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Diaper waste was calcined above 400°C after impregnated in the solution of nickel nitrate. The as-prepared diaper waste-derived
materials were used as magnetic catalysts for the synthesis of glycerol carbonate (GC). Structure and catalytic ability investigations
on the catalysts calcined at different temperatures indicated that calcination temperature was an important factor affecting the
property of catalysts. It was found that the catalyst obtained at the calcination temperature of 700°C (named DW-Ni-700) showed
the best performance. When DW-Ni-700 was used in the synthesis of GC, GC yield reached 93.2%, and the magnetic property of
DW-Ni-700 facilitated the catalyst separation process. Meanwhile, DW-Ni-700 showed high reusability in the reaction. After four

times reuse of DW-Ni-700, GC yield decreased less than 4%.

1. Introduction

In the past few decades, to meet the increasing demand for the
eco-friendly energy, biodiesel industry was developed rapidly
[1, 2]. With the development of biodiesel industry, some prob-
lems arose. One of these problems is that how to deal with the
main by-product of the biodiesel industry, glycerol [3, 4]. In
some countries, glycerol was dumped directly, leading to the
serious environmental problems [5, 6]. Therefore, how to effi-
ciently use by-product, glycerol, has become an important
problem affecting the development of biodiesel industry [7, 8].

Using glycerol to produce value-added chemical products
is a solution. Glycerol carbonate (GC) is such a chemical
product, which can be produced from glycerol. Several
methods have been reported to produce GC from glycerol
[9]. Among these methods, due to the high GC yield and
mild reaction condition, using the transesterification of glyc-
erol with dimethyl carbonate (DMC) to produce GC has
drawn more and more attention [10]. During the investiga-
tion on the transesterification of glycerol with DMC, it was

found that base catalyst can greatly affect the produced GC
quality. Homogeneous catalysts such as KOH and NaOH
can greatly accelerate the reaction, leading to the high GC
yield. However, it is difficult to separate these homogeneous
catalysts with GC product.

Thus, heterogeneous catalysts, including alkali metal
oxides, hydrotalcites, ionic liquids, alkali metal salts, and
lipase, were developed as the alternative of homogeneous cat-
alysts [11, 12]. In recent years, waste-derived materials have
attracted more and more attention because of the negligible
cost of feedstock [13] Some industrial waste, agricultural
waste, and municipal waste have been used as the feedstock
to prepare catalyst, which showed similar catalytic perfor-
mance as the catalysts prepared from the pure chemicals
[14, 15]. Compared with homogeneous catalysts, all these
developed heterogeneous catalysts have the advantages of
easy separation and low pollution. Nevertheless, to reuse
these heterogeneous catalysts, centrifugation or filtration
methods are needed, which not only consumes energy and
time but also causes the loss of catalyst [16].
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To solve this problem, magnetic heterogeneous catalyst
(MHC) was developed, which can be efficiently separated
from the reaction system with less catalyst loss by applying
an external magnetic field [15, 17-19]. Rezayan et al. pre-
pared a zeolite-supported MHC, KOH/ZSM5-Fe;0,, which
showed high catalytic ability and separation efficiency in
the synthesis of biodiesel [20]. Tudorache et al. immobilized
lipase onto the surface of magnetic particle to prepare a bio-
MHC and successfully used it to synthesize GC [21].
Although MHC:s exhibited obvious advantages in the catalyst
separation process, the cost and complex preparation proce-
dure led the large-scale application of MHC difficult. There-
fore, it is a requirement to find a simple and low-cost method
to prepare MHC.

Diaper waste is one of the typical municipal wastes. In
some countries, diaper waste accounts for about 6% of
municipal waste [22]. As a product prepared from polymer
materials, diaper is mainly composed of fluff pulp, super
absorbent resin (sodium polyacrylate), and non-woven poly-
propylene, which are non-biodegradable. Direct disposal of
diaper waste can cause environmental problems [23]. There-
fore, many investigations on how to utilize diaper waste sci-
entifically were carried out. By now, it has been found that
diaper waste can be used as the feedstock of compost and
anode material [24, 25]. Finding new methods to utilize dia-
per waste is attracting more and more attention.

Recently, using polymer material to prepare catalyst has
drawn more and more attention [26]. In this work, a poly-
meric waste, diaper waste, was used as feedstock to prepare
MHC for the first time. After being impregnated in the solu-
tion of nickel nitrate, diaper waste was calcined above 400°C
to prepare a series of base MHCs. X-ray diffraction (XRD),
the Fourier-transform infrared spectra (FTIR), the Brunauer-
Emmet-Teller specific surface area analyze (BET), scanning
electron microscope (SEM), energy-dispersive X-ray spectrum
(EDX), magnetic performance test, and acid-base titration
technique were applied to characterize the structure of the
MHCs. Moreover, the magnetic separation and catalytic abil-
ity of the MHCs were compared. The MHC, which exhibited
the best performance, was selected to investigate the effect of
the reaction condition on the synthesis of GC and the reusabil-
ity of the diaper waste-derived MHC in the reaction.

2. Materials and Methods

2.1. Materials. All the reagents, including DMC, glycerol,
nickel nitrate, and methanol, were purchased from Tianjin
Damao Chemical Reagent Co., China. Diaper waste used in
this work was acquired from the local municipal waste.

2.2. Catalyst Preparation. To prepare the MHC, diaper waste
was firstly dried at 100°C for 4h to remove the adsorbed
water, and the dried diaper waste was cut into small pieces.
Then, diaper waste was impregnated into the nickel nitrate
solution of 0.5mol/L with the ratio of 5g diaper waste to
10mmol nickel nitrate. After being impregnated at room
temperature for 12h, the fully impregnated diaper waste
was dried at 110°C for 6h. The diaper waste doped with
nickel nitrate was calcined above 400°C in a nitrogen atmo-

International Journal of Polymer Science

sphere to prepare the MHCs. The as-prepared MHC was
named DW-Ni-t, where ¢ indicated the calcinations temper-
ature. For example, the catalyst obtained at the calcination
temperature of 700°C was named DW-Ni-700.

2.3. Characterization of Catalyst. Scanning electron micro-
scope (Phenom Pro X, Netherlands) was used to observe
the surface morphology of the catalyst calcined at different
temperatures. The element composition was detected by
energy-dispersive X-ray spectrum fitted with the same equip-
ment. The functional group of catalyst was investigated by an
infrared analyzer (IR-prestige21, Japan). The KBr tabletting
method was used to prepare sample and the scanning scope
was 4000-400 cm ™. To investigate the crystal structure of cat-
alyst, the X-ray diffraction instrument (X. Pert Pro Mpo
PW3040, Netherlands) was used at 40kV and 30mA. All
MHCs were scanned in the 26 range of 5°-80° at a scanning
speed of 4°min~". A vibrating sample magnetometer (Lake
Shore 7410, USA) was used to characterize the magnetic
property of MHC:s. Specific surface area of catalyst was mea-
sured by a nitrogen adsorption/desorption isotherms at 77 K
by the Brunauer-Emmet-Teller method (JW-BK122W,
China). Before analysis, the catalysts were degassed at
120°C for 2h to remove moisture absorbed on the surface
of samples. The acid-base titration technique was carried
out according to the reported literature [27].

2.4. Transesterification of Glycerol with DMC. Transesterifi-
cation reaction of glycerol with DMC was carried out in a
100 mL three-necked flask, which was fitted with a thermom-
eter, reflux condenser, and mechanical stirrer. To synthesis
GC, the mixture of glycerol (9.2g, 0.1 mol), DMC (27.0g,
0.3mol), and the MHC (1.1g, 3wt.%) was thermal heated
at 80°C and stirred at 500 rpm for 60 min. After that, the reac-
tion was stopped, and the MHC was magnetic separated
from the product using a magnet. A gas chromatography
(Agilent GC-7890A, USA) was applied to determine the
composition of the product. GC yield and glycerol conver-
sion were calculated as reported in literatures [28].

3. Results and Discussion

3.1. Characterization of Catalysts. The surface morphology of
diaper waste-derived MHC:s is presented in Figure 1. Accord-
ing to the SEM images, the surface of DW-Ni-400 was rela-
tively smooth, and no obvious pore structure can be
observed on its surface, which indicated the incomplete
decomposition of feedstock. When the calcination tempera-
ture was higher than 400°C, more and more pore structures
can be observed on the surface of catalyst. The foamy-like
morphology can be observed on the surface of DW-Ni-700
and DW-Ni-800. Moreover, the EDX mapping images indi-
cated that the Ni and Na elements dispersed uniformly on
MHC:s. The SEM results demonstrated that when the calcina-
tion temperature was higher than 400°C, the decomposition
of the feedstock became violent, leading to the disappearance
of the smooth surface morphology.

The FTIR spectra of the catalysts is shown in Figure 2. All
of these catalysts exhibited similar FTIR pattern; the band at
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F1GURE 1: SEM images and corresponding EDX elemental mapping of (a) DW-Ni-400, (b) DW-Ni-500, (c) DW-Ni-600, (d) DW-Ni-700, and
(e) DW-Ni-800.

3433 cm™ was attributed to the vibration of hydroxyl bond.  spectrum of DW-Ni-400 was a little different from other cat-
The bands at 1620cm™, 1437cm’, and 880cm™ were  alysts. When DW-Ni-400 was examined, there were two
assigned to the vibration of carbonate [17, 29]. The FTIR extra bands that can be observed. One band was at
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FiGure 2: FTIR spectra of the catalysts prepared at different
calcination temperatures.
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FIGURE 3: XRD of the catalysts prepared at different calcination
temperatures.

2920 cm™, and another band was at 1560 cm ™. Since the bands
at 2920 cm™ and 1560 cm™’ can be attributed to the vibration of
C-H and N-H bonds [30, 31], respectively, the existence of
these two bands indicated that a certain amount of undecom-
posed organic compound was contained in DW-Ni-400. The
FTIR investigation results indicated that organic compound
in diaper waste can be totally decomposed above 500°C, and
carbonate was formed during the calcinations process.

Figure 3 shows the XRD spectra of the catalysts calcined
at different temperatures. In the diffraction pattern of DW-
Ni-400, the diffraction peaks that appeared at 20 of 43.3",
62.5°, and 75.5° were assigned to the diffraction of NiO
(JCPDS 75-0197). The sharp diffraction peaks that appeared
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FIGURE 4: Hysteresis loop of the catalysts prepared at different
calcination temperatures.

TaBLE 1: Physicochemical properties of catalysts prepared at
different calcination temperatures.

Catalyst Nis BET surzface area  Total basicity
(Am*/kg) (m7/g) (mmol/g)
DW-Ni-800 9.8 26.7 4.8
DW-Ni-700 7.9 59.9 4.7
DW-Ni-600 6.6 56.6 4.6
DW-Ni-500 53 27.2 34
DW-Ni-400 32 8.4 2.1
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FIGURE 5: The catalytic activity of the DW-Ni catalysts. Reaction
conditions: glycerol: 0.1mol (9.2g), DMC: 0.3mol (27.0g),
catalyst: 3wt.% (1.08 g), temperature: 75°C, and time: 1.5h.
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F1GURE 6: Effect of reaction condition on the synthesis of GC. (a) Effect of reaction time. (b) Effect of reaction temperature. (c) Effect of DMC
to glycerol molar ratio. (d) Effect of Catalyst amount. The detailed reaction condition was listed in Table S1.

at 44.5°, 51.4°, and 76.4° indicated the existence of Ni
(JCPDS87-0712) [32]. The weak diffraction peaks of Na,CO,
can be observed at 27.6°, 30.1°, 33.0°, 34.5°, 35.2°, 37.8", 39.7°,
41.5°, 48.3°, and 46.6° (JCPDS 77-2082). Another phenome-
non can be observed from Figure 3 was that, with the calcina-
tion temperature increased from 400°C to 800°C, the strength
of the diffraction peaks corresponding to Ni and Na,CO,
increased while the strength of the diffraction peaks corre-
sponding to NiO decreased. When the calcination tempera-
ture was higher than 700°C, no diffraction peaks of NiO
can be observed. Moreover, the broad peak appeared at
around 23° (Figure S1) demonstrated the existence of
carbon material, which was composed by amorphous
carbon and graphitized carbon [33]. The existence of these
diffraction peaks indicated that DW-Ni-400, DW-Ni-500,
and DW-Ni-600 were mainly composed of Ni, NiO,
Na,CO,, and carbon while DW-Ni-700 and DW-Ni-800

were mainly composed of Ni, Na,CO,, and carbon
(Scheme S1). In diaper waste-derived MHCs, Na,CO; can
provide the necessary basicity for the synthesis of GC, and
the low solubility of Na,CO; in methanol and glycerol
made it a good heterogeneous catalyst [34]. The existence
of Ni made MHCs magnetic, and amorphous carbon was
the suitable supporter which can stabilize basic sites [16,
35]. The existence of NiO had no benefit for improving the
catalyst performance. Thus, DW-Ni-700 and DW-Ni-800,
which were the composite of Ni, Na,CO,, and carbon,
could show much better performance in the synthesis of GC.

Figure 4 presents the hysteresis loops of the catalysts
obtained at different calcination temperatures. It can be seen
from the diagram that the catalyst obtained at the higher cal-
cination temperature exhibited the higher saturation magne-
tization (Ms). As shown in Table 1, the Ms of DW-Ni-800
and DW-Ni-700 was higher than 7 Am?/kg while the Ms of



DW-Ni-400, DW-Ni-500, and DW-Ni-600 was lower than
7 Am’/kg. Since the Ms of the catalyst was higher than
7 Am?/kg, the magnetic separation of catalyst can be per-
formed easily [36]; the VSM investigation of the catalysts
indicated that DW-Ni-800 and DW-Ni-700 could be excel-
lent MHC.

The specific surface area and total basicity of the catalysts
calcined at different temperatures were determined, and the
results are shown in Table 1. With the increase of calcination
temperature from 400°C to 800°C, the specific surface area
of the corresponding catalyst firstly increased and then
decreased. When the calcination temperature rose from
400°C to 700°C, with the decomposition of feedstock, the spe-
cific surface area increased from 8.4 m*/g to 59.9 m*/g. This
was in accordance with the SEM results that pore structure
was formed during calcination process. When the calcination
temperature rose to 800°C, the specific surface area decreased
to 26.7 m*/g. This was due to the excessive decomposition of
carbon material formed during the calcination process, lead-
ing to the pore collapse and the decrease of specific surface
area. To obtain high specific surface area catalyst, the calcina-
tion temperature should not be higher than 800°C. Further-
more, it can be seen from Table 1 that the total basicity of
the catalysts increased with the calcination temperature.
The total basicity of DW-Ni-600, DW-Ni-700, and DW-Ni-
800 was all higher than 4.5 mmol/g, while the total basicity
of DW-Ni-400 and DW-Ni-500 was lower than 3.5 mmol/g.
The difference of the specific surface area and total basicity
between the prepared catalysts can greatly affect their cata-
lytic ability.

The catalytic performance of the diaper waste-derived
MHC:s in the synthesis of GC was examined and the corre-
sponding results are presented in Figure 5. Both DW-Ni-
700 and DW-Ni-800 showed high catalytic performance with
the GC yield of higher than 90%, while the GC yield was
lower than 90% when DW-Ni-400, DW-Ni-500, and DW-
Ni-600 were used. Compared with DW-Ni-800, DW-Ni-700
can be obtained at the relatively low calcination temperature,
and the specific surface area of DW-Ni-700 was much higher
than that of DW-Ni-800. Therefore, DW-Ni-700 was chosen
as the qualified candidate for the synthesis of GC.

3.2. Effect of Reaction Condition on the Synthesis of GC.
Enough reaction time is required to obtain the maximum
GC yield. However, the excessive reaction time can cause
the beginning of the side reactions [37]. Thus, the effect of
reaction time on the synthesis of GC was firstly investigated,
and the result is shown in Figure 6(a). When the reaction
time increased from 30 min to 60 min, the glycerol conver-
sion increased from 81.9% to 96.6%, and the GC yield
increased from 79.1% to 93.3%. When the reaction time is
longer than 60 min, the GC yield and glycerol conversion
changed slightly. Therefore, the suitable reaction time for
the synthesis of GC by DW-Ni-700 was 60 min.

High reaction temperature can provide enough reaction
energy, whereas the excessive reaction temperature can lead
to the decomposition or evaporation of reagents. The effect
of reaction temperature on glycerol conversion and GC yield
is shown in Figure 6(b). The conversion of glycerol and the
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F1GURE 7: XRD patterns of the DW-Ni-700catalyst: (a) fresh DW-
Ni-700 and (b) reused DW-Ni-700.

yield of GC increased gradually from 65°C to 80°C. When
the reaction temperature was 80°C, the highest conversion
of glycerol, 96.6%, and GC yield, 93.2%, was obtained. With
the increase of temperature, the conversion of glycerol and
the yield of GC decreased slightly. This was because of the
fact that, when the reaction temperature was higher than
80°C, the evaporation of DMC happened, leading to the fact
that there was no enough DMC to react with glycerol [7, 38].
Thus, 80°C was the suitable reaction temperature.

DMC to glycerol molar ratio can influence the diffusion
of reagents to catalyst, which can consequently affect the con-
version of glycerol and the yield of GC [39]. The effect of the
molar ratio of DMC to glycerol on the reaction is shown in
Figure 6(c). When the DMC to glycerol molar ratio increased
from 1:1 to 3:1, the glycerol conversion and GC yield
increased from 51.8% and 48.1% to 96.6% and 93.2%, respec-
tively. This result demonstrated that a relative high molar
ratio of DMC to glycerol has a benefit for the formation of
GC. When the molar ratio of DMC to glycerol was higher
than 3:1, the GC yield hardly increased and the excessive
DMC can decrease the utilization efficiency of feedstock.
The DMC to glycerol molar ratio of 3:1 was most suitable
for the reaction.

The effect of catalyst amount on the reaction is shown in
Figure 6(d). When the amount of catalyst, DW-Ni-700,
increased from 1wt.% to 5wt.%, the conversion of glycerol
and the yield of GC increased from 84.3% and 81.1% to
96.6% and 93.2%, respectively. When the catalyst amount
was higher than 5%, there was almost no change in the con-
version of glycerol and the yield of GC. Catalyst can provide
the necessary alkaline active sites for the synthesis of GC.
However, when the catalyst amount was too high, it can lead
to the agglomeration of catalyst and limit the further
improvement of glycerol conversion and GC yield [40]. The
suitable catalyst amount for the synthesis of GC was 5%.
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TaBLE 2: Comparison of the DW-Ni-700 with reported heterogeneous catalysts.

Entry Catalyst Feedstock Yieldf (%)*  Reuse times  Yield, (%)° Ref.
LiCl/CaO LiCl, CaO 94.2 5 87.3 [41]

2 Ti-SBA-15 SBA-15, titanium isopropoxide 81.8 3 66.4 [42]

3 OPFA Oil palm fuel ash 94.5 5 81.5 [3]

4 RM-500 Red mud 92.0 4 8.2 [29]

5 CoFe,0,@(Ca0-Zn0O)  Co(NO,),, Zn(NO,),, CaCl,, Fe(NO;), 96.9 4 86.8 [43]

6 DW-Ni-700 Diaper waste, Ni(NO,), 93.2 4 89.6 Present work

GC yield when the fresh catalyst was applied. "GC yield after the catalyst was recycled for several times.

3.3. Reusability of Catalyst. Reusability is an important prop-
erty for heterogeneous catalyst. The good reusability of cata-
lyst means the longer service life and the potential industrial
application. Thus, the reusability of DW-Ni-700 was tested.
In the reuse experiment, the catalyst was firstly used under
the optimum reaction condition and then separated from
the product by magnet. After being washed with methanol,
the catalyst was dried in an oven at 100°C for 2 hours. The
recovered catalyst was used in the next reaction cycle. The
reuse experiment result of catalyst is shown in Figure S2.
The fresh catalyst showed high glycerol conversion, 96.6%,
and GC yield, 93.2%. After being used for four times, the
glycerol conversion and GC yield decreased to 92.8% and
89.6%, respectively. Both glycerol conversion and GC yield
have decreased by less than 4%. This result indicated the
high reusability of DW-Ni-700.

In order to find out the reason for the decline of the cat-
alytic performance of DW-Ni-700 after four times reuse,
XRD analysis of fresh DW-Ni-700 and reused DW-Ni-700
was conducted. As shown in Figure 7, the diffraction peak
of Ni did not change, while the diffraction peak of Na,CO,
changed slightly after the reuse experiment. The diffraction
peak of Na,CO; at 27.6" can hardly be observed in the reused
sample, indicating the leaching of Na,CO, during the reac-
tion. EDX is another technique which can investigate the
leaching of the active site of catalyst [35]. It can be observed
form Table S2 that the main surface elements of the fresh
DW-Ni-700 were sodium, nickel, oxygen, and carbon, with
weight percentage all higher than 12%. The weight
percentage of nitrogen, chlorine, and potassium was lower
than 3%. After the reuse experiment, the content of Na in
DW-Ni-700 decreased by more than 7%, indicating the
leaching of Na,CO; in the reaction. XRD and EDX
investigation results indicated that the Na,CO; leaching
was the reason for the decrease of the catalytic ability of
DW-Ni-700.

3.4. Comparison of DW-Ni-700 with Other Reported
Heterogeneous Catalyst. Developing high-performance and
low-cost heterogeneous catalyst is an important task in the
field of GC synthesis. A lot of heterogeneous catalysts have
been developed in the past decades. Table 2 shows the cata-
lytic ability of some reported heterogeneous catalysts. The
presented heterogeneous catalysts exhibited high catalytic
ability with the GC yield higher than 90% when they were
used in the GC synthesis. To prepare LiCl/CaO and Ti-

SBA-15, the purchased chemical reagents were needed dur-
ing the catalyst preparation process, which can increase the
catalyst preparation cost. OPFA and RM-500 were prepared
from waste materials. The negligible feedstock cost made
them superior to LiCl/CaO and Ti-SBA-15. However, OPFA
and RM-500 can only be separated from the product by the
filtration method, which can lead to the consumption of
energy and the loss of catalyst. Moreover, the reusability of
RM-500 was not satisfactory because GC yield decreased
more than 70% after it was used for three times. When
CoFe,0,@(Ca0-Zn0) and DW-Ni-700 were used as the cat-
alyst in the GC synthesis, magnetic separation can be carried
out after the reaction, leading to the high separation perfor-
mance compared with OPFA and RM-500. Considering the
complex preparation process and relative high feedstock cost
of CoFe,0,@(Ca0-Zn0), the wide application of CoFe,
0,@(Ca0-Zn0) was limited. Thus, the simple preparation
process, high catalytic ability, and easy separation process
made DW-Ni-700 a high-performance and low-cost MHC
for the GC synthesis.

4. Conclusion

It is a simple method to prepare the MHC for the synthesis of
GC from a polymeric waste, diaper waste, by impregnation
and calcination techniques. The prepared catalyst, DW-Ni-
700, was the composite of Ni, Na,COj;, and carbon. The rel-
ative mild preparation condition, high total basicity
(4.7 mmol/g), and specific surface area (59.9 m2/g) of DW-
Ni-700 made DW-Ni-700 an ideal catalyst for the synthesis
of GC. When DW-Ni-700 was used in the synthesis of GC,
the conversion of glycerol reached 96.6%, and the yield of
GC reached 93.2%. Meanwhile, DW-Ni-700 can be magnet-
ically separated from the product. After four times reuse of
DW-Ni-700, the yield of GC decreased by less than 4%.
Compared with the reported heterogeneous catalyst, DW-
Ni-700 is a low-cost and high-performance catalyst. The
development of DW-Ni-700 provided a new way not only
to prepare magnetic heterogeneous catalyst but also to utilize
diaper waste.
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