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Abstract

Particles of diatomaceous earth and sand were coated with metallic hydroxides. The coating
increased the concentration of metals associated with the particles, their zeta potential, and
their ability to adsorb microorganisms in water. The maximum adsorption of microorganisms
was acheived using particles coated with a combination of ferric hydroxide and aluminum hydroxide.

1. Introduction

Metallic hydroxides flocs (ferric hydroxide and
aluminum hydroxide) have been used to treat water
and waste water for many years (1). These flocs have
been found to adsorb microorganisms and to remove
them from the water following settling or filtration.
Metallic hydroxide flocs have also been used in

procedures to recover viruses from watér as part

of detection procedures (11,12). In both applications,
efiicient adsorption of microorganism- has been
observed.

Combining metallic hydroxide flocs with micropor-
ous or depth filters has had limited success in produc-
ing flow-through filters for adsorbing microorganisms
in large volumes of water. The flocs are either not
retained by the filters or clog the filters and greatly
restrict the flow of water (5,9).

It is also possible to coat sand or diatomaceous
earth by using pre-formed flocs of metallic hydroxides
or by forming the flocs in solutions that are in con-
tact with the particles (2,3,4,8). Coating particles
with a metallic hydroxide by these procedures in-
Creases their ability to adsorb microorganism (2, 3, 8)
and metallic ions (4) from water. However, the coat-
Ing procedure may have to be repeated many times
(up to 15 times) or require a relatively long contact
time (24 to 36 hrs) to ensure coating (2, 3,4, 8). Also,
the coatings formed may not be stable and may be
detached from the particles in contact with water 2,3).

In previous studies, we have found that forming
metallic hydroxides directly on the surface of a particle
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or inside the fibers of a filter produces a stably modi-
fied solid. Also, combinations of metallic hydroxides
can be deposited on a particle (5, 6).

In this paper, we have expanded our previous stu-
dies by including sand and by determining the adsorp-
tion of bacteria along with viruses. Both sand and
diatomaceous earth particles coated with a combination
of ferric hydroxide and aluminum h&droxide efficiently
removed bacteria and bacteriophages from water.

2. Materials and experimental procedure

Diatomaceous earth (grade 1) was obtained from
Sigma Chemical Co., St. Louis, MO. Sand was ob-
tained from local sources and sieved to 50 or 100
mesh. For coating with one metallic hydroxide, the
sand or diatomaceous earth was mixed with sufficient
solutions of ferric chloride, magnesium chloride or
aluminum chloride to cover it for 30 minutes. The
specific solutions are given in Figures 1 and 2 and
Tables 2 and 3. Excess liquid was drained and the
solids were allowed to air dry. The samples were
then mixed with approximately 2 volumes of 3 N am-
monium hydroxide for 10 min, rinsed with deionized
water to remove excess precipitates, allowed to dry
and rinsed again. Particles were coated with combi-
nations of metallic hydroxides as described above
except that solutions with different concentrations
of ferric chloride, magnesium chloride and aluminum
chloride were used. Sequential coating of particles
was accomplished by treating the particles with either
ferric chloride, magnesium chloride or aluminum chlo- )
ride then forming the corosponding hydroxide as
described above and then repeating the procedure
using a different salt for the second coating.
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Table 1. Comparison of the removal of microorganisims
by diatomaceous earth treated sequentially with
two metal salts or a single metal saltl.

Single PRD-1 Sequential Treatment PRD-1
Treatment Removal Salt#1 - Salt#2 Removal
(Log;p) (log,)

AlCly 2.54%0.04 0.25M FeCl;—0.1IM AICl; 2.95%0.05
FeCly 1.71£0.03 0.25M FeCl;—0.5M AICl; 3.56+0.05

1 Ba.tch Adsorption experiments were conducted in buffer at pH 7
using 0.5g diaatomaceous earth as described in the text:
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Table 2. Removal of bacteria and bacteriophages in batch
) experimentns by sequentially treated or untreated
sand and diatomaceous earth from seeded pH

7 bufferl.

Microorganism Log, ¢ Reductions For

Untreated Sand 0.5M FeCl;~ Untreated  0.25M FeCly
1M AICl Diatomaceous  —+0.5M AICl;
Treated Sand? Earth Treated D.E.2

S. Aurues 0.21+0.03 3.34+0.09 0.33+0.01 3.91%0.09
S. Faecalis 0.29+0.02 2.76+0.07 0.36+0.02 3.31%0.10
E. Coli 0.20+0.02 2.18+0.08 0.34+0.03 2.27%0.06
S. Typhimurium ~ 0.32+0.03  2.33+0.12 0.53%0.07 2.59+0.11
MS-2 0.20+0.01 3.26+0.22 0.22+0.02 5.06*0.21
$X-174 0.09+0.006 3.06+0.11 0.1320.01 3.81+0.12
PRD-1 0.18+0.09 2.78+0.04 0.21x0.05 4.03+0.14

1 Sand or diatomaceous earth was soaked first in a ferric chloride
solution, allowed to dry, soaked in 3M ammonium hydroxide,
rinsed and dried, soaked in an aluminum chloride solution, dried,
soaked in 3M ammonium hydroxide, then it was rinsed and dried.

2 Sand or diatomaceous earth was soaked in a ferric chloride solu-
tion, allowed to dry, soaked in 3M ammonium hydroxide, rinsed
and dried, soaked in an aluminum chloride solution, dried, soaked
in 3M ammonium hydroxide, then it was rinsed and dried.

Table 3. Removal and recovery of bacteriophages from
water by sand columns or diatomaceous earth

filtersl.
Procedure Bacteriophages

PRD:1 « X-174 MS-2
Diatomaceous Earth
Filters
Treated? .
Percent Removal 99.934% 99.996% 99.987%
Percent Recovery 34% 40% 45%;
Untreated
Percent Removal 50.12% 2731% 1548%
Sand Columns -
Treated®
Percent Removal 61.690% 85.659% ‘ 72.683%
Percent Recovery 36% 43% 48%
Untreated
Percent Removal 8% 11% 4%

1 Twenty liters of dechlorinated tap water was seeded with indicat-
ed bacteriophage and passed through filters containing modified
or unmodified diatomaceous earth or through columns containing
modified or unmodified sand.

2 Five grams of unmodified or diatomaceous earth modified sequen-
tially with 0.25M ferric and 0.5M aluminum chloride as described
in the text was packed in a series of two 47mm holders with a
fiberglass filter sheet.

3 A 60 x 3 centimeter column was packed with either unmodified
or sand modified sequentially with ferric and aluminum chloride
as described in the text.

The amount of metal deposited on the particles was
determined by first mixing samples of sand and
diatomaceous with 5 volumes of 6 N HCI overnight.
The solids were separated from the solution by settl-
ing (sand) or by centrifugation.at 300 g for 5 min
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(diatomaceous earth). The composition of the solu-
tions were analyzed using an Inductively Coupled
Argon Plasma (ICAP) spectrophotometer. Samples
of tap water were also analyzed for metal content
before and after passage through filters and columns,
using the ICAP spectrophotometer.

The zeta potential of diatomaceous earth particles
was measured: in 0.02 M glycine 0.02 M imidazole
buffer using a Lazer Zee model 501 zeta meter.

The following bactena were used: Streptococcus
faecalis (ATCC 19433), Staphylococcus aureus (ATCC
12600), Salmonella typhimurium (ATCC 19585), and
Escherichia coli (ATCC 15597). The following bacteri-
ophages and their hosts were used: MS2(Escherichia
coli C-3000); X 174 (E. coli); and PRD-1 (Salmonella
typhimurium). The bacteria were grown in 3% try-
pticase soy broth overnight and then diluted 1/1000
in buffer (0.02 M glycine + 0.02 M imidazole) for
adsorption studies. Phage stocks were prepared
and phage assays done using their host bacteria as
previously described (10).

Adsorption studies were conducted by mixing 2
grams of sand or 0.5 grams of diatomaceous earth in
buffer (0.02 M imidazole + 0.02 M glycine) with the
. appropriate virus or bacterium for 5 min. on a reci-
procating shaker. The supernatant fractions were
assayed after settling (sand) or after low-speed cen-
trifugation (300 g for 5 min for diatomaceous earth).
Adsorption was determined by comparing the number
of microorganisms in the supernatant fractions with
the number in control samples-of buffer alone. Unless
otherwise stated, adsorption experiments were con-
ducted at pH 7 and room temperature (approximately
25°C).

Bacteria and viruses adsorbed to particles were
recovered by mixing the samples with 20 ml of 3%
beef extract, pH 7, for 5 min. The microorganisms
were separated from the solids by settling or cen-
trifugation, as described above. The fraction recover-
ed was determined by comparing the number of
microorganisms in the beef extract with the number
adsorbed.

Adsorption of phages in tap water dechlorinated by
the addition of sodium thiosulfate was studied using
5 g of diatomaceous supported by fiberglass filters
(0.45-um, Filterite Corp., Timonium MD) in a series
of two 47-mm holders or approximately 400 grams of
sand in 3 by 60 cm columns. Water containing added
phages was passed through the filters at 100 ml/min
and through the columns at 1,000 mi/min. Adsorbed
phages were recovered by mixing the diatomaceous
with 20 ml of beef extract or mixing the sand with
200 ml of beef extract as described above.
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3. Results

Increasing the concentration of the salts used for
modification increased the amount of metal deposited
on the diatomaceous earth (Figure 1). The amount
of aluminum or magnesium deposited did not increase
much after the concentration of modifying solution
was increased past 0.5 M. The concentration of iron
deposited on diatomaceous continued to increase as
the concentration was increased to 2 M. Higher con-
centrations of salts were not used since these were
hydroscopic and not easily dried.

The addition of the metallic hydroxides increased
the zeta potential of the diatomaceous earth particles
(Figure 2). The zeta potential continued to increase
as the concentration of salts used for modification
was increased. Similar results were obtained with
diatomaceous earth particles treated with magnesium
chloride (data not shown).

Changing the zeta potential of diatomaceous earth
particles greatly increased the ability of the particles
to adsorb bacteriophages in batch tests (Figure 3).
Increasing the‘zeta potential to — 10 mV permitted
a reduction of greater than 2.5 log,q in the numbers
of the three phages tested., Data i Figure 3 were
obtained using diatomaceous earth coated with alumi-
num hydroxide. Similar results were obtained with
diatomaceous earth coated with ferric hydroxide or
magnesium hydroxide (data not shown).
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Fig. 3 Removal of Bacteriophage From Water vs. Zeta Potential
of Modified Diatomaceous Earth.
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The adsorption of bacteria to diatomaceous earth
‘coated with aluminum hydroxide was similar to adsorp-
tion of phages in that increasing the zeta potential
increased adsorption (Figure 4). However, untreat-
ed diatomaceous earth adsorbed more bacteria than
phages. Also, the removal of E. coli and S. typhimurium
(1.5 logyo) was less than that observed for the phages
and for S. aureus (greater than 2.5 logyg).

Only aluminum hydroxide and ferric hydroxide were
used in most tests since these have lower solubility
constants than magnesium hydroxide or other metallic
hydroxides (7). Additional tests were conducted using
diatomaceous earth treated with diff>rent combina-
tions of aluminum and ferric chloride. Combinations
of aluminum chloride and ferric chloride between
0.1 and 2 M were used in combination or sequentially
to treat diatomaceous earth and sand particles. Dia-
tomaceous earth sequentially treated with 0.25 M
ferric chloride and 0.5 M aluminum chloride adsorbed
more virus than did diatomaceous earth treated with
a single salt or other combinations of salts. Represen-
tative data from these tests is shown in Table 1.

In a similar series of tests, it was found that treat-
ing sand with 0.5 M ferric chloride and 3 M ammo-
nium hydroxide followed by 1 M aluminum chloride
and 3 M ammonium hydroxide adsorbe” more micro-
organisms than sand treated with other combinations
(data not skown). Sand or diatomaceous «arth treated
with the combinations of ferric chloride and aluminum
chloride described above adsorbed significantly more
of the microorganisms tested than did the untreated
materials (Table 2). Filters containing diatomaceous
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Fig. 4 Removal of Bacteria from Water vs. Zeta Potential of
Modified Diatomaceous Earth.
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treated with the combination of ferric chloride and
aluminum chloride as described above removed grea-
ter than 99.9% of the bacteriophages from 20 liters
of dechlorinated tap water (Table 3). However, less
than 50% of the phages could be recovered using
3% beef extract as the eluting solution. Untreated
diatomaceous earth removed from 15 to 50% of the
phages. Sand columns removed 62 to 86% of the
phages in dechlorinated tap water. Untreated sand
removed less than 15% of the phages. As with the
diatomaceous earth, less than 50% of the phages
could be recovered using beef extract.

The concentrations of iron and aluminum in the tap
water before filtering and in the effluent from the
diatomaceous earth filters and sand columns was
less than 0.1 mg/l.

4. Discussion

The ability of metallic hydroxide flocs to adsorb
microorganisms has been useful both in treating
water and in recovering viruses from water (1,11, 12).
This has led to studies on their immobilization on
filters. Collecting preformed flocs on Microporous
filters has not le’ to the deyelopment of useful
filters. Filters that retain the flocs are subject to
clogging (5,6,9). Forming flocs in the presence of ar-
ticles can result in cuating of the particles (2,3,4, 8).
These coating procedures may not be efficient.
Several cycles (15) of floc-formation followed by ad-
sorption may be necessary (4) or long periods (24 to
36 hrs) of contact between the particles and flocs may
be necessary to ensure coating (8). Also, the coating
may not be stable enough to permit the use of the
coated particles in filters used for tap water (2,3).
Adsorption of a soluble metallic chloride byparticles,
followed by drying of the particles and then precipita-
tion of the metals as the hydroxide leads to the
formation of stable coatings. Also, coatings with
multiple metallic hydroxides can be deposited on the
particles (5,6). Our results show that increasing con-
centration of salt used to modify the particles in-
creases the concentration of deposited metal and
the zeta potential of the particles. The reason for
the increase in zeta potential after the concentration
of metal deposited has become stable is not known.

It is clear that the zeta potential of the modified
solids is directly related to the adsorption of both
bacteria and bacteriophages. Efficient adsorption of
these microorganisms occurs once the zeta potential
is raised above approximately — 30 mv (for phages)
and — 10 mv (for bacteria).
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Coating diatomaceous earth and sand particles with the particles will produce toxic effluents or greatly

a combination of ferric hydroxide and aluminum limit the length of time that the filters could be used.
hydroxide permitted greater removal than coating In summary, we have found that the removal of
the particles with only one metallic hydroxide. Filters bacteria and phages can be improved by using diato-
“and columns composed of particles made with these maceous earth or sand particles coated with a
modified sohids removed significantly more microorga- combination of ferric hydroxide and aluminum hydro-
nisms than did similar filters and columns composed xide. Future studies will concentrate on testing the
of untreated particles. ability of the filters to remove microorganisms from
Attempts to recover microorganisms adsorbed to larger volumes of water and on improving procedures
the modified ‘particles were only partially successful. for recovering them from the adsorbed particles.

Only 50% or less of the microorganisms removed
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