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ABSTRACT: Nanocellulose is a bio-based material that holds ., F===___"""""¢551  Cellulose lonic Multiple
significant potential in the field of water purification. Of Em;\z Nanocrystal Monolayer lonic Shells
particular interest is their potential use as a key sorbent material "7 ﬁwﬁ r Core

for the removal of metal ions from solution. However, the 2" _’\4\ r ‘\

structure of metal ions adsorbed onto cellulose surfaces is not £ ] L ‘ Y

well understood. The focus of this work is to determine ~ " | [ l
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quantitatively the three-dimensional distribution of metal ions
of different valencies surrounding negatively charged carbox-
ylate functionalized cellulose nanocrystals (CNCs) using
anomalous small-angle X-ray scattering (ASAXS). These distributions can affect the water and ionic permeability in these
materials. The data show that increasing the carboxylate density on the surface of the CNCs from 740 to 1100 mmol/kg
changed the nature of the structure of the adsorbed ions from a monolayer into a multilayer structure. The monolayer was
modeled as a Stern layer around the CNC nanoparticles, whereas the multilayer structure was modeled as a diffuse layer on
top of the Stern layer around the nanoparticles. Within the Stern layer, the maximum ion density increases from 1680 to 4350
mmol of Rb*/(kg of CNC) with the increase in the carboxylate density on the surface of the nanoparticles. Additionally, the
data show that CNCs can leverage multiple mechanisms, such as electrostatic attraction and the chaotropic effect, to adsorb
ions of different valencies. By understanding the spatial organization of the adsorbed metal ions, the design of cellulose-based
sorbents can be further optimized to improve the uptake capacity and selectivity in separation applications.
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g s the needs for water in industrial processes, for effluent produced each day are recycled.'' To improve this,

agriculture, and for personal consumption continue to several technologies like membrane filtration, flocculation, and

increase and natural reservoirs are strained, more sorbents are used to generate potable water.’ Of these
regions are becoming water-stressed such that the demand for methods, sorbents are commonly used to remove contami-
water in these regions has (or soon will) exceed the available nants that are not easily degraded. Sorbents sequester
water. Increased urbanization in these water-stressed regions chemicals in water through adsorption and absorption
coupled with industrial expansion increases the demand for processes, enabling the elimination of these contaminants
these limited water sources."” Additionally, pollution from when the sorbents are removed from solutions. Traditionally,
dyes,® heavy metals, and pesticides” is a growing problem that activated carbons have been commonly used as sorbents.
threatens the supply of fresh water.”® Dye effluents have been However, their use can be expensive both from financial and

energy standpoints, so attempts have been made to identify

identified as the largest class of pollutants from industrial Aoty
alternative sorbents.™

sources and are especially problematic as they pose health risks
to humans, flora, and fauna.”*”® In addition to dye
contamination, heavy metal pollution is a growing ecological
and public health concern.”'® Heavy metals can have
deleterious effects even at extremely low concentrations;
therefore, effective removal methods are essential to producing

Natural biopolymers derived from low-cost, renewable
biosources such as algae, plants, microbes, and animals
represent promising foundations for sustainable alterna-
- 613 . . . o
tives.” ” In particular, polysaccharides and their derivatives

safe, potable water. Received: July 5, 2023
This demand, coupled with the declining supply, heightens Revised:  December 18, 2023
the need for potable water to be produced from underutilized Accepted: December 20, 2023

resources, such as contaminated fresh water and wastewater. Published: January 9, 2024

For example, according to the U.S. Environmental Protection
Agency (EPA), only 7—8% of the 32 billion gallons of waste
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Figure 1. (a) Synthesis of carboxylic acid functionalized CNCs (MxG-CNC-COOHy), where X is the surface density of carboxylic acid
groups in mmol/kg. (b) AFM image of MxG-CNC-COOH, o, on a mica substrate. (c) Representation of a Stern layer of ions (yellow)
adsorbed in a monolayer to the CNC core (gray). (d) Representation of a diffuse layer of ions associated with the Stern layer and CNC core.
(e) ASAXS data from MxG-CNC-COOH, o in 50 mM RbCl solution with parallelepiped model fits. Scattering components with error bars
were obtained using the Sturhmann method with (f) inequality and (g) equality constraints fit to simulated X-ray scattering data from the
parallelepiped model of CNCs as seen in Figure S7. The corresponding scattering components simulated from the model are shown as solid

black lines.

have exhibited high removal efficiency for both inorganic
contaminants such as heavy metals and organic pollutants such
as dyes via adsorption. As such various polysaccharides,
including chitosan”'”"* and cellulose,'>'® have been utilized
in water purification applications.’ Cellulose is particularly
promising as it is the most common biopolymer on the
planet'” and can act as an abundant, low-cost adsorbent with a
surface that can be engineered through facile chemical
modification to enhance the sorption capacity and selectiv-
ity."®"” Nanocellulose are nanosized particles of cellulose that
can be obtained directly from the biosource.'”'®*97**
Cellulose nanocrystals (CNCs) are a class of nanocellulose
that consists of high aspect ratio nanoparticles that can be
isolated from many different biosources, like cotton, wood, or
grasses such as Miscanthus x giganteus (MxG).ls’B’24 Various
charged moieties, such as carboxylates, sulfates, and
phosphates, were introduced to the surface of CNCs. Studies
have been conducted to evaluate the ability of these
functionalized materials to remove inorganic contaminants
such as Cr**, Pb*, and Cd*" or charged organic dyes such as
Methylene Blue and Crystal Violet.'***~*

While these studies have shown that cellulose-based
sorbents can effectively sequester various ionic contaminants,
the spatial distribution of the resulting adsorbed species in and
around the adsorbent has not been thoroughly investigated.
The reason for this limited knowledgebase is that muost
characterization techniques do not reveal enough information
about the differences in the arrangement of heavy metal ions
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relative to that of the crystalline cellulose sorbent. Previous
studies have employed adsorption isotherms combined with
data fitting models (i.e., the Langmuir model) to determine the
adsorption mechanism.”> Other studies have utilized spectro-
scopic techniques like Fourier transform infrared (FTIR)
spectroscopy and X-ray photoelectron spectroscopy (XPS) to
investigate the mechanism behind metal ion adsorption.”®
These studies provide a very localized interfacial bonding
structure and found the adsorption mechanism to be a
combination of complexation between the ions and the surface
functional groups as well as ion exchange.26 However, these
techniques lack information about the long-range diffuse three-
dimensional distribution of the ions around the charged
cellulose nanoparticles.

Anomalous small-angle X-ray scattering (ASAXS) has been
used to characterize a variety of charged nanomaterials systems
including polyelectrolyte brushes,*”*" DNAs,"*~* and poly-
oxometalates™® to quantitatively determine the distribution of
ions surrounding them. A typical ASAXS measurement records
the changes in the small-angle X-ray scattering (SAXS)
intensity from a sample of interest as a function of energy
very near and traversing the absorption edge of an element of
interest (resonant element) in the sample. The elemental
sensitivity in the scattering pattern comes from the changes in
the scattering contrast of the resonant elements near their
absorption edges. After obtaining the energy-dependent
scattering patterns, it is possible to extract the scattering
contribution of the resonant element. In addition, the energy-
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dependent scattering pattern can be directly analyzed via a
physical model of the nanomaterial system.”” The extraction
method of scattering contributions from energy—de;)endent
scattering patterns was first introduced by Stuhrmann**~* and
is, hence, named the Stuhrmann method.>* The extraction of
the scattering components can be challenging on account of
the weak scattering contribution from the resonant element
and the presence of statistical fluctuations in the scattering
patterns obtained experimentally. While this approach can be
challenging, it does provide a direct way to examine the
scattering contribution from the resonant elements. Alter-
natively, if the size and morphology of the nanomaterial being
investigated are known, e.g., from real space imaging
techniques such as electron microscopy or atomic force
microscopy, then this information allows models of the
distribution of ions surrounding the nanomaterial to be
developed. Such models can then be used to either calculate
the scattering contributions from the element of interest or
calculate the energy-dependent scattering patterns.

Reported herein are studies of monovalent (Rb*), divalent
(Sr**), and trivalent (Y**) ions adsorbed onto carboxylate
functionalized cellulose nanocrystals (CNC-COOH) using
ASAXS to determine the structure of the adsorbed ions and
gain insight into the mechanism behind their adsorption. As
one of the goals of this work is to show the feasibility of
ASAXS to determine the ion distribution around CNCs and
the role of electrostatic interactions, initial ASAXS experiments
were carried out at the energies at which the absorption of the
X-rays by the samples can be minimized while at the same time
maintaining a strong X-ray scattering signal. In this regard, Rb*
with the K-edge X-ray absorption energy of 15.2 keV is a good
initial choice of ion for these experiments. Sr** and Y** were
selected as multivalent adsorption targets on account of their
proximity to Rb" in the periodic table enabling the effect of
valency on ion adsorption to be investigated while comparing
ions of similar size and with similar X-ray absorption edges of
16.105 and 17.038 keV for Sr and Y, respectively.

RESULTS AND DISCUSSION

Isolation and Functionalization of Cellulose Nano-
crystals. CNCs were isolated from Miscanthus x Giganteus
(MxG) before being oxidized to yield the MxG-CNC-COOHy
following literature procedures.'”*” In short, the MxG stalks
undergo a series of steps, mechanical treatment, base washes,
bleaching, and acid washes, in order to isolate the CNCs.
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)-mediated
oxidation is then used to introduce carboxylic acid groups on
the surface (Figure la). This oxidation method is commonly
used in the literature to introduce negative charges on the
surfaces of CNCs, which also enables electrostatically driven
adsorption of cations to the carboxylate surface groups. The
carboxylate density of the crystals was measured to be ca. X =
1100 mmol/kg via conductometric titration (Supporting
Information Figure S1 and Table S1). In order to probe the
effect of carboxylate density on ion adsorption, this TEMPO-
mediated step was also carried out under different conditions
with a lower ratio of TEMPO to NaOCI to synthesize a second
batch of CNCs with a lower carboxylic acid density of ca. X =
740 mmol/kg. These two samples are termed MxG-CNC-
COOH,;y and MxG-CNC-COOH,,, to differentiate the
higher and lower surface density samples. The successful
functionalization was confirmed by FTIR showing the peak
that corresponds to the formation of the carboxylate’s carbonyl

1923

stretch and TGA exhibiting the degradation and carbon/char
yield associated with carboxylate functionalized CNCs (Figures
S2 and S3, respectively). Crystallinity indexes of 0.78 and 0.71
were measured for the MxG-CNC-COOH, o, and the MxG-
CNC-COOH,,, samples, respectively (determined by WAXS,
Figure S4). The MxG-CNC-COOH, ¢ crystals were measured
by AFM (Figure 1b) and found to have an average length of
250 + 170 nm (n = 700) and average height and width of 2.4
+ 0.6 and 13 + 2.0 nm (n = 30), respectively. The MxG-CNC-
COOH,,, crystals were found to have dimensions of 300 +
120 nm by 3.5 £ 0.7 nm by 8.5 £ 1.9 nm when measured with
the same AFM procedure (Figure SS). However, the width
measurement is artificially larger than the real width of the
CNC crystals, on account of the tip broadening phenomenon
(Figure S6). After accounting for this effect, the width of the
CNCs is 3.5 + 2.0 nm. These data are consistent with the
literature values for MxG-CNCs.'>****

Parallelepiped Model of CNCs. The MxG-CNCs can be
described as having a ribbon-like parallelepiped shape.'* Thus,
in order to extract metrical information from ASAXS data,
multilayered parallelepiped models, as shown in Figure 1c,d,
were used to describe the MxG-CNC-COOHy nanoparticles
and the distribution of ions surrounding them in an aqueous
environment. As per the model, the bare CNC is the core and
the initial shell surrounding the core represents the Stern layer
of adsorbed metal ions on the nanocrystal surfaces. The
thickness of the Stern layer is defined as the ionic diameter of
the appropriate metal ion.”> "> A subsequent layer on top of
the Stern layer is included in the model as a diffuse layer of
ions surrounding the nanoparticle. Additional details about the
model are discussed in the Supporting Information, Section S1.

Simulation. To validate the parallelepiped model, the model
was applied with the XModFit program® to the simulated
energy-dependent X-ray scattering data (Figure S7) based on
CNCs of with dimensions obtained from the AFM measure-
ments (H = 2.4 nm, W = 3.5 nm, L = 250.0 nm), with metal
ions surrounding them in an aqueous environment. The
dimensions used for the simulations are the values obtained
from the AFM measurements of MxG-CNC-COOHjy ¢, The
metal ions used for the simulation were Rb* ions with a
uniform density of 0.3 g/cm® adsorbed onto the CNC surfaces
and 0.00855 g/cm® (100 mM) in the bulk aqueous phase. The
thickness of the Stern layer is considered the ionic diameter of
Rb* (0.332 nm). The energies chosen to simulate the
intensities are within 1 keV of the Rb K-Edge (i.e., 14.2—
152 keV). In order to be able to simulate the energy-
dependent SAXS data that resemble experimental data,
statistical variances similar to those of the experimental data
(shown in Figure le) were added to the simulated intensities.
As the energy dependence is relatively weak, a point at Q =
0.021 A™' is taken from each simulated spectrum and plotted
against energy (Figure S7) and the data clearly show the
expected increase in intensity as scattering factor (f’) increases
with incident X-ray energy moving away from the absorption
edge of the metal ion.

The Stuhrmann method is applied to the energy-dependent
simulated intensities to obtain different scattering components
with both the inequality and equality constraints (Supporting
Information Section S2). On account of the presence of
statistical variance in the data, variances in the scattering
components were also observed. It is important to note that
the inequality constraint only provides a lower limit for the
resonant term and is therefore not capable of providing a well-
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constrained estimate of weak “resonant scattering” from metals
ions, as evident from the large uncertainties shown in Figure 1f
at low Q values in the absence of statistical variances. The
equality constraint, on the other hand, provides constrained
estimates of the resonant term for the jon distribution of the
parallelepiped model, as shown in Figure 1g. While the equality
constraint can provide a constrained estimate, it is to be used
with caution as the minima of energy-dependent SAXS data
might provide artifacts and should be verified with simulations
similar to those presented here. Satisfied that the equality
constraint does not produce artifacts and provides a better fit
for the parallelepiped model when applied to the simulated
data, the same equality constraint was applied to the
experimental energy-dependent SAXS data to obtain the
scattering components and subsequently the metrical informa-
tion about the CNCs and the distribution of ions surrounding
them.

The parallelepiped model was initially used to fit the
scattering components obtained from the ASAXS data and in
the process to determine the distribution of the adsorbed Rb*
ions in the Stern layer around MxG-CNC-COOHy. The model
was also used to refine the dimensions of the MxG-CNC-
COOHy nanoparticles in the samples starting with the
anticipated dimensions from AFM data. The length of 250
nm was input as a constant to reduce the number of variables
in the fitting. The heights of the crystals determined by AFM
and ASAXS match within error. As mentioned previously, the
width of the crystals will be overestimated in the AFM
measurement on account of the tip-broadening phenomenon.
However, taking the size of the AFM tip into account (Figure
S6), the width calculated by the model agrees with the AFM
measurements, within error. By comparing the size of the
crystals as determined by the model (H = 2.8 + 0.12 nm, W =
42 + 0.18 nm, L = 250 nm) with the size of crystals as
determined by AFM (H = 2.4 + 0.6 nm, W =3.5 + 2.0 nm, L
=250 + 170 nm), the model can be validated as it generates
accurate metrical data from the anomalous scattering
components as shown in Figure le.

Investigation of the Adsorption of the Rb* lons on
the CNCs. With the validation of the parallelepiped model in
hand, the next step was to explore the metal ion adsorption on
the CNCs. To this end the MxG-CNC-COOH,,, and MxG-
CNC-COOH, o, samples were soaked in 50 mM RbCl
solutions, which were then studied using ASAXS. Interestingly,
the one-dimensional ASAXS data (Figure 2) shows a shift in
the form factor for these two samples. This shift is most clearly
seen in the resonant and cross terms, as the terms for MxG-
CNC-COOHjy, exhibit higher intensities than the corre-
sponding MxG-CNC-COOH,,, terms. Since the resonant
term is correlated with Rb* for these experiments, the increase
in the intensity of the resonant term is indicative of a larger
amount of Rb* around the CNC in those samples. In order to
extract metrical information about the adsorbed ions, several
parameters such as the density of Rb* within each layer around
the CNCs were varied in the parallelepiped model to generate
the best fit. By fitting the parallelepiped model to the data, it
was determined that a peak concentration of Rb* ions, which is
orders of magnitude larger than the bulk concentration, forms
within 3.32 A of the MxG-CNC-COOH,,, surface and quickly
returns to the bulk concentration beyond this distance. This
result is indicative of the formation of a Stern layer, which has a
thickness on the order of the ionic diameter of the adsorbed
ion around the nanoparticle (Figure 1c). Although the MxG-
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Figure 2. ASAXS data of MxG-CNC-COOH,,, and MxG-CNC-
COOH,,(, soaked in 200 mM RbCI split into their respective

SAXS, cross, and resonant terms with the parallelepiped model fits
for each set of data shown in gray.

CNC-COOH;4,/RbCl samples also exhibited a peak concen-
tration of Rb* ions within the same distance from the crystal
surface, a single Rb" layer in the parallelepiped model was
insufficient to fit the ASAXS data. Thus, the model was
adjusted to include multiple Rb" shells around the CNC core
(Figure 1d). This multilayer model fits the MxG-CNC-
COOH,,4o/RbCl data by adding a diffuse layer on top of
the highly concentrated Stern layer. A diffuse layer around a
Stern layer is a known phenomenon that is observed in charged
colloids in accordance with the Gougr_—Chapman and Grahame
models for electrolyte adsorption.” The introduction of a
diffuse layer for the MxG-CNC-COOH,,y,/RbCl samples
implies that the Rb" could not fill in the Stern layer in a
manner that could balance the surface potential of the charged
CNCs. Since the Stern layer is composed of Rb* ions
adsorbing to the surface as well as water molecules solvating
both the ions and the surface, these solvent molecules limit the
maximum capacity of the Stern layer. The combination of
electrostatic interactions and hydrostatic repulsion leads to the
formation of the diffuse layer.>> In the case of the MxG-CNC-
COOH,,4,/RbCl samples, the Rb* ions can occupy the Stern
layer such that the surface potential is sufficiently neutralized
without the formation of a diffuse layer.

After fitting the ASAXS data generated by the MxG-CNC-
COOH,,, and MxG-CNC-COOH,,,/Rb" samples with the
parallelepiped model (Figures S8 and S11), the adsorbed Rb*
ion density was extracted from the model and compared to the
surface charge density for each sample as determined by the
conductometric titration (Figure S1). The MxG-CNC-
COOH,,y, shows a maximum total Rb* ion adsorption in
both the Stern and diffuse layers of 14700 + 265 mmol of
Rb*/(kg of CNC) with a maximum Rb* ion density in the
Stern layer of 4350 + 54 mmol of Rb*/(kg of CNC). MxG-
CNC—COOH,,, exhibits a maximum Rb* ion adsorption of
1680 + 51 mmol of Rb*/(kg of CNC) in the monolayer
surrounding the CNC. Comparison of the Rb" ion density
adsorbed on to MxG-CNC-COOH,,,, and MxG-CNC-
COOH,,, (Figure 3) shows that the multilayer adsorption
(Stern layer plus the surrounding diffuse layer) of the MxG-
CNC-COOHy( results in significantly more ions surrounding
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Figure 3. Comparison of the density of Rb* jions adsorbed on the
MxG-CNC-COOH,,, to the density of Rb* ions on the MxG-CNC-
COOH,,,, for various concentrations (50, 100, 200, and 400 mM
RbCI) and to the surface density of carboxylates on both the MxG-
CNC-COOH,,, and the MxG-CNC-COOH,, as represented by
the horizontal dashed lines. The error bars on the density values
were obtained from fitting the ASAXS data with rectangular
parallelepiped model with 68% confidence interval.

these CNCs. In both the MxG-CNC-COOH samples the
number of adsorbed cations is greater than the amount of
negative charge on their surfaces (horizontal dashed lines in
Figure 3). This significant ion adsorption implies that the
driving force behind this effect is more than the ionic
electrostatic interactions between the metal ions and
carboxylates on the surface. Additional specific adsorption
sites for the Rb" could be provided by the diols present along
the cellulose chains—the hydroxyl groups on the C2 and C3
carbons of the cellulose repeat unit can associate with the Rb*
through ion—dipole interactions. The number of diols on the
surface of the CNCs is approximately equal to the number of
carboxylate groups on the surface, and as such the presence of
the diols effectively doubles the number of potential
adsorption sites along the hydrophilic faces of the CNC
surface to 2200 mmol/(kg of CNC) on the MxG-CNC-
COOH, ¢y samples. However, these potential adsorption sites
are still less than the calculated amount of Rb* ions adsorbed
to the CNCs. Therefore, additional Rb* ion adsorption sites
are needed to account for the additional Rb" in the Stern layer.
Adsorption to these other sites may be driven by a chaotropic
effect. It has been shown that poorly solvated monovalent ions
(chaotropic ions) like Rb* are capable of adsorbing onto
oppositely charged hydrophobic particles through interactions
between the ions and hydrophobic regions of the particles.””
The poor solvation environment around the hydrophobic
surface interacts favorably with the poorly solvated chaotropic
ion, leading to adsorption and entropic gain by releasing the
solvent molecules around both the ion and the hydrophobic
surface. As recent studies utilizing three-dimensional AFM
corroborated by molecular dynamic simulations have shown,
certain cellulose crystal faces like the (200) crystal face exhibit
regions void of cellulose—water hydrogen bonds, indicating
that these faces are hydrophobic.”® Furthermore, CNCs have
been shown to exhibit amphiphilicity since these nanoparticles
can stabilize oil-water interfaces by acting as nanosized
surfactants.”” " As such, the CNCs have hydrophobic regions
which can provide additional adsorption sites for chaotropic
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ions. The combination of both electrostatic and chaotropic
adsorption sites for the Rb" ions enables a higher than
expected concentration of Rb* to reside in the Stern layer.

The structure and adsorption process also depend on the
concentration of the metal ions in the initial solution. By
varying the feed solution’s concentration between 50, 100, 200,
and 400 mM, it was observed that the adsorbed Rb* in the
Stern layer peaks at 1680 + S1 mmol of Rb*/(kg of CNC)
around an initial solution concentration of 200 mM RbCl for
the MxG-CNC-COOH,,, samples (Figure 3). For the MxG-
CNC-COOH, (, samples, the total amount of adsorbed Rb*
appears to reach a plateau from 200 to 400 mM RbCl with
total adsorbed ion densities of 14500 + 290 and 14700 + 265
mmol of Rb*/(kg of CNC), respectively (Figure 3). However,
as the concentration of the initial solution increases, the Rb*
ions appear to be less strongly associated with the MxG-CNC-
COOH,  surface since the density of ions in the Stern layer
decreases from 4350 + 54 to 2740 = 43 mmol of Rb*/(kg of
CNC) after 200 mM. This decline in density of ions in the
Stern layer implies that at higher concentrations solute—solute
and solute—solvent interactions begin to become more
favorable than some of the solute—substrate interactions,
which corresponds with the shortening of the Debye length as
salt concentration increases.

Effect of Multivalent lons. After investigating the
adsorption of Rb" ions to the CNC surface, the adsorption
of two multivalent ions, namely, Sr** and Y**, to the CNCs was
explored. Similar to the MxG-CNC-COOH,,,/RbCl samples,
a monolayer parallelepiped model as illustrated in Figure 1b
fits the ASAXS data sufficiently well (see Figures S12 and S13).
These data indicate that the low surface charge density of
MxG-CNC-COOH,,, only supports the formation of an
adsorbed Stern layer of these ions. As shown in Figure 4a, for
the MxG-CNC-COOH,,, samples, the adsorption isotherms
exhibit a maximum in the adsorbed ion density of 1200 + S1
mmol of Sr**/(kg of CNC) and 888 + 26 mmol of Y**/(kg of
CNC) for Sr** and Y?', respectively. Similarly, type mx
adsorption isotherms with a maximum have been seen in other
cellulose-based substrates when ion pairs are being adsorbed to
the surface after initial cation exchange.®>°° This maximum in
the shape of the adsorption curve implies that as the bulk
concentration increases the solute—solute interactions within
the solution start to overcome the solute—substrate inter-
actions.” Tt is likely that as the concentration of salt in the
solution increases, the driving force leading to the adsorption
of ions and ion pairs decreases with the shortening of the
Debye length and an electrical screening of the surface.””*®
The maximum adsorbed ion density occurs at different initial
ion concentrations for the MxG-CNC-COOH,, samples, 200,
200, and 50 mM for Rb*, Sr**, and Y**, respectively (Figure
4a). Unlike Rb*, Sr** and Y*" ions are not chaotropic but
kosmotropic such that the hydration sheaths around the Sr**
and Y** ions are more stable, and as a result the chaotropic
interaction with the hydrophobic regions of the CNCs is less
favorable with such ions. Thus, the primary driving forces for
Sr** and Y*' adsorption appear to be electrostatic in nature
with a combination of specific chemical interaction between
the Sr** or Y*" and the carboxylate and diol moieties on the
surface as well as ion—ion correlations between the metal ions
and counterions. As observed in Figure 4a, Sr?* exhibits a
maximum adsorbed ion density at 200 mM initial concen-
tration, whereas Y>* appears to saturate at S0 mM before
decreasing as the initial concentration of the solution is
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Figure 4. (a) Density of Rb*, Sr**, and Y*' adsorbed into the Stern
layer around MxG-CNC-COOH,,, as the initial concentration of
these ions increases (50, 100, 200, and 400 mM). (b) Total
adsorbed ion density of Rb*, Sr**, and Y** in both the Stern and
diffuse layers normalized by the mass of MxG-CNC-COOH,,, in
each sample as the initial ion concentration increases (50, 100,
200, and 400 mM). The error bars on the density values were
obtained from fitting the ASAXS data with the rectangular
parallelepiped model with a 68% confidence interval.

increased. The shift in maximum adsorption density from 200
mM in the case of Sr** to 50 mM in the case of Y** is expected
for the electrostatic adsorption of kosmotropic ions like Sr**
and Y**. Since the Debye length scales with the ion valency,
the increased salt concentration of the bulk solution will have a
greater electrostatic effect on the more highly charged ions.
Since the Y** ion is trivalent compared to the divalent Sr** ion,
the surface will likely be more effectively screened at lower
concentrations of Y** than at equal concentrations of Sr**. The
differences in the electrostatic screening of the surface may
contribute to the Stern layer saturating at lower concentrations
for Y** because the primary driving force is electrostatic in
nature.

When the surface charge density on the CNCs is increased,
the MxG-CNC-COOH,,, samples adsorb more multivalent
ions than the MxG-CNC-COOH,,, samples. As with the RbCl
absorption data, a monolayer parallelepiped model is
insufficient to fit these data. Therefore, a multilayer
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parallelepiped model illustrated in Figure 1d is used to fit
the Sr** and Y** adsorption data for the MxG-CNC-COOH, 4,
samples. The formation of both a Stern and diffuse layer of
adsorbed ions is expected for kosmotropic ions such as Sr**
and Y**. As Figure 4b shows, the adsorbed ion densities of Sr**
and Y*" continue to increase as the initial concentrations
increase, showing that adsorption becomes easier as more ions
are present and adsorb. This continued increase in adsorbed
ions is seen in other kosmotropic ion adsorption isotherms as
ion—ion correlations encourage more ions to fill the diffuse
layer and potentially form additional layers as previous layers
saturate.”> Unlike the multivalent ions, the Rb* isotherm
plateaus at higher concentrations, indicative of saturation
instead of the growth of additional adsorbed layers. This
phenomenon could be caused by the limited amount of
hydrophobic surface area on the sample such that once these
regions are covered by Rb" ions, the chaotropic driving force
substantially weakens and the Stern and diffuse layers saturate.
The nature of the adsorption at these higher concentrations
further supports the notion that the Sr** and Y>* ions adsorbed
through electrostatic driving forces while the Rb" ions are
adsorbed at least partially by different mechanisms.

CONCLUSIONS

A parallelepiped model was developed to analyze ASAXS data
from parallelepiped-shaped nanoparticles like CNCs. This
model was used in combination with ASAXS studies to give
insights into the nature of metal ion binding to CNCs. In
particular, it was shown that the structure of ions adsorbed to
MxG-CNC-COOHy nanoparticles shifts as the carboxylate
surface density, X, is increased. In addition, the data show that
MxG-CNC-COOHy can leverage chaotropic, electrostatic, and
complexation mechanisms to adsorb ions to their surfaces. The
knowledge of these structures and mechanisms can help inform
the design of improved cellulose-based sorbents for water
purification applications. For example, understanding the
dependence of the adsorbed ion distribution on initial
concentration could improve efforts to optimize contaminant
removal informing what contaminated sources could be ideal
for purification with cellulose-based sorbents. This adsorbed
molecular structure will likely vary between different
contaminants. As such, future studies into the structure of
other relevant water contaminants such as Hg, Cd, Pb, Cr, or
As on cellulose nanocrystals may be of interest. Additional
methods of improving the adsorptive capacity of these sorbents
like polymer grafting may also be studied.

MATERIALS AND METHODS

Materials. Miscanthus x Giganteus (MxG) pulp was provided by
Aloterra Energy, LLC. Sodium hydroxide (NaOH), sodium
hypochlorite (NaOCIl), and acetic acid were purchased from Thermo
Fisher Scientific. Sodium chlorite (NaClO,), hydrochloric acid
(HCl), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), and sodium
bromide (NaBr) were purchased from Millipore Sigma. Rubidium
chloride (RbCl), strontium chloride (SrCl,), and yttrium chloride
(YCly) were purchased from Sigma-Aldrich. All water used was
deionized in-house, and all chemicals were used as-received without
further purification.

Cellulose Nanocrystal Isolation from Miscanthus x Gigan-
teus. Ground MxG stalks (266.6 g) were soaked in 4 L of 2 wt %
sodium hydroxide solution at room temperature for 24 h. The stalks
were then treated twice more with 4 L of 2 wt % sodium hydroxide
solutions at 95 °C for 24 h each. After each treatment, the stalks were
washed with deionized (DI) water until the permeate was neutral pH.
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The pulp was then suspended in 4 L of 2 wt % sodium chlorite
solution and 15 mL of glacial acetic acid and heated to 70 °C for 2 h.
After the reaction, the solution was vacuum filtered and washed with
DI water until the solid was white with no other color. For these
samples, the color of the MxG pulp remained white. To isolate CNCs,
hydrolysis was carried out by suspending the bleached white pulp in 4
L of 1 M HCL. This slurry was then heated to 75 °C and stirred for 15
h. The mixture was then cooled to room temperature before being
vacuum filtered and rinsed with DI water until the permeate was
neutral. The solids were then subjected to dialysis with DI water for §
days, with the external solution being replaced twice every day. The
solutions were then freeze-dried to obtain the alcohol functionalized
MxG CNCs (MxG-CNC-OH) as a white crystalline solid.

Synthesis of MxG-CNC-COOHy from MxG-CNC-OH via
TEMPO Oxidation. In order to synthesize the MxG-CNC-
COOH,y, samples, TEMPO oxidation was conducted immediately
after isolating the MxG-CNC—OH, without drying, following the
previously published procedure with slight modifications.'”*> The
MxG-CNC—OH isolated from 250 g of dried MxG stalks were
suspended in solution with 7.5 g of TEMPO, and 75 g of NaBr. A 110
mL aliquot of NaOCl was then added to this solution after which the
pH was adjusted to 10.5 with 10 M NaOH. The pH was maintained
between 10 and 11 for 3 h at which time the resulting MxG-CNC-
COOH, ), was centrifuged at 10000 rpm and resuspended
approximately S times in DI water to purify the sample. The
nanoparticles were suspended in DI again before being freeze-dried to
yield a fluffy white powder of MxG-CNC-COOH) .

In order to synthesize the MxG-CNC-COOH,,, samples, 21.6 g of
MxG-CNC-OH was dispersed into 1500 mL of DI water.
Simultaneously, 1.687 g of TEMPO, 16.926 g of NaBr, and 138.109
g of NaOCl were dissolved in 500 mL of DI water. These two
solutions were then mixed together, and the pH was adjusted to 10
with NaOH and HCL Once at pH 10, the reaction was allowed to
proceed for 4.5 h with the pH being checked every half-hour. The
reaction was then quenched with 40 g of sodium chloride before
being filtered and washed with DI water. The solid was redispersed in
DI water and dialyzed for 5 days before being freeze-dried to produce
MxG-CNC-COOH,4.

Conductometric Titration. The functional group density of the
MxG-CNC-COOHy samples was determined by conductometric
titration. A 75 mg amount of MxG-CNC-COOHy was dispersed into
150 mL of DI water using sonication. A 1S uL aliquot of 12 M
hydrochloric acid was added to 50 mL of the CNC dispersion to
lower the solution’s pH to 2—3. This suspension was then titrated
with 0.01 M sodium hydroxide. In order to determine the charge
density on the surface of the CNCs, the volume of 0.01 M sodium
hydroxide used to titrate the weak acid functional groups in the
conductometric titration was determined as shown in Figure S1. The
length of the initial trend line represents the volume of 0.01 M NaOH
used to titrate the strong acid functional groups, while the plateau
region corresponds to the weak acid functional groups. From the
volume of NaOH wused to titrate these functional groups, the
functional group density on the CNC surface can be determined by

CW;
functional group density = —NaOH

where C is the concentration of NaOH, Vy,oy is the volume of
NaOH used to titrate the functional groups based on the difference
between where the trendlines intersect, and M is the mass of CNCs in
kg.

Thermogravimetric Analysis. The thermal stability of each
CNC sample was measured through thermogravimetric analysis. For
each sample, approximately 5 mg of CNCs was heated from ambient
temperature to 600 °C at a rate of 20 °C/min under a nitrogen
atmosphere at a flow rate of 25 mL/min.

Degree of Crystallinity. Wide-angle X-ray scattering (WAXS)
conducted at the 12-ID-B beamline at the Advanced Photon Source at
Argonne National Laboratory was used to determine the degree of
crystallinity of the CNCs after hydrolysis and oxidation. The CNCs
were packed tightly into a washer and held in place between two
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pieces of Kapton tape. The data were then processed using the SAXS
GUI software at the beamline before being analyzed with the SAS
Irena package in IGOR Pro 7.% The crystallinity index of the samples
was determined by the peak deconvolution method with a Gaussian
fit.

Atomic Force Microscopy. Atomic force microscopy (AFM) was
conducted on a Cipher ES Environmental AFM. Samples were
prepared on a freshly cleaved mica surface by first drop-casting poly(L-
lysine), gently rinsing with DI water, and then drop-casting the
desired CNC sample suspended in DI water at 0.005 wt %. The
solution was allowed to sit for 3 min before once again gently rinsing
with DI water before drying overnight. The samples were imaged in
tapping mode with FS-1500 probes from Asylum Research and data
was analyzed with Gwyddion software (Czech Metrology Institute).

Anomalous Small-Angle X-ray Scattering (ASAXS). The
MxG-CNC-COOHy were vacuum-cast onto PVDF membranes to
form CNC nanopapers. PVDF was selected as the support membrane
so that the nanopapers could be delaminated from the surface to
create freestanding MxG-CNC-COOHy films. In order to access the
information about the distribution of cations, namely, Rb*, Sr**, and
Y**, energy-dependent small-angle X-ray scattering (SAXS) or ASAXS
measurements were performed on the chloride salt solution soaked
MxG-CNC-COOHy samples. The ASAXS measurements were
performed with X-rays of 20 energies within 1 keV below the K-
absorption edges of Rb (15.2 keV), Sr (16.10S keV), and Y (17.038
keV), respectively. The measurements were performed at the
ASWAXS facility of the NSF's ChemMatCARS, Sector-15 of
Advanced Photon Source. The energy values were chosen in a way
that the real part of the scattering factor (f) of Rb, Sr, and Y could be
equally spaced. For better understanding of the interaction of the
cations with the MxG-CNC-COOHy surfaces, the ASAXS measure-
ments were performed with increasing concentrations (50, 100, 200,
and 400 mM) of the chloride salts of the cations. The samples in the
form of thin films were loaded in quartz capillary tubes of 1.5 mm
outer diameter with 0.010 mm wall thickness. Different samples were
prepared by pouring salt solutions of different concentrations into the
capillary tube to soak the films completely. ASAXS measurements
were collected from the regions of the capillary tubes where the
soaked films were present and from the regions with only solutions
which were considered as backgrounds. The salt solution scattering
acts as a better background because it also takes care of the
fluorescence background coming from the solution when the X-ray
energies are closer to the absorption edges. It is important that the
changes in the intensity due to X-ray beam energy only come from the
changes in the scattering from the resonant element and not from the
beam induced changes in the samples. Due to this reason, samples
were tested for X-ray beam induced changes with varying lengths of
exposure to the X-ray beam. These experiments established the
maximum time of exposure for the ASAXS experiments to ensure that
the samples were not damaged during the process. Apart from the
samples and backgrounds, ASAXS data were also measured for an
empty capillary tube, air, and glassy carbon for absolute scale
normalization. Background subtraction and absolute scale normal-
ization were done on the azimuthally averaged ASAXS data using
software “XAnoS” developed at NSF’'s ChemMatCARS.”” Energy
dependent azimuthally averaged data after background subtraction
and absolute scale normalization were further processed to obtain
SAXS term (I), cross-term (Ic), and Resonant-term (Iy) as per the
Stuhrmann method, discussed in detail in Supporting Information eqs
S2-S8.

Parallelepiped Model Development. Two different functions,
“Parallelepiped_Uniform” and “Parallelepiped_Uniform_Edep”, were
created in the ASAXS category of the XModFit Software developed
by ChemMatCARS®® and available freely from Github*® to simulate
ASAXS scattering intensity from multilayered-parallelepiped struc-
tures. Parallelepiped Uniform calculates different scattering compo-
nents (“SAXS-term”, “Cross-term”, “Resonant-term”, and “Total”)
from the above-mentioned multilayered-parallelepiped model, where-
as Parallelepiped_Uniform_Edep calculates energy-dependent total
X-ray scattering from the multilayered-parallelepiped model. More
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details about the functions are available in Supporting Information,
Section S1. This model can fit the data by varying several parameters.
For these samples, the width and height of the inner core were varied
while the length was held constant at the average length of the CNCs
as determined by the AFM measurements. Additionally, the
concentration of adsorbed ions in the Stern were varied while the
size of the Stern layer was held constant at the ionic diameter of the
metal ion being measured by the ASAXS experiment. Additional
layers beyond the Stern layer were also included with varying ion
densities and lengths for each layer if they improved the model’s
ability to fit the data as they did for the case of the MxG-CNC-
COOH,, samples.
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