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Abstract  
Supplying safe drinking water is one of the necessary actions of today's human societies because of the 
lack of water resources and successive droughts. Arsenic is a toxic element that can cause serious 
problems such as cancer if its amount was higher than the allowed limit, and it is used for the long term. 
In this study, the removal of arsenic by monolithic nylon 6 and hybrid nylon 6/zirconia nanomembrane 
was investigated. The monolithic nylon 6 and hybrid nylon 6/zirconia NMs were synthesized using a 
novel electrospinning method. The microstructure and presence of zirconia nanoparticles were evaluated 
by means of scanning electron microscope, X-ray energy dissipation spectrometer and Fourier transform 
infrared spectrometer. The mechanical properties of NMs were investigated. The value of zeta potential 
(ξ) was measured as an important factor in arsenic absorption. The filtration process was performed with 
a constant pressure of 0.82 bar and with an initial concentration of arsenic equal to 0.05 mg/L. 
Characterization of monolithic nylon 6 and hybrid nylon 6/zirconia nanomembrane (NMs) showed that 
the average fiber diameter was 163 ± 15 nm and 180 ± 38 nm, respectively. Also, the presence of zirconia 
nanoparticles within the hybrid NMs was confirmed by infrared spectroscopy analysis. The zeta potential 
of zirconia NPs was measured as a key factor to create the driving force for arsenic adsorption. The value 
of zeta potential was calculated as -14 mV at the neutral pH. The results of the stress-strain test showed 
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that the tensile strength of monolithic nylon 6 and hybrid nylon 6/zirconia NMs is equal to 6.9 and 3.1 
MPa, respectively. The filtration performance of both membranes was evaluated and it was found that the 
efficiency coefficient of monolithic nylon 6 and hybrid nylon 6/zirconia NMs is 25.01% and 31.61%., 
respectively. The fitting of blockage models on the experimental data showed that the intermediate 
blockage model was the dominant model. According to the 31.61% performance of arsenic removal, and 
also due to the findings of this research it is confirmed that the incorporation of zirconia NPs into the 
nylon 6 NFs can enhance the filtration ability to remove arsenic from the water sources. 

Keywords: Arsenic, Electrospinning, Filtration, Hybrid Nanomembrane, Zeta Potential, 
Zirconia. 
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Fig. 1. a) Schematic presentation of a hybrid polymer/ceramic nanomembrane for Arsenic filtration,  
b) electrospinning device used in this study, c) schematic presentation of electrospinning process 
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Fig. 2. Schematic presentation of performance of nanomembrane (filtration test), 
arrangement of nanomembrane inside the filtration module 
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Fig. 3. a) SEM image and b) EDS spectrum of zirconia nanoparticles 
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Fig. 4. FTIR spectra of a) monolithic nylon 6 and b) hybrid nylon 6/zirconia nanomembranes 
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Fig. 5. SEM images of a) monolithic nylon 6 and b) hybrid nylon 6-zirconia nanomembrane 
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Fig. 6. Stress-strain curves of monolithic nylon 6 and 
hybrid nylon 6-zirconia nanomembrane 
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Fig. 7. Distribution of zeta potential of zirconia nanoparticles at pH=7 
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Fig. 8. Variation of flux as containing a) monolithic nylon 6 and b) hybrid nylon 6/zirconia 
nanomembrane during 60 min of filtration 
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��+[*{>��� D��s � ���. "�^�&�"� ����* � !�0�� %X5( "���� ^� w��(�*�* �"� @�5��* 9�-�@�5��* �����6 w��(�*�* ����*����9/
Table 1. Initial and final concentration of as in the wastewater, and efficiency coefficient of  

monolithic nylon 6 and hybrid nylon 6/zirconia nanomembrane 

Nanomembrane Initial concentration Final concentration Efficiency coefficient
ppb ppb %

Nylon 6 50 37.49 25.01 
Hybrid nylon 6-zirconia 50 34.19 31.61 
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Fig. 9. Predicted reduction of As in the wastewater after 
each filtration cycle by monolithic nylon 6 and hybrid 

nylon 6/zirconia nanomembrane 
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Fig. 10. Schematic presentation of blocking mechanisms of a filter (completes; intermediate; standard and cake) 
'K���{��  >"��(^�� � �"��*�
�� 	�*��� 	J���) �
5�- ����*� ��6"���9�� 

��+[1{S�� [9��� ���
* ��6>��� ��" ����*� ��(�*�* ^�� !� @�����
5�- ���U� ��6w^�@�5��* 9�-���(�*�* �w@�5��* �����6�/��*����9 
Table 2. Results of fitting of blocking models on the experimental data for filtration by monolithic 

 nylon 6 and hybrid nylon 6/zirconia nanomembrane 

Nanomembrane Blocking models Dominate 
model Cake Standard Intermediate Complete

Nylon 6 kb R2 k R2 k R2 k R2
Intermediate 0.0066 0.9007 0.0176 0.9786 0.0075 0.9429 0.0472 0.9767 

Hybrid nylon 6-
zirconia 

kb R2 k R2 k R2 k R2
Intermediate 0.0016 0.7237 0.0059 0.8825 0.0027 0.8358 0.0014 0.8797 

��*� "� !� 
J0�J!� � !�0�� "�# D�����N�� @��9 "� "�#	kb�k%��r ��6

 � J��� ����*� S��nS�� ���� 3�* � �"��*�
��� 	�*���� �����*� ��6
!� ^�� D����P/F	K�O%��.(Sun et al., 2003, Affandy et 

al., 2013).
����  >"�� 9���� 9� ^��� ���6 9� ���"� ���
5�- ������*� ��6"�� 

JQ# KF����*� "� .%�� >�# >��� @��* ��� ���- J���� !�� ���#
 ��� <���/M !�*�6� ��� ��
5�- �n� ��" �����
�� <�"� "� .�&&���*

 ���- �*���� ����*� %0�M t�� ���# �� <�"� !��!��� ���
��� "�� 
�� <��/M !*�6� ����*� Vm�� ���
����( �"��*�
��� %0�M "� .�*�#

!� S�B�� �� <�"� ��� ��
5�- �����*� D�4�� >�/M >"���� "� � �*��#
 %0�M "���m 9� +*�� ��( �n� "� @��� ���" �� <�"� �
5�- ^��

�� ���� <�"� ��&*�� ���C >���� ����" !�= �
5�- ^�� "� .�*�#
�� �
Q8�� <�"� �
5�- D4�� � >��� J�m JN5N
� !�= ^� ��#.

S��� 9� ^�� ��6 [9��� ���
* "� ����U� ����
* ��� u��- ���6
S��4 ��� @��* ���
* .%�� >�# !z�"� S�� !5M�� !� �6� ��� k���
����Z� (^�&��"� �'�4) k�� !5M�� .%��* @�����
5�- ��g0� �� 

 ����( �� ���6 ������	.%���� @�������
5�- ����g0� 9� _����?*� ��"��
 _����0� � @�5����* _����0� ��" ^�&���"� �'��4 "���
-" �W����v�.

@�5��*H<�����T� JZ���M ��� k�� !�5M�� !�� >��# V�m�� ��*����9/
��# >���6 q�p- >"�#� ���� !
�0� .��� ��� �W���v�. 
��� !� ��*���

 (��
X5( 7��nZ) %�N* !5M�� 9� "'W � k�� !5M�� _'M !� �U&�
 .��# (���") k�� !5M�� !� ��� @���* [9���� ���
* !�� ��6��=�� 

����*�r 	%��* ���M ��(�*�* 9� ^� ��6 "� J��� ����*� S�� �����*�
 ���(�*�* �� �6 ���� �*���w����M S��� ��� 
������&� .%��� @����
� ^�&�"� !� �# "�B
�!�����*� V�m�� ���
�����( �� ���
�� "� 

>�# ��(�*�* <��/M !*�6� ��Q��
Q0� �����* _p
C� !� !4�� �� .�*�
 !����?� ������* 	�����. "� ^�&���"� � ����*����9 <�"��*���* 
����
 .%�� >�# �6��- ��(�*�* >"���� ��" ^�&�"� �'4 ���� ��
���

����9�
"������ [9����� �����
* �"k(�*�* ������ ����
������w�������6
@�5��*�/7�. ��*����9 .%�� >��� �&�� 

i9	�&T< ?.&J 
��(�*�*w^�@�5��* 9�-���(�*�* �w@�5���* ������6�/���*����9

!� ���*����9 <�"��*�* .�# 3
&� %��-�� �� ���"��
Q0� [�" ^��
 �nZ c��
� ��nm e±`e������� ��9 J��*�
. "����mV j`{"�
���� �� c���?�pH .���# !�����?� ����&C �� "� _����0� ���nZ c����
�

��(�*�*w!�� u��- ������ D�����nm je±j�� �nm �i±jif 



����O�	 � A���X]� ���R dx.doi.org/10.22093/wwj.2023.379344.3312 

86

	
�� ����� � �� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

���(�*�* "� ���*����9 <�"��*��* "���M .�# !���?�w!�� ������6
Y�  ���
* ^�� �U&�FTIR �����(�*�* 7�� k�Q?
�� .�# ��w

^� @�5��* 9�-���(�*�* �w@�5���* ������6�/!�� ���*����9 D�����
 �����MPa �/��j/�� J���Z @������
5�- �&���- ���� !� ��������

 .%�� 
>����� D����s �����
* "������ ^�&���"� @�������
5�- ������ �"�

��� 7N�����	!����(�*�* !�� ��?*w>���� D���s ��� @�5���* �"�
FK/OP��(�*�* � �,"�w@�5��*H>���� D���s �� ��*����9/�"�
HK/RK� "���� �,"�1>�# +Z�� �r ���
* .�*�	7�. !�� ��*��� �&��

 ������ !��0�� %�X5( �� �*����#� �� 9� ^�&�"� _'M ����fe/f
�5�� � �
�0 "� k�WpH ���M ��� � �*����#� �� S����e/f���j
�5�� �
�0"���(�*�* 	!�*�rw^�@�5���* 9�-����(�*�* �w������6 

@�5����*�/!��� ����*����9 9�q��. D��������`!��C�8 "����Q� !������
 ��
��) 9�U� �M 9� �
�� !� �" ^�&�"� "���� 	@�����
5�- 9�FK/F

�5�� (�
�0 "� k�WS�� [9��� .��� �&6��C 76�� @���* ����*� ��6
 ��� %����* "� .%��� ����M S��� �*���� �����*� S��� !� ��� @����

!U�
* !� ��� ���W"�� _p
C� � ���*����9 <�"��*��* 
�� �Q��
Q0�
 �� +��&� 9� ^�&��"� >��&�=� �
���� �'4 "� ��� J��m ^�&�"�

.��� 

O9G<���+0 

�� @�W�&���*	76��. %��� ��p� ��# �ps�- � �� %��# 9�

 /} >"����# ���� ����  %��?� 76����. 
���� 9� %�����MKHK/KGFF 
�� �*��"�Z �&&�.

References 

Abdel-Fatah, M. A. 2018. Nanofiltration systems and applications in wastewater treatment. Ain Shams 
Engineering Journal, 9, 3077-3092. https://doi.org/10.1016/j.asej.2018.08.001. 

Affandy, A., Keshavarz-Moore, E. & Versteeg, H. K. 2013. Application of filtration blocking models to 
describe fouling and transmission of large plasmids DNA in sterile filtration. Journal of Membrane 
Science, 437, 150–159. https://doi.org/10.1016/j.memsci.2013.02.055. 

Atiq Ur Rehman, M., Chen, Q., Braem, A., Shaffer, M. S. P. & Boccaccini, A. R. 2021. Electrophoretic 
deposition of carbon nanotubes: recent progress and remaining challenges. International Materials 
Reviews, 66, 533–562. https://doi.org/10.1080/09506608.2020.1831299.  

Baker, S., Sigley, J., Helms, C. C., Stitzel, J., Berry, J., Bonin, K., et al. 2012. The mechanical properties of 
dry, electrospun fibrinogen fibers. Materials Science and Engineering: C, 32, 215-221. 
https://doi.org/10.1016/j.msec.2011.10.021. 

Chadha, U., Selvaraj, S. K., Ravinuthala, A. K., Maddini, Y., Arasu, K., Yadav, S., et al. 2022. Bioinspired 
techniques in freeze casting: a survey of processes, current advances, and future directions. International 
Journal of Polymer Science, 2022, 1-22. https://doi.org/10.1155/2022/9169046. 

Chang, F. F., Liu, W. J. & Wang, X. M. 2014. Comparison of polyamide nanofiltration and low-pressure 
reverse osmosis membranes on As(III) rejection under various operational conditions. Desalination, 334,
10-16. https://doi.org/10.1016/j.desal.2013.11.002. 

Chen, K., Pan, H., Yan, Z., Li, Y., Ji, D., Yun, K., et al. 2021. A novel alginate/gelatin sponge combined with 
curcumin-loaded electrospun fibers for postoperative rapid hemostasis and prevention of tumor recurrence. 
International Journal of Biological Macromolecules, 182, 1339-1350. 
https://doi.org/10.1016/j.ijbiomac.2021.05.074. 

Elimelech, M., Chen, W. H. & Waypa, J. J. 1994. Measuring the zeta (electrokinetic) potential of reverse 
osmosis membranes by a streaming potential analyzer. Desalination, 95, 269–286. 
https://doi.org/10.1016/0011-9164(94)00064-6. 



� ��2��)(�� �* ���
I��
 ���c
��� �#�(�� �d�... dx.doi.org/10.22093/wwj.2023.379344.3312 
87

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

Emo, B., Eberlin, C. T., Hixon, K. R., Kalaf, E. A. G., Laktas, J. M. & Sell, S. A. 2017. A study on the 
potential of doped electrospun polystyrene fibers in arsenic filtration. Journal of Environmental Chemical 
Engineering, 5, 232–239. https://doi.org/10.1016/j.jece.2016.11.039. 

Gebru, K. A. & Das, C. 2017. Removal of Pb (II) and Cu (II) ions from wastewater using composite 
electrospun cellulose acetate/titanium oxide (TiO2) adsorbent. Journal of Water Process Engineering, 16,
1-13. https://doi.org/10.1016/j.jwpe.2016.11.008. 

Geucke, T., Deowan, S. A., Hoinkis, J. & Pätzold, C. 2009. Performance of a small-scale RO desalinator for 
arsenic removal. Desalination, 239, 198-206. https://doi.org/10.1016/j.desal.2008.03.018. 

Hubadillah, S. K., Othman, M. H. D., Matsuura, T., Ismail, A. F., Rahman, M. A., Harun, Z., et al. 2018. 
Fabrications and applications of low cost ceramic membrane from kaolin: a comprehensive review. 
Ceramics International, 44, 4538-4560. https://doi.org/10.1016/j.ceramint.2017.12.215. 

Shahidul Islam, M. S., McCutcheon, J. R. & Rahaman, M. S. 2017. A high flux polyvinyl acetate-coated 
electrospun nylon 6/SiO2 composite microfiltration membrane for the separation of oil-in-water emulsion 
with improved antifouling performance. Journal of Membrane Science, 537, 297-309. 
https://doi.org/10.1016/j.memsci.2017.05.019. 

Jawaid, M., Ahmad, A., Ismail, N. & Rafatullah, M., eds. 2021. Environmental Remediation Through Carbon 
Based Nano Composites. Springer Nature Pub., Singapore. https://doi.org/10.1007/978-981-15-6699-8. 

Karimi, L. & Emadzadeh, D. 2019. Optimizing operating conditions to reduce the effect of concentration 
polarization on the performance of the direct osmosis process. Journal of Water and Wastewater, 30(2), 36-
47. (In Persian). https://doi.org/10.22093/wwj.2018.102582.2521. 

Lee, A., Elam, J. W. & Darling, S. B. 2016. Membrane materials for water purification: design, development, 
and application. Environmental Science: Water Research and Technology, 2, 17-42. 
https://doi.org/10.1039/C5EW00159E. 

Li, Q., Tian, X., Yang, W., Hou, L., Li, Y., Jiang, B., et al. 2020. Fabrication of porous graphene-like carbon 
nanosheets with rich doped-nitrogen for high-performance electromagnetic microwave absorption. Applied 
Surface Science, 530, 147298. https://doi.org/10.1016/j.apsusc.2020.147298. 

Laiva, A. L., Venugopal, J. R., Sridhar, S., Rangarajan, B., Navaneethan, B. & Ramakrishna, S. 2014. Novel 
and simple methodology to fabricate porous and buckled fibrous structures for biomedical applications. 
Polymer (Guildf). 55, 5837-5842. https://doi.org/10.1016/j.polymer.2014.09.012. 

Malakootian, M., Golpayegani, A. & Rajabizadeh, A. 2015. Survey of nanofiltration process efficiency in Pb, 
Cd, Cr+6 and Cu Ions removal from sulfate-containing waters. Journal of Water and Wastewater, 25(5), 13-
20. (In Persian) 

Nirmala, R., Navamathavan, R., Won, J. J., Jeon, K., Afeesh, R. & Yong Kim, H. 2012. Electrical 
characterization of nylon-6 composite nanofibers. Journal of Physics and Chemistry of Solids, 73, 1326-
1330. https://doi.org/10.1016/j.jpcs.2012.06.002. 

Porubská, M., Szöllös, O., Kóňová, A., Janigová, I., Jašková, M., Jomová, K., et al. 2012. FTIR spectroscopy 
study of polyamide-6 irradiated by electron and proton beams. Polymer Degradation and Stability, 97, 523-
531. https://doi.org/10.1016/j.polymdegradstab.2012.01.017. 

Rahaman, M. S., Basu, A. & Islam, M. R. 2008. The removal of As(III) and As(V) from aqueous solutions by 
waste materials. Bioresource Technology, 99, 2815-2823. https://doi.org/10.1016/j.biortech.2007.06.038. 



����O�	 � A���X]� ���R dx.doi.org/10.22093/wwj.2023.379344.3312 

88

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

Rahmani, A. R. & Amini, S. 2016. Arsenic removal from aqueous solutions using modified and unmodified 
oak sawdust. Journal of Water and Wastewater, 26(6), 42-49. (In Persian) 

Shih, M. C. 2005. An overview of arsenic removal by pressure-driven membrane processes. Desalination, 172,
85-97. https://doi.org/10.1016/j.desal.2004.07.031. 

Sun, S., Yue, Y., Huang, X. & Meng, D. 2003. Protein adsorption on blood-contact membranes. Journal of 
Membrane Science, 222, 3-18. https://doi.org/10.1016/S0376-7388(03)00313-2. 

Torabian, A. & Zamani, M. 2020. Drinking water - physical and chemical specifications. Institute of Standards 
and Industrial Research of Iran. 5st Ed. Tehran, Iran. (In Persian) 

Uppal, J. S., Zheng, Q. & Le, X. C. 2019. Arsenic in drinking water-recent examples and updates from 
Southeast Asia. Current Opinion in Environmental Science and Health, 7, 126-135. 
https://doi.org/10.1016/j.coesh.2019.01.004. 

Wadhawan, S., Jain, A., Nayyar, J. & Mehta, S. K. 2020. Role of nanomaterials as adsorbents in heavy metal 
ion removal from waste water: a review. Journal of Water Process Engineering, 33, 101038. 
https://doi.org/10.1016/j.jwpe.2019.101038. 

Wan, H., Wang, N., Yang, J., Si, Y., Chen, K., Ding, B., et al. 2014. Hierarchically structured 
polysulfone/titania fibrous membranes with enhanced air filtration performance. Journal of Colloid and 
Interface Science, 417, 18–26. https://doi.org/10.1016/j.jcis.2013.11.009. 

Wang, X., Fan, H., Xiao, Y. & Zhang, X. 2006. Fabrication and characterization of porous hydroxyapatite/β-
tricalcium phosphate ceramics by microwave sintering. Materials Letters, 60(4), 455-458. 
https://doi.org/10.1016/j.matlet.2005.09.010.  

Weiner, B. B., Tscharnuter, W. W. & Fairhurst, D. 1993. Zeta Potential: A New Approach. In Canadian Mineral 
Analysts Meeting. Brookhaven Instruments Corporation, Winnipeg, Canada. 

Winans, J. D., Smith, K. J. P., Gaborski, T. R., Roussie, J. A. & McGrath, J. L. 2016. Membrane capacity and 
fouling mechanisms for ultrathin nanomembranes in dead-end filtration. Journal of Membrane Science, 499,
282-289. https://doi.org/10.1016/j.memsci.2015.10.053. 

Zha, W., Li, W., Ruan, Y., Wang, J. & Wen, Z. 2021. In situ fabricated ceramic/polymer hybrid electrolyte with 
vertically aligned structure for solid-state lithium batteries. Energy Storage Materials, 36, 171-178. 
https://doi.org/10.1016/j.ensm.2020.12.028. 

Zhang, F., Li, Z., Xu, M., Wang, S., Li, N. & Yang, J. 2022. A review of 3D printed porous ceramics. Journal of 
the European Ceramic Society, 42(8), 3351-3373. https://doi.org/10.1016/j.jeurceramsoc.2022.02.039. 

Zhang, Y., Yokogawa, Y., Feng, X., Tao, Y. & Li, Y. 2010. Preparation and properties of bimodal porous apatite 
ceramics through slip casting using different hydroxyapatite powders. Ceramics International, 36(1), 107-
113. https://doi.org/10.1016/j.ceramint.2009.07.008. 

Zhu, F., Zheng, Y. M., Zhang, B. G. & Dai, Y. R. 2021. A critical review on the electrospun nanofibrous 
membranes for the adsorption of heavy metals in water treatment. Journal of Hazardous Materials, 401,
123608. https://doi.org/10.1016/j.jhazmat.2020.123608. 

 

This work is licensed under a Creative Commons Attribution 4.0 International License 




