). Controls with inoculation, but

without either test material or standard were run in parallel

for the determination of DOC blanks. In the course of the

biodegradation tests, the DOC concentrations were deter-

mined at the beginning and at regular time intervals during a

28 day period. Biodegradation was stated as the percentage of

DOC or TOC removal within 28 days.

DOC removal values higher than 70% were obtained for

X0R compounds from the first week of the test period and the

biodegradation extent after a 28 day period of X0R surfactants

ranged from 71 to 99% (Table 4). These results provide

evidence for an excellent and very rapid ultimate biodegrada-

tion of X0R surfactants in this relatively stringent biodegrada-

tion test. Biodegradation of X0R compounds clearly exceeds

the specified biodegradation pass level in the Modified

Screening Test (70% DOC removal), allowing them to be

classified as readily biodegradable compounds, i.e., X0R

surfactants would degrade readily and rapidly when dis-

charged to the aerobic aquatic environment. The excellent

biodegradation of X0R cationic surfactants is consistent

with that expected regarding their molecular structure. Thus,

the primary event in the degradation process is probably the

hydrolytic cleavage of the ester bonds giving rise to the

formation of compounds such as arginine, fatty acids, glycerol

or acylglycerolipids, that are readily biodegradable.

In agreement with data available on biodegradability of

quaternary ammonium-based surfactants,19,27 the biodegrada-

tion of X0R compounds decreased with increasing alkyl chain

length. This fact could be due to the higher inhibitory effects of

the more hydrophobic homologues on bacterial population.

On the other hand, the biodegradation extent of the single-

chain compounds X0R (Table 4) is higher than that reported

for quaternary ammonium-based surfactants28 and similar to

the biodegradation extent reported for other arginine-based

cationic surfactants.20

For XXR surfactants, comparison of TOC and DOC values

demonstrated a significant adsorption of these cationic

surfactants on the filters used for DOC determination and

led to the rejection of this method for the evaluation of their

biodegradability. Thus, to assess the ultimate biodegradability

of the XXR surfactants another ready biodegradability test,

the Closed Bottle Test (OECD 301D),26 was applied. In this

method, the surfactant tested was added to an aerobic aqueous

medium inoculated with wastewater microorganisms and the

depletion of dissolved molecular oxygen was measured for a

defined period of time and reported as a percentage of the

theoretical maximum. Duplicate bottles of each series were

analysed at the start of the test for dissolved oxygen and the

remaining bottles were incubated at 20 uC ¡ 1 uC in the dark.

Bottles of all series were withdrawn in duplicate for dissolved

Table 4 Ultimate biodegradation of X0R and XXR surfactant series,
1000 and 120RAc surfactants

% Biodegradation Modified
Screening Testa % Biodegradation

Closed Bottle Testb

TOC DOC O2 consumption

100R 99 99 —
120R 86 71 —
140R 76 76 —
1010R — — 20
1212R — — 82
1414R — — 61
1000 — — 71
120RAc — — 98
a % of total and dissolved organic carbon (TOC and DOC)
removal. b Dissolved oxygen depletion.
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oxygen analysis over the 28 day incubation period. A control

with inoculum, but without test chemicals was run in parallel

for the determination of oxygen blanks. Sodium n-dodecyl

sulfate (SDS) was used as reference substance. Compounds

which reached a biodegradation level higher than 60% are

referred to as ‘‘readily biodegradable’’.

The biodegradation extent obtained for the diglycerolipidic

cationic surfactants (1212R, 1414R), the monoglycerolipidic

arginine-based cationic surfactant (120RAc) and the non-ionic

monoglyceride surfactant (1000) after a 28 day period

surpassed 60% (82, 61, 71 and 98%, respectively) while

1010R underwent only a modest amount of biodegradation

(20%). The excellent biodegradation of all these surfactants,

with the exception of 1010R, allows them to be regarded as

readily biodegradable compounds which is consistent with

the presence in the molecules of ester bonds susceptible to

chemical or enzymatic hydrolysis that leads to the formation

of easily biodegradable metabolites such as arginine, glycerol,

acyl glycerol, etc. The poor degradation of 1010R could be

attributed to its inhibitory effects on the bacterial population

since, as reported elsewhere,20 this homologue possesses the

highest antimicrobial activity of the XXR surfactant series.

Conclusions

A series of the arginine-based glycerolipidic surfactants:

1-acyl-3-O-(L-arginyl)-rac-glycerol?2HCl (X0R) and 1,2-

diacyl-3-O-(L-arginyl)-rac-glycerol?2HCl (XXR) were pre-

pared and their aquatic toxicity evaluated using two

short-term bioassays: the Daphnia magna test and the

bioluminescent bacteria test. These new arginine-based catio-

nic surfactants have proved to be much less toxic than

conventional quaternary ammonium-based surfactants.

Bacterial populations were more sensitive to the toxic effects

of these surfactants than microcrustacea, which is consistent

with their potential use as antimicrobial agents. To evaluate

the biodegradability of these compounds two ready biode-

gradation tests were applied, the Modified Screening Test and

the Closed Bottle Test. With the exception of the 1010R

compound, all the arginine-based glycerolipidic surfactants

were found to be excellently biodegradable and could be

classified as ‘‘readily biodegradable’’. The rapid and total

biodegradation of these cationic surfactants is likely due to the

presence in the molecule of easily breakable ester bonds that

leads to the formation of compounds which are further readily

biodegradable. The low biodegradation extent for the 1010R

surfactant could be attributed to its inhibitory effects on the

bacterial degraders due to the higher antimicrobial activity of

this compound.

Experimental

Synthesis of cationic surfactants

The surfactants X0R and XXR were prepared following the

chemical reactions described previously.12,13 Briefly, this

involved a three-step procedure, starting from commercially

available N-Cbz-L-arginine?HCl. The first step consists of

the preparation of O-(N-Cbz-L-arginyl)-rac-glycerol?HCl

(00RZ) by chemical esterification of the a-carboxyl group of

N-Cbz-L-arginine?HCl with the primary hydroxyl function of

glycerol using boron trifluoroetherate as catalyst. The pur-

ification of 00RZ was carried out by ion exchange chromato-

graphy following the procedure described by Morán et al.29

The next synthetic step consists of the preparation of 1-acyl-3-

O-(N-Cbz-L-arginyl)-rac-glycerol?HCl (X0RZ) or 1,2-diacyl-3-

O-(N-Cbz-L-arginyl)-rac-glycerol?HCl (XXRZ) by acylation

of the remaining free hydroxyl groups of 00RZ with the

corresponding long chain acid chloride, in a proportion

depending on the compound (mono or diacylated) required.

The isolation of the pure monoacyl and diacyl derivatives was

carried out by silica gel chromatography. Silica (100 mL

Chromagel 60 A CC, 70–230) was packed into a flash

chromatography column. Then, XXRZ or X0RZ dissolved

in chloroform was loaded into the column and was eluted with

a gradient from chloroform to chloroform–methanol, 90 : 10

(v/v). The fractions containing the desired products were

pooled and evaporated to dryness. The target compounds X0R

or XXR were obtained by catalytic hydrogenation of the Cbz

group using Pd over charcoal. Pure compounds were obtained

after several crystallizations in methanol–acetonitrile. The

purity of the products was established with HPLC, NMR and

elemental analysis. All the results indicate that the purity was

higher than 99%. The surfactants CAM, LAM and 120RAc

were also previously prepared by our group.3,12,16

1-decyl-3-O-(L-arginyl)-rac-glycerol?2HCl (100R).

C19H40N4O5Cl2 m/z 403.3 Calc. Anal. (%) with 3.5 mol H2O:

C, 42.4; H, 8.7; N, 10.4; Cl, 13.2; Found: C, 42.2; H, 8.5; N,

10.3; Cl, 13.6.
1H NMR: dH (CD3OD), 0.91 [t, 3H, CH3 of the alkyl chain],

1.31 [s, 12H, 6CH2 of the alkyl chain], 1.67 [m, 2H, CH–CH2–

CH2–CH2–NH–], 1.8 [m, 2H, CH2–CH2–COO–], 2.1 [m, 2H,

CH–CH2–CH2–CH2–NH–], 2.4 [m, 2H, –CH2–COO–], 3.4 [t,

2H, CH–CH2–CH2–CH2–NH–], 4.1 [m, 1H, –CHOH–], 4.15

[m, 1H, –CH–NH3–], 4.18 [m, 2H, –CH2–CHOH–CH2–

arginine], 4.25 [m, 2H, –CH2–CHOH–CH2–arginine].
13C NMR: dC (CD3OD), 14.46 [CH3– alkyl chain], 23.76–

41.74 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH],

53.69 [CH–CH2–CH2–CH2–NH], 65.73 [–CH2–CHOH–CH2–

arginine], 68.0 [–CH2–CHOH–CH2–arginine], 68.20 [–CH2–

CHOH–CH2–arginine], 158.67 [C guanidine group], 170.10

[–COO– arginine group], 175.26 [–COO– alkyl chain].

1-dodecyl-3-O-(L-arginyl)-rac-glycerol?2HCl (120R).

C21H44N4O5Cl2 m/z 431.3 Calc. Anal. (%) with 2 mol H2O:

C, 46.8; H, 8.9; N, 10.4; Cl, 13.3. Found: C, 46.5; H, 8.8; N,

10.5; Cl, 13.7.
1H NMR: dH (CD3OD), 0.91 [t, 3H, CH3 of the alkyl chain],

1.31 [s, 16H, 8CH2 of the alkyl chain], 1.67 [m, 2H, CH–CH2–

CH2–CH2–NH–], 1.8 [m, 2H, CH2–CH2–COO–], 2.1 [m, 2H,

CH–CH2–CH2–CH2–NH–], 2.4 [m, 2H, –CH2–COO–], 3.4 [t,

2H, CH–CH2–CH2–CH2–NH–], 4.1 [m, 1H, –CHOH–], 4.15

[m, 1H, –CH–NH3–], 4.18 [m, 2H, –CH2–CHOH–CH2–

arginine], 4.25 [m, 2H, –CH2–CHOH–CH2–arginine].
13C NMR: dC (CD3OD), 14.46 [CH3– alkyl chain], 23.76–

41.74 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH],

53.69 [CH–CH2–CH2–CH2–NH], 65.73 [–CH2–CHOH–

CH2–arginine], 68.0 [–CH2–CHOH–CH2–arginine], 68.20
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[–CH2–CHOH–CH2–arginine], 158.67 [C guanidine group],

170.10 [–COO– arginine group], 175.26 [–COO– alkyl chain].

1-tetradecyl-3-O-(L-arginyl)-rac-glycerol?2HCl (140R).

C23H48N4O5Cl2 m/z 459.3 Calc. Anal. (%) with 2.5 mol H2O:

C, 47.9; H, 9.2; N, 9.7; Cl, 12.3. Found: C, 47.9; H, 9.5; N, 9.6;

Cl, 12.5.
1H NMR: dH (CD3OD), 0.91 [t, 3H, CH3 of the alkyl chain],

1.31 [s, 20H, 10CH2 of the alkyl chain], 1.67 [m, 2H, CH–CH2–

CH2–CH2–NH–], 1.8 [m, 2H, CH2–CH2–COO–], 2.1 [m, 2H,

CH–CH2–CH2–CH2–NH–], 2.4 [m, 2H, –CH2–COO–], 3.4 [t,

2H, CH–CH2–CH2–CH2–NH–], 4.1 [m, 1H, –CHOH–], 4.15

[m, 1H, –CH–NH3–], 4.18 [m, 2H, –CH2–CHOH–CH2–

arginine], 4.25 [m, 2H, –CH2–CHOH–CH2–arginine].
13C NMR: dC (CD3OD), 14.46 [CH3– alkyl chain], 23.76–

41.74 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH],

53.69 [CH–CH2–CH2–CH2–NH], 65.73 [–CH2–CHOH–CH2–

arginine], 68.0 [–CH2–CHOH–CH2–arginine], 68.20 [–CH2–

CHOH–CH2–arginine], 158.67 [C guanidine group], 170.10

[–COO– arginine group], 175.26 [–COO– alkyl chain].

1,2-dioctyl-3-O-(L-arginyl)-rac-glycerol?2HCl (88R).

C25H52N4O6Cl2 m/z 501.2 Calc. Anal. (%) with 1 mol H2O:

C, 48.5; H, 8.9; N, 9.05; Cl, 11.5. Found: C, 48.3; H, 8.8; N,

9.3; Cl, 11.7.
1H NMR: dH (DMSO), 0.90 [m, 6H, 2CH3 of the alkyl

chain], 1.31 [s, 16H, 8CH2 of the alkyl chain], 1.59–2.01 [m,

8H, 2(–CH2–CH2–COO–), CH–CH2–CH2–CH2–NH–], 2.31–

2.38 [2t, 4H, 2(–CH2–COO–)], 3.25–3.31 [m, 2H, CH–CH2–

CH2–CH2–NH–], 4.12–4.61 [m, 5H, CH2–CHOH–CH2OCO–

CH–], 5.32–5.36 [m, 1H, –CHOH–].
13C NMR: dC (DMSO), 14.43 [CH3– alkyl chain], 23.68–

41.75 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH],

53.57 [CH–CH2–CH2–CH2–NH], 63.17 [CH2–CHOH–

CH2OCO–CH], 65.42 [CH2–CHOH–CH2OCO–CH], 70.30

[CH2–CHOH–CH2OCO–CH], 158.64 [C guanidine group],

170.09 [–OCO– arginine], 174.44 [alkylchain COO–CH],

174.80 [alkylchain COO–CH2].

1,2-didecyl-3-O-(L-arginyl)-rac-glycerol?2HCl (1010R).

C29H58N4O6Cl2 m/z 557.4 Calc. Anal. (%) with 2 mol H2O:

C, 52.3; H, 9.3; N, 8.4; Cl, 10.7; Found: C, 52.8; H, 9.5; N, 8.7;

Cl; 10.5.
1H NMR: dH (DMSO), 0.86 [m, 6H, 2CH3 of the alkyl

chain], 1.26 [s, 24H, 12CH2 of the alkyl chain] 1.59–2.02

[m, 8H, 2(–CH2–CH2–COO–), CH–CH2–CH2–CH2–NH–],

2.27–2.33 [2t, 4H, 2(–CH2–COO–)], 3.25–3.31 [m, 2H, CH–

CH2–CH2–CH2–NH–], 4.02–4.55 [m, 5H, CH2–CHOH–

CH2OCO–CH–], 5.32–5.36 [m, 1H, –CHOH–].
13C NMR: dC (DMSO), 14.46 [CH3– alkyl chain], 23.73–

41.78 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH],

53.68 [CH–CH2–CH2–CH2–NH], 63.19 [CH2–CHOH–

CH2OCO–CH], 65.424 [CH2–CHOH–CH2OCO–CH], 70.33

[CH2–CHOH–CH2OCO–CH], 158.63 [C guanidine group],

170.62 [–OCO arginine], 174.45 [alkylchain COO–CH], 174.81

[alkylchain COO–CH2].

1,2-didodecyl-3-O-(L-arginyl)-rac-glycerol?2HCl (1212R).

C33H66N4O6Cl2 m/z 613.7 Calc. Anal. (%) with 1 mol H2O:

C, 56.3; H, 9.7; N, 8.0; Cl, 10.1. Found: C, 56.0; H, 9.7; N, 8.3;

Cl, 10.4.
1H NMR: dH (DMSO), 0.90 [m, 6H, 2CH3 of the alkyl

chain], 1.29 [s, 32H, 16CH2 of the alkyl chain], 1.57–2.03

[m, 8H, 2(–CH2–CH2–COO–), CH–CH2–CH2–CH2–NH–],

2.31–2.38 [2t, 4H, 2(–CH2–COO–)], 3.27–3.31 [m, 2H, CH–

CH2–CH2–CH2–NH–], 4.12–4.60 [m, 5H, CH2–CHOH–

CH2OCO–CH–], 5.31–5.39 [m, 1H, –CHOH–].
13C NMR: dC (DMSO), 14.48 [CH3– alkyl chain], 23.75–

41.73 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH], 53.56

[CH–CH2–CH2–CH2–NH], 63.19 [CH2–CHOH–CH2OCO–

CH], 65.29 [CH2–CHOH–CH2OCO–CH], 70.29 [CH2–

CHOH–CH2OCO–CH], 158.61 [C guanidine group], 170.01

[–OCO arginine], 174.35 [alkylchain COO–CH], 174.76 [alkyl-

chain COO–CH2].

1,2-ditetradecyl-3-O-(L-arginyl)-rac-glycerol?2HCl (1414R).

C37H74N4O6Cl2 m/z 669.7 Calc. Anal. (%) with 2 mol H2O:

C, 57.0; H, 10.0; N, 7.2; Cl, 9.2; Found: C, 57.4; H, 9.9; N, 6.8;

Cl, 9.2.
1H NMR: dH (DMSO), 0.90 [m, 6H, 2CH3 of the alkyl

chain], 1.29 [s, 40H, 20CH2 of the alkyl chain], 1.57–2.33

[m, 8H, 2(–CH2–CH2–COO–), CH–CH2–CH2–CH2–NH–],

2.31–2.37 [2t, 4H, 2(–CH2–COO–)], 3.31–3.37 [m, 2H, CH–

CH2–CH2–CH2–NH–], 4.12–4.60 [m, 5H, CH2–CHOH–

CH2OCO–CH–], 5.32–5.39 [m, 1H, –CHOH–],
13C NMR: dC (DMSO), 14.48 [CH3– alkyl chain], 23.76–

41.74 [–CH2– alkyl chain and CH–CH2–CH2–CH2–NH],

53.57 [CH–CH2–CH2–CH2–NH], 63.21 [CH2–CHOH–

CH2OCO–CH], 65.39 [CH2–CHOH–CH2OCO–CH], 70.30

[CH2–CHOH–CH2OCO–CH], 158.63 [C guanidine group],

170.06 [–OCO arginine], 174.43 [alkylchain COO–CH], 174.78

[alkylchain COO–CH2].

1-dodecyl-3-O-acetylarginil-glycerolmonochlorhydrate

(120RAc). C23H45N4O6Cl2 m/z 669.7 Calc. Anal. (%) with

1 mol H2O: C, 52.42; H, 8.92; N, 10.66; Cl, 6.74. Found: C,

52.13; H, 8.83; N, 10.42; Cl, 6.53.
1H NMR: dH (DMSO), 0.84 [CH3, alkyl chain], 1.23 [CH2,

alkyl chain], 1.28 [–CH2O–, alkyl chain], 1.84 [CH3–CO, acetyl

group], 3.15 [CH2–NH–arginine group], 3.9–4.2 [O–CH2–

CH2–OH–CH2O and –CH– in the arginine group], 5.2

[–CH2OH–], 7.1 [2NH2, guanidine group], 7.71 [–NH–C,

guanidine group], 8.25 [–CH–NH–CO, amide group].
13C NMR: dC (DMSO), 13.87 [CH3– alkyl chain], 22.17 [CH3–

acetyl group], 22.04–33.43 [–CH2– alkyl chain and arginine

group], 51.76 [–CH– arginine group], 64.68 [–COO–CH2–

CHOH], 65.38 [–O–CH2–CHOH–CH2–O–arginine], 66.17 [–O–

CH2–CHOH–CH2–O–], 156.98 [C guanidine group], 169.75

[–CO– amide group], 171.81 and 172.86 [COO– ester groups].

Aquatic toxicity

Two acute toxicity tests were carried out, the Daphnia magna

Immobilisation Test17 and the Photobacterium phosphoreum

Luminescence Reduction Test, Microtox1 Test.18

Daphnia magna Immobilization Test17. Daphnia magna,

laboratory bred, not more than 24 h old were used in this

544 | Green Chem., 2005, 7, 540–546 This journal is � The Royal Society of Chemistry 2005
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test, where the swimming incapability is the end point. The pH

of the medium was 8.0 and the total hardness was 250 mg L21

(as CaCO3), with a Ca : Mg ratio of 4 : 1. Tests were

performed in the dark at 20 uC. Twenty Daphnia, divided into

four groups of five animals each, were used at each test

concentration. For each surfactant, 10 concentrations in a

geometric series were tested in the concentration range first

established in a preliminary test. The percentage immobility

at 24 h was plotted against concentration on logarithmic-

probability paper, a linear relationship was obtained and the

EC50 was calculated from the corresponding equation.

Photobacterium phosphoreum Luminescence Reduction Test

(Microtox1 Test)18. Photobacterium phosphoreum is a marine

luminescent bacterium naturally adapted to a saline environ-

ment. These bacteria liberate energy in the form of visible light

(intensity maximum at 490 nm) as a consequence of the series

of metabolic reactions. On exposure to toxic substances, the

light output is reduced and this reduction is proportional to

the toxicity of the sample. Therefore, the toxicity bioassay is

based on the light emission of these bacteria, as a measurement

of their metabolic activity. In the Microtox bioassay the

concentration of an aqueous solution of a chemical that causes

a 50% reduction of the light emitted by the bacteria (EC50) is

calculated from a concentration–response curve by regression

analysis. The osmotic pressure of the samples was adjusted by

NaCl addition (2%). Toxicity data were based on a 30 min

exposure of bacteria to the surfactant solution at 15 uC.

Biodegradation tests

Assays based on the Modified Screening Test and Closed

Bottle Test, described in the Organization for Economic

Cooperation and Development (OECD) Guidelines were

applied.25,26 A mixture of equal volumes of secondary effluent

from a wastewater treatment plant and garden soil aqueous

suspension was used as inoculum for both biodegradation

tests.

Modified Screening Test (OECD 301E)25. In the Modified

Screening Test, biodegradation is studied by the organic

carbon depletion. A surfactant concentration of 10 mg L21

dissolved in an inorganic medium and inoculated with micro-

organisms was tested. Because of the high capacity of

adsorption of these surfactants, biodegradation was monitored

by the dissolved organic carbon (DOC) and total organic

carbon (TOC) removal over a 28 day period. Both TOC and

DOC were determined by the combustion infrared method in a

total organic carbon analyser (Shimadzu TOC-5050, Tokyo,

Japan) after decarbonation by acidification with HCl and

stirring for 15 min. For DOC determination, samples were

subjected to membrane filtration (0.22 mm porous size).

Measurements were periodically performed and ultimate

biodegradation was stated as the percentage of DOC removal.

Closed Bottle Test (OECD 301D)26. In this method, the

chemical being evaluated is added to an aerobic aqueous

medium inoculated with wastewater microorganisms and the

depletion of dissolved molecular oxygen is measured for a

defined period of time and reported as a percentage of the

theoretical maximum. Compounds which reach a biodegrada-

tion level higher than 60% are referred to as ‘‘readily

biodegradable’’. Sodium n-dodecyl sulfate (SDS) was used as

reference substance. Solutions containing 2 mg L21 of the test

surfactants and the reference chemical as sole sources of

organic carbon were prepared, separately, in previously

aerated mineral medium. The solutions were then inoculated

with secondary effluent collected from an activated sludge

treatment plant and each well-mixed solution was carefully

dispensed into a series of BOD bottles so that all the bottles

were completely full. A control with inoculum, but without test

chemicals was run parallel for the determination of oxygen

blanks. Duplicate bottles of each series were analysed

immediately for dissolved oxygen and the remaining bottles

were incubated at 20 ¡ 1 uC in the dark. Bottles of all series

were withdrawn in duplicate for dissolved oxygen analysis over

the 28 day incubation period. The biodegradation after n days

was expressed as the ratio of the biochemical oxygen demand

(BOD) to the chemical oxygen demand (COD), both of them

expressed as mg O2 per mg compound. The chemical oxygen

demand was determined by the dichromate reflux method.30

For the calculation of the biochemical oxygen demand the

determined oxygen depletions were divided by the concentra-

tion of surfactant.

Fluorescence measurements

The fluorescence spectrum of micelle-bound pyrene is sensitive

to the polarity of the microenvironment at the site of

solubilisation of the fluorophore. The CMC of the surfactant

solutions were determined from the plots of the intensity ratio

II : IIII versus concentration. II and IIII were, respectively, the

first and third vibronic peaks in the fluorescence emission

spectrum of pyrene solubilised at 1025 M in the surfactant

solutions.31 The fluorescence spectra were recorded using a

Shimadzu RF 540 spectrofluorometer at the excitation

wavelength 335 nm and a bandwidth of 1.5 nm.
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A medium-chain ester, hexyl laurate, with a fruity flavor is primarily used in personal care

formulations as an important emollient for cosmetic applications. In order to conform to the

‘‘natural’’ interests of consumers, the ability for immobilized lipase from Rhizomucor miehei

(Lipozyme IM-77) to catalyze the direct esterification of hexanol and lauric acid was investigated

in this study. Response surface methodology (RSM) and 4-factor-5-level central composite

rotatable design (CCRD) were employed to evaluate the effects of synthesis parameters, such as

reaction time (20 to 100 min), temperature (25 to 65 uC), enzyme amount (10 to 50%), and

substrate molar ratio of hexanol to lauric acid (1 : 1 to 3 : 1) on percentage molar conversion of

hexyl laurate by direct esterification. Reaction time and enzyme amount had significant effects on

percent molar conversion. Based on ridge max analysis, the optimum conditions for synthesis

were: reaction time 74.8 min, temperature 47.5 uC, enzyme amount 45.5%, and substrate molar

ratio 1 : 1.5. The predicted value was 90.0% and the actual experimental value 92.2% molar

conversion.

Introduction

Hexyl esters with a ‘‘green note’’ flavor, derived from medium-

chain carboxylic acids such as hexyl laurate, are used as

important emollient materials in many cosmetic industrial

applications.1 Customarily, they are produced by chemical

synthesis or extracted from natural sources. However, with the

steadily growing ‘‘natural’’ demand, the biosynthesis of such

esters by lipase-catalyzed chemical reactions under mild

conditions has been receiving much attention for producing

these valuable products. In particular, the development of

optimum enzymatic synthesis procedure to improve the yield

conversion of hexyl esters and to reduce the production

costs would be more attractive for the manufacturers and

consumers.

Ester synthesis catalyzed by lipase was first described by

Inada et al. in 1984;2 and some relevant researches (e.g. the

effect of experimental variables on the thermodynamic

parameters and optimization of esterification reactions) were

issued successively.3–5 Carvalho et al.6 reported that hexyl

acetate was synthesized by the cutinase-catalyzed transester-

ification reaction of butyl acetate with hexanol in reversed

micelles system. Bourg-Garros et al.7 synthesized (Z)-3-hexen-

1-yl laurate by direct esterification using lipases Mucor miehei

(Lipozyme IM) and Candida antarctica (Novozym 435) in

n-hexane and solvent-free systems. However, until to date the

enzymatic synthesis of hexyl laurate by esterification has not

been investigated in detail.

The present work focuses on the parameters that affect

lipase from Rhizomucor miehei (Lipozyme IM-77) to catalyze

the direct esterification of hexyl laurate using lauric acid as

acyl donor in n-hexane. Our purpose was to better understand

the relationships between the factors (reaction time, tempera-

ture, enzyme amount, and substrate molar ratio) and the

response (percent molar conversion); and to determine the

optimal conditions for hexyl laurate synthesis using central

composite rotatable design (CCRD) and response surface

methodology (RSM).

Experimental

Reagents

Immobilized lipase (triacylglycerol hydrolase, EC 3.1.1.3;

Lipozyme IM-77, 7.7 Batch Acidolysis Units of Novo

(BAUN)/g, water 5.4% w/w) from R. miehei supported on

macroporous weak anionic resin beads was purchased from

Novo Nordisk Bioindustrials, Inc. (Bagsvaerd, Denmark).

Hexanol (98% pure), lauric acid (99% pure) and glyceryl

tributyrate (99% pure) were purchased from Sigma Chemical

Co. (St. Louis, MO, USA). Molecular sieve 4 Å was purchased

from Davison Chemical (Baltimore, MD, USA) and n-hexane

was obtained from Merck Chemical Co. (Darmstadt,

Germany). All other chemicals were of analytical reagent grade.

Esterification

Lipozyme IM-77 was employed as a biocatalyst to perform the

direct esterification of hexanol by lauric acid:

CH3(CH2)5OH + CH3(CH2)10COOH =
CH3(CH2)5COO(CH2)10CH3 + H2O

Lipozyme IM-77 was dehydrated for 24 h by a freeze-drier

(Eyela, FD-1000, Japan), then was equilibrated in desiccators

containing a saturated salt solution (CH3COOK, aw 5 0.23)

for at least 7 days at 25 uC. The water content was measured

using a Karl–Fisher titrator (Mettler-Toledo, DL31, USA).*cjshieh@mail.dyu.edu.tw
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The initial water content in Lipozyme IM-77 was 5.1% in this

study. Molecular sieve 4 s (10% w/w of substrate and

n-hexane) was added to all chemicals for at least 24 h before

reaction in order to remove all water. Hexanol (0.1 M, 0.31 g)

and different molar ratios of lauric acid were added to

n-hexane, followed by different amounts of lipase. The

mixtures of hexanol, lauric acid and Lipozyme IM-77 were

stirred in an orbital shaking water bath (200 rpm) at different

reaction temperatures and reaction times, as shown in Table 1.

Determination of hexyl laurate

Immobilized Lipozyme IM-77 and any residual water were

removed by passing reaction media through an anhydrous

sodium sulfate column. Then, hexyl laurate formation was

determined by injecting a 1 mL aliquot in a splitless mode into

a gas chromatograph (GC) (Hewlett Packard 6890, Avondale,

PA, USA) equipped with a flame-ionization detector (FID)

and a DB-5 fused-silica capillary column (30 m 6 0.32 mm

i.d.; film thickness 1 mm; J&W Scientific, Folsom, CA, USA).

Tributyrin was employed as an internal standard. Injector and

FID temperatures were set at 280 uC and 300 uC, respectively.

Oven temperature was maintained at 70 uC for 2 min, elevated

to 120 uC at a rate of 70 uC min21, held for 1 min, and then

increased to 230 uC at a rate of 70 uC min21. Nitrogen was

used as carrier gas. The percentage yield (molar conversion)

was defined as (mmol hexyl laurate/mmol initial hexanol) 6
100% and was estimated using the peak area integrated by on-

line software—Hewlett Packard 3365 Series II ChemStation

(Avondale, PA, USA).

Experimental design and statistical analysis

A 4-factor-5-level CCRD was employed in this study, requiring

27 experiments.8 To avoid bias, 27 runs were performed in a

totally random order. The central composite rotatable design

consists of 16 factorial points, 8 axial points (two axial points on

the axis of each design variable at a distance of 2 from the design

center), and 3 center points. The parameters and their levels

selected for the study of hexyl laurate synthesis were: reaction

time, 20–100 min; temperature, 25–65 uC; lipase amount, 10–

50% (0.24–1.18 BAUN) by weight of hexanol; substrate molar

ratio, 1 : 1–1 : 3 (hexanol : lauric acid). Table 1 shows the

independent factors (xi), levels and experimental design in terms

of coded and uncoded. The experimental data were analyzed by

the response surface regression (RSREG) procedure to fit the

following second-order polynomial equation:9

Y~bk0z
X4

i~1

bkixiz
X4

i~1

bkiix
2
i z

X3

i~1

X4

j~iz1

bkijxixj (1)

Where Y is response (% molar conversion); bk0, bki, bkii, and

bkij are constant coefficients and xi the uncoded independent

variables. The ridge max option was used to compute the

estimated ridge of maximum response for increasing radii from

the center of the original design.

Results and discussion

Effect of reaction time

Fig. 1 shows the time course for the direct esterification

of hexanol with lauric acid by Lipozyme IM-77 at 30 uC.

Table 1 Central composite rotatable second-order design, experimental data, and predicted values for 4-factor-5-level response surface analysis

Time/min Temperature/uC
Enzyme (% by
wt of hexanol)

Substrate molar ratio
(hexanol/lauric acid)

Yield (% molar
conversion)

Treatment no.a x1 x2 x3 x4 Y

1 21(40)b 21(35) 21(20) 1(1 : 2.5) 58.83
2 21(40) 21(35) 1(40) 21(1 : 1.5) 71.72
3 21(40) 1(55) 21(20) 21(1 : 1.5) 52.75
4 21(40) 1(55) 1(40) 1(1 : 2.5) 80.00
5 1(80) 21(35) 21(20) 21(1 : 1.5) 68.07
6 1(80) 21(35) 1(40) 1(1 : 2.5) 83.93
7 1(80) 1(55) 21(20) 1(1 : 2.5) 71.25
8 1(80) 1(55) 1(40) 21(1 : 1.5) 85.80
9 0(60) 0(45) 0(30) 0(1 : 2) 70.60

10 21(40) 21(35) 21(20) 21(1 : 1.5) 57.43
11 21(40) 21(35) 1(40) 1(1 : 2.5) 67.49
12 21(40) 1(55) 21(20) 1(1 : 2.5) 55.88
13 21(40) 1(55) 1(40) 21(1 : 1.5) 72.46
14 1(80) 21(35) 21(20) 1(1 : 2.5) 72.94
15 1(80) 21(35) 1(40) 21(1 : 1.5) 84.61
16 1(80) 1(55) 21(20) 21(1 : 1.5) 79.07
17 1(80) 1(55) 1(40) 1(1 : 2.5) 77.18
18 0(60) 0(45) 0(30) 0(1 : 2) 72.50
19 22(20) 0(45) 0(30) 0(1 : 2) 42.39
20 2(100) 0(45) 0(30) 0(1 : 2) 82.57
21 0(60) 22(25) 0(30) 0(1 : 2) 63.17
22 0(60) 2(65) 0(30) 0(1 : 2) 69.59
23 0(60) 0(45) 22(10) 0(1 : 2) 59.67
24 0(60) 0(45) 2(50) 0(1 : 2) 84.73
25 0(60) 0(45) 0(30) 22(1 : 1) 79.11
26 0(60) 0(45) 0(30) 2(1 : 3) 69.08
27 0(60) 0(45) 0(30) 0(1 : 2) 72.33
a The treatments were run in a totally random order. b Numbers in parenthesis represent actual experimental amounts.
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The percent molar conversion of hexyl laurate increased to

79% at 60 min, therefore, the range of reaction time from

20 to 100 min was chosen in this study. The selection of

reaction time range needs to be extremely precise in the study

of CCRD, otherwise, the optimal condition of synthesis

cannot be found inside the experimental region through the

analyses of statistics and contour plots. Also, as shown in

Fig. 1 the conversion was over 80% after 120 min, so the

commercially immobilized Lipozyme IM-77 was directly

added and pH was not controlled in the reaction

system.

Model fitting

The major objective of this paper is the development and

evaluation of a statistical approach to better understand

the relationship between the variables of a lipase-catalyzed

direct esterification reaction. In this way, the process can

be optimized before the scaling-up procedure in order to

save work, money, and time, allowing an economically

important flavor of high quality with lower costs to be

obtained. Compared with one-factor-at-a-time design,

which has been adopted most often in the literature,

RSM conjugated with 4-factor-5-level CCRD employed in

this study was more efficient in reducing the experimental

runs and time for investigating the optimized synthesis of

hexyl laurate.

The RSREG procedure was employed to fit the second-

order polynomial eqn. (1) to the experimental data—

percent molar conversions (Table 1). Among the various

treatments, the highest molar conversion (85.8%) was treat-

ment no. 8 (80 min, 55 uC, substrate molar ratio 1 : 1.5, and

40% (0.96 BAUN) enzyme), and the lowest conversion

(42.4%) was treatment no. 19 (20 min, 45 uC, substrate molar

ratio 1 : 2, and 30% (0.72 BAUN) enzyme). From the SAS

output of RSREG, the second-order polynomial eqn. (2) is

given below:

Y 5 228.018 + 1.494 6 1 + 1.051 6 2 + 0.872 6 3 2

3.261 6 4 2 0.005 6 12 2 0.001 6 2 6 1 2 0.01 6 22 2

0.008 6 3 6 1 + 0.004 6 3 6 2 2 0.005 6 32 2

0.126 6 4 6 1 2 0.089 6 4 6 2 2

0.095 6 4 6 3 + 3.901 6 42

(2)

Analysis of variance (Table 2) indicated that the second-

order polynomial model was highly significant and adequate to

represent the actual relationship between the response (percent

molar conversion) and the significant variables with very small

p-value (0.0001) and a satisfactory coefficient of determination

(R2 5 0.903). Furthermore, the overall effect of the four

synthesis variables on the percent molar conversion of hexyl

laurate was further analyzed by a joint test (data not shown).

The results revealed that the reaction time (x1), and enzyme

amount (x3) were the most important parameters, and exerting

a statistically significant overall effect (p , 0.01) on the

response molar conversion of hexyl laurate.

Mutual effect of parameters

Substrate molar ratio and reaction temperature were investi-

gated in the range of 1 : 1–1 : 3 and 25–65 uC, respectively.

Fig. 2A represents the effect of varying enzyme amount and

reaction time on esterification at 45 uC and substrate molar

ratio 1 : 2. With the highest enzyme amount (50%, 1.2 BAUN)

and appropriate reaction time (85 min) environment, the

maximum percent molar conversion (89.5%) of hexyl laurate

was obtained. However, the lowest reaction time and enzyme

amount significantly decreased the molar conversion to 30%,

indicating that both the enzyme amount and reaction time are

the most important parameters in the biosynthesis of hexyl

laurate.

Fig. 2B shows the effect of enzyme amount, reaction

temperature, and their mutual interaction on hexyl laurate

synthesis at 60 min and substrate molar ratio 1 : 2. At any

given reaction temperature, range from 25–65 uC, there is no

significant effect on the molar conversion of hexyl laurate,

whereas, the molar conversion was increased with an increase

in the enzyme amount. This means that Lipozyme IM-77

possesses a broad range of temperature stability during the

hexyl laurate esterification process. For slight difference in

molar conversions, a reaction with enzyme amount 50% (1.2

BAUN) and moderate reaction temperature (48 uC) favored

the maximum molar conversion (87%).

Fig. 1 Time course of the direct esterification of hexanol with lauric

acid by Lipozyme IM-77. The reaction was carried out at 30 uC in

hexane containing 0.1 M hexanol, 50% (wt. of hexanol) Lipozyme

IM-77, substrate molar ratio of 1 : 1 (hexanol : lauric aid). The activity

of 10% Lipozyme IM-77 is 0.24 BAUN.

Table 2 Analysis of variance for synthetic variables pertaining to
response percent molar conversion

Source
Degrees of
freedom

Sum of
squares Prob . F

Model 14 2780.02 0.0005
Linear 4 2525.31 0.0001
Quadratic 4 176.05 0.1993
Cross product 6 78.65 0.7773
Total error 12 298.08
R2 (coefficient of determination) 0.903
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The effect of varying enzyme amount and substrate molar

ratio on esterification at constant reaction time (60 min) and

reaction temperature (45 uC) is shown in Fig. 2C. At any given

substrate molar ratio (1 : 1–1 : 3; alcohol : fatty acid), an

increase in enzyme amount tends toward higher yields. Under

reaction conditions of lowest substrate molar ratio (1 : 1) and

highest enzyme amount (50%; 1.2 BAUN), the maximal yield

(94%) was obtained, but an increase in substrate molar ratio

from 1.0 to 3.0 resulted in slightly reduced esterification

efficiency at any given enzyme amount, indicating that the

concentration of lauric acid wouldn’t inhibit the activity of

Lipozyme IM-77.

The relationships between reaction factors and response can

be better understood by examining the planned series of

contour plots (Fig. 3) generated from the predicted model

(eqn. (2)) by holding constant enzyme amount (20, 30, 40%)

and substrate molar ratio (1 : 1.5, 1 : 2, 1 : 2.5). Figs. 3(A–C)

represent the same substrate molar ratio (1 : 1.5); and A, D,

Fig. 2 Response surface plot showing the effect of (A) enzyme amount, reaction time, and their mutual interaction on hexyl laurate synthesis, (B)

the effect of enzyme amount, reaction temperature, and their mutual interaction on hexyl laurate synthesis, and (C) the effect of substrate molar

ratio, enzyme amount, and their mutual interaction on hexyl laurate synthesis.

Fig. 3 Contour plots of percent molar conversion of hexyl laurate (the numbers inside the contour plots indicate molar conversions at given

reaction conditions).
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and G represent the same enzyme amount (20%). Such an

application could be adopted to study the synthesis variables

simultaneously in a five-dimensional space. Reaction time (x1)

and enzyme temperature (x2) were important variables for

hexyl laurate synthesis and considered as indicators of

effectiveness and economical performance. In general, all nine

contour plots in Fig. 3 exhibited similar behavior in that

predicted molar conversion increased with reaction time.

Otherwise, the lower substrate molar ratio around 1 : 1.5 gave

higher percent molar conversion in a shorter reaction time

than 1 : 2 and 1 : 2.5. This means that the reaction with 40%

(0.96 BAUN) enzyme and substrate molar ratio 1 : 1.5

(Fig. 3C) was suggested as the optimal condition for enzymatic

biosynthesis of hexyl laurate which represented higher

predicted molar conversion than the others in Fig. 3(C).

Attaining optimum conditions

The optimum point was determined by ridge max analysis.9

The method of ridge analysis computes the estimated ridge of

maximum response for increasing radii from the center of

original design. The ridge max analysis (Table 3) indicated that

maximum molar conversion was 90% ¡ 3.8% at 74.8 min,

47.8 uC, 1 : 1.5 substrate molar ratio, and 45.5% (0.96 BAUN)

enzyme amount.

Model verification

The validity of the predicted model was examined by

experiments at the suggested optimum synthesis conditions

and 3 center points of CCRD (treatment no. 9, no. 18, and

no. 27). The predicted value was 90% obtained by ridge max

analysis and the actual value was 92.2 ¡ 2.6%. Chi-square

tests (p-value 5 0.981, degrees of freedom 5 5) indicated that

observed values were significantly the same as the predicted

values and the generated model adequately predicted the

percent molar conversion.10 Thus, the optimization of

lipase-catalyzed synthesis of hexyl laurate by Lipozyme

IM-77 was successfully developed by CCRD and RSM.
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1.0 90.00 3.81 74.80 47.78 45.51 1.51
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We have developed an expanded starch supported palladium catalyst which is highly active in

Suzuki, Heck and Sonogashira reactions.

Introduction

Palladium catalysed methods of forming new C–C bonds are

extremely useful to the chemical industry. Since their discovery

in 19811 they have rapidly evolved into a general technique

capable of coupling many different substrates under many

conditions.

In the last few years, much work has been devoted to metal

catalysed coupling reactions. The use of these reactions for

synthesizing better and more complicated molecules suitable as

intermediates for the preparation of natural compounds,

pharmaceuticals and molecular organic materials has been

widespread.2,3

One of the most important advances in this area has been

the immobilisation of ligands and highly active metal catalysts

onto insoluble supports. The heterogeneous catalysts have

been proven to offer similar levels of activity to their

homogeneous counterparts whilst eliminating the need for an

extensive work-up and preventing the metal from being found

in the product. Much work in the area of carbon–carbon bond

forming reactions has focused on using phosphine based ligand

systems, as these tend to be more active. Phosphine ligands are

notoriously difficult to manufacture as they are either air/

moisture sensitive or have air/moisture sensitive intermediates

in addition to being highly toxic. A further disadvantage,

which represents a particularly serious drawback for supported

complexes, is the propensity of the phosphine to oxidise,

something which is, for practical purposes, irreversible. In this

paper we propose a new support for a recently developed

highly active bidentate nitrogen ligand.4–7

Clay,8 silica,4 and mesoporous silicas such as MCM-419 are

well established supports for many catalysts including palla-

dium, however we, and others, are beginning to study the use

of porous biomaterials for this purpose. Biomaterials can

make suitable supports for many reagents and catalysts; they

offer the advantages of being renewable and biodegradable, as

well as being relatively cheap and of low toxicity. To date

chitosan derived from the shells of crustaceans has been

proven to be a suitable support for palladium.10–15

We have recently developed expanded starch as a novel

catalyst support16 and as a chromatographic medium.17,18

Various surface modifications have been made to the starch,

including attachment of amino-moieties. From this point we

decided to build Schiff bases onto the surface for chelating

palladium.4,5,7 The proposed structure of the new catalyst,

StarCat, is shown in Fig. 1.

In this paper, we describe the preparation and application of

this catalyst in three of the most commonly used C–C bond

forming reactions—the Suzuki,1 the Heck19,20 and the

Sonogashira reactions.21

Experimental

All chemicals were used as received from suppliers unless

otherwise stated. Quantitative analysis was carried out with an

internal standard method. Reactions were monitored at

regular intervals by filtering a few drops of reaction mixture

dissolved in 1 ml DCM through a tissue plug in a pasteur

pipette and submitting them for analysis. Monitoring was

carried out using a Varian 3800 GC with an 8200 autosampler

and computer control. The microwave used was a CEM

Discover system with PC control.

Catalyst preparation

The expanded starch was produced according to the procedure

outlined in the literature.17

The expanded starch (4.23 g) was added to a round bottom

flask containing 35 ml toluene (sodium dried) and stirred

under argon. 4.82 g (5 mmol g21) 3-aminopropyltriethoxysi-

lane were added and the slurry refluxed for 24 hours. After this

time the vessel was cooled to room temperature and 135 ml

ethanol were added. The modified starch was removed by

filtration and washed with excess ethanol.

The amino-modified starch from the previous step was

added to a round bottom flask containing 110 ml ethanol and

0.67 g (1.3 mmol g21) 2-acetyl pyridine and refluxed under

argon for 24 hours. After this time the reaction was cooled,

filtered and the solids washed with excess ethanol.

The immobilised Schiff base from the previous step was

added to a round bottom flask containing 110 ml acetone and

*jhc1@york.ac.uk Fig. 1 StarCat.
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1.33 g (1.3 mmol g21) palladium acetate, the mixture was

stirred overnight at room temperature under argon. Following

the reaction, the catalyst was filtered, washed with excess

acetone and dried on a vacuum line at room temperature

(4.51 g yield).

To remove any physisorbed palladium and ensure hetero-

geneous activity the catalyst was conditioned prior to use. This

involved refluxing the catalyst in acetonitrile, ethanol and

toluene for a total of 27 hours (3 6 3 hours per solvent).

Characterisation

Surface area analysis was carried out using a Micromeritics SA

3100 porosimeter. Degassing was carried out at 65 uC for 180

minutes for each sample. Elemental analysis was carried out

using University of Newcastle ACMA ICP service. SEM

images were obtained using a Sirian FEI microscope with

EDAX analyser. TEM was carried out using a FEI Techna 12

BioTwin CIS MegaView III. Diffuse reflectance IR was carried

out using a Bruker Equinox 55 with DRIFT optical config-

uration. A hot filtration test was carried out by stopping a

standard Suzuki coupling after 10 minutes and passing the

reaction mixture through a bed of celite in a jacketed pressure

filter. The reaction liquors were returned to the reaction vessel

and another charge of base added. The reaction was then

allowed to continue with regular sampling. STA was carried

out using a PL Thermal Sciences STA 625, ramping from

room temperature to 625 uC at 10 uC min21.

Suzuki reaction

In a standard Suzuki coupling 0.2 g of StarCat, 0.79 g (1 mol

equiv.) bromobenzene, 0.91 g (1.1 mol equiv.) benzene boronic

acid, 1.38 g (7 mol equiv.) potassium carbonate and 13 ml

mixed xylene were added to an appropriately sized 3 necked

flask equipped with a condenser and suba seal through which

argon was flowed over the reaction mixture. The mixture was

stirred at 140 uC and sampled at regular intervals.

Heck reaction

In a standard Heck coupling 0.2 g of StarCat, 1.65 ml

(1 mol equiv.) iodobenzene, 1.35 ml (1 mol equiv.) methyl

acrylate, 2.1 ml (1 mol equiv.) triethylamine and 15 ml xylene

were added to an appropriately sized 3 necked flask equipped

with a condenser and suba seal through which argon was

flowed over the reaction mixture. The mixture was stirred at

140 uC overnight and sampled at regular intervals.

Sonogashira reaction

A two-necked flask equipped with a condenser was charged

with the alkyne (phenylacetylene, 1 mmol), DABCO (2 mmol,

224 mg), and the desired iodoarene (2 mmol). The mixture

was pre-heated to 100 uC in an oil bath when StarCat

(33 mg y1 mol%) was added. The reaction was almost

complete; after stirring for 30 minutes at 100 uC and the colour

of the solution gradually turned to deep red–brown. After

cooling, the catalyst was easily recovered by filtration and

subsequently washed with methanol and gently dried under

vacuum (70 uC) before reuse.

Results and discussion

Catalyst characterisation

The catalyst has been characterised using a number of different

complementary techniques. Changes to the surface area were

tracked through the preparation procedure. The initially

supplied corn starch had a surface area less than 2 m2 g21

(the limit of the instrument). Following the expansion

procedure17 the surface area was increased to 196.1 m2 g21

Subsequently, the surface area decreased in a stepwise fashion

during the modification process, AMP-Starch (137.1 m2 g21),

Schiff-base on starch (57.9 m2 g21) and StarCat (35.4 m2 g21)

and ultimately the conditioned StarCat (33.5 m2 g21). During

the modification the surface area is reduced due to the surface

being covered with groups and to a lesser degree the pores

collapsing as the solvent is removed as discussed in the

literature.17,18 The surface area is also likely to have been

reduced by the mechanical action of stirring the reaction,

breaking down any fragile structures. The catalyst was found

to maintain a surface area of around 30 m2 g21 during use and

reuse.

The IR spectrum of the catalyst was measured and is shown

in Fig. 2. The spectrum is compared against a background of

expanded starch to remove the contribution from the back-

bone. The spectrum shows the characteristic peaks at

1660 cm21 for the imine group.

The physical form of the catalyst was characterised using

SEM—an image is shown in Fig. 3. StarCat is a fine

Fig. 2 DRIFT spectra of StarCat.

Fig. 3 SEM image of StarCat.
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homogeneous powder, beige in colour. As can be seen from the

image, the support has maintained the porous structure

observed with the expanded starch.18 The TEM images of

the catalyst (Fig. 4) showed it to contain dispersed nanoclus-

ters of palladium around 10 nm across. This is in contrast to

the silica-based materials, where no such Pd(0) component is

seen. The silica catalysts have been proven by XPS to have all

Pd(II) therefore the metal is bound into the ligand. Here in the

starch catalyst loadings of ligand is much lower around

0.079 mmol g21, therefore the palladium is becoming reduced

to Pd(0) during the conditioning or by the starch surface. The

Pd(0) nanoclusters are then becoming stabilised by the support

material and able to act catalytically, the binding of platinum

group metals to polysaccharides has been observed by other

workers.19 The EDX spectra of the powder was taken at

random points on the surface. Due to the high carbon and

hydrogen concentrations from the starch, integration of

nitrogen proved to be difficult (as nitrogen lies between

carbon and hydrogen). Therefore the loading was observed

from looking at the ratio of silicon to palladium. The ratio

varied from 1 : 1 to 2 : 1. This indicates in some areas of the

catalyst every aminopropyl site has been fully modified to the

desired catalyst and in others the modification stopped at

the aminopropyl or Schiff base stage. The accurate palladium

loading was obtained by ICP analysis, the loading was

determined to be 0.079 mmol g21 Pd.

Conditioning

Conditioning is essential for removal of any physisorbed

palladium on the starch surface. All three reactions afforded

100% yields in rapid times prior to the conditioning step,

however, the reaction liquors were becoming visibly contami-

nated with palladium and the catalyst decoloured. A con-

ditioning procedure previously successfully used in the

literature for conditioning a similar catalyst6 was used. A

slight deterioration (,10%) in surface area was observed, thus

the three dimensional structure of the material at this stage is

relatively stable.

The heterogeneous nature of the catalysis was proved using

ICP analysis and a hot filtration test. The reaction mixture was

filtered and extracted into concentrated aqueous acid to

extract any leached palladium. The acidic layer was analysed

by ICP, no palladium was observed. Furthermore a hot

filtration test was used to prove the catalyst was not leaching.

The reaction profile for a Suzuki coupling is shown in Fig. 5, it

can clearly be seen that with no catalyst in the reaction no

further reaction is observed. Further hot filtration tests were

carried out using the Heck and Sonogashira conditions, again

no reaction was observed following the removal of the catalyst.

This indicates that the palladium is strongly bound to the

surface and no significant quantities of metal are lost to the

reaction liquors during the process.

The STA analysis of StarCat shows the catalyst to contain

1–2% water and to be thermally stable to around 400 uC which

correlates with the starch decomposition.

Suzuki reaction

The Suzuki reaction, shown in Fig. 6, is one of the classic

routes to new C–C bonds via palladium catalysis.1 The test

reaction used was the synthesis of biphenyl (3) from

bromobenzene (2 R 5 H X 5 Br) and benzene boronic acid

(1). The reaction shown in Fig. 5 is usually carried out at a

temperature of 90 uC6 however it was found that low (,10%)

conversion was observed at this temperature. This unusual

result has previously been observed with another biomaterial

based catalyst, chitosan.12 Increasing the temperature to 140 uC
gave the observed yields. The yield at the higher temperature

was 100% in 7 hours with no side products observed. The

blank reaction of these two reagents gave no detectable yield of

biphenyl after 24 hours.

Reuse of StarCat in the Suzuki reaction was very interesting

and the results are shown below in Table 1. The reuses were

carried out by running the coupling experiment for 24 hours

then washing the catalyst thoroughly with dichloromethane

then ethanol. The results show the catalyst does become

deactivated with time. However the physical form of the

catalyst had changed from a free-flowing powder to brittle

flakes, indicating that the catalyst structure has collapsed. This

Fig. 4 TEM image of StarCat.

Fig. 5 Hot filtration reaction profile.

Fig. 6 A Suzuki coupling.
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is likely to be due to moisture entering the system and

collapsing the structure of the support. The use of carbonate as

base generates water. It is known that the reagents have water

associated with them also. It is expected that use of rigorously

anhydrous conditions would reduce this problem and permit

further reuses.

Heck reaction

The Heck–Mizoroki reaction, shown in Fig. 7 predates the

Suzuki methodology and is one of the most useful derivations

of palladium chemistry.20,21 The Heck coupling gives us access

to new larger alkenes via the addition of alkenes (4) to alkenes

or arenes (5).

Using the test reaction system of methyl acrylate (4 R 5 Me)

and iodobenzene (5 R9 5 phenyl X 5 I) StarCat again gave no

yield of the desired product (6) at the conventional reaction

temperature of 82 uC.6 The reaction solvent was changed from

acetonitrile to xylene to allow the temperature to be increased

to 140 uC as optimised in the Suzuki coupling. At this

temperature the yield increased to 77% with 100% selectivity to

E-methyl cinnamate and no side products or homo-coupling

was observed. The blank reaction gave no reaction after 24 h.

The less reactive styrene couple (4 is PhCLCH) was also

carried out. A GC area yield of 65% conversion to stilbene.

The selectivity was measured at 90% to the trans isomer.

Sonogashira reaction

The Sonogashira conditions developed the range of molecules

which can be formed via palladium chemistry.22 In a typical

Sonogashira reaction, the cross-coupling reaction of phenyl-

acetylene (7 R 5 phenyl) with different electron-poor reagents

(8) under certain conditions was studied over StarCat (Fig. 8).

Original Sonogashira methodology requires the use of a

copper(I) co-catalyst and phosphine ligands. Here we propose

the use of StarCat in a copper and phosphine-free route,

analogous to that of Bandini et al.23

Stability of the supported material was tested in the same

reaction conditions (by hot filtration and ICP). Additionally,

small portions of the reaction mixture were removed from the

reaction from time to time and added to a solution containing

only the starting materials (phenylacetylene and a second aryl

halide). No coupling of these two reaction partners was

observed. Through hot filtration and ICP analyses, we found

that the Pd on starch catalyst was behaving as a heterogeneous

catalyst irrespective of the reaction conditions (base, tempera-

ture, etc). In addition, as can be seen from Table 2, promising

results in terms of catalytic activity (conversion and selectivity

towards the selected product) were found when using this

catalyst in the Sonogashira reaction (see entries 3 to 7). The

coupling reaction takes place within an hour and conversion

levels higher than 90% of the main coupling product were

found for certain substrates. Likewise, no significant amount

of homocoupling products were found in either of them (see

entries 3 to 7).

The reaction is proven to require catalysis as when StarCat

is not added to the reaction mixture a zero yield was observed

over 2 hours.

Moreover, the same reaction was carried out using micro-

wave heating, Table 3. For the microwave reactions, several

attempts were made in order to optimise all the microwave

variables (temperature, power, pressure, time, etc). The

common method for the microwave reactions was as follows:

ramp time 3 min, hold time 5 min, temperature 80–170 uC with

power being varied between 30–300 W. In this sense, we found

interesting conversion values when using medium power (100–

200 W) at a fixed temperature (170 uC) but lower yields were

found when experiments were carried out at a lower power

(30–100 W) and lower temperature (80–120 uC) (entries 3 to 6).

TON/TOF

The turnover numbers have been calculated in the traditional

method (moles product per mole of palladium), subsequently

turnover frequencies have been calculated via the TON per

unit time. The results are shown in Table 4. For the Suzuki and

Heck reactions the profile shows a rapid initial rate followed

by a slowing of product formation up to the maximum yield;

because of this we measured the TOF for the initial 53%

(4 hours) when the product formation was rapid. The TON

quoted for the Suzuki and Heck reaction is based on the final

maximum product yield. The reaction profile for the

Sonogashira reaction showed a more even build-up of product

therefore the metrics quoted are for the end of the reaction. As

indicated before, the TON is likely to be significantly higher

when reuse is included, and especially if an optimised recovery

and reactivation method is developed.

The Sonogashira TOF under microwave conditions is

excellent due to the short reaction times employed to achieve

high yields. The TON for all reactions are excellent, this is due

to the low loaded catalyst. The starch support does not seem

suited to extremely high loadings, 0.5 mmol g21 was attempted

Table 1 Reuses of StarCat in a Suzuki coupling

Run Initial yielda Final yieldb

1 95 100
2 100 100
3 80 45
4 17 24
a Yield after 30 min. b Yield after 24 h.

Fig. 7 A Heck–Mizoroki coupling.

Fig. 8 A Sonogashira coupling.
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but the final bound quantity of palladium was merely

0.079 mmol g21. The Suzuki reaction, which is very close to

completion after only 30 minutes, gives an extremely high TOF

of 310 h21 at this point.

Conclusion

In conclusion, we have demonstrated StarCat to be an active

catalyst for a range of palladium mediated reactions. It is

capable of performing well under microwave irradiation. The

Table 3 Microwave experiments with the Sonogashira system over
StarCata

Run
Starting
material (8)

Conversion
(%)

Microwave
conditions

Product ratio

9 10

1 90 Power 100 W 96 4
Temp 170 uC
Hold time 5 min

2b 75 Power 30 W 73 27
Temp 170 uC
Hold time 5 min

3 25 Power 100 W 80 20
Temp 80 uC
Hold time 5 min

4 40 Power 100 W 84 16
Temp 80 uC
Hold time 15 min

5 ,15 Power 100 W 100 —
Temp 80 uC
Hold time 5 min

6c 50 Power 300 W 10c 20c

Temp 80 uC
Hold time 15 min

7 40 Power ,50 W 80 20
Temp 170 uC
Hold time 5 min

8b 75 Power 80 W 80 20
Temp 170 uC
Hold time 5 min

9b 40 Power 30 W 10 90
Temp 170 uC
Hold time 5 min

10b 85 Power 100 W 100 —
Temp 120 uC
Hold time 5 min

11b 90 Power 70 W 100 —
Temp 120 uC
Hold time 5 min

12b 85 Power 120 W 98 2
Temp 170 uC
Hold time 5 min

a 1 equiv. phenylacetylene, 1 equiv. arylhalide, 4 equiv TEA, 1 mol%
StarCat, 5 min. b DABCO was used instead of TEA. c Dimer and
crossed-coupling products were found extensively.

Table 2 Sonogashira screening of electron poor reagents over
StarCat catalysta

Run Starting material (8) Conversion (%)

Product ratio

9 10

1b 35 100 —

2b 25 75 25

3b,c 45 98 2

4c 53 98 2

5c 80 98 2

6 .98 100 —

7c .95 100 —

8c,d 80 100 —

9c 65 98 2

a 1 equiv. phenylacetylene, 2 equiv. arylhalide, 2 equiv. DABCO,
1 mol% StarCat, 100 uC, ,1 h. b TEA at 70 uC (12 h reaction
time) was used instead of DABCO. c Phenylacetylene–arylhalide
ratio 1 : 1. d DABCO at 70 uC.
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catalyst offers significant advantages over inorganic supported

catalysts as the palladium is considerably simpler to recover

from the spent catalyst.
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