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Abstract
The applicability of_micfobiological oxidation  for the
) fecavery of zinc from a high~gradé zince sulfide concentrate has been

investigated'using a pure strain of Thiobacillus ferrooxidans. Factors

affecting the bacterial activify and conseéﬁently the rate and extent

of ziﬁc exfraétion were.studied. These factors wefe: temperature;

'pH, nutrient'and substrate concentrations, solid pafticle size and
surface area. The effect of carbon dioxide concentration in the air
supplied to the oxidationi was also studied. Larger scale experiments
-were carried out fo simulate more closely possible industrial conditions.

The optimum temperature was found to be 35°C, the optimum pH
2.3 . Nutrient levels'of 89 mg phosphate P/1 and 636 mg ammonia N/1
were sufficient to avoid rate limitation and provide for maximum extrac-
tion, ;eSpectively. 'Increasing the particle surface area, the pulp
density, or the total surface per unit volume of leach liquor increased
the rate of zinc extraction up to a point beyond which further increases
were not effective. Increasing thebcarbon dioxide content of the air
had a similar ;ffect.

The largef scale experiments gave similar extraction rates to
thosé observed in shake'flaské but the extent of zinc extraction was
signifiéaﬁtly higher. The final concentration of zinc in leach solutions
reaéhed levels currently- employed in commercial electrowinning procedures.
A form'of the generalized logistic equation was shown té_be capable of
repreéenting the complete extraction curve under a variety of experi-

mental conditions.
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I. INTRODUCTION ' _ 1.

1. Nature of the problem

The discovery of the obligate chemoautotrophic bacterium,

¢

>

Thiobacillus ferrooxidans, opened up -an area of research which has had

and will continue to have considerable economic significanée. This micro~
organism can tolerate exceptionally high concentrations of most
cations and is involved in the leaching‘of sulfide ores and wastes.

The possibilit& of using this microorganism in hydrometallurgical
metal extraction processes was recognized early by all investigators. It
represents a potential solution tb the problem faced in many countries
where continuing deplefion of high-grade ore deposits has created‘é
need to develop effective methods for recovéring metal values from low-
gradefsulfide ores.

. The microbiological leaching process iﬁvolves complex interactions
betwgen the microorganism, substrate and the trace nutrient cbnqegtrations,
which are not yet completely‘understood. Altogethef, a more economic
use'of.this leaching process requires a better understanding of the various
féctors influencing bacterial growth and the microbiological metal
dissolution processes.

2. Objectives

The present work investigates the microbiological extraction

of zinc from a high—grade‘zinc sulfide concenfrate,.using a pure strain

of T. ferrooxidans. Conditions such as temperature, pH, pulp density,

nutrient concentrations, and specific surface area of solid substrate
are studied in terms of their effects on zinc extraction rate and, in
some instances, on the final zinc concentration in solution. Where

appropriate, optimum conditions for leaching are specified. In addition,



factors limiting the rate of zinc extraction are delineated as well as
those conditions under which they become limiting. Further, an effort
is made to describe the form of an equation suitable for curve fittihg

the data obtained in these microbiological leaching studies.

~



ITI. MICROBIOLOGICAL BACKGROUND 3.

Most.bacterial species utilize complex organic compounds for
energy. Such organisms are classified as the heterotrophs. Only a few
species, called autotrophic bacteria, ‘are able to synthesize theif carbo-
hydrates, fats and proteiﬁs from carbon dioxide and inorganic sources of
nitrogen. The autotrophic capabilities of bacteria were established by

1, 2) in 1887 and 1888. He concluded that bacteria exist

Winogradsky
which were able to grow by utilizing the energy liberated by oxidation of
reduced.forms of sulfur and ferrous iron. The bacteria may be distinguished
as obligate or facultative autotr@phs. The obligate forms obtain their
energy‘solely from oxidation of inorganic compounds, whereas the Eéculta—
tive forms also ﬁay utilize organic compounds, when inorganic compounds

are not .available.

T. ferrooxidans, which is responsible for microbiological

leaching, has been placed in the fifth genus, Thiobacillus, of the family
(3) |

Thiobacteriaceae . This organism possesses the following morphologi-

(3, 4, 5),

cal chéracteristics

cell: short rod; 0.5 by 1.5 microns; motile;‘cells occur singly or as
diplobacilli; Gram stain—negative.

colony; (form when cultured on solid media) minute; irregular edge;

flat; granular surface; opaque. N



III. LITERATURE REVIEW ' 4.

1. Description and physiology of T. ferrooxidans

6)

T. ferrooxidans was discovered by Colmer and Hinkle in the

acid, iron-containing drainage water of some bituminous coal mines, and

%) (5)

described later by Colmer et al and Temple and Colmer as an

obligate, chemoautotrophic, acidophilic, iron oxidizing bacterium. It
obtains carbon (in form of carbon dioxide) and oxygen from the atmosphere
and derives its metabolic energy from the oxidation of reduced jiron and

sulfur compounds.

This organism is morphologically similar to Thiobacillus

thiooxidans. The fundamental difference between the two species is

generally recognized to be the inability of T. thiooxidans to oxidize

(4,5,7)

ferrous iron and insoluble sulfides

(8) (9

Leathen and Braley and Leathen et al studied an organism
which oxidized ferrous iron but not elemental sulfur or thiosulfate.
Because of its inability to utilize these reduced sulfur substrates, it

was considered to be a new genus and assigned the name Ferrobacillus

(10)

ferrooxidans. Similarly, Kinsel

assigned the name Ferrobacillus

sulfooxidans to an organism she isolated, which utilized ferrous iron

"and elemental sulfur but not thiosulfate.

(11)

Subsequent investigations by Unz and Lundgren , Ivanov and

(12)

Lyalikova » Beck and Shafia(lB)a;nd Hutchinson ggugl(l4) indicated

that these organisms (T. ferrooxidaﬁs,.g. ferrooxidans and F. sulfooxidans)

were identical and should be called T. ferrooxidans. All these organisms

were capable of oxidizing elemental sulfur and thiosulfate in addition to

. 14 X Lo
ferrous 1ron( ). In spite of these conclusive data, some authors

continue to use the name F. ferrooxidans.




2. Occurrence of T. ferrooxidans o 5.

The organism, T. ferrooxidans, is virtually ubiquitous in

(4,5,6)

.>nétﬁfe. Sincé‘iﬁs érigindl isoiafion s if hasIBeén isdlatéd inv“‘
(15), Canada(16’17), Congo(ls), Denmark(lg) (20),

Australia
Germany(21), Japan(zz), Mexico(zs), Scotland(Zl), South Africa

Spaln( ), Sweden(Zl), U.S.A.(7’8’lo’25—3;)

» England
(24)
H

and in the U.S.S.R.(32_36).

3. “Microbipipgy of T. ferrooxidans.

The activity of thesebacteria is influenced by the nutrients

available for its growth and reproduction. The liquid media most frequently

9

used for T. ferroox1dans are those of Leathen et al

(37)

Lundgren . These media are compared in Table 1.

(37)

and Silverman and

Silverman and Lundgren designated  their medi;m 9K. It will
supporf 2 x.lO8 to 4 x 108 cells per ml compare&.to 7 x 106 cells per ml
for the medium of Leathen_ggigl(g).

Dﬁring bacterial growth, the ferrous iron is oxidized to ferric
iron (equétion 1), which has been considered to hydrolyze to ferric_

(37)

hydroxide and sulfuric acid (equatidn 2)

4 FeSO4 + 2H2504 + O2 = ?Fez(804)3 + 2#20 )

+ 1200  J==2 4Fe(OR), + 6M,50 (2)

2Fe;(80,) 4 2 4

Reéction 1 is a metabolic reaction of the bacteria. Reaction 2 is a
chemical reaction, which results in an increase in the acid content of
the medium.

(38) L . .
Leathen et al have indicated that the hydrolysis of ferric

‘sulfate is incomplete in acid medium and basic ferric sulfates are produced;

the relative amounts of iron, hydroxyl and sulfate will depend upon the



Table 1

Liquid Media for T. ferrooxidans

Leathen gg_gl(g) Silverman and -
Components Lundgren(37)
ing - _ in g
Basal salts:
(NH4)ZSO4 . 0.05 3.00
KCl 0.05 0.10
K2HPO4 , 0.05 0.50
MgSO, x 7H,0 0.50 ) : 0.50
Ca(NO3)2 ) 0.01 0.01
Dist. H2O 1000 ml to 700 ml
10N HZSO4 ‘ pH = 3.5 1.00 ml
Energy source:
FeSO, x 7H,0 10 ml of a 300 ml of a
10% W/V solution 14.74% W/V solution

Where W/V = weight per volume

P4}




7

dilution and the acidity during hydrolysis. They represented the hydroly-

sis by the reaction of equation 3.

o , s |
Fe, (S0 + 2H,0  SFF= 2Fe(0H)SO, + H,S0, _ (3)

4)3 2

The iron chemistry involved is certainly more complex than is indicated

by the foregoing equatidns. Observations on microbiological chalcopyrite

(39)

‘leaching indicate the following overall reaction for the formation

of insoluble ferric sulfate:

6CuFes, + 251/20

2 + 9H20 ———=> 6CQSO +

2 4

2HFe3(SO4)2(OH)6 + ZHZSO4 ) (4)

Reaction 4 results in a reduction of pH and of ferric and sulfate ion
concentrations. The acidity of the solution is stabilized near pH 2,

according to the equilibrium equation:

o= ) ] 0
2HFe,(50,), (0N + 5H,80, < 3Fes(s0,), + 12H,0 (5)

~ The early literature concerning the capability of this microorganism to

utilize different energy sources is somewhat confused. The ability of

T. ferrooxidans to oxidize ferrous iron has been demonstrated by numerous

(4,5,14,37)

authors Similar agreement has not been obtained concerning the

utilization of different sulfur compounds as substrates, because some

authors have failed to demonstrate the oxidation of elemental sulfur(4’5’8’

9) .(8,9)

or thiosulfate -A possible explanation of this lack of success by

(14)

certain authors is given by Hutchinson et al » Wwho pointed out the

importance of initiating growth at the .correct ph.’



8.
However, the majority of investigators have shown that T.

ferrooxidans is able to derive its energy from the oxidation of elemental

sulfur and thiosulfate(3’10’11’14’16’21’40’41)._ The pH optimum for the

5(42,121)

oxidation of elemental sulfur ranges from 1.75 to

(11,14,42,43)

and for

thiosulfate between 4 and 5.5
These pH optima are higher than those found for bacterial
activity on ferrous sulfate media. It should be noted that the internal

cellular pH of these organisms normally is higher than that of their

(44)

~ external environment . Recently, workers at B. C. Research

(42,45-48)

have published a series of communications concerning substrate

utilization by T. ferrooxidans. They have found that these organisms

oxidiée soluble and insoluble ferrous iron, sulfuf, insoluble and soluble

sulfide, thiosulfate, trithionate and tetrathionate. The oxidation rate

(41) -

of sulfur was always slower than the rate of iron oxidation

-Altnqugh thé 1iteratufe noncerning the energy transfer
mechanismn of thiobacilli is growing rapidly, only.limited information is
’nvailanle concerning electron transfer from ferrous iron and sulfur

compounds to molecular oxygen. Various theories exist involving enzymes

(44, 49-63) (64)

and proteins present in the organisms . Trudinger has

published a review of the metabolism of inorganic sulfur compounds and

(65)

Peck one on energy coupling mechanisms. Nonetheless, no overall

understanding of the energy transfer reactions in I} ferrooxidans has

yet been achieved.

Biological cells tend to lose energy at all sites of energy

(66)

transfer ; a measure of their efficiency in retaining the energy

available to them is the free energy efficiency (FEE). The FEE of carbon

dioxide fixation by T. ferrooxidans may be evaluated using a relationship



proposed by Baas-Becking and Parks(67):
Er . .
FEE (%) = 100 & E (6)
P
where Er = energy used for carbon dioxide fixation;
Ep = energy produced by substrate oxidation.

(5)

Using ferrous iron as substrate, Temple and Colmer found

that the free energy efficiency of carbon dioxide fixation for T.

(68)

observed that this efficiency

ferrooxidans was about 3.2%. Lyalikova

decreases with the age of the culture. An average value of 30% was

(69)

obtained with a two-day old culture. Silverman reported values

ranging from 13.8 to 28.67% with an average value of free energy efficiency
of 20;5% for carbon dioxide fixation.

Certain compounds synthesized by autotrophic organisms from

R . ' . s e 6
carbon dioxide are secreted into the medium to a significant extent( 3).

For example, T. thiooxidans releases amino acids and phosphatidyl com-

(209, 210) (70)

pounds and T. ferrooxidans pyruvate . Amino acids in

solution may act as chelating agents and phosphatidyl compounds as a
wetting agent, possibly a selective advantage for these microorganisms
in attaching themselves to solid surfaces.
| | N . - . (61)
Under completely anaerobic conditions, Pugh and Umbreit were
able to demonstrate carbon dioxide fixation that was associated with

oxidation of a specific substrate. For example, these authors using

T. ferrooxidans (F. sulfooxidans)showed that carbon dioxide was fixed

when ferrous iron was oxidized to ferric iron. Further, these authors

support the concept that an electron tranéport system is interposed between
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the inorganic substrate oxidized and the actual oxygen utilized. No

mechanism Wwas given to explain this phenomenon.

4. Biochemical activity of I. ferrooxidans

(71)

Bacteria are influenced markedly.by their environment .
Factors such as femperature, pﬁ, energy source, pulp density, particle
size, oxygen, carbon didxide, nutrient concentrations aﬁd agitation may
:be>expected éither to stimulate or suppress tﬁe microbial activity pf

T. ferrooxidans.

For leaching of mineral sulfides by T. ferrooxidans, the

following conditions are reported in the literature:

4.1 Temperature

The optimum temperature has been found to be 35°C(l6’72); the

(46,73,74) .

bacteria are inhibited at 40°C ; no minimum temperature limit
for growth has been established.
4.2 PH

" The following pH-values were reported to be the limits for

~growth of T. ferrooxidans: 2 and 4'by Razzell(75) and 1 and 5 by

Silverman and Ehrlich(76). The optimum pH is below 3(77); more exactly

it is at 2.5(16’46’72). Above pH 6.0 bacterial action is almost com-

(72)

pletely inhibited and above pH 9.0, the bacteria are destroyed .

4.3 Energy source

Substrate oxidation rates are said to be much higher on

ferrous iron than on inorganic sulfide substrates. This organism often

requires a period of adaptation to the new energy source(78). Sulfide

minerals are more rapidly leached as fine particles than as coarse
oneg (7226:46,74,77)

;3 no optimum particle size data have been reported.

4.4 Surface active agents

Some surfactants exert a beneficial effect on metal extraction
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rates79_81) and reduce the lag time

(82)

; but the presence of surfactants’

(83)

diminishes the level of final metal extraction

(84)

, possibly through
limitation of oxygen transfer

4.5 Carbon dioxide

Normal air concentrations are adequate(78); up to 27% carbon dioxide

concentration in the gas phase may be desirable(l3).

4.6 Oxygen
Oxygen is required in large quantities (every pound of sulfur
as sulfide, requires two pounds of oxygen for complete conversion to
sulfate). The supply of this oxygen is the key problem in the leaching
(46,78) A ' — .
process . The low solubility of oxygen and carbon dioxide in the
leaching medium means that high rates of gas transfer are necessary.

This necessitates the use of some kind of agitation.

4.7 Nutrients

The nutrient requirements of T. ferrooxidans are normal for a
chemqsynthétic éutotroph. Early reports indicated a requirement fbr such
inorganic compounds as carbon dioxidé (for cell growth), ammonium sulfate
and dipotassium hydrogen phosphate (as nitrogen and phosphate sources),
ferrous iron and sulfur compounds (as energy sources), and magnesium

,(74).

sulfate, potassiﬁm chloride and calcium nitrate (as growth factors

(39)

However, experiments carried out at B. C. Research have demonstrated

' - '
that T. ferrooxidans has no requirement for magnesium, calcium and

potéssium ions beyond those levels contained in reagent grade ammonium
sulfate -dipotassium hydrogen phosphate and shlfiﬁéiﬁiﬁcraié.

| Of these factors influencing microbiological 1eaching, the most
important probably are temperature and pH. These directly affect activity
(metabolism> and growth of the bacteria.. Another requirement for the

oxidation of sulfides by the bacteria is the availability of the substrate.
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The most ideal condition exists when the substrate is soluble such as

are ferrous iron salts. For insoluble substrates, the sulfide minerals
must have an adequate amount of exposed surface area.
Although the surface phenomena have been observed by mahy

(7,26,46,77,78)

authors , no investigations have been undertaken to
establish the relationship between the specific surface area and bacterial
growth and the effect on the metal extraction rate.
' . . . . o . (39)
However, experiments on microbiological chalcopyrite leaching
have indicated that, below a certain particle size, no benefit in extrac-

tion rate is achieved and, in this instance, only the total extraction

is enhanced.

5. Microbiological leach techniques
. (79) X . . . .
Prior to 1964 s, laboratory studies on the microbiological

leaching of sulfide ores were carried out with airlift percolators,

described by nynerﬂg£ §l(25), the Warburg reépirometer(40) or with

(77)

stationary leach bottles . The oxygen supply is poor in both the
pércolator and the stationary leach bottle teéhniques; whereas the size
and the pfinciple of the Warburg apparatus render it unsuitable for
praéticalrleaching.

Using percolators for the bacterial leaching of chalcopyrite,

(25)

Bryner et al found 2.7% of copper extracted from one sample and

6.1% of copper from another sample in 70 days; Malouf and Prater(zg)

reported about 40% after 70 days and 607 extraction after 470 days.

(79)

Duncan, Trussell and Walden described a practical method,.

gyratory shaking, which produces rapid aeration and an accelerated rate

(82)

of leaching. Using the shake-flask technique, Duncan and Trussell

reported that T. ferrooxidans leached 727% of the copper from museum grade

chalcopyrite in 12 days and 100% in 26 days. This comparison shows the
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However, bgsides the gyratory shaking there are

many ofher types of mixers avéilable for use in laboratory leaching

experiments, e.g., air spargers, magnetic stirrers and reciprocating

shakers. The effects of these.techniques on microbiological copper

(85). They found that magnetic

extraction are compared By Duncan et al
>stirring and reciprocating shaking gave results comparable with those
for gyratory shaking.

Laboratory column leaching techniques(78’85)

may simulate the
commercial procedures for heap or dump leaching. A sample of ore is
placed in a column and the liquid medium is circulated tbrough it con-
tinuously by an air lift. One concurrent effect of this technique is to
provide the column with oxygen and CO, sétarated medium. Although,
because of the high oxygen requifement of the process, oxygen still may
be a limiting factor.

‘Another leach techniqué.which may be used for 1aboratory
microbiological metal extraction is‘the tank leaching fechnique. This
method is particularly useful for evaluating high-grade materials and
provides for easy cbntrol of all the important parameters influencing
this type of leaching. The interpretatioﬁ of the results of ténk
leaching éxperiments also may contribute to a future acceptance of the
bioleaching technique for reﬁovery of metals from certain ore concen-
trates?,which are presently recovered by conventional. hydro- or pyro-
metallurgy.

So far, only two microbiological leach techniques have been
applied in the commercial.recovery of metals from sulfide materials.
These are dump or heap leaching and ig_g}ggﬂleachihg. The first

(86-94,211)

technique is used mainly for copper recovery in the western
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states of U.S.A., where now more than 100,000 tons/year of copper are

produced in this manner(78). The only other metal whlch is belng leached
commercially is uranium(85). It is recovered by in 51tu leachlng in the

Elliot Lakelarea of Ontario(95’96)

(24)

month, and in South Africa .

in amounts of 10,000 lbs of U308 per

6. Microbiological leaching of mineral sulfides

All living organisms require small quantities of trace elements
for protoplasm synthesis and for action of their enzyme systems. How-
evef, transformation of appreciable quantities of minerals is restricted

. . . (76)

to certain groups of microorganisms .

Mineral trahsformations can be effected not only by direct
enzymatic interaction but also by interaction with the end product(s)

of metabolism(76). This statement pertains also to the autotrophic

(4,5,6,

aoidophilic‘organism,_zt ferrooxidans. For example, Temple et al

97,98)

reported that T. ferrooxidans and T. thiooxidans were present in:

the acid mine waters and were involved in acid formation in the coal
mines.

. The process of the micfobiological leaching of metal sulfides -
may be defined as a biochemical (biogeochemical) oxidation process,
catalyzed by a living organism . However , in nature, only the
insoluble sulfides are of consequence, and unless the oxidation product

is soluble, such an oxidation would be of little commercial consequence.

T. ferrooxidans oXidizes'different mineral sulfides at

different rates, the rate of oxidation of the mixture being the sum of

®).

the rates of the. individual components of the mixture

T. ferrooxidans has been found able to oxidize antimony sul-
fides(25’8’3’99), arsenic‘sulfides(99 101),cobalt sulfldes(lg’gg), copper
‘sulfides(16,25,26,28-32, 36 74 75, 77 83 85 94 102~ l()6\’iron sulfides(7’l7524f

27,29,30,32,48,99, 103 112) | (26, 2‘8 29, 85 113,114)

. molybdenum sulflde , nickel.
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and tin sulfide(83’85). Uranium is also leached

(95,96,115-119)

sulfides(77’82’83’85)

in the presence of these microorganisms , but the mechanism
‘of uranium extraction‘ié due to a secondary chemical effect not by

direct attack on the.crystal structure by the bac;eria as is the case

for sulfide minerals(48’120)...

For the biooxidation of zinc sulfide, the overall equation can

"be written as follows:

ZnS + 202 = ZnSO4 + Ep (7)
Where EP is the free energy of the reaction described by equation 7,
corresponding to the removal of eight electrons from the sulfide as
indicated by equation 8.

s s 50 4 g ' (8)

(30,122) attribute the oxidation of zinc

Some investigators
sulfidé solely to ;he chemical action of acidic ferric iron solutions.
According to this hypothesis, the organism oxidizes to ferric iron, the
ferrous iron contaihed in most sulfide mineralizétions. The subsequent

oxidation of sulfide to éulfate, in turn, reduces the iron to the

ferrous form, which is then reoxidized by the bacterium. However,

(48)

Duncan et al , by selective inhibition of enzymes in the organism,
segregated ferrous ion and sulfide ion oxidations and showed that the

sulfide ion oxidation was the rate-controlling step. Support of

- the hypothesis that the bacterium itself oxidizes sulfide directly

- is available(lzo’lZI).
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Information on the microbiological leaching of zinc sulfide

is limited. The earliest report was embodied in a patent issued to

(30

Zimmerly et al ) in 1958. These inventors found that-T. ferrooxidans

could adapt to zinc concentrations as high as 17 grams per liter.

(107)

Marchlenitz et al noted that after adaptation these organisms

grew well in solutions having zinc concentrations of 25 grams per liter.

(76) .

Silverman and Ehrlich reported that the organisms can adapt to zinc

concentrations up to 40 grams per liter. On the other hand, Moss and

(78)

Anderson reported that zinc concentrations in the range 30 to 50 grams

per liter are toxic to T. ferrooxidans. They found also that the zinc

concentration toxicity level was dependent on the procedure used for

adaptation of these bacteria. Recently in the laboratories of

(39

B. C. Research , growth of T. ferrooxidans has been observed in zinc

concentrations as high as 56.5 grams per liter, indicating the adapt-

ability of this organism.

(32)

Ivanov et al reported_thatlz. ferrooxidans increased the

rate of sphalerite (ZnS) leaching, and that the rate was further

accelerated by the addition of soluble irom. Using percolators, Malouf

(29)

and Prater increased the extraction of zinc from sphalerite about

five fold by mixing it with pyrite. After 340 days of leaching, the
solution of sphalerite contained about 0.6 grams of zinc per liter and

that of sphalerite plus ﬁyrite about 3 grams of zinc per liter.

(106)

Szolnoki and Bognar also reported that T. ferrooxidans had a posi-

(99)

tive effect on the rate of sphalerite oxidation. Lyalikova demon-
strated that this microorganism could accelerate the oxidation of

.chemically prepared zinc sulfide. The possibility of utilizing this
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organism in the recovery of small quantities of metals (copper, zinc)

from rougher tailings has been considered by Duncan, Walden and

.. (46)

Trussell . Using a tank leaching technique and a zinc sulfide ore
containing 1.5 to 2.8% zinc, Duncan gg‘glﬁgs) obtained a zinc extraction
rate of 14 mg per liter per hour and, after 30 days of leaching, a
- final zinc concentfation of about 6 grams per liter.

All of the foregoing data which are available in references 29,
30, 32, 39, 46, 76, 78, 85, 99 and 106, have been derived from pre-

liminary experiments. Altogether, these studies indicate that zinc

concentrations are nontoxic to the leaching organism, T. ferrooxidans,

at relatively high concentrations and that the bioleachfng of zinc
sulfide ores is technically feasible. However, these references con-
tain limitéd or no information on specific values for the important
factors such as temperature, pH, pulp density, specific sufface area of
solid and nutrient concentrations which will lead to maximum rates of

zinc extraction.
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1. Introduction . -

Use of mathematical models inbthe description of the
microbiological leach phenomena is bf great interest. For example, the
modéls based on the variables influencing the metél éulfidé leaching could
permit one to study the effect of a variable without performing experi-
mental work. Such theorétical study could predict results and save
material and time, which arevof econdmic _ Significancé, provided of
course that the model had been adequately tested with experiﬁental data.

2. Difficulties in biokinetic modeling

Biokinetic.modeling_is especially difficult because of the
many different metabolic pathwayé and side reactions involved. Major
éomplications arise because many of the reaction mechanisms of the cell's
metabolic féadtions are not completély understoodﬁ Factors influencing
bactgrial'growth are numerous and tﬁe biological kﬁowledge and mathemati-
cal tools necessary for the formulation and study of a completely
genefal model do not exist(124); An exact kinetic model for bacterial
metébolism is beyond the scope of the présent study. Rafher with respect
to microbiological leaching of zinc sulfides, those variables which_have.
the greatest economic interest have been investigated while:holding
other variables constant.

The most éommonly used variables in fermentétion kinetics are
the.concentrations of celis, substratés‘and products. Recently, thé cell"
comppsition and the cell size distribution in a given population. have
been recﬁgnized‘as important for this purposé,

3. Classification of fermentation processés

The kinetic character of individual fermentation processes



‘ _ 19.
differs widely. However, certain characteristics permit classification

in three different ways: phenomenologic(lzs’lZG) (127 and

(128,129)

, thermodynamic
kinetic . _Th¢ phenomenologicél épproachvis.based on a comparison
of specific.product.formation rate with'associated growth phenomena. In
the thermodynamic approach the activation energies of gro&th, resp iration
and Biosynthesis are measured, whereas in the kinetic analysis.the rate
of product-formation is studied in respect to the fermentétion

parameters.’

. Another basis for the classification of models of bacterial
population has been'given by Tsuchiya_gg_gl(124),"1n their system, the
population model is described asbeither "distributed" or "segregated".
The segregated model recognizes the distribution of different phy;iologi—
cal states among the cells in the'population, while the distributed
model;does not. In this latter model, it is assumed that all the cells
have fhe same properties. The distributed model is the simplier,.éince
the proceés of reproduction is not involved in the modelf Fdrther, it

‘may be assumed that the cell is either structured or unstructuréd{' The
structﬁred model recognizes the diffefent compounds present in the cell

while the unstructured model does not.

4. Development of bacterial kinetics

. apa . 1 Ldrepd 124~
Rather than summarize existing reviews of bacterial klnetlcs,(

126,130—133), this section emphasizes the steps leading to the evolution

of fermentation kinetics.

4.1 Orders of biologiéal (enzymatic) reactions

If the substrate level is high the biological reaction rate
follows a zero-order course (reaction rate is constant). If fhis level.
falls, either because substfate is usgd up or is inadequatelyvrepléced,

the rate more closely approximates a first-order reaction {the reaction
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rate is proportional to the concentration of substrate). Therefore, it

is difficult to classify the overall bacterial (enzymatic) reaction as
being‘ofiaspecific order or reaction(lSA).

Most kinetic models deal with cell growth and product form;tion
involving limitation of nutrieﬂts and products. These models do not:

take in account the difference between individual cells, and the follow-

ing may be written:

dXx
dt - fl (X,S,P) (9)
ds _ _ )
rre f2 (X,8,P) (10)
a . |
dt f3 (X,$,P) _ o | (1)
where X = cell (mass or number) concentration;

S = éubstrate concentration;

P = product concentration;

fl,'f2 and f3 are functions which depend on cell concentration,

substrate consumption and product concentration respectively.

CIf these equations 9, 10 and 11 are divided by the cell con-
centration (X) expressions for specific growth rate, specific substrate

. ces . . (135)
consumption and specific product formation are attained .

-Constant specific growth rate is the simplest form of the rate
equations. This should apply explicitly to exponential growth of a

culture and may not be applicable to other phases of the growth curve

of a culture.
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The hypothesis that the enzyme (E) and the substrate form a

complex (ES) in enzyme catalyzed reactions, was derived originally by

Michaelis and Menten(l36) in 1913:
kl : ' k3

E + S E:::::) {ES} ———— _E + . P (12)
k2

Where kl = rate constant of the forward reaction for enzyme-substrate

complex formation;

k = vrate constant of the backward reaction;

k, = reaction rate constant for dissociation of the enzyme-
substrate complex.

The specific growth rate (V) of the reaction of equation 12 may be written

(137):

as follows

Vo [s] |
V5 X ¥ 18] , (13)
m
Where v,oo= ‘maximum specific growth rate;
' K = Michaelis-Menten constant.

The value of Km is equal to the substrate concentration when the
reaction proceeds at one half the maximum reaction rate. This Km value
represents a fundamental constant in enzyme kinetics.

The Michaelis-Menten equation 13 can also be derived from

(138,139)

Langmuir's adsorption isotherm theory

An equation analogous to equation 13 has been proposed by

Onod(131,140)

M for microbial growth. In his equation V is replaced by

H and Vm by Moo respectively.
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Lineweavér and Burk showed that equation 13 could be

linearized; if one plots 1/v versﬁs 1/[S]. Then the intercept of this
straight line with the Qrdinate represents l/Vm, while that with the

" abcissa is equal to —1/Km and the slope of this line is Km/Vm. There
exist many alternate forms of the Lineweaver—-Burk plot, claiming additional

advantages(l42—l44).

(145,146) have proposed alternate models for the

Many workers
specific growth rate of microorganisms. Under certain limiting con-
ditions these reduce to the Monod or Michaelis-Menten type equations.

(147) (148)

Other workers such as Contois and Fujimoto have incorporated the

cell concentration into the growth rate equation, e.g.:

Vm [S]
V = ————= ' (14)

BX + [S]
Monod's equation (hyperbolic rate equation) is supposed to
describe the effect of a single limiting substrate on the specific
growth rate. However, in many important fermentation processes this

condition is not maintained and more than one substrate is used. TFor these

(149)

cases equation 13 has to be modified. Laidler and Socquet derived
a rate equation for a two-substrate reaction in which each substrate

independently forms a complex with adjacent sites on the enzyme:
Vo= VIS 10S,0/(Q + KI5 (1 + K,I5,1)) - (15)

Equation 15 reduces to the hyperbolic form when one of the substrate
concentrations is constant on its equivalent, i.e., when the concentration

of one substrate greatly exceeds that of the other. Similarly, an

equation for ternary complex formation was derived by Segal gg_al(lsc).
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Despite the fact that most workers(lsl’l40’l45;146’151—;55)

.have regarded the specific growth rate of a microbial population as a

. 47
51ngle functlon of the concentratlon of the 11m1t1ng substrate, Cont01s( )

(148)

were able to show that it is also a function of the

- (212)

population density (X). More recent work

and Fujimoto

suggests density effects

are due to limitations of a number of other factors.

4.3 Product limited models

Inhibitory metabolic producté normally are formed and accumulated
dﬁring any growth processes. These may compete with substrates for
active éites on the enzyme molecules and can thus result in a diminution
in the rate of product formation énd in the number of viable organisms.
Several models have been proposed in the literatﬁfe to describe tﬂis

relationship.

(156)

i

| In the area of populatlon growth Prltchett used a third

order polynomlal to describe the growth as a function of time., The

same order of polynomial has been applied by McDonald(lzg)

(157)

to describe the

bacterial ferrous iron oxidation curve. Pearl demonstrated the

applicability of a logarithmic form to growth curve representation.

' Numerous models have been proposed in describing sigmoid-shape

(158"172) which were found useful in studies of growth

(161)

growth'curves
phenomena. The logistic type equatlon for example

N

X = Xm/(lv + exp(a + bt + ct2 + dt3)) ' _ (16).

where a, b, ¢ and d are constants and t the time, may be written in a

linearized form which is more adaptable to certain computational tech-

niques(173-180)
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A generalized logistic equation which can fit many types of

" growth curves has been proposed by Edwards(l35) and Edwards and Wilke(lgl):
X = X /(1 + exp(£(£))) | Coan
where f£(t) is a fifth order polynomial.

. . (182) .
Leudeking and Piret have described a model for product
formation in product limited cultures:
1dp _ 1 dX '
Xdt - ®Xa TP | - Q8

In equation 18 the first term on the right hand side is an expression
for specific growth-associated product formation and the second term is

a constant. Based on equation 18, a plot of the specific rate of product

formation, i 4

X~ d¢ ° versus the specific growth rate, 1dx s should give

X dt

a straight line, where b is the intercept and a the slope of‘the'regression

line.

4.4 Substrate and product limited models

The simultaneous effect of product and substrate on the rate of

product formation has been demonstrated by Chen gg_gl(183).
k1 k2 EoS
as - : (19)
dt 1 + kzs + k3P ' ‘
where kl = reaction rate constant for enzyme-substrate complex formation;
k2 = inverse of Michaelis-Menten conStant§
k3 = desorption constant;

Eo = initial enzyme concentration.
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claim that equation 19 fit their data better than the

The authors
simple substrate limited model.

have been able

Using enzyme kinetic models, Maxon and Chen(184)

to solve complicated fermentation processes, such as semicontinuous
substrate addition. Their models are oriented towards déscription of
industrial fermentation processes (e.g., the production of neomycin) as

shown by equation 20.

ax f1 x © o (20)
dt 1 + sz + k3N _ : .

Where the growth rate is based on glucose (G) concentration and inhibition
is due to neomycin (N) concentration.

5. Proposed models

Thé current literature of biological kinetics contains many
examples of mathematical models derived for hémogeneous systéms. In
general, in the choice of a model which quantitatiVely describes the
biological phenomena, one has to be certain tﬁat it has validity,
generality and prediction ability(lss). Further, the_choice or design
of a valid mathematical model should depénd on what is alreédy known about
the system and on what type of results one expects to obtéin.

A complete description of the bacterial kinetic pfocesées ﬁill
not.be possible until an exact énd cdmplete»description of the metabolism
of the organism is available. This could also'fequire new biologiéal
principles wﬁich should be cOnsistenﬁ.With the physical principlés but
perhapsvnoﬁ derivable from them(lss).

In the cése of the héferogeneous system of ﬁicrobiological

leaching of zinc sulfide,.there are problems which are not evident in

homogeneous systems. The availability of substrate in the sulfide is not
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Further, the surface area of the zinc sulfide ore is inhomogeneous in
its energy characteristicsband thus only certain sites should be
considered available for bacterial action.

The microbiological oxidation of zinc sulfide ores may be
considered as a multisubstrate s?stem, in which oxidation of sulfide to
sulfate and of ferrous iron to ferric iron take place. Commercial zinc
sulfide. ores always contain a certain quantity of ferrous iron.

Another major problem involved in this system is the avail-
ability of the number of organisms. Unfortunately there exists no method
of estimating.the number of organisms in'systeﬁs where solid partiéles
are ‘involved.

From this introduction‘it is oBvious that the mathematical
eXpressions derived so far for bacterial kinetics are not applicable
to this hefefogeneous éystem of microbiological zinc suifide oxidation.
Therefore; all kinetic data throughout this present work will be expressed 

in terms of product formation (zinc extraction).
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1. General
Because the number of variables under consideration is large
(8 variables), and because of the limited availability of some subsieve
fractions of the substrate, statistically designed experiﬁents were nof
'ﬁsed. Ihe procedure was to‘study one variable at a time. When the value
of the variable which gave méximum leaching rate was determined, it was
held constant in subsequent éxperiments while other variables were
examined.

2. Organisms

An inoculum of Thiobacillus ferrooxidans (N.C.I.B. No. 9490),
(16)

was adapted to a medium containing
37)

isolated by Razzell and Trussell
the basal saits of:the medium described by Silverman and Lundgren but
with zinc éulfide concentrate replacing ferrous sulfate as the energy
source. When growth in batch culture reéched the stationary phase the
bactéria were maintained by transfer or Qere used as an.experimental
inoculﬁm. |
3. Substrate

All work has Been carried out with a single lot of high-grade
ginc sulfide concentrate. This material was supplied by Cominco Ltd.,
Trail, B. C. after special flotation to remove excess pyrite. Thisl
maymaticApreparation was wet ball;milled to pass a 400 mesh sieve. After
dryingwat 45°C, a chemical analysis gave the following composition:
60.78% zinc,'33.23% sulfur; 2.50% iron, 1.79% lead, 1.29% calcium oxide
and some iﬁpurifies (Cd, Cu, Mg,...). Corresponding to this analysié,.

the zinc sulfide concentrate is 90.6% pure, as zinc sulfide.
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The density of the subsieve material has been determined
pycnometrically to be 3.7990 gram per ml (186).

3.1 Substrate fractionation

In order to study the effect of particle size of substrate
on the microbiological zinc extraction, the subsieve zinc sulfide
concentrate (-400 mesh) was fractionated into definite size fractions

using both a wet and a dry technique.

Wet subsieve fractionation consisted of collecting six subsieve

(187)

fractions, using a Warman Cyclosizer Apparatus This is a hydraulic

cyclone elutriator whose operating principles have been described by

‘Kelsall and McAdam(lss)u

The dry technique consisted of collecting eight subsieve

(189)

fractions using a Bahco No. 6000 Microparticle Classifier . This

device is a combination of an air elutriator and a centrifiuge.

3.2 Determination of particle size
The main particle diameters (Stokesian diameters) of the Cyclo-
sizer fractions were obtained from the operating curves of the Cyclo-

)

sizer Manual(190 and by microscopic measurements, which copsisted of
comparison of the particle images with a graticule. The Bahco-sizer
fractions were investigated by microscopic measurements only.

In these micrescopie measurements, the particle diameter was
determised as the average of tﬁe two dimensions exhibited by the particle.
For each fraction thirty.individual particles were otserved and the

average value of these measurements registered.

3.3 Determination of specific surface area

Specific surface area, which is the surface area per unit mass

of solids, of the unfractionated zinc sulfide concentrate (-400 mesh)
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and of the various subsieve fractions mentioned above, was determined by

(191)

using a'dynamig nitrogen adsorption apparatus.

(192)

the B.E.T.—technique
This apparatus was built by Orr for surface area measurements of

_paper samples, and was made available for this study.

(193-199)

The dynamic.nitrogen édsorption method is essentially
a gas chromatographic teﬁhnique in which the sample powder replaces the
solid in the>normal chromatographic column. Nitrogen is adsorbed by

the samgle'at the temperature of liquid nitrogen from a-contiﬁuous gas
stream of nitrogen and heiium, and desorBed upon warming the sample.

The difference in nmrégen concentration of the gas mixture is measured

by a calibrated thermal conductivity cell. The surface area of the solid

is evaluated by application of the B.E.T.-equation. Details are given

in Appendix 3.

4. Culture techniques

4.1 Shake technique

-The microbiological leaching experiments were carried out on

(200)

- a gyratory shaker
322(79)

» using a.batch technique developed by Duncan et
.. The desired quantity of zinc sulfide concentrate and 70 ml of

(37) were placed in baffled, 250 ml Erlenmeyer flasks.

iron free medium
Then these flasks were inoculated with 5 ml of an active culture of

Thiobacillus ferrooxidans previously adapted to the zinc sulfide con-

éen£rate; In the sterile control flasks instead of the inoculum, 5 ml
of a sqlution containing two per cent of thymol in alcohol, were added.
The flasks were incubated at constant temperature onra
thermostated gyratory shaker. Periodically any water lost through‘
evaporation was replaced with distilled water and the pH adjusted with
~sulfuric acid (IN) or sodium hydroxide (lN)_if necessary. The flasks

.were not stoppered in any manner.
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Constant pH experiments were carried out in shake flasks

equipped with a pH—stat(ZOl).

4,2 Tank leaching

Large scale experiments were carried out at increased carbon
dioxide partial pressure in a temperature conttdlled room:
a) in an unbaffled stainless steel tank (12 inches inéide diameter and
24 inches deep length) equibped with a marine-impeller, air containing
1% carbon dioxide was introduced into the medium under the impellers at
~a flow rate of 10,000 m1 per minute; |
b) in a baffled (three baffles 120° apart) plexiglass tank (with the

(201) and a

same dimensions as the unbaffled one) equipped with pH-stat
turbine impeller, air supply was the same as in the unbaffled tank.

5. Chemical analysis

5.1 Substrate.
Metal contents (Zn, Fe, Pb, Ca0, and so on) of the zinc
sulfide concentrate were determined on the solutions obtained by acidic

(202)

digestion using a Perkin.Elﬁer Model 303 atomic absorption spectro-
photometer.

The sulfur content of the zinc.sulfide concentrate was
determined gravihetrically(zoz).

5.2 Leach solutions

The extracted zinc concentrations were déterﬁined periodically
during the individualleaches by removing one ml samples and measqring
theixr zinc contents by atomic abgofption spectrophotometry. The volume
removed fof zinc determinatign was replaced with an equiValent Qélume

(37)

of iron-free medium
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In the work described later in this thesis a rate Qf zinc
extraétioﬁ is related to a vériety of parameters. Figure 1 is a plot of
zinc concentration versus time and is typical of the leach curves
obtained. The slope of such a curve is the rate of leaching or rate
of extraction. Obviousiy there is a range of extraction rates obtain-

.able from suéh a curve. The one used later for correlative purposes is
the slope of the linear'region of the curve of Figure 1, that is the
region between a and b. The slope of thié linear portion was determined
by a least squares (203) computer program.

Attémpts were made for some of the experimental runs, to fit a
mathematical expression to the complete leaching curve. The express-

ion chosen was the géneralized logistic equation employed by Edwards(l35)

(181)

"and Edwafds and Wilke which is written

P o= P /(1 + exp(£(t))) | | | (21)
- . : 2 - 3 4 5
f(t) = a, + alt. + a2t + a3t + a4t }+ a5t (22)
where P = product (zinc) concentration;
,Pm = maximum product concentration;
t = time;

. '?o’ al, ay; a3, a4, a5 are constants for a particular leach.
Equation 21 is very flexible, having 7 constants, two obtainable from
the leach curve and five of them adjustable. - Thus it is able to
reproduce a variety of sigmoid (S-shaped) curves(204) | It is stated

to be especially useful for systems displaying prdduct inhibition(lsl).
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. Pm the maximum pfoduct concentration is obtainable directly from the 33

leach curve (e.g., it is the zinc concentration at point d on Figure 1).
At the start of the_leéch (time zeré) there is a small buf

finite concentration of zinc (Po) which was introduced wifh the inoculum-

When t = 0, equation 21 reduces to:

Pn ’ ‘
Py = 1+ exp(ao ) (23
which allows estimation of aé bfrom knowledge of Pgo and Pp. However, due
to the experimental difficulties involved in the initial part of the
leach cﬁrve ap was not measured in this work but was determined uéingva
least squares techniqﬁe described below.

Having fitted an equation of the form of equation 21, one

could differentiate it to get the extraction rate thus

¢ _ ... _ P oy | : S

a = PQ- o) £HB) - 24)

where {’ = a, + 2at + 3a.t’ + ha,t> ‘+ 5a.t” 0 (25)
(t) 1 2 3 Y3y s5

The generalized logistic equation, equation 21, may be conver-

ted to a polynomial expression(lgl) by taking logarithms. Thus,

) = a, + alt f eee.+ a_t o (26)

In the curve fitting procedure used P, was obtained from the leach curve

and the remaining six constants (a0 s 8.y eee a5) were determined by a

l,



least squares fitting technique using a multiple regression analysis 34
program written for the I.B.M. 360 digital computeﬂ205’ 206)
" Another program reproduced in Table 1 of Appendix 2 was used to

calculate the fitted values for the data and to tabulate them alongside

of the measured values for comparison.



VI. RESULTS AND DISCUSSION '35

1. Effects of temperature

The effect of temperature variation on zinc extraction was

studied over a range of 25°C to 45°C. The leach suspensions contained

( mass solids x 100
volume of liquid medium

1 5.3% pulp density ) with the initial pH
adjusted to 2.5. All experiments’were done in duplicate and with
sterile controls. The experimental data are given in Table 1 (A and B)

‘of Appendix 1.

The sterile contrdls show the extent of chemicai dissolution

of zinc from the zinc sulfide concentrate. The zinc concentrations in

‘there sterile controls can be seen from Table 1 (A and B) of Appendix 1

to be muéh lower thaﬁlthose obtained in the presence of I: ferrooxidans,
thus establishing the rﬁle of the bacteria in such leaching.

The effect of témpérature oh the microbiological zinc
extraction is presented graphically in Figure 2. Each point on this
. graph is the average of the duplicate runs reported in Table 1 (A and B).'
of Appendix 1. From Figure 2 it_is easily seen that the fastest zinc
extractién rate was achieved at 35°C.

fhe zinc extraction rates in mg/l hr are plotfediagainst
temperature in Figure 3. A maximum in this extraction rate curve is dis-
cérnible at around 35°C. Subsequent experimentation was done at 35°C. This

value is in agreement with values reported by other workers for oxidation

S(16,72,74,77,207)

of ferrous iron in solution and metallic sulfide ore
These workers have quoted optimum temperatures in the range 28°C to 40°C..

Figure 3 indicates extremely limited micorbiological leaching activity at

(207)

temperatures above 45°C. Brynef et al found that biological
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oxidation of chalcopyrite ceased at around 55°C and that at higher 38
temperatures only chemical oxidation occurred. The value obtained for

the optimum temperature (35°C) would place T. ferrooxidans in that class

of organisms called mesophiles. This temperature optimum is greater than
the values usually found for soil microorganisms, which ggnerally are
ésychrophilic; | | |

| Thé shape of the zinc extréction rate versus temperature

plot is typical of biological reactions. There are two‘competing rate
processes to be cpnsidered, the usual kinetic rise in reaction rate with
increasing temperature and at the same time an increasg in the rate of
thermal death of the microorganisms, Thﬁslas

temperature increases the rate of thermal death of the microorganisms
increases more rapidly than does the increase in extraction rate. The net
result is a maximum in the extraction rate versus temperature plot.

Using the data summarized in Figure 3 vélues for the témpera—
ture coefficient (Qlo) of the zinc extrac;ion rate process were
calculated from equation 27:

10 |

(27)

1 2
. V1 and V

where T, and T, are temperatures in absolute units;

are the extraction rates corresponding to temperatures T. and

2 1

T2‘. . ...

.

Also;values for the activation energy defined'by:
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) | - (28)

were calculated, where R is the gas constant.

The results of these calculations over four temperature ranges
are presentedAin Table 2. For temperatures of up to 35°C, the QlO
'values are of the order of 2 which is a typical value for maﬁy chemical
reactions and is the basis for the rule of thumb that typically
reaction rates doublevfor a iO°C increase in~temperature.. So the
values obtained for 910 over thebrange 25°C to 35°C are- typical for both
biological and‘nonbiological reactions. The activation energies found
for the temperature range 25 to 35°C k12.8 Kcal/mole) are also typical
of a wide variety of biological and nonbiological reactions. The
activation energy obtained for the 40 to 45°C range is much larger and
opposite in éign. Th;s value is typical-of the values found for the
denaturation of proteins. It is also the reason for the low value of
QiO beéause‘the rule of doubliﬁg-this reaction rate for é 10°C
température increase is only valid if the activation energy is between
16 and 20 Kcal/mole. The sign is negative because the rate in this
tegion of Figure 3 decreéses with increased temperature.

2. Effects of pH

. After initial pH adjustment and inoculation with T.

ferrooxidans the pH of the leach solutions,unless controlled, tends to

rise. This may be due to the buffering nature of the alkaline

concentrate or to the inherent pH of zinc sulfate. However, during the
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Table 2

Temperature coefficients and activation energies .
for zinc extraction from the zinc sulfide concentrate by T. ferrooxidans

Temperature AHH
range Q10 a
(°C) Kcal/mole

25 - 30 2.05 12.8

25 - 35 2.02 12.8

30 - 35 2.00 12.8

40 - 45 | o.05 -57.6




period of rapid metal release the pH, unless ‘controlled, tends to “zl
become more acidic.

2.1 Effect of initial pH

The effects of initiél pH (varying from'l.S to 4.6)
:on microbiclogical zinc extraction were studied on leach suspensions con-
taining 5.37% solids incubated ét 35°C. The initial pH of these
solu;ions was controlled manually adjusting the pH back to the initial
" value as necessary, until the reaction started. Subsequently the pH
was not adjusted but left to éeek its ownllevel,'the"final pH value
representing chemical stabilization of the system. During the leaching
process, hydrogen ion,zinc and iron concentrations were measured at
various times. TheseJreéults are presented in Table 2A to 2F of Appendix 1.
A typical plot of pH and zinc and irén cdncentration as functions of
time is.provided by Figure 4. FIn this Figﬁre 4bit can be seen fhat the
initially established pH tends to rise unless acid was added;‘ When the
leaching starfed the pH dropped and fhe zine concentration rose to
réach_a final, stable level. The iron concentfation, which was very
low, rose initially énd then decreased. Iron may have precipitated
partially in the form of basic iron sulfaﬁes as.has been suggestéd by

Leathen.g£ §l(38) (39).

and Duncan This precipitation of iron may have

contributed to the drop in pH. However, at lower values of initial pH

(1.5, 2.0, and 2.5) iron precibitation probably was not significant.
.In the pH 1.5 run, the pH tended to be higher

than the initial pH throughout the_leééh. quever, in all the'

remainder of this series of experiments (pH uncontrolled after reaction

started) the pH ultimately stabilized at about 2.1. This may be
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characteristic to a degree of this particular medium and strain of T.

ferrooxidans for in other enVirénments such as acid mine waters the pH
has beén.reportea t§ be ﬁaintéined aéAvéfious.valﬁeé fénging ffbm.l;s
to 3.5 .

-Figure 5 presents plots of zinc concentration versus time for
various values of initial pH. It éhows that the most significanf effect
of initial pH is on the lag (initiation) time. The zinc extracti;;
rates are more or less comnstant. Thisflag time (defined in point ¢ of
Figure 1) is the time it takes for the reaction to reach the répid, con~
étant zinc extraction rate. It is a period in the microbiological growth
cycle wherein the organisms adapf‘themseives to their environment at the
end of the lag pefiod or phase.and_rapid ceiildivision of the org;nisms
begins. Although in this workbcell reproduction rates were not measured,
the cﬁrves»of Figure 4 would suggest that the lag pHase ended at the
* time that significant amounts of zinc begin to EeAreleased. Table 3
summarizeé the data given in Figure 4 aﬁd‘in Tables 2A to 2F.of:APpendix
1. The shortest lag times were observed in leach solutions which were
inifiaily at pH 2.0. -The calculated extracfioﬁ,tates were only élightly
dependent on initial pH. The fastest extract%ph rate (119.5 mg/1 hr)

in’ this series of experiments was observed with an initial pH of 2,5'.‘

2.2 Effect of constant pH

Z

The effects of céntrolled, conétant PH oh microbial zinc
extraction were studied on leach sgépensioﬁs éontaining 167 of solid
substrate. These suspensions were maintained at 35°C in shake flasks.
The 16% pulp density (solids coﬁcentration) is, as willbbe shown in’

Section 4, an optimum value for substrate concentration. The pH values
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Effect of initial pH

Table 3

Initial Final Lag time Zinc extraction
’ rate
pH pH (hr) (mg/1 hr)
1.5 1.75 252 99.7
2.0 2.05 10 106.4
2.5 2.2 18 119.5
3.0 2.1 74 116.3
3.5 2.05 192 108.4
4.0 2.2 390 96.9

45
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of these solutions were initially adjusted to values between ltS and 4.0
af 0.5 pH unit intervals and maintained to wiphin i 0.1 pH units of these
values automgtically using a pH stat(ZOl). This series of experiments
was carried out with single samples only ekcept fof the run at pH 1.5
which was duplicated. ©No sterile control was made. The experimental
results are summarized in Table 3 (A and B) of Appendix 1, and are
‘presented in Figure 6. This figure shows that the extraction rate was
significantly affected only at the extreme values of the pH range
studied (i.e. 1.5 to 4.0). The shortest lag time_and maximum zinc con-—
centrations were obtained wﬁen the pH was controlled at 2.0Aand 2.5.

Maximum zinc concentrations differed considerably in those
experiments where pH was or was not .controlled (Figures 5 and 6). These
differences, i.e. 20 to 70‘g/1, Qere attfibuted almost entirely to the |
different pulp densities employed and not to the difference in pH control.
However, wﬁen fH was controlled,the final ziné concentration and maximum
extracfioﬁ dropped off sharply at pH values above énd below the 2.0 to
2.5 fange. No attempf was made to assess whefher this effect was on the
organism or was due to substrate modificatién or both.

The relations between pH and lag time for both the initial pH
runs and the constant pH runs are shown in Figure 7. A definite minimum
lag time occurs at around pH 2.3 for both sets of data. This minimum is
somewhat sharper for the initial pH data than for the controlled pH.

data. This value (pH = 2.3) is in good agreemeﬁt with the optimum.
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Table 4

_Effects of constant pH

49

Lag time Zinc extraction Final zinc

pH rate extraction
(hr) (mg/1 hr) (g/1)
1.5 "116 99.2 19.8
2.0‘ 12 369.6 .70.3
2.5 12 375.9 1.4
3.0 42 373.7 54.1
3.5 93 326.8 49.3
4.0 154 255.1 36.4
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(16, 72, 77, 122, 207) for the oxidation of

pH's reported by other workers

metallic sulfides and ferrous.iron by T. ferrooxidans.

This minimum lag time is of some practical significance
sincelin a commercial batch, microbiological leaching of zinc. sufide
the lag time, which is unproductive time, woqld be minimized.

At constant pH measurements, the final zinc concentrafions
and fhe zinc extraction rates were much higher than those derived
in the initial pH measurements. The improvements can be attributed to
the increase in substrate concentration from 5.3 to 16% pulp densities.
The above data and those of others hayé shown the importance

of pH on T. ferrooxidans. This organism is relatively unique in

being able to survive at such low pH's. This fact is of consideréble
economic significance because, unlike many other fermentations, this one
does not require an expénsive sterilization of the medium prior to
inoculation.A

3. Effects of nutrient concentrations

A study of the effects of various concentrations of nutrients

(37)

in the basal medium on zinc extraction rates and final zinc con-
centrations was performed using zinc sulfide concentrate suspensions
maintained at pH 2.3 and 35°C. The pulp density was 16%. All experi-

ments were carried out in duplicate.

The first group of these experiments demonstrates the effects

on the leaching activity of T. ferrooxidans of the absence of certain
nutrients from the basal medium, which has been described in Table 1.
These experiments were carried out by withdrawing ammonium sulfate,

dipotassium hydrogen phosphate, and the rest of the nutrient components
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(potassium chloride, magnesium sulfate, and calcium nitrate) from the
liquid medium(37) one at a time. The resulting data are recorded in
Table 4 of Appendix 1.

In the absence of potassium chloride, magnesipm sulfate and
calcium nitrate the final éinc concentration (69.5 g/l1) and the zinc
extraction rate (351.7 mg/l hr) are comparable to those acﬁieved when
these saltsvwere present; e.g., the data typified by Table 7E of
Appendix 1.

However, the absence of either ammoniﬁm sulfate orAdipotassium
hydrogen phosphate from the.basal medium had a considerable, deleterious
effect on the activity of the oréanism. In both cases the.measured zinc.
concentration and thelzinc extraction rate were reduced. . The limitgd
bacterial activity that did‘occuf indicapés that small quantities of
nitrogen and phospﬁorus must have been available to the organismf
These smali quéntitiesvof nutrientsbprobably ﬁere supplied Qith the
inoculum ﬁhich constituted approximately 77 of the.suspension volume.

The effects of the concentrations pf the nitrogen and
phosphorus sources were investigated further over a range encompassing
0 to 3.5 times the amounts contained in the basal medium(37).‘
The data on the variation of ammonium sulfate concentraﬁion aré
~given in Table 5 (A to C) of Appendix 1 and are graphed in Figuré.S.
Ammonium sulfate concentration had its principal effect on the final
- zinc concentration.‘ Its.effect on the zincAextfaction rate was
virtually negligible.

.In studying the effects of'variations in phosphate con-

centration, the inoculum was grown on reduced phosphate level media
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and was fransferred twice before inoculation into the leach.suspensioﬁ.
This series of investigations indica;ed that dipotassium hydrogéen phosph-
ate concentration had little effect on the final zinc concentration but
did influence the zinc extraction rate. These stateménts are supported
by the data of Table 6 (A to C) of Appendix“lvand Figure 9.

Since the make up of the basal medium was presented in 1959(37)

only limited information has been published concerning the nutritional

requirements of T. ferrooxidans. ‘Studies have not been undertaken on

the nutritional reQuirements of this organism while leaching zinc
sulfide minerals. The data‘summarized in Figures 8 and 9 indicate that
the nutrient ievels called for in the basal medium (3 g/l of ammoﬁium
sulfate and 0.5 g/l of dipotassium hydrogen>phosphate) are adequate.
The minor nutrients (potassium cﬁloride, magnesium sglfate, caicium
nitrate) were reqﬁired by the organism in such small quantities that
any requireméanbeyond‘the émounts‘éontained és impurities iﬁ the ammon-
ium and pﬁosphate salts or in the zinc'concentrate‘gould not be
demonstrated.

Similar e&idence for the effeéts of ammonium sulfate and

dipotassium hydrogen phosphate has been found for the oxidation of

(208).

chalcopyrite by T. ferrooxidans in the laboratories of B. C. Research

4. Effects of pulp density (solid concentration)

The influence of the initial pulp density or éolids'céncentra—'
tion on the rate of zinc extraction has béen studied over a range of 1 to
26.6%. Alliexperiments were'duplicaféd and sterile controls were
maintained.in almost all cases:' No effort wés_made in this series of

experiments to determine the change in pulp density during the course
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of a leach. The results of these éxperiments whiéh were run at 35°C
and pH 2.3bare presented in Table 7 (A to G) of Appendix 1. Table /H of
Appendix 1 provides some data on a series of leaches done by increasing
the speea of the gyratory incubator from the standard‘280 to 400 rpm.
No sterile controls were run with the latter seﬁ. |

The rates of zinc extraction calculated from the éveraged
data from the duplicate runs are plotted versus pulp densities in .
Figure 10. As can be seen zinc extraction rates increase with ihcreas—
ing pulp density up to about.l6Z. The impfovement in rate above pulp
densities of 13% is marginai. At low pulp densities the zinc extrac-
tion rate is directly proportional to the pulp density but tends tb
taper off at higher pﬁlp densities. At still higher values the extraction
rate decreases.

At low solids concentration the extraction rate of zinc is no
doubt 1imitéd By theAmmmumAdf substrate (ZnS)‘ available. Thét is, the
rate of growth of the organism is limited by the availability of its
‘ eﬁergy source. At higher pulp dehsitieé there is a su?feit of energy
source and the rate of organism growth and hence the zinc extraction
rate, which we are assuming is proportionél to growth, becomes limited
by some other factor.

1f this other limiting factor were fhe mass.transfer‘rétes
from air to the leach solution of the gases(carboﬁ_dioxide and ogygen) '
which the organism requi§es one would anticipéte that increasing the
shaker speed would increase the mass ffénsfer»rate due to an incréased
degree of agitatioﬁ. However, thisvdid no£ produce markedly different

results and the tentative\cbnclusion was reached that such mass
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transfer was not limiting. It should be noted_that these experiments
were done before those reported in the éreﬁious seétion on nutrient
, reﬁuirements. When‘it bécéme evidenf that under these conditions
nutrient concentrations were not limiting, further work on carbon dioxide
reqqiremehts was begun. This is reported in section 6 of this work.
| The decline in extraction rate at high pulp densities brobably
can be attributed to the interference of the solids with the mass
transfer of oxygen or carbon dioxide ta the organism.

At 16 - 20% solids the zinc extraction rates were highest

(ga 350Amg/1 hr) implying that if the initial pulp density were 167 or
greater that pulp density would ﬁot be rate limiting. The final zinc
concentrations achieved were of the order of 50 to 70 g/1 for pﬁlg
deﬁsities ranginé from 16 to 26.6%.

f Behaviour’ of the organism at high initiai zinc concentrations
- was s;udied by adding fresh quantities of the sélid substrate (ZnS con-
centrate)Ato liquors decanted from the leaches already carriéd out at
18 and.ZOZ pulp density. In other words leaches were done at initial
pulp dénsities of 18 and 20%. When extrac;ion ceased the liquoré were
separafed frdm the leached solids and new solids added. The zinc
concentrations afte; the first leach were 70.1 g/l for thé 18% suépehsioh
and 70.6 g/1 for the 20% éne. The data given in Table 5 show that these
concentrations increased to 91.9 g/l and 90.8 g/l~respeétively during théﬁ
second extraction. These concentr;tions, as will éubsequently be shown,
do not represent thé maximum tolerance toward zinc 6f this organism.
These high zinc concentrations appfoach those used in direct reco&ery

of zinc from solution by electrowinning. Thus a new possibility for



Table 5

Effect of pulp density and zinc concentration

Time ZINC EXTRACTIONS (g/l1)
(hr) Pulp density | Pulp density
18% 20%

0 66.1 642
22 66.4 64.8
45 67.6 73.6
68 78.2 80.3
92 89.5 84.5
102 91.6. 89.3
117 91.7 90.3
127 91.9 90.8

58
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hydrometallurgical extraction has been demonstrated which involves a
microbiclogical treatment in the recovery of zinc from a high-grade zinc
sulfide concentrate.

5. Effects of initial particle diameter and specific surface area

In this section of this work we consider the.effects'on
leaching of the particie size and specific surface,area»of the solid
‘zinc sulfide concentrate. Particles of a variety of sizes and specific
surface areas were‘obtained from the unfractionated subsieve concentrate
- by wet (Cyclosizer) and dfy (Bahco-sizer) separation techniques. See
section V.. 3.1 . All'experiments were carried out in duplicaté with
sterile controls. The leach suspensions were maintained'at pH 2.3, 35°C
and had a pulp density of 16%. The leaching data obtained with the
Cyclqsizer fractions are given in Table 8 (A to C) of Appendix 1 and
Vthose obtained with the Bahco-sizer fractions in Table 9 (A to D) of that
Appendix. Note that with the Cyclosizer fractions and with the first
four Bahéé—sizer fractions the lag time was abnormally long. Thié can
be attributed to theuseof an old iﬁoculum which required a prolonged
period ‘of time for adaptation.

Table.6 sﬁmmarizes the effects of the subsieve fractions on tﬁe
microbiological zinc extractions using normal air for aeration. The
final ziné concentrations of both the inoculated samples and the sterile
confrols as well as thé zinc extraction rates were strongly dependént

on the specific surface area or the particle size. Table 6 also includes

data taken from Table 7E .of Appendix 1 which were obtained using the
unfractionated f400 mesh zinc sulfide concentrate also having a pulp

density of 167%.
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As particle size decreased and specific surface area increased
the amount of zinc solubilized iﬁ the sterile coﬁfrols increased. The
surface area of these particles may have béen'partially oxidized and
thus the finerhfractions may havé contained larger quéntities of zinc
oxide which dissolved due to the action of sulfuric acid. Therefore, the
Irelatiyely high zinc concentrations in the sterile controls (e.g., 2.49
- and 10.9 g/l for the finest Cyclosizer size fraction and Bahco—siéer
size fraction respectively) may be attributed not only to the size
effect but possibly also to an increased amount of air oxidation of the
finer particles.

Figure 11 and 12 are photogréphs showing the relative size .
and uniformity of theJCyclosizer and Bahco-sizer fractions respectively.
The coarsest size fraction (C.S.VNo.A6) from the Cyclosizer was obtained
in suéh small quantities that‘it was not used in bacterial leaching
experimenté.

‘Despite the different techniques used in determining the
pértiple diameters‘éf the Cyclosizer fraétions, Table 6 indicates
good agreement betweeh the two techniques. These techniques were micro-
scopic measurement and the method described in the Cyclosizér Manual(zog).
The»particle si;es of the Bahco-sizer fractions were measqred by micro-
scope. The microscopic measurements for.both sets of partiélés are
.the ones used subéequently.

Figure 13 demonstrétes the effect of particle size on the
microbiological zinc extraqtion_rate;- Figure 13A 1is a‘plot of the
data which suggests a loéafithmic rélationship.‘ Figure 13B shows this

logarithmic relation which is of the form



Table 6

.Effect of subsieve fractions

FINAL ZINC CONCENTRATION Zinc Specific MEAN PARTICLE
Sample (g/1) extraction surface DIAMETER (micron)
: - rate : area , - n
In presence . : 2 Microscopic Cyclosizer
of bacteria In Sterile (mg/1 hr) (m~/g) Measur. Manual
C.S.% No. 1 70.1 2.49 496.2 6.04 3.5
2 63.1 1.32 - 359.8 . 1.20 8.8 8.9
3 _51.8 1.16 263.6 0.66 12.6 12.2
4 37.4 0.97 204.3 0.55 .19.1 18.6
5 33.0° 0.86 158.0 0.45 25.6 - 26.7
B.S.* No. 1 72.8 10.9 516.8 6.90 2.2
2 70.0 8.9 484.2 4.11 3.6
3 65.4 4.24 : 446.2 2.85 5.4
4 61.3 3.21 _ 349.3 1.25 9.0
5 53.0 2.74 ©274.3 0.73 13.6
6 46.0 - 0.84 173.1 0.47 21.7
7 38.9 1.02 132.7 0.39 27.8
8 27.7 1.27 73.4 0.29 39.9,
-400 mesh 63.7 1.20 343.3 1.37.
% C.S5. = Cyclosizer fraction; 'B.S. = Bahco-sizer fraction

T9



FIGURE 11 62

CYCLOSIZER FRACTIONS

e B Bt LA s>y
iz ) . . !
. . . o
v "n S .
et [ »ye s L
‘e e ” “.,;,' A |
N,
Rox ¥ ) . ga
i O e S
KA —*d AR
. o " . ;;'. o Wy ®
s .'
1

2§! toﬁ!
No. . No 2.




FIGURE 12 63

BAHCO-SIZER FRACTIONS

No. 4. No. 5. No. €.




64

V. = v, x exp (K x d) ' : A (29)
where V = zinc extraction rate (mg/l hr);

Vm = maximum zinc extraction rate (mg/l hr);

K = constant;

d = particle diameter (micfon).

Least sQuares fitting of the data pairs resulted in
s =2 | ' |
InV = 6.34 - 5.24 x 10 "xd _ (30) .

As the particle diameter tends to zero the solid substrate would become
s0 fineiy divided that it would approach molecular dimensions which could
be considefed to Ee in solution. If this were So one would expect then
that as d goes to zerb the maximum extraction rate would bé obtained.
Following this line of reasoning the maximum extraction rate was found
from equation 30 to be 569 mg/l hr.. Thus, whereas for maximum extrac-
tion rdtes phe ore should be ground as finely as possible, commercially
this wéuld have to be balanced against the increased costs of grinding.
The zincbextraction rate data of Table 6 are replotted in
Figure 14 this time using the initial specific surface area of the
different size fractions as the dependent vériable. Also plotted is a
point representing the unfractionated subsieve material. The curve 6f
Figufe“ 14 éuggestsvthat where specific surface is loﬁ(with large
particles) the extraction rate is limited by the availability of surface.
The bacteria must contéct the surface.of the solid mineral particle to

. effect the solubilization of zinc and if only so much surface is available
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it can be the rate.limitiné factor. At higher values of specific surface
the rate tends toward a constant value, suggesting that some other
factor has become rate limiting. Thus these experiments carried out on
the sized‘fractions of the subsieve.zinc sulfide concentrate have been
able to demonstrate the effects of particle diameter apd specific
surface area on microbiological leaching rates which were predicfed by
a number of inﬁestigators(7’ 16, 27’46).

These data reléting particle specific surface to leaching
Arate cOmpiement those obtained in the pulp density experiments. If zinc
extraction rate (V) is plotted against initial tofal surface area of
soli&s per unit volume of liquid ﬁedium (TSA) the curves from the pulp
density variation ekperiments and fgom the particle size variatio;
experiments coincide in.the region of low area per unit volume. That
is atllow pulp densities or for particles having low §alues of specific
suffacg the curves overlap as evidenced by Figufe 15. Thus it appears
(zinc sulfide) is the amount of surface area available per unit volume
of leaéh solution. The organisms cannot attack the substrate in tﬁe
_interﬂn:of the concentrate particle until the outer materiai is dissolved.
Increasing the pﬁlp densify'puts more particle mass of fixed spécifié
surface (surface area per unit mass) into a unit volume thus increasing
the total available surfgce. Increasing the particle specific'surfacé
puts the same particle'mass with increasing specific surface into_é unit
volume, again increasing the total available surface. At higher values
of pulp density other factors become rate limiting as previously ﬁentioned

in section 4.
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Figure 15
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No significant differences were observed between the effects

of the wet and dry classified subsieve fractions 6n the zinc extraction
réte.- Also the unfractionated material showed similar behaviour to
the sized fractions when compared on a specific surface or total
surface per unit volume basis.. The maximum zinc extragtion rates
observed were about 517'mg/1 hr which was obtained with the fraction
vhaving the‘lérgest specific surface. Extrapolation of'the rate-

particle diameter curve suggested a maximum rate of about 570 mg/l hr.

6. Effects of carbon dioxide concentration

In order to further delineate the rate limiting factors in zinc
extraction a series of experiments was carried out aerating the leach
suspensions with air containing a variety of concentrations of carbon

‘dioxide; the sole carbon source for T. ferrooxidans. These experiments

were duplicated and were done at 35°C and pH 2.3 on leach suspensions
with various pulp densities in the range 5.3 to 26.6%. The carbon dioxide
concentrations in the air supplied to the enclosed, thermostated,lgyratory
shaker were controlled at between 0;13 and 7.92 volume per cent.

The experimental data obtained at 7.92% carbon dioxide are
 given in.Table 10 (A and B) of Appendix 1. The 16, 18, 20 and 24%
pulp density experiQEnts were done in duplicate with sterile controls.
The'resulfs obtained with the sterile controls showed no significant
effect of increased carbon dioxide level (7.92%) on the zinc extraction

in the controls, as can be seen by comparison of results to those

obtained with normal air (0.03% carbonvdioxide); i.e., in Table 7 (A to
-G) of Appendix 1.

The effects of pulp demsity on zinc extraction rate at the
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different carbon dioxide levels [Table 10 to 13 (A and B) of Appendix l]
are summarized in Table 7. This table also_includes the‘pulp density
study results under normal aeration conditioné; transposed frpm Figure 10.
At carbon dioxide levels of 7.92%, 1.037% and 0.23% the zinc extraétion
rates ére virtually identical, indicating that a carbon dioxide con-
centration of 0.237% in air is sufficient to insure a maximum extraction
rate. The highest extraction rate (about 640 mg/l hr) was obtained
with leach suspensions of 24 and 26.67% pulp densities. This value is
aboﬁt 280 mg/1 hr higher than.obtained under normal aeration conditions
(360 mg/1 hr). At 0.13% carbon dioxide the maximum zinc extraction rates
‘were slightly inferior to those maxima.obtained at higher_carbon_dioxide
concentrations. For ghis experiment the maximum rate was 570 mg/l hr
obtained with pulp densities pf 24 and 26.6%.

These data are presented graphically in Figure 16. The zinc
extraction'raté‘Versus'pulp’density‘curve increases linearly ﬁp to pulp
densities of about 22%. At higher pulp densities this rate levels out
suggesfing that pulp density is no longer limiting. Note that with
carbon dioxide eﬁriched air the linear portion of the plot extends past
the.linear portion of the zinc extraction rate versus pulp density which
was obtained with normal air (Figure 10). This suggests that in Figure
10 the carbon dioxide concentration was the limiting factor'for ﬁulp
densities above 12%.

A least séuares fit of the linear part of Figure 16 (pulp

densities up to 20%) gave

'y = 30.0 x PD - 30.6 o . (31)
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. "Table 7

Effect of pulp density at different carbon. dioxide partial pressures

Pulp ZINC EXTRACTION RATE (mg/l hr)

De?;ity 7.92% €0, | 1.03% Co, | 0.23% CO, | 0.13% CO, | 0.03% CO
5.3 141.3 133.9 118.5 107.6 121.0
12 355.1 | 339.8 | 339.4 331.3 312.5
14 383.0 © 405.2 399.7 414.3 335.4
16 © 438.8 438.5 439.8 444.2 343.3
18 | sssa 513.3 496.5 490.7 '.: 364.3
20 577.8 574.6 589.0 | 549.0 353.4
26 ' 640.8 644. 4 636.0 s76.2 | 327.5
26.6 . 640.6 636.9 636.5 | 563.6 ©297.1
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zinc extraction rate (mg/l hr); : 73

where V =
PD = pulp density in Z%.

The negative extraction rate obtained at very low pulp densities is not
real, is of doubtful significance and pfobabiy is due to experimental
error. |

At the highesf values‘of pulp density the intrinsic rate of
the reaction expréssed by equation 7 may be limiting or the solids may
interfere with the rate of mass transfer of carbon dioxide or even
oxygen. The carbon dioxide content was measured only in the gas phase,
not in the 1iquid phase. However, it is reasonabJE'tq assume that if the

~ gas phase concentration is raised, other things being equal, the liquid
phase concentration also will be increased. Mass transfer rates were
not measured.

Figure 17 is a cross plot of the data given in Table 7 where
zinc extraction rate is plotted against qarbon dioxide concentratién with
pulp density as a paraméter. The pulp density or substrate concentration
affects the level‘at wﬁich slope of‘the extraction rate éurve approaches
zero. The latter level rises as the pulp density increased, up to pulp
densities of 24%.

7. Effects of initial particle diameter and surface area at 1.0%
carbon dioxide

In view of the data observed for leaching rates with increased
carbon dioxide levels thé effects of particle size and s%ecific surface
area.oﬁ leaching rates were reexamined at an increased concentration
(1.0%) of carbon dioxide in air. All of these experiments were done in

single runs in 16% pulp density leach suspensions using the various

~
\

subsieve concentrate fractions described in section 5. Again the pH was

2.3 and the temperature 35°C. The results are presentéd in Tables 14
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(A and B) of Appendix 1. | ' ' .75
- Table 8 summarizes the effects of the variogs fractions énd
dnfractionatedvoré concentrate on the microbiélogical zinc extraction
rate; both under normal aeration and under aeration with-carbon dioxide
enriched air. The results presented in Table 8 indicate that for the
smallest size particles the zinc extraction rates obtained with carbon
dioxide enriched air were mofe than double those obtained using normal
aif. Thus for'example, the highest zinc extraction rate under normal
aeration was 516.8 mg/l hr oBgained with the fraction having the
highest specific surface area (6.90 mz/g) whereas when the air used for
aeration contained 1% carbon dioxide fhis same size fraction gave'rise
to an extraction raté of 1,152.3 mg/1l hr. With the partiple sizes having
lower specific surface areas the increasés in extraction rate attribut-
able to increased availability of carbon dioxide became ﬁarginal. Under
these condifidné the availability of surface is raté limiting rather
than the évailability of carbon dioxide.

The piot of zinc extraction rate against particle diameter, -
with carbon dioxide enriched air, is given in Figure 18. Figure 18A
shows that initially the zinc éxtraction.rate decreases rapidly with:an
increase in particle diameter and subsequently more slowly. . Unlike
Figure 13B a semilog plot of these data, as can be seen from Figufe 18B,
does not produce a straight line. In an attempt to predict a maximum -
obtainable extraction rate by extrapolating the extracfion rate versus
particle size plot to zero particle diameter<only those data for
pérticle diameters less than 10 microns were used. This part oﬁ the curve

could be described by the following équation.



Table 8

Effect of subsieve fractions

76

Particle Specific ZINC EXTRACTION RATE
Sample Diameter Surface area (mg/1 hr)
(micron) (m?/e) 0.03% Co, | 1.0% GO,
C.S. No. 1 3.5 6.04 " 496.2 1,115.5
2 8.8 1.20° 359.8 441.9
3 12.6 0.66 263.6 268.7
4 19.1 0.55 204.3 198.6
5 25.6 0.45 '158.0 170.2
|B.S. No. 1 2.2 6.90 516.8 1,152.3
2 3.6 4,11 T 484.2 . 1,068.3
3 5.4 2.85 446.2 989.8
4 9.0 1.25 439.3 460.9
5 13.6 0.73  274.3 271.6
6 21.7 0.47 173.1 184.1
7 27.8 0.39 132.7 157.6
8 39.9 0.29 73.4 107.0
~400 mesh 1.37 343.3 438.5
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InV = 7.52 - 0.152 x4 , | O (32)

This leads to a maximum extraction rate.of Vm = l,840vmg/l'hr.
Becauselof the limitations imposed on the extrapolation this figure is
.only to be considered as a véry‘rough estimate. Note phap it is approxi-
" mately three times the-estimate made previously (section 5) for normai
.air conditioﬁé. .
Figure 19 presents zinc extraction rate as a function of

specific surface area of fhe ore concentrate particles under normal and
carbon dioxide enriched air conditions. Where carbon dioxide enriched
air has been used the zinc extraction rate is proportionglvto the specific
sufface, fér values below 2.5 mz/g. Further increases in surface area
become less. and less effective in increasing the extraction rate. For
normal aeration the proportionality holds only up to specific surfaces
of‘around 0.75 mz/g. Also Figure 19 shows clearly that in the high
specific éurface range the rates in enriched air are more than doﬁble
those qbserved in normal air.

| Figure 20 is the curve of zinc extraction rate versus total
surface area per unit volume of liquid medium. This plot indicates all
the data obtained wi?h 1.03% carbon dioxide enriched air by variation‘
of pulp density and by using particles héving a variety of specific
surface areas. The various data péints fit well onto a single curve
save,fQF those points obtained at high pulp densities Qhere some inter-
ference with mass transfer has been postulateﬁ.'

8. Larger scale experiments

- All of the previously discussed experiments were carried out
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in Erlenmeyer flasks én a gyratory shaker. As a preliﬁinary scale-up
'procedure to a poten?ially commercial-sized installation some experi-
ments were undertakeﬁ in stirréd tanks, with much larger volumes of
suspension. These were undertaken to aécertain the relevance of data
obtained in sﬁake flasks for scale-up -purposes. These large scale
leaches were done at a pulp density of 24% using unfraétioned —400 mesh
concentrate at pH 2.3, 35°C and with carbon dioxide enriched air (l%);

‘The first experiment was done with 30 liters of leach
suspension in an unbaffled tank. The pH was controlled manually. The
" data obtained are presented in Table 2 of Appendix 2.‘ The zinc extrac-
tion rate was calculated to be 635.3 mg/l hr in good agreement with the
636.9 mg/l hr found for similar conditions in the shake flask. ﬁaﬁever,
the finai zinc concentration observed in the stirred tank (112.2 g/1)
was significantlf greater than that observed in the shake flask (70.4 g/1).

Another experiment was done in a'baffied, stirred tank using
12 liters of ore suépension (24% pulp deﬂsity, pH 2.3, 3§°C, l% C02)
with automatic pH controlf _The results are noted ih Table 3 of
Appendix 2. The zinc extraction rate observed (651.4 mg/1l hr) again
agreed well with the shake flask result . (636.9 mg/l hr). The final
zinc concentration was measured‘as 119.8 g/1 slightly superior to that
observed in the unbaffled tank. The differences between baffled and
unbaffled tanksvare minimal. Agitator power consumption might be
different but this was not measured. |

These final zinc concentrations are the highést obsefved in
this work and are in fhe range of zinc concentrations (80 -~ 160 g/l)

currently used in.the commercial electrowinning of zinc from solution.



Samples of the leach liquors have been sent to Cominco Ltd. for 82
evaluation of their suitability for electrowinning. Tﬁe zinc recoveries
or yields in the unbaffled and baffled stirred tank leaches were 76.9
and 82.1% respectively. Results obtained by Cominco Ltd. indicated.a
satisfactory qualityvof cathode zinc,-producgd after pretreatment to
‘remove iron by pfécipitation of the ferric form at pH 5 and cemeﬁtation.
ofvother minor impurities with zinc dust. Current efficiencies of 79 -
83% were lower than acceptable commercial levels (90%). 1t was con-
sidered that this deficiency could be overcome by minor modification of
purification procedures, prior to electrowinning," )

The reason for the difference in the final ziné concentrations
in the shake flask and stigréd tank leaches is not readily evidenE.
Periodic stopping of the shaker for sampling may have interfered with
the extraction process or perhaps the different type of mixing in the
stirrgd tanks resulted in some self-grinding of the concentrate,
producing more surface. However, no definitive explanat;on is avail-
able.

During these large scale experiments alterations which occurred
as}time progressed in the size distribution and chemicél composition
of the substrate ore particles were investigéted. After removal df
400 ml samples from the leach suspension, the solids were filtered out
and were washed three times with one liter of distilled water. After 
drying at_45°C these solids were féactionated on the Bahco-sizer
apparatus and the zinc contents‘bf fractions 1, 3, 5 aﬁd 8 determined.

The results are in Table 9. These were obtained from the leach done

in the baffled tank.
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From Table 9, most of the zinc is leached from the smaller

particles because their zinc concentfation drops most rapidly with time.
Also there is a smaller percentage of the smailest partieles remaining
after 338 hours of leaching. The relative proportien of the large
particles increases and the compoeition remains more or less constant.
These facts are consistent with having an initial particle distribution
the smallest fractions of which are leeched faster than the largest ﬁ
fraction while those particies in the large fraction diminish in size
to become part of the smallef fractions. The smallest fraction
= particles_will'not completely disappear due to the inert material
initially present in the ore concentrate.
9. Medelling
9.1 General

The shapes - of the plots of zinc extraction rates vefsus pulp
density, specific surface, an& total surface area per unit‘voiume of
1eaeh liquor are similar both under normal and.carbon dioxide enriched
air conditions. Af relatively'low values of the various dependent
‘variables the zinc extraction rates are directly proportional to the
dependent variables. At higher values of the dependent Variables the
_zinc extraction rates level off and tend to beceme independent. One of
the simplest equatione which can be used to describe this kind of
behaviour is the hyperbolic equation (equation 13) suggested ny Monod

(131,140) (136) . quation

. - This is also known as theAMichaelis—Menten
" (see section IV.4.2).

Equation 13 has been_adapted in this work to describe the

effects of various factors on the kinetics of microbial zinc extraction.



Table 9

Alterations in substrate during leaching

Time 0 hr 212 hr 338 hr
Yield of 0% 47.0% 82.1%
Zn - extr.
Bahco- Weight Zinc Weight Weight Zinc. Weight Weight Zinc Weight
fractions jcontent * content * content “
% % g % % g A %
1 5.3 60.85 5.3 1.3 18.79 © 0.7 0.8 14.73 0.1
2 .7 2.7 2.0 1.0 1.9 - 0.3
+ 3 11.3 60.63 11.3 8.0 41.51 4.2 6.7 38.74 1.2
4 14.7 14.7 11.0 ' 5.8 9.7 1.7
5 - 19.0 60.89 | 19.0 19.3 58.96 10.2 22.7 53.20 4.1
6 19.3 19.3 21.7 11.5 16.7 3.0
7 6.3 - 6.3 8.0 4.2 10.3 B 1.8
8 21.3 60.92 21.3 28.7. 60.21 15.2 v 21.3 60.45 5.6
TOTAL 99.9 99.9 100.0 52.9 100.1 17.8

* Calculated

from average yield

v8
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Thus the substrate concentration (S) is replaced by pulp density (PD),

specific surface area (SSA), or total surface area per unit volume'(TSA).
Equation 13 is used in this work to estimate Qalues for Km ana Vm, parti—
cularly the 1atte; which is an indication of the maximum rate attainable.
This maximum rate would be of considerable importance in an industrial
scale operation. | |

Monoq (1315 140)

specified a number of conditions which must be
met when using equation 13 to characferize Bactérial growth curves. Not
all of thése are met in the ﬁreéent work which renders‘treatment thereof
more empirical in nature. .In this Qork we were concerned with a

product (zinc) formation rate rather than a bacterial cell growth rate.
In Monod's work_the éfowthvyate was the growth rate observed in the
logarithmic phase of thé cell population'growth. In this work the
produét rate used was the.product rate which appeared as the linear
portion of a plot of zinc concentration versué time.

-:Monod assumed that all nutrients and/or substrates were
pfesént in excess save one which.was said to be the limiting substrate.
The limitihg substrate concentfation is the one represented in equation
13 by S. In'ﬁhe present study both the évailability of enefgy source
.and carbon dioxide can be limiting. As has been shown in section 4
there can be a transition from one limiting factor to another. In
this study equation 13 was applied without regafd to fﬁié limitation
as will be shown Below. .Thus the»Vm and Km_values observed may not
represent solely the effects bf‘avlimiting substrate.’ However, under
conditions where carbon dibxide was.in excess the Monod condition of a
single limiting substrate probaEly is mét. In'this'casebthe limiting

substrate is insoluble zinc sulfide.
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In this heterogeneous system the substrate concentration.

should be expressed as a surface because the energy source for the

organism is only available through this surface. Hence as suggested by

(78)

Moss and Andersen specific surface or total surface afeas have been
used as well as zinc sulfide concentrationsﬂexpfessed as pulp.densities.
Due to the‘complicating factors listed above this modeiling
work should be regarded as preliminary. Further work should be under-
taken to provide a more accurate simulation of the leaching curves.
In the followiﬁg the valueé of the constants Vm and Km were
'estimatéd through least squares fitting of the data using the

(141)

Lineweaver and Burk technique to linearize equation 13.

9.2 Determination of Vm and Km values under normal air conditions

The relation between zinc extraction rate (V) and pulp

density (PD) was written as

Vo x (®D)

VSR F D) 32
m

Vm = maximum zinc extraction rate (mg/l hr);

Km = Michaelis-Menten constant (% pulp density).

When the data of Figure 10 were plotted in the linearized
o1 . :
form (—V vs 5%—) a straight line was not observed save in the

relatively narrow region between pulp densities of 12 to 18%. From the
Lineweaver—Burk plot the value of Vm is derived from the intercept
of the straight line on the.l/V axis. It was felt that the data points

from pulp densities between 127 and 187 could be used to get a reason-—

able estimate of Vm- Data points for higher pulp densities which lay
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closer to.the 1/V axis were not useful because the high solids concentra-
tion apparently reduced the rate. The values fouﬁd were Vm = 574 mg/l hr
and‘Km = 10.1% pulp density; see Figure 21.

The Km value represents the pulp density which is half the
pulp density required to achieve maximum rate. Thus if this were the

" correct model, the maximum rate shoulé be achieved at a pulp denéity

‘ o£ 20.2%. ‘The fact that at this pulp density the rate was 19wer than

- 574 mg/1l hr means that some unaccountéd for factor has interfered. This
has already been commented upon when discussing Figure 10.

The extraction rate data from Figure 14 ﬁére studied using
specific surface area (SSA) to rebresent substrate concentration in

equation 13. Thus

NG

:Vm x (SSA)

Vo= PR
K_+ (558

(34)
From the plot of Figure 22 the maximum zinc extraction rafé aﬁd Michaelis-
Menten constant were determined to be Vm = 566 mg]l hr and Km = 0.77 m?/g.
The'dafa corresponding éo particles having low surface areas deviated h
from the straight line and were not used in drawing the straight line. In
Figure 22, similar eﬁtraﬁolation of the tangéﬁt to the dotted.line;'>
suggests a difference in reactivity of large particle size substrates.
Similarly total surface area per unit volpme (TSA) can

AN

represent substrate concentration and
'.’—/;

,va,x.(TSA)

. Sethaid (35)
o Km f (TsA)

\/A\j

v

The linearized plot of equation 35'is given in Figure 23 which includes

points from the various'pulp density experiments and points from the’



Figure 21
EFFECT OF PULP DENSITY
LINEWEAVER - BURK PLOT
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Figure 22

EFFECT OF SPECIFIC SURFACE AREA

LINEWEAVER ~ BURK PLOT

n d
: i
= o /
212_ X Cyclosizer .,'
2 o Behco-sizer | Il
- 0 —-400 Mesh /
- _lo}- I/ | |
i
- = 8- -
=
o
- | |
| Q gl B
g 4.4
'—
>
Lt
- O al— .
<
N
"
- L 2_;))\0(_) } = * b. : ]
' 8 Vm = 565.7mg /1 hr
////g- Km=0.77 m?/g
e 1 1 | 1
-2 = 0 I 2 3 )

INVERSE OF INVI'IAL SPECIFIC SURFACE AREA
(1/SSA)in g/m?2 .

89



- _ 90
various subsieve fraction experiments. In the 12 to 18% pulp density

range the data from the pulp Qensity experiments agree well with those
from the subsieve fraction exberiments. The Qalues found for Vm and

Km were 566 mg/l hr and 0.12 m2/ml respectively. Agéin.the data which
deﬁiated markedly from the straight line were not used in the computa-
tion of Vm and Km. This Vm value is the samé as.the oné'obtained f§r
the zinc extraction rate as a function of specific surface area equation
(equation 34). However, this is not unexpeéted.since much of the same
data were used. The differeﬁces in the values of Km’are due to the
different units ﬁsed.

The values obtained for the‘maximum extraction rate, 574vmg/l hr
from the pulp dénsityvexberiments and 566 mg/l hr from the specific
surface area and total surface area expéfiments, are in good agreement
with fhe maximum extraction rate (569 mg/l hr) obtained by ektrapolating
the particie diameter Veréus extraction rate éurve to zero diameter.

All of these values were obtained from experiments done under_normal
air condition. No literature data are available for comparison.

9.3 Determination of Vm and Km values under carbon. dioxide

enriched air conditions - -

Tﬂe effects of pﬁlp density on zinc extraction rates under
carbon dipxidévenriched air conditions have beeﬁ.demonstrated in
Figure 16. The rates obtained at carbon dioxide levels of 0.23, 1.03,
and 7.927 are similar. Thus these data are plottéd in Figure 24 for
the determination of thel.Vm andAKm constanté of equation 33. Figure 25
is a‘similar plot based on the data'obtéined at a carbon dioxide level

of 0.13%.
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"Figure 23

EFFECT OF TOTAL SURFACE AREA

LINEWEAVER - BURK PLOT

F ZINC EXTRACTION RATE (L hr/mg) x IO~

3

o

@
f

0}
]

N
]

- I | | ]
BY CHANGING :
PULP DERNSITY S 4

O Stondard Agitation - o
© Increased Agitation _ ’/

SPECIFIC SURFACE AREA
x Cyclosizer Fractions /
O Bahco-sizer Fractions /

RECIPROCAL OF TOTAL SURFACE AREA (TSA)
PER UNIT VOLUME (ml/m2)

_ 4l -
o
-
<<
O :
9_:/ Vip & 965.7 mg/ 1 hr
9 Km = 0.12 m2/ml
e .

, | , . | I ! 1
-8 -4 0 4 8 12 16 20 24



For the 0.13% carbog dioxide experiments Vm was estimated 92
to:be 2;796 ﬁg/l hr and‘Km to be 85.4% pulp density. The values
obtained for the higher carbon dioxide levels were 3,457 mg/l hr and
107.8% pulp density. As expected the Vm and Km values were lower at the
lower carbon dioxide level. These high maximum extrac;ion rates can
probably only be approximated in practice. Equation 33 predicts>that the
fulp densities required to achieve these'maximum‘rates will be about
170 and 2167%. These values are so high that the& will lead inevitably
to limitations. The relative limitation free éituation existed at
no;mal_éir conditions in a narrow pulp density raﬁge of 12 to 18%
only. This range was expanded toVZQZ at increased carbon dioxide
Apartial pressures. At higher pulp densities (as at these extremeﬁ
pulp densities),the solid concentrations probably will impose limita-
tions on the mass transfer rate of oxygen and carbon dioxide to tﬁe
ofganisms.
on the microbiological zinc extraction rates were demonstrated in
Figureé 19 and 20 ét cargon dioxide concentrations of 1Z%. Appliéation
of the linea;ized forﬁs of equations 34 and 35 to these data resulted
in the following values (see Figures 26 and 27): for specific surfacé
area Vm = 3,586 mg/1l hr and.Km = 8.98 mz/g, and for total surface
area per unit volume Vm = 3,586 mg/l hr and Km = 1.44 m?/ml. These~
maximum'rates aéree with that obser&ed in the.pulp éensity experimenfs

(3457 mg/1 hr) at carbon dioxide levels of 0.23, 1.03, énd_7.92%.
"However, these values are almost double the rough value (1,840 mg/i hr)

obtained by extrapolating the zinc extraction raterarticle diameter curve.



Figure 24
. EFFECT OF PULP DENSITY
AT INCREASED CARBON DIOXIDE PARTIAL PRESSURES
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: Figuvre 25 | .

EFFECT OF PULP DERNSITY AT 0.13% COg2
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EFFECT OF SPECIFIC SURFACE AREA AT 1.O% CQgg

Figurce 26
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The pulp density data agree well with the data obtained with

the subsieve fractiens, as shown in Figure 27. Whereas pulp densities
necessary to approach maximum rates are impractical excessive grinding
of the ore concentrate to increaee the specific surface areas may be
more practicai. This could be combined with a higher pulp density.
However, fhe increased grinding costs would have to be.balanced against
the improved rate of extraction. The highest extraction rate observed
in.any of the work reported in this thesis was about 1;160 mg/1 hr;
achieved with the smallest size.fraction having a specific surface

area of 6.90 m?/g .

'10. Mathematical description of bacterial leach curves
The generalieea logistic equation (equation 21) was fitted '
to leach curves obtained under a variety‘of conditions., The results
afe presented in Tables 2 (A.and B) to 10 (A and B) of Appendix 2.j
The A tables contain the fegression coefficients ana
associafed statistical parameters as computed by a'multiple regression

; (205)

analysis program . Experimental data from a particular leach were.

(205)

fed into the program and fitted to eduétion 26. The high values
obtained for the multiple correlation coefficients'(R Qalue) and for their
squares suggest a good fit of the data by the generalized logistic
equation. The goodness of this fit can be seen in the B tables whereA

the experimental data are compared to the fitted date.- ihe program
reproduced in Table 1 of.Appenaix 2 was,uSed to compute these B tables,

by fitting tﬁe equetions recorded in.eeeh A table. The indepeﬁdent

variable is time (hr) and Y the dependent variable is the zinc concen-

tration (mg/l) . The maximum deviation observed between fitted and
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Figure 27
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observed values of zinc concentration was 5.5 g/l; agreement between most

other data pairs was better.
Thus the generalized logistic equation as expressed by
equation 21 can be used to fit a microbiological leach curve. This

(135)

confirms the conclusions of Edwards who suggested it for use with
bacterial growth curves. It is of some importance that this kind of
curve can fit the entire leach curve including the pafﬁs corresponding
to the lag phase and the stationary phase.

Leaching curves obtained under a variety of coﬁditions were
fitted. The results in Table 2 of Appendix 2 were obtained in normal
air, ihose.of Tables 3 to 10 with carbon dioxide enriched air and
various pulp densities. Under them some were fitted to data obtaiﬁed

with various size fractions (Table 7 and 8) and to data obtained in the

larger scale, stirred tank experiments (Tables 9 and 10).

[



VII. SUMMARY AND CONCLUSIONS - 99

The technological feasibility of a batch microbiological leach-

ing process using T. ferrooxidans for extracting zinc from a high-grade

- zinc sulfide concentrate has been demonstrated. This study provides
useful informationabout the reaction mechanism involved in the okida—
Atiom process.and explains certain phenomena, observed in this and other
studies, which occur -during the biological leaching of insoluble metal
sulfides. These factors can be summarized és follows:

a) The zinc extraétion rate was strongly dependent on temperaturef
Best results were observed at around 35°C.

b) The optimum pH was observed using both manual and automatic pH
control to be about 2.3 . At pH 2.3 the lag time was shortest, the zinc
extréction rate was fastest and the final zinc concentration highest.

c) fhe nutrient concentrations present in the liquid medium(37)
‘were found to be adequate and thus should‘not be rate limiting. Ammonium
concentration controlled the final Zinc concentration in §olution and
phosphate concentrafion cmntrolled the rate of zinc extraction.

d) o Zinc extréction rates were related to pulp density, specific
surface area of the ore particles, mean diameter of the size fractions,
and-total.surface area of ore per unit volume of leach liquor under
l.various levels of carbon dioxide concentration in air. The results
indic;ted that at lom levels of these independent varﬂﬂﬂes the extrac-—
tion ra;es were proportional to these independent variables. At higher

values of the independent variable the influence on the zinc extraction

rates decreased. The use of total surface area permitted combination of
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data from éxperimehts on pulp density variations with those obtained
using ore particles of various spegifié surfaces.

‘The maximum attainable zinc extraction ‘rate increased as the
carbon dioxide content of the air used for aeration of the ferﬁehtation
increased.

Attempts were made to use a formvof the Michaelis—Menten or

Monod eqUatibn to correlate some of these data. This was reasonably
successful but it should be cénsidered aé an empirical meaﬁs only of
determining maximum extraction rates. Maximum rates of 570 mg/l hr,
2,796 mg/l hr, 3,457 mg/l hr were estimated for carbon dioxide leveléﬂ
of normal air, 0.13%, and 0.23 to 7.92% respectively.. Probably these
rates are attainable only theoretically.

e) Larger scale experiments have shown that this microbiological
leaching'technique could produée zinc concenfrathns of the order of

120 g/1 ﬁhich are suitabieAfor direct electrowinning of zinc.l These
larger scale stirred tank experiments ga?é'similar zinc extraction rates
to those observed in shake flasks for similar conditions.‘ The final
zinc concentrétions were sigﬁificantly higher in the stirred. tank

experiments. The ability of the organism T. ferrooxidans to grow

-under such high zinc concentration conditions is an important finding.
£y The generalized logistic equation 21 has. been shown to be
a suitable equation to use in fitting a mathematical expression to a

complete. leach .curve.
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APPENDIX 1.

Experimental data




Table 1A

Effect of temperature

Tempera- Time Zinc extractions (g/l)
ture‘
°c (hr) A B Sterile
25 0 1.62 1.54 0.196
25 1.77 1.73 0.202
46.5 3.18 3.10 0.205
70.5 5.81 5.69 0.212
100.5 6.60 6.60 0.223
118.5 8.40 8.30 0.255
143 9.30 9.10 0.270
166 10.4 10.6 0.283
191 12.2 12.2 0.294
Zn-extr. rate 58.5 mg/1 hr
30 0 1.40 1.50 0.178
19 1.70 1.90 0.208
46 4.50 4.30 0.351
67 ) 6.10 5.90 0.368
- 91 8.10 8.30 0.375
115 10.6 10.2 - 0.380
140 11.8 i1.8 0.385
163 14.3 14.4 0.392
Zn-extr. rate 83.7 mg/1 hr
35 0 1.45 1.45 0.161
19 - 1.80 1.80 0.205
46 5.40 5.40 0.222
67 7.50 7.70 0.399
91 10.5 10.3 0.417
115 13.8 13.8 0.430
140 16.5 17.4 0.432
163 19.0 19.2 0.433
Zn—-extr. rate 121.0 mg/1 hr




Table 1B

Effect of temperature

Tempera- Time Zinc extractions (g/1)
ture
°c (hr) A B Sterile
40 0 1.50 1.50 0.168
19 1.80 1.80 0.200
46 4.90 5.10 0.390
67 7.10 7.10 0.395
91 10.1 10.1 0.418
115 13.1 13.3 0.434
140 15.8 15.8 0.438
163 18.0 18.1 0.439
Zn-extr. rate 114.5 mg/1 hr
45 0 1.62 1.62 0.180
' 18 2.10 2.30 0.205
39 2.84 2.80 0.218
63 2.92 3.04 0.219
- 88 4.18 4.18 0.235
112 4.60 4,80 0.245
135 5.66 5.82 0.255
159 6.12 6.04 0.265
186 6.45 6.45 0.270
208 7.15 7.35 0.278
Zn-extr. rate 24.7 mg/1 hr




Time A - B Sterile
(hx) pH Zn(g/1) Fe(g/1) pH Zn(g/1) Fe(g/l) | Zn(g/1) Fe(g/l)
0 1.5 1.32 0.071 1.5 1.32 0.070 . 0.168 0.026
21 1.6 2.02 0.165 1.6 2.00 0.168 0.705 0.077
46 1.7 2.14 .0.185 1.75 2.06 0.190 0.900 0.120
72 1.75 2.37 0.194 . 1.8 2.33 0.200 1.10 0.120
93 1.8 2.49 0.207 1.9 2.45 0.210 1.28 0.128
121 - 1.85 2.73 0.214 1.95 2.75 0.221 ~1.50 0.142
141 1.9 2.80 0.225 2.05 - 2.86 0.230 1.67 0.145
169 1.95 2.82 0.230 2.10 2.87 0.207 1.79 0.149
189 2.05 3.07 0.235 " 2.10 3.09 0.222 1.80 0.153
215 2.1 3.08 0.240 2.1 3.10 0.226 1.82 0.156
240 2.0 3.10 0.238 2.0 3.06 - 0.230 1.88 0.157
262 1.8 3.38 0.236 1.75 3.48 0.231 1.95 0.154
289 1.7 - 7.80 0.315 1.7 8.00 0.319 1.96 0.155
310 1.7 10.4 0.388 1.7 10.6 0.385 1.96 0.148
338 1.75 12.8 0.422 1.75 13.4 0.449 1.97 0.135
359 1.75 14.4 0.456 1.75 14.5 0.465 1.95 0.124
383 1.75 16.9 0.475 1.75 17.2 0.477 1.99 0.116
407 1.75 18.7 0.512 1.75 18.8 0.491 2.02 0.102
430 1.75 18.8 0.575 1.75 19.0 0.583 2.04 0.098
456 1.75 18.8 0.685 1.75 19.2 0.660 2.04 0.092
481 1.75 18.9 0.670 1.75 19.3 0.687 2.05 0.080

Zinc-extr.
rate
(mg/1 hr)

~
99.7

G'T = ud
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0°7 = ud

Time A B STERILE
(hr) pH Zn(g/1l) | Fe(g/l) pH Zn(g/1) | Fe(g/l) Zn(g/1l) | Fe(g/l)
0 2.0 1.28 0.054 2.0 1.28 0.041 0.207 0.025
21 2.3 2,42 0.077 2. 2.45 0.075 0.384 0.052
46 2.1 5.49 0.164 2.15 5.28 0.156 0.470 0.024
72 2.1 9.5 0.341 2.15 9.1 0.343 0.480 0.014
93 2.1 11.5 0.513 2. 11.5 0.504 0.481 | 0.011
121 2.1 14.9 0.722 2.1 14.7 0.702 0.486° 0.009
141 2,05 | 16.6 0.757 2. 16.8 0.747 0.500 0.008
169 2.1 | 18.1 0.800 2.1 18.3 0.787 0.510 0.010
189 2.05 | 20.2 0.929 2.05 | 20.6 0.897 0.530 0.009
215 2.05 | 20.5 0.942 2.1 20.4 0.931 0.532 0.009
240 2.05 | 20.8 0.934 2.05 | 20.8 0.895 0.539 0.010
262 2.05 | 20.9 0.921 2.05 | 20.9 0.938 0.540 0.009

Zn-extr.rate - - Y : <
(mg/l hr) 106.4 -

Hd TeTatur yo 109334

a¢ 21498l



Time A B Sterile
(hr) pH zn(g/1l) | Fe(g/l) pH ‘Zn(g/1) | Fe(g/1) | zn(g/1) | Fe(g/L)
0 2.5 1.29 0.039 2.5 1.26 0.034 0.200 0.022
21 2.8 —$2.5 1.74 0.042 3.0 2.5 1.72 0.052 10.209 0.010
46 2.45 3.94 0.076 2.45 . 4.26 0.070 0.213 0.009
72 . 2.35 8.40 0.271 2.35 8.00 0.265 0.222 'Q.OO9
93 2.3 _10.2 - 0.446 2.3 9.8 0.424 . 0.232 0.009
121 2.25 13.3 0.656 2.25 13,1 0.648 0.272 0.008
141 2.25 14.7 0.670 2.2 14.9 ‘0.687 0.285 0.010
169 . 2.2 1 16.8 0.761 - 2.2 17.1 0.769 0.287 0.012
189 2.2 17.9 0.862 2.2 18.1 0.868 0.301 0.011
: 215'. 2.2 18.6 0.895" 2.2 *18.9 0.912 0.312 0.016
240 2.2 19.9 0.897 2.2 20.1 0.875 0.329 0.017
1262 2.2 20.0 0.902 2.2 20.1 | 0.888 0.410 0.011
Zinc—extr. v ~
rate 119.5

| (mg/1 hr)

G°Z = Hd

Hd TeTaTur JOo 1993134
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Table 2D
Effect of initiai pH

pH = 3.0

(xy T/3w)
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G'¢ = nd

Time . A B Sterile
(hr) oH zn(g/1) | Fe(g/1) pH zn(e/1) | Fe(a/1) | zn(g/1) | Fe(g/1)
0] 3.5 1.23 0.029 3.5 1.24 0.025 0.174 0.013
21 3.8 - >3.5 . 1.37 0.007 3.8 - >3.5 1.37 0.007 0.190 0.006
46 3.75 - >3.5 1.43 0.008 3.75 - >3.5 1.42 0.008 0.196 0.008
72 3.75 - >3.5 1.53 0.008 3.75.- >3.5 1.54 0.007 0.220 0.008
93 3.7 - >3.5 1.62 0.013 3.7 - >3.5 1.70 0.012 0.240 0.010
121 3.7 = >3.5 1.79 0.008 3.7 = >3.5 1.78 0.009 0.261 0.008
141 3.85 - >3.5 1.84 0.012 . 3.8 - >3.5 1.87 0.011 0.269 0.009
169 3.75 = >3.5 1.92 -0.017 3.75 - »>3.5 1.96 0.014 0.272 0.010
189 3.45 2.61 0.020 3.45 2.73 0.025 0.286 0.010
215 2.85 4.9 0.098 2.85 5.20 0.112 0.287 0.011
240 2.55 8.0 0.274 2.50 8.1 0.291 0.289 0.012
262 2.4 10.8 0.363 2.4 11.3 0.364 0.290 0.008
289 2.3 14.0 0.439 2.3 15.4 0.445 0.304 0.009
310 2.2 16.1 - 0.452 2.2 16.2 "0.461 0.305 0.009
338 2.2 17.3 0.486 2.2 17.6 0.488 0.324 0.015
359 2.15 18.5 0.554 2.15 18.4 0.537 0.341 0.012
383 2.1 18.9 0.562 2.1 19.0 0.541 0.345 0.015
407 2.1 - 19.2. 0.584 2.1 19.3 .0.531 0.381 0.016
430 2.05 19.3 0.402 2.05 19.5 0.408 0.401 0.010
456 2.05 19.3 0.365 2.05 19.6 0.354 0.407 0.012
481 2.05 19.4 0.315 2.05 19.6 0.330 0.432 0.015
[ A
Zinc-extr. N
rate 108.4
(mg/1 hr)
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Time ' A B Sterile
(hr) pH Zn(g/1) Fe(g/l) pH Zn(g/1) | Fe(g/1l) |Zn(g/1) | Fe(g/1)
0 4.00 1.23 0.029 4.00 1.24 0.025 0.185 0.021
21 3.85 1.37 0.006 . 3.85 1.41 0.007 0.192 0.006
46 3.80 1.42 0.007 3.80 1.40 0.007 | 0.194 0.008
72 3.75 1.54 0.008 3.80 . 1.47 .0.009 0.200 0.009
93 3.80 1.59 0.012 3.80 | 1.56 0.009 0.204 0.011
121 3.80 1.74 0.006 3.80 1.70 0.009 0.233 0.008
141 3.85 1.84 0.010 3.85 1.82 . 0.011 0.240 0.009
169 3.95. 1.91 0.012 3.95 1.84 0.014 0.262 0.011
189 4.05->4.00| 1.98 0.016 4,15->4.011.92 0.012 | 0.264 0.009
215 4.25->4.0 1.97 0.022 4,25->4.011.96 0.016 0.268 Y 0.010
240 4.35->4.0 1.96 .0.023 4.35->4,0{1.97 0.019 0.269 0.012
262 4,30->4.0 1.97 0.026 4.30->4.0 | 1.98 0.021 0.270 0.008
289 4.30->4.0 2.04 0.026 4.30->4.0 | 2.02 0.026 0.291 0.009
310 4.30->4.0 2.06 0.029 4.30->4.0 4 2.07 0.029 0.310 o| 0.012
338 4,20->4.0 2.09 - 0.030 4.20->4.0 1 2.09 0.028 0.322 0.009
359 3.80 2.10 0.038 3.8 2.08 0.040 0.341 0.011
383 3.7 2.14 0.036 3.8 2.18 0.042 | 0.364 0.013
407 3.7 3.87 0.074 3.8 3.92 0.068 0.394 0.017
430 3.1 6.7 0.240 - 3.4 6.5 - 0.198 0.411 0.008
456 2.6 9.9 0.310. 2.7 9.8 0.305 0.435 0.010
481 . 2.3 11.7 0.488 2.5 11.9 0.435 0.472 0.011
505 2.3 14.3 0.557 2.3 4.5 0.514 0.480 | 0.013
526 2.2 16.4 0.538 2.2 16.2 0.527 0.484 0.013.
552 2.2 17.7 0.556 2.2 17.8 0.541 0.488 0.012
557 2.2 18.0 0.537. 2.2 18.0 0.532 0.492 0.012

Zn-extr.rate h 4
1 (mg/l hr) 96.9

0% = ud
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Table 3A

Effect of constant pH

Time pH=1.5
Zn(g/1)
(hr) A B
0 1.83 1.81
24 2.13| 2.18
46 2.76 2.74
69 3.24 3.30
92 3.91| 3.98
117 4.5 4.4
141 6.8 6.9
165 9.7 9.9
189 11.3 11.5
1213 13.4 13.3
243 17.0 16.8
265 19.5 19.7
288 19.9 19.8
311 119.7 19.9
340 19.8 19.8

Zn-extr.rate

99.2 mg/1 hr

Time pH=2.0 pH=2.5
(hr) Zn(g/1) | zn(g/1)
0 1.34 | 1.35
21 6.4 6.5
46 14.3 14.8
73 2.4 | 24.9
93 31.2 31.1 -
116 40.1 40.3
141. 50.6 50.8
164 59.1 | 60.4.
195 67.4 68.2
217 69.6 69.9
238 70.3 71.4
Zn—extr.rate 369.6 9

(mg/1 hr)

375,




' Effect of constant pH

Time pH=3.0

(hr) Zn(g/1)

0 1.61

17 2.07

43 3.42
69 13.0
96 23.2
117 30.4
141 40.0
168 50.2
187 53.6
212 54.0
236 54.2
259 54.1
290 54,3
309 54.2
321 54.4
Zn-extr.rate :
373.7

(mg/1 hr)

Time pH=3.5

(hr) Zn(g/1)

0 1.65

17 1.82

43 1.96

69 2.02

96 3.18
122 12.8
149 22.2
170 30.5
194 38.2
221 47.1
240 48.3
265 49.0
289 49.2
312 49 .4
343 49.3
362 49.5

Zn-extr.rate

(mg/1 hr) 326.8

Time pH=4.0
- (hr) Zn(g/1)

0} 1.60

17 1.74

43 1.88

70 1.91

o1 1.97

- 115 2.06
142 3.88
169 8.9
190 14.8.
214 21.0
241 28.3
260 33.4
285 35.6
309 36.2
321 36.3
345 36.4
Zn-extr.rate

(mg/1 hr) 255.1
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Table 4

Effect of nutrient concentrations _

ZINC EXTRACTIONS (g/1)

Time
o ABSENT FROM THE BASAL MEDIUM (37):
(hr)
(NHy) 2804 KoHPOy KCl, MgSOy, Ca(NOy)»
A "B A B A B -
0 2.42 2.45 2.48 2.50 2.48 2.52
23 2.59 2.52 2.52 2.54 2.52 2.52
50 2.82 2.79 2.77 2.82 6.15 6.26
73 6.2 6.3 3.70 3.60 12.4 12.6
101 14.2 14.4 4.80 4,70 21.0- 21.7
123 19.6 19.5 8.1 8.2 29.4 29.6
143 24,3 24,6 11.3 11.4 36.5 36.2
167 26.2 26.4 15.6 15.2 45.0 45,1
192 26.5 26.6 19.5 19.8 52.8 53.6
216 26.6 26.6 24.7 25.0 63.0 62.8
246 26.8 27.0 29.2 29.7 68.8 69.2
273 27.5 27.3 33.5 34.0 69.3 69.6
Zn-extr.rate
(mg/1 hr) 258.9 171.8 351.7
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Effect of ammonium concentration

Table SA

ZINC EXTRACTIONS (g/1)

Time
(hr) (NHL})Q_SOL} = 0.758/1 (NHL*)ZSOL,, = 1,50 g/l (NHL(,)zSOL,_ = 2.25g/l
A . B A B A B
0 1.94 1.89 1.96 1.95 1.91 1.96
19 2.28 2.30 2.41 2.49 ©2.36 2.37
43 7.0 6.9 7.2 7.2 7.4 7.5
68 15.2 15.4 16.6 16.3 16.9 17.0
95 22.3 22.7 25.7 25.8 26.2 26.3
119 31.7 31.8 34.2 33.9 34.9 35.2
140 36.6 36.6 " 41.9 42,1 42.8 42.6
164 © 38.8 38.7 51.0 50.3 51.6 51.2
187 40.9 40.8 54.5 54,7 60.1 59.7
212 40.9 41.0 57.6 58.0 62.4 62.6
235 " 41.0 41.1 ' 57.8 57.9° 62.9 62.7
Zn-extr.rate :
(mg/1 hr) 319.5 357.5 363.3
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Table 5B

Effect of ammonium concentration

ZINC EXTRACTIONS (g/1)

Time Lo
(NHL}’)ZSOH_ = 3.00g/1 (NHL*)Z_SOL‘_ = 3.758/1 (NHL‘_ )2804 = 4-50g/l
(hr) ' '
A B A B A B
0 1.95 1.95 1.94 1.96 1.96 1.94
19 2.21 . 2.20 2.42 2.44 2.44 2.39
43 7.4 7.6 7.5 7.8 7.9 7.8
68 17.0 17.2 17.1 17.3 17.2 17.0
95 25.9 26.4 26.2 26.0 26.1 26.6
119 35.3 35.1 35.6 35.4 35.4 35.7
140 42.7 42.5 42.6 42,6 43.0 42.4
164 52.0 51.6 51.8 "51.9 52.0 51.7
187 60.8 60.7 60.2 60.5 60.4 60.7
212 63.2 66.0 64.7 65.0 63.8 64.2
235 63.6 65.8 67.8 68.2 67.9 67.8
Zn-extr.rate
(mg/1 hr) 367.0 364.5 362.1

=
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Table 5C

Effect of ammonium concentration

ZINC EXTRACTIONS (g/1)

Time . -
(NH,) »S04=6.00g/1 (NHy) 2S04= 7.50g/1 (NH,),S0,= 9.00g/1 (NH,) ,80,= 10.50g/1
(hr)
A B A B A B A B
0 1.93 1.91 1.94 1.93 1.94 1.92 1.92 1.94
19 2.32 2.32 2.40 2,41 2.36 2.36 2.32 2.38
43 7.9 7.9 8.0 8.4 8.2 8.0 7.9 8.0
68 17.4 17.1 17.6 17.3 17.4 17.6 17.3 17.7
95 26.0 26.3 26.5 26.6 26.9 26.3 26.8 26.7
119 35.8 35.6 35.7 35.9 35.3 35.8 35.5 35.9
140 43,1 42.7 43.0 43,2 43.1 43.0 43.3 43.3
164 51.9 51.8 51.7 51.6 52.4 52.3 52.4 - 52.5
187 60.6 60.4 60.7 | - 60.8 .60.3 60.9 60.5 60.7
212 64.3 64.7 64.8 64.5 64.2 64.4 64.5 64.5
235 68.4 68.2 68.5 68.5 68.8 68.5 68.9 - 69.4
Zn-extr.rate .
(mg/1 hr) 364.3 362.5 364.1 365.3
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Table 6A

Effect of phosphate concentration

ZINC EXTRACTIONS (g/1)

Time : :
K,HPOy = 0.1g/1 KoHPOy, = 0.2g/1 K, HPOL = 0.3g/1
(hr)
A B .. A B A B

0 0.63 0.65 0.62 0.66 0.71 0.68
23 1.48 1.50 1.28 1.40 1.4¢4 1.56
46 1.96 1.93 3.90 3.60 4.7 4.8
72 4.20 4,30 8.0 8.2 12.9 12.6
96- 6.7 6.5 12.9 12.8 20.5 20.7
117 8.8 8.7 16.8 16.8 27 .4 27.9
147 11.7 11.4 22.4 22.1 36.9 1 36.5
169 13.8 14.0 26.5 26.6 44,0 39.8
190 16.7 16.9 30.4 30.2 50.6 50.2
214 - 19.0 18.7 34.8 ' 34.9 58.1 '58.5
241 21.8 22.0 - 39.9 39.7 62.5 62.9
261 23.8 23.6 43.7 43.6 66.8 67 .4
292 ° 26.7 26.9 48.9 49.4 68.7 68.3

Zn-~extr.rate
(mg/1 hr) 104.1 186.9 315.8
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Effect

Table 63

of phosphate concentration

‘ZINC EXTRACTIONS (g/1)

Time :
K2HPO, = 0.4g/1 K,HPO, = 0.5g/1 | K,HPO, = 0.75g/1
(hr)
A B A B A B

0 0.66 0.72 0.66 0.63 0.63 0.62
23 1.46 1.52 1.48 1.43 1.41 1.44
46 4.9 4.9 5.2 5.4 - 5.0 5.1

72 - 14.1 . 14.2 14.8 1l4.4 14.9 14.6
96 22.6 22.3 23.7 23.8 23.9 24,1
117 30.2 30.0 31.5 31.9 31.3 31.6
147 40.9 41.0 42.6 42 .4 42,5 42,4
169 48,7 49.0 50.8 50.5 50.7 50.6
190 . 55.5 55.8 58.1 58.3 57.9 58.1
214 61.2 61.1 . 63.2 63.6 62.9 63.3
241 64.5 64.8 66.7 66.5 67.3 67.0
261~ 67 .4 67.3 68.0 68.3 - 68.2 68.5
292 68.5 68.6 68.3 68.7 69.0 68.7

Zn-extr. rate
(mg/1 hr) 354.8 369.7 368.0
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Table 6C

Effect of phosphate concentration

ZINC EXTRACTIONS (g/1)

Time .
K2HPO, = 1.00g/1 K,HPO, = 1.25g/1 K,HPO, = 1.50g/1 K,HPO, = 1.75g/1
(hr) - - ,
A B A B A B A B
0 0.66 0.63 0.63 0.69 0.68 0.66 0.67 0.68
23 1.45 1.44 1.46 1.46 1.46 1.48 1.50 1.47
46 4.8 4.6 4.9 5.3 4.9 4.8 5.2 5.3
72 14.3 14.5 o 14.7 14.9 14,2 14.6 14.5 14.3
96 23.6 23.3 1 24.8 24,2 24,5 24.3 24.5 24,7
117 31.8 31.4 31.3 31.4 31.2 31.1 31.2 31.0
147 42.3 43.0 42.3 42.6 42.5 42,3 42.2 42,5
169 50.2 . 50.4 50.7 50.4 50.3 50.7 50.5 50.5
190 57.7 57.3 57.7 57.8 56.9 57.6 57.8 58.0
214 62.7 63.5 63.1 63.0 62.9 63.4 63.2 62.8
241 66.5 | 67.1 67.2 67.1 66.5 67.2 66.9 66.7
261 . 67.3 67.4 68.3 69.0 67.4 67.7 67.5 67.3
292 68.1 68.4 68.8 69.2 68.5 68.7 69.2 68.7
Zn~-extr.rate
(mg/1 hr) 368.5 ' 365.6 365.6 366.3
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Pulp

density = 1%

Table 7A

Effect of pulp density

ZINC. EXTRACTIONS (g/1)

Time
(hr)
A B Sterile
.. 0 1.34 1.34 0.050 -
13 1.77 1.74 0.155
37 - 2.24 2.19 0.239
61 2.38 2.31 0.240
85 2.35 2.45 0.242
109 2.68 2.71 0.258
134 2.98 2.95 0.305
158 3.20 3.25 . 0.338
Zn—-extr.rate
(mg/1 hr) 8.5

Pulp

density = 2%

ZINC EXTRACTIONS (g/1)

Time
(hr)
A B Sterile
-0 1.41 1.31 0.069
13 2.04 2.05 0.174
37 2.68 2.62 0.250
61 3.40 3.32 0.320
85 4.60 4.65 0.346
109 5.40 5.60 - 0.387
134 6.40 6.20 0.412
158 7.20 7.30 . 0.428
Zn—-extr.rate '
(mg/1 hr) 35.8
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Table 7B

Effect of pulp density

Pulp density = 4% Pulp density = 5.37%

: ZINC EXTRACTIONS (g/1) ZINC EXTRACTIONS (g/1)
Time Time
(hr) (hr)
A Sterile - A Sterile
0 1.40 1.38 0.076 0. 1.39 1.40 0.163
13 2.22 2.19 0.231 - 24 2.42 2.44 0.179
37 4,38 4,26 0.395 49 5.4 5.4 0.218
61 8.1 7.7 0.432 70 7.7 7.5 0.384
85 9.8 9.9 0.496 94 10.5 10.3 0.397
109 11.3 11.2 0.518 118 13.8 13.8 0.412
134 13.1 13.3 0.552 143 17.4 17.5 0.427
158 15.5 -15.9 0.574 166 19.0 19.2 0.436
Zn-extr.rate Zn-extr.rate
(mg/1 hr) 88.6 (mg/1 hr) 121.1
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Table 7C

Effect of pulp density

Pulp density = 6% - ' " Pulp density = 8%
ZINC EXTRACTIONS (g/l1) ZINC EXTRACTIONS (g/1)
Time Time
(hr) ' (hr)
' - A B Sterile - o . A B Sterile
0 C1.44 1.48 0.156 : 0 1.72 1.65 0.201
13 2.36 2.31 0.277 13 2.20 2.16 0.358
37 6.48 6.96 0.297 ’ 37 6.8 ' 6.9 0.492
61 : 10.6 10.9 0.317 ' ' 61 13.5 13.1 0.577
85 13.9 13.8 0.385 85 17.5 17.8 0.653
109 ' 16.5 16.9 0.473 109 21.5 21.6 0.681
134 19.6 19.8 0.594 134 26.6 27.1 0.688
158 22.2 22.1 0.682 158 30.9 31.2 0.699
Zn-extr.rate _ ' Zn-extr.rate
(mg/1 hr) - 126.0 (mg/1l hr) 195.2
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Table 7D

' Effect of pulp density

Pulp density = 10% Pulp density = 127
~ ZINC EXTRACTIONS (g/1) . . ZINC EXTRACTIONS (g/l)ll
Time v Time
(hr) ‘ (hr)
A B Sterile . A B Sterile
0 1.64 1.63 0.252 0 2.00 2.03 0.56
13 2.30 2.12 0.374 19 2.68 2.56 0.58
37 ‘ 7.8 8.3 0.425 1 30 4,08 4,02 0.59
61 17.4 18.2 0.534 . 44 - 8.2 8.3 0.62
85 20.9 21.0 0.612 53 9.3 9.2 0.63
109 27.2 27.1 0.704 67 15.2 15.0 0.66
134 33.6 33.9 0.763 77 18.3 18.4 0.68
158 40,27 40.4 0.802 101 25.8 25.9 0.69
: : 116 30.5 30.3 0.71
‘ : 143 35.6 35.0 0.73
Zn-extr.rate ' 163 39.7 39.4 0.78
(mg/1 hr) 253.9 ' 188 45.9 48,8 0.81
] 212 50.3 50.4 0.83
241 _ 50.6 50.9 0.87
5 262 ©51.2 51.1 0.93
285 51.4 51.5 0.96
316 51.8 51.6 1.05
477 52.3
Zn-extr.rate .
(mg/1 hr) 312.5
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Table 7E

Effect of pulp density

Pulp density = 14% Pulp density = 16%
- ZINC EXTRACTIONS (g/1) : ' ZINC EXTRACTIONS (g/1)
Time Time o
(hr) - (hr) -
’ A B Sterile . A B Sterile
0 1.97 2.03 0.50 : 0 2.10 2.15 0.57
19 2.58 2.57 0.54 19 - 2.58 2.60 0.61
30 4.16 4,34 - 0.56 30 4.2 4.3 0.64
YA 8.5 8.4 . 0.68 44 9.1 9.0 0.69
53 11.6 11.7 0.70 , 53 12.4 £12.3 0.74
67 16.4 16.2 0.72 67 17.0 17.1 0.77
77 ‘ 19.5- 19.8 0.75 77 ' 20.4 -20.4 0.81
101 - 28.6 28.5 - 0.76 : 101 29.9 29.8 0.84
116 33.0 33.2 1 0.78 : 116 35.3 -35.1 0.89
143 41.9 41.1 0.79 143 ) 42.3 41.6 0.90
163 4402 44.9 0.80 ' 163 49.8 50.4 0.91
188 50.0- 49,2 0.82 : ‘ 188 57.4 58.2 0.93
212 51.2 51.4 0.83 ‘ © 212 59.4 60.1 0.96
241 51.9 52.2 0.89 241 e 61.9 61.7 1.04
262 52.5 " 52.8 0.96 - 262 62.6 62.8 1.12
285 . 53.0 53.2 1.02 285 63.2 63.3 ‘L.17
316 53.8 54 .0 1.09 316 63.6 63.5 1.20
477 , 54,7 477 63.7
Zn-extr.rate o . Zn-extr.rate
(mg/1 hr) 335.4 f (mg/1 hr) 343.3

(44



?ulp density = 18%

Table 7F

Effect of pulp density

Pulp density = 20%

'ZINC EXTRACTIONS (g/1) ZINC EXTRACTIONS (g/l1)
Time Time
(hx) (hr)
A Sterile A Sterile

0 2.19 2.08 0.64 0 2.42 2.33 0.71
19 2.70 2.65 0.67 19 2.54 2.55 0.76
30 4.5 4.4 0.70 30 4.2 4.3 0.77
44 9.4 9.5 0.74 44 9.2 9.3 0.80
53 12.5 12.5 0.77 53 12.1 “12.3 0.82
67 “17.3 17.4 0.79 67 17.0 17.0 . 0.85
77 21.1 20.6 0.85 77 20.4 20.9- 0.89
101 32.0 31.2 0.88 101 30.7 30.4 . 0.94
116 37.2 37.0 0.92 116 36.8 36.9 0.97
143 46,2 44,1 0.93 143 44,0 43.7 0.99
163 52.9 - 51.2 0.94 163 50.4 50.9 - 1.00
188 59.9 59.4 0.95 188 58.8 59.2 1.02
212 63.2 62.6 0.96 212 61.2 . 61.4 1.08
241 64.8 64.5 1.04 241 64.9 64.6 1.17
262 - 66.7 66.1 1.14 262 67.1 68.3 1.23
285 68.2 68.5 1.26 285 69.6 69.3 1.35
316 69.6 69.4 1.32 316 70.2 70.4 1.44
477 70.1 v 477 70.6

Zn-extr.rate Zn-extr.rate
(mg/1 hr) 364.3 (mg/1 hr) 353.4

1 %4




Table 7G

Pulp density = 24% Effect of pulp density Pulp density = 26.6%
ZINC EXTRACTIONS (g/1) T ZINC EXTRACTIONS (g/1)
Time | , - : Time :
A B Sterile A B Sterile

0o 2.25 2.31 0.66 : 0 2.55 2.52 0.79
22 ' 2.86 2.74 0.74 19 2.61 2.58 0.82
45 . 3.04 3.07 0.86 : ' 30 2,92 2.96 0.86
' 68 4.18 4.30 0.87 C b4 4.20 4.40 0.88
92 6.8 6.7 0.90 53 6.4 6.6 0.91
117 - 15.2 15.3 0.94 Y 6.8 7.0 0.94
142 23.6 23.4 0.96 ' 77 8.2 8.6 0.95
165 31.3 | 31.5 0.97"° ' 101 10.4 10.7 0.99
189 39.4 39.1 0.98 ‘ 116 14.5 14.3 1.03
213 46.1 46.5 1.03 143 23.5 24,2 1.04
236 - 54,2 54.4° 1.05 163 33.3 31.6. 1.05
260 60.4 61.0 1.10 188 39.0 38.7 1.07
284 64.2 64.7 1.15 , 212 45.0 45,1 1.12
308 66.7 | 67.0 1.22 241 ' 50.3 50.7 1.26
333 68.9 7| 69.0 1.30 1262 55.4 55.5 1.37
’ - 285 60.5 60.9 1.48
316 63.7 63.4 1.54

Zn-extr.rate ' 477 69.9

(mg/1 hr) 327.5
Zn-extr.rate
(mg/1.hr) 297.1
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_Table 7H

Effect of pulp density at increased agitation

pulp
-density (%)

12

16

20

Zinc extraction.

Zinc extraction

. Zinc extraction

Time
(hr) (g/1) (g/1) (g/1)
A B A A
0 1.42 1.40 1.48 1.50 1.62 1.58
23 2.50 2.54 2.76 2.79 2.84 2.86
47 9.8 9.8 11.4 11.2 11.4 11.1
71 17.2 17.1 19.8 20.0 19.6 20.0
- 95 24.5 24.7 28.6 28.4 28.4 28.4
120 32.0 32.0 37.6 37.4 37.3 37.2
147 40.4 40.5 47.2 47.3 46.8 46.7
167 47.0 47.2 © 55.0 55.2 54.6 54.6
192 50.1 50.3 - 63.8 64.1 63.5 63.1
216 51.6 51.4 67.4- 67.7 68.1 68.3
240 51.4 51.5 68.1 68.3 69.6 69.9
265 51.8 51.6 68.4 68.3 69.6 69.5
Zn—-extr.rate
(mg/1 hr) 309.2 363.8 359.4

G¢



Table 8A

Effect of particle size

Sample Cyclosizer fraction Cyclosizer fraction
' No. 1 No. 2
Time ZINC EXTRACTIONS (g/1)
(hr) A B Sterile A B Sterile
0 1.59 1.60 0.36 1.26 1.30 0.16

23 3.15 3.08 | 1.00 1.45 1.50 0.29

47 4.02 | 4.01 | 1.83 - 1.87 1.80 0.42

70 4.66 4.70 2.04 1.98 2.08 0.51

98 - ©5.15 5.15 .| 2.17 2.15 2.14 0.57
143 5.82 5.84 | "2.19 2.46 2.52 0.75
167 6.1 6.2 2.20 2.68 2.62 0.80
190 6.9 6.9 2.21 2.90 3.04 0.92
214 7.0 6.9 | 2.2L 2.95 3.08 0.93
238 - 7.2 7.1 2,22 2.96 3.09 1.07
262 7.2 7.2 2.23 3.01 3.10 1.10
288 7.5 7.5 3.27 3.24 | 3.24 1.24
312 7.8 7.9 2.24 3.28 3.29 1.25 ..
340 8.5 8.6 2.25 3.70 3.65 1.27
362 10.5 10.6- | - 2.28 5.12 5.18 1.27
383 20.7 20.9 2.32 I 12.5 12.8 1.27
411 34.1 | 34.8 2.35 22.6 22.9 1.28
435 45.3 45.8 2.38 " 31.4 31.8 1.29
455 55.0 55.8 2.40 39.0 39.2 1.29
480 65.4 68.5 2.41 48.0 47.6 1.28
507 66.8 | 69.0 2.46 56.8 | 57.2 1.29
527 68.4 69.1 . | 2.47 62.8 63.0 1.30
550 70.2 69.5 2.47 62.5 62.9 1.31
575 70.3 | 69.8 2.49 63.0 | 63.1 . | 1.32

Zn—-extr.
rate . ;
(mg/1 hr) 496.2 359.8
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'Téble 8B

Ef fect of particle size

“Sample Cyclosizer fraction Cyclosizer fraction
: No. 3 No. '
Time ZINC EXTRACTIONS (g/1)
(hr) A B Sterile A B Sterile-
0 1.23 1.26 0.11 1.22 1.24 0.12
23 1.41 1.39 0.22 1.45 1.49 0.22
47 1.68 1.65 0.36 1.58 1.61 - 0.30
70 1.82 1.79 0.41 1.72 1.73 0.36
98 - 1.94 1.91 | 0.50 1.89 1.85 0.42
143 2.006 2.03 0.51 1.90 1.91 0.50
167 2.25 2.21 0.61 2.08 2.06 0.57
190 2.46 22,43 0.78 2.22 2..30 0.65
217 2.49 2.50 0.79 2.26 2.32 0.66
- 238 2.50 2.52 0.80 2.28 | 2.29 0.67
262 2.51 2.53 0.82 2.29 2.30 0.68
288 2.54 2.56 0.89 2.30 2.32 0.70
312 2.55 2.58 0.92 2.31 2.34 0.71
340 2.90 2.94 0.97 2.63 2.60 0.74 -
362 4.29 4,36 1.01 3.64 3.62 0.78
383 10.4 10.6 - 1.05 7.6 7.5 0.79
411 18.6 | 18.9 1.06 13.2 13.1 0.79
435 25.9 25.6 1.07 18.2 i8.0 0.78
455 31.9 31.7 1.08 22.6 22.4 0.78
480 39.0 38.6 1.09 27.3 27.4 0.81
507 - 46.2 46.0 1.12 32.8 32.3 0.86
527 51.8 51.3 1.13 36.3 36.8 0.90
550 51.6 51.8 1.14 37.1 37.4 0.9%4
575 51.8 | 51.8 1.16 37.2 37.5 0.97
-\
Zn-extr. :
rate

(mg/1 hr)

263.6

27
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Table 8C

Effect of particle size

Sample Cyclosizer fraction No. 5
Time ZINC EXTRACTIONS (g/1)
(hr) A B Sterile
0 1.24 1.24 0.13
23 1.48 1.52 - 0,25
47 1.60 1.61 0.28
70 1.77 1.86 0.33
98 1.86 1.88 0.37
143 1.91 1.90 0.44
167 1.96 1.96 0.51
190 2.09 .2.15 0.59
214 2.10 ©2.17 0.60
238 2.18 2.25 0.62
262 2.17 2.26 0.65
. 288 2.18 2.27 0.67
312 2.17 2.28 0.69
340 2.58 2.64 0.73
362 3.32 3.43 0.76
383 6.64 6.66 0.77
411 11.1 11.3 0.80
435 14.8 15.1 0.81
455 17.8 18.2 0.83
480 21.9 21.8 0.84
507 26.3 26.5 0.84
527 29.4 29.9 0.85
550 32.6 33.1 0.85
575 32.9 33.0 0.86
Zinc-extr. ' f
rate B
(mg/1 hr) 158.0
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‘Table 9A

N

Effect of particle size
- - Sample Bahco fraction Bahco fraction
’ No. 1 No. 1
Time _ ZINC EXTRACTIONS (g/1)
(hr) A B Sterile A B Sterile
0 2.86 2.96 1.48 2.53 2.61 1.13
23 4.5 4.8 2.19 3.66 3.85 2.28
47 7.8 7.9 2.39 4.82 4.97 2.32
70 9.6 - 9.5 3.42 6.8 | 6.7 2.99
94 S 11.4 11.5 | 4.43 7.8 7.9 3.62
118 11.9 11.8 4.7 8.3 8.7 3.89
142 13.7 | 13.9 5.3 10.1 10.1 4.72
166 14.3 14.2 6.1 10.8 10.9 5.4
191 15.0 15.8 | 7.4 11.9 12.0 6.3
215 _16.7 16.2 7.9 13.0 13.2 7.3
238 -20.9 19.8 8.1 16.5 17.0 7.5
262 - 29.2 30.2 8.6 28.0 28.5 7.8
286 - | 42.6 42.2 9.7 - 40.4 40.2 7.9 :
310 56.4 56.9 10.6 52.1 52.6 8.0
335 68.9 69.9 | 10.7 62.8 63.8 8.3
359 69.4 72.2 | 10.8 68.9 69.5 8.8
382 69.9 75.7 10.9 69.8 | 70.2 8.9
Zn—-extr.
rate
(mg/1 hr) 516.8 484.2




Table 9B

Effect of particle size

-Sample Bahco fraction Bahco fraction
, ' No. 3 No. 4
Time ' ZINC EXTRACTIONS (g/1)
(hr) A B Sterile A B Sterile
0 1.96 1.96 0.62 1.91 1.90 0.46
23 2.73 2.85 0.99 2.26 2.14 0.61
47 3.36 3.37 1.18 3.96 3.87 0.65
70 4. 86 4.90 1.35 10.4 10.6 0.93
- 94 . 5.8 5.8 1.85 . 17.2 17.9- 1.36 -
118 6.7 6.5 2.27 "25.9 25.7 1.73
142 7.8 | 7.7 2.82 36.4 36.3 - 1.88
166 12.6 11.3 2,86 46.7 47.2 - 2.00
- 191 22.5 22.0 2.91 51.8 51.4 -~ 2.10
215 .33.9 34.1 1 3.26 56.8 57.2 2.33,
238 45.8 45.2 3.58 59.0 59.2 2.58
262 -54.8 54.6 3.72 60.2 60.6 2.87
286 64.9 64.7 4.04 ©60.8 61.2 3.04
310 65.2 65.6 4.24 61.4 61.2 3.21
‘Zinc-extr.
rate S :
(mg/1 hr) 446.2 349.3




Table 9C

Effect of particle size

" Bahco fraction No. 5

Bahco fraction No. 6

Sample Sample

Time ZINC EXTRACTIONS (g/1) Time ZINC EXTRACTIONS (g/1)
(hr) A B Sterile (hr) A B Sterile

0 1.92 1.91 - 0.42 0 1.28 1.34 0.21
23 2.09 2.04 . 0.45 24 4.85 4.92 0.42
47 4.65 4.84 0.51 47 9.2 9.3 0.67
70 12.2 11.6 " 0.88 72 13.5 13.6 0.68
94 19.4 19.0 1.26 96 17.6 17.8 0.69
118 25.2 24.9 1.39 120 22.2 22.7 0.70
142 33.4 33.1 1.50 144 26.7 26.6 0.76
166 39.2 39.4 1.62 171 31.2 31.1 0.75
191 43.9 44,1 1.71 - 195 34.3 34.4 0.77
215 50.9 51.6 1.94 215 37.5 37.7 0.78
238 52.5 52.2 2.04 244 39.9 40.6 0.79
262 52.6. 52.6 2.18 288 41.8 42.0 0.81
286 52.7 52.8 2.61 408 45.9 46.0 0.83
310 52.9 53.0 2.74 432 45.9 46,1 0.84
Zinc-extr. Zinc-extr.
rate rate
(mg/1 hr) 274.3 173.1

(mg/1 hr)
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Table 9D

Effect of particle size

- Sample ' Bahco fraction : Bahco fraction
' No. 7 ~ No. 8
© Time - ZINC EXTRACTIONS (g/1)

(hr) A B Sterile A B Sterile

0 1.18 1.30 0.13 1.21 1.28 0.13

24 4.16 | 4.11 0.40 2.65 2.72 0.39

47 7.2 7.4 0.63 3.17 3.26 0.62

72 -10.5 | 10.6 0.71 5.4 | 4.9.- | 0.64

- 96 ' 13.6 | 13.4 0.76 6.4 | . 6.6 0.73

120~ 16.9 | 17.2 0.80 - 7.7 8.1 - 0.76

144 . 21.4 - | 21.5 0.83 110.0 9.7 0.83

171 23.2 23.4 0.84 12.4 12.2 0.84

195 27.4 27.0 0.83 | 14.2 14.0 . 0.88

215 29.3 29.2 '0.84 15.3 15.6 0.92

244 ©31.9 31.5 0.84 18.4 18.0 0.94

288 - .| 32.9 32.8 0.85 -20.3 20.2 0.94

408 ~ .| 38.9 38.4 1.00 - 27.7 26.9 1.20

432 39.0 38.8. 1.02 27.9 27.4 1.27

Zinc—ektr.‘
‘rate _ : .
(mg/1 hr) . 132.7 1 Sl 73.4




" Table 10A

Effect of pulp density at 7.92% CO2

Pulp .
Density 5.3% 12% 147 26.67%
Time ZINC EXTRACTIONS (g/1) :
(hr) A B A B~ A B A B
0 1.30 - 1.28 1.71 . 1.68 1.85 1.82 2.23 2.20
21 1.32 1.34 2.18 2.31 2.36 2.32 2.45 2,37
.28 1.58 1.56 2.90 2.92 3.01 3.03 3.37 3.25
44 2.12 2.16 5.40. 5.6 5.5 5.7 5.9 . 6.1
71 3.46 3.44 16.0 15.9 18.2 18.0 18.9 19.1
80 4.02 4.04 23.1 22.9 25.9 26.1 28.4 - 28.7
92 4.9 4.9 27.1 27.2 30.6 30.6 36.1 36.2
103 6.0 6.1 30.8. 30.7 34.3 34.7 43.0 42.9
116 7.7 7.9 35.3 . 35.1 39.9 40.0 51.4 51.6
126 8.9 9.0 39.6 - 39.7 43.5 43,6 57.8 57.9
144 11.7 11.6° 45.7 45.8 50.2 50.4 63.6 63.9
167 15.3 15.4 '53.6 53.3 59.5 59.1 - 68.0 67.7
189 18.0 18.2 59.1 58.9 64.3 64.7 69.1 69.2
198 19.1 18.9 62.4 . 62.6 66.2 66.3 70.3 70.7
Zinc-extr.
rate
(mg/1 hr) 141.3 383.0 640.6

€€



Table 10B-

Effect of pulp density at 7.92% COjp

Pulp 16% _ 18% 207 24,
Density
Time ) . ' ZINC EXTRACTIONS (g/1)
(r) A B Sterile| A B Sterild A B Sterile A B [Sterile
0 1.92 1.96 | 0.52 1.96 1.98 | 0.64 2.101 2.00 1 0.70 2.101 2.10!0.73
21 0 2.30 2.35 | 0.66 2.33 2.31] 0.67 2.33| 2.36 1 0.77 2.38] 2.41/0.77
28 3.00 3.05 | 0.75 | 3.05 3.10 | '0.69 | 3.20| 3.30| 0.80 3.20f 3.280.78
44 - 5.6 5.8 | 0.81 5.7 5.6 | 0.71 5.8 | 5.9 0.88 | 5.9 6.0 | 0.82
71 | 18.9 18.7 0.82 18.8 18.9 0.74 18.9 | 19.0 0.89 19.0 | 19.0 | 0.87
- 80 © | 28.2 28.0 0.83 28.2 28.1 0.78 28.3 | 28.2 0.92 28.2 | 28.4 [ 0.90
92 -] 33.3 33.6 0.85 | 34.0 34.2 | 0.80 35.5 | 35.0 0.93 36.0 | 35.8 | 0.92
103 A 38.2 38.6 0.91 39.3 39.5 0.81 | 41.6 | 41.6 0.94 42.8 | 42.9 | 0.93
116 43.9 43.7 0.92 " | 45.9 45.7 0.84 49.0 | 49.2 0.99 51.3 | 51.5 | 0.97
126 | 48.3 | 48.3 0.93 50.6 50.5 | 0.86 55.0 | 54.8 1.01° | 57.4-|57.8 | 0.99
144 56.2 | 56.5 0.97 58.9 60.1 0.90 62.7 | 62.5 1.03 63.7 | 63.6 | 1.03
167 62.5 62.2 1.02 | 66.7 66.3 | 0.93 67.3 | 67.7 1.10. | 67.8 | 67.9 | 1.10
189 66.4 66.9 1.03 68.9 69.1 0.96 68.8 | 68.9 1.12 68.9 | 69.0 | 1.16
198 . 68.3 68.4 1.07 69.8 69.7 1.07 69.7 | 69.9 1.16- | 69.8 | 69.7 | 1.17
Zinc-extr.
- .| rate - o - -
B T T Tl R T T S B CE 1ot SRR I
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Table 11A

Effect of pulp density .at 1.03% CO2

Pulp

16%

5 5.3% 127 14%
Density :
Time . : ZINC EXTRACTIONS (g/1)
(hx) A B A B A B A
0 1.26 1.27 1.39 1.41 1.44 1.48 1.56 1.57
22 1.60 1.62 2.33 2.45 2.50 2.47 2.42 2.46
31 - 2.03 2.01 3.50 3.34 3.61 3.66 3.72 3.71
46 2.83 2.84 5.8 5.9 7.0 7.1 7.1 7.1
56 3.17 3.22 8.6 8.5 9.4 9.3 9.6 9.7
73 4.30 4.20 16.4 16.6 .19.2 19.6 19.7 19.8
96 6.4 6.6 '28.2 28.1 38.4 37.8 37.8 37.7
105 7.7 7.8 31.4 31.8 41.8 42.0 41.8 41.9
117 9.5 9.4 35.6 35.7 46.5 46.6 47.0 47.2
129 10.8 10.9 40.1 39.9 51.1 51.0 52.3 52.1
144 12.8 12.7 44 4 44,2 57.9 57.7 58.9 58.8
171 . 16.5 16.3 53.9 54.0 65.2 " 65.0  66.3 66.5
190 19.1 19.3 60.3 60.5 68.7 68.9 . 69.4 69.7
Zinc-extr. .
rate ’ : : :
(mg/1 hr) 133.9 339.8 405.2 438.5

€



Table 11B

Effect of pulp density at 1.03% CO»

Pulp

. © 187 20% 24% 26.6%
Density
Time ZINC EXTRACTIONS (g/1)
(hr) A A B A A
0. 1.59 1.61 1.72 1.71 1.78 1.79 1.86 1.92
22 2.43 2.44 2.45 2.45 2.41 2.43 2.48 2.44
31 3.65 3.72 3.75 3.72 3.74 3.71 2.7 2.80
46 6.9 6.8 7.0 7.1 6.8 6.9 7.2 7.0
56 10.1 9.9 10.2 10.3 10.1 10.2 10.2 10.4
73 21.2 21.0 20.8 21.2 21.3 21.2 21.4 21.3
96 38.3 38.1 38.5 38.7 38.7 38.8 38.8 38.8
105 43.4 43.5 43,7 43.5 44,6 44 .8 44,5 bh.6
117 49.6 49.9 50.7 50.6 52.3 52.1 52.2 52.0
129 55.0 55.3 57.6 57.4 60.0 60.2 59.8 59.9 .
144 61.7 61.6 64.7 65.1 66.2 66.5 65.4 65.7
171 67.8 67.3 68.8 68.9 68.9 69.0 68.9 69.3
190 69.8 70.1 70.2 70.0 70.5 70.3 70.4 70.7
Zinc-extr.
rate - .
(mg/1l hr) 513.3 574.6 644 .4 636.9

9¢



Table 12A

Effect of pulp density at 0.23% CO2

Pulp 5.3% 12% 14% 16%
Density .
Time ZINC EXTRACTIONS (g/1)
(hr) A A B A A
0 1.38 1.39 1.68 1.69 1.73 1.71 1.77 1.79
21 1.45 1.48 1.83 1.86 2.03 2.05 2.15 2.13
44, 2.20 2.24 4.45 4.41 4.5 4.6 4.67 4,65
70 3.30 3.40 11.3 11.3 12.2 12.1 12.5 12.7
80 4.2 4.3 15.2 15.3 16.0 15.9 16.5 16.4
102 5.9 5.8 25.2 - 25.1 26.4 26.1 26.8 26.7
120 8.1 8.2 31.3 31.2 33.5 33.6 34.7 34.8
140 10.6 10.5 38.1 38.3 41.5 41.4 43.5 43.5
164 13.1 13.2 - 46.3 464 51.0 51.2 54.0 54.3
189 16.2 16.1 54.8 54.7 61.1 61.0 65.1° 64.9
212 19.0 19.1 62.6 62.3 66.1 65.9 69.3 1 69.6
236 -20.1 20.3 65.4 64.9 68.5 68.3 70.2 69.8
Zinc-extr.
rate . :
(mg/1) 118.5 339.4 399.7 439.8

LE



Table 12B

Effect of pulp density at 0.23% CO2

Pulp

Density 18% 20% 24% 26.6%
Time : ZINC EXTRACTIONS (g/1)
(hr) A B A A A
0 1.87 1.83 1.91 1.95 2.03 2.04 2.05 2.17
21 2.20 2.21 2.25 2.24 2.27 2.30 2.33 2.31
44 4.8 4.9 5.1 5.2 5.2 5.2 5.3 5.2
70 12.8 12.8 13.0 13.2 13.3 13.1 13.3 13.2
80 16.9 16.6 17.1 17.0 17.3 17.3 17.2 17.4
102 26.8 26.9 27.3" 27.1 27.5 27.7 27.6 27.8
120 35.7 35.6 37.6 37.7 39.0 38.8 39.1 39.0
140 45.6 45.7 49.1 49.0 51.8 .51.5 51.9 51.7
164 57.5 57.7 63.9 63.7 67.0 67.1 67.2 67.1
189 64.5 64.6 67.4 67.6 69.7 69.9 69.5 69.8
212 68.8 68.3 69.8 69.9 70.8 71.0 71.0 70.9
236 ©69.9 70.0 70.4 70.2 72,1 71.6 71.4 71.2
Zinc-extr.
rate .
1 589.0 " 636.6 636.5

496.5

(mg/1 hr)

8¢



Table 13A

Effect of pulp density at 0.13% GOy

Pulp 5.3% 12%. 14% 16%
Density
Time ZINC EXTRACTIONS (g/1)
(hr) A A B A A
0 1.32 1.36 1.66 1.71 1.52 1.58 - 1.88 1.93
23 1.96 1.92 2.18 2.23 2.41 2.37 2.28 2.26
33 2.60 2.63 '2.99 3.01 3.10 3.20 3.41 3.44
47 4.35 4,28 5.2 5.1 5.3 5.4 ‘5.8 5.8
59 5.8 5.7 7.4 7.6 7.8 7.6 9.1 9.0
72 7.4 7.3 11.6 11.3 12.1 12.0 15.0 . 15.2
95 10.1 ©10.0 19.4 19.6 20.8 20.9 26.2 26.5
106 11.4 11.5 23.1 -23.0 25.7 25.6 31.1 31.0
120 13.2 13.0 27.8 27.9 32.2 32.6 37.3 37.2
131 14.6 - 14.5 31.6 31.8 - 36.5 36.2 42.2 42.0
148 16.5 1 16.6 37.3 37.3 43.3 43.6 49.7 . 49.9
168 18.9 18.7 43.4 43.4 51.2 51.0 '58.6 58.8
192 19.5 19.7 51.7 51.8 60.7 60.5 66.4 66.3
216 20.2 20.1 60.3 60.5 66.2 - 66.6 69.8 67.7
Zinc-extr.
rate ’ .
(mg/1 hr) 107.6 331.3 414.3 444, 2

6¢



Table 13B

'Effect of pulp density at 0.13% COz

Pulp

Density 18% 20% 247 26.6%
Time ZINC EXTRACTIONS (g/1)
(hr) A A B A A
0 1.88 1.91 1.95 1.98 2.08 2.06 2.14 2.19
23 2.31 2.34 2.33 2.35 2.36 2.35 2.31 2.33
33 3.20 - 3.20 3.20 3.25 3.42. 3.53 3.45 3.44
47 5.7 5.4, 6.1 6.3 6.1 6.2 6.1 6.3
59 S 12.1 11.7 9.9 9.8 10.3 10.2 10.2 10.4
72 21.9 22.2 17.2 17.4 17.5 17.7 17.6 17.7
95 28.3 28.7 27.1 26.9 27.4 27.3 27.5 27.3
106 33.8 33.7 33.2 33.3 33.9 33.8 33.8 33.5
120 40.6 40.5 40.8 ©40.9 41.9 42.0 41.7 41.6
.. 131 46.1 46.3 46.8 46.5 48.2 48.1 . 47.8 ©47.8
148 54.5 . 54.3 56.2  56.3 57.9 58.0 " 57.4 57.1
168 “6h.4 64.1 62.4 63.0 65.1 65.3 66.5 66.3
192 68.7 69.0 66.8 66.5 68.4 68.1 68.4 68.7
216 70.2 70.8 69.7 69.5 69.9 70.0 69.3 . 69.8
Zinc—-extr. C
rate 490.7 549.0 576.2 563.6
(mg/1 hr)

0%
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Table 14A
Effect of specific surface area at 1.0% CO2 .
Cycloglzer No. No. 2 No. 3 l No. 4 | No. 5
Fraction )
E;$§ Zinc Extractions (g/l)
0 2.68 1.68 1.49 1.42 1.36
22 5.2 2.97 2.32 2.15 2.05
34 18.6 5.2 4.3 4.10 3.65
50 36.3 12.1 9.4 7.3 6.4
58 45.3 15.2 11.6 8.9 7.8
70 58.8 20.5 14.8 11.3 9.9
81 67.3 25.6 17.8 13.5 11.8
94 68.7 31.5 21.3 16.1 14.0
106 69.3 36.9 24.6 18.6 16.1
118 69.6 42.5 27.7 "20.8 18.0
130 70.1 47.7 30.9 23.2 '20.2
145 70.3 53.1" 34.9 26.1 22.4
Zinc
Extraction \ -
1,115.5 441.9 268.7 198.6 170.2
Rate
(mg/1 hr)




Effect of specific surface area at 1.0% CO

Table 14B

)

2

Bahco~sizer

]

. No.l No.2 No.3 No.4 No.5 No.6 No. No.8 .
Fraction :
Time Z 1 c Ex t ‘"tion (g/1)
. (hr) in X r a c [o] S g
0 3.35 2.96 2.47 1.82° 1.63 1.51 1.47 1.39
22 5.4 5.2 5.1 3.32 2.31" 2.25 2.14 2.11
34 20.3 17.9 17.3 4.90 4.20 3.63 3.57 3.27
50 38.4 35.1" 33.1 12.3 9.4 6.6 6.0 5.0
58 47.5 43.7 41.0 15.9 11.6 8.1 7.2 5.8
70 60.9 56.5 52.9 21.5- 14.9 10.3 10.1 7.1
81 68.2 64.3 63.5 26.6 17.8 12.3 11.7 8.2
94 70.5 67.7 66.7 32.6 21.4 14.7 13.6 9.6
106 70.8 69.1 68.0 38.1 24.7 16.9 15.3 10.9
118 71.1 69.8 69.4 43.6 28.1 19.2 17.1 12.2
130 71.3 70.1 69.9 49.2 31.3 21.4 18.8 13.5
145 71.3 70.4 70.2 56.0 34.9 24.0 20.9 15.2
Zinc'
- EXtr;:EZ°n 1,152.3 '1,068.3  989.8 - | @ 460.9 271.6 184.1 157.6 107.0
(mg/l hr) .

A/



APPENDIX 2 .

Curve fittings




Table 1

Program for curve fitting

NIVMENSICN X(220),Y{220),YF(220),X1(220),X2(2201,X3(220),
IX4(220) 4XS(22C),A153) '
REAL K

K=FINAL EXTRACTION

OOy

Y(TI)=EXTRACTICN
100 REAC(S, 1IN
1 EORMAT(13)
READ{S5.4)K
6 FORMATI(FIN.O)
WRTITE (6,88)

88 FORMAT(L7RFINAL EXTRACTION?)
WRITE(6,5)K
WRITE(A,2) |
2 FORMAT(5X, 15END OF DATAPAIRS, /)
CWRITE(6,3)N
3 FORMAT(ICX,134//)

peo1e I=1,N
READ(S 44 X{TY,Y (1)
4 FORMATIZFIO.C)
16 CONTIMNUE
DO 40 1=1,N
X1(1)=x11)

X201 =X (1) EXI(]
X3(D)=X{I)%X21(1
X4 (T)=X(1)%X3{1
X5{I)Y=X(I)}*X4e T

)
)
)
. )
40 CONTINUE



Table 1

Continuation

D0 60 I=1,

READ(E,5)A(1)
5 FURMAT(ELZ2.6)
60 CONTINUE
S WRITE{6,18) o :
18 FORMAT (1Y, 25HPOLYNOMIAL -PARAMETERS ARE,/)
Pe 70 I=1, o

70 WRITE(G,13)A1T)

15 FORMAT(4Y,F13.6)
WEITF(6,19)

19 FORMAT(5X,//)
DO 20 I=1,N .

2L YF{T)= K/Z{V1 +EXFPLALTI ) +A {2 X1 LI 4031 =X20 1) +A(4)X3{I)2A{S)EX4{] )+
TALEY=XS (1) 1)) ‘
20 CONTINUE
WRITE(&,7) . . . : : :
7 FORMAT(50H VALUES COF X “VALUES DF Y FITTED VALUES OF Y )
D0 30 T=1,N
WRTITE(ALBIX{T )y Y{1),YFLI)

8 FURMAT(LX,8G15.5)
30 CONTINUE

WRITE (6,9)
9 FORNMAT (1H1)

60 TG 100

FNE




Table 2A

Effect of pulp density (16%) at 0.03% CO

2

INDEPENDENT REGRESSICN STANDARD
VARIAELE . COEFFICIENT DEVIATICN
X =0.4568780-Cl  0.6340350-02

X2 0.1780170-03 0.1C6521D-03

X3 ~0.736080C-06 0.707001D-06

X4 0.1366€61D-C8 0.194600D-08

X5  —0.7509410-12 0.1842760—11

CONSTANT

TERM =  0.361672€ C1
STANCARD ERPRCR OF ESTIMATE = ‘0.184501E 00
RESIDUAL VARIANCE = C.340408E~01
MULTIFLE CCRRELATICN COEFFICIENT = C.5G8C4
B SQUAREC =. £.99608

The logistic equation describing these data is:
P = 64000/(1 + exp(f(t)))
: = . o -2 0 _4 ' 2 B _7 K 3
where f£(t) .= 3.6167 - 4.5688 * 10 * t 4+ 1.7801 * 10 * t7 < 7.3608 * 10 * t
| +1.3666 % 1072 % t* = 7.5004 % 10713 % 2



Effect of pulp density (16%) at 0.037% CO

Table 2B

2
VALUES CF X VALUES CF Y FITTED VALUES OF
0.0 . .210C. 0 1674, 7
0.0 2150.0 1674.7
19.00¢C 2500,0 3641.0
19.000 2600.0 3£41.0
30.000 4200,0 C5384,3
20, 000 4300.0 538443
44,000 9100.0 8374, G
44.00C 9n00.0 8374,5
53, 0CC 1240Q0. 10785,
53,000 12300, 10785.
6£7.000 17000, 15276,
67.00C 171CC. 1527¢€.

N 77.000 20400, 18874, .
77.000 20400, 168974,
Ict1.cC 29900, 28904,
101.00 2980C. 289C4..
116.00 351C0. 35268,
116.00 35100, 35268
143.00 © 42300, L 45853C.
143.00 41600, 45530,
163.00 49800, 51442,
163.00 50400. - 51442,
188.00 5740C. 56642 .
188.00 58200, 56642,
212.G¢C 59400, 59748,
212.0C¢C 40100, 59748,
241.00 ©617C0. 61848,
241.00 61900, 61848,
262.C0 62600C. 62676.
262.00 62800. 62679,

.. .285,00 63200, 63209,
285.0C 63300, 632CS.
316.00 © 63600, 63576,

N 216.0C £35C0. 63576,
477.0C &63700. 63699,



Table 3A

Effect of pulp density (16%) at 0.13% CO

2
INDEPENDENT REGRESS 1 ON ) STANDAPD
VAR IABLE COFFFICIENT CEVIAT ION
X 0.2179350-01  0.200241D-01 -
X2 -0.1729280-02 0.653294D-03
X3 N.195213D-04 0.814307D-0%
X4 . ~0.OD6010N=-0T C0.426204D-07

X5 Ne1460100-09 0.790459D0-10

CONSTANT TERM =  (.357914F 01
STANDARD FRROR OF ESTIMATE =  0.281981E 00
RESTDUAL VARTANCE =  0.7951350-01

MULTIPLE CORRELATION COEFFICIENT = " 2.,99394
R OSQUARFD = 0.98792 '

The generalized logistic equation describing these data is:

P = 70000/(1 + exp(f(t)))

2 3 2

%t - 1.7293 * 107> # t° + 1.9521 % 1072 * ¢t

- 9.0601 * 10°° % £* + 1.4601 % 10710 % ¢°

where £(t) = 3.5791 + 2.1794 * 10° 3



Effect of pulp density (16%) at O,iBZ Co

Iable 3B

2

VALUES OF X VALUES OF VY FITTED VALUFES QOF
0.C 1880.0 1900.0
Ce 1930.0C 1900.0

23.000 ' 228C.C 2307.7
23.00C 2260.0 2307.7
33,000 3410.0 3272.9
33,0CC 3440,0 ©3272.9

.. 47.00¢ 5800.0 5812.6
47.000 5800.0 5813.6
59,000 9100.0C 5419,
55.000 9000N.0 - 9419,9
72.C0C 156CG. 14784,
72.000 15200, 14784,
$5.00C . ..26200. . ...25934,
$5.000C 265CC. 25934,
106 .00 31100. 31079,
106.00 310C0. 31079.
12C.00 373CC. 371242,
120.00 37200, 37242,
121.04¢C 422GC0C. 41999,
121.00 420C0. 41966,
148.00 49700, 49632,
148.00 45960, 49637,
168.00 5860C. 58589,
168.00C 53800 58589, o

... 1s2.00 £64C0, 66136, .

192.00 66300, 66126,
216.00 69800, 68998,
216.CC 677C0.

68668,



Table 4A

Effect of pulp density (24%) at 0.23% CO

2
[NDFPENDENT REGRESSICN  ~ STANDARD
VARTABLE  COEFFICIENT DEVIATICN
X .=0.2403560-02 0.1701250-01
X2 -0.681870D-C32 0. 492853D-C3
X3 0.5955780-05 0.5527£4D-05
XA -0.2509210-07 0.2620250-07
X5 N.412513D-10 0.445235D-10

CONSTAMT TERM = D.36C0C968 01

CESIDIIAL VARTANLE = 0 .586520E-0

STANDARD ERROR OF ESTIMATE Y. 242166F Q0
1

MULTIPLE CORRELATICN CORFFICIENT 0.09683

ROSQUARED = (.962467
The generalized logistic equation describing these data is:

P = 72800/(1 + exp(£(t)))

%t - 6.8187 % 1074 % £2 4 5.9558 * 1070 * ¢

b aa1251 % 107 2O

 where £(t) = 3.6010 - 2.4036 * 10

- 2.5002 % 1070 # ¢



Effect of pulp density (24%) at 0.23% CO

Table 4B

2

71822.

VALUES OF X VALUES CF Y FITTED VALUES CF Y
0.0 . 2030.0 1634.5
; 0.0 2040 .0 1934,5
! 21.CCC 227C.0 2589.0
| 21.000 230C.0 2586, C
| 44,000 5200.0 5055.8
|- 44.00C 5200.0 5055.8
1o _76.000 . 133CG0. . . . _1221l6. __
} 7€.000 13100. 12216.
; ‘BL.CO0 173G0. 16832,
80.000 173006. 16822,
162.0C 27500, 30601 .
1C2.00 277CC. 306C1.
120.00 39000, . 42435,
120.C0 38800, 43435,
140,00 518CC. . 55666,
140.00 51500, 55666 .
164.C0 £7000. 64997 .
164 .00 67100, 64557,
189.00 69700 . 69571, .
186.C0C 65900, 66571 .
212.00 708CO, “71249.
212.00C 71000, 71249.
236,00 721CC. 71822,
236.00 71600,



Table 5A

Effect of pulp demsity (24%) at 1.03% CO2

INDEPFMNNENT REGRESSICN " STANDARD

VAR JABLE COEFEICTENT DEVIATICN

X N .13569000-07 0.8270120-02
X2 —0.1178580-02 0.3080460-03
X3 0.1171300-04 0.43463110-05
¥4 CRL.5640310-0T 0.2574240-07
X5 0.1072150-09 0. 5420160-10
CONSTANT TERM = 0.,36GS511F 0]
STANDARD FORUGR NF ESTIMATE =  0.100037F 00

PESIDUAL VARTAMCE = 0L.1000758-n1

MULTIPLE CORRTLATION COFFRICIENT = (.28993]
R OSQRUARED = R AR o

The generalized logistic equation describing these data is:

P

P = 72400/(1 + exp(f(t)))
where £(t) = 3.6951 + 1.3691 * 107 # t - 1.1286 * 107> % 2 + 1.1713 * 107> # ¢

Z5:6493 * 1070 % * + 1.0722 % 1070 % ¢

3



Effect of pulp density (24%) at 1.03% CO

Table 5B

2

VALUES OF X VALUFS CF Y FITTED VALULCS OF
0.0 178C.C 1764.2
0.0 179C.0 1755, 2

22.G00 2410.0 2597.7.
22,000 2430.0 25G7.7
31,000 374C.0 3591, 3
~31.c00 3716.0 3501,73
46,000 6800.0C 6722.8
46,000 6300 ,0 6722.8
56.CCC 101C0. . 10332.
56,000 102C0. 10322,
73.000 21360, 20113,
73.0CC 21260, 201132,
S6.000 387CC, 3EE50.
56,000 I8RO0, 38650 .
1C5.0C 4H6C0, 45792,
105.00 L48C0., 45762,
117.00 52200, 5330%.
117.C¢C 52100, 53605,
129 .00 ADO00. 60C24 .
129.00 60200, 60024,
144,00 66200, £5067.
144.00 66500, 65667,
171.0¢C €85C0. 69372,
171.0¢C £90C0. 66372.
190.00 76500, 70322,
160.00 70300, 70322,

10



Table 6A

Effect of pulp density (24%) at 7.927 002

INDEPENDENT -

RECGRESSTON

STANDARD

VARTABLE COEFFICIENT

X 0.1566280-C1

CEVIATICN

C.80C1L85D-C2

X2 =N 1468 T20-02 0.258104205-03
X3 D ladt630-C4 D.3876T74D-05
X -, 6276£540-07 0.224352D0-07
Xs H.1010640-00 D.4594140-106

CCNSTANT. TERW {L38GT7260F 0
STANDARD ERBQGR OF ESTIMATE =
RESTDUAL VAPTANCE = L.112568F-01

N.1060985 &0

(%

MULTIPLE CCRRELATION COEFFRICIENT = 0.09%932

ROSQUARED =  0,25R864

- The generalized logistic equation describing these data is:

P = 70600/(1 + exp(f(t)))

where £(t) = 3.4974 + 1.5664 % 1072 # ¢ ~ 1.4657 % 10°° * 2

8 4 -10 , .5

- 6.2769 % 10 ~ * t  + 1.0106 * 10 * ot

+ 1.4466 %

1T



Effect of pulp density (24%) at 7.92% CO

Table 6B

2

VALUES OF X VALUES DF Y FITTED VALUES CF
0.0 2100.0 2C074. 8
0.C 2100.0 2074.,8

21.00C 238C,.0 25C6.3
21.000 241C.0 250¢€.3
28,000 3200.0 3139,3
28,000 328C.0 313¢.3
44,000 593C.0 L6063
44,000 6000.C 6076.3
71.000 192CC. 1G18¢.
71.000C 1300Q. 15186,
8C.0C0 282CQ0. 26048,
80,000 284GC(.. 26048,
92.000 . 36000, ..35889,
G2.C00 358CC. 35889 .
103.00 428CC. 44351,
103,00 42900, 44351,
116.0C . 513C0. 52576.
116.00 51%0¢C., 52576,
126.0C 57400, 574273,
126.00 57800, 57423,
144 .00 63700, €34 C5,
144 .00 63600, 63405,
1€7.G0 678C0,. 67505,
167 .0G 67900, 67505,
189,00 68900, . 692T1. . ...
189.00 69GCC. 6G6271.
198 .00 69800, 69644,
168, 0¢ £97CC. 69644,

12 -



Table 7A

Effect of specific surface afea at'l.OZ COZ.Cyclosizer fraction No. 1

INCEFPENDENT REGRESSION STANDARD
VARIARLE  COEFFICIENT DEVIAT ION

. X -0.1248410-01 0.415484D-01
X2 -0.1681770-02 0.2065510-02

%2 C.1122550-GC4 G378458N-04%

X4 0.1R7594D-07 " 0.2G0916D-C4

X5 -0.212228D-009 Q.7236350-09

CCNSTANT TERM =  0.326576F 01
STANDARD ERRCR 0OF ESTIMATE =  0.244258F 00
RESTIDUAL VARIANCE =  (.55661SF-01

- MULTIPLE CCRRELATICN COEFFICIENT = 0.89774
R SQUARED = 0.9G5483

The generalized logistic equation describing these data is:

P = 71200/(1 + exp(f(t)))

2 3 2

%t~ 1.6518 % 1072 * t2 + 1.1226 * 107> * ¢

© 4+ 1.8760 % 1070 % £ - 2.1223 % 10710 » ¢°

where £(t) = 3.2658 =~ 1.2484 * 10 3

€T



Table 7B

E ffect of specific surface area at 1.0% CO2

 Cyclosizer fraction No. 1

VALUES-OF X VALUES OF Y FITTED VALUES OF Y

. 0.0 ... 2680.0 L 2617.6 o
22.000 522C.0 64C3.1
34,000 18600, 14215,
50,000 363CC. - 3/201.
58.000 - 453CQ0. 428383,
“70.000 58800, , 60728,

.. Bl.CCC . - _ . €73C0. 66041 .
94,000 ARTGO. : 68568,
106,00 69300, 69513,
118.60 £9900. A9n95,
120.00 701G6¢C. 70075,

145.0C 70300 70303,



Table 8A

Effect of specific surface area at 1.0% CO

CONSTANT TERM =  O.
STANDABD ERRCR QF
RESIDUAL VARIANCE =

ESTIMATE =

2
. Bahco-sizer fraction No. 1
INDEPENDENT PEGRFSSICN STANDARD
VARTABLE CCE FICIFNT DEVIATIDN_

X -0, 71133210~ C.448937D-01

Xe f.1891620~ C? C0.221084D-02

X3 0.8403873—05 0.40C5030D0-C4

X4 n,22713780-C07 £.3113420-06

X5 =0 ,720946R0-09 0.8452580~-(C9

30529RE 01
0.261408E 00
C.HR333GE-01

MULTTIPLE CCRRELATICN
R SQUARED = 0.99542

COEFFICIENT = (0,95771

The generalized logistic equation describing these data is:

where £(t) = 3.0530

+

P = 71900/(1l + exp(f(t)

- 7.1133 * 107

3.2738 % 1070 *

* t - 1.5916 * 1

e = 2.0047 * 10”

)
3, .2

0~ % t“ + 8.4039 *

10, .5

61



Table 8B
Effect of specific surface area at 1.0% 002

Bahco-sizer fraction No. 1

VALUES 0OF % VALUES CF Y  FITTED VALUES OF v
0.0 . . 335C.0 . .3241.9

22.000 5400 .0 702¢,9
S 34,000 20300, 14970,
5C, 000 33400, 37604, ‘
58,000  475900. 50237.
70.000 62900, 62766 .
£1.000 . &82C0. 67858,
94,000 70500, 70122,
106,00 70800, 70884,
118.00 711CC. 71174,
136,00 71300, - 71273,

145, C0 71300, 712949,



Table 9A

Leaching in unbaffled tank at 1.07% CO

2
INDEPENDENT REGRESSION STANDARD
VARTABLE COEEFICIENT DEVIATION
X ~0.360925D-01  0.620146D-02
X2 0.367240D-03 0.112604D-03
X3 -0.289729D-05 0.813377D-06
X 4 0.936691D-08 0.250395D~-08
X5 =0.110220D0-10 0.274728D-11
CONSTANT TERM =  0.424634E 01
STANDARD ERROR GF ESTIMATE =  C.119222E 0O
RESIDUAL VARIANCE =  0.142140F-01 '
MULTIPLE COPRELATIGN COEFFICIENT = 0.99933

R SQUARED = 0.998066

The generalized logistic equation describing these data is:

P = 112500/(1 + exp(£(t))) .
“ut? - 2.8973 % 1078 % 3
5

where £(t) = 4.2463 ~ 3.6093 # 10°2 * ¢ + 3.6724 * 10°

4+ 9.3669 * 1070 % £ = 1.1022 * 10 ¢

LT



Table 9B

Leaching in unbaffled tank at 1.0% CO

2

VALUES OF X  VALUES OF Y  FITTED VALUES OF Y
L 0D.0 1440.0 1587.9
2C.CCC 3060.0 2850,8
24,0CC 3300, 0 3127.2
44,000 4800.0 45G744
48,000 5200.C 4912.5
68,C0C 6£60C,C 6€75.C
72.000 . 7300.0 . 7081.6
92, C0C 8600.0 9560.9
96,000 929C.0 10174,
120.00 14200, 15088,
144.0C 20800, 23014,
164,00 34400, . 32668C..
168,00 37800, 34963,
188,00 510C0. 47827,
192.0C 545C0, 50611.
212.00 64200, 64761,
21¢6.00 67500, 67525,
240,00 82500. 82558,
26C.CC . 91400, 92413,
264,00 92300, 94CHL.
288.00 0.10070F @6 C.1C22CE 06
312.00 0.10750F €6 0.10759F 06
336,00 0.11120F C4b 0.11074F €6
360.00 "CL11210F 06 0.11210F 06
- 3€5.CC Co6 . 0.112232F C6

. 0.1122¢0E.

18



Table 10A

Leaching in baffled tank at 1.0%Z CO,

IHMOEPCNDINT E‘ﬁes ST 0N STARNDARD

VAR TAPLE COEFEICIENT SEVIATION

X -0.2768130-01 C.éé*u/C“ 02

T ST X7 ND.416842D-03 T5.119612D-03
X3 —0.4552910—95 o.@o'zaoa 06

X4 LI8RB23D-0T 0.293197D-08

X5 W./SOGYOD—1O 0.3429620-11

TERM = ,.’M()\/»« E 01 )
ERROR OF EXTIMATE = O0.11Q0728F D0

RESIDUAL VARIANCE = D0.1417825E-01
1

CCONSTANT
STANDARD

I3 o
0.90G9%0

MILTIPLE CORBELATICH CURPFICIENT =
ROSQUAPED = 0,980

The generalized logistic equation describing these data is:

P = 120000/(1 + exp(f(t)))
~4 % t2

where £(t) = 4.0604 - 2.7681 * 1072 * t + 4.1684 * 10

4 -11 5

+ 1.8383 *'10_8_* t - 2.5657 * 10 * t

-6 3

- 4.5529 % 10 ° % t

6T



Leaching in baffled tank at 1.0% CO

Table 10B.

2

VALUES OF Y

338.00

VALUES CF X FITTER VALUFS OF Y
0.C 210C.0 _2034.0 .
20.000 2900.0 3065, G
26.000 3100.0 3343.,9
43.0C0 430G, C 4115.71
49,000 4700,0 H4G2.5
67,000 5800 .0 54602
. 72.CC0 6100.0 . ..5837.8
91.000 800C.0 782441
$7.C0CC 8500.0 B69T .7
116.C0 161G0. 12616,
121.00 13500, 146013,
141.00 21500. . .- 21572,
147.00 25600, | 24523, i
163.00 36300, 33933,
174.00C 438G0. . 41485,
187.00 52100, < 51042,
- 198.00 - 59700, 56210
212.0¢C 68500, 69161,
217 .00 719¢C0C. L3252 e
222.00 73500. 75766,
235,00 835GC. 83664,
240 .00 86400. RES52,
246.00 893500, 89891,
259.00 96600, G6811.
265.00 0.10130F 06 ..9938 ... .
270.0C 0.10250F Gb 0.10237F 06
285.00 0.10610C 6 C.10S32F C6
262.00 0L.11150F 04 0.11212E 0A
3C7.00 0.11€&30F C6 . 116685 06
314,00 0.11810F Cé6 C.118C4F Q¢
1 327.00 0.1165CF C&6 . 0.11943¢ 06 .
33%.00 0.11S8CF (b 0.11972F Cb
0.11980F 06 0.11986F 06

20



APPENDIX 3

Determination of specific surface area




APPENDIX 3 - ’ 1

- 'Determination of specific surface area

" The Cyclosizer and Bahco-sizer subsieve fractions have beén
characterized by determination of the mean particle diameter. However,
only regﬁlar particles, e.g., spheres’ or cylinders, possess a definite
diameter as well as known volume and surface area. Irreguiar pértiéles
such.as those contained in the size fractions (see their microscopic
pictures in Figure 11 and 12)have a definite volume and surface area only;
Therefore, a bettgr characterization of the subsieve zinc sulfide
materiai can be achieved through determination of its specific surface
area, which is the surface area per unit mass of solids.

Figure 1 is a schematic representation of the dynamic ﬂitrogen
adsorption apparatus used for determination of specific surface area of
the unfractionated -400 mesh subsieve zinc sulfide céncentrate and of
the different subéieve size (Cyclosizer and Bahéo—sizer) fractions.

1. Experimental procedure

Three different samplés of known weight were introduced into
the saﬁple—holders and piaced in the circuit as indiéated in Figﬁre 1.
A known mixture of helium and nitrogén content was péssed at a constant
flow (12 ﬁl per minute) through the system‘td replace the air originélly.
present. When this was achieved a steady base line was obtained on the
recorder chart. Then the first sample was slowly-immersed in the liquid.
nitorgen bath. Adsorﬁtion of nitrogen by the solia was indicated by a
peak on the recorder chart. After the recqrder pen returned to its base
line position, the polarity switch was reversed in order ;o také
advantage of the full fange of the recorder scale, prior to desorption
of nitrogen. | The sample tube was then warmed up by removal from the

liquid nitrogen bath, ﬁhile the desorption peak for the nitrogen was
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recorded. The areas pnder these two peaks (adsorption and desorption)

were equal and constitute a measure of the amount of adsorbed.nitrogen.

The compléte sequence of this procedure was repeated several times-to
enhance the validity of the results. Then the entire procedure was
repeated bp the second and the third samples. ‘Calibration of the apparatus
was achieved by injecting known volumes of pure nitrogen into tﬁe system
under adsorption conditions.

'In addition the whole proceés was repeated with two more gas
mixtures. In this study, gas mixtures containing 25, 15 and 5% of
nitrogen in helium were used.

Figure 2 shows some tyéical examples of adsorption, desorption
and calibration (due to injectionvof nitrogen) peaks together with their

disc integrator traces, used to determine peak area.

2. Calculation of spepific surface area

The computer programs l-énd 2 presentlthe calculationé of the
specific surface area of the subsieve zin¢ sulfide samples.

In program 1, the relationship between injected volume . of pure
nitrogén and area under the adsorption and desorption curves was-determined
by the least squares techniqqe. Using this relationship, the volume of
nitrogen adsorbed on the éample ié determined, then it is recalculatéd fbr
standard temperature and pressure conditions. Thereafter, the B.E.T.~
coordinates are calculated. All these determinations have been carried
out on data obtained at 25, 15 andESZ N2 levéls;

In program 2, the speéific surfacg area of tﬁe samples has been

calculated through application of the Brunauer, Enmett and Teller (B.E.T.)

equation:



CHART SCALE
o o ®
O O ‘ '®)

Col

Adscrption

- - N ./‘
] ... Polarity
o P Reversed

Desorption

any NO

)

¥OS3

2.nbG1

2

id

i

SIANND NO

— | |m |
= > — .
e TR . ‘

\ .

=9 |

i _

& | Ng Injeciions

! | A !



P ' 1 c-1

T @ T TSt ye G -
where P = partial pressure of nitrogen (in the gas mixture)
Po = saturation pressure of nitrogen at teﬁperature of liquid
nitrogen |
”Vadé, = volume of nitrogen édsorbed on the sample (STP)
Vm = volume of adsorbed nitrogen due to monolayer coverage

C = constant
This is the equation of a straight line having P/Vads (Po - P)

as-thé dependent and P/Po as the independent variableF(B.E.T.—coordinates).
Through.least 'squares fitting of these data the slope ((C —-l)/VmC) and
" the intercept (l/VmC)lof the straight line were ascertained. From these
valués, the monolayer capacity (Vm) and the specific monola}er gapacity
(Vmspc ) wére deri&ed. When this latter is mgltiplied with a factor (F),
the specific surface area of the sample is obtained. The value of the

factor (F) is given in the following form:

23 . -20

. i
_ 6.02 * 10 * 16.2 * 10 * 10 _ . -3
F = : 59 414 | = 4.3532 * 10 (2)
.\ 23 ' '
where 6.02 * 10 = Avogadro's number (molecules/mole)
16.2 = area covered by a N2 molecule (squaré Angstroms/
molecule)
~=20 . . '
10 = conversion of square Angstroms to square meters
lO~6 = conversion of microliters to liters in V
. mspc
22.414 = volume of a mole of nitrogen gas under standard

conditions (liter per mole)



6

Determiﬁation of the specific surféce”area will bé‘demonstrated
for Cyclosizer fraction No. 1.

| The.output of computer ﬁrogram 1 for the calibration data
‘obtained at 25, 15 and 57% nitrogen levels is presented in Table 1A to
1C ‘and the corresponding B.E.T:—coordinates*in Table lD. The least
squares fit of the B.E.T.*data and the value for the specific surface
 area of the éample, Cy¢losizer fraction No. 1, are presented in Table 2,
as the output of computer program 2. The fitted values for the calibration
data in Tables 1A to 1C aﬁd the B.E.T.-coordinates in Table 2 are in close
agreement with those derived experimentally.

The calibration data are graphed in Figure 3.  Each point of
the individual plots for 25, 15 and 57 nitrogen levels, is the arithmetic
aQerage of all measuréments made under the indicated conditions. For all
three nitrogen concentrations a precise straight line relationship is
obtained, with a zero intercept.

A‘The B.E.T.-plot for the Cyclosizer fraction No. 1 is présented
in Figqre 4. Here again,each point represents the average of numerous
measurements. An excellent straigﬂt line relationship has been obtained.
The intercept and the slope of this straight line were>used_fqr deter-
mination of thé'monolayer capacity.

The specific surface areas of the rest of Cyclbsizer and Bahco-
sizer fractions and of the -400 mesh infractionated subsieve ziné sulfide
concentrate were détermined in a similar way to that oﬁtlined above.

The results of these determinations are summarized in Table 3. To
deménstrate the reproducibility of the resﬁlts,.the specific surfaée
area of the third size fraction produced by both Cyclosizer and Bahco-
sizer fractidnétion techniqués, has been determined twice. As Table 3

shows, the duplicate data agree well, e.g., values for the specific
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Table 3

-specific surface areas

Summary of B.E.T.

Sample Slope | Intercept nspe Speé. surface
~ Sample Weight ‘%_%_l % 1072 1, 10—4 (micro~liter/g) area
. vV C 2
(g) m m (m™/g)

C.S. No. 1 0.1323 0.5376 0.4058 1,395.45 6.07
2 0.1582 2.2446 4.4764 276.11 1.20

3 " 0.3452 1.9001 3.7863 149.48 0.65

0.2670 2.4915 4.1861 147.84 0.64

4 1.1916 0.6375 2.6739 126.35 0.55

5 1.5117 0.6211 1.9115 103.32 0.44

B.S. No. 1 0.3900 0.1583 0.3403 1.585.95 6.90
2 0.5632 0.1865 0.1723 943.17 4.11

3 0.2490 0.5812 3.0918 656.10 2.86

0.3953 0.3845 0.3992° 651.16 2.83

4 0.6975 0.4914 0.7220 287.53 1.25

5 0.7575 0.7768 1.3267 167.09 0.73

6 1.1588 0.7872 1.7079 107.30 0.47

7 1.4055 0.7832 1.8476 88.75 0.39

8 1.5627 0.9549 0.8913 66.39 . 0.29

=400 mesh 0.3357 0.9339 1.0370 315.48 1.37

Where C.S. = Cyclosizer fractions
'B.S. = Bahco-sizer fractions
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surface area of the Cyclosizer fraction No. 3 were 0.65 and 0.64 m?/g'

and for the corresponding Bahco-sizer fraction, 2.86 and 2.83 mz/g.



aOC

Program 1

LEAST SQUARES FIT
CALIRRATION
DIMENSICN X(ZOO),Y(2OO).YF(ZOO).W(ZPL),Ll(ao),F2(53).P(5O)

yCIFF(200),XX{(200), YY(200),VSTP{2CC),PC(2CC)
29X1(20C),Y1{(200)
3 READTUE,1)N,M, NI
1 FOCRMATA(3I5)
©DC 36 I=1,5
35 Pt1)=C.,C

pDC 57 1I=1+N
READ(5,2)1X(1),Y{1)
2 FORMAT(8F10.0)
57 CCNTINUE
EXTERNAL AUX
CALL LQF(XyY,YF,‘».',EI,EZ,P,C.,N,N,NI 1NDyEP1AUX3

[F(NC.EC.O) GC 10 3
WRITE(A,4C) : ’ : :
40 FORMAT(66H ESTIMATES 0OF ROCT MEAN SGUARE STATISTICAL ERRQR IN THE
1PARAMETERS) : :
WRITE(645)(ELLL) 1=1,M)
WRITE(6 ,4) ' '

4 FORMAT{60OH ESTINMATES CF RGCT MEAN SGUARE TOTAL ERRUOR IN THE PARAME

1ITERS)

CHRITE{6+5){E2(1),I=1,M)
5 FORMAT({1X98G15.5)

WRITF(6&,6) '

6 FCRMAT (65HMICROLITER CF N2 CHART PEAK AREA FITTED VALUE OF CHART

1T



" 1PEAK AREA)
00 7 I=1,N

Program 1 (continued - 1)

WRITE(64SIX{I),Y{1),YF(I)
C=1./P(2)

C=-P{1)/PL(2) .

READ{541)INN

READ(5,2)P1,T7,S

- Cc PL IS THE ATM. PRESSURE(MMEG)
C T IS THE ARS..TEMP., IN KELVIN-CEGREE
C S IS THE NITROGEN CONTENT OF GAS MIXTURE
DC 60 I=1.NN
READ(S, 2)DIFF(I),YY(])
60 CONTINUE -
o DIFF{I) IS THE PARTIAL PRESSURE GF LIQUID NITRCGEN
DO 61 T=1,NN :
61 XX{I1)=D+CEYY(I)
C XX(I). 1S THE VCLUME OF ADSORBEL NITROGEN
DO 62 I=1,NN .
VSTP(I1)=0.359408%(PL/T)%XX{1)
€2 CONTINUE
C ‘ " THF CCNSTANT TERM IS EQUAL TO 273.15/76C.
PP=S%pP1 ' :
C PP IS THE PARTIAL PRESSURE OF NITROGEN IN GAS MIXTURE ™
C PO IS THE SATURATION PRESSURE 0OF NITROGEN
C

AT TEMPERATURE OF LIQUID NITROCEN (MNHG)
DO 64 I=1,NN :
PO(I}=PL+DIFF(I)

[A!



Program 1 (continued - 2)

DETERMINAT ICN CF THE B.E.T.-COCRDINATES
XxX1{1)=PP/FCLI} .
64 YI(I)“PP/(VQTP([)*(PD(I) PP))
WRITE(6+88)

§8 FORMAT(1HL)
WRITE(6,70) ,

70 FORMATIT5HADS. PEAK ARED VOL. ACS. N2 VOLUME IN STP
1 P/{VADS{PC=P)),//) »
DC 55 I=1,NN

55 VRITF(é,v)YY(I)yXX(I)yVQTP(I),Xl(I)le(I)

pspo

WRITE(648)
8 FCRMAT(1H1)

GC TG 3

ENC

FUNCT ION AUX(PyDy , L
DINENSICN P{5C),C(50
DlL1)=1.

AUX=P (1)

)
)

0O 1C J=2,5
DUJ)=D{J~1) =X

10 AUX=AUX+PLJ)IHDT1Y)
RETURN
END

€T
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Program 2

DETERMINATICN CF SPECIFIC GURFAFF A°FA
LEAST QQLAPES F17

DIMENSICN Xt2CCY,Y{2C0),YF(200),w{2GC0 ) E1(5C),E2(50),P(501) -
REAC({Sy LINsMyNT ' - :
FCRMATI(215)

‘DO 3G [=1,8

39 F(I)"u.: ,

DO 57 1=1,N

W

READ(5, 2)X( 1) v (1)

FORMAT{4F15:5)

CONTINUE

READ( 5,22 )WE

22 FORMAT(BF10.0)
EXTERNAL AUX

N
DNENS |

CaLL an(x,y YWy ELsE24P 00y Ny My NI RD,EP /AUX]
[FIND.EG.OQ) GC TO 3
. m\ITE(CyQC)
40 FORMAT(66R ESTIMATES OF RDOT MEAN SQUARE STATISTICAL FRROR IN THE
LPARAMETERS)
WRITE(G6L5)(EL(TYeI=1,N)

4 FORMAT(6CH ESTINATES CF RCCT MEAN SQUARE TCTAL FERRCR IN THE PARAME
1LTERS) '
WRITE(OLS)(EZ(T)yI=1sM)

5 FORMAT(1IX,8G15.5)
WPITE(A,53)

T



‘Program 2 (continued - 2)

T g3 FORMAT(37H ' B.E.T.~CCCRD
WRITE{&,6) '
& FORMAT(53KVALUES OF P/PC  P/{VADS(PC-P))
DO 7 I=1,N :
7 WRITELCyS)IX{IVeY(I),YF(D)
VM=l o/ (F(1)+P(2))

INATES)

FITTED P/{VADSIPO-P)) /)

VMSPC=VV/KE .
$SSA=C.0C435325YMSPC

 WRITE(G,41)

41 FORMAT(IHO,57THREIGHT CF SAMPLE MONCLAYER
1AREA, /)
WRITEL(E 45)WE, VM ,SSA

CAPACITY SPECIFIC SURFACE

WRITE(6,8)
FORMAT {1H1)
GO TC 3

END

o

FUNCT TUN AUX

DINENSICN F(5
S D(1)=1.

AUX=P (1)

[ob s o]
— .
-

low I

DG 10 J=2+5
DLYI=DLY-1) %X

10 AUX=AUY P {J) =0 04)
RETURN B
ENT

ST
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Table 1A

Curve fittiﬁgvof calibrétion data at 2572 N

.

2

for Cyclosizer fraction No. 1

CINTEEMECIATE ESTIMATES OF PARAMETERS, SUM CF SGUARES

0.C 0.0 0.14117E 07
~C.4T4€SE-D] 1.3721 25%,38
FINAL ESTIMATES GF PARANETERS
~-C.46422E-01 1.3721
SUF _GF SCUARES 253,38
ESTIMATES GF ROOT NMEAN SCUARE STATISTICAL ERROR IN THE PARAMETERS
0.46291 0.244S5E-C2 '
ESTIMATES GF RCGT FMEAN SCUARE TCGTAL ERRCR IN THE PARAMETERS
1.66C5 0.894526~-C2 A '
MICRCLITER OF N2 CHART PEAK AREA FITTED VALUE OF CHART PEAK AREA
~ 56,000 64.3C0 68.556
50.000 7C 560 68,556
50.000 67,200 68.55¢6
5C. CCO 70,700 68.556
1C0.0C0C 139.00 _ 127.1¢
166.00 140.10 127.16
1€C.0¢C 137.CC 137,16
100.0C 137.10 137.16
15C.0¢C 211.30 205.76
150.0C" 2C7. 80 205.76
150.C0 208,40 205,76
150.00 2C5.3C - 205.76
2C0.CC 215.6C 274.36
2¢0.00 272 .10 274 .36
2C0.00 26730 274.36
2C0.0C 266,00 3 2744 3¢
3C0.0C ‘ 416 .40 - 411.57
3CC.CC 411.CC 411.57
3C0.00 407 .80 - 411.57
3CC.00 415,50 411.57

3Cc.0cC 412,86 . 411.57
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Table 1B

- Curve fitting of calibration data at 15% N2

for Cyclosizer fraction Nd. 1

INTERMECIATE ESTIMATES OF.PARAMETER57 SUNM CF SGQUARES
C.C 0.0 : 0.29163k 06
C.4851CE~-C1 0,62232 12.15] A

FINAL ESTIMATES OF PARAMETERS

Co 48CBAE~O1 0.92233
SUM_CF_SCUARES 72.151
ESTIMATES OF ROOT MEAN SQUARE STATISTICAL ERRCR IN THE PARAMETERS
0.5573¢ © 0.4040C6FE=-C2 :
ESTIMATES CF RCCT MEAN SGUARE TCTAL ERROR IN THE PARAMETERS
1.183¢ 0.858C4F-C2
MICROLITER OF N2 CHART PEAK AREA FITTED VALUE OF CHART PEAK AREA
5C.0C0 48.7CGC 46.164 . .
5C.00C 48.,10C L 4E.164
5C.000 45.S00 ' 46,164
5C.CCC 48,400 460164
C5C.C00° . 44,600 4E, 164
10C.CC 92 .500 92.281
1CC.CC 8G.2CC 92.281
100,006 91.500 92.281
1CC.00 90.300 92.281
150.CC 140.10 138,46
150 .00 127.20 , 138.4C
- 150,0C 137.6C 138.40
150.0C 135.30C 138.40 *
200.00 186 .00 " 184 .51
2CC. GO 181.50 184.51"
2C0.0C 184 .8C _ 184,51
2C0.00 187 .10 184 .51

2C0.0C . 187.3C .184.51
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Table 1C
Curve fitting of calibration data at 5% Nz

for Cyélosizer fraction No. 1

INTERMECIATE ESTIMATES OF PARAMETERS, SUM OF SGQUARES

0.0 0.0 ‘ 0.26627F 06
C.4CT1CE-C1 1.0432 ‘ 56,982
FINAL ESTIMATES CF PARAMETERS
C.406CSE-C1 1.0432
SUM _CF SQUARES 56,982
ESTIMATES CF RCGT MEAN SCUARE STATISTICAL [RROP IN THE PARAMETERS
0.45337 0.36€676F-C2
"ESTINMATES CF RCOT MEAN SCUARE TOTAL ERROR IN TFE PARAME TERS
C.S1466 0.736G1E-02
VICRELITEF OF N2 CHART PEAK AREA F{TTED VALUE OF CHART PEAK AREA
5r 060 30.700 31.336
C.CCC 31.CCC 31.33¢6
3o.ooo 30.500 © 31.33¢
©3C. 000 , 31.100 31.336
3¢.0G0 30, 6CC 31.33¢
50.000 53.6C0 52.2CG
(. CCC  51.5C0 52.200
1C0.00 ‘ 108.30 164.36
100 .00 105.10 _ 104 .36
106.GC 1C0.C0 104.36
150.0C 159,60 156452
150.0C - 156 .90 156.52
2€C.CC 2CG8, 40 2C8.68
200.00 206 .30 208.68
2C0+00 ' 208.80 208 .68

2CC.00 208.30 208.68



Table 1D

Qutput of data derived on Cyclosizer fraction No. 1

at gas mixture (contained 5% nitrogen)

-
ABS. PEAK AREA vOL. ADS. N2 VCOLUME IN . STP P/PC P/{VADS(PC-P)})
168.€6C 190.24 174.41 0.48247E-01 0.29129E£-03

“ 197.30 189.09 173.27. 0.48715F-C1 Co25558E~03
r 187, 2C 189.00 173.18 0.48719E-01 C.26573E-03
L 162.4¢C 184.40 1€69.56 0.48719E-01 0.30311€E-03
187.2C 178 .41 164,40 . 21153E-03

G.48T71GE-C1

6T



Table 1D (continued - 1)

Output of data derived on Cyclosizer fraction No. 1

at gas mixture (contained 157% nitrogen)

p
ADS. PEAK AREA "VCL. ADS. N2  VOLUVME IN STP P/PO P/ {VADS(PO-P))
2C2.8C . 219.83 201.78 0.15061 0.87872F-03

\_ . 218.00 236.31 - 216.961 C.15C61 C.81744E-03
= 2C8.5C 226 .01 . - 207.45 _ C.,15C61 0.85469E~-03
2C7.8C 225.25% 2C6.76 £.15003 0.85371E-03

12C9.60 227 .20 ~ 208.55 0.150C3 : C.84638E-02

214.CC - 231.97 ' 212 .93 0.15003 0.82897F-C3

168.00 214,62 16700 0.15002 - 0.B9597E-03

0z



Output of data derived oh Cyclosizer fraction No. 1

Table 1D (continued - 2)

at gas mixture (contained 25% nitrogen)

r _

" ADS. PEAK AREA VOL. ADS. N2 VCLUME IN STP P/PO P/ (VADS(PO=-P))
245.5C. 252.14 232.06 0.23863 0.13506E-02

q 347,20 253.09 232.G3 C.23863 0.13455E~02

r 36C. 80 263.00 242 .06 '$.23863 0.12S48E-0D2
242,20 249,51 229.65 0.23863 D.13648F=02
367 .20 267 66 246.35 G.23715 C.12619E-0C2
353,6C 257.57 237.43 0.22656 0«13051E-02
357.7C 260.74 0.12912E-02

235.9¢8

O 3 236:‘;()

1z .
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Table 2
Determination of specific surface area of Cyclosizer fraction No. 1
INTERMECIATE ESTIMATES GF PARAMETERS, SUM OF SQUARES

c.0 - 0.C Cel7639E-C4
C.4CH85E-04 G.E2316CE-C2 L.12C55E~07

FINAL ESTINMATES CF PARANMETERS

SUM

0.40584F=04

CF SCUARES

Ce53761F-02

C. 12055E~07

ESTIMATES CF RoOT

ESTIMATES OF

C.53326

0.14200E-C4

VALUES OF P/PO

RGO

MEAN SQUARE
3.0900

MEAN SQUARE TCTAL ERRCR IN THE'PERAMETEPS

0.82285E-C4

Eetb o To-CCORDINATES

FITTED P/(VALS(PO-P))

STATISTICAL ERRGR IN THE PARKAMETERS

C.238¢€3
G.23€¢2
0.238632
C.238¢72
0.72371¢

P/LVADSIPO-P))

0.13506E-02
D.13455E-C2
0.12548E-C2
0.13648E-02
0, 12¢160~C2

0.12235E-02
C.13235£-02
Cse12235E-C2
0.13235¢-02
C.12155E-C2

0.2365¢
C.236€%¢

G.13081¢~C2
G.12512C6-C2

Cal3122FE-C¢
0.13123E-02

C.150¢C3
C.150C3

CotE24095~-01

0.48716E-01
C.4871GE-01

C.82867E-C3
0.B95STE-03
0G.2G12G9E~-C3
0.26585€6E~-C2
0.29573E-02

0.150¢€61 C.BTET2F-(2 C.85C276-C2
‘C. 15061 0.81744E-03 0.85027€-02
C.15C¢1 - 0.85469F-03 0.85027€6~-C3
0.15002 0.853271E-C1 C.84715F-Q2
€.15CC3 " 0.84638E-03 0.84715C-03

C.E8471EFE-C3
C.84T715E-C3
C.30050E-C3
'« AC25CE-C2
0.2025CE-C2

KEIGHT CF SAMPLE MCNCLAYER CAPACITY SPECIFIC SURFACE AREA

C.46716E-01
0.48719E-01

0.13230

C.30CCl1lE-C3
0.31152(-C2

184.€2

0.20250C-C3
e 2CZ5CE-C2

6.074¢€



