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A new copper-based supramolecular (f-cyclodextrins, f-CD) catalyst was synthesized and used for transesterification of
Xanthium sibiricum Patr oil to biodiesel. This catalyst exhibited high activity (88.63% FAME vyield) in transesterification
under the ratio of methanol-oil: 40:1; catalyst dosage: 8 wt.%; reaction temperature: 120°C; and reaction time: 9 h. The
XRD, SEM, TEM, XPS, and BET characterization results showed that Cu-f-CD catalyst was amorphous and had clear
mesoporous structure (17.2nm) as compared with the native f-CD. This phenomenon is attributed to the coordination of

Cu and -CD.

1. Introduction

With the rapid socioeconomic development, the demand for
petrochemical energy is on the increase. At the same time,
the shortage of energy and environmental pollution have
become the focus [1, 2]. Biodiesel is a good substitute for
petrochemical diesel because of its sustainability, bio-
degradability, and cleanability [3]. Biodiesel, also known as
fatty acid monoester, mainly including fatty acid methyl
esters (FAME) and fatty acid ethyl esters (FAEE), is typically
prepared via esterification or transesterification reactions of
animal and vegetable oils with methanol or ethanol in the
presence of an acidic and/or basic catalyst [4]. The reaction
processes can be divided into homogeneous and heteroge-
neous ones depending on the type of catalysts, and re-
searchers are more inclined to heterogeneous research for its
advantages such as simple steps, easy postprocessing, and
less pollution [5, 6]. Heterogeneous catalysts mainly include
inorganic acid salts, solid heteropoly acids, metal oxides
[7, 8], zeolites [9], and hydrotalcites [10]. Among them, the
single and mixed metal oxides were studied by numerous
studies due to their environment-friendly, cheap, and effi-
cient catalytic characteristics, which were generally prepared

by coprecipitation, sol-gel, impregnation, and hydrothermal
methods [11]. In particular, the metal oxides composed of
Ca, Mg, and Al were extensively illustrated to be active for
biodiesel production [12-14]. However, Cu-based catalysts
used for efficient biodiesel preparation have been rarely
reported so far.

In this report, a new Cu-based supramolecular catalyst
was prepared from CuSO,5H,0 and -CD by simple or-
ganic synthesis and was applied to biodiesel synthesis. The
results showed that the catalyst had obvious mesoporous
structure and good catalytic activity. The results of this study
fill the gaps of copper-based catalysts for biodiesel
production.

2. Experiments

2.1. Materials. Xanthium sibiricum Patr oil was extracted
with the reported method [15]. Pure fatty acid methyl esters
were purchased from Sigma (USA). f-CD was purchased
from Hongchang Pharmaceutical Reagent Co., Ltd., Xi’an.
Anhydrous methanol, NaOH, and CuSO,-5H,0O are ana-
Iytically pure (AR) and purchased from Chemical Reagent
Co., Ltd., Tianjin.
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2.2. Catalyst Preparation. According to previous reports
(16, 17], 2.5g B-CD and 0.8 g NaOH were dissolved into
50 mL distilled water and stirred to completely dissolve at
room temperature, and then 50 mL aqueous solution of 0.5 g
CuSO,4-5H,0 was gradually added at room temperature
under magnetic stirring for 1.5h and filtered. Upon com-
pletion, 500 mL ethanol was added to the filtrate, and a
precipitate formed, which was filtered and washed with
absolute ethanol to give a neutral precipitate. The attained
solid was further dried at 80°C for 5h.

2.3. Catalyst Characterization. TGA analysis was recorded
by NETZSCH STA 429 instrument. XRD patterns were
measured with the Bruker D8 advanced X-ray diffrac-
tometer (XRD) with Cu Ka radiation (A = 0.154nm) at
40kV and 30mA with a step size of 0.02. The surface
morphologies of the catalysts were characterized via FEI
inspect F50 type scanning electron microscope (SEM). The
internal structure of catalysts was analyzed by the FEI
Tecnai G2 F20 S-TWIN 200kV transmission electron
microscope (TEM). XPS analysis was conducted using the
Thermo  Scientific ESCALAB  250Xi spectrometer
employing a monochromatic Al Ka X-ray source (hy =
1486.8e¢V) and 500 um test spot area, 15kv test tube
voltage, 10mA tube current, and 2 x 10~° mbar analysis
room floor vacuum. The Brunauer-Emmett-Teller (BET)
surface areas were measured by N, adsorption/desorption
apparatus (Micromeritics ASAP 2020), and the pore size
and pore volume distributions were calculated using the
Barrett-Joyner-Halenda (BJH) model.

2.4. Product Analysis. The appropriate amount of X. sibir-
icum Patr oil, catalyst, and methanol were added into a
25 mL glass three-necked flask with a condensing means and
placed in a an oil bath (120°C) with magnetic stirring for a
certain time. After the reaction completion, the reaction
mixture was cooled down and filtered, while the excess
methanol was removed by rotary evaporation. Hereafter, the
FAME contents of the samples were determined by the gas
chromatography (GC, Agilent 6890 GC), and the FAME
contents were calculated according to the methods reported
in [18].

3. Results and Discussions
3.1. Catalyst Characterization

3.1.1. TGA Analysis. The TGA analysis results of the Cu-
B-CD catalyst are shown in Figure 1. It can be seen that the
weight loss of the Cu-B-CD catalyst mainly included three
stages, namely, loss of water (50-150°C), catalyst de-
composition (150-300°C), and complete decomposition of
the catalyst (300-800°C). Evidently, this catalyst was stable
until the temperature of around 150°C.

3.1.2. XRD. Usually, the catalytic activity is closely related to
the morphology of the catalyst. The catalytic effect of the
amorphous material was generally better than the crystal
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FIGURE 1: TGA curves of Cu-B-CD catalyst.
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FIGURE 2: XRD patterns of pure f-CD and Cu-f-CD catalyst.

counterpart [19, 20]. XRD patterns of §-CD and Cu-f-CD
are shown in Figure 2, it could be clearly seen that the single
B-CD had distinct diffraction peaks, belonging to crystal
state material. However, Cu-$-CD did not show significant
diffraction peaks but appeared as wave packets. So, the
structures were greatly changed when the copper ions were
involved, which changed its morphology and increased its
specific surface area (Figures 3-5), while improving its
catalytic activity. This is consistent with the experimental
results (Table 1).

3.1.3. XPS. The valence of copper ions and structure of the
complex were determined by XPS spectra (Figure 6). As can
be seen from Figures 6(a) and 6(b), Cu ions existed in the
Cu-B-CD catalyst. Cls might be divided into three signals in
Figure 6(a), namely, C-C (284.7¢V), C-O (286.4¢V), and
C=0 (287.9¢eV), respectively. In addition, it can be seen
from Figure 6(b) that the Cu’s basic binding energy was
933.3 ev (Cu2p3/2) and 953.6 ev (Cu2p1/2). Therefore, Cu**,
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FIGURE 4: SEM images of pure (a) f-CD and (b) Cu-B-CD catalysts.

F1Gure 5: TEM images of pure (a) f-CD and (b) Cu-f-CD samples.
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TaBLE 1: The catalytic activity of the catalysts.
Entry Catalyst FAME%
1 B-CD (native) nd
2 Cu(SO4)25H20 nd
3 Cu(S04),5H,0+-CD o
4 (simple physical mixture)®
5 CuO nd
6 Cu-B-CD 88.6

Condition of reaction: the ratio of methanol-oil: 40:1; the amount of
catalyst: 8 wt.%; reaction temperature: 120°C; reaction time: 9 h; “physical
mixing; nd: not detected; FAME%: the data of biodiesel production
percentages.

copper, is predominantly present in this complex, and co-
ordination compounds were formed such as CuCO; and
CuO. For this study, it can be deduced that a similar C-O-Cu
bond existed in the Cu-S-CD catalyst. This is consistent with
previous reports [21, 22] and FT-IR (Figure 1, supporting
information (available here).

3.1.4. N, Adsorption-Desorption Isotherm. The specific
surface area (SSA) and pore size are also the main factors
that affect the activity of the catalyst. So, SSA and pore size
distribution of the -CD and Cu-B-CD were studied via N,
adsorption-desorption isotherm and calculated by BET and
BJH methods, respectively. As can be seen from Figure 3,
B-CD did not display apparent hysteresis loops, but hys-
teresis ring closure point of the Cu-f3-CD appeared at p/p, =
0.4. In addition, the dramatic increase trend in the high-
pressure section indicated that it belongs to the type IV
isotherms and type H4 hysteresis ring [22, 23]. These results
demonstrated that 3-CD had no distribution of pores and
the Cu-fB-CD possessed slit hole formed by multilayer
structure, and its average pore size is 17.2 nm. Those were
consistent with SEM and TEM studies. Apart from this, the
SSA of Cu-B-CD catalyst was 1.9 m*/g, which is much larger
than that of 5-CD (0.1 m2/g) [24].

3.1.5. SEM and TEM. The morphology of the catalyst is
typically correlated to its activity directly [25]. In order to
understand the structure of Cu-f-CD, the catalyst was
characterized by SEM and TEM, and the results are shown
in Figures 4 and 5. The surface of native B-CD is
smooth (Figure 4), and the obvious pore structure cannot
be observed (Figure 5), but the Cu-f3-CD showed multihole
structure and heterogeneous mesoporous structure (Figure 4).
Furthermore, a uniform worm-like duct structure of the Cu-
B-CD was also observed (Figure 5). So, it can be concluded
that the Cu-$-CD is a porous mesoporous material, and it
can be inferred that Cu-f-CD catalyst has a larger specific
surface area (SSA) than $-CD, which was confirmed by the
BET test results. As we all know, the catalyst with porous
mesoporous structures, small particles, and large SSA can
improve the activity of the catalyst [26, 27], and the Cu-
B-CD should have a high catalytic activity. Accordingly, the
results of catalytic performance of the catalysts are shown in
Table 1.
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3.2. Catalytic Performance of the Catalysts. Catalytic per-
formance of the relevant catalysts is shown in Table 1
(supporting information). As can be seen from Table 1,
B-CD (native), Cu(SO,),5H,0, Cu(SO,),5H,0+p-CD
(simple physical mixture), and CuO did not show catalytic
activity (Table 1, entries 1-5). In contrast, the Cu-$5-CD
showed a higher activity (FAME yield: 88.6%, Table 1,
entry 6) under 40:1 methanol-oil ratio, 8 wt.% catalyst
load, 120°C reaction temperature, and 9 h reaction time. In
combination with the relevant card results that can be
determined its catalytic activity, it can be deduced that the
superior activity of Cu-B-CD is mainly due to the Cu®* and
B-CD which formed the Cu-OH bonds, and the Cu** may
act as electrophilic species to activate ester. Furthermore,
the Cu-OH bonds act as nucleophilic species to attack
the carbon of the ester, and two synergies may weaken
the ester bond and make -OCH; attack ester bonds
easily [17].

3.3. Effect of Single Factor on the FAME Content. In order to
optimize the biodiesel catalytic process of the Cu-f-CD,
reaction temperature, methanol/oil molar ratio, catalyst
loading, and reaction time were studied, respectively. The
results are shown in Figure 7, and in most chemical re-
actions, reaction temperature is one of the most important
parameters. The choice of temperature has a direct effect
on the reaction rate and product yield. As can be seen
from Figure 7(a), the FAME content is only 20% at 65°C,
but it increased with the increase of temperature. When
the temperature reached 120°C, the maximum yield is
obtained, while continuing to increase the temperature to
140°C leads to no change in the FAME. Figure 7(b) shows
the effect of the molar ratio of methanol to oil in the
reaction system. When the methanol-oil molar ratio is 10:
1-50:1, it is proportional to the yield of FAME. As the
methanol-oil molar ratio is 40:1 and 50:1, the yield of
FAME was 88.39% and 89.11%, respectively. It can be
considered that the increase of the ratio of methanol-oil
yields of FAME can be neglected. Taking into account the
catalyst concentration and cost, the methanol-oil molar
ratio need not be further increased; therefore, the optimal
molar ratio of methanol to oil is 40:1 in this reaction.
Such a high molar ratio of methanol to oil is related to the
characteristic of f-CD having alcoholicity [28]. The cat-
alyst is the most critical factor in transesterification, and
Figure 7(c) shows the yield of FAME under 2 wt.%-8 wt.%
catalyst; the content of FAME is lowest with 2 wt.%
catalyst amount, and with the increase of the amount of
catalyst, the yield of FAME also increases. The yield of
FAME reached its maximum when increasing to 8 wt.%.
Therefore, the optimal catalyst loading should be chosen
to be 8 wt.% for the cost problem. The reaction time is
also a key factor affecting the reaction result. The im-
pact of reaction time on the yield of FAME is shown in
Figure 7(d). It can be seen from the Figure 7(d) that the
conversion rate of FAME reached the maximum after 9 h.
This shows that 88.63% FAME conversion was received
under the optimized reaction conditions of 40:1 molar


http://downloads.hindawi.com/journals/ijce/2018/7452817.f1.docx

International Journal of Chemical Engineering

Clsscan B

Clsscan A

Intensity (a.u.)

Clsscan C

N

T ~—

Intensity (a.u.)

Cu2p3/2

Cu2pl/2

T T T T T T T T T T T T T T T T T T T
278 280 282 284 286 288 290 292 294 296
Binding energy (eV)

(a)

920 925 930 935 940 945 950 955 960 965 970
Binding energy (eV)

(b)

FIGURE 6: The XPS spectra of Cu-B-CD catalyst.
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F1GURE 7: The effect of single factor on the FAME content. (a) Effect of temperature on FAME content (methanol/oil molar ratio = 40:1,
CA =8 wt.%, t =9h). (b) Effect of methanol/oil molar ratio on FAME content (CA = 8 wt.%, T'=120°C, t = 9 h). (c) Effect of catalyst loading
on FAME content (methanol/oil molar ratio =40:1, T=120°C, t =9 h). (d) Effect of time on FAME content (methanol/oil molar ratio = 40:1,

T =120°C, CA = 8 wt.%).

ratio of methanol/oil, 8 wt.% Cu-$-CD amount, 120°C,
and 9h.

Overall, Cu-f-CD was stable until around 150°C, which
was a mesoporous material having a large SSA (1.8892 m*/g)
compared with B-CD (0.11 m*/g), and its activity lies in the
synergy of f-CD and copper.

4. Conclusions

The Cu-f-CD was prepared by a simple method, which was
found to be a kind of uniform worm-like duct and porous
mesoporous structured material. It was successfully applied
to biodiesel production, giving 88.63% FAME conversion



under optimal conditions. This study further demonstrated
that Cu”" and B-CD in the catalyst played a synergistic
catalytic role, greatly improving the activity of Cu-based
catalyst in transesterification.
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Supplementary Materials

FT-IR of f-CD and Cu-$-CD is shown in Figure 1; it could
be seen that peaks of the single f-CD and Cu-$-CD did not
show significant change, and it is obvious that the Cu-$-CD
retains the structure of the S-CD. But, there are obvious
differences in 800-400cm™' and 1600-1200cm™"; these
changes may be caused by the Cu-OH of Cu and cyclo-
dextrin [1-3]. (Supplementary Materials)
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