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Abstract

The removal of turbidity, particles, phytoplankton and zooplankton in water by crumb rubber Wltra-
tion was investigated. A substantial reduction was achieved. Of the three variables, Wlter depth, media
size and Wltration rate, media size had the most signiWcant inXuence. Smaller media size favored higher
removal eYciency of all targeted matter. There was no apparent relationship between removal eYciency
and Wlter depth. Higher Wltration rate resulted in lower removal eYciency and higher head loss. Com-
pared with conventional granular media Wlters, crumb rubber Wlters required less backwash, and devel-
oped lower head loss. Consequently crumb rubber Wlters could be run for a longer time or allow a higher
Wltration rate. The results also indicate that the crumb rubber Wltration alone did not achieve the target
removal of invasive species. However, crumb rubber Wltration could potentially be used as a primary
treatment technology to enhance the eYciency of a secondary treatment process (e.g., disinfection).
©  2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Currently, about 80% of world’s commodities are transported by ships. Ballast water is
widely used to stabilize maritime vessels during voyage. The National Research Council
(1996) estimated that three thousand species of animals and plants are transported around
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the world in ballast water every day. Ballast water is discharged at ports where cargo is loaded.
The introduction of nonindigenous aquatic species along with the discharge of ballast water
into these new environments may cause serious ecological and economical problems (Bax,
Williamson, Aguero, Gonzalez, & Geeves, 2003). Without natural predators in the new envi-
ronments, these species might rapidly multiply and signiWcantly alter the biodiversity of an
ecosystem. Buck (2004) reported that Zebra mussels caused approximately 5000 million dol-
lars per year in damage to water pipes, boat hulls and other hard surfaces in the Great Lakes
in the USA. It was estimated recently that the economic impacts of invasive species in the
United States alone are more than 100,000 million dollars per year (Ruiz et al., 2001). Ballast
water management and treatment are essential to protect marine environments. In 1992, the
United Nations Conference on Environment and Development requested the International
Maritime Organization to consider adoption of appropriate rules on ballast water discharge.
In 2004, the International Convention for the Control and Management of Ships’ Ballast Water
and Sediments was adopted in London (International Maritime Organization, 2004). The stan-
dards of the convention for concentrations of viable organisms in discharged ballast water are:
less than 10 viable organisms/m3 greater than or equal to 50�m in minimum dimension and
less than 10 viable organisms/mL less than 50�m in minimum dimension and greater than or
equal to 10�m in minimum dimension. This convention will come into eVect 12 months after
ratiWcation by the 30 participating nations, and will represent 35% of world merchant shipping
tonnage.

Currently, ballast water exchange is the most commonly practiced method to allevi-
ate the risk of ballast-mediated invasion (Ruiz et al., 2001). The National Research
Council (1996) reviewed shipboard treatment technologies for ballast water. Ten candi-
date technologies were identiWed and they are Wltration systems, oxidizing and nonoxi-
dizing biocides, thermal techniques, electric pulse and pulse plasma techniques,
ultraviolet (UV) treatment, acoustic systems, magnetic Welds, deoxygenation, biological
techniques, and anti-fouling coatings. As an attractive disinfection technology, UV is
eVective for small organisms, but not eVective for larger ones (e.g., zooplankton)
(Cangelosi et al., 2001; Sutherland, Levings, Petersen, & Hesse, 2001; Waite et al., 2003).
A combination of Wltration (for large organisms removal) and UV or other disinfection
technologies (for small organisms) was described by Oemcke and Van Leeuwen (2003).
Filtration before disinfection also removes suspended solids and reduces disinfectant
dosage.

The National Research Council (1996) recommended Wltration as the most promising
ballast water treatment technology. Generally, granular media Wltration is used to remove
particulate, organisms and sediment/solids and enhance the subsequent disinfection pro-
cess in water/wastewater treatment. However, this technology might not be economically
and technologically feasible for shipboard ballast water treatment because of its heavy
weight, low Wltration rate, and large space requirements. Many studies have been con-
ducted with screen and disk Wltration (Cangelosi, 2002). These Wlters are eVective in
removing large invasive species. However, screens/disks get clogged rapidly and require
frequent backwashing, especially in turbid water. It was reported that large algae and
zooplankton species could quickly clog an 80 �m screen Wlter (Juanico, Azov, Teltsch, &
Shelef, 1995). SigniWcant backwash water losses (e.g., 20%) for a 25 �m screen at turbidity
around 14 nephelometric turbidity unit (NTU), have also been reported (Matheickal,
Waite, & Mylvaganam, 2001). Corrosion of screen/disk elements is another concern with
this technology.
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About 280 million scrap tires were generated in 2000 with an annual growth of about
26%, and there are about 2000 million scrap tires in stockpiles in the US (Sunthonpagasit &
Hickman, 2003). It takes a considerable time for scrap tires to decompose in natural sys-
tems. With rainwater accumulating in the void space, scrap tire stockpiles are ideal
breeding grounds for mosquitoes, insects and rodents. The discarded tires can cause both
health and environmental problems (United States Environmental Protection Agency,
1993). The management and disposal of scrap tires are of great concern in the United
States. An innovative crumb rubber Wltration technology has been developed to treat
wastewater at Penn State Harrisburg (Graf & Xie, 2000; Xie, Killian, & Gaul, 2001). It
was found that crumb rubber is an excellent Wlter media for downward granular media
Wlters. In comparison to traditional granular media Wlters (e.g., sand, anthracite, etc.),
because of its elasticity, the crumb rubber Wlter allows higher Wltration rate, lower head
loss, longer Wltration run time, and better eZuent quality. Because of its high Wltration
rate and low density media, the crumb rubber Wlter is much smaller and lighter than the
conventional Wlters. After a Wltration cycle, the crumb rubber can be backwashed with an
upward Xow of Wltered water. Because of low density of rubber material, the crumb rub-
ber Wlter can be backwashed at a much lower backwash water Xow rate than the conven-
tional sand/anthracite Wlter (20 m3/h m2 versus 52.5 m3/h m2) (Hsiung, 2003). The low
backwash water Xow rate reduces the size of backwash water pump and the power
requirement. The long Wltration period and low backwash frequency of the crumb rub-
ber Wlter also reduce the amount of Wltered water used in backwashing and increase the
water production.

The objective of the work reported herein was to investigate the application of crumb
rubber Wltration in ballast water treatment. The removal of turbidity, particles, phyto-
plankton, and zooplankton by crumb rubber Wltration was evaluated under various design,
operational, and water quality conditions. The impacts of Wlter media size, Wlter depth and
Wltration rate on removal of particulate matter, zooplankton, and phytoplankton were
studied. Filter run time and backwash were also evaluated.

2. Materials and methods

2.1. Filter setup

A pilot study was carried out at GiVord Pinchot State Park, PA, USA. Lake water was
used to simulate ballast water. Filters were set up as shown in Fig. 1.

OverXow was used to keep a constant water head. EZuent water head was measured by
connecting clear tubing to the bottom of the Wlters vertically and head loss was determined
based on inXuent and eZuent water head. Air scouring plus backwash were used to clear
Wlters following each Wltration run. Filtered water was used as backwash water.

2.2. Design and operational conditions

Three design and operational factors (crumb rubber media size, Wlter depth and Wltra-
tion rate), and three levels (high, medium, and low) of each factor, were investigated in this
study. Therefore, 27 sub-experiments were conducted, described by a 3£ 3 matrix
(3 factors£ 3 levels). Design and operational conditions are presented in Table 1. Three
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Wlters with an internal diameter of 5 cm were set up, and each of them was loaded with
diVerent size ranges of crumb rubber media (0.5–1.2, 1.2–2.0 or 2.0–4.0 mm). InXuent water
head was kept at 4 m and each Wltration run lasted 8 h.

2.3. Crumb rubber physical characteristics

The crumb rubber media size was determined by sieve analysis using American Society
for Testing and Materials (ASTM) Standard Test C136-92, sieve analysis of Wne and
coarse aggregates (ASTM, 1993). The eVective size (for which 10% of the grains by weight
are smaller) were 1.9, 1.2 and 0.66 mm for the media size ranges of 2.0–4.0, 1.2–2.0 and 0.5–
1.2 mm, respectively. The uniformity coeYcient (a measurement of the media size range)
and porosity for each media size were determined (Cleasby & Logsdon, 1999) and are
shown in Table 2. Density of crumb rubber media was about 1130 kg/m3, which is much
lower than the traditional Wlter media (sand and anthracite).

Fig. 1. Crumb rubber Wlter setup.
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Table 1
Design and operational conditions of crumb rubber Wltration

Factors (units) Media size (mm) Filter depth (m) Filtration rate (m3/h m2)

High 2.0–4.0 1.2 73.3
Medium 1.2–2.0 0.9 48.9
Low 0.5–1.2 0.6 24.4
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2.4. Monitoring parameters

Turbidity, particle number, phytoplankton, and zooplankton were monitored for both
Wlter inXuent and eZuent using Standard Methods (SM) 2130, SM 2560, SM 10200 F, and
SM 10200 G, respectively (American Public Health Association, 1998). Turbidity was mea-
sured by a potable turbidity meter (0.01–1000 NTU). Particle counting was evaluated over
a particle size range of 2–60 �m using a Multisizer 3 Coulter Counter (Beckman Coulter,
Inc.). Phytoplankton enumeration was conducted with a clear 1-mL counting cell and a
compound microscope (100£). Zooplankton were collected with a 50�m plankton net,
then transferred into a clear 5-mL counting cell and counted using a stereoscopic micro-
scope (10–60£).

For each 8-h run, turbidity, phytoplankton, zooplankton and head loss were measured
at runtimes of 0.5, 2, 4, 6 and 8 h. Five samples were taken for each Wlter. In this paper, the
removal eYciency of each targeted parameter was the average value of these Wve data
points. Composite samples of these Wve sampling events were used for particle counting.

3. Results and discussion

3.1. Turbidity removal

InXuent turbidity varied from 6.9 NTU to 16.2 NTU; with a typical value of 10 NTU.
EZuent turbidity ranged from 4.4 NTU to 11.8 NTU. The removal eYciencies under vari-
ous design and operational conditions are summarized in Table 3.

Table 2
Crumb rubber media physical characteristics

Factors (units) Media size (mm) EVective size (mm) Uniformity coeYcient Density (kg/m3) Porosity

High 2.0–4.0 1.90 1.28 1131 0.54
Medium 1.2–2.0 1.20 1.53 1131 0.58
Low 0.5–1.2 0.66 1.39 1131 0.62

Table 3
Turbidity removal as a function of design and operational conditions

Filter depth (m) Filtration rate (m3/h m2) Removal eYciency%

0.5–1.2 mm media 1.2–2.0 mm media 2.0–4.0 mm media

0.6 24.4 42.0 39.2 27.0
48.9 33.3 27.4 21.7

73.3 36.9 32.6 23.5

0.9 24.4 44.3 40.2 30.1
48.9 43.5 37.6 30.6

73.3 35.8 27.7 20.9

1.2 24.4 47.8 37.1 28.9
48.9 40.0 32.5 25.0

73.3 38.0 31.2 23.4
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The highest turbidity removal eYciency was about 48%, while the lowest was about 21%.
The results clearly indicate that media size played an important role in turbidity removal: a
smaller media size favored the removal of turbidity. This observation was expected since a
smaller media size corresponds to a smaller pore size, consequently more solid matter could
be strained by the Wlter media. The eVect of media size on turbidity removal is shown in
Fig. 2. Filter depth appeared to have a minor inXuence on turbidity removal compared with
the eVect of media size. Moreover, no clear relationship between Wlter depth and turbidity
removal eYciency was found. Filtration rate had a limited inXuence on turbidity removal: a
higher Wltration rate resulted in a lower turbidity removal eYciency.

3.2. Phytoplankton removal

InXuent phytoplankton concentrations ranged from 5310 to 1040 organisms/mL, while
phytoplankton concentrations in Wltered water ranged from 1990 to 390 organisms/mL.
The average values were 2690 and 1120 organisms/mL for inXuent and eZuent, respec-
tively, which resulted in an average phytoplankton removal eYciency of 58%. The detailed
information of phytoplankton removal is presented in Table 4.

Similar to turbidity removal, media size showed a substantial inXuence on phytoplank-
ton removal: higher phytoplankton removal eYciency corresponded with smaller media
size. The typical eVect of media size on phytoplankton removal is presented in Fig. 3. Filter
depth did not have a substantial eVect on phytoplankton removal eYciency. In addition,
higher Wltration rates corresponded to lower phytoplankton removal eYciency. We pre-
sume that phytoplankton morphology may have inXuenced removal eYciency. Since some
phytoplankton were wire-like or needle-like, high Wltration rates could enhance penetra-
tion, of phytoplankton through the Wlter media, therefore reducing the phytoplankton
removal.

Fig. 2. Representative turbidity removal trend for various media sizes (Wlter depth D 0.9 m, Wltration
rate D 48.9 m3/h m2).
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3.3. Zooplankton removal

Zooplankton with size 750 �m, which are regulated in ballast water management and
treatment, were evaluated in this work. InXuent zooplankton concentrations ranged from
30 to 230 organisms/L and eZuent ranged from 10 to 180 organisms/L. The average
removal eYciency was about 50% for crumb rubber Wltration. Table 5 shows the zooplank-
ton removal eYciencies under various conditions.

Media size had the most inXuence on zooplankton removal. Removal eYciencies were
lower than 40% for all cases when media size was at the range of 2.0–4.0 mm, while the

Table 4
Phytoplankton removal as a function of design and operational conditions

Filter depth (m) Filtration rate (m3/h m2) Removal eYciency%

0.5–1.2 mm media 1.2–2.0 mm media 2.0–4.0 mm media

0.6 24.4 57.7 58.4 49.6
48.9 50.5 40.5 33.9

73.3 46.1 42.3 31.1

0.9 24.4 69.1 62.8 57.8
48.9 70.4 62.2 58.9

73.3 62.4 53.6 50.3

1.2 24.4 70.7 68.3 61.1
48.9 63.3 56.1 51.8

73.3 62.1 57.1 48.8

Fig. 3. EZuent phytoplankton concentration as a function of media size (Wlter depthD 0.9 m, Wltration
rate D 48.9 m3/h m2).
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removal eYciencies were higher than 60% for media size 0.5–1.2 mm. Compared with
media size, Wlter depth and Wltration rate did not have a notable inXuence on the removal
of zooplankton. The eVect of media size is clearly shown in Fig. 4. The eVect of Wlter mesh
size on the zooplankton removal was also reported by Cangelosi (2002). Increasing the
Wlter mesh size from 25 to 150 �m reduced the zooplankton removal eYciency from over
90% to approximately 65%. The reported removal eYciency of zooplankton with two com-
mon mesh sizes (25 and 50�m) was over 90% which is better than those (30–66%) obtained
with the crumb rubber Wltration. This may be due to the large pore size inside the crumb
rubber Wlter bed. For Wlter beds packed with 0.66, 1.2, and 1.9 mm (eVective size) crumb

Table 5
Zooplankton removal as a function of design and operational conditions

Filter depth (m) Filtration rate (m3/h m2) Removal eYciency%

0.5–1.2 mm media 1.2–2.0 mm media 2.0–4.0 mm media

0.6 24.4 58.7 56.5 33.9
48.9 65.7 59.8 39.6

73.3 60.8 51.4 35.4

0.9 24.4 66.0 55.9 35.1
48.9 60.3 48.7 29.6

73.3 63.2 43.5 29.9

1.2 24.4 63.7 44.5 38.2
48.9 63.0 45.0 31.3

73.3 63.0 55.3 33.2

Fig. 4. EZuent zooplankton concentration under various media size conditions (Wlter depth D 0.9 m, Wltration
rate D 48.9 m3/h m2).
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rubber, the calculated pore sizes are 102, 186, and 294 �m, respectively. These pore sizes are
much larger than two common mesh sizes (25 and 50 �m). Reducing the crumb rubber
media size could enhance the zooplankton or other suspended particles removal eYciency
but will increase the Wlter head losses.

3.4. Particle removal

Particle counting results showed that there were 1.44£ 105–2.87£ 105 particles in the 2–
60 �m size range in inXuent. As shown in Table 6, the overall particle removal eYciencies
ranged from 6.5% to 46%, depending on the design, operational and water quality condi-
tions. The results implied that both media size and Wltration rate aVected overall particle
removal for Wlter depths of 0.9 and 1.2 m. The smaller media size and lower Wltration rate
enhanced the removal eYciency of particles. The Wlter response for the 0.6 m depth was
erratic, which suggests that the minimum Wlter depth, using media in this size range, is
probably greater than 0.6 m. There was no clear relationship between Wlter depth and parti-
cle removal.

A particle removal eYciency (8–240 �m) of 47% was reported by Kazumi, Waite, and
Zurcher (2004) using a silica sand (0.45–0.55 mm, eVective size) Wlter at a Wltration rate of
48.9 m3/h m2. At the same Wltration rate, removal eYciencies in this study were 21.1%,
27.0% and 36.9% for a crumb rubber (0.66 mm, eVective size) Wlter with a bed depth at 0.6,
0.9, and 1.2 m, respectively. However, a pressure Wlter was used in the reported study. The
lower removal eYciencies from our study may be due to the larger Wlter media size.

The results from this study are comparable to particle removal eYciencies reported by
Parsons and Harkins (2002). Because of the diVerence between the particle size ranges used
in the reported study (10–600 �m) and this study (2–60 �m), an overall particle removal
eYciency may not be comparable. At the particle size range of 10–20 �m, the particle
removal eYciencies for 0.5–1.2 mm crumb rubber were 47%, 40%, and 64% for bed depths
at 0.6, 0.9, and 1.2 m, respectively. At a range (15–20 �m) similar to this study, Parsons and
Harkins (2002) reported removal eYciencies of 36%, 41% and 41% for a 50 �m screen Wlter,
40 �m screen Wlter, and 100 �m disk Wlter, respectively. As discussed previously, the calcu-
lated pore size is 102 �m for a 0.5–1.2 mm crumb rubber Wlter.

Table 6
Particle (overall) removal as a function of design and operational conditions

Filter depth (m) Filtration rate (m3/h m2) Removal eYciency (%)

0.5–1.2 mm media 1.2–2.0 mm media 2.0–4.0 mm media

0.6 24.4 33.8 39.7 24.1
48.9 21.1 13.8 ¡13.2

73.3 34.0 7.5 17.8

0.9 24.5 40.7 38.0 29.3
48.9 27.0 27.0 13.1

73.3 19.6 10.6 6.5

1.2 24.4 46.0 36.6 31.7
48.9 36.9 27.7 12.6

73.3 31.8 12.9 11.7
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The crumb rubber Wltration, without being preceded by particle destabilization (e.g.,
coagulation), is primarily a physical surface straining process. Therefore, the approaches
which can increase the suspended solid size or enhance the interaction between media in
surface layer and suspended solids will enhance the removal eYciency signiWcantly. A pre-
liminary study regarding the eVect of coagulant addition on crumb rubber Wlter perfor-
mance was recently conducted by our research group (Chen, 2004). The turbidity removal
eYciency was increased from 52% to 86% with a coagulant (polyaluminum chloride) dos-
age of 10 mg/L and a Wltration rate of 39.1 m3/h m2 (16 gpm/ft2). Phytoplankton removal
eYciency was improved from 73% to 89% with a coagulant dosage of 4 mg/L and 14.7 m3/
h m2 (6 gpm/ft2) Wltration rate. The impact of coagulation on zooplankton removal was not
quantiWed because inXuent zooplankton concentration was very low or not observed.
These preliminary results suggest that coagulation can improve removal eYciencies of sus-
pended solids via Wltration.

However, the addition of coagulant substantially increases the head loss. This would
shorten the Wlter run time or reduce the Wltration rate. Under the preliminary study (Chen,
2004), the head loss for the crumb rubber Wlter at a Wltration rate of 39.1 m3/h m2 (16 gpm/
ft2) without coagulant addition was 43 cm at 24 h. With 10 mg/L polyaluminum chloride,
the head loss reached 84 cm after only 6 h. In addition, the use of a coagulant could also
result in the discharging of aluminum or aluminum hydroxide in backwash water which
could aVect aquatic species.

The adverse eVects of the coagulant addition could be minimized by lowering the coag-
ulant dosage. The coagulant dosage in the preliminary study was determined by a jar test
which commonly overestimates the coagulant dosage in Wltration. A zeta potential meter
and Wlterability test could be used to measure the particle surface charge and determine the
exact coagulant dosage for the crumb rubber Wltration. The beneWts of coagulation war-
rant further investigation.

3.5. Head loss

During the Wltration process, head loss built up because particles began to Wll the void
space in the Wlter media. The head loss after 8 h of Wltration is presented in Table 7. Media

Table 7
Head loss as a function of design and operational conditions

Filter depth (m) Filtration rate (m3/h m2) Head loss after 8 h (cm)

0.5–1.2 mm media 1.2–2.0 mm media 2.0–4.0 mm media

0.6 24.4 30 19 13
48.9 61 41 20

73.3 145 58 30

0.9 24.4 52 22 14
48.9 91 38 23

73.3 198 94 52

1.2 24.4 56 22 10
48.9 147 56 33

73.3 315 112 69
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size and Wltration rate impacted head loss substantially. Generally, a smaller media size,
deeper Wlter depth and higher Wltration rate resulted in a higher head loss. The highest head
loss developed was 315 cm under the condition of the smallest media size (0.5–2.0 mm),
highest Wltration rate (73.3 m3/h m2) and deepest Wlter depth (1.2 m). In this case, the Wlter
could run about 8 h continuously, and then the Wltration rate decreased due to high head
loss.

3.6. Backwash

EVective backwash is essential to the long-term successful operation of Wlters. In this
study air scour prior to upXow backwash was applied. Filtered water was used for back-
wash and the backwash was completed when backwash water turbidity achieved 10 NTU.
Typical backwash curves based on backwash turbidity change as a function of backwash
water usage, for various media sizes, are shown in Fig. 5.

The volumes of water used for backwash did not change considerably with the variation
of Wltration rate and Wlter depth, but did vary with media size. In this study, the backwash
water volumes were about 23–32 L (while water productions were 396, 792, 1189 L for
Wltration rates at 24.4, 48.9, 73.3 m3/h m2, respectively, after an 8-h run). Because the speciWc
weight of crumb rubber media is close to water (1.13 times as water), the crumb rubber
media was easy to Xuidize and consequently resulted in eYcient backwash. The relative
backwash water usages are shown in Table 8. Compared to the backwash water losses
reported in the literature for screen Wlters, the relative backwash water usage (% of water
production) in this study was much less, e.g., less than 8% for a Wltration rate at 24.4 m3/
h m2and less than 3% for a Wltration rate at 73.3 m3/h m2. Compared with traditional gran-
ular Wlters, the crumb rubber Wlter used a much lower backwash water Xow rate which

Fig. 5. Representative backwash curve based on backwash turbidity change vs. backwash water usage (Wlter
depth D 0.6 m, Wltration rateD 73.3 m3/h m2).

0

50

100

150

200

250

300

350

400

0.00% 0.50%

Backwash water usage (% of water production)

B
ac

kw
as

h
 w

at
er

 t
u

rb
id

it
y 

(N
T

U
)

0.5-1.2 mm 1.2-2.0 mm 2.0-4.0 mm

1.00% 1.50% 2.00% 2.50%



Z. Tang et al. / Marine Environmental Research 61 (2006) 410–423 421
reduces the size of the backwash pump and power requirement. The high Wltration rate of
the crumb rubber Wlter resulted in higher water production, which means that the relative
backwash water usage was much lower than traditional granular media Wlters.

3.7. SigniWcance to industry

This study indicates that the crumb rubber Wlter could be a potential technology for bal-
last water treatment. Because of its high Wltration rate, the crumb rubber Wlter has a much
smaller size than comparable conventional sand/anthracite Wlters. For a ship with a ballast
Xow of 5000 m3/h, the crumb rubber Wltration would require a surface area of 70 m2 and a
depth of 2 m. This size is several times smaller than a typical sand/anthracite Wlter. How-
ever, this size may be too large for shipboard applications. The authors are evaluating sev-
eral approaches to address this issue. One approach is to put the crumb rubber Wlter inside
a ballast water tank. Another approach is to use a pressure Wlter instead of a gravity fed
Wlter. A pressure Wlter will allow a higher head loss and permit a higher Wltration rate which
reduces the Wlter size.

In addition to a relatively small footprint, the crumb rubber Wlter also has a light weight
and requires a small backwash water pump. Due to its surface nature and low density, the
crumb rubber media is less likely to be aVected by the rocking motion of the ship. The
rocking motion may cause movement of the sand/anthracite media inside a large Wlter and
impact the Wltration eYciency.

Although the crumb rubber Wlter performance was promising, the eZuent organism
concentrations exceeded the accepted requirements (International Maritime Organization,
2004). According to the results, decreasing the media size and adding a coagulant could
improve the removal eYciency, but these approaches will result in a higher head loss and
subsequently a lower Xow rate. One inference from this study might be that crumb rubber
Wltration alone is not eVective enough to meet the performance standards set by the Inter-
national Maritime Organization. By combining with chlorine, ozone, UV or other disinfec-
tion technologies, crumb rubber Wltration could be used as pretreatment technology to
remove large zooplankton, remove suspended solids and reduce the disinfectant dosage.

4. Conclusions

The major conclusions from this study are:

• Pilot test results indicated that crumb rubber Wltration removed up to 70% of phyto-
plankton and 45% of zooplankton. The maximum removal of turbidity and overall par-
ticles were 48% and 46%, respectively.

Table 8
Backwash usage (% of water production)

Media size (mm) Filtration rate

24.4 (m3/h m2) 48.9 (m3/h m2) 73.3 (m3/h m2)

0.5–1.2 7.0–7.4% 3.5–3.8% 2.4–2.5%
1.2–2.0 5.8–6.2% 2.9–3.1% 2.0–2.1%
2.0–4.0 5.0–5.3% 2.3–2.7% 1.7–1.8%
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• Media size was the most signiWcant factor aVecting the treatment of ballast water by
crumb rubber Wltration: smaller media size had higher removal eYciency but resulted in
higher head losses.

• Filtration rate impacted turbidity and phytoplankton removal, as well as head loss:
increasing Wltration rate reduced removal eYciencies to some degree, and increased
head loss notably.

• Deeper Wlter depth resulted in higher head loss. There was no clear trend between
removal eYciency and Wlter depth although the Wlter performance was erratic at a depth
of 0.6 m.

• Backwash water usage for crumb rubber Wltration was less than traditional sand and
anthracite Wlters. Smaller media Wlters might require more backwash water usage than
larger media Wlters.

Based on the study, crumb rubber Wltration could be a potential technology for ballast
water treatment. It provides a “green engineering” solution for ballast water treatment and
disposal of waste tires. Because the removal eYciencies did not meet the requirement out-
lined under the international convention for ballast water treatment, particle destabiliza-
tion processes, e.g., coagulation, should be considered to enhance the removal performance
of the crumb rubber Wltration. Further study is also needed on the use of the crumb rubber
Wltration as the pretreatment process for chlorine, UV, ozone and other disinfection tech-
nologies.
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