Sol-gel preparation of spherical y-Al,O3; with macro-mesopores as an efficient
adsorbent for acid fuchsin
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Spherical gamma-alumina (y-Al,O3) has a wide range of applications in the field of adsorption due to its low bulk density, larger pore size,
higher strength and thermal stability. In this study, spherical y-Al,O; with macro-mesopores was prepared with isopropanol aluminium as the
aluminium source via a sol—gel process. Spherical y-Al,O3 was characterised by means of nitrogen adsorption and desorption curve, scanning
electron microscope, transmission electron microscope, X-ray diffraction and so on. The adsorption performance of the prepared spherical
v-Al,O3 was studied by probe experiment of adsorption of acid fuchsin (AF) solution. The results showed that the spherical y-Al,O5,
which was prepared under the condition of hydrolysis time of 1 h, hydrolysis temperature of 85°C, ageing temperature of 95°C and ageing
time of 7 h, had the strongest adsorption capacity for AF, and the adsorption efficiency could reach 96.24% in 40 mg/l AF solution. In
addition, after six cycles of use, the spherical y-Al,O; had no damage and the adsorption efficiency still could reach 88.40%. This work
provides a feasible method for the preparation of spherical y-Al,0O3, and could also help to understand the connection between its textural

properties and adsorption performance.

1. Introduction: As we all know, in recent years, the problem of
freshwater resources has been one of the important factors affecting
human health and restricting social development. Especially, in
some industrial production, such as textile manufacturers, paper
industry, plastic production enterprises and so on, a large number
of coloured wastewater containing kinds of various dyes and pig-
ments will inevitably be discharged [1, 2]. However, dyes and
pigments, as the main pollutants in wastewater, which have
complex aromatic molecular structures, are difficult to degrade
[3]. Therefore, the treatment of various dyes or pigments waste-
water can effectively reduce the waste of water. It is particularly
urgent and important to develop the corresponding technology
with low cost, simple and efficient processes [4].

At present, the main methods to remove pollutants in wastewater
include adsorption method [5, 6], biological decolourisation
method [7, 8], photocatalytic degradation method [9], ultrasonic
degradation method [10], advanced microwave enhanced oxidative
program degradation method [4] and so on. Among these methods,
the biological degradation method needs to protect the activity of
the strain and requires higher culture environment [7], the ultrasonic
degradation method needs to make use of the synergistic effect of
hydrogen peroxide, which has strong oxidation and needs to be
sealed [10]. While the adsorption method is simple, and different
adsorbents have different adsorption effects.

Common adsorbents include activated carbon [11, 12], ferro-
magnetic metals [13-15], metal oxides [16-21] and so on.
Spherical gamma-alumina (y-Al,O3), which has a large specific
surface area (SSA) and mechanical strength and good heat resist-
ance, can be used as adsorbent and catalyst support [22-26].
Spherical y-Al,O5 also plays an important role in mass and heat
transfer. Elsayed et al. [27] and Hoseinzadeh et al. [28] studied
the role of alumina in thermal energy. The preparation of spherical
v-Al,O3 has been divided into two distinct techniques: snowball
granulation [29] and liquid phase moulding [30]. The spherical
y-Al,O3 prepared by the first method has some defects, such as
low mechanical resistance, poor attrition resistance and randomly
granule size distribution. Compared to the former, the obtained
granules by the later have a uniform granule size, excellent
mechanical properties, controlled pore size and distribution.
Generally, liquid phase moulding methods include oil ammonia
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column formation [31, 32], hot oil formation [33] and spray
drying [34]. The oil ammonia column method has the advantages
of simple process, safety, low price and recyclability, and has
many industrial applications. Hoseinzadeh et al. [35] successfully
synthesised WO; particles by sol-gel method. Zhang et al. [36]
reported that y-Al,O; calcined at 500°C was used to adsorb
100 mg/1 of acid fuchsin (AF) solution, and the removal efficiency
was only about 35%. Ramezani et al. [37] studied the effect of inter-
face roughness and temperature on the spin filtration process.
Herein, a sol was prepared by hydrolysis and ageing with alumin-
ium isopropoxide as a raw material, and then the spherical
v-Al,O3; was obtained through the process of an oil ammonia
column method and calcination. The effects of temperatures or
time of hydrolysis and ageing on the morphology and textural
properties of the materials have been studied. The adsorption per-
formance of spherical y-Al,O; was studied by probe experiment
of adsorption of AF solution, which revealed their potential
applications as adsorbent materials for wastewater purification.
The relationship between the textural properties and the adsorption
performance based on spherical y-Al,O5 adsorbents was discussed.

2. Experimental procedure

2.1. Preparation of spherical y-Al,O3: For a standard synthesis,
10.21 g of aluminium isopropoxide and 18.43 g of distilled water
were placed in the three-necked flask, and hydrolysed at the certain
temperature for a certain time. All compositions are given in
Tables 1 and 2. Then, 3.92 ml (1 mol/l) of dilute nitric acid was
added and gel ageing in a certain temperature for a certain time was
done to obtain an aluminium sol with the certain viscosity. The
pH of aluminium sol is 3.5+0.5. Spherical y-Al,O5 precursor was
prepared by oil-ammonia column shaping method. After drying at
room temperature (25 + 1°C) for 24 h, and drying at 110°C for 8 h,
calcination followed at 600°C for 4 h to obtain spherical y-Al,Os.

2.2. Adsorption experiment: About 50 mg of sorbent was intro-
duced into a 20 ml vial containing 10 ml of a 40 mg/l AF solution,
and left at room temperature. The residual AF (1) concentration in
the solution was measured using an ultraviolet (UV) visible spectro-
photometer every 1 h. A full spectrum scan (Fig. 1b) showed that
the maximum absorption wavelength (1) of AF was 545 nm.
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Table 1 SSA, PD and PV data of 25 groups of orthogonal experimental samples

Number Hydrolysis time, min Hydrolysis temperature, °C

Ageing time, h Ageing temperature, °C SSA, m%/g PV, cm’/g PD, nm

1 5 55
2 5 65
3 5 75
4 5 85
5 5 95
6 15 55
7 15 65
8 15 75
9 15 85
10 15 95
11 30 55
12 30 65
13 30 75
14 30 85
15 30 95
16 60 55
17 60 65
18 60 75
19 60 85
20 60 95
21 120 55
22 120 65
23 120 75
24 120 85
25 120 95
X 264.21 265.69
x5 275.55 263.84
x5 260.11 254.03
X 258.14 261.23
x4 259.32 272.54
R 17.41 12.95

g

W W =

—_
(=)

279.00
260.92
258.09
261.08
258.24
2.99

85 275.25 0.45 6.55
95 261.92 0.43 6.36
105 244.29 0.43 6.78
115 252.90 0.45 6.78
125 245.55 0.48 7.46
105 258.10 0.41 6.09
115 246.24 0.44 6.91
125 240.38 0.44 7.07
85 252.76 0.46 6.93
95 321.25 0.54 6.45
125 244.60 0.41 6.49
85 260.04 0.41 6.13
95 243.61 0.44 7.00
105 263.82 0.45 6.85
115 257.37 0.45 6.92
95 266.89 0.42 6.30
105 258.03 0.47 7.26
115 256.11 0.43 6.69
125 250.60 0.44 6.99
85 259.07 0.45 6.93
115 260.15 0.45 6.85
125 263.31 0.46 6.95
85 254.99 0.42 6.58
95 264.70 0.43 6.53
105 253.44 0.43 6.82
264.43 6487.63¢c
278.59
260.05
258.94
255.31
9.12

Table 2 SSA, PD and PV data of: y-Al,0;-20, y-Al,05-24, different hydrolysis time, different ageing time and commercially available spherical alumina

(y-Al,0O5-ss8)

Sample name Hydrolysis time, Hydrolysis Ageing Ageing SSA, PV, PD, Adsorption
min temperature, °C time, h temperature, °C m%/g cm’/g nm efficiency, %

v-AlL,0;3-20 60 95 5 85 259.07 0.45 6.93 86.29
v-AlL,05-24 120 85 5 95 264.70 0.43 5.19 —
v-Al,03-30 min 30 85 6 95 263.67 0.45 6.76 —
v-Al,O3-60 min 60 85 6 95 265.50 0.46 6.80 95.32
v-Al,03-90 min 90 85 6 95 240.11 0.42 6.97 —
v-Al,03-120 min 120 85 6 95 249.11 0.43 6.89 —
v-ALO;3-6 h 60 85 6 95 261.88 0.46 7.17 —
v-ALO;3-7 h 60 85 7 95 262.57 0.48 7.38 96.24
v-ALO;-8 h 60 85 8 95 243.17 0.44 7.36 —
v-ALO3-9 h 60 85 9 95 253.27 0.44 7.02 —
v-ALO5-10 h 60 85 10 95 250.76 0.42 6.65 —
v-AlLO3-ss — — — — 195.55 0.50 7.49 74.24

The adsorption efficiency (R, %) was calculated from the absorb-

ance of AF (n) at 545 nm by the following formula:

R = [(4y — 4,)/4o] x 100%

(M

where A4, (mg/l) was the initial absorbance value of the AF
solution and 4, (mg/l) was the residual solution absorbance value

at time ¢ [36].

Spherical y-Al,Oj3 recycling experiment: the adsorbed spherical
v-Al,O3 was taken out and put into an oven, dried at 110°C for
8h, and calcined followed at 600°C for 4 h to obtain spherical

"{-A1203 .
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2.3. Characterisation: The thermal behaviour of precursor has been
investigated by the use of thermal gravimetric analysis (TGA) and
differential thermal (DTG) analysis (MS3000, Mettler Toledo,
China) [37]. The X-ray diffraction (XRD) patterns were recorded
on Bruker Axs diffractometer (Germany) using Cu Ko radiation
as the X-ray source in the 26 range of 10-80°. The Fourier trans-
form infrared (FTIR) spectra of the samples were recorded on
Nicolet Avatar 370 spectrometer in the range of 400-4000 cm™".
The samples have been well mixed with the dried KBr powder,
pressed to form disk tablets and used for measurements. Scanning
electron microscopy (SEM) analysis was performed using a Zeiss
Supra 55 microscope at an acceleration voltage of 1kV [38].
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Fig. 1 Adsorption effect of

a Photograph of different y-Al,O; before and after adsorption in AF solution
(40 mg/1)

b Absorbance changes of UV absorption spectra from different y-Al,O3
along with 4

¢ Time at 545 nm in AF (40 mg/l)

d Absorbance changes of UV absorption spectra from y-Al,05-7 h along
with time for six recycle tests at 545 nm in AF (40 mg/L)

Nitrogen isothermal sorption measurements were carried out on a
Micrometrics TRISTAR 3000 analyser at —196°C. The samples
were first outgassed at 300°C with a vacuum degree of 10> Torr
for more than 3 h prior to nitrogen adsorption—desorption measure-
ment. Brunauer—-Emmett-Teller method (0.01 <P/P,<0.1) was
utilised to calculate the SSAs. The pore size distribution was
derived from the desorption branch, using the Barrett-Joyner—
Halenda method.

3. Results and discussion
3.1. Characterisation of the y-Al,0O3: Taking the four factors of
hydrolysis time, hydrolysis temperature, ageing time and ageing
temperature and five levels of each factor into consideration, we
designed 25 orthogonal experiments to investigate the main
factors affecting the SSA and pore structure of the samples.
The samples were named y-Al,O3-1, v-AlL,O3-2, v-AlL,O03-3,
v-Al,O5-4, ..., 7-Al,0;-25 according to the sample serial
number. Table 1 gives the detailed information on the SSA, pore
volume (PV) and pore diameter (PD) of all the samples prepared
in the 25 groups of experiments. It can be seen that all the
samples have large SSA (>240 m?/g), average PV (>0.4 cm*/g)
and average pore size (>6 nm). In addition, through the orthogonal
calculation based on the SSA, we conclude that hydrolysis tempera-
ture and ageing temperature are two important factors. Digital
microscope photos (DMP) (Fig. 2) distinctly show all the samples
exhibiting regular spherical structure apart from the y-Al,05-10,
which were broken after calcination. The morphology and micro-
structures of the obtained samples were studied by SEM, and the
sample with the largest number of micron-sized pores would be
selected as the adsorbent for the adsorption experiment. As seen
in Fig. 3, according to the number of micron-sized pores,
v-Al,05-20 was selected as a group of adsorbents for the adsorption
experiment.

In addition, in order to explore the best experimental conditions,
a single factor experiment was designed, the hydrolysis time or
ageing time was as single-factor variable with the fixed hydrolysis
temperature was 85°C and the ageing temperature was 95°C.
According to the different hydrolysis time, the samples were
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Fig. 3 SEM of different y-Al,O; from 25 sets of orthogonal experiments

named  y-Al,O53-30 min, y-AlL,O3-60 min,  y-Al,03-90 min,
v-Al,03-120 min. Based on the SEM micrographs (Fig. 4),
v-Al,03-60 min with the most micron-sized pores was selected
for the adsorption experiment. The calcined samples were named
’Y-A1203-6 h, 'Y-A1203-7 h, 'Y-A1203-8 h, 'Y-A1203-9 h,
v-Al,03-10 h according to the different ageing time. Similarly,
according to the SEM micrographs (Fig. 5), y-Al,05-7 h with the
most micron-sized pores was selected for the adsorption experi-
ment. The morphology features of all the samples exhibited
regular and millimetre-sized spherical structure, which also can
be found in Figs. 2, 6 and 7.

TGA and DTG analysis of the precursor of y-Al,03-7 h
(7 h-precursor) were used to clarify the change of components of
the materials investigated above during the calcination process.
From Fig. 8, it can be seen that three thermal decomposition

Fig. 5 SEM of with different ageing time and same hydrolysis time 60 min
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Fig. 7 DMP of y-Al,O; with different ageing time and same hydrolysis time
60 min
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Fig. 8 TG and DTG of 7 h-precursor in air (the hydrolysis temperature was
85°C, the hydrolysis was 60 min, the ageing temperature was 100°C, and
the sol was aged for 7 h)

steps were observed. Due to the desorption of adsorbed water, the
first thermal decomposition occurred before 150°C, the second
step was located at 200-250°C, which was due to the desorption
of crystal water and a small amount of alcohol, and the third was
at 260—600°C, from which the 7 h-precursors removes structured
water and transforms into y-Al,O3. It can also be seen that the
weight of the precursor is basically unchanged between 600 and
800°C, which reveals that there is no endothermic and exothermic
situation. It also can be concluded that there was no crystal phase
transformation. Therefore, the spherical sample was obtained by
calcining the dried pellets at 600°C. The XRD patterns (Fig. 9) of
the samples after calcination showed that there were diffraction
peaks at (220), (311), (222), (400), (511) and (440), indicating
that the obtained spherical alumina sample had a y-Al,O5 structure
(JCPDS 1n0.29-0063) [32]. Comparing the XRD diffraction peak in-
tensities of the samples prepared under different ageing time, as
shown in Fig. 9b, it is found that the y-Al,03-60 min and
v-Al,03-120 min exhibited similar diffraction peaks in intensity.
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Fig. 9 XRD patterns of different spherical y-Al,03

a 'Y-A1203-4; 'Y-A1203-7; 'Y-A1203-14; 'Y-A1203-20; 'Y-A1203-25

b v-Al,03-30 min; y-Al,03-60 min; y-Al,03-90 min; y-Al,03-120 min
¢ y-Al,03-6 h; y-Al,03-7 h; y-Al,05-8 h; y-Al,03-9 h; y-Al,05-10 h
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As illustrated in Fig. 9¢, as the ageing time increases, the peak of
the alumina upshifted and became stronger firstly and then
decreased, which indicted that y-Al,03-7 h possessed the largest
crystal phase strength. FTIR spectra (Fig. 10) showed that after cal-
cination at 600°C, the Al-O—Al band absorption peak of y-Al,O5
appeared in the range of 500-800 cm™', and —OH absorption
peak of H,O appeared at 1630 cm™, indicating that the prepared
samples had a y-Al,Oj3 crystal structure and strong water absorption
capacity [39].

The SEM micrographs showed that most of the experimental
samples had no micron-sized pore structures without the addition
of any pore-forming agent (Figs. 3-5). However, the samples
v-Al,03-20, y-Al,03-60 min and y-Al,03-7 h showed micron-sized
pore structures, as shown in Fig. 11. The cross-sections of samples
v-Al,03-24, v-Al,03-120 min and y-Al,03-8 h did not show
micron-sized pore structures (Fig. 12). The reason may be that
the hydrolysis time or ageing time affected the pore formation
process of the aluminium sol, and the pore size kept shrinking
along with the extension of the time, resulting in the change of
the pore structure.

We can see from Fig. 13 that the samples y-Al,05-20,
v-Al,03-60 min and y-Al,0;-7 h had uniform grain distribution,
and the average pore sizes were 6.93, 6.80 and 7.38 nm, respective-
ly. While for the control group y-Al,03-24, y-Al,03-120 min and
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Fig. 10 FTIR spectra of different spherical y-Al,O;

a y-AlL,03-4; v-Al,05-7; y-Al,05-14; y-Al,05-20; y-Al,05-25

b y-Al,03-30 min; y-Al,03-60 min; y-Al,03-90 min; y-Al,03-120 min
c ’Y-A1203-6 h, ’Y—A1203-7 h, ’Y-A1203-8 h, ’Y-A1203-9 h, ’Y—A1203-10 h

Fig. 11 SEM micrographs of
a 'Y-A1203-2O

b y-Al,03-60 min

¢ y-Al,O3-7h

Fig. 12 SEM of

a "{-A1203-24

b v-Al,03-120 min
c ’Y-A1203-8 h
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Fig. 13 Transmission electron micrographs of
a v-Al,05-20

b v-Al,03-60 min

¢ y-Al,03-7h

Fig. 14 Transmission electron microscopy of
a v-Al,05-24

b v-Al,03-120 min

¢ y-Al,03-8 h

quantity
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relative pressure. PP, pore diameter, nm

a b

Fig. 15 Pore structure of
a Nitrogen sorption isotherms
b Pore size distribution of y-Al,05-20, y-Al,03-60 min, y-Al,05-7 h

v-Al,03-8 h shown in Fig. 14, the micro-grain distribution was
rather chaotic. By comparison, it is found that samples with
uniform grain distribution were more likely to form micron-sized
pore structures, while samples with chaotic grain distribution
were denser when they are stacked, and were not easy to form
micron-sized pore structures. Therefore, by selecting appropriate
experimental conditions, y-Al,0O; samples with different pore
sizes can be obtained.

The structural characteristics of the samples obtained by nitrogen
adsorption—desorption isotherms were listed in Tables 1 and 2.
From the average pore size PD value, it can be seen that all
samples have mesoporous structure with different sizes. Based on
the IUPAC classification, the mesoporous structure was determined
by a type IV isotherm obtained from the synthesised y-Al,Os,
which can be seen from Fig. 15a. As shown in Fig. 15b, the
spherical y-Al,O; product forms a wide pore size distribution
with the pore size ranging from 2 to 16 nm, which can establish
more possibilities for adsorption sites and promote adsorption
performance.

3.2. Adsorption studies: The adsorption behaviour of the sample
v-Al,O3 in AF solution was studied to evaluate its potential
application in the treatment of coloured water. As seen in Fig. la,
the adsorption efficiency of the spherical sample y-Al,03-60 min,
v-Al,O3-7h and y-Al,05-20 was higher than the commercial
spherical y-Al,Os-ss, which was content with the absorption
spectra. The adsorption of different y-Al,O3 for AF was shown in
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a Photograph of different y-Al,O; before and after adsorption in AF solution
b, ¢ Absorbance changes at 545 nm of adsorption of AF (40 mg/l) by
different y-Al,O; which all use two sets of samples for 24 h for the first
and sixth tests

Fig. 1b. The results showed that the absorbance of the 40 mg/l
AF solution was 2.020, and the absorbance values of the four
kinds of spherical y-Al,O; were greatly reduced after 24 h
(Fig. 16). Among them, the sample y-Al,O3-7 h possessed the
greatest adsorption efficiency of 96.24%, which was much higher
than y-Al,0O5-ss of 86.53%. The absorbance values of the four
kinds of spherical y-Al,O; also exhibited similar behaviours
along with time in Fig. 1c. The adsorption process can be divided
into two stages. Within the first 1 h, AF was quickly adsorbed to
v-Al,O3-ss, 7-Al,05-60 min, y-Al,05-7 h and y-Al,03-20. In the
second stage, AF was slowly adsorbed within 1-24 h. After 24 h,
the self-made spherical y-Al,O; sample absorbed AF solution
with a lower absorption value than the commercially available
v-Al,O3-ss. It can be inferred that the AF was absorbed through
amount of exposed macropores and accessible micropores in a
short time, and enters the complex micropores inside the y-Al,O5
slowly.

After six cycles of test, as shown in Fig. 16, the samples
v-Al,03-60 min, y-Al,03-7 h and y-Al,03-20 all still maintain a
spherical structure without damage and excellent adsorption effi-
ciency, especially the adsorption rate of sample y-Al,0;-7h
reached at 88.40% (Fig. 1d). As listed in Table 1, by comparing
the samples with different textural properties and adsorption effi-
ciency, it can be inferred that a larger SSA can provide more ad-
sorption sites, thereby promoting the improvement of adsorption
performance.

4. Conclusion: In summary, we prepared spherical y-Al,O3 with
macro-mesopores by a simple approach, and the hydrolysis and
ageing time affected their SSA and pore size. The macro-mesopores
structure was advantageous for the ion transmission, and more ad-
sorption sites were created by large SSA for adsorption. The results
showed that the spherical y-Al,O3-7 h, which was prepared under
the condition of hydrolysis time of 1 h, hydrolysis temperature of
85°C, ageing temperature of 95°C and ageing time of 7 h, had
the strongest adsorption capacity for AF. Its SSA was 262.57 m?/
g, PV was 0.48 m®/g and its adsorption efficiency in 40 mg/l AF so-
lution was 96.24%, and it reached 88.40% after six cycles of testing.
Therefore, this work provides important information for under-
standing the preparation of spherical y-Al,O5; with excellent adsorp-
tion capabilities and reusability, and as adsorbents, it can also be
further applied to other types of dye wastewater processing.
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