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Abstract

Detailed understanding of ionic behavior in the region near a charged surface is important

for the enhancement of water filtration mechanisms. In this study, a highly charged mem-

brane is hypothesized to form an ion depletion zone (IDZ) without an external power supply.

The formation of IDZ was experimentally investigated using membranes with varying sur-

face zeta potential (SZP) values to confirm the hypothesis. The surface zeta potential of the

charged membrane was controlled by layer-by-layer deposition method. Our results indicate

that indicated that the fluorescent intensity near the charged surface becomes weaker with

an increased absolute magnitude of SZP. Ionic surfactants enhance the formation of IDZ by

increasing SZP magnitude, and by forming a secondary filtration layer. These findings pro-

vide information that is helpful in understanding the ionic behavior near the highly charged

surface. In addition, the information provided by the findings would be helpful in fabricating a

small-scale water filtration device.

Introduction

The growing global population, causing a high demand for water that outpace supply, and

water pollution due to industrialization, have led to water shortage and, driven the need for

water purification [1]. In addition, low-quality water and poor sanitation cause approximately

1.7 million deaths annually [2]. Therefore, the development of an enhanced water purification

technology is essential for guaranteed adequate and safe drinking water supply.

While plants need water as an essential element for various metabolic activities [3], some

also offer an interesting advantage of water filtration ability [4–6]. However, this advantage has

not been fully utilized, because the underlying biophysical features of the water filtration mecha-

nisms remain unclear. Mangroves growing in coastal saline or brackish water are halophytes

which survive under saline condition owing to their saline water filtration ability through inher-

ent hydraulic survival strategies [7, 8]. In our previous study, we investigated water filtration

distinctive features of the mangroves, among them, the surface zeta potential (SZP) of root

which we found to be approximately −91.4 mV. This SZP value is noticeably higher than those

of conventional water filtration membranes [9]. As one of the survival strategies of the man-

groves, the highly negatively charged surface seems to contribute to salt filtration from saline

water. However, the validity of this hypothesis has not been examined in detail yet.

Surface properties, such as wettability, roughness and charge play significant roles in a

number of membrane-based water management techniques [10–14]. Electrostatic surface
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charge is a dominant factor in water filtration owing to the importance of electrostatic interac-

tions in the rejection of ionic molecules [15]. Chemical treatments [16, 17], pH adjustment

[18], and ionic surfactants [19, 20] have previously been utilized to control SZP. In this study,

to understand the underlying mechanism of ion rejection by electrostatic interactions, we

experimentally investigated the influence of SZP on the formation of the ion depletion zone

(IDZ). Several membranes with different SZP values were tested and quantitative comparison

was done.

As shown in Fig 1, in this study, IDZ was rarely observed in membranes with a moderately

charged surface. However, as the membrane SZP became highly negative, IDZ was formed in

the region near the charged surface. Thus, ion rejection was mainly governed by electrostatic

interactions, and a highly negatively charged membrane was essential for water filtration with-

out external power supply.

Materials and methods

Preparation of experimental model

Microchannel molds were printed directly (Prototech, Seoul, Korea) from computer-aided

design files. A base-to-catalyst mixture (10% w/w) of silicone elastomer (PDMS, Sylgard 184,

Dow Corning, Midland, MI, USA) was poured onto the mold, desiccated, and cured at 80˚C

for 1 h. The device was detached from the mold. Two microchannels were prepared to visual-

ize IDZ formation near the membranes (Fig 2A). Their physical dimensions (length × width ×
depth) were 25,000 μm × 500 μm × 55 μm and 25,000 μm × 500 μm × 10 μm. Three different

membranes, 500 μm wide, 10 μm thick, and 100 nm pore size were installed at the center of a

slide glass, and bonded using oxygen plasma treatment. Formation of ion depletion zone for-

mation is quite affected by the flow rate because most of the ions are rejected near the charged

surface of the membrane by the Donnan exclusion principle. The electrostatic interaction

between the charged surface and ions is dominant, so convection rate should be less than diffu-

sion rate. In this view point, flow rate of feed solution was applied as 0.1 μl/min. (Fig 2B).

In the present study, the effect of SZP values of a charged surface on IDZ formation without

external power supply was investigated. Three membranes with different SZP were tested

(Table 1). A layer-by-layer deposition treatment was employed to control the membranes SZP.

Poly-allylamine hydrochloride [cationic polyelectrolyte (PAH), Sigma–Aldrich, Korea] and

polystyrene sulfonate hydrochloride [anionic polyelectrolyte (PSS), Sigma–Aldrich, Korea]

were deposited on a polyethylene-terephthalate-based membrane (PET, Sterlitech Co., Kent,

USA). The thickness and pore size of tested membrane were 10 μm and 100 nm, respectively.

The detailed procedures to fabricate a charged membrane and to measure of SZP of the mem-

brane are appended in the S1 File and referred paper [21].

Fig 1. Formation of IDZ according to SZP of a membrane. Schematics illustrating IDZ formation around the

membrane. Cations (red circle) are attracted toward a negatively charged surface, whereas anions (green circle) are

repelled from the surface of a moderately charged membrane (yellow square) when the membrane is exposed to an

ionic solution. Ion depletion zone is rarely formed in this case. However, when a highly negatively charged membrane

(orange square) is exposed to the ionic solution, formation of IDZ (white area) is enhanced.

https://doi.org/10.1371/journal.pone.0250343.g001
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Visualization of IDZ

Rhodamin 6G [positively charged fluorescent dye (PFD), Sigma–Aldrich, Korea], Alexa 488

[negatively charged fluorescent dye (NFD), Invitrogen, USA], and phosphate-buffered

saline (PBS) solution were used to visualize ionic behavior near the charged surface. The

excitation and emission peak of the PFD is 525 nm and 548 nm, respectively. The excitation

and emission peak of the NFD is 493 nm and 519 nm, respectively. Sodium dodecyl sulfate

(SDS, anionic surfactant, Sigma–Aldrich, Korea) was used to change the SZP magnitude.

Ion depletion zone was visualized with an inverted fluorescent microscope (Axiovert 200,

Zeiss) attached to a charge-coupled device camera (Q42286, Q-IMAGING, Canada). The

recorded images were analyzed using the ImageJ program (National Institute of Health,

USA). The fluorescent intensity values were normalized to compare the average fluores-

cence intensity in the right side of the membrane surface and that in the left side (S1 Fig in

S1 File). The fluorescence intensity was calculated from five different lines within the mar-

gin of error of 5%.

Results and discussion

Intensity variations of IDZ

Fig 2 shows the experimental setup for this study. The depths of the two fabricated microchan-

nels were 55 and 10 μm. The membrane was set on a slide glass in advance and then the PDMS

channel and the slide glass were bonded using O2 plasma etching (Fig 2A) this way the mem-

brane was located at the microchannel bottom (Fig 2B). A feed solution(pH 7.2) that contained

0.1 mM of PFD, 0.1 mM of NFD, and 0.1 mM of PBS passed through the membrane at a flow

Fig 2. A schematic of the experimental setup. (A) Two microchannels with a width of 500 μm in width and depths of

55 and 10 μm were fabricated. Three membranes with different SZP values were inserted between a slide glass and the

PDMS channel. (B) The PDMS channel and the slide glass were bonded using O2 plasma etching. The feed solution

containing an ionic solution and fluorescent dyes were supplied to the inlet, and behaviors of fluorescent dyes were

observed using an inverted microscope. (C) A cross-sectional view of the experimental setup.

https://doi.org/10.1371/journal.pone.0250343.g002

Table 1. Characteristics of the membranes tested in this study.

Case Feature Surface zeta potential

A PAH-treated PET -36.2 ± 4.4 mV

B Carboxylation PET -62.5 ± 3.8 mV

C PAH–PSS-treated PET -97.5 ± 4.3 mV

https://doi.org/10.1371/journal.pone.0250343.t001
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rate of 0.1 μl/min. The ionic behaviors of fluorescent dyes were observed using an inverted

fluorescent microscope (Zeiss Axiovert 200, Germany).

The investigation of the formation of IDZ using two microchannels with depths of 55 and

10 μm was conducted (S2 Fig in S1 File). The fluorescent intensities of PFD and NFD were

quantitatively analyzed at varying distances from the membrane surface. Fig 3 shows the fluo-

rescence intensity of both dyes. In the microchannel with a 55 μm depth, the fluorescent inten-

sity rapidly increased after the membrane (Fig 3A). A similar tendency occurred with

increased membrane SZP magnitude. The fluorescent intensities rapidly increased up to the

axial position of approximately 50 μm. Thereafter, they gradually increased with insignificant

fluctuations. Ion depletion zone formation was rarely observed in these experimental condi-

tions (S3A Fig in S1 File). In the microchannel with a 10 μm depth, IDZ was clearly observed

(S3B Fig in S1 File). The fluorescent intensities were weaker than those of the microchannel

with a 55 μm depth (Fig 3B). In the cases of A and B, the fluorescent intensities steeply

increased up to the axial position of approximately 65 μm. Thereafter, the increase was grad-

ual. For the highly negatively charged membrane with SZP value of −97.5 mV (Case C), the

fluorescent intensity increased from 0 to 340 up to the axial position of approximately 350 μm.

These findings indicated that the formation of IDZ along the axial was largely affected by the

channel depth and membrane SZP values. The gradient in strength depletion along the vertical

direction affected IDZ formation because the charged membrane has a limited capacity to

form a three-dimensional IDZ [22]. These results indicate that the shorter microchannel posi-

tively impacts the formation of IDZ along the axial direction.

For a better understanding of SZP effects, each fluorescent intensities of PFD and NFD in the

microchannel with a 10 μm depth were compared. For quantitative comparison, the average values

of PFD and NFD within 150 μm from the right-side surface of the membrane were normalized by

the average value of the initial fluorescent intensity within 150 μm from the left-side surface of the

membrane (S1 Fig in S1 File). Because the difference in fluorescence intensity according to the sur-

face charge of the tested membranes was the largest at a point 150 um apart (Fig 3).

Fig 4A shows that the normalized fluorescent intensity of PFD was 0.98 after passing

through a membrane with SZP of −36.2 mV (Case A). The normalized fluorescent intensity of

PFD gradually decreased from 0.87 to 0.66 as SZP became more negative from −62.5 mV

(Case B) to −97.5 mV (Case C). The normalized fluorescent intensity of NFD was 0.94 after

the feed solution passed through the membranes of Case A. However, the value decreased

from 0.79 to 0.48 after the feed solution passed through the membranes of Cases B and C.

Therefore, the rate of decrease in NFD intensity was stronger than that of PFD because indicat-

ing that the highly charged membrane was more efficient in excluding co-ions from the mem-

brane surface.

Fig 3. Variations of IDZ intensity formed near the charged membrane. The fluorescent intensity of sum of PFD and

NFD was analyzed using three membranes with different SZP Magnitude. The fluorescent profile was calculated using

the membrane marked by the green arrow. Formation of IDZ means ion depleted solution compared to feed solution

is obtained. This result indicated the concentration distribution along the microchannels (A) a 55 μm and (B) a 10 μm.

https://doi.org/10.1371/journal.pone.0250343.g003
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The counter-ion concentration was generally higher in the region near the membrane sur-

face than in the bulk solution, whereas the co-ion concentration was lower in the same region

due to the membrane surface charge. These findings confirm that the electrostatic force

attracted counter-ions but repelled co-ions from the charged membrane surface [23]. Thus,

the concentration of NFD was smaller than that of PFD. As SZP magnitude increased,

counter-ions became more dominant than co-ions in the region near the membrane surface.

A potential difference, which was called Donnan potential, was established on the membrane

surface. The electroneutrality condition prevented the independent migration of counter-ions

and co-ions [24]. As a result, the rejection of counter-ions and co-ions led to the formation of

IDZ near the charged membrane surface.

The variations of IDZ according to the SZP magnitude were determined by calculating IDZ

area (Fig 4B). Ion depletion zone formation area was defined as the region whose intensity is

lower than 220. The visualized images of formation of IDZ was loaded with the Image J pro-

gram, and the area of the IDZ was calculated by counting the number of pixels whose intensity

is less than 220 in the image. As shown in Fig 3, if you look at the intensity distribution of the

image, it exists between 0 and 440. So, we decided to use 220, which is half the value. Ion deple-

tion zone formation area was 0.45 × 10−2 mm2 after passing the membrane with SZP of −36.2

mV (Case A). Ion depletion zone formation As SZP was decreased from −62.5 mV (Case B) to

−97.5 mV, IDZ area significantly increased from 4.93 × 10−2 to 9.90 × 10−2 mm2 (Case C).

Based on the present study experimental results, we confirmed that the formation of IDZ near

the charged membrane could be enhanced by a highly negatively charged surface.

Ionic surfactant effect

An ionic surfactant was added to the feed solution to enhance the formation of IDZ near the

charged membrane. Fig 5A is a schematic of the surface treatment process through a charged

Fig 4. Formation of IDZ near the charged membranes. (A) The normalized fluorescent intensities of PFD and NFD

were measured, respectively. (B) The IDZ area defined as the region whose intensity was lower than 220 was calculated.

https://doi.org/10.1371/journal.pone.0250343.g004

Fig 5. Effect of ionic surfactant on normalized intensity. (A) A schematic of SDS molecules adsorption on the

negatively charged membrane surface. (B) Variation in normalized fluorescent intensity according to SDS

concentration.

https://doi.org/10.1371/journal.pone.0250343.g005
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membrane using SDS. The membrane which has -97.5 ± 4.3 mV in surface zeta potential

(Case C) and 10 um in thickness was tested. As SZP of the membrane was affected by the solu-

tion pH, the negatively charged sulfate functional groups of the SDS made the membrane sur-

face more negatively charged [20]. In this study, the SDS effect was investigated at the

concentration of 0.001 mM, 0.1 mM and 10 mM (pH 7.2). When SDS was added to the feed

solution, there was a hydrophobic interaction between the SDS molecules and the negatively

charged membrane surface. As a result, the SDS tails were attached on the membrane surface,

and SZP of the membrane became highly negative due to the existence of a number of charged

polar heads. Fig 5B shows the variation in normalized fluorescent intensity in the microchan-

nel with a 10 μm depth, according to SDS concentration. As the SDS concentration increased,

the normalized fluorescent intensity decreased from 0.54 to 0.28. Therefore, membrane SZP

was an important factor in IDZ formation. The ionic surfactant did not only enhance SZP, but

induced a secondary filtration layer on the charged membrane surface. As a result, the forma-

tion of IDZ near the charged membrane was enhanced. Although the concentration of the

ionic solution tested in this experiment was relatively low, the results would be useful in under-

standing the influence of SZP in enhancing the formation of IDZ. The further studies are

planned to characterize the influence of SDS for the formation of IDZ.

Conclusions

In the present study, the relationship between IDZ formation and SZP values of a charged

membrane was. Anionic and cationic polyelectrolytes were deposited on the membrane sur-

face to control the membrane SZP. The formation of IDZ on membranes and the ionic behav-

ior were observed. When the charged membranes contacted an ionic solution, a concentration

gradient was induced, normal to the membrane surface. Ion depletion zone formation was

formed near the charged surface to satisfy the electroneutrality (Fig 1). Case C had the most

negatively charged surface; consequently, immense IDZ formation, and lower intensity than

that of the other cases with smaller SZP. The difference in normalized fluorescent intensities

between PFD and NFD was attributed to the enrichment of membrane surface with counter-

ions and the depletion of co-ions due to electrostatic force. As a result, the electroneutrality

was regenerated in the region slightly far from the charged membrane surface by the aid of the

well-known Donnan exclusion mechanism [25]. The formation of IDZ along the flow direc-

tion could be enhanced by decreasing the microchannel aspect ratio (depth/width).

In the present study, negatively charged membrane surface became highly negative by add-

ing an ionic surfactant to the feed solution, these results suggest that IDZ could be enhanced

by the formation of an additional filtration layer by the hydrocarbon chains and charged polar

heads of the ionic surfactant. This expanded conformation might enhance the rejection rate of

the ionic molecules. Ion depletion zone formation area was increased from 9.90 × 10−2 to

17.56 × 10−2 mm2 when 0.01 mM of SDS was added into the feed solution. Therefore, the

highly negatively charged membrane can be effectively utilized to form IDZ without external

supply electricity.

Mangrove roots exhibit a considerably high ion rejection rate and stable water permeability,

although the sap flow rate is relatively low. In our previous study, we found that the water fil-

tration ability of the mangrove roots is attributed to the highly negatively charged surface [7].

Similarly, the present study results demonstrated that the highly negatively charged membrane

not only enhances IDZ formation without external power supply but also enhances IDZ for-

mation near the charged surface. Our findings provide basic information on the effect of SZP

on ionic transport and would be helpful in understanding the underlying water filtration

mechanism of mangrove roots. In addition, based on these findings, small-scale and power-
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free water filtration devices can be developed by utilizing the proposed enhancement tech-

nique for the development of improved water purification methods.

Supporting information

S1 File.

(DOCX)

Author Contributions

Conceptualization: Kiwoong Kim.

Investigation: Kiwoong Kim.

Visualization: Kiwoong Kim.

Writing – original draft: Kiwoong Kim.

Writing – review & editing: Kiwoong Kim.

References
1. Ren D., Yang Y., Yang Y., Richards K., Zhou X., Land-Water-Food Nexus and indications of crop

adjustment for water shortage solution, Sci. Total Environ., 626 (2018) 11–21. https://doi.org/10.1016/j.

scitotenv.2018.01.071 PMID: 29331834

2. Ashbolt N.J., Microbial contamination of drinking water and disease outcomes in developing regions,

Toxicology, 198 (2004) 229–238. https://doi.org/10.1016/j.tox.2004.01.030 PMID: 15138046

3. Wullschleger S.D., Meinzer F., Vertessy R., A review of whole-plant water use studies in tree, Tree

physiology, 18 (1998) 499–512. https://doi.org/10.1093/treephys/18.8-9.499 PMID: 12651336

4. Khan M.A., Ungar I.A., Showalter A.M., The effect of salinity on the growth, water status, and ion con-

tent of a leaf succulent perennial halophyte, Suaeda fruticosa (L.) Forssk, J. Arid Environ., 45 (2000)

73–84.

5. Webb J., Quinta R., Papadimitriou S., Norman L., Rigby M., Thomas D., et al. Halophyte filter beds for

treatment of saline wastewater from aquaculture, Water Res., 46 (2012) 5102–5114. https://doi.org/10.

1016/j.watres.2012.06.034 PMID: 22818948

6. Ramani B., Reeck T., Debez A., Stelzer R., Huchzermeyer B., Schmidt A., et al. Aster tripolium L. and

Sesuvium portulacastrum L.: two halophytes, two strategies to survive in saline habitats, Plant Physiol.

Biochem., 44 (2006) 395–408. https://doi.org/10.1016/j.plaphy.2006.06.007 PMID: 16806957

7. Lambs L., Muller E., Fromard F., Mangrove trees growing in a very saline condition but not using seawa-

ter, Rapid Commun. Mass Spectrom., 22 (2008) 2835–2843. https://doi.org/10.1002/rcm.3676 PMID:

18712706

8. Mishra R., Dhal B., Dutta S., Dangar T., Das N., Thatoi H., Optimization and characterization of chro-

mium (VI) reduction in saline condition by moderately halophilic Vigribacillus sp. isolated from mangrove

soil of Bhitarkanika, India, J. hazard. Mater., 227 (2012) 219–226. https://doi.org/10.1016/j.jhazmat.

2012.05.063 PMID: 22677051

9. Kim K., Seo E., Chang S.-K., Park T.J., Lee S.J., Novel water filtration of saline water in the outermost

layer of mangrove roots, Sci. Rep., 6 (2016) 20426. https://doi.org/10.1038/srep20426 PMID:

26846878

10. Vrijenhoek E.M., Hong S., Elimelech M., Influence of membrane surface properties on initial rate of col-

loidal fouling of reverse osmosis and nanofiltration membranes, J. Membr. Sci., 188 (2001) 115–128.

11. Wavhal D.S., Fisher E.R., Membrane surface modification by plasma-induced polymerization of acryl-

amide for improved surface properties and reduced protein fouling, Langmuir, 19 (2003) 79–85.

12. Hoek E.M., Bhattacharjee S., Elimelech M., Effect of membrane surface roughness on colloid−mem-

brane DLVO interactions, Langmuir, 19 (2003) 4836–4847.

13. Yeung T., Gilbert G.E., Shi J., Silvius J., Kapus A., Grinstein S., Membrane phosphatidylserine regu-

lates surface charge and protein localization, Science, 319 (2008) 210–213. https://doi.org/10.1126/

science.1152066 PMID: 18187657

14. Bellona C., Drewes J.E., The role of membrane surface charge and solute physico-chemical properties

in the rejection of organic acids by NF membranes, J. Membr. Sci., 249 (2005) 227–234.

PLOS ONE Migration of ions near charged surface

PLOS ONE | https://doi.org/10.1371/journal.pone.0250343 April 28, 2021 7 / 8

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250343.s001
https://doi.org/10.1016/j.scitotenv.2018.01.071
https://doi.org/10.1016/j.scitotenv.2018.01.071
http://www.ncbi.nlm.nih.gov/pubmed/29331834
https://doi.org/10.1016/j.tox.2004.01.030
http://www.ncbi.nlm.nih.gov/pubmed/15138046
https://doi.org/10.1093/treephys/18.8-9.499
http://www.ncbi.nlm.nih.gov/pubmed/12651336
https://doi.org/10.1016/j.watres.2012.06.034
https://doi.org/10.1016/j.watres.2012.06.034
http://www.ncbi.nlm.nih.gov/pubmed/22818948
https://doi.org/10.1016/j.plaphy.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16806957
https://doi.org/10.1002/rcm.3676
http://www.ncbi.nlm.nih.gov/pubmed/18712706
https://doi.org/10.1016/j.jhazmat.2012.05.063
https://doi.org/10.1016/j.jhazmat.2012.05.063
http://www.ncbi.nlm.nih.gov/pubmed/22677051
https://doi.org/10.1038/srep20426
http://www.ncbi.nlm.nih.gov/pubmed/26846878
https://doi.org/10.1126/science.1152066
https://doi.org/10.1126/science.1152066
http://www.ncbi.nlm.nih.gov/pubmed/18187657
https://doi.org/10.1371/journal.pone.0250343


15. Tsuru T., Nakao S.-i., Kimura S., Calculation of ion rejection by extended Nernst–Planck equation with

charged reverse osmosis membranes for single and mixed electrolyte solutions, J. Chem. Eng. Japan,

24 (1991) 511–517.

16. Lvov Y., Decher G., Moehwald H., Assembly, structural characterization, and thermal behavior of layer-

by-layer deposited ultrathin films of poly (vinyl sulfate) and poly (allylamine), Langmuir, 9 (1993) 481–

486.

17. Lvov Y., Ariga K., Ichinose I., Kunitake T., Assembly of multicomponent protein films by means of elec-

trostatic layer-by-layer adsorption, J. Am. Chem. Soc., 117 (1995) 6117–6123.

18. Kirby B.J., Hasselbrink E.F., Zeta potential of microfluidic substrates: 2. Data for polymers, Electropho-

resis, 25 (2004) 203–213. https://doi.org/10.1002/elps.200305755 PMID: 14743474

19. Keesom W., Zelenka R., Radke C., A zeta-potential model for ionic surfactant adsorption on an iono-

genic hydrophobic surface, J.Colloid Interface Sci., 125 (1988) 575–585.

20. Childress A.E., Elimelech M., Relating nanofiltration membrane performance to membrane charge

(electrokinetic) characteristics, Environ. Sci. Technol., 34 (2000) 3710–3716.

21. Corbett J. C., McNeil-Watson F., Jack R. O., Howarth M., Measuring surface zeta potential using phase

analysis light scattering in a simple dip cell arrangement. Colloid. Surface. A, 396 (2021) 169–176.

22. Kim M., Jia M., Kim T., Ion concentration polarization in a single and open microchannel induced by a

surface-patterned perm-selective film, Analyst, 138 (2013) 1370–1378. https://doi.org/10.1039/

c2an36346a PMID: 23293785

23. Masliyah J.H., Bhattacharjee S., Electrokinetic and colloid transport phenomena, John Wiley & Sons

2006.

24. Fornasiero F., Park H.G., Holt J.K., Stadermann M., Grigoropoulos C.P., Noy A., et al. Ion exclusion by

sub-2-nm carbon nanotube pores, Proc. Natl. Sci. U. S. A., 105 (2008) 17250–17255. https://doi.org/

10.1073/pnas.0710437105 PMID: 18539773

25. Yaroshchuk A.E., Non-steric mechanisms of nanofiltration: superposition of Donnan and dielectric

exclusion, Sep. Purif. Technol., 22 (2001) 143–158.

PLOS ONE Migration of ions near charged surface

PLOS ONE | https://doi.org/10.1371/journal.pone.0250343 April 28, 2021 8 / 8

https://doi.org/10.1002/elps.200305755
http://www.ncbi.nlm.nih.gov/pubmed/14743474
https://doi.org/10.1039/c2an36346a
https://doi.org/10.1039/c2an36346a
http://www.ncbi.nlm.nih.gov/pubmed/23293785
https://doi.org/10.1073/pnas.0710437105
https://doi.org/10.1073/pnas.0710437105
http://www.ncbi.nlm.nih.gov/pubmed/18539773
https://doi.org/10.1371/journal.pone.0250343

