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A novel “Li quantitative NMR (GNMR) method to analyze lithium was developed to determine the lithium
content in real brine samples using benchtop NMR instruments. The method was validated, and limits of
detection and quantification of 40 and 100 ppm, respectively, were determined. Linearity, precision, and
bias were also experimentally determined, and the results are presented herein. The results were com-
pared to those obtained using atomic absorption (AA) spectroscopy, currently one of the few validated
methods for the quantification of lithium. The method provides both accurate and precise results, as well
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Introduction

Lithium is used in many industrial manufacturing processes
such as glass, ceramics, lubricating grease, and
pharmaceuticals."™* However, its importance in the last two
decades has increased due in part to the superior performance
of lithium-ion batteries,””” which are widely used in a variety
of electronic devices, such as notebooks, cellphones, cameras,
etc.® The rising demand for electric vehicles is projected to sig-
nificantly increase the need for lithium in the coming
years.”'® This demand is expected to grow up to 900 ktons per
year by 2025, which is approximately three times higher than
in 2018.”

Lithium is mainly sourced from either spodumene or brine,
with the latter consisting of 59% of the market share.'"'?
Lithium-containing brines are concentrated by solar evapor-
ation in multiple stages and are monitored quantitatively at
each step until the lithium content reaches approximately
6%.">""®> The most common techniques for this quantification
are atomic absorption (AA) and inductively coupled plasma
(ICP) spectroscopy. However, both methods require significant
sample manipulation and are prone to interference caused by
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ration or deuterated solvents, shows potential applicability in the mining industry.

other ions present in solution, representing a significant
matrix effect.’®™°

Nuclear magnetic resonance (NMR) spectroscopy has
become one of the most valuable tools a chemist has, partly
due to its extraordinary ability for structural elucidation.>*™>*
By understanding the fundamental concepts of NMR spec-
troscopy (i.e., coupling constant, chemical shift, and inte-
gration), scientists can take advantage of this technique to
gain insight into the different atoms present in a molecule,
such as how they are connected and their relative spatial
proximities.>>?*® More recently, NMR spectroscopy has also
been applied to quantitative applications (QNMR), particularly
in the areas of natural products and medicinal chemistry,
because it is non-destructive and inherently quantitative in
nature.>”** However, qNMR spectroscopy is not as widely used
in industry as other techniques such as UV-Vis, GC-MS, ICP,
AA and IR spectroscopy due to the cost and size associated
with traditional high-field instruments.

Oftentimes, qNMR applications make use of nuclei with
spin I = 1 (e.g., 'H, '°F, *'P) rather than quadrupolar nuclei,
which have spin 7> 1 (e.g., "Li, ''B, **Na, *’Al). The quadrupole
moment associated with these nuclei represents an asymmetry
in charge distribution, and its interaction with local fluctuat-
ing electric field gradients, provided by electrons and other
moving charges, represents a relaxation mechanism. This
interaction helps to explain the fact that quadrupolar nuclei
usually give rise to broader signals than spin-1/2 nuclei. These
broad signals can be problematic to qNMR applications, since
the signal will be spread out over a larger frequency range,
effectively reducing the signal intensity and consequently the
signal-to-noise ratio (SNR).>> There are, however, a few
reported applications that use quadrupolar nuclei in
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gNMR.** 3% For example, in 2018 Fernandez and coworkers
reported the quantitative analysis of boric acid in biocides
using "B qNMR.** However, to the best of our knowledge
there are no reports of lithium NMR in quantitative
applications.

In the last few years, the emergence of benchtop NMR spec-
trometers that are affordable, portable, and require minimal
maintenance has accelerated the introduction of this tech-
nique in industrial settings.’”** This is reflected by the
increasing number of publications incorporating benchtop
NMR instruments in a variety of industrial applications such
as quality control, quality assurance, and process analytical
technology (PAT).*>*® Due to the important role of lithium in
the future global energy demand, we decided to explore the
potential of benchtop NMR instruments in the quantification
of this metal in brines. In this article, we present our findings
in the direct quantification of lithium without any additional
sample preparation, dilution, or need for deuterated solvents.

Experimental section
Brine samples

For this study, 16 samples taken from underground brine and
evaporation ponds at SQM site at Salar de Atacama, near
Antofagasta in northern Chile, were used. Samples were
divided in two sets. One set from each brine was sent to
Nanalysis Corp. in Calgary, Canada to be analyzed by NMR
spectroscopy, and the other set remained at the SQM facilities
in Chile to be analyzed by AA.

Following collection, some samples with high lithium
content presented crystallization of some of the salts after a
few days, which happened during shipment from Chile to
Canada. These samples were transferred to a flask, weighed,
and heated to 60 °C for 1 hour. Distilled water was added until
all the solids were dissolved. Samples were allowed to reach
room temperature, and the weight was adjusted by evaporation
of excess water or addition of distilled water until the initial
weight was reached. Note that heating of the samples is not
required for on-site analysis where shipment or storage of the
samples is unnecessary, as the samples can be transferred to
an NMR tube and analyzed directly, provided that this is done
in the few days prior to the appearance of precipitate.

Instrumentation

All "Li NMR spectra were obtained at 32 °C using a Nanalysis
60PRO benchtop NMR spectrometer at a 23.46 MHz lithium
frequency (1.418 tesla). The gqNMR experiments were per-
formed with the following optimized parameters: spectral
width, 50 ppm; spectral center, 0 ppm; number of complex-
valued points, 4096; scans, 4; interscan delay, 115 seconds;
pulse angle, 90° (as determined by nutation);** acquisition
time, 3.44 seconds. All NMR measurements were carried out
with a fixed receiver gain of 35 dB to ensure consistency of
quantitative results and to avoid receiver saturation. All experi-
ments were conducted without any form of decoupling. NMR
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spectra were acquired without deuterated solvents, and
samples were used as received without any additional prepa-
ration. Lithium chemical shift is provided relative to aqueous
LiCl 3 M (0 ppm). A line-broadening factor of 1.0 Hz was
applied to the free induction decays (FID) prior to Fourier
transformation. 'Li NMR spectra were manually corrected for
phase and baseline distortions using MestReNova software
(v14.1.0). The region of integration was constant between
samples (+3 to —3 ppm). Microsoft Excel was used for data
analysis. To improve and monitor precision, each measure-
ment was performed in triplicate.

AA analysis was performed using a Thermo Elemental S4
system from Thermo Scientific running SOLAAR Data Station
11.0 software. The atomic line for Li at 670.8 nm was moni-
tored with a 0.5 mm slit. The air/acetylene flow rate was main-
tained at 1.0 mL per minute. The instrument is equipped with
a 50 mm burner at ~45°. A sample aspiration rate of 7 mL per
minute was used. The AA methodology used is in agreement
with the Chilean Standard Method NCh3349/2020 for the ana-
lysis of brines and ASTM D3561-16. The method used five stan-
dards for the calibration curve with relative standard devi-
ations below 2% and residuals below 2%. Microsoft Excel was
used for data analysis.

Results and discussion
Optimization of gNMR method

Lithium has two NMR active nuclei, °Li and “Li, with natural
abundances of 7.6 and 92.4% and gyromagnetic ratios of
3.9371 x 107 and 10.398 x 10” rad s~* T, respectively. The
spin quantum numbers are 1 for °Li and 3/2 for “Li. Due to its
greater sensitivity, lithium-7 is the most used isotope in
lithium NMR spectroscopy.>®~>>

NMR is inherently quantitative and in most gNMR appli-
cations a standard (or calibrant) of known concentration is
added to compare its relative integration with that of the com-
pound of interest.>' In aqueous solution, the lithium ions are
solvated with labile H,O ligands, which form a hydration
shell.’»>* The “Li NMR signal is therefore in a dynamic
exchange regime that is fast on the NMR timescale, yielding a
single resonance. The lithium content is accordingly deter-
mined as a total lithium composition, independent of the
nature of the species (e.g., Li,COj, LiCl, Li,SO,, etc.). This
makes the use of an internal calibrant impractical and as a
result, a calibration curve correlating the known concentration
of the analyte and its signal response was used. The calibration
curve was recorded by preparing several solutions of LiCl in
H,O at concentrations of 0.25, 0.50, 1, 3, 7.5, 15 and 30%
(W/w%).

The first step in developing a "Li-NMR method to quantify
lithium content involved the determination of the optimal
acquisition parameters. Most of these can be extracted from
literature (e.g., number of points, digital resolution, and pulse
angle). However, the most crucial parameter for accurate
quantification is the recycle time (i.e., interscan delay + acqui-
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sition time) between scans. It is generally agreed upon that for
gNMR, an interscan delay of 5 to 7 times the longitudinal
relaxation time T; should be used to ensure that more than
99% of the equilibrium magnetization has been recovered
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Fig. 1 Top: graph of absolute integral versus concentration of LiCl
made with 0.25, 0.50, 1, 3, 7.5, 15 and 30 (w/w%) solutions. Bottom: ’Li
NMR spectra of LiCl solutions used to produce the graph.

Table 1 Partial ionic composition of brine samples used in this study
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before the next scan is acquired.”® Table S1f shows the T,
values of several LiCl solutions at different concentrations
along with the T, of four randomly selected brine samples.
The T, values of the solutions prepared in the lab range from
3.7 to 23.2 seconds and the values for the brine samples are
on the order of 13 seconds.

Method validation

To ensure the proposed method was effective for the intended
application, it was validated using samples prepared in the
lab, reference standard materials, and lithium samples from
brine pools. Linearity, intra-day and inter-day precision, limit
of detection (LOD), limit of quantification (LOQ), and bias
were evaluated.>>®

The linear response of the instrument was determined by
preparing LiCl solutions in H,O at concentrations of 0.25,
0.50, 1, 3, 7.5, 15 and 30% (w/w) and plotting the absolute inte-
gration area versus concentration. Fig. 1 shows that the instru-
ment’s response is linear over this range of percent compo-
sition, with a coefficient of determination (R*) of 0.9993.

Brine samples contain several ions and elements in
addition to lithium. Some of the most common species are
sodium, potassium, boron, magnesium, calcium, chloride,
and sulfate (Table 1). In some cases, the amount of such
species in solution can be significantly higher than lithium
itself. While such species in principle exhibit no absorption
peaks in the “Li NMR spectrum, in practice, small auxiliary
effects attributable to these species may introduce compli-
cations in the instrument’s response. Most notably, it’s known
that ionic strength (i.e., salt concentration of the samples) can
affect T, relaxation values, and variable salt concentrations can
affect the tuning and matching of probes in high-field
instruments.”®°° For these reasons, the matrix effect was inves-
tigated by comparing the slope of a calibration curve prepared
using pure water with the slopes of two brine samples pre-
pared using the standard addition method. The slope ratio

Sample Li® (w/w%) K® (w/w%) Na” (w/w%) SO,” wiw%) CI° (W/w%) B? (w/w%) TDS? (g L7
1 0.163 2.25 6.76 0.23 16.14 0.04 268
2 0.197 2.54 6.39 1.35 15.74 0.06 276
3 0.226 2.36 5.53 0.12 16.68 0.05 269
4 0.289 3.34 4.63 0.36 16.89 0.07 276
5 0.339 3.13 4.1 0.66 17 0.09 277
6 0.439 3.16 4.47 5.83 17.39 0.11 347
7 0.471 2.02 4.52 1.75 15.86 0.08 269
8 0.598 2.22 2.22 2.5 171 0.18 284
9 0.654 1.79 1.82 0.19 18.45 0.06 268
10 0.755 1.9 1.31 4.89 17.75 0.26 317
11 0.802 1.55 0.75 1.5 20.98 0.22 311
12 1.060 0.45 0.44 1.04 21.66 0.27 306
13 1.969 0.08 0.2 0.22 26.36 0.27 345
14 5.032 0.05 0.06 0.04 32.12 0.75 408
15 6.243 0.17 0.07 0.04 34.91 0.75 434
16 6.144 0.06 0.07 0.04 35.09 0.91 436

“ Determined by AA. ” Determined by ICP-OES. ° Determined by titration (Mohr’s method). ¢ Total dissolved solids (TDS) is a measure of the total

ionic concentration of dissolved minerals in water (salinity).
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(slope of standard addition/slope of pure sample) of 0.964 and
0.956 for the two brine samples suggests that, over the broad
range of concentrations used, matrix effects should induce
less than a few percent error in linear estimates of concen-
tration (Fig. 2).

Nutation experiments are commonly used in NMR spec-
troscopy to calibrate the 90° pulse angle.*® If samples of high
ionic strength affected the instrument’s response, it would be
evidenced by different results in the nutation experiments. A
potential effect might be a decrease in the Q factor of the
radio-frequency resonant detection circuit due to dielectric dis-
sipation in the aqueous sample when the ionic strength of the
solution is high.® This could be expected to reduce the
effective signal strength at high lithium concentrations or high
concentrations of other ions. A significantly reduced Q factor
will also cause the nutation rate to decrease, and so saltier
samples should exhibit longer 90° nutation times. Table 2
shows very similar nutation values for samples containing
different lithium chloride content (1 to 30 w/w%) and more
ions in solution (samples 11 and 14). There is a monotonic
trend in nutation times, but the nutation rate varies by only
about 1.1% over the whole range of concentrations that was
studied. While this is small compared to the level of precision
observed in the concentration estimates herein (see below), an
analysis with higher-precision measurements and sample-
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Fig. 2 Calibration curves recorded with solutions of lithium chloride
and distilled water (blue) and by spiking two brine samples (5 in orange
and 8 in grey) with known amounts of lithium.

Table 2 Nutation experiments carried out using solutions containing a
different LiCl content (1 to 30 w/w%) and real samples from brine pools
(samples 11 and 14)

Sample 90° Nutation (y1s)
11 24.17
14 24.07
30% 24.25
15% 24.22
3% 24.03
1% 23.98
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preparation methods should take this into account. The small
variation in nutation rates (and the attendant signal amplifica-
tion factors) should have a minimal effect on the accuracy and
precision of the results presented herein.

The precision (repeatability) of the instrument was evalu-
ated by performing intra- and inter-day experiments. Intra-day
precision was evaluated by running a sample of LiCl (15
w/w%) in triplicate, and inter-day precision was studied by
analyzing the same sample in triplicate for six consecutive
days. In both cases, the absolute integration area was moni-
tored (see ESI, Table S27) and the relative standard deviations
ranged from 0.03 to 0.30%. Precision and bias were also evalu-
ated following the American Public Health Association (APHA)
1040 B guide for method development and evaluation. A certi-
fied standard solution of lithium carbonate for ICP containing
1002 mg L' + 8 mg L™" lithium was analyzed in 10 replicates.
The standard deviation was determined to be 11 mg L™ and
the bias was —1 mg L™".

Limit of detection (LOD) and limit of quantification (LOQ)
are important validation parameters relevant for identifying
and quantifying an analyte. For the lithium NMR studies the
detection limit was established as the lowest concentration of
Li" that gave rise to a signal intensity for which the SNR equals
3 and the LOQ as the lowest concentration that gives a signal
with an SNR of 10. In this method, the LOD was determined to
be 40 ppm Li*, and the LOQ was determined to be 100 ppm
Li". It should be noted that LOQ is the concentration of
analyte for which the signal of interest generates the minimal
required SNR for the given method precision and different
applications may require a higher SNR for LOQ.

Sample analysis

The linearity study showed in Fig. 1 displays an excellent linear
correlation with an R* value of 0.9993. However, to use a
specific calibration curve, the validity of the linear regression
model should also be evaluated.”®®> One of the simplest ways
to evaluate a regression analysis is to examine the residual
errors. If the regression model is valid, then the residual errors
should be randomly distributed about an average residual
error of zero. The calibration curve ranging from 0.25 to 30
(w/w%) LiCl showed excellent linear regression, but the
residual error was larger for samples at low concentrations.
For that reason, the calibration curve was split into two
smaller ones, one ranging from 0.25 to 3 and the other from 3
to 30 (W/w%) LiCl. Samples were initially analyzed with the full
calibration curve to estimate the lithium content and sub-
sequently with the corresponding linear regression model to
accurately determine the lithium content.

The method was used to analyze real samples taken from
brines and evaporation ponds and the results are shown in
Table 3. The samples were analyzed by NMR directly from the
brine pools, no sample preparation or dilution was performed.
Samples were analyzed in triplicate, and in all cases, the rela-
tive standard deviation (RSD) values were below 2%. To evalu-
ate the reliability of the NMR results, the samples were also
analyzed by AA. The results show excellent correlation, with

Analyst, 2021,146, 882-888 | 885
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Table 3 Lithium content by “Li gNMR and AA in brine samples. All con-
centrations are expressed as w/w% lithium

Sample  Licontentby NMR RSD® Licontent by AA  Diff.? (%)
1 0.166 1.86 0.163 1.8
2 0.201 1.06 0.197 2.0
3 0.222 0.83 0.226 -1.8
4 0.292 1.56 0.289 1.0
5 0.349 0.70 0.339 2.9
6 0.467 0.68 0.439 6.4
7 0.478 0.34 0.471 1.5
8 0.617 0.23 0.599 3.0
9 0.684 0.46 0.654 4.6
10 0.811 0.51 0.755 7.4
11 0.850 0.55 0.802 6.0
12 1.136 0.27 1.060 7.2
13 2.110 0.13 1.969 7.2
14 5.271 0.06 5.032 4.7
15 6.380 0.11 6.243 2.2
16 6.480 0.04 6.144 5.5

“Relative standard deviation of NMR measurements. ” ((Li content by
NMR - Li content by AA)/(Li content by AA)) x 100.

most of the results showing differences below 5%. The fact
that the inter-day precision studies show excellent stability
suggests that multiple recalibrations are not necessary with
the NMR method, unlike AA.

One common approach to compare two analytical methods
is the use of a regression line. In this approach, the results of
the two methods are plotted on the two axes of a regression
graph, with each point on the graph representing a single
sample measured by the two analytical techniques being com-
pared. In an ideal situation, if both techniques yield identical
results, the regression line will have a slope of 1 and 0 inter-
cept. However, in practice this almost never occurs and some
deviation from the ideal results is inevitable.”® The NMR
results were plotted on the y-axis and the AA data on the x-axis
of Fig. 3. The intercept obtained is 0.0065, with the upper and
lower confidence limits of 0.0366 and —0.0236. The slope of
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Fig. 3 Graph of regression line analysis comparing results from NMR
and AA.
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the graph is 1.0405, with the 95% confidence interval of
1.029-1.052 and the coefficient of determination (R*) is equal
to 0.9996 (see ESIt for a detailed explanation). The results
show that the confidence interval of the intercept contains the
0 value and the intercept is only slightly off the unit slope,
demonstrating the high correlation between both techniques.
NMR slightly overestimated the concentration of lithium at
high concentrations, as reflected in the slope of Fig. 3, but the
results are within the accepted values for the intended
application.

One of the major drawbacks of NMR spectroscopy as an
analytical technique to quantify components is the lower sen-
sitivity compared to other techniques such as ICP and AA.*>%*
For example, in this particular application the LOD and LOQ
experimentally determined by AA for lithium are 0.06 and
0.17 ppm, respectively. These values are significantly lower
than the ones determined by low-field NMR (LOD was deter-
mined to be 40 ppm and the LOQ 100 ppm Li'). However, the
method reported herein provides more than sufficient sensi-
tivity to quantify the lithium content in real brine pool
samples. The superior sensitivity of AA does not offer any par-
ticular benefit for this application.

Conclusions

A new method to determine lithium content in brine pools
has been developed. Although traditional methods used in the
lithium mining industry (e.g., ICP and AA) provide lower LOQ
and LOD than NMR spectroscopy, the method reported herein
provides more than sufficient sensitivity to analyze real brine
pool samples. Unlike ICP and AA, this approach does not
require sample preparation or dilution, and samples can be
analyzed directly from the brine pools during different stages
of the purification process. Moreover, the NMR concentration
measurements were shown to be stable over many days, which
promises increased reliability and reduced expense and incon-
venience associated with day-to-day recalibration. It was also
revealed that there is minimal matrix effect with the NMR
spectroscopic method and excellent correlation with AA
results, with most of the values showing differences below 5%.
The reported NMR method does not require the use of deute-
rated solvents and the only consumables needed are the NMR
tubes. This makes the NMR method very inexpensive compare
to ICP and AA, which require regular maintenance and gases
such as acetylene and argon. All these combined factors
provide an attractive new method for the quantification of
lithium in the mining industry. We are currently exploring
additional applications of benchtop qNMR in various indus-
trial settings.
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