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For production of biodiesel from bio oils by heterogeneous catalysis, high performance catalysts of
transesterification and the further utilization of glycerol have been the two points of research. The process
seemed easy, however, has never been well established. Here we report a novel design of catalytic distillation
using hierachically integrated CNTs-based holistic catalyst to figure out the two points in one process, which
shows high performance both for the conversion of bio oils to biodiesel and, unexpectedly, for the
conversion of glycerol to more valuable chemicals at the same time. The method, with integration of nano,
meso to macro reactor, has overwhelming advantages over common technologies using liquid acids or bases
to catalyze the reactions, which suffer from the high cost of separation and unsolved utilization of glycerol.

B
iodiesel made from bio oils, as a kind of high quality fuel, has drawn much more research attentions in
recent years1–3. High performance transesterification process and the treatment of main by-product gly-
cerol have been the two points of research. Commonly, liquid acids or bases are used to catalyze transes-

terification and esterification reactions4–6, which suffer from the largely excess quantity of methanol needed to
remove equilibration limit on conversion and the high cost of separation7–9. And the utilization of glycerol, as
main by-product, is still a question. Some heterogeneous catalysts used for the reaction have been developed,
including KOH/Al2O3

10, Al2O3/SnO11, Li/MgO12, Amberlyst-1513, Nafion14, and zeolites15. These processes using
solid catalysts, however, demand rigorous conditions, such as free of dissociative fatty acids16–18. And recently,
carbon-based solid acids have been reported promising to catalyze reactions of esterification or transesterification
to produce biodiesel19–25. Considering the big advantages of catalytic distillation as intensified processes for the
highly efficient couple of reactions and separation, some investigators have reported on the implementation of a
reactive distillation to biodiesel production with acidic resin Amberlyst-15 or sodium hydroxide as catalysts26,27.
The general performances of these catalysts, however, are still much inferior to the demand.

In this report, a continuous catalytic distillation process using shaped holistic catalysts with CNTs grown on
stainless steel wire mesh has been developed and shown high performance for transesterification of bio oils with
methanol and surprisingly also for the synchronous conversion of glycerol to high valued products. The catalytic
distillation apparatus for the research purpose is schematically shown as Fig. 1. Firstly, the carbon nanotubes were
tightly grown on the steel wires of the mesh and then the mesh was shaped as Raschig rings (diameter: 2 mm,
length 2 mm). After sulfonation, the Raschig rings were loaded in a catalytic distillation column (height: 200 mm,
diameter: 20 mm). The transesterification of bio oils with methanol was carried out using the distillation column
at 493 K in high efficiency, due to the simultaneous separation removing the limitation of chemical equilibrium.
Unexpectedly, the glycerol, as the by product of the reaction in common processes, was found simultaneously to
convert to a series of higher valuable compounds over the catalytic column, which would extremely promoted the
performance of the process scientifically and economically.

Results
Preparation of the holistic catalyst. Fig. 2a shows the photograph of the fresh stainless steel mesh with the wires
in diameter of 200 mm. Before the CNTs’ growth, the metallic cobalt nanoparticles, synthesized according to ref.
28, have been coated to the wires as catalysts for CNTs rooted on the wires (inset). Fig. 2b depicts the stainless steel
mesh with thickly grown CNTs and the Rashig rings made from the stainless steel mesh (inset). Fig. 2c shows the
compact and orderly CNTs’ array on the wires with the length of CNTs about ,30 mm. The carbon nanotubes are
in good shape of one dimensional morphology and the metallic particles of catalyst, cobalt and iron, are evidently
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clued or embedded in the carbon nanotube along its length
(Fig. 2d)29. The metal nanoparticles would be also included in
catalytic reactions.

The CNTs on the Rashig rings are sulfurated with Na2Sx and
oxidized by hydrogen peroxide to sulfonic acid. After the chemical
treatment, the carbon nanotubes arrays on the wires are still in sim-
ilar to the original steel mesh (Figs. 3a and 3b). The Raman spectra of

original and chemically treated CNTs are shown in Fig. 3c. The bands
at ,1356 and ,1585 cm21 are the characteristic D-band and G-
band of graphite carbon, respectively. The G-band is attributed to
the tangential mode of the graphitic structure, while D-band corre-
sponds to the defects or limited dimensions of CNT crystal struc-
ture30. The intensity of the G-band is stronger than the D-band,
indicating the high degree of graphitization. For the sample of
CNT-SH, new peaks at 472, 673 and 2727 cm21 are observed. The
peak at 472 cm21 is associated with bend vibrations of S5C-S
bonds31, the 673 cm21 peak is related to stretch vibrations of C-S
bonds9,31,32, while the 2727 cm21 band is stretch vibrations of S-H
bonds33. For the sample after oxidation with CNT-SO3H groups, the
peak at 2708 cm21 from stretching vibrations of O-H bonds in sul-
fonic group arises34.

Figure 3d showed XPS spectra of the sulfonated CNTs-based struc-
tured catalyst. Three peaks, respectively positioned at 284.5, 286.3, and
288.7 eV, are observed in the C1s region. The peak centered at 284.5 eV
can be attributed to the sp2- hybridized graphite carbon. The peak at
286.3 eV is contributed from carbon atoms in the C-O- species35. The
peak at 288.7 eV is associated with the carbon atoms in C-S species36.
The O1s binding energy can be deconvoluted into two peaks at 531.5
and 532.1 eV, which are assigned as oxygen atoms in S-OH and C-OH,
respectively. In the region of S2p, two peaks appeared at 168.5 and
169.7 eV are detected, which are assigned to the –SO3H groups in
the sample37. The chemical composition of the holistic catalyst analyzed
by EDX equipped to the scanned electron microscopy is listed in
Table 1 and the effective protonic acid density attached to the CNTs
measured by titration is also listed in table 1. The results confirm the
high content of sulfur in the catalyst. After oxidation treatment, the
oxygen content increases remarkably and implies the existence of
groups of –COOH and –OH, besides the groups of –SO3H. The acid
density of 2.54 mmol?g21 is a medium-high value among the carbon-
based solid acids documented.

Catalytic distillation process for bio oil conversion. The Rashig
rings are loaded as fillers into a catalytic distillation column,
20 mm in diameter and 200 mm in height. The total amount of
CNTs grown on the Rashig rings is ,2.1 g with total surface area
about 450 m2. During catalytic operation, the reactive mixtures of

Figure 1 | The schematic show of the catalytic distillation apparatus for the transesterification of bio oils and the synchronous conversion of glycerol to
high valuable products.

Figure 2 | The stainless steel meshes and the cobalt nanoparticles coated
onto the meshes (SEM, inset); (b) The stainless steel meshes after CNTs
growth and the Raschig rings (inset); (c) SEM image of stainless steel mesh
coated with pristine CNTs and the inset shows the morphology of the CNTs
array; (d) Enlarged SEM image of the CNTs array and the inset shows TEM
images of CNTs taken from the stainless steel mesh and catalytic particles
used for CNTs growth is evident. The cobalt nanoparticles synthesized in

advance was coated to the wire mesh before the CNTs’ growth and the

ferrocene containing benzene was used as carbon source for the CNTs’

growth.
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liquids and gases, at different positions of the catalytic column, are taken
out for analysis. Figs. 4a and 4b depict respectively the compositions of
gas phase and liquid phase at different position along the catalytic
column. The concentration of FAME increases with the positions
from top to bottom of the catalytic column. Unexpectedly, glycerol,
as the main by product of transesterification, is not detected along
the catalytic column. The byproducts detected include glyceric acid,
glyceraldehyde, 1,1-Dimethoxyhexane, acrolein dimethyl acetal and
some short chain alkanes. The quantitative results of analysis on
the products taken at the export 8 and the reboiler are listed in
Table 2. It is suggested that the glycerol producing by
transesterification reaction can further transform into glyceric acid,
glyceraldehyde, 1,1-Dimethoxyhexane and acrolein dimethyl acetal
by the catalysis on the column.

Noteworthy that the performance of the process is much stable in
100 h of operation, and the morphology of the catalyst appears
unchanged after 100 h reaction (Figs. 4c). Comparing with some

results documented on the transesterification of bio oil with meth-
anol, which required a large excess methanol at common condi-
tions38–40, the current method possesses overwhelming advantages
by intensifying the reaction with simultaneous separation and syn-
chronous transformation of glycerol. The reaction network is eluci-
dated as Fig. 5 and a mathematical model has been developed to
describe the current catalytic distillation process for biodiesel pro-
duction (supporting information and Figs. S1 and S2).

Discussion
In the catalytic column used in current investigation, multi factors
are involved and contribute to the catalytic performance, such as
the nanoparticles of cobalt and iron used for growth of carbon
nanotubes on stainless steel meshes, the acid centers formed by
sulfonation of CNTs and the interactions among them for syn-
ergistic effects. The acid centers contribute to the transesterifica-
tion and dehydration of glycerol and the metallic centers loaded
on or encapsulated in the carbon nanotubes contribute to the
reactions of dehydrogenation and hydrogenation with methanol.
Very recently, Beller et al have reported that the carbon buried
metals, such as iron oxide or cobalt, are active for the hydrogena-
tion of nitroarenes to anilines41,42. The sum of the factors, intensi-
fied by the effect of temporal separation of catalytic distillation,
constitutes the high performance process for production of bio-
diesel and synchronous conversion of glycerol.

As the following development of nano research43, the thoughts of
meso science are very applicable for catalysis research, which means a
kind of complication and includes many more interactions among its
nano constituents. The current work includes an integration of cata-
lytic technology, in size from nano, meso to macro reactor and easy
to scale up to industrial equipment, to meet the demand on the
upgrade of practical industry processes with more efficiency, less
emission and energy save.

Figure 3 | SEM images of stainless steel mesh coated with CNT-SO3H; (b) Enlarged SEM images of the CNTs arrays; (c) Raman spectra of the CNTs at
different stage; (d) C1s, O1s and S2p XPS spectra of the CNT-SO3H after sulfonation.

Table 1 | Chemical composition of the holistic catalyst on steel mesh
analyzed by EDX and the acid density measured by chemical titra-
tion using NaOH

Element

CNTs-SH CNTs-SO3H

H2SO4Weight % Atomic % Weight % Atomic %

C 90.80 95.1 63.3 72.0 ---
O 3.20 2.5 28.9 24.6
S 6.00 2.4 7.8 3.4
Acid density
(mmol g21)

--- 2.54 (1.98*) 20.4

*The figures in the parenthesis show the acid density measured by chemical titration after 100 h
reaction.
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In conclusion, we have demonstrated a design for a catalytic dis-
tillation with improved efficiency and enhanced stability for biodie-
sel production, as well as synchronous conversion of glycerol to a
series of high valuable chemicals in situ on the catalytic column of
distillation, by well shaped assembling and stabilizing sulfonated
carbon nanotubes on stainless steel meshes with cobalt and iron
metal nanoparticles in scales from nano, meso to macro reactor.
Considering the large quantity of industrial processes adaptive to
catalytic distillation, the current integrative design could be built
for a broad range of applications. Moreover, by judiciously choosing
the further modification of the carbon nanotubes with catalytic func-
tions, we foresee the creation of novel families of catalytic distillation
technologies with high efficiency, low emission and energy save.

Methods
Pretreatment of the stainless steel meshes. 316 L stainless steel meshes with wires of
200 mm in diameter were washed by ethanol to remove organic smears and etched in
hydrochloric acid for 15 min at 333 K. The treated meshes were then immersed into a
sol containing metallic cobalt nanoparticles, which was prepared in advance
according to the method similar to that reported in ref. 29. The meshes attached by the
cobalt nanoparticles were then dried in vacuum.

Growth of the CNTs. The stainless steel meshes coated with Co nanoparticles were
loaded in a porcelain boat, which was placed in a horizontal quartz tubular furnace.
The meshes were firstly heated to 873 K for 1 h in 10 vol. % H2/Ar flow to clean the
surface for 2 h. When the temperature was ramped to 973 K, 1 wt. % ferrocene
containing xylene or benzene (as carbon source) was injected continuously by a
syringe and evaporated in the flow for CNTs growth30. The growth time was
controlled as 1 h in the flowing 10 vol. % H2/Ar at 973 K.

Sulfonation. The stainless steel meshes with CNTs were put into Na2Sx saturated
solution at 358 K under stirring for 24 h for sulfuration of the CNTs as CNTs-SH.
Thereafter, hydrogen perfoxide was used to oxidize the CNTs-SH to CNTs-SO3H at

room temperature. Finally, the sample was thoroughly washed by ethanol and
distilled water.

Catalytic column. The stainless steel meshes were tailored and shaped as Raschig
rings to be loaded in a catalytic column of 20 mm of inner diameter and 200 mm in
length, surrounded by a heating furnace. The apparatus for catalytic distillation is
shown as Fig. 1.

Catalytic test. The bio oil and methanol as the feedstocks were individually injected at
the inlets of b1 and b2, respectively, which were heated to different temperatures. The
products were obtained at two places when the temperature of the catalytic column
was set at 493 K. The first stage of condenser was set at 383 K to recover a part of
products from transesterification and the products from the simultaneous conversion
of glycerol at the column. The second condenser was fully cooled to recover the
methanol, which was fed back to the catalytic column. The reboiler was set at 383 K in
order to gain the pure biodiesel from the column bottom. The process was operated
continuously. The product samples were analyzed using GC-MS (thermo finnigan
trace GC2000 DSQ) equipped with a DB-5MS column (30 m 3 0.32 mm 3

0.25 mm).

Characterization. Laser Raman spectroscopy (Renishaw Iinvia) was used to
characterize the carbon materials. Scanning electron microscope (SEM, LEO1530 VP
instrument), transmission electron microscope (TEM, JEM-110) and high resolution
transmission electron microscope (HRTEM, JEM-2100) were used to observe the
morphologies of the catalysts and the CNTs. X-ray diffraction measurements (XRD)
were performed on a Philips X’Pro X-ray diffractometer with Cu Ka irradiation (l 5

0.15418 nm). The X-ray source was operated at 40 kV and 40 mA. XPS spectra were
obtained under ultra high vacuum (,1026 Pa) on UlVAC-PHI 5000 Versa Probe
with an Al anode (Al Ka5 1486.6 eV). All binding energies were calibrated using the

Figure 4 | (a)The composition of gas phase at the different height of the catalytic column (inset: the photograph of the products at the sample export 8.); (b)
The composition of liquid phase at the different position of the catalytic column (inset: the photograph of the products in the reboiler 14.); (c) The variation
of bio oil conversion with the operation time in 100 h and inset shows the SEM image of the CNTs on steel mesh after used for about 100 h. (Temperatures:
the catalytic column, 493 K; inlet of oil feed (b1), 408 K; inlet of methanol (b2), 388 K; reboiler (14), 388 K; condenser 1, 378 K; condenser 2, fully cooled.
Flow rate: oil (b1), 10.85 3 1023 mol?min21; methanol (b2), 1.73 3 1023 mol?min21.)

Table 2 | The compositions of products at the column top (export 8)
and the column bottom (reboiler)

product Top (wt. %) Bottom (wt. %)

FAME 68.2 97.0
Glyceraldehyde 1.7 0.2
Glycericacid 4.3 0.3
Acrolein dimethyl acetal 4.5 0.4
1,1-Dimethoxyhexane 9.3 0.5
Linoleic acid monoester --- 1.1
Others 12.0 0.6

*The excess methanol is refluxed to the b2 inlet. The product in reboiler is taken out directly without
further treatment. The condensate at the export 8 is collected without further treatment.

Figure 5 | The reaction network of transesterification of bio oils with
methanol and the in situ transformation of the glycerol.
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carbon 1 s as a reference. The sulfur contents of the sulfonated carbon catalysts were
determined by elemental analysis using EDX. The acid density of the obtained meshes
with CNTs was measured by chemical titration using diluted solution of sodium
hydroxide.
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