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Abstract

The application of manufactured nanomaterials provides not only advantages resulting from their unique properties, but also disadvantages
derived from the possible high energy use and CO, burden related to their manufacture, operation, and disposal. It is therefore important to
evaluate the trade-offs of process economics with the associated environmental impacts in order to strengthen the existing advantages while
counteracting disadvantages of nanomaterials. This is of particular importance at the early stage of the development, where different synthetic
approaches with different energy and environmental impacts may be employed. We discuss here the importance of life cycle assessment (LCA)
on the synthesis of nano insulation materials (NIMs) consisting of hollow silica nanospheres (HSNSs). The results indicate that the use of
recyclable and environmentally friendly raw materials can improve greatly the process environmental footprints. New synthetic procedures are

developed accordingly for HSNS NIMs with improved environmental features as well as thermal insulation performance.
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1. Introduction

Environment, energy and sustainable development are
being paid an ever increasing attention in the society of today.
As buildings constitute a substantial part of the world’s total
energy use (~ 40%) and the greenhouse gas (GHG) emissions
(~ 36% in the EU), improving the energy efficiency and
reducing the GHG emission in the construction sector have
without doubt been a crucial task [1]. One of the key strategies
in this field is to increase the thermal insulation resistance of
the building envelope in order to reduce the energy exchange
through it [2-4]. The application of traditional thermal
insulation materials, such as mineral wool, expanded
polystyrene (EPS), extruded polystyrene (XPS), and
polyurethane (PUR) foam to meet the energy efficient
requirement have been suffering from the ever increasing
thicker insulation thickness that is not desirable for many
reasons, e.g., increased material consumption and cost, living
space reduction, and architectural restrictions [2,3]. Moreover,
the use of organic insulation materials such as EPS, XPS and

PUR in buildings has limitations due to their safety issues, i.e.,
the release of toxic gases upon fire [2,3]. New and improved
thermal insulation materials or solutions such as vacuum
insulation panels (VIPs) and silica aerogels are under rapid
development due to their extremely low thermal conductivity,
0.004-0.007 W/(m-K) for VIPs and 0.010-0.020 W/(m-K) for
silica aerogels, respectively [5-7]. However, both VIPs and
silica aerogels are costly solutions and their robustness for
building applications may also be questionable [2,3]. It is
obvious challenging to develop high performance and robust
thermal insulation materials for building applications; not
surprisingly, the research and development (R&D) of
superinsulating materials, which usually refer to materials
with a thermal conductivity below 0.025 W/(m-K) if air filled,
below 0.020 W/(m-K) if gas filled, or below 0.015 W/(m-K) if
evacuated, have attracted significant attention in the field [8].
We are interested in developing high performance thermal
insulating materials by employing nanotechnology; conceptual
nano insulation materials (NIMs) have been proposed and
demonstrated with hollow silica nanospheres (HSNSs), where
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a reduced thermal conductivity down to 0.020 W/(m-K) has
been obtained [9-12]. Similar thermal conductivities have also
been reported with hollow silica micro- and nanoparticles
[13,14] and hollow polymer nanospheres [15]. The fact that
solid and gas thermal conductions can be greatly suppressed at
the nanometer scale indicates a promising pathway to achieve
high performance thermal insulation materials by engineering
their microstructures [10]. However, it must be pointed out
that turning the conceptual NIMs into practical thermal
insulation materials for building applications will require
substantial R&D efforts dedicated to this field.

Nowadays, it is well accepted that any new materials or
technologies shall be developed in accordance with the
principles of sustainable development. Therefore, we suggest
that the environmental feature of NIMs, such as embodied
energy (EE) and carbon footprints (i.e. embodied carbon, EC),
should be used as important parameters to guide the R&D,
apart from their thermal insulation performance [11]. The
application of NIMs or other manufactured nanomaterials
provides not only advantages resulting from their unique
properties that may shape the building industry, but also
possible disadvantages derived from the high energy use and
CO, burden related to their manufacture, operation, and
disposal. Hence, it is important to evaluate the trade-offs of
process economics with the associated environmental impacts
in order to strengthen the existing advantages while
counteracting disadvantages of NIMs or other nanomaterials
[11]. However, compared to the great success on the synthesis
and characterization of nanomaterials, only limited
information is so far available for their environmental and
energy features [16-18].

We report here a modified life cycle assessment (LCA) to
evaluate the environmental impacts of HSNS NIMs and to
optimize the corresponding material synthesis based on the
LCA results. The motivation of this work is twofold. First,
LCA is well known as a comprehensive framework that
quantifies ecological and human health impacts of a product
or system over its complete life cycle, which is obviously very
interesting in the R&D of NIMs and other nanomaterials
[11,18]. However, there are still many issues that need further
precision for the application of LCA in the field of
nanotechnology, e.g., the lack of necessary data/information
for important raw materials or processes; consequently, a
methodology that enables to overcome these difficulties is
important and necessary. Second, the R&D of NIMs, similar
to that for other nanomaterials or nanoenabled products,
usually involve intensive trail syntheses in the early stage,
where different synthetic procedures/strategies with different
energy and environmental features can be employed [11]. A
theoretical optimization of the involved synthetic procedures
according to LCA is apparently important to lead the R&D of
NIMs to the final product with improved environmental
features as well as thermal insulation performance.

2. LCA inventory of HSNS NIMs
Fig. 1 shows the generic product system for HSNS NIMs.

The following unit processes were considered within the LCA
inventory analysis: synthesis of template, coating with SiO,,

and the removal of template. The inputs/outputs for the
product systems included raw materials, energy, water, final
product, co-product, and emission to water and air. The end-
of-life was not considered since it was not relevant to the
synthesis of HSNS NIMs. Moreover, environmental burdens
associated with recycling and human labor were excluded.
Unit processes either producing the inputs (e.g. delivery of
process energy and raw materials) or receiving the outputs
(e.g. recycling of waste) were not included. It is worth noting
that, in some circumstances, not every input/output can be
modeled.
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Fig. 1. Diagram for HSNS NIMs life cycle. Dotted lines indicate the
boundary of the inventory analysis.

3. Synthesis and characterization of HSNS NIMs

In this work, a template-assisted wet chemical method was
used to prepare HSNS NIMs [10,11], of which the involved
three steps, i.e., synthesis of template nanospheres, coating
them with SiO,, and removal of the template were illustrated
in Fig. 2. Monodisperse polystyrene (PS) nanospheres were
selected as template for this study. For a typical synthesis, an
aqueous solution of polyvinylpyrrolidone (PVP) and styrene
was heated at 70°C; the polymerization reaction was initiated
by adding potassium persulfate (KPS). To coat the obtained
PS nanospheres, tetraethyl orthosilicate (TEOS) was used as
the silica source and ethanol was used as reaction medium; the
hydrolysis of TEOS was catalyzed by ammonium hydroxide
(NH4OH). Finally, the PS template nanospheres were burnt
out at 500°C. During the synthesis, the material and energy
consumption data were recorded and summarized in Table 1
and 2. About 1 g of HSNS NIMs with pore diameter of about
150 nm and shell thickness of 10—15 nm was obtained under
the above mentioned synthetic conditions [10,11].
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Fig. 2. Typical synthetic procedures for HSNS NIMs.
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Table 1. Inputs for the synthesis of PS template nanospheres.

Material/Energy ~ Consumption  Supplier Cost (EUR)*
Styrene 10g Sigma Aldrich 0.71

PVP 15¢g Sigma Aldrich 0.36

KPS 01g Sigma Aldrich 0.024

H,O 110g In-house 0.011°
Electricity” 0.95 kWh Trondheim Kraft  0.095

“: market price for raw materials may vary with suppliers and
procurement policy. ’: estimated as 0.1 EUR/kg, compared to that of
tap water in Norway, 0.002 EUR/kg. “: 0.1 EUR/kWh.

Table 2. Inputs for the coating and removal of PS template nanospheres.

Material/Energy ~ Consumption  Supplier Cost (EUR)
PS template 6g In-house 0.059¢
Ethanol 162g* VWR 1.37
NH,OH 36¢g Sigma Aldrich 0.26

TEOS 4.67¢g Sigma Aldrich 0.49
Electricity® 0.18 kWh Trondheim Kraft 0.018
Electricity” 0.58 kWh Trondheim Kraft 0.058

“ the synthesized PS nanosphere suspension. ”: about 40 wt.% is used

for cleaning purpose. : for coating. ¢: for removal of PS template.

The as-synthesized materials were characterized by using
scanning electron microscopy (SEM, Hitachi S5000). Thermal
conductivity was measured with a Hotdisk Thermal Constants
Analyzer (TPS 2500S). A disk-type Kapton Sensor 5464 with
radius 3.189 mm was used. The sensor, which acts both as
heat source and temperature recorder, was sandwiched in two
parts of powdered samples. The temperature increase of the
samples as a function of time was recorded to compute the
thermal conductivity (uncertainty: ~ 5%). The final thermal
conductivity value reported here was the arithmetic mean of
four individual measurements under different conditions
(heating power: 0.02-0.20 W; measurement time: 1-160 s).

4. Results and discussion
4.1. Structural features of HSNS NIMs

A hollow or porous structure that takes the advantage of air
cavities with low thermal conductivity (about 0.026 W/(m-K)
at standard temperature and pressure condition) is important
for thermal insulation. For superinsulating materials with
thermal conductivities lower than that of normal air,
nanoporous materials/structures are usually considered, taking
the advantages of size-dependent thermal conductivity of both
the gas and the solid phase [10,11]. In this work, HSNS NIMs
are in fact an aggregation of HSNSs, as shown in Fig. 3. It is
obvious that the overall property of HSNS NIMs will depend
on several parameters, such as the dimension (diameter and
shell thickness) of the HSNSs, the type of the filled gas, and
the packing manner of the HSNSs, Fig. 4. Since the solid
thermal conductivity for a nanosphere aggregation is usually
small due to the existence of a “neck area” (contact area) with
typical sizes of a few nanometers between adjacent
nanospheres [19], reducing the contributions from the gaseous
phases, i.e., the isolated air cavities that are trapped inside the
HSNSs and the interconnected air cavities between the HSNS
NIMs, are important to achieve HSNS NIMs with low thermal
conductivities.
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Fig. 4. Hexagonal close packing (a) and random packing (b) of HSN'S NIMs.

An effective thermal conductivity of about 0.02 W/(m-K)
can be achieved with HSNS NIMs with pore diameter of about
150 nm and shell thickness of 10-15 nm [10,11,14]. The
effective thermal conductivity varies with measurement
conditions, implying that the packing manners (Fig. 4) should
also be taken into account when analyzing the thermal
performance of HSNS NIMs. Moreover, recent studies on
HSNS NIMs show that reducing the shell thickness has a
larger effect on the measured thermal conductivity compared
to reducing the pore diameters. This indicates that the isolated
air cavities trapped inside the HSNSs are less important to the
overall performance of the structure. For example, similar
thermal conductivities have been observed for HSNS NIMs
with similar shell thickness but different pore diameters of ~
200 nm and ~ 400 nm. It suggests that HSNS NIMs might be
prepared with larger PS template nanospheres, which is
consistent with the findings reported by Yu et al. [13].

4.2. Process economics of HSNS NIMs

A cost analysis on HSNS NIMs was performed to evaluate
the process economics at a laboratory scale. However, it must
be noticed that some figures may vary significantly when
upscaling the synthesis to an industrial level. As shown in Fig.
Sa and 5b, the energy (i.e. electricity) consumption is in
general small, 3-8%, when compared to those of the raw
materials. For the synthesis of PS nanospheres, there is a
significant contribution, about 30%, from the use of PVP,
which is an additive to control the size of PS nanospheres.
Larger PS nanospheres would be obtained at smaller dosage of
PVP [12]. For the coating process, the use of ethanol
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constitutes a substantial part of the total cost, which is very
similar to those observed for the environmental features of
HSNS NIMs [11] and silica aerogels [20], indicating also that
ethanol needs to be used more efficiently to improve the
process economics.

(a) 2o, B8%1%

u styrene
= PVP
KPS
mH20
u Electricity

(b) 1%_ 3%
]’ m PS template
= Ethanol
NH40H
nTEOS
= Electricity

Fig. 5. Cost analysis of (a) the synthesis and (b) the SiO, coating of PS
nanospheres.

It is worthwhile to note that only limited information is
available for the energy and environmental features of the
employed raw materials [11], implying that a certain degree of
simplification has to be performed in this work. As shown in
Fig. 3 and 4, HSNS NIMs are actually made of silica and air,
where the silica is from TEOS—the silica source material used
in this work; the other materials, e.g. PS templates and
ethanol, are supplementary inputs for the growth of HSNS
NIMs at certain conditions. In this regard, the EE and EC of
HSNS NIMs can be expressed as: EEysysnms = EErzos +
EEpmcesx and ECHSNS—NIMS = ECTEOS + EC,,,(,L.m. Unfortunately,
the embodied energy and carbon data for TEOS, though
important to evaluate the environmental impact of HSNS
NIMs, are not available so far [11,20]. However, it is
necessary to evaluate the contribution from the synthetic
processes in order to optimize the synthesis of HSNS NIMs to
improve their environmental impacts. As reported in Table 3,
HSNS NIMs have a significant high environmental impact in
the operational phase, i.e., EE, s = 2.685 MJ/g and EC,ocess
= 8.4 g CO,/g, which is not very surprising since the analysis
is based on a small amount of material. For example, in a
previous study, Dowson et al. reported also a high EE value of
~ 7.3 MJ/g for silica aerogels made by supercritical drying
[20].

Table 3. Embodied energy and carbon of the operational phase.

Material/Energy ~ Amount EE ocess EC,rocess
MJ/g) (g CO/g)

PS nanosphere 05g¢ 0.054 1.7

Ethanol 162 g 2.543 1.8

NH,OH 1.05¢g" 0.045 2.5

Electricity® 0.81 kWh 0.043 2.4

Sum 2.685 8.4

“: the amount of PS nanospheres. *: the amount of NH; in NH;OH
solution (28-30 wt.%). “: see Appendix for detailed calculation.

A LCA data interpretation has been performed to shed light
on the environmental features of HSNS NIMs. First, it is
found that the use of ethanol is an obvious drawback for the
current synthesis. As shown in Table 3, the use of ethanol
represents the most energy intensive step in the whole process;
whereas the environmental effect is found to be more
significant with NH4OH, which acts as a catalyst during the
hydrolysis of TEOS. These findings are useful to design new
synthetic routes, where the use of ethanol and NH,OH may be
reduced or replaced with other materials.

It is also worthwhile to note that a large scale synthesis,
where the raw materials and electricity can be used more
efficiently, is important to reduce the process economics of
HSNS NIMs. For example, the present experimental
conditions (Table 2) can be readily adapted (e.g, by
increasing the amount of PS template and TEOS) to the
synthesis of ~ 2 g HSNS NIMs, where reduced embodied
energy and carbon values of about 1.37 MJ/g and 5.4 g CO,/g,
can be obtained (see Fig. 6). However, the reduction of the
EE and EC in the operational phase of HSNS NIMs does not
linearly follow the upscaling of the synthesis. For example,
the EC from PS template nanospheres becomes increasingly
important to that of the final product, which is due to the fact
that, as a sacrificed template, the PS nanospheres need to be
removed to obtain the final product. However, PS has a high
embodied energy, about 109 MJ/kg (see Appendix); then the
EE as well as EC of the PS template nanospheres will be
transferred to those of HSNS NIMs if the PS template
nanospheres cannot be recycled/reused properly. In this
regard, PS nanospheres are not a good template material for
the synthesis of HSNS NIMs with reduced environmental
impacts.
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Fig. 6. Environmental features of HSNS NIMs at different conditions.
4.3. Optimization for the synthesis of HSNS NIMs

Based on the above LCA discussion, the synthetic
procedure of HSNS NIMs can be optimized. For example, the
reaction medium, ethanol, can be replaced with water if
sodium silicate (i.e. water glass) is selected as silica source
[21]. Replacing ethanol with water would dramatically change
the process economics as shown in Fig. 5 and 6. Moreover, the
use of water glass instead of TEOS has indeed been used in
aerogel industry to reduce the manufacture cost and
environmental feature of aerogel materials. A recent trail
synthesis in aqueous medium indicates that the hydrolysis of
sodium silicate under acidic environment results in the
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formation of SiO,, which can be easily captured by the
preexisted PS template nanospheres [21], as shown in Fig. 7.
Thermal conductivity measurements and other details will be
reported later. It is also necessary to replace PS template
nanospheres with other environmental friendly materials.
CaCO; nanoparticles have been tried with such purpose,
though the coating process with either TEOS or sodium
silicate remains difficult at this stage.

Fig. 7. SiO, coated PS nanospheres (a and b) and HSNSs after removal of PS
templates (c and d). A water glass based synthesis is used [21].

5. Conclusions

HSNS NIMs exhibit a reduced thermal conductivity of
down to 0.02 W/(m-K) due to the predominant size-dependent
thermal conduction appearing at nanometer scale. The cost
and energy and raw material consumption related to the
synthesis of HSNS NIMs have been analyzed according to life
cycle assessment (LCA). It is found that HSNS NIMs exhibit
a relatively high environmental impact. The LCA results
indicate also that the efficient use of raw materials, upscaling
production, and the use of environmentally friendly materials
can affect greatly the process economics of HSNS NIMs.
New synthetic approaches can thus be developed to optimize
their environmental impacts. Further studies dedicated to
HSNS NIMs with low thermal conductivities and low
environmental impacts are interesting and worth pursuing.
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Appendix A. Embodied energy and carbon data

In literature the embodied energy and carbon data (i.e. EE
and EC) of the raw materials used in this work are available,
e.g., from Ecoinvent database Version 3, though values are
usually varied with different boundary conditions.

Polystyrene (PS) usually has a high EE and EC, ranging
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from 86 to 109 MJ/kg and 2.7 to 3.4 kgCO,/kg, respectively
[22,23]. In this work, higher values are used to represent PS
template nanospheres with a possible high environmental
impact. The EE and EC of ethanol vary with the production
method [24]. Detailed EE and EC data used for the calculation
of process economics are listed in Table A.

Table A. Inventory for embodied energy and carbon.

Material EE EC Reference
MJ/kg)  (kgCOy/kg)
PS 109 34 22,23
Ethanol 15.7 0.0115 23,24
NH; 43.15 241 23,25
Electricity (/kWh) 0.0525 0.003 25,26
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