






































































































































































































































































































































































































































































































































































































































































































































steps were imposed during stable (optimized) operating conditions. Each of the hydraulic
step experiments consisted of a 25% increase in filtration rate over less than one minute
and was achieved by opening the filter effluent valves. The higher rate was maintained
throughout the remainder of the filter cycle. The experiments were designed to represent
a scenario that results in increased flow to the filters, such as when one filter is put out of
service resulting in increased flow rates through the other filters that remain in operation.
The experimental design tested the hypothesis that microorganisms accumulate within the
filter during stable operation and then are released following a sudden increase in

hydraulic loading.

During the hydraulic step experiments, the microorganisms were seeded in to the filter
influent for five hours, which was an extended period of time relative to the other
experimental conditions investigated. The seeding occurred during stable filtration
conditions with the presumption that microorganisms would accumulate in the filter
during this period. The hydraulic step was imposed immediately after the seeding period.
The goal of the hydraulic step experiments was to yield information regarding the
detachment of microorganisms; one way of achieving this was by seeding the filter with
microorganisms and then initiating the hydraulic step when filter influent microorganism

concentrations were low (ideally near 0 microorganisms/L).

Samples were collected prior to, during, and after the hydraulic step. The flow increase
occurred at a time of 300 minutes (at the end of the five-hour seeding period). Samples
were collected at 280 and 295 minutes (prior to the increase in hydraulic loading) to
confirm that the filter was removing microorganisms at levels comparable to those
achieved during the stable filter operation experiments. A 5-minute composite sample
was collected at 300 minutes to collect what passed through the filter as the hydraulic
step occurred. Samples were also collected at 5 minute intervals after the hydraulic step
was imposed (305, 310, 315 minutes) to assess any subsequent effects on water quality.
Additional samples were collected during the second and third experiments (320 and 360
minutes) to determine if microorganism removals returned to baseline levels (i.e., those
achieved during stable filter operation) after the change in flow rate. The hydraulic step

experiments and seeding conditions are summarized in Table 6.13.
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Table 6.13
Summary of Hydraulic Step Experiments at the Ottawa Pilot Plant

Experiment Date C. parvum  B. subtilis Blue Yellow
Spheres Spheres
Hydraulic Step 06/07/99 v v
06/15/99 v v
06/21/99 v v

6.2.5.2 Results

The hydraulic step experiments were conducted in Ottawa on June 7, 15, and 22, 1999.
Even though the same protocol was followed during each experiment, the resuiting
impact on water quality differed between each of the experiments. Filter effluent
turbidity and particle counts, C. parvum and B. subtilis removals by filtration, and total
particle reductions through the treatment process during the 25% increase in flow
hydraulic step experiments are summarized in Table 6.14. The general filter performance
data and detailed instantaneous turbidity and particle data are available in Appendix D
(Tables D.4 and D.S respectively). The detailed instantaneous C. parvum and B. subtilis
data are also available in Appendix D (Table D.6).

Table 6.14
Filter Performance During Hydraulic Steps at Ottawa
Date Logio Removal LogieRed. Effluent Concentration
(mean + standard deviation)
C. parvum B. subtilis Blue Yellow  Particles  Particles Turbidity
Spheres  Spheres > 2um (#/mL) (NTU)

06/07/99 0.2 +£1.28 0.7 +0.51 - -— 2.0+1.01 156+117 0.24 +0.11
06/15/99 4.0+0.58 24+0.42 — — 24+095 99+140 0.05+0.02
06/21/99 2.7+0.78 1.8 +0.69 - — -— - —

Overall 2.5+ 1.74 1.7 +0.87 -— — 22+0.93 125+126 0.14 +0.12

“Log reduction of ;articles through treatment process (plant influent to filter effluent).
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Both filter effluent particle counts and turbidity considerably increased for a period of
approximately 30 minutes (Figure 6.28) following the flow increase on June 7. The filter
effluent turbidity during stable filter operation portion prior to the hydraulic step was
~0.06 NTU and the filter effluent particle concentration (= 2 um) was ~0.5 particles/mL.
As a result of the hydraulic step, the filter effluent turbidity and particle concentration
temporarily increased up to 0.37 NTU and 297 particles/mL respectively. During the
course of that filter cycle, neither the filter effluent turbidity nor effluent particle
concentration returned to the baseline levels that had been achieved prior to the hydraulic
step (Figure 6.28). Generally consistent with the stable operation experiments, filter
effluent concentrations of C. parvum and B. subtilis were relatively low (respectively <10
oocysts/L and <100 cfu/L) during the stable operation portion of the filter cycle prior to
the hydraulic step. The increase in filter effluent turbidity and particle concentration
(Figure 6.28) was commensurate with an increase in filter effluent microorganisms, with
effluent concentrations of C. parvum reaching 4412 oocysts/L and B. subtilis reaching
2000 cfw/L (Figure 6.29). Detailed turbidity, particle, and microorganism concentration
and removal data are available in Appendix D.
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Figure 6.28 Turbidity and particle response of filter during hydraulic step experiment
on June 7, 1999 at Ottawa pilot plant.
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Figure 6.29 Particle and microorganism response of filter during hydraulic step
experiment on June 7, 1999 at Ottawa pilot plant.

450 ¥ - - 0.5
L( Seeding Period ~— Particles >= 2um
400 + P e o o6 06 o o @ Sampling Times
—— Turbidity

350 794
- [
= 300 ¢
S 1032
st Z
~ 2
[} ]
~ 200 + 3
.% _ ) 02 S
= r Hydraulic Steg
£ 150 + \/

100 'E ¢ 1o

50 -M-«-M‘-—.--—-,W"f s . .

0 ” K‘/\M—g 0.0
2:00 PM 3:00 PM 4:00 PM
Time

Figure 6.30  Turbidity and particle response of filter during hydraulic step experiment
on June 15, 1999 at Ottawa pilot plant.



The hydraulic step had a very different impact on filter effluent water quality on June 15.
The filter effluent turbidity only slightly increased whereas the particle concentration
peaked considerably (Figure 6.30). The filter effluent turbidity during stable filter
operation prior to the hydraulic step was approximately 0.05 NTU and the filter effluent
particle concentration (= 2 um) was approximately 1.0 particle/mL. As a result of the
hydraulic step the filter effluent turbidity and particle concentration temporarily increased
to 0.09 NTU and 381 particles/mL respectively. Unlike the June 7 experiment, both the
filter effluent turbidity and particle concentration returned to the baseline levels that were
being achieved prior to the hydraulic step (Figure 6.30). Despite the considerable
increase in filter effluent particle concentration (over a period of approximately 30
minutes), no appreciable changes in filter effluent C. parvum and B. subtilis
concentrations relative to the stable operation period of the filter cycle were observed
(Figure 6.3 i). While relatively low concentrations of B. subtilis spores were found in the
filter effluent during the stable and hydraulic step portions of the experiment (< 500
cfw/L), almost no C. parvum oocysts were detected.
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Figure 6.31 Particle and microorganism response of filter during hydraulic step
experiment on June 15, 1999 at Ottawa pilot plant.
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A third hydraulic step experiment was performed on June 22. Filter effluent turbidity and
particle data were not available during this experiment due to difficulties with the data
acquisition system. These problems made it impossible to exactly pinpoint when the
hydraulic step (and associated sampling) occurred. Filter effluent turbidity and particle
data collected prior to the experiment indicated that the filter was likely operating at less
than optimal conditions just prior to the hydraulic step; the effluent particle counts were
slightly above what was typically observed at the Ottawa pilot plant during stable filter
operation. A slight increase in filter effluent oocyst concentrations was observed as a
result of the hydraulic step, however, the filter effluent spore concentrations did not
demonstrate this trend. Although the filter effluent oocyst concentrations were slightly
elevated as a result of the hydraulic step, the increase was not as dramatic as that which

occurred during the June 7 experiment.

Confidence intervals for the removal of C. parvum during the hydraulic step experiments
were not calculated. This was because the confidence intervals could be somewhat
misleading because the filter influent concentrations of the microorganisms were
decreasing as sampling occurred. C. parvum removals based on filter influent and
effluent pairs of data would not account for any oocysts already accumulated on the

filters during the seeding period.

6.2.53 Discussion

One hydraulic step experiment at Ottawa (June 15) did not appear to yield substantial
increases in filter effluent microorganism concentrations (C. parvum and B. subtilis)
between the stable operation and hydraulic step portions of the experiments. These data
suggest that little detachment of microorganisms occurred as a result of 25% increase in
flow hydraulic steps. Considerable changes in filter effluent C. parvum concentrations
occurred during the other two of the hydraulic step experiments at Ottawa (June 7 and
22). The presence of oocysts in the filter effluent samples during these experiments was
likely due to at least a moderate amount of detachment from the filters; this was

particularly evident in the June 7 data where the filter effluent oocysts were higher than



the influent concentrations. Further mechanistic investigations would be necessary to

appropriately address this speculation however.

Overail, the traditional performance data (filter effluent turbidity and particle
concentration) proved to be good indicators of treatment performance (Figure 6.28 to
Figure 6.31). The June 7 and 15 hydraulic step experiments underscored the conclusion
that filter effluent turbidity and particle counts were not directly indicative of
microorganism passage through filters. A higher peak particle concentration occurred
during the June 15 (Figure 6.30) experiment than during the June 7 experiment (Figure
6.28). In contrast, the filter effluent microorganism concentration was dramatically
higher on June 7 (Figure 6.29) than on June 15 (Figure 6.31). Moreover, the filter
effluent particle spike on June 15 was not accompanied by an increase in effluent oocyst
concentration, emphasizing that increases in performance measures such as particle

counts are not necessarily directly indicative of microorganism passage through filters.

Filter effluent particle concentration, turbidity, oocyst and spore concentrations increased
for a short period of time during two hydraulic step experiments at Ottawa. Even though
the increase in effluent microorganism concentrations was temporary, the number of
oocysts that passed through the filter was substantial (given that a high number of oocysts
were seeded into the filter during the experiment). This result was consistent with the
findings of Cleasby er al. (1963), Tuepker and Buescher (1968), and Fitzpatrick ez al.
(1999) who showed that sudden, large flow rate changes cause deterioration of filtered
water quality. These findings were also consistent with those of Logsdon et al. (1981)
who similarly demonstrated that increases in Giardia passage through filters could be

expected as a result of hydraulic changes.

The June 15 hydraulic step experiment demonstrated that a 25% increase in flow could
leave filter effluent C. parvum and B. subtilis concentrations and turbidity essentially
unaffected while moderate spikes in filter effluent particle concentrations (= 2 pm)
occurred. The difference between these results and those from other hydraulic step
experiments that resulted in considerable passage of microorganisms might be explained

in part by the work of Cleasby er al. (1963), which demonstrated that particle passage
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through filters following a disturbance was dependent on the composition of the filter
influent. These data suggest that the balance between attachment and detachment forces
may be variable at a given location and result in performance from no risk to a high risk
of microorganism release from a filter as a result of hydraulic changes. These results
further indicate that it may be possible to optimize or at least identify the factors that
affect these forces so that the potentially severe effects of hydraulic changes (such as

those observed during the June 7 experiment) can be minimized.

It is difficult to speculate on a cause for the differences in filter effluent water quality
between the hydraulic step experiments. The hydraulic step experiments were performed
within a week of each other (essentially no variation in water temperature), at
approximately 25 to 30 hours into the filter cycle, and with comparable raw water and
filter effluent quality and coagulation conditions prior to imposing the hydraulic step.
Differences in oocyst and spore removals relative to stable operation were at least partly
affected by the lower (relative to stable operation) filter influent oocyst concentrations

that resulted from the extended seeding period during the hydraulic step experiments.

It was expected that the microorganism removals during the stable operation portion of
the hydraulic step experiments might be lower than those observed during the stable
operation experiments. This was because of already low effluent microorganism
concentrations (often near detection limits at Ottawa) during the stable operation
experiments and lower influent concentrations (compared to stable operation) associated
with the longer seeding period during the hydraulic step experiments. Although the filter
effluent C. parvum concentrations were often lower during the hydraulic step
experiments than during the stable operation, the decrease in filter effluent oocyst
concentrations was not directly proportional to the decrease in influent concentrations.
These data emphasized the need to further study the relationship between filtration
studies using high seeded microorganism concentrations as opposed to indigenous

microorganism concentrations.
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6.3 UNIVERSITY OF WATERLOO (UW) PILOT PLANT INVESTIGATIONS

A limited number of pilot-scale C. parvum, B. subtilis, and polystyrene microsphere
removal investigations were conducted at the University of Waterloo (UW) Pilot Plant in
Waterloo, Ontario, Canada. The UW pilot plant was operated in direct filtration mode
with in-line flocculation (contact filtration). It treated synthetic raw water comprised of
dechlorinated tap water with kaolinite-induced turbidity (~1.5 NTU at filter influent).
The coagulation regime consisted of a relatively low alum dosage (~5 mg/L) for particle
removal. The raw water was coagulated in-line and then filtered by both dual- and tri-
media filters. The rationale and specific seeding conditions for each of the experiments

were summarized in Chapter 3 and are elaborated upon below.

6.3.1 Stable (Optimized) Operation

Stable operation experiments were performed in duplicate to determine the C. parvum,
B. subtilis, and polystyrene microsphere removals achieved by the pilot-scale filters
under optimal operating conditions at UW. The stable operation experiments were
conducted in duplicate and represented optimized pretreatment and filtration conditions
(i.e., no perturbations or upsets). As at Ottawa, the seeding and sampling were conducted
after at least four hours of filter operation, during the early to middle portion of the filter

cycle.

6.3.1.1 Experimental Design

Four stable operation experiments were conducted at UW (two investigated dual-media
and two investigated tri-media). The use of both media types allowed for direct
comparison and investigation of potential improvements in pathogen removal that might
be associated with tri-media filtration. Jar-coagulated C. parvum, B. subtilis, and yellow,
oocyst-sized polystyrene microspheres were seeded into the filter influent for one hour
during these experiments. Samples were collected at 20, 40, and 55 minutes after the
start of seeding. Filter effluent turbidities of <0.1 NTU were targeted during these
experiments. The stable operation experiments and seeding conditions are summarized in
Table 6.15.
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Table 6.15
Summary of Stable Operation Experiments at the UW Pilot Plant

Experiment Date C. parvum  B. subtilis Blue Yellow
Spheres Spheres
Stable Operation 11/23/99 v v v
Dual-Media 11/24/99 v v v
Stable Operation 11/28/99 v v v
Tri-Media 11/28/99 v v v

6.3.1.2 Results

The filter effluent turbidity and particle counts were consistently low (< 0.1 NTU and
< ~25 particles/mL, respectively) during the stable operation experiments at the UW pilot
plant. Though excellent filter effluent quality water was produced during the stable
operation experiments at UW, filter effluent particle concentrations and turbidities were
somewhat less consistent between the duplicate experiments in each filter type than
between the replicate experiments at Ottawa. Filter effluent turbidity and particle counts
and C. parvum, B. subtilis, and polystyrene microsphere removals by filtration during
stable operation at UW are summarized in Table 6.16. The stable operation performance
of the UW filters was generally consistent with that observed at Ottawa; therefore, filter
effluent turbidity, particle concentrations, and microorganism concentration data are not
exhaustively discussed. The general filter performance data and detailed instantaneous
turbidity and particle data are available in Appendix D (Tables D.10 and D.11
respectively). The detailed instantaneous C. parvum, B. subtilis, and microsphere data

are also available in Appendix D (Table D.12).

As summarized in Table 6.16, excellent C. parvum removals were achieved by the dual-
and tri-media filters during stable operation. The >5-log removals were generally
consistent between the replicate experiments for a given media type. C. parvum

removals by the dual-media filter during stable (optimized) operation ranged from 4.7 to
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5.4-log, with a mean oocyst removal of 5.0-log (6 samples in total). C. parviem removals
by tri-media filtration were somewhat higher, ranging from 4.9 to 5.7-log, with a mean
oocyst removal of 5.3-log (6 samples in total). Given these data, tri-media filters did not
appear to offer appreciable advantages in C. parvum removal relative to dual-media
filters. Since these experiments were only performed in duplicate, further experiments

would better elucidate this relationship.

Though more variable than C. parvum passage through filtration between the replicate
tri-media experiments, B. subtilis spore passage through the UW filters appeared to be
consistent with the C. parvum data. B. subtilis removal by dual-media filtration during
stable operation ranged from 2.9 to 3.3-log, with a mean removal of 3.1-log (6 samples in
total). The tri-media filter removed 3.3 to 4.8-log of B. subrilis, with a mean spore
removal of 3.9-log (6 samples in total). These data were generally consistent with the
C. parvum removal data that indicated slightly better oocyst removals by the tri-media
filter. The confidence intervals for these data are in Appendix D (Table D.15).

Table 6.16
Filter Performance During Stable Operation at UW

Date Logio Removal Logio Red. Effluent Concentration
(mean =+ standard deviation)
C. parvum B. subtilis  Blue Yellow Particles  Particles  Turbidity
Spheres Spheres >2 (#mL) . (NTU)
11/23/99 5.0+0.25 3.2+0.09 — 4.8 +0.29 _— 19.2+4.2 0.07+0.00
11/24/99 5.1 +0.26 3.1 +0.13 _ 44 +0.31 ~— 2.7+04 0.06+0.03
Dual-Med.
Overall 5.0+0.23 3.1+0.13 —_ 4.6 +0.35 -— 10.9 + 9.4 0.06 +0.02
11/28/99 5.1 +0.12 3.4+0.09 — 4.6 +0.16 — +0.9 0.05+0.00
11/28/99 5.6 +0.03 4.4+0.30 — 6.0 +0.20 — 1.6 £0.8 0.03 +0.00
Tri-Media
Overall 53+0.31 3.9+0.57 — 53+0.78 —_ 4.2+3.0 0.04 +0.01

“Log reduction of particles through treatment process (plZ;t influent to filter effluent).
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Tri-media filtration also appeared to provide slightly better removals of polystyrene
microspheres compared to those achieved by dual-media filtration. Microsphere
removals by the dual-media filter during stable operation ranged from 4.1 to 5.1-log, with
a mean microsphere removal of 4.6-log (6 samples in total). Microsphere removals by
tri-media filtration were somewhat higher, ranging from 4.4 to 6.1-log, with a mean
microsphere removal of 5.3-log (6 samples in total). The confidence intervals for these

data are in Appendix D (Table D.15).

B. subtilis and polystyrene microsphere removals by both dual- and tri-media filtration
were generally lower than those of C. parvum. A comparison of B. subtilis and
microsphere removals as potential surrogates for C. parvum removals by filtration is
provided in Figure 6.32. Total particle reductions through the treatment process could
not be examined because raw water particle concentrations were not measured due to
equipment limitations (only one particle counter was available). These data demonstrated
that both B. subtilis spore and polystyrene microsphere removals were somewhat
indicative of C. parvum removals by dual- and tri-media filtration at UW. Least-squares
linear regression of the B. subrilis and microsphere removal data yielded coefficients of
determination (Rz) of 0.75 and 0.80 respectively. The relationship between C. parvum
removals by filtration during stable operation and B. subtilis and microsphere removals at
UW vyielded somewhat different conclusions than the Ottawa data. It is possible that
differences in filtration regime (contact filtration as compared to conventional treatment)
or coagulation regime might affect how well removals of potential surro'gates correlate
with C. parvum removals. As mentioned previously, potential surrogates for C. parvum

removal by filtration will be discussed in greater detail in Chapter 7.
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Figure 6.32  Relationship between C. parvum, B. subtilis, and microsphere removals by
the pilot-scale dual- and tri-media filters during stable operation at UW.

6.3.1.3 Statistical Analysis

Summarized in Table 6.17, the endpoints of the 95% confidence intervals for the
individual C. parvum log removals by dual- and tri-media filters during stable operation
in were calculated using the method described in Chapter 4. All of these confidence
intervals overlap, failing to demonstrate statistically significant differences between the
data collected during stable operation in a filter of a given media type or between media
types (Table 6.17, 0=0.05). This result suggests that, for the raw water investigated, tri-
media filters did not offer appreciable advantages in C. parvum removal during stable
operating conditions. The endpoints of the range indicate the lowest and highest
C. parvum removals observed during the operating period and incorporate analytical
uncertainty. The C. parvum removal ranges for the dual- and tri-media filters during
stable operation were 4.2- to 6.7-log and 4.4- to 7.0-log respectively. The range for the

individual experiments is summarized in Table 6.17.
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Table 6.17
95% Confidence Intervals and C. parvurm Removal Ranges

During Stable Operation at UW
Experiment Date Sample Cl iower CI upper R jower R upper
Time (logyo) (log;o) (logio) (log1o)
Stable - Dual-Media 11/23/99 20 4.5 5.6 4.2 6.7
40 4.2 4.9
55 4.7 6.0
Stable - Dual-Media 11/24/99 20 4.3 53 4.3 6.7
40 4.6 6.7
55 4.5 5.8
Stable - Tri-Media 11/28/99 20 4.6 5.9 44 5.9
40 4.4 55
55 4.6 59
Stable - Tri-Media 11/28/99 20 4.9 7.0 4.9 7.0
40 4.9 6.9
55 49 7.0

6.3.1.4 Discussion

Similar to the more numerous experiments at Ottawa, the stable filter operation
experiments at UW demonstrated that C. parvum removals of >5-log could be achieved
by both dual- and tri-media filtration. Commensurate with the bench-scale findings from
Chapter 5, tri-media filtration provided marginal, but not statistically significant
advantages in C. parvum removal relative to dual-media filtration. These results are in
general agreement with C. parvum removal data that have been reported in the literature
(Patania er al., 1995; Fox et al., 1998). They provided the baseline removals to which the
other operating conditions (hydraulic step) at UW were compared.

6.3.2 Hydraulic Step

As described in Chapter 2, hydraulic conditions can significantly impact the quality of
filter effluents (Trussell e al., 1980). The pilot-scale experiments conducted at Ottawa
and described in Section 6.2.5.2 investigated the effects of hydraulic steps on C. parvum
and B. subtilis removal by dual-media filtration. They failed to conclusively demonstrate
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whether or not considerable deterioration in either particle or pathogen removal could be
expected as a result of a sudden, 25% increase in flow to the pilot-scale filter. As a

result, further hydraulic step experiments were conducted at the UW pilot plant.

6.3.2.1 Experimental Design

Experiments evaluating the effect of hydraulic changes were performed to assess the
effect of filtration rate changes on the removal of C. parvum, B. subtilis, and polystyrene
microspheres. These experiments were conducted with both dual- and tri-media filters to
investigate whether tri-media filter designs could potentially mitigate pathogen passage
through filters operating during hydraulic step conditions. As during the Ottawa
experiments, hydraulic steps were imposed during stable (optimized) operating
conditions. Each of the hydraulic step experiments consisted of a 25% increase in the
filtration rate over less than one minute, which was achieved by opening the filter
effluent valves. The higher rate was maintained throughout the remainder of the filter

cycle.

During the hydraulic step experiments, the C. parvum oocysts and yellow microspheres
were seeded in the filter influent for one hour prior to the initiation of the hydraulic step.
The seeding occurred during stable filtration conditions with the presumption that
microorganisms would accumulate in the filter during this period. The hydraulic step
was imposed immediately after the seeding period. B. subtilis spores were seeded during
the one hour period that began fifteen minutes prior to the initiation of the hydraulic step.
The goal of this experimental design was to yield information regarding the detachment

and non-attachment (or weak attachment and subsequent detachment) of microorganisms.

Samples were collected prior to, during, and after the hydraulic step. The flow increase
occurred at a time labeled 0 minutes (when seeding of C. parvum and microspheres
ended and fifteen minutes into the seeding of B. subtilis). Samples were collected at 15
minutes (prior to the change in hydraulic loading) to confirm that the filter was removing
microorganisms at levels comparable to those achieved during the stable filter operation
experiments. A sample was collected at 0 minutes to collect what passed through the

filters as the hydraulic step occurred. Samples were also collected at 10-minute intervals
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after the hydraulic step (10 and 20 minutes) to determine any subsequent effects on water
quality. The dual- and tri-media hydraulic step experiments were each conducted in
duplicate. The hydraulic step experiments and seeding conditions are summarized in
Table 6.18.

6.3.2.2 Results

The hydraulic step experiments were conducted at UW on December 10 and 11, 1999,
and January 15 and 16, 2000. Filter effluent turbidity and particle counts and C. parvum
and B. subtilis removals during the 25% increase in flow hydraulic step experiments are
summarized in Table 6.19. The summarized data include all of the time points (-15, O,
10, and 20 minutes) except for t = -60 minutes, because these samples were only
collected during the dual-media experiments; their inclusion would make it difficult to
compare the dual- and tri-media filtration data. The general filter performance data and
detailed instantaneous turbidity and particle data are available in Appendix D (Tables
D.10 and D.11 respectively). The detailed instantaneous C. parvum, B. subtilis, and
microsphere data are also available in Appendix D (Table D.12).

Table 6.18
Summary of Hydraulic Step Experiments at the UW Pilot Plant

Experiment Date C. parvum  B. subtilis Blue Yellow
Spheres Spheres
Hydraulic Step 12/10/99 v v v
Dual-Media 12/11/99 v v v
Hydraulic Step 01/15/00 v v v
Tri-Media 01/16/00 v v v
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Table 6.19
Filter Performance During Hydraulic Steps at UW

Date Logio Removal Logio Red.  Effluent Concentration
(mean + standard deviation)
C. parvum B. subtilis  Blue Yellow  Particles  Particles  Turbidity
Spheres Spheres > 2um (#/mL) (NTU)
12/10/99 4.6+0.69 1.8+0.35 —_ 4.4 +0.62 —_ 16 +10 0.05+0.00
12/11/99 43+0.82 2.5+0.41 —_ 3.1+0.79 — 25+11 0.06 +0.00
Dual-Med. 4.4 +0.71 2.1 +0.51 —_ 3.8 +0.96 —_ 21+11  0.05+0.01
Overall
01/15/00 4.2+0.57 1.9+0.33 -— 4.3 +0.53 —_— 47 +30 0.06 +0.01
01/16/00 4.4+0.73 2.2+0.23 — 4.6 +0.53 — 42 +28 0.06 +0.01
Tri-Media 4.3 +0.62 2.1 +0.31 —_ 4.5+0.52 —_ 44 +27 0.06 +0.01
Overall

“Log reduction of particles through treatment process (plant influent to filter effluent).

The hydraulic step experiments at UW yielded results similar to those observed for the
June 15, 1999 hydraulic step experiment at Ottawa (Figure 6.30 and Figure 6.31). The
filter effluent turbidity did not appreciably increase whereas the particle concentration
peaked slightly. The filter effluent turbidity during stable filter operation prior to, during,
and after the hydraulic step was approximately 0.05 NTU. The dual- and tri-media filter
effluent particle concentrations (= 2 pm) during stable operation (prior to the hydraulic
step) were approximately 10-20 particles/mL. As a result of the hydraulic step the filter
effluent particle concentrations temporarily increased to 40-75 particles/mL, with slightly
higher peaks observed in the tri-media filter effluent. The filter effluent particle
concentrations returned to the baseline levels achieved prior to the hydraulic step. Small,
but appreciable changes in filter effluent C. parvum concentrations relative to the stable
operation period of the filter cycle were observed concurrent to the moderate increase in
filter effluent particles. Filter effluent B. subtilis spore concentrations were also elevated,
relative to those observed during stable operation, as a result of the hydraulic steps;
however, it should be recalled that C. parvum and B. subtilis were not concurrently

seeded during these experiments at UW.
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Although C. parvum removal data can be somewhat misleading since filter influent
concentrations were decreasing during sampling, the relative removal of oocysts and
microspheres could still be compared since they were concurrently seeded. The relative
removal of C. parvum oocysts and polystyrene microspheres during the hydraulic step
experiments at UW is presented in Figure 6.33. This figure demonstrates some
correlation between oocyst and oocyst-sized microsphere removals by filtration. Least-
squares linear regression of the microsphere removal data yielded coefficients of
determination (R?) of 0.65 and 0.91 for dual- and tri-media filtration respectively.
Combination of all of the microsphere data resulted in a slightly lower coefficient of

determination (R?) of 0.52. These relationships will be further examined in Chapter 7.
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Figure 6.33  Relationship between C. parvum and microsphere removals by the pilot-
scale dual- and tri-media filters during hydraulic steps at UW.
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6.3.2.3 Discussion

In general, it is difficult to make mechanistic conclusions from the UW pilot data. The
presence of oocysts in the filter influent during the imposition of the hydraulic step, albeit
at low concentrations, made it difficult to clearly determine whether or not the presence
of oocysts in the filter effluent resulted from detachment or non-attachment. Although it
was difficuit to elucidate mechanistic information from the hydraulic step experiments,
the filter influent C. parvum and microsphere concentrations were decreasing while filter
effluent concentrations were increasing as a result of the imposed hydraulic Steps. These
data suggested the possibility of moderate amount of detachment from the filters,
however, they were not as convincing as the June 7, 1999 Ottawa data which included
filter effluent ococysts concentrations that were higher than influent concentrations.
Conversely, the B. subtilis effluent concentrations were somewhat higher than during
stable operation, suggesting some non-attachment or weak attachment and subsequent
detachment of spores within the filter.

The traditional performance data (filter effluent turbidity and particle concentration)
proved to be good indicators of treatment efficiency. While no increase in filter effluent
turbidities was observed, a noticeable increase in total filter effluent particle counts
signaled a moderate increase in filter effluent C. parvum, B. subtilis and polystyrene
microsphere concentrations. Although the filter effluent microorganism and microsphere
concentrations were slightly higher than during stable operation, this deterioration in

finished water quality was typically brief.

These experiments did demonstrate that a 25% increase in flow through dual- and tri-
media filters would not necessarily result in dramatically increased filter effluent
pathogen concentrations. As mentioned earlier, the UW results and their relationship
with the variable results observed at Ottawa might be explained in part by the work of
Cleasby et al. (1963) which demonstrated that particle passage through filters following a
disturbance was dependent on the composition of the filter influent. These results further
indicate that it may be possible to optimize or at least identify the factors that affect these

forces so that the potentially severe effects of hydraulic can be minimized.

238



64 WINDSOR PILOT PLANT INVESTIGATIONS

A limited number of pilot-scale C. parvum and B. subtilis removal investigations were
conducted at the Windsor Pilot Plant in Windsor, Ontario, Canada. As described in
Chapter 3, the Ottawa and Windsor pilot plants are virtually identical in design and
construction. Operated in a conventional mode with dual-media filtration, the Windsor
pilot plant also employed a relatively high coagulant dose, but for a different raw water
quality than Ottawa. At Windsor, the raw water TOC was considerably low and the
alkalinity and turbidity (which could spike as high as 350 NTU during the spring) were
higher than at Ottawa. The rationale and specific seeding conditions for each of the

Windsor experiments were summarized in Chapter 3 and are elaborated upon below.

6.4.1 Stable (Optimized) Operation

Stable operation experiments were performed in triplicate to determine the best
C. parvum and B. subtilis removals that could be achieved by the pilot-scale, dual-media
filter at optimal operating conditions at Windsor. As at Ottawa and UW, the seeding and
sampling were conducted during the early to middle portion of the filter cycle, after at
least four hours of filter operation. Though the experiments were planned without pre-

ozonation, pre-ozonation did occur during one experiment.

6.4.1.1 Experimental Design

Three stable operation experiments were conducted at Windsor. Jar-coagulated
C. parvum oocysts and B. subtilis spores were seeded into the filter influent for one hour
during these experiments. Samples were collected at 20, 40, and 55 minutes after the
start of seeding. Filter effluent turbidities of <0.1 NTU were targeted during these
experiments. The stable operation experiments and seeding conditions are summarized in
Table 6.20.
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Table 6.20
Summary of Stable Operation Experiments at the Windsor Pilot Plant

Experiment Date C.parvum  B. subtilis Blue Yellow
Spheres Spheres
Stable Operation 10/14/99" v v
10/21/99 v v
10/22/99 v v

“Stable operation with pre-ozonation.

6.4.1.2 Results

Filter effluent turbidity and particle counts were consistently low (<0.1 NTU and
<~20 particles/mL respectively) during the stable operation experiments at Windsor.
Unfortunately, on-line data logging of filter effluent turbidities was not available during
these experiments. Filter effluent particle counts, C. parvum and B. subtilis removals by
filtration, and total particle (= 2um) reductions through the treatment process during
stable operation at Windsor are summarized in Table 6.21. The general filter
performance data and detailed instantaneous particle data are presented in Appendix D
(Tables D.13 and D.l14 respectively). The detailed instantaneous C. parvum and
B. subtilis data are also available in Appendix D (Table D.15).

Table 6.21

Filter Performance During Stable Operation at Windsor

Date Log;c Removal Logio Red.” Effluent Concentration
(mean + standard deviation)
C. parvum B. subtilis  Blue Yellow Particles  Particles  Turbidity
Spheres Spheres 2 2um (#/mL) (NTU)

10/14/99 4.2+049 3.9+029  — — 1.6+0.10 13+24 —
10/21/99 4.2 +0.24 3.8+0.53 - —- 1.5+0.03 15+1.2 -—
10/22/99 4.1 +0.04 3.5+0.16 - —_ 1.6+0.04 14+1.3 -—
Overall 4.2+0.28 3.7+0.36 -— —_ 1.6+006 14+1.6 ——

Log reduction of particles through treatment process {plant influent to filter effluent).
“Experiment performed with pre-ozonation.
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Traditional performance measures (turbidity and total particle counts) and filter effluent
microorganism and microsphere concentrations were relatively consistent during the
stable operation investigations and between replicate experiments. Filter effluent particle
counts ranged from 13-16 particles/mL during stable operation at Windsor. The filter

effluent particle counts were generally consistent between the replicate experiments.

C. parvum removals during stable (optimized) operation ranged from 3.8 to 4.7-log, with
a mean oocyst removal of 4.2-log (9 samples in total). B. subtilis removals ranged from
3.3 to 4.4-log, with a mean removal of 3.7-log (9 samples in total). These data were
summarized in Table 6.21. Although there was some variation in removals calculated on
the basis of individual influent-effluent sample pairs of microorganisms, the calculated
removals during a given experiment were fairly reproducible as indicated by the
relatively low standard deviations (Table 6.21). The overall standard deviations were
also relatively low, demonstrating good reproducibility between the replicate
experiments. The confidence intervals for these data are in Appendix D (Table D.16).

B. subtilis removals by filtration were generally lower than C. parvum removals. A
comparison of C. parvum and B. subtilis removals during stable operation did not
indicate a clear relationship between oocyst and spore removals (Figure 6.34). The best
fit line from least squares linear regression yielded a coefficient of determination (R?) of
only 0.18. While spore removals were lower than oocysts removals, the lack of a
relationship between oocyst and spore removals suggested that B. subtilis removal data

were not indicative of the filter's ability to remove C. parvum.

Similar results were observed with total particle (=2 um) reductions through the plant. A
comparison of C. parvum removals and total particle reductions through the treatment
process during stable operation did not indicate a clear relationship between oocyst
removals and particle reductions (Figure 6.34). The best-fit line from least squares linear
regression yielded a coefficient of determination (R?) of only 0.21. As demonstrated and
noted during previous experiments, these data suggested that total particle reductions
through the treatment process are not adequate surrogates for C. parvum removals during

filtration.
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Figure 6.34  Relationship between C. parvum and B. subtilis removals by filtration and
total particle (=2 um) reductions through the plant at Windsor.

6.4.1.3 Statistical Analysis

Confidence intervals for the individual C. parvum removals during stable operation were
calculated using the method described in Chapter 4, and therefore incorporated analytical
recovery and uncertainty of recovery. The endpoints of the 95% confidence intervals for
oocyst removal are summarized in Table 6.22. All of these confidence intervals overlap,
thereby failing to demonstrate statistically significant differences between the data
collected during the stable operation experiments (Table 6.22, 0=0.05). The stable
operation with pre-ozonation experiment did demonstrate significant differences in
C. parvum removals between the first and third replicate samples (Table 6.22, 0=0.05);
more data would be necessary to determine if this difference was due to experimental

drift or some other phenomenon.
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A comparison of the confidence intervals for the stable operation and stable operation
with pre-ozonation experiments generally failed to demonstrate statistically significant
differences between C. parvum removals during these periods (Table 6.22, 0=0.05). The
exception to this was the third sample (t = 55 minutes). Overall, the C. parvum removal
range was 3.6- to 5.0-log during stable operation and 3.6- to 5.2-log during stable
operation with pre-ozonation. The range for the individual experiments is summarized in
Table 6.22. These results generally suggested that, for the operational conditions
investigated, pre-ozonation did not substantially affect C. parvum removals by filtration.

As mentioned previously, more data would be necessary to better support this conclusion.

6.4.2 Discussion

The stable filter operation experiments demonstrated that C. parvum removals of >4-log
could be consistently achieved by the dual-media pilot filter at Windsor. This result was
important because it demonstrated that a pilot plant essentially identical in construction to
the one at Ottawa provided ~l-log lower C. parvum removal at optimal operating
conditions, when treating a different source water. The higher filter effluent particle
counts during stable (optimized) operation at Windsor also underscored the difference in

overall performance and particle reduction by filtration.

The Windsor data also demonstrated that pre-ozonation appeared to have little impact on
C. parvum removal by filtration. This experiment was only performed once and provided
only three data points. No operational explanation was found to justify why the
C. parvum removal data were so variable during this operating condition (relative to other
experiments at Windsor, Ottawa, and UW). A more thorough investigation with replicate
experiments would be necessary to fully investigate the effects of pre-ozonation on

C. parvum removal by filtration.
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Table 6.22
95% Confidence Intervals and C. parvum Removal Ranges
During Stable Operation at Windsor.

Experiment Date Sample CI \ower CI upper R jower R upper
Time (logio) (logio) (logio) (logio)
Stable Operation 10/14/99 20 3.6 39 3.6 5.2
with Pre-Ozonation 40 3.7 4.1
55 43 5.2
Stable Operation 10/21/99 20 4.1 4.9 3.6 4.9
40 3.8 44
55 3.6 4.1
Stable Operation 10/22/99 20 3.7 4.2 3.7 43
40 3.8 43
55 3.7 4.3

6.4.3 Rate Effects

As mentioned previously, Cleasby er al. (1963) and Tuepker and Buescher (1968)
showed that large flow rate changes cause deterioration of filtered water quality by the
detachment of previously retained particles. These relationships supported observations
that declining rate filters may provide better performance than constant rate filters
(Hudson, 1959; DiBermardo and Cleasby, 1980); however, subsequent experiments by
Hilmoe and Cleasby (1986) found no significant differences between declining rate and
constant rate filters. The authors speculated that the previously reported poorer effluent
quality achieved by constant rate filtration might have been caused by the constant rate
control system used by DiBernardo and Cleasby (1980), which might have inadvertently
resulted in continuous flow rate fluctuations or surges. If declining rate filtration
provides filter performance advantages over constant rate filtration, it may also provide

an operational strategy for mitigating C. parvum passage through filtration.

6.4.3.1 Experimental Design

Four rate effects experiments were conducted at Windsor (two investigating constant rate
filtration and two investigating declining rate filtration). These experiments involved

side-by-side comparisons of two dual-media filters, one operating in a constant rate mode
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and the other operating in a declining rate mode. The experiments were performed
approximately halfway into the filter cycle (~20 hours into a ~40-hour cycle).
Laboratory limitations (sample processing) precluded these experiments from being
conducted with both oocysts and spores. Only jar-coagulated B. subtilis spores were
seeded into the filter influent for one hour during these experiments. Samples were
collected at 20, 40, and 55 minutes after the start of seeding. Filter effluent turbidities of
<0.1 NTU, essentially representing stable operation, were targeted during these
experiments. The rate effects experiments and seeding conditions are summarized in

Table 6.23.

Table 6.23
Summary of Rate Effects Experiments at the Windsor Pilot Plant

Experiment Date C. parvum  B. subtilis Blue Yellow

Spheres Spheres
Stable Operation 03/10/99 v
Constant Rate 03/22/99 v
Stable Operation 03/10/99 v
v

Declining Rate 03/22/99

6.4.3.2 Results

As during the stable operation experiments, on-line data logging of filter effluent
turbidities was not available during these experiments. Filter effluent particle counts,
B. subtilis removals, and total particle reductions through the treatment process during the
rate effects experiments at Windsor are summarized in Table 6.24. The general filter
performance data and detailed instantaneous particle data are available in Appendix D
(Tables D.13 and D.14 respectively). The detailed instantaneous B. subtilis data are also
available in Appendix D (Table D.15).

The March 10, 1999 data were disregarded because chemical pretreatment and filter

operation were not optimized during these experiments. This result was underscored by
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the elevated filter effluent particle concentrations (>2000 particles/mL) in both of the
dual-media filters (operating at constant and declining rate modes). The filter effluent
particle concentrations during stabie operation at Windsor were typically less than ~250
particles/mL during the time of year during which the rate effects experiments were
performed. Stable operation conditions were achieved by the constant and declining rate

filters during the March 22, 1999 experiments.

Table 6.24
Filter Performance During Rate Effects Experiments at Windsor

Date Logio Removal Logio Red. Effluent Concentration
(mean + standard deviation)
C. parvum B. subtilis  Blue Yellow  Particles Particles Turbidity
Spheres  Spheres =2 (#/mL) (NTU)
Stable Qperation — Constant Rate Filtration
03/10/99 — 0.8 +0.08 - — 0.5+0.02 2159 +29 -
03/22/99 —_ 3.2+042 —_ — 1.6 +0.03 244+6 —_
Stable Operation — Declining Rate Filtration
03/10/99™ - 25+049 - — 0.4+0.01 2742+107  —-
03/22/99 - 3.1+0.54 —_ —_ 1.8+0.04 136 i_ 5 ——

'I..og reduction of particles through treatment process (plant influent to filter effluent).
““Filter operation was not optimized during the 03/10/99 experiments and data were not evaluated.

6.4.3.3 Discussion

Though each experiment was only performed once, the B. subtilis spore removals by
constant and declining rate filtration were essentially the same. This result demonstrated
that declining rate filtration did not offer an obvious advantage over constant rate
filtration for B. subtilis removal, and likely C. parvum removal, at the operating
conditions investigated. Further experimentation would be necessary to conclusively
determine any potential differences in C. parvum removal that might result from

operating filters in constant or declining rate modes.

246



The observed spore removals were similar to the removals obtained during the stable
operation experiments (that were performed in a constant rate filtration mode). The data
were slightly more variable during the present experiments, however, with slightly lower
mean removals. Given that the filter performance changed seasonally, as indicated by the
filter effluent particle concentrations (Table 6.21 and Table 6.24), it was difficult to

further compare the results between the stable operation and rate effects experiments.
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Chapter 7

INTegrATEd C. parvum and

Potential SURROGATE DATA

7.1 OVERALL C. PARVUM REMOVAL

The main focus of this research was to investigate C. parvum removal during various
portions of the filter cycle and during operational periods when turbidity and particle
removal processes are challenged. The majority of these investigations were conducted
at the Ottawa pilot plant. C. parvum removals during all of the operational conditions

investigated at Ottawa (except hydraulic steps) are summarized in Figure 7.1.
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Figure 7.1 Box-and-whisker plot of C. parvum removals by filtration during all
operating periods (except hydraulic steps) investigated at Ottawa.
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The C. parvum removal data in Figure 7.1 generally indicated three levels of removal:
high, low, and almost no removal. High removals were in the range of those observed
during stable operation and were generally >4-log. Oocyst removals during the stable
operation, no coagulant in the jar, ripening, no silicate, and no coagulant in the plant
experiments were high. The end-of-run, no coagulant-short duration, early breakthrough,
and late breakthrough conditions resulted in low removals of C. parvum by filtration.
These low removals were typically <3-log, a marked decrease relative to stable operation
during which C. parvum removals were typically >5-log. Sub-optimal coagulation
conditions spanned the high and low C. parvum removal range, while the no coagulant-
extended duration conditions essentially precluded C. parvum removal by filtration. The
hydraulic step experiments were not included in Figure 7.1 because the experiments were
conducted in a manner that resulted in slowly decreasing filter influent C. parvum

concentrations during the implementation of the hydraulic step conditions.

From Figure 7.1, it can be concluded that the granular media filters best remove
C. parvum from waters that are well-coagulated. The Ottawa pilot plant generally
maintained good oocyst removals during brief periods of non-optimal coagulation;
however, extended periods of poor coagulation almost completely prevented oocyst
removal. Relative to stable filter operation, C. parvum removals were slightly lower
during the ripening portion of the filter cycle. End-of-run and breakthrough operation
resuited in dramatically lower oocyst removals relative to stable operation, suggesting
that the later portion of the filter cycle can be particularly vulnerable in terms of

maintaining pathogen removal.

Using the statistical framework developed in Chapter 4 to account for analytical recovery
and uncertainty associated with recovery, the range of C. parvum removals during each
experiment was calculated. The replicate data from the each of the stable operation, no
coagulant in the jar, stable operation during runoff, no silicate, no coagulant in the plant,
and no coagulant—extended duration experiments were pooled to calculate overall 95%
confidence intervals for each of these conditions. As described in Chapters 4 and 6, this
was possible because no obvious changes were occurring in the independent operational

variables (e.g., settled water turbidity, pretreatment conditions, filter loading rates, etc.)
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during these experiments. For the remaining experiments (sub-optimal coagulation, end-
of-run operation, no coagulant—short duration, early breakthrough, and late breakthrough)
the range of C. parvum removals during each experiment was calculated based on the
lowest and highest endpoints of the highest posterior density (HPD) regions calculated
from each of the individual probability density functions (pdfs) for C. parvum removal
(each pdf was based on one influent-effluent pair). This “adjusted” range of C. parvum
removals at Ottawa is depicted in Figure 7.2, with the operating conditions listed in the

same order as in Figure 7.1.

The C. parvum removal data in Figure 7.2 indicate the same general trends as the data in
Figure 7.1. In the case of the data collected during dynamic (changing) operating
conditions which precluded the pooling of data, however, the ranges of removals are
generally larger due to the uncertainty associated with the analytical method for
concentrating and enumerating C. parvum oocysts from water. While the unadjusted
minimum and maximum removals from these experiments spanned a relatively small
range of approximately l-log (Figure 7.1), the adjusted data (Figure 7.2) indicated a
substantially larger range of removals that could be expected (approximately 2-log) given
the uncertainty assoctated with the analytical method used to concentrate and enumerate

the C. parvum oocysts.

It should be noted that the analytical method used during this thesis research and to
generate the range of C. parvum removals in Figure 7.2 was consistent and reliable
relative to others that have been reported in the literature (Appendix A). For similar filter
influent and effluent C. parvum data collected using a less reliable method, these ranges
would be larger. This result underscores the importance of assessing the reliability of
available C. parvum data in the context of the analytical methods used during data
collection and enumeration, particularly when non-detects or very low oocyst counts are

observed.

250



[ 95% Confidence Interval for Pooled Data
B8 Adjusted Removal Range (not pooled)

High Level of Removal

3 B 0O

Removal (logo)
Y

2 L Low Level of Removal

Almost No Removal
0
Sable Filler Na Coagulant Swble During  No Silicate  No Coaguiant  Ripening  Sub-Optimal Sub-Optimal End of Ran  No Coagulam Eady
in Jar Rumoff Poaled) in Planz Coagularion  Cosgulation -Shoet  Break h B
(Pooied) {Pocled} tPooled) (Pooled) 0.1-03 08-10 Duration
NI} NTUY

Operating Period

Figure 7.2 95% Confidence intervals and adjusted ranges of C. parvum removals by
filtration during all operating periods (except hydraulic steps) investigated
at Ottawa.

Although the data in Figure 7.1 and Figure 7.2 present log removals calculated from the
seeding experiments, these results should be considered in terms of the relative
differences in pathogen removals during the different operating conditions. As discussed
in previous chapters of this thesis, the actual log removals of C. parvum that can be
obtained by full-scale filtration processes are limited by the influent oocyst
concentrations. Furthermore, C. parvum removals can be source-water and treatment
design specific, as demonstrated in Figure 7.3, which depicts C. parvum removals by
dual-media filters during stable operation at the Ottawa, Windsor, and UW pilot plants.
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Figure 7.3 Box-and-whisker plot of C. parvum removals by dual-media filters during
stable operation at Ottawa, Windsor, and UW research platforms.

Figure 7.4 also depicts the C. parvum removals by dual-media ﬁlters during stable
operation at the various research platforms, however, the data from each location were
pooled and the 95% confidence intervals were calculated. They were 5.4- to 5.6-log at
Ottawa, 4.7- to 5.2-log at UW, and 4.0- to 4.1-log at Windsor. The confidence intervals
account for analytical recovery and uncertainty of recovery. Figure 7.4 further
emphasizes that the reliability of C. parvum data will considerably increase with higher
counts per sample or with pooling of replicate data. These data also demonstrate that
similar filtration schemes may offer different levels of C. parvum removal. None of the
95% confidence intervals in this figure overlap, demonstrating that the C. parvum
removals at the three research platforms were significantly different from one another
(0=0.05). A comparison of the Ottawa and Windsor C. parvum removals is interesting
because the pilot plants are essentially identical in construction, but treat different raw
waters (described in Chapter 3). The significant differences in oocyst removal during
stable operation at these two plants suggest that the C. parvum removal capacity of
granular media filters may be source water specific; this may be associated with the

necessity of different pretreatment strategies for source waters of various quality.
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Figure 7.4 95% confidence intervals for C. parvum removals by dual-media filters
during stable operation (pooled data) at Ottawa, Windsor, and UW.

7.2 OVERALL ASSESSMENT FOR POTENTIAL SURROGATES FOR C. PARVUM

B. subtilis and polystyrene microsphere removals and total particle (=2 pm) reductions
through the treatment process were investigated during several periods of operational
challenge to investigate potential surrogates for C. parvum removal by filtration. The
experiments were performed concurrently with the C. parvum investigations, most of
which were conducted at the Ottawa pilot plant. The B. subtilis and microsphere
removals by filtration and the total particle (=2 pm) reductions through the treatment
process during all of the operational conditions investigated at Ottawa (except hydraulic
steps) are summarized in Figure 7.5 through Figure 7.7 respectively. Comparison of
these figures to the C. parvum removal data in Figure 7.1 suggests that overall, neither
the spore removals nor the particle reductions are reasonable, quantitative surrogates for
C. parvum removal. The microsphere removal data corresponded closely to the
C. parvum removal trends. These data are limited, however, since they were only

obtained during some of the operating investigated during this research.
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Figure 7.5 Box-and-whisker plot of B. subtilis removals by filtration during all
operating periods (except hydraulic steps) investigated at Ottawa.
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Figure 7.6 Box-and-whisker plot of polystyrene microsphere removals by filtration

during all operating periods (except hydraulic steps) investigated at
Ottawa.

254



Removal (log,q)
w +
—
+

gl
_B.
M

24 142
_ i
i ———
0 + e +~ + o
Sble Operanon NoCoag. mJar  Ripenmy No Silicate NoCamig. m  Sub-Opuural End-of-Run No Coag. - Short Earty Laxe NoCosy. -
Plant Coay. Orgranon Breskthrough  Breakthrough Extended
Duraton
Operating Period

Figure 7.7 Box-and-whisker plot of total particle (=2 pm) reductions through the
plant during all operating periods {(except hydraulic steps) investigated at
Ottawa.

The C. parvum, B. subtilis, and polystyrene microsphere removals by filtration and the
total particle (= 2um) reductions from the Ottawa and UW pilot experiments were
combined to assess the potential surrogates for C. parvum removal by filtration. Some
variation in the removals calculated on the basis of individual influent-effluent sample
pairs was observed for all of these parameters. In general, the calculated removals during
a given experiment were fairly reproducible as indicated by the relatively low standard
deviations for the replicate samples; the overall standard deviations were also low,

demonstrating good reproducibility between the replicate experiments (Appendix D).

B. subtilis and polystyrene microsphere removals and total particle (2 2um) reductions
through the treatment process are presented relative to C. parvum removals by filtration
in Figure 7.8 through Figure 7.12. These figures respectively correspond to the overall
removals at Ottawa (all conditions investigated at Ottawa), overall removals at stable

oepration at UW), and combined removals (all conditions investigated at Ottawa,
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Windsor, and UW). Least squares linear regression was used to assess the relationships

between C. parvum and potential surrogate removals in all cases.

Figure 7.8 and Figure 7.12 demonstrate that B. subtilis removals by filtration were
generally lower than removals of C. parvum. However, these figures also demonstrate
that these removals were not always lower than C. parvum removals, as there are some
points on each figure that correspond to spore removals that were higher than oocyst
removals. The coefficients of determination (R?) for the best fit linear regression models
were 0.48 and 0.47 for the Ottawa and combined Ottawa, Windsor, and UW data sets
respectively, suggesting that spores of B. subtilis were not adequate quantitative
surrogates for C. parvum removal by filtration. This result was not surprising given that
B. subtilis spores are ~1 um in size, which is at the minimum transport efficiency for
particle removal by filtration. It was also consistent with other studies reported in the
literature (e.g., Lytle et al., 1996; Nieminski and Bellamy, 1998; Swertfeger et a/., 1999).
Non-linear relationships (e.g., exponential, logarithmic, efc.) between C. parvum and

B. subtilis removals by filtration were not expected and were not suggested by the data.

7.0 p
—I'
= « Particles (>=2uum) -
& line of equivalence .-~
2 604 | ——Linear(Particles (>=2um)) <q
z
Z P
B L
E 5
S 504 - .
E -
T )”
:g:“ 4.0 1 "'.v‘ "o . .-’ .
E] L . & et y=034x+1.46
= oo . ’_f'/. MR - .‘: 1=027
ps
g 30 1 ° 3 L4
E -« v "
& 204
2 -
32 N
g e
Zod X4
g -~ ‘e o
s - . o . *
&= -
g
0.0 += :
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0

C. parvum Removal (log,)
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investigated at Ottawa.
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Although it might be tempting to suggest that B. subtilis removal provided a conservative
indication of a filter's ability to remove C. parvum, this statement is not completely
accurate because in some instances spore removals were higher than oocyst removals.
While it is true that spore removals were generally lower than oocyst removals, the lack
of a reproducible or consistent relationship between oocyst and spore removals suggested
that B. subtilis removals were not indicative of the filter's ability to remove C. parvum. A
more accurate and conservative conclusion would be that spore removals were generally
indicative of treatment performance, but not necessarily C. parvum removal. This
conclusion is also supported by other studies presented in the literature (e.g., Lytle et al.,
1996; Nieminski and Bellamy, 1998; Swertfeger ez al., 1999).

As mentioned in Chapter 6, total particle (=2 wum) reductions through the treatment
process were calculated based on raw water rather than filter influent values. Filter
influent particle concentrations could not be measured due to floc breakage and
accumulation on and in the particle counter sensor chamber. The coefficient of
determination for the best fit linear regression model was 0.27 for the Ottawa data set,
suggesting that particle removals were inadequate surrogates for C. parvum removal by
filtration. This result was also consistent with studies previously reported in the literature
(LeChevallier ez al., 1991c; Nieminski and Ongerth, 1995; Swaim ez al., 1996). The lack
of a linear relationship between C.parvum removals by filtration and total particle
reductions through the treatment process was not surprising given that the nature and
distribution of particles change as they pass through coagulation; flocculation,
sedimentation, and filtration processes. Non-linear relationships between C. parvum
removals by filtration and total particle reductions through the treatment process were

expected and demonstrated by the data.

As with B. subtilis, the particle removals tended to be lower than C. parvum removals at
Ottawa and were not necessarily indicative of the filter's ability to remove C. parvum.
Overall, particle removals were generally indicative of treatment performance, but were
not quantitatively associated with C. parvum removal. The hydraulic step experiments at

Ottawa underscored this point by demonstrating a substantial increase in filter effluent
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particle concentrations that was not accompanied by an increase in effluent oocyst

concentrations.

As shown in Figure 7.8 and Figure 7.12, of the potential su.rrogat-es investigated, oocyst-
sized polystyrene microsphere removals were closest to C. parvum removals by filtration.
The coefficients of determination for the best fit linear regression models were 0.95, 0.78,
0.66, and 0.93 for the respective Ottawa, UW dual-media, UW tri-media, and combined
Ottawa and UW (dual-media) data sets, suggesting that polystyrene microsphere
removals may likely be appropriate surrogates for C. parvum removal by filtration. The
UW dual- and tri-media filtration data suggested that the relationships are system
specific. The poorer relationships between microsphere and oocyst removals at UW
relative to those observed at Ottawa also suggested that coagulation (e.g., low coagulant
dose for particle removal vs. high coagulant dose for combined TOC and particle
removal) or filtration regime (e.g., conventional vs. in-line filtration) may also impact the
reliability of polystyrene microspheres as surrogates for C. parvum removal. Although
these relationships must still be determined, the excellent correlation coefficients at
Ottawa and the slightly lower correlation coefficients based on more limited data from
UW suggest that polystyrene microsphere removals should continue to be investigated as

surrogates for C. parvum removal by filtration.
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Chapter 8

8.1

Conclusions, ImplicaTions,

ANd RecommenNdAaTIiONS

CONCLUSIONS

The key conclusions from this thesis research are presented below.

The Gibbs sampler may be effectively used to incorporate analytical uncertainty into
confidence intervals on removals of discrete particles such as C. parvum by drinking

water treatment processes such as granular media filtration.

Removals of formalin-inactivated C. parvum oocysts were similar to those of viable
oocysts during stable operation, ripening, and coagulation failure in both dual- and
tri-media filters, suggesting that formalin-inactivated oocysts are good surrogates for

viable oocysts.

C. parvum removals were not different in dual- and tri-media filters during stable
operation, ripening, hydraulic step, and coagulation failure conditions. These results
suggest that, for the water matrices studied, tri-media filtration does not provide

superior C. parvum removal in comparison to dual-media filtration.

During optimal operating conditions (filter effluent turbidities and cumulative
particles <0.1 NTU and <2$5 particles/mL respectively), >4.5-log removal of
C. parvum could be achieved by filtration. At two of the three pilot plants
investigated, >5-log removal of C. parvum was achieved, even at temperatures as

low as 1°C and during spring runoff conditions.
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10.

C. parvum removals by filtration were moderately lower (by ~0.5- to 1-log) during
ripening than during stable operation. These differences were minor likely due to

the short duration of the ripening period.

C. parvum removals deteriorated substantially (by 3- to 4-log) during end-of-run and
early breakthrough filtration relative to stable operation, even at filter effluent
turbidities below 0.1 NTU. This result suggested that filter operation during
breakthrough, as measured by turbidity or even particle counts, should be avoided.

During the coagulation failure conditions investigated at UW (low coagulant dose
for particle removal), C. parvum removal by dual- and tri-media filters was
significantly compromised, with a >4-log decrease in C. parvum removal relative to
stable operation. Coagulant failure at Ottawa (high coagulant dose for TOC and
particle removal) resulted in a >3-log decrease in C. parvum removal relative to
stable operation. The lack of coagulant over a short duration of several hours
resulted in this deterioration of C. parvum removal capacity; however, when the
coagulation failure conditions persisted for several filter cycles, the absence of

coagulant resulted in almost no C. parvim removal by filtration.

Sub-optima! coagulation conditions resulted in considerably deteriorated C. parvum

removals by filtration, even at filter effluent turbidities below 0.3 NTU.

Relatively rapid changes in hydraulic loading (hydraulic steps) demonstrated varied
effects on C. parvum removal by filtration. In most cases, little to no deterioration in
filter effluent C. parvum concentrations occurred. Turbidity monitoring proved
more useful than particle counting in gauging the effects of hydraulic steps on C.
parvum passage through filters. These events should be investigated further to better
define how and when they impact pathogen passage.

Oocyst-sized polystyrene microspheres appeared to be reasonable surrogates for
C. parvum removal by filtration during several operating conditions; however, they
should continue to be evaluated relative to oocysts to better define the limits of their

applicability as surrogates.
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11. As expected, based on filtration theory and research literature, B. subtilis spore
removals and total particle reductions through the treatment process were indicative
of treatment performance, but were inadequate as quantitative surrogates for

C. parvum removal by filtration.

12. Increasing the number of oocysts in a given sample (e.g., by increasing the processed
sample volume) can considerably increase data reliability when the observed number

of counts is low (e.g., below 10 oocysts).

8.2 IMPLICATIONS

This research demonstrated that excellent removal of C. parvum oocysts can be achieved
by granular media filtration processes during optimized treatment conditions. The
magnitude of C. parvum removal was somewhat site- and source water-specific. A
particularly important finding was that, in some cases, poor C. parvum removal was
observed when otherwise excellent filtered water qualities of <0.1 NTU were achieved
(during the end-of-run experiments). Similarly, relatively large spikes in filter effluent
particle counts (during the hydraulic step experiments) were not necessarily indicative of
deterioration in C. parvum removal by filtration. Nonetheless, this research has
demonstrated the validity of the water treatment industry’s general approach of
minimizing filter effluent turbidity and particle concentrations for maximizing C. parvum
removal by granular media filtration. The experimental results clearly support the
importance and usefulness of monitoring the effluent turbidity and particle counts of

individual filters.

It was shown that C. parvum removal by granular media filtration varies during different
periods of the filter cycle and sub-optimal performance events that can occur during
typical water treatment conditions. These differences can be site- and source-water
specific, making it difficult to extrapolate data from one study to another. Furthermore,
the difficulty in identifying vulnerable periods of operation is compounded by this
investigation’s demonstration that the relative potential for pathogen passage during

operation during a given event or period of the filter cycle may be very different than that
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during another event or period of the filter cycle, even though the filter effluent water
quality measured by turbidity or particle counts may be exactly the same. Despite site-
specific details affecting the magnitude of C. parvum removals, this research has
indicated that general trends in C. parvum removal by granular media filtration can be
associated with specific design and operating conditions. The use of the developed
statistical framework for assessing the reliability of C. parvum removal data made it
easier to compare data from different operating periods and research platforms. The
statistical approach also emphasized that the reliability of C. parvum concentration and
removal data can be considerably increased when higher counts (e.g., more than 10

oocysts in a given sample) are obtained (e.g., by processing larger sample volumes).

Finally, this research demonstrated that the use of polystyrene microspheres as a
surrogate for C. parvum removal by filtration may provide utilities with a cost-effective
and safe tool for performing pilot-scale investigations to better gauge the C. parvum
removal capacity of their specific systems. This tool may be particularly useful in the
context of the USEPA’s Long-Term 2 Enhanced Surface Water Treatment Rule
(LT2ESWTR) and other such regulations aimed at C. parvum removal from drinking
water because they utilize a treatment technology approach for compliance, rather than

the implementation of a stringent filter effluent monitoring requirement.

8.3 RECOMMENDATIONS

8.3.1 Water Treatment Plant Operations and Management

The following recommendations for maximizing C. parvum removal by water treatment

operations and management are based on the conclusions of this thesis research.
1. Utilize filter to waste capacity during ripening if possible.

2. Use a turbidimeter or particle counter as a relative indicator of filter

performance during ripening.
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10.

11.

12.

Minimize the duration of the filter effluent turbidity and particle spikes
associated with ripening by optimizing backwashing and pretreatment (i.e.,

coagulation) conditions.

Use particle counters to monitor filter effluents and to signal end-of-run

operation and early breakthrough.

Consider the relative cost implications of extended filter cycles versus
maintaining water quality by terminating filter cycles when end-of-run is

signaled (e.g., noticeable, steady rise in particle counts).

Clearly specify filter backwash criteria (maximum run time, filter effluent
turbidity, head loss, etc.).

Maintain optimized chemical pretreatment by performing jar tests and pilot
studies to maximize turbidity and particie removal by coagulation and
filtration.

Recognize that source water quality changes may result in sub-optimal

coagulation and subsequent sub-optimal filtration.

Respond to sub-optimal coagulation conditions by adjusting coagulant

dosing to optimal levels as quickly as possible.

Minimize the effects of changes in hydraulic loading on filter performance
by implementing changes gradually or by adjusting plant operations to

minimize hydraulic changes.

Do not rely on particle removals or B. subtilis removals as surrogates for

C. parvum removal by filtration.

Utilize the statistical framework developed in this research, or a comparable

approach, to assess the reliability of C. parvum removal data.
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13. Utilize particle counts and turbidity measurements as indicators of treatment
efficiency. Recognize that in some cases, C. parvum passage through filters
can increase without dramatic increase in either of these parameters.
Conversely, recognize that turbidity and/or particle counts can increase
substantially without resulting in comparable increases in C. parvum
passage through filters. Generally, however, increases in filter effluent
particles and turbidity tend to signal increases in the potential for C. parvum
to pass through filters.

8.3.2 Water Treatment Research

This research demonstrated that various operating periods and conditions during granular
media filtration could result in very different levels of C. parvum removal. These results
were obtained by performing bench- and pilot-scale seeding studies utilizing very high
concentration of formalin-inactivated C. parvum oocysts that were introduced into filter
influents. Several critical questions have arisen from this research and are summarized

in the following list of research recommendations.

1. Determine if removals achieved during studies involving seeding at high
influent C. parvum concentrations are representative of those achieved with

lower C. parvum concentrations (such as those that occur indigenously).

2.  Determine if jar-coagulation of C. parvum oocysts is representative of

coagulation at the rapid mix.

3. Determine the relative impact of the presence of surfactant (to prevent
oocyst aggregation) in C. parvum samples used during seeding studies on

coagulation and removal by filtration.

4. Investigate the potential for the coagulation-flocculation-sedimentation
process to result in a specific sub-population of oocysts that subsequently

enters disinfection and/or filtration processes.
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10.

Further investigate the deterioration of C. parvum removal during end-of-

run operation to determine when it begins and how consistently it occurs.

Investigate the relative impact of coagulation regimé and filter éonditioning
on C. parvum removal by filtration.

Elucidate the impact of hydraulic steps on C. parvum through filters,
investigating different changes in hydraulic loading and implementation of

the changes at various periods during the filter cycle.

Develop universal (non site-specific) methods for evaluating the robustness
of C. parvum removals by filtration. The statistical framework developed in
this thesis, or something comparable, should be used to assess the reliability

of C. parvum removal data if applicable.

Continue to investigate polystyrene microspheres as surrogates for
C. parvum removal, potentially integrating their use into combined

disinfection-removal studies.

Base conclusions on C. parvum removal data that are present in reliably
countable numbers (e.g., more than 10 oocysts in a given sample or at least

10 observations).
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Appendix A
Analytical Method

Development: C. parvum

A.l OBIJECTIVE

To date, one of the challenges associated with the detection of C. parvum has been poor
and highly variable oocyst recovery. To complete the research objectives stated in
Chapter 1, it was necessary to reliably concentrate and enumerate C. parvum oocysts
from water.  State-of-the-art analytical methods reported in the literature were
considered. A method was then selected, implemented, and optimized to consistently
yield high recoveries of C. parvum from waters representative of those studied during the

present research. Method selection was based on the following criteria:
1. The method had to be relatively reliable (high recoveries with low variability).

2. The method had to allow for concurrent identification of C. parvum and

polystyrene microspheres.

3. The method had to be readily implemented, without requiring extensively

trained personnel.

4. The method did not necessarily have to discem between viable and non-viable

C. parvum.

5. The method had to be relatively inexpensive, without requiring exorbitantly

expensive equipment.
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A.2 AVAILABLE METHODS: ADVANTAGES AND LIMITATIONS

Environmental detection and enumeration methods for Cryptosporidium oocysts were
originally developed from those developed for Giardia. One of the greatest challenges
associated with the detection of C. parvum has typically been poor and highly variable
oocyst recovery (e.g., Clancy er al., 1994). This is in part because oocysts typically
require concentration from large samples of water prior to detection. It has generally
been recommended that at least 100L of source waters and >1000L of finished waters be
concentrated prior to enumeration of indigenous oocyst concentrations (Jakubowski et
al., 1996).

The method proposed by the American Society for Testing and Materials (ASTM) (1993)
involved passing large water volumes of water through a polypropylene yarn-wound
cartridge filter followed by an immunofluorescence assay (IF A)-Percoll-sucrose gradient
protocol and epifluorescence microscopy. The literature strongly and frequently
indicates that the ASTM method is inadequate, however (e.g., Hargy et al., 1996; Vesey
and Slade, 1991) and often results in highly variable and typically low oocyst recoveries
(e.g., Hargy er al., 1996). LeChevallier et al. (1995) examined the ASTM method to
determine when major losses occurred. The results revealed that the centrifugation and
clarification steps could each result in losses as high as 30%. Further difficulties with the
ASTM method can result from the presence of algae because numerous species of algae
can fluoresce and result in false positive counts (Rodgers et al., 1995). Although the
United States EPA’s new Method 1622 has preliminary indications of recoveries >70%

(Clancy et al., 1997), more data are necessary for a thorough evaluation of the method.

Due to poor analytical recoveries and low indigenous C. parvum concentrations,
experimental evaluations of oocyst removal typically involve seeding with concentrations
considerably higher than those typically present in raw water. Seeding with high oocyst
concentrations ensures reliably countable (i.e., non-zero) concentrations in process
effluents, thereby allowing for removal calculations. Subtle differences in methodology
can affect recoveries and data interpretation, however. For example, Musial et al. (1987)
showed that the overall efficiency of recovery of an ASTM-like protocol could decrease

as oocyst number present in the sample decreased; they also demonstrated that processing
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samples at higher flow rates could also decrease recoveries. Ensuring that spiked oocyst
concentrations are accurately measured prior to spiking adds to the consistency of
recoveries (Straub et al., 1996). Regardless of the analytical methodology used, it is
important to evaluate a range of possible or expected oocyst concentrations from all
waters investigated (e.g., filter influents and effluents from all raw water sources) so that
recovery can be appropriately described. As described above, implementing methods
consistently will allow for better data interpretation, particularly when trying to
incorporate the uncertainty associated with recovery into descriptions of C. parvum or
other pathogen removal by treatment processes (as was done in Chapter 4). Similarly,
comparisons between studies should be evaluated with caution because oocyst recovery
is often very sensitive to seeded concentration (e.g., Straub er al., 1996; Musial et al.,
1987), quality of oocysts used (Dawson et al., 1993), sample volume processed (e.g.,
Nieminski ez al., 1995), and water characteristics such as turbidity (e.g., Nieminski et al.,

1995).

Several alternatives to the ASTM protocol have been examined (e.g., Nieminski et al.
1995; Whitmore and Carrington, 1993; Vesey et al, 1993a). Table A.l includes a
concise summary of the more common methods used in detecting C. parvum from water.
Observations relevant to the present study are included, however, only the methods that
can be readily applied are listed. Those methods in the process of being developed (e.g.,
PCR, flow cytometry, etc.) are discussed in detail elsewhere in the literature (e.g.,

Jakubowski et al., 1997; Vesey et al., 1991).
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Table A.1

Summary of Common Methods Used in Detecting Cryptosporidium

Method Method Typical Some Key Observations Relevant to
Description Recovery References Present Study
(%)
EPA Method 1622 Concentration:
voriex flow filtration >70  Clancy et al., 1997 no further information currently available
polysulfone capsule 72 Clancy et al.,, 1997 no further information currently available
PCTE membrane disk 96  Clancy et al., 1997 no further information currently available

ASTM

Purification:
immunomagnetic separation
67-83
35415

Enumeration:
Immunofluorescence Assay (IFA)
DAPI/PI staining

Concentration:
polypropylene yarn-wound cartridge 1-60

Purification:
flotation on Percoll-sucrose gradient

Rossomondo ef af., 1994
Bukhari et al., 1998
Clancy et al., 1999

same as for ASTM

Dowd and Pillai, 1997
Clancy et al., 1997

LeChevallier er al., 1995

LeChevallier ef al,,1990;
1991 a,b

Rodgers er al., 1995

Hargy et al., 1996

Good recovery requires optimal bead concentration,

>62% rccovery at turbidities of 5000 NTU,

Recent studies reported much lower recoveries
originally reported/expected.

same as for ASTM

Stain in solution prevents background fluorescence,
Concurrent enumeration and viability measurement,

Centrifugation and clarification result
in losses as high as 30%.
Recovery is greatly impacted by amount
and type of debris present in the water,
Algae can result in false-positives,
Highly variable, typically low recoverics,




Table A.1

Summary of Common Methods Used in Detecting Cryptosporidium (Continued)

Method Method Typical Some Key Observations Relevant to
Description Recovery References Present Study
(%)
Enumeration:
Immunofluorescence Assay (IFA) Jakubowski er al., 1996 Evaluate >100L raw water, >1000L filter effluent.
Musial et al., 1987 Higher flow rates can decrease recoveries,
Straub et al., 1996 Accurate measurement of spike dose increases
consistency of recoveries.
Straub et al., 1996 Recovery is sensitive to seeded concentration,
25 Dawson et al,, 1993 Recovery is sensitive to quality of oocysts.
<10  Nieminski er al., 1995 Recovery is sensitive to sample volume and
turbidity,
o ASTM Variations Concentration:
N polycarbonate membrane <10  Nieminski et al., 1995 Method suffers from high standard deviations.

Increased turbidity decreases recovery
regardless of use of membranc/cartridge).
Kfir et al., 1995 Cartridge filters can sometimes yield slightly
better recoveries than membranes due to
the ability to process larger sample volumes,

Cross-Flow Membrane Filtration 37-86  Whitmore & Carrington, 1993 Rapid membrane deterioration due to fouling,
Sand Column Filtration 2-98  Whitmore & Carrington, 1993 Recovery varies largely with loading rate,
Continuous Flow Centrifugation 1-31  Whitmore & Carrington, 1993 Cannot process large sample volumes.
Vortex-Flow Filtration 26-37  Whitmore & Carrington, 1993 Recoveries were fairly consistent.

Non-Polypropylene Cartridge Filtration <10 Whitmore & Carrington, 1993 Better removal achieved with ASTM method,
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Table A.1

Summary of Common Methods Used in Detecting Cryptosporidium (Continued)

Purification:
CaCO; Flocculation

Membrane Dissolution Cellulose acetate filtration followed by
dilution of filler in acetone,

69-79  Vesey et al,, 1993a

61-87 Aldom & Chagla, 1995

May not be applicable for samples that do not
have much particulate matter,

Small coefficient of variation.




A.3 ORIGINAL METHOD OF YATES ET AL. (1997)

The C. parvum analytical protocol described by Yates er al. (1997) was employed
because of its relative ease of implementation and typically consistent recoveries that
averaged between 30 and 50% (Yates, 1997). This recovery range is comparable to those
presented for ASTM-like methods in Table A.1. This method was designed for use
during seeding studies (i.e., it was not developed for studying indigenous oocyst
concentrations) and involved processing filter influent and effluent samples volumes of <
300 mL. Processing small sample volumes (of less than 1 L) required seeding the filter
influent location with very high oocyst concentrations (~10° oocysts/L); however, it also
eliminated the need for a purification step, thereby increasing oocyst recovery. This
method was selected as a starting point because it met all of the selection criteria

discussed above (unlike U.S. EPA Method 1622 at the time the research commenced).

The C. parvum analytical method of Yates ez al. (1997) utilized filter housings (Swinnex;
Millipore Canada Ltd., Nepean, ON.) containing pre-wetted, 25 mm, 0.45 pm cellulose
acetate filters (VWR Canlab, Missisauga, ON.). The filter housings were connected to
disposable syringes. Approximately 2 mL of 1% bovine serum albumin (BSA) were
passed through the filters and then the water samples were passed through the filters. The
syringes then were rinsed with a few milliliters of a buffered detergent solution (1x
phosphate buffered saline [PBS] with final concentrations of: 0.1% sodium dodecyl
sulphate, 0.1% Tween 80, and 0.01% Sigma Antifoam A and final pH of 7.4) to help
maximize oocyst recovery. An additional 2 mL of 1% BSA were then passed through the
filters. The membrane filters were then removed from the filter housings and were
placed on top of 25 mm, 8.0pm nitrocellulose support membranes (Millipore Canada
Ltd., Nepean, ON) on a manifold (Hoefer Scientific, San Francisco, CA.); weights held
the membranes in place. The sample concentration steps are summarized in Figure A.l.
A standard immunofluorescence assay (IFA) was then used to stain the oocysts (USEPA,
1996). Presumptive microscopic analysis for C. parvum enumeration was performed
using epifluorescence microscopy at 400x magnification (Nikon Labophot 2A, Nikon

Canada Inc., Toronto).
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Figure A1 C. parvum analytical method of Yates et al. (1997)

A4 C. PARVUM INACTIVATION AND PRESERVATION

Samples of C. parvum were preserved in a penicillin/streptomycin solution because
recent research has indicated that oocysts stored in this preservative may more closely
represent oocyst behavior in the natural environment (L1 ef al. 1997). The oocysts were
obtained from a commercial laboratory (Waterborne, Inc., New Orleans, LA. or
University of Arizona, Department of Veterinary Science, Tucson, AZ.). Vials of ~108
oocysts were obtained; they were inactivated with 5% formalin (final concentration) for
C. parvum in 1X PBS with 0.01% Tween 20 to prevent oocyst clumping. All

microorganism stocks were refrigerated at 4°C in the dark until use.

A5 ENUMERATION OF C. PARVUM STOCK SUSPENSION

The C. parvum stock suspension was briefly vortexed and a small portion of the
suspension (< 100 uL in total) was removed to enumerate the oocyst concentration. The
stock concentration was determined by averaging five replicate counts with a
hemocytometer (Petroff-Hausser Bacterial Counting Chamber, Hausser Scientific
Corporation, Horsham, PA). The entire grid (I mm?) was used in the enumeration

process (Nikon Labophot 2A, Nikon Canada Inc., Toronto).
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A6 METHOD OPTIMIZATION

Several potential modifications to the C. parvum concentration and enumeration method
described by Yates et al., (1997) were investigated. The investigated modifications
included the use of a different type of filter membrane, the use of direct vacuum filtration
rather than syringe filtration, the role of the buffered surfactant rinse in maximizing
oocyst recovery, and the importance of sample handling strategies such as vigorous
shaking prior to oocyst concentration. The results and implications of each set of

optimization experiments are discussed below.

A.6.1 Membrane Type (Polycarbonate vs. Cellulose Acetate)

Polycarbonate membranes were compared to cellulose acetate membranes of similar pore
size (~0.4 um). As indicated in Table A.l, polycarbonate membranes have been
investigated in other studies in the context of ASTM-like protocols (e.g., Nieminski ez a/.,
1995; Kfir et al., 1995). They are desirable because they do not fold and bubble on
microscope slides as much as cellulose acetate membranes. The disadvantage of their use
is that because they are somewhat thereby precluding confirmation of internal structures
with Nomarski differential interference contrast (DIC) microscopy. Given the high
concentrations of C. parvum oocysts and the epifluorescence microscopy used during this
research, identification of C. parvum oocysts was not difficult. Since only presumptive
microscopic analyses were performed during this research (i.e., no confirmation of

internal structures), the relative opacity of the membranes was not of concern.

Recovery studies using Milli Q™ water and cellulose acetate (0.45 pm) or polycarbonate
(0.4 pm) membranes were performed using concentrations of formalin-inactivated
C. parvum that would be expected at the filter influent and effluent locations during the
pilot-scale experiments completed during this thesis research. All of the pipettes,
syringes, and glassware were rinsed with a few milliliters of a buffered detergent solution
(1x phosphate buffered saline [PBS] with final concentrations of: 0.1% sodium dodecyl
sulphate, 0.1% Tween 80, and 0.01% Sigma Antifoam A and final pH of 7.4) before and
after coming into contact with the water samples. This rinse was also passed through the

membrane filters to ensure higher recoveries. The cellulose acetate and polycarbonate
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membrane data are presented in Table A.2 and Table A.3 respectively. A comparison of
the recovery data failed to demonstrate statistical differences between cellulose acetate
and polycarbonate membranes used in conjunction with either syringe or manifold

filtration (two sided t-test, =0.05, n;= n>=15 for each comparison, Table A.4).

A.6.2 Direct Vacuum Filtration (vs. Syringe Filtration)

Direct vacuum filtration was compared to syringe filtration to minimize oocyst losses,
allow for easier and faster handling, and to ensure constant pressure on the filter
membranes. Although passing less than ~50 mL through a membrane with a syringe is
not difficult, passing larger volumes requires the syringe to be refilled multiple times. As
the filter membrane clogs, it becomes increasingly difficult to apply the pressure
necessary to pass the water through the filter; this can potentially lead to large surges in
pressure that might damage the membrane. A manifold provides constant vacuum

consistently for all samples and allows for concurrent processing of multiple samples.

Recovery studies using MilliQ™ water and syringe or direct vacuum (manifold) filtration
were conducted in conjunction with the cellulose acetate and polycarbonate membrane
investigations described in Section A.6.1. These recovery experiments were also
performed using concentrations of formalin-inactivated C. parvum that would be
expected at the filter influent and effluent locations during the pilot-scale experiments
completed during this thesis research (Chapter 6). All of the pipettes, syringes, and
glassware were rinsed with a few milliliters of a buffered detergent solution (described in
Section A.6.1) before and after coming into contact with the water samples. This rinse
was also passed through the membrane filters to ensure higher recoveries. The syringe
and direct vacuum filtration data are summarized in Table A.2 and Table A.3 for
cellulose acetate and polycarbonate membranes respectively. A comparison of the
recovery data demonstrated statistically different recoveries with both types of
membranes when direct vacuum filtration, as compared to syringe filtration, was used
(two sided t-test, =0.05, n;= n,=15 for each comparison, Table A.5). This result clearly
demonstrated that the higher recoveries achieved with direct vacuum filtration were

significantly different from those achieved with syringe filtration.



Table A.2

C. parvum Recovery from Cellulose Acetate Membranes

Concentration Processed Seeded C. parvum

Method Volume (Oocysts/L) # Counted Qocysts/L.  Recovery (%)

Cellulose Acetate 2.5 1.0 E+6 1444 5.8 E+5 58

+ 1665 6.7 E+5 67

Syringe 1352 5.4 E+5 54

Filtration 1559 6.2 E+5 62

478 1.9 E+5 19

1370 5.5 E+5 55

1828 7.3 E+5 73

1346 54 E+5 54

1537 6.1 E+5 61

1663 6.7 E+5 67

Average: 57

Std. dev.: 15

Coeff. Var.: 26

500 1000 233 466 47

362 724 72

209 418 42

357 714 71

415 830 83

Average: 63

Std. dev.: 18

Coelf. Var.: 28

Cellulose Acetate 2.5 1.0 E+6 1528 6.1 E+5 61

+ 1586 6.3 E+5 63

Manifold 1896 7.6 E+5 76

Filtration 2021 8.1 E+5 81

2223 8.9 E+3 89

1874 7.5 E+5 75

2249 9.0 E+5 90

2091 8.4 E+5 84

1776 7.1 E+5 71

2358 9.4 E+5 94

Average: 78

Std. dev.: 11

Coeff- Var.: 14

500 1000 319 638 64

405 810 81

407 814 81

308 616 62

372 744 74

Average: 72

Std. dev.: 9

Coeff. Var.: 13
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Table A.3

C. parvum Recovery from Polycarbonate Membranes

Concentration Processed Seeded Conc. C. parvum

Method Volume (Oocysts/L) # Counted Qocysts/L.  Recovery (%)

Polvcarbonate 2.5 1.0 E+6 2219 8.9 E+5 89

+ 1269 5.1 E+5 51

Syringe 1593 6.4 E+5 64

Filtration 1298 5.2 E+5 52

1534 6.1 E+5 61

1333 5.3 E+5 53

1601 6.4 E+5 64

1843 7.4 E+5 74

1650 6.6 E+5 66

1432 5.7 E+5 57

Average: 63

Std. dev.: 12

Coeff. Var.: 18

500 1000 252 504 50

224 448 45

312 624 62

383 766 77

385 770 77

Average: 62

Std. dev.: 15

Coeff. Var.: 24

Polycarbonate 2.5 1.0 E+6 1898 7.6 E+5 76

+ 1902 7.6 E+5 76

Manifold 2117 8.5 E+5 85

Filtration 1744 7.0 E+5 70

1620 6.5 E+5 65

2214 8.9 E+5 89

1971 7.9 E+5 79

2213 8.9 E+5 89

1860 7.4 E+5 74

1772 7.1 E+5 71

Average: 77

Std. dev.: 8

Coeff. Var.: 10

500 1000 329 658 66

364 728 73

288 576 58

375 750 75

404 808 81

Average: 70

Std. dev.: 9

Coeff. Var.: - 13




Table A.4

Statistical Analysis of Cellulose Acetate and Polycarbonate Membranes

F-Test Two-Sample for Variances

t-Test: Two-Sample Assuming Equal Variances

CA Syringe PC Syringe CA Syringe PC Syringe

Mean 58.99 62.81 Mean 58.99 62.81
Variance 239.32 147.25 Variance 239.32 147.25
QObservations 15 15 Observations 15 15
df 14 14 Pooled Variance 193.29
F 1.63 Hypothesized Mean Difference 0
P(F<=f) one-tail 0.18 df 28
F Critical one-tail 248 t Stat -0.75

P(T<=t) one-tail 0.23

t Critical one-tail 1.70

P(T<=t) two-tail 0.46

t Critical two-tail 2.05
F-Test Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

CA Manifold PC Manitold CA Manifold PC Manifold

Mean 76.42 74.96 Mean 76.42 74.96
Variance 113.89 75.13 Variance 113.89 75.13
Observations 15 15 Observations 15 15
df 14 14 Pooled Variance 94.51
F 1.52 Hypothesized Mean Difference 0
P(F<=f) one-tail 0.22 df 28
F Critical one-tail 2.48 t Stat 0.41

P(T<=t) one-tail 0.34

t Critical one-tail 1.70

P(T<=t) two-tail 0.68

t Critical two-tai! 2.05

“* Cellulose Acetate.
Pc Palycarbonate.
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Table A.5
Statistical Analysis of Direct Vacuum (Manifold) and Syringe Filtration

F-Test Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
CA Syringe CA Manifold CA Syringe CA Manifold

Mean 58.99 76.42 Mean 58.99 76.42
Variance 239.32 113.89 Variance 239.32 113.89
Observations 15 15 QObservations 15 15
df 14 14 Pooled Variance 176.60
F 2.10 Hypothesized Mean Difference ]
P(F<=f) one-tail 0.09 df 28
F Critical one-tail 248 t Stat -3.59

P(T<=t) one-tail 0.00

t Critical one-tail 1.70

P(T<=t) two-tail 0.00

t Critical two-tail 2.05
F-Test Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

PC Syringe PC Manifold PC Syringe PC Manifold

Mean 62.81 74.96 Mean 62.81 74.96
Variance 147.25 75.13 Variance 147.25 75.13
Cbservations 15 15 Observations 15 15
df 14 14 Pooled Variance 111.19
F 1.96 Hypothesized Mean Difference 0
P(F<=f) one-tail 0.11 df 28
F Critical one-tail 248 t Stat -3.16

P(T<=t} one-tail 0.00

t Critical one-tail 1.70

P(T<=t) two-tail 0.00

t Critical two-tail 2.05

“* Cellulose Acetate.
PC polycarbonate.
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A.7 OPTIMIZED C. PARVUM METHOD PROTOCOL

The findings from the method optimization experiments described in the previous section
(Section A.6) were applied to the method of Yates et al. (1997) to yield an optimized
C. parvum analytical protocol. The key results that were integrated into the C. parvum

analytical method from the method optimization experiments were:

1. the use of 0.40 um polycarbonate membranes because they do not warp as
readily as cellulose acetate membranes (thereby resulting in more easily

obtained and reliable counts) and

[$8)

the use of direct vacuum filtration rather than syringe filtration because it is

easier, faster, and results in less sample loss (higher recovery).

The optimized C. parvum concentration and enumeration protocol is presented Table A.6.
This protocol was employed for ail of the C. parvum analyses performed during this

thesis research.

N
[}
8]



Table A.6

C. parvum Concentration and Enumeration Protocol

1. Autoclave the support membranes and filter membranes in 1X PBS.
2
2. Prepare Primary and Secondary stains according to the protocol provided by the Hydrofluor™
Combo Kit (1/10 volume primary or secondary stain, 1/10 volume goat serum, 8/10 volume 1X PBS).
Store prepared stains in a dark place due to their light sensitivity.
v
3. Open manifold ports and connect the manifold to the vacuum pump. Adjust pressure release valve to
obtain a vacuum of 5 inches of mercury. Close manifold ports and turn off vacuum pump.
v
4. With flamed forceps add the support membranes and then the filter membranes to the manifold.
Place weights on the membranes. (Note of where each sample will be filtered.)
v
5. Filter 2 mL of 1% BSA through each membrane.
L 2
6. Rinse graduated cylinder (larger sample volumes) or pipette (smaller sample volumes) with buffered
surfactant solution and discard excess solution
2
7. Shake samples bottles to mix the contents. Add appropriate amounts of filter influent and filter
effluent to each pre-rinsed, labeled graduated cylinder or pipette.
¥
8. Carefully add each sample to the appropriate manifold and filter. (Add 1X PBS to keep the
membrane moist when filtering is completed.)
L 2
9. Rinse each graduated cylinder with buffered surfactant solution, retaining the solution. Filter through
the appropriate membrane.
7
10. Rinse a small test tube with eluting solution and discard excess solution. Add SOuL of the positive
contro] to the test tube and add ~5 mL of 1X PBS; filter through appropriate membrane. Rinse test
tube with eluting solution and filter the retained solution.
L 4
11. Filter 2 mL of 1X PBS for the negative control.




Table A.6

C. parvum Concentration and Enumeration Protocol (Continued)

12.

14.

15.

16.

17.

18.

19.

21.

22.

23.

After filtering all the samples, filter 2 mL of 1% BSA through each membrane.
¥

. After all of the BSA has been filtered, turn off vacuum. Close all ports and add 500pL of the prepared

Primary Stain to each membrane. Let stand. covered (light sensitive), for 25 minutes. (At this time
the slides can be labeled and placed on the slide warmer at 37°C.)

L
After 25 minutes, turn on the vacuum and open the ports to allow the Primary Stain to filter through.
L

Rinse each membrane 5 times with approximately 1 mL of 1X PBS.

2

Turn off vacuum. Close all ports and add 500uL of the prepared Secondary Stain to each membrane.
Let stand, covered, for 25 minutes. (At this time, add 2 drops of 2% DABCO/glycerol to each slide.)

v

After 25 minutes, turn on the vacuum and open the ports to allow the Secondary Stain to drain
through.

Rinse each membrane 5 times with approximately 1 mL of 1X PBS.

v

Add approximately 1 mL Ethanol series in the following order: 10%. 20%, 40% 80%. and 90.2%.
Allow each volume to completely drain before adding the next volume.

v

. Remove the filter membranes from the manifoilds and transfer them to the labeled slides, using

flamed forceps between transfers. Allow the filters to remain on the slide warmer for 5 minutes.
¥

Add 1 drop of 2% DABCO/glycerol on top of each membrane.
L 2

Place a cover slip on each membrane and let stand on the warmer for 5 minutes.

v

Remove air bubbles and excess glycerol with cotton swabs. With clear fingernail polish in a syringe,
seal around the cover slip. Store slides at 4°C in the dark. Enumerate at 400% magnification.
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AS8 METHOD RECOVERY IN DIFFERENT WATER TYPES

Once the optimized protocol for C. parvum concentration and analysis was established, it
was necessary to evaluate the recovery of C. parvim oocysts from the various water
matrices encountered during this thesis research. Recovery experiments were performed

on the following water matrices:
1. Treated Ottawa River Water
2. Treated UW Synthetic Water (1.5 NTU)
3. Treated UW Synthetic Water (3.5 NTU)

Recovery of C. parvum from filter influent and effluent samples from each of the water
matrices was investigated. The C. parvum recovery data for the Ottawa, UW 1.5 NTU,
and UW 3.5 NTU waters are available in Table A.7, Table A.8, and Table A.9
respectively. A single factor analysis of variance (ANOVA) was used (Table A.10) to
determine if there were significant differences in C. parvum recovery from the various
water matrices studied when the optimized C. parvum analytical method (Section A.7)
was used. These results indicate that the ANOVA analysis failed to demonstrate
significant differences between C. parvum recoveries from filter influent and effluent

waters from any of the water matrices investigated during this thesis research (¢=0.05).

Ideally, treated water from the Windsor Pilot Plant (filter influent and effluent) would
also have been included in these recovery investigations. Given the small number of
experiments performed at Windsor (relative to Ottawa and UW) and time commitment
necessary to complete the recovery studies (while experiments were concurrently being
performed in Ottawa), recovery experiments were not performed on the water from
Windsor. [If further C. parvum seeding investigations were planned for Windsor,
recovery experiments would be warranted so that accurate statistical analyses of oocyst
removal by the treatment process could be performed. Given the consistent C. parvum
recoveries from the other water matrices investigated (discussed above), it was assumed
that the oocyst recoveries from Windsor filter influent and effluent would aiso be

consistent with these recoveries.
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Table A.7

C. parvum Recovery from Ottawa Water

Sample Processed Seeded C. parvum
Date Location Volume Concentration # Counted Measured Recovery
(mL) (Oocysts/L) (Oocysts) Qocysts/L (%)
5/11/99 Filter _ 100 1.0 E+6 7.0 7.0 E+5 70 est.
influent 7.2 7.2 E+5 72 est.
*Verage from 50 8.5 8.5 E+5 85 est.
1e1Gs ot view 8.2 8.2 E+5 82 est.
7.1 7.1 E+5 71 est.
Average: 76 est.
Std. Dev.: 7 est.
Coeff. 9 est.
5/12/99 Filter 500 1000 357 714 71
effluent 366 732 73
431 862 86
378 756 76
345 690 69
Average: 75
Std. Dev.: 7
Coeff. 9
5/18/99 Filter 500 100 36 72 72
effluent 42 84 84
35 70 70
38 76 76
37 74 74
Average: 75
Std. Dev.: 5
Coeff. 7

“Estimated (est.) by field counts @ 400x using Equation 3.1. (Nikon Labophot 2A, Nikon Canada Inc.. Toronto. ON)
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Table A.8

C. parvum Recovery from UW Water (1.5 NTU)

Sample Processed Seeded C. parvum
Date Location Volume Concentration # Counted Measured Recovery

(mL) (Qocvsts/L) (Oocvsts) (Oocysts/L) (%)

4/4/00 Filter 2.5 1.0E+HOS 128 5.1 E+4 51
influent 134 5.4 E+4 54

177 7.1 E+4 71

130 5.2 E+4 52

164 6.6 E+4 66

158 6.3 E+4 63

195 7.8 E+4 78

141 5.6 E+4 56

183 7.3 E+4 73

4/19/00 Filter 2.5 1.0E+05 175 7.0 E+4 70
influent 205 8.2 E+4 82

167 6.7 E+4 67

217 8.7 E+4 87

202 8.1 E+4 81

Average: 68

Std. Dev.: 12

Coeff. Var.: 17

4/6/00 Filter 500 1000 358 716 72
effluent 394 788 79

420 840 84

396 792 79

405 810 81

377 754 75

362 724 72

341 682 68

408 816 82

362 724 72

Average: 76

Sud. Dev.: 5

Coeff. Var.: 7

4/7/00 Filter 500 100 32 64 64
effluent 27 54 54

29 58 58

35 70 70

40 80 80

39 78 78

44 88 38

37 74 74

39 78 78

39 78 78

Average: 72

Std. Dev.: 11

Coeff. Var.: 15
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Table A.9
C. parvum Recovery from UW Water (3.5 NTU)

Sample Processed Seeded C. parvum
Date Location Volume Concentration # Counted Measured Recovery
(mL) (Oocysts/L) {Oocysts) (Oocysts/L) (%)
Filter _ 100 1.0 E+6 8.3 8.3 E+5 83 est.
influent 6.9 6.9 E+5 69 est.
average from 50 7.1 7.1 E+5 71 est.
fields of view 6.5 6.5 E+5 65 est.
9.0 9.0 E+5 90 est.
Average: 76 est.
Std. Dev.: 10 est.
Coeff. 14 est.
Filter 5 1.0 E+5 433 8.7 E+4 87
influent 395 7.9 E+4 79
317 6.3 E+4 63
299 6.0 E+4 60
386 7.7 E+4 77
Average: 73
Std. Dev.: 11
Coeff. 15
Filter 500 1000 366 732 73
effluent 411 822 82
276 552 55
417 834 83
354 708 71
368 Average: 73
Std. Dev.: 11
Coeff. 16
Filter 500 100 30 60 60
effluent 42 84 84
35 70 70
31 62 62
44 88 88
Average: 73
Std. Dev.: 13
Coeff. 17

“Estimated (est.) by field counts @ 400x using Equation 3.1. (Nikon Labophot 2A, Nikon Canada Inc., Toronto, ON)
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Table A.10
ANOVA Analysis of C. parvum Recovery from Various Water Matrices

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

Ottawa FI 5 380.00 76.00 48.50

Ottawa FE 10 751.40 75.14 32.76

UW 1.5 FI 14 950.40 67.89 135.57

UW1S5FE 20 1486.60 74.33 71.22

UW 3.5 FI 10 742.00 74.20 195.07

UW 35 FE 10 742.00 74.20 122.62
ANOVA

Source of Variation SS df —MS F P-value ~F crit
Between Groups 517.72 5 103.54 1.01 0.42 2.36
Within Groups 6463.52 63 102.60
Total 6981.24 68

A9 EFFECT OF COAGULANT ON RECOVERY

One additional set of recovery experiments was performed using Ottawa filter influent
and effluent water with a dose of 30 mg/L alum (Al:(SOs4);-18H>0). This experiment
was performed to ensure that the presence of high doses of coagulant, as used at Ottawa
during the jar coagulation of C. parvum oocysts prior to seeding (Chapter 3), did not
affect the recovery of C. parvum oocysts from the water (e.g., perhaps by causing
additional aggregation). The C. parvum recovery data for Ottawa water with 30 mg/L
alum addition are summarized in Table A.1l. A single factor analysis of variance
(ANOVA) was again used (Table A.12) to determine if there were significant differences
in C. parvum recovery from the various water matrices studied when the optimized
C. parvum analytical method (Section A.7) was used. These results indicate that the
ANOVA analysis failed to demonstrate significant differences between C. parvum
recoveries from filter influent and effluent waters from any of the water matrices

including the Ottawa water dosed with high concentrations of alum (0=0.05).
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Table A.11
C. parvum Recovery from Ottawa Water with 30 mg/L. Alum (AL(SO4);-18H>0)

Sample Processed Seeded C. parvum
Date Location Volume Concentration # Counted Measured Recovery
(mL) (Oocysts/L) (Oocysts)  (Oocysts/L) (%)
6/2/99 Filter 10 1.0 E+6 6992 7.0 E+5 70
influent 8019 8.0 E+5 80
5888 5.9 E+5 59
7583 7.6 E+5 76
7961 8.0 E+5 80
Average: 73
Std. Dev.: 9
Coeff. 12
6/2/99 Filter 500 1000 419 838 84
effluent 302 604 60
295 590 59
375 750 75
401 802 80
Average: 72
Std. Dev.: 11
Coeff. 16
6/2/99 Filter 500 100 32 64 64
effluent 39 78 78
38 76 76
41 82 82
28 56 56
Average: 71
Std. Dev.: 11
Coeff. 15
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Table A.12

ANOVA Analysis of C. parvum Recovery from Various Water Matrices Including
Ottawa Water with a High Coagulant Dose

Anova: Single Factor

SUMMARY
Groups Count Sum Average Vanance
Cttawa-Alum Fl 5 364.43 72.89 78.05
Ottawa-Alum FE 10 714.40 71.44 109.77
Ottawa Fl 5 380.00 76.00 48.50
Ottawa FE 10 751.40 75.14 32.76
Uw 1.5 Fi 14 950.40 67.89 135.57
UW15FE 20 1486.60 74.33 71.22
UW 3.5 Fl 10 742.00 74.20 195.07
UW 35 FE 10 742.00 74.20 122.62
ANOVA
“Source of Variation SS df MS F P-value F crit
Between Groups 545.55 7 77.94 0.76 0.62 2.13
Within Groups 7763.62 76 102.15
Total 8309.17 83
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Appendix B
C. parvum QualiTy
AssuranNce ANd QualiTy

Control DaTA

B.1 METHOD BLANKS (NEGATIVE CONTROLS)

Method blanks (negative controls) were included almost every time samples were
processed for C. parvum; they were not processed on the few occasions where space on
the manifold was limited. The method blank consisted of a filtered 2-mL sample of
phosphate buffered saline (PBS) at pH 7.4. This control came into contact with all of the
reagents used to process the C. parvum oocysts from the water samples. The inclusion of
this control during all (or most) of the C. parvum analyses ensured that the processed
water samples were not contaminated with an outside source of oocysts during

processing.

The method blank data for the Ottawa, Windsor, and UW experiments are available in
Table B.1, Table B.2, and Table B.3 respectively. These tables indicate that negative
controls were processed for all but two experiments at each of the pilot plants; an “*” in
the negative control column indicates that no oocysts were found in control sample. As
indicated in Table B.l1 through Table B.3, no oocysts were found in any of the 50
processed negative control samples, thereby suggesting no contaminant source of oocysts

associated with sample processing.
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B.2 POSITIVE CONTROLS

Positive controls were included almost every time samples were processed for
C. parvum; they were not processed on the few occasions where space on the manifold
was limited. The positive control sample consisted of a filtered 50-ul. sample of
formalinized stool containing Crypfosporidium spp. oocysts and Giardia spp. cysts
preserved with 10% formalin. This control came into contact with all of the reagents
used to process the C. parvum oocysts from the water samples. The inclusion of this
control during all (or most) of the C. parvum analyses ensured that the identification
method was reliable for staining oocysts (and cysts). Well-stained oocysts (and cysts)
were expected from every positive control sample; if they were not found, the oocyst
counts from water samples processed at the same time as the positive control would have

to be considered inconclusive due to inadequate staining.

The positive control data for the Ottawa, Windsor, and UW experiments are available in
Table B.1, Table B.2, and Table B.3 respectively. These tables indicate that positive
controls were processed for all but 1 experiment at Ottawa, 2 experiments at Windsor,
and four experiments at UW. Although positive controls were not associated with 7
experiments, the experiments represented only 4 sample processing occasions. A “v™ in
the positive control column indicates that oocysts (and cysts) were found in the control
samples. As indicated in Table B.1 through Table B.3, oocysts were found in all of the
49 processed positive control samples, suggesting reliable staining of oocysts. These data
supl;ort the argument that samples in which little or no oocysts were found truly had low

concentrations of oocysts rather than low counts due to poor staining methods.

B3 FILTER INFLUENT AND EFFLUENT NEGATIVE CONTROLS

Filter influent and effluent negative controls were collected during almost every
experiment. Filter influent negative controls were collected to ensure that no substantial
outside source of oocysts affected the C. parvum removal data; such a source was highly
unlikely because seeded oocyst concentrations were typically 10°-10° oocysts/L during

the pilot-scale experiments. Although filter influent negative controls could also be
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processed to determine background concentrations of cysts and oocysts in the filter
influent, it would be somewhat misleading to suggest that the controls collected during
this research would adequately serve that purpose. The filter influent negative control
volumes that were processed were typically 0.1 to 1 L; while inappropriate for
determining background concentrations of indigenous oocysts (typically >100 - 1000 L
are required) these volumes were adequate for ensuring that background levels of oocysts

did not substantially impact the seeded oocyst concentrations.

Fiiter effluent negative controls were collected and processed in 1-L volumes to ensure
that the C. parvum removal data were not affected by background concentrations of
oocysts (either indigenous or from previous experiments) exiting the filters. The samples
were processed in 1-L volumes because the experiments were designed with seeded
concentrations aimed at ensuring that oocysts would be found in reliably countable

concentrations in 1-L samples of filter effluents.

It was originally planned that the collection of filter influent and effluent controls would
alternate between the influent and effluent locations during successive experiments.
After March 1999, and during most of the pilot-scale experiments, negative controls were
collected at both the filter influent and effluent locations to better assure minimal effects,

if any, from outside sources of oocysts.

The filter influent and effluent negative control data for the Ottawa, Wir}dsor, and UW
experiments are available in Table B.1, Table B.2, and Table B.3 respectively. These
tables indicate that filter influent negative controls were processed for all but 11
experiments at Ottawa (due to the original alternating sampling scheme) and 2
experiments at UW. Filter effluent controls were processed for all but 12 experiments at
Ottawa (again, primarily due to the original alternating sampling scheme) and 2
experiments at UW. An “x” in the filter influent and effluent negative control columns
indicates that no oocysts (or cysts) were found in control samples. As indicated in Table
B.1 through Table B.3, no oocysts were found in any of the 43 processed filter influent
control samples or 42 processed filter effluent negative control samples, suggesting no

substantial outside sources of oocysts (either indigenous or from previous experiments).
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Table B.1
Methodological Positive and Negative Control and Filter Influent and Effluent Control

Results for Pilot-Scale Experiments at Ottawa

Experiment Experimental Conditions Processing Positive Negative  Filter Filter
Date Date Control” Control® Influent Effluent
Control® Control?
8/6/98 Stable Filter Operation (Shakedown #1) 8/7/98 v x NS x
9/9/98 Stable Filter Operation 9/10/98 v x x NS
9/22/98 Stable Filter Operation 9/23/98 v x NS x
10/6/98 Stable Filter Operation 10/7/98 v x x NS
10/27/98 Ripening 10/28/98 v x NS x
11/3/98 Ripening 11/4/98 v x * NS
11/10/98 Ripening 11/11/98 v x NS x
11/25/98 Breakthrough 11/26/98 v x x NS
12/9/98 Breakthrough 12/10/98 v x NS x
1/13/99 Breakthrough 1/15/99 v x x NS
1/21/99 Onset of Breakthrough 1/22/99 v x NS x
2/9/99 No Coagulants in Plant, No Coagulants in Jar 2/10/99 v x x NS
2/18/99 Sub-optimal Coagulation 2/19/99 v x NS x
3/9/99 Stable Filter Operation 3/10/99 v * x NS
723/99 Sub-optimal Coagulation 3/24/99 v x NS x
4/8/99 Stable Filter Operation During Runoff 4/9/99 v x x x
4/13/99 Stable Filter Operation During Runoff 4/12/99 v x x x
5/4/99 Sub-optimal Coagulation 5/5/99 v x x x
5/31/99 Stable Filter Operation 6/1/99 v x x NS
6/7/99 Hydraulic step 6/8/99 v x x NS
6/15/99 Hydraulic step 6/23/99 v x x x
6/22/99 Hydraulic step 6/23/99 v x x x
6/29/99 No Coagulants in Plant 7/5/99 v NP x x
7/13/99 No Coagulants in Plant 7/14/99 v x x x
7/20/99 Stable - Seeded at Rapid Mix 7/21/99 NP NP x x
7/27/99 Stable Filter Operation 7/29/99 v x x x
8/4/99 No Coagulants in Plant, No Coagulants in Jar 8/5/99 4 x x x
8/18/99 Stable Filter Operation, No Coagulants in Jar 8/19/99 v x x x
8/24/99 No Coagulants, No Media 8/27/99 v x x x
12/13/99 No Coagulants Since Backwash 12/14/99 v x x x
12/17/99 No Silicate in Plant/Jar 12/18/99 v x * x
12/20/99 Onset of Breakthrough 12/21/99 v x NS NS
12/22/99 Onset of Breakthrough 12/23/99 v x NS NS
1/19/00 Stable Filter Operation 1/20/00 v x x x
2/29/00 Onset of Breakthrough 3/16/00 v x x x
3/1/00 Onset of Breakthrough 3/13/00 v x x x
3/3/00 Onset of Breakthrough 3/8/00 v x x x
3/9/00
3/4/00 Onset of Breakthrough 3/8/00 v x NS NS
3/9/00
3/8/00 End-of-Run 3/13/00 v x x x
3/9/00 End-of-Run 3/14/00 v x x x
3/15/00
3/10/00 Sub-optimal Coagulation 3/16/00 v x x x
3/17/00

“ A check mark (v') indicates the presence of oocysts in the sample.
f An X indicates that no cocysts were found in the sample.

N Not sampled.

NP Not processed.
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Table B.2

Methodological Positive and Negative Control and Filter Influent and Effluent Control

Results for Pilot-Scale Experiments at Windsor

Experiment Experimental Conditions Processing Positive Negative  Filter Filter
Date Date Control’ Control’ Influent Effluent
Control’  Control®
3/10/99 Stable - Constant Rate Filtration 3/11/99 v x * x
" Stable - Declining Rate Filtration 3711799 v x x x
3/22/99 Stable ~ Constant Rate Filtration 3/23/99 v x x x
° Stable - Declining Rate Filtration 3/23/99 v x x x
10/14/99 Stable Operation with Pre-ozonation 10/15/99 v x x x
10/21/99 Stable Operation 10/23/99 NP NP x x
10/22/99 Stable Operation 10/23/99 NP NP x x

° A check mark (v') indicates the presence of oocysts in the sample.
¥ An x indicates that no oocysts were found in the sample.
NP Not processed.

Table B.3

Methodological Positive and Negative Control and Filter Influent and Effluent Control

Results for Pilot-Scale Experiments at UW

Experiment Experimental Conditions Processing Positive Negative  Filter Filter
Date Date Control” Control® Influent Effluent
Control® Control®
11/23/99 Stable Operation - Dual-media 11/25/99 v x NS NS
11/24/99 " 11/25/99 v x NS NS
11/28/99 Stable Operation - Tri-media 11/29/99 NP x x x
11/28/99 " 11/29/99 NP x x x
12/10/99 Hydraulic Step - Dual-media 12/12/99 NP NP x x
12/11/99 " 12/12/99 NP NP x x
1/15/00 Hydraulic Step - Tri-media 1/17/00 v x x x
1/16/00 " 1/17/00 v x x x

° A check mark (¥} indicates the presence of oocysts in the sample.
¥ An x indicates that no oocysts were found in the sample.

NS Not sampled.

N? Not processed.
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Table C.1

Calculation of Beta Parameters a and b for C. parvum Recovery from Ottawa Filter Influent

Seeded Sample  Volume Seeded Observed x 'y E@) Var@) E@)Va(p) E(p)2/Var(p) I/Var(p) Number of
Concentration Volume Processed Number of Qocysts Number of Oocysts trials
(oocysts/L) (L) (%)
1.0E+06 0.1 0.5 500 351 351 149 0.70 4.176 E-4 1.681 E+3 1.L180 E+3 2,395 E+3
1.0E-+06 0.1 0.5 500 360 360 140 0.72 4.024E-4 1.789 E+3 1.288 E+3 2,485 E+3
1.0E+06 0.1 0.5 500 427 427 73 085 2489E-4 3432E+3 2931 E+3 4,018 E+3
1.0E+06 0.1 0.5 500 409 409 91 082 2972E-4 2753E+3 2252 E+3 3,365 E+3
1.0E+06 0.1 0.5 500 355 355 145 071 4.110E-4 1728 E+3  1.227 E+3 2433 E+3
sum 1.138 E+4  8877E+3 1.470 E+4 5

pooled mean recavery 0,7745
pooled variance 0.0045
pooled standard deviation 0.0674

a 28.96
b 843



Table C.2

Calculation of Beta Parameters « and b for C. parvum Recovery from Ottawa Filter Effluent

66¢

Seeded Sample  Volume Seeded Observed x y E) Vap) E@)Var(p) E@)2/Var(p) 1/Var(p) Number of
Concentration Volume Processed Number of Qocysts Number of Oocysts trials
(oocysts/L) (L) (%)
1000 0.5 100 500 357 357 143 071 4.076E-4 1.752E+3 1251 E+3 2453 E+3
1000 0.5 100 500 366 366 134 0.73 3916E-4 1869E+3 1368E+3 2554 E+3
1000 0.5 100 500 431 431 69 086 2374E-4 3.630E+3 3.129E+3 4212E+3
1000 0.5 100 500 378 378 122 0,76 3.682E-4 2.053E+3 1.552E+3 2716 E+3
1000 0.5 100 500 345 345 155 0.69 4269E-4 16lI6E+3  LIISE+3 2342 E+3
100 0.5 100 50 36 36 14 072 3953E-3 1821 E+2 1311 E+2 2530 E+2
100 0.5 100 50 42 42 8 0.84 2635E-3 3.188E+2 2678 E+2 3,795 E+2
100 0.5 100 50 35 35 15 070 4,118E-3 1 700E+2 1,190 E+2 2429 E+2
100 0.5 100 50 38 3312 076 3576 E-3 2125E+2  16I5E+2 2,796 E+2
100 0.5 100 50 37 37 13 074 3773E-3 1962E+2 1452E+2 2,651 E+2
sum 1.200 E+4 9241 E+3 1.570 E+4 10

pooled mean recovery 0.7645
pooled variance 0.0048
pooled standard deviation 0.0696

a 27.65
b 8.52
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Table C.3

Calculation of Beta Parameters a and b for C. parvum Recovery from Ottawa Water (Influent and Effluent)

Seeded Sample  Volume Seeded Observed x y Ep) Var(p) E@)Var(p) E(@R2/Var(p) 1/Var(p) Number of
Concentration Volume Processed Number of Oocysts  Number of Oocysts trials
(oocysts/L) (L) {%)
1.0E+06 0.1 0.5 500 351 351 149 070 4.176E-4 1.681 E43 LIBOE+3 2395 E+3
1.0E+06 0.1 0.5 500 360 360 140 072 4.024E-4 1.789 E+3 1.288 E+3 2485 E+3
1.OE+06 0.1 0.5 500 427 427 73 085 2489E4 3432 E+3 2931 E+3  4.0I18E+3
1.0E+06 0.1 0.5 500 409 409 91 0,82 2972 E-4 2,753 E+3 2252 E+3 3.365 E+3
1.OE+06 0.1 0.5 500 355 355 145 07t  4.110E-4 1.728 E+3 1,227 E+3 2433 E+3
1000 0.5 100 500 357 357 143 071 4.076E-4 1,752 43 1.251 E+3 2453 E43
1000 0.5 100 500 366 366 134 073 3916E-4 1.869 E+3 1.368 E+3 2,554 E+3
1000 0.5 100 500 43) 431 69 086 2374E-4 J630E+3  3029E43  4212E43
1000 0.5 100 500 378 378 122 076  3.682E-4 2053 E+3 1,552 E+3 2,716 E+3
1000 05 100 500 345 345 155 0.69 4.269YE+4 1616 E+3 LUHSE+Y 2342 E+3
100 0.5 100 50 36 36 14 072 3953E-3 1,821 E+2 1311 E42 2,530 E+2
100 0.5 100 50 42 42 8 084 20635E-3 3.188E+2  2.678E+2  3.795E+2
100 0.5 100 50 35 35 15 070  4.118E-3 1.700 E+2 LI E+2 2429 LE+2
100 0.5 100 50 38 38 12 076 3.576E-3 2125E+42 16I5B+2 2,796 B+2
100 0.5 100 50 37 37 13 074 3773E3 1962 E+2 1452 E+2 2,651 E+2
sum 2338E+4  18I2E+4  3.039Et4 15

pooled mean recovery 0.7693

pooled variance 0.0047
pooled standard deviation 0.0687

a 28.12

b 8.43
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Table C.4

Calculation of Beta Parameters a and b for C. parvum Recovery from Ottawa Filter Influent with 40 mg/L Alum

Seeded Sample  Volume Seceded Observed X y E@p) Var(p) E(@)/Var(p) E@)2/Var(p) 1/Var(p) Number of
Concentration Volume Processed Number of Oocysts Number of Qocysts trials
(oocysts/L) (L) (%) :
1.0E+06 0.0 100 1.0E104 6992 6992 3008 070 2,103E-5 3325E+4 2325E+4 47554
1.0E+06 0.01 100 1.0E+04 8019 8019 1981 080 1.588E-5 5048E+4 4.048E+4  6.296 Ei4
1.0E+06 0.01 100 1.0E104 5888 5888 4112 059 2421 E-5 2432E+4 1432Ei14 4131 EH4
1.0E1+06 0.01 100 1.OE+04 7583 7583 2417 076 1833 E-5 4.138E+4 3,138 E44 5457 EH4
1.0E+06 0.01 100 1.0E+04 7961 7961 2039 0.80 1.623E-5 4905E+4 3905E+4 6,161 E+4
sum 1.98SE+S  1.485E+5 2,080 E+5 5

pooled mean recovery 0.7406
pooled variance 0,0055
pooled standard deviation 0.0744

a 24,99
b 8.75



Table C.5

Calculation of Beta Parameters a and b for C. parvum Recovery from Ottawa Filter Effluent with 40 mg/L Alum

Seeded Sample  Volume Secded Observed X oy E) Var(p) E()/Var(p) E@)2/Var(p)  1/Var(p)  Number of
Concentration Volume Processed Number of Oocysts  Number of Qocysts trinls
(oocysts/L) (L) (%)

1000 0.5 100 500 419 419 81 0.84 2710 E-4 3093 E+3 2592 43 3.690 E+3

1000 0.5 100 500 302 302 198 0.60 4,774 E-4 1.265 E+3 7.642 E+2 2,095 E+3

1000 0.5 100 500 295 295 205 0.59 4,828 E-4 1,222 E+3 7.210 E+42 2071 E43

1000 05 100 500 375 375 125 0,75 3743 E-4 2,004 E+3 1,503 E+3 2,672E+H3

1000 0.5 100 500 401 401 99 0.80 3170 E4 2,530 E+3 2,029 E+3 3.I55E+3

100 0.5 100 50 32 32 18 0.64 4518 E-3 1,417 E4+2 9,067 E+1 2214 E+2

100 0.5 100 50 39 39 1 0.78 3I65E-3 2318 E+2 1,808 E+2 2,972 E42

100 0.5 100 50 38 38 12 0.76 3.576 E-3 2,125 E42 1.615 E+2 2,796 E+2

100 0.5 100 50 41 41 9 0,82 2,894 E-3 2.833 E+2 2323 B2 3455 E+2

100 0.5 100 50 28 28 22 0.56 4.831 E-3 1,159 E+2 6,491 E+1 2,070 E+2

sum 1,110 E+4 8.339 E+3 1,503 E+4 10
(Y]

o pooled mean recovery  0,7183
e pooled variance  0,0103
pooled standard deviation  0.1015
a 13.11

b

4.65
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Table C.6

Calculation of Beta Parameters a and b for C. parvum Recovery from Ottawa Water (Influent and Effluent) with 40 mg/L. Alum

Seeded ~ Sample Volume Secded Observed x y E@) Varp)  E@)Vap) E@)2/Var(p) 1/Varlp)  Number of
Concentration Volume Processed Number of Qocysts  Number of Oocysts trials
{oocysts/L) (L) (%)
1.0E+06 0.1 0.5 500 351 351 149 070 4.176E-4 1681 E+3  1IBOE+3  2.395E+3
1.OE+06 0.1 0.5 500 360 360 140 0.72 4024 E-4 1,789 E+3  1.288 E+3  2485E+3
1.OE+06 0.1 0.5 500 427 427 73 085 2489E-4  3432E+3  2931E+3  4.0I8E+3
1.OE+06 0.1 0.5 500 409 409 91 082 2972E-4  2753E+}  2252E+3 3365 Et3
1.OE+06 0.1 0.5 500 355 355 145 0.71 4.110E-4 1,728 E+3 1.227 E+3 2433 E+3
1000 0.5 100 500 357 357 143 071 4076 E-4 1752 E+3 L1251 E43 2453 E+3
1000 0.5 100 500 366 366 134 073 3916E-4  1.869E+3 1368 E+3 2,554 E+3
1000 0.5 100 500 433 431 69 0.86 2374E-4  3.630E+3  3.129E+3  4212ER
1000 0.5 100 500 378 378 122 076 3.682E-4  2053E+3  1552E+3  2.716E+3
1000 0.5 100 500 345 345 155 069 4269E-4  1.616E+3  LIISE3  2342E+3
100 0.5 100 50 36 36 14 072 3953E-3 1,821 E+2 L3I E+2 2530 E+2
100 0.5 100 50 42 42 8 084 2635E-3  3I8BE+2  2678E42 3795 E+2
100 0.5 100 50 35 35 15 070 4.118E-3 1700 E+2  LI9OE+2 2429 E+2
100 0.5 100 50 38 38 12 076 3.576E-3 2,125 E+2 1.615 E+2 2,796 E+2
100 0.5 100 50 37 37 13 074 37973E-3 1962 E+2 1 452E+2 2,651 E+2
sum 2338E+4  1812E+4  3.039E+4 15

pooled mean recovery 0.7693

pooled variance 0.0047
pooled standard deviation 0.0687

a 28.12

b 843
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Table C.7

Calculation of Overall Beta Parameters a and b for C. parvum Recovery from Ottawa Water (All Influent and Effluents)

Sceded Sample  Volume Seeded Observed X y E(p) Var(p) E(p )Var(p) E(p 22/Var(p) 1Var(p) Number of
Concentration  Volume  Processed  Number of Qocysts  Number of Oocysts trinls
(oocystsiL) (L) (%0}
1.0E+06 0.1 0.5 500 351 5149 0,70 4,176 E-4 1.681 E+3 LIBOE+3 2,395 E4)
1,0E+06 0.1 0.5 500 360 360 140 0.72 4.024 E~4 1789 E+3 1.288 E+3 2,485 E+3
1.0E+06 0.} 0.5 300 427 427 73 0.85 2489 E+ JAREH] 2931 E+3 4,018 E+3
1.0E+06 0.1 0.5 500 409 09 91 0.82 2972E-4 2153 E+) 2252E43 3.365 E+3
1.0E+06 0.} 0.5 500 355 355 145 0.71 4110 E4 1728 E+3 1227 E+} 2433 E+3
1.0E+06 0.0 100 10000 6992 6992 3008 0,70 2,103 E-5 3325644 2,325 B+ 4,755 E+4
1.0E+06 0.0! 100 10000 8019 8019 1981 0.80 1.588 E-5 S48 E+4 4.048 E+4 6,296 E+4
1.0E+06 0.01 100 10000 5888 5888 4112 0.59 2421 E-5 2432E+4 1,432 E+4 4131 EH4
1.0E+06 0.01 100 10000 7583 7583 117 0.76 1833 E-5 4,138 E+4 J1IBEH SASTE+
1.0E+06 0.01 100 10000 7961 7961 2039 0.80 1.623 E-5 4,905 E+4 3.905 E+4 6.161 E+4
1000 05 100 500 357 357 143 0.71 4,076 E- 1152 E+) 1251 E+3 2453 E+)
1000 0.5 100 500 366 366 134 0.73 3916 B4 1,869 E+3 1.36B E+3 2554 E+]
1000 0.5 100 500 431 431 69 0.86 2374 EA 3630E+} 3129 E+3 4.212 E+)
1000 0.5 100 500 378 378 122 0.76 3.682 E-4 2053 E+3 1,552 E+3 2716 E+3
1000 0.5 100 500 345 345 155 0.69 4,269 -4 1L6IGE+3 LIISE+3 2342663
1000 0.5 100 500 419 419 8l 0.84 270 E4 3093 E+3 2.592E+3 3.690 E+3
1000 0.5 100 500 302 302 198 0.60 4,774 E-4 1.265 E+3 T2 E2 2.095 E+3
1000 0.5 100 500 205 295 205 0,59 4,828 E-4 1.222E+3 T.210 E+2 2,071 E+3
1000 0.5 100 500 315 315 125 0.75 3743 E4 2,004 E+3 L50IE+3 2,672 43
1000 0.5 100 500 401 401 99 0.80 3170 E-4 2,530E+3 2029 E+3 JISSEH3
100 0.5 100 50 36 36 14 0,72 39S3E-) 1.821 E+2 LA EA2 25310E42
100 0.5 100 S0 42 42 8 0.84 2,635 E-} JI8RE2 2678 E42 3,795 E+2
100 0.5 100 50 35 35 15 0.70 A8 E-3 1,700 E+2 1190 E+2 2429 E+2
100 0.5 100 50 38 38 12 0.76 3576 E-3 2,125E+2 1615 E+2 2796 E+2
100 0.5 100 50 kY] 37 13 0.74 313 E3 1.962 E+2 1452 E+2 2651 E+2
100 0.5 100 50 Kkl 2 18 0.64 4518E-3 1417 E+2 9.067 E+1 2214 E+2
100 0.5 100 50 X9 ¥ I 0.78 3365 E-3 2318 E+2 1,808 E+2 29N E+2
100 05 100 50 38 38 12 0.76 3576 E-3 2,125 E+2 1.615 E+2 2,796 E+2
100 0.5 100 50 41 41 9 0.82 2,804 E-3 2833 E+2 LI ER 3455 E+2
100 0.5 100 50 28 28 22 0.56 4,831 E-3 1LIS9Et2 6491 E+] 2,070 E+2
sum 230 E+S L7409 E+5 M E+S 30

pooled mean recovery 0.7433

pooled variance 00058

pooled standard devintion 0,0759

" 2391
b 8.26
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Table C.8
Calculation of Beta Parameters @ and b for C. parvum Recovery from UW (1.5 NTU) Filter Influent

Seeded Sample Volume Seeded Observed X y E(p) Var(p } E(p )/ Var(p) E{p )2/Var(p) I/Var(p)
Concentration  Volume  Processed  Number of Oocysts  Number of Oocysts
(oocysis/L) (L) %)

1.0E+06 0.0025 100 2500 1280 1.3E403 1.2E+03 0.51 9.990 E-5 5025 E+3 2,624 E+3 1.001 E+4
1.0E+06 0.0025 100 2500 1340 1.3E+03 1.2E4103 0.54 9,944 E-5 5.390 E+3 2,889 E+3 1.006 E+4
1.0E+06 0.0025 100 2500 1770 186403 7.3E+402 0.71 8.266 E-5 8.565 E+3 6,064 E+3 1,210 E+4
1.0E+06 0.0025 100 2500 1300 1.3E103 1.2E403 0.52 9,980 E-5 5210 E+3 2,709 E+3 1.002 E+4
1.0E+06 0,0025 100 2500 1640 1.GE103 8.6E+02 0.66 9.023 E-5 7.270 E+3 4,769 E+3 1,108 E+4
1OE+06 0.0025 100 2500 1580 1.6E403 9.2E+02 0.63 9.299 E-5 6.796 E+3 4295 E143 1.075 E+4
1,0E+06 0.0025 100 2500 1950 2,0E403 5.5E+02 0.78 6.801 E-5 LI37 E+4 8.867 E+3 1ASTE+4
1.OE+06 0.0025 100 2500 1410 14E+03 1.1E+03 0.56 9.832 E-5 5736 E+3 3.235E+3 1017 E+4
1.0E+06 0.0025 100 2500 1830 L.8E+03 6.7E402 0.73 7.844 E-5 9332 E+3 6.831 E+3 1275 E+4
1.0E+06 0.0025 100 2500 1750 1.8E403 7.5E+02 0,70 8.397 E-5 8337 E+3 5.836 E+3 1,191 E+4
1.0E+06 0.0025 100 2500 2050 2,]E+03 4.5E4+02 0.82 5902 E-5 1389 E+4 1139 E44 1,694 E+4
1.0E+06 0,0025 100 2500 1670 1.7E403 8,3E+02 0.67 8.867 E-5 7.533 E+3 5.032 E43 1128 E+4
1,0E+00 0,0025 100 2500 2170 2.26403 3.3E402 0.87 4.581 E-5 1,895 E+4 1.645 E+4 2,183 E+4
1.0E+06 0.0025 100 2500 2020 2.0E+03 4.8E+402 0.81 6,203 E-5 1,303 E+4 1.053 E+d4 1.612 E+4
sum 1,265 E+5 9.152 E+4 1,796 E+5

pooled mean recovery 0.7045

pooled variance 0.0133

pooled standard deviation 0.1152

a 10,34

b 4,34
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Table C.9
Calculation of Beta Parameters @ and b for C, parvum Recovery from UW (1.5 NTU) Filter Effluent

Seeded

Sample Volume Sceded Observed X y E@p) Var(p) E(p)Var(p) E(p)2/Var(p) 1WVar(p)
Concentration  Volume  Processed  Number of Oocysts  Number of Qocysts
(oocysts/L) (L) %)

1000 0.5 100 500 358 358 142 0.72 4059 -4 1.764 E+3 1.263 E+3 2464 E+3
1000 0.5 100 500 394 394 106 0.79 3334 EA 2363 E+3 1.862 E+3 2999 E+3
1000 0.5 100 500 420 420 80 0.84 2,683 E-4 331 ELY 2,630 E+3 3B EA3
1000 0.5 100 500 396 396 104 0.79 3288 B4 2,409 E+3 1,908 E+3 3041 F+3
1000 0.5 100 500 405 405 95 0.81 3072 B4 2,637 E+3 2,136 E+3 3255 E+3
1000 0.5 100 500 n n 123 0.75 3,702 B4 2,037E+3 1.536 E+3 2.70) E+3
1000 0.5 100 500 362 362 138 0.72 3.989 E-4 1815 E+3 1314 643 2,507 E+3
1000 0.5 100 500 34 341 159 0.68 4329E4 1.575 E+] 1,074 E+3 2310 E43
1000 0.5 100 500 408 408 922 0.82 2,997 E-4 2,723 E+3 2,222 E+3 JI37ER
1000 0.5 100 500 362 lo2 138 0.72 3.989 E-4 1.815 43 1314 EH3 2,507 E+3
100 0.5 100 50 32 32 18 0.64 4,518 E-3 1417 E+2 9067 E+) 22)4 E+2
100 0.5 100 50 27 27 23 0.54 4871 E-3 1.109 E+2 5987 Et] 2,053 E+2
100 0.5 100 50 29 29 21 0.58 4776 E-3 1.214 E+2 7.043 Et] 2,094 E+2
100 05 100 50 35 35 15 0.70 4118 E-3 1.700 E+2 1190 E+2 2,429 E+2
100 05 100 50 40 40 10 0.80 3NITE3 2,550 E+2 2,040 E+2 JI8B E+2
100 0.5 100 50 39 39 11 0.78 3365 E-3 2318 Et+2 1.808 E+2 2972 E+2
100 0.5 100 50 44 44 6 0.88 2,071 E-3 4,250 E+2 3740 E+2 4.830 E+2
100 0.5 100 50 37 ky) 13 0.74 3ITNE3 1,962 E+2 1,452 F+2 2,651 E+2
100 0.5 100 50 39 39 11 0.78 3365E-3 2318 E+2 1,808 E+2 2972 E+2
100 0.5 100 50 39 39 1 0,78 3365 E-3 2318 Et+2 1.808 E+2 2972 E+2
sum 2,438 E+4 1,886 E+4 3169 E+4

pooled mean recovery 0.7696

pooled variance 0.0038

pooled standard deviation 0.0613

a 35.52

b

10.64
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Table C.10
Calculation of Beta Parameters a and b for C. parvum Recovery from UW (1.5 NTU) Water (Influent and Effluent)

Seeded Sample  Volume Seeded Observed X y E@p) Var(p) LE(p }Var(p) t(p)2/Var(p) Varp)
Concentration  Volume  Processed  Number of Qocysts  Number of Qacysts
( ts/L) (L) o)

%'Oﬁ—m ¥ ) 2500 T750 T80 1230 31 0000 E-5 L pERIEX) TOA LTS TO0T E+Y
1.0E+06 0,0025 100 2500 1340 1340 1160 0.54 9.944 E-§ 5.390 E+3 2.880 E+3 1.006 E+4
1.0E+06 0.0025 100 2500 1770 1770 730 0.71 8.266 E-5 8.565 E+3 6.064 E43 1,210 E+4
1.OE106 0,0025 100 2500 1300 1300 1200 0.52 9,980 E-5 5.210 3 2709 E+3 1.002 Et4
1,0E+06 0,0025 100 2500 1640 1640 860 0.66 9.023 E-5 7.270 E+3 4,769 E+3 1108 E+4
1LOE+06 0.0025 100 2500 1580 1580 920 0.63 9,299 E-5 6.796 E43 4.295 E+3 1075 E+4
1,0E+06 0.0025 100 2500 1950 1950 550 0.78 6.861 E-5 L137EA44 8.867 E+3 1457 E+4
1.0E+06 0,0025 100 2500 1410 1410 1090 0.56 9,832 E-5 5.736 E+3 3235EH) 1.017 E+4
1.0E+06 0.0025 100 2500 1830 1830 670 0.73 7844 E-5 9.332 E+3 6.831 E+3 1275 E+4
1.0E+06 0,0025 100 2500 1750 1750 750 0.70 8.397E-5 8337 E+} 5.836 Et3 1191 E+4
1.0E+4006 0.0025 100 2500 2050 2050 450 0.82 5902 E-5 1389 E+4 1,139 E+4 1,694 E+4
1, 0E+06 0.0025 100 2500 1670 1670 830 0.67 8.867 E-5 7533 E+3 5.032E+3 LI28 E+4
1.0E406 0.0025 100 2500 2170 2170 330 0.87 4.581 E-5 1.895 E+4 1.645 E+4 2183 E+4
1.0E+06 0.0025 100 2500 2020 2020 480 0.81 6.203 E-5 1303 E+4 1053 E+4 1,612 E+4

1000 0.5 100 500 358 358 142 072 4,059 E-4 1,764 E+3 1.263 E+3 2404 E+)
1000 0.5 100 500 kP2 394 106 0,79 3334 E-4 2.363 E+3 1.862 E+3 2.999 E+3
1000 0.5 100 500 420 420 80 0.84 2,683 E-4 JAER 2,630 E+3 J72BE+3
1000 0.5 100 500 196 396 104 0.79 1288 E-4 2409 E+3 1.908 E+3 3.041 E+3
1000 0.5 100 500 405 405 95 0.81 JO072E4 2.637 E+3 2136 E+3 3255 E43
1000 0.5 100 500 N n 123 0.75 3702 E-4 2.037 E+3 1,536 E+3 2,701 E+3
1000 0.5 100 500 362 362 138 0.72 3,989 E-4 1.815 E+3 1.314 E+3 2,507 E+3
1000 0.5 100 500 4] kB 159 0.68 4329 E-4 1.575 E+3 1074 E+3 230E+3
1000 0.5 100 500 408 408 92 0.82 2997E-4 2,723 E+3 2,222 E+3 3337EH3
1000 0.5 100 500 362 362 138 0.72 3,989 E-4 1.815 E+3 1314 E+3 2,507 E+3
100 0.5 100 50 32 32 18 0.64 4,518 E-3 1417 E+2 9.067 E+ 2214 E+2
100 05 100 50 27 27 23 0.54 4.871 E-3 1109 E+2 5987 E+| 2053 E+2
100 0.5 100 50 29 29 21 0.58 4,776 E-3 1,214 E+2 7.043 E+1 2,094 E+2
100 0.5 100 50 35 35 15 0.70 4118 E-3 1.700 E+2 1.190 E+2 2429 E+2
100 0.5 100 50 40 40 10 0.80 3I137E-3 2,550 E+2 2040 E+2 3188 E+2
100 0.5 100 50 39 39 11 0.78 3365 E-3 1318 E+2 1,808 E+2 2972 E+2
100 0.5 100 50 44 44 6 0.88 2071 E-3 4,250 E+2 340 E+2 4.830 E+2
100 0.5 100 50 37 37 13 0,74 JTNED 1,962 E+2 1.452 E+2 2,651 E+2
100 0.5 100 50 39 39 11 0.78 3365E-3 2318 E+2 1.808 E+2 2972ER
160 0.5 100 50 39 39 11 0.78 3.365 E-3 2,318 42 1.808 1i+2 2972 142
sum 150V Teto LI0F E+5 SIS

poaled mean recovery 0.7143

pooled variance 0.0124

pooled standard deviation 0.1113

a 11,05

b 4.42
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Table C.11
Calculation of Beta Parameters a and b for C. parvum Recovery from UW (3.5 NTU) Filter Influent

Secded Sample  Volume Seeded Observed X y Ep) Var(p) E(p )/ Var(p) E(p)2/Var(p) WVar(p)
Concentration  Volume  Processed  Number of Oocysts  Number of Oocysts
{oocysts/L.) (L) %)

1.0E+06 0.1 0.5 500 415 4,2E102 8.5E+01 0.83 2.816 E-4 2,947 E+3 2,446 E+3 3551 E+3
1.0E+06 0.1 0.5 500 KR 356402 1.5E402 0.69 4,239 E-4 1.637 E+3 1.136 E+3 2,359 E+3
1.OE+06 0.1 0.5 500 353 356402 1.5E+02 0,71 4,143 E4 1,704 E+3 1,203 E+3 2414 E+3
1.0E+06 0.1 0.5 500 320 3.3E4102 1L.7E+02 0.65 4,529 E-4 1440 E+3 9,387 E+2 2,208 E+3
1.0E+06 0.1 0.5 500 452 4.5E402 4.8E40! 0.90 1.732 E-4 521943 4,718 E+3 SITIEHY
1.0E+06 0.005 100 5000 4330 436103 6.7EA02 0.87 2,320E-5 372 E+ 3232 E+4 4310 Etd
§.0E+06 0,005 100 5000 3950 4.0E+03 ). 1E+03 0.79 IJTES 2381 E+4 1,881 E+4 3014 E+4
1.0E+06 0.005 100 5000 3170 326403 ).8E+403 0.63 4,640 E-5 1.366 E+4 8,663 E+3 2,155 E+4
1.0E+06 0.005 100 5000 2990 30E+03 2.0E+03 0.60 4.807 E-5 1,244 E+4 7439 E+3 2,080 E+4
1.0E+06 0.005 100 5000 3860 39103 1,1E403 0.77 3,520 E-5 2,193 E44 1,693 E+4 2,841 E+4
sum 1,221 E+5 9,461 E+4 1,603 E+5

pooled mean recovery 0.7618

pooled variance 0.0099

pooled standard deviation 0.0997

a 1315

b

4,11
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Table C.12
Calculation of Beta Parameters a and b for C. parvum Recovery from UW (3.5 NTU) Filter Effluent

Secded Sample Volume Seeded Observed X y E(p) Var(p) E(p yVar(p) E(p)2/Var(p) 1Var(p)
Concentration ~ Volume  Processed  Number of Oocysts  Number of Oocysts
(oocysts/l.) (L) %) .

1000 0.5 100 500 366 366 134 0.73 39I6E-4 1.869 E+} 1,368 E+3 2,554 EH]
1000 0.5 100 500 411 411 89 0.82 2920 E-4 28I5E+3 2314 E43 JA24 43
1000 0.5 100 500 276 276 224 0.55 4.936 E-4 1118 E+3 6,173 E+2 2,026 E+3
1000 0.5 100 500 417 a 83 0.83 2,763 E-4 3.0I8ER) 2517 E+3 3619 E+3
1000 0.5 100 500 354 354 146 0.71 4.126 E-4 1716 EA) 1215 E+3 2423 E+}
100 0.5 100 50 30 30 20 0.60 4706 E-3 1.275 E+2 7.650 E+) 2,125 E+2
100 0.5 100 50 42 42 8 0.84 2,635 E-3 3.IRBE+2 2,678 E+2 3.795 E+2
100 0.5 §00 50 35 35 15 0.70 4,118 E-3 1.700 E+2 1.190 E+2 2429 E+2
100 0.5 100 50 31 3 19 0.62 4.620 E-3 1,342 £42 8321 E+| 2,165 E+2
100 0.5 100 50 44 44 6 0.88 2,071 E-3 4.250 E+2 3.740 E+2 4.830 E+2
sum 1171 E+4 8.952 E+3 1,558 E+4

pooled mean recovery 0.7517

pooled variance 0.0101

poaled standard deviation 0.1007

a 13.08

b 432
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Table C.13
Calculation of Beta Parameters g and b for C. parvum Recovery from UW (3.5 NTU) Water (Influent and Effluent)

Seeded Sample Volume Seeded Observed X y E(p) Var{p) E(p )/ Var(p) E@)22/Var(p) 1/Var(p)
Concentration  Volume  Processed  Number of Oocysts  Number of Oocysts
{oocysts/L) (L) %0)

1.0E+06 0.1 0.5 500 415 415 85 0.83 2816E-4 2947 E+3 2,446 E+3 3,551 1i+3
1.0E+06 0.1 0.5 500 M7 47 153 0.69 4,239 E-4 1.637 E+3 1136 E+3 2I59E43
1.0E+06 0.1 0.5 500 353 353 147 0.7) 4143 E-4 1,704 E+3 1,203 E+3 2414 E+3
1.0E+06 0.1 0.5 500 326 326 174 0.65 4,529 E-4 1440 E+3 9.387 E+2 2,208 E+3
1.0E+06 0.1 0.5 500 452 452 48 0.90 1.732 E-4 5219 43 4718 E+3 5773 E+3
1.0E+06 0.005 100 5000 4330 4330 670 0.87 2320 E-5 3732 E+4 3232E+4 4310 E+4
1.0E+06 0.005 100 5000 3950 3950 1050 0.79 JINES 2381 E+4 1.881 E+4 3014 E+4
1.0EA06 0,005 100 5000 3170 3170 1830 0.63 4.640 E-5 1,366 E+4 8.663 E+3 2,155 E+4
1.OE+06 0.005 100 5000 2990 2990 2010 0.60 4.807 E-5 1,244 E+4 7439 E+3 2,080 E+4
1.0E+06 0.005 100 5000 3860 3860 1140 0.77 J520E-5 2,193 E+4 1.693 E+4 2,841 E+4
1000 0.5 100 500 366 366 134 0.73 J916E4 1,869 E+3 1,368 £+3 2.554 E+3
1000 0.5 100 500 411 411 89 0.82 2,920 E-4 2.8I5E+3 2,314 E+3 JA24E+3
1000 0.5 100 500 276 276 224 0.55 4.936 E-4 LIIBE+3 6.173 E+2 2.026 E+3
1000 0.5 100 500 417 417 83 0.83 2,763 E-4 J0IBE+} 2,517 E+3 J.619E+]3
1000 0.5 100 500 354 354 140 0.71 4126 E-4 1,716 E+3 1215 E+3 2423 E+3
100 0.5 100 50 30 30 20 0.60 4,706 F-3 1.275 E+2 7.650 E+1 L125 E+2
100 0.5 100 50 42 42 8 0.84 2.635E-3 3188 E+2 2,678 E+2 3795 E+2
100 0.5 100 50 35 35 15 0.70 4118 E-3 1,700 E+2 1.190 E+2 2429 E+2
100 0.5 100 50 ]| 3l 19 0.62 4.620 E-3 L3I2E+2 8321 EN 2165 E+2
100 0.5 100 50 44 44 6 0.88 2,07] E-3 4.250 E+2 3,740 E+2 4.830 E+2
sum 1.338 E+5 1.036 E+5 1759 E+5

pooted menn recovery 0.7609

pooled variance 0.0100

pooled standard deviation 0.0998

a 13.13

b

4.3
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Table D.1

C. parvum Removal Data from Bench-Scale Experiments

Daie Type Seed Duration Dual-Media " Tri-Media
of at Sampling C. parvum C. parvum
Experiment (min) FI FE Log Removal FI FE Log Removal

(oocvsts/L)  (oocvsts/L) (-) (oogvsjtle) (oocysts/L) (-)

Stable Operation 10 S32E+S5 6 50 5.86 E+5 5 5.1

Inactivated C. parvum 25 5.66 E+5 3 53 6.22 E+>5 1 5.8

40 4.84 E+35 35 5.0 598 E+5 2 55

10 479 E+5 L 5.7 449 E+5 2 54

25 S52E+5 10 4.7 534 E+5 6 4.9

40 5.58 E+5 2 54 5.20E+5 5 5.0

10 5.03 E+5 7 49 5.52E+5 2 5.4

25 4.66 E+5 2 54 5.08 E+5 2 54

10 4.87 E+5 2 54 5.85E+5 1 58

Stable Operation 10 5.36 E+5 3 53 5.69 E+5 1 5.8

Viable C. parvum 25 4.77 E+5 7 4.8 +.51 E+5 1 57

40 5.78 E+5 5 5.1 480 E+5 L 57

10 491 E+5 A 54 3.69 E+5 8 4.7

25 1.64 E+5 1 5.7 3.56 E+5 2 53

40 4.64 E+5 10 1.7 398 E+5 9 1.6

10 3.82E+5 7 47 3.27 E+5 2 5.2

25 3.97 E+5 L 3.6 3.68 E+5 2 3.3

40 4.10 E+5 3 5.1 3.28E+5 4 4.9

Ripening 5 3.68 E+S 5 49 4.26 E+5 3 5.2

Inactivated C. parvum 10 394 E+5 11 4.6 447 E+5 5 5.0

15 351 E+5 32 4.0 4.61 E+5 14 4.5

20 3.77 E+5 10 4.6 45T E+5 8 18

5 4.11 E+5 3 5.1 3.79E+5 2 53

10 3.88 E+S 9 1.6 3.89 E+5 2 53

15 4.04 E+5 43 4.0 3.60 E+5 2 4.2

20 3.66 E+5 12 4.5 3.70 E+5 I 45

5 424 E+5 4 5.0 5.53 E+5 3 53

i0 4.24 E+5 16 4.4 5.69 E+5 5 5.1

15 4.53 E+5 37 4.1 5.26 E+5 30 +12

20 125 E+5 10 4.6 534 E+5 11 4.7

Ripening 5 553 E+5 2 54 4.01 E+5 2 53

Viable C. parvum 10 491 E+5 7 4.8 4.78 E+5 7 4.8

15 532E+5 56 4.0 425 E+5 16 4.4

20 558 E+5 8 4.8 4.57TE+5 1 57

5 4.26 E+5 4 5.0 — - —_

10 3.69 E+5 9 4.7 - — -

15 4.64 E+5 25 4.3 d - -

20 34 E+S 7 4.8 —_— — —_—

5 5.98 E+5 5 5.1 - —_— -

10 5.5 E+S 8 4.9 - — —

15 6.00 E+5 4 4.1 - — —_

20 5.50 E+5 38 4.2 — — —




Table D.1

C. parvum Removal Data from Bench-Scale Experiments (Continued)

Date Twpe Seed Duration Dual-Media Tri-Media
of at Sampling C. parvum C. parvum
Experiment (min) FI FE Log Removal FI FE Log Removal

(oocysts/L)  (oocysts/L) (~) (oocvsts/L)  (oocvsts/L) (-)

Coagulation Failure 10 5.05 E+35 1.80 E+¢ 1.0 5.24 E+3 290 E+¢ L3
Inactivated C. parvum 25 53LE+S 7.80 E+3 0.8 5.87 E+5 6.60 E+4 09
<0 5.85 E+5 1.10 E+5 0.7 5.80 E+5 1.00 E+5 0.8

10 421 E+3 6.70 E+¢ 0.8 4.84 E+5 420 E+d L1

2 4.64 E+5 1.00 E+5 0.7 5.04 E+5 560 E+4 to

40 1.60 E+5 1.30 E+5 0.5 4.38 E+5 1.10 E+5 0.6

10 5.96 E+5 3.00 E+4 13 544 E+5 420E+ 1.1

2 6.21 E+5 850 E+4 09 5.52E+5 930 E+4 0.8

40 5.62 E+3 1.20 E+5 0.7 .21 E+5 130 E+5 0.7

Coaguiation Failure 10 538 E+5 4.30 E+¢ 1.1 3.75E+5 5.80 E+4 0.8
Viable C. parvum 25 5.50 E+5 9.20 E+¢ 0.8 3.2 E+5 9.80 E+¢ 05
40 448 E+5 1.30 E+5 05 3.87E+5 130 E+5 0.5

10 5.78 E+5 .20 E+4 1.0 3.71 E+5 120 E+3 25

25 591 E+5 1.50 E+5 0.6 4.00 E+5 7.90 E+3 1.7

40 5.09 E+>5 210 E+5 04 120 E+5 6.30 E+3 1.8

10 1.62E+5 270 E+4 1.2 3.75E+5 390 E+t 1.0

25 4.55 E+5 1.50 E+5 0.5 400 E+5 6.50 E+4 0.8

40 4.94 E+5 2.00 E+5 0.4 3.96 E+5 8.80 E+¢ 0.7

313
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Table D.2

Calculation of Cyegrerical fOr Bench-Scale Experiments

Experiment Dual-Media Tri-media
Chheroratica Cq Cr/Cinorovetcas ~ Cinerorotical Ch Cr/Crheroreticnt  Vspie,dual Ceomes, doal Viowe it Copivo, 1 Vieed
{oocysts/L) {oocystsil) {oocystsil) _ {oocysts/L) (mb) (oocysts/mL) mL)  (oocysts/ml)  {(mL

STABLE - Inactivated 1 7.14E405 5,62E+05 0.77 7.14E405 5,86E+05 0.82 0.1 1.07E+08 0.1 1.07E+08 1500
7.14E+05 5.66E+05 0.79 7.14E+05 6.22E+05 0.87 0.1 1,07E+08 0.1 1.07E+08 1500

7.14E405 4.84E+05 0.68 7.14E405 5.98E+05 0.84 0.1 1.07E+08 0.1 1.07E+08 1500

STABLE - Inactivated 2 7.14E405 4,79E+05 0.67 7.14E405 4.49E+05 0.63 0.1 1,07E+08 0.1 1.07E+08 1500
7.14E+05 5.52E+05 0.77 7.14E+05 5.34E+05 0,75 0.1 1.07E+08 0.1 1.07E+08 1500

7.14E+05 5.58E+05 0,78 7.14E+05 5.20E+05 0.73 0.1 1.07E+08 0.1 1.07€+08 1500

STABLE - Inactivated 3 7.14E405 5.03E+05 0.70 7.14E+05 5.52E+05 0,77 0.1 1.07E4+08 0.1 1.07E+08 1500
7.14E+05 4.66E+05 0.65 7.14E+05 5.08E+05 0.7 0.1 1,07E+08 0.1 1.07E+08 1600

7.14E405 4.87E+05 0.68 7.14E+05 5,85E+05 0.82 0.1 1.07E+08 0.1 1.07E£+08 1500

STABLE - Viable 1 6.90E+05 5.36E+05 0.78 6.27E405 5,.69E+05 091 0.1 1.04E+08 0.1 9.41E+07 1500
6.90E+05 4.77E+05 0.69 6.27E+05 4.51E+05 0.72 0.1 1,04E+08 0.1 9.41E+07 1500

6.90E+05 5.78E+05 0.84 6.27E+05 4,80E+05 0.76 0.1 1.04E+08 0.1 9.41E+07 1500

STABLE - Viable 2 6.90E+05 4.91E+05 0.7% 6,27E+05 3.69E+05 0.59 0.1 1.04E+08 0.1 9.41E+07 1500
6.90E+05 4.64E+05 0.67 6.27E+05 3.56E+05 0.57 0.1 1.04E+08 0.1 9.41E+07 1500

6.90E+05 4.64E+05 0.67 6.27E+05 3.98E+05 0.64 0.1 1.04E+08 0.1 9.41E+07 1500

STABLE - Viable 3 6.90E+05 3.82E+05 0.55 6.27E+05 3.27E+05 0.52 0.1 1,04E+08 0.1 9.41E+07 1500
6.90E+05 3.97E+405 0.57 6.27E+05 3.68E+05 0.59 0.1 1.04£+408 0.1 9.41E+07 1500

6.90E+05 4,10E+05 0.59 6.27E+05 3.28E+05 0.52 0.1 1,04E+08 0.1 9.41E+07 1500

RIPENING - Inactivated 1 5.61E+05 3.68E+05 0.66 5.61E+05 4,26E+05 0.76 0.05 8.42E+07 0.05  8.42E+07 750
5.61E+05 3.94E+05 0.70 561E+05  4.47E+05 0.80 0.05 8.42E+07 0.05  8.42E4+07 750

5.61E+05 3.51E+05 0.63 5.61E+05 4.61E405 0.82 0.05 8.42E+07 0.05 8.42E+07 750

5.61E+05 3.77E+05 0.67 5.61E+05 4.57E+05 0.81 0.05 8.42E407 0.05 8.42E+07 750

RIPENING - Inactivated 2 5.61E+05 4.11E+05 0,73 5.61E+05 3.79E+05 0.68 0.05 8.42E+07 0.05 8.42E+07 750
5.61E+05 3.88E+05 0.69 5.61E+405 3.89E+05 0.69 0.05 8.42E407 0,05 8.42E+07 750

5,61E+405 4,04E+05 0.72 5.61E+05 3.60E+05 0.64 0.05 8,42E+07 0.05 8.42E+07 780

5.61E+05 3,66E+05 0.65 5.61E+05 3.70E+05 0.66 0.05 8,42E+07 0.05 8.42E+07 750
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Table D.2

Calculation of Ctheoretical for Bench-Scale Experiments (Continued)

~ Experiment Dual-Medla Tri-media
Ciheroretica) Cp Ce'Crnorretcat Citvororeticat Cr Cr/Cineroretica ~ Vspixe,dual Crpio, dual Voot~ Cepive, Visod
(oocysts/L) {oocysts/L) (oocysts/L) (oocystjsl/L) (mL) (cocysts/ml} (mL)  (oocysts/mL)  (mL)
RIPENING - Inactivaled 3 5.61E+05 4.24E+05 0.76 6.98E+05 6.53E+05 0.79 0.05 8.42E+07 0.05 1.05E+08 750
5.61E+05 4.24E+05 0,76 6,.98E+05 5.69E+05 0.82 0.05 8.42E+07 0.05 1,05E+08 750
5.61E+05 4,53E+05 0.81 6.98E+05 5.26E+05 0.756 0.05 8.42E407 0.05 1.05E+08 750
5.61E+05 4,25E+05 0.76 6,98E+05 5.34E+05 0.77 0.05 8.42E+07 0,05 1,05E+408 750
RIPENING - Viable 1 6.90E+05 5,53E+05 0.80 6.27E+05 4.01E+05 0.64 0.05 1,04E+08 0.05 9.41E+07 750
6.90E+05 4.91E+05 0.71 6.27E+05 4,768E+05 0.76 0.05 1.04E+08 0.05 9.41E+07 750
6.90E+05 5.32E+05 0.77 6.27E+05 4.25E+05 0.68 0.05 1.04E+08 0.05 9.41E407 750
6.90E+05 5.58E+05 0.81 6.27E+05  4.57E+05 0.73 0.05 1,04E+08 0.05 9.41E+07 750
RIPENING - Viable 2 6.90E+05 4,26E+05 0.62 0.05 1.04E408 - 750
6.90E+05 4.69E+05 0.68 0.05 1.04E408 - 750
6.90E+05 4.64E+05 0.67 e 0.05 1.04E+08 750
6.90E+05 4.44E+05 0.64 e - - 0,05 1.04E+08 .- 750
RIPENING - Viable 3 6.90£+05 5,98E+05 0.87 e - - 0,05 1.04E+08 750
6.90E+05 5.75E+05 0.83 - - - 0.05 1.04E+08 750
6.90E+05 6,00E+05 0.87 e - 0,05 1,04E+08 - 750
6.90E+05 5.50E+05 0.80 - - s 0.05 1.04E+08 e~ e 750
CF - Inactivated 1 7.14E+05 6,05E+05 0.71 6.98E+05 8,24E+05 0.75 0.1 1.07E+08 0.1 1.05E+08 1500
7.14E+05 5.31E+05 0.74 6.98E+05 5.87E+05 0.84 0.1 1.07E+08 0.1 1.05E+08 1500
7.14E405 5.85E+05 0.82 6.98E4+05 5.80E+05 0.83 0.1 1.07E+08 0.1 1.05E+08 1500
CF - Inaclivated 2 7.14E+405 4.21E405 0.59 6.98E+05 4,84E+05 0.69 0.1 1.07E+08 0.1 1.05E+08 1500
7.14E+05 4,64E+05 0.65 6.98E+05 5.04E+05 0,72 01 1.07E+08 0.1 1.05E+08 1500
7.14E405 4.60E+05 0.64 6.98E+05 .4.3BE+05 0.63 0.1 1.07E+08 0.1 1,05E+08 1500
CF - Inactivated 3 7.14E+405 5.96E+05 0.83 6.98E+05 5.44E +05 0,78 0.1 1.07E408 0.1 1.05E+08 1500
7.14E+05 6.21E4+05 0.87 6.98E+05 5.52E+05 0,79 0.1 1.07E+08 0.1 1,05E+08 1500

7.14E+05 5.62E+05 0.79 6.98E+05 6.21E+05 0.89 0.1 1.07E+08 0.1 1.05E+08 1500
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Table D.2

Calculation of Ctheoretical for Bench-Scale Experiments (Continued)

Erxperimem Dual-Media ~Tri-media
Cineroraticat Cq Cr/Cuhowratcat  Cinororotical Cr CrlCineroretical  Vspice duai Copke, dunl Vipkett  Copiks, Viend
(oocysts/L) (oocystsit) (oocysts/L)  (oocysts/L) (mL) (cocysts/mL) (mL) (oocysts/mL)  (mL)
CF - Viable 1 6.90E+05 5.38E+05 0.78 6.27E+05 3,75E+05 0.60 0.1 1.04E+08 0.1 9.41E+07 1500
6.90E+05 5.50E+05 080  6.27E+05 3.12E405 0.50 0.1 1.04E+08 0.1 9.41E+07 1500
6.90E+05 4,48E+05 0.65 6.27E+05 3.87E+05 0.62 0.1 1.04E+08 0.9 9.41E+07 1500
CF - Viable 2 6.90E+05 5,78E+05 0.84 6.27E+05 3.71E+05 0,59 0.1 1,04E+08 0.1 9.41E+07 1500
6.90E+05 6.91E+05 0.86 6.27E+05 4.00E+05 0.64 0.1 1.04E+08 0.1 9.41E+07 1500
6.90E+05 6.09E+05 0.74 6.27E+05 4.20E+05 0.67 0.1 1.04E+08 0.1 9.41E+07 1600
CF - Viable 3 6.90E+05 4.62E+05 0.67  6.27E+05 3.75E+05 0.60 0.1 1.04E+08 0.1 9.41E407 1500
6,90E+05 4,55E+05 0.66 6.27E+05 4,00E+05 0.64 0.1 1.04E+08 0.1 9.41E407 1500
6.90E+05 4.94E+05 0.72 6.27E+05 3.96E+05 0.63 0.1 1.04E+08 0.1 9.41E+07 1500
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Table D.3

Experimental Schedule

Day  Date Test Condition C. parvin B, subtilis Comments
R

T  7/21/98 Lab Recovery Experiment y n UW Pilot plant water.,

R 7/123/98 Lab Recovery Experiment y n UW Pilot plant water.

W 7/29/98 Lab Recovery Experiment y n UW Pilot plant water.

R 7/32/98 Lab Recovery Experiment y n UW Pilot plant water,

R  8/6/98 Stable Filter Operation - Ottawa y n

W 9/9/98 Stable Filter Operation - Ottawa y n Bacillus method being validated - incubator problem,
T  9/22/98 Stable Filter Operation - Ottawa y n Bacillus method being validated - incubator problem,
T  10/6/98 Stable Filter Operation - Ottawa y y

W 1/21/98 Ripening - Ottawa y y Pump failure at start of experiment,

T 10/27/98 Ripening - Ottawa y y

T 11/3/98 Ripening - Ottawa y y

T 1171098 Ripening - Ottawa y y

W 11/25/98 Late Breakthrough - Ottawa y y Rapid increase in turbidity - sampling at 0.8 NTU.

W 12/9/98 Late Breakthrough - Ottawa y y Breakthrough occurred at 2 am - sampling at 0.5 NTU.,
W /1399 Late Breakthrough - Ottawa y y

R 1721799 End-of-Run - Ottawa y y

T 2/9/99 No Coagulant - Short Duration - Ottawa y y

R 2/18/99 Sub-optimal Coagulation - Ottawa y y Spore pump failure for a few minutes at T = 30,

T  3/9/99 Stable Filter Operation - Ottawa y y

W 3/10/99 Rate Effects - Windsor n y

M 3/22/99 Rate Effects - Windsor n y

T  3/23/99 Sub-optimal Coagulation - Oltawa y y
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Table D.3
Experimental Schedule (Continued)

Day  Date Test Condition C. parvum B, subtilis Comments
R 4/8/99 Stable Filter Operation During Runoff - Ottawa y n
T 4/13/99 Stable Filter Operation During Runoff - Ottawa y n
T  4/20/99 --- Spring runoff
T 4/27/99 - Spring runoff
T 5/4/99 Sub-optimal Coagulation - Ottawa y y
T 5/11/99 Lab Recovery Experiment y n Ottawa pilot plant water.
W 5/12/99 Lab Recovery Experimemt y n Ottawa pilot plant water,
T  5/18/99 Lab Recovery Experiment y n Ottawa pilot plant water,
R 5/20/99 Lab Recovery Experiment y n Ouawa pilot plant water,
M 5/31/99 Stable Filter Operation - Ottawa y y
M 6/7199 Hydraulic Step - Ottawa y y Seeded for 5 hours prior to hydraulic step,
M 6/14/99 Lab Recovery Experiment y n MWD pilot plant water.
T  6/15/99 Hydraulic Step - Otlawa y y Seeded for 5 hours prior to hydraulic step.
T 622199 Hydraulic Step - Otlawa y y Secded for 5 hours prior to hydraulic step.
T  6/29/99 No Coagulant in Plant - Outawa y y
T 713199 No Coagulant in Plant - Ottawa y y
T  7/20/99 Stable - Seeded at Rapid Mix - Ottawa y y
T 727199 Stable Filter Operation - Ottawa y y
W 8/4/99 No Coagulant - Short Duration - Otlawa y y
W 8/18/99 No Coagulans in Jar - Ottawa y y
T  8/24/99 No Coagulants, No Media - Ottawa y y
R 10/14/99 Stable Filter Operation - Windsor y y
F  10/21/99 Stable Filter Operation - Windsor y y
R 10/22/99 Stable Filter Operation - Windsor y y
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Table D.3

Experimental Schedule (Continued)

Day  Date Test Condition C. parvum B, subtilis Comments
T  11/23/99 Stable Filter Operation - UW y y
W 11/24/99 Stable Filter Operation - UW y y
Sun 11/28/99 Stable Filter Operation - UW y y
F  12/10/99 Hydraulic Step - UW y y
S 1211799 Hydraulic Step - UW y y
M 12/13/99 No Coagulant - Extended Duration - Ottawa y y
F  12/17/99 No Silicate - Ottawa y y
M 12/20/99 Late Breakthrough - Ottawa y y
W 12/22/99 Late Breakthrough - Ottawa y y
S /1540 Hydraulic Step - UW y y
Sun  1/16/00 Hydraulic Step - UW y y
W 1/19/00 Stable Filter Operation - Ottawa y y
2/29/00 Early Breakthrough - Ottawa y n Hydraulic surge occurred during experiment,
3/1/00 Early Breakthrough - Ottawa y n
3/3/00 Early Breakthrough - Otlawa y n
3/4/00 Early Breakthrough - Ottawa y n
3/8/00 End-of-Run - Ouawa y n
3/9/00 End-of-Run - Ottawa y n
3/10/00 Sub-optimal Coagulation - Ottawa y n
T  4/4/00 Lab Recovery Experiment y n UW pilot plant water,
R 4/6/00 Lab Recovery Experiment y n UW pilot plant water.
F  4/7/00 Lab Recovery Experiment y n UW pilot plant water,
W 4/19/00 Lab Recovery Experiment y n UW pilot plant water,
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Table D.4

Filter Performance at Ottawa

Date Type of Run Raw Water Settled Water  Rate of Headloss Turbidity Particle Counts >= 2 pm (#/mL)
Temperature Temperature During Entire During Seeding During Seeding
During Seeding During Seeding  Filter Cycle  Median Median Log Reduction” Median  Median Log Reduction™
(°C) (°C) (Aft/hr) Pl FE Median  95th Percentile Pl FE  Median  95th Percentile
8/6/98  Stable Operation 23,5 235 0.085 1.04 0.02 1,7 1.7 4896 23 i3 35
9/9/98 " 19.8 20.1 0.092 1.08 0.02 1.7 1.7 5043 0.9 38 39
9722198 " 17.9 169 * 117 0,03 1,6 1,7 5324 7.8 2.8 30
10/6/98 " 14,5 14.5 0,059 2,14 002 2.0 2.0 72514 0.2 4.5 4.8
3999 " KK} 23 0.095 2,35 0.03 1.9 1.9 4533 0.3 4.2 4.3
531199 " 21,0 18.7 0.044 2.54 0.03 1.9 1.9 5665 0.9 38 39
721199 " 25,6 4.7 0,044 1.00 0.04 1.4 1.8 4427 4.8 3.0 33
1719/00 2.7 1.6 0.086 * 0.03 * » " 4.1 * *
4/8/99  Stable Operation During Runoff’ 22 3.1 0.069 8.53 0.04 24 2.4 14185 1.2 4.1 4,2
41399 " 4.3 38 0.059 13,22 0,03 2,6 2,6 15882 22 38 4,0
7120199 Stable Operation - Seeded at Rapid Mix 23.8 227 0.051 L39 0,08 1.3 1.5 4958 5.5 3.0 30
10/27/98  Filler Ripening 11.6 12.0 0.067 2,42 0.07 1.6 17 6691 27 34 37
11/308 " 8.4 8.8 0,078 5.56 0.14 1.6 1.8 12695 1 3.1 3.6
LL/10/98 9.0 9.4 0.044 1,93 0.14 1.1 1.2 5029 7.3 2.8 33
1221/99  End-of-Run 1.2 3.7 0.096 1.47 0.05 1.5 [ ] 3723 1.3 3.5 38
38100 " 0.9 11 0.108 1N 0.08 1.7 1.9 9714 38 34 35
3900 " 1.0 2,6 0,096 3.54 0.05 1.9 20 8659 Ll 34 3.5
3/1/00  Early Breakthrough 09 1.0 * .78 0.21 1.3 14 9393 6.0 32 33
3300 " 0.6 1.0 0.072 5.91 0.13 1.6 1.8 12802 5.1 34 35
KIZY[0) 1.0 0.9 0.101 5.49 0.1} 17 1.9 12201 6.0 3 34
11/25/98  Late Breakthrough 6.1 6.4 0,062 2,97 0,98 0.5 0.6 7695 247 1.5 1.7
12/9/98 " ' 53 5.6 0,044 2,37 0.51 0.7 0.7 6537 136 1.7 1.8
113/99 1.3 3.7 0.083 1.52 0.55 0.4 0.6 3905 4,2 3.0 kN |
1272099 " 2.3 33 0,127 4.53 0.26 1,1 1.2 6252 9 28 29
12122199 " 1.7 2,1 0.098 4,32 0.25 1,2 1.6 * * * *

* Data are not available,
** Reduction through entire treatment plant,



Table D.4

Filter Performance at Ottawa (Continued)

Date Type of Run Raw Water Settled Water  Rate of Headloss Turbidity Particle Counts >= 2 pm (#/mL)
Temperature Temperature During Entire During Seeding During Seeding
During Seeding  During Sceding Filter Cycle  Median  Median Log Reduction”’ Medinn  Median Log Reduction””
(°C) (°C) (Aft/hr) Pl FE  Median  95th Percentile Pl FE  Median  95th Percentile
8/24/99  No Coagulants, No Media * * * * * * * * * * *
12/13/99 No Coagulant - Extended Duration 37 6.1 0,013 4,11 2.27 0.3 0.3 1027 5117 0.3 0.3
2/9/99  No Coagulant - Short Durntion 22 2.8 0.111 252 0M 0.5 0.6 7416 186 1.6 1,7
814199 " 244 23,6 0.019 1.28 0.55 0.4 0.4 3967 554 0.9 0.9
6/29/99  No Coagulant in Plant 237 22,7 0.014 1.66 0.74 0.4 04 5725 432 W] 1.2
399 " 21.8 21,1 0.021 177 0,68 0.4 0.5 6361 500 L1 12
8/18/99 No Coagulant in Jar 21.8 21,0 0.051 1.07 0.03 1.6 1.6 5110 0.4 4.1 43
12/17/99 No Silicate 35 4.1 0.057 4.58 0.03 2.2 22 12485 3.3 3.6 3.6
2/18/99  Sub-Optimal Coagulation 26 21 0.150 2,05 0.98 03 0.3 3583 584 0.8 0.8
3/23/99 " 1.4 38 0113 271 0.90 0.5 0.5 3740 7 17 1.7
w 5/14199 " 115 11.6 0.139 2.54 015 12 1.3 5829 19 2.5 2.5
19 3/10199 1.2 1.3 0.098 144 0.26 1.1 1.3 8411 129 1.8 1.9
- 6/7199  Hydraulic Step 22,0 20,0 0.051 2,00 009 1.4 1.5 5853 0.2 4.4 4.7
6/15/99 " 21,2 20,2 0.055 1.81 0.06 1.5 1.6 5140 1.4 36 3.8
6’22/()9 " ¥ * * * L * * * * * ¥

* Data are not available,
** Reduction through entire treatment plant,



Table D.5
Turbidity and Total Particle Data from Ottawa

Type Seed Duration Turbidity (NTU) Particles >=2 yum (#/mL)
Date of atSampling PI FE Log Reduction” PI FE  Log Reduction’
Ex_piiment (min)
8/6/98 Stable Filter Operation LS 1.04 0.02 1.72 4966 1.9 342
30 1.04 0.02 .72 1949 8.0 279
45 1.04 0.02 L.72 4868 27 3.26
55 1.04 0.02 L.72 4915 2.1 337
9/9/98 Stable Filter Operation 15 1.10 0.02 174 5031 09 3.75
30 1.08 0.02 1.73 5024 0.9 3.75
45 1.08 0.02 1.73 5026 0.6 3.92
55 1.08 0.02 1.73 5008 1.0 3.70
9/22/98 Stable Filter Operation 15 1.17 0.04 1.47 5317 17 250
30 1.17 0.03 1.59 5329 75 285
45 .17 0.03 1.59 5255 3.6 297
55 1.17 0.03 1.59 5225 4.8 3.04
10/6/98 . Stable Filter Operation 15 2.14 0.02 2.03 7382 02 4.57
30 2.14 0.02 2.03 8381 0.1 4.92
45 2,19 0.02 2.04 7258 02 4.56
55 2.18 0.02 2.04 7021 0.2 4.55
3/9/99 Stable Filter Operation L5 235 0.03 1.89 4818 0.3 +.21
30 235 0.03 1.89 4583 04 4.06
45 235 0.03 1.89 4278 03 4.15
55 235 0.03 1.89 4291 . 04 4.03
531799 Stable Filter Operation 15 259 0.04 1.81 5757 0.8 3.86
30 254 003 193 5548 09 3.79
45 254 0.03 1.93 5543 1.0 3.74
55 253 0.03 1.93 5662 2.0 345
772799 Stable Filter Operation 5 1.00 0.05 1.30 W72 7.3 279
30 1.00 0.04 1.40 4325 1.6 2,97
45 135 0.04 1.53 8342 4.1 3.31
55 1.24 0.04 1.49 4796 4.3. 3.05
1/19/00 Stable Filter Operation 15 - 002 - - 4.4 -
30 - 003 - - 53 -
45 - 003 - - 53 -
55 - 0.03 - - 4.3 -
4/8/99 Runoff 15 8.52 0.04 233 14258 15 3.98
30 8.61 0.03 2.46 14097 L5 3.97
45 8.56 0.04 233 14591 I.1 4.12
55 8.52 0.04 233 14628 1.1 4.12
4/13/99 Runoff 15 13.20 0.03 2.64 15836 22 3.86
30 13.23 0.03 264 15865 23 3.84
45 13.22 0.03 2.64 159035 2.1 3.88
55 13.22 0.03 2.6+4 15867 1.6 4.00

® Reduction through entire treatment plant.



Table D.5
Turbidity and Total Particle Data from Ottawa (Continued)

Type Seed Duration Turbidity (NTU) Particles >=2 pm (#/mL)
Date of atSampling PI FE Log Reducton’ PI FE  Log Reduction’
Experiment (min)
7/20/99 Stable Filter Operation 150 1.40 0.08 1.24 4973 5.4 296
seeded at rapid mix 165 1.39 0.07 1.30 4801 14 3.04
180 139 0.06 1.36 4983 4.9 3.01
195 139 0.06 1.36 4861 5.1 298
210 139 0.05 K] 4846 4.6 3.02
225 139 0.05 .44 5162 5.0 3.0!
240 137 005 1.44 4898 5.6 294
255 1.36 0.05 143 4968 6.9 2.36
270 1.34 0.05 1.43 5093 2 274
10/27/98 Filter Ripening 5 242 009 1.43 6663 31 234
10 242 0.08 1.48 6566 6.4 3.01
15 243 007 153 6646 35 3.28
20 242 005 1.68 6590 23 346
25 242 006 1.61 6836 2.1 351
11/3/98 Filter Ripening 5 561 032 1.24 12739 58 234
10 559 0.19 1.47 12808 26 269
15 556 0.14 1.60 12702 12 3.04
20 5.56 0.09 1.79 12383 62 330
25 552 0.10 1.74 12757 4.1 3.49
11/10/98 Filter Ripening 5 1.93 0.19 1.01 4989 145 1.54
10 1.93 022 0.94 5142 18 246
15 1.93 0.13 1.17 5081 4.8 3.02
20 1.92 0.13 1.17 4960 27 3.26
25 1.92 0.11 124 4864 7.7 2.80
1721/99 End-of-Run 15 1.47 005 1.47 3746 I.1 3.53
30 1.47 005 1.47 3788 1.3 3.46
45 1.47 006 1.39 3641 2.3 3.20
55 147 006 1.39 3669 25 3.17
378100 End-of-Run -165 103 004 2.06 10552 35 348
-155 403 003 2.07 9804 32 348
90 3.97 004 2.05 9825 29 353
15 3.93 0.06 1.81 9893 3.7 3.43
30 3.93 008 1.69 9726 4.0 3.38
45 3.93 0.10 1.59 9553 4.8 3.30
55 393 0.12 1.52 9707 55 3.25
3/9/00 End-of-Run -365 3.61 0.04 1.99 8721 2.8 3.50
-355 361 0.04 1.99 8882 3.2 344
-290 3.56 004 1.99 8775 3.0 3.46
-230 3.69 0.04 2.00 9340 2.7 3.54
-170 356 0.04 2.00 8896 3.0 347
15 352 0.04 1.93 8682 3.0 3.46
30 3.52 005 1.88 8724 2.8 3.49
a5 356 0.05 1.85 8751 3.6 3.39
55 3.56 0.06 1.80 8751 3.6 3.39

* Reduction through entire treatment plant.
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Table D.5
Turbidity and Total Particle Data from Ottawa (Continued)

Type Seed Duration Turbidity (NTU) Particles >=2 jm (#/mL)
Date of atSampling PI FE Log Reduction’ PI FE  Log Reduction’
Experiment {min)
3/1/00 Early Breakthrough -345 3.28 0.03 1.88 7842 3.90 3.30
-335 336 0.04 1.90 7936 245 3.51
-300 3.30 0.04 1.92 8297 231 3.55
=270 3.37 0.04 1.91 8098 2.6l 3.49
2240 349 0.04 1.93 8799 2.8 3.59
2210 3.53 0.04 192 8877 254 354
15 3.70 0.18 131 9454 55 3.23
30 3.78 021 126 9516 6.1 320
45 3.78 025 1.18 9616 6.4 3.17
55 378 0.26 1.16 9233 96 2.98
3/3/00 Early Breakthrough -240 574 0.04 2.15 12759 3.7 353
-230 570 0.04 2.14 12908 33 3.60
-195 577 004 2.17 13338 33 3.61
-165 574 0.04 2.16 13225 37 355
-105 575 004 217 12794 37 354
15 591 0.10 176 13096 5.1 3.41
30 5.87 0.13 1.64 12848 52 3.39
15 591 0.17 1.55 12945 65 3.30
55 587 0.19 1.49 12667 6.3 3.30
3/4/00 Early Breakthrough -385 553 0.04 2.15 12123 33 3.57
375 557 0.04 2.13 12364 44 345
310 557 0.04 2.15 12544 41 349
250 553 0.04 2.12 12362 41 348
-190 549 0.04 2.15 12325 40 349
15 549 0.09 1.79 12135 55 3.35
30 549 0.11 1.71 12148 57 333
45 549 0.14 1.60 12195 7.1 3.23
55 545 0.15 1.55 12260 7.0 324
11/25/98 Late Breakthrough 15 297 0.80 057 7726 147 172
30 297 098 0.48 774 311 1.40
45 3.08 098 0.50 8097 295 L+
55 3.08 098 0.50 8216 243 1.53
12/9/98 Late Breakthrough 15 238 050 0.68 6419 147 1.64
30 238 047 0.70 6387 131 1.69
a5 236 048 0.69 6334 124 1.71
55 235 055 0.63 6233 158 1.60
1/13/99 Late Breakthrough 15 152 065 0.37 3891 33 3.07
30 152 040 0.58 3999 37 3.03
45 152 062 0.39 3829 36 3.03
55 1.52 0.76 0.30 3860 43 295
12/20/99 Late Breakthrough 15 448 026 1.23 6216 8.7 286
30 457 0.26 1.24 6115 9.1 2.83
35 448 026 1.23 6128 25 238
55 445 032 1.14 6243 84 1.87

* Reduction through entire treatment plant.
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Table D.S

Turbidity and Total Particle Data from Ottawa (Continued)

Type Seed Duration Turbidity (NTU) Particles >=2 um (#/mL)
Date of atSampling PI FE Log Reduction” PI FE  Log Reduction’
Experiment (min)
12/22/99 Late Breakthrough 15 427 0.5 1.23 N - -
30 432 030 1.16 - - -
45 432 030 1.16 - - -
55 1431 030 1.16 - - -
8/24/99 No Coagulants. No Media 15 - - - - - -
30 - - - - - -
45 - - - - - -
55 - - - - - -
12/13/99 No Coagulant - Extended Duration 15 107 227 0.25 I.1IE+04 4815 035
30 307 227 0.25 LOE+O4 5172 030
45 307 227 025 1.1IE+04 5250 0.31
55 124 227 027 1LOE+04 5452 028
2/9/99  No Coagulant - Short Duration 15 261 0.69 0.58 7748 143 173
30 252 074 0.53 7336 189 1.59
45 245 0.79 0.49 7218 237 148
55 241 083 0.46 6862 254 143
8/4/99  No Coagulant - Short Duration 15 128 058 0.34 3978 521 0.88
30 128 055 - 037 3941 555 0585
15 1.28 055 0.37 3940 586 0.83
55 124 055 0.35 3932 599 0.82
6/29/99 No Coagulant in Plant 15 1.66 0.72 0.36 56435 403 115
30 1.66 0.74 0.35 5643 438 111
45 1.66 0.75 0.35 5906 47 112
55 1.63 0.76 033 5736 462 1.09
7/13/99 No Coagulant in Plant 15 1.78 0.65 0.44 6424 453 115
30 1.77 0.68 0492 6378 500 111
45 175 0.69 0.40 6265 505 1.09
55 175 0.72 0.39 6281 536 1.07
8/18/99 No Coagulant in Jar 15 1.07 0.03 155 5093 0.4 4.10
30 1.07 0.03 1.55 5110 0.4 411
45 1.07 0.03 155 5174 04 411
55 1.07 0.03 155 1999 04 4.10
12/17/99 No Silicate 15 453 0.03 2.18 12E+04 3.3 3.58
30 458 003 218 1L3E+04 2.8 3.65
45 492 003 221 13E+04 3.6 356
55 479 0.03 220 13E+04 4.6 kY

* Reduction through entire treatment plant.
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Table D.5
Turbidity and Total Particle Data from Ottawa (Continued)

Type Seed Duration Turbidity (NTU) Particles >=2 ym (#/mL)
Date of atSampling PI FE Log Reduction’ PI FE Log Reduction”
Experiment (min)
2/18/99 Sub-Optimal Coagulation 15 205 098 032 3631 589 0.79
(52% reduction to 20 mg/L) 30 205 0.98 032 3515 557 0.80
45 203 098 032 3503 595 0.77
55 2.03 098 0.32 3479 612 0.75
3/23/99 Sub-Optima! Coagulation 15 271 0.89 0.48 3776 66 L.76
(47% reduction to 20 mg/L) 30 271 090 0.48 3876 71 1.74
45 271 0.95 046 3815 72 1.72
55 279 0.98 045 3799 75 1.71
5/4/99 Sub-Optimal Coagulation 15 254 0.13 1.29 5818 20 247
(49% reduction to 22 mg/L) 30 254 0.14 1.26 5793 19 248
45 254 0.17 1.17 5774 22 241
55 254 0.19 1.13 6007 24 240
3/10/00 Sub-Optimal Coagulation =245 348 0.04 1.95 8618 7 3.09
(49% reduction to 20 mg/L) =235 348 004 1.94 8580 8 3.02
-200 348 004 191 8327 13 2.80
-170 348 0.05 1.84 8580 24 255
-140 348 0.06 1.76 8625 36 238
-65 348 0.10 1.55 8366 78 2.03
-35 348 0.12 1.48 8274 88 197
1S 344 021 1.21 8539 118 1.86
30 3.4 026 1.12 8513 131 1.81
45 3.4 031 1.05 8205 140 1.77
55 344 034 1.00 8095 147 1.74
6/7/99 Hydraulic Step 280 2.10 0.06 1.54 5816 05 4.07
(25% increase in flow) 295 2.10 0.07 1.48 5593 2.9 3.29
300 2.10 0.10 1.32 5802 1.9 3.48
305 2.10 0.37 0.75 5859 145.2 1.61
310 2.10 0.28 0.88 5957 2789 1.33
315 209 0.22 0.98 5880 199.4 147
6/15/99 Hydraulic Step 280 1.79 0.05 1.54 5835 0.9 3.81
(25% increase in flow) 295 1.80 0.05 155 5749 15 358
300 1.80 0.06 145 5863 15.7 257
305 1.80 0.08 1.35 5728 3285 124
310 1.80 0.04 1.70 5851 140.0 1.62
315 1.80 0.04 1.64 5791 10.8 273
320 1.80 0.05 1.60 6083 14 3.62
6/22/99 Hydraulic Step 280 - - - - - -
(25% increase in flow) 295 - - - - - -
300 - - - - - -
305 - - - - - -
310 - - - - - -
315 - - - - - -
320 - - - - - -
360 - - - ~ - -

® Reduction through entire treatment plant.
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Table D.6

Microorganism Data from Ottawa

Type Seed Duration C. parvum B. subtilis
Date of at Sampling (oocysts/L) (CFU/L)
Experiment (min) FI FE ng_Removal F1 FE Lﬂg Removal
8/6/98 Stable Filter Operation 15 1.6E+5 0 >49 - - -
30 LLIE+5 0 >4.7 - - -
45 1.8E+5 4 4.7 - - -
55 27E+S 2 5.1 - - -
9/9/98 Stable Filter Operation ~ 15 L.IE+6 0 >57 - - -
30 1.9E+5 0 >5.6 - - -
45 9.7E+5 2 5.7 - - -
55 9.2E+5 0 >5.7 - - -
9722/98 Stable Filter Operation - 15 1.2E+6 o >58 1.0OE+5 I.0E+3 20est
30 14E+6 o >35.8 8.8E+4 0.0E+0 > 4.9 est.
45 1.3E+6 [V} >58 13E+3 0.0E+0 > 5.1 est.
55 1.4E+6 2 58 L.IE+5 O0.0E+0 > 5.0 est.
10/6/98 Stable Filter Operation 15 1.4E+6 ) >5.8 - - -
30 L.4E+6 0 >58 . - -
45 1.4E+6 2 5.8 - - -
55 1.4E+6 4 55 - - -
3/9/99 Stable Filter Operation 15 1.6E+6 4 5.6 T9E+4 7.8E+2 2. 0est
30 I.7TE+6 18 5.0 82E+d 6.7E+2 2.1 est.
45 L.7E+6 2 4.8 8.5E+4 4.H4E+2 23 est.
55 L.7TE+6 6 55 95E+4 [.0E+3 2.0 est.
5/31/99 Stable Filter Operation ' 15 L.IE+6 2 57 4.1E+6 9.8E+1 4.6
30 1.OE+6 4 54 5.7E+6 1.2E+2 4.7
45 I.IE+6 4 54 4.7E+6 1.2E+2 4.6
55 1.2E+6 0 >35.8 S4E+6 |ISE+2 4.6
727199 Stable Filter Operation | 15 7.6E+5 0 >56 3.1E+5 S5.0E+0  48est.
30 8.0E+5 0 >35.6 2.7E+5 9.0E+0 4.5 est.
45 7.3E+5 0 >3.6 27E+5 [1.0E+1 4.4 est.
55 8.2E+5 0 >3.6 23E+5 L4E+] 4.2 est.
1/19/00 Stable Filter Operation 15 42E+5 2 53 99E+5 64E+1 42
30 J4E+5 2 53 I.IE+6 6.6E+1 4.2
45 5.0E+5 1 5.7 1.0E+6 6.4E+1 42
55 49E+5 7 4.8 8.8E+5 5.6E+1 4.2
4/8/99 Stable Filter Operation 15 1.2E+6 16 49 - - -
During Runoff 30 1.5E+6 8 5.3 - = -
45 1.5E+6 4 5.6 - - -
55 14E+6 4 55 - - -
4/13/99 Stuable Filter Operation 15 1.3E+6 4 55 - - -
During Runoff 30 1.2E+6 +4 35 - - -
15 1.3E+6 10 5.1 - - -
55 1.SE+6 6 5.4 - - -




Table D.6

Microorganism Data from Ottawa (Continued)

Type Seed Duration C. parvum B. subtilis
Date of at Sampling (oocysts/L) (CFU/L)
Experiment (min) Fl FE  Log Removal FI FE  Log Removal
720199 Stable Filter Operation ' 150 30 0 >1.2 5.0E+2 J42E+i |
seeded at rapid mix 165 710 0 >2.6 33E+2 3.5E+1 1.0
180 300 0 >22 6.1E+2 223E+l 1.4
195 210 0 >2.0 4.7E+2  19E+l1 1.4
210 120 0 >1.8 57E+2 15E+l 1.6
225 90 0 >1.7 4.1E+2 1.5E+! 14
240 10 0 >0.7 33E+2 9.0E+0 1.6
255 0 0 >0.0 0.0E+0 L7E+!1 -12
270 0 0 >0.0 4.7E+2 T7.0E+0 1.8
10727198 Filter Ripening 5 1L1IE+6 82 4.1 1.5E+5 35.6E+2 2.4est
10 1.3E+6 22 48 1.5E+5 9.0E+3 1.2 est.
15 14E+6 16 49 1.8E+5 T.6E+3 1.4 est.
20 1.4E+6 4 55 20E+5 4.2E+3 1.7 est.
25 14E+6 2 5.8 1.OE+4 8.2E+3 0.1 est.
1173/98 Filter Ripening 5 1.0E+6 62 42 6.5E+4 23E+3 1.5 est.
10 13E+6 - - 7.5E+4 23E+3 1.5 est.
15 L.3E+6 18 49 I.7E+5 5.6E+2 25est
20 L4E+6 2 5.8 22E+5 ISE+3 22est
25 1.3E+6 4 55 2.1E+5 [1.7E+2 3.1 est.
11/10/98 Filter Ripening 5 9.1E+5 110 3.9 63E+4 0.0E+0 >d48est.
10 9.6E+5 24 16 1.8E+5 S4E+3 L5
15 1.0E+6 4 54 L7E+5 4.5E+3 1.6
20 1.IE+6 2 57 2.1E+5 6.6E+3 1.5
25 L.IE+6 4 54 1.9E+5 0.0E+0 >353est
1/21/99 End-of-Run ~ s 7.1E+5 194 3.6 79E++ 3.6E+2 22est
30 6.8E+5 298 34 9.5E+4 33E+2 25 est
45 T.9E+5 1948 26 9.7E+4 94E+2 20est
55 7.2E+5 2162 25 9.5E+4 8.9E+2 2.0est
3/8/00 End-of-Run 15 7.8E+5 720 3.0 - - -
30 1.2E+5 3220 2.3 - - -
45 TAE+S 7140 2. - - -
. 55 6.6E+5 9620 1.8 - - -
3/9/00 End-of-Run 15 5.9E+5 320 33 - - -
30 6.8E+5 1260 27 - - -
45 6.0E+5 2100 25 - - -
35 6.8E+5 3760 23 - - -
3/1/00 Early Breakthrough 15 6.2E+5 880 28 - - -
30 6.9E+5 3660 23 - - -
45 5.7E+5 7080 1.9 - - -
55 6.3E+5 11920 1.7 - - -
373100 Early Breakthrough 15 7.0E+5 1700 2.6 - - -
30 6.4E+5 4020 22 - - -
45 6.8E+5 6040 2.1 - - -
35 T2E+5 11660 1.8 - - -
3/4/00 Early Breakthrough 15 6.7E+5 1960 25 - - -
30 6.9E+5 5240 21 - - -
45 6.2E+5 7740 1.9 - - -
55 6.3E+5 10500 1.8 - - -
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Table D.6

Microorganism Data from Ottawa (Continued)

Type Seed Duration C. parvum B. subtilis
Date of at Sampling (oocysts/L) (CFU/L)
Experiment (min) FI FE Log Removal Fl FE  Log Removal
11/25/98 Late Breakthrough 15 8.1E+5  L4E+4 1.8 85E+4 54E+3 1.2 est.
30 94E+5  1.8E+4 1.7 1.5E+5 53E+3 1.5 est.
45 9.0E+5 1.7E+4 1.7 9.5E+4 T.6E+3 1.1 est.
55 95E+5  L.6E+d 1.8 1.3E+5 9.1E+3 1.2 est.
12/9/98 Late Breakthrough 157 9.7E+5  2.1E+¢ 1.7 42E+4  3.2E+3 i1
30" 9.6E+5  L.SE+d 1.3 3.1E+4 3.6E+3 0.9
5™ 8.5E+5  1.8E+4 1.7 6.9E+4 6.8E+3 1.0
55" 92E+5  1.9E+4 1.7 6.8E+4 7.8E+3 09
1/13/99 Late Breakthrough 15 6.6E+5  2.5E+3 2. 3.1E+d [8E+3 12 est
30" 53E+5  1.9E+4 15 35E+d LIE+3 1.5 est.
45 5SE+5  T4E+4 0.9 24E+4 2.0E+3 1.1 est
55" 54E+5  3.8E+d 12 32E+4 20E+3 1.2 est
12/20/99 Late Breakthrough 15 S7E+5  LOE+3 1.8 48E+5 T.8E+4 0.8
30 6.1E+5  22E+4 14 3.7E+5 T2E+4 0.7
45 60E+5 1.TE+4 1.6 82E+4 42E+4 03
55 6.4E+5  34E+d 1.3 6.7TE+3 5.7E+d 0.1
12/22/99 Late Breakthrough 15 6.6E+5 25E+d 1.4 33E+5 34E+4 1.0
30 8.0E+5 32E+4 1.4 3.6E+5 4.8E+t 0.9
45 78E+5  3.8E+d4 1.3 1.9E+5 2.9E+4 0.8
55 85E+5  4.1E+3 1.3 1.9E+5 2.9E+4 0.8
8/24/99 No Coagulants, No Media 15 29E+5 1.7E+05 0.23 29E+5 1.9E+5 0.18
30 33E+5 3.5E+05 -0.03 44E+5 34E+5 0.11
45 3.7E+5 2.8E+05 0.12 5.0E+S 4.1E+5 0.09
55 34E+5 33E+05 0.01 4.7E+5 2.9E+5 021
12/13/99 No Coagulant - Extended Duration ~ 15 42E+5  24E+05 .2 L4E+6 1 4E+6 0.00
30 18E+5 2.6E+05 0.3 1.8E+6 13E+6 0.14
45 42E+5  24E+05 0.2 42E+6 L.TE+6 0.39
55 48E+5  2.5E+05 0.3 39E+6 LTE+6 0.36
2/9/99  No Coagulant - Short Duration ~ 15 5.8E+5 1820 25 6.7TE+4 1.0E+d 081
30 S4E+5 2740 23 T6E+4 3.6E+3 033
45 43E+5 5990 1.9 LOE+5 3.4+ 047
55 2E+5 6180 1.8 71E+  SAE+4 0.12
8/4/99  No Coagulant - Short Duration ~ 15 24E+5 240 3.0 3.1E+5 LI1E+5 045
30 2.6E+5 200 3.1 3.7E+5 2.1E+5 0.25
45 3.8E+5 190 33 32E+5 3.2E+5 0.00
55 29E+5 430 2.8 32E+5 3.23E+5 0.00
6/29/99 No Coagulant in Plant ! 15 6.SE+5 0 >4.8 1.3E+5 S5.6E+2 24
30 6.2E+5 0 >4.8 32E+5 7.JE+2 2.6
45 6.9E+5 0 >4.8 34E+5 82E+2 2.6
55 6.6E+5 0 >4.8 3.1E+5 92E+2 25
7/13/99 No Coagulant in Plant * 15 1.2E+6 0 >5.1 7.8E+4 5.1E+2 22
30 1.1IE+6 0 >5.0 22E+5 T7.0E+2 25
45 1.0E+6 0 >5.0 5.9E+4 44E+2 2.1
55 1.1IE+6 0 >5.0 79E+4 6.3E+2 2.1
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Table D.6

Microorganism Data from Ottawa (Continued)

Type Seed Duranon C. panum - bB. subnilis
Date of at Sampling (oocysts/L) i (CFU/L)
Experiment (min) F1 rE  Log Removal |51 FE  Log Removal
8/18/99 No Coagulant in Jar ’ 15 7.8E+5 0 >56 63E+d 5.S5E+l 3.1
30 7.0E+5 0 >5.5 7OE+:  4.3E+l 32
45 8.2E+5 0 >5.6 6.1E+4 3.6E+l 32
55 8.2E+5 0 >5.6 6.6E+¢ 3.1E+l 33
12117199 No Silicate " 15 1.8E+5 2 54 7.6E+5 2.8E+2 34
30 4.9E+5 0 >5.4 1.2E+6 3.0E+2 36
45 4.7E+5 9 47 1.IE+6 5.0E+2 33
55 1.0E+5 8 47 I.IE+6 3.8E+2 35
2/18/99 Sub-optimal Coagulation 15 4.5E+5 6680 1.8 64E+4 53E+3 1.1
(52% reduction to 20 mg/L) 307 5.2E+5 19093 1.4 6.7E+4  9.2E+3 09
45 53E+5 28747 13 7.lE+4 7.2E+3 Lo
55 6.2E+5 26047 14 6.5E+4 1.1E+ 038
3723199 Sub-optimal Coaguiation 15 L4E+6 200 38 34E+ 8.9E+2 l.6est
(47% reduction to 20 mg/L) 30 1.5E+6 710 33 5.7E+  6.8E+2 19 est.
15 1.6E+6 1570 3.0 S2E+ 53E+2 2.0est
55 2.1E+6 2550 2 42E++  14E+3 15est
5/4/99 Sub-optimal Coagulation 15 1.3E+6 4 55 7.1E+3 8.8E+2 09
(49% reduction ro 22 mg/L) 30 1.5E+6 12 5.1 8.3E+3 92E+2 1.0
15 1.6E+6 8 53 7.6E+3 9.7TE+2 09
55 1.7E+6 8 53 7.0E+3 75E+2 1.0
3/10/00 Sub-optimal Coagulation ™™ 15 4.5E+5 20 14 - - -
(49% reduction to 20 mg/L) 3 4.6E+5 4] >4.4 - - -
45 52E+5 20 14 - - -
55 5.2E+5 40 4.1 - - -
677199 Hydraulic Step © 280 2.0E+5 0 >50 4.6E+d 6.5E+! 28est
(25% increase in flow) 295 22E+5 10 43 4.6E+4  L2E+2 2.6est
300 2.0E+5 1522 21 13E+  4.7E+2 1.4
305 2.1E+3 w2 0.3 8.2E+3 2.0E+3 0.6
310 1.3E+3 3384 04 53E+3 2.1E+3 04
315 9.0E+2 3270 -06 24E+3  LIE+3 03
6/15/99 Hydraunlic Step ' 280 I.8E+5 0 >4.9 JO0E+}  3.2E+! 3lest
(25% increase in flow) 295 2.0E+5 2 5.0 4IE+ 3.0E+! 32est
300 1.9E+5 2 5.0 2AE+4 2.0E+! 3.lest
305 3.0E++ 0 >42 7.6E+3 3.7E+l 23
310 1.8E+4 0 >39 5.1E+3 5.0E+l 20
315 7.9E+3 0 >3.6 23E+3 6.0E+0 26est
320 6.9E+3 0 >3.5 24E+3  LG6E+I 22est
6/22/99 Hydraulic Step 280 2.0E+5 4 4.7 26E+d  3.6E+] 29est
(25% increase in flow) 295 22E+5 28 3.9 26E+4  [.9E+] 3.1est.
300 2.1E+5 14 42 9.1E+3 2.2E+] 26est
305 3.8E+4 48 29 3TE+3 L7E+] 2.4 est.
310 1.6E+% 76 23 L.1IE+3 4.6E+l 14 est
315 6.4E+3 50 21 L.IE+3 2.0E+! 1.7 est.
320 5.0E+3 22 2.4 1.OE+3 [4E+] L.9est
360 3.7E+3 22 22 44E+2  7.8E+1 0.8

Note: All counts in italics are esiimates (est.} because they are not in the siasistically valid range of 20-200 cownss per plate.
* Filter influent Cryptosporidium datm estimated by strip counts at $00X.

T Non-detects (values of 0) were reated as 2 oocysts/L

¥ Non-detects (values of §) were wreatea as 10 oocysts/L.

~ Pump failure (for 2 few minutes) accounts for decreased concentration.

™ Filter effluent Cryprosporidium data estimated by strip counts at 300X,

¥ Substantial clumping was observed in filter influent Cryprosporidium samples.

" Some sample loss occurred during processing.

""" Non-detects (values of 0) were treated as 20 cocysts/L.
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Table D.7
Microsphere Data from Ottawa

Type Seed Duration Yellow Microspheres Blue Microspheres
Date of at Sampling (spheres/L) (spheres/L}
Experiment (min) F1 FE Log Removal F1 FE {_og Removal
1/19/00 Stable Filter Operation L5 6.1E+5 13 4.7 - - -
30 5.6E+5 6 5.0 - - -
45 6.5E+5 12 4.7 - - -
55 7.9E+5 6 5.1 - - -
3/8/00 End-of-Run -165 - - - 9.4E+5 78 4.1
-155 - - - 9.9E+5 80 4.1
-90 - - - 0.0E+0 172 n/a
I5 7.9E+5 960 29 L6E+f 620 14
30 8.5E+5 3620 24 6000 340 1.2
45 88E+5 1.0E+d L9 2000 760 04
55 7.6E+5  L.1E+ 1.8 4000 740 0.7
3/9/00 End-of-Run -365 - - - 7.9E+5 16 47
-355 - - - 9.0E+5 23 16
-290 - - - 25E+5 19 4.1
-230 - - - 5.6E+3 3 3.3
-170 - - - 9.0E+2 2 27
15 3.1E+5 20 3.1 7.0E+2 5 2.1
30 3.0E+5 540 2.7 8.0E+2 40 n/a
45 3.3E+5 1500 23 0.0E+0 20 n/a
35 27E+5 1620 22 8.0E+2 220 n/a
3/1/00 Early Breakthrough -345 - - - 8.2E+3 6 5.1
-335 - - - T9E+5 7 5.
-300 - - - 2.0E+5 11 43
-270 - - - 4.9E+ 18 34
-240 - - - 34E+4 7 3.7
-210 - - - 2.2E+4 12 33
15 6.0E+5 880 2.8 800 830 n/a
30 6.3E+5 3700 2.2 400 1000 n/a
45 6.5E+5 6240 2.0 0 980 n/a
55 6.2E+>5 9320 1.8 0 1000 n/a
3/3/00 Early Breakthrough -240 - - - 8.3E+5 13 4.8
-230 - - - 1.7E+5 10 4.9
-195 - - - L.2E+5 20 3.8
-165 - - - 5.1E+ 27 33
-105 - - - 1.6E+4 79 23
15 64E+5 1340 2.7 8400 660 1 N
30 5.2E+5 3980 2.1 6000 680 09
45 6.0E+5 7640 1.9 6400 640 i.0
S5 6.0E+5 L.LIE+4 1.7 7200 1000 0.9
3/4/00 Early Breakthrough -385 - - - 7.5E+5 16 1.7
-375 - - - 7.8E+5 9 4.9
-310 - - - L.8E+5 8 44
-250 - - - 1.7E+ 9 33
-190 - - - 6.1E+3 6 3.0
15 4.7E+5 2060 24 0 220 n/a
30 5.5E+5 3820 22 800 420 03
45 4.7E+5 6200 1.9 400 460 n/a
55 5.5E+5 7100 1.9 400 540 n/a
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Table D.7
Microsphere Data from Ottawa (Continued)

Type Seed Duration Yellow Microspheres Blue Microspheres
Date of at Sampling (spheres/L) {spheres/L.}
Experiment (min) F1 FE Log Removal FI FE Lo-i Removal
12/20/99 Late Breakthrough 15 4.3E+5 6680 1.8 - - -
30 39E+5 1.6E+4 1.4 - - -
45 +4.1E+5 LLIE+4 1.6 - - -
55 42E+5 22EH 13 - - -
12/22/99 Late Breakthrough 15 95E+5  8.5E+3 20 - - -
30 9.9E+5 1.7E+¢ 1.8 - - -
45 89E+5 27E+} L5 - - -
55 95E+5  3.1E+d 1.5 - - -
12/13/99 No Coagulant - Extended Duration - 15 34E+5 23E+05 0.2 - - -
30 39E+5 23E+05 02 - - -
45 3.8E+5 22E+05 02 - - -
53 3.8E+5 2.0E+05 03 - - -
12717199 No Silicate 5 7.5E+5 52 4.2 - - -
30 73E+5 98 39 - - -
45 6.1E+5 77 3.9 - - -
55 5.9E+3 170 35 - - -
3/10/00 Sub-optimal Coagulation =245 - - - 6.7E+5 2 55
(49% reduction to 26 mg/L.) =235 - - - STE+S L 5.8
-200 - - - 99E+4 0 >5.0
~-170 - - - 6.8E+¢ 0 > 3.7
-140 - - - 33E+ 0 >35
-65 - - - 9.5E+3 0 >2.8
-35 - - - 3.0E+3 (] >23
15 5.2E+5 40 4.1 0.0E+0 20 n/a
30 4.6E+5 20 14 +0E+2 0 >13
45 43E+5 20 43 0.0E+0 40 n/a
55 4.9E+5 80 3.8 4.0E+2 0 > 1.3

* Filter influent microsphere data estimated by enumerating 50 random fields of view at 400X
(Nikon Labophot 2A. Nikon Canada Inc.. Taronto. ON).



gee

Table D.8

Microorganism and Microsphere Removal (Filtration) and Total Particle Reduction (Plant) - Summary from Ottawa

Date Experiment Log Removal (Mean % 1 Standard Deviation)" Filter Effluent (Mean £ 1 Standard Deviation)
C, parvum B, subrilis Particles Yellow Microspheres Particles Turbidity
(#/mL.) (NTU)
8/6/98 Stable Filter Operation 49 + 0.21 * 32 + 0.29 * 37 £ 29 0.02 + 0.00
9/9/98 57 £ 0.06 * 38 = 010 * 09 £ 02 0,02 = 0,00
9/22/98 58 003 43 * 151 28 = 0.24 * 87 £ 5.6 0.03 = 0,00
10/6/98 58 = 0.15 * 46 + 0,18 * 02 % 0.1 0.02 £ 0,00
3/9/99 52 £ 038 21 + 0.14 4.1 £ 010 * 04 = 0.1 0,03 = 0.00
5131199 506 £ 020 46 = 005 37 = 0.18 * 1.2 = 0.6 003 + 000
721/99 5.6 = 0.02 45 = 0.4 3.0 £ 0.22 * 5.1 = 1.5 0.4 = 0.00
1/19/00 53 + 036 4.2 = 0.0l * 49 = 0.22 48 = 0.6 0.03 = 0,00
Overall 5.5 + 037 39 %= 113 362 x= 063 * 311 = 35 003 = 00!
4/8/99  Stable Operation During Runoff 53 + 0.32 * 40 = 0.09 * 1.3 + 0.2 0.04 = 0.00
4/13/99 54 = 0.18 o 39 £ 0.07 * 2,1 = 03 0.03 = 0,00
Overall 5.3 % 0.24 * 40 = 011 * 1.7 £ 05 0.03 = 00!
7/20/99 Stable - Seeded at Rapid Mix 1.3 £ 093 1.1 = 092 30 £ 0,10 * 57 = LS 0.} = 0.0l
10/27/98 Filter Ripening 50 £ 067 14 £ 084 31 £ 048 u 9 % 12 0.07 + 0.02
11/3/98 50 £073 21 +£069 30 % 046 * 21 £ 22 0.7 = 0.09
11/10/98 50 £ 075 29 = 193 26 = 067 * 36 = 6] 0.16 = 0.05
Overall 5.1 x 066 2] + 136 2,9 x 055 * 2 x 37 013 = 007

* Not applicable.
** Only data afier the initiation of the hydraulic step are summarized.
*+% |og reduction of total particles through treatment plant.,



Table D.8

Microorganism and Microsphere Removal (Filtration) and Total Particle Reduction (Plant) - Summary from Ottawa (Continued)

Pee

Date Experiment Log Removal (Mean + | Standard Deviation) Filter Effluent (Mean £ | Standard Deviation)
C. parvum B. subtilis Particles Yellow Microspheres Particles Turbidity
(#/mL) (NTU)
1121799 End-of-Run 30 o+ 052 22 021 33 = 0,18 * 1.8 = 0,70 0.06 = 0,01
3/8100 23 = 053 * 33 =+ 008 23 = 049 45 = 081 0.09 = 0,03
3/9/00 27 = 044 * 34 = 0,05 26 = 042 32 = 038 0.05 = 0.01
Overall 2.7 + 0.54 A 34 = 012 24 x 046 32 =z 1,29 0.06 * 0,02
31/00 Early Breakthrough 22 = 050 * 1+ 011 22 & 044 69 = 1.82 0.22 = 0,04
3/3/00 22 = 034 * 34 = 0.06 2,1 £ 042 58 £ 0,74 0.15 = 004
3/4/00 2.1 = 033 » 33 = 0.06 2.1 =+ 0.23 6.3 = 0.84 0.12 = 0.03
Overall 2,1 = 0,36 * 33 = 011 2,1 = 034 63 £ 1,22 0,17 = 006
11/25/98 Late Breakthrough 1.8 = 0.03 1.2 = 0.16 1.5 + 0.14 * 249 + 74 0.94 = 0,09
12/9/98 1.7 = 0.06 1.0 £ 0,09 1.7 = 005 * 140 = 16 0.50 + 0,04
1/13/99 1.5 &£ 0.68 1.3 = 0,18 3.0 £ 005 * 4 £ 04 0.61 = 0,15
12/20/99 1.5 £ 020 0.5 = 035 2,5 + 046 1.5 £ 023 32z 36 028 + 0.03
12/22/99 14 £ 005 09 z 008 * 1.7 £ 0,26 * 029 = 0,02
Overall 1.6 = 032 1.0 = 0.34 22 = 067 16 = 025 106 <+ 107 0,52 = 026
8/24/99 No Coagulants, No Media 009 £ 012 0,15 = 006 * * * *
12/13/99 No Coagulant - Extended Duration 0.3 = 002 0.2 = 0,19 03 £ 003 02 = 0,04 5172 = 266 2,27 = 0,00
2/9/99 No Coagulant - Short Duration 21 £ 033 04 £ 029 16 = 013 * 206 = 50 0.76 + 0.06
8/4/99 31 £ 020 02 + 022 0.8 = 003 * 565 x 35 0.56 = 0,01
Overall 2.6 = 0.56 0.3 = 028 1.2 = 0.39 * 385 + 196 066 = 012

* Not applicable.
** Only data after the initiation of the hydraulic step are summarized.
*** Log reduction of tolal particles through treatment plant,.
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Table D.8

Microorganism and Microsphere Removal'(Filtralion) and Total Particle Reduction (Plant) - Summary from Ottawa (Continued)

Date Experiment Log Removal (Mean % 1 Standard Deviation)”" Filter Etfluent (Mean + | Standard Deviation)
C. parvum B. subtilis Particles Yellow Microspheres Particles Turbidity
(#/mL) (NTU)
6/29/99 No Coagulant in Plam 48 = 0.02 25 = 0,12 1.1 £ 0.02 * 438 = 25 074 = 0.02
7/13/99 50 £ 003 22 + 018 L1 %= 0,03 * 498 + 34 0.69 = 0.03
Overall 49 = 012 24 =022 1.1 « 003 * 468 * 43 071 x 0.04
8/18/99 No Coagulant in Jar 56 = 003 32 = 011 4.1 = 0.0 * 04 z 0.00 0.03 + 0.00
12117199 No Silicate 50+ 039 35 + 011 36 = 0.09 39 £ 025 36 £ 0.76 0.03 = 0,00
2/18/99 Sub-Optimal Coagulation 15 =024 09 = 013 0.8 = 0.02 * 588 + 23 098 = 0.00
3/23/99 33 2 042 17 % 025 1.7 £ 0.02 "‘ 71 = 4 093 + 0.04
5/4/99 53 £ 017 09 £ 0.04 24 + 0,04 * 21 £ 2 0.16 = 0.03
3/10/00 43 + 0.13 * 1.8 £ 0.05 41 = 0.26 134 = 13 028 = 0.06
Overall 36 + 148 1.2 = 043 L7 £ 061 * 204 £ 233 0.59 = 038
671199 Hydraulic Step** 02 £ 128 0.7 x 051 20 = 1.0} * 156 = 117 024 = 0.11
6/15/99 40 £ 058 24 x 042 24 + 095 * 99 + 140 0.05 + 0.02
6/22/99 27 £ 078 1.8 = 0.69 * * * *
Overall 2,5 + 174 1.7 = 087 22 x 093 * 125 = 126 0.14 = 0.12

* Not applicable,
**+ Only data after the initiation of the hydraulic step are summarized,
*** Log reduction of total particles through treatment plant.,
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Table D.9

Filter Performance at Windsop

Date Type of Run Raw Water  Rate of Headloss Turbidity Particle Counts >= 2 pm (#/mL)
Temperature  During Entire During Seeding During Seeding
During Seeding  Filter Cycle Median  Median 1.og Reduction” Median  Median Log Reduction””
(°C) (Afi/hr) Pl FE Median  95th Percentile PI FE Median  95th Percentile
3/10/99 Stable - Constant Rate Filtration 1.7 0.0028 * * * * 7765 2163 0.6 0.6
" Stable - Declining Rate Filtration 1.7 0.0018 * * ¥ * 7765 2774 04 0.5
3/22/99 Stable - Constant Rate Filtration 4.0 0.0027 * * * * 8811 240 1.6 1.6
" Stable - Declining Rate Filtration 4.0 0.0028 * * * * 8811 137 1.8 1.9
10/14/99 Stable Operation with Pre-ozonation 14.5 0.0015 26,2 0.10 27 31 S04 12 1.6 17
10/21/99 Stable Operation 12,5 0.0016 5.6 0,11 1.7 1.9 525 13 1.6 1.7
10/22/99 Stable Operation 13.0 0.0015 13,7 0.10 2,2 24 500 13 106 1.6

* Data are not available,
** Reduction through entire treatment plant,
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Table D.10

Total Particle Reduction (Plant) Data from Windsor

Date Type of Run Seed Time Particles >=2 pm (#/mL)

(minutes) Pl FE Lo@cduclion"‘

3/10/199 Stable Filier Operation 15 7362 2120 0.5

constant rate filter 30 7165 2165 0.6

45 7200 2163 0.5

55 7918 2190 0.6

! Stable Filier Operation 15 7882 2872 0.4

declining rate fiker 30 7362 2620 04

45 7877 2701 0.5

3 7765 2774 0.4

3122199 Stable Filter Operation 15 8811 239 1.6

constant rate filler 30 9639 252 1.6

45 8156 2 1.5

55 8843 2 1.6

" Stable Filter Operation 15 8811 129 1.8

declining rate filter 30 9639 136 1.9

45 8156 139 1.8

55 8843 140 1.8

10/14/99 Stable Filter Operation 20 493 16 1.5

with pre-ozonation 40 539 12 1.6

55 539 2 1,7

10/21/99 Siable Filter Operation 20 527 16 1.5

40 519 15 1.5

55 514 14 1.6

10722/99 Stable Filter Operation 20 491 14 1.5

40 hXX 16 1.5

55 524 13 1,6

* Reduction through entire treatment plant.
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Table D.11

Microorganism Data from Windsor

Date Experiment Sced Time Cryptosporidiian parvum Bacillus subtilis
(minutes) Fl FE Log Removal FI FE Log Removal
{#/L) (#/L) (CFU/L)  (CFU/L)
3/10/99 Stable Fiiter Operation 15 9,1E+03 1280 0.8
constant rate filter 30 -e- 7.6E+03 1440 0.7
45 - 6.6E+03 1180 0.7
55 8.7E+03 1100 0,9
" Stable Filter Operation 15 6.8E+03 10 28est
declining rate filter 30 1LIE+03 18 1.8 est,
45 -- 3.7E+03 1 2.50est,
55 .- LIE+04 16 2.8 est,
322199 Stable Filter Operation 15 5.0E+03 1 3.7 est.
constant rate filter 30 6.7E+03 3 33 est.
45 5.6E+03 7 29 est,
55 - - 1.0E+04 16 2.8 est,
" Stable Filter Operation 15 1.8E+04 6 3.8 est.
declining rate filter 30 LIE+O4 5 33est,
45 3.6E+03 14 2,6 est.
55 - 8.3E+03 13 28 est,
10/14/99 Stable Filter Operation 20 2 4E+5 RH] 38 578405 112 3.7
with pre-ozonation 40 22645 20 4,0 0.0E+05 124 37
33 22E+5 4 4,7 5.6E+05 36 4.2 es1,
10/21/99 Stable Filter Operation 20 1.9E+5 6 4.5 J.6E+05 88 KX+
40 1.6E+5 10 4.2 34E+06 134 44
55 1L7E+5 16 4,0 3.3E+05 130 34
10/22/99 Stable Filter Operation 20 21E+5 17 4.1 3 TE45 115 15
40 23E+5 16 42 2.8E+5 66 3.6
55 2.0E+5 14 4.2 3.5E+5 170 3.3

Note: Ml concemrations in tialics are esthares (st} because the counts were aot in the siatistically valid range of 20-200 coints per pluse,
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Table D.12

Filter Performance at UW

Date Type of Run Turbidity Particle Counts >= 2 um

During Seeding (#/mL)

Median Median Log Reduction” Median
Pl FE Median  95th Percentile FE
11/23/99 Stable Operation - Dual-media 1.30 007 1.3 1.3 19.3
11/24/99 " 1.33 0.04 LS 1.6 3.0
11/28/99 Stable Operation - Tri-media 1.45 (.05 1.5 1.5 1.6
11/28/99 " 1.44 0.03 1.6 1.7 1.4
12/10/99 Hydraulic Step - Dual-media 1.61 0.05 1.5 1.6 10.7
12/11/99 " 1.48 0.06 1.4 14 13.7
1/15/00 Hydraulic Step - Tri-media 1.51 0.05 1.5 1.6 1.1
1/16/00 " 1.39 0.05 1.4 1.5 9.7

* Reduction through entire treatment plant.



Turbidity and Total Particle Data from UW

Table D.13

Date Type of Run Seed Time Turbidity Particle Counts >=2 um (#/ml)
(minutes) Pl FE  Log Reduction* FE
1172399 Stable Filter Operation 20 .37 0.07 1.3 235
dual-media 40 130 0.07 13 19.0
55 1.29 0.06 1.3 15.1
1172499 Stable Filter Operation 20 133 0.04 15 3.1
dual-media 40 1.56 0.10 12 24
55 126 003 1.6 2.6
112899 Stable Filter Operation 20 1.38 0.05 1.4 7.6
tri-media 40 I.51 0.05 15 7.1
55 6l 005 [ 59
11/28/99 Sublke Filter Operation 20 145 0.03 1.6 1.1
tri-media 40 155 0.03 1.7 25
55 144 003 I.6 I.1
12/10/99 Hydraulic Step -15 159 004 1.6 10.6
25% flow increase 0 1.62 0.04 L6 313
dual-media 10 159 0.05 L5 L3
20 1.62 0.05 L5 10.9
{2/11/99 Hydraulic Step -15 148 0.06 L4 13.8
25% flow increase o 155 0.06 L4 404
dual-media 10 148 0.06 14 204
20 153 0.06 1.4 26.1
1/15/00 Hydraulic Step -5 .51 0.05 1.5 1.5
25% flow increase 0 1.50 0.06 14 73.2
tri-media 10 151 006 L4 693
20 1.53 0.05 L5 330
1/16/00 Hydraulic Step -15 131 006 13 9.6
25% flow increase 0 141 0.06 1.4 642
tri-media 10 1.38 005 1.4 66.1
20 1.38 0.06 1.4 26.8

* Reduction through entire creatment plant.
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Table D.14

Microorganism and Microsphere Data from UW

Date Experiment seed Time C. pantum B. sublilis Microspheres
(minutes) Fl FE Log Removal ¥l FE Log Renwval FI FE Log Removal
(#!_/_L) (#/L) (CFUM)  (CFU/L) (spheres/l.)  (spheres/L)
T2 Stabie Iiter Operation 20 3.5L45 3 5.0 SoLts | 3002 ) T.3E+6 32 4.6
dual-media 40 33645 6 4.7 4,6E+5 35842 31 1.2B+6 29 4.6
55 3.5E+S 2 52 S.6E+5 2,9E+2 33 1 4E+6 10 5.1
11/24/99 Stable Filter Operation 20 2.0E+5 3 4.8 39E+5 4.66E+2 2,9 8,9E+5 75 4,1
dunl-medin 40 226+5 O* 54 |.1E+6 7.0E+2 32 1.2E+6 25 4.7
55 21E+5 2 50 9.5E+5 8 4E+2 3.1 1.2E+6 49 4.4
11/28/99 Stable Filter Operation 20 JOE+S 2 5.2 1.2E45 2,5E+42 3.5 1.3E+6 K] 4.6
tri-media 40 2,6E+5 3 49 8.1E+5 3.6E+2 33 1.2B46 47 4.4
55 2,6E+5 2 5.1 1.0E+6 3.2E+2 3.5 1,2E+46 22 4.7
11/28/99 Stable Filter Operation 20 45845  O* bW 33E+6 S.8E+1 4.8 1.2E+6 | 6.1
tri-media 40 40E+5  O* 5.6 1.2E+6 6,2E+1 4.3 1.3B46 1 6.1
55 40E+5  0* 5.6 9.8E+5 S.8E+1 4,2 1L 1E+6 2 5.8
12/10/99 Hydraulic Step -60 22E45 1 54 e 2.6E+5 2 5.0
25% flow increase -15 275 O 54 e - 21E+5 3 49
dual-media 0 23E+5 4 4.8 2,6E+5 9.6E+3 K 2,2E+5 2 50
10 5.0E+4 4 4.1 73645 | IE+4 1.8 8,76 +4 6 4,2
20 1JE+4 07 39 LSE+6  LLIE4d 2) 211+ 4 a7
12/11/99 RHydraulic Step -60 20E+5 I 53 e .- .- 29E+45 3 5.0
25% flow increase -15 1.9E45 | 5.3 3.2E+5 17 4,3
dunl-media 0 1.96+5 4 4,7 4,3E+5 3,8E+43 24 2.8F+5 244 3.1
10 3.2E+4 4 39 1.1E+6 33843 2.5 S4E+ 100 27
20 556+3 07 34 1,7B+6 2.3E+3 29 1,2E+4 40 25
1/15/00 Hydraulic Step -15 2IE+S 3 49 -- 3.0E+5 6 47
25% flow increase 0 2.2E+5 8 4.5 1,2E46 6,8E8+3 2.2 12E+45 ) 4.8
tri-medin i0 6.0E+4 14 3.6 9.6E45 LR+ 1.9 6.2E+4 11 37
20 2.8E+4 4 319 25E45 6.6E+3 1.6 3.8E+ 4 4.0
116/00 Hydraulic Step -15 4,5F+45 2 53 3. 7645 2 5.3
25% flow increase 0 4.3E+5 8 4.7 6,1 E+5 5.0E+3 2.1 4.0C+5 6 4.8
tri-media 10 1L3E+5 20 38 8.4E+5 6.005+3 2.1 17645 9 4.3
20 3.4E+4 4 3.9 8.9E+5 2.8L+3 2.5 8.3E+4 7 4,1

“Non-detects (values of 0) were treated as 1 oocysts/l..
* Non-detects (vatues of 0) were treated os 2 xcysts/l.,
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