Restructure of expanded Cork with Fumed Silica as Novel Core Materials for Vacuum Insulation Panels
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Abstract

Using expanded cork dust as a cheaper substitute of fumed silica, the expanded cork/fumed silica composites with hierarchical porous structure were designed and constructed as an alternative lower cost material for vacuum insulation panel (VIP) core. A novel strategy compromised of microwave pretreatment and vacuum impregnation method is developed for cork restructuring and recombination. The morphology, microstructure and thermo-physical properties of expanded cork/fumed silica composites were thoroughly investigated. It is found that the microwave pretreatment is a rapid and effective method to restructure cork, and then fumed silica can be introduced into the cork pores efficiently by the vacuum impregnation method, resulting in a hierarchical microstructure of cork micro-pores and nano-porous fumed silica micelle. Thanks to this unique hierarchical porous structure, the hybrid expanded cork-fumed silica materials show an excellent thermal insulation property (as low as 6.3 mW/m∙K at pressure < 1 mbar). The results demonstrate that the proposed strategy is an efficient means to construct a hierarchical porous expanded cork/fumed silica hybrid network system, and the as-prepared composites could have a potential application for VIPs core materials due its cost-effective and good thermal insulation performance.

1. Introduction
Energy used in buildings accounts for a major portion of the total carbon emissions and national energy consumption in any developed country 
 ADDIN EN.CITE 
[1-3]
. Use of thermal resistance insulation is one of the key measures for improving energy efficiency of the built environment. Demand for high performance insulating building elements has thus increased drastically in recent years. Vacuum insulation panel (VIP) is regarded as one of the most promising state-of-the-art building insulation solution 
 ADDIN EN.CITE 
[4, 5]
 6[. The VIP consists of an open, highly porous core material, and a gas-barrier envelope. Based upon creating the vacuum inside an encapsulated board consisted of core materials, VIPs show an outstanding thermal insulation property (2 to 8 mW/m∙K) to decrease the heat loss ]
. This means that if without thermal bridge effects, a very thin VIP (about 20mm) may be able to achieve equivalent thermal insulation properties to those of a conventional mineral/glass wool or polymeric-foam insulation board of 185 mm or 120 mm respectively. It has a huge potential to help in reducing the carbon food prints of buildings and in conforming to stringent energy standards such as Building Regulations (2013). Moreover, application of VIPs for either new building or old building retrofitting leads to not only the space saving for living comfort but also cost saving of land. The VIPs are gaining more interest in the research industry in the past few years 
 ADDIN EN.CITE 
[7-11]
, some industrial scale productions of VIPs are also available in UK, Germany, Belgium and also China. 
As well known, heat transfer across insulation occurs mainly by solid conduction, gaseous conduction, radiative heat transfer, and the convection thermal conductivity. Solid conduction can be suppressed by using low density material, gaseous conduction by creating the vacuum in core material, and radiation by using opacifiers 
 ADDIN EN.CITE 
[6, 12]
. Porous materials consisting of a continuous framework or discontinuous chains of aggregates in a gaseous surrounding medium are effective for thermal insulation 
 ADDIN EN.CITE 
[13-15]
. The core materials are to provide both thermal resistance and mechanical properties to VIP, thus, should exhibit open porous structure (for easy evacuation) and long-term structural stability, being one of the key aspects to be considered. Fumed silica (FS, SiO2 agglomerates), due to its small size and the low heat conductivity, has been considered as an ideal core material in VIP industries.
 ADDIN EN.CITE 
[6, 16, 17]
 
When FS is compressed, high porosity can be formed by stacking of FS grains, and the distance (pore size) between the two grains is substantially below the mean free path of atmospheric gas molecules at internal pressures below 1 mbar. This significantly reduces the rate of molecular collision (Knudsen effect) and hence in turn the gaseous heat transfer. However, fumed silica is synthesized by igniting SiCl4 in hydrogen flame, implicating high cost, dusty and difficult handling. It is known that the use of FS can account up to 50% of the end user price, hence being one of the major reasons why VIPs are still unaffordable in the building industry 
 ADDIN EN.CITE 
[10, 18]
. Therefore, aiming to develop novel core materials, along with renewable and a further cost reduction, are crucial aspects for VIPs to become a competing thermal insulation solution for buildings.

Cost reduction can be achieved by replacing or reducing the proportion of FS with low cost and renewable alternative materials. Cork is a renewable and recyclable material obtained from the bark of the oak tree, Quercus suber L.. Cork is lightweight, flexible, incombustible, impermeable to gases or liquids and imperishable, which have made it one of the most versatile natural raw materials known 19-22


[ ADDIN EN.CITE ]
. Expanded cork (EC), the most important thermal insulation cork product, can be obtained by treating natural cork powder in closed autoclaves with superheated steam at 300-350 ˚C
 ADDIN EN.CITE 
[23-25]
. As compared with the natural cork, the EC grain size dramatically increases while its density decreases. Moreover, its porous nature, low thermal conductivity combined with a reasonable compressive strength makes EC well suit for lightweight filler in thermal insulating solutions 
 ADDIN EN.CITE 
[26, 27]
. To our best knowledge, however, no studies have been published on the use of EC powder for VIP core to date.
The cork cell structure is closed and relativity large in micrometric range, and thus, requires a very high level of vacuum to limit its gaseous thermal conductivity
 ADDIN EN.CITE 
[11]
. Therefore, further processing, i.e. restructure and/or recombination processes, are required to improve the microstructure of EC before it can be accepted/utilized as an alternative VIP core. Herein, our proposed approach is to fill the large cork pores with aggregates of FS nanoparticles (mean piled pore size several nanometers) to create a hierarchical microstructure network of particles and pores, thus limiting the gaseous conductivity under vacuum conditions. To achieve this hierarchical ‘pore inside a pore’ structure, an economically viable method (as shown in Fig.1a) consisting of microwave pre-treatment and vacuum impregnation is developed. Microwave heating was used to pretreat the expanded cork for cell opening and moisture reduction. Then fumed silica was injected into the cork matrix with open pore by using a vacuum impregnated method. This enabled the preparation of a novel hybrid expanded cork/fumed silica (EC/FS) material with hierarchical pore microstructure. 
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Fig.1 (a) Scheme of preparation of novel core materials with hierarchical pore structures, and (b) Experimental set-up diagram for vacuum impregnation method

2. Experimental Section

2.1 Materials and Preparation 

Expanded cork (EC) is supplied by Sofalca Co, Abrantes – Portugal. The cork powder was carefully sieved to obtain the appropriate grain size (0.5-1mm). Fumed silica (FS) was purchased from Aerosil® and used as received. Multi-laminate metalized envelope foil (V08621) was purchased from Hanita coatings. The foil with thickness about 97 μm is composed of multi-laminate construction of 3 metalized PET films, designed to have good service longevity. 
The experimental set-up diagram for vacuum impregnation method is shown in Fig. 1b. In a typical experiment, a certain amount of fumed silica was carefully filled into a glass tube, while the sieved expanded cork particles (0.5-1 mm) were filled in a Büchner flask. After the microwave pretreatment (1850W, Samsung CM1919) for 120s, the flask was evacuated by mechanical pump (Capacity: 20 m3/h) for 5 min to achieve a vacuum inside. Then valve V1 was closed and valve V2 between Büchner flask and glass tube was opened, in this arrangement fumed silica would be sucked from the glass tube into the flask. Due to the pressure difference, fumed silica nanoparticles can impregnate into the cork pores readily. A series of EC/FS were prepared with different mass ratios of EC to FS. 
To examine the impact of FS on the thermal conductivity of EC matrix, these as-synthesized compositions were used as the core materials to prepare the VIP prototypes. To shape the powders as panels, about 100 g of each composition was placed into an 18cm square size textile bag (air permeable diameter of 0.2 mm). This textile bag was then moulded with the aid of a pressure machine, until reaching a board-like shape with a thickness of 1.2 to 1.5 cm, resulting in a density of 0.2 to 0.25 g/cm3. The bag was then placed inside a U-shaped foil envelope, evacuated up to an ultimate vacuum pressure of about 0.02 mbar for more than 1 hour and subsequently double sealed. A VIP was finally ready.
2.2 Characterization 

FT-IR was performed in a Perkin Elmer Spectrum 100 spectrometer with an attenuated total reflection (ATR) mode. The spectra were recorded in the range 650-4000 cm-1 at a resolution of 4 cm-1 in air. The morphology and structure of the samples were examined by a field emission scanning electron microscopy (FE-SEM, Zeiss Supra 35 VP). The test pieces were coated with thin layer platinum on the surface in an Edwards S150B sputter coater to provide electrical conductivity. A nitrogen sorption-desorption experiment was carried out at 77K using an ASAP2020 surface area and porosity analyzer (Micrometrics Instrument). And an Autopore III Mercury Porosimeter (Micromeritics Instrument Corporation) was used for porosimetry measurements, having a pressure range from 0 to 60,000 psi. A contact angle of 140° was used with mercury density adjusted according to room temperature. The thermal conductivity of samples was measured with Heat Flow Meter (Model LaserComp Fox 200, LaserComp's Inc.) with LaserComp's “WinTherm32” software according to EN 12667. During the test, the sample was placed between two parallel plates that were held at constant temperatures (Tcold = 0 °C, Thot = 20 °C) with a set temperature differential (ΔT = 20 °C) between them. For every sample ten measurements were taken and averaged for the accuracy/reliability of obtained data.
3. Results and Discussions


Table 1 Changes of cell thickness, weight and thermal conductivity of the EC as a function of microwave treatment time.

	Microwave time (s)
	0s
	30
	60
	90
	120

	Cell wall thickness(μm)
	1.090 
	1.071
	0.932
	0.732
	0.558

	Mass Loss (%)
	0
	1.22
	2.02
	3.38
	4.05

	Thermal Conductivity
(mW/mK)
	Atmosphere
	45.52
	43.91
	41.70
	40.12
	39.83

	
	Vacuum
	27.62
	25.03
	23.32
	21.27
	20.14


It is believed that microwave will directly couple with the trapped moisture inside the cork pores which in turn will help in restructuring of cork cells. The effects of microwave pre-treatment on the cell microstructure, moisture content as well as the thermal conductivity of expanded cork were investigated. Table 1 summaries the parameter changes of cork as a function of microwave treatment time. With the increase of microwave time, the cell wall thickness, total weight, and thermal conductivity of expanded cork all decrease gradually. This shows the significant influence of the microwaving on the cork during the restructure process. After 120 s of microwave treatment, the cell wall thickness (μm) of EC is reduced by 49% which has resulted in 27% reduction in its relative vacuum thermal conductivity. 
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Fig.2 FT-IR spectra of expanded cork treated with different microwave times.
FTIR spectroscopy was applied to evaluate chemical distribution and to monitor chemical transformations during microwave treatments. As one of the most heat resistant component, suberin is a principal constituent of expanded cork after being treated with superheated steam at 300-350 ˚C. The FTIR spectra of the EC samples are given in Fig. 2. The spectra show the features of a suberin material with sharp intense bands at 2920 cm-1, 2850 cm-1, 1730 cm-1 and 1160 cm-1, characteristic of C−H and O−C=O vibration in aliphatic fatty esters23[]
. It is worthy to note that these absorption bands fairly decreased with the microwave treatment time, indicating the thermal degradation of suberin component under microwave heating. Moreover, the intensity decrease of the O-H absorption band at 3350-3500 cm-1 indicates the losses of polysaccharides and water content in the cork. All these confirm that microwave treatment is a rapid and effective pre-treatment method for diminishing/removing water and organic components from EC.
[image: image4.jpg]


 
Fig.3 SEM images of cork treated with different microwave times, (a, b) 0s, (c, d) 60s and (e, f) 120s.

The morphology and microstructure of the samples were further examined by a FE-SEM. Fig.3 shows the SEM images of the EC particles before and after different microwave treatment durations. As expected, all the cork particles have a honeycomb-like cellular structure. It is worth noting that before microwave treatment, the EC cell unit is flat closed, and has a regular shape with a diameter of 30-50 μm (Fig.3a). The high-magnification SEM image of the EC cell (Fig.3b) reveals the wall thickness is about 1.09 μm, much thinner than that of the natural cork (~ 4 μm, data not shown). Figure 3 clearly illustrates the morphology of EC cell thickness changes with the increase of microwave treatment time from 0 s to 120 s. The microwave treated EC cell shows a significantly different morphology compared with the original one. As shown in Fig 3d and 3f, the cork cell wall becomes thinner and more distorted with the microwave time prolonging (i.e. temperature increase). 
Table 2 Bulk density, open porosity, median pore diameter and BET surface area of Expanded Cork (EC)
	Sample
	Bulk density (g/cm3)
	Open porosity (%)
	Median pore diameter (µm)
	BET specific surface area (m2/g)

	Original 
	0.13
	70.9
	28.0
	1.29

	microwave  pretreated (120 s) 
	0.10
	83.1
	32.8
	5.27


It is known that microwave can directly couple with the water vapour and raise the temperature28[]
. The temperature of the EC after 2 min of microwave pretreatment was measured to be more than 120 ˚C, even higher inside the cell. Therefore, cork materials would proceed to two steps of microwave restructure processes. On one hand, the high temperature can lead the loss of cell water content and even the decomposition of suberin (see FTIR spectra), resulting a thinner, distorted and broken cork cell (see Figure 3). The bulk density of EC also shows a slight decrease due to the decomposition of substances form the cork cell during the microwave treatment. On the other hand, the trapped air inside the cork pores expands by heat to break the bottom wall and open the inner pores of EC cell, leading to a better connection among different layer cells. This phenomenon can be further confirmed by BET specific surface area and mercucy intrusion porosimetry. As shown in Table 2, after 2min microwave treatment, the BET surface area of the treated cork is 5.27 m2/g which is more than 4 times of that of the original EC sample (1.29 m2/g). The pore diameter and the percentage of open porosity determined by Hg porosimetry also comfirm this deduce. For the microwave treated EC sample, the percentage of open porosity is about 83%, much higher than that of the original one (~71%). Low density and high open porosity core materials are highly desirable, as it leads to lighter end products while possessing high thermal efficiency.
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Fig. 5 Comparison of the thermal conductivity of microwave treated and untreated EC samples.
So by comparing the above results, it is found that microwave treatment could result in three main changes in cork microstructure: 1) Open the inner cork cell and blast tiny holes through the cork cell, creating better connections between the cell walls. This will be beneficial for the extreme evacuation of gas from the porous cork. 2) Degrade the suberin and make the cell wall of cork thinner. The mean thickness of the cell wall decreases from 1.09 µm to 0.56 µm after 120 s microwave treatment. Obviously, the expansion of cork pore size facilitates fumed silica impregnation. 3) The raised temperatures could efficiently reduce the cell water content of cork powder. All these changes lead a significant fall of thermal conductivity (λ). After 120 s microwave treatment, as shown in Fig 5, the λ value of pure cork decreases from 45.52 to 39.83 mW/m∙K at atmospheric pressure, and from 27.62 to 20.14 mW/m∙K at 0.1 mbar in a VIP system. The results indicate that microwave treatment is an effective method in cork restructuring and thermal conductivity improvement.
[image: image6.jpg]



Fig.6 SEM images of fumed silica impregnated cork, (a, b) 95%EC-5% FS, (c, d) 90%EC-10% FS, (e, f) 80%EC-20% FS, and (g, h) 50%EC-50%FS.
  After microwave treatment, the vacuum impregnation method was applied to introduce fumed silica into the large cork pores under vacuum. There are two major steps for the vacuum impregnation process. The first step is evacuation, which aims at exhausting the remaining air/steam from the cork matrix for facilitating the incorporation of filling materials. The second step is introduction of lower pore size filling materials (fumed silica) into the cork matrix, which constructs a hierarchical ‘pore inside a pore’ structure. 

In order to further ascertain this hierarchical microstructure, the cork-matrix hybrid samples impregnated with different amounts of fumed silica were examined by FE-SEM. Fig.6a, c and e show the low-magnification SEM image of the hybrid samples 95% EC-5% FS (mass ratio), 90% EC-10% FS, 80% EC-20% FS and 50% EC-50% FS respectively. As expected, the typical honeycomb-like cellular structure of EC particle is still retained after the vacuum impregnation procedure, and a well combination of EC and FS can be observed. Furthermore, the impregnation of FS inside the cork pores can be confidently confirmed by the high-magnification SEM images (Fig.6b, d, f and h). The occupied rate of cork micropores is closely related with the addition amount of FS. Most cork pores are unoccupied when the FS addition amount is 5% (Fig. 6a and b). With the increase of the addition amount of FS, the occupied rate of cork pores increases accordingly. When increasing the FS amount to 20%, however, there still are some unpacked and partially filled cork pores, as observed in Fig.6e and f. Further increase in the fumed silica amount to 50%, as shown in Fig.6g and h, results in all the cork micropores being packed with FS. It can also be seen from the high-magnification SEM images that the FS can fit very well in the cork micropores. It means that the FS nanoparticles can easily impregnate into the evacuated EC pores and fill cork pores perfectly by using the vacuum impregnation method. It is worth noting that the FS nanoparticles aggregate as nanoporous micelles with several micrometers diameter. By combining these nanoporous micelles with cork micropores, a complex network of hierarchical ‘pore inside a pore’ structure can thus be constructed. This hierarchical network system is believed to play a key role in the enhancement of thermal insulation performance of expanded cork under vacuum. 
Based on the above results, it is clear that the combined method of microwave pretreatment and vacuum impregnation is an efficient means for the fabrication of fumed silica impregnated cork matrix to achieve a novel hybrid core material for VIPs. In order to investigate the impact of this hierarchical structure on the thermal insulation, thermal conductivity (λ) tests were carried out to evaluate the thermal performance of VIP prototypes prepared by using the as-synthesized compositions as the core materials. It can be seen from Fig. 7 that the λ value of the samples is closely related with the vacuum level and the added amount of FS. At atmosphere condition, the λ value is around 45.5 mW/m∙K for the pure microwave treated EC sample. This value is 37.8, 31.1 and 28.7 mW/m∙K for 90%EC-10%FS, 80%EC-20%FS and 50%EC-50%FS respectively, which shows a reduction with the increasing amount of added FS. On the other hand, the λ value also shows a decrease trend upon the drop of gas pressure. The λ value is 6.2, 10.4, 17.2, and 20.14 mW/m∙K for 50%EC-50%FS, 80%EC-20%FS, 90%EC-10%FS and 100% EC samples, respectively at 0.1 mbar. However, the decline trends are very different amongst these four samples. For the 50%EC-50%FS composite sample, as shown in Fig. 7, a dramatic fall can be observed in the region from atmosphere (1000 mbar) to 10 mbar. While for the 80%EC-20%FS sample, the dramatic falling region is from 100 mbar to 1 mbar, and from 10 mbar to 0.1 mbar for pure EC sample. According to the ‘Knudsen effect’, it is deduced that the mean pore size of EC is effectively narrowed down by introduction of FS, and further confirms the hierarchical porous network can be constructed by the proposed method. 
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Fig.7 Thermal conductivity of VIP prototypes with different core materials as a function of gas pressure
It is well known that center of panel thermal conductivity (λcop) of a VIP core is a summation of the individual modes of heat transfer, such as solid conductivity (λsol), gaseous conductivity (λg) and radiative conductivity (λrad), which can be expressed using Eq.1 
 ADDIN EN.CITE 
[6, 29, 30]
:
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(Eq.1)
The term λcpl, a complex interaction between gas and solid particles in the composite, can be negligible at low pressures. The reduction of the λrad contribution to the overall effective thermal conductivity can be successfully achieved by adding opacifier11


[ ADDIN EN.CITE , 31]
. 
The λsol, which depends upon material structure and density, will be low for the high porous materials (low density). The presence of pores makes the heat exchange between adjacent grains happening only at the small contact area (ideally a point-like contact), while also change the pathway to heat exchange, leading to increase thermal resistances. Therefore, the contribution of solid conductivity will fall with decreasing volume ratio between massive solid and porosity. For 100% EC sample, the BET surface area of the microwave treated sample is much higher than the untreated one, indicating a higher porosity of the microwave pretreated EC sample. The effective solid conductivity thus decreases, leading to a lower lambda of microwave pretreated EC sample. While for the EC-FS composites, on one hand, the instinct λsol of FS is much lower than that of EC, and on the other hand, adding nanoporous FS micelles can further decrease the volume ration of massive solid and porosity, leading to a decline λcop trend of samples with the increasing of added FS amount.
Additionally, heat transfer also occurs by convection and conduction processes in gases. The contribution of conduction via the gas inside the pores depends on gas pressure and the pore size of the material. The relationship, known as Knudsen number (Kn), can be written as Eq.2:
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(Eq. 2)
where L is the mean free path of molecules in m, dp the pore diameter of the porous media in m, kb the Boltzmann constant, T the temperature in K, dg the apparent diameter of the gas particle in m, and P the gas pressure in Pa. Then the gaseous thermal conductivity (λg) can thus be calculated using Eq.36


[ ADDIN EN.CITE , 31]
:
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(Eq.3)
where (λ0) is the thermal conductivity of air at atmospheric pressure at 25°C (~ 0.024 W/m∙K). Obviously, the λg value varies inversely with the gas pressure and the pore diameter. For a certain core material and vacuum level, the mean pore size of core materials is the most influencing factor for λg as well as the apparent total thermal conductivity. Take 50%EC-50%FC as an example, as shown in Fig.7, the λ value gradually declines when the gas pressure is below 10 mbar. It becomes still (about 6.2 mW/m∙K) in the region of 1~0.1mbar, indicating the mean pore size of sample is very close to the mean free path of air at 1 mbar. This also proves that the microstructure of EC can be effectively restructured with FS by using the proposed method, and the as-constructed hierarchical porous microstructure can effectively suppress the heat transfer, resulting in an excellent thermal insulation performance. Furthermore, a cost reduction potential is foreseen by displacing part of FS with comparatively cheaper expanded cork.
4. Conclusion
In this paper, an efficient method consisting of microwave pre-treatment and vacuum impregnation method is developed for cork restructuring. By restructuring expanded cork with fumed silica, a hybrid alternative lower cost ‘expanded cork/fumed silica’ composite material for VIPs core has been developed and examined for its microstructure and thermal conductivity. The SEM results reveal that a novel hierarchical network of large cork pores and nanoporous fumed silica micelles can be readily constructed by using the proposed method. Thanks to this unique hierarchical porous microstructure, the hybrid materials show an excellent thermal insulation performance as VIPs core material. The center of panel thermal conductivity of the core board containing expanded cork was measured as 45.5 mW/m∙K at atmospheric pressure and 28.7 mW/m∙K when fumed silica content was increased to 50%. The thermal conductivity of 50%EC-50%FS sample was measured as 6.3 mW/m∙K at 1 mbar. These results demonstrate that the cork/fumed silica hybrid materials have a promising application for VIPs core materials for its cost-effective and high thermal insulation performance. 
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