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INTRODUCTION.

The object of this research was to study quantitatively
possibilities of a continuous process of production of per-
{zhloric acid from nitrogen peroxide and ammonium perchlor-
ate. Perchloric acid has many properties which ﬁake\it an
'iﬁportant acid in industrial and analytical work and its
‘use would be much greater if its coét of produétidn could
be lowered. It is a strong monobasic acid, stgblé in solu-
tions (up to 60%), has a high boiling point. There are rel-
ativély few in551UEle salts (potassiunm, rubidigm, caesiun,
and thallium perchlorates are only slightly soluble) and
the difference in solubilities of potassium and sodium per-
chlorates give an easy method of separation of‘thése two
metals in analytical work.

Anhydrous perchloric acid is arcolorlsss,.hygfoscppic,
volatile, mobile liquid, which fumes in air. On the skin
it produces serious and ﬁainful wounds. Pure acid decompos-
es spontaneously even in the dark in a‘few weeks. It ex-
plodes when heated to 90°C. Solutions are much more stable
and do not decompose either in darkness‘or in light if'or—
ganic matter and reducing agents are absent. For specific
gravities of solutions of perchloric acid see Table #1, the
freezing and boiligg points diagrams are given on the Pi-

zure ##. As it can be seen from these diagrams a constant
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®Boiling solution has a composition of 72,3% of perchloric

acid and a2 koiling point of 203°C at atmospheric pressure.

 Below 160°C the distillate contains leass than 1% of per-

‘c¢hloric acid. Pure perchloric acid freezes at -112°C (1)
while its monohydfate freezes atVSOOC. It koils at 59°C'ét
56 am. pressure (2) and at 16°C at 18 mm. pressure (1),
Specific heats of sglutions of perchloric écid were deter-
‘mined by M.Berthelot (5).’M§st of perchlorates are deli-
véuesc@nt except amﬁonium, potassium, lead and mercury salts.

The followiﬁg reactions are capabkle of producing larger
or smaller quantfties of perchloric acid:

1. Formation of perchlorié¢ acid By action of aﬁ acid on
perchlorates. | |

This general method of obtaining acids is atvpr@sent

the most important one for production of perchloric écid.
F.C,Mathers (4) distils potassium perchlorate with sulfuric
acid and obtaine a very concentirated ?erchloric acid (up to
4ﬁ 98%).,Potassium perchlorate may be substituted by sodium

perchlhraﬁerand sulfuric acid by hydrochloric acid. In this

(1) H.J.van Vijk. Zeit.Anorg.Ch.32,(1902), 115.

(2) D.Varlander and R.,von Schilling. Liebig's Ann.i_l,
(1862),346.

(3) H.Berthelot. Compt.Rend.93,(1881),240,291.

(4) F.C.Mathers. J.Am. .e1.80¢.32,(1910),66-71.
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. gase a 957% perchlorie acid may be obtained. H.H.Willard (1)
obtains perchloric acid by adding gradually hydrochloric
acid in the mixture of awmmonium perchlorate and dilute nit-
o ric acid and distilling the acid produced at 200 mn, pres-
pure. Pure HCIO4-2H20 is obtained, when the resulting dis-
tillate'ié bleache& by air to remove chlorine and nitrous
oxide formed during the process.

Purification Qf crude pefchlofic acid on commercial
scale is perforned in different ways depending upon the
impurities cont%pinated with the acid. It involvés a more
or less conplicated treatmeﬁt. Thus addition of alkali-
earth sulfides (like barium sulfide) is recommended in case
- if iron is present. The precipitate carries away also other
impurities and sulfuric acid is then added to the solution
to renove barium‘(z). ‘

2. Electrolytiec methods.
Perchloric acid can be obtained electréiyticélly from
‘différent materials Iike hydrochloriec acid, chlorine or

0102. H.M.Goodwin and E.C.Walker (3) oxidize electrolyti-

cally HCl. Saue method was worked out by E.C.Walker (&),

(1) H.H.Willard. J.Am.Chem.Soc.34,(1912), 1480-1485.
(2) Ger.Pat.262465.13 Nov.1912.
(3) Chem.Met.Eng.25,(1921),1093-1095.

(4) U.S.1271633, July 9,1918.



"8odium chlorate can hke also oxidized electrolytically to
sodium perchlorate (1) and the latter can be used as a

starting material for nmanufacturing of perchloric acid.

All these methods however are as yet of no conmercial im-

© portance as sources of perchloric acid.

3. Decomposition of chloric acid and chlorates by heat.

The well known reaction of decomposition of .chlor-
‘ates by heat may be used for manufacturing of perchioric
acid. Distillation of a mixture of fluosilicic acid and

potassium chlorgte is recommended as a comnercial source

>

of perchloric acid.
4, Oxidation processes involving ozone and photochem-

ical reactions.

T.Fairley noticed that perchloric acid is produced

when ozonized air is passed through a solution of hypo-

(2)

« Oxyzen activated

(3)

chlorous acid or of a hypochlorité

By ultraviolet rays may be also used + Deconmposition

of Cl0, by light also yields perchloric‘acid. However all

these processes are as yet of only theoretical importance.

(1) Brit.Pat.125608 and 125609, Sept.5,1916.

(2) T.Fairley.3.A.Rep.57,(1874),58.

(3) C.W.Bennett and E.L.Mack. Trans.Am.Electrochem.Soc.

29,(1916),323. ’



5. Oxidation bf ammoniunm perchlorate.

Pogsibilities of obtaining pure acids by oxidation
bf their ammonium salts with oxides of nitrogen in Watér
solutions were pointed out by different observers. Yhe
use of this méthod‘in relation to perchloric acid is the
object of the pfesént work which is a continuaﬁion of the
work of other students in this Institute. Advantaées of
this nethod are that no non-volatile impuritieé are ?ro-
duced as nitric acid, the by-product of the reaction, ecan

B - .
be easily distilled off with water at atmospheric pres-

sure. Ammonium nerchlorate is a cheap product and a con-
*

tinuous flow of nitrogen peroxide may be secured using
. :

the ammwonia oxidation method for producing it.
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_ PREVIOUS WORK ON THE OXIDATION OF AILIONIUM SALTS IN

AQUEOUS SOLUTIONS.

Possibilities of oxidation of ammonia and ammonium
salts by nitrogen peroxide were shown by Besson and Ros-

set (1) who succeeded to produce nitric and sulfuric

kY

acids by oxidation of the corresponding ammonium salts

with nitrogen peroxide. They have also shown £ha£ in case
of ammonium chloride a variety of products ig oétained.
-In all cases nitric acid was formed as a by-product. The
reactiones were“expressed by the equation:

NHyAc -+ 2NO0, = Ny —+ HNO§'+-HAC-+-H20
where Ac represents an pcid radical.

o~

This seneral nmethod was tried by H.H.Willafd ﬁith rel-
ation to perchloric acid (2). He generated oxides of nit-
rogen (nitric oxide and nitrogenrperoxide) by tﬂe action
éf.aulfuric acid on sodium nitrite and »assed then‘throuéh
‘a boiling solution of ommonium perchlorate. The reaction
was slow.ilthough some ammonium perchlorate was oxidized
to perchloric acid. Similar results were obtgin@d when the

oxides of nitrogen were gjenerated directly in the ammonium

(1) Compt.Rend.142,(1906),635.

(2) J.Am.Chen.Soc.34,(1912),1480.



‘pérchlpratc solution to which some nitric acid was added
and formic acid run in. Better resultis were obltained
slowly dropning throchloric ncid into a solution of am 0~
nium perchlorate and nitric acid. Practically compléte

T4

convercion was obtalned and the remction proceeded 2t a
reagsonable rate. Chlorine and nitrous oxide were evolved
according to the following cquation suj_ested by Willard
.as a possible explanation of the reactions involved:

4NE
FHH,, 4 2

In case of direct oxidation of amnonium perchlorate

&

cloq.b%m\zo}-.— 8HC1 = 34HC10,+ 4C1 551@20 —:—75H26

with nitrogen oxides the most advanta g eous reaction is
21TH, 010, + N'205 = 2N, + 2HC1O0y ~+ 3H,0
when no impurities are produced. Therefore this reaction
attracted svecinl attention of Stenzel (1) who found
‘that nitrous anhydride acted not as a self-existent conm-
pound but asg a mixture of nitric oxide and nitrogen ﬁer—
-oxide, the latter being the only active conéﬁituenf. The
actunl reactions studied by Stenzel probabiy weré:
2NO0, + Hy0 = HNO5—+ HNO,
HNO5; —+ NH{Cl0y = Np + HC1Oy + 2H,0

or combining then:

20y + NH{Cl04 = Np -+ HOLOy - HNOs - HpO

(1) R.Stenzel. Undergraduate Thesis on "A Method for

the Prernration of Perchloric Acid",Cal.Inst.of Tech.1921.



‘The final product of the reaction contained a certain
anmount of nitric acid as would be expected from the reac-
tions expressed by the equations given above. Stenzel
found likewise that in case strong nitric ncid was used
as a golvent for anmmonium perchlorate no reaction fook
place. | | |

The work of A.Knizht (1) was the continuation of the
"work of Stenzel. He tried pbt only the pure nitrogen per-
oxide as an oxidizing a-ent for am:oniun perdhlorate but
its mixture with oxyjen and nitric oxide as well. No ad-
vantagze was found in hsin& nixtures of these gaséa in-
stead of pure nitrogen péeride. In every case over lwice
&8s much nitric a2cid as perchloric acid was found in the
product. It was also found that the presence of nitric
oxide is of some value in reducing the productioh of nit-
~ric acid and the presence of oxygen increﬂses its yield.
As part of nitrogen percxide was reduced to nitric‘oxida
‘the following side reaction probably tqok place:
300, + H,0 = NO +- .o_HNc3
This reaction likewise explainé why an excess>of nitric

acid was produced,

(1) A.Knight. Undergraduate Thesis. "Perchloric Acid

from Amnonium Perchlorate and Oxides 0f Nitrogen". Cal.

Inst.of Tech.1922.
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From the p;rewvious works done it was evident that high
temperature favored the reaction of oxidation of ammonium
ion by incr@asing considerakly its rate. The time of con-
- tact should be also as long as possible. High temperéture
vas alsp advantggeous due to the rapid increaée in solubi-
1ity of am@oﬁium“perchlorate with the temperature. The
maintenance of these conditions was attemptea as far as
possibkle during the experiment performumed. The ﬁrogess wa s
also made continuous in order to obtain different data at

varying rates®of flow of *the gas through the liquid.
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EXPERIMENTAL PART.

A.

Deseription of the Apparatus.

A sketch of the apnaratus actually used in the;expe;
riments performed‘is ziven in Figure #1. The aﬁparétus
CQﬁsisted of five‘feet of glass pipe (1) 25 mm. in dia-

_ meler. The pipe was filled with glass heads Wﬁich were
supported by means of a glass rod (11). This-gléssvrod
was abkout one foot long and allowed about 100 c.c.open
space at the bdtton ;f the column where the sgmples were
collected. This glass cblumn was surrounded by a jacket
about 45 mm., in diameter through which a stream of hot
water circulated to keep the temperature inside as close
as possible to the boiling point of water. Thévwater‘was
fed in through the pipe 3 and heated by means of.a bur-
'fnef 4. The corresponding part of the water-feed tubing
ﬁas replaced ky a brass pipe. Due to large heat losses
ffom the.aﬁparatus the tenmperature of the wat@r’at the
~upper end of the jacket could not be maintained higher
than 80°C. Nitrogen peroxide obtained as described below,
was kept in the flask 13. The flask was connected with
fhe apparatus by means of a ground glass joint. The stop-
- cock in the neck of this flask allowed the éuéply of the

;}gas to be cut off if necessary. The flow of the gas was
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FIGURE NO /.

Swelch or Lhe Apparalus for Monw focluring
oF Perchloric Acie/ in tbe Expersmenls (eriormeos,




12.

v

regulatea by immersing the flask in the water and by regul-’
ating the temperature of this water, The U-tube (12) was
'filled with paraffin oil to allow to count the‘number of
'bﬁbbles of nitrogen paroxidé entering the main/§olumn.

The hot'a@monium perchlorate solution was supplied at
.Vthe top of £he‘glass colunn hf means of a glass container
5 of aboﬁt 150 c.é. capacity. The‘solution was‘kept close
to its boiling point by heating the branch-tube with a
gas-burner §. The‘hot solution was introduced into the
glass container 5 thrﬁugh the fuhnel 14. The'glaas con-
tainer g was connected‘wiﬁh the main coluﬁn ﬁhrough é?very
short rubber tube and the stream of the solutioﬁ was re-
gulated with a clémp.

Th@ exit gases were passed Pirst through'an.abgorption

’apparatus 1 witﬁ a measured quantity of étandardizéd 80—
:_dium hydroxide solution to ramovevthe;exc;sé of hitrogen
?erﬁxide, and through the absérption apparatus 8 which
Vcontainad a measured quantity of standardized potassiun
permanganétsAsolution to remove nitrogen oxide:evolved
" during the reaction. The apparatus 7 was replacéd by a
- simple absorption hottle as nitrogen peroxidé is very
easily absorbed by alkalies. The cdnétfuction of the ab~
sorption apparatus 8 is clear from(ﬁﬁe sketch, 9 repre-

sents the same apparatus using larger scale.
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To enable the regulation of the temperature one ther-
- mometer was inserted at the top of the glass container
5 and another at the top of the coluunn 1.

Rubber connections were avoided as far as possible
owing to corrosive aétion of nitrogen peroxide.'OnIy
glass jbihts were ﬁsed along the passage of nhtrogen
peroxidé up to its entrance in the main column 1. At
“the top of this colgmn a rubber stopper was used pre-
viously covered with a mixture of asbestos and water
glass to prot@c&_it from corrosion. Absorption véaeels
were connected through glass tubing joined togéthe? by
means of very short pieceé of rubker tubing és nitrogén
‘peroxide in this part of the apparatus could be présent

only in very small concentrations.

B.

Preparation of Nitrogen Peroxide.

Nitrogeﬁ peroxide for the experinent was obtained by
‘decomposition of lead nitrate according to the equation:
Ph(NOs), == PBO + %02 ~+ 20,
As the reaction proceeds at a high temperature when even
Pyrex glass begins to soften the procéss‘waskcarried on
in a cast iron container. Apparatus used in the experi-
ment is shown in Fizure ##2 on next page. (1) represents

S

~the cast iron container. It was made of a 2-1/2 inch
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iron pipe seven inches lqng. Two caps were screwed on
the ends of the pipe. In the upper cap_a4}/A inch pipe
was screwed {4). This pipe &gs:connecﬁed with a 6 mu.
glass pipe through'a glass reducer (5). iﬁ the refriger-
“ator (€) the zases Were'precodled With.é misture of ice
and water. The gases then passed over to the flask 8,
imnersed in a mixture'éf alcohol and liquid air. The tenm-
perature was kept 3006 below zero. 9@ represents a vacuum
flask to prevent rapid heating of the COoliﬁg mixfure

b¥ the surrougdings.‘Pipe 1¢ éonducted any uncondensed
nitrogen peroxidé and the oxygen evolved during the re-~
action to the ouiside air.

The joint between pipes 4 and 5 (iron and slass res-
pectively) was made with a mixture of asbestos and so-
dium silicate. Pipe 4 was connected with the cap of 1
with 1i§harge-g1ycerine mixture; The threads at the top
“and %Q£tom of the pipe 1 were coated with a nmixture of
lithargze and oil so they could be easily removed after
“the experiient to clean them out and fo introduce new
quantities of lead nitrate ifiﬁhé experiment'sﬁouldfbe
repéated.

The volunme of the iron container 1 was calculated ns
féllows. Theorsiical yield of nitreogen pefoxide Prom

‘lead nitrate is 27,79 by weisht. Making an allowance

[#3

for side~ reactions-~and nechainical logsses it was assuned



that the yield would be awout 2045. For one run of the

s n

perchiloric ~cid anparatug including Tive sauples of

[v)

aboul 100 c.c. ezcu, 0,4 lbs. of nitro_en peroxide are

Lh’_’l

required correspouding to & lbs. of lead nitrate. As

the specific _ravity of lecad nitrate is 4,5, the 4wo

@ v

T [l

ouads of it would occupy about 200 c.c. or 12,2 cu.in.

w3

The iron coantoiner was ande abour twice that volune.
The iron continer 1 was surrounded by 2 Srick oven
ated through a suall opening at the botion

crngure a

ae¢ watnergj. The flame was 1

x

uniform flow ol the _as which condensed in 8. About 500

c.ce Of alcohol and two liters of ligquid alr were reguir-

ed Tor oune run. When all lead nitrate was deconposed

the stop-cock of the flask 8 {450 c.c. capaciiy) was

[=5

)
£ -

closed, pipe 10 was sealed and the whole flask was d

connected from the remaining part of the apnaratus, a

simple thing to do as it was comnuected with the pine 3
by menns of a zround jlass jolnt.

Actual Tests.

o,

The first run was nade using aamonium perchlorate

(=3

solution saturated at 80°C. The run was unsuccessful

the top of the apparatus and it was inpossible Lo re-
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. e v as A
dissolve 1t By heatian: the soluiicn with the burner §&.
Therefore in the second run the annaratus was first

1 o S s b ele 24 wir o A oy o I I
preneated . by paszing “hrough 1t hot water dand then Lo

displacing the witer with the amnmonium perchlorate so-
lution. The solution used this 1iliie was saturaﬂad at
,7600.‘Sixréamples were collectéd at intervals of ten
minutes each. Thié run was nore successful‘than the

5

first one but the followin; defectis were found in iths

ADIArATLUS S

as Annonium perchlorate crystallized out at the bot-
E 2
ton of the coluun and clo;_ ed up the stop-coclk 10 throu.

which the sanples were collected. Every tine the sananle
1

was taken the stop-cock should be cleaned and this in-

evitably resulted in losses of the aand

—
[
fle]
<
[oN
[+
(@]
[
—
D
¢
o
3
fo

P

in the anonium nmerchlorate which cryagullized‘out. Tuis
was an evidence thot only a com?nratively suall amount
of ammonium perchlorate was oxidized to péfchlofic acid
or in obther words that the contact bhetween the solution

1 .

#a8 was too short although the gsolution was ia-

troduced at a very slow rate (about oae drop in iwo se-
conds during the most part of +the experiaient).

e Under the conditions of the experiment no nitrogen
perexide fumes were sech above the middle of the coluun

o

although the “low of the jas was very rapid {more than
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four bubblés per Second). At that rate the evolution of
nitric oxide was go rapid that it was ﬁot sufficiently
absorbed by the potassium permanganate solution and a
small Lrownish fume could Le seen coming off from,the'
pétassium peraanganate avsorption apparatuse.

¢c. The giaés tubing leading from the top of the nain
column to the absorpltion apparatus was clogged up at
the end of the experiment with the amaonium perchlorate
sclution and the crystals of the salt_increésed th@ r@;‘
sistance to the passage of the gases to such an exteht
that it waé impossible to force the solution ffbm Con~—
tainer J into the main column. At that moment the expe-
riment was stopped. This cloggzing up of the glasé tubin,g

was due to the very rapid passa;ze of the g&s‘through'the
absorption column so that this gas carried along some of
the solution into the exit tubgng where the salt crystal-
vlizad out.

The following sup_estions can be made for the subse-
quent runs:

a. To decrease the rate of flow of anmmoniun perchlor-
ate solution to a still greater extent and at the same
time to increase the flow of nitrogen peroxidekso as to
keep the eantire column full with browym fumes. The botton

of the column not inclosed in hot water jacket should be

also heated. This can be done by imnersing it in hot
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‘ﬁater Eath remoVing it for ayshorf time when the samples
are taken, 6r by making an arrangenment similar fo that
used in the nitrogen peroxide manufacturing (Figur@‘#Z).

B. To introduce a second absorption apparatus. for
nitric pxide or to‘replaqe the one used by a more effi-
cieﬁt one. As ﬁhiS'inevitably leads to a larger resis-
“tance to the passage of the gas, the container'g at the
top of the main column must be made somewhat higher 1o
ensure more pressure. Another way to solve this_pro&lem
is evidently to*decrease the rate of flow of nitrogen
peroxide.

ce To raise the gas exit tube muci nbove the jlass
beads.

As these suj_ estions are to a certain extent contra-
dictory the following conclucion must be nade cohcerning
thé regulation of the passage of thergas and‘fhe flow of
the solution. It would be best to decrease thé flow of

. ) . ‘
the amnonium perchlorate solution frpm,the top of the

column and to regulate the flow of nitrogen peroxide so

that it reaches the top of the main column and nitrogen

oxide is at the same time conpletely absorbed by the po-
tassium permanganate solution. This regulation is a very
difficult one =2s it is hard to contro)l the flow of the

solution in the way it was done. The size of the appara-



tus makes it difficult to control sinultaneously at dif-
ferent points. Sone changes in the desizn of the appara-
tus must fherefore e done. It is also desirable to in-
crease the concentration of the salt in the =molution,
hardly to be déne under the present conditions. The whole
column should be covered with some insulating unaterial
to dininish heat losses. Windows should be made in seve-
ral places to enabie the control of the flow of the
gasea;

The analysis of the samples collected was ﬁade and

-

the anmount of nitric oxide evolved was neasured.

D.

Methods of Analysis.

Total aéidity of the solutidans was first determined.
Ammonia was drivén of f by boiling with sodium hydrbxide
golution. Hitric acid was then deternined Ey redﬁcing
'it’to amaonia with nascent hydrogen.

After ammonia was driven out with'sodiuﬁthdroxide
everj sanple was diluted to 100 c.c. A known volume
(usually 10 c.c.) was then:introduced into é Kjeldal
flask, wherebthe following substances were gdded: 100 g.
zinc, 50 g. iron fillings, and 40 c.c. 40% sodium hydr-

oxide solution with 50 c.c. of water. The Kjeldal flask

was dipped in the measured amount of standard sulfuric



21.

acid solution. The whole apparatus was carefully sealed

to prevent leakage. The mixture was allow@d to stand

for one hour in the cold and then akout half of the

walter present was distilled off and the amount of ammonia

deternined by titrating Back the standard acid éblution.
Aﬁoﬁnt of amﬁonium perchlorate was deternined from

its solubility at 70°C in water. It was impossible to

determine it in‘a_different way as nuch of it crystal-

lized out in the apparatus while cooling.

E.

Conclusions.

The following éonclusions can be drawn from the data
obtained (See Appendix #1):

1. Lower temperature of the expveriment, 1653 sature
ated solution with respect to émmoh{um perghloraté, and
insuffiéient time of contact of nitrogen peroxide with

~the solution as compared with Knight's experiments fa-

vored the undesirable side-reactions. A larger amount

5

of nitric oxide was thereforé evolved per uhiﬂ amount
of nitrogen peroxide used, a relatively larger amount
of nitric acid being produced, and the percent conversion
of ammonium perchlorate being small:
2. Longer contact of the solution with nitrogen per-

oxide undoubtedly favors greater conversion of ammonium

perchlorate into perchloric acid.
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5. It is likely that the solution of amnonium per-
chlorate in dilute nitric acid will zive somewhat Eetter
results since the results shown in Appendix #1 indicate
that as the nitricbacid concentration increases up to
at least 8 ﬁormal the relative rate of formatioﬁ of ﬁ@r-
chloric acid compared to that of nitric acid becomes
greater. On the other hand Stenzel found that a very
high concentration of nitric acid was not favorable to

the formation of perchloric acid. This might be explain-

v

ed by the fact that nitlric acid is
B

i?

Tormad in the sane
reaction as the perchloric acid and high concentration

of nitric acid would tend to retard this reaction.



APPENDIX 4#1.

Experimental Data.

Amount of NOs used:

"Weisht Of the NOp BULD e vvvennnnnesnsnnnnen

1 st weishing of the bulb ....,.
2nd " » L | "

. ® 8 5 0 0 % 00 e 80 009 %000

Weight of :NOE used <ceovoo

¢ e 23 3 8 5.8

Analysis of the KiMnQOy solution:

Total volume of KMnOy solution (0.4701 N} ..

23,

205,082 g.(1)
293,43 7

230.92 "
62,51 "

1557.0 ca.c.

mroo™ " M FeS0, " " (0.4206 N} .. 44o,5 "
Equivalents of KMnOk reduced eeceesvesonveee 0,5467
Hols of NO wabsorbed «..evavens csesssssnesess O,10822
" " MUy used during tle raid sesesececssses 1,3586
" " NO per 1 mol of NOg weseensnvoasenss 0,132
Analysis of the samnles:
Volune Time of NaOH Nornality Mols of
collected. +the run. used in H*. acid
CsCs hrs.min. CeCoe present,
I 14,2 2,10-2,20 39,76 1,693 0,02404
IT 27,4 2.20-2,30 234,40 5,172 0. 14172
IIT 18,3 2,30-2,40 250,80 8.583% 0,15708
v 28,9 2,40-2,756 152,00 3.807 0., 11004
A 11,0 2.50=-3,00 121,59 6,684 0.07352
VI C2.h 3.00-3,10 40,00 10,077 0.02418
Volume Volume of NaOH Volume of Mols of
of Hy804. for neutralliz. the sample HNOx
C.Co CsCo (2) present.
I 100 60,94 506 0.,0226
II 100 58,60 1¢ 0.127
III 50 16,80 10 0.139
IV 50 21,40 10 10,0956
v 50 29,10 10 0.0648
VI 50 33.80 10 0.0204
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Normality Normality Ratio of Normality 4% conversion

in HNO3 in HClO0y HNO to in of NH,C10,
' HC?04 NH?0104
‘ | 3)

I 1.591 0.102 15.6:1 3.7¢02 2,8

11 4,635 0.537 8.,6:1 3.702 14,5
TITI 7.592 0.991 7.7:1 3,702 26,8
v 3,308 0.499 6.6:1 3,702 15.5
v 5,891 0.792 7.4:1 3,702 21.4
VI 8,517 1.560 5,431 3,702 b2 1

(1) 2.39 z. were lost in trial run.

(2) Every sanmple was diluted to 100 c.c. - ,

(3) Solubility of NH,ClO, at 70°C is 435 g. per
liter (See Figure #5). _
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APPENDIX #a.
ESTIMATE OF THE POSSIBLE MANUFACTURING COST OF PERCHLORIC

ACID.

The plant for manufacturing perchloric acid by oxid-
ation of the ammonium ion in anumoniunm perchlofate>solu~
'tion by meahé_of nitrogen peroxide, in its general fea-
turea can be compared with a plant for the pfodﬁction
of nitric acid by the ammonia oxidation method. Additio-
nal apparatus needed are suitable devices for the con-
centration of ®the acidrproducad and for the distillation
of the nitriec acid, the by-product of the procéss. There-
fore as the basis on which the estimate is made, the con-
struction and operating cost of the United SﬁateéﬂNitrate
Plant #2, where the ammonia oxidation methOd‘of produc-
tion of nitric aeid is used, was taken into conéideration.

The United States Nitrate Plant fi2 was built during
the war when the prices were much higher than at present.
Therefor%ia 60% reduction was nade on the corresponding
data of the construction cost‘of the flant as quggestad
in the report of the Nitrate Division (1) but & 25% alloww

ance was made for the additional expenses as the plant

(1) Report #2041 on the Fixation and Utilization of

Nitrogen. Nitrate Division. Ordnance Office War Depart-

ment. 1922.
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for manufaéturing perchloric acid requires somewhat
more complibated apparatus as was already mentioned.

All the data cbncerning the construction and oper-
-ating cost were calculated on the basis per one ton
of 60% perchloric acid produced. It was also éonsidered
'that each m§1 of nitrogen peroxide will produce only
0.15 mols of perchloric acid, as was found iﬁ the expe-
riments performsa by Mr.Xnight.

Under the operation cost were included the cost,of
power, comprefsed air, miécellaneous aupplies and repair‘
parts, laéor and superint@hdance. Other expenses inplude
interest, depreciation, obsolescence, insurance, and
taxes, and were taken to be 15% of the construction cost
of the plant. The price of amronia gas was taken as $600
a ton, which corresponds to the present market.price of
the zas. In the Nitrate Plant #2 wﬁere ammonia gas We s
also manufactured, its cost per ton was only $211,30.
vTh&refofé the price of perchloric acid can be lowered
if the same plant produces also ammonia gas{ The,cost
of ammonium perchlorate was taken as 8400 per ton (20¢
a pound), which likewise corresponds to ifs present nar-
ket price. The cost of 36°B& (52,8%) nitric acid was

taken as $90 per ton. .
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As the yield of perchloric acid in the exveriments
of Mr. Knight should be considered exceedingly small
another estimate was made on the supposition that the
yield of perchlorie acid would be 50% larjer. This
procedure is justified by the fact that Mr, Knigﬁt
éould not collect all the acid produced during his ex-
perbments, as part of the acid inevitably adherbd to the
different parts‘of the apparatusi its amount in all Dro-—
bability was not very far from 50% of the total yield if
the small laberatory scale of the experiment is taken |
into consideration as well as the small volumé of the
liquid qollected in comparison with the size of the appa-
ratus used. In both cases it was considered that 90% of
the ammonia was converted into nitric oxidevand 95% of the
nitric oxide into nitrogen perqxide, as can beiexPected
from an average plant producing nifrogen peroxide‘by amnmo-
nia oxidation process. Commercial amumonium perchlorate was
.consideréd to be 97% pure. It was alsoc assuned that 95% of
it is converted into perchloric acid‘as can_be:expected if
a sufficiently long absorption tower is built.

According to Mr. Knight's data akout 5.105 mol of nitric
oxide was produced per each mol of nitrogen peroxide used.
Here is another possible source of economy which was not
considered in the estimation of the total cost of manufac-

~

turing perchloric acid as this cost was calculated for the
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most unfavorable conditions. This large quantity of nit-
ric oxide can be evidently ¢converted into nitrogen per-
oxide and used again in the process.

According to the figures given below the cost of one
pound of perchloric acid manufactured by this process
nust b&>ab0ut 30555 ceﬁts 8ll expenses included as well
as the interest on the invested capital. The present
cost of perchloriq acid is $3,00 a pound or about ten
times as great, It is interesting to note that-due to
the large molgcular weight of perchloric acid largé'va-
riations in the amounts of nitrogen peroxidé used influ-
ence only to a very sméll extent the final>cost of.the

product.,

Manufacturing Cost of One Ton of 60% Perchloric Acid.

I. IY.
Construction cost $258 $258
Operating cost .. $ 23 $ 2>
Other exéenses .o $ 39 $ 39

Ammonia used «... 0,795 ton $477 06,530 ton $318

NH,C10, used .... 0,797 " $319 0,797 " $319

HNO, collected .. 1,850 " %167 t,230 " $111

3
HC10, produced .. 1,000 " §691 1,000 " §588

Cost of perchloric acid per pound - "30-35¢.
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The first qolumn corresponds to the data of Mr.Knight's
experiment, the second column takes into consideration a
poesible 50% increase in yield of the acid for the same
quantity of nitrogen peroxide used. Construction and oper-
ating expenses in Both cases were considered to Ee the
s&me'although they wili be also less. In any case they are
neglizgibkle as coﬁpared with the cost of the products in-

volved in the process.
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APPENDIX #3.
PROJECT OF AN APPARATUS FOR CONTINUOUS PRODUCTION OF PER-

CHLORIC ACID ON A SEMI-CCMMERCIAL BCALE.

The apparatus for the manufacture of perchloric acid
by th@,proqess in qgestion must consist of a suitable de-
vice for producing a continuous flow of nitrogen péroxﬂde
and an absorption tower where the nitrogen p@rpxide meets
a2 stream of hot ammonium perchlorate solution. The nmost
convenient method for manufacturing nitrogen peroxide
seems to be the one by which the gas is produced by cata-
lytie oxidation of ammonia. Nitrogen peroxide can also be
obﬂained By passing an electric arc throu h the mixture
of nitrogen and oxygen but the apparaius is more complic-
ated and the production of nitrogen peroxide is more ex-
pensive.

The catalytic oxidation of ammonia has for a long time
_attracted the attention of chemiste and, in connection
with the éanufacturing of nitriu'acid; was well developed
during the Great War. The essential features of this me-
thod are as follows,

A mixture of anmmonia gas {(about 104 by volume) (1)

(1) With electrically heated gauzes high oxygen con-
tent is especially advantageous. Rep.#2041.Nitrate Div.

Ordn.0ffice.War Dept.{1922)},182.
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and air is pagsed continuously through a catalyst. Pla-
tinum ie usually used as a catalyst but other catalysts
may ke also used (1). It is desirable Lo increase the oxyw
gen concentration But only to a certain extent as the mix-
ture is liable to explode unless sone changesLin_ﬁhe de—
sign of the catalyst are made <2). The following reactions
take place: |

ANHz + 505 = A4NO —+ €Hp0

f#NH§ + 30, = AN, « 6H,0

(1) ChemsVeekblad IX,(1912),47-58, suzzests Cu, Ii,
FeOE, and Pt as catalysts.

U.8.1458969. A layer of metallized asbhestos and
separate layers of oxides of copper, iron,’and rareearths
are used as catalyzers.

Different catalyzers are also sug ested in the
following articles: Je.Knox.Fixation of.Atmospheric Nitro-~
gen. Cheunical Monographs. 4,1914,57-60; E.Decarritre.
Compt.rend. 177,(%923),186-188. The Catalytic Oxidation
of Ammonia by Alr in Contact with pure Palladiun.

(2) J.Ind.and Eng.Chem.XII,(1920),15-16.

Brit.Pat.181486. The concentration of the cata-

lyst gradually increases in the direction of 4he

case

flow. In this woy mixtures contoinimg up to 404 of ammo-

niz may be treated without explosion.
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Az + 600 = 5Ny + 6Hp0 (1)

As the second and the third reactions are undesirablé,
it is important to reduce their effect as>much as posw—
sible, An excess of oxygen is therefore desirable as .
the second reaction is proportional to the thirdtpower
and the’firét reaction to the fifth power of oXypen con-
centratioq. H

Nitric oxide thus obtained must be oxidizedlfurther
to nitrogen peroxids. Activated carbon used as a cata-
lyst, incrences the speed of the reaétion four£e@n times
but the problem of its utilization is a very difficult
one as the concentration of nitric oxide over 164 can
hardly be used as carbon begins to burn. Carbkon also
loses the properties of a catalyst when it becomes wet

with steam. The problem was however solv§d a short time

(1) Other theoretically possible reactions ares

ﬁNHs ~+ 80, = &HN% ~+ 48,0
4NH3 + 70, = 4N®2+ éHaO
2N0, = 2NO 0,

These reactions are prevented by the hizh temperature of

the process.
2NO == N2~t-— O2
"Proceeds only to a negligible extent.at the temperature

of the process. (J.Ind.and Eng.Chem.XII,{1920),6).
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gauze is wmore ~dvisable ~ 3 the avp ~wus 1o lcess

- . - P =l - - 3 [ - R,

exnensive and Tane prelenting ol 1828 18 Not doecesanry.
1 Ral - o + F - A e ¢ e 4 eyt 1 )
Therasfore ouly $he =2lectirically hested _Jnuze will Le

dvisable

& or net,

It is impracticadls to use wires of auch lessg Tinn 00,0020

Pirst case the wire i1=2 liable to Wreak and in the second

case a large percent of the platinun has wo catalytic

v0 be tane one wihlch

is nade of a wire containiagz about 0,14 of iridium and

sy

o)
s

pproxiasately 00,0026 iaches in d

Fagpy

aneter, The nrescnce of

secures sulliclent dactility

s

ridium is dusiraulq‘as i
and tensile siren; th of the wirs (1), There =
h sgoae consider tuat
80 nech is csulficient (2). The Frank and Caro eatalyst

which is probabdly the most suitable for the purpose of thue

e

aun gauze nmadc up

<

sxperizaent, consists of a sfngle plar
of 00,0026 inch dianecter wire and has 80 umeshes per linear

inch. The gauze 1s welded to esilver terminals and

{1) J.Ind.and Enz.Chen.XII,(1920),12.
{2) J.Ind.and En_.Chen.XI, (1919),544-545.

Chen.and Met.BEag.XXII,(1920),125.
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5y electric eheriy to £50-700°C. This 4ype of apparatus
usually consists of an aluminium frame and a rectanzular
catalyst 15,75" by 23,5". The flow of the ammonia-air
nixture zoeg up throuzh the electrically heated _Jnuze
just»dascribed. This platiﬁum zauze weljghs about 2,89 oz.
and suoh‘an apparatus oxidizes 176 1bs. of anmmonia per

(1)

day with 90-92% efficiency . The size of the apparatus
for the senmi-cowuercial scale experinent nust be certain-
ly reduced according to the desired output of the per—.
chloric acid.  For this calculation it is inmportant to re-
member tha&\i oz. of platinum can oxidize @ffici@ntly
apout 0.025~0.0§5 lbs, of ammonia gas per nminute <2). If
the rate of flow of the gas is increased the efficienty
of the apparatus decreases.

It is important to take into cqnsid&ration‘thaﬁ an
éxcessiv&ly large contact surface and a iaﬁ gas velocity
at any teuperature above 600°C favor the ammonia decompo-
eition reaction and the catalytic decémpOSition reaction
of nitric oxide into nitrogen and oxygen, which must be
certainly avoidede Influence of poisons such as naphiha-
lene, soluble tar, phosphine etc., can also be minimized

By using high oxyzen concentrations with sinultansous

(1) Chem.and Met.Eng.XXII,{1920),125.

(2) Chem.and Met.Eng.XXII,(1520),129.
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high ;ds and catalyst temperature and minimum time of
catalyst contact (1).

The mixing chamber for air gnd anmonia and the catalyst
holder on the amaonia~air:sid@ should preferably have a
silica Iining. The cylinder itself must be made of nickel
stéel as‘pure nickel is not so economical. It must be re
membered that nickel, aluninium, and silica are the only
sui%able materials to use for the construction of the
chanber as they do not decompose amuonia at red heat (2).
Aluminium 1% less advantageous as it is é‘very good heat
conductor £5), but for the experiﬁental purposes 1t can be
used as it is nmuch less expensive and @asigr to work with.

According to the experiences of the Sheffield Experi-
ment Station (4) the catalyst cﬁamb@r shéuld be 20 inches
high and 1 square foot in cross-~section. It should be
Built of cast irom and 1ined\with enameléd terra-cotta
blocks. The air-amnonia nixture enters at the.ﬁop through
aluninium piping and & platinum zauze 1s stretched across
the bottom heing clamped to the nickel frane so that it

can be wasily removed. Electric current nmust he supplied

(1) J.Ind.and Eng.Chem.XII,(1920),120-122.
(2) Rep.#2041.Nitrate Div.Ordn.Off.Var Dept.(1922),183.
{3) J.Ind.and Eng.Chem.XIX, (1920), 126.

(4) Chem.and Met.Eng.XXVII,(1922),699.
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up to 350 anperes. The hot nitrous gases from the oxidi-
zer are cooled in cast iron pipes and finally in Duriron
if it is desired that they leave the aﬁparatus at room
teuperature. Two kinds of platinun gauzes were used., The ,
electrically heated gauze was 13 x 27 inch@s,‘80 nesh,
made of 9;0030 inch diameter wire, and had a flat rect-
angular shapﬁ,.weighing 5,20 oz. The cylindrical four-
layer zauze was {3 x i14 inches, also 80 mesh, 6.0026
inch diameter wire, and weighed 16,50 oz.‘(1>. In further
calculations these data‘were taken as a basis as they are
in all prgb;bility the most reliable althoﬁgh they some-
what differ from the data previously giveﬁ for thé Frank
and Caro catalyst.

The striking interdependence of oxygen concentration,
temperature of the reaction and contact surface upon the
speed of the reactiion nmust be rem&mher@dvia)‘ Theée fac-
tors cannot be predicted and must be determiﬁed‘ﬁxperiu
mentally. However it is important Lo notice that the
gauze temperature in all probability'will-be about 790~

87000 or even higher in order that maximum efficiency

can be obitained (5).

(1) Rep.#2041.Nitrate Div.Ordn.0ff.War Dept.(1922), 184,
(2) J.Ind.and Eng.Chem.XII,{(1920), 125,
Chem.and Met.Eng.XXII,{1920),128-126.

(3) J.Ind.and Eng.Chem.XXII, (1920),120.
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The nitric oxide produced nust be cooled to about 50°C
and at that tenmperature mixed with air just sufficient
to oxidize it to nitrogen peroxide. After 100 seconds
g2% of nitric oxide is converted into nitrogen peroxide <1).
Table #2 contains different data which ref@fbto a
.gauze of one inch square. Calculations were based upon the
data of the Sheff;eld Fxperinental Station, if they dif-
fered from other data found in the literature. A 10% mix-
ture of ammonia Ey volume with air was considered and the
equations of the reactions assuned io Bes
10NHz + 2,810 +18,30,+ 68, 9N, = 10N0+ 17,8H,0+68,9N,+ 5,80,
10NO -+ 17,8H,0 + 68, 9N, -+ 5,80, = 10N0, + 17,8H,0 +68.91,+ 0,80,
For each gram:molecular weight of ammonia 211730 calories
are evolved during the first reaction. It wae also assuned
that 90% of the ammonia was converted into nitric oxide,
95% of the nitric oxide- into nitrogen pepoxide, énd 95%
of the ammonium perchlorate into perchloric acid. A satur-
ated solution of ammoniun perchlorate at 100°9C contains
570 grans of the salt per liter of éolutibn (see Figure #5).
It was assumed that “or the experinental pﬁrposes a
4 x 5 inches platinum gauze would yield a sufficient amount
of nitrogen peroxide for the use in the process. Data of

the Table #3 refer to the 20 square inclies of electrically




heated platinuﬁ gauze and to one nminute time. The tenpe-
rature of'th@ substances involved in the process was tak-
en as 20°¢C unless special remarks are made. One pound-
m0l of gas occupies at that temperature 664,000 qubic
inches, 1 liter is equal 0,264 gallon, and the ndolal heat
capaciﬁies'of the gases were assuned to bhe 7.68%—6.0007T,
where T is the absolute temperature in degrees Kelvin,
Apparatus shown in Figure #3 consists of the tank
with ammonia gzas (1), which is connected by a pipe 3/4
inch in diameper with a tank containing sodium hydroxide
solution to wash the gas before it mnters tﬁevmixing
chamber. Pipes (2) and‘(ﬁ) are of the same diametef and’
as their ecrossdsection area iaro.ﬁﬁ sq.inch'the‘velocity
of the gas in this part of the appers _us will be about
48,5 ©t. per minute. The washing tank (3) must be made
of lye-résisting material, probably iron.vPipe (§).is 2
inches in dianmeter and carries conpressed air w;fh a ve-
'loéity-of about 62 ft. per minute as the cross-mection
area of the pipe is 3,14 sq.inches and the volume of the
air admitted is nine times thé volume of thé aﬁmonia
gas. Mixing chanmber (6) is made of aluminium pipe 5 in-
ches in diaumeter. Its cross-section area is 19,8 sq.in-
ches and £h® velocity of the gases ipcreaées from ¢ ft.
to 42 ft. per minut@ as the gases become hottér from the

heat introduced from the platinum gauze. Platinum»gauze
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(1), 20 sq.inches in area, catalyzes the reactién and(
vihe gases thénv@nter‘tﬂé‘5 inch pipe (8) made of bésf
iron which COndubts‘the nixture to the;cogle: (9). Cold
Water{@ntefs the cooler jackei (lg)kthroggh the pipa |
‘(1i)ka£lawrate of‘épproximat@1y41.12 gaiions per ﬁinut@,
and\laaves’if through a pipe at the top of the tank. The
pipe which pqnducﬁé the cases, cooléd to 56-@000, to the
large chanmber (12) must be 2,5 inches in diameter having
a crosa—seé@ion aréa of 4,9 square inches and yiving a
veldcity‘of 52 feet-per minute. Chamber (lg)made of cast
iron must be‘ozjabout 6,000 cubic inches capabity to allow
the gases to remain there dgring-106—120 seconds until
the rsactidn betwesﬁ nitric oxide and‘oxygan is almost
complete; Nitrogén peroxid@ produced passes through pipe
(13) to the absorption tower (14) where it meets the
stream of hot saturated solution'of,a@monium pefchlérate
which enters the tower at the top. The temﬁefature of the
ﬁower‘musﬁ pe kept at 95-100°C as this temp@ratu}e cives
the best results. Therefore the whole ¢91umn muet be
surrgunded by a steam jacket. The solution of amaonium
perchiorét@‘must be returned by means of the pump. (15)
and pipe (17) to the absorption tower until the process
ig complete. Then the solution nust be fun-out through
the cock” (16). At the top of the tower & suitable device

nust be attached to obtain a saturated solution of amno-
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nium perchlorate at about 100°C, which nust be Tiltered

before it enters the abéorption tower if the comnercial

salt contains inscluble impuritieé. (23) indicates posi-
tions of thermometers and (22) positions of the gas-flow
‘meters. The temperature of the zauze can be_contréiled

by measuring its resistance.



TABLE #1.

E8pecific Gravities of HClO‘{F Solutions.

% HOLO, ‘  Specific Gravity.
20°¢C. 50°cC.
100,60 1,7676 1.7078
- 94.67 1.8089 1.7551
84,81 - 11,7756
75.59 1.7336 1.7023
60.38 1.5355 1.5007
39.75 1.2501 1.2649

(H.J.van Wijk.Zeit.Anorg.Ch.32,(1902),115).

Specific Gravities at 20°C.

Sp.Gravity. , %50104»
1,03 8,48
1,10 16,00
1.20 29,26
1.25 34,05
1.30 40,10
1.35 4y, 89
1.40 bo, 23
1.45 : 53,51
1,50 57,06
1.55 60.78
1,60 ' 64,50
1.65 68,26
1.67 69.77

(K.v~u Zrster,Zeit.Anorg.Ch.52,(1907),2706).



TABLE #2.
Data Corresponding to One Square Inch

One Minute Time.

Weight OF 0.0030 IN.FAUZE sovenenennns
" ’" 0.6025 e e e
ammonia.....................
men " nitric oxide produced s.e...
nitrogen peroxide formed ...
air #n 10% aumonia mixture .
L v T nitric oxide mixture
Volume of the zases passing the gauze
C. and 1 atmosphere eeeeeescenacss

Rate of flow through the gauze (0,030

4%,

Platinun Gauze and

ceenens 0,01482 oz.
ceeeees 0,01113 0
.......‘0Q000554 1b.
N 0,600550 "

cieeens 0.000773 O

heenees 0,005109 "

* 40 ¢ o 00 03001275 "
at 800°
ceeesss 420 cu.in.

1b. of

ammonia gas per ninute per oz.of platinum) 35 fi4/nin.

Volume of the gases in nitric oxide-air nmix«

LUTE 8L 6070 v et ntineeneeeennnes

veveenss 14O cu.in.

Volune of the reaction chaaber for the nitric

oxide-air mixture (120 sec) +oeueo.

Wel_ ht of amionium perchlerate convert

ceeeses 300 MM

ed vo.. 0,000292 10

wer " perciiloric acid produced ssseeceses. £,000252 "

Volune of ammoniun perchlorate solution ..... @.,015 cu.in.

v

0.25 cu.cnm.

Cost of the gauze (8116 per oz.of platinun

PLlUuB WOTK) evevevenssasoososcasnens

ceeee. 81,50



TALLE #%.

Data Corresponding to 20 Square Inches

Weisht of

" " n

Volune of

3

Minute Tir

i

€

ammonia &8 .esese0e0ae

0
.
.
.
»
.

. > I4
alr Prom pipe (B5) eeeveceaoas

A0niAa 28 sessecescocoossos

Total volume of gases in {(6) eeevecesen

n n el
ron "
Voluwms of

Gauze and Cne

*

-

0.0C668 10D,
0.16300 "
261 cu.in.

2610 "

" moomor a4 B860°C at the snuze 9800 " "

" moomor a4 60°C after cooling 3000 " "

armonium perchlorate solution

Hent consumned by the £001ler sssesececccees
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FIGURD #4.

a} Preezing Points of HC10, Solutiocns.
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FIGURE #5.

Bolubiliyy of Ammonium Perchlorate in Water.
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