EPAS ..

Eco Process Assistance

De Prijkels < Venecoweg 19 « B-9810 Nazareth
Tel. +32 9 381.51.30

Fax +32 9 221.82.18

www.epas.be * epas @epas.be

Flemish
Institute for
Technological
Research

MELISSA — Adaptation for Space

ESA contract 15671/01/NL/ND

TECHNICAL NOTE 72.7.4

Trade-off of solid-liguid sgparation and desalination technologies

and concept of breadboard

Version: 2
Issue: 1

Name

Signature

Prepared by:

Heleen De Wever
Chris Dotremont
Veerle Van Hoof

Approved by:

Farida Doulami
Dries Demey

18/03/2003



DOCUMENT CHANGE LOG

Version Issue Date Observation
1 0 31/12/2002 Draft
2 1 18/03/2003 Find

DISTRIBUTION LIST
Quantity Company/Department Name
4 ESA Christophe Lasseur
1 EPAS Farida Doulami
Dries Demey
1 NTE Joan Mas
1 Vito Heleen De Wever
+ 3library Ludo Diels
Chris Dotremont
Veerle Van Hoof
+ 3 copieslibrary
1 GEPEA Pasca Jaouen

TN72.7.4 (TRADE-OFF AND BREADBOARD CONCEPT).DOC




CONTENT

|_; INTRODUCTION 6|
1; TRADE-OFF OF TECHNOLOGIES 6|
A TRADE-OFF OF HARVESTING TECHNOLOGIES 6

2 TRADE-OFF OF DESALINATION TECHNOLOGIES 10

B. COMPATIBILITY OF SELECTED TECHNIQUESWITH MICROGRAVITY 12|
Bd. CONCEPT OF BREADBOARD 12|
g REFERENCE 1ﬂ

TN72.7.4 (TRADE-OFF AND BREADBOARD CONCEPT).DOC



LIST OF TABLES

Table 1. Trade-off for selected liquid-solid separation technologies under the assumption that 100 | of
Arthrospira suspension is harvested per day at a concentration of 1 g/l and is concentrated to between 10
pnd 20 g/l. Technology A: ultrasonic separation, B: ultrafiltration, C: A + B, D: centrifugation................ 8|

Table 2. Trade-off for sdected desalination technologies under the assumption that Zarrouk medium is
Pesdlinated batchwise to afina sdinity of 0.3 g/l. Technology A: dectrodidysis, B: reverse osmosis.. 11|

TN72.7.4 (TRADE-OFF AND BREADBOARD CONCEPT).DOC 4



LIST OF FIGURES

igure 1. Schematic representation of the breadboard for liguid-solid

spens ons generated By COMPATIMIENT IV L ....oouocoeieeeeiiieeeeeeeseeseeeeseseeseereseeseesessesecseereseeseenessesseneereneerene 14

TN72.7.4 (TRADE-OFF AND BREADBOARD CONCEPT).DOC 5



1. Introduction

In the MELiSSA loop, the liquid solid separation of Arthrospira platenss in Compartment [Vais probably
the most critical and challenging one. In order to be able to design and construct a breadboard for harvesting
the Arthrospira cells and washing the harvested biomass, different technologies have been tested in the past
months to evaluate their potential as either harvesting or desdlination technique. The candidate concentration
techniques were ultrasonic separation, membrane filtration and centrifugation; the candidate desalination
techniques were reverse osmosis and eectrodidysis. The results of the experimenta work have been
presented and discussed in Technical Note 72.7.3.

In the present Technica Note, a trade-off will be made among the aternative harvesting and desalination
technologies. Thiswill alow usto present agenera concept for breadboard design.

2. Trade-off of technologies

The trade-off between aternative technologies will be performed using predefined criteria for a given set of
boundary conditions. Because these are evidently different for concentration technologies and desdination
technologies, the evaluation will be presented separately.

2.1 Trade-off of harvesting technologies

The liquid-solid separation systems considered for the trade-off, were those, which had previoudy been
selected and tested: ultrasonic separation, membrane filtration and centrifugation.

The following assumptions were made for the trade-off:
e Harvest of 1001 Arthrospira suspension per day
e Theharvested suspension of Arthrospira hasaconcentration of 1 ¢/l

e The cdls need to be concentrated by a factor of at least 10 to a fina concentration of between 10
and 20 ¢/l

The criteria, which were consdered essential for evaluation of a paticular liquid-solid separation
technology, were thefollowing:

e Separation efficiency: defined as the difference in biomass concentration between feed solution and
clarified water, divided by the biomass concentration in the feed

e Breakthrough of cells indicating whether or not a risk for breakthrough of cells exigts. The
ultrasonic separation system for example, does not provide an actud filter for the cells but retains
them by an invisble mesh. Although the separation efficiency at optimal operation amounts to e.g.
95%, at some point, the cell concentration in the chamber will become so high that the ultrasonic
forces in the chamber cannot withhold the cells and breakthrough will occur.

e Energy requirement: caculated in KWhm? of harvested biomass. To avoid excessive energy needs
when considering small volumes of treated suspension, the total volume was set to 100 I/d as
indicated in the assumptions. Energy requirements contribute to equivaent system mass and should
be aslow aspossible.
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Biomass integrity: because the harvested cdls are to be recovered as edible biomass and because the
nutritiona quality is related to their integrity, the harvesting system should idedlly not cause any
damageto thecdls.

Biomass recovery: the intended use of the harvested biomass as food dso implies that the
concentrated cells can be recovered from the liquid-solid separation system. In membrane filtration
for example, part of the biomass will stick to the membrane. It can be removed by chemica
cleaning, but will no longer be suitable for consumption.

Water recovery: this parameter is important because the salt-rich Zarrouk medium, in which the
cells are grown, will be recovered for two purposes. First of dl, the sats should be recycled to
compartment 1Va to avoid the need for a high externa supply. Secondly, it is the intention to
desdinate the Zarrouk medium. The desalinated water will be used to wash the harvested biomass
and remove the sdty taste. For both reasons the water recovery should be as high as possible. A
100% recovery is however not redlistic. To remove the harvested cells from the liquid-solid
separation system, they will have to be resuspended in water. Alternatively, the system only
concentrated them to areduced fina volume.

Consumables. particularly for long-term space missions the use of chemicas needs to be limited
and also the type of chemicals dlowed is grictly regulated. Therefore, the necessity of consumables
isadrawback for aparticular liquid-solid separation system.

Mass. this is one of the limiting factors for space flights. This parameter contributes to the
equivaent system mass and needs to be as low as possible.

Safety issues: these include the presence of rotating parts, operation at high pressures, etc. as the
case of centrifugation.

Potentia for improvement in space: this criterion evaluates whether the possibility exists to adapt a
terrestrial technology for application in space. For example, the dependence of a technology on
gravity can in some cases be overcome by cresting artificial gravity forces.

For each criterion different classes were defined and given a score.

Separation efficiency: 0% = score 0, 50% = score 1, 95% = score 2, 100% = score 3
Breskthrough of cells  yes=score0, no=score 1

Energy requirements. > 25 kWh/m? = score 1, < 25 kWh/m? = score 2

Biomassintegrity: no = score 0, 50% = score 1, 90% = score 2, 100% = score 3
Biomass recovery: no = score 0, 50% = score 1, 90% = score 2, 100% = score 3
Water recovery: 90% = score 1, 95% = score 2

Consumables:; yes=score0, no = score 1

Mass: =score 0, = score 1, = score 2, = score 3

Safety issues: not adapted= score 0, adapted = score 1

Potentia of improvement for space: no: score 0, yes=score 1
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Findly, each criterion was assgned a weight factor, which is only valid for sdection of harvesting
technologiesin the framework of the present project. Those criteria, which were considered to be crucial
for the harvest of Arthrospira and its subsequent use asfood (for aterrestrial demongtration), were given
a weight factor of 100. These are separation efficiency, biomass integrity and biomass recovery. The
other criteriawere assigned aweight factor of 50.

This gives the results presented in Based on the weight factors and the scores, the technique
with the highest total scoreis preferred to the dternatives with lower scores.

Table 1. Trade-off for selected liquid-solid separation technologies under the assumption that 100 | of
Arthrospira suspension is harvested per day at a concentration of 1 g/l and is concentrated to between
10 and 20 g/I. Technology A: ultrasonic separation, B: ultrafiltration, C: A + B, D: centrifugation.

CRITERIA UNITS | WEIGHT A B C D
1 Separation efficiency % 100 200 300 | 300 200
2 Breakthrough of cells 50 0 50 50 0
3 Energy requirements KWh/m® 50 100 50-100 50 50
4 Biomass integrity % 100 300 100-200 | 300 200
5 Biomass recovery % 100 200 200 | 300 200
6 Water recovery % 50 50 50 50 100
7 Consumables 50 50 0 0 50
8 Mass | Kg/m?® 50 0 50 0 0
9 Safety issues 50 50 50 50 0
10 Potential of imp;g\r/irngcnet 50 50 50 50 0
Total score 1000 900-1050 | 1150 800
1 2 3 4 5

0%=0| YES=0| >25kwhm®=1 NO=0 NO=0

~50% =1 NO =1 <25 kWh/m®=2 ~50%=1 ~50%=1

~95% =2 ~90% =2 ~90% =2

100% =3 100% =3 100% =3

6 7 38 9 10
90%=1| YES=0 > 500 kg/m3 =0 | Notadapted=0 NO =0
95% =2 NO=1 100 kg/m® =1 Adapted = 1 YES=1
50 kg/m® = 2
10 kg/m®=3

Asdiscussed in Technicad Note 72.7.3, ultrasonic separation can achieve a separation efficiency of 95% and
higher. The risk of breakthrough exists because no physica barrier for cdl retention is present. Therefore,
biomass recovery is lower than 100%. Energy consumption has been cdculated to be around 8 kWh/ms.
Biomassintegrity is not affected by this technique. Water recovery will be around 90% for atenfold incresse
in cel concentration. Consumables are not required for proper functioning of the system. Mass was
calculated to be 2100 kg/m2. The system does contain pumps but does not operate a high temperature or
pressure. Therefore it scores better than centrifugation with respect to safety issues. It aso shows potential to
be improved for space. Ultrasonic separation now depends to some extent on sedimentation of the cell
aggregates. However, gravity influence can be replaced by applying suction.
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Ultrafiltration yields 100% separation efficiency since the membrane retains dl cells. Energy requirements
are edimated to be between 5 and 30 kWh/nmB. Biomass integrity is affected in the process due to high-speed
recirculation of the cdlls over the membrane. Between 50 and 90% of the cells were found to be damaged in
the experimental work. Biomass recovery amounts to 90%. The remainder of the biomass is logt due to
adsorption to the membranes. Water recovery is close to 90% at a 10-fold concentration factor. Membrane
processes inevitably require consumables e.g. for membrane cleaning. Mass is estimated to be over 100
kg/me. In terms of safety, no specific problems are envisaged because ultrefiltration is performed at fairly
low pressures. The process does however show potential for improvement for space.

The experimental work on centrifugation indicated that a separation efficiency of around 95% can be
achieved. As for ultrasonic separaion, a risk of cdl breakthrough exists. Energy requirements have been
caculated to amount to 45 KWh/m?e. Damage to cells has been observed but is limited to around 10%.
Because the separation efficiency does not equa 100%, biomass recovery is esimated to be around 90%.
Water recovery is close to 95%, since some water volume has to be used to remove the cdls from the
centrifuge. Consumables are not required. The mass of the system amounts to 1100 kg/m2. Centrifuges
operate at high rotation speeds and are therefore a problem with respect to safety issues. They aso do not
show any potentia for adaptation to space conditions and restrictions.

Centrifugation and ultrasonic separation have the disadvantage that they do not show a 100% cell separation.
Breskthrough of cells has negative implications on the desalination technology to which the clarified water
will presumably be fed (see . In addition, the clarified water needs be recycled to Compartment 1Va
because of its sat content. Preferably, it should be free of dead cells and cell debris to avoid accumulation
and toxic effects. For both reasons, centrifugation and ultrasonic separation cannot be used as stand-alone
techniques for cdl harvesting. Combination with a membrane filtration step has the advantage that a 100%
cell remova can be achieved. Moreover, the removal of the mgjority of the cdlsin a previous treatment step
improves the performance of membrane filtration. The potential of membrane fouling will be lower and
higher recoveries can mogt probably be achieved.

Because centrifugation scores lower than ultrasonic separation in the trade-off and because it specificaly
does not respond to space requirements, the combination with membrane filtration was only evauated for
thelatter technique. Asshown in the combination of ultrasound and ultrafiltration scores better than
ultrasound alone because it prevents the breakthrough of cells and hence achieves a 100% separdion
efficiency. Energy requirements were estimated to be 50 kWh/m? at maximum, assuming that the energy
requirements for ultrasound and membrane filtration are smilar in the combined set-up as for the separate
techniques. Because the mgjor part of the biomass is diminated from the medium by ultrasonic separation,
the overal biomassintegrity will be closeto 100%, asfor ultrasound alone. Likewise, biomass recovery will
be higher than for ultrafiltration alone because the amount of cells adsorbed to the membrane will be much
lower. Water recovery will supposedly be close to 90%. On the one hand, concentration factors for
ultrasonic separation are between 10 and 20. On the other hand, the recovery factor for membrane filtration
will probably be higher than for ultrafiltration done due to the much reduced cell concentration. For the
criteria consumables, mass, safety and potential of improvement for space the scores have been explained
before.

Itislogica that the combination of ultrasound and ultrafiltration scores better than the individual techniques.
Still, the differences cannot be considered significant because they do not exceed 20%.

Asaconclusion, it can be stated that the scores for ultrasonic separation, centrifugation and ultrafiltration did
not differ much. However, centrifugation does not respond to space requirements. Ultrasound and
membrane filtration together will probably give the best result in terms of cell separation efficiency, biomass
recovery and integrity. In addition, they yield a clarified medium that can directly be fed to a desdlination

step.

TN72.7.4 (TRADE-OFF AND BREADBOARD CONCEPT).DOC 9



2.2 Trade-off of desalination technologies

As candidate desdlination technologies, reverse osmosis and eectrodidysis have been tested and will be
compared.

Both techniques will be compared in worst-case conditions, namely the desalination of Zarrouk medium
down to afind salinity of 0.3 g/l. It can be doubted that in the final MELiISSA loop a medium with such a
high sdt concentration will ever be used. However, since all the experimenta work on growth kinetics of
Arthrospira has been performed in Zarrouk medium, it was a so used for the desalination tests. Thefinal st
concentration was defined previoudy to produce a food product suitable for human consumption.
Furthermore it was assumed that desdination would occur batchwise. Most probably, harvesing of the
biomass will also occur in batch mode, e.g. once a day. In addition, the biomass needs to be desdted in a
stepwise washing procedure, for which the washing water will be generated by repested desdting of the
water volume from the previous washing step. In other words, the same volume of water obtained after cell
harvegting, will probably need to be desdted three times in the course of one day. This can be performed
most conveniently in a batchwise mode of operation.

The criteriafor trade-off are the following:

e Separation efficiency: in this case referring to the difference in sdt concentration in feed water and
desdted stream

e Energy requirements: these have been calculated per m? of permesate or diluate
e Water recovery: this equals the ratio of permeste to feed and depends on the danger for scaling of
the membranes for membrane processes. The higher the scading potential, the lower the recovery

that can be achieved without operationa problems.

e Sdts recovery: refers to the fact that eg. some sdts may be lost by irreversible adherence to
membranes

e Consumables asdescribedin R.1]

o Mass asdesoribedin

o Safetyissues asdescribedin 1]

e Potentid of improvement for space: as described in

For each criterion different classes were defined and given ascore.

e Sepaétion efficiency: 0% = score 0, 50% = score 1, 95% = score 2, 100% = score 3

e Energy requirements. > 25 kWh/m? = score 1, < 25 KWh/m? = score 2

o \Wéter recovery: 90% = score 1, 95% = score 2, 100% = score 3

e Sdtsrecovery: no = score 0, 50% = score 1, 90% = score 2, 100% = score 3

e Consumables yes=score0, no = score 1

e Mass > 500 kg/m? = score 0, 100 kg/m? = score 1, 50 kg/m? = score 2, 10 kg/m?® = score 3

e Sofetyissues  not adapted = score O, adapted = score 1
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e Potentid of improvement for space: no = score 0, yes = score 1

As for the liquid-solid separation technologies, weight factors were assigned to the different criteria
depending on their importance in the present project. The criteria separation efficiency, water recovery
and saltsrecovery were given aweight factor of 100, the others 50.

The results are summarized in Electrodiaysis and reverse osmosis can achieve similar
separation efficiencies in batch operation. Energy requirements are fairly similar but can be somewhat
higher for eectrodiaysis when high voltages are applied. The data used here for reverse osmosis differ
from those given in Technical Note 72.7.3 in that they are here caculated for batch operation of 4 2.5
inch modules (type SW30-2514) and hence have to take into account a flux decline due to increased sat
concentrations in the concentrate. Water recovery was set to 100% for both techniques because the
concentrate can be recycled to compartment 1Va with recovery of the sdts from the Zarrouk medium.
The filtrate or diluate is used for cell washing. No salts are lost during the process. Even if water and
salts recovery was lower, the performance of both techniques for these criteria would in any case be
comparable. Both technologies require the use of chemicals for membrane cleaning and anti-scalants.
Particularly the high carbonate concentration in Zarrouk presents a high potentia for scaling. Exact
weights are not known, but it is expected that the mass for reverse osmoss is higher than for
dectrodidysis, because it requires a heavy pressure pump and materials to withstand the high operating
pressure. The high operating pressure (up to 55 bar) also poses problemsin terms of safety.

Table 2. Trade-off for selected desalination technologies under the assumption that Zarrouk medium is
desalinated batchwise to a final salinity of 0.3 g/l. Technology A: electrodialysis, B: reverse osmosis.

CRITERIA UNITS WEIGHT A B
1 Separation efficiency % 100 300 300
2 Energy requirements KwWh/m® 50 50-100 100
3 Water recovery % 100 300 300
4 Salts recovery % 100 300 300
5 Consumables 50 0 0
6 Mass Kg/m® 50 50 0
7 Safety issues 50 50 0
8 Potential of improvement 50 50 50
for space
Total score 1100-1150 1050
1 2 3 4
0% =0 > 25 kWh/m®=1 90% =1 NO=0
~50% =1 | <25kWh/m*=2 95% =2 ~50%= 1
~95% =2 100% =3 ~90% =2
100% = 3 100% = 3
5 6 7 8
YES =0 > 500 kg/m® =0 | Not adapted = 0 NO =0
NO=1 100 kg/m® = 1 Adapted = 1 YES=1
50 kg/m® = 2
10 kg/m® =3
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The trade-off table does not show large differences for both techniques. For the final concept preference
isgivento dectrodialysisfor the following reasons.

e Thefind sdinity of the filtrate can easily be adjusted to any desired level. It can be expected that
during subsequent washing cycles of the harvested cdlls, water of decreasing salinity will be used.
Electrodialysis has the flexibility to provide water of any sdinity, whereas a specific reverse
0smosis system has not.

e Thesystem generally has alower potential for scaling and usesless chemicds

e Thesysemispreferablein terms of safety

3. Compatibility of selected techniques with microgravity

Of the above-mentioned techniques, only ultrasonic separation is gravity-dependent. In membrane
techniques, liquid pumping provides a shearing force across the membranes to reduce fouling and it
generates the pressure difference over the membrane, which is the driving force for the permesation process.
In centrifugation gravity forces are generated by high-speed rotation. For ultrasonic treatment however, part
of the separation process consists of a settling of aggregates. As described in technical note 72.7.3, the cdll
suspension is circulated from a reactor or tank through a resonance chamber back to the reactor at a given
recirculation rate. A second pump operating at about one third of the recirculation rate, drags clarified water
(= harvest) out of the chamber a the top. Acoustic forces retain the cdls in nodal planes where they form
loose clumps. Aslong as the ultrasonic field is switched on, the clumps are held stationary against the fluid
drag in the chamber. However, to prevent clogging of the chamber with cdlls, the field needs to be switched
off a regular time intervals. During that period, the pump in the harvest line is switched off and the
aggregates settle due to gravitationa forces.

To eiminate the dependency of ultrasonic separation on gravity, two approaches can be envisaged. On the
one hand, a suction could be applied on the recirculation line to drag the aggregates back into the reactor
when the ultrasonic fidd is switched off. On the other hand, a prime rate reverse pump can be used in the
harvest line. Crognde et d. (2002) found it necessary to use this type of pump for the separation of
filamentous fungi. It has the advantage that it automaticaly reverses the flow direction when the ultrasonic
field is switched off. However, attention has to be paid to the fact that the resonance chamber may be
completdy empty of the cdll suspension and part of the clear filtrate in the harvest tube may return into the
chamber. Therefore, stop times should be sufficiently short.

Concerning the desdination technologies, both eectrodidysis and reverse osmoss are independent of
gravity because the driving force for the tranfer of water and/or sdts is ether pressure or a potentid
difference.

4. Concept of breadboard

In this paragraph, a concept of breadboard for harvesting and washing of Arthrospira is presented. The
boundary conditions are the following:

e Arthrospiraisgrown in Zarrouk medium at concentrations of around 1 g/l. However, the harvesting
system must be able to cope with variationsin growth rate, flow, cell concentration,..etc.

e The harvesting mode is preferentidly continuous. Or, if operated in batch mode, the harvesting
system should not interfere with the continuous operation of either Arthrospira compartment [Vaas
such or the MELIiSSA loop asawhole.
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e The nutritiond qudity of Arthrospira quickly deteriorates upon Storage. It is assumed that
conservation a 4°C during one day is the maximum.

e Theminima harvest volumeis5-101.
e Arthrospira needsto be concentrated to afina concentration of between 10 and 20 g/l

e The harvested cells need to be washed to afinal salt concentration of 0.3 g/l. Since the original salt
concentration in Zarrouk medium is well above 20 g/l, severd washing cycles at tenfold dilution
need to be performed.

e Thealgae suspension collected from compartment 1Vaover aperiod of one day should be harvested
and washed over one working day (8 hours) to prevent deterioration of nutritiona quality and for
practica reasons. If after the concentration step e.g. 3 washing cycles have to be performed, the total
duration of one cycle should not exceed 2 h. This time regtriction will determine the size of the
breadboard.

e The ultrasonic separation device proposed in the actua breadboard is not adequate for harvesting
high volume of the alga. An upgraded version of the Ultrasonic separation apparatus type Applisens
is possible to handle the volumes required in the MELISSA loop.

e During harvesting the cells will be concentrated and clear water generated. This water can be
desdinated and reused in the different washing steps. Desalination is however not considered to be
acritical step in the breadboard demongtration because another fresh water source can be used for
washing. In fact, large amounts of high qudity water are available in the MELiISSA loop from the
higher plant compartment.

e Theharvesting of Arthrospira should be as Smple as possble, in terms of numbers of pumps, tanks,
efc. to beused.

Following the trade-off on harvesting and desdination technologies, liquid-solid separation will be
peformed by ultrasonic separation and ultrefiltration, desdination of the clarified water by
electrodiayss. The overal schematic is presented in Fgure 1.

Effluent from compartment I\Vais collected in a so-called concentration tank, preferably at 4°C, over a
period of one day. The actual harvest process is initiated by concentrating the algae suspension 10-20
fold by ultrasonic separation. This process unit requires two pumps, one for recirculation of the
suspension through the resonance chamber and one to collect the harvest at the top of the chamber.
Because the separation efficiency of ultrasound is around 95%, the outlet stream is further dlarified by
ultrafiltration. The permeste is either sent to the electrodiaysis unit or recycled to compartment IVa to
reuse the salts. The concentrate contains the remaining cells and is combined with the largest fraction of
harvested cdllsin the concentration tank. In order to provide asufficiently high cross flow velocity along
the membranes, an additional pump is required. When needed at some point, part of the concentrate can
be wasted. In the dectrodialysis unit, the feed is split into afiltrate which is returned to the concentration
tank to initiate the first washing cycle and into a concentrate which is recycled to compartment 1Vato
reusethe sdts. A drainis provided aswdll.

A washing cycle essentidly consigs of the same steps as those described above for the firgt
concentration step. When the desired final salinity of the agae suspension is achieved, the concentrated
cell suspension will be drained and further processed for human consumption. At that point, the next
batch of dgae can be harvested and washed.

For severa units in the trestment train, a batchwise approach is the best way to go ahead. In the
ultrasonic step, a 10-20-fold cell concentration is desired, which can only be achieved in batch mode. In
dectrodidysis, a continuous operation would imply that the desired final salinity of 0.3 ¢/l in thefiltrate
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has to be present at the very start of the test. In addition, the degree of automation provided for the
breadboard will probably not be high enough to operate al units smultaneoudy. Therefore, at this stage,
preference is given to a sequence of operations. This explains why batch tanks are as yet provided in

between the process units. The detailed design of the breadboard will focus on a potentia reduction in
the number of tanks and pumps.
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Figure 1. Schematic representation of the breadboard for liquid-solid separation and washing of
Arthrospira suspensions generated by Compartment IVa.
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