
lable at ScienceDirect

Journal of Cleaner Production 211 (2019) 874e883
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Novel low temperature synthesis of sodium silicate and ordered
mesoporous silica from incineration bottom ash

Qadeer Alam*, 1, Yuri Hendrix 1, Luuk Thijs, Alberto Lazaro, Katrin Schollbach,
H.J.H. Brouwers
Department of the Built Environment, Eindhoven University of Technology, P. O. Box 513, 5600, MB, Eindhoven, the Netherlands
a r t i c l e i n f o

Article history:
Received 13 August 2018
Received in revised form
11 November 2018
Accepted 19 November 2018
Available online 23 November 2018

Keywords:
Water-glass
Mesoporous silica
Bottom ash
Rietveld analysis
Sodium silicate
MSWI
* Corresponding author.
E-mail address: q.alam@tue.nl (Q. Alam).

1 Both authors contributed equally.

https://doi.org/10.1016/j.jclepro.2018.11.173
0959-6526/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

A novel low temperature synthesis route to convert environmentally harmful silica-rich waste inciner-
ation bottom ashes into ordered mesoporous silica is reported. Bottom ash is a major by-product of
municipal solid waste incineration with limited recycling options due to harmful contaminants. In this
study, a low temperature alkaline dissolution process was employed to synthesize sodium silicate instead
of a conventional high temperature fusion process. Moreover, the dissolution process was systematically
investigated to attain fundamental insight into the hydrolysis of silica from bottom ash, which is
currently lacking in the existing literature. The mineralogical composition of the ash residues before and
after desilication experiments was quantified via Rietveld analysis to understand the formation of by-
products, such as geopolymeric gels and zeolites. These by-products hinder the dissolution of the sil-
ica because of the following two factors: Firstly, their formation consumes part of the soluble silicate and,
secondly, the precipitation of the by-products around the etching particles of bottom ash act as a
passivating layer which hinders the diffusion of soluble silica away from the particle. The optimized
reaction temperature and reaction time for the silica extraction was observed to be 75 �C for 48 h. A
sequential extraction under these conditions can successfully attain an extraction efficiency of 70% of the
silica. Subsequently, the sodium silicate derived from the bottom ash was used to synthesize mesoporous
silica with a high specific surface area and purity of 870m2/g and 99wt %, respectively.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Mesoporous silica structures are an important material group,
that can be applied as specialized catalysts (Dworakowska et al.,
2017), adsorbents or used in drug delivery (Slowing et al., 2008)
and molecular separation (Xu et al., 2018). These applications are
made possible because mesoporous silica has a large specific sur-
face areas (SSA) of 1000m2/g and pores between 2 and 50 nm.
While naturally occurring zeolites also have large SSA, the well-
defined and modifiable porous network of mesoporous structures
with pores larger than 2 nm is crucial for the aforementioned ap-
plications. The first mesoporous silica products were made by hy-
drothermal treatment of aluminosilicate gels with a crystal liquid
template formed by surfactants (Kresge et al., 1992). Since then the
research on mesoporous silica have expanded extensively. A few
years later Stucky and his team described more general and easier
pathways to form these structures with a cooperative assembly
method using either silicon alkoxides or silicate solutions as silica
precursors (Huo et al., 1994). From these, sodium silicate is the
more low cost resource, which is important due to the ever-
increasing production.

In addition to mesoporous silica, sodium silicate (also known as
water-glass) is used to produce zeolites (Chiang et al., 2012), de-
tergents (de Lucas et al., 2002) and building materials (Kamseu
et al., 2017). In terms of volume, sodium silicate is the most
extensively used as industrial raw material after acids and bases
(Van Dokkum et al., 2004). However, the current industrial pro-
duction method requires an immense energy input. The major
production method is fusing sodium carbonate with high quality
quartz sand at temperatures between 1300 �C and 1600 �C (Lazaro
et al., 2013). Therefore, the synthesis of sodium silicate and
precipitated silica from silica rich industrial by-products is being
intensively explored. In the literature, the recovery of silica from
different ashes as coal combustion ashes (Chandrasekar et al., 2008;
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Nomenclature

BA Bottom ash
BET Brunauer-Emmett-Teller
BJH Barett Joyner Halenda
CTAB Cetyltrimethylammonium bromide
DSC Differential scanning calorimetry
EDS Energy dispersive X-ray spectroscopy
EE Extraction efficiency
FTIR Fourier transformed infrared spectroscopy
ICP-OES Inductively coupled plasma-optical emission

spectroscopy
L/S Liquid to solid ratio
MSWI Municipal solid waste incineration
SEM Scanning electron microscopy
SSA Specific surface area
TBA Treated bottom ash
TEM Transmission electron microscopy
XRD X-ray diffraction
XRF X-ray fluorescence spectrometry
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Li and Qiao, 2016), biomass bottom ash (Dodson et al., 2013), rice
husk ash (Tong et al., 2018) has been reported. However, the ex-
tractions in these studies were performedwith conventional fusion
methods utilizing high temperatures. Hence, investigating a low
temperature synthesis route to extract silica from a problematic
incineration ash could provide an alternative production process.

Bottom ash (BA) originating from municipal solid waste incin-
eration (MSWI) is a silica rich residue, which is a good candidate for
the synthesis of sodium silicate due to its high silica content and
easy availability. In 2014, the total quantity of the BA produced in
the EU was 18 million tonnes (CEWEP, 2016). BA is a complex
mineralogical mixture containing a variety of contaminants (Alam
et al., 2017) such as heavy metals, which make their recycling
challenging. Currently, these ashes are being recycled in form of
loose aggregates, adsorbents (Luo et al., 2017), ceramics (Bourtsalas
et al., 2015), blended cement (Li et al., 2012) and alkali activated
materials (Silva et al., 2017). However, to the best of the authors’
knowledge, there is only one reported study inwhichMSWI bottom
ash was utilized for the recovery of silica. Liu et al. (2014) has re-
ported the extraction of silica from BA by fusing it with LiBO2 at a
temperature of 900 �C. The aforementioned study focuses mostly
on the silica extraction efficiency instead of the reaction mecha-
nism and limiting factors that affect the dissolution of silica. The
complex mineralogy and heterogeneity of these ashes make it
difficult to obtain a clear insight into the dissolution mechanism
and kinetics. The fundamental understanding of the extraction
process of silica and accompanying changes in the mineral
composition are not well understood. Furthermore, it would be
desirable from an economic and environmental point of view if the
dissolution of silica from these incineration ashes can be achieved
at a low temperature.

In this study, a low temperature synthesis of sodium silicate by
using MSWI bottom ash as a silica source, and its subsequent use in
the production of mesoporous silica is reported for the first time.
For this purpose, an in-depth characterization of the BA was per-
formed via Rietveld analysis. During the extraction process, the
mineralogical changes in the BA residues were quantified to iden-
tify the dissolution mechanism of silica and the side reactions
which hinder the complete dissolution. In addition, the sodium
silicate solution produced from the ash was utilized for the pro-
duction of high purity mesoporous silica to demonstrate that the
incineration ash can be recycled by producing high quality silica
products.
2. Materials and methods

2.1. Materials

The Heros Sluiskil company (the Netherlands) provided the
MSWI bottom ash used in this study. This material was weathered
for 2 months after water quenching and then underwent magnetic
separation and advanced dry recovery to remove ferrous and non-
ferrous materials, respectively. Subsequently, the BA fraction
4e12mmwas obtained via dry sieving at the company and used in
this study, because of its high SiO2 content. The BA fraction
(4e12mm) was milled in the lab in a planetary ball mill (Fritsch;
Pulverisette 5) below 125 mm.

All the chemicals used in this study were of analytical grade and
used as received without any further purification. Sodium hy-
droxide pellets, 70 vol % nitric acid, 37 vol % hydrochloric acid and
Cetyltrimethylammonium bromide (CTAB) were obtained from
Sigma Aldrich, the Netherlands.
2.2. Characterization methods

The chemical composition of the BAwas analyzed with an X-ray
fluorescence spectrometer (XRF; PANalytical Epsilon 3) by using
fused beads. Prior to analysis, the loss on ignition of BA was
measured at 600 �C for 7 h to obtain constant mass. Afterwards, BA
was mixed with a flux (Li2B4O7 and LiBO4) in the presence of a
wetting agent (LiBr) and the melt was prepared in a fluxer oven
(clasisse leNeo) at 1100 �C. This melt was used to cast fused bead
which was later analyzed with XRF to obtain the chemical
composition of the sample.

The mineral compositions of the original BA and the residues
collected after the extraction experiments were determined with
X-Ray diffraction (XRD). Samples for XRD analysis were milled
below 10 mmand 10wt % of Si was added as an internal standard for
the quantification of the crystalline and amorphous phases. The
diffraction patterns of the samples were obtained between the
ranges of 5e90� 2qwith a measurement step size of 0.02 by using a
D2 diffractometer from Bruker. The diffractometer was equipped
with Co-Tubes (Ka1:1.7901 Å and Ka2: 1.7929 Å), a LynxEye detector,
divergence slit of 0.2� and soller slits of 2.5�. The identification of
phases was carried out with a software (X'Pert HighScore Plus 2.2)
from PANalytical which was equipped with a ICDD PDF-2 database.
After the identification of the phases a Rietveld analysis was per-
formed for the quantification of the crystalline phases and amor-
phous content with the help of the TOPAS software (version 4.2)
from Bruker (Coelho, 2018). The crystal structures used for the
refinement were obtained from the ICSD database (FIZ Karlsruhe).
In order to ensure the accuracy of the Rietveld analysis, the content
of quartz in the BA was quantified independently and used as an
external reference. The a-b inversion thermal transition of quartz at
573 �Cwasmeasuredwith a heating and cooling rate of 10 �Cmin�1

using differential scanning calorimetry (DSC 822e; Mettle Toledo).
After two consecutive heating cycles between 500 and 600 �C, the
cooling peak was used for the determination of the quartz content
(Fig. A1).

After the extraction experiments, liquid samples were obtained
by filtration and acidified using 0.2 vol% of 15M ultrapure HNO3.
The chemical composition of the sodium silicate solution was
measured with inductively coupled plasma-optical emission spec-
troscopy (ICP-OES; Varian 730-ES).



Table 1
Chemical composition of original BA and acid treated BA (TBA) in wt. %. LOI: loss on
ignition, LOD: loss on dissolution after acid pretreatment.

SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O Rest LOI LOD

BA 58.8 15.8 8.8 4.6 3.1 1.9 1.0 3.5 2.7 e

TBA 56.9 10.3 6.7 3.6 2.4 1.4 0.8 1.5 2.9 13.4
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2.3. Silica extraction

The BAwas pretreated in the presence of 4M nitric acid. A ratio
of 1: 3 (wt: vol) between BA and nitric acid was used and the
mixture was stirred for 24 h at 20 �C, respectively. After this pre-
treatment, the mixture was left standing for 48 h to facilitate the
precipitation of dissolved silica species. Subsequently, the mixture
was filtered to separate the treated bottom ash (TBA) and later TBA
was used for the silica extraction experiments. This acidic pre-
treatment can be performed in presence of any strong mineral
acid; however, in this study nitric acid was used because it prevents
the co-precipitation of solid by-products, such as gypsum in the
case of sulfuric acid. To investigate the mineral transformation of
the ash residues after the extraction experiments, it was necessary
to avoid precipitation of new phases during the acid treatment.

The dissolution of silica from the TBAwas studied by varying the
reaction time (24, 48 and 72 h), temperature (20, 75 and 90 �C) and
liquid-to-solid ratio (L/S: 25 and 50) to ascertain the optimal con-
ditions for silica extraction. Initial extraction experiments were
performed by adding TBA to NaOH with a mass ratio of 1: 0.8 in
water with L/S ratio of 50 to investigate the effects of the reaction
time and temperature on the dissolution of silica. The higher L/S
ratio of 50 was used to avoid oversaturation during extraction and
maximize the soluble silica content. The residue after the extraction
experiments was carefully filtered and analyzed via XRF to quantify
the remaining silica. To calculate the extraction efficiency (EE) of an
experiment, only the potentially soluble silica was taken in to ac-
count which was determined by subtracting the amount of quartz
from the total silica content in the BA. Quartz is known to be inert
under these conditions, so it was not considered in the total
available silica content. The extraction efficiency was calculated by
taking the difference between the potentially available silica
(excluding quartz) and the silica content that remained after the
extraction experiment.

EEð%Þ ¼
 

1� SiO2 residue

SiO2 total � SiO2 quartz

!
� 100 (1)

The effect of reaction time and temperature was then analysed
by comparing their EE with each other. Once the optimal reaction
time and temperature for the extraction experiments were ascer-
tained, the L/S ratio of the systemwas reduced to 25 while keeping
the TBA to NaOH ratio constant to obtain higher concentration of
soluble silica in the extraction medium. The sodium silicate solu-
tion obtained via this protocol was then further used for the syn-
thesis of mesoporous silica.

2.4. Synthesis of mesoporous silica

The cooperative self-assembly mechanismmethod was used for
the preparation of mesoporous silica following the SþI� route. CTAB
was used as the cationic surfactant and was added to the silicate
solution extracted from BA using the optimal conditions (48 h
75 �C). The molar ratio of CTAB to silicate was chosen to be 0.16:1,
the optimum ratio as reported by Yan et al. (2016). The starting
concentration of the silicate solution was measured to be 0.2M,
which is a typical concentration for the synthesis of silica structures
from sodium silicate solution. This mixture was heated to 80 �C for
two hours. After these two hours, the pH of the solutionwas slowly
lowered over the course of 3 h with a 2M hydrochloric acid until a
pH value of 9 was reached. The formed suspension was transferred
to a closed container and left to age for 72 h at room temperature.
The aged precipitate was then filtered and washed with de-ionized
water and finally calcined at 650 �C to remove the remaining
surfactants.
The characterization of mesoporous silica was carried out in
terms of specific surface area (SSA), purity and structure. Nitrogen
physisorption was performed with a Tristar II equipment at 77 K to
determine SSA using the Brunauer-Emmett-Teller (BET) theory and
pore size distribution using the Battet, Joyner and Halenda (BJH)
theory. To determine long-range structure of the mesoporous silica
a low angle X-ray diffraction pattern (1e8� 2q) was measured with
a D2-XRD from Bruker equipped with beam knife (0.5mm), 0.1�

divergence slit and 2.5� soller slits. Transmission Electron Micro-
scopy (TEM)was performed using a Tecnai 20microscope equipped
with a LaB6 filament, operated at 200 kV the sample was put on a
200 mesh copper grid with a carbon support layer.
3. Results and discussions

3.1. Characterization of BA

In Table 1 the bulk chemical composition of BA is provided
showing that SiO2 is the major constituent of the ash, comprising
up to 59wt %. In addition to other major oxides, BA contains a range
of potentially leachable elements: Ti, Zn, Cu, Ba, Pb, Cr and Mn. The
crystalline phases in BA can be categorized in three groups: 1) sil-
icates: albite, diopside, melilite and quartz, 2) carbonates: calcite
and dolomite and 3) iron oxides: magnetite and hematite (Fig. 1a).
Overall, only 19wt % of the ash consist of crystalline phases and the
rest (81wt %) is amorphous. Earlier studies reported that amor-
phous phases in BA includes bottle glass (del Valle-Zerme~no et al.,
2017) and melilitic slag (Schollbach et al., 2016). The presence of a
high amorphous content and the silicate minerals makes this
fraction of BA ideal for the extraction of silica. Under the alkaline
conditions, the dissolution of the amorphous content and soluble
silicate phase such as melilite is expected. The contribution of other
well crystalline silicate phases (quartz, albite and diopside) towards
the soluble silica is considered negligible due to their much lower
solubility.
3.2. Pretreatment of BA

Due to the presence of contaminants, an acid pretreatment of BA
was performed to extract heavy metals and to increase SSA of the
ash particles to assist the dissolution of silica afterwards. After the
pretreatment, decomposition of carbonate minerals such as calcite
and dolomite was confirmed as shown in Fig. 1b. As reported in an
earlier study about BA, carbonates act as a reservoir of divalent
metallic ions, especially Zn, and Cu (Piantone et al., 2004). There-
fore, a reduction in the content of these metals in the BA was
achieved (Table A1). Additionally, from the silicates group, melilite
was completely dissolved along with a partial dissolution of albite
and diopside. Subsequently, melilite dissolved during the pre-
treatment was recovered by allowing the mixture to stand unstir-
red. The silicates dissolved in this step were reduced and
transformed into silica with a gel like structure due to the poly-
merization in an acidic environment (Terry, 1983). The silica in gel
form was separated along with the ash residues via filtration. As a
result, minimal loss of silica (2wt %) during the acid pretreatment
was observed and the treated bottom ash (TBA) contained 57wt %



Fig. 1. XRD diffractogram and mineral quantification of a) original BA and b) BA after the acid pre-treatment (TBA).
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of SiO2, as shown in Table 1. It is worthy of note that the amorphous
content (determined with quantitative XRD: Fig. 1b) of the TBA
increased by 5wt %. This increase confirms the dissolution of
crystalline melilite during the acid pretreatment and its precipita-
tion as an amorphous phase. Additionally, the dissolution of other
crystalline phases (calcite & dolomite) can also contribute to the
increase in the amorphous content. Furthermore, the SSA of the
TBA increased more than 12 times (from 2.2 to 27.2m2/g). This
increase in amorphous silica and SSA is expected to enhance the
dissolution of silica from the ash residues obtained after acid
treatment.
Fig. 2. Effect of reaction time and temperature on the extraction efficiency (EE) of SiO2

from MSWI bottom ash, extraction experiments were performed with the L/S of 50.
3.3. Silica extraction

The extraction experiments with the TBA were performed to
understand the dissolution behaviour of silica and the formation of
secondary silicate species. The effect of reaction time and temper-
ature was investigated to find the optimum conditions to achieve
maximum recovery of silica. The EE of these experiments under the
varying times and temperatures are provided in Fig. 2. Approxi-
mately, 20% of the available silica was dissolved at 20 �C during the
first 24 h. The dissolution of silica at 20 �C increased twofold when
the reaction timewas doubled from 24 to 48 h. Moreover, when the
reaction was carried out for 72 h under the same conditions, it



Fig. 3. SEM image (kV: 15) showing the morphology of a glass particle identified in the
ash after the extraction experiments. It shows formation of the reaction products on
the surface. Inset presents EDS spectrum of the encircled area on the surface of glass.
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resulted in only a minor increase for the EE. The initial source of
dissolved silica can be attributed to the silicate mineral melilite; a
sorosilicate with isolated double tetrahedrons. A small quantity
(2wt %) of crystalline melilite was observed in the original BA
(Fig. 1a). Furthermore, previous studies suggests that in addition to
crystalline melilite, the BA particles are also covered in x-ray
amorphous melilitic incineration slag (Schollbach et al., 2016). This
slag acts as an initial source of silica during the acid pretreatment
because of its amorphous nature and high solubility in acidic me-
dia. The reduction of these silicates to silica was noted during the
acid treatment and this silica was precipitated and conserved for
the subsequent alkaline dissolution. The increase of silicate in the
solution at reaction times higher than 24 h, indicates towards the
dissolution of glass from BA. The glass in BA is mostly waste bottle
glass (also called soda lime glass) and dissolves under alkaline
condition to produce soluble monomeric silica species e.g., (Torres-
Carrasco and Puertas, 2015). However, even employing the longest
reaction times (72 h) at 20 �C could only achieve an EE of 45%.

At pH> 13 glass dissolves via etching in which the silica
framework is broken down by a couple catalyst reactions of the
hydroxyl anions releasing soluble silica in the solution. The first
steps of the dissolution happen according to Eqs. (2) and (3).

^SieOeSi^ þ OH- % ^SieOH þ ^SieO- (2)

^SieO- þ H2O % ^SieOH þ OH- (3)

Equation (3) is an equilibrium reaction in which the ^SieO-

group is protonated. For this reaction to proceed, the silica surface
needs to become negatively charged so that the reaction is ther-
modynamically favorable. Once the silanol group is present at the
silica surface, the glass framework become open to attack by the
hydroxyl group to produce soluble silica species.

The use of non-ambient temperature has been reported to
enhance the dissolution of glass for synthesis of sodium silicate
solution under alkaline conditions (Torres-carrasco et al., 2014).
Therefore, slightly higher reaction temperatures of 75 and 90 �C
were selected for the desilication of the ash. It can be seen in Fig. 2
that the increase in the reaction temperature increases the EE. More
than 55% of the silica was in solution when the extraction was
performed at 75 �C for 48 h. Furthermore, no significant difference
in the EE was noticed upon further increase of the reaction tem-
perature to 90 �C. Consequently, the extraction time of 48 h and a
temperature of 75 �C were found to be the optimum conditions for
ash desilication. However, even under these conditions only half of
the potentially soluble silica was extracted which indicates that
limiting factors are hindering the dissolution process.

In an alkaline media glass dissolution depends on the transfer of
soluble silica species away from the etching glass particles
(Strachan, 2001). Under these conditions, glass keeps on dissolving
until the precipitation of secondary silicate species creates a layer
on the glass surface. Due to the formation of this layer, the mass
transfer will be hindered, thus slowing down the overall dissolu-
tion process (Fournier et al., 2014; Lazaro et al., 2015). In our
investigation, a similar phenomenonwas observedwhich limits the
dissolution of silica. Fig. 3 shows a glass particle covered by the
newly formed silicate species effectively covering the surface of
glass.

The mineralogical transformations in the ash after the desili-
cationwere examined and quantified via the Rietveldmethod using
powder XRD. The ash residues from the most successful extraction
experiment (duration 48 h) were chosen and the effect of reaction
temperature (20, 75 and 90 �C) on the mineral composition was
studied (Fig. 4). The amorphous content of the residue obtained
from the desilication experiment at 20 �C was 70.6wt % (Fig. 4a).
The dissolution of amorphous content increased with a higher re-
action temperature of 75 �C, but still a significant amorphous
content (63wt %) remained in the residues (Fig. 4b). This indicates
that even under these optimal conditions (where maximum EE was
attained) complete dissolution of amorphous content was not
achieved. Likewise, when extraction experiments were performed
at 90 �C, the amorphous content of the ash reduced significantly
and only 29.7 wt % of the amorphous content remained in the
residues. However, it is worthy of note that the increase in the
dissolution of amorphous content at 90 �C did not result in an in-
crease in the EE. It was also observed that the effect of the reaction
temperature and the dissolution of amorphous phases are directly
proportional to each other. Under these conditions, an EE of 54%
was noted, which is similar to EE achieved at the low temperature
of 75 �C (Fig. 2).

The diffraction pattern of the residues obtained after the
extraction experiment at 90 �C (Fig. 4c) reveals the formation of
zeolites as a by-product. In our experiments, Zeolite P and Zeolite
ZK14 were identified in the residue as a major (12.2 wt %) and
minor (0.2 wt %) undesired by-products, respectively. These zeo-
lites are sodium aluminosilicates and their formation is reported to
occur under hydrothermal conditions at 90 �C (Du et al., 2011). The
presence of these zeolites in the residues indicates that the
extraction solution had sufficient amounts of reactive Al3þ and
silicate ions for the zeolite formation (Strachan and Croak, 2000).
The solubility of glass is reported to increase dramatically with the
precipitation of zeolites, which is in agreement with our findings
(Fournier et al., 2017). The zeolite formation readily consumes the
soluble silicate species and tilts the equilibrium in favour of further
glass dissolution. Thus, more glass is dissolved to compensate for
the soluble silica consumed by the precipitation of secondary sili-
cates species. Therefore, this undesired formation of zeolite de-
creases the amount of silica in the solution. Additionally, the
formation of carbonation products; calcite and vaterite was also
observed in all of the residues after the desilication experiments.
The presence of Ca(OH)2 is expected due to the dissolution of the
amorphous content, which takes up CO2 from the atmosphere
leading to the formation of carbonate species.

Sequential extraction of silica was performed to attain a higher
extraction efficiency of silica from TBA. The extraction was



Fig. 4. XRD diffractogram and quantification of mineral phases present in the ash residues recovered after the extraction experiments with L/S of 50 for the duration of 48 h at
different reaction temperatures a) 20 �C, b) 75 �C and c) 90 �C.
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performed under optimal conditions (at 75 �C and 48 h) with L/S
ratio of 25, which was half of the L/S used in the initial dissolution
experiments. During the extraction, the equilibrium exists between
the silica species in solution and secondary precipitated silicate
species. According to Le Chatelier's principle, the removal of dis-
solved silica from the extraction systemwill shift the equilibrium in
favour of soluble silicates, thus resulting in a higher cumulative EE.
Therefore, the use of multiple steps is expected to increase the
dissolution of glass from BA, resulting in higher cumulative EE. The
mineralogical transformation in the ash residues after the succes-
sive extraction experiment was investigated and is displayed in
Fig. 5. The analysis of Fig. 5a and b provides the mineral composi-
tion of the residue obtained after the first two steps of extractions.
After two successive extraction steps, only 37wt % of the amor-
phous content was left in the residues as shown in Fig. 5b. With
multiple steps, an EE of more than 80% was achieved as illustrated
in Fig. 5c. If the initial amorphous content of the TBA is compared
with the amorphous content left after the second extraction step,
then 57% of the original amorphous content was dissolved. As
discussed earlier, most of the soluble silicates originate from the
amorphous phases, and therefore these numbers can be compared
with the cumulative EE efficiency of 68% (shown in Fig. 5c) achieved
after the second extraction step. The difference between the overall
decrease in the amorphous content and the achieved EE is
explained by the formation of zeolite P and carbonation products
after the extractions. The formation of these products increases the
crystalline components in the ash residues, affecting the ratio of
crystalline to amorphous content.

Furthermore, the reduction of the L/S ratio to 25 led to the for-
mation of zeolite P at a lower temperature of 75 �C. This is contrary
to the experiments performed at a higher L/S of 50 where no zeolite
precipitation was observed at the same temperature. This indicates



Fig. 5. a) Diffraction pattern and mineral quantification of the ash residues after first step b) after second step, c) cumulative extraction efficiency of SiO2 from bottom ash and d)
SEM image (kV: 20, magnification: 6129�) showing morphology of the zeolites and geopolymeric gels formed during extraction. The extraction experiments were performed for the
duration of 48 h at 75 �C with L/S of 25.
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that by reducing the total volume the reaction mixture becomes
saturated with ions playing a vital role in the precipitation of the
zeolite, thus enhancing the dissolution of glass and releasing more
silica in the solution. The precipitated zeolite (Fig. 5d) shows needle
like structures. According to literature, Zeolite P has the chemical
formula of Na3.5(Al3.6Si12.4O32)(H2O)10.6 with Si/Al ratio of 3.4
(Håkansson et al., 1990). The Si/Al ratio of the needle shaped
crystals observed in the current study was 3.5 (measured with
EDS), which is in accordance with previously reported values.
Furthermore, EDS also showed a much higher content of Na in the
zeolite which can be explained by the presence of NaOH in the
extraction medium. Furthermore, Fig. 5d shows reaction products
in addition to the zeolites. The dissolution of Si and Al species from
MSWI bottom ash under these alkaline conditions can also lead to
the formation of alkaline aluminosilicates gel such as C-A-SeH and
N-A-SeH (Gao et al., 2017; Wongsa et al., 2017). The high content of
Na in the solution as compared to Ca along with the precipitation of
Na-rich zeolites indicates that the N-A-SeH gel is prevalent under
the extraction conditions. N-A-SeH gel is considered as a precursor
of zeolites (Alonso and Palomo, 2001) and its formation is reported
upon addition of glass to the alkali activated geopolymeric systems
(Torres-Carrasco and Puertas, 2015). However, it is not possible to
differentiate between N-A-SeH and other amorphous phases via
XRD.

The chemical composition of the sodium silicate obtained after
the first extraction step is presented in (Table A2). The concentra-
tion of SiO2 and Na2O in the extraction solution was 0.2 and 0.33
molar, respectively, resulting in a SiO2/Na2O molar ratio of 0.6.
Furthermore, traces of other heavy metals (Fe: 0.02, Cu: 0.02, Pb:
0.03, Sb: 0.07, Zn: 0.02mg/L) were also noted.

3.4. Mesoporous silica

The formation of the mesoporous silica followed the SþI� route
(Huo et al., 1994), which posits that the formation of mesoporous
structure happens through the polymerization of silicate species
that are absorbed by the cationic surfactant head groups through
coulomb forces. The elemental composition (Table A3) and FTIR
spectra (Fig. A2) of the final product show that most of the pre-
cipitate consisted of SiO2 species. Most likely, the contaminants
present in the extracted silicate solution did not precipitate and
were washed away during filtration making the mesoporous silica
to have a high purity of 98.5%. The synthesis yield of the meso-
porous silica from BA-derived sodium silicate was 47%, which
means that 26% of the available silica from BA was converted into
the final product. Using the BET theory, it could be calculated that
the specific surface area of the mesoporous structure was 869.6m2/
g (Thommes et al., 2015). The pore size distribution of this material
in Fig. 6b shows that the porous network mostly contained pore
sizes between 2 and 4 nm along with some larger pores. The



Fig. 6. a) Nitrogen physisorption isotherm and b) pore size distribution of the meso-
porous silica synthesized from MSWI bottom ash.
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isotherm from the nitrogen physisorption on the produced meso-
porous silica is shown in Fig. 6a. The hysteresis is too small to be
definable since most pores were too small (<4 nm). Therefore, the
isotherm is a type IVb isotherm, which is associated with meso-
porous structures with small pore sizes. The shape of the isotherm
is formed by monolayer formation of adsorbed nitrogen molecules
on the external surface followed by capillary condensation of the
nitrogen inside the porous structure. In addition, unlike normal
type IV isotherms, there is another adsorption range at the higher
pressure meaning a multilayer is being formed on a large rough
external surface. The small-angle X-ray diffractrogram shown in
Fig. 7a confirms the presence of an ordered mesostructure. Using
Bragg's law, the average interplanar spacing was calculated to be
3.9 nm. This spacing includes both the pore radius and wall thick-
ness and is common for mesoporous silica structures.
Fig. 7. a) XRD diffractogram of the mesoporous silica synthesized from MSWI bottom
ash b) and c) TEM images showing internal structure.
The TEM pictures in Fig. 7b and c shows the overall structure of
the produced mesoporous silica. The product contained both free
colloidal particles of around 100 nm and larger micron sized ag-
glomerates. The TEM pictures confirm that the structure has a
rough large external structure. The internal porous structure is
slightly more disordered than the standard porous structure of
mesoporous silica. Instead of tubes in a clear hexagonal structure,
the pores are more spherical with random orientations. As reported
in literature, this kind of mesoporous structure can be caused by
iron cations in the solution during the formation (Szegedi et al.,
2004), which were present in the silicate solution (Table A2). The
silicate anion attracts the cations which can either disrupted the
SþI� interaction or be incorporated into the structure during the
condensation. Due to different properties like bond distance to the
oxygen, defects in the structure are then produced making long
ranged structure less likely. However, even with these defects, the
product contains still a mesoporous structure with a large open
specific surface area and high purity.

4. Conclusions and implications

A novel low temperature synthesis route for sodium silicate and
mesoporous silica from environmentally harmfulMSWI bottom ash
is reported:

- The crystalline phases in the BA account for 19wt % and can be
grouped into: 1) Silicates (quartz, melilite, albite and diposide),
2) Carbonates (calcite and dolomite), 3) Iron oxides (magnetite
and hematite) and 4) Salt (halite). The rest (81wt %) consist of
amorphous phases.

- Initial acid pretreatment was devised to reduce these undesired
constituents (heavy metals and carbonates), to increase the
amorphous silica by dissolving crystalline silicates (melilite) and
to enhance the SSA of BA by 12 times. Hence, making the ma-
terial ideal for the extraction of silica.

- In an alkaline medium, the effect of the reaction time and
temperature was studied, and it was observed that a low tem-
perature and time (20 �C and 24 h) lead to the incomplete
dissolution of silica. The optimal parameters for the extraction of
silicawere 75 �C and 48 h. A further increase in temperature and
time do not lead to a higher extraction efficiency.

- The mineralogical changes in the BA residue were quantified
and the incomplete dissolution of the silica from BA is attributed
to, 1) precipitation of secondary silicates species (geopolymeric
gels and zeolites) during extraction and 2) the role of these
products in passivating the silica rich particles and hindering the
mass transfer of silica into the solution.

- By using sequential extraction under the optimal conditions,
more than 70wt % of the silica was recovered from the BA res-
idues in the form of sodium silicate solution.

- A high quality mesoporous silica was produced from BA-derived
sodium silicate solution. The synthesized mesoporous structure
had a high specific surface area of 870m2/g and a purity of
98.5wt %.
4.1. Implications

This study demonstrates the application potential of MSWI
bottom ash as a precursor in synthesizing high-end silica products.
Currently, BA is often recycled as an aggregate in concrete, a low-
end application that still requires pretreatment due to contami-
nants. For BA producers, especially in countries like the
Netherlands that have strict environmental regulations (Soil
Quality Decree, 2013) and the ambition to recycle 100% of BA by
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2020 (Greendeal-GD076, 2012), this novel application is of partic-
ular interest. The extraction process removes many of the con-
taminants present in BA and produces an inert residue as side-
product, which can be used as a filler in building materials. How-
ever, to apply the finding of this study on the industrial scale,
further research in upscaling the process and increasing its effi-
ciency is needed. This study shows that transforming the envi-
ronmentally harmful MSWI bottom ash into the high quality
precipitated silica is a viable route for its recycling.
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