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a b s t r a c t

Waste-tire-derived crumb rubber was utilized as filter media to develop an efficient filter for ballast
water treatment. In this study, the effects of coagulation, pressure filtration and dual-media (gravity) fil-
tration on the performance of the crumb rubber filtration were investigated. The removal efficiencies of
turbidity, phytoplankton and zooplankton, and head loss development were monitored during the filtra-
tion process. The addition of a coagulant enhanced the removal efficiencies of all targeted matter, but
resulted in substantial increase of head loss. Pressure filtration increased filtration rates to
220 m3 h�1 m�2 for 8-h operation and improved the zooplankton removal. Dual-media (crumb rubber/
sand) gravity filtration also improved the removal efficiencies of phytoplankton and zooplankton over
mono-media gravity crumb rubber filtration. However, these filtration techniques alone did not meet
the criteria for removing indigenous organisms from ballast water. A combination of filtration and disin-
fection is suggested for future studies.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Ballast water provides stability and maneuverability during a
ship’s voyage. Ships transfer approximately 10000 Mt of ballast
water across the oceans every year. Along with the ballasting pro-
cedures, thousands of aquatic species are transported around the
world each day. The introduction of unwanted alien species causes
significant damage to ecological, economic and human health wel-
fare around the globe (National Research Council, 1996; Bax et al.,
2003). Mills et al. (1993) reported that over 140 alien species have
been introduced to the Great Lakes of North American. Ballast
water is believed to be the primary vector of unintentional trans-
fers into the Great Lakes and other US and Canadian waters (Par-
sons, 2003). Ribera and Boudouresque (1995) estimated that
zebra mussel alone caused damages of $5000 million from 1986
to 1995, by fouling fishing nets, boat hulls, and buoys, and blocking
water intakes of power plants, water treatment plants, and other
industries. The invasion of the American Atlantic coast comb jelly
fish, Asian clam, and European crab, caused the collapse of fisheries
in various regions (National Research Council, 1996; Bax et al.,
2003). To alleviate the impacts of alien species invasion, ballast
water management and treatment are essential. The newly
adopted International Ballast Water Convention sets maximum
concentrations of 10 viable organisms per m3 for organisms larger

than 50 lm and 10 viable organisms per mL for organisms larger
than 10 lm and less than 50 lm in the minimum dimension
(International Maritime Organization, 2004). The convention also
sets maximum concentrations for indicator microbes: one colony
forming unit (cfu) per 100 mL for toxicogenic Vibrio cholerae (O1
and O139), 250 cfu per 100 mL for Escherichia coli and 100 cfu
per 100 mL for intestinal Enterococci.

The National Research Council (1996) evaluated a variety of ap-
proaches for removing indigenous organisms from ballast water.
Among these approaches, filtration was recommended as the most
promising technology. However, filtration alone may be inefficient
for the removal of small size organisms (e.g., bacteria and viruses)
in ballast water. Ultraviolet irradiation is effective at inactivating
microorganisms (e.g., bacteria, viruses, etc.), which may not be effi-
ciently removed by straining processes (Parsons and Harkins,
2000; Sutherland et al., 2001; Butkus et al., 2004). UV is not effec-
tive in inactivating large organisms and the presence of suspended
particles (such as clay and algae) can reduce the effectiveness of UV
in water (Perakis and Yang, 2003). Therefore, a combination of fil-
tration (primary treatment) and UV or chemical disinfection (sec-
ondary treatment) might be a best available technology for
treating ballast water (Perakis and Yang, 2003).

In a previous study by the authors, an innovative filtration tech-
nology, using waste-tire-made crumb rubber as filter media, was
developed to remove indigenous organisms from ballast water
(Tang et al., 2006a,b). Compared with conventional granular media
filters crumb rubber filters weigh less, which is an important
consideration for shipboard application. However, crumb rubber
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filtration alone did not achieve the target removal of invasive
species proposed by the International Maritime Organization
(2004) in these studies. It is well-known that filtration coupled
with particle destabilization (e.g., coagulation) are effective pro-
cesses for reducing turbidity, particle counts, viruses, bacteria
and parasites (Nasser et al., 2002). It is also known that dual-media
filtration generally has better filtration performance and reduced
head loss development.

The objectives of this study were to investigate the influence of
coagulation, dual-media filtration (sand/crumb rubber) and pres-
sure filtration on the treatment of ballast water (to remove indig-
enous organisms and turbidity) by crumb rubber filtration.
Removal of turbidity, particles, phytoplankton, and zooplankton
were used to evaluate filter performance.

2. Materials and methods

2.1. Filtration design and operation

Crumb rubber filters with an internal diameter of 5 cm and a fil-
ter depth of 90 cm were constructed. The crumb rubber media
used in this study had a size range of 1.2–2.0 mm. The crumb rub-
ber media size was determined by sieve analysis using American
Society for Testing and Materials (ASTM) Standard Test C136-92,
Sieve Analysis of Fine and Coarse Aggregates (ASTM, 1993). The
effective size was 1.2 mm. Density of the crumb rubber media
was about 1130 kg m�3, which is less dense than traditional filter
media (sand and anthracite).

Except for pressure filtration, overflow was used to keep a con-
stant water head. Effluent water head was measured by connecting
a clear tubing to the bottom of the filters vertically and head loss
was determined based on the difference between influent and
effluent water head. Air scouring plus water backwash were used
to clean filters following each filtration run. Filtered water was
used as backwash water. Backwash was not investigated because
of the wall effect of small filter columns used under this project.
In a previous study with a 15 cm filter column (Hsiung, 2004),
the optimized backwash water rate range was between 26 and
30 m3 h�1 m�2.

The coagulation, dual-media filtration and pressure filtration
studies were carried out at Gifford Pinchot State Park, Pennsylva-
nia, USA. The average influent turbidity, phytoplankton and zoo-
plankton in Lake Pinchot were 10.2 NTU, 4060 mL�1, and 100 L�1,
respectively. Water pumped from Lake Pinchot was used as filter
influent because lake water is a common source of ballast water.

2.2. Coagulation study

The filtration rate was set at 48.9 m3 h�1 m�2 for the coagula-
tion study. The coagulant used in this study was poly-aluminum
chloride (PACl, Sternson Limited, Inc., USA) because of its high
charge neutralization efficiency and low sludge production. The
concentrated PACl solution was injected into the influent, and a
static mixer was used to provide sufficient mixing. Jar testing
and zeta-potential measurement (Zeta-Meter System 3.0+, Zeta-
Meter, Inc., USA) were used to determine the optimal coagulant
dosage. To investigate the impact of coagulation, two filters, one
with coagulant and the other without coagulant, were operated
simultaneously in each run. Various coagulant dosages were stud-
ied in several runs.

2.3. Pressure filtration

The pressure filter had the same configuration as the filters used
in the coagulation study. Water head was controlled via a pump lo-

cated at the influent side. The maximum influent head was 14.1 m
water in this study. Three filtration rates were evaluated: 147, 195
and 220 m3 h�1 m�2.

2.4. Dual-media filtration

Crumb rubber and fine sand were used as filter media for the
dual-media, gravity filtration study. Various configurations were
investigated: 90 cm crumb rubber only; 85 cm crumb rubber plus
5 cm sand; 75 cm crumb rubber plus 15 cm sand; and 60 cm sand
only. Overflow was used to maintain a constant water head of 4 m.
The filtration rate was also held constant at 24.4 m3 h�1 m�2.

2.5. Monitoring parameters

Turbidity, phytoplankton, and zooplankton in the filter influent
and effluent were quantified according to Standard Methods (SM)
2130, SM 2560, SM 10200 F, and SM 10200 G, respectively (APHA,
1998). Turbidity was measured by a portable turbidity meter
(0.01–1000 NTU). Phytoplankton enumeration was conducted with
a clear 1mL counting cell and a compound microscope (100�). Zoo-
plankton were collected with a 50 lm plankton net, then trans-
ferred into a clear 5-mL counting cell and counted using a
stereoscopic microscope (10–60�).

Generally, filters were continuously run at a controlled filtration
rate. For each 8-h run, turbidity, salinity, phytoplankton, zooplank-
ton and head loss were measured five times (at runtimes of 0.5, 2,
4, 6 and 8 h). For the coagulation study with coagulant dosage as 7
and 13.5 mg L�1, the filtration study was stopped after 4 h of oper-
ation because head losses were too high and the required filtration
rate could not be maintained. In this case, there were only three
sampling events (0.5, 2 and 4 h).

3. Results and discussion

3.1. Coagulation study

To obtain optimal coagulant dosage, both jar testing and zeta-
potential measurements were applied. The optimal coagulant dos-
age was determined to be about 13–14 mg L�1 although complete
charge neutralization (zeta potential at zero) was not attained. At
this dosage, final turbidity was about 3 NTU and the floc settled
quickly. Jar testing also showed that a PACl dosage of about
5 mg L�1 reduced turbidity notably, therefore 4.5 mg L�1 (1/3 of
the optimal dosage) was chosen as the lowest dosage studied. Half
of the optimal dosage (7 mg L�1) was also investigated.

The influence of coagulation on gravity filter performance is
summarized in Table 1. The results shown here are the average val-
ues of several sampling events in each run ± standard deviations.
Without coagulation, the removal efficiencies were about 40% for
turbidity, 60% for phytoplankton and 50% for zooplankton. With
coagulation, the removal efficiencies were improved to approxi-
mately 60% for turbidity, 80% for phytoplankton and 70% for zoo-
plankton. The reasons of this enhanced filtration performance
are: (1) the coagulant neutralizes the particle charge and enhances
the aggregation of small particles into larger aggregates; (2) flocs
formed by coagulation trap suspended matter; and (3) the sedi-
ments block or diminish the void space of the filter media, conse-
quently increase the possibility of suspended matter being
retained by the filter. Unlike the jar test results, filter performance
was not substantially influenced over the range of coagulant dos-
ages investigated (Table 1). Turbidity removal resulting from the
4.5 mg L�1 dosage is lower than what was indicated by jar testing
and zeta-potential measurements but this is not surprising
because coagulant dosages used to obtain pinpoint floc in direct
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filtration of drinking water are often lower than dosages used in
conventional treatment.

The addition of coagulant increased head loss substantially. The
terminal head loss was 170 cm for filtration with coagulation
(4.5 mg L�1) while it was 76 cm without coagulation. Increasing
the coagulant dosage also increased the head loss appreciably.
The experiments for filtration with 7 and 13.5 mg L�1 of coagulant
were stopped after 4 h because the head losses were too high to
maintain the required filtration rate. More than 340 cm of head
loss was developed in 4 h when the coagulant dosage was
13.5 mg L�1, while head loss was only 53 cm after 4 h without
coagulation. It is known that coagulation forms flocs and helps re-
tain more suspended matter in the filter, thus reducing the filter
void space and increasing the head loss.

3.2. Pressure filtration

Pressure filtration was studied at filtration rates of 147, 195 and
220 m3 h�1 m�2. The removal efficiencies of target matter (turbid-
ity, zooplankton, and phytoplankton) were monitored and are pre-
sented in Table 2.

Pressure filtration removed about 16% turbidity, 60% phyto-
plankton and more than 90% zooplankton. The removal efficiencies
for gravity filters at a filtration rate of 24.4 m3 h�1 m�2 were about
19% for turbidity, 58% for phytoplankton and zooplankton. There
was a substantial increase in zooplankton removal efficiency by
pressure filtration, while no substantial changes were observed
for the removal of turbidity and phytoplankton. The increase in
zooplankton removal might be due to the crumb rubber compres-
sion, which reduces the void space in the filter (particularly at high
filtration rate) and enhances the removal efficiency by straining.
However, removal of turbidity and phytoplankton was not im-
proved. It should be noted that in our study, the targeted phyto-
plankton were in the size range of 10–50 lm while the targeted
zooplankton were larger than 50 lm (minimum dimension). How-
ever, the results from the coagulation study showed that phyto-
plankton removal is the same as or even better than zooplankton
removal when the filtration rate was 73.3 m3 h�1 m�2 or less. It
is presumed that viable mobile zooplankton can penetrate the fil-

ter layer by themselves under low filtration rate conditions. And,
under the high filtration rate condition, the mobility and penetra-
tion of zooplankton is limited and removal efficiency is improved.
However, further study is needed to verify this hypothesis.

In the pressure filtration study, the filtration rate was kept con-
stant by adjusting the influent water pressure. The required water
pressure in the influent increased notably after 6 h of run time for
the filtration rates of 195 and 220 m3 h�1 m�2. For the filtration
rates of 147 and 195 m3 h�1 m�2, the filter could be run for 8 h con-
tinuously. For the filtration rate of 220 m3 h�1 m�2, the filter was
stopped after 7 h of operation because the required filtration rate
could not be maintained at the maximum influent head of
14.1 m water.

3.3. Dual-media filtration

The dual-media filtration study was conducted at a filtration
rate of 24.4 m3 h�1 m�2. The results from this study are summa-
rized in Table 3. Compared to the crumb rubber mono-media filter,
removal efficiencies of all targeted matter by dual-media filters
were notably enhanced. Crumb rubber/sand dual-media filters re-
moved more than 70% phytoplankton and 90% zooplankton in var-
ious configurations. The removal of turbidity was also enhanced.

Because crumb rubber has a lower specific weight than sand,
the larger size crumb rubber settles as the top layer of filter media
and the small size sand will form the bottom layer after backwash.
This stratification results in an ideal filter configuration in which
large suspended matter can be removed at the top layer and small
matter can be removed at the bottom layer. The results also indi-
cate that a filter with just a 5 cm sand layer plus a crumb rubber
layer can provide the same removal as the filters with deeper sand
layers. The use of 5 cm sand layer plus crumb rubber layer will not
substantially increase filter weight.

The head losses during dual-media filtration were also moni-
tored and compared. The head loss increases substantially with
increasing sand layer depth. For the crumb rubber only filter, the
head loss was 20 cm after an 8-h run, while head loss was
112 cm for the filter with 5 cm of sand and 85 cm crumb rubber.

Table 1
Influence of coagulant dosages on turbidity, phytoplankton and zooplankton removal (%). The average influent turbidity, phytoplankton, and zooplankton values were 10.2 NTU,
4060 mL�1, and 100 L�1, respectively. Terminal head losses were: 76 cm without coagulant; 170 cm with 4.5 mg/L coagulant after 8 h of filtration; 281 cm with 7 mg/L coagulant
after 4 h of filtration; and, 340 cm with 13.5 mg/L coagulant after 4 h of filtration.

Parameters Removal efficiencies (%)

Turbidity Phytoplankton Zooplankton

Without coagulant With coagulant Without coagulant With coagulant Without coagulant With coagulant

Dosage 4.5 mg L�1 43 ± 3 55 ± 5 67 ± 2 81 ± 2 54 ± 9 72 ± 9
7 mg L�1 38 ± 7 67 ± 5 54 ± 0 70 ± 3 46 ± 9 69 ± 2
13.5 mg L�1 44 ± 1 61 ± 21 66 ± 2 84 ± 2 51 ± 6 66 ± 5

Table 2
Removal efficiencies (%) of targetted matter by pressure filtration. The average
influent turbidity, phytoplankton, and zooplankton values were 5.3 NTU, 1467 mL�1,
and 167 L�1, respectively. The required head to maintain the design filtration rate
after eight hour filtration were 0.2 m of water for 24 m3 h�1 m�2, 5.6 m of water for
147 m3 h�1 m�2, and, 7.0 m of water for 195 m3 h�1 m�2. A filtration rate of
220 m3 h�1 m�2 required a head of 14.1 m of water for 7 h of filtration.

Filtration rate (m3 h�1 m�2) Removal efficiencies (%)

Turbidity Phytoplankton Zooplankton

24 19 ± 6 58 ± 4 58 ± 9
147 16 ± 3 60 ± 6 92 ± 3
195 16 ± 1 60 ± 4 90 ± 2
220 17 ± 2 57 ± 10 92 ± 6

Table 3
Removal efficiencies (%) of dual-media filters for a filtration rate of 24.4 m3 h�1 m�2.
The average influent turbidity, phytoplankton, and zooplankton values were 5.4 NTU,
1392 mL�1, and 22 L�1, respectively. Terminal head losses were: 20 cm of water for
90 cm crumb rubber following eight hours of filtration; 112 cm of water for 85 cm
crumb rubber + 5 cm sand following 8 h of filtration; 234 cm for 75 cm crumb rubber
+ 15 cm sand following 6 h of filtration; and, 361 cm for 60 cm sand following 2 h of
filtration.

Layer composition Removal efficiencies (%)

Crumb rubber + sand Turbidity Phytoplankton Zooplankton

90 cm crumb rubber only 19 ± 6 58 ± 4 58 ± 9
85 cm crumb rubber + 5 cm sand 28 ± 6 71 ± 2 93 ± 2
75 cm crumb rubber + 15 cm sand 36 ± 3 72 ± 7 92 ± 6
60 cm sand only 27 ± 1 71 ± 1 96 ± 4
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The 5 cm sand filter could be run for 8 h at a filtration rate of
24.4 m3 h�1 m�2. For the filter with 15 cm sand, the head loss
was 234 cm after 6 h of operation, and the test was stopped be-
cause of high head losses. The 0.6 m sand only filter developed
head loss so fast that the required filtration rate of 24.4 m3 h�1 m�2

lasted for only 2 h.

4. Conclusions

The addition of coagulant improved the removal of targeted
matter (turbidity, phytoplankton, and zooplankton). In the coagu-
lant dose range of 4.5–13.5 mg L�1, targeted matter removal effi-
ciencies did not change appreciably with dosage. The addition of
coagulant increased head loss remarkably.

Under a water head of 14.1 m water, filtration rates as high as
220 m3 h�1 m�2 for an 8-h filter run were achieved, resulting in
more than 90% zooplankton removal. It is found that high filtration
rate benefited zooplankton removal.

Crumb rubber/sand dual-media enhanced filtration perfor-
mance: more than 70% phytoplankton and 90% zooplankton were
removed. With an influent water head at 4 m, a 5 cm sand plus
85 cm crumb rubber filter could be run for more than 8 h with a
filtration rate of 24.4 m3 h�1 m�2.

This study indicated the dual-media pressure filter could en-
hance the performance of crumb rubber filtration notably, with
limited increase in filter head loss and filter weight. Therefore, a
comprehensive investigation of the crumb rubber/sand dual-media
pressure filter for ballast water treatment is necessary to find a po-
tential technology for onboard ballast water treatment. A combina-
tion of the crumb rubber filtration and chemical/physical
disinfection (e.g., UV radiation) for ballast water treatment should
be investigated in future studies because the filtered water did not
meet the ballast water treatment criteria.
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