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The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is
based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of
the journals where such citations come from It
measures the scienti�c in�uence of the average article
in a journal, it expresses how central to the global

This indicator counts the number of citations received
by documents from a journal and divides them by the
total number of documents published in that journal.
The chart shows the evolution of the average number of
times documents published in a journal in the past two,
three and four years have been cited in the current year.
The two years line is equivalent to journal impact factor
™ (Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 1999 1.038
Cites / Doc. (4 years) 2000 0.921
Cites / Doc. (4 years) 2001 1.057
Cites / Doc. (4 years) 2002 1.323
Cites / Doc. (4 years) 2003 1.045
Cites / Doc. (4 years) 2004 0.804
Cites / Doc. (4 years) 2005 0.759
Cites / Doc. (4 years) 2006 1.075
Cites / Doc. (4 years) 2007 1.123
Cites / Doc. (4 years) 2008 1.134
Ci / D (4 ) 2009 1 680

Total Cites Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published
documents during the three previous years.

 
Journal Self-citation is de�ned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value
S lf Cit 1999 19

External Cites per Doc Cites per Doc

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-
citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations received
by the journal’s documents.
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% International Collaboration

International Collaboration accounts for the articles that
have been produced by researchers from several
countries. The chart shows the ratio of a journal's
documents signed by researchers from more than one
country; that is including more than one country
address.

Year International Collaboration
1999 9 76

Citable documents Non-citable documents

Not every article in a journal is considered primary
research and therefore "citable", this chart shows the
ratio of a journal's articles including substantial
research (research articles, conference papers and
reviews) in three year windows vs. those documents
other than research articles, reviews and conference
papers.

D t Y V l

Cited documents Uncited documents

Ratio of a journal's items, grouped in three years
windows, that have been cited at least once vs. those
not cited during the following year.

Documents Year Value
Uncited documents 1999 51
Uncited documents 2000 77
Uncited documents 2001 76
Uncited documents 2002 64

← Show this widget in
your own website

Just copy the code below
and paste within your html
code:

<a href="https://www.scimag

1999 2002 2005 2008 2011 2014 2017

0

0.4

0.8

1.2

Cites / Doc. (4 years)
Cites / Doc. (3 years)
Cites / Doc. (2 years)

1999 2002 2005 2008 2011 2014 2017

0.5

1

1.5

2

2.5

3

1999 2002 2005 2008 2011 2014 2017

0

200

400

1999 2002 2005 2008 2011 2014 2017

0

0.9

1.8

2.7

1999 2002 2005 2008 2011 2014 2017

0

20

40

1999 2002 2005 2008 2011 2014 2017

0

100

200

1999 2002 2005 2008 2011 2014 2017

0

100

200



11/14/2020 Ozone: Science and Engineering

https://www.scimagojr.com/journalsearch.php?q=13656&tip=sid&clean=0 3/4

Metrics based on Scopus® data as of April 2020

Leave a comment

Name  

Email
 

(will not be published)

 

Submit

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

speci�c 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.

Developed by:
 

 

Powered by:
 

Follow us on @ScimagoJR
 

reCAPTCHA
I'm not a robot

Privacy  - Terms

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


11/14/2020 Ozone: Science and Engineering

https://www.scimagojr.com/journalsearch.php?q=13656&tip=sid&clean=0 4/4

Scimago Lab, Copyright 2007-2020. Data Source: Scopus®

http://www.scimagolab.com/
http://www.scopus.com/


11/14/2020 Ozone: Science & Engineering Editorial Board

https://www.tandfonline.com/action/journalInformation?show=editorialBoard&journalCode=bose20 1/3



Home   All Journals   Ozone: Science & Engineering   Editorial Board

Journal

The Journal of the International Ozone Association

Ozone: Science & Engineering 

About this journal 

Editorial board

EDITOR-IN-CHIEF 
Barry L. Loeb 
Ozone: Science & Engineering/Ozone News  

9731 Pebble View Drive  

Cincinnati, OH 45252  

Phone/Fax: (1) 513.385.3906 

ASSOCIATE EDITORS
Dr. Koji Kosaka   
National Institute of Public Health   

Saitama, Japan

Professor Dr. J. (Hans) van Leeuwen  

Iowa State University  

Ames, IA

Prof. Chedly Tizaoui  
Swansea University  

Swansea, UK

EDITORIAL BOARD 

 Log in  |  Register



https://www.tandfonline.com/action/showCart?FlowID=1
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/toc/bose20/current
mailto:blloeb@fuse.net
https://www.tandfonline.com/
https://www.tandfonline.com/action/showLogin?uri=%2Faction%2FjournalInformation%3Fshow%3DeditorialBoard%26journalCode%3Dbose20
https://www.tandfonline.com/action/registration?redirectUri=%2F


11/14/2020 Ozone: Science & Engineering Editorial Board

https://www.tandfonline.com/action/journalInformation?show=editorialBoard&journalCode=bose20 2/3

Prof. Dr. F.J. Beltrán – Universidad de Extremadura, Spain  

Prof. Dr. Andrzej K. Bin – Warsaw Univ. of Technology, Poland  

Dr. W.J. Blogoslawski – Marine Ozone Technology, USA  

Dr. L.J. Bollyky – Bollyky Associates, USA  
Prof. Joseph De Laat – Ecole Nationale Superieure d'Ingenieurs de Poitiers, France  

Dr. Andras Dombi – University of Szeged , Hungary  

Dr. J.-P. Duguet – Veolia Environment Recherché & Inovation, France  

Dr. Michael S. Elovitz – USEPA, USA  

Prof. Dr. Andreas Filippi – University of Basel, Switzerland  

Prof. Dr. Nigel J.D. Graham – Imperial College of Science, Technology & Medicine, UK  

Dr. Keisuke Ikehata – Texas State University, USA  

Dr. Saad Y. Jasim – SJ Environmental Consultants, Inc, Canada  

Dr. Joon-Wun Kang; – Yonsei University, Korea  

Prof. Stanislaw Ledakowicz – Technical University of Lodz, Poland  

Prof. Bernard Legube – Universit de Poitiers, France  
Pierre-André Liechti  – Consultant, Switzerland  
Prof. Dr. Jun Ma – Harbin Institute of Technology, China  

Dr. James P. Malley, Jr. – University of New Hampshire, USA  

Dr. Philip Mollica – American College of Integrative Medicine and Chemistry, USA  

Dr. Nahed Msayleb – Tyre Coast Nature Preserve, Lebanon  

Prof. Dr. Katsuhiko Nakamuro – Setsunan University, Japan  

Prof. Dr. Wataru Nishijima – Hiroshima University, Japan  

Dr. Fumitake Nishimura – Kyoto University, Japan  

Dr. Thais Paes Rodrigues Dos Santos – College of Agronomic Science, Sao Paulo State
University (UNESP), Brazil  
Dr. Ravi Pandiselvam – ICAR-Central Plantation Crops Research Institute, India  

Dr. Achim Ried – Xylem Watersolutions Herford, GmbH, Germany  

Prof. Dr. Michel Roustan – INSA, France  

Prof. Emeritus Daniel W. Smith – University of Alberta, Canada  

Prof. Dr. Valdés Morales – Universidad Católica de la Santísma Concepción, Chile  

Dr. Renate Viebahn – Medical Society for Ozone, Germany  

Dr. Frédéric Violleau  – Ecole d'Ingénieurs de PURPAN, France  

Prof. Dr. Urs Von Gunten – EAWAG, Switzerland  

Prof. Linsheng Wei – School of Resources, Nanchang University, China  

Prof. Emeritus Chobei Yamabe – Saga University, Japan  

 



11/14/2020 Ozone: Science & Engineering Editorial Board

https://www.tandfonline.com/action/journalInformation?show=editorialBoard&journalCode=bose20 3/3

 

Information for

Authors

Editors

Librarians

Societies

Open access

Overview

Open journals

Open Select

Cogent OA

Dove Medical Press

F1000Research

Help and info

Help & contact

Newsroom

Commercial services

Advertising information

All journals

Books

 Sign me up

  

 

Keep up to date

Register to receive personalised research and resources
by email

Copyright © 2020 Informa UK Limited Privacy policy Cookies Terms &

conditions Accessibility

Registered in England & Wales No. 3099067 
5 Howick Place | London | SW1P 1WG

http://authorservices.taylorandfrancis.com/
http://editorresources.taylorandfrancisgroup.com/
https://www.tandfonline.com/page/librarians
https://www.tandfonline.com/societies
https://www.tandfonline.com/openaccess
https://www.tandfonline.com/openaccess/openjournals
https://www.tandfonline.com/openaccess/openselect
https://www.tandfonline.com/openaccess/cogentoa
https://www.tandfonline.com/openaccess/dove
https://www.tandfonline.com/openaccess/f1000
https://help.tandfonline.com/
https://newsroom.taylorandfrancisgroup.com/
https://taylorandfrancis.com/partnership/commercial/
https://taylorandfrancis.com/partnership/commercial/advertising-solutions/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.routledge.com/?utm_source=website&utm_medium=banner&utm_campaign=B004808_em1_10p_5ec_d713_footeradspot
https://taylorandfrancis.formstack.com/forms/tfoguest_signup
http://facebook.com/TaylorandFrancisGroup
https://twitter.com/tandfonline
http://linkedin.com/company/taylor-&-francis-group
https://www.youtube.com/user/TaylorandFrancis
http://www.weibo.com/tandfchina
https://informa.com/privacy-policy/
https://www.tandfonline.com/cookies
https://www.tandfonline.com/terms-and-conditions
https://www.tandfonline.com/accessibility
http://taylorandfrancis.com/


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 1/7



About this journal 

Latest articles

Article
Enhancement of Combustive Removal of Soot at Low Temperatures (~ 150 °C)
Using Ozone as an Oxidant and Potassium-Substituted Lanthanum Manganite as a
Catalyst

Lee et al.

Published online: 5 Nov 2020



Article

Ozonized Water in the Preconditioning of Corn Seeds: Physiological
Quality and Field Performance 


   Subscribe     RSS

Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1


https://www.tandfonline.com/action/showCart?FlowID=1
https://www.tandfonline.com/doi/full/10.1080/01919512.2020.1839378
https://www.tandfonline.com/doi/full/10.1080/01919512.2020.1836472
https://www.tandfonline.com/
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 2/7

View more

See all volumes and issues

  



Monteiro et al.

Published online: 3 Nov 2020

Inactivation of Bacterial Spores on Polystyrene Substrates Pre-exposed to Dry
Gaseous Ozone: Mechanisms and Limitations of the Process

Levif et al.

Published online: 3 Nov 2020



Article

Degradation Treatment of Concentrated Landfill Leachate by Catalytic
Ozonation in a Microbubble Reactor

Tang et al.

Published online: 3 Nov 2020





Vol 42, 2020  Vol 41, 2019  Volume 40, 2018



 

 

   Subscribe     RSS
Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1



https://www.tandfonline.com/action/showAxaArticles?journalCode=bose20
https://www.tandfonline.com/loi/bose20
https://www.tandfonline.com/doi/full/10.1080/01919512.2020.1836608
https://www.tandfonline.com/doi/full/10.1080/01919512.2020.1839738
https://www.tandfonline.com/action/tocQuickLink?quickLinkJournal=bose20&quickLinkId=vbose20-42
https://www.tandfonline.com/action/tocQuickLink?quickLinkJournal=bose20&quickLinkId=vbose20-41
https://www.tandfonline.com/action/tocQuickLink?quickLinkJournal=bose20&quickLinkId=vbose20-40
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 3/7

 Download citations  Download PDFs

Ozone: Science & Engineering, Volume 40, Issue 1
(2018)

Editorials

Articles

Editorial
Editorial
Harvey M. Rosen Memorial Award

Barry L. Loeb

Pages: 1-2

Published online: 11 Dec 2017

259
Views

0
CrossRef citations

0
Altmetric



Article
Forty Years of Advances in Ozone Technology. A Review of
Ozone: Science & Engineering

Barry L. Loeb

Pages: 3-20

Published online: 30 Oct 2017

567
Views

14
CrossRef citations

0
Altmetric



Article
Catalytic Decomposition of Airborne Ozone by MnCO  and its
Mechanism

Jingbo Jia & Pengyi Zhang

Pages: 21-28

Published online: 22 Jun 2017

3




   Subscribe     RSS
Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1



https://www.tandfonline.com/doi/full/10.1080/01919512.2018.1401888
https://www.tandfonline.com/doi/full/10.1080/01919512.2018.1401888
https://www.tandfonline.com/author/Loeb%2C+Barry+L
https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1383129
https://www.tandfonline.com/author/Loeb%2C+Barry+L
https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1328272
https://www.tandfonline.com/author/Jia%2C+Jingbo
https://www.tandfonline.com/author/Zhang%2C+Pengyi
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 4/7

369
Views

5
CrossRef citations

0
Altmetric

Article
Mechanism and Kinetic Study on Elemental Mercury Oxidation
in Flue Gas by Ozone Injection

Zhengcheng Wen, Zhihua Wang, Yuan Li & Kefa Cen

Pages: 29-36

Published online: 28 Jun 2017

158
Views

4
CrossRef citations

0
Altmetric



Article
Ozonated Olive Oil with a High Peroxide Value for Topical
Applications: In-Vitro Cytotoxicity Analysis with L929 Cells

Yasemin Günaydın, Handan Sevim, Deniz Tanyolaç & Özer A. Gürpınar

Pages: 37-43

Published online: 27 Jul 2017

414
Views

3
CrossRef citations

4
Altmetric



Article
Combination of Dyeing Method and Ozone After-Treatment to
Apply Natural Dyes on to Cotton Fabrics

Hüseyin Benli & M. İbrahim Bahtiyari

Pages: 44-53

Published online: 18 Jul 2017

276
Views

2
CrossRef citations

0
Altmetric



Article

   Subscribe     RSS
Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1



https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1330134
https://www.tandfonline.com/author/Wen%2C+Zhengcheng
https://www.tandfonline.com/author/Wang%2C+Zhihua
https://www.tandfonline.com/author/Li%2C+Yuan
https://www.tandfonline.com/author/Cen%2C+Kefa
https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1341832
https://www.tandfonline.com/author/G%C3%BCnayd%C4%B1n%2C+Yasemin
https://www.tandfonline.com/author/Sevim%2C+Handan
https://www.tandfonline.com/author/Tanyola%C3%A7%2C+Deniz
https://www.tandfonline.com/author/G%C3%BCrp%C4%B1nar%2C+%C3%96zer+A
https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1336926
https://www.tandfonline.com/author/Benli%2C+H%C3%BCseyin
https://www.tandfonline.com/author/Bahtiyari%2C+M+%C4%B0brahim
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 5/7

Explore

Better Lime Purification of Raw Sugar Beet Juice by Advanced
Fenton Oxidation Process

Saadi Gharib-Bibalan, Javad Keramat & Nasser Hamdami

Pages: 54-63

Published online: 27 Jul 2017

160
Views

4
CrossRef citations

0
Altmetric



Article
Ozone Cleaning of Fouled Poly(Vinylidene) Fluoride/Carbon
Nanotube Membranes

Jono Suhartono & Chedly Tizaoui

Pages: 64-75

Published online: 27 Jul 2017

134
Views

1
CrossRef citations

0
Altmetric



  Most cited articles  Open access articles

Article

Development of a Practical Method for Using Ozone Gas as a Virus
Decontaminating Agent

Hudson et al.

Volume 31, 2009 - Issue 3
Published online: 27 May 2009

Views: 42580





Most read articles

   Subscribe     RSS
Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1



https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1345617
https://www.tandfonline.com/author/Gharib-Bibalan%2C+Saadi
https://www.tandfonline.com/author/Keramat%2C+Javad
https://www.tandfonline.com/author/Hamdami%2C+Nasser
https://www.tandfonline.com/doi/full/10.1080/01919512.2017.1345618
https://www.tandfonline.com/author/Suhartono%2C+Jono
https://www.tandfonline.com/author/Tizaoui%2C+Chedly
https://www.tandfonline.com/doi/full/10.1080/01919510902747969
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 6/7

Article

Degradation of Aqueous Pharmaceuticals by Ozonation and Advanced
Oxidation Processes: A Review

Ikehata et al.

Volume 28, 2006 - Issue 6
Published online: 24 Feb 2007

Views: 18873



Article

Ozone Contribution in Food Industry in Japan

Naito et al.

Volume 28, 2006 - Issue 6
Published online: 24 Feb 2007

Views: 5459



Article

Ozone Oxidation of Endocrine Disruptors and Pharmaceuticals in
Surface Water and Wastewater

Snyder et al.

Volume 28, 2006 - Issue 6
Published online: 24 Feb 2007

Views: 4189







   Subscribe     RSS
Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1



https://www.tandfonline.com/doi/full/10.1080/01919510600985937
https://www.tandfonline.com/doi/full/10.1080/01919510600987347
https://www.tandfonline.com/doi/full/10.1080/01919510601039726
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


11/14/2020 Ozone: Science & Engineering: Vol 40, No 1

https://www.tandfonline.com/toc/bose20/40/1 7/7

View more

Information for

Authors

Editors

Librarians

Societies

Open access

Overview

Open journals

Open Select

Cogent OA

Dove Medical Press

F1000Research

Help and info

Help & contact

Newsroom

Commercial services

Advertising information

All journals

Books

 Sign me up

  

 

Keep up to date

Register to receive personalised research and resources
by email

Copyright © 2020 Informa UK Limited Privacy policy Cookies Terms &

conditions Accessibility

Registered in England & Wales No. 3099067 
5 Howick Place | London | SW1P 1WG


   Subscribe     RSS

Home   All Journals   Ozone: Science & Engineering   List of Issues   Volume 40, Issue 1


https://www.tandfonline.com/action/showMostReadArticles?journalCode=bose20
http://authorservices.taylorandfrancis.com/
http://editorresources.taylorandfrancisgroup.com/
https://www.tandfonline.com/page/librarians
https://www.tandfonline.com/societies
https://www.tandfonline.com/openaccess
https://www.tandfonline.com/openaccess/openjournals
https://www.tandfonline.com/openaccess/openselect
https://www.tandfonline.com/openaccess/cogentoa
https://www.tandfonline.com/openaccess/dove
https://www.tandfonline.com/openaccess/f1000
https://help.tandfonline.com/
https://newsroom.taylorandfrancisgroup.com/
https://taylorandfrancis.com/partnership/commercial/
https://taylorandfrancis.com/partnership/commercial/advertising-solutions/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.routledge.com/?utm_source=website&utm_medium=banner&utm_campaign=B004808_em1_10p_5ec_d713_footeradspot
https://taylorandfrancis.formstack.com/forms/tfoguest_signup
http://facebook.com/TaylorandFrancisGroup
https://twitter.com/tandfonline
http://linkedin.com/company/taylor-&-francis-group
https://www.youtube.com/user/TaylorandFrancis
http://www.weibo.com/tandfchina
https://informa.com/privacy-policy/
https://www.tandfonline.com/cookies
https://www.tandfonline.com/terms-and-conditions
https://www.tandfonline.com/accessibility
http://taylorandfrancis.com/
http://mc.manuscriptcentral.com/bose
https://www.tandfonline.com/pricing/journal/bose20
https://www.tandfonline.com/action/doUpdateAlertSettings?action=addJournal&journalCode=bose20&referrer=%252Ftoc%252Fbose20%252F40%252F1&anti-forgery-token=53a349be-bf08-41c4-96fb-fc7d6f1b2092
https://www.tandfonline.com/feed/rss/bose20
https://www.tandfonline.com/
https://www.tandfonline.com/action/showPublications?pubType=journal
https://www.tandfonline.com/toc/bose20/current
https://www.tandfonline.com/loi/bose20


Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=bose20

Download by: [203.210.84.192] Date: 08 August 2017, At: 02:48

Ozone: Science & Engineering
The Journal of the International Ozone Association

ISSN: 0191-9512 (Print) 1547-6545 (Online) Journal homepage: http://www.tandfonline.com/loi/bose20

Ozone Cleaning of Fouled Poly(Vinylidene)
Fluoride/Carbon Nanotube Membranes

Jono Suhartono & Chedly Tizaoui

To cite this article: Jono Suhartono & Chedly Tizaoui (2017): Ozone Cleaning of Fouled
Poly(Vinylidene) Fluoride/Carbon Nanotube Membranes, Ozone: Science & Engineering, DOI:
10.1080/01919512.2017.1345618

To link to this article:  http://dx.doi.org/10.1080/01919512.2017.1345618

Accepted author version posted online: 29
Jun 2017.
Published online: 29 Jun 2017.

Submit your article to this journal 

Article views: 11

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=bose20
http://www.tandfonline.com/loi/bose20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/01919512.2017.1345618
http://dx.doi.org/10.1080/01919512.2017.1345618
http://www.tandfonline.com/action/authorSubmission?journalCode=bose20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=bose20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/01919512.2017.1345618
http://www.tandfonline.com/doi/mlt/10.1080/01919512.2017.1345618
http://crossmark.crossref.org/dialog/?doi=10.1080/01919512.2017.1345618&domain=pdf&date_stamp=2017-06-29
http://crossmark.crossref.org/dialog/?doi=10.1080/01919512.2017.1345618&domain=pdf&date_stamp=2017-06-29
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Membranes
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ABSTRACT
This research demonstrates for the first time that ozone is an effective cleaning agent for
polyvinylidene fluoride (PVDF) membranes fouled by natural organic matter (NOM). Bare PVDF
membranes as well as PVDF impregnated with CNTs (pristine (CNTs–P) and oxidized (CNTs–O))
at 0.3% mass membranes were used. Three different methods were investigated for cleaning
the fouled membranes including; A: 10-min cleaning by pure water, B: 5-min water followed
by 5-min ozonated water, and C: 10-min fully ozonated water. It was found that the applica-
tion of fully ozonated water for 10 min was very effective to reinstate the flux to almost its
original value of unfouled membrane. The CNTs–P/PVDF membrane exhibited the highest
fouling with a total fouling ratio of 81%, while for the bare PVDF and the CNTs–O/PVDF
membranes, the fouling ratios were 76% and 74%, respectively. The full ozonated water
cleaning method gave the highest removal of fouling leaving the lowest irreversible fouling
on the membrane as compared to the other cleaning methods. On the other hand, the
highest removal of NOM fouling was obtained for CNTs–O/PVDF membranes indicating that
fouling on CNTs–O/PVDF membrane was less bound than the other membranes. Contact
angle measurements of the fouled membranes showed that all membranes exhibited
increased contact angles due to the NOM deposition but after cleaning, particularly with
ozonated water, the membrane contact angles returned to almost their original values. FTIR
analysis of the membranes corroborated the results obtained.
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Introduction

Membrane fouling leads to operational failure where
the permeate flow constantly decreases due to the
adherence of different foulants to the membrane sur-
face. Among membrane foulants, organic fouling is a
serious problem in membrane-based water treatment.
Organic fouling can occur via adsorption at molecu-
lar level, deposition or cake formation of organic
colloids, and pore restriction or blocking by mole-
cules that penetrate into the membrane (Schäfer et al.
2005). Among many potential organic foulants, nat-
ural organic matter (NOM) is one of the most com-
mon and problematic foulants in surface water
(Zazouli et al. 2008). The amount and the physical
and chemical properties of NOM greatly vary with
climate and the hydrological regime as well as a
number of other environmental factors (Sharp,
Parsons, and Jefferson 2006). The presence of NOM
in surface water is hence inevitable and may generate

problems in water treatment plants all the way to
consumers (Metsämuuronen et al. 2014).

Appropriate membrane selection, pre-treatment
process, applied operating design and conditions are
all recognized as methods to control membrane fouling
(Vatanpour et al. 2011). However, all the preceding
efforts cannot prevent fouling, and cleaning methods
will always be employed in practice (Mulder 1996). The
most important cleaning methods use chemicals where
a number of individual chemicals, or in combination at
given concentrations, are used to clean the membrane.
Chemicals such as scale inhibitors, biocides, and sur-
factants are used to clean and control fouling in mem-
branes. These chemicals can be expensive, have adverse
effects on the quality of water, reduce membrane life-
time, and difficult to remove from within the pores and
membrane surface.

Commonly, sodium hydroxide solutions are applied
to remove organic and microbial foulants (Liu et al.
2001) but certain membrane types such as cellulose or

CONTACT Chedly Tizaoui c.tizaoui@swansea.ac.uk Systems and Process Engineering Research Centre, College of Engineering, Bay Campus, Swansea
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Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/BOSE.
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polyvinylidene fluoride membranes might react with
caustic resulting in degradation of the membrane’s
active layer. Cellulose-based membranes have to be
used under a limited pH range to prevent their hydro-
lysis (Liu et al. 2001), while in the presence of a base,
especially sodium hydroxide, PVDF membranes dehy-
drofluorinate, which results in large membrane defects
and crazing (Bottino, Capannelli, and Comite 2006).

The properties of polymeric membranes could be
enhanced by the addition of fillers such as carbon
nanotubes (CNTs). CNTs have low density, high aspect
ratio, and extraordinary mechanical properties that
make them particularly attractive as reinforcements in
composite materials (Spitalsky et al. 2010). The pre-
sence of CNTs in polymeric materials also increases
membrane fluxes and improves membrane rejection
of water solutes (Suhartono and Tizaoui 2015).
Although, impregnation of CNTs into polymeric mem-
branes provides useful membrane properties, mem-
brane fouling remains an issue.

With these issues in mind, there is clearly a need for
new cleaning agents that provide efficient removal of
organic foulants, while being benign towards selected
membrane materials. A promising chemical agent in
cleaning NOM-fouled membranes is ozone, which is a
well-known oxidant being used effectively in water
treatment for over a century now. In this study, ozone
cleaning of different types of PVDF membranes was
studied for the first time. This study is significant as it
provides a novel and effective cleaning method for
fouled PVDF membranes.

Materials and methods

Poly(vinylidene) fluoride (PVDF) was chosen as the
membrane material due to its high compatibility to
ozone. PVDF (Kynar 761) powder was a gift from
Arkema, Ltd., and its properties are provided in
Table 1.

Pristine multiwalled carbon nanotubes (CNTs-P)
were purchased from Sigma Aldrich, UK, while plasma
oxidized multiwalled carbon nanotubes (CNTs-O) were
kindly supplied by Haydale, Ltd. Both of the CNTs
were used as received without any further treatment.
Properties of both CNTs are shown in Table 2.

N-methyl-2-pyrolidone (NMP, C5H9NO) was cho-
sen as the polymer solvent due to its high ability in
dissolving PVDF polymer and also being effective in
dispersing carbon nanotubes. Analytical grade NMP
was purchased from Sigma Aldrich, UK (99% purity,
99.13 g/mol) and used without any further purification.
Humic acid (HA) representative of NOM was pur-
chased from Sigma Aldrich UK. Deionized (DI) water
from a Milli-Q water purification system (Millipore,
UK) was used for all experiments.

Membrane fabrication was described elsewhere
(Suhartono and Tizaoui 2015). Briefly, the method
involved: CNT dispersion in NMP, homogenization of
PVDF/CNT matrix, and fabrication of PVDF/CNT
membrane by the immersion precipitation method.

Three different membrane types, pure PVDF, 0.3%
mass CNTs-P/PVDF and 0.3% mass CNTs-O/PVDF,
were fabricated and used in this study. Membrane fouling
was made by filtering a 1 g/L HA solution at pH 7 for
approximately 7 h and before each fouling experiment,
the membranes were tested for their initial pure water
flux. The Transmembrane Pressure (TMP) and retentate
flowrate were set at 3.85 bar and 1 L/min, respectively.

Membrane cleaning was performed using three differ-
ent methods: (A) membrane cleaning with 10 L of DI
water only, (B) membrane cleaning with 5 L of DI water
followed by 5 L of ozonated DI water (3 mgO3/L) and (C)
membrane cleaning with 10 L of ozonated DI water (3 mg
O3/L). The membrane cleaning operation was operated at
similar TMP and retentate flowrate as the membrane
fouling operation. Ozone concentration for membrane
cleaning was set at 3 mg/L and monitored with a
Dissolve Ozone System (Analytical Technology, Inc.,
Collegeville, PA, USA). The membrane cleaning perfor-
mances were evaluated by calculating membrane flux
using the following sequence of equations:

Jw;i; Js or Jw;ac ¼ V
At

½1�

Where Jw;i, Js, and Jw;ac are the initial pure water flux,
solute flux, and water flux after membrane cleaning
(L/m2.h). V is volume of permeate (L) at each stage, A
is membrane area (m2) and t is the operating time (h).
The membrane flux recovery ratio (RR) and fouling
indicators were calculated using:

Table 1. Physical properties of Kynar® 761.
Material form Powder

Material Color White
Melt Viscosity, 232 °C (Kps) 27
Solution Viscosity, 20 °C (cps) 400
Specific Gravity, 23 °C 1.77 – 1.79
Water Absorption, Immersion/24 h (%) 0.01 – 0.03
Melting Temperature (°C) 162 – 172

Table 2. Physical properties of CNTs.
Physical properties CNTs-P CNTs-O

Carbon Content (%) > 95 96.08
Outer Diameter (nm) 6–9 ~13–16
Length (μm) 5 ~1
Bulk Density (g/cm3) 0.22 ~0.19
Oxygen Content (%) NA 3.5 – 4
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RR %ð Þ ¼ Jw;ac
Jw;i

� 100% ½2�

Rt ¼ Jw;i � JS
Jw;i

� �
� 100% ½3�

Rr ¼ Jw;ac � JS
Jw;i

� �
� 100% ½4�

Rir ¼ Jw;i � Jw;ac
Jw;i

� �
� 100% ½5�

where Rt is total fouling ratio, Rr is reversible fouling
ratio, and Rir is irreversible fouling ratio.

NOM concentrations were measured by a UV–Vis
spectrophotometer (Agilent 8453, Agilent Technology,
UK) using a pre-determined calibration curve at a
wavelength of 254 nm. The membrane wettability was
determined by contact angle measurements with a DAT
1100 (Fibro System AB, Sweden) using 4 μL of DI water
as the wetting liquid. The measurement of the contact
angle was made 12 s after the wetting liquid was
dropped on the membrane surface, and the values
were presented as averages of five readings. The mole-
cular structure of the clean and fouled membrane sur-
face was determined by a universal sampling attenuated
total reflectance (ATR) combined with Fourier
Transform Infrared (FTIR) spectroscopy (Frontier
FTIR Spectrometer, PerkinElmer, UK).

Results and discussion

NOM-fouled membranes

Membrane flux
The initial pure water flux of the membranes is shown
in Table 3, while the flux decline trend during fouling is
shown in Figure 1. All fouled membranes exhibited
significant rapid flux decreases by up to 69%, 79%
and 51% after only 2 min of operation for bare
PVDF, CNTs-P/PVDF and CNTs-O/PVDF

membranes, respectively. Following this rapid fouling
period, the membrane fluxes slowly dropped until
reaching constant values after approximately 2 h of
operation. The precipitous drop in permeate flux is
the result of rapid interaction between NOM and the
membrane surface to form a cake layer and possibly
clogging of the internal pores of the membranes (Cho,
Amy, and Pellegrino 1999).

Interestingly, Figure 1 shows that the CNTs–P/
PVDF membrane exhibited a higher decreasing flux
than the other membrane types. The addition of
CNTs in PVDF membranes was projected to increase
the membrane electronegativity and increase the mem-
branes performance in repelling NOMs, which are
negatively charged compounds at higher pHs.
However, the high NOM hydrophobic fraction in
Aldrich humic acid appears to result in higher hydro-
phobic interactions with the membrane. It is known
that CNTs-P has high hydrophobic characteristics
where their contact angle was approximately 105°
(Werder et al. 2001). Thus, higher membrane hydro-
phobic character was obtained for the impregnated
CNTs-P membrane than the bare PVDF membrane,
which increases fouling.

Hydrophobic attraction is a natural tendency
between membranes and solutes with a similar struc-
ture (“like attracts likes” interactions are generated
from van der Waals force between molecules). The
van der Waals cohesive energy for a 12-C organic
segment is approximately 30 kJ/mol, which exceeds
the electrostatic repulsion energy from dissociation of

Table 3. Pure water membrane fluxes (TMP of 3.85 bar, 1 L/min
constant retentate flowrate).
Membrane Pure water flux (L/m2.h)

Bare PVDF membrane 92.5
CNTs-P/PVDF membrane 101.8
CNTs-O/PVDF membrane 112.0

0
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PVDF membrane

CNTs -P/PVDF membrane

CNTs -O/PVDF membrane

Figure 1. Membrane flux trends of 1 g/L NOM feed solutions filtered at a TMP of 3.85 bar, 1 L/min constant retentate flowrate, and pH 7.
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one charge group (Liu et al. 2001). Thus, hydrophobic
adhesion will start to overcome the energy of electro-
static repulsion when the ratio of C-atoms to charged
functional groups is greater than 12. This produces
adhesion of solutes onto the membrane surface. These
hydrophobic attractions were the main effects respon-
sible for generating fouling of the membrane surface,
and hence reducing the membrane electrostatic repul-
sion of CNT-impregnated PVDF membranes.

Membrane rejection
According to Figure 2, CNT impregnated membranes
show an improvement in the rejection of NOM as
compared to the bare PVDF membrane following the
order CNTs-O/PVDF > CNTs-P/PVDF > bare PVDF
membrane. The rejections at 50 mL permeate were
78%, 82% and 88% for bare PVDF membrane, CNTs–
P/PVDF membrane, and CNTs–O/PVDF membrane,
respectively (Figure 2). As permeation is extended, the
rejections dropped slightly to reach at 200 mL permeate
70%, 74% and 84% for the same order of membranes
used. The slight decrease of membrane rejection for
longer operation could be explained by escaping frac-
tions of the foulant which absorb UV254. On the other
hand, the higher NOM rejection observed in CNTs/
PVDF membranes may be caused by stronger mem-
brane electronegativity imparted by the CNTs, which
improves the membrane ability to repel negatively
charged NOM molecules. Moreover, the addition of
carbon materials into the membrane matrix could
improve the adsorption ability of the membrane for
NOM and hence increase NOM rejection.

Membrane cleaning

The fouled membranes were cleaned by three different
methods which were cleaning by water (method A),
cleaning by water and followed by 3 mg/L ozonated

water (method B), and cleaning by only 3 mg/L ozo-
nated water (method C). Each cleaning method was
conducted using a 1 L/min flowrate for 10 min in a
single pass (i.e., the cleaning solution was not returned
into the feed tank). The applied ozone concentration in
the water for membrane cleaning was set at 3 mg/L.

Cleaned membrane flux profile
Once the membrane has been cleaned using either
method A, B or C, pure water was passed through
the membrane for 30 min. The changes of flux with
time for fresh, fouled and cleaned membranes are
shown in Figure 3 and the flux recovery ratios (RR)
of cleaned membranes using the three different meth-
ods are shown in Table 4. The ozone cleaning (method
C) gave the highest flux recovery as shown in both
Table 4 and Figure 3. The flux of the bare PVDF
membrane was increased from 22 L/m2.h for the
fouled membrane to 59 L/m2.h after 10 min of clean-
ing using pure water (method A). Meanwhile, method
B (5 min water cleaning followed by 5 min ozone
cleaning) was able to increase membrane flux by 33%
more than method A. Application of ozonation for
10 min was very effective and reinstated the flux to
almost its initial value for the clean membrane. With
10-min ozonation (method C), the flux increased by
52% more than method A. Similar trends were also
obtained for impregnated CNTs-P/PVDF membrane.
Meanwhile, water cleaning performed for CNTs-O/
PVDF membrane was able to improve the flux up to
82.2 L/m2.h and method C fully recovered the flux of
this membrane to almost its initial value (Figure 3).
Ozone is a strong oxidant that reacts with NOM to
form molecules with lower molecular masses (e.g.,
organic acids, aldehydes and ketones), which can
easily be detached and transported away from the
pores upon permeation of water. This results in the
opening of the blocked membrane pores more
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Figure 2. Profile of NOM rejection for an operating TMP of 3.85 bar, 1 L/min constant retentate flowrate, and pH 7.
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Figure 3. Profile of membrane fluxes before and after cleaning (a) PVDF membrane, (b) CNTs–P/PVDF membrane and (c) CNTs–
O/PVDF membrane. Method A: 10-min water cleaning, Method B: 5-min water cleaning followed by 5-min ozonation cleaning,
Method C: 10-min ozonation cleaning. The cleaning methods used a 1 L/min retentate flowrate, 3.85 bar TMP, and 3 mg/L O3

concentration, pH 7.

Table 4. Effect of cleaning method on membrane fluxes.
Flux after cleaning (L/m2.h) Flux recovery (%)

Membrane Initial flux (L/m2.h) Fouled flux (L/m2.h) A B C A B C

Bare PVDF membrane 92.5 22.0 59.0 78.6 89.8 63.9 85.0 97.1
CNTs–P/PVDF membrane 101.8 19.3 62.1 82.0 94.6 61.0 80.6 92.9
CNTs–O/PVDF membrane 112.0 28.7 82.2 92.3 105.7 73.4 82.4 94.4
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effectively and reestablishment of the initial clean
membrane flux.

Flux recovery obtained by method C was the highest
for all three types of membranes. However, flux recov-
ery showed a different trend when comparing the bare
PVDF membrane to the CNT impregnated membranes.
Using method A, the flux recovery of the CNTs–O/
PVDF membrane was the highest, while the lowest flux
recovery value was obtained for the CNTs–P/PVDF
membrane (Table 4). However, as shown in Table 4,
when ozone was used, the highest flux recoveries were
obtained for the bare PVDF membrane but in terms of
absolute permeate flux values, both of the CNT impreg-
nated membranes gave higher fluxes than the bare
PVDF membrane. For all cleaning methods, CNTs-P/
PVDF membranes exhibited the lowest flux recovery as
compared to the other membrane types.

Given that impregnated CNTs–P membranes exhibit
higher hydrophobic properties, their hydrophobic
attraction with NOM could also increase. Hence, this
type of membrane will have a higher fouling tendency
when compared to the other two membranes and will
clearly require more rigorous action to be cleaned. On
the other hand, higher flux recovery of CNTs–O/PVDF
observed when only water was used to clean the mem-
brane could be explained by increased hydrophilic
properties of the membrane imparted by the oxidized
functional groups in CNTs-O, which could also impose
a greater electronegativity on the membrane thus
increasing membrane repulsion of NOM. The electro-
negatively charged surface of the membrane also loosen
the interaction with NOM making the cleaning process
more easy to perform when only water was used.

Fouling characteristics
Total fouling ratios were obtained by comparing flux
losses of fouled membranes to the initial water fluxes
(Equation [3]). As shown in Figure 4, the CNTs–P/
PVDF membrane exhibited the highest fouling ratio

(81%), which is likely due to stronger hydrophobic
attraction between NOM and CNTs-P/PVDF mem-
brane. Although the CNTs–O/PVDF membrane exhi-
bits less hydrophobicity than the bare PVDF
membrane, the two types of membranes have compar-
able total fouling ratios (76% for bare PVDF and 74%
for CNTs–O/PVDF membranes – Figure 4).

It has been known that CNTs have shown an excel-
lent performance in removing via adsorption both
hydrophobic and hydrophilic organic matter in water
(Joseph et al. 2012; Lu and Su 2007; Zhang et al. 2010;
Zhang, Shao, and Karanfil 2011). Hence, the adsorption
of both hydrophilic and hydrophobic fractions of NOM
could contribute to the overall fouling of the mem-
branes. The fouling could cause either reversible or
irreversible flux decline analogous to reversible or irre-
versible fouling. The reversible fouling is the fouling that
can be removed by the applied cleaning method, while
the irreversible fouling is the fouling that remained in
the membrane after the cleaning process is finished.
Thus, irreversible fouling generates permanent flux loss.

Figures 5 and 6 show that method C produced the
highest removal of reversible fouling and as a result the
irreversible fouling was the lowest as compared to
methods A and B. The use of ozone in membrane
cleaning obviously reduced more of the organic foulant
by converting the irreversible fouling into reversible
fouling. Membrane cleaning using 3 mg/L of ozone
concentration for 10 min significantly increased the
reversible fouling up to 83% and decreased the irrever-
sible fouling by up to 92% when compared to cleaning
by water only.

Similarly, method B exhibited a significant increase
in reversible fouling up to 53% and decreased the
irreversible fouling by 58% when compared to method
A. This two-step cleaning process has effectively
removed the NOM foulant by firstly cleaning the con-
centration polarization in membrane surface and then
reducing the foulant layer thickness through 5 min of
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Figure 4. Total fouling ratio of the membrane after filtration at 1 L/min retentate flowrate, a TMP of 3.85 bar and pH 7 for 7 h of
operation.

6 J. SUHARTONO AND C. TIZAOUI

D
ow

nl
oa

de
d 

by
 [

20
3.

21
0.

84
.1

92
] 

at
 0

2:
48

 0
8 

A
ug

us
t 2

01
7 



water cleaning. Further cleaning using ozone has effec-
tively converted irreversible fouling into reversible foul-
ing, because ozone can penetrate deeper into the
membrane layer and opened the blocked pores.
Although method B was quiet effective for reducing
irreversible fouling, its performance was less superior
than method C, which significantly reduced the irre-
versible fouling by 80% when compared to method B.

CNTs–O/PVDF membranes exhibited the highest
reversible fouling removal via method A (47.8%), fol-
lowed by the CNTs–P/PVDF membrane and the bare
PVDF membrane (42% and 40%, respectively). On the
other hand, ozone cleaning (methods B and C) has
reversed this pattern where the CNTs–O/PVDF mem-
brane showed the lowest reversible fouling removal
(Figure 5).

The highest removal of fouling for the CNTs–O/
PVDF membrane using the water cleaning method
indicates that the fouling in this type of membrane
was less bound than the other membranes. Stronger

electronegativity and higher hydrophilic properties of
this membrane are likely to be the main causes of this
weakened interaction of NOM with the membrane sur-
face. However, for ozone cleaning, the fouling removal
of the CNTs–O/PVDF membrane was slightly less than
the bare PVDF and CNTs–P/PVDF membranes.
Fouling removal was approximately 73% for the bare
PVDF and the CNTs–P/PVDF membranes, while for
the CNTs–O/PVDF membrane was approximately
69%. In addition to reacting with NOM, ozone may
also react with CNTs-O (Hemraj-Benny, Bandosz, and
Wong 2008; Morales-Lara et al. 2013), which could
explain the reduced fouling removal in CNTs-O/
PVDF membrane.

Ozone and NOM exposure in permeate during
cleaning
NOM deposition on membrane surface and within the
pores might come out as permeate product during
cleaning, especially when ozone is used because
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Figure 5. Reversible fouling ratio (removed) of the tested membranes; cleaned by 10-min water (method A), 5-min water followed
by 5-min ozonated water (method B) and 10-min ozonated water (method C) at 3.85 bar TMP, 1 L/min retentate flowrate, and 3 mg/
L of ozone concentration in water.
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Figure 6. Irreversible fouling ratio (remained) of the tested membranes; cleaned by 10 min with water (method A), 5-min water
followed by 5-min ozonated water (method B) and 10-min ozonated water (method C) at 3.85 bar TMP, 1 L/min retentate flowrate,
and 3 mg/L of ozone concentration in water.
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oxidation of NOM leads to easily detachable smaller
fractions of the NOM compounds. Hydrodynamic
pressure may also affect the mobility of NOM and
eventually leads to NOM exiting in the permeate.

In this study, high TMP was used to ensure that both
the fouled membrane surface and the membrane inter-
nal pores are all cleaned. Figure 7 shows the NOM
concentrations in permeate obtained during membrane
cleaning by each method. According to the figure, all
cleaning methods resulted in NOM exiting the mem-
brane, which indicates that NOM was indeed detached
and displaced to the permeate. The high concentration

of NOM used during the fouling step had severely
fouled the membranes not only on their surface but
also into the deeper parts of the membrane body. These
adsorbed foulants were then brought out by the clean-
ing agent and were detected in the permeate product.

Figure 7 also shows that a maximum NOM concen-
tration in the permeate was obtained after 5 min for
methods A and C while for method B it was obtained at
7 min. Further membrane cleaning after these times
resulted in decreasing NOM content in the permeate
product. The NOM concentrations after 5 min cleaning
with method A and B are similar (Figure 7) because
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Figure 7. NOM profile in permeate product during cleaning (a) bare PVDF membrane (b) CNTs–P/PVDF membrane (c) CNTs–O/PVDF
membrane cleaned by 10-min water (method A), 5-min water followed by 5-min ozonated water (method B) and 10-min ozonated
water (method C) at 3.85 bar TMP, 1 L/min retentate flowrate, and 3 mg/L of ozone concentration in water.
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both methods used pure water during this period.
However, as ozone was introduced in method B for
the next 5 min of cleaning, the NOM concentration
was increased further to reach a maximum at 7 min.

This clearly shows that ozone was effective to remove
any difficult NOM fouling attached to the membrane.
For both methods B and C, membrane cleaning by
ozonated water produced more NOM as measured by
increased UV254 in the permeate (Figure 7). It seems
that the longer chain NOM aromatic groups were
degraded into smaller chains, which give them a higher
ability to penetrate the membrane pores and leave the
membrane in the permeate. This is because ozone
removes unsaturated bonds in the NOM molecule creat-
ing smaller organic molecules and producing more car-
bonyl, carboxyl, hydroxyl, alkoxyl and amino groups
that have more hydrophilic properties as compared to
the parent molecules (Van Geluwe et al. 2011).

The ratio of ozone concentration in the permeate to
the feed cleaning solution concentration is shown in
Figure 8. The figure shows that ozone concentration
ratio increased as the cleaning time increased. The lower
ozone concentration in the permeate than the cleaning

feed ozone concentration during the early part of the
cleaning step (t < ~7 min) indicates effective ozone con-
sumption by the NOM retained on the membrane. As
NOM is oxidized and removed away from the membrane
in the permeate, ozone concentration increases to reach
the feed solution concentration after about 10-min opera-
tion (i.e., ozone concentration ratio ≈ 1). This indicates
that ozone consumption becomes insignificant once the
NOM has been removed.

Fouled membrane autopsy by contact angle
Figure 9 shows that all the membranes exhibited an
increasing contact angle due to NOM fouling. The
contact angles of the membranes were increased from
73°, 75°, and 72° to 81°, 83° and 78° for the bare PVDF,
CNTs–P/PVDF and CNTs–O/PVDF membranes,
respectively. The increasing contact angle was due to
the deposition of NOM on the membrane surface. This
is because the used Aldrich humic acid contained a
high hydrophobic fraction, which is approximately
86% of the fractionated parts (Lin, Lin, and Hao
2000). Increasing of the contact angle due to NOM

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 2 4 6 8 10

R
at

io
 o

f 
O

3 
in

 p
er

m
ea

te
 t

o 
fe

ed
 

Time (min)

Bare PVDF membrane

CNTs-P/PVDF membrane 

CNTs-O/PVDF membrane
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fouling is also in accordance with other studies (Al-
Amoudi et al. 2008; Cho et al. 1998).

The membrane contact angle values decreased with
respect to the cleaning method used where cleaning by
method C gave the lowest contact angle followed by
method B and method A. This adds further support that
the application of ozone in the cleaning of NOM-fouled
membranes was very effective for NOM removal from
membrane surfaces. The presence of ozone in water not
only creates effective elimination of concentration polar-
ization but it also oxidizes NOM into relatively smaller

organic molecules that easily detach from the membrane
surface. Therefore, the removal of NOM resulted in less
fouled membranes as indicated by the contact angle
values, which decreased to almost their original values of
each unfouled membrane (Figure 9).

IR spectra of fouled membranes
The infrared spectra of both clean and fouled membranes
are shown in Figure 10. In general, all spectra show high
peak bands at 1500–1800 cm−1 and 2800–3100 cm−1.
Absorbance at wavelengths 1600–1700 cm−1 is due to
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Figure 10. Infrared spectra of membranes; (a) PVDF membrane, (b) CNTs-P/PVDF membrane and (c) CNTs-O/PVDF membrane. Method A:
10-min water cleaning, Method B: 5-min water cleaning followed by 5-min ozonation cleaning, Method C: 10-min ozonation cleaning.
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C = O groups either in carbonyl or carboxyl groups
(Bottino, Capannelli, and Comite 2006), while absorption
at 1517–1590 cm−1 represents the deformation of COO−

functional groups (Zularisam, Ismail, and Salim 2006).
Peak bands at 2850 and 2920 cm−1 are representative of
the asymmetric and symmetric C–H stretching in methy-
lene groups, while symmetric C–H stretching in methyl
groups and aromatic groups show peaks at 2980 cm−1 and
3000–3100 cm−1, respectively (Stuart 2005). All mem-
branes show peaks at 1545 and 1660 cm−1 indicating the
presence of C = O functional groups. These peaks become
deeper as the membrane is fouled by NOM. Moreover,
the broad peak at 3200–3550 cm−1, which is due to the –
OH group of phenolic and carboxylic moieties found in
large numbers in humic acids, became stronger as the
membrane was fouled is indicative of the deposition of
NOM on the membrane surface (Stevenson 1994).

Application of cleaning methods A, B and C on the
fouled membranes lead to reduction of the FTIR bands
that resulted from NOM deposition and the spectra of
cleaned membranes, particularly by methods C and B,
evolved to almost matching the spectra of the membranes
before fouling. This indicates that the ozone-based cleaning
methods have cleaned the membrane surfaces well and the
addition of ozone was effective to fully remove the NOM
deposited on the membrane. Importantly, ozone does not
only attack the fouling on the surface as evidenced by FTIR
results, but also it degrades any deposited NOMmolecules
further deeper in the internal pores of the membrane and
hence removes significantly the fouling as shown in Figures
5 and 6. The FTIR results are also in agreement with the
flux results, which showed that after cleaning with method
C, the flux recovered to almost its initial value of unfouled
membrane (Figure 3).

Conclusions

Three types of membranes (bare PVDF, CNTs-P/PVDF
and CNTs-O/PVDF membranes) were fouled with NOM
and then cleaned using three different methods including
10-min water cleaning (method A), 5-min water cleaning
followed by 5-min ozonation cleaning (method B), and 10-
min ozonation cleaning (methodC). Allmembranes exhib-
ited a significant flux decrease when high NOM concentra-
tions were filtered through them by up to 69%, 79% and
51% after just 2-min of filtration for bare PVDF, CNTs-P/
PVDF and CNTs-O/PVDF membranes, respectively. On
the other hand, membrane rejections were also dropped to
78%, 82% and 88% when 50 mL of permeate was collected
for the bare PVDFmembrane, CNTs–P/PVDFmembrane,
and CNTs–O/PVDF membrane, respectively.

Among the three methods used, flux recovery obtained
by method C was the highest. This was due to ozone

attacking NOM and degrading it into relatively smaller
molecules that easily detach from the membrane surface,
thus opening the blocked pores and improving membrane
flux. When comparing the three types of membranes, flux
recovery of theCNTs–O/PVDFmembranewas the highest,
while the lowest flux recovery was obtained for the CNTs–
P/PVDF membrane using method A for cleaning. The
opposite result was observed when ozone was used in
methods B and C as the highest flux recoveries were
obtained for the bare PVDF membrane instead of CNTs
impregnated membranes. This might be caused by a con-
sumption of a portion of ozone by CNTs, which lower the
effectiveness of ozone in removing NOM from the
membranes.

The CNTs–P/PVDF membrane exhibited the highest
fouling with the total fouling ratio reaching 81%, while for
the bare PVDF and CNTs–O/PVDFmembranes the ratio
reached 76% and 74%, respectively. Stronger hydrophobic
attraction of CNTs–P/PVDF membrane is believed to be
the main cause for the observed high fouling in this type
of membrane. Meanwhile, CNTs–O/PVDF membranes
exhibited the highest reversible fouling removal and the
lowest remained irreversible fouling. Stronger electrone-
gativity and higher hydrophilic properties of this mem-
brane are likely the main causes of this weakened
interaction between NOM and the membrane surface
thus making the foulants more easily cleaned from the
membrane surface.

The contact angle analysis showed that the fouled
membranes exhibited higher contact angles when com-
pared to the unfouled membranes and cleaning, particu-
larly method C, reinstated the contact angles to almost
their original values. No significant further ozone con-
sumption was observed after NOM was fully removed
from the membrane. This study hence demonstrates that
ozone is an effective technique for the removal of NOM
fouling on PVDF polymeric membranes.
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