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INTTODUCTION

Since the advent of the modern practice in our steel industry,
both thie producers and fabricators of that indusiry have had to cone
tend with a still wnanswered problem. That problem is tiie disposal
of the waste pickle liquors, the exhausted sulfuric acid solution used
for the removal of the oxide scale formed on 8teel during any of the
beat treating processes.

This pickle liquor contains varying amounts of free sulfuric
acid, and of iron in the form of ferrous sulfate. Thils material is
at the present time neutralized with lime and discarded. Althoush
tiiere has been a great deal of labor and time expended on tlie prob-
lem of salvajing this wasts, so far no other process haa proved to
be econoumlcally feasible,

Within the past few years another factor has come into tle
picture which makes it imperative thiat a solution ba found to this
problem, National and local govermment authorities, spurred on by
the efforts of conservation and natural wildlife organizations, have
passed wany laws to prohilbit the dumping of this waste into the
streans and waterways of our natlon.

Because of this lest event, the economic picture has changed
to the extent that any process for the disposition of thiese wastes,
in order to be econouically sound, must produce salesable products

only to the extent of paying for the process itself,
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As an approach to tiie solution of this problem, Dr. C. C. Deiiitt
and various of his co-workers at iictigen State Colleze have been
worlking on a process to convert the acld wastes into saleabls iron-
oxide paint pizments. The overall process consists of the following
stepss

1, Oxidation, by a continuous process, of tlie ferrous sulfates

into ferric sulfate,.
2., Conversion and precipltatlon of tiie oxlde pigmsnts from
the resulting ferric sulfate,

It is with the first step that the work represented by tiiis
thesis 18 concerned, |

The oxidation of ferrous sulfate to ferric sulfate can be accom-
plished with nitric acid, but here again tiie process becomes economm
ically unsound, To overcome this objection it was proposed to accome
plish tie oxidation in e countercurrent, preazsure, column using
N204 as the oxidizing agent. The N204 would act by releasing two
atons of oxygen to the ferrous sulfate, but then under the temperaturse
and pressure conditions within the column would combine with the free
oxygen present and thus regenerate itself, The mixture of NpOa, O2,
and No intizcduced into the column would be produced as needed from
the catalytic oxddation of ammonia, and from tlie atmospheric air.

The present problam then evolved to ihe study of the oxidation
process with regeneration of the catalyst oxygen-carrier using the

range of gaseous mixtures obtainable from ilie amuonia oxidation processe
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RISTORICAL

Hoek(s) of Mellon Institute in a recent article in Indusirial
and Inzineering Cherdstry gives a very jood overall picture of the
work which has been done on the disposition of waste pickle liquors.

Soue of tiie potential products upon which work has been done
aros (a) copperas or other lLydrates of ferrous sulfate, (b) recovery
of sulfuric acid, (c) iron oxide as a first step for production of
iron powder to bs used in powder metallurgy, (d) amionium sulfate,
(e) iron oxide for paint pigments, (f) a constructional material,
Ferron, made from the sludge when pickle liquor is neutralized with
lime, (g) many miscellaneous inorganic compounds such as sodium
natrojarosite, NagFez(Ol)12¢(S04) o, ferric phosphate. MNone of these
processes has been operated commercially as yet.

All of the processes developed have commercial possibilities
but so far all have come up to tha stone walls of too hizh cost and
too little demand, Any of the various processes proposed are, be-
cause of the economics involved, limited to only large scale opera-
tions, This means that the smaller producers will always have to
neutralize their liquor if other means of disposal are impractical.
Extensive work haa been done in order to provide the greatest pos-
sible econouy for tiils type of treatment.

The present approach to t:e problem 1s not acltogethier new,
Back in 1994, cCulloch (English patent 17112) described a process

for the oxidatlion of ferrous sulfate to ferric sulfate with air



using nitric oxide as the oxygen carriers In 1308, llanchot &and
Zaclientmayer (8) publisiied data on the equilibrium betwsen nitrie

(10) and Frie.nd( ?) slso

oxide and ferrous salts, Thonas and Williams,
published data on work done elong this same line in 1921,

They sihowed, amongz othier things, that tlie reaction rate was not
slowed by the presence of the ferric products,; tiic rate was souewhat

proportional to the concentration of the nitric oxide catelyst, and

that higher tcuperatures increased the reaction rate.



THD0NZTICAL

In order to explore the process from a theoretical standpoint,
e study of the AF, AR, and equilibrium constant (Ke) was nade. In
its most sinplified form Uie reaction studied is as followss

FeS0, + 0, + NS0, —= Fe,(S0,)y + 10

The reactlons involving the NoO4 are not considered since it is
regenarated and therefore acts only as a catalyst.

From the fact that all the reactants and products are present
in dilute solutions, it is possible to figure thedAF for ths reaction
directly from published data. Froa free energy of formstion data

given in the Handbook of Chemistry and Pi‘.;,rsics,(‘l) the AF® at 259¢

for the reaction was calculated.
2Fe30, + 10, 4+ Hy804 —= Fep(S04)z + HLO
-[a(-196,720)  +  (-175,500)] +[(-525,740) + (-56,550))
AF® = 22,320 cal,

Fron this the equilibrium constant (Ka) at 25 dege. Ce can be

calculated,
AF° = L RT In (Ka) (11)
-22,320 = =(1.987)(298) 1n (Ka)
In(Ka) = 37.65
(Ka) = 4.45 x 10°7

Te (Ka) is independent of pressure but varies with temperature

according to the relations



Integration givess

1n (Ka) = = Ago (%—)4»0

In order to apply uils relation to invesiigate the (Ka) at
Ligier tenperatures, it is first necessary to calculate the AR® for
the reaction,

Froa Hougen and I’iatson(s) and La’cimer(7) treAR of formation was
taken and to it addad the heat of dilution., It was also noted from
grapns given in tiwe same sources that the heat of dilution did not
vary to a significant degree with increasing dilution after reaclding
a degree of dilution ajproximating that used in thiis worke Therefore,
the data gliven in the tables, even though at very tdgh or infinite
dilution, appro:dmates the conditions used in tiils work very closely,
In the case of ;50,, an estiuate was made in order to tring the re-

sulis as close as possible.

2FeS0, + 0g + Ho80,4 —= Fep(504)z + HoO
Heat of
dilution ~14,700 -18,750 (#)
in cal./wol,
Al of formailon «217,000 -189,750 650,000 - 68,387

AR®= - [2(-231,700) - (208,500)) + [-708,387 - €3,387)
Ai® = 36,487 cal.

From the values of (Ka) and AH? calculated above for T = 298%

* AH given for dilute soluiion



the integration factor (C) is fsund

o an o 50,487 [ 1'&,,0
fe0o =3 967 293

(&3]

C = «23.,60

Assuming H® = H at 150%F, the (Ka) &t 150°F is calculateds

il

Zn pe
In(Ke) = 28a437 (;%é-] - 23,30

1,367
1n(Ka) = 20.8
(%a) at 130%F = 6,3 x 10%°

A3 a finul conclusion from thesa calculations, it can be scen

that, undar thi2 experinental conditionsg, the equlilibrium should not
" t o

ba a conitrolling facior. The large ncgativeAF and large (Ka)
valuce indicute a very strong driving forcs for Llie reaction to o
to conplotion. It i1s tica to be a matter of rcsistance, or in other
words, wWis reaction rates wiich will conirol. The rsaction rates
are in turn controlled by the condlilons under which the reaction
taksa ploes and tlie effectivencsa of the catalyst useds. These then

are tiie variables to be investigated,
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EXPTRILTITAL ALD P:OCLDURE

The first step in this study was the design and construction cof

he necessary equipment, Thils ejuipnent consisted of a cylindricel
rezctor (see accompanyiig drawings cnd picture) approxinetely 3> inches
in diameter and 2 ft. lonze The reactor was heated by controlled tenp-
erature water pwiped Uirough a jacket built around tle reactor itself,
Agitation and vapor-liquid contact was accomplished by punping the
reacting liquid from the bottom of the reactor through a spraying head
into iiie gas-vajpor space, Tie teuperature was measured by & tierno-
couple insertod in a well which externded into tie liguid in the reactor.
Pressurz was controlled menually by introducling an inert liquld, kem-
osene, from & blow case under nitrogen pressures. 4 laboratory standard
pressure gauge indicated tlie prescure to an accuracy of better than
one pound ner 8quare ianches The metiod of introducing ti.e inert sube
stance also wade it possible to reuove & sauple of gas or liquid withe-
out varying the totel prescure inside tie reactor.

Tite reoaclor wes constructed with ell paris in contact with e
reacting liqudds und gascs made of 15-8 siainlesgs stesls Stainless
steel needle valued were used thirouthouts

The Uliree gases, No, Op, aud Lgly wers lntroduced froa tark
supplies, aund teelr various jpro,ortions weasured by tiiodlr respective
rarticl pressuces. In order to iuncrocse tue pressure of the Ho0y
wilclk has a vapor pressure of one atmosphiere at about (70°F), this

cylinder was placed in a wrum and heated wiiuh hot wateres
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To avert the danger of toxic atuosphiers of NgOy, which 18 fatal
at a concentration of approximately 25 parits per wmillion, a high-
speed centrifugal blower was sst up as an exhausting system, &8s can
be sean in tiie accompanying picturee

The procedure for making Wie experinental runs as given below
was followed with the exception of t:e run made at zZero jauge pressure,
The variations in this run, and any otlier minor varistions on tie oth
runs are noted along with the deta.

In order to exclude toe variation of compositicn which would be
present in commercial piciidle liquors, all tests were run using a
synthetlic solution made up as followss

650 graas of FeS04 ¢ 7 H0 (Coumercial grade)
75 grans of HpS0, (conc.)
2% liters of distilled water
ter preparation, tiis solution was allowed to age overnight and
then filtered and enalyzed for ferrous and ferric iron, The perman~
ganate meth:od* of analysis was used.

The equipnmont was adjusted to the temperature desireds lNext
one liter of the pickle liquor was introduced and allowed to come to
tewperature, Pizcing the vessel under nitrogen pressure tested it
for leakage.

Zach of the tiree gases were introduced to the partial prossure
regquired for tio test and tie recirculation puwp twrned one Tize was

measured from the instent Wiis pump was started. Little or no reaction

*# See Appendix
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went on before recirculation was start:d as evidenced by the fact tiiat
thiere was no pressure drop until thai tiue.

As the reactlon proceeded the total pressure fell proportionally
as the oxygen supply was used. llowever, by iniroducing tiie inert kero-
scne, the total pressure of tie test was hield constante Caaples of
the liquid were taken as a tine function and snalyzed for tlieir ferrous
iron content.

At tize end of each run, which lasted usually from 30 minutes to
one nour, a 3dample of tis gas was drawn of{ into a nodified Orsat
ecuipjient, Any acid gases were reuoved here by washing witl: X0M, and
then tie porcent of remeluing oxysen wad found by absorption with
potassium pyrogallate solution,

During the run, the pressure and teuperature vere recorded,
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Run Humber _l-A
Conditlonss Tenserature 100°F, Prossure 100 psi. gauge
Reagentss
Pickle Liquors
Sample liose G Volume X llter Teight 1155 grans

Analysis: Ferrous 42,7 nl Km0, 8oln./5 nl. sauple
Ferriec nezlirible

Oxrgen partial [roSSUre eseesesescscccsscsacs o 051, b8,

Kitrogﬁn partial PLOOSUTS sevesccoccsscssnes lOSgl QS}; abgo

H204 partial DTESSUT'D eessvcscnsccssccncnnes 63& 231: abs:

NOrm&lity of Kﬁn04 used 00000000000 CCE0RNCC0s0OROORICIIRRES 0. 3

Gauge
Pressure Tomperature Sample Analysis % Conversiomt
Tinme PSio OF. mle Kﬁn04 soln, Renarks
per 5 mle saianls
10s25 100 92 Gas in
10:23 192 13X Pwip on
10:39 » 103
10:45 " 13725
10155 " 102.5
11303 " 101.0
11:21 " 100.5 5.1 17.5 Erd of R

O:ysen in gas at end of Runs  0,0%

¥ Percent conversion roun¢ bys 100 vliues tue ratio of tie mle KinOg
solution uced to titrate 5 ml. sazple of sample from run civided by the
mle of KinCq solutlon used to titrate a & ml. sauple cf ihe original
picrzle liguor,.
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Loun Nua:er 1-B

. . 3 Oﬂ
Concddticuss Taipcraoure 100 F. Preccure 130 j;si. gougs

b+

Saiplo lice D Volwme 1 1ier Wolght 1100 a8
Analssiss  Ferrous 44,0 :nl, K04 soln./5 zl. sauple

Ferric ngli dvle

O:ygen paritial $TeSSUTE e.ecsvevsvesescsncesees 13,8 nii, ebs,

I’vl‘.uo sen *)ﬂrti&l pl‘e(:'ilura Gecsevsceccnsvecvonsens 9“.;5 ;‘Sig‘ &bS_._

HQG(I X_)a-rb—u-l "?I‘Gbsure @s e @5 000000 cscsvseVacney 6.4 ‘3311 8L§,_

xoriﬂality Of K...Zn04 usad R R R I Iyys 9_&

Gauge
Prescure Teuggrature Sanpile Analysis 2 Conversion®
Time Psi. Lo nl, K04 soln. Remarks

nor & nl, sannle

1130 100 100,5 Puan on
1340 101 101.5 Prﬁs.

s Ol\LLlAJ
2:00 101 100.5

R320 101 101.5 202 4842 Ind of Run

Oxygen in gas at end of run: Q.0%

* Pressure vus held coustant by adcitlon of kerosaiic uniil tiils
At this time tiie prescure startod to hold coustant withoui rurti.er
dition of keroscne. "his ig aa indication i.at a major portion of e
reaciion ig coizplate,
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Pun Hunmber 1=

Conditionss: Tauperature 100°F, Pressure 100 psi. goaul
neajentse

Tine

Piclkkle Liguor

Sample Los D Voluue 1 li‘er wolgit  11E5 grong

Analysiss  Ferrous 44.8 ml, K, soln./5 ul. saile

Feorric  neglisicls
O;Tgen Partial PLBSEUT'® sececsncsancccsneracs LN ,4 18 obsg
Nitrogen partial ;TeSoUl® eesesecsscescessses 67,9 psi, abs,

H204 Pélrtial ;}]?e;isure OnResesssscssnacaseccene 6.4 T)Sil abS.

NOlmlity of ICIDO4 USCA cecevsscoscsccnscacssncssse M

. Gauge
Pressure Temperature Sanple Analysis % Conversion
Psi, CF. nle. Kiin04 soln. Remarks
per S ml, saunle

4:15
4325

4335
4:45

100 9945 Punp on
100 93, Pres.

kolding
100 23,

e

100 101.5 0.1 1008 End of Pun

Ox7gen in gas at end ol runt  G.87%



fun Nwiber 1-4
Cond tionss
Rexgoutss

Plcizle Liquers

Sample lio.

Analysics

Oxzen part

Tezinerature 100°F,

I Volums 1 liter

Fecrous 40,2 il,

Ferric noglizible

Pressure 100 poi. gauge

b)

Em04 solu./5 ml. sauple

tial PTreS e esssecsscscccesccconccse 5L2 pSip &‘.bSA‘

itro en “Elrul.:ll ‘IeSS"J.'G Q.‘o.o.ocoo.oo:.ot.l@dql 73;. QLS e

13204 p&rtial STESCU’G eeecsesceseccccsonceccnss Go‘i_pSio E‘.‘DS,_

Ilorhulli JOT K:J104 uoed W0 000000000002 00000RR0COISGBIOIPINOIOGOEIILNTDS 031195

Gayge

Pressure Temp

erature Sampls Analysis

% Conversion:

Time Psi. . ol. Kin0y soln, Remarks
per 5 ml, samDle

1:45 100 5 Puzp on

1:46 100 9745 Frese.
holding

1350 100 8.6

2800 100 38.1

2320 13 9345 3748 End of un

Oxygen in gas at end of runt C.0R

~t
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Aun Nuunber 1-B
Condltionss Temperature 100°F, Pressure 100 psi. gauge
Reaygentss
Pickle Liguors

Sanple Nos I Voiume 1 liter weight 1180 greus

Aualysiss  Ferrous 42.2 nl, K04 soln./5 ul. sauple

Ferric noiidlle

Oxygen partial pPressure sesescscsscesescesse 13,3 p3le ablse

Nitrouen p&rtial preSSuI'B Ce0nsecsecscccosee 94.5 _‘{JSiL abs‘

1‘3'204 partial HresSSUre sseseccescccesesscsese €.4 pai, ahs,

Hormt'ility Of KI'.nO used 00000 Ccs0cesaccnctentoed s 0 195
Gayze
Pressure Taznerabture Sasple Analysis  SConversiom
Time Psi. °F, ml, K04 soln, Remarks

per 5 ml. sazple

4:00 100 100 Pumy on

4305 120 130 2043 377 Pros.
holding

4115 100 100 23.8 42.8

4:26 130 104 2341 45,2

4:40 190 a7 3.0 45.3 id of Ilun

O:yzen in gas at end of rung 0,07



Jun Humber 1-0

Conditionss Temperature 1009F, Pressure 170 psie. gauge
Reaganiss

Picizle Liquor

Seuple loe H Volume 1 litonr vVielght 1180 grea.s

Analysist  Ferrous 42,0 vl. K0, soln./5 ul. samle
Ferric nolisivla

O:‘\:)‘_é;en lmtial }_’:I'BSSUI'B Seescecsstecnscsesranoee 43.4_251. abfj.

Iltrogen partlal pressure seeececcesccsssecee 0o Tol, obse

}.‘:204 p&l"tial pI‘eSSUI‘e G0ece0nece0tsccsssnten R 6-4 D.‘Ei. abs!_

Izor.:ﬂ].it:f Of }‘:.:1104 USGd @0 000 00N OCOECEOEONIRIOLIOEOVIOOOIOOOIPRQIONTOIAEOTREOOTDES Otllg

Gaugze
Pressure Taaoerature Saw-le Anclysis % Conversion
Time Psi, oF, nle Xn0 soln. Renarks
per & nl, san>le

11:00 100 9J Punp on

113105 100 9345 11.3 T3.2%
1115 100 9345 0.10 130 % Pres.

holding
11:30 130 9940 100 %

(<3}
(@]
L]

O
(A

Oxygen in gas at end of runs 8.05
o
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Jun mner 2-A

Counditionss Tenperature 10097, Pressurs 135 psie zavgs

bl I8
Y an e e
Jeagantes

Picikle Liguor:

Sazplic loe E Voluze 1 1itor Yelght 1250 roocg

o e W
—— et e

hialysiss Forrous 44,7 »l. Kinlg soln./5 :l. sauple
A, ‘\

Faerric noadciile

0\"'"011 Dars tial PTSESUTC ececscscecscccncsccenne 4,3 nst, ohS,

litrosen partial pregSUre eeececscccsscscose 125.7 psie abs

N204 "ﬁL.L pres:‘ure eesceveasncsssessssesenRS 807 pSi. absc

IIorm.:zlity of u...fm4 used cecsseasasssnssansrsessssusssscoese Jall%

Gauge
Pressure Taunreratures Sma le Anualysis b Conversion FPeuarks
Tim Pcia . nl, K04 soln.
pser S ul, swinle

133 101 Punp on
1:5 101 Pres,
holdiig

ra N
o oo
o -

(SR <3

235 135 101
Q845 125 1C1
2:55 135 101
3300 155 101 29.0 134 Ind of Tun

O:ygen in gas at ond of rum 0%



Fun Kumber 2-B

Coiuiitlonss

Reayarthst

Tine

Tewmperature 100 OF,

hl 1
(:é“.. 31le 10 E

=
Inrl-nlss. Ferrou

Oxrzen partial PreccUre seesescccasccossscase L2

Iitro Ten Dal'ﬁal nrescure ‘ooooaoo.-.o.oooocol

Ferric

Yolume

5 24,71, K0

sidoibl

l 1'*,\1‘,

e sne.

Yroa .
n'.:l;,:l‘t

) QSi. &2

n
58

1L grovs

goln./5 ml, sample

o DSL'.. D2 e

0,4 v, eho

b’ e

N0 piirtial MTOSEUT'S eesccecececcscssesccscses

R4

Normality of Tinly

Gaure

Pressure Tempcratwre

Psi,

°F.

e le Analys
Lle KinQg scln.

p"" & !.'Ll- Sl ax-)

[
VOd [(E XN NN NN NN NEENNENNENENENNNENN]

% Convers

8,7 nrl, aha,

101l

Rauarks

Z:45
2353

e
an & 3
L~ O
< L1 n

50
lud

133
134
104

101
1ol

10
1%2.5

N
lJu

O:ygsn in gaa at exd of runt

0.0

1lo.1

6\./ . U/J

Punp on
Pres
holding

End of Fum

ge
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fun nuabsr 2-C

Condi tionst Teuperature 00°F, Prescure 135 ;si. gawge
reagentss

Pickle Liquors
Sanple Noe F Volume 1 liter Voeight 2150 grams

Analysist Ferrous 45,1 rl, K0 soln./5 ml. sazple
Ferric nglizible

OX:/’gsn partial rressure 000100'0...000‘00100005%!6 ESio abs!

Nim‘odexl pa.l"‘ti&l preBSUI‘G S8 0evsecsccsccnooeesd %Q‘QAnsiq_ absl

I1204 Parti&l pressure......................-.. 8!7 pSi’ abs=

Nornm.lity of Kiln04 USEA eescevcccnsvstvccsscsreansosssactnse gg_l_-l_‘é

Gaygze
Pressure Teomporature Sample Analysis % Conversion
Tine Psi, OF. ml. Kiln0y soln. Rewarks
_per S ml, sauple

9145 133 102 Puap on

9355 134 93 Pras,
10:05 134 98 kolding
10315 134 9345
10325 134 39
10:30 134 09 Oul 100% End of Run

Oxyzen left in gas at eud of rmmns  15%
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Run Number 3A

. 2RO . .
Couditionss Tamperaturs 1207F. Pressure 100 psi. gaw’e
Reagentst

Picikle Lijuors

Sacple Noe F Volwie J liter Veignt 1130 »-us

Analysist Ferrous 45,1 ml. KO, 8oln./5 mle 8auple
Ferric npa2dizibls

Oxygen partial PTrC85UT@essscccsscnccssoncscsnve 3.2 p3i, abs,

Iitrozen partial pressure....................LOS.I QSi. abs,

H204 partlal PreSSUrG seessccscsssscessesassse Lot D3l abs,

Norm&lity of K3n04 USCA eesessvcsscsscacssscscensssscscacccse Jolld

Gav:e
Pressure Teuperature Sample Analysis @ Conversion
Time Psi, °F. ml, Kn0y soln. Remarks
per S ml,., saanle
2300 100 128.5 Pump on
2:10 101 132
2:20 101 132
2330 101 13045
2345 101.5 131.0 - 3845 14.5% Ind of fun

O:yzan in gas at =nd of run: 0.0F



7
un Number 3-B
Couditiouse Temperature 130 °r. Pressure 100 psi. gause
Kengentss

Pickle Liguor:

Sanple lioe I Volume )Y liver Feight 1152 raus

—— —e A e

Anniysist  Ferrous L2 r:.-‘.nO4 soln./5 ul. sanrle
Ferrie nesifi’b

Oxygen partial Fressure nc.-oocoua-o-o--oo'oocl .8 pci. obs,

Fitrozen partisl e053UTrBeeessacsrescesacasesaaddsd nel, abs,

o0y partial [ resBUrSeccecesccsccssscecasesess B4 wods abs,

I\'Omlity OfK.:.i:L:\-O4 u.sed..‘l.....'.......".I.Q......l....... !llg

Gause
Pressure Temperature Seamzle Analysis % Convarsion
Time Psie. OF nl, 04 soln. Renarks
per & ml, sa.)le
10:00 100 132 Puw:in on
10:00 101 123 Pres.
holding

12:20 103 124
12:30 103 123
10:40 104 156
10145 104 120 228 45450 Ind of Run

O:ygen in gas at end of runt 0.0%
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Lun Lwaber 3-C

Conditionss

Reasentss

Time

Temperature 1300F. Pressure 100 nsi. gauce

Pickle Liguors

P~ A

Sampls Noe. 4 Volume J liter Telght 1100 groos

Analysiss Ferrous 42,5 ml, K.inOy soln./5 ul, sazple
Ferric neglizible

Oxygen particl PTOSOUTe seessscccsssscssacase £l 'Cle 2D5,

Nitri);en p&rtial JTESESUYC sssscveasoenccccsss C749 1Nole ob3e

e L T

gy pariial presSsuUre seeevecssecsssccscsvees 04 Dsiy abis,

I]Ol’;ﬂ&liw of IC:U-O4 used....................-.............o 001135

Gauge
Pressure fTouperature Sample Analysis % Couvercion

Psi,

°F. ml. KinO4 soln, Renarks
per 5 ml. sale

2:45
2355
3:05
8815
S332

3130

103 132 Puzp on

100 24

100 127

100 12945

100 130

130 129 0.05 1005 Ind of Run

o et

O:yren in gas et end of runs  5.55



peat

Lan Nuaber 4-C

Conlitiouss Teouserature 100°F. Pressure Atnmospieric

Reagentss

Piciile Liqjuort

naple Loe 4 Volwae 1 liter Welgnt 1150 grons
Aualysist  Ferrous 47,5 nl, K104 soln./5 r:l. saiple
Ferric o il tiblo

%
o-';-y;;all 008600 00T 0000004000000 080cn00c000b0000S 43.4{0

re 4 . [ d of
u‘l»Z‘OoOD @essessess e 4008 Q0000000 ROTGSIOISIOLIOEOIETDRNTES 5022‘0

v

1‘204 P00 L 000000080000 00ssreRCGORIPTCEPTOINRROOS '3”.:"'

10225
10:40
10345
1300
11:10
1Lls20
11330
105

1109

NOI’Z‘.\alit:f of }‘311104 USSU cesssvsccsaccssssasosvase :.:.-)5
Gauze
Pressure ‘“oiwserature Swaipls Aualysis  » Conversion
rsi, °F. nl. Kin0g4 soln. Tenurvs
per S5 ml. guinle
Gos in
P-Lo in
. 95 Pump on

101.5
32
100 ,
93 35,5 16.57%
99 24,8 168,73

L]
GO CCo

®

CCoOOoOCo

Exd ef hun

Oxygen in gusd av end of rung  5.0;

¥ Oea nexi page
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Siocial nte on Dun 4-C

Since ti.e totul preccurs in e reactor for .ls run wuas only

ons atuosgphere, a differont usthwd was needed for neasuring in Wio gases.

moe .

Tiis was dowe by £illdng; 4.2 reactor ita water end (ddisplacing deficite

~ 1 IERY

proportions of L.z waler wiih i3 rag;

)
Yo
[+
G
¢
.
<
@
(4]
C
5
2
[ ]

Total volwic cf reactor = 3.5 liters

Velwas of vater dig-laced by each gcst
N-04 Ced 0f 3,51 = 274 :d.
0o 40447 of 3.5 1 = 1414 wl.

Iy 52.2% 0 0.5 1 = 1802 nl.

Y

AfLor tiia gasas were introduced, tihiz liter of pickle liquor was

<

introducad fron a glesad blow cice unticr ritrolon pressure.



Pun Iivaber (=0
Coadi-ulionus Tonperaiure 1009F,

Trmey waay b
;‘.uaoehust

2 o B P
Picils Liguors

Oavlo Loe X Volume 1 1itor
Aielyuics Forrous 40,0 1l.e Ko
Foreice nooii o Bloe

\J-\fgbn 1)4.1& “'Ci.l STCECUTC eesovssnccssnsossssocons ?q.?

ulu.v.U ‘Sl )""’"u.l prescare 0.-0-..00.0.00..0.0'\

L ‘04 ')a.I"tJ.o.l

o

b o R PeRte 3
Lornalivy of XlnDg use

Gougs

Preosure Temparature Semple rnalreis

(9
=

Pressure 80 psis gurge

Velght 115

o

soln./5 ml. san;le

jeph e} @O RQOCIRICGETOOIEBTRCITOIOEOTIOTIOVITIOSDN

% Conversion

1l nel. U5

o 409
SrecsevsesrecrecrncserrvrRecriersenelo i

Time Psi, °F. rile KIn0g Soln. Renarics
per & nl, sannle

S:43 30 97 Puup on

5830 50 375 25, 43.8%

8185 50 75 18. 61.2%

SO a7 Se
&l 7 Ce
4330 S0 93 €
4345 80 93

L
s oo
- O
oL n

Oxyzen in gzs et end of rum:

80.5%
85.0%
85.0%

nd of Run
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Run Himboer £-C

Condi tions: Tamperature 10007, Preszure 25 psi. gaug
.“e N "\111’
Pilcila Lijuor:
Sanmple ow X Volune 1 litor welsht 1100 srans
Analysict  Ferrous 4°.O sle K70y soln./5 uls sezile
Ferric disible

——_h)-_—-—&-h—-——-—.

O:rzen nartlal [ ressUTCecsesescsssssncacssnse 10,1 Dol. ohse

T e o) can Ca) R H -~
Litroson partlaol proSsiure seeescsccsesssccecees olol nols o8

2u4 J_/a.ru.«ul ore ©55UTD esececscvesssatessscscnse Lo NI, 218,

L‘orA—\,L_—Vj O.. K.'JOA us (‘d..noo.‘.oo.oooo--o-ooo-.'ooooooo-o- 0.3.:".]_8

Gaure
Pressure Temnerature Oamnle Analyeis % Conversion [lleusrks
Time Psi, op nle KnOy soln,
' per 6 nl, sam;ls

1:30 5 94 Punp on
1:35 25 100 31.0 2042
l:45 Pas) 9 2445 41.7
1:55 25 99 22.0 47.8
2110 ) 120 21.0 50.2
28130 25 100 20.6 50,7 End of R

O:y;en in gas at end of rung 0.0%
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-~ EL L TN
Finiie QU SEvIGY Tl of

O RV S o
COLIL.&.L 01158 ,;‘v_,.;').,_:
T A
JEREI VI WVIvS |

Pickis Lituort
v
el
=

I' 3] "l‘a.

-2

At

Lormedilyy of

Govce
ressure Le
Psi,

inrature
oF,

:

Feirvous

rosch particd pressure

ks

-..‘v"q GoTo
-

tare 10097,

Voluwac L litcr
£1.7 1'?_._ h;104
Dl

- -y vioad may oy
-;;'Q\/J. p'.‘-.': Ve bide YM- -

CuGlUlC eecessscansncsonssscosona

Lrmols Annlvels
r.lo E‘;....LO4 ..;-O‘,I.L.
per & nl. sainle

0
[SyS] Q09 s0enccnnnsesBsERY

e 8Os eascoEns s PN .

Preossure 100 noi. gouge

oY
....D.L.e

A 4 -~}
i e e 1

3¢

- .
< et)

«
PO LT LD OELOORCOLEPIIDNOOEOIOERNCIIOEDLNOLER O.-ul .’_8

Remarks

4300 130 91.5
43105 101 9345
4313 1 101.5
4325 10 101.5
4345 129 10040

O:ygen in gas at end of runs

12.85

Puap on

33 48
T0e3
T1ed
Tle7 End of Lkun



Run Nu:ber Special 1-B

Conliticnst

Feagentss

Tenperature 100°F.

Pickls Liguors

auple Hoe G

Analysiss

Volume 1 wer

Ferric roc-lizible

54

Pressure 100 —si. gaucre

Teight 1100 irans

Ferrous 44.7 ml, KinO, soln./5 ml, saunle

O:’.:‘,rgen. pi‘J‘ti&l OTCSEUTC eeeevceccrcvscsssssctoee ;5,8 }JSi. Zibso

IIitro:;en p&l“’&i?..l pl‘eSSUI‘B LR N RN W NN NN NN NN NN NN ] 13‘3.9 ";\"Si. &bSO

I1204 parf,iﬁ DLESSUCS eveeececsscssscssossevoser o DSiL abse

ixomlity Of I’:~ZI104 USC‘d [ EE RN B ERNNNNNNNNEENEENENNNNNENNENNNXEN X ] 0‘114

Gauge
Pressure Temperature Sam;le Analysis % Conversion
Time Psi. °F, ml. Kn0gq soln. Reuarks
per § nl. sample
2120 100 95 Puup on
2:30 100 100 43.1 5435
2845 100 29 42,5 5.0%
2855 100 100
33105 100 130 42,4 5.1% End of Run
Ox/gen in gas at end of Ruus  11.2%



Run Number Special 1-C

Conditionas Tempersture 100°F, Pressure 100 psi. gauge
Rlea;entss

Pickle Liguors
Sample Los G Volume 1 liter Velght 1150 graus

Anclysiss Ferrous 44,7 ml. KOs soln.,/5 ul. sample
Ferric negliirible

Oxygen p&rbial PTeSSUI’'® seecsscvsccscscsssccevscsns 33 pei, ab_s__g_

Nitrogen p&rtial preSSUI'e essscsvcescesscccnsne (Lol T.'Sio (‘?-bs‘,_‘

11204 partial Pre SUr'® eeseecscscesscscncsccncesce Lo niie &bs,_

Iiorblali‘try of}c-:l@4 used .....l........l.C.Q..'O..........QQ.M

Gauge
Pressure Temperature Sample Analysis % Conversion
Time Psil. Fo nl. K04 soln, Lenaris
per S ul. sample
10s50 100 95 Punp on
10855 100 101 42,2 5.7%
11110 100 100 41.5 725
11320 109 100
11:30 100 100 4l.4 T35
11340 100 100 41,3 Ted% End of Run

Oxygon in gas at eud of runt 22.1%
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* DISCUSCICH

As a starting place for the experimental work, tis easily obtained
conditions of 100 dege F. and 100 psies gauge wore useds. S1x runs were
made under these conditlons, using various concentratious of nitrogen
and oxygen., A constant concentration of NpO4 was used in these runs.

From Curtia(l) 1t was determinad that from the oxidation of
ammonia, concentration of 1302 in the range around 12% could be obtained
and an equivalent of 6.,4% NoQywas then used in most of tie tests, Cone
centration of 3%, 13%, and 38% Og, with the remainder Np were inves-
tigated.

It was found from runs 1A, 1B, and 1C thet in all cases tae
reaction went to completion, using up all of Hie oxygen present under
the conditions of ti:e lower oxygen concentrations, and giving complete
conversion of FeSO04 to Fe2(S04)g in the case of tlie highest oxygen
concentration, Two runs made at each of tiiose conditions gave similar
results, Checking; of the time-rate function sliowed tia reaction to go
to conpletion for ilie amounts of material present in from 30 to 45
minutes,

Runs 24, 2B, and 2C, male at 1009F,, 135 psi. showed that an
increase in pressure had no great effects As the auount of free oxy-
gen precent was larger, Lowever, due to the higher pressure, th:e per-
centage conversion of the ferrous to ferric was correspondingly greater.

Similar runs, 3A, 3B, and 3C, made at 130 dege F., 100 psi. s.owed
identical results with the other two sets,.

Two otlier variables were investigateds very nuch lower pressures
{53 4



37
and lower concontrations of ithie catalyst.

Run 6C made at 100°P,, 50 psi., using thie hijhest concentration
of Op showed no siguificant change from tiie other runs. Lowering of
the pressure still further to 25 psi., run 8C, sh&wed definite slow=
ing of tiie reaction rate but nothing else. Run 4C made at atmospheric
precssure gave a rate decrease to tlie point wiiere tie reaction was
incomplete in 2 hours as coupured to the previous sverage iine of
45 minutes,

Catalyst concentration was siovn to be controlling in run 9C
wien 1t was dropped to one-half that used in the previous runs,

Here incomplete reacilon was found with excess oxygen present., It
i3 believed thal side reactions, cuch as tiie forumation of nitrosyle
sulfuric acid may account for the disappearance of sufficient N0y
to act as the oxygen carrier. Complete elimination of the ligQ4 in
runs Special 1B, 1C ahowed conclusively thét, although soie conver-
sion took place, tiie action of tie H2p4 was necessary for successful

operation,



ACCTTACY OF THE PROCIDUNE

The methods of analysis used were standard methods as found in
various books on quantitative analysis. Ths exact methods followed
are zgiven in the Appendix of this thesi's. The synti:etic pickle
liquor was analyzed for both ferric and ferrous iron before it was
ueed, However, tus samnles taken from each run were chiecked only for
ferrous. All reductions were made with a Jones Reductor since thers
was no chiloride ions present in the solution. The method of reducing

with e*arnous ciiloride did not work on the sulfate solutiion.



COLCLULIOLS

On t:s basis oif the experimental snd theoretical work done
i »

the author believes tlie following concluslons mecy be safely drawns

1.

e

Se

4.

Ge

In the oxidation of ferrous to ferric sulfate in waste
picickle liquors tle conirolling factor is the rate of
reoaction,
Comiercially feasible rates are obtainable at temperatures
ranging from rooam teiperature to 150 degress F., at prege
sures from 25 nsi. to 150 psi. gauge, using W O as a
catalyst, oxysen carrier.
nirat Q n Wie i i i
Concentration of oxyien in reaction wixture is not
than
controlling es low: as wmore,stoichiometric auounts are
present.
al L I G OLLLILT && 14 3 -
Concentration of lg04 is not controlling zs louy os suf
icient N prasen izt side rea 0 ot
ficient NoOy 18 present so that side reactions do not
conpletely use it up.
Conditions of 130 degrees F., 100 psl. gauge pressure,
88» 0g, 125 10p, 50% Mo are acceptable conditions for the
reaction,
Operation at the 02 concentration of natural air should be
only a natter of iniroducing sufficlent Op for t.e reaction,

as it 1s independent of counceantration.
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TS ST AT vy TITY ey ey YAy
SUGGZSTIONS FCR FULTIIR VCrX

lluch nore work couid be done on tiils process in order to glve a
nore couplete baclyround for coiwiercial plant design. OSone of tne
factors the author sugsests would bes

l. Investigation of rates at higher tenmperatures aid prescurcs,

2, Theoretical investigation of the kinetics involved in tle
various rsactions.

3+ Corrocion studlea on the reaction nixturas.

4, Determina ion of the absolute optimua conditions :und concen=—
tratlcons with eupi:asis on excess of materials over tue
stoichionctiric amounts.

S5¢ Desiyn and operation of tlie nrocess as a continucus process

instead of batcliwlise process.
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APPTIDIX

Analyilcal Procedure

Ferrous Irors

trangferred to a 250 l, erlemaeyer flask end diluted with esbout
50 ml. digtillad water. 10-15 ml, of Zimnernamn-Neintardt solution
was added anl then it w23 tiirated to a fain® pernenent (for at

least 15 cec.) pirk with 0.1 N Ki0,,

Ferrous + Forric Irons

A 5 ml. saapie of the sulfate soluiion was iransferred to a
250 ml, erlemieyer flask end diluted with 50 ml, distilled water,
2 to 3 ml. of concentrated o0, was addeds The solution was tlen
rm very slowly throush a Jones Reductor upon widch a blanik hed just
been run. Followin; the solution, tlres or four 50 ml. portions of
distilled water wore put throush tlie reductor and added to tie ori=-
ginel solution in a 750 nl. flask, The last few mle of this wash
water was collected separatsely and titrateds If a 8single drop of
peracnganata gave a peruanent plnk, wasiing was discontinued and
the solution, aftor adding thas Zimaermann=Reinhardt solution was

twrated with the permanganate solution.

Liekeup and Shardardization cf 0,101 EnOg4 Soluiion

Y
o

Iight grams of pure Kin04 wore cissolved in 27 lilters of dis-
tilied water. Ti.e solution was heated to just below boilin; for at

least tvio howrse The solubtion was tiien allowed to stand unill cool



™
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3

and filtered tiwrou h glass wool.

Standardization was accounplisied by welidnz out 0425-0.35 grame
of dried, pure sodiun oxalate, dissolving it in 50 ml,. of distilled
water and adding 25 ml. of 118 l1,80,. This solution was Leated just
to bolling and titrated with thie permanganate whiile hot. Normelity
of permangmnate was calculsted from the following reactlons

SiapCo0g+ 8HoS04 + AinDg —=SiicoS0y4 + 10002 + Ko S04 + 2in S0g + 81120

- r s ey e ™~ S PRSP, IR b A
Prenarsticn of ZL o comonn-feinticardt Selution

Dissclve 70 ge of nSO4 * 4150 in 500 ml. f1g0. Add with stir-
ring 125 ml, coucentrated HzSG 4 8nd 175 ml. 85% phospuoric acide

Dilute to appro:duately oune liter.
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