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ABSTRACT

The applicability of sustainable materials in the packaging industry is currently limited by the poor gas barrier performance of
most biodegradable polymers. Incorporation of high—aspect-ratio nanosheet fillers can significantly enhance barrier properties,
yet large-scale production of such fillers remains challenging. Here, we report a gentle route to produce vermiculite (VMT) nano-
sheets with unprecedented aspect ratios exceeding 10,000 via one-dimensional (1D) dissolution. Complete ion exchange was
achieved using citrate as complexing agent, which efficiently removed the pristine interlayer Mg>* and enabled quantitative
exchange with monovalent cations. Intercalation with bulky organocations resulted in spontaneous 1D dissolution of VMT
in water, yielding translucent, birefringent gels of delaminated nanosheets in up to 71% yield. Structural and morphological
analysis by X-ray diffraction (XRD), small-angle X-ray scattering (SAXS), and atomic force microscopy (AFM) confirmed the
formation of monolayer nanosheets with lateral sizes exceeding 10 pm. The combination of citrate-assisted exchange and mild
spontaneous delamination preserves the intrinsic crystal diameter, enabling aspect ratios that surpass previously reported bench-
marks for natural clays. The performance of these nanosheets as barrier pigments showed a remarkable potential for future
applications in environmentally friendly packaging.

1 | Introduction fillers into polymer films, which introduce tortuous diffusion
pathways and thereby suppress gas and vapor permeation
[6-8]. The performance of such fillers is governed by their aspect
ratio (diameter/thickness ratio), implying a high potential for
nanosheets from clay minerals due to their monolayer thickness
of only ~ 1 nm [9]. The improvement of permeability (P,) of the
neat polymer (Py) is a nonlinear interrelation between aspect
ratio of the filler (o), filler content (¢), and a geometric constant
(u), as given in Cussler’s Equation (1):

Global plastic waste reached approximately 220 million tons in
2024, with nearly 40% originating from packaging [1]. This per-
sistent waste stream represents a major environmental concern,
as microplastics pose severe ecological hazards [2, 3]. In
response, biodegradable or water-soluble (bio-)polymers such
as polylactic acid, poly(vinyl alcohol), and cellulose derivatives
have been extensively investigated as sustainable alternatives
[4]. However, most degradable packaging materials exhibit high
permeabilities for oxygen and moisture, which hampers best 5 s 1
before dates [5]. A promising approach to improve these barrier Py = P = (1 u ( Y )) )
properties is the incorporation of impermeable nanosheets as Po 1-¢
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Hence, the aspect ratio of the filler becomes the determining
quality criterion for the barrier performance of nanosheet fillers.

Setting the conditions right for ionic layered compounds like lay-
ered silicates, a spontaneous, thermodynamically driven delami-
nation into monolayers may be realized [10, 11]. (In this paper,
we abstain from using delamination and exfoliation as synonyms
but rather strictly follow Lagaly’s definition, where delamination
refers to a process producing monolayers and exfoliation produ-
ces thinned tactoids [12].) Basically, once the interlayer height is
increased beyond a certain threshold, the entropy of interlayer
entities overcomes the attraction of anionic layers and interlayer
cations [11]. For this to happen, interlayer cations must segregate
to the Helmholtz layers on both sides of the interlayer space. This
only works for monovalent cations, as divalent cations reside in
the middle of the interlayer and thus block delamination. For low
charge densities of the anionic layers, like with smectites, such as
sodium-montmorillonite (MMT) or synthetic sodium-fluorohec-
torite (Hec, Nags[Mg sLigs]°"[Sis]*®"010F,), in combination
with cations offering sufficient hydration enthalpy, like Li* or
Na™*, hydration of interlayer cations is sufficient to take the sys-
tem over the threshold separation [13, 14]. With higher charge
densities, like with VMTs, bulky yet hydrophilic organocations
are needed to open the interlayer space beyond the threshold
separation by exerting steric stress [15].

As a result, the layered silicate platelets disintegrate along their
stacking axis, analogous to the aqueous dissolution of an ordi-
nary ionic compound. The appeal of this route is the preservation
of the initial diameter of the pristine clay platelet. Among the
natural 2:1 layered silicates, the charge density of MMT is low
enough to allow for spontaneous delamination in its monoionic
Na-form. MMT is affordable due to its natural abundance but
typically comes in diameters <200 nm, which leads to only medi-
ocre barrier improvements. Synthetic clay minerals like Hec
readily produce nanosheets with aspect ratios of ~20,000.
However, challenging synthesis conditions lead to high cost [16].

Natural VMT is an attractive alternative candidate given its abun-
dance, low cost (=200 USD/t), and large crystal size [17]. VMT
thus offers the potential to produce large aspect ratio nanosheets
with exceptionally high aspect ratios at affordable costs [11].

Several strategies have been suggested to drive exfoliation of
VMT, typically by either weakening interlayer interactions
and/or applying strong mechanical forces [18, 19]. Methods such
as high-shear milling [20-22] or ultrasonication [23, 24] produce
thinned tactoids. Exfoliation, however, works at a state where
adjacent monolayers in the stack adhere to each other. These
shear-induced exfoliation approaches can be assisted by ion
exchange with monovalent cations of high hydration enthalpy,
such as substitution of Mg®* by Li*. The brute force impact
not only drives thinning but also substantial breakage of plate-
lets, resulting in aspect ratios that fall way behind the values
expected from the diameter of the pristine VMT. For instance,
in MicroLite patents, VMTs were treated with high shear forces
in the presence of Li*, which resulted in exfoliated tactoids with
typical aspect ratio of ~ 500 [25, 26].

Alternatively, internal pressure can be utilized to separate adja-
cent layers. VMTs popped by flash evaporation of interlayer
water are long known as laboratory adsorbents. Intercalation
of hydrogen peroxide followed by heating or ultrasonication also
generates high internal gas pressures that promote partial

exfoliation [27, 28]. These internal pressure protocols, however,
also substantially break platelets and thus fall short of maximiz-
ing aspect ratio.

Pristine Mg-vermiculite (Mg-VMT) is incapable of spontaneous
delamination by 1D dissolution for two reasons. Firstly, the
charge density of VMT is too high to overcome the threshold sep-
aration, just because of the hydration forces of the interlayer cat-
ion. Secondly, as a divalent cation, Mg** will reside in the middle
of the interlayer, evenly interacting with both adjacent silicate
layers and therefore blocking delamination. In this line,
Walker first converted VMT to its Na-form, followed by ion
exchange with bulky butylammonium that eventually resulted
in delamination into a gel [12, 29, 30]. Unfortunately, the selec-
tivity of Mg®* for the interlayer is too high to achieve a complete
ion exchange directly with butylammonium. Walker first had to
obtain monoionic Na-VMT by changing the exchange solution
repeatedly over a period of more than a year. In the second step,
Na® could then be exchanged for butylammonium to trigger
delamination into a gel.

Recently, a one-step process was established, where the equilib-
rium of the Mg** exchange was shifted substantially by adding a
complexation agent. Different carboxylic acids were investigated,
and it was found that citric acid (Cit) with a complexation con-
stant of log Kyjgcie- = 3.3 [31] allowed a complete ion exchange
for butylammonium by refluxing the Mg-VMT for 1 day.
When reducing the ionic strength after ion exchange to levels
below 0.05M by repeated washing followed by centrifugation,
the organo-VMT spontaneously delaminated [11].

In this study, delamination-relevant properties like crystallinity,
swelling behavior, and layer charge, as well as the influence of
the applied organocations, were characterized for the formation
of VMT nanosheets. The resulting organo-exchanged VMT could
be delaminated by 1D dissolution and produced extraordinarily
high aspect ratios of ~ 10,000, which represents a benchmark for
natural clay mineral nanosheets and highlights their potential as
low-cost, barrier fillers in sustainable packaging.

2 | Results and Discussion

1D dissolution of layered materials depicts the gentle overcoming
of electrostatic adhesive forces within two-dimensional, crystal-
line precursors. The efficiency of this process is strongly influ-
enced by the nature of the interlayer cations, particularly their
charge-equivalent area, hydration enthalpy, and valency, as well
as the intrinsic properties of the crystalline layers, such as layer
charge and charge homogeneity. The layer charge dictates the
overall electrostatic attraction, while charge heterogeneity corre-
sponds to localized domains of varying charge density. These
domains display nonuniform intracrystalline behavior, which
can hamper delamination and rather result in incomplete exfo-
liation. Synthetic Hec represents an ideal benchmark regarding
homogeneity as a result of prolonged annealing at 1045°C. It
exhibits an exceptionally uniform charge distribution, which
enables spontaneous and complete 1D dissolution in water
[16, 32]. Naturally occurring minerals, by contrast, will inevitably
display structural imperfections and moderate charge variability.
Therefore, charge homogeneity represents a decisive parameter
that determines whether a natural mineral can undergo efficient
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1D dissolution and thus serve as a precursor of high-aspect ratio
nanosheets.

2.1 | Mineralogical Characterization

VMT originates from biotite or phlogopite micas; the latter are
formed under high temperature and pressure in the earth’s crust,
resulting in good crystallinity and surpassingly uniform iso-
morph substitution of structural ions [33]. Structural iron is oxi-
dized during the transformation to VMT, leading to a substantial
reduction of charge density, while at the same time, the potas-
sium interlayer cations are replaced by magnesium. The high
hydration enthalpy of the latter yields hydrated interlayers in
ambient humid conditions, and thus the interlayer is accessible
for alterations like ion exchange [34, 35]. Completion of this
transformation is critical because nonoxidized, nonswelling
domains pin adjacent silicate layers together, hampering sponta-
neous delamination. Complete oxidation typically comes with a
homogeneous charge density, while complete K* exchange
assures homogeneous swelling behavior. Both features are essen-
tial for successful delamination by 1D dissolution.

Primary particles of raw, milled VMT showed irregular plates
with typical dimensions of several tens of micrometers
(Figure 1a), making them ideal precursors for producing large,
high-quality nanosheets. The sample displays a rational 00! series
with a basal spacing of 14.4 A consistent with magnesium dihy-
drate interlayers (Figure 1b). The basal reflection’s coefficient of
variation (Cy) of 0.05% indicates uniform swelling. An 11- band
centered around ~20° 20 and sharp symmetrical reflections
around ~ 35° 20 with k=3n indicate +£0.333 b planar disorder
(Table S1). Reflections typical for residual biotite, for quartz,
or for fibrous asbestos-type minerals such as grunerite were
below detection limit (inset Figure 1b). Screening for fibrous
morphologies in scanning electron microscopy (SEM) micro-
graphs (Figure 1a) was also negative. Needless to say, even traces
of asbestos would be an exclusion criterion for food packaging.

Complete biotite weathering is further indicated by the absence
of detectable K™ lines in the energy-dispersive X-ray spectrum
(Figure S1, Table S2). M6f3bauer spectroscopy, furthermore, con-
firms full oxidation of octahedral Fe*". No tetrahedral Fe*® was
detected; all structural Fe is present as octahedral Fe3* with a

chemical shift of 0.264 mm/s and a quadrupole splitting of
0.561 mm/s (Figure 1c), consistent with reported values for
Fe3* in the octahedral sites of weathered VMT [36-38]. In sum-
mary, the observed phase purity, complete Fe oxidation, and
ample K* removal demonstrate full conversion of biotite mica
to uniformly hydrated VMT, meeting essential criteria for subse-
quent delamination via 1D dissolution.

2.2 | Ion-Exchange and Swelling Behavior

To achieve gentle delamination of VMT, it is necessary to
completely remove the interlayer Mg®*, as it creates strong
and symmetrical electrostatic forces within the stack. This is,
however, nontrivial due to the high selectivity of Mg** compared
to monovalent cations like Li*, Na™, or even hygroscopic organo-
cations like n-butylammonium [29]. Ample replacement of inter-
layer Mg?*, as reported by Walker, therefore requires multiple
exchange steps applying high reagent excess, which inevitably
drives process cost and broader applicability.

Recently, it was shown that adding strong complexing agents for
Mg** can dramatically shift the equilibrium of the exchange reac-
tion [11]. Ligands with sufficient complexation strength effec-
tively remove aqueous Mg>* from the exchange equilibrium,
enabling rapid and complete ion exchange. Among such ligands,
citric acid stands out as a low-cost chelating agent with an excel-
lent complex formation constant of logKycii- = 3.3, outper-
forming comparable ligands such as lactate (log Kygrac+ =1.1)
and aspartate (log Kygas+ = 2.6) [39]. Citric acid is also favorable
in the context of food packaging as it is nontoxic and free from
respective regulatory restrictions [40].

The efficiency of the citrate-assisted approach is demonstrated by
the simple ion exchange of raw VMT in only two exchange steps
with a 0.01 M Na;Cit solution. Conversion to Na-VMT is con-
firmed by the disappearance of the initial 14.4 A basal reflection
and the appearance of characteristic Na-VMT hydration steps at
9.7,12.0, and 14.9 A, representing the zero-, mono-, and bilayer
hydrate, respectively, obtained by drying at 100°C, equilibration
at 20% RH, and immersion in liquid water (fully hydrated,
Figure 2a) [41, 42]. Low Cys indicate a rational 00l series, which
in turn is in line with homogeneous intracrystalline swelling
behavior. The uniform swelling as a function of water activity
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Morphological and structural characterization of raw VMT. (a) Primary particles appear with typical diameters between 10-50 pm.

(b) XRD shows high crystallinity with complete absence of side phases like biotite, quartz, or asbestos. A rational 00! series (a) with a Cy of 0.05%

indicates a uniform swelling/hydration of all interlayers. The inset stresses the absence of characteristic reflections of biotite (#) or fibrous asbestos (¥).

(c) MoRbauer spectra show complete oxidation of structural iron to Fe*

, indicating completion of the weathering process.
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Swelling behavior after citrate-assisted Na exchange. (a) XRDs of zero- (top), mono- (middle), and bilayer hydrate (bottom) Na-VMT.

(b) The mono- to bilayer hydrate phase transition is observed from 35 to 40% RH.

is, moreover, reflected by a rather sharp, stepwise transition from
mono- to bilayer hydrates observed between 35 and 40% RH
(Figure 2b). This transition humidity for Na-VMT was previously
observed for a layer charge of & > 0.7 e7/(Si, Al),O0y4 [42].

2.3 | Cation Exchange Capacity and Composition

The supernatant collected after ion exchange contained AI** and
Fe*" in addition to the expected Mg>*, yielding a combined cation
exchange capacity of 199 cmol(+)/kg (Table 1). Due to the higher
acidity of the aquocomplexes, these trivalent cations tend to form
polyoxohydroxy species upon condensation within the interlayer
[43-45]. These polyoxohydroxy species typically show high stabil-
ity in the pH range of 7-9 and require strong chelating ligands for
the trivalent ions to accomplish complete exchange. Moreover, the
cationic charge of polyoxohydroxy is substantially lower than that
of individual hexaquocations. Therefore, simply summing up the
charges of exchanged cations found in the supernatant is overes-
timating the cation exchange capacity (CEC) [44].

As for hexaquocomplexes and polyoxohydroxy islands, the same
d-values of 14.4 A are found; the presence of the latter cannot be
sensed by XRD. Complex building constants for citric acid
with AP’* and Fe’" are substantial (logK,c;=10.7 and
log Kr,ciy =11.2) [46, 47]. Na-citrate is therefore capable of dis-
solving polyoxohydroxy species and accomplishing complete
exchange. Complexation of citrate to Mg>" is weaker than for
trivalent cations and requires a pH of 9 for efficient removal
of interlayer Mg>* [31].

Monoionic Na-VMT was then applied to determine the real CEC.
Photometric analysis by [Co(trien)]** exchange gave a CEC of
186 cmol(+)/kg (Equation S1), as expected, significantly below
the CEC of 199 cmol(+)/kg determined by the number of ions
in the supernatant, confirming polyoxohydroxy species in the
interlayer. The CEC was cross-checked by thermogravimetry
of butylammonium- and n, n-octyldiammonium-exchanged
Na-VMT, which gave respective CECs of 172 and 171

cmol(+)/kg (Figure S3, Table S3). After correcting these values
for the different molar masses of the organo-VMT as compared
to Na-VMT, CECs of 188 and 187 cmol(+)/kg were calculated.

The Na-exchanged VMT furthermore allowed the determination
of the chemical composition by microprobe analysis to be
[Nag75]"™ Mg, sFeq s [Si 75Al 25) O19(OH),. In combination
with the analysis of the supernatant of the ion exchange, for
the pristine VMT the formula [Mgy,5Aly06F¢€0020H0s)™"
[Mg, sFey 5| [Siy75Al 55) O19(OH), with a mass of 404.10g
per formula unit may be deduced.

2.4 | Layer Charge Density

Variations in charge density create local differences in interlayer
attractions and hence directly influence delamination behavior.
Therefore, a VMT intended for delamination into large-aspect-
ratio nanosheets must be carefully monitored for its charge het-
erogeneity, and a robust delamination protocol must be designed
accordingly. For smectites with a layer charge & < 0.6 per formula
unit, complete ion exchange with alkylammonium cations of
increasing alkyl chain length triggers a transition from a mono-
to a bilayer arrangement of organocations [48]. In the transition
zone, charge variations lead to random interstratification and an
apparent, gradual shift of the d-value that yields information on
the inhomogeneity of charge density. For higher charged VMT,
however, a paraffin-like arrangement of alkylammonium is pre-
ferred [49]. The absence of well-defined transition regions
between these configurations prevents an accurate assessment
of charge variation. Applying diammonium cations with a much
lower charge equivalent area, instead of ammonium cations
(Table S4), however, allows the observation of the same mono-
to bilayer transition also for more highly charged VMT with
£€=0.75 e per formula unit.

This modified Lagaly method using n, n-alkyldiammonium cat-
ions of variable chain length, NH;(CH,),NH?*(2 < n < 12)
allowed the determination of the charge densities and their
heterogeneity.

A gradual increase in basal spacing from 12.7 A for n = 2t0 13.0 A
for n =6 reflects reorientation of the zigzag-shaped alkyl chain
within the monolayer of dications (Figure 3a). The transition
to a bilayer arrangement commences for n =7 and is finished
with n=10 (d=15.3 A).

TABLE 1 | Analysis of supernatant after ion exchange.
Mg** AP*  Fe** Sum
Exchanged amount of ions 138 46 15 199
[cmol(+)/kg]
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FIGURE 3 | Layer charge heterogeneity determination by the n, n-diammonium method. (a) XRD pattern for diammonium-exchanged VMT with

stepwise increase in chain length. (b) Basal spacings plotted against chain length and respective charge-equivalent area.

Based on the equivalent areas, this corresponds to a charge den-
sity range of 0.63 < & < 0.90 €/(Siy75Al;25)4010, (Figure 3b).
Despite the uniform swelling behavior, the VMT surprisingly
exhibits notable charge heterogeneity. Consequently, the delam-
ination process must account for both low-charge regions, char-
acterized by reduced organocation packing, and high-charge
regions, where delamination agents require sufficient hydrophi-
licity to promote swelling and overcome the strong electrostatic
interactions [50, 51]. Failing to address the complete charge den-
sity is expected to reduce the yield of delamination.

2.5 | Delamination and Nanosheet Morphology

As outlined earlier, the 1D dissolution of natural VMT with bulky
organocations requires an interlayer expansion beyond the
threshold in combination with hydrophilic interlayer cations that
drive swelling. With highly charged VMT, hydration of interlayer
cations like Na* is insufficient to take swelling beyond the
threshold where entropy contribution wins over Coulomb attrac-
tion [41]. Hydration must be supplemented by bulky interlayer
cations exerting steric stress because they possess a charge-equiv-
alent area of the organocation (Agc) larger than the underlying
charge density of the VMT [13, 15]. When applying binary or ter-
tiary amines as interlayer cations, in addition to a suitable surface
area and hydrophilicity, the basicity of organocations must be
appreciable, ensuring protonation at pH 9 required for complete
removal of Mg®* as citrate complex.

To drive delamination of VMT by spontaneous 1D dissolution, n-
butyldiethanolammonium (BDEA*) and megluminium (Meg*)
were employed with respective Aocs of 60 A2/e™ and 77 A2/e”
(Figure 4a). Their pK, values of 9.6 and 10 result in 80% and
91% protonation, respectively, under exchange conditions
(pH =9). Both organocations have equivalent areas substantially
larger than the lower side of the vermiculite charge density range
and thus are expected to exert steric strain upon complete
exchange. The ion exchanges were carried out using citrate salts
of the ammonium cations at elevated temperatures in two suc-
cessive exchange steps. Subsequent washing reduced the ionic
strength and initiated delamination, yielding translucent gels
with 43% yield for BDEA-VMT and 71% for MegVMT, respec-
tively (Table S5). Coarse nondelaminated material settled to
the bottom and was separated by decanting.

SAXS patterns of concentrated gels (10 wt% and 13 wt% for
BDEA-VMT and MegVMT, respectively) confirmed complete
delamination into monolayer nanosheets in the gels, exhibiting
a g >-dependent scattering consistent with a model of dispersed
1nm-thick disks with diameters of 10pm (Figure 4b).
Pronounced scattering oscillations up to the fourth order indi-
cated nematic liquid-crystalline ordering, revealing uniform
nanosheet spacings of 34 nm for BDEA-VMT and 27 nm for
Meg-VMT at the respective concentrations. AFM imaging
showed intact VMT nanosheets (Figure 4c) with lateral
dimensions comparable to those reported for synthetic Hec
[16]. Static light scattering (SLS) measurements indicated quite
narrow size distributions with mean hydrodynamic radii of
10.3+ 4.2 um for BDEA-VMT and 12.2 £4.7 ym for MegVMT,
respectively (Figure 4d). With a basal thickness of approximately
1nm, aspect ratios exceeding 10,000 were obtained for both
delamination agents, values unprecedented among other natural
clay minerals like montmorillonite. Evaporation of the suspen-
sions on glass slides gave textured samples of restacked
nanosheets. The larger Agc of Meg corresponds to a larger basal
spacing (doo; =17.8 A) compared to BDEA (dyo; =15.9A)
(Figure 4e). The gentle delamination of well-crystalline VMT
thus produces exceptionally large nanosheets, offering significant
potential as high-performance fillers in composite barrier
applications.

The barrier enhancement potential of the high-aspect ratio VMT
nanosheets was evaluated for a PVOH composite containing 5 vol
% filler, demonstrating a significant improvement in the barrier
performance. At 23°C and 75% relative humidity, a 5pm thin
coating on a PET substrate (36 pm) exhibited an oxygen transmis-
sion rate of 0.08cm® m™ day™', corresponding to a barrier
improvement factor of 200 relative to the neat polymer (Table
S6) [52]. These findings highlight the exceptional suitability of
VMT nanosheets as functional fillers for high-performance bar-
rier coatings.

2.6 | Implications for Use as Barrier Pigment

The spontaneous delamination by 1D dissolution for VMT in this
study offers advantages over conventional exfoliation methods
for MMT and VMT, particularly regarding achievable aspect
ratios and respective barrier performance (Table 2). In the case
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FIGURE 4 | Delamination characteristics of vermiculite. (a) Comparison of Meg* and BDEA™ regarding charge equivalent area, pKa, and result-

ing delamination yield upon twofold exchange. (b) SAXS patterns of concentrated suspensions of BDEA-VMT (blue), Meg-VMT (red), and a calcu-

lated pattern for a disk with 1 nm thickness (black). (c) AFM image of delaminated VMT reveals fully delaminated nanosheets. (d) Particle size

distribution with average hydrodynamic diameters as determined by SLS. (e) XRDs of dried films of delaminated and then restacked Meg- and

BDEA-VMT.

of MMT, the materials have to be first size classified to remove
coarse accessory minerals like quartz, followed by chemical
removal of amorphous binders like aluminum and iron oxyhydr-
oxides by a dithionite, citrate, bicarbonate treatment [53]. The
latter automatically yields the monoionic Na form, which spon-
taneously delaminates due to the lower charge density compared
to vermiculites. While complete delamination takes a compara-
ble effort to 1D dissolution of VMT, the small crystal sizes limit
aspect ratios to < 200.

For VMT, the pristine crystal diameters are larger, but
the higher charge density and hence stronger electrostatic
attraction typically limit the efficiency of brute force exfoliation
methods like ultrasonication and high shear milling to the
formation of multilayer tactoids. Even when combined with
chemical treatment using Li*, Na*, or H,0,, these methods
generally achieve aspect ratios of < 500, thus falling short of
exploiting the full potential of VMT for high-aspect-ratio
nanosheets.

The 1D dissolution process differs fundamentally from these
mechanical or chemical exfoliation techniques in two key aspects
that markedly enhance the obtained aspect ratio:

1. The fraction of the material that delaminates (supernatant
gel) yields suspensions containing exclusively monolayer
nanosheets.

2. he absence of external mechanical forces prevents fracture
of the 1 nm-thick sheets and thus maximizes aspect ratio.

Both characteristics are essential for achieving superior barrier
performance. A monomodal thickness of nanosheets of maxi-
mized aspect ratio promotes a perfectly textured and uniform
alignment within polymer matrices. In contrast, multimodal
thickness distributions, even at similar aspect ratios, hinder
alignment and reduce barrier efficiency [54, 55].

The 1D dissolution proceeds simply through infinite hydration
upon immersion in water, Table 2, which overcomes electro-
static interactions without the need for additional external force
[11]. This gentle mechanism is critical for maintaining the
structural integrity and high aspect ratio of the nanosheets.
High-aspect-ratio monolayers would instead tend to fracture
readily under shear or cavitation forces encountered in conven-
tional processes [59].
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TABLE 2 | Comparison of delamination methods, applied external force, and resulting aspect ratio.
External forces Aspect
Method applied Material ratio Reference
Ultrasonication high-medium MMT 30-200 [56]
VMT 30-200 [23]
High-shear milling high MMT 30-150 [57]
VMT 20-100 [58]
Chemical pretreatment and high-medium MMT 150-200 [56]
exfoliation VMT <500 [26]
1D dissolution very low Organocation exchanged > 10,000 this work

VMT

As a result, the 1D dissolution route achieves both complete
delamination into monolayer nanosheets and preservation of
their high aspect ratios. The resulting large-aspect-ratio VMT
nanosheets present a promising strategy for enhancing the bar-
rier performance of degradable polymer composites, even under
elevated humidity conditions.

3 | Conclusion

The transition toward (bio-)degradable packaging materials has
been limited by inadequate barrier properties, while state-of-the-
art filler materials have shown restricted potential due to incom-
plete exfoliation, low aspect ratios, or high production costs. In
this context, expanding 1D dissolution to natural VMT with ste-
rically demanding, bulky organocations enables a straightfor-
ward way to produce water-based polymer composites with
VMT nanosheets of unprecedented aspect ratio. These nano-
sheets serve as highly efficient barrier pigments, offering a prom-
ising pathway toward biodegradable polymer composites suitable
for food packaging applications.

4 | Experimental Section
4.1 | Materials

The vermiculite of medium grain size (4.75 — 2 cm) was obtained
from BTHS GmbH, Hamburg, Germany, and ground to 80 pm
particle size by a rotary mill Pulverisette 14 (Fritzsch, Germany).

Meglumine (Meg) (99%) and n, n-alkyldiamines (>97%) were
obtained from Thermo Fisher Scientific; n-butyldiethanolamine
(BDEA) (>98.6%), citric acid monohydrate (Cit) (>99.8%), and
hydrochloric acid (1 M) by Fisher Chemical; sodium citrate dihy-
drate (>99%), cobalt-nitrate hexahydrate (>99.9%), triethylene-
tetramine (trien) (>97%), and polyvinylic alcohol Mowiol 20-98
(My =125 000 g mol™, 98 mol% hydrolyzed) by Sigma Aldrich.
All chemicals were used as they were received.

4.2 | Ion Exchange

Na-exchange was accomplished in two exchange steps, applying
0.1 g VMT powder in a Na;Cit solution (0.01 M, 40 ml, pH=9) in
an overhead shaker for 12 h each, followed by washing in double-
distilled water and drying at 40°C.

For exchange with n, n-alkyldiammonium ions with variable
chain length (n=2-12), 0.1 M solutions in water/ethanol (1:1
vol) were obtained by titration with hydrochloric acid (pH=5
for n=2, pH 6 for n=3, and pH 6-7 for n=4-12). Typically,
20 mg of Na-VMT were exchanged five times in 2 ml solution
for 24 h per step, followed by washing five times with water, five
times with water/ethanol 1:1, and drying at 40°C.

N-butylammonium exchange was achieved in five exchange
steps of at least 8 h each by immersing Na-VMT into a 1 M solu-
tion titrated to pH 7 followed by ten washing steps with water/
ethanol 1:1.

4.3 | Delamination

Delamination was accomplished upon complete ion exchange of
Mg®* (pristine VMT) by either Meg*- or BDEA™ citrate.
3.72mmol of the organocations were dissolved in 5ml double-
distilled water and titrated to pH 9 with citric acid. 1 g ground
VMT was added and heated to 120°C under reflux conditions
for 2h in a 50 ml round flask. The VMT was separated from
the supernatant by centrifugation at 5000 rpm, and the exchange
was repeated with a fresh solution under the same conditions.
Finally, the organo-VMT was washed with double-distilled water
to lower the ionic strength and thus trigger 1D dissolution. As
delamination is incomplete, the suspensions were centrifuged
at 10 000 rpm for 15 min after 3 days of washing, and the liquid
crystalline suspension was decanted from the precipitate. The
yield was determined by comparing the solid weight content
of the suspensions with the weight of nondelaminated residue.

4.4 | Characterization

4.4.1 | Scanning Electron Microscopy and Energy-
Dispersive X-Ray Spectroscopy

Scanning electron microscopy (SEM) micrographs were recorded
using the system ZEISS LEO 1530 (Carl Zeiss AG, Germany)
operating at 3kV, equipped with an in-lens secondary electron
detector and an UltraDry-EDS-Detector (30 mm? Thermo
Fisher Scientific). The sample was prepared on carbon tape.

4.4.2 | X-Ray Diffraction

XRD patterns were measured in transmission geometry on a
STOE STADI P diffractometer (Ge monochromator, CuKy;
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radiation, 4=1.54059 A, 1 mm slit width) in flame-sealed glass
capillaries (0.5 mm diameter, Hilgenberg) with a 0.5° 20 step size
and 20s counting time per step. Raw VMT was measured after
milling; Na-exchanged species were equilibrated at 20% RH and
room temperature, or at 100°C, respectively, for at least 2 days.

X-ray diffraction patterns of textured flat film samples were mea-
sured in Bragg-Brentano geometry on an Xpert Pro (Malvern
Panalytical, Netherlands) equipped with a PixCellD-Medipix3
detector (CukK, radiation, A = 1.54178 A, nickel filter), a slit width
of 1/8 in. 0.028° 20 step size, and 180 s counting time per step.
The swelling behavior of Na-VMT as a function of relative
humidity (10-90% RH) was followed in a temperature-humidity
chamber (Malvern Panalytical, Netherlands). Samples were
equilibrated for 15min before each measurement point.
Diffraction patterns were analyzed by applying the software
HighScore Plus provided by Malvern Panalytical.

4.4.3 | Mof3bauer Spectroscopy

Mof3bauer spectra were collected using a configuration tailored
for high-resolution measurements. The setup included a WissEl
Mofibauer Drive System MR-360 coupled with an MA-260 veloc-
ity transducer to ensure precise and controlled motion of the [57]
Co(Rh) source (activity: ~2 GBq) and a KETEK silicon drift
detector AXAS-M. Gain and shaping time constants were opti-
mized experimentally. Data acquisition was carried out using
a CMCA-550 module in MCS [WINDOW] mode, enabling the
selective detection of the 14.4 keV Mossbauer line. Calibration
was performed with a [57] Fe-enriched metallic foil.
Measurements were conducted at room temperature. The sinu-
soidal velocity waveform for the source motion was generated by
a DFG-1000 digital function generator, synchronized with the
channel sweep of the CMCA-550. Spectral data were processed
and analyzed using MossA software to ensure precise alignment
and energy calibration [60].

4.4.4 | Cation Exchange Capacity

The CEC of Na-VMT was determined photometrically by
[Co(trien)]** exchange (for details see SI) with an Agilant
Cary 300 (Agilant Technologies, USA). Additionally, the CEC
of n-butylammonium and n, n-octyldiammonium-exchanged
VMT was determined by thermogravimetry (Table S3) with a
Linseis STA PT 1600 (Linseis Messgeridte GmbH, Germany) with
a heating rate of 10°C/min under synthetic air.

4.4.5 | Layer Charge Density

Layer charge densities and charge homogeneities were deter-
mined by applying a modified Lagaly routine [48]. In order to
observe the transition from monolayer to double layer for highly
charged VMT, instead of alkylammonium, we applied alkyldiam-
monium dichloride exchange with varying alkyl chain lengths.

4.4.6 | Chemical Composition

The chemical composition of Na-VMT was determined by wave-
length-dispersive X-ray spectroscopy on single crystals using an
electron microprobe (Jeol-iSP100, Bayerisches Geoinstitut,
Bayreuth). The settings were 15KkV acceleration voltage, 15 nA
initial beam current, a beam spot diameter of 1-2 pm, 20 s count-
ing time at the peak positions, and 10 s counting time at each side

of the peaks. The sample was embedded in a polymer matrix
before being polished.

Mg, Al, and Fe released during ion exchange were determined by
flame atomic absorption spectroscopy on a Varian AA100
(Varian, USA). The exchange and washing supernatants were
collected, dried at 100°C, pyrolyzed at 450°C to remove excessive
organic content, and redissolved in 1 M HCl prior to flame atomic
absorption spectroscopy.

4.4.7 | Small-Angle X-Ray Scattering

Prior to the measurement, delaminated Meg- and BDEA-VMT
were concentrated by centrifugation to 13 wt% and 10 wt%, respec-
tively. SAXS data were measured using a “Double Ganesha AIR”
(SAXSLAB/Xenocs). The X-ray source of this laboratory-based sys-
tem is a rotating copper anode (MicroMax 007HF, Rigaku
Corporation, Japan). The data were recorded by a position-sensi-
tive detector (PILATUS 300 K, Dectris). The suspensions were
measured in 1-mm glass capillaries (Hilgenberg). The circularly
averaged data are normalized to the incident beam, sample thick-
ness, and measurement time. Background subtraction was per-
formed by using the SAXS pattern of a water-filled capillary for
the suspensions. Further evaluation was performed with the soft-
ware Scatter (Version 2.5) [61].

4.4.8 | Atomic Force Microscopy

Atomic force microscopy was performed on a Nano-scope
Dimension 3100 (Bruker Nano Inc.) in tapping mode in air.
An OTESPA-R3-cantilever (Bruker Nano Inc.) was used, which
has a resonance frequency of 300 kHz and a typical spring con-
stant of 26 nm™~'. AFM images were processed with NanoScope
Analysis 1.80 (Bruker Nano Inc.). The samples were prepared by
dropcasting a diluted nanosheet suspension (10 mg/L) on a
1x1 cm? silicon wafer (PLANO) that was cleaned with analytical
grade ethanol, followed by “snow jetting” with a CO, gun and
oxygen plasma treatment.

4.4.9 | Static Light Scattering

The hydrodynamic diameter (Stokes-Einstein radius) distribu-
tion of nanosheet suspensions was determined with a Horiba
LA-950 (Retsch, Germany) for aqueous media.

4.4.10 | Barrier Testing

A barrier composite coating was prepared by mixing 0.5g of a
delaminated Meg-VMT suspension (6 wt%) with 5.6 g of a poly-
vinyl alcohol solution (5 wt%) and 5.1 mL of double-distilled
water, first under gentle stirring for 15 min, followed by speed
mixing under vacuum (DAC 400.2 VAC-P, Hauschild GmbH
& Co., Germany) to remove dissolved gases. The suspension
was coated on a corona-pretreated polyethylene terephthalate
substrate (36 pm, Bleher Folientechnik, Germany) with an auto-
mated doctor blade and 4 mil slit height at 10 mm/s coating
speed. The coating was dried at room temperature for 2 h, fol-
lowed by 4h at 60°C. Film thickness was determined using a
high-accuracy Digimatic micrometer (Mitutoyo, Japan) with a
resolution of 0.0001 mm. The oxygen transmission rate at
23°C and 75% RH was determined with an OX-TRAN 2/22
10X (Mocon, Minneapolis, USA) with a lower detection limit
of 0.0005 cm®m~2day ™.
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