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ARTICLE INFO ABSTRACT

Keywords: Bioderived polysaccharide-based cryogels prepared via freeze-casting method not only mimic the highly aligned
Pectin cryogel anisotropic pore structure of plant stems but also offer other benefits as compared to biological structures, such
Biocomposite

as lower density, higher porosity, better permeability, and lower thermal conductivity. However, the application
of polysaccharide cryogels to fabricate multifunctional composites is still at its infancy. In this study, a novel class
of optically transparent pectin/poly(methyl methacrylate) (PMMA) composite (with optical transmittance as
high as 84% and haze of 38% ~ 73%) combined with thermal insulation outperforming conventional glass has
been prepared by using freeze-casted pectin cryogel as template. The final pectin/PMMA has comparable optical
transmittance and comparable or lower haze as contrasted with most reported studies on transparent wood/
bamboo. Astonishingly, this type of composite has very good UV blocking ability both as compared to glass and
nanocellulose-based polymer composites. Overall, the optical properties of these composites can be optimized via
controlling the pectin concentration and freeze-casting temperature. Furthermore, pectin/PMMA composites can
reach much lower thermal conductivity (0.110 ~ 0.126 W/(m-K)) than glass. Therefore, these multifunctional
pectin/PMMA composites could be beneficial in many applications, such as optically transparent materials, solar

Optically transparent
Ultraviolet blocking
Thermal insulation

cell substrates, and UV protective displays.

1. Introduction

Highly anisotropic aligned porous structure present in the stems of
natural plants provides many functionalities, such as mechanical
strength and durability, as well as pathway for transmission of essential
materials, such as water, ions, and nutrition. Inspired by natural plants,
man-made materials mimicking biological anisotropic aligned porous
structures open new opportunities to fabricate functional materials for
various applications, for example, thermal insulation [1-3], energy
storage/conversion [4-6], and water treatment [7-9]. A straightforward
way of preparing bio-based anisotropic structures is to use natural wood
to fabricate composites that combine optical transparency and good
thermal insulation via infiltrating refractive index matched polymer into
wood’s porous structure [10-16]. However, for natural wood, harsh
chemical treatments are needed either to remove [17] or modify
[18-20] lignin that is a strong light absorbent due to its many
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chromophoric groups [21], or to functionalize the inner surface of wood
pore wall prior to the infiltration of polymer to improve the molecular
interactions between the wood cell wall and infiltrated polymer [13,22].
In addition, wood with low density is more suitable to fabricating
transparent wood than high-density wood. This is due to the good
permeability of low-density wood which ensures that polymers can be
completely infiltrated into pore structure [23]. Overall, from the
perspective of a material designer, employing wood wafers as templates
for transparent wood applications encounters a natural limitation in
available pore sizes, shapes and pore wall thicknesses.

To overcome the above-mentioned drawbacks, several techniques
have been applied to fabricate anisotropic porous materials starting
from solutions and suspensions, instead of wood wafers. Among all those
techniques, freeze-casting (or ice-templating), which relies on the
principle that ice crystal growth direction is controlled during freezing,
is particularly outstanding to fabricate anisotropic porous materials
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owing to its inexpensive, green, and simple freeze-drying process with
lyophilization device [24]. This technique has been widely used to shape
ceramics, synthetic polymers, and metals into anisotropic porous ma-
terials, commonly named as cryogels [24]. Due to the anisotropic
structure, infiltration of polymers into these types of cryogels can
significantly enhance the properties, such as thermal conductivity,
electrical conductivity and solar energy conversion, of the resulting
composites as compared to composites prepared from cryogels with
randomly distributed pore structure [25]. For example, anisotropic
boron nitride nanosheets (BNNS)/epoxy composite [26], used as ther-
mal interface material, has higher thermal conductivity (6.07 W/(m-K))
than that of a composite prepared from randomly distributed structure
(1.00 W/(m-K)).

Motivated by the urgent need to develop more sustainable materials
economies, using natural raw materials with biodegradable, biocom-
patible, and non-toxic properties to fabricate functional composite ma-
terials has drawn an arising interesting. In recent years, various types of
polysaccharides, such as cellulose [27,28], chitosan [29-31], chitin
[32,33], and alginate [8,34,35], have been used to prepare cryogels with
anisotropic pore structure via freeze-casting method. In addition to the
highly aligned pore structure, these polysaccharide-based cryogels
exhibit many advantageous properties compared to wood, such as lower
density, higher porosity, and lower thermal conductivity [2], Moreover,
the big pores with pore sizes ranging from few tens to hundreds of mi-
crometers endow cryogel a better permeability that allows for the facile
infiltration of polymer into pores. The pore size can be tailored
conventionally by varying the concentration and freezing temperature
[36,37]. To the best of our knowledge, only a few works have reported
the cellulose cryogel/polymer composites and most of them focused on
the mechanical performance of the final composites [38-40]. However,
cryogel/polymer composites made out of pectin cryogels have not been
reported yet. Therefore, new ways of using polysaccharides cryogel to
fabricate more functional composite materials are still needed, espe-
cially for pectin. Pectin is an inexpensive and abundant polysaccharide,
which can be extracted from plant cell wall such as fruits peel/skin and
sugar beet pulp [41-43] that are often considered as a side stream of
food industry. Globally, 25 million tons of citrus peel [44], which con-
tains 30 % pectin on dry basis [45], are produced as a byproduct per
year. However, the established application of pectin is limited to a gel-
ling and thickening agent in food industry [46]. Therefore, exploring
new applications of pectin could open an opportunity to expand the
industrial value of pectin with the increase of the commercial value of
food industry byproduct, and increase the sustainability of functional
composite fabrication by establishing new circular economy
approaches.

In the present study, the possibility of fabricating optically trans-
parent composite from pectin based cryogel with the infiltration of poly
(methyl methacrylate) (PMMA, one of the widely used transparent
plastics, chosen as a representative model system due to its refractive
index matching with pectin) was investigated. In order to study the in-
fluence of the anisotropy of pectin cryogels on the optical properties of
the final pectin/PMMA composite, three pectin concentrations, two
freezing methods (freeze-casting and random freezing) and two freeze-
casting temperatures (-79 °C (dry ice) and —196 °C (liquid nitrogen))
were used in this work. Optical transmittance and haze of these pectin/
PMMA composites were measured and compared with those of reported
transparent wood/bamboo. The thermal insulation properties of these
pectin/PMMA composites were measured and compared with glass,
PMMA, and reported transparent wood/bamboo. The pectin/PMMA
composite with high optical transmittance, low haze, high UV blocking
ability, and low thermal conductivity could be potentially used in op-
tical, UV protective, and energy-efficient applications having the overall
advantages of increased value of the byproducts, as well as easier and
more environmentally-friendly process, as compared to transparent
wood equivalents.
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2. Experimental section
2.1. Materials

Pectin from citrus peel, methyl methacrylate (MMA, 99%), and 2,2’-
azobis(2-methylpropionitrile) (AIBN, 98%) were purchased from Sigma-
Aldrich. All chemicals were used without any further purification.
Distilled water was used to dissolve pectin.

2.2. Preparation of pectin cryogels

Pectin cryogels were prepared with the following steps as illustrated
in Fig. 1. Pectin solutions with various concentrations, from 1.5 wt% to
4.5 wt% (in dry weight), were first prepared by dissolving pectin powder
in distilled water at room temperature for 24 h under magnetic stirring.
Two types of freezing methods were applied to make pectin cryogels:
freeze-casting and random freezing. For the freeze-casting method, half
of the previously prepared pectin solution was poured into Teflon mode
with copper as bottom plate. Then, the Teflon mode was transferred to
and placed in the low temperature bath, which was filled with either dry
ice (-79 °C) or liquid nitrogen (-196 °C), to get frozen gel. The left pectin
solution was added in plastic sample tube and randomly frozen in the
fridge at the temperature of —20 °C to obtain isotropic pore structure
[37]. All the frozen gels were then freeze-dried for 7 days by using the
Alpha 2-4 [LSCbasic freeze dryer (Martin Christ Gefrier-
trocknungsanlagen GmbH) to obtain pectin cryogels. The obtained
pectin cryogels are named as “X wt%-N", where X is the pectin solution
concentration and N is the freezing method/temperature.

2.3. Preparation of optically transparent Pectin/Poly(methyl
methacrylate) (PMMA) composites

To prepare the optically transparent pectin/PMMA composites, the
obtained pectin cryogel was first cut into small pieces with different
thickness along the ice growth direction. Then the prepolymerized MMA
solution was infiltrated into the pectin cryogel pieces, followed by the
further polymerization of MMA in the oven at 75 °C for 4 h. The detailed
processes are listed as follows: AIBN was mixed with MMA at 0.3 wt%
weight fraction, then it was heated up to 75 °C and kept at this tem-
perature for 25 min to get prepolymerized MMA solution. The pre-
polymerized MMA solution was then infiltrated into pectin cryogel
pieces under vacuum at room temperature for 3 cycles. After the infil-
tration step, pectin cryogel piece infiltrated with prepolymerized MMA
solution was sandwiched between two glass slides which were covered
with aluminum foil and heated to 75 °C for 4 h in the oven for further
polymerization of MMA to get pectin/PMMA composite. The pectin/
PMMA composites are also named as “X wt%-N", where X is the pectin
solution concentration and N is the freezing method/condition.

2.4. Characterization

2.4.1. Scanning electron microscope (SEM)

The morphologies of pectin cryogels and pectin/PMMA composites
were characterized by Scanning Electron Microscope (TESCAN MIRA 3).
Before the measurement, the sample’s surface was coated by a thin Au/
Pd (80/20) layer with Q150T coater (Quorum). The cryogels’ pore wall
density, which is based on the number of pore wall in 1 mm, and pore
wall thickness were measured from SEM images by using ImageJ
software.

2.4.2. Bulk density and porosity

Bulk densities (p,) of pectin cryogels and the corresponding pectin/
PMMA composites and the porosity of pectin cryogels were calculated as
follows:.
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Fig. 1. Schematic illustration of the processing routes to prepare freeze-casted and randomly frozen pectin cryogels. The photos of the corresponding cryogels are
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where m and V are the sample’s weight and volume, respectively. p; is
the skeletal density of pectin networks (p; = 1.5 g/cm®) [47]. Sample’s
weight was measured by digital balance (Precisa 185 AM-FR). Sample’s
volume was calculated by @D x h = 4, where D is sample’s diameter
and h is sample’s height. Both D and h were measured by digital caliper
(Goobay, Germany). Each sample’s weight, diameter, and height were
measured for 4 times to obtain the average value and standard
deviation.

2.4.3. Mechanical properties

Mechanical properties of the sample under tensile was measured by
using Instron 4204 testing machine equipped with a 1 kN load cell and
tensile rate at 5 mm/min. Before the measurement, all samples were
kept under the condition of 23 °C and 50% humidity for 48 h. The
Young’s modulus was calculated from the initial linear region of
strain-stress curves and obtained from 3 to 4 replicas per sample.

2.4.4. UV-Visible spectrometer

The optical properties (transmittance and haze) of pectin/PMMA
composites were measured by UV-2600 with an ISR-2600 plus inte-
grating sphere attachment (Shimadzu, Japan). Optical properties were
measured from 200 nm to 800 nm and calculated as follows:.

T2
Transmittance(%) = 7% 100%

T4 T3
Haze(%) = (ﬁ_ﬂ) x 100%

whereT1,T2,T3, and T4 are the background checking, total transmitted
illumination, beam checking, and pure diffusive transmittance, respec-
tively. Each sample was measured for 4 times to obtain the statistically
reliable values. The average transmittance and haze were calculated
from these 4 times measurements. UVA (320-400 nm) and UVB
(290-320 nm) block percentages were also calculated as follows [48]:

00

oo T(A)dA
UV Ablockpercentage(%) = 100% — == r=—— x 100%
320
320
T(4)dA
UVBblockpercentage(%) = 100% 7% x 100%

290

where T(1) is the sample’s average transmittance value, di is the
bandwidth, and 4 is the wavelength.

2.4.5. Thermal insulation

The thermal conductivity measurements were performed on Physical
Property Measurement System (PPMS DynaCool, Quantum Design) at
room temperature. To obtain reliable thermal conductivity of glass and
PMMA samples, silver nanowire glue was used to attach them in be-
tween two gold plated copper chips, then they were cured at 80 °C for 3
h to be used in the later thermal conductivity measurements. For pectin/
PMMA composite samples, carbon tape was used to attach them in be-
tween copper chips to avoid the potential diffusion of silver nanowire
glue into the nano pores in between pectin and PMMA layers (see SEM
images in Results and discussion section). The thermal conductivity was
measured at isothermal condition. At a fixed temperature a small
amount of heat was applied to one face of a rectangular bar shaped
sample. The temperature difference measured between two faces of the
sample when the steady state was reached. By using sample dimensions
(length, width, and thickness) and temperature difference, the thermal
conductivity could be obtained. Thermal insulation performance during
heating was measured by putting 2 mm thick sample sheet on 80 °C hot
plate and the maximum surface temperature of each sample during
heating was recorded by an infrared camera (PIR uc 180, InfraTec).

3. Results and discussion

From the photographs in Fig. 1 and SEM images in Fig. 2a and S1
(Supporting Information), it is evident that freeze-casting method en-
dows the final cryogel with micropores aligned to the ice growth di-
rection leading to anisotropic structure, whereas random freezing
method results in final cryogel with randomly distributed micropores
(isotropic structure). Similar anisotropic structure for the cryogels pre-
pared via the freeze-casting method have already been reported for
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Fig. 2. SEM images of freeze-casted and randomly frozen pectin cryogels (cut along the ice growth direction or along the plastic tube) prepared from 3.0 wt% pectin
solution (left panel of (a)). Photos of pectin cryogels before infiltration with PMMA are list as inset. Red dash line in the inset indicates the ice growth direction. The
photos of the 2 mm thick pectin/PMMA composite sheets on top of a printed symbol “Pectin PMMA” and the corresponding scattered laser spot photos (right panel of
(a)). (b) Optical transmittance of the 2 mm thick pectin/PMMA composite sheets and the corresponding pectin cryogels.

(a) 1.5wt%-dry ice &5 3.0 wt%-dry ice ! 3.0 wt%-liquid
= s (VR LT A A A ) nitrogen

3.0 wt%-liquid 11}
nitrogen \

Fig. 3. SEM images of freeze-casted pectin cryogels (cut across (a) and along (b) the ice growth direction, respectively) prepared from different pectin concentration
solutions and different freeze-casting temperature controlled by dry ice (-79 °C) and liquid nitrogen (-196 °C). The insets are the photos of the corresponding cryogels
and the red dash line in the inset indicates the cutting direction. SEM images of pectin/PMMA composites (c). The insets are the photos of the corresponding 1.3 mm
thick pectin/PMMA composite sheets on top of a printed symbol “Pectin PMMA”, scale bars are 1 cm.
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some other polysaccharides [24], such as cellulose [49,50], chitosan
[29,30], and alginate [8,34]. After the infiltration of PMMA, optically
transparent pectin/PMMA composites were obtained for both freeze-
casted and randomly frozen cryogels as shown from the photographs
in the right panel of Fig. 2a. The transparency of the pectin/PMMA
composite prepared from freeze-casted cryogel is higher than that pre-
pared from randomly frozen cryogel over the whole spectrum of visible
light. This conclusion is supported by the quantitative optical trans-
mittance measured by UV-Vis presented in Fig. 2b. The 2 mm thick
composite prepared from freeze-casted cryogel (black curve) has a
higher transmittance (80 %) than that from randomly frozen cryogel
(red curve, 69 %) at wavelength of 550 nm. Both transmittance values
are much higher than the corresponding (non-infiltrated) pectin cry-
ogels: 8 % and 40 % for freeze-casted and randomly frozen cryogels,
respectively. This is due to the refractive index mismatch between
PMMA (1.49) [15] and pectin (1.50) [51] being much smaller than that
between air (1.0) and pectin (1.50), which reduces light scattering for
the pectin/PMMA composites [15]. Additionally, due to the different
morphologies of pectin cryogels before infiltration of PMMA, the pre-
pared pectin/PMMA composites have different light scattering property.
From the scattered laser spot photos (laser pointer bought from Deli
Group Co., Ltd) in the right panel of Fig. 2a, it is observed that the laser
light is scattered anisotropically for composite sheet prepared from
freeze-casted cryogels and isotropically for composite sheet prepared
from randomly frozen cryogels.

To elucidate the effect of the preparation parameters (pectin con-
centration and freeze-casting temperature) on the final properties of the
freeze-casted pectin cryogels and the corresponding pectin/PMMA
composites, three pectin concentrations (1.5, 3.0, and 4.5 wt%) and two
freeze-casting temperatures (-79 °C and —196 °C) were selected to
prepare the pectin cryogels. The SEM images of these freeze-casted
pectin cryogels and the corresponding pectin/PMMA composites are
shown in Fig. 3. All freeze-casted cryogels have anisotropic structures.
Moreover, it is observed that both freeze-casting temperature and pectin
concentration have influences on the pore wall density (Fig. S2). The
average pore wall density of the pectin cryogels increases from 50 to 70
pore walls/mm when increasing the concentration of pectin solution
from 1.5 wt% to 4.5 wt%. The most probable reason is that the increased
viscosity due to the higher pectin concentration inhibits the growth of
ice. This result is also consisted with the reported anisotropic pectin
cryogels [37]. The freeze-casting temperature has more significant in-
fluence on the cryogel’s pore wall density than pectin concentration. For
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samples with pectin concentration of 3.0 wt%, the pore wall density
increases from 60 to 127 pore walls/mm by decreasing the freeze tem-
perature from —79 °C (dry ice) to —196 °C (liquid nitrogen) due to the
more rapid freezing at lower temperature. After the infiltration of PMMA
into pectin cryogel’s pores, it is observed that all the pores in the pectin
cryogels were fully and homogeneously filled with PMMA (Fig. 3c) and
all composites are optically transparent (inset in Fig. 3c). This is due to
the low density (0.019 g/cm® — 0.053 g/cm®) and high porosity (> 96%)
of pectin cryogel (Table S1, Supporting Information), which endow
cryogel with a better permeability that allows for the infiltration of
polymer into pores. Although, the final pectin/PMMA composites have
slightly lower densities (1.03-1.09 g/cm®, Table S1, Supporting Infor-
mation) than pure PMMA [15] (around 1.15 g/crn?’), they still have
comparable mechanical properties with pure PMMA (Fig. S3).

Interestingly, an anisotropic pore orientation is observed for the pore
cross-section of all the cryogels from the SEM images in Fig. 3a even for a
small scanning area. Analogously, larger areas of the cryogels consist of
areas of different pore orientations, as indicated by different colored
areas in SEM images presented in Fig. 4a-d. From these SEM images
marked with different pore orientation, it is observed that the obtained
cryogel has higher pore section anisotropy when increasing the pectin
concentration from 1.5 wt% to 4.5 wt%, as the growth of ice crystals is
affected by the viscosity of the pectin solution [37]. This is consisted
with the reported anisotropic pectin cryogels [37]. This conclusion is
also supported by the scattered laser spot photos in Fig. 4a’-c’, where the
light has been scattered anisotropic more and more with increasing the
pectin concentration (Fig. 4a’-4c’). This anisotropic light scattering was
also observed for the composite prepared from liquid nitrogen freeze-
casted cryogel (Fig. 4d’) and it has higher anisotropic light scattering
than that of composite prepared from dry ice freeze-casted cryogel at the
same pectin concentration (Fig. 4b’). It is most likely caused by the fast-
freezing process in which many parallel and small pores were formed for
liquid nitrogen freeze-casted cryogel. In addition, future work could
consist of applying bidirectional freezing technique to fabricate pectin
cryogel having highly ordered anisotropic structure and the corre-
sponding cryogel/polymer composites.

To investigate the effect of the morphology of the initial cryogels on
the optical properties for the composites, the optical transmittance of
pectin/PMMA composite sheets with different thickness (1.3 mm, 2 mm,
and 3.1 mm) were measured and plotted in Fig. 5a, S4a, and S4c. It is
observed that the optical transmittance (at wavelength of 550 nm) de-
creases when increasing the pectin concentration from 1.5 wt% to 4.5 wt

Fig. 4. Low magnification SEM images of freeze-casted pectin cryogels (cut across the ice growth direction) with pectin concentration of 1.5 wt% (a), 3.0 wt% (b),

4.5 wt% (c), and 3.0 wt%-liquid nitrogen (d). Different colored areas are marked to indicate the different pore orientations. The scattered laser spot photos (a’, b’, ¢’,

and d’) of the corresponding 3 mm thick pectin/PMMA composite sheets.

s
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Fig. 5. Optical transmittance (a) and haze (b) of the 1.3 mm thick pectin/PMMA composite sheets prepared from freeze-casted cryogels with different pectin
concentration solutions and different freeze-casting temperature. The transmittance and haze of 1.3 mm thick PMMA sheet and 1.0 mm thick glass are added in (a)
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and UVB block percentage (f) as a function of thickness for glass, PMMA, and pectin/PMMA composites. If the errors are not seen, they are smaller or equal to

the symbol.

%. This can be addressed to two reasons. Firstly, the composite with
higher pectin concentration has higher density of polymer/pectin
interface due to the higher pore wall density of the initial cryogels,
which results in the increasing of scattering. The other reason is that the
weak absorption at 550 nm is slightly enhanced when the pectin content
is increased. This absorption enhancement is more obvious for the
UV-Vis light absorption at around 340 nm (Fig. 5a) due to significantly
higher absorption coefficient of pectin at that wavelength. Therefore,
the more pectin in the cryogel, the more pronounced yellow color of the
pectin/PMMA composite. This is consisted with the color of the photo-
graphs in Fig. 3c, where the composite prepared from pectin concen-
tration of 1.5 wt% is almost colorless, while the yellow color of
composite has been enhanced when the pectin concentration increases
from 1.5 wt% to 4.5 wt%. Moreover, freeze-casting with liquid nitrogen
results in the corresponding composite with the lowest optical trans-
mittance. This is due to the highest density of polymer/pectin interface
caused by the highest pore wall density compared to the other pectin
cryogels freeze-casted with dry ice.

The optical haze is used to quantify the scattering of the transmitted
light which passes through the sample. The stronger the light scattered
in the forward direction, the higher the haze. The optical haze of pectin/
PMMA composite sheets with different thickness are presented in
Fig. 5b, S4b, and S4d. It is observed that the optical haze increases with
increasing pectin concentration and decreasing the freeze-casting tem-
perature. This can be attributed to the higher pectin concentration and
lower freeze-casting temperature resulting in the higher density of
polymer/pectin interface which leads to the light being reflected and
transmitted in the sample with a longer pathway, thus being scattered
more.

The thickness dependences of optical transmittance and haze (at
wavelength of 550 nm) for all the pectin/PMMA composites are shown
in Fig. 5c and 5d, respectively. As the thickness increases, the optical
transmittance decreases only slightly, while the optical haze increases
significantly. This is due to the longer light pathway and the increased

scattering centers with increasing thickness. These results are consistent
with the reported transparent wood [52] and transparent bamboo [53].
Interestingly, the thickness dependence of optical transmittance is more
sensitive with the freeze-casting temperature than the pectin concen-
tration. For example, with increasing thickness from 1.3 mm to 3.1 mm,
the optical transmittances at 550 nm of the composites prepared from
dry ice freeze-casted cryogels with pectin concentration of 1.5 wt%, 3.0
wt%, and 4.5 wt% have a relative decrease of 9.5 %, 13.1 %, and 14.4 %,
respectively. However, the optical transmittance of the composite pre-
pared from liquid nitrogen freeze-casted cryogel with pectin concen-
tration of 3.0 wt% has a relative decrease of 24.7 % when the thickness
increases from 1.3 mm to 3.1 mm. This suggests that cryogel with bigger
pores, which is prepared from lower pectin concentration and higher
freeze-casting temperature, is more suitable for the preparation of
thicker composites with higher optical transmittance.

In addition to the good optical transparent property of these pectin/
PMMA composites in the visible light region, the strong absorption in
the UV light region at 340 nm of pectin (Fig. 5a) due to its carbonyl
groups [54] (which have n—7z" transitions) indicates that the pectin/
PMMA composites have the UV blocking ability. The thickness de-
pendences of UVA (320-400 nm) and UVB (290-320 nm) blocking
percentages for pectin/PMMA composites, PMMA and glass are shown
in Fig. 5e and 5f, respectively. It is observed that both UVA and UVB
block percentages increase with the thickness for all the samples and
they increase as well when increasing the pectin concertation.
Comparing to pure PMMA, all pectin/PMMA composites have much
higher UVA and UVB blocking abilities. Although the UVB blocking
ability of pectin/PMMA composites with low pectin concentration is
slightly lower than glass, it has similar UVB blocking ability when the
pectin concentration reaches 4.5 wt%. UVA blocking ability for all the
pectin/PMMA composites is much higher than glass and it is enhanced
by increasing the pectin concentration. Interestingly, the pectin con-
centration and the thickness of the composites have only a minute in-
fluence on the transmittance in the visible light region (Fig. 5¢c) but have
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a strong influence on the UV blocking ability (Fig. 5e and 5f). The reason
for this is that pectin has weak absorption for visible light and strong
absorption for the UV light.

The optical properties of pectin/PMMA composites were compared
with reported transparent wood and transparent bamboo as illustrated
in Fig. 6a and 6b. The detailed data used for compiling this Figure is
collected to Table S2 (Supporting Information). It is observed that the
pectin/PMMA composites prepared from dry ice freeze-casted pectin
cryogels have comparable optical transmittance and comparable or
lower haze compared with most reported transparent woods/bamboo
with the similar thickness. The high transmittance and low haze for
pectin/PMMA composites is caused by the thinner pore wall (= 0.7 um)
comparing with that of wood [11] (= 1.5 pm) and bamboo [53] (~ 1.4
um) used for preparing transparent woods/bamboo. Although some
reported transparent woods could also exhibit high transmittance and
low haze, further chemical treatment [13] (such as inner surface func-
tionalization) or extra bleaching step [10], which are environmentally-
harmful, are needed prior to the infiltration of polymer. Therefore, the
method of using freeze-casted pectin cryogel as the template to fabricate
transparent composites is environmentally-friendly and, as shown here,
can be artificially controlled through varying pectin concentration and
freeze-casting temperature to optimize the final composite’s optical
property. Additionally, for comparison, Fig. 6¢ presents the trans-
mittance of pectin/PMMA composites and the cellulose nanofiber
(CNF)/PMMA composite prepared from freeze-casted CNF cryogel
(detailed information of the preparation and morphology of CNF cryogel
and the corresponding composite can be found in supporting informa-
tion and Fig. S5). It is observed that, even with the higher pectin con-
centration (4.5 wt%), the pectin/PMMA composite still has higher
transmittance (83%) comparing to CNF/PMMA composite (74%) at
wavelength of 550 nm. For the UVA and UVB blocking abilities, the
pectin/PMMA composite outperforms the CNF/PMMA composite
remarkably. For example, with the lower pectin concentration (1.5 wt
%), the UVA and UVB block percentages of pectin/PMMA composite are
47.1% and 73.3%, which are higher than CNF/PMMA composite (UVA:
34.9 %; UVB: 48.2%). Therefore, pectin is more suitable to fabricate
composites with high visible light transmittance and high UV blocking
ability than cellulose.

In addition to intriguing optical properties, the thermal insulation
capacity of these composites, important for instance for energy-efficient
applications, was also assessed. The thermal conductivities of pectin/
PMMA composites prepared from dry ice freeze-casted cryogels with
different pectin concentrations (1.5 wt%-4.5 wt%) were compared with
glass, PMMA, and transparent wood/bamboo as shown in Fig. 7a. The
thermal conductivities of all pectin/PMMA composites are approxi-
mately 7 times lower than glass. They are also lower than the pure
PMMA and reported transparent wood [10,18,55,56]/bamboo [53].
Note, pectin/PMMA composites have higher thermal conductivity than
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the non-infiltrated freeze-casted cryogels that have thermal conductivity
around 0.020 W/(m-K)-0.025 W/(m-K). This is due to that the solid
PMMA filling the pores could facilitate the heat transfer as compared to
air. In addition, the thermal insulation performance of glass, pure
PMMA, and pectin/PMMA composites prepared with different freezing
method, freeze-casting temperature, and pectin concentration, are
further demonstrated by placing samples of equal thickness on a hot
plate and measuring their surface temperature by infrared camera
(Fig. 7b, 7c and S6). All 2 mm thick samples were placed on a hot plate
with temperature maintaining at 80 °C. Infrared images of the sample
surface were recorded every 10 s after placing each sample on the hot
plate (Fig. 7b and S6a, Supporting Information). The surface tempera-
ture as a function of heating time for each sample is summarized in
Fig. 7c and S6b. After heating 60 s, the surface temperature increases
from 27 °C to 64 °C for all the dry ice freeze-casted pectin/PMMA
composites (Fig. 7c). In comparison, the surface temperatures of glass
and PMMA are around 75 °C and 70 °C, respectively, after heating 60 s
(Fig. 7c). Meanwhile, it reaches 60 °C much faster comparing to the dry
ice freeze-casted pectin/PMMA composites. This is due to the stronger
phonon scattering [57,58] at the interface between pectin pore wall and
PMMA (Fig. 7d). Similar explanation was also proposed by Li et al. for
the transparent wood [55]. However, for the liquid nitrogen freeze-
casted and randomly frozen pectin/PMMA composites, the surface
temperature can reach 66 °C and 68 °C, respectively. These values locate
in between glass (or PMMA) and dry ice freeze-casted pectin/PMMA
composites. Therefore, dry ice freeze-casted pectin/PMMA composites
have better thermal insulation property than glass, PMMA, and pectin/
PMMA composites prepared from liquid nitrogen freeze-casted cryogel
and randomly frozen cryogel, and they could be used for energy-efficient
applications.

4. Conclusion

A novel class of optically transparent pectin/PMMA composite with
improved thermal insulation ability has been prepared by the infiltra-
tion of PMMA into freeze-casted pectin cryogels. Pectin cryogels fabri-
cated via freeze-casting method have an anisotropic structure which
endows the corresponding composites with an anisotropic light scat-
tering and higher optical transmittance as compared to that of the
composite prepared from randomly frozen pectin cryogel. These pectin/
PMMA composites have comparable optical transmittance and compa-
rable or lower haze than that of most reported transparent wood/
bamboo with the similar thickness. Meanwhile, this type of composite
has very good UV blocking ability as compared to conventional glass,
pure PMMA, and nanocellulose composites. Moreover, wide range of
optical properties can be produced via controlling the pectin concen-
tration and freeze-casting temperature. The high optical transmittance
of 84% and low haze of 38% were achieved for 1.3 mm thick pectin/
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Fig. 6. Comparison of pectin/PMMA composites with reported transparent wood [11-13,15,16,18] and transparent bamboo [53] for their optical transmittance (a)
and haze (b) at wavelength of 550 nm. (c) Optical transmittance of the 1.3 mm thick pectin/PMMA composite sheets prepared from dry ice freeze-casted cryogels
with 1.5 wt% and 4.5 wt% pectin concentrations and 1.3 mm thick CNF/PMMA composite sheet prepared from liquid nitrogen freeze-casted cryogels with 2.0 wt%
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PMMA composite prepared from dry ice freeze-casted pectin cryogel
with pectin concentration of 1.5 wt%. Optical transmittance decreases
with increasing pectin concentration and thickness, and with decreasing
freeze-casting temperature. On the other hand, haze increases with
increasing the thickness, and with decreasing freeze-casting tempera-
ture in most cases. Furthermore, the studied pectin/PMMA composite
has better thermal insulation property than glass and PMMA. Therefore,
these pectin/PMMA composites provide an optimized combination of
functionalities including optical transparency, UV blocking, and thermal
insulation, which could turn out to be useful in optical and energy-
efficient applications.
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