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Project Study Report

Chlorine Decay Study of Wastewater Discharges to Marine
Waters from Stationary Small Commercial Passenger Vessels
in Southeast Alaska

1. Introduction

This study involved conducting laboratory bench-scale evaluations to determine the decay
rate of chlorinated wastewater that is discharged to marine surface waters. The study was
conducted to provide information to the Commercial Passenger Vessel Environmental
Compliance Program of the Alaska Department of Environmental Conservation (ADEC).

Study Objectives

The chlorine decay study was designed to provide a representation of the potential ranges
of chlorine decay rates for chlorinated wastewaters from small ship discharges to the surface

water of southeast Alaska. Chlorine is used on many small commercial vessels to disinfect

wastewaters prior to discharge to receiving waters. This study assumed that blackwater or
mixed blackwater-graywater wastes from small ships are macerated and dosed with
chlorine, reacted for a period of time, and discharged to the receiving water without de-
chlorination (or that de-chlorination system fail). Assuming conservative mixing or dilution
with surface waters (dilution is expressed as the ratio of receiving water to wastewater), this
study was developed to provide laboratory data on the chlorine decay rate for such a
“worst-case” chlorinated waterwater discharge into marine receiving waters. This study
provides information to assist ADEC in determining Best Management Practices (BMPs) for
small ships to maximize environmental protection of the beneficial uses of the surface
waters.

Background

The types of effluents discharged from small ships are categorized as black water (water
from toilets) and gray water (wastewater from galleys, laundries, and accommodations).
Black water is treated onboard through marine sanitation devices before direct discharge at
or below the water surface. Gray water management practices depend on the small ship
configuration, and some vessels have limited holding tanks, others have direct discharges,
and some combine their gray water with black water prior to discharge. In a 2002 report,
The Impact of Cruise Ship Wastewater Discharge on Alaska Waters, ADEC developed a detailed
summary of the discharges from small commercial passenger vessels.

Attachment 1 provides a summary of the treatment systems and wastewater discharge
status for the small commercial passenger vessels operating in Alaskan state waters.
ADEC’s 2004 report, Assessment of Cruise Ship and Ferry Wastewater Impacts in Alaska
provides detailed summaries of the wastewater monitoring of large and small commercial
vessels operating in Alaska, including details of the various wastewater treatment systems.
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Chlorination is one of the disinfection methods used on vessels for blackwater and mixed
mixed blackwater/graywater (some vessels use other methods), and some vessels also use
effluent de-chlorination stages prior to discharge. However, based on 2005 small ships
blackwater sampling by ADEC, total residual chlorine concentrations ranged from 0 to 8.9
mg/L and free residual chlorine ranged from 0 to 8.8 mg/L. These residual chlorine
concentrations could pose a risk to receiving water without rapid mixing and degradation.

Wastewater samples exhibit a chlorine demand based on reactions with any reducing
agents, ammonia, some inorganic species, and organic material in the wastewater. The
chlorine demand is the amount of free chlorine required to reach a specific treatment goal,
which may be the breakpoint chlorination point, a free residual value after breakpoint
chlorination is achieved, or in the case of this study, the amount of free chlorine required to
reach the target combined chlorine residual.

Free chlorine reacts with ammonia very quickly to form chloramines. If there is ammonia in
the wastewater sample, then the only way to get free chlorine is to add chlorine until all the
ammonia is gone, add more to react with the chloramines, then free chlorine is produced.
The point where free chlorine is produced is the chlorination break-point. Figure 1
illustrates a typical breakpoint chlorination process. Presented below are definitions o

terms to help understand the chlorination process and breakpoint.

£
1

Combined residuai chiorine is described as the portion of chiorine injected into water that
remains combined with ammonia or nitrogenous compounds after the reaction equilibrium
has been reached. Free residual chlorine is described as the portion of the chlorine injected
into water that remains as molecular chlorine, hypochlorous acid, or hypochlorite ions after
the solution has reached a state of equilibrium. Free residual chiorine has a short half-life in
marine waters; therefore, it can be difficult to assess the effects of chlorine on aquatic life.
However, Alaska’s saltwater criteria for total residual chlorine are very low compared to the
discharge concentrations of free residual chlorine from vessels: 13 pg/L (acute criterion) and
7.5 ng/L, (chronic criterion). Total chlorine is a measurement of both combined residual and
free residual chlorine. Total chlorine analysis is the common way to determine combined
chlorine (since combined chlorine can’t easily be measured), and the free residual chlorine is
subtracted from the total chlorine to determine the combined residual chlorine.

Most small ships, because of their size and configuration, do not have the capacity to hold
all of their wastewater while the vessel is docked or at sea, and they discharge as
determined by the treatment system capacity and wastewater load. Even with the benefit of
dilution, it has been predicted that the discharge of wastewater (blackwater or graywater)
from small ships may contain concentrations of chlorine, fecal coliform, copper, and zinc
that can potentially exceed Alaska Water Quality Standards. This study was designed and
executed to give ADEC information on the rates of reduction (decay) of free residual
chlorine and total chlorine in chlorinated blackwater discharges. This study evaluates both
blackwater and mixed blackwater/graywater discharges. The results of this study will be
used to assist ADEC in developing strategies to reduce the environmental impacts of
chlorinated wastewater discharges and in determining Best Management Practices (BMPs)
for small ships.
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Study Approach

Details of the laboratory bench-scale procedures are presented in the Study Methods section
that follows. The laboratory analyses for the bench-scale tests were conducted by CH2M
HILL’s Applied Sciences Laboratory (ASL) in Corvallis, Oregon.

The project study approach included the use of representative non-disinfected blackwater
and blackwater/graywater mix samples. The blackwater sample was collected from the
vessel Spirit of 98" on June 15, 2006 following the maceration process on board and without
any disinfection. The blackwater/graywater sample was collected from the Alaska State
ferry vessel Matanuska on June 14, 2006, and drawn (pumped) directly from the vessel’s
blackwater/graywater holding tank with out any disinfection. In addition, each wastewater
sample was tested for chemical parameters to characterize the sample and compare the
sample with historical small vessel wastewater data.

Sodium hypochlorite was used for the bench-scale chlorination testing. Chlorine demand
trial tests were conducted to determine the dose requirements for the blackwater and mixed
blackwater/graywater samples over specific exposure times and various temperatures to
provide test solutions with the target concentration of free and/or total chlorine.

Following chlorination of the wastewater, and after a reaction time to represent vessel
operations, each solution was mixed into artificial seawater, at various dilutions to simulate
discharge into the ocean. The artifical sea water used was prepared using “Instant Ocean
Sea Salt” and was added to laboratory ultra-pure water to produce a practical salinity unit
(psu) of 32. A salinity of 32 psu is the average for ocean waters off the coast of Alaska.

3 CH2M HILL
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After chlorinating the wastewater, blending with the seawater, and maintaining a constant
temperature, subsamples were collected and tested for free and total chlorine at time
intervals to document decay kinetics.

2. Study Methods

Sample Collection

The project study approach included the use of representative non-disinfected black-water
and black water/gray-water samples. The black water samples were collected from the
vessel Spirit of 98" (docked at the Goldbelt dock) by D. Wilson and B. Paulson between 0930
and 1130 PDT on June 15, 2006. The black water samples were collected from an inline port
following the maceration process and prior to any disinfection of the blackwater. The
blackwater/graywater mix samples were collected from the Alaska State ferry vessel
Matanuska {(docked at the Auke Bay ferry dock) by D. Wilson and B. Paulson between 1500
and 1630 PDT on June 14, 2006. Samples were drawn (pumped) directly from the vessel’s
graywater holding tank.

The samples were collected in 5-gallon low density polyethylene laboratory containers. The
sample containers were placed in coolers with several bags of crushed ice, and CH2M HILL
personnel shipped the samples using Federal Express next day delivery. The samples were
received at the Applied Sciences Laboratory on Saturday June 17, 2006. The samples were
placed in the lab’s walk-in-cooler upon receipt, and stored there through out the duration of
the study at 4°C. The sample chain-of-custody and sample receipt forms are presented in

Attachment 2.

Analvtical Methods

The analytical methods used during the chlorine decay task are presented in Table 1. All
analytical testing were performed at CH2M HILL’s Applied Sciences Laboratory in
Corvallis, Oregon.

Table 1 Analytical Test Methods and Sample Storage Requirements

Name Analytical Container® Preservation Minimum Maximum Holding
Methods Sample Time
Volume or
Weight
Alkalinity SM 2320.B P,G Refrigerate 200 14d
Ammonia SM 4500- P,G H2S04 pH < 2 500 28d
NH3.G
Refrigerate
BOD5 SM 5210.B P.G Refrigerate 1,000 48 h
COD SM 5220.D P,G H2S04 pH < 2 100 28d
Refrigerate '
Conductivity SM 2510.B P,.G Refrigerate 500 28 d

4 CH2M HILL
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Table 1 Analytical Test Methods and Sample Storage Requirements

Store in Dark

Name Analytical Container® Preservation Minimum Maximum Holding
Methods Sample Time
Volume or
Weight
Free Chlorine® | SM4500-Cl- P,.G Analyze 500 0.25h
G Immediately
Total Chlorine, | SM4500-Cl- P,.G Analyze 500 0.25h
G Immediately
pH SM4500-H- P.G Analyze 500 0.25h
B Immediately
TOC SM 5310.C G H2SO4 pH < 2 100 28d
Refrigerate
TSS SM 2540.D P,.G Refrigerate 200 7d
Turbidity SM 2130.B P,.G Refrigerate, 100 48 h

a Polyethylene (P); glass (G), amber glass (AG).
b The chlorine measurement method is the DPD colorimetric test. This was selected because it's commonly
used, easy, and fast. Since bromine (which is present in sea water) is a positive interference to the DPD test,
method blank samples (samples with no chlorine added) were evaluated at each of the various sea water blend
ratios and those concentrations of bromine did not show interfere with the total chlorine analysis. Bromine was
found to interfere with the free chlorine measurement. Color and turbidity can interfere with the colorimetric
test and this was compensated by using the sample to zero the spectrophotometer.

Decay Test Protocol

Several test conditions were evaluated in order to estimate the wastewater chlorine decay
rates from the various vessel treatment systems. The test conditions are presented in Table 2.
Samples were temperature-regulated during the demand and decay testing using laboratory
precision incubators. Sodium Hypochlorite (NaOCl) was used as the chlorine source. All
test data were recorded and documented using the standard lab chlorine demand /decay
bench sheets. Each of the samples listed in Table 2 were evaluated for chlorine decay
kinetics using the following protocol:

1. The wastewater samples were temperature regulated, using precision laboratory
incubators, at 15-18°C for the blackwater and 18-22°C for the blackwater/graywater
samples. The artificial sea water was temperature regulated at 12°C. After blending the
wastewater and sea water, the samples were held at 12°C for the duration of the chlorine

decay test.

2. The samples were first evaluated for chlorine demand. The objective is to determine the
dose needed to achieve the target chlorine residual at a specifc reaction time. This
process required multiple tests of adding various chlorine amounts to achieve the
desired results. The target reaction time, chlorine dose, and temperature are presented in
Table 2. These results were used to conduct the decay test. -

CH2M HILL
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Table 2
Matrix of Discharge Test Scenarios for Chlorine Decay Study
Test | Discharge | Bfflvent | Bfflent | poo00 | O | CR D | o O
Scenario | Salinity (gzg‘%) in “Tank” | Discharge | Discharge) | Salinity
" (minutes) (mg/L) Testl/Test2 (psu)

BW-1 Black-water 27 psu 15t018C 10 2-3 1:1/2:1 12C /32
BW-2 Black-water 27 psu 15t0 18 C 10 8-10 2:1/4:1 12C /32
BW-3 Black-water 27 psu 15t018C 10 2-3 1:1/2:1 12C /32
BW-4 Black-water 27 psu 15t018C 10 8-10 2:1/4:1 12C /32
BW-5 Black-water 27 psu 15t0 18 C 20 2-3 1:1/2:1 12C /32
BW-6 Black-water 27 psu 15t018C 20 8-10 2:1/4:1 12C /32
BW-7 Black-water 27 psu 15t018C 20 2-3 1:1/2:1 12C /32
BW-8 Black-water 27 psu 15t018C 20 8-10 2:1/4:1 12C /32
WW-1 BW/GW Mix 15 psu 18t022C 10 2-3 1:1/2:1 12C /32
WW-2 BW/GW Mix 15 psu 18t022C 10 8-10 2:1/4:1 12C /32
WW-3 | BW/GWMix | 15psu | 18t022C 10 2-3 1:1/2:1 | 12C/3
WW-4 BW/GW Mix 15 psu 18t022C 10 8-10 2:1/4:1 12C/32
WW-5 BW/GW Mix 15 psu 18t0o22C 20 2-3 1:1/2:1 12C /32
WW-6 BW/GW Mix 15 psu 18t022C 20 8-10 2:1/4:1 12C /32
WW-7 BW/GW Mix 15 psu 18t022C 20 2-3 1:1/2:1 12C /32
WW-8 BW/GW Mix 15 psu 18t022 C 20 8-10 2:1/4:1 12C /32

The untreated blackwater and blackwater/graywater samples were collected from representative vessels.

3. For the decay testing chlorine was first added to the wastewater sample and gently
stirred in a glass laboratory beaker, using a magnetic mixer and Teflon stir bar. The
beaker was maintained at the desired temperature using an incubator, and the solution

was allowed to react for the time presented in Table 2.

4. At the end of the reaction time, the sample was blended with seawater (pre-conditioned
to the desired temperature by storing the bulk product in a precision incubator) at the
desired mix ratio to produce a total volume of 500-750 ml (depending on the blending
ratio) and gently stirred using the magnetic mixer for 5 minutes to thouroughly mix. The

CH2M HILL
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artifical sea water used for blending was prepared using “Instant Ocean Sea Salt” and
was added to laboratory ultra-pure water to produce a practicle salinity unit (psu) of 32.

5. The chlorinated wastewater-sea water blend sample was transferred to eight 40-m1 VOA
vial containers with no headspace, placed in a precision lab incubator at 12°C, and the
residual chlorine monitored over time to develop a graph to illustrate decay kinetics.
One VOA vial was used for each chlorine measurement.

6. Free and total chlorine measurements were made at time intervals selected to model the
decay kinetics for each sample. The time intervals varied for each sample in order to
model the specific decay rate for that sample and test condition. The time intervals are in
each of the diagrams presented in the results section, along with the corresponding total
and/or free chlorine measurements. The chlorine measurement method used was the

DPD colorimetric test (refer to Table 1 for analytical methods).

3. Study Results

The results of this chlorine decay study are presented in the stages that the study occurred;
first wastewater sample characterization, then chlorine break-point determination, and

finally the chlorine demand and decay experiments.

Wastewater Characterization

The wastewater characterization data are presented in Table 3. Attachment 3 presents
wastewater characterization data for small commercial passenger vessels from a 2004 ADEC
report. These data are included in Table 3 for reference and comparison.

Table 3 — Sample Characterization Data

Wastewater Characterization Data

Client ADEC ADEC ADEC ADEC
Black Water - Black Water -
Type Blackwater Blackwater Gray Water Mix Gray Water Mix
2004 ADEC 2004 ADEC
Ship Spirit of 98' Report Average Matanuska Report Average
Laboratory ID F1981-01 NA F1981-02 NA
Test Results
Mg/L as
Alkalinity CaC0s; 375 120 150 141
Ammonia mg/LasN 78 10 22 18
BODs mg/L 164 79 690 210
COD mg/L 876 765 1276 731
Conductivity umhos/cm 26,500 31,600 5,910 23,800
pH Units 7.8 7.7 5.6 7.3
TOC mg/L 236 164 148 232
TSS mg/L 95 112 145 105
| Turbidity omt | 80 "NA | 313 ‘NA

CH2M HILL
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Break Point Chlorination

Wastewater samples exhibit a chlorine demand based on reactions with any reducing
agents, ammonia, some inorganic species, and organic material in the wastewater. The
chlorine demand is the amount of free chlorine required to reach a specific treatment goal,
which may be the breakpoint chlorination point, a free residual value after breakpoint
chlorination is achieved, or in the case of this study, the amount of free chlorine required to
reach the target combined chlorine residual.

Free chlorine reacts with ammonia very quickly to form chloramines. If there is ammonia in
the wastewater sample, then the only way to get free chlorine is to add chlorine until all the
ammonia is gone, add more to react with the chloramines, then free chlorine is produced.
The point where free chlorine is produced is the chlorination break-point.

The results of the break-point chlorination testing show that there is enough ammonia
present in the wastewater samples to convert the free chlorine added to choramines. Under
these conditions there is no free chlorine present. This holds true for these wastewater
samples up to a very high dose of chlorine (approximately 350 mg/L for black water and
250 mg/L for black water/gray water mix), where breakpoint chlorination occurs and free
chlorine will start to increase with dose. Figures 2 and 3 illustrate the results of the break-
point chlorination tests for blackwater and blackwater/graywater samples. Because of the
high ammonia levels, and the corresponding very high chlorine dose to reach breakpoint,
the decay testing for this study focused on a combined chlorine dose to represent actual
treatment conditions on the vessels.

ADEC Black Water Breakpoint

200

150 —e— Combined

—a@— Free Chlorine

100

50

Chlorine Residual
(mg/L CI2)

0 500 1,000 1,500
Chlorine Dose (mg/L as Cl2)

Figure 2. Black water breakpoint chlorination curve

8 CH2M HILL



CHLORINE DECAY STUDY REPORT

ADEC Black Water-Gray Water Mix Breakpoint

—eo— Combined
- Free Chlorine

Chilorine Residual
(mg/L CI2)

0 100 200 300 400 500
Chlorine Dose (mg/L as CI2)

Figure 3. Black water-gray water mix breakpoint chlorination curve

Chlorine Demand Results

The chlorine demand is the amount of free chlorine required to reach a specific treatment
goal, which may be the breakpoint chlorination point, a free residual value after breakpoint
chlorination is achieved, or in the case of this study, the amount of free chlorine required to
reach the target combined chlorine residual.

Demand tests were conducted to determine the chlorine dose needed to achieve the
combined chlorine concentration specified in Table 2 for the decay testing. These laboratory
study results show that the chlorine demand for blackwater and mixed blackwater-
graywater was comparable for the samples tested. The chlorine demand curves are

presented below in Figures 4 and 5. For blackwater, a chlorine dose of 15 mg/L (as CI2)
resulted in a chlorine residual of 7.5 mg/L. For the blackwater/ graywater mix, a chlorine
dose of 15 mg/L (as CI2) resulted in a chlorine residual of 6 mg/L. A chlorine dose of 10
mg/L (as Cl2) resulted in a chlorine residual of 3.5 mg/L in blackwater and 3 mg/L in
blackwater/graywater mix.

Through the chlorination process several classes of disinfection by-products are formed
including trihalomethanes (THM's) and haloacidacids (HAA’s). With high organic content
wastewater, and in combination with the bromide and chloride based inorganic species in
sea water, the disinfection byproduct formation could be significant if the wastewater is
chlorinated to breakpoint, and free chlorine is present (reference Figure 1). However, since
the chlorine level typically added to these wastewater systems is below breakpoint, and
since there is ammonia in the wastewater samples, the predominant form of chlorine is as
combined chlorine. Because combined chlorine (chloramines) produces limited disinfection
by products, disinfection byproduct testing was not included with this task.

9 CH2M HILL
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Chlorine Residual

(mg/L as Ci2)
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ADEC Black Water Chlorine Demand
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Figure 4. Black water chlorine demand results

Chlorine Residual

(mg/L as CI2)

ADEC Black Water-Gray Water Chlorine Demand
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5 10 15 20
Chlorine Dose (mg/L as Cl2)

Figure 5. Black water-graywater mix chlorine demand results
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Chlorine Decay Study Results

Free chlorine will decay at a predictable and relatively quick rate (minutes, hours, or
sometimes days) depending on conditions (temperature, pH, and dose). Combined chlorine
(chloramines) decays at a predictable and slow rate (days) dependent on conditions of
reaction.

Figure 6 through 13 present the results of the chlorine decay studies for each test condition
presented in Table 2. Replicate tests were performed for each condition and both test results
are plotted on each figure. For both wastewater samples, a total chlorine residual of 3-4
mg/L (after tank reaction time) required approximately 24-48 hours of decay time after sea
water blending to achieve a level below 0.1 mg/L. For both wastewater samples, a total
chlorine residual of 8-10 mg/L (after tank reaction time) required approximately 72-96
hours of decay time after sea water blending to achieve a level below 0.1 mg/L. The decay
test data are included in Attachment 4.

The focus of this decay study was on combined chlorine. The data tables show some low
level readings of free chlorine, especially in samples after blending with sea water. With the
considerable amount of ammonia in the samples, relative to the chlorine dose, there is
theoretically no free chlorine present in the samples. The free chlorine readings are believed
to be interference, as described in the test method, caused by combined chlorine while using

the DPD measurement method.

Alternate chlorine measurement methods can be used to measure combined chlorine and
the individual chloramines species. However, since the focus of this study was on combined
chlorine, and considering the time and expense with the alternate chlorine procedures, the
DPD method was used, and the interference should be considered when evaluating the
results.

1 CH2M HILL
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BW 10-min Reaction & 3-4 mg/L Total Residual

—eo— 1 BW:1 Sea 1st
g1 BW:1 Sea 2nd

0.8
0.5
0.3

Total Chlorine (mg/L)
5

o
o

0.2 35 267 524 728
Decay Time (hr)

Figure 6a. Blackwater with 3-4 mg/L chlorine at discharge (10 minute exposure & 1:1 mix

ratio with seawater)

BW 10-min Reaction & 3-4 mg/L Total Residual

—o— 1 BW:2 Sea 1st
—az— 1 BW:2 Sea 2nd

Total Chiorine (mg/L)

0.2 1.1 83 234 258 705
Decay Time (hr)

Figure 6b. Blackwater with 3-4 mg/L chlorine at discharge (10 minute exposure& 2:1 mix

ratio with seawater)
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2.0
1.8
1.5
1.3
1.0
0.8
0.5
0.3
0.0

Total Chlorine (mg/L)

BW 20-min Reaction & 3-4 mg/L Total Residual

0.4 1.1

—e— 1 BW:1 Sea 1st
—g—1 BW:1 Sea 2nd

89 248
Decay Time (hr)

268 715

Figure 7a. Blackwater with 3-4 mg/L chlorine at discharge (20 minute exposure & 1:1 mix

ratio with seawater)

2.0
1.8
1.5
1.3
1.0
0.8
0.5
0.3
0.0

Total Chlorine (mg/L)

BW 20-min Reaction & 3-4 mg/L Total Residual

0.5 2.1

—e— 1 BW:2 Sea 1st
—g— 1 BW:2 Sea 2nd

23.2

5.0 20.7
Decay Time (hr)

Figure 7b. Blackwater with 3-4 mg/L chlorine at discharge (20 minute exposure& 2:1 mix

ratio with seawater)
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BW 10-min Reaction & 8-10 mg/L Total Residual

= 4.0
B 3.5
£ 30
2 gg —o—1BW:2 Sea 1st
3 "
o —a— 1 BW:2 Sea 2nd
= 1.5
© 40
2 05
= 0.0
v v ¢ © A v 2 >
Q’ A \(o. ‘b\‘ @% Q)b(’ ,\Qb( \‘LO_,

Decay Time (hr)

Figure 8a. Blackwater with 8-10 mg/L chlotine at discharge (10 minute exposure & 2:1 mix

ratio with seawater)

BW 10-min Reaction & 8-10 mg/L Total Residual

N
o1 O

—o— 1 BW:4 Sea 1st
—@— 1 BW:4 Sea 2nd

- - N
o o O

Total Chiorine (mg/L)
o
(61

i s

03 15 69 222 245 694 093.1
Decay Time (hr)

o
o

Figure 8b. Blackwater with 8-10 mg/L chlorine at discharge (10 minute exposure & 4:1 mix

ratio with seawater)
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BW 20-min Reaction & 8-10 mg/L Total Residual

4.0
435
>
g 3.0
2 zg —o—1BW:2 Sea 1st
_g 1'5 —a—1 BW:2 Sea 2nd
51
E 1.0 y
S 05

0.0

0.2 1.3 155 428 59.8 107.8 129.1
Decay Time (hr)

Figure 9a. Blackwater with 8-10 mg/L chlorine at discharge (20 minute exposure & 2:1 mix

ratio with seawater)

BW 20-min Reaction & 8-10 mg/L Total Residual

w A
o o

—o— 1 BW:4 Sea 1st
—a—1 BW:4 Sea 2nd

Total Chlorine (mg/L)
- = NN W
O OO o1 O

oo
O »

02 20 34 190 214 66.2 89.7
Decay Time (hr)

Figure 9b. Blackwater with 8-10 mg/L chlorine at discharge (20 minute exposure & 4:1 mix

ratio with seawater)
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BWGW 10-min Rxn & 3-4 mg/L Total Residual

—e— 1 BWGW:1 Sea 1st
—z—1 BWGW:1 Sea 2nd

Total Chiorine (mg/L)

0.3 1.8 19.3 453 66.1
Decay Time (hr)

Figure 10a. Blackwater/Graywater mix with 3-4 mg/L chlorine at discharge (10 minute
exposure & 1:1 mix ratio with seawater)

BWGW 10-min Rxn & 3-4 mg/L Total Residual

—e— 1 BWGW:2 Sea 1st
—g— 1 BWGW:2 Sea 2nd

Total Chlorine (mg/L)
5

0.2 3.1 29.1 50.5
Decay Time (hr)

Figure 10b. Blackwater/Graywater mix with 3-4 mg/L chlorine at discharge (10 minute
exposure & 2:1 mix ratio with seawater)
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BWGW 20-min Rxn & 3-4 mg/L Total Residual

—e— 1 BWGW:1 Sea 1st
—ag 1 BWGW:1 Sea 2nd

Total Chlorine (mg/L)

2.0 19.5 46.2
Decay Time (hr)

67.0

Figure 11a. Blackwater/Graywater mix with 3-4 mg/L chlorine at discharge (20 minute

exposure & 1:1 mix ratio with seawater)

BWGW 20-min Rxn & 3-4 mg/L Total Residual

2.8

29.0
Decay Time (hr)

J
()]
£
£ —e— 1 BWGW:2 Sea 1st
_% —a—1 BWGW:2 Sea 2nd
(&)
3
o}
[

Figure 11b. Blackwater/Graywater mix with 3-4 mg/L chlorine at discharge (20 minute

exposure & 2:1 mix ratio with seawater)
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BWGW 10-min Rxn & 8-10 mg/L Total Residual

—e— 1 BWGW:2 Sea 1st
—ig— 1 BWGW:2 Sea 2nd

Total Chlorine (mg/L)

0.3 3.6 296 540 725
Decay Time (hr)

Figure 12a. Blackwater/Graywater mix with 8-10 mg/L chlorine at discharge (10 minute

exposure & 2:1 mix ratio with seawater)

BWGW 10-min Rxn & 8-10 mg/L Total Residual

—o— 1 BWGW:4 Sea 1st
—g— 1 BWGW:4 Sea 2nd

Total Chlorine (mg/L)

0.3 2.8 16.9 50.3 70.7
Decay Time (hr)

Figure 12b. Blackwater/Graywater mix with 8-10 mg/L chlorine at discharge (10 minute

exposure & 4:1 mix ratio with seawater)
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BWGW 20-min Rxn & 8-10 mg/L Total Residual

—e— 1 BWGW:2 Sea 1st
—z—1 BWGW:2 Sea 2nd

Total Chlorine (mg/L)

03 21 19.6 46.2 66.7 89.3
Decay Time (hr)

Figure 13a. Blackwuter/Gmywater mix with 8-10 mg/L chlorine at dtscharge (20 minute

exposure & 2:1 mix ratio with seawater)

BWGW 20-min Rxn & 8-10 mg/L Total Residual

W w A
o oo

—o— 1 BWGW:4 Sea 1st
—g-— 1 BWGW:4 Sea 2nd

—
[8)]

—t
o

Total Chlorine (mg/L)
o NN
(&) o o

0.4 3.8 304 400 716
Decay Time (hr)

Figure 13b. Blackwater/Graywater mix with 8-10 mg/L chlorine at discharge (20 minute

exposure & 4:1 mix ratio with seawater)
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CHLORINE DECAY STUDY REPORT

Chlorine Decay Study Conclusions

This chlorine decay study was developed and performed to provide a representation of the
potential ranges of chlorine decay rates for chlorinated wastewaters discharged from small
ships to the marine surface waters. The following items summarize the key findings and
conclusions:

The break-point chlorination tests show that the wastewater ammonia
concentrations create choramines (combined chlorine) and there was essentially no
free chlorine present in the wastewater. The lab tests show that very high doses of
chlorine (approximately 350 mg/L for black water and 250 mg/L for black
water/gray water mix) were needed to attain breakpoint chlorination where free
chlorine would be produced.

Chlorine demand in the blackwater and mixed blackwater-graywater samples tested
were roughly equivalent. Both blackwater and blackwater/graywater mixed
samples received a chlorine dose of 15 mg/L (as C12) and these resulted in total
residual chlorine level of 7.5 mg/L in blackwater and 6 mg/L in the
blackwater/graywater mix sample. A chlorine dose of 10 mg/L (as CI2) resulted in a
chlorine residual of 3.5 mg/L in blackwater and 3 mg/L in blackwater/graywater

mix.

The focus of this decay study was on combined chlorine, since no free chlorine was
present in the samples because of the ammonia concentrations in the wastewater.
Combined chlorine (chloramines) decays at a predictable and slow rate (days)
dependent on conditions of reaction, while free chlorine decays at a relatively quick
rate.

Results of the chlorine decay studies show that a total chlorine residual of 3-4 mg/L
required approximately 24-48 hours of decay time after discharge to marine waters
to reduce to a level below 0.1 mg/L. Both blackwater and mixed blackwater-
graywater samples with a total chlorine residual of 8-10 mg/L required
approximately 72-96 hours of decay time after discharge to marine waters to reduce
to a level below 0.1 mg/L.

Effective chlorination of vessel blackwater and mixed blackwater-graywater without
creating excess chlorine residual in the discharged waters is challenging. Chlorine
dosing of blackwater and mixed blackwater-graywater with sufficient chlorine to
provide adequate chlorine residual for effective bacteria destruction will result in
concentrations discharged that are substantially above the Alaska water quality
standards. Vessel discharge mixing zones and discharge dilutions are needed for the
chlorine residual concentrations to approach Alaska water quality standards.
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ATTACHMENT 1
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CHLORINE DECAY STUDY REPORT

ATTACHMENT 2

Chain of Custody Doccument and Sample Reciept Forms
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CHLORINE DECAY STUDY REPORT

ATTACHMENT 3

Small Commercial Passenger Vessel Wasewater Characterization Data
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-Assessment of Cruise Ship and Ferry Wastewater Impacts in Alaska
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ATTACHMENT 4

Decay Testing Data
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