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Porous ceramic water filters (CWFs), produced by sintering a mixture of clay and a combustible

material (such as woodchips), are often used in point-of-use water filtration systems that occlude

microbes by size exclusion. They are also coated with colloidal silver, which serves as a microbial

disinfectant. However, the adhesion of microbes to porous clay surfaces and colloidal silver coated

clay surfaces has not been studied. This paper presents the results of atomic force microscopy

(AFM) measurements of the adhesion force between Escherichia coli bacteria, colloidal silver, and

porous clay-based ceramic surfaces. The adhesion of silver and copper nanoparticles is also studied

in control experiments on these alternative disinfectant materials. The adhesive force between the

wide range of possible bi-materials was measured using pull-off measurements during force

microscopy. These were combined with measurements of AFM tip radii/substrate roughness that

were incorporated into adhesion models to obtain the adhesion energies for the pair wise

interaction. Of the three antimicrobial metals studied, the colloidal silver had the highest affinity

for porous ceramic surface (125 6 32 nN and �0.29 J/m2) while the silver nanoparticles had the

highest affinity for E. coli bacteria (133 6 21 nN and �0.39 J/m2). The implications of the results

are then discussed for the design of ceramic water filter that can purify water by adsorption and

size exclusion. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4722326]

I. INTRODUCTION

About 884 million people worldwide lack access to

improved water supplies and over 3 million people, mostly

children, die every year from water related diseases.1,2 The

ceramic water filter (CWF) is one of the few types of point-

of-use (POU) water purification systems that is currently

been used to tackle this scourge. CWFs are fabricated by

mixing clay with a combustible or pore forming material

(usually sawdust, flour, and rice husk) with a binder (water).

The filter is normally coated with colloidal silver (either by

dip coating or by painting with a brush). This is done in order

to prevent the growth of microbes that are trapped in the

micro- and nano-scale pores of the clay based CWFs.

However, other metals, such as silver, copper, and zinc,

have been shown to exhibit anti-microbial activity.3–7 Silver

nanoparticles have also been used to coat hydroxyapaptite

and polyurethane water filters.8,9 Also, copper nanoparticles

embedded in sepiolite have been shown to reduce Esche-
richia coli concentration by 99.9%.10 Furthermore, it has

been reported that the bactericidal effect of nanoparticles is

dependent on their shapes, sizes, and also on the type or

strain of microorganism.11–13

While the specific nanoparticle disinfection pathways are

still a subject of debate, it has been shown that the high sur-

face areas and small sizes allows the nanoparticles to interact

with the cell membranes. This interaction has been shown to

disrupt membrane function, leading ultimately to rupture and

cell death.13–15 There has also been evidence of nanoparticle

endocytosis. Such nanoparticle entry into cells has been

shown to kill the cells via interactions with sulfur– and

phosphorus-containing compounds, such as DNA.13,14,16,17

However, the role of colloidal silver in the filtration of

pathogenic bacteria using CWFs is still not well under-

stood. It is uncertain if the bacterial removal is caused by

filtration/sorption, deactivation by colloidal silver, or some

combination of these processes.18 Furthermore, the authors

of this paper are unaware of prior work to assess the relative

adsorption strengths between the antimicrobial agents, the

E. coli bacteria and the porous ceramic surface. This paper

attempts to answer the question, using atomic force micros-

copy (AFM), of the effect of impregnation of porous

clay-based CWFs with three types of antibacterial agent:

colloidal silver, metallic silver, and copper, and their affin-

ity for E. coli bacteria.

Although AFM was originally designed as a high resolu-

tion scanning machine, it is also a powerful tool for the mea-

surement of the adhesion force between AFM tips and

substrates.19–21 When the surfaces of the AFM tips and sub-

strates are coated with similar or different materials, AFM

can be used for force spectroscopy at the nanoscale.22–25

This has been applied to the nanoscale mapping of biological

interaction forces,26,27 measurement of the adhesion between

biological cells and specific peptides, or antibodies,27–30 and

have been used to measure the adhesion interaction between

E. coli bacteria and different surfaces.31–35 AFM can be used

to measure the adhesion force between AFM tips and various

substrates; adhesion forces down to about 10 pN can be

measured using the AFM technique.36,37
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This paper presents the results of an experimental study

of adhesion forces that are relevant to point-of-use ceramic

water filters. They include: (a) colloidal silver, metallic sil-

ver, copper, and porous ceramic interactions with E. coli
bacteria and (b) colloidal silver, metallic silver, copper, and

E. coli bacteria interactions with porous ceramic surfaces.

Since AFM measurements are highly sensitive to roughness

and surface asperities, the AFM tip radii, as well as the sub-

strate roughnesses, were measured and incorporated into

models that were used to obtain the interaction energies for

the bi-material pairs that were examined.

II. THEORY

A. Adhesion force measurement

The adhesion interactions between bi-material pairs (or

surfaces) can be found using contact mode atomic force mi-

croscopy. The various stages involved in the measurement of

adhesion force are shown schematically in Figure 1.38 The

AFM tip is lowered closer to the sample surface at a constant

speed (A). Various short-and long-range attractive forces act

on the tip and it jumps into contact (B) as soon as the total

force gradient exceeds the stiffness of the cantilever. As the

scanner head is lowered further, the cantilever deforms elas-

tically (C). The retraction/withdrawal process is not exactly

opposite to the approach/extension process. At some distance

along curve (C) the AFM tip forms a bond with the sample

surface, this causes the scanner head to move some distance

further than the initial contact point (B) during the retraction

process. As the scanner head continues to move away from

the sample (D), the adhesive interactions between the tip and

the sample surface are overcome at point (E) as the tip

returns to its original position. The adhesion force between

the tip and the sample surface can be obtained from Hooke’s

law. This gives

Fadh ¼ kcd; (1)

where Fadh is the adhesion (or pull-off) force, kc is the spring

constant of the AFM tip cantilever, and d is the cantilever

deflection during pull-off.

The accuracy of the adhesion force depends largely on

the spring constant of the AFM tip. While the manufacturer

provides spring constants for AFM tip cantilevers the actual

values usually differ from manufacturer’s batch measure-

ment. Furthermore, the coating or functionalization of the

AFM tip can significantly alter its spring constant. It is,

therefore, important to determine the spring constant of

AFM tips prior to adhesion measurement. This was done

using the thermal tune method. This technique involves the

thermal agitation of the tip (usually in air) prior to fitting a

Lorentzian line to the resulting frequency spectrum of har-

monic oscillations. This was used to obtain an accurate esti-

mate of the spring constant.39

B. Adhesion energy

The energy required to separate two surfaces in contact

may be found from their adhesion force. From fracture

mechanics, for two dissimilar surfaces i and j, with respec-

tive surface energy csurface i and csurface j, the adhesion energy

(or work of adhesion) is given by40

Gadh ffi Gelastic ¼ csurface i þ csurface j � csurface ij: (2)

In this study, interfacial fracture mechanics concepts were

combined with the adhesion theories of Derjaguin, Muller,

and Toporov (DMT) and Johnson, Kendall, and Roberts

(JKR).41 For small particles or spheres, with high elastic

moduli or hard surface with low surface energies and weak

adhesive interactions, the DMT model gives the adhesion

energy as42

cDMT ¼
Fadh

2pReff
; (3)

where, Fadh is the adhesion force and the effective radius,

Reff, is given by

Reff ¼
1

Rt
þ 1

Rrms

� ��1

; (4)

where, Rt is the AFM cantilever tip radius and Rrms is the

root mean square (rms) roughness of sample surface.

In the case of large spheres or particles, with low elastic

moduli or soft materials, materials and strong adhesive inter-

actions the JKR model gives the adhesion energy as43

cJKR ¼
Fadh

1:5pReff
: (5)

Following the suggestion of Tabor,44 a parameter, l, was

used to decide on which models were applicable. This is

given by

l ¼ 2:92
G2

adhReff

z3
oK2

� �1=3

; (6)

where zo is the equilibrium separation between the atoms of

contacting surfaces and K is the reduced Young’s modulus

given by

FIG. 1. Schematic of a typical cantilever deflection-displacement plot with

highlights of the various stages (A-E) of the AFM tip as it is brought into

and out of sample at a fixed point (adapted from Shahin et al., 2005).
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K ¼ ð1� v2
1Þ

E1

þ ð1� v2
2Þ

E2

� ��1

: (7)

Values of l� 1 corresponds to the DMT theory while l� 1

corresponds to JKR theory. The Maugis-Dugdale (MD) model

is used for scenarios that lie between the two limiting cases

(i.e., when l � 1). The MD model expressed as45

k ¼ ro
9Reff

2pGadhK2

� �1=3

¼ 1:16l (8)

or equivalently by

k ¼ 2:06

zo

Reff G
2
adh

pK2

� �1=3

: (9)

The adhesion energy is given by the MD model to be

cMD ¼
Fadh

pReff
�Fadh

; (10)

where, k is the elasticity parameter, ro is the so-called Dugale

stress, and �Fadh is a non-dimensional parameter known as the

reduced load or the net compressive load on the contact,

which Carpick et al.46 found empirically to be given by

�Fadh ¼
1

4

4:04k1:4 � 1

4:04k1:4 þ 1

� �
� 7

4
: (11)

The empirical value of the adhesion energy can be obtained

by substituting Eq. (11) in Eq. (10).

The above expressions were used to obtain estimates of

the adhesion energies that are presented in this study.

III. EXPERIMENTAL PROCEDURES

A. Materials

Two types of uncoated antimony (n) doped silicon AFM

tips, MPP-11100-10 and MPP-31100-10, were purchased

from Bruker Probes (Camarillo, CA). The MPP-11100-10 tips

were used for tapping mode AFM, while the MPP-31100-10

tips were used for contact mode AFM. The colloidal silver

was purchased from Argenol Laboratories (French IX Edition,

Zaragoza, Spain), since they generally supply colloidal silver

to most of the CWF factories in the developing world. Silver

(0.5 mm thick, CAS: 7440-22-4, Ward Hill, MA) and copper

foils (0.5 mm thick, CAS: 7440-50-8, Ward Hill, MA) were

procured from Alfa Aesar (Ward Hill, MA), while glass slides

were procured from Fisher Scientific (12-549-3, Pittsburg,

PA). The porous ceramic that was used in this study was cut

from the base of a regular frustum-shaped ceramic water filter

that was produced by the sintering of clay and sawdust. A full

description of the manufacturing process is given elsewhere.47

Luria-broth (LB) was purchased from Sigma-Aldrich (L3522-

1KG, Saint Louis, MO), while the non-pathogenic K-12 strain

of W3110 E. coli bacteria was obtained from N. Ruiz (The

Ohio State University).

B. Sample preparation

The MPP31100-10 AFM tips were coated with: colloi-

dal silver; silver; and copper and clay. The colloidal silver

coated AFM tips and clay coated AFM tips were prepared by

dip-coating method.29,40,48 The silver and the copper coated

AFM tips were prepared by sputter coating.

To coat the AFM tips with colloidal silver, 2 gm of col-

loidal silver were dissolved in deionized water from a Barn-

stead water purification system (Model D8611, Barnstead/

Thermolyne, Hampton, NH). This was used to dissolve a

concentration of about 1 g/ml of colloidal silver in water.

Deionized water was used to avoid the introduction of con-

taminants into the solution. The AFM tips were then

immersed in the solution for about 2 h to maximize the AFM

tip surface contact with solution and to promote the self-

assembly of the colloidal silver particles onto the tip.

To coat the tips with clay, material cut from a regular

CWF was first crushed into fine powder using a mortar and a

pestle. Deionized water was then added to the pulverized

clay until the mixture just became plastic. Too much water

usually resulted in difficulty in coating the AFM tip, due to

the surface tension of water. A water-to-clay ratio of about

1 gm to 1.4 ml was found to be sufficient.

Bare AFM tips were coated with silver and copper by

sputter coating silver and copper foil, respectively, from an

ion beam sputterer (VCR Group Incorporated, IBS/TM 200 S,

San Francisco, CA). The tips were coated with�100 Å of ma-

terial. During the coating process, the AFM cantilever was

protected from contact with the coating material. This was

done to avoid changes in the laser/AFM tip interactions. In all

cases, clay substrates with length, L, of 35 mm, width, W, of

12.63 mm, and breadth, B, of 12.63 mm were used.

A simple fixation process was used to prepare the E. coli
bacteria for the AFM experiments. The E. coli, K-12 strain

W3110,49 were grown in Miller’s LB Broth50 at 37 �C for

18–24 h. The growth was done under vigorous aeration by

stirring with a VWR digital stirrer/hotplate (Model 735-HPS,

VWR, West Chester, PA). About 1000 ll of this stationary

phase culture was pipetted on to a microscope glass slide.

This was then incubated at 37 �C at normal atmospheric con-

ditions for about 12 h, after which it was kept in the refriger-

ator at �4 �C prior to use in the adhesion experiments.

C. Materials characterization

After the coating process, the AFM tips were kept in a vac-

uum chamber to minimize the possible extent of oxidation prior

to testing. An environmental SEM (Quanta 200 FE-ESEM, FEI,

Hillboro, OR) equipped with Oxford EDX detector (Oxford

Instruments, Oxfordshire, UK) was used to characterized the

AFM tips. Since the AFM measurements were highly sensitive

to surface roughness, the environmental scanning electron

microscope (ESEM) was used to measure the AFM tip radii

before and after the AFM adhesion force experiments to take

into account the potential tip deformation during the course of

the tests. The substrate root mean squared (rms) surface rough-

ness values of the substrate materials were also measured using

a Digital Instruments Dimension 3000 atomic force microscope

(Bruker, Camarillo, CA) that was operated under the tapping
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mode. Three substrates or surfaces were studied, i.e., porous

clay, E. coli and glass (a control). At least 15 height images

were used to determine the surface roughness values.

The Oxford energy dispersive x-ray spectroscopy

(EDX) detector was used to confirm whether the AFM tip

was successfully coated. Since poor adhesion between the

AFM tips and the coatings may result in the detachment of

the coatings from the AFM tips (during handling or pull-off

testing), EDX analysis was also carried out on the AFM tips

after force measurement experiments. This was used to

ensure that the coatings were still attached to the AFM tips

after the adhesion force measurements.

The spring constants of the AFM tips cantilever (coated

and uncoated) were measured experimentally using the ther-

mal tune method. This was carried out using a Digital Instru-

ments Nanoscope IIIa AFM (Bruker, Camarillo, CA). This

was done to quantify the actual spring constants that were

used in the calculation of the pull-off forces. Such measure-

ments are also needed to account for the effects of coating

on the cantilever stiffness and also the batch-to-batch varia-

tions in the spring constants.48

D. AFM measurements

AFM contact mode experiments were carried out using

the Dimension 3000 atomic force microscope. The entire oper-

ation was performed in air under ambient conditions (room

temperature range of 23–27 �C and relative humidity range of

48%–55%). Prior to the adhesion force measurements, the

photodetector sensitivity of the atomic force microscope was

calibrated on a stiff quartz surface.51 The adhesive interactions

were measured for the following four configurations:

(i) The interactions between (colloidal silver or silver or

copper or clay ceramic)—coated AFM tips and E.
coli substrates;

(ii) The interactions between (colloidal silver or silver or

copper)—coated AFM tips and clay ceramic substrates;

(iii) The interactions between (colloidal silver or silver or

copper or clay ceramic)—coated AFM tips and bare

silica glass; and

(iv) The interactions between uncoated (or bare) AFM

tips and E. coli or clay ceramic substrates.

The third and fourth configurations were tested as the

controls. At least twenty five adhesion force curves were

obtained for each pair of interactions. These were obtained

from at least three tips, with each tip being tested at several

different locations on the substrates. Figure 2 is a schematic

showing the different adhesive interactions.

IV. RESULTS AND DISCUSSIONS

A. Characterization of AFM tip and substrate

ESEM images and the corresponding EDX spectra

obtained for bare and coated AFM tips are presented in

Figures 3(a)–3(e). The images reveal that the bare tip (Figure

3(a)) is smooth and that the sputter coated AFM tips (Figures

3(b) and 3(c)) are evenly coated. The dip coated AFM tips

(Figures 3(d) and 3(e)) were also shown by ESEM/EDX to

contain coatings. The oxygen detected by the EDX technique

is attributed to the tenacious formation of a surface oxide on

silicon surfaces.

It is important to note here that the interaction volume of

the beam of electron (from the electron gun) meant that mate-

rials beneath the coating could be detected. This is why sili-

con, carbon, and oxygen from the original (bare) tip were still

detected, even after the tip was coated (Figures 3(b)–3(e)).

However, the colloidal silver was found to contain more than

just the silver element for the following reasons. Colloidal sil-

ver, collargol, is usually produced from aqueous phase reduc-

tion of silver nitrate by ascorbic acid.18,52 However, the

acidity of the mixture is increased due to the release of pro-

tons. In the case of other reducing agents, which are only

effective in basic or neutral solutions (such as hydrazine,

N2H4), a base will be to used control the acidity. Hence, 0.1

normal sodium hydroxide (0.1 N of NaOH) was used by Arge-

nol laboratory in their production of colloidal silver.53 There-

fore, the sodium and nitrogen observed in the EDX spectra

obtained for the colloidal silver coated tips are believed to be

due to the reducing agent and the stabilizing agent. Note that

the hydrogen in NaOH and N2H4 was not detected by the

EDX detector because of the small diameter of the hydrogen

orbital. Furthermore, the EDX analyses of the tips before and

after the adhesion measurements did not reveal any evidence

of coating delamination from the AFM tips. This confirms

that the tip pull-off force measurements were due to the

detachment of the coated AFM tips from the substrates.

An ESEM micrograph of a typical AFM tip that was

used for the measurement of tip radii is presented in Figure 4.

The tip radius of the metallic silver coated tip shown was

found to be �87 nm. The roughness value of the substrate

was determined with the atomic force microscope operating

in tapping mode. A typical 3D morphology of the substrates

is presented in Figure 5 and the roughness values are pre-

sented in Table I. The porous ceramic is the most rough

(179.71 6 88.16 nm), followed by E. coli coated glass slide

(87.69 6 68.82 nm) and plain glass slide (3.77 6 0.54 nm).

The tip radii and substrate rms surface roughness were used

in finding the adhesion energies.

B. Adhesion forces

The spring constant of the bare tip and uncoated tip was

found using the thermal tune method. The results are pre-

sented in Table II. The values of the spring constant are dif-

ferent from the value of 0.9 N/m quoted by manufacturer.

Porous Ceramics 
Interac�ons

AFM Tip

E.coli Interac�ons

CLAY CERAMICS

E.coli Bacteria

Glass Slide

Metallic Silver/Colloidal 
Silver/Metallic Copper

AFM Can�lever

Metallic Silver/Colloidal 
Silver/Metallic Copper/Clay 
Ceramics

FIG. 2. Schematic illustration of adhesion between coated AFM tips and

surfaces relevant to ceramic water filter.
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The spring constant for the bare tip (control tip) was

0.65 6 0.03 N/m. This is much lower than the tip stiffness

summarized in Table II for the coated AFM tips. The

increased stiffnesses of the coated tips are attributed to the

stiffening of the tips by the deposited or dip coated materials.

These increase the effective second moment of area, and

thus the effective AFM tip stiffness.

Typical force-displacement plots are presented in

Figures 6(a) and 6(b). Figure 6(a) shows the adhesion curve

for the interaction between a copper coated AFM tip and a

clay ceramic substrate. This typical force-displacement curve

was obtained for all the other pair-wise interactions, except

for those between the different tips (bare AFM tips or copper

coated tips or silver coated tips) and E. coli. A typical force

displacement plot obtained in the latter case is presented in

Figure 6(b). This shows an example of a force-displacement

curve obtained for the interaction between copper coated tips

and E. coli.

C
O

Si

C

O
Cu

Si

C

O
Ag

Si

C

Na

a

Ag

Si
N

O

K

Al

K

SiTi

Mg

C

O Fe

a

(a)

(b)

(c)

(d)

(e)

FIG. 3. ESEM images and EDX spectrum of (a) uncoated tip,

(b) copper coated tip, (c) silver coated tip, (d) colloidal silver

coated tip, and (e) ceramic coated tip.

FIG. 4. Measurement of AFM tips radii using ESEM micrograph (scale bar

of inserted figure is 100 nm). The metallic silver coated AFM tip shown has

a tip radius of �87 nm.

124324-5 I. Yakub and W. O. Soboyejo J. Appl. Phys. 111, 124324 (2012)



The pull-off deflections were multiplied by the spring

constant of the AFM tip (Table II) to obtain the pull-off

forces (Eq. (1)). The measured pull-off forces are divided

into two main types of interactions and presented in Figures

7(a) and 7(b) and Table III. Figure 7(a) shows the interac-

tions of metallic materials (colloidal silver, silver, and cop-

per) and the porous clay ceramic with E. coli, while Figure

7(b) presents the pair wise interaction between the metals or

E. coli with the porous clay ceramic.

Figure 7(a) shows that the porous clay ceramic exhibited

the highest adhesion force of 157 6 27 nN. The adhesion

force between colloidal silver and E. coli is lower (67 nN to

113 nN), as is the interaction between copper and E. coli
(92 nN to 113 nN). Furthermore, the metallic silver has a

higher (average) adhesion force (133 nN) with E. coli than

that between the colloidal silver and E. coli (90 nN) and that

between copper and E. coli (104 nN). However, the scatter

in the data is quite significant.

Different trends were observed in the clay ceramic adhe-

sive forces (Figure 7(b)). First, the surface pair interactions

exhibited a much wider range of adhesive forces. The adhe-

sion force between the colloidal silver and clay ceramic

(125 6 32 nN) was greater than that between silver and clay

ceramic (29 6 11 nN) and copper and clay ceramic

(37 6 15nN). Also, the adhesion force between the colloidal

silver and clay ceramic is over three times greater than the

force between copper and the clay ceramic. Furthermore, the

average adhesion force between copper and the clay ceramic

(37 nN) is greater than that between the silver and the clay ce-

ramic (29 nN). However, the standard deviations are large

(Figure 7(b)). The above adhesion forces are attributed largely

to van der Waals interactions between the bi-material pairs.

Capillary forces and electrostatic forces may also occur for

the interactions between colloidal silver- or silver- or copper-

coated AFM tips and E. coli substrates. Furthermore, contact

forces may be masked by the larger liquid bridge effects.

However, van der Waals forces should be the dominant forces

in most of the interactions studied, especially for smooth con-

tacts. Long range electrostatic forces appear to operate only

for limited range of surfaces and relative humidities.54

C. Adhesion energies

Some of the differences in the measured interactions

became even more apparent after the adhesion energies were

determined from the measured pull-off forces and surface

profiles. By carrying out iterative calculations using Eqs.

(3)–(11), the Tabor parameter, l, was found to be within the

range �10�8–10�16. Hence, the Tabor parameter is �1, for

of all the bi-material pairs that were studied. Furthermore,

using the elasticity parameter, k, it is clear that as k ! 0,

hence the MD model (Eq. (10)) reduces to the DMT model.

Both parameters (l and k) indicated that the interactions

should be characterized by the DMT model (Eq. (3)).

The resulting adhesion energies are presented in

Figures 8(a) and 8(b). The trends in the adhesion energies are

similar to those of the adhesion forces presented earlier

(Figures 7(a) and 7(b)). However, the adhesion energies

are also influenced by the surface roughness presented in

FIG. 5. Sample of 5 lm AFM tapping mode image of (a) porous clay ceramic and (b) E. coli surfaces.

TABLE I. Average rms roughness values.

Material Roughness (nm)

Glass 3.77 6 0.54

E.coli 87.69 6 68.82

Ceramic 179.71 6 88.16

TABLE II. Spring constants of the bare and coated AFM tips.

AFM tip Average spring constant (N/m)

Bare tip 0.65 6 0.03

Colloidal silver coated tip 0.81 6 0.06

Silver coated tip 0.80 6 0.02

Copper coated tip 1.00 6 0.05

Ceramic coated tip 0.93 6 0.07
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Table I. Hence, the relative values of the adhesion forces are

different from those of the adhesion energies. For example,

the ratio of the adhesion force for the silver—E. coli and the

adhesive force interaction for colloidal silver–E. coli was

�1.5, while the corresponding ratio of adhesion energies was

�1.3. The clay ceramic—E. coli interaction had the highest

adhesion energy, 0.46 J/m2, while the silver—ceramic interac-

tion had the lowest adhesion energy, 0.06 J/m2. The latter was

just below that of copper—ceramic interaction, 0.07 J/m2.

D. Implications

The implications of the above force microscopy results

are quite significant. First, the results can be used for the

ranking of the adhesion between the different material pairs

that are relevant to water purification using ceramic water fil-

ters. Such ranking is important in selection of bactericidal

materials that coat and impregnate the filter. These kill

entrapped bacteria and reduce the proliferation of bacteria at

entrapped sites. Strong adhesion of silver, colloidal silver, and

copper nanoparticles to clay ceramic substrates is good

because it reduces the leaching of these materials into the fil-

tered water. The high levels of adhesion to the clay ceramic

by colloidal silver and the copper and silver nanoparticles are

therefore important for the long term health and safety of those

that consume the filtered water from the coated CWFs. For

example, ingesting water containing colloidal silver may lead

to argyria,55 which is a condition in which the skin turns blue

or bluish-grey.

Furthermore, the adhesion between colloidal silver and

E. coli is in the same range as the adhesion between copper

and E. coli. This implies that colloidal silver may be replaced

with copper as the disinfectant coating ceramic water filters.

This could help to reduce the cost of ceramic water filters,

since copper nanoparticles are cheaper than colloidal silver.

However, since the adhesion energies between the clay ce-

ramic surfaces and the colloidal silver or silver nanoparticles

were greater than those with copper nanoparticles, this sug-

gests that a higher incidence of leaching should be expected

from copper nanoparticle coated clay ceramic surfaces.

FIG. 6. Typical AFM force-displacement characteristics for copper coated

tip and (a) porous ceramics and (b) E. coli bacteria.
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FIG. 7. Comparison of adhesion force obtained for (a) E. coli interactions

and (b) porous ceramics interactions.

TABLE III. Adhesion force between coated AFM tips and substrate for (a)

E. coli bacteria interactions and (b) ceramic interactions.

Interaction Average adhesion force (nN)

(a) Colloidal silver - E.coli 90 6 23

Silver - E.coli 133 6 21

Colloidal - E.coli 104 6 12

Ceramic- E.coli 157 6 27

(b) Colloidal silver - Ceramic 125 6 32

Silver - Ceramic 29 6 11

Copper -Ceramic 37 6 15

E.coli - Ceramic 157 6 27
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FIG. 8. Adhesion energies obtained for (a) E. coli interactions and (b) po-

rous clay ceramic interactions.
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Further work is clearly needed to study the effects of ad-

hesion on the leaching of silver, colloidal silver, and copper

nanoparticles. There is also a need for further studies to

explore the adhesion between other clay ceramic materials

and E. coli and other microbial pathogens that are relevant to

clay ceramic water purification. These are clearly some of

the challenges for future work.

V. CONCLUSIONS

This paper presents the results of an experimental study

of the adhesion of bi-material pairs that are relevant to clay

ceramic water purification. These include adhesion forces/

energies for surfaces between disinfectant coatings (silver,

colloidal silver, and copper) and clay ceramic surface as well

as the adhesion between E. coli and surfaces/materials that are

relevant to point-of-use ceramic water filters. The results

show that silver and colloidal silver coatings have the strong-

est adhesion to E. coli. They are, therefore, more likely to

attract E. coli than copper nanoparticle coatings. Similarly,

silver and colloidal silver adhere best to the clay ceramic that

was studied. They are therefore less likely to leach into the fil-

trate than the copper nanoparticles that have lower adhesion

forces/energies than silver/colloidal silver. Hence, colloidal

silver or silver nanoparticles are more adherent coatings than

alternative copper nanoparticle coatings that could reduce the

overall costs of point-of-use clay ceramic water filters.
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