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thé electr c furnace technique a waSte product known as

"+ phosphorus sludge is produced. This'siudgé.is extremely

. the sludge to be recycled tq the electric furnaces for

product was dry, non sticky and can be moved under ‘an inert .

[ ‘g'w"“ S :
i : ABSTRATT |, - Cu 3
During the productidﬁ of elemental phosphorus by .

j / ~

-

. . - * (’ ) - .
difficult to handle and by‘present dax_péchnoiqu, recovery

of the phosphorus as a pr mafY'produét”fiom the ‘'sludge has
hY

been reéarded as economicaljly not fea31ble.? Because of the

s

high percéntage of water contaipedAin the sludge, the sludge °

preséntly formed cannot be recylced as .a raw material to

L .

‘the furnace at ‘the same rate’ at which it is being produced.

F
Methods were examined to'determine an economically feasible | = -,

way of remOVing the water from thé sludge, thus permitting

B

phoSphorus recovery.. o ! 4’/A:P

_ Four treatment methods were evaluated for the

A "

dewatering of phosphorus sludges to a moisture' content that
arx p A

would permit recylcing of 100 percent of all sludge produced

-

to the electric arc furnaces. - . ®
The method of free21ng and thaw1ng has been ed .
with past sucpess»for the dewatering of some inorganic sl es
however, up to 5 freeze—thau cycles did not produce a phosphorys
sludge with a.water content less than 4D{percent. |
Ffreeze drying of 1 to 2 gm samples of solidified
phosphorus ,sludges at -20°C and 0°C produced a product .with

9 percent and 5‘percent Water redpectively in 12 hours The

. . : i iii
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. ) , .
with the freeze dri&® product, the solids were dry in.appearance ¢

- ) i‘ A" . c‘ v ' -

atmosphere by conventional solids haqd ing techniqueh..'Aj T
. ) |

Low temperature dlstlllatlon’of SOlldlfled phos—

Al

phorus sludge was carrled out &t +20° and +30°C'ﬁnd at a

pressure ranglng from 1008 t6 100 mycrons. The chamber:

’

pressure at which the water -.content/ had been reduced to

~‘

approxiﬁafely 5 percent was.approximafely 250 microns. As

¥

‘with some dust formed as & result of the removal of water. The

"dried sludge is well sujted foyp ransp®rtation under an inert -

atmo§phere by conventlonal soglds handring eguipment.

Slngle and two.stage extractﬁgmprocesses for the .

nd ee?anol from phosphorue

removal of water w1th methanol

S . :
sludges were evaluated. By us'ng a two stage extraction .

¥

process-w1th an overall alcghgl to watler weight ratio_of
/ »
S
approximately 5; methanol produced a product containing
- = .

4 percent water while ethanol resulted in a prqductdcohtaining

-

6-8 percent moisture. The higher water content of the “sludge
L] ¥ - - >

product°when extracted‘with ethanollis because of the azeotrope

'41

formed between water and ethanol
R )

Full scale, production plants were de31gned and

2 [

ecenomically evaluated for the-low temperatufe dlstlllation
at +30°C of solidified phosphorus eiudges and she extraction

of water with methanol at an overall methanol to water weight

~

ratio of 5. : . . . -
£ . ' - 4
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"Phosphorus-an Alchemist's Account”

. ® . .
¥ N ¢ -

» . 2

N ‘ ' "phosphorus is a kind of sulphur composed

S " of a peculiar acid united with phlogistbn. This

mattef‘is extrémely fgﬁiblg,ias we have seenn?;,, )

- It has, like sulphur, €two kinds of inflammation;

d . one ‘very weak emitting a flame not powerful

enough to kindle 6%her—combust1ble matters. but

i - -/ sufficient for the graduate- consumptlon andvburn-

: 1ng of 1ts dwn pplogiston; the other 1S~V1V1d

. o brllllant, and strong, accompanled w1th ‘decrepi-

T tation and capable of kjndling 1nstantly any ..

5 i . .°combust1ble matter.” These two flames of phos- . .
phorus are easily dlstlnguls ble durlng the *

. distillation of it, when the small hole in- the
receiveflis unstoppéd-\for, when the vessels are
not too much heated, the flame whlch issues

o through the hole‘is ;umlnous in th¥&’dark but does ¢

/ . not klndle combustlble matter- it may be ‘touched

<without danger, and it ‘only fenders the hands o
.l ® thd% touch it 1umlned’. IR ‘ ‘ o a

r * ) ' B - B - YTy - »
N *

bl

. (aftef-‘Shurlock, 1923) R
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-CHAPTER T

! " INTRODUCTION

<
hS

o

In the thermal reductlon ofﬁphosphorug bearing rock
by means of a cafbonaceous mater1a1 in a.furnace capable of

attaining and malntaaalng a temperature of 1500°C, .phosphorus
A . s b

vapors are liberated.. These vVapors aréqynerally'cleansed of

-dust in an -electrostatic precip;tafor which is maintained at ~ ,

! r /.’ o

fa_temperature above the aew'point of phosphorus. After the

dust has been substantlally removed the vapors ‘are condensed

by cooling with water in a spray tower. However, the remain-

. I -

ing lmpurlties contalned in the vapors, Whlch may be elther-'

2

in the form of volatide compounds such as SrFu'or SOlldS such

~as rock dust, carbon or unreacted silica cause 4 certaln g PX

portion, up to 50«percent of the yellow phosphorus to be

condensed in the form of an emulsion whzch floats on the

surface of the -pure phosphorus in the” collectlgn sump.below

the condensei ‘This emulsion is stabilized by -the collected

, an‘ condensed 1mpurities' and constitutes a very thick sludge.

"

This sludge is usually centrifuged and then subjectedfto long

- « «

term gravity settllng to remeve as much of the phosphofus as

&

' podsible. Itlhs v1rtua11y 1mp0551b1e to recover all of the

-

phosphorus, by this means. . It has been reported by several ~

workers that the phosphorus remaining in the sludgesfrepresents

np to.3 to 5 percent of thejtotal phdsphorus produced (ERCO,

1974, Elder, 1963). ' .7" L ",{ ’

At present, tnese-pﬁosphorus beariné muds are disposea of



.

9

. by burlal underground helow the water table to 1solate the
phosphorus from free oxygen in the air (ERCO 1973) Because
of the extreme toxlcity of this element to both mamme!#en "

and aquatic life (Warnet et al., 1973; Zitko et al., 1970)

‘and the fear of ground water contamination, the environmental‘

¢ -

) authorities im Canada have stated that this present prectioe

A

of burial has to stop,ithereby forcingthq;ph::phorus pro-

ducers to seek means of safely disposing of o recovering;the

. : NS v

.
= -

phosphorus.
It is because of 'the extreme tox1c1ty and the lack

of adequate practical means of ecovering the phosphorus

Y +

Dfrom the sludgeg that this researoh was undertaken. In

developlng a technlcally feaSLble method of recoveryof the
phosphorus, one must always, keep in mind the highly reactive

capability df elemental phosphorus.

H —

9
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. & CHAPTER 2

v ) 'POXICITY OF ELEMENTAL YELLOW PHOSPHORUS
2.1 ’ Introductlon v - Ct

.

-~

- Elemental yellow phosphorus, i, has heen found to
be extremely toxic to both ‘aquatie and mammallan life (Isom,
1960). While other elements have been found to be toxic,
phosphorus has the uncommon property that it w111 1gn1ﬁé
spontaneously when it comes in contact with free oxygen
(sax, 19682. Fpr this reason it can cause severe burns on

the sk¥n when handled without protective clothing or devices.

2.2 .- Toxicity of‘ElementalePhosphorus
2.2.%  Toxicity to Aquatic Life

‘e - 2. ) . -
The toxicity of Pel has’ been studﬁ?ﬂ by mapy‘lnvest_

-

' : ‘ . N\
The first studies on-the togic effect of Pel to

aquatic life were conducted by Isom (1960) on the common
"1 : -
bluegill (Lempis macrochirus). It was observed that it was

colloidal P, in industrial wastes containing both dissolved

el e o : T,

L s . . i
Py and collorﬂal,Pel thatwas the active toxicant.  These

results show that test-solutions in which the:coiioidal

phosphorus is removed are non-toxic. 'The study shows that

““the tox1c1ty of colloldal phosphorus for the blueglll has

L4

not been establlshed at a deflnlte Value but falls in a

-range of, an LTm (medlan toleranée 11m1t) of 0. 105 mg/liter

phosphorus at 48 hoﬁ’{‘ﬁ) 0.025 mg/liter phosphorus at 163 .

-

hours.

E
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» Zitko et al. (1970) in attemptlng to determine t‘
e g -
reasons for massive flsh kllls in the waters of Placent}a»

-~

"Bay,:Newfoundland in 1969, reported that Pel was extremely
toxic to marine life. ' The effects of phosphorus poisoning-
*on herring, salmon, and lobsterwereJxrever51ble—and

probably cumulatlve. The incipent lethal levels of P el for

lobster, salmon, and beach flea were 40 ug/llter, 18 ug/llter

" and 3-4 vg/liter, respectlvely. However, the incipient lethal

level of‘Pel for herring.was not readily ascertained as con-, -
centrétions as low as 2.5 ug/liter were found to produce an

irreversible poisoning effect. qFor herring the LT50_(hrs.) =

0.87

300/C ,.where C = upg/liter, whéereas for lobster the

rd

, LT50 = 300 - 0.17x, where x =, the proddct of concentration

T7in ug/liter and exposure time in days. The affected fish

’

turned red and showed extensive signs of haemolysis. The

. blood of the poisened lobsters congeals, and after death

"

<the thorax may be filled with a thick gel
Jangaard (1970) reported thdtrph%sphorus is accumulat-

ed in the flesh of flsh as it swims through phosphorus con-

tamlnated waters.' Cod fish (GadUS morhua) kept in water with

Oone part p{r b11110n phosphorus for 18 hours, ‘accumulated

50 times that amount in the white muscle, 150-times that
amount in the red muscle, and 25,000 times thet=emount in

the liver. - ; ' ‘-

-

‘ Idler (1970) in reporting on the extent of the pol- - .
lution and damage to marine life which occurred during the

1969 P 1 pollution in Newfoundland, states that cof do not
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show the red discoloration exhibited by other test species

reported by Zitko (1970) . Also presented was the following

table (Tahle 2.l1) on the toxicity of plant effluent to cod.

-

L
» L 4

+ TABLE 2.1.
Toxicity of Phossy Water to Cod
Percent Survival .
Number of Effluent 24 hrs 72 hrs 96 hrs -120 hrs

: Fish _
L @ N ) . J
20 0% - .10Q0 100 100 100,
16 : 1% 100 ¢ —50- 25 6
17 . 4.38 100 _ 6 .0 -

(after Idler,,i970)

The estimated concentration of phosphorus in the bleht‘ef-

fluent-used in--the above dilutions was 10.8 -ppm. The paper

': also reports that studies conducted at the-Canada Fisheries

Reséarch Board's station in St. Andrews, New Brunswick-de-

monstrated that fish swimming in waters containings contam-—

inated bottom sediments need not come into actual physical

contact with the sediments to be affected by “the phosphorus.

Dyer et al., (197%) established that elemental

‘phosphorus in the edible muscle tissue of* cpd (Gadus morhua)

remained reasonably - stable Ln the elemental form durlng the

commerctal fish processing methods cfvlclng, freezing and
,v,“,," R
thawing, frozen storage, salting and'cooking, Table 2.2

indicetés that icing has. little effect,on ,d‘eci'ng« the- .
amQ\nt of phosphorus in the flSh. Only one semple of fish

showed any decrease ln phosghorus durlng frozeh storage

- -

(Fig. 2.1) at 0°C.~ " Dyer noted that at hlgher péosphorus

”cencentratlons in‘the flesh, the decrease in phosphorus was

—
——

e
.‘.4.



more pronounced with time.
. e . -

! 1, ‘
- . S . . -

Y . . - e i R > .
- : ‘t
“ \ * . ! , .
. ‘ TABLE 2.2 -
The concentratlons 0f-Pg) :in cod exposed to »

the element in aquarium; after being iced
‘both  round and as fillets and after freezing
. . and tHawing - samples analysed raw and after R .
cooking (values expressed as ng/gm,wet wt, Co., T
> white muscle; Fish M-Q experiment). ’ '

Py (ng/gm) ‘
. s ] : . a - .b
Sampling Time Raw Cpoked™ |
Round Initial 488 + 419 259 &+ 38°
" ‘ Roupnd Gutted e " . d
~ 24 hr post-mortem 608 * 47 445 + 437
, Iced Fillets ' Q : .
38 hr post-mortem 611 + 42 © 571 * 32
Frozen & Thawed "447 + 50d 415 1‘48d
I '

. Note: 2 mean and standard error of mean,
. fou? samples from each of the five
L fish
b

¢ . ,cooking did not significantly affect .
- < A the Pg; concentration (multiple range -
test B=0. 05) . except for the initial
sampling (P~.001) - :

the means with the sanie subscript
‘ within each group, raw or cooked,
' are not significantly different
(multiple range test, P=0.05)

S

(after ﬁfer,‘l§72)

C»
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Decrease Ihvébd FilleEE\Bu:igé_Storage

P
el At Icg Temperatures
o\ AA;A 'l A 1 J'_j L A A P | e
a . o ' 2 4 . 7 BT .
- . DAYS "IN ICE L
Table 2.§zindicates that cooking dées he1p in re-
ducing the concentrétions d}-phosphérué in the white_musclé
of the fish. T | SR
’ v . i S E R !
: . _TABLE 2.3
. Effect of Cooking.On Pgj Stabiliéy"
(values as,ngﬁmLmuscleblq core samples)
Sample ‘ ‘I - -J - K L A
_ right left right Mt right left right left
# Initial 600 - 580 590 ° 700 590 600 480, ‘440
- :" i ' ’
Cooked 350 45p 180 . 350 170 460 240 360
$ Remaining 58 ~ 77 3L 50 ‘29 77 50 82
- ' - : ‘ , (after Dyer, 1972) -
. ] - , )
[N S - T
' .* r Il
[ 4 ! ’ ) ’l‘
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.+ excretion intg‘the plasma.in the fbrm‘pﬁilipoproteins. - In

. the absence of synthesis or eﬁcretion’oﬂ~trig1ycerides,‘the

B ) . N ¢

. : . R
MR WY PRIV - P

¢ . M ¥ oa . —-\,_‘ - N e : - . .... ~ .
[ ] "\‘: . :

hyaloplasm of the 1nd1v1dua1 cells. . .Thls produces a swelllng
of the cell followed by lysls., Four general hypotheses have

‘been put forward t0aexpla1n the mechanism of this form of 11veg‘
toxicity: 1) there is ah‘increase ih liver trigiycerides;‘”
| . .

g 2) "a .decrease fn the utlllzatlon of 11ver trlglycerldes, *
\

‘3) a decﬂease of their hepatlc degradatlon, and,,4) ‘an R

R
increase of the moblllzatuon of perlpherlc lipids.’ It has .

been demonstrated that the second’hypothesis is the most

N . . - -7 -
probably explanation . of liver/steatose. For® the rat, the
primary.pathway of liver triglyceride utilization(is'their‘

®

"transpdrtation of these molecules to thé_entrahepatic tissues .
..\‘ [ \ v .‘ B
~will lead:'to their- accumulation within the liver. Consequent—
2 :

ly thls will regult in a reductlon of. the 11poprctelns ‘within®

“ s
.

the plasma.

[

In the eyeut of a case of phosphorus’poisoning, a
diet rich in carbohydrates tends to reduce the gffect of

necroéis°inteﬂsity\i§ the liVer,‘whe;eas, a diet rich in fatsh

increeses the degree of liver daﬁdge;-'ln conjunction with
"this, the administratioh of the vitamin Bﬁgroup of ccmpounds

helps to reduce the effect of-phosphogus poisoning by fiding.;J

in the metabolism of carbohydrates.
Warnet et al.  (1973) aleo-repofts that even though

° phosphorus poisoning'leads to a decrease in the vitamin C ) -

Ta -
* -level in the llver, large’ doses of thlS compound, when ad-

Bl

mlnistered to the polsoned anlmal “d1d not reduce the effect

-
- —
v

- a2
- « 3

.

S ]




FIGURE 2.3 . i’

Pel Decrease in God Muscle During Frozen Storage at
-10, =18 and 26°d‘for Fish with High Initial Concentrations
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“ ' WEEKS STORAGE ;"Mvdm
Fletdherietlal.; (1970) observed that P_, was lethal

t0 sea water maintained brook troﬁE and smelt at concentra-

x

v

tions as' low as 0.5 ug/liter. It was noted that the bercen;

. haematocrit of brook trout dropped with the time of exposure
:” ufitil death. This is shown in Figures 2.4 and 2.5.
o ' )
PR , ‘
' R FIGURE 2.4
Relation Betwgen the Hematocrits of Seawater-Maintained Brook
Trout and the Concentration of Yellow Phosphorus to which
’ *They Were Exposed . L
) Sore . 5 P
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< . FIGURE 2.5 -

LY

Relation Between the Hematocrlts of Seawater—Malntalned
Brook Trout and Time of Exposure to Yellow Phosphorus
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Thelr studles indicate that yellow phosphorus and
hlghly sallne waters could be active together to produce the
mortalltles. It is interesting to note from t Jhe study that .
although trout may ‘be killed by hlgh concentratlons of P el %

- in a short perlod of tlme, 1t was only after 50 hours of l
.exposure to-dilute goncentrations (.5-7.0 ugéliter) that

[}

Fa exterﬂal redness occurred. « ' ) S s

' -~\Whiie P1 was found to bg just as: lethdl to smelt as
trout, the smelt df& not exhibit haemolysis or an external IR
, red color, nor was therebanylsignificant reduction'of haema-

' toé.rits. it was suggested that thlS\ could be due-to the

fact that the erythrocytes of smelt and ‘trout are not as

susceptible to the effects‘of'phosphorus}as are the erythro—

- k]
Ccytes of the herrlng. . '

-' % .

Aiken “and Byard (1972) in contlnuing the studles of

- : !




. Zitko et‘di.,<(1970) attempted to determine what histoiogical

changes occurred in lobsters (Homarus amerlcanus) exposed tp

yellow phosphorus. They sampled tissue from the hepato-

. _pancreas, heart, carapace, 1ntest1ne, gill, gastrollth plate,

supraesophageal gangllon, and antennal gland. Only the .

hepatopancreas and antennal gland were reported to be affect-

~
~

As in earlier studies Fletcher (1970) v

ed by the Pel’o ’ |
established tHatﬂ@n the final few hours before deathlthe
blood in the thorax region became noticeably. thick. "Unlike

invertebrates the lobster clot-iniriating factor is not a °

Y <

proteolytlc enzyme but an 1ntrace11ular calcium dependent

"

v*transglutamlnase which is released ffom ruptured haém&cytes

upon suitable provocatlon. Such provocation can comeifrom
) A » !
o . . .
injury, injections of isobutyl alcohol, immersion in fresh
. . ’ -

water. and .exposure to P - Clotting is beliewed to“be in-
<. .

directly associated with tHt damage to the cells-of the

A

antennal glands and the hepatopancreas. ,Although this

could undoubtedly produce death, the causes of death 'were S

- T ) R

:spec1f1ed as (1) haemolymph coagulatlon ‘and {2) asphyxiation.

e,

o lmuh While several 1nvest1gators have studied the ‘effects
, . -
of pollutants on free swimming fish, Fletcher (1971) studied

the accumulation .of P_,- by marine invertebrates_and seaweed.

- . el

For the study american lobsters (Homarus americanus), star- .

fish (Asterias vulgaris), soft shell clams (Mya arenaria),

ocean quahogs (Arctica islandica), periwiﬁkles (Littorina

. littorea), blue mussels (Mytilug edulig) and seaweed (Fucus

. distichus and Fucus vesiculosig) were used. Both invertebrates

e




- :
"related to lipid content 'of th% organisms. As the periwinkle
s . F —

hepatopancreas, and was inmggnqeptratidhﬁ from between 10600

.winkles: had the hibheét'concgntratidn of P,

o

1 in their bodies as summarizedi;é
v .o ;
N . N - 2

in Table 2.4. e T : -~

']

. .
- & i
”
-

and seaweed accumulatéd'Pe

L+ “.-' §‘ - . . . , . '

.o * TABLE 2.4 . ' . -

. s . L - 4

Yellow Phosphorus Cﬁncehtratidns in Seaweed and Invertebrates
Exposed to 15 * 'ug/% Yellow,Phosphorus.For:48 Hours .

'Organism No. gody wt Yellowféhosphorus
) Samples  gms : o.ug/gm -
Fuc. v. 5 - 1333 £ 0.036
Fuc.agf 5 ;‘7‘ : . 1342 £ 0.040
Clam ' 5 1155 * 1.28° 338 £°0.035 oo
Quahog 5 14.1 % o:%é . .262 + 0.03p
Mussel 10 FbiSS't 0.044 157 + 0.014
Periwinkle 10 0:91 * 0.063 - .$37 * 0.079
Starfish - 1 ©©3.57 ~ T 0.40

~

' “ , ' (after Fletcher, 1971)

For l%bgter, the greatest uptake of Pel was in the

—~——

and 2000 times that of the concentration in the surrounding

sea wetfr., It should be noted from Table 2.4 that thé peri-
“ [ N -

‘ 1 Fletcher

(1971) suggests this could be due to two:facts, (1) that

a

eating habits of the periwinkle are different from the other

'téSV'organisms,and (2) that the Pel

. > ‘ B
-cghcentration 'is directly
has a high lipid percentagé, the amount .of Pél was coprrespohd-
fngly high. This phtnomenon hasfbeeg proven to hold for

. o ‘ Y ’
lobster (Aiken, 1972) and cod (Dyer, 1972). Fletoher's St

t p—




LN

. - « . -A ‘ﬂ 3 - (-—s
studles revealed that whlle the 1nxertebrates and*seaweed

-,

‘o Q
studied are able to concentrate P 1, these test organrsms_
are also able to rid themselves of thls element w1th1n 7+ 7

days of being placed 1n waters free of P el® S o 1:'

3

Dyer, et aZ (1970) studled the raplé assrmllatlon of

elemental phosphorus inacod fish . (Gadus morhua) . -The;r - ‘

experiments showed that the liver Was able to concentrateg

~&

the'phqsphorus over one thousand fold and was distributed

3

roughly in proportion -“to thé‘lipid content o¥ the flesh!
) For this reason the white and red muscle pf t%s cod had V.f

accumulated lesser amounts of elemental phosphorus for the

same exposure time. These studies showed that the time of

1w o

' exposure rather than the initial phosphorus content in.the
sea water was the prevalllng,factor in. the amount of phosphorus
uptake. It 1s suggested that this could be due to the. ap-

parent qulclency of fatty. tlssue to thke upﬁphosphorus at

- e

low levels or the fact that at the higher concentratlons

some damagl could haveﬁpeen do:%'to glll-membranes by the
¢ ‘:

colloida® phosphorus
2 .Hi.‘ . . , / ) - o P

2.2.2 . ToxiGity to Mammalian Life 5 ,

- Most reported cases of' elemental phosphorus poisonlng
'in man- that have/not been fatal have 1nvolved both the teeth .
and jawbone : (Patty, 1958 Plunkett ‘1966, Sax,’ 1968)..
Patty 1958 states that gastr01ntest1na1 upsets, jaundice

and sometimes a phosphorus odour of the breath are said to e

[

be the early s1gns of thSphorus p01son1ng The formatron

of glycogen is 1nh1brted and‘the‘normal enzynatic'liver

R



[ - < ¢ t-
functlon is thought tp be para zed leading to autolytic -
processes and to the product10n.of‘tox1c products.

As phosphorus burns by,bpontaneous combustlon, it .
- S .
causes severeburns if contacted with the skiin. Combustion E

2 »
&

of Pel on the skin results in the formation of meta and "o

aorthophosphoric acids and some red phosphorus. .Deep burns

" result'and a firm eschsr,which is surrounded by blisters is
produced. Because'of this firm esdhar,géeneralized phoiphorus
poisoning”of the body Se;dom occurs (Patty, 1958). The‘

" Manufacturing Chemists Association 11947) recommends washing

°

the area contacted by P el with a three percent copper sulphate"
in water solution. ThlS coats the surface of the phosphorus
'w1th a black copper salt whlch will not 1gn1te. The phosphoru#éﬂ\\\

can then safely be removed with tweeZers. Davidson‘él973)
has stated that a. sterile dressing'of lanolin and baking soda. -
.
is helpful in treating phosphorus burns. The dressing -should
r .

w— -

be warm whén applied and used for two to three‘days after the . '

T A -

burn at which time the dresslng should be qhanged to normal

dressings for third degree burns. " 3

////ﬂ\ Sax (1963)'reports that if lerge quantities of Pél

- combust, in confined areas, it will remove the oxygen and

render the air unfit to support life. The report also. states o
" that long COﬁtinued-qbsorption of small amounts of phosphorus.

can resugk in necrosis of the mandible. .P_; can cause damage.

to the long bones “in the body leadlng to spontaneous fractures.

If the materlal is 1nhaled, it &an cause photophobla with
’ - l

.myosis, ret1na1 haemorrhaglng, ongestlogrof~the blood vessels

- . N -
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\ . ) -
and rarely optic neuritis. N L

© s . The4threshoid limit of phosphorus°ih air is 0.1 - .

- a -

““ﬂ@*/ cu  meter (Plunkett 1966)- Approxlmately 100 mg of

L)
P ta n"at one tlme is generally cons1dared to be fatal,

)

however a dosage“of 15 mg may be severely toxxc“fxanufactur—n'
L d » F) .
ing Chemists Associathn, 1947). After revieWLng many cases

i

‘ of phosphorus poisoning, Jacob21ner (1961) and Rubltsky et gZ

(1949) concluded that the mortality rate after lngestlon of

‘ yellowwphOSphorus ranggd from thirty to fifty perEeﬂh.
The repext, of the Manuﬁacturlng Chemlsts A55001atlon
‘ . (1947) relate's«-th'at’g?:he ill effeqts from'the ingd§Bign of

\ A
-elemental phosphorus through the mouth may be delayed up}to

two hours. After éhat»time,;gastrointestinal‘irfithtidh as

. : [ - . o :
ibited by naugga, vomiting, and severe abdominal pain will
» i R N \ , - - .
. A prevall for one to one and one half days, For-ﬁhe next few

hours and up to three days the symptoms aqg dlscomfort be~

e
., come remittent. When (the symptoms return the skin appears

4. »

! {
yellowish in color.l This condition can last from two to

5 fifteen‘days.‘ In fatal cases, ééath occufs:in four ‘te five »

3
Y
I :
" , ‘ " .
(A [ B - . .o

days from the time of 1ngestlon. However“Diaz’Rivera et al.

. (1950) report that most deaths occur, w1th1n thlrty six hours,,
.o ..~ reportedly secondary:to pergpheral vasoular,collapse, cardiac
L o

arrest and cardiac failure. ,“ L L T .

“

e

- e

~a

' Cameron and Rentoul (1963) observed flrst:hand all of

)

the symptoms, as reported by the Manufacturlng Chemists

ksSociation ¢1947) of‘phosphofus‘poisohing from the time of

ingestion to the time of death. The patieﬁt had attempted

.
9 3 . * -




B

Su101de by 1ngest1ng vermin~ pastewqontalnlng 17 5- grains’
1norgan1céyellow phoephérus. TableZZS 1nd1cates the three ~

. stages‘ef?phospﬁérus poisoning suffered by the patlent.,

. . &
" "TABLE 2.5 .

-

C11n1cal‘§ummary of a Male Follewihg_the Suicidal Ingé§fi6ﬁ*—
- 'of 13 3 Gralng of Inorganic Yellow Phosphorus

. .
- -
. .
EY R “’, ’ . . v« i’

Stage . . Day . . Symptbms C
.1 'f‘_ ) 1 ) . Aahot flushed feellng of skin, thlrst
S A F;w‘s;*_eplgastric discomfort .
2 : 2 fno*complalnf:s' '
3 5 3 ‘ . lcterus, hepatomegaly7 haemateme31s
N & .. o’ '
:ﬁ oliguria'diarrhoea, haematemesis
- 5 ) . convulsions, coma, death -

L

4 i ,
after Cameron and Rentoul (1963)

-During the aytopsy multiple haemdrrhages were observed -

in the thoracic cage. The stomach contained dark colored

syrup like“liquid.which had a garlic like odour and consisted

.of\ﬁugpué and altered blood. - As with other forms d@ life the
. s . 9 . . ' »

w.liver of thig patient was considerably disorgahized.'- ¥t was
sofb, enla{ged and yellow in appearance, The fat in the
heart muscle was degenerated and the blood was of a dark

appearance. Also, the_fatfy material in the krdneys was

: /
greatly altered.. . . - i

‘

!
falley etaal. (1972) evaluated the cardlovascular

.

function of a sixteen: year old glrl who 1ngested d.-1 gm: |

of Peb' At the time of admittance the per1phera1 pulses -

-




. Were palpable at a rate of 110 per mfnute, The skin was

)

- ' . . B N PR

. cold, nail beds cyanotic, eapillary filling poor, and

—_—

respirations 40‘per‘minhte. "A chest x—ray showed dlffuse’

cardiac enlargement and clear lung flelds.

——

Up unt11 twenty—two hours after ingestion of the'Pel'

!

*.clinical conditions, blood pressure, and urine production @ .

-remained unchanged. At this time . cardiac standstill occurred

and the patient could Aot be resuscatated.

S - ”
A post—mortem examlnatlon.revealed that the heart

]
was pale, daalated and welghed 306 gm. Mlcroscoplc sec-

e )

tlons 1nd1cated w1de spread changes of the myocardium with,
the myocardial cells Separated by interstitial edema w1thout
cellular 1nf;ltrate..vThewcytoplasm was vacuolated with pale

linear areas.

In conclu51on, the data obta;ned in the study strongly

by

‘ suggested a direct "toxic effect *‘upon “the myocardlum arnd the

>

perlpheral,vessels. The fallure of strong alpha- adrenerglc

dgents to increase system1c~re51stance also pointed to vas-

~
A

cular damage. The low left ventiicular pressure rise, in

spite of a'high‘ﬁreload gave additional evidence of extreme

: myocardlal/dysfunctlon. ' . .

‘Warnet et al. (1973) Eompleted an extensive llterature
»
survey on the toxicity of elementallyellow phosphorus to man

and”nlmals. The papexr 1nd1cates~that although other areas-”
and otgans of the body .are affectdd by P 1” the majority of

the damage occurs in the,liver, kidney aﬁa néartf' The rev1ew

statgs that the phosphorus produces excess fat within the

'
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hyaloplasm of the 1nd1v1dua1 cells. Thié produces a-swelling
of the cell followed by ly51§., Four general hypotheses have

been put forward tOeexplaln the mechanism of this form of liver
" . ' ) » ) . PR . B
onicity- 1) there is an increase in liver triglycerides; ..

} .

-~ .

2) "a decrease fn the utlllzatlon of liver trlglycerldes- '
*

‘3) a decﬂease of thejr hepatic degradation, and;,4) " an hdr:

r ] . . .
increase of the mobilization of peripheric lipids. It has

been defonstrated that the secohd)hypothesis is the most
¢ - . - - -
probably explanation of liver) steatoée. For® the rat the

prlmary .pathway of liver trig ycerlde utilization is thelr‘

- -
5«

excretion intc? the plasma in the form ‘of,\lipoproteins. - In

the absence of synthesis or eioretion’oﬁ triglycerides, the

" transportation of these molecules to the_entrahepatic tissues

*

v

P T ’
..will lead:to their-accumulation within the ldver. Consequent—

i‘
ly thlS will regult in a reductlon of. the llpoprotelns ‘within”

the plasma.

[y

In the eveht of a case of phosphorus'poisoning, a
diet rich in carbohydrates tends to reduce the effect of

necroéis*inteﬂsity.i¥ the liver, whereas, a diet rich in fats

increases the degree’of liver damage;-'In conjunction with
‘ »

‘ o
this, the administration of the vitamin B group of compounds

<

helps to reduce the effect of- phosphorus poisoning by aldlng ~
in the metabollsm of carbohydrates. -

Warnet et al. (1973) also-reports ‘that even though
. .

phosphorus p01son1ng leads to a decrease in the vitamin C ) -

-level in the llver, large’ doses of'thls compound, when ad-
” 1

ministered to the polsoned anlmal daid not reduce the effect

-

» - 4 s . e

.
o -

.




"of the phosphorus on the liver.

-
-

/ ¢ » " . . ~ . ) N
The administration of hepatic enzymes such as esterase,——.
~ ‘ - . . C

, ’ J .
choline oxidase and orginase prevented ghe.effects of vacuolar

-
-

degeneracy and the lyophaner051s produced by whlte phosphorus.

However enzymatlc 1nductors of the phenobarbltal or 3, 4- oo

) benipyrene type have been found ‘to have no effect 1n the

-
-

tox1c1ty of whlte phosphqrus. l C ) )

s
4 - .
- .-
. . i

°

>

2.3 . Hazards and Safe Handllnq of Elemental Yellow Phosphorus
2.3.1 Fire and Exploslon Hazards . ’
» Neither the elemental yvellow ‘phosphorus nor its fumes . -

%
JWill explodé. Phosphorus will however burn spontaneously upoh

contact w1th oxygen, relea51ng large volumes of white smoke |
durlng combustlon. For thls\reason phosphorus isfeither hand;
led under water or’in an inert atmosphere. Phos “orus melts’
at 44.1°C and when’completely meltedwit flows_an spreads even.
more than very light penetrating oils or gasoline Fifes can g
be controlled by coverang w1th sand, water, earth\ or sometimes

4
carbon d1ox1de. However the latter method as with water 1s
only gopd until evaporation.dries the phosphorus and combus-"

tion begins again. ) ) I T

~
‘#
. .

2.3.2"1" ' Protective Clot‘hing,..;«‘- | L - ,' T
The person working with phre elemental phosphorus or-
phosphorus muds must wear protectlve eye glasses with side
—%ﬂframes, heavy industrial type lobse flttr;; rubber gloves so -
that they can be easily remoyed, a heauy lab coat for lab work

or rubber aprons if‘in the manufacturing‘plapt and rubber boots.
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It is advisgable th&t woolen clo%hs be worn'when'in ﬁhe“plants

T p;oducipg‘élemental phpsphoru;} THe reason for. this bginé «
" that the:woql is thick and ‘'in additidn to ingulating qgéinst

burns"qn thé surface; #t“takgsdéllonger period to ﬁreak

| o * ¥

3
through the material. '

sl

-

A

~%2.3,3 Safety Equlpment . ) ' -

+

-

In places where elemental phosphorus i's being handled
it is adv15ab1e to have quick actien high volume low veloc1ty

'safety showers located at convenient accessible locations..

‘ ‘The g:gsenca=g£=;ngggggggii»hlgh volume hoses would also . a1d

- = B U ——

in the preventlon of ‘serious fires. Sand and carﬁ”ﬁ dioxide .

extinguishers have also been used. In all cases self—contaln-
‘ed breathlng equlpment should be on hand as asphyx;atlon could
~e

~= occur-due to the rapid combustion’ of phosphorus 1n3a1r.

2.3.4 Ventil‘ation '

T . ~ -

B e U

No safe limit of concentration of phosphorus vapor

in a;r has ever been defined (Manufactﬁriné Chemists Associa-

-

tion, 1947)." For this reason all laboratory work should be

- 3, : -~ -

éonducted in fume hoods and if they are not available, the -

‘lab, should be equippéd'with large exhaust fans so that the

tur?Pver'time of the air is very short.
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CHAPTER 3 -

'y
~

PRODUCTION OF ELEMENTAL PHOSPHORUS

L=

.

3.1 . ‘Introduction .

&
S

In 1669;Hennig Brandt first discovered elemental

phosphorus. However it was not until a century later\that
Scheel succeeded in producing the element by the réduction

of bone ash, (Van Wazer, 1561) Since that' time, other than

durlng a short period in tﬂ& early 1800's in which P’ el Was
> 1
produced on a relatlvely large scale from bone ash, it has
been the practice in the chemical industry'td produce elemental

P phorus from phosphorus containing.ore by reducing the ore

- witly coke or other carbonaceous reducing agents in the presence -
: - y 3
off silica. A process $uch as this is usually carried out at

a emperature of aﬁﬁrzzfmately 1300° to 1500°C in an electric

smeltlng furnace. The offgases produced whlch contain

approxlmately 8 percent phosphorus (leler, 1956) aré then

<

cooled to a temperature between 55° and 65°C with a water

spray to, condense the phosphgrus vapor to liquid phosphorus

— — e

o . e e I
5 1967). - , *

A

n developlng the llterature on this subject the

(Harnischf

material is divided into two sectlons.' The first lS a r;ef

s.'"

hlstorlcal reV1ew on the development of the phosphorus in-

Adustry, and the second,_a detalled descrlptlon of the present

1

state of the art of'large scale electro-thermal reductidn

| R 3 |

Uy
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furnaces for %he production of

_phosphate rock.

3.2

Hennig Brandt's identification of the element in %69, dis-

éhOSphor

3.2.1

Gahn the Swedish chemist, about a century dfter

»

tlemental ?hosphorus'ffom

x v

——,

Historical Background

- -

L]

~

European an$i United States Phosphorus(;ndﬁstry

>

2R

.

ARy , -
covered that phosphorus is qn'essentia;fconstituen; of bones. -.-

Scheel prepared phosphorus from bonéfééﬁiin 1775. Elenmental

Téqgiégd ;:;;;E§T§§§T—TVan\

-of phosphorus in France was 80 tons/year; in England, 50

® ’

Wazer, 1961).

L

us for matches was first produced in France and

o

By 185p% production

fons/year; and in GermanY-Aué%r;a, 60 tons/year. In thesde

operations native and later African phosphorites were first

converted tQ phosphoric acid and then reduced.to elemental
. 1 . - ) ¥y .

phosphorus. Since then the production of eiemental.phosphorus

has been by the direct thermal reduction of phosphate rock.
N » '

ofAthe E

éﬂbsphorus'jndustr

—

Tables 3.1 and 3.2 give the~chronol9gical aggounts

! g .

As indicated in Table 3.1, the-first commercial
attempt at producing ﬁhosphorus,was by the blast furnace
technique. This technique was similar to that of steel

production. But because of the lhrge-quahtities of gases

‘

y (Slack, 1968).

L4

P

Jren——

&

o

uropean and. United States dévelopmgnts in the elemental

-+




TABLE 3.1 : Y

4 - s o _
Chronology of Elemental Phosphorus Development in Europe |, .
1867 Patent issued to Aubertin and Boblique (France) for y
producing phosphorus by reduction of phosphate ore,
mixed with sahd and cJ%E; in a heated-container
1868 Patent .issued to Abel and Brison (England and France)
for production.of phosphorus-in a blast furnace
1877 First operation of a blast- furnace on a pilot-plant
’ scale by James Burgess Readman (England)
. 1888 Patéent issued to Readman on.the first commercially
practical electric furnace for phosphorus production
11890 Phosphorus company (Albright and Wilson) in England
built the first industrial electric furnace; a “
) unique vertical electrode was used
1891 Coignet (France) began operation of the first commercial
electric furnace for phosphorus . _
1893 Production of electric furnace phosphorus by the Old- -
bury Electrochemical Company in England
. 1899 Patent issued to Billandot (France) on a new electric .
furnace with a waterless condensing apparatus, and
with scrubbing of gases to remove traces of phosphorus
1902 First electric furnace with the|bottom forming the o
electrical loop (France) \
1924 First electric furnace of 3000 kW, built in Germany
for Chemische Fabril Griesheime at Bitterfeld '
1927 First 107000~kW furnace, built for 1.81 Farben in
. Piesteritz, ®Germnay; first use of electrostatic .
precipitation for dust removal from furnace gases
1927 Commercial production of sodium phosphate from furnace -
Yhosphoric acid at I.G. Farben plant in Piesteritz
1956 Largest electric furnace in the world (50, 000 to

70,000 kW) built at Knapsack, Germany

’

. (after Slack, 1968)




. " TABLE 3.2 .

Chronology of Elemental Pnosphorus Development in the
United States

- N

1915

1917

1917

1920

., ¢ 1924

- 1930

. 1933
< 1935

- 1949
1950

1950
. 1951

1956
1966

. 1914

.

—

Flrst lmportant productlon of phdhpho!us by the Oldbuqy Electro-
chemical Company in a lSOO-kW furnace at Niagara Falls, New York

~Hechenbleikner started operation of a.%OOO-kW furnace at Charlotte,’
North Carolina, for the Southern ‘Power Company

Pilot~plant study of electric® furnace-ptOCess by pnlted States
Department of Agriculture ¢

Construction and operation of an elociric furnace plant during World
War I, through a cooperative arrangement|between 'the USDA and
the R.B. Davis Company in New Jexsey -

iInvestigatlon of phosphoric ac1d productio% from fuel-fired furnaces
for phosphate rock-reduction by USDA:

Operation of 2000-kW electric furnace for ferrophosphorus and
phosphoric acid by Federal ;PRosphorus-C mpany at Anniston,
Alabama; this plant, which was the mairny source of furnace—grade
phosphoric acid untll 1924, was later ¢perated by the Swann
Coxporation (acqulred by Monsanto Chemical Company in 1935) .

P1lot—plant 1nvestightlon by Victor Chemical Works (now Rtauffer) of
a blast furnace process which: tulminated in construction of a
1arge—furnace atfﬁashv1lle, Tennessee, in 1929

Construction and- short-llve& operation of a blast furnace by Coronet
Chemical Company . at Pembroke, Florlda .

‘Creation of the TVA, which began 1nvestigations of blast and electric.
furnace processes dnd began construction of two large, electric
furnaces in 1934 ’ N

Operation by Monsanto Chemlcal Company of 4a 1500 kW pilot plant in
which phosphorus was condensed and then burned in a separate unlt
to make furnace-grade phosphoric acid

First electric furnace to operate on western rock 1nstalled at Pocatelo,
Idaho, by FMC Corporation

First stainless steel wetted-wall uni¥ Fo: productlon of phosphorlc
dcid from phosphorus, by FMC Corporation .

Flrst rotatlng electric phosphorus furnace built by TVA -

Installation of f¥#rst 30,000-kW furnace in the United States at
Columbia, Tennessee, by Monsanto. -

¢
Superphosphoric acid (105% H3PO,) first produced by TVA

Installatlon of 70, OOO—kW electr1c furnace by Monsanto at Soda
Springs, Idaho

- .{after 'Slack, 1968)
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- given'-off by that method and the difficulty ?E:handling'the large
. ® i ;

. quantities of gas, the glédtqgghermal reduction process whigh
- ¢

produces far less gas to be handled ﬁas'taken over, and ié now

.the major process for the.proauction»of‘eleménta; phosphorus.

3.2.2  Canadian Phosphorustlndustry ’ o x . '(/

During the early 1950's the Electric Réﬁuction
Company of Canada (ERCO) constructed a modest phosphate ore
- reduction plant to‘'produce elemental phosphorus at Varrennes,

P.Q. The plant was désigned to produce a total of 20,000

' tons of elemental phosphorus per year in Ewo“éleétric furnaces.

+

This plant, through increased efficiency and improved process

control has since increased its capacity to 27,000 tons per

year,

In the late 1960's ﬁRCO estaElished the country's
second ﬁﬁosphorus plant at Long Harbour; Newfoundland. The
é;ant, the largest of its kind in the world at that time, was

S -

~designed to pxoduce ]0,006 tons of elemental phosphorus an-
nually. The facilities consist of two circulér furnaces with
ree electrodes each arranged!on a triahgularupitch. The °
phosphorus produced from the Long Harbour plant is to meet

the ever increasing Canadian and British requirements for

vrre

elemental phosphorus.

3.3 . Present Day Technology

awror e Numerous processes have been developed for the
-

productionhof elemental phosphorus by the thermal reduction

~ of phosphorus bearing oresgsuch as fluorapatite,K (Ca,;{PO,)¢F:).
- : i -

.
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oLy The”most w1dely used process:. ig the electro-thermal process.~

by

In this process a mlxture of phosphate-rock a carbonaceous

v

reduc1ng agent such as metallurglcal.COkfz(Orr, 1973). natural
& 2
gas (Tendaj, 1964) or cpke from low grade coal (Nechaeva,

1969) and a flux sudh as siljca is heated in an electric

Afprnace to form a hot gaseous mixture contalnlng pho8phorus

vapor, phosphorus ox1des, 5111con tetrafluoride, hydrogen

. flporide,‘carbon,monoxide and entrajined solid particles from
th‘ futnace charge‘o A materlals handling schematlc dlagram
is|shown innFigure 3.1. One should note from Figure 3. 1
that the greateﬁ:number of materials, handllng operations .occur

before introduction of the.combined and proport;oned furnace
1

o . burden into the feed hoppers. The primary reason for this
. { " ‘
l .

7 1s that by.selectively preparing the ore and by other pre-

furnace treatment;°the operations within the furnace can be
" . greatly enhanced.
Figure 3.2 demonstrates a typical flow sheet of an
eie tro-thermal furnace and its aesociated eguipment fp; the
production bf Elemental phosphorus. .

The phosphate rock used as ore for the Canadian e
. _ N :
. phoslphorus furnaces is ‘mined. in Florida, U.S.A. .and delivered

v — =

to Varreqnes as phosphate pebble rock and to Long Harbour as

o

beﬁlfacted pebble and flnes from which pellets are produced
i
and used as furnace burden. Other than the P@Os content in
! oo T
these ores, they contain gpme iron oxides,.calcium fluorides,

vanadium oxides, aluminum compounds, hydrocarbons and other

organic volatile materials (Bryant, 1970). It has been well
T . :

7

26
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establlshed that'aggr gate. sizing a heat treating of the.
hosphate ore before feedlng it to :i:\furnacesmﬁreatiytta
ncreases the eff‘?chency of the furnaces while reducing the
quantlty of volatlles carrled w1th the offgaseg from the
furnaces (Burt, 1952; Bryant, 1970; PLun1er,,l973). These

volatiles are’ predominantly organic, and fluorine compounds.

-

The .significance of these volatile @ompounds will be more

e

fully discussed in sectign 4.4.
| Beyant (1970) outIinesféﬁéﬂﬁiscﬁSses the advantages

and disadvantages of four major‘methoé§fof agglomerate sizing. ~°

These PIOCBSSA&IE' (LL‘pe%;etlzxng,'ln whlch the phosphate

ores are formed into compact spheres of from 3/8" to 3/4"

in dlameter; (2) brlquetlng, in which the phosphate ores are

'.pressed into'hriquets similar in size”and.shape to those

,'used‘for charcoal; (3) nod%{fzing,.a process thdt bihos

phosphate ore particles together:hy heating the matrix to _‘.'

. between 1000° and*1300°C\‘ The nodule prodﬁced is commonly " ’

)

1qto flakes, betweeh/xwo large smooth faced roilers. The. main

between 6 mesh and 2 inches;-(i) flaking or compaction, in

whlch finely d1v1ded partlcles (<100 mesh) are compactfd

7advantage of each is to produce a size of feed aggregate that

L]
can be more readlly used<w1th1n the furnace apnd produce a
"~
more unlform“!urnace ‘operation with an ove\all reduction in

power costs. The primary disadvantage is that the processes

require added plant equlpment, process o/ ntrol and materials
’ . .

- handllng.

The other two constituents used to complete the’.

furnace burden are coke and silica. The Tennessee Valley

y
- - - \
4 ’ . . 4 \
. . ‘
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- .

Authority hagistudiéd eitensively the ratio of phosphate

IS

rogk, coke and silica.to be fed into the furnace (Burt, 1952).
; The 'report indicates that the maximum volatization of
‘phosphorus frémaehaxges of phosphate rock, carbon and silica

heated to a temperature between 1300° and 1500°C occurs at

a Si0,/Ca0 mole ratio. of 0.8. cWhile the exact- mechanisms .

of. the reactions that occur within the furnace are as yét

-
al reaction is given by:

¢

unknown, simplified pverall chemic

- - . o

6Cas (PO4)2 + CaF + 30C + 26Si0; + 2H,0 —

3P, + 30CO + 4HF + 2SiF, + 24CaSiO., “(3.1)

(Van Wazer, 1961; Idler, 1971; Bryant, 1970) .

Befépé the guantities of coke andgsilica reguired -
for optimum furnace operation can be ascertained, a complete

chemical analysis has to. be carried out or the burden material.
- , » -

s The quantity of coke required't§ reduce the P;0s, Fe,0,; and
- " 4 i

. - any water present within the system can be calculatejy from

the following equations .~ o ‘ | “m .
y ' , ' I—_'
\ . . 7 2P,05 + 10C » Py + 10CO_ o (3.2)
“ . ‘ -‘ . , - . v, 4 -, . - .
kK - FezQa +ﬁ 3'C + 2Fe 4 3CO (3.3)‘
) HyO + C- » Hp +.CO "~ i (3.4)

- The quén%ity of silica rock requirédawill~depend on the
‘analysis of. the silica rock and phbsphate'ore and;the*dgsired
§i02/Ca0 ratiqQq. The desired quantities of each maté:ial‘can

then be-transported to -the furnace chaf&e bins located direct-

ly above -the furnaces, Figure 3.2,

L3

- - : L]
.
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Figures 3.3 and 3.4° show the general arrangements

;
of the 1n11ne and circular shaped furnaces respectlvely. The
- R ;

* ,lnlrne furnaces ‘were most popular durlng the period just

follewing World War II until the mid 1960 s. 'After this time

the focus of attention has been on the circular furnaces with,

. i

triangular pitch electrodes.‘Thé'adVantages of this la?;ef .
configuratioh are~a much better heat distribution withi
the furnace chargé and fewer cold spots which plagued the

"square cornered inline furnaces.

’

Because of the extreme reactiveness of the phos-

. phorus wapor produced within the furnace; it is necessary to-

5

‘ [ 4
prevent the entrance of any oxygen into the furnace. For
this reason the furnaces are operated under a slight positive

presgure of from 0.05 to 1.5 in. 'of watér.
f S "
Y Lo
Within the furnace,the charge is heated to between.

1300° and I500°C. At this temperature the Iiberation of Qj
*P,0s from the burden and'its subsequent reduction to Py an
. CO takes place._ The nonvolatlle molten portlon of the

[
charge, comprising calplum silicate slag and ferro-

phosphorus ig d;icharged from the bottom tap_holes of the
. . furnace. These are shotn i Figures 3.3 and'3.4. The off-
gases containirng the phosphorus vapor are expelled from the
‘ furnace through ad 1nver*gg "v" plpe and passed on to the l
electro-static prec1p1€gtors. It has been reported (McGllvery,
. 1974) that to produce one ton of elemental phosphorus
9 tohs of phosphate ore} 3.2 tons of silioa rock,-l,S‘tons of

~

coke, and 12,600 kWH of-power are required. These quantities
. : . ,
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are substantiated by Sorefﬁ11952) who states that in order

to produce 1 kg phosphorus, 14 to 16 KWh of power, 8 to 10
L] o -‘}

N

kg phos;hate ore, 3 to 3.5 kg quartz and 2 to 2.5 kg coke or

-

antpracite are required.
| . Because the eiectré—static precipitators éannot
tolerate temperatures above 500°C, the temperature of the
S » offgases is held to betwgen 200° and 400°C.$ The érrangemént

k4 +

of the offgas manifold with respect to the furnace and pre-

I
L4

pltators is illustrated in Figure 3.2. -~

A_,,_,___—»—~——*“—‘"””—E;£ie 3.3 preseJts a material balance of the

major constltuents around the TVA No. 6 phosphorus furnace.

The gaseous ixture then passes through two electro-
stétic precipitatd;s in series.- A typical ele;tro—static'
précipitator as used ind the pﬁosphorus industry is shown in )|
Figure 3 5 The gases move through the pre01p1tators at a. -
rate of approximatedy 2 5 feeg per second (Bixler, 1956). 7
These pr?c1p1tatqrs.werﬁ reported to remove up to 95 percent
of the entrained qyst ;? thg gases entering the pass. However
Barber (1963) reports t$at the efficiencies of the preicpi-
tators are Qenerally ne;er ;bove 60 to 90 pércent of the\
. ' total ent}ained dust entering the first pasé. This is sub-

. stantiated by Davidsqn'(l973) ahd‘further supported by
IR Panova (1970), who states that the removalﬁofall in this
petcent range ?ecause of the extreme'finénest éf the partécle
size; from‘Q.i to 1.0 microns. It should be noted that in
order to prevent ény préqﬁtnre condensation gf the phosphqruéé?p/,

the temperature of the precipitators must-be kept between .

.
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200° and’ 400° . T

Table 3.4 presents the composrtlon of the precipi-

-

tator dust withdrawn from the precrpltators._

The relatlvely dust-free offgases then enter a

- s

counter.current water spray condenser tower. ThiS‘type of

unit is idlustrated in Figure 3.6 and. is the one used.ro
condense the phosphorus‘vapdrs frem the TVA No. 6 phosphorus
furnace. The primary function of the unit is to lower the .

« - A
temperature of the offgases to between.55% and 65°C, thus

-~

R causing the phosphorus vapors to be condénsed to liquid

phosphoras.' Unfortunately, while efficiently condensing the
phosphorus vapotx, other volatiles are likewise condensed.

. The fine water spray also scrubs the gas of an& remaining‘

-

. dust particles. The exhaust gases from the condenser are

either burned in a flare or recycled to the burners used in
pretreatment of the burden constltuents before they ‘are '

4

aﬂﬂed to the furnace. ‘The’ composrtlon of the gas varies from
- plant to plant and from fime to time- however, Table 3.5

presents a typlcal analysis of this gas. ‘ - .
’ The condensed phosphorus, otherevolatiles, scrubbed

L J

dust particles and water, when combined as they'are within
- ~— N - . -

the condenser tower form an emulsion that drops from the

’

» condenserx tower to a sump-directly below the tower. The

formation of -and the means &f preventing the formation of #
. 7o i

these emulsions is deemed important eriough to be described

» " - -
in detail in sections 4.4 and 4.5, respectively of this text.

13
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. ~
' TABLE 3.4 ' '
Analyses of Furnace Products from the No. & Furnace i.
seent | prosphorus| PRogEhorus| Ferror [ 1 | Precipitator
97.8 ' 68.9 24.0 ’
P,0s ; 7.6 . 1.0 28.5
- Cca0 .2 3.0 . 50.0 10.7
Si - 1.7
5i0, | - .1 39.5 18.1
Fe ' 68.8
Fe,03 ~l 1.8 ' © .3 1.5
Al,0; | " .8 C.- 6.2 3.4
F .6 9.1 2.6 " 5.9
K20 . ' .7 16.2
" MgO S ] .3 .8
Mn 1.1 .
MnO, 2" .1
"Na,0 ‘ X . 3.3
SO { . .2

-1

)

The items shown wefe not necessarily all the constituents

. present in the furnace products, and the constituents were

not’ necessarily present in the forms shown.
- - '
’.

. ' (after Burt, 1952)

- ¢ \




"2

Vs
L] 4. N
' i aw . , ) .\
o - B} N - "~
, ' -~ . v
4 “* .., u 3 wf
' (Z56T ‘3ang, 1933%) Coe : , .
- , o
. - o ”«/ .
) /
-umoys spunoduwod @2y3z se usasaad XTTIeSSo09U 3j0U 2I8M SIUSNFTISUOD SUL ;H )
B i
[ T10°0 100°0> 90 1°2{ €70] 9'v| €726 |070]S°0 . 8 6T °
A ) .
(*d°1-3%) (*d°1°S) (*d"L°s) )
199 oIqno 3903 oTgnd 3993 oTqnoO IN| "HO tH 0o to | t0d \
000 T/punod | 000 T/punod | 000 T/punod : 5 -
. ' ‘InyIn fsuTION t snaoydso aumyoA AQq 3u2018d Iubram 4q
K 310S : 14 u mm 1 9. quaoaad ‘2INISTOW
) ) , Hhmﬂmmn Kxp) sTts&peuvy )
R
: sTsATeuy -

.

-

.ummcwﬁmoo 9 *ON 9Yyj woxjy sed Isneyxy Issusapuc) JO

A

G*¢ TTAYL

»

-

14




4
(v}
-
-
.
A
¢ »
f
4 3
§
3
- I
»
=
T
- &
[N
o~
'
o
-
>
h -
.
LY
.
~
¢ /
]
-
. L] [ad
Fad ' .
i
v '_
“ A -
B
» . -
i v
h “ .

T ’ - -
- ¢ - '
-
- )
Vl -!’“_4‘_\,, . -
- . . - -
© ’
¥
. ) ’ -
]
” Y-
<4 B .
1; SPRAY NOZ2LE
4 ¢CONNECTION
sl T T I 1 4
" 5 - 3 -
- - )
() : -- [N {
GAS OUTLET' = -- o ) . -
T - b . '*
L .
’ 1_ s-on
25 UNE - - ; . -
. ' N M 4 .
W I3
o = ) . 7 MANIFOLD RING
i 1 ngyoo M -
- ﬂﬁ? Wi, gTRsmR st
[ 27 Rl - S - S
| t%"’ [ i -
" LINE ’ N { — -SPRAY DRAIN PAN . .
—t PAN DRAIN
3 W X - - .
i ) s - 2 GATE VALVE '
" . el
, X SPRAY NOZZLE -
EXCESS SPRAY 4 N .
L T . ] 2-6D
SETTLING TANK | +GAS INLET
- - 5
el ~ X - ,
FROM PUMP  ~ , _ AR - - -
t AN -
o R ’
BAFFLE - ) ! ) .
i ) £ stfec smeLL - -
- ( ‘
. k rqc.\s RETURN LINE s
—_ - 1
cxrn S5 om = |
STEAM INLET —ecX.
i TO JACKET INSUL ATION
| STEM OUTLETecn, T .
4" STAMLESS STEEL DRAN —F= = -+ : ; ¢
mare - - ™ T .
GAS TRAP e ‘ -,
lI kgl .
< ——— i e N U . - ‘ N M
N - . ¥ . ' - . N ‘.
;- PHOSPMORUS TO SUMP N
4 a Py
L) FLGURE 3.6. a W
SPRAY CONDENSER ASSEMBLY AT THE
TVA NO. b PHOSPHORUS FURNACE - ,
i + (AFTER BURT, 1959%)
a .
L4




[~

b

. that the research on the recovery‘of themphosphorus from

L ) . ; e
. thede phosphorus bearing sludges wds uhdertaken.

N However, onge the emulslon has "formed and dropped

\ e

. into the sump 1t partlally separates out 1nt0'three separate :2

i

'1ayers; (1)_thewupper layer, comprlsed of waterror aqueous'[j‘

\ alkallne solution containi gg ;ssﬁlzed compounds of fluorine,

. *
(2): the middle layer comprlsed of water or agueous alkallne~

3

solutlons contalnlng primarily phosphorus, solid partlcleS“.

- - ’—-———-A

of phosphate rock fluorlne compounds, 5111ca, 51llca com-

s

pounds, carbon and phosphorus coﬁpounds, and (3) the lower

:s

layer comprlsed almost entirely of liquid elemental phosphorus.
The water layer 1? recoVered for treatmeﬁt to remove ﬁ\luorlne
'compounﬁs and pHaadjustment before belng recycled to the con-

denser tower; The underflow phosphorus fs stored fer shlp—

<

ment as is or undergoes&further purific¢ation to remove any '

-

remalnlng 1mpur1t1es._ The mlddle layer is usually dlscarded

@

after belng Centrlfuged te recover ?s much of the phosphorus
T

as posslble (Haftlg,bl963 Dav1dson, 1973). ‘Up to 5 percent o
of the total phosphorus make can be lost 1n tRis phosphorus

sludge. Qable 3. 3 }ndlcates a typ1ca1 compOSLtlon of thls;

14
-

emu151onq Thls represents a serlous env1r5;§bmtal prpbl"m

as well as a- substantrak;econqmlc foss for the phosphorus

-

“producers. A rev1ew of tHe methods proposed to date for

S
the recovery of phosphorus from the'se udges’.is pregented

3

ln/sectlon;4 6

’ v

It 1s because of the economlc and env1ronmental
*

1mp11catlons of dlscharglng these sludges to the éhv1ronment




- : * CHAPTER & | .
. Pt
PHOSPHORUS AND PHOSPHORUS SLUDGES

. . L. 4 . N s, -

. 4.1~ Introductlon ‘ LT . : ;

In the thermal reductlon of phosphate rock by Means
/ )
- of carbon in an electric furnace,'the phosphorus vapors
" -

T . . - . '
liberated a4é generally cleansed of dust at a temperature
above the dew point of phosphorus. After the dast has been -
. : ° ‘ , '
' sUbstantially removed the vapors are condensed by cooling -

‘ K with water .in a spray tower. However, the femain%pg imburities

- containéd in the vapors, whicf xj(ay be either in the form of
€ ’
. volatlle compounds such as SlFu or sollds/such as rocgk dust,
: .
g carbon, etc., cause a certaln,portlon, up to 50 percent, of )

‘the'yello& phosphorus to be condensed,in the form of an

Qnulsion on the sufface of the molten phosbhorus. This

-

) .
emulslon is stablllzed by the collected and condensed im=- '.)/—/(\

“ 'purltles and constltutes a_very thick srudge from whlch it
% .

< xis virtﬁally impossible to remoﬁe all of thecgi:pentallyellow

phosphcrus by grav1ty separation teohnlques oL
3 ™~ .

" Wlthln'the scope, of\this sectxén, the physzfal and
chemical‘p;opsrt;es of elementa} phospaprus are rgyleWed.
¥nc¢luded in thls rev1ew sectlonwls a discussiongof the S

propertles_of phosphorus sludges and their mechanismseof L

- L -

B - formatien. To ¢omplete this examination of phosphorus sludges,
¢ e ] o ‘ B o - .v" v ) t '
a literature review hds been madelof the presé¢ht’ methods and
. & . . ) N

- L R

means of_prqventihg‘the formation of &heesludges and the g
. N ,'A A -

.. _  recovery of.thé phosphorus from. the-sludges. o : .
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4,2 - ‘Properties of Elemental Phosphorus’
4.2.1 The ‘Phosphorus Atom - ’,
. . k ) . N : N -
'Phosphorus, along with nitro , vahadium, arsenic, -
. (S .

- .

niobium, ahtimony, tantalum'and bismuth is a member of the
flfth group in.the perlqdlc table. It has an atomio number
of 15 and an atomic welght of 30. 9836+0 0006 The electron '

configuration of the atom in the third quantum level is 3s?8p?
Phosphoris has d heteropolar'VQJencyiqf +5 or -3, depending
on whether 5 electrons are remOVeé'or 3 electrons are added

3 -

te\\he outer quantum level (M Shell). J

Although phosphorus has no stable is%Eopes and ponly

. oﬁe stakle dtomic'species, Taylorxr and Gladstone (1842) report
- o]

that three radioactive isotopes of phosphorus can be‘produced

'by nuclear bomb'a.rrdment: igP with éhéLff life of 143 days;
igP with a half .life of 2. 55 mluutes and igP with a haIf life
of less than 10 secondsi. ,é ’ . .
4;2.2 ‘%Physical’ehdghemical Properties‘of the Three
étatag of'Phosphorus ' ;- : o ‘
Phosphor S can exlst in three states: (iya;olid, P

(2) llquld and (3) as a gas. Thisg section will discuss
. LS -
rties of these three states of

‘some of the important pro

phosphorus. .. ' tos
L

4.2.2.1 Solid “Phosphorus
- fhere are threésweil_defined aa&ngopic modifications
of solid phosphorus; (1) o whife, (2) B white, and (33'b1ack

phosphorus. A fourth ﬁodification,‘red phosghgrus;has no

- f -

43

}
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a/ 3 >
well defined propertie¢ or structure (Farr, 1950; Van Wazer,
¢ . 1961). Within tﬁe scope of this work only a white phosphorus

and red 'phosphorus will be dlscussed in detail. The other

-

. forms of solid phosphorus are produced under high pressure
- - . . .

- 4

and/or high temperature and none of these conditions are
) ; : ‘ '

‘

encountered within the scope & this research.

4.2.2.1.1 .0 White Phosphorus . ‘

i

a white phosphorus is the most common form of

Y ' ' N - . ..
phosphorus since it ig the form that is obtained from'the

A . ' ‘ - &
condensation of the vdpor to the liquid and allowing this ‘

" to solidify. ' Commercial o white phosphorus'is a rather pure

product, with the major impurities being arsénio, usually

B . )
undsf 200 p.p.m. and traces of oils (Van Wazer, 196l1). a
L . F -

white phosphorus is also formed .by the rapid condensatron of

o A ths'vapors from any of theﬁﬁther fo¥ms of elemental phosphorus.
] ) . .
Extremely pure white phosphorus is either white or colorless

in appearance, depending on the”31zq _of- crystal It is a.

-g

waxy llke substaﬁce and hés the appearance and‘;exture of

paraffin. ThlS form of phosphorus has a spe01f1c gravity
¢

of 1.825 gm per cm’® at 20°C and a melting point of 44.1°C

o X . .

(International Critical Tables, 1933).

Phosphorus has a marked'tendéhcy to supercool.

The'effects of this phenomena'oﬁ:the velocity of crystalliza-

»

tion has been studied by POWell et al. (1951). .The tests

P
were conducted. on "water whlte (extremely pure)ﬂphosphorus '

.\\‘/, "between the temperatures of .21.4° and 45°q,”&he results of

the work indicate that at 21.%°Cnthe_velocity of crystallizatioh

/ - .




:‘ ' - o . . * "-‘ “‘1,‘
is in the.order of 210 ¢m per'éecond. This is demonstrated

13

graphigally in Figure 4.1. -One should note that within the

-

: temperature bounds of the study, there was.no iﬁdicatioﬁ’%hat ’
¢ - . .
there was a limiting rate of crystallization.
- .
- - FIGURE 4,1 .
. WVelocity of crystallization of supercooled
1 : phosphorus )
s 1.4 .
- 'Y [
) -
T ) 200
. - "d ! ;‘,; e )
- 8
: 3 150 *
. . E ‘o,
o - .
- ES
¥ 00 , -
o J '
o] . .
> 59*r | e
- ' - . “:’ @
®* i
r G ' =
. ) e _ . (after Powell, 1951) .
g /3 .
. : . /
) ) The salubility of a‘whige phosphorus has been
' f 4

repdréed by qény people (Férr, 1950£-Van Wazér, £§61;
H ch?néon, 1943; Groot and Hildebrand, 1948). It is soluble
to a,ilmited extent in mané»soiveqﬁs, howe;er in CS,;, tﬁé'
‘.spgpbility of phosphorus is 880 gm per 100 gm of solvent
Q;t 10°C. Heilweil wasfqﬁle‘to prépare solutions of P, in
*CS; by transferring pure phoséhorus to a pixture of Cs, and
‘water. Bf keeping the ratio of CS. to water.below 20, the .
’ Y

P“'w%ll dissolve in thé CS; and the small amount of emulsion

»

formed is allowed to separate,from the 'CS5,-P, solution from"

1 ST 4

T
f r G pyn e e,
.

‘ - Y]




. in various .solvents. These
- - [N

’

4.2.

(CH3lpCO

| 1
349 - 38 .
0%/ T

g mole fractich Qf P,
= 9K . %

1

{ after Grodt and Hildebrand, 1948 )

.Thel study indicates that the solvent powers of the nonpolar

. solvents for P, .in‘cr_éased Ain the order of their interna!

~ »

-ﬁ;éssure." Hutchinson (1943) states that theAlower the'intefi
facial tension between phosphorus and solvent, the greater

the solubility of phbsphorus in that sq}vent. These¢ results
: : N . , '

e

N -~




are ta5u1a£e$ in Table 4.1. ’ _ | . o ¢ /4':.
. Link (1965) has compiled the %olublllty data for
S phosphorus in eighteen solvents. Some )ofp the-resl.llts sum- . -
. marized are as follows! - B . ) -
’ Solvent ‘ Tempetature,°% gg  Pk/lob §m solvént:.
Water | T e 15 R 0.0003
. . —
.Ethanol - cold .. 0.312
Ethanol " - - hot . 0.416 . ’
Almond 0il » 15 1.25 ’ ‘
'Benz%pe ' T 20 , .3.2 ¥ -
" Benzéne | 81 , " 10.03 .
Carbbngetréchloride 100. T 4.55 ) |

K L, . " N +
LA

o

Rétariu et aZ..({952) reports that'the solubility of water

.in phosphorus is 3.6 t 0.3 and 3.9 ¢+ 0.5/mg/gm P, at 25°

and 45°C respectively. . N o

- \

. . o :
Hildebrand . (1920) examinéd thed critical temperaturles
! ‘
of Q}xlng of llquld phosphorus with otheér subdtances. The
. results are as follows: de‘!ane,~ >300°C, chlorobenzene, 264°C,

napthalené,‘202°c;'p‘dibromobenzene, 163°C; carbon dlsulflde,
_6.5.°C0 | . N ) \ ". '

N -

Young and Hildebrahd (19425'calcu1atéd the molar

heat cApacity of splid a white phosphorus in the range 0-44.2°C,

to be given by the équation” 4
: C, = 21.46 + 2.872 x 107 t (per mole) (4.1)
-t d ' - 4
- .where: t+= 273.16 to 317.36 °K I B .
C_ .= tal/mole/day ‘?x

LN p - 'l
1 b .
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By considerimng a melting point of 44.2°¢ for

!

phosphorus Young and Hildebrand (1942) calculated Ehe heat ~

-

of fusion for elemental phosphorue‘to be 601 1'2'oal/ }'

mole froﬁpfhe differenceaof

- RPN .
H -H = 21.46't + 1. 43e x 10~ t2 - T (4.2)
' — »  for solid phosphorus -
’ - ~N
and - .

H, = Hj = 506 +24.48 t - 4.761 w107 2 - 1.309 x 107 t7(4.3)
- ' ' for liquid phosphorus
where t = °K ‘

The sublimation prgssure of.solid white phosphorus

- i

has been reported byﬁMacRae and Van Voorkis (lQZl) to follow

the equation:

¢

F . . . L =3 . PR
log PmmHg'~ 1.9198 - 3.084 x 10 T.+ 2.7763 log T
) ' -3 =1 N .;lo -~2 e
- 2.64 x 10 T - 3.258’x 10 T o (4.4)
. » . .
where £ = °K . )
P = sublimation pressure of solld whlte
g ? . ¢

phosphorus

Fof examplé; the'Vapor pressure of solid g@osphorus _

at 20°C is 25 'microns meréury. This complex eguation ,is
e ) - LT . N
justified by its ogpsistency with the spectral, colorimetric

and vapor pressure data of the three states of elemental
phosphonus. 3!he equations for obtaining the thermodynamic

©

| properties of sublimation of phosphorus are given by Farr




R T e | 20
' E o . ’ AF Pf~\\,/—/)/
G : y . Pyla) = Py(g)- .

acg = 5.515 -.28.210 x'10”° - 2.9-x 10°T ° cal/°C/mole (4:5)
. _ l . ‘ *“

AH® = 12,080 + 5.515 T - 14.105 x 107 'T? + 2.98 x 105"
) o . cal/mole (4.6)
t » - ) -3 -
AF° = 12,080 + 4.396 T - 32.699 T'log T + 14.105 x 107T%
+1.49 x 10°77' cal/mole - (4.7

;_ where T = °C , , \\\\“\

The.equatiog'For the heat capacity is a combination

o

qf the»data of Young and Hildebrand (1942) and Stevenson | .
and Yost (1941). The constén;‘in the ‘AH éﬁuation was cal-

culatéq ffom the heat of fusion of white,phosphor2§ and the

-

- N _ ) \ } '
heat of vaporization of 1iduid phosphorus at its melting
i " -~

point. The constant of integration in the AF equation was

W F

caléulated,from.the vapor_pressu}e data of phosphorus at the

solidification point. )

.’ L]

The reference thermodynamic constants at 25°C for

» ¥

the sublimation of a wﬁite!Fhosphoius are:

-

V.o
, \

AH®-= 13,470 cal/mole

AF° = 5,784 * 8 cal/mole
AS® = 25.78 + 0.03 cal/mol@/°c

BEevgnsoﬂJand Yost (1941) calculated the entropy;

s Q
( 25°C
- ! :

" P, vapor at 25°C. @

\

), from the AS° of subliﬁation and from the entropy{of



’

- _ - ! - - \ ' _ )
4,2.2.1.2 B White Phosphorus - _ . i :

- Bridgeman (1914) succeedeq in producing what is
called the'B-mOdification of elemental solid phosphorus by

subjecting a white phosphorus to a pressure of 7,740 atmo-

’ a
spheres at 21.4°C. ThlS resultsw&n approx1mately a two

\

percent decrease in volume, yleldlsg a specific gravity of

"1.88 gms per cubic centlmeter (Farf\ 1950). Bridgeman (1950) .

.1nd1cates that the structure is prob&bly the hexagonal system.

L@ S
4,2,2.1.3 Black Phosphorus \ T

PrOSN—
3

This modification,of phosphorus is formed by
sﬁbjecting o white phosphorus to a pressure of 12,000 kg per
cm? at 200°C. This results in a decrease in volume of about

one half and an increase in density to 2.69 gm/cm®

-

(Bridgeman, 1914). The repoft also states that
thisyprocess is irrevgrsable-and the resulting product is
black and resembles graphite. It is completely stable at

normal temperatures and can be sawed and machlned with
A}

complete safety. It can however, be 1gn1ted with difficulty
by the beat of a match. o . '

i ~
4.,2.2.1.4 Red Phosphorus
%

SThis form of phosphorys has been classified as
cubic, hexagonal, monoclinic and triclinic (Farr,

1950). Research by Roth et al. (1947) demonstrates that the

amorphous,

structure and properties of the formed red phosphorus depends

[ 4

on the method of its preparation and its subsequent treat-

‘ment. De Witt and Skolnik (1946) found that in the early

£

4




- staged of the conversion of o white phosphorus to amorphous

red phosphorus the reaction mixture consi8ts of particles

4

of red phosphorus.suspended in whlte phosphorus. At~abbut
,50 percent bonver510n, the mixture becomes semi- fluld and

further conversion,yields a solid product. Vuedenskll and

v

Frost (1931) found the rate of conversion of liquid white

.

‘ < .
phosphorus to red phosphorus to be strictly unimolecular

r-a

between 263° and 373°C. - Stevenson and Yost (1941) produced

an Arrhenius plot of the data for the range 220i to 375°C
-

and indicated that the euergy of activation i's about 49 kg-

cal / mole.  As the heat Qf aissociation of P, into 2P,

ig about 53 kg-eal, §tevenéon énd Yost (1941) concluded_that.

the P, molecule is dissociated- in the conversion process.

However De Witt and Skolnlk (1946) found that w1th1n this -

temperature range, the conversion is strlctly flrst order
“uith an activatiorf enefgy of about 38 kg-cal / mole.
Graphio%l analysis of t e_data teno to support the work of
Pe Witt and Skolnik (1946) and thus rindicates that the P,
molecule does hot dissociate during the conversion pr0cess.

§kolnik et al, (1946) reported that the specific
gravity of amorphous red phosphorus is 2.16 gm per cm?® and
the other forms of ‘red phosphorus have substantlally the 1
same specific grav1ty of 2. 31 F 0 Ol gm per cm .

Yost and Russell (1944) have reported the meltlng
p01nt Jf rgd phosphorus to lie between-590°‘and 600°C. ‘

Farr* (1950) reports that the _average spe01f1c heat

it
of red phosphorus over the range 22° to 500°C follows the




‘equation . . : B f.' o T
. \ C . =0.1575 ¥ 1.25.x 10"t © ° . (£58)
. 4 Plavgy .. T _ )
R swhere t = °K I ‘ ’
—_—T B » ) .
ot ‘ T N . ' ‘
P N ' Farx (1950) presents the following equation to’
v ! KR RS , N - L - .
represent ‘the vapoer pressure of red amorpious phosphorus 4

. prepared’by conversion of:liquid white phosphorus.at 280°C.

o T 4 . .

A . logp,, = 'T4296

o ' atm + 6. 404-. ~ (4.9)
v o . ) b £ - \
‘ Where T. = °K ) s - . <

. ' - ' ’ '

- Uniike o white phosphorus, red ;horphous phosphorus -

will not combust spontaneously in air under normal temperatures

—

f/ and humldltles. It daes however slowly oxidize' forming .
: phosphlne and aclds of phosphorus. The reaction is exothermic :Sfx

,i could lead to 1nterna1 heat build up w1th1n large plles _ ‘
of red phosphorus.\ If the temperature is ralsed hlgh enough.

w1th1n the//;;s, spontaneous combustlo%'wlll occur. S
“4.2.2.2 , Liqui&»Phosphprus o ‘ . “ e
. - c o

o whlte, red amorphous and black phOsphorus melt

E ". o ‘at 44.1°, 590° to 600° and- 610° ,trespectlvely (VahJWazer,

1961; Farr, 1950).

» « N - )
[ -

. The vapor. pressure ‘hrve for quUId whlte,solld

*«' N =

red and black phosphorus appear on dlfferent segmen{s of the

same curve. ® The vapor pressure, curve and the relaﬁlve p051~',‘

tion of the meltlng pdints of the three~forms oﬁ solld

: phosphorus are stated and illustrated in Figure 4.3.

b} - ' -
- .




-

e “FIGURE 4,3
&apor pressure of 1iqu1d'Phosphorus. “Because:of theyrapld
formatiorn of red phosphorus, the liquid does not exist in
the regjon represented by the broken portion ef—&he line.

has not been obseryed within this range.

'duct;v1ty of liquid phosphorus at 25°C is 4 x 10

10 T T L T LRI |
N : ’
APPROX. M.P OF ’/
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- ‘ (after Van Wazer, 1961)
3 v ‘ o T
Black and red phosphorus melt to a'common liquid that yields,

on rapld coollng, o wh1te phosphorus and therefore no dls— i

HL

tlnctlon should be made between llquld whlte, liquid red and’ .

llquld;black phosphorus. The‘b0111ng point of a white

phosphOrus is 28Q,5°C at atmospheric pressure. Because‘of

-

the rapld rate of formation of red phosphdrus within the

’

temperatune range from about 350° to 510 C lquld phosphorus

R

~ s

Van Wazer (1961) reports that the electrical con-

mhos/cm.

This is guite near the values reported for alcohols and -water.

-
Q - - <t s

I'd

-
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'The dlelectrlc cénstant of llqﬁld phosphorus at 45°C 1s
I
3.85.~ " d o . e f, - ~

o - e

-

. 3 IR Thomas (1938) has studled the molecular struciure.

3

of "the llquld Pq mqlecular. The study reveals Ehat 1t is-

v ' of a tetrahedral structure’ w1th an’ 1nteratom1c dlstance of
. f 2925 ﬂ’v This is 1; good accord Wlth the work of Me;well B
i et al. (l935)zwho f0und,the interatbmlc dlstance for the . B
phosphorus vapor molecule ‘to 2.21 ¢, 0. a2 3. K ""V' . .

MapRae and Van Voorkis (1921) presént the follqw1ng

2’
‘ - . .
- . T relatlonshlp f%F the vapor pressure of 11qu1d phosphorus w1th
! ~ ot .
tespect to %emperature befween 45° -ang: 350°C. .
. . M T ' . -t ' ’ : < )
[ . "’ X « . ’ > ’ ]
~ 1oy P = 18.8192 + 1.074 x 10’T - 3.906 log T .
- Y- 3.2167 %1030 0 (4.10) g
- v ' o ‘ . - e ‘ - ‘)’ ' [ 4
/ where T = §K- ~ L -
* ‘The'den51ty and v1sco$1ty data for pure lquld
- ] ¥
. , R phosphorus are §§;€m Py Van Wgzer (1961) and are represenfed
I I b;\the follow1ng eqﬁatlons S 2 1‘ B PN ‘, L R
% - L C ) ‘( - LT = X . " - ;
. . . - v o - . . . X S
| o o £a F1.7862 - 9.195 x 107 e~ T - (4 -
K | B “" " for 280°C >'t > l0°C I
¥ K 4 i * < ’ . ' - ‘ L) *
and v \ &)
’l A N
- S 2 N Pn , N
‘ log 79 + 514.4 ™ " . . *(4.12)
. .o L. R i 5 B D) S e .
=.I ' . : . » - i :54: ’ ‘. ‘ . .‘( ‘l‘f(?r 3114"05’(: > ’t; '>‘ 20°C ) ' ' ‘
¢ . : 2 . . ﬁfb‘ : o . r ‘5 ) , .
T where 8 = specific ®gavity (gmsfb@f) W . o )
x.‘,' P . ‘ @ . : ) \ ‘4 ) \" . ‘ 3 l
.‘ 4 , o+ t =’ oC " . T ; ‘ “_; . :?’ ! ) o . . b ) .
. . . . " = Visoosity, cp . " '
' - : ‘- e H ‘
* . VI : The thermpdynamlc oropertleg d? llquld phosohorus

- : LI
- e S Yoo ‘ 4
¢ -, [T L} .
' » - : * ”:“ * ' + ’ /) - )
a ¢ : . . ’ . Lo ,
» ! - o - . 0t
A ] ' . Lt




v - : ) ‘
allustrated in Table 4 3. : P ”} ' o T

A.gfz.q Phosphorus Vabor S ‘ k. ' ) .

: ", ;' Van Wazer (1961) reports that below 800°C; the=‘

degree of dlssoc1at10n of the Pu vapdr molecule is essentléﬂly

i

'.nll The electron dlfractaon studles of Maxwell et aZ (1935)'}’

~m

show that the,gaseous P, molecule 1s.a regular tetrahedron
. with an interatomié distance of, 2. 21‘ ,0- 02 A: Quantum .
’\

. mechanloal calcﬁlatlons of Paullng.and Slmonetta (1952) .

v
-show that- there are bent bwnds in the Py molecule and results

78 >, ¥ " -
-‘-1n a strain’ energy of 22.9 Kcal 'per mole. @ Coe

/§ ) o Above 800°C the, usual P, gaseous mo}ecule, is

meassraély dlssoc1ated into P, moleiules Wlthln the temp- ‘ ‘4
‘ e

erature rangé 900° to 1200°¢C the dlssoc1atlon constants are -

: represented by f ) T S
o . L ey T e .. . 8
_ oo : S . o . ;& . ‘ ,
’ - e _ -ll 489 - ’ Poa ™ y
log K, o° = ——=+ 7, 5787 = log lﬁ—J o (4.13)
. . ) ’ u '
S “uwhere;T =.°C ' . -~

. - : . . i Tt .'Q’ . . e
- C . . . - ¢
'The-thermodynamlc propertles of the gaseous P, and

o

-

P, moleculea between the temperatures 298. l° to 1,500 K are, °

. ) v

. " reportkd by Fart ( 9) and preSented below. - . "
. R -,\-" 4 ‘ "’77; ] I . . P ) — . . .
0 Py HO-HZ = V3,380 + 19. 237+ 0.265 x 107°T?

L ' -1 T : ° )
+2.980 x 1p 7" S Y (4.14)

P,z He-H® = «678 + 844T + 0.190 x :o T

Lo +%0.836 x 10537 - _" T4
v . . ..' - . - r "
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P
o
fl

B - . 19.23 + o. S0 x 107 T - 2.98 x’}n<t, _\jf .16)

8.44% 0.38 107°T - 0.836 x 10 T2 . (4. 17)

L]
. . i 3

The standard heat and free energﬁf;; formation of*

298.16

-and AF298 16 = 5. 78 kg-cal o - ‘.

Pg vapér from o Whlte phosphorus afe AH? = i3.47'kg—c§1

o 2

4.3 Properties of Phosphorus Sludges

To define in egact terms the chemrcal and physical

properties of‘elepental‘pﬁos

$. ’
task. One can only hope to outdine i :
i .

characteristics of the sludges presented in the literature. .
: 3 e

NG Some of the chemlcal and physical propertles of the sludges

P

used in thls research will be discussed in Chapter 6 "Results

\
~

..and ‘Discussien™.
2} . . . . N
Patrushev and Polyboyartsey (19653 in a paper on

L.

N

¢  the mechanigm of formation end some . properties of phosphorus

~ sludges indicdte that a sludge niohhin_phosphorus\contains

- from between 5 to 30 peroentrCSZAinsolublesrwhfle poor -
Ch
sludges contaln approx1mately 50 percent CSZ 1nsolubles It

A

has been\reported that the COmpOSltlon of the phosphorus

)
sludges c%n vary from—betwﬁen 60-90 percent phosphorus, 3 ta

5 30 percent‘wader and, 5\50 25 percent finely lelded 1nert-

solids (ERCQ, 1973) . \. R

N Aocordlhg to Barbe et al._ (1964) the v150051ty

fas m .

o e of the sludges can go as’ hlgh as 15 000 cp 3for a sludge
‘ - . ¢

contalnlng only 7 percent phosphorus. ) j .. oot




.
&, .
=] 'y

- ‘ ‘ . y
The specific gravity can v?ry fromfﬁlose to

i

- -
'

1 gm/cm?® for very dilute siudgeé con%afﬁing mostly water to - .
' - Ap ‘ . . .

- that of élose to the specific gravity of’pdre phosbﬁorusl

[

The meltlng 901nt of phosghorus sludgés is not d

[4
Q

ca sharply deflned but has been reportéd to fall in the range
of from 50° to 60°C (ERCO 1973). /Thls is also sqppcrted

by the work of Patrushev and Polyboyartsev (1964). o
. & . . . LS
, \ Hinkebein 1969) consideYts *the sludges that
e . .
. ' R . < .
separate out from thé condenser bottoms.discharge from the

~ s -

-

sump as a phosphorus 'in water type of emulsipn while the -
‘ w‘ \r* . - . . , .
~ impure pliosphorus that is collected from’the centrifuge is
R ¥ . - . .

. considered a water in phosphofus type emulsion. The paper

“ &
Jatteﬁpts to define -each ﬁype of emulsion as |
TR 1-40 percent solids- e .
e AN N ' - T
.o 35-95 percent phosphorus - water in phosg
> 1 percent water . A ' o
25 pe lide ' -1-f>, - B
11H5 perce;} gsolids” L 1 -
K a 15-85 percent phosphorus ‘phdsphorus in water ..
8 : ~.. AY ';. .- . ' ¥ " ‘ . ‘ ¢ . ’
. - . . > 5 percent water . ) < N
. _ . o

s " P »

! ' [ 4

--—

. Both ERCO {(1973Y) anq Patrusheﬁ and Polyboyartsev (1964)

observed that the sludges they were testlng were water 1n .

l' -

phosphorus types bf  émulsions. ThlS obeervatlon Stemmed fromc

3 l

studles in whlch thin sectlons of slﬁdge were‘placed on
’ .- i e
W’ﬂﬂ@TUSCGpe slides.and'lsolated from a1r. ‘A dye soluble znﬁ .

v

car dlsulflde but not in water was placed at the edge Of

' the thin section of,sﬂudge, and a rapld 5pread1dg of.thls,

-
v

. : 4 -




, . . ‘ R 3
dye through thé sample was’ observed. ‘From thls, Patrushev

and Polyboyartsev (1964) concluded that the phosphorus is the

¢+
[

continuous phase. ,

Patrushev and Polyboyartsev (1964) presented the

T ———

followxng summary ef the composition and some of the phy51cal

prOpertles ni the carbon disul ] 1nsolubles in the phosphorus

sludges they examined. T ‘ s L
T o - P
item/. S o weight percent
» - S - 7/
volatlllty (400 C) - 0.9-16.9

loss durlng calc1nat10n (800°C) e 2.4-13.2

510, Y G | | 43.9-60.8

A

F62\03 + Al,0; - o 3.*2’7- 8.i .

P,0s - . ST 2.0- 4.1

Den51ty (gm /cm )

&

xSpec1f1c surface (m2/§

k3

Particle 51ze

s .
a

majority of particles are amorpapus

& < \ ’ «
. 1 -

,ERCO (1973) has reported that the carbon disulfide
~ . )

"insolubles residﬁe remainingféfter the CS, extraction of
phosphorus cbntained the following materials: C Sioz, P,0¢,
, [

. CaO Fe203, Al;0,, F and SlC ‘The constltuents -were not -

necessarlly present in the form shown. Burt (1952) presented .

!

] ~ ’ .
in Table 3 4 the constltuents in ‘the precipitator dust ‘These -

same coqstltuents would aIso be 1nclude&.1n the. re51due solids |

L
of - the phosphoru& sludges. ‘it 1s 1nterest1ng to noté .that no

. “ o
* catbon in anygfornrwas recorded in Table 3.4. However, -

o“‘

o




'ERCO {1973), Orr (1973), Bery (1964) Patrushev.and Poly- -

: % poyartsev (1964) and Dietmar (1967) report that carbon
,re'presents a substantial qﬁanti’tj of the particulate‘ma‘tter_, '
. o T ' \ .
contained within»phosphorus sludges. * ' .
4 .
Tabl®e 4. 3 illustrates a typlcal chemlcal comp051tlon T
) that can be expected to be found in a sludge Tloldlng tank
\ -
~. L , . TABLE 4. 3 . -7
Typlcal Composuzlon of Phosphorus Sludge 1n€3 Holdlng Tank -
/ - Item , Percent Compospgtion within . 4+ '
oo Tank C,
4 - < .. . ? '/ '
: . . “ . TQp - Midd¥e © Bdttom _ 4
. s _ I RPN
, A o _ . 21.;\ 31.1 7.2 -
. TH20 : 71.0 " 59,0  56.0 N ;
- . . N i @
. 'sio - ) T 4.0 4.5 3.3 °
. 2 . '/// y S ; -
X " ca0 - ’ - - 4.28 0.37° "<0436 . |
o . R:0¢ mostly Al.Os fgcid insaluble) 1.1 -~ 1,3 0.8
. X -~ - ‘ . - - ) "As",'l‘ .
| ' Fez03 o] S ¢70.07 , 0.1 . 0ll8
" F ) | S L 0.03 0.02  0.03
Carbony - Co- 2.2 - 3.6 2.0
< . . e « - - 4 To.
f o . T e . . .(after ERCO, 1974)
> ‘ : . . : l ,
. ERCO also reportéd thét'th'e vphosphorq’s c0ntmt at\ .
times dropped to 15. 7 percent while the water content .1n-
[ am . ’
e screased to 78. percent. o . T .
5 ’ » . N . . .
A ‘e . ‘
& .\ . ;
i «




13 4.4 Cauges and Mechanigm of. Férmation of Phdsphorus

*
A 1

2. Sludges s - [y

Many inuestigators studying the problems of reecover-
ing the phosphorus from phosphorus sludges haveyconcluded

"that the causes of the formatlon of phosphorus sludges are the g

condensable Volatiles and the partlculate matter carrleﬂ over:

£rom 'the furnadks to the condensers Patruqhev and Poly—

boy!rtsev (1964) Stﬂterthat one of-the causes of the formation
,7\ ’ o~ \__
» of sludge at the condensatlon stage of phosphorus productlon

as‘hyddoly51s of the's%}1c0n tetrafluoride in the offgases
. "from the f:?ﬁab§.~ For this reason it is'desirable to use -
phosppaggqores bontalnlng a m;nlmah amount of fluorlne for

S ﬁvaporlzatlon 1th1ﬂ the furnace. It i§ known by those know«'

ledgeable in the ‘art’ of phosphorus productlon that prhosphate

~ -

‘ ores that have been previbﬁSIy heat\treated to drive off -
o J ‘ . - R —
some of the volatilesg notably fluorirle compounds, result

ih lower sludge productio%:(uerz, 19é4; Bryant, 1970) . .Burt

*(1952) lhdicates that: of the total»fluoriﬁe_bhﬁrged to the‘ o

L B furnace,.90 percent is gntrained within the zlag.l Patrushev g
et al.‘%l964) report -that 2 ;"é percanttof the charded fluorine‘..
is cbuverted to Sifg'and'passes out of theAfurnace{with:the )

of fgases. <o . o o ;

. . ‘ERCO in'unpublished-researc on sludge production.
| dg:ermlned that the volatiie content of the e reducing
'=agent played a large role in the productlon of sludge. yThe = ~ .

2 -

results Lndlcate that the hlgher the volatlle content the o,

<,

‘greater the sludge productlon. e
- e ¢ R
. s . coe " © L.




r
o

........

wore. It was determlned HEt 8 percent Alzos in the ogg was’ R

. [y

a max1mqm 1n order tBat";ﬁe sludge productlon would not be

‘\» PN o
S )“

excessrye e

\}- !“‘}

" It should be I

kY

’ ; Rl
have postulated on the

auses of 319dge productipn, very few

have reported on the mec¢hanisms of formation of phosphorus

-
-

\4 rS

sludges..-
b !

g The most exten51ve study cited id the llterature ’

.-
4 J o

on ‘the formatlon of these sludges was conducted by Patrushev
and Polyboyartsev (1964). The pgper sﬂ&tes that .the mech-
anisms of formation of phosphorus siudges are as follows:'

the silicon tetrafluoride presented in the fdinace offgases

r

-reacts with water in the condenser to form’ fluor051llca acid

and 5111con dioxide accordlng to the follow1ng reaction: R
: .

. « ..

~ 3S8iF,, + 2H,0 =, 2H,SiFe» + 510

These lyophilic)

.
(particles of silicon dioxide are

N

ﬁartly hydrated, ‘thus formlng a gel which absorbs. phosphorus.
The study revealed that 0.5 = 1.0 moles phosphorus Q\re

absarbed per molea8102, As catbon has a hlgh absorptlon

’

capac1ty it.also 1is capable of produc1ng stable structures

of phosphorus and carbon when contacted w1th1n the 6ondenser.

. ~
In the presence of a certaln aqsunt of free phbsphorus,

P . .
elementary SlOz and C wh}ch are solvatell by phospHorus, forms

a macrostructure 'known as pho‘us sludge_. e . K

4 a

»

S~ .

.4 .
. . .
* " f .

[4

oted that ewven Ehough;many researchers

.



e
a

Y I

Th;s proposed mechanism for the formation of the

a
P

phOSphorus sludge’ was conflrmed exPerImentally by synthesis

M =

from molten phosphorus and carbon black. By contacting
P '_ - phosphorus with“carbon black and'then adding water in a

reactor, a sludge was produced similar.to that formed in

\’\
.

1}
qd - the electro thermal production of phosphorus.

L, , o S \f a ~
) . The study concludes that it is possible tQ regargd -
. - | L3 . . ' N \ f .
) phosphorus sludge as a colloidal sysStem (gel), in wh%ch the -
' . ,
§1spér51on medium ;s mdlten yellow phosphorus and the dls-" /

persed phase is very fine partlcles of 5111con d10x1de,

4@9 car@on “and water. .Patrushev,ve; aZ.,11964) have reported

_';. & the formatlon of phosphorus slndges to proceed along two

s - -

paths- T L . at

. P 6 .
: " 1. adsorption of phosphorus by minute .
- particles of dustsy remaining in the .,
. gases because of their insufficiently a
. * " -through .cleaning 4in. the electrostatic .
o ) precipitators. In addition’ dust par+
ticles, eV1deﬁtiy, play the role of, '
} * ' prlmary condenSatlon centers.
. . »2. “As a result of the hydroly51s of.
‘ S silicon fluoride, ‘contaiged in the . .
’ s ) furnace gas; w1th subsequentéadsorption
. . of phosphorus by the 5102 molecules
produced." . A/, '

4

The'conclusiohs drawn from the study are that dust. contributes %

[ 1

ifo 90 to 95 perCent and that SlOz -contrihutesg to 5 to 10

. ' “erg:ent of the sludge produced ’I’hls 1s con51stent with the,

‘work of Bery (1964}/and the unpubllshed datawpf Albrlght

and Wilsph (1961) whlch/gtates in essencefthat the hotter -

[§

1 and drrtlerkthe’offgaseé, thé-i?reater the sludge production.
' " . . - ¢

’ , ;‘ " - |- . ) .'!lf" -

'
3 . ' to.
. : - - . '
. . Lo . v y -
. ; . . . 0 .
. '
. ' e H 4 . -“
L] . N
.
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4.5 Quantities of Slhdge Produ eq

McGllvery (1974) states at the expected ghosphorus‘

&
resent unrecoverable sludges

loss that is tied®up within tHe

ranges g;om 2 to 5 pércehtjof the total phosphorus?produced.
By aésgﬁj:g an'average of'3.5 percent, - 70 pounds cf'phOSphorus

would be~lost per ton of phosphorus produced. Based on a

composltion of' the sludge of 21.4 percent P, , 71 percent
Wyater and 7.6 percent ‘inert solids (Table 4.3),.the voluhe

.of sludge to be handled per ton of phosphorué produced would !
L

» ‘

be 4.5 ft?l.

LAY ) . \
¢ i
4.6 '  Methods of Recovery of Phosphorus from the Gas Stream !

In section 3.3 , the collection of elemental phos-

!

phorus fram-the'offgases using a Water~spray tower were dis-

"
*

; t

2 . ‘ .
cussed in detail. This method has the.inherent disadvantage

- of produc1ng a so called sludge which is a poorly defln’id

»

emulsxon or dlsper51on contalnlng solid 1mpur1t1es, water and
W
phosphorus.- This not only reduced the,recovery of phosphorus

but also presents a'problEﬁ of diépoéal (Stevené,“l965)

An ob!ious questlon would be, why not use some type

Ad .

of heat exchanger to ceol the gases and cond&%se -the phosphoruS"

_without the dlrect contact of water with the gas stream? The

TVA has conducted several experiments in the .area of indirect

coollng of the gases in'a heat exchanger (Burt and Barber, 1952) .;

/-~ The studies on the. TVA No. I ahd No. .4 furnates

vindicated that although the tube type condensersfoperated

/"
satlsfactorlly, several problems were enc0untered that even-

D 1
tually led the TVA to d15cont1nue using thls method o%
»
] e
[ HER?

& »

4
H



, gas’stream. These fimpurities can be as.

- 9

reéo&ering the phospnogus ﬁgom the of gas'stream. Some of
. e
the disadvantages were as .follows: (f if low grade coke or

e

uncalcined phosphate rock was used as feed ﬁor the’ furnace,

an excess of dirt was carried within the offgases and fouled-

the surfaces of ‘the condenser; (2) unless the rate of’cool;ng

was exactly correct, a phosphorus fog was produced in the gas:

stream, leading to eéntrained phosphorus particles being

_cargied over to the ‘exMaust fans beyond the condensers; (3)

—

the rate ‘'of heat transfer_was not sensltive erfough after a -
short operating time as the surface of the condenser—became
fouled with dep051t--and (4) the average heat transfer through
thd 'walls of the condenser was low %gprOX1mately 1.6 BTU/hr

.

ft? °F. Because of frequent down time requlred for cleaning-  *
-’ o

‘-and maintenance, the dry 1nd1rect type of condensers werge

-
abandoned for the water spray type. E "_‘ﬁ

° Stevens (1969) recently proposed a method of dry

' condensing the offgases from the furnaces. The apparatus ‘

consists of a single or a battery of vertical tubes arranged

in a hairpin manner.. This type of heat exchanger can be

coqQle lby several means, e.g.using air or water. The gasesg pass

through the condenser and the phospﬁorus vapor is condensed

.

on the walls and collects, at the boﬁtom/of each vertical * ,
B ‘.

i -

tube. Also collectea‘are some of the iﬁ:zrities within the

ch as 10 percent

by weight of the collected phosphorgs ‘Running along the

{ % -

bottom of the condenser $s a8 collector plpe whlch is used to

i

remove the condensed lquld phosphorus and 1mpur1t1es Thls



. were requiredsto melt thepphosphorus.“*This results in a

‘'phosphorus and still remain only 3/44 full. The high'récYclek

of” elemental phosphorus fromaphosphorus sludges.‘ Hewever,

1974). This section reviews the present'published state of

k>

I

collectorépipe is large enough to be able tovcerry_not~onLy‘"

1

Epe‘condensate but also 20 times that amount in recycling

rate is to ens%fe that there are ro deposits of settled im-

purities in the collector pipé. o ¢

Harnisch and ielenberg'(1964) devlsed a two stage

#

water, condenser. The first stage held sllghtly above the

freezing point of phosphorus acted as a normal water 3pray

condenser tower. The‘second tower howeverfoperated below

N -

the free21ng temperature of the phosphorus. Wlthln the

second condenser/the phosphorus collected 1n a conlcal
‘ ' w
storage bin at“the base of’ the towe . This storage for,the
, ' ;' ‘ ¢ 9"’ - !
solidified»phogphorus was large enougN to hold at’least

2 days collection of phosphorus. Heatling of the sclidified
phosphorus was accomplished by introducing live stedm into
: o r

the collection area at such a, rate “that .only 2 to#3 hours

o o [

minimum amount of down time for liquifying the phosphorus )
L) ' .

s0 thatjit can be discharged from the condenser.

4.7 . ReOOVery of Phosphorus from Phosphorus Sluddes ..

To date much research has’ gone irfito the recovery

£l

Y

a great percentage of this 1nformatlon has,not,been publighed.

either in journals or in the form of patents but i% kept -

'

. R : ) s . . had . ‘e !
within the confidential files of the research departments of

the various phosphorts producers around the weorld {(McGilvery,

L

v
—— )
-

b '




) . : * L . ;
the'a&t ) covery of phosphorus from.phosphorus sludges.
Bery-and Mantell (1964) experimented with a lab4.:

r

from phdsphorus siydges.. The sludge was first treated with f 4
Y the form df an oleic ester of an
& N R .
- . o _
the emulsifier used was triethanolamine
. - ;

\ . S e,

ah emulsifying agen
aminf. In particula
. ” 'g_v“ .
monollnoleate A susipension gonsisting of 45.4 percent P,
s . sludge, 51. 8 percent w er and 2.8 percent emulsrfler was
subjeéted to centrifugation in a orglory size Sharples . "
super‘Centrifuge (bowl 8" 1ong, l 3/4"

© ;
¢ \ « ) 4
/ : at. 28, OQO rpm.' The phosphorus thaﬁ was recovered was es-

1ameter and spun

“ “ Eentlally 100 percent pure. The amount’ of p osphorus dis-

. 4 -t

R chargrﬁg wrth the separated water and SOlldS W not reported.

The: study 1nd1cates that for scale up to a prototype cen-
trlfuge, the ratio pf dilution water to sludge should be in

2

the order.of 5 to 1. This would allow more rapid processing *

of the sludge with less-:bleckages occurring in the'l discharge

. -
-

ponts“of the ®entrifuge. A B . &
- ' S © Elders (1963) in gonju tion with the Hooker Chemical
- .‘f — .
Cprporatlon, evaluated a ful& scale plapf centrlfuge to

e \\://

. ' determlne the effect§ of centr1fug1ng phOSphorus Sludges to

repover the phosphorus ‘contained therein. (The egylpment ,

¢, , |

S ) uséd was a Dorr %&iver Model 18 double overflow type cen-

p . trlfuqe. The rotor assembiy and other parts in- contact w1th

the slud@e was constructed of 316 stalﬁﬁess Steel. "The rotor.

& . P »

assembly was 20 1nches ln&dlameterf 20 inches thh wrth 10

v ! [ v »

. ’ . equally spacedgnozzkes around the perlphery and rotated at-

: \‘— ’..\-’ ‘F . ‘ N







RN

~ . s 3000 rpm.° ' . . ‘ S
. N .o . \. . '
The sludge fed to the centrifuge was comprised of

4 percent dirt (seolids) and equal percenfaggs of phosphoghs‘

cand water. The feed rate t was 20 U.S.. G.P.M,

[l v

N above mentioned sludge. The temperature of\op was

igitially 170° to i80°F, however this resulted i requent

' By dropping the temperature to 140°F the ﬁhmbef‘of bloékages',

+ 4

during operation were reduced to one third. The maintenance

i . ~ !

of-the centrifuge was considered heavy. S
Over a two year operation period, the performance
" of thﬁaéentiifugs was considered satisfactory. It operated
76 pe;ceﬁt of thé.fime and was able to récover 95 percent . -

“.of the phosphorus fed to %heﬁceﬁtrifuge. The phosphbrus»

) recovered was 99 percent pure.
\ _ Hinkebein (1969) 'in U.S. Patent 3,436,184 describes-

“

. a precess to recover phoéphorus from phosphorusAbearing .
. . R a +

", .. sludges by tfeating the sludge with a dilute sélution of a °

#

stfong oxidizing agent. In pd}ticular, oxidizing agents

» which function in acetic solutions such as, chromif_acid,

e~ = ——

‘ chlorine gcompounds, peroxides,'uré% percompounds, perborates,
’ g

peroxy monophosphoric acid and their watex soluble salts

Ca

A ¥ sugh és sodium, potassium, ammdnium and organic amine salts.
The -results indicate that water soluble hexapositive chromium
compounds are preferred.because of better yields. When using

y -

;hromate or dichromaté , it was observed that the Lest results




Ton ' N < .
[} e

were obtalned when- used, w1th a stroqg 1norganlc acid such as

stou on a more to mole bas15.

» ]

1 - The ox1d1z1ng agent is mixed with the sludge at’

4 -

~a rate of. about 3 pounds CrOs; ta 100 Boundé phosphorus in
the.sludéz},AAn example is given for 45 gallons of sludge
containing 34 percent phosphorus, 13 percent solids and 53

percent water that has been contadted with 90 gallens of 1

percent chromic acid solution. After gravity settlihg the
4
remaining sludge contains 4,66 percent phosphorus, 5.61

percent solids and 89.3? percent waéer. o

f °
- .

f%e patent claimg that this oxidizing\aéent can be
added dlrectly to the condenser water or it can be added to
the .system in a\erarate sludge—ox1dlzlng agent containing
chamber which is followed by a'graVLty settling bas;n.

Hfﬁkelbein'(1970) in a patent describes the.
< ’ . - -

ident%cal process Qith,thé same examples as in . U.S. batent
3,436,184 except for additionél ciaims on othe; oxidizing. °
agentg. These oxidizing agents we?e. hydroéén peroxide,
nitric'écid, aikali metal'chlorates,;and water soluble
hexavalent dhioyium compounds. The éonceﬁtrations of these
oxidizing sagents wefe the dame’ as U.é. pétent 3,436,184.
, Hinkebein (1969) in U.S. patent 3,442,621 outlines
a procéss whereby an acidulating agent is added to the.
process aescribed’in U.s. paéent«3,436,184. This patent’
states that any stfongx@n—éxidiging acid can be used.‘ Thi%
aciﬁ, either“organic'or inoiganié, shob;d have a pKa less
than a%out‘B, 'Although tﬁe cchentration i écidulag&ng

2 A ‘ ‘ N -

~ ‘e ~ 2

J
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4 . -
. N . .
agent necessary to increase the rate of .coalescence of the

¥ -

phosphorus from the sludge 1mpur1t1es can vary greatly, a2t

is usually sufficient to provide a concentratlon of- at least,

0.1 percent by weight of the water in the siudge. However,

a concentration of acidulating acid in.a concentration\of

from 1 to.30-percent of the water present in the sludge is
preferred ThlS process can be used in the processing of )
any phosphorus fn water type sludge. The patent claims
thar the addition of the ac1dulstlng/éaent‘greatly incredses
the phosphorus yield from the chromic acid process.v
. Barber et al. (196‘3)‘ in U.S. Patent 3,084,029
describes a process for redu%ing the viscesity and stickiness
5 - ”
of phosphorus sludges by theéaddition of ammonium ligno-
sulfate and sodium hydroxide to the sludge.'lmhe‘quahtities
of chemicals needed to reduce'the viscosity and stickiness
of the sludge were less thah.} part ammonium lignosulfate

per 100 parts sludge and just ehoﬁgh’25 percent sddium

. . (
hydroxide -solution to raise the pH from approximately 3 to

6.0. Excesses of sodium hydroxide (above a pH of 7) would
cause the formation of hazardous phosphine oss. In the
process, the treated sludoe Qas mixed for 72 hours after
which an analysis of th# sludge showed that it has a rel-
atively uniform phosphdéus content. This resulted ' in a 6

fold reduction in viscosity; for ‘example from 6000 to

1000 cp. - The sludge could then be pumped with -ease to a

for the production of phosphoric :

¢

phosphorus burnlng plan

-acid or tran&fexred t a{centrlfuge for recovery of phos—

ur
- \abl'
. .

K
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: ¢ e
phorus in the elemental form. *

v

Orr (1973) in U.S., Patent (3,743,700 describes a
. - S
process in which phosphorus sludges are fed into a drying

zone at such a rate that the concentration of water in the
dfying zone is maintained at less than' 8 percent and pre-

ferably leds than 1 percent. The temperature within the
i ' ’ i

drying zone is held above the Sédliné point of water, The .
patent states'ﬁhat in orderﬁto'have'a pumpable £luid, the
, N

phosphorus solids ratio has to be at least 3 to 1 and'pre—
’ 4 A3

ferably 9 to 1., This rawlo is maintained by the addition
]

of ‘pure phosphorus into the drying zone. Once the sludges

are dried to the specified'water content ,and the phosphorus-
. ) . . ) e .

solids ratio has been adjusted to the desired level, the

-dried sludge is pumped back to the Mmain® process furnace for

~

revaporfzat{gn of the phosphorus and subsequent condensation
of the vapor to liquid phosphorus.
Hartig (1963) describes a process in which phos-

phorus sludge is admi?ed with_phosphoric’acid and subjected,

to steam distillation in a non-oxidizing atmosphere. . A

-

75 to 95 percent phosphoric acid solution is added to the

sludge in a weight ratio of 0.25 to 1 to about 2 to 1. The

phosphoric acid is used to aid in keeping the slurry in a -
- , o v
fluid state and also to maintain the slurry temperature high

enough to ensure a more rapid and compléte separation of ‘the

phosphorus from the sludge. The condensate containd’ '
: . e co
phosphorus and water. e

During the distillation the solids (notably phosphate

. : ' / ’ |

——
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rock pﬁ%ticles) react with the phosphoric acid to fori mQpo-
' / -3y . .
calcium phosphate. After, distillation, the residué€ contain-’

/

ing monocalcium phosphate and phosphoric acid is filtered to

-«

recover the phosphoric acid. . -
Ritter and Redis, (1942) have investigated the

vacuum distillation of phosphorus sludges cantaining approx-
. P ]

imately 35 percent water. The temperature at which the dis-
tillation was carried out-wad slightly above the boiling
point of water. The initial pressure within the vessel was

from 300 0400 mm Hg. This pressure either decreased pro-
- ' .
gressively to 20 mm Hg within the same vessel as the water -

F )
was removed. In an alternative process the sludge was partial-

ly dried 'in one vessel at 300 to 400 mm Hg and ®hen transferred

to a second vessel in which dry}ng was cqmpletéd. The final

|

'\ pressure .of the second vessel was 20 mm Hg. The patent s'tates -

that the time requiréd fQr treatment varies considerably

"

. "with the quality of the sludge. and also with the size of the

1 & ¢

batch to be treated.

The company of/irG Fabéhianstrie Aktiengesellsghaft

L

was granted 5 British patent for a process by which phosphorus
sludges were.vatu¥m\distilled at a temperature g;ightly below
100°C. This process is similar in claims as that of Bitter -

and Rodis (1942) except for the difference in temperature.

-

Fabenindustric Aktiengesellaschaft states«thatgthe resulting

B

mobile malt of phosphorus and impurities is_amenable to

further treatment to remové the solids,'ﬁor example by

filtration. - -

73

a
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_%”:v‘, Pleper and Ebert (19§0) descq1be a process by whlch

onsphonus sludge is mlxed with pure phosphorus and burned

N Y .- N

* to produce P%0s. °‘The P,0s is subsequiﬁflz.comblned with
. - k] "

" s 4 . , } R . . .
water to pr@duce phosphorlc acid. - The ratio of pure phos-- .

2 * °
.

phorus to phosphqrus sludge ranges from 1:1 to 10:1 and

preferably F:1. To lower the V1sc051ty the phosphorus-

1

: s pho%phorus sludge mixture is heated Ug 90°C. At this
[ ‘ .~

! { ‘temperature the mlxture is generally v1gorously agltated .

W .jor up to 6 hours. This . ensures homogenelty and consequently -
- gdod burning characteristics within the burner.
K 4.8 - Summary of Present'bag Ereatment Technology

Table 4. 4 presentsia brief review of the present

day technology in hanallng phOSphorus sludges.

!




ot TABLE 4.4

Preseht Day Techniques for HandliégféhOSPhoru% Sludges\
! LY > ' ’ S . o

“

Pl

N\ N i .
Process ‘ . Remarks - .
- . ' N v - e ———

- et ¢

Gravity settling at 60°-70°C - effective in removing up to 50 percent
' , . . of original phosphorué'in the sludge
- - ektremaly slbw, can take up to several
g . ‘; o : weeks 2 )
Centrifugation at 50 -60 C //;/efféotive if recovering up to 95 pe;cené
' : o of the phosphorus from the sludge
- maintenance heavy due to abrasion
" : - - presently used by Host phOSphorus makers
g . to recover phosphorus

+

. Ddstillation of water from - requiresvacu :
phosphorus sludges - unless P, tou§g11ds ratio 4s at least
_ : 3, product is w pumpable
. ) . _ = must be rehandled "t recover pure
phosphorus . ’
7 - .
77 Drying of phosphorﬁs sludges - requires high temperatjure
- requires constant obsgrvation to main-
taln correct P, to solids ratio
- requlres the addition of pure phosonrus 7
into the recovery vessel to make .the
dried product pumpablé -
- . =.requires further handling to recover
' the phosphorus

.

Chemical treatment . - requires the additioy of chemicals to
sludges
. . - converts part of the phiQsphorus to other
’ - o products thus reducing rdcovery of the -
- elemental form /
. L. - does not remove all phosphorus from the
: sludge °
T . Burning of phosphorus sludges - produces impure phosphoric acid
‘“i‘ . - can be used only in fertilizer industry
,“x ’ " = many phosphorus production plants not
> constructed with'Phosphorfb acid plants -

T




S . CHAPTER. 5

OBJECTIVES .OF <THE RESEARCH

« ’

! ) The objectkves of the résearch were to develop a’

. fprocess or pgocesses capable of (1) recovérihg phosphdrgs
from sludges already stored uﬁdeiground, and (2) recovering
phésphorus from the sludges before they are pdmpéd td under-

\- Igréund storage areas. It was déemed desirable to produce

s .a produét that would enable the sludges to be récycled to ’

the furnace for fe—evaporization and subsequent condenséfion

. . of the ﬁapois produced to.recover the Pel. At" the present

time the cost per pound to‘ﬁbcove} the‘Pel from the sludges,

using known technology, is. in the order of tweﬁty to twenty-
five cents, approximately one half the resale value of the .

pure phosphorué. This includes capital, operating, and

‘
.

-
-

~ maintenance costs.
' S _’ ' : .
Included within the scope of this work were studies
. .. ' '’ . - .
on: ‘ : . ' , R
- ' . ."‘ s

v ' ©a) théieffects of freezing and thawing of pqésphorus
sludge;ﬁ;o affect a breaking of the emulsion
< Y
i . b) the effects of freeze dryiﬁg of phosphoru§
. . éludges at -20° and 0°C at ultimate pressure s

« A of approximately 50 to,100 microns Hg.
'~13‘ ) c) the effects of cold température distillation
/ . . + . o ' M b
4 ot 20° and 30°C' and an ultimate pressure of

-

* 100 micréns Hg on the rémoval‘df water from

' +

phosphorus sludges.'

L -

. "6




the effects of Using methanol and ethanol as

- -

dehydrating aéépts to remove the water from
the phosphorus sludges '
the solubility of phosphorus.in methanol-

wat

e solubjlity of.phosgporus in ethanol-water

4.

mixtures. . ‘
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CHAPTER 6

- -

MATERIALS AND METHODS

6.1 = Source of Phosph®rus Sludge
| The phosphorus slu ade available for this
research through the courtesy of ERCO Industries Limited
from their electrothermal phospﬁoru; producing pl;nﬁ at
Varennes, Quebec.

~The sludge used for the"experimedts was obtained,

from the sludge process line immediately followdng centrifuga- {y’ '

f -

tion. |

6.2 yethodg of Retrieving Sludge Samplés from the ‘ -
Storage Barrel ) .
The samples of sludge used in the experimental

works were removed from.the barrel by Fwo independent methods.

The first method was to heat the contents of the barrel to .

'60°C and using a ladi%‘ scooé out liquifigd samples of the

sludge. These samples were then stored in dark glass bottles. .
The heating apparatus'andlléale,are illustrated in Figures 6.1
and 6.2 reséectively. The second method was'to takg solidified
gore samples Of, the sludge from the barrel. This was ac- ,
complished'by &éiving a l in. diameter aluminum shaft into

]u the sludges and’geprievihg the core;samples from the sampler -
by means of a 1/2,in. diametér aluminum bar. This appératus

is shown in Figure 6.2. These samples were also stored in

‘ e
dark brown, bottles to protect the samples of sludge from light.

o

N |
78 | 3
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«*
. J
/—— SAMPLING PORT .
»
— PROTECTIVE WATER LAYER
»
7/“ a _ 30 GAL. STORAGE TANK
% _ e WATER BATH, 60 °C
7 B o U 45 GAL. BARREL
2 2" GLASS WOOL INSULATION
2 PHOSPHOROUS | . 4 ;
7 SLUDGE 9 f
4 Z
2 ) ,
7 ; |_— SUPPORT STANDS .
Ei | .A//’///;; | \ »
40 o 1000 WATT HEATER
S e=Hr .
_— % PLYWOOD

—

C=

/-

? FIGURE 6.1 :

SCHEMATIC DIAGRAM OF APPARATUS USED TO HEAT THE
' PHOSPHORUS SLUDGES IN THE 30 GALLON
" STORAGE BARRELS TO 60°C

4
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. 1 2 « 30" STAINLESS STEEL
N /_8

PROTECTIVE WATER LAYER

) LIQUIFIED PHOSPHORUS

[ ——

e

N

LA

50 mi STAINLESS STEEL CRUCABLE

LADLE SAMPLER

FIGURE 6.2.

% Jz’ x 36" ALUMINUM

ROD

kN

" x 30" ALUMINUM
CONDUIT

ol /SOLI DIFIED SLUDGE

SAMPLE~

-

CORE SAMPLER

SAMPLING DEVICES FOR REMOVING SAMPLES OF
PHOSPHORUS SLUDGES FROM THE
30 GALLON STORAGE BARREL
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o
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6.3 Freeze Thawing Experiments
Sludge samples of from 20 to 30 gm were ttaken
from the brown storage bottles by heating +the bottles to .
H ! * . . =

60°C, mixing and drawing off a sample of sludge with a pipet. -

TRhe samples were then pleced into weighed 100 m% graduated
cylinders. The samples Wz;i/povered with a known volume ~ .
ceee T .
ig

hed Theé weight vf the sample’

of water and the whole re
was determined by difference. The cylinders and samples
were' then capped and placed in a water 'bath and held at /
60°C for 1 hour to determine the reference ydter—slgdge

. 1 §
interface. .

-

At thlS time the gfhduafed cylinders contalnlng
theﬁsamples of sludge were placed in a steel container and
frozen to -10°C for 12 hours. SuBsequent to freezing, the
cylindefs containing the sludge were placed in the 60°C

water bath and allowed to thaw and settle for an additional

IS
-

12 hours. The height of the sludge-water interface was noted ’;
- .

and recorded. Fox some samples thid procedure was repeated . d(

for up to 6 freeze-thaw cycles. After the final settling

——
.

,periﬁaﬁzgke sludge was solidified, the water decanted off
and the sludge analyzed for water, benzZene soluble phosphorus

and benzene insoluble residue.

p.

6.3.1 Water Analysis on Large Volume, High wathr

’ Samples



phorus plant. The apparatus‘is as shown®in Photograph 6.1.

A solidified sludge sample was blotted oh the exterior/by 5

~

plac1ng it between sheets of absorbent paper tOWelang.‘ The

&
sample was then placed into a prev1ously drleﬁyand tared- -~
boiling flask which contained inert gasgeus nitrogen. :;¢1

The flask was stoppered and'reweighed to. obtain the weight

of the sample. Enough benzene wds added to the flask so
that at room temperature the benzene was no more than 0 to : .
-’QO percent_saturated with phosphorus. An 1nert atmosphere

was continually passed throdgh_the whole apparatus, while it:
was being assembled as in Photograph 6.1. During the re-
fluxing operation, the inert gas surge tah‘k was Ezon.tg'.nuodsly ’

- swept with an 1nert gas to insure that no oxygen was present |
The b01t1ng flask \was’ placed in an o0il bath at 120° C and

. l
- refluxed for at least two hours or until no increase in the

Y

. / ) . )
- volume of water follected in the Deah Stark -Trap could be

detected. The water collected was tak to benthe°moisture

content of the- sludge.

6.3.2  Determination of Bepzene Insoluble.Residues after

- M . ]
n

Benzene Extraction of Phosphoru$ from Phosphorus

. - ‘ ' ~ Sludges. o
‘ : g | | .

The procedure as outlined in section 6.3.l'was ’

followed to re@ove any water present. The remaining contents
of the boiling flask were cooled to foom temperature before |

the boiling flask was disengaged from the Dean Stark Trap

»
as shown in Photograph 6.1. The boiling flask was swept

I3

1] -
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. L

with an inert gas during disengagemént and'stoppe
. - [ -

ed~to
z .

prevent evaporation of the benzene until filtration.. Th

8

benzene insoluble residue was separated from the benzene by

'

filtration through a tared course sintered glass funnel.

z

. » i . .
-The residue remaining on the filtér and: the filter wer% dried
¥n an oyen at 100°C for 1 hour after which the filter and:
\ =

residue were cooled in a desiccator and wéighedi The difference

being the benzene insoluble residue. a

A

.‘ ° -
-6.3.3 Determination of Phosphorus in Benzene Extracted
& »

Sludges ~ }

With spécific reference to sections 6.3.1 and 6:3.2,

E

the quantity oijhosphorus as benzene soluble was determined ™\

by\subtracting the weight of water plus the  weight of benzene

insoluble fﬁ"'the initial weight of sludge sample. The

)
3

difference beihg the benzene soluble phosphorus.

s e ——

6;4 Freeze Drying ofLPﬁbSPhbrﬁs i}ydges: Experimental
Sgries 1 énd 2 ‘ : |
Experimental Sefies 1 and 2 each consisted of a

set of 12 individuél‘experiments. The tehperature of the

vacuuﬁ chamber -was held at -20°C and 0°C for.ekperimeﬁtal‘

X

series 1 and 2 respectively.

6.4.1 Apparatus L Q~
'Theufree;e drying apparatus for experiﬁéntal series
1 and 2 was assembled as shown in Figuref.3. The specifica-

tions of the apparatus are as follows:
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-Vacuum gauge

Cold traﬁsci..

Dewar flasks

-

Coolant for-
Condensers ...

Vacuum flasks

¢ - 3 .-

Inert atmosphere

Constant temperature
bath

L d

@ .
Vacuum pump '#k

S wityla 24/29 ground glass joint

r

. C
Model 1400B buo Seal vacuum pump as

¢ .
lmanufactured by the Welch Scientific

€ompany, Sokie, Ill., U.S.A.
. -
two stage vacuum system * -

21 1iters}minute~free air displacement

ultimate}pressure 1 x lO—Hmmﬂé kﬁbﬁeod)
Model'KVG;7l3 vacuum gauée as manufac-
tﬁreq bnyaléers, Germany -

- thermocouple gaugé, Moéel NV-3

- rangeﬂt'to 1 x 1077 mmHg'

y

- 10 mv ogtpué for recorder- . -

McLeod gauée as manufactured by~virtis‘

L]

Research Equipment, Gardiner, New York .
~ range 5*to 5 x 10" ‘mmHg ) N
standgrd“di%mounrable 150 mf cold trap
as manufactured by O.H. johns Scientific

1 liter heavy duty flasks, thermos brand

't
.

liquid nitroéen
dry ice and acetone

125 'mf round bottom boiling flask fitted

r

/

o Of\Ng(“ . - v .
- ! * s AY N - ! -

N PR
-— : .

insulated metal containe
. > 10
, )

- .

filled with either ice and water for

0°C or saturated brine solution and ‘ice
o " ;‘—-

for ~206°C : . L
. . : -




6.4.2 Procedure of Experimental Series 1 and 2

€.4.2.1 Freezing of Samples of giuépe
The samples of sludge to be freeze dried wete pre-
frozen to -10°C before being introduced into the‘vacuum flask.

Because of the reactiveness of these sludgés, special equip-

meht had to be designed to keep the sludges under an inert

atmosphere during the free21ng procdbs. This equlpment is

shown assembled in Photograph 6.2. Figure 6.4 illustrates
‘the handling of the sludge samples withih the freezing

apparatus. ultrshould be noted that just prior to-freezing

. ' . ’
. the apparatus Was filled with an excess of}inert gas. This

. [ . .
was evident by the expansion of the surge balloon. When-the
container con&aining the samples was placea within the
freezer, the éontraction of the gases was. compensated by the

J a

.excess‘gas wiﬁhin the ‘surge balloon., This ensured‘positive

pressure at gll times within the container.
.. . ( b : ’

A
6.4.2.2 Sequence of Operations for the Freeze Drying of

~

Phosphorus Sludges RS

The follow;pg procedure was adhered to during the
freeze- 6ry1ng of samples of phosphorus sludges.
- the entire freeze drier was purged w1th nltrog%

gas,

- th%‘vacuum flask was stoppered, weighed and the
- - 2 ‘
weight recorded, ) '

- an ampule of frozen sludge was removed from the

-

-

freezing apparatus, stoppered, weighed end the weight recorded,




t

PHOTOGRAPH 6.2.
. M . ‘
APPARATUS EMPLOYED TO MAINTAIN THE INDIVIDUAL
SAMPLES OF PHOSPHORUS SLUDGE UNDER AN
INERT ATMOSPHERE DURING PRE-FREEZING OF THE
SAMPLES PRIOR TO FREEZE DRYING
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T= the prefrozen Sample of sludge was introduced.into

the preglously tared and N2 filled vacuum flask, purged agaln

.w1th Nz to ensure that no oxygen was present and stoppered.

J »
\ = L3

. . . =.the- flask-was reweighed to' obtain the weight of

[ e
“the’ Sample. ‘ e : T e
. 4 o LR

‘the vacuum, flask was then engaged to the nltrogen

purged freéze drier., ‘. - :s . .

e

» .

- the stbpcocks to the vacuum- pump and vacuum flasks
‘—T‘f*‘—“ - T -/ :

%

were closed and the vacuum flask and 1ts contents allowed to
'acéllmatrse to the ambient temgeratureh tﬁat is 0° or -20°C.
'S:Q ' - the nltrogen supply was shut off and the vacuum
system sealed by means of- thg stopcock at the surge balloon.
. o . o
.- at that time, the liquid nit{ogén{filled Dewar

. - - . . ‘
flasks were raised-into place so that the cold traps were

v
—

suspended in liquid nitrogen and the vacuﬁm pump was ‘started.
- — The. pressure w1th1n the drier from the ‘vacuum

pump to the vacuum flask 1solat10n sto%fock was lowered to

¢ .
approximately 5 microns mercury. , . C 5
. ¥

~ -~

- the vacuum flask isolation”stopcock was epened _:

,slowly and the treeZeddrying proceSs'allowed to proceed for
the stated numper of hours.l .

- at the end of the freeze dryang eXperlment the
system was bgggght &; to atmospherlc pressure by clq31ng the
vacuum pump isolation stopcock and frlllng the apparatus with
nltrogen gas from the surge ballodn;‘ The-stopceck to the

surge balloon was left'Open to the system to allow for ex-

. pansion of gases.

90
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- the constant temperature bath and llquld nltrogen
I4
filled Dewer flasks were removed from the system and, the

RN .

L4

apparatus allowed to retuxn to room temperature. .
~ the vacuum flask isolation stopcock was' closed,

the vacuum flask removed from the.§ysteﬁ'and reweighed to

determine the loss of weight oflthe*siudge saﬁple.‘ //V

‘ :‘ - the'veiume or water collected in the cpld ;raps'

' ‘was measured’by using a 1 m& pipet divid;d‘i;to 0.01 mf - A
increments. .,‘ . | T

Y . . ¢

"= the contents of the vaeuum flask were then analyzed'

2

for water,'behzene'ihsoluﬁles,‘and phosphorus. = -

.-

6.4.2.3 Water Analysis on Smakl Volime, Low Water Content

Samples . _ ‘ .

6.4.2.3.1 Preparation of Sample

.

The procedure developed by Rotaﬁiu et al. (1952)
o t
for® the determlnataon of water in pure phoSphorus Lwas modified:

‘ .
and employed to determlne the water remalnlng in the freeze * -

- -~ ',

drled samples of sludge.' The procedure used ig as follows:

R .- 4 .
- to the.vacuum flask containing the freeze dried

studge, sectich 6.4.272, 50 m2 of reagent qraée absolute

methyl alcohol was’ added. *

- n

. . , s - .
- the flasK was purged with N, gas$ and connected to 9

a similarly purged and dry water cooled condenser.
- [ , * 4
~ the flask was placed on a water bath at 65°C ‘and

-

mixed vigorously for 15 minutes.
- the mixing was then stopped and the whole cooled

to 0°C and the contents allowed to settle under quiescent

i

¥
]

L}
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conditions for 45 minutes. "The small amount of- phosphorus T
- Y T b4 .

dissolved in the alcohol largp;y settled out upon cooling ’
and standing &s shown by the absence of smoking'after evaporat-
ing 1 drop on a test plate. This glass will detect as little -

as 0.003 mg of phosphorus”. (Rotariu, 1952). No upper limits

~

in absolute values were given for the phosphorus content and
its effects.

3~10 mf aliguots of the alcohol-water mixture f”J

were removed from the flask in a clean dry nitrogen-filled
,pipet and pldced in a similarly treated 150 m{% Erlezﬂsyer \ .

flask to which a magnetic stirring bar was added. The flasks
- / L ‘ ’ -

were sealed with Parafilm (a wax-like material ysed to

temporarily seal flasks) until analysed for wétég employing

the farl Fisher Reagent titration (KFR) method.  *

6.4.2.3.2 Karl Fischer Reagent Titration Method for the

Determination of Water.

When employing tff® KFR method for determining water’
usually both free and hydrated water are determined. By
chooéing'the proper reagent coéncentration (water equivalence),

apparatus, and method of end point detection, the range of

R »
wate{.titrateg can vary from several micrograms to several
Y . . .

hundred milligrams.. This permits the analysis for water in

i

-concentrations from. parts per million 'to 100 percent.' The

- ’ -
titration of water with the KFR proceedes as follows:’

s

.« !

H,O0 + CsHsN*I'; + CgHgsN*SO; + CsHsN + ROH

r

> 2CsHsN-HI + CsHsN(H)SO4R 6.1




During the'titration, the color of the solution’

remains canary yellow as long as unreacted water remains.

Once all of the wa?er is consumed the color changes to brown

due to the presence of unreacted iodine. With visual deter-

mination the end point is accurate to within 0.5 mg of water.

[ - . ’ .
The weight of water contained within the sample of freeze

dried sludge was calculated as follows:
o

r

. -~ : ) . ‘
Total weight of water = net m% of KFR(sample-blank) x %%—%%%"

mf of alcohbl used for extraction

X Mm% of alcohol taken for analysis

eeel

»

6.4.2.4 Determination of Benzene Insoluble Residues in
Freeze Dried. Phosptorus Sludges

. »The reader is referred to section 6.3.2 fof‘the
detailed procedure for the determination of benzene insolubles

b ) o
in phospheris sludges.

7 F

* ’
6.4.2.5 Deté@mination of Phosphorus in Benzene Extracted

[

/Sludggs

'With specffic reference to sections 6.4.2.3.2 and

4

6.4.2.4 the quantity of phosphorus present as'benieﬁéﬂsolubies

~

in the freeze dried shmple%/was determined by subtracting

the weight of water plus the weight of the benzene ing®lubles

r

from the total weight of fhe freezeﬂdr#edgsludge.

6.5 Freeze Drying of Phosphorus Sludges, Experimental

.

Series 3. ‘ .

AExperimental series. 3 consisted of a set of 6
individual experiments.. The constant temperature bath was

-

held at 0°C.
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6.5.1 ' Apparatus

-

For the purpose of following the changes of pressure

d

within the vacuum flask and the degree of“evaporative cooliqg
in the sludges during the drying process, the apparatus as
described in seoction 6.4.1 was modified as illustrated in

Figure 6.5. This equipment is shown:assembled in Photograph

6.3.

The specifications for this modified apparatus.were

o

the same as those described in section 6.4.1 except for the

additibn ¢f a thermister intc the vacuum flask, a constant

~

‘current power supply and a multi channel strip chart recbrde:.

The multi channel strip chart recorder is shown in Photograph,

&

6.4. The specifications of this -additional equipment is as

¥
‘ )

- © [

fqilows:.

. Thermistor T - Model No. 44003 as manufactured by

. YSI Coﬁponents Division, Yel;ow
Springs, Ohio -
- temperature raﬂge, ;80? to + 150°C -
- accuracy in Working range -30° to
+30°C, + 0.3°C

- dissipation constant, powef required

to raise temperature of thermistor 1°C °

above the éurroundiﬁg media, 64 mw

" - variation in resistance with temp-
po ® R g )

‘erature, refer to Table 6.1

- maximum diameter ofi thermistor head

4

0.095 in-

94
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Temp°C Res. . - - - Temp°C . Res.
) -30 10.92K . T 0, 2691
- +729 10.38K + 1 2579 -
. ‘ 28 9866 : T 2 2472
27 9381 3 2370
26 8922 ) 4 2273
25 8489 5 2181
" 24 8079.- 6 2093
“ '23 7692 ’ u 7 2009
© ., 22 7325 . 8 1928
/21 6978 .9 1852
-20° 6649 +10 1779
, 19 6338 » 11 1709
. 18 6043 12 1642
17 5764 13 1578
16 5499 14 1519,
15 5248 15 1459
.14 5809 16 1404
13 4783 17 . 1351 -
‘12" 4569 - 18 1300
11 4365 . 19  1251-
-10 4172 +20 1204
9 3988 21 1160
.8 3813 ’ 22 1117.
, 7 3647 3 23 1076 .
[ 6 3489 24 1037 - -
5 3339 . 25 1000
4 _3196 26 963.4
-3 QBoel 27" 928.9
r 2 2931 28 895.9
-1 2808 29 864.1
430

. : . ‘€ )
TABLE 6.1

X

.

Resistance Versus Temperature -30° to +30°C-

-

*

(after YSI Specification Sheet 4/72-2M~-RR-3)

833.7

—

o =
4
, -




PHOTOGRAPH 6. 4.

.
s

MULTT CRANNEL SﬁRIP CHART 'RECORDER TO
MONITOR THE VARIATIONS OF PRESSURE AND TEMPERATURE

WITHIN THE VACUUM FLASK DURING "THE FREEZE, DRYING OF
PHOSPHORUS SLUDGES . :

"
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1 o
constant voltage - assembled by. the ‘electronics shop,
. power supply . ' '
. Faculty of Engineering Science, The"
University of Western Ontario :
- 10 mv at 10 ma - l\
multi channel strip - Model No. K 10 as produced by - Y
chart recorder
: Kikadenki Kogyo Co. Ltd..Japan
) L .- input voltage 10 mv to 20 volts
- chart speed variation 60 cm/min to
F
1 cm/hr - ' J -

6.5.2 Procedure of Freeze Drying Experimental Series 3

6.5.2.1  Freeze Drying Procedure

.

The brocedﬁre was essentially the same' as that

-

outlined in section 6,4.2. The only variations in the ‘above
- .

mentioned procedure were: . -

. - thée thermistor was impl&nted within indentations

0

in the sludge before the vacuum flask was engaged to the

~ vacuum drier.

q i " LR —
- the time required for the temperature of the sludge

AS 4

to eguilibrate with the.ambient temperzture around the vacuum
[ ' e .,
flask was-governea by the output from the thermistor.

; - the channel recording vacuum flask pressure was

turned to the on position after the vacuum gauge'méter showed

- .

a pressure of one mm Hg.

No specific time intexrvals were set for the length

B

of the freeze dry cycle as the time depended on (1) when the

temperature of the slnge returned to the ambient temperature

and/or (2) the shape of the pressure profile within the e

- . L ]




. .

&

-

_of the vacuum flasks at 20° and-30°C. These temperatures

e

N 1 |

vacuum chamber. - . .

L4

. %
6.5.2.2 Fredze Dried Product Analysis

»

The ‘analytical procedures for the determination of

-

water, benzene insoluble residues and phosphorus were as

outlined in sectioms 6.4.2.3, 6.4.2.4 and 6.4.2.5 respectively.

6.6 . Cold Temperature Distillation 8F Phbsphprus Sludges

- ¢

6.6.1 Apparatus ) ) Lo

The apparatus used in experimental series 3, section

s . vy %o
6.5.1, was modigiedufo provide a heating coil within the

constamnt temperatyre bath to maintain the 'ambient temperature

=] . .
were. employed in experimental series 4 and 5 respectively.

The heat source was provided by a Launda Ultra Thermostat,
. ' L =T o
Model NBS15 as manufactured by Messgerate Werk Lunde, Germarky.

W

This ipm is i ted in Phot :
his equ}gpent is 1llustrated in o] ograph‘6 5 The —\

specifications are as follows:

- temperature range:0°-100°C
- circulating fluid: “distilled water
- circylating rate: 8 liters per minute

- heater Butput: maximum 2,000 watts o

.

, - control accuracy, ¥0.01 to £0.02°C

rs

" L)

6.6.2 Procedire for Cold Temperature Distillatioh

<

Experimentdl Series 4 and 5 ‘ y

"The procedure was conducted %n the same manner and

4

sequence as that followed in phé freeze drying experimental -
serie7 3. i .

. »



'

' . PHOTOGRAPH 6.5.

. LAUNDA CONSTANT TEMPERATURE WATER BATH
‘ - AS USED IN THE COLD TEMPERATURE DISTILLATION
EXPERIMENTS AND SOLVENT "EXTRACTION EXPERIMENTS
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The duration of the distillation experiments at
-+ : ¢

20°C (experimental.series 4) were 2,;4‘aﬁd 6 tours, while

- —~ =

- - the duration of the experiments at 30°C fexpé?fméntEI“series
s < ‘
5) were 1, 2, and 4 hours.—%

Iy -
!

6.6.3 Product Analysis of the Cold'Temperatﬁre Distillation
- : Experiments

The analytical procedures for the determination of

)

water,. benzene insolub®fe residue and phosphorus were as.out-

lined in sections 6.4,2.3,°6.4.2,4 and 6.4.2.5 respectively.

P
~

6.7 solvént Extraction of Water from Phosphorus -Sludges

+Two solvents were examined for their ability to

w +

" remove water from‘phosphprus sludges. The first one examimed

'S

was reageﬁf grade absolute methanol and the second was pure

reagent 'grade 95 percent ethapol.
VAR

B gy
2
‘

6.7.1 Apparatus ) R - /

The flask in which the'extraction of water from

the slhdges occurred is shown in Photograph 6.6. :THé completely -
o assembled eéuipment as used im the experiments is shown in
Photograph«6.5. The magnetic stirrer used was a Corning"

magnetic stirrer Model PC~353.

a

@ , )
6.7.2 Procedure Solvent Extraction .

The procedure observed for these exgg;iments was

as follows: . . - . <~;) -

s .
- the extraction flask was purged with CO,,

- stoppered and weighed.

N




PHOTOGRAPH 6.6.

» 7 ) -
EXTRACTION FLASK UTILIZED IN THE SOLVENT EXTRACTLON
OF WATER FTROM PHOSPHORUS SLUDGES



-

-
..

< a sample of sludg‘:v‘eighiﬁg 20 to 30 gm was
introduced into the extractiof flask. The flask was again
purged with Coz,~énd réﬁeighed’tc obtain the weight of

sample.

Vo - - enough water was added to the flask to bring the -

water content of the sludge to }n estimated 65 to 70 percent.

~ ethanol or. methanol was added to the system in

weight ratios ranging from 1.5 to 1.0 of alcohol to water to

i [
5 to 1 of alcohol to water.) "

- the éxtraction'vessel'was then connected to the

nitrogen purged condenser system, the contents of the~

’ extraction flask being vigorously mixed for 15 minutes.

- after mixing, the fontents of the flask were

-

allowed to settle quiescently for 1 hour after which a sample

of alcohol, water, phosphorus was taken and analysed for

phosphorus, -

- the 65°C water surrounding t reaction flask .

was then replaced with ice water and the gontents of the

™ [4

flask allowed to settle for an additional 45 minutes.

- a sample of the dlcohol — water mixture was then

-

analysed for water as described in section 6.4.2.3.

- the alcohol-water mixture was then removed from

the extraction flask. Another volume of alcohol equal to

the amount used in the first extract added éné fhe mixing,

s
y

cooling and sampling proc?s%_out;ingd above was repeated.

-

<

6.7.3 Analysis of Solvent Extraction By-ProHucts

s

- , 7.3.1 Water Analysis in the Supernatant
- ‘ &" -

v




S 105
SN 7

The analytical procedure for determining t water

-~

. , 1 -
+ present in the supernatant is that outlined in sectign

6.4.2.3 of thib text.

a 6)%}3.2 Analysis of Phosphorus in the Alcohol-Water
‘% . . ) .

&

6.7.3.2.1 Prellmlnary Ox1dat1ve Digestion of Sample
)

The sample of aIcohol ‘water and phosphorus was .

i

.

Supernatant

]

PR

removed from the extractlon flask an& ox1dlzed to form ,

-

crthOphosphatea.' The procedure used was as that employed

by ERCO's analytlcal labs and is a modlflcatlon of the

f~Sulfur1c Acid-Nitric Acid Digestion Procedure for. total

- phosphorus as outlined in Standard Methods (1971). TWe : ’

modified‘procedure is as..follows:

~, = five mf of nitric acid was introduced into a

A
’ . - -

phoébhaﬁe free‘microkjelaehl flask and the flask purged

with CO,. .

-

- - a five mf sample of the alcohol, water,sphosphorus

9

, mlxture was added to thi;g}ask

~

- the séﬂg}e was gently oxidized down to a volume
t . R s
of approximately one half mg. -

“ the sample was then cooled and neutralizedéfo

the phenolphthalein end point with NaOH. )

<

-

- the neutralized sample was then made to 100 m& .
5voluﬁe. r T

~—

6.7.3.2. 2 Phosphorus Analy31s -*;, o R

o -

An allquot of the sample as prepared in 6. 7 3.2.1

!

*
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o

A i

was anélyse for phosphorus by the Vanadomolybdophosphorié

acid colorimetric method as outlined/in Standard Methods {1971).

L ] . s
/

6.8 Eled¢tron Microscoﬁy and Xfray Analysis of the
s i >

Benzéne Insoluble Residue

: Y

In pr%paration for éleqtﬁon microscopy and Xx-ray

: ‘ { \ ‘

analysis of the Benzene insoluble residues, a sample of the,
) p ]

residues was dried in an oven at llQ°C for 1 hour. A small

.portion of the‘resxgue was then moeg;ed on a .graphite block
» L ’ [

using silver paint ;s an adhesive. The mounted sampie was

then covered witﬁ a é%ry thin layer of gdld. Photograph 6.7

shows the mounted sample.

- The sample wa
o

probe microscope, Model

analysed in a scanning electron

- '
icro Analyser Sen 2A as manufactured
-

by Associatqqupléctrical ndustries Ltd. Manchester, England.,

This was coupled together with an energy dispersive x-ray .

s

L 4




PHOTOGRAPH 6.7.

SAMPLE OF BENZENE INSCLUBLE 'RESIDUE ,
AS PREPARED FOR ELECTRON MICROSCOPY AND X-RAY ANALYSIS




PHOTOGRAPH 6.8.

SCANNING ELECTRON PROBE MICROSCOPE MODEL
MICRO ANALYSER SEN 2A UTILIZED IN

- THE ANALYSIS OF THE BENZENE INSOLUBLE
., RESIDUES OF PHOSPHORUS SLUDGES

-
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the barrel was not mixed prior to. or during sampling. The

“analysis of several samples of this sludge for phosphorus,

e %
CHAPTER /7 ., ‘ - T
: ot ‘_ '_ ° . .
EXPERIMENTAL' RESULTS Y TR
7.1 Composition of the Untreated  Sludge .

It was suégested-by'ERCO that a conventient location

[ . % . v
in their process line to insgtall special inplant sludge

: i S o &
handling facilities would bei immediately following the sludge
- B i -

' : . ]
centrifugation operation. F?r this reason, the sludge used

in this research was taken from that'location. A 30 gallon

&

barrel of this sludge was prov1ded by ERCO Industrles Ltd
b o

fog these studies. . L - . » !
-The small individual samples of sludge on which the

experiments were perfdrmed, were takes from the top quarter |

layer of the sludge in the 30 gallon barrel.’ The sludge in

o

water and benzene insolubles are presented in Talle 7.1. An

examination of Table 7.1 empbasized the fact that the sludges

w "
3

are not homogeneous in natu;z. This nonhomogeneity was further
- * . '] ; .

exemplified by the fact that when one of the‘samples was

drawh from the barrel with ‘a” ladle, the sample burst -into

'

. flames. ThlS indicated that there were small pockets of

§

pure phosphorus trapped w1th1n the upper layers of the slud&e,

o

which normalily contaln% the lowest concentratlon of phosphoﬁus.
- “The water content of the samples of sludge varied:
from 19 percent to 47 percent‘ahd the phosphorus from 37 peréent

to 70 percentffwhlle the concentratlon of benzene 1nsolublesﬁ
* ’ L4 |
< |

a d
S < -

110




TABLE 7.1 -

A

‘ « - Composition of Centrifuged Sludges*
o | o .
Phosphorus Benzene Lnsdluble . ‘. Water
- ' Residues _ .
T* | 3 R %
41 14 .45
A 50 . 16 . 34
-. .10 - 11 : 19.
- ~ 70 9 <, 21
52 . e BT R ’ 33
57 o~ 12 ” © 31
43 . 27 . 30
48 3 - 12 ) . . 40
RN + 53 : o 14 - 33
63 L1 26
59 _ S 11 | 30
o 57 o ' 12 | 31
/ : . 52 . 13 35 '
B ) 51 - 9 40 .
50 7 43 .
37 ‘ © 16 47 '
50 . 12 ’ 38 o
44 . } 18 . 38 -
49 : 12 ’ 39
50 10 40
51 ' 11 ’ ' 38
i 54 £6 40
62 ' .11 27
il 64 : - 10 . - 26
56 10 o 34
50 11 -~ 39
60 .. 6 : 34
52/// 10" ‘ 35
N 5 & * lO i , ’ 36
- 51 o C.20 , 29
: 64 ’ . 11 25
) 52 ., 8 * ‘ 40
, <
“

Sludges subjected to approximately 2500 g .

‘-(l , ‘ . o




ranged from a. low of 6 percent to -a high of 2y percent. .

+ . v o

3 ©

From a statistical analysis,'the average concéntration of

-
.

phosphorus, benzene insolubles and wa,ter were 54 1“2 ‘and 34

percent reséectively. Thesxandard dev1ation of'each of the
- ) '
above werej7.6; 4,1 and 6.7 respectively. .’

Because of the variations in percentages of each

-

compornient ; it was impossible to analyse a small portion of
a sludge sample before an experiment ‘and to report the '
findings as being representative of the initial composltion

N

of that sample. ﬂhe comp051t10n of the sludge sahple

. was obtained by totaiing the weights of each of tge three

components, phosphorus, benzene 1nsolubles and wategrfrom

B the different analy51s for the same w1th1n each experiment
\\S>\\By~sqggining the data»bfte; the completion of the experiment,A

//the percentage of each coﬁponent in the'sample,was determined.

™

7.2 Freeze-Thaw Experiments :
‘ I

. ' =
- N / o ' w v, 4'«~.~
.’ .

- .
t

The sequence ot‘éreezing and thawing has had .

-

‘pronounced effects on_breeking the emnlsion formed by some
inorganic sluydges. For this reason the process of freezihgv
endbthaw1ng was examined in an attegpt to break, the‘emulsion
Q;own as phosphorus sludge. The data on a limiteé-number of

experiments demonstrated that up to 5 free21ng and. thaWing
cycles of the phoéphorus sludge had little effect oft cau51ng
water ‘to separate thus lowering the, water content of the S
sludge. The results presented in Table 7.2 indicated that
accordinéwto the findings éf section 7.1, the water content
remaining in the sludges ‘after the freezing end'thaﬁing

k4 .
-



[ IS

v €

¢ TABLE 7.2
' N
Effects' of Freezing and Thawing on
/) -
the Water Content Remaining jin
Phosphorus “Sludges-;_ -
'] . - L ‘ : e

;fFreezing and Thawing = Moisture Coptent-

Cycle Number - | . Percent
. .1'7* .. ');‘, R N K
2. . ’ - 50
. o -
3 - - , . 45
4 - | . 47
_———— L]
' - >
5 o 45
‘ , }
6- 44
§
q
S A,
’ . >‘ »
.
rd 1
4 1
A
. / -
> »
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L]

. process such as freeze drying could proddoe such a product.' .

\,,
r
== -

- 4 - a
0 . - . - b
e 2 -
.

]
-

process was above the average water content of the sludge

4
¢

~samples. Because of the high water content remaininé in the

sludge =nd that no phase separation of the phosphorus emulsion

was observed, investigations into this process were dis-

continued.
7.3 Freeze Drying of Phosphorus Sludges -
tu In order to produce a sludge low in its water ) ’

content and in a solidified form it was theoriéed that a

A dried solidified product would mean that with some modifica- s
tions,gonventio‘pl solids handling techniques could be used
to transporﬁ‘the sludge to other facilities for phosphorus ' -

recovery. : ‘ ’ K ' -

N - -

To ensure that the water within the sludge was

-~

frozen at the start of the freeZe drylng process, an ambient

temperature of -20° and gecC were used in Series 1 and Series. 2

i -

experiments respectlvely. Water removal was by sublimation

only. . - ‘ . .

7.3.1 Ffeeie Drying of Phosphorus Sludges at -20°C

The experimental data as pfesented in Table A-1, °

3

Appendix A, 4re the results of the freeze drying experiments

_condueted af’gn ambient temperature of -20°C. The most

. ’

important information to be observed from this table of
P .

data is the water contents of the various freeze dried

»

samples of phosphorus sludge. These dat% are presented in

Figure %.I. Note that as the duration of the\free;e drylng
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9 percent water iskvery tightly bound. ) ,

x T S 116

-

- process becomes longer, the remaining water content of the

- -

in8ividual samples becomes more uniform. A drying time of

approximétely 7.5 hours produces a sludge product‘ﬁith a lo0

*

" percent moisture content. Even after 12,hcprs tﬁe moisture

content was only.reduéga to approximately 9 percent. This

>

. —_

represents only a 1 percent reduction in moisfure centent for

4.5 hours of drying time. The water in sludges containing
Figure 7.2 presents the decrease in the origimal

water content of the sludge with respect to the duration of*

the drying process. Note that after 8 hours of drying 84 . ®

.perceﬁt of the water had been removed. The additional water

removed from the s{udge during tﬂe‘nekt 4 hours was found to
be minimal, ‘This is consistent yith the findings of the data
presented in Figure 7.1. f

With reference to Figuie 6.3 Tbthe pressurg as read
on the vacuuﬁ gauges was found tb e ggneraliy less an 84
microns for each experiment. The maximum vacuum tha¥§ could
be applied to the system with the present -vacuum pump was in
the order of 5 microns.” This was o¢btained without any sample
of phosphorus sludge in the vaéaaH flésk, thué indicating
that when either dry ice and acetone or liquid nitrogen was
uéed as a coolant around the cold traps, virtually all of the
subliming condéﬁsable gases from the sludge sample were'being
trapped in the first cold trap. o

]

During the drying process a cértain amount 'of s

phosphorus is syblimed away from the 'sludge. Figure fVB

. - A

(—-h‘\\“- | | |




.

N - 2002~ L¥ $39GN1S SNYOHASOHd 40
’ ) ' . - ONIAYQ  JFZ33¥3 40 NOILVYHENA Ol 103dS3d HLIM
. Q3AOWI¥ 3TdWYS TUYNIOINO NI ¥ILVYM 40 IN3IDA3d
_ ; . 2*L 33914

| (SHNOH) INLL

. Sl v € 2 .. O & 8 L 9 & b § 2
1 ¥ . T

L ¥ & Li 1 1 ¥

d.

o 71

(VLOL 40 IN3DJH3d) G3AOW3H HILVM




s . ; ; . .
- dv¥L 4102 1S¥14 3IHL NI N
d3L137700 ONYV $SID0¥Wd ONIANG 3733¥4 IHL ONIAINA D 07~ LV
390NTS SNAOHJSOHd 40 -83dWYS WOH“GIWITENS SNYOHJISOHd

. €L 3yN9rg - | . .
" (SHNOH) 3IWIL .
- . 1 4| ¢l 2l i ol 6 8 i 9 S 4 e 2 | o} N .
’ r T Y T T T v/ T Y ¥ T 3 ™7 T 0
S //,
e
4 W Tt
- ‘ 4101 @
Pl . d
XL
. e
] . . D
bl N o~ m
. 402 @
' 2 O
. ar
. ) m 3
- “ z D
: =
. o .
| -
. . o] .n:v %
“ -4 7 i
A . AIU. —
! J / . . b ) (@)
r
. —10¥ - m
. r
. o
» l . ’
log 2
: ‘ ) ‘ v
, - <09




1nd1cates that as the duratlag of drying lncreases, the

amount of phosphoris subllmed off and collected 1n the flrst
cold trap also increases. The data indicate that at 4 hours
an average of 4 percent of the phosphorus in the sludge'?s
sublimed off while at 8 and 12 hours this quantity increasesf
to 9 and 22.5 percent }espectively.‘ The phosphorus coMlected
in the upper portions ofethe cold trap was very white and -
appeared to be of high purityl ?hotograph 7.1 shows the -
phosphorus collected during ekperiment l;ll. The leve{tof‘v
the liquid nitrogen used as a coolant around the cold trap

t

vas approximately at the bottom edge of the ring of phosphorus.

When this 'material was exposed to air, it began to smoke and
burst into flames.
During the drying procesg, the sludge has a very

b

dry and cracked appearance. 1In some’cases, parts of the ~ - e——

dried sludge had a crystalline appearance. An example of

t

this drled appearance of the sludge 1s shown in Photograph
7.2. ‘the photograph was taken at thefﬂuiof experlment l 11.

Except for the samples that weqe only processed for less

ol

- ' Y
than 4 ‘-hours in the freeze drier, parts of the dried sludge

samples broke away from the main hody into dust like particles.

. <
7.3.2 Freeze Dryipng of Phosphorus Sludges at 0°C

By using the samé'experimental apparatus as used

s

for the freeze drying of phosphorus sludges at ?é0°g, the

o.‘)

effects of raising the temperature of the constant temperature

water -bath to 0°C were investigated. The data obtained from

-~

this set of experiments are tabulated in Table A-2, Appendix A.

- - ,




5~ PHOTOGRAPH 7.1.

SUBLIMED PHOSPHORUS FROM PHOSPHORUS
SLUDGES THAT WAS COLLECTED IN THE
FIRST COLD TRAP )

-

L]
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-

PHOTOGRAPH 7.2.

”

APPEARANCE @F THE PHOSPHORUS SLUDGQ/
AFTER DRYING FOR 12 HOURS IN THE ,

FREEZE DRIER AT -20°C '/
EXPERIMENT 1-11 /

/

/
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g

Py Higher temperature had a very pronounced effect®on
v o - ‘
the final watér content of the freeze dried sludge.’ The

~ "

data revealed that after 12 hours the water content was

-reduced to an average of 5.7 percent of the dried sludge.

The percent water remaining in the sludge after freeze_drying
with respect to the duration of the drying pégcess is fép—.
resented in,Figurg 7.3. It is interesting to observe that
after 4 hours of érying, the water contentjpgmaining in the
varibus sludge samples is-gelatively cormstant, i.e. within -
a few peréentage points of each 'other. This appéars to be

[y

indepeﬁdenﬁ of the size and initial water‘conﬁent,of ‘the
in&ividuaIISamgies used. Anothér interesting fact'obsérved'
from Figure 7.4 is-that the time required to féduce the water
conten£ of the sludgés to lO‘percént has decreased from 7.5
hHours for an ambient temperature of -20°C to 3.8-hours for

an ambient temperature of 0°C.

Data taken from Table A-2, Appendix A, relating the
percent rgductiﬁﬁlof the initial water content of the slﬁdge
wifh respect to the duration of freeze dfying at 0°C are
presen}ed in Figure 7.5. It was 6bserved that within 4 hours
from the start of the freeze drying proéess,‘Bl percent of
the initial water present in the‘sludge héd been removed, An

&

additional 4 hours, that is a total of 8 hours from the start

L4

oo

of drying, only removed another 9 percent of the water present.

After 12 hours of dryingpy the process had rémoved an average
: T
of 91 percent of the original water in the sludge.,

From these eXpeéiménts it was expected that as the

T~
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duratlon cf the freeze drying process increased amd the wate‘

.content decrqpsed, the quantlty of phosphorus subllmed from

"QQK.A = the sludge and collected in the cold trap would increase. '
‘f:n. In thlS partlcular eXperiment this phenomena does not occur. .

y The data are presented 1n Flgure 7. 5 It -was found that after

2 hourffaf‘drylng approx1mately 18 percent o£ the original -

o
.

.. phosph&rus An the sludge had been sublimed over to the qold : 1
trap. This loss of phosphorus content 1ncreased»to 20 percent
R ' after 4 hours. ‘However.at longer process time intervals the

phosphorus that was lost decreased to only 9 perqent-of the

»

original at 8 hours and 10 percent at 12 hours.

e ” . B -

! ,
In comparing the results of this set of experiments

to the drying of pho%phorus sludges of the prev{ous sét under

s,

the same operatlng condltlons expept for the dlfﬁerence in
vacuum flask temperature, that 1@ —20°C versus 0°C, the -20°C

’ 'drylng experlments resulted in the same quantity of sublimation ,
3 _ g | | | : o
of phosphorus after 8 hours and a much'highér sublimation rate

- . ) ’ M \

at 12 hours, that is 22.5 percent at -20° as compared to 10 }

percent at 6°C.. No explanation for this is offered at this

. .-. AR} N . v ) *
time. / L -

. . * c ) .
7.3.3 Freeze Drying of Phosphorus Sludges at  0°C Using the

o Modified Freeze DBrier.
\I ‘ - » '. i 54': . a 4 k3
* This set of 'experiments involved the use of 'the Sy
- - » i v e
modified freeze drier as described in section 6.5.1. The
-] ‘ v
ob]ectlve was to follow the pressure “changes within the dryi
\ P\
chamber and -to fdllow the extent of evapaqgrative'cooling during
|

-the vacuum drylngrprocess. The results of this set of

-
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'efperiments are tabulated in Table A-3, Appendix-A. Because
the amblent temperature of the vacuum £lask was held at 0°C,

*the results of the percent moisture remaining within the

) [
-

ﬁ,\. sludge after drying were superimposed over the results of

experimental series 2 as presented in Figure 7.3. Notice

the cldse agreément of the two sets of experimental results.
Only the results of expériment 3-2 were in disagreemet)tuwith‘
those presented for experimental series 2. In this case the
moisture content.remaining was found to be ‘¥2 percent instead °
’ oﬁ 7;pe£cent‘establishgd in the previous setrof experiments.
Thi results of thé percent reduction of the original
water content of the sludge are presented in Figure 7.5. Data
are in close agrgément«with‘that presented for sgries 2

experiments, however the results from experiments 3-4 and 3-5

are 16 percent and 7 percent.less than the values establiZhed

)
y ’

»for the series 2 experiments.

The  percent of the total phosphorus present inpkhe

original sludge samples sublimed from the sludge and cocllected

in the cold trap during the individual experiments of se;iqs

3 aré preéented in Figure 7.6. The results for this series

LA

of experiments exhibit the same degree 6f scatter as the

-
PR N

results obtained from the series 2 experiments. This scatter
. i

is disgussed‘mofe fully in the discussion of the results

presented in-'Chapter 9 of this work.

In an-attempt to follow ‘the effects of decreasing

# -«

guantities of ice on the pressure profile within the vacuum -

flask during a freeze drying experiment,“ai§mall sample of

=

-

.
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puré ice was placed in a vacuum flask and-the ice sublimed

from the vacuum fidsk and collected in theécold trap. The
brocedure fellowed wasethe-same as-that used in,experimental‘
serie; 3. _Figure 1.7 illustrates the vacuum flask pressure
profile for the sample of pure ice. Interest should be o
focused éq the initial pressure drép from 760 mm Hg'to ap-
proximately 0.5 mm Hg t?llowed by a gradual decrease in ’/J

F

pressure as the volume‘of ice remaining decreased. At a

flask pressure of aEproximately 0.1 mm Hg, the vieual‘quantity
:of ice remaining with the flask was barely notiéeable.llAt
thie tiﬁe, the pressure within the vacuum flask decreased
rapidly to appro#imately the limit of the pamping system; No

temperature profile was taken with this experimental run. .

The weight of ice sublimed during thiqtexper%meﬁtfwas not
r .

. determined. 8

3 -

Durlng experiments 3-2 through. 3-7, the temperaturé
and pressure profile of the sludge and vacuum flask respectlvelé

' were recorded in an attempt to corrélate the pressure and

temperature profiles with the moisture content remaining in

-

the sludge.’ An example of this correlation between the

temperature and pressare profile is given by Figures 7.8 and

L7.9.respective1y. These are the reco)ds for experiment 3-5.
Note that at approximately between 6 to 6.5 hours after the

. \ ,
o~ .
start of the drying process, the temperature profile returned

to the ambient témperature 5} 0°C from| a" low of -10°C while

the rate of decrease of pressure within the flask began to

decrease. With specific reference to Figure 7.4, it should

~—
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noticed that after 6.to 6.5 hours of freeze drying the

decrease in moisture content with respect to time becOmes
minimal.
It was observed that the degree of evaporative codling

was not constant and was dependent on the initial availability

of ice to be sublimed, EhéL is it depended on such factors:

- »

as’ whether thg surface éf the skudge was thoipughly driedibr
‘\\\\\iﬁrbge;;amplenhad\mgre fissures in it. The results obtained
from these experiments indicated that a temperature drop of
from 4.5°Csto as much as 14°C could be attributgé to evapora-
tive cooling. In addition to Figure 7;8, feferehce ié made - -
to Appendix B for addit;énal graphical results of this
pﬁenomena.
During experiment. 3-3, the small sludge sample broke,
e 2allowing the thermistor to come to rest Aext to the inner
surface of the vacuum flask between the two‘smaller samples
of slﬁdge} Agigure 7.10 represent; the temperature profile -
conducted with the thermistor in this particular experiment.

Observe the point 'l' on the profile where the sludge sample

W e e,
:

broke. Because the two smaller samples moved only a small’
distance from the thermistor, the evapPrative cooling of tgg
sludge still exert some influence on ghe resistance of the
thermistor aﬁd'hence the termperatuée recorded. After 140
minutes the gheémistor régistéf@&”gfégageraturé of 0°E, the
'ambignt.témperature éor that experiﬁentf e

L e . . ‘
In contrast, "Figure 7-11, representing the temp-

'S
. .

erature data obtained from experiment 3-4, indicates that unles} th
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exhaust por£ of the vacuum flask was extremely wéll‘%igged
with ice and insulatiqg: a slight increase. in temperatu?e
abOVe\the ambient temperature occurred on the uppef sur face
of\“the sample. .Points 1 to 4 inclusive indicate thg points
in time tha; aéditional ice was added around the vapor port.
' ‘ With- specific reference 'to Figure 7.9 and additional

- pressure data for this series of experiments which is presented

in Appendix C, it was found that in all «<aseslthere was a

specific time period after which the,rate of decrease in
pressure within the vacuum flask decreased, e.g. at 90 minutes

in Figure 7.9. ,This was followed by a time period in which

Epe pressure decrease in the flask increased sharply with time.

.
When comparing the shape of these curves to that of the
. , Iy ’
sample of pure ice, the decrease in pressure.was interpreted

to indicate when *the most easfily removed water had been

sublimed away from the sludgé leaving only the water tfapped
' VT i

deep within the. sample and watdr of hydratiom, This is .

supported by the respective surface temperature profiles of

-

the dryingysludge.

7.4 ' Cold Temperature Distillation'oﬁ Phosphorus Sludges'
’ [

By employing the modified frgage drier as used in

, . = ;
experimental series 3, the effects of drying the sludges at
a temperature greater that 0°C but less then 44°C were
studied. For this study two temperatures, +20°C and +30°C

. were examined, the former designated as experimental series

4 and the .latter designated as experimental series 5.

-

' ’ -5
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‘ ’ 7.4.1 Cold Temperature DLstlllatlon of Phosphorus Sludges
at +20°C, Experlmental Series 4. o e
'The sludge samples were not prefrozen as in
experimental series 1, 2 and 3 but allowed to come to |,
equrlibrium ar +20°C within the vacuum flask before the drying

.

process was started. —Photographs 7.3 A, B and C were taken

of the sludge sample of experlment 4-2 in progress and ‘shown
/ in seqguence; the sludge sample as, introduced into the vacuun
flask, the partly dried sludge approx1mately 20 minutes after
the start of the experiment and the drled sludge after 4~
hours of drying in the apparatus; The eppearance of the
dried slddge was no different from that of the freeze dried
sludge. It was light gray in color and in places"appeared
to be crystalline. Note in Photograph 7.3B the position of
_ the thermistor set in an indent in the suréece of the sludge

A} . 4

sample.’ N

-

The products of the cold temperature distillation‘
experimenfs were analysed using the s?me proceddres as the ’
products from the freeze drying experimentsf The reésults are

_ tabulated in Table 5—4, Appendix A, 1In examiﬂing the table,
Vthe most important information tabulated rs r;e percent
moisture remaining in the dried sludge, the time required
s to attain this level of dryness and also the quantity of
water drawn off to achieve this level of dryness. Fi e

7'.12 presents the moisture content in weight percent of the

dried sludge remaining with respect to the duration of the

v

distillation process. Within 2 hours, the moisture content




. - ) ) d ‘ X

.+ Photograph 7.3. Appearanffe of thé Phosphorus
Sludge Sample Taken While
Experiment 4-2 was in Progwmess

Note: A - 'sludge sample as
© _ introduced into the
@ T vacuum flask.  Note
- the dark black color.

B - sludge sample after 20
minutes of drying. Note

. the dark gray color of
the partly dried, sludge.

. . C - sludge sample after 4
. hours of drying. Notice
the light gray appearance.
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was reduced to 9 percent.end an additional two hours reduced
the water content to 5.5 percent. At the. end of 8 houi§ the

water content had been reduced - to slightly “Iels than .5 percent.

-

The percent of the original water ¢ ntent within
the sample that was removed/ﬁith respect to time under the v
conditions set for this experiment (that is an ambient

. /
temperature of +20°C) arejbreeented in Figure 7+13. 'It was .

‘observed from the data pr senﬁed_that583 percent of the water
- e -

present was remoqéd'in 2 /hou¥s while during the next two -hours \\
A e

- / f - R
an additional 7 percent kf e Water was removed. Jrhe remain-

ing 4 hours of the expeﬁlme t only succeeded in removing:®
é_ *
another~2 percent of tﬁe w ter preseht A total -0f 92 percent
¥ >
L .

of the water being remOVed in 8 hours.

-

Photographs 7. 4 A B, C and D thow the moisture~
collected from the drled sludge during experlment 4-2.
Observe the seperat;on of thg ice from the phospnorus\when

the cold trap was removed from the liquid nitrogen and allowed
to warm to room temperature. Tne;photographs 7:4 A, B,QC and .

D were taken .5, 7,'12_and 20 minutes after removal. of the liquid

nitrogen from around the trap. Good separatioh of the ice ‘
.from the phospho¥us was achieved in this manner. Any

v . 9.
phosphorus that was trapped in the ice as it slid down the

. ) * -
drop leg of -the trap, separated out from the ice when it -

¥
melted at the bottom of the cold trap. Visually this

quantity of phosphorus was small compared to 2}6% remaining
within the drop leg. , ‘ )
K For this set of edperiments, the temperature and

. “
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FIGURE 7.173.

PERCENT OF ORIGINAL WATER CONTENT OF
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Photograph. 7.4 Separation of Water from Phosphorus
g in the Co6ld Trap after Cold
. ) ’ Temper?;ure¥Distil;ation Experiment
4.2 - - :

=

-
-
- 3
l /\\

£l ’

Hote: Tem%erature of distillation
c .

" +20
. s, ~
Ot ) A - 5 minutes after removal
4 from liquid N, bath
)- .' ‘- - -
B - 7 minutes after removal
from liquid N, bath
‘ .
, . C - 12 minutes @fter removailk -
\\\ ‘ ' from liquid N, bath
D - 20 minutes after removal

from liquid N, bath
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. time for thglf temperature o

® e
i~
Y

pressure profiles of the sludge-during the drying process

are presented in Figures 7. 14 and 7 15 respectively. It

AN

should be noted"?rom these two flgures that when the temp-

! o

erature on the surface of the drying sludgj approached that

of the ambient temperature arouhd the vacuum flask, that is

+20°C, the rate of decrease of the flask pressure aecreased.
SFor example, wlth specific reference to Run 4-2, the temperature
of the-sample, as presented in’Figure 7.13, approacheu that of
the, ambient between 3.5 and ; hours. This tlme period of 3.%

to 4 hours corresponds to that portlon of the flask pressure

profile as presented in Figure 7.14 in which the rate»of decrease

‘in flask pressure begins to decrease. The different rates og

" decrease in flaskf pressures are g fesult of the differing rates

of sublimatiou nd diffusion @gf the water from the sludge samples.

L}

observed fro Figure 7.13 that the length of

the sample to return to that of :'
_the ambient temperature depended on the degree of evaporative
cooling~that‘oocurred within the sample. The minimum temp-
“eratuere reééhed during the drying précess was -1°C and occurred

% : . »
"approximately 3 minutes after the start of the experiment. This
)

minimum temperature was recorded durlng experiment 4-3. These
results indicated that evaporatlon and not subllmatlon was the

mechanism which caused the 1n1t1al rapid decrease in the surface
. - 14
temperature of the sludge.
'Q-vvv.'” A
7.4,2 Cold Temperature Distillation of éhosphorus Sludges
- . R 4
at +30°C
A series of 3 experiments was conducted ‘at . +30°C

to evaluate the effects of distilling the water from phosphorus

sludges at a temperature slightly above that of room tempsrature

-
f
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‘but below that of the melting_pqint‘&f phoifzif3k1 The

duration-of these three experiments were 1, and 4 \hours.

The material balance of the, three uajor camponents
of the phosphorue sludge, water,nphOSPhorus, and benhzene
nlnsolubles, carrled through the distillation process| in this

_series is p{esented in Table A-4, Appendix A. The most |
important infofmatien takgp from’thie work 1is the rale at §
‘which the water is temoved from the sample of sludge. The
moisture as a percent/g; the dried eludge remaining in the
sludge with respect te the duration of distillation i

u:;sehted in Figure 7.16. It uée'found that after approk—
imately 2 hours of drylng,.the water content héd been reduced
to 6 percent and that an additional 2 hours drylng time only
succeeded in reduc1pg the water™ cqntent to 5 percent. For
this reason and the fact that 45 percent of the phosphorue
originally present in the sludge was ‘sublimed off and

collected in the cold trap, the time of distillation was not
o

~extended tg an 8 hour period. .
The quantity (tetorded ae percent of total) of uaterf

removed with respect to the duration of distiliation at +30°C

is presented in*Figure 7.17. Analysis of the dried sludge

product ihdicated that after 2-hours duration in the distillation

apparatu;, 85 percent ofJ)the water was removed. An‘additional

two hours of drying time increased the removal to 93 percent

of thes#dnitial water present. 1 ) Z B

Figure 7.18 presents the temperature drop due to
N e

evaporative cooling on the suffaCe of samples ©of sludge during

-
- {
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FIGURE 7.16.

_MOISTURE REMAINING IN THE DRIEDR SLUDGE

WITH RESPECT TO TIME DURING THE COLD

TEMPERATURE DISTILLATION OF PHOSPHORUS

SLUDRGES AT +30°C
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PERCENT~OF ORIGINAL WATER CONTENT OF
PHOSPHORUS SLUDGE REMOVED WITH RESPECT
TO DURATION OF DISTILLATION OF THE
SLUDGES AT +30°C
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distillation at +30°C. It was observed that within the first

¥

minute after the start of the vacuum distillation process

{
.there was an.exﬁkemel§ sharp drop in sample surface temperature.
In bne instance,'experiment 5-1, the temperature dropped-tf

-2°C only ;5 rise to +4°C during the second Winute of

Ladl 3
. ¢ -

—~——

distillation. This wads attributed to the rapid evapofation°

of excess surface water in the vicinity of the thermistor.

' For the thrke distillation experiments at +30°C. ambjent
temperature, the thermistor recorded & secondary ‘drop in
temperature on the surface of the sludge between 2 and 5

minutes after the start’ of the experiments. A further

obsgrvation made during this series of experimdnts was that
. N R

the time required for the temperature on the surface of the
sgmple to return to the ambient temperature was dependent on

.. ’
the degree of evaporative‘ cooling. For example, experiments

5-2 and 5~3 experiencéd a cooling of the su;face to +4°C'énHt
+8°C {espectively. The’time for each of the surfaces of these .
uexpefimental:samples tolfeturn to the ambient was 1.75 and
2.5 hours respectively. The result for experiment 5-2 was
a projected estimate. , - \
- The pres;ure recorded within the vacuum flask Auring
“the distillation experimeht'at +30°C is presented in Figure
7.19. &as Witﬁmthe previously recorded pressure data, when'
the tempérgtupe on the suMface of the sample approached that

of .the ambient temperature, there was a decrease in the rate

of decrease of pressure within the-flask;* This obserwvation
. . s o

is exemplified in exépriment 5~3. When the temperature on-.

”

o



- 5
. . . )

* l . s ’ v / . A \..‘
i the sample surface returned <o +300C at approximately 100 -

/‘ I

. ! ) mlnutes from start of“experiment,‘tgg;e began a sharp decrease
in the .rate of decreaseninﬁgressure as shown‘in'Figure 7.19. "
In exberimeﬁ% 5-2, (Figufe 7.19) it should .be embhasized'that
" the point in the pressure curve was’ not recorded as thé

temperature Had not- returned to +300C. . S ‘
¥ . ’ +

) 7.5 'Comparison of the Time‘RequifEd to Achieve Various

. ] begrees of Dryness With Respect to the Temperatures
S .. o

Examined for Distillation and Freeze Drying

. . ’
. Figure, 7.20 presents the relative .timts required,,
" » N .

« . .. . N : T .
ﬁ%ing the present drying apparatus, to reduce, the moisture

¥

conpent of th& sludge to 20 lO and 5 percent at —20O 0O

'+2OO, and +309C. The data revealed that the time requlred fo |
/‘\J i N o ¥

~ obtain a 20 percént moisture contenht within the dried sludge“

could be decreased from 4 hours tb 0 4 hours by ralslng the -?

-y ——— .

temperature of(dlst;llatlon from —20O to +300C Whlle it took

~ s - - he .

. only 2 h.ouri 18 minutes to achleve a m01sture content' of &
* percent in’ the dr%éf sludge by dlstlllatlon at +300C a tlme
Y 6f 8‘hours 30 mlnutes was requlred to achleve thls same .o i
. . - degree’ of 9xyness w1th1n ‘the sludge at a dlstlllatlon temper {
. ' ature of OOC At —ZOOC ‘a drylng tlme of l2 hours was not *

sufflcrent *o reduCe the iSture content to 5 percent.
[ 3 L

= : 4 ! . ' “«om o T
7.6 . ‘Solvent Extrac of Water-from Phpsphorus Sludges
. a . - o LY
'm”“mai;f As methanol was used to’'extract water from
v ; Lot o : R -
- . ° _ phosphorus gludges in the aaelytical determinations ¢f waﬁer

*

o o .-
. ’ contained therein, it appeared logrcal  to -exam}ne the .
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possibility of u31ng the alcohol tot remove water from the
sludges. The dehydrated sludge could then be recjcled back *,

to the phosphorus furnaces for vaponlzatlon aﬁphregondensati}

of the phosphorus-vapon.to form pure elemental hosphorus.

"For this research, t&o alcohols were'’ examlned,[/ethauol aud. “t
ethan’ﬁ ‘ ' A ]
. b
*7.6,1 < Eﬁtractionuof'Water from Phosﬁhorus Sludges Lsing
, - %
\ Methanol - C - - A.ﬁ

Lore samples of phosphorus sludge taken from the

R

storage barrel were used fa ese expeirments. The Water,

.content of the’indiv;pual sludge amples was assumed to be -

h
\

% ' : s ’
an average of 35 percent. 1In orde ate the conditions

e - ) )
- within the phosphorus plant from where the original gample

-

-

NQf sludge was taken, that is sludges with.a water content of .
65 percert, a quantity of water had to be added to the core
samples. The average water COntentrfor these exR;rlmeTts was

‘71.6 percent. The Jreason. for, this belng sllghtly hlghqr than

i
that predicted is that the sludges came from the top quarter of
the storage barrel, the water‘contemt of the core saﬁpl%s was

higher than, expected. The average water content of the core’

v " i . * . T .
samples as taken from the storage barrel-was 41.6 percent. This
B . , Pt R ~
is explained by the fact that the core sample had many fissures
? . p o~ “ N

and had the appearance of;being'layered.. These fissures . .

trapped water that could not be blotted with absorbent

a

towelllng, therefore producing a sample with a sllghtly hlgher

. - . *
-
-
¥ .-

R



water content, than that found for the fre%ze dry and céld‘

. temperature distillatiqQn experiments. = One sample of these

V\ ' , B . ’ . ' . - ’
core samples is shown in Photograph.7.5. This sample was )

that used in experiment M-7- and had a water content of 45

percent. Although 7he'sampie appears to. be solld ﬁﬁd.
.- ‘cemparativély dense, it broke up €asily indicating that there
was a large amount-of;%ater present. Part of the .broken |
sample is Ehown in Pnotographf7.5 .’;When the methanel was L
’ added o thd phospherus slﬁdg;e_ and héat®d to 65°C, no‘difficu ty

was encountered in mixing the two. - L.

Fiéure 7.21 presents the reduction $f water contained
\n. ' 3 o Ve *
" within sbe‘sludges in relation to the ovefgll methanol to
water”ratlo and the number of stages used for the extractlonﬁ .

It was obserVed that in using*a single stage unit

'and al.5 to 2/0 methaﬂol to watér weight ratio, the water

y s . . o4

“?content of th sludge could be reduced from the average of
r - -
- 71, 6 percent to between 25 and 22 percent water respectlvely

»

‘When a methanol to water ratio rang&ng from 2.5 to

4.5 is used "in a wingle sﬁgé extraction pro’cels_s;_';gi':he water

: p ; cnntenthis redueed:tieﬁ an/average ofl7l.6 t; an average
‘ of 12 2. The tesnlts do not .show a prpgressive decrease ing

the remaining water content as the methanol to wate; ratio f

' increases. The reason for ‘this belng the dlfﬁlcu ty ina
b h ’ & X ,
o 'remov1ng the methancl and water mixture from the seolidified

0 -

dehydrated sludgéd, - When cut( the samples that ha .a hlgher

Q@

methanol to, water ’x(:atii?',. from 3.5 to 4.5,. appeared very wet

on the interior. This indicated¢that, although all of the

1

v
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o ) " METHANOL EXTRACTION OF WATER
¢ oo EXPERIMENT M-7
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water and methanol mixture was removed from the surface og\\
‘ s ' ' h
the sludge, relat135l§‘iarge quantities of water and methanol

were tied .up withi2n the body oé;thE‘slgdge‘itself. ‘In general,
‘ -‘ . ~ _\\\ . R
the ‘samples extracted with a-methanol to water;ratio of 2.5

to 3.5 appeared to contain less moisture when cut. : -

" To examine the effects of a'twﬁ(stage extraction

L
a * “ i -
' . .

process, the methanol-water mixture was carefully drawn off

-

the solidified slﬁdge after the first extract, leaving a

oA
sludge containlng from 25 to' 22 percent water as noted . o

. previously. To this sludge sample, a welghtqu methanol

equal to that used in the flrSt extract of the“respeptive

rl

experiment was added. That is for example, if a wei ht of

(t\

ithanol was added to the, first extract to give a 2. .

:welght ratkp of methanol to water, then the same welght of

i

methanol was added to the system for the second extract.

v
L]
>

This resulted in an overall weight ratio of methanol to

water of 5. The .results of the second extract of water by

: N .

methanol from the gludge are shown ‘in Figure 7.21. This ¢

second extraction step, ‘with {h overall methanol to water .
: . e : ‘

ratio ranging from 2.6 to 5.8 resulted in a water content’

remaining in the sludge,. aften removal af theisupernatant,

of from 6.0 to 2.2 percent. ’ © The results of experiment

M-14 indicate that although a methanol to water ratio of

< .. -~
7.6 waS‘used the remaining water represented.3.9 percent of

the sludge. Thls high result was most prbbably due to 1n-

’ - . v

complete removal of all supernatant from the sludge.

L

The appéarance of the dehydrated sludge is shown
~ A
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Z shown as a mllky whlte suspension, and sgme of tﬁe settled

. > ' :
. respect to percent, water, methanol' and Pq.plus solids. The

~and water remaining ;n the sludge were determined.

A\
. methanol to water ratio was,in the case of the second

. .52 “ .
in Photograph 6.6. It was observed that upon rapid coolingj

of the methanol and water. supernatant containihg'dissolved *
elemental phosphorus, the phosphorus prec1p1tated out of

solW™ion and settled to’ the bo&tom of the reactloh flask..

i

'. -

Photograph 6.6. demonstrates dome of the unsettled phosphorus,

phosphorus on top of the solidified sludge, shown as a fuzzy
Whlte layer over the sludege. . , .

Table,7 3 presents the actual methanol to water -«

- hd ’

ratio that eccurred during each extractiom,eiperiment, whether |

B}
. - N - »
it was the first or second extraction for a given sludge "
L}

sample and the composition of thé re@aining sludge with

quantity of water and methanol remainihg‘in,the sludgeig;;
detgermined, by oarefully pipetting off "as much of‘;he supernatant .
as possible’ and subtracting this from the known volume of

ligquid present during the experiment. Through{water analysis |
on the supernatant the'relative-quantities of both methanol

4 ¢ f .

/
It was observed from Table 7.3 that the overall

extraction proacess, much smallef than-the actual methaugl to
' N ! T ) . L :
water ratio. Specific reference 1g made to the data presente

~ PR - ) N ’
»

for experiments M~6 and M-13. 1In each exémple the,difference
in order of magnitude between the actpal and overall ‘méthanol

IS

fo water ‘ratio was 2 86 and 2.79 respectlvely

*

Figure 7.22 presents the data réiatlng the percendage
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of methanol remaining in the sludge as the methanol to water

ratio increased. . An examination of the dath indicates that
although there was a trend towards an increase of tethanol
remaining in the sludge as the methanol to water ratio

L 23 “w . ‘
iﬁcreased, a great deal of scatter in the results was

ekhibited. The range éf overall methanol‘to water weight

ratio solutions examined indicated 'a linear relationship ¢
with a slope of 3.95. The coefficignf of corréiation for

;Hié relationship was‘0.54.;The linear least squaré-analysis
of this data is presented in Ap?endix D. Howébe}, if data Qere
obfained oqtside~the range:tested, it would probably be fa non-
linear relationship. the curve gould be expected»td'hecrease
rapidly anq pass through the origin at l;y_meﬁpanol to water

ratios and attain a finite value at high methanol to watef ratios.

r ]

‘7.6:1.1 Solubility of7P§osphorus in Various Methanol to”
‘ Water Weight Ratio Solutions | *
As,methanol ié a good solvent for many substances,

anQ!becaJ;e it has been establisﬁed that phosphoyus is

soluble to a limited extent in water, an investiéation ihto

to sélubility of phosphorus in various methanol-water solutionsl

was undertaken.. The two primary reésons for these experiments

were. (1) to establish the quantity o phosphorus that would

be discharged with the supernatant from "an 9xtréction apparatys,
p ;

"and (2) only very®limited ‘data could be ‘found in published works.

. » The results from the phosphorus at 65° and 20°C in

various weight ratio sclutions of methanol to water are
. o b -t
presented in Tdbles 7.4 and 4.5 rgépectively. The data in
Table 7.4 are derived from'Samplés taken from the extraction
‘ * /- .

o

1




5 .
TABLE 7. 4 s
- Solubility c'af Phosphorus in Various®
7~ 'Methanol-Water Solutions at +6%°C
. +
.y '
—_ _Sample Methanol B Phosphorus
Rurne Extract Water mg/4% °
M-12 [ 1 2.0 540
M-13 Lo 2.9 820
_ /
M-14 17 3.8
M-12 2 5.5
M=-14 2 12.1
M-13 2 l6.2
o
N '

-

3

LT
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_  TABLE 7.5 g
-Solubility»qf Phosphorus in- Varifvué
. : Métﬁano_l—wsa'_t‘er Solutions at +20°C
¢ g ) N )
. ,, '

Sample 4—I~_/_lg_thanqlﬁ # & |Phosphorus
Run | Extract Water - ' J mg/ %,
M-12 1 2.0 2200
M-13'| 1 2.9 ' \34'6/;
M-1470 Iy 3.8 - [ 280

i i, l ' 1 N - '
M-12 |* 2 5.5 340
M-14 | 2 12.1 \ 540
M-13 | 2 , 16.2 1,500
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-
flask after 1t had been settLed qu;escently for i hour at

-

65°C. Burlng the“settllng perlod ‘the supernatant appeared .

.o

to be ‘on the verge of boiling; quiescent settling relates

~

. 4 .
to the fact the stirring device was switched off It was

observed that at a’ methanol to water ratio of 12 to 1, thereff

3

‘was . approxlmately 3 76 gms of phosphorus per liter' of super-
? natant whlch _could be drawn off from the extraction flask

‘/Follow1ng ;he removal of the sample of supernatant
at 65°C, the entire sy$tem was cooléd,to 20°C #1°C ahd the
supernatant .allowed to settle until it became water clear.

A sample was then. drawn,off and«the results analyzed for

[ s

phosphotus. These data are presented in Table 7.5. It was

v

observed from these results that upon increasing the methanol
to water ratio from 2 0 to 12 1 only increased the solubility

of phosphorus in the system from 220 mg/l to 540 mg/£

— -

respectlvely The explanation for the unduly hlgh reading

4

for experlment M—l3 1s that for thlS experlmeht the settllng

time was extremely long, the precipitated phosphorus floc

being extremely fine, and most pybba some of the unsettled
phosphorus was -included within he\fample.

} ’ . .
The results, of the data on the solubility of

phosphorus in,yarioué metharfol water Eixtufes’at 65°and 20°C.

> ‘ - ° .
are compaﬁed draphically in Wigure 7.23. The two curves are
. ! N 2

_ not paralﬁet>,iéhe explanation o thlS phenomena will be

.discussed in Chapter 9 under digcusgsjion of the Exper1menta1

Data.
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7.6.1.2 Distillation of Methanol from Phosphorﬁs Sludges

—_— -

As was eV1dent from Table 7. 3, a'con51derable

<

quantity of methanol remained in the phosphorus,sludges after

.the extraction process was completed. In an attempt to §
remove this methanol, samples 5% sludge from expetimeﬁt.MEl4
were subjected to BatEh distillation at atmospheric pressures
and atAVarious temperatutes..hA 7.5 gram sambie-oi the
dehyafated phosphorusisludge_was used f#r each experiment?
The temperetures used for the_regptlets/WEte 755,.85° aqd-' -
) g :‘ g5°C. The rdte of &iStillatien aird the volume of distillate

J////* ’ collected is presented Ln Flgure 7 24,

< PO o P S

The lag- phase, that is the time requ1red from the
. start of the experlment untll 0.1 m2 of dlstlllate had been.

collected was‘?bserved to be 9.5, 4.5 and 1.5 minutes for

a

the distillation of méthanol satutated gposphorus sludge
at 75°, 85° and ?qu respectively. /

{' ” .;The rate of distillate eoliection was noticeably

A 'slower duting distillation et'75°c tﬁanﬁfor either the
distilletion~cerried out et 85° oru9§°c. “The rate ot
distillate cbileetiop, bther'than the lag‘timej for a

. Yeboiler temperature of-85°,end 95°C were virtually the .~

. - e

same within the first 10 minutes of the experiment. During
_the time of distillation etween‘lo and 45 minutes, the rate _
" of dlstlllate collected for the 85°C reb01ler temperature

éxperlment was less. than for the dlstlllatlon carrled out at .

95*%C.
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Flgure 7.24 "Rate of Distillate Collection During
" the Distillation of Methanol Saturated
Phosphorus Sludges as Objained from
Experlment M—l4 . )
. . | ‘
- Note: - Sludge was from the second
‘ ' ’ . eXtraction, portion of experlm’nt -
, \ M-l4
i ' .
., g . — Temperature of reboiler: - . -
. » P 0
* e . ' v 95 C
’ o --- 850¢
. o--- 750C v

N . ' . . . ’ “"

- Weight of sludge sample, 7.5 gms
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i 8 At the end-of 1 hour of distillation, the experiments
showed that the rates of distillation for reboiler temperatures'

of, 85° and 95°C again became equal and decreasingin rate with
~ - . s ' I .
t ime . . . & , L] r
n S I . ' !

The maximum volﬁﬁefof distillate colflected after 1

' ‘\ " hour from the distillation carrled out on the ‘7.5 gm sludge

M T TP R )

samples at 75°, 85° and 95 C were 1.92, 3.1 and 3.45 mg

e . |
respectively. S ~

The compositions of the distillates collectedjfrpm

2

the three distillation experiments on the $ludge from experiment
- .
M-14 are presented in Table 7.6. An analysis of .the.distillate

N ) .indicates'tha; an extremely small bercentage of the distillate
Y. ‘ ° ) ‘.-“ - - ’

-

collected can be attributed to,pﬁospﬁorus. In yeach of the.

three distillatés presented phosphorus 'céntributed to 0.1 L

o . percent of the total. As the distillate cooled,.mflky white

r . crystals of phosphorus précipitated out of the.solution and -

RS s
%

»

L collected at the bottom of the collection flask. After 1 hour

duratlon of dlstlllatlon of this sample of phosphorus sludge

. <

. ; at 95°G, 39 4 percent of the initial sample had been dlStllleﬂ

-

off while only 20.6 percent was dlStllled off at 75°C.
. Table 7.7 présents the composltlons and -specific
- '

" gravities of the residpe remaining in the distillation"flesk

after distillation of the methanol..saturated sludges préduced

during experiment M-14. It was observed that the waterXCOntent,

’ [} ‘\ . -
expressed as*weight percent of total, remained relatively

constant throughout the distillation experiments varying

“

from'a ‘high of 4.5 percent at a reboiler temperature of 75°C

S

s
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to'a low of 3.4 pefcent at a qeboiier temperature of 95°C.
> o : ot
Tge percent phosphorgs and benzene in§oluble residues- -
I ) .

increased from an original concentration of 37.1 percent

to 59.7 percent after. distillation for 1 hour at 95°C.

z

The épecific gravity af the sludge increased fiom

an initial valug of 1 cc to 1.58 gm /cc after distil-

T hour,. a 95°0. , The appearénce of this létter‘_

n

umble but cut cleanly as does solidigied wax. There

evidence of excess liguid as was.the case of the
. o

sample‘before distiiiqtion. ' ’ e

< [

Extraction of Water from Phosphorus'Sludges Using
Ethanol T . ‘ -

R

‘As Wlth the sludge used for the methyl alcohol

process, the same type ‘core samples of” sludge were

hyl‘alcohbl. It was- assumed that the core samples
sludge contaiﬁed approximately 35 percent'watef. By |

Y

«

using this assumption_ a quantity of water was added-to the

sludge to adjust the wétef condent to approxijnately 65 percent.

-
3 ’

No adjustment in the addition of water to the sludge sample.
was made for"the water content of the alcohol used.for the’ .

extraction process. _ The ethyl alcohol was 95 percent alcohol

H

and was_not denatgred.

) ) .
¢ .The flnﬁlvwater coatent of the core samples used

]
»

T -,

in thL extraction process,‘lncludlng the water in the ethyl
14

alcohol, ranged ffom 68 5 to 75.5 percent water. The average

\



i TS

water content was foukd to be 7R.3 percent. " ’

experiments are presente in Figuk »25. -Employiﬂg a

, . .
as indicated in Figure 7.25 by =

n

the solid line, a ratio of fro © 3.5 of ethanol added to

7. -
therwater present in the sludge was effective in reducing

the water content remaining in the sludge to between 24.0 and

16.0 percent respectively. This represents a reduction or . @

removal of from between 66.8 to 77.2 percent of the originaj

water present in the sludge.

. : Y
To evaluate the effects of a second stage extraction

step on the removal of the remainihg water in the sl;gge, a
: - ) .
weight of ethanol, equal to that added to the first stage

of the process, was added to the sludge after fhe supernatant

from the first extraction had been rembved and.the sﬂrface

. . ' 4
of the sludge dried with dry CO; gas. The results of this
secoqd stage extractidn process are shown as a broken line

in Figure 7.25. Notice that the minifm water content '

remaining in the sludge after extract;on‘was 5.5 percent.
The maximum water content remaining in the sludge waé 8
‘p;rcent. The reason for this apparent high 'final water
content remaining in the sludge afgér the second extraction
with ethanol is that4the é£hanol used for extraction, i.e.
pureaethéibl,contained 5 percent water as an gzeotrépe.,An§.
ethanol remaiﬁing in £he sludge wopld therefore carry with.
it the associated water that could neygr be completely

>

removed by they ethanol extraction.

.

N
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The w&ight of ethanol remaining in the sludge was

.

determined by subtracting the weight of ethanol recovered

Ad

as supernatant from the extractie#n process from the known

total weight added to ‘the system before extraction.
. -

¢

' The water present in the system was determined by

-

a water analysis on the supéfnatant to obtain the water -

-

content in milligfams per milliliter of supernatant. The

-

Qgter remaining in the sludge was calculated by-subtrécting
the volume of ethanol added plus water inherent in the system.

X‘- Table 7.8 presents the actual ethanol to water

ratio reéﬁlting from the ethanol being added to éhe sludge

for the first and second extraction stéges. Also included

Fl

in the table are the weights of each of the three basic

combongg&g\gj the sludge, water and ethanol, and grouped together

with phosphorus and benzene insgfubles. Notice that the

¢ extracted sludge varied from
v Lo

ethanol which remained in
30.7-perctent to 61.2 perdent when the actual ethanol to.water

ratio was raised from 1.4 to 10.7 respectively. "o

" Figure 7.26 relates the percentage of ethanqQl that®
0 3 »

remained in the settled and solidified éludge after 'the

' supernatant had been remdved. This graph was based on_ the.

,,,,,,, B

data presented in Table 7.8. A least square,best fit, first

order equation of the data points is'represented by the
equation: ’ o g ‘ .

1]

Yy ¥ 34.27 + 2.42x

]

where y percent of the rema;ning-slhdge that

was ethanol

X
!

—,ethanol/wétér wéight ratiq -

v
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EFFECT OF ETHANOL TO WATER RATIO ON.
THE AMOUNT OF ETHANOL REMAINING IN
THE SLUDGE AFTER THE EXTRACTION OF

90} & : o FIGURE 7.26
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‘3 The coefflCLent of correlatlon of this equatlon for <

'theee data is 0.774. Between the 11m1ts of the ethanol to water

<

“ratios examined, the data Lhdxcates a llnear cc>rrelat1on\t 4
would

) . ) - 2 . s
'+~ \However 1f data were‘obtained outside the rangé tested

probably be.a non- llnéar relatlonshlp.. The curve could be

s

()
4

exggcted‘to decrease- rapidly and pass through ‘the orlgln at low

o

ethanol to water ratios and attaln a flpite value at hlgh e*hanol

JERONS—

— [

to water ratzos.

?

7.6.2.1 Solublllty of Phosphorus in Various Ethanol to
Water Weight Ratio Solutions

-

L4

- The solubility of phosbherus in’Phbt"cand "cold" -

~ :% ethanol has been reported-in the literature and revi«ew‘ecki'p
- e
Sectlon 4.2.2 of thls work. .However there is no work réborteq,

on the solubxllty of phosphorus in solutlons of ethanol "and
- é -
water. “For this feason aha‘because phosphorus was soluble

to varying'degree&.in ethanol and waterﬂand that the with-

] < N . \' ‘J' "; LI
drawl of supernatant containing these two compounds would

L]

also be removing some solubilized phosphorus from the system’

the supernatants from the five extraction experiments‘wére .
.- .
analysed for bhosphorus. Samples were taken at +65°C and

-

o ‘+20 C from the extraction flask. The samples.taken at +65%C
. were done so after one hour of quiescent settling. As the
boiling point of ethanol is considerably higher than that

of.methahbl, the gquiescent settling appeared to be more'

~

efficient for the ethanol system. The\samples taken at +20°C
‘ ' were taken after the system had settled until the supernatant

I3

;. , was as‘clear-as water. The tlme«of settilng was much longer

0

thap one houtr and in sohe cases took up to 24 hours. the

times were not recorded as the interface pf the eettling




e

~

M ) . - ~ r B .
® L - . P
- * - o . N
6 N . 4 - a e ‘ \
0t
. . ‘ .
Ia - ”
» -
- . - L3 -
) . g vt S ° -
1 . R - L)
. r 2 3 a2t
. . !
» L]

’ N T
- .t 2

: \ PN i
- crystals of’ phosphorus was eﬁtremely slew becausr of the<3

,flneness of the crystals. )

4

. "
w

- The results of the 65°C samples analysed-for ‘
phosphorus are presented in Table 7. 9 and shown graphlcally
ln Flgure 7.27. It shouid be p01nted out at this tlme that

"the data exhibit a great deal of scatter overithe entlre

range of ethanol to water, welght ratios 1nvestygated Thls

a3

scatter is a.result of the thermal turbulance set up within

~

the extractlo lask and was unav01dable.4 Srmllaf sampllng

o

dlfflcultles woyld- bg lncurred 1n a fUIl scale'plant

‘.

operatlon employlng thls process. The data do 1ndrcate
that value’ as hlgh as 3 5 grams of phosph@§5§ per llter

',caf supernatant were wlthdrawn om the extractlon flask IR

o

with the supernatant . T S

. P
s 4

The reaults of the‘phosphorus~analysrs on the

l

supernatant aftér4the crystalized phOSphorus and benqene
insolubles had settled to the’ bottom of the extractlon 35
flask are presented 1n Table 7. lO and 79mpared graphlcalIy -

s
to the- phosphorus ana1y51s taken from the supernatent at®

L EPY
~

65°C in Flgure 7.217. It was observed that although there

was a great, deal of sgatter in the data, the results indica£ed‘
. ¥
an ethanol—water solutlon as the ratio of ethanol to water
» 4
increased. The curve followed the same general‘shape'as

'

that for the phosphorus analy51s on the supernatant sampled,

aé 650C. . K -

e . ]
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Solutions at 6

TABLE' 7.9

[y
>

v

-

g

- mg/4,

Rati°l~PhosphoFu§

PR
;

. Sample ' 4 Ethanol
Run [Extratt| Water P
E-5.1 - 1> - 4 ’1.4
E-3 1 2.3
E<4 \”TT\\ 3.2 .
E-2 1 3.5
E-1 2 5.9
E-5 |& 2 ° 5.9
E-3 ' 2 1 7-5
LEe4| 2 ‘10,7
N ,
¢

V
i

" 950
500
1,880

l
590

T
v

12,120

3,350

H

- ---—U.._
-
N
Q
[w]

3,500

Y

e

~
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' - Phosphorus Dissoled in Various Ethanol-Watéer
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TABLE 7.10

'Solﬁtions at +20°C

$
' Sample Ethanol Ratio | Phosphorus .
Run [ Extract | water ng/ %
« * . -y
E-5 1 1.4 420
E-3 1 2.3 500-
C . E-4 || 1 3.2 520 -
- - [ .
E-2 | 1° 3.5 420
E-1 2 5.9 1,899
£-5 2 5.9 ‘1,140
E~3 2 7.2 . 420
E-4 2 10.7 1,220
1 ]
' ‘ ) - . *
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_not smbke and hurn,

.phorus.

7.7 Electron Microscopy of Phosphorus Sludges '

-

. - ’ ’ ) ‘ r
Analysis of benzene 1nsoluble resmdues of phosphorus
tx -’..
sludges by X=ray technology 1nd1catés that %he residues are '
not homogenous in nature. Ek!mlnatlon of a sample of re51due

showed the preJLﬁce of relatively large quantltleq of Si, P

.and Ca, and lesser quantities of Fe, K and F. Fluorine was . ' 0

only detected as a trace element .in one location of the

sample examined., ﬁecauqe’of the extreme irregulerity in

syrface contours of the sample, a quantitetive‘enalysis ofd

the eiements in the residue was impossibie. The irreguiarity

of the surface is shown in Photograph'.7.6. For the area

shown in. Photograph 7.8, Photograph 7.7 shows the elements and
telative quantities with respect to each otlier -of these elements.
The elements are;rfrom left to right, si, p, Ag, Ca and fe and
correspond to an X rey enerégjof’l.7,‘2, 2.9, i.l, 6.4 KEV

respectively. At this particular sample location, -phosphorus

is the oredoﬁinant element. The silver present -is from ¥

* t 2 y '4)'
the paint Wthh'lS used tormount the sample on the carbon v
block . o - o ‘ ,

Because of the presence of large quantities of
phosphorus in ‘the samjle, and the fact ,that the sfuage did »

is postulated that the phosphorus

.
'

preseﬁt is in the forA‘of red phbsphorus or oxldes of phgs-
. : A
‘ "

°
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- PHOTOGRAPH 7.6.

AN ELECTRON MICROGRAPH OF THE
BENZENE INSQLUBLE RESIDYES OF
PHOSPHDRUS SLUDBGES X 500
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PHOTOGRAEH 7.7.

OUTPUT FROM THE EDAX ANALYSER FQR.
THE IDENTIFICATION OF THE ELEMENTS
CONTAINED IN PHOSPHORUS SLUDGE
BENZENE ]INSOLUBLE RESIDBUES

NOTE! PEAKS FROM LEFT TO RIGHT
,Si,‘P, Ag, Ca, Fe’ .
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CHAPTER § . ‘ :
< ' .

DESIGN OF PHOSPHORUS .SLUDGE DEWATERING PLANTS - T,
‘ B r. - . - . . . b
8.1 ’ Introduetion . - #°

r

The design p?esented was based on the'guantdtieswof

slydge produced'at $§CO'S Long Hérbour Newfoundland plant. ‘

&

The llterature has stated that 2 to 5 percent of the phosphorus

v

made is ultlmately dlschargéd as - waste siudge. _Therefore it

was assuqed'that an average of 3.5,percent of the phosphorus o

for this design~was contained in the sludge., A productlon

estimate (quotation by ERCO)'of 70 000 tons of pure phosphorus‘
per year would 1nd1cate that thg quantlty ‘of phOSpthuS

stored underground as phosphorug in muds 1§ in the order of
k N - ‘- f

>

4.9 x 106 b, - B -

Employing”a sludge compositioh of 65 percent water, v

25 percent phosphorus “and 10 percent benzene insbluble (BI) -

¥Qllds, the total welght of sludge to be handled per year is x
19.6 x 108 1b, with water oomprlslng~12.74 x 10° ‘1b o " -
of that weightf .. . Leeow

* Taking the specificugravitres of water, phosphorus, ! )
and BI as outldned in section 5 of_tﬂis uork,'the volunmes. in .

v

cubic feet of each component of the _sludge to be handled axe-. :
Pe . -

2.04 x 10°%, 0.43 x 10° and 0.16 x 10° respectively. Based on

a 365 day work year; this is equivalent to 0.5 ££%/min. - '

A similar analysis of ERCO's Varennes, P.Q. plaﬁt
demonstrates.that at a 4.4 percent loss of produced phosphorus:

and a sludge composition of 55 percent%whter, 30 percent phosphorus

¥ -

L]
r




and 15 percent'bquene insolubles, the volumé'of sludqge to be

handled would be in the order of 1.16 'gpm. Because of the

- larger quantities of sludge to be handled and also because’

of its.gréater water content, the design.of the phosphorus

recovery units were based.on the requirements of the Long

Harbour plant.

The two tyﬁes of units deéigned were based Qﬁ. )
laboratory eXperimental data, that i§, hﬁdehydration of
phosphorus sludge empioying a dehydration agen£ (methanol)
gnd (b) the dehyération of phagphorus sludge using cold .
temperaﬁﬁre distillation at a temperaturg;below the melting

. - » .
point of phosphorus. ‘ s

8.2 Dewatering of Phosphorus-Sludges with Methanol’ . N
- & . ’ ) ‘ N N
The general schematic flow sheet for this process

is illustrated in Figure 8.1. 1In order to ensure against

- [ T

~-loss of methanol by evaporation and/or fﬂre caused by the

phosphorus, &l1 tanks and vessels are vented through chillers
to’ an” inert gas purge line. All units with the exceﬁfion of

the distillation tower and the third clarifier are opgrated

¢

at 65°C. | 1 g

o l. :
The process gonsists ef two mixdrs in series in

which the phosphorus sludge is contacted with methangl. To
. [ ‘ . i I
ensure adequate time for eguilibrium, the}miﬁers wer% designed ,
f 1
with a retention time of 10 minutes. Fo#lowing each mixer

o ' 1
is a clarification unit with a retention fime of 3 hours.
' ¢ v

r

The supernatant from these clarifiers is fed to a bubble cap

“distillation tower to recover the methanol. As methanol free

-,

PN t
' .
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of water is required for dehydration purposes, the tower

-/’W!!‘de31gned to produce a top prodnct contalnlng 99. 5 mole

' ,percent methanol and a bottom-product contalnlng 0.5 mole

percent methanol. ThlS bottom product is pumped to a clarlfler

to gravity settle and‘remove any sudpended phosphorus crystals.

RN

> The underflow from the- clan@fler 2 is pumped to a., .
thloﬁ;i

er for further separation of methanol from the sludge. .

o
4

'The supernatant from the thickener is pumped to the distillation

" tower while the underflow is pumped to a flash tank in which

*

the remaining methenoﬂhis removed from the sludge. The de-

-

hydrated sludge is then pumped in quuld form to the electric

.furnaces for recovery of the phosphorus. ) o -

t

8.2.1 Material Balance
The material balances on phosphofus,,waten, BI and .
;péohanol for this process were based oo experimensal data
presented in Section 7.6 of this thesis and data sdpplied by
ERCQ Industries, Ltd. In thisnsegiion of -the toesis, the
basic assumptions and criteria used in establishing the o
material balances across the process ‘units as outlined in
Sectipn 8.2'aﬁe,presented.‘ An acceunt of the deféiied material‘
' baland"calculations‘are'present%d in Appendix E.‘
Mixer 1 ‘
| Feed to the mixer is derived ffom'two sources,
namely raw untreated sludge from the- phosphorus process line
and a welght of methanol equal to 2.5 tlmes .the weight of

‘water fed into the mixer. The composition of the total feed

1 3 - ’ “
/ in pounds per minute to mixer 1 are water, 24.5; phosphorus,




48.00. . . .

~ n-‘ ) o a ‘ -
- : | — 192

3

. .
9,32; BI, 3.73; and methanol, 60.6.
The retention time for this unit is. 10 mihutes-and

as there is<no splitting of the diéoharge stream, the

“

composition of the discharge stream is the same as that for
. R

the feed. ” e

Clarlfleggl o o . : :\;

The feed to this unit 1s the dlsvparge from miker

LT

1. From the experimental results-presented in Seotion-7.6,

he undetflow from clarjifier 1 has;theufollowing composition:

\

water, 22 percent; phosphorus, 33 percent; and methanol;- 45

percent. The solids are not conglidered in the calculations

J ~

as- they follow through with the underflow without entering

the extractlon. 'aAs 0.0072 1b of phosphorus is dissolved
L 3 .

.per gallon of 2.5 weight ratio methanol to water solution, the

quahtity of phosphorus discharged with the underflow in the

‘process is: 9.24 1b. The weights of each component in

~pounds per minute in the underflow are watér, 6:16; phosphorus,

A Y . g

9.24;'BI, 3.73; and methanol 6.35. The weights of the

)_

-

components leaving clirifier 1 in the overflow are, in pounds

per minute, water, 18.31; phosphorus, 0.08; and methanol,
. . |

L T2

The retention time of the liquid in.this unit was

takeq as 3 times that ysed in the bench scale experiments.

:ﬂ..

The feason for thlS is” that durlng .the bench, scale tests,

the settler wasgniformly heated in a water bath, whereas in
P T

the full scale plant, the heating is by steam coils. The

~
added time is to compensate for any turbulance set up by .t

¥ o
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heat generation from the coilg. T . .
Mikxer 2 L . ) L =T

s ' T

. The feed to this unlt con515ts of the unaerflow

!*’

from clarifier 1 and a., fresh stream of methanol equal to .

that pumped into mixer 1. The weights of the quponehts in
' .

pounds per: minute entering and exiting the unit are: water;

6.16; phosphorus; 9.24; BI, 3.73; and-methanol, 73.2. Since

= . * . 3 . . L : LI
this unit works' on the same principle as mixer l the discharge

-

i stream has the same ' weight composltlon as” the feed The

v
)

re51dence tlme of the feed in this unit is 10 niinutes. °

[3

Al

Clarifiet 2

.The feed»to clarifier 2*15 the dlschﬂ e from

mixer 2 and has the same welght comp051t10n as the feed to
. N .
the latter unit. The underflow compobltlon lS water, 3.0- ? I
P . j

‘peréent phosphorﬁs, 47 percent; and methanol, 50vpercent

and was determined from the experlmental results presented in

g o

Section 7.6. . From the experlmental results cited above, it

-
E

was found that 0.021 1b - of phosphorus d;ssolved.ln'a
, - o RN T . . . .
solution containing a 11.9 weight ratio ©f methanol to water.

Based on this and the underflo&.combosition, the‘weights‘of

the components in the underflow, in pounds~per_miqute are:

water,'0.57- phosphorus, 9.68- BI, 3.73; and methanol, 9.66.

2
H

The welghts of each component in the overflow,~1n pounds
per minuteé are:ﬂwater,.S 76; phosphorus, 0.18; and methanol

63.56.
. »AF with'cle>}£ier Y, the liquid residence time in
N ‘ :

clarifier 2 is taken as 3“hours. .

- | . 3 -
- N . : . . »

- . .
‘ E i T ’ o
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- Thickener 1 . . . . ‘ :

The underflow from clarifier 2 is fed as influent

PP

!

> to thickener 1. The composition of the supernatant that.
. Pl - . o M ’ ¢ , o
separated from the sludge }n3the”ekperimental'work was: o

watefz 5.9.percent; -phosphorus, 0\} percent; and methanol,'
94 percent: Based on this“information\and the,assumption
“that Gd}peqcent'of'the methanol in a water-methandl super-

. ‘ ‘ natant, could Be removed by“settling for 4~hours, the weights

RN

of each component 1n the supernatant are, in pounds per

.

minute ¢ water, 0. 36; phosphorus, 0. 006, methanol 5.79. The

4 1

v - ]welght comp051t10n in pounds per m;nute of the underflow is

| therefore, water, 0.21} phosphorus, 9. 95 BI, 3. 73 and

Sy g ' . -

“ methanol 3.84. . . . - .
’;7 N - » .
Flash Distillation Unit ’ N

The de51gn of this unit was not baseéd on experlmental

"data but on’ the selection of a,desired bottom product. ‘It is '
' ., . N

o " this bottom product that is recycled back to the electrlc N

furnace for revaporlzatlon and subsequent recondensation of
.'-". 4

o the phosphorus vapor in the pure ligquid form: - The feed to o

. " T
this dnit is the underflow from thickener 1. It was assumed

o

for de51gn purposes that only the methanol and water dlStllled

Aoff in the .vapor product and the the benzene 1nsolubles and ‘» .

o

‘ phosphorus were contained in the bottom.products. - Based on
these assumptions, the weight compoesitions in® poupds per

minute of the top product (vapor) is:water, 0.19; methanol

. T Ty

3,74. The bottom product contalned 1n pounds per'mmnute

1

flo%:water 0-02; phosphorus, 9.05; BI, 3.73, and methanol

0.10. . e N

[}
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The residence time of the liquid in the unit was

chosen as 2 hours - (Baker, 1974).

”

Distillation Tower | [ .

The overflows from clarifiers 1 and 2, thickener 1

\]

are collected in'aﬁwgquilization tank prior to being fed to~

the distillation tower. The vapor stream from the flash

distfllation unit is fed directly to the towgr. The combined

composition of these 4 streams is given in Table 8.1.¢}The“,~r~ﬂ

top and bottom streams were selected so as to contain 0-995

o

qmole fractlon and 0.005 molé fxactlon methanol respectlvely.

.

. .

As w1th the .flask dlstlllatlon unit, for the purposes of

design, the phosphorus was assumed‘to'be discharged with the

water rich mixture at the bottom of the tbwer. The -analysis-
L4

“"of the tower under the proposed constraints yielded a top

~

product sfreah (pounds’ per minute) of:water, 0.34; methanol,

120.99; and a bottom. prgduct 'stream of:water, 24.2; phosphorus,

0.27; and methanol, 0.21.

The top product is recycled to-clirifiers. 1 and 2.

2 .
. 4
" C

A, make lf?‘ volume of 0.29 pounds per‘ninute methanol is
= 7 ) o - ' )
requirgd to maintain a stgady state within the entire system.

The detqi}ed design of the- distillation unit js described in,

- “ . .
. . A o

Section 8.2.2. . . -

L -

b

Clarifier 3 - ! 2 ’“ S

The influént to this unit is the bottom p%oduct from
the d;stlllatlon tower. - The comgmnnon is as detailed in .

Table 8.1. The clarlfler is to operate at or near room temp-

erature, thus-cau51ng most of the di&solved phosphorus to
/ ‘ -




TABLE 8.1

Feed Composition to the Distillation Tower

. Source Methanol Water . Phosphorus
1b /min - 1b /min 1b /min

”

_ Clarifier 1 48.00 18.31 0.08

Clarifier 2 63.56 - '5.76 . 0.18
Thickener 1 5.79 - 0.36
“Flash Tank 3.74 0:19

Total Feed 121.01 ° 24.62
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become insoluble and. settle out of solutions The overflow

P
B

from this clarifier contains 0.0007 pounds phosphorus per .

gallon. This .stream is treated to remove ghe phosphorus
along with other phosphorus containing watér streams. from

v

the main processing plant befbre being discharged tovthe

i

‘fenvironment: The overﬁlow stream compositign (pounds per
minute)is:'water, 24,.2; phosphorus, 0.902;'and methanol, 0.21.
The underflow séream consists of pure phosphorus and is .
accumulated at the rate of §.268 1b per min. )

The material balance for the‘entire plant is

summarized in.Table 8.2. - ¢ 1 v

o

a

8;2;2 'Process Unit Deséription
The size requirements aﬁﬁ instruﬁentétioﬁ‘fbr each

o unit employed in‘tiis probéss were determined from-a know;

. ledge of the flqw as previously cited, the specific gravity
of éaéﬁlmajor constituent of the sludge and the retention
time reduiéed t6 achieve the desired end p}oduct.

The specific gravity of phosphorgg, beﬁzeqe in-

solubles, water, and methanol as outlined in Chapter 4 are .-

l.8i, 2.0, 1.0 and 0.791 reiyectgﬁely. jpesé were used to

l(\'

.
-

" determine flow volumes. Each unit Is discussed individyally
below. <(/

Mixeé 1 Co : . '

i A

The flow, based on previously cited~déta, to Mixer

-

1, is 1.74 ﬁ@f/min. With a retention time. of 10 minutes, the’
required capacity of the mixer must‘be 17.4 ft®. The diameter

of the mixer was selected to be 3 £t which resulted in a

v - -
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required height of 2.5 ft. : " A Height of 1.25 £t was
',addég to this to allow for splash. Thé heads of'the~miXer
are to be disheq and tpe walls jacketed to maintain-the
temperature at 65°C by indirec£ steam or hot water. There
are four vertical baffles on the insiaé walls of the m@xer,
_each 0.3 .ft wide, 3 ft long. -The mixers are 2.2 HP with
an 8 in,diameter bropeller. The speed of each mixer is 1150

‘rpm. There are two feed ports, a vapor jport and a bushing
M o

for the agitator shaft on the top of the mixer. The bottom
. . « .ol

is fitted with one port for discharging the sludge-methanol
mixture. The vapor port is érotected from splashing by a
plat? sﬁspendea unider it. There is-a high level alarm

. attached to the side of the mixer to warn of a malfuhctioﬁ in
flow control. There is'algé a'tehpérature contreller set in
the side of,the‘mixéi. ihé‘unit 'is constructed ffbm 316 type

»

_ stainless steel and the jacket rated at 125 psi.

Clarifier 1 o .

The flow.to.clagifier 1 is the same as that dis-
charged from mixer 1, namely 1.74 ft®/min. The total capacity

of the clarifier, with a 3 hour retention time is 314 ft3.

%

A diameter of 10 ft and a cone slope of 1 to 1 was chosen.

With these constraintg: the sjdewall height of the clarifier

is to be 2.33 ft wi f. additional one foot added to provide

head room for”vapqr and influent plumbing. The top of the

clarifier is to be enclosed and fitted with a 2.5-ft° dia-
meter gas tight manhole and a vapor vent port to which a

‘. ' ’ - -
chiller is attached. The feed to the clarifier is central

’ . v

2




and the overflow is peripheral. The use of 45° walls on

the cone eliminates the need to provide.a rake mechanisms. .

The upderflbw port is to be 0.5 ft in_diameter. The

A
»

clarifier is fitted with steam coils . and lagged to maintain

the temperature at 65°C. 'The steam éhpplied to the coils is

-
oy

regulated by a temperature controller in the side of the
clairifer. The general configuration of this unit is shown

in Figure 8.1. ' S

R . .

Mixer 2 X )
Y

The flow to this unit is designed for 1.7 ft?/min.

It is made up of a combination of the underflow from clarifier g

L]

1 and distilled methanol. With a residence time of 10 minutes;.

»

the required volume is 17 ft®. As the required size of this
A ; . .

mixer is élightly less than that required for mixer 1, mixer

2 is to be construtted to the same specificatign as mixer 1.
The agitator used in this unit has the same specifications
as that used in mixer 1.

q

Clarifier 2

"« - Since the volume flow from mixer 2 is 1.7 ft?/min

- >

as compared to 1.74 ft®/min from mixer 1, clarifier 2 is "
sized and constructed to the Eamg specification as clarifier .

l.

Thickener 1

A volume Jf 94.6 ft® which is required for thickener
2 was based on the underflow rate of 0.394 ft®/min from'

clarifier 2 and a retention time of four hours. The thickener

is 5 ft ‘in diameter.and has a 'side wall depth.of 4 ft. ,.

T




‘A one foot freeboard height is provided for‘vapQE‘?nd piping.

The coﬁe has a.1 to 1 slope, rnegating the qecgsgﬁty of rakes.
. " 3
The unit is fitted with steam coils and is lagged to maintain

-~

the temperature of the sludge at 65°C., The steam requirements

arevregulafed by means of a temperature controller in the

3

sidewall of the thickener. The feed to the thic;}ner is by .
A " ‘ . S

means of a central feed well while the supérnatant is drawn V‘ﬁ .

off by a peripheral weir‘syétem. "The sealed top .is fitted '.':
- . . . . »
with a vapor-vent which is connected to a chiller, and a

30 in. diameter gas tight manhole: The sludge discharge

port is 0.5 £t in diameter. The entire unit is constructed
"of 316 type stainless steel.

-

Flash Distillation Unit : A -

The flash digtillation unit volume is based on a
2 hour retention time. The feed, that is the underflow  from

‘thickener 1, is 0.11 ft?/min which requires a capacity of

13.3 £t? in the flash tank. With a diameter of 3 ft. the

-

‘height of sidewall is 1.4 ft. In otder #® allow for any

foaming and vapor €apacity, the side@ali depth was increased
N . Y

by a factor of 3, that is 4.25 ft. The unit is fitted

"with an inlet and sludge discharge port and a 6 in. diameter
. . - } .

'gxhaust port. 'The exhaust port is protected from spattering -

by means of a flat plate.§cross the port. The disti‘.ation -

. .. » - .
tank is steam jacketed to maintain the temperature at.65°C and

A £ 4

‘must be capable of withstand{ng a vacuum of ‘oné half a%mosphere.
ca : ‘ g

. The quantity of steam supplied to the jacket is controlled by means

of a temperature stroller within the tank. The tank is also

- L)
‘ . 3 .
» -
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fitted with a high level alarm. The material of construction

is 316 type stainless steel. ' ' , ‘ 1
Distillation Tower :
\ "t x
The flow rate to the distillation tower as-discussed -

in Section 8.2.1 is 2.8 ft3/ﬁin."Base§ on tqs detailga desigq
calculations presented in Appendix'E, the tower is 4.5 ft \
in diameter and 50 £t  in height. It dontains 29 bubble

cap plates with a 1;5 ft plate to platé épacing.‘ The

tower is fitted with a condenser and r;boiler of 315:3”f£é
and 165.6 ft? heat transfer surfaces respectively. The\feed .
point is between the lch—an&Mthe—?ﬁth“piafé—ffaﬁ‘fﬁé“féﬁ_afﬁ‘*““*‘”
"’“fﬁétﬁaaef: The tower is Jbll-iaggéd to prevent heat loss..

The temperature at the bottom of éﬁe‘tower’is 100°C and the -
top165°C which are the boiliné points of‘pyre water and

methanol at atmospheric pressure réspectively.
! ' /

Clarifier 3 . ) )

~

The: influent to clarifier 3 as determined by the

material balance presentedtin Section 8.2.1 is 0.314 ft¥/min. ~

-
o

* With a retention,time of q;ggufs, the reqguired volume of
. o J ' " .
this clarifier is 75.2 ft®.  The claifer diameter is specified
as 5 feet and its side wali-height as 3 ft'. plus an additional
_ ’ 2 | T .
foot for cover spacing -and piping. The unit is to be fitted .
with' a gas tight -1id in which a vapér vent port and a 30

inch gas tight manhole cover }s installed. The cone of the
\ - ,

clarifier has a l\té 1 slope. The feed enters the clarifier
» e

by means of a central well system while the -effluent is dis-

chargéd from the unit over a peripheral weir system. The

»

. i
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unit is provided with a 'steam coil to melt any phoshporus
thaﬁ collects before pumping it to a phosphorus stoiage
‘ N

tank. The unit is fitted with a temperatfre controller
which is connected to valve regulators which allow either
.Steam or cooling water to ci;culate through the coil. The

clarifier is cqnstiucted of 316 type stainless steel. -

8.2.3 Pump Requirements s
The pumping capacity, type of pump, materials of
construction, and the type ,of material handledgare tafulated

ianable 8.2. Allvcentrifugal,pumps that handle phosphorus
3 . L .

hbééring liqﬁidg‘éossésg a water pressurized seal to prevent

s . - .
leakage and possible firé caused by the exposure of phosphorus -

to the atmosphere. AlI motors are .egplosion proof, --

i

s

'8.2.4 Piping e

W
A detailed piping design has hot been completed.
The piping is to be 316 stainless steel throughout, and is

to be either electrically or steam traced and lagged to
. .

ensure that the fluids passing through the pipes are maiBL

C

tained at 65°C.,
' ’

-
L]

The valves are manual}y operated and censtructed

- [ r '

of 316 stainless steel. The valses on small pipes, less’

than 2 in. /diamete;[are ball valves while those on larger
. ) ‘

pipes of 2 to & in, . diameter are to be gate valves. -

4 = ..

8.2.5 “§team Requirements ’

Heat is required for this process to (1) maintain

the temperature within the vérion‘units at 65°C, (2) to.

)
Al

s
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z

to provide the required energy to maintain the teﬁperature

within'the flash evaporator at 65°C, ~and (3) ,to provide
e ’ ' 1 .

energy to the reboiler of the distillation tower. The total

,

steam requirements to meet these*conditions are, in pounds
~_ i

per year x 10°:; reboiler, 14.52; flash tank,¥1.l9; and

h N
temperature maintenance, 0.79. . . , -

A

a

8.2.6. ,\nCooling"Requirements

Cooling water is required i@;phé“condénser of the
distillation tower and for the chirigfé’lécated at clarifiers
1, 2, aﬁd 3;$thickener 1l and mixe%s 1l and 2. The conaenser
on the reboiler requires 5519 x 106galloms of cooling water
per;year; " The tempera%grejgf the cooling water is t; be

" 100c. o S - S
' " The total. cooling water reqﬁired for the chillers

is less than 100 ga}lonsfper vear and 1is insignificant

compared to that required by the distillation column condenser.

8.2.7. Costing S - s
~ The costs applied to this"design are based on .
~ those laid out iﬁiPeters & Timmerhaus (1968) with prices -
/éajusFed to present day valdes. The price index for ‘the

adjustment was taken from the October, 1974 issue of Chemical

- Ly

_Engineering. ' i \ v

The total delivered purchased price of the units

" that make up the plant is $133,290. d -

The total capital investment cost including working

capital was found to be $727,720. The calcuylations used to. *
Nﬁ.

arrive af these figures are detailed in Appendix E, Section 7.

The annual operation costs are outlined in Table 8.3.
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- : TABLE’B.il‘ |

Annual Operating Costs for Dehydration of
- Phosphorys Sludges with Methanol

4

Utilities" Units. Unit Cost Cost ($ per year)
- Steam 15,790 (1) 1.00 ~ ° ° 15,790

Cooling Water 55,870(1) - . 0.1 ' . 5,590 .

“Electicity 228.6(2) . 20 \\ 4,570

Labour . ‘ 365(3) -~ ' 240 . : 86,600

~. a 112,500

. Not 1 unit=1000 lbs
1 unit=1000 Kwi

The total manufacguring costs are . Cost ($ per year)
Meth 1 (202,113 1bs) . .80,800
Hitigs ' 5 112,500
Indirect Cobsts A

’ Maintenance ‘ . 42,920

sDepreciation .. 61,310 .,
Taxes ‘ ) 12,260
"Insurance . ' 6,130
Plant Overhead ° 76,650
« Bdiinistration Costs , 43,800
Distribution and Sales ' $0,620
Financing at '12% . . 73,570
Total costs . ,770,560

[ 4

Net Profit (Dollars per year) -

Produqtion of Recovered Phosphorus
4.9 x 10° pounds, selling price

$0.50/pound* . 2,450,000

- T6tal Product Cost 701,860 .
Grpss Produgt ' ' 1,748,140
; Income Tax @ 50 percent ‘ 874,070
Net Prof;t_ - » 874,070

The discount cash flow on the investment is eguivalent to a
146 percent interest on the monies should they have been
invested in other ways.

*

* pynofficial Quote
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8.3 cbewatering of Phosﬁhorué Sbuhges'by Low Tgmpefaturé
‘ Vaéﬁgm Drying T ' e )
8.3.1. Introduction

— © In th‘.‘%st, pLosphorus sludges have not beeﬁ,
recovered because of the lack of technology. As a result of
this these sludges have péeﬂ.burigd underground. This process

o
has been-designed to permit.the recovery of these sludges. o

-.These sludges are co%posed of approximately 35 percent watéi,

—

Id

51 percent phosphorus and 12 bercent benzene insoluble residues. .
The design was based_én‘the quantities of sludge produced at
ERCO's Long Harbour, Newfoundland plant. As with the solvent
extraction process, it was assumed ‘that 3.5 percent of the

total 70,000 toﬂékof phosphoruspproduced annually was ulﬁimately
bouhd within“tpe sludge and dischargea from the plant as waste.
Hsed én these process gquantities and Lludge compositionj'the
weighfgpf each‘compoﬁeht to be processed per year is: water, 3

3.24 x 10% 1b-; phosphorus, 4.90 x 10® 1b ; and BI, 1.11 x

-10% 1b . ‘ , i\, .

4

-

8.3.2 Process Description .
The general schematic flow diagram for tﬁzs-process
is shown in Figure 8.2. The process consistsrof 2 cutters to

reduce the size of the partﬁclgs of sludge, a vaguum rotary
. . .. a
/drier, a large condensing chamber, and a vacuum system, consisting

of a Roots blower and a_ backing pump.

» During the laboratory experiments, a stationary drier .
was used. The reason for employing a rotary type of drier on
© t : . ’

an indystrial scale is to insure a small particie ‘size of sludge,

—
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“i.e. less than 3 in. in diameter average. This would| insure

* -

closer agreement to the experlmentalrrates of dry1ng

- N ) " The SOlldlfied sludge is fed into two hol 1ng hoppers
directly above the cutters. Each cutter 1s designed }o process 6 *
L '///>//"# : . . : o -
T Jﬂ,//'Htops/hrof sludge and praduce a product with a maximum particle ',

size of 1.5 in, The sludge is then fed to the drier via an
~ . ? * - »

>.Z inert atmosphere chamber. The holding time of this,chamber is

10 minutes-, During this time, the water on the surface of ‘the

" sludge is removed by jets of inert gas. VR
A . .

o

The rotarybvacuum drfer is charged with these pre-

treated sludge.particles through two ports located at the top .
of the drler. These ports also serve as vapor exhaust ports
during the drying process. The sludge within the drier is

o

agitated by internal baffles rotating at 6 rpm. Once the;

equlllbrhum temperature is attained, the pressure is reduced to

°

0.25 mm Hg. The time required to supply bnough heat for the

vaporization of the water is 12 hours. After this time the

‘ _ r \,
o water content of the sludge has been reduced to 5 percent. These

dried' sludges are then transported by means o%hscrew conveyors -
—e to the electric furnace for recovery 0f the phosphorus.
\ ) During the 1 four drying period, the water andy

phosphorus vepdr along with any entrained uncondensable gases,
‘";Fz'i ?' within the water is drawn from the drier and passed through a
. i Ef" gicondenser at -78°C.. This proceés-removes all* the water and

» phosphorus vapqr‘from the gas‘atream. The uncondensable gases
x .

- are drawn from the condenser unit by a system of vacuum pumps.
a ‘ ; “ .,
’ The discharge gas is exhausted to a waste gas line amd processed
/ “

v with other waste-ggses from the main processing plant.
- LI S [ N - . ' N,

»

Y
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l £8.3.3 Material Balance - - -
; 'y . - * . " -
/e . . The material balance for water phosphorus and benéene
/ . ’ \ } »
~ 1nsoluble resjdues for the entire process is shown in -Figure

- o

8-3. Experlmental data as- presented in sectlon 8. 5 showed

that approximately 25 percent of the phosphorus in the sludqeﬂ

wa subllmed during the drﬁing process and was collected in

«

the cold trap.- Because_ofp, e inherent p0331b111ty of damage

T to the vacuum system dug to the presence of water ,and phosphorus’

vapors, the condenser was designed to'remove,all of these two -

i

‘-~ vapors. . : . *

L3

.3.4. Individual.Process Unit Description,

~

) - = 3 \ .
The sizg'requirements and 1nstrumentat10n for each

nowledge of the materlal balance and the capac1t§”of each

s

it to preduce the de51red end product. - The detailed design

- for this plant iven in Apgendix Fy h
4 . Feed Mechanism ¢ o v
The mechanism for feeding the phosphorus sludge- to ’

4

the drier consists of two cutters and two stainless steel
) ) A

.

~ew .- cCOnveyor belts. ) . "
J\ . . L o ‘P . .

The cutters are similar in construction to-.a rotary' -
- “knife cutter ag\manufactured b§ Sprout ‘Waldron Co. and have .

. been modified for J%e under water. Each cutter ha;'the
:ﬁ, 7 capablllty to process 6 tons/hour of . sludge and to produce a’ v‘_f/
?' _product with a md&lmum size particle of 1.5 in. . The knife
ublades are cohstructed of, special carbide tips to reduce wear.
The length of the blades are 30 in,

L]

The conveyor.belts onto which the sludge is dropped

after>paesing'Ehrough~cuttersVi% constructed of 50 mesh
L] .

.t

A N .
: . ‘ -
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FIGURE 8.3.

* .

MATERIAL BALANCE.OF PHOSPHORUS, WATER -
( AND BENZENE INSOLUBLE RESIDUES ACROSS

s

THE. DRYING PROCESS

b s -

NOTE: ~ QUANTITIES ARE ON A DAILY BASIS
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stainless steel, The belt has side skirts and flights. The

Ll P

speed of the belt is 4.8 £t3/min. AS prev1ously

- mentioned, the conveyor belt pass through a 48 It 1long

inert atmosphere chamber to allow all excess surface water

to be removéd. The belt is driven by a 10 horsepower motor.

. -
- ’ -

_ Rotary Drier

N o

. ‘The drier is a .rotary vacuuq type as constructed

. by Bla Knox Co. The unit has been modified to withstand

»

vacuyms ip the range of 0.25 mm Hg by replacing the nbrmal -
packed glands that are supplied with the unit with Wilson -
type vacuum seals. This type ofﬂgeal permiis evacuatinq

the Seal to a pressure equal to or less than that on the

1nter10r-of the vessel. . The spec1f1catlons aS‘quoted by the

-

suppller for the drier are as. lelows._ diameter, 5 ft;’

lenqth 30 ft; heating surface, 621,ft2;lworkihg capacity,

294 fta-'agitator-speed 6 rpm; horsepowei, 24; material

" of constructlon, 304 stalnless steel shell steam pressure,

30-50 psi; and two' vapor. ports, 16 in. in diameter. The
ynit is t6 be lagged wlth 3 in. of insulation to prevent

heat loss during the drying‘proces;. This unit is fitted

C e “ . R . -
with pressure. and temperature sensing devices. The use of

\

these controls in detérminiﬁg the degree of dryness of ‘the

gsludge 1is discussed in Chapter 9. :
3 .

Refrigeration Unit .

4

The refrlgeratlon un1t is a two stage cascade type

unlt, the hlgh side of whlch uses R-22 (trlfluoromethane) as

s -

& refrigerant while the low side employs R-13 (chlorotrifluoro-




Al . \"

- . ; L .
methane) as a refrigerant. The high stage condenser operates

\ " at +95°F while 1ts evaporator operates at--30°F.. This

. > L 2
evaporator is interconnected with the condenser of the low

i

stage and acts as a heat sink for the low stage unit. The
condenser of the low side is maintained at -10°F, thus per-

thtiné'thé‘evaporqtor (gxpansiongxﬁjs within the w%ter"

g

vapor condenser) on the low'iide to operate’ at —110°F:

9 tons of refrigeration (1 ton

* -

refrigeration = 12,000 BTq/hr) per hour to tﬁe condenser.

This unit:provides

“ unit in the dfying plant. . ‘ A .

P

Condenser

e ————r——

-
i

- P . e ‘ . .
The condenser is cylindrical in shape with dished
ends and is suitable for operation at 0.1 mm Hg pressure.

The uni?! has a diameter of 12 ft - and a sidewall height of.
- ) .I “ i -
¥8 ft. There are 2 - 16 in. ., diameter vapor ports in the
7 L .

top of the condenser. Alsb on’ the top are 8 Wilson type

vacuum seals through which the shaffs'fo:,the de-icer mech-
anisms to pass. On the side there is a 30 in. diameter

) vacuum tight manhole for service. Heating coils are located

-

in the bottom portion of the condenser ;o melt the condensate
after each batch operation. The 4 in. diameter vapor dis-

charge is located 4. ft  dowh from the top of the side wall.

© A

Tﬁe vessel contagns 8'condens§r tubes. These tubes have a'f
2 'ft diameter and are B‘ft - long. Each tube is fastened ’

in piace by a steel plate located 3 ft down from the top-

v
of the sidewall. In the center of each.tube is a screw
. . * * o R “ -
that rotates at 6 rpm. This mechanism restricts the ice ‘
- _



build up within the unit to 0.25 in.

»

The, condenser is fitted with pressure and temperature
» ’ N

controls to warn of malfunctions within' the equipment and’ to )

prevent the destructfon of the ‘vacuum pumPS'due to-phosphorus .
and water vaéor. The unit is lagged with a 6 in. layer o_f8
insuletion to prevent heat’ loss to the Pmbient te?perature.
} 3 . ) “\
. Vacuum Pumps , :

Roots Blower . .

T o This pump or blower’ccnsfsts of two kidney -shaped

T eccentrics driven by a common drive and phased so they .

-

interlock w1tH‘one another to trap a compre531ble volume of .

-

gas and expel thlS at a higher pressure through the outlet
This unit has been designed to pumg 7,490 cfm of ges against

a blank off pressure of 0.1 mm Hg. The blower is driven
) ~

> . by a 3.0 horsepower motor. :

Backing pump

*

The backing pump is rated at 149 cfm at 5 mm Hg.

This unit is a rotary type positive dlsplacement 0il sealed
1] Pl
unit. The unit dlscharges agalnst atmospherlc pressure and
L v .
?equires a 9.5 horsepower motor.

-

These ‘two air pumps are interconnected by a main

-

vapor port in which a pressure regulator is set at 5 mm Hg.
) Should the pressure betweeh the two pumps exceed this,'a by-
pass valve will open allowing some of the gas stream to by-

t pass the Roots blower and enter the backing-pump diresétly.

- ) \\J
= \ i , ’
&\ This wr}l allow the interstage pressure to return to the |

— . »

' proper operating conditions.




&
- 8.3.5 Steam Requirements e ] -

Steam is required within the system to provide heat

C’ -

’ \ of vaporlzatlon to the water within the rotary drler and also
——————t

w

' to melt the condensate collécted within the condenser. The R

~total steam requlrements are)7.5 x 10% 1b per year.— //////,//’///

© 8.3.6 Costing / : .
The costs applled t/,thrs de51gn are based on those

bl

laid out in Peters,and’Tlmmerhaus (1968), Chilton (1960),

and Perry 973). The price lndex for cost of‘équ1pment
SN
was taken from the October, 1974 issue of Chemical Englneering.

e

The total_delivered'purchase price of the plant is
) $1,882,000.00. The total oapital investmEnt'costs including

working capital was calculated to be $3,276,000. Phe cal-

L ad

culations used to arrive at these figungs are detailed in
Appendix F, Section 3. ) ' : ' .

The annual total cost of production is as outlined
L)

in Table 8.4. _
' I : - ' N o i -J

- . The discounted cash flow on the investment is .
- equivalent to a 11.25 percent return on the monies invested
. ) "

into €he construction of the phosphorus recovery facilities..

-




T TABLE 8.4

7

Summary of Total Annual Production Costs

: -

Item

Direct Costs .-

Raw Materials
" Labour

Utilities (steam, electricity)
- Maintenance

&

Fixed Charges

Depreciation

Local Taxes

Insurange
Plart Qverhead

General Expenses

Administration . :

‘Distribution and-Sales

Financing ‘@ 12 percent
Total Production Costs

Net Profit

Revenue from Sale cof Product

Total Production Cost .-

Gross Profit ,
Taxes @ 50 percent

Net Profit

_l" ’

v

~

Cost

. $/year

115,800

33,300 °

250,200

-

8,000
5,600
27,800

255,200

58,400
161,500

393,100

1,633,600

$/zear
2,450,000
1,633,600

816,400
408,200

408,200



~ CHAPTER g -

DISCUSSION

v

Before beginning research .on méth@ds of recovering.

.

sludge had to be determihed.

-

The composition of the solidified phosphorus sludée
used for the cold temperature distillation (vacuum‘dfying)
‘and freeze drying experiments was found to be 34 percent water,
54 percent phosphorus and 12 percent benzene 1nsoluble residues.
In contrast, the sludge samples usedhfor the solvent extraction
experiments were adiusted to approximately 65 to 70 percent |
water. This was déte to simulate the actual conditions that
occur within the plant. The solvent extraction expefiments
were conducted with liquid phosphorﬁs sludges.  The analyses'
_are comparable to data published by Zobel and Matthes (1967)
and unpubllshed data of Albrlght and Wilson (1961).
The‘reSults of the analysis of the benzene insoluble’
\residues by X-ray technology compared favorably'with puBlished
data by Patrushev and Poly&gyartsev (1964), Zobel' and Matthes
(1967), and unpublished data by ERCo-Industries Ltd. The
analy?is was able ko qualitatively-;dentify p, Ca, Si, F, Fe,
Al, Na, Mg and K. The major components of the residues were
P, Ca, Si and Fe. The remalnlng elements were only found in

isolated pockets throughout the sample of sludge studled

Because of the extreme 1rregular1ty of the surface pf the
3

216 ¢
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%

sample, a quantitdtive analysis by this method of X-ray

-

analysis waé not possible. Phosphorué,.the most proﬁinent >
element observed was Qost‘probably in _the fed amorphous. -
form, This assumption appéars jﬁstified by the féct that

when the residues were subjected to higﬁ vacuum for ex-

tended periods of time, yellow phosphorus was tollectedSﬁw

the cold trap. Also, .the residue sémple did not combust

- spontaneously when exposed to free oxygen within the

atmosphere. Literature values of the actuay types of
phosphorus present in these sludges are not available. -

rBéfore commencing experimental research on the
distiilatiqn of phqsﬁhorus sludges, a search of the literature
revealed that. during the distillation of phosphorus sludges
foi the direct recovery of the phosphorus at pressures-either
atmospheric or subatmospheric and at éemperatures in excess
of 90°C, a great deal of foaming occurred . (Albright and s
Wilson, 1962 unpublished; ERGCO, 1970, unpuLiished);' The
phé;phorus that was collected within the cohdense{ wa; never
pure but contained relatively largelquaﬂtitiif of impurities
such ASycarbon bléck and rock fines. However, Orr (1973)
in U.S, Pa£en£ 3,743,700 discoveredlthat if only the, water
was remoﬁéé from the sludge, the dehfdrated liquid sludge

could be recycled to the elect¢rie arc furnaces for recovery

of the phosphorus. The patent states that the water ébntgnt

of the sludge should be less than 8 perqeﬁt and preferably

less than 1 percent. The major draw back to this process

<«

is the fact that in order to maintain thevviscosity of the -




Y -~ s

- ~ . ) . .
"dried sludge to limits that can be‘:;;;;;133t1y>pumped,pure
T

~—

phosphorus had to be added to the dehydrated sludgexﬁf@hin

”.

the drying zone. The ratio of.phosphorus to solidé had to ?
be maintained .above 3 tp 1, viz. 4 or 5 to 1. With

the kno&ledge_of tlesq papers, a Aistiliation process was
designed to eliminate’j

This was éccomplished by loﬁering the temperature of distil-

the frothing and the viscosity problems.

lation to below the freezing poirt of phosphorus. Four
temperatures were selected for reséﬁrch, -20°C, 0°cC,.

+20°C and +30°C. The first two temperatures entailed use

of the proééss known as freeze drying in which the moisture
- -~

content of tHé sludge was sublimed off. The latte{/two

témperatu;gg indicated that the process of water ;emeval
from the sludge was by evaporation. The product from both
series of experiments was very dﬁy in abp;arance and could
be transported with ease in conventional enclosed soliés

handling equipment to the furnaces for the recovery of the

-phosphorus. This solids handling equipment,must be cohtinually )

purged with an inert atmosphere to prevent ﬁhe combustion ‘of the
phosphorus., This process of dehydrating phosphorus sludges >

to a product that can be transported by the above mentioned

. technique has not been described in the literature.

Pirani and Yarwood (1961) describe the freeze drying
of a complex organic compound at.varying temperatures and
. : , e -
pressures. The .work illustrated three characteristic phases

, . )
in the dehydration of that material; (1) a constant rate of -

removal of water peﬁ;od, (2) a subsequent period of time




\size of the particles within the dryer'will differ quite

«

p

during which ghi; rate $f removal falls off, and (3) thgﬁglow ~ e

removal of‘moistufe during fhe final drying period, i.e.
0

d\ffu51on rate llmltlng During %he exﬁeriments three Parameters

were recorded (l) Eemperature, (2) pressure, and (3) mass

.

The correlatlon between the results of the work and the drying .
of inorganic ﬁﬁosphoruq sludges is extremely fine, All three
stages of drying were eéeily idéntified for most of the low
femperature'ekperiments. For example, all three sfages of
drying of the phosphorus sludgee.at +30 C are clearly
1llustrated in Flgure 9. l

During the industrial processes of vacuum drying,

" the pressureé within the dryer are usually held within the

10 to 50 mm Hg, however the experimental data on vacuum drying

»3_&.... W,.....'»' 1

for this thesis: Were derlved under conditions of varying

temperatures and pressures. McCabe and Smith (1965) state .,

that when diffusion of the moisture‘from within the solids is

e

controlling, no satisfactory method of calculation is- known
S

to relate one set of drying conditions to another. This is
because the instantaneius-rate of removal is not only a

function of the averag moistufg content of the solid, but

-

also alfunc;ion of the solids temperature. The temperature

within the solid cannot be predicted, it can however, under

experimental conditioﬂs be monitored by temperature probes.
. ;' For the desigﬁﬁof the vacuum drying process, an

ultimate pressure of 0.25 mm Hg and an ambient temperature .

of +30°C were chosen as the operating conditions. As the ) *

I
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radically in size from the sludge partloles used in the

o

- -

N ”,laboratory experlments, and the fact that there'are large
quantities of .sludge in the-drier, a drylng time of 12 hours

was allotted for each batch operatlon.u This‘time is

< .

approxrmately 6 times that requlred for reduc1ng the water

content, to approx1mately 7 percent durlgg the laboratory "
tests. As stated by McCabe and, Smith . 41965), the actual

tlme of drylng,w1ll have to be determlned from a pilot

')

plant or a full scale plant in operatlon'

]

The removal of water from phosphorus sludges by

means .of solvent extraction was investigated using two solvent

systems: (1) employing methanol, an alcohol that does-.not

S A

form an azeotrope with water, and (2) eﬁploying %§hanol, an
'alcohol that does form an azeotrqpe'with water.. The overall

. ' : ¥ o
weight ratios of solvent to solute used ranged'fr‘y approx-
: !
imately 1. 5 to 4.0 fol the single stage extraction ﬁrbcess
. + I
- to 2.5 to 7 for a two stage extraction progess. ; These weight

ratios of solvent te solute aré tYpical of other solvent ’
. extractlon processes (McCabe and Smlth 1965), however,

solvent extraction processes generally employ 3 or more
) . . .

stages. ' . ’

. For a single stage extraction withipn .the range of
D ~ . p)
! : @ methanol to water weight ratio of 2.5 to 4.5 the water

Y

remaining’ in the sludge varled from a high of 25 to a low

of 8 percent respectlvely. W1th1n the same range. of ovéral}

\

v - methanol to water welght ratlos a two stage extractlon

: \\”“;l;_grgcess w1th parallel flow of’ fresh solvent to each stage,

4 ,
- L)
, .




produced a’ product containing ftpm 6 to 2 pescent moisture.

For the-éipefiﬁents employind ethanol as = solvent}.

&

- i : . B .
within the range of ethanol to water weight ratios 1.5 to

3.5, the single stade extraction process broduced a product

that contained from 24 to 167 percent m01sture respectlvely
‘ r -

remaining in the sludge. Because of the azeotrope formed

v

between ethanol and W ter, a second extractlon of the C

h

sludge with an overall ethanol to water’ welght ratlo bewteen

//
2.5:and 6.5 . enly reduced the m01sture_content to 8 and 6
" ‘ . . . . .
percent respectively.

The soiubility of phosphorus in methanol and ethanol
~ ) - L

is not well d0cuﬁanted in the literature. Link (1965) -
P , : e : .

desq;ibes the solubility of phosphorus in "cold ethanol" as

0.312 gms per 100 gms solution and in "hot: ethanol™ as 0.416

: .
gms per 100 gms solution.  The only referénce made 'in-the

literature on the solubility of'phosphorus in methanol is
P :

. R 1
a paper by Rotardu, et al. (1952} in which it is stated” that

L]

at 0°C the quantity of phosphorus dlssolved ;n methanol 1s
extremely ‘small.  This was evident,bx the absence of smoke
when dfdroo of methano} conﬁaining—bhosphofus waSaevaporated

on a watch glass. It should be empha51zed that no quantlta—
.o +

tive figures were glven. To 1gd1cate the guantities of

‘phosg\orus thdt would be COntalned within a solutlon of water

and methanol ot a solution,of water and ethanol, analyses’
N

were made on thewsupernatant from the experlments as outllned

in Section 7 ZBOE this text. .Examination of Flgure 7.22
s K

revealed that atj a temperature of 65°C, as the methanol to
. - c v ) M )

e

N




A ]

~

water ratic increased, E&e increase in dlssolved phosphorus
appeared'to reach a plateau. At a methah 1l to water ratlo

of 12 to 1, 3500 mg of phosphgrus 1s sqluble™in 1 iiter of

L

solution. AIt is postulated ‘that as the weight ratio of
methanol to water lncreases, the solublllty of the phospborus
“in the solution’ approaches that of phOSphorus in pure methanola

These results were recorded im an attempt to estimate the>
quantltlef of phosphorus.‘ The non-linearity in the curve
was not as'prQnouuced for "the samples analysedf;t +20°cC.

At a temperature of +20°C and a w21ght ratio of methanol to °

14 h

-
Ly

P -

water of 12 to l, ‘540 mgs of phosphorus are dissolved in one

- — » ﬂ

liter of solution. -
The solublllty of phosphorus in varlous weight ratio

solut/ons of ethanol and water are shown in Figure 7. 29. It

_was observed that a solﬁtldh w1th.m1ethan&l to water welght

-»

ratlo of 10.7: l the solublllty of phosphorus was 3500 mg/k
£

and 1000 mg/L at 65°C and 20°cC. respectlvely ' ,

On the strength of the experlmental results, two

‘1ndependent treatment facilities were de51gned for the recovery

“of elemental phosphorus; One processlﬁas designed for the

[ . - i s
re&overyvof buried.solidiﬁied sludges, thé/other to process .

the sludge as it ' is produced within the plant "thus negating * °
” A ) ) ' -
the need for future burial of thie 2&desirable waste product.

Scientific studies are not available concerning process--

information for phosphorus recovery from sludges of this Eype.

' The process for fecoGEry of phosphorus/from<solidified

sludge employs a vacuum drying technique."The operating
temperature and pressure within the drying zone are +30°C
~N ; , i

L ’

w3
L/

/r,
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and 0.25 mm Hg respectively. _The end proﬁuct is_é,dryhsolid
' “ : . r # ‘- M
containing approiigately 73 percent elemental phosphorus.

[ 4 o )
This so0lid is recycled to the electric furnaces for the
recovery of the ﬁhosghorué.V There gfe however severéi

_disadvantages of éhis.proceés, The mhajor disadvantageisutge

relatively high degree of'sdphisiication required'in the

- design and operation‘of the drier system, refrigeration system

i

and the condenser unit thus incréasing the possibility of

\

more than average lengths of downtime. Motion seals and’

valves must be designed to. éxclude free oxygen from the system

to prevent the’éombusﬁion—bf the phosphorus. . As the process

is run as a batch operation, labour costs are considerably

-

higher than for a continuous system, An economic analysis

-

of the prééess resulted in a diséoupﬁéd cash flow ra;e_gze;_a
10 year period of 11.25 percent. This is 0.7SIpercent less

return on the mopies invegted 'in the recovery scheme than

the cost of borrowing the monies for the same time period. .
’ "The sec¢ord process, deéigned for the treatmentlof

the sludge as it is formed within the production plant

-

utilized methanol for the removal of water from the sludge.

Methanol was chosen over ethanol because methanol does not

n

form an azeotrope with water. This process does not require -
» \ ~ - ‘ -

the same degree of sophistication, except for the distillation-

N »

ll'nit,Aas the vacuum drying process. This process is con+

tinuous thus requiring fewer man-hoyrs per day to operate

-

thé,facilites.' The product formed has one percent or less
. o - “~

ﬁoisthre, is‘liquid and can be readily pumped to the furnaces

‘for 'the recovery of the elemental phosphorus. An economic

-

’
*
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B o _
analysis of the process results indicated that a discounted

‘cash flow rate of interest return on the monies invested into

bR ~
the,.project of 146 percent. - w<¢
. d ) S,

’ - In comparison,. the solvent extraction process offers

e »

i

the advantages of a less costly plant; fewer magntenaﬁce

charges and continuous operation. The vacuum drying process

@

offers. the advantage that volatile solvents do not come in

contact with elemental phosphorus. o~ .

@

CONCLUSIONS

1.  As many as 5 freezing and thawing cycles failed to reduce

the water content of phosphorus sludge below 44 percent.

-

A

)
2. 1In the‘dehydration of phosphorus sludges by freeze drying,

the classical 3 bhases'of drying of, solids could be

-

. 4 i
was controlled by the diffusion of water vapor from deep

»

within the sample of .sludge. ® The product:formed was dry

and could readily bd& handled under an inert atmosphere by

conventional screw conveyor systems.

3. .Low temperatures, between #1° ‘and +30°C, wvacuum drying

of pﬁosphofus_sludge produced thé same product ag the freeze
~drying process. It was found that-the time of drying to a

lé@el of 5 perceht moisture decreased f:éﬁ 8.5 hours to 2.3

’ )

- hours when the ambient temperature around tﬂngacuum flask

L

was increased from 0°C to +30°C.: s

identified. During the f£inal stggés of drying, the process

225
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4. éolgent extraction of water with methanol from phosphorus

sludge using a 2 stage parallel solvent feed system'*

—~~—— produced a product'that contained as little as‘erercent
water. 1In contrast the use of ethanol as the sqlwent

>

with the same weight ratios of alcohol to water in the °

5. The methanol reﬁaiﬁ&ng in the drieé\sludge often exceeded
50 percent of the welght of the final product. HBweVer
upon atmospherlc dlstlllatlon at 95°C for 1 hour, the |
methanol could be reduced to 36 percent, Vacuum disti tion
would produce a hiqhér degree of removal,however experimental
Qork would ®e required to determine the exact time requ:red
to-produce the desired end product. | . \\_'—;§>

4
IS >

6. At 65°C' the solubility of phosphorusg in methanol and water
aoLutions was found to range from 540 mgzz'at,a weight ratio
1 solution «of methanol to Qater'of Z:L-to'3560 mé/% at a
mixture of 12 to 1 of methanol and water. At 20°C the
splubility of phosphorus drops to 220 mg/Q at 3 weight

ratio solutlon of 2 to 1’ and 540 mg/l at a welght rath

-
-

solution of 12 to 1.

~

7. At 65b¢ the solubility of phosphorus in ethanol and water
. | * . solutions was found to raﬁge from‘600 mg/ % Eto 3500 mg/%;
” ‘ at weight ratio ethanol to water selutions of 2 1 and.
10:7:1 refpectlvely, The solublllty of phosphorus at

20°C in these same weight ratio. solutions is 420 mg/%

\ 4 - -




L4
; .

.and-l,220 mg/ % respeé%@vely

‘8. The dehydiation of phosphorus sludges using the vacuum
drying technique at an ambient temperature of +30°C
requires a high inifial“capital expenditﬁre and the use

' of highly sophisticated equipment. Thi; plant offers

the advantage that at no time does phosphorus come in . | :

[

contact with a volatile solvent such as methanol.

R |
The dehydration of phosphorus sludge using the soclvent

3

extraction process offers the relatively low initial

capital expenditure, a continuous process, and relativély‘

L3

unsophisticated equipmenﬁ. .The major disédvantage of this

proqesé is the possibility of fire hazard.” However if

construction of the facility was to be completed in accordance

with striét construction standards for such plants where

. fire risks are above average, then no problems should.

1y
* »

arise,

“

An economic comparison of the two full scgie plant designs
» indicate £hat while'thé 16@ temperature vacupm drying
p?écess has a discounted cash flowﬁrate of 11.25 percent
- pe; annum for a 10 yeé; period, the discounted cash .
flow rate for the éoivent egtfaction processis~4 ﬁerceét

: s ‘
for the same 10 year pefigaifzid\\E\ = : .

. ' ‘- -”/ . - \



~

Note: Table A-1l: Freeze Drying
::Table A-2: Freeze Drying
Table A-3: Freeze Drying

" with Modified

P, Sludges to
and +30°C

L

¥
¢
X

+ Table A-4: Cold Temperature Distillation

APPENDIX A

RAW DATA FOR FREEZE DRYING AND COLD TEMPERATURE'
. DISTILLATION EXPERIMENTS ' | ~

)
L3

of Py Sludge at =-20°C~—

of Py Sludge at 0°C '

of P, Sludge at
Apparatuys

0°C

of

Remove Water at +20° s

<




, -
{ @
hod -

These data are presented to %}1ustrate the parameters

that were measured during the freeze drying'and low temperature

vacuum distillation of solidified phosphorus sludges.

3

The figures presented are as taken directly from

.

the experimental hotes, without refinement to significant
. : ¢ B

figures. _‘ . ///

Oy —

r
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APPENDIX B

TEMPERATURE PRQFILES RECORDED DURING ‘THE FREEZE
DRYING AND COLD TEMPERATURE DISTILLATION
OF PHOSPHORUS SLUDGES )

Sy
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~ The graphs as presented

- N .

derived from experipental segies 3.

.

these experiments are as presented in Table A-3,
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APPENDIX C
v o : @ +
’ B [ Vi - Y B o
VACUUM FLASK PRESSURE PROFILES REGORDED DURING THE .
FREEZE 'DRYING AND COLD TEMPERATURE DISTILLATION
' v OF PHOSPHORUS SLUJGES ’
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FIGURE C.1 '

-

&
6

PRESSURE PROFILE RECORDED DURING
THE FREEZE DRYING OF PHOSPHORUS
\__»LUDGE AT 0°C, EXPERIMENT 3.2.
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FIGURE C.2

PRESSURE PROFILE RECORDED DURING
THE FREEZE DRYING OF PHOSPHORUS
SLUDGES AT  0°C, EXPERIMENT 3.3 -,
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FIGURE C.3

PRESSURE PROFILE RECORDED DURING
THE - FREEZE DRYING OF PHOSPHOPUS
SLUDGE AT 0°C, EXPERIMENT 3.4
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FIGURE C.4&4

PRESSURE PRGFILE RECORDED DURING
THE FREEZE DRYING.OF PHOSPHORUS
SLUPGE AT 09C, EXPERIMENT 3.6
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FIGURE. C.5
PRESSURE PROFILE  RECORLED DURING

THE FREEZE DRYING OF PHOSPHOPYS
SLUDGES AT 07C, EXPERIMENT 3y
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APPENDIX D

o ¥

‘COMPUTER PROGRAMS USED FOR THE DETERMINATION OF
~-THE RELATIONSHIP OF: .

~ (A)  METHANOL REMAINING IN THE SLUDGE AS A FUNCTION
e OF METHANOL TO WATER RATIO USED DURING THE
/,;\ . EXTRACTION OF WATER FROM PHOSPHORUS SLUDGE.

(B) ETHANOL R]:IM.AININ,G IN THE SLUDGE AS A FUNCTION
OF ETHANOL TO WATER -RATIO -USED DURING THE
" EXTRACTICN OF WATER FROM PHOSPHORUS SLUDGE.

{

L



1CCC C -THIS PRCGRAM¥ CCMPUTES THE LEAST SQUARE BEST FIT RELATIONSHIP
1C00 € PBETWEEN THE- CUANTVTY\QF&!ETHANUL USED FOR THE EXFTRACTION
1¢CC € CF WATER FRCW PHCSPHORUS SLUDGES AND THE QUANTITY OF i

PAGE 1
- ¢ L L e v v ‘ ‘ '
4/ JCB 1111 I o a B :
‘ * ° ! ’ ) ) ’ > " tx) \_/-/
LCG DRIVE, CART SPEC  CART AVAIL PHY DRIVE ‘ s e
ceCo- 1111 1111 0000 r A
VZ 11 ACTUAL 8K CCNFIG 8K~ S .
// NOFCR . > . - ‘ T P ' j -
$$8$° NOTRE [AME FAST PCRTRAN COMPILER, 12/2C/72 UPDATE $$$ \

"1CCO C METHANGL. REMAINING IN THE SLUDGES AFTER EXTRACTION \
icce 8
1cccC REAT T, s KoL oN ;
1¢C0 ¢=C . \

1CC6 - A=0 4 | ’ 3
icce M e=0 o~ - *
112 L T T e .
‘1€18 =0 o : :
1C1E E=0 : o , ;
1C24 REAC(2,70)JC, g .
C2A RITE(S,6C) =~ : L /

p—r
o
n
(@]

WRITE(S,65) . -~ . o ,
WRITE(S,66) +- L ‘ ’ . : |
.7 "WRITE(5,67) . ° T : A j
- WRITE(5,£1) ]
* LC 75 NC = 1,J4C :
REAC(2,72)Y,% - . \
CWRITE(5,71)Y,X o . /
(=C+1. :, : ' /
. Az A4X .o Co . . /. 5
B=f4+Xnu2 . . - . /
C=C+Y - ) . - ."
C‘-‘E*Y"Z- T ¥ ‘ ' i
E=E+XsY ' !
75 CCNTINLE \
: F=A/C B .
;o 6=C/C : :
! p=g-AseF - :
© . 1=C=-C»C ‘
J=E-ASC
K=J/H -
L=G-KaF >
S=(1-K#J)/(C~2.)
N=J/SCRT k1) -
C=SCRTI(S/C)
T=SCRT(S=(], /C+F*F/HI)
WRITE{S,62)
WRITE(S,7€)K,C
WRITE(S,77)L,7
WRITE(5,78)N
7C FCRMAT(ISY *
6C FCRMAT(']1',* CATA INPLT')

—




-

- 1156

\ .
. 112A
1145
114E

1159,
115F°
11&3
116F
1181

1193®

1146
1148

/1 XEQ”

, 3588 WOS. UNUSEC BY PRCGRAM
© . $8% NDFCR FIXED

65
b¢&
61
61
71
72
62
7€

S 17

78

: | . . 245

FCRMAT{/," METHANOL REMAINING® 5X, SMETHANOL / WATER RATIO®
FORFAT(4X,'IN SLUDGE") ‘
-Fcarhrtsx.-PEkcenr') . , .
ECRNMAT{/) , o . nel
FORMAT(4X,F10.4515X,F10s4) ° .
FCRMAT(2F10.4) )

FCRMAT(//,* CATA QUTPUT?)
FCRMAT(// 14% 2 SLOPE=",F11.3,/4X,"S. cev.-'.Flo 3)
FCRMAT{4X %Y ~ INT.=",FBa3y/94Xy*SCEVe=*,F10.3)
FCR¥AT(4X,*CORRELATION .COEFFICIENT IS =7,F7.3) ,
CALL EXIT o . - "
ENC « i ‘ . .

§k5ifUTINES 12/20/72 UPCATE $$%




SN\ _
CATA INPLT

METHANCL REMAINING
IN SLUCCGE
PERCENT,

£

L: “t
34, 1CC0
3874CC0 -
32.4CC0
46.5CC0O
. 47.SCCO
) 3&.4CCC
33.CCCO
~ 38.5CCC
. 29.2CCO
56.8CCC
29.5CC0
£2.6CCC
5C.CCO0
€l.4CCC
€6.1CCC
44,6CCC
4€.3CCC
s 52,2CCC
_43,4CCC
51.5CCC
, 56.CCCC’

s

. CATA CLTFLY

SLCPE= 3.65C
S.CEV.= 2.C1l8
Y - INT.= =1 260
SeCEVa= «4C4

CCRRELAIICh C[EFFICIENT IS =

/

LY

4 N
- o

METHANOL / waTsR,Lbrxo//k

-

1.3C00 .
1.6C00 -
2.C£00
, 2.C000 ¢
. ‘ 2.5C00
- 2.6C00
2.8C00
2.9C00 5
3.CC00
3.2000
3,.,7Ce0
- 3.,8C00 "
4.CC00
4.€C00
4.CCCO
4.3C00
4.,3000
4.4CCC
5.C000
5.8€00
7.6C00

C.541

1

2%
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PAGE 1

.11 JCB 1111,

LCG. CRIVE  CART SPEC  CART AVAIL  PHY DRIVE ' ‘ .
ccco 111 1111 ¢ 6000 T N

'V2 #11  ACTUAL 8K CCONFIG 8K

// NDFOR S : i

»
$$8 NOTRE.-CAME FAST‘FCRTRAN CCHPILER. 12120172 UPDATE $$S ¢
100 C THIS PRGGRAM CCMPUTES THE LEASF SQUARE BEST FIT RELATIONSHIP
16C0 C BETWEEN.THE QUANTITY OF ETHANOL USED FOR THE EXTRACTION :
1CCO C C€F WATER FROM PHCSPHDRUS SLUDGES AND THE QUANTITY OF,
1C00 C ETHANCL REMAINING IN THE SLUCGES AFTER EXTRACT[ON ‘
1C00 REAL I.J Kely N

-2

1€00 ¢=0
1CCé A=0 2
1¢oC -+ . B=0 - 7
1012 c=0 ’
1C18 D=0 ‘ <
101F E=0
1G24 REAC(247C)JC -
'1€2A WRITELS5,60)
102F . WRITEES5,65) | ) | _ :
1C34 WRITELS5,66) — : : ) .
1C39 WRITE(S5,67) I " ‘ ’
103E WRITE(S5,61) o - )
1C43 OC 75 NC = 1,40 °
1048 REAC(2,7 ' .
1¢5C WRITE(5,71)Y,X
105—’9 C=Q"1¢ ‘ .
1060 A=A+X . } X . . ) -
167 B=Baxes2, - a : /
1C70 C=C+Y , .
1C717 C=C+y=e2
180 . E=E+X®Y : L ///f‘ > 4
1089 “75 CCNTINLUE ‘ :
1C8E - .F=A7Q S ‘
- 1€95 . ° 6=C/¢
1C9C H=B-A%F . -
1CAS I=C-C*G
*1CAE * J=E-AsG
10B7 . K3 J/HK i ;- » .
1CBE - L=G-K*F e e
1CC7 - S=(I-Ke*J)/1Q-2.) ' ’ S
1008 N=J/SCRT(H#1)’ y 4 © .
1CE2 0=SGRT(8/4) o '
10EA T=SCRT(S#(1./Q+F»FE/H)) , - »
1CFE’ WRITE(5,62) A )
11C3 © WRITE(5576)K 0 . . . .
110C WRITES,77)L,T -~ % &y " S
1115 WRITE(5,78)A . I o
111C 70 FCRMAT(IS) \ ' g
11LF 6C FCRMAT('1%,* CATA INPLTY) -

" 112A 65 FORMAT(/,% ETHANDL REVAINING®SX,' ETHANOL / WATER RATIQ®)

f . . )
. . o -




-1l44
1140
1155
1158

"115E
1162
116E
11€60C

1192
11A5
11A7

L Y

//'XEC

64

61

61

71
12

62
16
77
78

-

FCRMAT(4X,*'IN SLUOGE®)
FCRMAT(S5X,*PERCENT*) -
FORMAT(/)
FCRMAT(4X;F1l0. 4.15x.r10.4) ( .
FCRFATI2F10.4) - -
FORMATLZ/,°. DATA ourpuw') ‘
FCRMAF(// 44Xy YSLOPE=* ;F11.3,/4X,"S.0EV.=*,F10.3)
FCPNAT(&X.'Y - lNTo=‘.F8 3 , 4X.'S DEV.=*'*+F10.3)
FORMAT(4X,*CORRELATION COEFF!CIENT IS =*,F7.3)"
CALL Ele R .

END . ‘

i‘fa'. .

3598 WDS UNUSED é8Y PRCGRANM

$$$ NOFGR FIXEC qUBRCUTINES 12/20/72 UPDATE $s$$

.

.,



X - \
CATA INPUT-. AR R S .

ETHANOL RENMAINING . ETHANOL /- WATER RATIO

IN SLUCGE '~ T S

; ) T —
3C. 7C00 - " . .7:.1.4000 e
35.5C00~ o 1.7000 .
38.8C00 - N 2.3000
48,200 - - LML 03,2000, «
: SI 400 . .. L. " 3.5000 .
" 53 €coo’ oA . 5e9C00- ° -
T . 42.CC0C. - ‘g.zcoo
.. 6l.2c80 . 4 10.7000

PERCENT. ~ o . . i nd

_CATA.CUTPLT ~ - .

- . ' )

SLCPE= ., 2. 421 T .
 SeDEV.= ’2.146 g o *
.Y = INT.= 34, 241A . ) - ‘
S.DEV.= .. 4,078 T
cemRELawxon CCEFFICIENI IS £ C.774 .-
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- General Description of Waste Flows

Quantity of sludge to be Handled: Long H4
. .
Operatdiens

Based on 3.5% of total p osphords conteng of slu@éa from the

- v , 4 : e
Long Harbour, plant, the yearly phosphorus loss in gludge is
. , . . ‘ & ’ “
Phosphorus o=

.

035 x 70,000 x 2,000 1b *

5 x 14.0 x 10° 1b
.0 x 10° 1b

Tr——.
900000 1b .

w ¢

- !

L] : ‘ - "
Based on & sludge compogition of 65% water,’25% phosphorus

and 10% enzene 1nsolub e solids, as quoted by ER? 1?

total weyght of sludge 0 be handled per year is

L%
Weight of Sludge®
| = 14,97 x 10° x 4

- ‘a

=119.6 x 10° 1b

. ,
The wqight of water |to be extracted

119.6 x 10° x 0,65

v

4

| ='12.74 x 10° 1b %
i .
t

.
v,




water , o e .
a . . © ) [ L] i
6 < - AN
F - ' 4 .
phosphorus , ‘ - S o

| 4,9 x LO‘ 1bs
' y 62.4Ibs/ft7 x 1. 83 o

= 0.429 x"10°% ft¥

\A .‘ -
Vo benzene ins®lubles . e
, : ]'\
> ¥ 4 " 1.96 x 10° 1bs I
. : = 5 3
: §2.4 1bs/ft3 x 2 o T 0.157 % 10° £t
v "6 . Total Volume 2.626 x 10° ft? .

(&

Volume to'be pumped per day based on a 365 day yewr

= 2.626 x 10° ' -
- . V365 i .

3
= 7.2 x 102 It
-~ . _ day

P 72x10 xszli,?,-xday

-~ ='44.9 x 10?2 galdday

- 4,490 gal/day : v

4,490 °
= T——Zﬁ gal/min

L . = 3,12 Imp gal/min

-~
'
) »

E.l.2 Q¥antity of 'Sludge to be Handled: Varennes, P.Q.

Operations" - ' R
/Based ‘on, 4.4 percent loss‘Pf total phosphorus content of

sludge from the varennes plant’the yearly loss in phosphorus
' / f , -

Phgsphorus Loss .. . ’
[

* -

27, 000 x 0.044 x 2 000 lb

s -
« 23.76°x 1:0° 1b -
. = 2,376,000 1b ,
.o - S
» . ’ 2. .
. ¢ ” . J

is




. .
\ p .

: Based on a s;udge comp051tlon of 55. per%ent water, 30 per;ent

[ 4

phogpherus and 15 percent benzerne 1nsolubles, as quoted by } -

ERCO, the totaxayéight,of sludge ta be handled per year is , -

P ™

¥

Weighﬁ of sludge T,
. 5 - " 1l . :
© . ‘ . , 3 = 2.376'}( 10 X —.3-6- '

= 7.71 x 10°% 1b .

L

‘-‘

3

The'weightsof water to be extracted | .

= 7,71% 10° 'x 0.55  _
Vo 7S

4.24 x 10° 1b "
! -" , ﬂ ) AN . *
Based on tpe specific gravity of waterQ\Phosphor ,and

m7 \
. benzege)$nsblubles as prev1ousl¥ sited, the volume of these
Lo o, , ‘three. components are respectlvely;,w ‘ '
- o ’ - ‘ . ’ " . ~
A . . . X - “ . - i
6 ' .
) 4.24”}( 10° 1b ., X . = 0.068 x 106 ft?
e . S t’ - ) Ta
: (f‘ . phosphorus . . : o ‘ ’
) 2.32-x 10° 1b 3 ) ; . 6. £43
Ry 62.7 %71.83 b /Een: = 0.0202 x 10° £t°  .-m
o MR . 2
(YLaf’/ - 'benzene 1nsolubles : : o _ .
» . C1.16 % 10510 _ A e s
' . .. _ Total Volume 0.0975 x 10° ft%.
- ) s =+ . - y-fl/ .

Volume of 5ludge to be pumped per day to treatment fac1llt1es=

s
~e e
-

: -t (ﬁased on.a 365 day year . oo
Tt g : " _.0.975 x 10° gt® .

’ ' : - T 365. day | . ' oo




- o - 2 67 x 10;'§Ei -t ‘ -
e RN . & . day "

-or . -
* ‘ - .
‘ = 1,665 gal/day !
which is equal to-1l.1l€ gal /min _
A Y
. \ ' ) * o
Elj Volurie of Water to be Pumped with Sludge n

) -~ - - - 4., T ) . '
. Longf Harbour Plant ; K y - ' -
N ’ o 4

Volume cg water = S

3 .
—— e . ) »

2.04 x 10° ft?/year ‘

= 2.04 x 10° x 6.24 (K'
[ 4

- . =71.272 x 10° gal/year

. _— - ¢
, L .+ = 2,42 gal /min T r}f
. N ’ B : . U & ) ! .

o ,
Varennes, P.Q.” Plant ; '
)

-

"
|

P

Volume of water.per year <, |

3]

¢ = 6.8 x 10" ft?/year
| - u

6.8 x 10" xe 6.24 gal/year

42,4 x 10%'gal/year
4

” v‘vhiqh ig equal to : ‘ .
~ Ry N R ’

’ 7 0.8866 gal/min - . ,

/ ’ -7 hd




/ \
E.2 ~ Design Details for the Dew%teriﬁg of Phosphorus

Sludge UsMg Methanol at the Long Harbour Plant
: : P

.
. © »
" -

E.2.1 Mat®rial Balance and:becess Unit Sizing

E.2.1%1 Mixer 1 ~ : N

_The.vblume'pumbed to mixer 1 of each componenggpf

\.) \-

water, phosphorﬁsﬂand‘benzene(insolubles‘are:

\ - . .‘. i " , -. £
tor: . 2.04 x 10° - 0.389 It - 2.4
WArert t - 3%5.x 0.24 x 6.0 x 105 min . 0t 9PW
: ’ b ) - f "‘ " i ~
Co 0.429 x 10% ' - CoEe? L g
phobphorus: =77 2T % 6.0 % 10% /00816 oy = 0.51 gpn
x / 5 E 3 . N
BI: ! 0.157 x 10 _ ££3 _
4. 7 365 x 0. 24 X 6. G'x Tos = 0-0299 7z = 0.19 gpm I
o . . —_ J_'—“‘:——,‘ [ /
Total ¥low : 0.5005,25_ £t ‘3{12 gpm
. ) : ' mln‘ \ ’
Weight of each component
R Water  0.389 x 62.4 = 24:30 lb /min ’

Phosphorus 0.0916 x. 114 1

H

9.32 1k /min
o BI* 0.0209 x 124=b 3.73 1b /min - .. /
: - ) . | e ‘
. . , € .
'weight ‘of miethanol paséd on 2.5 x wt of water

Methanol 24, 3lx 2.5

!

60,60, fb /min . )

"

Volume of methanol based on a sp, gr. of 49 3 1b /ft3 is

©1.23 cfm = 7.67 gpm

,‘ . * ; . .. ‘- . ! , ' . . /’ - ” .
.o Therefore total f@to mixer 1is, _ ‘

/ -
1,73 £t'/min L
’ ‘With. a resideﬁce time of 10 minu,k?he volume of the tank must

» ~
. . ~ . e \

1.73 x 10 = 17.3 ft® ,

N

~-

A'b hd " . R “




- ,“‘ L .y ,
. T ' C e ,
) A . . s I . 256’
LI : / . . -
The mixer is to have an internal diametef of 3 f¢t,
. therefore the side-wall helght is, ‘ * : "
‘ . h = 17.3 - . '
. & TXD?2 . : ‘ .
‘Q . [ \4 . .‘ +
— - = 2.45 ft,say 2.5 ft. .- -

The-<ank is to. have 1. 25 ft extra side wall height for, splash,

therefore ﬁte total height of the mlxer is 3.75 ft.  ~- | =
> : The mlxer 1§ fltted w1th dished ends and 4 baffles, one tenth
-
the dladéter of the ‘mixer, that is 0.3 ft. , . //’
# : v h RUNE " .««:-:’ PR
: g " g ERERTE ‘\. - : [ ¢ S ’
E.2.1.2 - Clarifier 1 / , ) ".ufpy‘:w, . -
‘ » Material -Balance: b .

Based upon experimental data, thé’underflow“comp;

osition is 22 percent water, 33 percenE’Pq,*45 percent of

- J
methahol. The-benzene 1nsofﬁble solids are not considered .
N ‘ @ - ..
.¥ in the percentages as they flow throug the system unaltered.

_The Weight of phosphorus dlssolved inn 1 gal of 2.5

-

' wt, ratio methangl to water solhtion[is 0.0072 1b .

. > L
b . c . . »
Assuming all methanol 'and water is overflow, the
(53 - . .
" loss of Py from the sludge {ds 0.0775 1lb per minute’which is
. - » -
latér recovered in the process. , . - PN
v The phosphorus in the underflow s therefore
1\ ‘_.- : . N " . ) . ‘
- ' 9.32 - 0.08
) . e = 9.24 1b /min.*
. 4, ‘ » 9
By applyins the above ratios, the weight of components in
Py . . g . . .’ ’ ] . .
. A "the underflow:® are , . ‘ X
. . . ‘ N
- ‘ ‘
- ’ ' Tl 5 / K




Y,

Y T

\
:
are: . ...
N P ha
PR

. water

: "thosphorus
) , -
]

, °© °BI

;

therefore the weights of compongn;s;leayﬁﬁaf

21

-

Py S

¢ Water
» Phosphorus
+* BI -
& ‘
Methanol
Sizes

"Based on a-3 hour retention

s ) !

v

i

21,30
v f

9:2Z

AWV
o
J

60.60

>
Ll

6.16 1b /é%n

9.24 1b /min

3.73 1b /min
. ¢ \

; Methanol 12.6 1lb /min
; ]

e 2%

- 6.16 = 18.14 1lb /min

- 9.24 =

L3
AR )

- 3.73 = ..0.00 1b /min

(-12.6 = 48.00 1b /min

P
»

‘
. .
xr *

»

1M3 x 180

= 311

££2

S

—
\'slope.
‘ Ihe‘ volume of cone = 131 ft?: ;
1 . CT i vo]_‘”
The height of siflewall h = =F"
kY . T
. { . P
. = 2.3 ,ft
. '
. [ S

TO this.heigﬁt is added 1 ft. to allow for“pipiﬁg and safety. |

' Therefore tHe toﬁai height is 3.3° ft. .-

... The ;gof structure is to be conical in shape with

a l in 10 slope.

~

§

’
» .
L4

0.08 1b /min.

(

.. N . . . » i . .
_ A diameter. of 10 ft was chosén and a.cone with a I to 1

-

’

»

N i
,in the overflow

»

Ay

time, the clarifier must hbld.

@



of the tahk must be % ’ B

_and. a fresh*supply of methanol equal in we'ight to that adqed

Size: ;@9  w e ) .
.. -y .

E.2.1.3 Mixer 2

-Material Balance 2

¥
The feed is comprlsed of underffrw from clarifier 1

*

to mixer 1. Th total flow in lbs/mln tQ the reactor is

Methanol 12.60 +60.60 = 73,20. ~ n°<:::j >

3 ¢
Thé dlscharge&from the mixer is equal in welght

to the feed. A : l : ‘ _ -

Based on the spec1f;c grav1ty of each component
as outlined above, the volume flow in ofm to the mixer is

- . ' o ]

ate

. 1 o o ) . .
s r lﬂater ¢ 6.§16‘ X m = 0. 0991 ' - . r )
1 o ' ’
Phosphorus 9.24 % m = 0.081 . e . |
¢ ’ /'
~ . 73 % == = 0.030 T
. ' BI < 3, X m =Y. : . -
) 1 '- B - ;‘, R . ‘\ .
Methanol 73 20 §‘49.3 ~ 1.48 . . . , "
. ) v . - _,_~________ . . . . .
Total St 1.69 ft3/min

, \ : r /7

With a retenthn time of 10 mlnutes, the yolume

, Wi - T

As ‘the volume requlxed is only sllghtly less than

that requlred for mixer 1, a mixer with the same;spec1f1catlons

.. ) B ! ' \’ ¢




Fid

as that of mixer 1 is to be used for mixer 2.

BE.2.I.4 Clarifier 2

mixer 2. Based on expgrimental data,

.

clarifieér 2 contains, 3 percent water,’
” \

and 50 percent

'quantity of phos orus per ga(%if of 11.9 weight percent

metggnol to water solution is 0.021 1lb.

hanol. From -experimental data, the

. Assuming 80 percent water and methanol carryover

iﬂ the overflow the loss of phosphorus in overflow is

&

= 0.16 1b/min

0.8 x 1.57 x 6.24 x 0.021

+

’ » -
Therefore the quantity of phosphorus in bottom product is

9.24 - 0.16 =

9.08 1b /min.

"

The weight of sludge removed in the underflow per®

minute
. 9.08 _ .
. ) = 745 = 19.32 1b /min..

1

The weight composition of the underflov‘ is therefore

Water , -19.32 x0.03

' Phosphorus 19.32 x0.47

BI

y} Y

Methanol  12.32

x0

.50

-,

]

%

)

A§
0.57 1b /min
9.08 1b /min

3.73 1k /min

»

9.66 1b /min .



L

L ]

v

- the weight of each component

o

Water = 73.2 -

Methanol = 6.16-
63.54

I

this equals 791

z

The corrected volume .of phosphorus in the overflow

i
8.03 gal methanol per minute.

+ . -

in the overflow is

9.66 559 Ib

0.57 M.54 1b

-

is 0.18 gal/minuﬁe; Therefore the volume in the underflow

is 9.06 1lbs/min. '

The total sludge fiow is therefogé

et . 9.06

! 3

The weights %F components in

*

,;. 'p.-——-ﬁ =.19,27 lb_ /mj:n.

the underfibw are

Water: ‘ 0.57 1b /min

-,

~Phosphorus: 9.06 1b./min

/’

BI: ~ 3.73 1b /min

Methanol: 9.@; 1bs/min .

14

Therfore the weight® in the overflow are

»

Water : . >5.59 1b /min

wr Phosphqrus:O.lB 1b

Methanol: 3.56 1b

-
., ®

A .
Size:

&

4 The volume flow to
o L]
Selecting a retention timé of
N +
volume is,

/min ‘é\
/min . d
S

the clarifier is 1.69 ft?/min,

3 hours as before, the required

-

AN ;



2 s

* : 1.69 x 180

, — 304.2 ft3,

As this is only slightly less in volume than that _

. required for clarifier 1, clarifier 2 is to be constructed .
. to the same specifications as clarifier 4. ’
E.2.1.5 Thjickener 1 : "

Material Balance: C ;
- The feed to this unit is the underflow from v

clarifier 2. From the experimental data, the sﬁpernatant K
) ¢

after prolonged settling 1is 94-gerbent‘methanol, 5.9 percent

N . a . ~ r
water,” and 0.1 percen?fphosphorus.~ Experimental results
s d B - 9

o - , / .
ihdicated that approﬁimately 60 percent af the methanol, -

- ‘.’2

can be re@pvered by gfavity settling. ' The yeights of each

, + .
component in the supernatant can be calculafjed as follows.

=

,
° L

The wéight of methanél—recovered is
L , 9.63 x .6 = 5.79 1b Anlin. »
\ . ob ‘ T

total supernatant recovered is

© ) .
i;%% = 6.17 1b /min.

« The weight of.'each component in the supernatant is therefore

0.36 1lb /min

. - Water = 6.17 x. 0.059 =
- . < . <. .
.« Phosphorus = 6,17 x 0.001 = 0,006 1b /min
. Methanol = 6.17 x' 0.94 = 5.79 1b /min . |

’The-weights¢§t each cemponent in the underflow are:

[




o g i . - \
A~
7 L
Water .= 0.57 - 0,36 = 0.21 ib /min
Phosphorus = 9.06 - 0,006 .= 9,054.¥ /min .
/o
BI L v " =.3.73 1t /min
N L ' N , -
T . Methanol = 9.63 - 5.79 =,3.84 1b /min.
S ) ‘ Sy
.Size: . ’ '
The volume flowSko Thickener 1
. 1 M -
Water  0.57 x z3— = 0.009 £t’/min -
“ . d i . L]
.l < - 'vx\‘
Py 9.06Xm = 0.079 fta/min
[\ ) ‘ ¢
. ; 1
§ EI 3.73 X ==5— = 0.0390 £t} /min
. | | 124.8 m
¢ - - l . "
Methlanol 9.63 === = 0,195 ft?
o 9_ x.ﬁ49.} ’O“ E’ft /miq
“/';/ g' oo ) ‘__—D— .
i Total ~ = 0.313 ft?/min
. X

Based upon a retention time @% 4 Hours,'the vdlume_that

the thickener is reguired to hold i§
0.313 x 240 = 75.12 ft?

This thickener is 5 feet in diametér with a conical bottem

- . . a2

with a ¥lope of 1 to 1% \

L4
L]

-the volumeé of the cene ‘is galculgted by - ~ I‘f
’ ' ul'-

\  1.04% r¢n

hY

L = 16.35 3

-

* ’ ‘ . 7] ! '
.the side wall height bfithe thiickener was calculated to be
‘ ’ "J» > . J"‘ ’
"L/ . h = VO l i ! . " R
: - TDZ )







R s 53 85 x 4 \:1
‘ 3. =l s

-—;"‘2'.§9Ftox_'L3Fb. \ T

4

To thls height of*s¢ée—wall 1s added }Fifon piping

. ) and safety. The top of:the thlckener is to, bé flat. The .

disc_harge Qort was selected to be 6 inches in dlameter. : -

- . . .

E.2.1.6 .'Flash‘tank A o R I .

Material Balance. ) ¢ T T o -
o - e . - ' ! . R
I - - The feed to the flas tank is”the underflow stream A

from thickener i. The: flow 1n;xnnas per minute is water, 0.21;

. . M R
-~ -
. ’

~

: |
phosphorus, 9.05; BI, 3.73; methanol, 3.84. 'For this ana1y51s

it is assumed that the éﬁpsphorus and BI are carried through’

b

W1th the bottbm produtt therefore the feed to the tank is

4

con31dered only es methanol and water. The numbetr of moles

of each are: . . - "~1 - ) P
- \\ water = gi%% = 0.0117 moles/min )
- 3.84 _ P - - ,
. methanol = 55— = 0.120 meles/min, V ,
B - 0 - - '!‘ . ) - ~; o : ‘ _ ’ ;,; ; :\.‘
‘ Let thée mole fractioch of methanol be Xpeo - * o0 /', ﬁ
) , “ . . - . N i .
' . =
. 7 ! . — 0-120 — ' -
. ) . . ,xf = m7 0.’911 : B { .
* 3.74 S
The, top proddcﬂfls to conﬁhln 55 moles methanal
o S *4 .
_ _ . = 0.117 moles/min,
;{tﬁe bottom'product therefore contains / . - o
\ : . ‘ ‘
‘ 0,120 - 0,117 ' i

b ) ] ="0.003 moles/mlnute

<.

~* Aggumntiona made and would have to be varified exoerlmentallv at



&1

-

LN

‘-Let the portion of the water that 'is carried in the Vapor\;;§\~

-- . 0.915.

9 .
stream be,_ w, therefore, the portlon of ‘the water that’ 1s

4

in. the llquld stream\hs (0.0117 - w).
The mole fractlon of methanol in the vapor phase

is '
. N

. = 0.117 ° L=
. /(/+ - YT I v w .

0.003 e
0QZ + (0. 0TI7-w)

equlllbrrum line is that used for the de51gn of the dist-

Illatlon tower, Flgure évl QJ trial and‘error,

, -

w.= 0.0108 moles/minute in the vapor
. ’ " ‘stream and
. . b

o

)

- L4 o

the bottom product stream gontalns -

§. '0.0117 - 0.0108. a )
e )
S, . = 0.0009 moles/minute. : .

[T D

The mole ﬁrae}ion of methanol in the vapor stream is.-

-
.

The mole fraction of water in the Gapor stream is -

’ - ©0.085, | S

The mole-fraction of methanol in the liquid stream is
o ¢ I'd .

0,789 . S . L
The mole fraction of water in the liéuid stream is

e - - “

RN 0.211 . S ) .

- . ) . " -
. . — A - ¢
-« - p—— 3
o s
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. .7 ., Thg total materigl balance acrtes
‘ : .
the top~prdduct and bottom product are:
" LN X '
Top : Methanol:-  3.74 1b /min = . . .
‘ Water : 0.19 1b /min L e
Bottom; T IWater: 0.02 1b /min - (/ ' . .
. - e
Phosphdrus: 9.05 1lb /min . . ]
) - BI: 3.73 1b /min . S )
, : N A . H . . . ‘o C -
T ‘Methanol:  .-0.10 1b /min | . R
AN ~ . " — ) . ) ‘ ’:
; N ~
Volume of yapor Str!am*» . ]
‘ i Vapor pressure of methanol at 65°C 35 giVLen by
.o _ 1473.11 _» . ' - -
e - 109‘101: = 7.8786 - T—gois=
’ Y = 766 mm Hg. . R o
7 P . A ’ T q " i ‘
'The vapor pressiire of water is given as 187.5 mm Hg.
) . 3 1 .- i [ o + . X ;A
' ‘Partial pressures of ;methanol and water. o : o
by Raouits Law LT ;o N ) .
e Methanof“:— 766 X 0 789
. = 6\04 4 om Hg .
{ ¢
. Water = l$7 5 x 0. 211 : ‘ R
) = 39 26 mm Hg. .
The total pressure exerted is 644.0 mm Hg. P )
p ., ] . : * > .3‘
Volume of methanol (a'ssuniing ideal gas létw). -
~ * B 4
b : . . A
PV = nRT’ ‘_ h .
' _+nRT g "’ g
) : - ..




N 4 ‘ -7, L . : .
’ 0.0I08 x A44.6 x 338
(644/760) x 33.0

‘= 5.7 ft3/min* - - :

< The ;‘:otal volume to \be.‘mc;ved is - N

"

’ - '.\“' . _ e "' = 67.1 ft‘a/rtnin ' N \; - ' N

n

Size:. --. s ARV d

B . The volume of .tthé flash tapk required for.a

g:et;e‘nt':ioh»time of 2.0 .hours‘f-'for the liguid bottom pAmduct

fe - A

e . f
is based on: e . R ¥ !
) PR Ra v )' . * wr = .
. . \ - L . . , '
«  Material‘] .. _ Volume of p_?ggrfkow T

Ty - T © 1p/min
. ’ . > - * B ’ ” ) / -
-Wwater - - -~ *0.02 - ¥0.000 - .-

ft""‘n in

‘ Phosphorus | - 9.05 - 0.079

BI 3,73 0:029

. . - Lt «
Methanol . . 040, - 0.0Q2
i L o

Total Volume of Liquid 0.110 £t*/min
. - '\ - ¢ - '. * !

- ' . . ”

¢

e
P

’ Y

.
-

- ’
3* g
* s - "

: g -
’ ' 7
. - - *
d N t. ? - h
f«' R Where; n = number of moles -
« ) ' -3 ) .
T T i{= universal gas constant s
. . . . . C . )
— - 'T =-temperature in °K, :
‘ P = feet of, water.
) Therefore the volume of tlie methanol vapor -is
k ' . = ' ] . L] " - . ’ -
'y - 0ll7-.x 44.6 x 3380 . - . o
S . (644/7p0) x 33.9 ° .
614 eds s o e
- = 61.4 £43 /min i
. The volume of the.water vapor is . .

. . . ; .
— . L, E - . . : . .
¢ ) . . . . “n
N -




©

+ to have a 3 fold,cepacity, therefore‘the helght ;s

fn

P 1.4 ft. ° I

l:r v - D -

To allow space for some foam, shou%d ang occur, the tank LQ o~

-_‘ ‘\ . o - N A

. . : = 1.4 x 3 | .
. ‘ ) . - .
= 4.2 ft., =say 4.25' ft.
v s

.- * : ,
The ends of ‘the tank are to be dlShed and the vapor port is

le-— — LT

to be protected from spatterlng of the sludge by a baffle

plate. ' ~ o >
3 ’-\\ *

E.2.1.7 Di&tillation Toﬁe; .-

Mater1a1 Balance: o .

..f -

R Thé ﬁeed to the dlstlllatlon tower originates from .

4 streams; clarlfler 1, clarlfler Z,Lbhlckener»l, and the
. . A . S . ‘
flash tank and—are .presented in Table E.1l.

For the: de51gn of th1s unlt and for the materlal

balance it is assumed that the system is blnary, that is,

the phosphorus drops to the hottom of. the tower and exlts

with the bottom product 1eav1ng only water and methanol



Source

*
~

",

Clarifier 1

7

sClarifier 2

Thickener 1

Flash Tank

//iot§1.

R

-

L4

TABLE g;&/

Sources ol.?eéd for Dis

-

*

P i

tillation Tower

- 1

\ .

[}

o

Material, pounds/minute B
Methanol " ' Water Phosphorus
48.00 18.14 0.08

7 ® R .
63.56 - 5.59 0.18.
5.79 - 0.36 0.006
e ' ' +
3.74 -0.19
121.09 0.266
s . . w
) ) ~
> .
S

O
.
N f
[IS
.
b
i
|
- \
1 .
~
L
- -
[’ -
4
& _
.
»
A



-

. CTTT 0.262., —
: » . g' , -

LS . A
- L
,

‘ S -

' _interact throughout the tower.

The pound moles of methahol in the feed are

s | 0 121.09-. :
. - 5y = 3.784 lb'po}es/mln.
The ppund'moiﬁs of water in‘khe feed are
. . 24,28

- TTE

-

= 1,349 1B roles/min.

»(t‘

?he mole fréction of each in the feed is ’

— e e

[

-

3.784

Methanol: =1

= 0,737

Water: , _ 1.349

1

. Desired products ] ; ‘

distillate,D  : 0.995 mole fraction methanol Y

.t ' _ - - L 4 -
Bottom Product,B: 0.005-mole fraction methanol
I3 - ~ - . .

Feéd,f R : 0.74 mele fraction'methqnqlf )
. . . .~ ~~ S ' '_ o /.
Material balance around tower ;
. L U
F=B+D -~ = - E
Material balance of the more volatile compohnent,
F(xF) =,D(YD)-+ B(xB) :. o
From equation (1) | . . . .
7 - ’ . ) . o
« B4+ D= 5,13 moles
14 ' ~ ‘
. {j * . B=4.13-D '
- . - - ’ *




» , \ ] '
From equatdon (2) for methanol o .
. o o - .
0.74 F = 0.005 D + 0.005 B . - 7
0.74 X 5.13-= 6995 D + 0.005 (5.13 - D)
3,796 = 0.995 D + 0.026 - 0,005 D
©0.990 = 3,270 ° o )
i ﬁ.A' .. ~'v ) v :\ - nT
. .D'= 3.81 moles/min. ‘ . ’ .
I _ .
o By equdgtion (1) -,
5.13 =B + 3¢81 _ - . .
. | I ‘ ' «
j B'= 1.32 mdles/min T
Aséuming\? reflux ratio of 1.5 ' ) /w” : 7 e
LN » f \'
3 . bl (] l" ~K - ‘ﬂ
L = .5 D’ .. ?
p P n ‘ - .
e . th :
) where Bn =. liquid leaving the n plate,
< . gy . . ’ <
\ . thé@’isqthe flow.of liquid from the top '
’ of the tower down te ‘thHe feed plate,
LS _ . " - t < L J - !
. Lnp=1.5x 3.8 , .
i \_ / "L = 5.71 hole;[mih_ .
“ - ‘ . ) . {’ ! ""‘k
Also, * % ,Vn =L + q . :
T S ‘:}. : 3 -:; th . R ‘ : ‘,.“
N - where'Vn £ Vdpor lgaving the n plate, that ‘
2 ‘ <0 . : L . P
\ ) _ is, the vapor leaving the:top plate of the-
g " towet and’ entering tﬁe‘éoﬁdenser.‘
. o . : I ) . *
V, = 5.7 + 3.81. - .

= 9.53,moles/min.




S

Water discharéed with

f3]

=¢0.019 moles/min

= 0.34 1b /mX’

—~7~--~—Thig water 1s recycled back to the first and second )

,,1

mixers with the methanol at the rate of 0.17 pounds per

ey
[ 2

P

minute. -This représents 0.6 percent and 2 6 percent addltlonal

(.

, ; ’ water respectlvely and  for the 'purpose _of design of the mixers

and clarifiers it is Lgnored.l However as this water eventually

is ,added to,the‘prccess stream that makes up thécfeed-to’the

. 1
The adjusted feed of water to the unit is

24,28 + 0.34

'24.62 1b /min.

]

1.37 mcles/mih

[

. 4 . N . . 1 ’
The readjusted mofgbfraction of each component in the feed.
\ ! p - ' : - ' -

-

is us *

Methanol; 3'784'; Q.734 ‘

I P s.IET
* 4
. Watet: 1.37 0.266. ' .
ff‘ T The material balance from equatfon<(l) )
S " .7 5.146 =B + D’ -
™. B = 5.146 — D
- ) . ,
\‘ s ‘~
» ' o

distillation tower it is ccnsideghd,in this design.

-

2



E * e

. N - y
‘ ¢
. - . [
0 . -
. . [ -
-~ . « ~ - 1 Pl
o . - . ’
- ’ - ' . .-
B - ~
. ' .
' . . - »
- -
- - . . N

'From éngtiopg(Z) for methandl . o

¥

//" 6.734 F=10.995D + 0&(05 B -

4

PN -
-

.734 x 3.146 = 0.995 D + 0.005 (5.146 - D)

-

°
- N PR

e ° 3,782 = 0.995 D + 0.026 - 0.005 D_

) .99 D = 3,758 oo .
D = 3.80 mdies/min o 3' ' L ~
- - . o ) L.
By equation (1) ; «
. . » e
5.146 = B + 3.80 i -
- 3 B = 1.35 mélzs/min 'Z - o

U

_As 'the weight of the distillate changed by 0.0l moles/min

N : v Ln = 5,71 mo']_es/m!in ,
’ and » i
. ) Vn'=,9;53 moles/min ., : o

d/ the

Material balance actoss tower is therefore!

. ) Distillate, D ='3.80 molés/min
, méthanol: = 3.80 -x .99%
. o
. moles 1b
, , = 3.78 /35— % 32 51,
* = 120.99 1b /min
| . water;= 3.89 x .005 x 18
- . ; - ‘}
0.34 1¥ /nmin .,
’ “’ ‘ . /’ ’ - ]
v 3
L4 P




1

-
- -

Bottom product B is 1.35 moles/minute and is comprised of:

-~ . - . .
. -methanol '= 1.35 x .005 x 32 ’ .
' - = 0.21 1b /pin’ ) ‘
" [N !
water = 1.35 x .995 x 18 ° . '
. *=24.2 1b /min )
phosphorus = 0.27 1b /min .
. T - It is assumed that the feed entering the tower is
at the boiling point.7 The“feéd line on the equilibrium
diagt¥am, Figure E.lf is ‘therefore in the,vertical position.
. j . 5 LA ) .
: This also states that the kiquid flow below thé. feed point is
- _ L t+F and that the vapor flow in the stripping section is’the
same as the vapor flow in the rectifying section. L,
Therefore: T ;
) ) -
b L =L +F
h m n [
. = 5471 + 5.31
= 11.02 moles/min,
4 ‘ g . . -
and . . .
’ ' . v =V N .
N m n ™
’ = 9.53 moles/min,
Location of the opérating lines ‘
Rectificatjon section )
, The point of intersection of the operating line
» is the intersection of the composition of. the more volatile

<4
-

componeht in the vapor, specifically D : . -

.



v e 7 (0.995, 0.995) - .
_while the interception of the Y axis is at : > .
= D oy e
(Ol(v—) XD) r _‘ P . LI
‘ n . - . R
- L a 3.81 L
.’ ‘ . (0, -9.—5? x 0.995) - .
. ) » ’ N "
) , (0,0.398) 1r’/. ' o
o ‘J .“ L4 >
+ Stripping section: . e
The operating line cuts the diagonél.at the
compositién of the more volatile componert in the. liquid .phase,
. specifically, .
. j .. T (0.005, 0.005), -l -~
% - ‘ .2 4 \

" The operating line goess through this .point on the'diagopal

e and has the élope

[ - -

’ o Caim _ 11,02 L S
- ’Vm 9-53 - . - "T N » "‘
» ] . .
=1.16. - ~ p

rd

L'S

+ - - 14

el stages are 12-1 = 11, n .

v

'(Efjggfhe eqﬁilibrium‘diag§§m4 Figure'Elethe numbe; of
id )

o ~
-
°

Plate efficiency:
! 3

The relative volatility, a, of methdnol to water .

h . R ) L '
is given by . o 4 T , y
v R Po o Q \
o —~%
« - 14
' PB \
whewe Pi = vapor pressure methanol .
. P2 = vapor pressure water o

! . in - - .’ w‘
0 ' e " - ,

-



" by Coulson and R}chardson (1969qv.r T _ R {

Log E = 1.582

= 4.08 - S A2

The plate efflclency was obtalned by an equetlon presented

-

¥

u'\ _‘ '_L‘ . a,
- PogtE = 1.67 + 0.}'10g'(v) - 9.%5 {?g-(pL o) f 0.092 hL

1

where: E = eff1c1ency ‘i X ;ﬁ - A
; L and v = ‘the.liquid and vapor flow rﬁte;\ln 1b
< moles/hr
] y£ = v1scos1ty of 11qu1d %;edrln cent1p01se'

- X ) N L& e
relatlve VOlatlllty of key c&hponents

Q
“

=2
|

= effective sgbmergance in feet

10302

= 1.67 + 0.3°'log g% - 0.25 log (4.08) +'0.092 x 0.5
. . . . 5 ‘

1.67 + 0.049 -  .153. + 0,046

L]

E = 33.2 percent = . . ' K

ol

. R " P
Therefore the«ectual humber of plates in.the colump are

— o 11
' Y 3

- P

28.79 - SR S

29 plateg.

R

At a plate spacing of.1.5 ft . the height of .the tower is:

equal to 43.5 ft. . This does not,include the reboiler or

the condenser. Assume tower condenser to add an extra 10

Y

ft,  therefore the height is equal to p3.5 ft. |

» - . ’ ’ . ..
L) o~

"§

)

.

r

Vatd



X V r _\.4- - “‘ :‘
~ . L
R , / '
Diameter of tower: 3 . . !
The mfﬂlmum vapor velocity of the’ tower is glven by Peters |
and Tlmmerhaus (1968): ;‘ L \\ |
- ! * ' :pl .- f 9 I d
. — V = K /7 . Q( 4 )
m ' D™ - Y :
. . g k4 . b ~ ¢ "\;'
. 5 «
. : W o N
Nr
where; . =T ,
' a K = an emperlcal constant
- v
Mﬂ ——
P“ . . : . v‘ -
Py = density of liquid . :
n. = density of gas. o v
9 ST T - /

A tray spac1ng of 18 1nches and a slot llquld seal

of 2 1nches was assumed bheréﬁne accordlng to Peters and

L L]

'Tlmmerhaus (1968) the value of K

4

E

is 0.12.

o

o 1 N
v

The conditions in the tower are:

P
T
P

Parameter Y
’Vépbr rate ¢
Vapék mo; wt
Temperature
Preséﬁré ‘
Liquididénsif?’

o

e

gtop‘

~

o
L

9.53 moles/min.

32
e
149°F°

.-

1 atmos: ‘

Sl

49.4 1b /ft?

32 x 492
. X 60

= 0. 072 lbm/ft"

.Y
*ﬁ | é . -
Bottom
9.43 moles/min
18 AR

"212°F .

“

. 1.1 atmos (assumed)

62.4 1b- /£ft?

\
.
\._._,Tf




o

8 : — ’ .
. 218
‘ ' \ - . S " v , f\‘\\
. - 18 x 492 1.1 - A 15
QJ 4 . i s ‘/ .-e
. SR = 0 040 1b /ft L _ . C*
. v : . -
' v ‘ %/ﬁ9 0.072 . .
, » . m O = 0 1 0. Oﬁ - . (\ ' &
. Y
, , o= 3. lS\fps : .
;a‘Or moleéular wt x’ vapor rate x 4 1/2
min diameter = (2K secp . —) - ‘
.. ‘ Dgas X T X V x 80 ®n . . -
- . \ . ’ . B —
’ =( x 9.4 x 4 - A2 AT
_ : 6 072 x 3.I4~-x 3.15 x 80" - ' ] ) ‘
o . . ) ]
. = 5.5 ft .diameter. . (
. \ K] . : .. - ”
Checking conditjions at the bottom of the tower: . SR
A e fEEZEE L
. | bottom - , S
ﬁ .. = 4,74 fps ) ’
\ s v;hor molecuiar wt x vapor rate x.4 1/2} .
minimum diameter = (X2pot B P .
T o X T X VX 60 NE : Eb
» . , .gas - ,
' 2- -,
- (18 x 9. 4 X’ 4 3
- U‘U4x317fx174x60
= 4.36 ft..
.As ‘the tqp section of thé—tower reqpires the greatest.diametér
the tower digméter must be ¢ S
s i fi R . e W
' ¥ ‘ . 5.5 ft., .
4 - : P i (..‘ e . ]
Condenser ‘at,top of tower : . SR .
‘ ' ‘ ¥ et o ' A

S .
Conditions:

v

‘must condense 3.79 moles/mlnute methanol

’

0.02 mole!bmlnute water

- . -



-

o
&

w3
13

L]
b ’ I

Latent heat of ;\rapqrization' of- methanol

= 16, QIQ»BTU/lb moie

-

Lateént heat of vaporlzatlon of wat’

7z
<

19,798 BTU/1b mole, ‘

The, cooling water is at 105C, 50°F

4 - N . > . i N P ’ v . -- .i
the water consumption is therefore-

E

K

=V1T

» ‘ ’ Mo = T2-T1 « ) ’ (3)
t * o | v
.- where .
\"\ ) v =" vapor to the consenser (1lb moles/hr) .:
- T = molal latent heat ofyxture B'I'U/lb mole
- R
. -~ T2=T)= ,temperature rise in cooling, water.
- : . .t o e .
' Temperature rise is limited to 147°F therefore the,water ',
required for the methanol is
‘ 1Y . - b ) " ' .
» ot w = 3.70x 60 X 16 879 BTU/lb mole o o
N M, = : IT"“?E‘ = )
N , ~ = 39,57¢ 1b /hr '
- . 39,570 -
~ X O« r .
. EY ,' 4
L ® =.105.7 gpm , ‘ ’ ) BN
and .for water ‘vapor o .. . '
o 4 = 0.02 x 60 x 19,798 ,
N ¢ . 97-
| = 245 1b /hr ) '
¢ ‘ j y
s _. 245 ;o , -
60 x 6.24 ‘ . -

0.65 gpm

]




'; N . * ‘~- [ ? 2801
Q - - ‘\ \ a ) B - > . o
. Therefore the total cooling water requiremerits for. the -, ‘
. . h Tt k \. . ) ~ -
" condenser = 106.3 gpm. - o , * _
The size of the condenser was calculate&'by"- < ’ "
- ‘ . ‘ ~ . : ’,‘ )
’ A . s * S
N ) g = VAAT, ¢ _ (6)
where, - . _
" s :
' q = rate of heat transfer BTU/hr , s .
S u = overall heat transfer cosfficient BTU/hr ft2°F
. . : . . ¢
, A = area of exéﬁanger 5@( IR ©oe
LR aT, | ' R
T im = dlfferemcebetweék‘log’mean tempera;ure of

coo;zhg %ater andi;he Tiquiq, being cooled.m:
_;(/ \ 2

e

u dan be conszdered}as 500 BTU/hr¢ft2°F (Peter and Tlmmerhaus,

1966), Ty

-~ . '

-
£ oo

Log mean teﬁperatﬁre of cooling water

I -
° ” . ) .

- AT,-AT; ;
[y ATlm -— n T1 T2 ' w$ - -
.‘ K B r ) . ) } . . \ y I -
7 where; . / .
AT, = 147 ~ 50°F £ 97°F
AT, = 147 '~ 14§°F = 2°F .
' . \ » ) ’
ATlm = "" X . )
- .= 24.5°F , .
e A ~ ! Y
. . .“,u ATlm ' 5




Reb011er 81ze'

-
A3

~

]

PSR . * - b . . . .
wt . - ¢ B LA
- - . - ,
. « .

\ o’ . ’ @
A= 43 79 x 16,879*:—»- 8 031 x 19, 798) 60 ft’
T N 500 x 24, 5 AR
o <
. = 315.3 ft? L . .
* & v ® . B .l ’
" - ‘.

L)

The sSteam consumptlon 1s given by McCabe and Smlth (1967,

p. 565) . o ' ’: . , v S
. o . =9 ) . S (7)
s T T .
s - :
" . where; Nt T
I ] - - ' . ’ ; .
.- V = vapor leaving reboiler . i o )
- . . ) e
T; = latent heat of été%g BTU/1b

molal latent heat of'mixﬁﬁre, BTU/1b mole

!

'z.
I

steam consumption lb /hr .
-, " 3 L] ' | -

It is‘assumed that the steam is at 20 1b /in?

L
'

cherefbre.%é'#_QSQ BTU/ib, .
1 . ‘ 4 ) - ' ’ _ ..
The steam consumtion is -
. \ : ‘ ,
. ’ . %
i ﬂ} - (0 0061 ¥ 16,879) .+ (1.33 X 19,798) x 60 -
s ] 9§9 . ‘
= 1657.8 '1b /hx e L - : ,
= 14,522,000 1b /year ‘ _ ;la' ..
The area féquiredrforjﬁhe reﬁoiler is calculated from . L
/ , . M - . . '~ ——
S g = UAAT. X )
v - [ 4 »

?éters and Timmerhaus give a range of u for heaters of |

from 200.to 700 BTU/hr -£t?°F. From this a value of 500

BTU/hr ft%°F was assumed.




i . - -, ] . /
. L -
& ' L4 » + 282
“0‘ ] ) : * . ) - e
. , Y . . oo - o,
S AT =" 230 - 212 R T E
. - PR 18°F :' I . "
i - . ¢ ; . Arw == -—-ﬂT‘ . -,‘-. . L ..U. s : \vv\.
a , o o 1é589,s7s oL L
P + - T . 00 x ; “-'. I ~v" T,
, - - y {4 o ) Sy ' - ' . .. v -
3 . w e ® ‘ . “ .
. LT = 176.6 ft*,_ . . N J
' ~"-.“;3.2‘.1.3 ctarifier 3. - - = e /}{p‘
) 3 \ - N ) » . o :./._ - . - -
: Material balance: L T r T ./
g : Influent to this clarlfler is derived f.rom "the
bottom product of the d:.st::.llatlon un:.t. S -
. “The feed is: - - )
L Methanol : 0.21/49.4 = 0.004 ¥t’/min .
{ [ . ’

i Water '+ 24.0/62.4 = 0.385 £t’/min | \\;;/// .

Phosphorus: 0.27/114.2 = 0,002 ft®/min

]

. v -
Total flow - -  0.391 £t’/min
WY s . ... From the expe’rimenta'l-data , the guantity of'ph'osphorus“’ SR
‘_ ) dissolved in. the‘ supernatant is .-'negligible. firom the point Qf
’ ) the :.naterial, ’balance,-'however beéause of ite toxicity, the
/ ,»-‘.- sﬁber(natant v labelled as pho,ssy water because of the phos-' -:"

phorus in the water, is- pumped to a phoséy water treatment

/- |' ‘ plant. ‘1‘.’hlsl treatment plant recea.ves phossy water ‘from a ’
“/~ ‘ ' -number of other saurqes and, is not’of direct concern irrﬁy?
Dl ~.. process. — L
, _ , . f:rhere‘forle the overfléw is.' L o
.. Methanol: 0.21 1b /min, .
. ‘,’ _ Water oY 24.0 1b /min .




The under€low is.
—_— = . Phosphorus: 0.27 1b'/min"' .
. .
: . ‘ e o .
size: | . ' ., = _

The clatifler/ls to‘prov1de~a retention time of 4

hou;g‘for the 1nf%gent stream. The vqume of the clarifier
is therefore » " . ) - ~ Kéf*
7 .10.391 x 60 x4 .
T ‘ 93, 8 £t° . -

“The dlarlflér ls to be 5° feet 1n dlameter and have
a cone slope of l‘to 1.
Tihe"yolﬁmeqqf’thé cone

‘= 16.35 ft?, .

»

S

. The height“of‘tﬁe sidé.wall

.. _V
- ) .hgﬁsArea -
,I‘ -S,
* .«'Tx\_' ;’7/ 7. 4 x 4 -

PN , TX 2 .
, " = 3.94 )
L =~ 4.0 ft ’ .
. 4 @ * ¢ .

. * i To thls height is added 1 foot for 1nfluent piping

N, and vapor space.* The' unit is to be tqtaIiy enclosed and

vgnted througp'a chillgr é%tached to an inert’‘gas 1ine.-
. ’ D

'E.3 Heat Loss df Entite Plant S ’

| All tanks and vesselsgafe to be lagged with,B:inches

" - ‘/\ - .
of elass fgam insulation. For the purpose of estimating the

steam regplrelbnts ‘to ma;ntain Ehe system at 65°C, the prea

-
. LY. hd

. .
' ] C e - o
- . | o ..
(l
oL ' ' - . ’




‘vof all tanks and mlxers are added together axoept for the'

-

' dlstlllatlon tower and clarlfler 3. -~mhe dlstlllatlon tower

'!
L

lls consldered o be adlabatlc whlle clarlfler 3 does not f,

rﬁqulre 1nsulatlon~as 1t operates as a cool;pg device for
’ hel N

_the bottom pxoduct from the dlstlllatlon tower. The heatlng

v

,colls of clarifier 3 are for heatlng of the phosphorus fof <

-1nterm1ttent dlscharge.. . ‘ S
’ /
A
Aréa.of,outside of iﬁSulqtion for mixén 1:
! o .
K a. - \ ‘J . . «
. Heads assumed flat for calcualE n*of area: .’
& Dz .
211'-4- + 217 . x h . - .
. - /’ .
s -
. =2 x 3.14 x (3.5)* +*2 X T X 1.75 x 4.25,
. - Z . ¥
= 55.9.£t2 R S - , :

Aﬁra of outside of insulationp for clarifier 1

we . - ' -
- ' '

LI

A = Area of Top + Area bf Side Wall + Area of Cone

El

%y *

T . . .
=‘h% +2nrh + (1/2(2m2)7(7.07) + 86.5) - | :

'86.5 + 109.8 + 233.1. + 86.5

515.8 ££2 -

»
° - B -
_ . - -

]
R

.- e~ '. .,‘ .
Area of outside of insulation for. fhickenér 1
“ k’.-j ’ . - - » , -‘ )
A = Area of Top + Area of Side Wall + Area of Cone
]

2 2
. o= E%~ +2ﬂrh + (1/7(27R) x 3.54 + 1%—)

\f 23.7 + 69. l + 30, 6 + 23 7
*

’r | . .
"o g . ..

- - "14 14770 ££2 ..

& - - ’ . ’ -




R * ” i — - . toe . t"‘_‘_ _____
& - ¥ . /e / i T
' RN ¢ ¢ T - L L g o~ i .
- [ - — ’__O:“__ — - -, I" : v . -
- > ! . ¥ ' I 2235
N [} . .
. ‘ ' 1 " . c:,__,,_.._.————:-——. ¢ *
> . ., ! PR B . +
Area outside of insulation-of flash tank et :
l‘ e ‘; ' : ' ' * ' k
By = 2(Area- of heads) + Area of Side Wall ) ) ) ¢
i, 4 . . s . ‘\\TbB’l_) ) . . ’ . Q N - . / N .
9 + - - - o’ -
. ’.= 2 (-T-) T Dh - . )
. . o - . fe L. ' ¢ ‘ N
: =.19.2 + 46.77 ~- . ﬂ(, : ! -
? ‘\‘:u' N = 65.9 ft?‘. - “ —' ¢ « »
1. . . : ‘ -,
: , .

The'total area subjected to heat transfer as a loss frqm t e

o ‘ system other than plp;ng, dlstlllatlon tower and conﬁensers y ’
. " - A = 2{(Area of. Mixer l) + 2(afea ok Clarzfler 19+ Area of 1{
| . Thlgkener 1+ Area of Flash Tank l~:‘\ Lo
=2(659)+2(5158)+l47l+659er’"‘/_' -
: °=13764ft2...‘ ' S ‘
] - ; : R } \ T ‘ L )
‘ ‘ - =fherﬁalfcondﬁégivitiy,(k) ofiégass'%oam as gi&eo\
T by Perry, 1963 p ;2 -39 ig’, 2 0 x*lo NS BTU/hr ft °R; ) '
- o f ' for,a 5“m:;:;;ness this conduct1v1ty 1; ._ A
“ - . %{\;"":f’klﬂx';k& B'futRxozsft -
J e o y -
The heat loss Ry thermal conduct1v1ty through the 1nsulat10n .
*  on the process éessels prev1pus1y described assumlng an. - - K
t - 1nf1n1te heat 51nk)1s glven by : ’ X - A .-
. y | . q =k A Am‘- (Perxy;?IQGB,Jp. id—lf)




o o : s T e
- . ‘
wherez ) .
.q & BTU/hr  * ., ) . ’
3 ' . . . -
. k = thermal conductivity BTU/hr ft °R ,

Fd

‘A = Area, ft?

'AT/x = temperature diffé;gnce{ °R, through'x!- ft, of

a3

insulation

‘e

’ ’ 2.0 x 1376.% x (607-528) x 1072

\

= 8700 BTU/hr _ ' Lo
Steam reqniféments;' . ‘ .

& I} "~ ' .

‘ ‘ 2 e H . ° - ‘

) s . Steam at 20 psi,t =959 BTU/lb ‘ s

. therefore the pounds of éteém’requiredth-
L * 8700 L., . L
¢ . T T

(%4

LR

= 9,0 lbs/hr

i

7?,000\1bé/year.

. Ty
.Steam requ@réﬁgnts-for flash tank:

Moles of liquid to be vapbrized per hour
s -7 '
. - i Methanol: '7.01 moles/hr

Water ™3 0.63 moles/hr,

- .

‘A »

~-— N

A3

! -

1t

- ' From eguation (7). the steam consumption for the flash

. tark ‘is P : ' S
- ’ ‘ - : - (7.01 x 16,879) + (0.63 x 19,798)

Ms. - 959

= 136.4 1b /hr *

1,195,000 1b: /year, o :

-

N -

+* agsuming 20 psi steam is aueilable.

] "
] ¢

’
-4




~

Total steam reduirements

-~

_ A ' ' Pounds/year =~
. Reboild® ) - T 14,522,000
- Flash tank - 1,195,000 " |
For maintafning temperature * ‘ 79,000
b o 15,796,000 1b /year
"or 15,800,000 1b /year
E.4 » Pumps <~ ' , . '

! ’ ‘o

v/
Ve

(Y

.

The size  of each.pum? is not speéiﬁicall? deéigﬁé

=1}

b

as the dynamic head against which the pumps must work has

not been ihvéstigaﬁed for this apalysis; For information the

pumps required are listed in Table E.2. ..

\d

" Pumps are to be 316 stainless steel except for thi

pog}tiue Qesplacehent which are to 5e constructed with a 31

WY

stain};gs steel rotor and a buna N synthetic rubber stator.

>

E.Se afitator Requirements for Mixers
¥ ’

Mixer 1 _ SR ) ' L

From the material\haiancé and residence’ time the

s

volume “to be mixed is

"17.4 x 6.24

"= 108.6 gal
-

The- agitation is for centacting the sludge with methfnol.
The specific gravity of the filuid is calculated orn
. a weighted average basis using: the feed com tion as

weight values.



Tl

"Capacity

Pump Type

No. Igpm

Pl Cent'>  10.96.

P2 .P.D.?2 2,11V

P3 Cent ., 10.54

P4 = P.D.. 1.95

"P5  Cent 15.35

P&ﬂ ‘ Cent 2.44

P7 . Cent 0.02:

P8 ‘.Cent 2.42

P9  P.D. 1 0.68

P10 -P.D. 1.18

P11 Ceft . 0.77

P12 Cent . 16.49 A

Bl thary? 67.1 cfm
S .

Note: s

1 - ’ .
, centrifugal type pump

. positive displacement Moyno type pump
lobe-type rotary blower

.
¥

R Pumps Suﬂmary

< Table E-2 S

-

et w

Materials. Handléed

T

phosphorus sludge and methanol

phosphérus sludge and some methanélL

mefhanol
. fg
spﬁe methanol

phosphorus sludge-and

*‘phosphorus sludge and
methanol

water and phosphorus
pure phosphdnus'
water c .
dehydréted phogphorgs’sludge

semi-dehydrated phosphorus sludge

U

methanol and water vapor
L. ? >

1

methanol and water

methanol "and water

/’

288 .

)




° Ll

24.3 x 1 + 0.37 x 1.83 + 3. 73 X 2 0 + 60.60 -x 0 79
24T+§32+§ §+6060

n

. F a‘ . K ‘
l.oo'~ -

\Vg ,
‘VViscosity: ‘estimated at less than 50 cp. / . .
! . The de51gn is based on a paper by Weber (19631 .and .

. by the use of the nomographs and tables presﬁhted in that \"
work, ( .. ' o .
; . From a nomograph relating tank volume with viscosity, ’

e specific grevity and the type of mixing desired, the estimated'

horsepower for, each agitator is 0. 3 "

P

From a figure relat&ng v1sc051ty with mixer speed

A
in, rpm 1t was found that the use of 1150 or 420 rpm-were

-
[

- acceptable. The hlgher rpm- lS cheape¥ on capltal costs and

-

used for smaller volumes, as in this case..

-~ L

A 31ngle propeiler system is to be used‘bedéuse

of the relatlvely low v1sc051ty encountered' :

- !

..: Tank turn qzer is 10 mlnute. ‘This generally

prov1des good thorough mixiag, therefore the turn over

volume in gpm‘is . 7 ’ o .

- u

LN

'~ 108.6 %10

N - o = 1086 gpm. .
* Jrom the data suppliéd by Weber (1963), the efficiency of a.
. 3 . - . )
. - square pibeh—prppéiler is only 0.6, therefore the circulé?qu'

o, . 3
p .

rate to malntaln 10 turnovers the capac1ty must be: RPN

106 : - 1810 gpm, Q



- There ore, according to Weber @1963). the dlameter of the e
) T T propei ller is 8". Recalculatlng the horsepower requlrements,
: the required horsepower is 2.2 Hp. Cor 5 ®
. ) ) .
'o ﬁl - - - - ®
. i
Mixer 2 . .

§

. - ak) e
Water: . %ﬂ%%= 0.42 ° , b
:-—‘a—h..:unu.-—-—-ﬂr;:h-w—: B A . ‘ ." - ’ ] - ' X
-7 . Methanol: 1.0 - 0.42 .~ '~ /
. 4 ; A
A = 0. 58'- i ,

-

that for mlxer 1. and the 11qu1ds

N

in phy51ca1 propert1ES, the same

.

24N,

As the size of thefmixer 2 vessel is the same as

;.

K

. .
unit 1 can be used in mixer unit

-

2.

mixer

2

mixed are almost identical

requirements for

« O

3

N
N

Cooling requiremgents for chillers

°

L]

-

The vapor pressur exérted above clarlfler 1 by

the methanol and water vapo: are

8

pressures of/these dbmpounds. .

Moles of -each component:s °

-

ke

lculated -from %he partlal

e ; . i - ’ '

'Eager: ' r
Number of moles water entodthe clarlfler/mlnute )
o .Y = 24, 30 =1.35 moles/mln. LT
18 ¢
g Methaiol : T . ¢

thber,og moles methanol, into the clarifie;/minute

60.60

.
o L

¢

P

=+1.89 moles/min.

Mole -fraction of methanollapd.water in fe€d stream:

' * L -
[ 23 he T "




. ‘:‘“ !"A B K
* . ; ‘ R * o
o 1] s '!
M & G_ N ‘
- ¥ a }L,
**  -Vapor pressure.of methanbxland water at 65°
= - - ~ ra e T
-~ . i . et \\_, ? - i
» Methanol: 766 mm Hg e ! -
-  Water : 187.5 mm Hy, . = - - /

Total bressuré e§qxted;b¥”mgyhaqql‘and‘water°is given by. .

° €

S oy i ‘ a :_‘ o + ° ' . g
R B : Fp = Po¥p F PXe s )
fwhere:
2 I 2 [ n. ) o * - ! ' . B
' P, P& are the vapor pressures of methanol and.,
L ' , .watei at-65‘C;;38pectively
- . o » B e . ..
= ) - XX, are the mole fraction of ‘methanol and
- ) water. respectively. ', X M
! t -,
Y P, = 766 x0.58 + .187.5 X0.42 - ’
; = 44.3 + 78.8 ~.
. S . T )
. : ~-="523.1 mmHg. bf::\\\ ",
Vapor pre%sure’exefted above clarifier 2. . -
_molegs of methanol and watetr in the liquid feed to
: ’ T . . . i 7
/ . clariffier . T
‘ ¢ , ' - " :
~ . oa ( . water ?i%g =0,31 moles
| - - - 63.56 o
- . > " methanol = 1.98 moles,
L ' ’ 32 , i . _
mole fraction of methanol and water in the liquid phasé
o . [ ! - s .
. . - g ’
v methanol = 338 = 0,87
; ‘ o, water = -g—l% = 0.13,
3 , ) . - ) l ‘;
|

r
“ , ; f \ - v
N -
N .
.




. llquld contents of clarlfer 2 is,

" highéer mele¢ percent of methanol, diffusivity-calcﬁlations

éf"k - hd !
As above, the total vapor pressure exerted by the

f

P o + o
PT. mem Pw xw

766 x0.87 +.187.5-x0.13. «

—_ = 666.4 + 24.4 . S y

, = sgg.e'm Hg.

~

As the vapor pressure exerted by the contents of-

-~

clarifier 2 are higher than that exerted in clarlfler 1,

5 - L

and all other units with ‘chillers, -pgimarily because of the ‘.

were made on this unlt and the flndlngs applled to all .
chlllers. ‘
Diffusidn of metha&nol from clarifier 2 to chiiier; . .

‘The diffusion in lb moles/hr is given by“ -

A, _ DP r.dpa P \
(—g)'—mgaf%‘] S ot

¢\

-~
Z
Y
I

mass transfer

cross sectional area of vent tube, 0.049 ftZ .

- A =
D, = diffusivity of methahol in air ToowTT
' P =760 muHg ., | .
dpa = change in partial pressure -of methanol "
‘between elarifier and chiller
R = 0.7302 $t° atmos/lb mole “°R .

o
- e

-

. T = °Rankihn : .




-

ogx
1 ax = -
x

]

4

The water consumption

equation (5) is: ¢
v -

.ﬁ =
[

4

-6.1 x 10~°

P =P-’pA

x 3

-

P " 2dga- t
RT pa . P-pa : ' -

.
A P
= D
Na - DP P-pa, o
‘(3-) (x2-%3) = 75 in (g;gglr)
N (e o 0.62x 3 1n (1600
Na 97049’ 0.7302 x 545 760-690°
_ 760 S |
N, = 0.0000254 ln (=3

\\\

= 2.54 x 10”° x 1n 10.85

* N
N

. ="2.58x 10" =x 2.39

'= 6.1 x 10-° 1b moles/hr

2.

g

1.95 x 107° 1b /hr.’

- U

k]

required as calculated by use of

=V T

T2-T

Bt

1 AT= e
°%

(L.95/32) x 10 ° x 19,798

0.024 1b /hr

50

6.4 x 10~° gpm.

dx = distance from clarifier to chiller

A "

When this \}aiue 1s applied to the 7 chillers used in the

plant, the total recit_iired water is

e

2




:'only the methanol need be purchased.

& i}
! . 4
4.4 x 10 gpm, -
‘or % o
2T . " 237 gallons/year.'
a ! - . . : ’ * .
_E:B ) Materials'Required for Start Up

thls plant, methanol and phosphorus sludge.

start up is therefore calculatgd below.
. hd . o : .

y 3 - N ~ . R . !
The ‘weight Qf'methanol retained in each unit is

1

» ! .- ~
: o -

Weight rétained in mixer 1

- - - 1lbs : _
- o = 60.60 = X 10 min =
- gt - 'i,
Weight retained in clarifier .}
i . 1lbs _
: . = 60.60 EIH X 180 min =

5
Weight retained in mixer 2 .

1bs - _
"; .= 73, 29 min x 10 min =

Weight retained in clarifier'2

I ~ ' 4
= 73.20 1bs o 180 min =
mwn

/

.
Weight retaingd in_thickener 1

= 9.63 222 % 240 min =
weiéht retained in f;ash tank :
/ =010 228 ¥ 120 min =
‘Waight retained in clarifier 3 ,
‘ b= 0.21 208 x 240 -

Methanol requ;red for

Only. two materials are required “for start up of

Of these two

oot

- .

as follows:

606 1lb.

b

10,908 1b

732 1b
13,176 1b
2,311 1b

12 1b

50 Ib . *



N -
‘ 3 e e _ .
For start up, it is estimated that a 't
VOlumeyOf mgthaﬁdl qual ‘to-a depth : L8 )

of 6" ‘on each tray of the distii- ~  —
- lation tahk is required for that ‘ Tt b '?

unit, therefore
\

. vz | .
29 x0.5 x T30 ¥ 49,4 = 17 006 1

TOTAL . 44,000 1b.

L)

‘Méthandl required for plant because of losses is

- , 4 . “ o
. _ 1b aaq Min
= 0.31 I-EITE X 1440 aa—yh "-

it

446.4 1b /day

= 163,000 ib/year o

E.7 Co§ting

The costs applied to this design are based on

[

those laid out in Peters and Timmerhaus (1968) with prices

- -

adjusted to preseﬂt day values. The price index for the '

adjustment:was taken from the October 1974 edition of

-~

Chemical Engineerihg.
TN

E.7.1* Total Capital Investment | HEE

The purchase prices of equipment as designed are
éumma:ized in Table E, 3. T \ - ;e
. - N

The installed price of the .distillation tower is

based on a January 1967 cost per plate of $1,800. Thus the
N -



R 1

’ | TABLE E.3- )
" Purchase Price of &qU1pme7t for Dehydr&tlon of
Phosphorus Sludge w1th Methanoi
. Item - Nq. __-Bize j Co t 1967 "Cost 1974*
. N '~ 'I6  USG $ : $
Mixer 1 1 109 .130 quaeoﬁ 9,060 . .
' Clarifier 1 1 1960 2360 7,600% 11,480
Mixer 2 1 109 130 16,000! 9,060
_ Clarifier 2 1 1960 2360 17,6002 11,480,
Distillation ¢ L e
Tower in- 1 . 7,670° 41,770
cludes con- . : .
denser and . AN
3 reboiler . : )
' " Thickemer 1 1 500 600 ' '|3,750% ° 5,650 ‘,
NN SLARE .
‘Flash AN N C R Ve
. Ewvaporator 1 | . ST <
/ Tank .. - 153 184 6,000 . ., 9,000 -
Blower . i . 750" . 1,130 -
- 'Clarifier 3 1 ~600 720 4,100°2 6,180
~ Equilization ) -
Tank" 1 600 720 1,030 1,560
Pumps’ 11 @ $900 ea.®> ' 9,900 , 14,950 -
Motors 11 @ $130 ea.® | 1,430 2,160 '
MgOH‘Storage .1 2000 +pump ~2,700 _.'4,080
1 5000 +pump ° 4,100 6,190 )
.Equipment Costs ‘ . i ‘ . 133,290

-

’

.Notes'  * based on an index of 256 for 1967 and® 387 6 for
, - ‘ second gquarter of 1974 .

. ; baged on fig. 13- qs.p. 504 Peters & Timmerhaus (1968)
‘ ’ ? based on fig. 13- . 477  with factor of 1.17 for
316 SS from £ ~57 p. 478 .
; ! based on fig. 15-26 p. 659 - 47% for instillation
* based on fig. 13-50 p. 470 . (::J
> based on fig.13~40'p. 564 . 2 )
° based on fig. 13-54 p. 474




1nstalle& cost of the 29 Plate column and its accessorles
N is §52, 200. Accordlng to Peters and Tlmmerhaus, the purdhase

cost of tNe column is 53% of this figure, or $27,670.

e The total.capital cost of the plant as based on
percentages of the dellvered equipment costs is shown in
Table E.,4. ThesSe cost ratios were obtalned from Peters, and

Timmerhaus (1968).

-

E.7.2 Manufacturing;Costs . ' . ] Ve

e .
The man—houméﬁay]processing step are estimated
from Figure 4 6 curve C at 7.2 tons/day," Peters and Tlmmerhaus )

&
(1968). "The value quoted is approxlmately l6 man-hours/day/

» processing step. There are essentially 2\steps in the B

process: (1) dehydration process, and (2) recovery of methanol
by distillation.. ' ' . e
: . ( . . -
Therefore the labour requirements are 32 man-

- y hours/dag,'ll~68d mén-hours/yeér. At an averéée wage, 1 ‘
foreman at' $10/hr and 1 labourer at $5/hr. or $7.50/ht the

+annual labouy cost is $87,600.

L

E.7.2.1 Raw_.Materials

Item . 1000 1b Unit cost Cost $/year

-

'Methanol 202 60 . 12,100 o R




4

-

" TWBLE E.4

‘4

,\

s Suhmary of Totgi,Capltal Investment‘

Direct and 1nd1rect costs of plant based on dellvered

- s,

equipment cost.*

Expenditure

r Cost ($)
v o F Cost -
Direct Costs - ]
Purchase cost of delivered - ' .
egqyipment ‘e ~l1o0 133,290
Installation . : 47 62,650
Instrumentation.and controls 18 13,290
Piping (installed) 66 87,970 -
Electrical (installed) 11 14,660 -
Buildings (including services 18 23,990
Yard improvements io0 1,330
’ Service facilities (1nstalled) 70 93,300
Total Direct - 340 . -~ 430,480
Indirect Cosﬁs o , _
Engineering and supervisions’ 33- - 43,990
Construction expenses e 41 e 54,650
Total Direct and Indirect ) 414 529,120
Contractors fee “{about 5% of direct 21 127,990
and indirect plant coests) 0, :
Contingencies (about .10% of dlrect 42 . 55,980
* and indirect plant casts) s )
) Fixed Capital Investment ‘476 . . 613,090
" Working capital (lS%.bf"total capitél 86 114,630
investment) ’ '
562 727,720

|
s

v

R TOTAL CAPITAL INVESTMENT

% of Delivered’

Taken from Petexys and Time‘us,'lQGB,.- p;... 118




. I.l -
N - - s, ) ‘i ~ &
8 ’ ! ‘ B

"E.7.2.2 Summary 6f'0pe:qting Costs (Direct:Cha;f s)

Utiiitz ggiggf “ * Unit Cost ! Y L
Steam B 15,790! | . o1.00 - 15;790
Cooling Water . | 55,870! o 0.10 " 5,590 Q
Eléctriéity : 22862 " 20.00 . ,4,570
Labour * 3653 240.00 86,600 \

| . S 112,500 .
1 1 unit = 1000 lb . D . :‘ ,
2 1-.unit = 1000 KwH _  ° ' Lo

esﬁimated from Fig. 4-6, Pétefs and Timmerhaus (1968) "

"~ ¥ man-hours per day

. A . ) ) N
* . : .~ A . - ‘ ' . ',,

E.7.2.3 Indirect Charges’ : y R
\ ’ I - e ;
Maintenance and repair§ : ' -
‘ Peters/and'Timmerhaus (1968) describe the main-.

%
- L)

tenanfe costs.as being between 5 to 9 percent' of the fixed

capital invegtment (on a yearly basis). An average value .
- . 7

of this is taken as 7 percent. The maintenance adhsts are

- -

-

therefore $42,926.
) 'Y "
' Depreciation Costs o - ' “ F-
. ' . 4 -’
Depreciation,}s.tqun as 10 percent of fixed - -
* ' T :
capital investment per year or $61,310.

- -

4 ;

'Tax Costs¢ - | " ~ , o

‘Taxes are taken as 2 percent of the fixed capital

investment per year or "$12,260. ’ .

. .
. . . . A -




«

SR -j—4— ~ “The total indire®t cosﬁg’are:

o “

Iﬂéurancelcosté ; ‘}
. On an annual basis, ingurance costs‘améuﬂt to 1

percént of the value ;f the fixed capital‘inveétment,

namely $6,130. - ’ - | —

; - | N

Plant Overhead Costs b ) : -
~ . The plant 9Verﬁead cost is taken as 60 percent of

the total expenses for labour.énd maintenance; $76,650.

7 N

-

T , $/year
T + Maintenahce and repairs ' '1 42,920 ¢
_ ‘ Depreciation } 61,310
) Taxes:l _ L e ' 12,260
Insurance - R B 6,130

‘atént overhead o i S ' 76,650

Administrative costs ' | 43,800 ’
Financine @ 12% ’ T ,ll;iﬂi

. T - 516,640 .

) - .
The total manufacturing co#s are:

-
Y

- $/year
I " Methanol : 12,100
" - . »
Ut%}ities (Direct Costs) o 112,500 .
Indirect Costs ' 516,640 .o ;‘
. - ;’ ) ‘ ) 641,240
£l - ! - * ’ ’ /
Distribution and sales _ ' 60,620
Total product costs , q%ﬁl,BGé

.
' - .
* L4 )



(- _ . i o )
Net Profit: A . . , -

@ ——= e

Product, phosphorus . - *(/{' *

1 -
Production rate: 4.9 x 10°® ,pounds/year

d \

Selling price: $0.50/pound* = $2,450,000

S ;
¥ _ .
- . . f , ) .
Total Product Cost‘ _ . 701,860
-Product Value . ‘ _ 2,450,000
_Gross Profit- _ L < - . 1,148,140
Income tax @ 50% ~ . . Lo 874,070 ’
‘ . L
Net Profit ' IR o 874,070

Cost perfﬁbund of product is Ij.6’céﬁts. ; Y-
te "‘_‘. - } ' ’ . e

~ 5 : o

Discounted Cash Flo ‘

- kY

".It is of interest to analySe the profitability of

X . . -
the project for comparison of the %nte;est*ratg returned by

~
2
t - @ ~

, these monies spent on funding the plant as compared if the
5 < H . v A Y . ° ®

monies weré"invesfed_in other ways.
Initial Fixed Capital~investment $613,0§0

Working Capital Investment ‘ $114,620 3
A ‘ * .

£

\éervice Life of Plant, 10 years

It is assumed that during|the service life of the
plant, the after tax cash flow to the \’company', based on total
income minus all costs except depreciation will be $ 1,046,280

rd
per year.

* Unofficial Quote.



1

one—yéar periods’hfter the firsbyear of invesﬂ?@nt: This

analy81s 1s summarlzed~1n Table E.S. - o f

From thls analysis,. the interest rate of rethn is
% Co i : \
146 percent. . i

v
PE




*

¢ . , -
- .o ".:}103- ,
{ c ‘ RN -,..}.' ro N
e -
o b 'Y .
; JABLE E.5 o
\ ! ¢
’ Employment of Discount Rate Factors (Fb)
to Obtain the Discodnted'kate of Return of Monies
- from the Project N - -
Year Estimated Point Trial for r=1.46 . Présent Value ~
. ' Cash Flow to Discount Factor : :
. -Project . Fb . - o A : ;
.0 727,720
0-1 1,046,280 .-  0.5258 . 550,200 .
1-2- 1,046,280 +0.1219 ‘ 127,500
2-3 1,046,280 .0.0283 29,600 .
3-4 1,046,280 . ' 0.0066 ‘ 6,900
© 445 1,046,280 T0.0015 1,600 -
5-6 1,046,280 ©-0.00035 K 400
Vo 6-7 1,Q{E:280 ] 0.00008 ‘ 100 .
. l;‘ ‘ . . u . -,"' .
7-8 1,046,280 0.0000 . 0
© 8-9 1,046,280 0.0000 ~ | 0 Ln
9-10 1,046,280 '0.0000 ‘ 0
L . : \ -
io 14,630 - 0.0000 o " 0
L] ) iy p *
. . s a 716,300

* Apprbxiﬁate;y‘equivplent to ﬁhe initial capital required

to initate the project.




APPENDIX F N
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: * ’ * - . [ - - "
DESIGN OF A LOW TEMPERATURE VACUUM DRYING PROCESS

FOR' THE RECOVERY OF PHOSPHORUS SLUDGES .

. [
=" @

.
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"The”Weighﬁs of each_constituent handled per day are -

F.l "Background >

Based on experimental.datia,Section 7.5,

compdsition: of the solidified\gludgg is

>

Water: . 35 peﬁcent ~
Phosphorus: 53"percent’ . ’

' [’ ' " BI: 12 percent. -
. . ‘

ﬁrom‘Appendix E, the weight of phosphorus in phosphorus

» N
sludge to be recovered per year is o .

/-

4.9 x,ldsﬁ1b./yeér. -

-

The total weight of sludge to be treated, baseg¢ on the above

data is

9.25 x 10% 1b:./year.

The'weights of each constituent to be processed are

. Water: 3.24 x 10® 1b /year N
5 - - R -
Phosphorus: 4.90 x 10°% 1b" /year ~ .
':‘ BI : 1.11 x 10% 1b ‘year. - -
.8 o -

Watexz =~ 8,880 1b

////~« Phosphorts: 13,420 1b
. R o -
BL: . ., . 3,040-1lb . ’
.The volumes.of each constituent to be handled per day ate
R s ) . . * ) \ v
Water : - , 2990 = 142.3 ft? \

< \
' Phosphbrus: T3 = 117.5 ft? ‘

* BI : Pt = 24.4 £e?




N A N .
J- . Y ’ L 1-' .
F" : Detalled De51gn of Prpce3§ . Jem
: - . . . [ 4 '
F.%.l S;udge Feed Mechanifou;;“ \f b - -

=

4 -

shown in-Figure 8.2. Thdrecare to pe 2 such mechanisms,

- ” +

one for e{éh -feed’ port on -the drler.

The general schematic for the feed mechanism is as

-

\ R A
- : 4 ! . T\‘

The choppers must’ proceSS r42.1 ft3 _each. R\

The time alloted for this process_ls 1 hour.

" Therefore, the rate of through put is

60
) . L = }tfta/mln .

¥

- The chopper reduced lumps of phosbhorus sludge to bne 1nch

A

maximum size. . L ) ; vl ﬁf

[

The conveyor belt is 30 imches wide with side

: T e L. SR
skirts. It is constructed 316 sta%nless mesh wire.. The
f | )

mesh is 50 to the inch. The fllghts Qn ‘the belt are 12

. /// inches. apart and 6 1nchep hlgh The volume of each dection

¥ - 1

~

1ls ! ” ]
j U \ ' I ’
c s . v (%) x (7) x (13) S
“ =075 £t " LT

‘e . - s

N Assuming each tray is 2/3 filled, the number of 'seétiodfs:
- w : “ ]

. . .

regquired per minute 1is . ] X
! : g £t° : € Lo
i 4’ . — Y e
P - . mJ.n T

- 0.; f ‘séction - S

4.8 sections per minute, -

a

The rate of trTvel of the belt ig 4.8 ft/min .

- 142.1 e

“3 .

p -

=
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&

i L) . .

A The solids are to .be subjected to removal of
surfaee-mdis€ure by use of warm inert gases‘ﬁer io'minutesf.<
Therefoxe the length of the ﬁonyeyor belt that.must be out

>

° of water is 48 feet. :> i -

o » 1]

¢ F.2.2 . ﬁete;y'Vacuum\Driet- o - LT -
‘ Operatiﬁgdconditions: :’ - . %'; . ’ ‘ ‘
' ’,‘ °  fTemperature, +30°C * ;
g . PteSsufe, 0.25 mm Hg ) ‘ p
G R Flnal water content,/S ﬁercent .
Vapor pressere of dbnstltuents at +30°c- ' L

Water : 31,82 mm Hg

Phosphorus: 0. 072 mn Hg 0 o~ o g

A4

BI : negllgible - :

Total pressure exe;ted by sludge is 31.892 mm Hg.

P . Coe _
---~ The proposed drier to be used is designed by

Blau Knox. ' 1t is .5 feet in diameter and- 30° feet long.~—~She"

rakes turn at. 7 rpm ahd are driVen'by a 25 horsepower motor.

-

“ .
5

This drier can only attaln a. pressure of 74:2mm Hg, because of -

leakaqes‘through the rotary seal at the drlve end of the

) .

drler. This is to be corrected by the use of a WJ.lson Seal.
The Seale gland is contlnually belng_evacuated on the hlgh

pressure 1de so as to prevent leakage into the Vacuum .

o

- chamber. . .
P} - * .. T . /

_Quah%ity‘of Qater to be removed to achieve a product

H
A with 5 perncent water is: . g
) y ' L '




- Total dried wt =

"o
I

i

.995X

X =

*

2 Therefore the water

-

<

\

-

lbs Pyx- lbs P, lost to condenser .

+ ibs water + l1bs BI

ik

j‘.

13420 - 0.25 (13420) + 0.05X + 3040

13110

13180 1b /day,

-

remaining is
0.05 x 13180

660 lb- /day.

. 8880-660
8220 1b /day.

On an hourly basis, this is"

342 1b /hr,

P

Phosphorus vaporized =’3,355 1b /day.
\ o .

" The totai amount of. water to%be removed per day is
[ v

The heat frénsfer across the surfaée of the shell of the

- dryer is given by

- Q

= A AT

lm

’

Q.= heat flux BTU/hr

308

where: .
- "uo= overall heat transfer coeff., BTU/hrzft °p
. J/heat transfer” surface, 641 Ft2
ATlm— ;og mean temperature dr1v1ng force
“AT2 AT, Ve
! » AT 5
. ln—ATl | »
. ' " - &
Lo AT, = di fference between ‘solids: temperature and
- ' : steam temperature at entrance, 20 psi steam .
v . ) ’ o

i

¥
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~ S - 309
. - ! .

ATy, = d;‘ference between sollds temperature o

-’

and steam temperature at ex1t, at 212°F

’ ory = 144 - I%F IR L
[ m N i . LD
| B I R ‘= -
- _18 = o . :
« oI T BTE. ,

+ . -«

The U for\thls equlpment as glven by Perry (1973) is lQ

‘BTU/hr/ft2°F, A is 621 ftz, therefore : g

Q=10 x 621 x 136

"~ = 838,400 BTU/hr , o

or ' .

. ' : °A 20,122,000 BTU/day -

Heat requirements per day

- '

-Water: T

Létent heat of vaporization % 1b moles
b 1b mole - day
= ig,g00 x 2222 -~
= 9,041,000 g%% o
°Phbsphorus:§ - . s | )
27,540 x 3335 o,

‘= 747, esoogzt—J

Total heat ieqdiremehte/per day.are ) ‘

¢
' ,
' 9,041,000 + 747,600

= 9,789,000 BTU

day ' —

- -




. *The heating requirements will be met in"

:" k . . -

_ - - . 9,789,000 BTU required . .
. ro L = day )
. . 83F, BTU/hr supplied ™.
' 11.7 hour#, . S
: ‘ ! - .
' or T e ® o . \\\

. . 12 hours.

s ‘ Therefore from the analysis of heat supply and bulk size

loading, the drier is adeguate in size. K

Heat loss from drier »

- +

-

The drier is t6 be lagged with 3 inches of glass

«foam ipsulaéion. The external, area of theJdgier is approx~
L - , '

imately 550 ft?. 'The hegt loss by thermal. conducfivity

through the insulation on‘thg unit is given by Pefry (1963)

‘as « ‘ . -
' - AT-
qskA;c——;
where:
g | , 9 = BTU/hr .
k*= thermal conductivity, BTU/hr ft°R -
\ y . -~ A = area,- ft2 .
'g% = temperature difference °k.through x

feetdof insulatioﬁ.

-

) g = 2.0 x 107" x 550 x (690-528)
o 7 , 0._25 ~y "

] PP

= 7100 BTU/hr. .
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This amount of heat Ioss is lless than 1 percent»qf

. ’ that requlred for the vapér;zatxon of waterufrom the sludge :
and as the ‘drier suppllgs heat in excess of that needed -
‘;thls quantlty ‘does not afﬁect*the time of operatlon.
a ' wr e o S
’ *Volume of vaporcevolved'at'gﬁo microns RBg pressure :
. 7 Y . B .
\ ‘Water: . ‘ . s -
‘ . o s /
. R\ ~ Calculations in accordance with the Ideal Gas Law
\ . 5 K . p s «
/ N \\ BV = nRT I -
. 4 nRT .. '
. "n . \\ 'V — P 4 *g‘l., .
R 'n' ) -
Z = volume of gas, £t? .
‘P‘? prESsure, ft water . St e
= _ n =‘number of moles of gas = 457 =
N . .
R = gas constant 44.6 ..
- T = tewperature °K = 303.2°K. .

457 x 44.6 x 303.2 «
0.011 -~ . - .

\\ e . , . - )
\\ ' N - ) ' . - 3 n
. X

561,800,000 f£t®/day .

number. of moles = 27 moles/day.

, v o 27 % 44.6 x 303.2 7 ,
: ﬁ\a 5. 01T :
TN . ' ‘
, : = 33,192,000 ft’/day. “
\\ HE N \\‘ . . 1/
\ . y



3

evacuated per day is

33,192,000 + 561,800,000 + 98,500 '

595,090,500 £t’/day. *

P ,

apor ports, the volume pumped per port

As there are two

i

ks
297,545,000 £t3/day, *

Based on a 12 hour drying time as dictated by the heat

——— -

'tpansfer for thi§~equipment, the flows per minute through

the ports are ;

{

fﬁa/min .

413,300

L3

F.2.3  Diafmeter of Exhaust:Eort from Drier.

4

. Conductance of viscous flows-of géses througte a

bipe as described by Brunner (1965) are as follows:”

¢ = 3000 D*P A
v S — T — . | (1)

[ wpere:
D = diameter of port in inches R
L = lengﬁh of pipe, inchgs
c = conductance, liters/sec - o
ﬁf= average ' of ﬁﬁe pressure at either end

ofAtﬁe pipe Py = 0.25 mm Hg .
P, = 0.008 mm Hg -

i D~‘;'Ez;i;2
3000°F
’ ~ A :, .
D = +/413,300"x 0.472 x 120

—3000 x 0.129

- 1 . -~

* significant figures noﬁ utilized.at this poinf




= 16 inch diameter duct.

i
H

If Cmolecularri 0.15 C_ ccous £Or a given diamgter_pf pip?,
only viscous flow need be considered ‘Brunqer (1965) , ‘

o ? i
¢ _ 80 D?
mol 120
c . - 80x16°3
mol ~ ~ 120 ..

2730_1iters[min

. 450;800 x 0.472 x 0.15

31,916 titers/min .
4

AS'CV is much larger than Cmol’ Cm for this system can °

ol
be neglected. A 7

‘Quantity ‘of vapor to be condensed iﬁ'condenser

: It is desired that all water and phosphorus vapor

. EAl

S

. X - (.. . e N
be condensed in the condenser. The requirements placed '6n —~.__
. L . a’

the condenser are therefore: %b‘ e

" pounds of water to be condensed
" - _ 8220
.12

¢ 685 1b /hr -

' popddgdbf phosphorus. to bé condensed
: | ;

| _ 3356 -
132 ;

= 280 1i.. hr.




i

oo FL2.8 Condenser Design . P .

o r

' F.2.4.1 Heat Requirements of Condenser

Specific heat of water vapor, 8.73°cal/°K mole

" heat of vaporizatioﬁ'water,~10,999 cal/gm mole

*

heat of fusionﬂwatef, 1436 cal/gm mole, .

Specific heat of phosphorus, 22.6 cal/mole °K at +3Q°C

19.7 cal/mole °K at 78°C .,
\ - .
heat of sublimation :

* AHsub = AHvap * Mgision

= 13,350 dal/mole
Specific heat of ice 0°C. to -78°C
-2.2°C = 0.5018 cal/mole °C

o . ' ~78°C = 0.36 cal/mole °C.
* _ﬁeéi required to-cooi vapor from 30°C to 0°C

)

A\ . Watér:
- “cal ' o
' N 8.73 gn mole °K x 1.8 x 30°K
) ) S "
. . = 47%dp?U/lb mole. -
. ) L S -

Heat required to transform vapor to 1iquid

Water: .

L]
-

10999. x 1.8 °

‘ oo = 19800 BTU/1b mole. «, . :

€. DR

" . Heat rpéuired to lower temperature of “ice,from 0° to - 78°
» "= 0.45*x 78 x 1.8

) = 63 BTU/1lb mole.

el . -
‘;
i

<




Heat required to condense phosphorus from gas to solid

L = 13,360 x 1.8

o = 24,050 BTU/1b mole.

Y Hejt reguired to lower the temperature of P, solid $rom

¥30° to -78°C

22.6 + 19.7 X“(30 {. 78) x 1.8,

2

."

= 4110 BTU/1lb mole, y

Total heat requirement of the condenser are

Wateg:

PR 85
(471 + 19,798 + 63) —yg

> -

it

773,700 BTU/hr-
Phosphorus:

(24,050 +4110) x %%%

. e , = 31,780 BTU/hr .

805,500 BTU/hr

’ *

Heat loss from the condenser \

The heat loss by thermal conduction through one
foot of ihsulatiow is given by
| - oy
\ = L
.4 =kA =2

v 2.0 x 1077 x 3700 x (528-352)
- i l

'+« = 13,020 BTU/hr.

Tons of Refrigeréét fequired:
One ton of refrig%;aﬂ£ is equivalent to 12,000

BTU, therefore the tons of refrigerant required- are:

L J




A

316

: : ,
; 818,500 .
1 m ~
P * 'D. * ’ T . .
- ’ %* = 69.26tons/hour.
» L
. ‘\‘ - - -
On-a daily basis, ;the plant must provide 954 tons of
;refrigérant. : .
‘el e e .
F.2.4.2 Cooling Surface Requirements ‘ T . (f

Thermal éonductivity{of stainless steel is 130.

BTU/ft2/in/°F/hr

i

where:

ice

ATice

?

i

A

_ k A AT

-

heat flux, BTU/hr "
thermal conductivity, 130 BTU/ft?/in/°F/hr
surface a?ea ft2

fempérature difference betweﬁn'coolant

L

and medium t;=-78, t:=-68

thickness of wall-- 1/4" - .
the;mal conductivity of iée 0.755
BTU/ft?/ft/°F/hr |

tempg¢rature difference between steel and

1=-68, to,=+30 .

vapor

Qx + Qx .
k AT Ka AT
XX

ice i

805,500 x0.25
130 x 10

805,500 x0.008
0.7557 x 98

+

-

155 + 85 ft?

242 ft?2

(.
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) . :
—8F" By Using a 7bfetygfactor of 1.5, the area is "
= 363 ft?, . ' g
& ‘ N .
Consider tubes 2 feet in diameter and 8' long
’ - Afea of tube = 27R x 8 .
. © = 50.24 ft?,. . -
¢ \
For*the condenser cold trap, thé number of tubes are
' _+363.0 !
R 5 ‘a
. C = 7.2 '
or .
’ . 8 tubes . -
F.2,5 Vacuum Puniping System .
h L1t is assumed that the condenser acts as a high
- i [
volume ump for the removal of water andrphosphorus vapor.
’ Therefoxe, the mechapical pumping system has to be used for
¥ pump /down and for evacuating the non-condensable gases from
th i
The‘Systeﬁ is considered gas-tight, that is free of
o ~ . P ‘
lekks. e uncondensable gas comes from water saturated with
air ‘o ,ThisAamounts to 22.8 cc/1000 cc gf'ﬁqter.
. ‘ _ 8880
. Volupme of water = =1
L. 8 ) = 142.3 ft3 .
T 2 : .
= 4,030 £ ,.
‘Yolume of gas at 10°C is . A
g 22.8cc _ .
4,030 X 9550 cc/e ~

= 91.9 94 L4

.




1
—
T
-
w
—
©
»
ot

’ ;v o =Ya T, Q) :

b . X - T, -

[ ° .

, . ¢ _ 91.9 x .273. - o
A : 283 ’ g

88.7 2

it

= 3,13 ft?
Number of moles are

< 1  88.7 &

T, p ° ' . - 22.4 4/mole ~
. ' . =3.95  moles .
L ) " . . ‘
“Weight of gas "ig therefore ’ B N 8
“ { RN

396 x 18 = 71.2 gms
‘ R

f\‘ oo . 0.157

Number ‘of 1lb moles are —yz— = 0.0087 1lb moles . -~

= 0.157 1lbs

- . A . b . ¥
B Volume of gas produced by raising the’tempé;ature“
to +30°C and reducing the ﬁreséufe to 0.25 mm is . fN\’/—,
' ' . . - Fa ) 8,
, P.Vy, _ P2V, . ,
! LY Tl T2 ' ’ - f/ J
: - J
760 x°3.13 _ 0.25 V, _
273 ' 303 P
o v, =760 x 3.13 g 303
N ' T z = 273 x0.25
’ = 10,570 ft3. :
\ ' . .
. ! ’ N



. This is nggligible when compared w1th the volumes\éncountered

. ® *
A
.. N

. . : ' ©
LY . ' . . -

. “ . N, .
Flow on a per minute basis thfo&gir e system is. Q

A

= 10'567 # .- .‘\ -
- = 14.67 £t3/min .

: AN

by the flow of water vapor and phosphorus vapor and Eherefore

DR AN 2
1%fnot considered in the calculatlons of conductance fof\\ie

e .. P ]

requlred pipe between the drier and the condenser.

"The volume .0of vapor 1eav1ng the condenser, assumlng.\\\\'

that all water and phosphorus vapors are condensed is g1ve

by , . . .
. ¥ ) . |
~\ Pi.Vl _ Pg Ve L.
- h
- le Te a - e
where : o . '
, : - R
. P, = preSSure\;t inlet to -condenser assumed
: 0.25 mm Hg ’ Lo,
h [ BN
Vi = volume of gas at ,inlet to qondenser
‘ b ’ -
P/ " N
Ti’= temperature a4t inlet, +30°C }
Pe = pressure at exit port from:condenser, set
. _ v » : '
/ .at 0.1 mm Hg Co - =t
A V, = volume of gas at' exit from the ¢ondenser . '
: T, = tefiperature at exit, \\\\/)
. PR . / " 2 v
. , , v = P1ViTe - T - 2
‘ - Ve T pl © R Lo
- \IPeTl . .

i

0.25 x 10 567 x 205 £13 G
‘ T 0.1 x 303 .
t T ‘ e
) . ' ‘. .= \‘17.’ 870 ft 3. - y .‘ :

1
\




L 1 & .
‘ . o, . . -
Flow on a per minute basis from the condelser is -

¢ d ~
» . -

~ S _ 17,873 - - - o o
9 > : ?fo x 12 ' . ~ :
o = 74.8 ft’/min ',>

L 3]

To ensuré_that there is adequate backing to account for '

unfo;eseenileaks; the volume flow is tripled, -that is

. . : > B
’ a - = 75 £t°/min A

‘ . .
Therefore the pﬁm needed to maintain the correct'pressure
.
within EPe system]has a speed of 75 cvfm at 0.1 mm Hg.
|
-The tnme réqu1red for. pump down is 30 minutes. The

J P

size pwmp requnred is glven by Van.Atta (1965) w1th k factors

J

£rém Brunner ﬁ1965).

» -

L e =2.3 % 109 B4k,
| 1. Sp . P2’ -
o | ) t ) ra 4
! - _ p
where: N
t = time for pumB down - '
' Y . ) - " - L
V = volume of chamber. -
'S_= net pumﬁing'speed
P .
. R J
P;= initial pressure of flask . -
- Y X, ) ) , . o
. P,= attaiﬁ;d pressure for the time ¥ ’
k = system factor for attained pressure-
. . . PR N
v’ o )
- . Pressure Factor Xk
' . 1600 to 100 1 '
F\\L ’ 100 to 10 1.25 ..
. t . .
‘ 10-to 1 : 1.5 : )
. ~+ 1 to 0.1 ‘ 2



¥ - —— .
For pressure from 760 mm Hg down to 0.1 mm Hg, .the speed of

.- 4

o pumping is

. . _ -2 (D% L 1 log ,760

. Sp =-2:3 (g x 30 4 12,0000 Sp=2 (o) 2

. - - J . v -
= 7490 cfm at 0.1 mm Hg. — 7 A
The Q, térr cfm, at the vacuum side of the pump is h -
7490 x 0.1 .
, -

. ‘ . = 150 torr cim, :

If the pump'is to dischaige'tb a second pﬁmp at 5 torxr the
7 ! ' ) -
pumping speed S must be

Q) Q2

S;P, = S,P;
</ 749 = s, 5 o &

S, = 150 cfm. . c . ' f

\

“Theréfgre the backing pump for .the blower must pump 149 cfm
against'S mm pressure. This is gquite easily attained~9y a .
smalt oil sealed vacuum pump.

The roughing system therefore consists of a roots !
- 3

blgwer with a capacity of 7490 cfm at 0.1 &orr 'backed by, a
rotary -oil sealed éacuﬁm pump of 150 tfm.agains; 5 mm b;essufeé‘

The maintaining pressure;ﬁump‘can be the rotary
oil sealed ‘pump used as a backing pump for the blower,

F.3 Cost Analysis A

F.3.1 ‘Capital Costs’ . - .



. - . Feed System : ' — R

Rotar¥ Cutte:?‘

) « Capacity of cutter is 6 tons/hr. The design isﬂ;-
! ) Lns .
similar to a rotary knife cutter as manufactured by Sprout,

- PR

- Waldron & Co. The ?nit is driven with a 20'horsep6weﬁ motor.

»

The costs are baséd‘on Peters and, Timmerhaus for ar 10 ton/ht-

- unit of 51m11ar des gn. 1974 costs are $75,500.

.

Costs of hou51ng for saze reducer and feed convej;;&p

belt was estimated u31ng a plate thickness of 1/4 1nch Steel

»

\ and was found to be approx1mately 10 tons: for both feeders.

Based .on a steel prlce of 17 cents/lb in 1967 the cost: at

- y .

) that-tlme was
: ’

0.17 x 20,000 o

R

, = $3 400. | y

-

By applylng the CE Plant Cost Index of 107 for 1967 and 168

°

for July 1974 the présent cost is estlmated at
Lo & - " . . )
. = $5,338 for the steel. : (

-
-

- Based on thesindex of 107 from CE Plant Costs Index in 1967
- ‘ * . . . ) : - A

wandk168 in July,1974 andda fac%or of 1.5 materials costs,
fabrica%ion is given és $8,997. The total cost of construc- -

tion of the feed housing. units.are’
’ © ''5,338 + 8,007
S = $13,345,

Conveyor belt ’ *

Apron conveyor, 36" wide x 61 feet long, 10 Hp drive.

r




/

1974 price.

Rotary Dr%er

Refrigeration Unit”

»

323

According to Peters and Timmerhaus (1968) fig. 13-93, cost

of conveyor is $19,000, 1967 price, The 1974 price, applying -
the M & .S Equipment Cost Index,' 1974 is $28,690. oL

Motor cost for a opeA drip proof, 1800 rpm motor,

based on Peters and Pimmerhaus (1968) Fig. 13-54 1s $330,

rThe'drﬁg{ is a rotary type drier as constructed by

Blau Knox Co., ‘and has the following criteria:

Diamefér, ft | 5 '
" Length, ft . ‘ 30 ' ' s
Heating surfgce,-ft2”,621 '
Working capac1ty, ft? 594

Agltator speed /pﬁh\/ \\____2> 7 S -

Horsepower » -~

Material of cqnstructlon - 304 stainless steel

o/

Shell steam pressd;e_rating. 3050 psi

Vacuum rating, mm Hg 1 0.25 N
‘Seals ' . ) . Wilson type motion vacuum seals
) . » | ,
Cost 1970 . - © $78,000 .

‘.

The unit is rated at 68 tons of refrigerafion,
“costs based on Cbiltbn (1960) with an adjusted M and S
Equipment Cost Index to October 1974 price of $384,700.-

The power requlred for the unit, based on a 2 stage

- - umlt, the hlgh Squ evaporatihg at -30 F and conden51ng at

¥
-

+i00°F, the low side evaporating at -100°F ‘and conden51ng at

-

L]



-

-30°F are 321 HP. ‘ ) [ R -

Condenser

o

The condenser is cylindrical with dished ends

’

suitable.for use at 0.1 mm Hg pressure. The.overali'dim—

-

- ensions of the vessel are 12 £t . in diameter By 18 ft
deep excludlng the dished ends. There’ a&e to be %flG in.
diameter vapor ports in the top of ‘the condenser. Also on
the top are 8 evacuaﬁi? Wilson seals to prevent access of

. . air to the condenser. -

o t

On one side there is a 30 ine diameter vacuum tight

R

manhole for service. There are heating coils in the bottom
of the tank and a 1 in. diameter water and phosphorus

withdrawl l&ﬁé.
r - ' B . ' :
' The discharge port is 4 i, . in diameter and

- - placed 4- ft from the top of the sidewall height.

The vessel contains 8-2 ft diaméeter x 8 ft long

»

. . " b, :
_vertical condensing tubes. These tubes are to be fas¢ened

.in place by a plate below the top edge of the side wall.
T  and - R * %

In the center of each tube is avgéreW*with a tolerance of
'1/4 in. , that rotates at 6 rpm to scfapa the ‘ice: clear of

the - conden51ng tubes. o -

: « ) _ Based on the cost of stalnles

. e .

teel as outllned in

Peters and Tlmmerhaus §1968)/ T le 11-1 th
of 304 stalnlegs steei is $7, 601. 1974 prfbes are $11,478.-
The cost of fabrlcatlon is taken as 5x the mateélals cost YA

and is therefore‘6,8,870 total fabrlc_:ated costs. ' .

-




p ' ' ! ) . N N .
~ \\ . . N , -
De-icing screws for condensing cylinders,

The costing for these scrapers was taken from Petgré

and Timmerhaus Fig. 13-97 for screw conveyors. Based on this

L

the cost is $2§70 per scraper, and includes bearing for the
upper and lower ends. The drive motor for each scraper is

3HP. The cost of a motor.and drive unit for this each

scrapér is $18061 The total cost for the de-icing equipment

r
£
»

b is;therefore:'_ . .
. = 4070 x 8
" = s32,so%. ™~
Vacuum Pumps .
[ -
Roots Blower ' ~ .

_ The blower pumps 7490 cfm against 0.1 mm Hg and

‘delivers against 5 mm Hg pressur

The cost for such a

pump as given‘by’Chilton, (1960f are based on 1952 prices

and are updated to the preseny day usimg M and S Equipment

T Cost Index. Based on this data, the cost is $20,400 less"

motor. The horsepower requirements are éiven by Van Atta -

(1965) E .
W=5(P, - P1), i
Where : - - ' ] ) .
' . 8 . = pumping speed cfm
. - P, = discharge.p;essuré, mm Hg o -
’ - : P, = suction p}essure,<mm Hg -
R a 5 ' -
W = power requirements, Horsepower ‘

M ~




W =.7490 (5 - 0.1) .
= .36, 700 torr cfm : -

3
= 36 700 x 2. 78 %%T i:n
<. . =3HP| o ’ i / o

The cost of thls s:.ze motor is $110. Peters and Tlmme#rhaus
(1968), Fig. 13-54. The a&Busted cpst is $236. ‘7¢ﬂ“
: . / v
‘ Backing Pumb - / ' v

The back:.ng pump is rated at 149 cfm at 5 mm Hg The
; cost of this unit as glven by Chilton 1960 is $1100 less
motor and baseg on 1952 prices.” The 1974 price is’'$2,360.

‘ ‘ - N
\/ The drive power requi:lreﬂ for this unit.is given by

W$S(P2 - Pl)(
’ ’

P, = 760 mm Hg

P, =5 mm Hg ' . .
. ' .
ce = W = 149 (760-~5)
) = 112,495 torr cfm
- b ft?
= 112,495 x 2.78 o7 =
ft 1b
312 736 — ‘
= 9 5 HP
. ’ . .
) . The cost Gf this motor is $210, 1968 value. Th&
lQL\xice—/is .$317. .
. ] ‘ L] R . - . 0
vapor ducts’ . - ) N P
The vapor: duct leading from the drier to fhe
gondenser is to BE 16 in. ' 'in diameter and constructed of,
‘4 - . ‘
s . i




o - . r o .
- this duct is'1l ton. At a value of 25¢ per pound, 1974, the

one hour's operation per déy for_a’365 day work year, the

- , ‘,,._‘ . . -

304 stainless steel. The estimated weight of material for

cost of ;héiduct1~including a factor of 5 for fabrication is

$2,500. . . '

o . - L}
The purchased cost of the components of the plant
are as outlined in Table F-1. |
~ The total capltal lnvestment for the plant-is as . 2

calculated in Table F- 2. . s

- -
'

F.3.2 Manufacturing Costs .

F.3.2.1 Chemicals - nil - , I |
F.3.2.2 ‘Utilitiés : L
F.3.2.2.1 Electricity e ' - .

Feed Mechéhism . o .

-~

-

The primary costs are for electricity. Based on.

power requirements are

il

year

k (20 + 10)-HP = 22,3 %ﬂg x 365 &S

KwH -/ - S
8 200 i/:g-a-r‘ . . -

Rotary Drier St - -

. The. drive methamrism is"  rated at 25HP and operates

-
-

approximately 16 hqurs/day. The power requirements are

25 x 0.746 x 16 x 365 ‘

108,900 222 . ’ : ’ .
year’ ~

Refrigeration Unit = ) R : oL

- - ~

The power requirementé to drive the compressor uhits o
. , .
. I N »
L) - 4

* - \

»




9 . e v
o ‘ , _ ' '«  TABLE F-1 B , .
. - '*A-L Q‘ ' 3 " ) :
3{ T Purchase Price of Equipment for Dewatering of
“Phosphorus $ludge by Vacuum Drying
Item Now . B Sizéﬁ- Cost,- " Cost 1974%*
: — ' .S S :
¢ - Cutter 2 & ton/hr, 20 HP . 50,000 75,500"
housing 2 10 ton steel . 8,500 ° 13,3002
Conveyor belt 2 6 ton/hr 19,000 28,7003
motor *. 2 10HP - .7 220 - 330
_ Vacuum Drier 1 5 £t x 30 £t, 25 HP 78,000 .99,800" .
\ - (1970)} .
Refrigeration 1 67 tons/hr- 200,000 384,700°
unit S (1967)* .
o - Condenser 1 12 ft dia x 18 ft 45,610 68,870
: shell v _ " high g .
motors and 8 2 ft dia'x 8 ft. long 21,600 32,600
screws . :
Roots blower 1 7491 cfm at 0.1 mmHg 13,56 ' ' 20,400
motor 1 3.1 HP ' ) 110 © 240 i
Rotary oil -1 149 c¢cfm @ 5 mm Hg .-- 1,100 2,360
sealed vacuum - - ’
pump X s
mothr 1 9.5 HP - . 210 310 ]
Ducting 1 10 £f£ - T 1,660 2,500
Purchased e&uipﬁént, assumed delivery 7295600
s ‘ -
* ! pased oh Peters and Timmerhaus (1968), Fig. 13-82
' ? based’ on Pttefrs and Timmerhaus (1968), Table 1l-1, with
~ - C E Plant-Index adjustment to July, 1974.
® pased on Peters and Timmerhaus (1968), Fig. 13-93 ’
< * based' on‘an index of 303 for 1970, Perry 5th ed. ~
s> . S based on an index of 237“for 1961 and 455.9 for second .
. quarter of 1974 : ' ’
~* -




TABLE F-2 -ty
Estimation of Capital InveQEment based on Delivered
Equipment Cost . .

™ Item . Percent of » Cost

; Delivered Equip- $
ment Cost :
Direct Costs )
Purchased equipment delivered 100 _ . 729,600
Purchased equlpment install- 45 . 328,300
ation . . | .
Piping, Installed t . 1le 116,700
Instrumentation and Controls . 9 , 65,700
Electrical (installed) e 10 ' 73,000
Building (including services) . 25 ) 182,400,
Yard improvements 13 -94,800
Service facilities {installed) 40 291,800
) 258 " 1,882,300
r'\"!r e - ' - I ’
' » . : LY & qﬁ,‘s ‘ . .
Lnd;;gggﬂgggxg iy .
Englneerlng and supervxi}on T g 240,800
Construction expense. - 39 />)/ 284,600
Total Direct and Ind1rect.$lant
Costs o "3 2, 407 700
Contractors Fee , ‘/124 000
» Contingehcies v ~ 248,100
Fixed Capital Investment .>_- & 381° 2,779,800
. Working Capital . 68 - 496,100
Total Capital Investment - 449 3,275,900

J ) ’ §

ol

329



R

for 14 hrs/day, 365 days a‘ygér are :

L]
67.1 x 12,000 x 0.000393

¢ .
= 321 x /%46 . y

= 240 KwH & - R

orxr

]

1,229,000 KwH/year.

A -

Condenser De-icer

There are 8 motors rated at 3 HP each.

for the de-

icing mechanism. The power requirements based on a 14 hour

L

day, 365 day vyear are

= 24 x 0.746 x 14 x 365

- KwH , =~ —
= — / - T — .
91,500 yea{
\ .
‘Vacuum System \\“
& ! b p
g Roots Blower

The driye motor for this unit\is rated

therefore the yearly power requireﬁénts‘are

3.1 x 0.746 x 14 x 365

_ : KwH .‘
= 11,800 year ° - ¢
/

Mechanical Backing Pump Q?\
This unit is driven -by a 9.5 HP motor.

requirements are therefore

oy
/

9.5 x 0.746 x 14 x 365.

’ S KwH .
‘ = 36,200 year .

e

-

at 3.1 HP,

The power

-

.
e A

s
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Total electrical consumpfion per year is

"Feed Mechanitm R ‘8‘200 b
Rotary Drier 108,900 :
] I A
Refrigeration Unit /&,227,000
'( . . ) g < * =~ h _‘
- Condenser De-icer /[ 91,;500 ¢
» / N .
Vacuum System . / 48,000
- “ 4 1,483,7
“. ’-. . J T(‘)TAL R -’ ’ 00 \ . ':
- ’, LA . -
-At $0.02/KwH the total electrical-.-costs are .
. = : { . .
- | $29,700. 3 :
- . ?
' F.3.2.2.2 Steam - ‘
" Steam is required to heat the condensed phosphorus

and water from -108°F to +140°F so that it cap be pumped
> R ' : ‘
from the bottom of the condenser unit. The quantiﬁy of heat

required is 9,909,000 BTU/day. The yearly.fequirements are
’ - - M ‘
*3.617 x 10° BTU/year. . :

o

-

The latent heat of éq pé} stjﬁm is 958 BTU/1b,

. - “ |
- therefore the pounds of steam required ‘are 3,775,000 1b .

.

~e
.

The’steam requirements for the drier are 3,730,000
lb per year. )

) Therefore at. a.cost of $1.00 per 10001b ,; thé anndal

steam costs are $7,500.

[

o

N ~ Therefore the total,utilities costs are as summarized

. /e )
as follows ; ’ .



[ 4 ’ ’ ' ‘
vy i =, . ’ 4 ‘-
< . '. M ¢
Utlllty . Units Unit Cost Cost _
“\ . % * $/year. (-
. . A ————— ———
1 ] . \‘ ‘1 A i ,
i Steam - . 7,500 . 1.00 . ‘ 7,500
' i At - * 2 . .' . . . ) “ <
Efectricty - 1,290% 20.00 29,700 j .
. *  .Total S N P © 37,200 -7
, \‘ . s - ' . ' - i' L _“ . “ ' H -
1 unit = 1000 1bs = Y S -
2 1 unit = 1000 KwH }
L) N *
F 3.2, 3 Labour Costs ‘ N

'
- - £ — - - M -

1

From Peters and. Timmerhaus; Table 21! the labor

L . ’ o

¢ requlrements for th‘ drying plant are assuming 2-8 hr shifts
Pe?r day . , L kS s
| > ﬁptary Drier ' . 16 man hours ,
C— - »Refrigération Unit 32 man hours - B
4 ‘h o . e k . . - ) - -
: < - i 48 hours/day .. .
-7 Assumlng a laboﬁr cost ‘as for the solvent extractlcp plant, 2
g 2 labourers aﬂd 1 superv;sor @ $5.00 and '$10. 00 per hoﬁr T
g respectively, the dally costs’ are . .
o v n,? (32 ? 5.00) + (16 x 10.00) | ‘
‘ -t 7 X60 + 160 ‘ T * -y
4 s - N
, = $320 /day . ] ‘ .
: * or . S - . ) . ’ .
) : § - . L a -
‘ ; . = $116,800/ye§r,ﬂ ) . o
J. . . . o
. F. 3 2.4 Malntenanqe and Repairs i ‘ o

1Peters and Tlmmerhaus (1968) descrlbe the maln-

\ tenénce costs as belng between 5 tolﬂ percent of the flxed

cépital 1nvestment (on a yearly bag;s) The agerage value ’
.t A ' . @ q“ ¢ :;‘::thr i . - -:“‘ "'
. . '-.. . . . - "ﬁ's.'

. © ) ' .
- - . . . .
“ K ‘ A 8 o » ’
s * v v . " . A&J /
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of this is taken as. 7 percent.  The maintenance costs: are

>

Y therefore $250,200. “
F.3.2.5 Fixed Charges * R B ,e
~- . - - -~ . —
- Depreciation .Costs . LR ) c o

H

Depreciation is taken as 10 percent of fixed capital

*
Y

"per year is $27Q3000. _ : \zﬁ' (. ' N R

‘Tax Costs ‘ .

-«

.

. Taxes are taken as 2 percent of the fixed capltal

. lnvestment per year are $55, 600.

@ .

. Insurance Costs ’ » f

°On an annual basis, insurance costs amount to 1
L} kS

percent of the value of the flxed cdpital 1nves%ment, namely

o

$27,800. o _ ‘ ;

®1ant Overhead Costs .
. 4 1 .
. Peters and Timmerhaus (1968) quote that the'range

»

’

for plant overgead lies between 50 and 70 percent of the .
/‘total expenie; ro; operatlng labqpr, administration and .
maintenance. An averagde ‘of this range'nag taken as §0 -
) ] -
'percent and is equel to $255,200. P ’”é
F.3.‘2.6 General E..S'tpen'ses'\‘ : - 7 d ,' To- .. /
Admlnlstrablve Costs ‘ ‘- .0 - .
. - These costs are approxlmated as 50 percent of the
: :
‘¢ yeardy labour costs or $58 400. . . i
) . oo S ; - ' <
’ Distribution gnd sa%es . PN ‘L K )
R 'This cost is ‘taken as 10 percent of fhe total
Coem ., __— ..
Voo s : | e » e
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*\\\*‘gnufacturlng costs or $l46 800 per year.

.__.__,_\ - +

Flnanc1ng Costs : .

v

b iarmin,

Y

. JJV\

<

' -
L

. . ! . ’*’n H
Thisg-cost is taken as 12 percen;;jﬁ the total |

“~

. . capital investment or $393,100 per year.

Total product costs are the sum ‘of the manufacturlng

g
Y

costs and general expenses and ‘are given in Table F-~3.

Revenue
. €

‘ ° oo . - v
. The' revenue from:'the -ratte of elemental phosphorus is

-

)
* v

T v - ‘ . . $0.5

2 » © . 2 Eeox 4.9 x 10° 1bs ¥
. = $2,450,000 annually.. J
- * ' '
Summary . ' Pl Co ) )
. . . $/yeat LT
Revenue 2,450,000 . )
ProducgiogﬂSosts ‘;:633,600 B
‘Gross' Profit . _ : 816,400 '
) Income tax @ 50 pércent 408,400 -
Net Profit ’ , ~ © 408,400 V

rl R - ]
.- v ,
3 - Pl 1

) B ™~

F.3.3 ‘Discourited Caéh'Fiow

-

- -
k) ~ 'S

Lt ‘ The follow1ng analy51s 1llustrates the dlscounted

cash flqw_xate‘of return for the prOJect Ybr the analys1s

e

it was . assumed4that the useful life of the plant. 1s 10 years,
theqe is no salvage value at the’end of 10 years and that

* the net profit is constant over the 10 years. Table F-4

.y

summarizes tisjynalysis - ££//-. : <
- - The iscounted raté of return, r; s found to be

[

11l.25. percent. This'an1y§is showslthat on the basis of the

~ . .
- -

LN ) .
. he ‘




TABLE F-3
Summary of Total Product Costs !

L]
.

Item ) Costs
g | © §/year
Direct Costs . , N |
Raw material :
Labour i ' ' . 116,800
Utilitie ' C . + 37,200
Maintenahce ) ;' 250,200
t
Fixed Charges’ i
Depregiation f 278,000
Local -taxes ) - 55,600
‘Insurance ' 27,800
Plant Overhead : 255,200
%eneral Ekpenses C
- |
i Administrative ' | 38%400
!Dlstrlbutlon and Sales P 161,500
\Financing N ) 393,100
@ - | v
Td\il Product Costs . } 1,633,600



PO TABLE F-4
. Employment of Discount Rate Factors Fﬁ:,;AQ\?a* o T
‘i to Obtain the Discounted Rate of Return of
. - ‘
‘ Monies from the Project - .
Year . Estimated Continuous r = 11,25% Present Value
Cash Flog to, Project Discount Factor $ e
. . F ¥
s ; . : ‘ ) b ) a
A —t—— ‘, N . - " - L
4 0 - 3,275,900 - - ) . o~
) 0-1 518,880 " - 0.458 - 490,756 -~
1-2 518,880 {,' - ..0.8451 - 438,505
: L N . ' g £
2-3 L. * 518,880 ‘ 0.7553 - *391,910 >
3-4 " 518,880 0.6748 T 350,140
4-5 518,880 - 0.6032 B ' . 312 998
5-6 518,880 ' 0.5390 /T\\ 279,676
6-7 518,880 © 0.4817 - 249,949 .
. 7-8 . 518,880 . 0.4366 L 226,543 N
. 8-9 518,880 _ 0.3844 o 1995665
9-10%; 518,880'\\~ ‘0.3439 . © 174,442
10 : 496,100 | . 7 0.3249 ° 168,584
. s . .
> . / . 3,275,900
S . s | . ' ' }
T * ixfers and Timmerhaus (1965), P. 185 and 186 - -
/‘\;\ Fb discounted rate factor .occurring 1n/ygarly incremenfs
‘QQ& " after an initial p01nt 1n<;ggEL,//// — ., -
. \\\g = dlSEEE,Leé-ratE”f“étor occurring at an 15;;;;EE\é%t r
‘"4\\&gn,Ln1tIal peint in tlme "
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discounted rate of return, ®the return on investment 1s .

slightly less thah the cost of acquiring the funds for the
initial capital expenditure. As economic conditions dhange,

it is péssibie that this process could become economically

r
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