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ABSTRACT

Thermogravimetric studies were made on naturally occurring sulfides of mercury,
antimony and arsenic to determine activation energies and Arrhenius rates of reaction
in vacuum and in atmospheres of air and nitrogen. Of the three sulfides only antimony
showed an appreciable change in rate of reaction for the different test conditions.
Distillation results on three flotation concentrates from Alaska mining operations showed
that cinnabar (mercury sulfide) could be distilled in a closed system, with over 99 percent
recovery of the mercury as metal when the sulfur was reacted with iron. Over 98 percent
mercury recovery was obtained from a cinnabar-stibnite (antimony sulfide) concentrate,
with less than 1 percent of the antimony distilled from the furnace charge. Cinnabor-~
realgar-orpiment (arsenic sulfides) could not be separated by distillation and large

quantities of soot {condenser residue) formed with the metallic mercury in the condenser.
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SUMMARY

Thermogravimetric (TGA) studies were made to determine the activation energies and
rates of reaction for pure mineral fractions of cinnabar (mercury sulfide), stibnite (antimony
sulfide) and realgar-orpiment (arsenic sulfides) in vacuum and in atmospheres of air and
nitrogen, Actlvation energies for cinnabar were found to be about 25 Keal per mole in
nitrogen, 30 Kcal per mole in air and 37 Kcal per mole in vacuum, with little shift in the
rate of reaction with respect to temperature under the three different atmospheres. Stibnite
showed about the same activation energies in air and vacuum (15 to 18 Keal per mole),
while in nitrogen the activation energy required increcsed to 48 Kcal per mole. For equiva~
lent rate of reaction the temperature required in nitrogen was from 250 to 300 degrees centi-
grade higher than in air or vacuum. The realgar—orpiment samples showed necrly identical
activatlon energies in vacuum and nitrogen (15 and 16 Keal per mole, respectively) while
the results in air ware about 20 Kcal per mole. The rates of reaction for orsenic sulfide
with raspect to temperature changed very little for the three atmospheric conditions. (A
computer program was developed for calculating and plotting the final Arrhenius figures
from the original TGA grophic data).

Distillation results on the three Alaskan flotation concentrates showed that for tempera-
tures above 430 to 440 degrees centigrade, one hour was sufficient to allow over 99 percent
recovery of the mercury as metal from the White Mountain (Alaska) cinnabar concentrote
In the closed distillation unit. To complex the sulfur one equivalent of iron per equivalent
mercury sulfide was mixed with the chorge and an additional one~half equivalent was spread
os a cover over the charge. Resulis on the cinnabar-stibnite concentrate from Red Devil,
Alaska showed that over 98 percent of the mercury could be recovered as metal with [ess
than 1 percent of the stibnite distilling into the condenser under similar conditions to those
reported for the White Mountain concenfrate. Studies on the Cinnabar Creek (cinnabar-
realgar) concentrate and on a loboratory prepared cinnabar~-realgar-orpiment sample showed
that the arsenlc distilled over with the mercury, forming considerable soot {(arsenie oxides),
reducing metallic mercury recovery to about 70 percent on the concentrate and 40 percent

on the prepared sample.
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INTRODUCTION

The need in Alaska for an improved retorting method for mercury was considered of
sufficient importance to the state to justify a graduate research program, since the overall
processing of mercury has changed very little in the past 500 years. Factors to be considered
during the study were the requirements to reduce sulfur dioxide pollution, improve the
recovery of mercury from complex products (cinnabar-stibnite), simplify the retorting process
for the small mine operator and demonstrate a method of processing that would reduce health
hazards from mercury poisoning.

A review of the history of mercury mining in Alaska shows that it has been one of inter-
mittent operation, with the mines opening and closing as the price of mercury rose and fell.
All operations have been of relatively small scale as compared with current mining operations
and usually under financed. Mining is further inhibited by poor operating conditions in the
Kuskokwim area, the main mercury producing region in Alaska, which include severe winter
weather and lack of transportation, communication ond supply facilities in the area. The
discontinuous and erratic nature of the ore shoots thus far found has resulted in increased
exploration, development and mining costs, thus limiting the operations to relatively small
scale ones which has prevented the development of any large proven ore reserves or con-
tinuous operations.

To improve the Alaska mercury mining situation a more versatile treatment method must
be used, one which will reduce man-power requirements per ton of ore treated and require
less skilled labor. This can be done by treating lower grade ores by flotation to produce
concentrates for retorting. Fifty tons of ore containing 10 to 20 pounds of mercury per ton
can be treated by flotation to recover usually over 95 percent of the mercury in a product
weighing less than one ton. This small amount of concentrate can then be treated at the
mine or shipped to an area where fuel costs are lower for retorting. Batch type retorts can
be used on these high grade concentrates because of the high mercury content per ton.

Estimates of inferred mercury ore reserves for Alaska as discussed by K. Malone® take
info account past production, the wide spread area in the Kuskokwim region over which
mercury mineralization occurs, and the cinnabar float noted by both gold and mercury
prospectors. With a favorable mercury price these factors indicate a large inferred reserve
for the region and an appreciable future contribution to the nation's mercury needs. Malone
further states that no information for estimating measured reserves is available because of

the erratic nature of the known lode deposits and the limited amount of development work



performed by the current mining operations. This has been caused by the high exploration
and development costs in the area and will I1kely preclude any large scale accumulation of

such reserves under the present market conditions.

Previous Studies

A literature search showed that the reaction of powdered iron with cinnabar has been

known for over 200 years. The reaction is as follows:

HgS + Fe —» FeS + Hg.

A good summary of the chemistry and general reforting process is given by J. W. Mellor
in Volume IV of his works, 'A Comprehensive Treatise on Inorganic Theoretical Chemis’rry'.7
Metlor's summary reveals that in every case the reaction, whether with alr (02), lime (Ca0)
or iron (Fe) takes place at a temperature that exceeds the boiling point of metallic mercury,
so that the condensation of mercury is part of the process. Ha also quotes on page 955 that,
'according to G. F, Hildebrandt cinnabar is desulphurized when heated with iron, copper,
tin, lead, silver, bismuth or antimony; forming a sulfide while mercury (vapor) distills over'.
These results indicated that operation of a closed retort for the recovery of metallic mercury
would be feasible if all the sulfur were reacted with iron.

Information on the separation of mercury from cinnabar-stibnite ores or condentrates Is
}imited mostly to current research being done in Russia. S. D. Levina stotes thot mercury
can be driven off without the antimony sulflde decomposing at 425 to 525 degrees centigrade
under 20 fo 100 mm (mi!limeters) partial pressure of mercury in an unlined iron apparatus.
V. K. Mikhailov in a later article reports that the activation energy for mercury sulfide in
an oxidizing medium was 25.8 Kcal per mole and in neutral (vacuum) 25.9 Keal per mole.”
He states that the distillation of mercury from ore is limited by the diffusion of the mercury
vapor through the quartz gangue. A report by S. M. Mel'nlkov suggests that at low pressures
the retorting temperature could be considerably reduced. For example at 0.1 mm mercury
partial pressure the femperature could be dropped by 250 to 300 degrees centigrade, and at
pressures around 100 mm mercury the temperature could be reduced by 90 to 100 degrees.

A figure in this report also shows that fo obtaln the same vapor pressure antimony sulfide
must be heated to nearly 500 degrees centigrade higher than mercury sulfide. The rate of
oxidation of antimony sulfide, however, is reported to start at a lower temperature than

mercury sulfide, be equal at about 65 percent oxidation and then proceed slightly siower.



Information on the behavior of stibnite, published by H. O. Hofman and J. B.
Blatchford in 1917, shows clearly the problems encountered in the treatment of antimony
bearing moferiols.4 Stibnite begins to melt at about 550 degrees centigrade and oxidation
(in air) starts at about 290-340 degrees centigrade depending on particle size, and kerme-
site (Sb253) 9" 5!3203 forms at 517 degrees centigrade. R. F. Lyman reports in U.S,
Bureau of Mines Inf. Cir. 8131 by K. Malone that the antimony in the Red Devil, Alaska
mercury ore greatly increased the furnacing problems because antimony sulfide passed
through the liquid stote, and the time and temperature required to release the mercury
from the plus 2-mesh material resulted in nearly complete oxidation of the minus 2-mesh
stibnite . Lyman further states that the temperature in the four lower hearths of the six-
hearth Herreshoff furnace was sufficient to fuse the antimony oxide. Such large quantities
(cpproximately one ton per day) of soot (condenser dust) were formed ot Red Devil that no
visible mercury was obtained from the condenser launders, and despite consideroble treat-

ment the soot residue had to be returned to the furnace for recovery of entrapped mercury.

Scope of Study

The possibility of preventing sulfur dioxide pollution during the production of metallic
mercury by the distillation of mercury sulfide is of sufficient Importance to Alaska to warrant
consideration as one of the two objectives of this research. The second objective was the
possibility of separating cinnabar from stibnite or realgar-orpiment by preventing the oxida-
tion of the latter two sulfides during distillation of mercury from the mercury sulfide. This
would prevent the formation of large amounts of soot, reduce the total air pollution and
improve the recovery of metalllic mercury.

it seemed appropriate with the limited information on the decomposition of cinnabar,
stibnite and realgar~orpiment to divide the work into. two phases; the first being a more
theoretical approach to the rates of decomposition of the three sulfides by TGA (thermograv-
imetric analysis) methods and the second phase, the decomposition of the three sulfides in
a small atmosphere-controlled distillatlon unit to confirm the TGA results. The TGA studies
were made with essentially pure mineral fractions of the three minerals while the dist!|lation
studles were done on three cinnabar flotation concentrates that had been produced by Alaska

mining operations.



ANALYTICAL METHODS AND MATERIALS

In Inittating any research project the results are only as reliable as the analytical
methods and materials used. Considerable time was therefore spent checking three possible
methods for mercury analysis, distillation, atomic absorption and x-ray fluorescence, to
determine which method would yield the best accuracy and most reproducible results. In
considering the methods available, two additional criteria of importance were considered:

1) the time required to do the analysis and, 2) the possibility of doing antimony and arsenic
analyses on the same aliquot from which the mercury analysis was made.

The flotation concentrates used in this study were dried at low temperature (100 degrees
centigrade), mixed, split by riffling into approximately 500-gram samples and stored in
plastic bags.

Methods of Analysis

Since the mercury analysis was of major concern the initial studies were mode to deter-
mine the accuracy and reproducibility on samples of varying mercury content, Of the three
methods tested atomic absorption yielded the best accuracy, on an average within 3.38 per-
cent of the correct value on prepared samples of known mercury content. Mercury levels
on the twelve prepared samples ranged from 0.05 to 60 percent mercury. The atomic
absorption method showed very high occuracy on samples of fess than 0.1 percent mercury.
Accuracy by the distillation method averaged 7.93 percent of the true value, usuvolly on
the low side. The effect of particle size on mercury content could not be resolved for x-ray
fluorescence; therefore the method was dropped from consideration. In determining the
reproducibility of the two methods, the twelve prepared somples, plus four flotation concen-
trates and two ore samples were used. Results showed that the distillation method gave the
best reproducibillty, 6.22 percent variation. The reproducibility of the atomic absorption
results were very nearly the same (6.67 percent).

The cbove information indicated that the atomic absorption method would be the most
satisfactory for mercury analysis. By using this method the possibility of doing antimony and
arsenic analyses from the same sample aliquot could be considered. Additional literature
search indicated that since the antimony and arsenic sulfides of concern were low tempera~
ture, non-complex sulfides (stibnite, realgar and orpiment), they could be digested ot low
temperature (60 degrees centigrade) with the mercury sulfide when the acid addition for the

mercury method was reversed and the nifric acld added before the hydrochloric acid. it
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was also necessary in diluting the antimony and arsenic containing samples to use a 1 percent
tartaric = 10 percent nitric acid solution to prevent the precipitation of the two elements
during dilution.

The detailed digestion procedure, dilution requirements, equipment set-up, and standard
solution concentrations are given in Appendix A. Additional information is also available
with the atomic absorption units on the details of individual units.

During the research, metallurgical balances were made on each run and the standard
deviations calculated for each test series to determine the reproducibility of the results and
to check that no errors were occurring in the results from sample loss, analyticol error, or
operator technique. Results showed that for a calculated metallurgical balance of 20.0 grams
mercury the data had a standard deviation of from 1.12 to 0.35 for sample sizes of from 10
to 16 tests. Thus the reproducibility of a test series, using one standard deviation, was
within 5 percent of the mean, an adequate flgure for the study.

Two test series were also evaluated for the reproducibility of the antimony metaliurgical
balance. The calculations showed that on samples analyzing 14.9 and 10.1 percent anti-
mony one standard deviation equaled 0.70 and 0.18, respectively. Results were again
adequate for the study. Insufficient arsenic results were obtained at a given concentration
to determine the reproducibility; however, the results were definitely inferior to those of

mercury and antimony, because of the low wavelength of the analytical arsenic line used.

Test Materials

Three cinnabar flotation concentrates, products of Alaska mining operations, were
obtained for testing because they represented distinct ore types and would show the effects
of mercury, antimony and arsenic sulfides in the klosed-circuit distiliation unit. The three
cinnabar samples were all finely ground flotation concentrates which had been concentrated
for retorting. Results in the upper half of Table 1 show the levels of mercury, antimony and
arsenic in each sample. The Red Devil Hg and Sb concentrates were obtained from the U.S.
Bureau of Mines in Albany, Oregon, products of research reported in R.[. 6569, a study of

12 For the

the selective flotation of cinnabor from stibnite by J. W. Town and others.
distillation studies the two Red Devil concentrates were recombined. Bob Lyman supplied
White Mountain concentrate from his 1971 flotation production at White Mountain, Alaska.
Al Hubbard supplied the low-grade flotation concentrate from Cinnabar Creek, a reject

concentrate obtained during start-up of the flotation plant in 1971,



Table 1.

Analytical and

Purity Evaluation of Test Samples

Analyses,
Percent X-ray Analyses,
Sample Hg 5b As Compounds Detected
Red Devil Hg. Conc. 66.4 6.5 <0.01
Red Devil Sb. Conc. 3.84 42.0 .79
White Mountain Conc. 75.3 0.012 <0.01
Cinnabar Creek Conc. 16.2 0.50 0.90
TGA Mercury Sulfide Conc.l2 - <0.01 <0.01 Cinnabar
TGA Antimony Sulfide Conc. 0.02 — = 0.085 Stibnite, with trace of Quartz
TGA Arsenic Sulfide Conc.3 0.10 0.28 -——- Realgar,Orpiment ,with trace of Quartz

1White Mountain Conc. ground 5 minutes and cleaned three times by flotation.

2Stampede antimony jig-bed ground 10 minutes and cleaned four times by flotationm.

3Sample of massive arsenic sulfide (Realgar and Orpiment) ground and cleaned by flotation.

4

Weight Loss by TGA indicated 99.3 percent of the conc. was volatile,

SWeight Loss by TGA indicated 97.1 percent of the conc. was volatile.



To obtain results that would be comparable from the TGA and distiliation studies,
high purlty mineral concentrotes were considered as more representative than chemically
prepared samples for the TGA studies. As shown in the lower part of Table 1, essentially
pure mineral samples were obtained by regrinding the concentrates or grinding the massive
sulfide and cleaning by flotation. The mercury sulfide concentrate indicated by TGA
analysis over 99.3 percent volatile material, with less than 0.0 percent antimony or
arsenic. Both the antimony sulfide and arsenic sulfide concentrates showed a trace of
quartz by x-~ray diffraction after the repeated cleaning by flotation, but both were con-

sidered satisfactory for TGA use.



THERMOGRAVIMETRIC STUDIES

To obtain Information on the decompasition rates of the three sulfides at corresponding
temperatures and in different otmospheric environments the TGA method is considered the
most applicable. No literature references were found for the decomposition of cinnabar,
stibnite, or realgar-orpiment mineral concentrates by thermogravimefric methods, Con-
slderable Information and debate is presented in the literature on which is the most appro-

10,11,1

priate mathematical method for evaluating TGA data. Personal correspondence

with Jim Russell of the U.S. Bureau of Mines resulted in the selection of the following
method, which Is based on the works of Coats and Redfern.]
In @ reaction that can be expressed as:

aA(s) —y bB(s) + cC(g)

or

aA(s) —_ bB(g) + cC(g)

the rate of disappearance of A can be expressed as:

da/dt = k(1 -u)n

where a equals the fraction of A decomposed at time t, n equals the order of reaction,

and k the rote constant given by the expression:
k = A exp (-E/RT)

where A equals o frequency factor, R the gas constant, T the temperature in degrees Kelvin,
and E the octivation energy of the reaction in Kcal per mole. The equation can then be

written as:
da/dt = A (1-a)" exp (~E/RT)

or rewritten as follows for solution by regression analysis:

In (da/dt)= 1n A +n In (1-a) + (~E/RT)

To obtain da/dt (the differential weight loss with respect to time) from the TGA graphic
data a computer program written by M, Noofin of Union Carbide Corp., which used a five
point approximation, was modified to calculate da/dt, tabulate additional information, and

punch the computer cards for the subsequent calculations. 3 These data (computer punched



cards) were then analyzed by linear regression analysis to obtain the corrected differential
welight loss and the line of best fit. The regression analysis used was 'BMDO2R' published

in 'The Biomedical Computer Programs' by the University of California.B A plot program

for the IBM-1620 computer-plotter was written for plotting the measured differential weight
loss, corrected differential weight loss and the line of best fit, all with respect to reciprocal
temperature (degrees Kelvin). Reference is made to Appendix C for a listing of the three
programs, detailed instructions on their use, data preparofi;)n and data printout. These

programs have been written so that a wide range of TGA dota can be used.

TGA Testing Procedure

A brief description of the operating procedure is given below and the tabulated data for
each TGA run listed in Tables B-1 to B-30 of Appendix B. Close adherence to the operating
manual is necessary in conducting tests with the TGA unit to ensure that consistent results
are obtained.

On start up the chart recorder and furnace programer were turned on for a 10-minute
warmup, with the furnace set at 200 degrees centigrade, while the hangdown tube was being
removed for cleaning and a new sample pon placed on the balance hangdown wire.

The tube assembly for flowing gas operation was used. This consists of a concentric
flow tube hung inside the hangdown tube to allow gas flow downward through the flow tube
and back upward between the two tubes. On heating from room temperature to 600 degrees
centigrade the increased gas flow resulting from gas expansion was found to cause a weighing
error of about 0.08 mg when the flow rate equaled 0.06 liters per minute. This was con-
sidered excessive for the small samples used. When the flow rate was reduced to 0.02 liters
per minute the weighing error was less than 0.02 mg for the 600 degree centigrade temper-
ature change. This was considered within an acceptable range.

A zero check was made on the thermocouple in the hangdown tube at least once a week
with an ice bath to check the zero degree calibration of the recorder. The hangdown tube
was then repositioned and the electrobalance zero adjusted with a 0.02 liter per minute flow
rate. The recorder and balance were calibrated for a given weight range, with rezeroing
of the balance and recalibration of the recorder repeated until the recorder pen remained at
zero without readjustment. Removal of the hangdown tube was then required so that an
approximated amount of material could be loaded on the balance pan. The haagdown tube
was then reconnected and the sample weight determined in a flowing gas stream. The pre-

heated furnace was slowly raised into position and the hangdown assembly allowed to come



to temperature. Just before the furnace was raised the chart drive was turned on to observe
any changes in sample weight as the hangdown tube preheated. When the temperature
recording pen Indicated that the furnace was at approximately 200 degrees centigrade, the
temperature programer was activated for the desired heating rate. Weight and temperature
recordings were observed, with the mass dial and temperature suppression adjusted to keep
both chart pens on scale. When a constant weight was displayed by the weight recording
pen or when a temperature of about 900 degrees centigrade was recorded, the run was
terminated. Figure 1 shows the TGA unit (recorder, temperature programer, balance elec-
tronlcs, electrobalance, and furnace) used, with the furnace in the down position.

To ensure that the TGA unit was operating satlsfactorily after callbration two runs were
made, one with calcium oxalate and the other with calcium carbonate (marbleized CaC03),
for comparing the results with those reported by other investigators. Tabulated results are
shown in Table C~1 of Appendix C and the plot of the TGA analysis of calcium carbonate
shown in Figure 2. Results in Figure 2 show that the line of best fit approximates the cor-
rected weight loss data points very closely, resulting in an activation energy (slope) equaling
60.5 Kcal per mole. Sharp and Wentworth! | report an activation energy for calcium car-
bonate (powder) of 43 to 47 Kcal per mole, but do not state whether their sample was marble
or chemically prepared. A comparison of the 54,9 Kcal per mole activation energy obtained
from the decomposition of calcium carbonate to calcium oxide from a starting material of
calcium oxalate, with the 51.7 Kcal per mole reported by Coats and Redfern] , indicated
that the data obtained were indeed very close to those reported by other investigators. As
the results showed reasonable agreement with published results, tests were initiated on the
sulfide samples.

In Figure 2 the 'x" symbols represent the measured rate (weight loss per unit time (da/dt))
with respect to reciprocal temperature (degrees Kelvin), while the 'o' symbols represent the
corrected rate (weight loss per unit fime) with respect to reciprocal temperature (degrees
Kelvin). The corrected rafe represents adjustment of the weight loss data for the reduced
amount of material on the balance pan as the reaction proceeds. A line of best fit Is then
calculated by regression analysis from the corrected rate, the slope of this line representing

the activation energy in Kecal per mole.

Mercury Studies

To show the uniformity of the weight loss curves for the mercury sulfide concentrate and

the flexibility of the TGA unit, Figures 3 and 4 are shown. Results in Figure 3 show a very
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uniform weight loss curve for a sample of less than 4 mg of cinndbar indicating that only
one reactlon is taking place during the run. The heating rate was switched from 5 degrees
centigrade per minute to 20 degrees per minute after the sample indicated no additional
weight loss to reduce the time to check at higher temperatures. The full-scale step of the
temperature recording pen to keep the pen on scale was accomplished by switching a one
millivolt suppression into the circuit when the pen reached 100 on the chart. Figure 4
shows the weight loss for a large sample (18,800 mg), which required the odjustment of the
mass dial for every 4 mg of weight loss to keep the welght recording pen on scale. Again
the uniformity of the weight loss curve should be noted. In evaluating the TGA weight
loss curve, points on the curve were read for each one- or five-minute interval. These
data points were then tabulated as shown in Appendix B for all runs, and computer cards
prepared for computer evaluation and plotting, as stated earller. Run numbers have been
placed on all figures and used in the tables to allow for cross referencing the data.

To evaluate or compare the TGA dota for a given sulfide under different atmospheric
conditions the dato had to be evaluated on an equivalent basis, since starting weights and
decomposition temperatures varied for each run. A common method for comparing such data
is by Arrhenfus plots (rate of reaction versus reciprocal temperature in degrees Kelvin), os
mentloned previously. The computer plot of the measured differentiol rate, corrected
differentlal rate, and the regression analysis line of best fit were plotted to determine if
the corrected rate was [inear and if the line of best fit was representative of the corrected
rate dota points. The results in Figure 5 show that the mercury sulfide started to decompose,
with a rate of reaction of 0.001 per minute (0.1 percent of the sample per minute) at about
547 degrees Kelvin (276 degrees centigrade) and reached a rate of 1 per minute at 730 degrees
Kelvin, with the line of best fit following the corrected rate data points very closely.

A comparison of the activation energies of runs 8 and 11 in Table C~1 for chemically
pure marcury sulfide, with those of the mercury sulfide concentrate in runs 12 and 13 showed
nearly identical results; 29.5, 32.0, 30.1, and 29.9 Kcal per mole, respectively. Air flow
was 0.02 Itters per minute. The initial runs listed in Table C-1 show higher activation
energies, because of the increased weight loss indicated by the air flow rate of 0.06 liters
per minute. It should be noted that the high purity mercury sulfide mineral concentrate
showed nearly identical results to those of the chemically pure precipitated sulfide.

Tests were conducted in vacuum and in an inert atmosphere (nitrogen) to determine

whether the rate of reaction for each had increased or decreased when compared to the rate
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in air. Figure 6 shows for the mercury sulfide concentrate in vacuum that the line of best
fit follows the corrected dafa very closely, except for a slight rise between 0.010 and 0.032
per minute. In Figure 7 where chemically pure mercury sulfide was treated, no deviation
between the line of best fit and corrected data points was noted. It was proved by later
results that this slight rise in Figure 6 as compared to Figure 7 was a result of the greater
particle size range in the mineral concentrates.

The run in nitrogen, shown in Figure 8, resulted in o lower activation energy, 25 Kcal
per mole, indicating that the rate was more temperature dependent. A very good fit of the
corrected data was obtained by regression analysis. The slight rise in the corrected data
points is still present, only ot a slightly higher temperature. The line of best fit could have
been improved by dropping two starting data points. This lack of fit will be shown in clearer
fashion later on an antimony run. When the very low rates at the start of decomposition are
used, the slope of the line is reduced, thus showing a poor fit with the corrected data points.

To compare the data on mercury sulfide, having verified the calculations with the pre-
ceding four figures, the rates of reaction for the three afmospheric test conditions were
plotted versus reciprocal temperature (Arrhenius plot) in Figure 9. Results reveal that little
temperature spread is obtained at the very low rates of reaction (0.001 per minute), while
at the high rates (1,00 per minute) the temperature required in an inert atmosphere nitrogen
is about 50 degrees centigrade higher than in air, while in vacuum the temperature is
reduced about 75 degrees centigrade. These results show a smaller temperature effect in
vacuum than reported by 5. M. Mel'Nikov who found a 90 degree centigrade temperature
reduction in vacuum.

In evaluating and comparing the TGA results to those of the small scale distillation unit,
a TGA rate of reaction of about 0.10 per minute was used. This rate of reaction can be
shown to compare favorably with the time and temperature required to obtain 99 percent dlis-
tillation of the mercury in the distillation unit, A 0.10 per minute rate can be expressed
as 10 percent decomposition (distillation) of the amount remaining per unit time. Using a
half-life equation for a first order reaction, the time required to obtain 99 percent decom-

position can be calculated as follows:

t = (0.693/k
f (0.693/k)
or

b = (0.693/k) (Number of half-lives);

17



1.00 RUN NO. 14
T X MEASURED RATE
o 0 CORRECTED RATE
o
§ 316l
Z 00l
X
o
8
g o3zl
8
& olol
=
&
o003l
.OOI L 1 |
700 650 600 550

TEMPERATURE, °K  (1/K SCALE)
FIGURE 6. PLOT OF TGA ANALYSI|IS OF MERCURY
SULFIDE IN VACUUM

18



RUN NO. 10
.00 x MEASURED RATE
o CORRECTED RATE

T
§J 316l
g
é 100
S
o
()
a.
5.032_
g
(oo
S ool
=
(ad

003

.00l t { L

700 650 600 550

TEMPERATURE, °K (17K SCALE)
FIGURE 7. PLOT OF TGA ANALYSIS OF MERCURY
SULFIDE IN VACUUM

19



RUN NO. 15
X MEASURED RATE

o CORRECTED RATE

|.00L

316

100

032

.010

RATE OF REACTION, PER MIN. (LOG SCALE)

.00l s

A )\
750 T00 650 600 S50

TEMPERATURE, °K (1/K SCALE)
FIGURE 8. PLOT OF TGA ANALYS|S OF MERCURY
SULFIDE IN NITROGEN

20



1.0 \ \
\
\ \
.500} \\ \ O\
\ ‘\ \ IN VACUUM

3001 \\ \<—RUN NO. 14
o \ \
§ 100 \

c
: VA
s -050r v\ CHEMICALLY PURE
\ HgS IN AR

H IN NITROGEN \ \«—4—RN No.B AND 11
a. .030r RUN NO. 15—\ \ \ °
g .020F
'-—-
Q
S ool
10
o
& o0os|-
2

003 ‘\ \\

002} \ \

A\
A\
00153 T3 €35 556 )

TEMPERATURE, °K (17K SCALE)

FIGURE 9. ARRHENIUS PLOT OF REACTION RATES

FOR MERCURY SAMPLES

21




where fJ.[ equals the half-life, t7 the total time and k the rate of reaction, Thus for a
rate of 0.10 per minute ty equals 6,93 minutes and for seven half-lives (which equals
plus 99 percent decomposition) tr would equal 48.5 minutes. To obtain from Figure 9 a
rate of 0.10 per minute in an inert atmosphere a temperature of 680 degrees Kelvin (407
degrees ‘cenﬁlgrade) would be required (as compared to the 430 degree centigrade temper-
ature used for one hour in the final distillation studies). This represents about o 25 degree
centigrade temperature difference between the TGA and distillation results. When the
effects of mercury vapor pressure, temperature lag and mass effect of the charge in the dis-
tillation unit are considered, the results for the two testing methods can be considered
comparable at this rate of reaction. This rate (0.10 per minute) or temperature (680 degrees

Kelvin) will be used for all further comparisons in the TGA studies.

Antimony Studies

In conducting the TGA studies on the antimony sulfide concentrate four conditions must
be considered: 1) the vaporization of antimony sulfide with respect to temperature, 2) the
conversion of Sb2$3 to Sb203 or Sb204, 3) the vaporization of antimony oxides, and
4) the melting points of the different compounds, which would change the surface area of
the sample.

Figure 10 shows a typical weight loss curve for the antimony sulfide concentrate.
Points A, B ond C on the weight loss curve were used as stopping points on later runs to
obtain samples for x-ray diffraction for evaluation of compounds present. X-ray diffraction
results showed that af point A both Sb2$3 and Sl:’203 existed, while af point B only szO:3
was present. Further heating to point C resulted in continued oxidation of the Sk>2C)3 to
Sb204. If the weight loss for the conversion of Sb253 to Sl'.3203 (starting weight to point B)
is calculated the observed weight loss Is within 5 percent of that calculated from the
equation:

2S‘D253 + 9 O2 - 25b203 + 650,
However, there should have been a weight gain in going from point B to point C as the
szO3 oxidized to §3204. Thus the weight gain during oxidation on this part of the curve
was counteracted by the vaporization of Sb203. Calculations indicate that about 8 percent
of the 55:20:3 was vaporized. Heating was continued past point C for another 200 degrees
centigrade with no additional weight loss, indicating that szO4 has a much lower vapor
pressure than Sb203. Additional runs 21 and 22 (Table C-2 of Appendix C) show that when
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the sample was reduced to a finer size or additional material was used the t{me between
initial weight loss and point B was shortened, with the very rapid weight loss accounting for
more of the total weight loss. Results showed that the conversion of Sb253 to Sb203 could be
reduced to a temperature range of from 260 to 400 degrees centigrade.

Figure 11 was included to show that in a nitrogen atmosphere the weight loss curve is more
uniform since there is no oxidatlon of the sulfide and that o higher temperature is required
before an appreciable weight loss rate is observed. The results do show that the antimony
sulfide (stibnite) will vaporize at an appreciable rate obove 720 degrees centigrade.

For the antimony sulfide concentrate in an air atmosphere the activation energy (the temper-
ature for a rate of reaction of 0.10 per minute) or the rate of reaction at 407 degrees centigrade
(temperature selected for a rate of 0,10 per minute for mercury sulfide) was much more diffi-
cult to obtain, because the line of best fit was dependent on more than one reaction. As
shown in Figure 12 the corrected rate data points indlcate that a number of reactions with
different activation energies are present during the decomposition of the antimony sulfide in
air. A line of best fit that approximates the activation energy for the total weight loss curve,
however, can be obtained by regression analysis, This opproximated total reaction activation
energy equals 18.3 Keal per mole (run 22 of Table C-2 Appendix C).

Once the oxygen was removed from the system by vacuum the rate of reaction became one
of only vaporizotion of antimony sulfide, which as shown in Figure 13 is much more uniform.
The activation energy calculated for this run was 18.4 Kcal per mole, but at a considerably
higher temperature for a corresponding rate of reaction than in air.

Evaluations of the vaporization rate of antimony sulfide in nitrogen are presented in Figures
14 and 15 for run 24 and show a problem that occurred in evaluating the dota. Usinf the total
weight loss curve in Figure 11 to calculate the rate of reaction the results in Figure 14 show
that the initial rate points between about 740 to 820 degrees Kelvin are not representative of
the reaction. By dropping the data between point A and point B in Figure 1T and re-evaluating
the data as shown in Figure 15 the line of best fit more nearly represents the corrected rate
data points over the major part of the curve. The correct activation energy for the vaporization
of antimony sulfide equaled 47.9 Kcal per mole, whereas the incorrect value (Figure 14) was
22.2 Kcal per mole.

The rates for the two evaluations in nitrogen are also shown in Figure 16 with those for air
and vacuum. A comparison of the |ines of slope shows that the difference is not as great os

Indicated from Figures 14 and 15, The shift in temperature at the rate of 0.10 per minute shows
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that the line representing the higher activation energy occurs at a lower temperature than

the low activation line. Results show that for both vacuum and nitrogen the 0.10 per minute
rate Is at a higher temperature than that obtained for the two runs shown in air., Two activation
energy lines are also shown for chemically pure antimony sulfide in air. The line of least slope
represents the total weight loss curve and its [ust calculated activation energy was 8.5 Keal

per mole. When just the rapid weight loss part of the TGA curve (oxidation of Sb253 to

Sb203) was used the activation energy equaled 38.5 Kcal per mole (the steeper line).

Arsenic Studies

The TGA graph for the vaporization and decomposition of arsenic sulfide in a nitrogen
atmosphere is shown in Figure 17. The results show a fairly uniform weight loss except for the
slight break at B. Similar graphs were obtained for the sulfide in air and vacuum except for
a more pronounced break at B. The line from A to B represents the decompositian of As,Sq
to A3252, plus some vaporization of the arsenic compounds present. The {ine from B to the
end of the run shows conversion of AsyS, to A520:3 and the vaporization of the different com-
pounds present. If Figures 18 and 19 are compared the measured rate dato points show that the
dip around 600 degrees Kelvin is more pronounced in Figure 18 for the run in air compared to
Figure 19 for the run in nitrogen. This greater dip s a result of the loss of one sulfur atom
plus the sulfide converting to the oxide. The line of best fit for both curves, however, does
represent the corrected rate data points fairly well. A sample of chemically pure As203 was
run in air to determine the true decomposition rate for the trioxide, Results in Figure 20 show
that the vaporization of the trioxide was very uniform and the line of best fit follows the
corrected rate data very closely. Activation energies for the arsenic sulfide and trioxide
samples in air were nearly identical showing 20.0 and 22.3 Kcal per mole, respectively.
However, for the same rate of reaction the trioxide temperature was 80 degrees below that of
the sulfide.

Results in Figure 21 show the Arthenius plots for arsenic sulfide in vacuum ond in atmo-
spheres of air and nitragen and for arsenic trioxide in air. Little change in either the acti-
vation energy or rate of reaction at a given temperature was noted for the sulfide in air, vacuum,
or nitrogen. The arsenic trioxide line has bout the same slope as the arsenic sulfide line in air,
but for a rate of reaction of 0,10 per minute the temperature is about 80 degrees lower.

Comparison of Arrhenius Data in Air and Nitrogen

For comparison of the activation energies and rates of reaction at given temperatures the

three sulfides were plotted for alr and nitrogen. The results in Figure 22 for the air atmosphere
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show that al] three sulfides tend to start reacting between 500 and 550 degrees Kelvin.

Both the antimony and arsenic sulfides started to react at lower temperature than the
mercury sulfide and crossed the mercury line between the 0.01 to 0.10 per minute rates.
Decomposition of the antimony sulfide proceeded at a higher rate than the mercury sulfide at
low temperatures, was nearly equal between 0.01 and 0.05 per minute (600 to 640 degrees
Kelvin), and higher for antimony above 0.10 per minute. These results agreed with the data
cited earlier by Mel‘nikov.8 The possibility of obtaining any selective separation of the
three sulfides in an oxidizing otmosphere is essentially precluded by this data.

A possible method of separoting mercury from antimony sulfide is shown in Figure 23 because
of the wide temperature difference obtained on the two sulfides when treated in an inert atmo-
sphere (nitrogen). If a comparison is made at the projected mercury sulfide decomposition
rate of 0.10 per minute or 680 degrees Kelvin (407 degrees centigrade) the comparable result
for antimony sulfide at this temperature is a rate of reaction of 0,0002 per minute (500 times
slower than for mercury sulfide). The temperature for a comparable rate (0.10 perminute) for
antimony sulfide would be 295 degrees higher than that of the mercury sulfide. A comparison
of the mercury and arsenic sulfide data shows that at the rate of reaction (0.10 per minute)
considered for the mercury sulfide decomposition, the arsenic sulfide rate is essentially identi-

cal, thus making it essentially Impossible to obtain a separation of these two sulfides.
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DISTILLATION STUDIES

With the Information from the literature search and the results from the TGA studies
indicating the possibility of separating mercury and antimony sulfides in a distillation unit
studies were inltiated to evaluate the closed circuit systéem. The four samples selected for
test were a cinnabar concentrate, a cinnabar-stibnite concentrate, o low grade cinnabar-
realgar-orpiment concentrate and a prepared cinnabar-realgar product. The results of these

studles follow the description of the operating procedure in this chapter.

Testing Procedure

Considerable planning was given to the possible methods of constructing a small scale
distillation unlt., Of major concern was the recovery of the condensed mercury metal,

. collection and separation of the liquid mercury and soot (solid residue) for weighing, observa-
tion of the system during a run, cleaning the system between runs and cooling at the end of

a run. The only major problem that occurred after the first unit was assembled was the con-
densation of mercury in the end of the reactor tube that projected beyond the end of the fur-
nace (Figure 24). This was solved by installing a small tubing pump to circulate the furnace
atmosphere (gases). After the pump was installed the unit was operated for over 100 runs

with no problem. The rubber stopper that sealed the end of the reactor tube would blow
(pop-out) whenever the condenser plugged, thus preventing any breckage.

Figure 24 shows both a pictorial and a photographic view of the distillation unit as
assembled for operation. The split hinged electric tube furnace was designed for a two-inch
diameter tube, with a thermocouple situated half way between the furnace ends at the edge
of the two hinged sections. To observe the inside of the reactor during operation and withstand
the moderate temperature required, Vycor glass ware was selected for construction of the
reactor tube, condenser tube, and sample boat. An gdditional advantage of the glass was
that no side reactions were probable at the temperatures being used. The sample boat was
of sufficient size to hold about 120 grams of low~grade concentrate or 200 grams of high-
grade concentrate. The small tubing pump gave sufficient circulation of the gases (about
400 ml per minute) to ensure that all mercury vapor flowed into the condenser before conden-
sing. Very little vapor or soot was noted in tha condenser-dust trap (a 500 milliliter filter
flask). Excess pressure caused by expansion of the gases in the reactor during heating was
compensated by displacement of water from the first of the two 2000 milliliter acid bottles.

The volume of the reactor tube was approximately 700 milliliters; thus a 300 degree centigrade
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temperature rise resulted in about a 700 milliliter increase in gos volume or water diplace-
ment. For temperature callbration a thermocouple was placed in the center of the reactor
tube and the furnace temperature control adjusted to indicate the same temperature as
measured in the reactor. After adjustment, the furnace controller maintained the temp-
erature within 5 degrees of that set on the controller.

The operating procedure used in preparing the samples and running the distillation
unit consisted of first planning the objective of a test series and the number of runs required
to complete each series. Materials for each run were then weighed out (all samples were
calculated to contain 20 grams of mercury) placed in glass vials, and mixed on a small
Pitchford vibrator for one to three minutes to ensure uniformity of sample. Because of the
temperature rise during vibrating the mixing time was held to @ minimum. Minus 40-mesh
degreased iron filings and 80 percent minus 100-mesh lime were used as sulfur complexing
agents. After the samples had been prepared the furnacing equipment was placed in a
large laboratory hood to insure removal of any mercury vapor leaked during operation.
A mixed somple was placed in the Vycor sample boat and the boat slid into the furnace.
The condenser tube and heat sink were inserted into the reactor tube and the condenser-
dust trap and pump connected. When the furnace was furned on the time and water level
in the first pressure control bottle were recorded. The circulating tubing pump was turned
on when the furnace controller indicated 200 degrees centigrade to ensure that all mercury
vapors and soot were swept into the condenser. When the furnace reached temperature
both the time and water level were again recorded. - Distillation time was considered from
the time the furnace reached temperature and, depending on the temperature, the preheat
time ranged from 10 to 25 minutes. This introduced some error into the time factor effect;
however, it was considered more factual to consider only the time at temperature. At
the completion of the run the furnace was opened and the complete reactor assembly re-
moved and placed on a retainer beside the furnace for cooling. Removing the reactor
from the furnace reduced the cooling time thus helping keep the time at temperature
closer to that planned in the test series. The circulating pump was turned off after the
reactor had cooled for about |0 minutes and the entire unit was allowed to cool until it
could be handled without asbestos gloves. [t was then dis-assembled, the mercury and
soot were collected, the mercury separated from the soot by squeezing through tissue paper

and the three products, metallic mercury, soof, and furnace residue, weighed. The soot

and residue were then individually mixed on the Pitchford vibrator and one gram samples
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were token for analysis. After the analyses were completed a metallurgical balance was
calculated for each run in the test series so that total mercury content could be used to
check the accuracy and reproduclbility of the series. After o few preliminary tests the
following test series were conducted to determine the effects of the different variables

oh mercury distiltation and recovery.

Mercury Concentrate Tests

In initiating a research study where more than one or two variables are to be con-
sidered simultaneously the number of runs becomes too large to complete in a reasonable
time; it then becomes appropriate to select a test design that will reduce the total number
of runs and still allow for the evaluation of the desired variables. Since four varlables
were considered of importance in the distillation studies, iron, lime, time and tempera-
ture, a factorial designed test series as described in 'Experimental Designs' by Cochren
and Cox was used.2 The specific test design was a one-fourth replica of four variables
at four levels, which requlired only sixteen tests to complete the series, instead of the
total 256 tests. A more detailed description of the statistical arrangement is listed in
Appendix E,

The initial studies were made on the high-grade White Mountain concentrate to ensure
that no uncontrolled variables from impurities would be affecting the results. A summary
of the results for the first test series is shown in the lower half of Figure 25 and the tab-
ulated test plan and enalytical results in Table D-I of Appendix D. Regression analysis
for the linear and quodratic effects showed that only the linear effects of iron and tem-
perature were significant above the 80 percent level. Both show a 98 percent level of
slgnificance. The plotted results in Figure 25 were calculated at the mean levels of the
other three variables, these data points therefore represent an average of four runs.
Appendix E explalns the method of averaging used in more detail and Table E-| the data
used to calculate the results for the four iron points (levels) for series I1.

The results show that with increased temperature the percent metallic mereury recovered
increosed rapidly and that higher temperatures would be required to obtaln additional
recovery. Also, the effect of iron was tending to reach a maximum around 8.4 grams
(1.5 equivalents Fe to HgS) and increased time had a stight positive effect (not significant
by regression analysis). The effect of }ime was very Inconsistent and showed no trend
(also not significant). It therefore was not plotted. Visual observation of the condenser

residue showed that a considercble amount of mercury sulfide was reforming, indicating
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that not all the sulfur released by the cinnabar was reacting with the iron or lime. This
resulted in much lower metallic mercury recoveries than expected.

A second test series was planned to attempt to improve recovery by increasing the
mean levels of temperature by 40 degrees centigrade and iron by 2.8 grams (0.5 equiv-
alent Fe to HgS), Time was maintained af the same levels and Jime reduced to a mean
level of 2,8 grams (0.5 equivalent CaO fo HgS) to try to obtain a significant effect.

Results in the upper half of Figure 25 show that the percent metallic mercury recovered
was nearly double that of the first test series, 80 percent as compared to 40 percent. Both
the temperature and iron data indicate maximums at about 80 percent recovery. However,
the tabulated data from this test series, Table D-2, show that on six of the runs less than
0.1 percent of the mercury remained in the residue. Results again showed that recovery
was low because of the formation of mercury sulfide in the condenser and indicated that
additional iron was needed to react with the sulfur. It is evident from the plotted results
that additional tron was having essentially no effect. Regression analysis showed iron and
temperature to have a linear effect, significant at the 98 percent [evel and lime to have
a negative effect, significant at the 80 percent level. Lime was therefore dropped from
further consideration.

With the information that one-hour contact at about 440 degrees centigrade would
essentially remove all the mercury from the charge an additional test series with two levels
of Iron was planned at a number of temperatures to try to obtain higher metallic mercury
recovery. The results in Figure 26 and Table D-3 show that low mercury recoveries were
again obtained. The additional iron showed only about 10 percent higher recovery. At
the higher temperatures the amount of soot increased (observed as mostly mercury sulfide)
and lower recoveries were obtained.

After considerable thought it was decided that at the higher temperatures the sulfur
was being released so rapidly that it was escaping from the charge before it had time to
react with the iron. An additional test series was then conducted with the same amount
of Iron, only the excess 2.8 grams (0.50 equivalent) was spread over the top of the charge.
These results are also shown in Figure 26 and listed in Trble D~4, These data confirmed
that the problem was one of the released sulfur having insufficient contact with the iron.
Test results demonstrated that over 99 percent of the mercury could be recovered as metal

and that a closed mercury distillation unit could be operated satisfactorily.

Six additional tests were then conducted under similar conditions except that air was
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circulated through the reactor. Results in Figure 26 and Table D-4 show thot the mercury
tended to distill off at a slightly lower temperature (in agreement with the TGA results),

while high mercury metal recoveries were obtained.

Mercury - Antimony Concentrate Tests

The first test series on the combined Red Devil cinnabar-stibnite concentrates was com-
pleted before the idea of covering the charge with iron had been considered; therefore the
results show lower metallic mercury recoveries than desired. A test series similar to that
conducted on the White Mountaln concentrate was planned, with antimony (stibnite) being
used in place of lime as one of the variables. Time was held at the same levels, while both
the iron and temperature fevels were increased. Different amounts of stibnite were added
(0 to 30 grams) to the charge to see if there would be an effect from its presence in the
charge. Results in Figure 27 and Table D-5 show that neatly 100 percent recovery of the
mercury was obtalned with 8.4 grams of iron (1.5 equivalents Fe to HgS) at a temperature
of about 440 degrees centigrade. Antimony distribution in the soot amounted to less than
1.0 percent of the antimony in the furnace charge; thus indicating that a separation of
mercury from o cinnobor-stibnite concentrate was feasible under these Yest conditions.
Regresslon analysis showed that both the linear and quadratic effects of temperature, the
quadratic effect of iron and the linear effects of time and antimony were significant at an
80 percent or higher level. The significant effect of antimony may have been a result of
the 3.64 percent mercury contained in the antimony concentrate, as shown in Table 1.

Twenty-seven additional tests were then conducted to determine the optimum conditions
for mercury recovery from two prepared cinngbar-stibnite concentrates, using a standard
distillation time of one hour at different temperatures. The amount of iron mixed in the
charge was held at 5.6 grams (1.0 equivalent Fe to HgS); however, an Iron cover of 2.8
grams (0.50 equivalent) was used on some runs and air was admitted to others. Results are
shown in Figure 28 and listed in Tables D6 and D-7 of Appendix D. With the iron cover
on the charge the recovery of metallic mercury above 440 degrees centigrade remained over
98 percent as the temperature was increased, while without the iron cover the mercury
recovery tended to drop at the higher temperatures and additional mercury sulfide formed as
soot in the condenser. When air was admitted to the distillation unit a steady cloud of white
smoke was observed flowing through the dust trop and coming out the tube connection on the
flask. This fine white powder coated the mercury droplets, thus preventing them from com-

bining (running together). Several passes through tissue paper were required to remove

47



100}k SERIES NO.3
/
90 //
= /
L /
& /
o 8oy
a)
L
(0 of
S~
70 [} 1 '
k) 12
oS 2 RSN, GRAMS, ,
W 0 10 20 30
o ANTIMONY SULFIDE, GRAMS
E SERIES NO.3
8 tOOF ’n‘-—
(9
(U]
>
O
_, 90'
-
& f
E’ / MEAN LEVELS
B TEMP. 435°C
8ok / ATIME |.25 HR,
| @ IRON 9 a
| ¥ sbySy 18
¢
70 1 { [
o) 4 50 00
.3_@ .55, TEMPEROAq’U,RE, 03 . 3
0 0.5 .0 1.5
TIME, HOURS
FIGURE 27 EFFECT OF FOUR VARIABLES ON

METALLIC MERCURY RECOVERY

48




t00

90

8o

70

60

50

40

METALLIC MERCURY RECOVERED, PERCENT

0

0 IRON MIXED

A [RON MIXED PLUS AIR

D IRON MIXED PLUS IRON COVER

V IRON MIXED PLUS IRON COVER
AND AIR

1

550 400 450 500
TEMPERATURE, ©C

FIGURE 28. METALLIC MERCURY RECOVERED FROM

RED DEVIL CONCENTRATE

49




enough of the powder so that the mercury droplets would combine. Results show that high
metallic mercury recoveries can be obtained from cinnabar-stibnite concentrates in o closed

system, without the stibnite distilling over into the condenser.

Mercury - Arsenic Concentrate Tests

With the results from the TGA studies showing that either arsenic sulfide or trioxide
would distill at a lower temperature than mercury sulfide two test series were conducted on
two cinnabar-realgar-orpiment samples to demonstrate the effects on mercury distillation.
The first four tests were made on the Cinnabar Creek low—grade concentrate which contained
16.2 percent mercury and 0.90 percent arsenic. The furnace charge consisted of 120 grams
of concentrate, which contalned only 1.42 grams of As2S3. Test results in Figure 29 and
Toble D-8 show that all the marcury was distilled from the charge in one hour at 440 degrees
centigrade, However, becouse of the mercury enirapped in the soot, only about 70 percent
of the mercury was recovered os metal. Even with this low arsenic content considerable
soot was formed which tended to plug the condenser and entrap the mercury.

To obtain additional information five samples were prepared with the high-graode concen-
trate from White Mountain and the realgar-orpiment concentrate used in the TGA studies.
Each sample contained 27 grams of White Mountain concentrate and 10 grams of the realgar-
orpiment concentrate. Results in Figure 30 and Table D-8 show that with the increased
arsenic content even less mercury was recovered and the soot at the higher temperatures
equaled 50 percent of the total weight. The condenser tube plugged a number of times and
had to be opened with a rod each time. Nearly all the mercury was distilled from the charge
at 420 degrees centigrade in one hour; however, less than 40 percent of it was recovered as
metal. These results show that some means other than distillation need fo be developed to

recover mercury from cinnabor-realgar-orpiment samples.
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DISCUSSION

TGA (thermogravimetric analysis) tests have proved that stibnite in an inert atmosphere
(nitrogen) requires a temperature about 295 degrees‘cenfigrade higher than mercury to obtain
a rate of reaction of 0.10 per minute; whereas in an oxidizing atmosphere (air) the two sul-
fides require about the same temperature to obtain the 0.10 per minute rate. Arsenic sulfides
(realgar-orpiment) and trioxide were shown by TGA to have either the same or lower temper-
ature requirements than mercury sulfide at the 0,10 per minute rate selected for the distil-
lation of cinnabar.

The results of the distillation studies demonstrated that either cinnabar or cinnabar-
stibnite concentrates could be treated in a closed distillation unit for recovery of over 98
percent of the mercury as metal, when the sulfur was reacted with iron and oxidation of the
stibnite was prevented. Separation of mercury from cinnabar-realgar-orpiment concentrates
by distillation was unsuccessful because of the large amount of soot formed. Either a flotation
or a leaching method should be considered for separating these two sulfides, because small
amounts of arsenic tend to cause condenser problems and prevent the coalescence of mercury.
A complexing agent could also be studies to attempt to form arsenates with the arsenic sul-
fides or oxides.

Additional retort tests should be made with o larger scale unit to demonstrate the appli-
cabllity of the process for commarcial use. This would also allow for preparation of enough
retort residue for studying the possibilities of upgrading the stibnite from the residue by
flotation. .

The commercial use of a closed retort for mercury sulfide distillation would eliminate
the naed for filing air potlution reports with the EPA (Environmental Protection Agency),
allow for the distillation of mercury in populated areas and make possible the recovery of

antimony from cinnabar-stibnite concentrates.
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APPENDIX A

- Analytical Procedure -

This appendix lists in a step-wise sequence the analytical procedures used for
testing both mercury and complex mercury-antimony-arsenic sulfide products. The
equipment settings for the Perkin-Elmer Model 303 AA used are listed with the

concentrations and average percent absorption results obtained on the standard

solutions.
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Table A-1. Operating Conditions for Model 303 Atomic Absorption Unit

1

Mercury Antimony Arsenic

Conditions Test, Absorption, Test, Absorption, Test, Absorption,

Conditions | Percent Conditions | Percent Conditions Percent
Burner, 3 inch 3-slot l-slot l-slot
Air flow, ml/min. 12.0 6.5 4.02
Fuel flow, ml/min. 5.0 7.5t 6.0
Wavelength, Angstroms 2536 2176 1937
Lamp current, ma. 10 20 16
51it setting 4 3 ' 3
Scale expansion 1 1 1
Meter response 1 i 1

ppm ppm ppm
Standard Solutions 50 15-2¢ 25 20-35 10 12-15
Standard Solutions 160 25-30 50 45-50 20 20-23
Standard Solutions 200 45-50 100 60-67 30 24-27
Standard Solutions 300 S55-65 150 69-73 50 28-33
Standard Solutions 460 60-70 200 73-77 100 30-35

1Acetylene
2Hydrogen




1)
2)

Standard Analytical Procedure for

Mercury Sulfide Samples

Weigh out 1.0000 gram of sample.
Place in 50 milliliter culture tube:

a) Add 1 milliliter of water
b) Add 4 milliliter of concentrated nitric acid and heat at 60°C for 5 minutes.
¢) Cool and add 4 milliliters of concentrated hydrochloric acid.

3) Heat below boiling for 60 minutes in a water bath (about 60°C), while stirring
with magnetic stirrers.
4) Cool and bring to about 20 milliliters or dilute to 100 milliliters and take required
allquot.
5) Moke neutral with ammonium hydroxide and add 5 milliliters in excess (10 ml total).
6) Add 1 milliliter potassium iodide.
7) Add exactly 10.0 milliliters methyl isobutyl ketone (MIBK).
8) Mix for about 1 minute ond then centrifuge.
9) Analyze on AA-303 for mercury.
Dilution Requirements
Percent, mercury Sample, gram Dilution Factor
20 to 80 1.0000 5000
5to 20 1.0000 1000
Tto 5 1.0000 200
0.25to 1 1.0000 100

less than 0.25 1.0000 10



Standard Analytical Procedure for Complex Samples

This procedure is satisfactory for antimony, mercury~antimony, mercury-antimony-

arsenic, mercury-arsenic, or antimony-arsenic sulfide samples.

1) Weigh out 1.0000 gram of sample.

2) Place in 50 milliliter culture tube:

3)

4)

5)

6)

7)

a) Add 1 mifliliter of water.

b) Add 4 milliliters of concentrated nitric acid and heat at 60°C
for 5 minutes.

c) Cool and odd 4 milliliters of concentrated hydrochloric acid.

Heat below boiling for 60 minutes in a water bath (about 60°C), while stirring
with magnetic stirrers.

Cool and transfer to 100 milliliter graduate, with a solution of 1 percant
tartaric acid and 10 percent nitric acid.

Take required aliquot for mercury analysis.

Use remainder for antimony and/or arsenic analysis by taking aliquot and diluting
with tartaric-nitric solution (1 percent tartaric acid, 10 percent nitric acid) as
required,

Analyze on AA-303 for required elements.

Dilution Requirements

Percent,
antimony or arsenic Sample, gram Dilution Factor
10 to 80 1.0000 10, 000
14010 1.0000 1,000
less than 1 1.0000 100
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APPENDIX B

- Thermogravimetric Data -

The tabulated data listed in this appendix represent the chart readings as
interpreted from the TGA recorder graphs and punched on IBM cards for use in
determining the differential weight loss with respect to time and temperature,

The datg from the thermogravimetric weight loss graph times the chart span

gives the sample weight in milligrams for each time interval. All tests

conducted with vacuum were obtained from an alr atmosphere.
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TABLE B-1. TGA DATA FOR CALCTUM OXALATE 1IN AIR
HEATING RATE = 20 DEGRESS PER MINUTE
AIR FLOW RATE = 0.07 LITER PER MINUTE

DATA INTER CHART INITIAL FINAL
POINTS —VAL, S5PANs TEMP o » TEWMP & »
MIN,. MG C C
8 1.0 400 To0.00 839,00

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL
D.0678 0,670 0628 Q576
D.490 0405 0377 04375

TABLE B-2. TGA DATA FOR CALCTUM CARBONATE IN AR
HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE = 0.02 LITER PER MINUTE

DATA INTER CHART INITTAL FLINAL

POINTS ~VAL, SPAN., TEMP o » TEMP o s
MIN. MG C C
32 140 4400 580400 74000

DATA FROM THERMOGRAVIMETRIC WE!GHT LOSS GRAPH
FOR EACH TIME [INTFRVAL

04935 0+935 0.935 0.93%
Ce 930 0+228 D924 0+918
0.912 04905 G895 D884
0.870 0+851 N.828 0.808
D780 0 754 Ga720 0687
0.645 0605 D.558 0208
0e458 0408 0e358 0308

0.260 0255 0255 Q4255

TABLE 8-3. 1GA DATA FOR MERCURY SULFIDE CONCs EN AIR

HEATING RATE = 20 DEGRESS PER MINUTE
AIR FLOW RATE = 0.07 LITER PER MINUTE

DATA INTER CHARY INETTIAL FINAL

POINTS -VAL, SPAN TEMP 41 TEMP 4
MIN. MG o C C

16 1.0 20.00 286400 529400

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIiME INTERVAL

04955 0+955 Gs954 0.952
D945 0.933 0890 0. 794
0.595% 0,820 64250 0.070
0.020 0.019 G017 G0t

TABLE B-4. TGA DATA FOR MERCURY SULFIDE CONC, IN AIR

HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE = (.07 LITER PER MINUTE

DATA INTER CHART TNITIAL FINAL

POINTS -VAL, SPAN TEMP s TEMP <>
MM MG« C C

36 ls0 4400 254400 403.00

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL

0.988 G.388 J.387 0.986
0.984 04982 0+380 0.976
0971 0.965 D360 0.954
D+945 0933 0.926 0.910
0,890 0870 Qe84 0.819
0.785 0.736 04680 0.616
0530 [ 0.350 0263
De1946 O.148 0134 0.133
0e132 D+131 0,130 Cal30
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TABLE B-5, TGA DATA FOR MERCURY SULFIDE CONC. [N vACUUM
HEATING RATE = 5 DEGRESS PER MINUTE
VACUUM = 300 TORR
DATA INTER CHART IMETEAL FINAL
POINTS -VAL, SPAN, TEMP ey TEMP. »
MIiNa MGa C C
40 10 4,00 26000 42600

DATA FROM THERMOGRAVIMETRIC WEIGHT LOS5S GRAPH
FOR EACH TIME [NTERVAL

0.878 N.875 0.875 0+874
0.872 0870 0.866 D.862
0.B58 04850 0,843 (.835
0.825 0.815 0799 0.781
C.762 a74}% 0708 Q675
Ce630 Ce580 0.522 Geb6D
¢.388 04315 C.250 0200
Dal&? (ta158 0,150 0.145
Del40 0,138 De136 0=135
0a134 0,132 0.130 0.129
TABLE 8-6. TGA DATA FOR MERCURY SULFIDBE CONC. IN ALR

HEATING RATE = % DLEGRESS PER MINUTE
AIR FLOW RATE = 0006 LITER PER MINYTE

DATA INTER CHART INTTYAL FINAL

POINTS =VAL, SPARN TEMP o4 TEMPa s
MINe MG C C
32 1«0 4«00 27500 425400

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL

0,975 0,973 6970 0.965
0.960 04956 02946 0,936
0.922 0,912 00824 0e874
04850 0.820 04785 0e747
0.685 0.620 0e540 02440
0.340 04250 0.190 04160
04150 0345 0elal 04340
041389 0,137 0e136 0135

TABLE B-7, TGA DATA FOR MERCURY SULFIDE IN AIR
HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE = 0.06 LITER PER MINUTE
DATA INTER CHART INITIAL FINAL
POINTS -VAL. SPAN, TE¥P .y TEMP » 4
MiN, MG C C
36 1+00 4400 260,00 403,00

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME I[NTERVAL

0.972 0.971 04970 0968
Ds967 0.9866 04965 0.962
02958 0953 Oa%44 G.938
06929 0e915 0.902 0.886
0.863 t«839 0.812 De772
G724 0655 0.408 0.530
Js440 De367 D290 G.230
0.186 Oslét 0«150 0.133
0.128 0.123 Qel2l Q.120
TABLE B-~B8. TGA DATA FOR MERCURY SULFIDE IN AIR

HEATING RATE = 5 DEGRE3S PER MINUTE
AfR FLOW RATE = 0.02 LITER PER MINUTE

DATA [NTER CHART INITIAL FINAL

POINTS ~VAL, ' SPANS TEMPu s TEMP. s
MEM MGy C C

10 5.00 4400 250,00 476400

DATA FROM THERMOGRAVIMETRIC WEIGHT L0055 GRAPH
FOR EACH TIME I[NTERVAL
G960 0954 C.939 0+888
Ga156 W30 0170 0,121
Cs115 0+113
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TABLE B=%s TGA DATA FOR MERCURY SULFIRE IN AIR TABLE B-11, TGA DATA FOR MERCURY SULFIDE IN AIR

HEATING RATE = 5 DEGRESS PER MIKUTE HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE NONE AIR FLOW RAYE = 0,02 LITER PER MINUTE
DATA INTER CHART INITIAL FINAL DATA INTER CHART INITIAL FINAL
POINTS —VAL, SPAN, TEMP, » TEMP. s POINTS —VALSs SPAN» TEMP . TEMP 4 »
MiNae ¥Ga C C MIN, MG, c ¢
32 1400 4,00 28200 416400 3% 1.00 4,00 25700 405400
DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH DATA FROM THERMOGRAVIMETRIC WEIGHT L0SS GRAPH
FOR EACH TIME INTERVAL FOR EACH TIME INTERVAL
6.%970 0.96% 0+%86 04982 0.985 04983 0+981 0+979
0e960 02957 0.951 0+542 0.977 04974 0+972 0.969
0.938 0925 0914 0.898 0.96% 02959 De952 De%45
C.886 0e863 0e835 0.775 04938 D928 0915 0900
0.+731 0.690 D638 0.580 0.885 0.860 Deft2 0aB1l4
0.533 0s510 Oatst? Qateld 0.782 0732 G680 0.610
04360 0.300 e255 04225 0.522 Deb2l 0.322 0.210
04212 0.211 f.?10 0210 0.120 0.060 0+024 0015
0.010 Na009 0+007 0+005

TABLE B~10. TGA OATA FOR MERCURY SULFIDE IN vACUUM
HEATING RATE = 5 DEGRESS PER MINUTE
VACUUM = 240 TORR
TABLE B-12. TGA DATA FOR MERCURY SULFIDE CONC. [N AIR
HEATING RATE = 20 DEGRESS PER MINUTE

DATA  INTER CHART  INITIAL  FINAL ATR FLOW RATE = 0,02 LITER PER MINUTE
pOINTS -VAL 4 SPAN! TEMP.' TEMP.'
MINS MG o C C
28 1.00 4400 265430 383,80 DATA  INTER CHART  INITIAL  FINAL
POINTS -VAL, SPANs  TEMP., TEMPa s
DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH MI1N. MG c c
FOR EACH TiME [NTERVAL 16 L.00 4400 234400 494400
0.933 0,932 0.933 0s931
0.929 0.927 04923 0.918 DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
0.912 04903 0892 G.877 FOR EACH TIME INTERVAL
04861 0.834 0-808 0,773 5,000 4.998 44996 4,994
0.730 04679 Qo628 0.550 4,986 44976 4,933 44844
0.470 04390 0s310 Ge230 44640 44280 4400 2s315

0.183 0.160 Qo150 De150 1.260 0+305 0195 0,193
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TGA DATA FOR MERCURY SULFIDE C(ONC. IN AIR
HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE = 0.02 LITER PER MINUTE

TABLE B8-13.

DATA INTER CHART INITTAL FINAL

POINTS ~VAL» SPAN» TEMPa» TEMP. s
MINe MG C C

12 S5»00 4200 244,00 450.00

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL

4,905 4a895 44875 4.820
4,705 G4att2h 3540 2.040
Ca.430 Ne24b 0240 0«238
TABLE B-14. TGA DATA FOR MERCURY SULFIDE CONC. IN VACUUM

HEATING RATE = 5 DEGRES5S PER MINUTE
VACUUM = 40 TORR

DATA INTER CHART THITI1AL FINAL

POINTS =VALS SPANS» TEMP « » TEMP a4y
MINS MG . C C

28 1.00 4400 269,00 381.00

DATA FROM THERMOGRAVIMETRIC NEiGHT LOSS GRAPH
FOR EACH TIME INTERVAL

0.970 Ce969 Qe966 0«960
0+950 0940 Q924 0«905
0.888 0.863 D.836 0.805
Q0.772 0e730 Ceb7% Oef22
0«555 D482 Oe410 Q0352
0,281 De227 0.187 D184
(158 0,156 Ja155 04155

TABLE B8-15. TGA DATA FOR MERCURY SULFIDE CONC.
HEATING RATE = 5 DEGRESS PER MINUTE

NITROGEN FLOW RATE = 0.02 LITER PER

DATA INTER CHART INITIAL FEINAL

POINTS VAL SPAN. TEMP .« » TEMP & »
MINe MG C C

52 l.00 200 210.00 42500

DATA FROM YHERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR €ACH TIME INTERVAL

44917 4,917 42916 4+91%
4ol b4e912 44911 44910
44909 44508 4,907 44906
44901 44899 4891 4+888
4,880 4.876 448867 448680
4oB848 4,831 4a.819 4eB00
42778 4,750 4eT21 4.687
4,643 4,598 4o 540 4e4 B0
4,408 4.320 4210 4.080
3.880 3.700 3.508 3.290
3,050 2720 244586 2.180
1,762 14450 1072 Q650
0300 Q.254 $.0468 G045

TABLE B-16. TGA DATA FOR MERCURY SULFIDE CONC.
HEATING RATE = % DEGRESS PER MINUTE

AIR FLOW RATE NONE

DATA [INTER CHARY INITIAL FINAL

POINTS ~vVAL» SPAN, TEMP o » TEMP w »
MIN. MG C C

36 1.00 200 27100 42700

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL

5890 5.888 S5+88B5 S5.B82
S5+879 5876 S5eB872 5.865
5+860 5.850 5.838 5.825
54810 5,783 S«TH0 Se 725
5.683 S+630 54560 5.47T0
Se340 5. 180 44930 44670
4a410 44130 3700 3.370
3.020 2.500 2100 l1.580
142590 09210 DaS08 0,905

Iy NiITROGEN

MINUTE

iN AIR
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TABLE 8-17. 7YGA DATA FOR MERCURY SULFIDE CONC. IN NITROGEN

HEATING RATE = 5 DEGRESS PER MINUTE
RITROGEN FLOW RATE = 0.02 LITER PER MINUTE
ONE EQUIVILENT OF IJRON MIXED I[N CHARGE

DATA INTER CHART INETIAL FINAL

POINTS -VAL SPAN TEMP . e TEMP . »
KiNs MG C C

36 1.00 2.00 243,60 397400

DATA FROM THERMOGRAVIMETRIC WEIGHT LO5S5 GRAPH
FOR EACH TIME [NTERVAL

2:910 2.908 2.907 2909
2900Q 2895 Za885 2.874
24858 2.840 Z2:820 2795
2+7867 24736 2596 2e659
2e610 2+563 2510 Zeh 54
24390 24310 2230 2+130
2.020 1,850 1.6%0 la524
1.330 fel3p 0e850 Ceb40
04403 D.180 Q. 060 0.05%8

TABLE B-18. T1GA DATA FOR ANTIMONY SULFIDE CONC. IN AIR
HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE = 0,02 LITER PER MINLTE

DATA INTER CHARY INITIAL FINAL

POINTS =~VAL, SPANy TEMP. s TEMP s
MIN, MG C c
15 S.00 2:00 243420 538.30

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS "GRAPH
FOR EACH TIME INTERVAL

3.320 916 0910 0.895
Ce874 D818 Ba726 0a652
C.613 0aa?l Qeld? Oets8
0410 Ce343 De3R4 .

TABLE B-19s TGA DATA FOR ANTIMONY SULFIDE CONCa IN AIR

HEATING RATE = 5 DEGRESS PER MINUTE
AIR FLOW RATE NONE

DATA INTER CHARY INITIAL FENAL

POINTS -VAL, 5P AN, TEMP , 4 TEMP 4y
MIN, MG C C

&6 1.00 200 278.090 S75.00

DATA FROM THERMOGRAVIMETRIC WEIGHT LOS5 GRAPH
FOR EACH TIME INTERVAL

0a.580 D976 CeB70 0965
0954 GeI48 De942 0937
0930 0.9220 0911 0.300
$.883 D.877 CaB43 0827
0.803 0.778 0«750 G«720
04694 0666 0sb&40 Deb16
D593 0575 04556 0+540
04530 0.518 N4510 D.504
0,470 0e320 Ne293 0.288
0.282 0.281 C.280 0.280
04280 0.280 Cs280 D« 280
0.280 0,280 0280 0.280
0.270 De258 Oe24u 0.230
Ta215 0200 D188 Q.170
Ga150 %.133 Celll D.0%90
0.070 04050 D030 C.010
-0.012 -0s022

TABLE B-20. TGA DATA FOR ANTIMONY FRISULFIDE IN AIR
HEATIRG RATE = 5 DEGRESS PER MIRUTE
AIR FLOW RATE = 0a.02 LITER PER MINUTE

.

DATA INTER CHART INITTAL FINAL

POINTS =VAL., SPANs TEMP o s TEMP s
MINe MG C C
16 5000 2+.00 226450 565430

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL

0,977 0+960 0e?55 0940
0.911 G.822 04512 0,458
Dati2% Do DD 039} 0.377

0.354 G309 0290 0.280
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TABLE B-~24a TGA DATA FOR ARTIMONY SULFIDE CONC. IN NITROGEN TABLE B-25« TGA DATA FOR ARSENIC SULFIDPE CORC. IN AIR

HEATING RATE = 5 DEGRESS PER MINUTE HEATING RATE = 5 DEGRESS PER MINUTE
NITROGEN FLOW RATE = 0«02 LITER PER MINUTE AlR FLOW RATE = 0.02 LITER PER H!NQTE
DATA INTER CHARY INITIAL FINAL DATA INTER CHART INETLAL FLNAL
POINTS -VALs SPAN TEMP o3 TEMP « » POINTS —-VAL» SPAN ., TEMP 4 » TEMP 4 &
MIN. MG C C MIKe MG C C
T2 1,00 2:00¢ 388.00 71900 -1 1.00 200 193,00 436.00
DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH
FOR EACH TIME INTERVAL FOR EACH TIME INTERVAL
3.598 3.8%97 31.896 34895 4,195 &a1%h 4al193 4a 192
1,894 3,892 34891 3,889 44191 44190 4.188 4185
3.588 3.887 3.884 3.880 Ge181 hel75 4168 4albO
3.877 3.874 3.871 3.868 44100 GalG{ Lol 2?2 44101
3.865 34861 4.853 34849 4,076 44050 4,017 3.980
ZeB44 3«840 3830 3.820 3,930 3,875 34825 30 T4
3,817 3.810 34809 3.798 3.660 345860 34545 34535
3,795 3.790 3785 3. 780 3.525 3,518 3.904 3,488
3,775 3.770 3.T55 e 780 A, 4TS 3,200 24955 24720
3.752 A, 744 3.737 3,128 2.4B0 221461 1300 1680
3,715 3.703 3591 3.672 1,538 1.345 1.230 1. 100
34660 3a6540 3620 3.59% 0925 Na787 Q+630 Cub 50
3.564 3540 3.500 Jel60 04260 0«175 0s165 G163
418 3,370 3300 3.242 Calbl D159 G.155 04153
3.175 34080 2310 2+730
22540 2.+340 241286 1770
1+4680 1,173 0725 Detrl5

0,118 Te0h2 Cs 040 0.0359
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TABLE B-30.

DATA INTER
POINTS -VAL.

MINe
32 1.00

TGA DATA FOR ARSENIC SULFIDE CONC.
HEATING RATE = 5 DEGRESS PER MINUTE

NITROGEN FLOW RATE

0.02 LITER PER

IN NITROGEN

MINUTE

ONE EQUIVILENT OF IRON MIXED IN CHARGE

MG o
200

CHART
SPAN,

INITIAL

TEMP. ’
C
20330

FINAL
TEMP oy
C
33150

DATA FROM THERMOGRAVIMETRIC WEIGHT LOSS GRAPH

3+909
3.901
30880
3800
3.650
3.398
34050
2.160

FOR EACH TIME INTERVAL

3.%08
3.898
34865
3.770
3,600
3320
2.850
1.700

3+906
3894
3+850
3.736
34540
34245
2675
le620

34903
3.890
34826
3.700
3+470
3.160
2e840D
1,619




APPENDIX C

Computer Programs

The three programs listed in this appendix are in the order used. Instructions
necessary for preparing the control and data cards for each of these programs are listed
before the main- and sub-programs of each. A listing of the main- and sub-programs
Is then shown, followed by the printout of the input and output dota. Each program has
been prepared so that a wide range of TGA data can be used.

The figure shown for the TGA3 program is as plotted by the IBM 1620 computer-plotter.
All TGA plot figures shown in the text were traced from similar computer plots. These
have the same style of lettering and additional informotion could be added.

Tables C-1 and C-2 contain the tobulated data for the TGA runs and the regression
analyses results from the TGA2 printout. Activation energies for all runs are listed in

the extreme right of the two tables.
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COLUMN

PART ONE

TGAL INSTRUCTIONS

PART NNF OF THIS PROGRAM CALCULATES DA/DT FROM A FIVE POINT
APLPROXTMATINN AND PREPARES THE DATA TARDS FOR THE OTHER TWO
PRNGRAMS,., THIS PRNSRAM CAN BE RRUN UNDER BUFF40 DR FORTRAN,

o A COMMENTS ARE INCLOSED IN BRACKETS,(ETC.)
/7 JNB NAMEZACCONT  (NAME MAY BE UP TDO B LETTERS LONG)
{ACCOUNT INDICATES WHO TO CHARGE & LETTERS)

// EXEC RUFF40
SCOMPILF

DO 5 T=1N (N EQUALS NUMRER 0OF SETS OF DAYA USED)

5 TALL TGCAL
STOP
FND

SURRNYTINE THAL GNES HERF TF NAT IN COMPUTER L IBRARY

$EXECUTE

NDATA (FNTER DATA HFRE SO AS TO FXECUTE TGAl)
$COMPILEX '

/+

DATA CARDS REQUIRED ARE AS FOLLOWS, THEY MUST BE IN THE CORRECT ORDER
AND EXACT NUMARFR,

COUUMN
CARD 1
r. 1
C 1
C 1
C 1

CARD 2
CARD 24N

01!
NN (12, NN EFQUALS NUMBER OFf DATA POINTS)
17727.17 (2X4FB.2y TIME INTERVAL [N MINUTES)
72277272.272(10X4F10.2, MILLIGRAMS FULL SCALE ON CHART)
272222.27
(20XyF10.2, TEMP, OF FIRST DATA POINT)
2727722.217

{30X+FLl0.2y TEMP. NF LAST DATA POINT)
WAWANN S e WNW T 77277 0 Z ZTXXXXXX o« XXXVVVVVV,VVV
WAWWHN CWWWI 7277277 ZXXXXXX o XXXVVVVVVVVY

(4F13.3, FOMUR BITS OF DATA ON EACH CARD)
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TGALl PROGRAM LISTING

DO S 121,12
5 CALL TGA)
sTne

£END
SURRAUTINE Tral
DIMENSION F(39),CHART(99) 4 TEMP(GI)yWFIGHT{99) 4 TIME (99) yCWIPER(D99) »
LRADT(99) s WTLHANL99)
QEANLL 42)N, TIMINY,SCALE, TEMP]L , TEMPN
2 FNAMAT{IZ24FB8,24F10.24F10.2,F10.2)
WRITE(3,1L)
I FARMAT('1*,720,'4 SUMMARY OF THE OATA READ',/)
URITFE{3,92)NTIMINT,SCALE,TEMPL,TEMPN
92 FORMATI{IOX12,F8.2,F10.2,F10.24F10.2)
READ( L4 3Y{CHARTET ), T314N)
3 FORMAT(4F10.3)
WRITE(2,93)(CHART(TI),T=1,N}
a3 FORMATI(10Y4F10.3)
H=TIMINT
XN=N-1
TEMINT=(TEMPAN~TENRPL) /XN
TFM=TEMPL1-TEVINT
TIM=0,0
N0 S T=1,N
TIM=TIM+TIMINT
TIMFIT)=TIM
TF4=TEM+ TFMINT
TEMP(T)=TFEM
TNTLAS=(CHARY (1} ~CHART(N) }#SCALE
FII)=({SCALE* (CHART(TU)-CHART(N)))/TWTLNS
7 (T.EQ.1) 50 TN 4
WICHAN(T)}=ICHARY (1) - HARTI(J-1))*SCALE
4 WTCHAN(L1)=0,000
CWTOFR{1)=F(])~F(1)
5 WEIGHTUI)=CHARY (1} *SCALE
DD 100 T=1,N
1F (TJELW2) GO TO 10
IF (T.6ELIN~1)) GOY TN ]0
DFRTIVLI={-2.,3F (T1=2)~F((~1)¢F(1+L)+2,¢F{[+2})/010.%H)
6N TN 59
10 TF (T.50Q.1) 60 TO 30
TF {1.F2.N) GO TO 30
IF (T.ED.2) 60O TN 20
NERIVI==(—-11 . %F(N)+FJ.&F (N~ )+T.RF(N=2)¢F(N~3))/(20.¥%H)
aa TN 59
20 NERIVI=(—11.2F (1} 93, 8F(2)4T7.%F(3)+FL4))/(20.%H)
N TO 590
30 IF (1.FQ41) 6N TN 40
NERIVLI=={=21.%¥FIN)+13 F(N-L)+1T7.RF(N~2)~9,.«F(N-3))/{20.%H)
GN T7 SO
40 DERTVLI=(=21.*%FlY1) ¢ L3 sF12}+1T.,%F(23)-9,€F (4))/(72J.%H)
SO0 CINTINVIE
DADT(1Y=NERIVI
WRTITF(Z451IDADTII)CHTPER(I)TEMP(T), TIMFIL )
SL MTIRMAT({4F19.7)
100 COINTINUF
WRTTF{3.52)
52 FORMAT(*1V,4 T2, "Ny T7,*TIMEY 4 T13,¢ CHART ', T22,'WEIGHT ' T30, 'NEIG
tHT ', 738, DA/DY "4 T49,* F Yy TST o 'CHTPER , TAS,ITENP, *#,/,T7,'M

21N s TI2,'RCADINGT,T22,° MG, ¢yT30,°" LNSSY,T38,"PER MIN.*,T49,"UNI
ATLES® o TO7y YUNTYLFS?,T66,9 C*,/,T30," MG *,T5T7,1ALPHAY)
ARTITE(3,53) (1 TIMELI) yCHART{ T} ¢y WEIGHT( 1) yWTCHANI L) 4DADT(I}oF (T,
YJCHTPERIT) yTEMPIT) 4y I=LyN)
S3 FNRMAT{T2,J2,TTsF4.0sT13,F2.33T22,F0.3,T30,F0.34T38,F9.5,T49,F6.3,
LTS 7, F6.3,T68,F6.1)
55 CNNTINUF
WRITE(3.54)
54 FORMAT('LV)
QETHRN
END
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A SUMMARY OF THE NDATA RZAD

lL.an
5.000
4.986
44640
10260

4.N0
4,993
4.976
%44 2R0
0.306

CHARTY
READING

5.NN0
4.9599
44,9906
45.994
4,684
4.97¢
4,633
HheB4b4
b4.h40
4+280
1.400
2.315
1260
0.306
N.199
N.193

234.00 494.00

4,996 4,994
4733 4,864
3.400 2,315
D.1R5 0,193

TGA)l DATA PRINT OUT

WEIGHY
MG,

20,000
19.997?
19,984
19.7376
10,944
15.904
16,732
12.376
1R.5610
17.120
13.699
3,260
5,040
1.227
9,730
0.772

WRIGHT Na/nT
LOSS PER MTN,
MG

N ~0.90042
-0.008 -J,00042
-0.ND08 -3.00367
~0.003 -0.9211t2
-0.032 ~0.07300
~0.060 =0.27734
~0.172 ~0.01714
~92.35a ~-N.03505
~H.814 ~0.07551
-1l.440 -0. 13102
~3.529 ~0.13151
~4.349) -0.2990
4,220 -0.17516
~3.82) “N. 11044
~0.440 ~0.01932
-%.0Nn8 0.07981

71

F CWTPER
MNTTLFS UNETLES

AL PHA

1.000 0.0

1.000 0.000
0.%99 0.00}
N.399 0.001
0.997 0.003
0.995 5.005
0.986 0.014%
0.968 0.032
N.925 0.075
0.450 0.150
0.667 0.333
04441 0.559
04222 0.778
0-023 0.977
0.000 1.000
0.9 1.000

TEMP,
C

234.0
251.3
2h8.,7
286.0
333.13
320.7
333.0
355.)
372.7
390.0
«07.3
424.7
442.0
459.3
476.7
494.0



COULUMN
CARD |

CARD 2
Card 3
C

AW W w WL W s W

]
-
Q
=2
I - N

CARD 14
C N

CARNY 44N
14+N
19N
144N
14¢N
L4+N
CARNLSHN
CARNI 6N
CAPDY T&N
FARNTB+N
CARNYO4N

aEaReRa e

PART TwWO

TGA2 INSTRUCTIONS

PARY TWQ OF THTS PROGRAM CALCHLATES THE BEST FIT FDIR THE
FOLLOJING EQUAYTON, LNIDADT)=LN(AT+NE(LN(L.~ALPHA) Fe(E/RI%
(1./7) OR DA/DT=a%{1.-ALOHA) ¥RNREXP((E/RIS(L./TY) . IN THE
EQUATION {1 -ALPHA}%*RN REPRESENTS YHE CORRECTION FALTOR FOR THE
WEISRT LNSS AS THE REACTION PROCFFDS, NA/DY THE PFRRCENT WEIGHT
LOSS PER Y»MIT TIME, '4' THE CONSTANT, ¢NY DUIVIDER 3Y'RY THE
SLNPE. AND Y1* DIVIDED AY 3T' THF RECIPRNCAL OF YEMP., IN
DEGREFS K,

A STMPLIFIED FNRM OF THE EQUAYINAN WDULD 8E, Y=MeXsA

WHERF, Y=LN{DADT/7) B=CONSTANT LNA
Ma(-E /) 2=(1l.—ALPHA ) ¥%N
Xel, /7T

NATA CARD VA RS

CARDS MIST Ar AHFCKEN TO SEE THAT ND 7ERJ VALUES FDR DADY NOR
1.30900 VALUES NE ALPHA ARE USEDN. BECAUSE NATURAL LDG OF ZERD
IS ITMPOSSIARLF, NEGATIVE VALUES HAVF REEN CNRRECTED IN BDTH TGA2
AND TGA3 PROGRAMS. THECK TGAL PRINT DUY, PULL ZERD AND ONE
CARDS AND NORRECT FOR ND. DF ATA CARDS USED IN TGA2 AND TGA3.
THE ENOLLAWINA CARDS ARE REQUIRED FDR USING PROGRAM AMNDO2R

] 9
/7 J0R NAME,ACCONT  (NAME MAY ARE MNP TG 8 LETTERS LUONG)

(ACCOUNT INOICATES WHO TN CMHARGE & LEVTERS)
// FXEC s8MDO2e

PROALM (COLUMNS 1 T 6)

TGA2 {COLUMNS 10 TR 15)

NN [COLUMNS 19 AND 20, NO. OF NAYA CARDS)H

03 (CDOLUMNS 24 AND 25, ND. NF VARIARLES)

o7 (CALUMNS 29 AND 33, NO. OF TRNGEN CARDS)

20 (COLUMNS 35 AND 35, NO. DOF VARUTARLES ANDEN)
a1l {COLUMNS 24 AND 45, ND. OF SOLUTIONS)

D3 (LOLUMNS 48 AND 49. TOTAL VARTABLES IN PROR, |}
YTSs (COLUMNS S1 TO 53, CONTROL-DELSTE CARD)

YFS {LALUMNS 59 YU 61, SUMMARY TAQLF PRINT)
TANGENDO19N01-1,000 (REQUTREN TO PUT DATA IN PROPER FDRMAT)
TRNGENANLLTOOLDDO0000 {RFQUIRED TO PUT OATA N PROPER FDRMAT)
TRNGENNO29002~1.000 (PEQTRED TO OuY DATA (N PROPER FDRMAT)
TRNGEANNG?2080021.0000 {REQUIRED TN PUT DATA IN PROPER FNORMAT)
TRNGENUDZ217002000000 (REQUIRFD TN PYT NDATA IN PROPER FORMAT)
TRNGENANZNANN3I273.20 (REDHIRED TO PUT BATA [N PROPER FORMAT)
TRMGFNOO3DTHNA000030 (RECGUIRED TO PUT DATA IN PRAPER FNRMAT}
LABELSNDITLOANTLN (NAMES ?Y* VARIABLE)

LABE) SOOD?SMALLN (NAMFS SMALL 'N")

LARELSQD03SLOPE (NAMES SLOPF VARIAGLE)

(3F15.7) (DaTA FORMAT, PUNCHED AY TGAL PROGRAM)

(NATA CARDS GO HERF AND SHOULD EQUAL
NUMRER DN CARD 13)

SURPPRN ICOL. 1 TN 6, CONTROLS PRINT DUT)

0} (COL. 9 AND 10, NO, NEPENTENT VARTABLES)
D2 (COL. 49 AND 50, VARTABLES NN INDEX PLOT)
YES (COL. 53 TN 55, DELEYF CARNS INCLUDED)
YES (CALs 58 YO 60y PRINT LIST DOf RFSIDUALS)
YeS {CNL. 63 70O 65, PRINT SUMMARY TABLE)
CONNEL LD {SEQUENCE FOR SOLVING EQUATION)
10XPLTD2733 {PLOT PRINT NDUT)

FINTSH

/¥
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TGA2 DATA PRINT OUT

BMNO2% - STEPW[SE RELRECSINY - REVISED JuULY 18, 1968
HEAL TR SCIENCFES TAMPYTING FACTLTTY, UCLA

PROABLFY £ANF 1542

NUMAFR 1F CASFS 13

NUMBER OF OQRTIAINAL VARTAR[ TS 3

NUMBER DS VAPTARLES ANDDFN 9

TOTAL NYOMBER NF VAZTAR(ES 3

NISMBFR OF SUR~PRNALEMS 1

THE VARIARLF FORMAT [§ LFLB.T,FL5,7,F15,7)
VARTAR|E NF AN STANDARD NEVTATTON
DANTLN ) -3.33977 2.292117
sMaLLN 2 -0.52189 1.0624)
SLOPE 3 n.)0161 0.00017

CORRFLATION »ATPIX

VARJIASLE 1 2 3
NUMBER
1 1,000 ~,467 -0.970
2 1.990 0,645
3 1.000
SHA-PpROAY M 1
DEPENMAENT VAPTAYLF 1
MAX JMUM NYMAFR TF STEPS [
€~ FVFEYL FNR O INGLUSTAON 8,910000
F-LEVEL FOR OFLFTION 0,9205000
TOLERANCE LEVFL J3.001000
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9L

Table C-1. Repression Analysis of TGA Data for Mercuxy Activation Energies
Test Conditions Data Inter- | Regression Analysis | Activation
Run | Sample Description Atm. | Flow |Heating | Sample | Points,| val, Slope Small | Ln Energy,
No. Rate, |Rate, Stze, | No. min. n A Kcal/mole
L/min.| °C/min. mg-

1 Calcium Oxalate (CaCOz>Ca0) | Air |0.07 20 3.800 8 1.0 -27,627 | 0.61 | 25.4 54.9

2 Calcium Carbonate (CaC03>Ca0Q)f Air |0.02 5 6.160 | 32 1.0 -30,439 | 0.48 | 29.4 60.5
3| Merxcury Sulfide Conc. Air | 0.07 20 18.780 | 16 1.0 -20,939 | 1.14 | 29.3 41.6

4 Mercury Sulfide Conc. Air 0.071 5 3.5201 36 1.0 ~18,54% | 0,90 | 27.7 36.8

5 Mercury Sulfide Conc. Vac.| 300 5 3.040 | 490 1.0 -19,746 1.32 [ 29.8 39.2

6 Mercury Sulfide Conc. Axr | 0.06 5 3.528 32 1.0 -19,809 1.19 | 29.8 39.3

7 HgS Chemically Pure Air | 0.06 5 3.508 | 36 1.0 -19,835 | 0.99 (29.8 39.4

8 HgS Chemically Pure Air | 0.02 5 3.448 | 10 5.0 ~14,844 | 1.09 [21.3 29.5

9 HgS Chemically Pure Air | None 5 3.472 | 32 1.8 ~17,738 | 06.71 | 25.6 5.2
10 HeS Chemically Pure Vac. 2401 5 3.296 28 1.9 -21,659 0.75 [ 33.2 43.0
1l HgS Chemically Pure Air | 0.02 5 3.860 | 36 1.0 -16,110 | 0.84 | 23.4 32.0
12 Mercury Sulfide Conc. Air |0.02 20 19.400 | 16 1.0 ~15,171 | 0.62 | 26.7 30.1
13 Mercury Sulfide Conc. Adrx 0.02l 5 18.800 | 12 5.0 -15,051 | 0.49% | 20.9 29.9
14 Mercury Sulfide Conc. Vac. 40 5 3.880 | 28 i.0 -18,517 | 6.82 | 28.¢ 36.8
15 Mercury Sulfide Conc. N2 0.02 5 9.820 52 1.0 -12,591 0.25 | 16.4 25.0
16 Mercury Sulfide Conc. Aix | None 5 13.190 | 36 1.0 -17,609 | 0.32 | 24.1 34.9
17 Mercury Sulfide Conc. + Irxon| N, |0.02 5 7.830| 36 1.0 -12,555 | 0.34 |17.3 24.9

Lrorr -
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PART THRFEE

TGA3 INSTRUCTIONS

PARY YHBEE NF THIS PROGRAM 1S T CALCULATE AND PREPARE THE
CARNDS FOR SLOTTING NN THE 1620, THE PROGRAM 1S RUN UNRDER
FORTRAN AND THF FOLLOWING CARDS ARE REQUIRED.

NATA CARD VALUFS

CARDS MIST 2E CHECKEN YO SFE THAT NO 2£R0O VALYES FOR DADY NR
1.00000 VALUES DF ALPHA ARE USED, BECAUSE NAYURAL LOG OF YERD
IS IMONSSTBLE, NEGATIVE VALUES HAVE BEEN CDRAECTED IN BOTH YGA2
AND TGA3 PRNGRAMS. CHECK TGAY PRINT OUT, PULL ZERD AND ONE
CARNS AND CORRECT FOR NO. OF DATA CARDS USED IN YGA2 ANO TGA3.

coLumMN 1 7 COMMENTS ARF (NCLOSED IN BRACKETS.
/7 JNR NAME  ACCOUNT (NAME MAY RE (P TD 8 LETTERS LONG.)
(ACCOUNT INOICATES WHO TO CHARGE 6 LETTERS)
// DPYION LINK
/7 EXECL FORTRAN

CALL T5A3 ( MATN PROGRAM ONLY CALLS SUBROUTINE]
sTne
END
SHBROYTINE YGA3 GOFS RERS IF NOT IN COMPUYER LIEBRARY
/%
// FXEC
DATA (ENTER DATA HERE SO AS YN EXFECUTE TGA3)
/% (LEFY JUSTIFY ALL 'A' FORMAT DATA)
/&
C COLUMN ' 1Y
CARN Y + MEAS{IGFD RATE (4A4 FORMAT,CAN BE CTHANGED,MAX. 16 SPACES)
CARD 2 N CNRPENTEN QATE {2A4 FORMAT,CAN BFE CHANGEDO,MAX. 16 SPACES)
fraep 3 FIGURF (FETC) {11A%y MRITES FIRST PART OF FIGURE TI[TLE}
CARD 4 FIGYGF T[TLE CNANT. (BA4, SFCOND (INE OF FIG.,PUT BLANK CARD
IF NOT USFD, MAX. 32 SPACES)
cacn 5 TEMPFRATHRE, K (4A&, X AXFS TITLE, MAX. 16 SPAFES)
CARD 6 t1/7 SCALE)} 1344, X AXFES SCALE, HMAX. 12 SPACES)
cAaen 7 RATE OF REACTIONLETC{7A4, Y AXES YITLE, MAX.28 SPACES)
CARD B (LOG SOALFR) (344, Y AXES SCALE, MAaX. 12 SPACES)
LARD 9 (512, TWO SPACES FOR EACH COUNTER)
r. 9 72 (NO. OF DATA VALUES HSED,CNL. 162)
L 9 77 MO, 0OF DIVISI(ONS ON X AXES, MAX. 10)
C 9 27 (NO, DF DIVISIONS ON Y AXES, MAX. 10)
C e 77 (NQ. OF SPACES USED OIN CARD 3, MAX. 44)
c 9 77 (NO. DF SPACES USED ON CARD &y MAX. 32)
CARN10 TEMP VAL UES ¢(10A4, TEMP SCALE’A'FORMAY, LEFT JUSTIFIED
carnil RATC VALUES (L0A4, RATE SCALEMA'FORMAY, LEFT JUSTIFI®D
TARNY 2 TEMP SCALE {10F5.0, VALUES TO CAL. SCALE., RIGHY JusST.
CARD13 RATF SCALL (10F7.3, VALUES TO CAL. SCALEF+ RIGHT JUST,
CARN]L 4 +00 {3A1, SYMBDOLS FOR PLOTTING)
CARNL S 27,7 LWV, WA (2F5.2, | ENGYH, INCHES X-AXES AND Y~AXES
CARD16 XXXV XN XXXXXXXTZT22222.2777727 WHANHWW (W WYY
(3F15.7¢ FROM TGA2,SLOPE.SMALLNyAND CONSTA)
LARDY T NATA AS PUNCRHED {4F15.7, DATA TGAl, FOUR SETS OF NUMRERS
CARPDYT¢N DA/DTy SMALLA,TEMP(DEGREES C 1o NUMAERI(N)

N SHOULD EQUAL FIRST VALUFR ON CARC 9)
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TGA3 PROGRAM LISTING

CALL TGA7
STAp
FND

SURRAUTINE THA3
DIMENSION RATEM{4) RATEC(4) TITLEL(LL)sTLCONT(8)TYTLE2(4),STITL 2L
13)4TITLE3LT) ySTITLA(G) (XSC(10),YSC(LO) 4 XCAL(10),YCALI10) ,FDATA(99,
23),CLDADT(99)
WRITE(3,))
1 ENRMAT LYY,/ /7/4720,'A SUMMARY OF THE DAYA AS READY,//)
READIL,2)RATEMyQATEC y YITLEL  TICONY W TITCE2sSTITL2s TITLE3WSTIYL ]
2 FNRMAT (4A4,/ 3484/ L LALy/oBALs/ 4 G4A4,/ 4300,/ ,TAL,/4AR)
WRITE(3,92)RATENRATEC, TITLFL,TICONTHTITLFEZ,STITL2,YTTLEZ,STITLS
G2 FORMAT{10OX«AA4,/ 10Xy 4844/ 10X011A4,/410Xs8A%,/yL0Xe4A4,/410X%Xs3A4,
1/ 910X s 7A4, /410X, %A%)
REAN{] 43 IN NX4NY ,NBTITL,NOTLCO
3 FORMAT{S12)
WRITE(3,93)NNX(NYNOTITL,NOTYCD
92 FOARMAT(10X,552)
REAN{) 44 )XSC,YSC
4 FNRMAT(10A%&4/7,10A0)
WRITE(3,94)XSC,YSC
94 FORMAT(10X,1044,/,10X+1044%)
IEANLL,,5)IXCAL, YCAL
5 FORMAT(10FS.0.+/410F7.3)
WRYITE(3,95)XCAL, YCAL
95 FNRMATL10X,10F5.04/y10Xs10F7,7)
READIL46)A,48,C
6 FORMAT{3A])
WNRITEU3,961A4B,4C
96 FORMAT(10X,3A1)
REANCY S YXTNCH, Y INCH
B FOBMAT(2FS.2)
WRITFEF(3,9B1XINCH,YINCH
98 FOAIMAT{10X%,2F5.2)
READLL,9)SLOPE,SMALIN,CONSTA
9 fNRMAT{3F15.7)
WRITE(3499)SLOPE,SMALLNSCNNSTA
Q9 FORMATILIOX3F15.7)
READIL 7Y ({(FDATA(LsJ) s d=1s3)V,1=]1,N)
7 FORMAT(31F]15.7)
WRITE(S3 .97} (IFNATALL«J)vJ=113),T=1,N)
97 FARMAY(1IOX,3F1S5.7)
CALl 2L ATDK

C
C DRAW AXFS ANN TNCLOSE
B ALSN DRAW PAGE ST7E

CALL PLOT{-1,0,-1.0,33)
CALL PLAT(-1.0+7+5,2)
CALL PLNT(5.0Ny7.5.2)
CALL PLOTIS5,04-1.0,2)
CALL PLATI~1.0+~1.042)
CALL PLOT(5,0404043)
CALL PLOT{0.040.0,2)
CALL PLOT(N0.047.5,2)
FCALL PLOT(=-2.5,~2.0,3)
TALL PLOBTI-2.5,9.0,2)
CALL PLOT(-2.5,9.,0,3)
CALL PLNTI6.0,9.243)
CALL °LOT(6.0,=2.042)
CALL PLNT(2.546.3,3)
c
C ORAW TITLES AND SCALE
AL SO YICK MARKS
CoLL SYMROLU2.S546439.14sRATEM0.y15)
CALL SYMADLL2.5,6.094.140RATEC 04y 16)
ALt SYMBUL(’O.S'—O-ﬁa-l4oTlfLEl'0.’N07lTl)
CALL SYMBOL(1.0+-0.84414+sT1CONT,0.,NOTLCO)
CALL SYMADLL1.0,-0.%y14,YITLE2:0.+15)
CALL SYMROL(3.,0y—-0,44.10+STITLZ2,0.¢11)
CALL SYMAOL(2.554-0.34.07,Cs0.41)
CALL SYMAOL(-0.551.54.144TIVTLE2,30.425)
CALL SYMROL(=0,5,447y.10+,S71TL3,90.+11)
CALL PLOY(-0.546.7+3)
CALL PLOT(D.,0,+3)
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C
C SCALF X=1.0/TEMP ANN Y=NATURAL t{OG. NF NDA/DT.

o

XFAMT<XTNCH/{1OND0,/XCAL(L)-1000./XCALINXY})
X=NX~1

no 10 1=1,K

IF{I.FQ.1) GO TO 11
Xe(1000./XCALUL)—1D03./XCALLT)) AXFACT

GO YN 12

1y X=0.90

12 CALL SYMROL(X,-0.154.10,XSCUY)y0.4%)
CALL PLDTU%30.043)

CALL PLNT(X,0.1,2)
Catt PLOT(X40.2,3)

10 CANTINYE
YEATT=YINCH/ (ALNGIYCAL{ L)) -ALAG(YCALINY)))
K=NY-1
N0 29 1=1,K
IFIT.EQLL) GN TN 21
Y= ALOGIVCAL( L)) -ALNGLYCAL( () ))eYFRACT
GO TD 22

2} Y=0,0

22 CALL SYMROLU=-0,4:Ye¢al03YSC(T),0,.y4)
CAaLl 2LNT{0.0,Y,3)

CALL PLAT(0.1.Y,y2)
CALL PLOTIO.L,Y,3)

20 CNANTINUE
NG 30 T=],N
DANT=ARS(FOATA(T,1}})
Y=YFACTH{ALOG(YCAL(1))~ALOGINADT)I-0.07
TEMP=FNATA(]},3)¢273.2
X=XFART& {1000 /XCAL(LI-1000.,/TEMP)-0,07
CALY PLDT(X,Y,3}

CALL SYMROLIX Yy.1444,0441)

30 CONTYNUF
NN 49 F=1,4N
CLDADTUI)=ABSIFOATA(L, 1)) /{1 .0-FDATA(T (2]} ¥RSHMALLN)

Y=(ALAGIYCALL1) ) ~ALOG{CLDADY (1)) ) RYFACT-0.,03
X=(1000./XCAL{1)-1000./7(FDATA(T,3)+2T73,2)1%XFALT-0.05
CALL PLDTI(XyY,3)
CALL SYMROLI(X,4Yy.074840.,2)

40 CONTINUE
Y=9.0N
TEMP=SLOPE/{ALDG(YCAL(L) )-CNNSTA)
X=(1000./XCALI1)-1000./TEMP) ¥XFACT
TEIXZLTJUXFACT2( 1000, /XCALLL)-1000./XCALINX}Y)) GD YO 50
X=XFArT&!1000./XCAL{L)-1000./XCAL(NX))
DAOTLN=CONSTA4SLOPE/XIAL (NX)
Y=YFACTH(ALOGIYCAL{L) ) -DADTLN)

50 CALL PLOT(XyY43)
X=0,"
DANTLN=CONSTA+SLIPE/XCAL (L)
Y=YFACT®{ALOGIYCALLL))Y-DANTLN})
TF{Y LT OYFACTH=UALOGLYCALL LI ) -ALDGIYCAL(NY})))) GO TO 51
Y=YFACT* LALNGUIYCALLL) )=ALNGIYCALINY)))
TEMAP=SLOPE/ (ALOG(YCAL{NY))~CONSTA)
XaXFALT®(1000./XCALI1)-1000./TEMP)

51 CALL PINT(X,yY,2)
CALL PLOT{X,Y,3)
CALL PLOTIX,Y,100)
RETURN
END
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A SUMMARY OF

¢+ MEASURED RATE
0 CNNRRECTED RATE
FIGDRE . PLDT N8 TGA
SULFIDE IN ATR
TFMPERATURE, K

(1/7 SCALE)
QRATE OF REACTI(CIN, PER
(LOG SCALF)

13 5 84114

700 550 600 S50 500

THE OATA AS READ

ANALYS1S OF MERCURY

MIN.

+001.0032,010.032,100.3161.003.16

700. 650. 600. 550.

500. Da.

N.001 0,003 0.010 0,032

+00

5.00 7,50

-15171.0781250
-0.0004163
~0.0006658
~0.00112%2
-0.0029956
-0,0073435
~0.0171414
-0,0350529
~0.0755147
~0.1310170
~0.18t5060
~0.2099020
-0.,17516049
-0.11044729

0.6235800
0.0004166
0.0008325
0-0012483
0.0029]132
0.0049932
0.01393R3
0.0324531
0.0748510
0.1497819
0-3328481
0.5585607
0.7780324%
0.9767007

0. 0- 0. 0.

0-100 0.316 1,000
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20.7354279
251.333313%0
268.6662598
285.9997559
303.3327637
320.6662598
337.9992676
355,3327637
372.6657715
3189.9992676
«07,3322154
424.6657715
461.9987793
459,3322754

3.141

0.0

0.0
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APPENDIX D

- Distillation Data -

This appendix contains all the data used In preparing the figures for the
distillation section of this report. The tabulated data are presented so that the
test set-up, recorded data, analytical results and metallurgical calculations
can be used to verify the results presented in the distillation figures. Additional
data are also shown in some tables to conform some of the conclusions drawn

that are not readily apparent from the figures.



Table D-1. Effects of Iron, Lime, Time and Temperature on Mercury Recovery (Series 1)

Metallurgical Data

¥8

Analyses,
Variahles Time Products, . Percent Distribution,Percent
Run | Iron, | Lime,| Time, | Temp., |to Temp., Weight Percent Mercury Mercury
No. | grams | grams | hours °C min, Metal | Soot |Residue | Soot |Residue| Metal| Soot |Residue
1 [o0.0 8.4 1.0 400 17 0.0 23.3 76.7 | 94.6 54.0 | 0.0 34.6 65.4
2 [5.6 2.8 2.0 320 10 3.2 0.3 96.5 | 86.0 63.5 | 4.9 0.4 94.7
3 8.4 0.0 1.5 360 11 8.3 0.9 90.8 | 86.4 58.5 [13.3 1.3 85.4
4 |2.8 5.6 0.5 440 19 14.5 26.4 5.1 | 73.5 38.0 |25.6 34.5 9.9
5 0.0 2.8 1.5 440 16 0.0 61.5 38.5 | 89.3 49.0 | 0.0 74.4 25.6
6 | 5.6 8.4 0.5 360 10 3.4 0.4 96.2 | 86.4 53.0 | 6.3 0.6 93.1
7 | 8.4 5.6 1.0 320 8 1.8 0.1 98.1 | 86.4 53.5 | 3.3 4.1 96.6
g8 2.8 0.0 2.0 400 22 17.1 22.7 60.2 | 92.5 53.0 |24.4 30.0 45.6
9 | 0.0 0.0 0.5 320 8 1.3 0.1 98.6 | 86.4 83.0 | 1.6 0.1 98.3
16 | 8.4 8.4 2.0 440 13 42.7 4.7 52.6 | 92.5 <.1 [90.6 9.3 0.1
11 | 2.8 2.8 1.0 360 8 4.6 .4 95.0 | 856.4 71.0 | 6.4 0.4 93.2
12 | 5.6 5.6 1.5 400 22 22.1 8.1 69.8 | 92.5 38.5 [39.1 13,3 47.6
13 | 0.0 5.6 2.0 360 11 3.8 1.9 94.3 | 99.0 71.0 | 5.2 2.6 92.2
14 | 2.8 -| 8.4 1.5 320 7 1.5 0.1 98.4 | 86.4 $6.5 | 2.6 0.1 97.3
15 | 5.6 0.0 1.0 440 15 35.8 13.7 46.5 | 95.0 29.0 |60.0 19.6 20.4
16 | 8.4 2.8 0.5 400 11 10.0 1.2 88.8 | 96.5 54.0 |16.9 1.9 81.2
Operating Conditions
Charge --- 27 grams White Mountain Concentrate (75.3 percent Hg)

0 to 8.4 grams () to 2 equivalents) minus 40-mesh iron mixed in charge
0 to 8.4 grams {0 to 2 equivalents) 80 percent minus 100-mesh lime mixed in charge




Table D-2. Effects of Iron, Lime, Time and Temperature on Mercury Recovery (Series II)

Metallurgical Data

68

] Analyses, . . .
Variables Time Products, Percent Distribution,Percent
Run | Iron, ]Lime, Time, | Temp., | to temp., Weight Percept Mercury Mercury
No. | grams | grams | hours °C Wit Metal | Soot |Residue | Soot [Residue | Metal | Soot [Residue
1 2.8 5.6 1.0 440 20 23.2 | 34.8 42.0 | 84.5 12.2 | 40.2 | 51.0 3.8
2 8.4 1.9 2.0 360 14 10.7 2.3 87.0 | 91.0 51.5 18.6 3.6 | 77.8
3 1112 0.0 1.5 400 18 42.9 2.2 54.9 | 85.5 17.9 | 78.5 3.5 | 18.0
4 5.6 3.9 0.5 480 17 43,7 | 14.9 41.4 | 84.5 0.11 | 77.6 | 22.3 G.1
5 2.8 1.9 1.5 480 16 27.4 | 43.5 29.1 | 88.8 0.09 | 41.5 | 58.4 0.1
6 8.4 5.6 6.5 400 10 9.8 0.6 83.6 | 93.5 45.5 [ 19.2 1.0 | 79.8
7 | 11.2 3.9 1.0 360 15 10.1 1.0 88.9 | 94.0 5.5 19.7 1.8 | 78.5
8 5.6 0.0 2.0 440 14 46.7 | 19.0 34.3 | 86.5 0.13 | 73.9 | 26.0 0.1
9 2.8 0.0 0.5 360 10 5.4 8.3 94.3 | 94.3 67.5 7.8 g.5 | 91.7
10 [ 1i1.2 5.6 2.0 480 18 45.6 2.2 52.2 | 92.5 0.01 ) 95.7 4.3 | <0.1
1l 5.6 1.9 1.0 408 17 26.3 6.4 67.3 | 80.2 45.0 | 42.2 9.3 | 48.5
12 8.4 3.9 1.5 440 14 48.6 5.0 46.4 | 82.1 0.02] 92.2 7.8 | 0.1
13 2.8 3.9 2.0 400 12 10.6 10.7 78.7 | 88.3 5.5 | 17.7 | 15.7 | 66.6
14 5.6 5.6 1.5 360 15 8.2 3.0 88.8 | 93.5 51.5 14.5 5.0 | 80.5
15 8.4 0.0 1.0 480 20 52.0 7.1 40.9 | 88.7 0.0182.2 | 10.8 | <0.1
ie | 11.2 1.9 0.5 440 13 44 .4 2.0 53.6 | 87.5 10.6 | 85.7 3.3 | 11.0
Operating Conditions
Charge --- 27 grams White Mountain Concentrate (75.3 percent Hg)

2.8 to 11.2 grams (0.5 to 2.0 equivalents) minus 40-mesh iron mixed in charge
0 to 5.6 grams (0.0 to 0.67 equivalent } 80 percent minus 108-mesh lime mixed in charge




Table D~3. Effect of Temperature on Mercury Recovery from White Mountain Concentrate

Metallurgical Data

Iron Time Products Analyses, Percent| Distribution, Percent
Run | mixed, Temp., |to temp., Weight Percent Mercury Mercury
Ne. | grams °C min, Metal | Soot |Residue Soot |Residue | Metal | Soot |Residue
1 5.6 320 - 14 5.4 6.2 94 .4 85.5 61.0 8.6 8.3 g1.1
2 5.6 360 12 7.8 0.8 91.4 893.8 60.3 12.3 1.1 86.6
3 5.6 400 15 20.7 4.3 75.0 94,2 51.7 32.5 6.4 61.1
4 5.6 440 14 40.7 [17.2 42.1 94.0 11.3 66.0 | 26.3 7.7
5 5.6 480 24 50.9 | 14.4 34.7 90.5 9.5 75.7 | 19.4 4.9
6 - 5.6 520 19 49.3 16.4 34.3 90.0 4.0 75.4 22,5 2.1
7 5.6 560 20 50.2 15.5 34.3 94.0 3.0 76.3 22.2 1.5
8 5.6 600 24 49.3 | 16.3 34.4 90.5 5.2 74.9 | 22.4 2.7
9 7.0 400 18 35.1 6.0 58.9 90.5 35.0 57.3 8.9 33.8
i0 7.0 440 15 52.4 9.9 37.7 87.7 14.5 78.8 13.0 8.2
11 7.0 480 14 51.8 9.6 38.5 93.7 3.0 83.6 | 14.6 1.8
Operating Conditions
Charge --- 27.0 grams ¥hite Mountain Concentrate {75.3 percent Hg)

5.6 or 7.0 grams (1.0 or 1.25 equivalents)minus 40-mesh iron mixed in charge
Furnace at temperature --- 1.0 hour




Table D-4. Effect of Temperature on Mercury Recovery from White Mountain Concentrate
{charge covered with izom)

Metallurgical Data

48

Time Products Analyses,Percent| Distribution, Percent
Rum Temp. , to temp., Weight Percent Mercury Mercury
No . °C min. Metal Sootl Residue Residue Metal Residue
1 380 13 9.0 0.3 90.7 58.5 14.4 85 .6
2 420 12 32.5 0.3 67.2 41.0 53.9 46.1
3 440 21 58.9 0.1 41.0 0.17 99.8 0.2
4 460 15 59,1 0.1 40.8 0.06 99.9 0.1
5 500 24 59.5 0.1 40.4 0.06 99.9 0.1
62 340 9 5.1 | <0.1 94.9 53.5 9.2 90.8
72 380 9 25.7 0.1 74.2 47.5 42.1 57.9
82 420 11 47.3 0.1 52.6 23.0 79.6 20.4
92 430 27 57.0 0.2 42.8 3,30 97.3 2.7
102 460 12 59.2 0.1 40.7 0.03 99.9 0.1
112 500 15 58.9 0.1 41.0 0.02 99.9 0.1

Operating Conditions

Charge --- 27.0 grams White Mountain Concentrate (75.3 percent Hg)
5.6 grams (1.0 equivalent) minus 40-mesh iron mixed in charge
2.8 grams (0.5 equivalent) minus 40-mesh iron spread on top of charge

Furnace at temperature --- 1.0 hour

1 .
Insufficient sample for analysis.

2 Air circulated through fumnace,
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Table D-6. Effect of Temperature on Mercury Recovery from Red Devil Concentrate
Metallurgical Data
Time Products, Analyses, Percent Distribution, Percent
Run | Temp., to temp., Weight Percent Mercury Antimony Mercuxy Antimony
No. °C min Metal | Soot |Residue | Socot |Residue | Soot |Residue | Metal | Scot |Residue | Soct [Residue
1 320 7 0.5 | €0.1 89.5 75.81 29.3 2.8 21.8 2.3 0.2 | 85.5 <0.1 160.90
2 360 11 8.1 0.4 90.5 54.1 | 21.5 3.6 24.8 3L.7| 0.8 | &7.5 0.1 95.9
3 400 14 28.8 0.6 70.6 40.2 3.55 3.9 32.7 91.2 | 6.9 7.9 0.1 99.9
4 | 440 22 3.6 | 0.4 | 68.0 64.0 | 0.01 5.3 36.4 | 99.2 | 0.8 | <0.1 6.1 99.9
S 480 18 31.3 1.0 67.7 55.4 0.04 25.3 36.4 98.1 | 1.8 0.1 1.1 98.9
6 520 24 30.1 3.3 66.6 64.0 0.02 0.74 36.4 893.2 ) 6.8 | <0.1 0.1 99.9
7 560 28 29.2 4.6 66.2 63.2 0.03 1.1 36.4 86.¢ | 9.1 | <0.1 0.2 99.8
8 600 36 27.9 6.6 65.5 43.0 0.02 10.9 35.7 90.7 | 9.3 | 0.1 3.0 97.0
ol | 320 8 0.6 | <0.1 | 99.3 | s | 35.2 - | 212 | 17| 0.0 | 983 | --- | 100.07
10% 360 9 10.5 | 0.3 | 89.2 79.5 | 21.5 “-- 25.4 | 35.0] 0.9 | 64.1 --- | 100.07
11422 400 10 28.4 0.8 70.8 59.9 5.0 15.3 31.5 87.6 | 1.4 | 1l.0 G6.5 99,53
1211| 440 12 32.3 .6 67.1 57.7 0.062 i8.3 33.8 82 ¢ 1.0 4.1 0.5 99.5
Operating Conditions
Charge --- 30.0 grams Red Devil Mercury Concentrate (66.4 percent Hg, 6.5 percent Sb)
30.0 grams Red Pevil Antimony Concentrate {3.84 percent Hg, 42.0 percemt Sb}
5.6 grams (1.0 equivalent} minus 40-mesh iron mixed in charge
Furnace at temperature --- 1.0 hour

1Air circulated through retort.

2Considerable white smoke.

3Based on antimony remaining in system.




Table D-7. Effect of Temperature on Mercury Recovery from Red Devil Concentrate (charge covered with ironj}

Metaliurgical bata

06

Time Products, Analyses, Percent Distrihution, Percent
Run | Temp., | to Temp., Weight Percent Mercury Antimony Mercury Antimony
No. °¢ min. Metal | Soot |Residue | Soot |Residue | Soot |[Residue [ Metal | Soot |Residue | Sgot |Residue
1 380 9 9.5 8.2 90.3 71.2 28.25 4.6 19.0 27.0 0.4 72.6 <0.1| 106.0
2 400 10 18.8 | 0.2 BI.0 | 87.9 18.75 | 3.4 21.0 55.1 | 0.4 44.5 <0.1i| 100.0
3 429 10 30.1 0.2 67.7 65.8 4.85 8.3 25.0 89.6 0.3 10.1 0.1 99.9
4 440 14 34.9 1.1 64.0 51.2 0.04 7.9 26.9 98.3 1.6 0.1 8.5 86.5
5 460 26 34.4 1.2 64.4 55.8 G.04 8.9 27.5 88.0 1.9 8.1 0.6 99.4
6 480 24 34.1 2.1 63.8 49.5 0.04 | 10.1 27.5 96.9 3.0 6.1 1.2 88.8
7 528 26 34.6 1.6 63.8 40,8 0.10 | 13.6 27.5 87.9 1.9 8.2 1.2 98.8
8 560 21 34.3 | 2.2 63.5 | 60.5 0.01 ] 11.8 27.5 86.3| 3.7 <0.1 0.2 99.8
g 600 25 34.3 2.0 63.7 18.0 0.02 ) 11.0 27.5 98.9 1.1 <0.1 1.3 98.7
10 640 29 33.8 2.5 63.7 36.5 0.01| 14.0 27.8 57.4 1.0 1.6 2.0 98.0
111 4490 23 5.2 0.7 64.1 | 51.0 0.03]19.3 27.5 99.0| 0.9 0.1 0.7 99.32
121 480 16 35.4 0.7 63.9 58.4 0.04 | 21.2 27.5 98.8 1.1 0.1 0.8 99,22
131 520 20 34.8 | 1.5 63.7 | 53.0 0.12 | 15.0 27.5 97.6 | 2.2 0.2 1.2 98.8%
141 560 17 34.8 | 1.8 63.4 | 43.5 0.06( 15.8 27.5 97.7 | 2.2 0.1 1.6 98.42
151 800 22 35.1 1.9 63.0 20.5 9.08) 27.8 27.5 68.2 1.6 0.2 3.0 97.0
Operating Conditions
Charge --- 30.0 grams Red Devil Mercury Concentrate (66.4 percent Hg, 6.5 percent Sb)
20.0 grams Red Devil Antimony Concentrate (3.84 percent Hg, 42.0 pexcent Sb}
5.6 grams {1.0 equivalent)} minus 40-mesh iron mixed in charge
2.8 grams (0.5 equivalent) minus 40-mesh iron spread on top of charge
Furnace at temperature --- 1.0 houxr

1Air circulated through retort, with considerable white smoke discharged.

2 . . .
Based on antimony remaining in system,
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Table bD-8. Effect of Temperature on Two Samples Containing Arsenic

(Cinnabar Creek Concentrate and a Laboratory Prepared Sampl

e)

Metallurgical Data

Time Products, Analyses, Percent Distribution, Percent
Run | Temp., |[to temp., Weight Percent Mercury Arsenic Mercury Arsenic
No. °C min, Metal | Soot |Residue | Soot |Residue | Soot [Residue | Metal | Scot |Residue | Scat IResidue
1 360 17 6.0 1.1 92.9 37.0| 10.7 | 41.01! 0.83 36.5| 2.6 60.9 36.8| 63.2
2 400 15 8.7 2.2 89.1 35.5 4.60| 46.5| 0.68 64.2 | 5.7 30.1 26.1| 78.9
3 440 23 11.1 7.1 81.8 56.3 0.10| 32.1| 0.35 73.0 | 26.5 0.5 44.4| 55.6
4 480 -- 9.4 7.8 82.8 61.5 0.10 28.2| 0.17 66.1 {33.3 0.6 60.8| 39.2
5 320 9 0.0 6.8 93.2 56.5| 41.5 | 10.3| 3.0 0.0 | 9.0 91.0 19.9| 80.1
6 340 4 0.0 8.8 91.2 62.0| 46.5 [10.2| 3.0 0.0 |11.4 88.6 24,7 75.3
7 380 6 4.2 | 13.6 82.2 62.0| 36.0 9.2 | 2.7 9.9 | 20.0 70.1 6.1 63.9
8 420 13 4.5 |52.8 42.7 45.0 4.20( 9.8| 3.0 15.1 | 78.9 6.0 80.1| 19.%
9 500 18 18,1 50.9 31.0 56.5 0.22 9.9 1.2 28.6 |61.2 0.2 93.2 6.8
Operating Conditions
Charge --- For runs 1, 2, 3, and 4

120.0 grams Cinnabar Creek Concentrate (16.2 percent Hg, 0.90 pexcent As)
5.6 grams (1.0 equivalenty minus 40-mesh iron mixed in charge
2.8 graws (0.5 equivalent) wminus 40-wesh iron spread on top of charge

Charge --- For runs 5,6,7,8, and 9

27.0 grams White Mountain Concentrate {75.3 percent Hg)

10.0 grams High Purity Realgar Orpiment Concentrate (58.5 percent As)
5.6 grams (1.0 equivalent) wminus 40-mesh iron mixed in charge
2.8 grams (0.5 equivalent) minus 40-mesh iron spread on top of charge

Furnace at temperature --- 1.0 hour




APPENDIX E

Statistical Evaluation

To initiote a research study wherein four variables are of concern and interaction of

the varicbles may have significance, the number of tests required becomes very large.
To eliminate enough tests so that the research can be completed in a reasonable period
of time requires that a partial replicate be considered. A one-sixteenth replicate using
a lattice design of four variables at four levels was chosen, thus reducing the number of
tests required from 256 to 16 for each test series.

In preparing the results from a one-sixteenth replicate of a four by four test design
for graphic presentation, each variable is colculated for its four levels at the mean level
of the other three variables. The calculotions shown in Table E-1 are for the four levels
of iron used. Note thot the mean fevel for iron changes, while those for the other three
variables do not. The data were then rearranged for calculating the effects of Ca0, time
and temperature on mercury recovery in a similar manner. These values are then plotted
to show the effect of each varlable at the mean levels of the others on mercury recovery.
This information can then be compared to the linear regression analysis for further

evaluation of the results.
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Table E-1.

Method Used in Determining Mean Levels for Statistically, Planned Test Series

{Series Il Data)

Coded Values Mean Levels Yield

Test Fe, | Ca0, |Time, [Temp., | Metal, Dist.,
No. Fe Cal Time | Temp. | grams | grams |hours C grams Percent

1 -3 +3 ~1 +1 2.8 5.6 1.0 440 8.00 40.2

5 -3 -1 +1 +3 2.8 1.9 1.5 480 8.44 41.5

9 -3 -3 -3 ~3 2.8 .0 0.5 360 1.60 7.8

13 -3 +1 +3 -1 2.8 3.9 2.0 4040 3.47 17.7

Totals -12 0 0 0 11.2 | 11.4 5.0 1680 21.51 107.2

Means -3 0 0 0 2.8 2.8 1.25 420 5.38 26.8

4 -1 +1 -3 +3 5.6 3.9 0.5 480 15.77 77.6

8 -1 -3 +3 +1 5.8 0.0 2.0 440 15.13 73.89

11 -1 -1 -1 -1 5.6 1.9 1.9 4900 8.87 42.2

14 -1 +3 +1 ~3 5.6 5.6 1.5 360 3.10 14.5

Totals -4 g o 0 22.4 | 11.4 5.0 1680 42 .87 208.2

Means -1 0 0 0 5.6 2.8 1.25 420 10.72 52.1

2 41 -3 +3 -3 8.4 1.9 2.0 360 3.83 18.6

6 +1 +3 -3 -1 8.4 5.6 g.5 400 3.97 19,2

12 +1 +1 +1 +1 8.4 3.9 1.5 440 19.17 92.2

| §:9 +] -3 ~1 +3 8.4 0.9 1.0 480 18.50 89.2

Totals +4 0 0 ] 33.6 ] 11.4 5.0 1680 45.57 219.2

Means +1 0 0 0 8.4 2.8 1.25 420 11.39 54.8

3 +3 -3 +1 -1 11.2 0.0 1.5 400 16.26 78.5

7 +3 1 -1 -3 11.2 3.8 1.6 360 4.22 18.7

10 +3 +3 +3 +3 i1.2 5.6 2.0 480 19.90 95.7

16 *3 -1 -3 +1 11.2 1.6 8.5 440 17.83 88.7

Totals +12 o 0 0 44.8 | 11.4 5.0 1680 58.21 279.6

Means +3 0 0 0 11.2 2.8 1.25 420 14.55 69.9
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