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Lawrence Berkeley Laboratory
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ABSTRACT

This thesis contains a broad ecological sketch as well as specific
design information for solving problems of water purification and food
production3 A plant is designed utilizing algae as living ion exchange
beads for removal of Sr from low level radiocactive waste streams. Pre-
ference of Sr over Ca by Pandorina morum Borey is found to be 1.2 to 1
with a higher than expected value of 1.4 milliequivalents of cation exchange
sites available per gram dry weight of algae. Plant economics based on
utilization of conventional separators are foundvto_be unpromising.

A "Phototactic" separation device is designed and data presented
for this novel means of harvesting algae at a possibie reduced cost. Cheap
algal harvesting also has implications for algal agriculture. Pandorina
was analyzed for protein content and found promising. Methods of

Pandorina culture are discussed briefly.

A novel laboratory algal growth reactor with an externally falling

cooling film is also presenﬁed.
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I. MOTIVATION

Man is the Lord'é shepherd‘for_thé Biosphere. The day has passed
when he waé the simple child of the garden of Eden, a garden ricﬁ beyond
his capacity to aiter and destroy. Today he must accept responsibility
fér malintaining ecological balance; for seeing that the garden maintains
its beauty and diversity, or forever resign'his species to live and die
‘in the rubble of his own greed. It is through the sheﬁherd's communal
consciousness that the correctidns for the future course of nature must
arise. This theses records a crude outline, one of the many possible paths
open to our futufe'choosing.

Man's problems in the biosphere are multifold. Many of these

problems such as food supply, CO, recycle, sewage disposal, maintenance

2
of streams, recovery of radicactive and trace elements from the waters,
could all be potentially solved by a larée and well planned agriculture
based on algae. (Provided, of course, a stable human population size were
achieved and efforts were made to reduce both pollution and ostentatious.
waste of resources.) The efforts required to carry out this extensive

endeavor are enormous but necessary if men are to live in harmony with the

bioclogical universe.



IT.  TNTRODUCTION
i Pand;finé morum.Borejﬁgs aléixfeeﬁ:céliéd.gréen algae ihjfﬁ; sémé
) family as Chlamydamoﬁas.> Durirng parﬁ'of_its life cycle it‘ié a_raﬁid
. SWimmef (1—2 Cm/min), "We did not find any.data in fhé literaturéﬁqﬁ either
the foddﬁvaiue df the catién.abgorption or éation.exchange characteristics
of thesé orgénismé...Affef some pfeliﬁinary eiémiﬂatién of ofher gréen
algaé;:including Chioreila, Chlamwdaﬁonas,vVolvox, and Euglena, we chdse'
| Pandorina as the ofganisﬁ fd: our igvestigéiion; |
' 1Thevéﬁapters Qf.thiskfhesié afe.érrangéd as follows: ,Chaﬁtérs IIi
and Iv éoncern.the utiiiiétion'of élgaevﬁé liVing ion exéhahge béads t0
absdfbvfadioéctiVe éaﬁiqns.Such'és Sf-from the léwrleveibwaste'étfeamSIOf
nucléar reactofé.'béhéptéf‘ili pfesenﬁsvéxperiﬁénﬁs and resulfs eSféblishing
Vthé ion éxéhéﬁgenéharécteriétiCS'éf.fandbriﬁa. 'Chapter v présents aﬁ-'
»eéohomic anaiysis of someIPOSsible_planf designs fof'the removal of'Sr'from‘
‘the low'levei radioacfive wéstévétréams.> Thé:econom;c'analysis is bas¢d on
datalobtaiﬁédlin CﬁaéterVIII; o |
.Mefhodsfof COnbentféting.dilﬁté,solutiqné‘of algée have,proVé‘to be
expensive. The resﬁlts of Chépter*IV afe qﬁite deféndenﬁ-on thevhandiing
costs of algae. _Theréfofe,'cheap:méané'of handiiqg algaé'aré wathiihves_

_tiééting. Chapter A preSénts a novel means of‘algal harvesting whiCh'ye

cali Phototactié'Separatioh‘whe%e Péndofiné_swim towérd'é light sourée and v .

are_coiiécted. Tﬁis;ﬁay4be é cheapér meéns-éfvhaanihg §lgaé:tﬂan thévusual
_alternafive dfvceﬁﬁrifugatioﬁ; N |

T,The high cést §f:haryééfihg is'aisq_aﬁ 9bstgcl§ to'tpe utiiizéfioﬁ_
of‘alééefas a food'source;.'Therkfpre Péviﬁg aPﬁbvei‘aﬁa;pérﬁaps‘chéapér

means of handling and harvéstingJPandorina;3We-became-interested in the




protein value of this organism. Chapter VI presents the results of amino
acid analysis of Pandorina. Chapter VII contains a summary of results and

conclusions.

Descriptioné of equipment, standard procedures, énd computer programs

are presented in the Appendices. ’

1
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III. WATER PURIFICATION - CONCENTRATION FACTORS

A. Badkground for the Water‘Purifiéainn Problem .

v Radioecologists and invéstigators.in'related fields'have_knoﬁnf
that miéroorganismé tend to concentrate inorganic cations to levels far

above their immediate environment. The concentration of radioactive species

90

such as Sr”° that results from algal pick up of strontium has been considered

'a.potehtialihazgrd tQ the foodichain.which 1éads from algae to fish aﬁd
theﬁ, in turn, tb man. -

Mahy‘obsérvatiOns hévevﬁeénfﬁédé'bf1"c6hcehtrafi§n_factors"'fdr
_yarious”cations of radiocﬁémicai interest.l These obServatioﬁsvall séem
to have been made’fromﬁa "Health Chemistry" pbintvof view, (i{é.,"of>th§
potentiéi'hézardlto theiénvironmeﬁt). The'reéuits Werevusually qualitatiVe,
'the.éfudies béing carried out iﬁ rery complexasysgemé correspdﬁaing'ﬁé .
ﬁypical_cbnditiors in naturél streams. :Howevér, attempts at ébtaining
quantltatlvé 1nformat10n were made by Austln, Toumelnin, and others, w1th
varylﬁé:degrees of sﬁccess. We found no data spec1flcally for Pandorlna
mbrﬁ@’Bore&! |

Infregard té the.mechanism‘of ion ﬁptake,,gccording,fé Jennihgs?
'algae:absorﬁ metal ions oﬁ theirvsurface,-in.théir'cytoplaSm; ahd_in fheir-
vaéuoies.: Surface absorptioﬁ (or adsorption)-appéars,to‘befrelatively
fast-and)rergrsiﬁle and is probably the only uptake which WillAaffect.an
iﬁdustriél‘scale ﬁrQééss. Knight3'reportslthat'the'surface'of greén élgae

provide_approximately 56 millieéuivalents of sites;for cation absdrbtion

per lOO grams dry we1ght of algae Thls flgure 1nd1cates a total absorptlon .

'capa01ty of 05 grams Sr/gram dry welght algae or 0.022: grams Ca/gram dry

'weight algae ~Kn1ght correlaxes the number of 51tes with the uronlc ac1d

1%

v
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content of the cell walls of a variety of different organisms in addition
to green algae. However, green algaé themselves do not contain.uronicfacids |
and must have some other molecule or molecules functioning as absorption sites.
Austinh_attempted to obtain an equation for Ca-Mg-Sr absorptibn.
By Chlorella pyrenoidosa. He grew the organisms in a continuous culture
varying the»Ca—Mg—Sr composition of the media'from experiment to experiment.
Varying the media composition unfortunately also varied the final bio-mass
and the hisfory of the'algae‘produced in each run. In particular, low
Mg concentrations led to cultures which were too dilute to be usable because
Mg is required as a nutrient by the organism. Therefore, the range of
conditions investigated were resfricted. Another difficulty in utilizing
Austin's results is that it is impossible to differentiéte between absorp-
tion due to those processes which are both fast and reversible and those
‘which are either slow or irreﬁersible. Finally, Austin's data showed
severai internal inconsistencies.
‘Auétin found that Chlorella preferred to absorb Ca ions relative
to Sr ioné By a factor of 1.35 to 1 on a mole basis. Tuominen5 found the
opposite true for Clggqpia alpestris (Sr ?referred to Ca by'a factor of
1.5 to 1). Helfferichs (pg. 168—) indicates that apart from spécific
exceptions, the usual‘selectivity sequence for most cation ion exchange
beads is as follows: Ba++>Sr++>Ca++$Cu++5Ag+>Cs+>K+>Na+>Li+. Note that
thé-divalent ions abovg are uniformly éelected over the monovalent ones;
Since the.profitébility and design bf our process for removél '
of Sr from_low level radiocactivity waste water streams was directly = -
dependent on the total number of cation exchange sites and the'selectivity

of the sites for Sr relative to other competing cations, we decided to carry
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out our own investigation to obtaih'ﬁhe necessafy desigh data.

B. ‘Oﬁtline7of the Experimental Approsch .. - =~ . v o o

:In Chéptér'III we present the éxPeriménts pérforﬁed fo dbtéiﬁ
‘inqumation about the ion exéhénge'charaqteriétics of.Pandorina. _This
infbfmatién»ié nééessary fdr the préCéss design presented in'Chaptef.IV,

The é#perimgntal'work in this section is broken down into four experimental
subsections iﬁ‘tﬁe followiné'vay:

1. EXperiment.l f Kiﬁétics. In the first;experiment we-eiamine
the question, "must tﬁe kineticé Qf'thé cation ﬁ?faké be considered in the
design of our process?" Cr, in.othef words "is the kinetics fast enoﬁgh to
be ignored?" |

2. 'Experiment 2_—5Méchanism; In this subjéection'ﬁe gvaluéte'the
qﬁestion, "are we dealing with ion éxchange?" Or,.phrased diffe;entl&,

"is the'ébéérptipn dépéndent on the total concentration of the iéﬁs in'tﬁe
exterﬁal solution?".

3. Experiﬁénﬁ 3 -'Absbrpt&on Capaéity'and.Seleétivity. -~ In éipériment
3 we consider the following.qﬁesfiqn§¥ f"What_is the seiecﬁi&ity coefficient
desCribiﬁg the prefefence of siﬁes fdr absorbing ér ionévrelative tdea and
Mg ions‘v?"v "What is the effect of ;JH?"'

ﬁ. Expériménﬁ 4 - Data Tesf. In Experimént Y weiteét: "Canbfhé:
data obtained‘in experiments 1, é, and 3 succéssfully prediqt the outhme ‘ _.Q

of a staged experiment?"

c. Exﬁefiment 1 - Kinetics
1. Purpese
The purpose,of-thié,experimeht-is'to establish whether'orfnotfwe

must consider the kinétics.of Catioﬁluptake by .the algae when we carry out .
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our plant design. If kinetics are "slow" they will be important. If, how-

ever, the cation uptake if almost "instantanious" (i.e., quick relative to

the period of time that the algae are held in each stage) the kinetics need

not be considered.

an Atomic Absorption Spectrophotometer (A. A.)

*

2. Equipment

This experiment reqﬁired: Pandorina, 12 ml centrifuge tubes, and

3. Procedure

a) Algae for all four experiments were grown as described in
Appendix I. Upon harvesting, the Pandorina were equilibrated with

a large volume of a solution COﬁtaining 5 ppm Ca++ and 5 ppm Mg++
for 12 hours;* Then the Pandorina were concentrated to 0.04 packed
cell volume and 10 ml aliquots weré transferred to fwo 12 ml pyrex
centrifuge tubes.

b) The tubes were centrifuged and the supernatant decénted."The
residue was diluted to 10 ml with a solution containing 0.0 ppm Caf+
and l0.0bppm Mg++. The residue was resuspended and agitatedbvigorous—
ly fori2 minutes. The tubes were then quickly centrifuged and 1 ml |
of the supernatant fluid removed for atomic absorption analysisf.

c) The algae were immediately resuspended in the remaining nine ml

of liquid, agitated vigorously for U4 minutes, recentrifuged, and

again 1 ml of each tube was saﬁpled fof'afomic absorption aﬁéiysis.
d)- The algae ﬁere aéain imﬁediately resuspended in the remaiﬁing

8 ml of liquid, agitated for an 8 minute peiiod, recentrifuged, and

Anions of all salt solutions in this thesis may be assumed to be C1  unless

otherwise stated.



another 1 ml of supernatant removed from_eaéh tube for analysis.'
e) Finally, the algae were fésuspended‘in.the remaining 7 ml,
agitated for 16 mdre minutes, recentrifuged, and the Superhatant
resampled.
4. Results
: ' ' X R . ’
The samples of supernatant were analysed for Ca  and Mg content
via the Atomic Absorptibn Spectrophotométér (described in Appendix I). The
- supernatant concentratioh-sampled after the first two minute agitafibn
o SR S o 4+t = S T ++
period was 6.86 ppm Ca  and 2.35 ppm Mg  in one tube and 6.72 ppm Ca and
2.47 ppm Mg in the other tube}_ The:atomic absorption analysis results for
bthe samples taken after each of the additional 4, 8, and 16 minutevperiéds
. S ) R R - )
showed no additional change in the Ca = or Mg concentration of the
supernataht. Itvwas therefore concluded that the absorption process took
less than two minutes.

5. Conclusion =

Since the absorption process took less than two minutes, we consider

the process to be relatively fast. It would not be difficult to ‘arrange
for two minutes of holding time between each stage of our procesé and‘ H
between each stage of the experiments which follow.

D. Experiment 2 - Mechanism

‘l.' Purpose

.'The purpése éf‘this experiment is tb determine,a usefgi?mddel fdr
the mechanism of the cation uptake'by:the algae. Such a model is necessary
for the design and interpretatiohlof the expériments which fdllow in this
vchaptér and'for the plant desién preseﬁtedﬂin Experiment L. We exémihevtws
possible-models'in Experiment 2:

_ a) In physiéal abébrption models, the quantity of cations absorbed

1%
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is determined by the concentration of the external solution. With the

mbdel.a salt may be mbre or lesénébsorbed or eluviated depending

on how its concentration in the bulk solution varies.

b) For ion exchange models, the-existing'sites for cations afe

almost alﬁayé occupied.

Experiment 2vhas two parts. In part 2a algae were loaded with
Ca++ and,Mg++ cations and then suspended in distilled water to test whether
cations were eluviated. TIf this were a case Qf physical absorption, we
would have expeéted a measurable amount of material fé leave the algae and
enter the bulk solution. If, however, this were é case of ion exchange,
cationé would étay with the sites on the algae and not be eluviated by the
distilled water.

In part 2b we examine tﬂe exchange of Mg++ for Ca+f and then Ca++
for Mg++. Here we inténd to dembnétrate a quantitative exchange of one
cation for another.

2. Equipment

This experiment required: Pandorina, 12 ml test tubes, 90°C

drying oven, and an Atomic Absorption Spectrophotometer (A. A.).

3. General Procedure

Pandorina used in Experiment 2 were grown in a flat reactor (see

Appendix As also see Appendix A, section 1d for a description of our_novel

falling film cooled flat growth tank).

The experiment was carried out in "stages". All stages were per-

forméd‘in:duplicate in 12 ml pyrex»centrifugevtubes. A stage consisted of

the following steps:

_ a) The starting product was an algal residue remaining in a
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pyrék_céntrifuge'ﬁqgé3és g-fesuit of a ﬁrevibus centrifﬁgatipn aﬁd
décaﬁtatiéﬁ of Superﬁafant liquid; (Algae'enteriﬁg the first étage
were éep@raﬁéd,direcfly ffém'theirigrowth,media. In all othér
stéges, the algae ;eretthé }egultahf producf qf the.previousvstage;)
b)"Thé residue packed'cell volume (pcv) was noted. = - | v

'.é) A:fréSh sélutionrwith which fhe algae were tO'be cpntécted was
thenvadded tov£he'tgbevun§ii‘the total V@lumé of'liQuid.plus algae

“was 10 ml. |

_ d) Thevtube was.cévéredfﬁifh parafilm, thé residue resgspénded,

' and.tﬁenvééitatedvVigorduély:for.two minutes.

e) The tube was éeﬁtrifﬁged;

.f). The supéfnataht_was dgcantéd aﬁd set aside for A. A. anaiysis

of its Mg'¥ and ca’” content . |

g): Thé*reéidue‘was theh_réady to enter the next stage.

4. Procedure 2a -

Experimeﬁt'éa had fwouparfs. 'In the first part; the éélufiop’used
.fo cohtact £hé samples in the first threé_stageé.cdﬁtéined.lo ppm Ca. The
éontéqting solution.for the fourth'and'fifth sfagés was distilled water. ?In
pért twq, a'similar experimentIWasvrun,with a secohd pair of samﬁleé;. Thié
timé the contécting solution for the firéf'three stageé‘waé O;éﬂppm Mg+f and
10 ppm;cgf*,AQThe fourth and fifth stages Qere again contacted with distilled .

water.:

5. Results of Experimént 2a
o AL A. Analysis of the sﬁpernatant-fiuid resulting from contacting
. b o : ) . .' S K N 44 S
the algae with distilled water showed & conspicuous lack of Ca =~ and Mg .

ions.
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6. Procedure 2b

A pair of Pandorina samples were contacted in T consecutive stages
o . RS ++ ‘ ++
with a solution containing 0.0 ppm Mg " and 10 ppm Ca . The same samples
were then contacted in 7 more stages with a solution containing 10 ppm Mgt
and 0.0 ppm Ca . Finally the samples were contacted with one more stage
v ++ ++
containing 0.0 ppm Mg and 10 ppm Ca .

T. -Résults of 2b

The Ca++ and Mg++ ion uptake_by the algae as déduced'from the‘A. A.
analysis of the solutions in equilibrium with the algae are'presented in
Figs. 1 and 2. We nbte that after the first 7 stages when other ions shch
as K+ originally éresent in the growth media are completely elﬁviatedifrom
the algae, that the y moles /gram dry weight algae of Mg++ desorbed ekactly
equals the‘u.moles /graﬁ'dry weight élgaé of Ca++ absorbed. This.suggeéts
a lvfor 1 exchange. Furthermore, extrapolation of the absorption curﬁes
to two plateaus of saturation indicate thé‘total number of millimoles" of
absorption sites/gram dry weight of algae is on the order of 1.0 or 1.2, a

'range confirmed by later experimentsé

pH determinations were made on the contents:of the first and the
final stages. The bH of the Pandorina solution ihitially was 6.78 and gfter
15 stages was 6,72, indicating virtually no pH change.

8. Conclusions

We concluded from Experiment 2 that we are not dealing with mere

' absor?tién of a salt, but rather ﬁith an exchange proéess thét requires

anions in solution in order to release cations from the algae.
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Wash solution ratio (ppm Mg : ppm Ca )
| 0: 0:10 | 10:1
3001 | T l l I T
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ME+ Uptake by Pandorina
(pmoles /gm dry wt. Algae)
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S 4+
Fig. 1. ‘Mg uptake by Pa,ndorlna in two dupllcate tubes is plotted
as a function of stages of exchange.
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Wash solution ratio (ppm ME_+= ppm ceh)
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(wmoles/gm dry wt. Algae)
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Fig. 2. Ca '

stages of exchange.

uptake by Pandorina in two duplicaté tubes as a function of
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-E; Experluent 3 - Absorptlon Capacltxfand Select1v1ty
1. Purpose | c - |
In order to proceed w1th the plant de51gn in Chapter Iv we need to-
know the st01c1ometry of the absorptlon process. InvExperlment-3 we
determlne,the total nUmber_of;catlon exchange sites and the'Selectivity EE &
coefficientsvdescribipgrthe preference_of tueSeAsites for absorblng'Sr ions
’relative to Ca and'Mé ions;. We also 1nvest1gate the. effect of pP on :-
.absorptlon of Sr, Ca and Mg cat1ons
| 2;;_Eguipment ) |
.Thisiexperimentjrequdred:_:Pahdoriha; Md_mlvﬁalgehe centrifuée tubes,
a Metler,balance,'a Vortex'mixer; Centrifuge, porcelain~crucibles'and ”
‘ashing equlpmeut' Atomic Apsorption Aualyzer; and salt*solutions. Thepsalt>
- solutions- used in th1s experiment contalned a total of 0 l M catlon The
llst of these solutlons 1ncludes.. O 1M solutlons of CaClz, MgClz, -and
"SrCl2 as well as. various comblnatlons of these three salts.
| 3. Procedure | |
Experiment 3\&B made,upiof 6csets_of ekperiments._'Each set began
uith'theipreparatiopdof adseries'of!Mgf+r"saturated"valgal~samples whlch
provided unlform.startlng.materiali _Each Sample:ﬁas_then contacted by a
,sait solutionvin_a'seriesvofvstages;”and then'ashed and analyzed‘oa the
A; (For ashlng and A. A. analy51s procedures see Appendlx A) v.f .V y ' ‘*

‘Below 1is a. sample of the. procedure Whlch was followed in all 6 sets

®

.of experlments.
-a) Preparatlon of samples o
1000 - 3000 ml of Pandorlna were removed from a tubular growth reactor

'-and concentrated byycentrlfugatlon.'-The‘supernatant fluid was dis-
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carded. The.aigaevwas resuspended in a similar volume of 0.5 M
MgCl2 solution. This washing procedure was repeated untii we had
washed with three 200 ml 0.5 M Mgci2 washes followed by four 200 ml
distilled Water washés.  The Mg012 washes‘were to éover all available
absorption sites ﬁith Mg ions. The distilled water Vashes were to
remove all “traces of salt from the interstices. We had now prepared
a standard Mg++ saturated algaevto use as our starting material.

b) Contacting by a salt solution

A set of experiments consisted of a series of tubes containing

standard algal samplés. Each tube was assigned to be contacted with

a specific salt solution inréucceSSive stages as follows:
- to the'standardized.Mg++ saturated residue in a 40 ml Nalgene
tube was added 30 ml of the.O;l M salt sclution assigned to it.
(Ca++, Mg++, Sr++, or a mixture of these ions).
- the residue was suspended and agitated for 2 minutes with
a Vortex mixer and then centrifuged.' The supernatant was dis-
carded and the residue entéred the next stage and again contacted
with a fresh 30 ml sample of the same 0.1 M salt sélution.
After £he agitation step of the thirdrand the eighth stages, pH .
freadings were taken. ‘After the tenth stage, the algal residue
ﬁas transferred fola pbrcelain crucible for dry weight‘deter?
mination, ashing and A. A. analysis of its Cé++5 Mg++, and Sf++
_confent. |

4, Discussion of Results

The results of Experiment 3 are plotted in Figs. 3 to 6 and in

Tables 1 and 2. The results of single cation eluviation studies indicate the
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. follow1ng tendenc1es

é}_ For a glven‘cation and the same pﬁbsolution;vYOunger cultures
'(i.e.; more actively growing;'less dense) have a slightly larger
number of s1tes/gram dry welght algae than older, less v1gorous
’ cultures. Note in Figs 3 to 6 that the algal cultures are.f
‘cbaracteriZed witb'respect to culture’age-as‘follows:.al, andlai;

are the youngest cultures, a2, a 5 au,_a represent cultures 1n

5
lorder of anreas1ng ‘age.
b). For a glven young culture, the total absorption capac1ty for a

'particular cation increases between pH- h O and pH 5. S and appears

'constant for pH's out51de thls range._ Furthermore, at any given pH

w1th1n the range of-pH s where total absorption capacity is increasingp

+H+ T ++

“the organisms tend to absorb Sr more than Ca -, and Ca  more
: + ' N
than Mg . Thls trend of preferences for Sr >Ca >Mg is
similar to the_trend indicated,by the selectivity céefficient
ekperimenﬁsureported'below‘(see_Table'E and Eq. l)fp:These results
“indicate that some'sites"arevstronger.acids than others and that
there are at least’tuo kinds of sites.
c)‘vfhe total capacity for cation absorption (T) appears to be

about 1.4 milliequivalentsvof sites/gram dry weight algae at pH :

5.5 and about O 75 milliequivalents of- 51tes at- pH b, O ' Capac1ty

"Qfor cation absorption (T) appears to be about 1.4 milllequivalents
of s1tes per gram dry weight algae at pH 5 5, and about 0.7 mllll-
' '.equivalents at pH 74 O .

"rd)_ Determination of select1v1ty coeff1c1ents »,f

"g_The results of the mixed—cation contactlng experiments and thelr
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EXPERIMENT 3

TABLE 1. Single Ion Uptake Experiments

——— - S A —
Run # Mg* pH Age Run # Sr" pH Age Run # Ca® pH © Age
1-2 T07 8y 6-8 542 A1 a) 6-1 650  5.57 a)
6-16 685 6L a) 6-9 kg1 RS} a] 6-2 685 5.5T7 a)
6-17 590 64 ay 6~10 705 .6k a; 6-3 504 L.87  ar
6-18 396 01 ay 6-11 700 6L al 6-L 500  L4.87 ai‘
6-19 400 k.01 a) 6-22 70 5.60 al 6-26 675 6.50 a)
6-20 345 2.07 a; 6-29° 720 5.60 a; 6-27 630  6.50 ai
6-21 375 2.07 al 6-31 705 5.60 aj 2-31 520 5.55 a,
622 T5  6.54 al 6-32 665 5.60 a) 1.1 608 - &
6-23 620 - 6.5k a! 31 498 5.58 2
2-3k 672 5.95 a, 3-2 468 5.58 a,
3h k90 5.62 a, uh 364 2.8 s
4-13 520 5.6 a 5-21 463 5.69 ag
4-15 309 .81 a), 2-32 557 .80 a,
5-5 503 5.Th ag 2-35 L4713 2.83 e,

-3 700 - &

*

U moles of ion/gram dry weight of algae.
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EXPERIMENT 3

TABLE 2., Mixed Ion Uptake Experiments

Lo

be'vaiid.‘a o

— . .
Run #  Composition Uptake Selectivity Total
: _ (mole/gm dry wt algae) Coefficient Uptake pH .
o ‘ co ' , ' ’ Ca r Sr
~Sr Ca Mg\v Sr Ca . Mg KMg K_f’lg _ KCa
355 1/3: 1/3: 1/3 188 178 . 92 1.93 2.02  1.06 458 5.k
2-10 1/3: 1/3:1/3 21k 21k 130 1.55 1.55 1.00 558  5.63
2-11 1/3: 1/3: 1/3 211 171 10k 1.65 2.03 1.2k U486 2.83
3-6 1/2: 1/2: 0 236 188 S 1.2k k2h. 5.48
3-7  1/2: 0: 1/2 327 15 2.25 W2 5.58
3-8 . .0:1/2: 1/2 267 146 1.83 413 5.29
4-16 1/2: 1/2: 0 . 211 180 1.18 391 5.32
b-17 - 1/2:;1 0:.1/2 308 '16&}' 2.13 L16- 5
u-187 _ o} 1/2: 1/2 '2&2 ' 180»- O 1.75 b2 s.27
5-23  2/3: 1/3:°0 . 313 1k 1.19 U453 5.55
5-24* v1/3: 2/3: 0 * 23 L g 1,12 - 5.36
5-25 0:1/3: 2/3 116 180 1.é9  296 5.28°
5-26 - 0: 2/3: 1/3 188 72 1.31 260" 5.26
5-27 _ 1/3: 0: 2/3 'eoé 200 . 2.00 - uodf 5.55
5-28  2/3:  0:1/3 355 76 2.34 4317 .5.70
* S L S o P
~Unknpwn'fractibn of .material lost during ashing. Ratio of ions should still
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resulting selectivity coefficients are listed in Table 2. We

calculated the average values of:

meq Sr/gm dry wt algae

Sr _ KF _ meg Sr/ml solution "\,
1. KCa T K. meqg Ca/gm dry wt algae 7\ 1.2
Ca "
meq Ca/ml solution
2. Kﬁg ~ 1.8
r
3. Kf = 2.2
: g

: ++_ O+ ++
Therefore, the algae appear to prefer Sr > Ca >Mg .

It should be noted that each K is a function of four
measurements and that a 5% error in each measurement could lead
’ . . L . ' Sr Ca _
to a considerable variation in the K value. Note that KCa . KMg =
K;; gives a check on the data values. ‘
5. Conclusions
To optimize our plant operation we will probably prefer to work

with young vigorous cultures at pH's above 5.5. ‘The'values obtained for

Sr

T (V1.4 meq/gm dry wt algae) and Ko,

(v1.2) were sufficient for a process
evaluation study, which is reported in the next chapter.

F. Experiment 4 - Data Test

1. Purpose
We ran a staged exchange experiment to verify the assumption that
S o i
KCZ = 1.2°and T = 1.4 meq per gram dry weight algae could be used to predict

the absorption characteristics of a process (i.e., to confirm that Kiz and

T obtained from;Experi@ent 3{§Ere correct and sufficient for a plant design).
MY i )

48,

2.\.Eguipment
This experiment require@%Pandorina, Nalgene test tubes, 0.5 M CaCl2

and 0.0775 M SrCl2 solutions, and’ drying, ashing, and atomic absorption



ol

| eduifment.-
3.‘vProeedufe
Algae for this ekperiment-were preparedfsimultaneously'with

~those for set 6 of Experlment 3, us1ng the same preparatlon pre—washlng

_procedure . However O 5 M CaCl

was substltuted for the 0.5 M MgCl pre-

2 2

soiution. Then equal allquots of the algae were transferred to each of six
40 ml Nalgene centrifuge tubes. (see Fig. T for flow sheet). The tubes were
centfifuged and the supernatant fluids were removed. Thirty milligfams'of

0.0775 M SrC1 'wesh solution was'added to each, and the tubes were arfanged

2
- with three "stages" in each of two series: Aftef'two'minutes'agitatiOn via
Vortex:mixers followed by.eentrifﬁgation, allisix:supernatants'were tfensferred
in the,folioning way; - supernatants from the 3rd staée were held for anelysis,
those from the 2nd stege were trensferredto the 3rd stage, those from the
1st stage were transferred to the 2nd stage, and then 30 ml of fresh SrC12
was added to.thevlst stage The tubes were then agltated and centrlfuged
again; and the.whole nroeess was repeated ten times. Flnally; all-super—
natants Were taken for anaiysis, and the'remeiningAalgee in each stegeewere
~ashed and analyzed. | :

A compntervprogram.(see Appendix_c) wes written to-predict the out-
come of this experiment. The progran used T = 1.45 anddT 1.35 meq per ‘gram
dry weight algae and'xﬁ;ve 1.2 (i.e.; D = 1.2). The computer predlctlons are
givenvin Table 3? The data are tresented in Appendix C.

L. Results . | | |
. The'computer and experimentel'fesnits are’compared in'Figs 8 and 9.
Note that barrlng experlmental scatter, resultsvseem to be mutually conflrmlng

The plateaus given in Figs. 7 and 8 are dependent on the values of T assumed

T
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| 2 3
Centrifugate Ca** saturated algae

! v 0 U { Add 0.0775 M Sr** aggitate 2 min.

2 g B 3 Centrifuge
3 U O U Transfer supernatents
' v
Add 1 o o
4 fresh U U U Sample for analysis (tube no. 10;22)
S'.++ ' *
5 g § 8 ’ ’Aggitote 2 min.
6 U U U ' Transfer supernatents
7 fresh U U U To analysis * (Tubes noil, 23)
st 4 { ,
8 8 8 Aggitate 2 min.
t Centrifuge :

Transfer supernatents.

{
—a—a—a—f To analysis (tube’ 12,24)
| i Aggitate 2min
: etfc.

5
A

XBL7112 - 2101

Fig. 7. Data test - flow sheet.
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TABLE 3.

EXPERIMENT 4

Ion Concentration in Equilibrium Solutions

Results - lst Set
- Sr

Ca

Ca+Sr

Results ~ 2nd .Set

Ca .

Sr

: _ .Ca+Sr
~ Tube # meqf/cc meq./cc (meg./cc) Tube # meq./cc meqg./cc (meg./cc). (meq-/cc) (meq-/cc) (meq./cq)

_ Computer Prédictiohs

(T =1.45, K=1.2)

Ca.

Sr

Ca+t+Sr

10
11

12

.13
14
15
16
17
18
19

*

O 0O O'FH H B N W W W

.15,
.90 .
7T,
.19

.8l
.55
.00
.7k

.50
.30

~N - N ONON U E W W W

76
T
.98

25
19
.01
.61
8L
.23
66 -

N R I IS B NP B NP R I

51
.6
-T5
bk
.03
56
.61
.58
T3
.96

22
23

b
25,

26

27
28

29

30

31

o O O K NN o oo

.8l
T
ST7
A2

.Q6'
.5k

.0k
.15
.53
.36

NN ANV U EWwWw.W

LT
.78
LTh
.27
12

.55
.59
.2k

16

LT

~N 3 9 =N =N = O\ ®® ™ ™

.58
.55
.51 -
.69
.18
.25
.59
3
T

52

O 0O O FH H N W EoE

.03
.03

.03

.39
.56

.76

.12
.68

.39
.22

~N ~ N O VWU Ww W W ]

.72

.72
.72
.36
.19

.99

.63

OT
.36
.53

N R e e i e I I B

75
.75
.75
.75
.75
.75
.75
75
.15
75

Results are listed

'in the order in which supernatants were obtained from the third stages of each set.

‘—98—
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in thé computer program calculation. The shape of the curves obtained, from
the computer program sre determined by assuming Kiz = 1.2. We note that
excluding experimental scatter, the program results fit the data.

5. Conclusions
The values at K = 1.2 and T = 1.4 meq per gram dry weight algae,

which were derived in Experiment 3 will be sufficient for the process design

and evaluation to be carried out in Chapter IV.
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IV. WATER PURIFICATION - ECONOMIC EVALUATION

" A. Introduction

'Ecohomic eveluafion ofvthe'algalblow level radioecfive wastev
clean-up process is based on a comparlson w1th an- Oak Rldge pllot plant.'
"Ion Exchange Scavenglng Prec1p1tat10n process*, which requlred that
raddoactlve Sr be reduced by at least a factor of 1000, and produced costﬁ'
estlmates for a 750,000 gallons per day treatment plant. Flrst we give a _
brief outllne of the Oak Ridge process followed by a descrlptlon of two
variations of our algal clean—up prOcess.' We then'present the COstJanalysis
for the algal clean—up process using crlterla 51mllar to those used Ain thev

,Oak Ridgefprocessjwhenever possible. Flnally we. compare the costs ofall

processes we are conSidering, and.d15cuss-our'concluslons.

B. Descr;ptlon of the Qak Rldge "Ion ExchegggVScavenger Prec1p;tatlon Process
The Oak- Ridge process (see Flg lO) employs an ion exchanger s

supported by‘other unlt operatlons designed to maximize the overall removal

¥ BT o - : AR :
For process, water was similar to tap water containing 109 ppm of total

hdrdness as‘eQﬁivelent Cacos; ‘The coﬁcentration of‘radiation was redﬁced ig
to less than 2% of the 168 hour MPC (maximum perm1ss1ble concentratlon 4

of radloact1v1ty in env1ronmentalvwater)p
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of radioactiuevér++. The process beéins with alumina treatment of the
fadioactive waste streau torlthe removalvof phosphate, followed by a
"Scavehger_Precipitation“ process designedvfor removal of catt ana Mgf+.
vandvcolloids. Removalpof phosphate>improves the efficiency of the scavenging
precipitation process;'removai of Ca++, Mg++ and:colloids improves the
efficiency of the iOn'eXchanger for adsorbing Sr++

"Scauenger Precipitation" describes a process in which the pH ad-
Justment with NaOHvand.the addition ofta coagulant (Copperas), result in
‘a prec1p1tate contalnlng large flocs Whlch trap (scavenge)'or adsorp'smaller
prec1p1tated partlcles. pH Adjustment and coagulant addition- take p’ace
in a fiash mixer.v The suspension is agitated gently in a floculator, and
solids are then removed in a clarifier stage. .Remaining fine‘precipitates
are removed by passing them thfough a bed of anthracite absorbant .

iiquid‘is then processed-by;an ion exchange column.. The ion,
exchangef is regenerated with'uitric“acidbwhich is then mixed with Grimd_it_eI
clay absorbaut and recycled to_tﬁe scavenger precipitation units. Radio-
: actiue‘material leavesvthecprocess,as solid products procduced by the;ciafi-tp
fication_aud anthracite‘bed stages, andvare'then buried in polyethylene
lined fibér drums at a cost of 57¢ per'cubic foot. ,The authors of the |
Oak Rioge process report concluded that the "Ion~Exchange Scavenger Pfecipi-
tation" process 1s an economic high decontamination process for removal
of flSSlOn products from the Oak Ridge ‘National Laboratorles low level
:radloactlve waste sheann Furthermore,;they state that the process 1s :
practlcal, uses methods samllar to ‘standard water treatment practlces, and
is capable of treatlng 750 000. gallons per day of water for between 60¢
and 75¢ per 1000 gallons. A summary of'estlmated costs 1s_presented in

Table L.
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Bstimated Cost of the Oak Ridge

%
"Ion-Exchange Scavenger Precipitation' Process

TABLE 4. The basis for all estimates is a 750,000 gallons/déy treatment
plant. All costs are in cents/1000 gallons of waste fed to the process.

» : ¢ Costs Total ¢ Costs
A. TFixed Costs : 35.80
Utilities 1.0 '
Labor 17.28
. * ‘
Amortization 12.88 X
Maintenance . o 8.57
B. Precipitation Chemicals .
Costs g 13.53
C. Resin Regeneration Chemicals
Costs 14.36
D. Alumina Treatment Costs : 3.79
E. Waste Handling Costs ‘ , 9.90

- TOTAL : - Th.6 ¢

* ’ ' : . .
~ Capital Equipment costs are $469,000 and are amortized at 4% over a 20
year period. o

|
|

5 N
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C. Description of the Algal Clean-Up Process
. ) i T

1. Introduction

Two'variatiqns are presented of aipqssible proéess for utiliiiné
algae to remove radioactive Sr from ldw.level waste streams  (LLW). Other
variants might be considered but it is likely that they would sll include the
same basic features.' A1l algal clean-up procesé designs will pfobably |

_ include échemeg for preparatidﬁ of algée, for contacting them with the
contéminatéd.waste stream, aﬁd fqr eithef disposal or recovery.of thef
.céntaminaﬁed_algae. Fig. 11 is a léybut_for thevtwo process variations
considefed. The process involving direct diéposal is called "Single Pass"
and the process which regenerates and reuses algae is called "Recycle'.
Material balances présented in Fig.'ll:afe the'ré$ults of a computef optimi-

zéfion programlpresented’in Appendix B.

2. Préﬁarétién of_Algéé

‘Algae for the'procesé can be grown in an open pond By méﬁhodé
describéd'in Chépteer and Appéndikvi of this paper. We need.to.seleét_v
organisﬁs from fhe pond thgt can be easily handled when they are ih'the
section_of the process wﬁere they contact the'cbntaminated waste stream.
' Onezﬁaybto insuré the separgbility of the aigae céming from the pond ié to
have a stage in which the more separable organisms are removed from the bulk'’
of the’médiaf Here wé/would uéé'£hePSaﬁe kind of-sepéra£ion device théf

_ would be employed in the'gontactor'section;

3. Contacting the Contaminated Waste Stream
In the absence of a technique for creating a fixed bed of algae,
we probably have to rely on a series of mixing”stagés to bring the algae in

contact .with the radioactive waste. Each stage will include a mixing section
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Single paoss process (//’
,__="_(7|6|5|4j312[|E_’ l“l ‘ N
Contactor stages _ p,esepomtof
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) =———"10ryer " Burial
Algoe
pond
Recycle process
._-_-'(7|e|s|4[312n'=-> .-
Contactor stoges Presepg-r..ofor
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Dryer Burial
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Fig. 11. Two Algal LLW Clean-up Process Varlatlons Basis - 1000 gallons
of LLW Processed every 2 minutes. ,

Stream . #'s HyO #'s Algae Dry Wt Units srt #'s Ca
a - 8000 1000
b 8002.5 0.25 0.67
c 250 25. o
d 247.5 24,75 . 999.33
e 8002.5 - 0.25 ' 0.67
f 250 , 25 © small small
g 2k7.5 oh.75 - 7999.33
h C222.7 22.27 . . 899.4
i 2h.7 2.47 ' 99.9
J 220.4 22.04 0.2 31.2
k 313.6 R : . 78.4
1 315.8 0.22 , . 7899.2 47.2
m 218.2 21.82 - : : '
n "3780.0 : o 1 ‘ .
o 3782.2 0.22 : 0.2 - .31.2
D 5 2.69 o 999.33 b7.2

340.




-36-
“in which‘the algae are agitated Vith the LLW étream and then a separationv
section in which an algae‘céncenfrate?is égaiﬁvrecévered. A sampie.fiow,"l
sheet for h:contacfor Staées is presented in Fig} 12. Separation of ﬁany
of tﬁe'smaller green..algae from'ﬁuik»liqﬁid'streams presents a variety-off
difficulties. These difficultigs afe discuséed injChapter V.
'Whep centrifuges are qsed as.the-separatién device for each sfage,
we have to compenéate‘for the inefficiency of separation in our calculations.
(Iﬁ the compufer program,rthe fraction of material not separated in each
éénfrifugebstageiis‘estimated to be 0.01 and ié denoted ﬁy the constants
v"S, ss; and S5S.") The maximum throughput of'the largest industrially
available centrifugeg is between 250 and 300 gailéns per minute. We would
need, fhefeforé, twb»paraliel.ééhtrifuges for each stage of a TB0,000‘gallon
perrdaysplant."As in many other types of étaged'mass transfer proceéses,
a couﬁteréurfentvarrangement of stage$ ﬁill optimizé the mass transfer
situatiéh. | | |
.The equilibrium iniéach stage will be determinéd by the COnéentration'

++ .++' ' C S : ' o
of Ca and Mg in the bulk liquid, by the total»number of absorption sites_and
by thevvélﬁe ofithe sele?tivity coefficients* for.Sr%+ relati?e to Ca++ and
Mg++.v The mathematiéé-used.to evaluate the twovalgal c¢lean-up procéss

variations is presented in Appendix C.

4. Direct Disposal of Algae-Versus RéCycle of Algae
'.,vPapdorina, haviﬁg picked up rddioacfive Sr.ih the'contéctof ééctibn
of the process can then be éifhér diépésed of or "cleaned—up“ and recyéled.
In pfocess'variation.l.preééﬁfed in Fig..ll,‘the algae are'

dried with a rotary dryer and then buried in polyethylene lined fiber drums.
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"Fig. 12. Flow Diagram of U4 Contacting Stages.

S Represents a separator, i.e., a centrifuge or two centrifuges in parallel. Algae leave

in the underflow and the bulk liquid stream leaves through the overflow.

M | Represents a mixing tank with a two minute holdup volume to allow equilibrium of algae and LLW

streams. If Phototactic Separators were used, flow rates would be slow enough to eliminate the
need for mixing tanks: ) '
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In proééssi&ariation 2 élso;outlined'iﬁ Fig. 11, only a small bleed stream
A o S oL o e
is dried and buried.  The bulk of- the algae are stripped of Sr . .in a stripping
séction by cohtacfing them With a concentrated CaCl

5 solution in a series

o

of stagés (n. b. equilibrium'is deﬁermihed By Equation l), The . CaCl
solution is theh evaporated aﬁd bufied;v;The algaé leaving the stripping

: ‘ - : . : o+ '
section are still in a CaCl, rich solution. In order to keep Ca ~ from

2
building ﬁp during thé’prdcéss, the Aléée are waShed'fdlldwing the stripping"
- section with tap water in‘'a series of Staées (wash section) and then returned

to the.pond.

D. Cost Analysis of the Algal Clean~Up Process

" Design ahd cosﬁ c&lculationsrcomprise a very approximate‘estimate
to providé généfal pefspéctive on ﬁhe_econbmic feasibility of.ﬁhe préceés.
Moré détaiiédvbalculatioﬁé were éonsidered'gnneéessary at this stage of
the developmenﬁ'in view of the mény uncertainties in the processiﬁgisteps
ahd>généraiiy uﬁfa#orable_gosts.

|  Tablé_S'contains fﬁeicoét'es£im&teqopt£mizationvrespits,obtained.
With th¢ aid of the bomﬁgter program.sﬁown ih.Appendix C; :The'resuitSl
cbrreqund.tq,the floﬁs iﬂdicatéd-ip Fig..9. |

1.  Basis of Calculation

'a).lWe carry oﬁtvail éalcﬁlatiohs-on thé'basis of lddd‘galioné of
low lé?él radioacti;e wasﬁé (LLW)Zﬁréceésed. '(The saﬁe.basis thgt A
~was used in the Osk Ridge cost éstimaﬁe.):v
E) A 750;OQOtgallon.§er day piént processes lOOO'galloné’of'LLW in
two minutes. The;efbre, quantitiés présented in Fig. 9 are pef"'

S 2 minutesIOf opéfation.‘v1

- 2. Capital Cdsts

"The-largést industrially available centrigﬁgesgjare caﬁabie of broQ"
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cessing 250 5 300 gallons per minute-and have an instalied cost of
$é00;000. Two centrifugeé operating in parallei are required to prééess
1000 gallons of LLW in two minutes. A $200,000 centrifuge amortized over
20 years at 4% interest, costs approximatelyb5¢ per 500 gallons of LLW pro-
cessed. A bank of two parallel céntrifuges.in a stage of the contactor
section will cost approximately 10¢ per 1000 gallohs LLW processed. In
addition, each stage may require a holding tank ofleOO gallon capacity to
provide two minutes holding time for mixing and equilibrium of algae and
LLW. fhe cost of each tank, if reQuired,'will be nggligible in comparison
to the cost of'a'centrifuge;. The cost of each tank will be approximately
$h006. ‘In the case of algal recycle, sfripping and.drying section stages
will each contain one centrifuge.

10 (430,000

‘The Single Pass procéss requires a 30,000 rotary dryer
installed cost) to process 24.T5 pounds dry weight algae and 2LT.5 pounds
of wéter every two minutes. The recycle proéess‘rotary dryer costs about
$40,000 and processés 2.47 pounds of dry weight algae, 47.2 pounds CaCl2
and 340.5 pbunds. The total capital cost - of the Single Pass process is

$2,682,000 or $6.75 per 1000 gallons LLW processed. The total capital cosf
of the recycle process is $9,012,000 or $2.25 per 1000 gallons of LLW pro-~
- cessed. ‘
3. Fixed Cos£s
Fikgd costs include labor,,maintenance,'utilities and amortization
of capital. Labof for'the‘Singie Pass PfocesS'includes one operétof‘full
time (168 houfé/week, 52 weeks/year) at $3.00 §er hour with surchargéé of
10% for supervisioﬁ and T0% for overheéd; Labor for the recjcle'pfoceés is

exactly that of the Single Pass process. Maintehance;is'estimated_at 5% of

e
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capitalginvestment per year. The amortization of the éapital’investment’is_
‘over a-20 year pefiod at h%.interest. Utilities are estimated to be O.h¢.pér

" kilowatt hour.

4. Chemical Costs

We consider the algae entering the process and the_CaCl2 used in
the stripping section to be the'fwo chemicals reQuiréd by the algal clean-

9_is estimated to be 2¢ per dry

up process. The cost of producing slgae
weight élgae produced. The cost of CaCl2ll is estimated at $40 per ton
CaCl2 or 2¢ per pound.

5. Waste Handling Costs

' Algae and CaCléuledve the»rotary dryers rich in radioactive:ér..-They‘
are buried in polyethylene.lined fibe; drums at a cost of 5T7¢ per cubic

foot. . We estimate-the.cést'of>handling-énd:disp0851 to be approximafely-'

1¢ per pdund dry Weight'of material disposéd. in the Singie‘Pass process
algae‘léave the contacting section and afe then driedvand disposed of 
directly. * In the case of Aigal'Recycie; lQ% of the algae éﬁréam.leaving

the éohtactdr_éeétion is bled for drying and disposal. The“CaCl2'sdlﬁtion
used to strip fadioactive Sr from the remaining 90% of the algae stream is

combined with the bleed stream, dried and buried.

E. Resuits and Conclusions

P Thebresults Qf the éosf analysis of fhe two algal cléan_up pfé?ess
variatiops are presented in .Table 5. The.Sipgle'Péss-Prbcess and thelAlgaI
.Récycle process are estimated to coét; £espective1y,v$2.éh and $6.75 péf
1000 gallons of loﬁ level wéste prbcesSed,l The recyclé ﬁrocess is more
expensi#e than thé simpler Single,PaSs’Process. This.ié due to.the.féct

that it costs approximately 20¢ to regenerate 2¢‘worth of élgaé via recycle.
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COMPARISON OF ESTIMATED COSTS OF srtt REMOVAL PROCESSES

TABLE 5. The basis for all estimates is a 750,000 gallons/day treatment plant.

All costs are in cents/1000 gallons of waste fed to the process.

ALGAL PROCESSES

Oak Ridge
Single Pass Recycle Process
A. Fixed Costs 148.98 L461.56 35.80
Utilities 15.00 ‘ 31.00
Labor ' 17.28 34,56
Amortization 65.70 ~ 225.00
Maintenance , 51.00 ~171.00
B. Chemical Costs 50.00 163.5 31.68
Algae 50,00 6.5
CaCl, ' 157.00
C. Waste Handling Costs 24.75 bo.7 9.90
Algae 2L.75 - 2.5
caCl, | | | 47.2
TOTAL - 223.73 | 674.76 TL4.6

* ) - ;
Capital Equipment costs are $2,682,000 for Single Pass, $9,012,000 for

Recycle ahd are amortized at L% over a 20 yeaf.period.
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The cost of the purchase and dlsposal of CaCl make the Recycle Process

2
prohlbltlvely expens1ve. The Slngle Pass algal clean—up process at. $2. 2&
appears substantlally more expensive than the Th.6¢" Oak Rldge Ion Exchange
Scavenger Prec1p1tatlon Process. However the cost of the Single Pass Process
could be substantially reduced in the following waysf First, by replacing

centrifuges with an inexpensive means of separation, we could reduce the

enormous capital investment'cost. Phototactic Separators, if industrially

feas1ble, mlght provide the inexpensive means of. separatlon requlred Second,

a large scale algal agriculture would result in an avallable supply of algee
at less than 2¢ per pound. This would further helpvreduce costs of a Single
"Psss Process. Finally, if a safe technique.for ashing radioactive algae_
‘were developed the volume of the waste and the resulting disposal cost
vcould be,reduced. However,veven with these sav1ngs it appears unllkely that

/

an algal process could compare favorably w1th the ion exchange process.
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V. ‘PHOTOTACTIC SEPARATION

A. Introduction

.‘Phototactic response describes the tendancy Qf motile algée (able
to swim) to orienﬁ.themselves and swim directly foﬁards a light‘source. We
define "Phototactic Separation" as a process which utilizes the phototactic
response of organisms to effect their separation from a liquid suspension.

In Chapter V we describe the successful operation of a laboratory
scale "Inclined Wall Phototactic Separator". We Begin with a brief general
discussion of the problems of concentrating (harvesting) algae. This is
followed by a description of the initial eXploratory phototactic experiments
and a presentation of the design of an Inclined Wall Phototactic Separator
along with the results of an experimental invesﬁigationlof this device.

We conclude with a discussion of the problems of scaling up a Phototactic

Separator to an industrially useful size.
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B. Backgroﬁnd

Small green algae are potentially an‘attractive food source (see
Chapter”VI) and Pandorina morum intérested.us in particular because of its
ion.éiphénge.prdperties (Chapters iII and IV). ‘However the small‘gfeén
algae tend to grow in véfy dilute spspenéibns ah@ éccording to Oswald.gi_gi,
thé inifiai'éoncentration step is éxpenéive. Stahaard techniqpes of,b‘
sebaratioﬁ are either expensive or ineffective'when applied to.conceﬁtfation
of élgae. For example, filfration fails.begausé‘the small algae deform and
rapidly plug filter poreé.v Settlihg is.inefféctiﬁe beéaﬁse some oréanisms
have a‘deﬁsity close to fhat of Watervand others swim randomly in order to
~stay in séiution. Centrifugation.is an expensive pfoces$ and requiréé that
a supbly of dénser-than—watér orgéhisms be insured. -Keeping denser-than-water
orgarnisms dominaﬁtvih.an-open culture is»diScuésedvin the last sectioh of this
Chapter.' In view‘of the difficulties discussed above,.the concent of algaé'
swimming'towards the,néarest'wallbéﬁd célleéting theméelves, in reSpqpse to
the stimulus of a light, in a'device with no moving parté-becomes an\intéfesting
ideaf | |
- Chlorella (5 p_diameter) stay in éuépénSion‘by a cémbinatioh of
‘ browiéngmofion and a-density of neariy 1. Chlamydamohas (15 - Qb'u diameﬁer)
and the sixteen celled Pandorina (30 —’50 U diameter) stay in suépenéién by
swimming. _This swiﬁmiﬁg of motilify is-pfoduced by ihe'cqordina#ed acf%on
.of rapidly moving flageliag These motile algae have eye spéts wﬁicﬁ,ére

lightusénsitiVe enabling the-orgaﬁisms to locate and swim'directly towards




-4s5-

a light source. This mechanism d%ffers from the corresponding mechanism in
phototactic bacteria in which gradients are recognized and random steps taken to

insure a swimming direction which will coincide with increased light abéorption.

C. Exbloratory Investigations and Development of Equipment

1. Beaker Experiments

The first experiments consisted of suspending various species of
motile algae in dilute solution in ordinéry 400 mi beakers in a dark room and
shining a flashlight through one side of the beaker. It was noted that the _
algae would swim to the wall nearest ﬁhe light and.then, when their density
(these algae were slightly denser than water) led to a hydrodynamically unstable
situation, they fell down the wall in a dense mass. By holding the light
first to one side of tﬁe beaker andvthen to the wall opposite, crude estimates of
the various swimming fates were observable. On the basis of those early obser-
vations Pandorina morum, with a swimming speed of 1 - 2 cm per second; was
chosen as the organism fof'our investigation of Phototactic Separation.

2. Horizontal Channel Experiments

The second generation apparatus (see Fig. 13) consisted of a 28 cm
long channel (5 cm wide) with distributed inlet at one end and a 1 cm high
weir at the other. The algae were to enter, be concentrated on the top by
means of an overhead light source, pass‘éver the ‘weir and leave through
a'onevexit line while the bﬁlk flow5'devéid of metile orgénisms exited under
the weir. A small mesh wire grid was placed perpehdicular to the direction
éf fléﬁ.Q cm ffom'the inlet to heip smooth the flow‘profile.and reduéé
secondary flows. The difficulties;experienced with this device were as
follows:v |

a) Organisms collecting at the top fell to the botton in ocecasional
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“Fig. 13. The horizontal channel phototactic separator.
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clumps due to hydrodynamic (density) instability béfore thef could

pass over the weir. |

b) Surface tension effects and low flow rates resﬁlted in an

vinsufficient and erratic dribbling over the wéir. |

To solve the second problemi(b), a smooth continuous flow over the
weir was created by instituting a controlled flow situation which backed up
and mdintained a few millimeters of liquid height over the weir at all times.

To combat the first probiem (a) of algae leaving the surface before
they reached.the welr, we rearranged thevlighting fo attract all the motile
organismé to the bottom of the channel. This resulted initally in‘a_fairly
"algae free' solution passing ovér'the.weir, but a very steady build-up of
vorganisms trapped in an almost zero flow_raté region at the bottom.

It then became nécessary to clear the bottom, both in order to collect
the aigae and to permit light to continue to penetréte to thé upper layers
of solution. Since we were reluctant fo use moving parts (e.g., a mechanical
moﬁing belt'or swéeper); we chose the idea of inclining the plane of the
bottom. Practical considerationsvled to fhe next génération devicé:'va

closed rectangular channel.

3. The Inclined Wall Phototaetic Separator

The Inclined Wall Phototactic Separator is described pictorally
in Fig. 14 from both front and side:views. Note that the thinvarrowszdénote'
bulk liquid fiow, whilé the heavier arrowvs approXiﬁate the path of the dénse
algae.riCh fluid. The flow in this device appéaredvto be laminar in_éll
regiqns, under all conditions of operation invéstigated in this experiment.
A secéndary flow existed_near_the bottom of the unit due to the forcezof the

inlet feed jet, and is described by thé circular arrow. The gquantity of sludge
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Fig. 14. The Inclined Wall Phototactic Separator.. -



-Lo-

(concentrated separated algae) being removed was always very mich less than
the bulk overflow and therefore, the region below the feed inlet could be
approximated as nearly "stagnant". As a result of the quiescence of the
sludge region, very little separated material ever returned via the fast
inlet flow to the main separation regions.

Light entered the separator through the lower of the two inclined
flat ﬁails. The resulting density induced flow (see arrows on flow diagram
in Fig. il) did not comé into conflict with the upward bulk stream but
rather carried the algae directly downwards towards the sludge removal
section.

The column was held vertically then rotated 30 degrees around one
horizontal axis and then 15 degrees around a second perpendicular horizqntal
axis. This secondary tilt led to a slight change in the settling flow and
seemed‘to ezpedite the concentration of the algée. The 15 degree inclination
was also useful in pefmitting the seﬁﬁling algae to avoid the inlet jet. A
further mechanism for avoiding possible flow turbulence problems in the entrance
region of a slightly iarger separator would be to make the cross section
of this region wider than that of the upper end of the channel and to
utilize’ﬁultiple inlet Jets.

D. Experiments with the Inclined Wall Phototactic Separator

l; Preparation of Organisms

Pandorina morum were produced»in a éontinuous growth chamber (falling .
film cooled flat reacfor) which was;bperated with medium Formula B at.
a dilution rate of 0.0125 hr--l with h% Cbg in air'at 20°C, and an average
light intensity of 350 footcandles (see Appendix I). The suspensiohvwhen
harvested contained only a small fraétioniof moﬁile organisms which was |

probably due to the continuous lighting of the‘bhamber'whiCh differs from the.
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normal dlurnal cycle

. A 1.5 liter batch of algae Was removed from the growth chamber
Small quantltles of ca101um and magne51um salts were added, and then the
Pandorina were aerated 1n the dark at 20°C for 12 hours. As a result of
this treatment, about 85%’cf Panddriﬁa morum were motile-for the tactic rdns.

‘v2f Procedure | |

The algal feed, diluted to ebout 10 liters with water, was fed from
a constant‘head-bottle to the inle£ of the separaﬁcr. ‘The pVefflow was

dollected in a graduated cylinder and flow rates were computed withdthe aid

of a timer. Concentrations of Pandorina were monitored by measuring the over-

flow optical density (0. D.*). The sludge rate removal was negligible and
v 1 . ,
was normally controlled with the aid cf'a clamp. ‘Iﬁ each run; ihe column
bwas.started empty and the low rete ﬁas.dllcwed to decreese in anvﬁnccntrclled
.ﬁanﬁer as the cclumn filled. stually about 10 minutes elapsed before fhe
first sample could be collected and by this time the necessary flow patterns
‘for separatlon started to take form. |
- Three experiments Were'run at similar flow rates. - One with-ﬁhe

“light oﬁ; one with the 1igh£ offy and oneiwith the light initially cff and
then turceddon} i

3. Results ' f

- Figs. 15, 16 and 17 present the results of the three experimental runs.

- Each Figure contains avplot-cf the fraction of the QrganiSms.in.tﬁe overflow

(i.e. nnseparated'organismS) and the fraction of motile organisms in the over-

*To celculate thevdrysweightﬁPandorina from O. D., the Pandorina werefcentrie
fuged ih d low speed :centrifuge and the Q;.D.'cf the remaihing solﬁticn (Bacfr
teria O. D.) served as a blank. Subtraction-cf'the Bacteria O..D, frcm the
total 0. D. yielded a number which could be compared ﬁith a calibration of

O. D. versus Pandorina dry weight.
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Fig. 15. Phototactic separatioh run 1. Feed 0.D. = 0.47, overflow
“rate = 160 ml/min. '
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"Fig. 16. Phototactic separation run 2. Light On,

Feed 0.D. = O.ﬁ?,,overflow rate = 135 ml/min.i .
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Fig. 17. Phototactic separation run 3 - Light Off,
Feed 0.D. = 0.47, overflow rate = 122 ml/min.
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fiow (i.e. sepafable, unseparated organisms) versus time. Fig. iS fepré—-
sents run 1 in which the column was alloﬁed to fill and fhen run in the dérk
for'l6 minutes before the light was switched on. The fraction.motile and
total'O..D.’of the overflow éontinued to fise slightly in the dark aﬁd
dropped swiftly when the 1ight was switched on (see arrow at 16 minutes).
The sharp drop in O. D. and motility accompanying the light is trulyv
dramatic. This plot alone goes a long way toﬁafds demonstrating the
feasibility of the device.

Figs. 16 aﬁd 17 demonstrate COntrasfing funs 2 énd 3 respécﬁivély.

Run 2, with a flow rate of 135 ml per minute, was carried out with the

light on. Run 3, with a flow rate of 122 ml per minute, was carried out in

the dark. The end of each run is considered a steady state and the fesﬁits
are compared in Table 6. 99.9%>§f the motile organisms}wefe-harVested
when the light.waé on and only 38.3% when the light was off. 38.3% of the
immotile organisms were also harvested when the light was off and abéut
L2.5% when the lightbwasboﬁ.

L. Diécussion

Avfeed containing Bs%lmotile orgaﬁiSms was fed to'thebseparator.'
In the dark, settling élaimed a fotal of about 38%‘of both mofilé and”
immotile-orgénisms. This résult was surprising as we had expected the firét
organisms to enter the undefflow to be mostly ndn—motile and once the .down -
flow stgrted.ﬁo have random capture of mofilelorganisms by collision of
. motile organisms Qith the félatively swiftly moving downflow zone.

When the light was on (rﬁn 2), 91.4% of the orgaﬁisms were remoféd
from the méin stream includiﬁg 99.9% of the motile organismé and roughiy
hg.S%'bf the immotile ones;' This tends to indicate that about the same

number of immotile organisms found their way into the downflow as in the
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previoﬁs case but that a perfect separation of motile organisms was achieved.
(One mighf expecf é large downflow in the light resulting in more immotiles
trappea, But a larger downflow ﬁlso results in a.faster bulk ﬁpflow, and
these factors, possibly important to other ﬁydrodynamic arguments, may
compensate fairly evenly.) The results are presented in Table 6.

There are also other ways of manipulating algae with the aid.pf
light. Algae that swim towafds a light source will tend to swim in the
opposite difection‘if the source is too intense and is a danger to their
photosynthetic apparatus..‘Algae appear to be most sensitive to blue light
with little or no response to rédband near infrared.

5. Conclusions

We concluded that Fhototactic Separation is effective for removal
of motile Pandorina from dilute suspensions. The effectiveness of the
Inclined Wall'Phototactic Separator has been demonstfatéd. On the basis
of the preliminary experiments, we recommend further ‘investigation of
phototactic separationai devices with the aim of developing a device for

an industrial scale separation.

E. Scale-ﬁp,of a Phofotactic Separator
For the purposes of calculation, we can scale up our experimental
separator keeping flow rate per unit cross sectional aréa constant. . The
present separator (1/2 in. by 5-1/2 in.) has an 0.0191 ft.2 cross seétion.
. Run 2‘having a 99.9% effective_removgl.of motile organisms had a
flow rate of 51.4 gallons per day (135 m1/min.). A 750,000 gallons per
day capagity would require about 28 ft.2 of cross éectional érea.

The laboratory separator had a length of'2.ft. and a gap in direc-

tion of the light source of 1/2 in. An obvipus,-but unanswered question
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TABLE 6. Summary of Phototactic Separation Runs 2'and 3.

FEED (Both Runs)
Total Optical Density (O. D.)
Bacteria 0. D.
Pandorina 0. D. (85% Motile)
Motile Pandorina O. D.

Tmmotile Pandorina 0. D.

OVERFLOW (At Steady State)
‘ LIGHT
Flowrate (ml/min)
Bacteria 0. D.
Pandorina 0. D.
Motile Pandorina O. D.

Immotile Pandorina 0. D.

% Organisms Harvested in UNDERFLOW

Pandorina (Motile and Immotile)

Motile Pandorina

0.470
0.039
. 0.k31
- 0.366
1 0.065
| Run 2 Run 3
ON OFF
135 122
- 0.039 0.039
0.037 0.266
0.00055 0.226
10.036 0.040
- 91.4% 38.3%
.99.9% 38.3%
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is "if the length of the device and the gap width were increased, how
would the maximum flow rate for 99.9% removal of motile organisms be
effected?" It is possible that by altering the design measurement, we
could greatly decrease'the 28 ft.2 of cross sectional area required for
our 750,000 gallons per day plant. The same separational capacity is also

supplied by a pair of centrifuges at a total installed cost of $400,000.

F. Keeping Pandorinsg Dominant in a Pond

In order to enjoy the special advantages of Pandorina it is
necessary to ensure that it is the dominant species in the algal growth
pond. The following suggestions and observétions may be useful :

1. A small population of Rotifegs keep competing chlorella from
becoming competitive with Pandorina in an open culture. A mixed Pandorina -
Rotiferbculture.left in an open 5-gallon tank kept its‘composition fof
fhree'months. |

2. Phototactic procession of thé organisms from a pond combined
with a lafge recycie "seeding" stream will help to give responsive ﬁphotoﬁ
tactic" organisms a growth advanﬁage.

3. Occasicnal mixing of the pond would prevent bbftom growers fromn
getting up where the light enters. This along with a non-stick bottom
surface and fairly uniform flow through the pond shguld be tc the advantage
of abmotile organism.

L, Péndorina's lifevcycle_istsﬁCh that the phofotactically active
'-young organisms swim to the top and fight to stay on the surfaée; When they
are ready to divide, they.sink tovthe bottom until the youngbswim ffee of
. their péfent's.old shell. (The activevphotétactic organisms are the

likely ones to leave the pond during harvest because the flow pfofile of the
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pénd will not.disturg the béttom. Theylcaﬁ then Be separated and recycled
as in suggestion 2 above.) ih-a vigo?ous but‘féiriy.dense pond; almoét all
the‘light ﬁill Eé‘absorbed by the organismsnear or ét the surface.

5. It may be possible torbreed speciél algal strains to improve

on the ones now available.
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VI. ALGAE AS A PRQTEIN SOURCE

A. The Direction

From a long range ecological point of view, algal culture can be
seen as generating new f'ixed carbon resources. Bj comparison, utilization
of petroleum for food production is a depletion of a fixed carﬁon resource.
While use of other than carbon (COE) fixation methods of food production
may seem justified inbprocessing of "waste'" materials, policies ofvresource
depletion are of questionable wisdom and longevity;

The two major methods of carbon fixation likely for future use are
algal éulture and agriculturé of higher plants. Comparisons of these two
methods often appear to favor algae as a potential protein source. The
advantages of algaé'include high growth rates, continuous utilization éf
all land area (and thus all available sunlight), and ﬁigh protein contents.
While a variety of technical, economié, and psychological problems remain
to be solved, we look forward to a future in whiéh the solutions wili be
found.

Havingbchosen Pandorina morum as the general oréanism for our
investigation, we became interested in'establishing its food potential.
However, we did not locate any such information in the literature. As we
were not equipped for amino aéid analysis, we submitted samplés to thé

U. S. Department of Agriculture Western Regional Research Laboratories for



analysis.. Two years latef, during the third series Qf runs of experiment 3
(funs'3—l-to 3-8) (see Chapter 3, section-E)'we also harvested a batch to
'estabiish_pfotein content.  This léter batch was sent to the:McGaw Laboratories

‘Division of'thé American Hospital Supply Corporation for amino acid analysis.

B. Comments on Pandoring morum Bbrey Uéed'in Apalysis

Details of the.étandard prdcedufes used té prepare the Pandorina are
given in_Appeﬁdix 1. |

The algae labled "3/18" were grown in tﬁe tubplar growth tanké and
were no longer in their rapid growth phase, but can.be COnsideredﬂto be
slightiy older cells. However, they still maintained about 50%-motility
which indicates a degree of vitality. Samples sept ﬁo the U. S; Départment
of Agricultﬁfé were’grown in a flétffallipg film cooled gréwth reactor.

—gé—/hr._l)

‘The Pandorina were grown with alspECific growth rate (%-: 5050

and half were harvested as Sample l; The>réaétqr was refilled and grown ﬁo
a smaller éptiéal density (but éreéter dry weight) over a three-day period
and ﬁhen one half was harveéted again'és Samplés 2 and 3.

Sample 1 showed a Carotine 1ével of 11k mgs/lb and a Xanthfoﬁhil
level of 655 mgs/1b. Samplé 3 had Carotine and Xan£hrophil leVeiS.of L1 and
279 mgs/lﬁ;resbectively. | | | |

Pigments Vere lower inlfhe case of Sample -3 because they Qerejréducéd'
on a pef ¢ell,basis during.theféarly:rapid growth.periOd[and had_not,managed‘
: tb build Up.to their fiﬁai concentré%ioh’when the S§cond hérvést thk place;'

All saﬁples were_fréezedvdried immediatély upen Har?estiné}'.v
~ The procedure used in the McGéw‘Laﬁoratory anaiysi§>is preseﬁted in

Appendix E.
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C. Diécussion of Results of Amino Acid'Analysis
The McGaw Laboratory report made the following comments on its
findings,
"...We estimate the error in [the hydrolysis] procedure
to be less than S% and the amino acid analysis to be
+37%.
"The chromatograms were very 'clean", shoWing few anomalous
ninhydrin-positive compounds or decomposition producté due
to the hydrolysis of thé protein.
"The recovery of nitrogen is quite high (89%) in our
opinion,.indicating that a large quantity of the nitro-
genous compounds found in the aigae are ?rotein or amino
écid in nature.
"...Totalvnitrogen confent (Kjeldahl method) was found to
be 6.25% (w/w). The amino acid nitrogen content represents

89% of the total nitrogen found in the algae.'

D. Discussion of Results

The results of the amino acid analysis of Pandorina morum Borey
are presented in Table T. |
l.. According iovahler g§_§;}5’16
a) Cysteine and methionine and tryptophan are largely destroyed
by hydrochloric -acid during'théxanalysis. Tryptophan can. be
released by alkaline hydfolysis and analysed in a se?arate analysis.

Cysteine and methionine can be cdnvefted'to stable derivatives

by oxidizing them with performic acid (H;0, + HCOOH) to their P



TABLE 7. Amino Acid Analysis of Pandorina morum

3

g:g:fl~ U. S. Department of Agriculture - WHO standardlh'-
Sample 3/18 1 2 -3 ' - i
. B : Hens . 1957 -
Kjeldahl %N £.25 12.6. 9.39 10.1k Egg - FAO
Amino Acid %w/v  w/vp  w/v - Ww/wp Bw/w . Gw/wp T/ Safvp,  Bajwp  Fa/vp
Aspartic¢ Acid 3.03 9.63  3.50 8.66 2.75 - 9.70  2.76 9.54 .
Threonine <1.66 5.28  1.79  h.43° 1.48  5.22  1.L8 5.12 5.1 2.8
Serine- 1.42 L.51 1.54 3.81 1.7 4.48 1.26 4.36
Proline . <1.83 5.81  1.69. 4.18 1.4 k.97 1.4l . 4.88
Glutamic Acid  3.60 11.44 L.h1  10.91  3.19. 11.25 3.15 10.89
Glycine 2.0l 6.39 2.79  6.90 2.09 7.37  2.17 7.50 o
Manine L 2.52 . 8.01  2.76 6.83 2.17  T7.65  2.19 7.57 B '
Valine 2.05 6.51 2.43 6.0l 1.93 6.81  1.87  6.47 1.3 b2
Methionine 0.0 ..1.27 0.70  1.73 0.36 1.27  0.148 1.66 3.1 2.2
' Isoleucine C1.kk o k.sT 1.66 k.11l 1.28° Lisz 1.30 k.50 6.6 . k.2
Leucine 3.06 9.72  3.h1  8.b4 2.66  9.38 2.71  9.37 8.8  L.8
: Tyrosine 0.93  2.95 1.k 3.5 1.03 3.63  1.07 3.70 k.2 2.8
Phenylalanine . 1.89  6.00 2.15  5.32 1.68  5.93 1.70  5.88 5.8 2.8
Ammonia . 0.59 1.87 - - - - - -
Lysine ' 2.39 7.59_ - 2.52 6.2L  1.87 6.60 1.93  6.67 6.4 L.
"Histidine 0.66 2.10° 0.88 2.18 .0.58  2.05 0.62 2.1k
Arginine ‘2.00 - 6:35  6.58 16.28 2.9  8.78  2.62 9.06
“1/2 Cys - - 0.38 = 0.9% 0.20 0.7  0.22 0.761
TOTAL  31..48 4o b1 28.35  28.92
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respective stable derivatives, cysteic acid and methionine sulfone.
Therefore, the true values of these amino acids may be considerably
higher than indicated in Table 7.
b) Threonine and serine are destroyed ﬁo a moderate degree b&
acid hydrolysis but correction factors based on kinetic studies are
available. (Threonine value X 1.036 = corrected value; serine value
x 1.082 = corrected value.)
¢) Valine and isoleucine are released too slowly during hydrolysis
and correction factors based on kineticé are available. (Valine
value x 1.081 = corrected value; isoleucine value x 1.078 = corrected
value.)
. 2. In addition to amino acid compositidn results, the results of
- animal feeding tests would also be valuable. These tests would indicate
thé available amino acids which.may be'leéé than the total amount of amino
acids present. However, we could not rﬁn these tests because of lack of
material. |

3. The Kjeldahl results for the McGaw Laboratories samples in-
dicating 89% of the nitrogen in the amino acid form, indicates a low
nucleic acid content for thé Pandoriné. This is a very favprabie sign
in that the high level of nucleic acids in yeast decreases the attractive-
ness of yeast as a food source.

4. The high Kjeldahl values for the U. S. D. A. analyzed samples
are aue to the fact that the algae used for thqse cases were not thoréﬁghly
rinsed.free of the nitrogen_fich media before freeze drying. The McGaW
 samples were thoroughiy rinsed before freeze drying.

5. The valués obtainedvduring theée'tests are interesting enough

to warrant further investigation of Pandorina as d,food source.
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VIT. SUMMARY OF CONCLUSIONS

‘This chapter contains a bfief suﬁmary of:the conélusions'of fhis
thesis. _We:investigated.the use .of algaé aé'ion'exéhange béads. We
experimentally detefmined the ion exchange charaétéristiés of Paﬁddring
morum. We carried out an ecanomic analysié of a plant for freatmentjdf‘low
level réaioactive waste, utilizing algae'as ioﬁ exchange 5éads. We'fbund
the algaevprocéSS to be more costly than a conventional ion exchangevpréceSS.
Wé concluded that the primary éxpense of the algal process came in the
separation of aigae from dilute.suspenSions. Wé ihvestigated phototakis
_asva possible mechanism for separating algae from solution at a redﬁcéd
coét. Wé preseﬁted aﬁino.acid énalysis éf Pandorina to detefmine the fbbd
conﬁent of that organism. _The conclusions ofbthé'variousvQhéptérs'of-
this thésis are presented:in:the follbwiqg paragfaphs. | |

In Chaptér'III we'examinea algag as ion e*change'beaasf: Thevfi;st
‘experiméht deﬁonsfrated that the kiﬁéficé of éﬁsorption is sﬁfficientiy
fast so that equilib?ium is obtéined ip iess thaﬁ th minﬁtes. The second
experiment indicated that the mechanisﬁ for catibﬂ‘uptake iS'prQbably ionv
exchange. "In Experiment 3 we fouﬁa that a vigorously growing culture of
.Pandorins will have l.h'milliequivalents'of cation exchange sites perfgram
dfy'weight of algae at pH 5.5 énd‘about b.?-milliequivélents below pﬁ'ﬁ.o..
Olderjéultures, héVing exhéusted théir media and becémevless active,'tend.
to have_feVer ionkexchénge sites per gram dry weight algae. Selectivity

. . . ++ 4+ ++ —_ .
coefficients for Pandorina morum in a Ca , Sr ; Mg - solution were found

Sr- Ca

to be KCa = 1.2, Kﬁguf 1'8"KMg =-2.2: Therefore,?he hlerarchy of,preferencgsv

L ++ 4+ : R - i ,
of the absorption sites are Sr > Ca >Mg . The data was tested in a staged




~65-

experiment and the experimental results were successfully predicted.
Chéptér IV,coﬂtains a compérison of plant designs for tresating
1000 gallons of low level radiocactive waste every two minutes. The process
employing algae as ion exchangé beads costs 3 times as much as a conventional
ion exchange process. A major reason for the poor economiés of the algal
process:was the high cost of handling algae with.centrifuges. We suspect
that the algal process will become more promising with cheaper separation
techniques.
in Chapter V we explained the development of phototactic separational
equipmeﬁt, which utilizes the tendency of Pandorina to swim towards a light,
as & means Qf separating these organisms from a dilute suspension. We
lack sufficient information to predict the cost and operating characteristics
of industfiél scale Phototactic Separators ana therefore did not reevalﬁate
the algal clean up process in terms of utilizing Phototactic Separatoré
instead of centrifuges.
The development of a cheép means of separation would not only in-
crease the feasibility of the algal process but would also lower the cost
of producing algae as food. In Chapter VI Pandorina morum were analyzed
for their protein and amino acid conténts._ 28.3% - 40.4% of the dry weight
of the algae was recovered as amino acids. Most of the Nitrogen_contenf of
the algae was found to be in the amino acid form. We concluded that further
investigation of Pandorina as a food soﬁrce is warranted. |
‘Wevrecommend the further examination.of.the properties of Pandorina

morum and of phototactic separational techniques.
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APPENDIX A

Support Equipment and Standard Procedures

1. A Preparation of the Organisms

a. Cultures Used

The principle organism used in these experiments was Pandorina morum
Bory #876-WILBOIS MAS-5-2. It was obtained from:
The Culture Collection of Algae
Department of Botany
Indiana University
Bloomington, Indiana
Phone - 812 - 337-5353
Other organisms examined in these experiments were: #18, 788, 870,
872, 878, 880, and 881 of the Wilbor's strain (Indiana Culture collection)
and Chlorella pyrenoidosa Fmerson, Volvox, chlamydmonas , and Euglena from

the University of California Botony Department.

b. BStart-up Process

The cultures were obfained from Indiana on agar slants and
transferred to 15 ml of dilute media (media A) in éterile glass 4O ml
Screwtop containers with inverted 20 ml pyrex beakers acting as lids.

It seems that in order to leave the resting stage (adopted by the
organism while on the agar in transport) the organism must first alter its
environment supposedly including the excretion of some chemical. Therefore,
cultures have a better chance of starﬁ—up when surréunded by a limited
amount of media.

Whén‘growth became'apparent in these standing liquid tuﬁes, the
organisms'were'transferred tb thé seéond-stage of £he séale—up.

Thé'second'stagevscale—up consisted of sealed, 2@0 ml Jars con—v

taining 100 ml of media aerated with filter 4% CO_ in air through coarse

2
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fitted glass spargers. Upon maturation of the culture, the entire 100 ml

could then be transferred'aséeptically:to one of the large growth

reactors (tanks).

c.

The Tubular Reactors

These growth tanks are test tube shape, roﬁﬁded at the bottom,

6 in. in diameter and 2L in. high. Through the neoprene stopper on top.

‘we have the following:

1)

L)

- 6)

A line to a coarse fritted glass sparger for a 4% airfCO2

mixture.

A liquid media 1line.
A one inch diameter forced water coolent tube extending to

the bottom of the'reactpr, bénding'in a'U, and then running

through the top of the tank.

A thermometer port.
An inoculum.port;
Ah‘aif exit line attached to a long tube with a downward run

of about six feet to provide against bacterial back-up into

vfhe tank-.

The walls were equipped with sample ports at 6 in. and 22 in. from

the tank bottom.

:A-magneﬁic stirref’bar'rotatgdfon-fhe tank bottom.

When first innoculated, thé réactors were only partially filled,

but later they were run at capacity. -

4.

The Flat Falling Film Growth Reactors

These reactors werechnstructed by making_a‘sandwich of two sheets

of parallelo plateglass with oné cm thick "spécers"'sépafating_the two

A O

'H
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sheets. The spacers were organized with a 60° ‘incline near the bottom
| .

and attached with silicone rubbef‘glue to provide a water tight seal.

The reactor had the following:

1)

2)

8)

Stirring was provided by a magnetic stirrer and by the air—CO2
mixture which entered below the stirrer.

60° slanted walls near the bottom prevented settling of the algae
from becoming a problem.

Liquid media entered the bottom through the same line as the air.
An air-liquid exit line left via the top corner.

The reactor was tilted a few degrees to provide better air
removal from the top surface.

A mercury pressure gauge at the very top of the reactor was
connected by electrical relasy to an emergency exit (opened by
selonoid) 2 in. down from the top. In case the power failed,
thé mercury would have been expelled from the gauge and ﬁhe
gauge itself woula become an exit line.

A liquid film from a constant temperature bath ran down the
outside of one face of the reactor. Tkis provided adequate
cooling with any lighting loss.

Two liquid media feed systems were available. The first was

a two timer, two selonoid device which filled a constant

volume tank for a designated peripdvof'time and then fed the

contents into the réactor during a second designated period of

“time. Since the doubling3time of the algae Was slow, this

‘same batch-feed techniques could be assumed to be continuous.

The second feed system was based on an optical density mea-
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suring device'Which turned - a finger pump oq_for a fiiedvperiog
of.timé each time it found tHé algée dénsity ta be téo high.
This sophisticated dgvice was developéd for the Biodynamics
group on thé Berkeley campus. | |
In.éither feed s&stem,'the liquiﬁlériéiﬁated in 5 gailon,‘_
sferiie media bottles.r .
9) Light was proﬁided By twé adjustablé intensity,.parallelvbanks
of flﬁbrescent lights describéd elsewhere in this thésié.'
lO)‘ Density of the'alg;e éould be roughiy’followed-With a light
meter. | | |
‘e. Lights
| The eqﬁipménf rack had two pérallel banks ofrlights;v Each bank
ccnsisﬁéd of 12 veftical G. E. Cool White (T12) light bulbs. (L ft. high),
A standing‘wiﬁh their centers 2 in. apart. This provided two uniform lightv
sburces>hfft; high by 25 in. wvide, of ya;i;b;e intensity, and with a
visible light spectrum similar to daylight.
Light became the vlimiting futrient” as soon as the cultures became
fairly dénse. Therefore, good.lighting.was crifiéal for supply of vigorous

cultures for our experiments.

f. Constént-Temperature Bath
'f'Tﬁe bafh.coﬁsiéted>of a é}xé'*E{ insulated tank &ithfthe fbild?ing
arranggmeﬁtéf | | L | o
l), A tap water iﬁlet for-filiing*and.as coolant stream. -
)A2)_ A watér ovérfiow. |
‘v‘3)' A draiﬁage port.’

h) A circulating pump to provide uniform.mixing.
. ! i
' !
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5) A Beckman thermémeter copnected to a relay.

6) A bank of knife blade heaters activated by the relay.

7) Pumps to deliver the tank fluid to various place. One appli-
cation was to provide'a,falling film for thermal control of the
flat reactors.

8) -CuSOh was oécasionally added to prevent algae from building

up in the bath.

g. The Centrifuge

Algae removed from the reactors were centrifuged in a Sorvsl super-
speed (RC—2) centrifuge. Two minutes at 1000 g's was sufficent to allow
decanting of the supernatent from Pandorina cultures, but closer to 10
minutes at 10,000 g's were used to decant from Chlqrella cultures.

2. pH Measurement

va's were measured with a Beckman Centufy SS pH meter. The
instrument has expand scale cépacity around any interger pH. It also
has thermal correctioﬁ compensation. A combination electrode, capable of
monitoring the pH of very small volumes of liquid.reproducably was employed
for this study.

3. Drying the Algae

Dry weights were taken by drying the algae in tared glass or
porcelein containers in a 90°C oven. Algae were also dried in a Virtis
Fréeze Dryer.

The algae that were set aside for protein analysis were always
freeze~dried first and then placed in sealed nalgene containers and held

in the freezer until they were ready to be sent for analysis.

Al 1
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L. Weights
Materials:were weighéd'bﬁ a'Voland & Sons Chainomatic balance.

During the last six months, a Mettler automatic balance was used.

5. Analysis of the Algae for Cation Content

.a.' Preparation of Glassware and Crucibles

1) Containers were soap washed to remove gasés, ete.

2) Containers were distilled water rinsed.

.3) Containers were 3N HCL washed to remove any cation deposits.

k) Containers were distilled water washed to remove HCL..‘

5) iCOntainers were aluminum foii wraépea and/or storednin glosed

contaiﬁers'to prevent’dust contamination.

In very early expefimenté; céntamination of samples made:AA analysis

unreliable. |

b. Preparation of Samples

Samples.weré ashed in acid-washed poréelain crucibles equipped with

lids. First they were slowly charred until smoke was no.longer being emitted

by the samples and then thevcinder was reduced to ésh by heating the cruci-
bles to a red glow with air—gas'"blast burners". ‘After the éamples cooled,
25 ml Qf 2N HCL‘Was added to the crucible. Forty-eight houré later,.the
liquid from the crucible'was transferred to a screw-top nalgene bottle.to,

bé ﬁéld'for A.A.-analysié.:‘Just priéf £o running the saﬁpies 0.5 ml aliquots
)

3°3
"automatic diluter" and placed directly in:5 ml Beckmen AA feed cups. The

were further diluted at least 10 to 1 by 0.1% La(NO with atLabindustriés‘

: purpoée'of the‘La(NO3)3

solution was to have La replace Ca in CéPOh because
CaPOh does not dissoclate sufficiently to allow a true Ca ~reading in

the Atomic Absorptioh flame.

i
i
o
|
!
i
o
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c. Atomic Absorption:Analxsis

The sysﬁem used was a Beckman Model 979 Atomic Absorption System

which included a Beckman DB-G Spectrophotometer and an air-acetylene

Laminer Flow Burner, a "Sr" lamp and a "Ca-Mg-Al" lamp. The Sr lamp was

run at 15 milliamperes (25 m.a. maximum) and the Ca-Mg~-Al lamp was run

at 10 milliamperes (20 m.a. maximum). The flame was run with 25 psi air

and 4.5 psi acetylene. A Beckman ten inch chart recorder running at 0.5

in. per minute was used to record the results. The spectral lines used

were Ca - L227 A, Mg - 2852 A, and Sr - L607 A.

Beckman standard solutions of Ca, Mg; and Sr served as standards

for comparison with our unknowns.

The following procedure was used during analysis:

1)

2)

3)

AU, Il UV A S I
et e S s

Samples, standards and distilled water were prepared in sample
feed cﬁps.

Distilled water was run through the.asperator continuously from
a larger container. The recorder chart was run at low speéd.
Materials were fed fhrough the asperator in 15 to 20 second

periods with quick substitutions of one container for another.

Even patterns of operation and minimum lags with liquid entering

the flame were necessary'for reproducible results.

At first, samples of distilled water and the standard were:

- alternated as feed to the device until the instrument seeméd

reproducibie.

Then we ran the samples with the following alternation:

"Distilled water
Standard
Sample
Standard
Distilled water

11t
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For very dilute samples the procedure was:

Distilled water
Standard
Distilled water
Sample
Distilled water
- Standard

Distilled water _
Sample (new or same)

Samples were usually run three times to insure the validity of

the readings. The instrument often had clogging problems and

- electrical noise was obvious on the chart.

Hot mode was 10 times more sensitive than cold mode, but
was more prbne to electrical noise problems.

Some samples, too concehﬁrated'for the device, had to be diluted

3

by 10, 100, or 1000 with the La(NO3) via the automatic dilutor.

. Blanks ‘'were run on the La(NO3)3 solution and the 2N HCL elution

solution.

Formula A (stért—qp medium)

Into one 20 liter Pyrex bottle was placed:

a)

b)

Distilled water | 20.0 liters
Ca(NO3)2' hHQO : 10.0 grams
MgSOu . 7H20' . 1.7 grams
KgHPoh " 3H,0 R v 2.0 grams
NaHQPQu'_H2O _ _ _ - 0.L granms

Trace Beig (with Fe) 40.0 ml.

B Vitamins

The above solution .was steam sterilized fér 3 hours at 15 péi.

It was employed as a dilute base for the various algal cultures and for
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starting the Pandorina from the agar slants.

b. Formula B (Pandorina medium)

Three bottles were autocleaved at 15 psi for three hours.

Into one 20: liter Pyrex bottle was placed:

a) Distilled water 18.0 liters
b) CaCl, (dehydrate) 2.0 grams
c) MgSO," THO ' 10.0 grams
d) Beig Trace ' 80.0 ml

Into one 1 liter Pyrex bottle was placed:
a) KHZPOh 3 Hy0 | 10.0 grams
- b) Distilled water 1.0 liter
Into one 1 iiter Pyrex‘bottle Was_placed:
a) Urea ‘ 20.0_grams
b) Distilled water 1.0 liter
When the three bottles cooled to room temperature, their conténts
were mixed with efforts made‘to maintain sterility. Mixing when hot led

to precipitation.

c. TFormula C (Pandorina medium)

Two bottles were autocleaved at 15 psi for 3 hours.

Into one 20 liter Pyrex bottle was placed:

a) Distilled water - ' 19.0 liters
b‘) - Call, (dihydrate.) - 1.5 érams
.c)' MgSOu . THQOV ".'5.0 grams
d) _KNO3 o 32.0 giaﬁs o

e) Beig Trace 40.0 ml
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Into one 1 liter Pyrex bottle was placed:.

a)

b)

KHQPOh -3 HQO

Distilled water

. é;o

1.0

After the solutions cooled to room

carefully mixed to maintain sterility.

d.

Formula D (Chlorella medium)

Into one 20 liter Pyrex bottle was

a)

b)

Distilled water

MgSOh : 7H20
KNO3
KHEPOh : 3H20'

Trace solution

20.0

50.0

100.0
25.0

- 100.0

above solution. consists of:

Ca (Ca012)

B (H3BO3)

Fe (Fesoh -~7H20)
Zn (ZnSO) ° 7H20)
Mlﬂmmg'h%O)
Mo (MoOe)

Cu (Cuso) * 5HA0)
Co (Co(No3)2

v (y205 in HCL) -

6H2O

EDTA

. 30.0
20.0
10.6
,20.0
4.0
4.0
4.0
1.0
2.0

0.5

grams.

liter

temperature, the contents were

placed:»
liters
gramé
grams.
grams

ml

ppm
bpm
ppm
bpm
oon
bpn
ppm
ppm
Ppm

grams per liter

. The pH was adjusted to 6.5 with KOH
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T. Standardization of Dry Weight Determination

.Pandorina were dried in tared crucibles in a 90°C oven fof 2L nours,
weighed, returned to th¢ oven for a 2nd .24 hour pefiod,-and then reweighed.
‘The results obtained are listed in Table 8.

Dry weight is about 10% wet ﬁeight. The average loss during the
2nd 24 hour period is less than 1% and therefore fhis drying technique

appears to give a reproducible answer.
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TABLE 8. ny Weights via the 90° Drying Oven

48 hr. Dry Wt.

% Change

Crucible # 2k hr. Dﬁy Wt
33 1521 L1511 .0010 | 0.7
32 .1&65 .1459 .Qoo6 0.k
31 .1525 L1511 .001k 1.0
30 1509 1486 .0025 1.6
29 .1507 .1493 .001k
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8. Standardization of the AshiﬁgAProcedure

The algal ceils were removed from a reactor, concentrated via
centrifugation, and then washed with a solution of 10 ppm Ca+t 10 ppm Mg++
in five consecutive stages.. The élgae were cenfrifuged after each wash
solution addition and the supernétent discarded. The algae were then dis-
tilled water washed and the supernatent discarded. Finally the algae were
suspended in distilled watef, distributed into £en tared crucibles,
freeze;dried and weighed.

Crucibles 49, 59, and 60 were eluted with 1 N HCL for h8 hours.
Crucibles 56, 57, and 58 were eluted with concentrated HCL for L8 hours.

| Crucibles 32 and 34 were ashed over.blast burners and then eluted

with 2 N HCL for 24 hours.

Crucibles 51, 52, and 53 were transferred toKjeldahl flasks and
digested with a Periodic acid solution over lowvheat.

The solutions were analyzed for Mg++ on the Atomic Absorption
Spectropholometer.:. The results obtained are listed in Table 9.

Since the ashing showed the least lpss and interference problems,

N

it was chosen as the standard analytical procedure.
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TABLE 9. Methods of Sample Digéstion

Method

A. A. Readings

(meq/gms dry wt. Algaé)

1 N HCL Digestion
Conc. HCL Digestion

Ashing + 2 N HCL
Elution

Periodic Acid Digestion

.43
Lo

479

.499

» Ll .428:
22 393
490

;h89 | 481
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APPENDIX B

~Computer Program for Experiment U



STEQE_predicts the resulfs of Experiment L4 (Data Test) which is
presénﬁed in Chapter 1II. The Prbgram begins by assumihg a value for the
_total numbér of cation exchahge sites (T) in milliequivalents per gram dry
weiéht aigae and a.vaiuevfor the selectivity coéffibient (D), Kiz the uniﬁs
of Which are défined in equation 1 of this thesis. Since the ratio of
éupernatent to residue of each operatidn was known, the prediction of
Ca++ and Sr++ levels in the various supernatents was calculable.

- We consider series of 3 "stages“ and 10 consecutive transfér
"stepé" as déscribed in Chapter IIT, Sectioh'F. Material balances
determine the total C£+in each stage in‘terms of thecéf+that remain in the
stage from the previous stpp both in the algal and the liquid fraction of
the centrifugaﬁe, plus the Céﬂin the supernatant from the previous step
Qf the preceding stage. . |

Tﬁerefore, if BM(I,J) is équal.to the tofél Ca in thé‘Ith stagé
- after J stébs: | | |

. * . ' '
() BM(1I,J) =V Ca(I,J-1) + Ca'(I, J-1) + Ca(I-1, J-1) where

V = volume fraction of liquid which remain with the algal residue
Ca = Ca in the liquid
Ca' = Ca absorbed on the algae

A set of four‘équations determine the equilibrium in each stage:
- (5) total Ca - Calsolution + Calalgae
- (6) total Sr = Sr|solution + Sr|algae

(7) total cation sites on algae T = Ca on algae + Sr on algae = 1.L

Ca . Calaigae/Calsolution
D = =.1. = .
(8) KSr l. 'Srlalgae/Sr]solution ¥

The above equations condense to:

(9) p - I=Srlslgee/Bi~(T-6r|algee)
: Sr|algae/(BP-Sr|algae)
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Which becomes a quadratic equation with Sr algae as the only unknown. The
straightforward solution equations 4 and 9-de£ermine the cation distribution
"in each sfage. We solve each step one stage at a time for the values of

Srjalgae, Ca|algae, Sr|solution, and Calsolution.
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STEQE s 7+40,50000.4680014MILLER
®USERPR :
RUNF(S)
LGO.
7 .
PROGRAM STEQE (INPUT,QUTPUT)
DIMENSION SRA{3,10)
- DIMENSION SRL(3,1¢)
- DIMENSION CAL(3,10)
DIMENSIUN CAA(3,10)
SRLI=2.0100
SRLI=0.0C9D
SRLI=0.0074
SRLI=C.00760
SRLI=0.0075
SRLI=0.00775

DO 300 J 110,41
DO 200 1 19351
IF (J-1) 50,50,70
50 BM=A*CAAS
BP=30,0%SRL!
GC TO 140
70 IF (I-1) 100,100, 120 o v
100 BP=0.9%SRL{1,J-1)+30. O*SRLX+A#SRA(I,J 1)
101 BM=0.9#CAL(19J-1)+A*CAA(I,J-1)
6O TO 140
120 BP=0.9%SRL{IyJ~1)+30,G*SRL(I-1,J-1)+A%SRA(],J-1)
12) BM=0.9%CAL{I,J-1)+30.0%CAL(I-1,J- L) ¢ASCAA(T#J-1)
140 RA A¥{D-1.0) .
B=—(A%XT#(D~1.2)+D*BP+BM)
RC =D*T+BP
PRINT 9,1.4 ‘
9 FORMAT (¢ = %,[2,% J = %,12)
PRINY 10,8M,BP
10 FORMAT (%BM=%,F10.5,%BP=%,F10.5)
"~ X=(-RB+SQRT (Rettz =4, O*RA#RC))/(Z O*RA)
PRINT 11.4X
11 FORMAT (%X=%,F10.5)
IF {X) 160,150,150
150 IF (T-X) 160,175,175 o :
160 X={-RB-SQRT (RB*%2 =—4.0%RA*RC))/(2.0%RA)
PRINT 124X
12 FORMAT {*X=%,F10,5)
IF (X) 480,170,170
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170 IF (T-X) 480,175,175
175 SRA(I,J)=X
SRL(1,J)=(BP-A%SRA(]1,J})/30.9
CAA(I,J)=T-SRA(1,4)
CAL(IJ)=(BM-AX({T~SRA(I,4J)))/30.9
PRINT 2,SRA(1,J) ' '
PRINT 3,SRL{I,4)
PRINT 4,CAA(I,J)
PRINT 5,CAL{1,+4)
200 CONTINUE
300 CONTINUE
PRINT 325,SRLT,D,T .
325 FORMAT (1Hl,%SRLI = *,Fl0.8,% D = #¥,F10.8y% T = %,F10.8/7/)
DO 450 1 = 1,3,1
D0 400 J = 1,10,1
PRINT 3509J91,SRA(I4J)sSRLIT,J)CAA(T,J),CALII,J)
350 FORMAT (%J = *1!21* I = %,]2,% SRA(I,J) = *oFlO.B,
+% SRUII$J) = ¥,F10.89% CAA(1,J) = #,F10.8,% CAL(I,J) = *,
+F10.8)
400 CONTINKUE
450 CONTINUE _
STAGED EQUILIBRIUM EXPERIMENTY
CAA(X,J)=T"’SRA(19J)
CAL(I,J) IS C MEQ/ML IN LIQUID STAGEI,AFTER THE JTH TRANSFER
SRL(I,J)IS MEQ SR /7 ML SOLKTIONI IN ITH STAGE AFTLCR J TRANSFERS
SRA(I,J) ISMEQ SR IN [TH STAGE AFTER J TRANSFERS
Y IS TOTAL MEQ SITES PER GM DRY WT ALGAE
D = KISR/CA) ({((MEQ/GM)/(MEQ/ML))/(LIMEQ/GM)/(MEQ/ML))
CAAS= INITIAL CA ON ALGAE (MEQ/GM)
SRLI= SR IN WASH SOLUTION (MEQ/ML)
A'GMS DRY WT ALGAE / TUBE
" LHO=ML LIQUID HELD OVER = 0.9 ML
LT= ML LIQUID TRANSFEREDFROM PREVIQUSSTAGE = 30.0ML
RETURN
480 PRINT 500
RETURN
500 FORMAT(1X,%SRA(1,J) 1S OUT OF BOUNDS¥*)

nweaenN

FORMAT (10(1X,3F10.8/))
FORMAT(10(1X,3F10.8/))
FORMAT(10(1Xs3F10.8/))
FORMAT{10(1X,3F10.8/))
END
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APPENDIX C

Computer Program for Process Cost Analysis
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A. Computer Evaluation of the Algal Clean-up Process

The optimization of the algal Sr élean—up process was carried out

with the aid of a computer program. This Appendix contains a description

of the approach taken. We refer the reader to Fig. 11 of the text which

presents two "paths" or process variations.

1)

Path one has algae leaving a growth pond and entering a
preseparator stége. From the preseparator,,A(JJJ) pounds

of algal concentrate are fed to av"contactor" section. In

the contactor section, the algae are moved countercurrent to

a contaminated "low level" Radioactive Waste Stream (WL) in a
series of "N" contactor stages (A(JJJ) pounds of algaé versus
1000 gallons of waste liquid). The Sr rich algae are then dried
and disposed of.

Path two outlined invFig. 11 contains a recycle of algéeyto the
pond. The algae leave the pond, pass through avpréseparator
and a contacting sectioﬁ, and then a small bleed stream is
removed and sent to fhe dryer. The bulk bf_the algae stream,
rich invradioactive Sr,venters a stripping section in.whiéh it
is moved in stages cogntercurrent to the movement of a CaCl2
salt solution (SL(J)). The algae leave the stfipping section
poor in srtand in a CéH}ich solution and then enter a "wash"
section. Here, the algae move counter-current (in stage#) to

a Water Stream (WW)_which dilutes the C§+from their intersticies.

vFinally, the algae, low in SfHénd with little Cg+remaining-in

their accompanying solution are returned to the growth pdnd.

The letters S, SS, and SSS are inserted in the program

to represeht the fraction of the algaé in each stage which move

(il
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in the opposite direction from the bulk aigal flow (slip factor).

These slip factors, along with the fraction "bled" determine

the amount of algae exiﬁing from and therefore used by,ther

process per thousand gallons of low level waste. Fig. 18 is

a block diagram of the computer apprqach to optimization of the
process.

The optimization of path one consists bf computing, for

; variety df different algal inputs, the number of stages needed

' o - L
to reduce the Sr released to the environment by the requisite

‘amount and then minimizing the total cost of algae and stages

per unit of waste treated.
The second path is cost optimized in the following way:
a. Guess the Sinevelbin the algal pond (C ZERO).
b. Guess the amount of algae withdrawn.from the pond A(JJJ)
(JJ3J=1) per fhogsand gallons of léw 1e§el waste.
c. Compute the number of stages "N" ﬁeeded to meet the cieén—
up criteribn. | N
d. Cost optimise the number of stages "M" versus the amount
| of salﬁv(SL(J)) ﬁsed to strip Sr from the élgae.
e. Compute the number.of stages and cost of washing the Ca:..+
salt from the aigae. | |
f. Cost optimize the frocess of.a givén A(JJJ) input.
g. Tnerease A(JJJ) and reoptimize (iookiﬁg for a 5est.§alue
of A(JJJ).‘ |
h. Chéck to see if initial guessvon Sr invpondeés valid{
Since drying or diSpéSai cost andkaigal pfodﬁction costs

will all tend to be per pound of algae uséd up in the process,




-89-

BEGIN
| Y
COMPUTER PROGRAM DO LOOP
FLOW SHEET
KK, CZERO (KK)
-
N+ | o [: N‘; :
| O
- =
] — i
= \
- -
SL(J) M —
]
.
]
]
]
(]
Y
[
Yy
Y
: Y
Y
— Y
— 2
Y
EXIT

~ XBL7H2-2100 .

Fig. 18. Block diagram of computér Do Loops.
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' we can simplify out program by using one number to represent
the cost of algae per thousand gallons of low level waste.

Results of oﬁr cost analysis are given in Table 5.

B. TFurther Explanation of Computer Mathematics

The approach used to solve tbis prdﬁlem can be demonstratedaby

examinihgvthe method by which N is determined.

.l) We assume a value of A(JJJ) entefing the lst of a series of
stages where N is an unknown integer.

2) When the slip factor "S"fié'not zero, the amount of algae entering
and leaving each stage will vary with the size of N. Therefore}
iﬁ_brder to aetermine N we start by guessing a (small) value
of N in order to calculate the amount of algae entering and
leaving each stage. We then use this algae distribution po

- calculate whethér'or not the assumed value of N is large enough
to meet the S;*removal boundary conditions of the process.

3) If N is not large enough we increase its value by oneland
recalculate. |

4) The calculation of algae entering and leaving each stage is
carried out by a series of interconnected matérial balances a-
round each stage.

The‘Ith stage algae material balance is:
: | - ENTRAINED -

. \ - , +
(10) Algae]From I-1 Algae leaving I Algae leaving I
ENTRAINED -
AlgaelFrom T+1 :

5) The boundary conditions are at both ends of.the,contactor
‘section.

a. Boundary condition 1 is that no'algae enter the Nth stage.in
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the LLW stream (i.e., from fictitious st

age N+1).

Boundary condition 2 is obtained from the value of A(JJJ)

assumed (i.e., algae entering the lst'étage from the pond).

To facilitate the calculation we need two boundary Qonditioﬁs

at the same end of the staged process.

This can be arranged

by substituting for the 2nd boundary conditions the following:

1. Assume a unit value for algae leaving the Nth stage in

the algal stream. (B.C. 2')

2. Calculate via the series of "linear" material balance

equations the value of algae entering and leaving each

stage from the Nth stage down to the

1st stage.

3. Compare the caleulated value of algae entering the 1st

stage from the pond with the assumed value of A(JJJ) (B.C. 2)

L. Normalize all calculated algal flow values by multiplying

them by the ratio of A(JJJ)|Assumed

A(JJJ)ICalculated (B.C. 2')

(B.c.e)/'

[This operation is permissible due to the llnearlty of

the equations involved]

Having determined the algal flow distribution for the assumed

values of A(JJJ) and N we precede to evaluate whether N is

sufficiently large, i.e., whether N stages are sufficient to

deduce Sr level in the LLW by a factor of > 1000.

a.

(11)

Material balance on the Ith stage:

ey RBgae

From I+l Leaving I

Xﬁgae

om. I-1

Total Srl = Total Sr]

Total Srl

+ Tot al Sr

LLw
Leaving I
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b. The equilibrium distribution in each stage is detefmined
by the equation:

Sr Sr Ca _ Sr on Algae meq/gm dgy wt (leaving .I)

K™ =K # K

(12) DKl» Ca © 7 Sr in 1iquid meq/ml (leaving I)

MI(total sites) _ ; , , 0.1k
Ca-in liquid ) .000002.

1.2 %

i

(13) £F

¢c. Boundary condition 1 is the Srﬂéﬁtering with aigae from
the pond (Zero in Siﬁgle Pass Process, CZERO assuﬁed and
then tested‘for in the case éf algal recycle).
| d. Boundary conaifion'Q is that the Sr conteﬁt of'the LLW
stream leaving the lst stage berreduced by a factor of > 1000
-from the level in the LLW streaﬂ,entering the Nth stage; To
faéilitate calculation we expressz.C. 2 as S;+leaving the
.1lst stage equéls one unit Sr. - This places both B.C.'s at
the same end of the contactor section. We may now éalculate
the Sr'in each'étage from the lst on to the Nth via the
"linear" materiél balance and equilibrium equations until
" we arrive ét the Nth stége; Then check the value of Sr inv
from stage e " (i.e., Sr in entéring LLW stream) to see if
it‘is > 1000 units. . If SO our guess df N h;s been sufficientiy
large. |
- Calculation of stages and flows in the other sections of this pchess
- were carried out.by similar means. Total costs &ereAgimple funétibns'of
total numbers of stageé, amortization rate, and mass of algae and CaCl

2

required.
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ALGAE7+40,70000.468001MILLER
*USERPR
RUNF(S)

LGO.
7

C

(e NaXaNal

1000

1002

" ALGCF
"ALGCF

PROGRAM ALGAE (INPUT,OUTPUT,TAPES=INPUT,TAPE6=0UTPUT)

COST ANAL
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

‘DIMENSION

DIMENSION
DIMENSION
AMORTIZATY
T = TOTAL

YSIS OF ALGAL CLEAN-UP OF LLW STREAMS
COSTS(101)

COSTNI16D)

TCOSTA(101)

A(101)

CZERD(1C1)

TCOSTN(101)

sL(101)

DK2(101)

CA(101)

Cl101)

CSR(101)

cs(1o1)

ALCIO1)

ALG(101)

CAL(101)

ALGAL101)

SUM1(101)

suM2(101)

ION OVER A 20 YEAR PERIOD AT & PERCENT IHTEREST
SUM TO BE AMORTIZED OVER A 2C YEAR PERIOD

YI = YEARLY INTEREST RATE
FRY = FRACTION REPAID EACH YEAR

YI = 0.04
T = 1.0
YIFUN = O

.0

DO 1000 I= 1420,1

YIFUN = Y
CONTINUE

FRY = T*%{
ACPTGWL =
ACPTGHL =

IFUN +  (1.0+4YI)*%x{

(1.0+YI1)%%20 ) /(YIFUN+1.0)
AMORTIZATION C3ST PER THOUSAND GALLONS LLW
FRY/ (T*365.5%750.000)

PRINT 1002 4FRYACPTGWL

FORMAT {

S = 0.01

$S = 0.01
§$S8S = C.0
ALGCF 0
ALGCF 0
c
0
(0]

wonwonon

ALGCF

%  FRY = #,E12.5 4% ACPTGWL =  #,[12.5)

1
.02

« 04

.01

.08

.03

CPC = COST PER CENTRIFUGE (INSTALLED = $200,000.0G )
CPC = 2000030.00

COSTPS = 2.0%#(PC*ACPTGWL
SSTAGCF = 1.0*%CPC*ACPTOWL
COSTPSW = SSTAGCF '

WL =8CC0.0

SLCOSTF = 0.001

BLEED = 0.1



“ AWATER

. CAINwWL =

1490

1495
1530
1550

1560
1600

- 1860

1870

1875

. CZERO

1880

1885

1900

1950

2000

2020
2050

2060
2065
2070

c.

CAL(LL)Y) =

-9k

= 0000002

10.0

2.0

200,.0

0.020002
C.020004
0.000002

DKl = 1.2%0.0014/CAINWL
C(1) = 1.0

DO 5100 KK= 1,100,41 ‘
IF (KK-1) 1490,1490,1495 .
GUESS CZERD = 0.001%C(1)
CZERD(KK) = {.001%C(1) -
GO 70 1500
CZERO(KK) =
A(l) = 1540
DO S0C0 JJJ =
JJ =1

IF (JJuJ-1) 1600'160011560
A(JIY) =AlJJJ-1) +5.0.

DO 2060 N = 1,100,1

IF (N-100)1860,50C0,5000
IF(N~-1) 1870,1870,1875
ALPASS = 1.0 )
AL(N) = ALPASS ! '
ALZERO = ALPASS*{(1l. O*S)
CZERDO = CZERO(KK)

GO TO 1885

ALPASS = 1.0 ]

AL(N) ALPASS

CZEROD(KK)

LLL = N-1

DO 1880 Il =
tL =N - II ’
ALPASS + S*AL(LL*I)

CAL INWW

CAINSL
CAINSL
CAINTOM
CADUTWS

[T

INITIALLY

CZERD(KK=1) + 0.010%C(1)

1510041

it w

leLlLsl

CONTINUE

ALZERD = ALPASS + S%=ALI(1)

DO 19C0 II = 14Nyl

AL(IIL) = AL(II)*A(JJJ)/ALLERO
CONTINUE
AALZERO =
SRNET =
DO 2050 II1 = 1sNsl

IF (I11-N)} 2000,2020,2020°
C(III+]1) =
GO TO 2050
CtIII+1l) =
CONTINUE
TEST = C(N+1)-1000.0

IF (TEST) 206052065,2065
CONTINUE -

AtJJJ)

PRINT 2070, NlS'AL(N) CZERO(KK) oC(N)+CIN+1)
%9F12.5,%
*3EL2.54 %

*¥,13,% S =
*vElZ.Sf* Ct{N) =
*.Elz.s,

FORMAT ( *N =
1/%CZERO(KK) =
2E12.5,/%  A(JJJ) =

SUBROUTINE OF PROCESS WITHOUT ALGAE RECYCLE

C(l)*(HL#S*AL(1)*(DK1+AHATER)) CZERO*ALZERO*(DKl*AHATER)

(C(III)*AL(III)¥(0K1+ANATER) + SRNET)/(WL+S*AL(III+]1))

(CUITI)®AL{ITI)*(DKL+AWATER) + SRNET)/HL

N YRKRY
ALIN) =
CIN+1) =

*aElZ.S
*,

(CARDS 2075 TO 2200)




c

2075
2080

2090

2100
2200
3500
3610

3660
3670

3675

3680
3685

3700

3750

3800
3820
3850
3865
3870
4000
4200

4500
4600

| 4640

=95~

LMN=1 IS NO RECYCLE,LMN=2IS THE FULL RECYCLE PROCESS
LMN =2 '

LMN=1

IF (LMN -1) 2080,2080,4000

COSTN(JJJI )= N*COSTPS + A(JJJ)*ALGCF

PRINT 2090¢Ny,JJJsA(JIJ)sCOSTN(JIII)

FORMAT( =*N = *¥,13,% JJJ = y03,% AlJII) = %y
1E12.54% COSTN(JJJ) = ®yE12.5)

IF (JJJ-1) 500045000,2100

TESTT = COSTN(JJJ) - COSTN(JJII-1)
IF (TEST7) 5000220052200

GO TO 5700

GO YO 4000

DO 4900 JJ = 2,4100,1

N = N+1

IF (N-1) 3670+3670,3675
ALPASS = 1.0

ALIN) = ALPASS

ALZERD = ALPASS*(1.0+S)
CZERQ = CZEROUKK)

GO TO 3685

ALPASS = 1.0

AL(N) = ALPASS

CZERO = CZERD{KK)

LLL = N-1

DO 3680 II = 1l,LLL,y1

tL = N - II

ALILL) = ALPASS + S#*AL(LL*1)
CONTINUE

ALZERO = ALPASS + S*AL{1l)

DO 3760 11 = 1,Ns1

AL(II) = AL(II)*A(JJJ)/ALZERD

CONTINUE

ALZERD = A(JJJ)

SRNET = C(1)%{WL+S*AL (1) % (DK1+AWATER))-CZERO*ALZERO*(DK1+AWATER)
DO 3850 IIl = 14Nl '

IF (III-N) 3800.,3820,3820

CIITI+1) = (COITID*AL{III)*(DKL+AWATER) + SRNET)/(WL+S*AL{III+1))
GO TO 3850 _

C{ITI+1) = (COIIT)*AL(IIT)*(DKI+AWATER) + SRNET)/WL

CONTINUE

PRINT 3870,NyS,AL{N)sCZERGIKK) 3CIN) +C(N+1) ,A(JIJJ)

FORMAT N = ¥,13,% S = *,E12.59% AL(N) = *¥,E12.5
1/#CZERO(KK) = *9E12.5+ % CIN) = #,E12.5,% CIN+1l) = ¥y
2E12.5,/7% A(JJJ) = #,E12.5)

DO 4800 J= 14101

IF (J-1) 4200,4200,4500 .
SL{J) = 200.0%8.0 — AL(N)*AWATER
GO TO 4600

SL(J) = SL{J~1) + 10.0%8,0

DO 4700 M = 1,100,1

ALGPASS = 1.0

‘ALG(1l) = ALGPASS

DO 4640 111 = 1M1

ALG(ITII+1) = SS*ALG(III) + ALGPASS
CONTINUE :

\



DO 4650 111 = I'H 1

: CALGLITDY = ALG(III)*AL(N)/ALG(N+1)
4650 CONTINUE
ALG(M+1) = AL(N)

DO- 4653 111 = 1,Myl

IF (II1-1) 465144651 44652
4651 SUMI{ 1 ) = (ALG( 1 )*AWATER *(1.0+SS) + SL(J))/(ALG(Z)*AWATER)

SUM2(IIT) = SL(JI/ZCALGC(ITE+1)%AWATLR)
_ GO TO 4653

4652 SUMILILT) = SUMI(ILI- 1)#(SLIJI+SS*ALGITT~ 1) *AWATER)/

LOALG(IIT)*AWATER)+ALG(1)/ALG(IIT)

SUM2(III) =SUM2(III-1)*(SL(J) +SS*ALG(III- l)*AHATER)/

LOALG(TII)#AWATER) + SL(J)/(ALG(IIT)*AWATER)
4653 CONTINUE

CAll) = (CAINTOM+SUM2(M))/SUMI(M)

DO 4654 IIT = 1,M,1

CACITI+1) = SUMLCIII)*CA(L) + SUM2(IIT)*CAINSL

DK2(III) = (1.2%0.0014)/CALITI)

GO TO 4654 o

PRINT 4655,CA(II1),DK2(111) LII1 . * :
4655 FORMAT( CA(III) = #,E12.5,% DK2(III) = #,E12.5,% 111 = %*,13)
4654 CONTINUE L -

DK2(M+1) = DKL

CA(M+1) = CAINTOM

CSRPASS = 1.0 '

CSR{1) = CSRPASS/ALG(1)

DO 4660 I1J = 1,My1

CSRIIEJ+1) =((SS*ALG(IIJI*(DK2(IIJI+AHATER) +SL{J) )*CSRIIII I+

1CSRPASS)/(ALGITIJ+1)%(DK2IITJ+1)+AWATER) )

GO TO 4660
4656 FORMAT( * CSR(IIJ) = #,E12.5,% IIJ =  %,13)

PRINT 4656,CSRIIIJI,I1Y v :
4660 CONTINUE _ _ , : .

DO 4670 I1J = 14Mel -~ ' : : B

CS(IIJ) = csatli)*C(N)/csa(n+1)

[}

. 4670 CONTINUE

CSR{M+1) = CI(N) .

TEST2 = C(N+ll/(C(1)#CS(1)) -1000.0

IF (M~100) 4681.3500,3500
4681 DUMMY = 1.0
: -IF (TEST2). 4700,4683,4683
. 4700 CONTINUE
4683 DUMMY = 1.0

" PRINT 4682,J.SL(J).M ALG(I) CS(l) ’ )

4682 FORMAT ( * J = 2,I34% - SL{J) = . %,E12.5,% M= *,13,/

1*ALG(])= ¥,F12.5,% Cs(ly) = *4E12.5) L

WW = 8.0%500.0~ ALG(I)*AHATER .

DO 4689 MM = 19100.1

. ALGPASS = 1.0

ALGA(l) = ALGPASS

DO 4684 111 19MM, 1

ALGA(III+1) SSS*ALGA(III) + ALGPASS
4684 CONTINUVE'

LL = MM+1

DO 4685 111 = lsLL.l

© ALGA(ILID) ~ALGA(!Il)*ALG(l)/ALGA(MM+1)

nou
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4685 CONTINUE o
DO 4683 111 = lyMM,1
IF(III-1) 4686,4686,4687
4686 SUMI(1)=(ALGALLI®ARATER®{SSS+1.0)+HW) /{ALGA{2)*AWATER)
SUM2{1) = WW/(ALGA(2)*AWATER])
60 TO 4688
4687 SUMI(III) =SUMLUITI-1)#(WW+SSS*ALGA{TIII-1)*AWATER)/
I(ALGALTITII®AWATER) + ALGA(L) /ALGALLILT)
SUM2(I11) = SUM2(III-1)&(WW+SSS*ALGA(III-1)*AWATER)/
TICALGACIII)*AWATER) + WH/UALGA(III)*AWATER)
4688 CONTINUE :

c CAL[MMM+1) = SUMLIMMI*CA{1) +SUMZ2(MM)*CALINWW
CAL{1) =(CA(1})~SUMZ2{MM)I*CALINKWW)/SUM]L (MM)
IF (CAL(1) — CAQUTKS) 4690:,4690,4689

4689 CONTINUE
4690 PRINT 4691,MM,ALGA(1),CAL(]) _
4691 FORMAT | MM = *¥9 13, % ALGA(1l) = *¥,E12.5,%CALLL) = #,E12.5
' 1)
4750 COSTS(J)=SLUJI=SLCOSTF+M&SSTAGCF +MM*COSTPSW

ACDST = S*AL{1)+SS*ALG(M)+BLEED*A(JJJI)+SSS*ALGA(MM)

COSTN(JJ) = N*COSTPS + ACUOST*ALGCF
4751 PRINT 4T752,44C0STSUY)

4752 FORMAT ¥ J = *,13, & COSTS(J) = *,F12.5 )
IF {(J-1) 4800,4800,4775 '
4775 TEST3 =COSTS(J) - COSTStJ-1)

IF{TEST3) 4800,4800,4850
4800 CONTINUE ’ _
4850 TCOSTN(JJ) = COSTS(J — 1) + COSTN(JS)
4851 PRINT 4852,JJs TCOSTN(JJ) ,ACOST,COSTN(JUI)
4852 FORMAT ( x JJ = xyI13 4% TCOSTNIJY) = #,E12.5,/
1* ACOST = *,E12.5,%COSTN(JJ) = *,E12.5 )
IF (JJ-1) 49005,4900,4875
4875 TEST4 = TCDSTN{JJ) =TCOSTN(JII-1)
IF (TEST4) 4900,4950,54950 :
4900 CONTINUE
4950 TCOSTA({JJJ) = TCOSTN(JJ - 1)
4951 PRINT 4952 ,3JJsTCOSTALJII)
4952 FORMAT x JJJ = 2y3,% TCOSTA(JIJII) = #,F10.5 )
IF (JJJ-1) 5000,5000,4975
4975 TESTS5 = TCOSTA(JJJ) - TCOSTA(JII-1)
IF (TEST5) 5000,5050+5050
5000 CONTINUE )
5050 TEST6 = CZERDIKK)*{CK1+AWATER)-CS(1)*(DK2(1)+AWATER)
5051 PRINT S5052,KKyTESTGE v
5052 FORMAT( & KK = *¥,13,% TEST6 =  #,F10.5)
: IF {TEST6) 5100,5500.5500
5100 CONTINUE : )
5500 PRINT 5600 #KK HTEST6,CZERDUIKK),
"1JJJ STESTS5,TCOSTA(JII-1),
2JJ S TEST4,TCOSTNIJI-1),
3J  STEST3,4SL(J~-1)+COSTS(d-1),
4MyTEST2,CS{1)2DK2(1)sDK2({M)4DK1,
SNyCIN+1),CI(N),ALJII )2 ALGCF ' _ .
5600 FORMAT (- =KK = *,13,% TEST6 = *,E12.5,
9% CZERD(KK) = #,E12.57 ,
1%JJJd = *]13,% TESTS5 =  *%4E12.5:% TCOSTA(JJIJ-1) =  #,E12.5
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%,E12.5,% . TCOSTN(JJ-1) = #,E12.5

2/%J3 = %,13,%  TEST4 = :
3/%J = %,I3,%# TEST3 =  #,E12.5,%  SL{J-1) =  #,E12.5,"
8%  COSTS(J-1) =  #,E12.5/ o .
4% M = %,13,% TEST2 =  #,E12.5,% CS(1) =  #,E12.5,
6/%DK2(1) =  #,E12.5,% DK2(M) = #,E12.5,% DKl =  #,E12.5/
5 &N = %, 13 % CIN+1) =  #,E12.5,% CIH) =  #,E12.5,
St  A(JJJ) =  *,E12.5,% ALGCF =  %,E12.5) g

5700 DUMMY = 1.0 _ :

sTOP

END




N
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*
APPENDIX D

AMINO ACID ANALYSIS PROCEDURE

Procedure for Hydrolysis of the Algae

(Ref: S. Blackburn, AMINO ACID DETERMINATION,

Marcel Dekker, Inc., New York, 1968 pp. 13-22)

1. 1.00 g. lyophilized algae was suspended in 10-15 ml. éN HC1 and
stirred approximately 30 minutes. The suspension wés carefully transferred
to a glass ampule with an additional few ml of 6N HCl.

2. The ampule was sealed under nitrogen and placed in a constant temperature

0il bath at 120 + k°C for 2L hours.

3. The excess acid was removed by distillation in vacuo. The residue was

dissolved in sodium citrate diluting buffer (pH 2.2) and made to 10 ml. in

"a volumetric flask.

L. The solution was filtered through 0.8 y Millipore filter. 1.0 ml. of

this filtrate was used for total amino acid analysis.

Notes: Under acid hydrolysis conditions, various amino acids are
totally or partially destroyed. It has been estimated
that.lO—QO%va serine and threonine may be lost, 20% of
cystiene, and all of tryptophan.  In addition, losses of
tyrosine and proline have beén recorded. These facts must

be considered when analyzing the data provided.

®
Procedure used by McGaw Labs.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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