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I.  SUMMARY

Ozonation and chlorination were experimentally evaluated as alternative
techniques for the disinfection of blackwater. The objective of the program
was to provide a quantitative basis for assessing the relative advantages
and disadvantages of these two techniques for the disinfection of blackwater
generated on-board marine vessels prior to discharge to the navigable waters
of the United States.

The experimental program focused primarily on determining the dosages
of ozone and chlorine required at various temperatures (15°C and 30°C) and
pH's (5-9). For ozonation neither the temperature nor the pH had a signifi-
cant effect (at the 95% confidence level) on the required dosage. For
chlorination the required dosage appeared to increase with temperature and
pH (at 30°C only) but the correlations were not quite significant at the 95%
confidence level. Most of the variability in the data appeared to result
from the uncontrolled variability of the blackwater test samples and from
other sources of experimental error.

The required ozone dosage was approximately three times as great as the
required chlorine dosage for disinfection to a level of 200 fecal coliform
colonies per 100 ml. For the blackwater samples tested, disinfection to
the required level would be insured by application of an ozone dosage of
750 mg/1 or a chlorine dosage of 240 mg/1; although for some samples the
required dosages were considerably lower.

The estimated capital cost and operating cost for an ozonation system
were both approximately three times as great as the corresponding costs for
a chlorination system. However the absolute magnitude of the additional
costs for an ozonation system do not appear to be excessive relative to
other ship-board expenses. The final trade-off between the advantages of
ozonation (no production of chlorinated hydrocarbons and more effective
inactivation of viruses) and its cost disadvantage requires the application
of subjective criteria beyond the scope of this program,
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II. INTRODUCTION

The U.S, Army maintains a large number of marine vessels which have
on-board sanitation devices for the collection, treatment, and discharge of
blackwater (raw sewage diluted with flush water and mascerated to break
up solids). The discharge of untreated blackwater to ports and navigable
waterways could result in a human health hazard either directly or through
the contamination of marine food supplies. In order to limit this type of
pollution the U.S. Environmental Protection Agency has proposed standards(l)
for sewage discharge from watercraft. These standards would limit the
concentrations of fecal coliform bacteria and suspended solids in the
discharged effluent. Two standards have been proposed: an interim standard
(to become effective in 1977) and a final standard (to become effective in
1980). The proposed standards are:

Max. Fecal Coliform Conc. Max. Suspended Solids Conc.

(counts/100 m1) (mg/1)
Interim 1000 no "visible floating solids"
Final 200 150

The interim standards can be met by treating the blackwater with a dis-
infectant such as chlorine or ozone before discharge. The final standards
will require filtration in addition to disinfection.

The objective of this program was to compare chlorination and ozonation
for the disinfection of blackwater. Both are effective disinfectants but

each has particular advantages and disadvantages. The advantages of ozonation

relative to chlorination include:

== Ozonation does not produce toxic chlorinated hydrocarbons;
--= 0Ozonation is more effective for the inactivation of viruses.

The disadvantages of ozonation relative to chlorination include:

-~ Ozonation is more expensive for a given applied dosage;
-- An ozonation system may be more sensitive to shock loadings.




In order to provide a basis for evaluating these advantages and dis-
advantages, an experimental investigation was undertaken to quantify the
requirements of ozonation and chlorination for the disinfection of blackwater.
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III. EXPERIMENTAL
A. TEST SYSTEMS AND OPERATING PROCEDURES

The system used for collection, storage, and transfer of blackwater
is shown in Figure 1. The holding tank of the portable commode was
charged with 9 gallons of tap water to which three separate contributions
of solid waste were added along with a proportionate (but uncontrolled)
number of 1iquid waste contributions. Following each contribution the
commode was flushed by pumping blackwater from the holding tank to the bowl.
Solids were dissipated by a mascerator which was operated in tandem with
the circulation pump. Following the third solid-waste contribution the
three-way valve was turned to "discharge" and the contents of the commode
holding tank were pumped into a 55 gal collection/storage tank.

A transfer pump (Gormann Rupp Model 81 1/2 D3-E 1/2) was used to
withdraw a batch of waste from the storage tank. The tank was tipped back
and forth in an attempt to mix the contents before withdrawing the waste.
The suction of the pump was placed half-way between the 1iquid interface
and the bottom of the tank, and the transfer required approximately thirty
seconds. For earlier runs a separate batch of waste was withdrawn from the
storage tank for each run; however for later runs a 10 gallon sample was
withdrawn, mixed, and divided between an ozonation run and a chlorination
run which were both conducted on the same day. This eliminated some of
the variability that resulted from inaccuracies in withdrawing representative
samples directly from the storage tank.

Waste was intermittantly withdrawn from the collection/storage
tank and fresh waste was intermittently added. It was hoped that this
procedure would dampen some of the composition variations between individual
waste contributions, On the other hand this procedure could lead to
chemical and biochemical changes in the waste during storage, At one point
during the test period a change in the nature of the waste was detected.

At that point the contents of the collection/storage tank were discarded,
and a second waste collection was injtiated.
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Ozonation and chiorination tests were conducted in a 14-liter
fermenter (New Brunswick Scientific Model MMF-14) shown schematically in
Figure 2. The envelope of the contactor was constructed of Pyrex glass;
the top-plate and internals were constructed of stainless steel, The
stirrer consisted of three turbine wheels, each contajning six flat blades,
mounted on a central shaft., The agitation speed was measured with a
stroboscope. Four equally spaced hollow baffles extended vertically down
the inside walls of the contactor, Water, maintained at a constant tempera-
ture by an external bath, was circulated through two of the interconnected
hol ow baffles to provide temperature control. A U-tube-type germicidal
UV lamp (Hanovia Lamp Div. Model 688A45) with an output of 10.2 watts at
254 nm was immersed directly in the liquid phase of the contactor. The pH
and temperature of the waste were continuously monitored, Waste was
continuously pumped through the sample loop and returned to the contactor.
Ozone was introduced to the contactor through a single-orifice sparger
below the bottom turbine, and sodium hypochlorite solution was added through
a port in the top-plate.

The flow schematic for the ozonation/chlorination system is shown
in Figure 3. For ozonation, purified oxygen was delivered at 40 psig to the
ozone generator (W.R. Grace Model LG-2-L2) which contained an internal
pressure regulator to control the feed pressure between 0 and 15 psig and
an internal flow meter to measure the output (10-100 SCFH). Ozone was
generated in a corona discharge and delivered to the contactor through a
check valve, a flow control valve, and a flow meter (0-3 SCFH). The bulk
of the ozone was vented before the contactor since the generator produced
much more ozone than required for the tests. A continuous chemiluminescent
ozone monitor (TECO Model 10A NO, monitor converted to monitor ozone) was
used to monitor the ozone concentration in either the feed to the contactor
or the off-gas from the contactor. A vacuum pump was used to draw the
sample stream through a liquid trap, a cartridge filter, and the ozone
monitor., The ozone monitor was calibrated using the potassium jodide
absorption method described Ne
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During each test, waste from the contactor was pumped (Gormann
Rupp Model 81 1/2 D3-E 1/2) through a sample loop and back to the contactor,
Liquid samples were withdrawn from the discharge side of the pump,

For chlorination (dashed 1ines) sodium hypochlorite was injected
into the contactor through a septum in the top-plate. A portion of the
recirculated 1iquid stream flowed to a chlorine monitor (Capital Controls
Model 872) which continuously measured the concentration of free available
chlorine. A flushing "Y" strainer was used to prevent large particles from
entering the chlorine monitor. Most of the stream passing through the
chlorine monitor was returned to the sample loop, but a small portion (100
cc/min) which was mixed with a buffer solution for analysis was discarded.

A typical run was conducted by first charging the contactor with
a batch of about 14 liters of blackwater. The recirculation pump in the
liquid sample loop was activated; the waste was brought to the desired
temperature; and the pH was adjusted to the desired level by injecting
either HC1 or NaOH into the waste. The agitation speed was increased to
about 800 rpm and the initial liquid sample was taken.

For ozonation a flow of 2-3 SCFH of 1-2% wt 03 in 02 was sparged
into the contactor. The ozone generator and monitor were warmed up and
stabilized before the start of the run. The pH was readjusted as required
during the run by injection of either acid or base.

For chlorination, a portion of recirculated 1iquid was passed
through the chlorine monitor. A relatively large initial dose of.chlorine
(NaOC1 solution containing 31 g/1 of free available chlorine) was added
to the contactor. The proper size of the initial dose was determined before
the run in trial-and-error tests with a portion of the waste. Following
the initial dose, smaller doses of chlorine were added as required to main-
tain the concentration of free available chlorine in the range of 1-3 mg/1.

B. SAMPLING AND ANALYSES

Six 1iquid samples were obtained during each test (at 0, 15, 30,
60, 90, and 120 min for ozonation and at 0, 3.25, 7.5, 15, 22.5, and 30 min for




chlorination). Analyses were performed for fecal coliform bacteria and
total bacteria using Standard Methods(g) assays 408B and 406, respectively.
In later tests the toal bacteria analyses were dropped since the proposed
standards do not include limitations on total bacteria and since the
concentration trends were similar for total bacteria and fecal coliform
bacteria.

Residual concentrations of free available chlorine (C'l2 + HOC1 + 0C17)
were monitored continuously, and 14 readings were recorded periodically
during the run., The chlorine monitor employs an amperometric technique to
detect chlorine following pH adjustment to 4.0-4.5 by addition of a sodium
acetate-acetic acid buffer,

Ozone concentrations in the contactor feed and effluent were
monitored during the ozonation runs. The ozone level was determined by
measuring the light emission from the chemiluminescent reaction between
ozone and NO.

C. INSTRUMENT CALIBRATION

The chlorine monitor was factory calibrated before shipment using
the amperometric titration technique (Standard Methods(g) assay 114B).

The ozone monitor was calibrated using the simplified procedure
recommended by the manufacturer of the ozone generator(é). The procedure
consists of absorbing a known flow rate of ozone for a fixed time in a
solution containing excess potassium iodide. The ozone quantitatively
oxidizes 1" to I, which remains complexed in solution as 15 (yellow).
After acidification the solution is titrated with a standardized solution
of sodfum thiosulfate which reduces I, to I" (clear end point).

The feed flow meter for the ozone feed gas was calibrated against
a soap-film flow meter,

D. DATA REDUCTION
The procedures used to reduce the data are given in Appendix A

aiong with sample calculations for both ozonation and chlorination.
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o IV, EXPERIMENTAL RESULTS

A total of 17 ozonation tests and 14 chlorination tests were
conducted using the experimental systems and procedures described above.
Temperatures of 15 and 30°C were investigated to indicate the effect of
typical water-temperature variations, and pH's from 5 to 9 were investigated
to indicate the effect of pH within a reasonable range. In addition the
effect on ozonation of irradiation with UV light was investigated. The
results obtained are described below and are discussed in more detail in
the following section (Discussion of Results).

A. VARIATIONS IN BLACKWATER COMPOSITION

Table 1 gives the test chronology and the initial feca! coliform
concentrations for the ozonation and chlorination tests. Considerable
variability was observed in the initial fecal coliform concentrations:
concentrations, in colonies per 100 ml, ranged from 3.5 x 10° for Run C-3
to 3.0 x 108 for Run 0-10. There are several potential sources of this
variability:

1) addition of waste of different composition to the storage tank,
2) changes in waste composition during storage,
3) removal of an unrepresentative test batch from the storage tank,

4) removal of an unrepresentative sample from the reactor for
the initial concentration analysis, and

5) removal of an unrepresentative aliquot from the sample
bottle for analysis.

The first two sources of variability involve time-dependent changes in the
waste; the last three involve sampling errors.

Time-dependent changes in the initial fecal coliform concentrations
do not appear to be significant. However, other changes to be described
below did occur, and after the runs conducted on 4/5 the blackwater storage
tank was emptied, and a second collection was initiated for the runs of 4/12
through 4/22. To determine whether or not the variability was time related,

i a straight-line regression analysis was performed for log (Initial F. Coli.

1
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TABLE 1
TEST CHRONOLOGY AND INITIAL FECAL COLIFORM CONCENTRATIONS

Log of Log of
Initial Initial
Ozonation F. Coli Chlorination F. Coli
Date Run No. Conc. Run No. Conc.
3/4 0-1 6.89 - S
3/10 -- -- C-1 6.26
kAR -- -- Cc-2 6.11
3/15 0-2 6.93 c-3 5.54
3/16 0-3 8.27 c-4 7.62
3/17 0-4 8.34 - e
3/22 0-5 7.34 -- -
3/22 0-6 8.26 P .
3/23 0-7 8.04 C-5 5.84
3/24 0-8 8.08 C-6 8.18
3/31 0-9 6.76 c-7 6.79
4/5 0-10 8.48 c-8 7.04
4/12* 0-11 7.75 Cc-9 7.78
4/13* 0-12 7.84 c-10 7.72
4/14* 0-13 6.93 c-1 6.84
4/14* 0-14 7.90 c-12 6.96
4/15* 0-15 7.98 -- -
4/21* 0-16 7.86 Cc-13 7.95
4/22* 0-17 7.77 Cc-14 7.86

*Single batch removed from blackwater storage tank and divided between
ozonation and chlorination run.

12




Conc.) versus days after first run. The regression slopes were slightly
positive but the 95% confidence intervals for the slopes included zero
slope for data both before and after the point at which the blackwater
storage tank was emptied. Thus the data are consistent with the hypothesis
that no significant long-term changes in the initial fecal coliform con-
centrations occurred with time.

On the other hand short-term variations were singificant. Tests
run on the same day (e.g. Runs 0-7 and C-5) and on successive days (e.g.
Runs C-5 and C-6) could have widely different initial concentrations. This
can be attributed to one or more of the last three sources of variability
listed above. For runs conducted with the second blackwater storage batch
(4/12 through 4/22) a single batch was removed from the storage tank and
divided between the ozonation run and the chlorination run for that day.
With the exception of one day (4/14) the initial concentrations for the
runs conducted on the same day agreed to within 32%. Therefore it is
likely that much of the variability in the initial fecal coliform con-
centrations resulted from problems in withdrawing representative test
batches from the storage tank.

B. OZONATION RESULTS

Typical ozonation results are shown in Figure 4 (Run 0-1 conducted
at a pH of 9.0 and a temperature of 30°C). The logarithm of microorganism
concentration, in colonies per 100 ml for fecal coliform (circles) and
counts per ml for total bacteria (triangles), is plotted against the ozone
dosage in mg ozone per liter of blackwater. The data indicate a linear
decrease of 10g (F. Coli. conc.) with increasing ozone dosage. The straight
1ine shown in Figure 1 was fit to the data by the method of least
squares and gives a linear regression correlation coefficient of -0.978.

The total bacteria analyses show a similar linear decrease.

The 1inear relationship between log (F. Coli. conc.) and ozone
dosage was observed for all ozonation runs. Correlation coefficients
ranged from -0.869 to -0.993. Figure 5 shows the results for the run with

13
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the poorest correlation coefficient (-0.869). Except for the one point at
an ozone dosage of 35 mg/1 the data points fall close to a straight-line
relationship. Scatter in the data could be the result of problems
associated with removing a representative sample from the reactor during a
run and removing a representative aliquot from the sample bottle for
analysis. Additional sources of scatter include analytical errors and
bacterial growth during sample storage prior to analysis.

Results for each of the 17 ozonation runs are given in Appendix
B. The test conditions and results are summarized in Table 2. The first
three columns of Table 2 give the Run No. and test conditions. The next
three columns give the intercept, slope, and correlation coefficient for
the fitted regression 1ine. The final column gives the ozone dosage
required to reduce the fecal coliform concentration to 200 colonies per 100
ml. In most cases some extrapolation of the straight-line relationship was
necessary in order to determine the required ozone dosage.

The required ozone dosage from Table 2 is shown as a function of
pH in Figure 6. Various groups of data points were fit by linear regression
to a straight-line relationship, the correlation coefficients were deter-
mined, and a 95% confidence interval was determined for the correlation

coeff1c1ents.(£) The results are shown below.

Correlation 95% Confidence
Data Group Coefficient Interval
A1l Data 0.241 -0.28 to 0.64
Data at 15°C 0.521 -0.45 to 0.92
Data at 30°C 0.175 -0.45 to 0.68
Data at 30°C without UV 0.147 -0.55 to 0.72
Data for 0-11 through 0-17 0.558 -0.31 to 0.90

In all cases the correlation coefficients are poor, and the 95% confidence
intervals include a correlation coefficient of zero. Therefore the data
indicate that, at the 95% confidence level, no significant relationship
exists between the required ozone .osage and pH.
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TABLE 2
SUMMARY OF OZONATION TEST CONDITIONS AND RESULTS

Linear Regression of Required(a)
Temp., log (F. Coli. Conc.) vs. ga Dosage 03 Dosage
Run *c Intercept ope L.R. Coeff. (mg/1)

pH
0-1 9 6.5744 -0.03219  -0.9784 133
0-2 s 3 6.9297 -0.03406  -0.9646 136
0-3 " 8.7068  -0.02880 -0.9526 222
0-4 w S 7.3491 -0.03600  -0.8686 140
0-s®) 30 s 7.4010  -0.01360 -0.9891 375
0-6 0 7 8.5710  -0.01844  -0.9448 340
0-7(8) 34 7 7.9997 -0.03279  -0.9393 174
0-8 .9 8.3165  -0.01803  -0.8962 334
0-9 1 1) g6 -0.00807 -0.9330 538
0-10 30 7(¢) 83483 -0.00604 -0.8838 1001
0-11 30 7.6'¢)  8.1604 -0.01360  -0.9249 432
012 15 8{®)  gosss  -0.01480 -0.9696 391
0-12 Wk 7.2187 -0.01046  -0.9250 470
. 7.6717 -0.01260  -0.9267 426
0-15 15 8.5(¢)  g,03s8 -0.01030  -0.9927 557
0-16 30  8.2(¢) 75536  -0.01169 -0.9467 449
& W 7.4695  -0.00770 -0.9073 671

a) Dosage required to reduce fecal coliform concentration to 200 counts/100 ml
b) UV light on during run
¢) Run conducted at natural pH of waste; no pH adjustment

NOTE: Following run 0-10 the blackwater storage tank was emptied.
A fresh batch of waste was collected for runs 0-11 through 0-17.
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Ozone Dosage, mg/1

1100
i I I I -3
1000 |— O 0-10
900 |—
800 | . |O 30°C
Key |@ 15°C
A 30°C with UV Light
700 |—
O 0-17
600 }—
@® 0-15
O 0-9
500 }— Oo0-16
@ 0-13
400 p— 0-12
A 0-5 -
o 0-6 ® 0-8
300 }—
@ 0-3
200 —
A 0-7
0-4
®0-2 0 0-1
100 p—
0 I | | |
4 5 6 7 8 9
pH
Figure 6: Required Ozone Dosage vs. pH for Disinfection of

Blackwater to 200 Fecal Coliform Colonies per 100

ml.
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The effect of UV irradiation was investigated at 30°C and 2 pH's.
At pH 5 the required dosage with UV irradiation (Run 5) was substantially
greater than without UV frradiation (Run 4). However at pH 7 the required
dosage with UV jrradiation (Run 7) was substantially less than without UV
irradiation (Run 6). Therefore, for the 1imited extent to which the
effect of UV irradiation was investigated, no consistent effect on dosage
was observed.

During the ozonation tests it became increasingly difficult to
reduce the bacterial count. This is shown in Figure 7 in which the
required ozone dosage (to reach 200 fecal coliform colonies/100 ml1) is plotted
against the time, in days, from which the first run was conducted. The
abcissa of Figure 7 gives an indication of the age of the blackwater waste
although fresh waste was being added during this test period. The required
ozone dosage increased gradually over the first 20 days of testing but began
to increase rapidly thereafter. Runs 0-9 and 0-10 were conducted, respectively,
at 27 and 32 days after the first run and required significantly higher
ozone dosages for fecal coliform reduction. As shown in Table 1 the initial
fecal coliform concentrations for Runs 0-9 and 0-10 were not significantly
higher than for previous runs. Therefore the increase in ozone requirement
was not associated with an increase in bacterial concentration. However,
some change in the composition of the blackwater did occur as evidenced by
a pH change from a value of about 8.0 for earlier runs to a value of 7.0 for
Runs 0-9 and 0-10. Because of this change the contents of the blackwater
storage tank were discarded following Run 0-10 and a new collection was
started.

The remainder of the tests (Runs 0-11 through 0-17) were conducted
with the second waste collection., The pH of this collection remained at
about 8.0 for the duration of the tests. The required ozone dosage for the
initial tests with the second waste collection were in the range of 400-500 mg/1
compared to a requirement of 100-200 mg/1 for the initial tests of the first
waste collection. This difference is probably due to differences in the
nature of the wastes, However, as shown in Table 1, the higher ozone
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{

dosage required for the second waste collection is not the result of a
significantly higher bacterial concentration in the waste.

Based on the fitted regression line for the data obtained with
the second waste collection, it would appear that the ozone requirement
again increases gradually with storage time. However the correlation
coefficient (0.651) has a 95% confidence interval (-0.18 to 0.93) which
includes a correlation coefficient of zero. Therefore, at the 95%
confidence level, the data are consistent with the hypothesis that there
is no increase in ozone requirement with storage time. That is, the
positive slope of the line can be explained in terms of experimental
scatter.

C. CHLORINATION RESULTS

Typical chlorination results are shown in Figures 8 and 9. The
logarithm of the fecal coliform concentration (in colonies per 100 ml) is
plotted against the contact time (in minutes). Most of the data could be
correlated with a single 1ine as shown in Figure 8. However, for five of
the 14 chlorination runs two straight-line segments of different slope, as
shown in Figure 9, were required to correlate the data. The solid straight
lines shown in Figures 8 and 9 were fit to the fecal coliform data points
(circles) by the method of least squares. The data for total bacteria (see

Appendix C) indicate a similar logarithmic decrease with increasing operating
time.

The chlorine dosage (squares) is also plotted against the contact
time in Figures 8 and 9. The bulk of the chlorine dose was added at the
beginning of the run and periodic chlorine additions were made during the
run to keep the free available chlorine residual within the desired range.
In general a good linear relationship was obtained between the chlorine
dosage and the contact time, The dashed lines of Figures 8 and 9 were fit
to the data points by the method of least squares.

The results for each of the chlorination runs are given in Appendix
C. The test conditions and results are summarized in Table 3. The first
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three columns of Table 3 give the Run No. and the test conditions. The
next three columns gjve the intercept, slope, and correlation coefficient
for the fitted regression line of log (F, Coli. conc.) versus contact time.
For runs in which two 1ine segments were required to correlate the data,
regression values are listed for both 1ine segments. The correlation
coefficients for log (F. Coli. conc.) versus Contact Time ranged from -0.87
to -0.99. (Correlation coefficients of -1.00 were obtained for line seg-
ments fitted to only 2 or 3 data points and are not indicative of the overall
correlation of the data). The sources of scatter in the data for log

(F. Coli. conc.) versus contact time are identical to those cited above

for ozonation and are related to problems associated with obtaining
accurate samples and analyses for fecal coliform bacteria,

The next three columns of Table 3 give the intercept, slope, and
correlation coefficient for the fitted regression 1ine of Chlorine Dosage
versus Contact Time. In general the straight line correlation gave a good
fit of the data resulting in correlation coefficients ranging from 0.82 to
1.0. At least some of the scatter in the data is related to the slow
response of the chlorine monitoring system which resulted in problems
maintaining the free available chlorine concentration at a fixed level.
However, extrapolation of results using the fitted regression lines should
be reasonably accurate: runs for which the correlation coefficient is
relatively low (0.82 to 0.90) also have a low slope, and extrapolation to
longer contact times has a relatively small effect on the total dosage
calculated.

The final column of Table 3 gives the chlorine dosage required to
reach a fecal coliform concentration of 200 colonies/100 mi. In most
cases, some extrapolation of the straight line relationships was required.
The log (F. Coli. conc.) versus Contact Time relationship was extrapolated
to determine the contact time at which the fecal coliform concentration
reached 200 colonies/100 m1, and the Chlorine Dosage versus Contact Time
relationship was extrapolated to determine the chlorine dosage at that
same contact time.
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The required chlorine dosage from Table 3 is shown as a function
of pH in Figure 10. As for the ozonation data, various groups of data
points were fit by linear regressicn to straight-line relationships. The
results are shown below.

Correlation 95% Confidence
Data Group Coefficient Interval
A11 Data (except C-8) 0.403 -0.21 to 0.77
Data at 15°C -0.138 -0.81 to 0.70
Data at 30°C (except C-8) 0.759 0 to 0.95

For all of the data groups evaluated, the 95% confidence interval includes
a correlation coefficient of zero. Therefore, at the 95% confidence level,
the data indicate that there is no significant relationship between the
chlorine dosage and pH. For the data at 30°C a slight relaxation of the
confidence level would result in a statistically significant correlation
between the chlorine dosage and pH at this temperature.

A similar analysis was applied to the data for Required Chlorine
Dosage vs. Temperature. The correlation coefficient, considering all
data except Run C-8, was 0.50 with a 95% confidence interval from -0.07 to
0.82. Thus, at the 95% confidence level, no significant relationship exists
between the required chlorine dosage and temperature. However, a slight
relaxation of the confidence level would result in a statistically signifi-
cant positive correlation between the required chlorine dosage and temperature.

As noted previously the composition of the first waste collection
changed after some twenty days of testing. In addition to a drop in the
pH of the waste, the required ozone dosage increased substantially (see
Figure 7, Run 0-10). The required chlorine dosage also increased sub-
stantially: Run C-8 (which was conducted on the same day as Run 0-10) was
the last chlorination run before the first waste collection was discarded;
an infinite (extrapolated) chlorine dosage was required for this run.
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Figure 10: Required Chlorine Dosage vs. pH for Disinfection
of Blackwater to 200 Fecal Coliform Colonies
per 100 ml.
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Figure 11 shows the required chlorine dosage as a function of time,
in days, from which the first run was conducted. Except for the first and
last runs conducted with the first waste collection the data do not indicate
any significant increase, at the 95% confidence level, in required chlorine
dosage with time. (The correlation coefficient for Runs C-2 through C-7 is
0.41 with a 95% confidence interval from -0.54 to 0.88). After Run C-8,
the remainder of the tests were conducted with the second waste collection.
Although the average required chlorine dosage was greater for the second
waste collection (100-200 mg/1) than for the first (75-100 mg/1), there was
no significant increase in required chlorine dosage with time for the second
waste collection (correlation coefficient of 0.23 with 95% confidence
interval of -0.65 to 0.83).

D. RELATIVE DOSAGE REQUIREMENTS FOR OZONE AND CHLORINE

The most important factor in comparing the economics of ozonation
and chlorination is the dosage of each required to achieve disinfection.
Figure 12 is a plot of the required ozone dosage vs. the required chlorine
dosage for selected runs. Most of the data points in this plot are from
tests with the second waste collection (circles) for which a single batch
was removed from the storage tank and divided between ozonation and chlorina-
tion. The required ozone dosage is plotted against the required chlorine
dosage for the same batch of waste. This procedure should reduce the
effect of variations in waste composition on the required dosage of one
disinfectant relative to the other. Similarly, for the first waste
collection (triangles) the required ozone and chlorine dosages from tests
conducted on the same day are plotted against each other. This should
reduce the effect of gradual changes in the waste on the relative dis-
infectant requirement (however it will not reduce effects of random
variations in the waste composition which result from inaccuracies in with-
drawing representative test batches from the storage tank). Because of
observed changes in the nature of the waste toward the end of the first
waste collection, results for Runs 0-9, 0-10, C-7, and C-8 were not included
in Figure 12,

28




‘lw pp| 42d S31U0|0) WAOLL|0) |©I34

002 03 J433emyde|g JO UOLIDAJULSLQ 40) SISI| JO JUBIS WOAS BwL| °SA dbesoq aupao|y) paainbay :( a4nbi4
sAe@ “S3S9] JO J4eIS WOAS Bwl])
¢l oL S * P4 OAE & & ¥ R & 81 91 n 21 9 % 9 14 Z-'0
j Fo AN 8 A el e B e e
— v ——
— El@®
lLe
— —
60
# 210 &
"o
R =9
— UoLld3||0)| uoL3dI3||0) -
?1seM ucouom_ 93SeM 3SUl4 1O
g 2,51 @
ke w 2.0¢ O -l
| T DI NS Sl GRAN R SR SR mRd RN SN e O BN O W G T

oot

002

00€

00%

L/Bw ‘3besoq aui4oy)

29

T o e D . NN e

s ..



0zone Dosage, mg/]

800

700

600

500

400

300

200

100

A First Waste Collection

O Second Waste Collection b

TR el G GES B 6 S R e M

p—

O —
A

il

Slope = 3.14
A
A

AN

PR e TR S A SO T

Al S
0 20 40 6 8 100 120 140 160 180 200 220 240 260

Figure 12:

Chlorine Dosage, mg/1

Required Ozone Dosage vs. Required Chlorine Dosage
for Corresponding Runs.

30




The data points of Figure 12 were fit by the method of least
squares to a straight line through the origin. The line has a slope of
3.14 indicating that blackwater requires approximately three times more
ozone than chlorine for disinfection.
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V. DISCUSSION OF RESULTS

A. INFLUENCE OF PROCESS VARIABLES

The details of the mechanisms of disinfection with ozone and
chlorine are not well understood. However it is generally beljeved that
disinfection by chlorine results from rapid inactivation of certain
enzymes within the cel],(§9§) whereas disinfection by ozone results from
oxidative degradation of the cell wall or other vital cell constituents.
The disinfection mechanism may involve a complex series of physical,
chemical, and biochemical reactions which eventually result in the death
of the cell. Because of this complexity the influence of process parameters
on disinfection is generally described in empirical or phenomenological

terms rather than in relation to specific mechanistic steps.

(6,7,8)

1. Kinetics

The most common kinetic expression for disinfection reactions
is Chick's Law(2);

"a'E-= kN (1)

or in integrated form:

N kt
b e = (2)

where

N = No. of microorganisms surviving at any given time, t,
N°= No. of microorganisms at time zero,

K = Rate constant; dependent on the microorganisms, the disinfectant
and its concentration, temperature, pH, etc,

A11 of the ozonation data and most of the chlorination data indicate a
Tinear decrease of log (F. Coli. conc.) with time, (For the ozonation
data log [F. Coli. conc. Jwas plotted against ozone dosage, but since the
dose rate was approximately constant during each run, the dosage and time
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can be interchanged as the independent variable in the correlation).

Thus, for the most part, the experimental results follow Chick's Law
(equation [2]), and indicate that the rate of kill is directly proportional
to the number of microorganisms present at any time.

Some of the chlorination data indicate a rapid initial decline in
bacteria concentration followed by a more gradual decline. This is
probably the result of the test procedures in which a large dose of hypo-
chlorite was added initjally followed by smaller doses added as required to
maintain the desired residual of free available chlorine. The initial
rapid decline would then correspond to a more rapid disinfection rate
obtained at a higher concentration of hypochlorite ( higher value of k in
equations [1] and [2]).

2. Effect of Process Parameters on Disinfection Kinetics

As would be expected based on the law of mass action, the
rate of disinfection increases as the concentration of disinfectant
increases. The rate also increases with temperature as would be expected
from the Arrhenius-type rate expressions characteristic of chemical
reactions. UV irradiation can increase the rate of disinfection(lg) by
acting as a catalyst either to activate the microorganism toward ozone
attack or to promote the decomposition of ozone to free radicals (e.g.
+OH) which may be more reactive than the parent molecule.

The pH can have a substantial effect on the rate of disinfection
with chlorine because of the ionization equilibrium of hypochlorous acid:

8

Hocl=*™H' + oC1~ Ka = 2.5 x 10™°M at 20°C

At high pH the equilibrium is shifted toward the hypochlorite ion. Since
HOC1 is a more powerful disinfectant than OC1™, the rate of chlorine dis-
infection decreases with increasing pH,

The pH can also affect the rate of disinfection with ozone.
Hydroxide ion promotes the decomposition of ozone to free radicals. This
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may result in either an increase or decrease in the disinfection rate
depending on the relative reactivities of ozone and free radical decomposition
products toward the microorganisms.

3. Effect of Process Parameters on Required Dosage

The overall kinetics of the disinfection reaction determines
the detention time required for treatment and thereby the volume and
capital cost of the contacting chamber. However, the effects of disinfection
rate on the overall economics are generally minor. Of more importance in
determining the economics is the dosage of disinfectant required to reduce
the microorganisms to the specified level; hence the experimental program
focused primarily onthe determination of dosage requirements,

Changes in process parameters such as temperature, pH, and UV
irradiation can result in a change in the mechanisms of disinfection which
can, in turn, affect the dosage requirement. In addition, these same process
parameters can have a large effect on the rate of reaction of the dis-
infectant with non-biological dissolved species such as organics and ammonia.
The required dosage will increase if the change in a process parameter
promotes these non-biological reactions relative to the disinfection reactions.

For ozonation none of the correlations between the required
ozone dosage and the level of various process parameters (temperature, pH,
UV irradiation) was significant at the 95% confidence level., This indicates
that the variability in the data was primarily the result of something other
than these parameters. If temperature, pH, and UV effects do occur, the
effects are small relative to the variability of the data.

For chlorination the required dosage appeared to increase with
temperature and pH (at 30°C) but the correlations were not quite significant
at the 95% confidence level. An increase in required dosage with pH
could be explained in terms of the hypochlorous acid ionization equilibrium
mentioned previously. Bacteria exhibit surface charges analogous to
amphoteric amino acids which form anions in basic solution, cations in
acidic solution, and neutral molecules at some intermediate pH. In basic
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solution, the anionic charge repels OC1~, the predominant disinfectant
species; whereas in acidic solution, where HOC1 predominates, the dis-
infectant rapidly permeates the cell membrane resulting in a more efficient
utilization of the free available chlorine. The close relationship between
disinfection efficiency and the pH dependence of the HOC1 jonization
equilibrium has been demonstrated previous]y(ll). It is of interest to
note that no pH effect was observed at a temperature of 15°C, nor was the

pH effect significant when data at both 15°C and 30°C were considered.

In addition to temperature, pH, and UV irradiation the required
dosage can be affected by the characteristics of the waste being treated.
For the most part, gradual changes in the waste during collection/storage
did not appear to be significant. At the 95% confidence level there was no
significant change in initial fecal coliform concentration over the duration
of the tests. In addition the required disinfectant dosages for the
separate waste collections did not increase significantly during the test
period except perhaps for the ozone dosage for the first waste collection
(Figure 7). The most probable explanation of this increase in required
ozone dosage is that the concentration of easily ozonated dissolved species
increased during the first waste collection either as the result of chemical
changes in the waste or the addition of fresh waste having a higher content
of easily ozonated dissolved species. A similar increase in required
chlerine dosage did not occur during the first waste collection since
chlorine is generally much less reactive than ozone toward dissolved species.
The very high ozone and chlorine dosages required for the last run before
the first waste collection was discarded is probably the result of changes
in the waste, but the nature of these changes remains open to speculation.

Although some of the variability in the ozonation data for
the first waste collection may be explained by a gradual change in the
non-bacterial ozone <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>