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Humic acid-induced synthesis of hierarchical basic copper carbonate/AIOOH
microspheres and its enhanced catalytic activity for 4-nitrophenol reduction
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One-pot synthesis of basic copper carbonate/AIOOH microspheres with hierarchical structure in the absence and
presence of humic acid is presented. The synthesized microspheres are characterized by SEM, EDS, TEM, XRD, FT-IR and
TGA data. The catalytic ability of these hierarchical structures has been evaluated with reduction of 4-nitrophenol to
4-aminophenol with excess amount of NaBH, as a model reaction. The reduction is regarded as a pseudo first-order reaction
and the activation energy calculated to from the Arrhenius plots. The urchin-like HA-BBC/AIOOH shows better catalytic
performance than the pure BBC/AIOOH samples with flower-like structure.
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Hierarchical structure

Cu?"ion, as one of the heavy metal ions, is poisonous
to environment. Therefore, conversion of Cu® ion
into copper catalysts is significant. For instance,
Cu-containing hydrotalcites are useful as catalysts or
catalyst precursors due to their large surface area,
high catalytic activity, good thermal stability, and
environmentally friendly™ * and have attracted great
attention and been widely applied®®. However, the
Cu-containing hydrotalcites are difficult to the
synthesis due to the Jahn-Teller distortion”®.
Consequently, much effort has been made to prepare
hydrotalcites containing copper for different
purposes® *°. Moreover, an increasing number of other
Cu-containing catalysts are being researched and
applied, such as Cu,0", CuO%, Cu-M (M: other
metals) mixed oxides” ****  and Cu-based alloys™.
The principal component of humic substances humic
acid (HA) is soluble in dilute alkali solution but
insoluble in the solution of pH < 6.5 (ref. 16). A variety
of organic functional groups, notably carboxylate and
phenolate groups endows HA the ability of absorbing
metal ions such as Mg*, Ca*, Cu®, Fe*, AP
(ref. 17). Pandey et al.'® studied the stability of
metal-humic acid complexes and their crucial role in
environmental detoxification. Tan et al." reported that
humic acid is capable of detoxifying lakes affected by
metal pollution due to its enormous chelation
capacity™®. Furthermore, the influence of humic acid on

the aggregation kinetics of carbon materials, such as
fullerene nanoparticles”® and single-walled carbon
nanotubes has also been studied®. In recent years, there
has been an increasing interest in the synthesis of
nanoparticles in the presence of humic substances as a
novel cheap and green template. Akaighe et al.?
reported the formation of humic acid-induced silver
nanoparticle  under  environmentally  relevant
conditions, while Polyakov et al.?® investigated the
constrained growth of anisotropic magnetic 5-FeOOH
nanoparticles in the template of humic substances.
CuAl hydrotalcites with large surface area were
expected to be produced in the presence of humic
acid.  However, hierarchical basic  copper
carbonate/AIOOH (BCC/AIOOH) microspheres were
obtained under our experimental conditions.
Nitrophenol reduction is presently considered as a
benchmark reaction to test a catalyst nanoparticle®.
To our surprise, the hierarchical microspheres
exhibited excellent catalytic ability for 4-nitrophenol
reduction with sodium borohydride. In the present
work, we compare the morphology and catalytic
ability of two microspheres, formed in the absence
and presence of humic acid as template. We report a
direct experimental evidence of the template role of
humic acid in the synthesis of BCC/AIOOH
microspheres. In addition, the results reveal the stable
nature and good catalytic ability of this catalyst.
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Materials and Methods

CU(N03)2'3H20, AI(N03)39H20, and NaBH4
were purchased from Tianjin Basf Co., Ltd (China).
Urea was purchased from Kay Tong Chemical
Reagents Co., Ltd (Tianjin, China), while
4-nitrophenol and humic acid were purchased
from Aladdin (Shanghai, China). All reagents
employed were of analytical grade and used

without further purification. Doubly distilled
deionized water was used throughout the
experiment.

Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) were recorded
on S4800 scanning electron microscope (Japan).
Transmission electron microscopy (TEM) was
performed on JEM-100CX electron microscope
(Japan). X-ray powder diffraction (XRD) data were
collected wusing a Rigaku DLMAX-2550 V
diffractometer (40 kV, Cu Ka; scan speed of
6°/min). UV-vis absorption spectra and kinetic
measurements were recorded on a UV-2450
Shimadzu  vis-spectrometer  (Japan).  Fourier
transform infrared (FT-IR) spectra (KBr as pellet)
were obtained on Thermo Nicolet-380 IR
spectrophotometer  (USA).  Thermogravimetric
analysis (TGA) was carried out on DTG-60AH
Shimadzu thermogravimetric analyzer (Japan).

Photographs were taken by a Canon G11 digital
camera.

Basic copper carbonate/AIOOH and humic acid-
induced basic copper carbonate/AIOOH microspheres
CU(N03)2'3H20

were synthesized as follows:

(0.004 mol), AI(NO)39H,O (0.002 mol), urea
(0.02 mol), and humic acid (0.005 g) were completely
dissolved in water (80 mL) under vigorous stirring.
The control experiment was carried out without
humic acid. The obtained homogeneous solutions
were transferred to two Teflon-lined stainless-steel
autoclaves (100 mL) and sealed to heat at 100 °C
for 48 h. Then, they were cooled to room temperature
naturally. The resulting products were filtered,
washed with ethanol and deionized water in
sequence, and air-dried overnight at room
temperature.

For the catalytic reduction of 4-nitrophenol
(4-NP), 20 pL of 4-NP aqueous solution (0.01 M)
was mixed with 2 mL distilled water in a quartz cell
(1.0 cm path length and 4 mL volume).
Subsequently, freshly prepared 500 uL aqueous
solution of NaBH, (0.2 M) was added, resulting in a
color change from light-yellow to yellow-green.
Then, 20 pL of catalyst dispersion (1 mg mL™) was
added to the above solution. The conversion of
4-NP to 4-AP was subsequently detected via
UV-vis spectroscopy in the range of 200-600 nm.

Results and Discussion

The SEM image in Fig. la shows that a large
quantity of microspheres are distributed randomly
with size of 3-20 um. Magnification of the
SEM image (Fig. 1b) reveals the flower-like
structures of the microsphere with some debris. Also,
some microspheres comprised nanoflakes of irregular
size (Fig. 1c). The SEM image in Fig. 1(d) clearly

Fig. 1-SEM images of BCC/AIOOH (a, b, c) and HA-BCC/AIOOH (d, e, f) samples.
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Fig. 2-EDX images of BCC/AIOOH (a) and HA-BCC/AIOOH
(b) samples.
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illustrates  the  microsphere  morphology  of
HA-BCC/AIOOH composite with size in the range of
3-10 um. Urchin-like morphology along with
nanostrips with some kind of debris is observed on the
surface of HA-BCC/AIOOH samples in the magnified
SEM image (Fig. 1e). The width and length of these
nanostrips are in the ranges of 5-15 and 80-120 nm,
respectively.

The EDS spectrum (Fig. 2) indicates that C, O, Cu,
and Al elements exist in the hierarchical BCC/AIOOH
and HA-BCC/AIOOH microspheres. However, the Al
content in the urchin-like HA-BCC/AIOOH structures
is roughly higher than that of the flower-like
BCC/AIOOH composite.

Figure 3(a) shows the XRD pattern of the
as-synthesized samples. For both, almost all the
diffraction peaks can be assigned to malachite
Cuy(CO3)(OH),. Strong and narrow diffraction peaks
indicate that the product is fully crystallized. It is a
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Fig. 3-(@) XRD patterns, (b) FT-IR spectra of BCC/AIOOH (1) and HA-BCC/AIOOH (2) samples, (c) TGA and DTG curves of
BCC/AIOCH (1, 3) and HA-BCC/AIOOH (2, 4) composites, and, (d) UV-vis absorption spectra of 4-NP before (1) and after addition of

the NaBH4 solution (2).
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little difficult to identify the AIOOH phases
because some diffraction peaks such as (020), (031),
(051) overlaped with those of Cu,(COs3)(OH),.
However, the characteristic peaks (120), (220), (171)
of orthorhombic AIOOH can be observed. Compared
with template-free BCC/AIOOH product, the intensity
of diffraction peak (020) in the HA-BCC/AIOOH
superstructure is lower and the intensity of peak (120)
increases. This phenomenon may be caused by
preferential growth along the (120) plane and closely
packed structure in an ordered fashion. The decrease
in the intensity of diffraction peaks also implies that
the diameter of material decreases.

The FTIR spectra of BCC/AIOOH and
HA-BCC/AIOOH samples show almost no
difference between the two (Fig. 3(b)). There is a
very strong and broad band centered at 3411 cm™
with a shoulder at 3317 cm™, which were assigned to
v,s O-H and vs O-H stretching vibrations. The peak at
1630 cm™ was due to the bending mode of hydroxyl
groups on the surface and in the absorbed water
molecules. The sharp peak at 1060 cm™ with a small
shoulder at 1160 cm™ belongs to 8, O-H and &y
O-H modes, respectively. Three peaks at 750, 622,
480 cm™ are due to the M-O stretching and bending
vibration modes. These characteristic bands agree
with those in the previous reports® ?°. The peaks at
1511 cm™ and 1389 cm™ (1388 cm™) are assigned to
stretching and bending modes of C-O bonds,
respectively.

TGA and DTG curves were plotted to explore the
thermal behavior of BCC/AIOOH and HA-BCC/AIOOH
samples. Two decomposition steps were observed in
these samples (Fig. 3c). For BCC/AIOOH, the first
step, a small and broad DTG endotherm at around
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495 °C with a mass loss of 2.5%, is attributed to
desorption of physically adsorbed water. The second
and last step at about 366.7 °C with a mass loss of
30%, is consistent with CO, and H,O%. In addition, the
removal of hydroxyl bridges from the layer structure of
AIOOH agrees with the theoretical value for
conversion of AIOOH to Al,O;®. The TGA curve
displays the beginning of decomposition of the sample
at about 283 °C, while the final stage of decomposition
was not complete until about 427 °C. However, there is
a little difference in the case of HA-BCC/AIOOH. The
first step, a mass loss of 3.8% at 50.7 °C corresponded
to moisture loss. The second step, the major
endothermic decomposition occurred 365.0 °C with a
mass loss of 32%. This is also attributed to the CO, and
H,O loss. The thermogram shows that the
decomposition of the composite begins at ~287 °C and
the decomposition is finally complete at 438 °C. The
above analysis of the two samples indicates that the
BCC/AIOOH had better stability in heat than the
HA-BCC/AIOOH composite.

In order to evaluate the -catalytic activity of
BCC/AIOOH and HA-BCC/AIOOH composites, the
reduction of 4-NP to 4-aminophenol (4-AP) with an
excess amount of NaBH, was employed as a
benchmark model reaction®. Generally, 4-NP solution
shows a strong absorption peak at 317 nm (Fig. 3d).
Upon the addition of NaBH, solution, the absorption
peak was red-shifted to 400 nm immediately,
corresponding to a color change from light yellow to
yellow-green, due to formation of the 4-nitrophenolate
ion in alkaline environment.

The catalytic reduction of 4-NP to 4-AP over
BCC/AIOOH and HA-BCC/AIOOH composites was
carried out (Fig. 4). After the addition of catalysts, the
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Fig. 4-UV-vis absorption spectra during the catalytic reduction of 4-NP over (a) BCC/AIOOH, and, (b) HA-BCC/AIOOH catalysts.

[Inset: Successive color changes of 4-NP solutions under reduction].
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maximum absorption of 4-nitrophenolate ion at
400 nm gradually decreased with the appearance of a
new absorption peak at 295 nm attributed to 4-AP.
Meanwhile, the color of 4-nitrophenolate ion
disappeared gradually. From the absorption spectra
and the color changes shown in the Fig. 4(a), it is seen
that it required 8 min to catalyze the conversion of
4-NP to 4-AP over BCC/AIOOH microspheres.
However, with the HA-BCC/AIOOH microsphere
catalyst, the absorption peak of 4-nitrophenolate ion
almost diminished completely after 5 min (Fig. 4b).
Presumably, there are two main factors leading to this
difference of catalytic performance. Firstly, an
increase in amount of Al in HA-BCC/AIOOH
composite plays an important role. AIOOH as support
material of noble metal catalysts has been investigated
earlier™® %, In order to investigate the catalytic
capacity of HA-BCCOOH and HA-BCC/AIOOH
catalysts, the catalytic reduction of 4-NP to 4-AP over
HA-BCCOOH catalysts was studied Fig. 5(a). After
the addition of HA-BCCOOH catalysts, the
absorption maximum of 4-nitrophenolate ion at
400 nm gradually decreased with a slight response
from 0 min to 8 min. On increasing the time from
1 min to 3 min, the catalytic activity increased
correspondingly; however, on further increase, the
catalytic activity was almost the same. In Fig. 5(b),
three different absorption peaks of 4-nitrophenolate
ion over HA-BCCOOH and HA-BCC/AIOOH
microspheres are seen. The lower catalytic capacity of
HA-BCCOOH as compared to HA-BCC/AIOOH
catalysts definitely testify that Al in HA-BCC/AIOOH
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HA-BCC/AIOOH catalysts. Secondly, on synthesis
in the presence of HA, the nanostrips morphology
of HA-BCC/AIOOH has larger surface area than
that of BCC/AIOOH samples. As a result, more
reaction sites appear in the HA-BCC/AIOOH
microspheres.

Since excess amount of NaBH, is used in the
reaction, the reduction can be regarded as a pseudo-
first order reaction on the basis of evaluation of the
rate constant with regard to 4-NP only. Therefore, the
reaction kinetics can be described as In(C/Cy) = -kt,
where k is the apparent first-order rate constant
(min™), t is the reaction time. Plots C/C, and In(C/Cy)
versus reaction time for the reduction of 4-NP to 4-AP
over BCC/AIOOH and HA-BCC/AIOOH microspheres
are shown in Fig. 6(a). It is observed that both
BCC/AIOOH and HA-BCC/AIOOH composites
exhibit  high  catalytic activities.  Moreover,
HA-BCC/AIOOH (0.62 min?) shows better
performance than BCC/AIOOH (0.39 min™)
microspheres. This indicates that the catalytic
efficiency was greatly enhanced by the addition of
HA in the synthesis procedure. Furthermore, the rate
constant k of urchin-like HA-BCC/AIOOH catalyst
obtained herein was higher than that of flower-like
Au-Fe;0, heterostructures (0.38 min™) (ref. 30), core-
shell structured Fe;0,@Si0,-Ag magnetic
nanocomposite (0.46 min™) (ref. 31), thiol-stabilized
Augsl ;g monolayer protected clusters (0.08-0.51 min'l)
(ref. 32), coral-like dendrite Ag nanocrystal (0.31 min™)
and banana leaves-like dendrite Ag nanocrystals
(0.10 min™, 0.16 min™) (ref. 33), but was lower than

composite plays an important role. Presumably, that of well-dispersed silver nanoparticles on
increased Al element content can improve the hierarchical flower-like Ni;Si,Os(OH), (0.63 min™)
surface area of the support material of  (ref. 34).
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Fig. 5-(a) UV-vis absorption spectra during the catalytic reduction of 4-NP over HA-BCCOOH catalysts. (b) UV-vis absorption spectra
of 4-NP reduction before (1), over HA-BCCOOH (2), and, HA-BCC/AIOOH (3) catalysts.
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Fig. 6-(a) C/C, versus reaction time for the reduction of 4-NP
over BCC/AIOOH (1), and, HA-BCC/AIOOH (2) catalysts.
[Inset: In(C/Cy) versus reaction time for the reduction of 4-NP
over different composites. Cy and C are the peak absorbance at
400 nm initially and at time t, respectively]. (b) Arrhenius plots of
In(k) wversus 1/T under reduction of 4-NP catalyzed by
BCC/AIOOH (1), and, HA-BCC/AIOOH (2) microspheres in the
temperature range of 288-308 K.

The Arrhenius plots of the reaction rate constants
obtained in the range of 288-308 K (Fig. 6b), was
calculated to be 90 kJ mol* for flower-like
BCC/AIOOH catalyst and 26 kJ mol® for the
urchin-like HA-BCC/AIOOH catalyst. The value for
urchin-like HA-BCC/AIOOH is relatively smaller
than that of flowerlike BCC/AIOOH system, that of
the mainly because the surface area of the urchin-like
HA-BCC/AIOOH is larger than  flower-like
BCC/AIOOH microsphere. This is in good agreement
with the results of previous work® and shows that the
activation energy is greatly dependent on the surface
area of catalyst.

Conclusions

In conclusion, pure BCC/AIOOH microspheres and
HA-BCC/AIOOH  microspheres  with  different
hierarchical structures were synthesized. The SEM,
EDS, TEM, XRD, FT-IR, TGA analyses showed the
hierarchical morphology and the template influence of
humic acid. The catalytic experiments revealed that
urchin-like HA-BCC/AIOOH microspheres has a good
catalytic capability with the apparent first-order rate
constant of 0.62 min™, while that with the flower-like
BCC/AIOOH microspheres was 0.39 min™. The
Ea was 26 kJ mol® and 90 k] mol® for the
urchin-like HA-BCC/AIOOH catalyst and flower-like
BCC/AIOOH catalyst respectively. The urchin-like
HA-BBC/AIOOH showed better catalytic performance
than the pure BBC/AIOOH samples with flower-like
structure for the reduction of 4-NP to 4-AP.
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