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bstract

he aim of this study was to develop a depth filter working on the electrostatic adsorption principle based on a microporous diatomaceous earth
ater filter element. The internal surface area of the highly porous elements was coated with a colloidal nanodispersion of hydrated yttrium

xide and subsequently heat-treated under reducing conditions to yield filters featuring uniformly distributed electropositive Y2O3 coatings. Filters
repared in this fashion exhibit a flowrate of 60 l/h at 3 bar and remove in excess of 99.99% of 25 nm diameter MS2 bacteriophages from feed
ater between pH 5 and 9.
2007 Elsevier Ltd. All rights reserved.

t
a

r
t
m
p
f
c
o
b
g
c
c
a

eywords: Nanocomposites; Surfaces; SiO2; Colloidal Y2O3; Membranes

. Introduction

The removal of human pathogenic viruses from water poses
particular technological challenge because of the vanishingly

mall size of these particles (25–200 nm). Surface filtration
straining) methods such as nanofiltration and reverse osmo-
is, in which the liquid is forced through polymeric or ceramic
embranes with pores smaller than the virus particles, are tech-

ically and commercially well-established and currently the only
eliable means of removing viruses from drinking water.b How-
ver, next to fouling by other inorganic and organic materials
uspended in the water such as dirt, bacteria and humic acids
HA) (a problem which affects all methods of filtration to some
egree), two drawbacks are particularly characteristic of these
urface filtration techniques: high cost and low flowrates.1,2 With

he world’s growing populations putting increasing pressure on
imited fresh water reserves and the risk of natural disasters and
io-terrorism ever-present, the need for virus filters with exactly

∗ Corresponding author. Tel.: +41 44 823 4123; fax: +41 44 823 4150.
E-mail address: thomas.graule@empa.ch (T. Graule).

b UV-disinfection is also a proven method with which to obtain virus-free
ater, however, it does not physically remove the virus particles from the water
ow.
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he opposite characteristics, namely low cost with high flowrates
t low pressure, is growing rapidly.3

A filtration technique with the potential to fulfill these two
equirements is depth filtration by adsorption. The principle is
hat contaminated water is passed through a filter medium with

icron-scale open porosity, and dispersed particles adsorb on the
ore walls under the influence of van der Waals and electrostatic
orces and hydrophobic interactions.4 Because of the relatively
oarse porosity (compared to the filtration membranes working
n the straining principle described above), the flowrates should
e high at low applied pressures, and the system cost should be
reatly reduced because of the less demanding materials pro-
essing required and the absence of high-pressure pumps. The
hallenge is thus to develop a filter medium which will attract
nd trap virus particles at its surface and which possesses the
argest possible adsorber area to provide the greatest possible
apacity for adsorbed particles.

Various approaches have been presented in the liter-
ture which have taken up this challenge: diatomaceous
arth (DE) modified with polyelectrolytes,5–7 DE modified

ith salts/hydroxides of aluminum, iron, magnesium and

alcium,5,6,8 fiberglass and cellulose modified with salts of
l, Fe, Mg and Ca,9 fiberglass and cellulose modified with

lumina-coated colloidal silica,10 sand modified with Fe- and

mailto:thomas.graule@empa.ch
dx.doi.org/10.1016/j.jeurceramsoc.2007.11.002
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Table 1
Characteristics of the basic tubular filter element of type “Pocket”

Filter type Depth
Mean pore size (�m)a 0.2–2
Specific surface area (m2/g)b 2.2
Geometrical density (g/cm3) 0.85
Length (cm) 12.15
Outer diameter (cm) 4.0
Inner diameter (cm) 2.55
Throughput (l/h)c 60
0.5–2 �m bacteria reduction (%)d 99.9999
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the remainder of the text as either “Y(OH)x” or hydrated yttrium
oxide. The Y2O3 yield of the colloid after drying and subsequent
calcining at 1000 ◦C in air was 14 wt.%, which correlates exactly
with the manufacturer’s specifications.
604 M. Wegmann et al. / Journal of the Euro

l-hydroxide,11 and granular anthracite and granular activated
arbon coated with nanoporous Al2O3.12 These and other stud-
es of electropositive filter media13,14 generally show that the
trongest contribution to the adsorption process is made by elec-
rostatic forces, i.e. the attraction of charged particles to an
ppositely charged surface. Since water-borne viruses gener-
lly possess negatively charged surfaces (capsids),4,15 the aim
as been, and remains, the development of a highly porous fil-
er medium which exhibits a positive surface charge (or zeta
otential16) over the widest possible pH range.

As several research groups had done in the past,5–8 the
uthors selected to use diatomaceous earth ceramic (DE; also
nown as kieselguhr, a highly porous form of naturally occurring
iO2) as the base material for a high-flowrate virus-adsorbing
lter.17,18 Since this abundantly available silica-based filter
edium, exhibiting an isoelectric point (IEP) around pH 2 is

herefore generally negatively charged when immersed in water,
he authors applied a nanostructured, high-specific surface area
oating of zirconia to the internal surface area of extruded DE fil-
er elements in an effort to impart a high adsorption capacity and
enerally positively charged surface to the filter. While promis-
ng microbiological results when filtering MS2 bacteriophagesc

ere obtained, the applied coatings either failed to adsorb virus
articles across the entire desired pH range (5–9), or were
ashed out by the passage of water through the filters.
The results from this study were promising enough to war-

ant further pursuit of the development approach, albeit with
n alternative coating material. Applying the theory of Parks22

nd atomic radius data tabulated by Shannon,23 yttrium oxide
Y2O3) was pinpointed as a potential adsorber with an IEP in
he range 9.3–9.7, i.e. the material is positively charged in water
t lower pH values, and negatively charged at higher pH val-
es. The IEP range of 7.4–10.2 determined in the course of a
etailed literature review on the subject of real measurements
n aqueous Y2O3 dispersions by Kosmulski24 is considerably
ider, but the average of pH 8.8 agrees well with the theoretical

xpectation and Y2O3 was consequently selected as the coating
aterial with which to continue the development of a practi-

al high-flowrate virus filter. In order to be suitable for practical
pplications, the finished filter must exhibit a flowrate of 60 l/h at
n operating pressure under 3 bar. Furthermore, as a prerequisite
o being certified as a true virus filter by the United States Envi-
onmental Protection Agency (USEPA), the unit must remove
n excess of 99.99% of viruses from feed water containing 107

laque forming units (PFU) per liter between pH 5 and 9.

. Experimental
.1. Materials

As in the previous study by the authors involving zirconia
oatings,17 the filter element type used for this work was the

c The MS2 coliphage is a single-strand RNA bacteriophage 24–26 nm in
iameter.19 With an IEP of 3.9,20 MS2 has established itself as a reliable
onpathogenic virus-like challenge particle for filter tests.14,21

F
u

Mercury intrusion porosimetry.
b BET.
c Deionized water at 3 bar and 25 ◦C.
d Klebsiella terrigena (ATCC333-257)25 and Pseudomonas aeruginosa.26

iatomaceous earth-based “Pocket” element manufactured by
atadyn Products Inc. The tubular filters are produced by aque-
us extrusion of a proprietary mixture of diatomaceous earths,
ayered silicates and organic binders followed by drying and gas
ring at temperatures in excess of 1000 ◦C. The characteristics
f this filter medium are summarized in Table 1, and a repre-
entative micrograph of its highly microporous microstructure
s shown in Fig. 1.

The material chosen with which to coat the filters was
YACOL® colloidal yttria (Nyacol Nano Technologies Inc.,
SA), an aqueous acetate-stabilized suspension of positively

harged 10 nm particles at pH 7 (manufacturer’s specifica-
ion). Simultaneous laser non-invasive back scattering and
lectrophoresis measurements yielded an average particle size of
.5 nm and a positive surface charge of 13 mV at pH 7 (Zetasizer
ano ZS, Malvern Instruments, UK). While the product name

yttria) indicates a crystalline material, X-ray analysis showed
hat the particles are initially amorphous and that heat treat-

ents are required to promote development of the crystalline
hase (Fig. 2). As the physico-chemical nature of the nanopar-
icles in the colloid is thus unclear, the material is referred to in
ig. 1. SEM micrograph of the microstructure of a DE-based filter element as
sed in this study (fracture surface).
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ig. 2. XRD patterns of the Y(OH)x colloid dried 12 h at 80 ◦C and calcined
h under air at the specified temperatures. Significant crystallinity was already
btained at the relatively low temperature of 500 ◦C.

The electrophoretic method was used to determine the zeta
otentials of the calcined colloid powders across a range of
H values (Zetasizer Nano ZS, Malvern Instruments, UK). The
owders were ball-milled 18 h in PE bottles in ultra-high purity
ater (R = 18 M�, TOC<20 ppb, residual particle size <50 nm)
ith 5 mm ZrO2 balls. Immediately prior to measurement this
ispersion was diluted to a concentration of ≈0.001 wt.% with
he same ultra-high purity water adjusted to a conductivity of
00 �S/cm with NaCl (ACS reagent, Sigma–Aldrich). In order
o obtain the pH-dependency of the zeta potential, either 0.1 M
Cl or 0.1 M NaOH (ACS reagents, Sigma–Aldrich) were added

o the dispersion.

.2. Filter modification

The highly porous filter elements were dip-coated in the
ydrated yttrium oxide colloid for 2 h at ambient pressure. Cap-
llary forces alone were responsible for drawing the colloid into
he filter structure. Calculations based on the porosity of the
lter medium, the density of the colloid, and the weight-gain
easured immediately after removal of the elements from the

oating bath showed that ≈90% of the pore volume was filled
uring this step. After dip-coating the filter elements were dried
n air for 12 h at 80 ◦C in a laboratory-drying oven. Problems with
nd modifications to this basic dip-coating process are described
elow in Section 3.

After coating and drying the elements were heat-treated (cal-
ined) 1 h in an electric tube furnace (HST 15/610 1500 ◦C Split
ube Furnace, Carbolite Furnaces Ltd., UK) at temperatures
etween 500 and 1040 ◦C under either static air, or a mixture of
2% N2/8% H2 flowing at 0.5 l/min to consolidate the coating
nd obtain the desired Y2O3 phase.
.3. Physical and chemical characterization

Microstructural analyses were performed using scan-
ing electron microscopy (SEM; JSM-6300F, JEOL Corp.,

s
3
m
n
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apan/Vega TS 5130, TeScan s.r.o., Czech Republic). The JSM-
300F was equipped for energy dispersive spectroscopy (EDS),
hereby enabling standardless semi-quantitative elemental anal-
ses of the microstructures. Samples were mounted on Al sample
tubs using either carbon paste or carbon tape, and sputter coated
ith either Au–Pd or C. Analyses were generally performed

t working distances of 15–20 mm with a 20 kV acceleration
otential.

Phase analyses were obtained using powder X-ray diffraction
XRD; X’Pert Pro MPD, PANalytical B.V., The Netherlands).
amples were crushed to fine powders with an agate mortar and
estle and sprinkled on single-crystal Si stubs covered with a thin
ayer of vaseline. Measurements were performed with Cu K�
adiation (40 mA filament current, 40 kV accelerating potential)
n steps of 0.017◦ 2θ.

The specific surface areas of selected filter samples were
etermined by the Brunauer–Emmet–Teller (BET) method
Model SA3100, Beckman-Coulter, USA). The specimens were
ut into roughly 2 mm × 2 mm × 2 mm pieces with a diamond
heel and dried/degassed under flowing nitrogen at 200 ◦C for
h before the measurements were conducted.

Elemental analyses of eluates obtained from filter perfor-
ance tests (see below) were performed using inductively

oupled plasma emission spectroscopy (ICP) by an external
ontract laboratory (SGS Institut Fresenius GmbH, Taunusstein,
ermany).

.4. Filter performance

The streaming potential method was applied to quantify the
ffect of the coatings on the zeta potential of the filter medium.
irst, wafers of the virgin filter ceramic 14 mm in diameter and
mm thick were coated with Y(OH)x and heat-treated as out-

ined above. A wafer would then be mounted in an electrokinetic
nalyzer (SurPASS, Anton Paar GmbH, Austria) and rinsed with
ackground electrolyte, a 10−3 M solution of KCl (p.a. grade
Cl, Carl Roth GmbH, in ultra-high purity water) prior to the
rst measurement. Additions of 0.1 M NaOH (standard solu-

ion, Carl Roth GmbH) to the electrolyte solution permitted the
H-dependence of the streaming potential to be determined in
he range pH 6–10. The obtained streaming potential data was
ubsequently mathematically treated according to the method
f Fairbrother and Mastin27 to yield the desired zeta potential
eries. Since the wafers were measured in the so-called “flow-
hrough” mode where the electrolyte is forced to flow through
he wafer rather than simply pass it (“cross-flow”), these mea-
urements model the filter application in miniature and yield
eta potential information for the internal pore structure of the
lter medium.

Visual screening retention tests were performed with
icrobiologically inert fluorescent monosized latex micro-

pheres (Fluoresbrite® YG carboxylate microspheres 0.05 �m,
olysciences Inc., USA). These carboxylate-modified micro-

pheres have a negative zeta potential and a particle size of
9.3 ± 5.0 nm across the pH range 3–9, characteristics which
ake them ideal model particles to represent well dispersed,

on-coagulated viruses.17 A bright-yellow dispersion with
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Fig. 3. Zeta potentials as obtained by electrophoretic measurements of Y(OH)x
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The results of the streaming potential measurements of coated
filter material are shown in Fig. 4. The considerable shift in the
zeta potential of the coated medium relative to the uncoated
606 M. Wegmann et al. / Journal of the Euro

1015 monospheres/L in a standardized water (see below) was
anually pumped through the filter under test (20 ◦C/pressure

ycles ≈0–10 bar) and any obvious reduction in the coloration
f the eluate relative to the feed dispersion was noted.

MS2 coliphages were used to determine the retention perfor-
ance of the filters prepared in this study. The host bacterium
scherichia coli (DSM 5695) and the MS2 phages (DSM 13767)
ere obtained from the German Collection of Microorganisms

nd Cell Cultures (DSMZ, Germany). Following reactivation
nd propagation of the MS2 phages, feed suspensions with
phage concentration of approx. 107 PFU per liter of water
ere prepared and assayed by the single-agar-layer (SAL)
ethod.d,28 After shifting the pH of the feed suspensions

o the desired value using 0.1 M NaOH and/or 0.1 M HCl
ACS reagent, Sigma–Aldrich), these were pumped through

given filter (25 ◦C/3 bar) and the SAL assay repeated with
he collected eluate. Comparison with the feed assay yielded
he retention performance in terms of the log removal value
LRV = −log(1 − Ri), where Ri is the fractional retention).
he SAL assay was also repeated during the duration of a

est with the unfiltered pH-shifted feeds to check for fluc-
uations/reductions in the phage concentration over time. No
ignificant phage concentration changes in the feed suspensions
ver time, or due to a pH-shift, were recorded in the course of
he study.

Two types of water were used to conduct the latex and MS2
etention tests, namely potable tap water as supplied from the
omestic mains, and a “standardized” water as defined in the
revious study by the authors.17 This consisted of deionized
ater with an initial pH of 5 and a base conductivity of 20 �S/cm

n which NaCl (ACS reagent, Sigma–Aldrich)e was dissolved
o adjust the conductivity to 400 �S/cm.

. Results and discussion

.1. Zeta potentials

The results of the electrophoretic measurements are shown in
ig. 3. The shaded band between pH 5 and 9 represents the range

n which the USEPA requires that a virus filter must remove
iruses.25 Therefore, in the case of an adsorption filter, its sur-
ace should exhibit a positive surface charge across this range to
ffectively attract negatively charged viruses (represented here

y MS2 bacteriophages). Under oxidizing conditions, calcining
he dried Y(OH)x colloid yields a powder with an IEP of 8.2
1 h at 550 ◦C in air). The switch to a negative surface potential
bove this pH means that the coating material in this form would

d A 100 ml sample (or 100 ml dilution thereof), 5 ml calcium chloride solution
nd 5 ml host bacterium exponential culture are mixed with SAL agar at 44.5 ◦C.
his mixture is evenly distributed over 12 petri dishes and solidified at room

emperature for 30 min. The plaque forming units are counted after inverting the
lates and incubating them at 37 ◦C for 16–20 h.
e NaCl was chosen in order to keep the ionic strength low, i.e. to prevent

xcessive compression of the electrical double layer. By preventing particle
oagulation, this ensured that sieving of large multiparticle agglomerates in the
lters could be discounted.

F
fi
1
1
i

owder after calcining 1 h at 550 ◦C either under air (oxidized), or under flowing
2% N2/8% H2 (reduced). The literature value of the IEP of MS2 bacteriophages
t pH 3.920 and their idealized pH-dependence are shown for reference.

epel/desorb viruses above pH 8.2 and therefore would fail as
n effective adsorber below the stipulated upper threshold.

As expected from the literature,22 calcining under a reducing
tmosphere (92% N2/8% H2) shifts the IEP of the Y2O3 particles
urther into the basic regime to pH 9.8. This can be understood
y considering that under the reducing atmosphere, O2− ions
re removed from the surface of the powder particles, resulting
n a net positive imbalance of the surface charge. The shift of
he IEP above pH 9 makes this material very interesting for use
n a virus adsorption filter because it can potentially meet the
SEPA requirement.
ig. 4. Zeta potentials as measured by the streaming potential method of the base
lter medium and of filter medium coated with undiluted Y(OH)x and calcined
h at 500 ◦C under either oxidizing or reducing conditions. The samples were
mm thick and were measured in the flow-through mode which models the filter

n operation in miniature.
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Fig. 5. Yttrium profile as measured by SEM/EDS through the wall (inset) of
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coagulation. This is a slow process, with a gelation effect only
becoming apparent after approx. 45 min with the 1 wt.% ure-
ase addition. Reducing the urease concentration to 0.1 wt.%

Fig. 6. Yttrium profiles as measured by SEM/EDS through the walls of filter
filter element coated with the as-delivered Y(OH)x colloid according to the
asic procedure described in Section 2 (air-dried at 80 ◦C for 12 h with the tube
nds open, calcined at 500 ◦C for 1 h under static air).

aterial indicates that the Y2O3 coating effectively screens the
iatomaceous earth ceramic from the flowing electrolyte. In
his case, the application of the reducing atmosphere causes an
ncrease in the measured IEP from pH 7.7 to 8.5. The fact that
his range is shifted approx. 1 pH unit to the left compared to the
lectrophoretic data in Fig. 3 can be understood by considering
hat the Y2O3 particles most likely do not form a flawless coating
n the base filter medium. As a result, a finite area of the underly-
ng DE-based material (IEPSiO2 ≈ 2.8)25 will be in contact with
he electrolyte and thereby contribute an acidic component to
he measured zeta potential, shifting the IEP towards lower pH
alues.

.2. Coating distribution

In the previous study performed with a Zr(OH)x colloid, it was
bserved that the nanometric colloid particles migrated towards
he inner and outer surfaces of the tube-shaped DE-based filter
lements during drying, resulting in a U-shaped concentration
rofile of the coating material across the tube wall.17 This behav-
or was also observed in the current work, as shown in Fig. 5.
ince this phenomenon leads to blockage of porosity in the near-
urface regions of the filter and thereby reduces the flowrate
ossible at a given operating pressure, various approaches were
onsidered in the current study to flatten the concentration profile
s far as possible.

Immobilizing the nanoparticles by gelling the colloid was
nvestigated in some detail. Since the filter element had to be
nfiltrated completely with the fluid colloid before the gelation
vent could be allowed to occur, a degree of experimental con-
rol over the gelation onset had to be available. This control was
vailable through the colloid temperature in the case of gela-

ion with additions of agarose (thermal gelling upon cooling)
nd in the case of gelation induced by a time-delayed pH-shift
ith additions of urea and urease (principle of direct coagulation

asting, or DCC29).
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For the former trials, agarose (Type IX ultra-low gelling,
igma–Aldrich) was dissolved in the colloid at 80 ◦C while the
lter element was likewise preheated dry to 80 ◦C. The agarose
oncentration was varied between 0.2 and 2 wt.% with respect
o the water content of the colloid. Infiltration was performed
s usual for 2 h, but with the system temperature held at 80 ◦C.
fter infiltration the element was refrigerated at 5 ◦C for sev-

ral hours, gelation of the colloid occurring upon cooling below
pprox. 50 ◦C. Drying was conducted for 12 h in air at 40 ◦C,
hich was confirmed to be 10 ◦C under the remelting tempera-

ure of the gel (Tremelt ≈50 ◦C). The elements were calcined at
00 ◦C for 1 h.

Surprisingly, despite the pronounced gelling effect observed
pon cooling the colloids containing agarose, the yttrium profiles
howed little improvement relative to those obtained using the
asic procedure (Fig. 6; compare with Fig. 5). It appears that
lthough the agarose molecules form a gel, the network porosity
s large enough to permit the passage of the colloid particles and
hat their migration with the carrier water is not prevented. As
he desired effect could not be achieved, this gelation route was
ot pursued further.

For the DCC experiments, urea (purum, ≥99.0%, Fluka) was
issolved in the colloid (9 wt.% urea with respect to colloid water
ontent) at room temperature in preparation for the infiltration
tep. Urease (powder Type IX, Sigma–Aldrich) was dissolved
n deionized water (0.1–1 wt.% with respect to urea) and added
o the colloid immediately prior to immersing the filter element.
s described in detail in Ref. [29],29 the urease catalyzes the
ydrolysis of the urea, releasing ammonia molecules into the
ystem and shifting the pH to higher values, thereby destabiliz-
ng the colloid and causing a gel to form through particle–particle
lements coated using three modifications of the basic Y(OH)x coating proce-
ure: (1) colloid gelation with 0.8 wt.% agarose addition; (2) direct coagulation
asting (DCC) with urea/urease addition; (3) freeze-drying. All elements were
ubsequently air-dried at 80 ◦C for 12 h with the tube ends open and calcined at
00 ◦C for 1 h under static air.
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Fig. 7. Yttrium profiles as measured by SEM/EDS through the walls of
over-dimensioned filter elements coated with three different concentrations of
Y(OH)x colloid (air-dried at 80 ◦C for 12 h with the tube ends closed off, calcined
at 500 ◦C for 1 h under static air). The shaded region represents that material
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ncreased the gelation onset delay to approx. 90 min. After 2 h
otal residence time, the filter elements were removed from the
elled colloid, wiped clean of excess gel, dried 12 h in air at
0 ◦C, and calcined 1 h at 500 ◦C.

As shown by the flat compositional profile of yttrium through
he filter wall in Fig. 6, gel formation in this case successfully
revented colloid particle migration during drying. However,
easurements of the specific surface areas of these coated
lters yielded values around 2 m2/g, representing absolutely
o improvement over the virgin DE filter (2.2 m2/g, Table 1).
hermal–mechanical and SEM analysis of the gelled colloid

evealed a sharp sintering onset at only 200 ◦C and extremely
apid sintering, which caused the nanoporous microstructure of
he coating to be lost in a matter of minutes.f It may be speculated
hat shifting the colloid pH and bringing the colloid particles
nto close contact with one another (presumably into the pri-

ary attractive minimum of the force vs. separation curve16)
nables a solid-state diffusional exchange between the particles
hich favors a rapid reduction of the high surface-free energy
f the nanoparticle gel network. As noted in the introduction, a
rerequisite for a successful virus adsorption filter is a high inter-
al surface area, and because this could not be achieved when
pplying the DCC process, the method was neither developed
or analyzed any further in this study.

Another approach considered to prevent particle migration
fter infiltration was freeze-drying. The colloid-saturated fil-
er elements were frozen 12 h at −5 ◦C, dipped into liquid
itrogen (−196 ◦C) for 5 min, and immediately placed under
5 × 10−2 mbar vacuum in a glass bell jar. The vacuum was

eld for approx. 4 h, at which point the filter elements were
emoved from the bell jar and refrozen in liquid nitrogen for
min while the liquid nitrogen-cooled cold trap in the vacuum

ine was thawed to remove the frozen water condensate. This
rocedure was repeated four times over a period of 2 days. Final
rying was performed for 12 h in air at 80 ◦C, and heat-treatment
as performed 1 h at 500 ◦C.
This procedure yielded fairly flat yttrium profiles across the

lter wall, as shown in Fig. 6, and acceptable specific surface
reas were achieved (15 m2/g). Because the water is sublimated
nto the gas phase from the frozen state, no fluid flow occurs
uring drying and particle migration is prevented. Theoretically
article migration should be completely prevented, but the data
uggest that some migration occurred. Because the filter ele-
ents were only frozen in liquid nitrogen prior to applying the

acuum and were not actually cooled during the drying process,
t is likely that despite the thermal insulation provided by the
acuum, the filter elements slowly warmed up during the pro-
ess and that some thawing of the colloid occurred before the
lements were refrozen. Despite these promising results, the pro-

edural complexity and the associated limited throughput of the
rocess precluded it from being used as the standard infiltration
rocedure in this study.

f After being calcined 1 h at 500 ◦C, the dried colloid without any additions of
rea and urease exhibited a specific surface area of 150 m2/g and filter elements
oated by the basic infiltration process 16 m2/g.
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hich is mechanically removed by turning to yield the finished filter element
ith a required wall thickness of 7.25 mm. The horizontal reference lines show

he Y/Si ratio expected from calculations based on the weight-gain, measured
orosity and the particle loading in the undiluted colloid.

The solution ultimately chosen was the following: Instead
f infiltrating filter elements with standard dimensions as pre-
iously (refer to Table 1), elements with a slightly larger outer
iameter were used. During drying, the ends of the filter tubes
ere capped with pieces of snug-fitting rubber sheet to prevent
rying from the inner surfaces, thereby forcing water diffusion
nd particle migration to occur primarily towards the outer sur-
ace. This resulted in the skewed U-shaped yttrium concentration
rofile shown in Fig. 7, which is weighted towards the outer sur-
ace. By subsequently machining the outer diameter of the filter
ube down to the standard dimension, elements were produced
hich exhibited a largely uniform coating concentration across

he tube wall.
Consideration of the filter medium area to be coated

≈2.2 m2/g) and the concentration of Y(OH)x particles in the
s-delivered colloid indicates that enough colloid particles are
ntroduced into a given filter element during the infiltration step
o coat the available DE area several times over. This, in turn,
urther explains the observed gradient formation during drying:
s noted in Section 2 above, the colloid particles possess a posi-

ive surface charge at pH 7, and as shown in Fig. 4, the base filter
ossesses a negative surface charge at this pH. Therefore, during
nfiltration of the colloid into the filter medium, the first (few)
ayer(s) of nanoparticles will be strongly adsorbed by virtue of
he opposing charges on the particles and the substrate. This ini-
ial adsorption neutralizes the net negative charge at the filter
urface and greatly weakens the tendency for further adsorption
f nanoparticles to the coating. Thus, while sufficient particles

re present to coat the filter medium several layers thick, there
s no force to promote coating growth past the first few layers,
nd the excess particles are subsequently swept towards the filter
urface by capillary forces during the drying process.
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A reduction in the particle concentration in the colloid should
herefore reduce the tendency for the gradient to form during
rying. This was confirmed when infiltration was performed
ith the colloid diluted 1:1 (by volume) and 1:3 with ultra-high
urity water, as shown in Fig. 7.

.3. Flowrate and filter surface area

Next to the reducing the concentration gradient and the
mount of expensive colloid lost during the final machining step,
nother beneficial effect brought about by diluting the Y(OH)x

olloid was an increase in the flowrate through a filter element
t a given pressure. While filters coated using the as-delivered
olloid and calcined at 550 ◦C achieved an average of 45 l/h at
bar operating pressure, equivalent filters prepared with the 1:1
ilution averaged 60 l/h. This result is expected because less
oating material in the filter equates to more open pore volume
nd hence a larger open cross-section through which water can
ow.g

A penalty incurred by diluting the colloid was a reduction in
he achievable specific surface area (SSA): after calcination at
50 ◦C, for example, the element modified using the as-delivered
olloid exhibited a SSA of 13.5 m2/g, while the element dip-
oated in the 1:1 dilution exhibited only 8 m2/g (compared with
.2 m2/g for the basic DE element). Logically, by decreasing the
umber of nanoparticles in the microstructure, the contribution
f the high SSA-coating to the total area in the filter is reduced.
uch a reduction should be minimized, since the filter capacity
f a filter functioning by the principle of adsorption is directly
roportional to the available internal surface area.

Here it should be noted that the specific surface area is also
trongly influenced by the calcining temperature, as shown in
ig. 8. As expected, as the heat-treatment temperature increases,

he specific surface area decreases because sintering processes
ause significant growth of the nanoparticles: BET measure-
ents of the dried and calcined colloid itself yielded a SSA

f 150 m2/g after treatment at 500 ◦C and 0.7 m2/g after treat-
ent at 1040 ◦C, which corresponds to average primary particle

izes of 8 nm and 1.7 �m, respectively. As mentioned above, it
s undesirable to reduce the surface area too much as this will
mpair the virus adsorption capacity of the finished filter.

Based on these data, a compromise with respect to the col-
oid dilution, sintering temperature, flowrate and specific surface
rea had to be met: The expense of both the latex and MS2 reten-
ion tests, and the procedural complexity of the latter, precluded
erforming a large number of these tests with a wide variety of

lements modified using different parameters. Modifying the fil-
ers by dip-coating in a 1:1 dilution of as-delivered colloid with
ltra-high purity water and sintering 1 h under reducing condi-

g In the case of filters coated using the as-delivered colloid, an increase in
owrate could also be achieved by increasing the sintering temperature: as the
alcining temperature is increased, the nanoparticles grow, and as this occurs,
he number of pore channels is reduced and these grow in size. This results in a
eduction of the capillary forces and consequently a decrease in the resistance
o flow. However, as explained in relation to Fig. 8, the specific surface area and
ence the filter capacity, is reduced.
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lements coated with Y(OH)x-colloid diluted 1:1 with deionized water, calcined
h under flowing 92% N2/8% H2 and machined to remove the outer 2 mm of

urface (refer to Fig. 2).

ions at 550 ◦C yielded what was considered to the best balance
f properties at acceptable process cost and complexity:

considerable crystallinity in the Y2O3 coating (Fig. 2);
an alkaline coating IEP which should promote the adsorp-
tion of negatively charged virus particles up to at least pH 9
(Figs. 3 and 4);
a uniform distribution of the coating material across the filter
wall (Fig. 7);
a flowrate of 60 l/h at 3 bar/20 ◦C;
a specific surface area of ≈8 m2/g, which is approx. a factor of
4 greater than the SSA of the basic unmodified filter (Fig. 8).

ll the data presented in the remainder of this paper pertains to
lters prepared modified according to these parameters.

.4. Retention performance

As noted in Section 2 above, initial retention tests were per-
ormed visually using dispersions of fluorescent yellow latex
anoparticles at pH 7. When such a bright yellow dispersion
s pumped through the basic uncoated filter elements, the eluate
xhibits a virtually unchanged coloration, indicating that little or
o retention has taken place. This result is expected since (a) both
he particles and the basic filter possess a negative zeta potential
t pH 7 (refer to Ref. [17] 17 and Fig. 3, respectively) and there-
ore repel each other, and (b) the pores in the filter medium are
t least one order of magnitude larger than the test particles and
herefore no retention by the sieving effect can occur.

Filters coated with the 1:1 colloid dilution and calcined under
reducing atmosphere of 92% N2/8% H2 effectively remove the
atex particles from the feed suspension at pH 7, as indicated
y the complete absence of yellow coloration in the eluate. In
his case the filter surface is largely positively charged (refer to
ig. 4), and consequently the negatively charged latex particles
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Fig. 9. SEM micrograph of the fracture surface of Y(OH)x-coated filter medium
(1:1 dilution) calcined at 550 ◦C under reducing conditions and subsequently
challenged with an aqueous dispersion of negatively charged 50 nm latex par-
ticles at pH 7. Tightly packed arrays of latex particles are visible in the broken
open pore channels of the kieselguhr (white arrows). The crazed surfaces adja-
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Fig. 10. Initial MS2 retention (first 500 ml) as a function of pH performed with
freshly prepared colloid-coated elements (1:1 dilution of base colloid with water)
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fi
ilar to those of virus particles. The latter point is critical here,
as this means that competitive adsorption will occur, depleting
the filter of adsorption sites and reducing its capacity for virus
adsorption. This is shown in Fig. 11, where in the presence of

Fig. 11. Long-term MS2 retention test conducted with tap water (3 bar, pH
7.5) using two pairs of the coated filter elements (coating as in Fig. 8). For
one pair water was used for the MS2 feed as obtained from the tap, for the
second pair 1 ppm HA was added to the feed. Within each pair, the tests were
ent to the channels are kieselguhr fracture surfaces covered with a relatively
hick layer of sputtered Au–Pd. The filter was dried in air at 80 ◦C prior to SEM
ample preparation.

re attracted to it. That adsorption of individual particles on the
lter surface, and not a sieving mechanism, is responsible for

he removal of the particles from the water was confirmed by the
ubsequent SEM analysis of dried filter elements, as shown in
ig. 9. The analysis revealed myriad pore channels coated with

atex particles, and while the channel diameters were obviously
educed by the adsorbed layer(s) of particles, no pores were
etected which were completely blocked. No evidence for the
gglomeration of latex particles and the subsequent sieving of
gglomerates could be found.

After the tests with biologically inert nanoparticles proved
uccessful, the microbiological tests with MS2 bacteriophages
ere commenced with. Fig. 10 shows that fresh-modified ele-
ents retain MS2 phages effectively up to and including pH 9

uring at least the first 500 ml of model fluid (deionized + NaCl)
ater pumped through them. As expected from the zeta potential
ata above (Fig. 3), which shows the IEP of the calcined reduced
ttria to be just under pH 10, the retention at pH 10 is signifi-
antly reduced. The fact that retention at a pH higher than the
oating IEP is still better than that achieved with uncoated fil-
ers indicates that other mechanisms (van der Waals forces) also
romote adsorption, and/or that viruses are also being filtered
y mechanisms other than adsorption.

In more realistic tests modeling the application of the filters
n a domestic environment, i.e. between the mains water supply
nd the tap of the kitchen sink, large amounts of potable tap
ater laced with a realistic concentration of MS2 (107 PFU/l)
ere pumped through fresh Y2O3-modified filters. As can be

een in Fig. 11, the filters effectively remove the bacteriophages
rom approx. 500 l of water before their adsorption capacity is

xhausted and the 4 LRV lower retention limit stipulated by the
SEPA is reached.
While these results are promising, a problem with filters oper-

ting on the adsorption principle is the occurrence of competitive

c
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p

alcined at 550 ◦C for 1 h under 92% N2/8% H2. The results for uncoated ele-
ents are shown for comparison. The feed water used was deionized water with
aCl added (400 �S/cm, 3 bar).

dsorption of other species. Surface waters characteristically
ontain a certain concentration of HA which stem from the
ecomposition of organic materials (plant decay matter), and
hese are know to (a) cause physical fouling of finely porous
lter media, and (b) possess surface charge characteristics sim-
onducted simultaneously using the same batch of feed water. As such, the wide
catter between the two HA-free data points at ≈360 l and their subsequent good
greement at ≈700 l cannot be explained. Unfortunately the complexity of the
rocedures and the limited availability of materials prevented more trials being
erformed.
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Fig. 12. Mass loss (with respect to the coating mass) due to the coating being
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ashed out of modified filter elements (1:1 dilution of colloid with deionized
ater), as a function calcining temperature (1 h under 92% N2/8% H2). These

ests were performed at 3 bar constant pressure with tap water.

ppm humic acid, the 4 LRV limit is reached after significantly
ess water has been pumped through the coated element com-
ared to the amount filtered when the water is free of humic
cid. Thus, while the filters function well in the HA-free case of
igh-quality potable water, slight contamination with HA and
ther negatively charged matter due to failures in, or insufficient
tandards of, water treatment will significantly impair their virus
etention capability.

.5. Coating integrity

The coatings of the filters used to perform the retention tests
bove were slowly washed out by the passage of water, as wit-
essed by the results of a chemical analysis by ICP which showed
ttrium to be present in the eluate (Fig. 12). This effect had been
ncountered in the previous study involving Zr(OH)x nanopar-
icle coatings, however in that case the problem was much more
evere.17 The source of the problem is considered to be two-
old: (1) as Fig. 1 shows, Y2O3 can be clearly identified as the
rystalline phase developing at calcining temperatures around
00 ◦C, yet the broad diffraction peaks indicate that the long-
ange order of this phase is not yet fully developed. It may
herefore be possible that there are water-soluble yttria precur-
ors in the coating which are washed out during use; (2) the
oating can be visualized as a closely packed array of nanoparti-
les, and if this particle array is to withstand the forces imposed
y the flow of water through the microstructure, the particles
ust be firmly sintered to their nearest neighbors and to the

nderlying diatomaceous earth structure. Considering that the
intering onset temperatures of Y2O3 and SiO2 can be esti-

ated to be on the order of 1600 and 1070 ◦C, respectively,h

onsiderable sintering will not have occurred in the filters cal-
ined at 550 ◦C, and thus the coating will be relatively weakly

h Melting temperatures: Y2O3 = 2410 ◦C, SiO2 ≈ 1600 ◦C; rule of thumb:

sintering = 2/3 × Tmelting.
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onded within themselves and to the underlying DE-based
ubstrate.

Coinciding with the estimated sintering temperature of the
asic SiO2 filter, trials with elements calcined at higher tem-
eratures showed that the washing-out phenomenon ceased to
e a problem at 1040 ◦C. This result is, however, not without
ts drawbacks: The specific surface area of the filters drops dra-

atically (refer to Fig. 8), which is expected to cause a severe
eduction in the retention capacity because the adsorber surface
rea is reduced. MS2 tests confirmed that retention was severely
mpaired in filters calcined at this high temperature, though it is
nclear whether this is due only to the loss in capacity, or if a
hift in the coating IEP also occurs.

. Summary and conclusion

The aim of the presented work was to develop a high-flowrate
eramic water filter for point-of-use applications, which is capa-
le of removing viruses from potable water. The targets for the
lter were a flowrate of 60 l/h at less than 3 bar operating pres-
ure and the microbiological boundary conditions stipulated by
he USEPA for certifying virus filters, namely at least 99.99%
etention (4 LRV) of virus particles 25 nm in diameter between
H 5 and 9 at a feed concentration of 107 PFU/l.

The basis for the development was diatomaceous earth-based
eramic filter elements of tubular geometry designed to remove
irt and bacteria from water by the sieving mechanism. DE
ossesses a negative surface charge in the specified pH range
IEP<2) and as such will repel water-borne viruses which gen-
rally exhibit a negative surface charge between pH 5 and 9. By
pplying a nanostructured Y2O3 coating to these filters using
ormal ceramic processing procedures (dip-coating, drying, sin-
ering under reducing conditions), the internal surfaces of the
lter take on a positive surface charge up to the IEP of the coating
etween pH 9 and 10. The charge difference between the filter
urface and the virus particles leads to the effective adsorption
f the latter: 5–6 LRV with respect to MS2 bacteriophages at
0 l/h with an operating pressure of 3 bar in the pH range 5–9.

These results are very promising and warrant further devel-
pment of the idea and the process. Two immediate problems
emain with the current state-of-the-art, specifically (1) a lim-
ted virus capacity/lifetime of the filters, and (2) washing out of
he coatings during operation, and work is continuing to solve
hese problems. The inactivation of adsorbed viruses, the des-
rption of viruses from the filters, the regeneration of filters by
he application of heat and other means, and the health effects
f yttrium (oxide) on humans are also subjects of continuing
nvestigations.
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