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Abstract


The importance of and demand for lithium are high and are expected to further increase. Therefore, efficient lithium exploitation processes are essential, for example, Li extraction from brines. Powerful analytical methods are needed, especially with an inline capability. Nuclear Magnetic Resonance is a widely used analytical tool with extensive possibilities. Low-field NMR is particularly suitable for inline quality control thanks to its customizable applications. This study investigates the possibilities of measuring the lithium content in aqueous solutions and brines using 1H and 7Li NMR based on transverse relaxation measurements, using two different low-field NMR instruments. Both static and measurements under flow are presented. The influence of other parameters, such as sample temperature and sodium content of the brine, has also been investigated. The results demonstrate the proof of concept of quantifying lithium content by low-field NMR and provide detailed insights, whilst showing the prerequisites for future industrial applications for inline quality control in lithium extraction processes.
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1. Introduction


Lithium is significantly important due to its use in lithium-ion batteries, which is linked to its large and growing demand. The limited availability of lithium raw material and the dependence on only a few suppliers have led to economic challenges; thus, alternative routes are of interest regarding the extraction and purification processes of Li+ from brine, which are linked to a large consumption of water and soil. The optimization of existing processes and innovative new developments should also be sought against the background of CO2 emissions [1]. The development of a customized analytical method for measuring the lithium content in raw, intermediate, and finished products has the potential to make a significant contribution to conserving resources and protecting the environment during lithium production. Compared to offline methods, inline monitoring methods offer the advantage of the measured results and values being available almost in real time, and, therefore, the process control time constants can be drastically reduced, allowing feedback to be faster and more direct [2].



Although Nuclear Magnetic Resonance (NMR) is a well-known analytical method in chemical structure elucidation [3], various applications in industrial quality control are also known [4,5,6,7]. Low-field NMR is particularly suitable for quality control applications due to its smaller and relaxed space requirements, ease of operation, and lower operating costs. The use of permanent magnets eliminates the need for cryogenic cooling. Even without spectral resolution due to the low homogeneity of the instrument’s static magnetic field, measurements of NMR relaxation provide high quantitative information content. The number of nuclear spins in the sensitive area of the instrument is directly correlated with the measured signal amplitude.



Other than the most commonly used 1H-NMR, which is sensitive to the hydrogen nucleus, 7Li-NMR has also been used [8,9,10,11]. The signal to noise ratio of the 7Li NMR is smaller as a result of the gyromagnetic ratio γ, being a factor of 2.573 smaller than that of 1H, the spin quantum number of 3/2, and the only slightly lower natural abundance [12,13,14]. Depending on the specific application and the lithium concentration in the product stream to be analyzed, this circumstance is not a “no go” but requires optimization and technically different approaches, making 7Li low-field NMR a promising and industrially viable solution to determine the lithium concentration in lithium extraction and purification processes. The possibility of performing inline measurements with low-field NMR opens up a significant potential for process optimization and cost reduction. Inline NMR measurements are thereby well known in the literature [5,15,16,17,18,19,20,21].



This study provides a proof-of-concept demonstration of low-field NMR relaxation measurements in a lithium extraction and purification process using both a modified commercial low-field NMR instrument (Bruker the minispec mq20) and an NMR sensor that was developed in collaboration with the Bruker micro imaging group (V sensor). In addition to 7Li measurements in aqueous lithium-containing solutions, the influence of lithium ions on 1H relaxation was also investigated for the reasons outlined above. Static measurements were performed as proof-of-concept, whereas inline, flow-through measurements were performed to establish a foundation for potential industrial application. Furthermore, the influence and benefits of a pre-polarizer in inline measurements were investigated. In addition to prepared samples with a defined LiCl concentration, samples from a real lithium extraction process were also investigated, revealing the impact of (super-)paramagnetic species via paramagnetic relaxation enhancement.




2. Materials and Methods


The Bruker the minispec mq20 (Bruker BioSpin GmbH & Co. KG, Ettlingen, Germany) is a commercially available low-field NMR instrument for relaxation and diffusion measurements. It operates at a 1H Larmor frequency of 20.02 MHz using permanent magnets. For control and pulse generation, an electronic unit of the minispec ND-series was used. The instrument was equipped with a home-built probe for measurements at moderate temperatures. As the capacitors in the tank circuit are tunable over a wide range, the range of the radio frequency (rf) is sufficiently large to allow the same probe to be used at the 7Li Larmor frequency of 7.77 MHz in the same magnetic field of the mq20. Only the appropriate preamplifier for the respective frequency had to be installed. The maximum sample diameter is 12 mm for both nuclei.



The V sensor is a low-field NMR sensor with a V-shaped magnet arrangement (Figure 1) with a magnetic field gradient, resulting in a pronounced sensitivity of transverse relaxation measurements to diffusion [22]. Different V sensor probes are available for a wide range of possible applications. Two closed probes with solenoidal coils and maximum sample diameters of 12 and 42 mm are well suited for static measurements or—with minor modifications—for flow-through operations. An inline-capable probe with a slit enables completely non-invasive measurements on a pipe without opening the fluidic path which required a special coil geometry in the form of a bent figure-8 surface coil [15]. The 1H Larmor frequency for the 12 mm and the inline-capable probe is around 22.2 MHz corresponding to a 7Li frequency of 8.64 MHz. To reach this frequency with the rf circuit, the trim capacitors of the 12 mm probe were replaced by models with larger capacitance ranges while maintaining the same coil geometry. The above-mentioned minispec ND electronic unit was used for pulse generation with a suitable preamplifier for 7Li signal detection.



The multi-echo pulse sequence CPMG was selected for the transverse NMR relaxation measurements on 1H and 7Li nuclei to acquire complete magnetization decays after a single excitation pulse [23,24]. Fast measurements were possible, which are crucial in quality control applications. The measured magnetization decays were modeled using a mono-exponential fit to extract the signal amplitude and the effective transverse relaxation rate R2,eff. Representative studies confirmed that the mono-exponential model adequately describes the measured 1H and 7Li data of the investigated liquid samples.



For the static measurements, the samples were filled into NMR tubes with a diameter of 10 mm and filling level (>20 mm) sufficient to cover the sensitive area of the probe in the instrument. A fluidic circuit was built through the sensor for the flow measurements with the V sensor. This circuit comprised a reservoir, a peristaltic pump (Ismatec IPC-N-8 V3.01, Ismatec SA, Glattbrugg-Zürich, Switzerland), and a connecting hose/tube system (Figure 2). The eight parallel channels of the pump were combined with hoses of different lengths to dampen pulsation and to increase the volumetric flow rate. The maximum volume flow was achieved by connecting the channels downstream of the pump. A PMMA (poly(methyl methacrylate)) tube with an inner diameter of 8 mm and a wall thickness of 1 mm was positioned in the rf-probe of the V sensor and connected to the experimental setup. Long experiments with a relatively small sample volume of 125 mL are possible by recirculating the liquid back to the reservoir. Measurements on samples with slow longitudinal relaxation can be negatively affected by the well-known inflow effect, as the residence time in the static magnetic field B0 before reaching the sensitive area of the sensor may be insufficient for adequate longitudinal magnetization build-up. The longitudinal relaxation time T1 of 7Li in the investigated samples is approximately 8 s, indicating that a significant inflow effect is expected in the relevant flow velocity range. To counteract this, a pre-polarizer with a length of 270 mm was installed, which was described in [25]. It consists of several Halbach arrays through which the sample flows before reaching the sensor. Magnetization will be built up at least partially, enabling flow measurements on the samples presented here. The effect and necessity of the pre-polarizer are discussed in detail in Section 3.3.



To demonstrate the feasibility of the measurements and the achievable detection limits with the available hardware, measurements were made on aqueous lithium chloride (LiCl) solutions with varying LiCl concentrations (Table 1). These solutions were prepared by mixing crystalline LiCl with deionized water using a magnetic stirrer. The concentrations were adjusted by weighing, neglecting the water bound in the powder due to the pronounced hygroscopicity of LiCl. The reported mass concentrations therefore refer only to the Li+ content in the solutions. To investigate the influence of bound water, a sample containing 55 g/L Li+ was measured using inductively coupled plasma—optical emission spectrometry (ICP-OES). The Li+ concentration determined in this way was 46 g/L.



In addition, the influence and impact of other ions on 1H relaxation were examined by measurements with the mq20 on samples from different steps of an industrial lithium extraction process. These measurements were made at sample temperatures of 35 °C (Bruker the minispec magnet temperature) and 70 °C (preferred industrial process temperature) to investigate the temperature dependence of transverse relaxation and to demonstrate the applicability of the analysis under process conditions. The process samples were analyzed using ICP-OES for 23 elements to determine the ion content and assess the influence of paramagnetic components (Table 2).



7Li-NMR flow measurements with the V sensor were made at various mean flow velocities vmean between 0 cm/s and 1.72 cm/s. Furthermore, the effect of the pre-polarizer and its installation orientation were investigated (Section 3.3).



The employed NMR parameters depend on the purpose of the experiments due to the specific properties of the instruments and samples. For clarity, the parameters are specified and listed in Section 3 “Results” for each respective experiment.




3. Results


3.1. Transverse 1H Relaxation Measurements


Transverse Relaxation of Aqueous LiCl Solutions


1H NMR measurements were performed with the minispec mq20 to investigate the influence of Li+ on the transverse relaxation of 1H magnetization in water. For this purpose, aqueous LiCl solutions with eight concentrations ranging from 0 g/L to 55 g/L Li+ were prepared. The sample with 0 g/L Li+ was pure deionized water. The most important NMR parameters are listed in Table 3.



The measured 1H magnetization decays show a pronounced sensitivity to the LiCl concentration (Figure 3). This is even more evident when the decays are described using a mono-exponential model with the fit parameters signal amplitude A and the effective transverse relaxation rate R2,eff as a function of lithium concentration (Figure 4).



R2,eff increases with increasing LiCl concentration. This can be attributed to enhanced fluctuating homo- and heteronuclear interactions between the dissolved ions and the 1H nuclei. Furthermore, A decreases with increasing LiCl concentration due to the reduced effective number of 1H nuclei in the instrument’s sensitive volume as a result of the added LiCl volume. At the maximum concentration, LiCl accounts for approximately 16 % of the total sample volume.



1H relaxation measurements on aqueous LiCl solutions show that the LiCl concentration affects the relaxation behavior and that the sensitive and therefore fast measurements of 1H transverse relaxation can be used, at least, to estimate lithium concentration in these samples. However, due to the diamagnetic nature of Li+ ions, the influence is relatively small. In the context of lithium extraction from thermal waters, the effects of other ions, including paramagnetic species causing paramagnetic relaxation enhancement, must be considered. Thus, a variety of samples from different stages of a lithium extraction process were examined using 1H transverse relaxation measurements. The samples differ both in their lithium concentration and in the type and concentration of other ions. The influence of temperature on the relaxation behavior was also investigated. Measurements were performed at 35 °C, corresponding to the magnet temperature of the mq20, and at 70 °C using a Bruker BVT unit (Bruker BioSpin GmbH & Co. KG, Ettlingen, Germany) to temper the samples in the rf probe. The temperature of 70 °C was chosen because the lithium extraction process occurs under similar temperature conditions, providing insights into the applicability of the method for future industrial applications.



The measurement parameters listed in Table 3 were also used for the measurements on samples from the industrial process. The magnetization decays clearly reflect compositional differences in the relaxation behavior of these process samples (Figure 5). In addition, a pronounced influence of the sample temperature is evident.



The two samples with the fastest transverse relaxation (samples 2 and 5 in Figure 5) also show the highest concentration of paramagnetic ions, inducing paramagnetic relaxation enhancement on 1H nuclei. The concentration of paramagnetic components is therefore decisive for the 1H relaxation behavior of a sample. A unique influence of the lithium concentration in the presence of the variety of ions in industrial solutions is thus not observed. The temperature dependent measurements show that R2,eff is larger at 35 °C. This can be explained by the fact that higher temperatures lead to increased intrinsic mobility with a higher influence on the local magnetic field fluctuations and thus a smaller R2,eff. The relaxation differences between 35 °C and 70 °C are systematic but small. The results indicate that with regard to future applications, the hardware is suitable for measurements under process conditions, but for laboratory investigations, the temperature can be maintained at ambient conditions.



These investigations on the 1H nucleus show that no definitive conclusion can be drawn from these fast and reliable NMR measurements regarding the lithium concentration in process samples. The sensitivity towards paramagnetic moieties can nevertheless be used to monitor impurities. In addition, the dependence of 1H relaxation on Li+ concentration was observed in samples lacking paramagnetic components.





3.2. Transverse 7Li Relaxation Measurements


3.2.1. Static Measurements with the Minispec mq20


Tuning of the custom-built broadband probe of the mq20 enables relaxation measurements at the 7Li frequency of 7.77 MHz. Transverse relaxation was measured on a series of aqueous LiCl solutions with Li+ concentrations ranging from 0 g/L to 15.66 g/L. The aim was to quantitatively determine the lower detection limit of 7Li with the given setup of the mq20. The measurement parameters are listed in Table 4.



Due to limitations of the acquisition software, only the initial part of the decays was measured (Figure 6 left). Nevertheless, the data can be modeled based on the reasonable assumption of a mono-exponential progression to determine A and R2,eff as a function of cLi+ (Figure 6 right).



A increases linearly with cLi+ above the detection limit, which is consistent with physical expectations due to the proportionality between the signal intensity and the number of 7Li nuclei in the sensitive volume. The definition of a lower limit of detection (LOD) depends on the number of averages and, consequently, the experiment duration. For 16 averages and a measurement duration of 5.78 min, the LOD is cLi+ = 4.04 g/L. A signal to noise ratio of 2 was set as the detection limit. An LOD of cLi+ = 2.04 g/L could be calculated for 128 averages respectively 46.25 min measurement time. For 1280 averages and a duration of 7.71 h, the LOD is cLi+ = 0.52 g/L under the given setup, demonstrating the principle and the feasibility of the approach. For potential application in an industrial environment, a compromise between the measurable minimum 7Li concentration and time resolution of the method must be considered. Additionally, the quality factor of the rf circuit could be optimized, and the sample volume could be increased, so that the number of nuclear spins in the sensitive area of the NMR instrument is larger.



R2,eff decreases with increasing cLi+ (Figure 6 right). This behavior cannot be explained by the increase in the viscosity of the solution with the increasing concentration of LiCl. The rotational correlation time, which is a measure of ion mobility in solutions, is proportional to viscosity [13]. According to BBP theory, an increase in R2,eff would be expected with increasing viscosity. However, the measurements show the opposite trend. It is therefore hypothesized that at high LiCl concentrations, the ion density affects the electric field gradients in the solution, and consequently, the fluctuating quadrupole interactions, differently than represented by the simple relaxation model that only considers solution viscosity.



The concentration-dependent 7Li measurements demonstrate the sensitivity of the signal amplitude to lithium concentration within technically relevant ranges. The method is therefore fundamentally well suited for use as a quantitative analytical technique in a lithium extraction plant.



The thermal waters used in lithium extraction often contain a high proportion of sodium. To assess the suitability of 7Li NMR for relaxation measurements to determine lithium concentration, the influence of sodium content on the 7Li relaxation must be investigated. For this purpose, 7Li measurements were performed on aqueous LiCl solutions with cLi+ = 29.91 g/L and different sodium concentrations between 0 g/L and 60 g/L Na+. The signal intensity and relaxation behavior remained identical for all samples measured. This indicates that heteronuclear dipolar interactions, for example via Na+ ions, have no significant influence on 7Li transverse relaxation at the given Larmor frequency. Thus, the signal intensity in 7Li NMR measurements can be interpreted as directly proportional to lithium concentration, making the method suitable for quantitative analysis in lithium extraction processes.




3.2.2. Static Measurements with the V Sensor


In addition to the measurements on the mq20, measurements were also performed with the V sensor and a probe adapted for 7Li NMR. With its compact design and ease of adaptation to different environmental conditions, this sensor has already proven its suitability in quality control applications [15,16,22,26]. Similar to the mq20 investigations, measurements were first carried out with the V sensor on the aqueous LiCl solutions with varying concentrations to assess measurability and determine the detection limit. The following NMR parameters were applied in the measurements (Table 5).



In contrast to the measurements with the mq20, the complete magnetization decays down to the noise level were captured due to the larger magnetic field gradient and the associated faster effective transverse relaxation due to diffusion (Figure 7 left). The magnetization decays were smoothed using a Savitzky–Golay filter to better visualize the dependencies.



A is proportional to cLi+, as expected. The smallest lithium concentration at which a usable 7Li signal could still be detected with the chosen NMR parameters is cLi+ = 4.04 g/L. Furthermore, R2,eff indicates that relaxation proceeds significantly faster at lower cLi+ (Figure 7 right). This correlation was also observed in the transverse relaxation measurements of the LiCl solutions with the mq20 (Figure 6). The higher value of R2,eff is attributed to the static magnetic field gradient in the sensor. Consequently, the measurements are sensitive to diffusion [27,28]. The experiments on the LiCl solutions demonstrate that the V sensor can be used effectively to measure Li+ concentration, laying the foundation for potential applications in quality control in lithium extraction processes.





3.3. Inline Measurements on Flowing Lithium-Containing Samples


For further investigation of potential applications, relaxation measurements were also made on an aqueous LiCl solution with cLi+ = 55 g/L using the V sensor in the described flow-through setup without the pre-polarizer. The mean flow velocity vmean was varied between 0 cm/s and 1.72 cm/s. The measurement parameters are identical to those in Table 5, except that the number of averages was set to 80. The magnetization decays were smoothed using a Savitzky–Golay filter (Figure 8 left).



The inline measurements show a monotonic effect of flow velocity on the magnetization decays. A can be modeled with a mono-exponential approach, clearly reflecting that A decreases with increasing vmean. This can be attributed to the inflow effect [29,30]. The inflow effect occurs when the residence time of the nuclear spins in the static magnetic field B0 of the sensor, here with a polarization length of 30 mm in the flow direction, is insufficient for the build-up of the longitudinal magnetization at the given longitudinal relaxation time. As a result, only partially magnetized volume elements enter the sensitive volume, leading to a smaller signal intensity compared to vmean = 0 cm/s. This circumstance is particularly relevant for samples with a large T1. Additionally, R2,eff increases with increasing vmean (Figure 8). This effect is referred to as the outflow effect. The nuclear spins excited by the excitation pulse partially flow out of the sensitive volume before the echo is detected. This results in a smaller integral signal intensity and, due to the echo train in a CPMG experiment, in a larger R2,eff, even though the true R2 of 7Li is independent of flow velocity.



The flow measurements show that even in a flowing sample, it is possible to determine the lithium content. However, the influence of flow velocity must be taken into account. This effect can partially be mitigated by using a pre-polarizer in front of the sensor, through which the sample flows. Due to the longer residence time in a static magnetic field, the longitudinal magnetization is larger at the time of excitation, resulting in a smaller decrease in signal intensity at higher vmean. For effective pre-polarization, it is crucial to minimize the distance between the pre-polarizer and the sensor, thus avoiding zero-crossing of the magnetic field and correctly orienting the magnetic fields relative to each other. In addition to reducing the inflow effect, the use of a pre-polarizer in conjunction with sample flow allows the recycle delay to be shortened accordingly, even more pronounced than in the single V sensor measurement in flow-through mode. The nuclear spins entering the sensitive volume have a fully developed longitudinal magnetization, allowing the transverse relaxation to be measured. In simple terms, after detection of an echo train, new nuclear spins with complete longitudinal magnetization are already available for excitation due to the flow and corresponding exchange of volume elements in the pipe. The recycle delay is thus determined not only by NMR relaxation but also by vmean. Using a shorter recycle delay allows more averages to be acquired within the same measurement time, thereby improving the signal to noise ratio for a given time period.



The investigations of the pre-polarizer in the experimental setup were carried out with an aqueous LiCl solution with cLi+ = 55 g/L and three different vmean values of 0 cm/s, 0.86 cm/s and 1.72 cm/s. The NMR parameters are listed in Table 5; the number of averages was set to 80. The pre-polarizer was arranged in a series of experiments so that the magnetic field was oriented parallel to the sensor’s B0. In another series, the magnetic field was arranged antiparallel to B0. It should be noted that the Larmor frequency shifts due to the pre-polarizer to 8.56 MHz with antiparallel orientation and 8.71 MHz with parallel orientation. The magnetization decays were smoothed using a Savitzky–Golay filter and compared to measurements without the pre-polarizer (Figure 9a–c). The signal amplitudes A for each decay were normalized to the corresponding A at vmean = 0 cm/s and plotted as a function of vmean to illustrate the influence of the pre-polarizer on the inflow effect (Figure 9d).



The measured magnetization decays for the series without the pre-polarizer (Figure 9a) show a pronounced decrease in signal intensity with increasing vmean due to the inflow effect. In the series with the pre-polarizer (Figure 9b,c), the signal reduction with increasing vmean is significantly less pronounced. This dependence can be quantified by analyzing the normalized signal amplitudes (Figure 9d). These decrease much more for the setup without the pre-polarizer than for the two series with the pre-polarizer. The parallel or antiparallel orientation of the pre-polarizer’s magnetic field has almost no effect on its performance. However, the signal to noise ratio is slightly better with parallel alignment, making this configuration preferable. The decrease in signal intensity with increasing vmean can be attributed to the limited length of the pre-polarizer and the laminar flow profile. Further improvement could be achieved by lengthening the pre-polarizer, resulting in longer mean residence times of the nuclear spins, or by using stronger magnetic fields for pre-polarization, while minimizing the gap between the magnets.



The investigations show that the use of the pre-polarizer is highly effective and further enables inline measurements with the sensor, especially for samples with long T1. Additionally, the recycle delay can be reduced because polarized spins continuously flow into the sensitive area. This allows faster measurements or an improved signal to noise ratio by increasing the number of averages.





4. Discussion and Conclusions


The potential of low-field NMR for quantifying lithium content in aqueous solutions and brines was investigated for possible quality control applications in a lithium extraction process. Both a modified commercial minispec mq20 and an NMR sensor developed for quality control in research environment were available for this purpose. Various methods were used in both static experiments and under flow conditions to investigate their applicability in laboratory and process environments. Although 1H NMR offers a good signal to noise ratio, the relaxation measurements are not solely selectively sensitive to the influence of Li+ ions, but are particularly influenced by paramagnetic ions and their specific concentrations. The implemented hardware modifications achieved high sensitivity for the 7Li nucleus on both NMR instruments, enabling quantitative measurements of lithium concentration in solutions with technically relevant compositions. This approach can also be implemented for measurements in flow-through mode. The use of a pre-polarizer significantly expands the range of applications and enables measurements with improved time resolution or enhanced signal quality. The investigations carried out as part of this study provide a robust and reliable basis for the application of low-field NMR in inline quality control within a lithium extraction process, helping to improve efficiency and reduce rejects. Of course, calibration needs to be redone in the context of an actual process environment, taking into account process variations and performing a thorough statistical analysis. Future investigations should include inline flow measurements on process samples under realistic process conditions and consider environmental factors such as temperature and pressure variations, vibrations, and electromagnetic interferences in a process plant.
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Figure 1. Picture of the V sensor with the 12 mm probe used for the 7Li measurements. For details, we refer to [22]. 
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Figure 2. Scheme of the experimental setup for flow measurements. The sample is provided in the reservoir (1) and is pumped with a peristaltic pump (2) through the pre-polarizer (3) and the V sensor (4) back to reservoir. 
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Figure 3. 1H magnetization decays of aqueous LiCl solutions with Li+ concentrations of ▲ 0 g/L, ■ 1 g/L, ⬤ 2 g/L, ▲ 4 g/L, ■ 8 g/L, ⬤ 16 g/L, ▲ 30 g/L, ■ 55 g/L. The influence of the LiCl on 1H relaxation behavior is evident. 
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Figure 4. Signal amplitude A (■) and effective transverse relaxation rate R2,eff (⬤) as a function of lithium concentration cLi+. A decreases almost exponentially with increasing cLi+, whereas R2,eff increases. The lines are visual guides. 
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Figure 5. 1H measurements of transverse relaxation with the mq20 on process samples at 35 (dark colors) and 70°C (light colors): 1 (■, ■), 2 (⬤, ⬤), 3 (▲, ▲), 4 (▼, ▼), 5 (⯁, ⯁) with the ion contents listed in Table 2. The faster the decay, the larger the content of paramagnetic ions in the samples. 
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Figure 6. Left: Initial 7Li magnetization decays of aqueous LiCl solutions as a function of Li+ concentration, measured with the mq20 (★ 0 g/L, ⯁ 1.02 g/L, ▼ 2.04 g/L, ▲ 4.04 g/L, ⬤ 8.03 g/L, ■ 15.66 g/L). Right: A (■) and R2,eff (⬤) from the mono-exponential decay model as a function of cLi+. Lines are visual guides. With increasing cLi+ A increases and R2,eff decreases significantly. The gray area indicates the 95 % confidence interval of a linear fit for A(cLi+). 
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Figure 7. Left: Smoothed 7Li magnetization decays of aqueous LiCl solutions with varying Li+ concentrations, measured with the V sensor (⯁ 4.04 g/L, ▼ 8.03 g/L, ▲ 15.66 g/L, ⬤ 29.91 g/L, ■ 54.96 g/L). Right: A (■) and R2,eff (⬤) as a function of cLi+. With increasing cLi+ A increases linearly and R2,eff decreases almost exponentially. The gray area indicates the 95 % confidence interval of a linear fit for A(cLi+). 
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Figure 8. Left: Smoothed 7Li magnetization decays of an aqueous LiCl solution with cLi+ = 55 g/L for inline measurements on a flowing sample with different vmean (■ 0 cm/s, ⬤ 0.36 cm/s, ▲ 0.7 cm/s, ▼ 1.03 cm/s, ⯁ 1.36 cm/s, ⯇ 1.72 cm/s). Right: A (■) and R2,eff (⬤) as a function of vmean. A decreases with increasing vmean, whereas R2,eff increases. The lines are visual guides. 
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Figure 9. Smoothed 7Li magnetization decays of measurements at vmean = 0 cm/s (■, ■, ■), vmean = 0.86 cm/s (⬤, ⬤, ⬤) and vmean = 1.72 cm/s (▼, ▼, ▼): Without the pre-polarizer (a), with the pre-polarizer in parallel orientation (b), and the pre-polarizer in antiparallel orientation (c). (d) Normalized signal magnitudes as a function of vmean for the sensor without the pre-polarizer (■), with the pre-polarizer in parallel orientation (▼), and with the pre-polarizer in antiparallel orientation (⬤). The dotted lines are visual guides. 
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Table 1. List of transverse relaxation measurements performed on the 1H and 7Li nuclei with the two low-field NMR instruments.
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	Measurement
	LiCl in Water Solutions
	Samples from a Lithium Extraction Process





	1H static, mq20
	x
	x



	7Li static, mq20
	x
	



	7Li static, V sensor
	x
	



	7Li flow, V sensor
	x
	










 





Table 2. Process samples and included chemical elements in mg/L, measured with ICP-OES.
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	Sample/

Element
	Li
	Na
	K
	Ca
	Sr
	Si
	Mg
	Mn
	Fe
	Cu
	Zn





	1
	27,109
	649
	185
	0.12
	0.19
	2.8
	0.005
	<0.21
	<0.99
	<5.5
	<0.71



	2
	884
	665
	252
	267
	13
	54
	3.6
	1.5
	2.4
	<0.53
	0.79



	3
	350
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	4
	176
	28,360
	4167
	8334
	418
	2.5
	5.8
	0.36
	<0.11
	<0.31
	<0.09



	5
	12
	28,657
	4205
	7998
	427
	62
	118
	26
	26
	<0.53
	5.3










 





Table 3. List of NMR parameters of the 1H relaxation measurements on aqueous LiCl solutions with the minispec mq20.
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	Parameter
	Value





	Larmor frequency
	20.02 MHz



	90° pulse duration
	7.76 µs



	Pulse attenuation
	24 dB



	Echo time τe
	8 ms



	Number of echoes n
	1500



	Recycle delay
	10 s



	Receiver gain
	59 dB



	Number of averages
	16










 





Table 4. List of NMR parameters of the 7Li relaxation measurements on aqueous LiCl solutions with the minispec mq20.
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	Parameter
	Value





	Larmor frequency
	7.77 MHz



	90° pulse duration
	7 µs



	Pulse attenuation
	10 dB



	Echo time τe
	2.8 ms



	Number of echoes n
	600



	Recycle delay
	20 s



	Receiver gain
	119 dB



	Number of averages
	16










 





Table 5. List of NMR parameters of the 7Li relaxation measurements on aqueous LiCl solutions with the V sensor.
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	Parameter
	Value





	Larmor frequency
	8.64 MHz



	90° pulse duration
	15.5 µs



	Pulse attenuation
	7 dB



	Echo time τe
	1.5 ms



	Number of echoes n
	3199



	Recycle delay
	20 s



	Receiver gain
	110 dB



	Number of averages
	176
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