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Abstract: This paper presents the synthesis of penta-bismuth hepta-oxide
nitrate, BisO;NOs3, via the chemical precipitation method. After calcination, the
precipitate was characterised by several methods, which included X-ray
powder diffraction, X-ray photoelectron spectroscopy, scanning and
transmission electron microscopy, Fourier transform infrared,
thermogravimetric analysis, BET surface area and pH drift method to
determine the pH of point of zero charge (pHy,.). The study results revealed
that BisO;NOj; had an orthorhombic crystal structure, a surface area of 1.6 m>
¢! and a point of zero charge at pH 9.7. The chemical state of BisO;NO;
indicated the presence of three oxidation states of bismuth centre. Furthermore,
the decolourization ability of BisO;NO; to remove the azo dye was also
evaluated. Although it had lower surface area, the removal efficiency was
extremely good. This finding suggests that BisO;NO; could be used as a
promising adsorbent for azo dye removal. The XPS spectra showed that the
accumulation of dye onto BisO;NO; could be due to the anion exchange
process, suggesting the birth of a new anion exchanger for azo dye removal.

Keywords: Penta-bismuth hepta-oxide nitrate, new anion exchanger, X-ray photoelectron
spectroscopy, methyl orange.

Introduction
Penta-bismuth hepta-oxide nitrate, BisO;NOs, is a layered structure of bismuth oxide that
belongs to the Bi,0;-N,Os systeml. The crystal structure consists of two layers of 2[BiO]*

that are connected by the }[Bi,Og]* units. The 2[BiO]* layers and ,}[Bi,Og]* units form a
framework structure, while the nitrate groups fill the channels in this structure”.
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The preparation of BisO;NO; by the thermal decomposition of basic bismuth nitrate and
bismuth nitrate penta-hydrate has been reported by Kodama (1994)". Tt is also produced as
an intermediate compound in the early stages of thermal decomposition of poly-cationic
[Big0,(OH),](NO;)s . The characterisation of this compound, however, is limited to
thermal analysis and x-ray diffraction pattern. Notably, reports on the use of BisO;NO; as an
adsorbent are very scarce and limited to the removal and solidification of halogenides'*.

The objective of this study is to synthesize BisO;NO; via the precipitation method as a
new pathway to produce this material for commercial yield. To gain good indicators on the
correlation between the structural characteristics of Bis;O;NO; and its adsorptive
performance, several analytical techniques were used. The adsorption ability of BisO;NOj;
was evaluated using the methyl orange (MO) dye as a model pollutant in an aqueous
solution.

Materials and Methods

Materials

In order to synthesise penta-bismuth hepta-oxide nitrate, BisO;NOj3, bismuth nitrate penta-
hydrate, Bi(NO3);.5H,0 (98%, Acros), nitric acid (65%, Fischer Scientific) and ammonium
hydroxide (25%, Merck) were used. The adsorptive performance of the synthesised material
to remove the methyl orange (MO) dye (Sigma-Aldrich) was compared to that of granular
activated carbon, GAC, (KI6070, Kekwa Indah Sdn. Bhd.) and chitosan flakes (Sigma
Aldrich) with a molecular weight of 200,000. GAC was ground, sieved to obtain a uniform
size and oven-dried at 110°C for 24h. All chemicals were used as received, except for
ammonium hydroxide, which was diluted to give a concentration of 50% v/v.

Synthesis of BisO;NO;

Penta-bismuth hepta-oxide nitrate, BisO;NO;, was synthesized by adding the ammonium
hydroxide solution to a 20 ml concentrated nitric acid solution containing 10.0 g of
Bi(NOs);.5H,0 with continuous stirring until pH 9 was obtained. The suspension was aged
for 1h with vigorous stirring. The precipitate obtained was then filtered, washed with
distilled water and oven-dried at 110°C overnight. The resulting powder was calcined in an
open air horizontal tube furnace at 450°C for 1h.

Characterisation

The X-ray powder diffraction (XRD) pattern in the 20 range of 10 - 70° was recorded using
an X-Pert Pro PANalytical PW 3040 MPD (Philips) with CuKa radiation. The Fourier
transform infrared spectra were recorded on a PerkinElmer Spectrum 100 series in the range
of 4000 — 280 cm™ under the attenuated total reflection (ATR) mode using a diamond
module. Thermogravimetric analysis was performed using a TGA/SDTA 851 PerkinElmer
thermal analyzer. The samples were heated in a stream of nitrogen gas flow of 50 ml min™
with a heating rate of 2° min™ up to 800°C. The textural characteristics of BisO;NO;
including the surface area, pore volume and pore size distribution were determined using the
N, adsorption-desorption technique. The N, adsorption-desorption isotherm of the
synthesized BisO;NO; was measured at -196°C on a Quantachrome ASTWin™ version 2.0
sorptometer.
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The pH at the point of zero charge (pHy,.) of the BisO;NO; sample was determined by
the drift equilibrium method reported by Rivera ef al. >°. The series samples of 50 cm® of
NaCl (0.01 molar) as a background electrolyte were prepared. In addition, the initial pH of
the electrolyte solution was adjusted to 2 — 12 by a small addition of HCI or NaOH solution.
A certain amount of BisO;NO; (0.15 g) was added and the solution was shaken at a constant
agitation speed in a water bath shaker for 48 h before the final pH was measured. The pH at
which the curve crossed the line of pHipitia = PHsina Was taken as pHy,..

Microstructure characterisation was carried out using a LEO 912AB energy filter
transmission electron microscope (TEM) and a TEOL TSM 6400 scanning electron
microscope (SEM). Furthermore, the surface chemistry of the adsorbent was determined by
an X-ray photoelectron spectroscopy (XPS). The XPS spectra were acquired at room
temperature with an XPS AXIS ULTRA instrument using the Al-Ko (1486.6 eV)
monochromatic radiation source. Diffuse reflectance spectra were recorded by using a
PerkinElmer, Lambda 35 UV-Vis spectrometer.

Adsorption Studies

One gram of adsorbent was suspended in a 20 ppm, 1.0 L methyl orange dye solution. The
suspension was magnetically stirred for 3 h at 25°C. After the pre-determined time intervals,
10 ml of the dye solution was withdrawn and filtered through a 0.45 um filter. The dye
concentration was determined spectrophotometrically at A.,,x of 463 nm using a UV-1650
PC spectrophotometer (Shimadzu).

Results and Discussion

X-ray Powder Diffraction

Figure 1 shows the XRD profile of BisO;NO;. Most of the diffraction lines could be indexed
by a unit cell of an orthorhombic BisO;NO; (ICDD No. 00-051-0525). Some peaks
belonging to the Bi,O; monoclinic phase were discerned at 20 = 23.17, 48.50, 59.8, 62.50
and 67.64°. Meanwhile, minute traces of the unclacined sample were also detected. The
lattice constants of BisO;NO; were a = 16.28A, b = 5.5480A, and ¢ = 23.3010A. The
particle size of the material estimated by using the Debye-Scherer equation was around 35.6
nm.

Fourier Transform Infrared Spectrum (FTIR)

The type of functional groups appeared on the Bi;O;NOj surface was clarified by using the
FTIR spectrum, as illustrated in Figure 2. Strong absorption bands around 1300 and 1375
cm™ can be assigned to the symmetric and asymmetric stretching modes of the coordinated
NO;™ group”™®. The absorption band at 1031 cm™ indicated the presence of mono-dentate
nitrate groups’. The strong absorption bands that appeared in the range of 300 — 800 cm™
can be attributed to the stretching modes of the Bi-O bonds of BisO;NO;. It appeared that
these results were in close agreement with the reported data for bismuth oxide'*"".
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Figure 1. XRD pattern of BisO;NO; sample (a) and the ICDD 00-051-0525 is included for
comparison (b).
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Thermogravimetric Analysis

The thermal stability and decomposition products of BisO;NO; were evaluated by using the
thermogravimetric analysis (TGA) (Figure 3). As shown in Figure 3, the thermal
decomposition of BisO;NO; involved two steps of weight loss. The first weight loss of 3.2%
observed around 460°C can be attributed to the release of the NO group, while the second
weight loss of 1.0% at 545°C can be assigned to oxygen molecules. The total weight loss of
4.2% was comparable to the reported value of 4.4% observed from the decomposition of
BisO;NO; to a-BiyO;5 at 600°C as suggested in Equation (1) below' 12

Bi;0,NO; - 5/, Bi,05+ NO+ 3/,0, (1)
X-ray Photoelectron Spectroscopy (XPS)

A unique application of any molecule is reflected by its physicochemical properties. Thus,
the chemical environments of the elements detected on the BisO;NOj; surface were analyzed
using the XPS technique. The peak positions were corrected for the surface charge using C
1s peak at 284.5 eV as a reference. The typical spectrum (not shown) showed that Bi, O, N
and C were the elements detected on the BisO;NO; surface. Figure 4a shows the 4f core
electron spectrum of bismuth. The core level peaks located at the binding energies of 158.9
and 163.9 eV can be attributed to Bi 4f;, and Bi 4fs5,, orbitals of the bismuth centre,
respectively. The shoulder observed at higher energy of Bi 4f might be assigned to the
remaining bismuth basic nitrate impurities. The similarity of the binding energies of Bi 4f of
BisO;NO; with that in Bi,O; implying the three oxidation states of bismuth centre'”.

Figure 4b shows the deconvoluted XPS spectrum near the O 1s core level region for
BisO;NO;. The observed peaks showed a marked broadening towards higher binding
energies indicating the presence of high content oxygen groups on the BisO;NO; surface.
The peak at 529.7 eV coincided with the binding energy of O* of bismuth oxide'*'®, hence,
this can be assigned to the binding energy of O” in BisO;NO;. The O 1s peak around 531.0
eV was probably due to the existence of surface carbonate impurities, whereas the O 1s core
level peak observed at 531.6 eV was due to the presence of nitrate groups NO;°.
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Figure 3. Thermogravimetric curves of BisO;NOs.
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Figure 4. XPS results of (a) deconvoluted Bi 4f region and (b) O 1s region of BisO;NOs.

Surface Area, Pore Size Distribution and Microstructure Features

Based on the IUPAC classification, the shape of the N, adsorption-desorption isotherm of
BisO;NO; (Figure 5) belongs to type II isotherm, which implies the presence of certain
amounts of macro- and mesopore walls in the sample'”. The hysteresis loop of BisO;NO;
was of type H3, which associates with plate-like particles giving rise to narrow slit-shaped
pores'®. The pore size distribution determined by the Barret-Joyner-Halenda (BJH) method
can be observed in the inset of Figure 5.
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It could be seen that the sample exhibited a pore size distribution in the mesopore and
macropore domains implying bimodal distributions. The BET surface area, pore volume and
radius of the adsorbent were found to be 1.6 m* g™, 0.033 cm® g and 17.14 A, respectively.
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Figure 5. N, adsorption-desorption isotherm of BisO;NO; and pore size distribution.

On the other hand, the structural morphology of BisO;NO; was studied from the SEM
and TEM images. The SEM image (Figure 6a) showed that the BisO;NO; surface consisted
of highly aggregated plate-like particles, which were built from two-dimensional sheets with
a smooth surface, as shown in the TEM image (Figure 6b).
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Figure 6: Microscopic observations (a) SEM and (b) TEM for BisO;NOs, respectively.
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PH of Point of Zero Charge (pH,..)

The pH of point of zero charge is an important property of solid surface in aqueous
solutions. It describes the ability of sorbent surface to accumulate adsorbate molecules. The
pHp.e of BisO;NO; assessed by the pH drift method was found to be 9.7 (Figure7),
indicating that the positively charged surface occupied a wide range of pH.

12 4

10

Final pH

T T T T T T
2 4 6 8 10 12
Initial pH
Figure 7: Determinations of pHy,. of BisO;NO; by the pH drift method.

Adsorption Properties of BisO;NOj;

The adsorptive performance of the as-prepared BisO;NOj; to remove methyl orange from the
aqueous solution was investigated and compared to that of powdered activated carbon
(PAC) and chitosan (Figure 8). Compared to activated carbon, the sorption capacity of
BisO;NO; was significantly lower due to the large specific surface area of activated carbon.
However, the adsorption efficiency or adsorption capacity per unit of the BisO;NO; surface
area was sufficiently high. Furthermore, there was a significant difference in the sorption
capacity compared to chitosan. This might be attributed to the structural characteristic effect,
which produced a suitable removal environment for the anionic dye onto BisO;NOs.

Since the ion exchange ability of BisO;NO; for iodine, chloride and bromide has been
reported'*, it is interesting to see whether the removal of MO dye by BisO;NO; via
adsorption is complemented by the ion exchange process. Thus, the ion exchange process
was investigated by using the X-ray photoelectron spectroscopy study. The XPS spectra of
BisO;NO; before and after the MO dye adsorption are shown in Figure 9. Before the
adsorption, there was remarkable broadening towards higher binding energy of O 1s core
level attributed to the presence of NO5™ groups. After the MO dye adsorption, the broadening
of the O 1s core level spectrum was not observed.
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Conclusion

A chemical precipitation method was successfully used to synthesize the orthorhombic
BisO;NO; in this study. The binding energies were in close agreement with the results
obtained for Bi,Os, suggesting the three oxidation states of bismuth atoms in BisO;NO; The
higher surface basicity of BisO;NO; might correlate with its sorption efficiency in a wide
range of pH. The sample had a good adsorption performance in removing the methyl orange
dye from the aqueous solution, hence, it exhibited a great potential as a new adsorbent. The
adsorption mechanism revealed that BisO;NO; can be considered as an alternative anion
exchanger for azo dye removal.
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