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My webinar – the Physico-chemical Investigation of Cellulose Nanomaterials using
NMR Liquid relaxation - is based on a presentation that I gave at the TAPPI Nano
International Conference on Nanotechnology for Renewable Materials in Grenoble,
France. The data shown is being prepared for submission to a peer-reviewed journal.
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Cellulose Nanomaterials
Enhanced performance capabilities
 outstanding strength-to-weight performance → polymeric
reinforcement
 low cost, recyclable, biodegradable, renewable resources

Physical Characterization
 CNC comprise heterogeneous and asymmetric particles
 poses challenges wrt structure, surface properties and
performance
 ability to characterize key CNM properties quickly and reliably is
critical to manufacture CNM reproducibly

 Need for:
simple routine laboratory techniques
process monitoring techniques for quality control and
assurance.
XiGO Nanotools 2017
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Cellulose is the most abundant biopolymer on the planet. Cellulose nanomaterials (CNM) are
naturally occurring nanoparticles present in lignocellulosic biomass and they demonstrate
great promise for use in a wide array of industrial sectors. For example, the theoretical
strength-to-weight performance offered by CNM is outstanding. CNM offer major
environmental benefits because they are recyclable, biodegradable and are produced from
renewable resources. CNM are being considered for use in a broad array of traditional
products such as reinforced composites, adhesives, cosmetic formulations, food packaging,
specialty paper, supercapacitors, sensors and electrode materials.
However, systems like CNM’s, that comprise heterogeneous and asymmetric particles
present distinctive analytical challenges. There is a recognized need to better characterize
CNM with respect to their structure, surface properties, and performance, especially in situ.
Techniques such as Electron- and Atomic Force-microscopy are used but such measurements
are not routine and, certainly, are not suited to normal laboratory analysis nor, importantly, to
process monitoring.
This latter issue is critical. CNM has the potential to change the current paradigms of
nanotechnology. However, to be able to produce large quantities of CNM, in-line process
control characterization techniques still need to be developed.
NMR relaxation is a non-invasive, non-destructive technique that probes the extent and
nature of the interface between liquid molecules and any particle surface, irrespective of
shape.Using a 13MHz benchtop device optimized to analyze particulate dispersions I am
going to present data on a variety of CNM dispersions that, I hope, will illustrate the
versatility of the measurement as a routine laboratory analytical tool as well as a process
monitoring technique for quality control and assurance.
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NMR Measurements
High resolution NMR - well known technique for understanding molecular structure
and identification of compounds
High frequency (400MHz)
needed for nuclear resolution
 expensive, complex,
sophisticated operation
 university and analytical
laboratories
Low field NMR - new technique for particulate analysis and for use in formulation
development
Low field* (ca 13MHz) optimal for
dispersion analysis
Energy
Electronics
 inexpensive, simple benchtop device,
easy operation
 R&D, QC/QA and Process laboratories
NMR wetted surface analysis measurements
find use in every industrial field
XiGO Nanotools 2017

*C.L. Claves et al, Surface Area Determination via NMR: Fluid and Frequency Effects,
Powder Technology, 54(4) 261 (1988)

Pharma

Pigments
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Nuclear magnetic resonance (NMR) is a well-known, powerful tool for the analysis
of chemical compounds. A high frequency (as much as 400MHz) is needed for
nuclear resolution and so these types of devices are complex (including the use of
liquid nitrogen cooling) and, further, they require sophisticated operation. As such,
they are very expensive and so are found primarily in university and large
commercial analytical laboratories.
However, only a low field (ca 13MHz) is optimal for dispersion analysis (see the
reference to the paper by Claves). And, because only a small permanent magnetic is
needed this means that the device can be made to fit on a laboratory bench.
Operation is easy. Such devices are inexpensive (typically comparable in cost with
particle sizing instrumentation); they are virtually service-free (because there are no
moving or delicate parts and there is no optical alignment necessary as in light
scattering devices). As such they are ideal for formulation R&D and for QC/QA and
in Process laboratories

3

Proton NMR measurements of
suspensions*
Relaxation
 particulate analysis
 surface area, morphology and surface chemistry
 sedimentation and aggregation

 molecular analysis
 polymer complexation and surfactant adsorption
 competitive adsorption/desorption

* The use of NMR as an analytical tool in the characterization of dispersions,
Spectroscopy Europe, Vol. 23, No. 4, 13-16 (2011)
XiGO Nanotools 2017
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NMR spectroscopy is one of the most powerful analytical tools used to probe details
of molecular structure and dynamics but it is becoming increasingly apparent that
NMR liquid relaxation measurements can provide valuable information about the
strength and interaction between a liquid and particle surface functional groups of a
material. We describe these as particulate analysis and molecular analysis.
An important feature of the former is the direct measurement of the wetted surface
area of suspensions, but the technique also permits observation of the inﬂuence of
morphology and the impact of surface chemistry on wetting and the dispersion of
powders in liquids. As such, NMR liquid relaxation complements the classical
techniques of particle sizing and zeta potential measurements commonly used to
characterize particulate suspensions by providing information that these latter
techniques cannot.
In molecular analysis, NMR liquid relaxation can be used to determine not just the
adsorption of surfactants and polymers onto particle surfaces but also the interreaction of these moieties with each other.
More details can be found in the article published in SpectroscopyEurope.
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Practical Advantages of
NMR Relaxation measurements
 any type of particle
 any liquid (with at least one H atom)
 includes mixtures of (miscible) liquids

 wide concentration range (0.01% to 60+%)
 no dilution, no sample preparation

 rapid measurements (typically minutes)
 small samples (typically 0.1mL; as little as
200µL)
 non-invasive, non-destructive
 samples can be stored and re-measured

XiGO Nanotools 2017
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Combining methods of analysis can be extremely useful in all aspects of
formulation of suspensions and, especially, nanoparticulate dispersions. NMR liquid
relaxation offers a number of important practical advantages to the formulator. For
example, any particle, of any size or shape can, in principle, be studied. The
dispersing liquid must contain at least one NMR active nucleus such as the
hydrogen atom (proton) and mixtures of miscible liquids such as ethanol/toluene
and cyclohexanone/methylethylketone can be used.
The solids concentration can be very high indeed; the limit is simply dictated by
whether the sample can be transferred into an NMR tube.
Importantly, no dilution is necessary permitting the analysis of samples as they are
intended to be used. The measurement time is dependent upon the precision
required but can be very fast, typically between 1 and 5min.
From a quality control/quality assurance (QC/QA) perspective the method is also
attractive because only a small amount of sample is necessary (ca. 0.1mL), and,
importantly, the technique is non-invasive and non-destructive. This means that
samples can be stored in the NMR tube - under, say, International Conference on
Harmonization (ICH) guidelines - and can be re-analyzed at any later date.
So, let’s talk about how NMR relaxation works
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How it works…
 Hydrogen atoms in liquids behave a bit like little
“magnets”
N S

N S

 In the absence of an applied magnetic field the
orientation of these proton “magnets” are random →
the net magnetic field is zero

XiGO Nanotools 2017
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Hydrogen atoms in liquids behave a bit like little “magnets” (shown as small blue
ellipses). In the absence of an applied magnetic field, the orientation of these
proton “magnets” is random and, so, the net magnetic field is zero.
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How it works…
Acorn Area™* Cassette Assembly
 When a sample is inserted into the
cassette the protons align in the
direction of the filed - a process that
takes a few seconds

Relaxation: Fixed Uniform field
Diffusion: Variable Field Gradient

→
B0

N S

N S

N S

N S

N S

N S

→
B0

ca 13 MHz - signal from all mobile protons
The black discs are permanent
magnets and their field is called B0
XiGO Nanotools 2017

*XiGO patents issued in the USA, EU, Japan and China
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When the sample contained in the NMR tube is placed into the cassette assembly of
the Acorn Area, it is concentric within an RF coil and is directly within the
permanent magnetic field, Bo, shown by the black discs in the Schematics at right
and left. The liquid proton “magnets” (the blue ellipses) align with this permanent
magnetic field - a process that occurs rapidly (in a few seconds).
The XiGo device has patents issued in the US, the EU, China and Japan.
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How it works…

N S

N S

N S

 When we apply a short RF
pulse, B1, to the coil, the
proton “magnets” rotate

B0

N S

B0

N S

→
N S

→

 When we turn off the RF, B1
disappears and the proton
“magnets” relax, rotating back to
align with B0 producing a
decaying signal

B1
Total time for a single sample measurement
is typically <1 minute
XiGO Nanotools 2017
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If we apply an RF pulse (at an appropriate frequency and duration) to the RF coil, a
temporary magnetic field, B1, is produced and this is superimposed over the
original magnetic field. The proton, “magnets,” realign with this new field, B 1 - a
process that takes a few micro seconds. When the RF pulse is switched off, B1 is
removed and the proton “magnets” then “relax” back to their original orientation
within Bo. A moving magnet in an RF coil produces a decaying voltage, which has
an exponential shape, as shown in the graph (bottom right). From this exponential
decay, we can obtain a characteristic “relaxation time” for the liquid.
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NMR Liquid Relaxation
We define two liquid phases:
a) bulk liquid far from the particle
b) surface liquid wetting the particle

Rb
particle

Fast
Exchange

Rs
particle

Bulk liquid far from particle,
relaxation rate is Rb
Liquid at a particle
surface, relaxation rate
is Rs

Changes in the extent (and nature) of the surface - or the rate of exchange can be measured with NMR relaxation
XiGO Nanotools 2017
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We define two liquid domains, liquid on the surface of a particle and liquid far away
from the particle surface (bulk liquid). Liquid molecules on the particle surface
(darker blue) relax quickly - on the order of only a millisecond - whereas the liquid
molecules far away from the particle (light blue) relax slowly - on the order of a few
seconds.
Liquid molecules rapidly switch between the surface and bulk domains (called fast
exchange) and this motion is quicker than the timescale of a single NMR
experiment. That is why we observe a single relaxation time.
A suspension of particles in a liquid with a large wetted surface area (for example, a
nanoparticulate pigment dispersion) will have a smaller relaxation time than a
suspension with a small wetted surface area (such as micron-sized Active
Pharmaceutical Ingredients) because there will be more liquid molecules fluid
associated with the particle surface.
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NMR Relaxation:
Surface, Liquid and Suspension
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XiGO Nanotools 2017

Relaxation rrate [1/ms]

35
100

30
25
20
15
10
5
0
0%

10%
20%
30%
40%
Wt% Titanium Dioxide

50%

10

The graph on the left compares the relaxation times for a bulk liquid and surface
liquid with that for a suspension (which is a volume-weighted average of the two
liquid domains). Since the surface relaxation rate is so fast, it does not take much
surface-associated liquid to produce a significant shift in the relaxation time of a
suspension.
The top graph on the right shows how the relaxation time decreases as the particle
concentration increases. The example given is for an aqueous dispersion of 100 nm
titanium dioxide. So, for repeatable measurements it is important to know the
concentration fairly precisely, especially the more dilute a suspension.
We can define a new term, the relaxation rate, as the reciprocal of the relaxation
time. This change in parameter linearizes the data (see the bottom graph on the
right) and so provides a much more convenient means to express the data.
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NMR Relaxation

Non-porous materials
→ single exponential fit to T2 relaxation plot
→ single relaxation time
Experimental relaxation plot:
3.1 wt% Na-CNC in water

Schematic of single exponential

Good fit (blue line) to experimental data points (red dots)
Measured Relaxation time = 435 ms
Estimated Surface area = 170 m2g-1
XiGO Nanotools 2017
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As mentioned earlier in Slide 8, in an NMR relaxation experiment we measure a
decaying voltage to which, for non-porous materials, we can fit a single exponential
to determine the relaxation time. A schematic is shown on the right-hand side.
On the left-hand side, we can see the NMR relaxation, using a T2 pulse sequence,
for a 3% suspension of a sample of cellulose nanocrystals. Here, the measured
relaxation time is 435 ms from which we can estimate a wetted surface area of 170
m2/gm.
In contrast to measurement of particle size by dynamic light scattering or light
diffraction, where the raw scattered/diffracted intensity data has to be deconvoluted
by means of complex algorithms (sums of exponentials or Bessel functions), the
relation between NMR relaxation and wetted surface area is surprisingly simple;
conversion of relaxation time to surface area is a straightforward calculation. No
assumptions are made about particle size (or distribution) or shape but, as in the
BET gas adsorption method, monolayer coverage of fluid onto the particle surface
is assumed.
For the calculation of surface area, please see the article in Spectroscopy Europe, or
go to the XiGo website where there is a video seminar on the subject. Also, I will
not discuss the types of pulse sequences used in the Acorn Area. Again, there is a
video webinar on the XiGo website.
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NMR Relaxation: Porous Materials
NMR relaxation behavior of a liquid inside a porous material different depending
upon specific (morphological and chemical) characteristics:
→ pore volume, pore throat diameter and the interfacial chemistry
Schematic of signals


Total


External

Internal

Surface liquid can exchange with bulk
liquid
Pore liquid cannot exchange

Results in two separate relaxation times
 Short T2 - inside pore
 Long T2 - outside pore

A double exponential is fitted to the measured relaxation decay to obtain
the two values for T2
XIGO Nanotools 2017
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For porous solids, there are additional considerations. In this case, the total NMR
signal is now proportional to the signals from both the total (internal) pore volume,
the (external) volume of liquid on the material surface and the (external) volume of
bulk liquid. Hence, the measured NMR relaxation time can differ depending upon
the prevalent pore size and shape.
It typically results in two exponential decays of relaxation time: a short T2 time
from inside the pores and a long T2 time from outside. In such situations, a double
exponential fit can be used, as illustrated in this next Slide.
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NMR Relaxation: Porous Graphene*
5 wt% in water
Red dots ● experimental data
Blue line – single exponential fit
T2 relaxation time: 505ms
Estimated Surface area: 151m g-1

Black line – experimental data
Green dots ● double exponential
fit
Red line – single exponential fit
Short T2 relaxation time: 177ms
Estimated Surface area: 803m g-1
* D. Fairhurst et al, “Relaxation NMR as a tool to study the dispersion and formulation behavior of nano-structured carbon
materials”, Magn. Reson. Chem., Vol 54, Issue 6, 521 (2016)
XIGO Nanotools 2017
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Here we show, in the upper graph, the T2 relaxation data for a 5 wt % sample of
porous graphene dispersed in water. While the overall reproducibility was excellent
(a COV <1%), note the poor theoretical single exponential fit (blue line) to the raw
experimental data (red dots), particularly at high magnetization.
The estimated surface area value calculated using the T2 time is only 151m2/gm.
However, if we now look at the lower graph, where we have fitted a double
exponential, the fit is much better fit (green dots). From this we can extract two sets
of data. We used the T2 (short) value to estimate the total available surface area of
803 m2/gm – a number much more in agreement with literature values for such
materials.
This graph was taken from published results in a peer-reviewed journal.
But now, let’s look at some results for cellulose nanocrystalline materials….
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CNC Materials*
Initial Study
Sample ID

Aqueous Suspension
Concentration (wt %)ion

1. Na CNC (stock) never dried

Supplied as 10 mL 6.2%; diluted to 3.1%

2. MePh3P CNC (lrg batch) never dried

Supplied as 10 mL ca 2.5%

3. Na CNC (stock) freeze dried**

3.0 %*** ; supplied as dry powder 240 mg

4. MePh3P CNC (lrg batch) freeze dried**

3.0 %*** ; supplied as dry powder 192 mg

5. MePh3P CNC (iGC) freeze dried

3.0 %*** ; supplied as dry powder 89 mg

6. Na CNC (iGC) freeze dried

3.0 %*** ; supplied as dry powder 91 mg

7. Na CNC (ME) dried

3.0 %*** ; supplied as dry powder 212 mg

* Prof. Douglas Fox, American University, Washington DC., USA
** Prepared from Samples 1 and 2
*** Equilibrated in distilled water for 15 minutes with stirring + 5 min ultrasonic bath

XiGO Nanotools 2017
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This initial study used seven samples of CNC supplied by Prof. Douglas Fox,
American University, Washington DC., USA, in collaboration with Dr. Jeffrey W.
Gilman at the National Institute of Standards and Technology, Gaithersburg, MD,
USA.
Two of the samples were supplied as aqueous suspensions. An aliquot from Sample
#1 was diluted by 50%. Five samples were supplied as dried powder and these were
dispersed in water using a protocol supplied by Prof. Fox.
As can be seen the solids concentrations for the suspensions was virtually the same.
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CNC materials
Sample
Average T2
ID
Relaxation time*
(ms)

NMR
BET
Surface Area** Surface Area
(m2g-1)
(m2g-1)

iGC
Surface Energy
(mJm-2)

#1

365

169.9

40-65

#2

1206

39.6

36-50

#3

1273

28.9

2.9

#4

1406

23.6

3.0

#5

1322

26.8

#6

1234

30.7

#7

289

221.9

*Ten repeat measurements; typical measurement time 5 minutes; COV <0.3%
** Assuming density of 1.5 g/cc
Clear differences between all the materials; no evidence of microporosity; no initial evidence
of settling or sedimentation - supported by Turbiscan Lab (optical transmission) data
NMR wetted surface area >> BET dry powder surface area
NMR relaxation of never dried material correlates (inversely) with iGC surface energy
NMR relaxation measurements take minutes not hours and with no sample preparation
XiGO Nanotools 2017
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The Table summarizes the T2 relaxation times measured for all seven dispersions of
the CNC. The actual measurements took only about 5 minutes for 10 repeat
measurements on each sample; and, the reproducibility was excellent (with a COV
of <0.3%). From inspection of the raw relaxation curve no evidence of
microporosity was found in any of the samples. The relaxation data indicates that
there are clear differences between all seven CNC materials.
Subsequent measurements using an optical transmission device (the Turbiscan Lab)
showed no initial evidence of settling or sedimentation suggesting that the
suspensions were stable. A surface area value was calculated, assuming a density of
1.5 g/cc for each of the CNC. The trends follow the relaxation times. Note that
Sample #1 and Sample #7 have significantly larger surface areas. The surface area
(determined by BET N2 gas adsorption) was known for two of the dry powders
(Samples #3 and #4) and was, within experimental error the same. However, the
measured wetted surface areas were much greater with Sample #3 having a larger
value compared with Sample #4.
This difference is because the BET measurements were obtained on a dried,
aggregated sample of material, whereas the NMR data was obtained for a dispersed
material. Another observation is that the NMR relaxation times measured for
Samples #1 and #2) which had never been dried correlated inversely with surface
energy measurements determined using Inverse Gas Chromatography.
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Inverse Gas Chromatography*
Gas-phase technique for characterizing surface and bulk properties of solid materials
Surface energy of a solid analogous to surface tension of a liquid
→ measure of intermolecular forces → attraction between powder particles and liquid/
vapor molecules → correlates to solid properties such as wetting, adhesion, powder
flow……..
Surface Energy, Dispersive
Component (mJ/m2)

60
55

NaCNC

n is the number of sites
occupied
by probe molecules

MePh3PCNC

50
45

nm is the total number of sites to
form a monolayer over the entire
sample surface

40
35
30
0

0.05

0.1

0.15

Surface Coverage (n/nm)

0.2

Replacing Na+ with MePh3P+ results in a decrease in the dispersive component of the
surface energy → more hydrophobic
GC column: conditioned for 2 hours at 30°C and 0% RH with He gas prior to any
measurements → complete iGC experiment takes approximately 12 hours per sample
Not suited to routine laboratory analysis, quality control or process monitoring
XIGO Nanotools 2017

*Surface Measurement Systems, Alperton, UK
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For those unfamiliar with iGC, it is a gas-phase technique for characterizing surface
and bulk properties of solid materials.
The surface energy of a solid is analogous to the surface tension of a liquid. As such
it is a measure of intermolecular forces (of attraction) between powder particles and
liquid/vapor molecules. It is known to correlate with solid properties such as
wetting, adhesion, powder flow……..
As was seen in the earlier Slide 14, the CNC materials were designated as either Na
CNC or MePh3P CNC, which refers to different surface modifications of the CNC
materials. The Me- modified material should be more hydrophobic than the Namodified material.
The iGC data shows that replacing Na+ with MePh3P+ results in a decrease in the
dispersive component of the surface energy confirming that, indeed, the latter
material is more hydrophobic. The reason that the material was modified to be more
hydrophobic was to allow it to be dispersed into a polymer melt.
However, while providing useful quantitative surface energy data, a complete iGC
experiment takes approximately 12 hours per sample (in this respect, it is very
similar to the time required to perform a BET gas adsorption experiment) and so is
obviously not well-suited to routine laboratory analysis, quality control or process
monitoring.
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Turbiscan Lab

Monitors suspension stability via changes in the IR backscatter and transmission levels
arising from particle migration in the sample (settling and creaming)
Initial scan through all samples indicates homogeneous, stable particle suspension
– no migration
Example shown for Sample #2 – MePh3P (lrg batch) never dried: 2.5%

Transmission
Active
Sample
Profile
Backscatter
Bottom of sample

XIGO Nanotools 2017

Top of sample

Sample

Observation

Tr %

#1 Na CNC 6.2%

Cloudy

25

#1 diluted to 3.1 %

Slightly Cloudy

44

#6 Na CNC (iGC)

Very Cloudy

5

#7 Na CNC (ME)

Clear

55

Backscatter
ca 4% for all samples
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Again, for those not familiar with the Turbiscan device, it monitors suspension
stability (via simultaneous changes in both the IR backscatter and transmission
levels) that arise from any particle migration (such as settling of suspensions and
creaming of emulsions) that can take place in the sample over time. As with NMR it
can work with concentrated suspensions. So, the two techniques are complementary.
As mentioned in Slide 15, an initial scan through all samples indicates them to be
homogeneous, stable particle suspensions, with no evidence of migration. The
example shown in the upper Figure is for Sample #2, measured as received.
The lower Table summarizes two data sets. The first compares the amount of light
transmitted through Sample #1 as received (a 6.2% suspension) which appeared
cloudy with the Sample diluted by 50% (to 3.1%) which appeared only slightly
cloudy. As expected, the percentage transmission increased upon dilution of the
sample.
The second data set compared two CNC samples (#6 and #7) – both hydrophilic –
but prepared differently. There is an enormous difference in the amount of light
transmitted. Since sample #7 appeared clear this suggest that the CNC particles are
much smaller.
For both data sets, the backscatter intensity was too small to provide useful results.
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Comparison between Wet and
Dried CNC samples
1500

T2 (H2O) = 2600 ms

T2 relaxation (ms)

1250
1000

Dried

Never
Dried

750
500
250
0
#1 Na

#2 MePh3P

#3 Na

#4 MePh3P

Sample ID
Never dried material: Na CNC sample much more finely dispersed
compared with MePh3P modified material
Once dried, neither CNC materials are re-dispersible to the same degree;
Na CNC more strongly aggregated
XiGO Nanotools 2017
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Here we compare the relaxation times (taken from the Table in Slide 15) between
wet and dried versions of the same CNC.
For the never dried material (Samples #1 and Sample #2), the relaxation time of the
former is much less than the latter. This suggests that the Na CNC material is much
more finely dispersed compared with MePh3P modified material.
However, after drying neither CNC materials are re-dispersible to the same degree.
The fact that the relaxation time for Sample #3 is almost the same as for Sample #4
suggests that the Na CNC material becomes more strongly aggregated on drying;
the hydrophobic coating of the MePh3P CNC probably provides some degree of
steric repulsion.
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Comparison of dried CNC
T2 relaxation (ms)

1500

T2 (H2O) = 2600 ms

1250
1000
750
500
250
0
#4 MePh3P lrg
batch

#5 MePh3P
(iGC)

#3 (Stock)

#6 (iGC)

#7 (Me)

Sample ID
Difference between batches of “same” CNC materials
MePh3P modified – coating level?
The Univ. Maine batch atypical
– re-disperses well in water; supported by Turbiscan data → 55%
Transmission!
9% tert BuOH?
Wettability using different solvents?
XiGO Nanotools 2017
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n this Slide, we are looking at differences between batches of the same CNC dried materials.
First, let’s look at Sample #4 (large batch) and Sample #5 (iGC). The difference here is in
the scale of the preparation. The Sample #5 was a small batch prepared in the laboratory and
its relaxation time is similar but statistically smaller than that for Sample #4. This suggests
that it can be somewhat better dispersed. This is not surprisingly since it is recognized that
large-scale preparation is less efficient. It might, in part, also reflect a difference in the
degree of surface hydrophobic modification.
The second group (Samples #3, #6 and #7) consists of hydrophilic CNC materials. Samples
#3 and #6 were both small scale lab preps and they relaxation times are almost identical.
Sample #7 was prepared at the University of Maine and re-dispersed exceptionally well in
water as evidenced by the very low relaxation time.
This was supported by Turbiscan measurements which showed 55% light transmission. The
only difference in production of this CNC material from Samples #3 and #6 is that 9%
tertiary Butanol was used as one of the preparatory steps.
Solvents of varying polarity have different wetting and contact angle characteristics for
surfaces and so challenging the CNC with them might provide useful information to help
elucidate the result for Sample#7.

19

T2 relaxation time (ms)

Time dependency
Na CNC (stock) never dried

700.0

3.1%

600.0
500.0

6.2%

400.0
300.0
200.0
100.0
0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

Time/days
NMR measurements are non-invasive and non-destructive; samples can be stored
and re-evaluated
Clear evidence of aggregation over time: different rates for the two Na CNC suspensions
– 3.1% (fluid) > 6.2% (gel-like) → supported by RheoLaser Master (viscoelastic) data
XiGO Nanotools 2017
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I have mentioned earlier in Slide 2 that NMR measurements are non-invasive and
non-destructive; samples can, therefore be stored and re-evaluated at some future
time. The Acorn Area has a Time Mode that makes it useful for this purpose.
Here we show the results of time - relaxation measurements over 30 days for
Sample #1 as received (a 6.2% suspension) and its more dilute (3.1%) sibling
suspension.
There is clear evidence that both suspensions are aggregating over time but at
different rates for the two Na CNC suspensions. The rate for the diluted suspension
is about 2.5X faster than that for the higher concentration suspension.
This is not unexpected. The diluted sample (at 3.1%) was seen to be quite fluid,
whereas the 6.2% suspension was very gel-like thus inhibiting particle movement. It
is well-known that CNC materials can gel and become non-fluid at such
concentrations.
These observations were confirmed by viscoelastic data obtained using a RheoLaser
Master device.
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Effect of Surface Chemistry*
Two different amounts of COOH per gm of CNC**
Surface Area (m2g-1)

250
200
150
100
50
0
Sample A

Sample B

Sample B has a significantly higher wetted surface area – better dispersed
material
→ increased repulsion, higher negative charge
* Dry CNC powder supplied by Prof. Theo van de Ven, McGill University, Montreal, Canada
** 4.5 wt % equilibrated in distilled water for 24 hours with stirring
XiGO Nanotools 2017
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Two samples of a dry CNC powder were obtained from Prof. Theo van de Ven,
McGill University, Montreal, Canada.
In each case a 4.5 wt % suspension was prepared by equilibrating the material in
distilled water for 24 hours with constant stirring.
The two samples differed in the amount of carboxylic acid treatment which will
impact the surface charge of the CNC particles.
The surface area value calculated from relaxation time shows that the Sample B has
a significantly higher wetted surface area compared with Sample A strongly
indicative of a better dispersed material. This is a consequence of increased particle
repulsion because of a higher negative surface charge.
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Low Field NMR
No moving parts, no alignment, no calibration
 Simple and easy conversion to flow option
 Continuous sampling, addition of reactants, etc.
 Heterogeneous and/or settling suspensions

13MHz
NMR

Flow
Module

Adjust pH
Add dispersant,
Add surfactant or
polymer
Add precipitant,
diluent or reactant

Pump
Temperature control
Stirrer
Ultrasonic disperser

XiGO Nanotools 2017
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A major advantage of an NMR device is that it has no moving parts and requires no
alignment or calibration. It is a simple and easy matter to convert the normal batch
measurement into a flow version. This option is very useful for continuous
sampling, addition of reactants, etc., and especially so if the sample is
heterogeneous and/or if there is settling of a suspension.
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Comparison of Relaxation times
for various Paper Pulps*
Paper Pulp is very heterogeneous
→ reproducible sampling from large
batch problematic

Continuous sampling from bulk
→ measurements very repeatable;
COV <1%

Clear differences between batches
from various sources and plants
→ different processing

Sample
Batch

T2 (ms)

#4

94.2

#5

101.3

#6

109.6

#1

113.6

#8

122.2

#9

135.2

#7

144.9

* Dr. Sherman Cox, Specialty Minerals, Bethlehem, PA, USA
XiGO Nanotools 2017
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The amount of CNC available was very limited, so as an illustration this Slide
presents data for various samples of Paper Pulp – material which is extremely
heterogeneous and so reproducible sampling from large batches is very problematic.
We obtained some 5 kg batches of paper pulp samples from Dr. Sherman Cox,
Specialty Minerals, Bethlehem, PA, USA. Dr. Cox has two Acorn Area devices in
his laboratory.
The Table shows the very repeatable (a COV <1%) results from continuous
sampling of the pulps through the Acorn Area. There are clear statistical differences
between the pulps. They were sourced from different plants in the USA and Canada.
The differences no doubt arise because variations in the processing of the pulps.
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NMR: Process Monitoring
Schematic of stop-flow grind control system for a mill

Prototype process-scale instrument under development (MAKINO, Japan); available 2017

XIGO Nanotools 2017

NMR relaxation is a scalable technique
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With no moving parts, etc., NMR relaxation is a scalable technique. This allows the
design of the Acorn Area to be modified and converted for process monitoring.
Here we show a schematic of a stop-flow grind control system for a mill. A
prototype process-scale instrument is currently under development on behalf of
XiGo by a Japanese company (MIKIMO) and will are hopeful that it will be
available sometime late 2017.
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Process Monitoring
NMR relaxation for whiteware production milling (LIXIL, Japan)
30mm grinding media

4.5

NMR

Surface Area (m2/g)

4.0

BET

3.5
3.0
2.5
2.0
1.5
0.0

5.0

10.0

15.0

20.0

25.0

30.0

Milling time (hours)

Direct NMR data on 30% ceramic millbase slurry trends with BET (gas adsorption) data
NMR takes minutes not hours and with no sample preparation
XIGO Nanotools 2017
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This is some data using the prototype MAKINO device which shows the relaxation
data from the milling (using 30mm grinding media) of a 30% ceramic whitewares
mill-base slurry.
It shows how NMR relaxation data measured on samples taken directly from the
mill trends with BET (gas adsorption) data determined on separate batch samples.
However, the NMR measurements take only minutes not hours and with no sample
preparation.
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Conclusions
 NMR surface analysis using low-field relaxation
measurements is a powerful tool to aid in investigating the
physico-chemical character of CNC materials
 Simple and easy technique
 used at any step from R&D through QC and Process Monitoring
 totally scalable

 NMR relaxation has significant potential to provide insights
into complex formulations

XiGO Nanotools 2017
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In conclusion, I hope that in this brief time allotted to me that I have persuaded you
that NMR surface analysis using low-field liquid relaxation measurements is a new
and very powerful tool that can be used to study and investigate the physicochemical character of CNC materials
A major advantage is to be able to make measurements using industrially relevant
concentrations. Further, the technique is non-destructive, so samples can be stored
and measured at any future time permitting later re-analysis of reference samples.
Long-term aging studies can be undertaken quite trivially.
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