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Thermoporosity Method

This method consists in a series of isothermal melting steps of water within nanopores featuring
size-dependent depressed melting temperatures. Generally, thermoporosimetry is applied for
water-saturated pulps with nanopore diameters in the range 1.3—215.7 nm. The principle is to raise
the temperature in a frozen sample to a value where it is held constant until the melting transition
is completed. The melting of the sample is then repeated at a slightly higher temperature. The heat
absorbed at each temperature is measured by integrating the endotherm. The melting heat
correlates with the amount of molten water, and, consequently, the pore size distribution (PSD) is
calculated from the melting temperature depression of the imbibed water. The relationship between
pore diameter (D) and the melting temperature depression is described by the Gibbs-Thomson
equation (Equation S1) and the correspondent values of temperature and pore diameter are listed

in Table S1.5-2

_ _4va0)/1s .
—Hf (T, — T) Equation S1
where v, is the molar volume of ice (19.6x107® m*/mol), Ty is the melting temperature of water at
normal pressure (273.15 K), ¥4, is the surface energy at the ice-water interface (12.1 mJ/m?), Hp
is the specific heat of fusion of bulk water (334 J/g) and T, is the melting temperature of a

determined pore size (K).

The amount of non-freezing water (NFW) is calculated by subtracting the freezing water in the
sample (total bound water or TBW and free water measured by heat) from the total water in the

sample (determined gravimetrically).

NFW = Total water (gravimetrically) — Freezing water (DSC)

Table S1. Isothermal melting temperature and corresponding pore diameter given by Gibbs-
Thomson in Equation S1.

I.'C -33 -20 -17 -14 -11 -9 -7 5 35 25 -16 08 04 02
Dmm) 13 22 25 31 39 48 62 86 123 173 27 539 1079 215.7
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Figure S1. Thermoporosimetry for NFC-Na* as illustration. (a) Isothermal program for melting water
within different pore sizes (0 to 193 min) and (b) dynamic scan as function of time (193-207 min) for total

bound water determination.
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Figure S2. Calculation of the total freeze bound water. Overlapping peak corresponding to the melting
of total freezing water and the deconvoluted areas corresponding to total freeze bound water (TBW) melting
at low temperature inside the pores (left) and free water melting at high temperature (right) outside the

nanopaper.



Nanopaper Preparation
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Figure S3. Structure of the CNF nanopapers. (a) AFM height image of CNFs, (c) transparent nanopaper
obtained after vacuum filtration and (c-d) SEM micrographs of the top surface after sputter coating an
Au/Pd layer.



pH-dependent Zeta Potential and Light Transmittance for CNF-Na*
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Figure S4. pH-dependent zeta potential and light transmittance for CNF-Na+ (0.25 wt%) when
titrating from pH = 3 to pH = 10. (a) Titration of CNF-COOH (pH = 3) using NaOH to pH = 10. (b) Light
transmittance (LT) at 600 nm and Zeta potential (ZP). The repulsion of the fibrils within the dispersions is
increased by adding base improving the dispersion, increasing the LT up to 85% and reducing the ZP to
-75 mV. From here, we select pH = 9 as the ideal point for the study with highest LT and ZP. pH = 10
requires larger amount of NaOH that could possibly produce solids after drying affecting the structure and
mechanical response.



Efficiency of Ion Exchange by Elemental Analysis

Table S2. Elemental analysis of the different nanopapers
Sodium Content Corresponding counterion content

Nanopaper

% (.02 (mmol/g) % (.02 (mmol/g)
CNF-COOH 0.05*
Sodium Na* 0.30
CNF-Me* Lithium Li* 0.04* 0.31
Cesium Cs* 0.04* *
Ammonium A* 0.02* 0.28
CNF-QA* Tetraethyl Ammon?um TEA* 0.03: 0.31
Tetrabutyl Ammonium TBA* 0.03 0.28
Tetrahexyl Ammonium THA* 0.03* 0.29

*Elemental analysis for cesium was not possible as the sensitivity of the detector is 3.3 g/L, and we estimate
a content of 0.044 g/L (overall substitution ~0.30 mmol/g). The substitution is evidenced by EDX in Figure
1.# Trace amount of sodium can be found, partly influenced by sample preparation.



Mechanical Properties in this work

Table S3. Tensile properties of CNF nanopapers.

Nanopaper E % & o & ut 3
[GPa] [MPa] [%] [MPa] [%] [MJ/m’]
CNF-COOH 10£3 98+6 1.2+0.6 21010 101 111
Nanopapers with metal counterions (CNF-Me*)

CNF-Li* 18+2 143£10 0.9+0.2 30130 9+1 16+2

CNF-Na* 18+2 125+11 0.8+0.2 300%16 11£1 2343

CNF-Cs?* 172 67+6 0.8+0.2 251+20 1343 26+3

Nanopapers with alkyl-quaternized ammonium counterions (CNF-QA™)

CNF-A* 19+1 124+5 0.7+0.2 295+47 101 212
CNF-TEA* 17+1 120+1 0.8+0.2 30125 12+1 24+3
CNF-TBA* 17+1 120+5 1.1x0.2 289+13 18+1 30+4
CNF-THA" 162 1055 1.7+0.3 272+15 212 38+5

Second Yield Points

Table S4. Overview over second yield points (oy2, &,2) for nanopapers with different counterions.

Nanopaper oy2 &y2
[MPa] [%]
CNF-COOH - -
Nanopapers with metal counterions (CNF-Me")
CNF-Li* - -
CNF-Na* - -
CNF-Cs* 280+20 11+2
Nanopapers with alkyl-quaternized ammonium counterions (CNF-QA™)
CNF-A* - -
CNF-TEA* 27024 8+1
CNF-TBA* 223+20 101

CNF-THA" 245+22 152




Literature Values for Ashby Plots

Table S5. Mechanical properties of different studies correlated with the Ashby plots in Figure 3

Material Charge E &b ) Ut
Group Name (mmol/g) (GPa) (%) (MPa) (MJ/m®) Ref
CNF-COOH 10£1 10£1 210£10 11£1
CNFE-Li* 17+1 9+1 32110 162
CNF-Na* 18«1 111 30010 2343
ONE CNF-Cs* 0.44 17+1 1343 251+10 26+3 vg)uri
CNFE-A* 19+1 10£1 28310 21%2
CNE-TEA* 111 12+1 30110 2443
CNF-TBA* 111 18+1 28910 30+4
CNE-THA* 11%1 21%2 272%10 38+5
CNF-Na* 0.54 13%1 5.6+0.4 232+10 71 [3]
CNF- Na 10.0£0.5 8.0x0.4 290£15 15.0£0.8
CNF-A 9.0£0.5 10.0+0.5 225+13 17.0+0.9
CNE-TMA r 8.5+0.4 14.00.7 240£12 25+1 4]
CNF-TEA 6.0+0.3 18.0+0.9 1508 22+]
CNFE-TPA 6.0£0.3 8.0+0.4 130£7 8.0+0.4
CNF-TBA 6.0+0.3 12.0+0.6 1407 14.00.7
CNF-Fes* 12+1 4.5+0.2 212+11 7.0£0.4
CNF-Als* L6 16x1 3.3%0.2 252+13 6.0+0.3 (5]
CNF-Cax* 13£1 3.8+0.2 195£10 5.0+0.3
CNF CNF-Mg,* 15+1 6.0£0.3 277+14 11.0+0.6
(Green in
Figure 3) CNF-Na (SC-COz) 1.4+0.2 16.6%1 84+15 8+3
CNF-Na (L-CO2) 2.3 1.840.2 15+1 102+12 9+2 [6]
CNF-Na (TER-B-FD) 5+04 8.8+0.4 12043 7.3+0.3
CNF-Na* 14 10.8+0.5 7.5+0.4 223%12 12+0.6 [7]
CNF-Na 14.6x0.7 72 227£26 11+4 [8]
CNF-Na 0.575 13£1 71 20220 10£3 [9]
CNF-Na* 0.44 162 5.7X0.6 213+13 6+1 [10]
CNF DP-1100 13.240.6 101 2147 152
CNF DP-820 0.515 10.4+0.5 7+1 18112 9+2 [11]
CNF DP-580 10.7+1 61 159+16 73
CNF DP-410 13.7+0.3 3.3+x0.4 12948 3.0+0.5




Table S5. Cont. Mechanical properties of different studies correlated with the Ashby plots in Figure 3

Material Charge E &b ) Ut
Group Name (mmol/g)  (GPa) (%) (MPa)  (MJ/m®)  Ref
CNF/PAM 75/25 1.4 12.9+0.6 5.0£0.3 255+13 9+0.5 [7]
CNF/PVA 75/25 11.0£0.5 7.0£0.4 210£11 10+0.5
CNF/Starch 75/25 1.4 111205 50203 23012 7.5x04  [12]
CNF/AP 85/15 13.2+0.1 10£1 252+18 16£3
CNF/Polymer  CNF/AP 82/18 13.4+0.3 9+2 240+23 15+4
composites 1.4 [8]
(Green in CNF/AP 77/23 13.620.2 82 22117 1243
Figure 3) CNF/XG 69/31 1.4 13+0.3 61 16419 6+2 [13]
CNF/GCL/AP 70/15/15 6.2+0.2 8.1£0.9 160£8 9+2
CNF/GCL/AP 60/20/20 L4 4.8+0.2 9.3%0.5 120£5 7.8+0.5 [14]
CNF/GCL/AP 50/25/25 4.3+0.1 11.0+0.6 80£3 6.5+0.8
CNF/GCL/AP 40/30/30 3.1+0.1 15+1 58+5 6.2+0.8
gll\g /PB-b-PDMAEMAq 101 45809 16613 61
PCDII\\I/IF/QIJE?\{_&q gg/]f;PB_b_PDMAEMAq 0575 111 2.4%0.5 14516 2.5+0.8 o
%?;:2 3 e bPPMAEMAG 7.31 901407  1652+21 1122
g(l)\/%PB'b'PDMAEMAq 62+02 46205 96+1 3.30.5
CNF-Na/DMAm 50/50 9+1 5.8+0.5 125+8 4+1
CNE. o/ EGDMAmz 47203 1741 867 842
Na/(li’ﬁ;flg/liﬁmy g(l)\/ISF(_)l\Ia/EGSZ‘DMAm46 0.44 3.4+0.5 262 69+5 11+1 [10]
Figure 3) CNF-Na/EG72DMAmas 4+1 2045 7448 1041
50/50
CNF-Na/EG 50/50 4+1 171 754 8+1
CNF/HEC CNF/HEC 54/28 8.2+0.6 14+1 20245 2042
(Magenta in CNF/HEC 31/56 0.575 4.6%0.5 2443 147+6 2744 [15]
Figure 3) CNF/HEC 8/64 1.9+0.2 332 66 15+1
CNF/MTM 5 18+1 7.6+0.4 509+£15 26+5
CNF/MTM 10 121 18+1 5.840.8 453420 17£6 [16]
CNF/MTM 25 20+1 4.7+0.8 439+20 14+£3
Cl;f/ Clay  cNE/MTM 50 1941 43402 420220 109402
éigfrzlg) MTM/CNF/PVA 35/35/30 22£2 2.040.2 302430 3.7+0.4 [17]
CNF/Sap 10 15+1 10+2 425+39 30+6
CNF/Sap 25 1.2 2242 742 37556 18+7 (18]
2244 4.3+0.7 339420 112

CNF/Sap 50




Cross sections of fractured CNF-Na™ at different RH

Figure S5. Cross section micrographs of fractured CNF-Na* nanopapers at different relative
humidities (RH): (a) 20% and (b) 99%. Scale bars are 5 um.
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Nanostructure Characterization

Table S6. Nanostructure parameters for CNF nanopapers. Counterion size, specific surface area
(SSA) measured by Kr adsorption, apparent density (p), water content by humidity sorption and
thermoporosimetry parameters.

(Kr) Gas . - . .
adsorption Density Humidity Sorption Thermoporosity
Ion Water Content NFW* TBW*
. SSA pP (0/ )

Nanopaper Radius (/) (g/em?) ° (gH20/gary (gn20/gary

(nm) * g g RH5% RHS50% RHO95% CNF) CNF)
COOH - 0.17+0.01 1.36%£0.02  0.55%0.06 8+1 19+2 0.45+0.06 0.45+0.07
CNF-Li* 0.076 0.049+0.06  1.41+0.03 0.70+0.09 10£1 2542 0.44+0.06 0.12+0.06
CNF-Na* 0.102 0.039%0.05 1.42+0.03  0.60%+0.06 111 27+3 0.42+0.05 0.20%0.05
CNF-Cs* 0.167 0.042+0.05  1.43+0.03 0.34+0.03 11£1 26+3 0.46+0.05 0.28+0.05
CNF-A* 0.143 0.043+0.02  1.42+0.03 0.33+0.03 9+1 263 0.43%0.05 0.06+0.05
CNF-TEA* 0.343 0.045+0.09  1.42+0.03 0.35+0.04 10£1 2442 0.46+0.05 0.19+0.05
CNF-TBA* 0.415 0.043+0.08 1.42+0.03  0.45%+0.03 101 26+3 0.46+0.06 0.23+0.08
CNF-THA* 0.552 0.041+0.07 1.41+0.03 0.42+0.05 9+1 2342 0.44+0.05 0.30+0.05

* Non-freeze bound water (NFW) and total freeze bound water (TBW).

# The ionic radius for the counterions were taken from literature,'®?' except for tetrahexyl ammonium (THA), for
which we estimate the ionic size by a linear extrapolation of the known quaternized tetraalkyl ammoniums with
different substituents (methyl, ethyl, propyl and butyl).

11



Colloidal Properties of the Dispersions

Table S7. Zeta Potential (ZP), Light Transmittance at 600 nm wavelength (LT) and maximal
Potential (V) from DLVO theory of Cross-Cylinders for CNF dispersions. CNF dispersions have a
concentration of 0.25 wt%

Dispersion Counterion ZpP LT at 600 nm V ks T)
(mV) (%) (max. at H~0.3 nm)
CNF-COOH
(pH = 3) - 2741 71.5%0.1 1.6
N Li* -74+2 84.2+0.7 8.8
CNE-Me Na* 7443 84.6+0.7 8.9
(pPH=9) .
Cs -78+2 86.4+0.3 9.5
A* 712 84.5+0.8 8.2
CNF-QA* TEA* -77+3 85.1£0.4 9.3
(pH=9) TBA* -80+3 87.1+£0.8 9.8
THA* -87+1 89.2+0.3 11.0

12



DLVO Theory

D>>H

Figure S6. Crossed CNF model for DLVO theory. D is the diameter and H is the distance between the
of the nanofibers. (D/2 >> H)

DLVO theory calculation for cylindrical rods: total interaction potential energy (V, Equation S2).2?
Diameter, D, = 2.25 from height average in AFM.!°

V=Vp+V, Equation S2

Here, Vr (Equation S3) is the repulsive energy from an electric double layer repulsion and Va4

(Equation S5) correspond to the attraction Van der Waals energy.

D .
Vg = 64nﬁnkBTy2e"‘H Equation S3
— Yo sl o .
y = tanh (102 75) [J*m™] at 25 °C Equation S4
—AD
V, = 120 Equation S5
2
K= ZCOZT Equation S6
€€
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where 7 is the number of density of ions (n = ¢y * N,), co is the initial concentration of ions (2.5
mmol/L ~ 1 mmol/genr), Ng is the Avogadro’s number, kg is the Boltzmann constant, 7 is the
absolute temperature, y is an interaction constant simplified for a monovalent system of ions
(Cation/Anion ration of 1:1, Equation S4), yo is the surface potential of the particles approximated
to the measured Zeta Potential, A is the Hamaker constant for cellulose surfaces (3.5 x 102! J)?3,
H is the distance between the particles, x correspond to the Debye length (Equation S6), e is the

electron charge, €, is the vacuum permittivity and € is the relative permittivity.
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Colloidal Stability during Salt Addition

Table S8. Zeta Potentials (ZP) for CNF dispersion/salt systems with different concentration of
salt.

Counterion . . ZP (mV)

Type Dispersion/Salt System 0 mmol/L 75 mmol/L 170 mmol/L

CNF-Li*/LiCl -74%2 -37%2 -27+1

Me* CNF-Na*/ NaCl -74+3 -44+3 -30+1

CNF-Cs*/ CsCl -78+2 -44+1 -30+£3

CNF-A*/ACI 712 -42+1 -30+2

QA* CNF-TEA*/TEACI -717£3 511 -33+1

CNE-TBA*/TBACI -80+£3 -63+3 -36+2

CNF-THA*/THACI -87+1 -10+4 -7+1

The results show that the hydrophobicity given by the hexyl chains has a strong concentration
dependent influence. At low concentration (no salt) CNF-THA™ has the highest ZP, yet addition
of THACI salt leads to a quick disruption of electrostatic stabilization (Table S8). THACI salt has
a solubility limit of ca. 0.05 mol/L at 25 °C. The CNF-THA" dispersion could not be used for

further aggregation and sedimentation speed analysis due to precipitation (Figure S7).

CNF-THA*/THACI Salt =20 - 170 mmol/L

Figure S7. Dispersions of CNF-THA+/THACI at different salt content. Strong coagulation at early
stages is observed. THACI salt has a solubility limit of ~0.05 mol/L at 25 °C. The CNF content is 0.25
wt%.
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Mechanical Properties of CNF bionanocomposites

Table S9. Tensile properties of CNF/polymer bionanocomposites.

Bionanocomposite E oy &y b & Ut
[GPa] [MPa] [%] [MPa] [%] [MJ/m?]
CNF-Na*/EGssDMAmae 3.4+0.5 23+6 0.8+0.2 6945 26+2 111
CNF-A*/EGssDMAmus 2.8+0.2 21+1 1.5+0.2 63+2 3943 22+1
CNF-TBA*/EGsuaDMAmss  0.920.1 101 1.2+0.2 44+2 59+3 171

16
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