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Here we present a new class of hybrid material composed of a polysaccharide macroporous core 

surrounded by a thin silica layer as new adsorption platforms for the retention of organic pollutants 
in soil media. The core-shell hybrid foams were fabricated by ice-templating to create highly anisotropic 

pectin foams, followed by vapor phase silica deposition. The structural stability of the hybrid foams 
was tested in compression, reaching a Young’s Modulus up to 5 MPa, but also, and more importantly, in 

direct contact with wet soils over more than one month. Hybrid foams showed a sorption capacity for 
a toxic dye nearly two orders of magnitude higher than the surrounding soils. Altogether, these hybrid 

foams combine all chemical, structural and functional properties required to be effective materials for 
soil depollution and, thanks to their easy-recovery, should compete with common particulate sorbents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Soil encompasses representatives of all biological kingdoms,
making it a centerpiece of most ecosystems [1] . Loss of soil
quality, through physical or chemical degradation, results in a
wide range of negative consequences that can endanger the local
fauna and flora, and threaten human health indirectly through
different pathways including food and water consumption [2–
4] . What is commonly referred to as soil pollution is the
addition of exogenous -potentially toxic-compounds that may
enter organisms through transfer in another medium (air or
water) [5] . Therefore, one key approach to limit risks associated
with pollution is to immobilize the compounds within the
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soil, limiting their bioavailability [6] . Techniques such as
stabilization/solidification [7] or capping [8] are designed to limit
the mobility of the pollutants. These approaches have however
the drawback of leaving the pollutant within the soil, which
may be problematic in the long run, since soils may undergo
significant physical and chemical modifications [9] . Pollutants
may also be physically removed from the polluted sites. The
most straightforward approach is excavation, which is usually
combined with other techniques such as thermal desorption
[10] or soil washing [11] . These methods are usually complex
from a logistical point of view, especially in the case of large
contaminated areas [9] . 

It is also possible to treat contaminated soil thanks to in
situ methods. In situ thermal treatment allows for extraction
of the contaminant without excavation and in some case for
direct degradation of the targeted chemicals [12] . The recovered
contaminants must then be stored or treated appropriately.
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ollutants may also be degraded directly within the soil using
or instance oxidation [13] . This however requires addition of
xidizing or reducing chemicals to the contaminated sites. Today, 
he most promising alternative to these physical and chemical 
echniques is to take advantage of the removal and/or degradation
apabilities displayed by a wide variety of living organisms but
ith a risk of dissemination of exogeneous organisms [14–16] . 

Similarly to water decontamination, solid adsorbents may 
onstitute a cost-effective and easy-to-implement solution to 

anage the bioavailability of pollutants in soils [17] . As for
ater treatment, constituting materials must be chemically stable, 
echanically-robust and prepared from non-toxic constituents 

18] . However, the two kinds of environments differ in several
mportant aspects, that strongly impact the remediation process 
19] . First soils are usually highly adsorbing media so that the
emoval capacity of the material should be very high to displace
he pollutants [20] . Second, whereas micro- and nano-particles 
xhibiting high specific surface area and high sorption capacity, 
uch as clays and biochars [ 21 , 22 ], can be used in liquid media
ecause they can be easily recovered, materials used in soils must
e large enough to be easily collected. 

Taking all these constraints in charge, we hypothesized 

hat a macroscale material with oriented macroporosity -to 

avor water uptake by capillary effects- would be particularly 
ell-suited. Ice-templating (also referred to as freeze-casting) is 
 technique initially developed to shape lightweight ceramic 
aterials [23] that has been applied to composite, metallic and

bio)polymer-based materials [24–26] . The technique allows for a 
traightforward control over the macroporosity of the prepared 

aterials, which led to an increasing popularity in a myriad of
pplications [27] , ranging from biomaterials [ 28 , 29 ] to energy
 30 , 31 ] and sensing [ 32 , 33 ]. As constituents, we focused on
ectin as an abundant biomacromolecule of vegetal origin, being 
herefore fully compatible with the soil biota [34] . In order to
tabilize the pectin network, we have used a vapor phase coating
trategy, derived from the Biosil process [35] , to deposit silica,
he major mineral phase of many soils exhibiting therefore no
nvironmental impact [36] . We demonstrate that optimization of 
ce templating and mineral deposition conditions, it is possible to
btain pectin-silica foams with improved mechanical properties 
nd water stability. Moreover, we offer the first experimental 
vidence that such bio-hybrid foams are stable in soils over one
onth and exhibit the ability to efficiently immobilize a toxic

ye in such environments. 

 Materials and methods 
.1 Hybrid pectin foams 
acroporous pectin foams were obtained by freeze-casting 3 mL 

amples of 4 wt% sugar beet pectin suspension in PIPES buffer at
, 5 and 10 °C.min 

−1 and subsequent lyophilization [37] . Foams
ere maintained in a desiccated atmosphere until further use. 
or the vapor phase silica deposition, dry samples were placed in
 closed vessel (approximate volume 1 L) containing a solution
omposed of 133 mL of deionized water, 17 mL of 37% HCl
nd 60 g of NaCl. Four vials ( Ø = 29 mm) containing 10 mL
f tetraethyl orthosilicate (TEOS) each were also placed within 

he vessel. The setup was maintained at 30 °C (up to two weeks)
 

epending on the desired silica content. Samples were then dried 

4 h at 30 °C and kept at room temperature under desiccated
tmosphere. 

Scanning Electron Microscopy (SEM) observation was carried 

ut on Hitachi S-3400 N after cutting of the samples and
puttering with a 20 nm layer of Gold. SEM-FEG observation was
arried out on Hitachi SU-70 equipped with a Field Emission Gun
fter cutting of the samples and sputtering with a 5 nm Platinum
ayer. Pore morphology characterization was performed using the 
rientation J plugin in FIJI software [37] . 

Mechanical testing was performed in compression under an 

nstron 5965 universal testing machine at 1 mm.min 

−1 crosshead 

peed up to 50% strain. Core-shell hybrid foams were prepared as
reviously described into 5 × 5 × 5 mm 

3 samples. 

.2 Foam stability in soils 
ach sample ( ca . 40 mg) was placed in 110 g of soil rehydrated
y 18 mL of deionized water (corresponding to pF 2.5, optimal
umidity conditions for the soil microbial community). The 
hosen reference soil was upper horizon of a silt loam Luvisol
ampled at the Versailles INRA station, France. The chosen upper 
orizon (Ap) was composed of 18% clay, 57% silt and 25% sand.
he soil’s cation exchange capacity was equal to 11 cmol( + ) kg −1 

nd was mainly saturated by calcium. Its pH was equal to 6.1 and
he total organic C content of the upper horizon 13 g C/kg soil.
he vials were sealed with Parafilm 

TM to prevent soil desiccation 

nd maintained at 20 °C in the dark. Freeze dried pectin foams
ere used as controls and compared to pectin foams coated with

ilica through exposition to TEOS vapors. Silica contents ranged 

rom 0% SiO 2 to 39% SiO 2 . After incubation in soil, foam samples
ere removed after 1, 6, 20 and 37 days and dehydrated in

uccessive baths of increasing ethanol content (20, 40, 60, 80 and
00%) for SEM observation. 

.3 Dye immobilization experiments 
or these experiments, individual hybrid foams (40 mg, 39% SiO 2 )
ere covered with 10 g of soil saturated with 7 mL of a 100 mg.L 

−1 

queous solution of Reactive Black 5. In parallel, the same amount
f soil was exposed to 7 mL of a 100 mg.L 

−1 aqueous solution
f Reactive Black 5 in the absence of hybrid foams. The soil was
ncubated for 24 h at 25 °C. After washing with 7 mL PBS 2X to
imulate water infiltration, the supernatant was centrifuged for 
0 min at 5000 rpm and absorbance at 598 nm was measured to
alculate the remaining Reactive Black 5 concentration. Control 
ample consisted of the dye solution at the start of the experiment
 t = 0) and after 24 h of incubation at 25 °C ( t = 24) 

 Results and discussion 

.1 Design of biopolymer-silica macroporous foams 
ybrid foams were prepared by applying ice templating to a 
eetroot pectin solution followed by silica deposition through 

xposure to vapors of silica precursor (TEOS) under acidic 
tmosphere ( Fig. 1 ) 

Based on previous results [37] , pectin concentration was fixed 

o 4 wt% and the freezing rate was varied between 1 and
0 °C.min 

−1 . As shown on Fig. 2 a–f, the materials are characterized
y a lamellar structure, where the elongated pores are organized in
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Fig. 1 

Overview of the fabrication process of pectin-silica foams. (a) Simplified scheme of the ice templating setup used to shape the macroporous monoliths, (b–d) Ice 
templating processing steps leading to the formation of a frozen monolith. (e,e’) Lyophilization yields a solid polysaccharide foam. Scanning electron micrographs 
of the polysaccharide foams (g) before and (h) after silica coating under tetraethoxysilane vapors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

several domains of same orientation. Analysis of SEM pictures of
cross sections reveal slight pore size variations with cooling rate.
Mean pore length varies from 428 μm to 309 μm when the cooling
rate increases ( Fig. 2 g). The large standard deviations for these
values must however be underlined. This may be explained by the
length variations observed in each orientation domain. A more
significant parameter to describe the cellular material morphology
is the pore width, which present smaller deviations ( Fig. 2 h).
The pores’ mean width ranged from 10.4 μm at 10 °C.min 

−1 to
18.7 μm at 1 °C.min 

−1 . Slower freezing favors ice crystal growth,
resulting in larger ice crystals and, consequently in larger pores
after freeze drying [38] . A decrease in the pore wall width can
also be observed at higher cooling rates (200 nm at 10 °C.min 

−1

vs 312 nm at 1 °C.min 

−1 ) ( Fig. 2 i). Because all samples have
equal apparent density, increasing the number of pores per section
area (i.e. when pores are smaller) results in decreased pore wall
thickness due to reduced amount of polymer available for each
wall. 

The orientation analysis of the pores ( Fig. 3 ) allows to describe
the inner structure of the macroporous materials in more detail.
Regardless of the cooling rate, several orientation domains can be
observed on SEM images of the foams’ cross sections, as depicted
in the angular distribution of the pores’ cross-sectional main axis
( Fig. 3a ’–c’) which correspond to the different lamellar domains.
On the contrary, the analysis of the pores’ orientation in the
longitudinal sections of the foams (cut along the ice growth
direction) do not display any noticeable dependence with the
cooling rate ( Fig. 3 d’–f’). 

These slight structural changes have no clear influence on the
mechanical properties of the foams. Values for Young’s modulus
and compressive strength of foams obtained at different freezing
rates are presented in Supplementary Fig. S1. Young’s modulus
values are around 3 MPa and compressive strengths are about
0.1 MPa which are typical values for flexible polymer foams [39] .
The wetting behavior of the foams was also studied by surface
impregnation with an ethanolic solution containing the Disperse
Red 1 dye. Full wetting was achieved within less than one second,
with no significant variation with freezing rate (Supplementary
Fig. S2). Altogether, freezing rate had little if any influence on the
macroscopic properties of the foams. The highest freezing rate was
therefore selected for the following study, both because it leads to
the smaller average pore size that could enhance capillary effects,
but also as it allows for faster preparation of the foams. 

However, it was found that pectin foams rapidly ( i.e . < 1 day)
redisperse in water, as expected from the physical nature of pectin
hydrogels (Supplementary Fig. S3). To address this issue, cross-
linking did not appear as a viable option as it would require
placing the unstable foam in an aqueous environment and/or
using potentially toxic additives [40] . As an alternative, we used
a gas phase deposition process inspired by the Biosil technology
3 
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Fig. 2 

SEM imaging and pore morphology characterization of pectin foams. (a-f ) SEM images of the pectin foams along (left-hand column) and perpendicular (right-hand 
column) to the freezing direction at a) 1, b) 5 and c) 10 °C.min −1 All scale bars correspond to 500 μm. (g) pore width, (h) pore length and (i) pore wall thickness 
distributions as obtained using SEM image analysis on ImageJ. 

[  

f
 

i  

d  

t  

h
a  

i
m  

w  

a
a  

p  

w  

l
s

r  

w
m  

t  

t  

c  

r
 

a
i  

u
f
o
a
d
m
p
c
m  

s
y
2
t
t

4

35] to coat the pore wall with amorphous silica, a fully eco-
riendly mineral phase [36] . 

With this purpose, dry foams were placed in a closed vessel
n the presence of TEOS, water and HCl vapors for up to 14
ays. FT-IR spectroscopy was used as a simple method to check
he chemical nature of the deposited phase. The typical peaks of
ydrated silica around νa 

Si- O = 1070 cm 

−1 , νs 
Si-O-Si = 800 cm 

−1 

nd νSi-OH 

= 930–950 cm 

−1 could be evidenced [41] , that grew
n intensity with deposition time (Supplementary Fig. S4). The 

ost direct way to quantify the presence of silica after contact
ith vapors of TEOS was to weight the samples before and
fter the treatment. Sample weight increases between 0.3 mg 
nd 60 mg in a 15 days-time span, which correspond to weight
ercentages between 0.5% SiO2 and 46% SiO2 . ( Fig. 4 (g)). Mass gain
as important during the first few days, but reaches a plateau after

onger expositions (after about one week). Such phenomenon 

hould sign for the saturation of pore surface coverage. 
SEM imaging allowed to estimate the coating thickness that 

each more than 100 nm ( Fig. 4 a–f ) . However, while up to ca . 40
t% silica content, the standard deviation was reasonably low, 
uch more variability was observed for higher SiO 2 content due
 

o more heterogeneous coatings ( Fig. 4 h). This can be linked to
he kinetic data of deposition showing that such a 40 wt% silica
ontent is a limit value above which weight variations become less
egular. 

The effect of silica addition on the stabilization of the foam
gainst dissolution in water was checked by soaking the samples 
n water. At 37% SiO2 , the hybrid material retains its integrity
p to 3 weeks (Supplementary Fig. S3) suggesting this weight 
raction corresponds to a percolating layer covering the entirety 
f the foam surfaces -both internal and external. Silica was 
dded to the pectin foams primarily to ensure protection against 
issolution of the structure. However, addition of the inorganic 
aterial to the polymer foam was expected to modify other 

roperties of the material, in particular its mechanical response to 

ompression, a key parameter to ensure the stability of lightweight 
aterials in compressive media such as soils. Fig. 5 presents the

tress/strain curves as well as Young’s moduli, toughness and 

ield strength depending on the silica content. Up to about 
0% SiO2 the mechanical properties of the material appear similar 
o those of the pectin alone. SEM observations suggested that 
he corresponding coating was not continuous, i.e . the deposited 
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Fig. 3 

Directional analysis of pectin foams’ pores obtained at different cooling rates. SEM images of the cross-section of pectin foams (image taken along the freezing 
direction) at 1 (a), 5 (b) and 10 °C.min −1 (c) treated using OrientationJ plugin in FIJI and respective pore orientation histograms (a’ to c’). SEM images of the pectin 
foams perpendicular to the freezing direction at 1 (d), 5 (e) and 10 °C.min −1 f ) treated using OrientationJ plugin in FIJI and respective pore orientation histograms 
(d’ to f’). Scale bar for all images is 250 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

silica particles density was below a percolating threshold. This
scattered deposition could configure a sparse distribution of silica-
rich areas on the surface of the foams, with minimal impact over
the materials’ elastic properties. Above this value, higher mass
percentages of the inorganic moiety result in stiffer inorganic
material, with higher toughness and yield strength. These values
are in good agreement with the enhanced water stability for
37% SiO2 as discussed above. 

3.2 Foam behavior in soils 
In soils, materials are exposed to several physico-chemical factors
such as pH, temperature, humidity, as well as to a myriad
of organic and inorganic compounds ranging from complex
polysaccharides to sand and clays. In addition, materials in soils
are exposed to endogenous micro-organisms, which may induce
substantial degradation. 
To ascertain the stability of the synthesized materials towards
such conditions, both pectin silica-coated pectin samples were
introduced into real soils, conditioned at constant humidity
and temperature. Importantly, the soils were not sterilized,
meaning that the prepared materials were directly brought into
contact with the soil’s microbiota (bacteria, yeast, fungi, etc.).
Samples were dug out at various time points to assess their
integrity. 

Fig. 6 (a) shows the aspect -at the micro- and macroscopic
length-scales- of pectin-based foams after up to 1 month of
exposure to the reference soil (upper horizon (0–30 cm) of a
silt loam Luvisol sampled at the Versailles INRAE station). After
only 24 h the pectin foams (with no silica) appear severely
deteriorated, which is likely to be mostly due to the dissolution
of the pectin structure upon exposure to the moisture of the
soil. The addition of a silica coating seems efficient in preventing
5 
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Fig. 4 

Characterization of silica deposition in hybrid foams. (a-f ) SEM images of the pectin walls covered by increasing silica contents. (g) Variation of silica content with 
deposition time. (h) Variation of silica shell thickness with silica content. 
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mmediate dissolution of the pectin foams. Degradation of foams 
ontaining low amounts of silica was delayed, however after 
0 days the samples undergo significant deterioration. Such 

egradation is probably due to a combination of microbial activity
rom the non-sterile soil and partial dissolution of the pectin
ore walls due to incomplete percolation of the silica layer.
igher silica content may be associated with the formation of
 fully percolated silica coating. It results in enhanced stability
f the samples, which appear unaltered after one month in the
odel soil. In parallel with the macroscopic assessment of the

oams’ integrity, their microscopic structure was assessed by SEM 

bservation after drying. Quantitative measurements of the SEM 

mages were conducted based on image coherency measurements 
42] . Isotropic images yield low coherency values (close to zero)
nd highly anisotropic images yield higher values (close to one).
ere, coherency values calculated from the entire SEM insets 
isplayed in Fig. 6 a were analyzed using the Orientation J plugin
n FIJI and are displayed in Fig. 6 b. The coherency values obtained
onfirm the maintenance of the highly aligned structures at 
igher SiO 2 contents, whereas SiO 2 mass fractions below 25 
 

t% do not prevent the loss of the sample’s aligned structures.
he addition of silica seems efficient in preserving the oriented 

acroporous structure, especially at high silica content, both at 
he macro- and microscopic scales. 

Finally, we performed a preliminary evaluation of the ability 
f foams to efficiently adsorb organic contaminants when placed 

ithin soils. To point out the efficiency of the sorbent, the
oam over soil weight ratio was kept below 1 wt%. The Reactive
lack 5 dye was selected due to its high toxicity and difficulty
o be removed from soils [43] . As seen on Fig. 7 , the dye
olution underwent noticeable discoloration in the presence of 
he soil alone and showed only a faint color when the foam was
resent. Quantification by monitoring the UV–vis spectra of the 
upernatant indicates that while the soil alone immobilized ca . 
0% of the dye, this amount reaches more than 80% with the
oam. Considering the initial foam/soil weight ratio ( < 1%), it

eans that the apparent sorption capacity of the macroporous 
aterial is ca . 50 times larger than that of its environment. Such

 high difference in fact suggests that the foam is able to displace
yes from the soil particles. 
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Fig. 5 

Mechanical properties of hybrid pectin-silica foams. (a) Stress-strain profiles of pectin core/silica shell hybrid foams. (b-d) Young’s modulus, toughness, and yield 
strength according to the silica composition. Due to the variability inherent to the silica deposition process only one sample has been produced per silica content 
condition except for the 0% SiO 2 ( n = 5). 

Fig. 6 

Evolution of pure and hybrid pectin foams with increasing SiO 2 content when placed in upper horizon of silt loam Luvisol soil. (a) For each SiO 2 composition and 
each timepoint two images are presented: on the left, macroscopic images of samples after recovery from soil, and on the right, SEM images of the same samples. 
Soils were conditioned at controlled moisture conditions (field capacity, pF = 2.5) and temperature (20 °C). (b) Coherency map calculated from SEM images presents 
in (a). 

7 
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Fig. 7 

Dye adsorption experiments. Dye concentration after 24 h as such (control) or 
in contact with soil or foam in soil. Lower row depicts, from left to right, the dye 
solution, the dye solution in contact with soil, and the dye solution after being 
in contact with a foam inside the soil. 

4
B
a
c  

m  

a
t
c  

e  

t  

b
c
o  

e
b
s

F
T  

E
b
0  

E
n

D
T  

i
i

D

C
S
W
P
r
C
d
F
V
S

A
T  

(

S
S
i

R
 

 

 

 

 

 

 

 

 

 

 

 

 

[
 

[  

[  

 

[  

 

[  

8

 Conclusion 

y combining two environmentally-friendly components, pectin 

nd silica, and using easy-to-implement technologies, freeze- 
asting and vapor phase deposition, it was possible to obtain
aterials that are stable in soils and show the ability to displace

nd immobilize a highly toxic organic dye. Importantly, compared 

o other possible soil-compatible microscale sorbents, such as 
lays, they are efficient as macroscale materials, allowing for their
asy recovery. This can be attributed to their oriented porosity
hat compensates the decrease in surface area by favoring contact
etween contaminated running waters and sorbing surfaces via 
apillary effects. A more systematic investigation of the influence 
f pore geometry and dimension should allow to enhance this
ffect further. Meanwhile functionalization of the silica layer 
y natural organic, inorganic or even biological species with 

orbing/degrading capabilities can be envisioned. 
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