iy

s

(AL

&

.\'\

.,

UNITED STATES ATOMIC ENERGY COMMISSION

RMO-2036

AMMONIUM SUL FATE DECOMPOSITION

By .
Gordon L. Dugger
J. B. Adams
Roger Bart

February 28, 1955

International Minerals and Cheniical Corporation
Chicago, Illinois

Technical Information Sirvico, Oak Ridkg.o, Tennessee

~
.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



L

Subject Category; CHEMISTRY. '

Other issues of this report masy bear the number IMCC-2207.

The Atomic Energy Commission makes no representation or warranty -
as to the accuracy or usefulness of the Information or statements, contalned
in this report, or that the use of any information, apparafus, method or
process disclosed in this report may not infringe privately-owned ‘rights, -
The Commission assumes no llability with respect to the use of, or for
damages resulting from the use of; any Information, apparatus, method or
process disclosed In this report. : :

This report has been reproduced directly from the beet
ava.ilable copy. _

Reproduction of this information 1s encouraged by the
United States Atamic Energy Coammission. Arrangements - for
your republication of 'this document in whole or'in part
should be made with the author and the organization he
represents,

AEC, Osk Ridge, Tenn,




AMMONIUM SULFATE DEC OMPOSITION
February, 1955
U.S. AEC Contract AT(49~1)-545

Prepared by: | Approved,‘by:_
G. L. Dugger ° 9 %,ﬁ{ﬂﬂﬂﬁ’/

Research Engmeer

I, Milton LeBaron
%%ﬂﬂ. Director of Research

J. B. Adams

AEC Section Leader F | -

Paul D. V. Manninq

Roger Bart, Supervisor Vice President in
Chemical Engineering Department Charge of Research
RESEARCH DIVISION

INTERNATIONAL MINERALS AND CHEMICAL CORPORATION
CHICAGO, ILLINOIS




~ TABLE OF CONTENTS

1. Introduction
II. Simmary
111, Experimental -
A. Laboratory
1, General -
2. Ammonia Recovery o
3. Recovery of Sulfur Oxides
4, Capacity Tests on Catalyst Pellets
B. Pilot Plant -
1. Equipment Description

2. Results
3. Discussion

IV. Appendix - Thermal Calculations

Page No,

11
18

20

24

24
28
34

38




I II_\ITR.,ODUCTIO.N” .

A study of a process for the thermal decompos1t10n of
ammonium sulfate in the presence of zinc oxide for recovery
of ammonia and sulfate values is covered in this report., The
process was studied in both the laboratory and pilot plant,
Work was based on-the necessity of: disposmg of a large
amount of by-product ammonium sulfate in'a multi-product
process for recovery of values from leached zone.

Work reported represents the combmed efforts of the
members of International Minerals & Chemical Corporation's
AEC Research Section under Contract AT(49 1) 545 with
the U. S. Atomic Energy Commission. -




I, SUMMARY

-A process for the recovery of ammonia and sulfate values
from ammonium sulfate has been developed., It involves a two-
stage reaction essentiany as expressed in the followmg overall
equatlons- : .

A. (NH4)9SO4 + ZnO . _.f_Q.“.L._\ ZnSOy4 + 2NH3 + HgO
emp.

B. ZnSO4 —-il-gl—s Zn0 + SOg + 1/2 Os.

Reactlon A represents the evolution of ammonia and water :
vapor and formation of zinc sulfate in a low temperature stage. .
Reaction B represents the evolution of sulfur dioxide and oxygen
and formation of the zinc oxide in a high temperature stage. -

Zinc oxide produced is recycled for use in the low temperature

stage.

Optlmum conditions for these reactlons, as determined 1n
the laboratory are as follows: D -

1, Intimate m:xmg of the solid reactants.

2. A temperature of 400°C to 500°C in the low temperature
stage.

3. A temperature of 800°C to 1000°C in the high temperature
stage.

Experimental data show that all nitrogen values are recovered
as ammonia, uncontaminated by sulfur oxides, in the low tempera-
ture stage. Sulfur values given off in the high temperature stage
were found to be essentially all as sulfur dioxide.
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Laboratory studies of thé capacity of both new and used
zinc oxide-impregnated pellets, as used in the pilot plant
moving bed unit, were made. New pellets showed a decrease
in capacity over the first few temperature cycles, leveling
off thereafter. The effect of monoammonium phosphate and
ferric sulfate 1mpur1t1es in the ammonium sulfate on pellet
capacity was not completely clarified over the seven test
cycles run, Although a slight decrease may have occurred,
the long range effect is not certain

Pellets that were removed from the pllOt plant moving bed
unit after considerable use were found to have capacity in
excess of that expected ‘based on zinc oxide content alone,
This has not been fully explained. "Though iron contamination
may help in increasing the capamty, it probably has a deleterious
effect on the overall process. ' Iron sulfate will release part
of the sulfate held with it into the-ammonia gases from the low
temperature reaction zone of the pilot plant unit thus fouling
the ammonia product and lowering sulfur dioxide recovery.

"The moving bed method was chosen to carry out the solid-
solid reaction between ammonium sulfate and zinc oxide on
a pilot plant scale. Porous 1/4-inch alundum pellets were
used as the zinc oxide carrier. A 10-inch by 30-foot reaction
tower was built, the upper half serving as the ammonium sulfate
decomposition zone and the lower half serving as the zinc
sulfate decomposition (catalyst regeneration) zone. Regener-

ated catalyst was returned to the top of the tower by an air lift.
Ammonii and sulfur dioxide were absorbed in spray scrubbers.




The equ1pment was not operated for sufficiently long

~ periods to permit controlled studies of effects of variables

under equilibrium conditions, For the few short perlods
in July and August, 1953, when fairly complete data were -
obtained, the indicated ammonia recoveries average only
45 percent. Some data from one of the better runs are
presented showmg the considerable time variation of feed

‘rate, ammonia recovery, and temperature. .

In spite of the many Operatmg problems encountered,
most of which were mechanical in nature, it is.possible that

the moving bed pilot plant.could be made to work satisfactorily

with further experience and a few changes, However, with .
the operating information now available, a reevaluation of the.
economics of the moving bed process against other types.of
equipment would probably indicate no such advantage for

the moving bed as was originally visualized. .

o
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II. EXPERIMENTAL

- A, Laboratory

1 Genera.l

A labora.tory investigation was made ‘of methods of decom-
posing ammonium sulfate for recovery of nitrogen and sulfur
values separately as ammonia and sulfur dioxide. It was found
that a two-stage solid-solid reaction between ammonium sulfate
and zinc oxide appeared to yield the desired results. The pri-
mary reactions taking place are believed to be as follows:

Low
(a) ZnO + (NH4)ZSO4 -TW ZnSO4 + 2NH3 ‘+'HZO
(b) ZnSOg —fii-‘ﬂl—e 700+ 503 +120p.

‘In the low temperature reaction step, zinc oxideé acts on a
basic acceptor for the acid sulfate radical in the thermal decom-
position of ammonium sulfate, allowing the complete evolution
of ammonia values as gases. Thermal decomposition of ammoni-
um sulfate alone results in many other side reactions with loss '
of ammonia values as nitrogen and production of undesirable com-
pounds. In the high temperature step, decomposition of zinc sul-
fate ylelds sulfurous oxides and zinc oxide for recycle use. Thus,
the process involves cyclic use of zinc oxide to decompose ammo-
nium sulfate into ammonia and into sulfur dioxide for manufacture
of sulfuric acid :

Reactions involved in this process were mvestigated by the
following methods: ‘

(a) Direct roasting of mixtures of zinc oxide and ammonium
sulfate for determination of time- temperature-recovery
curves; material balances, for nitrogen and sulfur values by
analysis of solid residues and by collection of off gases in
suitable absorbents for chemical analysis.




(b) Tests of reaction mixtures by use of Chevenard
thermobalance which gives a continuous curve of sample
weight versus time when heated in a furnace a.t a consta.nt
rate of temperature rise.

(c) Tests of reaction-mixtures by use of differential ther-

mal analysis equipment which gives a continuous curve of ‘ .
the temperature difference between a sample and an inert -

standard versus the temperature of the inert standard when

both are heated in a furnace at a constant rate of tempera- - -

ture rise. o :

(d) Tests of sulfur oxides évolved to determine if present . -
as SOg or as SOg.

(e) Examination of thermal data from the literature to

estimate heats of reaction, free energies and equilibrium
constants for various reactions. Reaction mixtures were
prepa.red by screening, blending and ball-milling the reactants,
Laboratory reagents were used for most tests.’ Furnace tests
were ran by placing the finely powdered sample in a thin. layer
in a silica dish of a size appropriate for the laboratory fur- .
naces used. -

Zinc oxide was chosen as most applicable to this process .
from a number of other metal oxides that were tested. Iron
oxides, cupric oxide, aluminum oxide, calcium oxide, and mag-
nesium oxide were tested. Oxides of nickel, manganese, titani-
um, and cobalt wére also considered. All were less satisfactory
than zinc oxide. Calcium oxide is too basic and forms a stable
sulfate. . The other oxides were apparently not basic enough,
allowing ammonia gases to be contaminated with sulfur gases
given off in the same temperature range. Other side reactions
also occurred, Including sublimation of a compound thought to
be ammonium sulfamate.

. =10~




24 Ammonia Recovery

Samples of ammonium sulfate - 10 percent excess zinc
oxide were fired in a muffle furnace at temperatures of 300°C,
360°C, 400°C, and 500°C for periods of 10 minutes to S0 min-
utes. The percent ammonia volatillzation was determined by
difference from the residue analysis. Results are sumiarized
in Figure 1, Essentially complete volatilization of ammonia
has occurred in 45minutes at a furnace temperature of 400°C.

A test was run with the same mixture 'heated t0400°C in
‘& tube furnace: The.off gases were scrubbed with acid to re-
cover ammonia and enalysis .showed that 100 percent of the
" nitrogen values in the original sample were recovered in the
scrubber liquor as ammonia.

To show that 1n the temperature range where ammonia is
evolved, no sulfur dioxide is given off, the residue from a num-
ber of test runs in the 300°C to 500°C range were analyzed for
‘percent ZnO and percent SO4. As shown in'Figure 2, the ratio
of percent SO, to percent ZnO was found to be approximately
constant and equal to the same ratio in the original prepared
reaction mixture. In addition, in tube furnace tests at 400°C,
where off gases were scrubbed with phosphoric acid, no trace
of sulfur values could be found in the scrubber lquor.

- Shown in Figure 3 are Chevenard thermobalance curves
for zinc sulfate and for a mixture of ammoniuin sulfate - 10
percent excess zinc oxide. Both curves give the characteristic
two-step evolution of sulfur dioxide between '700 C and 1000°C,
The reactions involved are: ,

(a) 3ZnSO4 ——> Zno - 2ZnS0y + SOg + 1/2 Og
(b) ZnO + 2ZnSOy4 =———> 3Zn0 + 2802 + Og -
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- ‘Reaction (a) indicates the formation of & basic ziné' sulfate

- with evolution of one-third of the sulfur values; reaction (b)
shows the decomposition of basic zinc sulfate. Weight loss in

curve No. 2 up to 450°C represents the evolution of combined
ammonia and water. The wide temperature range, 250°C, -

‘between completion of ammonia evolution and the start of sul-

fur dioxide evolution, where no loss in weight occurs, makes
separation of the two gaseous products rela.tive‘ly simple“

Shown in Figure 4 and 5 are the differential therma.l ‘anal-
ysis curves for an ammonium sulfate - 10 percent excess zinc
oxide mixture and for zinc sulfate. Reactions shown in both
graphs above 600°C are characteristic of the decomposition
of zinc sulfate. . Those below 800°C are, in Figure 4, for
evolution of ammonia and water, and in Figure 5 are for evo-
lution of water. . Though the overall reaction of ammonium -
sulfate and zinc oxide for evolution of ammonia and water is

(NHg)oSO4 + ZnO ———3 ZnSOy + 2NHg + HgO

Other intermediate reactions are probably occurring, such as:

(NH,4)9S04 — 5 NH4HSO4 + NH3

ZnSOq + XNH3 ——— ZnSO4 - xNH3 (x= 1,2, 3,4, 5,6)"

Zn0 + 2ZnSO4 —_— ZnO ZZnSO4 (wit.hxs ZnO)
| NH4HSO4 + 700 —— 5 ZnSO4 + NH3 + HgO
ZnS0O4 * xNH3 ———> ZnSOy + xNH3

- These reactions and possibly others, make differential
thermal analyses curves difficult to interpret.

:'._1.4_ Lo



(48

V)

—~———— WEIGHT L0SS =

Fi1e6.3

.. THeERMAL BALANCE Curves

Cueve No |

760°C - 980°C Evoz.u-pon) OF SuLFuUR DIoxI0H

ZNSoa ‘ _
100°C = 2&5°C EvoLuTioN OF MoISTuRE

Ty

CuBvE r\\o 2 (N H4)a S04~ 1070 XS Z.r\)O
l00°C= 450°C Evoa_uT:orJ or HaO & A)H:r,
7to°c ‘7ao°c Evon..u-raon) o:-—-Sm_F-ua Diox.

curve No.1

} c‘“uz}le Nea

6 200

~aBto

" 600 T 800

S TEMPERATURE,C

5

1000




TEMPERATURE DIFFERENCE

Fi1e.4

DirrERENTIAL THERMAL ANALYSIS CuRVE

SampLE (NHg)2 S04 ~10% XS ZNO. | ‘ o
270°C,450°C-EvoLuTIoN OF NHz AND H20
740°C - TRANSITION. PoiNT For ZNS0g

_ABOVE 740°C-EVvOLUTION OF SulL.FUR DIOXIDE
Y
z
o
]
I
-
0
X
w
o
£
(]
i
I
3
2 h
1] | e .

o~ 200  _a&oo 600 . 800 1000

FURNACE TeMPERR-ATURE-°C

-




[

o

Fic. &

Dn:sezu:—n)rmt_ THERMAL ANALYSIS CurvE

SAI")PLg‘.; ZA)Soq_x Hoo “

PEAKS»:W : - = co
BeLow 500°C- Evo:_urrors)OF HTozAT&o H2O
740°C “TRANSITION PoINT FoRZNSO4
ABovE 740°C-EVOLUTION OF SUuLFUB D:oxu:&

TEMPERATURE DIFFERENCE
- ENDOTHERMIC ~a—t—a ExXOTHERM™MIC

-—W_————_-—
- t

o)

200 400 = 600 = 800
FURNACE TBMPRR ATURE, °C

1

1900




'8, . Recovery of Sulfur Oxides.

A sample of ammonium sulfate - 10 percent excess zinc
oxide was fired at 500°C to remove all traces of ammonia.

°plea of this mixture were fired in a muffle furnace at 900°C,
960 and 1000°C for periods of from 10 minutes to 60 min-
utes, The percent of sulfate volatilized was determined by
difference from analyses of the residues. Results are summar-
lzed in Figure 6, Under static conditions, 20 minutes at 1000°C
ar 40 minutes at 960°C, are sufficient to decompose zinc sulfate,
- Reaction time includes heating of sample from room temperature
to furnace temperature. -

A tube furnace test was run to determine at what tempera.-
ture evolution of- oxides of sulfur stert and what specles are
formed, - A small current of air was blown over the sample to
remove gases as formed, Acidified barium chloride solution
was used for detection of sulfur trioxide as barium sulfate,
Acldifled potassium lodate solution with starch as an indicator -

" was used for detection of sulfur dloxide. First traces of sulfur -
oxides were detected near 800°C, all of which was as sulfur di-

oxide. No sulfur trioxide was detected at this temperature or .

higher temperatures,
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4, Capacity Tests on Catalyst Pellets,

The pilot plant unit was designed by Catalytic Construction
Company as a moving bed operation. The zinc oxide reactant
was impregnated on alundum catalyst pellets and was circulated
in a tower through two heating zones to accomplish the two-stage
reaction. When the impregnated pellets became available, capa-
clty tests were run to check their eificiency. Both unused pellsts
a.nd pellets that had been used in the pilot plant were tested.

The tests were run by weighing a number of pellets -in a tared
ailica boat, covering them with enough ammonium sulfate to in-
sure & large excess, The tray was fired two hours at 500°C to
remove all ammonia and uncombined sulfate. Weights were
obtained and a sample of pellets removed for chemical analysis.
The tray and remaining pellets were then fired for two hours at
800°C to remove sulfate combined with zinc oxide on the pellets.
Welghts were obtained and a sample of pellets removed for cheml-
cal analysis, The tray and remaining pellets were then fired for
two hours at 800°C to remove sulfate combined with zinc oxide on
the pellets, ~ Welghts were obtained and a sample of pellets removed
for chemical analysis. Cyclic use of the pellets in this manner was .
continued as required for the test. Tests of this type, with a large
excess of ammonium sulfate, were run to estimate the maximum -
loading capacity and effect of impurities on the physical propertles
and chemical activity of the pellets. However, the maximum
loading estimated by this method would not be reached in plant
operations where an excess of pellets would be used to insure
high recovery of ammonia and sulfur dioxide. L

90-
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Results of cyclic.loading tests on various types of pellets
are shown in Figure 7. Data shown in Figures 7TA, 7B, and
7C were run using unused pellets over seven test cycles.
Pellets as received from Catalytic Construction Company
analyzed 2. 33% SO4 and 8. 23% ZnO, equivalent to 8. 40% ZnO
on an SOy ~firee basis. During the first three cycles, some
of the zinc oxide on the surface apparently dusted off since
the pellet analysis averaged 6.8% ZnOon a SOyfree basis
over the last four cycles without any further change. On a
theoretical basis, it might be expected that the maximum
loading should be at a mol ratio of SO4 to ZnO of one. With
fresh pellets the loading appears to approach and level out
close to this limit. Figure 7A shows the SO4 to ZnO mol
ratio on the pellets over seven heating cycles at 500°C and
800°C when using CP ammonium sulfate. This test was run
in duplicate to check the reproducibility of the. method. Data
shown in Figures 7B and 7C were for similar tests excepting
that ammonium sulfate containing one percent of either mono-
ammonium phosphate or ferric sulfate was used. These im-
purities are the ones most likely to be encountered in actual
operations. Over this limited number of cycles, a slight de-
crease in capacity appears to have occurred with either impur-
ity present. This decrease is, however, probably within the

~error of the method. More data would be needed to clarify the

effect of impurities on the process. Sulfate unloading curves
at 800°C, showed relatively complete sulfate removal.

After one period of continued operation, the pilot plant
unit was shut down and pellets emptied out. The pellets were
examined and found to be of three general color-types, blue,
yellow and red-brown. A sample of each type was hand picked
and a three-cycle loading test run in the laboratory. Results
are shown in Figures 7D, 7E and 7F, Blue and yellow pellets
showed sulfate loadings slightly in excess of that to be expected
based on their zinc oxide content, which was still adequate, at
B. 4% and 8. 0% ZnO. The color of both blue and yellow pellets
returned to the original white during the test. Analysis of the
red-brown pellets showed them to contain only 1. 4% ZnO and

-21-




the dark color indicated considerable iron contamination,
The loading curve was erratic showing highly excessive
loading based on zinc oxide content. Excess capacity is
probably due to formation of iron sulfate.. This capacity

is not of value in the actual pilot plant unit since iron sul-
fate has been found to release part of its sulfate in the same
temperature range as ammonia isevolved, thus fouling the
ammonia product stream and lowering sulfur dioxide recov-
ery. It was also observed that the red-brown pellets had

'somewhat less physical strength than other samples tested.

1t is apparent that iron contamination, both in the ammoni-
um sulfate feed and from corrosion in the reactor equipment,
should be held to a minimum to allow proper operation of the
unit, v

-22-
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B. Pilot Plant

The movmg bed techmque was beheved to be a good way
to carry out the solid-solid reaction between ammonium sulfate
and zinc oxide on a pilot plant scale, . It was estimated that in- ¥
vestment and operating costs would be less with moving bed
equipment than with mechanical hearth equipment, and it
appeared that the moving bed method offered advantages over "

[}

i

" a fluidized bed operation. A 10-inch inside-diameter continu-

ous reaction tower was designed for this purpose by the
Catalytic Construction Company. The zinc oxide was supported
on porous alundum pellets, 1/4-inch in diameter, which made
up the moving solids bed. ‘The ZnO- 1mpregnated pellets were
developed and produced by the Catalyst Manufacturing Plant

of the Houdry Process Corporation at Paulsboro, New Jersey.

: In the moving bed technique, granular solids move down-
ward by gravity, remaining more or less in contact and thus
forming a continuous bed moving through a reaction zone, In
the present application, solid ammonium sulfate is fed into the
bed as it enters the reaction zone. The ammonia and water
vapor which are released at 500°C pass out of the reaction
zone, and the zinc oxide on the pellets is converted to zinc-
sulfate, As the pellets move downward through a hotter zone
(850-1000°C), the zinc sulfate is decomposed, releasing SOg
and oxygen. ‘

1. Equlpment Descr1pt10n
The flow sheet for ammonium sulfate decompos1t1on is
presented in Figure 8 following, For brevity, the ZnO-

impregnated alundum pellets will hereinafter be called the
catalyst,

~94-




Solid a.mmomum sulfate Was fed into. the catalyst stream
as it entered the top of the tower. The best’ feedmg arrange-
ment found was a screw feeder, feedmg d1rect1y to a short
vertical line into the catalyst return leg. "Air was blown past
the end of the screw to partlally cool it and blow the ammomum
sulfate into the catalyst

The tower was 10 inches in inside diameter and thirty feet
high, fabricated in six sections. It was made of 24-inch
carbon steel pipe, lined W1th 2-1/2 inches of insulation and
4-1/2 inches of refractory. The refractory was fabricated
with circumferent1a1 grooves, notched upward ‘at the various
take-off and entry points to provide annular zones between
refractory and catalyst bed for distribution of gases entering
or leaving the tower. Heat was supplled by two propane
-burners mounted on réefractory-lined 18-inch pipe. The
iuel-air ratio and the gas temperature within the bed were
controlled automatically. Tempering air was added to the
short combustion chamber below each burner as required,

Heat for the ammonium sulfate decomposition was supplied
by the catalyst, which entered the tower at 550° to 600°C,
Ammonia (and water vapor) was drawn off through either of
two taps near the top of the tower., The ammonia was ab-
sorbed by water in a simple spray scrubber (not packed).
Most of the flue gas from the upper burner was drawn off
through the next lower tap in the tower., As the pellets
moved past the lower burner, they were heated to 850° to
1000°C. The SOg and oxygen evolved (and some flue gas)
were drawn off through the two taps in the lower part of the
tower and passed through a scrubber. The spray: liquid for
this scrubber was the weak ammonia solution from the
ammonia scrubber. (No use was made of the ammonia and
sulfur dioxide produced by the pilot plant.)

- -25-




The regenerated catalyst flowed down a refractory-
lined seal leqg into the engager of the catalyst lift system..
The engager was made from a 9-foot length of 30-inch
carbon steel pipe lined with six inches of refractory. Hot
compressed air entered the engager through a jet tube that
was centered about 3/4 inch below the lift pipe. The

catalyst was lifted to the disengager by the hot air through. |

a 50-foot length of insulated 2-inch pipe.

The disengager was made from a 9-foot length of
48-inch carbon steel pipe lined with six inches of re-
fractory. A baffle plate near the top of the disengager
prevented any pellets from leaving with the air. The
catalyst flowed out of the lift at relatively low velocities,
dropped to the bottom of the disengager, and flowed mto
the tower through a carbon steel seal leg.

-26.--
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2. Results

The p1lot plant was operated with only partla.l success -
for a few short.periods before funds were cut off, Continuous
operation was not maintained for long enough periods to per-
mit studies of the effects of operating variables aiter equili-
brium conditions were obtained. (Operating difficulties are
discussed hereinafter.) The data which were obtained,
particularly with regard to recoverles, were qu1te sketchy
and unreliable. :

L&
LY

i
9

Of the runs Whlch were rmade, the most complete data
were obtained for a few short runs in July and August, 1953,
Instrument readings were taken hourly and ammonia re-
coveries were determined by measuring the absorber water
rate and analyzing the resultant weak ammonia solution., For

a total of 75 readings,- both the arithmetic mean and the -
medlan ammonia recoveries were 45 percent. Only four
- of these readings showed recoveries higher than 70 percent,
and they were probably erroneously high.

Ammonia and sulfur dioxide recoveries determined by
laboratory personnel by sampling gases directly from the
ammonia and SOg lines leaving the tower were even lower.
The ammonia samples were pulled through a 40-foot sampling
line and flowmeter into dilute sulfuric acid. Ammonia re-
coveries from these samples average 7. 5%. - Sulfur dioxide
samples were metered through a six-foot sample line into
dilute sodium hydrox1de calculated recoveries averaged
8. 6 percent, :

' Some of the data from a 28-hour run on August 13 and
14, 1953, are presented in Figures 9 through 12, The time
var1at1on of the-ammonium sulfate feed rate and the calculated
ammonia recovery are shown in Figure 9. " Figure 10 shows
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- the time variation of temperature for one thermocouple

position each in the upper tower (ammonium sulfate de-
composition) and lower tower (zinc sulfate decomposition),
The upper tower temperature was much the steadier of the
two, as might be expected.

The temperature 'dlstrlbution down the length of the tower
is shown in Figure 11. The curve is drawn through the
arithmetic mean temperatures for the 28-hour period. The
vertical lines represent the data spread for each thermo-
couple, The curve indicates that temperature control was
satisfactory in.the ammonium sulfate decomposition zone
(upper ten feet),. but that the necessary temperatures for
good zinc sulfate decomposition were not maintained con-
tinuously. in the lower section. The mean temperature ex-
ceeded 800°C only in the bottom cone of the tower. Itis
not surprising, therefore, that 509 recoveries were low’
(as indicated by the sampling procedure of the laboratory

group).

Figure 12 shows temperature versus pressure in the
lower tower. There is some indication that the highest
temperatures were obtained when the pressures dropped,
- However, no reason for this behavior can be. advanced,.
because there was no apparent correlation between high
temperature (11 to 17 hours after start of run) and feed
rate, ammonia recovery, lift air rate, or burner 1nput
rates, .
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3. Discussion

The very low indicated recoveries for ammonia and
sulfur dioxide may have resulted from some combination
of the following:

(1) Incomplete ammonium sulfate decomposition. In the
few short runs made, no studies on the effects of catalyst/
feed ratio and reténtion time in the decomposition section

. were possible. If feed-catalyst contact was poor, ammonium - -

sulfate may have been thermally decomposed releasing
nitrogen rather than ammonia,

(2) Inaccurate and irregular feed rates. Feed rates Were
determined by a small weight difference (25-85 1b.) in a
large total weight (r 1000 lb,). Feed rates varied
contmually

(3) Lioss of products in the flue gas. A few samples taken
by the laboratory personnel indicated that 1 to 4 percent

of the ammonia was lost in the flue gas, but SOg loss was
-less than one percent.

" (4) Low scrubbing efficiency. The scrubbers were si'm:pl.e;
unpacked spray towers. T

(b) Loss of gases or undecomposed feed through the vent
of the dlsengager

(6) Sampling errors in the samples collected by the “

laboratory personnel: (a) faulty gas flow measurements,
or (b) condensation and absorption in sampling lines.
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Operating problems. and changes from original design
fabrication and operating conditions were many and varied.,
A comparison of some of the design flow rates with actual
rates in the July-August operations are given below.

A:»Desig"ri flow rate . Opefating flow rate

~ _February, 19563 - July-August, 1953
(NEHg)9SO, feed 84 1b, /hr. . 25-651b, /hr,
Catalyst circulation ~ 2401b./hr.  1300-1600 Ib, /hr.
NH, produced 21.6 1b. /hr. 1-6 b, /br. in scrubber
S ~ discharge

SOg produced 40,7 1b. /hr, - 1-3 Ib. /hr. in SOy line

: , : : (lab, sampling)
Total gas to NHg 44 SCFM 30-50 SCFM

. scrubber
Total gas to SOg 97 SCFM 150-280 SCFM
scrubber ' ' ’ -

Flue gas 32 SCFM - 15-50 SCFM
Upper burner input 200,000 BTU/hr, 200,000-500,000 BTU/hr.
Lower burner input 400, 000 BTU/hr.' : ‘200,0_\0,0-'500,000_BTU/hr_.
Lift air 103SCFM°  75-95 SCFM (delivered at 560°C)
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Aside from the low product recoveries;:the:striking points
are that the average feed rate was dpproximately one-half the: .
design rate and the -catalyst circulation - was:six times the design-
rate, The latter was largely due to the fact that when the tower .
was designed, it was believed that smaller pellets (1/8 inch) with '
a higher zinc oxide content would be used, The change to the .
1/4 inch alundum pellets led to a greater heat requirement, part
of which was supplied by preheating. the lift'air. Preheating the
1ift air also eliminated a thermal shock problem which resulted q
when cold air was first used to lift. the hot pellets. N

4

Control of the ammonium sulfate feed rate was'-:a'problem
which was still not satisfactorily solved at the close of operations.
Early attempts to feed ammonium sulfate from.ground level to'the'
top of the tower with.an air lift failed, because this hygroscopic
solid rapidly plugged the lines. The screw feeder - actually an
Iron Firernan Coal feeder-arrangement described heretofore,
was still not satisfactory because feed rates were erratic and
the line to the tower often became plugged W1th melted and re-
- solidified ammonium sulfate. S BRI

Another major source of difficuliies was the r’elatively soft - :
and low-melting silica-alumina refractory used to line the moving
bed equipment. This refractory was eroded rapidly under the
forces of the moving bed. Moreover, when the'tower discharge - -
became plugged, the burners caused local overheating of the
catalyst and refractory, and the catalyst pellets fused with the ..
refractory. Chunks of this fused mass, which resembled peanut
brittle, were later torn away by the moving bed. Accumulation
of these solids in the tower discharge would eventually cause
~ another stoppage. - A subway grating was installed at the base of
the tower to collect fused solids, but it was burned out in a few
hours, Another grate was successfully installed in the engager to
prevent fused solids from plugging the lift. Use of high-melting
alumina refractory would eliminate these problems. ’

"

[\
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There was also some trouble causéd by solids being
blown into the gas take-off lines. The gas velocities re-
quired in Operation were greater than anticipated, ‘the .
design size for: the take-offs was too small. . Stainless steel
screens.were placed over the take-off: openings to prevent
solids entramment

In conclusion, it is belie\}ed that most of thevprOblems
met in the operation of the moving bed pilot plant were
mechanical in nature and could be solved with further experience

and a few changes. |
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IV. APDENDIX Thermal Calculatlons :

Data avallable from the 11terature, as compiled by
K. K. Kelley of the U, S, Bureau of Mines in Bulletin: .
No. 476%,  was used to make thermodynamic calculations
for various reactions. ﬂ IR .

: &i%\f

L}

(a) Evolution‘of Ammonia..

Reaction: (NH4)ZSO4=-L an

. ZnSO4 + 2NH3(g) + HZO(g) '_

Molecular Wt, : 132.15 81. 38 161.45 2(17. 032) 18. 016 :

Heats of . _ : | ‘ R
-Formation: =281.46 -83.5 ~233.4 2(-11.00) -57,801
(kcal/mol)25° |

Heat of Reaction: AHRZ5 C = 451, 759 kca.l/. /mol

Entropy: ' ' ,

(cal/°C¢mol)25°C 52.6 10,43 30.6  2(45. 98) 4‘5.‘1'3  '

Entropy Change z_\,S25 C - 110466 cal/mol/°C

* "Contributions to The Data on Theoretical Metallurgy:
X. High- Temperature Heat-Content, Heat Capacity,
and Entropy Data for Inorganic Compounds. "

Wty
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Heat Cavacity of Products (T in °K)

ZnSO4 - Cp=17.07 + 20,80 % 1073T

Ho0O

ONHq(g) -Cp = 14.22 +.12.00 x 10°>T - 0.721Q°T"2
) ~Cp= 717 + 2,56 x1075T + 0.0810°T"2

£Cp Products=38.468 + 35.36 x 10"°T - 0, 66109T"2

~ Heat CanacLy of Reactants (Tin °K)

2477 4+ 67.20 x 10737

(NEH4)o804 - Cp
* 11,71 + 1.22 x 1079T -

Zn0O - Cp

2.18 x 10°T"

-2

2Cp Reactants "
ACp = (Z2Cp Products - iCp' Reactantsk)

ACp = 1,98 évs. oe'x 10"3T + 152 x 1051"‘2

Heat of Reaction as a Functlon of Temnerature

AH /AdeT
. 152000
oH = f(1.98 -.03306T + 2200 g7
- . 03308 2 . 152000 | ¢
AH = 1.98T -—z——T 2220 .

T

Where Iy is a consta.nt of mtegration and can be
evaluated by insertion of known values at 298. 16°K(25°C).

Iy = AH - 1.98T + 00165377 4 152000 _
51759 - (1. 98) (298. 2) + (. 01653)(298. 2)2 +

53149 - 590 + 1470 + 510
Iy = 53149 |
AH= 53149 + 1.98T - 0,01653T2 -

152000.
e

152000
TIOR8

36.48 + 68.42 x 1073T -2.18 x 10972




|

Entropy Chandge as a Function of Temperature =~ .= . . . .

a8 ;/ACp ST

as = [ &2 - 03306 + 1-5-2—3T°°-9-—) ar

A8 = 1.98InT - 0.03306T - -1—25—%%90— O

Where Is is a constant of integration and can be evaluated
by insertion of known values at 298 16 K (25 C)

Is =4S - 1.98InT + O 03306T + 152 00 :

2T
- 152000 -
1‘S = 104 668 - 1. 981n (298 16) + (. 03306)(298 16)+ - 5508, 16)2
Ig = 104.66 - 11.28 ~+ 9.86 +0.85

Ig = 104,09

S= 10409 + 1.981n T - 0.03306T - 1grzroo

Free Enerqy Chanqe as a Functlon of Temperature

AF = AH - TS

AF _ oH |
= S - &S | | .
AF  _ 53149 on am 152000
T _'-i‘_— + 1. 98 | O.‘01650T ) —-—Tz—

- 104,00 + 0.03306T + 152000° _ 3 081,T
2. Vo + o +W + 90 In

AF _ 53149 _ 10211 4+ 0,01653T - 152000 _1,981aT
T : . * ~2T2

T , A
Since AF° = -RT /nK (R=1.99 cal ’°C/mol)
/K = - AF '
RT
K = o -AF/RT

~40-

»

v g




:: . _Partial Pressure

T°C  T°K AF/T AF _ -AF,RT K of NHs - Atm.
127 400 +25.03 10012  -12.58 == g e
177 450 - +10,98 4932 - 5.51  4.04x10°% 0,21
927 500 - 0.15 ~75  + 0.075 1.08 1,34

277 550 - 9,13 -5022 + 4,59 08.5 -~

'_If X for this reaction is assumed to have“the'fozv‘ifn

2
K‘=”PNH3' PHgO

‘which is approximately true at low pressure where partial

pressures can be taken as equal to the activity of gases, then

21ln PNHS +1n.PH20 = - %T

For this reaction, approximately
PNH3 % 2PH50

- \F
and 21ln 2P HZO +1np‘H20 = = —%"-I‘——
5]
, At 500°K ( gﬂ;BB.T - 21:; 2) (O. 075 - 1. 29) -0. 40—0 o
PHZO =e - =@ . =e =V
PNH3 = ‘2(0.67) = 1.34 atm |
° ' -5, 51 -1, 29

At 450°K o -2, 27

PHoO=e - =e  =0103

PNHg = 2(.103) = 0,206 atm

-4]-




The heat of reaction at 500°K (227°C) is calculated as

AH =

AH =

53149 + 1,.98T -.01653T2 .

152000
_ 7T

152000

53149 + 1.98(500) - (. 016"53)(500)2 - 22

53149 +990 - 4133 - 304

49’702 cal/mol.

-

’I‘his is equivalent to 1. 35 million BTU per ton of ammonium
sulfate proc essed
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(b) Evolution of Sulfur Dioxide

Reaction - ZnSOg4 > Zn0 +'SOg(g) +1/2 Og(g).
M. Wt - 161.45  81.38 64.06 1/2(32)
AEg?C 9334 g3 -m0.02 -
AERZC . E%5 - 478980 cal/mol

s2°C . 30,6 10.43 59,24 1/2(49.01)
A SR29°C - - aSR2%°C - 63, 58 cal/°C/mol

Heat Capaéi-ty of Products (T in °K)

Zn0 - 11,71  + 1.22x 1075T - 2,18 x 10972
SOg -  10.38  + 2.54x 1075T - 1,42 x 10972
1/2(0) - 3.58  + 0.50 x 10~3T - 0, 20 x 10572 |
& Cp Products = 25,67 + 4,26 x 1073T - 3,80 x 10972

Heat Capacity of Reactants (Tin’K)

ZnSOy - 17,07 + 20. 80 x 10797
ACp= 8.60 - 16.54 x 10-3T - 3. 80 x 1097-9

Heat of Reaction as a Function of Temperature

r o '
AH= . |nCpdT
. '_.'/
= [8.60 _ _ 380000 .
‘f.\T 01654 ——,33—-\ ar
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AH = 8.60T:- 00827 T2 + 383000, 1
Iy = OH-8.60 T+ 00827 T2 - '_380T000

=)
"

. Iy = 78980 - 2564 + 735 - 1274

ULy = 75877

‘A H = 75877+ 8,60 T - 00827 T2+ 380000

‘Entropy Change as a Function of Temperature

s 4T
AS = AC il
(,/ . P T

8. 60 380000
= ,‘(,{\ - - 01654 - S

¢

aT

~44.

78980 - 8.60(298. 16) + (. 00827)(298, 16) -

@9

'y

380000 s
298,}64

e N

.




sin

('I

A

8.60 InT - .01654 T + 5200 1

AS =
Is = 6S-8.601nT+,01654 T - 380000~
S ’ S - T 2T

_ 8 e iioaa @y 380000
Iy = 63.58 - 8.60(5,698) + (.01654)(298, 16) - S50 o

Ig = 63.58 - 49,00 +4,93 - 2.14 = 17. 37
AS = 17.37+8, so AnT - 0.01654 T + _2__25319000

Free Eneérqy Change as a Function of Te'mg"'er’atﬁr'e“

AF = OH < TAS

5877 , 5,60 - 0.00827T +

T T R
| 380000
- 17.37 + 0.01654T - 380000 - 8,601nT

272
QF _ 79877 _ » 380000 -

= T | 8.77+ .00827T + —2?2— 8‘. 60 InT

‘ K =. é-AF/RT“ . B .
7 Partial Pressure
T°C T°K AF/T AF -AF/RT K of SOg9 - Atm

727 1000  16.11 16110  -8,10 3.04x10"%4  0.0056
827 1100  9.25 10175  -4.65 9.56 x 10~3 0. 057
927 1200 - 3.54 4248  -1.78  0.169 0. 38
1027 1300 -1.20 -1560  +0.603 1.83 1,99

K& pgog * Pozl’/z

' Ay
In pgog + 1/21n pog = '%-a,_f




(\

pso'g = 2p02 -

1n2+1np02+1/21np02 =~ oF

~ —.—'}-E- - 1n2
In po, = RT
oo e 1,b
_AF
RT - 0,693
Pog "'=e Lo

' The estimated heat of reactlon at 1000°K (72‘7°C) is
calculated as..

AH = 75877 + 8,60T - ,00827 T2 , 389{(300

1000
v —75877 + 8600 8270 + 380

AH = 7658'7 cal. /mol '

'I‘his is equlvalent to 2. 09 million BTU per ton of
ammonium sulfate processed.

46a -

=" 75877 + 8.60(1000) - (. 00827)(1000)2 380000
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