Journal of Visualized Experiments

A dual-functional electroactive filter towards simultaneously Sb(lll) oxidation and

Article Type:
Manuscript Number:

Full Title:

Section/Category:
Keywords:

Corresponding Author:

Corresponding Author's Institution:

Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

sequestration
--Manuscript Draft--
Invited Methods Article - JoVE Produced Video
JOVE60609R2

A dual-functional electroactive filter towards simultaneously Sb(lll) oxidation and
sequestration

JoVE Environment

Sb(lll), electroactive filter, dual-functional, titanate nanowires, carbon nanotubes,
adsorption

Yanbiao Liu

CHINA

yanbiaoliu@dhu.edu.cn
Fugiang Liu

Fang Li

Chensi Shen

Zhiwei Wang

Wolfgang Sand

Yanbiao Liu

Response

Please indicate whether this article will be Standard Access (US$2,400)

Standard Access or Open Access.

Please indicate the city, state/province, Shanghai China
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

Dear Prof. Wu,

We greatly appreciate the editorial comments on our manuscript entitled “A
dual-functional electroactive filter towards simultaneously Sb(lll) oxidation and

sequestration”.

The editorial comments and suggestions have been taken into account in our
manuscript  revision. In  this response letter, we first itemized the
comments/suggestions raised by the editor, followed by our response and descriptions
of the changes made to the original manuscript.

We hope that the revision is satisfactory to all.

Sincerely,

Yanbiao Liu

Professor
College of Environmental Science and Engineering, Donghua University, Shanghai

201620, P. R. China. Tel: +86 21 6779 8752; E-mail: yanbiaoliu@dhu.edu.cn.



Manuscript Click here to access/download;Manuscript;60609_R2.docx %

1  TITLE:
2 A Dual-Functional Electroactive Filter Towards Simultaneously Sb(lll) Oxidation and
3 Sequestration
4
5 AUTHORS:
6  Fugiang Liu!, Fang Li*?, Chensi Shen'?, Zhiwei Wang?3, Wolfgang Sand*#, Yanbiao Liu'?
7  Textile Pollution Controlling Engineering Center of Ministry of Environmental Protection, College
8 of Environmental Science and Engineering, Donghua University, Shanghai, China
9  2Shanghai Institute of Pollution Control and Ecological Security, Shanghai, China
10  3State Key Laboratory of Pollution Control and Resource Reuse, School of Environmental Science
11  and Engineering, Tongji University, Shanghai, China
12 “Frieberg University of Mining and Technology, Institute of Biosciences, Freiberg, Germany
13
14  Email Addresses:
15  Fugiang Liu: 2181475@mail.dhu.edu.cn
16  Fang Li: lifang@dhu.edu.cn
17  Chensi Shen: shencs@dhu.edu.cn
18  Zhiwei Wang: zwwang@tongji.edu.cn
19  Wolfgang Sand: wolfgang.sand@uni-due.de
20  Yanbiao Liu: yanbiaoliu@dhu.edu.cn
21
22 Corresponding Authors:
23 Yanbiao Liu (yanbiaoliu@dhu.edu.cn)
24
25 KEYWORDS:
26 Sb(lll), electroactive filter, dual-functional, titanate nanowires, carbon nanotubes, adsorption
27
28 SHORT ABSTRACT:
29 A protocol for the rational design of a dual-functional electroactive filter consisting of carbon
30 nanotubes and titanate nanowires is reported and their environmental applications towards
31  Sb(lll) oxidation and sequestration is presented.
32
33 LONG ABSTRACT:
34  We have designed a facile method to synthesize a dual-functional electrochemical filter
35 consisting of two 1-D materials: titanate nanowires and carbon nanotubes. The hybrid titanate-
36  CNTfilter was prepared by a sonication coupled with a post-filtration route. Due to the synergistic
37 effects of the increased number of exposed sorption sites, electrochemical reactivity, small pore
38 size of the titanate-CNT network coupled with a flow-through design, simultaneous Sb(lll)
39 oxidation and sequestration can be readily achieved. Atomic fluorescence spectrometer
40 technology demonstrated that the applied electrical field accelerates the Sb(lll) conversion rate
41  and the as-obtained Sb(V) were adsorbed effectively by the titanate nanowires due to their Sb
42  specificity. This protocol provides a practical solution for the removal of highly toxic Sb(lll) and
43  other similar heavy metal ions.

D
SN


mailto:2181475@mail.dhu.edu.cn
mailto:lifang@dhu.edu.cn
mailto:shencs@dhu.edu.cn
mailto:zwwang@tongji.edu.cn
mailto:wolfgang.sand@uni-due.de
mailto:yanbiaoliu@dhu.edu.cn
mailto:yanbiaoliu@dhu.edu.cn
https://www.editorialmanager.com/jove/download.aspx?id=1113593&guid=ef96a115-470d-49a9-8557-8da874f7c947&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1113593&guid=ef96a115-470d-49a9-8557-8da874f7c947&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

INTRODUCTION:

Recently, the environmental pollution caused by emerging antimony (Sb) has attracted much
attention?, Extensive studies demonstrate that Sb compounds pose high toxicity to human and
microorganisms, although present in low concentrations in the environment®* Even worse,
conventional physicochemical or biological methods are usually ineffective to remove these
emerging contaminants due to their low concentrations and high toxicity®. The most abundant
species of Sb are Sb(V) and Sb(lll), of which the latter form is more toxic.

Among the currently available treatment methods, adsorption is believed to be a promising and
feasible alternative due to its high efficiency, low cost, and simplicity®’. Till now, several
nanoscale sorbents with tunable microstructures, large specific surface area and Sb specificity
have been developed, such as TiO,8, MnO>?, titanate'?, zerovalent iron'?, iron oxides and other
binary metal oxides!%!3. A common problem when dealing with nanoscale adsorbents is the post-
separation issue due to their small particle size. One strategy to address this issue is to load these
nano-sorbents onto macro/micro-scale supports!4. Another challenging issue restricting the wide
application of adsorption technology is the poor mass transport caused by limited concentration
of target compounds/molecules®. This issue may be partially addressed by adopting a membrane
design and convention could enhance the mass transport significantly. Recent efforts have been
devoted to develop advanced treatment systems that combine adsorption and oxidation in a
single unit for effective Sb(lll) removal. Here, we show how an electroactive titanate-carbon
nanotube (titanate-CNT) filter was rationally designed and applied for the simultaneously
adsorption and sequestration of toxic Sb(lll). By fine-tuning the titanate loading amount, applied
voltage, and flow rate, we demonstrate how the Sb(lll) oxidation rate and sequestration
efficiency can be tailored correspondingly. Although the fabrication and application of the
electroactive filter is shown in this protocol, similar designs can also apply to the treatment of
other heavy metal ions.

Minor changes in the fabrication process and reagents may cause significant changes in the
morphology and performance of the final system. For instance, the hydrothermal time,
temperature, and chemical purity have been shown to affect the microstructures of these
nanoscale adsorbents. The flow rate of the adsorbate solution also determines the residence
time within a flow-through system as well as the removal efficiency of target compounds. With
clear identification of these key impacting parameters, a reproducible synthesis protocol can be
secured and a stable removal efficiency of Sb(lll) can be achieved. This protocol aims to provide
detailed experience on the fabrication of dual-functional hybrid filters as well as their
applications towards the removal of toxic heavy metal ions in a flow-through manner.

PROTOCOL:

CAUTION: Please carefully read relevant safety data sheets (SDS) of all chemicals and wear proper
personal protection equipment (PPE) before use. Some of the chemicals are toxic and irritant. Be
careful when handling carbon nanotubes, which may have additional hazards if inhaled or
contacted by skin.
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1. Preparation of the electroactive titanate-CNT filter
1.1. Preparation of titanate nanowires?®

1.1.1. Dissolve 56 g of potassium hydroxide (KOH) in 100 mL of deionized water under vigorous
stirring.

1.1.2. Add 3 g of titanium dioxide (TiO;) powder into the as-dissolved KOH solution.
1.1.3. Transfer the above solution into a Teflon-lined reactor and keep it at 200 °C for 24 h.

1.1.4. Wash the obtained white precipitate with 0.1 mol/L hydrochloric acid (HCl) and deionized
water until a neutral effluent pH is obtained. Dry the product under vacuum at 60 °C overnight.

1.1.5. Transfer the products to a tube furnace and heat it to 600 °C for 2 h with a ramp rate of
1 °C/min.

1.2. Preparation of titanate-CNT filter?

1.2.1. Add 20 mg of carbon nanotubes (CNTs) into 40 mL of n-methyl pyrrolidone (NMP). Probe-
sonication for 40 min to obtain homogeneous solution.

1.2.2. Separately, add 20 mg of the as made titanate nanowires into 20 mL of NMP. Perform
probe-sonication for 20 min.

1.2.3. Mix the titanate dispersion solution with the CNT dispersion solution. Filter the mixture
solution onto a PTFE membrane, which serves as a support for the titanate-CNT filter.

1.2.4. Rinse sequentially with 100 mL of ethanol and 200 mL of deionized water.

NOTE: A CNT-alone filter can be prepared by a similar route without the addition of titanate
nanowires.

2. Electrochemical filtration of Sbh(lll)
2.1. Description on the experimental apparatus'®

2.1.1. Conduct the sorption experiments in an electrochemistry modified polycarbonate
filtration casing (see Figure 1).

2.1.2. Use a DC power supply to drive the electrochemistry.

2.1.3. Adopt perforated titanium ring as connector for anodic or cathodic filters.
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2.1.4. Use an insulating silicone rubber as a separator and seal.
2.2. Filtration experiments

2.2.1. Add 2.2 mg of CgHaK,012Sb2.3H,0 into 1000 mL of deionized water to prepare 800 ug/L
Sb(lll) solution.

2.2.2. Transfer 100 mL of Sb(lll) solution to a 150 mL beaker. Adjust solution pH to 7.

2.2.3. Place the as-prepared titanate-CNT filter anode into the polycarbonate filtration casing
and place another CNT-alone filter as cathode. Seal the casing.

2.2.4. Pass through the filtration system with Sb(lll) solution at a given flow. Apply a DC voltage
during filtration.

2.2.5. Determine the Sbiotai and Sb(lll) concentration with atomic fluorescence spectrometer
technique?’.

NOTE: In this process, flow rate and applied voltage can be tuned by a peristaltic pump and a DC
power supply, respectively.

REPRESENTATIVE RESULTS:

The electroactive filtration apparatus employed is an electrochemically modified polycarbonate
filtration casing (Figure 1). Field emission scanning electron microscope (FESEM) and
transmission electron microscopy (TEM) techniques are employed to characterize the
morphology of the titanate-CNT filter (Figure 2). To demonstrate the efficacy of the
electrochemical filtration system, the change of Sbietal and Sb valence state as a function of time
is determined (Figure 3).

The FESEM images of titanate-CNT filter suggest a roughened surface. TEM characterization
suggests that these CNTs are entangled with titanate nanowires. This suggests that we have
successfully synthesized the titanate-CNT hybrid materials (Figure 2).

The change of Sbtotal and Sb valence state as a function of time at 2 V are examined (Figure 3).
Results suggest that the Sb(V) concentration rises sharply within the initial 0.5 h and complete
Sb(lll) conversion is observed over 1 h continuous filtration in the recirculation mode. This
indicates that Sb(lll) oxidation is the main reaction process in the initial stage, then the Sb(V) can
be adsorbed effectively by the loaded titanate nanowires. Furthermore, both Sb sorption kinetics
and capacity increased with applied voltage due to enhanced electrostatic interactions and near
surface transport by electromigration.

FIGURE LEGENDS:
Figure 1. Electroactive filtration apparatus. (1) is the anodic titanium ring connector to the
anodic filter, (2) is the titanate-CNT anodic filter, (3) is the insulating seal, (4) is the cathodic CNT
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filter, and (5) is the titanium ring connector to the cathodic filter.

Figure 2. (A) FESEM and (B) TEM characterizations of the titanate-CNT filter. This figure has been
modified from ref 19. Copyright 2019 Elsevier.

Figure 3. Changes of Sb species as a function of time. Experimental conditions: E = 2V, [Sb(lll)]o
= 800 pg/L, flow rate =3 mL/min, pHo = 7 and 1 mM Na,SO4 electrolyte'®. This figure has been
modified from ref 19. Copyright 2019 Elsevier.

DISCUSSION:

The key to this technology is to fabricate an electroactive conductive and porous hybrid filter
with high Sb-specificity. To do this, special care should be paid to the fabrication process. The
amount of titanate nanowires need to be precisely controlled due to the “trade-off” effect
between the filter’s electrical conductivity and surface area.

In addition, it should be also noted that a proper applied voltage is necessary. Once the applied
voltage is too high (e.g., >3 V), other competitive reactions, such as water splitting, may lead to
the production of lot of bubbles (O, at the anode and H; at the cathode) at the electrode surface,
which may block the active sites and, hence, contribute negatively to the Sb(lll) removal
performance.

The system stability in the long-term run is another issue of concern, since the accumulation of
Sb-species on the filter’s surface is inevitable. This requires periodically wash of the filter to
regenerate the active surface sites (especially chemical wash).

Meanwhile, the cost of this electroactive titanite-CNT filter still needs to be considered. Although
the price of CNTs has significantly decreased due to the progress of their production technology
in the past decades, their prices are still far higher than that of activated carbon and other carbon
materials that are widely used.

Furthermore, it is noteworthy that the current experimental results are mainly obtained from a
laboratory-scale electrochemical filtration device. Further scaling up the device to enable
practical large-scale environmental applications will be the focus of our subsequent study.

We have developed a continuous-flow filtration system for simultaneous Sb(lll) adsorption and
sequestration. The key to this technology is an electroactive titanite-CNT filter featured with
electrochemical reactivity, small pore size, readily available active sites, and high Sb specificity.
This study provides new insights for the rational design of flow-through systems towards the
decontamination of Sb and other similar heavy metal ions.
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the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

e Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JOVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

s JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JOVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JOVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JOVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Our Replies to the Editors’ Comments

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that

there are no spelling or grammar issues.

Reply: We have asked the professor Wolfgang Sand to double check the spelling and

grammar issues.

2. Please do not abbreviate journal titles for references.

Reply: We have corrected this in the new version.

3. Please remove the embedded Materials Table from the manuscript. All tables should
be uploaded separately to your Editorial Manager account in the form of an .xls
or .xlsx file.

Reply: We have removed the embedded Materials Table.

4. Step 2.2.5: Please add more details to your protocol steps. Please ensure you answer
the “how” question, i.e., how is the step performed? Alternatively, add references to

published material specifying how to perform the protocol action.

Reply: We have cited related references in the revised manuscript.

Revision:

Line 183

—_—

“2.2.5) Determine the Sbww and Sb(lll) concentration with atomic fluorescence
spectrometer technique?’.”


https://www.editorialmanager.com/jove/download.aspx?id=1112196&guid=e6e111a4-f589-456a-b7af-f7ab6b920304&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1112196&guid=e6e111a4-f589-456a-b7af-f7ab6b920304&scheme=1

5. Please revise the Discussion to explicitly cover the following in detail in 3-6
paragraphs with citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

¢) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

Reply: We have supplemented the discussion section in the new manuscript.

Revision:

Line 226,

“The key to this technology is to fabricate an electroactive conductive and porous hybrid
filter with high Sb-specificity. To do this, special care should be paid to the fabrication
process. The amount of titanate nanowires need to be precisely controlled due to the
“trade-off” effect between the filter’s electrical conductivity and surface area.
Furthermore, it is noteworthy that the current experimental results are mainly obtained
from a laboratory-scale electrochemical filtration device. Further scaleup the device to
enable practical large-scale environmental applications will be the focus of our
subsequent study.

We have developed a continuous-flow filtration system for simultaneous Sb(lll)
adsorption and sequestration. The key to this technology is an electroactive titanite-CNT
filter featured with electrochemical reactivity, small pore size, readily available active
sites, and high Sb specificity. This study provides new insights for the rational design of
flow-through systems towards the decontamination of Sb and other similar heavy metal
ions.”
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