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a b s t r a c t

To assess the effect of organic matter on the transport of Cryptosporidium parvum oocysts in

a geochemically heterogeneous saturated porous medium, we measured the breakthrough

and collision efficiencies of oocysts as a function of dissolved organic matter concentration

in a flow-through column containing ferric oxyhydroxide-coated sand. We characterized

the surface properties of the oocysts and ferric oxyhydroxide-coated sand using micro-

electrophoresis and streaming potential, respectively, and the amount of organic matter

adsorbed on the ferric oxyhydroxide-coated sand as a function of the concentration of

dissolved organic matter (a fulvic acid isolated from Florida Everglades water). The dis-

solved organic matter had no significant effect on the zeta potential of the oocysts. Low

concentrations of dissolved organic matter were responsible for reversing the charge of the

ferric oxyhydroxide-coated sand surface from positive to negative. The charge reversal and

accumulation of negative charge on the ferric oxyhydroxide-coated sand led to increases in

oocyst breakthrough and decreases in oocyst collision efficiency with increasing dissolved

organic matter concentration. The increase in dissolved organic matter concentration from

0 to 20 mg L�1 resulted in a two-fold decrease in the collision efficiency.

ª 2009 Elsevier Ltd. All rights reserved.
1. Introduction et al., 2002; Gollnitz et al., 2003). Bank filtration uses alluvial
Contamination of drinking water by pathogenic microbes –

viruses, bacteria, and protozoa – is considered as one of the

most important water supply problems of our day. Current

concern is focused on Cryptosporidium parvum, a protozoan

parasite that moves from host to host as an oocyst (Carey

et al., 2004). An outbreak of Cryptosporidium parvum caused the

death of over 100 citizens of Milwaukee, Wisconsin, in 1993

(MacKenzie et al., 1994). Water utilities are increasingly using

bank filtration to remove microbes from surface water

supplies and to reduce the need for disinfection (Tufenkji
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aquifer sediments to filter microbes from river water. The

effectiveness of microbe removal by bank filtration removal

depends on the characteristics of the pumping-induced

groundwater flow, the alluvial sediments, and the solution

chemistry. Removal can be difficult to predict because of

physical and geochemical heterogeneity of the alluvial sedi-

ments and the pore waters.

One form of geochemical heterogeneity in alluvial aquifers

that affects microbe removal is the nature and abundance of

organic matter. Organic matter is present in the sediments as

lignin, proteins, kerogen, and black carbon derived from
.ryan@colorado.edu (J.N. Ryan), rwharvey@usgs.gov (R.W. Harvey),
r).
.

mailto:rula_abudalo@yahoo.com
mailto:joseph.ryan@colorado.edu
mailto:rwharvey@usgs.gov
mailto:dwmetge@usgs.gov
mailto:llandkam@mines.edu
http://www.elsevier.com/locate/watres


w a t e r r e s e a r c h 4 4 ( 2 0 1 0 ) 1 1 0 4 – 1 1 1 3 1105
terrestrial plants in discrete phases and mineral coatings at

concentrations ranging up to a few percent. In the pore

waters, organic matter is present as dissolved humic

substances and organic acids of lower molecular weight at

concentrations up to a few milligrams of carbon per liter.

During bank filtration, the nature and abundance of dissolved

organic matter is altered by a variety of biological processes

and sorption (Miettinen et al., 1994; Cosovic et al., 1996;

Grünheid et al., 2005).

In aquifer sediments, minerals like ferric and aluminum

oxyhydroxides and clay edges are typically coated by organic

matter (Amelung et al., 2002; Wagai et al., 2009). These

minerals often form patchy coatings and interstitial aggre-

gates on primary mineral grains (Ryan and Gschwend, 1992;

Coston et al., 1995; Penn et al., 2003). Ferric and aluminum

oxyhydroxides and clay edges are amphoteric minerals with

relatively high points of zero charge (pHpzc). Typical ground-

water pH values are below their pHpzc values; therefore, these

minerals adsorb protons and acquire positive surface charge.

At typical groundwater pH values, most pathogenic microbes

– viruses, bacteria, protozoa – are negatively-charged. Posi-

tively-charged surfaces effectively remove negatively-charged

colloids (Song et al., 1994; Johnson et al., 1996) and microbes

(Scholl and Harvey, 1992; Mills et al., 1994; Zhuang and Jin,

2003b; Abudalo et al., 2005; Foppen and Schijven, 2005; Hijnen

et al., 2005; Kim et al., 2008) from passing pore waters. Posi-

tively-charged surfaces also effectively adsorb organic matter

(Davis, 1982; Gu et al., 1994), which is mainly anionic at typical

groundwater pH values, and the adsorption of sufficient

organic matter is presumed to be capable of reversing the

surface charge of the ferric and aluminum oxyhydroxide

coatings from positive to negative.

If organic matter adsorption can reverse the surface charge

of aquifer grains, then organic matter should inhibit the

removal of negatively-charged colloids and microbes. Most

research, in the laboratory and in the field, shows this is true

for colloids (Amirbahman and Olson, 1993; Kretzschmar et al.,

1995; Ryan et al., 1999; Franchi and O’Melia, 2003), viruses

(Fuhs et al., 1985; Powelson et al., 1990; Pieper et al., 1997;

Zhuang and Jin, 2003a; Levy et al., 2007; Yuan et al., 2008),

bacteria (Martin et al., 1991; Johnson and Logan, 1996; Dong

et al., 2002; Hall et al., 2005), and oocysts (Dai and Hozalski,

2002, 2003). Inhibition of removal was mainly attributed to

blocking of colloid and microbe attachment by organic matter

adsorption on the porous medium, but some researchers

attributed inhibition of removal to an increase in the negative

surface charge of microbes caused by adsorption of organic

matter to the microbe surfaces (Bixby and O’Brien, 1979; Dai

and Hozalski, 2002, 2003). Adsorption of organic matter to

microbes has been measured directly by a variety of methods

(Bixby and O’Brien, 1979; Campbell et al., 1997; Fein et al., 1999;

Parent and Velegol, 2004) or indirectly by an increase in

negative zeta potential (Dai and Hozalski, 2002, 2003). In

contrast, Liu et al. (2009) found that organic matter enhanced

the removal of some Cryptosporidium parvum oocysts to

organic matter-coated silica surfaces; they attributed this

behavior to surface charge heterogeneity and the presence of

positively-charged area on the organic matter-coated surface.

The goal of this research is to examine the influence of

organic matter on the transport of Cryptosporidium parvum
oocysts through a ferric oxyhydroxide-coated quartz sand

saturated porous medium and to ascertain the mechanism by

which organic matter affects oocyst removal. To do this, we

measured the effect of different concentrations of dissolved

organic matter on the streaming potential of the porous

medium and the zeta potential of the oocysts.
2. Materials and methods

2.1. Cryptosporidium parvum oocysts

Formalin-inactivated Cryptosporidium parvum oocysts were

obtained from Sterling Parasitology Laboratory (SPL) at the

University of Arizona at Tucson. We used formalin-inacti-

vated oocysts in these experiments even though inactivation

results in changes to oocyst deposition behavior (Kuznar and

Elimelech, 2005) because we used formalin-inactivated

oocysts in an intermediate-scale aquifer tank experiment in

a laboratory that could not be secured for the use of active

oocysts. The oocysts were shed from a calf infected with the

Iowa isolate of Cryptosporidium parvum, purified at SPL by

discontinuous sucrose and cesium chloride centrifugation

gradients (Brush et al., 1998), re-suspended in a solution of 5%

formaldehyde, 0.01% Tween 20, 0.85% NaCl, and three anti-

biotics (penicillin, 111 U mL�1; streptomycin, 111 U mL�1;

gentamicin, 56 mg mL�1), and stored at 4 �C. The oocysts were

pelleted from the formalin solution by centrifugation

(12,000 � g, 4 �C, 30 min) and re-suspended in the experi-

mental solution (10�4 M NaCl, pH 5.6–5.8) at a concentration of

about 105 oocysts per milliliter for at least 2 weeks before the

column transport experiments.

The oocysts were enumerated by epifluorescence micros-

copy. Samples containing oocysts were stained with DAPI

(4,6-diamidino-2-phenylindole; 0.1 mg L�1) for 15 min and

filtered with vacuum assistance (0.34 bar) onto black poly-

carbonate membranes (1.0 mm pore diameter, GE Osmonics)

overlaying nitrocellulose backing filters (0.45 mm pore diam-

eter, Pall–Gelman). The membranes were mounted on glass

slides and the oocysts were counted manually using an epi-

fluorescence microscope (Nikon Optiphot-2, 788� magnifica-

tion, 350 nm excitation, 470 nm emission). At least 20 fields of

view with 10 oocysts per field, or a maximum of 50 fields with

fewer than 10 oocysts per field, were counted.

The average diameter of the DAPI-stained oocysts was

measured by flow cytometry and epifluorescence microscopy

outfitted with image analysis (Image Technology Corporation,

Deer Park, NY). Fluorescent polystyrene microspheres

(0.2–6.0 mm; Polysciences) were used to calibrate both the flow

cytometer (Biorad, HS Bryte) and the epifluorescence micros-

copy image analysis.

The buoyant density of the oocysts was determined by

densitygradient centrifugationinPercoll I solution(1.131 gmL�1,

Sigma Chemical Co.) following a procedure used by Harvey

et al. (1997). The gradients were overlaid with 500 mL of an

oocyst suspension at a concentration of about

1 � 107 oocyst mL�1 and density marker beads (syntheti-

cally derived from the polysaccharide dextran; Sigma

Chemical Co.) in a range of 1.095–1.138 g mL�1 prepared in

0.15 M NaCl. The gradient was developed by centrifugation
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(15,000 � g, 30 min, 20 �C) and allowed to come to a stand-

still without braking.

The electrophoretic mobility of the oocysts was measured

by laser Doppler microelectrophoresis (Particle Sizing

Systems, 380 ZLS). Oocyst suspensions of about 1 � 106 oocyst

mL�1 concentration were prepared in a 1 � 10�4 M NaCl

solution at pH 5.6–5.8 containing a range of dissolved organic

matter concentrations (0–19.2 mg L�1). For each dissolved

organic matter concentration, three replicate measurements

were made. Electrophoretic mobility was converted to zeta

potential using the Smoluchowski equation (Elimelech et al.,

1995).

2.2. Dissolved organic matter

The dissolved organic matter (DOM) used in these experi-

ments is a fulvic acid fraction isolated from water collected

from a eutrophic marshland dominated by cattails in the

northern Florida Everglades (the F1 site, Water Conservation

Area 2; Ravichandran et al., 1998). The fulvic acid fraction was

isolated in the hydrogen-saturated form by filtration (0.45 mm

silver membrane), XAD-8 resin chromatography, and freeze-

drying (Aiken et al., 1992). This fulvic acid is not broadly

representative of dissolved organic matter in the subsurface

environment, but it was available in sufficient quantities and

well-characterized. Some key characteristics of this fulvic acid

include a molecular weight of 850 Da measured by high-

pressure size exclusion chromatography, an acidic group

density of 6.9 meq g�1 (carboxylic, 5.6 meq g�1; phenolic,

1.3 meq g�1) measured by acidimetric titration, an aromatic

carbon content of 20.1% measured by 13C-nuclear magnetic

resonance, a specific ultraviolet (254 nm) absorption of 0.042 L

(mg C)�1 cm�1, and an ash content of 3.2% (Ravichandran

et al., 1998).

2.3. Porous media

Well-rounded quartz sand was obtained from a commercial

supplier (Unimin Corp., type 2095) and mechanically dry-

sieved (þ20/�18 mesh) to retain a narrow size fraction (0.84–

1.00 mm). To remove surface impurities that might have

affected microorganism attachment, the sand fractions were

acid-washed by soaking in 12 N HCl for 24 h, rinsed with

deionized water until the pH of the rinse water matched that

of the deionized water, and baked at 500 �C for 8 h (Redman

et al., 1997).

Some of the quartz sand was coated with ferric oxy-

hydroxide following a previously described procedure (Mills

et al., 1994). Sand was added to a solution of 0.28 M FeCl3 on

a shaker table, the pH was titrated to about 7.0 by addition of

0.5 M NaOH solution, and the slurry was shaken for 24 h. The

coating solution was decanted and the sand was rinsed with

deionized water and dried at 90 �C for 24 h. Examination of

individual coated grains by thin sectioning and scanning

electron microscopy (back-scatter electron detection) showed

that 75 � 5% of the grain surfaces were covered by a relatively

uniform layer of iron oxyhydroxide (Abudalo et al., 2005). To

create the geochemically heterogeneous porous media,

portions of the coated and uncoated sand were mixed to

achieve a ferric oxyhydroxide coating surface coverage of
4.0%. The 75% surface coating fraction of the coated grains

was accounted for in the mixing.

Streaming potentials (mV) of the ferric oxyhydroxide-

coated sand grains were measured by using a streaming

potential analyzer (Brookhaven Instrument Corp., BI-EKA).

The analyzer was equipped with a cylindrical cell and

Ag–AgCl electrodes. The ferric oxyhydroxide-coated sand

grains (25 g) were wet-packed in the cylindrical cell in

1 � 10�4 M NaCl solution containing various dissolved

organic matter concentrations (0–17.3 mg L�1) at pH 5.6–5.8.

This solution (500 mL) was circulated in alternate directions

through the cell until equilibrium was reached with respect

to specific conductance, pH, and temperature (measured by

the streaming potential analyzer) and dissolved organic

matter concentration (measured by absorbance of ultravi-

olet light at 254 nm wavelength and calibrated to dissolved

organic matter concentrations). At equilibrium, streaming

potential was measured. For each dissolved organic matter

concentration, streaming potentials were measured for two

replicates with fresh sand and dissolved organic matter

solution. Zeta potential was calculated from streaming

potential using the Helmholtz–Smoluchowski equation

(Johnson, 1999).

2.4. Solutions

All solutions were prepared using high-purity water (greater

than 18 MU cm resistivity; Millipore, Milli-Q). The experi-

mental solutions contained sodium chloride (1 � 10�4 M) and

fulvic acid (0–20 mg L�1). The pH of the background solution

was adjusted to pH 5.6–5.8 using a 0.01 M sodium hydroxide

solution. For column experiments, sodium nitrate

(2.5 � 10�3 M) was used as a conservative tracer and measured

by ultraviolet absorption (220-nm wavelength) using a spec-

trophotometer (Spectronic/Unicam, Genesys 10).

2.5. Flow-through column

The transport experiments were conducted in a glass chro-

matography column (1.5 cm diameter, 10.0 cm length) with

polytetrafluoroethene end caps and polypropylene mesh

(105 mm openings) on both ends of the column. Columns were

packed by adding the 4.0% ferric oxyhydroxide-coated sand to

about 1–2 cm of the experimental solution in the column in

1 cm lifts. The column was tapped during the filling procedure

to avoid trapping of air bubbles and to promote consistent

packing. The filled columns contained about 29 g of sand. The

average porosity was 0.38 and the average pore volume was

6.7 mL.

Experimental solutions were injected into the column as

5.0 mL pulses using a high-pressure liquid chromatography

stainless steel injector and injection loop (Supelco Rheodyne

model 7725). Solutions were pumped through polypropylene

tubing and the column using a syringe pump (Isco 500D,

stainless steel, 500 mL volume). The experimental pumping

rate was set to produce a constant pore velocity of

2.0 � 0.1 m d�1. Column effluent samples (20–25 samples,

3 mL) were collected on a fraction collector. All experiments

were conducted at the ambient laboratory temperature of

20 � 1 �C.



Table 1 – Parameters used in the calculation of the single
collector efficiency (h0) and the collision efficiency (a) for
Cryptosporidium parvum oocysts.

Parameter Values

Grain diameter (mm) 0.92

Porosity 0.38

Oocyst diameter (mm) 3.6

Oocyst density (g cm�3) 1.075

Fluid approach velocitya (m d�1) 0.76

Fluid density (g cm�3) 0.998

Fluid viscosity (kg m�1 s�1) 9.8 � 10�4

Hamaker constantb (J) 6.5 � 10�21

Column length (cm) 10.0

a The approach velocity was calculated as the product of the pore

velocity (2.0 m d�1) and the porosity.

b This Hamaker constant value was used by Kuznar and Elimelech

(2005) for oocysts.
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2.6. Experimental procedures

Before each experiment, the freshly packed column was

conditioned with at least 20 pore volumes of background solu-

tion and 5.0 pore volumes (33.5 mL) of dissolved organic matter

solution (1–20 mgL�1 Everglades fulvic acid, 1 � 10�4 M NaCl, pH

5.6–5.8). The ferric oxyhydroxide coatings in the column were

exposed to equal amounts of dissolved organic matter as the

ferric oxyhydroxide coatings in the streaming potential cells.

For the transport experiments, the tracer solution

(2.5 � 10�3 M NaNO3, pH 5.6–5.8) and the oocyst suspensions

(4 � 105 oocysts mL�1, 1 � 10�4 M NaCl, 0–20 mg L�1 Ever-

glades fulvic acid, pH 5.6–5.8) were injected as separate pul-

ses of 5.0 mL volume to allow the use of a tracer

concentration greater than the desired ionic strength for the

oocyst transport experiments. For the injections including

dissolved organic matter, the injections immediately fol-

lowed the conditioning of the column with the dissolved

organic matter solution and they were followed with the

dissolved organic matter solution. The tracer and oocyst

breakthroughs were monitored for at least three pore

volumes in each experiment. Some of the oocyst transport

experiments were conducted in duplicate.
2.7. Breakthrough analysis

Oocyst breakthrough data were used to determine the oocyst

collision efficiency (a):

a ¼ �2
3

dg ln B

ð1� fÞLh0

(1)

where dg is the collector grain diameter, B is the ratio of

the total number of oocysts breaking through the column

to the total number of oocysts injected, f is the porosity, L is

the column length, and h0 is the theoretical single collector

efficiency (Harvey and Garabedian, 1991). The single collector

efficiency was calculated using the Tufenkji and Elimelech

(2004) equations with the parameters listed in Table 1. This

determination of the collision efficiency is valid for microor-

ganism removal solely by physicochemical filtration under

clean-bed conditions.
Fig. 1 – Zeta potentials as a function of dissolved organic

matter (Everglades fulvic acid) concentrations for formalin-

inactivated Cryptosporidium parvum oocysts and the ferric

oxyhydroxide-coated quartz sand (75 ± 5% surface

coverage) in a 10L4 M NaCl solution at pH 5.6–5.8 as

measured by laser Doppler microelectrophoresis and

streaming potential, respectively. Error bars represent one

standard deviation for three replicate measurements for

the oocysts and for duplicate measurements for the sand.
3. Results

3.1. Oocyst characteristics

The average oocysts diameter was 3.6 � 0.3 mm (�one standard

deviation) by flow cytometry and 3.8 � 0.2 mm by microscopy

and image analysis. Kuznar and Elimelech (2005) measured

a similar diameter (3.7 mm) by microscopy and image analysis

for oocysts obtained from the same source. The buoyant

density of the oocysts was measured as 1.075 � 0.005 g cm�3 by

density gradient centrifugation. Medema et al. (1998) obtained

a density of 1.045 g cm�3 for oocysts.

The laser Doppler microelectrophoresis measurements

of zeta potential of the oocysts as a function of dissolved

organic matter concentration revealed no significant

change in zeta potential for an increase in dissolved
organic matter concentration from 0 to 19.2 mg L�1 at a pH

of 5.6–5.8 (Fig. 1).
3.2. Organic matter interaction with the ferric
oxyhydroxide-coated quartz sand

The streaming potential measurements of zeta potential of

the ferric oxyhydroxide-coated quartz sand (75% ferric oxy-

hydroxide surface coverage) as a function of dissolved organic

matter concentration revealed a decrease in the zeta potential

as dissolved organic matter concentration increased from 0 to

17.3 mg L�1 (Fig. 1). A reversal of the zeta potential from

positive to negative occurred between the dissolved organic

matter concentrations of 0 and 1.9 mg L�1.

The amount of adsorbed organic matter increased as the

concentration of dissolved organic matter increased (Table 2).



Fig. 2 – Adsorption of dissolved organic matter onto the
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The amount of organic matter adsorbed on the ferric oxy-

hydroxide-coated sand was calculated as the difference

between the mass of dissolved organic matter in the

streaming potential solution divided by the mass of the sand

grains or the estimated surface area of the ferric oxyhydroxide

coatings. The surface area of the ferric oxyhydroxide coatings

was estimated using a measured added iron content of 440 mg

kg�1 (Abudalo et al., 2005) and an assumed surface area of

50 m2 g�1, a typical surface area for ferric oxyhydroxide

minerals like goethite (Schwertmann and Cornell, 2003). We

assumed the surface area of the ferric oxyhydroxide coatings

because we have not been able to measure (by nitrogen

adsorption) a significant difference in surface area between

coated and uncoated quartz grains. Measurement of the

amount of dissolved organic matter adsorption by ultraviolet

light absorption may bias the measurement because the more

aromatic fraction of dissolved organic matter that absorbs

ultraviolet light well also preferentially adsorbed to mineral

surfaces (Meier et al., 1999). A Langmuir isotherm adequately

described the adsorption data with an equilibrium constant of

0.14 � 0.06 L mg�1 and a maximum adsorption density of

1.1 � 0.2 mg m�2 (Fig. 2a). The decrease in the zeta potential of

the ferric oxyhydroxide-coated sand correlated well with the

increase in the adsorbed organic matter density (Fig. 2b).

3.3. Oocyst breakthrough curves

Oocyst breakthrough increased as the dissolved organic matter

concentration increased (Fig. 3; one of the duplicate experi-

ments for each dissolved organic concentration is shown). The

increase in dissolved organic matter concentration from 0 to

20.0 mg L�1 resulted in a 66% increase in the relative break-

through of oocysts. As the dissolved organic matter increased,
Table 2 – Amount of dissolved organic matter (DOM;
Florida Everglades F1 fulvic acid) adsorbed to the ferric
oxyhydroxide-coated sand (FeOx) during the streaming
potential measurements.

Initial
[DOM]
(mg L�1)

Equilibrium
[DOM] (mg L�1)

Adsorbed
DOM per

mass of sand
(mg DOM

(kg sand)�1)

Adsorbed
DOM per

surface area
of ferric

oxyhydroxide
coating

(mg DOM
(m2 FeOx)�1)

0 0 0 0

1.9 1.7 4 0.11

2.5 2.1 8 0.22

3.6 2.9 14 0.40

6.2 5.2 20 0.57

11.1 9.8 26 0.74

17.3 16.1 24 0.68

The adsorbed organic matter concentrations were calculated as the

difference in the mass of initial and equilibrium dissolved organic

matter (as determined by absorption of ultraviolet light at 254 nm)

divided by: (1) the mass of sand in the streaming potential cell

(25.0 g); and (2) the estimated surface area of the ferric oxy-

hydroxide coating in the cell (assuming a surface area of 50 m2 g�1

for the ferric oxyhydroxide coating).

ferric oxyhydroxide-coated sand (75 ± 5% surface coverage)

in the streaming potential cell: (a) adsorbed organic matter

density as a function of dissolved organic matter

concentration with a Langmuir isotherm; and (b) zeta

potential from streaming potential measurement as

a function of adsorbed organic matter density. The adsorbed

organic matter densities were calculated assuming that the

surface area of the ferric oxyhydroxide coating is 50 m2 gL1.
the corresponding collision efficiencies decreased by nearly

a factor of two, from an a value of 0.26 to 0.12. At all concen-

trations of dissolved organic matter, the breakthrough of the

oocysts coincided closely with the breakthrough of the nitrate

tracer. The release of oocysts after the passing of the injected

oocysts, or tailing, was observed for oocyst injections with

dissolved organic matter. The amount of tailing increased

slightly with increasing organic matter concentration.
4. Discussion

4.1. Effect of dissolved organic matter on oocyst surface
properties

The zeta potential we measured for Cryptosporidium parvum

oocysts inactivated by formalin in a solution of 1 � 10�4 M



Fig. 3 – Breakthrough curves of the conservative tracer

nitrate and the Cryptosporidium parvum oocysts as

a function of dissolved organic matter concentration in

10L4 M NaCl solution at pH 5.6–5.8 in a 4.0% ferric

oxyhydroxide-coated sand in the flow-through column.

One pore volume is 6.7 mL. The conservative tracer

breakthrough curve is shown for one column experiment.

Duplicate experiments are not shown.
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NaCl and pH 5.6–5.8 without dissolved organic matter was

within the range of zeta potentials measured in similar solu-

tions for active, heat-inactivated, and formalin-inactivated

oocysts in similar solutions (Drozd and Schwartzbrod, 1996;

Brush et al., 1998; Karaman et al., 1999; Considine et al., 2002;

Hsu and Huang, 2002; Butkus et al., 2003; Kuznar and Eli-

melech, 2005).

The addition of dissolved organic matter to the oocyst

suspension resulted in more negative zeta potential by only

1 mV, an insignificant change considering the precision of the

zeta potential measurement by laser Doppler microelectro-

phoresis. Other researchers have observed that the addition of

organic matter fractions isolated by similar techniques to

oocyst suspensions have resulted in significantly more nega-

tive oocyst zeta potentials (Ongerth and Pecoraro, 1996; Con-

sidine et al., 2002; Dai and Hozalski, 2002, 2003). In distilled

water at pH 6.3, the addition of 2.4 mg L�1 of a fulvic acid

isolated from a forest floor pond made the zeta potential of

active oocysts more negative by about 10 mV (Ongerth and

Pecoraro, 1996). In a dilute sodium bicarbonate solution at pH

6.7–7.0, the addition of about 10 mg L�1 of organic matter from

the Suwannee River made the zeta potential of active oocysts

more negative by about 20–24 mV (Dai and Hozalski, 2002,

2003). In a 1 mM potassium nitrate solution at pH 6, the

addition of about 5–20 mg L�1 of organic matter concentration

from a reservoir made the zeta potential of active oocysts

more negative by about 8–16 mV (Considine et al., 2002). These

results certainly suggest that organic matter was interacting

with the oocyst surfaces.

For our results, we surmise that our dissolved organic

matter, the Everglades F1 fulvic acid, did not interact with our

formalin-inactivated oocysts. We did not expect any interac-

tion of dissolved organic matter with oocysts because the

oocysts were negatively-charged and the dissolved organic

matter would be anionic at the pH values (5.6–5.8) of our

experiments.
The differences in the reported effects of dissolved organic

matter on oocyst zeta potential might be the result of differ-

ences in oocyst inactivation or abundance of polyvalent

cations. It is possible that formalin inactivation removes

functional groups from oocyst surface proteins, which are

composed primarily of cysteine, proline, and histidine

(Ranucci et al., 1993), or anchored glycoproteins (Harris and

Petry, 1999) with which organic matter might form hydrogen

bonds in spite of electrostatic repulsion. We used formalin-

inactivated oocysts in these experiments to better understand

the transport of oocysts in an intermediate-scale aquifer tank

experiment in a laboratory that could not be secured for

examination of active oocysts. Dai and Hozalski (2003) sug-

gested that organic matter adsorption to oocysts might be

mediated by polyvalent cations (e.g., Ca2þ) present in the ash

content of the organic matter isolates. Our Everglades fulvic

acid had lower ash content than the Suwannee River organic

matter used by Dai and Hozalski (2003), but ash content is

usually dominated by monovalent, not polyvalent, cations.

4.2. Effect of organic matter on ferric oxyhydroxide-
coated sand surface properties

The equilibration of the ferric oxyhydroxide-coated sand with

dissolved organic matter during the streaming potential

measurements resulted in adsorption of organic matter and

reversalof surface charge (as measured indirectly by streaming

potential) (Fig. 2). Charge reversal occurred at a relatively low

concentration of organic matter – somewhere between 0 and

1.9 mg L�1, or about 1 mg L�1, of the Everglades fulvic acid

(Fig. 1). Other studies have shown that charge reversal for ferric

oxyhydroxide and oxide colloids occur at low concentrations of

dissolved organic matter and organic acids of low molecular

weight (Liang and Morgan, 1990; Tiller and O’Melia, 1993;

Kreller et al., 2003; Kumpulainen et al., 2008). The amount of

adsorbed organic matter responsible for charge reversal was

about 0.03 mg m�2 (based on an assumed surface area of 50 m2

g�1 for the ferric oxyhydroxide). At an acidic functional group

content of 6.9 meq g�1 for the Everglades fulvic acid, the

adsorbed surface charge density is about 2 � 10�7 eq m�2 of

ferric oxyhydroxide coating. The positive surface charge

density of goethite, a common ferric oxyhydroxide, at a pH of

about 5.6–5.8 and extrapolated to an ionic strength of 10�4 M is

about 1–6 � 10�7 eq m�2 (Atkinson et al., 1967; Zeltner and

Anderson, 1988); therefore, the negative charge on the adsor-

bed organic matter is about equal to the expected positive

charge on the ferric oxyhydroxide coating.

As the organic matter adsorption density increased, the

zeta potential (measured as streaming potential) of the ferric

oxyhydroxide-coated sand continued to become more nega-

tive until the zeta potential reached a plateau of about�70 mV

at an organic matter adsorption density of about 0.7 mg m�2, or

about 5 � 10�6 eq m�2 of charge. The maximum adsorption

density was achieved at dissolved organic matter concentra-

tions of 11.1 and 17.3 mg L�1. Ferric oxyhydroxides can adsorb

organic matter in excess of their surface charge through

specific complexation between organic matter functional

groups and surface iron (Gu et al., 1994). Because the ferric

oxyhydroxide coatings in the flow-through columns were

exposed to the same amount of dissolved organic matter as the



Fig. 4 – Relative breakthrough (a); and collision efficiency (b)

of the Cryptosporidium parvum oocysts as a function of

dissolved organic matter concentration in 10L4 M NaCl

solution at pH 5.6–5.8 in a 4.0% ferric oxyhydroxide-coated

sand in the flow-through column.
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ferric oxyhydroxide coatings in the streaming potential cells

(normalized for the mass of grains and the surface coatings of

4% for the column and 75% for the cell), the zeta potentials and

adsorption densities measured by streaming potential are

expected to be relevant for the flow-through columns.

4.3. Effect of dissolved organic matter on oocyst
transport

The transport of oocysts through the ferric oxyhydroxide-

coated quartz sand increased as the concentration of dis-

solved organic matter increased (Fig. 3). Similar results have

been observed for in laboratory columns and in field experi-

ments for colloids and microbes in geochemically heteroge-

neous porous media (Fuhs et al., 1985; Scholl and Harvey, 1992;

Kretzschmar et al., 1995; Pieper et al., 1997; Ryan et al., 1999;

Dong et al., 2002). Based on our results, we can assert that the

increase in oocyst transport can be attributed to adsorption of

dissolved organic matter to the ferric oxyhydroxide coatings,

which reduced the ability of those coatings to adhere oocysts.

The dissolved organic matter had no significant effect on the

surface properties of the oocysts (Fig. 1).

In the absence of organic matter, oocyst collisions with the

coated grains resulted in attachment for 26% of the collisions

(a ¼ 0.26; Fig. 4). The increase in organic matter concentration

resulted in a decrease in the collision efficiency to attachment

following about 12% of the collisions (a ¼ 0.12), nearly a two-

fold decrease in collision efficiency for the oocysts. The oocyst

breakthrough increased linearly and the collision efficiency

decreased linearly with increasing dissolved organic matter

concentration until the concentration reached 10 mg L�1. At

the highest dissolved organic matter concentration of 20 mg

L�1, the breakthrough and collision efficiency appeared to

approach a plateau, which correlates well with the plateau

observed for the amount of organic matter adsorbed on the

ferric oxyhydroxide coatings (Fig. 2).

For reference, the collision efficiency of the quartz sand

alone, without ferric oxyhydroxide coating or organic matter,

is a ¼ 0.06 (Abudalo et al., 2005). With no organic matter

present, the collision efficiency of the 4.0% ferric oxy-

hydroxide-coated sand was a ¼ 0.26. The ferric oxyhydroxide

coating increased the collision efficiency of the quartz sand

from a ¼ 0.06 to 0.26, so the ferric oxyhydroxide coating was

responsible for 77% of the removal of oocysts with no organic

matter present, and the other 23% of the removal of oocysts

occurred on the quartz surfaces. At the highest organic matter

concentration, the collision efficiency decreased to a ¼ 0.12, so

the ferric oxyhydroxide coating removed 50% of the oocysts

and the quartz surface removed 50% (assuming that organic

matter did not adsorb to the quartz surfaces and did not affect

interactions of the oocysts with the quartz surfaces). At the

highest organic matter concentration (20 mg L�1), the 4.0% of

the sand surface coated by ferric oxyhydroxide removed an

unexpectedly high 50% of the oocysts. The adsorption of

organic matter rendered the ferric oxyhydroxide coatings as

negatively-charged as the quartz surface, which was

measured at �71 mV in the same background solution (Abu-

dalo, 2006), so we expected that the 4% coatings would remove

only 4% of the oocysts, not 50%. We know that zeta potential is

not a good measure of colloid removal for geochemically
heterogeneous porous media (Elimelech et al., 2000). It is

possible that the adsorption of organic matter to the ferric

oxyhydroxide coatings is patchy like the coatings of ferric

oxyhydroxide on the quartz sand are patchy, and oocysts are

still able to find ferric oxyhydroxide surface area to which

organic matter is not adsorbed.

The uncoated quartz sand is capable of removing oocysts

at the relatively high collision efficiency of a ¼ 0.06 (Abudalo

et al., 2005). Both the oocysts and quartz are negatively-

charged at the pH of these experiments (5.6–5.8). Electrostatic

repulsion, and also some steric hindrance (Considine et al.,

2001; Kuznar and Elimelech, 2005), should result in minimal

attachment. We were concerned that physical straining might

be responsible for some of the oocyst removal in these

experiments. The median grain size of the well-sorted, well-

rounded sand used for these experiments was 0.92 mm,

which results in a ratio of oocyst diameter to grain diameter of

do/dg ¼ 0.0039. This ratio is just above the ratio of 0.0017 for

which Bradford et al. (2002) advised that straining may be

contributing to removal, but substantially below the ratio of

0.016 for which Tufenkji et al. (2004) did not observe straining

of oocysts in a porous medium of spherical glass beads. Owing

to the relatively low zeta potentials of oocysts, removal to



Fig. 5 – Collision efficiency and relative breakthrough of the

Cryptosporidium parvum oocysts as a function of adsorbed

organic matter density. The adsorbed organic matter

densities were calculated assuming that the surface area of

the ferric oxyhydroxide coating is 50 m2 gL1. The linear

regression (dashed line) for the dependence of the

breakthrough (B) on the adsorbed organic matter density

([DOM]ads) is B [ 35(±4) [DOM]ads D 27(±2).
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quartz has been attributed to deposition in the secondary

minimum of the double layer-van der Waals energy profile for

oocyst-quartz interactions (Liu et al., 2009). Removal of

oocysts attributed to deposition on the quartz surfaces may

include oocyst straining and secondary minimum deposition

to the quartz surfaces. The tailing observed in our oocyst

breakthrough curves may be attributed to release of oocysts

weakly deposited in the secondary minimum.

The oocyst breakthrough increased and the collision effi-

ciency decreased as the concentration of adsorbed organic

matter increased (Fig. 5). The adsorbed organic matter

concentrations were estimated for the dissolved organic

matter concentrations used in the flow-through column

experiment using the Langmuir isotherm fit to the adsorption

data from the streaming potential measurement (Fig. 2a). The

slope of the linear regression of the breakthrough versus the

adsorbed organic matter concentration gives slope of 35 � 4%

per (mg m�2). For the flow-through column experiments,

a 5.0 mL volume of oocysts were injected at a concentration of

4 � 105 oocysts mL�1. The total number of oocysts injected

was 2 � 106 and 35% of the total is 7 � 105 oocysts, so the slope

can be re-stated at 7 � 105 oocysts per (mg m�2) of adsorbed

organic matter. This slope represents the number of oocysts

prevented from attaching to the ferric oxyhydroxide coating

by adsorption of an amount of organic matter. A milligram of

our dissolved organic matter, the Everglades fulvic acid with

a molecular weight of 850 Da, is 7 � 1017 molecules; therefore,

the deposition of each oocyst is blocked by the adsorption of

about 1 � 1012 molecules of the Everglades fulvic acid.
5. Conclusions

We examined the effect of dissolved organic matter on the

transport of Cryptosporidium parvum oocysts in a saturated
porous medium of ferric oxyhydroxide-coated quartz and

found that organic matter enhances the transport of the

oocysts. To better understand the mechanism of the effect

of dissolved organic matter on oocyst transport, we exam-

ined the surface properties of the oocysts and the ferric

oxyhydroxide-coated sand as a function of dissolved

organic matter concentration. Microelectrophoresis showed

that the dissolved organic matter had no significant effect

on the zeta potential of the oocysts. Streaming potential

measurements showed that even a small amount of organic

matter (about 1 mg L�1) was capable of reversing the

surface charge of the ferric oxyhydroxide-coated sand from

positive to negative. We measured the amount of organic

matter adsorbed to the ferric oxyhydroxide-coated sand and

found that zeta potentials measured for the ferric oxy-

hydroxide-coated sand became more negative as the

adsorbed organic matter density increased. The results

showed that organic matter enhances the transport of

oocysts by reducing the ability of the ferric oxyhydroxide

coating to promote oocyst attachment through electrostatic

attraction.

Our results indicate that low concentrations of dissolved

organic matter in solution are likely in equilibrium with

sufficient adsorbed organic matter to enhance the transport of

Cryptosporidium parvum oocysts in geochemically heteroge-

neous porous media like that encountered in bank filtration.

Bank filtration will typically draw in surface water with dis-

solved organic matter in excess of the 2 mg L�1 concentration

that caused charge reversal of the ferric oxyhydroxide-coated

quartz grains and allowed greater oocyst transport.
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