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Two pilot-scale fractured aquifer models (FAMs) consisting

of horizontal limestone slabs were employed to investigate the
removal of biocolloids suspended in reclaimed wastewater.
To better understand the behavior of real fractured aquifers,
these FAMs intentionally were not “clean”. The fracture apertures
were randomly spread with soil deposits, and both FAMs
were preflooded with reclaimed wastewater to simulate the
field conditions of the Nardo fractured aquifer in the Salento area,
Italy, where fractures are not clean due to artificial groundwater
recharge. One of the FAMs was injected with secondary
effluent from a wastewater treatment plant collected prior to
the chlorination step and the other with exactly the same effluent,
which was further treated in a commercial membrane
reactor. Consequently, the organic and pathogen concentrations
were considerably higher in the secondary effluent than in
the membrane reactor effluent. Injected wastewater was
continuously recirculated. Pathogen removal was greater for
the secondary wastewater than the cleaner membrane reactor
effluent. A simple mathematical model was developed to
describe fracture clogging. The results suggest that the hydraulic
conductivity of FAMs can be significantly degraded due to
retention of viable and inactivated biocolloids suspended in
reclaimed wastewater.

1. Introduction

Reclaimed wastewater is increasingly used worldwide for
artificial groundwater recharge to reverse the rapid depletion
of aquifers subject to growing demands for water and to
inhibit saline intrusion in coastal aquifers (I, 2). Artificial
groundwater recharge of reclaimed wastewater is accom-
plished by injecting recycled water into the subsurface (3—6).
Important concerns associated with the usage of recycled
water include the possibility of introducing infective human
enteric viruses into groundwater systems (7) and clogging of
the media (8, 9).
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Groundwater contaminated by viruses has been detected
at several reclaimed water recharge sites. Viruses are intra-
cellular parasites with sizes ranging from 0.02 to 0.3 ym that
can migrate along groundwater flowpaths; their transport
and fate are significantly affected by virus inactivation and
sorption onto the solid matrix (5, 10—14). However, virus
transport is also affected by the water and soil chemistry
(15, 16), the temperature (5, 17), and water saturation
(14, 18, 19).

Biocolloid retention or removal in fractured and porous
media leads to a reduction in void spaces and saturated
hydraulic conductivity (8, 20, 21), which in turn contributes
to a weak performance and possible clogging of artificially
recharged aquifers (9, 22). Clogging is caused by a variety of
interdependent mechanisms (physical, chemical, and bio-
logical), which may be different in fractured and porous media
(20, 23, 24). Also, the degree of biocolloid removal is affected
by several factors including biocolloid surface properties,
fluid flow conditions, and physicochemical conditions of the
formation (6, 14, 19, 25—27). Several mechanisms that lead
to hydraulic permeability reduction of fractured and porous
media have been studied at the laboratory (20, 21) and field
(9) scale. Furthermore, various phenomenological, theoreti-
cal/analytical, and numerical mathematical models have
been developed to describe clogging in porous media
(9, 28, 29).

In this study we investigate the removal of pathogens
from reclaimed water injected into a fractured aquifer model
(FAM). The objectives of the work are to simulate the field
conditions of the Nardo aquifer in southern Italy where the
fractures are not “clean” and to monitor pathogen behavior
during transport in a FAM. Pathogens are considered to be
biocolloids that deposit onto fracture surfaces and can lead
to hydraulic conductivity reduction and clogging of the FAM.

2. Experimental Apparatus

Each FAM employed in this study consisted of a closed PVC
box with internal dimensions of 2.0 m length, 20 cm width,
and 20 cm height. Inside the box were placed 16 limestone
plates (slabs) with dimensions of 1.8 m length, 20 cm width,
and 1.16 cm height (Fragassi Luigi Lavorazioni Marmi, Italy).
The porosity of the limestone plates was 2.6%, as determined
by quantitative relaxation tomography. A schematic repre-
sentation of the FAM is shown in Figure 1. The limestone
plates were previously treated with acid and chiseled to create
rough surfaces. An adhesive rubber membrane was placed
between the limestone plates and the side walls of the PVC
box to prevent shortcuts of flow along the wall. Furthermore,
the void spaces between the limestone plates (fracture
apertures) were randomly spread with 2150 g of terra rossa
soil deposits with a bulk density of 1.26 + 0.1 g/cm?® and low
organic content (8—12 g/kg) to resemble the conditions found
in the Nardo aquifer where the formation is fractured
limestone intercalated by lenses of terra rossa with a mean
fracture aperture of 1070 um (6, 30). The terra rossa deposits
consisted of 35—45% silica (quartz, feldspar, and calcite),
25—30% aluminum oxides (kaolinite and goethite), 10—15%
iron oxides (hematite and magnetite), and trace amounts of
calcium, potassium, titanium, magnesium, sodium, man-
ganese, and phosphorus oxides (31). The initial porosity of
the limestone parallel plate stack was volumetrically esti-
mated to be 4.5% of the packed section. A 10 cm section at
each end of the PVC box was kept unpacked to resemble a
clear well.

Two sampling ports were placed in the effluent clear well.
One sampling port was employed for continuous recircula-
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FIGURE 1. Schematic diagram of the experimental setup.

tion of the effluent with a variable-speed peristaltic pump
(SEKO, Italy) back into the storage tank. The other sampling
port was used for sample collection. A glass tube was attached
to each of the two clear wells for visual observation of the
hydraulic gradient. The piezometric head difference between
the influent and effluent clear wells was measured with an
electrical pressure probe having a precision of £0.1 mm (PTX
164, Druck Ltd., England). The pressure probe was submerged
into the water reservoir at the FAM outlet (see Figure 1). A
probe reading of the reservoir head position was taken before
the initiation of flow into the FAM. Subsequent probe readings
indicated a decrease in head across the reservoir due to
hydraulic head losses within the FAM. It should be noted
that numerous other field (32) and laboratory (33, 34
experiments have used effluent stream recirculation.

A storage tank with a 35 L volume was used to feed
wastewater into the FAM. The flow rate was controlled by a
peristaltic pump. The wastewater was obtained from the Bari-
West treatment plant in Bari, Italy. The wastewater was
collected exactly prior to the chlorination step so that
pathogens in suspension were not inactivated. The waste-
water effluent was fed directly into FAM 1, while for FAM 2
the wastewater effluent was additionally treated by a labora-
tory-scale aerobic membrane-type reactor equipped with a
Zenon Zee-Weed hollow fiber membrane module (nominal
surface area 0.094 m? and pore size from 0.03 to 0.3 um)
operated at a negative pressure, which was maintained well
below the limiting value suggested by the manufacturer (0.7
bar). The expected removal was 6—8 log for bacteria and 3—5
log for viruses.

3. Analytical Methods

A portion of the reclaimed wastewater was kept in a separate
vessel (blank) to monitor the wastewater quality and to
estimate inactivation rates of the pathogens present. The
blank vessel was a 20 L plastic container, which was kept in
the same room with the FAM. The FAM performance was
evaluated by the systematic analysis of grab samples taken
from the sampling port in the effluent clear well (see Figure
1). All samples were analyzed according to APHA Standard
Methods procedures (35). The chemical oxygen demand
(COD) and soluble COD (SCOD) were measured by the open
reflux method (the alternate low-COD procedure was em-
ployed when appropriate). The total suspended solids (TSSs)
were measured by drying at 103—105 °C and weighing the
solids retained during filtration through a cellulose acetate
membrane (0.45 um pore size). The dissolved oxygen (DO)
was measured with the membrane electrode method (WTW
Oxi 340i, Germany). Furthermore, the electrical conductivity
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TABLE 1. Operational Parameters and Wastewater Quality
Characteristics of the Two FAMs

param FAM 1 FAM 2
Q, (L/d) 120 + 7.6 104 +11.8
T (°C) 18.4 £ 0.54 18.3 £ 0.52
pH 7.39-7.75 7.40-7.71
DO (mg/L) 0.2—-0.9 1.9-4.1
EC (mS/cm) 3.38 + 0.09 3.58 +0.09
TDSs (ppt) 1.69 + 0.04 1.82 + 0.02
COD (mg/L) 72 £ 14 30+7
SCOD (mg/L) 44 + 8 28+5
TSSs (mg/L) 20+9 <2
o (mg/ecm3) 1.022 1.066
b (mm) 1.08 1.23
K(t =0 d)? (cm/s) 485+ 0.38 6.31 + 0.58
K(t = 230 d)? (cm/s) 4.55 + 0.99 6.01 +£0.21

7 Measured.

(EC), pH, total dissolved solids (TDSs), and temperature were
measured with a multiparameter instrument (HI 991301,
Hanna Instruments). The initial quality characteristics of the
reclaimed wastewater together with the operational param-
eters of each FAM are listed in Table 1.

The average wastewater flow rates were 120 and 104 L/d
in FAMs 1 and 2, respectively. Because the void volume of
the packed section of the FAM was 3.24 L, the hydraulic
retention times (HRTs) in FAMs 1 and 2 were estimated to
be 0.65 and 0.75 h, respectively. Taking into account the two
unpacked sections of the FAM (clear wells), the resulting
void volume was 11.24 L, and the corresponding HRTs were
2.25 and 2.59 h for FAMs 1 and 2, respectively.

The somatic coliphage levels were determined by double
agar layer EPA Method 1601 (36). The mutant strain of
Escherichia coliC, ATCC No. 13706 (E. coli), which is nalidixic
acid resistant, was used as the host strain stock culture (i.e.,
hostbacteria). Sulfite-reducing clostridium spores (CSs) were
determined by inoculating the sample with a sulfite polymixin
sulfadiazine agar (SPS) medium using the tube inclusion
technique (37). For the detection and enumeration of
enterococci, the water sample was filtered through a 0.45
um membrane with a 47 mm diameter that retains bacteria.
Following filtration, the membrane was placed on the surface
of selective Slanetz and Bartley agar medium and incubated
at 36 £ 1 °C for 44 £ 4 h. The filter was then transferred to
adifferential bile esculine azide agar medium and incubated
at43 +1°Cfor2h (38). Total and fecal coliform presumptive
concentrations were determined in the form of the most
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FIGURE 3. Observed effluent COD concentrations at FAM 1
(triangles) and FAM 2 (tilted squares).

probable number (MPN) by the multiple tube fermentation
technique at 37 °C, using a lactose broth for a 48 h period.
The total coliform confirmation test was conducted with
brilliant green bile broth at 37 °C for a 24 h period. Fecal
coliform confirmation tests were determined with E. colibroth
(EC broth—CMO0853, Oxoid) at 44 °C for a 24—48 h period
(35). The E. coli were confirmed with the indole test in
tryptone water (39). Total bacteria counts were determined
with the pour plate method as outlined by APHA Standard
Methods procedures (35). Two series of dishes were prepared
by mixing test volumes of the water samples with molten
plate count agar on Petri dishes. The number of colonies
developed on the first series of dishes was counted after
incubation for 44 h at 36 °C and on the second series of
dishes after 72 h at 22 °C.

4. Phenomenological Clogging Model

Numerous investigators have presented mathematical mod-
els to describe clogging in granular porous media (9, 40—42).
Here we develop a simple mathematical model for physical
clogging in fractured limestone aquifers caused by biocolloid
deposition. The fractured medium is represented by a set of
parallel fractures with variable apertures. Assuming that the
flow rate through the fractures, Q,, (L3/#), is constant and any
reduction in the time-dependent concentration of suspended
biocolloids (viable plus inactivated), C (M/L?), is due to
physical sorption of biocolloids onto the fracture surfaces,
the mass of the deposited biocolloids (viable plus inactivated)
is given by

PuVep() = QuIAC = Q11C, — C(D)] M

where p, (M/L3) is the density of the biocolloids, Vg, (L?) is
the time-dependent volume of the deposited biocolloids,
and C, (M/L?) is the initial concentration of suspended
biocolloids (viable plus inactivated). The volume of solids
deposited onto the fracture surfaces leads to a reduction in
fracture apertures and, consequently, to a reduction in
porosity. The initial porosity, n., of a fractured formation
containing parallel fractures with spatially variable aperture
is given by (6)

1 Ne
n, =52, bi=5b @

where b; (L) is the mean aperture of fracture i, N; (dimen-
sionless) is the number of parallel fractures of the medium,
B (L) is the thickness of the formation, and b= (b, + b, +
... + bn)/N; is the average of the mean apertures of the
fractures. The clogged fraction of the formation porosity can
be defined as

_n
fi=F 3)

where . is the fraction of total volume occupied by deposited
biocolloids defined as

Voo _ Vo
"=V T 5B @

where V; (1%) is the total volume of the fractured formation
and S (L?) is the surface area of the fractured formation,
which, for the case of horizontal and parallel fractures, is
equal to the plane area of a single fracture. Combining eqs
1—4 yields an expression for the time-dependent clogged
fraction of the formation porosity:

WG, — C0]
f;(t) = Q—, (5)
Siop Nib

The hydraulic conductivity, K (L/#), of a fractured forma-
tion can be obtained from Darcy’s law (6, 43):

_ Qw Ax _ 1_72 Yw
= =3, n (6)
A Ay 12, °

where A; (L?) is the cross-sectional area of the fractured
formation perpendicular to the flow, A¢/Axis the piezomet-
ric head gradient (dimensionless), y,, [M/ (L?+ #)] is the specific
weight of water, and u,, [M/(L-#)] is the dynamic viscosity
of water. For the fractured systems examined here, n.(f) =
[1 — f(®lne, and consequently, K(#) changes with time.
Therefore, the above expression can be modified as

F 1

KO =13 4,

1 - f(@n,, @)

Substituting eq 5 into eq 7 yields the desired expression for
the time-dependent hydraulic conductivity of the fractured
formation:

D Vw
K(t)—ﬁﬂ—wl

QG — C

- n, 8
Sipop Neb

o

It should be noted that the preceding equation implicitly
accounts only for physical clogging caused by suspended
viable and inactivated biocolloid retention.

5. Preliminary Experiments

To simulate the field conditions of the Nardo aquifer in
southern Italy where the fractures are not clean, large
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FIGURE 4. FAM 1 effluent (solid circles) and blank (open circles) concentrations for viable (a) somatic coliphages, (b) total bacterial
count, TB, at 22 °C, (c) total bacterial count, TB, at 37 °C, (d) total coliforms, TCs, (e) fecal coliforms, FCs, (f) E. coli, (g) enterococci,

and (h) sulfite-reducing clostridium spores, CSs.

quantities of reclaimed wastewater were passed through the
FAMs prior to the initiation of the experiments. Furthermore,
to test the pilot-scale FAM design with the terra rossa soil in
place, a preliminary flow-through experiment was carried
outin FAM 2. A flow line continuously (without recirculation)
supplied the FAM with pretreated secondary effluent at 160
mL/min. A wastewater mixture with an EC of 1.34 mS/cm,
somatic coliphages at 140 PFU/mL, and pH 7.0 was injected
as a 345 min broad pulse directly into the flow line with a
30 mL/min flow rate. Due to mixing, the initial EC and
concentration of somatic coliphages entering the FAM were
measured as 0.58 mS/cm and 26 PFU/mL, respectively. The
EC was considered a conservative tracer, and the somatic
coliphages were considered a nonconservative tracer. Effluent
water samples were collected every 10 min. The EC and count
of somatic coliphages were measured in each sample. The
experimental breakthrough data are shown in Figure 2. Note
that EC recovery was at 100%, but a substantial fraction of
the somatic coliphages were removed from the fluid. Note
that the peak in the breakthrough of somatic coliphages,
which is observed in Figure 2, is caused by detachment of
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previously retained biomass due to hydrodynamically in-
duced frictional effects, which are different from those in
porous media due to higher shear stress (44, 45). This is similar
to sloughing events that take place in biologically clogged
subsurface formations (46).

To determine the average aperture of the parallel fractures,
b, of the two FAMs, several flow experiments were conducted
by pumping secondary wastewater effluent at various flow
rates. For each flow rate, the piezometric head difference
between the influent and effluent clear wells was measured,
and the corresponding K was determined using eq 6. The
mean K values for FAM 1 and FAM 2 were 4.85 + 0.38 and
6.31 &+ 0.38 cm/s, respectively, where the source of error is
the pressure probe. The mean K values were substituted in
eq 6 with uy/yw = 1.1 x 1077 m-s and n. = 4.5% to obtain
b =1.08 mm for FAM 1 and b = 1.23 mm for FAM 2.

6. Results and Discussion

The COD provides an immediate quantitative estimate of
the formation capability to degrade organic contaminants
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FIGURE 5. FAM 2 effluent (solid squares) and blank (open squares) concentrations for viable (a) somatic coliphages, (b) total
bacterial count, TB, at 22 °C, (c) total bacterial count, TB, at 37 °C, (d) total coliforms, TCs, (e) fecal coliforms, FCs, (f) E. coli, (g)

enterococci, and (h) sulfite-reducing clostridium spores, CSs.

in raw water through naturally occurring biochemical
processes. COD enhances the heterotrophic growth of
bacteria (47, 48). In this study, the initial COD concentration
of the reclaimed wastewater used in FAM 1 was 56 mg/L,
and that of the membrane reactor wastewater used in FAM
2 was 8 mg/L. The measured effluent COD concentrations
for the two FAMs are shown in Figure 3. The data indicate
that the COD in the effluent from FAM 1 decreased gradually
from 56 to 20 mg/L and in the effluent from FAM 2 fluctuated
between 8 and 20 mg/L. Although the COD was reduced by
60% in FAM 1, the COD in FAM 2 was higher in the effluent
than the influent. This unusual behavior was attributed to
the low concentration of pathogens entering FAM 2. Even
minimal resuspension of previously retained biomass in-
fluenced the COD in the FAM effluent.

Effluent concentrations of viable pathogens were mea-
sured over a 30 d period. The experimental data are presented
in Figures 4 and 5 for FAM 1 and FAM 2, respectively, together
with the corresponding concentrations in the blank vessels.
Comparison of the pathogen concentrations in the two blank
vessels suggests that the membrane reactor effluent, which

was injected into FAM 2, contained significantly lower
concentrations of pathogens than the secondary effluent,
which was injected into FAM 1. Note that the concentrations
dropping with time in the blank vessels indicate the various
pathogens undergo mild inactivation or die off. Furthermore,
fecal coliforms, E. coli, and enterococci were initially absent
from the wastewater injected into FAM 2.

Figure 4 shows that, in the effluent from FAM 1, all viable
pathogen concentrations gradually decreased with time. The
differences between the effluent and blank concentrations
are proportional to the mass of viable pathogens retained by
the FAM. Figure 5 shows that, during the early stages of the
experiment, the somatic coliphage concentrations in the
effluent from FAM 2 were at considerably higher levels than
those in the blank vessel. Also, E. coli and enterococci, which
were not present in the influent, were detected in the effluent.
These discrepancies were attributed to the detachment of
previously deposited biocolloids, which were retained by FAM
2 during earlier FAM operations with reclaimed wastewater.
It should be noted that inactivated biocolloids, which have
been deposited/attached onto the soil and fracture surfaces
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of the FAMs, could not be estimated from the experimental
data presented in Figures 4 and 5. However, both viable and
inactivated biocolloids contributed to K reduction of the
FAMs.

The pathogen removal shown in Figures 4 and 5 is in
agreement with field observations at the Nardo fractured
aquifer where significant pathogen removal was observed
(6). However, it should be noted that Brownian motion of
biocolloid particles migrating in a fracture generates move-
ment of particles in a direction normal to the flow (49) that
leads to particle exclusion from the slowest streamlines closest
to the wall, which in turn reduces the probability of biocolloid
attachment onto fracture walls. Biocolloid transport and
attachment onto fracture wall surfaces are not independent
processes and can be significantly affected by the water
chemistry, the temperature, and biocolloid inactivation
(5, 13, 15, 17, 50). Biocolloid attachment onto fracture wall
surfaces is mainly dominated by repulsive electrostatic,
attractive van der Waals, and hydrodynamic forces; also,
biocolloid deposition is often characterized by either equi-
librium or kinetic relationships (26, 27, 51). Although the
two FAMs employed in this study were designed to simulate
as close as possible the conditions at the Nardo fractured
aquifer, there are a few very distinct differences between the
laboratory and field scales and conditions that can affect
biocolloid transport and retention. At the Nardo fractured
aquifer the reservoir geometry is far more complex than that
of the FAM used in this study. At the Nardo aquifer the
fractures are not perfectly horizontal; instead they construct
a fracture network structure with intersecting fractures that
form various bifurcations (6, 52) where buoyant biocolloids
partition between daughter fractures in proportion to flow
rates and dense biocolloids preferentially exit fractures that
are gravitationally downgradient (53). Furthermore, pathogen
inactivation appears to be faster in the field than in the
laboratory. This difference may be attributed to several factors
including the water chemistry and temperature, as well as
the extent of pre-existing biomass accumulation onto fracture
wall surfaces. Note that artificial recharge with secondary
municipal effluents at the Nardo fractured aquifer was
initiated in 1991 (30).

Both FAMs were operated well beyond the 30 d period of
the viable pathogen measurements presented in Figures 4
and 5. After 230 d of operation, the Kvalues of FAMs 1 and
2 were measured again. Both FAMs showed decreased
hydraulic conductivity over the 230 d period. The K of FAM
1 was reduced from 4.85 to 4.55 cm/s (6.2% reduction) and
that of FAM 2 from 6.31 to 6.01 cm/s (4.8% reduction). The
K reduction was more pronounced in FAM 1 than in FAM
2 because FAM 1 was supplied with secondary effluent
containing higher concentration of organics and pathogens
than the membrane reactor effluent of FAM 2. Therefore,
there were more biocolloids available in FAM 1. Note that
the COD in FAM 1 was higher than in FAM 2 (see Figure 3).
After the completion of the experiments the FAMs were
dismantled. Inspection of the limestone plates indicated that
a few biocolloids migrated into the pores of the limestone,
probably at the early stages of the experiment, and the
majority of the biocolloids accumulated onto the fracture
surfaces.

Assuming that the observed Kreduction was caused solely
by biocolloid retention, the mass of biocolloids retained by
the two FAMs over the 230 d period can be estimated. Using
the parameters S; = 3600 cm?, 1, = 4.5%, ty/yw=1.1 x 1077
m-s, Ny = 16, and ¢ = 230 d, eq 8 was employed with Q, =
120 L/d, p» = 1.066 g/cm?®, b= 1.08 mm, and K= 4.55 cm/s
to determine that the 6.2% reduction observed in Kfor FAM
1 occurs for AC= 0.204 mg/L. Similarly, eq 8 was employed
with Q, = 104 L/d, p, = 1.066 mg/cm? b = 1.23 mm, and
K=6.01 cm/s to determine that the 4.8% reduction observed
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in the K value of FAM 2 corresponds to AC = 0.279 mg/L.
The estimated AC= C, — C(f) was larger for FAM 2 because
bwas larger for FAM 2 (see Table 1). However, the estimated
AC values are inflated because eq 8 assumes that the
reduction in K is due only to biocolloid retention.
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