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& Rhodium recovery from hydroformylation still heel with triaryl phosphate ligand.

@ A process for recovering rhodium present in a still heel i) washing the rhodium with an acid soiution at a
from the hydroformylation of an unsaturated hydrocarbon pHof3to4;
wherein rhodium and a triaryl phosphite ligand were used by i) drying the rhodium in an inert atmosphere at
a process comprising from 250° to 400°C;
a) pretreating the still heel with a compatible and
organic solvent, at least 5 ml of water per 100 g of K) oxidizing the rhodium at a temperature of from
still heel, oxygen gas or a precursor thereof and 300° to 900°C to convert the rhodium to Rn 20

sufficient base to produce a pH of 2 to 7 in the
reaction mixture after rhodium precipitation;

b} heating to a temperature of from 0° to 80°C to
oxidize the triaryl phosphite ligand to the corres-

ponding phosphate compound;

c) heating the mixture from b) for from about 15
minutes to about 120 minutes at about 115°C to
about 175°C to precipitate the rhodium and
optionatly purifying the rhodium from ¢) by

d) separating the rhodium precipitate;

e) " washing the rhodium precipitate with a solvent-
acid solution at a pH of 3 to 4;

f) treating the rhodium precipitate with an alkaline
reducing solution to reduce the trivaient rhodium
impurity to zero valent rhaodium;

g} quenching the rhodium with glacial acetic acid;

h) separating the rhodium;
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Rhodium Recovery from Hydroformylation Still Heel with

Triaryl Phosphite Ligand.

This invention relates to a process for recovering
rhodium from a still heel from the hydroformyiation of
olefins. More specifically, this invention relates to
a prdcgss for recovering rhédium from a still heel from
the hydroformylation.of olefins in the presence of tfiaryl
phosphité ligands and a rhodium complex catalyst'and to

the products of the recovery process.

Rhodiﬁm~meta1‘is known ih the art at 2 catalyst in
hydroformylationAreactions. ,Invsuch regctions the rhodium
may be complexed with variOus ligands'to render it
catalytically active. In U.S. Patent 3,998,622 there is
disclosed a method fqr,preparing;a novel rhodium metal
form from a still heel from the hydroformylation of olefins

where the ligand in the catalyst complex is a trialkyl

_phosphorus compound. However, the process of U.S.

Patent 3,998,622 with a triaryl phoSphorus ligand does
not result in the recovery of at least 90% of the rhodium
nor does it produce a rhodium that can be readily dissolved

in a triaryl phosphite ligand catalyst solutionmn.
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Now it has been found that the rhodium present

in a still heel from the hydroformylation of unsaturated

aliphatic hydrocarbons wherein a triaryl phosphite
ligand is involved can be recovered and the rhodium re-

highly soluble in a triaryl phosphite ligand and carbon.

monoxide.

Thus, in accordance with the invention, a

process has been found for recovering the rhodium, that
is present in a still heel from the hydroformylation of

an unsaturated hydrocarbon, in a form that can be

‘covered can be purified and converted to a form that is

solubilized in carbon monoxide and a triaryl phosphite

ligand, said still heel comprising rhodium triaryl phos-

phite complex catalyst, triaryl phosphite ligand and

high boilers, said process comprising
(a) pretreating the still heel with a
mixture of (1) a compatible organic solvent
or a mixture thereof, (2) at least 5 ml of

water per 100 g of still heel, (3) oxygen gas

or a precursor thereof and (4) sufficient

base to produce a pH of 2 to 7. in the reaction

mixture after rhodium precipitation;
~ {b) maintaining the mixture from (a) at a
temperature of from 0° to 85°C to oxidize
- the triaryl phosphite ligand to the cor-
responding phosphate compound; and
(c) heating the mixture from (b) for
from about 15 minutes to about 120 minutes
at about 115°C to about 175°C to precipitate
the zero valent rhodium.

The thus recovered rhodium is a useful material per se or'as an

intermediate in a process for prebaring a highly solu-~-

ble rhodium that is useful a3~afCatalyst in the
hydroformylation of an unsaturated hydrocarbon. -

-

Y
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L However, the rhodium thus precipitated has an

' éxtremely low dissolution in a triaryl phosphite ligand

and carbon monoxide. In.order for the precipitated
rhodium to be dissolvable to any great extent in said
ligand and carbon monoxide,'the rhodium must be con-
verted from the zero valent form to Rh203. Further,
treatment of the rhodium precipitate can achieve even
higher levels of dissolution of at least 95% by weight.

Accordingly, rhodium thus precipitated is
washed with a solvent-acid solution with a pH of from
3 to 4 and then oxidized to Rh,0, to render it dis-
solvable in a triaryl phosphite ligand and carbon
monoxide. - Dissolution of the thus oxidized rhodium
of at least 90% byAweight is attained{ _

Dissolution of the thus precipitated rhodium,
if merely washed with the solvent-acid but without '
oxidation to Rh,0, is attained only to the extent of
less than 5% by weight. Dissolution of the thus
precipitated rhodium, after merely oxidizing the
rhodium to hao3 is attained only to the extent of
less than 20% by weight.

When the thus precipitated rhodium is not
washed with the solvent-acid, the rhodium surface
sinters under oxidation conditions and thus gives
poor dissolution in the triaryl phosphite ligand and
carbon monoxide. o

"Further treatment of the rhodium thus
precipitated followed by oxidation of the rhodium
to hao3 can yield rhodium oxide that is at
least 95% by weight dissolvable in a triaryl
phosphite ligand and carbon monoxide. Accordingly, -
the rhodium precipitated from (c) above is
separated and treated to'solubilize it by washing
the separated rhodium precipitate with a solvent-acid
solution having a pH of 3 to 4 ﬁo_remove residual
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still heel; treating the rhodium with an alkaline réguc—
ing solution that will reduce trivalent rhodium orgéno
phosphorus impurities to zero valent rhodium; quenching
the rhodium with glacial acetic acid to destroy any
residual reducing solution; separating the rhodium;
washing the rhodium with an aqueous acetic-acid solution
with a pH of from 3.0 to 4.0; drying the rhodium in an
inert atmosphere at a temperature of from 250° to 400°C;
and oxidizing the rhodium with oxygen at a temperature
of from 300° to 900°C to convert the rhodium to Rh203.
The thus treated rhodium is in the form of
hao3 and is at least 90% by weight dissolvable (prefer-~
ably at least 95% by weight dissolvable) in a triaryl
phosphite ligand in the presence of carbon monoxide to
form a catalyst complex used in the hydroformylation of
unsaturated hydrocarbons. , ' '
The process of the present invention can re-
sult in the recovery of at least 90% by weight of the

“rhodium present in the still heel (preferably at least

'99% by weight), and after further treatment, wherein the
rhodium is converted to a form.soluble in CO and a A
triaryl phosphite ligand can result in the recovery of
rhodium that is to the extent of at least 90% by weight
dissolvable (preferably at least 95% dissolvable]}.
‘The rhodium triaryl phosphite complex catalyst
that is present in still heels of this invgntion‘is a
homogeneous catalyst solution comprising rhodium and
biphyllic ligands complexed with,carbon monoxide and
hydrogen through coordinate bonding. The biphyllic
ligands are triaryl phosphite compounds of the formula
R
P ooy

] OR3

wherein Ry, R, and Ry are the same or different aryl
groups having 1 to 12 carbon atoms. Representative ex-
amples of such aryl groups include phenyl, tolyl,

v
N
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p-chlorophenyl, diphenyl and cyanophenyl. Representa-

tive examples of the ligand include triphenyl phosphite,
tri(p-chlorophenyl) phosphite, tri(cyanophenyl) phos-
phite, tri(p—mefhoxyphenylj phosphite, tri(diphenyl) phos-
phite, dimethyl phenyl phosphite, ethyl ditolyl phosphite
and other combinations within the scope of the above for-

mula. The preferred ligand is triphenyl phosphite.

The phcsphite ligand forms a complex with
rhodium and carbon monoxide as described in U.S. Patent
3,527,809 and the complex catalyzes the hydroformylation
reaction of unsaturated hydrocgrbons from which the still
heel of the present invention is derived. An excess of
the phosphite over that which is required to complex
the rhodium in the hydroformylation reactions described
herein must be used in order to favor linear vs. branched
hydroformylation. The excess ligand is also necessary
to insure the stability of the rhodium catalyst through
the hydroformylation reaction. _

The still heel referred to herein is a heel or
tail that remains after the distillation of the reaction
product from the hydroformylation of unsaturated hydro-
carbons, e.g., olefinic cyclic acetals, conducted in the
presence of hyarogen, carbon monoxide and a rhodium
triaryl phosphite ligarnd complex catalyst. The reaction
product of said hydroformylation which has been dis- '
tilled to remove cyclic acetal aldehyde product com-
prises unreacted olefinic cyclic acetals, excess ligand,
a rhodium triaryl phosphite complex catalyst and high
boilers. The still heel of the process of this invention
is thus a residual tail from said distillation. By «~
rhodium triaryl phosphite complex catalyst is méant a’
coordination compound of rhodium in complex combination
with carbon monoxide, hfdrogen and a triaryl phosphite
ligand. Generally, the pH of the still heel is acidic.
The pH may range from 1.0 to about 8.0.
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iydrcformyiation reactions, from which the
still heel of the present invention are derived, are
reactions of unsaturated hydrocarbons, e.g., olefinic
cyclic acetals, with hydrogen and carbon monoxide in
the presence of a rhodium triaryl phosphite complex
catalyst at temperatures and pressures well known in
the art. Rhodium triaryl phosphite complex catalysts

used are solubilized complexes of rhodium in combination

with carbon monoxide, hydrogen and triatkyl phosphite
ligand. After the reaction products from the hydro-
formylation of the unsaturated hydrocarbon are distilled
to recover the desired product, the residue of high
boilers, rhodium triaryl phosphite complex catalyst

and ligand are usually recyéled back to the hydroformyla-
tion reaction until high boilers accumulate to the point
where a small portion of the still heel must be purged
to maintain the high boilers at a constant concentration.
The value of rhodium is such thateconomics do not permit
the discarding of all or any significant portion of the
purged still heel. At rhodium concentrations in the
still heel of more than 50 ppm, the process of the
present invention permits the recovery of at least 90%

by weight of the rhodium (at certain higher concentration

ranges at least 99% by weight). The rhodium recovered
is purified to convert it to a form that is highly solu-
ble in a triaryl phosphite ligand and carbon monoxide.

Preferably, the rhodium, after purification, is at least '

90% soluble and most preferably at least 95% soluble in
a triaryl phosphite ligand and carbon monoxide.

For example, the still heel of the present
invention is obtained by first charging commefcially
available RhG(CO)i6 into a pressure vessel with an
olefinic starting material, e.g., 2=-vinyl-5-methyl-1,3-
dioxane, solvent and ligand.'.AfterAflushing with

v
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‘ - nitrogen, the pressuré vessel is sealed and pressurized
. _ with carbon monoxide and hydrogen to 35 to 150 psig at a
hydrogen to carbon monoxide ratio of 1:1 and after a
period of time the reaction is complete. The product
5 consists of various aldehydes, unreacted starting mater-
ial, cyclic acetals, ligand, rhodium complex catalyst and
high boilers. This is subjected to distillation to re-
cover cyclic acetals, starting material and aldehydes.
A residue made up of rhodium complex catalyst, ligand
10 and high boilers (HB) remains. The still heel of the
process of the present invention can conveniently bé .
illustrated by reference to a3$pecific hydroformylation
reaction. Thus, 2~vinyl-5-methy1;1,3—dioxane is
hydroformylated in the presence of carbon monoxide,
15 hydrogen, zero valent rhodium and trsiphenyl phosphite;.
and the reaction product thereof is distilled to remove
the products indicated in the equations below. The
residue from the distillation consists of rhodium
complex catalyst, higher boilé:s‘and triphenyl phosphite.
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- Rhodium, recovered by the process of the
present invention and converted to the form of Rh203
from this residue of HB, ligand and rhodium complex
catalyst was added to triphenyl phosphite and carbon
monoxide at a pressure of 4,000 psig and was at least
90% by weight converted to a homogeneous complex solu-
tion at 150° to 175°C. The dissolution can be accom-
plished at any pressure of carbon monoxide, e.g., ffom
atmospheric to 10,000 psig. Generally, carbon monoxide
pressures of from 200 to 5,000 psig are sufficient.

The organic solvent in the pretreatment step
of the process of this invention must be compatible with
the still heel. The organic solvent is mixed into the
still heel to lower its viscosit? and to solubilize the
water added in the still heel. Any compatible organic
solvent or any mixture thereof that will reduce the '

viscosity of the still heel and solubilize the water

may be used. Low molecular weight alcohols and ketones
are suitable solvents. Methanol, acetone and methyl
ethyl ketone are preferred organic solvents.
Representaéive examples of the aforesaid
organic solvents include methanol,.methyl ethyl ketdne,
acetone, ethanol, propanol, isopropanol, diethyl ketone,
ﬁethyl propyl ketone, ethyl propyl ketone and mixtures
thereof. .
| ' Oxygen gas or a.precursor‘thereof is used in
the pretreatment step of the process of the present
invention to oxidize the triphenyl phosphite ligand to
triphenyl phosphate. What is meant by a precursor of
oxygen gas is any compound which, under the conditions
indicated herein, will yield oxygen gas and will not
contaminate the rhodium. Representative examples of‘a
precursor of oxygen gas include hydrogen peroxide and
ozone. The preferred precursor is hydrogen peroxide
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because of its availability. The amount of oxygen or
precursor depends on the still heel and the amount of
triphenyl phosphite present. Generally, an excess of
oxygen or of a precursor thereof over that amount re-
quired to oxidize the triphenyl phosphite to triphenyl
phosphate is required because of decomposition reactions
and other reactions that occur with other organic mater-
ials. The amount of the excess is not critical, but is
regulated based on convenience and economy.

The amount of water depends on the still heel.
The water defined herein includes water in the base solu-
tion as well as water added as such. The amount of water
required in the pretreatment step must generally be at
least 5 ml per 100 g of still heel. The upper limit of
water is that amount of water that will not cause the
still heel to separate into two liquid phases. The
water added must be enough to maximize the rhodium pre-
cipitated but less than enough water to cause the forma-
tion of two liquid phases. Thus, the maximum amount of
water is dependent on the solubility of the water in the
organic solvent and the amount of said solvent. It was
found to be preférable to use 36 to 40 ml of water per
100 g of still'heél'treated with 53 ml of methanol.

The base for adjusting the pH of the still heel
of the present invention may be any base material that is
soluble in the still heel water mixture of the present
invention and that will not form any interfering precipi-
tation. The base may be weak or strong. -For example,
sodium hydrdxide or salts of weak acids and strong bases
can be used. Organic bases such as the quaternary
ammonium hydroxides also are suitable for bases, e.g.,
tetramethyl ammonium hydroxide. From the standpoint of
availability, the preferred'baSe is selected from the
group consisting of alkali metal hydroxide and alkaline
earth metal hydroxides. The mosﬁfpreferred base is
the alkali metal hydroxides of which sodium or potassium
hydroxide are most preferred. )
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The amount of base required will vary depending on
the particular still heel utilized. Generally, the amount
of base required will be that amount that will give the reac-
tion mixtufe, after rhodium is precipitated from the still
heel, solvent, water and oxygen mixture a pH of from 2 to 7,
preferably 3 to 6. An excess of base will reduce the per-
cent of the rho@ium recovered from the rhodium available in
the still heel. Depending on the nature of the still heel,
the pH may be such that no base need be added.

The mixture of still heel, organic solvent, water,
base and oxidant is heated to a temperature of 0° to '85°C,
preferably 20° to 85°C until the triaryl phosphite llgand
is oxidized to the corresponding phosphate compound.

Pretreatment with oxygen gas at 50 psig and 75°C
will completely oxidize the ligand in 60 minutes. Hydrogen
peroxide at 75°C is equally effective in 15 minutes. A
sample of the pretreated mixture after heating to from 0° to
80°C is tested by gas chromatograph to determine when the
triaryl phosphite is oxidized to the corresponding phosphate.

The second heating of the pretreated still heel
mixture for the purpose of precipitating the rhodium at 115°
to 175°C is preferable under an atmosphere or vapor space of
inert gas. The vapor space before the heating step thus is
preferably filled with an inert gas which preferably is
nitrogren. The preferréd.temperatu:e range is from about
150° to about 165°C. At 100°G, no rhodium is precipitated.
and above 185°C, polymériZation of the still heel into a
gel or solid occurs. Generally, the time at the températures
indicated can vary from 15 minutes to 120 minutes. At
shorter periods of time, the yield of rhodium recovered is
lower. Longer periods are operable, but the benefits~in
rhodium recovered are not proportional to the time of reac-
tion. Thus, greater reaction time yields smaller increases
in recovery than when the time is between 15 minutes and
120 minutes.
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Ths chad: oo may be most conveniently separated
from the s3t1ll heel o cantrifuging or filtration. Separa-

tion by centrifuge or filter is well known in the art. The
thus recovered rhodium precipitate is washed with the
solvent~acid solution and then oxidized to convert the zero

valent rhodium to Rh203 with oxygen at atmospheric or higher

pressures and temperatures of from 300° to 900°C to permit
the dissolution of the recovered rhodium in the triaryl
phosphite ligand. _
Alternatively the thus recovered rhodium precipi-
tate is further treated before oxidation to improve its
dissolution in the triaryl phosphite ligand. The rhodium

_precipitate that was separated from the still heel is washed

. with the solvent~acid solution with a pH of from 3 to 4 for

15

20

25

30

35

the purpose of removing residual still heel from the surface
of the rhodium. The residual still heel on the surface of
the rhodium recovered will affect the solubility of the
rhodium in carbon monoxide and ligand. The presence of
the rather small amounts of trivalent rhodium organo phos-
bhorus impurities on the surface of the recovered rhodium
are sufficient to prevent greater than 90% by weight solu-
bility of the recovered rhodium. While this washing of
the-rhodium'precipitate is required to improve the solu-
bility of the rhodium, the resulting rhodium without oxi-
dation to hao3 would not possess the solubility in the
ligand of more than 5% by weight. However, the recovered
rhodium can be made at least 90% by weight dissolvable in -
the ligand by merely oxidizing to.haoé after the solvent-
acid washing.

~ The washing of the rhodium with solvent-acid
solution of a pH of 3 to 4 permits the rhodium to be re-
tained in agglomerated form thereby making the rhodium more
éaSily separable from the reaction mixture.  Without pH
control of this washing with said solvent-acid solution,
some of the rhodium‘wculé be lost or not recovered in the
separation due to the fineness*of;%he particles. |

k4
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The solvent acid soliutci.s Lz o :zolv=icn of a sol-

()

e

vent as defined above. Preferr=zJ sclvents are mathanci and

1

acetone. The acid may be any acid. However, glacial aceti«
acid is preferred because of its ease in attaining the de-~
sired pH range and because it leaves no undesired residual
on drying. Little to no water is present in the solvent-
acid solution. Acids such as hydrochloric and nitric re-
quire so little amounts to achieve the desired pH that the
amount of water present dan‘easily be minimal.

After washing, the recovered rhodium can be further
purified to increase its dissolution in ligand. The washed
rhodium is treated with an alkaline reducing solution that
will reduce the trivalent rhodium organo phosphorus impu-
rity to zero valent rhodium. Any reducing agent which will
reduce the trivalent rhodium to zero valent rhodium can be
used. The amount éf reducing agent is that amount that will
convert all the trivalent rhodium preseht to zero valent
rhodium. The preferred reducing agent is sodium borohydride.
The amount of trivalent rhodium present that must be con-
verted to zero valent rhodium is relatively small but its
conversion is essential to achieving a rhodium that is at
least 95% soluble in the triaryl phosphite ligand.

It is convenient to conduct the reducing treatment
at ambient temperatures. Génerally, the temperature is from
25° to 75°C for this reducing step.

The reducing solution is\made alkaline with a base
(as defined hereinbefore) to stabilize the reducing solution.
For example, sodium hydroxide is added to stabilize NaBH, to
prevent spontaneous decomposition that may occur under acid
conditions. ‘

The thus treated rhodium is quenched with glacial
acetic acid. The glacial acetic acid neutralizes the -base,
destroys tesidual reducing agent and quickly achieves & pH
between 3 and 4 and preferably about 3.2 that permits

35rhodium agglomeration and ease in separating the rhodium
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from the liquid suspension that results. If not agglomera-
ted, some rhodium is lost or not recovered.

. The second separation of the rhodium may be by

any means within the skill of the art. However, centrifug-
5 ing and filtration are preferred.

The thus separated rhodium is washed with water
containing sufficient acetic acid to bring the pH of the
wash water to from 3 to 4. The washing permits the rhodium
to be retained in agglomerated form thereby making separa-

10 tion easier. The washing is continued until the rhodium is
free of sodium salts such as, for example, sodium acetate
and sodium phosphate. The above described solvent-acid
solution at a pH of from 3 to 4 may also be used to wash
the thus separated rhodium. However, in such a case, the

15 amount used is greater than the agueous acetic acid wash
in order to remove said sodium salts. '

The washed rhodium is dried in an inert atmosphere

at a temperature of from 250° to 450°C, preferably 325° to
350°C, until all water and acetic acid are removed. The

20 time necessary to remove all water and acetic acid may vary
depending on the thickness of the rhodium and the tempera-
ture used. For example, 30 minutes in an inert atmosphere
of argon at 325°C was required to remove all water and
aéetic acid from a 100 mg sample of rhodium 1 mm thick.

25 The dried rhodium is oxidized with oxygen gas at
300° to 900°C to Rh203. Oxidation of the rhodium to hao3
'is essential for obtaining essentially complete dissolution
of the rhodium oxide in the presence of triaryl phosphite
and carbon monoxide. Temperatures below 300°C will not

30 result in the formation of Rh203 while the temperatures

above 900°C result in dissociation of the ha 3 The pre- .

ferred temperature is 450° to 900°C and most preferably the

[

temperature range is 525% to 650°C.

- Oxidation of the rhodium to Rh203 may be at at-

35 mospheric pressure or'higher pré;Sures. Generally) at

-
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higher pressures lower temperatures may be used to maximize
conversion to Rh203. For example, at 1 atmosphere of oxygen
and 625°C after 1 hour, 94% of the rhodium was converted to
Rh203, while at 136 atmospheres of oxygen and 525°C after
16 hours, 100% of the rhodium was converted to Rh203.

The process of the present invention decreases in
efficiency or percent of rhodium recovered as the amount
of rhodium in the still heel decteases. It was found that
where the rhodium concentration in the still heel was 50 ppm
or more, a recovery of at least 90% by weight of the-rhodium
in the still heel could be achieved of which at least 90%
by weight could be treated to render it soluble in a triaryl
phosphorus ligand and carbon moﬁoxide. At concentrations
below 50 ppm of rhodium in the still heel, less than 90% by
weight‘recovery could be achieved, but ét such lower concen-
trations of rhodium, there is no longér'a need economically
to recover as large a percentage of the rhodium present in
the still heel as compared to where the rhodium concentra-
tion is, e.g., 50 to 1,500 ppm.

In the following examples wherein the present
invention is further‘illustrated, all percentages and parts
are by weight unless otherwise indicated.

. Example 1.
Precipitation

To a mixture of 100 g of a still heel from the
hydroformylation of 2-vinyl-5-methyl-1,3-dioxane and 42 g
of methanol was added a mixture of 31 g water and 13 ml
30% hydrogen peroxide. This was heated with stirring at
75°C for 15 minutes. Two ml of 4N sodium hydroxide were
added. The entire mixture was charged to a 300 ml stain-
less steel stirred autoclave and the vapor space flushed
with nitrogen. The reaction mixture in the closed auto-
clave was heated to- 160°C and the temperature maintained
for 70 minutes. The contents of the autoclave, after being
cpoled to room témperature, wére’centrifuged to separate
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the precipitated rhodium black (finely divided zero valent
rhodium) from the liquid phase. The pH of the filtrate was
3.4. The precipitate contained 99.5% of the rhodium in the
still heel. ‘

5 Purification

The precipitate after the separation was washed
free of still heel with methanol adjusted to a pH of 3.2
with acetic acid.  The rhodium present in small concentra-

tion as Rh+3

organo phosphorus compounds was reduced to
10 metallic rhodium by treatment with sodium borohydride. One

hundred milligrams of methanol-washed precipitate was

treated at room temperature with 20 ml of a solution contain-

ing 200 mg sodium borohydride dissolved in 0.1N sodium
hydroxide. The precipitate was washed free of caustic and
15 the accompanying sodium salts with anr initial guench using
glacial acetic acid followed by water washings (adjusted to
a PH of 3.2 with acetic acid). The rhodium content of the
precipitate was 99.5%. '
.Oxidation
20 The rhodium was dried in an inert (argon) gas
stream at 350°C for 30 minutes followed by oxidation in
100% oxygen for 2 hours at 650°C. The rhodium present in
the rhodium oxide represented 99+% of the soluble rhodium
originally present in the still heel.
25 Example 2
The rhodium oxide recovered in Example 1 was dis-
solved by converting it to the carbonyl triphenyl phosphite'
complex in the following manner: Thirty milligrams of
oxidized rhodium from Example 1 and 3 ml of triphenyl phos-
,303ph1te were heated in a shaker tube at 175°C for 4 hours in
the presence of 4,000 psig carbon monoxide. This procedure
resulted in the dissolution of 99+% of the rhodium. The
.Lsoluble rhodium exhibited@ normal catalytic activity when
it was used in the hydroformylatlon of 2—v1nyl-5—methyl-1
35 3-dioxane.
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Example 3
The precipitation and treatment of rhodium from
a still heel was performed according to the procedure in

0000665

Example 1 with the exception that no hydrogen peroxide was

used. The rhodium content of the precipitate from ten

different still heels ranged from 35% to 90% due to the

presence of Rh+3 organo phosphorus compound.” The precipi-

tate contained 99% of the rhodium present in the still heel.
Example 4 :

The precipiﬁation of rhodium from a still heel
was performed according to the procedure in Example 1. The
precipitate was 98% rhodium; it contained 99.5% of the
rhodium present in the still heel. The precipitate was
washed free of a still heel with methanol (pH 3.2), and
oxidized with oxygen at 650°C at 1 atmosphere for 4 hours,
but no sodium borohydride treatment was used. Ninety-five
percent of the rhodium was dissolved in triphenyl phosphite
and carbon monoxide. Thus, the treatment without sodium
borohydride did not result in a rhodium as'highly dissolv-
able as with the borohydride. |

- Example 5 = .

The precipitation of rhodium from a still heel
was performed according to the procedure in Example 1 with
the exception that no 4N sodium hydroxide was added. The
pH of the reaction mixture after precipitation was 1.85.
Only 87.7% of the rhodium present in the still heel was
recovered as a precipitaté.

'  Example 6

The précipitation of rhodium from a still heel
was performed according to the procedure in Example 1 with
the exception that tetramethylammonium hydroxidevwas used
as the base instead of sodium hydroxide. The precipitate
contained 99.4% of the rhodium present in the still heel.

Example 7
- The precipitation of rhodium from a still heel
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was performed according to the procedure in Example 1 with
the exception that methyl ethyl ketone was used instead of
methanol. The precipitate contained 98.5% of the rhodium
present in the still heel.
Example 8

The precipitation of rhodium from a still heel
was performed according to the procedure in Example 1 with
the exception that the hydrogen peroxide pretreatment of
the still heel was replaced with oxygen treatment at 50 psig
and 75°C for 1.5 hours. The precipitate contained 96.3%
of the rhodium present in the still heel.

Comparative Example A

The precipitation of rhodium from a still heel
was performed according to the procedure in Example 8 with
the exception that no water was added to the reaction -
mixture. No precipitate was produced.

Comparative Example B

The precipitation of rhodium from a still heel
was performed according to the procedure in Example 1 with
the exception that the reaction mixture was heated at 100°C
for 70 minutes. No\precipitate was produced.

Exéggle 9 _

The procedures described in Examples 1 and 2 were
performed with the exception that the purified rhodium pre-
cipitate was not oxidized prior to dissolution. Only 1.8%
of the rhodium was dissolved.

' Example 10

The procedures described in Examples 1 and 2 were
performed with the exception that dissolution of the oxi-
dized rhodium in the presence of triphenyl phosphite was

accomplished with 400 psig carbon monoxide at 175°C for

35

2 hours. Dissolution of the rhodium was 94%. .
It is to be understood that any of the components
and conditions mentioned as suitable herein can be sub-

stituted for its counterpart in the foregoing examples and

ES
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that althbugh the invention has been described in consider-

-able detail in the foregoing, such detail is solely for the

purpose of illustration. Variations can be made in the
invention by those skilled in the art without departing from

the spirit and scope of the invention except as set forth in
the claims.
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CLAIMS:

1. A process for recovering rhodium that is

present in a still heel from the hydroformylation of an
unsaturated hydrocérbon, said still heel comprising rhodium
triaryl phosphite complex catalyst, triaryl phosphite ligadd
and other other boiling point substances, séid process
comprising

(a) preheating theistill heel with a mixture
of (1) at least one compatible organic
solvent, (2) at least 5 ml of water per
100 g qf still heei,_(3) oxygen gas oOr a
precursor thereof and (4) sufficient base
to adjust the pH of the still heel after
rhodium précipitation to from 2 to 7;

(b) maintaining the mixture from (a) at a
teﬁperature of from 0° to 85°C until the
triaryl phosphite is oxidized to the
corresponding phosphate compound; and

(c) heating the mixture from (b) for from
15 minutes to 120 minutes at from 115°
to 175°C to precipitate zero valent
rhodium.

2. A process accérding to claim 1 Qherein the pH of

the solution in (b) is 3.0 to 6.0.

1
§
i

»
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3. A process according to claim 1 or claim 2 wherein

the heating in (¢) is effected under an inert atmoéphere.

4. A process for recovering rhodium in a form which
is substantially soluble in a triaryi phosphite ligand and
carbon monoxide from a sfill heel resulting from the-
hydroformylation pf an unsaturated hydrocarbon, said still
heel containing rhodium triéryl‘phOSphife complex, triaryl
phosphite ligand and other high‘bdiling point substances,
said process comprising:Q" | |

(a) pfeheating the still'beél-ﬁith a mixture

“of (1) at'leéSt ane:cgmﬁatible organic
solvent (2) at least'S ml of water per 100 g

- of still heel (3) oxygen gas or a precursor
thereof and (4) sufficient base to adjust
the pH of the still heel after rhodium
precipitationAfo from 2 to 7;

(b) maintaiﬁihg the mixture fro@ (a) at a
:temperature'of from 0° fo SSQC.until the
triaryl phosphite ig oxidized to the
corresponding fhospbate compound ;

(c) heating the mixture from (b) for from _

15 minutes to 120 minutes at from 115° -
to 175°C to precipitate zerd valent rhodium;

(d) washing the grecipitated rhodium with a

DR .
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solvent-acid solution having a pH
of from 3 to 4 to remove résidual
still heel, and
(e) oxidizing the zero valent rhodium with
oxygen at a temperature of from 300° to
900°C to convert the rhodium- to Rh203.
5. A process according -to claim 4 wherein the zero
valent rhodium precipitate after washing with solvent-acid
solution in;sﬁ;p (d) and before oxidation to RhZOé is treated -
with an alkalgﬁe reducing agent in order to reduce trivalent
rhodium impurities to zero valent rﬁodium, quenched with

glacial acetic acid to destroy any residual reducing agent,

- washed with aqueous acetic acid and dried.

6. . A process according to claim 5 wherein the zero
valent rhodium precipitate is dried by heating in an inert

atmosphere at a temperature of from 250o to 400°c.

7. A process according to claim 5 or claim 6.

wherein the reducing agent is a solution of sodium

~ borohydride.

8. A process according to any one of claims 4 to 7

wherein the acid used in step (d) is acetic acid.

PRI
IRy
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9. A process according to any one of claims 4 to 8

wherein the solvent is methanol or acetone..

10. A process according to any one of claims 4 to 9

wherein the temperature in step (b) is 20 to 8s5°cC.

11, A process according to any one of claims 4 to 10

wherein the temperature in step (¢) is from 150° to 175°cC.

12. A process according to any one of claims 4 to 11
wherein the oxidation of the zero valent rhodium in step

(e) is carried out at a temperature of from 525° to 650°C.

13. Rhodium oxide which is at least 90% by weight
soluble in a triaryl phosphite ligand and carbon monoxide
when produced by the process claimed in any one of claims

4 to 12,

14. A rhodium catalyst complex obtained by heating
rhodium oxide as claimed in claim 13 in a triaryl phosphite

in the presence of carbon monoxide under pressure.
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