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ABSTRACT AND SUMMARY 

Two procedures for the determination of fat- 
solubilized rhodium were investigated. Analysis in 
aqueous media involves a sulfuric acid digestion which 
previously was carried out in 20-30 hr. Digestion now 
takes only 1 to 2 hr. The acid concentration in 
samples and standards is very critical. For analysis in 
nonaqueous media the sample is weighed, dissolved in 
methyl isobutyl ketone containing hydrogen chloride, 
and analyzed directly by atomic absorption spectro- 
photometry. Absorbance in both procedures follows 
Beer's law. Results varied when hydrogen chloride 
was omitted or replaced with phosphoric acid. The 
results agreed closely with results obtained by pub- 
fished colorimetric procedures. 

INTRODUCTION 

The selective hydroformylation (oxo rection) of fatty 
esters and glycerides using a rhodium catalyst supported on 
carbon or alumina has been described (1-3). Recently, a 
process for the recovery, reactivation, and reuse of the ex- 
pensive rhodium catalyst used in preparing methyl formyl 
and carboxystearate (MFS and MCS) was reported (4,5). 
Determination of rhodium on commercial carbon and 
alumina supports and on spent supports by atomic absorp- 
tion (AA) methodology has been described (6). 

The actual determination by AA is rapid and the final 
results are comparable to standard colorimetric methods 
(7). However, these procedures when applied to fat (oxo 
products) solubilized rhodium require both a time consum- 
ing and tedious digestion. Sulfuric acid digestion of organic 
samples as small as 0.1 g normally are completed in 10 to 
30 hr. 

Sulfuric acid digestion of small samples (0.1 to 0.3 g) of 
fatty esters and glycerides containing 200-300 /2g Rh/g 
using the published procedures (6) involved an initial char- 
ring after which the samples foamed excessively. These 
samples had low absorbance resulting in large errors in pre- 
cision and accuracy. Digestion of 1-g samples to increase 
the amount of absorbance was difficult. This present study 
reports a rapid 1 hr sulfuric acid digestion of larger samples 
and the necessary AA methodology for determining fat- 
solubilized rhodium. Comparable results with a method 
where the fat is dissolved in methyl isobutyl ketone (MIBK) 
and analyzed directly by AA are also reported. 

EXPERIMENTAL PROCEDURES 

Methyl formylstearate and methyl carboxystearate were 
prepared as previously described (4,5). 

Atomic Absorption Parameters 

Samples for determination of rhodium were analyzed 
with a Perkin Elmer atomic absorption spectrophotometer 
Model 303 equipped with a readout recorder capable of 

Their 

expanding the scale 100X. Rhodium absorption was de- 
termined at 343.5 nm with a spectral band width of 0.235 
nm and a lamp current of 30 ma. Analysis of wet-ashed 
samples containing sulfuric acid was made in a nitrous 
oxide-acetylene flame using a 5-cm single slot head. Nitrous 
oxide and acetylene rotometer settings were 6 and 12 units 
(13 and 6 liters/min), respectively. 

Direct rhodium analysis of fat samples (100 rag) (no acid 
digestion) dissolved in MIBK was made in a fuel-lean air- 
acetylene flame using a 10 cm, 3-slot Boring burner head. 
The air and acetylene rotometer settings were 10 and 2 
units (26 and 0.7 liter/min), respectively. 

Preparation of Rhodium Standards 

For wet-ashed samples, an aqueous stock solution of 
r h o d i u m  trichloride trihydrate (0.12789g) (Alfa In- 
organics, Beverly, MA) in a 100-ml volumetric flask was 
prepared. This solution when analyzed by colorimetric 
procedures (8) contained 500.2 /~g Rh/ml. This solution was 
diluted to prepare a working stock solution containing 50 
r Rh/ml. Sulfuric acid (5 ml/25 ml, 20% by volume) was 
added to 2, 4, 5, and 8 ml aliquots and diluted to 25 ml. The 
acid was added to equal the acid concentration of the di- 
gested fat samples (6). The  standard solution gave the 
straight line curve shown in Figure 1, curve E. Standards 
containing 1 to 4 ml sulfuric acid/25 ml are also shown 
(curves A-D). 

Direct Determination in MIBK 

Chlorot r i s ( t r iphenylphosphine)  rhodium (I) (Strem 
Chemical Inc., 150 Andover St., Danvers, MA) (0,300g) 
was dissolved in MIBK and filtered to remove insohibles 
and diluted to 50 ml with MIBK. Three 1-ml aliquots were 
digested with conc. sulfuric acid (5 ml) and anaiyzed by 
comparison to the standard acid curve (Fig. 1, curve E). A 
working stock solution containing 75/2g Rh/ml MIBK was 
then prepared. Samples (4 ml) were again analyzed by the 
rapid sulfuric acid digestion procedure. 

Eight standard solutions containing 0.15 to 2.1 /2g 
Rh/ml were prepared in MIBK. Absorbance was obtained 
by direct aspiration of the standard solutions into a fuel 
lean air-acetylene flame. The standard curve is shown in 
Figure 2, curve A. Standard solutions containing distilled 
MFS (2, 4, 8 mg/ml) were also prepared. The curves for 
these three series of standards were almost identical and are 
shown as one curve in Figure 2, curve B. Curves for similar 
standards containing hydrogen chloride and phosphoric 
acid are shown in Figures 2 and 3. 

For standards and samples containing hydrogen chloride 
or phosphoric acid, 5 ml of the acid stock solution was 
added before dilution to 25 ml. The two acid stock solu- 
tions were prepared by dissolving 35 g gaseous HC1 in 
160 g of cold MIBK and 50 ml of phosphoric acid in 150 
ml of MIBK. 

Determination of Fat Solubilized Rhodium 

A. Wet ashing with sulfuric acid: MFS (100-300 mr) was 
weighed into a 30-ml Kjeldahl flask. Sulfuric acid (5 ml) 
and three glass beads were added. The flask was heated 
slowly and carefully until the initial charring and excessive 
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FIG. 1. Effect of sulfuric acid on the atomic absorption of 
rhodium. Rhodium standards with sulfuric acid (v/v): A, 4%; B, 8%; 
C, 12%;D, 16%; E,20%; and F, no acid. 
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FIG. 2. Effect of HC1 and methyl formylstearate (MFS) on the 
atomic absorption of rhodium. Curve A, Rhodium standards in 
methyl isobutyl ketone; Curve B, Standard contains 2, 4, 8 mg 
MFS/ml; Curve C, Rhodium standard contains 0.9 g hydrogen 
chloride; Curve D, Standard contains 0.9 g hydrogen chloride/25 ml 
solution and 4 mg MFS/ml. 

foaming subsided. The solution was refluxed strongly 
enough to wash the sides of the flask and then refluxed 
until the solution became water white. Some samples re- 
quired 10 hr but most required 20-30 hr for digestion. 
After cooling to room temperature, the contents were 
weighed and then transferred quantitatively (with caution) 
to a 25 ml volumetric flask. Additional make-up sulfuric 
acid to equal the weight of 5 ml of  sulfuric acid in the 
standards was added. The samples were then diluted to 25 
ml. The digested samples were analyzed by A A .  
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FIG 3. Effect of H3PO 4 and methyl formylstearate (MFS) on 
the atomic absorption of rhodium. Curve A, Rhodium standards 
with 1 ml H3PO4/25 ml solution and 4 mg MFS/ml; Curve B, 
Standards with 1.5 ml H3PO4/25 ml solution and 4 mg MFS/ml; 
Curve C, Standard with 1.5 ml H3PO4/25 ml solution. 

B. Distillation followed by wet ashing: One-gram oil 
samples containing more than 100 /~g Rh/g oil or 5-g oil 
samples containing less than 100 /ag Rh/g oil were weighed 
into a 30-ml Kjeldahl flask. The sides of the flask were 
washed with solvent and the flask was heated to reflux 
(fume hood). The vapors were ignited and the oil was dis- 
tilled to dryness. The residue was then digested with 5 ml 
of sulfuric acid as described above (long digestion proce- 
dure 10-30 hr). 

C. Distillation, volatilization o f  carbon residues and wet 
ashing: A rapid 1 hr digestion of the residue was usually 
carried out by adding sulfuric acid (1 ml) and refluxing to 
wash the sides of the flask and to obtain a homogeneous 
solution. After a few minutes the acid was distilled to 
dryness (fume hood) and the sulfated residue heated strong- 
ly (but not to red-glass stage) to a point where the car- 
bonaceous residue appeared to volatilize, leaving an almost 
clean flask. Occasionally a sample required a second 1 ml 
acid treatment. After cooling, sulfuric acid (5 ml) was 
added, refluxed for 1 hr, weighed, diluted as described 
above, and analyzed by AA using aqueous acid standards. 
The total time to weigh and digest the sample was usually 
1.5 hr. 

D. Direct determination in MIBK: The hydroformylated 
fatty ester or oil (100mg)  was weighed into a 25-ml 
volumetric flask. Hydrogen chloride or phosphoric acid in 
MIBK if used in standards was added before dilution to 
volume with MIBK. Rhodium was determined by AA by 
direct aspiration of the solution and the pg R h / g  oil was 
obtained directly from a standard curve of absorbance vs 
rhodium concentration (Figs. 2 and 3). 

RESULTS A N D  DISCUSSION 

In this work, AA analysis of fat-solubilized rhodium was 
carried out in both aqueous and organic media. In aqueous 
media the sample was first digested with sulfuric acid fol- 
lowed by aspiration into a nitrous oxide-acetylene flame. In 
organic media, the fatty sample was dissolved in MIBK and 
analyzed by direct aspiration of the solution into a fuel- 
lean, air-acetylene flame. Analytical results obtained by 
methods A-D are summarized in Table I. 

Wet Ashing with Sulfuric Acid 

The results of analysis by AA procedures for rhodium on 
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commercial carbon and aluminum supports digested with 
sulfuric acid are comparable to analysis by established 
colorimetric procedures (7,8), which in addition to the acid 
digestion also requires a stannous ion reduction. 

Potassium bisulfate (9) and sulfuric acid (6) have been 
reported to enhance the absorbance. However, as the acid 
concentration is increased from 4 to 20% by volume (Fig. 
1, curves A-E) the absorbance decreases. Thus, the digested 
samples were weighed and sulfuric acid was added to match 
the exact weight of 5 ml of sulfuric acid in the aqueous 
rhodium trichloride standards (Curve E). For a given acid 
concentration, absorbance vs rhodium concentration fol- 
lows Beer's law and was reproducible over a period of 
several months. As shown in Figure 1, curve F, aqueous 
rhodium trichloride standards without acid did not obey 
Beer's law. The enhancement of rhodium absorption at low 
sulfuric acid concentration (4%) can probably be attributed 
to a releasing effect (10) where sulfuric acid prevents the 
formation of metallic clotlets in the flame, and as the solu- 
tion evaporates the rhodium is released in atomic form. At 
higher concentration (above 8%) decreased absorption is 
probably a matrix effect in which increased viscosity and 
surface tension restrict the flow of solution into the premix 
atomizer chamber (11 ). 

Flame temperature is a critical parameter when deter- 
mining rhodium by atomic absorption. Heneage (12) has 
shown that in air-acetylene flames rhodium absorption is 
markedly affected by the fuel to air ratio. Fuel-lean oxi- 
dizing flames are recommended for rhodium determina- 
tions. Further, in the first few minutes of analysis of 
rhodium using air or nitrous oxide-acetylene flame, absorb- 
ance of the Rh solution has a tendency to increase slightly 
with time. Thus aspiration of water or MIBK into the flame 
for 15 min to allow the burner head to stabilize is also 
recommended. 

After the foaming subsided, reftuxing was continued 
until  the solution was water white. For some samples this 
was accomplished in about 10 hr but most required over 
20 hr. This lengthy digestion procedure was eliminated by 
using a rapid digestion method whereby samples up to 5 g 
weighed into a Kjeidahl flask were first distilled to dryness, 
refluxed with sulfuric acid (sulfated), and then heated 
strongly (but not to the red-glass stage) to a point where 
the sulfated carbonaceous residue disappeared. The sample 
was then refluxed 1 hr with sulfuric acid. Even the com- 
mercial catalyst on carbon was readily and rapidly digested 
by this procedure. The time of digestion and analysis are 
shown in Table I. Samples that were distilled to dryness, 
the carbon residue (no sulfuric acid treatment) heated to 
red-glass stage, and then dissolved in sulfuric acid were al- 
ways about 10% low in rhodium when compared to samples 
that were first sulfated. Apparently some rhodium fuses to 
the glass or is reduced to metallic Rh, thus becoming more 
difficult to dissolve or digest with acid. Physical removal of 
rhodium with the fumes (at first water vapor, then soot) is 
also possible, which apparently does not happen in samples 
pretreated with sulfuric acid. 

Total Rhodium Balance 

A rhodium balance for one hydroformylation reaction 
was carried out using the 1 hr digestion procedure. 
Rhodium on carbon (5%, Engelhard Industries, Newark, 
N J) is slightly hydroscopic and when analyzed (three de- 
terminations by AA, 2 hr sulfuric acid digestion) contained 
4.95% Rh. Hydroformylation of methyl oleate (75 g) with 
0.750 g of catalyst (contained 37.13 mg Rh) and triphenyl- 
phosphite (0.750g) yielded 85.0g of MFS containing 
283.1 /~g Rh/g (total 23.78 mg Rh). The spent catalyst con- 
tained 12.52 mg Rh. Thus, the 36.30 mg of the total 37.13 
mg Rh accounts for 97.8% of Rh used for the reaction. 

The rapid digestion procedure (distillation, predigestion 

with acid, volatilization of the carbon residue, and acid 
digestion) gave similar results when applied to hydro- 
formylated soybean methyl esters and glycerides. From the 
results the rapid digestion procedures (1 hr), where sulfuric 
acid to replace that volatilized during digestion is added to 
equal the exact weight of acid used in the standards, is 
recommended over the conventional digestion procedure 
previously reported (6). This procedure can possibly be 
used to determine other fat-solubitized metals except nickel 
where volatile nickel carbonyl would be formed. 

Direct Analysis in MIBK 

Direct aspiration of MlBK-fat solutions into the AA 
flame has found widespread use as a rapid and conventional 
method for determination of trace metals in vegetable oils 
(13-15). Diely (16) reported a method for AA determina- 
tion of rhodium in mixtures of organic solvents. This ap- 
pears to be the only analytical method of determining rho- 
dium in organic solvents reported in the literature. The ex- 
cellent sensitivity of rhodium to AA coupled with a high 
signal-to-noise ratio (12) and the relatively high rhodium 
content of oxo products are ideal factors favoring develop- 
ment of a scale expansion method for rhodium. 

Standard solutions in MIBK containing 0 to 2.1 #g 
Rh/ml for analysis by direct aspiration into the AA flame 
were prepared from chlorotris(triphenylphosphine) rhodi- 
um (1). The standard curve shown in Figure 2, curve A, 
however, does not obey Beer's law. Absorbance is not linear 
with increasing rhodium concentration. Standards contain- 
ing 2, 4, and 8 mg MFS/ml (curve B) had a slight decrease 
in absorbance but still were not linear. Absorption of 
standard solutions containing phosphoric acid (1 and 1.5 
ml/25 ml solution) as the releasing agent and distilled MFS 
(4 mg/ml) to match the matrix effect was enhanced (Fig. 3, 
curves A and B) when compared to absorption of standards 
containing only phosphoric acid (curve C). Standards with 
phosphoric acid do not obey Beer's law, especially at the 0 
to 0.9 btg Rh/ml concentrations; but from 0.9 to 2.1 tzg 
Rh/ml MIBK the curves essentially are straight lines (Fig. 3, 
dotted lines) to 0.02 absorbance at zero Rh concentration, 
which indicates an interference for solutions containing 
phosphoric acid. The absorbance, however, of phosphoric 
acid solutions with 0% rhodium was 0.005 (no MFS) and 
0.007 (with MFS). 

In calculating the results (Table I), this blank of 0.007 
absorbance was subtracted from the samples. Solutions of 
phosphoric acid (4 and 6% v/v) in MIBK absorb in an AA 
flame at 343.5 nm. The small blanks observed for these 
solutions probably result from some unknown nonatomic 
absorption phenomena (10). 

The behavior of solutions containing phosphoric acid is 
in direct contrast to standard solutions containing ca. 0.9 g 
HC1/25 ml MIBK which followed Beer's law (Fig. 2, curve 
C). A slight decrease in absorbance was observed for solu- 
tions containing HC1 and MFS (curve D). The large en- 
hancement in absorbance observed with phosphoric acid 
and MFS was not noted with hydrogen chloride. Solutions 
containing hydrochloric acid with 0% Rh had zero absorb- 
ance, but the straight line curve at 0% Rh intersected at 
0.003 absorbance. This was considered to be within the 
experimental error and ignored. 

Rhodium analyses for four samples shown in Table I are 
compared with the colorimetric results. The amount  of Rh 
in MFS was consistently 10 to 20% low when determined 
by the direct method using MIBK without purified MFS in 
the standards. Rhodium in MCS was always 10 to 20% high. 
However, with MFS and hydrogen chloride added to the 
standards in MIBK, the results for Rh in MFS and MCS 
generally agreed with the results of rapid acid digestion and 
colorimetric methods. 

Consistently high results were obtained for all samples 
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using MIBK conta in ing  H3PO 4. Possibly some react ion of  
MFS or MCS and H3PO4 forms  u n k n o w n  complexes  with 
Rh and in ter feres  wi th  the aspirat ion,  absorp t ion ,  and 
release (10) in the AA flame. At these tempera tures ,  how- 
ever, the Rh and Rh complexes  should be a tomic.  

Even though  the prepara t ion  o f  Rh s tandards  in MIBK 
conta ining hydrogen  chlor ide and MFS is t ime consuming,  
it does el iminate the 1- to  2-hr digestion,  and the m e t h o d  is 
prefer red  for de te rmina t ion  of  Rh in a large numb er  of  
samples of  MFS and MCS. Since the s tandards  wi th  sulfuric 
acid are readily prepared,  the rapid acid digest ion procedure  
is r e c o m m e n d e d  when  only a few analyses are required.  
Also, accuracy is increased when  the Rh s tandards  contain  
an equal am oun t  of  the purif ied fa t ty  p roduc t  o f  the 
sample being analyzed.  
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