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Abstract: Abstract 

A thin-film nanocomposite nanofiltration (TFN-NF) membrane was fabricated 

through blending a novel aromatic amine-functionalized multiwalled carbon 

nanotubes (AAF-MWCNTs) and an aliphatic amine-functionalized multiwalled 

carbon nanotubes (AF-MWCNTs). The polyamide layer was synthesised by 

interfacial polymerisation (IP) between piperazine and trimesoyl chloride 

monomers. The improved resistance of NF membranes to chlorine and acid 

were characterised by X-ray photoelectron spectroscopy (XPS), field 

emission-scanning electron microscopy, atomic force microscopy, 

attenuated total reflectance-Fourier transform infrared spectroscopy, 

contact angle, and zeta potential measurements. XPS analysis confirmed 

chlorine and acid resistance properties, as well as an improvement in the 

polyamide network cross-linking degree of the new nanofiltration 

membranes incorporated with AAF-MWCNTs (AAF-NF). The membrane transport 

properties and the performance on the rejection of   HAsO4-2, NO3-, and 

NH4+ from solutions mimicking polluted groundwater were evaluated. 

Membrane performance to the target pollutants were determined by the 

solution-electro-diffusion (SED) model coupled with reactive transport. 

The results showed that AAF-NF membranes, with long-lifetimes, could be 

applied for the removal of As(V) from polluted groundwater. Water 

permeate flux and the arsenic rejection of the AAF-NF membrane increased 

by 15% when it is compared with a typical commercial semi-aromatic 

polyamide nanofiltration membranes (Desal DL). 

 

 

Response to Reviewers: Ms. Ref. No.:  CEJ-D-19-11518 

Title: Fabrication of thin-film nanocomposite nanofiltration membranes 

incorporated with aromatic amine functionalized multiwalled carbon 

nanotubes for desalination of groundwater with improved acid and chlorine 

resistance 

Chemical Engineering Journal 

 



Dear Dr. Gholami, 

Reviewers have now commented on your paper. For your guidance, reviewers' 

comments are appended below. You will see that they are advising that you 

revise your manuscript. If you are prepared to undertake the work 

required, I would be pleased to reconsider my decision.  Please give a 

careful consideration to the criticisms raised. All of them should be 

taken into account in a revised version of your manuscript.  

Make sure to incorporate the essence of your response to the reviewers 

into the revised manuscript for the benefit of all readers and submit 

your revised paper by 25 Oct 2019. 

I thank you for giving us the possibility of considering your work. 

 

Yours sincerely, 

Dr. Tejraj M Aminabhavi 

Editor 

Chemical Engineering Journal 

 

 

 

 

 

Dr. Tejraj M Aminabhavi 

Editor Chemical Engineering Journal 

 

 

 

 

 

           

           Barcelona 10/10/2019  

Dear Professor, 

 

Please find enclosed the revised version of our manuscript “Title: 

Fabrication of thin-film nanocomposite nanofiltration membranes 

incorporated with aromatic amine functionalized multiwalled carbon 

nanotubes for desalination of groundwater with improved acid and chlorine 

resistance 

 

We would like to thank the reviewers for careful and thorough reading of 

this manuscript and for the thoughtful comments and constructive 

suggestions, which help to improve the quality of this manuscript.  

Please see below, in blue, our detailed response to comments. All page 

numbers refers to the manuscript file with Blue color changes. 

 

Best Regards 

Dr. Gholami 

 

 

 

  

 

 

Answers to reviewers' comments: 

Answers to Reviewer #2: 

We would like to thank the reviewer for her/his detailed and accurate 

revision of the manuscript. All the queries have been taken into account 

and, accordingly, the required modifications have been made. 



Reviewer #2: In the submitted manuscript, the authors present a new 

nanofiltration membrane consisting of a polyester non-woven support 

coated with polysulfone as ultrafiltration layer. For the final 

nanofiltration layer the authors used a polyamide matrix in which 

aliphatic or aromatic amine-functionalized MWCNTs (AF/AAF membranes) were 

dispersed. These membranes were tested with respect to chlorine and acid 

resistance and their ability to reject ions from groundwater. It could be 

shown that the chlorine and acid stabilities increased in the order bare 

polyamide membrane without functionalisation ˂ AF membrane ˂ AAF 

membrane. The rejection capacity of the AAF membrane was close to that of 

the commercial membranes, although the AAF membrane showed higher 

permeate fluxes. 

The manuscript is written in good English but is a difficult to read. 

Altogether, it should be clearer structured. Especially the tested 

membranes should be distinguished more clearly. It would be more 

advantageous to list all membranes used in this study (for experiments as 

well as for comparisons form literature) in a special membrane section, 

which also include the membrane preparation. 

Response: Regarding this issue, we have added new parts at the middle and 

end of the introduction section as follow: 

"The innovation of this study is considered in the AAF-NF membrane that 

consisted of the novel customized aromatic amine functional groups which 

has the potential to develop the PA cross-linking degree." (Page 5) 

"Furthermore, the desalination performance of the modified membranes was 

compared with the performance result of a commercial membrane (Desal 

DL)." (Page 6) 

 

Furthermore there are some aspects, should be improved: 

1) The chlorine and acid stability was tested for the bare non-

functionalized polyamide membrane as well as for the AF and AAF 

membranes. To estimate the effect of the MWCNTs itself a polyamide 

membrane with dispersed non-functionalized MWCNTs should be tested. 

Response: The non-functionalized (raw) carbon nanotubes due to very bad 

dispersion in aqueous solution resulted a NF TFC membrane with unsuitable 

properties, which are not comparable with our membranes. One of the main 

properties of nanomaterials in preparation of filtration membrane is 

theirs hydrophilicity. Non-functionalized (raw) MWCNTs don't have 

hydrophilic property enough (even we can call them hydrophobic in this 

cases). For improving the hydrophilicity the MWCNTs should modify them 

with hydrophilic functional groups. Here, general functionalizing is; 

addition the acid carboxylic groups. Therefore surely using the raw-

MWCNTs in the TFN membrane will result in inappropriate results.  

 

2) In Figure 2, images of the bare polyamide membranes should also be 

shown. 

Response: As mentioned in the introduction (“It should be noted that 

because of proven improvement of MWCNT–TFN membranes in comparison with 

the bare membrane in many studies, here, the desalination performance of 

the bare NF membrane was not studied deliberately’’), the purpose of this 

study was to compare two different types of functional-MWCNTs that are 

applied in the TFC layer of the NF membrane.  

We have many studies about modification of the Desalination membrane by 

incorporating the Modified-MWCNTs in the thin film layer, that all of 

them have been proved the modified membrane by functionalized-MWCNTs 

shows better performance and properties in comparison with bare membrane 

(also in this research have been proved for us in the experiments again). 

In particular, our research group has published some articles that 

applied amin-functionalized-MWCNTs in the TFC/N-Membrane that showed so 



better performances compared with Bare-TFC/N membrane, also there is much 

information about comparing the modified membrane with the Bare-membrane. 

This is common between typical modification articles.  

While, in this purposeful study we started to customize the novel 

Aromatic Amine functional groups-MWCNTs to applying in the TFN membrane 

then comparing with the TFN membrane which is incorporated by aliphatic-

amine functional group-MWCNTs. Here, the desalination performance and 

stability to acid and chlorine reagents are comparison subjects.  Also 

describe the transport of ions across the modified membrane by the SED 

model is another target of this study. So, we strongly avoided 

representing the obvious results in this study, I hope you permit us to 

perform it.  

 

3) On page 19 it is written that the AAF membrane showed the most 

negative surface charge in neutral pH but in Figure 4 the zeta potentials 

for the AF membrane and the commercial one is much more negative in this 

range. Why the authors do not used the commercial one for a comparison 

instead of the bare polyamide membrane? 

Response: We thanks the reviewer for this precise consideration. The 

sentence in Page 19 was corrected to match with figure results 

(highlighted). We have used commercial Desal DL membrane NOT the bare 

polyamide membrane. Then, the text has been modified accordingly. 

 

4) On page 20 the nitrogen contents of the bare polyamide membrane, the 

AF and the AAF membrane are quite similar. What is the standard deviation 

of these values? 

Response: Data on element percentage were provided by the CasaXps 

software as tool to analyze the Spectrum Survey. Results are not 

providing with a Standard deviation in the results.  

In this type of studies, increasing the amount of Nitrogen can be a 

strong indication of higher amine group presence, although there is a 

small difference between some results but this is acceptable and normal 

in similar studies published. we can see similar conditions results in 

the reference No.32. 

 

5) For a better comparability in the membranes rejection properties the 

bare polyamide membrane should also been tested. 

Response: The Bare membrane data are available in our previous works [A-

C], then it was decided not to include in this manuscript. to avoid 

duplication of data in the manuscript. As mentioned in the answer of the 

second comment; the purpose of this study was to provide a different 

work. At the beginning of page six, we have mentioned better results of 

the Modified membrane compare to the Bare membrane in almost all studies. 

Here, we avoided obvious result duplication; also the relevant studies 

are referenced in the text. In any case, if it is recommended to be 

included in the present manuscript, may be it could be included as 

supplementary information.  

[A] V. Vatanpour, M. Esmaeili, M Safarpour, A Ghadimi, J Adabi, 

Synergistic effect of carboxylated-MWCNTs on the performance of acrylic 

acid UV-grafted polyamide nanofiltration membranes, Reac. Funct. Polym. 

134 (2019) 74–84. 

[B] H. Rezaniaa, V. Vatanpour, A. Shockravi, M. Ehsani, Study of 

synergetic effect and comparison of novel sulfonated and carboxylated 

bulky diamine-diol and piperazine in preparation of negative charge NF 

membrane, Sep. Purif. Technol. 222 (2019) 284–296. 

[C] M.R. Mahdavi, M. Delnavaz, V. Vatanpour, J. Farahbakhsh, Effect of 

blending polypyrrole coated multiwalled carbon nanotube on desalination 

performance and antifouling property of thin film nanocomposite 



nanofiltration membranes, Separation and Purification Technology 184 

(2017) 119–127. 

 

6. Please cite some papers from cej 

Response: As requested by the reviewer, a more precise review of relevant 

refererences connected to this work have been found and they have been 

included in the text. Three new references from Chemical Engineering 

Journal were cited as Ref. 35, 39 and 40. 

 

Answers to Reviewer #3: 

We would like to thank the reviewer for her/his detailed and accurate 

revision of the manuscript. All the queries have been taken into account 

and, accordingly, the required modifications have been made. 

 

Reviewer #3: The manuscript entitled "Fabrication of thin-film 

nanocomposite nanofiltration membranes incorporated with aromatic amine 

functionalized multiwalled carbon nanotubes for desalination of 

groundwater with improved acid and chlorine resistance" provides valuable 

insights into the removal of As, NO3- and NH4+ using the thin-film 

composite NF membranes incorporated with aromatic and amine 

functionalized multi-walled carbon nanotubes.  

 

Authors thank for the positive comments given by the reviewer.  

However, the manuscript has not been structured correctly yet and its 

organization needs to be streamlined thoroughly.  

Response: As it is requested by the reviewer the manuscript has been re-

structured and reorganized to be streamlined thoroughly 

Furthermore, the research scope of this study was not consistent with the 

title of the manuscript, which makes the manuscript seem to be poorly 

written. 

Response: As it is suggested by the reviewer the title of the manuscript 

has been modified to describe better the content of the paper. The new 

title is “Fabrication of thin-film nanocomposite nanofiltration membranes 

incorporated with aromatic amine-functionalized multiwalled carbon 

nanotubes. Rejection performance of inorganic pollutants from groundwater 

with improved acid and chlorine resistance” 

 

 In the present form, I do not recommend this manuscript for publication 

in Chemical Engineering Journal. 

 

Specific comments: 

1.    Title: Please re-consider the title of the manuscript. This study 

primarily focused on the removal of As, NO3- and NH4+ using the thin-film 

composite NF membranes incorporated with aromatic and amine 

functionalized multi-walled carbon nanotubes. Therefore, the term of 

"desalination" seemed to be not adequate for this manuscript. 

Response: As it is suggested by the reviewer the title of the manuscript 

has been modified to describe better the content of the paper. The new 

title is “Fabrication of thin-film nanocomposite nanofiltration membranes 

incorporated with aromatic amine-functionalized multiwalled carbon 

nanotubes. Rejection performance of inorganic pollutants from groundwater 

with improved acid and chlorine resistance” 

 

2. Graphical abstract: Please improve the resolution of the graphical 

abstract. 

Response: As is it requested by the reviewer the graphical abstract 

picture is changed to higher quality.  

 



3. Highlights: The 3rd - 5th bullets do not give any indications for 

major conclusions of this manuscript. 

Response: As is it indicated by the reviewer Items 3, 4, and 5 were 

modified and already the Corrected-Highlight file is submitted along with 

Revised-manuscript. 

 

4. There were too many grammatical errors and awkward English 

expressions, including sentences, verb tenses, adverbs, and basic 

vocabulary. I would strongly suggest the authors to take a thorough 

review and editing of the manuscript, including the main text and the 

supplementary material by a native English speaker. 

Response: As it is requested by the reviewer the manuscript has been 

thoroughly reviewerfor improving the global quality of the text.  

Finally, was edited by the Proof-Reading Service in the UK. The related 

certificate has been attached to the Revised-files. 

-    Ion rejection of nanofiltration (NF) → the ion rejection of 

nanofiltration (NF) 

-    Field emission scanning electron microscopy (FESEM) → field 

emission-scanning electron microscopy (FE-SEM) 

-    Atomic force microscopy (AFM) → atomic force microscopy (AFM) 

-    Attenuated total reflectance fourier transform infrared spectroscopy 

(ATR-FTIR) → attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR). 

 

 

-    XPS results → XPS results of what 

It has been changed to XPS analysis. 

-    arsenic rejection → the arsenic rejection, and etc. 

The sentence is corrected, it should be noted that 15% is about Arsenic 

rejection, only. 

The mentioned sentences have been corrected. 

 

5.    Abstract: Do not use unnecessary abbreviations in the abstract 

section, FESEM, AFM, ATR-FTIR, and etc. 

Response:  As indicated by the reviewer he abbreviations were deleted 

from the Abstract. 

 

6.    Abstracts: Prior to using abbreviations, please define them, such 

as AAF-NF, AF-NF, and etc. 

Response: As indicated by the reviewer the abbreviations were defined as 

follow: 

"nanofiltration membranes incorporated with AF-MWCNTs (AF-NF) and 

nanofiltration membranes incorporated with AAF-MWCNTs membranes (AAF–NF)" 

 

7. The novelty of the manuscript has not been well addressed in the 

introduction section. In addition, there is no proper English flow within 

the sentences due to incorrect usage of verb tenses, adverbs, and basic 

vocabulary which makes the manuscript seem to be poorly written. 

Response: As indicated by the reviewer the novelty of the manuscript has 

been properly addressed and the text has been modified accordingly. 

Finally, the text has been re-written to improve its clarity. 

“The innovation of this study is considered in the AAF-NF membrane that 

consisted of the novel customized aromatic amine functional groups which 

has the potential to develop the PA cross-linking degree”. 

 

8.    Please specify the titles of the sections and subsections. 

Response: As indicated by the reviewer the titles of the sections and 

subsections were specified (highlighted in the manuscript). 



 

9.    Please specify membrane samples, including Desal DL, UF and bare NF 

membrane. It is hard to recognize the target membrane for comparing 

membrane properties with the prepared NF membranes. 

Response: As it is indicated by the reviewer a better description of 

membrane samples and their properties have been better described on the 

manuscript. A new part at the end of the introduction section has been 

included:  

 

“Furthermore, the desalination performance of the modified membranes was 

compared with the performance result of a commercial membrane (Desal 

DL).” (Page 6) 

 

The properties of the prepared and applied membranes in this study have 

mentioned within the text or referred to the related Article, for 

example, the properties of the commercial membrane is referred to 

Reference No. 78. 

    

10. Please provide more detailed information on both the commercial and 

prepared NF membranes in this study (i.e., pore size, roughness, zeta 

potential, and contact angle) and correlated to the performance of the 

membrane processes (i.e., the rejection of inorganic materials and the 

permeate fluxes). 

Response: As requested by the reviewer more information was provided in 

the text to stress the influences of those properties in the membrane 

performance. 

Several properties such as pore size, roughness and contact angle are 

highly correlated to the permeate flux across the membrane. The lower 

contact angle for the AF-NF (62.45°) explained the lower water fluxes 

across the membrane due to hydrophilic surface.  

For polymeric membranes, efforts to characterize the free volume size 

have been achieved by the use of Positron Annihilation Spectroscopy and 

Rutherford Back Scattering techniques. Moreover, in several studies the 

mean pore size is determined by filtering organic compounds of different 

molecular weight. However, the obtained pore size will not be the same at 

different pH values, since the membrane properties are dependent on 

solution pH. Moreover, it is established that the intermediate layer has 

a significant effect on the ion separation. Furthermore, the relatively 

small thickness of the active layer makes impossible to separate it from 

the rest of the membrane without damaging it. For these reasons, pore 

size measurements were not carried out. 

The ion flux across the membrane (i.e. rejections) is controlled by 

Donnan and dielectric exclusions, which are highly influenced by the 

membrane matrix and its functional groups. This information is provided 

by zeta potential measurements. Since the AAF-NF exhibited a lower 

negative charge than AF-NF, higher anion rejections (i.e. sulphate and 

arsenate) were obtained. 

The properties of the prepared and applied membranes in this study have 

mentioned within the text or referred to the related Article, for 

example, the properties of the commercial membrane is referred to 

Reference No. 78.   

 

 

11.    Section 3 seemed to be unnecessarily separated from Section 2. 

Response: As requested by the reviewer both sections were merged in only 

one section.   

 



12.    Results and discussion section has not been correctly structured 

yet. Moreover, there is a great need to explain the experimental results 

clearly, logically, and concisely by comparing them with the literature 

available on the topic. 

 

Response: As indicated by the reviewer an effort to review the results 

and discussion section has been re-structured and the experimental 

results have been more clearly, logically, and concisely discussed and 

results were compared with available literature on the topic The added 

and changed parts are marked. 

 

Answers to Reviewer #5: 

 

Reviewer #5: In this paper, a new thin film nanocomposite nanofiltration 

(NF) membrane was synthesized and its chlorine resistance, acid 

resistance and desalination performance had been investigated. NF 

membranes were characterized using X-ray photoelectron spectroscopy 

(XPS), Field emission scanning electron microscopy (FESEM), Atomic force 

microscopy (AFM), Attenuated total reflectance fourier transform infrared 

spectroscopy (ATR-FTIR), contact angle, and zeta potential measurements. 

This is an interesting study. The paper is well written and results are 

well reported. So, based on my review of the manuscript I accept for 

publishing at Chemical Engineering Journal. Please check the grammatical 

errors before publishing. 

Response: We thank the positive comments and the grammar has been revised 

and highlighted throughout of the manuscript.   

 

 

Answers to Reviewer #6: 

We would like to thank the reviewer for her/his detailed and accurate 

revision of the manuscript. All the queries have been taken into account 

and, accordingly, the required modifications have been made. 

 

Reviewer #6: This paper by Gholami et al. fabricated a novel thin-film 

nanocomposite nanofiltration membrane by blending aromatic amine 

functionalized multiwalled carbon nanotubes or aliphatic amine 

functionalized multiwalled carbon nanotubes. The polyamide layer was made 

by interfacial polymerization between piperazine and trimesoyl chloride 

monomers. The authors tested chlorine and acid resistance where good 

improvement was measured. The membrane was characterized by XPS, FESEM, 

AFM, ATR-FTIR, contact angle, and zeta potential measurements. Then the 

desalination performance was investigated by a cross-flow filtration 

system test using mixed composition salt solutions simulating the 

composition of groundwater polluted with HAsO4, NO3-, and NH4+. The 

results showed good performance of the AAF-NF membranes with long 

lifetimes in comparison to the AF-NF. This paper showed interesting 

results. The data is reasonable and supportive to the conclusion. 

However, the performance improvement through the proposed efforts is 

incremental and not significant.  

Response: We thank the reviewer for the positive comments, although as it 

is claimed the improvement of the membrane performance is incremental 

There are also some technical issues to be addressed which are listed 

below. 

1. It is a general concern when using carbon nanotubes in nanofiltration 

due to their high cost. The authors should consider this point and 

comment in the introduction or discussion section. 



Response: As requested a discussion on the cost issues associated to the 

use of carbon nanotubes has been introduced. The following sentence was 

added in introduction section (Page 6). 

"Also, the amount of used modified MWCNTs was very low (0.005 wt.%), 

which theirs application is economical". 

 

 

2. The name of BASF is misspelled in the experimental section. 

Response: As it is indicated the mentioned word has been corrected.  

 

3. I have a general concern for the spectroscopic characterizations in 

this paper. The as-prepared materials feature rather complicated chemical 

structures which makes the assignment of certain band identities 

challenging. For example, N has many chemical environments. How did the 

author differentiate them in XPS? How reliable are the band/peak 

assignment in XPS or IR? 

Response: As it is indicated by the reviewer a more consistent discussion 

is provided on the spectroscopic characterization. The discussion has 

been supported by using references of N analysis with XPS, you could find 

some of them on xpsfitting.com for example. 

Regarding the last part of your comment; it was used binding energies of 

each peak component to assignment a chemical environment using references 

(Articles). The number of components is deduced by the signal shape. 

Binding energy error is about 0.1-0.2eV, of course each peak could be 

assigned to different chemical environments because sometimes there is 

overlap in binging energies values, that is why we need to use other 

techniques to support XPS results (as FTIR, that the results and 

discussion have presented in the manuscript and the spectrum is placed in 

the supplementary information). 

 

4. Please provide the C 1s and N 1s XPS spectra and the deconvoluted band 

shapes. 

Response: As it is requested by the Reviewer, the XPS Spectra of C, N, 

and O at all experiments condition (dry and wet), for chlorine and acid 

exposure are presented in the supplementary file. Also, the deconvoluted 

band is presented in the special table in the supplementary, too.  

 

5. Considering the large difference in roughness between the two samples, 

is the quantification of different compositions by XPS reliable enough? 

As XPS is only sensitive to the surface components (<10 nm). 

Response: As it is requested by the reviewer the discussion on the 

roughness differences has been extended. The roughness does not affect to 

the XPS signals, it can modify the background. The chemical composition 

of surfaces could be affected by roughness. 

 

6. The authors may consider using TGA to help understand the cross 

linking structure and to support their claim.  

Response: As it is suggested by the reviewer the use of TGA could help to 

understand the cross linking structure and to support the paper claims.  

The TGA can be useful to cross-linking degree investigation, but it was 

not found robust experimental procedure to analyze the active thin layer. 

Due to preparation of polyamide layer on the polysulfone supports and 

non-woven fabrics, the TGA results were not found to be as precise as 

requested.  

 

7. How stable are these membranes in the prolonged filtration 

measurements? How robust are they upon regeneration? These practical 



aspects need to be considered and tested. The authors mentioned good 

lifetime, however the evidence is not strong enough. 

Response: In answer to the reviewer request on membranes stability 

details are provided below:  

the research group, is working on membrane preparation by Interfacial 

Polymerization monomers and polymer materials. The long stability is 

tested by related experiments in pre-experimental before. In this study, 

we did not place them because our issue is not the stability of the 

membrane that is proven before for us and presented in previews studies 

of our group. Actually, for this membrane, we have seen good stability 

like similar membranes which we are preparing a few years at the exact 

same condition in our researches. In this study, we have worked on the 

main causes of membrane life-shortening like acid and chlorine attack, 

that’s why after chlorine and acid resistant improving we could talk 

about the long life membrane. We suppose this is clear that lab-scale 

improvement is our target when we talk about long-life membrane; actually 

by this modification we can open a new and proper potential method for 

having a long-life membrane in the industrial-grade, more facile than 

past. Also, we think this claim in this grade of studies (with this 

amount prove analyses and experiments) is a usual and common subject. 

 

8. The authors should comment on the practicality of their approach, and 

compare this optimized material with the state of the art candidates to 

provide the readers with a context. 

Response: As suggested by the reviewer the practicality of the used 

approach, and to compare this optimized material with the state of the 

art candidates to provide the readers with a context. For this purpose, a 

comparison-table of our results with other studies results during writing 

the article, but because of the different conditions of experiments and 

research methods, it seemed that the comparison table is not possible and 

useful. On the other hand, the chlorine and acid resistance results of 

this study for the AAF-NF membrane were really good and different in 

comparison to the latest studies, in general. However, we have placed the 

desalination results in comparison of commercial membrane result that has 

been carried out in the similar condition of performance experiments in 

another study which is referred in the text (Reference No. 78). 

 

9. Are there additional roles played by MWCNTs in nanofiltration other 

than simply providing a chemical scaffold? 

Response: As requested by the reviewer the additional roles played by 

MWCNTs in nanofiltration other than simply providing a chemical scaffold 

has been discussed. The special physical structure of carbon nanotubes 

can probably create additional water flow channels has been extended. 

 

 

 

 

 



Dear Editor of “Chemical Engineering” Journal 

 

Attached is the manuscript of our article entitled “Fabrication of thin-film 

nanocomposite nanofiltration membranes incorporated with aromatic amine 

functionalized multiwalled carbon nanotubes for desalination of groundwater with 

improved acid and chlorine resistance” 

by Sina Gholami, Julio López,  Alireza Rezvani, Vahid Vatanpour, and José Luis 

Cortina, to be considered for publication in “Chemical Engineering’’ Journal. 

 

A different applicable work containing practical and theoretical sections is presented. 

The importance of achieving the long lifetime desalination membrane is a clear subject, 

regarding nanofiltration (NF) operational condition; access to the acid and chlorine 

resistant membrane can reduce the operation-cost. Results of previews studies that 

showed; the presence of more amine functional groups and also the using the carbon-

based nanomaterial have the greatest effects, but not sufficient. In this study we could 

achieve a long lifetime groundwater-nanofiltration membrane under strong chlorine and 

acidic condition with the lowest possible pH. In addition, using and comparing of two 

kinds of amine-functional groups that are incorporated with multiwalled carbon 

nanotubes (MWCNTs) are investigated. The first type is aliphatic amine-functionalized-

MWCNTs (AF-MWCNTs) and the second type is customized aromatic-amine-

functionalized-MWCNTs (AAF-MWCNTs) that are applied in the nanofiltration 

membranes. Regarding the AAF-NF; the aim was to increase the cross-linking degree of 

PA layer with lowest cost and use unchanged common membrane preparation process. 

The point is; for the first time by applying the AAF-MWCNTs we could make the quite 

similar polyamide (PA) structure to the common PA NF membranes. The practical tests 

showed an impressive improvement of the AAF-nanofiltration membrane’s chlorine and 

acid resistance, In addition, it was able to show better performance in groundwater 

desalination in comparison with the Commercial membrane. It could be mentioned the 

XPS discussions in this study could open a new approach to chlorine and acid resistant 

polyamide membrane investigations. In the theoretical section; we have described the 

ion separation of groundwater-feed across the modified membranes by SED model, 

very well. We hope that you will find this work suitable for publication in the Journal of 

Chemical Engineering Journal. 

 

The manuscript has been professionally proofread and tried to avoid any grammar or 

syntax error by an international service. I declare on behalf of my co-authors that this 

work is not published previously and not under consideration for publication elsewhere, 

in whole or part. 

 

Sincerely, 

Sina Gholami, PhD 

Chemical Engineering Department, UPC-BarcelonaTECH, C/ Eduard Maristany, 10-14 

(Campus Diagonal-Besòs), 08930 Barcelona, Spain 

Department of Applied Chemistry, Faculty of Science, University of Sistan and Baluchestan, 

P.O. Box 98135-674, Zahedan, Iran 

E-mail: sinagholami13@yahoo.com  
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Ms. Ref. No.:  CEJ-D-19-11518 

Title: Fabrication of thin-film nanocomposite nanofiltration membranes incorporated with 

aromatic amine functionalized multiwalled carbon nanotubes for desalination of groundwater 

with improved acid and chlorine resistance 

Chemical Engineering Journal 

 

Dear Dr. Gholami, 

Reviewers have now commented on your paper. For your guidance, reviewers' comments are 

appended below. You will see that they are advising that you revise your manuscript. If you 

are prepared to undertake the work required, I would be pleased to reconsider my decision.  

Please give a careful consideration to the criticisms raised. All of them should be taken into 

account in a revised version of your manuscript.  

Make sure to incorporate the essence of your response to the reviewers into the revised 

manuscript for the benefit of all readers and submit your revised paper by 25 Oct 2019. 

I thank you for giving us the possibility of considering your work. 

 

Yours sincerely, 

Dr. Tejraj M Aminabhavi 

Editor 

Chemical Engineering Journal 

 

 

 

 

 

*Response to Reviewers
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Dr. Tejraj M Aminabhavi 

Editor Chemical Engineering Journal 

 

 

 

 

 

           

           Barcelona 10/10/2019

  

Dear Professor, 

 

Please find enclosed the revised version of our manuscript “Title: Fabrication of thin-film 

nanocomposite nanofiltration membranes incorporated with aromatic amine functionalized 

multiwalled carbon nanotubes for desalination of groundwater with improved acid and 

chlorine resistance 

 

We would like to thank the reviewers for careful and thorough reading of this manuscript and 

for the thoughtful comments and constructive suggestions, which help to improve the quality 

of this manuscript.  

Please see below, in blue, our detailed response to comments. All page numbers refers to the 

manuscript file with Blue color changes. 

 

Best Regards 

Dr. Gholami 
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Answers to reviewers' comments: 

Answers to Reviewer #2: 

We would like to thank the reviewer for her/his detailed and accurate revision of the 

manuscript. All the queries have been taken into account and, accordingly, the required 

modifications have been made. 

Reviewer #2: In the submitted manuscript, the authors present a new nanofiltration 

membrane consisting of a polyester non-woven support coated with polysulfone as 

ultrafiltration layer. For the final nanofiltration layer the authors used a polyamide matrix in 

which aliphatic or aromatic amine-functionalized MWCNTs (AF/AAF membranes) were 

dispersed. These membranes were tested with respect to chlorine and acid resistance and their 

ability to reject ions from groundwater. It could be shown that the chlorine and acid stabilities 

increased in the order bare polyamide membrane without functionalisation ˂ AF membrane ˂ 

AAF membrane. The rejection capacity of the AAF membrane was close to that of the 

commercial membranes, although the AAF membrane showed higher permeate fluxes. 

The manuscript is written in good English but is a difficult to read. Altogether, it should be 

clearer structured. Especially the tested membranes should be distinguished more clearly. It 

would be more advantageous to list all membranes used in this study (for experiments as well 

as for comparisons form literature) in a special membrane section, which also include the 

membrane preparation. 

Response: Regarding this issue, we have added new parts at the middle and end of the 

introduction section as follow: 

"The innovation of this study is considered in the AAF-NF membrane that consisted of 

the novel customized aromatic amine functional groups which has the potential to 

develop the PA cross-linking degree." (Page 5) 
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"Furthermore, the desalination performance of the modified membranes was compared 

with the performance result of a commercial membrane (Desal DL)." (Page 6) 

 

Furthermore there are some aspects, should be improved: 

1) The chlorine and acid stability was tested for the bare non-functionalized polyamide 

membrane as well as for the AF and AAF membranes. To estimate the effect of the 

MWCNTs itself a polyamide membrane with dispersed non-functionalized MWCNTs should 

be tested. 

Response: The non-functionalized (raw) carbon nanotubes due to very bad dispersion in 

aqueous solution resulted a NF TFC membrane with unsuitable properties, which are not 

comparable with our membranes. One of the main properties of nanomaterials in preparation 

of filtration membrane is theirs hydrophilicity. Non-functionalized (raw) MWCNTs don't 

have hydrophilic property enough (even we can call them hydrophobic in this cases). For 

improving the hydrophilicity the MWCNTs should modify them with hydrophilic functional 

groups. Here, general functionalizing is; addition the acid carboxylic groups. Therefore surely 

using the raw-MWCNTs in the TFN membrane will result in inappropriate results.  

 

2) In Figure 2, images of the bare polyamide membranes should also be shown. 

Response: As mentioned in the introduction (“It should be noted that because of proven 

improvement of MWCNT–TFN membranes in comparison with the bare membrane in many 

studies, here, the desalination performance of the bare NF membrane was not studied 

deliberately’’), the purpose of this study was to compare two different types of functional-

MWCNTs that are applied in the TFC layer of the NF membrane.  

We have many studies about modification of the Desalination membrane by incorporating the 

Modified-MWCNTs in the thin film layer, that all of them have been proved the modified 
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membrane by functionalized-MWCNTs shows better performance and properties in 

comparison with bare membrane (also in this research have been proved for us in the 

experiments again). In particular, our research group has published some articles that applied 

amin-functionalized-MWCNTs in the TFC/N-Membrane that showed so better performances 

compared with Bare-TFC/N membrane, also there is much information about comparing the 

modified membrane with the Bare-membrane. This is common between typical modification 

articles.  

While, in this purposeful study we started to customize the novel Aromatic Amine functional 

groups-MWCNTs to applying in the TFN membrane then comparing with the TFN 

membrane which is incorporated by aliphatic-amine functional group-MWCNTs. Here, the 

desalination performance and stability to acid and chlorine reagents are comparison subjects.  

Also describe the transport of ions across the modified membrane by the SED model is 

another target of this study. So, we strongly avoided representing the obvious results in this 

study, I hope you permit us to perform it.  

 

3) On page 19 it is written that the AAF membrane showed the most negative surface charge 

in neutral pH but in Figure 4 the zeta potentials for the AF membrane and the commercial 

one is much more negative in this range. Why the authors do not used the commercial one for 

a comparison instead of the bare polyamide membrane? 

Response: We thanks the reviewer for this precise consideration. The sentence in Page 19 

was corrected to match with figure results (highlighted). We have used commercial Desal DL 

membrane NOT the bare polyamide membrane. Then, the text has been modified 

accordingly. 
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4) On page 20 the nitrogen contents of the bare polyamide membrane, the AF and the AAF 

membrane are quite similar. What is the standard deviation of these values? 

Response: Data on element percentage were provided by the CasaXps software as tool to 

analyze the Spectrum Survey. Results are not providing with a Standard deviation in the 

results.  

In this type of studies, increasing the amount of Nitrogen can be a strong indication of higher 

amine group presence, although there is a small difference between some results but this is 

acceptable and normal in similar studies published. we can see similar conditions results in 

the reference No.32. 

 

5) For a better comparability in the membranes rejection properties the bare polyamide 

membrane should also been tested. 

Response: The Bare membrane data are available in our previous works [A-C], then it was 

decided not to include in this manuscript. to avoid duplication of data in the manuscript. As 

mentioned in the answer of the second comment; the purpose of this study was to provide a 

different work. At the beginning of page six, we have mentioned better results of the 

Modified membrane compare to the Bare membrane in almost all studies. Here, we avoided 

obvious result duplication; also the relevant studies are referenced in the text. In any case, if it 

is recommended to be included in the present manuscript, may be it could be included as 

supplementary information.  

[A] V. Vatanpour, M. Esmaeili, M Safarpour, A Ghadimi, J Adabi, Synergistic effect of carboxylated-MWCNTs 

on the performance of acrylic acid UV-grafted polyamide nanofiltration membranes, Reac. Funct. Polym. 134 

(2019) 74–84. 

[B] H. Rezaniaa, V. Vatanpour, A. Shockravi, M. Ehsani, Study of synergetic effect and comparison of novel 

sulfonated and carboxylated bulky diamine-diol and piperazine in preparation of negative charge NF membrane, 

Sep. Purif. Technol. 222 (2019) 284–296. 
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[C] M.R. Mahdavi, M. Delnavaz, V. Vatanpour, J. Farahbakhsh, Effect of blending polypyrrole coated 

multiwalled carbon nanotube on desalination performance and antifouling property of thin film nanocomposite 

nanofiltration membranes, Separation and Purification Technology 184 (2017) 119–127. 

 

6. Please cite some papers from cej 

Response: As requested by the reviewer, a more precise review of relevant refererences 

connected to this work have been found and they have been included in the text. Three new 

references from Chemical Engineering Journal were cited as Ref. 35, 39 and 40. 

 

Answers to Reviewer #3: 

We would like to thank the reviewer for her/his detailed and accurate revision of the 

manuscript. All the queries have been taken into account and, accordingly, the required 

modifications have been made. 

 

Reviewer #3: The manuscript entitled "Fabrication of thin-film nanocomposite nanofiltration 

membranes incorporated with aromatic amine functionalized multiwalled carbon nanotubes 

for desalination of groundwater with improved acid and chlorine resistance" provides 

valuable insights into the removal of As, NO3- and NH4+ using the thin-film composite NF 

membranes incorporated with aromatic and amine functionalized multi-walled carbon 

nanotubes.  

 

Authors thank for the positive comments given by the reviewer.  

However, the manuscript has not been structured correctly yet and its organization needs to 

be streamlined thoroughly.  

Response: As it is requested by the reviewer the manuscript has been re-structured and 

reorganized to be streamlined thoroughly 
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Furthermore, the research scope of this study was not consistent with the title of the 

manuscript, which makes the manuscript seem to be poorly written. 

Response: As it is suggested by the reviewer the title of the manuscript has been modified to 

describe better the content of the paper. The new title is “Fabrication of thin-film 

nanocomposite nanofiltration membranes incorporated with aromatic amine-functionalized 

multiwalled carbon nanotubes. Rejection performance of inorganic pollutants from 

groundwater with improved acid and chlorine resistance” 

 

 In the present form, I do not recommend this manuscript for publication in Chemical 

Engineering Journal. 

 

Specific comments: 

1.    Title: Please re-consider the title of the manuscript. This study primarily focused on the 

removal of As, NO3- and NH4+ using the thin-film composite NF membranes incorporated 

with aromatic and amine functionalized multi-walled carbon nanotubes. Therefore, the term 

of "desalination" seemed to be not adequate for this manuscript. 

Response: As it is suggested by the reviewer the title of the manuscript has been modified to 

describe better the content of the paper. The new title is “Fabrication of thin-film 

nanocomposite nanofiltration membranes incorporated with aromatic amine-functionalized 

multiwalled carbon nanotubes. Rejection performance of inorganic pollutants from 

groundwater with improved acid and chlorine resistance” 

 

2. Graphical abstract: Please improve the resolution of the graphical abstract. 

Response: As is it requested by the reviewer the graphical abstract picture is changed to 

higher quality.  
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3. Highlights: The 3rd - 5th bullets do not give any indications for major conclusions of this 

manuscript. 

Response: As is it indicated by the reviewer Items 3, 4, and 5 were modified and already the 

Corrected-Highlight file is submitted along with Revised-manuscript. 

 

4. There were too many grammatical errors and awkward English expressions, including 

sentences, verb tenses, adverbs, and basic vocabulary. I would strongly suggest the authors to 

take a thorough review and editing of the manuscript, including the main text and the 

supplementary material by a native English speaker. 

Response: As it is requested by the reviewer the manuscript has been thoroughly reviewerfor 

improving the global quality of the text.  Finally, was edited by the Proof-Reading Service in 

the UK. The related certificate has been attached to the Revised-files. 

-    Ion rejection of nanofiltration (NF) → the ion rejection of nanofiltration (NF) 

-    Field emission scanning electron microscopy (FESEM) → field emission-scanning 

electron microscopy (FE-SEM) 

-    Atomic force microscopy (AFM) → atomic force microscopy (AFM) 

-    Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR) → 

attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). 

 

 

-    XPS results → XPS results of what 

It has been changed to XPS analysis. 

-    arsenic rejection → the arsenic rejection, and etc. 

The sentence is corrected, it should be noted that 15% is about Arsenic rejection, only. 
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The mentioned sentences have been corrected. 

 

5.    Abstract: Do not use unnecessary abbreviations in the abstract section, FESEM, AFM, 

ATR-FTIR, and etc. 

Response:  As indicated by the reviewer he abbreviations were deleted from the Abstract. 

 

6.    Abstracts: Prior to using abbreviations, please define them, such as AAF-NF, AF-NF, 

and etc. 

Response: As indicated by the reviewer the abbreviations were defined as follow: 

"nanofiltration membranes incorporated with AF-MWCNTs (AF-NF) and nanofiltration 

membranes incorporated with AAF-MWCNTs membranes (AAF–NF)" 

 

7. The novelty of the manuscript has not been well addressed in the introduction section. In 

addition, there is no proper English flow within the sentences due to incorrect usage of verb 

tenses, adverbs, and basic vocabulary which makes the manuscript seem to be poorly written. 

Response: As indicated by the reviewer the novelty of the manuscript has been properly 

addressed and the text has been modified accordingly. Finally, the text has been re-written to 

improve its clarity. 

“The innovation of this study is considered in the AAF-NF membrane that consisted of the 

novel customized aromatic amine functional groups which has the potential to develop the 

PA cross-linking degree”. 

 

8.    Please specify the titles of the sections and subsections. 

Response: As indicated by the reviewer the titles of the sections and subsections were 

specified (highlighted in the manuscript). 
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9.    Please specify membrane samples, including Desal DL, UF and bare NF membrane. It is 

hard to recognize the target membrane for comparing membrane properties with the prepared 

NF membranes. 

Response: As it is indicated by the reviewer a better description of membrane samples and 

their properties have been better described on the manuscript. A new part at the end of the 

introduction section has been included:  

 

“Furthermore, the desalination performance of the modified membranes was compared with 

the performance result of a commercial membrane (Desal DL).” (Page 6) 

 

The properties of the prepared and applied membranes in this study have mentioned within 

the text or referred to the related Article, for example, the properties of the commercial 

membrane is referred to Reference No. 78. 

    

10. Please provide more detailed information on both the commercial and prepared NF 

membranes in this study (i.e., pore size, roughness, zeta potential, and contact angle) and 

correlated to the performance of the membrane processes (i.e., the rejection of inorganic 

materials and the permeate fluxes). 

Response: As requested by the reviewer more information was provided in the text to stress 

the influences of those properties in the membrane performance. 

Several properties such as pore size, roughness and contact angle are highly correlated to the 

permeate flux across the membrane. The lower contact angle for the AF-NF (62.45°) 

explained the lower water fluxes across the membrane due to hydrophilic surface.  
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For polymeric membranes, efforts to characterize the free volume size have been achieved by 

the use of Positron Annihilation Spectroscopy and Rutherford Back Scattering techniques. 

Moreover, in several studies the mean pore size is determined by filtering organic compounds 

of different molecular weight. However, the obtained pore size will not be the same at 

different pH values, since the membrane properties are dependent on solution pH. Moreover, 

it is established that the intermediate layer has a significant effect on the ion separation. 

Furthermore, the relatively small thickness of the active layer makes impossible to separate it 

from the rest of the membrane without damaging it. For these reasons, pore size 

measurements were not carried out. 

The ion flux across the membrane (i.e. rejections) is controlled by Donnan and dielectric 

exclusions, which are highly influenced by the membrane matrix and its functional groups. 

This information is provided by zeta potential measurements. Since the AAF-NF exhibited a 

lower negative charge than AF-NF, higher anion rejections (i.e. sulphate and arsenate) were 

obtained. 

The properties of the prepared and applied membranes in this study have mentioned within 

the text or referred to the related Article, for example, the properties of the commercial 

membrane is referred to Reference No. 78.   

 

 

11.    Section 3 seemed to be unnecessarily separated from Section 2. 

Response: As requested by the reviewer both sections were merged in only one section.   

 

12.    Results and discussion section has not been correctly structured yet. Moreover, there is 

a great need to explain the experimental results clearly, logically, and concisely by comparing 

them with the literature available on the topic. 
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Response: As indicated by the reviewer an effort to review the results and discussion section 

has been re-structured and the experimental results have been more clearly, logically, and 

concisely discussed and results were compared with available literature on the topic The 

added and changed parts are marked. 

 

Answers to Reviewer #5: 

 

Reviewer #5: In this paper, a new thin film nanocomposite nanofiltration (NF) membrane 

was synthesized and its chlorine resistance, acid resistance and desalination performance had 

been investigated. NF membranes were characterized using X-ray photoelectron spectroscopy 

(XPS), Field emission scanning electron microscopy (FESEM), Atomic force microscopy 

(AFM), Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR), 

contact angle, and zeta potential measurements. This is an interesting study. The paper is well 

written and results are well reported. So, based on my review of the manuscript I accept for 

publishing at Chemical Engineering Journal. Please check the grammatical errors before 

publishing. 

Response: We thank the positive comments and the grammar has been revised and 

highlighted throughout of the manuscript.   

 

 

Answers to Reviewer #6: 

We would like to thank the reviewer for her/his detailed and accurate revision of the 

manuscript. All the queries have been taken into account and, accordingly, the required 

modifications have been made. 
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Reviewer #6: This paper by Gholami et al. fabricated a novel thin-film nanocomposite 

nanofiltration membrane by blending aromatic amine functionalized multiwalled carbon 

nanotubes or aliphatic amine functionalized multiwalled carbon nanotubes. The polyamide 

layer was made by interfacial polymerization between piperazine and trimesoyl chloride 

monomers. The authors tested chlorine and acid resistance where good improvement was 

measured. The membrane was characterized by XPS, FESEM, AFM, ATR-FTIR, contact 

angle, and zeta potential measurements. Then the desalination performance was investigated 

by a cross-flow filtration system test using mixed composition salt solutions simulating the 

composition of groundwater polluted with HAsO4, NO3-, and NH4+. The results showed 

good performance of the AAF-NF membranes with long lifetimes in comparison to the AF-

NF. This paper showed interesting results. The data is reasonable and supportive to the 

conclusion. However, the performance improvement through the proposed efforts is 

incremental and not significant.  

Response: We thank the reviewer for the positive comments, although as it is claimed the 

improvement of the membrane performance is incremental 

There are also some technical issues to be addressed which are listed below. 

1. It is a general concern when using carbon nanotubes in nanofiltration due to their high cost. 

The authors should consider this point and comment in the introduction or discussion section. 

Response: As requested a discussion on the cost issues associated to the use of carbon 

nanotubes has been introduced. The following sentence was added in introduction section 

(Page 6). 

"Also, the amount of used modified MWCNTs was very low (0.005 wt.%), which theirs 

application is economical". 
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2. The name of BASF is misspelled in the experimental section. 

Response: As it is indicated the mentioned word has been corrected.  

 

3. I have a general concern for the spectroscopic characterizations in this paper. The as-

prepared materials feature rather complicated chemical structures which makes the 

assignment of certain band identities challenging. For example, N has many chemical 

environments. How did the author differentiate them in XPS? How reliable are the band/peak 

assignment in XPS or IR? 

Response: As it is indicated by the reviewer a more consistent discussion is provided on the 

spectroscopic characterization. The discussion has been supported by using references of N 

analysis with XPS, you could find some of them on xpsfitting.com for example. 

Regarding the last part of your comment; it was used binding energies of each peak 

component to assignment a chemical environment using references (Articles). The number of 

components is deduced by the signal shape. Binding energy error is about 0.1-0.2eV, of 

course each peak could be assigned to different chemical environments because sometimes 

there is overlap in binging energies values, that is why we need to use other techniques to 

support XPS results (as FTIR, that the results and discussion have presented in the 

manuscript and the spectrum is placed in the supplementary information). 

 

4. Please provide the C 1s and N 1s XPS spectra and the deconvoluted band shapes. 

Response: As it is requested by the Reviewer, the XPS Spectra of C, N, and O at all 

experiments condition (dry and wet), for chlorine and acid exposure are presented in the 

supplementary file. Also, the deconvoluted band is presented in the special table in the 

supplementary, too.  
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5. Considering the large difference in roughness between the two samples, is the 

quantification of different compositions by XPS reliable enough? As XPS is only sensitive to 

the surface components (<10 nm). 

Response: As it is requested by the reviewer the discussion on the roughness differences has 

been extended. The roughness does not affect to the XPS signals, it can modify the 

background. The chemical composition of surfaces could be affected by roughness. 

 

6. The authors may consider using TGA to help understand the cross linking structure and to 

support their claim.  

Response: As it is suggested by the reviewer the use of TGA could help to understand the 

cross linking structure and to support the paper claims.  The TGA can be useful to cross-

linking degree investigation, but it was not found robust experimental procedure to analyze 

the active thin layer. Due to preparation of polyamide layer on the polysulfone supports and 

non-woven fabrics, the TGA results were not found to be as precise as requested.  

 

7. How stable are these membranes in the prolonged filtration measurements? How robust are 

they upon regeneration? These practical aspects need to be considered and tested. The authors 

mentioned good lifetime, however the evidence is not strong enough. 

Response: In answer to the reviewer request on membranes stability details are provided 

below:  

the research group, is working on membrane preparation by Interfacial Polymerization 

monomers and polymer materials. The long stability is tested by related experiments in pre-

experimental before. In this study, we did not place them because our issue is not the stability 

of the membrane that is proven before for us and presented in previews studies of our group. 
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Actually, for this membrane, we have seen good stability like similar membranes which we 

are preparing a few years at the exact same condition in our researches. In this study, we have 

worked on the main causes of membrane life-shortening like acid and chlorine attack, that’s 

why after chlorine and acid resistant improving we could talk about the long life membrane. 

We suppose this is clear that lab-scale improvement is our target when we talk about long-life 

membrane; actually by this modification we can open a new and proper potential method for 

having a long-life membrane in the industrial-grade, more facile than past. Also, we think this 

claim in this grade of studies (with this amount prove analyses and experiments) is a usual 

and common subject. 

 

8. The authors should comment on the practicality of their approach, and compare this 

optimized material with the state of the art candidates to provide the readers with a context. 

Response: As suggested by the reviewer the practicality of the used approach, and to 

compare this optimized material with the state of the art candidates to provide the readers 

with a context. For this purpose, a comparison-table of our results with other studies results 

during writing the article, but because of the different conditions of experiments and research 

methods, it seemed that the comparison table is not possible and useful. On the other hand, 

the chlorine and acid resistance results of this study for the AAF-NF membrane were really 

good and different in comparison to the latest studies, in general. However, we have placed 

the desalination results in comparison of commercial membrane result that has been carried 

out in the similar condition of performance experiments in another study which is referred in 

the text (Reference No. 78). 

 

9. Are there additional roles played by MWCNTs in nanofiltration other than simply 

providing a chemical scaffold? 
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Response: As requested by the reviewer the additional roles played by MWCNTs in 

nanofiltration other than simply providing a chemical scaffold has been discussed. The 

special physical structure of carbon nanotubes can probably create additional water flow 

channels has been extended. 
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Abstract 

A thin-film nanocomposite nanofiltration (TFN-NF) membrane was fabricated through 

blending a novel aromatic amine-functionalized multiwalled carbon nanotubes (AAF-

MWCNTs) and an aliphatic amine-functionalized multiwalled carbon nanotubes (AF-

MWCNTs). The polyamide layer was synthesised by interfacial polymerisation (IP) between 

piperazine and trimesoyl chloride monomers. The improved resistance of NF membranes to 

chlorine and acid were characterised by X-ray photoelectron spectroscopy (XPS), field 

emission-scanning electron microscopy, atomic force microscopy, attenuated total 

reflectance-Fourier transform infrared spectroscopy, contact angle, and zeta potential 

measurements. XPS analysis confirmed chlorine and acid resistance properties, as well as an 

improvement in the polyamide network cross-linking degree of the new nanofiltration 

membranes incorporated with AAF-MWCNTs (AAF–NF). The membrane transport 

properties and the performance on the rejection of   HAsO4
-2

, NO3
–
, and NH4

+
 from solutions 

mimicking polluted groundwater were evaluated. Membrane performance to the target 

pollutants were determined by the solution-electro-diffusion (SED) model coupled with 

reactive transport. The results showed that AAF–NF membranes, with long-lifetimes, could 

be applied for the removal of As(V) from polluted groundwater. Water permeate flux and the 

arsenic rejection of the AAF–NF membrane increased by 15% when it is compared with a 

typical commercial semi-aromatic polyamide nanofiltration membranes (Desal DL). 

Keywords: Functionalized carbon nanotubes; thin-film nanocomposite; nanofiltration 

membrane; chlorine resistance; acid resistance  
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1. Introduction  

Improving the long-lifetime and high-performance nanofiltration (NF) membranes are still 

research challenges. Several properties for thin-film composite/nanocomposite (PA–TFC/N) 

NF membranes such as high permeate flux, efficient multi-charged ion rejection, and reduced 

energy consumption and low manufacturing costs are being requested by the industry [1–3]. 

Wastewater treatment; pre-treatment of seawater desalination, food, beverage, and 

pharmaceuticals; and softening of groundwater are examples where NF has been employed 

[4–7]. Usually, the semi-aromatic PA NF membranes are prepared by interfacial 

polymerisation (IP) between piperazine (PIP) and trimesoyl chloride (TMC) upon 

ultrafiltration (UF) membrane. The structure of the piperazine polyamide (PIP–PA) TFC 

layer is shown in Fig. 1.  

The drawback of the PA-TFC membrane is the low resistance to chlorine and high acidic 

media. Usually, sodium hypochlorite solutions are applied as biocides to control biofouling or 

as detergents in the washing process [8,9]. After hypochlorite addition, the residual free 

chlorine can interact with the active surface layer of the membrane. Then, the network will be 

modified chemically by the chlorine attack on the susceptible functional groups (amidic-

nitrogen), which leads to deterioration of membrane performance [10,11]. This process is 

known as Orton rearrangement, and has been characterised in PA-TFC reverse osmosis (RO) 

membranes [12].  

Acid purification, acid recovery, and metal recovery from acidic mining and metallurgical 

wastewaters are new examples of processes where NF membranes can be applied in extreme 

acidic media [13–17]. The amidic and carboxylic groups of the acid-exposed PA layer are 

converted to the protonated form, which hydrolyses and decomposes the PA network [17–

19].  
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To develop RO, and NF membranes characterised by a chlorine and acid resistance of PA, 

different approaches have been examined, such as the IP-monomer changing method [20,21], 

nanomaterial embedding [22], or surface grafting [23]. To improve the acid resistance of TFC 

NF membranes, some membrane producers have used sulfonated aromatic compounds [24–

28] or introduced new monomers into the IP reaction [29]. Almost all acid and chlorine 

resistance PA-TFC membranes showed low desalination performance in terms of salt-water 

flux and salt rejection [30,31].  

Considering the relatively common sensitive sites of chlorine and acid attacks on the PA 

network, the presence of additional amine groups (e.g., more amidic-nitrogen formation) and 

an increase in the degree of crosslinking provide the membrane with higher resistance to 

chlorine and acid [32]. Furthermore, the presence of amine groups in the PA layer can change 

the membrane surface charge, which could influence on the ion rejection. The inclusion of 

more amine groups in the TFC membranes could be achieved using the approaches above-

mentioned. Among them, coating or grafting a new layer upon the TFC membrane has 

improved the resistance against chemical aggressive species and streams. This improvement 

could be related to the sacrificial layer created on the TFC layer, but this approach has as 

notable disadvantages such as a significant water flux decline due to the increased thickness 

of the active layer and the short lifetime of the coated layer [33, 34]. Nanoparticle embedding 

in the polymeric active layer network is a suitable method to achieve the desired purposes. 

Most studies have been performed by blending the modified nanoparticles, such as graphite, 

silica, zeolite, metal oxide, graphene oxide, and multi-walled carbon nanotubes (MWCNTs), 

into polymeric active layers [22, 35–42].  

The use of MWCNTs is explained by their properties, such as unique shape–structure, 

chemical strength, and compatibility with solvents [43–46]. To prepare the MWCNT–TFN-

based membrane, the MWCNTs are dispersed in an organic or inorganic solution for the IP 
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reaction [47]. The tendency of raw MWCNTs to agglomerate in solvent media can increase 

the possibility of defect formation in the membrane surface [48]. Therefore, surface 

modification of MWCNTs by joining the hydrophilic functional groups onto the tube's wall 

can improve the dispersion capability. It should be noted that simple acidification is the first 

step of MWCNT functionalization. Other functional groups can interact with the attached 

carboxyl acid groups on the MWCNTs. Xu et al. [32] applied three different functionalized 

MWCNTs with carboxyl (MWCNTs–COOH), hydroxyl (MWCNTs–OH), and amine 

(MWCNTs–NH) for preparation of MWCNT–TFN NF membranes. The MWCNT–NH NF 

membrane improved salt rejection performance due to a more covalent bond between amine 

groups and carboxylic groups of TMC during the IP process.  

In this study, the influence of two different types of amine-functionalized-MWCNTs in the 

chlorine and acid resistance, and the desalination performance of TFN NF membranes, 

according to the SED model, was investigated. The membranes were named AF–NF 

membrane with aliphatic amine-functionalized-MWCNTs and AAF–NF membrane with 

aromatic amine-functionalized-MWCNTs. The aliphatic amine-functionalized-MWCNTs 

were prepared by a simple amine functionalizing method through the triethylenetetramine 

(TETA) reagent [49]. As a result of this functionalization, the aliphatic amine functional 

groups were attached to the MWCNTs. The second pathway of amine functionalization has 

been carried out by applying a reactive intermediate reagent (2,4,6-trichloro-1,3,5-triazine) to 

enhance functionalization efficiency [50]. The innovation of this study is considered in the 

AAF-NF membrane that consisted of the novel customised aromatic amine functional groups, 

which have the potential to develop the PA cross-linking degree. Fig. 1 presents the chemical 

structure of AF and AAF–MWCNTs.  

In this work, a constant amount of AF and AAF–MWCNTs, separately, were added to PIP 

solution to prepare the thin-film nanocomposite layer on a UF membrane through an IP 
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interaction. It should be noted that because of the proven improvement of MWCNT–TFN 

membranes in comparison with the bare membrane in many studies, here, the desalination 

performance of the bare NF membrane was not studied deliberately [32, 51]. Although, the 

comparison of TFN–NF with TFC–NF membranes to confirm the robust membrane 

modification process was performed. Also, the amount of used modified MWCNTs was very 

low (0.005 wt.%), which theirs application is economical. As a model system, the treatment 

of synthetic groundwater contaminated with HAsO4
–
, NH4

+
, and NO3

–
 was evaluated. 

Moreover, to investigate the chlorine and acid resistance, the bare and modified membranes 

were compared. Furthermore, the desalination performance of the modified membranes was 

compared with the performance result of a commercial membrane (Desal DL).  
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Fig. 1. Polymer structure of the piperazine–polyamide NF membrane and schematic 

diagram of the cross-linking interaction between AF–MWCNTs and AAF–MWCNTs 

with interfacial polymerisation monomers. 

2. Experimental 

2.1. Materials and reagents 

Polysulfone (PSF Ultrason S6010 with Mw=58,000 g/mol, BASF, Germany) and N-methyl-2-

pyrrolidone (NMP, PanReac Applichem Co, made in the E.U.) were used to prepare the 

asymmetric, porous UF membrane as the substrate layer of the TFC/NF membrane on 

polyester non-woven fabric. For the interfacial polymerisation process, the following 

chemicals were used: piperazine (99%); 1,3,5-benzenetricarbonyl trichloride (TMC) (98%); 

(1S)-(+)-10-camphorsulfonic acid (99%); and trimethylamine (99.5%) (TEA) from Sigma-

Aldrich Co. (Germany); and n-Hexane (+96%, Extra Dry, AcroSeal) from Acros Organics 
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Co. (USA). For the desalination experiments, MgCl2, NaSO4, NH4NO3, and Na2HASO4 were 

purchased from Sigma Co., PanReac Applichem Co., Acros Organics Co., and Alfa Aesar 

Co., respectively. NaClO (10% w/v) and HCl (37% w/v) were purchased from PanReac 

Applichem Co. for chlorine- and acid-aging tests. Ultra-pure water was used for the aqueous 

solutions with the Milli-Q
®
 Academic A10

®
 instrument. The AF–MWCNTs and the AAF–

MWCNTs were prepared by the previously mentioned procedures [49, 52].  

 

2.2. Membrane preparation 

First, the asymmetric, porous UF membrane was prepared with the classic phase-inversion 

(PI) method, with the casting solution consisting of 19 wt.% PSF in NMP solvent. The 

casting solution was stirred until a homogeneous and viscous liquid obtained. Before UF 

casting, the solution was placed in an oven at 50°C for 3–6 h to dismiss the air bubbles. The 

casting solution was cast on the non-woven fabric with a film applicator. Then, at the shortest 

time possible, the casted film was immersed in a distilled water bath for 24 h to complete the 

phase inversion process. The TFC/NF membranes have been prepared via IP of aqueous and 

organic solutions. The humid PSF–UF membrane was soaked in the aqueous solution 

consisting of 1 wt.% PIP, 3 wt.% camphor, and 3 wt.% TEA for 8 min. After removing the 

remaining aqueous solution by a rubber roller, the support was soaked in the organic solution 

consisting of 0.4 wt.% TMC in n-hexane solution for 2 min to prepare the PA thin layer. 

Some of the n-hexane solvent was used to remove the excess unreacted organic solution on 

the TFC or TFN NF membranes. Finally, the prepared membranes were placed in the oven at 

70°C for 10 min. Then, the prepared NF membranes were kept in the de-ionised water bath 

until experimental tests. The AF–NF and AAF–NF membranes were prepared by dispersing 

0.005 wt.% of the AF–MWCNTs and AAF–MWCNTs in the PIP solution. A bath sonicator 
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(J.P Selecta, model: s.a, made in E.U. Hz: 50/60) was used for 20 min to disperse the 

modified MWCNTs. 

 

2.3. Characterisation analysis 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Phoibos 150 MCD-9 

spectrometer that used an Al K alpha monochromatic X-ray radiation source at 200 W and 15 

kV. The high-resolution survey spectra were recorded at pass energies of 1 eV and 0.1 eV. 

This technique could recognise all elements, excluding hydrogen, and detection limits were 

about 0.01monolayer or 0.1% of the total elemental concentration. The XPS analysis was 

used to investigate changes after chlorine- and acid-ageing of membranes. It should be noted 

that the membrane samples, after the aging assays, were dried under room temperature for 24 

h before the analyses.  

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy was 

employed (Jasco FT/IR 4100) to study the functional groups of prepared NF membranes and 

to confirm the accurate TFN–NF preparation in comparison with TFC–NF. The ATR-FTIR 

analysis scans were performed in the wavelength range of 400–4000 cm
−1

. It should be noted 

that the membrane samples, after the filtration assays, were dried in a vacuum oven at 45–

50°C before the analyses.  

The NF membrane's surface morphology was characterised by FE-SEM (Field emission 

scanning electron microscope) (Neon40 Crossbeam™) at an accelerating voltage of 5 kV. 

Sample preparation was carried out by gold sputtering for 5 min at 5 mA. The focused ion 

beam (FIB) instrument was used to capture the cross-sectional image of the UF–substrate 

layer of the NF membrane. The FIB cross-sectioning was made on a dual-beam station (Neon 

40, Carl Zeiss) equipped with a Schottky FE-SEM and Ga
+
 ion columns (CANION31, 

Orsay). First, the area of interest was coated with a thin Pt layer (~200 nm) using e-beam-
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assisted Pt deposition in order to preserve the underlying structure from the ion-beam 

damage. On top of the thin Pt layer, a thicker Pt layer (~500 nm) was formed, this time, by 

ion-beam-assisted Pt deposition. Both Pt layers are used as protection against ion damage 

during cross-sectioning. After the Pt deposition, a large trench (about 15 μm width, 10 µm 

depth) was opened by subsequent course (30kV:10nA) and finer millings (30kV:2nA) allow 

the observation down to a depth of 10 µm. The final polishing step to obtain a very flat cross-

section was prepared using (30 kV:500 pA) ion current. The metal-organic precursor 

employed for the Pt deposition was trimethyl (methylcyclopentadienyl) platinum(IV) 

C9H16Pt.  

Surface roughness of the NF membranes was carried out with the atomic force microscopy 

(AFM) with the AFM Multimode8 microscope with electronics nanoscope V (Bruker, 

Germany). The air-cleaned samples were scanned with a 5 μm × 5 μm area using the peak-

force tapping mode. The root means square of the Z data (Rq), and average roughness (Ra) 

were determined as surface roughness parameters. 

The zeta potential (ZP) technique was used to evaluate the surface charge of the AF and AAF 

NF membranes. The ZP assays were performed with a 1 mM KCl electrolyte solution using 

the “adjustable gap cell” set-up (electrokinetic analyser SurPASS, Anton Paar Ltd, Austria). 

The electrolyte was titrated from pH of ∼10 to pH of ∼2.5 by adding HCl (0.1 M) (Sigma-

Aldrich, 37% w/w) using a syringe pump. The electrolyte was forced to pass between two 

thin membranes using a pressure program of 300 mbar maximum. From ZP measurements, 

the isoelectric point (IEP) was obtained.  

The membrane surface hydrophilicity was measured through the static contact angle test by 

estimating the fixed angle between a water drop and the membrane surface. The measurement 

was performed through the sessile-drop method with contact angle measurements 
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(Dataphysics, model: OCA 15EC, software: SCA 20) at room temperature. 10 different 

locations of the membrane surface were analysed to minimise the experimental error. 

 

2.4. Chlorine and acid resistance experiments of membranes  

Chlorine exposure experiments were carried out by ageing the membrane in 100 mg/L 

NaOCl at pH 4 for 24 h at room temperature in a vertical rotating shaker device (Heidolph, 

Model: Reax2, Germany). All membranes (bare, AF–NF, AAF–NF) were cut to the same 

size and kept in the clear volume of chlorine solution. The bottles were isolated from light 

using aluminium sheets. After chlorine exposure, the chlorinated samples were rinsed with 

distilled and Milli-Q water. Finally, the chlorinated membranes were dried under room 

conditions for 24 h before XPS analysis. The acid resistance experiments were performed in a 

similar way as the chlorine ageing experiments, with HCl solution at pH 1.5 and shaking 

contact carried out for 24 h. 

 

2.5. Membrane filtration cross-flow experiments with synthetic groundwater simulated 

solutions 

2.5.1. Working solution composition simulating As(V) polluted groundwater  

Experiments were performed with a solution mimicking the typical composition of 

groundwater (Table 1) polluted with As(V) and inorganic N forms (NH4
+
 and NO3

–
). As can 

be seen, the major components in the solution were Mg(II), SO4
2–

, Na(I), and Cl
–
, while other 

components, such as As(V) (present as a mixture of HAsO4
2–

/H2AsO4
–
), NO3

–
, and NH4

+
 

were added as traces. The pH of the solution was 7.0±0.2. 

 

Table 1. Composition of the solution tested in mol/L. 

Mg(II) SO4 Na(I) Cl As NO3 NH4 
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0.05 0.05 0.05 0.05 5×10
–3

 5×10
–3

 5×10
–3

 

 

Speciation analysis was performed with the Hydra-Medusa code [53] to determine which 

species would be present in solution (Annex 1). Table 2 shows the chemical equilibrium 

constants for the species in solution.  

 

Table 2. Chemical equilibrium constants for the species in solution (HYDRA database) at 

298 K. 

Chemical reaction         

       
        

  0.7 

        
          2.3 

   
     

         
  1.1 

 

2.5.2. Membrane filtration experimental set-up 

AF–NF and AAF–NF were tested in an experimental cross-flow set-up with a flat-sheet 

membrane (active membrane area of 0.014 m
2
), which was placed in a cross-flow test cell 

(GE SEPA
TM

 CF II) with a spacer-filled feed channel. The experimental set-up allowed to 

vary the cross-flow velocity (cfv) and trans-membrane pressure (TMP) by adjusting manually 

a needle and by-pass valve. The feed solution was kept at a constant temperature (25±2°C) in 

a thermostatic 30-L tank and was pumped into the cross-flow cell with a high-pressure 

diaphragm pump (Hydra-Cell, USA). The two outputs of the cell were recycled back to the 

tank to keep the same composition in the feed solution. Both feed and concentrate lines were 

equipped with the manometers. In addition, the latter was equipped with a flow-meter. Just 

before the discharge of the concentrate into the tank, a pre-filter cartridge was placed to avoid 

that erosion products reach the pump and to eliminate microorganisms. Permeate samples 
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were collected with a three-way valve. A data acquisition system programmed in 

LABVIEW® version 8.6 (Laboratory Virtual Instrumentation Engineering Workbench) 

collected the data from the flow meter and the pressure meters. 

Initially, the membrane was compacted with deionized water at 22 bar and cfv of 1 m/s for 2 

h and then with the solution under the same conditions. Experiments were carried out at a 

pre-fixed cfv (0.7 m/s), and the TMP was varied from 4 to 20 bar. The set-up was cleaned 

with distilled water to remove any impurities that may have been left inside the cell after 

finishing the experiments. 

 

2.5.3. Determination of the compositions of aqueous samples  

Feed and permeate samples were in-line analysed with pH and conductivity meters. The 

composition of feed and permeate samples was determined using ion chromatography 

(Dionex ICS-1000). Cations were analysed with the IONPAC®CS16 cation-exchange 

column, using 0.03 mol/L methane sulfonic acid as eluent, while anions were measured with 

with the IONPAC® AS23 anion-exchange column, using a mixture of 45 mM Na2CO3 and 

0.8 mM NaHCO3 as the eluent solution.   

 

2.6. Solute transport modelling across NF membranes coupled with reactive transport 

The transport of species across the membrane active layer depends on its properties (e.g., 

chemical composition, concentration and properties of functional groups, and the free volume 

distribution and size), solution (concentrations and species properties such as charges), and 

the interaction between these two factors. Among the different models to describe the 

transport of species, the solution-diffusion model is widely used [54–56]. This model is based 

on the following assumptions: i) separation takes place because of the differences in ion 

diffusivities inside the membrane and ii) membranes do not present fixed pores; instead, they 
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have a free volume originated from the movement of polymer chains. Yaroschuck et al. [54] 

developed an analytical solution for single salts, coupling the solution-diffusion model with 

the film model theory, and the latter was extended to electrolytes mixtures [55,56], giving the 

solution-electro-diffusion (SED) model. The objective of the model was to characterise the 

transport of the species across the membrane using the membrane permeances to solutes. 

Chemical equilibrium reactions can have a noticeable impact on membrane separation, so the 

transport of ions described by the SED model can be coupled with the chemical equilibrium 

reactions among different species [57, 58]. 

The SED model was used to describe the transport of the ions across the membrane. 

Moreover, reactive transport was included to take into account the chemical equilibrium 

reactions between the species in solution. The model considers that ion transport across the 

membrane is due to a combination of diffusive flow and electro-migration, whereas it is 

considered that there is no coupling between ions and solvent, namely, there is no convective 

flow. The use of “virtual concentrations”, which are assumed to be in thermodynamic 

equilibrium with an infinitely small volume inside the membrane, will satisfy the chemical 

equilibrium reactions inside the membrane with the bulk association constant [57]. The ion 

flux across the membrane is described according to Equation 1, as follows: 

        
   
  

    
       

  
        

  

  
   Eq. 1 

where ji is the flux of component i through the membrane, Pi is the membrane permeance to 

ion i, ci is the concentration of component i, x is the dimensionless position in the membrane, 

γi is the activity coefficient of component i, zi is the valence charge of component i, and φ is 

the dimensionless virtual electrostatic potential in the membrane.  

The transport of ions in the membrane must satisfy the electroneutrality condition (Equation 

2), as follows: 
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   Eq. 2 

Moreover, they must satisfy the condition of chemical equilibrium reactions between them. 

For that reason, the flux of one species would not be constant along the membrane. Then, 

ion-flux equations (Equation 1) are solved for each element that makes up the species. 

The parameter that defines the easiness of one ion to be transported is the membrane 

permeance to species i (Pi), which depends on membrane and species properties, as well as 

the interactions between them. Other coefficients or parameters, such as partitioning 

coefficients (ratio between real and “virtual” concentration) and possible changes in the 

association constants, are included within the membrane permeances. These values are 

assumed to be constant over the whole length of the membrane [55]. 

Mass balance equations were solved using Matlab® to determine the membrane permeances 

to ions in order to minimise the error between experimental rejection and the predicted one 

by the model. Concentration polarisation was not considered to reduce the mathematical 

complexity of the system. Finally, rejection was defined according to Equation 3, as follows: 

    
  
  

 Eq. 3 

where R is the rejection and Cp and Cf are the concentrations in the permeate and feed, 

respectively. 

Natural weathering of As-containing soils, rocks, or mining wastes leads to the presence of 

arsenic [As(III)/As(V)] in surface and groundwater, reaching concentrations up to 5000 µg/L. 

whereas the World Health Organization has set a guideline of 10 µg/L as the drinking water 

standard. Established technologies to remove arsenic involve total oxidation of As to As(V) 

with ozone, chlorine, or potassium permanganate, followed by coagulation-precipitation 

using aluminium or iron salts. Nevertheless, reaching 10 µg/L requires high operation 
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performance, and when other organic micropollutants are present the selective removal of 

As(V) anions (HAsO4
–2

) could be achieved by NF membranes [50, 59, 60].  

 

3. Results and discussion 

3.1. Characterisation of the prepared NF membranes 

Both functionalized MWCNTs had been studied in previous work (TETA, AAF) [49,52]. 

ATR-FTIR analysis was applied to endorse the postulated interactions between modified 

MWCNTs and base monomers of the PA layer. Fig. S1 (supplementary information) presents 

the ATR-FTIR spectra of bare NF, AF–NF, and AAF–NF membranes. No significant 

differences in terms of new bands were found when comparing bare and modified 

membranes due to the low density of the Infrared (IR) absorption peak of AF and AAF 

MWCNT and the small concentration of applied NPs in the TFN layer. The bare NF 

spectrum, in the range of 500–4000 cm
–1

, presented a superposition of the IR absorptions of 

the PSF–UF and PA–TFC layers. The peaks at 1152 cm
–1

 (sulfone, O=S=O, symmetric 

stretching), 1244 cm
–1 

(ether, O=C=O, stretching), and 1587 cm
–1 

(phenyl group, C=C) are 

specific of the PSF substrate layer. The peaks at 1504 cm
–1

 (amide II, N–H bending), 1588 

cm
–1

 (hydrogen-bonded C=O), and 1625 cm
-1

 (amid I, C=O stretching) were attributed to the 

piperazine–PA layer [12,29]. 

The surface and cross-sectional FE-SEM images of TFN–NF membranes are present in Fig. 

2. The AF–NF membrane shows nodular and globule-like structures in less quantity and with 

larger sizes. This contrasts with the typical morphology of semi-aromatic PA NF membranes, 

and it is explained by the faster IP reaction between available amine groups on the AF–

MWCNT and TMC during the polymerisation process [32]. A soft surface on the AF–NF 

membrane could also be seen. The AAF–NF membrane images show a typical nodular-like 

structure on the surface. The small sizes of the nodules illustrate a slower IP interaction 
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between amine functional groups of AAF–MWCNT and TMC. This behaviour may be 

related to more available amine groups from AAF–MWCNT. It could be observed that after 

incorporating the AAF–MWCNT in the IP process, NPs most likely had to migrate to the 

upper part of the PA–surface, obtaining a rougher surface. Finally, the cross-sectional FE-

SEM images show a finger-like structure of the UF–substrate layer. In Fig. 2d, the different 

layers of the membrane can be observed. 

  

  

Fig. 2. Surface FE-SEM images of (a) AF–NF membranes and (b) AAF–NF membranes. (c) 

Cross-section of AF–NF (d) the cross-sectional image of AF–NF membrane. 

 

The top surface topography of TFN–NF membranes has been studied with AFM (Fig. 3 and 

Table 3). The surface roughness of AAF–NF was different in comparison with the AF–NF 

membrane. The different roughness values could be attributed to the higher crosslinking 

a b 

c d 
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degree of the TFN layer. However, an increase in the IP process efficiency could create a 

wrinkled PA chain on the AAF–NF membrane. In the case of AF–NF, the soft surface can be 

related due to the less-available amine functional groups or the inherent diffuse resistance of 

IP monomers in the presence of NPs [30]. 

 

 

 

 

 

Fig. 3. (a) 2D and (b) 3D AFM and contact angles images of the AF–NF membrane. (c) 2D 

and (d) 3D AFM and contact angles images of the AAF–NF membrane. 

 

    62.45° 

  78.79° 

a b 

c d 
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Table 3. Roughness of the AF–NF and AAF–NF membranes, determined by AFM 

measurements. 

Membrane  Rq (nm) Ra (nm) 

AF–NF  37±3 27±4 

AAF–NF  83±5 64±6 

 

The surface charges of AF–NF, AAF–NF, and Desal DL membranes (commercial NF) are 

presented in Fig. 4. The results illustrate that all the membranes have an amphoteric surface 

in this pH range (2.5–10). As was proven in previous studies, amine-functionalized 

MWCNTs could change the surface charge of polymeric membranes [61,62]. 

The AF–NF membrane showed the higher negative surface charge in neutral pH, which could 

be related to low amine groups in the thin layer in comparison to the AAF-NF membrane. 

The AAF–MWCNTs, due to a vast branch structure, could carry more amine groups on the 

MWCNTs surface, which could decrease the negative charge of the membrane. The AAF–NF 

membrane, in comparison with the AF–NF membrane, did not have defects and membrane 

performance decline, but also progressive performance and notable features were observed. 

More positive charge surface and increases in the roughness showed applied features during 

the water flux experiments [63]. As noted in the desalination part, despite a more 

hydrophobic surface, there was higher water flux for the AAF–NF membrane compared to 

the AF–NF membrane. The special physical structure of carbon nanotubes can probably 

create additional water flow channels. 
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Fig. 4. The zeta potential of the AF–NF, AAF–NF, and commercial NF (Desal DL) 

membranes over a pH range of 2.5–10 using 1 mM KCl as the background electrolyte 

solution. 

 

XPS was used to study the surface membrane chemistry of the prepared NF membranes. The 

spectra and peak deconvolution for the more relevant element orbitals are shown in Fig. S2 

(supplementary information). Elemental analysis (Table 4) was applied to verify the presence 

of modified carbon-nanotubes in the thin-film layer and the cross-linking degree evolution. 

According to the elemental composition percentage, AF–NF and AAF–NF membranes have 

more nitrogen content in comparison with the bare NF membrane. Moreover, different cross-

linking degrees of the modified membranes could confirm a successful optimisation. Xu et al. 

[32] reported that some of the characterised peaks in the binding energy range of C(1s) could 

be considered indicators of the cross-linking degree of the PA layer. The characterised peak 

at 286.0 eV was attributed to the unreacted C–N bond, which could come from the PIP 
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monomer, AF–MWCNTs, or AAF–MWCNTs, whereas the peak at 287.6 eV was attributed 

to the C=O bonds of the amidic group. Table 4 illustrates that the intensity peak at 286 eV of 

AAF–NF is almost 5.1% and 3.3% lower than AF–NF and bare NF, respectively. Moreover, 

the highest amount of amide groups in the AAF–NF membrane was characterised by XPS. 

With this evidence, it can be concluded that the AAF–NF membrane presented a higher 

cross-linking degree in the thin-film nanocomposite layer. The cross-linking degree of AF–

NF membranes was lower than the bare NF membrane, which could prove that typical AF–

MWCNTs could not act as cross-linking developer reagents during the interfacial 

polymerisation interaction. On the opposite side, the AAF–MWCNTs with a particular 

structure of functional groups could act as cross-linking developer monomers during the IP 

interaction. 

 

Table 4. Elemental composition and cross-linking degree indicator peak percentages of 

TFC/N NF membranes analysed by XPS. Element content is expressed as molar content (%). 

 

%C (1s) %O (1s) %N (1s) 

%Appeared 

peak at 286.0 

eV 

%Appeared 

peak at 287.6  

eV 

Bare NF 75.6 14.9 9.6 13.3 5.0 

AF–NF 74.8 14.3 10.9 15.1 6.1 

AAF–NF 75.2 15.2 9.7 10.0 6.5 

 

3.2. Evaluation of the chlorine resistance of the thin-film nanocomposite layer 

XPS was also used to evaluate changes in the membrane active layer chemistry after 

chlorination and acidification ageing experiments. The XPS spectra and peak deconvolution 
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for Cl is shown in Fig. 5, whereas the spectra for the more relevant element orbitals are 

shown in Fig. S2 (supplementary information). 

  

 

 

 

 

 

 

 

 

Fig. 5. Deconvolution XPS spectra for Cl 2p peaks of all examined NF membranes after 

chlorine exposure. 

 

The elemental composition obtained from the XPS survey scan (Fig. S2a, supplementary 

information) showed that the chloride content on the bare NF, AF–NF, and AAF–NF surface 

top layer of the membranes after chlorination was 1.0±0.2%, 1.1±0.2%, and 1.2±0.3%, 

respectively. The results illustrated a correlation between the chlorine content and the more 

susceptible position presence in the PA layer. The degradation ability of chlorine on the PA 

matrix was the main objective investigated by the elemental composition analysis. Previous 
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studies have shown that chlorination could increase the O/N ratio on the soaked PA layer 

[12]. Here, as can be seen from Fig. 6a, this ratio decreased in the following order: bare NF 

(39%)>AF–NF (10%)>AAF–NF (0.02%). The O/N ratio, which demonstrates the oxidation 

degree of the PA matrix, had the lowest value at the chlorinated AAF–NF membrane. The 

decrease in the number of the N–C bonds could be an index of PA matrix degradation after 

chlorine exposure. As showed in Fig. 6b, the N–C bond number decreased from 98.2±0.3% 

(dry) to 92.8±0.4% (chlorinated) for bare NF membrane, from 94.6±0.3% (dry) to 91.1 

±0.4% (chlorinated) for AF–NF membrane, and from 94.8±0.3% (dry) to 94.0±0.3% 

(chlorinated) for the AAF–NF membrane. As observed, the low oxidation degree and 

relatively stable peak area associated to the N–C bond number for the chlorinated AAF–NF 

membranes could be identified as the higher effective chlorine resistance NF membrane in 

comparison with bare and AF–NF membranes, respectively. 
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Fig. 6. Atomic ratio variation (%) as a function of chlorine exposure, expressed as ppm.h, for 

(a) oxygen to nitrogen elements and (b) nitrogen–carbon bonds extracted from the XPS 

survey for Bare, AF, and AAF NF membranes under dry and soaked conditions (pH 4, 100 

mg/L of NaOCl × 24 h). 

 

According to the Orton rearrangement theory, chlorine attack occurred through two chemical 

reaction steps. Firstly, the chlorine radical was bonded to amidic nitrogen sites (N–Cl) by a 

substitution reaction. Then, the Cl–N bond was broken and, through an irreversible 

rearrangement, was connected to the carbon ring attached to the nitrogen (C–Cl or 

C4H10N2Cl). The first stage is a reversible reaction, while the second stage leads to PA–

TFC/N degradation [10,12,64–66]. According to this, the degradation stage of chlorinated 

membranes could be illustrated by adsorbed chlorine (Cl
–
) and Cl–C bonds percentage. The 

chlorine (2p) de-convoluted XPS spectra results for NF membranes are presented in Fig. 5. 

There are four peaks which are related to Cl (2p) element, 197 eV, 198.6 eV, 199.7 eV, 

201and 201.3 eV, as seen in Fig. 7. The first two peaks are attributed to inorganic forms 

containing Cl. Here, we support the HOCl component presence [10,67,68], and the second 
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two peaks at binding energies of 199.7 eV and 201.3 eV might correspond to the Cl–C bond 

(C4H10N2Cl) [10,68]. It could be concluded that PA membranes degraded by chlorine attack 

possess a higher amount of Cl–C bonds (C4H10N2Cl) in comparison to the amount of 

adsorbed chlorine on the PA layer. Fig. 7 shows that the intensity of the chlorinated amide on 

the PA surface increased in the following order: bare NF˂AF–NF˂AAF–NF membranes. 

There is a correlation between the more susceptible positions for chlorine attack and chlorine 

uptake at about 197–198.6 eV binding energy. Moreover, the extracted results from the 

chloride deconvoluted XPS spectra showed that the intensity of degradation on the PA 

surface decreased in the following order: bare NF>AF–NF>AAF–NF membranes. Despite 

the increase of sensitive positions for chlorine attack in AF–NF and AAF–NF in comparison 

with bare NF, a lower amount of Cl–C bond formation of modified membranes were 

identified. Here, the AAF–NF membrane showed impressive chlorine resistance. The highest 

percentage of amide-chlorination could be due to: i) the similar structure of the AAF–NF 

membrane compared to the TFC–PA layer network due to the presence of connected carbon 

rings to the amidic-nitrogen in the PA network   and; ii) the presence of more susceptible 

positions for chlorine uptake (e.g.amidic nitrogen positions and aromatic ring attached to the 

amidic nitrogen, Fig. 1). This observation could suggest that the MWCNTs, due to their 

trapping ability of radicals inside the CNTs [69,70], could make the trapping efficiency for 

free chlorine radicals (Cl
.
) during the second step of the Orton rearrangement. Consequently, 

carbon–chlorine bond formation in the carbon rings was prevented. Thus, it could be 

concluded that the AAF–NF membrane had more trapping-capability than the AF–NF 

membrane due to the wrinkled surface and higher cross-linking degree. The assignments for 

deconvoluted peaks are present in Fig. S2 (Supplementary Information). 
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Fig. 7. Intensity of appeared peaks at Cl (2p) bond area for soaked membranes in 100 mg/L 

×24 h NaOCl solution at pH 4. The mentioned binding energies are approximately ±0.2 eV. 

 

3.3. Evaluation of acid resistance of the thin-film nanocomposite layer 

The thin-film nanocomposite PA layer behaviour after exposure to acid media was evaluated 

considering potential protonation ratio of amide and carboxylic groups by XPS analysis 

[71,72]. For this purpose, the percentage of N associated to the protonated amine group 

(NH3
+
) (from the N deconvoluted XPS spectra) and the percentage of the protonated 

carboxylic group (COOH) in the PA layer (from the O deconvoluted spectra) were analysed 

before and after membrane acid soaking protocol. Raw and deconvoluted XPS spectra for 

O(1s) and N(1s) (from acidification experiments) are presented in Fig. S3 (supplementary 

information). As it could be observed in Fig. 8a after membrane acidification, the NH3
+
 

content in PA surfaces decreased in the order: bare NF (2.9±0.3%)>AF–NF 

(1.5±0.2%)>AAF–NF (0.9±0.3%). On the other hand, in Fig. 8b is shown that after 
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membrane exposure to acid, the content of COOH in PA surfaces decreased in the order: bare 

NF (12±0.3%)> AF–NF (7.0±0.5%)> AAF–NF (6.8±0.4%). According to these results, 

AAF–NF membrane achieved the highest acid-resistance in comparison with AF–NF and 

bare NF membranes. The more increase of carboxylic groups content in AAF–NF and AF–

NF rather than bare NF could be related to the higher content of un-reacted carboxylic groups 

during the amine–MWCNTs functionalization process. Considering the acidification 

mechanism on the PA network [19], it could be suggested that AAF–NF membrane has a 

better acid resistance compared with the bare NF and AF–NF membranes due to developed 

PA network (highest cross-linking degree) and more sensitive positions for protonation. 

Although, the higher presence of sensitive positions to protonation in AF–NF was also 

observed in comparison with the bare.  
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Fig. 8. Presence percentage of (a) protonated amine NH3
+
 compounds and (b) protonated 

carboxylate ion or carboxylic acid compounds that were extracted from N(1s) and O(1) XPS 

spectra (collected in Fig. 8), respectively. Bare, AF, and AAF NF membranes (dry and 

soaked). Condition of acid exposure; HCl 37%, room temperature (22±1 °C), pH 1.5, 24 h 

soaking time. 

 

3.4. Evaluation of synthetic NF membranes on the rejection of target inorganic 

pollutants in simulated groundwater 

Fig. 9 and Fig. 10 show the species rejections for the AF–NF and AAF–NF membranes, 

respectively. The symbols represent the obtained experimental data, while the lines are 

rejection curves derived from the SED model incorporating reactive transport. As it could be 

seen a good prediction of the measured rejection values is provided for all the target ions 

evaluated and as well as those main ions present in groundwater (Na
+
, Mg

+2
, Cl

-
, SO4

-2
) .   

AF–NF membrane exhibited high rejection for sulphate anions (>79%), followed by As(V) 

(>72%). Both species are expected to be as double-charged anions in solution (SO4
2–

 and 

28.14 

14.44 

11.78 

40.97 

21.73 

18.54 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

Bare-NF AF-NF AAF-NF 

P
re

se
n

ce
 p

er
ce

n
ta

ge
 o

f 
H

..
.O

=C
-N

 a
t 

5
3

2
 e

V
 (

%
) No acid Contact with acid (pH=1.5) b 



29 

 

HAsO4
2–

). The other two anions in solution exhibited lower rejections starting from 3% to 

32% and from 0 to 12% for Cl
–
 and NO3

–
, respectively. This trend on rejection (SO4

2–

>HAsO4
2–

>Cl
–
>NO3

–
) can be explained by the dielectric exclusion phenomenon [73].  

 

Fig. 9. Rejection curves for the ions in solution refer to the total concentration of the element 

as a function of permeate flux for the AF–CNT membrane. The symbols represent the 

experimental data and the lines the model fitting. 
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Fig. 10. Rejection curves for the ions in solution refer to the total concentration of the 

element as a function of permeate flux for the AAF-CNT membrane. The symbols represent 

the experimental data and the lines the model fitting. 

 

This phenomenon is caused by the interactions between the ions in solution and the electric 

charges induced by ions at the interface bulk solution/polymeric matrix. This phenomenon is 

responsible for the higher rejections of multi-charged ions than the single-charged ones. This 

is based on the fact that the ion-exclusion free energy is proportional to the square of the ion 

charge. Looking at cation rejections, they followed the tendency: Mg
2+

 > Na
+
 > NH4

+
, which 

can be explained, as stated, with the basis of dielectric exclusion. Mg
2+

 rejection (from 54% 

to 74%) was lower than SO4
2–

 and HAsO4
2–

 rejection due to the Donnan exclusion. The 

membrane is expected to be negatively charged at pH 7 (>IEP), thus leading to attraction 

forces between cations and the membrane, while anions such as SO4
2–

 and HAsO4
2–

 were 

rejected by the membrane. The lower rejections of NO3
–
 and Cl
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NH4
+
 can be related to maintaining the electro-neutrality. The higher rejections of SO4

2–
 and 

HAsO4
2–

 made NO3
–
 and Cl

–
 more permeable. 

On the other hand, AAF–NF membrane, allowed to obtain higher trans-membrane fluxes than 

AF–NF membrane that could be related to its rougher surface. Rejection curves, SO4
2–

 and 

HAsO4
2–

 were the highest ones, ranging from 78% to 91% and from 71% to 90%, 

respectively. Mg
2+

 rejection also decreased, varying from 53% to 75%. Monovalent ion 

rejections were quite similar as in the case of AF–NF. For example, rejection of single-

charged cations varied from 20% to 40% for Na
+
 and, from 17% to 33% for NH4

+
. Rejection 

for Cl
–
 increased from 1% to 28%, whereas for NO3

–
 augmented from –2% to 13%. Taking 

into account that the concentrations of both solutions were the same, these differences on 

solute rejections were related to a higher negative charge of the AF–NF membrane than the 

AAF–NF one as determined by zeta potential (Fig. 4). 

These results were compared with published data with an aromatic commercial NF 

membrane (Desal DL). This membrane has a proprietary aromatic active layer, with an IEP 

of 3.5. Besides, it has a hydraulic permeability of 2.20 L/(m
2
·h·bar) [74]. Cuartas-Uribe et al. 

[75] used NF membranes (NF200 and DS-5 DL) to demineralise whey after a UF step. This 

stream is characterised by a mixture of different ions (Cl
–
, Na

+
, K

+
, Mg

2+
, SO4

2–
 and PO4

3–
) 

and some organics (proteins and lactose). DS-5 DL exhibited high rejections of SO4
2–

, Ca
2+

 

and lactose (>85%), followed by Mg
2+

 and PO4
3–

 (increasing from 70% to 85%). Lower 

rejections were obtained for K
+
 and Na

+
, starting from values of 15% till reaching values of 

30%. Chloride rejections were the lowest ones, starting from negative values (–15%) and 

increasing to 5% when TMP increased from 0.5 to 2.5 MPa. Ramadan et al. [76] studied the 

transport of different inorganic salts (NaCl, MgSO4, MgCl2 and Na2SO4) and the mixtures of 

them. Among the different experiments performed with DL membrane, the transport of ions 

with a mixture of 0.1 M NaCl and 0.1 M MgSO4 at 10 bar was used for comparison purposes. 
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The highest rejections were obtained for the double-charged ions SO4
2–

 and Mg
2+

, with 

values of 97% and 88%, respectively. On the other hand, Na
+
 rejection was 32%, while the 

one for Cl
–
 was 19%. Similar results were achieved with a mixture of 0.1 M Na2SO4 and 0.1 

M MgCl2. Fang and Deng [77] studied the rejection of arsenate ions with DL and DK 

membranes at different conditions. One of the parameters that have been studied was the feed 

concentration of As(V) in the feed solution, with 0.01 M NaCl, as a background electrolyte, 

at pH 8. As(V) rejection increased from 86 to 95% when the HAsO4
2–

 concentration 

increased from 45 to 600 µg/L. Moreover, the influence of operating pressure on the transport 

of HAsO4
2–

 was studied with a constant concentration of ca. 100 µg/L. The rejection of 

HAsO4
2–

 increased from 56 to 71% when operating pressure augmented from 5.50 to 14 bar. 

Diawara et al. [78] studied the influence of chloride, nitrate and sulphate on fluoride removal 

with different membranes (NF70, Desal DL and MT08), at pH 6 and 8 bar,  and the highest 

rejection obtained was for SO4 (99 %), followed by F (67%), Cl (67%) and NO3 (33%). 

The AF-NF membrane exhibited a similar hydraulic permeability as Desal DL (2.3 

L/(m
2
·h·bar)), but with lower rejections as those published in the literature [78]. 

Nevertheless, the AAF–NF allowed to obtain higher fluxes for the same operating pressure 

(hydraulic permeability: 3.5 L/(m
2
·h·bar)). This property, in addition to the relatively high 

HAsO4
2–

 rejection, makes suitable AAF–NF membrane for arsenic removal from 

groundwater. 

 

3.5. Determination of membrane permeances to solutes Pi (µm/s) 

Table 5 collects the membrane permeance to solutes, Pi (µm/s) obtained with equation 1 for 

the AF–NF and AAF–NF membranes. As the SDE model incorporated the reactive transport 

concept, the chemical speciation in solution was considered, and the membrane permeance 

values for the most significant species in solution were determined.  
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Table 5. Obtained membrane permeance to the solutes, Pi (µm/s) for the two membranes 

tested using the SED model. 

NF Membrane species permeance Pi (µm/s) 

 Mg
2+

 MgSO4 SO4
2–

 Na
+
 NaSO4

–
 Cl

–
 HAsO4

2–
 NO3

–
 NH4

+
 NH4SO4

–
 

AF 11 1 0.08 13 0.2 138 1.4 702 22 0.08 

AAF 15 2 0.04 21 0.2 97 2.0 546 38 0.05 

 

Sulphate and arsenate were most rejected ions by the membrane, thus leading to the lowest 

membrane permeances to SO4
2–

 (0.08 and 0.04 µm/s for AF–NF and AAF–NF, respectively) 

and HAsO4
2–

 (1.4 and 2.0 µm/s for AF–NF and AAF–NF, respectively). In the case of 

sulphate, the contribution of other complexes such as NaSO4
–
 and NH4SO4

–
 should be taken 

into account. These complexes are also affected by the repulsion between them and the 

negative membrane charge. As expected the values of membrane permeances to NaSO4
–
 and 

NH4SO4
–
 were lower than their corresponding free form (i.e. Na

+
 and NH4

+
). One un-charged 

sulphate-complex can be found in solution (MgSO4). This one is not affected by the 

membrane charge, which made its permeance to be one order of magnitude or even two 

higher than the other sulphate complexes. Mg
2+

 exhibited a membrane permeance of 11 and 

15 µm/s for AF–NF and AAF–NF, respectively. These values were higher than the ones 

corresponding for SO4
2–

 and HAsO4
2–

 due to Donnan exclusion. As it was stressed, the 

negative membrane charge favoured the transport of cations over the anions. The obtained 

membrane permeances to Na
+
 and NH4

+
 were higher than those for Mg

2+
 in agreement with 

dielectric exclusion. Cl
–
 and NO3

–
 were the only anions to permeate easily to accomplish the 

electro-neutrality conditions, thus giving membrane permeances values higher than 100 µm/s. 
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Values collected are useful information for the design stage of water treatment processes 

using engineering codes.   

5. Conclusions 

A new thin-film nanocomposite NF membrane through blending the novel aromatic amine-

functionalized MWCNTs in comparison with typical amine-functionalized MWCNTs was 

developed. Several membrane properties such as its chlorine and acid resistance, desalination 

performance and improving the arsenate rejection have been evaluated. The results indicated 

that; (1) the chlorine resistance of the AAF–NF membrane was significantly higher than that 

of AF–NF and bare NF membrane; (2) Regarding the acid resistance feature, the AAF–NF 

membrane showed higher improvement than the AF–NF membrane and a notable 

enhancement in comparison with TFC membrane; (3) the AAF–NF membrane showed a 

better desalination performance than the conventional AF–TFN membrane; (4) The trans-

membrane flux and arsenate rejection of the AAF–NF membrane were about 15% higher 

than a commercial membrane (Desal DL); and (5) The transport of solutes across the AF–NF 

and AAF–NF membrane was well described by SED model and the membrane permeances 

were determined. 

Finally, the results indicated that the applied-reactive intermediate reagent in the AAF–

MWCNTs modification process, besides of higher efficiency, could prepare the excess amine 

groups onto the AAF–MWCNTs that could make a denser cross-linked PA network in the 

thin-film layer. The AAF–NF membrane with long-lifetime and improved arsenate rejection 

factors measured, from simulated synthetic waters, were improved when compared with 

commercial aromatic and semi-aromatic active layers. Accordingly, the use of MWCNTs 

could be a route to increase membrane selectivity. Toxic mono-charged ions as NH4
+ 

and 

NO3
–
 reported low rejections values as most of the commercial NF membranes and then a 
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need to develop new active layers with increased rejections to mono-charged species are 

needed. May-be the development of new NPs could be a potential route. 
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Abstract 

A thin-film nanocomposite nanofiltration (TFN-NF) membrane was fabricated through 

blending a novel aromatic amine-functionalized multiwalled carbon nanotubes (AAF-

MWCNTs) and an aliphatic amine-functionalized multiwalled carbon nanotubes (AF-

MWCNTs). The polyamide layer was synthesised by interfacial polymerisation (IP) between 

piperazine and trimesoyl chloride monomers. The improved resistance of NF membranes to 

chlorine and acid were characterised by X-ray photoelectron spectroscopy (XPS), field 

emission-scanning electron microscopy, atomic force microscopy, attenuated total 

reflectance-Fourier transform infrared spectroscopy, contact angle, and zeta potential 

measurements. XPS analysis confirmed chlorine and acid resistance properties, as well as an 

improvement in the polyamide network cross-linking degree of the new nanofiltration 

membranes incorporated with AAF-MWCNTs (AAF–NF). The membrane transport 

properties and the performance on the rejection of   HAsO4
-2

, NO3
–
, and NH4

+
 from solutions 

mimicking polluted groundwater were evaluated. Membrane performance to the target 

pollutants were determined by the solution-electro-diffusion (SED) model coupled with 

reactive transport. The results showed that AAF–NF membranes, with long-lifetimes, could 

be applied for the removal of As(V) from polluted groundwater. Water permeate flux and the 

arsenic rejection of the AAF–NF membrane increased by 15% when it is compared with a 

typical commercial semi-aromatic polyamide nanofiltration membranes (Desal DL). 

Keywords: Functionalized carbon nanotubes; thin-film nanocomposite; nanofiltration 

membrane; chlorine resistance; acid resistance  
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1. Introduction  

Improving the long-lifetime and high-performance nanofiltration (NF) membranes are still 

research challenges. Several properties for thin-film composite/nanocomposite (PA–TFC/N) 

NF membranes such as high permeate flux, efficient multi-charged ion rejection, and reduced 

energy consumption and low manufacturing costs are being requested by the industry [1–3]. 

Wastewater treatment; pre-treatment of seawater desalination, food, beverage, and 

pharmaceuticals; and softening of groundwater are examples where NF has been employed 

[4–7]. Usually, the semi-aromatic PA NF membranes are prepared by interfacial 

polymerisation (IP) between piperazine (PIP) and trimesoyl chloride (TMC) upon 

ultrafiltration (UF) membrane. The structure of the piperazine polyamide (PIP–PA) TFC 

layer is shown in Fig. 1.  

The drawback of the PA-TFC membrane is the low resistance to chlorine and high acidic 

media. Usually, sodium hypochlorite solutions are applied as biocides to control biofouling or 

as detergents in the washing process [8,9]. After hypochlorite addition, the residual free 

chlorine can interact with the active surface layer of the membrane. Then, the network will be 

modified chemically by the chlorine attack on the susceptible functional groups (amidic-

nitrogen), which leads to deterioration of membrane performance [10,11]. This process is 

known as Orton rearrangement, and has been characterised in PA-TFC reverse osmosis (RO) 

membranes [12].  

Acid purification, acid recovery, and metal recovery from acidic mining and metallurgical 

wastewaters are new examples of processes where NF membranes can be applied in extreme 

acidic media [13–17]. The amidic and carboxylic groups of the acid-exposed PA layer are 

converted to the protonated form, which hydrolyses and decomposes the PA network [17–

19].  
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To develop RO, and NF membranes characterised by a chlorine and acid resistance of PA, 

different approaches have been examined, such as the IP-monomer changing method [20,21], 

nanomaterial embedding [22], or surface grafting [23]. To improve the acid resistance of TFC 

NF membranes, some membrane producers have used sulfonated aromatic compounds [24–

28] or introduced new monomers into the IP reaction [29]. Almost all acid and chlorine 

resistance PA-TFC membranes showed low desalination performance in terms of salt-water 

flux and salt rejection [30,31].  

Considering the relatively common sensitive sites of chlorine and acid attacks on the PA 

network, the presence of additional amine groups (e.g., more amidic-nitrogen formation) and 

an increase in the degree of crosslinking provide the membrane with higher resistance to 

chlorine and acid [32]. Furthermore, the presence of amine groups in the PA layer can change 

the membrane surface charge, which could influence on the ion rejection. The inclusion of 

more amine groups in the TFC membranes could be achieved using the approaches above-

mentioned. Among them, coating or grafting a new layer upon the TFC membrane has 

improved the resistance against chemical aggressive species and streams. This improvement 

could be related to the sacrificial layer created on the TFC layer, but this approach has as 

notable disadvantages such as a significant water flux decline due to the increased thickness 

of the active layer and the short lifetime of the coated layer [33, 34]. Nanoparticle embedding 

in the polymeric active layer network is a suitable method to achieve the desired purposes. 

Most studies have been performed by blending the modified nanoparticles, such as graphite, 

silica, zeolite, metal oxide, graphene oxide, and multi-walled carbon nanotubes (MWCNTs), 

into polymeric active layers [22, 35–42].  

The use of MWCNTs is explained by their properties, such as unique shape–structure, 

chemical strength, and compatibility with solvents [43–46]. To prepare the MWCNT–TFN-

based membrane, the MWCNTs are dispersed in an organic or inorganic solution for the IP 
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reaction [47]. The tendency of raw MWCNTs to agglomerate in solvent media can increase 

the possibility of defect formation in the membrane surface [48]. Therefore, surface 

modification of MWCNTs by joining the hydrophilic functional groups onto the tube's wall 

can improve the dispersion capability. It should be noted that simple acidification is the first 

step of MWCNT functionalization. Other functional groups can interact with the attached 

carboxyl acid groups on the MWCNTs. Xu et al. [32] applied three different functionalized 

MWCNTs with carboxyl (MWCNTs–COOH), hydroxyl (MWCNTs–OH), and amine 

(MWCNTs–NH) for preparation of MWCNT–TFN NF membranes. The MWCNT–NH NF 

membrane improved salt rejection performance due to a more covalent bond between amine 

groups and carboxylic groups of TMC during the IP process.  

In this study, the influence of two different types of amine-functionalized-MWCNTs in the 

chlorine and acid resistance, and the desalination performance of TFN NF membranes, 

according to the SED model, was investigated. The membranes were named AF–NF 

membrane with aliphatic amine-functionalized-MWCNTs and AAF–NF membrane with 

aromatic amine-functionalized-MWCNTs. The aliphatic amine-functionalized-MWCNTs 

were prepared by a simple amine functionalizing method through the triethylenetetramine 

(TETA) reagent [49]. As a result of this functionalization, the aliphatic amine functional 

groups were attached to the MWCNTs. The second pathway of amine functionalization has 

been carried out by applying a reactive intermediate reagent (2,4,6-trichloro-1,3,5-triazine) to 

enhance functionalization efficiency [50]. The innovation of this study is considered in the 

AAF-NF membrane that consisted of the novel customised aromatic amine functional groups, 

which have the potential to develop the PA cross-linking degree. Fig. 1 presents the chemical 

structure of AF and AAF–MWCNTs.  

In this work, a constant amount of AF and AAF–MWCNTs, separately, were added to PIP 

solution to prepare the thin-film nanocomposite layer on a UF membrane through an IP 
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interaction. It should be noted that because of the proven improvement of MWCNT–TFN 

membranes in comparison with the bare membrane in many studies, here, the desalination 

performance of the bare NF membrane was not studied deliberately [32, 51]. Although, the 

comparison of TFN–NF with TFC–NF membranes to confirm the robust membrane 

modification process was performed. Also, the amount of used modified MWCNTs was very 

low (0.005 wt.%), which theirs application is economical. As a model system, the treatment 

of synthetic groundwater contaminated with HAsO4
–
, NH4

+
, and NO3

–
 was evaluated. 

Moreover, to investigate the chlorine and acid resistance, the bare and modified membranes 

were compared. Furthermore, the desalination performance of the modified membranes was 

compared with the performance result of a commercial membrane (Desal DL).  
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Fig. 1. Polymer structure of the piperazine–polyamide NF membrane and schematic 

diagram of the cross-linking interaction between AF–MWCNTs and AAF–MWCNTs 

with interfacial polymerisation monomers. 

2. Experimental 

2.1. Materials and reagents 

Polysulfone (PSF Ultrason S6010 with Mw=58,000 g/mol, BASF, Germany) and N-methyl-2-

pyrrolidone (NMP, PanReac Applichem Co, made in the E.U.) were used to prepare the 

asymmetric, porous UF membrane as the substrate layer of the TFC/NF membrane on 

polyester non-woven fabric. For the interfacial polymerisation process, the following 

chemicals were used: piperazine (99%); 1,3,5-benzenetricarbonyl trichloride (TMC) (98%); 

(1S)-(+)-10-camphorsulfonic acid (99%); and trimethylamine (99.5%) (TEA) from Sigma-

Aldrich Co. (Germany); and n-Hexane (+96%, Extra Dry, AcroSeal) from Acros Organics 
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Co. (USA). For the desalination experiments, MgCl2, NaSO4, NH4NO3, and Na2HASO4 were 

purchased from Sigma Co., PanReac Applichem Co., Acros Organics Co., and Alfa Aesar 

Co., respectively. NaClO (10% w/v) and HCl (37% w/v) were purchased from PanReac 

Applichem Co. for chlorine- and acid-aging tests. Ultra-pure water was used for the aqueous 

solutions with the Milli-Q
®
 Academic A10

®
 instrument. The AF–MWCNTs and the AAF–

MWCNTs were prepared by the previously mentioned procedures [49, 52].  

 

2.2. Membrane preparation 

First, the asymmetric, porous UF membrane was prepared with the classic phase-inversion 

(PI) method, with the casting solution consisting of 19 wt.% PSF in NMP solvent. The 

casting solution was stirred until a homogeneous and viscous liquid obtained. Before UF 

casting, the solution was placed in an oven at 50°C for 3–6 h to dismiss the air bubbles. The 

casting solution was cast on the non-woven fabric with a film applicator. Then, at the shortest 

time possible, the casted film was immersed in a distilled water bath for 24 h to complete the 

phase inversion process. The TFC/NF membranes have been prepared via IP of aqueous and 

organic solutions. The humid PSF–UF membrane was soaked in the aqueous solution 

consisting of 1 wt.% PIP, 3 wt.% camphor, and 3 wt.% TEA for 8 min. After removing the 

remaining aqueous solution by a rubber roller, the support was soaked in the organic solution 

consisting of 0.4 wt.% TMC in n-hexane solution for 2 min to prepare the PA thin layer. 

Some of the n-hexane solvent was used to remove the excess unreacted organic solution on 

the TFC or TFN NF membranes. Finally, the prepared membranes were placed in the oven at 

70°C for 10 min. Then, the prepared NF membranes were kept in the de-ionised water bath 

until experimental tests. The AF–NF and AAF–NF membranes were prepared by dispersing 

0.005 wt.% of the AF–MWCNTs and AAF–MWCNTs in the PIP solution. A bath sonicator 
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(J.P Selecta, model: s.a, made in E.U. Hz: 50/60) was used for 20 min to disperse the 

modified MWCNTs. 

 

2.3. Characterisation analysis 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Phoibos 150 MCD-9 

spectrometer that used an Al K alpha monochromatic X-ray radiation source at 200 W and 15 

kV. The high-resolution survey spectra were recorded at pass energies of 1 eV and 0.1 eV. 

This technique could recognise all elements, excluding hydrogen, and detection limits were 

about 0.01monolayer or 0.1% of the total elemental concentration. The XPS analysis was 

used to investigate changes after chlorine- and acid-ageing of membranes. It should be noted 

that the membrane samples, after the aging assays, were dried under room temperature for 24 

h before the analyses.  

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy was 

employed (Jasco FT/IR 4100) to study the functional groups of prepared NF membranes and 

to confirm the accurate TFN–NF preparation in comparison with TFC–NF. The ATR-FTIR 

analysis scans were performed in the wavelength range of 400–4000 cm
−1

. It should be noted 

that the membrane samples, after the filtration assays, were dried in a vacuum oven at 45–

50°C before the analyses.  

The NF membrane's surface morphology was characterised by FE-SEM (Field emission 

scanning electron microscope) (Neon40 Crossbeam™) at an accelerating voltage of 5 kV. 

Sample preparation was carried out by gold sputtering for 5 min at 5 mA. The focused ion 

beam (FIB) instrument was used to capture the cross-sectional image of the UF–substrate 

layer of the NF membrane. The FIB cross-sectioning was made on a dual-beam station (Neon 

40, Carl Zeiss) equipped with a Schottky FE-SEM and Ga
+
 ion columns (CANION31, 

Orsay). First, the area of interest was coated with a thin Pt layer (~200 nm) using e-beam-



10 

 

assisted Pt deposition in order to preserve the underlying structure from the ion-beam 

damage. On top of the thin Pt layer, a thicker Pt layer (~500 nm) was formed, this time, by 

ion-beam-assisted Pt deposition. Both Pt layers are used as protection against ion damage 

during cross-sectioning. After the Pt deposition, a large trench (about 15 μm width, 10 µm 

depth) was opened by subsequent course (30kV:10nA) and finer millings (30kV:2nA) allow 

the observation down to a depth of 10 µm. The final polishing step to obtain a very flat cross-

section was prepared using (30 kV:500 pA) ion current. The metal-organic precursor 

employed for the Pt deposition was trimethyl (methylcyclopentadienyl) platinum(IV) 

C9H16Pt.  

Surface roughness of the NF membranes was carried out with the atomic force microscopy 

(AFM) with the AFM Multimode8 microscope with electronics nanoscope V (Bruker, 

Germany). The air-cleaned samples were scanned with a 5 μm × 5 μm area using the peak-

force tapping mode. The root means square of the Z data (Rq), and average roughness (Ra) 

were determined as surface roughness parameters. 

The zeta potential (ZP) technique was used to evaluate the surface charge of the AF and AAF 

NF membranes. The ZP assays were performed with a 1 mM KCl electrolyte solution using 

the “adjustable gap cell” set-up (electrokinetic analyser SurPASS, Anton Paar Ltd, Austria). 

The electrolyte was titrated from pH of ∼10 to pH of ∼2.5 by adding HCl (0.1 M) (Sigma-

Aldrich, 37% w/w) using a syringe pump. The electrolyte was forced to pass between two 

thin membranes using a pressure program of 300 mbar maximum. From ZP measurements, 

the isoelectric point (IEP) was obtained.  

The membrane surface hydrophilicity was measured through the static contact angle test by 

estimating the fixed angle between a water drop and the membrane surface. The measurement 

was performed through the sessile-drop method with contact angle measurements 
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(Dataphysics, model: OCA 15EC, software: SCA 20) at room temperature. 10 different 

locations of the membrane surface were analysed to minimise the experimental error. 

 

2.4. Chlorine and acid resistance experiments of membranes  

Chlorine exposure experiments were carried out by ageing the membrane in 100 mg/L 

NaOCl at pH 4 for 24 h at room temperature in a vertical rotating shaker device (Heidolph, 

Model: Reax2, Germany). All membranes (bare, AF–NF, AAF–NF) were cut to the same 

size and kept in the clear volume of chlorine solution. The bottles were isolated from light 

using aluminium sheets. After chlorine exposure, the chlorinated samples were rinsed with 

distilled and Milli-Q water. Finally, the chlorinated membranes were dried under room 

conditions for 24 h before XPS analysis. The acid resistance experiments were performed in a 

similar way as the chlorine ageing experiments, with HCl solution at pH 1.5 and shaking 

contact carried out for 24 h. 

 

2.5. Membrane filtration cross-flow experiments with synthetic groundwater simulated 

solutions 

2.5.1. Working solution composition simulating As(V) polluted groundwater  

Experiments were performed with a solution mimicking the typical composition of 

groundwater (Table 1) polluted with As(V) and inorganic N forms (NH4
+
 and NO3

–
). As can 

be seen, the major components in the solution were Mg(II), SO4
2–

, Na(I), and Cl
–
, while other 

components, such as As(V) (present as a mixture of HAsO4
2–

/H2AsO4
–
), NO3

–
, and NH4

+
 

were added as traces. The pH of the solution was 7.0±0.2. 

 

Table 1. Composition of the solution tested in mol/L. 

Mg(II) SO4 Na(I) Cl As NO3 NH4 
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0.05 0.05 0.05 0.05 5×10
–3

 5×10
–3

 5×10
–3

 

 

Speciation analysis was performed with the Hydra-Medusa code [53] to determine which 

species would be present in solution (Annex 1). Table 2 shows the chemical equilibrium 

constants for the species in solution.  

 

Table 2. Chemical equilibrium constants for the species in solution (HYDRA database) at 

298 K. 

Chemical reaction         

       
        

  0.7 

        
          2.3 

   
     

         
  1.1 

 

2.5.2. Membrane filtration experimental set-up 

AF–NF and AAF–NF were tested in an experimental cross-flow set-up with a flat-sheet 

membrane (active membrane area of 0.014 m
2
), which was placed in a cross-flow test cell 

(GE SEPA
TM

 CF II) with a spacer-filled feed channel. The experimental set-up allowed to 

vary the cross-flow velocity (cfv) and trans-membrane pressure (TMP) by adjusting manually 

a needle and by-pass valve. The feed solution was kept at a constant temperature (25±2°C) in 

a thermostatic 30-L tank and was pumped into the cross-flow cell with a high-pressure 

diaphragm pump (Hydra-Cell, USA). The two outputs of the cell were recycled back to the 

tank to keep the same composition in the feed solution. Both feed and concentrate lines were 

equipped with the manometers. In addition, the latter was equipped with a flow-meter. Just 

before the discharge of the concentrate into the tank, a pre-filter cartridge was placed to avoid 

that erosion products reach the pump and to eliminate microorganisms. Permeate samples 
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were collected with a three-way valve. A data acquisition system programmed in 

LABVIEW® version 8.6 (Laboratory Virtual Instrumentation Engineering Workbench) 

collected the data from the flow meter and the pressure meters. 

Initially, the membrane was compacted with deionized water at 22 bar and cfv of 1 m/s for 2 

h and then with the solution under the same conditions. Experiments were carried out at a 

pre-fixed cfv (0.7 m/s), and the TMP was varied from 4 to 20 bar. The set-up was cleaned 

with distilled water to remove any impurities that may have been left inside the cell after 

finishing the experiments. 

 

2.5.3. Determination of the compositions of aqueous samples  

Feed and permeate samples were in-line analysed with pH and conductivity meters. The 

composition of feed and permeate samples was determined using ion chromatography 

(Dionex ICS-1000). Cations were analysed with the IONPAC®CS16 cation-exchange 

column, using 0.03 mol/L methane sulfonic acid as eluent, while anions were measured with 

with the IONPAC® AS23 anion-exchange column, using a mixture of 45 mM Na2CO3 and 

0.8 mM NaHCO3 as the eluent solution.   

 

2.6. Solute transport modelling across NF membranes coupled with reactive transport 

The transport of species across the membrane active layer depends on its properties (e.g., 

chemical composition, concentration and properties of functional groups, and the free volume 

distribution and size), solution (concentrations and species properties such as charges), and 

the interaction between these two factors. Among the different models to describe the 

transport of species, the solution-diffusion model is widely used [54–56]. This model is based 

on the following assumptions: i) separation takes place because of the differences in ion 

diffusivities inside the membrane and ii) membranes do not present fixed pores; instead, they 
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have a free volume originated from the movement of polymer chains. Yaroschuck et al. [54] 

developed an analytical solution for single salts, coupling the solution-diffusion model with 

the film model theory, and the latter was extended to electrolytes mixtures [55,56], giving the 

solution-electro-diffusion (SED) model. The objective of the model was to characterise the 

transport of the species across the membrane using the membrane permeances to solutes. 

Chemical equilibrium reactions can have a noticeable impact on membrane separation, so the 

transport of ions described by the SED model can be coupled with the chemical equilibrium 

reactions among different species [57, 58]. 

The SED model was used to describe the transport of the ions across the membrane. 

Moreover, reactive transport was included to take into account the chemical equilibrium 

reactions between the species in solution. The model considers that ion transport across the 

membrane is due to a combination of diffusive flow and electro-migration, whereas it is 

considered that there is no coupling between ions and solvent, namely, there is no convective 

flow. The use of “virtual concentrations”, which are assumed to be in thermodynamic 

equilibrium with an infinitely small volume inside the membrane, will satisfy the chemical 

equilibrium reactions inside the membrane with the bulk association constant [57]. The ion 

flux across the membrane is described according to Equation 1, as follows: 

        
   
  

    
       

  
        

  

  
   Eq. 1 

where ji is the flux of component i through the membrane, Pi is the membrane permeance to 

ion i, ci is the concentration of component i, x is the dimensionless position in the membrane, 

γi is the activity coefficient of component i, zi is the valence charge of component i, and φ is 

the dimensionless virtual electrostatic potential in the membrane.  

The transport of ions in the membrane must satisfy the electroneutrality condition (Equation 

2), as follows: 
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   Eq. 2 

Moreover, they must satisfy the condition of chemical equilibrium reactions between them. 

For that reason, the flux of one species would not be constant along the membrane. Then, 

ion-flux equations (Equation 1) are solved for each element that makes up the species. 

The parameter that defines the easiness of one ion to be transported is the membrane 

permeance to species i (Pi), which depends on membrane and species properties, as well as 

the interactions between them. Other coefficients or parameters, such as partitioning 

coefficients (ratio between real and “virtual” concentration) and possible changes in the 

association constants, are included within the membrane permeances. These values are 

assumed to be constant over the whole length of the membrane [55]. 

Mass balance equations were solved using Matlab® to determine the membrane permeances 

to ions in order to minimise the error between experimental rejection and the predicted one 

by the model. Concentration polarisation was not considered to reduce the mathematical 

complexity of the system. Finally, rejection was defined according to Equation 3, as follows: 

    
  
  

 Eq. 3 

where R is the rejection and Cp and Cf are the concentrations in the permeate and feed, 

respectively. 

Natural weathering of As-containing soils, rocks, or mining wastes leads to the presence of 

arsenic [As(III)/As(V)] in surface and groundwater, reaching concentrations up to 5000 µg/L. 

whereas the World Health Organization has set a guideline of 10 µg/L as the drinking water 

standard. Established technologies to remove arsenic involve total oxidation of As to As(V) 

with ozone, chlorine, or potassium permanganate, followed by coagulation-precipitation 

using aluminium or iron salts. Nevertheless, reaching 10 µg/L requires high operation 
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performance, and when other organic micropollutants are present the selective removal of 

As(V) anions (HAsO4
–2

) could be achieved by NF membranes [50, 59, 60].  

 

3. Results and discussion 

3.1. Characterisation of the prepared NF membranes 

Both functionalized MWCNTs had been studied in previous work (TETA, AAF) [49,52]. 

ATR-FTIR analysis was applied to endorse the postulated interactions between modified 

MWCNTs and base monomers of the PA layer. Fig. S1 (supplementary information) presents 

the ATR-FTIR spectra of bare NF, AF–NF, and AAF–NF membranes. No significant 

differences in terms of new bands were found when comparing bare and modified 

membranes due to the low density of the Infrared (IR) absorption peak of AF and AAF 

MWCNT and the small concentration of applied NPs in the TFN layer. The bare NF 

spectrum, in the range of 500–4000 cm
–1

, presented a superposition of the IR absorptions of 

the PSF–UF and PA–TFC layers. The peaks at 1152 cm
–1

 (sulfone, O=S=O, symmetric 

stretching), 1244 cm
–1 

(ether, O=C=O, stretching), and 1587 cm
–1 

(phenyl group, C=C) are 

specific of the PSF substrate layer. The peaks at 1504 cm
–1

 (amide II, N–H bending), 1588 

cm
–1

 (hydrogen-bonded C=O), and 1625 cm
-1

 (amid I, C=O stretching) were attributed to the 

piperazine–PA layer [12,29]. 

The surface and cross-sectional FE-SEM images of TFN–NF membranes are present in Fig. 

2. The AF–NF membrane shows nodular and globule-like structures in less quantity and with 

larger sizes. This contrasts with the typical morphology of semi-aromatic PA NF membranes, 

and it is explained by the faster IP reaction between available amine groups on the AF–

MWCNT and TMC during the polymerisation process [32]. A soft surface on the AF–NF 

membrane could also be seen. The AAF–NF membrane images show a typical nodular-like 

structure on the surface. The small sizes of the nodules illustrate a slower IP interaction 
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between amine functional groups of AAF–MWCNT and TMC. This behaviour may be 

related to more available amine groups from AAF–MWCNT. It could be observed that after 

incorporating the AAF–MWCNT in the IP process, NPs most likely had to migrate to the 

upper part of the PA–surface, obtaining a rougher surface. Finally, the cross-sectional FE-

SEM images show a finger-like structure of the UF–substrate layer. In Fig. 2d, the different 

layers of the membrane can be observed. 

  

  

Fig. 2. Surface FE-SEM images of (a) AF–NF membranes and (b) AAF–NF membranes. (c) 

Cross-section of AF–NF (d) the cross-sectional image of AF–NF membrane. 

 

The top surface topography of TFN–NF membranes has been studied with AFM (Fig. 3 and 

Table 3). The surface roughness of AAF–NF was different in comparison with the AF–NF 

membrane. The different roughness values could be attributed to the higher crosslinking 

a b 

c d 
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degree of the TFN layer. However, an increase in the IP process efficiency could create a 

wrinkled PA chain on the AAF–NF membrane. In the case of AF–NF, the soft surface can be 

related due to the less-available amine functional groups or the inherent diffuse resistance of 

IP monomers in the presence of NPs [30]. 

 

 

 

 

 

Fig. 3. (a) 2D and (b) 3D AFM and contact angles images of the AF–NF membrane. (c) 2D 

and (d) 3D AFM and contact angles images of the AAF–NF membrane. 

 

    62.45° 

  78.79° 

a b 

c d 
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Table 3. Roughness of the AF–NF and AAF–NF membranes, determined by AFM 

measurements. 

Membrane  Rq (nm) Ra (nm) 

AF–NF  37±3 27±4 

AAF–NF  83±5 64±6 

 

The surface charges of AF–NF, AAF–NF, and Desal DL membranes (commercial NF) are 

presented in Fig. 4. The results illustrate that all the membranes have an amphoteric surface 

in this pH range (2.5–10). As was proven in previous studies, amine-functionalized 

MWCNTs could change the surface charge of polymeric membranes [61,62]. 

The AF–NF membrane showed the higher negative surface charge in neutral pH, which could 

be related to low amine groups in the thin layer in comparison to the AAF-NF membrane. 

The AAF–MWCNTs, due to a vast branch structure, could carry more amine groups on the 

MWCNTs surface, which could decrease the negative charge of the membrane. The AAF–NF 

membrane, in comparison with the AF–NF membrane, did not have defects and membrane 

performance decline, but also progressive performance and notable features were observed. 

More positive charge surface and increases in the roughness showed applied features during 

the water flux experiments [63]. As noted in the desalination part, despite a more 

hydrophobic surface, there was higher water flux for the AAF–NF membrane compared to 

the AF–NF membrane. The special physical structure of carbon nanotubes can probably 

create additional water flow channels. 
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Fig. 4. The zeta potential of the AF–NF, AAF–NF, and commercial NF (Desal DL) 

membranes over a pH range of 2.5–10 using 1 mM KCl as the background electrolyte 

solution. 

 

XPS was used to study the surface membrane chemistry of the prepared NF membranes. The 

spectra and peak deconvolution for the more relevant element orbitals are shown in Fig. S2 

(supplementary information). Elemental analysis (Table 4) was applied to verify the presence 

of modified carbon-nanotubes in the thin-film layer and the cross-linking degree evolution. 

According to the elemental composition percentage, AF–NF and AAF–NF membranes have 

more nitrogen content in comparison with the bare NF membrane. Moreover, different cross-

linking degrees of the modified membranes could confirm a successful optimisation. Xu et al. 

[32] reported that some of the characterised peaks in the binding energy range of C(1s) could 

be considered indicators of the cross-linking degree of the PA layer. The characterised peak 

at 286.0 eV was attributed to the unreacted C–N bond, which could come from the PIP 
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monomer, AF–MWCNTs, or AAF–MWCNTs, whereas the peak at 287.6 eV was attributed 

to the C=O bonds of the amidic group. Table 4 illustrates that the intensity peak at 286 eV of 

AAF–NF is almost 5.1% and 3.3% lower than AF–NF and bare NF, respectively. Moreover, 

the highest amount of amide groups in the AAF–NF membrane was characterised by XPS. 

With this evidence, it can be concluded that the AAF–NF membrane presented a higher 

cross-linking degree in the thin-film nanocomposite layer. The cross-linking degree of AF–

NF membranes was lower than the bare NF membrane, which could prove that typical AF–

MWCNTs could not act as cross-linking developer reagents during the interfacial 

polymerisation interaction. On the opposite side, the AAF–MWCNTs with a particular 

structure of functional groups could act as cross-linking developer monomers during the IP 

interaction. 

 

Table 4. Elemental composition and cross-linking degree indicator peak percentages of 

TFC/N NF membranes analysed by XPS. Element content is expressed as molar content (%). 

 

%C (1s) %O (1s) %N (1s) 

%Appeared 

peak at 286.0 

eV 

%Appeared 

peak at 287.6  

eV 

Bare NF 75.6 14.9 9.6 13.3 5.0 

AF–NF 74.8 14.3 10.9 15.1 6.1 

AAF–NF 75.2 15.2 9.7 10.0 6.5 

 

3.2. Evaluation of the chlorine resistance of the thin-film nanocomposite layer 

XPS was also used to evaluate changes in the membrane active layer chemistry after 

chlorination and acidification ageing experiments. The XPS spectra and peak deconvolution 
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for Cl is shown in Fig. 5, whereas the spectra for the more relevant element orbitals are 

shown in Fig. S2 (supplementary information). 

  

 

 

 

 

 

 

 

 

Fig. 5. Deconvolution XPS spectra for Cl 2p peaks of all examined NF membranes after 

chlorine exposure. 

 

The elemental composition obtained from the XPS survey scan (Fig. S2a, supplementary 

information) showed that the chloride content on the bare NF, AF–NF, and AAF–NF surface 

top layer of the membranes after chlorination was 1.0±0.2%, 1.1±0.2%, and 1.2±0.3%, 

respectively. The results illustrated a correlation between the chlorine content and the more 

susceptible position presence in the PA layer. The degradation ability of chlorine on the PA 

matrix was the main objective investigated by the elemental composition analysis. Previous 
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studies have shown that chlorination could increase the O/N ratio on the soaked PA layer 

[12]. Here, as can be seen from Fig. 6a, this ratio decreased in the following order: bare NF 

(39%)>AF–NF (10%)>AAF–NF (0.02%). The O/N ratio, which demonstrates the oxidation 

degree of the PA matrix, had the lowest value at the chlorinated AAF–NF membrane. The 

decrease in the number of the N–C bonds could be an index of PA matrix degradation after 

chlorine exposure. As showed in Fig. 6b, the N–C bond number decreased from 98.2±0.3% 

(dry) to 92.8±0.4% (chlorinated) for bare NF membrane, from 94.6±0.3% (dry) to 91.1 

±0.4% (chlorinated) for AF–NF membrane, and from 94.8±0.3% (dry) to 94.0±0.3% 

(chlorinated) for the AAF–NF membrane. As observed, the low oxidation degree and 

relatively stable peak area associated to the N–C bond number for the chlorinated AAF–NF 

membranes could be identified as the higher effective chlorine resistance NF membrane in 

comparison with bare and AF–NF membranes, respectively. 
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Fig. 6. Atomic ratio variation (%) as a function of chlorine exposure, expressed as ppm.h, for 

(a) oxygen to nitrogen elements and (b) nitrogen–carbon bonds extracted from the XPS 

survey for Bare, AF, and AAF NF membranes under dry and soaked conditions (pH 4, 100 

mg/L of NaOCl × 24 h). 

 

According to the Orton rearrangement theory, chlorine attack occurred through two chemical 

reaction steps. Firstly, the chlorine radical was bonded to amidic nitrogen sites (N–Cl) by a 

substitution reaction. Then, the Cl–N bond was broken and, through an irreversible 

rearrangement, was connected to the carbon ring attached to the nitrogen (C–Cl or 

C4H10N2Cl). The first stage is a reversible reaction, while the second stage leads to PA–

TFC/N degradation [10,12,64–66]. According to this, the degradation stage of chlorinated 

membranes could be illustrated by adsorbed chlorine (Cl
–
) and Cl–C bonds percentage. The 

chlorine (2p) de-convoluted XPS spectra results for NF membranes are presented in Fig. 5. 

There are four peaks which are related to Cl (2p) element, 197 eV, 198.6 eV, 199.7 eV, 

201and 201.3 eV, as seen in Fig. 7. The first two peaks are attributed to inorganic forms 

containing Cl. Here, we support the HOCl component presence [10,67,68], and the second 
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two peaks at binding energies of 199.7 eV and 201.3 eV might correspond to the Cl–C bond 

(C4H10N2Cl) [10,68]. It could be concluded that PA membranes degraded by chlorine attack 

possess a higher amount of Cl–C bonds (C4H10N2Cl) in comparison to the amount of 

adsorbed chlorine on the PA layer. Fig. 7 shows that the intensity of the chlorinated amide on 

the PA surface increased in the following order: bare NF˂AF–NF˂AAF–NF membranes. 

There is a correlation between the more susceptible positions for chlorine attack and chlorine 

uptake at about 197–198.6 eV binding energy. Moreover, the extracted results from the 

chloride deconvoluted XPS spectra showed that the intensity of degradation on the PA 

surface decreased in the following order: bare NF>AF–NF>AAF–NF membranes. Despite 

the increase of sensitive positions for chlorine attack in AF–NF and AAF–NF in comparison 

with bare NF, a lower amount of Cl–C bond formation of modified membranes were 

identified. Here, the AAF–NF membrane showed impressive chlorine resistance. The highest 

percentage of amide-chlorination could be due to: i) the similar structure of the AAF–NF 

membrane compared to the TFC–PA layer network due to the presence of connected carbon 

rings to the amidic-nitrogen in the PA network   and; ii) the presence of more susceptible 

positions for chlorine uptake (e.g.amidic nitrogen positions and aromatic ring attached to the 

amidic nitrogen, Fig. 1). This observation could suggest that the MWCNTs, due to their 

trapping ability of radicals inside the CNTs [69,70], could make the trapping efficiency for 

free chlorine radicals (Cl
.
) during the second step of the Orton rearrangement. Consequently, 

carbon–chlorine bond formation in the carbon rings was prevented. Thus, it could be 

concluded that the AAF–NF membrane had more trapping-capability than the AF–NF 

membrane due to the wrinkled surface and higher cross-linking degree. The assignments for 

deconvoluted peaks are present in Fig. S2 (Supplementary Information). 
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Fig. 7. Intensity of appeared peaks at Cl (2p) bond area for soaked membranes in 100 mg/L 

×24 h NaOCl solution at pH 4. The mentioned binding energies are approximately ±0.2 eV. 

 

3.3. Evaluation of acid resistance of the thin-film nanocomposite layer 

The thin-film nanocomposite PA layer behaviour after exposure to acid media was evaluated 

considering potential protonation ratio of amide and carboxylic groups by XPS analysis 

[71,72]. For this purpose, the percentage of N associated to the protonated amine group 

(NH3
+
) (from the N deconvoluted XPS spectra) and the percentage of the protonated 

carboxylic group (COOH) in the PA layer (from the O deconvoluted spectra) were analysed 

before and after membrane acid soaking protocol. Raw and deconvoluted XPS spectra for 

O(1s) and N(1s) (from acidification experiments) are presented in Fig. S3 (supplementary 

information). As it could be observed in Fig. 8a after membrane acidification, the NH3
+
 

content in PA surfaces decreased in the order: bare NF (2.9±0.3%)>AF–NF 

(1.5±0.2%)>AAF–NF (0.9±0.3%). On the other hand, in Fig. 8b is shown that after 
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membrane exposure to acid, the content of COOH in PA surfaces decreased in the order: bare 

NF (12±0.3%)> AF–NF (7.0±0.5%)> AAF–NF (6.8±0.4%). According to these results, 

AAF–NF membrane achieved the highest acid-resistance in comparison with AF–NF and 

bare NF membranes. The more increase of carboxylic groups content in AAF–NF and AF–

NF rather than bare NF could be related to the higher content of un-reacted carboxylic groups 

during the amine–MWCNTs functionalization process. Considering the acidification 

mechanism on the PA network [19], it could be suggested that AAF–NF membrane has a 

better acid resistance compared with the bare NF and AF–NF membranes due to developed 

PA network (highest cross-linking degree) and more sensitive positions for protonation. 

Although, the higher presence of sensitive positions to protonation in AF–NF was also 

observed in comparison with the bare.  
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Fig. 8. Presence percentage of (a) protonated amine NH3
+
 compounds and (b) protonated 

carboxylate ion or carboxylic acid compounds that were extracted from N(1s) and O(1) XPS 

spectra (collected in Fig. 8), respectively. Bare, AF, and AAF NF membranes (dry and 

soaked). Condition of acid exposure; HCl 37%, room temperature (22±1 °C), pH 1.5, 24 h 

soaking time. 

 

3.4. Evaluation of synthetic NF membranes on the rejection of target inorganic 

pollutants in simulated groundwater 

Fig. 9 and Fig. 10 show the species rejections for the AF–NF and AAF–NF membranes, 

respectively. The symbols represent the obtained experimental data, while the lines are 

rejection curves derived from the SED model incorporating reactive transport. As it could be 

seen a good prediction of the measured rejection values is provided for all the target ions 

evaluated and as well as those main ions present in groundwater (Na
+
, Mg

+2
, Cl

-
, SO4

-2
) .   

AF–NF membrane exhibited high rejection for sulphate anions (>79%), followed by As(V) 

(>72%). Both species are expected to be as double-charged anions in solution (SO4
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HAsO4
2–

). The other two anions in solution exhibited lower rejections starting from 3% to 

32% and from 0 to 12% for Cl
–
 and NO3

–
, respectively. This trend on rejection (SO4

2–

>HAsO4
2–

>Cl
–
>NO3

–
) can be explained by the dielectric exclusion phenomenon [73].  

 

Fig. 9. Rejection curves for the ions in solution refer to the total concentration of the element 

as a function of permeate flux for the AF–CNT membrane. The symbols represent the 

experimental data and the lines the model fitting. 
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Fig. 10. Rejection curves for the ions in solution refer to the total concentration of the 

element as a function of permeate flux for the AAF-CNT membrane. The symbols represent 

the experimental data and the lines the model fitting. 

 

This phenomenon is caused by the interactions between the ions in solution and the electric 
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+
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NH4
+
 can be related to maintaining the electro-neutrality. The higher rejections of SO4

2–
 and 

HAsO4
2–

 made NO3
–
 and Cl

–
 more permeable. 

On the other hand, AAF–NF membrane, allowed to obtain higher trans-membrane fluxes than 

AF–NF membrane that could be related to its rougher surface. Rejection curves, SO4
2–

 and 

HAsO4
2–

 were the highest ones, ranging from 78% to 91% and from 71% to 90%, 

respectively. Mg
2+

 rejection also decreased, varying from 53% to 75%. Monovalent ion 

rejections were quite similar as in the case of AF–NF. For example, rejection of single-

charged cations varied from 20% to 40% for Na
+
 and, from 17% to 33% for NH4

+
. Rejection 

for Cl
–
 increased from 1% to 28%, whereas for NO3

–
 augmented from –2% to 13%. Taking 

into account that the concentrations of both solutions were the same, these differences on 

solute rejections were related to a higher negative charge of the AF–NF membrane than the 

AAF–NF one as determined by zeta potential (Fig. 4). 

These results were compared with published data with an aromatic commercial NF 

membrane (Desal DL). This membrane has a proprietary aromatic active layer, with an IEP 

of 3.5. Besides, it has a hydraulic permeability of 2.20 L/(m
2
·h·bar) [74]. Cuartas-Uribe et al. 

[75] used NF membranes (NF200 and DS-5 DL) to demineralise whey after a UF step. This 

stream is characterised by a mixture of different ions (Cl
–
, Na

+
, K

+
, Mg

2+
, SO4

2–
 and PO4

3–
) 

and some organics (proteins and lactose). DS-5 DL exhibited high rejections of SO4
2–

, Ca
2+

 

and lactose (>85%), followed by Mg
2+

 and PO4
3–

 (increasing from 70% to 85%). Lower 

rejections were obtained for K
+
 and Na

+
, starting from values of 15% till reaching values of 

30%. Chloride rejections were the lowest ones, starting from negative values (–15%) and 

increasing to 5% when TMP increased from 0.5 to 2.5 MPa. Ramadan et al. [76] studied the 

transport of different inorganic salts (NaCl, MgSO4, MgCl2 and Na2SO4) and the mixtures of 

them. Among the different experiments performed with DL membrane, the transport of ions 

with a mixture of 0.1 M NaCl and 0.1 M MgSO4 at 10 bar was used for comparison purposes. 
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The highest rejections were obtained for the double-charged ions SO4
2–

 and Mg
2+

, with 

values of 97% and 88%, respectively. On the other hand, Na
+
 rejection was 32%, while the 

one for Cl
–
 was 19%. Similar results were achieved with a mixture of 0.1 M Na2SO4 and 0.1 

M MgCl2. Fang and Deng [77] studied the rejection of arsenate ions with DL and DK 

membranes at different conditions. One of the parameters that have been studied was the feed 

concentration of As(V) in the feed solution, with 0.01 M NaCl, as a background electrolyte, 

at pH 8. As(V) rejection increased from 86 to 95% when the HAsO4
2–

 concentration 

increased from 45 to 600 µg/L. Moreover, the influence of operating pressure on the transport 

of HAsO4
2–

 was studied with a constant concentration of ca. 100 µg/L. The rejection of 

HAsO4
2–

 increased from 56 to 71% when operating pressure augmented from 5.50 to 14 bar. 

Diawara et al. [78] studied the influence of chloride, nitrate and sulphate on fluoride removal 

with different membranes (NF70, Desal DL and MT08), at pH 6 and 8 bar,  and the highest 

rejection obtained was for SO4 (99 %), followed by F (67%), Cl (67%) and NO3 (33%). 

The AF-NF membrane exhibited a similar hydraulic permeability as Desal DL (2.3 

L/(m
2
·h·bar)), but with lower rejections as those published in the literature [78]. 

Nevertheless, the AAF–NF allowed to obtain higher fluxes for the same operating pressure 

(hydraulic permeability: 3.5 L/(m
2
·h·bar)). This property, in addition to the relatively high 

HAsO4
2–

 rejection, makes suitable AAF–NF membrane for arsenic removal from 

groundwater. 

 

3.5. Determination of membrane permeances to solutes Pi (µm/s) 

Table 5 collects the membrane permeance to solutes, Pi (µm/s) obtained with equation 1 for 

the AF–NF and AAF–NF membranes. As the SDE model incorporated the reactive transport 

concept, the chemical speciation in solution was considered, and the membrane permeance 

values for the most significant species in solution were determined.  
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Table 5. Obtained membrane permeance to the solutes, Pi (µm/s) for the two membranes 

tested using the SED model. 

NF Membrane species permeance Pi (µm/s) 

 Mg
2+

 MgSO4 SO4
2–

 Na
+
 NaSO4

–
 Cl

–
 HAsO4

2–
 NO3

–
 NH4

+
 NH4SO4

–
 

AF 11 1 0.08 13 0.2 138 1.4 702 22 0.08 

AAF 15 2 0.04 21 0.2 97 2.0 546 38 0.05 

 

Sulphate and arsenate were most rejected ions by the membrane, thus leading to the lowest 

membrane permeances to SO4
2–

 (0.08 and 0.04 µm/s for AF–NF and AAF–NF, respectively) 

and HAsO4
2–

 (1.4 and 2.0 µm/s for AF–NF and AAF–NF, respectively). In the case of 

sulphate, the contribution of other complexes such as NaSO4
–
 and NH4SO4

–
 should be taken 

into account. These complexes are also affected by the repulsion between them and the 

negative membrane charge. As expected the values of membrane permeances to NaSO4
–
 and 

NH4SO4
–
 were lower than their corresponding free form (i.e. Na

+
 and NH4

+
). One un-charged 

sulphate-complex can be found in solution (MgSO4). This one is not affected by the 

membrane charge, which made its permeance to be one order of magnitude or even two 

higher than the other sulphate complexes. Mg
2+

 exhibited a membrane permeance of 11 and 

15 µm/s for AF–NF and AAF–NF, respectively. These values were higher than the ones 

corresponding for SO4
2–

 and HAsO4
2–

 due to Donnan exclusion. As it was stressed, the 

negative membrane charge favoured the transport of cations over the anions. The obtained 

membrane permeances to Na
+
 and NH4

+
 were higher than those for Mg

2+
 in agreement with 

dielectric exclusion. Cl
–
 and NO3

–
 were the only anions to permeate easily to accomplish the 

electro-neutrality conditions, thus giving membrane permeances values higher than 100 µm/s. 
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Values collected are useful information for the design stage of water treatment processes 

using engineering codes.   

5. Conclusions 

A new thin-film nanocomposite NF membrane through blending the novel aromatic amine-

functionalized MWCNTs in comparison with typical amine-functionalized MWCNTs was 

developed. Several membrane properties such as its chlorine and acid resistance, desalination 

performance and improving the arsenate rejection have been evaluated. The results indicated 

that; (1) the chlorine resistance of the AAF–NF membrane was significantly higher than that 

of AF–NF and bare NF membrane; (2) Regarding the acid resistance feature, the AAF–NF 

membrane showed higher improvement than the AF–NF membrane and a notable 

enhancement in comparison with TFC membrane; (3) the AAF–NF membrane showed a 

better desalination performance than the conventional AF–TFN membrane; (4) The trans-

membrane flux and arsenate rejection of the AAF–NF membrane were about 15% higher 

than a commercial membrane (Desal DL); and (5) The transport of solutes across the AF–NF 

and AAF–NF membrane was well described by SED model and the membrane permeances 

were determined. 

Finally, the results indicated that the applied-reactive intermediate reagent in the AAF–

MWCNTs modification process, besides of higher efficiency, could prepare the excess amine 

groups onto the AAF–MWCNTs that could make a denser cross-linked PA network in the 

thin-film layer. The AAF–NF membrane with long-lifetime and improved arsenate rejection 

factors measured, from simulated synthetic waters, were improved when compared with 

commercial aromatic and semi-aromatic active layers. Accordingly, the use of MWCNTs 

could be a route to increase membrane selectivity. Toxic mono-charged ions as NH4
+ 

and 

NO3
–
 reported low rejections values as most of the commercial NF membranes and then a 
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need to develop new active layers with increased rejections to mono-charged species are 

needed. May-be the development of new NPs could be a potential route. 
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