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Blending immiscible polymer blends often results in coarse microstructures due to interfacial driven

coarsening. However, by introducing specific interactions between the constituents, the evolving

microstructure can be tailor-made. Herein, water insoluble poly(ethylene-co-methacrylic acid) zinc salt

(Surlyn) was blended with water soluble polyethylene oxide (PEO) in 50/50 (wt/wt) ratio to construct co-

continuous structures that were not possible by blending PE and PEO at the same fraction. By selectively

etching the water soluble phase (PEO), porous membranes can be designed with well-defined

microstructure as assessed using X-ray micro-computed tomography and the pure water flux across the

membranes was studied systematically. In order to impart an antibacterial surface, silver was directly

reduced on the membrane surface utilizing the un-neutralized carboxylic acid moieties present in Surlyn

as the reducing sites. This led to uniform decoration of silver on the surface which enhanced the

antibacterial and antifouling properties. The presence of silver on the membrane was confirmed by X-ray

photoelectron spectroscopy (XPS). The distribution of silver and the morphology of the porous Surlyn

membrane was evaluated by field emission scanning electron microscopy (FESEM) coupled with EDAX

analysis. The antibacterial activity was assessed using a standard plate count method wherein the

bacterial cells were in direct contact with the silver decorated membranes. The content of silver present

on the surface and the sustained release from the membrane surface was monitored using inductively

coupled plasma optical emission spectrometry. The present study opens new avenues in designing

efficient and scalable antibacterial membranes.

Introduction

The steep rise in the consumption and contamination of

natural water sources, has led to an increasing demand for safe

drinking water.1 Water can be puried by various methods such

as disinfection, distillation, and media ltration and separation

technology. Membrane separation is favored because there is

no requirement for chemical additives, it is less energy inten-

sive and more economical.2 Pressure driven separation is the

most commonly employed method among the various

membrane separation technologies.3,4

Membrane separation utilizes semipermeable membranes

that separate the contaminants. The surface is in direct contact

with the incoming feed stream containing particulates and

microorganisms. The microorganisms in the feed attach to the

membrane surface and cause biolm formation that tends to

foul the membrane over a period of time.5 Biolm results in

clogging of active pores resulting in increased membrane

resistance. Thus, separation technology involves the prepara-

tion of membranes and methodology for avoiding biofouling.

Owing to their performance6 polymeric membranes are

preferred over other types of membranes. Polymeric

membranes are prepared via track etching, stretching melt-cast

polymer lms, or thermally induced phase separation (TIPS).7

Commercial membranes are derived from polysulfone, cellu-

lose, polytetrauoroethylene and polyvinylidene uoride etc.8

Poly(ethylene-co-methacrylic acid) zinc salt (Surlyn) exhibits

good transparency with puncture and oil resistance properties.9

Further, Surlyn contains metal neutralized carboxylate groups

or carboxylic groups that can be utilized for further chemical

modications.10,11 Surlyn chemically coupled with benomyl,

benzoic acid and sorbic acid have exhibited enhanced anti-

bacterial activity.9,12 However, their antibacterial activity was
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dependent on diffusion of these molecules from the matrix to

media. It would be interesting to study the effect of bactericidal

activity if they are coated on the surface because of higher

release and direct contact. There has been extensive research on

the antibacterial surfaces containing silver13,14 due to their

thermal stability and long term antibacterial activity.15

The present study focuses on the utilization of Surlyn/PEO

blend for preparation of membrane. Further, the free carbox-

ylic acid groups are utilized as a site for reducing silver nitrate to

silver on the surface of Surlyn. Extensive work has been done

using silver coating, but this study utilizes the specic un-

neutralized carboxylic acid moieties on the Surlyn surface to

bind silver. The silver was determined by XPS and EDAX

mapping. The membrane performance and antibacterial

activity was assessed systematically. The silver coated

membrane opens up new avenues for designing efficient anti-

bacterial membranes using immiscible blends as a model

system.

Experimental
Materials

Poly(ethylene-co-methacrylic acid) zinc salt (Surlyn) of melting

point (Tm) of 89
�C, density of 0.94 g ml�1 at 25 �C and melt ow

index of 5.5 g/10 min (@190 �C and 2.16 kg), low density poly-

ethylene of melt ow index of 25 g/10 min (@190 �C and 2.16

kg), polyethylene oxide (PEO) (Mv of 400 000 g mol�1) and silver

nitrate of 99% purity was procured from Sigma Aldrich.

Reducing agent i.e. sodium borohydride and all other reagents

and solvents of analytical grade were procured and used without

any purication.

Membrane preparation

Blends of Surlyn (50 wt%) and PEO (50 wt%) were prepared by

melt-mixing using a Polylab, Thermo Haake Minilab II mixer at

150 �C, 60 rpm for 20 min, followed by compression molding to

obtain desired shape of membrane coupons. Thus obtained

coupons were dipped in cold DI water for 24 h to etch out the

PEO phase. The etching of PEO phase generates porous Surlyn

membranes.

Surface coating of membranes

To obtain the antibacterial and antifouling properties, Surlyn

membranes were coated with silver by chemical reduction of

silver nitrate as shown in Scheme 1. The reduction of silver

nitrate was carried out by using sodium borohydride as

a reducing agent. Prior to coating, the surface was cleaned by

sonicating the membrane in acetone to remove surface impu-

rities. Aer removal of surface impurities, the membrane was

transferred to a silver nitrate bath containing different

concentrations (of 0.01, 0.10, 0.25, 0.50, 0.75, 1.00, 5.00 and

10.00 wt/vol silver nitrate). The bath containing the membrane

was stirred in cold water for 1 h. Aer 1 h, the appropriate

solution containing NaBH4 was added slowly with stirring to

prevent agglomeration of silver on the surface. Aer silver

coating, the samples were washed thrice to remove any unat-

tached silver particles on the surface.

Characterization of silver coating on Surlyn membranes

The silver coating on the surface was analyzed by X-ray photo-

electron spectroscopy (XPS) by AXIS ULTRA (Kratos Analytical

instrument) using monochromatic (Al) source. The silver

coating was further conrmed by scanning electron microscopy

(SEM) and Energy Dispersive Analysis of X-rays (EDAX)

mapping. The membrane morphology and distribution of silver

was carried out using eld emission scanning electron

microscopy (FE-SEM) with EDAX mapping supplied by Carl

Zeiss. The 3D tomogram of membranes was obtained by X-ray

micro-computed tomography using Xradia Versa XRM 500.

The 3D tomograms were generated by combining 1600 projec-

tions obtained at X-ray voltage of 80 kV with 25 mm distance

between the sample and detector.

Membrane performance

The membrane performance was analyzed by measuring the

permeate ow rate (Q) of pure water using the dead end ltra-

tion setup. In order to maintain steady ow, initially

membranes were compacted at 20 psi for 1 h, and then the

pressure was reduced to 10 psi for measurement of permeate

ow rate. Flux across the membrane (permeate ux (J))

is calculated by J ¼ Q/A, where A is the active membrane

area (m2). The average ux from three samples was checked for

consistency.

Antibacterial activity of designed membrane

The antibacterial activity was evaluated by using Escherichia coli

(E. coli) (ATCC 25922) as a model bacterium. The stock culture

was further sub cultured for 37 �C in Luria Bertani broth (LB) to

obtain fresh culture which was then centrifuged to remove any

nutrients from media. The pellet obtained from centrifuging

was further re-suspended in phosphate buffered saline (PBS) to

obtain the desired cell concentration (�107 cells per ml). The

membranes of desired dimension were suspended in culture

containing PBS and were incubated at 37 �C for 1/2 h. The

antibacterial efficacy was measured by plating the cells on the

nutrient agar. Further, to analyze the morphological feature

associated with the attachment of E. coli, environmental SEM

(E-SEM) was carried out. The E. coli was xed on the membrane

surface by 3.7% formaldehyde followed by rinsing with distilled

water (DI) and vacuum drying.

Silver release

Silver release over period of time and amount of silver present

on the surface of the membrane was determined by using

inductively coupled plasma optical emission spectrometry (ICP-

OES) supplied by Thermo Scientic iCAP 6000. To obtain the

amount of silver present on the surface the silver coated Surlyn

membrane was dipped in concentrated HNO3 and stirred for 1

h. Then the obtained solution was suitably diluted for silver

detection using ICP. The silver release was studied by dipping
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the membrane of specic dimension in water for 30 min. The

solution was ltered and then the concentration of silver was

determined by ICP.

Results and discussion
Tailor-made morphology in Surlyn/PEO blends

The morphology of 50/50 (wt/wt) PE/PEO and Surlyn/PEO (50/50

wt/wt) blends aer etching out the PEO phase is shown in Fig. 1

to obtain a clear understanding of the fact as to how the specic

interactions between the constituent polymer governs the

overall morphology in immiscible systems. It is evident from

the micrograph that blends of Surlyn/PEO exhibited typical co-

continuous structures, whereas the PE/PEO blend exhibited

a typical sea island type of morphology with irregular and

discontinuous PEO phase distribution. The blend morphology

of PE/PEO is a typical characteristic of immiscible systems

where interfacial driven coarsening is quite strong given the

large differences in their surface free energy values (PE ¼ 35.3

mN m�1 and PEO ¼ 42.9 mN m�1 at 20 �C (ref. 16)). By intro-

ducing specic interactions between the constituents, ner

microstructures can be expected during mixing although to

a limited extent in case of only physical/secondary interactions.

In case of in situ reactive blending, these effects can be well

realized in the nal blend microstructure. Nevertheless, the

weak interaction between Surlyn and PEO has resulted in ner

structures as compared to blends of PE/PEO. By selective

etching, the contrast can be improved, as observed from these

micrographs. The morphology obtained in Surlyn/PEO blends

would further attract these structures for exploring them as

membrane material as interconnected morphology5 offers high

transport properties and also provides anisotropic pores. The

Scheme 1 A cartoon illustrating the membrane preparation, selective etching and silver coating on the token membranes.

Fig. 1 Morphology of 50/50 (wt/wt) PE/PEO blend (a) and 50/50 (wt/wt) Surlyn/PEO (b).
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latter is benecial for trapping colloids, bacteria and other

contaminants present in water.

Silver coating on porous Surlyn membranes

Silver was coated on Surlyn by chemical reduction of silver

nitrate using sodium borohydride (NaBH4) as a reducing agent:

AgNO3 + NaBH4/ Ag + 1/2H2 + 1/2B2H6 + NaNO3

The presence of silver on the Surlyn membrane was

conrmed by using XPS as shown in Fig. 2. Fig. 2a shows a wide

scan of Surlyn membrane with and without silver coating. It is

evident that the sample coated with silver exhibited a doublet

peak around the binding energy of 368 Ag (3d). The individual

scan of silver (Fig. 2b) around 360–380 eV conrmed the doublet

peaks at 368.3 and 374.3 eV, corresponding to Ag (3d5/2) and Ag

(3d3/2) respectively. Ag
0 (3d5/2) exhibits a peak at 368.3 eV, thus

conrming the silver in metallic state.17 Further, splitting in 3d

exhibited a difference of 6.0 eV thus reconrming the presence

of silver in metallic form.18–20

Further, grazing angle X-ray diffraction was employed to

reconrm the presence of silver on the token membranes. From

Fig. 3, it is evident that Surlyn with silver coating exhibited

diffraction peaks at 2q of 38.0, 44.3, 64.4, 77.3 and 81.5 corre-

sponding to the index of [111], [200], [220], [311] and [222]

planes of pure silver (JCPDS card no. 00-04-0783). This re-

conrms the effective silver coating on the Surlyn surface.21

Fig. 4a and b exhibit the SEM micrographs of token Surlyn

membranes before and aer silver coating. Fig. 4b shows silver

particles distributed across the surface of the token

membranes. Further, Fig. 4c shows the micrograph of silver

coated Surlyn membrane with corresponding EDAX spectra and

silver mapping. From Fig. 4c, it is evident that silver is distrib-

uted well across the membrane surface and more importantly,

around the pores and thus suggesting uniform distribution of

silver on the surface.

Assessing the porous morphology using 3D micro-computed

tomography

The Scheme 2 shows the X-ray tomography projections obtained

for generation of 3D prole of the designed membrane. Fig. 5a

shows the reconstructed 3D tomography of 50/50 (wt/wt) PE/

PEO blend aer etching out the PEO phase, it is evident that

the blend exhibits the sea island type of morphology with

irregular and discontinuous PEO phase distribution which is in

line with SEM micrograph discussed earlier. On the contrary,

the 50/50 (wt/wt) Surlyn/PEO blend (Fig. 5b) exhibit co-

continuous type of morphology wherein anisotropic pores

with interconnected structures is well evident from the 3D

images. The interconnected structures offer high transport

properties along with anisotropic pores which assist in trapping

colloids, bacteria and other contaminants present in water.

Fig. 2 XPS wide scan (a) and Ag-3d spectra (b) of Surlyn membrane

with and without silver coating.

Fig. 3 The grazing angle XRD pattern of Surlyn with and without silver

coating.
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Further, the silver coating (Fig. 5c) on the surface provides the

advantages of bactericidal effect to kill bacteria on the surface of

the membrane. However, it is can be noted that higher loading

of silver, for instance, when 10 wt/vol silver nitrate was reduced

onto the surface, they tend to form clusters around the edges of

the pore. These clusters can obstruct the ow of water, which

increases the resistance of membrane. This observation is

consistent with the decreased ux across the membrane, which

is discussed in the subsequent section.

Membrane performance

The membrane performance was assessed by in-house

designed dead-end membrane setup with a inlet pressure of

10 psi. Fig. 6 shows the ux across the membrane wherein the

neat token membranes exhibited a ux of 12 240 � 360 L m�2

h�1. Further, with 0.01 wt/vol silver coating the ux reduced to

9452 � 1200 L m�2 h�1 which is due to surface coating of silver

present on the surface which possibly has increased the

resistance. Further increasing the silver coating i.e. 0.1, 0.25,

0.50, 0.75, 1.00, 5.00 and 10.00 wt/vol reduces the ux to 8243

� 550 L m�2 h�1, 8052� 450 L m�2 h�1, 7550� 430 L m�2 h�1,

7380 � 540 L m�2 h�1, 6588 � 1440 L m�2 h�1, 4680 � 432 L

m�2 h�1 and 1044 � 360 L m�2 h�1 respectively. Thus, from

Fig. 6, one can conclude that an increase in silver concentra-

tion results in the reduction of ux across the membrane. This

decrease in ux is attributed to the increase in resistance. As

observed earlier, clusters around the pores was observed at

Fig. 4 Morphology of Surlyn membrane without (a) and with (b) silver coating and magnified morphology coupled with EDAX and mapping of

silver coated Surlyn membrane (c).

Scheme 2 Schematic representation of X-ray tomography projections obtained for generation of 3D profile.
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higher silver content. This clustering around the edges results

in partial blockage of water ow thus increasing the resistance

offered by the membrane. The increase in resistance results in

the decrease in ux. The clustering of silver particles around

the edges of the pore can be observed from Fig. 4c illustrating

the EDAX mapping. Thus, based on the ux reduction with

increase in silver coating, one can conclude that there is

tradeoff between the amount of silver coating and ux i.e.

silver concentration plays a key role in obtaining better ux.

However, with increasing silver content, the bactericidal

activity can be increased at the cost of decreased ux. Further,

the silver release during ltration attracts standard regulatory

bodies as the maximum permissible limit of silver content in

water is 0.1 ppm as per World Health Organization (WHO).22

The silver release during separation process was studied

systematically (to be discussed in the subsequent section)

to optimize the silver content, bactericidal effects and ux

that meets the WHO recommendation i.e. 7 log reduction in

bacteria.

Antibacterial activity

The antibacterial activity of the membranes was evaluated using

E. coli (Gram negative) as a model bacterium. Fig. 7 shows the

colony forming units (CFU per ml) on various token samples

aer inoculation. It is evident from Fig. 7 that a 7 log reduction

in colony forming unit was observed beyond certain silver

concentration of the coated membrane samples aer 30 min of

inoculation. Further, the initial cell concentration of 6.2� 0.5�

107 CFU per ml aer incubation for 1/2 h inoculation with

membrane showed a 4.5 � 1.6 � 107 CFU per ml (as shown in

Fig. 8). Further, culture without any membrane (positive

control) i.e. culture without any samples exhibited 3.44� 0.35�

107 CFU per ml suggesting no signicant reduction in colonies

of the neat membrane. Further, with the increase of silver

coating content the antibacterial activity increased, which

resulted in the reduction of colonies. For 0.01 wt/vol silver

coating exhibited bactericidal efficacy of 38%, similarly for 0.10,

0.25 and 0.75 wt/vol silver coating a bactericidal efficacy of 62%,

88% and 99.7% respectively was observed. For 1.00, 5.00, 10.00

wt/vol silver coating, a bactericidal efficacy of 100% (which is 7

log reductions in bacterial activity) was observed. Hence a 100%

reduction in all silver coated membranes was observed in just

30 min.

Further to assess the possible mechanism of the antibacte-

rial activity, SEM and silver release studies were carried out by

ICP-OES. Direct contact of silver attached on the surface of

membrane with bacteria can be probed by xing the cells on the

membrane surface. Fig. 9 shows the micrograph of bacteria

adhered to the membrane surface. The membranes without

silver coating showed the bacteria with intact cell wall attached

to the surface (Fig. 9a). Further, Fig. 9b shows the bacteria with

cell wall distorted/disturbed in the presence of silver. This is

manifested due to leakage of intercellular uid in contact with

silver resulting in cell death. Further, from ICP-OES (discussed

in subsequent section), it is evident that there is a sustained

Fig. 5 Representative 3D re-constructed images of 50/50 wt/wt

blends of PE/PEO (a), Surlyn/PEO without silver coating (b) and with

silver coating (c).

Fig. 6 Membrane performance (flux across the membrane) of Surlyn

membrane (a) and (0.01 (b), 0.10 (c), 0.25 (d), 0.50 (e), 0.75 (f), 1.0 (g),

5.0 (h) and 10.0 (i) wt/vol) silver coated Surlyn membrane.

Fig. 7 Colony forming unit (CFU) per ml of Surlyn membranes without

(blank (a), and neat (b)) and with (0.01 (c), 0.1 (d), 0.25 (e), 0.50 (f), 0.75

(g), 1 (h), 5 (i) and 10 (j) wt/vol) silver coating.
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release of silver ions, which resulted in antibacterial activity.

However, the higher release of silver ions is not recom-

mended.23 Thus, it is important for a sustained release of silver.

Based on our results, one can optimize that 1% wt/vol silver

coating provides the required antibacterial activity and also

meets the required standards of silver release. Li et al. reported

that the release of Ag+ ions causes the disruption of cell

membrane, electron transportation and DNA damage.24 Thus,

upon contact with silver present on the membrane surface, the

bacteria cell membrane distorts which create pits25 in cell wall

resulting in release of intercellular uids; nally leading to lysis.

The silver on the sample attaches to the cell membrane due to

electrostatic interaction between the negative charge cell

membrane (due to peptidoglycan layer) and positively charge

silver. Further, the silver release causes the depletion of silver

from surface leading to pit formation from where the intercel-

lular uid releases causing the lysis of cell. The release of silver

ions tomedia causes silver to bind to the sulydryl groups, thus

leading to reduction of disulde bonds, which results in

denaturation of proteins in DNA.26,27 Further, the silver ion

forms a complex with groups like oxygen, nitrogen or sulfur

which are electron donor present in nucleic acids and amino

acids (as phosphates or thiols). Thus, silver binding on to these

groups result in the disruption of electron transportation28–30

which further leads to lysis of cell.

Further, to show the release of silver from the membrane

surface, the ICP-OES was carried out. Firstly, the amount of

silver present on the surface was evaluated by dissolving the

silver present on the membrane surface using HNO3. Table 1

lists the total quantity of silver content on the member surface

aer complete removal. It is evident from Table 1 that silver

content scaled with the content of initial silver loading. This

Fig. 8 Total agar plate counts of bacterial colonies of token Surlyn membranes; negative control (a), control blends (b) and with 0.01 (c), 0.1 (d),

0.25 (e), 0.50 (f), 0.75 (g), 1.0 (h), 5.0 (i) and 10.0 (j) wt/vol silver coating.

Fig. 9 SEM morphology of Surlyn membrane (a) and with 10 wt/vol Ag coating (b).

Table 1 Quantity of silver present on the membrane after complete

removal of silver

Sample

Quantity of silver

(mg mm�2)

Membrane with 0.01 wt/vol silver coating 3.5 � 1.1

Membrane with 0.10 wt/vol silver coating 7.2 � 2.4
Membrane with 0.25 wt/vol silver coating 10.5 � 1.2

Membrane with 0.50 wt/vol silver coating 34.5 � 2.7

Membrane with 0.75 wt/vol silver coating 46.8 � 1.6

Membrane with 1 wt/vol silver coating 135.1 � 1.8
Membrane with 5 wt/vol silver coating 219.5 � 2.3

Membrane with 10 wt/vol silver coating 270.4 � 5.3

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 88057–88065 | 88063
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explains the increased resistance to water ow with increased

amount of silver present on the token membrane surface. This

is manifested from the reduced ux as discussed earlier. The

antibacterial activity is strongly dependent on the release of

silver and thus the silver release was assessed as function of

concentration. Further, Indian standard species that for

drinking water maximum permissible limit of silver is 0.1 mg

l�1.23 From Fig. 10, it evident that the 1 wt/vol silver coated

membrane exhibits the silver release under the permissible

limit with 100% bacterial efficacy.

Conclusions

The present study demonstrates the successful development of

Surlyn (partially neutralized zinc salt of polyethylene) based

porous membranes by selectively etching the water soluble PEO

phase from the Surlyn/PEO (50/50 wt/wt) blends. The un-

neutralized –COOH groups further helped in reducing silver

nanoparticles on the porousmembranes. The specic interaction

between the constituents resulted in co-continuous structures.

The interconnected structures further offered high transport

properties through the anisotropic pores which assisted in trap-

ping colloids, bacteria and other contaminants present in water.

The silver coating on the token membranes resulted in signi-

cant bactericidal activity though the silver concentration on the

membrane surface played an important role. There is a trade-off

between the increase in resistance (due to silver coating) and the

bactericidal effect. The release of silver ions from the token

membranes was systematically studied and for an optimum

membrane, the release met the standards recommend for safe

drinking water. Hence, the designed membranes open new

avenues in designing scalable antibacterial membranes.
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J. Greil, T. Bechert, S.-I. Simon, H. Hümmer and
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