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Abstract: Conventional landfill disposal of Sewage Sludge Ash (SSA) generates increasing

O 00 N o uu A W N P

environmental and economic concerns. This study aims to develop an innovative measure to solve
10  this waste disposal problem by means of synthesizing zeolite A from the SSA and using it as a
11 Warm Mix Asphalt (WMA) additive, which can decrease the construction temperature of asphalt
12 pavement, thus reducing the associated energy consumption and pollutant emission. Alkaline
13 fusion followed by hydrothermal reaction was implemented to synthesize zeolite A from the SSA.
14  The orthogonal experimental design was carried out to optimize the synthesis conditions. The
15  synthetic products were characterized using a Thermogravimetry-Differential Thermal Analyzer
16  (TG-DTA), an X-ray Diffractometer (XRD) and a Scanning Electron Microscope (SEM). The
17  zeolite product synthesized under the optimized conditions showed a desirable thermal property
18  of gradual release of crystalline water up to 18.5% when heated to 200 €. Its XRD spectrum
19  validated the presence of zeolite A with high purity. The SSA-derived zeolite A was then used as
20 a WMA additive to produce asphalt mixture at lower construction temperatures, which proved to
21  reduce the construction temperatures of asphalt mixture by 25 <€€. The approach to use SSA-
22 derived zeolite can decline the environmental and economic burden and it can be a cleaner
23 production method of WMA additive for environmental benefits.

24

25  Keywords: sewage sludge ash, zeolite A, alkaline fusion, hydrothermal reaction, warm mix
26 asphalt

27

28 1. Introduction

29  The disposal of sewage sludge and its incineration ash at landfills generates increasing
30 environmental and economic concerns in Hong Kong and many other urban cities with high

31 population density (Lam et al., 2016). According to the latest waste statistics published by the
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Hong Kong Environmental Protection Department, on average per day, 801 tons of dewatered
sewage sludge from sewage treatment plants was treated by incineration for energy recovery and
volume reduction, leaving only the residue and ash with approximately 63 wt% reduction, which
was disposed of at landfills (HK EPD, 2017). However, the sewage sludge ash (SSA) is still of
huge amount (approximately 296 tons per day) and presents unavoidable environmental and
economic burden.

Various options have been investigated for the purpose of beneficial resource recovery from the
SSA. For instance, the utilization of the SSA for the fabrication of mortar and concrete was
evaluated as an alternative technique in developing sustainable construction materials and waste
management (Cyr et al., 2007; Smol et al., 2015). The beneficial use of iron components of the
SSA in ceramic materials (Tang and Shih, 2014) and the recovery of phosphorus from the SSA
(Cieslik and Konieczka, 2017) were possibly feasible options as well. In this study, the SSA was
used to synthesize zeolite A and the SSA-derived zeolite A was applied as a WMA additive in the
asphalt mixture.

The concept of WMA is an emerging and green paving technology, which allows asphalt
pavements to be constructed at lower temperatures compared to the conventional hot mix asphalt
(HMA) pavements without compromising their engineering performance (Al-Qadi et al., 2012). It
was proven that WMA is able to significantly save energy consumption and reduce CO, emissions
during asphalt pavement construction (Vidal et al., 2013; Rodriguez-Alloza et al., 2015). The
temperature reduction achieved by WMA comes from the use of various approaches in the
following three groups: organic additives (Sanche-Alonso et al., 2011), chemical additives (Leng
et al., 2013), and water-based or water-containing foaming processes (Rubio et al., 2012; Stimilli
etal., 2017).

In the water-containing foaming process, zeolite additives are added to the asphalt mixture because
zeolites are microporous hydrated aluminosilicates which contain crystalline water. At high
construction temperatures, the crystalline water in zeolites will be released and vaporized, creating
volume expansion or foaming of asphalt binder and thus improving its workability and aggregate
coating at lower temperatures (Hurley and Prowell, 2005; Topal et al., 2014). Currently, both
commercial synthetic zeolites (e.g., Aspha-Min®) (Hossain et al., 2009) and natural zeolite (e.g.
clinoptilolite) (Sengoz et al., 2013; Dubravskyand Mandula, 2015) are used as WMA additives.
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Zeolite additives can provide a viable tool for reducing mixing and compaction temperatures
without affecting the basic engineering properties of asphalt mixtures.

It is interesting to note that synthetic zeolites may be produced from waste materials such as coal
fly ash (Cardoso et al., 2015; Kim and Lee, 2009), which is obviously more economically and
environmentally viable than commercial products synthesized from chemical reagents. The zeolite
synthesis from loam minerals and waste materials containing Si and Al sources (e.g. kaolin and
fly ash) by the hydrothermal reaction consists of three steps (Rios et al., 2009; Murayama et al.,
2002): the dissolution step of Si and Al, the condensation step of silicate and aluminate ions in
alkali solution to make aluminosilicate gel, and the crystallization step of aluminosilicate gel to
make zeolite crystal. Zeolite A can gradually release its crystalline water between 100 <€ to 200
€, Which is found the most suitable for applying as a WMA additive (Afzal et al., 2000; Woszuk
and Franus, 2017).

In this research, the SSA was used to synthesize zeolite A and serve as a WMA additive, which is
a novel waste management and cleaner production strategy. The TG-DTA, XRD, and SEM were
performed to characterize the SSA-derived zeolite A. Afterwards, WMA mixture was produced
with the SSA-derived A and measured for the basic engineering properties.

2. Experimental program and testing methodologies

2.1. Materials

The SSA was obtained from a sludge treatment facility (T-Park) in Tuen Mun of Hong Kong,
where dewatered sewage sludge from sewage treatment plants was treated by incineration for
energy recovery and volume reduction, leaving only the residue and ash for landfill disposal (HK
EPD, 2017). The chemical compositions of the obtained SSA were determined by X-ray
fluorescence (XRF) analysis. Table 1 presents its chemical compositions in a form of major oxides
at weight percentages. The SSA contains 33.89% SiO> and 14.77% Al>Os, which are major source
materials providing the Si and Al for synthesis of zeolite. The crystalline phases of the obtained
SSA were determined by X-ray Diffractometer (XRD) analysis. Figure 1 shows the XRD analysis
results, from which the following three major crystalline phases can be detected: quartz (SiO2),
magnetite (Fe.Oz3), and anorthoclase ((Na,K)Al SizOsg).

Table 1 XRF result of SSA illustrating the quantities (wt %) of major oxides.
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Oxides | SiO, | Fe,O3 | Al2O3 | P2Os | CaO | Na,O | SOs | KoO | MgO | ZnO | TiO;
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Fig. 1. XRD pattern of SSA illustrating the major crystalline phases.

2.2. Synthesis process

Figure 2 illustrates the flow chat of the synthesis process used in this research. The synthesis
process comprises two stages: alkaline fusion and hydrothermal reaction. In the alkaline fusion
process, the SSA was ground and mixed with the sodium hydroxide (NaOH) powder to obtain a
homogeneous mixture. Then, the mixture was heated in a ceramic crucible in air at 500 <€ for 1 h.
It was reported that the alkaline fusion with a mass ratio of NaOH and fly ash around 1.2 could
convert the insoluble fly ash mineral phase to soluble sodium aluminosilicate phase (Molina and
Poole, 2004; Musyoka et al., 2012). The SSA has quartz as the main crystalline mineral phase
which is similar to the fly ashes. In order to explore the influence of NaOH on the fused products,
different mass ratios of NaOH and SSA (from 0.8 to 1.25) were used in this research. The XRD
analysis was performed on the fused products to detect the change of the insoluble crystalline
phases, for instance, the conversion of quartz to silicates, in order to determine the appropriate

mass ratio of NaOH and SSA for alkaline fusion.
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Fig. 2. Flow chat of the synthesis process.

In the hydrothermal reaction process, the first 10 g fused product was mixed with 100 ml NaOH
solution. The slurry was stirred for 3 h with a magnetic stirrer at 65 <€ to allow dissolution of the
Si and Al from the fused product into the NaOH solution. The slurry was then filtered to acquire
clear solution for the crystallization stage. Different NaOH concentrations (from O to 3 mol/L)
were used to investigate its influence on the clear solution. The Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES) analysis was carried out to measure the Si and Al

concentrations in the supernatant solution. Afterwards, the sodium aluminate (Na2Al>04) powder
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was added to the supernatant solution to adjust the molar ratio of Si and Al for forming
crystallization gel. The resultant crystallization gel was then transferred into a Teflon™ reaction
vessel for crystallization of zeolite.

The crystallization conditions were optimized by means of the design of experiments using the
Taguchi method (Rao et al., 2008). The L9 orthogonal array of the Taguchi method was chosen to
select a subset of the combinations of variables. Three main influential factors were taken into
consideration: Si/Al molar ratio, crystallization temperature, and reaction time. The Si/Al molar
ratio primarily determines the types of the synthetic zeolites and their resultant physical properties.
The rate of crystallization is directly proportional to temperature while the rate of nucleation is
inversely proportional to temperature. The reaction time should be adjusted to minimize the
production of other phases while obtaining the desired crystalline phase (Georgiev et al., 2009;
Bukhari et al., 2015). For each of these factors, three levels were selected. The Si/Al molar ratios
(0.75-0.85) were chosen since it was reported that zeolite A is preferable to form at a Si/Al molar
ratio around 0.8 (Hollman et al., 1999; Tanaka et al., 2008). Table 2 gives the orthogonal array and
experimental parameters in the design of experiments. Nine experimental runs were conducted to
synthesis zeolite product. After the hydrothermal reaction, the Teflon™ reaction vessel was
transferred to a large container with water at room temperature for cooling down quickly. The
synthetic products were then separated by filtration, washed repeatedly with distilled water and
then dried over night at 60 €. Target zeolite product was produced from the optimal synthesis
conditions and used as WMA additive in the subsequent experiments.

Table 2 Orthogonal array and experimental parameters in the design of experiments.

Parameters
Experiment Si/Al molar ratio | Crystallization Reaction time Sample code
[-] temperature [€] [h]
1 0.75 80 3 S-1
2 0.75 90 6 S-2
3 0.75 100 9 S-3
4 0.80 80 6 S-4
5 0.80 90 9 S-5
6 0.80 100 3 S-6
7 0.85 80 9 S-7
8 0.85 90 3 S-8
9 0.85 100 6 S-9
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In the Taguchi method, the Signal-to-Noise (S/N) ratios are recommended for selecting the best
combination of design variables (Joseph and Pignatiello, 1988). The best design is one which
maximizes the S/N ratio. When the responses are non-negative and the larger values are considered
to be better, the S/N ratio recommended by Taguchi is described as following equation:

Z(x;) = —10log (%Zn: (1/y,-i)2>

i=1

where X;j represents the factor x at level j, n is the number of experimental runs, and yji denotes the
measured response of samples from the factor x at j level.

2.3. SSA-derived zeolite characterization

The thermal properties of the synthetic products were observed through the TG-DTA analysis
using a Rigaka Thermo plus EVO2 thermal analyzer with a TG resolution of 0.1 pg. The synthetic
products were heated in air from ambient temperature to 600 <€ at a fixed heating rate of 10 €/min.
The XRD analysis was employed to determine the crystalline phases of the synthetic products. A
Rigaku SmartLab X-ray diffractometer with a high-intensity 9 kW rotating anode X-ray generator
which can generate a maximum voltage of 45 kV and a maximum current of 200 mA with Cu
target was used. The allowable 2theta scanning range is between -3 degree and 160 degree. The
minimum scanning step width is 0.0001 degree. In the XRD tests, the detector was scanned at a
step width of 0.02 degree and a scan speed of 4 degree/min. The crystalline phases present in the
synthetic products were identified using Rigaku’s PDXL software by comparing the detected XRD
patterns with the standard patterns from the powder diffraction file database supplied by the
International Centre for Diffraction Data (ICDD). The morphology of the synthetic products was
investigated by SEM using a Tescan VEGA3 system operating which has a best resolution of 2
nm at 30 kV in high-vacuum mode (<9x10° Pa?). The magnification continuous from 3 to
1000000 The maximum field of view is 7.7 mm at a Working Distance (WD) of 10 mm.

2.4. Preparation of warm mix asphalt mixtures
The zeolite product synthesized under the optimal conditions was used as a WMA additive to
produce WMA mixture. An HMA mixture was designed and produced as a reference. The mixture

7
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composition used in this research is presented in Table 3, which is the typical 10 mm wearing
course asphalt mixture widely applied on highways in Hong Kong. The coarse aggregates, as well
as fine aggregates and mineral filler, were from local granite rocks. The used binder was grade
60/70 pen bitumen. The Marshall method was implemented to design the HMA mixture and
prepare the specimens. The mineral aggregates and bitumen were heated to temperatures of 165
€ and 150 <€, respectively. The compaction temperature for HMA mixture was 145 <.

With an addition of WMA additives, WMA mixtures were produced using the same mixture
composition and preparation procedure as those for the HMA mixture. The producing and
compaction temperatures for WMA mixtures were all reduced by 25 € compared to the HMA
mixture to evaluate the effects of the zeolite additives on the workability of the bituminous mixture.
Two WMA additives (the SSA-derived zeolite and Aspha-Min®) were used to produce WMA
mixtures using the same procedure. The commercial WMA additive Aspha-Min® was provided by
the Eurovia Services GmbH, which has been investigated in laboratory and applied in test sections
(Hossain et al., 2009). The recommended dosage of Aspha-Min® is 0.3% by total weight of the
asphalt mixture. This rate was used for the SSA-derived zeolite for comparison. The void contents
of HMA and WMA specimens were measured according to the ASTM D3203 (ASTM, 2011).
Their Marshall stabilities and flow numbers were measured according to the ASTM D6927
(ASTM, 2015).

Table 3 Mixture composition of the 10 mm wearing course asphalt mixture.

Components B.S. Sieve size [mm] Passing percentage [%] Appa[rge/r;tréjge]:nsny
14 100 2.642
Coarse aggregates 10 94.0 2.663
5 68.0 2.709
2.36 51.0
1.18 34.4
Fine aggregates 0.6 22.6 2.649
0.3 14.5
0.15 9.2
Mineral filler 0.075 6.0 2.661
Binder content [%] 6.0 (as percentage of total mass including binder)

3. Results and discussion

3.1. Effect of alkaline fusion
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The major crystalline phase, quartz (SiOz), can be the source material of the Si for synthesizing
zeolite. However, quartz is a type of mineral phase which hardly dissolves in solution. The alkaline
fusion process was conducted to convert quartz to silicates. The mass ratio of NaOH and SSA for
the alkaline fusion varied from 0.8 to 1.25, with a step width of 0.05. Figure 3 shows the XRD
patterns of the fused products from different mass ratios of NaOH and SSA. It is obvious that the
quantity of quartz decreased with the increasing of mass ratio of NaOH and SSA, as a result of
conversion to silicates (Figure 3). When a ratio of 0.85 was used, only a small amount of quartz
was converted to silicates. Two groups of silicates were formed in the fused products: olivine and
pyroxene minerals. The olivine minerals are nesosilicates in which the silicate tetrahedra are
isolated. Attraction between the silicate tetrahedra and positive ions holds minerals of this structure
together. The pyroxene minerals are inosilicates which have interlocking chains of silicate
tetrahedra. The silicate tetrahedra in this structure link to form a chain by sharing two oxygen
atoms each. Both olivine and pyroxene minerals are soluble silicates. When the NaOH/SSA mass
ratio reached 1.15, most of the quartz was converted (Figure 3). This ratio is close to the findings
of the alkaline fusion on fly ashes for zeolite synthesis (Somerset et al., 2005; Musyoka et al.,
2012). It was found that when a higher amount of NaOH powder was used, the fused product was
slightly agglutinated. In order to maximize the conversion of quartz and avoid agglutination, the

NaOH/SSA mass ratio of 1.15 was chosen for the alkaline fusion.
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Fig. 3. XRD patterns of the fused products.

3.2. Influence of NaOH concentration

For the hydrothermal reaction, the source materials of Si and Al in the fused product need to
dissolve in a solution. When 10 g of fused product was added into 100 ml distilled water for
dissolution, the Si and Al concentrations in the resultant solution were 4404.4 mg/L and 324.7
mg/L, respectively. As the concentration of NaOH solution increased, more Si and Al dissolved in
the solution (Figure 4). Inada et al. (2005) and Latosinska (2016) reported that an appropriate
amount of NaOH was needed to accelerate the dissolution of Si and Al from the fly ash. When the
NaOH concentration was lower than 2.0 M, the amount of synthetic product was small because of
limited dissolution of Si and Al. With a NaOH concentration of 2.5 mol/L, the dissolved Si and Al
concentrations reached the maximum values of 6838.4 mg/L and 1434.2 mg/L, respectively. The
dissolved percentages of the Si and Al were calculated regarding to their total amounts in the SSA
by mass balance, which increased from 56.9% to 86.0%, and from 8.5% to 36.5%, respectively.

When the NaOH concentration was increased from 0 to 2.5 mol/L.

10
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3.3. Thermal behavior of the synthetic products
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Fig. 4. Dissolved Si and Al concentrations in the solution.

The design of experiments using the Taguchi method was conducted to determine the significance

of factors and the optimal parameters. The mass of total water release, which was calculated

through multiplying the percentage of water loss and yield of the synthetic product, was taken as

the response for analyzing the results from the experimental design. Table 4 presents the responses

of the synthetic products, in which the percentage of water loss was obtained by measuring the

mass loss of the synthetic product when heated up to 200 <€.

Table 4 Responses of the synthetic products.

Specimen code Percentage of water Yield of synthetic Mass of total water
loss [%] product [g] release [g]
S-1 18.30 2.6959 0.4933
S-2 15.09 3.0761 0.4643
S-3 6.48 3.0784 0.1995
S-4 17.2 2.7032 0.4653
S-5 12.47 2.4760 0.3087
S-6 16.11 2.4424 0.3936
S-7 17.03 2.8334 0.4825
S-8 18.16 2.3989 0.4356
S-9 7.16 2.6917 0.1928

Table 5 presents the results of S/N ratio for the responses of the synthetic products. The higher

value of the S/N ratio corresponds to the better performance, which is the higher value of mass of

11




251  total water release. The optimal crystallization conditions are at the Si/Al molar ratio of 0.80,
252  crystallization temperature of 80 €€ and reaction time of 3 h. The significance of each factor can
253  be measured using the delta values of the S/N ratios, which is the mathematical range of S/N ratios
254  between all levels for a given factor, i.e., the difference between the maximum and minimum S/N
255  ratios for a given factor. It can be concluded that the effect of crystallization temperature on the
256  response of the synthetic products is more significant, while the Si/Al molar ratio has less influence
257  compared to the other two factors. Figure 5 illustrates the responses of the synthetic products in
258  terms of crystallization temperature and reaction time. When the Si/Al molar ratio is in the range
259  of 0.75 to 0.85, the lower the crystallization temperature, the higher the amount of water released
260  from the synthetic product. The similar trend was found for the reaction time.

261

262  Table 5 S/N ratio for the response of synthetic products

Si/Al molar ratio (-) CrystalIlzatl((()g)temperature Reaction time (h)
Level S/N ratio Level S/N ratio Level S/N ratio
=1 0.75 -10.5 =1 80 -6.4 =1 3 -7.2
j=2 0.80 -8.6 j=2 90 -8.3 j=2 6 -10.8
j=3 0.85 -10.8 j=3 100 -12.9 j=3 9 -11.2
Delta 2.2 Delta 6.5 Delta 4.0
263
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265  Fig. 5. Responses of synthetic products in terms of crystallization temperature and reaction time.
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Fig. 7. XRD patterns of the representative synthetic products S-# (i-j-k) (# is the specimen code,
i is Si/Al molar ratio, j is crystallization temperature, and k is reaction time).

Figure 7 shows the XRD patterns of four representative synthetic products. For the synthetic
products S-2 (0.75-90-6), S-5 (0.80-90-9) and S-6 (0.80-100-3), both zeolite A and zeolite
Hydroxy Sodalite (HS) were observed. The product S-5 (0.80-90-9) showed a higher amount of
zeolite HS and a lower amount of zeolite A, whilst the product S-6 (0.80-100-3) showed a lower
amount of zeolite HS and a higher amount of zeolite A. It corresponds to their percentages of
crystalline water release from these synthetic products. Zeolite HS has channels with a micro-pore
size of about 2.3 A while zeolite A has a micro-pore size of approximately 4.1 A. The formation
of zeolite A is preferable to achieve a high percentage of crystalline water in the SSA derived
zeolite (Querol et al. 2002).
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For the product S-1 (0.75-80-3), their XRD pattern only showed existence of the zeolite A. The
XRD pattern of product S-8 (0.85-90-3) which is similar as that of product S-1 (0.75-80-3) is not
presented in this paper. Their percentages of crystalline water release were 18.30% and 18.16%,
respectively. In the product synthesized under the optimal crystallization conditions, only zeolite
A was detected by the XRD analysis. For the products S-4 (0.80-80-6) and S-7 (0.85-80-9) which
had the crystalline water release percentages of 17.20% and 17.03%, respectively, a very small
amount of zeolite HS was observed in their XRD patterns.

The developed method of SSA recycling generated zeolite A at the relatively lower crystallization
temperature and/or shorter reaction time. Under the relatively higher crystallization temperature
and/or longer reaction time, it formed zeolite HS. Ojumu et al. (2016) found that for the synthesis
of a pure zeolite A, the crystallization temperature needed to be decreased to 80 <€ and 90 <€ and
the reaction time varied between 1.5 h and 3 h. The optimal hydrothermal reaction conditions were
found to be 2 h at 90 <€, whereas from 3 h to 6 h zeolite HS started to form. Tounsi et al. (2009)
reported that zeolite was synthesized at 90 <€ and after 3 h of crystallization zeolite HS formed.
Khajavi et al. (2010) reported that zeolite HS could be synthesized at different crystallization
temperatures (90-140 <€) for different reaction times (3.5-4 h), whereas synthesis for short time

and at low temperature led to the co-formation of zeolites A, X, and P in addition to zeolite HS.

3.5. SEM characterization of synthetic products

Figure 8 presents the SEM images of the SSA and representative synthetic products. The SSA was
characterized by irregular shapes, a typical particle morphology for the combustion byproducts
due to the expansion of gases during heating. The zeolite A synthesized under the optimal

crystallization conditions exhibited typical cube-shaped morphology.

15
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Zeolite A and zeolite HS were formed as major crystalline phases in the synthetic products S-2
(0.75-90-6), S-5 (0.80-90-9) and S-6 (0.80-100-3), of which the structures were revealed by the
SEM images. In the product S-5 (0.80-90-9), a small amount of the grains with cube-shaped
morphology, which were identified as zeolite A, were observed. The SEM image of the product
S-2 (0.75-90-6) shows both cube-shaped grains and flaky grains, with similar quantities. In the
product S-6 (0.80-100-3), there were a large amount of the cube-shaped grains, representing zeolite
HS particles according to the XRD evidence. The similar morphologies of zeolite A and zeolite
HS were reported by Tounsi et al. (2009) and Kim and Lee (2009). In the product S-1 (0.75-80-3),
only zeolite A particles were observed. Under the optimal crystallization conditions, SSA-derived
zeolite A with a high purity was synthesized. These findings indicate that when the crystallization
was conducted at the relatively higher temperature and/or longer time, it favors the formation of
zeolite HS, which are consistent with the XRD results (Figure 7) as discussed in the previous

section.

3.6. WMA mixtures

The zeolite A synthesized from SSA under the optimal crystallization conditions was used as an
additive to produce WMA mixture. The commercial WMA additive Aspha-Min®, was also applied
to produce WMA mixture for comparison. The HMA mixture with the same mixture design was
produced as a reference. Figure 9 shows the results of Marshall test of HMA mixture and WMA
mixtures with Aspha-Min® and SSA-derived zeolite A. With a decrease of 25 <€ in the production
and compaction temperatures, Marshall specimens with average air void contents of 3.73% and
3.59% were successfully produced for the WMA mixtures with Aspha-Min® and the SSA-derived
zeolite A, respectively. In comparison, the average air void content of HMA Marshall specimens
was 3.23%. All of them meet the requirement for the air void content, which is between 3.0% and
5.0%.

In the Marshall design method, the asphalt mixture also needs to meet requirements for mechanical
properties such as the Marshall stability and flow number. It was found that the average Marshall
stabilities for HMA mixture and WMA mixtures with Aspha-Min® and SSA-derived zeolite A
were 13.97 kN, 11.16 kN, and 11.27 kN, respectively. The flow numbers for HMA mixture and
WMA mixtures with Aspha-Min® and synthetic zeolite A were 2.46 mm, 2.42 mm, and 2.70 mm,
respectively. Both the HMA mixture and WMA mixtures with Aspha-Min® and synthetic zeolite
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A complied with the acceptance requirements for Marshall stability and flow number (i.e., larger
than 10 kN and less than 4 mm). Thus, SSA-derived zeolite A product can be an alternative to
commercial WMA additives with comparable performance, which illustrates a sustainable and
cleaner production approach.
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Fig. 9. Marshall test results of the HMA mixture and WMA mixtures with Aspha-Min® and

synthetic zeolite A.

4. Conclusions

SSA from sludge treatment facilities contains large percentages of silicon dioxide and aluminium
oxide which can be used as source materials for the hydrothermal synthesis of zeolites. The
economic and environmental concerns generated by the conventional landfill disposal of SSA can
be addressed by converting SSA to zeolite A and applying it as a WMA additive. In this research,

zeolite products were produced from SSA through the process of alkaline fusion followed by

18



373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

hydrothermal reaction. The alkaline fusion with a NaOH/SSA mass ratio of 1.15 at 500 <€ for 1 h
is the optimal condition for activing SSA for hydrothermal synthesis. In the hydrothermal reaction
process, the NaOH solution with a concentration of 2.5 mol/L maximizes dissolution of Si and Al
from the fused product at 65 <€ for 3 h. A pure zeolite A can be synthesized under the optimal
crystallization conditions, i.e., a Si/Al molar ratio of 0.80, a crystallization temperature of 80 €
and a reaction time of 3 h. Our developed SSA recycling method tends to generate zeolite A when
the crystallization is conducted at the relatively lower crystallization temperature and/or shorter
reaction time. Under the condition of relatively higher crystallization temperature and/or longer
reaction time, it favors the crystallization of zeolite HS. By adding the zeolite A synthesized from
the SSA as a WMA additive, WMA mixture can be successfully produced with a reduction of 25
€ for both mixing and compaction temperatures. The SSA-derived zeolite A complies with all
requirements prescribed by technical standards and it presents a new and cleaner production

method of WMA additive for environmental benefits.
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