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"The Regeneration of Tri-octyl Phosphine Oxide Solutions Used to

Extract Phenol from Water"”

ABSTRACT

Several potential extractant diluents were examined in
terms of physical properties relevant to both extraction of the solute
from water and subsequent solvent regenefation. Distillation was
investigated as a unit operation to régenerate tri-octylphosphine
oxide solutions loaded with phenol. Relative volatilities of phenol
to the diluent were measured for the diluents isobutyl-heptyl ketone
and dimethylnaphthalene, at both varying solute-to—extractant mole
ratios and extractant concentrations in the solvent. A simple model
ﬁased on the chemical compleXation between the solute and extractant
is proposed‘to explain the observed trends in the data, and the
equilibruim constant for this reaction was determined to be roughly
5 L/gmole.

Equilibrium distribution coefficients were also measured
for the extraction of phenol from both pure watervand coal-gasification
condensate water, by a mixed TOPO solvént having acceptable regeneration
capabilities. These data are consistent with the extraction mechanism
model previously proposed by MacGlashan (1982). Losses of the
extractant into the aqueéus raffinates are also reported.

Both the observed high distribution coefficients at low
sclute~to-extractant mole ratios, and the low relative volatilities

indicate that the association between phenol and TOPO is strong.



Hence, a high boiling diluent is needed for favorable regeneration
via distillation. TOPO-based solvent extraction appears to be best
suited for treatment of aqueous solutions having phenol concentrations

on the order of 100 parts per million. .
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Chapter 1

INTRODUCTION

A.) Sources and Extent of Phenol in Water

Phenol, otherwise known as monohydroxybenzene, is a common
constituent of waste streams produced from a.vériety of industrial
processes. In faét, its presence in_waste effluents, aﬁ concentrations
typically ranging from several parts per million (PPM) fo several per-
cent is so widespread that phenol has been classified by the Environ-
mental Protection Agency (EPA) as an organic priority pollutant. In
the process of est;blishing limitation guidelines for the 129 priority
pollutants, EPA condﬁcted'a comprehensive program of screening waste
effluents from 21 industries. Through October 1979, at which point .
over 3100 individual samplés from 35 industrial categories -and
subcategories had been analyzed, phenol had been identified in 24% of
these samples, spanning over two dozen categories, and cénseduently was
ranked as the sixth most prevalent organic pollutant.56 Most commonly,
phenol; as well as other compounds of its class (which contain one of'
more hydroxyl groups attached to an aromatic ring), are present in
'wasté liquors from industrial operations such as petroleﬁm refining,
processing and manufacture of phenol, production of phenolic resins,
creosoting, coal processing, and coking, employed in the producﬁion

of iron and steel.

B.) Justification for Recovery

One reason why the prevalence of phenol as a pollutant poses a

significant problem is the harmful effects possessed by aqueous



sblutions of phenols. The odor aqd taste cOncentratioﬁ thresholds of
phenols in water are quite low, ranging from 10 to 1,000+_parts per
billién«(PPB) and 0.04 to 200 PPB, respectively.l§ Because the common
treatment ppactice of chlorinating wastewaters often produces N

chlorophenols, which impart a distinctive medicinal taste to drinking

v

water,vit is also noteworthy that théselcompounds have the lowest
odor and téste threshdld coﬁcentrationé of the phenols. .Baker‘(7)
has dogumeﬁted thé éffec;s pf_phenol poisoning due to the ;onSumption
of~contéminated dfinking.water by humans. Phenols are also toxic to
a variéty df aqﬁatic biota. Most significantly, the toxicty threshold
concentrations of phenols to fish are genérally 10 to_iOO times the
odor threshold cqncenﬁrations listed a'bove..16 Degraeve (155 and
Parkhurst (55) have investigated the to#iéity of phenolic compounds
to rainbo& trout and flathead minnqwé, and Daphnia magna.(water
fleas), respectively. For the afofementidned réasoné;'the
specifications for phenol in effluenﬁs are quiﬁe low,-generallf a few
PPB.

The preddminanée of phenol in industrial wastes can also représent
the loss of a valuable resource. Phenol, which has a current market
price of $0.325/1bl2, ranked as the 35th largest volume chemical in
the U.S, as ‘of 1981, with a sales volumé of 2.55 billion 1b/yr. The .
: piojetted demand by 1984, which hinges to .a large e#tent on the
recovery of the housing And automotive industries from the recent : .
recession, is 3.27 biliion lb/yr.39 vAlthough a specific dollar amount
is difficult to estimate accurately because of uncertaintiés in the

volume of  phenolic wastes produced annually in the United States, the

economic incentive for recovery is significant. For comparison, in
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1966, coke=-oven plants.is Germany alone produced at least 65 million
cubic meters of phénolic wastes at é concentration level of about 400
mg/l‘(i.e. 400 PPM).?b Roughly 8,000 Lons of phenols were recoveréd
annually from these wastes at that time, which at today'é market

price translates into 5 million dollars. This represents only a

small fraction of wﬁat could be presently recovered in the U.S. each
year. Thus if one also considers the cost éssbciated with fhe
destructive treatment methods commonly used for phenols, a process to
recover phenol from dilute aqueous solutions éould certainly bé mare
cost effective. Hence, in conclusion, both environméntal considerations

and economic advantages make the recovery of phenol desirable.

C.) Present Treatment Techniques

1l.) Biochemical Oxidation

A variety of treatment methods can be used to treat aqueous
solutions of phenols. For examplé, biochemical oxidation is one
';elatively simple and inexpensive method which_cah be successful in
treating phenolic wastes up to 2;006 to 3,000 mg/l, under the proper
conditibns.48 In the past, this technique has been used reliably to
treat coking process effluents as well.as industrial and municipal
ﬁastewéters. More generally, biochemical‘oxidation has been\émployed
as a terminal method for treating solutions containing hundreds of
mg/1l of phenol.17 The cost of treatment is reduced as the input
pollutant level decreases, since the treatment residenée time required
also declines accordingly. The extent of bicdegradation is strongly
influenced by both the treatment témperature and the opportunity for
acclimation of fhe bacteria.5§ Although considerable quantities pf

other toxic organics can be tolerated if acclimation can occur,



concentrations down to only 50 mg/l of phenolics alone can be toxic
to the micrqorgénisms unless Special precautions are taken.48
‘Efficient operation of the bioreactor hinges on a continuous effluent
source consistent iﬁ concentration. This destructive method is also
useful in treating many other organics in water, and is best applied
. to polishingllarge vbiumes of dilute wastes.

2,) Chemical Oxidation

Chemical oxidation is a second technique commonly uséd to remove
phenol from wastewaters. Chlorine, ozone, and hydrogen peroxide are
" all oxidaﬁts widely used today, although.other agents, such as air,
potassium permanganate, and éhlorine dioxide can be employed. Oﬁidation
of phenols in wastewaters via chlorination has been practiced for
some time. Phenol cén be completely decoﬁposed by chlorine to
tasteless oxidation‘products at a pH above 7.7 if the reaction time
is long enough and at least a stoichiometric amount of chlorine is
used.l7 Chlorine is presently the cheapest practical oxidant'in use,
but because of uncertainties in knéwledge of chlorination products
and their relative toxicity, the true value of this agent is debatable.
Ozone has also proved effective in the oxidation of phenols; in fact,
it 1s useful in removing chlorinated phenols from driﬁking water. 1’
Presently, however, it is not cost effective relative to chlorine per
unit of available active oxygen produced. Hydrogen peroxide is yet a
more expensive oxidizing agent, and will oxidize phenol in the presence
of certain transition metal salt catalysts. Aif is potentiélly the |
most desirable oxidant since it is the least expensive, but its

relatively low efficiency and slow speed of reaction generally make

it impractical.17 It should be noted that the chemical oxidation of



phenols produces intermediates such as catechols, hydroquinoneé, and
quinones, which are more biologically refractive than the initial
phenols.40 Howe§er, the main shortcoming of chemical oxidants is the
high cost of their oxidizing power, and thus effluent polishing is

regarded as their niche.?22

3.) Wet Air Oxidation and Incineratiqn

Wet air oxidation and incineration are ultimate destructive
methods for rgmoving phenol from aqueous solutions. Both are best
applied to detoxification of waste waters containing a widervariety
of hazardous organics. Fof example, Eisenhauer notes that a coke
effluent containing 5,000 mg/l phenol was rendered harmless by
incineration at 900°C and 45 psig.17 Wet air oxidation is a more
versatile technique wherein conditions can be altered to achigve the
degree of oxidation sought. (The high solubility of oxygen in aqueous
solutions at elevéted temperatures provides a strong driving force
for oxidation.) At 275°C, over 99.7% of phenol in aqueous solutions
having g/1 range concentrations is oxidized by this treatment./2
Howevef, as with all destructive methods, any. possible by-product
credit from the sale of recovered phenol is fofegone when wastes are
incinerated or oxidized.

4.) Steam Stripping

Dephenolization of waste waters by steam stripping.is one mode
which can recover phenol for subsequent sale. In fact, a process for
this purpose was developed-aroundvl925 in which'phenols were steam-
stripped from high-~temperature carbonization ammoniacal liquors and
were subsequently recovered in hot caustic solutidn.60 The phenolates

were converted back to phenols by sparging carbon dioxide through



solution. This process was not effective for low temperatufe
;arbonization waters because the higher boiling phenols were not
stripped from solution. It is noteworthy that the overhead product
from a column designed to strip §henol from dilute aqueous streams is
limited, for operating pressures of 1 atm and below, to less than 10%
phenol by weight dué to the formation of a binary azeotrc;pe.28 Sincg
reéovery of thevsolute.in its most concentrated form is desirable,
further purificﬁtion steps are necessa:y‘when stripping is used. In
addition, relativeAto other techniques, sfeam stripping is not an
efficient way to remove phenolic compounds from water.

5.5 Adsorption |

A second non-destfucti&e phenol removal technique is adsorption.
bActivated carbon haé been shown to be quite efficientvfor this purpose,
commonly prodﬁcing an effluent of only 1 PPM phenol.22 However, in
practice, regéneratién procedures for the recovery of adsorbed
chemicals have ﬁeen problematic: In the past, the spent carbon was
either discarded or regenerated by burnipg off adsorbed spécies,
which caused carbon losses of up to 10% per cycle.22 More recently,
a solvent wash or change in pH hasvbeen used to desorb organic35 In
1930, LufgiAdéveloped 5 process to purify high temperature carboniza-
“tion waste waters down té 50 mg/l by passing them through.coke and
activated carbon; the loaded adsorbent was regenerated by washing
with benzene. However, this process was not competitive with others,
due in part to fouling of the carbon.®? The presencé of other
organics in the effluent can seriously affect the phenol removal

efficiency due to competition between species for active sites.

However, activated carbon does remove a wider variety of chemicals



from water than does biochemical oxidatioﬂ. The use of.this adsorbent
is still geqerally régarded as a finalbpolishing step, economical for
removing very low concentrations of phenol from water.

"Polymer resin adsorbents have become increasingly popular in the
clarification of water to meet stringent new standards. These resins
are physically much more'durablé;thah activated carbon and are also
easier to regenerate since they bind organic molecules less strongly
in many cases. Regeneration is typically accomplished by washing
the adsorbed species from the polymer surface with an organic solvent,.
an aqueous acid or base, or steam. Fox (19,'20, 21) has documented
the use of polymer adsorbents to recover phenol from aqueous wastes
at concentrations ranging from 0.75% to 2%. The phenol effluent
concernitration typically is on the order of 1 PPM,'and the estimated
resin life is high, about 5 years. In fact, after 3 years and over
1800 cycles of>commercial use, the original resin charge in one
process showed no decrease in performance.19 The practical use of
polymer resins to recover phenol from wastes hinges mainly on favorable
economics of solvent or chemical regeneration.

6.) Liquid-Liquid Extraction

Liquid-liquid extraction has enjoyed a long history of success

in recovering phenol from process waste streams. One of the first

~ processes, developed over 55 years ago for treatment of phenolic

ammonia liquors from coke—oven plants, used benzene as the extraction
solvent. The loaded benzene was regenerated by washing it with
aqueous sodium hydroxide, producing sodium phenolate, which was
subsequently converted back to phenol by bubbling carbon dioxide

through solution. The process generally became obsolete because



) %atge volumeé.of benzene were required for substantial phenol removal,
~and the steam‘stripping costs for:recovery of dissolved benzene from
wastewaters wereuhigh; Because of its lower water soluBility,.middle
oil from 1ow-tempefature carbonization plantsvwas sometimes used
instead, but’eﬁulsions.became a stubborn problem in this case.60

A'sécond process was subsequently de?eloped based onvtri-cresyl'
phosphate, because its higher distributioﬁ coefficients_for phenols
réduced the solvent requirement for extraction by a factor of over
10,5 Vacuum distillation reéovered the phenols in thevdistillafe
iand produced thé high boilipg solvent as the bottoms product. Although
several plants were construc;ed,-this pfocéss never became widely
used bécause high boiling fesidues aécumulated in the tri-cresyl
phosphate;'particularly in the treatment of low-temperature c;rbonization
waste waters. This eventually decreased the extraction efficiency of
the solvent, increased'its viscoéity, And caused emulsifica;ion
problems. Frequent purification of the solvent with sulfuric acid
was costly.60 |

Around 1940, as low—-temperature coal carbonization plants began to
grow in both size énd number, the Phenosolvan process was developed
to treat the resulting waste waters produced. Soon thereafter, this
process was applied to phenolic resin effluents of the chemical
industry; and, as of about 1958, it was first used on coke-oven.plant'
effluents. The first solvent used in this process was butyl acetate.
However, its relative ease of saponification, e.g. by ammonia at
céncentrations above 3,000 mg/l,42 along with comparatively higher
costs for solvent regeneration and solvent recovery from water,'

subsequently made di-isopropyl ether a better solvent choice. . In



this pfocess, regenerated solvent 1is récovered overhead by distilla-
tion, and the 0.8% residual solvent in the aqueous phase ‘is recovered
by stripping with éteam or an inert gas. The Phenosolvan process
typically removes 99% of phenol from solution and reduces the effluent
concentration to below 10 mg/l.76 This process is still used today
in more than 30 plants worldwide.

The most recent process deyeloped for the extraction of phenoi
from water is thé Chem-Pro Equipment Corporation process, wherein the
solvent is believed to-be methyl-isobutyl ketone.’l As in the Pheno-
solvan process, the solvent is regenerated via distillation, but in
the Chem-Pro process, recovery of.solvent dissolved in the raffinate
is much simpler, and so results in lower capital cogts. Extraction
efficiences of nearly 100% have been achieved by reducing.the phendl
content of a 1500 PPM feed to less than 4 PPM at a solvent to water
ratio of only 1:18.53 Accordingly, the Chem~Pro process is probably
the most efficient solvent extraction proéess for phenol recovery in
wide use today.

Burns #nd Lynn, et. al., (25) studied the recovefy of residual
solvent from the aqueous raffinafe in both the Phenosolvan and
Chem-Pro processes. They conceived a process to extract phenol from
water which retained the simple solvent recovery scheme of the Chem-Pro
process while reducing its relatively high operating costs. Signifi-
cant savingé were demonstrated by utilizing waste heat from the
warm, foul water extractor feed to strip residual solvent from the
dephenolized réffinéte under vacuum. Because its physical properties
satisfied solvent selection criteria necessary to realize these

benefits, methyl-isobutyl ketone (MIBK) was nearly ideal for this
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process, while di-isoprpyl ether (DIPE) was unsatisfactory. Operaﬁing
costs for this process using MIBK as the solvent were lower than for
either commercial process.

At the present time, solvent extraction is generally a primary
treatment method capable of_recovering high percentages of bhenol
from waste waters. A subsequent polishing step is required because
processes using conventional solvents are unable to reduce the
raffinate concentration below the strict pollutant discharge levels.
Another drawback is ‘that stfipping of residual solvent frém the
raffinate often becomes costly for large volumes of waste water.'
Extraction is best suited as a -complementary treatment step fér
selected, concéﬁtrated feeds prior to combination of dilute wastes
for biological oxidation. or adsorption; extfaction cannot cbmpete
with either of thése two techniques in treating large amounts of
very dilute wastes;

Other meihods, including‘foém fractionation, reverse oémosis,
chemical precipitation, and ﬁost notably, liquid ion?ekchange, héve

also been used to treat phenolic wastes in certain instances. 1’/

D.) TOPO Based Solvent Extraction

Within the past nine years, tri-alkyl phosphine oxides, most
notably tri-octyl phosphine oxide (TOPO), have been used, at least
on.a developmental scale, to extract acetic acid from dilute aqueous
solutions, typically below 5% by weight.23226’6§ (See Appendices A
and B for inforﬁation on TOPO.) Common organic extractants used for
recovery of acetic acid are not economical for processing dilute
aqueous solutions because their water solubilities are relatively

high, due to their polar nature, which is required for favorable

Ly
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extraction of this polar acidic solute, and because their extraction
capacities are not great enough. TOPO presents a unique solution to
this problem because although.it is polar, due to the phosphoryl
grodp, its solubility in water is eXtremély low (below 4 PPM).%,26
‘_ The phosphoryl oxygen of TOPO has a strong affinity fof acidicvhydro-
gen atoms of solute molecules, and the resulting hydrogen bon&s

can effectively concentrate a hydrophilic solute into a less polar

. organic phase. In genéral, this hydrogen bonding ability depends on
both the electron donor properties of the e#tractant and steric
effects.*’ Since TOPO is a strong Lewls base, even stronger than
corresponding alkyl phosphates and sulfoxides, it is vgry.effective
in extracting lower carboxylic acids from dilute water solutionms.
However, the long alkyl groups of TOPO, which are responsible for
iﬁs hydrophobic nature, may hinder its extraction capaﬁilities for
largér, more complex solute moleéules.

Aksnes (1,2,3) has inveStigated the association of phénol with
organic phosphoryl compounds, and has measured the equilibrium
constants of the dimeric hydrogen bond comélexes which are forﬁed.
For open chain phosphine oxides, the equilibrium constants‘rénge from
a high of 1000 at 25°C to a low of 200 at 50°C, while the 4 H for
the complexation reaction ié about -9.5 kcal/gmole; Extrapolation
of Aksnes' Arrhenius plot for tri-butyl phosphine oxide predicts
that the équilibrium constant will drop sharply with increasing
temperature, down to 38 at 100°C and to 2.5 at 200°C. These findings
suggest, at least in theory, that the association of phénol with
phosphine oxides, e.g. TOPO, is a thermélly reversible chemical

. complexation36 which could be used to extract phenol from water in
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a process similar to that for acetic acid.

E.) Previous Work Involving the Extraction of Phenols

Greminger, et. al., (25) investigated the extraction of
phenols from coal conversion_process_condensate waters USlng di-
isopropyl'etner (DIPE)‘and meth§l4ieoontyl ketone (MIBK), both solvents
which are usedvin.commercial prodesses.o He found that the distribution
coeffic1ents for poly—hydroxybenzenes were ‘about an order of nagnitude
higher for MIBK than for DIPE He concluded‘that MIBK was the best”
physical-eolvent fo:,the_extrection of phenoieiftonvcoal conversion
condensate Veters; based on its”performence, cost, energyveffieiency,’
v'andvleck.of reactivity. Gremingeriaiso noted that the pH of tne
aqueous phese'had a dramatic.effect on the'extraetability.of-the
ﬁeakly ecidie phenols. A simple nodel»combined'the aqueous acid
.ioniiation'equilibtinm_with the phese distribution equilibrium between
organic end non-ionized aqueous phase phenol, end aiioWed for the
sharo drop in the observed dietribution‘eoefficient'at a pH ebove

the pK,; of the phenol, as shown in-equation 1-1,

Kp,apparent = KD,true' _ (1-1)

(R, /[HT]) + 1

where K, is»the dissociation constant for the weak acid ionization.
Because only their un-ionized forms are extracted, the.removal of
ohenols from high pH coal—connersion condensate watets.will be much
less than would be predicted using Kp's measured at low pH. Thus,
the pH of such waters should\oe reduceo accordingly, e.g. by removal

of ammonia prior to the extraction of phenols, in a comprehensive
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water treatment process in order to obtain the mosf benefit from the
extraction and ény subsequent steps.

Because the Kp's for methyl-isobutyl ketone are more
favorable than those for di4isopropyl ether,‘a somewhat weaker Lewis
base, one might reason that successively sfronger Lewis bases (e.g.
(RO)3PO, R3P0,‘and R3N) should give progressively higher Kp's,
since phenols afe weakl} acidic. Accordingly, Bell (8) tested three
Lewis bases, one from eéch group listed above, as extraction solvents
for phenolic compoﬁnds commonly found in coal conversion process
condensate waters. Mixed solvents of Alamine 336 (a viscous, Cg- Cio
ﬁertiary amine marketed by Henkel Corp.) in a variety of diluents
(2-ethyl-l-hexanol, Chevron 25, di-isobutyl ketone, and kerosene)
gave Kp's of at most 6 for resourcinol and 1 for pyfogallol. The
corresponding distribution coefficients for tri—cresyl phosphate
were. roughly twice as high, bﬁt were still significantly lower than
those for MIBK, which are 18 and 3.6, respectively. However, the
distribution coefficient for pyrogallol into a ﬁixed solvent of 257
by weight tri-octyl phoséhine oxide (TOPO) in di-isobutyl ketone
(DIBK) was 110, roughly two orders of magnitude above that for MIBK.

MacGlashén (43) studied the extraction of phenols frém water
with mixed solvents containing TOPOvin'mpre depfh. His results
clearly showed that the distribution coefficients for phenol, and
more importantly the di- ahd tri-hydric phenols, between water and

.TOPO in DIBK were significantly higher-thanvthose for both DIPE and
MIBK. (The extractability of the phenols from water decreases with

the number of hydroxyl groups present.) Furthermore, as long as TOPO

has a high enough solubility in the diluent, and its basic (i.e.,

/
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electron donating) character is not reduced, the diluent used nas
only e minor effect on these distribution coefficients. Referring

to Table 14i for exemple,'one can seevthat for the conditions listed,
the KD's for TOPO in the diluents n-butyl'acetate, DIBK, and Chevron
25 (a mixture of short chain alkyl-benzenes) are roughly 400. However,
the Kp's for TOPO in both 2-ethyl hexanol and Kerosene are signifi-
'cantly lower.‘ This is explained in the former case, by the -0H-
group of the alcohol diluent, which probably preferentlally complexes
with the phosphoryl oxygen of TOPO and hence competes with phenol

for these active sites. In the latter instance, the allphatlc,
"highly non-polat nature of kerosene leads to low solubllity of TOPO,

which in.turn'gives a low Kp and thus limits the usefulness of suchv

a diluent. These results are significant since they indicate that a
mixed solvent of TOPO in the proper diluent could be used to extract
phenols from wastewaters at lower solvent-to-water ratios than solvents.

presently used in commercial processes for this purpose.

' F.) Objectives of This Work

Thevhigh distribution coefficients observed for phenol
between TOPO-containing solvents and water confiru_tnat the comolexation
of phenol with TOPO is relatively strdng; This, in turn, implies
that’regeneration of the loaded solvent after extraction might be the
critical factor governing the feasibility of any TOPOFbased solvent. #
In addition, solvent losses will be vital to the process econonics
due to the hign cost of TOPO (about $8/1b).

Accordingly, the principal objective of this workiwas to
investigate the regenerationvof TOPO~based solvents. The approach

taken was first to study TOPO/diluent mixtures for which previous
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Previous Data for the Extraction g£ Phenols ffom Water (43)

Distribution Ratios for Extraction of Phenol with Various Solvents

Pure Diluent With TOPO
Solvent Kp | % TOPO in Mixed Solvent Kp
n-Butyl Acetate 58 25 390
2-Ethyl Hexanol 28 25 56
Chevron 25 1.8 25 340
Kerosene 0.15 5 90
n-Butyl_Ether 14 15 320
Di-isobutyl Ketone 46 5 160
(DIBK)
15 330
25 - 460
Methyl-isobutyl 110 -
Ketone (MIBK)
Di-isopropyl 33. -
Ether (DIPE)
Distribution Ratios for Di- and Tri-hydric Phenols
Pure Dilﬁent With TOPO
Solvent Kp Range % TOPO in Mixed Solvent Kp Range
DIBK : 7.0 - 0,12 25 2046 - 20.8
DIPE 4,9 - 0.18 -
MIBK 18.7 - 3.6 -
Initial Aqueous Solute Concentration = 5000 PPM

Solute/TOPO Mole Ratio 1:2.5

T = 22,5 °C

Kp's Based on Weight Fractions
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meésurements of distribution coefficients had been made. The next
step was to identify’spetific new diluents which might be more
favorable in terms of regeneration, and in retrospect, to show that

these TOPO/diluent combinations were still promising for extraction.

. Finally, the magnitude of TOPO losses into the aqueous phase was

o

studied to determine the significance of any solvent losses.

“u
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Chapter II

EXPERIMENTAL PROCEDURE AND ANALYTICAL TECHNIQUE

A,.) Solvent Regeneration

1.) Separation Factors

between any two components

The separation'factor, a5
b4

of a mixture involved in a separation process is defined as the

v ratio of component i to component j in phase 1, divided by that for

phase 2, as shown in equation 2-1,

@ 4,5 = X4,1 | %§,2 | @D

3,1 1 *3,2

where the x's are all either mole'or weight fractions, or molar or
mass flow rates. For the specific case of distillation, the separation
factor is commonly referred to as the relative volatility, and phases
1 and 2 are the distillate and bottoms products, respectively, obtained
from one ideal, equilibrium stage. One can calculate the relative
volatility by directly measuring the equilibrium concentrations of
the components of-interest in both product phases. In addition, for
a simple distillation in which the feed is separated into two product.
phases, the relative volatility can be determined from knowledge of
one product phase composition and the feed composition.

Specifically, a material balance for any component in such a

system gives equation 2-2,
FXF,i = DxD,i + BXB,I . . (2-2)

where F, D, and B are the respective aéounts of the feed, the distil-
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late, and the bottoms, and the x's are the corresponding weight or
mole fraction compositions. This expression can be rearranged, for
example, to express the bottoms compostion in terms of the distillate

and feed compositions (see equation 2-3).
xg,1 = (Fxp i = Dxp 1)/B . (2-3)

Consequently, the relative volatility can be calculated indirectly,
without directly measuring the composition of the bottoms.

2.) Theory gngquilibrium Stills

A vapor-recirculating equilibrium still, model CG MES-100 by Cal
Glass, was used to study the vapor-liquid_equilibrium.between phenol

and the TOPO diluents in loaded solvent mixtures. This still is a

modification of the design described by Hipkin and Meyers (27) who
sought to eliminate the operating difficulties associated with pre-
vious still designs. In a liquid—reciréulating still, of which the
well-known Othmer design (1928) is an example, the liquid is boiled,
condensed, and then recycled directly to the reboiler (see figure 2-1).
THe most noteworthy point ofv;he Othmer still is the nearly perfect
adiabatic jacketing of its boiling pot, which eliminates the possi-
bility of condensation and rectification of vapors upon contact with
the walls. Because of this, active boiling is possible with a minimum
heat input, well below the point of significant superheating or
entrainment.46 However, considerable debate over the years has

been focused upon whether or not the boiling action éf the liquid in
the pot 1s sufficient to mix the returning condensate well enough to

obtain a homogeneous liquid composition. This can be a problem

because if any portion of the low-boiling recycled condensate vapor-



N

Figure 2-1

Othmer St111(4§)

The Othmer stll with an wtegral jacketing avrangement to miniiize heat losses from
the pot: A, still hody: B, vapor jacket; C, vacuum jacker; D), drain trongh: LK, thermometer part;
T, glass immersion heater; G, liquid sample stopeock: H, groove in heater joint: J, heater joint:
R, vaporline joint; 8, conden~er; T, condensatereceiver; U, condensate cooler; V, condensate cample
stopeock; W, capillary return line

19
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izes before it mixes intimately with the liquid in the still, true
equilibrium will not be reached. 27

In theory, a vapor-recirculating still is a better design since
it circumvents this problem. The idea in such a design is to vaporize
the returning condensate so that it in effect has the equilibrium
phase conditions as it enters the contactor?’ (see figure 2-2). The
eduilibrium vapor merely bubbles through the iiquid here on its way
to the condenser and is then recycled. However, the contactor section
must be keptvadiabatié to maintain steady state operation, which
generally makes vapor-recirculating stills difficult to control.?’
The particular design shown avoids this conﬁrol problem by completely
insulating the contactor with its own vapor, by forcing the vapor to
flow as diagrammed, as opposed to using an externél winding to heat
this area when necessary. In addition, the entire still is enclosed
in a vacuum jécket by means of silvered glass walls which reduce
radiation losses (as in a common Dewar flask.) A one-half inch
wide, unsilvered strip on one side of the still serves as a window
which‘permits observation of the boiling occuring inside.

3.) Procedure

The general procedure used was to charge the still with a known
amount of loaded solQent, which was prepared synthetically by adding
phenol to the mixed (TOPO/diluent) solvent of interest, and then turn
on both the cooling water supply to the condenser and the power to the
electrical heater. The temperature within the still was monitored by
means of an Omega model 412-AJF digital temperature indicator equipped
with an iron-constantan thermocouple, which was checked for accuracy

to within less than one degree Fahrenheit at the freezing point of



Vapor-Recirculating Equilibrium Still

Figure 2-2
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wate:'(32° F), énd the boiling point ofiacetone (134° F). Once
steady state was attained and held for at least 45 minutes, as evi*_
denced by nearly constant temperature readiﬁgs and a steady condensa-
tion rate, équiiibrium was assumed to exist in the contaqting section
of the still, since the boiling action caused vigorous mixing here.
At this poinf, the power to the heater was discontinued and the sub-
cooled distillate was drained from the condensate leg of the column.
The remaining liquid samples, in both the contactor and rebqiler,
stopped boiling as soon as.the heat was cut off, and were drained
_ off.only after coolihg to room temperature, so as to avoid changesviﬁ
composition due to loss of hot vapor at the sampling points. A repre-
éentatiyé sample drop of the condensate, for.subsequent analysis, was
always obtained éfte; first drawing off about half of it, in order to
allow the Teflon §alve and the glass tubing to be flushed out. It
waé not neceésary‘to follow this procedure for the contactor and
reboiler liquid samples because of.their‘felatively large volumes
and since the valve and tubing at the éontactor liquid sample point
were clean. (Samples were taken from the entire recovered volumeé‘of
these liquids.) Liquid samples whiéh were not analyzed within a few
hours after removal from the still were stored at 1 °C in one-dram,
tight-seal sample vials covered with pafafilm, until analysis for
. phenol and TOPO diluents was carried out. In addition, liquid samples
from all three regions of the still were analyzed for TOPO, generally
within a week.

It should be noted that some problems were encountered during
operation of the still, and led to a few modifications. First, the

synthetic loaded solvent solutions became successively darker in color
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upon repeated distillation. This may ha?e been due to the presence

of bhenol in solution, an effect of heat on the diluent itself, or a
combination of both. (The presénce of 25% TOPO (w/w) in dimethylnaph-
thalene (DMN) prevénted its discoloration at room temperature for six
months; however, solutioné of this solvent containing over 6% phenol

‘ (w/w) and phenol-free solutions of DMN containing less than 5% TOPO
both darkened with time.) 1In respdnse to this phenomenon, the still
was blanketed with nitrogeﬁ, to reduce the degree of discoloration
(i.e. oxidation), as sﬁoﬁn in‘figure 2-2. 1In addition, loaded solvent
solutions were distilled only_oncé to obtain relétive volatilities.

These measures lessened this effect enough so that the problem was

consciously ignored thereéfter.

- Secondly, for high 5oiling mixed solvents (i.e. mixtures contain-
ing dimethylnaphthalene and TOPO), the rate of heat loss from the
still was much greater than fhe heating rate required to boil the
liquid samples within. In fact, the line between ina&equate boiling
and running the contactor dry, as determined by the hand-dialed heat
rate setting on the variac, was so fine that several runs had to be
" terminated before steady state was reached, because the iiquid in the
contacting pool dropped to a level too low to assure that the rising
vapor from below would bubble ﬁhrough it. This predicament was allé—
viaied by attaching a one-inch layer of Owens—Corning fiberglass
insulation to the outside of the still. However, although this
significantly reduced heat losses, some heat loss from the still
window near the reboiler remained noticeable.

Finally, despite thése precautioﬁs, the distillation of high

boiling, mixed solvent solutions loaded with relatively high amounts
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of ﬁhenol (above 5.7% w/w) could not be carried out satisfactériiy,
because the majority of.liquid in-the contacting pool would inevitably
bump over into the condensate leg, negating any aegree of separation
achieved up to that pqint. Because the boiling temperature of thé
reboiler liquid was significantly higher than that of the phenol-
enriched, TOPO-free distillate, the condensate would begin boiling
~in the return leg of the still. Hence, this vapor became superheated
as it moved closer ﬁo the héater and so expanded rapidly, which in
turn caused the préssure in the lo&er region of the still_to increase
quickly. This sudden change in pressure between the two main sections -
of the still coﬁldbﬁot be maintained by the weight of the contacting
liquid, and so it was violently forced over into the condensate leg.
This behavior of the system effectively set an upper limit of 1.0 on
the phenol/TOPO ﬁole ratio in the_loaded solvent feed.

It should be noted that Joshi (32) measured the relative volatility
of heptane to toluene at 1 atmosphere using this particular equilibrium
still. At a temperature of 102 °C, he found liquid and vapor samples
in equilibrium contained 42.7 and 51.8 mole percent heptane, respec-
tively. This corresponds to a relative volétiiity of 1.43, compared
to a value of 1.45 published in the literature.2/ Hence, this vapor-
recirculating still reproduced the previqus_equilibrium measurement

for this binary system reasonably well.

B.) Liquid-Liquid Extraction

- 1.) Distribution Coefficients

For separation processes involving the equilibration of immiscible
phases, the equilibrium distribution ratio is defined as the ratio of

component i in phase 1 to that in phase 2. 1In the case of liquid-
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liquid extraction, two different equilibrium distribution coefficients

-are commonly used. The molar distribution coefficient, KM’ is defined

in terms of mole ffactions ahd is useful in explaining solute—sqlvent
interactions. In contrasﬁ, a distribution coefficient bésed oﬁ weight
fraction compositions, Kp, 1is genérally preferable forvdesign calcula-
tions. (The two are directly related by a ratio of molecular weights.)

The distrbution coefficient can be expressed in terms of activity

coefficlents of the solute in each liquid phase, as in equation 2-4,

Ky = x5,1/%3,2= Y1,/ Y31 (2-4)

In general, the distribution coefficient is dependent upon concentra-

tion because these activity coefficients are functions of the solute

concentration in the respective phases. However, the activity coeffi-
cients are constant for dilute solutions of the solute, typically

below 1 or 2% by weight, and so the distribution rétio is also constant
in this case.

Several experimental methods can be used to determine distribution
coefficients. In this work, the solute of interest, phenol, was
initially added to a water phase which was then contacted with solute-
free solvent. The material balance for the éolute befofe and after

equilibration is given by equation 2-5,
FWF = Rwg + Ewg ) . (2-5)

in which F, R, and E denote the weights of the aqueous feed, the
raffinate, an& the extract phases, respectively, and wg, wg, and wg

stand for the weight fraction of solute in the corresponding phases.

This equation can be rearranged to express wg in terms of the other

7
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variables, as shown invequation 2-6,
wg = (Fup - Rwg)/E (2-6)

If the aqueous and solvent.phaées have low mutual solubilities and
are dilute in the solute, the amounts'of‘these'phases remain
essentially constant during extraction, and équétion 2-6 can be

simplified to equation 2-7,
wg = W (wp = wg) (2-7)
S

where W and S denote the constant weights of the water and solvent
phases. Substitution of this expression for wg into the defining

relation for Kp, equation 2-8,
Kp = wg/wp : v (2-8)

gives an expression for Kp involving only aqueous phase compositions,

equation 2-9.
Kp = W (wp = wgp)/wg (2-9)
S

Thus, Kp can bé calculated from the feed and raffinate solute weight
fractions and the weights of boﬁh phases. In addition, analysis of
the solute content of the extract phase permits the material balance
to be checked, e.g. via equation 2-7.

Back extraction of a solute from solution in a solvent phase
into a solute—free water phase can be used to check for possible mass
transfer limitations or irreversible chemical reactions. In the
' absence of such effects, and Ky is independent of concentration, the

extraction will be reversible; the Kp's measured for extraction in
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for both directions will match to within experimental error. A deri-
vation analogous to that for extraction in the forward direction yields

the following expression for Kp, equation 2-10,
~Kp = (Swp = Wwg)/Swy (2-10)

where wp now refers to the solute concentration in the solvent feed.

Several points should be considered in carrying out the
experimental precedure psed to determine Kp's. .The liquid.samples
analyzed muét be representative of the equilibrium distribution of
the solute between the liquid phasés. Vigorous contact between the
solvent and water phases will permit chemical and thermal equilibrium
to be reached in a reaéonable length of time. Next, the phases must
be completely séparated to avoid analysis errors céused by entrained
liquid of the complimentary phase. Also, any loss of matefial from
the system can adversely affect the results when a material bélance
is assumed in calculating Kp's. In addition, all extractions should
be carried out at the same temperature to permit direct comparison of
the results, because”KD's vary sharply with this variable;

Other constraints can affect the experimental results, even if
proper precautions are heeded to obtain samples for analysis. " For a
given feed concentration, either or both of two opposing effects can
be encountered depending on the solvent to water ratio used. If S/W
is too low, the solvent phase will become concentratéd enough'in the
solute so that Kp is no longer equal to the infinite-dilution value,
due to previqusly discussed reasons. If S/W is too high, the raffinate
phase will be;ome depleted in the solute below the limit of accurate,

quantitative detéction. This level was on the order of 5 PPM in this
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work. Increasing the solute feed concentration can help overcome the
~latter problem, up to the point where the solubility limit of the
solute is reached.v In addition, water—-soluble solvent impuritiés can
interfere with trace solute analysis of the raffinate. Finally, a
sufficiently high value for (wrp — wr) is desirable for precise results.

2.) Procedure

The distribution coefficients were determined using the following -
precedure. For forward extractions, phenol was added to water purified
by a Milli-Q™ filtration system to yield an aqueous feed solution
containing 5,000 PPM phenol. For back extractions, the same weight
of phenol was added to the solvent phase instead. The aqueous and
organic phases were added to either a screw—top flask or a jar, which
was then secured to a Lab Line Junior Orbit éhaker set at 270 r.p.m.
for 10-30 minutes, which caused intense phase contact. The closed
container was then placed in a Precision Scientific model 50 temperéture
controlled shaker.bath, set at 30 °C and about 120 oscillations/min.,.
vfor 30 minutes. After allowing the phases to settle at this temperature
for at least another hour, aqueous (and on occasion, organic) samples
were removed with a pipette for analysis. These samples were then
centrifﬁged in an International Clinical centrifuge, model X-4543, at
3300 r.p.m. for 30 minutes in order to ensure complete phase separation.
Finally, 2 ml of liquid was withdrawn from the centrifuge tube and

analyzed for phenol within a day via gas chromatography.

C.) Analytical Methods

1.) Organic Solutions

Analytical measurements for phenol and organic diluents were

carried out using a Varian model 3700 gas chromatograph equipped
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with a flame ionization detector (FID), a Gould model 110 chart
recorder, and a Hewlett Packard model 3390A integrator. The flow
rates for the nitrgeh carrier gas, hydrogen, and air.weré 30, 30, and
.300>cm3/ﬁin, respectively. For ﬁearly all of this work, a 54-inch
.long, one;éighth-inCh 0.D. stainless steel column packed with 5%
0V-17 on an aéid—wasﬁed, DMCS—ﬁreated 80-100 mesh Chromosorb® W support
was used to analyze organic solvent solutions. In order to analyze
solvent solutions containing TOPO without permanently contaminating
the column, a sacrificial precolumn, containing 3.inches of this

same packing, was connected to the front end of thevmain colqmn via

a Swagelock tubing union. This sacrificial precolumn was‘replaced as
necessary when buiidup of TOPO increased the normal retention times
»of the compounds of interest. In addition, the presenée of TOPO in
analyzed solutions als§ called for périodic cleaning of the injector
port with acetone and replacement of the injector septum.

In order to reduce the required anaiysis time, linear temperature
programming was usually employed for solvent phase analysis. However,
for sblutions containing phenol, dimethylnaphthalene, and octadecane,
whose boiling points span a temperature range of 136 C°, two tempera-
ture ramps were executed during thevc0urse of analysis,; in order to .
obtain complefe peak resoiution'and thevbest peak shapes. Since
thié is not a normal operating procedufe for this gas chromatograph,

a change in attenuation was programmed into the timed events table of
the integraﬁor to signal when the second temperature program éhéuld

start, and thﬁé ensuré a répfoducible column temperatdre history (see
figure 2-3). Also, for peaks which were not consistently interpreted

correctly by the integrator using default construction, chromatogram
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Matrix Temperature Program and Corresponding Chromatogram

for Loaded Mixed Solvent
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baseline construction was controlled by programmed integrator'eveqts.
For example, it was appropriate to program the integrator to interpret
the phenol peak always as a solvent peak, since it would otherwise be
interpreted as a tangent-skimmed peak below a certain concentration
range by.default, but as a solvent peak at higﬁer concehtrations;

The composition of orgaﬁic liquid'samples was-détermined using the
following procedure. First, a knowﬁ weight of the sample was diluted
with a known weight of solvent (methanol, acetone, or dichloromethane)
to a conceﬁtration level low.enough for accurate detection by FID,

typically below 2% by weight. A one microliter Hamilton syringe,

- equipped with a Chaney adapter to guarantee a reproducible sample size,

was rinsed with this solution several times, after any air bubbles

adhering to the needle were knocked loose. Then the sample volume

~to be injected was drawn up into the syringe, and the needle was wiped

clean. Within a timed 6-second interval, the needle was inserted

as far as possible into the injector port, the integrator was started,
the sample was injected, the temperature program was initiated, and
the needle was removed, in that sequence-. The average peak area for
each component of interest, obtained from integrator outputs for 3 or
more injections, was entered into an HP-41 CV programmable calculator
which then ;alculated.thé concentration in thé diluted sample. (The
analytical‘expression relating peak area to céncentration was obtained
from a ﬁblynomial regfession fit of the iogarithms'of peak areas and
concentrations for TOPO-free calibratién solutions, which covered at
least an order ofvmagnitude of concentration for each component. The
standard deviation of this curve fit was always léss than 2%.) The_

weight fraction of each component in the original liquid sample was
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subsequently.calculéted from the known dilution ratio.

In the initigl phases of this work, organic liduid_samples were
diluted with.an unknown weight of solvent and analyzed only for
phenol-diluent ratios, which were adequate for calculation of relative
volatilities. However, once it became desirable to determine weight
fractions of the components in solution in order to check various
material balances, the amount of solvent used was méasured. It should
also be noted that although GC analysis of known solutions generally
gave results accurate to within at least 6% of the true value, the
measured concentration of phenol checked in known solutions containing
25% (w/w) or more TOPO &as always low, generally by 5% to 15%. This
point will be discussed furthgr later in this report.

2.) Aqueous Solutions

A 16-inch long, one-eighth inch 0.D. column packed with 100-120
mesh Poropak® Q was used to analyze aqueous solutions for phenol.
Isothermal operation at 210 °C resulted in a linear calibration from
9 to 5200 PPM phenol. Because the phenol content of the aqueous
extraction raffinates was already within this range, dilution was
unnecessary for any of these saﬁplés. In addition, contamination of
this column Qith TOPO was not a problem due to this compound's low
water solubility. Otherwise, the procedure used for aqueous phase
analysis was the same as that for organic samples.

3.) Analysis for TOPO

Initially, the weight fraction of TOPO in organic solutions was
indirectly determined from the phosphorus content. The method of
analysis used for phosphorus 1s based upon the weight of the ammonium

phosphomolybdate precipitate obtained.za_ Since this compound has a
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molecular Qeight is which is 63 times the atomic weight of the phos-
phorus which it contains, the method is typically highly accurate, to
within * 0.1%. From the détermined weight percent phosphorus in
solution, the wéight fraction of TOPO was calculated with the assump-
tion that all phosphorug detected was due 6nly to this compound.
Analyses of known organic solutions containing up to 257% TOPO gave
results which were acéurate to withiﬁ +0.57%. | |

| Detgrmination of the trace TOPO content of aqueous_soiutions in
this way gave values higher than the known solubility of TOPO in
water.4’26 The 3% impurity in the technical grade TOPO used in these
experiments may account for this incomnsistency, which couid be caused
by water-soluble TOPO contaminants. Hence, the utility of gas chroma-
tﬁgraphy as an analytical'technique was subséquently investigated.
Although its full benefits have not been realized due to time con=
straints, gas cﬁromatography produced valuable information about the
TOPO content of raffinates; the 0V-17 column previouély mentioned

~ '

was used isothermally at 280 °C for this analysis.
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Chapter III

RESULTS AND DISCUSSION

A.) Considerations for Use of TOPO as an Extractant

In order to extract phenol from dilute aqueous solutions
with a minimum of soiveﬁt, a higg'distribution coefficient is necessary.s
Because the activity coefficient of phenol in water at infinitg dilu-
tion is independen; of the solvent, the distribution ratio for phenol
depends only on ﬁhe activity coefficient of phenol in the solvent
(refer back to equation 2-4)., A loQ value of this activity coefficient
is usually due to association between phenol and the solvent and
.results in a high distribution coefficient. Unfortunately, however,
the factors which promote é high value of Ky also generally cause the
solvent to be more soluble in water. Yet, as in the éase for acetic
acid, TOPO potentially avoids this shortcoming of conventional phenol
solvents, although it is a solid atvaﬁbient conditions.

Ideally, one would like to use an extractant in its most
concentrated form for removal of a solute from a liquid phase.
However, the use of pure solid or viscous liquid extractants is
impractical dué to both mass transfer limitations and general
handling problems. Consequently, in these cases, a liquid diluent
is added to the extractant to yield a homogeneous, non-viscous mixed
extraction solvent. While such solvents are necessarily subject to
all the criteria for an acceptable pure liquid solvent, as listed in
Table 3-1, additional factors become involved in the selecti;n of a
suitable diluent. . For example, the diluent must be able to dissolve

and retain in solution both the uncomplexed and complexed extractant.b6
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2.)
3.)
4.)
5.)
6.)

Table 3-1

36,57,65

Extraction Solvent Selection Criteria

Hiéh Solute Capacity
High.Distribution'Coefficient

Available at Low Cost

Low Solubility in Raffinate Phase

Density Difference from Complementary Phase

High Interfacial Tension (Low Emulsion Tendencies)

7.) Easily Regenefated

8.)
9.)
10.)

11.)

High Selectivity
Nontoxic
Thermally and Chemically Inmert

Low Viscosity, Vapor Pressure, and Freezing Point

35
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Although the diluent is often considered to be an inert medium for
the extractant, this may not be the case. So, the diluent chosen
should not significantly detract from the extractant's capabilities;
in some cases it can enhance these. The dilﬁent should also have a
low enough volatility so that the mixed solvent does not become pro-
gressively concentrated in the extractant. All these factors can
often incite consideration of obscure or tailor-made &iluents, but
price and availabi}ity constraints must be considered as overriding
factors for the use of more common diluents. (Experimentél data for
extractions are summarized in Appendix D.)

The regeneration of mixed solvents loaded with extracted
solutes is also somewhat more involved than for common solvents.
Distillation, genefally the most common regeneration method employed,
can be affected by TOPO, which is esseﬁtially nonvolatile. For the
case of solvents with diluents having higher boiling points than
phenol, é distillatién column could effectively strip phenol from
the mixed solvent to yield the former as .a nearly pure overhead
pgoducf and the latter as a bottoms product. (This is the same as
for the case of a high boiling conventional solvent.) The possible
buildup of coextracted heavy organics would necessitate a periodic
purge of the mixed solvent which would 1ncreas¢ solvent costs somewhat.
In addition, any reduction in the volatility of the solute caused by |
the extractant must be taken into account.

For mixed solvents with TOPO diluents having lower boiling
poiﬁts than the extracted solute, a single distillation column could
at best produce a nearly pufe distillate of the diluent, and a mixed

phenol-TOPO bottoms product, thereupon separating the components of
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the mixed solvent. One possible disadvantage here is that the utility

‘requirements to vaporize and condense the diluent can be high, depend-

ing on the required solvent flow. A stronger objection is that
another step, which cannot be a common.distillation, will be required
to separate the phenol and TOPO, for reuse of the latter (by redissol-
vingvin the recovered diluent) and possible sale of che'formér. In
this instance, stripping of the loaded extractant solution with water
or an aqueous base would probably be preferable to distillation for
regenerationf However, stripping with water esgentially reverses the

extraction and may not be at all advantageous, especially if coextrac-

" ted organics also co-strip. Stripping with aqueous base is much more

water efficient, but may not be amenable to ultimate solute recovery
for-séle and also inﬁurs expenses for consumed cﬁemicals. Also, TOPO
forms stable emulsidns upon contact with aqueous solutions of many
common bases; such as NaOH and KOH. (Experimental data for solvent

regeneration are summarized in Appendix C.)

A

'B.) 25% TOPO in Di-isobutyl Ketone (DIBK)

Because of its demonstrated abilityvto extract phenols, the
regenerability of'tﬁis mixed solvent was studied first. Regeﬁeration
by back extraction into water is not attractive because the distribu-
tion coefficient for phenol is still ﬁigh at increased.témperaturgs
(e.g. the distribution coefficient ié about 150 at‘6OdC43). Thus,
distillation was chosen as the regeneration method to investigate,
even though the normal Boiling'point of DIBK (167 °C) is below that
of phenol (182.°C).

vFor a feed solu;ion of 257 TOPO in DIBK having a phenol-to-

TOPO mole ratio of 0.5, the phenol-DIBK relative volatility was
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determiﬁed, by the material balan;e method, to be greatef than the
ideal-solution value of 0.67 at the regeneration temperature of 170 °C.
However, the presence of TOPO in solution would be expected to cause
negative deyiations from ideality_and so reduce the relative volatil-
itye. Upon.fhrther investigation, an impurity of roughly 3% in the
DIBK use& was found to have the same residence.time as phenol on the
Poropak® Q column used for analysis. This impurity was not discovered
earlier because the calibration solutions contained, by choice, both
phenol and DIBK, in a 1l:1 ratio; this masked the contaminant. The
detected phenol content of the distillate was typically 3%-b§ weight,
and since the peak height at the phenol retention time varied with
both phenol and DIBK concentrations (because the impurity level varied
with DIBK concentration), the quantitative detection of phenol was
faulty and could not bé properly corrected for. Different columns
were tested, in vain, for adequate resolution of the phenol and impur-v
ity peaks. Since no purer source of DIBK could be purchased, purifi;
cation of the practical grade on hand was attempted by washing it
first with 0.1 N NaOH, then 0.1 N HCl and finally, contacting it with-
silica gel adsorbent. This also had no effect, and at this point

other high-boiling diluents were explored.

C.) 25% TOPO in Isobutyl-heptyl Ketone (IBHK)

Isobutyl-heptyl ketone (IBHK) was selected as an alternative
TOPO diluent because of its similar chemical nature, commercial avail-
ability and higher boiling point, 218°C. At this temperature, the
ideal-solution phenol-IBHK relative volatility (i.e. the ratio of

vapor pressures) is 2.5. Based on the material balance method, rela-

tive volatilies of phenol to IBHK in synthetic loaded solvent mixtures
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were-determined_to be 0.87 and 1.11, respectively, for phenol-TOPO
mole ratios of 1.0 and'Z.O in the feed. These values are too low for
economical regeneration of the loaded solvent produced by extraction
of phenol from dilute aqueous solutions, and indicate that the com-
plexation-ofkphenol with TOPO at the measured distillation temperature
of 218 °C is .still quite strong. Thus, an even higher boiling diluent
is required to obtain high enough separation factors at the phenol-
TOPO mole ratios typical for a loaded'solVent, i.e. léss-than 1.0.

It should be noted that the material balance method used to
calculate these relative volatilities is based on the formation of
two prodocts, the distillate and bottoms, at equilibrium during dis-
tillation. However, in the-vapor recirculating still used to obtain
vapor—liquid equilibrium data, che feed is allocated to three separate
regions. The theory behind chis still implies that if the liquids in
the condensate leg, the reboiler, and the cootactor all have the same
initial composition, then the liquids in the contactor and the reboiler
should have very nearly the same composition at all.times. Yet this
was subsequently found not to be the case; liquid samples from these
two regions of the still varied significantly in composition for
distillation of loaded solvent mixtures containing phencl, TOPO, and
dimethylnaphthalene (DMN)f This-is'important because knowledge of
the feed and distillate compositions no longer-gives the composition
of the equilibrium liquid by material balancc under these conditions.
Thus, the accuracy of the phenol-I1BHK relative volatilities is limited
beccuse of this. ( The degree of error this introduces is covered

for the case of DMN in Appendix C.)
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D.) 25% TOPO in Dimethylnaphthalene (DMN)

A mixture of dimethyl-naphthalene (DMN) isomers, having a
boiling range of 262-269 °C, was selected for study as an even highef
boiling TOPO diluent. DMN, a non-viscous liquid of low water solubil-
ity at ambient conditions, represents a practical 1limit for a high
boiling diluent in terms of its physical properties. Compounds having
higher boiling points are invariably solids or very viscous liquids
at room temperature. Tables A-4a and b list some physical.properties
of TOPO diluents that were serioﬁsly considered. - Since no single
candidate is ideal in all aspects, a second component could be used to
improve the physical properties of the diluent. In fact, octadecane,
a high boiling alkane, was used as a co-diluent with DMN in this work
‘to reduce the specific gravity of the mixed solvent. Iﬁ like manner,
one might choose to alter the diluent viscosity, water solubility,
or melting point, while heeding economic and availability constraints.

DMN comprises appro#imately 10% by weight of Hi-Sol 4-2, a
hydrocarbon solvent mixture manufactured by Ashland Chemical Company.61
Accordingly, hydrocarbon solvents rich in DMN are probably commercially
available at an inexpensive price. Thus, DMN was chosen as a repre-
sentative substance to demonstrate the efficacy of a high boiling
diluent. Preliminary regeneration studies with HiSol 4-2, which has
a boiling point raﬁge of 78 C°, showed that its most volatile compo-—
nents became concentrated in the distillate and interferred with the
gas—chromatographic analysis for phenol, making this diluent unsuitable
for experimental purposes. In practice, it may be most prudent to

use a narrow boiling range cut of such a solvent mixture.

The relative volatility of an ideal phenol-~DMN solution at
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the measured regeneration temperature is 7.3. An attempt was made to
meésure the true separation factor for a TOPO-free solution of phenol
and DMN for comparison, to determine the extent of non-ideality in
the absence;of TOPO, but the distillate became so enriched in phenol
thaf,it crystallized and clogged the condensate leg of the still at
room temperature. 'However, at least qualitatively, this. confirmed
that the separation factor in the absence of TOPOkis highly favoraBle,
since one would expect phenol to have a relatively high solubility
ig DMNbdue to their similarities in chemical structure; .Distillation
of a phenol-free solution of 25% w/w TOPO in DMN showed that TOPO -
increases the boiling point of the solution by 46 °F above that for
DMN alone. (if éne assumes that the equilibrium liquid contained
25% TOPO, this corresponds to an activity coefficient of 0.68 for
DMN in the presence of TOPO.) Due to phenol-TOPO complexation, the
presence of TOPO would be expected to deéress the volatility of
phenol. Thus, the phenol-DMN relative volatility; for éolutions
containing all three compounds, will be.aetermined by the relative
strengths of two opposing effects‘—‘the vapor pressure difference
between phenol and DMN on one hand; and the affinity of phenol for
TCPO on the other. |, |

Figure 3-1 shows the measured relative volatility of phenol
to DMN, plotted as a functibn of_thevphenol-TOPO mole ratio in the
equilibriﬁm liquid. This ratio is a key variable because the dynamic
hydrogen bonding which occurs between phenol and TOPO in solution on
a molecular level implies, by Le Chatlier's principle, that the degree
of phénol complexation should increase as the number of TOPO molecules

available to associate with phenol increases. However, as is apparent
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~ from the figure, this is not the only variable of significance. It
was necessary, in order to interpret the data better, to introduce a
second variable, the % TOPO in the equilibrium liquid, because the
composifion of this liquid was found to be substantially different
from the 25% TOPO present initially in the ioaded solVent‘feed. This
change in liquid composifion during distillation, due to both the.
apparatus used and the nature of the‘phySical system studieé, compli-
cated the experimental design because the "independent™ variables
could be chosen only-for the synthetic feed solution. . In fact,
distillation of identical feed solutions did not necessarily produce
the same samﬁle compositions at equilibrium.

" The explanation for this behavior is tentative at best.
Material balances for each.qomponént within each région of the still
showedrthaﬁ: 1) In general, material accumulated in the reboiler at
the expense of that in the contactor and condensate ieg. 2) The abso-
lute weight!of TOPO preéeht in the contactor remained'unéhanged dur-
ing operation. 3) The distillate accumﬁlated in the condensate.leg
was very nearly TOPO-free. (See Appendix C.) Apparently, dufing the
transient attainment of steady-state'operation, a heat transfer effect
caﬁsed more iiquid to boil off from the contactor than was repiaced
by the vapor condensing there from:the reboiier. However, effects
caused by boiling point elevation due to TOPO in solution or differ-
ences in latent heats of the contactor and reboiler liquids ére implau-
sible since the 1liquid within each region of the still had the iden-—
tical composition«at the onset. This net loss of material from the

contactor caused the TOPO content of the liquid there to increase

" because TOPO is nonvolatile. Different steady state liquid
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compositions might be.prddﬁéed erm equivalent feed soiﬁtions if the
time—heat input history during the start up period varied significantly
betweenvruns, which mayvhave héppened since the heating rate'was not |
automatically controlled.

Although ﬁhe data in Figuré 3—1'show-cbﬁSidérablejscatter,
some general trends can be explained by a simplé model of the complex—
ation between phenol énd TOPO.  Assuming an ideal vapor phase and
neglecting liquid phase non-idealities for the diluent and for uncom-
plexed phehol, the partial pressuré exefted by each component of
interest in solution is given by Raéult's léw, as shown in equations

3=la and 3-lb,

Pl = Y1PT = x1P; (3-1a)
-] .
P2 = y2PT = x2P) . - (3-1b)

where the subscfip;svl and 2 denoge phenol‘énd the dilugn£ (DMN),
respectively, and 4* is the moie fraction of uncompléxed phenol in
soiution. By §olving each of thése equations for y and sgbstituting‘
v'the resulting QXpreSSions intq ;he defining relatibn for the relative

.

volatility, equation 2-1,

(y1/x1)/(y2/x2) ' ‘ (2-1)

al,2 =
one obtains equation 3-2,
o o *
@ ,2 = (P1/P)(x1/x}) | (3-2)

. .
in which the P 's stand for the vapor pressures of the pure components.
But since x*/x 1s the fraction of free phenol in solution, f, and-the

ratio of vapor pressures is the ideal solution relative volatility,
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equation 3-2 can be simplified further to yield equation 3-3.
@ 1,2 ©jdeal f _ (3-3)

This expression states that the measured relative volatility is directly
proportional to the fraction of uncomplexed phenol in solution.
For ‘a 1:1 stoichoimetry, the complexation of phenol at

equilibrium is depicted by equation 3-4.

P + T —= PT _ | (3-4)

The equilibrium constant for this reaction is given by equation 3-5,

Keq = _LPT] (3-5)
P T

wherein [P], tT], and [PT] denote the respective molar concentrations
of phenol, TOPO, and phenoi—TOPO complex. If one lets P, and T,
stand for the total’céncentrgtions of the solute and extractant in
solution, the»eduilibrium_constant cén be expressed in terms of these
vgriables and f, as shown in equation 3-6.

= 1-f | | (3-6)
E[T-(1-£)P,/T_ T,

Combination of equations 3-3 and 3-6 gives the equilibrium constant
in terms of the relative volatility, the phenol/TOPO ratio, and the

TOPO concentration, as shown in equation 3-7.

Keq = | [C o 1dea1/ @ )'_ 1] (3-7)

(1-0-C o / o 340,70 ]P./T, } T,

The equilibrium constant was estimated from the data for
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the dimethylnaphthalené diluent (see Appendix C), using equation

3-7, and was found to be 5.1 L/gmole, with a standard deviation of
26%. (This value is an order of magnitude higher than that for tri-
butyl phosphine oxide, as predicted by extrapolation of Asknes'l data
to the me#sured regeneration temperatures.) Although Keq would be
expected to vary for different regeneration temperatures, the calcu-

lated K,  values do not vary consistently with these measured temper-

q
atures (as predicted, for example, by an Arrhenius relation). Solution
of equation 3-6 for f, and sﬁbstitution of this expression into equa-
tion 3-3 allows one to predict the relative volatility from the phenol-
TOPO mole ratio and the TOPO concentration, at a fixed temperature .
(i.e. a constant Keq). The dashed curves shown in Figure 3-1 were
calculated in this manner using the value of 5.1 for Keq.

At constant temperature and TOPO concentration in the equi-
librium liquid, the phenol-DMN relative volatility decreases with
decreasing phenol-TOPO mole ratio. In the lower limit, as this ratio
nears zero, the relative volatility also decreases to zero because
essentially all the phenol is complexed. At the other extreme, as
the phenol-TOPO ratio goes to infinity, the relative volatility will
approach its binary value, since only an insignificant fraction of
the phenol is complexed. In addition, for a given phenol-TOPO ratio,
the separation factor will decrease with increasing TOPO content of
the liquid.

Because the density of 25% TOPO in DMN (0.966 g/ml at
30 °C) is close to that water, octadecane was interchanged for 307%

of the DMN to lower the density of the solvent to 0.914 g/ml at 30 °C.

This substitution appears to reduce the phenol-DMN relative volatility
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somewhat, as shown in figure 3-1.

It should be noted that material balanées, which were
carried out for the last 5 regeneration runs, were qonsisteﬂtly unable
to account.for roughly 207 of the phenol originally preéent in the
feed. It was subsequently found that the presence of 25% TOPO in
?henol—DMN solutions Affected the pgak area aﬁd retention time of
phenol, but not those of DMN, The average integrated peak area for
phenol in the presence of TOPO was 5% lower than that detected for a
TOPO-free solution having the same concentration. In addition, the
retention time for phenol waé observed to increase by about 6 seconds
for each of 4 successive injéctions of TOPO-containing samples. These
results indicate the complexatioﬁ of phenol with TOPO present on the
sacrificial precolumn, and imply that the phenol concentration of
TOPO—containingIsélutions were undeféstimated.

| If one assumes that this discfepancy is due entirely to
errors in analysis of TOPO-containing solutions, and allocates the
unaccounted phenol in proportion to that detected in such solutions
from thevequilibriﬁﬁ still, cofrected values of phenol-diluent rela—
tive volatilities can.be calculated. These are shown in Figure 3-2.
However, despite being the most pessimistic values one could calculate,
fhey are still generally favorable enough to permit regeneration. by
distillation. In retrospect, if one accounts for all of the phenol
in this manner, the weight fraction of phenol in solutions containing
TOPO must have been from 22 to 407% higher than first estgmated. This
seems somewhat extréme, even with a buildup of TOPO on the precolumn,

since it was replaced before any noticeable increases in the phenol

peak width and retention time were observed. Analytical problems
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certainly account for part of the phenol discrepancy, but one could
also consider the possibility of phenol deg;adatibn at the‘high regen-
eration temperatures obéerved,_between 497 to 567°F. However, because
a more accurate analytical_method is required before any final conclu-
sions can be drawn, experiments relative to that possibility were not

pursued further.

E.) Extraction 2£ Phenol from Water with Mixed Solvent

At this point, since regeneration of the TOPO-DMNfOctadecane
solvent combination was demonstrated to be feésiﬁle via distillation,
thé extraction capabilities of this solvent weré investigated. The
measured distribution coefficienté for the éxtraction.pf‘phenol at
30 °C are plotted in Figure 3-3 as a function of the phenol to TOPO
mole ratio in the system. The shape 6f.the_resulting curve 1is cdn-
sistent with the formation of a dimeric phenol-TOPO complex, and can
be explained by the extraction mechanism model proposed Sy MacGlashan.
For purified (Mil1i-Q") water, the kD‘s:rénged from a high of 460 to
a low of 44 at solvent to water ratios varying from 1.0 to 0.05,
respectively. The disparity between Kp's for the forward and back
-extractions can be attributed, at least in part, to incomplete reso-
lution of gas chromatogram peaks. Apparently, this was caused by a
water—soluble impurity present in the solvent. Subsequent extractions
carried ouf with solven; washed twice with water before use led to
réffinatg chromatograms without any extraneous peaks, and so these
data are believed to be the mést reliable.

To test the applicability of the solvent for treatment Qf
an industrial effluent, distribution coefficients were also measured

for the extraction of phenol from a condensate water sample from the
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Grand Forks Energy Techhology Center (GFETC) slagging fixed-bed coal
gasifier. (The solvent was not washed in this caée.) These Kp's
compare reasonably well with the other data, and so are encouraging.
However; the precision of the raffinate analysis decreased signifi-
cantly with decreasing phenol concentration due to merged peaks

caused by other components in this water sample. Thus, the uncertainty
in these Kp's increases as the phenol-TOPO ratio deéreases. In
addition,'it should be noted that emulsification occurred when the
solvent was contacted with this water sample, whose pH was not altered
frém its value of 9 when received. Although centrifugation cleared
the aqueous phase, the organic phase remained clouded with emulsified
whité particles less thén 0.5 microns in diameter. Subséqﬁent centri-
fugation of this phase at 10,000 r.p.m. for 46 minutes had no effect
on the suspension.

For the extractidn of phenol from purified water with
unwashed solvent, the phosphorus conteﬁt of the raffinate ranged from
31 to 90 PPM (w/w) atbcorrespoﬁding solvent to water ratios of 0.25
ta 1.0; This corresponds to 400 to 1075 PPM TOPO if one assumes that
all phosphorus detected is due to this compound. Since the true
solubility of TOPO is no greater than 4 PPM, and the TOPO used was
97% pure, water—soluble phosphorus impufiﬁies originally present in
TOPO were believed to account for the high phosphorus content of the
raffinates. .In addition, the phosphorﬁs contenf of the coal condensate
water raffinate was roughly four times higher than that. for purified
watér at the same solvent to water ratio. “Although the presence of
other solutés in the aqueous phase may increase the solubility of

phosphorus compounds, the fraction of this accounted for by TOPO is
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unknown. Since the method used to produce the TOPO uéed in this work
most likely yields acidic phosphorus side products, purification of

the solvent by washing it with aqueous base was attempted with 0.1 N
NaOH. However, emulsification Qf the solvent phase made it impractical
for further experimental use.

Due to the aforementioned inconsistencies, gas chromato-
graphy was investigated as a means to analyze directly for trace.
amounts of TOPO, Reproducible chromatograms were obtained for dilute
solutions of TOPO in acetone, below 1% by weight, using the séme ov-17
column employed for analysis of organic solutions. Although the TOPO
peak tailed badly, complete resolution was obtained at 280 °C. How-
ever, under the same conditioné, thé TOPO peak observed for aqueous
raffinates Vas_well merged yith the preceeding peak. This was presumed
ﬁo be due to traces of other high boiling organics, from the solvent,
dissolved in the aqueous phase. However, the use of a low-boiling
TOPO diluent, ethylbenzene, led to the same problem.

The general belief held for aqueous TOPO losses was that
they were not much greater than the stated solubility of pure TOPO
in water. Chromatograms of aqueous raffinates for extractions wherein
the solvent was washed prior to use were nearly identical; i.e., the
TOPO peak was the same shape and magnitude for both solvgnt to water
ratios of 1.0 and 0.05. Thus, the aqueous phase became saturated to
the same extent regardless of both the solvent-to-&ater ra;ib and the
phenol-to-TOPO ratio. However, quantification of the merged TOPO peak
was ambiguous. Since different chromatographic interpretations were
equally plausible, the TOPO content of these-raffinates could at best

be demarcated to lie between 6 to 90 PPM. Nevertheless, even the -
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higher estimate is too low to accouﬁt for the 15 PPM phosphorus in tﬁe
in the raffinates, which corresponds to 190 PPM TOPO in the absence of
other phOSphorus-containing compounds. In addition, the phosphorus
content of the fifth 50 mi watef wash of 25 ml of mixed solvent was
11 PPM (or at most 137 PPM fOPO), as compared to 50 PPM (or at most

620 PPM TOPO) for the first water wash. This also supports the con-

tention that water soluble TOPO impurities were present.
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F.) Conclusions and Further Discussion

A vapor-recirculating still may not be the best design to use
for determining VLE data for this particular system due to the change
in TOPO content of liquid in the confactor. An Othmer still might be
more éppropriate'for studying this syStem (or any other system con-
taining a non-volatile component) because the.experimental design

‘would be simplified. In addition, if the phases attain equilibrium,
rélati;é;VOiétilitieé could be obtéined from knowledge of the feed
compositibn and analysis of the TOPO-free distillate. However, the
usefulness of the Othmer still would ultimately hiﬁge upon how closély
equilibrium is approximated.

An accurate means for analyzing for phenol in.the presence
of TOPO would be useful to check the material balance closure for
phenol. This would permit investigation of possible phenol degfada—
tion during distillation at elevated temperaﬁures. Also, a technique.
of analysis specific for TOPO would. be valuable in interp;eting»the
high phosphorus content of aquedus raffinates. Further use of gas
chromatography fof this purpose might define aqueous TOPO losses
‘with greater accuracy than achieved here.

Regeneration of the loaded solvent by distillation at high
temperatures appears to be feasible. Regeneration at decreased
temperatures (and lower pressures) is probably not as favorable due
to the corresponding increase in the equilibrium constant for TOPO-
pﬁenol complexation.

The distribution coefficients for the extraction of phenol
from water are high for low phenol—TOPOvmole ratios. Accordingly,

the use of a TOPO based solvent would be best applied to dilute
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aqueous feeds, having phenol concentrations on the order of hundreds

of PPM,
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. APPENDIX A
SOURCES, GRADES, AND PHYSICAL PROPERTIES OF CHEMICALS USED

Table A-1

Sources and- Grades gi Chemicals Used

Chemical Supplier ' Grade

Tri n-Octylphosphine Oxide American Cyanamid Technical
(TOPO) ' o

Phenol - Mallinckrodt Analytical

Di-isobutyl Ketone Eastman Kodak Practical

(2,6-dimethyl 4=heptanone)

Isobutyl-heptyl Ketone - Union Carbide Technical
(2-methyl 4-decanone)

Dimethylnaphthalene (DMN) Aldrich Reagent
Octadecane v Aldrich | Reagent
Hi-Sol 4-2 '  Ashland Chemical Technical
(Commercial Hydrocarbon

Mixture)
Ethylbenzene MatheSon,.Coleman, Reagent

& Bell
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Table A-2

Physical and Toxological Properties 95_T0P04

Formula:> Co4ll5 PO Structure:
| Cghy7
Purity of Grade Used: |
| CH -P=0
937% n-isomer h 8 17 |
_4% other isomers
97% totyl octyl isomers CgHiv

Molecular Weight: 386.65_
Melting Point: 47 °C (56 °C 26)

Vapor Pressure: 0.1 mm at 200 °C
760 mm at 460 °C 26

Water Solubility: < 4 PPM (1 PPM 26)

Specific Gravity: 0.88 at 25 °C
0.84 at "6l °C

LDsg  (oral, rats): > 10 g/kg
" (dermal, rabbits): 2.83 g/kg

Systemic toxic effects caused by skin absorption
Nonmutagenic

Appearance: Off-white waxy solid



TABLE A-3

| Physical Probertiesvgf;Phenol4§

Formula: CgHg0

Notesvon Grade Used:

_Watef Content. 0.1252

- Structure:

Preservative (H3P0j) 0.15%

Molecular Weight: 94,11

Melting Point: 41.0 °C

Vapor Pressure: 100 mm
: 200 mm
400 mm

760 mm

2 atm

10 atm

at,
at -

at
at

‘at
at

121.4
139.0
160.0
181.9
208.0
283.8

°C
OC o
°C'
OC ‘
0c57’
0g57

Water Solubility: 8.6% w/w at 25 °C

Specific Gravity:."l.l32
: 1,043 at 60 °C

 Heat1of Vaporization:

at

25 °C

4:::}F-Oki

10.9 kcal/gmole at 182 °C
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Property
Formula

Molecular
"~ Weight

Melting.
Point

Vapor
Pressure

Water
Solubility

Solubility of
Water in Solvent

Specific
Gravity

'Flash
Point

Heat of
Vaporization

- TABLE A-4a

Ph&sical Properties of Diluents Used

DIBK

142,24
<20 °C

100mm (104 °c)63

760mm (168 °C)
2692mm (225 °C)
6370mm (275 °C)

0.06% w/w>!

0.9407 °1-
(20/20)

140 °p>1

IBHK

Crif220

170.3

<20 °C

760mm (218 °C)

> 0,01% w/w
(20 °C)

0.2% w/w
(20 °C)

0.818
(20/20)

9.54 kcal/gmole (168 °c)63

10.70 kcal/gmole (104 °C)

DMN

CioHy2
156.23

< 20 °C

100mm (189 °C)
400mm (239 °C)

. 760mm (262-

269 °c)

2.0~-11.4 ppM44
(25 °C)

1.010
(20/4)

101 °C
(closed cup)

Octadecane

CigH3g
254,50

29-30 °C
760mm (317 °C)

2.1 pppb
(25 °C)

0.777
(20/4)

165 °C
(closed cup)
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TABLE A-4a (contihued)

Physical Properties of Diluents Used

Property Ethylbenzene

Formula C7H10

Molecular ' . 106,17

Weight : -
Melting . -95 °C

Point

Vapor 760mm (136°C)

Pressure

Water 0.01% w/w :

Solubility (15 °C)

Solubility of -
Water in Solvent

Specific ‘ 0.867

Gravity _ (20/4)
Flash 22 °cC
Point -

Reference for TABLES A-4a and b (except where otherwise'noted):
Aldrich Catalog Handbook of Fine Chemicals, 1981-1982 ed., Aldrich Chemical Co., Inc
Milwaukee (1980). ’ .
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TABLE A-4b

Physical Properties of Other Potential Diluents

1.0cp (50 °C)

2.9cp (100 °F)

n-Hexyl Diethylene-glycol _
Property Ether Dibutyl-ether Dowtherm A Tridecyl Alcohol .
Formula C12H260 C12H2603 Cp2H100 (73.5%) C13H280
w/w
Molecular 186 218 - 200
Weight
Melting -43 °C -60 °C 12 °C 33 °C
Point '
Vapor 760mm (226 °C) 760mm (256 °C) 760mm (257 °C) 760 (252 °C~
Pressure ' 269 °C)
Water 0.01% w/w 0.3% w/w “Insoluble” -
Solubility (20 °C) (20 °C)
Solubility of 0.12% w/w 1.47% w/w - -
Water in Solvent (20 °C) (20 °c)
" Specific 0.7942 0.8853 1.073 0.8454
Gravity (20/4) (20/4) (20/20) (20/4)
Viscosity l.7cp (20 °C) - 5.0cp (50 °F) 382¢p (15 °F)

47.5cp (68 °F)
2.6cp (210 °F)
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TABLE A-5 "

‘Composition and Properties of Hi~Sol 4-2

Component : Weight 26!
Alklybenxzenes -
c-7 0.3
c-8 0.7
c-9 2.1
c-10 17.2
c-11 - 11.5
Cc-12 3.4
C-13 to C-20 3.1
Tetralins , 10.7
Dihydronaphthalenes 0.3
Naphthalene 7.5
Methylnaphthalenes 14,7
Dimethyl and Ethyl Naphthalenes" 9.1
C-13 Alkyl Naphthalenes 4.0
~C-14 Alkyl Naphthalenes 1.6
Biphenyls 6.1
Fluorenes - 6.5
Phenanthrenes 2.1
Naphthenes 1.1

Normal Boiling Range:  395-535 °Fl3

Specific Gravity: 0.97613
(60 °F)

Flash ?oint: 205 °cl3
(closed cup)
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APPENDIX B

DESCRIPTION AND SOME APPLICATIONS OF TOPO AND RELATED COMPOUNDS

In general, tertiary phosphine oxides are prepared by
oxidizing tertiary phosphines with agents such as hydrogen peroxide
or nitric ‘acid, as éhown in equation B-1,4

H,0, _
- (n=CgH}7)3P —_— (n—CgH;7)3P0 (B~1)

Tri n-octylphosphine Tri n-octylphosphine oxide

Tertiary phosphine oxides are odor-free solids characterized by their
high thermal oxidative stébility (due ultimately to their very strong
phosphoryl bonds), weak basicity, and metal complexing ability.
While the lower molecular weight homologs are hygroscopic.and quite‘
soluble in water, the higher phosphine oxides (Cg and above) are
insoluble in water and soluble in nonpolar solventé. Long chain
unsymmetrical tertiary phosphine oxides are sﬁrface active agents.
Tertiary phosphine oxides are émong the most étable organic
compounds known; iﬁ fact, their decomposition temperatures are several
hundred degrees higher than those of amine oxides.” Hence, many
phosphinevoxides,make effective flame retardants, which can either bg
incorporated into the substrate as an additive, or even be added as
part of a prepolymer, which can withstand the extreme conditions of
polymer processing and ultimately become part of the polymer backbone.
References 69 and 67 describe the use of certain phosphine oxides as

flame retardants and UV stabilizers, respectively, for polyolefins.
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Extraction of Uranium ana Other Metals

Phosphine oxides generally form strong complexes with both
the actinide (trans-uranic) and lanthanide (rare earth) elements. In
addition, these ﬁhosphine compounds have greater hydrolytic stability
and a lower water solubility than other metal extractants. TOPO, for
example, is known to extract dozens of metals, e.g. Zn, Cu, Cr, and
Fe, from‘sulphate, nitrate chloride and perchlorate solutions, by
strong coordination with salts or organometallics. The solvent is
usually regenerated by stripping with water or dilute aqueous acid,
base, or salt solutions. The most well known use of TOPO in this
regard is for uranium recovery from wet process phosphoric acid.?29,30
The solvent used is a synergistic extractant combination of di-2-
ethyl-hexyl phosphoric acid (D2EHPA) and TOPO dissolved in kerosene,
or soﬁetimes another high boiling aliphatic diluent. In this particular
case, the D2EHPA extracts the uranium, in its +6 valence state,
primarily by cation exchange between the metal ion and acidic hydrogen
atoms, to form a uranyl dialkyl phosphate complex. TOPO serves as a
solvent modifier and enhances the extraction by combining with the
D2EHPA—uranium complex. TOPO is the best neutral organophosphate for
this purpose because, as a tertiary oxide, its phosphoryl oxygen has
the greatest base strength.lo

In the first cycle of the wet acid process, uranium is
extracted from an aqueous oxidized solution of phosphoric acid by a
mixed solvent of 0.5 M D2EHPA / 0.125 M TOPO in kerosene. This loaded
solvent is stripped with a phosphoric acid solution containing ferrous

(Fet2) iron which reduces the uranium to its less extractable uth

state, which preferentially concentrates in the aqueous phase. After
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reoxidation to its he#avalent state, the uranium in this aqueous
solution is re-extracted, in the second cycle, with a 0.3 M D2EHPA /
0.075 M TOPO solution. This extract phase is subsequently stripped
with an aqueous ammonium carbonate solution to precipate ammonium

uranyl tricarbonate, which is then filtered and calcined to produce
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APPENDIX C
EXPERIMENTAL DATA FOR SOLVENT REGENERATION

Calculation Procedures

1) TABLE C-1
% error for analyzed feed compositions

Example: solution F‘lo,-wphenol

% error = (0,0283 - 0.0295) x 100 = =4.4%
: ' 0.0295

2) TABLE C-2
‘ Absolute weights from weight fractions
| >Examp1e: solution M-10, grams DMN
From TABLE C-1, wpyy = 0.4096
grams DMN = (34.82)(0.4096) = 14,263 g
3) TABLE C-4 |
Rel;tive Volatility énd Phenol-TOPO mole ratio
Example: Run #10
Using ﬁeight fractions from TABLE C-1l,

a = (0.1652/0.6853) = 2,565
(0.0385/0. 4096)

Using absolute weights from TABLE C-2,
Phenol-TOPO mole ratio:

P/T =  (1.340 g) (11,215 g) = 0,491
° °  (94.11 g/gmole)|(386.65 g/gmole)

4) TABLE C-5
Corrected Relative Volatility
Example: Run #10

From TABLE C-2, 6,318 - 5,207 = 1,111 g phenol not accounted
for. Assume measured phenol content of D-10 correct.



"Calculation Procedures (continued)

- (Very little TOPO in D-10.) Allocate phenol to M~-10 and
B-10. '

Increment in g phenol = (1.340) (1.111) = 0,318 g
for M-10 , (1.340 + 3.339)

Corrected g phenol = 0,318 + 1,340 = 1.658 g -
Corrected final wt. components = 0,318 + 34,82 = 35,138 g
Corrected phenol wt. fraction = 1.658/35,138 = 0.0472

Corrected a = (0.1653/0.6854) = 2,075
(0.0472/0.4059)

5) TABLE C-6
Equilibrium Constant and Fraction Free Phenol
Example: Run #8
Density of M-8 at regeneration temp. 545 °F?

0.914 g/ml

Density of solvent at 30 °C

For Dowtherm A, p (545 °F) 0.788

p (86 °F)

Estimated density of solvent at 545 °F
(0.914 g/ml1)(0.788) = 0.761 g/ml
Using absolute weights from TABLE C-2,

T = (11.215 g)/(386.65 g/gmole) = 0.622 gmole/L
° (34.82 g)/(761 g/L) '

Using data in TABLE C-3 and equation 3-7,

Keq = ' (7.3/3.137 - 1) -
{1 - (1 -3.137/7.3)(0.404)](0.622 gmole/L)

Keq = 2.774 L/gmole

q
' Using equation 3.3,

f= o/ ajigeal
£f = 3,137/7.3 = 0.430

67
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Calculation Procedures (continued)

6) TABLE C-7
Prodicted Relative Volatility
- Example: 25% TOPO, P /T = 0.50
Solving Equatioﬁ 3-6 for f,

£ = -b+ (b2 - 4ac)l/2

2a
. T
where  a = KgqT (P /T )
=K..T (1L -P /T )+1
b = KeqT (1 - P /T ) |
c = -1

Also, equation 3-3 is

@ = @ j4ea] f ( @ ideal1 = 7-3)
Calculate T for 25% TOPO. From TABLE C-5, rums 7-10,

% TOPO = 52,526 * 3.2%
gmole/L

T = : 257. = 0,476 gmole/L
° (52.526% /. gmole/L)

aKeq = 5.061  for all calculations.

-7) Other Calculations
Relative volatility for DMN diluent using material balance
to calculate equilibrium liquid comp051t10n from feed and
dlstillate compositions

Example: Run 8

Using absolute weights form TABLE C-2, calculate weight
fractions on a TOPO-free basis.

CF-8: Wopenol = 6.562 = 0.0390
6.562 + 161,791
D-8:  Wopenol = 0.434 = 0.1298

0.434 + 2,909
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Calculation Procedures (continued)

Calculate phenol content in equilibrium liquid by equatlon
2-3,

(6.562 - 0.434)
(6.562 + 161.791) - (0.434 + 2. 909)

Yphenol ©
Whenol = 0-0371

a =0.,1298/(1 - 0.1298) = 3,87
0.0371/(1 - 0.,0371)

Compare to a = 3.137 using measured compositions
in TABLE C-1.

Likewise, for run 7,

a = 0.0201/(1 - 0.0201) = 2,62
0.0078/(1 - 0.0078)

Compare to a = 2,615 using measured compositions.



TABLE C-1
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Measured Weight Fractions of Components in Solutions from Distillation

of Loaded Solvents

Solution- wPhenol WDMN

Run #

F-10 0.0283~4.4  0,5099+0.1
F-10% 0.0295 0.5095
D-10 0.1652 0.6853
M-10 0.0385 0.4096
B-10 0.0192 0.5848
F-9% 0.0061 0.5218
D-9 0.0205 0.9164
M-9 0.0078 0.5309
B-9 0.0036 0.5239
F-8 0.0252~14.5 0,7402%1.7
F-8% 0.0295 0.7524
D-8 0.1219 0.8171
M-8 0.0304 0.6396
B-8 0.0214 0.7524

Key:

0.0057-6+2  0,7620%2.2
0.0058=3-9  0,701575.9
0.0056=6-4 00,7452 0.0

0.0060 0.7455
0.0192 0.9399
0.0056 0.7101
0.0042 0.7488
0.0294 0.7279
0.2759 0.8319
0.0404 0.8221
0.0219 0.9068
F = Feed D = Distillate

B = Bottoms

wocCT

0.218410.1

0.2183
0.1246
0.2656
0.2330

0.2236
0.1241
0.1818
0.2273

YTOPO

0.2430
0.0065
0.3221
0.2434

0.2484
0.0069
0.2921
0.2497

0.2426
0.0045
0.3158
0.2468

0.2485
0.0050
0.2259
0.2771

0.2428
0.0057
0.2958
0.2921

Zwi

1.0000

- 0.9816

1.0358
1.0805

1.0000
1.0678
1.0126
1.0045

1.0000
0.9435
0.9858
1.0185

1.0000
0.9641
0.9416
1.0302

1.0000
1.1135
1.1584
1.2208

= Middle (contactor liquid)

* - known feed composition from weighed amounts of components

Superscripts denote % error of analyzed feed composition from

true value.

Run X (not graphed) - 4th time solution was distilled



TABLE C-2

Calculated Absolute Weights of Components in Solutions from

DistilTlation of_Loaded’Solvents

Combined Weight
of All Components

71

All weights for feed solutions (row 1) and combined weights of all

components (columns 5 and 6) were measured directly.

Solution—  grams grams grams grams

Run # phenol DMN OCT TOPO Final Initial
F-10 6.318. 109.044 46.723 52,005 - 214,03
D-10 0.528 2.189 0.398 0.021 3.19 3.48
M-10 1.340 14,263 9.250 11.215 34.82 46.34
B-10 3.339 101.435 40.408 42,215 173.44 164,21
TOTAL 5.207 117.887 - 50.056  53.451 211.45 -
F-9 1.295 110.207 47,222 52,466 - 211.19
D-9 0.060 2.694 0.365 0.020 2.94 3.51
M-9 0.272 18.577 6.362 10,221 34.99 43.73
B-9 0.609 89.945 39.026 41,699 171.67 163.95
TOTAL 0.941 111,216 45,753 51.94 206,66 -
F-8 6.562 161,791 53,927 - 222.28
D-8 0.434 2.909 0.016 3.56 4.04
M-8 1.133 23,831 11.767 37.26 48.84
B-9 3.832 134,584 43.767 178.88 169.40
TOTAL 5.399 161.324 55.550 219,70 -
F-7 1.305 161,277 53.758 - 216.34
D-7 0.073 3.562 0.019 3.79 3.72
M-7 0,287 36.636 11,654 51.59 46,85
B-7 0.671 118.299 43,766 157.98 165.77
TOTAL 1,031 158,497 55.449 - 213,36 -
F-X 6.455 159.605 53.232 - 219,28
D-X 0.954 2.878 0.020 3.46 - 3.88
M-X 1.596 32,441 11.674 39.46 46,47
B-X 3.770 156.164 50,305 172.22 168.93
TOTAL 6.320 191.483 61.999 215,14 -
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TABLE C-3

Weight Fractions of Components for Distillations Prior to Complete
T "Material Balance Checks

Solution- wphenol 4 WDMN Deviation of . YToPO
Run # GC Analysis (%)

D-6 0.0547 0.9406 0.5 0.0048
M~-6 0.0203 0.6848 0.3 _ 0.3010
B-6 - - - 0.2549
D-5 _ 0.0249 0.9685 1.3 0.0066
M-5 0.0073 0.7478 0.8 0.2467
B-5 - - - 0.2711
D-4 0.0599 0.9364 1.6 0.0037
M=4 0.0202 0.5029 1.1 0.4867
B-4 - ‘- - 0.2372
D-3 0.0239 0.9761 - <0.0012
M-3 0.0095 0.7383 - 0.2546
D-3 - - - 0.1073(?)
D-2 0.3059 0.6949 1.8 <0.0012
M=-2 0.0915 0.5065 3.7 0.4425
B-2 - - - 0.2197
D-1 0.1871 0.8129 6.0 <0.,0012
M-1 0.0617 0.5526 1.8 0.4430
B-1 - - - 0.2334

TOPO content of solutions measured directly.

Phenol and DMN weight fractions calculated from measured ratio and
assumption that I wy = 1.
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TABLE C-4

Phenol-DMN Relative Volatilities at Measured Conditions

Phenol-TOPO : Boiling ~ Duration at

Run # Mole Ratio % TOPO (w/w) Range, °F Temp (h:min)
1 1.951 0.610 44,30 497.3-508.7 1:01
2 2.439 0.935 44,25 513.9-533.5 1:05
3 1.897 0.155 25.46 557.3-559,2 0: 51
4 1.598 0.174 48.67 550.4-552.6 1:47
5 2,629 0.123 24,67 557.1-558.5 1:25
6 1.966  0.283 ' 30.10 511.9-512.6 2:22
7 2.615 0.109 22.59 - 556.6-558.5 1:03
8 3.137 0.404 31.58 540.3-548.9 0:58
9 1.458 0.117 28.25 563.5-567. 4 1:17
10 2.565 0.491 - 32,21 557.8- 2 -
X 6.739(?) 0.459 29.59 543.8-547.7 1:32

Run X (not graphed) — 4th time solution was distilled



Soluﬁion-

TABLE C-5

Relative Volatilities Corrected for Phenol Material Balance

Corrected
Final Corrected Wt.
Increment Corrected Combined Fractions _
in Grams Grams Weight of ~ Corrected Uncorrected
Phenol Phenol Components Phenol DMN a a
+) 0.528 _ 3.19 0.1653 0.6854 - 2,075 -~ 2.565
+0.318 1.658 35.138 0.0472 0.4059 '
+0.793 4,132 174,233 0.0237 0.5822
6.318
+0 0,060 2,94 0.0205 0.9164 1.089 1.458
+0.109 0.381 35.099 0.0109 0.5293
+0.245 0.854 171,195 0.0050 0.5232
1.295 :
+0 0.434 3.56° 0.1219 0.8171 2,542 3.137
+0.265 1.398 37.525 0.0373 0.6351
+0,.898 4,730 179.778 0.0263 0.7486
6.562 '
+) 0.073 3.79 0.0192 0.9399 2.033 2.615
+0.082 0.369 51.672 0.0071 0.7090
+0.192 0.863 158.172 - 0.0055 0.7479
1.305 '
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TABLE C-6

Calculated Equilibrium Constants for

75

Phenol-TOPO Complexation

T
Run # a % TOPO ’%‘30 P (gmol;/L) f Keq
1 1.951 44,30 - 0.84341  0.267 5.878
2 2.439 44,25 - 0.84241 0.334  6.269
3 1.897 25.46 - 0.48471  0.260 6.639
4 1.598 48.67 - 0.92661 0.219  4.457
5 2.629 24,67 - 0.46971  0.360 4.106
6  1.966  30.10 - 0.57311  0.269  5.968
7 2.615 22,59  0.776  0.750  0.4379 0.358  4.399
8 3.137 31.58  0.788  0.761  0.6217 0.430 2.774
9  "1.807"2 28.25  0.771  0.705 0.5323. 0.248  6.265
10 "3.578"2 32,21  0.774  0.707  0.5894 0.490  2.354

Key: 1) TOPO concentration calculated from weight % TOPO.

2) Phenol-combined diluent relative volatility used in
calculation.

3) Ratio of density at regeneration temp. to that at 30 °C for

Dowtherm A.

For runs 1-8 (all DMN diluent), Kgq = 5.061

For runs 1-10, Keq = 4,911

+

31%

r 26%

Used to estimate density of organic TOPO solvent
at regeneration temperature.
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TABLE C-7

Relative Volatilities Predicted by Model

25% TOPO 35% TOPO 457% TOPO

(T° = 0.476) (T° = 0.666) (T° = 0.857)
Po/To f a f a f a
6?51_ 0.2948 2.152 0.2301 1.680 0.1886 1.377
0.05 0.3008 2.196 0.2356 1.720 0.1938 1.414
0.10 0.3084  2.252 0.2429 1.773 0.2004 1,463
0.30 0.3410  2.489 0.2748  2.006 0.2307 1.684
0.50 0.3763  2.747 0.3114 2,273 0.2669 1.948
0.70 0.4133 3.017 0.3518 2,568 0.3088  2.254
0.90 0.4508 3.291 0.3945 2.880 0.3548 2,590
1.10 0.4876  3.559 0.4375 3.194 0.4023  2.937
1.50 0.5551  4.052 0.5176  3.778 0.4921 3,592
2,00 : 0.6247  4.560 0.5992 4,374 © 0.5826  4.253

All values calculated with Keq = 5,061 and % jdeal = 7.3
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APPENDIX D

EXPERIMENTAL DATA FOR EXTRACTIONS

Calculation Procedures

1) TABLE D-l
Kp from extraction data
Example: extraction 3-E
Using equation 2-9,

Kp = 59.74 g water (5,197 = 1,728) = 44,4
2,70 g solvent (1,728)

2) TABLE D-2

Maximum possible TOPO content of raffinate from phosphorus
content

Example: fifth water wash of solvent

Max = (11 g P/ml) (gmole P) (1 gmole TOPO) (386.65 g TOPO)
(30.974 g P) (gmole P) - (gmole TOPO)
' Max = 137 g/ml TOPO i.e. 137 PPM TOPO

3) TABLE D-3
Weight and mqle fractions of phenol in extracts and raffinates
Example: extraction 3-E
Absolute wéight of solute transferred to solvent phase not
negligible for such a low solvent-water ratio. (Magnitude
of error from this assumption decreases as solvent-water

ratio increases, i.e. this example shows worst case in this
respect.)

i) Feed phase
From TABLE D-1,
g phenol = (59.74 g)(5,197 x 1076) = 0.3105 g

g water = (59.74 g)(1 - 5,197 x 1076)

]

59.430 g

Total Feed = 59.74 g
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Calculation Procedures (continued)

ii)

Raffinate phase

Loss of phenol to solvent phase will also decrease
weight of aqueous phase. This should be negligible,

but take into account anyway. :

By definition,

wg = P : where wgp = phenol content of

P+ W ' raffinate
: ' C P = g phenol
W = g water

+ Solve for P

P=w [WR/(i - wg)]

" Grams phenol left in raffinate

P = (59.430 g)[1,728 x 1076/(1 - 1,728 x 1076)

P = 0.1029 g

Total weight raffinate phase = 59.430 + 0.1029
: : : -= 59,53 g-

Wt. fraction phenol in aqueous phase

iii)

wg = 0.1029 = 0.001729
59.53

(Change in weight of aqueous phase was negligible.)

Mole fraction calculation similar to that for solvent
phase; which follows.

Solvent phase

g phenol transferred = 0.3105 - 0.1029 = 0,2076 ¢
to solvent phase

2.70 g of solvent has composition 0.250 TOPO

0.525 DMN
0.225 Octad.
1.000

weight fraction = 0.2076 = 0.07139

phenol in solvent 0.2076 + 2,70



Calculation Procedures (continued)

Weight fraction of phenol

grams MW moles
TOPO 2.70(0.250) 386.65 0.001746
DMN 2.70(0.525) 156.23 0.009072
Octad. 2.70(0.225) 254,50 0.002387
Phenol 0.2076 94.11 0.002206
0.015411

XE,phenol = 0- oggzg? = 0.1431

Note: from weight fractions, Kp = 0.07139 = 41.3

Compare to 44.4 assuming S constant.

4) Others
Minimum solvent Required for Extraction

The "pindh condition occurs at the ﬁpper right portion of y-x
diagram. Minimum solvent flow determined by slope of operatlng
- line at pinch condition.

Example: Assume i) 1728 PPM phenol in aqueous feed
ii) No phenol in entering solvent
iii) Exit raffinate concentration of 1 PPM

Using weight fractions from Table D—3;

slope = A y/ A x = (0.07139 - 0)
(0.001728 - 107%)
slope = 41.3 g water/g solvent

Minimum solvent to water ratio is about 1:40.



TABLE D-1

Summary of Extaction Data

Solvent-Water Phase

Ratio Phenol- PPM PPM Stand. PPM
TOPO mole Phenol Phenol Dev. Kp Phosphorus

Run # (v/v) (gram/gram) Ratio in Feed in Raff. (%) in Raff.
1-A(£) 1:1 45.34/49.91 0.0858 4,743 32,2 0.8 161 -
1-A(b) 1:1 7.23/7.98 0.0945 -1 9.2 3.2 624 -
1-B(f) 1:2 29.88/65.70 0.1714 4,743 65.8 4.3 156 -
1-B(b) 1:2 7.29/15.99 0.1576 -1 22,7 3.5 420 -
1-C(£) 1:4 18.14/79.70 0.3424 4,743 87.3 6.0 234 -
1-C(b) 1:4 7.02/31.90 0.3703 - 1 . 65.5 7.8 340 -
2-A(f) 1:1 67.84/74.84 0.0914 5,041 9.0 2.0 617 90
2-A(b) 1:1 68.18/74.71 0.0884 5,3472 13.7 5.8 389 .82
2-B(f) 1:2 45.66/99.76  0.1750 4,873 25.4 3.7 417 49
2-B(b) 1:2 45.95/99.57 0.1848 11,1182 32.1 6.2 344 31
2-C(£f) 1:4 26.95/119.68 0.3679 5,041 75.5 1.2 292 33
2-C(b) 1:4 27.55/119.65 0.3742 22,2932 82.6 6.2 266 31



TABLE D-1 (continued)

Summary of Extaction Data

Solvent-Water Phase : , _
Ratio Phenol- PPM ) PPM Stand. _ PPM

- TOPO mole Phenol Phenol . Dev. Kp Phosphorus
Run # (v/v) (gram/gram) Ratio in Feed in Raff. (%) in Raff.
GFETC-A 1:2 18.10/40.78 0.1207 3,2593 17.0 34,6 430 217'
GFETC-B 1:4 10.81/48.11 0.2384 " ’ 37.0 7.0 388 118
GFETC-C 1:10 5.37/60.37 0.6021 " 317 8.0 104 53
GFETC-D 1:20 2.69/60.37 1.2020 3,2593 - 1201 1.5 38.5 32
3-A 1:1  27.15/29.87 0.0948 5,246 12.4 3.2 464 14
3~-B 1:4 10.86/47.68 0.3784 5,246 68.9 3.6 330 L=
3-C 1:10 5.39/59.70 0.9457 - 5,197 482 0.8 108 -
3-D 1:15 3.63/59.68 1.4038 5,197 1150 4,1 57.8 -
3-E 1:20 2.70/59.74 1.8892 5,197 1728 2.8 44,4 16
Key: f - forward extraction b - back extraction

1 phenol concentration is that of extract produced from forward extraction

2 - same weight of phenol added to solvent feed phase as added to aqueous
feed phase for forward extraction '

3 - measured phenol content of GFETC condensate water

Solvent for extractions 3-A through 3-E washed twice with water before use,

None of data for run #1 plotted.
For all data — Solvent is 25% TOPO, 52.5% DMN, 22.5% Octadecane (wt. Z's) T = 30 °C
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Sample

Mil1i-Q" water

Water saturated
with solid TOPO

Water saturated
with solvent
(Water-solvent
‘ratio = 5/3)

First water
wash of solvent
(W/s =2)

Fifth water -
wash of solvent
(W/S = 2 each
‘time)
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TABLE D-2

Additional Phosphorus Analyses

Calculated
Detected PPM , Maximum
Phosphorus . : PPM TOPO .
<1 . <13
54.9 ) 685
54 674
49,5 . 6l8
11.0. - 137



©

TABLE D-3

Phenol Weight and Mole Fractions in Raffinates and Extracts

Weight Fractions

YE

5.725 x 1073

2.334 x 1072

4,966 x 10~2
6.245 x 1072

7.139 x 1072

¥R

Mole Fraction

5

1.24 x
6.89 x
4,817 x
1.150 x

1.728 x

Values calculated from data for extractions

XE XR
1.235 x io-2 ;?;;Z-
4,706 x 1072 1.319
1.020 x 1071 9.227
1.264 x 1071~ - 2,205
1.431

x 1071 3.314

3-A through 3-E

x 1076
x 107
x 1072
x 1074

X 1074
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