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Introduction

The effective management of solids in aquaculture waters is one of the major obstacles to the
continued development of the aquaculture industry.  Solids derived from aquaculture operations
are composed of unconsumed feed particles and feces.  Solids removal from aquaculture waters is
an integral component of most aquaculture systems, whether they are flow through or
recirculating.  Solids in flow through system effluents may lead to possible environmental
degradation due to the organic and nutrient content in the solids.  In recirculating systems, the
presence of solids in the water makes water treatment and water quality maintenance more
difficult, increasing water treatment costs, and increasing the health risks to the crop due to water
quality degradation.  By removing solids from the water, substantial proportions of the organic
and nutrient (nitrogen and phosphorus) loads are prevented from contributing to the degradation
of water quality.  Degradation of water quality by solids may come from the consumption of
oxygen to oxidize organics present and from the release of inorganic nutrients.  Regulatory
agencies have recognized this, and use solids loads as one of the main criteria when evaluating an
aquaculture operation.  Settling basins have been the most common solids removal method used
by the trout industry in the Western States.  These basins can be effective in reducing suspended
solids concentrations to very low levels, but they must be managed carefully to achieve high
nutrient removal rates as well.  Whereas settling basins appear to be the system of choice for the
trout industry in some areas, they may not be practical or effective for other types of aquaculture
operations.  In those cases, other types of solids removal systems such as various configurations
of microscreen filters, granular media filters, or constructed wetlands may be more effective
components of a water treatment system.

However, selection of the "best" treatment system for a particular aquaculture operation is
difficult given the variety of processes available, and the lack of a uniform methodology for
evaluation of water treatment effectiveness, and of an accounting of economic and practical
considerations.
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Water treatment operations can affect a number of water quality parameters in addition to the
target variable.  Parameters such as concentrations of dissolved oxygen and of organic and
inorganic forms of nitrogen and phosphorus are affected to different degrees by solids removal
treatment operations.  A systematic method to evaluate process removal efficiencies, costs of
operation, sizing limitations, and other attributes such as nitrifying capacity has not been
developed.  There is an urgent need in the industry to develop such a methodology to assist
aquaculturists in evaluating and selecting appropriate technologies for their specific applications
(Jensen 1991).

Background

The need to define and develop appropriate performance criteria standards for various types of
water treatment unit operations used in aquaculture has been recognized by various aquacultural
engineering groups.  At a workshop held in 1991 (Workshop on the Design of High-Density
Recirculating Aquaculture Systems, Baton Rouge Louisiana, sponsored by National Sea Grant
College Program, Louisiana Sea Grant College Program, US Fish and Wildlife Service, US
Department of Agriculture, and the Louisiana State University Department of Civil Engineering),
discussions were held on the need for standardized testing protocols for biofilters and other water
treatment units.  As a result of those discussions, a protocol developed by Dr. Ron Malone
(workshop organizer) for biofilter testing was made available to interested individuals, but
protocols for other treatment unit operations have not been proposed.  More recently, a
workshop was held at Stirling University in Scotland (June, 1994) on Aquaculture Effluent
Treatment Systems and Costs.  Participants at the workshop (from twelve European countries and
the US) recognized the difficulties inherent in comparing different types of treatment units, and in
using performance data for the design and evaluation of a complete aquaculture production
system.  One of the draft recommendations of the workshop was that performance criteria
standards for various water treatment operations be defined and developed.  These performance
criteria will be included in a report on the conference to be published by FAO later this year.  The
proposed performance criteria are meant to serve as guidelines for system testing and evaluation.

A variety of methods are currently used for solids removal in aquaculture operations.  Removal is
carried out by gravitational methods, by filtration, or by screening processes (Chen et al., 1994;
Wheaton, 1977).  Gravitational methods may result in the removal of particles that are less dense
than water (e.g. dissolved air flotation), or of particles that are more dense than water (e.g.
settling basins, centrifuges, hydrocyclones).  Filtration or screening methods rely on particle size
and particle surface properties for removal from the culture water.  Some of the filtration systems
that are used rely on "microscreens".  The screens are available in a wide range of effective
opening sizes, depending on the minimum particle size that needs to be removed from the waste
stream.  These screens can be constructed in such a way that solids retained are automatically
removed by means of a backwash stream and are collected for further treatment or disposal. 
There are several commercial implementations of this type of filtration mechanism, including drum
filters, disk filters, Triangle� filters, etc.  Other types of filtration systems are based on granular
media beds.  There are a multitude of media types and filter configurations that are used, and
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these include sand and plastic beads, upflow and downflow, high and low rate, high and low
pressure, continuous and sporadic backwashing, etc.

Most of the solids removal systems mentioned above were originally developed for the treatment
of domestic wastewater or of drinking water, and there is a substantial body of knowledge in the
civil and environmental engineering literature.  However, information on the overall water quality
effect of various treatment systems when used with aquaculture effluents is limited.  Effluent
quality and operational constraints (water quality and economic) for aquaculture and domestic
waters differ, resulting in very different design criteria and performance for solids removal systems
used for the two types of waters.  Particle properties (particle size, settling rate, chemical
composition, stability and decomposition rate, particle residence time in the system, etc.) and
related operational parameters of particle concentration, flow rate, residence time, etc., determine
the effect of a solids removal system not only on suspended solids concentration but on other
water quality parameters such as nutrient concentrations (Chen et al., 1994, Stechey and Trudell,
1990).  These properties are highly variable.  In aquaculture systems, they depend on feed,
feeding practices, fish species and size, and other factors.  Some quantification of these properties
is required to obtain adequate characterization of treatment system effectiveness.  Information on
suspended solids concentrations alone may not provide an accurate picture of the water quality
impact of a particular treatment system.  Particles that are removed from the flow but left in
contact with the water (as would happen in a settling basin) may undergo chemical and physical
changes that will result in the release of nutrients (nitrogen and phosphorus) into the water
column, and in the consumption of dissolved oxygen.  The frequency of removal of solids from
settling basins and other systems becomes an important operational parameter in deter-mining
water quality changes resulting from treatment.

Because of the great variability in culture systems for aquaculture production, a universal unit
operation for effective solids removal that can be recommended for all aquaculture operations
does not exist.  A number of systems for removing suspended solids from aquaculture systems
have been described including: simple sedimentation, and enhanced sedimentation with polymer
addition, microscreens, slow sand filters, rapid sand filters, pressurized upflow sand filters, foam
fractionation, and hydrocyclones, (Chen et al., 1994; Chen et al., 1993; Ulgenes and Eikcbrokk,
1993; Läge, 1990; Stechey and Trudell, 1990; Henderson and Bromage, 1988; Zachritz and
Malone 1988; McLaughlin, 1981; Mudrak, 1981; Wheaton 1977).  More recently other processes
such as submerged surface (SBF) and surface flow (SF) constructed wetlands, upflow bead filters
have also shown promise for certain applications (Zachritz and Jacquez, 1993; Malone and Coffin,
1991).

Settling Basins

Settling basins arc perhaps the most common solids removal process used in flow through
aquaculture systems.  They may be implemented by excluding fish from a section of a rearing tank
or raceway, or by the use of separate basins.  Settling basins tend to require relatively large
surface areas, and are therefore impractical for some applications where space is limited.  Properly
designed and operated settling basins can be highly effective at achieving effluents with very low
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suspended solids concentrations.  A thorough review of basin performance and of design
characteristics was carried out for the trout industry in Ontario, Canada (Stechey and Trudell,
1990).  In their study, Stechey and Trudell evaluated the reduction in suspended solids and
nutrient concentrations (various forms of nitrogen and phosphorus) obtained from existing settling
basins.  Variables of different types were determined: production and management, water
chemistry, and solids settling characteristics.  Stechey and Trudell (1990) found that, although the
total suspended solids removal efficiency of existing aquaculture facilities in Ontario was rather
low, ranging from 15.5 % to 31.7 % depending on the type of settling basin used, properly
designed and operated settling systems could achieve solids removal efficiencies approaching
90%, and meet regulatory criteria of 10 mg/L for total suspended solids and 0. 1mg/l for total
phosphorus.  Stechey and Trudell (1990) went on to propose design guidelines to insure that the
various types of settling basins used in Ontario would meet regulatory criteria, and to recommend
sludge disposal practices.  The sludge produced from settling basins is generally highly dilute
(usually less than 5 % solids), and a substantial proportion of the nutrients (N and P) may be lost
into the water column if settled solids are not removed promptly from the settling basin
(Westerman et al., 1993; Stechey and Trudell, 1990).  In an earlier, and less detailed study of
settling basins in the United Kingdom, Henderson and Bromage (1988) found that efficiency of
solids removal was highly dependent on influent suspended solids concentration, with higher
removal efficiencies occurring at high suspended solids concentrations.  They concluded that it
was difficult to achieve effective solids removal with influent concentrations under 10 mg/l, and
that it was difficult to achieve effluent concentrations under 6 mg/l.

Microscreen Filters

Microscreens have been used in flow through and recirculating aquaculture systems.  The screens
have been installed to simplify cleaning and maintenance, either by hand or automatically (e.g.
drum filters, disk filters, Triangle� filter).  The opening size used for a microscreen determines the
minimum particle size that is effectively removed.  Typical sizes used in aquaculture range from
40 µm to over 100 µm.  Screen filters require a small flow of water for backwashing.  This flow is
normally pressurized.

Microscreens have been evaluated recently for both flow-through (Ulgenes and Eikebrokk, 1993)
and recirculating systems (Libey, 1993).  Evaluation in flow-through systems was carried out for a
drum and for disk filters of different screen openings in an attempt to identify �best available
technology� for use in Norwegian land based salmonid farms.  In their tests, Ulgenes and
Eikebrokk (1993) found suspended solids removal efficiencies that differed substantially during
periods of normal flow, and during periods of system cleaning.  During normal flow, suspended
solids concentrations were less than 5 mg/l, while they rose to over 60 mg/l during system
cleaning.  Removal efficiencies were approximately 60 % during normal flow (using a 60 µm
screen), and rose as high as 97 % during system cleaning.  The overall removal of suspended
solids produced in the fish tanks was approximately 70 %.

In a test of a drum filter in a recirculating system, Libey (1993) determined the solids removal
efficiency of a 40 µm screen filter and compared it to that of a tube clarifier.  The suspended
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solids removal rate observed by Libey (1993) was substantially lower than that observed by
Ulgenes and Eikebrokk (1993), reflecting the small size of particles normally found in
recirculating systems.  Suspended solids reductions obtained with the drum filter were similar to
those obtained with a tube clarifier.  In his evaluation, Libey (1993) considered water use for
backwashing (for the drum filter) and for "washdown" and water replacement (for the multitube
clarifier), and found that the drum filter required only 13 % of the water required by the clarifier. 
Libey (1993) also found a substantial reduction in labor requirements due to the automatic
operation of the drum filter and the requirement for hand cleaning of the clarifier.

Artificial Wetlands

The general use of artificial wetlands filters (AWF) systems for domestic wastewater treatment is
well documented (Spangler et al., 1976; Wolverton et al., 1983; Kadlec and Knight 1996). 
Similar systems such as the root zone method, natural wetlands, Max Plank Institute Process, and
the Lelystad Process have been used in Europe and England for a number of years to treat both
domestic and industrial wastewaters.  Submerged surface (SSF) wetland systems have been used
to treat a variety of wastewaters including acid mine drainage, raw domestic wastewater,
stabilization lagoon effluents, and landfill leachate (Hammer and Bastian, 1989; Zachritz and
Fuller, 1993).  There are now more SSF wetland systems in the US in operation, planning, or
construction than free water surface (FWS) wetland systems.

Solids removal mechanisms for AWF units are presumed to be a combination of gravity
sedimentation, flotation, entrapment, and interception (Rich, 1988; Reed et al., 1988), but
sedimentation is considered the primary removal mechanism (Swanson and Williamson, 1980). 
Many AWF systems are capable of reducing influent solids levels between 25 and 150 mg/l to
effluent concentrations below 5 mg/l for domestic wastewaters (Zachritz and Fuller 1993). 
Several studies have indicated that the majority of solids are removed in the first third of the AWF
media (Zachritz and Fuller 1993).  This indicates that systems could be downsized or operated at
much higher rates if the only objective was to reduce total suspended solids.  Zachritz and
Jacquez (1993) have done some initial testing on these systems using aquaculture recycling water
and have proposed some preliminary design concepts.  But little or no data exist examining the
use of constructed wetlands to treat aquaculture effluents in either a flow through or recirculating
mode of operation.

A demonstration-scale facility is now in operation at New Mexico State University (NMSU).  The
facility was constructed based on early work at NMSU which included analysis of small scale
AWF systems for nitrification and solids removal (Zacmtz and Jacquez, 1993).

Up-flow Granular Media Filters

Granular medial filters use sand, gravel or plastic media to capture solids and to provide a
substrate where biofiltration can occur (Malone and Coffin, 199 1).  Although both functions of a
granular media filter (solids capture and biofiltration) are carried out in a filter, their relative
importance depends on how the filter is designed and operated in terms of frequency of
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backwashing, media size and depth of bed, loading rate, etc.. Sand and gravel up-flow filters use
low cost media but have high operating costs due to power requirements to move water through
the media.  Packed sand and gravel beds are subject to rapid clogging and subsequent channeling
of water through the beds.  Expanded or fluidized beds can avoid the problems of clogging or
channeling but have still higher power requirements to expand the media.

The �bead� filter is a type of up-flow granular media filter that makes use of floating low density
plastic beads.  The filter is able to trap suspended solids while simultaneously providing a large
surface area for the growth of nitrifying and heterotrophic bacteria.  By combining both processes
in a single unit, the bead filter may provide a less expensive method to treat water in recirculating
aquaculture than conventional methods (Malone et al. 1993).  In a bead filter, polyethylene beads
(3-5 mm in diameter) stay suspended in a pressurized up-flow system.  The filter bed rests on a
conical settling chamber.  A propeller system is located within the filter bed.  During normal
operation, bacteria grow in the bead pore spaces and remove ammonia and nitrite from the water.
 Eventually the bed begins to clog from the build-up of solids and bacteria, and the propeller
system is activated by a timer or by a pressure sensor.  The propeller system agitates the filter bed.
 After the propeller is turned off, the beads float to the surface and the solids settle on the bottom
of the settling chamber from where they are removed before the filtration cycle is started again
(Malone et al. 1993).  The bead filter has the added benefit of concentrating the wastes, reducing
the water volume that must be expelled with the solids, and facilitating the eventual treatment or
disposal of the sludge.

Modeling of Solids Removal in Aquaculture Systems

Modeling solids removal processes in aquaculture systems has not received much attention in
either the aquacultural or environmental engineering literature.  Simulation of removal rates by
settling is complicated in aquaculture waters because of the variability in particle size and density
of suspended solids.  The simulation difficulties are further compounded for removal through
particulate or screen filters, where biological activity in the filters causes changes in the physical
properties of both the filter medium and the particles themselves.  Most attempts at modeling the
filtering process have focused on the initial periods of filtration when the filter surface is clean, a
relatively short stage in the life of the filter (Song and Elimelech 1993).  Furthermore, most
modeling efforts have assumed uniform particle size which is not usually the case in aquaculture
effluents.  The model of O'Melia and Ali (1978) described filter ripening and head loss
development with depth and time in granular media beds, assuming accumulated particles
contributed to the filtering process.  Darby and coworkers (1992) revised O'Melia and Ali's model
to account for heterodisperse suspensions.  Song and Elimelech (1993) created a model
describing the dynamics of particle deposition in packed-bed systems assuming non-uniform
coverage of collector surfaces and a flux-correcting function to account for the effect of surface
coverage on the overall rate of particle deposition.  In these models, filtration rates and head loss
in a filter are modeled on the basis of basic particle and fluid flow properties.  The most notable
work on modeling of particulate removal from aquaculture waters is that related to the use of
foam fractionation techniques for the removal of suspended and dissolved solids (Weeks et al.
1992, Timmons et al. 1991): the models serve to generate estimates of removal rates of small
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suspended and dissolved solids using a combination of theoretical and practical considerations
resulting in tools that can be used to simulate removal rates under a variety of conditions.

Test Protocol

Effectively comparing different types of solids removal systems requires the establishment of a
uniform sampling and testing protocol.  Ensuring that appropriate data are collected and analyzed
by each researcher according to standard laboratory procedures will enable several solids removal
systems to be evaluated and compared quantitatively and eventually modeled.  The protocol
described here has been used at two research facilities, and at two commercial operations.  Solids
removal systems evaluated on a preliminary basis with the protocol include artificial wetlands,
upflow granular media filters, and two types of micro screen filters.

The test protocol was designed to allow the evaluation of the overall impact of the solids removal
system on water quality, and is summarized in Table 1. Water quality parameters other than solids
were included in the sampling routine.  In addition, information is to be collected on the
conditions under which the solids removal system is being operated.  Collection of data to allow
estimation of costs is also included in the protocol.

Information on the operational parameters includes the species cultured, and the type of culture
system, feed and feeding practices used (Table 1).  This information is important in determining
the quantity and characteristics of the source of waste solids in the system.  Recent developments
in nutrition and feed preparation technology have resulted in substantial changes in feed
characteristics.  These changes result in differences in the rates and forms in which wastes are
excreted by fish, and may have significant impacts on the performance of solids removal units as
well as that of other water treatment systems.

The second category of information included in the protocol consists of solids removal system
parameters (Table 1).  These include technical descriptions of the fish tanks and solids removal
systems which will be analyzed.  Some of the information collected under this heading will impact
the characteristics of the water that is treated, i.e. flow rates and solids concentrations entering the
solids removal unit.  Other information will affect the water treatment effectiveness of the solids
removal system, as well as provide data on the amount of water used for system backwashing. 
The time that solids remain in contact with the flow will impact the solubilization of nutrients, and
the possible decomposition of the solids within the treatment system.

Table 1. Parameters to be sampled.  All analytical techniques are as specified in Standard
Methods for the Examination of Water and Wastewater (APHA et al. 1992) and as adapted
for aquaculture use by Boyd and Tucker (1992).

1. Operational Parameters
• fish species, average fish size, total fish biomass
• feeding rate per day, expressed as mass per day, or as % of body mass per day
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• feed type (floating, sinking, pelleted, extruded, moist, wet) and nutritional content (%
protein, carbohydrate, fat, nitrogen, phosphorus, moisture)

• general water use patterns (treat all or partial effluent, cleaning or flushing practices,
water reuse if any)

2. Solids Removal System Parameters
• fish raceway/tank dimensions, shape, construction material, and solids removal

capabilities (if any)
• design and operating characteristics of solids removal system(s) used
• approximate time that solids remain in contact with the flow stream prior to removal
• flow rate through solids removal system
• quantity of water used for solids removal/system backwashing/ tank flushing

3. Water Quality Parameters
• general: temperature, pH, dissolved oxygen, conductivity, and alkalinity
• dissolved nutrients: total ammonia nitrogen (TAN), total nitrite nitrogen (NO2-N),

total nitrate nitrogen (NO3-N), orthophosphate phosphorus
• organic content: seven day and ultimate biochemical oxygen demand (BOD7 and

BODu), chemical oxygen demand (COD), or total organic carbon (TOC)
• solids: total suspended solids (TSS), volatile suspended solids (VSS), settleable solids,

particle size distribution, settling properties

4. Characteristics of Solids Removed
• nutrient content: nitrogen, phosphorus
• organic content: BOD, COD, or TOC
• moisture content (% solids)

5. Operational Costs
• power required to operate solids removal system
• hydraulic head loss through the solids removal system
• labor required for operation and maintenance (person-hours)
• equipment maintenance requirement

The third category lists several water quality parameters which are pertinent to fish culture
systems and which may be affected by a solids removal system (Table 1).  Water quality samples
will be collected prior to and immediately following the solids removal process or system so that
mass balance analyses may be performed on the system.  This category includes solids
measurements which have often been the only water quality parameters monitored when
evaluating solids removal system.  Additional water quality measurements will provide
information on the overall impact these treatment systems have on water quality.  Inclusion of
these additional parameters becomes particularly important for some solids removal system which
can also act as biofilters.
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The fourth category is meant to provide a description of the waste biosolids captured from the
solids removal process (Table 1).  This information is essential for the design of further treatment,
transportation, disposal or reuse systems.  Finally, the fifth category includes various operational
costs of the solids removal system, such as power requirement, head loss, labor and maintenance,
which will be useful in comparing the relative costs of various systems.

Summary and Recommendations

Technologies which are being evaluated with the protocol described above include settling ponds,
submerged surface constructed wetlands, microscreen filters, and upflow granular media filters. 
These systems are being evaluated at a minimum of the pilot scale of operation.  Several of the
technologies are being evaluated in cooperation with commercial aquaculturists.  Initial
experience in applying the protocols to the wide range of solids removal units included in this
study has resulted in minor modifications and adaptations of procedures.  However, results to
date reinforce our conviction that solids removal systems need to be evaluated in terms of their
overall impact on water quality, and not just on the basis of solids measurements.  Furthermore,
the characteristics of the solids produced are critical in designing methods for treatment or
disposal of those solids.
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1.0 INTRODUCTION 
 
Crossflow microfiltration separation technology continues to advance in the chemical, food, 
medical, pharmaceutical, and the water and wastewater treatment industries.  These technical 
advances and the maturity of the membrane manufacturing industry have yielded lower 
membrane unit costs and the emergence of crossflow microfiltration applications in aquaculture.  
Cost effective solutions for seawater disinfection and reuse, which include ozonation, ultraviolet 
irradiation and pasteurization, now include crossflow microfiltration.  This emphasis of this 
study, however, will be the comparison of microfiltration and pasteurization for disinfection of 
seawater for culturing large quantities of microalgae as food for shellfish and zooplankton. 
 
Microfiltration is generally defined as the absolute separation or removal of particulates in the 
range of 0.1 to 2 microns in diameter.  Most bacteria are larger than 0.2 microns.  Point-of-use 
microfiltration is commonly used in pharmaceutical, medical, and microelectronics applications 
as insurance against bacterial contaminations (Osmonics, 1991).  Crossflow membrane 
configurations include spiral wound sheets, hollow fibers, and tubes with numerous materials 
selections and application characteristics.  The basis of design for a production scale unit 
installed in a closed, continuous microalgae production process is presented in this report.  Major 
application design issues are also presented and include the following: 
 
• Cost effectiveness relative to pasteurization 
 
• Material selections and chemical compatibility 
 
• Process schematic and sequence of operation. 
 
2.0 MICROFILTRATION 
 
Microfiltration (MF) is designed to remove particles and bacteria in the range of 0.1 microns to 2 
or 3 microns in diameter.  MF membranes are “absolute” filters.  Traditionally available in 
polymer or metal membrane discs or pleated cartridge filters, microfiltration is now available in 
crossflow configurations (see attached figures).  Operating pressures of 1 to 25 psig are typical 
and conducive to plastic seawater piping systems applications. 
 
Crossflow (also called tangential flow) filtration is the pressurized flow of the feed water, or 
influent, across a membrane, with a portion of the feed permeating the membrane and the 
balance of the feed sweeping tangentially along the membrane to exit the system without being 
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filtered.  The filtered stream is called the “permeate”, because it has permeated the membrane.  
The second stream is called the “concentrate” or “reject”, because it carries off the concentrated 
contaminants rejected by the membrane.  Because the feed and concentrate flow parallel to the 
membrane instead of perpendicular to it, the process is called “crossbow” or “tangential flow.” 
 
Crossflow microfiltration substantially reduces the frequency of filter media replacement 
required in normal (perpendicular) flow MF, because of the continuous self-cleaning feature.  
Though reduced, crossflow MF units must be replaced periodically.  This frequency and hence 
the cost of operating the system cannot be estimated without process trials or other significant 
experience with the particular feed water and the desired throughput or permeate rate. 
 
Typically, crossflow MF systems (CFMS) have a higher capital cost than MF cartridge filter 
systems.  However, due to reduced media replacement costs, crossflow systems are substantially 
less expensive to operate than cartridge systems.  This savings can only be realized if the system 
is operated and maintained by qualified, diligent operating personnel.  Much of the system 
capital value is in the MF membrane unit(s).  Improper operation, cleaning or handling of the MF 
units can render them worthless. 
 
Crossflow membranes are manufactured into various configurations - tubular, hollow fiber (thin 
and fat), flat sheet or spiral wound.  The configuration considered for this study was the hollow 
“fat” fiber membrane elements.  Two basic membrane materials that are readily available and 
compatible with seawater aquaculture are polyethylene and polysulfone.  These materials are 
quite inert in a marine environment and will tolerate a wide range of cleaning agents, 
disinfectants, nutrients, etc.  Membrane manufacturer’s can provide complete specific 
information on the chemical compatibility of their MF units.  Also, some units can be configured 
to be autoclaved.  However, autoclaving significantly limits the useful life of the MF unit 
(Osmonics, 1991). 
 
3.0 BASIC MF SYSTEM SET-UP 
 
Each MF unit contains a multitude of fibers or tubules potted in parallel within a housing.  This 
configuration is much like that of a shell and tube heat exchanger.  In operation, the feed stream 
flows through the inside (lumen) of the MF unit channels and is typically recirculated as the 
concentrate or reject stream.  Permeate passes through the membrane walls and is collected on 
the shell-side of the cartridge.  See Figure 1.  For laboratory or pilot scale applications, a basic 
manual control system consists of a pump, reservoir, permeate collection reservoir, pressure 
gauges, and valving.  See Figure 2. Peristaltic pumps are commonly used in laboratory situations 
as shown in Figure 2. Centrifugal pumps are most often used in large production-scale systems. 
 
Figure 3 shows several MF units of various sizes.  Figure 4 contains end views of four different 
MF units that shows the actual size of the lumens or inside diameters of the individual membrane 
fibers (A/G Technology, 1996). 
 
A pilot-scale CFMS has been installed in the HISTAR continuous algal production system at 
Louisiana State University (LSU) in Baton Rouge, Louisiana USA.  The system is designed to 
disinfect and recycle artificial or natural seawater.  Basic operation if for 100 percent of the 
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process feed flow (up to 15 gpm) to pass through the CFMS with approximately 10 percent of 
the feed flow passing tangentially through a 0.2 micron membrane unit and subsequently flowing 
to the algal turbidostats.  The balance of the feed flow (concentrate) is returned to downstream 
sections of the HISTAR system.  All flow to the MF unit, except makeup water, is pre-filtered by 
the HISTAR fine sand filter.  The CFMS in this application includes a duplex, in-line, 5 micron 
cartridge filter to further protect the MF unit.  A three gallon permeate reservoir and a small 
magnetic drive centrifugal pump are the principal components of the associated backwash 
system.  Although performance data is not yet available from LSU, the CFMS is expected to 
minimize algal culture “crashes” due to bacterial contamination, improve up-time for the system, 
and reduce consumption of artificial seawater salts. 
 
4.0 OPERATING CONSIDERATIONS 
 
Temperature 
 
Clean water flux and process (dirty water) flux will increase with increasing temperature.  Clean 
water flux will vary linearly as a function of water viscosity.  Changes in viscosity over the range 
of 57 to 97 deg F may be approximated by the ratio of temperature in degrees Fahrenheit.  Thus, 
water flux or process flux measurements between runs may be easily compared at a standard 
temperature, using the equation: 
 
 Temperature Corrected Flux = FluxT2 x T1/T2 
 
 where, 
 
 T1 = reference temperature (e.g., 77 deg F)  
 T2 = actual temperature (deg F) 
 
Process flux will also increase with temperature.  The degree of process flux improvement is less 
predictable than with clean water since both a “gel” layer and a “fouling” layer on the membrane 
surface contribute to flux resistance. 
 
Transmembrane Pressure 
 
Clean water flux will increase linearly with increasing transmembrane pressure.  Process flux 
will typically increase as a function of transmembrane pressure.  However, depending on the 
circulation rate, the improvement in flux may become asymptotic since “gel” layer resistance to 
flux will increase from compaction.  Control of permeate back pressure (or permeate flow rate) 
may reduce the tendency to foul in the initial stages of a concentration, providing an overall 
higher average flux rate. 
 
Transmembrane Pressure = (Pinlet + Poutlet)/2 - Ppermeate 
Circulation Rate 
 
Circulation rate (feed velocity) will have little effect, if any, on the membrane's clean water flux 
since there is ideally neither a “gel” layer nor a “fouling” layer to restrict permeation.  On the 
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other hand, the basic premise of crossflow filtration is that increased velocity will reduce “gel” 
layer formation, lowering the resistance to permeation and, hence, improve flux. 
 
Concentration 
 
Process flux is highly dependent on feed components and overall solids concentration.  As 
expected, flux declines with concentration.  The rate of decline generally follows a straight line 
in a semi log plot of flux (linear scale) versus concentration (log scale). 
 
Time 
 
Flux declines with time, even with “clean” water.  The influence of time on the rate of flux 
decline may, however, be insignificant compared to the effect of concentration.  A rapid flux 
decline, while processing a stream in "total recycle” (i.e., no concentration) indicates either the 
circulation rate is too slow or “bad actor" foulants are present.  Flux declines as a function of 
time may also occur with a process stream due to gel layer compaction. 
 
Fouling Streams 
 
Fouling streams do not respond well to feed dilution and tend to reach low, steady-state flux 
levels which are less dependent on feed concentration.  High feed flow rates should be utilized.  
Low-fouling streams exhibit stable flux rates over time with low circulation rates.  The flux of 
low-fouling streams is basically concentration dependent.  Thus, upon feed dilution, the 
permeate rate will increase and approach the starting performance level.  A flow rate which 
provides an intermediate shear rate is appropriate for processing low fouling streams.  Shear 
sensitive streams contain fragile components (e.g., cells, proteins) which may be damaged by 
high circulation rates or high temperature.  Low shear flow rates are recommended for shear 
sensitive streams.  System designs for disinfection of seawater discussed in this study employ a 
moderately high shear feed flow.  In summary, resistance to permeation is a function of the 
membrane pore size, feed stream components, and the degree to which gel layer formation and 
fouling layer formation occur.  Increasing the feed stream circulation rate will, as a general rule, 
reduce gel layer thickness and increase flux (A/G Technology, 1996). 
 
Sequence of Operation 
 
With reference to Figure 2, the basic sequence of operation can be described as follows: 
 
• Process feed rate is controlled by the valves upstream and downstream of the pressure gauges. 
 
• Average MF unit pressure is controlled by the valve downstream the second pressure gauge downstream 

from the pump.  Since the permeate reservoir pressure is zero, the average MF unit pressure is also the 
transmembrane pressure. 

 
• While maintaining desired transmembrane pressure, adjust both valves until the difference in pressure 

gauge readings is per the manufacturer’s recommendations (2 to 5 psi).  This differential pressure relates to 
the flushing and process feed rate through the membrane lumens.  Permeate will flow accordingly to the 
permeate reservoir. 
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5.0 SEAWATER PASTEURIZATION FOR ALGAL CULTURE 
 
Huguenin and Colt (1989) have stated that disinfection is the reduction in number of bacteria, 
viruses, or fungi to a desired concentration.  Sterilization, or the complete elimination of all 
microorganisms, is generally not needed or in most cases not possible.  Because of a lack of 
criteria for reduction of concentration of microorganisms, disinfection procedures have 
developed primarily from an empirical basis.  Disinfection effectiveness is dependent on the 
characteristics of the disinfecting agent (heat, chemical, UV, ozone, etc.), contact time, 
characteristics of the media being disinfected, and the nature of the target microorganisms.  For 
many microorganisms, the rate of kill relative to the concentration or intensity of the disinfectant 
is a straight line on a semi-log plot.  Thus, to effect a desired kill or reduction in concentration of 
microorganism, exposure to a high concentration or intensity for a short contact time or exposure 
to a low concentration for a long contact time may be used. 
 
Wheaton (1977) has stated that water can be disinfected by heating it to a sufficiently high 
temperature and holding this temperature for a desired time interval.  Thus, as mentioned above 
bacterial kill is a function of temperature, holding time, and the species of bacteria and/or viruses 
being killed.  Heat is an effective and convenient means of disinfection, whereas temperature 
and/or holding time can be varied to achieve the desired disinfection effectiveness.  Wheaton 
(1977) provides an exemplary range of 140 deg F for 30 minutes to 160 deg F for 15 seconds for 
pasteurizing milk and other food products.  Commercial success in algal culture has been 
demonstrated using the 140 deg F and 30 minute holding time criteria. 
 
The restraints to application of seawater pasteurization to algal culture are primarily economic.  
On a stand alone system basis, pasteurization may not be judged as cost effective when 
compared to alternative methods (chemical, UV, etc.). However, when integrated with other 
systems and process requirements and with regard to the desired reliability of hatchery 
production processes, pasteurization can be very cost effective. 
 
Thermal Energy 
 
Major first cost as well as major operating cost are associated with providing the thermal energy 
required for pasteurization.  Typically though, fossil fuel fired hot water or steam boilers are 
required or can be justified for other aspects of hatchery processes and its facilities.  Thus, when 
integrated with these process requirements, incremental costs associated with pasteurization can 
be relatively small if not insignificant. 
 
Regenerative Heat Transfer 
 
A typical seawater pasteurizer will employ two titanium, plate-type heat exchangers.  The first, 
relatively large heat exchanger transfers heat from the hot pasteurized seawater to the relatively 
cool incoming seawater.  Thus, after being held at temperature for the required residence time, 
the hot pasteurized seawater is cooled by the incoming seawater.  If this regenerative heat 
exchanger is properly sized and operated, pasteurized seawater will leave the system only 6 to 8 
deg F warmer than the incoming seawater.  The restraint here being the smaller the temperature 
difference, the larger and hence more expensive the heat exchanger.  With a good supply of 74 
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deg F seawater, further cooling to achieve 82 deg F algal culture water is not necessary.  
However, in the cases where further cool-down is required, this requirement must be addressed 
on a case-by-case basis.  The second, relatively small heat exchanger uses hot water or steam to 
raise the preheated incoming seawater to its final elevated temperature (140 to 145 deg F).  Heat 
exchanger manufacturers can provide the computer analysis necessary to support the thennal-
hydraulic design and selection of these two heat exchangers. 
 
Hot Seawater Storage 
 
For continuous output an insulated hot seawater storage tank must be employed to achieve the 
desired 30 minute contact or residence time at 140 deg F. Thus, a 25 gpm system with 50 percent 
excess storage capacity will require a 25 gpm x 30 min. x 150% =  1125 gallon insulated hot 
seawater storage tank.  Such a tank is less than 6 feet in diameter and less than 6 feet high.  2 
inches of unicellular foam insulation is recommended for the top, bottom and sides of the storage 
tank. 
 
Temperature Controls 
 
Because of the relatively large thermal mass in the hot seawater storage tank, temperature 
controls for this system can be very simple.  Possible configurations include direct operated 
temperature regulator valves.  Liquid filled thermo-elements provide the sensing and 
motivational media for these simple, reliable control valves.  Manual, solenoid, and 3-way 
modulating valves can also be applied. 
 
Caution 
 
140 deg F seawater as well as boiler hot water and steam can cause serious injury to exposed 
personnel.  Do not exceed piping system temperature ratings.  All systems must be designed and 
installed in accordance with local regulations and good engineering practice. 
 
6.0 COST EFFECTIVENESS 
 
A good case can be made for the application of pasteurization as a way to disinfect seawater for 
algal culture.  This process is used extensively with great success in both aquaculture research 
and production operations.  The cost for this technology as shown on the attached cost estimate 
is still quite significant.  Successful aquaculture requires constant vigilance with regard to the 
cost effectiveness of one's unit processes. 
 
A few assumptions are important to note with regard to the attached estimated system costs.  For 
both the CFMS and pasteurizer applications, it is assumed that progressive filtration down to 1 
micron has been effected upstream as is appropriate for good algal production methods.  Pump 
operating costs and associated electrical infrastructure for the two system are assumed to be 
similar and are not addressed.  It is also assumed for the pasteurization system that a fuel system 
exists to support the pasteurizer boiler as well as other on-site heating processes.  The cost of 
equipment floor space is also similar and assumed to be available.  While 24 hour system 
operation is not precluded, the calculations are based on 12 hour overnight operation to produce 
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the daily seawater requirement and still afford time for routine system maintenance. 
 
Cost estimates are shown on the attached for 8, 16 and 24 gpm systems corresponding 
respectively to small, medium and large algal production systems.  It is apparent from this 
analysis that the first costs for the CFMS and pasteurization processes are very similar.  
Cumulative costs favor the CFMS due to the higher maintenance requirement of the hot water 
boiler system and the cost of fuel.  It should be noted that the three year useful life of the MF 
units is based on nominal expectations of MF units in similar applications.  Obviously this is 
subject to specific operating disciplines and could vary.  Operating experience specific to 
seawater disinfection for algal culture is currently being sought and will be factored into updates 
of attached system cost estimates. 
 
As with many unit processes employed in aquaculture, pilot scale studies are often used to 
finalize choices of technology and the design and construction of the resulting systems.  Pilot 
scale studies of CFMS technology applications are routine and are fairly inexpensive because 
laboratory scale MF units are available.  The data obtained using a laboratory size MF unit is 
directly correlatable to full scale application design and expected long term performance. 
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ESTIMATED SYSTEM COSTS 
CROSSFLOW MICROFILTRATION AND PASTEURIZATION SYSTEMS  

 
General Characteristics   

Size (gpm) 8 16 24 

Size (gpd/12 hr. day) 5,760 11,520 17,280 

Gross CFMS Area (sf) 141 235 329 

Gross HX Area (sf) 176 352 527 

   

Cross Microfiltration System   

Membrane Units 6,900 11,400 15,900 

Materials & Labor 6,000 9,600 13,100 

Total System Cost 12,900 2,100 29,000 

3 Year Membrane Replacement (per yr.) 2,300 3,800 5,300 

O&M Materials & Labor (per yr.) 1,300 1,950 2,600 

Total O&M Costs (per yr.) 3,600 5,750 7,900 

    

Seawater Pasteurizer    

Plate Heat Exchangers 7,300 10,500 14,000 

Boiler, Materials & Labor 5,200 6,500 8,000 

Total System Cost 12,500 17,000 22,000 

Fuel Cost (per yr.) 3,400 6,800 10,200 

O&M Materials & Labor (per yr.) 2,600 3,900 5,200 

Total O&M Costs (per yr.) 6,000 10,700 15,400 

    

Cumulative Costs    

Year 1 - CFMS 16,500 26,750 36,900 

Year 1 - Pasteurizer 18,500 27,700 37,400 

Year 2 - CFMS 20,100 32,500 44,800 

Year 2 - Pasteurizer 24,500 38,400 52,800 

Year 3 - CFMS 23,700 38,250 52,700 

Year 3 - Pasteurizer 30,500 49,100 68,200 
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Effects of Ozone on Microscreen Filtration and Water Quality in a Recirculating
Rainbow Trout Culture System

Steven T. Summerfelt, Joseph A. Hankins, Amy L. Weber, and Martin D. Durant
The Conservation Fund’s Freshwater Institute

Shepherdstown, West Virginia

Abstract

Ozone was added to water in a recirculating rainbow trout (Oncorhynchus mykiss) culture
system just prior to the culture tanks in order to oxidize nitrite and organic material, improve
overall water quality, and assist removal of solids across the microscreen filter.  Data from four 8-
week studies on ozonation and an 8-week no ozone control indicated that adding ozone reduced
the mean concentration of TSS by 35%, COD by 36%, DOC by 17%, and color by 82% within
the water entering the culture tanks.  Additionally, ozone reduced the mean nitrite concentration
by 82% within the culture tanks.  Changes brought on by ozonation, particularly as it affected the
characteristics of the suspended solids, also improved suspended solids removal across the
Triangel filter by an average of 33%.  In addition, adding ozone decreased plugging of the
microscreen filter panels, as indicated by an average of 35% fewer filter wash cycles, 53% less
filter sludge flow produced, and 79% more settled solids volume in the Triangel filter effluents.
 Comparison of two different ozone dosing rates indicated that adding ozone to our recirculating
system at a rate of 0.025 kg ozone per kilogram feed was about as effective as adding ozone at a
rate of 0.036-0.039 kg ozone per kilogram feed.

Introduction

Many aquaculture producers with large modular recirculating systems are using
microscreen filters to remove solids.  Microscreen filters (Summerfelt et al. 1994) and most
conventional clarification techniques (Chen et al. 1994), however, do not readily remove
dissolved organic and colloidal solids.  If the organic matter is not removed, it can inhibit
nitrification, exert an unwanted oxygen demand, and harbor opportunistic pathogens within the
recirculated systems (Chen et al. 1994).  Methods or processes that improve solids removal also
improve water quality, which can potentially enhance production and reduce certain operating
costs.  Because ozone has been shown to precipitate dissolved organic molecules and
microflocculate colloidal organic solids (Maier 1984), ozone can be used to enhance removal of
dissolved and colloidal organic matter via sedimentation, flotation, or filtration units.

Ozone has a wide range of aquaculture uses because many contaminants in aquaculture
waters are oxidizable.  Ozone has the advantages of a rapid reaction rate, few harmful reaction
by products in freshwater, and production of oxygen as a reaction end-product.  Sterilization of
water supplies and/or discharges has been the traditional use of ozone in aquaculture systems. 
However, ozone has also been used within recirculating aquaculture systems (Otte et al. 1977;
Otte and Rosenthal 1979; Rosenthal and Otte 1980; Rosenthal 1981; Williams et al. 1982;
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Sutterlin et al. 1984; Rosenthal and Kruner 1985; Paller and Lewis 1988; Poston and Williams
1988; Reid and Arnold 1992; Brazil et al. 1996; Bullock et al. 1996).  Ozonation provides
recirculating systems with benefits other than disinfection through supportive water treatment that
can include color removal, oxidation of nitrite and non-biodegradable organic matter
(subsequently making them degradable by bacteria), and improved suspended solids removal by
flotation and clarification.

Research by Wilczak et al. (1992) and Rueter and Johnson (1995) showed that ozonation
improved solids removal through sedimentation and granular filtration; and, research by Sander
and Rosenthal (1975), Otte and Rosenthal (1979), and Williams et al. (1982) showed that
ozonation improved removal of organic material through foam fractionation.  However, ozone
can affect particulates differently, depending upon the particles surface properties and the
presence of surfactants; in some cases, ozonation can increase particle stability and decrease
microflocculation (Maier 1984; Grasso and Weber 1988; Edward and Benjamin 1991; Wilczak et
al. 1992).  Additionally, previous research neither described ozone's effect on microscreen filter
performance, nor provided criteria that could be used to relate the amount of ozone required with
respect to the daily fish feed input.  Also, much of the research on ozone was conducted within
brackish water systems and with ozone added in a batch manner outside of the main recirculating
water loop.  Much of this previous research is less useful to freshwater users and users that plan
to apply ozone continually to the entire recirculated flow.  Therefore, it was clear that research
was needed to determine how continuous ozonation affects microscreen filtration and water
quality within freshwater systems.

In this research, our objectives were to demonstrate ozone’s affect on water quality and
microscreen filtration when ozone was added at levels that could be obtained by creating 3-4%
ozone within the existing oxygen feed gas before it is transferred into the system.  The oxygen
feed gas would thus serve to both introduce ozone and to provide a dissolved oxygen
supersaturation within each culture tank’s influent.  An accompanying paper by Bullock et al.
(1996) describes the effects of moderate levels of ozone on bacterial gill disease (BGD) epizootics
and numbers of heterotrophic bacteria.

Materials and methods

A description of the ozone tests, recirculating system design, method of ozone addition,
and fish and feeding practice used are provided in the companion paper by Bullock et al. (1996).

Microscreen filter evaluation

Microscreen filters remove water-bound particles that are too large to pass through the
openings in their screen panels.  Experiments were designed to evaluate the performance of the
Triangel1 filter when ozone was or was not added to the system.  The Triangel filters
evaluated (Model TF-12-RB; Hydrotech, Villinge, Sweden) used 80-mm opening sieve panels to

                    
1 Use of trade or manufacturer names does not imply endorsement.
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treat each treat 360 l/min.  Triangel filters operate by distributing flow in a thin layer across a
weir and onto one side of a flat sieve panel.  Water drips through the sieve and particulates larger
than the openings are left behind.  As particulates accumulate on the sieve, water level on the
sieve panel increases fractionally, and provides the motive force for the flow to travel further
down the panel.  The flow across the top of the panel pushes a thin barrier of accumulated
particulates towards the sludge water drain.  Just before the flow reaches the end of the sieve
panel, an optical sensor located under the sieve panel detects water falling through the screen. 
The optical sensor is linked to a mechanically driven high-pressure backwash which washes the
accumulated solids into a sludge collection trough located at the end of the sieve panel.  Rinse
water for sprayers was supplied from the floor sump by a 1.1 kw (1.5-hp) pump (Model HB2515;
Goulds Pumps, Inc., Seneca Falls, New York) with a 121 1 (32 gal) pressure tank operating at
414-552 kN/m2 (60-80 psi).

During each 8-week trial, each Triangel filter’s influent and effluent total suspended
solids (TSS) concentrations were measured once a week, beginning after the first week.  Total
daily solids removal across each filter was calculated from the difference between the influent and
effluent TSS concentrations multiplied by the flow to each filter.

Sludge production rate, sludge settled solids volume, and number of wash cycles were
measured weekly by capturing 10 to 20 1 of Triangel filter sludge effluent.  Daily sludge water
production and number of daily wash cycles were determined by extrapolating the results of the
sampling period over the entire day.

Determination of water quality

Concentrations of TSS, chemical oxygen demand (COD), total organic carbon (TOC),
dissolved organic carbon (DOC), nitrite, water color, and turbidity were measured in the
recirculated water before and after each LHOJ when ozone was added, before and after each
culture tank, and after each microscreen filter.  No samples were taken during the first week of
each 8-week trial to allow the system to stabilize.  Each trial, TSS, COD, and DOC were
measured once weekly, for at least six of the remaining seven weeks, while color, nitrite, and
turbidity were measured three times a week each trial.  COD concentrations were measured using
test procedures, COD2 reagents, COD Reactor, and DR2000 or DR3000 spectrophotometers
from Hach Chemical Company (Loveland, CO).  Nitrite concentrations were measured using the
diazotization method and Hach Chemical Company reagents and either a DR2000 or DR3000
spectrophotometer.  TSS concentrations were measured using APHA (1985) method 209 C.
Color samples were filtered through 0.5-[tm filter paper before being analyzed based upon a Pt-
Co standard using APHA (1985) method 204 B and a Hach Chemical Company DR2000 or
DR3000 spectrophotometer at 455 nm wavelength.  Turbidity was measured with a Hach
Chemical Company Ratio/XR turbidimeter using APHA (1985) method 214 A. DOC samples
were filtered through 0.5-µm filter paper before being frozen and shipped to Lancaster Laboratory
(Lancaster, PA) where they were analyzed using a persulfate digestion/infrared detection method
on an acidified sample which had been purged of carbon dioxide using nitrogen.
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Methods used to measure dissolved ozone were described by Bullock et al. (1996).

Results

Water quality

The sample location within the recirculating system that showed the fullest extent of water
quality treatment was used here to discuss how ozone affected water quality.  The location
immediately following the LHO (just before entering the fish culture tank) showed the lowest
concentration in TSS, COD, DOC, color, and turbidity, and is used here to compare the effect of
ozone on water quality.  Water entering the LHO was the cleanest within the system because it
had already been sieved, biofiltered, and air stripped/aerated.  Ozone reduced nitrite to the lowest
levels within the fish culture tanks, so the concentration data measured in C-1 was used to
compare nitrite reductions between trials (Table 1).

Table 1. Mean chemical oxygen demand (COD), total suspended solids (TSS), dissolved organic
carbon (DOC), color, and turbidity within the flow entering C-2 and the nitrite concentrations
within C-1 during the ozone study.

Treatment Ozone
dose

(kg/d)

TSS
x ±SE
(mg/l)

COD
x ±SE
(mg/l)

DOC
x ±SE
(mg/l)

Color
x ±SE

(Pt-Co)

Turbidity
x ±SE
(NTU)

Nitrite
x ±SE
(mg/l)

Treatment 1 0.68 4.0 ±0.6 26.1 ±1.5 NA 5.3 ±0.9 1.49 ±0.14 50 ±12

Control 0.0 6.3 ±1.1 43.6 ±3.8 7.1 ±0.4 17.7 ±1.2 1.58 ±0.08 265 ±15

Treatment 2 0.68 2.9 ±0.6 25.7 ±5.6 6.3 ±0.3 2.9 ±0.4 0.94 ±0.05 24 ±6

Treatment 3 1.0 to 1.3 5.6 ±0.4 36.7 ±5.5 6.0 ±0.3 2.1 ±0.5 2.02 ±0.16 73 ±18

Treatment 4 1.0 to 1.3 3.9 ±1.0 23.8 ±1.4 5.5 ±0.2 2.0 ±0.5 1.13 ±0.06 46 ±20

Ozone reduced the accumulation of suspended particulates, dissolved organics, water
color, and nitrite in all trials with respect to the control (Table 1): TSS entering C-1 was reduced
from an average of 6.3 mg/l in the control to 2.9-5.6 mg/l; COD entering C-1 was reduced from
an average of 43.6 mg/l in the control to 23.8-36.7 mg/l; DOC entering C-1 was reduced from an
average of 7.1 mg/l in the control to 5.5-6.3 mg/l; color in the water entering C-1 was reduced
from an average of 17.7 Pt-Co units in the control to 2.0-5.3 Pt-Co units; Likewise, nitrite within
C-1 was much lower during the ozone trials (means 24-73 µg/1) when compared to the control
(265 µ/l).

There were no clear trends in mean turbidity between the control (1.58 NTU) and the
ozone trials (0.94-2.02 NTU).
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Microscreen filter evaluation

Adding ozone to the recirculating system greatly improved the performance of the
Triangel filter (Table 2).  Ozonation increased the removal of suspended solids across each
Triangel filter from a mean of 3.4 kg/d in the control to 3.8-4.5 kg/d during the ozone trials. 
More importantly, based upon the daily feeding rate (Table 2), a larger fraction of the solids fed to
the fish were removed when the system was ozonated (0.29-0.35 kg solids removed per kilogram
dry feed fed) than when it was not ozonated (0.24 kg solids removed per kilogram dry feed fed). 
Additionally, adding ozone to the system: (1) reduced daily production of Triangel filter sludge
from a mean of 4,090 l/d in the control to 1,470-2,520 l/d in the four ozone trials; (2) increased
the settled solids volume of the Triangel filter sludge effluent from a mean of 20.6 ml/l in the
control to 31.5-43.2 ml/l in the four ozone trials; and (3) reduced Triangel filter wash
requirements from a mean of 3,080 cycles/d in the control to 1,6102,420 cycles/d in the four
ozone trials.

Table 2.  Triangel filter performance during the ozone study.

Treatment Filter wash
frequence,

x ± SE
(#/day)

Settled solids
volume of

sludge
produced,

x ±SE (ml/l)

Sludge
Water

Produced,
x ±SE (l/d)

Solids
removed

across filter,
x ±SE
(kg/d)

Mean daily
drya feed

rate (kg/d)

Fraction of
dry weight

feed
removed,
(kg/kg)

trial 1 2420 ± 120 31.5 ± 2.3 2520 ± 280 4.5 ± 0.9 13.3 0.33

control 3080 ± 290 20.6 ± 2.3 4090 ± 520 3.4 ± 0.4 14.1 0.24

trial 2 2230 ± 100 34.1 ± 1.9 2090 ± 180 4.5 ± 0.6 13.2 0.34

trial 3 1760 ± 70 38.3 ± 1.4 1610 ± 120 4.1 ± 0.4 11.8 0.35

trial 4 1610 ± 50 43.2 ± 2.1 1470 ± 160 3.8 ± 0.9 12.8 0.29
a Dry weight calculated from total weight based on 10% feed moisture content.

Discussion

Adding ozone to the recirculating system resulted in an overall improvement in water
quality due to more complete oxidation of nitrite, color, organic material, and suspended solids. 
Ozone reduced the concentration of suspended particulates, dissolved organics, water color, and
nitrite in all trials when compared to the control (Table 1).  Over all trials, ozonation reduced the
mean concentration of TSS by 35%, COD by 36%, DOC by 17%, and color by 82% within the
water entering C-1.  Additionally, ozonation reduced the mean nitrite concentration by 82%
within C-1.  Ozone did not consistently change turbidity.  Changes brought on by ozonation,
particularly as it affected the characteristics of the suspended solids, also improved the
performance of the Triangel microscreen filters (Table 2).
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TSS and COD

The accumulation of solids and oxygen demanding matter in recirculating systems is
dependent upon the rate of feeding, the rate that solids are removed in a clarifier, and the rate that
they are entrained out of the system during water exchange (Liao and Mayo 1992).  Reduction in
the accumulation of TSS and COD were likely due to improved filtration resulting from ozone--
induced microflocculation, as discussed in the improvements in microflocculation section (below).
Although the two ozone doses evaluated within this study did show excellent reduction in TSS
and COD concentrations, the higher ozone dosing rate (0.036-0.039 kg ozone per kilogram feed)
did not reduce TSS or COD concentrations beyond those achieved by the lower dosing rate
(0.025 kg ozone per kilogram feed).

TSS and COD that accumulated within the system were those solids and organics that
could not be removed by passage through the 80-µm microscreen panel, even with the oxidative
assistance provided by ozone.  In an earlier study, we determined that the TSS that were not
removed across the 80-µm microscreen panel were colloids that could not be removed by a screen
filter with openings ≥40 µm (Heinen et al., 1996).

DOC and color

Non-biodegradable organic compounds tend to accumulate in recirculating systems (Otte
et al. 1977; Rosenthal and Otte 1980; Hirayama 1988).  Ozone can decrease the accumulation of
non-biodegradable organic compounds in recirculating systems (Rosenthal and Otte 1980),
because ozone and its reaction by products are capable of oxidizing a great many organic
substances (Rice et al. 1981; Bablon et al. 1991).  Ozone oxidation removes color and makes
organic molecules more biodegradable.

We found that ozonation greatly reduced color but only slightly reduced DOC levels
(Table 1).  However, color and DOC reductions at the higher dosing rate were similar to the
reductions made at the lower ozone dosing rate.  Reduction in the accumulation of color and
DOC levels were likely due to a combination of oxidation, enhanced biodegradation, increased
precipitation, and adsorption onto particulates.

Otte and Rosenthal (1979) reported that color removal was improved by ozone-enhanced
foam fractionation and biofiltration in a recirculating system used to culture tilapia and European
eels.  Sutterlin et al. (1984) found that ozone assisted with color removal within a recirculating
system that produced Atlantic salmon smolts.  Rosenthal and Kruner (1985) used a synthetic fish
water containing ammonia, nitrite, and peptone to show that high levels of ozone can be used to
oxidize BOD, but that it required > 10 g ozone to oxidize 1 g BOD.  Under normal conditions,
Rosenthal and Otte (1980) reported that ozonation did not substantially affect the overall BOD
within recirculating fish culture systems.

Reaction with ozone can occur directly or through an ozone decomposition product. 
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Organic matter in recirculating aquaculture water tends to destabilize ozone; alkalinity, on the
other hand, can prevent the destabilization of ozone (Staehelin and Hoigne 1985).  Direct ozone
oxidation has been reported to be highly selective; however, ozone decomposition products such
as the hydroxide radical often exhibit little substrate specificity.  Decomposition products are
extremely strong oxidants capable of reacting with almost any organic compound (Hoigné and
Bader 1979).  The mechanism of ozone reaction was not determined in this research; yet
mechanism of ozone reaction was significant in that ozone could increase biodegradation of
organic molecules through: (1) the direct ozone oxidation of higher order covalent bonds in
organic molecules that may not be readily biodegradable; and (2) the tendency for decomposition
products to oxidize and chop large molecules into smaller fragments (Rice et al. 1981).

Under the conditions used in aquaculture, ozone does not oxidize organic carbon all the
way to carbon dioxide but breaks the organic molecule into more small molecules (Maier 1984;
Rice et al. 1981).

Nitrite

Within our system, ozonation reduced nitrite to lower mean concentrations in the fish
culture tank water than in the water just after the LHO™ (the point where ozone was added). 
We think that the lower levels of nitrite within the culture tanks were caused by residual ozone
(0.02 - 0.18 mg/1) entering the culture tanks which continued to oxidize nitrite.  Although the
two ozone doses evaluated within this study did show excellent reduction in nitrite (Table 1), the
higher ozone dosing rate did not improve nitrite reduction within the fish culture tank with respect
to the lower dosing rate.

Others have reported that ozone oxidized nitrite (Rosenthal 1980; Sutterlin et al. 1984;
Rosenthal and Kruner 1985; Bablon et al. 1991) within recirculating aquaculture production
systems.  The reports on nitrite indicate that roughly stoichiometric proportions of ozone are
required to oxidize nitrite to nitrate, about 1.04 mg ozone per mg nitrite (Bablon et al. 1991). 
That ozone reduces nitrite, which is toxic to fish at low concentrations, is a substancial benefit
provided by ozonation because elevated levels nitrite are often encountered when the biofilter
loses function.  The drawback to ozonation occurs when addition of ozone is interrupted. 
Because ozone is responsible for removing a fairly large fraction of the total nitrite produced in
the recirculating system, ozone actually reduces the nitrite concentration going to the biofilter. 
Long-term ozonation resulted in a reduction in the total nitrite removal capacity of the biofilter as
indicated by rapid nitrite accumulation when ozone addition was interrupted (unpublished data). 
The health of the fish can be threatened by the nitrite accumulation occurring after ozonation has
been stopped.

Turbidity

Ozonation did not consistently change turbidity at any location within the recirculating system. 
Microflocculation produced by ozonation can change both the concentration and size of the colloids
within the system, which affects the turbidity (Grasso and Weber 1988; Wilczak et al. 1992; Rueter
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and Johnson 1995).  However, within our system turbidity did not consistently represent the changes
in colloid size distribution.

Improvements in microscreen filter performance

Adding ozone increased solids removal across the Triangel™ filter from a mean of about 24%
of the feed fed to nearly 33% of the total feed fed.  The 24% solids removal measured during the
control was supported by previous research within the same system when ozone was not used
(Heinen, in press).

Ozone improved suspended solids removal across the Triangel™ filter by an average of 33%
(Table 2).  The improved solids removal was probably due to oxidation producing precipitation of
dissolved organic molecules and microflocculation of colloidal organic solids, as first described by
Maier (1984).  The oxidized organic compounds are usually smaller and contain more polar
compounds that are richer in oxygen and poorer in double bonds due to increased hydroxyl, carbonyl
and carboxyl functional groups (Maier 1984).  Creation of the more polar functional groups can cause
dissolved organics to precipitate and can also produce polyelectrolyte characteristics among the
suspended particles that increase enmeshment, adsorption, and cross-linking between the solids--i.e.,
microflocculation (Maier 1984).

Chang and Singer (1991) reported that the optimum ozone dosage for enhanced flocculation
of organic solids was dependent upon the total organic carbon (TOC) levels and, to some extent, the
relative ratio of hardness to TOC.  Chang and Singer (1991) reported that a ratio of hardness to TOC
of 2:5 was adequate to produce flocculation of organic material.  Within our research, water hardness
and TOC levels where ozone was added were about 250 mg/l and 8 mg/l, respectively, which
produced a ratio of hardness to TOC more than adequate to support flocculation.

Ozonation also decreased plugging of the microscreen filter panels, as indicated by an average
of 35% (range 21-48%) fewer filter wash cycles required, 53% (range 38-64%) less filter sludge flow
produced, and 79% (range 53-1 10%) more settled solids volume in the Triangel™ filter effluents
(Table 2).  The decreased filter plugging was not due to sterilization of the microscreen filter surface,
because no ozone residual reached the microscreen filters.  Rather, we can hypothesize that ozone
oxidation changed the particle characteristics in a manner that reduced filter plugging.  That ozone
decreased the TSS in the influents to each culture tank indicates that ozone decreased the amount of
solids that typically passed through the microscreen filter (Table 1).

Solids production in our system came from three sources: uneaten feed, feces, and biofloc.
 The contribution of these as a percentage of daily feed fed were, respectively: < 1% (our estimate),
about 30% (Westers 1995), and 8-12% (Chen et al. 1991).  By removing solids averaging nearly 33%
of the total feed fed, ozone-enhanced microscreen filtration removed a large proportion of the net
solids produced daily within the recirculating system.  Additionally, the Triangel™ filters did not store
the solids removed for any appreciable time (36-54 s, based upon the wash frequency), when
compared to other solids separation technologies, such as particulate filters, settling basins, and tube
or plate settlers.  Storing solids within the recirculating system is undesirable because, while solids
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are present, the opportunity exists for nutrients to leach into the water.

In conclusion, the results indicate that adding ozone to our recirculating system at a rate of
0.025 kg ozone per kilogram feed improved water quality, supported microscreen filtration, and,
according to the data in the accompanying paper (Bullock et al. 1996), reduced BGD associated
mortalities and chemical treatments required to control BGD epizootics.  Adding ozone at a higher
rate (0.036-0.039 kg ozone per kilogram feed) produced similar results but was much more likely to
produce fish mortality, when on occasion ozone accumulated to toxic levels (Bullock et al. 1996).
 Because ozonation equipment is expensive, it is rational to add ozone at the lowest effective rate
necessary to achieve the desired results.  Adding ozone at the lower rate is also justified to reduce
potential for fish to be exposed to ozone, particularly when little hydraulic retention time is available
between the fish culture tank and the ozone transfer point.
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Introduction

Water quality control in aquaculture water recirculation systems is attained by water exchange
and water treatment.  Effective water treatment reduces the volume of water that must be
exchanged.  Control of ammonia concentrations in the water is regarded as a key factor in
successful recirculation of water for fish culture operations (Liao and Mayo, 1974; Otte and
Rosenthal 1979). van Rijn (1996) recently reviewed the basic concepts of biological treatment of
aquaculture waste water.  It is apparent that a variety of nitrification reactors have been used to
remove ammonia and that most depend on a fixed-biofilm adhering to an inert surface, e.g.
plastic, rock or sand.  Many unanswered questions remain about the efficiency of these systems
and there is a need to develop designs that provide for reductions in capital, energy, and
maintenance requirements.

Sequential treatment of water with a series of similar biofilters is not commonly used in
aquaculture.  It has been proposed that multiple biofilter stages may be advantageous (Kaiser and
Wheaton, 1983) by creating more favorable microbial habitat regions for each step of the
nitrification process mediated by Nitrosomonas and Nitrobacter.  Work by Miler and Libey
(1985), Srna (1975) and Srna and Baggaley (1975) support this concept with data from rotating
biological contactors and trickle filter reactors.  Watten et al. (1993) demonstrated that a 3-stage
fluidized bed reactor using nearly buoyant (sinking) ABS plastic beads was more energy efficient
than a test fluidized bed reactor or a test rotating biological contactor.  In a subsequent test
(Watten and O’Connor, 1994), pulsed-bed technology was evaluated as a means of controlling
biomass accumulation.  The pulsed-bed reactor used a timer-relay-electric ball valve assembly to
direct water intermittently into the filter beds to rapidly expand the beads and then allow for bed
turnover and contraction.  Ammonia levels in filter effluent represented about 5% of influent
levels with most ammonia being removed in the first two stages of the three stage design.  Staging
improved performance but added to filter maintenance requirements.  In this study, we evaluate
the performance of four replicate single-stage filters and three replicate two-stage filters charged
with an equal total mass of ABS plastic beds.

Methods and Materials

Two biofilter configurations were evaluated using a single source of waste water.  The physical
layout of the test system is shown in Figure 1. As shown, effluent from each of five circular tanks,
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1.52 m in diameter, drained into a common settling trough.  A submersible pump moved water
from the settling tank to a biofilter that overflowed into the oxygen contactor positioned at the
head end of the water delivery line serving the fish tanks.  A second pump delivered a side stream
flow to the test biofilters.  Water flow to the tanks was maintained at 133 l/min and was split
equally among the five tanks.  Fresh make up water was added to the system at 12 l/min.  The pH
of the system was adjusted by the addition of a saturated Eme solution.  We evaluated four
replicate single-stage filters (0. 16 m diameter, 2.6 m height) containing 6.2 kg of near buoyancy
(sinking) plastic beads, and three replicate two-stage filters consisting of two columns (0. 16 m
diameter, 1.9 m height), each loaded with 3.1 kg of the same bead material.  The surface area of
6.2 kg of beads was calculated to be 9.02 m2. A timer-relay-electric ball valve assembly directed
11.5 kg of water into each replicate biofilter intermittently so as to rapidly expand the beds for 1
minute (flow on) and then allow for bed tumbling and contraction for 2 minutes (flow off).

Tanks were stocked on January 11, 1995 (calendar day 11) with 250 kg of 10.2-15.2 cm rainbow
trout.  Each tank was allotted 50 kg of the trout and fish were fed 0.5 kg per day per tank of
commercial trout feed throughout the study.  The quantity of fish in each tank was adjusted on
days 110 and 256.

On calendar day 54 (2 February 1995) water flow to the single-stage and two stage pulsed bed
biofilters was started.  Water quality was evaluated weekly throughout the study.  Two liters of
water were collected from the influent and effluent of each filter at the discharge pipe.  Samples
were analyzed for dissolved oxygen, pH ammonia, nitrate, nitrite, phosphate, sulfate, hardness,
carbon dioxide, suspended and total solids, temperature, and conductivity.  On calendar day 249,
biofilm thickness and density were measured.  Water samples also were analyzed at 6 am, noon
and 6 pm for biological oxygen demand and ammonia on day 249.  Standard methods of water
and waste water analysis were used in all tests (APHA, 1989).



3

Results and Discussion

Ammonia concentrations of 4.8-5.2 mg/l were measured in the recirculating water before the
biofilter became functional.  Ammonia levels decreased rapidly after the biofilters were seeded
with nitrifying bacteria on days 77 and 78 (Figure 2).  The observed time period for the biofilters
to reach metabolic equilibrium was within expected normal range for major microbial population
shifts.  On day 110, 125.6 kg of fish were removed and on day 256, 203.9 kg of fish were

removed from the system to adjust the system biomass.  Fish weight gain between 20 April and 13
September (146 days) was 193 kg or 1.3 kg per day.  A calculated feed conversion (feed/gain) of
1.92 was observed.  Mortality losses were very low, and visual appearance of fish was excellent
except for signs of fin erosion.

Differences in ammonia removal efficiency between the two-filter designs are shown in Figure 3.
The efficiency of ammonia removal in the two-stage filter was higher initially than in the single-
stage configuration.  As the study progressed the differences disappeared.  Similarly, ammonia
removal rate for the two-stage filter was higher than for the single-stage filter during the first part
of the study (Figure 4).

The production of nitrate (Figure 5) paralleled the disappearance of ammonia shown in Figure 1.
Effluent nitrate concentrations for the single- and two-stage biofilters were similar.  A concern in
biofilter applications is that nitrite production during nitrification will exceed the capacity of the
biofilm to convert nitrite to nitrate.  Accumulation of nitrite is associated with brown blood
disease and is not desirable.  A net increase in nitrite was more frequently observed in stage one
than in stage two of the two-stage biofilter (Figure 6).  Net change in nitrite was favorable and
similar between the single-stage and two-stage biofilters (Figure 7), resulting in a biofilter effluent
of 0.05-0.4 mg/l nitrite.  The mean ammonia concentration in water entering the test
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Figure 3. Ammonia removal efficiency of the biofilters.

filters was 1.05 mg/l.  Based on the alkalinity observed (Table 1), the changes in alkalinity per unit
of ammonia oxidized (kg) for the two-stage and single-stage filter designs were, 8.65 and 7.65 kg
of bicarbonate alkalinity, respectively.  These changes are within the experimental range of the
theoretical 7.13 kg of CaCO3 required to neutralize hydrogen ions produced during oxidation of
ammonia nitrogen (Wheaton 1977).  At the same time, carbon dioxide and oxygen

Figure 4.  Ammonia removal rate in singe- and two-stage biofilters.
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Figure 5.  Nitrate concentration of the influent and biofilter effluents.

changed across the biofilter beds, reflected ongoing metabolism.  Water pH (Figure 8) ranged
between 5.8 and 6.2. In unadapted microbial cultures the optimum pH for ammonium oxidation
was reported to be 6.8 to 8.0 (Haug and McCarty, 1971).  Water pH of 6.8-8.0 is generally the
recommended range in aquaculture recirculation systems.  However, Haug and McCarty (1971)
showed that bacterial cultures can adapt to a lower pH and oxidize ammonium equally well at pH
6.0.  The pH observed in this study did not appear to affect biofilter function or fish production.
Total solids removal was higher for the single-stage than for the two-stage biofilter.  No
significant changes were observed for conductivity and water hardness.

Fresh make up water contained 1.7 mg/l chloride, 1.2 mg/l nitrate, no phosphate and 9.6 mg/l
sulfate.  In comparison, recirculation water averaged 2.6 mg/l chloride, 12 mg/l sulfate and 2.11
mg/l phosphate with no changes seen across the biofilters.  Although phosphate concentrations
were not affected by the biofilters, the levels found in this study were above allowable discharge
limits (Figure 9).  The National Pollution Discharge Elimination System (NPDES) permit
generally sets the phosphorus discharge limit at 0.1 mg/l phosphate.  Therefore additional water
treatment would be needed to discharge water from this system.  Although biological
phosphorous removal is used in some municipal waste water treatment facilities, much work
remains to be done to adapt this technology to aquaculture facilities.
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Table 1.  Average water chemistry data for influent, single-stage and two-stage biofilter
effluent.

Influent Stage one Two-stage Single-stage Std Err1

Alkalinity, mg/l 38.8 35.9 32.5 33.2 2.51

CO2, mg/l 33.0 38.2 32.6 31.8 0.77

Dissolved O2, mg/l 10.9 7.0 6.1 6.9 0.22

Temperature, C 13.1

Conductivity, :mho/l 14.6 14.4 14.4 14.5 0.44

Hardness, mg/l 57.9 57.7 56.6 56.9 1.26

Suspended solids, mg/l 6.4 6.1 5.8 5.7 0.16

Total solids, mg/l 149 141 147 131 5.5
1 Pooled standard error of the means.

Figure 6.  Net change in nitrite across stage one and stage two of the two-stage biofilter.
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Figure 9.  Ortho-phosphate concentration in the influent and biofilter effluent.

The highest BOD values observed on day 249 (6 September) were obtained at 6 am, two hours
prior to feeding (Table 2).  The majority of the organic metabolism by heterotrophic bacteria
occurred in stage one of the two-stage biofilter.  Biological oxygen demand of the effluent was
similar between the two-stage and single-stage at the times data were collected.  Regarding filter
maintenance, screen cleaning frequency was every 3-4 days with the two-stage biofifter and once
every three weeks with the single-stage filter.  Filter plumbing was cleaned in both filter designs
every 14 to 21 days.

In summary, both the single-stage and two-stage biofilters were effective in oxidizing ammonia to
nitrate.  Disregarding differences in energy requirements between the two biofilter arrangements,
there appears to little advantage gained by dividing the biofilter beads into two stages.  The slight
increase in ammonia removal is offset by higher cleaning frequency of the filter screens and higher
solids removal of the single-stage biofilter.  The latter characteristic is desirable given linked
reductions in fish health and increases in filter dimensions with high levels of suspended or
dissolved solids.
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Table 2.  Biological oxygen demand, ammonia and biofilm data taken on 6 September 1995
(calendar day 249).

Influent Stage One Two-stage Single-stage Std Err1

BOD, mg/l

    6 AM 8.3 7.1 7.0 6.7 0.17

    Noon 6.0 5.1 4.6 4.6 0.18

    6 PM 5.5 4.5 4.4 4.2 0.14

Ammonia, mg/l

    6 AM 1.50 0.77 0.21 0.20 0.14

    Noon 1.63 0.76 0.32 0.29 0.16

    6 PM 1.85 0.99 0.49 0.43 0.22

Ammonia removal efficiency %

    6 AM 48.7 86.0 86.6 5.78

    Noon 53.0 80.0 82.0 4.36

    6 PM 46.3 73.5 76.6 4.47

Ammonia removal rate, g-d-1 m2-1 2.15 1.61 1.54

Biofilm thickness, :m 135.8 116.5 144.3 9.16

Biofilm density, mg/g 22.9 19.6 19.5 1.61
1 Pooled standard error of the means.
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Introduction

Widely regarded as a viable complement to extensive pond production systems where they can
be used for the maintenance of brood stock, fingerling production, and over-wintering and
purging, recirculating systems show promise as grow-out facilities for moderately priced food
fish.  Numerous research has established the technical possibility of high density growout in
recirculating systems.  The issue is no longer the ability to grow fish in recirculating systems, but
rather, the ability to grow them cost effectively (Losordo and Westerman, 1991; Timmons et. al.,
1991).  Evidently, the cost of production in recirculating systems must be reduced before major
economic benefits from the technology can be realized.

Solids capture and biofiltration are normally accomplished in recirculating systems as sequential
unit operations.  The advocation of bead filters stems from the desire to reduce costs and
complexity of recirculating treatment components by combining biofiltration and solids capture
in a single unit process.  The floating bead filter can be conceptually classified as an Expandable
Granular Biofilter (EGB).  EGBs are designed to simultaneously provide solids capture and
biological treatment.  They employ submerged granular beds that may be expanded to facilitate
intermittent removal of accumulated solids and biofloc.  Granular materials are logically selected
as media since they have high specific surface areas necessary for high rate nitrification in a
compact format.  Granular beds also provide solids capture over a wide particle size range.
Filtration of suspended solids is accomplished by straining, interception, and settling within the
granular bead matrix.  Simultaneously, the bead bed operates as a fixed film bioreactor.
Heterotrophic bacteria oxidizes both soluble and particulate organics.  Nitrifying bacteria
perform the critical conversion of total ammonia nitrogen to nitrate through the intermediate
form of nitrite.  Washing sequences induce the shedding of excess bacteria, and solids
accumulated in the interstitial spaces in the beads.

The authors believe that bead filters are exceptional solids capture devices for high HRT
applications on the basis of their ability to control fine solids, their low water loss, their
reliability, low maintenance, and suitability for automation.  Microscreens and settling basins
have difficulty controlling fine solids below about 40 µm which can create problems in high
water reuse systems (Libey, 1993).  Ahmed (1996) showed that using clean beads, solids capture
by an upflow bead filter increases significantly with particle size, and depending on the amount
of solids accumulated, it captures up to 79 percent of particles 6-8 µm in size, and up to 100
percent of particles 30-50 µm in size.  However, there is concern about the bead filters capability
to optimize nitrification rates while simultaneously capturing solids.  It was also contended that
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existing bead filters are too small, and not suitable for commercial scale applications.  The
objective of this study, therefore, was to design, evaluate, and demonstrate the reliability of a 200
cubic feet mechanically washed floating bead filter in a commercial scale recirculating facility.

Materials and Methods

Design Considerations

The nitrification capacity of a bead filter determines size, since the ability of bead filters to
capture solids and reduce biochemical oxygen demand exceeds their ability to nitrify (Malone et
al., 1993; Thomasson, 1991).  The filters are capable of handling solids generated from 3-5 lbs
feed/ft3 beads while only providing nitrification for about 1 lb feed/ft3.  Nitrification is affected
by many factors, so sizing is not straightforward.  For a given physical configuration, for
example, the actual conversion capacity is directly proportional to the substrate concentration
(Kruner and Rosenthal, 1983; Shieh and LaMotta, 1979), and is strongly influenced by dissolved
oxygen (Sharma and Ahlert, 1977), pH (Shieh and LaMotta, 1979), alkalinity (Paz, 1984),
temperature (Downing et al., 1964), sludge residence time (Hockenbury et al., 1977; Chitta,
1993; Malone et al., 1993) and soluble BOD (Blanc et al., 1986).  Sizing is further complicated
by the observation that 30-70 percent of nitrification occurs on the miscellaneous surfaces and in
the water column in recirculating systems (Mia, 1996).  Another issue is the disparate sensitivity
to water quality by different organisms reared in recirculating systems.  For commercial tilapia
production, TAN levels up to 5 ppm are tolerable, whereas, shrimp maturation demands TAN
levels well below 0.1 ppm (Wickins, 1976).  These complexities considering, a 200 cubic foot
bead filter can safely support 200 pounds of feed per day, or about 20,000 pounds of tilapia, fed
at one percent ration.

High speed propellers (1750 rpm) used in propeller-washed bead filters (PBF) have been very
efficient in cleaning the bead bed.  During a typical wash cycle of 30 seconds once every 24
hours, the propellers are able to clean the beads to the extent that the nitrifying bacteria are being
scoured from the beads’ surfaces.  Attempts to circumvent this problem by washing the filter less
frequently, and allow the bacteria a longer time to develop between washes has limited benefit as
flow through the filter is eventually reduced by solids accumulation (Chitta, 1993; Delos Reyes,
1995).  Therefore, a new mixing approach using slowly rotating paddles rather than high speed
propellers was investigated.

Previous research, and information obtained from commercial users indicate that if not properly
plumbed with a pressure relief valve and a low head pump, PBF models were subject to
exceeding the maximum pressure rating of 15 psi.  On the other hand, there is a need to extend
sludge residence times (SRT) beyond 24 hours to about 48 hours to achieve maximum
nitrification rates (Chitta, 1993).  Therefore, it is necessary to design the filter with as little
headloss as possible even under heavy loading conditions.  The prototype incorporated a bead
retention screen on the entire top, and was designed to operate as a nonpressurized filter.

The filter inlet line is a manifold with large (3/4 inch) clog resistant holes.  The influent manifold
also serves as the sludge removal line.  The manifold allows influent water to be laterally
distributed in the bottom of the filter, and prevents the cavitation and erosion of the bottom layer
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of beads.  The non-expansive, paddle method of backwashing reduces the potential for bead
entrapment in the manifold.  Still, the manifold design must prevent the entrapment of beads
during the mixing operation or beads will be lost when the sludge is removed.  Escape ports
which release beads that enter the manifold were provided.  However, thick sludge can interfere
with bead release.  Proper operation of the manifold was determined by examining the sludge
discharge for beads over an extended period of time.

Pilot Scale Prototype

To test the new design, a pilot scale prototype filter (Prototype A) was designed to provide both
biofiltration and solids capture for an estimated 1,500 pounds of fish.  It contained 15 ft3 of beads
with 6,000 ft3 of surface area available for bacterial attachment.  Preliminary evaluation using
clean beads was very successful.  The paddle-wash mechanism easily mixed the beads, and the
open top design provided little headloss.  Prototype A was installed as a peripheral filter in a
40,000 gallon tilapia (Oreochromis niloticus) culture system at TilTech AquaFarm where it
proved functional.

Commercial Prototype

Following the success of Prototype A, the 200 ft3 commercial filter prototype was designed
(Prototype I).  Prototype I also utilized the paddle-wash mixing approach, entire-top bead
retention screen, and nonpressurized filter design.  It was constructed of 3/16” stainless steel
plates.  The filter has a diameter of 7.50 ft, and a height of 10.25 ft.  The mixing apparatus
consisted of 9 paddles and 6 slanted plows designed to rotate at 20 rpm.  The plows’ function is
to push the beads upward and toward the center, while the paddles push the beads downward.
These are turned by a 5 hp electric motor with a gear reducer and double chain drive.  Designed
for a flow rate of up to 1,000 gpm, water enters the filter beneath the bead bed through two 4”
influent manifolds.  Water flows upwards through the beads and retaining screen into a weir
system which facilitates even flow through the bed.  Water flows by gravity from the filter back
to the culture tank.  Sludge is removed from the system following activation of the paddles
through a 2” sludge drain line below the influent pipe.
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Figure 1.  Schematic diagram of the recirculating system at TilTech Aquafarm, Robert, LA
employing the prototype, upflow 200 ft3 paddle-washed bead filter.

TilTech AquaFarm Installation

TilTech Aquafarm is located in Robert, LA on 13.5 acres of land with 44,000 square feet of
enclosed greenhouses.  The facility contains five 40,000 gallon recirculating systems for
breeding, fingerling production, and grow-out of tilapia.  TilTech entirely utilizes floating bead
filters of various sizes for solids removal and biological filtration.  The production tanks are
operated under, “green water” conditions, a practice strongly advocated by the facility’s
operator.  The suspended solids in the system is dominated by microscopic algae which
apparently are continually grazed by the tilapia.

Prototype I was installed in the TilTech facility in early January 1994.  A schematic diagram of
the most recent system configuration is shown in Figure 1. System water is delivered to the filter
by a 5 hp centrifugal pump.  Two 5 hp pumps were originally tried to obtain water flow close to
the design rate of 1,000 gpm.  The high flow rate, however, resulted to an upward thrust that
tended to buckle the screen top.

Initially, the system was seeded with 2 ppm ammonium chloride and 2 ppm sodium nitrite to
accelerate filter acclimation.  Additionally, backwash waters from several of the PBF filter at the
TilTech facility was pumped into the system with the knowledge that they contain Nitrosomonas
and Nitrobacter to further accelerate acclimation.  Tilapia were added to the system in March
1994 upon completion of the aeration system, and in anticipation of warmer water temperatures.
A float valve, an automatic water timer, and a water meter were installed to monitor and control
water refill.

During acclimation, an initial hydraulic evaluation was performed.  A programmable
Motortronics Adjustable Frequency AC Drive was used to slowly bring the paddles up to speed.
Having not backwashed the filter for two weeks in anticipation of conducting this evaluation, it
was found that the motor in conjunction with the Motortronics AF Drive was unable to turn the
paddles.  After evaluating various start-up programs, a program was selected which would start
the paddles over a two minute time period.  This was necessary to reduce the initial torque on the
motor sufficiently, and prevent an excessive amperage draw on the circuit breakers.  The
backwashing procedure also facilitated getting the paddles started.  Subsequent attempts to wash
the filter were successful.  However, sporadic problems starting the paddles were encountered.
The programming of the Motortronics was adjusted in order alleviate the problem, although this
was not successful.  Finally, the filter was accessed through one of the viewing ports, and 3 of
the plows were removed, thus reducing the torque on the motor.  Likewise, due to concern for
excessive headloss through the filter bed especially under heavy loading conditions, a bypass and
manometer were installed to automatically divert water from the influent to the filter top, and
relieve excess pressure to prevent damage to the filter.

The backwash frequency was set at 48 hours.  The backwashing procedure was as follows:

1. Water flow is diverted to the top of the filter bed.
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2. Sludge is drained for a few seconds to relieve filter pressure.
3. The paddle mechanism is operated to a maximum rotation of 20 rpm for 15-20

minutes.
4. The sludge drain is opened until the sludge water runs clear.
5. The paddle mechanism is again activated for around 5 minutes, and the sludge

drained until the wastewater runs clear.
6. The filter is ran in normal mode after the backwashing procedure.  Water loss

under this backwash regime was about 500 gallons.

Water Quality Analysis

Water quality was monitored regularly in the recirculating system.  During weekly sampling
runs, filter influent and effluent water quality samples were collected and analyzed according to
Standard Methods (APHA, 1995) for total ammonia nitrogen (TAN), nitrite nitrogen (NO2-N),
dissolved oxygen (DO), biochemical oxygen demand (BOD5), total suspended solids (TSS),
turbidity, pH, and alkalinity.  Water quality data were normalized, and analyzed to identify
relationships between filter performance, loading, and other variables.

Results and Discussion

Summarized in Table I are the water quality data and filter performance data. pH and alkalinity
were adequately maintained at levels of 7.43±0.34 and 152.2±45.2 mg CaCO3 /L, respectively.
Seasonal fluctuations in temperature were observed, attaining levels of 80.5±12.9 'F.  Mean
levels of TAN, NO2-N, DO, and BOD5 as shown in Table 1 are common in recirculating fish
culture systems.  TSS and turbidity were at relatively high levels of 69.8±23.1 and 15.3±4.8
NTU, respectively, but can be partly attributed to algae growing in the “green” recirculating
system.  In situ nitrification accounted for 64.7±30.9 percent of total nitrification, similar to those
observed in other studies (Mia, 1996; Delos Reyes, 1995).



6

Table 1.  Average water quality conditions, and 200 ft3 paddle-washed filter performance
(n=47).

Parameter Mean Std. Dev.

Temperature, EF 80.5 12.9

pH 7.43 0.34

Alkalinity, mg CaC3/L 152.2 45.2

Turbidity, NTU 15.3 4.8

TAN, mg/L 1.3 1.9

NO2-N, mg/L 0.7 1.3

TSS, mg/L 69.8 23.1

BOD5, mg/L 15.0 5.6

Flow Rate, gpm 348.8 67.2

Influent DO, mg/L 5.2 1.7

Effluent DO, mg/L 3.1 2.5

gpm/ft3 beads 1.8 0.2

g TAN/ft3 beads-day 1.3 1.3

g NO2-N/ft3 beads-day 1.5 1.4

g TSS/ft3 beads-day 45.9 46.4

g O2 consumed/lb feed 62.3 27.7

% O2 consumed by Nitrification 31.2 28.7

% O2 consumed by Heterotrophs 68.8 28.7

% Filter Nitrification 35.3 30.9

% In situ Nitrification 64.7 30.9

TilTech detected off-flavor fish problems in the system in early November 1994, attributed to
poor in-tank circulation that resulted in a build-up of settled solids within the system.  In
response to the off-flavor problem, and to dropping water temperatures, the feed rate was
reduced from 90 to 25 lbs feed/day (0.45 to 0.125 lbs feed/ft3 beads per day, sample 34 to 35 , in
Figure 2), so data collection was discontinued.  In late December 1994, TilTech harvested and
sold 7,800 pounds of fish from the system, turned the filter off completely and drained the tank.
To alleviate the tank circulation problem, new pump intake and filter effluent manifolds with 4
outlets evenly spaced on each side, running the length of the 88 ft tank, were installed.  The bead
media volume was also reduced to 147 ft3 to match the filter size with the anticipated amount of
available fish, and to partially alleviate pressure buildup and reduced flow problems.  The system
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was restocked in April 1995 and data collection was resumed when a feeding rate of 100 lbs/day
was reached in July, equivalent to 0.68 lbs feed/ft3 media per day (data 38 to 47).  This was the
highest feeding level attained in the recirculating system during the study, limited by the
available fish for grow-out.  There are no further off-flavor problems detected to date.

There was noticeable increase in TAN (Figure 3) and NO2-N (Figure 4) at the loading rate of
0.68 lbs feed/ft3 media per day compared to levels at lower feeding/loading rates (data 36 and
earlier at 0.5 lbs feed/ft3 media per day or less).  The increased levels were, however, tolerable to
tilapia.  Flow through the filter was also limited (Figure 5) due to pressure buildup resulting from
effective solids capture.  The solids capture rate of 45.9±46.4 g TSS/ft3 beads-day, taking into
account the range of feeding rates, is in the same order of TSS removal of 10-25 percent of the
weight of feed as reported by Chen and Malone (1991), and is close to values obtained by Chen
et al. (1993) and Delos Reyes and Lawson (1996).  It was necessary to provide a flow bypass to
limit filter operation at 7 psi to prevent excessive upward thrust that may pop the screen top.  The
full-sized bead retention, screen and open, nonpressurized top design did not help in reducing
headloss through the functioning bead filter.  Only 348.8±67.3 gpm of flow through the filter
was achieved, equivalent to a rate 1.85 gpm/ft3 of beads, which is much less than the typical rate
of 5-10 gpm/ft3 of beads.

Figure 2.  Changes in feed loading rate to the 200 ft3 paddle-washed bead filter.
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Figure 3.  Changes in TAN in the recirculating system.

Figure 4.  Changes in NO2-N in the recirculating system.
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Figure 5.  Changes in flow and headloss through the paddle-washed bead filter.

Figure 6.  Changes in DO in the recirculating system.
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Figure 7. Filter volumetric oxygen consumption (VOCF) and theoretical oxygen carrying
capacity (VOCC) assuming an effluent DO of 2 mg/L.

The filter was subject to dissolved oxygen limitations due to insufficient aeration and low DO
levels (Figure 6) which was left uncorrected.  To reduce the limiting effect of oxygen on filter
performance, an AirSep AS-12 oxygen generator coupled with an OY35P oxygen saturator was
hooked up as a side stream to the filter influent (see Figure 1) in mid-September 1995. This
increased the filter influent DO by an average of 1.51 mg/L (data 43 to 47; Figure 6), and
resulted to a dramatic decline in TAN from 8 to 2 mg/L from the week before (Figure 3).  This
further illustrates the need for more adequate aeration in the fish tank (which had DO levels of
only 2.37+0.35 mg/L at the feed loading rate of 0.68 lbs feed/ft3

 beads) to ensure adequate supply
into the bead filter especially when flow is limited by pressure build up.  At the low flow rates
achieved, oxygen levels in the influent wastewater stream below 5.0 mg/L did not provide
enough oxygen to the aerobic bacteria in the biofilter.  This can be deduced from Figures 6 and
7. Oxygen consumption by the filter exceeded the amount of oxygen that can readily be provided
by the influent water.  Despite the above limitations, the filter was able to handle a loading rate
of 0.68 lbs feed/ft3 beads which is comparable with the performance of much smaller propeller-
washed models of 20 ft3 or less.

The effect of the algae on the system’s operation, and thus, the filter’s performance is not clear.
The author’s suspect that the algae, which are harvested at a slow rate by the biofilter, contribute
additional organic load to the system.  It is possible that they also alter the TAN conversion
pathway, converting a portion to organic nitrogen with ultimate capture by the bead filter in
particulate form.  However, the in situ nitrification fraction here is consistent with that observed
in systems without algae present.  The importance of the algae may be overstated as the system is
still strongly controlled by the fish and biofilter as illustrated by the response of the TAN levels
to pre-aerating the bead filter influent.  Additionally, peak DO levels occurred during the night
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when fish respiration was lowest, not during the sunny afternoon when photosynthesis is at its
peak.  The impact of algae on water quality in these systems needs further study.

Summary and Conclusions

The 200 ft3 paddle-washed bead filter with 147 ft3 of media proved capable of handling the
highest daily feeding level of 100 lbs attained in the TilTech system.  The equivalent rate of 0.68
lbs feed/ft3 beads is comparable with the performance of much smaller propeller-washed models
of 20 ft3 or less.  The filter was subject to dissolved oxygen limitations due to insufficient
aeration in the fish tank, and limited flow through the filter due to pressure buildup resulting
from effective solids capture.  The full-sized bead retention screen and open nonpressurized top
design did not help in reducing headloss through the functioning bead filter.  Paddle-wash
operation at a slow 20 rpm was effective as a cleaning mechanism, but did not assure biofloc
protection for optimum nitrification.  The shear generated by the beads was apparently sufficient
to remove the attached biofloc.  Modifications of the paddlewashed bead filter design are being
made based on observations and findings from this study.  Costing less per unit size or capacity,
estimated to be in the order of about 40% less than the 20 ft3 or smaller propeller-washed bead
filter, the larger bead filter is expected to reduce the water treatment cost associated with rearing
fish in recirculating systems.
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Introduction

Maintaining effective solids capture and nitrification can determine the success or failure of a
recirculating aquaculture system (RAS).  Although solids, capture and nitrification are often
performed sequentially, they are united in floating-bead filters.  The use of bead filters in a RAS
began at the Dworshak National Fish Hatchery (Cooley 1979).  More recently, a bead filter was
developed and tested by Wimberly (1990) at Louisiana State University (LSU).  The Dworshak
filter was pneumatically washed whereas LSU’s was hydraulically washed.  However, in both
filters, increasing the washing frequency enhanced nitrification.  These early studies established
the importance of abridging solids residence time (SRT).

Solids capture impedes nitrification not only by exerting an internal ammonia and carbon load but
ultimately by reducing flow through the filter.  For extended SRTs, the increasing internal load
causes filter oxygen demand to rise, while solids occlusion concomitantly reduces oxygen
delivery.  In terms of the solids-nitrification relationship, all bead filters belong to one of two
classes, gently or aggressively washed, and their differences entail important implications for
backwash regimen, i.e. backwash interval and duration.  We define gently-washed filters as those
where solids can be harvested with minimal biofilm removal.  This means that SRT can be
abbreviated without curtailing bacterial, or mean-cell, residence time (MCRT).  In aggressively-
washed filters, there is substantial biofilm detachment during backwashing.  Therefore, SRT and
MCRT are virtually equivalent, and this subverts attempts to increase nitrification by reducing
SRT (Malone el al. 1993).  Filter-class dissimilarities establish the need for different backwash
protocols, which define the procedure for developing a backwash regimen to optimize
nitrification.

Bead filters, also referred to as expandable granular biofilters or EGBS, with several types of
improved washing mechanisms are currently being studied at LSU.  The bubble-washed bead filter
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(BBF) uses a hybrid pneumatic-hydraulic washing mechanism.  By design, the BBF imparts a
gentle wash, minimizing biofilm detachment while harvesting 30-50% of the total solids during
each backwash.  As shown in Figure 1, the BBF behaved like the earlier pneumatically- and
hydraulically-washed filters: reducing the backwash interval enhanced nitrification (Sastry 1996).

The propeller-washed bead filter (PBF) was designed to exert an aggressive wash, to overcome
initial resistance to filter-bed expansion in heavily-loaded systems.  PBFs harvest 40-60% of the
solids per backwash and biofilm detachment is substantial.  As Figure 1 shows, in contrast to the
BBF, an increase in PBF backwash interval improved nitrification (Chitta 1993).  However,
Chitta’s study also demonstrated that when the backwash interval was extended beyond two days
nitrification would ultimately decline, apparently because of internal-loading effects.

Figure 1. Nitrification rate as a function of backwash frequency (data from studies by Chitta 1993
& Sastry 1996).

This paper summarizes the preliminary results of a computer model.  The model illustrates how
backwash class determines biofilm retention and whether or not it is necessary to consider solids-
loading effects.  Model results indicate that: (1) In aggressively-washed filters, lower biofilm
retention means that SRT and MCRT are nearly equivalent, making it necessary to increase
backwash interval to achieve a MCRT capable of supporting a higher nitrification rate, (2) For the
longer backwash intervals required by aggressively-washed filters, solids degradation with a
concomitant increase in oxygen demand ultimately depresses nitrification; and (3) In gently-
washed filters, higher biofilm retention establishes a partition between SRT and MCRT,
permitting solids-degradation effects to be diminished with the proper backwash regimen.  An
appropriate backwash protocol will lead to a regimen that minimizes SRT within the constraints
set by MCRT.  For aggressively-washed filters, where MCRT and SRT are virtually equivalent,
this means extending the backwash interval until the internal loading attenuates nitrification.  In
gently-washed filters, where MCRT is independent of SRT, backwash protocol will consist of
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decreasing the backwash interval until nitrification is optimized.

Model Development

This model was developed to explain the opposing nitrification-rate trends observed during similar
backwash intervals in aggressively- versus gently-washed filters.  The model is predicated on the
assumptions that: (1) substrate uptake obeys Monod kinetics, in which µm, Y, and Ks are constants
and (2) EGBs behave like completely-mixed reactors.

The complete model is comprised of a system of eight differential equations that describe the
temporal change in solids, heterotrophic biomass, and nitrifying biomass in the filter, as well as
culture-tank and biofilter total ammonia nitrogen (TAN), five-day biochemical oxygen demand
(BOD5), and dissolved oxygen (DO) concentration.  Equations that are representative of the
model, and that are most important to backwash protocol, are discussed below.  Equation
variables and their units are defined in Table 1, at the end of this section.

The accumulation of solids mass (MS) in the filter is a result of solids excretion (RES) and net
heterotrophic growth (R’GH), while reduction is by solids decay (RDS).  The nitfifying-biomass
growth term (R’GN) makes a negligible contribution to the overall solids mass and is therefore
excluded.  For the period between backwashes, solids flux is described by the following
equations:

DSGHESS RRRM
dt

d
−+= '
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RES is dependent upon feed loading rate (FLR), the volume of filter media (VM), and the solids
excretion ratio (ES), which is the cultured-species’ solids excretion per unit mass of feed.  VM and
ES are constants for a given system and species.  However, FLR can be varied since it is related to
stocking density (Losordo and Westers 1994).
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R’GH is the Monod term for net heterotrophic growth, and RDS is the first-order volatile-solids
(VS) decay rate (Metcalf and Eddy 1991).

The solids harvested ([HS]) during a backwash is described by the fraction of solids removed (hf),
performed as a discreet adjustment at each backwash interval (1/fb).  This is analogous to a
Heaviside function, as represented by the following equation:
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[ ] fSS hMH = [Executed at integer multiples of t*fb] (1-d)

For the period between backwashes, the amount of nitrifying biomass (XN) available to oxidize
TAN in the filter is the result of substrate-limited net growth (R’GN).
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RGN is the Monod expression for nitrifier growth, when both TAN and DO are limiting, and
adjusting RGN for endogenous decay (kd) yields net growth (R’GN) (Metcalf and Eddy 1991).

Nitrifier harvest ([HN]) is similar to solids harvest, with the important exception of a biofilm
retention factor (BR).  BR represents the relative amount of biofilm retained during a backwash and
is an artifact of backwash class.  Aggressively-washed filters, which deliver higher energy, will
have a lower BR, e.g. near zero.  When BR is identically zero, nitrifier and solids harvest will be
equal, i.e. MCRT will equal SRT.  As washing energy decreases, e.g. in the gently-washed filters,
BR will increase, and MCRT will become larger than SRT.  The discreet reduction in nitrifying
biomass is described by the following equation:

[ ] )1( RfNN BhXH −= [Executed at integer multiples of t*fb] (2-c)

Biofilter TAN concentration (AB) is a function of substrate uptake by the nitrifying biomass (RUA),
ammonification during solids degradation (RDA), and mass exchange with the culture tank (RMA). 
These quantities become concentrations relative to the biofilter’s interstitial volume, which is the
product of media volume (VM) and porosity (n).  TAN flux is described by the following
equations:
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RUA is the Monod term for biomass-limited substrate uptake (Metcalf and Eddy 1991).  RDA

describes the instantaneous ammonification of solids during the decay of VS that have a given
TKN:VS ratio (Matsuda et at. 1988).
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              ( )BTRMA AAQR −= 5451 (3-c)

RMA is the mass exchange rate of TAN between the culture tank and the biofilter, which is
dependent on recycle flow rate (QR) and the amount of external TAN load removed by the filter
(AT-AB), where AT is the culture-tank TAN concentration.  RMA can be described as an apparent
nitrification rate since it does not include oxidation of the internal load, which results from solids
ammonification.

CA is the apparent-nitrification rate divided by the media’s total surface area, which is a product of
the media’s total volume (VM) and its specific surface area (SA).

AM

MA
A

SV

R
C =

(4)

Model calibration was based upon data from two experimental systems, with one representative
of each filter class.  The systems were operated with similar carbon dioxide, alkalinity,
temperature, and pH levels, which were conducive to nitrification (Allain 1988, Chitta 1993,
Sastry 1996, Sharma and Ahlert 1977).  Calibration data for the aggressively washed class came
from a study by Chitta (1993) while data for the gently-washed calibration originates from work
done by Sastry (1996).  System specific variables--feed rate, flow rate, influent oxygen
concentration, and tank volume, were adjusted to reflect each system’s unique conditions (Chitta
1993, Sastry 1996).  Model calibration was made across filter classes, i.e. each kinetic constant
was calibrated to a single value, constrained within literature values for similar systems.

Table 1.  Definition of Variables

Eq. No. Var. Description Units

(1) MS Biofilter solids mass mg TS

(1-a) RES Solids excretion rate mg TS/d

(1-a) FLR Feed loading rate lbs feed/ft3-media/d

(1-a) 2.2 Conversion from lbs of feed to kg feed lbs/kg

(1-a) VM Volume of filter media ft3

(1-a) ES Solids excretion ratio mg TS/kg feed

(1-b) R’GH Net hetrotrophic growth rate mg VS/d

(1-b) µmh Maximum specific heterotrophic growth rate l/d

(1-b) XH Heterotrophic biomass mg VS

(1-b) BB Biofilter BOD5 concentration mg BOD5/L

(1-b) KSB BOD5 half-saturation constant mg BOD5/L

(1-b) kd Endogenous decay rate l/d

(1-c) RDS Solids mass decay rate mg VS/d
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(1-c) ks Specific solids decay rate l/d

(1-c) SV VS:TS ratio Unitless

(1-d) [HS] Solids harvest mg TS

(1-d) hf Harvest fraction Unitless

(1-d) t Time d

(1-d) fb Backwash frequency l/d

(2) XN Nitrifying biomass Mg VS

(2-a) RGN Nitrifier growth rate mg VS/d

(2-a) µmn Maximum nitrifier specific growth rate l/d

(2-a) AB Biofilter TAN concentration mg N/L

(2-a) KSA TAN half-saturation constant mg N/L

(2-a) OB Biofilter oxygen concentration mg O2/L

(2-a) KSO Oxygen half-saturation constant mg O2/L

(2-b) R’GN Net nitrifier growth rate mg VS/d

(2-c) [HN] Nitrifier harvest mg VS

(2-c) BR Biofilm retention factor unitless

(3) n Porosity unitless

(3-a) RUA TAN utilization rate mg N/d

(3-a) YN Nitrifier yield mg VS/mg N

(3-b) RDA Solids ammonification rate mg N/d

(3-b) SN TKN:VS ratio mg N/mg VS

(3-c) RMA Mass exchange rate (apparent nitrification rate) mg N/d

(3-c) QR Recycle flow rate GPM

(3-c) 5451 Conversion from GPM to L/d L/d/GPM

(3-c) AT Culture-tank TAN concentration mg N/L

(4) CA Apparent areal-nitrification rate mg N/ft2/d

(4) SA Media specific-surface area ft2/ft3

Results and Discussion

The solids-nitrification relationship is most critical in a PBF, where extending SRT is necessary
to achieve the 3-7 day MCRT required for nitrification (Malone et al. 1993, Poduska 1973,
cited in Sharma & Ahlert 1977; Timberlake et al. 1988).  As SRT is increased, solids
degradation creates a rising internal load.  In the short term, this internal load reduces TAN and
BOD5 substrate limitation, making the filter more resistant to sharp variations in external
loading.  In the longer term, the internal load's associated oxygen demand will ultimately depress
nitrification, defining the critical SRT, when nitrification reaches a maximum and thereafter
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declines.  Critical SRT, and therefore backwash interval, will be higher for lightly-loaded
systems but will decrease as system loading is intensified.  However, for a given system and
stocking density, the critical SRT will exist in an empirically-definable range, which can be
related to the backwash interval and harvest fraction.  This section describes a typical PBF, with
a feed loading rate of 1.5 lbs feed/ft3-media/d and a harvest fraction of 0.57 (Chitta 1993).

Figure 2 describes how solids concentration and MCRT in the filter increase with backwash
interval.  As the time between backwashes is extended, from once daily to once in three days,
mean solids concentration grows from about 4% to 10% while MCRT increases from 2 to 5
days.  Maintaining a bacterial residence time on the higher end of this range will significantly
increase the nitrifying biomass.  The key to successful filter management is balancing the benefit
derived from increasing MCRT with the escalating demands exerted by extending SRT, which
increases the solids concentration.

Figure 2.  PBF mean-solids concentration and MCRT (BR = 0; SRT = MCRT).

For a backwash interval of 1 to 3 days, as the solids decay, internal TAN load approaches, but
does not exceed, the fish-excretion product, However, the internal BOD5 load can surpass the
soluble excretion rate in as little as 2 days, so the BOD5:TAN ratio continually increases. 
Stoichiometric oxygen demand for total nitrification and BOD5 uptake are similar, because of
the larger oxygen requirement for nitrification.  In the experimental system used to calibrate the
model, biofilter effluent DO was held above 2 mg/L (Chitta 1993).  Model results indicate that
the oxygen delivered by filter flow exceeded stoichiometric demand, even for the 3 day
backwash interval.  Apparently, delivering stoichiometric quantities of oxygen and maintaining
DO in the filter effluent does not ensure unimpeded nitrification: in the experimental system,
nitrification rate increased for backwash intervals of up to 2.4 days, but then declined (Chitta
1993).
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The curve in Figure 3 shows how nitrification rises and then falls, as the critical backwash
interval is approached and then exceeded.  The critical SRT that corresponds to the maximum
nitrification rate is approximately

bcf

C

fh
SRT

1
*

1
= (5)

For the PBF described here, hf is 0.57 and 1/fbc is the critical 2.4-day backwash interval, making
SRTC equal to 4.2 days.

Figure 3.  Critical backwash interval in a PBF (data from Chitta 1993).

A decline in nitrification following an increase in carbon:nitrogen (C:N) ratio has been
documented in other biofilm research.  Figueroa and Silverstein (1992) studied a rotating
biological contactor and reported that: (1) nitrification declined linearly as BOD5:NH4

+-N ratio
was increased; (2) particulate and soluble BOD5 identically inhibited nitrification; and (3) Basin
DO levels had no effect on nitrification rate.  Bovendeur et al. (1990) studied a trickling filter
used in a recirculating aquaculture system; they observed a linear decline in nitrification when
COD:NH4

+-N ratio was increased, at constant DO levels of either 3 or 7 mg O2/L.  Zhang et al.
(1995), using micro-slicing and microelectrode techniques to study the competition for substrate
and space in multi-species biofilms, reported that: (1) heterotrophic bacteria dominated the outer
biofilm layer, while nitrifiers were most numerous near the attachment surface and (2)
heterotrophs effectively competed with nitrifiers for oxygen (i.e. as glucose concentration was
increased, oxygen-penetration depth decreased and biofilm NH4

+-N concentration increased). 
The results of these studies strongly suggest that as C:N ratio is increased competitively-induced
resistance to biofilm oxygen diffusion may be the main cause of declining nitrification.  This



9

would explain why the delivery of stoichiometrically sufficient quantities of oxygen and the
maintenance of DO in the filter have little effect under a rising C:N ratio.  If, in fact,
competitively-induced resistance to oxygen transfer is the main mechanism of inhibition, an ideal
nitrifying biofilm reactor should provide: (1) control of the particulate BOD5 load; (2) active
biofilm-thickness management- and (3) a larger MCRT for
the bacteria closest to the media surface.

Biofilm retention can render the solids-nitrification relationship virtually irrelevant, if the proper
backwash regimen is implemented.  The ability to remove solids with only minimal biofilm
detachment allows solids-loading effects to be curtailed while MCRT is preserved.  In view of
the C:N-ratio and the solids-loading effects, specifically the factors that limit nitrification, the
gently-washed filter class may approximate an ideal nitrifying biofilter, whether or not the filter
is used to capture solids.  The biofilm-retention effect is clearly demonstrated when a reduction
in backwash interval increases the nitrification rate.

Figure 4 depicts nitrification rate, MCRT, and SRT in a BBF with a harvest fraction of 0.35. 
The highest nitrification rate was 30.5 mg N/ft2/d, achieved at a feed rate of 2 lbs-feed/ft3-
media/d, with a backwash interval of 0.33 days (8 hours).  The corresponding cell-residence
time can be approximated as

Rbf Bfh
MCRT

−
=

1

1
*

1
*

1
(6)

Figure 4.  Areal nitrification rate and MCRT in a BBF (BR = 0.8). (nitrification data from Sastry
1996; 0.25 d interval from regression).
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For the BBF described here, with a backwash interval of 0.33 days, a harvest fraction of 0.35,
and a biofilm-retention factor of 0.8, MCRT is about 4.7 days, while SRT is less than I day. 
Because nitrification rate increases linearly as backwash interval is decreased, it is possible that
an even higher nitrification rate could have been achieved through a further reduction in
backwash interval.

Conclusions

Research results demonstrate that areal nitrification rates above 30 mg N/ft2/d can support feed
loading rates as high as 1.5-2 lbs feed/ft3/d, with the proper backwash regimen (Chitta 1993,
Sastry 1996).  When evolving a backwash regimen to improve filter performance, following the
proper backwash-class protocol is of primary importance, because aggressively and gently-
washed filters respond opposingly to identical changes in backwash interval.  In aggressively-
washed filters, nitrification rate will generally increase as the backwash interval is extended. 
However, in gently-washed filters reducing the backwash interval will usually improve
nitrification.  For both filter classes, optimal backwash interval will be longer for lightly-loaded
systems and shorter for more-heavily-loaded systems, because of the solids nitrification
relationship.  Optimal backwash interval is, therefore, system specific, although following the
appropriate protocol when developing a backwash regimen will lead to enhanced nitrification.

In aggressively-washed filters, SRT must be extended to achieve the MCRT required for
efficient nitrification.  Operationally, this can be executed by extending the backwash interval or
by decreasing the harvest fraction.  Ideally, backwash interval and harvest fraction will be
managed in concert until maximum nitrification is achieved.  Increasing the backwash interval
will have the greater effect and should be implemented before reducing the harvest fraction.  The
interval should be extended incrementally, allowing the filter to reach equilibrium before
changing the backwash frequency.  Nitrification should increase with backwash interval until
solids degradation begins to have a depressing effect.  This procedure will define the optimum
backwash interval, which corresponds to a critical SRT.  A further increase in nitrification may
accompany a reduction in the harvest fraction, achieved by decreasing the duration of the wash. 
Reducing the washing duration may also decrease biofilm removal because of the reduction in
total washing energy.  This may enable MCRT to exceed SRT, permitting a decrease in
backwash interval, which will lessen the impact of solids decay.

Gently-washed filters retain more biofilm during a backwash, and therefore, SRT can be
abbreviated without a severe reduction in MCRT.  Improving nitrification should be approached
by decreasing the backwash interval.  Ultimately, the benefit of improving nitrification by
decreasing the backwash interval must be weighed against the accompanying water loss.  The
effect of varying the washing duration, or intensity, will usually be more pronounced in gently-
washed filters, because it represents a larger change in total washing energy, determining not
only harvest fraction but biofilm retention.  Adjustments to washing duration or intensity should,
therefore, be made incrementally.
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Introduction:

During August of 1995 NRI's modular Tilapia grow out system was installed at the Red Gill Farm
of Rick Lawson in Townsend, Delaware.  The system was installed in an old chicken house
located on the farm.

The objective was to introduce a reliable RECIRCULATING commercial Tilapia grow out
system in an already existing structure on a farm, with minimal site preparation and start up
investment for farmers without experience in aquaculture.

The system was designed and fabricated with standard components readily available and could be
set up easily on site.

A two day workshop including farm visits was held for interested farmers.  The importance of
water quality, testing and the system’s physical design parameters were covered in the workshop.

System Overview:

The modules of the raceway system are 8 feet wide, 4 feet long and 33 inches deep.  15 modules
form the raceway occupied by the fish, one module contains the Biofilter and another module
contains the solids separator, micro strainer and heat exchanger.  The system’s overall length is 70
feet with total width of 10 feet and capacity of 8000 gallons at 27 inches of water.  Water is
circulated at 400 gallons per minute, system’s water turnover time is once every 20 minutes. 
Figure 1 shows the overall view of the system.

Tank Construction:

The tank modules are constructed of wood.  Pressure treated 2 X 4s and 4 X 8 panels of OSB
board.  The modules are bolted together to form the raceway and a fitted liner is used to contain
the water.  Only bugle head screws are used in wooden fabrications of modules.  All the interior
barriers and components are made of rust proof metal fasteners, plastic and fiberglass parts.
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Mechanical Components:

Pumping:  Two 3/4 hp pumps, 1750 rpm, total circulation rate of 400 GPM at 2 feet
head.
Aeration: One 2.5 horse power regenerative blower for air.  120 feet of “Porex” fine pore
tubes for air diffuser.
Biofiltration:  36 cubic feet area is occupied by 1” x 1” x 0.5” pieces of foam.
Solid removal: One wet and dry shop vacuum with timer for lifting of solids.  One
Vacuum cleaned micro strainer with a 35 micron screen and controls for solid removal.
Heating:  One 125,000 BTU wall mounted propane heater with recirculating pump and
CPVC heat exchanger.
Water testing: Water quality and monitoring of pH, Oxygen, Nitrite, Nitrate, Carbon
dioxide, Oxidation reduction potential.

Water Quality:

The temperature of the system is kept at a constant 83 degrees F., oxygen levels of 6 ppm or
higher, ammonia 1 ppm or less, Nitrite of 1 ppm or less, Nitrate of 200 ppm or less.  Figure 2.

System Grow Out Plan:

The tank is partitioned into 5 areas each separated by movable barriers.  The first area is one
module or 4 feet long, second area is 2 modules, third area is 3 modules, fourth is four modules
and last area is 5 modules long. 2000, 35 gram fingerlings were added to the first 4 feet of the
system on September 1 1995.  After each 35 days the fish were moved by herding to the next
partitioned area and a new group of 2000 fingerlings were added to the 1st area of the system. 
After the first group reach the last compartment at about 140 days they should be ready to be
harvested at about another 30-40 days or about the 25th week assuming the consistent growing
rate in the 90th percentile of the fish population.

Heating:

A 125,000 BTU wall mounted propane heater produces 180 degrees F. hot water which is
circulated by a pump through a 3/4 inch CPVC heat exchanger.  The heat exchanger is submerged
in tank water and is located in the pump module of the system.  A circulator pump is controlled by
a thermostat which maintains the grow out systems water at desired temperature.  Any water loss
through evaporation or filtration is replaced by a water control float valve within the system.

Solid Removal:

Solids and other waste generated by the fish move down the raceway due to water flow of 400
GPM and the stirring action by the fish.  Once the solids reach the end of the last grow out area
there is a quiet zone of 1 foot width that allows the majority of heavy solids to settle and be lifted
out of the system by the vacuum system that runs a few seconds every 15 minutes.
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The stream of water lifted by the shop vacuum is drained into a barrel for settling.  The solids are
settled at the bottom of the barrel and the clear water is returned back to the system.  This
procedure collects about 85% of the solids.  A 100 GPM of constant water stream from the
system is passed through the 35 micron screen of the vacuumed cleaned micro strainer and fine
suspended solids are removed from the water before returning to the tank.  The waste from the
filter is then sent to a drying bed as a sludge for drying and land application for crop fertilizer.

Oxygen Supply:

The Porex tubes are made into 4 foot diffusers which could be taken out of the tank at any time
for ease of maintenance and fish movement with in the tank compartments.  A total of 120 feet of
the tube is used for fish raceway and another 20 feet for the Biofilter aeration.

Biofilter:

Polyurethane foam pieces 1” x 1” x ½” pieces are used as Biofilter medium.

The objective of this particular Biofilter has been the maintenance free nature of the design.
This material has 300 square feet of surface area for every cubic foot of material. 400 gallons of
water passes through the medium every minute.  The Biofilter module is also aerated.  There is 36
cubic feet of Biofilter medium in the system.

Operation Problems:

1. Initially large blocks of the Biofilter foam material were used in the system.  The blocks
were hard to maintain and clogged easily.
These were changed to smaller foam pieces which are functioning great.

2. By January fish should have been feeding above 100 LB/day, feed levels never reached
above 70 lb./day level, largely due to:
A. Oxygen limitation.

EPA design manual on fine pore aeration systems (EPA/625/1-89/023) helped us
reach the conclusion that use of pure oxygen was the correct answer to the
problem.
Using aeration figure 3 shows the performance of the 2.5 horse power blower as
the concentration of oxygen is increased in water the oxygen obsorbed decreases.
Use of pure oxygen figure 4 shows the cost per pound of pure oxygen as the
concentration of oxygen increases in water.
Use of on site oxygen concentrator at constant operating cost gives us the required
oxygen in the system. (figure 4)

B. Presence of parasite outbreak in the system.
Caused the death of 1300 of the largest size fish, Dr. Frank Wills
Veterinarian recommended addition of salt to control parasites.
Salt was added to the levels of 8 to 10 ppt. to control the parasites
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C. Presence of high water turbidity and excessive foaming on the surface.
Foam fractionators were installed to reduce the foam in the system.
Ozone was added to the system. (see ozone application)

Ozone application:

Despite having low ammonia and high oxygen levels, the Nitrite level in the system was rising. 
Ozone application reduced the fine suspended solids and decreased foaming.  This resulted in a
rapid improvement of the water quality.  Oxidation brought down the Nitrite to acceptable levels
of around 0.5ppm. This ozone addition is constantly maintained at levels of oxidation reduction
potential (ORP) of 250 to 380 millivolts.

Economics of Fish Farming on Delmarva:

Maryland and Delaware as well as parts of Virginia are with in the North East corridor with large
urban areas from Boston to New York, Philadelphia, Baltimore, Norfolk and Washington D.C.
This has resulted in the growth of many industries including agriculture.  The poultry industry has
been growing in the delmarva industry rapidly since the 1960’s.  Due to continuing growth
poultry houses with new building designs and equipment are being built to replace older chicken
houses on these farms.  These older chicken houses need expensive remodeling if they are to
compete with the new poultry houses in today’s market.

At the present time there are between 400 to 500 older chicken houses that could be put in some
type of use.  These houses present a sizable investments that can be put to fish production.

The residual value of the older chicken house plus the existing water well & pump, Electrical
panels and in most cases a back up generator represents a value of about $60,000.  Most of the
farmers live on their farms with their family and are used to the daily tasks of farming.  Growing
of poultry is a hard working environment, daily pick up of dead chickens and their disposal is dirty
and time consuming.  Operating our fish system is not a messy work and has a cleaner working
environment.

To contact the potential fish farmers our adds in the traditional aquaculture magazines didn’t
bring us people whom would be familiar with day to day farming work commitment.
When we advertised in farm magazines like the Delmarva farmer all the inquiries were largely
from farmers who were ready to try fish farming,

An open house was held in September of 1995 and over 50 people came for a visit.  The interest
was high but most farmers wanted to see the first harvest out of this commercial system.  We
didn't blame them, since all our design work trial was done on our smaller prototype system in
Maryland.

In the mean time several farmers investigated the availability of credit through the Farm Credit
bank system which does financing on most farm activities.  With the equity in their land and
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buildings farmers will be able to get financing close to 100% on the modular fish system.

We see a trending toward a vertically integrated system similar to chicken industry developing in
the near future.  This is specially true in Delmarva Peninsula.

Systems Part list:

1. Two pumps
2. Heat exchanger
3. Sludge barrel
4. Shop vacc
5. Vacuum cleaned filter
6. Overflow tubes
7. Foam skimmer
8. Solids separator
9. Quite zone barrier
10. Regenerative blower
11. Water delivery pipes
12. Tip out air diffusers
13. Moveable fish barriers
14. Biofilter module
15. water spray on biofilter

Each module has 538 gallon capacity with 17 module for total system 9156 gallons.
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Figure 4
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Photograph 1.  Biofilteration

Photograph 2.  Pump module
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Engineering Design of Modular and Scalable Recirculating Systems Containing
Circular Tanks, Microscreen Filters, Fluidized-Sand Biofilters, Cascade Aerators, and

Low-Head or U-Tube Oxygenators

Steven T. Summerfelt
The Conservation Fund’s Freshwater Institute

Shepherdstown, West Virginia

Abstract

Recirculating systems consist of an organized set of complementary unit processes that treat
water for reuse.  This paper presents engineering criteria to assist with design of recirculating
system modules in sizes ranging in flow capacity from as little as 400 L/min to more than 10,000
L/min.  Engineering criteria are provided to design an integrated recirculating system that includes
a microscreen filter for solids removal, a fluidized-sand biofilter for dissolved waste removal, a
cascade column for both aeration and carbon dioxide stripping, a unit for purified oxygen injection
(e.g., multi-stage low head oxygenator or U-tube), and a circular tank for fish culture.  The design
also describes criteria for adding ozone and managing pH.

Introduction

Increasing competition and lower farm-gate prices have focused attention on selecting more cost-
effective production strategies for the intensive culture of fish.  Recirculating aquaculture systems
in particular have high operating expenses and large capital investments.  Therefore, for
recirculating systems to be economical, they must use efficient, reliable, and cost effective
technologies that help intensify and maximize production.

There has been considerable research on unit process technologies and their integration into
functional systems.  The ultimate goal of this research has been to make food-fish production
within recirculating systems more cost competitive.  Many have tried to develop “turn-key”
recirculating systems by carefully integrating unit processes in a manner that could be easily
replicated and which, theoretically, would be ideally suited to produce a certain type of fish under
most conditions common to a given region.  If successful, “turn-key” systems would certainly
help standardize aquaculture production.  Unfortunately, a number of “turn-key” systems that
have been marketed have not proven successful.  Reasons several “turn-key” systems were not
profitable can range from technology problems, to inadequacies in management and marketing. 
However, it appears that many of these systems were not large enough to support the required
profit margin.  Additionally, “turn-key” systems may not be a perfect fit for the culture
requirements or management ability specific to all situations, particularly, because “turn-key”
systems are often defined by and limited to a fixed package of hardware.  It is the opinion of
several that it would be more appropriate to take a step-back from the fixed hardware “turn-key”
package and focus on solidly defining the important concepts, criteria, and relationships that allow
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the design of a scaleable and modular recirculating aquaculture system.  Developing the concept,
criteria, and relationships that define a modular and scaleable recirculating system has merit,
because it would allow flexibility to adapt the technologies to fit the scale and other requirements
of each individual system installation.

The purpose of this paper is to present engineering concepts, criteria, and relationships to enable a
flexible design of one type of scaleable and modular recirculating system.  The design presented
here is not unique and consists of components common to many commercial and research
recirculating systems.  The principle components of this recirculating system include: a
microscreen filter for solids removal; a fluidized-sand biofilter for dissolved waste removal; a
cascade column for both aeration and carbon dioxide stripping; a unit for purified oxygen injection
(e.g., multi-stage low head oxygenator or U-tube); and a circular tank for fish culture.  The
recirculating aquaculture system design also requires methods to add ozone and manage pH. Each
of these components is discussed separately below.  The production economics of this system at
several scales are presented in an accompanying paper by Wade et al. (1996).

It should be noted that a variety of commercially viable designs and technologies exist;
additionally, certain technologies appear to be more appropriate at different scales.  Perhaps these
reasons in part explain why a randomly selected group of experts will have different preferences
on what constitutes the most effective combination of components to outfit a recirculating system.
 Different technologies used in recirculating aquaculture systems will not be reviewed because of
the availability of several reviews (Liao and Mayo 1972, 1974; Lucchetti and Gray 1988; Mayo
1991; Rosenthal and Black 1993; Losordo 1993; Timmons and Losordo 1994).

Solids Removal by Microscreen Filtration

Solids influence the efficiency of all the other component functions as well as the potential for
disease within recirculating systems (Chen et al. 1994).  Therefore, solids removal is often
considered the most critical process to manage in recirculating aquaculture systems.  Feed input
controls the production of solids (Seymour and Bergheim 1991; Chen et al. 1994); and,
particulate matter (feces, feed fines, uneaten feed and sloughed biofilm) is the major source of
carbonaceous oxygen demand and nutrient input into the water, especially if it degrades within the
system.  The best solids removal practice removes solids from the system as soon as possible and
it exposes the solids to the least turbulence and mechanical shear.  Conventional solids removal
processes generally remove solids larger than 100 :m.  However, only a few processes typically
used in aquaculture can remove dissolved solids or colloidal solids smaller than 20 :m (Chen et
al. 1994).

Microscreen filters are commonly used to remove solids within commercial recirculating
aquaculture systems.  Microscreen filters are especially desired by producers with large
recirculating systems, because they are modular, relatively easy to install, and not permanently
fixed to one spot.  They also have a high hydraulic capacity, a low space requirement, and an
acceptable headloss.  Microscreen filters also perform well within recirculating systems because
they remove a large proportion of the solids produced during each pass and because they do not
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store the solids they have removed.

Microscreen filters are sieves.  They strain water-bound particles larger than the filter screen
(mesh) openings.  A cleaning mechanism is necessary to remove solids from the filter.  Depending
on the type of microscreen filter, the filter is cleaned by either hydraulic flushing, pneumatic
suction, mechanical vibration, or raking.  Cleaning of the sieve can occur continuously,
periodically, or on demand.  The drum, Triangel™, and disk microscreen filters are the three main
variations used in the United States.  Drum filters are now used by many commercial facilities
because they cost less than Triangel™ filters per unit flow treated.  Drum filters are also desirable
because they can be plumbed so that if ever the filter screen wash mechanism breaks down
(allowing solids to accumulate and plug the microscreen panels), water overflows to the pumping,
sump and not out of the system through the solids collection trough.

Drum filters use fine mesh screens to remove solids from high volume flows.  The filter screen is
supported on a grid, which in turn is attached to the outer circumference of the drum.  Each drum
contains several grid-supported screens.  Flow is usually passed from the inside to the outside of
the drum during solids removal.  When the drum rotates, solids trapped on the filter screen in the
cells of the supporting grid are gently lifted out of the water.  When the drum filter is operated
without rinsing, however, the particulates begin to clog the screens, which causes the water level
within the drum to increase.  To maintain flow, solids are washed from the filter with a high
pressure spray during drum rotation.  Some drum filters have used air suction to remove solids
from the surface of the screens.  These vacuum cleaned drum filters generally operate with the
flow passing from the outside to the inside of the drum.  Drum rotation can be either continuous
or intermittent, when automatically controlled with a level switch located within the drum. 
During automatic control, the drum is not rotated until the difference in water level between the
inside and outside of the drum reaches a predetermined upper level.  The drum rotates 180º or
more each wash cycle.  In either mode, pressure sprays rinse the solids off the screens into
collection troughs where they are piped away for disposal.  Because microscreen filters are
washed frequently (Libey 1993; Summerfelt et al. 1994), trapped solids are not stored for a
significant time within the recirculating aquaculture system.

Microscreen filters have been shown to effectively remove solids from recirculating aquaculture
systems (Libey 1993; Summerfelt et al. 1994), and from the influents (Liltvedt and Hansen 1990)
and effluents from single-pass systems (Mäkinen et al. 1988; and Bergheim et al. 1993).  Studies
within a recirculating system at the Freshwater Institute indicated that microscreen filters, with
sieve panels containing 80 :m openings, removed a large portion of the net solids produced each
pass (Summerfelt et al. 1994; Heinen et al. 1996), particularly when ozone was added to the
system (Summerfelt et al. 1996).  The fine particles that were not removed accumulated within
the recirculating, system.  Particles that accumulate within a recirculating system using
microscreen filters are smaller than 20-40 :m and constitute 50% (by mass) or more of the
particles approaching the filter in the recirculating flow (Heinen et al. 1996).

Size of the microscreen mesh also affects the filters hydraulic capacity, total solids removal,
sludge water production rate and concentration, and filter wash frequency.  Summerfelt et al.
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(1994) demonstrated that microscreen filters with panels of small openings removed more TSS
but also required much more frequent washings than filters with panels having larger openings. 
More frequent washings resulted in more sludge effluent and less concentrated sludge. 
Conversely, microscreen filters installed with panels containing larger sieve opening did not
capture as large a proportion of the suspended solids from the recirculating flow each pass, but
required fewer washes and produced less volume, but more concentrated sludge water effluent. 
Microscreen filters require relatively large capital investment and operating expenses (Wade et al.
1996).  Operating costs included electricity for the pumps, labor to periodically clean the sieve
panels, and labor and parts to restore worn-out pressure pumps.  Pressure pumps cycle on and off
several hundred to several thousand times per day (Libey 1993; Summerfelt et al. 1994).  As a
result, pressure pumps can fall and are often the most likely items within the entire recirculating
system to cause problems.  When pressure pumps fail, sieve panels plug and water overflows past
the filter unit.  When selecting and installing microscreen filters, attention should be given to
planning for water overflow when plugged sieve panels cause flow to bypasses the filter unit.

Microscreen filters are available from distributors in capacities ranging from under 300 to over
50,000 Lpm.  Larger models can generally be purchased at a large economy of scale (Wade et al.
1996).  Fully equipped drum filters using 60 :m microscreen panels, for example, range from
$1,000 to 4,000 for every 380 Lpm of flow capacity.  Commercial distributors of microscreen
filters may often be of assistance when selecting a microscreen filter based on the system flow
rate, fish loading, and desired microscreen opening size.

Biofiltration by Fluidized-Sand Reactors

Fluidized-sand biofilters are used to treat dissolved wastes within recirculating aquaculture
systems (Cooley 1979; Burden 1988; Owsley et al. 1988; Paller and Lewis 1988; Wimberly 1990;
Thomasson 1991; Weaver 1991; Bullock et al. 1993; Summerfelt and Cleasby 1993; Heinen et al.
1996).  Microbes attached to the surface of the sand oxidize ammonia to nitrate and oxidize or
metabolize and incorporate organic compounds.  Attachment of the microbe population to the
sand, which has a density 2.65 times that of water, keeps the microbes from being flushed out of
the filter and provides the biosolids retention time required for biological oxidation of ammonia to
nitrates.  The fine sands used in fluidized beds make a good support for microbial attachment
because they have very high specific surface areas (i.e., available surface area per unit volume). 
Additionally, filter sands are relatively inexpensive, inert, non-compressible, non-biologically
degradable, and environmentally friendly (compared to plastic beads).

Fluidization requires relatively high water velocities to tumble the sand in the water and transport
ammonia, nitrite, organic compounds, and oxygen in close contact with the biofilm coated sand. 
The high velocities improve transfer of dissolved compounds into the biofilm by exposing all
portion of the biofilm surface to the solution and by replacing and decreasing the thickness of the
stagnant boundary layer surrounding the biofilm.  The high velocities also produce forces, both
hydraulic and physical (e.g., particle-particle or particle-wall interactions that occur in the region
of water distribution under the fluidized bed), that continuously shear the growing biofilm.  Some
control over the biofilm thickness can be maintained by selecting a given sand size, by
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manipulating shear forces, and by replacing sand.

Fluidized-sand biological filters have been used by commercial aquaculture producers with large
recirculating systems.  Relative to other large scale biofilters, fluidized-sand biofilters are
compact, reliable, efficient at removing ammonia, and are cost competitive ($0.02-0.001/m2 sand
surface area, depending upon characteristics of the sand).

Design considerations

Fluidized-sand beds operate by injecting an equal distribution of water across the biofilters cross-
section at the bottom of the sand.  Water flows up through void spaces between sand grains in the
bed.  Viscous and inertial forces resist the water passing through the static bed, causing the
pressure loss (static bed) to increase with increasing superficial velocity1.  The bed expands,
becoming fluidized, when the velocity of water through the bed is sufficiently large to result in a
pressure loss greater than the apparent weight (actual weight less buoyancy) per unit cross-
sectional area of the bed.  The relative amount of bed expansion is dependent upon the shape and
diameter of the sand and the velocity and temperature of the water.  Once the bed has been
fluidized, the pressure drop across the bed remains constant at all bed expansions.

If oxygen is not limiting, design of most nitrifying biofilters is based on the amount of surface area
required to daily convert a given amount of ammonia to nitrate.  For most types of biofilters,
capital costs increase roughly in proportion to increased requirements for surface area.  In
fluidized-sand biofilters, however, the total available surface area can be increased relatively
inexpensively due to the Super high specific bed surface areas (ranging 4,000-45,000
m2/m3) in and relative low cost of the media (around 40-70/m3] of graded sand).  Although the
cost per unit surface area is low compared to other biofilter types, the total head pressure required
across the fluidized-sand biofilter is moderate (generally 4 in of water head [< 6 psi]).  The head
pressure required to fluidize a given sand depth does not change with sand diameter; only the
water velocity required changes with the sand size selected and the desired bed expansion (Table
1).  For all of the above reasons, the design of fluidized-sand biofilters is based on both hydraulic
and nitrification considerations.

The first step in designing a fluidized-sand biofilter is to select a sand and a bed expansion. 
Assuming that the flow rate to be treated by the fluidized-sand biofilter within the recirculating
aquaculture system was previously set, selection of these two criteria sets the velocity needed to
fluidize the sand to the desired expansion.  The velocity, flow rate, sand size, and depth of sand
controls the size (e.g., diameter) and oxidation capacity of the biofilter.  When selecting sand size,
bed expansion, and bed depth, you must ensure that the biofilter has excess capacity for
nitrification and sufficient oxygen loading to maintain an aerobic effluent.  Completing the
fluidized bed requires design of a distribution mechanism for injecting flow at the bottom of the

                    
1 Superficial velocity is a term used for calculating hydraulics within granular media.  The superficial velocity is the
velocity of the flow that would be measured if no media were present.  It can be calculated by dividing the average
volumetric flow rate by the cross-sectional area of the reactor that is perpendicular to the flow.  In the remainder of the
chapter, superficial velocity is referred to simply as velocity.
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sand bed and uniformly fluidizing the sand.

Sand selection & bed expansion

Summerfelt and Cleasby (1993) reviewed the hydraulic design of fluidized-beds.  Fluidization
hydraulics depends on characteristics of the sand.  Density, sphericity, and porosity can be
approximated for the purpose of design (Summerfelt and Cleasby 1993).  Diameter and uniformity
of the sand can be determined from a sieve analysis provided by the supplier.  The characteristics
for a given sand are used to estimate the velocity required to achieve a given bed expansion. 
Equations to determine the hydraulics of flow through expanded beds of sand and the typical
values used in these calculations are summarized by Summerfelt and Cleasby (1993).  Estimates of
the velocities required to fluidize a given diameter sand to a given expansion are presented in
Table 1.

Suppliers of silica filter sand are listed in the AWWA (1994) Buyers Guide.  Fluidized-sand
biofilters in aquaculture typically use an extremely hard, whole grain crystalline silica sand, which
is finely graded and has a mean effective diameter of 0.1-1.0 mm, and a uniformity coefficient
between 1.3 to 1.8. Average bed expansions are often between 20 and 100%.  Because sands are
not perfectly uniform, larger sands move to the bottom of the fluidized beds where they expand
less than the smaller sands that have migrated to the top of the bed.  The average expansion of a
bed at a given velocity depends upon the size gradation within the bed (i.e., uniformity
coefficient), which makes it important to predict expansion of both the largest and smallest
fractions of sand (Cleasby and Fan 1981).  In particular, the largest fraction of sand must expand
at the velocity selected.

Biofilm growth on the sand increases expansion as it decreases the effective density of the sand. 
Increased expansion due to biofilm growth can be of special significance with fine sands (< 0.5
mm), as the biofilm thickness may become greater than the diameter of the sand.

Biofilter geometry

The design of the recirculating aquaculture system described in this paper assumes that the
biofilter will treat the full flow of reused water.  With this flow rate (Q) and with a velocity (vo)
that was set when the sand and overall bed expansion were selected, the cross-sectional area (Ab)
requirements for the biofilter can be calculated:

o
b

v

Q
A =

Due to practical considerations based on biofilter geometry, pressure drop, and reactor oxygen
demand, the depth of sand in aerobic fluidized-sand biofilters is generally designed to be 1-2 in,
unexpanded.  After setting the depth of sand within the bed, the total available surface area should
be checked to ensure that there is more surface area available than is required to remove the total
ammonia nitrogen (TAN) produced by the fish.



7

Table 1.  Estimates of the velocity required to fluidize a range of uniformly sized sands to a given bed expansion, assuming a
temperature of 25ºC and characteristics of typical sands (based on equations summarized in Summerfelt and Cleasby 1993).  Bed
specific surface area and the equivalent spherical diameter are also shown for each sieve designation number.

Velocity (cm/s) Estimated to Achieve Fluidization at:
0% exp 20% exp 50% exp 100% exp 150% exp

Sieve
Designation

Number

Typical
Mean %

Retained*

Equivalent
Diameter

(cm)

Specific
Surface Area

(m2/m3) (g=0.45) (g=0.542) (g=0.633) (g=0.725) (g=0.780)
100 0.015 29,530 0.024 0.030 0.081 0.23 0.39
80 0.018 24,859 0.034 0.045 0.14 0.35 0.56
70 0.021 20,952 0.048 0.086 0.23 0.51 0.77
60 0.025 17,600 0.068 0.15 0.35 0.71 1.02
50 0.030 14,815 0.10 0.24 0.51 0.95 1.32
45 0.035 12,429 0.14 0.36 0.71 1.24 1.69
40 0.042 10,476 0.19 0.51 0.94 1.58 2.09
35 0.050 8,800 0.27 0.70 1.22 1.98 2.57
30 0.060 7,395 0.37 0.93 1.56 2.43 3.10
25 0.071 6,223 0.51 1.20 1.95 2.95 3.70
20 0.084 5,232 0.70 1.52 2.39 3.53 4.38
18 0.100 4,400 0.94 1.89 2.89 4.19 5.14
16 0.119 3,697 1.24 2.31 3.47 4.93 5.98

*Copy the values for a given sieve analysis into this column to get a quick estimate of the percent expansion that will occur at a given
velocity across the size distribution of a sand.
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The fluidized-sand biofilter design should have excess available surface area.  Generally speaking,
the expense of the excess sand and slightly larger biofilter tank is relatively low, and the excess is
necessary to ensure stable operation.  Excess capacity is important to ensure complete nitrification
(prevent accumulation of nitrite) and to prevent gelling of the biofilm.  The latter problem may
result in channelization and media wash-out, which has been reported to occur when sands of less
than approximately 1.0 mm diameter were used within fluidized beds operated under high
substrate loading rates (approximately 300 mg TAN removed per day per m2 of surface area, as
extrapolated from data presented by Burden [1988]).  Burden (1988) did not report gelling in
fluidized beds of sand larger than approximately 1.5 mm.  Research on nitrification in fluidized-
sand biofilters at the Freshwater Institute indicated that, depending upon the amount of excess
sand present, area specific removal rates ranged from 20-100 mg TAN removed per day per
square meter sand surface area (unpublished data).  Nitrification rates on sands are highly
dependent upon the sand size, water temperature, and ammonia and organic loading rates.  In
addition, because sands have such high specific surface areas, it can be argued that the nitrification
capacity of these filters would be more accurately represented by the total sand volume, rather
than the total sand surface area.  More applied research is needed in this area.

Large fluidized beds can be circular or rectangular, constructed within plastic, fiberglass,
concrete, or enamel-coated steel tanks, and can generally be constructed on site.  If necessary, the
design can be modified by adjusting tank diameter, sand diameter, or recirculating system flow
rate to provide a tank of convenient size, or to allow the use of a graded sand which is available
locally.

Flow distribution

A reliable flow distribution mechanism is critical to effectively operate a fluidized-sand biofilter.
The flow distribution system must deliver an equal amount of flow across the base of the bed,
prevent loss of media, operate without detrimental fouling (or have a fouling prevention system)
and, in some cases, support the bed.  There are a wide variety of distribution mechanisms used to
inject water into the bottom of large fluidized-sand biological filters.  Each mechanism differs in
how flow is transported and distributed.  However, most mechanisms used in recirculating
aquaculture systems transport the flow through a manifold, starting at the top of the biofilter, that
runs down the inside of the reactor to the base of the sand.  Bringing the flow into the biofilters
from above avoids distribution pipes piercing the biofilter wall.  A check valve to stop siphoning,
installed after the pump and before the distribution manifold above the biofilter, prevents the
hydraulic head of water in the tank from producing back flow into the distribution system when
normal flow is lost.  Backflow can carry sand into the distribution pipes and plug them, which in
turn can cause uneven fluidization of the bed.

A flow distribution mechanism is described below that is a simple modification of the pipe
manifold system used in wastewater treatment filters.  This distribution mechanism introduces the
flow through a manifold structure located at the top of the biofilter (Figure 1).  The overhead
manifold branches to equally spaced pipe laterals that transport the flow down an inside wall to
the reactor base.  At the base, each lateral elbows 90° and runs across the floor to the far wall
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where they elbow 90° up from the reactor bottom and run the length of the wall to the top of the
reactor (Figure 1).  Flow distribution orifices are located on each section of pipe running along
the vessel floor (Figure 1).  Tees fitted with screw caps are located at the end of each manifold
pipe.  This configuration allows for installation of control valves on individual pipe laterals, and
provides a mechanism for unplugging individual pipes by flushing water, sand, or other debris by
temporarily removing the threaded cap on the side-tee at the top and end of the plugged pipe-
lateral.

Criteria for spacing of the pipe-laterals, and the spacing and diameter of orifices, are provided in
several engineering texts (Weber 1972; AWWA 1990).  Water is distributed by the pipe-laterals
along the floor of the vessel through two rows of 6.4 to 12.7 mm diameter orifices that are
directed downward (on each side of a lateral pipe) so as to dissipate the energy of the water jets
(Weber 1972).  Laterals and orifices are normally spaced at roughly the same interval, between
7.5 to 30 cm apart.  Additional guidelines given for lateral design includes the following ratios:

Total area of orifices: cross-sectional area of bed 0.0015 to 0.005:1
Cross-sectional area of pipe-lateral: total area of orifices served 2 to 4:1
Cross-sectional area of manifold: total area of pipe-laterals served 1.5 to 3:1

Conformation to these ratios will assist with the basic approach used to obtain uniform flow
distribution (Montgomery 1985): to size the orifices small enough to introduce a controlling
headloss, and to scale the distribution pipes so that the flow velocity within the pipes are
reasonably low and uniform throughout the entire filter area.  Orifices of pipe-lateral systems
generally create a headloss of at least 0.6 in of water (Montgomery 1985).  It is rationale to size
the orifices to create a headloss greater than or equal to the head required to fluidize the bed. 
Much larger orifice headloss would produce much stronger jetting actions that are more likely to
damage the vessel or distribution pipes and are more likely to scour the biofilm from the sand in
the jetting zone.  Much smaller orifice headloss would not maintain proper distribution of flow
under the sand bed.

The following equation can be used to estimate the headloss for a given orifice diameter and flow
rate:

gAC

Q
HL

orif

orif
orif

⋅
⋅





⋅
=

2

1

where:  HLorif = headloss due to flow through orifice (ft of water); Qorif = flow rate of water
through orifice (ft3/s); Aorif = area of orifice (ft2); g = gravity constant (32.2 ft/s2); C = orifice
discharge coefficient for sharp-edged, submerged orifices (0.6). The head required to fluidize sand
at all bed expansions is between 0.9-1.0 m of water for every 1.0 m of sand in the loosely packed
bed.
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Figure 1.  A modified pipe-lateral distribution system for fluidized-sand biofilters (side and top
perspectives).
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The modified pipe-lateral distribution mechanism was evaluated within a cubical 1.8 x 1.8 x 1.8 m
tank at the Freshwater Institute.  The orifices were oriented at an angle 45 below horizontal. 
Water jets emitting from the downward facing orifices sand blasted holes through the 6 mm thick
fiberglass floor of the biofilter vessel in 7 d. The AWWA (1971) has also reported on jet action
producing problems at the base of filter beds.  We modified the design to prevent the jet action
from sand-blasting through the tank wall by pouring a concrete pad on the biofilter floor (10 cm
thick pad with side walls 8 cm thick by 10 cm high), after first removing the sand and distribution
pipe-laterals.  After about one year of operation the sand was removed and the concrete pad
showed little erosion from the water jets.

During evaluation, this distribution system maintained uniform sand expansion (30% expansion)
throughout the bed (0.9 m deep, unexpanded) with no maintenance, even though flow was
interrupted several hundred cycles (30 min flow followed by 30 min no flow).  Flow interruption
did not plug the pipe laterals.  However, when sand was initially loaded into the bed with a front
end loader, plant stalks, leaves, and roots that had grown on the sand pile entered the pipe
manifold with the recirculated, unfiltered flow and blocked flow through the orifices at the end of
two pipe-laterals.  Pipe-laterals were unplugged by flushing water down the pipe after the screw
caps were removed from the overhead tees at the end of each plugged lateral (Figure 1).  If more
vigorous action had been required to unplug a lateral, a garden hose or wire-rooter could have
been run down through the top of the tee fittings (after temporarily removing the threaded cap).

Aeration/Stripping by Cascade Column

Commercial oxygen is widely used to supplement oxygen levels and boost fish production in
intensive aquaculture systems.  However, accumulation of high levels of carbon dioxide can
become a limiting toxicity factor with high fish densities and inadequate water exchange; i.e., high
fish loadings (Colt and Tchobanoglous 1981; and Colt et al. 1991).  Carbon dioxide toxicity is
more likely to occur in intensive aquaculture systems which inject pure oxygen because oxygen
injection unit processes use insufficient gas exchange to strip much carbon dioxide (Watten et al.
1991).  Additionally, more carbon dioxide is usually produced in systems which inject pure
oxygen because these systems have the oxygen to support higher fish loading rates.  When
aeration is used to supply oxygen to aquaculture systems, however, fish loading levels are lower
than can be obtained with pure oxygen and enough air-water contact is generally provided to keep
carbon dioxide from accumulating to toxic levels (Speece 1973).

Air stripping and aeration are mass transfer processes that occur together when water is contacted
with air to bring its concentration of dissolved gases (such as nitrogen, carbon dioxide and
oxygen) into equilibrium with the partial pressures of these gases in the surrounding atmosphere.
The rate of mass transfer, as defined by Ficks Law, is equal to the product of the overall mass
transfer coefficient, the total interfacial contact area per unit system volume and the concentration
gradient (Treybal 1980).  The concentration gradient is the driving force for mass transfer.

Carbon dioxide can be transferred from water with any of the non-closed aeration systems that
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Boyd and Watten (1989), Colt and Orwicz (1991) and others have described.  However, because
carbon dioxide has a Henrys Law constant 200 to 300 times that of oxygen, it is more difficult to
strip carbon dioxide than to add oxygen to water; consequently, bubbles formed from diffused
aeration readily become saturated with carbon dioxide, requiring enormous quantities of air to
achieve substantial carbon dioxide transfer rates when compared with the air-flow rates required
for oxygen transfer alone.  Passing water through air provides the larger ratio of air to water
volume needed for carbon dioxide exchange.  This makes it more effective to strip carbon dioxide
by moving water through air, as is done with surface aerators and air strippers, than by moving air
through water, as is done with subsurface aerators (Colt and Orwicz 1991).  Also, when water
droplets are formed while passing through air, the shortened diffusion distance (a function of
droplet diameter) enhances mass transfer out of the liquid phase.

The obvious way to let water fall through air is by a gravity drop, which can be: over a weir, onto
a splash-board, through plastic media or stacked splash screens, down an inclined corrugated
sheet (with or without holes), or down a stair-stepped surface.  Because carbon dioxide stripping
requires such a large volume of air per unit volume of water, it is most effective when large
volumes of air can be forced through cascading water within enclosed columns.  Increasing the
air-water contact area by packing the columns with high voidage plastic media or stacked screens
improves both carbon dioxide stripping and aeration.  Air stripping in forced ventilation columns
has been described by Onda et al. (1968) and reviewed extensively in the waste water treatment
field by Kavanaugh and Trussell (1980), Cornwell (1990), Haarhoff and Cleasby (1990), and
Thom and Byers (1993).  Design of air-stripping columns requires selection of the following
parameters: liquid loading rate; air to water volumetric loading ratio (this selection determines the
air loading rate); packing depth; packing material (size and type);

Grace and Piedrahita (1993; 1994) and Summerfelt (1993) have reviewed and reported criteria for
carbon dioxide stripper design within aquaculture systems.  The general criteria are: a hydraulic
fall of 1-1.5 m, a hydraulic loading of 1.0-1.4 m3/min/m2, and a volumetric air:water ratio of 1:6
to 1:10.  High porosity packing or splash screens are needed to avoid flooding or gas hold-up.  If
high solids loadings are expected, a stripping tower with screens or biofouling resistant media may
be easier to maintain than a packed tower.  Also, the air blown through the air stripper should be
vented out of the building to prevent carbon dioxide from accumulating inside the building that
contains the recirculating aquaculture system.  In a cold climate, heat can be conserved by venting
the air through an air-air heat exchanger.

As an alternative or supplement to air stripping, carbon dioxide can be treated by chemical
addition as described in the pH Control section (below).  Chemical addition is already required to
maintain alkalinity in closed recirculating aquaculture systems.

Oxygen Injection with Low Head Oxygenators or U-Tubes

Aeration and oxygenation are processes used to maintain adequate levels of oxygen within
recirculating fish culture systems.  Fortunately, many outstanding reviews on aeration and
oxygenation have been written by Speece (1981), Visscher and Godby (1987), Colt and Watten



13

(1988), Speece et al. (1988), Boyd and Watten (1989), Visscher and Dwyer (1990), and Watten
(1994).  In the aeration process described above, air is brought into contact with water so oxygen
transfers from the air into the water.  The aeration unit also serves as the carbon dioxide stripping
unit.  In the oxygenation unit process, pure oxygen gas is used (instead of air) to achieve oxygen
levels in the water flow that are above standard atmospheric saturation levels.  Increasing oxygen
in the flow increases the systems carrying capacity, resulting in an economical means of boosting
system production (Collins et al. 1984).

Oxygen can be produced on site using pressure swing adsorption (PSA) equipment or purchased
from commercial sources as a bulk liquid or gas (Speece 1981; Boyd and Watten 1989; Watten
1994).  Producing oxygen on site requires a source of dry air at pressures of 90 to 150 psi as well
as the PSA unit, which amounts to a considerable capital investment (Wade et al. 1996).  The cost
of generating oxygen using PSA units, which varies with electric rates, is about 0.5 kwh of
electricity per pound of oxygen produced.  The cost of liquid oxygen varies with location.  At the
Freshwater Institute, the operating and capital costs (using net present value over a ten year
period) of using liquid oxygen versus on site generation were compared; we found that liquid
oxygen costs about three times more annually than would oxygen generated on site.  However,
the capital investment and risk of system failure would be lower if liquid oxygen were used (Boyd
and Watten 1989).

Oxygen is not an insignificant cost, it may represent about 15% of feed costs if generated on site
(E.  Wade, Freshwater Institute, unpublished data), and thus the transfer of oxygen into the fish
culture water must be efficient.  Gas absorption equipment is designed to take advantage of the
factors governing the rate of mass transfer.  Gas absorption is dependent on the area of the gas-
liquid interface and the thickness and rate of surface film renewal (both dependent upon the
energy transfer in the gas-liquid contactor) and also on the gradient between the saturation and
existing concentrations of the gas in the water.  When pure oxygen rather than air is transferred
into water, the water's saturation concentration for oxygen is increased nearly 5-fold over the
saturation concentration obtained when air is used.  The saturation concentration can also be
increased by increasing the total pressure in which the transfer occurs (e.g., via a pump or
hydrostatic head).  Increasing the pressure during oxygen transfer from 1 to 2 atmospheres nearly
doubles the saturation concentration of oxygen in water.  Increasing the absorption pressure to
increase the oxygen transfer, however, may also increase the operating costs, and this must be
considered when selecting an oxygenation unit.  Additionally, mechanisms for stripping/venting
nitrogen and argon gas released during oxygen absorption are important both to reduce the total
gas pressure of the water and to increase the efficiency of oxygen transfer.

Many types of oxygen transfer equipment have been described: U-tubes, multi-staged low head
oxygenation units, packed columns, spray columns, pressurized columns, oxygenation cones,
oxygen aspirators, bubble diffusers, and enclosed mechanical-surface mixers.  Two methods are
particularly well suited to transferring oxygen to water within large recirculating systems: U-tubes
and multi-staged low head oxygenation units.  Both methods can be readily scaled-up, are easy to
control, and require only a modest hydraulic head.  Performance and design criteria for each are
given below.
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Multi-stage low head oxygenators

A multi-stage low head oxygenation unit (LHO) was patented by Watten (1989) and described by
Watten and Boyd (1990).  They maximize oxygen transfer efficiency by reusing the oxygen feed
gas though a series of contact chambers.  Water flow is typically distributed equally to each
chamber at the top of the LHO via head-controlling orifices.  Water flowing through the orifices
typically drops anywhere from 1 to 4 ft (0.3 to 1.2 in) into a plunge pool which seals the lower
portion of each LHO chamber.  The chambers typically do not contain packing, but can be packed
with plastic media to improve mass transfer (Weber et al. 1995).

Most evaluations of LHO units (Dwyer and Peterson 1993; Wagner et al. 1995; Weber et al.
1995), have been in cold water (12-17°C), where the saturation of oxygen is higher than at the
temperature used to raise cool or warm water fish.  These studies demonstrated that LHO units
provide excellent (60 to 90%) oxygen transfer efficiencies, when operated at gas to liquid ratios
of less than 1 volume of oxygen feed gas for every 100 volumes of water flow (G:L = 0.01:1). 
However, the low oxygen loading rates (G:L < 0.01:1), which are good for maximizing oxygen
transfer, limit the increase in dissolved oxygen concentrations within the flow to generally < 8
mg/L above saturation.  Weber et al. (1995) found that to produce dissolved oxygen
concentrations of approximately 25 mg/L in 12°C water required increasing the G:L to around
0.02:1. The oxygen transfer efficiency dropped to 50 to 60% at the increased G:L, even though
plastic packing was used within the LHO chambers.  Results from these studies make it clear that
oxygen off-gas recycling is necessary to conserve oxygen when trying to double (or more) the
saturation concentration of dissolved oxygen within the flow leaving an LHO unit.  The studies
also demonstrated that LHO units remove nitrogen gas when they add oxygen, which helps
prevent large total gas supersaturations, even when large oxygen supersaturations are obtained.

U-tube

A U-tube maximizes oxygen transfer by using hydrostatic pressure to temporarily increase the
saturation concentration of oxygen as the flow passes through the depth of the vertical, U-shaped
conduit.  U-tubes operate by continuously diffusing pure oxygen into the water entering the top of
the conduit and by then entraining the oxygen bubbles in the flow passing down one side of the
conduit and up through the other.  Bubbles are entrained by designing the cross-sectional area of
the first conduit to create a velocity greater than the buoyant velocity of the bubbles, Watten and
Beck (1985) developed an equation to predict the dissolved oxygen concentration in the effluent
of a U-tube for a given conduit depth, water temperature, influent dissolved oxygen saturation,
and volumetric gas to liquid ratio, assuming that the diffuser is placed at the beginning of the
downward conduit.  Boyd and Watten (1989) show data indicating that U-tube systems without
off-gas recycle provided oxygen transfer efficiencies of only 30-50%, but that when off-gas
recycle was used, U-tubes could increase their oxygen transfer efficiencies to 55-80%.  The pump
pressure required for a given U-tube, generally from 1 to 6 m of water head, can be estimated by
adding the head losses resulting from pipe friction, velocity, and two-phase flow. The head loss
resulting from two-phase flow can be estimated with an equation provided by Wattten and Beck
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(1985).  At a constant pipe velocity, large diameter U-tubes used to oxygenate high volume flows
have less total head loss than do correspondingly small U-tubes that oxygenate low volume flows.

Because U-tubes operate at higher pressures than LHO units, it is possible to add more oxygen to
a flow with a U-tube than could he achieved by using a LHO.  However, U-tubes do not strip
nitrogen as readily as LHO units, and a U-tube would produce higher total gas pressures per unit
of oxygen transferred than an LHO unit.

Culture within Circular Tanks

Tanks for the intensive culture of fish are of varied shape and flow pattern (Piper et al. 1982). 
They are designed with considerations for production cost, space utilization, water quality
maintenance, and fish management.  Geometry, water velocity, and flow patterns are particularly
important design considerations.  Circular tanks are good for culturing most fish, particularly
salmonids, because the tanks are relatively easy to maintain and provide a healthy and uniform
culture environment.  The main reason circular tanks are advantageous is because they operate
with a rotating, flow about the center drain.  Rotational velocity can be controlled with properly
designed water inlet and outlet structures (Klapsis and Burley 1984; Tvinnereim and Skybakmoen
1989).  Rotational velocity should be swift enough to carry solids and make the tank self cleaning,
yet not faster than required to avoid over-exercising the fish.  Water velocities of 0.5-2.0 times
fish body length per second were reported in a recent review (Losordo and Westers 1994) to be
optimal to maintain fish health, muscle tone, and respiration.  To generate centrifugal forces
capable of driving settleable solids to the tanks center drain, velocities should be greater than
approximately 15 to 30 cm/s (Burrows and Chenoweth 1970; Mäkinen et al. 1988).

Circular fish culture tanks can be managed as swirl settlers because the rotational flow
concentrates solids at their bottom and center (Goldsmith and Wang 1993).  Concentrated solids
can be removed in a small flow stream (as low as 5-10% of the total flow leaving the tank) by
using a bottom-drawing center drain as part of a double-drain system (Mäkinen et al. 1988; Lunde
and Skybakmoen 1993; Losordo et al. 1995).  The remainder of the flow leaving the tank
(roughly 90-95% of the total) is withdrawn through a fish-excluding port located above the
bottom-drawing drain or part-way up the tanks side wall (Figure 2).  According to Losordo et al.
(1995), removing solids with a double-drain system has the potential to improve solids removal
within recirculating aquaculture systems.

low-volume,
high-solids effluent
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Figure 2. Illustration of a circular tank with dual drains.  Dual drains enable the majority of solids
to be withdrawn in a relatively small flow exiting the tank's central floor drain while the majority
of flow is withdrawn with fewer solids at the tank side-wall.

Circular tanks provide approximately complete mixing, which helps to maintain uniform water
quality throughout the tank.  Complete mixing means that the concentration of a constituent in the
water flowing into the tank changes instantaneously to the concentration that exists throughout
the tank.  Complete mixing also means that the concentration of the constituent in the tank will be
the same as in the water leaving the tank through the center drain.  Thus, if good mixing can be
achieved, all fish within the tank are exposed to the same water quality.  The tank water exchange
rate can be set to maintain the water quality throughout the tank.

Advanced Oxidation with Ozone

Ozone is a powerful oxidizing agent that can be put to numerous beneficial uses within
aquaculture (Rosenthal 1981; Hochheimer and Wheaton 1995; Brazil et al. 1996).  Because many
contaminants in water used for aquaculture are oxidizable, ozone can be used in applications
ranging from disinfection to general water quality control.  Ozone is particularly well suited to
aquaculture because it is a strong disinfectant, capable of a wide range of oxidizing uses, with a
rapid reaction rate, few harmful reaction by-products, and oxygen is produced as a reaction end
product.  Ozone has been used within recirculating aquaculture systems to reduce fish disease
(Owsley 1991; Bullock et al. 1996); but most often ozone has been added to recirculating systems
to oxidize nitrite, dissolved non-biodegradable organic material, and/or organic particulate matter
(Otte et al. 1977; Otte and Rosenthal 1979; Rosenthal and Otte 1980; Rosenthal 1981; Williams
et al. 1982; Sutterlin et al. 1984; Rosenthal and Kruner 1985; Paller and Lewis 1988; Poston and
Williams 1988; Reid and Arnold 1992; Brazil et al. 1996; Summerfelt et al. 1996).  Oxidation of
organic material can produce microflocculation (Maier 1984; Chang and Singer 1991) and
improve solids removal via sedimentation and foam fractionation (Sander and Rosenthal 1975;
Otte and Rosenthal 1979; Williams et al. 1982), granular filtration (Wilczak et al. 1992; Rueter
and Johnson 1995), or microscreen filtration (Summerfelt et al. 1996).  Ammonia, unfortunately,
is not readily oxidized by ozone except at pH values > 9 (Rice et al. 1981).

Proper application of ozone requires consideration of four unit processes: ozone gas generation,
gas to liquid absorption, contact time for reaction, and ozone residual removal.

Generation

Ozone is most commonly generated in large quantities by passing relatively pure oxygen gas
through a corona discharge where a portion of the oxygen molecules are excited to form ozone
molecules (Bablon et al. 1991).  Brazil et al. (1996) reviewed factors that impact ozone
generation.

Rice and Netzer (1982) recommend that ozone generators be operated at 50-75% of their rated
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production capacity (kg/d).  They claim that operating at below rated ozone production capacity
reduces dielectric wear and also provides excess capacity that can be used during surges in ozone
demand or when another generator (plumbed in parallel) is serviced.  Additionally, when feed gas
rates through the ozone generator are reduced, higher concentrations of ozone can be generated
within the feed gas.  Energetically it is less efficient to produce these higher ozone concentrations
(Rice and Netzer 1982).  However, when higher concentrations of ozone are generated, the same
daily amount of ozone can be met with less oxygen requirements.  Thus, the ozone concentration
produced can be adjusted so that the aquaculture systems ozone requirements can be met at the
same time that the systems oxygen requirements are met.

Absorption

The relatively high costs of ozone and oxygen make their efficient transfer into water important. 
Because ozone can be co-transferred with oxygen, similar transfer units can be used (see earlier
section on oxygen transfer for more details).  Ozonating a recirculating system that is already
adding purified oxygen to support higher densities of fish only requires installation of an ozone
generator and the accompanying ozone distribution, monitoring, and control mechanisms.  All of
the other necessary equipment (oxygen supply and distribution system, gas transfer units, and
control mechanisms) are already in place.

When ozone is transferred to water, the overall rate of ozone disappearance from the gas phase
depends upon the rate it reacts with constituents within the water and the type of contacting
system used.  The type and quantity of constituents within the water sets the rate that ozone
reacts.  Rapid reaction with oxidizable inorganics and organics will maintain a low apparent
equilibrium concentration of ozone within the liquid film and increase the rate of ozone transfer. 
As mass transfer and reaction occur in series, either one can become rate limiting.

There are a wide range of devices that can be used for transferring ozone within air or purified
oxygen into water (AWWA Research Foundation 1991; Rosenthal 1981).  Units that have a
continuous gas-phase (i.e., units that disperse liquid drops and films within a gas) such as spray
columns, packed columns, and multi-stage low head oxygenators (LHO units) provide transfer
but very little time for reaction.  Units that have a continuous liquid phase (i.e., units that disperse
gas bubbles within a liquid) such as U-tubes, Speece cones, aspirators, bubble diffusers, and
enclosed mechanical surface or subsurface mixers provide ozone transfer; a few of the continuous
liquid-phase units can be designed to provide some ozone contact time.  Absorption units that do
not provide contact time for reaction, particularly transfer units where the gas phase is
continuous, are generally smaller and are sometimes less costly than units where the liquid phase
is continuous.  Additionally, systems that pass water through air can be designed for much higher
transfer efficiencies than systems designed to pass air through water.  According to Montgomery
(1985), these higher transfer efficiencies are achieved by the high interfacial area provided by the
packed systems and the more efficient counter-current plug flow contacting in both phases in the
continuous gas phase systems (Montgomery 1985).  When using units based upon absorption
within a continuous gas phase, however, a separate contact chamber may be required for reaction
(as described in the reaction section next).
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Ozone transfer within continuous gas phase units, though not well published, can be quite good. 
Ozone transfer efficiency was 100% in the LHO units evaluated in the recirculating system at the
Freshwater Institute (S.T. Summerfelt, unpublished data).  In this system, complete ozone transfer
occurred because: ozone is 13 times more soluble than oxygen in water according to Henrys law;
gas residence times within the LHO chambers were approximately 45 minutes; and, there were
nitrite and dissolved and suspended organic material in the water that rapidly reacted away the
ozone.

Contacting and reaction

Ozone is relatively unstable in water.  In a solution of pure water, the half-life of ozone is ~165
min at 20ºC (Rice et al. 198 1).  In real systems containing organic carbon (TOC), the half life of
ozone may be less than a few minutes (Glaze 1990).  The levels of TOC in a high density
recirculating aquaculture systems produced typical ozone half-lives that were generally to short to
detect and at the most 15 s or less (Bullock et al. 1996).

Although ozone is reactive, it is fairly selective in what it reacts with (Bablon et al. 1991).  Ozone
is capable of oxidizing a great many organic and inorganic substances.  When ozone reacts with
organic carbon, the reaction often takes place at many of the bonds which can not be readily
oxidized through biological metabolism and makes the partially oxidized organic compounds
biologically degradable at a faster rate (Rice et al. 1981).  Rice et al. (1981) explained that the
increased biodegradation rate is partially due to formation of smaller molecules and partially due
to fewer higher order covalent bonds.  Additionally, ozone oxidation can cause dissolved organic
molecules to precipitate and colloidal organic solids to microflocculate (Maier 1984).  These
reactions enhance the removal of organic matter from process flow streams.

The desired end results produced by adding ozone (e.g., microflocculation, nitrite and/or color
oxidation, disinfection, etc.) can be controlled by either mass transfer or kinetic limitations. 
Microbial reductions, in particular, are largely controlled by the duration of ozone contact.  For
disinfection, the required residual ozone concentration is usually between 0.1-1.0 mg/L and the
hydraulic retention times are any where from 0.5 to 20 minutes (AWWA Research Foundation
1991).

Waters within recirculating aquaculture system contain high levels of organic matter and nitrite,
and these compounds will react with ozone in approximately stoichiometric amounts (Rosenthal
1981; Sutterlin et al., 1984; Rosenthal and Kruner, 1985; Bablon et al. 1991).  However, under
most conditions ozone does not convert organic molecules to carbon dioxide, but only fragments
organic molecules into smaller pieces.  When ozone is used only to remove color and
microflocculate organic matter, it is not as important to maintain a measurable ozone residual as
when microbial reductions are desired.  To improve water quality it is often satisfactory to just
add sufficient ozone.  Microflocculation, however, will require time after the ozone has reacted
away.



19

The high ozone demand of water in a recirculating aquaculture system makes maintaining an
ozone residual difficult, particularly when gas-phase ozone transfer units are used.  Therefore,
achieving large microbial reductions in recirculating systems requires much more ozone than
would be needed to disinfect the influent of typical single-pass aquaculture systems (Bullock et al.
1996).  Because liquid-phase ozone contact units allow ozone gas to be transferred into water for
longer periods than gas-phase units, liquid-phase units are more often used to achieve microbial
reduction than gas-phase units (AWWA Research Foundation 1991).

Until recently, criteria on how much ozone should be added to recirculating aquaculture systems
to produce perceptible benefits were not available.  Recent research at the Freshwater Institute
has shown that ozone addition at a rate of 0.025 lbs ozone per lb feed improved water quality and
microscreen filtration (Summerfelt et al. 1996), and reduced BGD associated mortalities and
chemical treatments required to control BGD epizootics (Bullock et al. 1996), in a recirculating
system used to culture rainbow trout.  Adding ozone at a higher rate (0.036-0.039 lb ozone per lb
feed) produced similar results but was much more likely to produce fish mortality when on
occasion ozone accumulated to toxic levels.  Although ozonation reduced BGD mortality, it failed
in nearly all cases to produce even a 1 log10 reduction (i.e., 90% reduction) in numbers of
heterotrophic bacteria in the system water or on gill tissue (Bullock et al. 1996).  Failure of the
ozone to lower numbers of heterotrophic bacteria or to prevent the causative BGD bacterium
from occurring on gills was attributed to the short exposure time to ozone residual (35 s contact
chamber) and rapid loss of oxidation (ozone half-life 1-15 s) caused by levels of nitrite and
dissolved and particulate organic material.  A wider range of ozone dosing rates based upon feed
levels were investigated at Virginia Tech (Brazil et al. 1996).  Brazil et al. (1996) found that
specific ozone dosage rates of 25 and 45 g ozone per kilogram feed also improved water quality,
but that adding ozone beyond 13 g ozone per kilogram feed did not improve fish growth. 
Because ozonation equipment is expensive, it is rational to add ozone at the lowest effective rate
necessary to achieve the desired results.  Adding ozone at the lower rate is also justified to reduce
potential for fish to be exposed to ozone, particularly when little hydraulic retention time is
available between the fish culture tank and the ozone transfer point.

The economy of using ozone within recirculating aquaculture systems is sometimes questioned,
because it requires large capital and operating costs.  However, if the oxygen feed gas required
for increasing fish loading rates is used to generate ozone (assuming that 4.5 kwh/lb ozone are
required to produce 6% ozone in the feed gas) and if only electric costs are considered, then it
would cost less to generate ozone in the oxygen feed gas (about 0.27 kwh/lb oxygen used) than it
would cost to generate the oxygen feed gas (about 0.5 kwh/lb oxygen generated).  We should
also note that although ozone improves recirculating aquaculture system performance, these
systems can function at a somewhat lower carrying capacity without ozone.

pH Control

Alkalinity and pH play an important role in aquaculture.  The pH is a measure of the hydrogen ion
concentration and controls acid/base chemistry.  Alkalinity, a measure of the acid neutralizing
capacity of a solution, depends on the concentrations of the bicarbonate, carbonate, hydroxide,
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and hydrogen ions.  An alkalinity of at least 50 mg/L as calcium carbonate should be maintained
during nitrification to prevent pH instability (Gujer and Boller 1984).  Malone et al. (1993)
recommends an alkalinity of at least 100 mg/L as calcium carbonate.

The equilibrium of many of the chemical species important in aquaculture is controlled by pH. 

Of great importance is the influence of pH on the equilibrium of the ammonia and carbonic acid
systems.  The location of equilibrium is important because ammonia (unionized) and carbon
dioxide are much more toxic to aquatic organisms than ammonium (Meade 1985) and other
species in the carbonic acid system.  Comparing the range of pH values where ammonia and
carbon dioxide coexist indicates that the smallest fractions of both carbon dioxide and ammonia
coexist at a pH of 7.5-8.2 (Summerfelt 1993).  Changing the system pH only 1 unit changes the
corresponding equilibrium carbon dioxide or ammonia concentration 10 fold.

Chemical treatment can be used to maintain a pH that will minimize the potentially toxic effects of
ammonia and carbon dioxide in recirculating aquaculture systems.  The treatment process consists
of adding a supplemental source of alkalinity such as lime, caustic soda, soda ash, or sodium
bicarbonate to the water (Bisogni and Timmons 1991).  Lime, caustic soda, and soda ash react
with carbon dioxide to produce bicarbonate alkalinity.  Adding sodium bicarbonate is simply a
source of bicarbonate alkalinity and a means to increase pH.  An alternate way to maintain pH
with lower chemical additive costs would be to increase make-up water exchange rate if the
make-up water contained medium to high levels of alkalinity.  Make-up water may require heating
and the costs saved in chemical additives may not be justified due to increased heating costs.

Design Guidelines

The first step in the design of an aquaculture growout facility is to determine the system carrying
capacity.  Soderberg (1995), Losordo and Westers (1994), Colt and Orwicz (1991), Colt et al.
(1991), Meade (1988), and others have described how to determine system carrying capacity
based upon limiting water quality criteria and the type and life stage of the fish to be grown. 
Accurate calculation of carrying capacity is critical to avoid under or over utilization of the
culture system.  In simplistic terms. determining carrying capacity establishes the maximum
quantity of feed that can be sustainably fed to a given culture system for a given set of conditions.
 This is the starting point for designing the fish feeding and stocking/harvesting strategies that will
maintain the production system at or near its maximum carrying capacity (kg fish carried within
the system).

Determination of an aquaculture facilities yearly production capacity is complex because it
depends upon both the characteristics of the fish (health, growth, etc.) and on the production
strategies (i.e., frequencies and rates of stocking and harvesting and fish size when stocked and
harvested) used to maintain the culture facility near maximum carrying capacity.  Rigorous
determination of a systems yearly production capacity has been reviewed elsewhere (Summerfelt
et al. 1993).  Optimizing the rates and frequency of fish stocking and harvesting using a
continuous culture strategy with graded harvests can greatly improve the sustained production per
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unit system volume and also increase the product value by harvesting uniformly sized fish
(Summerfelt et al. 1993).  Optimizing the facilities stocking/harvesting strategy does not increase
the facilities carrying capacity, it works to maximize the system's annual production.  Fish
management strategies are set to optimize production within the system at or near its maximum
carrying capacity, i.e., feed loading.

Yearly production capacity for a given aquaculture system with a given carrying capacity can be
estimated using the continuous production modeling program developed by The Freshwater
Institute (Shepherdstown, WV).  Or conversely, this program can be used to estimate the total
biomass that must be supported to achieve a given annual production for a given stocking and
harvesting strategy.  The aquaculture facilities culture volume requirements can be calculated
from the total biomass estimate, assuming that a realistic culture density (kg/m3 culture volume) is
known.  Once the culture volume, total biomass, and feed loading are known, mass balances and
removal estimates can be used to size the unit processes to ensure that they provide sufficient
oxygen addition and ammonia and carbon dioxide removal to maintain healthy fish.

System scale

It is difficult to define the optimum size of a recirculating system used to produce food-size fish. 
To protect against a ruinous loss from system malfunction or disease, a large scale production
operation should use a number of independent recirculating system modules rather than one
gigantic system with common treatment units.  Adding more recirculating system modules is also
a simple method to increase the overall facility production capacity.  Deciding on the size of the
recirculating system modules counters benefits to be obtained from economies of scale (i.e., lower
cost per unit flow treated for larger systems [Wade et al. 1996]) against difficulties that could
arise from distributing flow and removing solids within the culture tank, grading and harvesting
fish, removing mortalities, or isolating the biofilter while treating the fish with a
chemotherapeutant; and other criteria.  There is a definite trend, however, towards large
recirculating system modules for food-fish production.  Further commercial experience is needed
to help define the optimal size of these systems

Layout

General guidelines for integrating and laying out a recirculating aquaculture system follow:

• Solids should be removed from the recirculating flow immediately after they leave the culture
tank, before any pumping occurs and before biofiltration.

• Solids should not be stored in the recirculating system or they will begin to degrade and leach
nutrients.

• Pumping should occur only once each pass.

• Carbon dioxide should be air stripped after reaching its highest concentration before oxygen
supersaturations are produced, and before returning to the fish culture tank (i.e., just after the
biofilter and just before the oxygenation unit).
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• Alkalinity is best added for pH control after carbon dioxide has been stripped and just before
the fish culture tank (i.e., within the sump tank of the air stripper).

• Air stripping should occur before the oxygen transfer unit, because the aeration it produces
brings the oxygen levels in the flow up to near saturation.

• Bringing an oxygen saturated flow to the oxygenation unit allows all of the oxygen added to
go towards supersaturating the water.

• Oxygen should be added to supersaturate the flow just before the fish culture tank.

• The water should be kept from significant contact with the atmosphere after the oxygen
supersaturation has been obtained.

• Ozone should be generated in the oxygen feed gas used to supersaturate the flow and support
higher fish densities.

The recirculating system designer must also consider the hydraulics that are encountered when
transporting water from unit to unit.  Ideally, water is pumped only once in a system with a single
serial reuse flow path.  Gravity must be used to move water in all other places.  Elevations
suggested to integrate and create gravity flow through an example recirculating system are
presented in Figure 3.

Conclusions

The technology described here consists of some of the most cost and technologically effective unit
processes available to recirculating systems (for economics see Wade et al. 1996).  The
descriptions provided here are meant to assist an experienced engineer with the design of a
recirculating aquaculture system.  The concepts, criteria, and relationships provided should give
the design engineer some flexibility to meet specific requirements.  The scale of the recirculating
modules can range from as little as 400 L/min to more than 10,000 L/min, depending upon the
production requirements.  Scale is also limited to the amount of risk one is willing to place in a
single recirculating production module and the ability to manage the fish and the hydraulics in the
fish culture tank.

Although recycle aquaculture systems have many advantages, the systems have large capital
investments and high operating expenses relative to other production technologies.  To date, few
U.S. fish producers have found it economically viable to culture fish where large amounts of
energy must be expended for pumping or heating water.  As a result, many recirculating systems
used to culture fish commercially have not been technically or economically effective and have
failed.  Recirculating systems that have attained profitability likely rely on technologies and scales
that both reduce labor cost and minimize capital and operating costs for water treatment. 
Marketing and production management, however, may play an even larger role in the economic
success of the recirculating system (Hankins et al. 1995).

The economics of fish production are the controlling criteria for determining whether-or-not to
construct the facility.  However, the economics of fish production within a recirculating system
were not presented in this paper.  The economics of fish production at several scales were
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evaluated within a system as described here (Wade et al. 1996).  This evaluation indicated that the
economics of fish production are Much better at an annual production of 1,000,000 lb than at
50,000 lb.

Figure 3.  Layout of a recirculating aquaculture system as described above.
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Abstract

Recirculating pond systems integrate an intensive fish production component with an extensive,
multiple-use water reservoir to accomplish water quality management.  The intensive component
is characterized by moderate (2-15 kg/m3) to high (>100 kg/m3) fish density, moderate (0.3-
5/day) to high (50-100/day) volumetric exchange rate and supplemental aeration.  The extensive
component is characterized by low fish density and relatively long (2-3 day) hydraulic detention
time.  This paper presents a procedure for the design and operation of recirculating pond systems
based on bioengineering criteria.  The partition of system energy subsidy between aeration of the
intensive component and water movement between components is a critical design parameter
affecting system efficiency.  Selection of a critical threshold total ammonia-nitrogen concentration
and pump head determine the power required for pumping.  The ratio of the treatment unit
volume to rearing unit volume increases in direct relation to system intensity.

Introduction

In Mississippi and throughout the Southeast United States, interest has developed in modifying
traditional earthen pond production systems for warmwater fish culture to gain greater control
over the production process.  Such systems may consist of a series of production tanks or
raceways linked to earthen ponds, or a series of small ponds linked together with one pond
functioning as the rearing unit and the other as the treatment unit.  Advantages of such systems
include greater control over stock management, feeding, water quality management, disease
treatment and improved ease of harvest, with possible reductions in labor requirements that can be
attributed to these advantages.  Another advantage is related to the utilization of naturally -
occurring populations of phytoplankton and bacteria to achieve ammonia control, thereby
obviating the need for expensive biofiltration equipment.  Disadvantages include increased capital
and operating expenses, reduced response time and margin for error associated with increased
intensity, increases risk associated with equipment failure, and limited capability to control
processes related to ammonia uptake by phytoplankton.

Intensification of aquaculture production has led to the development of system designs that
partition water treatment into various unit operations that address the critical water quality
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requirements of the cultured organism.  The supply of oxygen and the removal of solids, ammonia
and carbon dioxide can be identified as critical treatment processes that increase in importance in
direct relation to production intensity.  Recirculating pond systems have been developed that
integrate biological and physical processes occurring in separate intensive and extensive
components to accomplish water quality management.

The intensive component is the location of fish production, feeding and waste generation.  The
intensive component is characterized by moderate (2-15 kg/m3) to high (>100 kg/m3) fish density,
intensive aeration (5-7 W/m3) and moderate (0.3-5/day) to high (50-100/day) volumetric
exchange rates.  The rates of oxygen supply from photosynthesis and diffusion and ammonia
removal by phytoplankton and bacteria within the intensive unit are typically insufficient and
therefore require supplementation.

The extensive component is the location of biological treatment, primarily of ammonia generated
from within the rearing unit.  Reservoirs are constructed for the purpose of treating wastes
generated in the intensive component.  Phytoplankton uptake of dissolved nutrients is the most
important aspect of such extensive components.  Removal of phytoplankton biomass generated
within the treatment reservoir may be an important determinant of the success of recirculating
pond designs.  Methods of plankton removal from the production system include water exchange
or stocking phytoplanktivorous fish (e.g. silver carp, gizzard shad) into the extensive component.

Recirculating pond systems have been constructed and managed on the basis of empirically -
determined criteria, largely related to water quality tolerance limits of the target species. 
Information that considers sound engineering and biological criteria for optimal system design and
management is lacking.  This paper presents a procedure for the design and operation of
recirculating pond systems, emphasizing the role of aeration and pumping (water exchange) to the
maintenance of acceptable water quality.  The partition of the system energy subsidy between
aeration of the intensive component and water movement between components is one of the
critical design parameters.

Design Procedure

The overall design approach adopted here is similar to that advocated by other aquacultural
engineers in the design of hatcheries and production facilities for salmonids (Speece 1973,
Westers and Pratt 1977, Colt and Orwicz 1991).  In this design approach, the metabolic
characteristics of fish as affected by feeding are considered to be fundamental determinants of the
design process and outcome.

One of the main assumptions of the design procedure developed here concerns the overall system
carrying capacity.  It is assumed that the overall system carrying capacity is independent of rearing
unit fish density.  That is, for a given fish biomass, an increase in density will not affect overall
system volume.  However, the ratio of treatment unit volume to rearing unit volume will increase.
 Another assumption of the design procedure is that the primary mechanism of ammonia
removal/transformation is related to phytoplankton uptake.  Although nitrification undoubtedly
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occurs in such systems, disregard of this process allows for a conservative approach with respect
to design and operation of such systems.

Initial stages of the design process should begin with an estimation of the desired level of income
to be derived from the fish culture operation subject to restrictions imposed by the availability of
land and capital.  Based on producer fish prices and estimated costs of production, annual
production (biomass) required to attain the desired income level can be estimated.  As a
simplifying assumption, system biomass did not vary throughout the year.  Selection of the level
of production intensity is based on either the tolerance to risk and management skills or on the
volume of the particular culture units available.  Intensity is defined here as the maximum density
within the rearing unit.  Maximum density (Dmax) is defined as maximum biomass (Bmax) divided
by rearing unit volume (Vgrow).

Dmax = Bmax / Vgrow [1]

The impact of feed on water quality is expressed as a sink for dissolved oxygen and a source of
ammonia.  The magnitude of this impact will depend on the mass of feed offered to fish each day
(FD).  This amount of feed is a function of fish biomass, feeding rate as a proportion of fish
biomass (%bwd), and a time/temperature-dependent feeding rate multiplier (FDmult).  The feeding
rate multiplier was assumed to vary between 20% (winter) and 100% (summer).

FD = Bmax * %bwd * FDmult [2]

The oxygen requirement (OX) was related to the amount of feed offered by some constant, the
oxygen to feed ratio (OFR).  For modeling purposes, the OFR in salmonid raceways was assumed
to be 250 mg/kg (Colt and Orwicz 1991).  This OFR represents the respiratory demands by fish
only.  The requirement for the oxidation of fecal and dissolved solids is usually not considered in
salmonid raceways as this organic matter is quickly removed from production units.  However,
the solids removal capacity of recirculating pond production systems is generally weak and highly
dependent upon system design and rearing unit hydraulics.  The design flow required to remove
solids (>5 cm/sec) is rarely achieved in recirculating ponds.  As such, the OFR can be substantially
higher as fecal and dissolved solids remain within the production system and express an oxygen
demand during decomposition.

In a study of chemical budgets in catfish ponds the chemical oxygen demand of (dry) fish feed was
1.22 kg/kg (Boyd 1985).  Therefore, an OFR of 1 was selected for this design procedure.  This
includes an estimate of the respiratory requirements of fish and the oxygen required to completely
decompose fecal solids.  This OFR does not include an estimate of the oxygen required to
decompose the additional organic matter produced within pond production systems as a result of
photosynthesis.

OX = FD * OFR [3]

The amount of oxygen to be added by aeration was made equivalent to the oxygen requirement of



4

fish and of excreted organic matter.  In practice this calculation is made much more complicated
because plankton also consume oxygen.  For the purposes of this design procedure, and at the
high algal biomass levels typical of hypereutrophic aquaculture ponds, it was assumed that the
oxygen produced by photosynthesis will be consumed by algal respiration and that the oxygen
requirements of the fish and of fecal solids sedimented within the system will be met by aeration.

Aerators are usually rated to transfer oxygen under standard conditions (T=20 C, DO=0 mg/L,
P=760 mm Hg).  However, the efficiency of oxygen transfer under field conditions is substantially
less than under standard conditions.  Thus, the aeration rate (AR) will be a function of the oxygen
requirement (OX) and the aerator field transfer efficiency (Aeff).  The aerators are assumed to
operate with an efficiency of 50% under field conditions.

AR = OX / Aeff [4]

The power requirement for aeration (PA) can now be calculated based on the standard aeration
efficiency (SAE) of the selected aerator type.  The SAE of paddlewheel aerators typically used to
aerate semi-intensive aquaculture ponds is approximately 1.2 kg/kW*h (Boyd and Ahmad 1987).

PA = AR / SAE [5]

In relation to the supply of oxygen by aeration, the supply of oxygen by advection (flow) is
negligible.  This assumption is likely violated in extremely high-density (>100 kg/m3) systems in
which gravity aerators are utilized to aerate water between raceway sections or in which pure
oxygen systems are implemented.  However, most recirculating pond systems are operated at
moderate density and aeration is the principal dissolved oxygen source.

Flow rate (Q) was determined as a function of ammonia concentration.  The model was
constructed with the assumption that ammonia is removed from the rearing unit by advection only
and that biological removal processes occurring within the rearing unit are of relatively small
magnitude.  However, overall ammonia removal was assumed to be determined by biological
transformation, primarily through uptake and reduction by phytoplankton.  Although nitrification
is undoubtedly important in some recirculating pond production systems, phytoplankton mediated
uptake and transformation remains the dominant mechanism of ammonia removal in most pond
production systems, particularly during the summer when temperature, feeding rates and
phytoplankton densities are maximum.

Ammonia production was assumed to be derived predominately from fish excretion, which is
based on feeding rate.  Although a positive correlation between dietary protein and ammonia
concentration has been demonstrated in catfish ponds (Li and Lovell 1992), this effect was not
considered here as the magnitude of the effect of feeding rate is much greater than that of dietary
protein.  Estimation of the ammonia production rate requires selection of the ammonia-to-feed
ratio (AFR).  The AFR selected for the design procedure was 30 g N/kg feed (Colt and Orwicz
1991).  Thus, the ammonia production rate (AP) is a function of the feeding rate (FD) and the
ammonia-to-feed ratio (AFR).
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AP = FD * AFR [6]

Next, a threshold or critical ammonia concentration (CA) was selected.  For the purposes of this
design exercise, a critical total ammonia-nitrogen (TAN) concentration of 1 mg/L was selected.  If
ammonia produced within the rearing unit is to be removed entirely by advection, than the
advective ammonia removal rate (APQ) must be equal to the AP for no accumulation of ammonia
to occur.  Thus, the design flow rate (Q) will be equal to the advective ammonia removal rate
divided by the critical ammonia concentration:

Q = APQ / CA [7]

Calculation of the desired flow rate allows estimation of the pumping power requirement.  Flow
rate from a pump is largely a function of head.  A regression of rated discharge (m3/d) on pump
head (m) was prepared from a selection of eight different 7.45-kW centrifugal pumps from an
industrial equipment supply catalog (W.W. Grainger, Inc.). The resulting regression equation
described flow per unit power supplied (Q/P) as a function of head.

Q/P = 432.06 – (10.62*Head) + (0.0671*Head2) r2 = 0.980

Thus, pumping power requirements were determined by dividing desired flow (Q) by flow per
unit power (Q/P) for a given head.

PP = Q / (Q/P) [8]

As described above, phytoplankton-mediated uptake was assumed to be the primary mechanism
of ammonia transformation in recirculating pond systems.  Calculation of the advective ammonia
removal rate (APQ) and the biological ammonia uptake rate (Nup) can be used to calculate the
overall system volume.  Although phytoplankton biomass can fluctuate dramatically within fairly
short time scales (≈ 10 days), in general, phytoplankton biomass is maximum in the summer in
response to favorable conditions for growth and production (elevated temperature and solar
radiation, abundant nutrients derived from seasonally maximum fish feeding rates) and minimum
during the winter when temperature, solar radiation and nutrient input rates are annually
minimum.  Therefore, phytoplankton biomass was assumed to fluctuate as a sinusoidal function of
time, with an average annual biomass (as chlorophyll a) of 300 :g/L, ranging from 100 :g/L
(winter) to 500 :g/L (summer).  These conditions are typical of warm temperate, eutrophic
commercial catfish ponds (Tucker 1996).  Chlorophyll a was converted to nitrogen-specific units
by assuming a ratio of chlorophyll a to nitrogen of 5 (Laws and Bannister 1980).  Phytoplankton
uptake of ammonia was assumed to be a function of phytoplankton biomass (Npton) and
temperature with a Q10 of 2.

Nup = Npton * kup * Q10
(T-20)/10 [9]

where kup is the specific uptake rate constant (0.07) for ammonia (Hargreaves, in press).
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Therefore, the total system volume can then be calculated as the advective ammonia removal rate
(APQ) divided by the phytoplankton ammonia uptake rate (Nup).

Vtotal = APQ / Nup [10]

The volume of the system utilized for ammonia treatment can now be calculated as:

Vtrt = Vtotal - Vgrow [11]

A base case was established to evaluate the design procedure (Table 1).  Fish (5000 kg) were
stocked into rearing units at 25 kg/m3.  A pump head of 5 m was selected and the critical TAN
concentration was 1 mg/L.  Temperature was assumed to vary between 7 C and 33 C (annual
mean = 20 C).  Equations [1]-[11] were incorporated into a graphical computer model using
STELLA (Systems Thinking Experiential Learning Laboratory with Animation) II version 3.0.5
software (High Performance Systems, Inc., Manchester, NH).  Model differential equations were
integrated by Euler’s method with a time step (DT) equivalent to one day.  Simulations were
executed for an annual cycle beginning January 1 and ending December 31.

Table 1. Model variables and base case or default values for a model used to design a recirculating
pond system.  See text for abbreviations.

Variables Base case/default value
Primary variables

Bmax 5000 kg
Dmax 25 kg/m3

CA 1 mg/L
Head 5 m

Secondary/auxiliary variables
%bwd 0.03
OFR 1 kg/kg
AFR 30 g/kg
Aeff 0.50
SAE 1.2 kg/kW*h
CHLA:N 5
Kup 0.07/d
Q10 2

Results and Discussion

One of the main purposes of this modeling exercise was to determine the relative importance and
partitioning of the energy subsidy associated with the operation of recirculating pond systems. 
The energy subsidy required to pump water, even at moderate head, generally exceeds that
required for aeration (Figure 1).  Aeration and pumping requirements increase during the warm
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summer months in response to elevated feeding rate and consequent increases in oxygen demand
and ammonia production.  Biological removal processes, such as algal uptake and nitrification,
were assumed to be of negligible importance within the rearing unit.  The rearing unit was the
location of ammonia production, and the system was designed such that ammonia was removed
by advection only.  As a result, the pumping power requirement exceeds that for aeration.

Pumping power requirement (PP) is approximately a negative power function of critical ammonia
concentration (CA).  As CA decreases the flow required to remove the ammonia generated by fish
excretion increases dramatically.  One way to reduce PP is to relax the criteria of CA (Figure 2). 
Increasing CA from 1 to 2 mg/L reduces PP by approximately 50%; increasing CA from 1 to 3
mg/L reduces PP by approximately 67%.  Relaxing CA has a greater proportional effect on PP at
lower ammonia concentrations.  Pump head also has an important effect on PP (Figure 3). 
Increasing head by a factor of 5 over the range 5 to 25 m increases PP by approximately 85%. 
The effect of head on PP is approximately linear.

These results suggest that opportunities for reduction in PP are limited.  The two main criteria that
allow for adjustment of PP are CA and pump head.  Reduction in PP can be accomplished by
increasing CA in the rearing unit and by reducing the pump head.  It may also be possible to
reduce PP by increasing the hydraulic detention time in the rearing unit to such an extent as to
allow the development of a population of nitrifying bacteria associated with suspended particles. 
Experience suggests that a hydraulic detention time of >24 hours is required to limit washout of
suspended bacterial populations (Diab et al. 1992).  Accordingly, the density of such systems
should be maintained <10 kg/m3.  Moreover, additional aeration would be required to satisfy the
oxygen demand by suspended microbial populations.  Thus, it may be possible to reduce overall
energy requirement for operation of the system by reducing pumping (increasing hydraulic
detention time, reduced advective flux) and increased aeration.  Additional efforts are required to
modify the design procedure to evaluate this effect and to evaluate the field performance of
systems managed in this manner.

Another important result is related to the size of the treatment unit, expressed here as the ratio of
the treatment unit volume to the rearing unit volume (Vtrt:Vgrow).  There are two important effects
that determine the magnitude of this parameter.  First, as the maximum density in the rearing unit
increases the Vtrt:Vgrow grow increases.  For the purposes of this model, it was assumed that
biological uptake of ammonia by phytoplankton is the dominate mechanism of ammonia removal
and that volumetric removal rates are not affected by fish density in the rearing unit.  As a result,
the total system volume is independent of fish density in the rearing unit, but the Vtrt:Vgrow will
increase in direct proportion to density.  Second, the Vtrt:Vgrow is minimum during mid-summer
and maximum during late winter.  This can be attributed to maximum phytoplankton biomass and
temperature leading to maximum specific and volumetric ammonia uptake rate during the
summer, despite elevated feeding rates.  Based on the design procedure, selection of a Vtrt:Vgrow

should be based on “worse case” conditions, such as occurs during winter when plankton
ammonia uptake rates are low.  In practice, selection of the Vtrt:Vgrow is based on “best case”
summertime conditions.  Although limited information is available, Vtrt:Vgrow ranges from
approximately 8 in systems operated with a rearing unit fish density of approximately 10 kg/m3
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(Mires et al. 1990, Diab et al. 1992) to approximately 125-150 in raceway-treatment pond
configurations operated at a fish rearing unit density of 150-200 kg/m3 (Mattei 1994).

The procedure presented here is offered as an initial effort towards the application of rational,
bioengineering design criteria to the development and management of recirculating pond systems.
 Viable system configurations require an understanding of the critical water quality parameters
affecting fish growth and production.  Further elaboration and validation of the procedure is
required before implementation of a selected design assures a predictable outcome.
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Figure 1.  The effect of maximum density on the ratio of treatment unit volume to rearing unit
volume in a recirculating pond system.
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Figure 2.  Power requirement of aeration (dotted line) and pumping (solid lines) at various pump
heads (m) in a recirculating pond system stocked with 5000 kg fish at 25 kg/m3.
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Figure 3.  The effect of critical total ammonia-nitrogen concentration allowable in the rearing unit
(upper graph) and pump head (lower graph) on pumping power requirement in a recirculating
pond system with 5000 kg fish at 25 kg/m3 with 5 m head between the rearing and treatment unit.
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INTRODUCTION

The growth of fresh-water fish farming industry has caused public concern due to its possible
pollution to the environment.  By being a frequent user of water, the aquaculture industry is
viewed by the public and regulatory community as an industry that has potential of being a
significant source of water pollution.2  Agriculture is recognized as the leading source of water
pollution in the USA, even when point source impacts are included in the analysis.3  Non-point
source (NPS) assessment reports produced by each state indicates that agriculture accounts for
41% of NPS problems in rivers, 23% in lakes, 81% in wetlands, and 7% in estuaries.3 The
report4 from Northern Center Region Aquaculture Center (NCRAC) effluent workgroup
indicates that aquaculture production can produce measurable differences in effluent solids and
nutrient content, even though the impact is considered relatively benign in receiving bodies of
water.  Solid wastes are a direct result of incomplete feed utilization.10 According to Hopkin,
80% of the feed added to the system on a dry weight basis will eventually be wasted as fish
excretion production.11  The loading level of suspended solids in the fish farming system is 0.4
- 8.4 mg/l.4,12  Suspended solids management is one of the key factors in determining the
success of recirculating aquaculture systems (RAS) because of their potential impact.  First,
suspended solids promote gill damage, cause fish irritation and reduce fish resistance to
disease.3  Secondly, suspended particles can potentially clog biofilters for nitrification13 and
reduce their nitrification efficiency.  In addition, suspended solids mineralize to produce
ammonia8 that, in its unionized form, is highly toxic to fish.  This emission accounts for 70% of
the total ammonia in the system.  Because of disease and the build-up of the ammonia, solid
waste accumulation may become the first limiting parameter of a recirculating system as the
recycle rate increases.14

A solid waste filter is normally used in the water treatment system to remove solid waste from
the RAS system.  The small particles which can not be trapped by the filter still have potential
to accumulate.  There are two possible ways to eliminate the problem caused by the suspended
solids.  One is to decrease the filter size and another is to improve the particle size distribution
of solid waste in the system.  Further decreasing the size of the filter mesh may cause the
increase operation cost due to the energy need for filter cleaning.
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Carrageenan is one of the commonly used binding materials in the food industry.  It is a
complex mixture of polysaccharides obtained from red seaweed composed of galactans.
Sodium alginate, widely used binding material, is obtained from seaweed.  It is a derivative of
alginic acid, a polysaccharide composed of $, d-mannuronic acid residues linked so that the
carboxyl group of each unit is free, while the aldehyde group is shield by a glycosidic linkage.
It is widely used as a thickener and emulsifier in food industry, a waterproofing agent for
concrete, a paper coating agent, a boiler water treatment agent, and as the agent used to store
gasoline as a solid.16  Starch has been used as a binder in fish feed production.  Starch is
composed of amylose and amylopectin.  Starch has been used as gelling agent in processing
foods, as a flocculent and pigment retainer in paper manufacturing and in dry film form for
sizing paper and textiles.16 Guar gum is another binding material used in fish feed preparation.
Gluten has a long history of being used as food binding agent.  Gluten is a mixture of many
proteins in which gliadin, glutenin, globulin, and albumin predominate; it occurs in highest
percentage in wheat (Manitoba wheat contains approximately 12%) and also to some extent in
other cereal grains usually associated with starch.  It is comprised of 18 amino acids.  Lignin
sulfonate is another kind of binding material used in the food industry.  It should be noted that
lignin itself is not a constitutionally defined compound but is a group of high-molecular weight
amorphous materials that are chemically closely related.18  Softwood (gymnospern) lignin
forms the group as being derived from coniferyl alcohol or similar guaiacylpropane (4-
hydroxy-3-methoxyphenylpropane) monomer.15  The structure of lignin is complex and not
well understood.20

Objective of Study

The purpose of this study is to measure the particle size distribution of suspended solids from a
recirculation system for different manipulated diets.  The results will be used to evaluate the
effects of different binders in fish feed on the particle size distribution of the solid waste.  The
effect of mechanical agitation on the particle size distribution will be also determined.  The
binders that are most effective in producing waste particles that are removed by the filtration.
system (i.e. those that are greater than 200 microns) will be determined.

Materials and Instrumentation

Fish (240 total) about 100 gram each, 17-22 weeks old Nile Tilapias (Oreochromis niloticus)
from ISU fish farm were employed in this study.  Nine experimental fish diets were tested in
this project.  All fish diets were manufactured by ZEIGLER BROS, INC. where the steam
extruding technique was employed in the pellet manufacturing.  Table 1 lists the base diet
ingredients for the feed study. This was a typical catfish feed.  All the experimental diets in this
study had these base ingredients.  Soybean meal and herring fish meal were used as a main
protein source (30% and 10% respectively) and wheat flour (20%) was used as a main
carbohydrate source.  Corn gluten and wheat middling (12% and 10%) were used as gluten
sources.  Other vitamins and minerals such as “stable” vitamin C (STAY-C), vitamin package
#30, mineral package #3 (made by US Fish and Wildlife Service) and Dicalcium phosphate
(DICAL PHOS PWD-PD) were also been used in this base diet in feed study I. The differences
among the 8 experimental diets were due to the differences of the binding materials added.
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Table 1
Base Diet Ingredients in Feed Study I

No. Ingredient Name Amount (%)
1 SOYBEAN MEAL: 48.5 31.000
2 FLOUR, WHEAT FEED 20.700
3 CN GLUTEN 60% 12.000
4 HERRING 72:8 LT 10.000
5 WHEAT MIDDS 10.000
6 FISH OIL MENH 5.700
7 FEATHER 80/8 5.000
8 BLOOD FLOUR 2.500
9 DICAL PHOS  PWD-FD 1.800

10 FED VIT #30 0.400
11 L LYSINE 98.5% 0.300
12 CHOLINE CL-70% 0.200
13 DL METHIONINE 99 0.200
14 STAY-C DRY 15% 0.100
15 USFW #3 MINS 0.100
16 BATCH 100.000

Table 2 lists the binding materials used.  Most of the binders were added at the level of 9% of
total diet ingredients.  Wheat gluten and gelatinized starch were added at the level of 19% of
total ingredients.  There was no binding material added in the control diet.  Most of the binding
materials were organic polymers.  Ideally they should not have an undesired flavor and should
not decrease the digestibility of food at added level.

Table 2
Binding Materials in Feed Study I

No. Fish diet code Binding material Amount
1 Fish diet 1 Carrageenan 9%
2 Fish diet 2 Sodium Alginate 9%
3 Fish diet 3 Wheat Gluten 19%
4 Fish diet 4 Guar Gum 9%
5 Fish diet 5 Gelatinized Starch 19%
6 Fish diet 6 Bentonite 9%
7 Fish diet 7 Lignin Sulfonate 9%
8 Fish diet 8 Pel-Plus 250 9%
9 Fish diet 9 Zeigler Control diet no

This project attempted to develop a diet that would be eaten by rainbow trout, catfish, stripped
bass and tilapia.  The base diet used in the study was a typical catfish diet.  The feeding practice
showed that the catfish base diet was not well eaten by all four types of fish.  Tilapia is a rough
fish species without special bias.  Rainbow trout is the most picky one among those four, and
trout did not readily accept the feed.
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This small recirculation system consisted of twelve fish culture aquariums and one water
treatment system.  Each aquarium was a 292 x 737 x 305 (height) mm glass tank with a water
capacity of 74 liters (20 gallon).  The water treatment system included solid waste filtration,
biofiltration, pumping, and oxygenating units.

A vacuum cleaned micro strainer was employed as a solid filter to remove solids waste in the
system.  The screen mesh opening of the strainer was 200 :m.  Solids trapped on the outside of
screen were removed by the vacuum system and the sludge was discharged into the settling
tank.  The biofilter used in this recirculation system was a cylinder with a diameter of 368 mm
and height of 1220 mm.  The media material was polyethylene.  The specific surface area of
this “bioballs” media was 160 m2/m3. The volume of the substrate was 0.0566m3 (2 ft3).  The
flow rate of recirculation water was 5.4 cubic meters per hour.

Methods

Ten fish weighting approximately 100 grams each were placed in each tank.  Each
experimental diet was added to three different tanks in order to obtain triplicate results.  The
three testing tanks for each fish diet were randomly located among the twelve tanks so that the
particle size distribution differences between the diets were due only to the differences in the
feeds rather than water quality variations.  The amount of the daily feed added was calculated
by the formula of Buterbaugh and Willoughby (1967)21 based on the total biomass of fish in
that tank.  Samples were collected after the two weeks culturing with the new diets.  Both inlet
and outlet of the tank were shut on the sampling tank three hours after the last feeding.  The
water in the tank was removed by bottom siphoning until about one inch of water was left.
There was no visible waste solid left in the tank after the siphoning.  Clean water from the filter
outlet of the small recirculation aquaculture system was used to refill the tank.  The tank was
aerated to maintain the water oxygen concentration.  The tank was isolated from the
recirculation system for another six hour period for waste solid build-up.  The bottom 63 liters
was siphoned from the tank into two 31.5 liters (7 gallon) buckets.  A total of 400 mL from
these two buckets was collected after a half-hour settlement.

After collection, a 400 mL sample from one tank was diluted to 800 mL and divided into four
100 mL samples using a pipette (large mouth).  Each sample was placed into a 150 mL beaker.
The four samples would undergo different agitation processes.  A agitation of 20 and 40
minutes were conducted separately.  Agitation was done with a 25.4 mm stir bar and a Flexa-
mix stirrer (Fisher) using an agitation speed of 500 RPM.  In order to get triplicate
measurements on the Coulter Counter, each sample was diluted to 300 mL and then split into
three 100 mL beakers after the agitation process.  Polyester filters with a mesh opening of 800
:m were used in the experiment.  The highest active measuring size of the Coulter Counter was
800 :m.  The filtration process was performed before the Coulter Counter measurement.  The
residues on the filters were dried at 100°C for 24 hours and the filtrates in the beakers were
dried at 100°C for 48 hours.

Particle size distributions were measured with the Coulter Counter Model TAII.  For each
measurement, the solution in the Coulter Counter beaker was composed of a 100 mL water
sample, 50 mL glycerol (as suggested by Coulter Electronics Inc.) and 250 mL of the
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electrolyte.  The built-in stirrer was used, in addition to adding glycerol, in order to keep the
particles evenly suspended in the beaker during the measurement.

Particle size distribution measurements were carried out within 2 hours after sampling to
minimize the particle size changes due to mechanical, chemical or biological breakdown.
Further dilution of samples to reduce the chance of several particles passing through the
sensing zone together and being counted as one large particle was unnecessary because of the
low concentration in the final solution after two-fold dilution.  The minimum count in the
measurement of calibration material was 10,000.  The average count of sample measurements
was 15,000.

F-tests were conducted on every experimental fish diet containing different binding materials
and compared to the control diet that did not contain binding material.  The software in the
Statistic Package for the Social Sciences (SPSS) was used for calculating the F-tests.  The
confidence level of 95% was used in this study and the degrees of freedom were varied in
different measurements.

EXPERIMENTAL RESULTS

A time study was conducted in order to determine if a serious alteration of the particles would
occur after sampling.  The measurements of particle size distribution were taken at the times of
0 hour, 6 hours, 12 hours, 24 hours, 30 hours, 36 hours and 48 hours after sampling.  Table 5
lists the results of the particle size distribution at different times.  The standard deviations in
Table 5 show the variability within three parallel measurements at one particular time.  The
percentage of the portion with size less than 40 microns ranged from 1.3% to 1.7%. The
percentage of the portion with particle sizes from 41 microns to 200 microns ranged from
36.8% to 42.0% and that with particle sizes from 201 microns to 800 microns ranged from
58.6% to 61.9%. The standard deviations within their size ranges was not very large in this
study.  Table 6 reports the average particle size distributions of different ranges.  The standard
deviations in Table 6 show the variability of the distributions among all the measurements from
the data taken immediately after sampling to the data taken 48 hours later.  The average
percentage of particles with a size larger than 200 microns was 61.5% for this feed.  The
experimental feed used in this study was 9% lignin sulfonate.
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Table 5
Particle Size Distribution

Time Study
Time hr Particle Size Range ::m % in Range, Avg. Std. Deviation

0-40 1.6 0.8
41-200 39.6 6.5

0

201-800 58.8 7.3
0-40 1.7 0.5

41-200 42 4.0
6

201-800 56.3 4.4
0-40 1.5 0.3

41-200 37.9 3.5
12

201-800 60.6 3.8
0-40 1.4 0.4

41-200 40.1 1.6
24

201-800 58.6 1.9
0-40 1.3 0.7

41-200 36.8 5.9
30

201-800 61.9 6.5
0-40 1.5 0.1

41-200 37.6 1.2
36

201-800 60.9 1.1
0-40 1.6 0.4

41-200 38.5 1.5
48

201-800 59.5 1.5

Table 7 lists the means and medians of the particle size distributions at different times.  The
mean varied from 253 microns to 278 microns and the median varied from 225 microns to 249
microns.  The standard deviations in Table 7 show the variability within the parallel
measurements at one time.  Table 8 reports the averages of the mean and median from all the
measurements of this study.  The average mean was 268 microns and the average median was
238 microns.  The standard deviations in Table 8 show the variability of the distributions from
the measurement taken immediately after sampling to the measurement taken at 48 hours later.
Both mean and median for this study were higher than 200 microns.  It is interesting to notice
that the mesh opening size for solid waste filter in the commercial RAS system is 200 microns.
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Table 6
Summary of Particle Size Distribution

Time Study
Particle Size Range ::m % in Range, Avg. Std. Deviation

0-40 1.4 0.4
41-200 37.1 3.5
201-800 61.5 3.8

Table 7
Mean and Median of Particle Size Distribution Time Study

Time hr Particle Size
Distribution

Microns ::m Std. Deviation

Mean 263.9 24.40
Median 233.3 25.7
Mean 253.0 10.16

Median 224.9 15.0
Mean 271.4 12.012

Median 241.5 13.8
Mean 262.8 5.824

Median 232.2 6.5
Mean 278.2 28.330

Median 248.8 29.6
Mean 274.7 5.136

Median 242.9 3.7
Mean 267.9 12.648

Median 239.8 6.3

Table 8
Summary of Mean and Median

Time Study
Particle Size Distribution, ::m Microns ::m Std. Deviation

Mean 267.6 15.2
Median 237.8 15.5
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Particle Size Distribution

Table 9
Particle Size Distribution

No Agiation
Feed Particle Size

Range, ::m
Proportion Range, % Std. Deviation

0-40 10.3 5.2
41-200 49.0 4.8

Carrageenan (9%)
Feed 1

201-800 40.7 9.6
0-40 3.0 2.1

41-200 46.6 13.7
Sodium Alginate (9%)

Feed 2
201-800 50.4 15.4

0-40 1.9 1.1
41-200 45.8 8.7

Wheat Gluten (9%)
Feed 3

201-800 52.3 9.6
0-40 7.9 3.6

41-200 54.7 5.8
Guar Gum (9%)

Feed 4
201-800 37.4 8.5

0-40 3.0 1.1
41-200 41.4 10.3

Gelatinized Starch (9%)
Feed 5

201-800 55.7 11.1
0-40 1.6 0.4

41-200 41.4 3.6
Bentonite (9%)

Feed 6
201-800 57.0 3.9

0-40 1.3 1.9
41-200 32.0 8.5

Lignin Sulfonate (9%)
Feed 7

201-800 66.7 10.2
0-40 4.3 2.1

41-200 46.6 4.0
Pel-Plus 250 (9%)

Feed 8
201-800 49.1 4.2

Table 9 reports the particle size distribution measurements at first agitation level (no agitation)
with standard deviations.  Eight fish diets were measured.  In the lower range (less than 40
microns), the proportion from eight feeds varied from 1.3% to 10.3%.  In the middle range (41
microns to 200 microns), the proportion from eight feeds varied from 32.0% to 49.0%.  In the
higher range (201 microns to 800 microns), the proportion varied from 37.4% to 66.7%.  Table
9 shows that the feeds with different binding materials might lead to different particle size
distributions of waste solid in RAS.
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Table 10
Particle Size Distribution

20 Minutes Agitation
Feed Particle Size

Range, ::m
Proportion Range, % Std. Deviation

0-40 9.6 6.0
41-200 48.6 6.1

Carrageenan (9%)
Feed 1

201-800 41.8 11.9
0-40 3.7 3.7

41-200 52.3 16.2
Sodium Alginate (9%)

Feed 2
201-800 38.7 21.3

0-40 0.7 0.4
41-200 47.9 7.0

Wheat Gluten (9%)
Feed 3

201-800 51.5 7.3
0-40 7.8 2.9

41-200 60.7 4.6
Guar Gum (9%)

Feed 4
201-800 31.5 7.1

0-40 2.3 1.3
41-200 43.0 7.6

Gelatinized Starch (9%)
Feed 5

201-800 54.6 8.8
0-40 0.9 0.8

41-200 46.1 7.2
Bentonite (9%)

Feed 6
201-800 53.0 7.8

0-40 2.7 6.8
41-200 41.5 8.6

Lignin Sulfonate (9%)
Feed 7

201-800 55.9 15.0
0-40 2.3 2.0

41-200 44.8 6.8
Pel-Plus 250 (9%)

Feed 8
201-800 53.0 8.5

Table 10 reports the particle size distribution measurements at the second agitation level with
standard deviations.  After 20 minutes agitation, the proportion of particles with a size less than
40 microns ranged from 0.7% to 9.6% among the eight feeds.   The proportion of particles with
a size range of 41 to 200 microns varied from 41.5% to 60.7%.  The proportion of particles
with a size range of 201 to 800 microns varied from 31.5% to 54.6%.
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Table 11
Particle Size Distribution

40 Minutes Agitation
Feed Particle Size

Range, ::m
Proportion Range, % Std. Deviation

0-40 11.2 6.4
41-200 51.6 5.1

Carrageenan (9%)
Feed 1

201-800 37.3 10.6
0-40 3.3 2.5

41-200 53.5 14.0
Sodium Alginate (9%)

Feed 2
201-800 43.2 16.0

0-40 0.7 0.4
41-200 46.8 11.5

Wheat Gluten (9%)
Feed 3

201-800 52.6 11.9
0-40 7.0 2.6

41-200 59.9 6.0
Guar Gum (9%)

Feed 4
201-800 33.2 8.4

0-40 2.8 1.8
41-200 48.7 11.3

Gelatinized Starch (9%)
Feed 5

201-800 48.6 13.1
0-40 1.7 1.7

41-200 44.9 9.6
Bentonite (9%)

Feed 6
201-800 53.5 11.0

0-40 2.7 6.8
41-200 41.5 8.6

Lignin Sulfonate (9%)
Feed 7

201-800 55.9 15.0
0-40 3.3 2.6

41-200 50.0 6.0
Pel-Plus 250 (9%)

Feed 8
201-800 46.7 8.0

Table 11 reports the particle size distribution measurements at third agitation level with
standard deviations.  After 40 minutes agitation, the proportion of particles with a size less than
40 microns ranged from 0.7% to 11.2%. The proportion of particles with size range of 41 to
200 microns ranged from 41.5% to 59.9%. The proportion of particles with a size range of 201
to 800 microns varied from 33.2% to 55.9%.

DISCUSSION AND CONCLUSIONS

Time Study

Particle size distributions of solid waste samples were measured at different time periods after
sampling in the time study.  The time periods were at 0, 6, 12, 24, 30, 36, and 48 hours after
sampling.  Figure 1 shows the means, medians and the fraction of particles larger than 200
microns (F200) of the particle size distributions versus time.  The mean represents the average
particle size in a particle size distribution.  The median represents the point on a distribution
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curve that represents the middle value.  F200 represents the particles with sizes larger than 200
microns.  In the commercial recirculation system, the mesh size of the solid filter screen is
often 200 microns.  The F200 value will indicate the fraction of particles from solid waste that
could be removed by the filtration process.  These results suggest that alterations of the particle
size due to chemical or biological activities do not occur within 48 hours after sampling.  The
results from Figure 1b support this hypothesis.  Figure 1b shows the proportions of the particles
with sizes larger than 200 microns at different times.  There is a 10% change from the lowest to
the highest values.  Statistic analysis also shows no significant differences (p > 0.05) among the
F200 values at different times.

Figure 2 shows the full range particle size distributions from the time study.  Approximately
75% of the particles fell within the range of 160 to 550 microns, and about 60% of the particles
had their sizes larger than 200 microns.  The feed used in this study contained 9% lignin
sulfonate.  No shifts in the distribution curves were observed vs. time.

Figure 1 indicates the changes of particle size distributions in the Time Study.  Figure 1a shows
the changes on mean and median of particle size distribution.  The dark bars represent the
means and the black bars represent the medians.  The mean varies from 253 to 278 microns and
median varies from 225 to 249 microns.  There are no significant differences among these
values.  Figure 1b shows the change in F200 values vs. time.  The proportion of particles larger
than 200 microns changes from 56% to 62%.  There are no significant differences among these
values.

Note:
Time (hr) Mean (:m) Median (:m)
1 264 233
6 253 225
12 271 241
24 263 232
30 278 249
36 275 243
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Figure 1:  Mean, Median and F200 Values from the Particle Size Distribution vs. Time

Figure 2:  Particle Size Distribution of Time Study

Figure 2 shows the entire particle size distributions at different times.  The proportions of
particles in lower regions are closer than those in higher regions at different measuring times.
Approximately 75% of the particles were in the region of 160 to 550 microns.  The proportions
of particles are lower on the two ends of the distribution curves.  The pattern of the
distributions did not change along time.
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Figure 3:  Particle Size Distribution

The variances in the data from the three tanks for each feed were too large to make any
statistically significant conclusions.  The reasons for these variances among the three tanks
containing the same feed are unknown.  They could be due to variances in the fish populations
from tank to tank or due to variations in the sampling procedure.  However, data from two of
the tanks from each feed did meet the statistical requirement (p > 0.05). Consequently, these
two sets of data from each feed will form the basis of the discussion below.  Further, a control
diet was not available for this study, thus, the statistical analysis was made among the eight
feeds.  Figure 3 reports the particle size distributions from eight feeds.  Figure 3a shows the
differences of the means and medians among the eight feeds.  Figure 3b shows the differences
of F200 from the eight feeds.  Figure 3 shows that the mean, median and F200 values are all in
the same order for the eight feeds, i.e. the feed with highest mean is also the feed that has
highest median and F200 values.  Thus, only one of these parameters is sufficient to represent
the character of the feed particle size distribution.  The only exception is the relationship of
pel-plus 250 and carrageenan.  The medians and F200 values are in the same order but the
means are slightly different.

Figure 3 shows the differences of particle size distribution among the eight experimental feeds.
Figure 3a indicates means and medians of each feed.  The dark bars represent the mean and the
black bars represent the median.  The means are usually higher than the medians.  In this study,
the means varied from 184 microns to 310 microns among the eight different feeds.  The
medians varied from 146 microns to 286 microns.  Figure 3b indicates the F200 values for each
feed.  The F200 values varies from 36% to 73% among the eight different feeds, and four of
them have values that are higher than 50%.
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Note:
binder mean median
9% carra = 9% Carrageenan 211 197
9% Na algin = 9% Sodium Alginate 195 177
glutn = 19% gluten 239 218
9% guar = 9% guar gum 184 146
starch = 19% gelatinized starch 281 255
9% benton = 9% Bentonite 246 224
9% L.S. = 9% lignin sulfonate 310 286
9% Pel 250 = 9% Pel-plus 250 224 191
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a)

b)
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Figure 3 shows that different binding materials can affect the particle size distribution of the
waste.  The largest waste particles come from feeds containing lignin sulfonate with mean,
median, and F200 values of 310, 286, 73%, respectively.  The smallest waste particles come
from feed containing guar gum with mean, median, and F200 values of 184, 146, and 36%
respectively.  There are four feeds, lignin sulfonate, gelatinized starch, bentonite and wheat
gluten, with F200 values higher than 50% (from 54% to 73%).  However, guar gum, sodium
alginate, carrageenan and pel-plus 250 have F200 values all less than 50% (from 36% to 48%).

From the statistical analysis, the eight feeds were classified into several groups.  Feed 7,
containing lignin sulfonate as the binding material, has highest F200 value and is significantly
(p > 0.05) higher than the rest of seven feeds.  Feed 5, containing 19% gelatinized starch, ranks
in second place.  The difference between feed 7 and feed 5 was significant (p > 0.05) and feed
5 was still significantly higher (p > 0.05) than the other six feeds.  There were no significant
differences (p > 0.05) among feeds 1, 3, 6, and 8 containing carrageenan, wheat gluten,
bentonite and pel-plus 250.  The waste particles from feed 4 (guar gum) were significantly (p >
0.05) lower than the other feeds except feed 2 (sodium alginate).  Although feed 2 resulted
larger particles than feed 4, the difference was not significant (p > 0.05).

The binders used in feeds 1, 2 and 4 are naturally occurring gums, and they are commonly used
as binding materials in the feed industry.  In this study, the feed containing guar gum resulted
in the lowest F200 values indicating that it is not effective as a binder, moreover, all three gums
ranked low in terms of the F200 values.  These results were unexpected because gums are
normally considered to be good gelling agents.24-25

Guar gum has highest viscosity among the three gums.  Whistler and co-workers17 have stated
that a 1% aqueous dispersion of a good-quality guar gum has a viscosity of 4200 cps
(centipoise second), while the viscosity of sodium alginate and carrageenan with same
concentration are 2000 cps and 300 cps, respectively.  Storebakken15 reported that when the
concentration increased from 1% to 3%, the viscosity of sodium alginate increased from 475 to
21250 cps while guar gum increased from 4000 to 65800 cps.  They also indicated that the
viscosity of 1% guar gum is much higher than the viscosity of the starch (180 cps at the ratio of
water : starch = 20 : 1).  The gums are long chain macromolecules, thus, should still act as a
binder inside the fish or feces if the gums are not digested or disintegrated.  The higher
viscosity gum should increase the proportion of larger particles in fish feces (F200).  The
results in this study disagree with this hypothesis.  A possible explanation for this contradiction
may be due to the loss of the hydrocolloidal nature of the gum during feed processing.  The
viscosity of gums is dependent on time, temperature, pH and ionic strength.17 Guar gum is
derived from the endosperm of the Indian cluster bean (Cyamoposis tetragonolobus) and is a
water soluble polymer of $-1, 4-D mannose and $-1, 4-D galactose with some "-1,6 side
chains.  The -OH groups are responsible for the viscosity.

Anderson and Warnick have recognized26, as did others later27, that the hydrocolloidal nature of
guar gum in guar meal, when using guar meal as a feed, could be reduced by adding
commercial enzymes of cellulose and keralinase.  Excessive guar gum in guar meal feed could
reduce the growth rate of the animal.  Borcher and Ackerson reported that treatment of
autoclaved guar meal with commercial enzymes allowed it to give growth rates equivalent to
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soybean meal.27  Couch and Bakshi have also indicated that guar gum can be removed from
guar meal by heating at 100°C for 1 hr.31  These studies all suggested that guar gum is a
thermally unstable material.  The steam extruding technique of pellet preparation used in this
study may responsible for the loss of the binding property.  The extrusion process is also
referred to as “high-temperature short-time” extrusion cooking.  In the extruder, the raw
material is subjected to intense mechanical shear through the action of rotating screws.
Cooking occurs at high temperature and pressure and at low water content.  The mechanical
treatment completely disorganizes the original structure of the raw material.  The new
structure obtained is referred to as an “uniform” plasticized dough.32  Technical reviews on
extrusion cooking have been published by Harper33 and by Linko et al.34

Conventional steam pelleting technique was used in this study for processing the feed pellets.
Steam of 180 to 200°C was used and the moisture content of feed mixture was about 20%.  The
extrusion process requires a maximum of 1-2 minutes under these conditions.  The extruded
feed was dried in a cooler and the final moisture was about 10% at an ambient temperature.
Harmuth-Hoene reported that polysaccharide guar gum can be metabolized
through the action of intestinal bacteria of rats.35  Further, cellulose is also founded in the
intestine of fish.36  The time that feed was subjected to the extrusion process in this study was
much shorter than Couch used in his study for removing the guar gum from guar meal.  But the
extrusion temperature used here was much higher than Couch employed.  Additionally a
relatively high extrusion mechanic and steam pressures were used.  The extrusion process, plus
the cellulose in fish, may account for the break-down of the guar gum polysacharide bonds and
the loss of its binding strength.

Different gums may be affected differently by the extrusion process parameters (temperature,
pressure, and time) and by enzymes because the structures of the three gums are different.  The
order of the three gums in terms of F200 values is carrageenan, sodium alginate and guar gum.
Statistical analysis shows that the waste particles from the feed with carrageenan as a binding
material is significantly (p > 0.05) higher than does feed 4 (guar gum), but the difference
between carrageenan and sodium alginate is not significant (p > 0.05). The waste particles from
feed 2 with sodium alginate as binding material has higher F200 values than does guar gum.
The effect of sodium alginate and guar gum on waste particles when using them as binder in
feeds is consisted with John M. Heinekens study.37  The waste from feed 7, containing lignin
sulfonate as a binding material, presents the highest F200 values on particle size distribution in
present study.  Lignin sulfonate is an indigestible fiber.  No reports have indicated that it is
thermally unstable.  The extrusion process and enzymes may not have an effect on its binding
nature.  Lignin sulfonate may still be a good binder in fish feces after extrusion and passing
through the fish metabolic system.  The F200 values of the waste from feed 5, containing
gelatinized starch as a binding material, stand at second place among the eight feeds in this
study.  Starch is completely gelatinized after extrusion.38  Starch is an inexpensive binding
agent and important source of energy in pelleted feeds.  Starch digestion and absorption have
been found to be augmented by physical processing and heating of the grain.39  Pre-
gelatinization of starch has resulted in increased nutritional value of feed stuffs for fish40-43 and
Penaeus vannamei.44 But, a recent study on the effect of two extrusion processing conditions on
the digestibility indicated that the processing or gelatinization values did not always correspond
to increased digestibility of the test ingredients.45  Lue and co-workers indicated that extrusion
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cooking may change the content, composition and physical effects of dietary fiber.38 Starch
could undergo modification and form an enzyme resistant fraction which acts in vivo as dietary
fiber.46 Mercier indicated that extrusion cooking of food can lead to the formation of amylose-
lipid complexes which may affect it digestibility.47  Studies in rats have demonstrated a
decrease in protein nutritional value of foods after extrusion cooking.34,48,49  It is possible that
these complexes may affect the feces durability and the particle size of the fish feces.  Feed 5,
containing 19% gelatinized starch as a binder, may have more amylose-lipid complexes than
other feeds which lead to a higher improvement on the proportion of larger particles in fish
feces.

The wastes from Feed 6, containing bentonite as a binding material, showed as the third
highest F200 values in the particle size distribution.  Montmorillonite, the major constituent of
bentonite, is a three-layer structure consisting of a tetrahedral sheet of Si4+, O= and OH- ions
between two octahedral sheets of Al3+, O=, and OH- ions.  Montmorillonite clays have been
described as expanding lattice clays50 because water and other polar liquids can enter between
the layers, causing large amounts of swelling.  Bentonite clay has been found to absorb almost
five times its weight in water.51 Montomorillonite clays differ from other clays because of their
large ion-exchange capacity.50 The fate of bentonite binder from fish feed pelleting to fish feces
is unknown.  Feed 6 resulted in waste particles that were the third largest in the series of
binders studied.  It may imply that the bentonite is still effective as a binding material after
pellet extrusion and fish metabolism process.  Wheat gluten and pel-plus 250 were judged to be
middle class binders in this study.  Little information is available on these two binders
regarding the thermal stability and enzyme activity.  The particle size distribution of the waste
from feed 3, containing wheat gluten as a binder, was similar to that from feed 6, containing
bentonite as binder.  This suggests that wheat gluten is also a good binder under the pelleting
preparation process to improve particle size distribution of fish feces.  It should be noted that
the amount of wheat gluten used in this study was 19% rather than 9% as in bentonite and most
other binders.  Pel-plus 250, added to feed, is a proprietary binder produced by MARTIN
MARIETTA.  The waste from feed 8 had a similar particle size distribution as that feed 1,
containing carrageenan.

The waste particles from each of the eight feeds appeared to be affected differently by
agitation; however, no statistical conclusion could be made due to large variances in the data.
There was a considerable difference between the second and third agitation levels under the
parallel measurements which were satisfied statistically at first agitation level.  The data from
Tables 9, 10 and 11 show that the proportion of the particles in the range of 41 to 200 microns
at second and third agitation levels (48% and 50% respectively, the averages of the eight feeds)
was higher than that at first agitation level (45%, the average of the eight feeds, no agitation).
Further, the proportion of particles in the range of 201 to 800 microns at the second and third
agitation levels (48% and 46% respectively, the averages on the eight feeds) was lower than
that at first agitation level (51%, the average of the eight feeds).  This result is expected, since
agitation would result in the breaking down of the large particles to smaller particles.  It is also
interesting to note that the proportional change from first agitation to second agitation level was
greater than the proportional change from second to third agitation level, indicating that
agitation has a limiting effect on the particle size distribution.
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Conclusions

Lignin sulfonate, used as a binder in a typical catfish diet at the 9% level, seems to improve
significantly (p > 0.05) the particle size distribution of fish feces compared to the other binding
materials.  The order of the top four binders that act as good binding materials in feed study I
are lignin sulfonate, gelatinized starch, bentonite and wheat gluten.  The F200 values of these
four feeds were all higher than 50% (54%-73%).

Guar gum and sodium alginate seem not to be appropriate binding materials for improving the
particle size distribution of fish feces when the extrusion pelleting technique is used for fish
feed preparation.

Further research would be needed to establish a relationship between the particle size
distribution and the amount of starch in the feed, or between a mixture of starch and another
binding agent.  Starch is an inexpensive binding agent with a good gelling property.  It may
decrease the operation cost of the RAS and become a popular binder in the feed industry.  It
would be also beneficial to further study the mechanism of the effect of the steam extrusion and
fish metabolism on binding materials.  A better understanding on the mechanism of the effect
of fish metabolism and extrusion process would help to improve the ability to chose the right
binding material (maybe some other material rather than the eight binders used) on the feed
pelleting process.
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