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About this journal
Objective

Reviews in Chemical Engineering publishes authoritative review articles on all aspects of the broad field of chemical
engineering and applied chemistry. Its aim is to develop new insights and understanding and to promote interest and
research activity in chemical engineering, as well as the application of new developments in these areas. The bimonthly
journal publishes peer-reviewed articles by leading chemical engineers, applied scientists and mathematicians. The
broad interest today in solutions through chemistry to some of the world’s most challenging problems ensures that
Reviews in Chemical Engineeringwill play a significant role in the growth of the field as a whole.

Topics
Cutting-edge topics such as but not limited to the following:
 Catalysis
« Chemical, photochemical and biochemical reaction engineering
« Novel structured and membrane reactors
 Separation science and technology
o Thermodynamics
« Transport phenomena
« Particle technology and multiphase processing
« Product and process system engineering
« Process intensification and sustainable process design
« Advanced and nano materials
« Soft matter and interfaces
e Molecular design
« Environmental chemical and biochemical engineering
« Clean energy technologies
« Conversion and storage
« Multiscale modeling of chemical processes

Article formats
Review articles

> Information on submission process

Your Benefits

Your benefits:
« State-of-the art knowledge in the field of chemical engineering
« Critical and exhaustive approach to potential technologies
 International, authoritative editors and reviewers boosting the prestige of published papers
 Publication online and print incl. ahead of print mode
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History

Reviews in Chemical Engineering was previously published by Freund Publishing House Ltd.

Other publications in the field
« Corrosion Reviews
Green Processing and Synthesis
International Journal of Chemical Reactor Engineering
International Journal of Food Engineering
Journal of Polymer Engineering
Science and Engineering of Composite Materials

Abstracting and Indexing

Reviews in Chemical Engineeringis covered by the following services:

e Baidu Scholar

o Chemical Abstracts Service (CAS) - CAplus

o Chemical Abstracts Service (CAS) - SciFinder
e CNKI Scholar (China National Knowledge Infrastructure)
o CNPIEC - cnpLINKer

o Dimensions

o EBSCO (relevant databases)

« EBSCO Discovery Service

« Ei Compendex

- Engineering Village

o Fluidex

o Genamics JournalSeek

« Google Scholar

» Index Copernicus

« Japan Science and Technology Agency (JST)

e J-Gate

 Journal Citation Reports/Science Edition

e JournalGuide

e JournalTOCs

o KESLI-NDSL (Korean National Discovery for Science Leaders)
e Microsoft Academic

« MyScienceWork

o Naver Academic

 Naviga (Softweco)

» Paperbase

o Polymer Library

e Primo Central (ExLibris)

o ProQuest (relevant databases)

o Publons

o QOAM (Quality Open Access Market)

e ReadCube

o Reaxys

« SCImago (SJR)

 SCOPUS

e Semantic Scholar

o Sherpa/RoOMEO

o Summon (ProQuest)

e« TDNet

o TEMA Technik und Management

» Ulrich's Periodicals Directory/ulrichsweb
 WanFang Data

« Web of Science - Current Contents/Engineering, Computing, and Technology
« Web of Science - Index to Scientific Reviews
« Web of Science - Science Citation Index

« Web of Science - Science Citation Index Expanded
« WorldCat (OCLC)

https://www.degruyter.com/journal/key/REVCE/html

2/4


http://www.degruyter.com/view/j/corrrev
http://www.degruyter.com/view/j/gps
http://www.degruyter.com/view/j/ijcre
http://www.degruyter.com/view/j/ijfe
http://www.degruyter.com/view/j/polyeng
http://www.degruyter.com/view/j/secm

3/21/2021

e Yewno Discover

Supplementary Materials

Instructions for Authors
Ratecard

Topics

Reviews in Chemical Engineering

Chemical Engineering

External Links

Online submission of manuscripts

Publication Ethics and Malpractice Statement

Industrial Chemistry

Process Engineering

For further information and prices, please contact the Sales team.

Details

Online ISSN: 2191-0235

Print ISSN: 0167-8299

Type: Journal

Language: English

Publisher: De Gruyter

First published: January 1, 1982

Publication Frequency: 8 Issues per Year

Audience: Chemical engineers; biochemical engineers; environmental engineers; researchers in applied chemistry;

mathematicians

Search journal

Contact us

Customer Service
Human Resources
Press

Contacts for authors

For Authors
Publish your book

Publish your journal article

Abstracting & Indexing,

https://www.degruyter.com/journal/key/REVCE/html

Career

How to join us
Current Vacancies
Working_at De Gruyter

For Libraries & Trade
Partners

Electronic Journals
Ebooks
Databases & Online Reference

Open Access

Articles
Books
Funding_ & Support

Our Partner Publishers

3/4


https://www.degruyter.com/publication/journal_key/REVCE/downloadAsset/REVCE_Instructions_for_Authors.pdf
https://www.degruyter.com/publication/journal_key/REVCE/downloadAsset/REVCE_Ratecard--en.pdf
https://www.degruyter.com/search?query=*&subjectFacet=IC-05
https://www.degruyter.com/search?query=*&subjectFacet=IC
https://www.degruyter.com/search?query=*&subjectFacet=IC-11
http://mc.manuscriptcentral.com/revchemeng
http://www.degruyter.com/staticfiles/pdfs/140117_Publication_ethics_and_publication_malpractice_FINAL.pdf
https://www.degruyter.com/cms/pages/contacts
https://www.degruyter.com/cms/pages/contacts?lang=en
https://www.degruyter.com/cms/pages/contact-customer-service?lang=en
https://www.degruyter.com/cms/pages/contact-human-resources?lang=en
https://www.degruyter.com/cms/pages/contact-press?lang=en
https://www.degruyter.com/cms/pages/contacts-for-authors?lang=en
https://www.degruyter.com/cms/pages/career?lang=en
https://www.degruyter.com/cms/pages/how-to-join-us?lang=en
https://www.degruyter.com/cms/pages/current-vacancies?lang=en
https://www.degruyter.com/cms/pages/working-at-degruyter?lang=en
https://www.degruyter.com/cms/pages/open-access?lang=en
https://www.degruyter.com/cms/pages/oa-articles?lang=en
https://www.degruyter.com/cms/pages/oa-books?lang=en
https://www.degruyter.com/cms/pages/funding-support?lang=en
https://www.degruyter.com/cms/pages/authors?lang=en
https://www.degruyter.com/cms/pages/your-book?lang=en
https://www.degruyter.com/cms/pages/your-journal-article?lang=en
https://www.degruyter.com/cms/pages/abstracting-indexing?lang=en
https://www.degruyter.com/cms/pages/libraries-and-trade-partners?lang=en
https://www.degruyter.com/cms/pages/ejournals?lang=en
https://www.degruyter.com/cms/pages/ebooks?lang=en
https://www.degruyter.com/cms/pages/databases?lang=en
https://www.degruyter.com/cms/pages/publisher-partner?lang=en

3/21/2021 Reviews in Chemical Engineering

Reviews in Chemical Engineering

ISSN: 2191-0235
First published: January 1, 1982
Editors-in-chief: Dan Luss, Neima Brauner

Editorial Board: David Agar, Mark E. Davis, Thomas F. Edgar, Lidietta Giorno, J. B. Joshi, Johannes Khinast, Joseph Kost, L.
Gary Leal, Jinghai Li, Patrick L. Mills, Massimo Morbidelli, Ka Ming Ng, Avi Schroeder, John Seinfeld, E. Hugh Stitt, Enrico
Tronconi, Constantinos G. Vayenas, Peter Vekilov, Andrey Zagoruiko, Edwin Zondervan

Impact Factor: 5.315

OVERVIEW LATEST ISSUE ISSUES RANKING SUBMIT EDITORIAL

Editorial

Editors-in-Chief
Dan Luss (Houston, TX, USA)
Neima Brauner (Tel Aviv, Israel)

Editorial Board

David Agar (Dortmund, Germany)

Mark E. Davis (Pasadena, CA, USA)
Thomas F. Edgar (Austin, TX, USA)
Lidietta Giorno (Rende, Italy)

J.B.Joshi (Mumbai, India)

Johannes Khinast (Graz, Austria)

Joseph Kost (Beer Sheva, Israel)

Jinghai Li (Beijing, China)

L. Gary Leal (Santa Barbara, CA, USA)
Patrick L. Mills (Kingsville, TX, USA)
Massimo Morbidelli (Zurich, Switzerland)
Ka Ming Ng (Hong Kong, China)

Avi Schroeder (Haifa, Israel)

John H. Seinfeld (Pasadena, CA, USA)

E. Hugh Stitt (Cleveland, UK)

Enrico Tronconi (Milan, Italy)
Constantinos G. Vayenas (Patras, Greece)
Peter Vekilov (Houston, TX, USA)
Andrey N. Zagoruiko (Novosibirsk, Russia)
Edwin Zondervan (Bremen, Germany)

Editorial Office

Gunda Stober

De Gruyter

Genthiner Str. 13

10785 Berlin, Germany

Tel. +49-30-26005-279

E-mail: rev.chem.eng.editorial@degruyter.com

https://www.degruyter.com/journal/key/REVCE/html 1/2


mailto:rev.chem.eng.editorial@degruyter.com

3/21/2021 Reviews in Chemical Engineering

For further information and prices, please contact the Sales team.

Details

Online ISSN: 2191-0235

Print ISSN: 0167-8299

Type: Journal

Language: English

Publisher: De Gruyter

First published: January 1, 1982

Publication Frequency: 8 Issues per Year

Audience: Chemical engineers; biochemical engineers; environmental engineers; researchers in applied chemistry;
mathematicians

Search journal

Contact us Career Open Access

Customer Service How to join us Articles

Human Resources Current Vacancies Books

Press Working_at De Gruyter Funding & Support
Contacts for authors

For Authors For Libraries & Trade Our Partner Publishers

Publish your book Partners

Publish your journal article Electronic Journals
Abstracting & Indexing Ebooks
Databases & Online Reference
Metadata

Rights & Permissons About De Gruyter Help/FAQ

Repository Policy, De Gruyter Foundation Privacy Policy

Free Access Policy Our locations Terms & Conditions
Legal Notice

https://www.degruyter.com/journal/key/REVCE/html 2/2


https://www.degruyter.com/cms/pages/contacts
https://www.degruyter.com/cms/pages/contacts?lang=en
https://www.degruyter.com/cms/pages/contact-customer-service?lang=en
https://www.degruyter.com/cms/pages/contact-human-resources?lang=en
https://www.degruyter.com/cms/pages/contact-press?lang=en
https://www.degruyter.com/cms/pages/contacts-for-authors?lang=en
https://www.degruyter.com/cms/pages/career?lang=en
https://www.degruyter.com/cms/pages/how-to-join-us?lang=en
https://www.degruyter.com/cms/pages/current-vacancies?lang=en
https://www.degruyter.com/cms/pages/working-at-degruyter?lang=en
https://www.degruyter.com/cms/pages/open-access?lang=en
https://www.degruyter.com/cms/pages/oa-articles?lang=en
https://www.degruyter.com/cms/pages/oa-books?lang=en
https://www.degruyter.com/cms/pages/funding-support?lang=en
https://www.degruyter.com/cms/pages/authors?lang=en
https://www.degruyter.com/cms/pages/your-book?lang=en
https://www.degruyter.com/cms/pages/your-journal-article?lang=en
https://www.degruyter.com/cms/pages/abstracting-indexing?lang=en
https://www.degruyter.com/cms/pages/libraries-and-trade-partners?lang=en
https://www.degruyter.com/cms/pages/ejournals?lang=en
https://www.degruyter.com/cms/pages/ebooks?lang=en
https://www.degruyter.com/cms/pages/databases?lang=en
https://www.degruyter.com/cms/pages/metadata?lang=en
https://www.degruyter.com/cms/pages/publisher-partner?lang=en
https://www.degruyter.com/cms/pages/rights-permissions?lang=en
https://www.degruyter.com/cms/pages/repository-policy?lang=en
https://www.degruyter.com/cms/pages/free-access-policy?lang=en
https://www.degruyter.com/cms/pages/about-de-gruyter?lang=en
https://www.degruyter.com/cms/pages/foundation?lang=en
https://www.degruyter.com/cms/pages/our-locations?lang=en
https://www.degruyter.com/cms/pages/faq?lang=en
https://www.degruyter.com/cms/pages/privacy-policy?lang=en
https://www.degruyter.com/cms/pages/terms-and-conditions?lang=en
https://www.degruyter.com/cms/pages/imprint?lang=en

3/21/2021 Reviews in Chemical Engineering

IIIT  SCIMAGO INSTITUTIONS RANKINGS

SJ R Scimago Journal & Country Rank

Home Journal Rankings Country Rankings Viz Tools Help About Us

Reviews in Chemical Engineering

COUNTRY SUBJECT AREA AND PUBLISHER H-INDEX
CATEGORY
Germany Walter de Gruyter GmbH
Chemical Engineering
_ Universities and Chemical Engineering
1l research institutions in (miscellaneous)
Germany
PUBLICATION TYPE ISSN COVERAGE INFORMATION
Journals 01678299, 21910235 1982-1985, 1987-1988, Homepage
1990-2020
How to publish in this
journal
rev.chem.eng.editorial@de
gruyter.com
SCOPE

Reviews in Chemical Engineering publishes authoritative review articles on all aspects of the broad field of chemical
engineering and applied chemistry. Its aim is to develop new insights and understanding and to promote interest and
research activity in chemical engineering, as well as the application of new developments in these areas. The bimonthly
journal publishes peer-reviewed articles by leading chemical engineers, applied scientists and mathematicians. The broad
interest today in solutions through chemistry to some of the world’s most challenging problems ensures that Reviews in
Chemical Engineering will play a significant role in the growth of the field as a whole.

Q Join the conversation about this journal

N Quartiles

https://www.scimagojr.com/journalsearch.php?q=14265&tip=sid&clean=0 1/4


https://www.scimagoir.com/
https://www.scimagojr.com/
https://www.scimagojr.com/index.php
https://www.scimagojr.com/journalrank.php
https://www.scimagojr.com/countryrank.php
https://www.scimagojr.com/viztools.php
https://www.scimagojr.com/help.php
https://www.scimagojr.com/aboutus.php
https://www.scimagojr.com/journalrank.php?country=DE
https://www.scimagojr.com/journalrank.php?area=1500
https://www.scimagojr.com/journalsearch.php?q=Walter%20de%20Gruyter%20GmbH&tip=pub
https://www.degruyter.com/view/journals/revce/revce-overview.xml
https://www.degruyter.com/view/journals/revce/revce-overview.xml?tab_body=editorialContent-75068
mailto:rev.chem.eng.editorial@degruyter.com
https://www.scimagoir.com/rankings.php?country=DEU
https://www.scimagojr.com/journalrank.php?category=1501

3/21/2021 Reviews in Chemical Engineering

FIND SIMILAR JOURNALS @

Chinese Journal of Chemical Chemical Engineering and Chemical Engineering Chemical Er
Engineering Technology Communications Research an

82% 80% 70% 7

® sJR A e Citations per document AN
1.4 6
0.7 5
4
0
1999 2002 2005 2008 2011 2014 2017 3
2
@ Total Cites @ Self-Cites EASIEES
500 1
0
250

1999 2002 2005 2008 2011 2014 2017

Cites / Doc. (4 years)

0 @ Cites/ Doc. (3 years)
1999 2002 2005 2008 2011 2014 2017 @ Cites/ Doc. (2 years)
@ External Cites per Doc @ Cites per Doc A @ % International Collaboration R H
7.5 50
5
25
2.5
0 0
1999 2002 2005 2008 2011 2014 2017 1999 2002 2005 2008 2011 2014 2017
@ cCitable documents @ Non-citable documents A © Cited documents @ Uncited documents AN
100 100
50 ‘ 50 ‘
0 0
1999 2002 2005 2008 2011 2014 2017 1999 2002 2005 2008 2011 2014 2017

Show this widget in your own website

https://www.scimagojr.com/journalsearch.php?q=14265&tip=sid&clean=0 2/4


https://www.scimagojr.com/journalsearch.php?q=12888&tip=sid&clean=0
https://www.scimagojr.com/journalsearch.php?q=16396&tip=sid&clean=0
https://www.scimagojr.com/journalsearch.php?q=16393&tip=sid&clean=0
https://www.scimagojr.com/journalsearch.php?q=16411&tip=sid&clean=0

3/21/2021 Reviews in Chemical Engineering

Reviews in Chemical

Engineering Just copy the code below

and paste within your html
Chemical

Engineering code:
(miscellansous)
best quartile I <a href="https://www.scimag
sR2019 "

1.07

powered by scimagajr.com

Metrics based on Scopus® data as of April 2020

Leave a comment

Name

Email

I'm not a robot

The users of Scimago Journal & Country Rank have the possibility to dialogue through comments linked to a

reCAPTCHA
Privacy - Terms

specific journal. The purpose is to have a forum in which general doubts about the processes of publication in the

journal, experiences and other issues derived from the publication of papers are resolved. For topics on particular
articles, maintain the dialogue through the usual channels with your editor.

https://www.scimagojr.com/journalsearch.php?q=14265&tip=sid&clean=0 3/4


http://www.scimagolab.com/
http://www.scopus.com/
https://twitter.com/ScimagoJR
http://www.scimagolab.com/
http://www.scopus.com/
https://www.google.com/intl/en/policies/privacy/
https://www.google.com/intl/en/policies/terms/

Author search  Sources ® fm | Createaccount || Signin

Source details

. . . . . CiteS 2019
Reviews in Chemical Engineering 78 ®
Scopus coverage years: from 1982 to 1985, from 1987 to 1988, from 1990 to Present
Publisher: Walter de Gruyter
SJR 2019
ISSN: 0167-8299 E-ISSN: 2191-0235 ®

1.005

Subject area: CChemicaI Engineering: General Chemical Engineering)

SNIP 2019
®

1.846

View all documents > Set document alert [ Save to source list Source Homepage

CiteScore  CiteScore rank & trend  Scopus content coverage

i Improved CiteScore methodology X
CiteScore 2019 counts the citations received in 2016-2019 to articles, reviews, conference papers, book chapters and data
papers published in 2016-2019, and divides this by the number of publications published in 2016-2019. Learn more >
CiteScore 2019 v CiteScoreTracker 2020 ®
7 8 826 Citations 2016 - 2019 9 6 1,059 Citations to date
' 106 Documents 2016 - 2019 * 110 Documents to date

Calculated on 06 May, 2020 Last updated on 02 March, 2021 « Updated monthly
CiteScore rank 2019 ®
Category Rank Percentile
Chemical Engineering
L General Chemical #26/281 90th

Engineering

View CiteScore methodology >  CiteScore FAQ >  Add CiteScore to your site ¢

About Scopus Language Customer Service

What is Scopus AARBICTIVER D Help

Content coverage Pl TN = vy Contact us

Scopus blog THREIEIR P

Scopus API Pycckui asbik

Privacy matters

ELSEVIER Terms and conditions 2 Privacy policy »

Copyright © Elsevier B.V ». All rights reserved. Scopus® is a registered trademark of Elsevier B.V.
We use cookies to help provide and enhance our service and tailor content. By continuing, you agree to the RELX

use of cookies.


https://www.scopus.com/redirect/linking.uri?targetURL=https%3a%2f%2fwww.degruyter.com%2fview%2fj%2frevce&locationID=8&categoryID=8&eid=&issn=01678299&linkType=JournalHomePage&year=&dig=b7f198c4c63984eed22d4418e45c62cd
https://www.scopus.com/standard/help.uri?topic=14880
https://www.scopus.com/source/citedby.uri?sourceId=14265&docType=ar,re,cp,dp,ch&citedYear=2020,2019,2018,2017&years=2020,2019,2018,2017&pubstageExclusions=aip
https://www.scopus.com/source/search/docType.uri?sourceId=14265&years=2020,2019,2018,2017&docType=ar,re,cp,dp,ch&pubstageExclusions=aip
https://www.scopus.com/standard/help.uri?topic=14880
https://www.elsevier.com/online-tools/scopus?dgcid=RN_AGCM_Sourced_300005030
https://www.elsevier.com/online-tools/scopus/content-overview/?dgcid=RN_AGCM_Sourced_300005030
https://blog.scopus.com/
https://dev.elsevier.com/
https://www.elsevier.com/about/our-business/policies/privacy-principles?dgcid=RN_AGCM_Sourced_300005030
https://www.scopus.com/personalization/switch/Japanese.uri?origin=&zone=footer&locale=ja_JP
https://www.scopus.com/personalization/switch/Chinese.uri?origin=&zone=footer&locale=zh_CN
https://www.scopus.com/personalization/switch/Chinese.uri?origin=&zone=footer&locale=zh_TW
https://www.scopus.com/personalization/switch/Russian.uri?origin=&zone=footer&locale=ru_RU
https://www.scopus.com/standard/contactUs.uri?pageOrigin=footer
https://www.scopus.com/standard/contactForm.uri?pageOrigin=footer
https://www.elsevier.com/?dgcid=RN_AGCM_Sourced_300005030
https://www.elsevier.com/locate/termsandconditions?dgcid=RN_AGCM_Sourced_300005030
https://www.elsevier.com/locate/privacypolicy?dgcid=RN_AGCM_Sourced_300005030
https://www.elsevier.com/?dgcid=RN_AGCM_Sourced_300005030
https://www.scopus.com/cookies/policy.uri
http://www.relx.com/
https://www.scopus.com/home.uri?zone=header&origin=
https://www.scopus.com/freelookup/form/author.uri?zone=TopNavBar&origin=sourceinfo
https://www.scopus.com/sources?zone=TopNavBar&origin=sourceinfo
https://www.scopus.com/signin.uri?origin=sourceinfo&zone=TopNavBar
https://www.scopus.com/signin.uri?origin=sourceinfo&zone=TopNavBar

3/21/2021 Reviews in Chemical Engineering Impact Factor IF 2020|2019|2018 - BioxBio

Journal Impact (/)

Enter journal title, issn or abbr in this box to search

Reviews in Chemical Engineering

Journal Abbreviation: REV CHEM ENG
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About Reviews in Chemical Engineering

The main aim of Reviews in Chemical Engineering is to develop new insights and to promote interest and
research activity in chemical engineering and applied chemistry, as well as the application of new
developments in these areas. The journal publishes authoritative articles of limited scope by leading
chemical engineers, applied scientists and mathematicians. Long articles which review an entire field are
also occasionally solicited. Because of the broad interest now shown in chemical problems which
previously had a more limited appeal, Reviews in Chemical Engineering is sure to play a significant role in
the growth of the field as a whole.

Year Bioxbio Journal Impact* IF Total Articles Total Cites
2019/2020 - 5.315 34 1127
2018 - 4.200 33 834
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2015 - 2.163 25 374
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2013 - 2.833 16 328
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ABSTRACT

The quest for efficient and selective catalysts for conversion of glycerol monoglyceride is critical for the
development of reliable metho
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ABSTRACT

Due to increasing concerns about global warming and dwindling oil supplies, the world’s attention is turning
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Abstract: The quest for efficient and selective catalysts
for conversion of glycerol monoglyceride is critical for the
development of reliable methods for its synthesis. Thus,
various types of catalyst and methods of catalyst manu-
facturing for conversion of glycerol to monoglycerides
have been investigated. Acid-functionalized mesoporous
catalysts are emerging as highly efficient catalysts for con-
version of glycerol into monoglyceride. The incorporation
of acid components into different mesoporous silicas for
this application is reviewed in this work. The superiority
of mesostructure catalysts in comparison to microporous
catalysts has been elucidated in terms of accessibility to
active sites, pore diffusion, thermal stability of the cata-
lyst and catalyst reusability. Recent direction of novel
acid-functionalized mesoporous catalysts development
for this application is also critically reviewed.
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reaction phenomena; selective esterification of monoglyc-
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1 Introduction

Presently, there is plenty of glycerol coming into the
market from oleo-chemical and rapidly increasing bio-
diesel industries as it is the key co-product of these indus-
tries. Although this substance is currently abundantly
produced, its application is rather limited (Karinen and
Krause 2006, Demirel et al. 2007). Therefore, new glycerol
usages as value-added products have to be continuously
explored in order to achieve a more interesting economic
return from the oleo-chemical and biodiesel industries
(Deutsch et al. 2007).

One of the usages of glycerol is as a raw material for
monoglyceride production. Monoglycerides are important
food additives that are used as emulsifiers in food, phar-
maceutical and cosmetic industries. These substances are
composed of hydrophilic heads and hydrophobic tails.
This composition gives them detergency characteristics.
They also have high skin permeability, and thus, drug
absorptions can occur relatively easy (Bossaert et al. 1999).
Currently, commercial scale production of monoglyceride
can be either through esterification of glycerol with fatty
or through transesterification of glycerol with triglycer-
ides (Formo 1954, Corma and Kumar 1998). In esterifica-
tion of fatty acid with glycerol, strong acid catalysts, e.g.
sulfuric acid, phosphoric acid or organic sulfonic acids
such as Twitchell-type reagents, are required. However,
this technology possesses severe drawbacks such as high
energy requirement, poor environmental aspects and the
eventual production of a mixture of mono-, di- and tri-
glycerides (Nakamura et al. 2008). Monoglycerides have
been considered as desirable products due to their emul-
sifying quality as compared to diglycerides and triglycer-
ides (undesirable products) (Lin et al. 1999). In order to
produce an acceptable monoglyceride product quality
with about 90% purity, the resulting mixtures have to
be separated by vacuum distillation technique, which is
too expensive. Other methods of monoglyceride produc-
tion include enzymatic alcoholysis of triglycerides and
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enzymatic esterification from glycerol and fatty acid.
The major drawbacks of enzymatic processes are caused
by their slow reaction rate and the use of non-reusable
enzymes during the reaction. However, recent advances
in enzyme immobilization have improved the feasibility
of these processes. However, complex and costly product
separation after the reaction remains a problem (Reetz
et al. 1995, 1996).

The use of heterogeneous catalysts offers several
advantages in the process design. It may improve the
yield and selectivity of the desired product by designing
specific solid catalysts for this particular process (Corma
et al. 2005). There are several intrinsic advantages offered
by heterogeneous catalysts over their homogeneous coun-
terparts, i.e. ease of product separation and the potential
of the catalyst to be reused and recycled, bi-functional
phenomena involving reactant activation/spill-over
between support and active phases and process advan-
tages through reactor operation in a continuous flow
rather than a batch configuration. Therefore, the develop-
ment of new processes based on more selective heteroge-
neous acid catalysts can be considered as an interesting
alternative from the economical perspective (Bancquart
et al. 2001).

Acidic resins have been used as solid acid catalysts in
esterification of fatty acid with glycerol for monoglyceride
production (Pouilloux et al. 1999). Although these resins
have good catalytic activity, they are also highly suscep-
tible to swelling in organic solvents and will be unstable
at elevated reaction temperatures (>150°C). Thus, they are
practically unfavorable for the esterification reactions that
are commonly performed at high temperature. Attempts to
use zeolites have also been made for this particular appli-
cation (Aracil et al. 1992, Sanchez et al. 1997, Alaba et al.
2016). Zeolites were considered as high selective catalysts
for monoglyceride production, but after reusability test,
their activity and yield related to monoglyceride dropped
significantly (Heykants et al. 1997). This is due to their
small pore diameter (<8 &), which makes them unsuitable
for liquid phase reactions involving bulky molecules like
long fatty acids and monoglycerides (Wilson and Clark
2000). The other solid catalysts reported to face internal
diffusion limitation in similar reactions are lead oxide,
zinc chloride, cobalt chloride, tin chloride and sulfated
iron oxide (Emtir et al. 1995, Guner et al. 1996).

The discovery of the M41S family of mesoporous mole-
cular sieves with pore sizes in the range of 20 A-100 A
(Beck et al. 1992) opens up new potentials for liquid-phase
reactions using solid catalysts. This is because the effect
of internal diffusion diminishes with an increase in pore
size (Pouilloux et al. 1999). This basic structural chemical
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feature is highly advantageous for solid catalysts because
it allows larger reactant molecules to access the inter-
nal surfaces of the catalysts where high concentrations
of active sites can be found (Pérez-Pariente et al. 2003).
In this review paper, various preparation methods of
acid-functionalized mesoporous silicas with their essen-
tial properties are critically discussed. Esterification of
fatty acid with glycerol to produce monoglyceride is a
particular concern in this review. This includes reaction
pathway in homogeneous and heterogeneous reactions,
kinetic model and the difference between performance
of microporous and mesoporous catalysts. In addition,
recent progresses of their application for the selective pro-
duction of monoglycerides through esterification of fatty
acid with glycerol and stability as well as reusability of the
catalysts are also critically reviewed.

2 Esterification of fatty acid
with glycerol for monoglyceride
production

Esterification of fatty acid with glycerol is a condensation
reaction of fatty acid and glycerol to give monoglyceride
as an ester and water in the presence of either homoge-
neous or heterogeneous acid catalyst. Esterification is a
reversible reaction, as can be seen in Figure 1. As such, the
monoglyceride yield can be improved based on Le Chat-
elier’s principle. The use of only the theoretical amount
or a slight excess amount of the glycerol and the reaction
with continuous water removal will promote the forward
reaction. There are several methods that can be used for
water removal, i.e. azeotropic esterification, esterification
using an inert gas spurge and esterification under reduced
pressure.

In azeotropic esterification, the theoretical amounts
of glycerol and fatty acid are heated in the presence of
refluxing solvent such as benzene, toluene, m-xylene,
mesitylene, diethylbenzene and tetralin, which carries
away the formed water during the reaction (Mantri
et al. 2005a,b). The esterification was carried out in a

//O
OH }?0 0—C—R
OH + _ —
R— C—OH OH , HO
OH oH
Glycerol Fatty acid Monoglyceride Water

Figure 1: Esterification of fatty acid with glycerol to produce
monoglyceride.
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single-necked, round-bottom flask (100 ml) equipped
with a Teflon-coated magnetic stirring bar and a Dean-
Stark apparatus surmounted with a reflux condenser. The
temperature of azeotropic esterification could be closely
regulated by control of the solvent quantity.

Moreover, rate and degree of fatty acid esterification
with glycerol can be improved by blowing an inert gas,
such as nitrogen through the reaction mixture during the
reaction (Nakamura et al. 2008). The esterification was
carried out at in a two-necked flask (50 cm?) under atmos-
pheric pressure, heated and stirred at 100°Cin a N, flow of
10 cm?/min, so that water was effectively carried away by
the gas stream. Diaz et al. (2000b, 2001a,b,c, 2003, 2005)
used a steady flow N, which was passed over the reaction
mixture through one flask opening of a stirred four-open-
ing flask. The water content in the flow was adsorbed by
means of a glass elbow-shaped tube filled with zeolite A.

The reaction under reduced pressure offers the most
efficient and practical method for esterification of poly-
hydric alcohols (Macierzanka and Szelag 2004). In order
to eliminate water that was formed during the reaction,
Szelag et al. conducted the esterification of fatty acid with
glycerol in a thermostatic reactor at 130-160°C equipped
with a nitrogen tube, under stirring at 200 rpm and
under reduced pressure (800 kPa) (Zwierzykowski 1998),
while Aracil et al. carried out the esterification of oleic
acid with glycerol in the presence of NaY zeolite using
low working pressure that was maintained by a vacuum
pump (Aracil et al. 1992). The elimination of water from
the system in temperature range from 160 to 180°C was
achieved, without significant variation in the viscosity of
the reaction mixture or the reaction rate. We also previ-
ously reported the esterification of lauric acid with glyc-
erol under reduced pressure using sulfated zirconia and
propyl sulfonic acid-functionalized SBA-15 catalysts at
various temperatures (140-160°C) (Hermida et al. 2010,
2011, 2012). On the other hand, according to Bossaert et al.
(1999), the esterification could not be accommodated by
flushing with nitrogen or under reduced pressure as water
evaporation was facile at high surface area/volume. They
carried out esterification of glycerol and lauric acids at
112°C in a round-bottom flask without flushing with nitro-
gen or under reduced pressure.

2.1 Catalysts for esterification of fatty acid
with glycerol

In this section, the development of homogeneous and het-
erogeneous catalysts for esterification of fatty acid with
glycerol will be overviewed. Some of the available data
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for various homogeneous acid catalysts such as sulfuric
acid and toluene-sulfonic acid will be discussed. Studies
on heterogeneous catalysts provide a thorough perspec-
tive on the possible application of microporous and
mesoporous catalysts. Comparison of catalytic activities
of microporous and mesoporous catalysts is made, and
recent developments on the use of acid-functionalized
mesoporous catalysts for esterification of fatty acid with
glycerol are critically reviewed.

2.1.1 Homogeneous catalyst

Homogeneous catalyst is the catalyst that operates in the
same phase where the reaction occurs. In catalytic ester-
ification of fatty acid with glycerol that occurs in liquid
phase, sulfuric acid and p-toluene sulfonic acid can be
employed as homogeneous catalysts. Richardson (1941)
carried out esterification of stearic acid with glycerol cata-
lyzed by sulfuric acid in the presence of dioxane solution
as solvent to produce monoglyceride under a reflux for 3h
at 107°C. Water that was formed during the esterification
was removed by passing the dioxane over a drying agent.
After the esterification, the acid catalyst in mixture was
neutralized with a small amount of alkali and the dioxane
would be distilled out with the aid of a slow stream of
nitrogen gas. Then glycerol could be separated from the
mixture by gravity. The fatty acid conversion and mono-
glyceride yield that were achieved using this esterification
technique were up to 91% and 90%, respectively.
Meanwhile, Gros and Feuge (1964) modified the Rich-
ardson’s technique by using p-toluene-sulfonic acid as
catalyst and acetonitrile as solvent to esterify oleic acid
with glycerol for various reaction times between 2 and 6 h
and at temperatures between 80 and 100°C. The maximum
fatty acid conversion and monoglyceride yield of up to
81.4% and 67.7%, respectively, were achieved at a reac-
tion time and temperature up to 6 h and 100°C. However,
the final products of the reaction catalyzed either by sul-
furic acid or p-toluene-sulfonic acid often appeared in
dark color. Theories related to the color formation in the
product have not been properly clarified (Abro et al. 1997).
This could be due to other reactions occurring during the
esterification such as the oxidation of fatty acid or poly-
merization, dehydration and oxidation of glycerol, as
those reactions are favored by acid catalysts (Pouilloux
et al. 1999). Attempts to improve and stabilize the color
of the final esterification product were carried out by the
addition of a small amount of hypophosphorus acid to
the esterification system. Alternatively, the color of the
esterification product could be removed by heating under
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increasing amount of hypophosphorus acid up to 0.05%
and 2% (based on product weight). Finally, hypophos-
phorus acid would be neutralized with a small amount of
base.

2.1.2 Heterogeneous catalyst

Although homogeneous catalyst generally shows excel-
lent fatty acid conversion and monoglyceride selectivity,
problems related to corrosion, handling, discolored prod-
ucts resulting from undesired reactions and difficulty of
catalyst recycling are their limitations for industrial scale
application. Heterogeneous catalyst is a catalyst in differ-
ent phase from reactants or products, and it is usually in
solid phase. Heterogeneous catalyst has obvious advan-
tages over homogeneous catalyst in terms of ease of
product separation from the reaction mixture and the pos-
sibility for catalyst reuse.

In catalytic esterification of fatty acid with glycerol,
the choice of heterogeneous catalyst is important due to
its role in controlling the fatty acid conversion and mono-
glyceride selectivity (Hermida et al. 2012). The properties
of the heterogeneous catalyst are governed by acidity, pore
size and surface area. Different types of heterogeneous
catalyst have been employed for esterification of fatty acid
with glycerol. These include microporous catalysts such as
zeolites and gel resins (Da Silva-Machado et al. 2000a,b)
and mesoporous catalysts such as propyl sulfonic acid-
functionalized MCM-41, HMS or SBA-15 catalysts; phenyl
sulfonic acid-functionalized SBA-15 catalyst; and sulfated
zirconia functionalized SBA-15 catalyst (Hermida et al.
2011). Microporous catalysts are heterogeneous catalysts
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that have average pore diameters of below 20 A, while
mesoporous catalysts are heterogeneous catalysts having
average pore diameters in the range from 20 to 500 A.

2.1.2.1 Microporous catalyst

As mentioned in Section 2.1, the contribution of Bronsted
sites protonation and hydroxyl groups especially on the
adsorption of carboxylic acid is increased by the inter-
action with basic oxygen groups of zeolites. Zeolites are
typical microporous catalysts. They are classified into
several groups based on pore size, i.e. 6MR zeolites having
effective pore size of 2.8 A, 8MR zeolites having effective
pore size of 4.2 A, 10MR zeolites having effective pore size
of 5.7 A and 12MR zeolites having effective pore size of
7-74 A (Xiao and Wei 1992). Meanwhile, gel resins such
as Amberlyst 31 and K1481 are microporous catalysts with
pore size typically up to 10 or 15 A. Both catalysts were gel-
type sulfonic acid-functionalized polymeric catalysts with
different physical characteristics.

Table 1 summarizes the activity of different types of
microporous catalysts in esterification of fatty acid with
glycerol under different operating conditions. Hetero-
geneous catalysts such as various zeolites with different
pore sizes (10MR and 12 MR zeolites), K10 (an acid-treated
montmorillonite clay) and homogeneous catalyst of
toluene-sulfonic acid were scrutinized in the esterifica-
tion of lauric acid with glycerol without solvent at 102°C
(Heykants et al. 1997). The reaction was carried out
under reflux, and nitrogen flow was used to continuously
remove water that formed. It was found that heterogene-
ous catalysts achieved higher monoglyceride selectivity
compared to that of the homogeneous catalyst. This was

Table 1: Reaction conditions and kinetic model of esterification of fatty acid with glycerol using various catalysts.

Type of catalyst Fatty acid (FA) Glycerol/fatty Reaction pathway Rate reaction References
acid molar ratio expression
Na or K soaps Lauric acid 1:1 Consecutive reactions -r,=k,C, Diaz et al. 2003
Myristic acid Tono = K:Co = K, Chuono
Palmitic acid
Stearic acid
Zinc carboxylates Lauric acid 1:1 Consecutive reactions -r=k,C, Diaz et al. 2001a
Myristic acid Tono = K:Co = K, Chuono
Palmitic acid
Stearic acid
Sulfated iron oxide Oleic acid 1:1 Parallel reactions =1, ==(1/W)(dC,,/dt) Guneretal. 1996
:kchCFA
Zeolite (faujasite) Oleic acid 1:3,1:1and Parallel reactions -r,,=-(1/W)(dC,,/dt) Séanchez et al. 1997
3:1 =k,C.C,,
HSO,SBA-15 Lauric acid 4:1 Parallel reactions -r,,=-(1/W)(dC,,/dt) Diaz et al. 2005
=k, CeCea
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Table 2: Catalytic activity of acid-functionalized porous catalysts in the esterification of fatty acid with glycerol.

Fattyacid  Microporous Glycerol/fatty Reaction Temperature Conversion Selectivity References
catalyst acid molar ratio  time (h) (°0) (%) (%)
Lauricacid 12MR zeolite 1:1 14 102 30 80 Heykants etal. 1997
10MR zeolite 21 30 69
Lauricacid H-Beta zeolite 1:1 24 100 31 65 Da Silva-Machado et al. 2000b
H-Y zeolite 30 58
H-Mordenite zeolite 25 53
Lauricacid H-Beta zeolite 1:1 10 100 32 68 Da Silva-Machado et al. 2000a
Oleicacid ~ Amberlyst 31 resin 6.3:1 24 90 54 90 Abroetal. 1997
H-Y zeolite 5 67
Montmorillonite-Ti 10 71

due to the presence of sorption effect of reactants in the
pore of the heterogeneous catalyst in which the esterifi-
cation occurred to consequently suppress consecutive
esterification reactions for producing diglyceride and tri-
glyceride (Heykants et al. 1997). Due to its homogeneous
nature, there was no such sorption effect in the case of the
homogeneous catalyst.

Furthermore, monoglyceride selectivity achieved by
12MR zeolite was higher than that by 10MR zeolite and
the acid-treated montmorillonite clay. Da Silva-Machado
et al. (2000b) also found that H-beta zeolite having pore
diameter higher than that of H-Y and H-mordenite zeolites
achieved higher lauric acid conversion and monoglycer-
ide selectivity. Oleic acid conversion and monoglyceride
selectivity of Amberlyst31 were higher than those of H-Y
zeolite and Montmorillonite-Ti (Abro et al. 1997). These
results provided evidence that esterification of fatty acid
with glycerol to produce monoglyceride occurred in the
internal pores of the microporous catalyst. The active sites
can present in the internal pores or on the external surface
of the microporous catalyst. The catalyst having larger
pore sizes can allow bulky reactant molecules (fatty acids)
to enter the pores and react with glycerol to produce mono-
glyceride (Da Silva-Machado et al. 2000b). Meanwhile,
for microporous catalysts having smaller pore sizes, the
esterification will mostly occur on the external surface of
the catalyst. Such reaction could favorably form relatively
bulkier molecules of diglyceride and triglyceride.

2.1.2.2 Mesoporous catalyst

Bossaert et al. (1999) incorporated propyl sulfonic acid
into HMS, MCM-41 mesoporous silica materials using
various routes (post-synthesis grafting, post-synthesis
coating and direct synthesis) to produce sylilated MCM-
41-S0,, coated MCM-41-SO, and HMS-SO, mesoporous
catalysts. The HMS-SO, had larger pore sizes than syli-
lated MCM-41-SO, and coated MCM-41-SO.. Subsequently,

catalytic activities of the acid- functionalized mesoporous
catalysts in the esterification of fatty acid with glycerol
without solvent were compared with that of H-USY zeolite
microporous catalyst. The H-USY catalyst had higher
number of acidic sites than acid-functionalized mes-
oporous catalysts. The results are summarized in Table 2.

It should be noted that higher monoglyceride yield
can be obtained for all acid-functionalized mesoporous
catalysts in comparison with H-USY microporous cata-
lyst. Furthermore, HMS-SO,H mesoporous catalyst was
significantly more active than H-USY as tabulated in
Table 2. These results indicate that esterification reaction
catalyzed by H-USY microporous catalyst was strongly
governed by the diffusion process within the pores. This
was due to the fact that fatty acids are rather bulky mole-
cules. It is estimated that molecular dimensions of lauric
acid are from 1.8 A to 17 A, and those of oleic acid are from
4.6 A to 21 A as can be seen in Figure 2. Meanwhile, the
H-USY microporous catalyst had an average pore size of
about 13 A. As such, the pore structure exhibited by the
H-USY catalyst was rather insufficient for the fatty acid to
access into the internal pores to allow the esterification

A

17A

Figure 2: Molecular dimension of lauric and oleic acid to demon-
strate different ability in accessing the internal pores during the
esterification reaction.
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Figure 3: Molecular representation of a monoglyceride molecule fitting in microporous catalysts of (A) 12MR zeolite, (B) 10MR zeolite
(Heykants et al. 1997); copyright permission obtained from Department Interface Chemistry, Centrum voor Oppervlaktechemie en Katalyse,

B-3001 Heverlee, Belgium.

reaction to occur. Molecular representations of a mono-
glyceride molecule fitting in various microporous cata-
lysts are shown in Figure 2 (Heykants et al. 1997).

According to a previous research, the HMS-SO, mes-
oporous catalyst was considered as the most active among
the acid-functionalized mesoporous silica catalysts, and
its activity in the esterification using lauric acid was better
than that of oleic acid. This was due to the higher average
pore size of HMS-SO, mesoporous catalyst compared to
sylilated MCM-41-SO, and coated MCM-41-SO, catalysts.
Then, molecular dimensions of lauric acid are smaller
than those of oleic acid as can be seen in Figure 3. The
pore structure of HMS-SO, catalyst was suitable for the
esterification involving the passage of lauric acid mole-
cules within the internal pore structure. Thus, it could be
concluded that the activity of the catalysts in the esterifi-
cation was more influenced by good accessibility of the
reactants to the active sites in the catalyst rather than the
concentration of surface acidic groups.

2.2 Reaction pathways and kinetic models of
esterification of fatty acid with glycerol

Reaction pathway is essential to be used for constructing
kinetic model. The kinetic model is applied to predict the
changes in the amount of specific product obtained during
a reaction process. In order to obtain a better understand-
ing on the reaction pathway, several researchers have
undertaken various studies on glycerol esterification with
different fatty acids and solid acid catalysts to produce
monoglycerides (Zwierzykowski 1998, Macierzanka and

Szelag 2004). It is theoretically suggested that reaction
pathway of esterification fatty acid with glycerol in the
presence of sodium and potassium soaps under reduced
pressure using glycerol/fatty acid molar ratio of 1 gener-
ated monoglyceride and co-products, i.e. diglyceride and
triglyceride through irreversible consecutive reactions with
monoglyceride and diglyceride as intermediate products.
The monoglycerides formed are converted into diglycer-
ides. Then, the diglycerides that formed are converted into
triglyceride, as shown in Figure 4A (Zwierzykowski 1998).
Meanwhile, Figure 4B shows another possible consecutive
reaction with monoglyceride as an intermediate product
for the esterification reaction as reported in the litera-
ture (Macierzanka and Szelag 2004). The esterification

[
A O—C”—-Ro o
o) OH K o-c’—OR X 0Tk X o-t-ro
R—C—OH + %OH - ?—o > Mo - 5—o-"r
OH OH o-dr —C'fOR
o
0~y
Fatty acid Glycerol Monoglyceride Diglyceride Triglyceride
o
fo) i
B 0 O  o-&r , o-ro e (C)_IEER
R—C—=OH + OH — 3= % OH — o-lr + 3()__. .0
OH OH oH Cr
o
o-dr
OH
.0
R
Fatty acid  Glycerol Monoglyceride Diglyceride Triglyceride

Figure 4: Consecutive reactions of the glycerol esterification:
(A) as proposed by Zwierzykowski 1998 and (B) as proposed by
Macierzanka and Szelag 2004.
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was carried out in the presence of zinc carboxylate under
reduced pressure using glycerol/fatty acid molar ratio of
1. In this reaction pathway, the formed monoglyceride is
converted into diglyceride and triglyceride. On the basis
of the consecutive character of the esterification reaction
system, a kinetic model for monoglyceride formation to
follow the first order with respect to glycerol is suggested,
as shown in Equation (1) (Zwierzykowski 1998, Macier-
zanka and Szelag 2004).

dc, /dt=kC, o)

Furthermore, it was previously reported that reac-
tion pathways of esterification of oleic acid with glycerol
with continuous water removal during the reaction can
be modeled as irreversible parallel reactions, as shown
in Figure 5. For the sake of clarity of representation, only
1,2-monoglyceride isomer is shown in the figure. The molar
ratios of glycerol to oleic acid applied in the reaction were
1:1, 1:3 and 3:1 with reacting temperatures ranging from

(6]
&
OH go O—C—R
OH + R— C—OH * %OH + HZO
OH
OH
Glycerol Fatty acid Monoglyceride =~ Water
O
P
— o — 7
OH + 2R—C OH.,\_ O—c/—R+2H20
OH
Glycerol Fatty acid Diglyceride Water
OH C—R
:)—OH + 3R—c OH —\‘§_0 C—R+3HO
OH __.-—.-::O
Glycerol Fatty acid Tng_lycerlde
Figure 5: Irreversible parallel reaction pathways of oleic acid esteri-

fication with glycerol under water removal condition during the
reaction from Sanchez et al. (1997).
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160 to 240°C using zeolite and sulfated iron oxide as cata-
lysts (Guner et al. 1996, Sanchez et al. 1997). Kinetic model
for the irreversible parallel reactions is suggested to follow
a second order with respect to fatty acid and glycerol, as
given in Equation (2). The observation was in agreement
with the esterification of lauric acid with glycerol using
a catalyst of propyl sulfonic acid-functionalized SBA-15,
which has been previously reported (Hermida et al. 2011).
The reaction orders reported in the open literatures can be
summarized in Table 3. It can be concluded from the table
that the reaction pathways of glycerol esterification with
fatty acid can be modeled as consecutive reactions follow-
ing the first-order kinetic model with respect to glycerol.
Otherwise, they may also be irreversible parallel reactions
following second-order kinetic model with respect to fatty
acid and glycerol.

1, =—(1/W) (dC,, /) =kC,C,, @

Also, the esterification reaction could proceed through
an A,20rA,?2 mechanism (Heykants et al. 1997). In the
A, .2 mechanism, carboxylic acid is protonated, and then
the protonated carboxylic acid undergoes a nucleophilic
attack of the alcohol to produce ester and water. On the
other hand, in an A, 2 mechanism, alcohol is protonated.
Furthermore, Corma et al. (1989) suggested that the mech-
anism using a zeolite as catalyst involved an extra stabili-
zation of carboxylic acid on the zeolite surface. It was due
to the presence of Bronsted sites protonation of especially
hydroxyl groups of the carboxylic acid. However, more
details about carboxylic acid on the zeolite surface are
discussed in Section 2.1.2.1.

3 Various methods for acid
functionalization of mesoporous
silica

The general mechanism of mesoporous material forma-

tion is shown in Figure 6. The surfactant molecules acting
as the organic structure-directing templates usually

Table 3: Monoglyceride yield in the esterification of fatty acid with glycerol for different types of catalyst.

Catalyst Reaction time (h) Monoglyceride yield (%) References
HMS-SO_H 10.2 52 Hermida et al. 2008
Silylated MCM-41-SO,H 24 53 Mbaraka 2005
Coated MCM-41-S0_H 24 47 El Kadib et al. 2013
H-USY 23.5 36 Bossaert et al. 1999
Silicotungstic acid nanoparticles on ionic liquid (STA-IL) 8 92 Isahak et al. 2014
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Figure 6: Formation mechanism of straight mesopores in an ordered mesoporous material for use as catalyst (Corma and Kumar 1998);
copyright permission obtained from Department of Chemistry, Universitat Politécnica de Valéncia (Valencia, Spain).

form ordered complex structures in an aqueous solution
either by (1) true liquid crystal template (TLCT) mecha-
nism or (2) by cooperative self-organization mechanism.
In the true liquid-crystal template (TLCT) mechanism,
a lyotropic liquid-crystalline phase is produced under
the prevailing conditions (temperature, pH). As the con-
centration of the surfactant is so high, it occurs without
the presence of the silica precursor framework materi-
als. Then, the siliceous framework polymerizes around
these preformed surfactant aggregates forming a supra-
molecular structure (a). Alternatively, the addition of an
inorganic precursor to a solution of surfactant templates
even at lower concentration initiates a cascade of cooper-
ative-assembly arrangements between the inorganic and
organic species. This is associated with hydrolysis of the
inorganic species, which causes the growth of a supra-
molecular structure.

The interaction between the inorganic precursor and
the surfactant micelles occurs via hydrogen bonding,
electrostatic and van der Waals forces. The nature of these
interactions will subsequently influence the textural char-
acteristics of final materials. If the synthesis process uses
ionic surfactants, Mobil Composition of Matter (MCM)
materials will be generated (Whitehurst 1992, Stucky
et al. 1994, On et al. 2003). Meanwhile, while neutral and
nonionic surfactants generally result in HMS (Tanev et al.
1994, Bagshaw et al. 1995, Tanev and Pinnavaia 1995,
Bagshaw and Pinnavaia 1996, Zhang et al. 1996a,b, 1997,
Prouzet and Pinnavaia 1997, Pinnavaia and Zhang 1998)
and Santa Barbara Amorphous (SBA) materials (Zhao
et al. 1998, Kleitz et al. 2005, Klimova et al. 2006, Jin et al.
2008, Abdullah et al. 2009), respectively. The template in
the mesopores of the as-synthesized mesoporous materi-
als is then eliminated by either refluxing them in a suit-
able solvent or through calcination at high temperature.
Depending on the nature of the templates used, the as-
synthesized mesoporous materials usually have a narrow
pore size distribution as well as long channels (b).

The incorporated active sites on the silica walls or
the deposition of active species on the inner surface of
the mesoporous materials are more frequently used to
convert the MMSs into solid acid catalysts (Bossaert et al.
1999, Pouilloux et al. 1999). Solid acid catalysts can be
described in terms of their Brgnsted/Lewis acidity, the
strength and number of these sites and the morphology of
the support (typically in terms of surface area and poros-
ity). The performance of the mesoporous catalysts in their
chemical reaction can be influenced by the manipulation
of these properties (Clark 2002).

In order to develop high-performance acid-function-
alized mesoporous catalysts, researchers have investi-
gated the several methods including incorporation of acid
metals oxides into mesoporous silica, organo sulfonic
acid-functionalized mesoporous silica, anchoring of per-
fluoroalkylsulfonic acid chains to mesoporous molecular
sieves and dispersion of heteropoly acids on mesoporous
silica (On et al. 2003). All these methods lead to materi-
als with different physicochemical characteristics, which
eventually affect the catalytic behaviors in the process.

4 Incorporation of metals into
mesoporous silica

4.1 Incorporation of aluminum

Incorporations of aluminum (Al) atoms tetrahedrally
coordinated within mesoporous silica through hydrother-
mal method have been investigated (Schmidt et al. 1994,
Borade and Clearfield 1995, Luan et al. 1995b, Reddy and
Song 1996). For the first time, the preparation of alumi-
nosilicate MCM-41 was studied in 1992 (Beck et al. 1992).
Sodium aluminate, as the Al source, was added to a solu-
tion containing C_H, (CH,),NOH/CI (as a surfactant),
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tetramethylammonium silicate (as a silica source), ultrasil
silica and tetramethylammonium hydroxide. This mixture
was then transferred into an autoclave and heated under
stirring at 100°C for 24 h. Finally, the resulting solid product
was calcined (Beck et al. 1992). This method is analogous to
that used in the preparation of zeolites in which acid sites
result from dissimilarity between the metal oxygen stoi-
chiometry and the formal charge on the cations. The AP*
trivalent cations would then partially substitute Si** within
the framework. Thus, the framework containing aluminum
cation would possess negative charge. This negative charge
is balanced by a metal cation or a proton that represents a
Lewis or a Brgnsted acid site (Lewis 1966, Ward 1967, Kiihl
1977, Venuto 1994), as shown in Figure 7. A Brgnsted acid,
similar to an acid defined by Arrhenius, is any hydrogen-
containing species that is capable to release the protons.
Conversely, a base is categorized by Brgnsted as any species
that can readily combine with protons (Brgnsted 1923).
Meanwhile, a Lewis acid site is defined by G.N. Lewis as any
species that can accept an electron pair to form coordina-
tion bond (Lewis 1966). In contrast, the definition of a base
is any species possessing a non-bonding electron pair that
can be donated to form a coordination bond. Kosslick et al.
(1997) detected the presence of bridging Brgnstedhydroxy
groups [Si-O(H)-Al] of the framework of Al-incorporated
MCM-41 prepared by hydrothermal method. It was verified
based on FTIR spectrum of ammonia-loaded samples that
showed additional weak bands at 3,605 cm™.

Lewis acid sites are also formed by extra-framework
metal species. These sites exhibit a very broad distribu-
tion of acid strength. They can be detected by studying
chemisorbed ammonia under FTIR that will show absorp-
tion band at 1,308 cm™. Then, this band decreased almost

Brgnsted acid site

H «  (Proton donor) o

! |
AN /\/\/ N N
N AN A S A S S AN

0O O (6]
+H,0 1 I/—Hzo
Lewis acid site
(Electron acceptor)

Lewis acid site
(Electron acceptor)

NN NN o
AN AN A AN

Figure 7: Representation of metal oxygen tetrahedral acid sites
during incorporation of aluminum atoms tetrahedrally with mes-
oporous silica through hydrothermal method (Jeanvoine et al. 1998);
copyright permission obtained from Institut Nancéien de Chimie
Moléculaire, B.P. 239, 54506 Vandceuvre-lés-Nancy, France.
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linearly when the sample was heated between 100 and
500°C. This finding is contrary to the observations made
on zeolites, where desorption of ammonia from strong
sites (1,330 cm™ vibration band) occurs between 350 and
450°C in a single step. The presence of the bridging Brgn-
sted hydroxyl groups (Si-O(H)-Al) in mesoporous silica
materials has also been reported by researchers (Janicke
et al. 1994, Luo et al. 2003). Furthermore, Luan et al.
(1995a) observed that the XRD pattern of the AI-MCM-41
framework indicated less uniform structure and the *Si
MAS NMR results showed highly disordered on the mes-
oscale of the AI-MCM-41 compared with purely siliceous
MCM-41. Corma et al. (1994) measured the acidity of alu-
minosilicate MCM-41 by adsorption-desorption of pyridine
where both Brgnsted and Lewis acid sites were detected.
It was found that the acid strength of the aluminosilicate
MCM-41 was relatively weaker than that in zeolites and
more similar to that of amorphous silica-alumina mate-
rials. Bhagiyalakshmi et al. (2004) investigated Al-MCM-
41 synthesized hydrothermally and found that H-beta
zeolite was more acidic than AI-MCM-41.

The development of suitable Al incorporation methods
into MMSs was recently attempted by Carrott et al. (2006).
They intensively studied Al-MCM-41 and Al-MCM-48 using
various aluminum sources via direct synthesis method at
room temperature. The AI-MCM-41 materials prepared via
direct synthesis at room temperature were compared with
those prepared via conventional hydrothermal methods
in terms of structural characteristics and acidity. Al-MCM-
48 was also prepared through direct synthesis at room
temperature and subsequently compared with Al-MCM-
41 samples. They found that the Al-MCM-41 materials
prepared via direct synthesis had uniform pore size and
good hexagonal ordering, which were superior to the
material prepared via hydrothermal methods (Russo et al.
2008). However, AI-MCM-48 was more active in the reac-
tion (Carrott et al. 2006). Ordered mesopore structure with
narrower pores and thicker walls was still observed in the
Al-MCM-48 after a hydrothermal test (Russo et al. 2007).

Recent advances in the hydrothermal synthesis
methods have enabled the synthesis of various acidic
mesoporous materials through the incorporation of alu-
minum (Ajaikumar and Pandurangan 2007, Anuradha
et al. 2007, Chandrasekar et al. 2007, Anunziata et al.
2008, Vinu et al. 2008). Jun and Ryoo (2000) incorpo-
rated aluminum into the mesoporous material (MCM-41
and MCM-48) via direct synthesis, post-synthesis graft-
ing of the Al species with anhydrous AICl, and post-syn-
thesis impregnation with an aqueous solution of AICL.
In the direct synthesis method, Al was incorporated
into the mesoporous material by the addition of sodium
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aluminate solution into the synthesis mixture. The graft-
ing method involved the attachment of Al species onto
the surface of pore walls via reaction with solution of
anhydrous AlCL in absolute ethanol, while the impreg-
nation method involved slurrying the mesoporous silica
in an aqueous solution of AlCl, for about 30 min at room
temperature. They found that post-synthesis impregna-
tion method was the most effective method. However,
XRD patterns for aluminosilicate MCM-41 and MCM-48
prepared by the direct synthesis procedures indicated
significant loss of structural order in comparison with
the pure silica form. In a different study, Landau et al.
(2001) grafted alumina multilayer on the walls of sili-
ceous MCM-41 by using aluminum sec-butoxide solution
in an anhydrous toluene followed by hydrolysis and cal-
cination steps. Tetrahedral Al in the silica pore walls and
clusters of a separate octahedral Al alumina phase were
detected using Al MAS NMR.

Meanwhile, post-synthesis methods involving the
impregnation of Al onto SBA-15 and MCM-41 using tri-
methylaluminum (TMA) as aluminum sources have
also been studied. Based on FTIR spectra of pyridine
adsorbed on the mesoporous samples, it was identified
that the Brgnsted acid sites generated on Al-SBA-15 were
more acidic than those on Al-MCM-41 (Sumiya et al.
2001). Several post-synthesis methods through which
aluminum can be incorporated into the mesoporous
wall with various Al sources have been developed. The
methods are generally reported to produce Al-SBA-15
materials exhibiting well-enhanced Brgnsted acidity
without experiencing significant pore blocking (Kao
et al. 2005, Baca et al. 2008, Cheralathan et al. 2008,
Zukal et al. 2008). The aluminum incorporation methods
within mesoporous molecular sieves are summarized in
Table 4.

DE GRUYTER

4.2 Incorporation of zirconium

Zirconium or zirconia has been used as catalyst or cata-
lyst support. However, its application is limited due to low
surface area and weak acidity. In order to enhance cata-
lytic activity, several methods have been attempted such
as modification of zirconia with titania and tungstan to
create titania zirconia (TiO,/ZrO,) and tungstated zirconia
(WO,/Zr0,), respectively (Furuta et al. 2006, Lopez et al.
2008). Treatment of zirconia with sulfuric acid has also
been attempted to produce sulfated zirconia (SOf/ZrOZ),
which is a strong acid catalyst (Yadav and Nair 1999). Sul-
fated zirconia has been mostly studied as a solid acid cata-
lyst, especially for isomerization, alkylation, esterification
and acylation (Dijs et al. 2003, Hammache and Goodwin
2003, Melada et al. 2004, Cutrufello et al. 2005, Zane et al.
2006). However, it is not easy to control the textural prop-
erties of sulfated zirconia synthesized by a conventional
method, and broad pore size distribution of large pores
would be formed.

With the objective of developing a catalyst with
narrow pore size distribution, sulfated zirconia sup-
ported on SBA-15 has been prepared by Hua et al. (2001)
through post-synthesis method. They impregnated
zirconium nitrate onto SBA-15, dried at 110°C, precal-
cined at 300°C for 3 h, then treated with H,SO, solution,
filtered, dried and finally calcined at 650°C for 3 h to
create the (SO,*/Zr0,) modified SBA-15 (Hua et al. 2001).
The modified SBA-15 had total number of acid sites close
to that of the unsupported sulfated zirconia. However,
the modified SBA-15 showed lower catalytic activity in
comparison with the unsupported sulfated zirconia but
still higher catalytic activity than zeolites. The sulfated
zirconia supported on SBA-15 with higher catalytic activ-
ity than unsupported sulfated zirconia was successfully

Table 4: Mesoporous silica catalysts coordinated with aluminum oxide and prepared through various hydrothermal methods.

Mesoporous silica Aluminum source

Functionalization method

References

MCM-41 Al(NO,),

MCM-41 Aluminum sulfate
MCM-41 Sodium aluminate
MCM-48 Aluminum sulfate
MCM-41 Aluminum sulfate
MCM-41 NaAlO,

MCM-41 Aluminum sulfate
MCM-41 Aluminum sulfate
MCM-41 Al(0-sec-Bu),
SBA-15 Trimethylaluminum bromide
SBA-15 Al(0-Pr),

SBA-15 AL(OH).Cl

Hydrothermal synthesis
Hydrothermal synthesis
Hydrothermal synthesis
Direct synthesis

Direct synthesis
Hydrothermal synthesis
Hydrothermal synthesis
Hydrothermal synthesis
Post-synthesis grafting
Posts-synthesis impregnation
Post-synthesis impregnation
Post-synthesis grafting

Luo et al. 2003
Bhagiyalakshmi et al. 2004
Carrott et al. 2006

Carrott et al. 2006

Carrott et al. 2006
Anunziata et al. 2008
Ajaikumar and Pandurangan 2007
Anuradha et al. 2007
Landau et al. 2001

Sumiya et al. 2001

Baca et al. 2008

Zukal et al. 2008
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synthesized by Chen et al. (2007). They used direct syn-
thesis method using zirconium propoxide and ammo-
nium sulfate for the zirconia source. In the synthesis,
the surfactant (P123) was dissolved in H,0; HCI solution,
tetraethoxyorthosilicate (TEOS), zirconium propoxide
and ammonium sulfate were mixed and stirred for 20 h
at 40°C and further aged at 100°C for 24 h. The prod-
ucts were then filtered, dried and calcined at 650°C. The
incorporation of zirconium (IV) into the mesoporous
framework was confirmed by UV-visible spectra and TEM
analyses. Moreover, other research groups have incorpo-
rated sulfated zirconia into MCM-41, MCM-48 and SBA-15
either by post-synthesis impregnation or by direct syn-
thesis methods. All of these procedures were reported to
result in solid acid catalysts with high catalytic activities
(Sun et al. 2002, Landau et al. 2003, Degirmenci et al.
2007, Fuxiang et al. 2007, Ghedini et al. 2008, Du et al.
20009, Garg et al. 2009).

ZrOCl, has been reported to be an efficient zirconia
source to produce solid acid catalyst for the esterification
of long chain carboxylic acids and alcohols. It also suc-
cessfully enhanced the catalytic activity of MCM-41, FSM
and SBA-15 through post-synthesis impregnation method
of zirconia (Mantri et al. 2005a,b). Zirconium cation cluster
[Zr,(OH),(H,0), |** was suggested as the catalytic active
species. It was suggested that the deposition of ZrOCl,
onto the mesoporous silica, especially MCM-41, produced
a material with good catalytic activity because the cation
cluster was highly dispersed over the mesoporous silica.

Furthermore, Krishnan et al. (2008) examined a
new NH,/water vapor-induced internal hydrolysis (VIH)
method for coating of zirconia on the pore walls of
SBA-15 (Figure 8). The method included the hydrolysis of
pre-dispersed precursor [i.e. ZrO(NO,),] inside the pores
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ZrO(NO,),
—_—
Wet impregnation
Precursor loaded SBA-15

SBA-15 1

14% NH,/H,0
solution

Calcination
—_—

Vapor-induced internal Zirconia coated SBA-15

hydrolysis

Figure 8: Vapor-induced internal hydrolysis (VIH) method in coating
of zirconia onto the pore walls of SBA-15 (Krishnan et al. 2008);
copyright permission obtained from Institute of Industrial Science,
The University of Tokyo Komaba 4-6-1, Meguro, Tokyo, Japan.

of SBA-15 in the presence of NH,/water vapor under
autogenously generated pressure. They claimed that by
using this method, the product (i.e. zirconium hydrox-
ide) tended to be dispersed inside the pores more evenly
and hence the procedure resulted in a composite mate-
rial with a uniform coating of zirconia on the pore walls
after calcination. The zirconia-coated SBA-15 samples
prepared by VIH showed improved acidity, and the prev-
alent surface oxygen species in them was significantly
reduced at a lower temperature than that for conven-
tionally prepared zirconia (Schiith et al. 2001, Landau
et al. 2005). The zirconia-coated materials prepared
by this method also showed less pore blocking even at
60 wt.% loading. The syntheses of solid acid catalysts
through the incorporation of zirconia into mesoporous
silica as reported by some researchers are summarized
in Table 5.

Table 5: Various zirconia-based acid catalysts supported by mesoporous silicas.

Mesoporous silica Modification agent

Synthesis method References

SBA-15 Zirconium nitrate, H,SO,
SBA-15 Zirconium propoxide, ammonium sulfate
SBA-15, MCM-41 & MCM-48 Zr(SOA)2

MCM-41 Zr0Cl,.8H,0, NH,0H
MCM-41 H,SO,

SBA-15 7r(S0,),

SBA-15 Zr(NO,),.3H,0, H,S0,
SBA-15 Zr0Cl,.8H,0, H,SO,, urea
SBA-15 Zr0Cl,.8H,0, H,SO,, urea
SBA-15 Zr0Cl,.8H,0

SBA-15 ZrO(NO,),.2H,0

SBA-15 (SZSBA-15) Sulfated zirconia

Hua et al. 2001
Chen et al. 2007
Ghedini et al. 2008
Sun et al. 2002

Xu et al. 2008
Fuxiang et al. 2007
Landau et al. 2003
Du et al. 2009

Garg et al. 2009
Mantri et al. 2005a,b
Krishnan et al. 2008
Abdullah et al. 2016

Impregnation, sulfation

Direct synthesis

Impregnation

Hydrolysis, sulfation
Hydrothermal method

Direct synthesis, sulfation
Impregnation, chemical solution
Decomposition (CSD), sulfation
Direct synthesis, sulfation
Post-synthesis hydrolysis, sulfation
Impregnation

Post-synthesis homogeneous urea
hydrolysis method
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5 Mesoporous silica functionalized
with organo sulfonic acid groups

Catalysts based on organo sulfonic acid-functionalized
mesoporous silicas usually have very high surface areas
and more tunable pore diameters as compared to zeolites.
In the literature, there are two strategies to synthesize the
acid modified mesoporous silica, i.e. one-step-preparation
strategy and two-step-preparation strategy. The conven-
tionally used method is the two-step strategy, while further
advancement in the synthesis method resulted in the elim-
ination of some unnecessary steps. The synthesis of the
organo-sulfonic acid-functionalized mesoporous catalysts
using these strategies is schematically depicted in Table 6.

5.1 Two-step-preparation strategy

The first step of this strategy is carried out by anchoring
organosilane (usually 3-mercaptopropyltrialkoxylane,
MPTMS) to create solid mercaptan followed by the second
step, which is the oxidation of the solid mercaptan using
hydrogen peroxide to sulfonic acid. The whole reactions
are schematically represented by Figure 9. If the organosi-
lane used is phenyltriethoxysilane (PTES), the second
step of the strategy is to achieve the sulfonation of phenyl
groups to arenesulfonic acid (Lim et al. 1998, Zhao et al.
2008).

The anchoring of the organosilane can be performed by
direct synthesis (Zhao et al. 2008) or post-synthesis route
(Das et al. 2004, Shimizu et al. 2005, Reddy et al. 2007).
Direct synthesis route usually involves co-condensation

DE GRUYTER

of the organosilane with TEOS or TMOS in the presence
of structure directing agents that cause materials with
covalently anchored organic moieties to the pore walls
(Lim et al. 1998). The post-synthesis route involves the
modification of the mesoporous silica, usually after the
surfactant removal (Stein et al. 2000). The post-synthesis
route includes grafting and coating methods.

In the post-synthesis grafting method, modification
of the mesoporous silica is carried out by silylation of
the organosilane with silanol on the structure of the mes-
oporous surface. The silylation is accomplished by the
following reaction:

=Si-OH+R’0O-SiR, - e Si—OSiR, +HOR’

The post-synthesis coating method refers to forma-
tion of monolayer on the pore surface by utilizing a certain
amount of water in the process. More continuous coats of
organosilanes may be obtained, leading to high concen-
tration of organics in the product (Reddy et al. 2007). This
technique is different from grafting process (Figure 10) in
which organosilanes are typically added under dry condi-
tions in order to avoid the occurrence of hydrolysis and
condensation (Stein et al. 2000).

MCM-41 and HMS functionalized with 3-mercaptopro-
pyl-trimethoxysilane (MPTMS) by two-step preparation
strategy have been studied by Saikia et al. (2006). The first
step was thiol incorporation using different routes, i.e.
post-synthesis grafting, post-synthesis coating and direct
synthesis, while the second step was post-oxidation of thiol
to the sulfonic acid. Thiol incorporations were observed
using IR v, and thermogravimetric analysis (TGA), and it
showed that all synthesis routes resulted in mesoporous

Table 6: Mesophase silicas and functional molecules for the synthesis of mesoporous organo sulfonic acid-functionalized catalysts using

single-step or two-step methods.

Preparation strategy =~ Mesophase silica

Functional molecule

Anchoring method References

Two steps SBA-15 MPTMS
MCM-41, MCM-48 MPTMS
FSM-16 MPTMS
SBA-15 MPTMS
HMS MPTMS
MCM-41, HMS, SBA-15 MPTMS, PTMS
One step SBA-15, MPTMS, CSPTMS
SBA-15 CSPTMS
SBA-15 CSPTMS
SBA-15 MPTMS
SBA-15 MPTMS, CSPTMS
SBA-15 MPTMS
SBA-15 MPTMS
SBA-15 MPTMS

Post-syn. grafting
Post-syn. grafting
Post-syn. grafting

Reddy et al. 2007
Das et al. 2004
Shimizu et al. 2005

Direct syn. Saikia et al. 2006
Direct syn. Mbaraka et al. 2003
Direct syn., post-syn., coating Rac et al. 2006

Direct syn. Mbaraka et al. 2003
Direct syn., post-syn. Mbaraka and Shanks 2005
Direct syn. Van Grieken et al. 2006
Direct syn. Zheng et al. 2005
Direct syn. Melero et al. 2007
Direct syn. Caetano et al. 2009
Direct syn. Habib et al. 2007
Direct syn. Zhao et al. 2008
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Figure 10: Two possible post-synthesis methods for the formation
of alkoxysilane layer on the silica surface.

materials functionalized with -(CH,),-SH groups. It was
also found that the concentration of covalently linked
-(CH,),-SH in the material functionalized by post-synthesis
coating method was higher than that one by post-synthe-
sis grafting method. Once oxidized with H,0,, a material
with sulfonic acid group with residual disulfide contami-
nations was proven to be obtained based on nuclear mag-
netic resonance (NMR) spectra results of the material.
Moreover, Stein et al. (2000) also reported a two-step-
preparation strategy to synthesize thiol-functionalized
porous MCM-41 using tetramethyl orthosilicate (TMOS) as
the silicon source instead of TEOS in basic medium with
cethyltrimethylammonium bromide (CTAB) as a cationic
surfactant. Higher structural order was shown by X-ray
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diffraction (XRD) and transmission electron microscopy
(TEM) results using TMOS because of its faster hydrolysis
rate. However, after the second step, i.e. the oxidation of
the solid mercaptan, ®C MAS NMR also detected residual
disulfide species that resulted from incomplete oxidation
of thiol moieties during the oxidation reaction.

Furthermore, Mbaraka et al. (2003) developed a simple
and effective procedure for the incorporation of sulfonic
groups on mesoporous silica. It was performed through
controlled oxidation of thiol-functionalized surface, which
quantitatively converted into sulfonic acid groups. They
observed that the extent of oxidation of the thiol precur-
sor was moderate at ambient temperature and much more
effective at 333 K. The chemical structure of the function-
alization agent was found to influence the kinetics and the
extent of oxidation of thiol groups. The mesoporous acid
catalysts prepared using this grafting-oxidation methodol-
ogy showed strong acid sites (Cano-Serrano et al. 2003).

Boveri et al. (2005) optimized the preparation method
of SO,H-MCM-41 solid materials. They carried out a sys-
tematic study of the acid extraction of the surfactant from
the MCM-41 mesoporous materials. Besides, effect on the
grafting capacity of propylthiol functional groups on the
acid catalysts was also studied. The increase in the sulfur
loading was detected in the sample treated using optimized
extraction conditions. The authors also noticed a large dif-
ference in the number of most accessible silanols groups
after the calcination process. In post-synthesis grafting
procedures, surface concentration of organic groups is
governed by the number of reactive silanol groups as well
as by diffusion restrictions. Hence, it is usually required
to utilize a good excess of organic silane and anhydrous
conditions to avoid the occurrence of homo-condensation
reactions (Cano-Serrano et al. 2003).

5.2 One-step preparation strategy

One-step preparation of organosulfonic acid catalyst
offers simplicity and rapid completion of the catalyst
preparation procedure as only one preparation step is
involved. It usually involves co-condensation of orga-
nosilane such as MPTMS and 2-(4-chlorosulfonylphenyl)-
ethyltrimethoxysilane (CSPTMS) and TEOS in the presence
of a structure directing agent and H,0, in HCl aqueous
solutions. The reaction is schematically shown in Figure 11.
This approach allows in situ oxidation of the thiol groups
and acid exchange of the resultant sulfonic-acid groups.
Alkyl sulfonic acid-modified SBA-15 prepared using
one-step preparation strategy based on the co-conden-
sation of 3-mercaptopropyltrimethoxysilane (MPTMS)
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Figure 11: One-step synthesis strategy of sulfonic acid-function-
alized silica based on co-condensation of TEOS and MPTMS in the
presence of H,0, in HCl aqueous solution.

and TEOS in the presence of Pluronic 123 species and
the H,0, solutions has been performed (Margolese et al.
2000). SBA-15-modified materials had greater oxidation
efficiency (100% vs. 25-77% in the two-step preparation
strategy) with larger (up to 70 A) and more uniform pores.
It also had higher surface areas (700-800 m?/g) and good
long-range order in contrast to that one obtained through
a two-step strategy. The net result was a sulfonic-meso-
structured material with acid capacities several times
greater than that achieved with the two-step strategy with
a thermal stability of up to 450°C in air. This route was also
investigated by another research group using the same
organosilane (MPTMS), and similar level of success was
reported (Mohino et al. 2002).

Later, Van Grieken et al. (2002) expanded the in situ
oxidation procedure for the preparation of sulfonic-mod-
ified hexagonal mesostructured materials using nonionic
surfactants other than Pluronic 123. Materials with high
mesoscopic ordering were obtained in contradiction to
those results previously reported by means of the two-step
preparation strategy. Several researchers used the same
route for the preparation of ordered SBA-15 materials con-
taining arenesulfonic acid groups (Van Rhijn et al. 1998,
Diaz et al. 2000a, Das et al. 2001, Hoffmann et al. 2006),
as schematically represented in Figure 12. The synthesis

OH
Il
ﬁ —OH
)
‘\::\\ OH
\\\\\\
&
N

Figure 12: Alkyl sulfonic acid-modified SBA-15 prepared using
one-step preparation strategy based on the co-condensation of
3-mercaptopropyltrimethoxysilane (MPTMS) and TEOS.
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strategy involved co-condensation of TEOS and CSPTMS
using Pluronic 123 as the templating agent under acidic
condition. Hydrolysis of chlorosulfonyl groups (-SO,CI) to
corresponding sulfonic acid groups was achieved under
acidic condensation conditions.

6 Mesoporous silica functionalized
with perfluorosulfonic acid
groups

Nafion, a polymeric perfluoroalanesulfonic acid, is an
extremely acidic and stable solid catalyst for a number of
organic reactions (Olah et al. 1986). Nafion contains termi-
nal sulfonic acid groups attached to a perfluoropolymeric
backbone (Harmer et al. 1998). The presence of elec-
tron-withdrawing F atoms in the structure significantly
increases the acid strength of the terminal sulfonic acid
groups, which becomes comparable to that of pure sulfu-
ric acid (Olah et al. 1986). However, the catalytic activity
of Nafion is far-off from optimal due to small surface area
of the perfluoroalkanesulfonic sites. In order to improve
the catalytic activity, de-polymerized Nafion was sup-
ported on high surface area silicas by Harmer et al. (1996).
These nanocomposite materials had large surface areas
(150-500 m?/g) and contained small (<100 nm) Nafion
particles captured in their porous silica frameworks.
However, the materials suffered from limited availability
of the acid groups due to the insufficient dispersion of the
resin within the silica pores (Harmer et al. 1998).

Alvaro et al. (2005) reported for the first time that
MCM-41 and SBA-15 could be functionalized with perfluo-
roalkyl sulfonic-acid groups, which is analogous to Nafion
by post-synthesis grafting of 1,2,2-trifluoro-2-hydroxy-1-
trifluoromethylethane sulfonic acid sultone (as precursor)
on the silica surface (Figure 13). This synthesis strat-
egy allows the preparation of hybrid organic-inorganic
mesoporous silica catalysts functionalized with perfluoro-
sulfonic-acid groups in a single-step process using a
method that was similar to the method first reported by
Harmer et al. (1996). The reaction would occur on the pre-
cursor with surface silanol groups by this mechanism,
opening up the sulfanyl ring and forming a covalent bond
between the silica framework and the perfluoroalkyl
chain with terminal sulfonic acid functional groups, as
confirmed by “F MAS NMR experiments. Hybrid materi-
als with high acid capacities of up to 0.5 mmol per gram
of the material were obtained. The attachment process
of active species retained the mesoscopic ordering and
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Figure 13: Preparation of Nafion-MCM-4 by functionalization through post-synthesis grafting of 1,2,2-trifluoro-2-hydroxy-1-trifluoromethyl-

ethane sulfonic acid sultone on the silica surface.

textural properties of the parent MCM-41 and SBA-15 mate-
rials. The simplicity of this method could be seen from a
single-step perfluoro sulfonic acid anchoring process and
this fact that the formation of the sulfonic group would be
achieved without oxidation step after the anchoring.

Martinez et al. (2008) functionalized SBA-15 with per-
fluoro sulfonic acid groups by a simple post-synthetic
impregnation procedure using 5 wt.% Nafion in an alco-
holic solution precursor. The acid capacity of Nafion/
SBA-15 would be increased up to 0.14 mmol/g. This was an
evidence for the successful incorporation of the organic
perfluorosulfonated resin over highly accessible reac-
tion location and not merely the entrapment within the
micropore system of the SBA-15.

6.1 Dispersing HPA on mesoporous silica
Heteropoly acids (HPA), H, XM 0, , where X is the central
atom (Si**, P>, etc.), x is its oxidation state and M the
metal ion (Mo®, W), are widely used as acid catalysts
due to their very strong Brgnsted acidity. They are hydro-
gen forms of heteropolyanion produced by the condensa-
tion of more than two types of oxoanion (Misono 2001).
The possible types of heteropolyanion are Keggin-type
polyanion, Dowson-type polyanion and disubstituted
polyanion.

Among a wide variety of heteropolyanions (HPANSs),
Keggin series are of greatest importance for catalysis. They
include quite rigid HPANSs, in which the original molecu-
lar formula is XM, ,0,, .. Keggin HPANs have three types of
outer oxygen atoms as potential protonation centers. They
include terminal oxygen (M=0) and two types of bridg-
ing oxygen, i.e. edge-sharing and corner-sharing M-O-M.
The detail structure of HPAs has been discussed elsewhere
(Kozhevnikov 1987, Kozhevnikov et al. 1994).

H,PW O, (PW) is the strongest HPA in the Keggin
series. It is totally deprotonated in aqueous solution
and partially deprotonated in polar organic solvents
(Kozhevnikov 1987). In solid HPA, proton takes part in
the formation of HPA crystal structure by connecting the

neighboring HPANs. In this case, the more accessible
terminal oxygen can be easily protonated (Brown et al.
1977). Thus, bulk proton sites in crystalline hexahydrate
H,PW_0, -6H,0 are demonstrated as a diaquahydrogen
ions (H,0,"), which links four neighboring HPANs by
forming hydrogen bonds with the terminal W=0 oxygen
as indicated by single-crystal X-ray and neutron diffrac-
tion data (Brown et al. 1977). Furthermore, by comparing
chemical shift values for the solid-state and solution 7O
NMR spectra, Kozhevnikov et al. (1995) investigated that in
dehydrated solid HPAs, the predominant protonation sites
are the terminal W=0 oxygen. The structure of proton sites
in dehydrated HPAs can be represented as shown in Figure
14. Such acid sites dominate in “pseudo-liquid phase”
conversions of polar molecules, and they are discussed in
great detail elsewhere (Misono 1987, Kozhevnikov 1995).
Both surface proton sites may be localized on the terminal
W=0 oxygen and the edge-bridging W-O-W oxygen on the
surface of HPANs. The latter can play a particularly impor-
tant role in supported HPA catalysts (Brown et al. 1977).
Although solid HPA catalysts have very strong Brgn-
sted acidity, they are non-porous materials with surface
areas below 10 m?/g and only few acid sites are present on
the external surface when nonpolar molecules like hydro-
carbons are reacted with them. In order to address this
problem down, HPW 0, (PW) has been supported on
neutral substances such as SiO, either by direct synthesis
or by post-synthesis method (Lefebvre 1992, Blasco et al.
1998, Izumi et al. 1999, Cardoso et al. 2004, Farhadi
et al. 2006, Said et al. 2007, Caetano et al. 2008, Canepa
et al. 2008, Mohammadpoor-Baltork et al. 2008). Based
on *P NMR study on a series of PW/SiO, catalysts, acidity

W=0---H\ H----0=W W=0----0=W
r 1
0----H----0ng | H
/ : '
W=0---H H----0=W W=0----0=W
A B

Figure 14: Proton site in a solid heteropoly acid forming a “pseudo-
liquid phase” of polar molecules: (A) H,PW ,0, hexahydrate and
(B) dehydrated H,PW,,0
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was found to increase with increasing HPA loading from
13 to 87 wt.%, and it was assigned to the bulk crystalline
PW and the “interacting” form (=Si-OH,)"(HPW 0, )"
(Mbaraka and Shanks 2005). The interacting species may
be formed by proton transfer according to the following

reaction:

H,PW,0, +=Si—OH — (=Si—~OH,)"(H,PW,0, )

The relative amount of the interacting form of acid
sites increased as HPA loading decreased. This observa-
tion was consistent with the reported result of Caetano
et al. (2008). They prepared heteropoly acids immobi-
lized on silica by direct synthesis method. The FTIR spec-
trum of the PW/SiO, showed stretching modes of oxygen
atom bond to tungsten and phosphorous (W=0, P-O)
and W-O-W edge. Although several researchers observed
that silica-included PW showed high activity and stabil-
ity (Izumi et al. 1999, Cardoso et al. 2004), there are some
pieces of evidence on the leaching of active PW from the
silica support when the supported catalysts (PW/SiO,)
were used for catalytic reactions (Cardoso et al. 2004). The
H,PW 0,  heteropoly acid immobilized on the other inert
supports such as activated clay, kenyaite and mesoporous
molecular sieve (HMS) was also investigated (Marme et al.
1998). It was found that the HPA supported on HMS was
the most active because of high dispersion of the HPA on
the mesoporous silica.

HPA supported on mesoporous silica has been devel-
oped using other types of mesostructured materials such
as MCM-41, SBA-15 and FSM (Mbaraka et al. 2003). The
acidity of heteropoly acid PW supported on MCM-41 pre-
pared through impregnation has been investigated using
MAS NMR and FTIR (Ghanbari-Siahkali et al. 2000). It was
found that the highly acidic PW protons interacted with
the host hydroxyls to form protonated hydroxyls. The
resulting PW anion interacting with local non-protonated
hydroxyls is as shown in Figure 15.

i
Son N
:‘ o + HPW.O0, —> \: H\Oﬁ“\
& OH ' X R %H [PW,,0,,]13"
o OH S—O<H
_on S—n
H

Figure 15: Interaction of PW with the silanol groups (Si-OH) within
the pores of MCM-41 materials with acidic PW protons interacting
with host hydroxyl groups to form protonated hydroxyls.
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The interaction between PW anion and local hydroxyl
and its dispersion were directly responsible in enhancing
the acidity of the system. This interaction might be recog-
nized as the interaction between a stronger Brgnsted acid
with a weaker Brgnsted acid in the solid phase. Moreover,
PW introduced into SBA-15 by direct synthesis was com-
pared with that produced by impregnation method (Yang
et al. 2005a). The direct synthesis involved dissolving
P123, TEOS, HCl and HPA under stirring at 313 K for 24 h in
a water bath, and the product was dried and subsequently
calcined. In the impregnation method, the dispersion
of HPA on SBA-15 was carried out by dissolving calcined
SBA-15 in HPA solution under stirring for 4 h, and then the
product was dried overnight and finally calcined. It was
found that the amount of acid sites of the fresh impreg-
nated catalyst was higher than that of the directly synthe-
sized catalyst. However, the directly synthesized catalyst
was more stable in acidic condition and had better struc-
tural regularity. On the other hand, the catalyst, MCM-48
impregnated with PW, showed high activity even after
several cycles of use (Sakthivel et al. 2008). The impreg-
nation method was also successfully used by the other
research groups to disperse HPA into SBA-15, MCM-41 and
FSM-16 (Kamalakar et al. 2006, Kumar et al. 2006, Revathi
et al. 2008).

7 Discussion and suggestion

Recent applications of acid-functionalized mesoporous
catalyst in esterification of fatty acid with glycerol to
produce monoglyceride are given in Table 7. Diaz et al.
(2001a,b) extensively studied the esterification of various
fatty acids (lauric acid and oleic acid) with glycerol over
optimized propylsulfonic-modified MCM-41 prepared by
direct synthesis route. They reported that the selectivity
to monoglyceride was improved by using propyl-SO,H-
MCM-41 catalyst synthesized using tetramethylammo-
nium hydroxide (TMOH) instead of sodium hydroxide.
A mixture of two surfactants with different chain lengths,
i.e. hexadecyltrimethylammonium bromide (C TAB) and
dodecyltrimethylammonium bromide (C_TAB), led to
better pore arrangement in the material as indicated by
narrower d reflections in the XRD pattern (Diaz et al.
2001c,d). This indicates that the surfactant with the short-
est chain —(C,,) would occupy the area in front of the
thiol group but no interaction occurred between them.
While the longest chain interacted with the wall Si-O-
groups, bromine anion would occupy the spaces in the
cationic heads of the surfactant for charge balance. The
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Table 7: Esterification of fatty acid with glycerol to produce monoglyceride in the presence of acid-functionalized mesoporous catalysts.

Mesoporous  Functional molecule, Synthesis method Time (h) Temperature Conv(%) Select./ References

silica modification agent 0) yield (%)

MCM-41 MPTMS Post-synthesis (grafting) 24 112 85 53 Bossaertetal. 1999

MCM-41 MPTMS Post-synthesis (coating) 24 112 75 47 Bossaertetal. 1999

HMS MPTMS Direct synthesis 10.2 112 80 52 Bossaertetal. 1999

MCM-41 MPTMS,(TMOH), Direct synthesis 24 100 80 60 Diazetal.2001b
(C,,TAB),(C,,TAB)

MCM-41 MPTMS,(TMOH), Direct synthesis 24 100 90 75 Diazetal.2001a
(C,(TAB), (C,, A

MCM-41 MPMTS, MTMS Direct synthesis 24 100 95 63 Zwierzykowski, 1998

SBA-15 MPTMS Direct synthesis 4 135 40 65 Diazetal. 2001a

SBA-12 MPTMS Direct synthesis 7 135 40 65 Diazetal.2001b

MCM-41 MPMDS Direct synthesis 8 100 85 59 Diazetal. 2003

MCM-41 VTES, MTES Direct synthesis 8 100 97 55 Diazetal. 2005

MCM-41 PTES, MTES Direct synthesis 24 120 95 35 Mohino etal. 2002

replacement of dodecyltrimethylammonium bromide
(CTAB) with an amine like n-dodecylamine (C, A) was
also studied (Diaz et al. 2001a,b). It was found that an
interaction between thiol group and amine polar head
took place as confirmed by the infrared spectroscopy. The
XRD pattern of the material prepared using (C,, A) showed
higher intensity of d_ . reflections than that obtained
using (C_TAB).

This indicated that amine group from the surfactants
had stronger influence to significantly increase the surface
area and pore volume. However, despite higher acid con-
tents, the activity of the catalysts synthesized using amine
as the surfactant was lower than that obtained using
amine-free gels, as given in Table 8. The lower activity of
the amine-derived catalysts was attributed to the greater
affinity for water as compared to that in amine-free sample
(Pérez-Pariente et al. 2003).

In order to improve both activity and selectivity to
monoglyceride, MCM-41 materials containing both alkyl
and sulfonic groups with increased hydrophobicity have
been synthesized (Da Silva-Machado et al. 2000a, Diaz
et al. 2000a). Sulfonic acid-functionalized MCM-41 con-
taining higher methyl group showed a reduction in the
amount of water adsorbed, indicating that the hydropho-
bic character of the surface increased with the content of
methyl groups. In the esterification of glycerol with lauric

(100)

acid for 24 h, a lauric acid conversion of 95% with 63%
monolaurin yield could be achieved using this functional-
ized MCM-41 catalyst.

The incorporation of phenyl and combined methyl/
phenyl groups in MCM-41 had been carried out by direct
synthesis method. The materials were further sulfonated
using two different sulfonation procedures, i.e. treatment
with chlorosulfonic acid and treatment with SO, vapor
(Mohino et al. 2002). It was found that both sulfonation
procedures eliminated some the organic contents of the
catalysts, especially the phenyl-incorporated catalysts.
The use of SO, vapor created slightly higher acid content
in the sulfonated material, while the treatment with chlo-
rosulfonic acid diminished the content of non-sulfonated
phenyl groups on the catalysts surface. Although the
phenyl sulfonic acid MCM-41 could achieve high oleic acid
conversion (95%), the monoolein selectivity in the esterifi-
cation of glycerol with oleic acid for 24 h reaction at 120°C
was rather low (35%) (Mohino et al. 2002).

MCM-41 materials had also been functionalized via
direct synthesis with 3-mercaptopropyl(methyl)dimeth-
oxysilane (MPMDS) in the presence of leucine amino
acid used as the co-structure directing agent (Diaz et al.
2003). The efficiency of the oxidation of thiol to sulfonic
acid group was found to be significantly enhanced by
the presence of leucine. In addition, both activity and

Table 8: Performance of MCM-41SO_H catalyst via selective esterification of lauric acid with glycerol to produce monolaurin.

Catalyst Surfactant H* (meq) Conversion (%) Monolaurin selectivity (%) References

MCM-41SO_H (C,,TAB), (C,,TAB) 1.33 80 60 Pérez-Pariente et al. 2003
MCM-41SO_H (C,,TAB) 1.37 96 40 Pérez-Pariente et al. 2003
MCM-41SO_H (C,,TAB), (C,, A 3.16 90 75 Pérez-Pariente et al. 2003
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monoglyceride selectivity were found to show a signifi-
cant increase. Diaz et al. (2005) also reported a new one-
step hydrothermal synthesis of MCM-41 material, which
contained two functionalities, i.e. vinyl and methyl moie-
ties, as well as a new material, chloromethyl-MCM-41. The
hydrophilic character of the surface of the catalyst pores
decreased when methyl groups were incorporated in addi-
tion to the active functional groups. The higher hydropho-
bic character of the catalysts containing methyl moieties
also led to higher selectivity to the monoglycerides at the
same acid conversion.

In order to accommodate bulky reactant molecules in
the esterification process of glycerol with fatty acid, Diaz
et al. (2001a,b) examined direct synthesis of SBA-15 and
SBA-12 mesostructured materials. These materials, which
had relatively larger pore size than MCM-type materials,
were then functionalized with MPTMS before being used
in the esterification process. The catalytic results showed
that the turnover number (TON) for MCM-41-based mate-
rial was higher than that of functionalized SBA-15. For
SO,HSBA-15, the low TON value was attributed to the pres-
ence of sulfonic groups located in structural micropores
of the silica walls. Low catalytic activity of SO,HSBA-
12 was attributed to the small size of the windows that
interconnect the large cavities. This observation was
found to be consistent with the severe pore blockage of
the structure as a consequence of the high population
of stacking faults as detected in this material (Huo et al.
1995, Zhou et al. 1998). Based on Table 9, most supported
catalysts were active in the range of 380-440 K of reac-
tion temperature, 2-16 wt.% of catalyst loading, 3:1-10:1
of glycerol/lauric acid molar ratio and 3-13 h of reaction
time.

We previously reported esterification of lauric acid
with glycerol using two different catalysts, i.e. SBA-15
functionalized with propyl sulfonic acid (HSO,SBA-15)
and SBA-15 functionalized with sulfated zirconia (SZSBA-
15) (Hermida et al. 2011). HSO,(1)SBA-15 and SZSBA-
15 were prepared through post-synthesis (grafting)
route. It was found that HSO,(1)SBA-15 catalyst achieved
higher lauric acid conversion and monoglyceride selec-
tivity under the same reaction conditions (Hermida et al.
2010), as shown in Table 7. This was due to the higher
mesopore surface area and the amount of available acid
sites of HSO_SBA-15 compared with those of SZSBA-15.
Although the average pore size of HSO,SBA-15 (67 )
was a bit smaller than that of SZSBA-15 (71 A), the pore
structure of HSO,SBA-15 catalyst was adequate for lauric
acid (with dimensions from 1.8 A to 17 A) to react with
glycerol to selectively produce monoglyceride. Further-
more, effects of preparation conditions of HSO,(1)SBA-15
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catalysts on the catalytic activity were studied using a
factorial design coupled with response surface analysis
(Hermida et al. 2012). Parameters of the preparation con-
ditions studied were the amount of MPTMS and reflux
time. It was found that the MPTMS amount was the most
critical factor in the catalyst preparations to eventually
affect the catalytic activity. The increase in the catalytic
activity of SBA-15-SO,H catalysts was attributed to an
increase in the mesopore area and the amount of propyl
sulfonic acid groups successfully grafted on the surface
of the catalysts.

Some points have been proposed regarding thermal
stability and reusability of acid-functionalized meso-
porous catalysts. The thermal stability of the catalyst
under the operating conditions is very important for suc-
cessful industrial application. The thermal stability of
propyl sulfonic acid-functionalized SBA-15 was studied
using thermal gravimetric analysis (TGA) by heating the
catalyst from 31°C to 800°C with a heating rate of 10°C/
min and air flow rate of 25 ml/min (Hermida et al. 2012). It
was found from the TGA result that the thermal gravimet-
ric profile of the catalyst had notable two steps of weight
loss. The first weight loss from 31 to 80°C was ascribed to
water removal, while the second weight loss at tempera-
tures from 300 to 650°C was mainly due to the decom-
position of the propyl sulfonic acid in the catalyst. There
was no change in the weight of the catalyst at 160°C. This
observation was comparable with that reported in the lit-
eratures (Margolese et al. 2000, Yang et al. 2005b) indicat-
ing that the catalyst should be stable for the esterification
of lauric acid with glycerol, which is usually carried out at
around 160°C.

Reusability of catalyst has to be considered in order
to get an efficient and cost-effective catalyst. A number
of reusability studies of acid-functionalized mesoporous
catalyst have been carried out (Zhiging and Wei 2008,
Kureshy et al. 2009). Reusability studies of tungsten func-
tionalized HMS catalyst (WOx/W-HMS) and propyl sul-
fonic acid-functionalized SBA-15 catalyst (HSO3SBA-15)
for selective oxidation of cyclopentene to glutaraldehyde
and for the synthesis of chromenes from chromanols
have been reported (Zhiging and Wei 2008, Kureshy et al.
2009). WO /W-HMS catalyst was found to be fairly reus-
able for up to five times without significant decreases in
conversion and product selectivity in the oxidation of
cyclopentene to glutaraldehyde at 35°C for 16 h (Zhiqging
and Wei 2008). Meanwhile, HSO,SBA-15 could be reused
for up to ten times in the synthesis of chromenes from
chromanols under reflux condition in toluene (Kureshy
et al. 2009). The reusability study of HSO,SBA-15 catalyst
for esterification of lauric acid and glycerol has also been
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reported (Hermida et al. 2011). They reported that, after
the first esterification run, the catalyst was filtered and
washed with toluene and then dried at 100°C. Then, the
catalyst was reused for the subsequent esterification runs
under the same reaction conditions. HSO,SBA-15 catalyst
was found to be reusable for up to five times without sig-
nificant loss of activity.

8 Conclusions

In this review paper, recently reported results concerning
the preparation of acid-functionalized mesoporous cata-
lysts, their characteristics as well as their recent appli-
cations in the esterification of fatty acid with glycerol
to produce monoglycerides are discussed. Mesoporous
molecular sieves (MMSs) such as MCM-41, SBA-15, HMS
etc. can be functionalized with aluminum, zirconium,
organosulfonic acid, perfluoro sulfonic acid and het-
eropoly acid either through direct synthesis or through
post-synthesis techniques. Microporous catalysts and
acid-functionalized mesoporous catalysts have been
investigated in order to demonstrate their capability, and
process behaviors have been elucidated. Their good activ-
ity is attributed to a fast diffusion and accessibility of fatty
acid to the internal pore structure of the mesoporous cata-
lysts to react with glycerol to produce monoglyceride. The
esterification reaction should occur in the internal pores
of the catalyst where most of the active acidic sites are
available. Meanwhile, the pore sizes of microporous cata-
lysts are generally smaller than the molecular dimension
of fatty acid. As such, esterification can only occur on the
external surface of the catalysts leading to the formation
of undesired bulkier molecules including diglycerides
and triglycerides. Functionalized mesoporous solid acid
catalysts with propyl sulfonic groups often demonstrate
good activity, stability and reusability for this process. The
successful application of functionalized solid acid mes-
oporous catalysts provides the opportunity to simplify the
reaction system. This will bring about significant reduc-
tions in the production costs and eliminates environmen-
tal hazards post by wastes that are commonly generated
by homogeneous catalytic reactions.

Nomenclature

A angstrom

BET Brunauer-Emmett-Teller
C fatty acid concentration
FTIR Fourier transform infrared
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Ce glycerol concentration

HPA heteropoly acids

HRTEM high resolution transmission electron microscope

A,2 mechanism of esterification reaction through alcohol

A2 mechanism of esterification reaction through carboxylic
acid

MPMDS mercaptopropyl(methyl)dimethoxysilane

MPTMS mercaptopropyltrialkoxylane

NMR nuclear magnetic resonance

PTES phenyltriethoxysilane

SEM scanning electron microscope

TEOS tetraethoxyorthosilicate

TGA thermogravimetric analysis

TEM transmission electron microscopy

TMA trimethyl aluminium

C,TAB  trimethylammonium bromides

TLCT true liquid-crystal template mechanism

XRD X-ray diffractometer
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