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PREFACE

The theory dealing with the propagation of phosphorus
sludges in elemental phosphorus production is generally well
known, but it has long been felt that an investigation should
be made in order to devise a sultable process whersby it may
beocome possible to effect a gseparation of phosphorus. It is
perhaps unfortunste that while the development of the slectrie
furnace process continued, 1t sometimes overshadowed the
importance of recovering additional amounts of phosphorus by
relatively simple and inexpensive means since this is conside
ered vital to the economics of elemental phosphorus production,
At the present time, there is no sconomically feasible process
by which elementel phoaphorus can be separated {rom phosphoruge
bearing sludges. The published literature is scant and thus
the conclusion is drawn that very little work has been done
on this subject.

It was with this problem in mind that the resesarch
deseribed in the thesls was undertaken. It is the authorts
hope that the results, by meking the problem smenable to
relatively simple treatment, will allow fuller use of a
practical and continuous method of separating slemental
phosphorus from phosphorus~bearing sludges, and engoursage

any further studies in the fubure.
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SUMMARY

In an effort to better understand the separation of
elemental phosphorus from phosphorus~beering sludges the
electrice furnace method of phoaphorus production was reviewed.
Large tonnsges of phosphorus sludge are produced in planta
that do not utilize electrostatiec meens of dust precipitation
prior to condensing the phosphorus vapors. The sludge oconsilats
ssaentially of emulsified phosphorus in a medium of water,
gelatinous siliea, dust and potassium fluosilicate. Methods
of phosphorus reecovery from aludge were studied in order to
obtain a better perspeotive of the werk that had been done on
this subjeet prior to the present’invastigataan.

Experimentation for this work was limited to two
methods of phosphorus sludge concentrstion, (a) slectroe
phoresis, and (b) centrifuging. Eleectrophoretic deposition
from an emulgified (triethanolemine monolinoleate) suspension
of phosphorus sludge at aurr&nt dnnsities from lé.h to 4B8.4
smpa./ft.2 effocted a maximum concentration of the ancde
deposit of 19.3% (phesphorus equivalent) from the originsl
suspension which analyzed a #hospharaa equivalent of 10+2%.

A hard, yellow, non-fuming coating was formed, and upon
further deposition a spongy mass of amorphous, light-amber
colored deposit was obaerved, Qualitative tests indlcated
the presense of iron, phosphates and/or ailica and traces of

lead and uranium in the anode deposit.



Emulsified phosphorus sludge containing a phosphorus
equivalent to 3L.3% upon being heated sbove the melting point
of phosphorus and cooled during the centrifuging operation
revealed the most effective means for obtaining a separation.
The centrifuged sludge, when washed, ylelded s translucent waxy
substance which fumed and ignited in the pressnce of sir.
Analyses of centrifugelly separated phosphorus showed the
average purity of phosprorus to be 99.52%, and a recovery of
I$-3 4.

On the basls of these experiments it appears that an
effective separsation of elemental phosphorus from an emulsified
suspension of phosp orus sludge may be carried out in a sulteble,

high«speed, continuocus centrifuge in an inert atmosphere.
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THE RECOVERY OF ELEMENTAL PHOSPHORUS
FROM PHOSPORUS~BEARING SIUDGES

INTRODUCTION

Phosphorus, P, atomlie number 15, atomic weight 30.98,
is in Group V of the perlodic vable just below nitrogen.
Although the Arablan alchemists probably discovered elementsal
phosphorus as early as the 1l2th century, the discovery of
the element is usually attributed to Brand, in 1669. The
nsme phosphorus, meaning light-bearer, was first attributed
to all substances which glowed in the dark, but was later
restricted to this element which originally bore such names
as phosphorus mirsbilis and noctiluca consistens {1).

Thers are at least four sllotroplc modifications of
solid phosphorus. Thres of thesed ~white, P -white, and
black phosphorus, are well defined and thelr properties are
knowne. The fourth, commonly called red phosphorus, is
variable in its structure and properties. The K or common
form of white phosphorus is obtained by the condensation of
phosphorus vapor. It is & waxy solid that is characterized
by the ease with wideh it inflames in air or oxygcn, its
softnesa at room temperature (Brinell hardness of 0.6),
low solubllity in most solvents, and low melting point (2).
This form of phosphorus which is of greatest commercial
importance, when pure, is a colorless or white solid with s
density of 1.82 and a melting point of }}.1°C (1,3)e The
usuasl white phosphorus of comnerce (sometimes called yellow

phosphorus) which 1s 99.9% pure, has a pale yeollow color



turning brownish yellow on exposure to light, and upon
melting it ehanges to a strawecolored liquid. Presumably
this slirht color is due to traces of red phosphorus (1).
Phosphorus emits o greenish glow or luminescence in the
derk, possidbly due to the formation of hydrogen phosphide,
PH3, which oxldizes in alre This complex phenomenon of
phosphorescence is regarded by some authorities as a
preliminary oxidation of P to P03, the latter compound
being further oxidized with the simultaneous production of
ozone and the air becoming ionlzed {(L)s. The solubility of
white phoschorus in carbon disulfide (880 gme per 100 ms.
of carbon disulfide at 10°C.}(5) by far exceeds that in
any other solvent, however, it 1s also soluble in liquid
ammonia (2,6,7) sulfur dioxide (2), ether (1,2), benzene
{(1,2)5 xylene, glycerine, scetlc aeld, methyl lodide end
fused stesric acid (L)

The moat important reaction of elemental phosphorus
is oxidstion, the resction belng exothermice. White or
liguid phosphorus ign.tes spontaneously in air and is
usually protected from oxidation by a layer of water.
Under most eonditions the main product of the reaction
between phosphorus and oxygen or alr is phosphorus
pentoxide, slthough the tetroxide, trloxide, snd perhaps
lower oxides can alao be produced in appreciable amounts
under the proper cornditions., Halogens, sulfur, oxidlzing
scid and salts of metals which have a low oxidation-

reduction potential resct to oxidize white phosphorus (1)



Phosphorus,; the twelfth element in the list of
abundence in nature, though widely distributed in igneous
and sedimentary rocks, is never found in a free or uncome
bined state because of its affinity for oxygen. The most
important source of phosphorus is the apatites Cag X (PO&)3
where X is either (0H, (1l or F. The most insoluble compound
in this system, fluorspatite, commonly referred to as
phosphate roek, is an amorphous, earthy material., Extensive
deposits are found in Florida, Tennessee, Idaho, Montana
and Nevade.

Elemental phosphorus itself have very few pedace-time
industrial uses. Its main use is as an intermediste in
deriving a variety of compounds, the most Important of
which 1s pheosphorie acide The asecid isg, in turn, converted
into a large variety of phosphates that find uses in the
food and detergent industries; the most important of these
are the alksll metsl phosphates like ammonium phosphate,
sodium tripolyphosphate, di-and trie-scdium phosphate.

From 1933 to the present, the phosphorus industry
has experienced a phenomenal expansion. Today, in addition
to the Tennessee Vallsy Authority, which was established
in 1933 by Congressional asetion in order to further the
arricultural and industrial developrsnt of the South, six
fertilizer and chemical companies in the Unlted States are

producing elemental phosphorus. The estimated capaclity of



thege plants in 1951 was 192,500 short tons and this
figure is estimated to have risen to over 370,000 short
tons in 1953 (8), Table I shows the major producers of
elemental phosphorus in the United States.

From 1917 to 1951, due to the progressive develop=
ment in the production of phosphorus, the price gradually
dropped from over $1.40 per pound to %0,26 per pound (in
barrels), The production of phosphorus has approximately
besn tripled since 1940 because pure phosphoric ascid could
be made as cheaply by nsing elemental phosphorus as by the
wet acid process {l). The present price of elemental
phosphorus is 40.43 per vound (in barrels) (9).

A+ Methods of Production

In the early manufacture of phosphorus, beginning
about the middle of the 19th century, calcined or de~
gelatinized bone was treated with sulfuric acid. The
solution of phosphorlc acid or monocaleium phosphate was
filtered or decanted oif from the gypsum and the solution
was evaporated to & specific gravity of 1.45, mixed with
twenty percent sharcoal or coke and hested in shallow pans
until the mass econtained not over six percent moisture.
This mixture wes then placed in terra cotta retorts whieh
were introduced into a suitable furnace and heated to
redness for 2L hours, and then to a white heat for 48 hours

during which phosphorus distilled over (L1}« The resction



Producer

Monsanto
Chemical Coe.

Victor

Chenical Coe.
Tennessee Valley
Authority

westvsaeo
Chemicsal Division

Oldbury Electro-
Chemical Co.

Virginia-Carolina
Chemical Co.

Anerican Apgricul-
tural Chemical Co.

TABLE I

Froducers of Elementsl Phosphorus in the United States
and thelir Istimated Annual Cepacities in 1952 (8).

Locations, Furneces, Capaclties

Columbia, Tenne

Soda Springs, Idsho

Mte Ploasant, Tenn.
Tarpon Springs, Fla.

Silver Bou, Monte.

Wilson Dam, Alas

Pocatello, Idaho

Niagara Falls, N.Y,

Nichols, Flaes
Charleston, S.C.

South Anmboy, N.J.
Plerce Fla,

TOTAL

O I, o
RHE o
e Weraart St

(4)

(L)

L ™ WP gy
P e
Ve et ot oot

65,000
25,000

35,000
10,000
28,000

55000
9,000

3,000
5,000

T'stimated
Annusl
Company Pereent
Capacity of
{Short Tons) Total
90,000 333
73,000 2740
43,000 133
&19090 15.2
8,000 340
11,000 5e2
8,000 3.0
270,000 100,0
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took place acoording to the following eguationt

uH3P03 + 12¢ '"*'?h + 1200 + 2Hp!t » = o o« o » (1)

This method of making phosphorus was cumbersome and
costly dus to relatively low yields. It haas been entirely
replaced by the eleetric furnace and blast furnsce processes
in which intimate mixtures of raw phosphate rock, silica and
carbon (coke) ere smelted directly under redueing condltlons
and depend on the use of silies as a flux for the caleium
present in the phosphate rock. As early as 1888 Readman (10)
obtained a British patent which claimed to produce elemental
phosphorus by heating in a furnace f{rom which alr was excluded,
a mixture of phosphoruseylelding material in & sulfuric acld
solution, sand and coke., It was later suggested by the
inventor that the phosphatie materisl need not bs dissolved
in sulfuric acld prior to furnacing due to the fact that a
mixture of sand and coke wers the only other constltuents
required for its complete decomposition at the temperstures
attained in the electric furnace. This was the flrst serious
sttempt to put both the slectric and blast furnace into
practice; the former method is slmost universally employed
in the manufacture of elemental phosphoruse.

An approximate equation of the overall reaction in
which phosphate rogk is reduced by coke in the presence of

silica which aets as & flux may be expressed as follows (1)@



(I + hy) cagF (POy)g + (20x + 1 - 9y) S10z + (30 + 30y) C —=

Fluorapatl te Sillca Coke
20 [Gaﬂ.xSiOa.yGaF2]+ (1~9y) 8iFy + (30 + 30y) CO +

(3"‘2?)?}4’0‘!‘&0‘itl(ﬂ!ﬁ’i‘.'.d(ii}

where, x =~ 1 and y = 1/2

1.

2e

Blast Furnace Method

Phosphate fines and nelf of the coke needed for
reduction are pressed into briquets which are furnaced
along with lump silica and coke. The furnace gas carry=
ing vaporz of phosphorus passes through a series of dust
collectors and then part of the phosphorus is removed by
water sprays in a condensing system. The remaining
portion of ithe ges is burned in the heat regenerators for
the blast furnace gases. The gaseous combustion products
eontaining phosphorus pentoxide are hydrated and cooled
to produce & mist of phosphoric aeid (1).

At present no phosphorus is being produced by this
process because of the high cost involved in handling
large guentities of gases containing small smounts of
phosvhorus and further obsolcsecensce effected by favorable
rates for hydro~clesetric power in certaln locallties that
permit the economical operation of the electric furnace
process (1sl).

Blectrie Furnsce Method

The electrie furnace process ror producing elemental

phosphorus congists essentlally in fusing and redueing



phosphate rock with carbon in the presence of silica (flow
diagram, Fig. 1l)e It is essentisl to have an adequate
porogity of the furnace burden in order %o allow the rages

to escape from the reamction zone located near the bottom

of the furnace. Since most phosphate rock is finely divided
the employment of some agglomeration progess is necessary
for the furnace burden. The required heat energy ls supplied
by a three phase electric current st potentials of 200300
volts between earbon electrodes in an electric smelting
furnace.

In general, the reduction process involves the
behavior of sllica as & strong acid at high tempersatures
(1500° to 1750°¢C); under these conditions it will combine
with the lime in calelum phosphate. Although the mechanism
of the reaction is not elesrly understood, it has been
reported that phosphorus pentoxide is liberated at high
tenperatures (above 1800°C). However, wien carbon is
introduesd into thls system elemental phosghorus ls produced,
and the combined reaction 1s achieved at a somewhat lower
temperature (1250° to 1500°C) (1ll). The overall reaction
may be expressed ag follows?

2ca3(Po)p + 65107 + 10 —=6(Cale5102) + P + 10C0 «. (1i1)

This equation, dne to its oversimplification, is

erroneous in many aspects. The constituent in phosphate

containing phosphorus pentoxide 1s principally fluorapatite



Fige 1 | Flow Diagram for Electric PFurnace mthbd of Elemental ‘Phosphozrul Production.
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rather than tricalcium phosphate] the former being a
complex meterisl in woich calelum oxide and phosphorus
pentoxide are always associated with fluorine or chloring.
It would be less erroneous to represent the fomula as
Ca1QoF, (PO )¢ and equation {iil) may be modified as follows:

aaangalPou)é + 30C + 21810, —»

3p), + 20(Ca0.5102) + 30 CO + B1F) » » o o « o » (i¥)

Roek phosphete &lso contains iron, present as iron
phosphate or iron oxides This 1s reduced by carbon in the
overell reaetion and combines wlith the phosphorus to form
ferrophosphorus which ig tapped from a bottom opening in
the furnace, and the overall yield of vaporized phosphorus
is thus reduced. In additlon, the rock contains small
percentages of magnesium, aluminum and other elements
which affect the pro¢ess to a certaln extent,

As a result of the thermal reaction carbon monoxide
and elemental phosphorus are evolved in the gas phase and
the caleium silicate 1s produced as & molien slage.

(a) Phospherus Condensing System and Sludge Formation

The volume of hot gas evolved from the furnace
contains approximately 93% carbon monoxide. The
remainder being primerily phosphorus with some silicon
tetrafluoride, and dust (l). The dust consists of
extremely smaell particles, less thsn £ mierons in
size, which are mixed with fregments of coke, phosw

vhate rock and slag about 1 millimeter in asize (1l).
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The method of condensing varies widsely in
the industry. If an elsctrostatie precipitator,
meintained at a temperature above the dew polint of
phosphorus 1s used to remove dust and fume, the
process is relatively simples Due to the high
initial c¢ost of such precipltators, plants that do
not utilize them are Taced with almost insuperable
problems in effecting a subatantislly complete
geparation of phosphorus from the conteminants whieh
normally condsnse with it., The furnace gases carry
sufficient dust intoc the condenser to affect materially
the operation of the condenger and the quelity of the
phosphoruse It is reported that even with the dust
renoved by electrostatie precipitators a small amount
of asludges called "mad" in the industry, is preeipi~
tated (1), Uowever, unless this dust is removed
before c¢ondensing the phosphorus, large amounts of
impure sliudges are obtained which are difficult to
handle and interfere with normal plant operation.

Sludge, as encountered in the phosphorus
condengling system and storage tanks, ls a mixture of
water, gelatinous sllica, potassium fluosilicate,
dust partiecles and emulsified phosphorus {(1,12).
Its consistency may vary from a thin soup to a
positive sel, The phosphorus content of the sludge

varlies consldersbly and, under unfavorable conditions,



all the phosphorus volatilized from the furnace
may be suspended in the asludge.

The relation of the furnace charge to sludge
formation ig not & simple one. While dust from the
charge does amctually accunulate in the sludre, its
prineipal components, asside from water and phosphorus
are gelatinous silica end potassium fluosilicate.

The lset that the hydrated silica present in the
sludge is of a gelatinous nature indicates that it
probably has been formed by the reasction between
sillcon tetrarfluoride in the furnace ges and the
water in the rhosphorus condensing system (12).
The fluosllicie acid would combine with potassium
which may be oresent as an oxide or halide, and the
reactions may be represented as follows?
351F) + 2Hp0 —=2HpS1iFg + 5102 « » « o « . o (V)
HpsiFg + K20 ——*—KQSiFé + HoO ¢ v o o o « o (Vi)

Inasmach as the amount of phosphorus produced
from a furnace is fairly constant for a given power
input and a glven phosphorus pentoxide (Pgﬂg) content
in the furnace charge; the preventative procedure is
to use a furnace charge that will not ceuse too high
a rate of sludge formation in the phosphorus condensg=-
ing systeme It is felt that the amount of sludre
formed is in some way related to the alunine (A1203)
content of phosphate roek = 5 percent being the



(v)

maximum allowable content if sludge formation is

to be kept low enough so a8 not to hinder plant
operation. Insofar as an slleviation of the

sludge problem is concerned, large scale plant tests
indicate the use of a washed,; well nodulized and
screened (+ /i mesh) phosphate sand which contains
less fluorine (12).

Phosphorug Recovery from Sludge

A part of the phosphorus collected in the
condenser pan may settle out of the sludge that
normally remains above the layer of phosphorusg
more may be separated by heating the sludge, however,
ne amount of heating or other asimple known treatment
will completely separate the phosphorus. Filtering
will yileld a clean phosphorus, but it 1ls not chesply
aceomplished and leaves & residue, the disposal of
which 18 & problem due to the high residual content
of phosphorus (12).

If phosphorus is produced {or the purpose of
its subsequent conversion to phosphoric acid there
is no advantsge in separating 1t from the sludgs.

In that case it would be s.mpler and cheaper to
allow the sludpe to be Ted to the phosphorus burner
or vaporizer ag long as the concentration of phoge
phorus in the sludge i8 kept hipgh enough to permit

steady operation of the burner. For thls purpose,
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& sludge containing at leasst 70 percent phosphorus
is desirable (1Z).

In the production of elemental phosphorus it
is essential to recover the element from the sludge,
prefcrably by means of simple and effsctive treatment
which may be adopted for safe industrial use.

Mellor (13) suggests varlious mecthods whereby
erude phosphorus mixed with fragments of sand, clay
and flue dust can be ocleaned., Among these are agltis-
tion with hot water, dilute nitriec acid, chlorine
weter, potash lye, or squeous ammoniaj pressing
through chamols-leatner under hot wateri agltation
in a warm mixture of sulfuric acid and potassium or
sodium dichromate} warming in a solution of potassium
hydroxide in 75 pereent alcohol; dissolving in carbon
die-sulphide and subsequent precipitation with potash
lye; or distillation in a atrean of hyarogen or other
inert gas. Compagnie Natlionale de Mableres, etc. (1L)
obtained white phosphorus by distilling in super=
heated stean the condensate obtained by heating
phosphates, silica and cosl in a furnace. NMetallges,
£.Ge {(15) freed phosphorus vapor from dust by washing
it with liquids having a low pressure et the working
temperature, arc inert to phosphorus, and are heated
above the dew point of phos,horuse. irbsin (16) cone

densed phosphorus in the ususal manner aflter residual
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dust and other impurities were removed by a mild
alkall wash at z temperature not below 65°C. s0 as
to avold condensation of phospvhorus in the washer.
Senilov (17) distilled phosporus from phosphoruse
containing mud, the procegs being carried out in a
furnaece of the type of a tubular ball mill. Burke
{18) recovered phosphorus from sludge by compressing
the latter, under substantial pressure, into firn,
hard and dense eakes or briquets and subjecting them
to heat su. ficient to volatilize the phospnorus cone
tained therein. Curtis (19) separsted phosphorus
from sludge by continuously treating the hot furnace
gases with lime water and allowing the condenasate to
atretify, after which the sludge was dried and
incorporated with fresh charging stock for the furnace.
Other methods of separating phosphorus from
sludge consiat esaentially in removing the water
from the aqueous emulsion of phosphorus by distilla-
tion under reduced pressure and subsequent filtration
(20521 )0

B« Theoretical Conglderations

buring the courge of this investigation, basically, two
theories were consgidered az a means to a successinl separation
of pnosphorus from sludpes; first, elecirophoretic deposition,

aend secondlys centrifugal separation.
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Electirophoreti¢ Deposition
Mantell (22) deseribes electrophoresis sas the

migration of particles in suspension in a liquid under
the aetion of the slectrie current. If two electrodes
are immersed in a suitable suspension and an eleectric
current spplied between them, the suspended phase
migrates to one of the elec¢trodes and forms & deposits
In order to effect migration of particles under the
infTluence of an electrical field, the particles must
carry an effective elsctrie charge; ard consequently
the liqulid phase mugt carry & corresponding charge of
the opposite sign to malntalin electrieal neutrality.
Since the liguld carries a charyge opposite to that of
the disgpersed medium, 1t will migrate in the opposite
direction {23). This phenomenon is termed electro-
camosls.

Emplrical electrokinetic relations were derived
theoretically by Helmholté in the following equation (22)¢

U= 1 Jox = 1 7 DI esesvsee (1)
90,000 L7 7 G0,000 L7y L

where U = elsctroosmotie velocliy, cme P r secs
= Zeta (electrokinctic) potential, voltis

= dielectric constant of the 1liquid

N Yy

= vigcosity of the lianild, polses
= gonductivity of the liquid, mho cane

L
{

potential gradlent, volts per om.

o - L
it

= gurrent, anpPse
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The most important applicetion of electrophoretic
deposition has been in the electirowosmotie dewatering and
purification of electrodialyzed and undislyzed clay (2li).
Eleetrophoretic depositions have also been apslied to a
variety of materials such as cellulose, rubber, alumina,
shellsc, highe-polymera and graphite.

In slectrical osmosls or cataphoresis the polarity
of the partiecles depends not only upon the constitution of
the partieles but on the neturs and quantities of electroe
lytes preseni, and alsc upon the composltions of the disperse
mediun in whiceh they are suspended in the disperse phase (25).
Krause (26) belicves that the properties of compounds are
largely determined by the electro-alffinity of thelr consti-
tuent elements which may be arranged in a two-fold series

of electro-affinity, positive and negative, as follows:

-t

Ca L) Ba Mg Zn Hg T1 Pb Bl Sn Sb 4s P Te 8¢ Sy Strongly
Strongly @ : Negative
Positive ¢ Hg T1 Pb Bl Sn 8b As P Te Se 8¢ I O Br C1 F

P

Elements appearing in both the positive and negative
series, or posgessing intermediate electro-affinity, are
termed amphoteric. Ordinerily mnost of these amphoterie
slements sre known to bs electropositive, however, they
may be obtained in the elec.ronegative condltion in suite

able solvents such as liguid ammonia. The less slectro-



24

«]8e

positive sleoments aect as anions and may be precipitated
on the anode in coherent form. rach element in this
series is less electroposgitive than the preteding element,
but all the elements in the series are electropositive
with respect to strongly electronegative elenents.

The intrinsic element in the electrophoretie
process of non-condusting materials is the good throwing
power, and hirh current yields obtalned due to the mass
to charge ratio of colloidal partiecles being large.
However, at pointas of initially high current density,
more devosit will be formed at first, resulting in a
higher resistance at these points and on equalizetion
of current distribution (23).

It is quite difficult to differentiate between
electrophoresis and electrolysis because these phenomena
cecur simaltaneously. ‘The migration rates of most
colloidel particles and ions are the same and various
side resction take place that are coextensive in the
two processas ~ gas evolution, oxldation and reduction
are a few of these. Iowever, the relative potential
(taking into sceount gas overvollage, passivation and
concentration effects, ete.) wlll determine which
electrode will prevail (23)e
Centrifugal Separation

A centrifugal force is produced when a glven mass

in motion is subjeeted to a force which exerts 1t to move



nlgu

in & direction away {rom the center of curvature of
its path thus induelng a deviation from its normal
rectilinear path. A device that subjeets a mass to
such & centrifugal force by rapid rotation is called
a gentrifuge. Centrifugal force and gravitational
force are both simllay in being able to effect sube
sidence in enulsions and suspensions according to
gravity, however, great f{lexibllity is schisved by
varying the field (changing dimensions or speed of
rotation) in a centrifuge, whersas gravity is essene
tially constant.

If a system conslgting of & suspension of coarse
solids in water 1s slliowed to stand, ths twu‘eamponanta
will separate into s harply divided layers, whose
relative positions in the system will be in the order
of the magnitude of thelilr respsciive specific gravities,
Stokes! lew lllustrates the influence that the viscosity
of the eontinuous phase, the size of particle, and
gravity difference play in determlining the rate of
separation (27):

Ve2r® x (S=9)8 « ¢ o s o v 8 o 8 s e oes o (2)

97

where, V = velocity of settling, r = radius of suspended

particle, S = specific gravity of suspended particle, S!
= gpecific gravity of continuous phase, a = accelera ing

force, and 7 = yigeoslty of the continuous phase.
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A further consideration of Stokea! Law shows
that when a suspension is subjected to a force higher
than that of gravity the rate of gettlins increases
dirsetly as the inerease in force. The centrifuge
effegts the separation of the suspended phmse from the
continuous phase by means of ecentrifugal subsidence or
settlinge In a rotating bowl or tube the medium with
the higher specific grevity will pass toward the porlphery
and collest against the wall of the bowl while the
medium with the lower specific gravity will fom a
column on the imner surface of the peripheral layer.
This ls the phenomensa essentially induced by a centrilfuge.

Regults obtalned from s centrifuge are dependent
upon various faetors, the most important of them being
{a} the offectlve mass of the particle which is the
product of the asctual mass by the difference in the
specifie gravity between the two phases, and (b} the
viscosity of the continuous phase. In a centrifuge, the
force on a particle compelled to move in a circular path
is determined by thc vrate of ciange of veloclty direction
away {rom the linear path any rotating particle tends to
follow. The sentrifugsl forse may therefore be expressed
as (28):

FRHPWO «oeessoeeneosoasoos(d)

& whare, F = centrifugel forece, g
¥ = Welght of pariticle, g

r = rad. of curvature of path, on.
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@ = gngulsr veloeclty, rad./sec.

£ = aoccel, of gravity = 931 cm./seupz

If V is the peripheral velocity in cm./sec.
2

Fzﬂouinb‘&*a:ﬁto.t.nun(i‘.)
gr
& 2
or B = / }gr(r,p;m.) p’itc»qﬁ“(S)
500 g

Equating equations (3) and (5)
FedrP= 7°u r(repame)?

-

£ 300 g

Therafore, We = 772 (!’t‘D.Mt)Z » % ¢ & & & @ (6)
900

The difference in the densities of the two liquilds
exerts the major effect on the position and stabllity of
the balance eircle. Thus, from equation (1).

Po= (w ligpid = W partiele\)na;

= (@ 14° - Pe 84> 07

= Tas ( (\Duqum - Qparticle)r.co: o o o o (T7)
g

The settling rate for small particles is determined by
the viseous recisibance of the llquid medium to the motion
of the particles gettling through it. Using Stokes'! Law,

the resistance may be expresssd in grams as follouws:
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fa ﬁ.“aZd?Stosaogeontt'»-(S)

&

where 7 = the absolute viscosity of

liquid mcdium, polsess
The velocity of settlin- of such s particle increases
until the forces of viscous resistance equal the centrie

Tugal force.

F=fz

7 (Fliquid - Qparticle o = 37 28 Vs

% = )
and from this Vs ’=£a(€€_€r)rooy¢ * & ¥ @ & % % & ¥ (9)

187
>
Substituting ¢ from equation (6)

3‘/}/(:8){900} 7 Vs s+ ¢ s 0 e o o e {10)
77(&—(),,)&@. {Tepatite)

Hauser end Lynn {29) developed a method of calculating

the size of particles separated by the superecentrifuge
basing the mathematical analysis upon two assumptions =
namely, that the flow pareilel to the axis of rotation
is stresmline or viseous, and that Stokes! Law holds for
dilute suspensionss The effect of the first assumption
is to require a rate of feed of the suspension to the
centrifugal force. iHauser and Lynn's method of calculae
tion has the limitetion that it is velid only under
definite conditions of operation. However, equation {10)
is a generalized form of the solution of particle size

and i3 based on the same assumpbions.



In 2 separator bowl of the supsreentrifuge, there
are two sets of outlet ports, one for the heavy and the
other for the light liguids 4n interal dem {orms a seal
of the heavy liquid, which prevents the escape of the
1isht liguid through the heavy portse. The hesvy ports
are always further frum the axig of rotation than the
lisht ports but nearer to it than the maximum dlameter
of the bowle The statie position of the dividing surface

is given by the formula:

2 2 2 z
e B ) )

in which rd, rh and r1 are the radii resgpectively of

thr dividing surface, the liquid surface at the heavy
discharge, and the liguld surface at the light discharge.
The densities of the light and heavy liquids are Py and
Ppe Ty and rp are adjustable by use of a series of ring
damg so that the position of the dividing surface can be
controlled for a range of density ratios. The position
of the dividing surface is en important faetor in the
separation of liquidss If rg is large the maximum clar=
ifying effect is produced on the light liquid and the
minimun on the heavy liquld. Simllarly, if rg 1ls adjusted
to a small value, clarification of the heavy l1llquid is a
maximum and that of the light liquid is a minimums In a
separsetion, the interface of the bwo liqulds should be
kept as far away from the exlt of the liguid that 1is



reguired pure -~ pgenerally, the liquld tc be purlfied
should have the greatest distance from the interface
of the two liquidsg to its overflowe However, the posie
tion of the dividing surfeace tends to change with
throurhput, especially when the throughput is large and
is then dependent on the ratio ol the two liguids in the
feedse This 1s caused by the different velocity heads
produced in the twe discharge paths and is particulsrly
serious if the liquid is allowed to vrotate either faster
or slower than the bowl.

At 150° I’y the density of liquid phosphorus and
phosphorus sludge is reported as 107.8 lb./cu.fts and
9345 1lbe/cu.fte respoctively. (2).



(a) Elestrodeposition

The flrst series of eleven experiments were
performed to determine if any deposition of phosphorua
sludge would result in wesk solutions of phosphoric seld,
varying in coneentrations from 0,24 to 54, used as
eleotrolyte. Solid phosphorus sludge, about 1" sguars,
was bightly wrapped with lb-gauge copper wire and used
slternately as anode and csthode with the opposite
slectrode being a L" x L% sleb of industrial cerbon.

Eagh run waz gontinued at alx and twelve volis for thirty
minutes during which the elestrode distence was varied
between one and four inches. In the sesond series of
eleven experiments, phosphorus sludge whioh was hydrauli-
cally pressed batween two li~megh, mild steel wire soreens
served as one of the electrodes. No depoaition resulted
by this method,

In order to attempt deposition from s phosphorus
sludge suspension, the sludge was emulsified with sodium
oleate and heated to TO® €. The mixbure war passed through
& laboratory homogenizer to obtain a uniform suspension,
however, upon oooling, some of the phosphorusg-containing
aludge settled out of suspension. The suspension approxie
mated the following percentages of the three songtituents:
phosphorus sludge ~ 20%; water « 787, and sodlium oleats ~ 2%.
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A trial run using 1~1/2" x 1.1/2" stainless steel
type 316 electrodes at twelve volbs indicated that aome
deposition of sludge wag effected.s Two serles of qualle
tative runs were made under conditions of varying voltage
2o as to gstudy the characterigties of the deposgition process.
The desired operating voltage range was obtalued by varying
the resistance in a 120 velt D.C. sourse. Polished staine
less stesl type 302 electrodes, 3"x3", wers placed 1" apart
in an agitated bath containing the sludge suspension and a
voltage varying from 10 v. to 80 volts waes spplied for
periods of five minutes. Correspondingly, the current
density varied from 6.4 amps./?t.a to 6l1.0 ampse/t.2,

In esch case s falrly active deposit repembling the original
sludge formed on the sanode subseguent to the formation of

& thin yellow comting. The deposition was sccompanied by

& phenomenon of frothing and fosming on the surface of the
bath. ‘The relative amount of frothing in a gertsin period
of time seemed to be divectly related to the impressed
voltagee Above 60 volts, frequent eleoctrical dlscharges
took plage in the froth formation between the two electrodes.
The froth subsided when no current wes applled.

The froth generated seemed to be comparatively more
astive than the originel suspension. A semi~-micro qualltie-
tive analysis of the froth and deposit samples revealed
that the relative smount of phosphorus contained in the
samples ineressed with the intensity of the electrical
field impreased between the two electrodss.
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The next two series of experimenits were performed
with essentially the same equipment (Fig. &) in & heated
suspension of phosphorus sludge in water, with and without
the use of an emulsifying agent. A one kilowatt (125 volt,
8 ampere) motoregensrator asebt was used with fleld and
armature reaisbances to step down the voltage as shown in
Pige 3+ Temperature of the suspension was regulated by
means of a thermostatically contyrolled water bath and maine
tained at S0-60°C. 80 a8 t0o be well above the melting polnt
of phosphoerus, The suspension with no emulsifying agent
contained 31% phosphorus sludge and 69% water. Volbtage waa
varied between 10 v. and 26 v. corresponding to current
densities fyom 16 ampa./fma to 63.; amps./ft.2, Small
smounts of & non-fuming, yellow anocde deposit were effected
at a current density of 38.4 am;am/ft.‘?“. Upon analysis (by
distillation) the ssmples scraped off wers found to contain
an équs.valams of L3594 phosphorus, whereas the original
suspension contained 7.15% phosphorus.

Priethanolemine monolinoleste was added to the above
guspension in order to emulsify the phosphorus sludge. The
ocontents of the suspension were as follows: phosphorus
sludge ~ 30.5%) water ~ 67.5%; and, triethanolamine monow
linoleste - 2,04, Voltage was varied betwsen 10 v. to 30 v,
gorregsponding to current densities from 10.4 ampm/fi;.a to
Sholi amps./ft.2 at an electrode distance of 1". The time
of duration for each run varied from 5 to 20 minutes during
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whish the smmperage, and thus the ecurrent density, gredually
decressed while the deposit accumulmted on the snode. Also,
during the deposition perloed,; the solor of the deposit
shanged from light yellow to a light smber. At the
heginning of the deposition period, a hard, light, yellow
coating was formed upon which, during the depositlions a
spongy, amorphous, light-smber colored deposit would
acoumulate. The deposit could be removed completely by
plekling in & weak sulfuric acid bath. Since both slides
of the slectrodes were effective, insofar az depositon was
congerned, 1t was obssrved that the aslide of the anode faecing
the cathode had the heoavier deposit. The cathode beocmme
covered with 8 shiny blagk coating which was also more
pronounced on the side facling the anode. After each run,
the anpde depoalit wes soraped off. The anode deposit and
froth smples wore analyzed for phosphorus pentoxides. A
quelitative analysis and spot besting of the anode deposit
revealed the presence of iron, phosphates and/or silica, and
2 trace of lead arnd uranium., The original suspension cone
talned an equivalent of 10.29% phosphorus, whereas the anods
deposit anslyzed as high as 19.3¢ equivalent of phospherus,
A phosphate concentration had apparently been effected as e
result of deposlition from an emulsified suspension of
phosphorus siudge in water,

The phenomens of the aptivity of an emulsified
phosphorus sludge suspension was investigated under varying
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conditiona of eagltation, temperature and current. 1t was
found that aglitation, an elevation of temperature above the
melting point of phosphorus, and the application of an
eleatriaal field, 1n that order, tended to mske the sludge
saspensgion more sctive and produse fosming.

The effact of alternating current on the characterisew
tles of an emulsified suspension of phosphorus sludge showsd
that up to 20 volts (5.9 amps) no appreciable change was
effscted, No deposition tock plase. In this experiment,
line voltage of 115 volis was stepped downn by a 7-1/2 smp.

Powsrstat transformer.

Centrituging

Some triasl runs were made with centrifugel separation
of elementsl phosphorus from & sludge suspension with no
apparent success. However, upon experimenting with emulslie
fied sludge suspensions at elevated temperatures (above 4E°C)
and the centrifugel separation thereof, & successful
soparation wag effeated.

4 few grams of emulsified {triethasnolamine monoline
oleste) phosphorus aludge, econtsining about 344 phosphorus,
was plseed In a zmall test-tube to which was added about
twiee sas much water. The test«tube was inserted infto the
metal holder of the laboratory centrifuge and the sentire
assembly was heated until the water bolled,. The metal
holder waa plased in the sentrifuge sand rotated at full
speed until the contents of the test-tube oooled off, Two
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guccesgive heating snd gentrifuging operations were

employed, after which the solidified ecake was cooled and
extrigated from the teat tube, Upon wvashing most of the
residue, & wax«like mass resulted. After lightly seraping
off the dark subatanee on the surface of the mass that had
colle cted on the imner wall of the testetube, a glassy,
tranglucent substance whioh fumed instantly on exposure to
alr, was obtained.

8ix runs were made in the laboratory centrifuge and
& representative gsmple of phosphorus was taken and analyzed.
The average of three analyses indicated a phosphorus sontent
of Y9.52%, and an overall phosphorus recovery of 5534,

In regard te centrifuging of phosphorus sludge
suspensions on a continuous bhaslis, an experiment was
performed with thé uge of a laboratory shsarples sup@rmﬁwiv
fuge with an 8% long separator bowl, 1-3/L% in diameter, at
a rotation speed of 28,000 r.,p.m. The suspension consiasted
of phosphorus sludge (L5.4%), water {51.8%), and triethanol«
auine monclinoleate (Z2.8).

Since the supercentrifuge did not have a heating
device incorporated inte the equipment, the bowl was heated
by eiroulating water at T0P(. for two hours. A stream of
carbon dloxide wes introduced arcund the bowl and in the
outlnt porta by means of a small cpening in the dbottom of
the centrifuge housing. The suspension of emulsified
phosphorus sludge at 50°C. was introduced into the bobttom



inlet at a very slow rate. After five minutes it was
obgerved that only emulasified water was lasulng from the
bottom outlet and the top outlet was blocked. A few
minutes later both ocutlets were blocked and intermittent
surgea of fumes indlecated that air was being introduced
in the bowl and effecting combustion of warm phosphorus.
The centrifuge was stopped and g amall amount of liquid
phosphorus thet had lined the periphery of the bowl
triekled out through the bottom opening in the housing,
was collected and analyzed. The average of two analyses
showed a phosphorus content of 101.864%,






4. ELECTRODEPOSITIOR OF PHOSPHORUS SLUDGE IN AQUEOUS SOLUTIONS OF PHOSPHORIC ACID

Electrodes:

Current Reotification:

Runa Concentration

No. of H3POL, £ Anode
}.t) Oe2 Carbon
b; 02 P-gludge
2a 0.5 Carbon
b) 0.5 P-sludge
3a) 1.0 Carbon
b) 1.0 Pegludge
ha) 15 Carbon
b) 15 P~sludge
5§ g g.g gtr§m
. - uﬁge
ba) 245 Carbon
B} 25 P=gludgs
Ta) 3.0 Carbon
b) 300 ?"ﬁlmgﬂ
8a§ 35 Carbon
b 305 Fﬁalmﬁgs
9a) LeO Carbon
b} be© Pegludge
b) o5 Pesludge
1la) +0 Carbon
b) 50 P~gludge

Voltage Electrode

Richardson~Allen Bench Rectifisr, 6/12 volts,

Time of Amperage

Cathode Volts Distanes,in, Runs,mins. Amps.

P«sludgs
Garbon
Pe=gludge
Carbon
P=gludge
Carbon
Pegludge
Caxrbon
P-aludpe
Carbon
P=gludpge
Cerbon
P~gludge
Carbon
P-sludge
Carbon
P=sludge
Carbon
P=gludge
Carbon
P=gludge
Carbon

6 & 12
"

iz 3qpgaasaraeIsszaraR

)

=1

R R R E E R ErFEE R

&
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1hk

2. Solid phosphorus sludge, size sepprox. 1"z1l", wrapped tightly with lbegauge
copper wire.

Current

Densgit,
_;&ﬁ?& U/j

0.2
0.2

1

I B NN N N N I NN S A B A A

0.9
0.9

s
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Ko Deposit

y
°t2 Deposit

1. Industrial carbon, both sides effesctive. Total area = (L"x4"}{2)= 32 = 0.222 sg.in.

d
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Bs ELECTRODEFOSITION OF PHOSPHORUS SLUDGE IN AQUEOUS SOLUTIONS OF PHOSPHORIC ACID.

Elestrodest l. Industrial easrbon, both sides effective. Total ares ={}"x4"){2)= 2 = 0.2?2 8Qeine

Current Rectification:

ik

2, S0lidified phosphorus sludge hydraulically pressed between two lj~mesh

mild steel wire saroens.

Run @onee% tlon Electrode Time of ,
No.  eof H3 £ Anode Cathode Yoltage Distance, in. Run, Mins, Deposit
la) 0.2 carbon Pegludgs 6 & 12 1.l 30
) 0.2 P=gludgs Carbon " " "
2a} 0e5 Carbon P-sludge o " "
b) 1+ 4 Pegludge Carbon w it "
3a) 1.0 Carbon P=-sludge "‘ " " ’
b) 140 Pwsludgs Carbon " " " )7
ha) 1.5 Carbon P-gludge " ® " ¥
b} 1.5 P=gludge Carbon " " "
5a) 2.0 Carbon Pwgludge " » "
b; 2.0 P-gludge Carbon " " "
6a 245 Carbon P-nludge n * "  ¥o Deposzit
b) 2.5 Pwgludge Carbon " » "
?i; 340 Carbon pP=sludge e " "
b 340 P-gludge Carbon " u iy
8&3 3.5 Carbon Pegludge " " n
b o5 Pegludge Cerbon s n "
9a) 4] Carbon P-aludge " " "
b) BeO Pesludge Carbon " » "
10a) Lo Carbon P-sludge " " "
b . Pealudge Carbon " " "
lle) 50 Carbon P=gludge " b ®
b) .0 Pegludge Carbon " " *

Size:

e S A
Richardson-Allen Bench Reetifier, 6/12 volts.

Both sides effective.



Ce QUALITATIVE ELECTRODEFOSITION TEST WITH PHOSPHORUS SLUDCE SUSPENSION - VARIABLE VOLTAGE

Composition of Suspension: Phosphorus sludge - 20%
Water - 76%
Sodium Oleate - 2%
Electrodes: Polished stainless stesl, type 302. Effective size -~ 3"x23%; thickness - 1/6)"
Electrode Area (both sides affective): (3%"x3")(2) = 18 sq.in. = 0.125 sq.ft.
Blectrode Disgtance: 1 inch
Agitation of Suspension: Moderately goode.
Temporeture of Suspenslion: Initial - 25°C., Final - 33° ¢, (Total time - 27 minutes)

Electrienl Cireuld No. 1

Current Anode

Run Time of Voltage Amperage Densltiy {+Ve)
No. Runs, Mins. Volts amps §§23~/ftz Deposit Comments
1. 5 10 0.8 6t Yes Deposit fumed. Scum formation on

surfase of bath.

2. 5 20 1.3 1044 Yes Deposit fumed. Seum formation on
surfage of bath. Seum fumed.

3. 5 30 2425 18.0 Yes Depogit fumed. Heavy, sctively
fuming scum on surface of bath.

e s kO 3.50 28.0 Yes Deposit fumed. Heavy, actively
fuming scum on surface of bath.

Se 6 50 e 65 37.2 Yes Heavy, d4ark, actively fuming scum

on surface of bath. Gray foam gsner-

ated between electrodes. Deposlt

o
¥

active and burned In alr upon serapling.

aolor of deposit same as that of

phoaphorus sludge. After conclusion
of test, the gecum on surface of bath
subsided gradually but fumes eontinued
to isaue from surface of bath for a

short period.



De QUALITATIVE ELECTRODEPOSITION TEST WITH PHOSPHORUS SLUDGE SUSPLNSION - VARIABLE VOLTAGE
Composition of Suspension:  Phosphorus sludges - 20%

Water - 78%

Sodium Qleate - - 29
Electrodes: Polished steinless steel, type 302. Effective size - 3"x3"; thickness - 1/6L"

Electrode Avea (both sides effective): (3"x3")(2) = 18 sqgeine = 0,125 gq.ft.

Eleetrode Distance: 1 inch
Agltation of Suspension: Moderately good,
Blectrical Circuit Nos. 1 end 2

Time Quellitative Test of
of Current  Anode Depomit and Froth Ssmples
Run Cireuit Run Volbtege Amperage Density, {(+Ve) {in ascending order of
No. __No. Mins., Volts _smps  smps/ft° Deposit Comments phosphorus content)
1 1 5 10 0.6l 5.12 Yes Scum on surface 1
of bath.
2 1l 5 20 1.40 112 Yea Yellow deposit. 2

Froth and fuming
on swrfeve of bathe.

3 b 3 5 30 2445 1946 Yeos " 3
L 2 5 60 420 3346 Yes " L
[ 2 s 70 6430 S04t Yeos " 5
6 2 5 80 8,00 6110 Yes V. hesvy frothing 6

and fuming sccompanied
by "popping® (discharge)
betuwesn elestrodes.



Ee

{(without emulsifying sgent)
Composition of Suspensien: Fhosphorus sludge 738 pgms.

water - 1636 gms.
Total 237 gms.

Eleetrodes: Polished stainless steel, type 302. Effective

Elestrods Area {both sides effective): {3"x3")}{2) = 18 zq.in. = 0.125 aq.ft.

Elestrode Distanece: 1 inch
Aglitation of Suspensiont Good

ELECTRODEPOSITION TEST WITH PIOSPIORUS SLUDGE SUSPENSION ABOVE MELTIRG POINT OF PROSPIHORUS

sizve = 3"x3%; thickness - 1/64%

Tomperature Control: Thermmostatlesily eontrolled, constant temperature water bath.

Elsctrical Circuit No. 3

Time
of Current  Anode Temp. of
Run Run, Voltage Ampersge Density, {+Ve) Suagﬁﬁsian Anal
Nos Mins. Volts _ smps. smps/ft® Deposit o %
1 5 10 240 1640 Sleyellow g2 -
depe
2 5 20 L8 aB.h Yellow dep. 53 9495
3 2 26 78 63.4 None 53 -

Phosphorus sludge analysis (ﬁy distillation):
Percent phosphorus in suspension =  7.15%
Percent phosphorus in sludge = 23,0 4

Commenbs

Le35

Ko apprscisble
deposit or frothe
ing ocourred.

Foaming snd froth-
ing on surface of
bathe

Cirendlt overlosded.
Ho semple taken.



F, ELECTRODEPOSITION TEST Wiy_'ﬁf PHOSPHORUS SLUDGE SUSPENSIOR ABOVE MELTING POINT OF PHOSPHORUS
(with emulsifying agent)

Compositlon of Suspension: FPhosphorus sludge - 738 gms. =~ 30.5%4
Water - 1636 gma., = 675%

Triethanolemine monoclinoleats - 18,5 gmse - 2e
Potal 2&22 ‘5 EN83e = 100t0%

Elestrodes: Polished stainlesa steel, type 302. Effective size - 3"x3"; thickness - 1/64"
Blsctrode Area (both sides sffeoctive): (3"x3")(2) = 18 3ge in. = 0,125 5.t

Elsotrode Distance: 1 inch.

Agitation of Suspension: Good

Temperature Control: Thermostatically controlled, constant temperature water bath.

Elesiricnl Cireult Noe. 3

Tize
of Current Temps of
Run Run Veoltage Amperage Density  Anods {+Ve) Suspension
No. Mins. Volts _emps. Amps/ft2 Deposit %G Gomments
1 5 10 1.3 1044 Stall emount 53.5 Heavy and sctive fosming. Deposit
‘ yellow dep. gsoraped.
2 10 15 241 16,8 Yellow dep. 53.0 " " " " "
3 10 20 3.0 2l 0 Dark brown S5he0 Heavy foaming. Excessive fumes.
deposit Cathode turned a light gray color.
Deposit seraped.
h 10 2&}&5”‘25:5 356“'3'? 30;8 " 5300 )H&&V? famingo Excossive fumes.
gathode turned black eap. on side
5 20 30 Seb lileB " 53.0=62.0 )faeing annde. Hard dark brown
{initial) {Initial) Jeoating on snode esp. on side
6.8 Slyely Jfaeing cathode.

Cireult overloaded over 30 volts.

~gt=



F. ELECTRODEPOSITION TEST WITH PHOSPHORUS SLUDGE SUSPENSION ABOVE MELTIRG POINT OF PHOSFPHORUS

{with emnlsifying agent) -~ contlinued.
ANALYSIS OF RESULTS:

a) Qualitative Anslysis and Spot Tests of Anode Deposit (30, 33)

Iron -~ poaitive

Lend « trace

Celciom - negative

Uraniom - trace

Phosphates and/or Silica - positive

b} Quantitative anmlysis:

Ooriginal Sludge Ssmmple (Volumetrig)

Chromium - negative
Barium -~ negative
Hagneslum- negative
Hangsnege-~ nsgative
Zinec - negative

Anode (+Ve) Deposit

Froth or Fosm Samples

?;.fé% % P, Equlv,
Sludge 78.5 343045 1
2
Suspension - 10,29 3
Recheck L
5
Suspension - 10.2

{bazed on
wt, of sample)

12.30 Bely
28,00 1243
1390 193
15.48 6.8
15.66 6.8

Original Suspension

1

Ww oW N

3.63
3.26
1.69
5409
2466
1.38

Run Run
No, % P20g £ Py equive yo, 4 Pa0g 4 P}, equiv.

1.587
l.422
0,738
24220
1.162
0.603

ﬁrég -
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Go ACTIVITY CHARACTERISTICS OF FPHOSPFHORUS SLUDGE SUSPENSION

Composition of Suapensions

Phosphorus sludge =~ 738.0 gramas -~ 30.5%
Veter #

fd 16 é#aQ - 6? .5
2.%%

Triethanolamine monolinoleate - 8, L.

Temperature and agitation varlable.

Temperature ° C,

Room Tanp.

Room Tempe.

Room Temps. + ?3.;0/. Curvent
50«55°

50%55°

50#55° + D.C, Current

E0e55° + D.C. Curvent

D.Ce Current sulbt off

Total

Agitation

None
Good

None

Rone

Good

None

Good

Rone

2h22.8 * - 100,08

Charaoteristics of Phog. Sludpe
Insoctive, non«foaming

Suspension slightly fuming.
Small smount of foam.

Saspenslon slightly fuming.
Foam between elegtrodes.

Suspension slightly aetive
{funing)s Small amount of foam,

Suspension aetive (fuming).
Some foaming.

Suspension very asctive (fuming),
and heavy foaming.

Suapension very active (fuming).
Excesnsive foeming espesially
betwsen electrodes,

Suspension continued to fume
until eosol, Foaming condition
alleviated. No fobm between
slectrodes,



He EFFECT OF A«C CURRENT ON CHARACTERISTICS OF PHOSPHORUS SIUDGE SUSPENSION

Composition of Suspensiont Phosphorus sluaga - 36.(3 gm. - 30. gé

Wabep 6.0 "
risthanclamine menolimleato - "
Total zz.zz.s " wB,OO‘O%

Elestrodes: Polished stalinless ateel, type 302. Effective size 3"xz3",
thisineas -~ 1/64%

Electrode Area (both sides effective): (3"x3A")(2) = 18 sqeinc. = 0,125 sq.ft,
Electrode Distence: 1 ineh.
Agitation of Suspensioni Good

Temperature Control: Themostatieally controlled, oonstant temperature
weater bath.

Coltage controls 0135 volt, 7~1/2 amp., Powerstat tranaformer, Line
surrent « 115 volts.

Time
of Anode{+Vejor Temp. of
Run Run Voltage Amperage Cathode{-Ve) Suspma& on,
No. Ming, Volts _Amps. Deposit °Ce Comments
1 5 20 SeT»549 None 53=5l No deposit or effect
on fosming or fuming.
2 1+ 40  1he0elh.2 None B6-60°0s Cirouit overloaded.

Ne deposit or effect
on fcaming or fuming.
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I. BATCH CENTRIFUGING OF MMUISIFIED PHOSPHORUS SLUDGE

Centrifuging Equipment: Laboratory test~tubs centrifuge,

84x samples of emulsified (triethanclamine monolinoleate)
phosphorus sludge, each approx. 10 gm., with about twlce

its volumes of water centrifuged in laboratory teat-tube
centrifuge for 15 minutes. Test~tubes heated and subsequently
allowed to cool during centrifuging operation.

Gentyifuged sludge removed from test-tubs, washed, and any
conting of sludge on outside of solld oake seraped off,
Aggregate of six runs taken and analyzed.

Physieal FPropertiea: White {(turning yellowish on storage
under water). Waxy translucent cake
which fumed end caught fire apontane
sously on axposure to aire

Quentitative Anglysis (Volumetriec)

% P205’ % Pj, Equivalent

original phosphorus Sludge = 78.5 - 3he3045
Anelysis Woe 1 - 231,67  101.23
Analysis No. 2 ‘ - 221,00 97.90
Analysias Noe 3 - 2274596 994448

Perosnt Resovery of Phosphorus From Phosphorus Sludge

Wt. of Phosphorus-sludge centrifuged = 535 grams
Percent phoaphorus in sludge ! = Z3.0 4
Wi. of 100% phosphorus in centrifuged samples = /.23/ grems
Wt, of centrifuged phosphorus = | /.08 grems
Percent phosphorus in sample = | 77.5 ¢

Wts of 100% phosphorus recovered in semple = /0470 grams

Percent resovery = wt. of 1008 Pl recovered = /047 = g€ 3/,9?
” whe of P;+ in sludge sample /.73,
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CONTINUOUS CENTRIFUGING OF EMULSIFIED PTHOS HORUS SLUDGE SUSPENSION

Centrifuging Equipment: Sharples {laboratory size) Supercentyiw
fuge with seperator bowl.

Composition of Suspension: Phosphorus sludge = 63 0Ze =~ %35_‘%%
-

Water w T2 0Ze =
Triethanolamine monolinocleate « Il 0Z. « 2.8%
Total 139 oze = 100.04

Bowl dismeter: 1-3/4"

Inlet Adepter: Lsrgest opening} diesmeter = 3/32"

Bowl Height: 8"

Ring Dsm Noe.: 93 Dismeter of opening =~ 0.905"

Speed of Rotation: 28,000 rpm {28 revs./1/2 min. on counter:speed
ratio = 500:1)

Physical Properties: Light brown, waxy, translucent substance
which fumed and caught fire spontanecusly
on exposure to alr,.

Anslysis of Results g’%lmatriﬁk

4 Pgaé % Pj, equivalent
Analysis No. 1 234..86 102,63

Analysis NHo. 2 230.32 100,65
Original Sludge Sample (approxs) 3440




DISCUSSION

In this investigation the charscteristios of phosphorus
sludge under verying condlitions revealed interesting phenomena
whieh have heretofore not been reported in the literature.
Emulsification of the condensed sludge renders it considerably
more active and tends to effect a partial sepsration of phofe
phorus which may be caused in part by the breaking of a physico~
chemioal bond between the phosphorus and the other congtituents
that are ocombined with it to formm the impure sludge. The prior
treatment of the sludge with an emulsifying agent makes the
problem more smenable to an effective aeparation by successive
treatmenta. Triethanolamine linoleate, or generally, the olele
ester of an amine, may be sugcessfully uged in obtaining sush
emulsification. However, sodlum oleate has also produced the
same offecta although to a leaser degres,

The effect of an elevation in temperature above the
melting point of phosphorus renders an emulsifled sludge
suspension more active as evidenced by increassed fuming, and
further, the introduction of an electriecal fileld in the suspen~
sion producesz excessive foaming, especially between ths electrodes.
At higher voltages the rate of propagation of foam 1s lncreased
but upon the cessation of an eleectrical fleld, the foam
gradually subsides. It has been noted that a D.C. electric

ocurrent during deposition will cause a localized elevation of
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temperature snd this, in turn, will intensify the foaming
phenomenon. However, the introduetlon of an A.C. current in
bath will not effect any such change in the activity of =&
sludge suspension.

Qualitative analysea of deposits revealed the presense
of iron, phosphates and/or silica and traces of lead and
uranium In the amorphous enode deposit. Sinee phosphate rook
used in the sleetrie furnace burden contains these elements
in varylng concentrations, it is underastandable to expeot
traceg of them in an anode deposit during elestrophoresis.

Quentitative methods of analyzing phosphorus in a
fast-ssttling suspension geve rise to erronscus results.

It was found that the most accurate results were obtained by
analyzing a representative ssmple of more or less solidified
gludge, and Sy means of the known percentage of sludge in
suapension, the phosphorus content of the suspenaion could be
caleulated. The volumetric method of gquantitative anelysis
was considered to be more sccurats than distillation of
samples due to the large degree of possible error and further
Inconsisteneles in the handling of small amounts of elemental
phosphorus and formation of red phoaphorus. However, there
is a probablility of intrinsic errors involved in volumetrig
anslysis not exceeding 5%.

The eentrifugal means of separating elementel phose
pherus from sludge produses substantially pure white phosphorus

by fairly simple treatment and processing. On & continuous



basis the separation may be effected by using a high ratio

of water %o sludge, about £ to 1, in order to avoid a fast
rate of feed into 2 high-speed centrifuge. The supercentri-
fuge should be so designed as to allow the pasasge of a heavy
vissous liquld which 18 the form in which liquid phosphorus
would be expested to 1ssue from the centrifuge outlet. A
high water to sludge ratio would also avold plugging of the
outlet aperature of the centrlifuge. This operation wounld
negessarlly be carried out in an inert atmosphere, or with
the use of a pressure~sealed gupercentrifuge in order to
prevent premature oxidation end combustion of phosphorus at the
cantrifuge outlet.

The proeess of séparating subatantially pure slemental
phosphorus from phosphorus sludges has been worked out on the
bagls of its simple processing and applieebllity in an
industrial phosphorus plant.
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CONCLUSIOES AND RECOMMENDATIONS

A suspension of phoaphorus sludge containing an emulsifler
is most suitable for the recovery of slemental phosphorus
therefrom.

An emulsifier produced by the combination of an amine, like
triethanolamine, with & fatty acid, like linolelc ameld is
most effective.

By electrophoretiec means, a concentration of phosphates may
be obtained from an emulsified suspension of phosphorus
gludge in water. Fubture work on this subjeet would indicate
the investigetion of dsposition efficlency and regovery that
is obtainable.

Centrifuging of an emulsiflied suspension of phosphorus
sludge In water will effect an efficient separation of
substantially pure elemsntal phoaphorus.

A continuous proeess for centrifuging an smulsified suapension
of phosphorus besring sludges in order to effe¢et an sconomical
separetion of elementsl phosphorus 1s possible if performed
in suitable high~speed centrifuging equipment in an inert
atmosphere (Fig. L)+« Future work on this subjesct would
indicate the investigaiion of some of the theoretical
considerations in determining the optimum conditliona for

successful operation.
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METHODS OF ANALYSIS

Distillation
Welgh 20 grams of phosphorus-containing material or

suspension and transfer to a 250 ml. distillation flask.
Add about 100 ml. heavy mineral oil, Digtill entire
contents of flaak until all water present in sample has
distilled over. Continue distillation at sbout 280°C.
untlil ne further phosgphorus volatilizes. Wash condenaer
tube with hot water at sbout 60° (. Filter entire
digtillate in a medium of carbon dioxide or nitrogen.
Weigh phosphorus under water and calculate phosphorus
content based upon weightit of original ssmple.

This method of analysls yielded erroneous resultis
dus to the formation of some red phosphorus which has a
boiling point of 725°C. The hazardous handling proeedure
preovented further use of this method.
Yolumetrie Analysis for Elemental Phosphorus Determination

Welgh 1 pgm, sample of phosprorus eontalning
material under water and transfer to & 400 ml, erlemmeyer
flask. 4dd about 100~200 ml. concentrated nitrie acld and
insert a small test tube containing about 5 ml. of bromine
into the flagk. Cover with wateh glass end keep in & warm
place until the entire gample 1s fully oxidized and diase
#olved in the solution. Remove the bromine-containing test
tube and boil off excess bromine from the oxidized sample.



Tranafer the gsample into & 1000 ml. volumetric flask end make
up to the mark by additlon of distilled water. Depending upon
the estimated phosphorus content of sample, transfer a 5 eeo
aliquot (to approximate 1/200th of e« gram pure phosphorus) into
8 250 erlemmeyer flask, add about 510 gm, of oryatalline
smmonium nitrate, add 1 drop of elizarin red-3 indlieator and
neutralize the sample by addition of coneentrated smmonlum
hydroxide to a deep yollow end point. Add sbout 50 ml, of
standard molybdate reagent and shake for 30 minutes. Filter
the yellow phospho-molybdate precipitate in a Gooch filter,
wash, and trensfer the inscluble presipitate into s 250 ml,
erlemmeyer flask, add & messured volume of 0.32LKN sodium
hydroxide to completely diasolve the yellow precipltate,

Add 2 dropa of phenolphthalein indicator and back titrate

with 0.,162N hydreehlorie acid to a faint pink end point.

ml. of O.32i¥ alkell regquired = ml. of 0.324% alkall used -
1/2 {ml. of 0.,162N apid used
for back titration).

Crloulations:

The following egquations express the reactions oc¢curring
in the volumetric method of analysis for phosphorus pente
oxide (Pa0g ) 30)¢
(a) H3POy + 12(NH, )z MoQy + 21HFO3 =

(NHY )3P0 «12M003 + 21NH,NO3 + 12Hp0

{b) 2(¥H))3P0}12M003 + L46¥e0H + H20 =

2(NH))ZHPO) + (NHy) MoO) + 23NaMoOy + 23Hp0



(e)
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(o) NaOH = 2(NH) )3P0l +12M003 = P20 = P
1 hé L6 23

From equation (¢), L6 moleecules of sodium hydroxide are

equivalent to one molsculs of phosphorus pentoxide (P20g)
hense 1 ml. of N/10 solution of sodium hydroxide neutrslizes
the yellow precipltate eontaining 0.000309 gms. of P20y, as
follows (31):

Equivalents of FpOg = (N. of Alkali)(ml. Alkali) x 1

1000 46
Grams of PpOy = (Equiv. of Pa0g) (Molewt. of Pp0g)

Therefore, Percent Fp0g in sample =

(M. of Alkali}(ml, slkall)(1h2) x 100
{1000) (Ls) Wte of sample
in aliquot

% Phoaphorus in sample =

(e of 8l m al x 100 x (12h)
(1000) (L6) Wteof sample (284)
in aliquot

= { Normall of Alkalll(ml, alkeli) x (0.1348)
Wt. of sample in aliquot

Seni-mioro Qualitative Analysis
A smell samples of phosphorus~bearing materisl is placed

sbout one inch from the end of a 12" piece of glass tubing of

3 mm, bore. The end of the tublng which eontains the gample 1s
stoppered and the semple is subjected to gradual hasat over a
low bunsen bumer flame. The phosphorus vapor evolved from the
sample will condense on the coolsr section of the glass tube.
The ssmpls tubes are plasced side by side in order to dstermine
the approximete order of phosphorus content.



HAZARDS & SAFETY PRECAUTIONS

In working with elemental phosphorus or & sludge
containing the element,; it ias of utmost importance to
exercise extreme care snd observe sitrict safety precautions
in order to avoid fire and explosion hazards and prevent
parsonsl injury.

Phosphorus is & toxic material which is non-corrosive
in the absence of alr or water, In air it is dangerously
reactive and may produce burna, start fires and cause
explosions due to apontsneous ignition. In the dry or wam
condition (above ignition point of 34° ¢) it should not be
exposed to alr except under eareful supervision.

There 1s no ssafe limlt of concentration of phosphorus
vapor in slre Combustion of this material taking place in a
confined space removes oxygen and renders the alr unfit to
support life. High eoneentrations of the vapor evolved by
burning it are irritating to the nese, throat, lungs, skin,
eyes snd mucous membranes. The common form of exposure to
it {8 inhalation and it is felt that sbsorption of the lower
oxides e¢an produce an edema of the lungs}) in larger quantities
it has an soute toxic effect on the liver and continued ine
halation produces neerosis of the mendible or jawbone, retinel
hemorrhage and chronie polisoning (32).

For first ald, stop combustion of phosphorus snd remove
the material from contast. In case of scontact with the skin
immerae the affected parts in water and wash for thirty minutes.



wEhw

1f small perticles of phosphorus adhere to the skin apply a

3% solution of copper sulfate in water for fifteen minutes

s0 a8 to convert the elemental phoaphorus to blasck copper

salt which ocan be readily seen and removed with a tweezer (32).
Phosphorus fires may be temporarily controlled by water

aprays or by covering with sand to exelude air, Howsver, the

element must eventually be allowed to burn under eontrolled

supervision to completely remove the hazard of future fires.

Phosphorus may safely be stored under uater,
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