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Abstract: The development of highly active, stable and phosphine ligand free heterogeneous catalyst for hydroformylation re-

action remains an open challenge. Herein, we developed highly active, stable and phosphine ligand free heterogeneous cata-

lyst for ethylene hydroformylation reaction by replacing single strongly coordinating phosphine ligand with multiple weakly co-

ordinating oxygen functional groups on the activated carbon surface. Applying of the typical Rh/C-3 catalyst in hydroformyla-

tion of ethylene affords unprecedented turnover frequencies (TOFs) up to 57 889/h. Besides, the Rh/C-3 catalyst exhibited

substantially improved stability in the hydroformylation of ethylene in a fixed-bed reactor (at least 2500 h). For the first

time, detailed characterizations revealed that lactone group (-CO,-) on the surface of activated carbon might play a crucial

role to gain this catalyst with remarkable activity and stability, which facilitate the homogeneous dispersion and stability of Rh

nanoparticles. This work provides a general guidance for the design of highly active, stable and phosphine ligand free hetero-

geneous catalysts for hydroformylation of olefins.
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Hydroformylation of olefins is one of the most mo-
mentous industrial processes for the synthesis of alde-
hyde, which provides more than 10 million tons’ an-

""", The aldehyde can be extensively

nual outpu
served as key intermediates in the preparation of es-
ters, alcohols, carboxylic acids, aliphatic amines, and
other fine chemicals'*>'. Among the hydroformylation
reactions, ethylene hydroformylation, which can gener-
ate propanal and 1-propanol, plays an important role.
Nowadays, ligand-modified Rh-based homogeneous
catalysts are widely used in industrial processes be-
cause of their remarkable activity and selectivity as well
as mild reaction conditions'”®'. However, this Rh-
based homogeneous process faces the problem of losing

catalytic active species, catalyst separation and recov-
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ery. Moreover, the use of organic ligand makes the op-
eration complicated. Compared with homogeneous cata-
lysts, heterogeneous counterparts can be more facilely
separated and recycled. Thus, extensive efforts have
been devoted to exploit heterogeneous catalysts by load-
ing Rh nanoparticles onto solid supports. So far, Rh
supported on many solid supports, such as SiOz[HO] ,
carbon materials!”"™™* | Ti0,"™ | ALO,"""" | Cu,0"
Zn0"" 2022 and MOF'* ™' | have been in-

vestigated for heterogeneous ethylene hydroformylation.

zeolite

’ b

Nevertheless, their activities and stability are usually
low compared with the corresponding homogeneous cat-
alysts'®’. To enhance the activity and stability of the
heterogeneous catalyst, a nice method of organic phos-

phine ligand functionalized support via ligand immobi-
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lization or polymerization was developed and applied for
the preparation of heterogeneous hydroformylation cata-

27-32 . . .
7721 However, the use of expensive and air sensi-

lysts
tive phosphine ligand limited the potential practical ap-
plications. So far, the report of highly efficient and sta-
ble heterogeneous catalysts without using phosphine lig-
and toward hydroformylation is still rare.

In fact, it has been reported that the coordination
of O-containingligands onto Rh, such as Rh ( acac)
(CO),, can result in high activity for hydroformylation
by homogeneous catalysts'*'. Therefore, it should be

possible to design an active and stable phosphine lig-

(b) »
9

Rh(acac)(CO),

and-free heterogeneous catalyst for ethylene hydro-
formylation. Among various supports, activated carbons
have the advantage of adjustable surface O-containing
functional groups. Therefore, we envision that activated
carbon with suitable O-coordinating surface functional
groups could serve as a good support candidate to pre-
pare highly efficient, stable, and phosphine ligand-free
heterogeneous hydroformylation catalysts ( Fig. 1 ).
However, although carbon materials as supports have

28] he detailed in-

been explored for long time
vestigation between the surface structure of carbon ma-

terials and catalytic performance is rarely involved.

(©

( Rh atom

O-containing group

C layer

Fig.1 (a) Rh/POL-PPh,( POL-PPh, : 3V-PPh, polymer) **; (b) Rh(acac) (€CO),™ ;

(¢) Rh/C catalyst including air stable O-containing functional groups

Based on our extensively studies on catalyticcar-
CO, and

!, herein, we reported that an activated

bonylation with CO, other

[35-42
resources

carbonyl

carbon, which mainly contains lactone and carboxylic
acid groups, can be an ideal support for active
and stable ethylene hydroformylation catalyst prepara-

tion.

1 Results and discussion

1.1 Characterization of catalysts

First, a series of activated carbons with different
O-containing functional groups selected, in which the
surface oxygenated groups of the activated carbon sup-
ports were explored by Boehm titration analysis'*'. Fi-
nally, four commercially available activated carbons, i.
e., C-1 to C-4, were chosen (Fig.2(a)). Based on

the Boehm titration analysis, the ketone, hydroxyl,
lactone and carboxylic groups on C-1, C-3, and C-4
are 0, 309, 10, 70; 0, 0, 624, 276; and 1,231,
201, 501, 461 pmol/g, respectively. No surface oxy-
genated groups were detectable for C-2.

The supported Rh catalysts were prepared by the
precipitation-deposition method and characterized by
TEM, XRD, XPS and N, adsorption-desorption analy-
ses to reveal their structures. First, the morphology and
size of Rh NPs in the Rh/C samples were characterized
by TEM, and the results are shown in Fig.2. The
STEM images of the Rh/C-1 and Rh/C-2 samples ex-
hibit a large mean particle size of 5.0 and 5.6 nm with
a broad particle size distribution from 2 to 10 nm due to
the aggregation of the NPs (Fig.2(c¢), (e)). Nota-
bly, the STEM images of fresh and used Rh/C-3 show
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Fig.2 Structure of the catalysts. Contents of surface oxygenated groups by Boehm titration
(a), HR-TEM image of Rh/C-1 (b), STEM of Rh/C-1(¢), Rh/C-2 (d), Rh/C-2 (e), Rh/C-3 (f),
Rh/C-3 (g) , Rh/C-4 (h), Rh/C-4 (i)

Insets are the corresponding particle size distributions

that the Rh NPs are well dispersed on C-3 and exhibit
a small mean particle size of 2.2 and 2.1 nm with a
narrow particle size distribution from 1.5 to 3 nm,
which might be attributed to the fact that the functional
groups on C-3 can be used for anchoring the Rh nanop-
articles (Fig.2(g) ). The HR-TEM images of Rh parti-
cles on fresh and used Rh/C-3 show a lattice spacing
of 0.22 nm, which can be indexed to the (111) plane
of Rh. Based on above results, we suppose that the
lactone group on the surface of C-3 plays a critical role
in generating highly dispersed and small Rh NPs.

The XRD patterns of differentRh/C and used Rh/
C-3 samples showed that no peak corresponded to the
Rh species can be observed in all the catalysts, which
is probably attributed to the small Rh particle size or
that the Rh species were amorphous. Moreover, XPS

studies of the catalysts were performed to determine the

chemical state of Rh nanoparticles. As shown in Fig.3,
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Fig.3 XPS spectra of the Rh/C catalysts
(from top: Rh/C-1, Rh/C-2, Rh/C-3, Rh/C-4
and Rh/C-3 after being used)
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the XPS spectra of Rh 3d in Rh/C-1 and Rh/C-2 show
two peaks located at binding energies of 307.6 and
312.5 eV, corresponding to the metallic Rh 3d;,, and
Rh 3d,,,, respectively. The Rh 3d signals of Rh/C-3,
Rh/C-4, and Rh/C-3 after being used were not ob-
served, which might be attributed to low Rh loadings.
The N, adsorption-desorption tests showed that the BET
surface areas of the catalysts of Rh/C-1, Rh/C-2, Rh/
C-3, and Rh/C-4 were 1423, 408, 191 and 1607 m*/

g, in which the BET surface area of Rh/C-3 is the low-
est. Therefore, the better catalytic performance of Rh/
C-3 should not be attributed to the surface area.
1.2 Catalytic performance of catalysts

Then, the catalytic performance of the Rh/C cata-
lysts was tested (Table 1). Initial hydroformylation ex-
periments were performed at 6 MPa syngas (CO/H, =
1 : 1) with octane as solvent. Clearly, Rh/C-3

exhibits the best catalytic performance. The turnover

Table 1 Screening of the catalyst for ethylene hydroformylation®

Cat.

= O 100 £ 2 °C, octane > " cno
Entry Catalysts/0.0010 mmol Rh Yield/ % TOF/(h™")"
1 Rh/C-1 43 1897
2 Rh/C-2 47 1768
3 Rh/C-3 64 3436
4 Rh/C-4 52 1168
5 RhCL, - XH,0 <1 -
6 RhCL, + XH,0 + 25 mg C-1 3 131
7 RhCl, + XH,0 + 25 mg C-2 <1 -
8 RhCI, + XH,0 + 25 mg C-3 43 2004
9 RhCL, - XH,0 +25 mg C-4 <1 -
10 [Rh(COD)Cl], 53 2491
11 Rh(acac) (CO), 76 3792
12°¢ Rh/C-3 20 57 889

a. Reaction conditions; ethylene (5 mmol), cat. (25 mg, 0.0010~0.0022 mmol Rh), CO (3 MPa), H,(3 MPa),
octane (5.0 mL), 100 £ 2 °C, 1 h; The yields were determined by GC-FID with decane as an internal standard;

b. TOF was calculated by moles of aldehyde produced per mole of Rh and per hour;
c. ethylene (26 mmol), Rh/C-3 (1 mg, 4.27x107° mmol Rh), 2 h

frequency (TOF) of ethylene reached 3436 h™' and the
desired hydroformylation product, i.e., propanal, was
obtained in 64% vyield (Entry 1 -4, Table 1). It
should be noted that lower conversions were observed
in case of other Rh/C (Rh/C-1, Rh/ C-2, and Rh/
C-4) were employed as catalysts. Based on the Rh
loading of different Rh/C catalysts, the TOF for pro-
panal formation of Rh/C-1, Rh/C-2, Rh/C-3 and Rh/
C-4 are 1897, 1768, 3436, and 1168 h™" | respective-
ly (Entries 1-4). Thus, the order of catalytic perform-
ance of the different Rh/C catalysts is Rh/C-3 > Rh/
C-1 > Rh/C-2 > Rh/C-4. It is clear that the catalytic
performances of the Rh/C are strongly dependent on

the structures and quantities of surface oxygenated
groups. Combined the Boehm titration analysis and
TEM results, we could draw a conclusion that ketone
group on the surface of C-3 might play a critical role in
highly dispersed and smaller Rh NPs formation, thus
resulting in higher catalytic activity of Rh/C-3 for
hydroformylation reaction. The controlled experiment
indicated that the RhCl, - XH,O as catalyst showed a
trace conversion of ethylene under the same conditions
(Entry 5). In addition, physical mixtures of RhCI; -
XH,O and activated carbons were explored ( Entries 6—
9). Interesting, relatively good yield of 43% and TOF
of 2004 h™' were obtained with physical mixtures of
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RhCl, - XH, O and C-3 as catalyst, while almost no
proponal was observed when C-1, C-2, and C-4 were
employed ( Entries 6=9). This is a strong evidence to
support that C-3 is crucial in the construction of active
[ Rh

(COD)Cl], and Rh(CO) (acac), are classical cata-
[44-a5) g

hydroformylation catalyst. As is well known,

lyst precursors in hydroformylation of alkenes
[Rh(COD) Cl], was employed, much lower TOF of
2491 h™' was obtained at the same reaction conditions
(Entry 10). Meanwhile, the hydroformylation with Rh
(CO) (acac), catalyst shows a high TOF of 3792 h™'
(Entry 11). The above results demonstrated the com-
parable activity of the heterogeneous Rh/C-3. Notably,
much higher turnover frequency (TOF) of 57 889 h™'

was achieved by decreasing the loadings of Rh/C-3
catalyst and increasing the quantity of ethylene, which
was 5 times of the highest active homogeneous catalyst
(TOF up to 10 627 h™") in previous study ( Entry
12) 140,

Furthermore, the kinetic study on the hydroformy-
lation of ethylene to propanal was conducted over Rh/
C-3 catalyst. The evolution relationship of ethylene
conversion with reaction time at different temperatures
over Rh/C-3 catalyst was investigated (Fig.4(a) ). An
Arrhenius plot for ethylene hydroformylation in the tem-
perature interval 93 ~110 °C is obtained, and the ap-

parent activation energy for n-propanal formation was

calculated to be 67.79 kJ » mol™'(Fig.4(b)).

1.2
(a) 5.0F (b)
1.0 A 110£2°C
® 1002 °C 52
08 =
o W 93+2°C g -5.4F Ea=67.79 kJ/mol
1 -
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=
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Fig.4 (a). Effect of temperature on rate of propanal synthesis. Ethylene (5 mmol), Rh/C-3 (25 mg, 0.0010 mmol Rh),
CO (3 MPa), H,(3 MPa), octane (5.0 mL); (b). Arrhenius plot for apparent activation energies of the Rh/C-3 catalyst

1.3 Stability of Rh/C-3 for the hydroformylation of
ethylene

The stability of the catalyst is very important in
heterogeneous catalysis. Therefore, the stability of the
Rh/C-3 catalyst in the hydroformylation of ethylene
was investigated with flow system, which would be
more valuable in practical process (Fig.5). To our de-
light, the propanal yield remained stable for over 2500
h, and the selectivity for propanal was >99.7%, with
the generation of trace amounts of ethane, clearly dem-
onstrating that the catalyst was extremely stable. The
Rh loadings of the fresh and used Rh/C-3 catalysts
over 2500 h were all in the range of 0.4% ~0.5% ( Per-
cent weight). Therefore, the Rh/C-3 catalyst is stable
enough in the fixed-bed system, and hydroformylation

with a heterogeneous Rh catalyst was realized. In previ-

100 100
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80 180 °
g Z
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Fig.5 Stability test of the Rh/C-3 catalyst for ethylene
hydroformylation
Reaction conditions: a fixed-bed reactor, P=6.0 MPa
(C,H, : CH,:CO:H,=1:1:24:24), T=95%C,
2983 ml/g Cat/h. CH, was used as the internal standard

material for calibration



%4l

BIBURSE . mRe e PETCIEIC I 2 06 S P B AL A AL MR AT 309

ous reports, the lifetime of phosphine ligand-free heter-

471 while the number is

ogeneous catalysts was ~70 h'
~1000 h"** with supported phosphine ligand. Thus,
our catalyst is the most stable heterogeneous catalyst for
ethylene hydroformylation in flow reaction systems so

far.

2 Conclusion

In conclusion, we have demonsirated a nice heter-
ogeneous ethylenehydroformylation catalyst with both
excellent activity and stability based on phosphine lig-
and free Rh/C-3 catalyst by replacing the phosphine
ligand with air-stable O-containing functional groups on
the activated carbon surface. The Rh/C-3 catalyst
showed excellent performance in converting ethylene to
propanal with high activity and selectivity. Notably, the
Rh/C-3 catalyst exhibited substantially improved sta-
bility in the hydroformylation of ethylene in a fixed-bed
reactor (at least 2500 h). The Boehm titration experi-
ments revealed that the excellent performance of this
Rh/C-3 catalyst could be attributed to that the pres-
ence of lactone group (-CO,-) on the surface of activa-
ted carbon. It not only facilitates the uniform distribu-
tion and stabilization of Rh nanoparticles but also
boosts the catalytic activity. The results described here
may promote the design of active, stable and organic
phosphine free heterogeneous catalysts for alkene

hydroformylation.

Experiments

General Information

XRD measurements were conducted by using a
Empyrean instrument equipped with a ceramic X-ray
tube and maximum power of 2.2 kW. The XRD pat-
terns were scanned in the 2 Theta range of 10° ~90°.
XPS were obtained using a Escalab 250Xi instrument
equipped with monochromatic Al target and dual anode
Al/Mg target X-ray sources, including large-area XPS,
micro-area XPS and XPS parallel imaging. The elec-
tron binding energy was referenced to the C 1s peak at
284.8 eV. The background pressure in the chamber was
less than 10" MPa. TEM was carried out by using a

Tecnai G2 F30 S-Twin transmission electron micro-

scope operating at 300 kV. For TEM investigations, the
catalysts were dispersed in ethanol by ultrasonication
and deposited on carbon-coated copper grids. The BET
surface area measurements were performed on a Quan-
tachrome 1Q, at the temperature of =196 “C. The pore
size distribution wascalculated from the desorption iso-
therm by using the Barrett, Joyner, and Halenda
(BJH) method.
Rh/C Catalysts Preparation

500 mg C were added into a 100 mL round-bottom
flask with 50 mL distilled water, and dispersed by ul-
trasound for 30 min. Then 1 mL RhCl; «+ XH,0 (5 mg
Rh/mL) was added, and further stirred for 4 h at room
temperature. Then the pH was adjusted by dropwise
addition of an aqueous solution of NaOH (2 mol/L) ,
and reduced by dropwise addition of 3 mlL formalde-
hyde (37% ~40% H,0) in 80 C oil bath for 2 h. The
precipitates were washed with deionized water, dried in
the 80 °C oven for 12 h. Next, the mixture of the solid
and octane were added into a glass tube in 160 °C for
48 h. Finally, the precipitates were washed with ethyl
acetate, and dried in the 80 “C oven for 12 h.
Typical procedure for hydroformylation of ethylene

A mixture of ethylene (5 mmol), 1% ( Percent
weight) Rh/C-3 (25 mg), and octane (5 mL) were
added into a glass tube which was placed in an 80 mL
autoclave. Then the autoclave was purged and charged
with CO (3 MPa) and H,(3 MPa). The reaction mix-
ture was stirred at 120 °C for 3 h. After the reaction
finished, the autoclave was cooled to room temperature
and the pressure was carefully released. Subsequently,
the reaction mixture was diluted with 5 mL of ethyl ac-
etate. After the solid catalyst was filtered from the solu-
tion, the liquid products were analyzed quantitatively
by a gas chromatograph ( Agilent 7890A ) equipped
with a capillary column (HP-5) and a FID detector
with decane as an internal standard.
Typical procedures of flow reactions with fix-bed
reactor

The hydroformylation of ethylene was conducted in
a continuous flow fixed-bed reactor with an inner diam-
eter of 6 mm at 95 °C, 6 MPa syngas. In catalytic test,

1 g of catalyst was charged into a stainless steel tubular
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reactor. The effluent was passed through a 500 mL
round-bottom flask filled with 300 mL of ethyl acetate
and the round-bottom flask was cooled to =20 C by a
condenser. Propanal was captured by dissolution into
the ethyl acetate in the flask. Then, The ethyl acetate
solution containing propanal was analyzed quantitatively
by a gas chromatograph ( Agilent 7890A) with decane
as an internal standard, and the gaseous substrate
stream was collected by an airbag and monitored by an
off-line gas chromatograph from Shimadzu with a FID
detector (50 m 19095P-S25 column at 100 C).

The calculated way for plotting Figure 3 from the
rate constant k is as follows:

The corresponding natural logarithm (Ink) values
of the rate constants (k) at different temperatures from
93 to 110 °C for the catalysts were calculated firstly.
Then, based on the Arrhenius equation; Ink = InA-
Ea/RT (logarithmic expression) , the plots of Ink~1/
T using linear regression fitting in Origin 8.0 for the
Rh/C-3 catalysts were obtained. The corresponding co-

efficients of determination of the linear regression fitting

for Rh/C-3 is R*= 0.998.
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