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ABSTRACT 

This report explores the background of the mineral 
nutrition needs of plants, considers in some detail the 
applicability of mineral control and separation to a 
controlled ecological life suport system (CELSS), and 
delineates steps that should be taken in a program to 
analytically define and experimentally test key mineral 
control concepts in the nutritional and waste processing 
loops of a CELSS. 
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An introductory survey is made of the mineral 
requirements of plants, the evidence for toxicity to plant 
growth by a variety of elements and ionic species, and the 
range of concentrations between beneficial and toxic 
effects. Potential problem elements or inorganic species are 
1dentified, and a brief discussion is glven of salt 
tolerance in plants. The concept of sodium separation by 
accumulation in plants is considered. The impact and need 
for mineral separation and control in an ecological system 
requiring optimum plant growth and productivity is -
discussed. 

In order to be more specific and quant1tative about 
mineral separation needs in a CELSS, data for plant growth 
1n a previous manned system test (Bios-3) and several 
calculated scenarios, along with hydroponic growth 
recommendations, 1S tabulated. Using published data as 
guidelines for the masses, areas, and volumes needed for 
higher plant product1on, a comparison is then made of 
phytotron utilizations calculated for one man day total 
nutrition. Finally, the results of scenario calculations are 
presented for 10 man, 10 year missions with various 
combinat1ons of phytotron support and mineral recycle. 
Estimates are made of the masses of material needed to meet 
human nutr1tional requ1rements 1n the various scenarios, and 
it appears that mineral recycle is a favorable mode of 
operat1on. It must be emphas1zed, however, that the data 
presentation and the scenario mass calculations presented 
here are preliminary rather than definitive. They are 
designed to give an overview of the problem Wh1Ch would tnen 
allow a more comprehensive study of background data applied 
to waste product recycle and nutr1tional demands in a CELSS. 

Potential mineral separat10n methods discussed in 
current literature are then briefly reviewed, including 
chromatography, fractional crystallization, flotatlon, 
membrane separations, cyclic separation processes, and 
non-chromatographic ion-exchange processes. From reports in 
the literature, it appears that each of these methods, at 
least, should be consldered and analyzed for appl1cation to 
a CELSS m1neral control and recycle system. 
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I. INTRODUC'rION 

This is a report on the mineral control and mineral 
separation problems relevant to a controlled ecological life 
support system (CELSS). For purposes of this report, a CELSS 
is defined as a concept for a proposed closed ecological 
life support system which will be used in spacecraft to take 
man on space missions in which he will provide for his own 
nourishment and survival by recycling waste products and 
producing edible products. 

A major consideration necessary for the operation of a 
CELSS is likely to be the control of the organisms that 
produce food for the unit. Whether these are plants, algae, 
bacterla, or some organism, such as yeast, that uses 
products from "artificial photosynthesis", control of thelr 
growth and metabolism will be an lmportant factor in order 
to minimize the size of the storage reservoirs and to 
maintain a stable "instantaneous" concentration of carbon 
dloxide and oxygen in the atmosphere. Control of growlng 
biologlcal entities requires that their internal control 
systems be affected in known ways by exposure to external 
conditions: gases, temperature, light, mineral 
concentrations in nutrient solutions, and blologlcally 
produced organic compounds ln the gas and liquid phases. 

Minerals in the nutrlent solution are maJor control 
parameters for metabolic growth and the healthy 
physiologlcal state of plants. It is vital, therefore, that 
the concentratlons of minerals to WhlCh organisms are 
exposed be known and controlled at levels that are 
approprlate to the condltions chosen in any control 
scenarlO. Mineral separation is, therefore, an essential 
part of a system that wlll control the growth of organlsms 
ln an isolated environment, such as a CELSS. 

A. Required Elements 

Although the bulk of plant material, lncludlng the 
edlble portions, comes from carbon, oxygen, and hydrogen ln 
atmospheric gases and water vapor, and from llquid water 
with dissolved gases, there are a number of other elements, 
generally in the form of inorganic mlnerals and soluble 
salts, which must be provided ln mlnimum amounts for proper 
growth of plants. The generally accepted list of essential 
nutrients includes 13 elements, of which 6 (N, K, Ca, Mg, P, 
and S) are termed "macro nutrients" and 7 (Cl, a, Fe, Mn, 
Zn, Cu, and Mo) are termed "micro nutrients" (1-7). The 13 
elements of the essential nutrlent list are those that meet 
three criteria for all hlgher plants, namely (1) the plant 
cannot complete a llfe cycle without it, (2) the element 
cannot be substituted by another element, and (3) the 
element becomes a constituent of an essential metabolite or 
enzyme in the plant. 
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The list of 13 is a simplification of the total-picture 
of mineral nutrition for higher plants. A host of other 
elements may (a) be essential to some species of higher 
plants, (b) improve plant growth, or (c) be capable of 
partial substitution for an essential element. Elements in 
these categories are Na, which is essential to some 
halophytes (2,3,7), Co, which is essential for legumes 
(2,3,5,6), 5e and 5i, which are accumulated by some species 
and may be required by some (2,6), and V and I, which are 
required by or important to some species (2,5,6,7). Other 
elements which are functional or beneficial to various 
higher plant species include Li, Rb, Cs, Be, AI, Ba, Ga, 5b, 
As, Cd, Ce, Cr, Nb, F, La, Pb, Hg, Ni, Sc, Sr, Tl, Th, Sn, 
Ti, U, and Zr (6,8). 

When algae, fungi (yeast), and bacteria are included 
for consideration in a food or atmospheric control recycle 
loop, the elemental needs remain similar, but not identical, 
to those for the higher plants. Table I compares elemental 
requirements in a qualitative manner. For algae, Ca becomes 
a micronutrient (2) and, in some algae, Rb may be 
substituted for K and 5r for Ca (2). Cl is often a 
macronutrient, and Br can sometimes substitute for Cl in 
algae (2). K and Ca become micronutrients for fungi (2), Rb 
can substitute for K in some bacteria (2), while Ca, when 
required, is a micronutrient (2). Co is required for N 
fixing bacteria. 

B. Toxic Elements 

The elements that can have toxic effects on plants 
include many of the same elements that are essential or 
beneficial in lower concentrations or different ionic forms. 
A list of elements known to have toxic effects under some 
conditions, with referenced comments, is given in Table II. 
In a recent study of toxicity (10), it was found that all 
ions studied caused lethal toxicity in the sub and low 
meq/liter range. The ions studied, in order from most toxic 
to least toxic were Cd++, V03-, Co++, Cu++, Ni++, Cr04--, 
Zn++, and Mn++. In the case of Zn++, Cu++, and Mn++, the 
required concentration for nutrition was 1% of the toxicity 
threshold. 

When irrigation is carried out with recycled domestic 
waste water effluent, 5 elements, B, Cl, Cu, Ni, and Zn 
could be present in amounts potentially toxic, and should be 
monitored (10). It is recommended (11) that, for continuous 
use as irrigation water, effluent should contain no more 
than 0.005 ppm Cd, 0.2 ppm Cu, 0.5 ppm Ni, or 5.0 ppm Zn. 
However, the concentration that has been recommended for 
continuous use in irrigation water will be too high when 
there is no soil present (soilless culture) to ameliorate 
the toxicity (12). 

Heavy metal toxicity has been noted as producing 
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TABLE I 

Essentiality of Mineral Elements for Plants * 

Mineral Higher Algae Fungi Bacteria 
Plants 

N + + + + 
K + (+) + (+ ) 
Ca + + (+/-) (+/-) 
Mg + (+ ) + + 
p + + + + 
S + + + + 
CI + + (+/-) 
B + (+/-) 
Fe + + + + 
Mn + + + + 
Zn + + + (+/-) 
Cu + + + (+/-) 
Mo + + + (+/-) 
Na (+/-) (+/-) (+/-) 
Co (+/-) (+/-) 
Se (+/-) 
Si (+/-) (+/-) 
V (+/-) 
I (+/-) 

+ = essent1al 
= not known to be essential 

(+/-) = essential for some, but not generally 
(+ ) = generally essential, but can be substituted 1n 

some 

* adapted from ref. ( 2) , p. 62 



TABLE II 

Elements Known to Have Toxic Effects on Plants 

Element 

Na 
Li 
Pb 

Zn 

Cu 

N 
P 
K 
Mg 
S 
Ca 
B 

loin 

HC03-
Cl-

I 
Al 

Fe 

Se 

Co 
Ni 
Pd 
Ag 

Sr 
Hg 
W 
Ge 

comment Reference 

often inhibits growth 
often inhibits growth 
toxic 
toxic 
toxic 
toxic at higher levels 
never exceed 1 ppm 
>1 ppm toxic 
toxic 
fungicide, higher plant toxicity 

varies, lettuce sensitive 
>1 ppm toxic 
excess NH4+ toxic 
excess causes Fe deficiency 
excess toxic 
excess toxic 
large excess toxic 
excess toxic 
>1 ppm toxic 
a few ppm range between deficiency 

and toxicity 
1.1 ppm optimum, >5 ppm toxic 
tox~c at higher levels (>10 ppm for 

lettuce) 
toxic at 1-80 ppm, 

Fe/Mn rat~o must be controlled 
high levels tox~c 
only micronutrient that is without 

ill effect at relatively high 
concentration 

excess toxic 
>1 ppm toxic 
>1 ppm toxic 
toxic 
don't exceed 5 ppm ~n fertilizer, 

toxic at high concentration 
excess toxic to plants, but 1/12 Se/S 

allows 18 ppm Se, 5 ppm stimulates 
plants but 1 ppm tox~c to animals 

>0.1 ppm toxic 
>1.5 ppm toxic 
toxic at low concentration 
toxic 
>2 ppm toxic 
toxic in absence of Ca 
toxic 
toxic 
toxic 

2 
2 
2 
9 
2 
4 
6 
7 
2 

4 
6 
4 
4 
4 
4 
4 
4 
7 

4 
6 

4 

6 
4 

7 
4 
6 
6 
9 

6 

6 
6 
6 
6 
9 
6 
6 
9 
9 
9 

5 
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chlorosis in mustard plants, where the order of toxicity, 
from greatest to least, was Cu > Ni > Co > Zn > Cr > Mn 
(13). In these tests 2 ppm of each metal was added to the 
nutrient solution. The plants were harvested in 21 days and 
the average fresh weights were 0.58, 0.69, 0,73, 1.29, 3.26, 
and 3.83, respectively, for plants grown in solutions 
containing the metals listed previously, at the 2 ppm level. 
In contrast, the average fresh weight of the plants was 5 g 
when none of the above heavy metals were added to the 
nutrient solution 

C. Salt Tolerance 

The salt tolerance of higher plants is a problem that 
1S separate from, but related to, toxicity and nutritional 
requirements. This is because there are a variety of salts 
that do not have a specific toxicity effect at low 
concentration levels, but may be toxic at higher 
concentration levels, or inhibit growth by (a) ra1sing the 
osmotic pressure of the nutrient solution, and (b) reducing 
uptake of essential elements to below that required for 
opt1mum growth. The salt of chief concern is usually NaCl, 
because it is more often present in high concentration than 
other salts of this type. A quantitative estimate of the 
effect of salinity (as expressed by the specific electrical 
conductivity of the nutrient solution) is given in Fig. 1, 
Wh1Ch is taken from a figure in (14) which cites data in 
(15) • 

The other side of the picture for higher plant growth 
is that some plants, known as halophytes, grow well in high 
salt concentrations in the nutrient solution; and some of 
these species, the obligate halophytes, require NaCl for 
their growth. In add1tion, a number of spec1es of plants not 
known to be halophytes, can be genetically selected to 
survive and grow in high salt concentrations, although 
generally not as productively as in low salt concentrations. 

Although the development of salt resistant genetic 
species may be appl1cable soon to some crops in irrigated 
high- saline environments, it does not appear that the 
technology is at a stage of development where a balanced 
diet could be grown in a closeu syst~m, such as a CELSS, 
without regard for the salt concentration in the nutrient 
solution. This is because the known halophyte plants are, 
generally, not edible and the work on genetic breeding of 
other species for salt tolerance has been very limited to 
date. The yields of salt tolerant genetic species in sea 
water irrigation experiments has not equalled those of 
comparable plants grown in low salt environments (16). One 
author (2) noted that we can breed salt tolerance into crop 
species or usefulness into salt-tolerant wild plants,but 
"neither of these strategies has been tried in any 
sustained, energetic manner". 
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In a more quantitative assessment of salt tolerance, it 
has been pointed out (4) that waters with less than 500-700 
ppm total salts, and with Na+ concentration in the 200-400 
ppm range and Cl- concentration in the 300-600 ppm range, 
may be used "without taking any special measures" for 
nutrient solutions. Waters with total salt in the 700-3000 
ppm concentration range, or those up to 700 ppm whose Na+ 
and Cl- content are higher than the preceeding figures, may 
be used if precautions are taken in making up the nutrient 
solution (4). Waters with total salt over 3000 ppm or whose 
Na+ concentration is 0.1-1.0% and Cl- concentration is 
0.2-1.0% "should generally not be used unless proven 
suitable by experiment" (4). These figures apply to 
commercial hydroponic higher plant growth using local water, 
including that from arid regions~ and are not necessarily a 
guide to optimum plant growth in closed ecological systems. 

The crops that can be grown in saline water may be 
divided into groups that are tolerant to salt (8-12 mmho/cm 
specific conductivity = 5000-7700 ppm *), moderately 
tolerant to salt (4-8 mmhos/cm specific conductivity = 
2600-5000 ppm), and sensitive to salt (2-3 mmhos/cm specific 
conductivity = 1300-1900 ppm). A maximum salt concentration 
in hydroponic nutrient solution of 1920 ppm * for tomatoes 
and 1600 ppm * for cucumbers has been recommended (17). (* 
Note - conversion from specific conductivity to ppm using 
conversion factor in (4), p. 108.) 

However, saline tol~rance also depends on the plant 
growth stage, with younger plants usually more sensitive to 
salt than more mature plants (4). Yields for mature plants, 
however, may be 10-25% lower in saline cond1tions (4). 
"Slnce salinity leads to stunted growth and a decrease in 
leaf, bud, and root development, t'lf~ number and quality of 
vegetables, fruits, and flowers are affected and the 
percentage of first grade crop is reduced" (4). "D1rect 
toxicity due to sodium and chloride ions of saline water 1S 
common, especially in stone fruits, grapes, strawberries, 
roses, etc. These toxic effects occur below the osmot1c 
levels restricting yields in these crops" (4). Table III 
shows tolerance levels to NaCl by different plants, ranging 
from 370 to 2630 ppm. Ranges of similar magn1tude are given 
for tolerance of MgS04, MgC12, Na2C03, Na2S04, and NaHC03 
(IS). According to the same author, "there is no doubt that 
salinity adversely affects the growth of plants." Numerous 
experiments show that the detrimental effects are already 
evident during germination. Under saline conditions, 
germination is strongly retarded, the growth processes of 
plants are inhibited, and dwarfed plants result" (18). 

possibly the most successful growths of a species of 
higher plant suitable for food in a high saline nutrient 
solution are the Bodega Bay (CA) experiments on barley 
irrigated with sea water (19). The barley was bred from a 
large gene pool for saline water resistance. Yields up to 



TABLE III 

Maximum Concentration of NaCl Tolerated without Toxic 
Symptoms for Different Plants 

Plant Species 
wheat 
maize 
sorghum 
oats 
cotton 
sugar beet 

Normality (N) * 
0.045 
0.040 
0.015 
0.020 
0.00625 
0.025 

ppm ** 
2630 
2340 

880 
1170 

370 
1460 

* N values from ref. (18), p. 34 - Table 9, 
** ppm calculated from normality 

9 
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75% of the world average for barley have been noted (16). 
Although these exerimental results appear attractive, they 
represent a limited application of high salinity culture 
under favorable conditions. High NaCl concentration is often 
very bad for plant productivity, although SOMe plants 
tolerate it more than others (20). 

D. Minimum and Maximum Elemental Concentration 

A large variety of elements that eXlst as ionic species 
in nutrient solution are essential or helpful to plant 
growth at certain concentrations. In addition, a large 
variety of elements as ionic species are inhibitory, or 
toxic, at other concentrations. A number of elements exist 
in both classes. It would seem that a concentration range 
could be established for each element or ionic species; and 
that the mineral control system in a CELSS would then 
function, with input from an analytical system, to keep all 
concentrations in an appropriate range and, preferably, at 
the optimum concentration for the food production cycle. 

The actual specification of a concentration range for 
each ionic species is not so straightforward. For one 
consideration, the minimum, maximum, and optimum 
concentratlon of an ionlc species in the nutrlent solution 
often varies between higher plant species (and, no doubt, 1S 
different for algae, fungi, and bacterla) and for d1fferent 
genetlc breeds of the same species and for the stage of 
plant development. The concentrations of different ions are 
often interactive in their nutritional or toxic effects, so 
that a change in concentration of one lonic type should be 
balanced by changes in the concentrations of other ions. 

The available data on nutrient Solutlon concentration 
is usually that recommended for various compos1tions of 
nutr1ent solutions (Table IV) assuring adequate supplies of 
essentlal elements for most higher plants (1,2,3,4). It is 
generally assumed that any depletion or excess can be 
rectified, if necessary, by discarding the nutrient Solutlon 
and/or adding fresh nutrlents (1). 

Recommenued mlnlmum and maximum concentrations to be 
found absorbed in pldnt tissue are available for some 
elements (Table V). These concentration in the plant are, 
however, not simply related to nutrlent solution 
concentrations. Factors such as root spacing and Solut10n 
flow rate affect the nutrient absorption. It has been shown 
that nutrient solution in a single pass flow through a 
hydroponic bed can have adequate minimum amounts of 
essential elements at levels considerably lower than those 
usually recommended for hydroponic growth (21). It has been 
found that, as a flrst approxlmation, either a Freundllch or 
Langmuir isotherm is applicable to the relation between 
external ion concentration and ionic species absorption (7). 
However, departure from the hyperbolic relationship occurs 
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TABLE IV - PARI' 1 

catpJsi tioo of Nutr ient Solutioos, wn 

Or iginator : Resh-A Resh-B Resh-C Hoagland Hoagland Schwarz Schwarz 
and Aroon 

Date: 1971 1971 1971 1919 1938 1975 

Reference: 1 1 1 1 1 1 4 

Recomnended tanato 14-24" >24" 
for: seed- tomato tanato 

lings plants plants 

ca++: 98.5 148 197 200 160 124 124 

Mg++: 22 33 44 99 48 43 43 

Na+: 12 

K+: 200 300 400 284 234 312 312 

N as NH4+: 10 20 30 14 

N as 003-: 80 110 145 158 196 

Total N: 90 130 175 158 210 128 168 

P as P04--: 40 55 65 44 31 93 93 

S as 504- 83.2 144.3 197.5 125 64 160 480 

Cl-: 18 

Fe: 2 2 2 as req. 0.6 

Mn: 0.5 0.5 0.5 0.5 

Cu: 0.03 0.03 0.03 0.02 

Zn: 0.05 0.05 0.05 0.05 

B: 0.5 0.5 0.5 0.5 

Mo: 0.02 0.02 0.02 0.01 
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TABIE IV - PARI' 2 

carposi tioo of Nutr ient Solutioos, ppn 

Originator: C.M.Jolmson Berry H.JolmsonJr. California California 
(mOOified) 

Date: 1957 1978 1980 

Reference: 2 3 17 1 4 

Recomnended many tanatoes and 
for: species cucumbers 

ca++: 160 100 83 160 160 

Mg++: 24 24 24 48 48 

Na+: 11 

K+: 235 140 140 234 234 

N as NH4+: 105 103 15 

N as 003-: 196 

Total N: 224 105 103 211 210 

P as P04-: 62 (H2P04-) 31 (H2P04-) 33 (H2P04-) 31 31 

S as S04-: 32 32 32 64 192 

Cl-: 1.77 18 

Fe: 1.12 2.5 2.5 

Mn: 0.11 0.25 0.25 

Cu: 0.032 0.01 0.01 

Zn: 0.131 0.025 

B: 0.27 0.25 0.25 

lob: 0.05 0.005 (Md)4) 0.005 
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TAmE IV - PARI' 3 

Composition of Nutrient Solutions, ~ 

Originator: Purdue New Jersey South Africa Douglas 

Date: 1976 

Reference: 4 4 4 6 

Recoomended 
for: 

Limits Average 

Ca++: 180 180 320 300-500 400 

Mg++: 24 55 SO 50-100 75 

Na+: 

K+: 390 90 300 100-400- 250 

N as NH4+: 

N as N03-: 

'rota1 N: 98 145 200 150-1000 300 

P as P04--: 31 71 65 50-100 80 

S as 504-: 576 288 200-1000 400 

C1-: 

Fe: 2-10 5 

Mn: 0.5-5 2 

Cu: 0.1-0.5 0.5 

Zn: 0.5-1 0.5 

B: 0.5-5 1 

Mo: 0.001-0.002 0.005 
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TABLE V 

Literature Recommendations for the Concentration of Elements 
Desirable in Dried Plant Tissue 

I;lement 

N as N03 

P as P04 

K 

Ca 

Mg 

Fe 

Zn 

Cu 

Mn 

110 

B 

S 

Cl 

Range Found in Apparently 
Healthy Plants, ppm (17) 

Tomatoes 

14,000-
20,000 

6,000-
8,000 

50,000-
80,000 

20,000-
30,000 

4,000-
10,000 

40-100 

15-25 

4-6 

25-50 

1-3 

20-60 

Cucumbers 

10,000-
20,000 

8,000-
10,000 

80,00D 
150,000 

10,000 
30,000 

3,000 
7,000 

90-120 

40-50 

5-10 

50-150 

1-3 

40-60 

Internal Concentratlons 
Considered Adequate (1,2) 

Elemental 
form 

N03-,NH4+ 

H2P04-, 
HP04--

K+ 

Ca++ 

Mg++ 

Fe++,Fe+++ 

Zn++ 

Cu+,Cu++ 

Mn++ 

Mo04--

B03---, 
3407-

S04--

Cl-

ppm 

15,000 

2,000 

10,000 

5,000 

2,000 

100 

20 

6 

50 

0.1 

20 

1,000 

100 
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if (a) the absorption sites become saturated and uptake 
depends on the synthesis of unoccupied binding sites, (b) 
diffusion is a limiting factor in transport of ions to the 
binding sites, (c) a fraction of the salt absorbed is taken 
up passively by mass flow (7). Thus, it appears possible, if 
sufficient data were available, to calculate and predict the 
solution concentration to bring about the necessary or 
optimum tissue concentration of elements in any plant 
species. However, it is unlikely that data on the 
relationship between solution concentration and amount 
absorbed is available for the mixtures of ions at various 
concentrations in solution and the number of plants in 
various stages of growth to be expected in a CELSS. -
Therefore, empirical correlations, together with 
observations of solution concentrations, plant tissue 
elemental concentrations, and plant development 
characteristics, should be useful in determining the 
operation of the mineral control system for a CELSS. 

E. Identification of Problem Elements 

Although the identification of problem elements - or 
problem minerals or ionic species - could be a significant 
task in a research program, some guidelines and a 
preliminary identification will be stated here. One might 
expect any of the following factors to lead to special 
problems for a CELSS mineral control system: 

(1) a narrow range could exist between the 
concentration at which a mineral nutrient is essential or 
beneficial to pl~nt development and the concentration at 
which it is detrimental or toxic to plant development, 

(2) the presence of any species with a low or very low 
toxicity threshold and which might dellherately or 
inadvertently be present in a solution which was part of lhe 
pldnt or human nutrition intake, 

(3) the case in which a specific ionic form is needed 
for optimal nutritional input of ~n element and the element 
appears after recycle processing in a form or forms that are 
not useful or desirable as nutrients, 

(4) an element could be present which substantially 
interferes with the uptake of another, and possibly 
essential, element for pldnt nutrition - a form of toxic 
action even though the element is not specifically toxic, 

(5) an element could be present which accumulates in 
the edible portions of plants at levels which are not to~ic 
to the plants but are toxic to humans, 

(6) an element or mineral species could be present for 
which special processes must be undertaken (possibly 
requiring special reagents or equipment in addition to that 
used for control of the majority of elements whose 
concentrations are controlled by the mineral control 
system), 

(7) an eleMent or mineral could be present whose 
concentration built up in the plant nutrient solution to a 
level which could inhibit plant development by increasin~ 
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the osmotic pressure of the solution. 

In Table VI, a compilation is made of reported 
beneficial and toxic concentrations of elements in a plant 
nutrient solution. Table VII gives an estimated control 
range for each element, together with an estimate of whether 
control will be needed, and whether it will be a problem. 
The check list of elements which will need to be controlled 
leaves out those which do not appear likely to be present as 
materials of construction or of use in living arrangements 
and scientific and industrial experiments in a CELSS. 
However, a great variety of elements are ubiquitous in all 
materials involved in human activities and it would be an 
unacceptable risk to fail to consider, at least, removal 
methods for elements which are not clearly anticipateu, but 
are harmful to plant or animal metaholism. 

In an effort to further iJentlfy W1llCh elements would 
be allowed in a potential manned spacecraft for a CELSS, 
contact was made with the Materials Technology Branch and 
the Metallic Materials Section of the Structures and 
Mechanlcs Division, Dlrectorate of Engineering and 
Development, NASA Lyndon B. Johnson Space Center, Houston, 
TX. It was ascertained that there is no general li~t of. 
materials that are allowed in the constructlon of a manned 
spacecraft (24). However, there is a Selection List of 
Materials for Shuttle (JSC-09604). This list has been 
obtained, and could be a guideline for elements that might 
enter the mineral nutrient solution through corrosion, or 
other processes in the vehicle recycle loop. The list lS, 
dowever, only appllcable to prospective Shuttle flights, and 
a new llst ,,,ould be made up for any space statlon or 
prospective CELSS type misslon (24). 

Elements are identified as potential control problems 
(Table VII) for a variety of reasons (see Table VI for tOXlC 
concentrations and references). NH4+ is a plant nutrlent, 
but toxic at higher concentrations. N02- also has a reported 
tOXlC effect. These species are listed as potential problems 
because they may be In appreciable concentratlons in the 
effluent of a waste oxidation subsystem, and there may have 
to be a means of conversion to N03- to assure optimum plant 
growth with N recycle. Cu, B, Zn, and Mn are all essentlal 
mlcronutrlents for higher plants, but are toxic to plant 
development at low concentrations (although Mn is tolerated 
at higher concentrations than the others). Therefore, they 
have to be controlled in the plant nutrient solution within 
narrow limits. 

I and Al may be present in a CELSS (I is essential for 
the human thyroid gland and Al is present in many alloys) 
They are apparently not essential, but beneficial, in low 
concentrations in the mineral nutrient solution, but toxic 
at slightly higher concentrations. As, Ba, Be, Hg, Pb, and 
Cd may also be present, even if unwanted, and are toxic to 
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TAmE VI - PAR!' 1 

Reported Mininun Coocentratioos for Beneficial Effects and 
Mininum Calcentratioos Si'rMiB3 Toxic Effects to Plant Growth 

for Var iaus Elements 

Element Elemental Mininum Adequate or Mininum Toxic Reference 
form Beneficial ocncentration, ppn 

concentration, ppn 

N -300 6 
N03- 6 22 
N03- 00 problem 4 
N02- toxic effect 4 
NH4+ excess toxic 6,4 
NH4+ 0.8 1.2 22 

ca 300 500 6 

~ 50 100+ 6 

p 50 100+ 6 
excess = Fe deficiency 4 

K 100-400 6 

S 200-1000 6 
very large excess toxic 4 

Cl 5 6 
10-20 O.K. 4 

O.K. at relatively high conc. 7 

Cu 0.5 optinum 1.0 6 
0.05 1.0 7 

Cu++ 0.002 0.48 10 

I 0.01 1.0 6 

A1 1.0 10 6 

B 1.1 optinun *** 0.5 ** 6 
003- 0.41 10 

0.05 1.0 7 

Fe 5 or less 6 

Mn 0.003-5 1-80 6 
10 *** 4 

Mn++ 0.05 88 

Me 0.001 6 
0.0016 10 

Se 5 0.1-18 ***** 6 

* tomatoes, ** citrus, *** overlap of beneficial and toxic for different species 
**** lettuce, ***** 1 ppm toxic to humans 
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'maLE VI - PARI' 2 

Reported Mininun Calcentrations for Beneficial Effects and 
MiniIlun Calcentrations Sl'x:JwiB;;J Toxic -Effects to Plant Growth 

for Var ious Elements 

Element Elemental Minimum Beneficial Minimum Toxic Reference 
form concentration, R;Dl concentration, ppn 

Zn 0.1-0.2 1.0 6 
Zn++ -0.005 2.1 10 

2 13 

Sb sane 6 

As lCM low 6 

Ba small aI'IDUllt depends on Ca 6 

Be small aroount - * 6 

B1 minute 6 

Br very lCM 6 

Cd unkrDwn 6 
Cd++ 0.09 10 

Ce unknown 6 

Cs small 6 

Cr rot understood 6 
Cr04- 1.1 10 

2 13 
Cr04- 1.1 23 

Co 0 0.1 6 
Co++ 0.38 10 

2 13 
Co++ 0.6 23 

Nb inconclusive 6 

F traces traces 6 

Ca essential to same 6 
(CXJnc. rot given) 

La addition beneficial 6 
(conc. rot given) 

Pb low concentration 6 

* toxic to humans 
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'mBIE VI - PAR!' 3 

Reported Mininun Calcentratia'lS for Beneficial Effects and 
Mininum Coocentrations Showirg Toxic Effects to Plant Growth 

far Var ious Elements 

Element Elemental Minimum Beneficial Mininun Toxic Reference 
form ooncentratioo, ppn concentratioo, ppn 

Li stinulatirg 6 
(oonc. oot given) 

Hg 00 informatioo 6 
available 

Ni small anomts 1.5 6 
Ni++ 0.56 10 

2 13 

Pd low concentration 6 

Rb 00 effect no effect 6 

50 may be essential 6 
(no conc. given) 

Ag 0.2 6 
Ag+ 1.0 23 

Sr small amount in small amount in G 
presence Ca absence Ca 

T1 below 0.1 1.0 6 

Th unkrx:Jwn 6 

Sn unkoown 6 

Ti up to 5 REI 6 
Ti+++ 5 23 

W unklDWl'l 6 

V extremely small appreciable concentration 6 
V03- 0.41 7 
V03- 10 

y unkoown 6 

Zr unkoown unknown 6 

Na 370-2630 18 
1000 12 
200-400 4 

50 1 
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TABLE VII - PART 1 

Estimated Control Ranges for Mineral Nutrients ih a CELSS 

Element,., Elemental Estimate Estmate ConceQtration range 
~Qrm .control potential to m~intain in 

N 

Ca 

Mg 

P 

K 

5 

Cl 

Cu 

I 

Al 

B 

Fe 

Mn 

Mo 

5e 

Zn 

5b 

As 

Ba 

Be 

Bi 

Br 

Cd 

Ce 

- needed control nutrlent 

N02-
N03-
~H4+ 

Ca++ 

Mg++ 

P04---,H2P04-

K+ 

504-­

Cl­

qu++ 

1-

Mn++ 

Zn++ 

Ba++ 

Bi+++ 

Br­

Cd++ 

... ->- ( 

* * * 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 

* 

* 

p~oblem solution, ppm 

* 
* 

* 
* 
* 
* 

* 

; . * 

* 

* 

* . 

* 

max. unknown 
> 300 

< 1 

300-500 

50-100 

50-max. unknown 

100-max. unknown 

> 200 

> 5 

0.05-1.0 

0.01-1.0 

1. 0-10 

0.05-.50 

> 5 

0.05-10 

:> 0.001 

< 0.1 

0.1-1.0 

< max. unknown 

< max. unknown 

min. and max. unknown 

< max. unknown 

max. unknown 

max;-unknown 

< 0.09 

max. unknown 



21 

TABLE VII - PART 2 
Estimated Control Ranges for Mineral Nutrients in a CELSS 

Element Elemental Estimate Estmate Concentration range 
form control potential to maintain in 

needed control nutrient 
problem solution, ppm 

Cs Cs+ < max. unknown 

Cr Cr+++, Cr04- * * < 1.0 

Co * * < 0.1 

Nb max. unknown 

F F- * * < max. unknown 

Ga max. unknown 
La max. unknown 
Pb Pb++ * * < max. unknown 

Li Li+ max. unknown 

Hg Hg+, Hg++ * * < max. unknown 
Ni Ni++ * * < 0.5 

Pd max. unknown 

Rb Rb+ max. unknown 

Sc max. unknown 

Ag Ag+ * * < 0.2 

Sr Sr++ * < max. unknown 
Tl < 1.0 
Th max. unknown 

Sn < max. unknown 
Ti * * < 5 

W < max. unknown 

U max. unknown 

V * * < 0.4 

Y. max. unknown 

Zr * * < max. unknown 
Na Na+ * * < 50 
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humans and plants. Cr, Co, Zr, Ti, W, Sn, Ag, and Ni can 
arise from materi~ls degradation and corrosion and are 
potentially toxic to plants, although no quantitative data 
was found for Zr, W, and Sn. F would possibly be present in 
a human habitat (e.g. for protection from caries), and is 
toxic ~o plants at trace levels. Na is possibly the maJor 
problem of a CELSS mineral control system, due to its 
abundant presence in human diet and human waste. It can be 
tolerated in mineral solutions for plants at relatively high 
levels, but must be controlled or its build-up can greatly 
reduce phytotron productivity. 

F. Sodium Accumulation by Plants 

It has been suggested (25) that a food production 
scheme that concentrates sodium from very dilute solutions 
would be one way of dealing with recycling th1S element. 
This interesting concept leads to a consideration of 
halophytes. Plants which grow 1n sal1ne hab1tat all possess 
special adaptations and are collectively called 
"halophytes". The term does not, however, refer to 
particular botpnical taxa (2). Unlike salt-sens1t1ve plants, 
halophytes are able to tolerate the high concentration of 
m1neral ion that accumulates in their t1ssues (2). In 
additlon to the toleration of high lntercellular 
concentrations of ions, some halophytes have salt glands 1n 
theIr leaves which excrete salt onto the leaf surface, from 
Wh1Ch 1t is eventually removed by the action of w1nd or 
water (2). One specles of halophyte with salt glands has 
been described as having 700 glands/mm2 of leaf surface, 
whlch may excrete up to 1 ml of liqUId per hour, containing 
0.05 mg NaCI (7). The amount of NaCl is consIderable, but 
the concentration of 0.05 mglml (0.05 giL or 50 ppm) 1S far 
lower than that of most saline waters. It has also been 
reported that, under optimum conditions, the concentratIon 
of salt in the excreted fluid is higher than the mean salt 
concentration of the leaf tissue (7). 

The problem of salt accumulatlon or extruslon by 
halophytes - in relation to their potential as an NaCI 
accumulator in a CELSS - is that the NaCl is tolerated or 
accumulated from relatively concentrated solution, rather 
than from dilute solution. Also, the natural halophytes are 
not known for their edible qualities so that thelr growth 
would probably not contrIbute to food production. Even 
though Na may be beneficlal to, or even required by, some 
halophytes, their uptake of Na is not marked. In one survey 
(7), Na was found to be the least absorbed by halophytes of 
the cations studied, being less than that of Li and Mg. It 
was noted (7) that the roots of barley, which is the species 
that have been succ~ssfully cultivated in sea water 
Irrigation of a strain bred for salt resistance (14,15), 
have a relatively low affinity for alkali metal cations. 

The difficulty In findIng a Na accumulator plant 
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probably stems from the fundamental mechanisms of ion 
absorption and transport by plants. A distinction must be 
made between ion uptake by diffusion and cation exchange and 
by metabolic transport (2). The former mechanisms operate by 
the mass action laws of the inorganic world and lead to a 
distribution of ions in the plant tissue directly related 
to, but lower than, the concentration of ions in the source 
reservoir (nutrient solution). Metabolic transport, however, 
controls ion access to the interior of the plant cells and 
is an "active transport" mechanism that brings into the 
cells the ions needed for metabolism and growth, even though 
such transport is against a concentration gradient. Thus, a 
characteristic feature of marine halophytes is their abillty 
to accumulate K rather than Na from sea water (7). Since Na 
is not one of the essential elements for most plants (Table 
I), there can be no metabolic transport mechanism to 
accumulate Na from a lower to a higher concentration. 
possible exceptions are the "obligate halophytes" which 
require Na, although no literature citation of a case of Na 
accumulation has been found in this preliminary study. 
Contact with active research workers in the field of 
hydroponic growth (26) has, to date, not uncovered any 
awareness of a plant which concentrates Na from dilute 
solutions. 

G. Overall Justification for Mineral Control in a CELSS 

As the capacity for food production will always be 
limited in a CELSS, it is important to provide optimum 
conditions for higher plant growth within the constraints of 
the CELSS environment. The only way to achieve optimum 
growth and productivity of edible material for the higher 
plants is to have a nutrient solution within the right range 
of ionic species and concentrations at all times. In a 
recycle system this means that there must be control, in 
terms of removal of ionic species present in too high a 
concentration and addition of ionic species present in too 
Iowa concentration. Such removal and addition cannot be 
done in a recycle system without processes for mineral 
separation, removal, recovery, and,possibly, conversion to 
other oxidation states or ionic forms. Humans on board, as 
well as plants, require a variety of minerals in what is 
generally thought of as a minimum quantity, but also should 
not exceed a toxicity value for some species. Although the 
minimum amount of many mineral species required by humans 
will be achieved by consumption of plant edibles containing 
the minerals, the minimum and toxic values for humans for 
each element are not the same as for plants. The impact of 
this fact is that a mineral separation and recovery system 
may have to accomodate a differing recycle loop for the 
higher plants and the humans. If the CELSS should have 
animal species on board further consideration would have to 
be given to their place in the recycle loops, and to their 
impact on mineral separation needs. 
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II. CELSS SCENARIOS WITH AND WITHOUT MINERAL SEPARATION 

Any scenario with a plant growth, human consumption, 
and a recycling of material needs mineral control and 
separation; although the emphasis and importance may vary 
with the food production and waste processing subsystems and 
the degree of closure of the recycle system. 

In order to be more specific about the need for mineral 
separation, prior data which had pertinence to higher plant 
growth in a closed life support system scenarlo was perused 
and an attempt was made to compare data and estlmates from 
var10US sources. Table VIII shows phytotron plant growth 
data for food production from seven sources, some of which 
are actual test data and some of which are scenarios for a 
CELSS. The Bios-3 data is really the only test data 
presently available for a comprehensive series of tests on a 
part1ally closed life support system. The Cornell and S.A.E. 
data come from reports featuring a CELSS type scenario. The 
Calabasas, Israel, Resh, and Johnson data was not concerned 
with life support systems, but represents observed or 
recommended parameters for food growth 1n a sOllless culture 
of finite area. 

The number of men supported 1n Bios-3 was 3 and the 
Cornell scenar10 was 24, and the S.A.E. scenar10 was 10 1n 
the cited report. The phtytotron volume for B10S-3 was 
given, whereas the Cornell reference said no estimate was 
made because it was beyond the scope of the report. No 
volume was given in the S.A.E. report, although th1S could 
be somewhere 1n the program documentat1on. Sow1ng areas were 
glven for Bios-3 and the Calabasas test, while the other 
numbers are Just the unit area numbers in the 
recommendat1ons for hydropon1c growth. A cr1t1cal value for 
trade-off cons1derations, the volume of nutrient solution 
per unit sowing area, was not glven for Bios-3, but a 
reasonable value for a controlled cultivat10n exper1ment by 
the same researchers was glven, and was used 1n Table VIII. 

The volume of the nutrient solut1on was glven for the 
Calabasas test. However the total nutrient solut1on volume 
for Bios-3 is the product of sow1ng area and volume per unIt 
sowing area, while for the Calabasas test the solution was 
flowing fa1rly rapidly and the volume given corresponds to 
one days growth of higher plants. Data on edlble mass grown 
per day is given for a breakdown of wheat and vegetables for 
the Bios-3 test and the S.A.E. scenario. The Cornell 
scenario data is for total edible mass, while the varIOUS 
hydroponic growth recommendations are best compared 1n 
cucumber yields. Inedible yields are given only for Bios-3 
and the Cornell scenario. 

Even though these comparisons are less than 
satisfactory, it is felt that, to a first approximat1on, any 
edllble and inedible mass comparisons would be helpful 1n a 
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TABLE VIII - PARI' 1 

Closed Life Support System Scenar io Data 

1.D. of 
test: Bios-3 calabasas Israel Resh Johnson Cornell S.A.E. 
No. Men 3 24 10 
supported 

VolLmle of 
phytrotron, 
m3: 157.5 oot given 00 esti- not 

mate given 

Sowing area, 
m2: 40.8 30.4 1000 (h) 4047 (h) .0929 (h) no esti- not 

(33 wheat) mate given 
(7.2 veg.) 

Nutrient 
solution per 
m2 , L: 15 (a) 230 not 

given 

Total 
nutrient 
solution 
vo1lU'11e, L 606 (b) 39993 00 esti- oot 

mate given 
(785 L new/day) 

Higher plant 
production, 
g/day of 

edible: 628 total 1342 116700 34796 194.4 13680 3850 total 
(dry) 517 wheat (e) (f) (f) (f) 3070 wheat 

111 veg. 780 veg. 

inedible: 1318 total 11321 not given 
(dry) 1203 wheat 

115veg. 

total (dry) : 1948 total 25001 not given 
1720 wheat 

227 veg. 
Production 
lntensity, 
g/day/m2 
(vegetables) 15.4 not given 
(cucumbers) 4.4 44.1 116.7 8.6 18.1 



TABLE VIII - PARI' 2 

Closed Life Suwort System Scenar io Data 

1.0. of 
test: Bi06-3 Calabasas Israel Resh Johnson Cornell S.A.E. 

% of daily 
fcx::xl intake 
supplied by 
phytotron: 19 (c) 84 various 

scenarios 

MInerals 
supplied to 
phytotron, 
g/day: 260 (dry) 18760 (g) 

343 (with 
(hydration) 

Minerals 
supplied to 
men (in addn. 
to food), 
g/day: 0 (d) 

1192 

360 Nacl 

Autror Gitelson 
et ale 

Berry 
et ale 

SClwarz Resh H.JOhnson NafIs/Sze Spurlock 
(Schuler) ;t.b:1ell 

Reference 28,29 
Notes: 

21,27 4 1 30 31 

(a) volume for Bi06-3 not given, fIgure taken from controlled cultivation 
exper1ments by same authors (27) 

(b) from (a) * SOW1ng area 

32 

(c) 19% = % of dehydrated food needs (by weight) supplled by phytotron, 8105-3 
phytotron supplied 26% of carbohydrates, 14% of protein, and 2.3% of fdts 

(d) in controlled cultIvation experiment (27) same authors state that 03-0.4 Kg 
dry blo-mass/day can supply one man ·tI7ith all P, K, Ca, Mg, S, Fe, and 
N, but not Nacl 

(e) equivalent cucumber yields, a5S~ng edIble (fruit) at listed Y1eld 
(10000 Kg/yr) and 95.1% water 

(f) cucumbers only 

(g) N, P, K only, calculated from (19) data 

(h) unIt area for Information given in ref., not actual test area 

26 
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preliminary consideration of the mass of nutrient solution 
and minerals needed for a phytotron for a CELSS. The bottom 
line of Table VIII - Part 1 shows a comparison of food 
production intensities from the various data sources, where 
cucumbers are the edible food example as data is presented 
by a number of sources. It is seen that the intensity of 
cucumber growth for Bios-3 was considerably less than the 
overall vegetable growth, the Calabasas test with flowing 
secondary sewage effluent gave much higher yields per unit 
area, the predicted yields for hydroponic growth in Israel 
are much higher still, while a book on hydroponic growth and 
an article on hydroponic cucumber growth predict more modest 
Ylelds. There is, indeed, a wide variation in this data. 

Table VIII - Part 2 shows that Bios-3 supplied, 
roughly, 19% of the food mass intake to 3 men, while the 
Cornell scenario anticipates 84% for 24 men. In Bios-3 the 
minerals were not recycled, but were added to the hydroponic 
solution as needed. Two figures are given, as it was found 
necessary and practical to add some minerals with water of 
hydration included. For the Calabasas test, the weight of 
mlnerals included in all the influent nutrient solution to 
the phytotron has been shown, as this is the actual mineral 
input for the tests. The Cornell scenario anticipates some 
mlneral addltion and some recycle. A figure is given for 
addltional minerals supplied to the men, almost entirely 
NaCl, as this is given in the Cornell scenario. In the 
Bios-3 test, adequate minerals, including NaCl, apparently 
came from a combination of the 19% edibles grown on board 
and the 81% supplied from the outside. 

In Table IX, the data of Table VIII is presented on a 
one man day basis for calculated total nutrition for the the 
Bios-3 test and the two scenarios, so that the amounts for 
nourishment and waste in a CELSS can be more easily 
compared. Only the Bios-3 test gives complete data. It is 
realized that this is a simplification of the actual total 
needed for complete nourishment of one man, but it is still 
instructive to conslder the range of figures calculated for 
this approximation. For example, the amount of both edible 
and inedible from the Bios-3 tests comes out considerably 
greater than the scenario estimates. 

Finally, ln Table X, scenarios are given for four CELSS 
with various combinations of phytotron support and mineral 
recycle. The full recycle scenario is illustrated in the 
loop shown in Fig. 2. A 10 man - 10 year scenario was 
chosen, as in the S.A.E. report (Table VIII). Due to the 
limited availability of data, approximations had to be made 
in thlS treatment, and these are defined in the footnotes of 
Table X. The situations treated are (a) 80% of human 
nutrition supplled by a phytotron with mineral recycle, (b) 
100% of human nutrition supplied by a phytotron with mineral 
recycle, (c) all human nutrition from stores, and (d) all 
human nutrition supplied by a phytotron but all minerals 
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TABLE IX 

Comparison of Phytotron utilization Calculated for One Man Day 

I. D. of 
test: 

Volume of 
phytotron, 
m3: 

Sowing area, 
m2: 

Nutrient 
solutlon 
volume, L: 

Hlgher plant 
productlon, 
g/man day of 

edlble: 
(dry) 

lnedlble: 
(dry) 

total (dry): 

Minerals 
supplled to 
phytotron, 
g/day: 

Mlnerals 
supplied to 
man (In addn. 
to food) g/day: 

Reference 

Total Nutrition * 

Bios-3 

276 

72 total 
59 wheat 
13 veg. 

1063 

1102 total 
907 wheat 
195 veg. 

2312 total 
2110 wheat 

202 veg. 

3414 total 
3017 wheat 

397 veg. 

456 dry 
602 hydrated 
(no recycle) 

o 

28,29 

Cornell 

no estimate ** 

no estimate ** 

no estimate ** 

679 total 

561 total 

1240 total 

59 dry 
(wi th recycle) 

15 

31 

S.A.E. 

not given *** 

not given *** 

not given *** 

385 total 

not glven *** 

not glven *** 

not glven *** 

not glven *** 

32 

* (amt. given) / (no. of men supported * fractlon of nutrltlon 
grown in phytotron) 

** this data beyond scope, accordlng to reference 

*** data not given in reference, but may be In documentatlon 



TABLE X - PARI' 1 

Scenar io Data for a CELSS 

80% human 
nutritioo 
supplied 

by phytotron 
(recycle 
minerals) 

No. men supported 

Length of missioo, 
yrs. : 

Volume of phyto­
tron, m3 (a): 

Sowiro area, 
m2 (b): 

Nutrient solution 
volume, L, or wt., 
Kg (c): 

High~r plant pro­
ductlOO, g/day of 
edible (d): 
(dry) 

inedible (e): 
(dry) 

10 

10 

1363 

353 

5297 

5432 

11400 

Stored food 
Kg (f):' 4557 

Total phytotron product 
g/day (dry) (g): 16832 

Mineral elements 
fran phytotrOQ .Ero­
duct rrocessea;aay , 
g, (h : 
~ (1 000 ppn): 
P as P04--

K (Jggg8 ~ 
ca (20000 ppn 
~Fe (4000 ppn (100 ppn 

~~ (~~ 
~ «(2 ppn 
B (49 = S as 504-

(1000 ppn): 
C1 (100 ppn): 
total 
g/day(exc. C1): 

252 

152 
1346 

337 
67 

2 
1 
0.10 
1 
0.034 
1 

17 
2 

2175 

100% human 
nutri1:ioo 
SupplIed 

by pnytotron 
(recycle 
minerals) 

10 

10 

1705 

441 

6621 

6790 

14250 

o 

21040 

315 

1891 
1683 

420 
84 

2 
1 
0.13 
1 
0.040 
1 

21 
2 

2717 

0% h~ 
nutrItIon 
supplied 

by pnytotron 

10 

10 

o 

o 

o 

o 

o 

24783 

o 

o 
o 
o o 
o 
o 
o o 
o 
o o 
o 
o 
o 

100% human 
nutri1:ion 
S~P11ed 

by :Yt9tron 
1a 1 stored 
minerals) 

10 

10 

1705 

441 

6621 

6790 

14250 

o 

6790 

o 
o 
o o 
o 
o 
o o 
o o o 
o 
o 
o 

/9 



TABLE X - PARI' 2 

Scenario Data for a CELSS 

80% human 
nutrition 
supplied 

by pnytotron 
(recycle 
minerals) 

Mineral elements 
for humans,g/day (i), 
Na: 
Nacl: 
Nacl build-~ in 
nutrient solution 
without separation, 
P)~, 
2 days: 
10 days: 
30 days: 
6 100.: 
1 yr.: 

Nacl storage if 
00 recovery, Kg 
(k) : 

60 
150 

28 
56 

283 
849 

5168 
10336 

547 

Mineral elements 
supplied by re­
cycle or storage for 
phytotron, Kg (I): 7942 

(recycle) 
Miner als needed 
as per 
Bioo-3 data base, 
Kg (m): 

Supplies to bring 
on mission , Kg (n) 

nutrient solution: 

stored human food: 

Nacl for humans: 

Stored minerals for 
plants, Kg: 

Total stores: 

8214 

5297 

4557 

0.15 

o 
9854 

Equl~t needed for 
ffilneral recycle,Kg (0): 960 

Total of stores and 
equipment, Kg: 10814 

100% human 
nutrition 
Supplled 

by phytotron 
(~ecycle 

ffilnerals) 

60 
150 

22 
44 

221 
663 

4031 
8063 

547 

9917 
(recycle) 

10267 

6621 

o 
0.15 

o 
6621 

1110 

7731 

0% human 
nutrition 
supplied 

by pnytotron 

60 
150 

547 

o 

10267 

o 
24783 

547 

o 
25330 

o 

25330 

100% hlDtlaIl 
nutrition 
S~Plled 

~tron ~a 1 stored 
minerals) 

1)0 
150 

547 

9917 
(storage) 

10267 

6621 

o 
547 

9917 

17085 

a 

17085 
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TABLE X - PARI." 3 (footnotes) 

(a) volume phytotron, m3 = [{~ edible per man fran (3l)} I {g edible per 
man fran (28)}] * [t volume phytotron, m3, fran (28)} I {No. men in 
(28)} * {fraction nutrition supplied in (28)}] * [{fraction 
nutrition supplied by phytotron in this scenario} * {No. men in this 
scenario}] 

(b) sowing area, rn2 = ({g edible per man fran (3l)} I {~ edible per man 
fram (28)}] * [{sowing area fran (28), rn2} I {No. men in (28)} 
* {fraction nutrition supplied in (28)}] * ({fraction nutrition 
supplied by phytotron in this scenario} * {NO. men in this scenario}] 

(c) volume nutrient solutioo, L or Kg = {sowing area, rn2} * {volume solution 
per rn2 sowing area from (29)} _ 

(d) edible produced, g/day = {g edible per man fran (3l)} * {fraction edible 
supplied by phytotron in this scenario} * {NO. men in this scenario} 

(e) inedible produced, g/day = {g edible per man fran (3l)} * {ratio of 
inedible to edible produced in (28)} * {fraction nutrition supplied 
by phytotron in this scenario} * {NO. men in this scenario} 

(f) stored food, Kg = [{g edlble per man from (3l)} - {g edible produced by 
phytotron in this scenario}] * (No. days of mission] I (1000] 

(g) total phytotron product per day, 9 = 9 edible (d) + 9 inedible (e) 

(h) mineral elements recycled, g/day = {WID value in range given for dried 
plant tissue in Table v} * {g phytotron product per day (g)} 
I {1000000} 

(i) IDlneral elements needed for humans, g/day = {estimate 15 9 Nacl per man­
day (1.5 L liquid excretion at 10 giL cone. Na/cl} * {NO. men on 
mission} * {(for Na only) ratio of atanic wt. Na and molec. wt Nacl} 

(j) Nacl ooild-up if 00 recovery, FPD = [{g/day for humans (i) * {No. days}} 
I {Kg nutrient solutioo (c)} * {lOOO}] * (1000000] 

(k) Nacl storage if no recovery, Kg = [{g/day for humans (i)} * {mission 
length, daYS}] I [1000] 

(1) mineral elements supplied by recycle, Kg = [{g total fran plant production 
recycle (h)} * {No. days mission} I [1000] 
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TABLE X - PARI' 4 (footnotes) 

(rn) mineral needed as calculated fran Bi06-3 data base Kg = [{g edible per 
man fran (3l)} I {g edible per man fran (28)1] * [{g/day minerals 
(dry) supplied to phytotron from (28)} I {NO. men in (2_8) * fraction 
of nutrition supplied in (28)}] * [fraction nutrition supplied in 
this mission] * [No. men in this mission] * [No. days of mission] 
I [1000] 
- note: this calculation fran different data base (actual amount 

minerals supplied in Bi06-3 test and agreement with aJOOunt 
calculated fran data base of (1) (aroount minerals found in 
dried plant tissue and estimated edible aroount needed and 
inedible aroount acoampaning) is satisfactory 

(n) supplies to bring on mission (mineral nutrient solution and stored food 
only), Kg = Kg nutrient solution (c) + Kg stored food (f) + Kg 
minerals for humans (only 1 day NaCl needed for recycle scenarios) 

(0) equipnent needed, Kg = [{12 L/man estimate for ion-exchange chranatOjraphy 
mineral separation scenario (33)} * [ratio of {(inedIble materIal 
produced by phytotron in (28» * (fraction of nutrition supplied 
by phytotron in this scenario)} to {edible material produced by 
phytoron in (28)}] + [12 L/man (representing minerals in edIble 
IX>rtion produced by phytotron + mineral in balance - if any - of 
nutritlonal needs for humans supplied by stored food)] * [No. men on 
mission] * [2 Kg/L estimated column density] + [Kg estimated for 
eluent (In column and eluent recycle loop = {total L for ion-exchange 
column for recycling minerals (edibles + inedibles)} * {l Kg/L 
density}] 
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supplied from stores. 

Phytotron volume and sowing area were calculated from 
two data sources: the mass of edibles needed for human 
nutrition was taken from the Cornell report (31), while the 
volume needed to raise this mass was taken from the Bios-3 
report. This was done because Table IX shows that the per 
person edible needs calculated on the basis of the 19% 
supplied in the Bios-3 tests comes out high and possibly not 
representative because of the small proportion of the diet 
actually supplied by the phytotron. The S.A.E. test estimate 
(32) is even smaller than that from the Cornell report, and 
may be allowing too small a margin of safety for a CELSS 
system. On the other hand, the phytotron volume and sowing 
area from the Bios-3 test was taken from actual growing 
experience for a CELSS type situation, and were felt to be 
the best data presently available to use in a predicted 
senario. The nutrient solution volume calculation relies on 
other Russian data connected to the Bios-3 test, and, at 
least, has a foundation in experiments for a CELSS type 
test. 

The mass of edible material needed comes directly from 
the estimate of the Cornell test (31). However, inedlble 
mass is calculated by taking the ratio of edible to inedIble 
actually found in the Bios-3 test (28) and is higher than 
that considered in the Cornell report. The Bios-3 ratio was 
taken, as it was firm experimental data from a CELSS type 
test. The estmate of stored food simply considers the 
proportion needed and the edible mass per person allowed In 
(31). It is assumed that stored food is 100% edible. The 
total phytotron product will be the total of the edIble and 
inedible mass. 

In order to calculate the mass of mineral to be 
recycled, a figure was chosen in the range of data given for 
each element listed in Table V, as the Table V data is the 
minImum or expected amounts in healthy plant tissue. The 
ranges are considerable, but the data sources are reliable 
and it was felt that this was a a valid use of the data for 
approximating the mineral needs in a CELSS. When combined 
with the misssion size and length and the % of nutrition 
supplied by the phytotron, these figures give the total mass 
of minerals needed for the phytotron, either from recycle or 
storage. However, as the use of data for dried plant tissue 
seemed to introduce considerable approximations, a check was 
made on mineral needs by calculations based on the edible 
mass needed estimate from the Cornell report, the amount of 
edible mass supplied in the Bios- 3 test, and the actual 
mass of minerals added in the Bios-3 test to maintain 
phytotron production. It can be seen in Table X - Part 2 
that the figures calculated from the actual mass of minerals 
used in the Bios-3 test are in reasonable agreement with the 
calculation based on the composition of dried plant tissue. 
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Table X - Part 2 also shows the amount of NaCl consumed 
by the human crew, based on the simple but reasonably 
accurate assumption that a human excretes 1.S L/day of 1% 
NaCI. If this amount of NaCl is processed into the waste 
system and to the phytotron without separation, there will 
be considerable NaCl build-up in any reasonable volume of 
mineral nutrient for the higher plants. Table VI - Part 3 
cites various authors as giving values from 50 to 1000 ppm 
of NaCl as the upper limits tolerable without inhibiting 
plant growth or development. In Table VII - Part 2 the lower 
value is chosen as a control point, as it is believed that 
optimization of the food production capacity in a given 
volume would be very desirable in a CELSS. Thus, the figures 
shown in Table X - Part 2 show that the build-up of NaCl in 
a CELSS phytotron would be unreasonably rapid without 
separation and recovery. 

~t the bottom of Table X - Part 2 a comparison is made 
of the the mass of materials needed for the food supplied in 
the various scenarios considered. This shows that the 10 man 
- 10 year mission would need about 10,000 Kg of stores for 
total human nutrition and plant nutrition for a phytotron 
supplying 80% of human nutritional needs and about 7,000 Kg 
for a phytotron supplying 100% of human nutritional ~e~lq. 
rrhis compares with about 25,000 Kg needed with no phytotron, 
and 17,000 Kg needed for a phytotron with no mineral 
recycle. It is recognized that the masses of stored food and 
phytotron grown food would have different nutritional values 
due to probable differences in the choice and composition of 
food ltems. However, for a first approxlmation applied to 
these calculatlons, equal dried masses of any food mixtures 
are considered to be of comparable nutritional value. 
Allowance for balanced nutrition in dlets is a perturbatlon 
of the mass figures and could be calculated in a more 
lntensive study. 

Slnce mlneral separation and recycle cannot be done 
without some equipment and, probably, chemicals, a 
calculation was also done to give some order of estimate on 
these factors. The only readlly available estimate of 
equlpment was for mineral separation by ion-exchange 
chromatography, where it was calculated that a resin column 
of about 12 L/man should allow separation of K and Na (33). 
For Table X, an allowance was made for eluent mass, with the 
assumption that eluent recycle would also be used to 
minimize eluent volume. The total adds about 1000 Kg (Table 
X - Part 2) so that the mlneral recycle modes still are 
considerably more attractive from a stored mass point of 
view than the modes without a phytotron or with a phytotron 
but without mineral recycle. 

Other means of mineral recycle may be added or chosen 
to replace ion exchange chromatography, but data is not 
available at present on the masses of equipment or of 
reagents needed. In any case, the Table X figures show the 
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general mass range in which such control and separation 
methods should operate in a CELSS. Longer missions than that 
used in the calculations should make any recycle mode more 
attractive. Larger crews are a more complex consideration, 
but generally favor recycle modes because of lower total 
launch weight, less capital equipment per man for recycle 
operations, and availability of a more speciallzed labor 
pool for recycle operation and maintenance tasks. 

In considering a mineral recycle scenarlO, the exact 
placement of the mineral control and separation facility or 
suo-system or sUb-systems in the mlneral recycle loop was 
not considered, although lt would proably handle input from 
the waste oxidatlon unit effluent and dlrect output to the 
mineral nutrient solution for the phytotron. In the general 
picture avallable at this time, it is considered that 
mineral control and mlneral separation processes are 
independent of position in the mineral flow loop. 
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III. SEPARATION METHODS 

Many separation techniques used for inorganic ions have 
been primarily developed for the separation and 
identification of traces of inorganic ions, the separation 
of ions with very similar chemical properties (e.g.the rare 
earths), or the removal of a certain class of inorganic ions 
(e.g.the heavy metals). Although all separation techniques 
should be considered, the following appeared, from a 
preliminary literature survey, to have potential for the 
separation of the mineral species to be expected in a CELSS 
waste processing system: (1) ion-exchange, high pressure, 
and continuous chromatography, including rotating annular 
beds, rotating disc chromatography, and gel permeation 
chromatography, (2) fractional crystallization, (3) 
flotation, foaming and frothing techniques, (4) membrane 
separation processes, (5) cyclic separation processes and 
(6) non-chromatographic ion-exchange processes. 

Following is a brief compilation of recent separations 
work in these fields, with comments on its pertinence to 
mineral separations in a CELSS. 

(1) Chromatography: There has been a great deal of work 
on chromatographic separations on ion-exchange resin columns 
which has shown that the technique is applicable to the 
analytical separation of a wide range of inorganic cations 
and anions, including the alkali metals and the alkaline 
earth metals (34-48). An early use of ion-exchange resin 
column chromatography was rare-earth separation (49,50). 
This work was developed into considerable scale-up, 
lnvolving the separation and recovery of substantial 
quantities of metals such as neodymium (51), praseodymlum 
(51), and yttrium (52). 

Interest in synthetic inorganic ion-exchange materials 
(e.g. antimonic acid and stannic phosphate) has been 
heightened by their superior stability to high temperature 
and ionizing radiation (53). These inorganic materials are 
also known to have higher ion-exchange selectivities for 
certain elements than organic ion-exchange resins. They are 
candidates for further investigation of their application to 
separations of the type and scale needed in a CELSS. 

There has been considerable interest in high pressure 
chromatography on ion-exchange resins, including assessment 
of the column capacity factors for the alkali metals and 
magnesium at pressures up to 60,000 p.s.i. (70). The high 
pressure chromatographic separation of lanthanides and 
trivalent actinides has been reported (54). An ion-exchange 
chromatographic technique suitable for operation at modest 
pressures (30-150 p.s.i.), and in a continuous mode, uses a 
rotating annular bed and has been applied to Cu-Ni-Co, 
Fe-AI, and Zr-Hf separations (55). This appears to be a 
powerful technique for mass separation and recovery as the 
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authors estimate that a "continuous annular chromatograph" 
unit 60 cm diameter x 60 cm long could separate and produce 
50 metric tons per yr. of Zr containing <0.01% Hf (2.5% of 
the U. S. demand for this metal).n 

High pressure or "high performance" liquid 
chromatography, called "HPLC", generally refers to 
liquid-solid chromatography, where the liquid is a solution 
of the constitutents to be separated in one or more solvents 
and the solid is finely divided silica, alumina, porous 
polymers, porous glass, and other materials. The most common 
detectors are ultra-violet absorption and refractive index. 
Reviews of this separation technique, emphasizing 
biochemical and biomedical applications has been published 
(56,57,58). 

Liquid chromatography is the focus of a great deal of 
current technology and sophisticated apparatuses for HPLC 
are currently marketed by a variety of manufacturers 
(59-68). The preponderance of the data presented and 
applications suggested for HPLC is for the separation or 
preparation (69) of complex organic and biochemical 
materials. The use of high pressures for inorganic mineral 
separations on ion-exchange resins has also been shown to be 
feasible (54,55,70), as mentioned above. However, the 
abundance of current technology in HPLC, and the rapid 
advances in techniques and application make it a technique 
of interest for modification to allow application to mineral 
separation. 

A modification of thin layer chromatography, known as 
"rotating disk thin layer chromatography" (71), allows 
faster separations and greater sample volumes than the 
conventional technlque. A commerclal rotatlng dlSC 
instrument (72) is avallable as a preparatlve liqUld 
chromatograph. 

Permeation chromatography on gels, such as 
polyacrylamide, appears feasible for strong electrolytes, 
and worth some consideration for a CELSS. The separation 
mechanisms have been discussed (73), and dlstribution 
coefficient data have been obtained for a number of 
inorganic cations and anions (74). In one work (74), the 
distribution coefficients of KCl, NaCl, and other salts were 
measured on polyacrylamide gel. The technique appeared 
marginally applicable to KCl/NaCI separation, due to the 
closeness of their distribution coefficients. 

(2) Fractional crystallization: The 
crystallization of NaCl of various degrees of purity for 
domestic and industrial purposes has been discussed (75). 
The incorporation of bivalent heavy metal ions into alkali 
halide crystals grown in solution (76), includlng the 
crystallization of NaCl with Pb++ (77), has also been noted. 
The effectiveness of crystalization rate and initial salt 
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concentration on the separation of impurities by NaCl 
crystallization has been studied (78), as well as the effect 
of salting out by KCl on the lattice constants of NaCl (79). 
The cause and solution to the problem of incrustation in an 
NaCl crystallizer has been discussed (80) and the change in 
the crystal character of KCl with degree of supersaturation 
has been noted (81). 

The kinetics of NaCl and KCl crystallization in the 
presence of PbC12, MnC12, CdCI2:H20, and other impurities, 
has been studied (82), as well as the crystallization of KCI 
by "coupled crystallization" with NaCl (83). There has been 
considerable recent work on crystallizations involving NaCl 
and KCl, and it appears from a phase diagram that some 
separation of NaCl and KCl and possibly other salts can be 
achieved by collective crystallization (84). Investigations 
should be done to see if such separations can be done 
without adverse effects from mixed crystal precipitation and 
impurity occlusion. 

(3) Flotation, foaming and frothing 
techniques: These techniques are useful in the separation of 
insoluble particulates and colloidal materi~ls as well as 
soluble ionic species. A surfactant must generally be added 
to the mixture to be treated. A critical review (85) of 
collector mechanism research in flotation treats two classes 
of systems, sulfides and non-sulfides. The latter includes 
oxides, silicates, alumino-silicates, polar salt-type 
minerals containing alkaline earth cations, and soluble 
salts. The flotation of halite (NaCl) and sylvite (KCl) from 
their saturated solutions is discussed. Collectors, such as 
long-chain amines or salts of long-chain fatty acids must be 
added to achieve flotation and separation. 

A discussion (86) of ionic species separation by "ion 
flotation" points out that this technique has been applied 
to the separation of Al and Be, the removal of trace Sr from 
aqueous solutions, the flotation of acid chromate, and the 
flotation of cyanide complexes by ferrous ion. It is pointed 
out that the commercial applicability of virtually any 
flotation process depends on the recovery and reuse of the 
surfactant, which would also apply to the usefulness in a 
CELSS. A process called "adsorption colloid flotation" has 
been used for the separation of copper and zinc from sea 
water (87). 

An extensive review of separation by flotation (88) 
differentiates between ion flotation, foam fractionatloll, 
~r~cipitate flotation, adsorbing colloid flotation, and 
froth flotation. The treatment of industrial waters, laundry 
wastes, domestic sewage, and sea water are mentioned as 
promising areas for large scale application of flotation 
techniques. Specific examples are foam fractionation of Zn+2 
and Cr+6, removal of Cd+2 from wastewater, flotation of 
dichromate ion, and removing emulsified petroleum from sea 
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water. A magnetic field was found to aid in Ni-Co-Cu 
separation by ion flotation. In other work (89), a theory of 
selectivity in foam fractionation of Sr++ metallic ions was 
confirmed by experimental data on Uosub2++ separation. One 
advantage of foam separation techniques, in many 
applications, is their ability to selectively concentrate 
materials from very dilute solutions (90). Anions can be 
separated by foam separation, using a cationic surfactant 
(91) • 

The techniques of flotation and foaming certainly seem 
applicable to a wide range of mineral separations. However, 
there is almost always a need for surfactant addition, 
which, in a CELSS system, means surfactant recovery as well. 

(4) Membrane separation processes: Membranes 
show some selectivity for dissolved solutes, but the 
permselectivity of water swollen polymer membranes is a 
complex function of membrane hydration, solute size, solute 
charge, pore size, and membrane charge (92). Heavy metal 
Ions can be separated from acid mine waters by reverse 
osmosis with cellulose acetate membranes (93,94,95). 
Ultrafiltration can be used ,in combination wIth chelating 
agents, for heavy metal ion separation and removal (96). 

In general, membrane techniques are applicable for 
separation of dissolved ionic solutes from aqueous solution, 
but are limited in their discriminatory power for the 
separation of one disssolve ionic solute from another. For 
example, Na+ and K+ are separated with difficulty, while the 
separation of multivalent species from monovalent species is 
more feasible. Therefore, the use of membrane techniques for 
the removal of toxic elemental species or corrosion and wear 
products in a CELSS should be given further consideration. 

(5) CYClIC separation processes: CyClIC 
separation processes have been reviewed (97), and the chIef 
methods of Interest were parametric pumping and cycling zone 
separatIon. The chief experimental difference in these 
methods is that parametrIc pumping uses oscillating flow 
through an adsorbent bed (98), while in cycling zone 
separation the fluid is pumped in one direction through a 
series of beds (99). ConsIderable mathematical modeling has 
been done for both methods (~8,99,100), and both methods 
have a potentIal for continuous multicomponent separation. 
The experimental work on batch fractionation of IonIC 
mIxtures by parametric pumping (101) seems most pertinent to 
a CELSS. In this work, the adsorbent bed temperature was the 
controlled thermodynamIc variable, and solutions of KC1 and 
HCl were separated by large factors (2000:1). When NaC1 was 
added, to make a ternary solute system, good separation was 
again achieved. The NaC1 stayed in the sorbent bed 
(lon-exchange resin) while the other solutes mIgrated to the 
reservoirs at either end of the bed. The feasibility of a 
continuous process and multiso1ute separation was predIcted 



(100,101), but reports of experimental tests of these 
possibilities have not been uncovered. In an earlier work 
(102) parametric pumping was tested on a solution of NaCl, 
KCl, and HCl with pH as the controlled thermodynamic 
variable. Some separation of Na+ and K+ from H+ was 
achieved, but no separation of Na+ from K+ was noted. 
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The advantage of parametric pumping or cycling zone 
separation to mineral separation in a CELSS is that, with 
temperature as the controlled variable, no added chemical 
species are needed to assist in the separation, or to elute 
the components, or to regenerate the separating medium. To 
this factor is added the potential for continuous 
multicomponent separations. The attactive features must be 
balanced against an energy expenditure of unknown magnitude, 
uncertain weight and volume requirements for the system, and 
a paucity of experimental background on mineral separation 
with cyclic processes. 

(6) Non-chromatographic Ion-exchange 
separations: Ion-exchange materials can be used in methods 
and techniques that supplement those mentioned with 
ion-exchange chromatography. One is the use of combined ion 
exchange and solvent extraction (103). It was proposed that 
such separations can be performed "virtually automatically" 
with solvent recovery by distillation or partition in the 
presence of salting-out agents. Sequential anion and cation 
exchange processes have been used for the kilogram scale 
purification of americium (104). Rapid removal of ions from 
solution has been achieved by the addition of finely ground 
ion-exchange particles, followed by coagulation by addition 
of suspensions of oppositely charged solids (105). 

A strong acid ion-exchange resin bed has been used to 
remove cationic radlonuclides dissolved during the 
decontamination of equipment in a nuclear power station 
(106). Other large-scale uses of ion-exchange resin beds 
have been reported in the demineralization of the water feed 
for electric power generating station boilers (107), 
treatment of effluent water from an ammonium nitrate 
fertilizer plant (108), and the treatment of acid mine 
drainage water (109). The magnitude of water treatment in 
each of these facilities was in the 50,000-500,000 gallons 
per day range. Ion-exchange beds in a generating station 
(107) treated up to 3,000,000 gal. water per cu. ft. resin 
bed before resin replacement. 
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