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ABSTRACT: Smectite-type clays play a critical role in the trapping of fluids
within soil and atmospheric nanoparticles. The hydrodynamics of cation-
saturated smectite nanopores are well documented. However, little is known
about the influence of small organic compounds. Here we investigate the effects
of carbohydrates (glucose and cellobiose), representing an important class of
organic compounds, on the hydration and nanopore structures of montmor-
illonite, a prototypical smectite. To achieve the same amount of adsorbed water,
higher relative humidity was required in the presence of the adsorbed
carbohydrates than with the clay alone. The decrease in the characteristic
micropore water adsorption with the clay—carbohydrate aggregates implied that
water adsorption was constrained within the clay nanopore regions. The
presence of carbohydrates promoted water retention as a function of gradual
decrease in moisture content. Moisture-dependent X-ray diffraction patterns determined that, relative to the mineral alone,
greater nanopore sizes were preserved in the presence of the carbohydrates, despite severe dehydration that is expected to
induce clay nanopore collapse. Fourier-transform infrared spectroscopy captured disruption in the population of exchangeable
waters within the carbohydrate-populated clay nanopores, with some agreement with the measured water-desorption profiling.
These new findings demonstrate that carbohydrates can restructure smectite interlayer nanopores and water trapping dynamics.

1. INTRODUCTION

Smectite clays, which are widely found in temperate-zone . . . . .
. g2 . o Total organics in soil solutions, which can typically range
agricultural soils,”” are also present in atmospheric mineral

I o1 . - from about 0.1 to 50 yM, can reach up to 10 mM in densely
particles,”” " exploited in industrial applications and nanoma- . . . . R
terial designs,®~'® and recently detected in Martian soils, 1619 rooted areas or areas with high microbial activity. Total
Due to isomorphic substitutions in their structures, smectites soil carbohydrate content h.as48been est}mated to be between
have high cation exchange capacity, ranging from 0.2 to 0.6 per 7.8 and 45 mg per g of soil,™ and soil glucose content was
half unit cell.”” The dynamics of cations and water molecules found -to range from 04 to 1.8 mg per g _Of 5011.;
in the interlayer nanopores of cation-saturated smectites have approximately 54 uM glucose wasséneasured in a soil solution
been extensively studied 21-26 110 waver, little is known about from temperate agricultural land.”” Therefore, carbohydrates

. ) . . 3

the hydration behavior of smectite interlayer nanopores including glucose represent an important component of the
populated with organic compounds. Organic compounds in organic content in soils. Previous accurate quantitation of the
microbial and plant root exudates or derived from organic adsorption of glucose and other carbohydrates on

(MONT), a prototypical smectite clay widely used in clay

. . 22243641
mineral studies.””"™

matter decomposition have long been implicated in enhancing
soil porosity, soil moisture retention, and nutrient uptake.”’ "
Within the context of the critical role of organo-mineral
nanoaggregates in facilitating long-term storage of soil
moisture,” the objective of the present study was to
investigate the influence of low-molecular-weight carbohy-
drates on the hydrated nanopore structure of montmorillonite

-4 ACS Publications  © 2019 American Chemical Society

MONT?**"3? has been challenging due to analytical
limitations whereby the commonly used dichromate—sulfuric
acid method used to quantify the adsorptive concentration
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could exhibit up to 26% error in reported data.’® Current
accurate methods for quantification of carbohydrates include
mass spectrometry and combustion analysis.”**> Carbohy-
drates and other organic compounds have long been thought
to imépact soil water holding capacity.”*>” Recently, Carminati
et al®” found that the organic-rich soil near a plant rhizosphere
had nearly 2-fold greater water content than the bulk soil over
a range of hydration conditions. Much still remains unknown
about the influence of adsorbed organic compounds including
carbohydrates on the hydrated interlayer nanopores of
smectite-type clays.

In hydrated cation-saturated smectite interlayers, the
organization of a discrete number of water planes is typically
captured by layer-to-layer distances, or dy;, determined from
X-ray diffraction (XRD) patterns.”>****°" Specific dyo, values
have been attributed to the interlayer size of the majority of
nanopores in MONT at distinct hydrated conditions: less than
1 nm for dehydrated interlayers; 1.18—1.29 nm for
monohydrated (1W) interlayers; 1.45—1.58 nm for bihydrated
(or 2W) interlayers; 1.80—1.95 nm for trihydrated (or 3W)
interlayers.””®" Modeling of XRD patterns can determine
quantitatively the distribution of the nanopores within the
mineral matrix by taking into account the intensity, symmetry,
and breadth of the experimental XRD peaks.””®> This
symmetry and breadth of an XRD profile peak is captured
by the full-width half- maximum (fwhm) metric, which is also
influenced by the hydration state and structure factor. For
example, totally bihydrated mineral pores will have a more
intense peak (i.e., a greater intensity along the y-scale and less
breadth) than that of completely monohydrated mineral
interlayers. Generally, in hydrated MONT systems, a decrease
in peak symmetry or increase in peak broadening is a function
of a decrease in the homogeneity of the nanopore sizes within
the mineral. Previous isotherms®****” of water adsorption on
MONT have been typically described by three types of water
uptake behavior as a function of relative humidity (RH)
condition or moisture content. Between 20 and 50% RH, water
adsorption was found to be dominated by monohydrated
interlayer nanopores,””®> between 50 and 80% RH, the
majority of interlayers became bihydrated,””*> and above
80% RH, trihydrated nanopores and capillary water adsorption
within the structural micropore network of MONT was
prevalent.”*®® This overall water uptake behavior correlated
with the trimodal water adsorption pattern of MONT, which
finishes with a third exponential rate increase section from 80
to 100% RH.** Recently, a more detailed model was published
with five adsorbed water types, which taking into account
condensation and interlayer filling, highlighted five adsorbed
water types.66 Recent qualitative comparisons of XRD patterns
of MONT in the presence and absence of glucose have
revealed that the expected collapse of MONT interlayer
nanopores in response to dehydration was diminished as a
function of increasing glucose concentration.”” The population
of organics thus complicates the traditional method of
determining hydration states from the interlayer nanopore
sizes. Therefore, to determine the hydration state of the
MONT —glucose nanoaggregates, explicit monitoring of water
content within the sample would be required.

Adsorption—desorption isotherms on a microbalance or
pressurized apparatus are typically used to quantify directly the
amount of water present within the mineral matrix,**”%>%%
Water adsorption and desorption patterns or isotherms have
been shown to differ depending on ion presence and

28817

concentration.””*>*® Smectite clays exhibit hydration hyste-

resis, characterized by a different profile of water adsorption
versus water desorption.”*®” A water adsorption isotherm
study”” of a smectite in the presence of polyethylene glycol, a
polar organic polymer, found a decrease in the amount of
adsorbed water as a function of an increase in the adsorbed
amount of polyethylene glycol. No water desorption isotherms
were performed with the polyethylene glycol-MONT
composites to investigate fully the water dynamics.

Exchangeable waters, which consist primarily of free waters
involved in water—water interactions or in the hydration
sphere of the interlayer cations that are not closely associated
with the mineral surface, have been investigated in cation-
saturated MONT using attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectra®® by monitoring the
water O—H stretching bands at 3390 em ™ OOETO2
agreement with theoretical predictions of water organization
within the MONT interlayers, FTIR data have captured an
increase in the exchangeable water band as a function of
increasing moisture content.>¥%73 Here, in addition to
cation hydration sphere and free water populations, carbohy-
drate-associated waters, which are expected to hydrate the
carbohydrate compounds via hydrogen bonding interactions,
would be included in the population of exchangeable waters,
while excluding any waters that are in close proximity to the
mineral surface (i.e.,, mineral-bound waters). No spectroscopic
investigation is available regarding the influence of carbohy-
drates or other organic compounds on the exchangeable water
dynamics within the MONT interlayer nanopores.

Here, we investigate water retention profiling, nanopore size
distribution, and water dynamics in MONT populated with
two relevant carbohydrate compounds: cellobiose (a dis-
accharide), which is a major byproduct of the microbial
breakdown of cellulose, and glucose (a monosaccharide),
which is a common carbohydrate in soils and an important
bioavailable substrate for soil microorganisms™*’*”> (Figure
1). We hypothesize that (1) water retention within MONT—
carbohydrate aggregates will result in expanded nanopore size
during dehydration and (2) water trapping will be promoted
within MONT—carbohydrate aggregates due to association

HO

HO - ~anOH

HO  OH

Figure 1. Chemical structures of the carbohydrates reacted with
montmorillonite in this study: (a) cellobiose and (b) glucose.
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with the carbohydrates and/or immobilization on the mineral
surface.

To overcome the previous analytical challenges of
monitoring carbohydrate adsorption on MONT, we employed
combustion analysis coupled with isotope-ratio mass spec-
trometry (CA-IRMS). The influence of adsorbed carbohy-
drates on water retention within MONT aggregates was
investigated by performing water adsorption—desorption
isotherms. Through quantitative analysis of the XRD patterns
of carbohydrate-containing MONT samples during in situ
dehydration, we determined the moisture-dependent abun-
dance of MONT nanopore sizes in the absence and presence
of adsorbed carbohydrates. Using ATR-FTIR, we monitored
the dynamics of exchangeable waters as a function of
carbohydrate loading and hydration conditions. The findings
presented here provide new insights into how the presence of
carbohydrates and related organic compounds could influence
the hydration behavior of smectite nanoaggregates, with
important implications for understanding moisture retention
by smectite clays within soil and atmospheric particles.

2. MATERIALS AND METHODS

2.1. Materials. Unless otherwise noted, all chemicals used
were purchased from Fisher Scientific (Pittsburgh, PA, U.S.A)
or Sigma-Aldrich (St. Louis, MO, U.S.A). The (UL-"*C,,)-
cellobiose was purchased from Omicron Biochemicals (South
Bend, IN, U.S.A.) and the (U-"Cg)-glucose was purchased
from Cambridge Isotope Laboratories (Andover, MA, U.S.A).
The smectite clay mineral, Wyoming Na-MONT (SWy-2), was
obtained from the clay repository of the Clay Mineral Society”®
(West Lafayette, IN, U.S.A.) and used as received. The
structural formula of the purchased MONT’® was reported as
(Cag 12Nag3,Ko.05) (Al o, Fe(I11)g 41 Mng 01 Mgo 54 Tio.02) (Siz o
Aly,)O,0(OH),, with an octahedral sheet charge of —0.53 and
a tetrahedral sheet charge of —0.02.

2.2. Adsorption Experiments and Isotopic Carbon
Analysis. Adsorption experiments were conducted by reacting
0.45 g of MONT with 30 mL of solution of each carbohydrate
(cellobiose or glucose) in a SO mL polypropylene tube with a
conical bottom. Stock carbohydrate solutions were used to
prepare initial cellobiose or glucose concentrations at carbon-
equivalent concentrations, from 0.3 to 120 mM C. Solutions
were made in a 0.1 M NaCl background solution with 0.02 M
NaHCO; as a buffer, adjusted to pH 6.5 with small aliquots of
1 M HCL Control experiments, in the absence of the
carbohydrates, were conducted with MONT in the same
background solution. Unless otherwise noted, samples were
shaken for 240 h before removing the supernatant.

To quantify the amount of carbohydrate-carbon adsorbed
on MONT during the adsorption experiments, '*C-labeled
carbohydrates were used. Specifically, MONT was reacted with
three different initial carbon-equivalent concentrations of
glucose (0.1, 2, and 20 mM with respectively 100%, 100%,
and 1% 13Cé-glucose or cellobiose (0.05, 1, and 10 mM with
respectively 50%, 5%, and 1% "3C,-cellobiose. Samples were
taken at kinetic time points (0, 12, 24, 60, 90, 180, and 240 h).
Tubes were prepared in triplicate for each concentration of
cellobiose or glucose for each kinetic time point. After
centrifugation, the samples were freeze-dried for 24 h and
ground to homogeneity before being analyzed on a
combustion elemental analyzer connected to a ThermoScien-
tific isotope ratio mass spectrometer (CA-IRMS) at Cornell

University Stable Isotope Laboratory (Ithaca, NY 14853
USA.).

2.3. Water Adsorption—Desorption Measurements.
Clay slurries were freeze-dried and pretreated at 105 °C for 24
h under vacuum (heating ramp rate of 1 °C per min to a final
pressure of ~107* Pa) to remove all water content. The exact
mass was taken after the procedure for the calculation of water
adsorption per mass of the dry clay sample. Helium gas was
used to measure the dead volume of the system before a water
vapor sorption isotherm was completed at 298 K. Water vapor
within the sample was increased incrementally until maximum
adsorption was reached and then lowered incrementally via
vacuum until all water was desorbed. Water adsorption and
desorption experiments were performed on a BELSORP-Max
high precision gas/vapor adsorption apparatus from BEL
Japan, Inc. (Toyonaka-city, Osaka, Japan). The system used
two pressure sensors to ensure complete coverage of the
pressure range along the isotherm. The system is purged with
N, after each sample. Samples were analyzed using the
BELMaster analysis program.

2.4. X-ray Diffraction Measurements and Modeling.
The clay slurries following supernatant removal were pipetted
onto a flat sample holder and equilibrated for at least 8 h at
95% RH before data collection. After recording the XRD
profile at 95% RH, XRD profiles were recorded at decreasing
moisture conditions (90, 80, 70, 60, 50, 40, 30, and 20% RH)
by subjecting each sample to 1 h in situ equilibration at each
RH value, while maintaining a constant temperature of 25 °C
in the XRD sample chamber. The XRD profiles were recorded
with a Bruker D8 Advance X-ray diffractometer operated at 40
kV and 40 mA. The diffractometer was equipped with a CHC+
humidity-controlled chamber (Anton Paar, Graz, Austria)
coupled to an MHG humidity generator (ProUmid, Ulm,
Germany). Scanning parameters were set at 0.02° 20 step size
with an 8 s counting time per step over a 1.5-8.5 20 Cu Ka
angular range (1 = 1.5418 A).

The experimental patterns of MONT without and with
glucose or cellobiose were modeled in the 3—11° 20 Cu Ka
range using the algorithms developed by Sakharov and co-
workers”” to determine the relative abundance layer types for
OW from 0.96 to 1.07 nm, 1W from 1.18 to 1.29 nm, 2W from
1.45 to 1.58 nm, and 3W from 1.8 to 1.95 nm.”” Instead of
designating the different interlayer nanopores as 0 to 3W the
nanopore spacing is referred to by the nanometer width due to
the uncertainty of the proportion of spacing attributed to the
organic molecules versus that to the water population. Using
Bragg’s law, nd = 2d sin 6, interlayer d-spacing can be related to
the placement of the dyg; peak along the 20 axis.”***®" The
approach adopted to model the XRD nanopore abundance,
which has been explained in detail elsewhere,”® is described
briefly here. One structure containing one or multiple different
layer types was first used to reproduce the 001-reflection
region as much as possible. When necessary, additional
interstratified contributions containing 2W-layer or 3W-layer
types were added to the structure model. In all samples, the
quantification of nanopore abundance was determined from
the consideration of three-layer types associated with different
nanopore sizes. Only the change of proportion of these layers
in the different samples was responsible of the good fit
obtained for all patterns. For all patterns, structural parameters,
such as the number of and relative abundance of the different
interstratified structures (limited to four here), their
composition (relative proportions of the different layer
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Figure 2. Carbohydrate-influenced water adsorption and desorption in montmorillonite (MONT). (a) Isotherms of water adsorption (left) and
desorption (right) as a function of relative humidity obtained for montmorillonite alone or with different carbohydrate loadings with arrows
showing direction of adsorption or desorption. (b) Comparison of water adsorption versus desorption profiles at each carbohydrate loading. All
graphs are corrected for carbohydrate content (per gram dry clay with carbohydrate subtracted). Full profiles, including data at 20—60% relative

humidity, are shown in Supporting Information, part B.

types), and the mean number of layers in the coherent
scattering domain size along the c*-axis, were adjusted to fit
the experimental XRD pattern. The mean number of layers in
the coherent scattering domain sizes was found to range
between 12 and 7.5 layers for all patterns investigated and
showed systematic increase with decreasing RH values, in
agreement with previous studies on smectite structure
evolution along water desorption isotherms.”**> Within the
model, an “inert” phase was found at approximately 1.0 nm.
This phase was present in all samples and did not change in
intensity therefore was corrected for and considered to be an
impurity.

2.5. FTIR Measurements. The samples were equilibrated
for a minimum of 24 h at 11, 33, 53, 75, 95, or 99% RH using
salt chambers with, respectively, LiCl, MgCl,, Mg(NOs;),,
NaCl, KNO;, and K,SO, as the salt used in a supersaturated
mixture with DI water to maintain the RH condition in the
chambers. Within the chambers, the RH was checked with a
humidity probe. The RH-equilibrated samples were then
transferred onto the ATR crystal followed by immediate data
acquisition. In addition, with samples first equilibrated at 95%
RH, we recorded kinetic ATR-FTIR data at 10 min intervals
between scan acquisition for a duration of 100 min of air
drying under ambient conditions. All FTIR measurements
were recorded on a Thermo scientific Nicolet iS10 equipped
with a smart iTR attachment and a diamond crystal. Spectra
were collected from 3900 to 600 cm™" with 32 coadded scans

28819

at 6 cm™! resolution. OMNIC software (version 8.0) was used
to record the spectra with automatic atmospheric CO,
correction.

3. RESULTS AND DISCUSSION

3.1. Dynamics of Water Adsorption—Desorption in
the Presence of Adsorbed Carbohydrates. In the absence
of the carbohydrates, the water adsorption isotherm was in
agreement with previously reported stepwise nonhomogeneous
water adsorption on MONT.***** For MONT alone, there
was first a gradual increase in adsorbed water content from 20
to 74% RH, reaching 9.3 mmol of water g~' of clay, followed
by a steep increase in water content, jumping from 9.3 to 20.0
mmol of water g~* of clay after only a 5% increase in RH from
74% RH to 79% RH (Figure 2a). A subsequent increase in RH
led to a gradual increase in adsorbed water up to 41.5 mmol of
water ¢! of clay at 93.6% RH (Figure 2a). At higher RH
conditions, the water adsorption profile underwent a near-
vertical increase, reflecting interparticle micropore water
adsorption,”*®® reaching an eventual maximum of 70.7 mmol
of H,O ¢! of clay at ~97% RH (Figure 2a). Notably, at 95%
RH, we found that the adsorbed water amount of 48.79 mmol
of water g~' of clay for MONT alone was up to 3 times higher
than previously reported values of 13.9—25 mmol of water g~'
of clay at 95% RH.>?370%%%% The use of a high-Na
background electrolyte solution may account for this
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Figure 3. Moisture-dependent X-ray diffraction (XRD) profiles of nanopore width. The top panels show the XRD patterns (as black symbols) and
associated model fits (red lines) of montmorillonite alone or loaded with cellobiose or glucose. The adsorbed amounts are shown in micromoles of
carbohydrate per gram of dry clay). Samples were conditioned at different relative humidity (RH), from top to bottom: 95%, 90%, 80%, 70%, 60%,
50%, 40%, 30%, and 20%. The bottom panels show the three-dimensional surface maps of the X-ray diffraction patterns; the color gradient presents
the intensity of the XRD data. The full set of collected XRD patterns is provided in the Supporting Information, part C.

discrepancy because increasing Na concentration was
previously reported®” to promote water adsorption on MONT.

In the presence of the adsorbed carbohydrates, two major
differences were notable in the water adsorption profiles. First,
there was a decrease in the near-vertical portion of the profile
(above 90% RH), indicating both a decrease in micropore
interparticle water and confinement of water adsorption mostly
within nanopore regions in the carbohydrate—MONT
aggregates. As a result, relative to MONT alone, the maximum
adsorbed water content in carbohydrate-containing samples
was lower by 23—35 mmol of H,0 g™' of clay with adsorbed
glucose or cellobiose (Figure 2b). Second, higher RH
conditions were needed with the carbohydrate-containing
samples to achieve the same amount of adsorbed water
obtained with MONT alone, indicating that higher water
activity was required to hydrate the carbohydrates—MONT
aggregates than to hydrate the Na-saturated MONT. (Figure

2b). However, evidence of hysteresis, which is characterized by
higher water content in the desorption profile than in the
adsorption profile at the same equilibrated RH condition, was
found to be more pronounced in the presence of adsorbed
carbohydrates (Figure 2b). Due to this difference in the extent
of hysteresis, the net water loss on the desorption curve was
greater for MONT alone than for the MONT—carbohydrate
samples (Figure 2b). To probe further the distribution
dynamics of both hydrated nanopores and water populations
within the carbohydrate—MONT aggregates, we obtained
XRD data and vibrational spectroscopic data, respectively.
3.2. Moisture-Dependent Interstratification Patterns
and Nanopore Size Distribution. To investigate nanopore
size dynamics at the different moisture conditions, we obtained
XRD patterns under RH-controlled conditions (Figure 3 and
Tables 1 and 2). The patterns for MONT alone matched
previous reports of the stepwise decrease of the dy, peak
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Table 1. Results from Adsorption Experiments and Experimental X-ray Diffraction Patterns of Montmorillonite Reacted with

Cellobiose™”

amount adsorbed

0 umol g™" of clay 2.19 pmol g™* of clay 18.3 umol ¢! of clay 33.2 pmol g™* of clay

% RH door Ad fwhm door Ad fwhm door Ad fwhm door Ad fwhm
95 1.55 039 1.55 0.45 1.55 0.43 1.59 0.92
90 1.55 0.007 0.39 1.55 0.003 0.44 1.54 0.009 0.44 1.57 0.022 0.39
80 1.54 0.015 0.39 1.54 0.012 0.44 1.52 0.025 047 1.52 0.065 0.39
70 1.50 0.057 071 1.49 0.064 0.89 1.49 0.055 0.79 1.52 0.071 0.39
60 126 0.296 0.77 126 0293 0.77 129 0258 1.3 1.49 0.096 071
50 125 0302 0.43 1.26 0297 0.46 127 0.281 0.66 128 0.304 0.77
40 124 0315 0.59 125 0.308 0.53 127 0.283 0.61 127 0315 0.62
30 117 0.382 0.92 1.22 0.332 0.81 1.26 0.291 0.79 1.27 0.321 0.79
20 112 0.429 0.79 1.14 0.419 0.99 1.21 0.339 14 1.25 0.338 14

“RH, relative humidity (RH) for in situ moisture-dependent X-ray diffraction measurements; fwhm, full width at half-maximum; dq,, the basal
spacing of the clay layers shown in nm; Ad, difference in interlayer spacing relative to the highly hydrated sample (at 95% RH). PRull data sets are

shown in Supporting Information, part A.

Table 2. Results from Adsorption Experiments and Experimental X-ray Diffraction Patterns of Montmorillonite reacted With

Glucose™”
amount adsorbed
0 pmol g~" of clay 3.13 pmol g~* of clay 16.6 pmol g~ of clay 30.9 umol g~* of clay

% RH doo; Ad fwhm door Ad fwhm door Ad fwhm door Ad fwhm
9§ 1.55 0.39 1.56 0.41 1.55 0.41 1.5S 0.41
90 1.5§ 0.007 0.39 1.55 0.013 0.40 1.54 0.003 0.41 1.54 0.005 0.40
80 1.54 0.015 0.39 1.53 0.030 0.40 1.53 0.017 0.39 1.54 0.009 0.41
70 1.50 0.057 0.71 1.45 0.115 12 1.49 0.057 0.64 1.49 0.054 0.63
60 1.26 0.296 0.77 1.26 0.296 1.0 1.26 0.287 15 1.41 0.138 14
S0 128 0.302 0.43 1.28 0.315 0.58 1.26 0.291 0.62 1.28 0.264 1.2
40 1.24 0.315 0.59 1.24 0.324 0.61 1.25 0.302 0.57 1.27 0.278 1.0
30 1.17 0.382 0.92 1.22 0.341 0.71 123 0.318 0.85 1.27 0.281 13
20 1.12 0.429 0.79 11S 0.410 0.88 1.16 0.391 12 1.19 0.360 1.8

“RH, relative humidity (RH) for in situ moisture-dependent X-ray diffraction measurements; fwhm, full width at half-maximum; dy;, the basal
spacing of the clay layers shown in nm; Ad, difference in interlayer spacing relative to the highly hydrated sample (at 95% RH). bFull data set are

shown in Supporting Information, part A.

position along the 26 axis as a function of increased
dehydration.”**”> This stepwise decrease was accompanied
by an oscillating evolution of the fwhm in MONT alone, which
was at minimum for the dy,, values corresponding to most
homogeneous hydration states such as between 95% and 80%
RH and increased in the transition zones due to the presence
of interstratified interlayers (Figure 3 and Tables 1 and 2). The
doo; position of MONT decreased from 1.55 nm at 95% RH to
1.12 nm at 20% RH (Figure 3). There was minimal change in
both the dy; and fwhm values from 95% RH to 80% RH, after
which the peak broadened from 0.39 to 0.71° 260 (45% increase
in fwhm) at 70% RH for MONT alone (Figure 3 and Tables 1
and 2). There was a decrease of 0.24 nm (a 16% drop) in dgg,
between 70% and 60% RH (Figure 3 and Tables 1 and 2). The
peak was subsequently symmetrical at RH lower than 60%
(Figure 3). At the low carbohydrate contents (3.13 pmol of
glucose per g of clay and 2.19 umol of cellobiose per g of clay)
and midrange carbohydrate content (16.64 umol of glucose
per g of clay and 18.33 umol of cellobiose per g of clay), the
evolution of XRD patterns was in close agreement with that of
MONT alone (Figure 3). At about 8—9 times higher glucose
content (30.86 pmol of glucose/g of clay), there was both a
broadening of the dyy, peak from 50% to 20% RH (fwhm
increased from 1.2 to 1.8° 260) and an appreciable expansion
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(about 7%) of the interlayer size (from 1.28 to 1.19 nm); there
were no major differences in the dy,, peak at the high RH
levels (95%, 90%, and 80% RH) (Figure 3 and Table 2). With
12—15 times higher cellobiose content (33.23 umol g~' of
clay), the pattern was similar to the high glucose content
sample (Figure 3 and Table 1). High glucose and high
cellobiose content samples both revealed an expanded layer-to-
layer distance at 20% RH (1.25 and 1.19 nm in cellobiose and
glucose, respectively) compared to 1.12 nm in MONT alone
(Figure 3). Moreover, at 20% RH, the high carbohydrate
content samples showed more broad peaks (fwhm of 1.4 and
1.8° 260) compared to MONT alone (0.79° 20) (Figure 3 and
Tables 1 and 2). Our results of an increase in interlayer
nanopore with increasing adsorbed carbohydrate were in
agreement with published results with MONT populated with
lactose, a disaccharide composed of glucose and galactose.”®
Three-dimensional illustrations of the XRD patterns high-
lighted the influence of carbohydrate adsorption on the
MONT interlayer dynamics (Figure 3). The intensity profiles
of the low cellobiose (2.19 umol g™" of clay) and low glucose
(3.13 pumol g™" of clay) samples were similar to the intensity
distribution of MONT alone (Figure 3). The area where the
peak intensity was highest was between 95 and 80% RH
(Figure 3). This region between 95 and 80% RH also showed
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Figure 4. Modeling moisture-dependent X-ray diffraction profile of nanopore distribution. Relative nanopore abundance of (a) montmorillonite
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the least fluctuation in dgy; and fwhm values (Figure 3 and
Table 1). At ~70% RH, a low-intensity transition occurred
followed by a second high-intensity area from 60 to 20% RH
(Figure 3). Samples with high carbohydrate content (33.23
umol of cellobiose/g clay and 30.86 pmol of glucose) had less
of a transition between the two high-intensity areas (Figure 3).
The sample with the highest cellobiose content (33.23 ymol
g~' of clay) exhibited a third area of intensity at 95% RH,
which corresponded to interlayer expansion and peak broad-
ening recorded by the XRD patterns at 95% RH (Figure 3 and
Table 1).

3.3. Quantitative Profiling of Interlayer Nanopore
Expansion. Under the different conditions, we employed
XRD modeling to quantify the relative abundance of the
different nanopore sizes (Figure 4): 0.96 nm (small-sized),
1.21-1.26 nm (medium-sized), 1.53—1.57 (large-sized), and
1.87 nm (largest-sized). Similar to prior XRD profile modeling
of cation-saturated MONT samples as a function of decreasing
RH,**** we found an increased abundance of the small-sized
nanopore at the expense of the collapse of the medium-sized
and large-sized nanopores both in the presence and absence of
adsorbed glucose or cellobiose (Figure 4b,c). However, the
relative abundance of the specific nanopore sizes was depended
on whether or not the carbohydrates were present (Figure 4).

For MONT alone, we obtained a homogeneous distribution
of the large-sized nanopores from 95% RH to 80% RH (Figure
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4a). The medium-sized nanopores became more prevalent
from 70% to 40% RH but, from 40% to 20% RH, further
nanopore collapse was highlighted by the increase in the
abundance of the small-sized nanopores, from 14% to 44%
(Figure 4a). At 50% RH, only 8% of the clay interlayers were
dehydrated (small-sized nanopore) (Figure 4a).

At relatively lower RH conditions, particularly below 40%
RH, samples showed heterogeneous distributions of the
different nanopore sizes and the specific distribution of the
nanopore sizes was dependent on carbohydrate content
(Figure 4). At 20% RH, in MONT alone or at low
carbohydrate contents (3.13 umol of glucose per g of clay
and 2.19 ymol of cellobiose per g of clay), approximately 60%
of the nanopores were medium-sized and 40% were small-sized
(Figure 4). We note that, consistent with a high heterogeneity
of nanopore size distribution at low RH determined from the
XRD modeling, much larger fwhm values were determined
from the experimental XRD patterns of MONT with high
carbohydrate content (Table 1 and Figure 4). With relatively
higher carbohydrate content samples (33.23 pmol of cellobiose
per g of clay and 30.86 pmol of glucose per g of clay) at 20%
RH, there was up to 13% abundance of the large-sized
nanopores, with an accompanying decrease in small- and
medium-sized nanopores (Figure 4b,c). By contrast, at high
RH (95% to 80%), the modeling determined a homogeneous
distribution of the large-sized nanopore in both the absence
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Figure S. Loss of exchangeable water during dehydration in carbohydrate-smectite nanoaggregates. ATR-FTIR spectra of MONT in the presence

of increasing carbohydrate concentrations of cellobiose (a)—(e) or glucose (f)—(j) equilibrated at different RHs (from left to right: 95% RH,

75%

RH, 53% RH, 33% RH, 11% RH). From the bottom to the top of of parts a—e are the spectra of MONT loaded with cellobiose (ymol of
cellobiose/g of dry clay) 0, 2.19, 2.64, 4.14, 18.33, and 33.23 ymol/g; from the bottom to the top of of parts {—j are the spectra of MONT loaded
with glucose (ymol of glucose/g of dry clay) 0, 3.13, 3.42, 3.47, 16.64, and 30.86 pmol/g. The spectra are showing the OH stretching region of

the water bands: mineral

—OH is represented by the sharp peak at ~3615 cm™'; the exchangeable water population is represented by the broad

peak at 3530—3050 cm™". All spectra were normalized to the maximum reflectance. The full recorded spectra (4000—600 cm™") for cellobiose—
MONT and glucose—MONT samples are provided in Supporting Information, part E and part F, respectively.

and presence of carbohydrates (Figure 4). The only exception
to this homogeneity is the additional presence of the largest-
size nanopore (1.87 nm) at the highest cellobiose content of
33.23 umol of cellobiose per g of clay; this nanopore size was
not present at similar glucose content (Figure 4b). This finding
implied that the structure of the carbohydrate may influence
the nanopore restructuring. To gain more insight on this
phenomenon, further investigation is needed with a greater
variety of carbohydrate structures. In sum, our XRD profiling
as a function of dehydration revealed that greater nanopore
sizes were maintained when carbohydrate content was high,
despite a near-similar water content at all investigated
conditions based on our water desorption profiles (Figure 2
and Figure 4).

3.4. Exchangeable Water Population in the Absence
and Presence of Adsorbed Carbohydrates. To investigate
further the influence of the adsorbed carbohydrates on the
MONT water dynamics, we performed FTIR analysis (3900—
2900 cm™') on samples equilibrated at five RH conditions:
95%, 75%, 53%, 33%, and 11% RH (Flgure 5). In agreement
with previous studies,”*>°*’°~"> we found a decrease in the
exchangeable water band relative to the mineral OH band as a
function of increasing dehydration (Figure S5). The mineral
vOH band was not visible at both 95% and 75% RH in the
presence and absence of carbohydrates because the FTIR
signature of the exchangeable water VOH band overwhelmed
the vOH of the mineral structure (Figure Sa,b,f,g). However,
previous studies”*>*® found the structural VOH band was still
visible alongside the exchangeable OH band at 90%—94% RH
(Figure Saf). At 53% RH, the mineral #OH band was
noticeable in all the cellobiose-containing samples but only
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visible at the highest glucose concentration (30.86 pmol
glucose/g dry clay) (Figures Sd—j). At 33% RH, the samples
with the highest carbohydrate loadings were also found to
exhibit the most depletion in the relative intensity of the
exchangeable water VOH band (Figure 5d,i). With samples
equilibrated at 11% RH, the exchangeable water #OH band
was significantly depleted, leading to the prominence of the
mineral YOH band (Figure Se(f). At this dry condition,
however, the influence of the adsorbed carbohydrate on the
relative abundance of the two vOH bands were not as
noticeable as in the higher RH condition (Figure Se,j). In sum,
these data indicated that, at the same RH condition (53% or
less), the presence of glucose and cellobiose led to a decrease
in the relative abundance of exchangeable waters within the
MONT aggregate (Figure S).

In addition to the aforementioned FTIR measurements on
RH-controlled samples, we monitored the kinetics of FTIR-
determined water populations during the drying of highly
hydrated samples, initially equilibrated at 95% RH (Figure 6).
We monitored the intensity of the exchangeable water vOH
peak relative to the #OH peak of the mineral structure (Figure
6). This ratio was set to zero when the FTIR signature of the
exchangeable water vVOH band overwhelmed the vOH band of
the mineral structure (i.e., at very high moisture content). In
MONT alone, the mineral OH was only quantifiable after 60
min of drying because exchangeable water saturated the
mineral surface prior to 60 min; at 60 min, the initial ratio of
mineral to exchangeable water OH intensities was 0.33 (Figure
6b—d). Due to the increasing depletion of the exchangeable
waters within MONT alone, the ratio increased to 1.8 by the
end of recorded drying time, 100 min (Figure 6b—d).
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Figure 6. Drying time-dependent water populations determined by
Fourier-transform infrared spectroscopy. (a) Representative FTIR
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Compared to MONT alone, the data obtained with MONT
populated with either carbohydrate compound indicated a
faster depletion in the relative abundance of exchangeable
waters (Figure 6b—d). Specifically, the ratio of the mineral
vOH band to exchangeable water OH band in the presence of
adsorbed glucose or cellobiose was quantifiable after only 10—
30 min of drying time, i.e, 20—40 min earlier than the
corresponding time of MONT alone (Figure 6b—d). The
faster kinetics of exchangeable water loss may be due to
possible lower hydration energy for carbohydrates in the
MONT —carbohydrate samples than for Na in the MONT
alone attributed, respectively, to dipole—dipole interactions
versus ion—dipole interactions. In accordance with this
proposal, our water adsorption profile showed that higher
RH (i.e., higher water activity) was required to obtain similar
amounts of water content within the MONT sample
containing adsorbed carbohydrates on (Figure 2). Interest-

ingly, the final ratio value at 100 min drying time was very
similar in both the absence and presence of carbohydrates,
about 1.8—2.0, which agreed with the similar water content
obtained with the desorption profiles at low RH (Figure 2;
Figure 6b,d).

4. CONCLUSION

In this study we sought to evaluate two hypotheses: (1)
expanded nanopore size of MONT—carbohydrate aggregate
due to water trapping and (2) enhanced water trapping within
MONT —carbohydrate aggregates due to increased interactions
with water molecules. Analysis of moisture-dependent XRD
patterns provided quantitative evidence in support of an
expanded mineral nanopore size in MONT enriched with
adsorbed carbohydrates. We propose that carbohydrates
prevented collapse of the mineral interlayer by acting as pillars
within the interlayer nanopores. In accordance with this
proposal, a recent molecular dynamics study has illustrated
hydrogen-bonded aggregation of carbohydrates within MONT
interlayers.”” Our XRD data could not resolve the role or lack
thereof of water molecules associated with the carbohydrates in
contributing to the nanopore expansion. However, water
adsorption data revealed that higher water activity was needed
to obtain the same amount of adsorbed water in carbohydrate-
containing samples compared to MONT alone, implying lower
hydration energy for carbohydrates in the MONT —carbohy-
drate composites than for Na in the MONT alone. It was
reported previously’”* that waters associated with disacchar-
ides and polysaccharides had slower kinetic motion than waters
associated with glucose. Here, in highly hydrated samples (i.e.,
at RH > 80%), we found the nanopore sizes of MONT
populated with the cellobiose (a disaccharide) were larger than
MONT populated with glucose (a monosaccharide), which
may be due to enhanced water trapping by cellobiose relative
to glucose. Carminati et al.°” have proposed that secretion of
organic compounds by plant roots may be responsible for
enhanced retention of soil moisture in the vicinity of the
rhizosphere. Interestingly, we found that the trend in the water
holding capacity of the carbohydrate-populated clays as a
function of dehydration depended on the dehydration
procedure. On one hand, during gradual stepwise dehydration,
the water loss at each subsequent equilibrated moisture
condition was greater for MONT alone than for carbohy-
drate—MONT samples. On the other hand, time-resolved
infrared analysis determined faster loss of exchangeable water
during rapid dehydration (i.e., air drying) in the presence of
carbohydrates. Further investigation is needed to understand
the influence of carbohydrate hydration dynamics on water
trapping dynamics during gradual versus rapid dehydration of
smectite interlayer nanopores. Here our data demonstrate that
smectite-type clays enriched in adsorbed carbohydrates can
induce restructuring and expansion of the mineral nanopores
as well as dynamic changes in water content and water
trapping. Important next steps to build on the findings in the
present study are spectroscopic investigations of carbohy-
drate—clay interactions and follow-up studies of hydration
dynamics with different carbohydrate structures and cations
populating the smectite-interlayer nanopores.
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