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6 ABSTRACT: Nanoporous polyurea-cross-linked Ca-alginate (X-Ca-alginate) aerogels were .o
7 prepared by reacting an aliphatic or aromatic triisocyanate with the preformed biopolymer
8 network post gelation and drying in supercritical CO,. The nanomorphology of native Ca- 10
9 alginate aerogels together with those of the different X-Ca-alginate aerogels were investigated

X-Ca-alginate
aliphatic

10 using low-voltage scanning electron microscopy, N,-sorption porosimetry, and contrast
11 variation small-angle neutron scattering. Native Ca-alginate aerogels were built from primary
12 nanoparticles (8.3 + 0.1 nm in radius) that attach to one another forming secondary
13 particles. In X-Ca-alginate aerogels, the aliphatic and aromatic polyureas attach to primary  0.01
14 nanoparticles (which increase in size up to 10.0 £ 0.1 nm) via urethane linkages, and then

15 they extend into the empty space within secondary particles in different ways. Cross-linking

16 with an aliphatic triisocyanate leads to the formation of a dense polyurea layer over the

17 primary nanoparticles, following the contours of the Ca-alginate skeletal framework. The rigid aromatic triisocyanate forms a more
18 loose and randomly oriented polymer structure that more or less fills the empty space between the primary nanoparticles within the
19 secondary particles. Both processes leave the primary Ca-alginate structure practically undisturbed, while it does affect the structure
20 at the most fundamental level, increasing the primary particle size and reducing the porosity. The different fundamental skeletal
21 nanostructures of X-Ca-alginate aerogels affect not only their material properties but also their potential for application in
22 environmental remediation.

0.1

Q) (a.u.) via SANS

X-Ca-alginate]
aromatic 1

23 KEYWORDS: aerogel, cross-linking, polyurea, isocyanate, alginate, SANS

24« l INTRODUCTION aerogels®™'® and more recently also for biopolymer aero- 4s
gels'®™" by the development of the polymer-cross-linking (X- 46
aerogel) technology. This involves reaction of functional groups 47
(e.g, —OH or —NH,) present on the surface of preformed wet 4s
gel networks with multifunctional reagents (e.g., multifunctional 49
isocyanates), thus coating and cross-linking the entire (inorganic so
or biopolymer) network of the gel with a nanothin polymeric s
layer. In the case of X-biopolymer (X-alginate and X-chitosan) s2
aerogels, an aliphatic or aromatic triisocyanate reacts with the s3
biopolymer network post gelation.'®™"® The triisocyanate first s4
reacts with the —OH or —NH, groups available on the surface of ss
the biopolymer network and attaches to it through urethane or s¢
urea linkages. Subsequently, it reacts with water adsorbed on the s7
biopolymer network and forms a polyurea film that coats the s8

25 Aerogels are solid colloidal or polymeric networks of nano-
26 particles expanded throughout their entire volume by a gas."”
27 Silica aerogels were the first example of this class of
28 nanostructured materials and were prepared in early 1930s by
29 Kistler,” followed by a wide range of other inorganic oxide
30 aerogels and later by organic (organic polymer or biopolymer-
31 based), hybrid organic—inorganic, and carbon aerogels.4 The
32 diversity of the chemical composition, along with specific
33 properties related to their nanoporous structure (high surface
34 areas, low thermal conductivities, low dielectric constants, and
35 high acoustic attenuation), has led to the development of
36 numerous applications for aerogels in the fields of energy (e.g,,
37 thermal insulation and batteries), catalysis, biosciences, environ-
33 mental remediation, sensors, or the food industry,4 with thermal

—

39 insulation being the most common among them.’ Received: July 21, 2021
40 One issue that had to be overcome for the practical Accepted: September 14, 2021
41 application of aerogels was the enhancement of their mechanical

42 strength, as many of them, that is, most of inorganic and
43 biopolymer aerogels, are mechanically weak and fragile
44 materials. That issue was addressed initially for inorganic
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Scheme 1. Structures of Calcium Alginate (Ca-Alginate) and of the Triisocyanates Desmodur N3300 (Trimer of Hexamethylene
Diisocyanate) and Desmodur RE (TIPM); Ca-Alginate is a Block Copolymer of #-(1 — 4)-Linked p-Mannuronate (M) and a-(1

— 4)-Linked 1-Guluronate (G)**
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biopolymer network. The high mechanical strength and
hydrophobicity of these materials render them good candidates
for several applications, including drug delivery and environ-
mental remediation. Indeed, X-alginate aerogels have been
successfully used as adsorbents of Pb** ions, organic solvents,
and oils from seawater."

Another parameter that plays a crucial role for the adoption of
aerogels in practical use is their nanoporous structure, which
depends on the spatial relationship of primary and secondary
particles, which in turn depends on the drying method. Primary
nanoparticles are the smallest, most fundamental, dense particles
on the skeletal framework of a wet gel. Primary particles form
nanoporous mass-fractal aggregates, which are referred to as
secondary particles. Secondary particles are connected to each
other with covalent bonds and form the skeletal network of the
wet gel. The pore sizes of that network are often in the range of
mesopores (2—50 nm), while micropores (<2 nm) as well as
small (50—300 nm) and larger macropores (>300 nm) might
also be present.* However, this network can easily collapse
during drying. To avoid such collapse, the best drying method
has proven to be drying with a supercritical fluid (pure CO, or
solvent/CO, mixtures).”’™>*

The nanoporous structure of aerogels can be probed with
several techniques, such as porosimetry (using N,, Ar, CO,, or
Hg), pycnometry (using He), or scanning electron microscopy
(SEM).* Small angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) can also yield structural information
on hybrid and composite materials, such as aerogels, if the
fundamental building blocks are nanometer-sized. Several SAXS
and SANS studies on aerogels with different chemical
compositions, includin§ silica, ™" carbon,?*™*® organic poly-
mer,”” ™" biopolymer,™ or hybrid”*’ ™" aerogels, have been
reported in the literature. These studies have proved the
presence of nanometer-sized primary particles.

In this work, we report the in-depth structural character-
ization, including a SANS study, of X-Ca-alginate aerogels
prepared by cross-linking Ca-alginate wet gels with the aliphatic
triisocyanate Desmodur N3300 or the aromatic triisocyanate
Desmodur RE (Scheme 1). Apart from the difference in the
chemical composition of the two triisocyanates, leading to an
aliphatic or aromatic polyurea network, respectively, another
significant difference is the relative flexibility of the two
triisocyanates and the corresponding polyureas. The polyurea
based on Desmodur N3300 is aliphatic and flexible, while the
polyurea based on Desmodur RE is aromatic and rigid.

The ultimate goal of this study was to investigate the relation
of the Ca-alginate and the polyurea components as the structural
elements of the composite X-Ca-alginate aerogel architectures.
It was shown that due to the difference in the relative flexibility
of the polyureas, the two different X-Ca-alginate aerogels display
characteristically different nanoscale morphologies.

B EXPERIMENTAL SECTION

Materials and Methods. Sodium alginate was purchased from
Acros Organics. Sodium alginate is a block copolymer of -(1 — 4)-
linked p-mannuronate (M) and a-(1 — 4)-linked L-guluronate (G)
(41% G and 59% M; G/M ratio: 0.69). CaCl,-2H,0 (>99%) was
purchased from Fisher Scientific. Desmodur Ultra N3300 (trimer of
hexamethylene diisocyanate, an aliphatic triisocyanate) and Desmodur
RE [27% w/w triphenylmethane-4,4/,4"-triisocyanate (TIPM, an
aromatic triisocyanate) solution in ethyl acetate] were generously
provided by Covestro AG. MeCN (HPLC grade) was purchased from
Fisher Scientific, acetone (P.A., ISO reagent) was purchased from Lach-
Ner, and they were used as received.

Supercritical fluid drying was carried out in a pressure vessel as
described before.'”'®

Synthesis of Ca-Alginate Aerogel Beads. Native Ca-alginate
(also referred to as Ca-alg) wet gel and aerogel beads were prepared
following our previously published procedures.'”'® The concentration
of the starting sodium alginate solution was 2% w/w.

Synthesis of X-Ca-Alginate Aerogel Beads. X-Ca-alginate (also
referred to as X-Ca-alg-N3300 or X-Ca-alg-RE) wet gel and aerogel
beads were prepared following our previously published proce-
dures.'”"®

Characterization Techniques. The chemical identity of the X-Ca-
alginate aerogel beads was confirmed with attenuated total reflection
Fourier transform infrared (ATR—FTIR) spectroscopy. ATR—FTIR
spectra were obtained with a PerkinElmer Spectrum 100 spectrometer.

N,-sorption and CO,-adsorption measurements were made on a
Micromeritics Tristar II 3020 surface area and porosity analyzer
(Micromeritics, Norcross, GA, USA). Skeletal densities (p,) were
determined by He pycnometry using a Micromeritics AccuPyc II 1340
pycnometer (Micromeritics, Norcross, GA, USA). Bulk densities (py,)
of the samples were calculated from their weight and natural
dimensions.

The morphology of the aerogel samples was studied by low-voltage
SEM (LV SEM) with a Thermo Fisher Scientific Scios 2 instrument.
The samples were fixed with a vacuum-resistant carbon tape on the
sample holder. Because of the low accelerating voltage and the small
electron beam current, the charging effects of the aerogel sample were
practically eliminated. Therefore, fresh fracture surfaces of the aerogels
were imaged in their pristine states in high magnification without the
application of any conductive coating on the samples.””

SANS. SANS experiments were performed on the Yellow Submarine
instrument available at Budapest Neutron Centre (Hungary), as
described in previous publications.*®*' Two sample-to-detector
distances (1.2 and 5.4 m) and two wavelengths (4.38 and 10.23 A)

were used. The momentum transfer (Q) is defined by the following
equation
4 . 0
= —sin —
Q=T (M

Here, A is the wavelength of the monochromatic neutron beam and 8 is
the scattering angle. By altering A and the sample-detector distance, a Q
range of 0.007—0.400 A™" was covered. The definition of the scattering
intensity (I) is as follows
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Scheme 2. Reaction Scheme Showing the Cross-linking of Ca-Alginate Wet Gels with the Triisocyanates Desmodur N3300

(Aliphatic) or Desmodur RE (Aromatic)
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163 Here, I, is the incoming neutron flux, AQ is the unit solid angle, 77(4)is
164 the detector efficiency, and T and V are the transmission and volume of

) . o . . .
165 the sample. :—Q(Q) is the macroscopic differential cross section, which

166 conveys structural information on the studied system. The measured
167 scattering intensity was corrected for sample transmission, empty cell
168 scattering, solvent scattering, detector sensitivity, and background
169 scattering.

170 The structural parameters of the scattering objects were determined
171 by the mathematical analysis of the corrected I(Q) curves. In general,
172 the Guinier and Porod approximations can be used for fitting different
173 parts of SANS curves. Their combination is referred to as the Beaucage
174 model.>*** This unified model is applicable to describe the whole
175 measured Q range in the case of the present results, as will be discussed

176 later.
Qz 2 [erf(—?/kgg )]
I(Q)EAexp[— 3g ]+B 3

177 (3)

178 R, is the average gyration radius, p is the Porod power exponent, and A
179 and B are coefficients related to the volume and number density of the
180 scattering objects and to their contrast. Parameters A and B can be
181 treated as adjustable scaling parameters. Data fitting was performed by
182 using nonlinear least-squares algorithms in the Igor Pro 6.1 software.>®
183 First, dry as-prepared (pristine) Ca-alginate or X-Ca-alginate aerogel
184 beads were tightly packed into 5.0 mm thick quartz cuvettes and
185 measured without any pretreatment. Subsequently, the same samples
186 were filled with a H,0—D,O mixture of 46 wt % H,0—54 wt % D,0O
187 (49—51V %) to a water/dry aerogel mass ratio of 5.0 g/g. This H,0—
188 D,0 mixture was used in order to match the contrast of the native Ca-
189 alginate, as will be discussed later. The filled samples were stored
190 overnight at room temperature before SANS measurements. The SANS
191 experiments were realized in 60—180 min in room temperature using
192 8.0 mm beam diameter.

3

©

Y

3

193 l RESULTS AND DISCUSSION

194 Ca-alginate wet gels were cross-linked with an aliphatic
195 (Desmodur N3300) or aromatic (Desmodur RE) triisocyanate
196 (Scheme 1) following recent literature procedures.”’18 In brief,
197 Ca-alginate wet gels, prepared by gelation of sodium alginate
198 with Ca®", were kept in a solution of triisocyanate. Triisocyanate
199 diffused into the pores of the wet gels, and the cross-linking
200 reaction was completed in an oven at 70 °C. The mechanism of
201 the reaction has been published before'® and is summarized in
202 Scheme 2. One —NCO group of the triisocyanate reacts with the
203 —OH groups of the alginate backbone forming a urethane
204 linkage to the surface. The remaining —NCO groups of the
205 triisocyanate are hydrolyzed to —NH, by water from the sol that
206 has remained adsorbed on the surface of the alginate wet gel
207 network. The alginate backbone has several functional groups
208 (—OH, —COO™) capable of hydrogen bonding with water.””

—NCO groups continues, followed by reaction of new dangling 211
—NH, groups with fresh triisocyanate molecules in the pores, 212
and the Ca-alginate network gets cross-linked with polyurea. 213
The two X-Ca-alginate aerogels were characterized with 214
ATR—FTIR (Figure 1). The spectra confirmed the formation of 215 f1

X-Ca-alg-N3300

T (%)

X-Ca-alg-RE

2400 2000 1600 1200 800
Wavenumber (cm™)

Figure 1. ATR—FTIR spectra of native (Ca-alg) and cross-linked (X-
Ca-alg-N3300 and X-Ca-alg-RE) aerogels, as indicated. Characteristic
peaks are discussed in the text and are marked in the figure with
asterisks.

both the aliphatic and aromatic polyurea, in agreement with 216
previous results.'”'® In brief, they show all characteristic peaks 217
of native Ca-alginate (e.g, the asymmetric and symmetric 218
stretching vibrations of —COQ~ groups coordinated to Ca*" 219
ions at 1603 and 1419 cm ™" and the stretching vibrations of the 220
C—0-C groups on the sugar ring at 1082 and 1032 cm™") plus 221
characteristic peaks attributed to polyurea. More specifically, 222
they show the stretching vibrations of the urea —C=0 (around 223
1630 cm™! for the aliphatic and 1660 cm™ for the aromatic 224
polyurea) and the scissoring vibrations of the urea N—H 225
(around 1530 cm™ for the aliphatic and 1560 cm™ for the 226
aromatic polyurea). The stretching vibration of the urethane 227
—C=0 is visible as a shoulder around 1720 cm™ in the 228
spectrum of X-Ca-alg-RE. No peaks are observed at 2266 cm™" 229
(the vibration of —N=C=0), showing that there are 230
practically no unreacted isocyanate groups. 231
Selected material properties are reported in Table 1 and they 2321
are also in agreement with our previous repor‘cs.”’18 The 233
polyurea content, calculated from the skeletal densities of native 234
and cross-linked s.amples,”’18 is about the same: 56% w/w for X- 235
Ca-alg-N3300 and 60% w/w for X-Ca-alg-RE. The N,-sorption 236
isotherms (Figure 2) have a small loop and do not reach 237
saturation, indicating macroporous/mesoporous materials. The 238
Barrett—Joyner—Halenda (BJH) curves (Figure 2) for pores in 239
the range of 1.7—300 nm show maxima at 33—35 nm for all three 240
materials and broad distributions. The Brunauer—Emmett— 241
Teller (BET) surface area of X-Ca-alginate aerogels is lower 242

https://doi.org/10.1021/acsanm.1c02072
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Table 1. Selected Material Properties of Native (Ca-alg) and Cross-linked (X-Ca-alg-N3300 and X-Ca-alg-RE) Aerogels

bulk density p” skeletal dens1ty Ps porosityb BET surf. area 6 (m® g™') Viowl” (V1.7_%00nm)c Av. pore particle

sample” (g cm tg (gem™) I1 (% v/v) [micropore surf. area]” 3g diam? (nm)  radius® r (nm)
Ca-alg 0.076 + 0.006 1.89 + 0.02 96 485 [81] 13 (1.9) 16 (104) 3.3(3.9)
X-Ca-alg:N3300  0.19 % 0.02 1.432 + 0.009 87 265 [0] 4.6 (1.5) 23 (69) 7.9 (7.9)
X-Ca-alg-RE 0.18 + 0.02 1.44 + 0.01 88 425 [49] 4.9 (1.9) 19 (46) 4.9 (5.5)

“The concentration of the initial sodium alginate solution was 2% w/w. bPorosity calculated according to the formula (p, — py,)/p,, where p; is the
skeletal density and py, is the bulk density. “Micropore surface area via t-plot analysis according to the Harkins and Jura model. ¥Total pore volume
calculated according to the formula 1/p, — 1/p,. “Cumulative volume of pores between 1.7 and 300 nm from N,-sorption data and the BJH
desorption method. fCalculated by the 4V/o method; V was set equal to the maximum volume of N, adsorbed along the isotherm as P/P, — 1.0.
For the number in parentheses, V was set equal to V,, from the previous column. #Particle radius calculated by the formula r = 3/(p, X &), where
o is the BET surface area. For the number in parentheses, ¢ was set equal to the external surface area, o,,, calculated from the BET surface area

minus the micropore surface area.

= 1400 [ —— Ca-alg 1 5 401 )
% 1200 | —— X-Ca-alg-N3300 e 35} )
"o —— X-Ca-alg-RE A
g 1000} { g 3o 1
G =
< 3 25} 1
T 800} 1s
2 o 2.0F 9
S 600} {5
3 & 15} ]
2 =

400} {8
2 § 1.0F <
€ 200} { 3 osf 4
=1 >
] 3 o B P ]

00 02 04 06 08 1.0
Relative Pressure (P/P,)

0 20 40 60 80 100 120 140
Pore Diameter (nm)

Figure 2. N,-sorption diagrams (left) and pore size distributions by the BJH method (right) of native (Ca-alg) and cross-linked (X-Ca-alg-N3300 and

X-Ca-alg-RE) aerogels, as indicated.

243 compared to that of the native Ca-alginate aerogels, suggesting
244 that accumulation of polyurea evens out finer features along the
245 skeletal framework. Fractal dimensions calculated from the N,-
246 sorption data were practically the same for the three samples:
247 Ca-alg: 2.66, X-Ca-alg-N3000: 2.59, and X-Ca-alg-RE: 2.67.
248  Representative SEM images are shown in Figure 3 for the
249 three aerogels. The general fibrous morphology of all aerogels in
250 this study is traced back to the native Ca-alginate aerogels. As
251 indicated by SANS studies below, the fibers of the native Ca-
252 alginate aerogels are built from secondary particles that in turn
253 are mass-fractal aggregates of primary nanoparticles. Meso-
254 porosity corresponds to the void space among particles. As seen
255 in the SEM images, fiber entanglement creates macropores. The
256 morphology of the cross-linked X-Ca-alginate aerogels is
257 practically the same as that of the native Ca-alginate aerogels.
258 Upon closer inspection, the fibrils that form the skeletal
259 framework of all three materials have the same aspect ratio
260 and consist of strings of tiny beads, presumably secondary
261 particles.

262 The SANS curves of the three aerogels are shown in Figure 4.
263 For every one of the three materials, the scattering curve of the
264 pristine aerogel and that of the same aerogel filled with the
265 H,O—D,O mixture are overlaid in the same panel. The best fits
266 using the Beaucage model are also displayed in Figure 4, and the
267 estimated structural parameters are given in Table 2. The
268 scattering curves of the H,0—D,O-filled Ca-alg and X-Ca-alg-
269 RE samples feature only power-law type scattering and were
270 fitted accordingly. The geometry of the network building blocks
271 was approximated with spheres, and particle radii (rp,q.) Were
272 calculated from the estimated radii of gyration (Ry) using eq 4. *
273 The calculated particle sizes of the pristine aerogels are in
274 reasonably good agreement with the values calculated from the
275 skeletal density and N,-sorption data (Table 2). Indeed, the

[

w

assumptions entering these calculations are related to the
presence of microporosity and lead to calculated radii somewhat
smaller than the actual particle sizes. Supporting evidence for
this argument is the case of X-Ca-alg-N3300 aerogels, which
have no microporosity, and therefore the particle radii calculated
with the two methods are in complete agreement with one
another.
2_ 35,2

rparticle = gRg (4)

The neutron scattering length density of native Ca-alginate
aerogels was calculated based on their chemical formula
[(C;;H4Ca0y,),] and their skeletal density (1.89 cm® g7';
Table 2), and it was found equal to 2.968 X 1079 A=2. Therefore,
the contrast of the Ca-alginate component is expected to be
matched by completely filling the samples with the 46 wt %
H,0—-54 wt % D,0 mixture. The calculation of that ratio was
based on recently reported SANS contrast variation data.*®
Indeed, the filled Ca-alg and X-Ca-alg-RE samples show very
minor specific scattering caused by nanosized objects (Figure 4).
This means that the scattering of the Ca-alginate backbone is
almost completely matched. Both SANS curves show a power-
law behavior characteristic to mass fractals. However, it is also
noted that the fitted curves deviate slightly from the
experimental points. This feature might indicate the somewhat
incomplete filling of pores due to hydrophobic spots or a small
number of closed pores.

The shapes of the SANS curves of the pristine and H,0—
D,0O-filled X-Ca-alg-N3300 samples are similar, which indicates
that contrast matching was not realized in this case.

According to the SEM images and SANS data, the
fundamental fibrous structure of Ca-alginate aerogels consist
of hierarchical primary and mass-fractal secondary particles.
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500 nm

Figure 3. Representative LV SEM images of fresh-fracture surfaces of
native (Ca-alg) and cross-linked (X-Ca-alg-N3300 and X-Ca-alg-RE)
aerogels, as indicated.

307 Fibrous aerogels consisting of such nanostructural elements
308 have also been reported in the cases of certain polyurea and
309 polyimide aerogels and have been described as the consequence
310 of phase separation during the sol—gel process, yielding solid
311 primary nanoparticles that assemble with one another following
312 a diffusion-limited cluster aggregation mechanism.*”** Accord-
313 ing to these considerations, the proposed nanoscale structure of
314 native Ca-alginate aerogels and the illustration of the principal
315 idea behind contrast matching in SANS are shown in Figure S.
316 It is reasonable to assume that the difference in the SANS
317 contrast matching in the case of the two X-Ca-alginate aerogels
318 indicates different relationships of the Ca-alginate and the
319 polyurea structural elements in the two aerogel nanoarchitec-
320 tures.”” Contrast matching in the case of X-Ca-alg-N3300
321 aerogels can be incomplete because the flexible/aliphatic
322 polyurea forms a more compact (with less free volume) coating
323 on the primary Ca-alginate nanoparticles. This closer association
324 and the interfacial covalent connectivity of the two polymers
325 change the scattering length density of the X-Ca-alg-N3300
326 backbone compared to that of the native Ca-alginate.”*" In the
327 case of X-Ca-alg-RE aerogels, the observations can be
328 interpreted by assuming that the rigid/aromatic polyurea does
329 not coat Ca-alginate as compactly as its flexible/aliphatic
330 polyurea counterpart but rather loosely fills the space between
331 primary particles. Using the same principles as for the illustration
332 of the nanostructure of native Ca-alginate aerogels, the proposed
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Figure 4. SANS curves of native (Ca-alg) and cross-linked (X-Ca-alg-
N3300 and X-Ca-alg-RE) aerogels, as indicated. Pristine aerogels were
measured first, and the same samples were filled with a H,0-D,0
mixture of 46 wt % H,0—54 wt % D,0O and measured again.
Continuous lines are results of nonlinear model fitting. Estimated
structural parameters are given in Table 2.

nanoscale structures of X-Ca-alg-N3300 and X-Ca-alg-RE 33316
aerogels are shown in Figure 6. 33416

The mechanistic interpretation for the formation of different 335
nanostructures of X-Ca-alginate aerogels can be traced to the 336
different reactivity/molecular rigidity of the two triisocyanate 337
cross-linkers. The aliphatic triisocyanate (Desmodur N3300) 33s
reacts slower with water (and alcohols) than the aromatic 339
triisocyanate (Desmodur RE). The slower reaction of 340
Desmodur N3300 probably leads to the formation of a polyurea 341
layer over the skeletal particles that follows the contours of the 342
native Ca-alginate skeletal framework better. The flexible 343
structure of Desmodur N3300 corroborates with this hypothesis 344
in contrast to the rigid/aromatic structure of the polyurea from 345
Desmodur RE triisocyanate. Thus, the more rigid Desmodur RE 346
reacts faster and forms a more randomly oriented polymer 347
structure, which is more prone to imperfections, leading to a 348
longer extension of the polymer in the empty space between the 349
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Table 2. Structural Parameters Estimated by Fitting the SANS Curves of the Pristine and Filled Native (Ca-alg) and Cross-linked
(X-Ca-alg-N3300 and X-Ca-alg-RE) Aerogels, and Particle Radii Calculated from N, Sorption and Skeletal Density Data (Also

Shown in Table 1)

sample Beaucage model R, (A) rpmdeb (nm)
Ca-alg pristine 64+ 1 83+0.1
X-Ca-alg-N3300 pristine 68+ 1 8.8+ 0.1
X-Ca-alg-RE pristine 791 10.0 £ 0.1
Ca-alg filled
X-Ca-alg-N3300 filled 122 + 4 16 + 0.5

X-Ca-alg-RE filled

particle radius® r (nm) Beaucage model p power-law model p

33(3.9) 4.55 +0.03
7.9 (7.9) 5.63 +0.17
49 (5.5) 2.94 + 0.03
2.49 + 0.01
3.80 + 0.03
2.90 + 0.01

“The SANS curves and nonlinear fits are shown in Figure 4. bParticle radii calculated from SANS data using eq 4. “Particle radii calculated by the
formula r = 3/(p, X &), where o is the BET surface area and p, is the skeletal density. For the number in parentheses, o was set equal to the external
surface area, 0, calculated from the BET surface area minus the micropore surface area. Values are taken from Table 1.

Ca-alg

primary particle of Ca-alginate aerogel; radius = 8.3 nm

= secondary particle of Ca-alginate aerogel

Figure 5. Proposed nanoscale structure of the native Ca-alginate (Ca-alg) aerogel. The panel labeled “filled” denotes filling with a contrast matching

agent (a H,0—D,0 mixture of 46 wt % H,0—54 wt % D,0) in SANS.

350 primary nanoparticles (within secondary particles), which may
351 also lead to minor closed porosity.

352 Fractal dimensions calculated from N,-sorption data are
353 practically equal for the three samples (Ca-alg: 2.66, X-Ca-alg-
354 N3000: 2.59, and X-Ca-alg-RE: 2.67) and agree well with the p
355 value obtained by SANS for the pristine X-Ca-alg-RE aerogel (p
356 = 2.94) and are characteristic for mass fractals. However, the p
357 value for the pristine X-Ca-alg-N3300 aerogel is larger than 4,
358 which indicates a gradual density change on the nanointerfaces
359 of the cross-linked aerogel. This agrees with the fact that the
360 nanoparticle network of all samples was formed first from Ca-
361 alginate and that polyurea accumulated in the second step on the
362 reactive ends of primary nanoparticles of the network by
363 different mechanisms. The cross-linking process leaves the
364 general aerogel architecture practically undisturbed, while it
365 does affect the structure at the most fundamental level,
366 increasing the primary particle size and reducing the porosity.
367 The different fundamental skeletal nanostructures of X-Ca-
368 alginate aerogels affect not only their material properties but
369 other physical properties as well and hence their potential for
370 different applications. For example, we have observed different
371 sorption capacities for Pb** uptake from water samples by X-Ca-
372 alg-RE (20.8 mg g™')"’ and X-Ca-alg-N3300 (6.8 mg g~!)*!
373 under the same conditions. A detailed study on the behavior of
374 X-Ca-alginate aerogels with other metal ions and in different
375 environmental water samples is underway.

B CONCLUSIONS 376

Polyurea-cross-linked Ca-alginate (X-Ca-alginate) aerogels 377
show distinct nanoscale morphologies depending on the choice 378
of the cross-linking triisocyanate reagent. Cross-linking native 379
Ca-alginate wet gels with the aliphatic triisocyanate Desmodur 380
N3300 yields aliphatic/flexible polyurea macromolecules in the 381
final aerogel framework, while the aromatic triisocyanate 382
Desmodur RE yields aromatic/rigid polyurea macromolecules. 383
Probing the native Ca-alginate aerogel together with the 384
polyurea-cross-linked X-Ca-alg-N3300 and X-Ca-alg-RE aero- 3ss
gels using LV SEM, N,-sorption porosimetry, and contrast 386
variation SANS enabled the reconstruction of the nano- 387
morphology of the aerogels. Native Ca-alginate aerogels are 3ss
built from primary nanoparticles (8.3 nm in radius) that 38
aggregate in mass-fractal secondary particles. Cross-linking 390
reactions are realized after the formation of the Ca-alginate 301
nanostructure, while the different polyureas attach in different 392
ways to the primary Ca-alginate nanoparticles. Cross-linking 393
with the flexible aliphatic Desmodur N3300 triisocyanate leads 394
to the formation of a compact polyurea layer over the primary 395
nanoparticles following the contours of the native Ca-alginate 396
skeletal framework (8.8 nm in radius). On the other hand, the 397
rigid aromatic Desmodur RE triisocyanate forms a more rigid 398
and randomly oriented polymer structure that fills loosely the 399
empty space between the primary nanoparticles (10 nm in 400
radius) within the secondary particles. Overall, both processes 401
leave the primary Ca-alginate structure practically undisturbed, 402
while it does affect the structure at the most fundamental level, 403
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X-Ca-alg-N3300

primary particles of X-Ca-alginate aerogel coated with polyurea; radius = 8.8 nm

secondary particle of X-Ca-alginate aerogel
- space within the secondary particle NOT filled with polyurea

X-Ca-alg-RE

primary particles of X-Ca-alginate aerogel embedded in polyurea; radius = 10 nm

——p secondary particle of X-Ca-alginate aerogel
- space within the secondary particle PARTIALLY filled with same-
density, or less-dense polyurea — minor closed porosity

Pristine

S

Figure 6. Proposed nanoscale structures of cross-linked (X-Ca-alg-N3300 and X-Ca-alg-RE) aerogels, as indicated. Panels labeled “filled” denotes
filling with a contrast matching agent (a H,O0—D,O mixture of 46 wt % H,0—54 wt % D,0) in SANS.

404 increasing the primary particle size and reducing the porosity.
405 The different fundamental skeletal nanostructures of X-Ca-
406 alginate aerogels affect not only their material properties but also
407 their potential for application in environmental remediation.
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