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Abstract: Zeolite Socony Mobil-5 (ZSM-5) is a commonly spent catalyst in the petrochemical industry;
and phosphogypsum (PG) is a kind of industrial waste produced in the process of phosphoric
acid production. The environmental issues caused by these two solid wastes are urgent and thus
sustainable methodologies are required to dispose of and reutilize them. In this research, the waste
ZSM-5 and waste PG were used to prepare a novel autoclaved aerated concrete. The effects of the
different contents of disused ZSM-5 on the microstructures and performance of the PG-based AAC
were determined. The results showed that the compressive strength and bulk density of the DZ4
sample were 2.6 MPa and 520 kg/m?, respectively. This study provides a novel and green approach
to the reutilization of both waste PG and spent ZSM-5.

Keywords: waste PG; disused ZSM-5; mechanical properties; hardened matrix microstructure

1. Introduction

Autoclaved aerated concrete (AAC) has received widespread attention and is com-
monly applied in load-bearing walls and maintenance filling structures. Compared with
traditional concrete blocks, AAC has lower energy costs. Moreover, some distinguished
properties of AAC include its light weight, excellent heat preservation, non-combustibility,
and good sound insulation [1-3]. AAC is composed of siliceous and calcareous materials af-
ter grinding and mixing with gas-generating agents (e.g., Al powder) and other admixtures
(e.g., gypsum). The two most common types of AAC used by far are fly ash-based and
quartz sand-based AAC [4]. For the preparation of these two types of AAC, the siliceous
raw materials are quartz sand and fly ash mixed with the appropriate amount of cement
and lime and sufficient water to make a fresh slurry [4-6].

The autoclaving technique directly determines the mechanical properties of AAC
and is a key stage in the process of improving the strength of the AAC product. The
autoclave stage requires high temperature and pressure [5,7]. For the typical fly ash-based
AAC, the approximate curing temperature and pressure are 175~213 °C and 0.9~2.2 MPa,
respectively [7-9]. The important improvements in the AAC product after autoclaving
include a decrease in ambient curing time that makes the products ready for use after 24 h,
a reduction in moisture content, and diminished shrinkage [9,10]. Moreover, the hydration
product is changed during the autoclaving process, which is the primary factor in the
increased strength of the final product. In the initial stage of autoclaving, calcium silicate
hydrate (C-S-H) is formed and subsequently converted into a crystalline product named «-
C,SH, which reduces the strength of the material, as previously reported. However, further
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extending the autoclave time transforms x-C,SH into tobermorite due to the presence of
silica and enhances the strength of the AAC [10,11].

In recent years, the exploitation of quartz sand has been extremely restricted in China
due to ecological environmental protection; meanwhile, fly ash is being heavily consumed
in the building materials industry [4]. Thus, finding alternative raw materials is essential
for the preparation of AAC. Many studies have confirmed that industrial waste can be used
as feedstock for AAC production, such as graphite tailings, iron ore tailings, blast furnace
slag, steel-making slag, waste red gypsum, and zeolites [4,11-15]. There are also some
other types of mining waste which could be utilized within concrete composites of different
purposes [16,17]. The production of AAC from industrial waste not only addresses the
shortage of raw materials but also allows for the secondary utilization of solid waste.

As a major industrial by-product, phosphogypsum (PG) is generated during the
production of wet process phosphoric acid. In China, about 300 tons of PG are being stored
in open environments, sometimes even in areas of human activity, which poses a risk to
both the ecological environment and human health [18-20]. To mitigate the harmful effects
of waste PG, PG has been widely used in the building materials industry. Some researchers
have used PG to prepare a type of solidified material [21]. Yang et al. prepared a type of
load-bearing brick by utilizing autoclaved PG [22]. In particular, the usage of gypsum in
the manufacture of AAC has been widely established. Some studies have noted that the
addition of gypsum affects the formation of tobermorite and that gypsum will convert into
anhydrite after autoclaving and strengthen the AAC product [8,15,23]. Cai et al. prepared a
type of AAC through red gypsum and fly ash, and the final product met the standard [15].
Waste PG mainly contains gypsum (CaSO4.2H,0), and the properties of waste PG are
similar to those of gypsum [20,24]. Therefore, using waste PG in the preparation of
AAC is promising and provides an alternative raw material for the requirement of the
preparation of AAC.

In the late 1960s, the U.S. Mobil Oil Company synthesized a new type of zeolite
molecular sieve named Zeolite Socony Mobil-5 (ZSM-5), which is widely used as a catalyst
in the petrochemical industry [25,26]. Due to its unique framework structure and chemical
composition, it has many excellent properties, such as a high surface area, microporous
channels, thermal stability, hydrophobicity, and acid resistance [27,28]. Furthermore, ZSM-5
has a high silicon-to-aluminum ratio, which results in a particularly high silicon content in
ZSM-5 [29]. In general, the micropores in ZSM-5 are blocked after use and form disused
ZSM-5. The disused ZSM-5 was landfilled directly, which caused environmental pollution
and a waste of resources [7,30]. However, the disused ZSM-5 contains a large amount
of original ZSM-5, and some mesopores have a strong foaming ability [11,30,31]. The
foaming ability of disused ZSM-5 has been extensively demonstrated. Shao et al. prepared
a micropore-foamed geopolymer by using disused ZSM-5, red mud, and fly ash, which
reduced the bulk density of the resultant material [26]. Some researchers produced a type of
geopolymer using disused ZSM-5 and metakaolin as the raw materials, and the addition of
disused ZSM-5 promoted the foaming process of the geopolymer and formed a multiscale
pore structure in the geopolymer [30]. Hence, the preparation of AAC using disused ZSM-5
can improve the foaming effect in the final product. In addition, disused ZSM-5 contains
large amounts of silicon [26,32], which allows for the substitution of fly ash with disused
ZSM-5 as a siliceous raw material in AAC production. Although the application of disused
ZSM-5 in autoclaved aerated concrete has been reported, there still exists a research gap in
the application of disused ZSM-5 in PG-based autoclaved aerated concrete.

In this study, a novel AAC was developed using cement, fly ash, lime, waste PG, and
disused ZSM-5. The samples were characterized after autoclaving to explore the influence
of disused ZSM-5 on the hydration products, mechanical properties, and porosity of the
AAC product. Finally, the influence of disused ZSM-5 on the formation of tobermorite
was studied.
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2. Materials and Methods
2.1. Materials

Waste PG (Jinan Xinghong Chemical Co., Ltd., Jinan, China), disused ZSM-5 (Qingdao
Hengxintian New Materials Technology Co., Ltd., Qingdao, China), Cement P-O 42.5
(Jiangsu Province Renzhou Cement Co., Ltd., Yancheng, China), fly ash (Yancheng Hengli
Fly Ash Development and utilization Co., Ltd., Yancheng, China), and lime and Al powder
(Jiangsu Fenghua Chemical Industry Co., Ltd., Yancheng, China) were used. The oxide
compositions of waste PG, disused ZSM-5, and fly ash are shown in Table 1 (determined by
X-ray fluorescence). Notably, silicon dioxide is abundant in disused ZSM-5. The particle
size distributions of fly ash, waste PG, and disused ZSM-5 are exhibited in Figure 1. The
D50 and D90 values of the fly ash waste PG and disused ZSM-5 as shown in Table 2.
Figure 2 shows the X-ray diffraction (XRD) patterns of the waste PG and disused ZSM-5.
The waste PG contained mainly gypsum (CaSO4e2H,0) and bassanite (CaSO,#0.5H,0),
and the disused ZSM-5 contained a large quantity of the original ZSM-5. The fly ash broad
hump appeared at 17-29° 20, which indicates the existence of an amorphous phase.

Table 1. Oxide compositions of the raw materials.

Oxides Fly Ash Waste PG Cement Disused ZSM-5
SiO, 52.99 3.67 21.70 94.23
AlLO3 30.93 0.23 5.75 0.48
Fe,0; 434 0.20 2.78 0.21
TiO, 2.20 0.01 0.28 -
CaO 3.27 31.31 61.31 0.13
MgO 1.51 0.03 2.50 1.29
SO3 0.27 4294 3.44 -
K,O + Na,O 1.96 0.05 0.95 -
P,0s5 - 0.42 - -
LOI 2.53 21.14 1.29 3.66

—o— Waste PG
| —*— Disused ZSM-5

Differential Volume (%)

Particle Size (um)

Figure 1. The particle size distributions of the raw materials.
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Table 2. The D50 and D90 values of the materials.

Materiles D50 (um) D90 (um)
Fly ash 20.4 54.69
Waste PG 9.96 59.50
Disused ZSM-5 26.86 107.6
Disused ZSM-5 '1-ZSM-5  2-Quartz
—— Waste PG § ' 3-Bassanite 4-Gypsum

Intensity

2(6°)
Figure 2. XRD patterns of the raw materials.

2.2. Composition Design of the AAC

The AAC was composed of waste PG, disused ZSM-5, cement, fly ash, lime, and
Al powder. The specific raw material mixing ratios are shown in Table 3. The disused
ZSM-5 was substituted for fly ash in the sample preparation at contents of 0%, 12.5%, 25%,
and 37.5%.

Table 3. Mixing proportions of the raw materials.

Specimen Cement Fly Ash Disused ZSM-5 Waste PG Lime Al Powder WI/S
Dz1 21.25% 50% 0% 25% 2.5% 1.25% 1
Dz2 21.25% 37.5% 12.5% 25% 2.5% 1.25% 1
DZ3 21.25% 25% 25% 25% 2.5% 1.25% 1
Dz4 21.25% 12.5% 37.5% 25% 2.5% 1.25% 1

2.3. Characterization
2.3.1. X-ray Diffraction

A powder X-ray diffractometer (D2 PHASER) was used to analyze the mineral phases
of the waste PG, disused ZSM-5, fly ash, and AAC products using Cu-K« radiation at a
scan rate of 5° /min and a scan range of 5-80°. All tested samples were soaked in anhydrous
ethanol for 12 h to stop hydration, and then dried in the drying oven.
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2.3.2. Mechanical Tests

A specimen compressive strength test was conducted; the specimens were placed on
the side of the calibrated compressive strength testing machine (DL41-3t), and the fixtures
were used to stabilize the rate of uniform loading (2400 = 200) N /s until destruction. The
specimens (100 mm X 100 mm x 100 mm) were numbered 1, 2, 3, and 4.

2.3.3. Bulk Density Test

The bulk density of the products was determined as follows: first, the length of the
sample was measured, and the volume was calculated and recorded as V. The test samples
were dried at 62 °C and 84 °C for 24 h each. Next, the test samples were baked at 110 °C
until the mass remained constant, which was recorded as M. The bulk density of the sample
was calculated using the formula below:

Bulk density (kg/ m?) = constant weight (M)/volume of the product (V)

2.3.4. FT-IR Spectroscopy Test

Fourier transform infrared (FI-IR) was tested using the FTIR-650 analyzer in the range
of 400-4000 cm ™!, with a resolution of 4 cm™!.

2.3.5. TG Test

The TGA-601 analyzer was used to analyze the thermogravimetric. The powders were
heated from 24 °C to 1000 °C, at rate of 10 °C/min, with a nitrogen atmosphere.

2.3.6. MIP Analysis

The pore size distribution and total porosity are two important parameters that can
reflect the pore structure of the product. Mercury intrusion porosimetry (MIP) is a common
method for determining the pore size distribution and porosity due to its ease of operation.
The test principle of MIP is that mercuries enter the pores of the sample at different pres-
sures; measuring the volume of mercury in the pores at different pressures can determine
the pore distribution of the sample.

2.3.7. SEM and EDXS Analysis

The micromorphological features and energy dispersive X-ray spectroscopy (EDXS) of
the samples were determined by employing scanning electron microscopy (SEM) with an
Axia ChemiSEM analyzer (Thermo Fisher Scientific Co., Ltd., Shanghai, China).

3. Results and Discussion
3.1. X-ray Diffraction

The XRD patterns for the samples DZ1-DZ4 before the autoclaving process are dis-
played in Figure 3a. The major phases are ZSM-5, ettringite, gypsum, bassanite, quartz,
calcite, and mullite. Additionally, many peaks occurred at approximately 30°, indicating
the presence of the C-S5-H gel [33]. Mullite was abundant in DZ1, DZ2, and DZ3 because of
the relatively high content of fly ash in the samples, and mullite is one of the main minerals
in fly ash [34]. The peak of ettringite appeared in all samples, and ettringite was formed
during the hydration of the cement. According to a previous report, the ettringite content
increased gradually as the gypsum content increased [35,36]. The addition of waste PG
increases the residual gypsum content in the cement hydration process, which promotes the
formation of ettringite [35]. Ettringite ensures the early strength of the samples and allows
for the easier removal of the samples from the mold. Moreover, the sample incorporating
the disused ZSM-5 showed a peak corresponding to ZSM-5, which was due to the presence
of a small amount of unreacted disused ZSM-5. In addition, the sample containing disused
ZSM-5 exhibited a peak corresponding to quartz at approximately 21-22° 26; a similar
result was reported by Shao et al. [31]. Gil et al. found that the desilication of disused ZSM-5
occurred under alkaline conditions, resulting in the removal of silica from the disused
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Z5SM-5 framework [37]. Bassanite was the mineral phase contained in waste PG; notably,
the peak for bassanite was not observed in DZ1. Usually, gypsum can excite the activity
of the glass structure in fly ash at some temperatures [38,39]. Because DZ1 contained the
largest amount of fly ash, more gypsum reacted and the bassanite peak was absent. As the
amount of fly ash in the sample decreased, the amount of reacted gypsum diminished; thus,
the residual gypsum increased, and bassanite was present in the sample. Calcite was noted
in all samples due to the partial carbonization of the samples in the preparation process.
Figure 3b exhibits the XRD patterns of the samples after autoclaving. The crystalline
phases are tobermorite, ZSM-5, bassanite, mullite, quartz, anhydrite, and calcite. Notably,
the peak corresponding to ettringite disappeared, and a similar result was reported by
another study. The decomposition of ettringite occurred at approximately 50-110 °C [40].
Compared to the sample before autoclaving, two new minerals appeared: tobermorite
and anhydrite. The tobermorite was observed at approximately 7.8°, 29.8°, and 31.7°,
and these findings were similar to the results of previous studies [12,15]. The existence
of tobermorite enhances the strength of the AAC; in general, C-5-H gel is converted into
tobermorite during the autoclaving process. The peak of anhydrite was intense in the
samples; anhydrite is the main product of gypsum after autoclaving, which significantly
improves the strength of the AAC product [23]. Furthermore, the peaks of mullite and
quartz markedly decreased, which were consumed during the autoclaving process.

(a) [1-ZSM-5 2-Ettringite 3-Gypsum 4- Bassanlte
5- Quartz 6-Calcite  7- Mulllte ‘

Intensity

T T T T i i

10 20 30 40 50 60 70
26(°)

(b)[1-ZSM-5 2-Tobermorite 3-Bassanite 4-Mulllte

5-Quartz 6-Anhydnte 7-Calcite

Intensity

T T T T T T
10 20 30 40 50 60 70
260(°)

Figure 3. XRD patterns of (a) Z1-Z4 before and (b) after autoclaving.
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3.2. The Foaming Property

The foaming effect of AAC is illustrated by the expansion volume of the slurries.
Figure 4 shows that the expansion volumes of slurries DZ1, DZ2, DZ3, and DZ4 were 99,
108, 119, and 135 mL, respectively. Notably, the expansion volume of the slurries increased
with the addition of disused ZSM-5 because disused ZSM-5 has a strong foaming ability. The
foaming mechanism of disused ZSM-5 is as follows: disused ZSM-5 has a large surface area
and contains many mesopores, and the air remaining in the disused ZSM-5 pore structure
expands during high-temperature curing and forms a porous structure in the sample [41,42].
DZ1, DZ2, and DZ3 expanded rapidly in the first 70 min, and this expansion plateaued after
70 min. Notably, because DZ4 contained the largest amount of ZSM-5, it had only partially
expanded after 70 min and exhibited the strongest foaming ability of all the slurries.

140 L

—=— DZ1 L

: |

2 1204 o L2 .

) DZ3 |
@

E 100- —v— DZ4

'E |

> 1

s ¥ l

2 i

g 60 L
4

%) 1

2 ;

= u .

iz

20 -

1

| 1

0 T T T T T
0 20 40 60 80 100
Time (min)

Figure 4. The expansion volume of the slurries.

3.3. Compressive Strength and Bulk Density

Figure 5 exhibits the influence of disused ZSM-5 on the properties of the samples. The
bulk densities of DZ1, DZ2, DZ3, and DZ4 were 715, 648, 593, and 520 kg/ m3, respectively.
As the disused ZSM-5 increased from 0% to 37.5, the bulk density decreased from 715 to
520 kg/m3. Two factors decreased the AAC bulk density. (1) The incorporation of waste
ZSM-5 improved the foaming capacity of the slurry, which has been widely confirmed. A
stronger foaming effect of the slurry reduces the bulk density of the sample. The air in the
disused ZSM-5 mesopores expands during the curing stage, forming a porous structure in
the AAC. A higher content of disused ZSM-5 increases the porosity in the final products,
leading to lower bulk densities. (2) The bulk densities of the total raw materials also affect
the bulk density of the sample. Shao et al. found that a lower bulk density of the total
raw materials will reduce the bulk density of the sample [31]. The bulk density of disused
ZSM-5 (0.52 g/cm?) is lower than that of fly ash (0.83 g/cm?3); as the amount of disused
ZSM-5 added increased, the total raw material bulk density decreased, reducing the bulk
density of the final sample.

The compressive strengths of DZ1, DZ2, DZ3, and DZ4 were 5.8, 4.5, 3.7, and 2.6 MPa,
respectively. The compressive strength slowly decreased from 5.8 MPa to 2.6 MPa, due to
the disused ZSM-5 content increasing from 0% to 37.5%. The structure of the sample directly
determines the compressive strength, as the strong foaming effect of disused ZSM-5 leads
to a less compact structure in the AAC; therefore, a decrease in the compressive strength of
the products was observed. Moreover, the compressive strength highly correlates with bulk
density, and some studies have shown that a higher bulk density of the sample increases
the compressive strength [30,43].

Overall, all samples complied with the standards. The bulk density of DZ1 met the
B07 level, DZ2 and DZ3 met the B06 level, and DZ4 met the B05 level. The strength of
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all samples also met the standard. Notably, the BO5 level of AAC is currently the most
used in building materials; PG-based AAC has a high bulk density and the bulk density of
DZ1 was close to the limit value of the B07 level. In this study, PG was dosed at 25%, and
the addition of disused ZSM-5 significantly reduced the bulk density of the AAC, which
broadened the possible applications of the final product.

750
6 - 1 Compressive strength |
—=a— Bulk density

_ - 700
& 5
< A
=
£ =y
wn
o 34 ]
> S
= =
8 =
o, | =
= E
[=]
o

14

0 _

Dz1 DZ2 DZ3 DZ4

Figure 5. Mechanical performance of the final AAC product.

3.4. FT-IR Analysis

Figure 6 shows the FTIR spectra of the AAC product; it can be well seen that the
stretching vibration bands and bending vibration bands correspond to molecular H,O at
approximately 3466-3431 cm ! and 1659-1627 cm !, respectively [44]. Generally, water
molecules are retained in the structural cavities of the AAC samples. Absorption bands
are observed at 1430-1451 cm~!, which are due to the vibrations of CO32~ and indicate
that there was carbon dioxide pollution during the preservation process [45]; the result
is consistent with the XRD results, with calcite present in all samples. The bands at
1126-1116 cm ™! are due to Si-O-Al asymmetric stretching vibrations [25]. The sharp peaks
between 680 and 666 cm ™! are attributed to the bending vibration modes of sulphate,
which are the characteristic peaks of anhydrite [46]. Finally, the bands at 465, 463, 458, and
453 cm ! are due to the presence of tobermorite [47].

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 6. FTIR spectra of the AAC samples.
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3.5. TG Analysis

The TG results of the samples are exhibited in Figure 7. The weight losses of DZ1, DZ2,
DZ3, and DZ4 are approximately 19%, 15%, 13%, and 12%, respectively. DZ1 exhibited the
greatest weight loss. The TG curve shows four significant mass losses. The first weight loss
of the AAC appeared at 50-320 °C, mainly attributed to the loss of bound water [7]. Stage II,
from 320 to 646 °C, is associated with the water loss of C-S-H (B) as it transforms into
C-S-H (A). In addition, water loss from tobermorite also occurs at this stage [11]. During
Stage III, mass loss occurs between 646 and 770 °C and corresponds to the decomposition
of calcite, and the results are consistent with the XRD analysis [12]. The last weight loss
stage from 770-1000 °C is due to the dehydrated C-5-H (B) and tobermorite transforming
into wollastonite; meanwhile, the decomposition of anhydrite also contributes to the loss
of quality in this section. Notably, DZ1 exhibited the greatest mass loss at 770-1000 °C,
indicating that DZ1 contains high levels of tobermorite and anhydrite [15]. DZ1 had
the highest content of fly ash, resulting in PG that was reacted the most, making the
final products have the highest levels of tobermorite and anhydrite. The presence of
tobermorite and anhydrite together contributes to the strength of the AAC, which is the
reason for the highest strength of DZ1. DZ4 showed the least weight loss, because the
lowest amount of PG was reacted, leading to the final product containing low levels of
tobermorite and anhydrite.

Bound V\jvater : C'S'H(B) water loss 0.1
w4 L C-S-HA) T I S
- 0.0
--0.1 =
95 )
~ E
S --0.2 %
o <
=90 - L 0.3 &=
| ! 0.3 g
| | L 0.4
84 . b
| . K ! - -0.5
50-320°C | 320.646°C | 646- | N
| : | 1 g700c ] ?770-1000 CY 0.6
80 . T . T . - — :
100 200 400 600 800 1000

Temperature (°C)
Figure 7. The TG-DTA results of the samples.

3.6. MIP Analysis

Table 4 shows the porosities of the AAC products; the porosities of DZ1, DZ2, DZ3,
and DZ4 were 60.24%, 66.71%, 70.81%, and 75.44%, respectively. Notably, the total porosity
significantly increased upon the addition of disused ZSM-5 because disused ZSM-5 has a
strong foaming ability. The addition of disused ZSM-5 increases the foaming effect of the
slurries and increases the porosity of the final AAC product. The cumulative intrusion of
mercury is exhibited in Figure 8 and indicates the porosities of the samples. Increasing the
content of disused ZSM-5 increased the cumulative intrusion of mercury, which indicates
that the samples were more porous.

The pore size distribution table of the samples is shown in Figure 9 and Table 5.
The pore size distribution curve of DZ1 is more skewed to the left, indicating that it
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contains more small-diameter pores. Small-diameter pores result in a more compact
sample structure and improve the sample strength. Compared to the pore diameter
distribution graph of DZ1, that of DZ2 is shifted more to the right, indicating that the
fraction of small-diameter pores slightly increased. The disused ZSM-5 increased the
foaming effect of the slurry, which made the final sample more porous and resulted in
some small-diameter pores and partially large-diameter pores. As the disused ZSM-5
content gradually increased, the pore distribution of the samples significantly changed.
The curves of DZ3 and DZ4 were most offset to the right, which indicates that the
number of large-diameter pores increased (especially pores larger than 52 pm). Large-
diameter pores decrease the strength of the sample while also decreasing the bulk density
of the AAC, which is the primary reason for adjusting the AAC from the B07 to B05
level. Moreover, DZ3 and DZ4 included many small-diameter pores, which ensures the
strength of the products.

In conclusion, the pore structure strongly determines the mechanical properties of
AAC products. Small-diameter pores ensure the compressive strength of the products, but
an excessive amount of smaller-diameter pores in the sample will result in a high bulk
density of the product, which can cause the product to be overweight. The improved
foaming effect of the slurry increases the number of large-diameter pores in the product,
which decreases the bulk density of the AAC.

Table 4. The total porosity of the AAC.

Sample No. Porosity (%)
DZ1 60.24
DZ2 66.71
DZ3 70.81
DZ4 75.44
w0

c 1 ‘ |

— i
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= 3 : i E

2 1.0 ‘ ; | -

w2 : : : :

= 1 ‘ ; : :

] ‘ ‘ i i

= 0.8+ ; e e =

v 1 3 3 | |

Z s : : |

= | 1 he " .
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Figure 8. The cumulative intrusion of mercury.
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dv/dlog (D) (mL/g)

Pore diameter D (um)

Figure 9. The pore size distribution of the AAC.

Table 5. Pore size distribution table of the samples.

Pore Size Distribution by Volume Ratio (%)

Samples No.
<0.1 pm 0.1-52 pm >52 pm
DZ1 40.2 52.5 7.3
Dz2 379 51.4 10.7
DZz3 35.2 51.3 13.5
DZ4 33.7 46.1 20.2

3.7. SEM and EDX Analysis

The micromorphological features and EDX analysis of the AAC are shown in Figure 10.
The SEM images of the AAC before autoclaving are exhibited in Figure 10a-h. Figure 10a
illustrates the apparent morphology of DZ1. Notably, the sample without adding disused
ZSM-5 had a compact structure, and the surface had fewer cracks and pores. The magnified
micrograph of DZ1 is shown in Figure 10b, which primarily shows ettringite, strip-like
gypsum, and C-S5-H. Before the autoclaving process, the existence of ettringite ensures
the strength of the AAC, which simplifies its removal from the mold. A large amount of
gypsum due to the addition of waste PG is seen, and autoclaving converts this gypsum
into anhydrite, which contributes to the strength of the AAC. C-S5-H gel is a precursor for
the formation of tobermorite during autoclaving. The appearance of DZ2 is exhibited in
Figure 10c. The sample containing disused ZSM-5 shows clear pores on the surface. Because
of the foaming ability of disused ZSM-5, the porosity of the final products increased, and
more pores were consequently observed on the surface. Figure 10d shows the magnified
micrograph of DZ2; the main hydration products are ettringite and gypsum. Figure 10e,g
exhibits the apparent morphologies of DZ3 and DZ4, respectively. The increased content of
the disused ZSM-5 increased the number of pores and reduced the compactness of the AAC.
Some large-diameter pores are even observed in DZ3 and DZ4. Magnified micrographs
of DZ3 and DZ4 are exhibited in Figure 10f,h, respectively. In addition to gypsum, C-S-H
gel, and ettringite, some white spots are noted in DZ3. EDXS (f1) indicated a high silicon
content, which is attributed to the presence of unreacted disused ZSM-5; this finding is also
consistent with the XRD results.
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Figure 10. SEM micrographs and EDXS analyses; (a-h): before autoclaving; (i-m): after autoclaving;

(f1): the drawn spot in Figure (f); (k1): the drawn spot in Figure (k); (11): the drawn spot in Figure (1);
(m1): the drawn spot in Figure (m).

The images of the AAC after autoclaving are shown in Figure 10i-m. Figure 10i shows
the apparent morphology of DZ1. The sample without disused ZSM-5 retained its compact
structure after autoclaving, while the surface was covered with flaky anhydrite, which
explains why DZ1 has the highest compressive strength. Figure 10j exhibits the appearance
of DZ4. The AAC with disused ZSM-5 shows many clear pores, which confirms that
the addition of disused ZSM-5 improves the foaming effect of the final products, adjusts
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the PG-based AAC from the B07 to BO5 level, and increases the application possibilities
of the product. The presence of anhydrite and tobermorite ensures the strength of DZ4.
The partial micrographs of DZ1, DZ3, and DZ4 are shown in Figure 10k,1,m, respectively,
and all samples are covered with a large amount of tobermorite. Notably, the morpholo-
gies of the three types of tobermorite are not identical; the tobermorite in DZ1 shows
semicrystalline characteristics, while the tobermorite phases in DZ3 and DZ4 are grass-like
and ribbon-like, respectively. The calcium-to-silica ratio (Ca/Si) directly influences the
morphology of tobermorite. The EDXS results (k1, m1, and 11) show that the Ca/Si ratio
decreased, the peak of Si slightly increased, and DZ1 had the highest Ca/Si ratio. Some
researchers [11,48,49] observed a similar phenomenon; in general, semicrystalline tober-
morite has a high Ca/Si ratio, and grass- and ribbon-like tobermorite has a relatively lower
Ca/Si ratio than semicrystalline tobermorite. As the content of disused ZSM-5 increased
in the samples, the siliceous materials in the AAC increased, and more siliceous materials
were involved in the formation of tobermorite, leading to a decrease in the Ca/Si ratio of
the final AAC products, which changed the morphology of tobermorite.

4. Conclusions

This study designed an AAC product by using waste PG and disused ZSM-5, and the
effects of disused ZSM-5 on the performance of the PG-based AAC were investigated. The
following conclusions could be drawn:

(1) PG-based AAC has a high bulk density, and the addition of disused ZSM-5 causes
a decrease in the bulk density. The compressive strength and bulk density of
the DZ4 sample (37.5% disused ZSM-5 and 25% waste PG) were 2.6 MPa and
520 kg/m3, respectively.

(2) Asthe disused ZSM-5 content gradually increased, the pore distribution of the samples
significantly changed. To be specific, the number of large-diameter pores increased,
especially pores larger than 52 um. These large-diameter pores decrease the strength
of the sample while decreasing the bulk density of the AAC, which is the primary
reason for adjusting the AAC from the B07 to BO5 level.

(38) As the content of disused ZSM-5 increases in the samples, the siliceous materials
in the AAC increase, and more siliceous materials are involved in the formation of
tobermorite, leading to a decrease in the Ca/Si of the final AAC products, which
changes the morphology of tobermorite.

(4) The addition of waste PG increases the residual gypsum content in the cement hydra-
tion process, which promotes the formation of ettringite.
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