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Abstract: Multiwalled carbon nanotubes (MWCNTs) were functionalized with salicylic acid (SA).
The copper-cobalt catalyst was impregnated on the SA functionalized MWCNTs (SA-MWCNTs). The
catalyst copper-cobalt/SA-MWCNTs was used to catalyze the synthesis of alcohols from synthesis
gas. Salicylic acid can promote the synthesis of ethanol and butanol from synthesis gas, thus reducing
the synthesis of methanol. This work demonstrated that salicylic acid not only can be used to
functionalize carbon nanotubes, but also can enhance the production of ethanol and butanol from
synthesis gas. On the other hand, the copper-cobalt catalyst supported on MWCNTs of 30 nm in
diameter can synthesize more ethanol and butanol than supported on MWCNTs of 15 and 50 nm in
diameter, indicating that the diameter of MWCNTs also has an effect on the synthesis of alcohols.
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1. Introduction

The conversion of synthesis gas producing higher alcohols as fuel benefits sustainable
development [1]. Investigation on catalysts with a higher selectivity and yield has been continuously
carried out [2,3]. Researchers are focusing on heterogeneous catalysts rather than on homogeneous
ones, as homogeneous catalysts are difficult to recycle. Metals including Re, Ru, Rh, Co, Cu, and
Mo have been extensively used for preparing heterogeneous catalysts for the conversion of synthesis
gas [4-8]. Re, Ru, and Rh are noble metals and are effective for catalyzing the synthesis of alcohols [4-7].
However, these metals are expensive. In contrast, Co, Cu, and Mo are much cheaper than the noble
metals [8,9]. The non-noble metal based catalysts are being paid much attention [10-13]. For preparing
a heterogeneous catalyst, one or several metals are deposited or impregnated on a support [13]. Particle
sizes and the distribution of the particles are affected by catalyst supports.

With a large surface area, good thermal conductivity, strong mechanical strength, and excellent
electrical properties, carbon nanotubes (CNTs) have been investigated as supports for preparing Rh,
Co, Cu, and Mo-based catalysts [5,14,15]. CO hydrogenation is facilitated by carbon nanotubes and
the formation of ethanol is promoted on Rh/CNTs [16]. A relatively higher activity and space yield
of higher alcohols can be achieved by the metals supported on carbon nanotubes. The high catalysis
efficiency is ascribed to that the metals interacted with carbon nanotubes, on the other hand the metal
particles were well distributed on the supports [14]. In addition, carbon nanotubes are capable of
adsorbing hydrogen gas. This facilitates the interaction of the hydrogen with the metals.

In this work, multiwalled carbon nanotubes (MWCNTs) have been functionalized with salicylic
acid (SA), then copper and cobalt have been deposited on the SA functionalized MWCNTs
(SA-MWCNTs). The aim of this research is to investigate the effect of salicylic acid on the synthesis
of higher alcohols from synthesis gas. The catalyst copper-cobalt/SA-MWCNTs have been used
to catalyze the synthesis of higher alcohols, especially ethanol and butanol, from synthesis gas,

Catalysts 2017, 7, 295; doi:10.3390/ catal 7100295 www.mdpi.com/journal/catalysts


http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
http://dx.doi.org/10.3390/catal7100295
http://www.mdpi.com/journal/catalysts

Catalysts 2017, 7, 295 20f7

as ethanol and butanol not only can be used as fuels but also can be used as feedstocks for producing
chemicals [17,18]. The effect of the diameter of MWCNTs and salicylic acid on the conversion of syngas
and the selectivity of higher alcohols, especially ethanol and butanol, have been investigated.

2. Results and Discussion

2.1. Characterization of the Copper-Cobalt/SA-MWCNTs Catalyst

For the characterization of the copper-cobalt/SA-MWCNTs catalyst, the MWCNTs with
a diameter of about 30 nm were used. Figure la shows the transmission electron microscope
(TEM) image of purified MWCNTs, which exhibited a smooth surface. In contrast, the catalyst
copper-cobalt/SA-MWCNT exhibited nanosize particles on its surface (Figure 1b) due to the deposition
of copper-cobalt particles. Figure 1b shows that the nanoparticles (copper-cobalt oxides) were well
distributed on the surface of SA-MWCNT. The aromatic ring of salicylic acid can have a strong
interaction with the wall of MWCNTs. Thus, salicylic acid can be used to functionalize MWCNTs
though adsorption. The SA functionalized MWCNTs (SA-MWCNTs) possess functional hydroxyl
and carboxyl groups. These groups can interact strongly with copper and cobalt. This facilitates the
deposition of copper and cobalt on SA-MWCNTs.

@)

Figure 1. Transmission electron microscope (TEM) images for purified multiwalled carbon nanotubes
(MWCNT) (a) and the catalyst copper-cobalt/SA-MWCNT (b).

The X-ray diffraction (XRD) pattern of the catalyst is shown in Figure 2. Supplementary Materials
Figure S1 shows the XRD patterns for SA-MWCNTs and purified MWCNTs. In Figure 2, peak 1 is for
MWCNTs, and the peaks indicated by 2, 3, and 4 correspond to crystalline structures of the oxidized
metals. Using the JCPDS chemical spectra data bank [19], the peaks were recognized representing
CuO, CuxCo3.404, and Cuy0, respectively. The XRD pattern indicates the interaction between cobalt
and copper species in the catalyst. This is possibly ascribed to that copper and cobalt ions can interact
with salicylic acid of SA-MWCNTs, and further interacted with each other.

The spectra of X-ray photoelectron spectroscopy (XPS) for the catalyst are presented in Figure 3a,b.
Supplementary Materials Figure S2 shows the XPS spectra for SA-MWCNTs and purified MWCNTs.
The parent peak in Figure 3 was deconvoluted into three peaks. Figure 3a shows the XPS spectra for
the copper states. The two peaks at 933.3 and 934.6 eV are ascribed to Cu(I) and Cu(Il) oxides [20],
respectively. The peak at 943.2 eV is ascribed to the satellite peak for the Cu(Il) oxide. Figure 3a
demonstrates two oxidation states of Cu(I) and Cu(II) for copper in the catalyst. Figure 3b shows the
spectra for different cobalt states. The two peaks at 780 and 781.5 eV are ascribed to Co(IIl) oxide
and Co(II) oxide [21], respectively, and the peak at 787.4 eV is due to the satellite peak for the Co(II)
oxide. The results demonstrate the two oxidation states of Co(II) and Co(IIl) for cobalt in the catalyst.
Figure 3 further confirms the interaction of copper and cobalt after bring supported on SA-MWCNTs.
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Figure 4 shows the temperature programmed reduction (TPR) profile for copper-cobalt/SA-MWCNTs.
Supplementary Materials Figure S3 shows the TPR profile for SA-MWCNTs. In Figure 4, there are
two prominent peaks at 278 and 363 °C. They are acribed to the reduction of Cu?* to Cu. The right

shoulder (450-636 °C) is ascribed to the reduction of Co%* to Co.

—— Cu-Co/SA-MWCNTs

I-MWCNTs = 2-CuO 3-Cu Co, O, 4-Cu,0
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Figure 2. X-ray diffraction (XRD) pattern for the catalyst copper-cobalt/SA-MWCNTs.
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Figure 3. (a) XPS spectra of Cu 2p region of the catalyst; (b) XPS spectra of Co 2p region of the catalyst
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Figure 4. Temperature programmed reduction (TRP) profile for copper-cobalt/SA-MWCNTs.

2.2. Alcohol Synthesis from Syngas
Experimental results showed that both the purified MWCNTs and SA-MWCNTs cannot catalyze

the reaction of synthesis of alcohols from syngas. That is no alcohols were produced when using
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the carbon nanotubes as catalysts. Prior to evaluating the catalyst copper-cobalt/SA-MWCNTs and
studying the efffect of salicylic acid on the production of alcohols, the effect of purification of MWCNTs
and diameter of MWCNTs were first investigated. MWCNTs were purified by refluxing in HNOs.
Copper-cobalt supported on the purified MWCNTs has exhibited a better conversion of syngas and
selectivity of ethanol and butanol than the copper-cobalt supported on the non-purified MWCNTs
(Figure 5). The result showed that for preparing copper-cobalt based catalyst, MWCNTSs should be
purified. The residues on non-purified carbon nanotubes are amorphous carbon [22]. Amorphous
carbon on the surface of MWCNTs not only affects the interaction of SA with the wall of MWCNTs, but
also affects the deposition of copper and cobalt. This is the reason that using non-purified MWCNTs
has exhibited a lower alcohol production than using purified MWCNTs. The effect of the diameter of
MWYVNTs on the synthesis of alcohols was also investigated (Figure 6). Using the MWCNTs with a
diameter of 30 nm, the conversion of syngas (Figure 6a) and selectivity for the alcohols of ethanol +
butanol (Figure 6b) are larger than the MWCNTs with diameters of 15 nm and 50 nm, indicating that
the MWCNTs of 30 nm in diameter are better as supports for preparing the copper-cobalt based catalyst.
The diameter of carbon nanotubes can roughly reflect the surface area of carbon nanotubes. Possibly,
the carbon nanotubes with a diameter of about 30 nm can provide an appropriate surface area. When
investigating the effect of salicylic acid on the synthesis of alcohols, salicylic acid was added to the
reaction solutions according to predetermined weight ratios. Figure 7 shows the effect of salicylic acid
on the production of alcohols. With increasing the ratio of salicylic acid to MWCNTs, the conversion of
syngas and the selectivity toward to ethanol and butanol are increased. The optimal ratio is 0.3, at which
the syngas conversion and the selectivity toward ethanol and butanol have reached highest values.
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Figure 5. Effect of purification of MWCNTs on the synthesis of alcohols. Conversion of syngas (a) and
Selectivity of alcohols (b).
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Figure 6. Effect of the diameter of MWCNTs on the syngas conversion (a) and alcohol selectivity (b).
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Figure 7. Effect of salicylic acid on the syngas conversion (a) and alcohol selectivity (b).

3. Experimental Section

3.1. Materials

Multiwalled carbon nanotubes (MWCNTs, diameters 15 4+ 5 nm, 30 &= 10 nm, 50 4+ 10 nm) were
obtained from Nacen Nanotechnologies Inc. (Shenzhen, China). Salicylic acid (SA), ethanol, propanol,
butanol, pentanol, Cu(NO3), 3H,0, and Co-(NO3),; 6H,O were obtained from Sinopharm Chemical
Reagent Co. (Shanghai, China). All chemicals were of analytical reagent grade.

3.2. Catalyst Preparation

MWCNTs were refluxed in HNOj3 (2.5 M) at 70 °C for 10 h. Then, the MWCNTs suspensions
were filtered by a 450 nm polycarbonate membrane. The purified MWCNTs were then mixed
with the salicylic acid solutions with different concentrations. The mixtures were sonicated for
20 min. Then, salicylic acid functionalized MWCNTs (SA-MWCNTs) were filtered through a 450 nm
polycarbonate membrane and rinsed with deionized water. The collected SA-MWCNTs were dried at
70 °C under vacuum.

The catalyst copper-cobalt/SA-MWCNTs was prepared as follows. 800 mg of SA-MWCNTs were
dispersed in 200 mL of deionized water by sonication for 5 min. Then, the solution (115 mL) containing
Cu(NO3), 3H,0 (10.2 mg/mL) and Co(NO3), 6H,0 (12.3 mg/mL), was added and sonicated for
3 min. After 50 min incubation, the mixture was dried at 50 °C under vacuum. The dried catalyst was
calcined at 450 °C for 3 h by introducing nitrogen at a flow rate of 160 mL/min. The amounts of copper
and cobalt deposited on MWCNTs-SA were determined using atomic absorption spectrometer (Model
GGX-6). The concentrations of the metal ions in the stock solutions and in the residue solutions were
measured. The difference between the concentrations was used to calculate the amount of copper and
cobalt deposited on the support. The copper loading was finally determined to be 0.263 mg Cu/mg
MWCNTs and that of cobalt was 0.271 mg Co/mg MWCNTs.

3.3. Catalyst Characterization

SA-MWCNTs and copper-cobalt/SA-MWCNTs were imaged by transmission electron microscopy
(TEM) using a Hitachi H-800 system (Shanghai, China). Samples were first dispersed in ethanol by
ultrasonication. Then the suspensions were dropped onto a carbon-coated copper grid. The X-ray
diffraction (XRD) patterns of the catalysts were obtained with a diffractometer (Rigaku D/Max 2500
VBZ+/PC, Gu target at 35 kV, 30 mA) (Shanghai, China). The diffractograms were obtained by
scanning at a rate of 260 = 1°/min, the range was from 26 = 5° to 26 = 90°. TPD/R/O 1100 (Shanghai,
China) was used to record temperature programmed reduction (TPR) spectra for the catalysts, using
a gas mixture of 10% hydrogen in argon. The flow rate was controlled at 30 mL/min. The samples
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were heated up to 800 °C at a heating rate of 5 °C/min. A thermal conductivity detector was used
to monitor the sample pretreatment, adsorption, and desorption. A Thermo VG ESCALAB250 X-ray
photoelectron spectrometer (Beijing, China) was used to obtain X-ray photoelectron spectroscopy (XPS)
spectra for the catalysts. The measurements were carried out at a pressure of 2 x 10~ Pa using Mg
Ko X-ray as the excitation source.

3.4. Alcohol Synthesis from Syngas

The reactions were carried out in a fixed bed microreactor with a length of 500 mm and
9 mm in diameter. A temperature controller was used to control the temperature of the
microreactor. Introducing the gases Hy, CO, and Nj at certain rates to the reactor was controlled
by mass flow controllers. In all of the reactions, nitrogen was used as an internal standard gas.
The copper-cobalt/SA-MWCNTs catalyst (1.5 g) was placed in the reactor bed. The reactor was heated
up to 300 °C at a rate of 3 °C/min. The catalyst copper-cobalt/SA-MWCNTs was reduced in situ at
300 °C for 15 h, and the flow rate of Hy was controlled at 50 mL/min. Then, synthesis gas (H,/CO
ratio of 1.0) with a flow rate of 92 mL/min was introduced. The reactor pressure was controlled at
5 MPa. The composition of effluent gas stream was determined by an online GC-2014C Shimadzu Gas
Chromatograph (Beijing, China), which was equipped with a TCD detector and a Porapak Q column.
The produced alcohols were analyzed off-line using a FID detector and a PEG-20 M capillary column.

4. Conclusions

Salicylic acid has been used to functionalize multiwalled carbon nanotubes. SA-MWCNTs were
used as supports for preparing copper-cobalt based catalyst. The catalyst copper-cobalt/SA-MWCNTs
was used to catalyze the synthesis of alcohols from synthesis gas. Salicylic acid can promote the
synthesis of ethanol and butanol from synthesis gas, reducing the synthesis of methanol. For preparing
the copper-cobalt based catalyst, purified MWCNTs are better than non-purified MWCNTs, and
the diameter of MWCNTs also has an effect on the alcohol production. The copper-cobalt catalyst
supported on MWCNTs of 30 nm in diameter can synthesize more ethanol and butanol than supported
on MWCNTs of 15 and 50 nm in diameter, indicating that the diameter of MWCNTs also has an effect
on the synthesis of alcohols. This work demonstrated that salicylic acid not only can be used to
functionalize carbon nanotubes, but also can enhance the production of ethanol and butanol from
synthesis gas.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/10/295/s1.
Figure S1: XRD pattern for purified MWCNTs and SA-MWCNTs, Figure S2: XPS spectra for purified MWCNTs
and SA-MWCNTs; Figure S3: TRP profile for SA-MWCNTs.
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