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A B S T R A C T   

This paper focuses on the functionalization of heterogeneous and highly contaminated waste material, namely 
bottom ashes (BA) with a particle size � 125 μm that cannot be recycled with conventional treatments. The main 
goal of this study is to modify this waste into a valuable material that can be used in various applications, 
especially in the building sector. The complex mineralogical nature of this material was investigated with 
quantitative XRD, which confirms the presence of crystalline and amorphous phases such as silicates, carbonates, 
metallic oxides and amorphous glass. A hydrophobic modification was performed by using a fluorosilane grafting 
agent that utilizes the reactive surface sites of these minerals to form silanol bonds. Results showed that the 2.5% 
(m/m) of silane made the BA hydrophobic. Moreover, a thorough characterization showed that fluorosilane was 
well-grafted at the surface of the BA, with more than 60% of the fluorosilane chemisorbed on the surface. 
Additionally, the hydrophobic modification led to a significant decrease of the leaching of the contaminants (Cr, 
Cu, Mo and Sb) from the BA particles. Following this methodology, fine fraction of BA could be eventually used 
as a building material, preventing the landfill of this toxic waste.   

1. Introduction 

Over the past decades, hydrophobic materials have attracted great 
attention in academic and industrial fields because of the usefulness in 
both fundamental research and commercial applications (Ho Sun Lim 
et al., 2006). Indeed, hydrophobic materials have been used to fill and 
reinforce polymers, to improve various properties such as shrinkage, 
thermal expansion, creep as well as their mechanical behavior (Lotfi-
pour et al., 2004; Murphy, 1966; Rong et al., 2006). Many different 
materials can be used as filler or reinforcing agents such as aerogels 
(Reynolds et al., 2001), zeolites (Sakthivel et al., 2013), calcite (CaCO3) 
(Karakaş; Çelik, 2012), synthetic sorbents such as polypropylene (Li 
et al., 2014) and polyurethane (Li et al., 2012). However, the global 
filler market is already estimated as between 5 and 10 million tons per 
years and the growing use of synthetic particles encourages the devel-
opment of hydrophobic materials, that are derived from economical and 
more sustainable raw materials (Puk�anszky, 1999). 

Industrial waste by-products such as incineration ashes (e.g., fly 
ashes) are often investigated as a replacement of the primary raw ma-
terials in polymer composites (Fakher et al., 2020; Labella et al., 2014). 
Another major incineration residue is bottom ash (BA), but as compared 

to fly ashes, these residues are highly heterogeneous because they are a 
mixture of different residual materials, such as ceramics, metals, or-
ganics, incineration slag and glass (Kirby and Rimstidt, 1993). As a 
waste material, BA is abundantly available and a preferred raw material 
considering the need to move to a circular economy (Lin et al., 2012; 
Toraldo et al., 2013). However, recycling this material remains a chal-
lenge because of the high leaching levels of contaminants (Luo et al., 
2019; Saffarzadeh et al., 2015; Santos et al., 2013; Saqib and B€ackstr€om, 
2016; Yao et al., 2010) and stricter leaching limits imposed by EU and 
regional regulations (Soil Quality Decree, n.d.). The content of these 
contaminants strongly depends upon the particle size of the BA and the 
smaller particles are reported to be the most contaminated ones (Alam 
et al., 2016; Chimenos et al., 2003). Generally, size-separation of the BA 
particles is applied for recycling purposes (Alam et al., 2017; Tang et al., 
2016). This process leads to the generation of fine particles, which are 
heavily contaminated and cannot be recycled with commonly applied 
treatment methodologies. These finer particles (�125 μm) of BA can be 
recycled as a replacement of the primary fillers, such as calcite, silica, 
etc. However, like many other conventional fillers, BA is hydrophilic and 
would have very low compatibility with polymers, limiting its potential 
applications. Therefore, surface modification is required to functionalize 
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the BA by grafting a hydrophobic layer on its surface via a chemical 
reaction. 

Currently, silane-coupling agents are the most commonly used for 
surface modification because they can easily react with oxides, forming 
strong and durable bonds. Moreover, a wide variety of silane is avail-
able, capable of imparting numerous surface properties depending on 
the organofunctional group of the silane (Kulinich and Farzaneh, 2004; 
Wang et al., 2010). Fluorosilanes have already been used to increase the 
hydrophobicity (Xu et al., 2012) of CaCO3 nanoparticles and its inter-
facial compatibility with different matrices (Demj�en et al., 1997; Yang 
et al., 2013). Numerous publications and patents have been dedicated to 
the utilization of silane on metallic oxides such as SiO2 (Rowell, 2006; 
Yildirim et al., 2011), TiO2 (Song et al., 2010), Al2O3 (Bao et al., 2013), 
titanate nanotubes (Chao et al., 2013) and even cellulosic materials such 
as cotton (Erasmus and Barkhuysen, 2009). Silane modification of BA 
can be challenging because of the high heterogeneity of this material in 
terms of chemical composition and morphology (Alam et al., 2019c; 
Schollbach et al., 2016). Nevertheless, a major portion of BA particles 
consists of calcite, metal-oxide, glass and silicates that could act as an 
active site, containing hydroxyl groups, which can react with silane 
allowing the modification (Alam et al., 2019a). Furthermore, silanes are 
expensive chemical reagent to use for the surface modifications; there-
fore, optimizing the amount of silane needed to achieve desired surface 
properties is of paramount importance. 

As compared to most of the current research which focuses on 
modification of homogeneous materials (e.g. spherical silica) with well- 
known surface composition, this work aims to study the modification of 
heterogeneous materials such as BA fines (<0.125 mm). Indeed, this 
material has a non-conventional shape, heterogeneous functional group 
distribution at its surface and is contaminated by various elements such 
as Copper, Chromium or Vanadium, and could be used as state-of-the-art 
example in the field of material surface modification. Therefore, in this 
work, BA was modified by a fluorosilane coupling agent to introduce 
hydrophobic functionality into it. Hydrophobic functionalization of the 
<0.125 mm fraction with a silane coupling agent was investigated by 
developing a wet-chemistry method to graft 1H, 1H, 2H, 2H-perfluor-
ooctyltriethoxysilane onto the BA surface. After functionalization, the 
hydrophobicity was assessed by measuring the water contact angle of 
the modified BA. Leaching tests to assess the mobility of heavy metals 
were performed with both original and hydrophobic BA to understand 
the influence of hydrophobic functionalization. The surface character-
ization after the silane modification was performed by XPS. Then, TGA 
was used to characterize and quantify the physisorbed and chemisorbed 
silane at the BA surface. GC-MS was performed on the TGA exhaust gas 
to confirm the previous observations made with other methods. Thanks 
to this in-depth analysis, a possible surface modification mechanism was 
proposed, showing which fraction of the BA can be modified and how it 
affects its hydrophobic properties. 

2. Materials and methods 

2.1. Materials 

MSWI �4 mm was provided by Heros Sluiskil, the Netherlands. The 
BA fraction with a particle size of �0.125 mm was obtained by sieving 
using a vibratory sieve shaker (Retsch AS 450 Basic) according to DIN 
EN 933–1. Hereafter, this fraction of the BA will be referred to as BA-S. 
The silane form the modification was 1H, 1H, 2H, 2H-perfluorooctyltrie-
thoxysilane (FS) with the purity of 98% and was obtained from Sigma- 
Aldrich. NaOH tablets (�97.0%) and 32% HCl for pH alteration, and 
ultrapure HNO3 (58–60%) were obtained from VWR Chemicals. Dehy-
drated ethanol was purchased from Biosolve. 

2.2. Hydrophobic functionalization 

Hydrophobic BA was prepared by reflux, mixing 5 g of original BA-S 

and up to 7% (m/m) of FS for 5 h in a round bottom flask in a solution 
with 200 ml of ethanol/water (ratio 3:1). Before the BA-S was added, the 
functionalizing agent was activated by hydrolysis in the 200 ml of 
ethanol/water (ratio 3:1), under stirring for 1 h at 50 �C, with a pH of 
3–4. The reaction temperature was controlled by heating the mixture in 
a water bath on a combined heating/stirring plate. After the function-
alization, BA-S was separated from the reaction mixture using vacuum 
filtration and dried overnight at 60 �C to evaporate the residual solvent. 
Hereafter, this modified BA-S will be referred to as BA-S-F. 

2.3. Material characterization 

Bulk chemical composition of original BA-S was determined with an 
X-ray fluorescence spectrometer (XRF; PANalytical Epsilon 3, stan-
dardless) using fused beads. For XRF sample preparation, the loss on 
ignition (LOI) was measured at 1000 �C. The residues after LOI were 
homogenized with flux (Li2BO7 & LiBO4) and non-wetting agent (LiBr) 
and a melt were prepared with fluxer oven (classisse leNeo) at 1100 �C. 
This melt was cast to prepare the fused bead sample for the analysis. 

The X-ray diffraction (XRD) pattern was measured on a Bruker D2 
(radiation source: Co Kα1 1.7901 Å, Kα2 1.7929, Detector: LynxEye, 
Divergence slit: fixed and soller slits: 2.5) to analyze the mineral 
composition. An internal standard (Si: 10% m/m) was added to the 
sample for the quantification of crystalline and amorphous phases. 
Phase identification and quantification were performed with the soft-
ware X’Pert Highscore Plus (PANalytical) and TOPAS 4.2 (Bruker), 
respectively. 

After functionalization, the hydrophobicity of functionalized BA-S 
was assessed with static water contact angle (CA) measurements using 
sessile drop technique (Dataphysics CA Systems OCA, TBU 90 E). The 
modified BA-S samples were prepared as a pressed powder tablet of 5 g 
by applying a pressure of 40 kN for 1 min in pellet press set. The volume 
of each water droplet was exactly 2.000 μl. Reported CA values corre-
spond with the average measured CA of five water droplets on the pellet. 
The margin of error was defined as the 95% confidence interval of the 
standard deviation in these five measurements. 

X-ray photoelectron spectroscopy (XPS) was performed by using a 
Thermo Scientific K-alpha spectrometer (source: monochromatic Al Kα 
x-rays) to analyze the elemental composition of BA before and after 
functionalization. 

Thermogravimetric analysis (TGA; PerkinElmer Pyris 6 TGA 400 
System) was performed on 10–15 mg of BA, in the temperature range 
45–500 �C at a heating rate of 1 �C min� 1, under an N2 flow of 40 ml 
min� 1. The exhaust gas flow from TGA was captured in 3 parallel con-
nected gas sorption tubes in the temperature ranges 295–305 �C and 
415–425 �C, and subsequently analyzed with combined gas chroma-
tography (GC; PerkinElmer Clarus® 680) and mass spectrometry (MS; 
PerkinElmer Clarus® SQ 8 T) for qualitative analysis. These samples 
were introduced into the instrument via thermal desorption (Perki-
nElmer TurboMatrix 350). 

2.4. Leaching analysis 

The leaching potential of heavy metals, Cl� , and SO4
2� from original 

and modified BA-S was evaluated with a one-batch leaching test ac-
cording to EN 12457–2 (Comite Europeen de Normalisation, 2002). The 
leachate samples from the test were acidified (pH 2) with 0.2 vol % 
ultrapure HNO3 to avoid precipitation of metallic species. The leachates 
were analyzed for the trace elements with inductively coupled 
plasma-optical emission spectrometry (ICP-OES; Varian 730-ES). The 
contents of Cl� and SO4

2� were determined with ion-exchange chroma-
tography (IC; Dionex 1100) equipped with an ion-exchange column 
AS9-HS (2 � 250 mm). For these measurements, a 9 mM solution of 
Na2CO3 was used as eluent with an isocratic flow of 0.25 ml min� 1, and 
the ions were detected by measuring the suppressed conductivity using 
an electrolytically regenerated suppressor (Dionex AERS 500, 2 mm). 
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3. Results and discussions 

3.1. Characterization of BA 

The chemical composition of the BA-S is provided in Table 1. It can 
be seen that this fraction of bottom ash is rich in CaO but also contains 
SiO2, Al2O3 and Fe2O3 in decreasing order of abundance. Additionally, it 
also contains many trace elements such as Zn, Cu, Sb and Mn. The high 
content of CaO in this fraction is in accordance with the reported trend 
in which CaO content is inversely proportional to the particle size of 
bottom ash (Alam et al., 2019b, 2017; Yang et al., 2014). 

Fig. 1 shows the diffraction pattern and mineral quantification of BA- 
S. The crystalline component of BA-S contains numerous mineral phases, 
most abundant one among them is calcite (calcium carbonate) and it is 
in accordance with the chemical composition. These crystalline phases 
can be grouped as follows: 1) silicates with quartz, feldspar and melilite; 
2) iron (or metal) oxides with spinel, hematite, lepidocrocite and rutile, 
3) salts with halite, gypsum; 4) the rest of crystalline phases with 
ettringite, apatite and zeolite. Moreover, the content of crystalline and 
amorphous phase in this fraction is 48 and 52% (m/m), respectively. 
The full profile Rietveld quantitative analysis performed with TOPAS 
software is provided in Appendix A (Fig. A1). The amorphous phase 
represents the sum of all amorphous phases in this fraction. These 
amorphous phases are reported to be incineration slag, bottle glass and 
other poorly crystalline phases (Alam et al., 2019b, 2019c). As expected, 
the bottom ashes are very heterogeneous and their functionalization can 
be challenging due to their complex mineralogical matrix. From the 
functionalization point of view, this material shows a diverse range of 
minerals that were formed under either incineration conditions or the 
weathering process after the incineration. The reported studies in the 
literature mostly concern the modification of pure phases such as glass, 
silica and carbonates with a well-defined composition and surface (Alam 
et al., 2019a; Araujo et al., 1995; Mihajlovi�c et al., 2009). 

The morphology and internal structure of BA-S particles are pre-
sented in Fig. 2a. These particles show random shape and sizes. The 
bright spots indicated the presence of metallic inclusions. In Fig. 2b the 
particle size distribution of BA-S is given and it can be seen that the d90 
of this BA fraction is 88 μm. Although the particle size distribution of BA- 
S is similar to fly ash, their morphology is completely random and 
different as compared to the spherical particles of fly ashes. Due to the 
morphology of fly ash particles and relatively homogenous surface 
characteristics, they are widely used for hydrophobic functionalization. 
On the other hand, the complex mineral compositions, random particle 
shapes and heterogeneous surface characteristics of the BA hampers 
their functionalization. The FT-IR spectrum of the original bottom ash 
fraction shows characteristic bands (presented in Appendix A, Fig. A2) 
for water (1636 cm� 1), sulfate group (1414 cm� 1), Si–OH group (967 
and 711 cm� 1) and carbonate group (872 cm� 1) (Liang et al., 2012; Reig 
et al., 2002). 

3.2. Hydrophobicity assessment of modified BA-S 

To characterize the effect of the fluorosilane modification on the 
hydrophobicity of the BA-S-F, contact angle measurements were per-
formed by a sessile drop technique. Fig. 3 shows the average contact 
angle measured as a function of the weight fraction of silane used during 
the modification process, varying from 1 to 7% (m/m). The heteroge-
neity of the BA-S explained the larger standard deviation for some 
samples (e.g., at 1 and 5% m/m silane fraction). 

BA-S is a hydrophilic material and as soon as the droplet of touches 
the tablet, it is absorbed immediately (Video S1, see SI). Results show 
that a small amount of silane (1% m/m) was able to increase the contact 
angle of the BA-S significantly, with values above 50�. Then, a linear 
increase of the contact angle was observed by addition of 1 and 2.5% 
(m/m) fluorosilane, showing that in this range, the BA-S still had 
available sites that could react with the functionalizing agent. Moreover, 
from 2% (m/m) of silane onwards, the contact angle was above 90�, 
which means that the sample can be considered hydrophobic (Video S2, 
see SI). From 2.5% (m/m) of silane, a plateau was reached, with contact 
angles above 130�, close to the superhydrophobic range (i.e., 
145–150�). Above this value, the additional silane cannot react with the 
reactive sites of BA-S. In overall, the surface modification of BA-S by 
fluorosilane was a success and these results showed that the optimum 
weight fraction of silane that should be used was 2.5% (m/m). Yet, for 
the next tests in this study, a weight fraction of 5.1% (m/m) of silane was 
used because 1) from these results, 2.5 or 5.1% (m/m) provide the same 
surface modification and 2) 5% (m/m) allowed a better accuracy in all 
other the characterization measurements. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jenvman.2020.110884 

3.3. Leaching analysis 

The leaching potential of the original unmodified BA-S and func-
tionalized materials are presented in Table 2. The original material 
contained numerous toxic elements that can be leach such as Cr, Cu, Mo, 
Sb, As, into the environment. The leaching potential of the functional-
ized BA-S is expected to decrease due to two factors as follows: 1) the 
functionalization protocol itself; 2) reduced compatibility between 
water and functionalized particles. The BA-S was modified in an 
ethanol/water mixture and under these conditions, mineral phases with 
limited stability dissolve and release the PTEs associated with them. For 
instance, ettringite can be dissolved under prolonged contact with water 
and is known to immobilize numerous PTEs, such as Sb, Cr, Cu and Zn 
(Alam et al., 2017) (Piantone et al., 2004). The other main factor leading 
to the decrease in the leaching of PTEs is the greater hydrophobicity of 
modified BA-S, which limits the wetting of these particles in the water, 
thereby reducing the leaching of contaminants. After modification, the 

Table 1 
Chemical composition of MSWI bottom ash (BA-S) with particle size � 125 μm in % (m/m) measured with XRF. R.O: Remaining oxides and LOI: Loss on Ignition at 
1000 �C.   

CaO SiO2 Al2O3 Fe2O3 SO3 MgO P2O5 TiO2 ZnO K2O Sb2O3 MnO CuO R.O. LOI 

BA-S 25.0 19.6 12.6 6.3 3.7 1.7 1.6 1.4 0.8 0.5 0.3 0.2 0.2 0.3 25.8  

Fig. 1. X-ray diffraction pattern of BA-S along with the quantification of the 
mineral phases via Rietveld method. 
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most significant decrease concerning leaching was noted in the case of 
Cu, with a decrease of more than 60% (m/m) as compared to original 
BA-S. Moreover, the leaching of Cr, Sb, and Cl‾ and was also reduced 
significantly. On the other hand, an increase in the leaching of Zn and Ba 
was observed. Although an increase of the hydrophobicity was imparted 
to BA-S due to the functionalization, these results indicate that not all 
the mineral phases in the sample were modified, which is expected 
because of the complex mineral composition of the BA-S where not all 
the mineral phases present in BA-S have reactive sites that can interact 
with the FS functionalizing agent. 

3.4. Silane – bottom ash interactions 

X-ray photoelectron spectroscopy was performed to characterize the 
surface modification of the original and modified BA-S. Results are 

shown in Table 3. The XPS elemental analysis of the reference BA-S 
confirmed the results of previous sections, showing that it was 
composed of oxides (O ¼ 63.6%) and more specifically calcium oxide 
(Ca ¼ 9.6%) and aluminum oxide (Al ¼ 7.4%). A significant amount of 
carbon was measured (C ¼ 17.4%), which correspond to the organic 
compounds composing the BA-S. 

After modification, more than 21% of fluorine was measured, cor-
responding to the silane, containing 13 fluorine per molecule, covering 
the surface of the BA. Moreover, a significant decrease in oxygen and 
calcium was observed, whereas the aluminum content was unchanged. 
This phenomenon shows that the fluorosilane mainly bonded to the 
calcium oxides present at the BA-S surface and not with aluminum 
species, showing the preferable interaction between the silane and the 
calcium oxides. This observation validates the mechanism proposed 
previously (see Section 3.2.). Moreover, it also indicates that the silane is 

Fig. 2. a) SEM image of the cross-section of BA-S obtained in BSE (backscattered electron) mode and b) Particle size distribution of the BA-S fraction with particle 
size � 125 μm. 

Fig. 3. Contact angle of the BA as a function of the silane weight fraction used during the modification process. Straight lines define the hydrophobic range (gray 
line, > 90�) and superhydrophobic range (black line, > 150�). 
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chemically bonded to the BA-S via silanol bonds and does not cover the 
other parts of the sample. Any physisorption would occur close to the 
calcium oxides and the chemisorbed silane itself, forming weak in-
teractions with unreacted silane at the surface. 

Further tests using the thermogravimetric analysis were performed 
to validate these observations. Fig. 4a shows the TGA curve of the 
reference (BA-S underwent the same modification protocol in the 
absence of FS) and BA-S-F (modified with 5.14% m/m of fluorosilane). 
The curve corresponding to the reference shows that even without sur-
face modification, an important mass loss happened (- 10.0% m/m). 

This mass loss was linear between 0 and 500 �C and corresponds to the 
loss of the moisture, hydrated water and residual organic matter such as 
cellulose decomposes during this temperature range (Lin et al., 2010). 
The curve corresponding to BA-S-F shows logically a greater mass loss in 
total (� 15.2% m/m) than the reference one. As compared to the refer-
ence sample, the mass loss of the BA-S-F seems to have multiple slopes, 
the most prominent one was at around 250 �C. To study this phenom-
enon, a corrected curve, subtracting the reference from the modified 
sample is presented in Fig. 4b. 

This curve shows 2 different mass loss regions: The first one from 50 
to 210 �C, with a mass loss of 2.0% (m/m) and the second one from 210 
to 500 �C, with a mass loss of 3.2% (m/m). The total mass loss of 5.2% 
(m/m) was equal to the initial amount of silane used during the modi-
fication process (5.14% m/m). Therefore, the total mass loss corre-
sponds to the fluorosilane at the BA surface and the two regimes can 
explain how the silane was bonded to the BA. In the literature, different 
studies showed that at the low-temperature range, functionalizing 
agents were only physisorbed at the surface because the energy required 
to break the weak interactions was small. On the other hand, a chem-
isorbed molecule requires much more energy to be debonded (i.e., 
enough energy to break the chemical bond between the functionalizing 
agent and the particle) (Yamazaki et al., 2016). The silanol bonds, which 
connect the fluorosilane to the BA, have been reported to break in the 
150–200 to 450–500 �C range, which corresponds precisely to the sec-
ond weight loss (Papirer, 2000). Therefore, after modification, 3% 
(m/m) of fluorosilane was attached to the BA surface via chemical bonds 
whereas 2% (m/m) of fluorosilane was physisorbed to the first silane 
layer. This result also validates the observation made in Section 3.2., 
where the contact angle was not increased further after adding 2.5% 
(m/m) of fluorosilane. 

In order to confirm this result, gas chromatography coupled with 
mass spectrometry was performed on a sample of BA-S-F collected at 
300 �C in the exhaust of the TG analyzer, which should correspond to 
fluorosilane chemisorbed to the BA. Fig. 5 shows the gas chromatogram 
of the sample and Table 4 sums up the fragmentation results. 

The chromatogram shows the six main fragments that were charac-
terized by mass spectrometry (Appendix A: Fig. A3 – Fig. A8). Mass 
spectrograms were analyzed with MassFrontier software to identify the 
nature of the exhaust gas at 300 �C. The main peaks of the different mass 
spectrograms were characterized as smaller fragments of the fluo-
rosilane, as shown in Table 2. Moreover, the main peak of the fluo-
rosilane (m/z ¼ 426) is not visible, proving that the silane, at 300 �C, 
cannot be physisorbed and starts to be fragmented. Indeed, the pyrolysis 
of fluorocarbon compounds leads to numerous small fragments that 
have already been characterized in the literature for similar structure 

Table 2 
A comparison between the leachable content of PTEs, chloride and sulfates from 
the original BA-S and BA-S-F with 5.1% (m/m) of the functionalizing agent, 
along with the leaching limits as per Soil Quality Decree (Soil Quality Decree, n. 
d.).  

Elements/Ions Leaching limits [mg/kg] BA-S [mg/kg] BA-S-F [mg/kg] 

Ba 22 L.D. 0.47 
Cr 0.63 1.20 0.87 
Cu 0.90 6.61 2.59 
Mo 1.00 1.12 0.98 
Sb 0.32 0.97 0.76 
As 0.90 0.16 0.17 
Cd 0.04 L.D. L.D. 
Co 0.54 0.05 0.05 
Pb 2.30 L.D. 0.03 
Ni 0.44 0.07 0.06 
Se 0.15 L.D. L.D. 
Sn 0.40 L.D. L.D. 
V 1.80 0.16 0.13 
Zn 4.50 0.47 1.07 
Cl - 616 11,136 537 
SO4 

2- 2430 20,097 19,483 
L.D: lower than detection limit  

Table 3 
The atomic percentage of elements on the surfaces (obtained via XPS) of the 
reference (BA-S which underwent the same modification protocol in the absence 
of FS) and the BA-S-F (FS: 5.14% m/m) BA.  

Sample O1s 

(%) 
Ca2p 

(%) 
C1s 

(%) 
Al2s 

(%) 
Na1s 

(%) 
F1s 

(%) 

BA-S 63.6 9.6 17.4 7.4 1.9 – 
BA-S-F 40.5 6.7 23.7 7.3 – 21.6 
Pure 

fluorosilanea 
12 – 32 – – 52  

a The theoretical weight percentage of elements in pure fluorosilane. 

Fig. 4. Thermogravimetric analysis of a) BA-S functionalized with 5.14% (m/m) of FS, reference (BA-S underwent same modification protocol in the absence of FS) 
and b) corrected curve obtained by subtracting the mass loss due to the reference was from the mass loss of BA-S-F. 
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(Hiltz, 2014; Lonfei et al., 1986). Therefore, this characterization 
showed that the silane, above 300 �C, was well bonded to the BA-S and 
underwent a pyrolysis reaction. 

4. Conclusions 

The following conclusions are drawn from the present study:  

� The fine fraction of bottom ash with particle size of �125 μm (BA-S) 
has been characterized to be heterogeneous, constituted of various 
crystalline phases which can be classified into silicates (quartz, 
feldspar and melilite), carbonates (calcite), metallic oxides (spinel, 
hematite and rutile), sulfate minerals (gypsum and ettringite) along 
with inorganic salts (halite). Moreover, the ration between crystal-
line and amorphous phases (mainly incineration slag and glass) was 
48% and 52% (m/m), respectively.  
� The minerals such as silicates, carbonates, metallic oxides and glass 

provide the reactive sites where silane modification can be per-
formed to induce hydrophobic nature to the bottom ash particles. 
� The silane modification of BA-S was successful. The hydrolyzed flu-

orosilane reacted primarily with calcium oxide at the surface of the 
BA. The hydrophobicity of the BA increases significantly; with con-
tact angles up to 135�.  
� The threshold of the weight fraction of fluorosilane that can react 

with the BA-S was characterized to be around 2.5–3% (m/m). Adding 
more fluorosilane did not increase the hydrophobicity of the BA-S 
because as characterized by TGA and GC-MS, the excess of silane 
cannot be chemically bonded to the active sites and but forms 
additional silane layers that are physisorbed to the BA.  
� Moreover, leaching of potentially toxic elements Cr, Cu, Mo and Sb 

from the functionalized bottom ash was reduced by 28%, 61%, 13% 
and 22%, respectively. The decrease in the leaching is attributed to 

the functionalized protocol in which these contaminants were 
washed away and after the modification due to the hydrophobic 
nature of particles. 
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