Green Process Synth 2018; 7: 464-469

DE GRUYTER

Wang Long, Zhang Ting-an*, Lv Guozhi, Zhang Weiguang, Liu Yan, Dou Zhihe and Niu Liping
A new green process to produce activated alumina

by spray pyrolysis

https://doi.org/10.1515/gps-2017-0078
Received May 26, 2017; accepted August 16, 2017; previously
published online September 26, 2017

Abstract: A green process that uses the spray pyrolysis
method to prepare activated alumina is proposed in this
research. The effects of spray temperature, carrier gas pres-
sure, and AlC, solution concentration are experimentally
investigated using pure reagents. The products were char-
acterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), and specific surface area (BET) analy-
ses. The results indicate that the spray temperature is the
most important factor on the conversion ratio of alumina
during the spray pyrolysis process. The conversion ratio
of alumina achieved over 99% at the following optimal
conditions: temperature of 1000°C, pressure of 0.3 MPa,
and AlCl3 solution concentration of 10 wt%. The activated
alumina with 8-20 nm particle size (1(—A1203 + oc-AlZOE) was
prepared using the same process, which well met the
requirement of the catalyst carrier. The green utilization of
high-alumina fly ash and acid recycling can be achieved
by using this process.

Keywords: activated alumina; orthogonal test; phase
transformation; pore structure; spray pyrolysis.

1 Introduction

High-alumina fly ash [1] is a type of industrial waste dis-
charged from the high-alumina coal burning process
employed in many electric power plants. The piling and
storing treatment of high-alumina fly ash leads to the
occupancy of vast lands [2] and the serious pollution of
soil, air, and water. At present, China has over 50 billion
tons of high-alumina coal reserves, from which 14 billion
tons of high-alumina fly ash (alumina content >40%) are
produced. The total bauxite resources in China, which are
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mostly low-grade (alumina content >45%), are 3.8 billion
tons. The reserve of alumina within the high-alumina fly
ash is more than thrice of that within the bauxite resources
in China. The alumina content of the high-alumina fly ash
is over 40 wt% and equivalent to the A1,0, content of low-
grade bauxite [3], indicating that the high-alumina fly ash
is a promising resource for the production of alumina [4].
The comprehensive utilization of coal fly ash has been
studied since the 1970s [5] when the problems of energy
crisis, resource exhaustion, and environmental contami-
nation garnered public attention throughout the world [6].
Alkali sintering and acid leaching methods using the high-
alumina fly ash as raw material have been proven to be
effective for alumina production [7, 8]. The alkali process
requires high energy consumption [9] and produces more
solid wastes. In the traditional acid process, the AlCl3
solution has been treated by NaOH or NH_-H,0 to obtain
Al(OH),, and then decomposed into ALO, by using the
roasting process. However, the problems of water and acid
recycling have limited the development of this method.

Currently, activated alumina is considered one of the
most useful oxides [10] and has been used in many engi-
neering applications, such as adsorbents [11], electrical
materials [12], plasma spray coatings [13], wear-resistant
composites [14], and catalyst support [15]. This is because
activated alumina has a large surface area, pore size, and
pore volume. The annual demand for activated alumina
has grown steadily. In the traditional production process,
the activated alumina is obtained by heating and the
partial dehydration of AI(OH),. However, the presence of
the monohydrate results in a low specific surface rating to
active the product, and the removal of the monohydrate is
impractical [16].

Spray pyrolysis is a key area in the development of
science and engineering. Compared with the conventional
processes, spray pyrolysis [17] can greatly improve the
factory production capacity by making the process shorter
and by reducing the waste residue, water, acid, and alkali
emissions. Spray pyrolysis has been widely researched in
the area of oxide powder production [18], such as y-Ga,0.-
AL0, solids [19], Al,0, nanopatrticles [20], carbon nano-
walls [21], tungsten oxide thin films [22], and alumina
thin films [23]. Through the spray pyrolysis method, the
composition and particle size can be easily controlled.
However, few studies have been done on the preparation
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of activated alumina by using the spray pyrolysis techno-
logy. In order to solve the water and acid recycling prob-
lems during the alumina production process with acid
leaching [24, 25], a spray pyrolysis method was presented
in this research with AICL, solution as a raw material to
prepare the activated alumina.

In this paper, the AICI, solutions were made from pure
chemicals in order to verify the feasibility of the experi-
ment. The properties of the activated alumina prepared
by the proposed spray pyrolysis were investigated by the
phase and apparent morphology analyses. The effects of
the pyrolysis parameters on the reaction efficiency of acti-
vated alumina preparation from the AICIL, solution were
also experimentally studied.

2 Materials and methods

In this paper, AICL, (Sinopharm Chemical Reagent Co., Ltd., China)
was used as the starting material for basic research, with water as the
solvent. The tube furnace was connected to a programmable temper-
ature controller, which was capable of controlling the heating ratio
and the target temperature. Each AlCI, solution (10, 20, and 30 wt%)
was placed in the solution tank, which was kept at room tempera-
ture. Nitrogen was used as a carrier gas for the AICL solutions of 0.1,
0.2, and 0.3 MPa. The AICI, solutions were then fed into the reactor by
the pressure effect of flowing air through the flow control valve. The
spray time was 10 min, and the sample sintering time was 30 min.
On completion, the conversion of alumina, the ratio of the alumina
content in the activated alumina to that in the activated alumina and
alumina chloride, was calculated by measuring the chloride content
using the titrimetric method. For the combinational effect trial, an
L,(3) orthogonal test was designed with the following parameters:
spray temperatures (800, 900 and 1000°C), carrier gas pressures (0.1,
0.2 and 0.3 Mpa), and AICI, solution concentrations of (10, 20, and
30 wt%) (Table 1). These factors and their corresponding levels are
shown in Table 1. The orthogonal table with four factors and three
levels is shown in Table 2. According to the results of the orthogonal
test, the temperature single trials were also conducted to investigate
the influence of the temperature on the products during the spray
pyrolysis process.

In order to study the results from the orthogonal tests, the
range analysis was utilized in this study. Range analysis is a statis-
tical method to determine the factors’ sensitivity to the experimen-
tal results according to the orthogonal experiment. Here, “range” is
defined as the distance between the extreme values of the data. The
greater the range is, the more sensitive the factor is. The calculation
processes of the range analyses are, respectively shown in Egs. (1-4)
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Table 1: Four factors and their corresponding levels in the study.

Factors Temperature Concentration Pressure Error
(°0) (Wt%) (MPa)

Level 1 800 10 0.1

Level 2 900 20 0.2

Level 3 1000 30 0.3 3

Table 2: The L9(3“) orthogonal test with four factors and three
levels.

Treatments  Temperature Concentration Pressure  Error D
no. (°0) (Wt%) (MPa)

1 800 10 0.1 1
2 800 20 0.2 2
3 800 30 0.3 3
4 900 10 0.2 3
5 900 20 0.3 1
6 900 30 0.1 2
7 1000 10 0.3 2
8 1000 20 0.1 3
9 1000 30 0.2 1

where I, stands for the sum of the experimental results containing
the factor X with the m level, K ., Stands for the average value of the
experimental results containing the factor X with the m level, and R,
stands for the influence degree of the factor X. The influence degree
of X is great when R, value is high.

The variance analysis was also utilized in this study. Variance
analysis is a statistical method to determine the factors’ significance
to the experimental results according to the orthogonal experiment.
The calculation processes of the variance analyses are, respectively
shown in Egs. (5-8)
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where m stands for the number of factor level, k stands for the num-
ber of experiment repetitions, T stands for the sum of the experimen-
tal results, SS stands for the mean sum of squares, DF stands for the
degree of freedom, MS stands for the mean square, and F stands for
the ratio of MS, and MS,.

Next, the phase composition was determined by using the
PW3040/60 diffraction instrument with Cu K, radiation. The X-ray
diffraction (XRD) device is from Philips, Netherlands. The micro-
scopic morphology was observed by a scanning electron microscope
(SEM) (SU-8000, Japan). The BET specific surface areas of the prod-
ucts under different conditions were carried out by using a Specific
Surface Area Analyzer (Model ASAP2020, US).
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Table 3: Alumina conversion ratios and the range analyses results under different conditions.

No. Level combination A B C D Conversion ratio (%)
1 AB.CD, 1 1 1 1 99.56
2 AB,C,D, 1 2 2 2 98.61
3 A,B,C,D, 1 3 3 3 98.46
4 A,B,C,D, 2 1 2 3 99.63
5 A,B,C.D, 2 2 3 1 98.71
6 A,B,CD, 2 3 1 2 99.77
7 A,B.C,D, 3 1 3 2 99.86
8 A,B,CD, 3 2 1 3 99.80
9 A,B,C,D, 3 3 2 1 99.36
| 296.47 299.05 299.13 297.63

Il 298.11 296.97 297.45 298.09

] 299.02 297.58 297.02 297.88

K, 98.82 99.68 99.71 99.21

K, 99.37 98.99 99.15 99.36

73 99.67 99.19 99.01 99.29

Optimal levels A, B, C,

R 0.85 0.69 0.7

Important order ACB

A, temperature; B, AlCL, solution concentration; C, gas pressure; D, error; 1, 2, 3 Three levels of these factors are shown in Table 1.

3 Results and discussion

3.1 Orthogonal test on the activated alumina
production

The conversion ratio of the alumina was significantly
affected by the combined temperature-pressure-concen-
tration conditions (Table 3). The alumina in treatment 7
(1000°C, 0.3 MPa, and 10 wt%) has the highest conver-
sion ratio of as high as 99.86%. The alumina in most treat-
ments shows conversion ratios that are more the 98%,
still much higher than 92% by other studies using exist-
ing alumina production methods [26]. The range calcula-
tions (Table 3) show that the optimal level combination of
relevant factors is A.B.C.. From the data in Table 3, it can

37173

be concluded that R,(0.85)>R (0.7) >R,(0.69), indicating

Table 4: The variance analysis for the key performance indexes of
the activated alumina.

Source SS DF MS F
Temperature 1.1134 2 0.5567 31.4520°
Pressure 0.7622 2 0.3811 21.5311
Concentration 0.8288 2 0.4144 23.4124
Error D 0.0354 2 0.0177

SS, sum of squares; DF, degree of freedom; MS, mean square.
aSignificant difference [F*%(2,2) < F <F°°1(2,2)].

that the order of importance of the factors is as follows:
temperature > gas pressure >concentration.

The variance analysis results are shown in Table 4. As
shown in Table 4, the effect of temperature on the con-
version ratio of the alumina during the spray pyrolysis
process is more significant. Then, the temperature single-
factor trials were conducted to investigate the influence
of temperature on the products during the spray pyroly-
sis. The characterization of the products was especially
conducted to investigate the effect of temperature on the
products during the spray pyrolysis.

3.2 Characterization of the activated
alumina products in different
temperatures

Results in Figure 1 indicate that the main diffraction
peaks of standard y-Al,0, appear at crystal face (311),
(400) and (440) [27]. When the pyrolysis temperature of
the AIC, crystal reached 900°C, the characteristic peaks
of the a-ALO, appear at the crystal faces (104), (110),
(006) and (202). This is because 900°C is the crystal
phase transition temperature of the alumina. Given that
the \(—AIZO3 is the main phase of the activated alumina,
the optimal pyrolysis temperature should be lower than
1000°C.

Table 5 lists the nanoparticles sizes calculated with
XRD data. The particle sizes were measured by using
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Figure 1: XRD patterns of the alumina products from the AlCL,
solution generated by the spray pyrolysis process.

Table 5: Analysis of XRD patterns of alumina products.

Temperature hkl 20(°) H FWHM  Crystallite
(0] ()  size (nm)
700 440 67.1133 232.44 0.7680 8.8304
800 440 67.3963 857.72 0.2880 23.4488
900 440  66.5512 564.44 0.3419 12.3027
1000 440 67.1978 529.35 0.6298 10.7384
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the Scherrer equation for XRD. The Scherrer formula is
given by

D=(0.94)/(f cos®), )

where D stands for the apparent particle size, B stands for
the full-width half-maximum of the XRD line (additional
peak broadening) in radians, A stands for the wavelength
used, and 6 stands for half the scattering angle. The con-
stant 0.9 in Eq. (9) depends slightly on the symmetry of
the crystal.

The calculations showed that the y-AlL,O, and the
0-ALO, had the average grain sizes of about 13 and
12 nm, respectively. Hence, the crystal phase transition
of the -ALO, and a-Al O, has little effect on the activated
alumina granularity.

SEM images show that the activated alumina at the
low-temperature sintering of 700°C has a lamellar structure
(Figure 2A), but the products at other temperatures have a
granular structure. In the spray pyrolysis process, the solid
reactants precipitate first from the liquid phase and then
transformed into round particles. With rising temperature,
the pyrolysis products become irregular and result in rough
surfaces. However, the formation of the lamellar structure
is not observed. These results confirm that sintering under
increasing temperature changes the product structure from
alamellar to an irregular structure with rough surfaces.

Figure 2: SEM images of the pyrolysis products (A) 700°C, (B) 800°C, (C) 900°C, (D) 1000°C.
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Figure 3: N, sorption isotherm curves of the alumina products (A) 700°C, (B) 900°C.

The specific surface areas of the products under dif-
ferent temperatures range to 94-52.4 m?/g, the pore sizes
range to 12.12-1778 nm, and the pore volumes range to
0.2655-0.2128 cm’/g. The specific surface areas of the
alumina products decrease as the pyrolysis tempera-
tures increases, which is consistent with the SEM results
(Figure 2). In the spray pyrolysis process, due to the special
properties of the AIClL, and the limited liquid surface
tension, the specific surface areas of the products are less
than that of the common activated alumina (>100 m?/g).
The specific surface areas, pore sizes, and pore volumes
of the products meet the requirements of the catalyst
carrier, which are high purity (>92%), v-AlLO,, big pore size
(>7nm), and large pore volume (>0.1 cm?/g).

Based on the above results, the N, adsorption-
desorption isotherms of the pyrolysis products at 700°C
and 900°C were investigated by using the Specific Surface
Area Analyzer (Figure 3). From Figure 3, we can see that
the adsorption volume of the pyrolysis products increases
rapidly when the relative pressure exceeds 0.5. A signifi-
cant hysteresis loop exists because the capillary conden-
sation, adsorption isotherm, and desorption isotherm do
not coincide. According to the classification of the adsorp-
tion-desorption isotherms by BDDT (Brunauer S., Deming
L. S., Deming W. E. and Teller E classified the adsorption
isotherms into five categories, called BDDT classification),
the isotherm line belongs to the 4th category. The results
show that the micropores and mesopores are distributed
throughout the particles of the pyrolysis products. In addi-
tion, according to deBoer’s classification of the hysteresis
loops, when the relative pressure is 0.9, the hysteresis
speed of the desorption line in Figure 3B changes signifi-
cantly, and when the relative pressure is 0.5, the desorption
curve shown in Figure 3A has an inflection point as com-
pared with that in Figure 3B. Both figures show that two
pyrolysis products present different hysteresis loops. The
hysteresis loop of the product produced at a temperature

of 700°C is, therefore, classified as a hysteresis loop type
H2 [28] with inkbottle-shaped and parallel-plate pores in
the spray pyrolysis product, which coincides with the SEM
results. The hysteresis loop of the product in 900°C is clas-
sified as type H3, which is associated with the slit-shaped
pores. The results also show that with the increase of tem-
perature, the spray pyrolysis technology can improve the
specific surface area and increase the pore size of the acti-
vated alumina. These findings demonstrate the viability
of the proposed process for the production of large pore-
sized activated alumina adsorbents.

4 Conclusions

The results of this study showed that temperature is the
most influential factor on the alumina conversion ratio
during the spray pyrolysis process. The conversion ratio,
which was much higher than that achieved by other
alumina production methods, reached above 99% at the
following optimal conditions: of temperature of 1000°C,
pressure of 0.3 MPa, and AlCl3 solution concentration of
10 wt%. According to the mineral phase analysis, the as-
sprayed nanoparticle activated alumina consists of the y-
ALQ, and 0.-Al,O,, and the y-Al O, is the main phase of the
activated alumina. The particles of the pyrolysis powders
also show a granular structure. The characterizations
of the products meet the requirement of catalyst carrier.
Finally, the green utilization of high-alumina fly ash and
acid recycling can be achieved by using this process.
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