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a b s t r a c t

In this study, a method to prepare water-resisting mortars by incorporating hydrophobic incineration
ashes is reported. Bottom ash is the by-products of municipal solid waste incineration with limited
recycling options due to harmful contaminants. To decrease the environmental risk of bottom ash and
provide an economical and green route to reuse it, a wet chemistry method is applied to prepare hy-
drophobic bottom ash and investigate its potential to improve transport properties of concrete. The
functionalization of fine bottom ash (<0.125 mm) using stearic acid provides hydrophobic nature to the
particles along with improved leaching properties. At an optimum addition of 4% stearic acid, the bottom
ash present a water contact angle of 141� and can be classified as hydrophobic. The influence of func-
tionalized bottom ash on the cement hydration, mechanical properties, water absorption and wetting
property of the water resisting mortar is investigated. Results show that the up to 30% of the binder can
be replaced by hydrophobic bottom ash as it decreases the capillary water absorption rate and chloride
penetration depth by 57% and 65%, respectively. The samples containing hydrophobic bottom ash show
better mechanical properties as compared to the samples made with untreated bottom ash. The envi-
ronmental assessment shows that the mortars containing functionalized BA are environmentally friendly
because of the dilution effect and immobilization potential of the hazardous material into the cemen-
titious matrix. Results show that the proposed method is a facile and efficient way to change bottom ash
into hydrophobic powders, which leads to more environmentally friendly water-resisting mortar.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

For concrete structures designed for harsh environments,
durability is a key factor that influences their reliability and safety
(Hossain et al., 2016). In particular, ingress of water into the con-
crete is the most often occurring phenomenon that leads to the
deterioration of concrete (Zhang et al., 2018). The ingress of water
causes distress and provide passage to the aggressive ions such as
Cl� to reach inside the cementitious matrices (Elfmarkova et al.,
2015), increasing the corrosion of steel reinforcement (Qu et al.,
2018) and internal cracking due to the alkali-silica reaction (ASR).
With a concern of global CO2 output (cement industry itself esti-
mated that cement production is responsible for 5% of the global
in), fzhwang@whut.edu.cn
CO2 output), production of cement with recycled materials such as
blast furnace slag could result in the decrease of CO2 emissions
(Carvalho et al., 2018). Taking the high maintenance and repair
costs of concrete structures into account, it is significant to improve
concrete durability sustainably and cleanly (Kalla et al., 2015). The
most commonly used strategies to increase the water-resistance of
concrete can be to increase the packing density (Ghafari et al.,
2015), create tortuosity inside the system (Supit and Shaikh,
2015), improve the overall microstructure (Yang et al., 2018), limit
the crack width (Van Tittelboom et al., 2010) and to use surface
protection technologies (Liu and Hansen, 2016). However, even
with these solutions, water ingress is challenging to eliminate due
to the porous and micro-cracked structure of concrete (Wong et al.,
2015).

Addition of hydrophobic materials to the system is an efficient
way to prevent water penetration (Feng et al., 2002). The most
frequently applied methods are either by surface treatments (Jiang
et al., 2004) or by integrating hydrophobic components (Pham and
Dickerson, 2014) into the bulk volume of the material. As
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cementitious materials are vulnerable to the threat of microcracks,
the bulk hydrophobic modification is an ideal way to increase the
water-resistance of concrete (Wong et al., 2015). Silane-based re-
pellents (Zhang et al., 2017) are widely used in concrete because of
their versatility and easy dispersion in the water at room temper-
ature (Shi et al., 2017). However, silanes are expensive (Qu and Yu,
2018) and poor wear resistance, which limits its large scale appli-
cation in the concrete industry (De Vries and Polder, 1997). Another
efficient way to prepare water resistance concrete is to add pre-
treated hydrophobic materials in the matrix. Wong et al. (2015)
have prepared hydrophobic concrete with the addition of super-
hydrophobic paper sludge ash, which was modified by stearic acid
through a physical ball milling method. This application shows that
waste materials that are hard to recycle due to the presence of
leachable heavymetals and salts can be used after functionalization
(Silva et al., 2017).

Among the available waste materials, the fine fraction
(<125 mm) of the Municipal solid waste incineration (MSWI) bot-
tom ash (BA) is a good candidate, especially because these fines are
usually highly contaminated with heavy metals, chlorides and
sulfates (Alam et al., 2019c). Due to the high level of contaminants
and low reactivity, BA finds little applications in the field of building
materials and needs to be landfilled. With the increasing concern of
environmental protection and stricter limitations for the leaching
of contaminants from the landfilled materials, BA is encouraged to
be reused as a secondary building material (Caprai et al., 2018b,
2018a). According to the recent Dutch initiative “Green Deal B-76”,
100% of all BA produced in the Netherlands must be upgraded to a
primary building material level before 2020 (Green deal-GD076,
2012). However, traditional treatments methods, such as sieving
and washing (Alam et al., 2020), are unable to reduce the content of
contaminants below the legal limits sets by the Dutch Soil Quality
Decree (2007). Functionalization of these fines in order to modify
their surface properties and to limit the leaching of contaminants
can be used before the reuse in concrete.

The present research aims to investigate the feasibility of
applying functionalized waste material to prepared water-resisting
mortars. With a wet chemistry method, bottom ash is transferred
into a hydrophobic powder, which presents potential to improve
the transport property of cementitious materials. The influences of
BA and hydrophobic bottom ash (HBA) to the cement hydration and
mechanical properties of the mixed mortars are investigated. The
transport property of the functionalized waste powder contained
mortar was evaluated by water absorption and chloride penetra-
tion depth compared to the untreated waste powder contained
mortar. The leaching behaviour of the BA, HBA and the mixed
mortars are studied to assess the environmental impact of the
water-resisting mortars. This work provides a facile and low-cost
way to turn the fine fraction of BA into hydrophobic powders
while decreasing the leaching of contaminants. This study also aims
to provide an alternative recycling solution for BA by applying it
into the mortar in order to increase its permeability.

2. Experiment

2.1. Materials

BA � 4 mm used in this study was provided by Heros Sluiskil,
the Netherlands. The fraction had already undergone a standard
drying pre-treatment, including screening and removal of unburnt
materials (Alam et al., 2017). The received BAwas sieved to separate
particles smaller than 125 mmwith a vibratory sieve shaker (AS 450
Basic, Retsch, Germany) by DIN EN 933-1. The stearic acid (95%) was
purchased from Sigma-Aldrich. The cement used in this study is
Portland Cement CEM I 52.5 R, provided by ENCI (the Netherlands).
Normal sand with the fraction �2 mm is used as aggregates (Gra-
niet-Import Benelux, the Netherlands).

2.2. Preparation of the HBA

During the preparation of HBA, BAwas dispersed inwater under
constant stirring. Then, different amounts of stearic acid (1%, 2%, 4%,
8%, 10% by weight of BA) are added to investigate the optimum
content. After the reaction, the bottom ash was separated from the
reaction mixture by filtration and dried overnight at 60 �C.

2.3. Testing methods

2.3.1. Characterization of the bottom ash
Morphology of the BA was characterized by a Phenom ProX

scanning electronmicroscope (SEM) (Thermofisher Scientific, USA),
with backscattered electron (BSE) detector at an accelerating
voltage of 10 kV. All samples were sputtered-coated with a gold
layer of approximately 15 nm in thickness.

The chemical composition of the BA was measured with the X-
ray fluorescence spectrometer (XRF) (Omnian method: standard-
less) by using a PANalytical Epsilon 3 (Malvern Panalytical, the
Netherlands). The sample for XRF was ignited at 1000 �C to mea-
sure the loss on ignition (LOI). Subsequently, the residues obtained
after LOI were used to make glassy fused beads with fluxer oven
(classisse leNeo).

The diffraction pattern was collected with a D2 X-ray diffrac-
tometer (XRD) (Bruker, USA). The XRD radiation source was Co;
divergence slits 0.2� and soller slits of 2.5�. For the determination of
amorphous content 10 wt% of Si was added as an internal standard.
The Rietveld refinement was performed with TOPAS 4.2 (Bruker,
USA) for the quantification of phases.

The FT-IR spectra of the original and hydrophobic BA were
measured from 4000 to 400 cm�1 with a resolution of 4 cm�1 using
a Frontier spectrometer (PerkinElmer, USA).

2.3.2. Characterization of the HBA
Hydrophobic bottom ash was characterized by various analyt-

ical methods. In order to measure the content of functionalizing
agent (Stearic acid) associatedwith BA, thermogravimetric analyses
(TGA) were performed on a STA 449 Jupiter® F1 400 System
(Netzsch, USA), in a temperature range of 45e600 �C at a heating
rate of 2 �C/min, under a nitrogen flow of 50 ml/min. This system
was coupled to a Bruker Alpha Fourier transform infrared spec-
trometer to analyse the released vapours during the measurement.

The outlet gas flow was also captured in gas sorption tubes at
the desorption temperatures, as characterized with the TGA-FTIR.
The Gas tubes were then thermally desorbed with a TurboMatrix
350 Thermal Desorber (PerkinElmer, USA) and analysed with a
Clarus 680 Gas Chromatograph and Clarus SQ 8 T Mass Spectrom-
eter (GC-MS) (PerkinElmer, USA) according to the following tem-
perature program, step 1: hold 50 �C for 6 min, elevate to 55 �C at
0.5 �C/min, hold 2 min at 55 �C, elevate to 300 �C at 20 �C, hold
4.75 min at 300 �C.

2.3.3. Preparation of the mortar samples
All mortar specimens were prepared in a laboratory mixer. The

mortar was prepared with water: cement: sand ¼ 0.5 : 1: 3 ratio.
The replacement dosage of the BA and HBA is 10%, 20% and 30%.
Firstly, the cement and water were added into the mixer followed
by mixing for 1 min at lower speed and afterward it was mixed at
medium speed for 120 s. The interval between both mixing steps
was 30 s. Then, sand was added and mixed for another 120 s. The
fresh mortar was then poured into plastic molds of
40� 40� 40mm3 and vibrated for 1min and coveredwith a plastic



Fig. 1. The morphology of the fine BA particle with the size below 125 mm.
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film on the top surface for 24 h. All specimens were demolded and
cured at a temperature of 20 �C and relative humidity of about 95%
until their testing age. The dispersion of the HBA in the matrix was
characterized by energy-dispersive X-ray spectroscopy (EDX)
coupled with SEM, at high voltage (15 kV). A mapping of the mortar
surface is made by using carbon as a target element.

2.3.4. Characterization of the mortar samples
The influence of the BA and HBA on the cement hydration ki-

netics was assessed by employing a TAM Air isothermal calorim-
eter. The tests were carried out for 80 h at 20 �C. The results were
normalized by the mass of solid powders. The compressive
strengths of the specimens were tested at the age of 7, 14 and 28
days, according to EN 196-1 (EN, 2005). The capillary water ab-
sorption of the mortar was determined according to EN 480-5. The
experiments started by storing the samples vertically in a chamber
with an RH of about 65 ± 5% at room temperature (20 ± 1 �C) after
curing the samples for 28 days. The samples were exposed to water
with an immersion depth of about 3 mm for 43 days and the mass
of the samples was periodically measured during the experiment.
The 90 days’ chloride penetration depth test was carried out to the
samples at the curing age of 28 days, according to NT Build 443
(Build, 1995). To determine the water contact angle of the mortar, a
piece of the plate-shaped specimenwith a diameter of 5 cm is used.

2.3.5. Leaching analysis
BA, HBA and the crushedmortar samples are sieved below 4mm

and used for the leaching test in accordance with EN12457-2.
Leachates were obtained by shaking a mixture of 6 g samples and
60 g distilled water (L/S ratio 10), for 24 h in a horizontally placed,
sealed PE bottle on a linear reciprocating shaking device (Stuart
SSL2). Subsequently, leachates were filtered and diluted five times
in a 25 ml volumetric flask. The leachates were acidified with 50 ml
65 wt% ultrapure HNO3 solution to prevent precipitation and
filtered again. The contents of heavy metals in the leachates were
determined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES; Varian 730-ES, USA).

Furthermore, the concentrations of sulfates and chlorides in the
leachates were determined by ion chromatography (IC) (Dionex
1100, Thermofisher, USA) equipped with an ion-exchange column
AS9-HS (2 � 250 mm). The results were compared to the limited
leaching values based on the Dutch legislation (Soil Quality Decree,
2013).

3. Results and discussion

3.1. Characterization and modification of the waste material

The bottom ash fractionwith the size fraction below 125 mmwas
selected for the hydrophobic functionalization because of the high
level of contaminants (Alam et al., 2017). The morphology of the
particles plays an important role concerning surface functionali-
zation. In Fig. 1. SEM shows the random shape and size of the BA
particles. The morphology of the particle leads to the heteroge-
neous surface characteristics and type of reactive groups, such as
hydroxyl group, that adds the complexity for the surface
modification.

3.1.1. Composition of BA
BA has a complex and heterogeneous chemical composition, as

the elemental analysis shows in Table 1. The major oxides that ac-
count for more than 63 wt% are CaO, SiO2, Al2O3 and Fe2O3.
Moreover, BA also contains many heavy metals (Sb, Mn, Cu, Cr, Ni,
Zn, Sr) that are considered as contaminants and strictly regulated
via the Dutch environmental legislation (Soil Quality Decree, 2013).
The potential leaching of these elements in the environment is the
main factor that restricts the recycling applications of this material.

The understanding of the heterogeneous and complex miner-
alogy of the BA is required for the successful surface modification.
The mineral composition of the BA is given in Table 2, which was
determined with the quantitative XRD by using Rietveld analysis.
The total crystalline content of the BA was 48 wt % and the rest
consisted of the amorphous phases that cannot be distinguished
from the diffraction pattern. The most abundant mineral in the BA
was calcium carbonate (CaCO3), also known as calcite, and its
content was 20 wt%. In addition to that, other crystalline phases
include silicates (quartz, melilite and feldspar) (Alam et al., 2019a),
metallic oxides (spinel, hematite, lepidocrocite and rutile), sulfate-
containing minerals (ettringite and gypsum) and the rest (apatite,
zeolite and halite) (Alam et al., 2019b).

3.1.2. Optimal synthesis condition and characterization of the HBA
The optimum amount of stearic acid in the preparation of HBA is

investigated, as shown in Fig. 2. With an increase from 1% to 4%
addition amount of stearic acid, the water contact angle also in-
creases from 76� to 141�. Then, the hydrophobicity of the HBA re-
mains steady with the further addition of SA. In this study, the
hydrophobic bottom ash (HBA) is prepared with 4% stearic acid for
the application in a water-resisting mortar.

FTIR analyses of reference BA and HBA samples are presented in
Fig. 3. It can be seen that the amount of SA has a significant impact
on the FTIR spectra. Indeed, increasing the weight fraction of SA
increase the intensity of various peaks, notably at 2914 and
2850 cm�1 or also 1575 cm�1. In these FTIR patterns, all samples
show a significant band at around 1480 cm�1, which belong to the
anti-symmetrical carboxylate ion (-CO2-) stretching vibration and is
associated with calcium carboxylate bonding. Only HBA exhibit
absorption at 2914 cm�1 and 2850 cm�1, which belong to the CeH
stretch vibrations from the stearic acid. The intensity of these two
peaks increases when more SA is added (Arbatan et al., 2011; Hu
et al., 2009; Spathi et al., 2015). The absorption band at
1575 cm�1 is also only present in the HBA spectra and increases
with the addition of stearic acid. This peak corresponds to anti-
symmetrical carboxylate ion (eCO2e) stretching vibration and
can be associated with calcium carboxylate bonding. Moreover,
HBA spectra show a unique absorption peak at 1588 cm�1,



Table 1
The chemical composition of BA obtained with XRF analysis (wt.%). R.O.: remaining oxides and LOI: loss on ignition measured at 1000 �C.

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

BA 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

Table 2
The mineral composition of the BA (wt.%) deter-
mined with the quantitative XRD using Rietveld
analysis.

Minerals BA

Calcite 20.3
Quartz 6.8
Apatite 4.7
Spinel 2.6
Ettringite 2.5
Gypsum 2.2
Melilite 2.1
Hematite 2.0
Feldspar 1.6
Zeolite 1.6
Lepidocrocite 0.8
Halite 0.7
Rutile 0.3
Amorphous 51.9

Fig. 2. The water contact angle of the HBA with the different stearic acid addition
amounts (ranging from 1 to 10 wt%).

Fig. 3. FTIR spectra of the reference BA and the functionalized HBA with different wt.%
of stearic acid.
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indicating that Ca2þ ions present at the surface reacted with the
carboxyl groups of stearic acid, forming a layer of calcium stearate
salt (Feng et al., 2018; Spathi et al., 2015). This method through wet
chemistry route, can help to achieve chemical bonds between the
SA and the BA, which would be useful for the long-term durability
of the system.

The TGA coupled with FTIR analysis of the HBA is presented in
Fig. 4. Negative peaks are artifacts due to the background analysis,
which could not be eliminated with this method. Nonetheless, an
intense absorption peak is visible at a temperature range of 360 and
450 �C. This peak consists of 2 peaks that are very close to each
other between 2900 and 3000 cm�1, which are characterized as
CeH stretch vibrations in the hydrophobic tail of stearic acid, as
seen in Fig. 4. These CeH stretch absorption bands are coming from
the thermal decomposition of SA. The absence of carbonyl peak
around 1700 cm�1 can be explained by the very large amount of
CeH bonds in stearic acid as compared to the other functions, but it
can also mean that at this temperature, only short-chain hydro-
carbon chains evaporate, indicating that the stearic acid is chem-
isorbed. Further characterizationwith GC-MS aims to elucidate this
hypothesis.

Vapours are collected at 420 �C to be in the range characterized
by TGA-FTIR showing the thermal degradation of the SA. The gas
chromatogram is given in Fig. A1 (Appendix A), and the peaks are
characterized by mass spectrum (MS) and their corresponding
compounds are shown in Table 3. Most compounds are decompo-
sition products of the C-18 hydrocarbon chain of the SA. It means
that at a temperature above 360 �C, SA is still bonded to the BA, as
characterized by TGA-FTIR and start to be fragmented by pyrolysis
(Bolokang et al., 2015). This would indicate the chemisorption of
the SA with BA, validating the proposed mechanism.

3.2. Processing and characterization of the water-resisting concrete

The HBA is mixed directly into the cement paste. As reported by
(Du et al., 2015; Sanchez and Sobolev, 2010), the cluster of the
functionalized powders is the key factor to influence the property
of the hybrid concrete. SEM/EDX are used in order to characterize
the dispersion of the HBA in the concrete, as shown in Fig. 5. Red
pixels show the carbon element scattered in a 300 � 300 mm area.
The analysis shows carbon concentrated at the surface, which ap-
pears to be HBA, with a particle size of 35e40 mm. It indicates that
HBA is not agglomerated and well dispersed in the matrix.

3.2.1. Influence of BA and HBA on the cement hydration
The normalized heat flow and release of cement with different

dosages of bottom ash replacement are shown in Fig. 6(a) and (b). It
can be seen that themain heat release peak of the different samples
is located at around 11.5 h. With the increase of the replacement
dosage of bottom ash, the peak density is decreased. For the sample



Fig. 4. 3D-spectrum of the TGA-FTIR measurement of the HBA (with 10 wt% of SA). Temperatures are in �C.

Table 3
Mass spectra library search results of the most important peaks in GC.

Retention time (min) Compound name Retention time (min) Compound name

6.005 2-pentene 24.468 1-nonene
6.165 pentane 24.628 nonane
8.871 1-hexene 26.063 1-decene
9.246 hexane 26.173 decane
13.163 1,5-hexadiyne 27.219 1-undecene
15.329 1-heptene 27.294 undecane
16.139 heptane 28.149 1-dodecene
21.121 1,3,5-cycloheptatriene 28.214 dodecane
21.881 1-octene 28.959 1-tridecene
22.172 octane 29.014 tridecane
24.403 2-heptanone
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without BA, the peak density is around 4.5 mW/g while with 30%
BA replacement, the peak density decreased to 3.2 mW/g. This is
because that the BA works as non-reactive phases during the
cement hydration (Caprai et al., 2018a). It should be noted that at
the same dosages, the influence of both the BA and HBA to the
hydration of cement is almost the same. This is also in line with the
cumulative heat evolution, as shown in Fig. 6(b). The total heat
release of the BA and HBA at the same replacement level is almost
the same. This phenomenon illustrates that the stearic acid coating
did not change the reaction kinetics of the cement, which also acts
as a kind of non-reactive phase.

3.2.2. Mechanical property of the mortar
The effect of the BA and HBA on the compressive strength of the

mixed mortar is shown in Fig. 7. The compressive strength of the
reference samples is 36.8 MPa at 7 d. Then, it increases to 40.3 and
46.5MPa at 14 d and 28 d, respectively.When replacedwith bottom
ash, the compressive strength of the mortar decreases continuously
with different addition dosages. For the 30% replacement, the
compressive strength decreases to 17.5 MPa, 20.6 MPa and
24.9 MPa at 7, 14 and 28 days. The obvious decrease of the me-
chanical property can be attributed to the porous structure of the
BA after incineration, which results in lower strength of this
powder (Gao et al., 2017). It should be noted that at the same age,
the mortars containing HBA presents a higher compressive
strength than the mortars containing BA. This can be attributed to
the hydrophobic coating on the BA. With the hydrophobic coating
of stearic acid, thewater absorption of BA is limited. Morewater can
be involved in cement hydration. Moreover, more water can
enhance the homogeneous distribution of the paste in the molds
resulting in good mechanical performance (Qu and Yu, 2018).

3.2.3. Transport property of the mortar
The results of capillarywater absorption for 43 days and chloride

penetration depth for 90 days are shown in Fig. 8 (a) and (b). With
the addition of theHBA, the capillarywater absorption of themortar
is decreased. For the reference sample, the water absorption at 28
days is 7.7%byweightmass andwith20%HBAand30%HBAaddition,
the water absorption decreases to 5.1% and 3.3% at 28 days. The
addition of hydrophobic agent results in water repellent lining
among the pore structure in concrete (Liu and Hansen, 2016). These
results are in linewith thewater contact angle results of themortar,
as shown in Fig. 9. The water contact angle of the mortar contained
10% HBA is 20.5� and increases up to 68.5� when theweight fraction
increases to 30%. It should be noted that the addition of the un-
treated BA increases the water absorption of the mixed samples. At



Fig. 5. The distribution of HBA in the water-resisting concrete by EDX.

Fig. 7. Compressive strengths of the mortar manufactured with BA and HBA as
compared to a reference mortar sample.
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30% addition dosage, the water absorption at 28 days is 10.8%. The
chloride transport test is performed and the results are shown in
Fig. 8(b). The addition of the HBA decreases chloride penetration.
The chloridepenetrationdepthof the reference sample is 37.5mmat
70 days. With 30% addition of HBA, it decreases to 13.2 mm, which
has reduced by 65% while the mortar with 30% BA is 55.9 mm. The
increase of thewater absorption and chloride penetration depth can
be attributed to the porous structure of the bottom ash, which in-
creases the ITZ in themortarmatrix, which results inmore channels
for water transport. This phenomenon is particularly important for
applications of BA in cementitious materials, especially in the ma-
rine environment. As concrete structures are always unsaturated,
capillary absorption largely controlled the ingress of water. The
addition of the hydrophobic bottom ash can build a hydrophobic
barrier against water penetration.

3.3. Environmental impact assessment

The application of the MSWI bottom ash is restricted by the
presence of heavy metals and the anions (i.e., chlorides and
Fig. 6. Normalized heat flow (a) and cumulative heat of hydrati
sulfates). The contents of these contaminants are regulated by the
Dutch legislation (Soil Quality Decree, 2013). In Table 4. The
leaching of the contaminants from original BA, HBA and the mor-
tars containing HBA is given. Moreover, to assess the influence of
the modification process on the washing of contaminants from BA,
a reference sample was made and its leaching was assessed. The
reference sample of BAwent through same modification process in
the absence of the functionalizing agent, i.e., stearic acid. For the
original BA, the leaching of the Cr, Cu, Mo, Sb, Cl, and SO4

2� was
found to be above the permissible limits. The high leachable con-
tent of these contaminants in the BA limits its use as a building
material.

The modification process of the BA contributes in reducing the
leaching of contaminants decreased significantly, the most signifi-
cant decrease was noted in the content of Cu, Cl and SO4

2� by 82%,
97% and 56%, respectively. After the functionalization process, HBA
shows a further decrease in the leaching of the major contaminants
with exception to Sb and sulfates. The leaching of the HBA increases
for these elements as compared to the original sample of bottom
ash. The increased leaching of Sb and sulfates indicates that
modification process can affect the mineral phases that were
responsible for the immobilization of these contaminants. The
on (b) of the mixes with different contents of BA and HBA.



Fig. 8. a) Water absorption test of the mortars; b) chloride penetration depth of the mortars.

Fig. 9. The water contact angle of the hybrid mortars: a) with 10% replacement, b) with 20% replacement, c) with 30% replacement.

Table 4
Determined concentrations of contaminants (mg/kg) after leaching tests of functionalized samples and reference samples, and their allowed emission limits regulated by the
soil quality decree.

Granular material
Legal limitsa

BA Referenceb HBA 30% BA mortar 30% HBA mortar

Ba 22.00 0.51 0.81 0.72 0.12 <0.05
Cr 0.63 1.14 0.67 0.77 0.09 0.05
Cu 0.90 6.53 1.96 1.16 0.17 <0.2
Mo 1.00 1.20 0.52 0.70 0.22 0.20
Sb 0.32 0.91 0.74 1.22 0.22 0.22
As 0.90 0.16 0.19 0.19 0.21 0.22
Cd 0.04 L.D. L.D. L.D. L.D. L.D.
Co 0.54 0.05 0.05 0.05 <0.22 <0.22
Pb 2.30 L.D. L.D. L.D. <0.30 <0.30
Ni 0.44 0.07 0.05 0.05 <0.27 <0.28
Se 0.15 0.45 0.41 0.37 0.32 0.33
Sn 0.40 L.D. L.D. L.D. L.D. L.D.
V 1.80 0.12 0.14 0.12 0.30 0.29
Zn 4.50 0.52 0.63 0.74 0.23 <0.10
Cl 616 11,367 323 367 650 60
SO4

2� 2430 20,979 7703 9161 450 80

a The legal limits established by the Dutch soil quality decree for the use of granular material in the open environment without any insulation.
b The reference sample of BA was prepared in the same manner as HBA but in the absence of stearic acid to assess the influence of the functionalization process on the

leaching properties.
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leaching of the heavy metals and anions from the material that
shows hydrophobic properties indicate towards the very hetero-
geneous surface properties of the ash residue. The functionalization
of these particles is only possible on the surface, which provides
reactive sites for the reaction with stearic acid. The rest of the
surface will remain unmodified that would interact with water
during leaching test and leads to the leaching of the contaminants.
The leaching of the mortars containing 30% of the original BA and
modified HBA is given in Table 3 as well; both kind of samples
shows leaching below the limits. The leaching of the mortar, which
had modified BA, was much lower than the mortar containing
original bottom ash. The decrease in the leaching of the contami-
nants can also be attributed to the dilution of HBA by the cemen-
titious matrix.

4. Conclusions

In this study, a wet chemistry method is applied to prepare
hydrophobic bottom ash with stearic acid as a modifying agent. The
influences of the bottom ash on the hydration of the cement,
compressive strength, capillary water absorption and long-term
chloride diffusion of the mortars are investigated. The optimum
SA concentrationwas characterized to be 4%, showing hydrophobic
properties of the powder with a contact angle of 141�. The appli-
cation of the HBA significantly improved the transport property of
the mortar. With 30% addition of HBA, the capillary water absorp-
tion rate and chloride penetration depth are decreased by 57% and
65%, as compared to the reference sample. The functionalization of
the bottom ash particle reduces the leaching of the chlorides, sul-
fates, copper and molybdenum by 97%, 56%, 82% and 42%, respec-
tively. Moreover, the mortars containing 30 wt% of HBA shows
improved leaching properties, because of the dilution effect and
immobilization potential of the cementitious matrices.
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