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Abstract

:

Tebuthiuron is a selective herbicide for woody species and is commonly manufactured and sold as a granular formulation. This project investigated the use of infrared spectroscopy for the quality analysis of tebuthiuron granules, specifically the prediction of moisture content and tebuthiuron content. A comparison of different methods showed that near-infrared spectroscopy showed better results than mid-infrared spectroscopy, while a handheld NIR instrument (MicroNIR) showed slightly improved results over a benchtop NIR instrument (Antaris II FT-NIR Analyzer). The best-performing models gave an R2CV of 0.92 and RMSECV of 0.83% w/w for moisture content, and R2CV of 0.50 and RMSECV of 7.5 mg/g for tebuthiuron content. This analytical technique could be used to optimise the manufacturing process and reduce the costs of post-manufacturing quality assurance.
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1. Introduction


Tebuthiuron is a thiadiazolyl urea herbicide (Figure 1) primarily used for the control of woody plants. Application is typically via pellet-type (granular) formulations containing tebuthiuron (200–400 mg/g), which may be applied from the ground (either by hand or mechanically), or aerially dispersed if a large area is to be treated. As tebuthiuron is highly water-soluble [1], it leaches from the granules into the soil [2], where it is subsequently absorbed by the roots and translocated to the leaf tissue [3]. Its mode of action is through inhibition of Photosystem II, thus preventing photosynthesis in the affected plant [4]. The degradation and persistence of tebuthiuron is still an area under investigation, with studies reporting half-lives between 20 days [5] and 16–22 days [6], to as high as one year [7], 12.9 months [8], ‘considerably greater’ than 15 months [9] and even 2–7 years [10]. du Toit and Sekwadi [11] reported that tebuthiuron residue remained active in soil for 8 years after application.



The structure of tebuthiuron includes two amide bonds (sharing the one carbonyl group) and a unique aromatic thiadiazolyl group (Figure 1), which should make it well-suited to detection by non-destructive analytical techniques such as infrared spectroscopy. Both of these chemical moieties would be expected to show distinct spectral characteristics in the mid-infrared (MIR) and near-infrared (NIR) regions. Additionally, the high concentration of tebuthiuron in most commercial tebuthiuron products (200–400 mg/g), should make it relatively simple to detect using MIR/NIR spectroscopy. The benefits of infrared spectroscopy over traditional analytical techniques include its speed (real-time), no ongoing costs related to traditional analysis costs, non-destructiveness and versatility (many units are portable; some are even handheld).



The previous literature has documented the use of NIR spectroscopy for the prediction of pesticide concentrations in liquid solutions [12], although this particular study did not analyse pesticides present in granular/powder form. Other authors have used MIR spectroscopy for the production quality control of numerous pesticides in liquid and solid forms [13]. Consequently, there is increasing interest in the use of infrared spectroscopy as a process analytical technology (PAT) tool [14]. However, no previous studies were found using infrared spectroscopy for the analysis of tebuthiuron content in any sample matrices.



Consequently, the aim of this work was to investigate the prospect of using infrared spectroscopy for a rapid, non-invasive method for the assessment of tebuthiuron and moisture, another important analyte in the manufacturing quality assurance process. This included a comparison of the performance of different infrared spectrophotometers for this purpose.




2. Materials and Methods


2.1. Sample Description


Sixty-eight (68) granular tebuthiuron samples (Regain™ brand) were manufactured by Cirrus Ag (North Rockhampton, Australia) over a period of approximately 10 months (April 2021–February 2022). These were each collected at specific time points as the final product came off the manufacturing line. The samples were stored in an air-conditioned room (approx. 20 °C) after receipt at the laboratory. Additionally, five samples of tebuthiuron powder (>95% purity) were included for comparative purposes, although they were not included in the quantitative modelling.



Two types of Regain formulation were produced by Cirrus Ag: one containing 200 mg/g of the active ingredient (i.e., tebuthiuron) and the other containing 400 mg/g. Throughout the manuscript, these are abbreviated at Regain200 and Regain400, respectively. The exact composition of the Regain granules is a trade secret, hence cannot be disclosed in this paper.




2.2. Sample Preparation


To ensure representative sampling of the granules upon receipt at the laboratory, each sample bag was thoroughly shaken and pellets were subsampled from at least 6 different locations throughout the bag. Approximately half of the sample (20–30 g) was subsampled, with the pellets then ground to a fine powder (Breville Coffee & Spice Grinder; Botany, NSW, Australia). When weighing out the required mass of powder for each extraction, care was taken to ensure that powder from at least 3 different locations within the sample subset was included.




2.3. Analysis of Moisture Content


The moisture content was measured on the intact (unground) Regain samples. Approximately 3 g of each sample was weighed into a pre-weighed aluminium foil tray, before being dried in a laboratory oven (Memmert 400; Buechenbach, Germany) at 110 °C overnight (16 h) until reaching a constant mass. After cooling to room temperature, the samples were reweighed, with the moisture content was determined as the loss in mass upon drying. Only one replicate was performed for each sample; however, triplicate analyses were performed on one sample to assess the reproducibility of the method.



To provide an extra data point for the NIR prediction of moisture content, the dried granules from all 68 samples were combined and mixed thoroughly. This aggregate granule sample was taken to have a moisture content of 0%, as it had been already dried at 110 °C for 16 hrs and did not lose any mass upon further drying.




2.4. Tebuthiuron Extraction Protocol


The extraction method was adapted from Lydon et al. [15] and validated by our laboratory. Approximately, 30 mg of the finely ground Regain powder was weighed into a 50 mL centrifuge tube. The total mass of the tube + sample was then recorded, before 20 mL of 90% v/v methanol was added using a calibrated bottle-top dispenser. The tube + sample + methanol was then re-weighed, with the determined mass of methanol converted to volume using the density of 90% methanol (0.823 ± 0.001 g/mL; n = 6 independent measurements). This allowed for the added volume of methanol to be determined with a much higher level of accuracy than that which could be obtained using a calibrated pipette.



The powder was extracted using an end-over-end shaker (Ratek RM-4; Boronia, VIC, Australia) operating at 50 rpm for 30 min. The extract was then centrifuged (1000 rcf for 5 min) and the supernatant collected for direct HPLC analysis (no dilution required). All samples were extracted and analysed in triplicate.




2.5. Tebuthiuron Analysis by HPLC


The tebuthiuron content of the methanol extracts was determined by high-performance liquid chromatography (HPLC). The HPLC analysis method used was adapted from Ferracini et al. [16]. Tebuthiuron was quantified on an Agilent 1100 HPLC system, comprising a G1313A autosampler, G1322A vacuum degasser, G1311A quaternary pump and G1315B diode array detector. A reversed-phase C18 column was used (Agilent Eclipse XDB-C18; 250 × 4.6 mm; 5 µm pore size; Agilent Technologies, Santa Clara, USA) along with a C18 guard column (Agilent Eclipse XDB-C18; 12.5 × 4.6 mm; 5 µm pore size). The injection volume was 5 µL and the detection wavelength was 254 nm. The elution method was an isocratic mixture of 50% methanol/50% water, at a flow rate of 1 mL min−1. The total run time was 15 min.



The tebuthiuron concentration of the samples was determined using an external calibration of analytical-grade tebuthiuron standard (Sigma-Aldrich Australia; North Ryde. NSW, Australia), ranging between 100–1000 mg L−1. Results were expressed as mg/g, on an as-is basis.



Figure 2 shows a typical chromatogram obtained from the extract of a Regain400 sample, demonstrating the absence of any interfering compounds at the selected wavelength.



There was no clear consistency in the literature for the λmax or detection wavelength for tebuthiuron. Weber [17] reported λmax values of 252 nm in neutral solution and 261 nm in acidic conditions for tebuthiuron. Lourencetti et al. [18] found a λmax of 255 nm, while more recently, Ferreira et al. [19] reported the λmax of tebuthiuron to be 253 nm. Similarly, Lydon et al. [15] used a wavelength of 254 nm for the quantification of tebuthiuron via HPLC, while other authors have used 245 nm [20] and 247 nm [16,18].



Consequently, preliminary investigations were conducted to determine the optimum detection wavelength to use for HPLC analysis, through HPLC-DAD analysis and scanning tebuthiuron solutions using a Thermo Scientific Genesys 10S UV-Vis spectrophotometer (Sydney, Australia).




2.6. Validation of the HPLC Method


To assess the linearity of the HPLC method, tebuthiuron standards were prepared between 0.1–1000 mg L−1 and analysed using HPLC.



To assess the intra-day precision of the method, six replicate injections of 100 mg L−1 tebuthiuron standard were analysed on the same day. Similarly, the inter-day precision was assessed by injecting a sample of 100 mg L−1 tebuthiuron standard over six different days and comparing the peak areas.



To assess the stability of the methanolic tebuthiuron extracts, one Regain extract was analysed immediately following extraction and re-analysed after it had been stored for 8 days at room temperature.



The reproducibility of the finalised extraction method was determined by extracting and analysing 20 Regain samples each in triplicate, with the %CV calculated for each sample. In addition, the reproducibility of the extraction and HPLC method was assessed by performing 7 replicate extractions on one sample of homogenised Regain400 powder.




2.7. Assessment of Sample Variation


Based on preliminary results and observations during the manufacturing process, it was thought that there could be a high level of variation in tebuthiuron content between different portions of each Regain batch. To test this hypothesis, ten samples were randomly selected from different parts of one Regain400 sample (see Figure 3). These were then ground, extracted and analysed separately (each in triplicate).




2.8. Collection of FTIR Spectra


Mid-infrared (MIR) spectra were collected from the powdered samples using a Bruker Alpha FTIR (Fourier transform infrared) spectrophotometer (Bruker Optics Gmbh, Ettlingen, Germany) fitted with a platinum diamond attenuated total reflectance (ATR) single reflection module. FTIR spectroscopy requires the samples to be in a powdered form, as it necessitates firm contact between the sample and the ATR platform used to collect the spectra. Consequently, the FTIR spectra could only be collected from the powdered Regain samples, not the whole granular product.



The reflection module was covered with powder (approximately 100–200 mg) and pressure was applied to achieve uniform contact between the ATR interface and powder. Air was used as a reference background; the background measurement was performed every 15 min. Cross-contamination of samples was minimised by cleaning and drying the platform with isopropyl alcohol and laboratory Kimwipes® between samples. Using the OPUS software version 7.5 (Bruker Optics Gmbh, Ettlingen, Germany), the FTIR spectra were recorded between 4000 and 400 cm−1 as the average of 24 scans at a resolution of 4 cm−1. Three spectra were collected from each sample, repacking the instrument with fresh powder each time.




2.9. Collection of NIR Spectra—Benchtop Instrument


Near-infrared (NIR) spectra were collected from both the granular and powdered Regain samples using Antaris II FT-NIR Analyzer (Thermo Scientific; Madison, WI, USA). This instrument provides a high level of accuracy and reproducibility, making it highly suitable for method development purposes. Throughout the report, this is referred to as the “benchtop” NIR method.



The instrument was operated in reflectance mode, using the integrating sphere with a rotating sample cup (30 mm diameter). Spectra were collected between 1000–2500 nm (10,000–4000 cm−1), as the mean of 32 scans (resolution of 8 cm−1). The optimised gain was found to be 2×, with an empty attenuator screen. Background (dark) reference measurements were collected every hour. Spectra were collected in triplicate, repacking the sample cup with fresh granules or powder each time. The spectra were exported in *.csv format, with the mean of the triplicate spectra for each sample used in subsequent data analysis.




2.10. Collection of NIR Spectra—Handheld Instrument


NIR spectra were also collected from the granular Regain samples using a handheld NIR instrument, in order to determine the typical accuracy that could be obtained using portable NIR instrumentation. Handheld instrumentation would be greatly beneficial in an industrial setting due to its portability and lower cost (less than 1/3 of the benchtop Antaris instrument). Furthermore, instruments such as the MicroNIR may be suitable for installation as in-line sensors in an industrial setting.



A MicroNIR OnSite handheld spectrometer (Viavi; Santa Rosa, CA, USA) was used for this work. Spectra were collected across the full wavelength range of this instrument (908–1676 nm); the integration time was set to 100 ms. Reference dark and light spectra were collected every 10 min. Again, spectra were collected in triplicate and exported in *.csv format. The mean of the triplicate spectra for each sample was used in subsequent data analysis.




2.11. Independent Test Set—Using Handheld NIR


The best-performing infrared spectrophotometer was applied to an independent test set (i.e., samples not used in the model calibration). For this, thirteen additional samples (12 of Regain400 and 1 of Regain200) were sourced from Cirrus Ag (Rockhampton, Australia). NIR spectra were collected from the granules using the MicroNIR instrument and predictions made using the optimum model for each analyte.




2.12. Data Analysis


Chemometric analysis of the infrared spectra was conducted in the Unscrambler X 10.5 software (Camo ASA, Oslo, Norway). A variety of pre-processing methods were trialled, including the use of the standard normal variate (SNV) algorithm and the 1st and 2nd derivatives were calculated using a Savitzky–Golay algorithm with varying numbers of smoothing points. These are abbreviated as number–letter combinations showing the derivative number and number of smoothing points, e.g., 1d5 indicates 1st derivative with 5 smoothing points.



Partial least squares regression (PLSR) was used as the regression method. The maximum number of components considered in each model was set to 7, to reduce the possibility of overfitting. Full cross-validation of the PLSR models was conducted using the leave-one-out method.



To avoid creating a ‘two-point’ model, only Regain400 samples were included in the models for tebuthiuron content. The spectra and loadings were plotted using R Studio running R 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria) [21].





3. Results and Discussion


3.1. Validation of the HPLC Method


Analysis of the tebuthiuron peak using HPLC-DAD showed that the maximum absorbance was located at 254 nm (Figure 4). This was confirmed by subsequent UV spectral scans of pure tebuthiuron standard in 100% methanol, which revealed a λmax of 253.5 nm. Hence, a detection wavelength of 254 nm was chosen for this work, agreeing with Lydon et al. [15].



For the analysis of linearity, the tebuthiuron standards were found to be linear over the range of 0.1–1000 mg L−1, with an R2 value of 0.9999 (Figure 5).



As can be seen in Table 1, the intra-day precision of the HPLC method was quite high, with a mean relative error (coefficient of variation) of 0.35%. The inter-day precision was slightly poorer than the intra-day precision (Table 1), with a mean coefficient of variation of 0.95%.



For the assessment of extract stability at room temperature, there was virtually no change in the tebuthiuron concentration (CV = 0.07%), indicating high stability of the tebuthiuron content over the 8 day storage period (Table 2).



Reproducibility of the Extraction and HPLC Method


In order to create accurate prediction models using infrared spectroscopy, it is essential to have accurate analytical protocols for quantifying the analyte in question. In other words, the “reference” values used to calibrate the IR models must be accurate; otherwise, the IR models will be of no use.



For the reproducibility of the finalised extraction method, the mean %CV of the 20 samples extracted and analysed in triplicate was 2.1 ± 1.8% (n = 20), indicating an acceptable level of reproducibility.



Additionally, for the seven extractions performed on a single homogenised, powdered sample of Regain400, most of the replicate measurements showed good agreement with one another. One result (Replicate 2) was identified as an outlier and removed from subsequent calculations (Table 3). The mean content of the remaining samples was 401.3 ± 7.0 mg/g tebuthiuron, corresponding to a coefficient of variation of 1.74%.



Furthermore, the mean coefficient of variation across 104 samples—each analysed in triplicate—was 1.46%, corresponding to an error ±5.8 mg/g for a sample with a nominal tebuthiuron content of 400 mg/g. This supported the reproducibility of the HPLC method for measuring tebuthiuron content in the Regain samples. In addition, the routine use of triplicate analyses for the assessment of tebuthiuron content allows for the detection and removal of any outlier results.





3.2. Observations on Moisture Content


The standard deviation (i.e., laboratory error) of the triplicate moisture analysis was found to be 0.42% w/w (Table 1), with a coefficient of variation of 3.9%, indicating acceptable analytical error.



In the samples of Regain400, a moderate negative correlation between the tebuthiuron and moisture content was found (Figure 6); however, this relationship was very weak (R2 = 0.05).




3.3. Assessment of Spatial Variation in the Sample


The results from the sample variation experiment indicated a moderate amount of spatial variation in the tebuthiuron content, with the mean content of each sampling replicate ranging from 412.3–421.0 mg/g (Table 4). The mean content was 416.1 ± 3.3 mg/g, giving a coefficient of variation of 0.79%. The results are also shown visually in Figure 7.




3.4. Analysis of FTIR Spectra


Figure 8 shows the FTIR spectra of one of the Regain samples, overlaid with the FTIR spectra of a sample of pure tebuthiuron powder. The tebuthiuron spectrum appeared similar to literature records on SpectraBase (https://spectrabase.com/spectrum/Gwi6TOkmgNy; accessed on 22 June 2022), with a complex pattern of peaks. The major peaks and their aetiological bonds are summarised in Table 5. Not all of the peaks between 1500–900 cm−1 were able to be confidently assigned identities, due to the complexity in this region. The Regain400 sample showed additional peaks at 1026, 1002, 910 and <600 cm−1, due to absorptions from the other matrix constituents. In contrast, the pure tebuthiuron powder samples showed minimal absorbance in this region (1026–910 cm−1).



Partial least squares regression performed on the FTIR spectra indicated that this technique could be used to predict the moisture content of the samples with reasonable accuracy (R2cv = 0.85; RMSECV = 1.12%; Table 6). The RPD (ratio of performance to deviation; equal to the standard deviation of the entire calibration set divided by the RMSECV) was 2.55, indicating good predictive ability for this analyte [28].



However, FTIR spectroscopy was unable to predict the tebuthiuron content of the Regain400 samples with a high level of accuracy (R2cv = 0.43; RMSECV = 8.0 mg/g; RPD = 1.32). The best-performing results for both moisture and tebuthiuron content were found using standard normal variate (SNV) pre-processing of the FTIR spectra (Figure 9 and Figure 10).




3.5. Analysis of Benchtop NIR Spectra—Granules


The NIR spectra collected from the whole Regain granules is shown in Figure 11. Four of the oldest samples (shown in blue) had much lower absorbances across the NIR spectrum; possibly due to a different matrix composition for the non-active ingredients. These samples also contained the lowest moisture contents. However, the NIR spectra of the remaining samples were more consistent.



The main peaks observed in a pure (99.6% assay) sample of tebuthiuron powder (Figure 12) were at 1190, 1380, 1506, 1733 (shoulder), 2042 and 2269 nm. These were attributed to CH3 (second overtone), CH3 (second overtone), amide bond (second overtone), S-H (first overtone), C-S-C stretch and amide bond (amide I and III region), respectively [29].



The Regain400 samples showed additional peaks at 1396 (weak), 1415 (strong), and 2210 nm (strong) (cf. Figure 11). These are most likely attributable to CH3 (second overtone), H2O (second overtone) and CHO or CH3 combination bands, arising from non-active ingredients of the formulation (e.g., from organic matter in clay components or from polymer-like ingredients) [30].



The best-performing PLSR models for the prediction of moisture and tebuthiuron content using the benchtop Antaris NIR instrument are shown in Table 7. The highest accuracy for the prediction of moisture content was found using no pre-processing (Figure 13); however, the best model for tebuthiuron content used 2d11 pre-processing (Figure 14).



The model accuracy was quite high for moisture content (R2cv of 0.93 and RMSECV of 0.85%); however, the prediction results for tebuthiuron content were somewhat poorer (R2cv of 0.46 and RMSECV of 7.9 mg/g). However, the RMSECV of the tebuthiuron calibration was only slightly lower than the standard deviation of the analytical (HPLC) reference method (7.0 mg/g). Consequently, this indicates that the accuracy of the NIR method was approaching the maximum accuracy expected using this reference method.



The model loadings for the moisture content PLSR model showed positive contributions from the peaks at 1936, 1450 and 1190 nm (Figure 15). These regions correspond to the H2O 1st overtone, amide second overtone and C-H second overtone, respectively. The greatest contribution was observed from the H2O 1st overtone, confirming that the model was principally measuring moisture in the samples. The smaller contribution from the amide region should be considered in future investigations, as it appears that the tebuthiuron content may be moderately influencing the model.



The loading plot for the tebuthiuron content model (Figure 16) showed major contributions in the 2200–2400 nm region, corresponding to the CH3 combination band and amide I and III regions. Contributions were also observed around 1420 nm (H2O second overtone) and 1700 nm (S-H first overtone). Again, this confirmed that the model was principally looking at tebuthiuron in the sample, with a possible minor influence of moisture content.




3.6. Analysis of Benchtop NIR Spectra—Powder


Generally, the accuracy of results obtained by NIR spectroscopy is improved by having a more homogenous sample matrix. Large particle sizes can lead to light scattering effects, which in turn biases the resultant NIR spectra obtained [31,32]. Using finely powdered matrices reduces this scattering effect and may consequently provide improved insight into the true sample composition. Consequently, the granule samples were ground to a fine powder and the NIR spectra collected from the powdered samples using the benchtop Antaris instrument. Figure 17 shows the NIR spectra of the powdered Regain samples, which were quite similar to the spectra collected from the granules (cf. Figure 11).



The results for the prediction of moisture and tebuthiuron content from the powdered samples are shown in Table 8. Interestingly, the moisture prediction was less accurate when using the powdered samples compared to the whole granules, with an RMSECV of 1.02% for the best-performing model, compared to an RMSECV of 0.85% for the granules. This is an important observation from a rapid quality control viewpoint, as it indicates that NIR spectra obtained from the intact/whole Regain granules will perform just as well—if not better—than spectra obtained from the powdered samples, thus removing the need for the time-consuming grinding process.



In contrast, the prediction accuracy for tebuthiuron content was slightly increased compared to NIR spectra collected from the whole granules (RMSECV of 7.7 mg/g, compared to 7.9 mg/g). However, this slight increase in accuracy would not be significant enough to justify the additional sample preparation time in most practical applications.




3.7. Analysis of Handheld NIR Spectra—Granules


Given the promising results observed for the benchtop NIR spectra collected from the granules, the MicroNIR spectra were only collected from the granular Regain samples, not the powdered Regain samples. Additionally, the analysis of powder samples using this handheld instrument would require the instrument to be cleaned after every sample to prevent cross-contamination, adding to the time taken to collect the NIR spectra from each sample.



The NIR spectra of the Regain granules collected with the MicroNIR instrument are shown in Figure 18. The wavelength range of this instrument (908–1676 nm) is narrower than that of the benchtop Antaris instrument (1000–2500 nm); however, it still contains important information in the regions of 1185 nm (CH3 second overtone), 1360 nm (shoulder; CH3 second overtone), 1408 nm (H2O second overtone) and 1509 nm (amide bon d second overtone). Consequently, it was expected that this wavelength range could still be used for the prediction of moisture and tebuthiuron content.



The performance statistics for the models developed for the prediction of moisture and tebuthiuron content using the MicroNIR spectra are shown in Table 9. Notably, the best models for moisture and tebuthiuron content were both slightly better (lower mean error) than those previously found using the benchtop NIR instrument. This supports the proposition of using handheld NIR instrumentation for real-time quality assessment of Regain products.



As seen from the calibration graph in Figure 19, the MicroNIR instrument was able to predict the moisture content of the Regain samples with reasonably high accuracy across most of the range tested. Towards the higher range of moisture contents (>12%), the accuracy flattened off, with the model under-predicting the moisture content of all of these samples.



The loading plot of the PLSR model for moisture content (Figure 20) shows the greatest contribution at 1410 nm, corresponding to the second overtone of H2O. A minor positive contribution was also observed at 1156 nm (CH3 second overtone) as well as negative contributions around 1497 nm (likely corresponding to the second overtone of the amide region).



The calibration graph for tebuthiuron content showed increased variability compared to the moisture content prediction (Figure 21), with a few samples which could potentially be outliers. The R2 for cross-validation was not particularly high (0.53), but the RMSECV was quite good (7.5 mg/g), particularly compared to the mean laboratory error of 7.0 mg/g for tebuthiuron analysis using HPLC. Inclusion of a larger number of samples, particularly covering a wider calibration range, could potentially improve the prediction accuracy.



The loadings plot for tebuthiuron prediction (Figure 22) showed the largest contributions at 1379 and 1453 nm. These likely correspond to the CH3 second overtone and amide band overtone. Both of these bonds are found in the structure of tebuthiuron (Figure 1).




3.8. Comparison of Different Instruments and Sample Matrices


Table 10 provides a succinct summary of the best-performing models from all the different methods of infrared spectroscopy trialled, as well as the different matrix types (powder vs. granules).



The best-performing models were found using the handheld MicroNIR instrument, applied to the whole Regain granule samples. This was true for both moisture and tebuthiuron content. Consequently, this demonstrates that the handheld MicroNIR instrument should be highly suitable for the rapid, in-situ quality assessment of Regain granules throughout the manufacturing process.




3.9. Independent Test Set—Handheld NIR


The final stage of this work was to test the performance of the handheld NIR models using an independent set of samples (i.e., ones not used in the model calibrations). NIR spectra were collected from the granules using the MicroNIR instrument and predictions made using the optimum model for each analyte.



All of the PLS scores of the test set lay within the bounds of the scores of the calibration set (Figure 23), indicating that the spectra of the test set samples were similar enough to the spectra of the calibration set to allow accurate predictions to be made.



The prediction results are shown in Table 11, alongside the reference measurements. Most of the moisture predictions were relatively close, with a mean prediction error of +0.36% w/w. The RMSEP (root mean square error of prediction) was 0.93% w/w, with a R2pred of 0.52.



Similarly, the prediction of tebuthiuron was quite accurate, with a mean prediction error of just +0.3 mg/g. The range of prediction errors varied between −7 and +5 mg/g. As shown in Figure 24, the prediction results were relatively linear (R2pred = 0.63), with an RMSEP of 3.8 mg/g. Again, this was well within the expected range of error associated with the HPLC reference method (7 mg/g).



It should be noted that the single Regain200 sample was excluded from the tebuthiuron prediction results, as the model had only previously been trained on the Regain400 samples; therefore, we could not predict the tebuthiuron content of the Regain200 sample with acceptable accuracy.





4. Conclusions


The results from this study suggest that NIRS is quite accurate for the rapid prediction of moisture content and moderately accurate for the prediction of tebuthiuron content. Handheld and even benchtop NIR devices could not only allow for rapid quality control, but also for improvement of the manufacturing process. This form of rapid, on-site testing with sufficient accuracy could allow for isolation of sources of process variation and guide targeted efforts to minimize their effects. This is particularly important as unwanted variations in the processes can be costly, cause manufacturing downtime, or be an indication of phenomena that reduce the plant reliability and performance. Overall, the results found here support the use of the handheld MicroNIR instrument for future studies and potential real-time implementation. Furthermore, the use of a larger calibration set is likely to moderately improve the prediction accuracy of the tebuthiuron model.
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Figure 1. The chemical structure of tebuthuiron. Retrieved from http://www.chemspider.com/ (accessed on 28 September 2022) under Creative Commons 4.0 license. 
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Figure 2. A typical HPLC chromatogram of a Regain extract, with the location of the tebuthiuron peak indicated. 
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Figure 3. Sampling of the ten spatial replicates of the Regain400 sample. The red circles show the sampled areas. 
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Figure 4. The UV spectra of a Regain extract, showing the λmax at 254 nm. 
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Figure 5. Linearity of the tebuthiuron standards. 
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Figure 6. Relationship between the tebuthiuron content and the moisture content of the Regain400 samples. 
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Figure 7. The mean tebuthiuron contents for the ten spatial replicates analysed. The numbers over each sample location provide the mean tebuthiuron content in mg/g. 
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Figure 8. FTIR spectra of a typical powdered 400 mg/g Regain sample and a sample of pure tebuthiuron powder (99.6% purity). 






Figure 8. FTIR spectra of a typical powdered 400 mg/g Regain sample and a sample of pure tebuthiuron powder (99.6% purity).



[image: Eng 03 00041 g008]







[image: Eng 03 00041 g009 550] 





Figure 9. The results of the best-performing PLSR model for the prediction of moisture content using the FTIR spectra of the Regain samples (using SNV pre-processing). The blue points show the model calibration, while the red points show the model cross-validation. 
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Figure 10. The results of the best-performing PLSR model for the prediction of tebuthiuron content using the FTIR spectra of the powdered Regain400 samples (using SNV pre-processing). The blue points show the model calibration, while the red points show the model cross-validation. 
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Figure 11. The benchtop NIR spectra of the Regain granules, coloured by moisture content. 
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Figure 12. The NIR spectra of a sample of pure tebuthiuron powder (99.6% assay), measured using the benchtop Antaris instrument. 
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Figure 13. The results of the best-performing PLSR model for the prediction of moisture content using the benchtop NIR spectra collected from the Regain granules (using no pre-processing). The blue points show the model calibration, while the red points show the model cross-validation. 
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Figure 14. The results of the best-performing PLSR model for the prediction of tebuthiuron content using the benchtop NIR spectra collected from the Regain400 samples (using 2d11 pre-processing). The blue points show the model calibration, while the red points show the model cross-validation. 
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[image: Eng 03 00041 g014]







[image: Eng 03 00041 g015 550] 





Figure 15. Loadings plot for the prediction of moisture content in Regain granules using the benchtop Antaris NIR instrument. 
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Figure 16. Loadings plot for the prediction of tebuthiuron content in Regain granules, using the benchtop Antaris NIR instrument. 
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Figure 17. The benchtop NIR spectra of the powdered Regain samples, coloured by moisture content. 
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Figure 18. The handheld MicroNIR spectra of the Regain granules, coloured by moisture content. 
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Figure 19. MicroNIR prediction of moisture content. The blue points show the model calibration, while the red points show the model cross-validation. 
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Figure 20. Loadings plot for the prediction of moisture content using the MicroNIR instrument. 
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Figure 21. MicroNIR prediction of tebuthiuron content. The blue points show the model calibration, while the red points show the model cross-validation. 
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Figure 22. Loadings plot for the prediction of tebuthiuron content using the MicroNIR instrument. 
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Figure 23. Scores plot of the calibration and test set spectra. 
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Figure 24. The predicted vs. measured tebuthiuron content of the Regain 400 samples in the independent test set (n = 12). 
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Table 1. Intra-day and inter-day precision of replicate injections of 100 mg L−1 tebuthiuron standards analyzed using the HPLC method.
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	Injection
	Peak Area
	Day
	Peak Area





	1
	1451.1
	1
	1463.2



	2
	1460.8
	2
	1466.3



	3
	1464.0
	3
	1460.2



	4
	1466.3
	4
	1453.8



	5
	1465.8
	5
	1428.2



	6
	1468.3
	6
	1450.5



	Mean ± SD
	1463.2 ± 5.1
	Mean ± SD
	1453.7 ± 13.8



	%CV
	0.35%
	%CV
	0.95%
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Table 2. Stability of the Regain methanolic extract after 8 days of storage at room temperature.






Table 2. Stability of the Regain methanolic extract after 8 days of storage at room temperature.





	Sample
	Peak Area
	Tebuthiuron (mg/g)





	Initial extract
	4019.6
	403.5



	After 8 days at room temperature
	4023.4
	403.9
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Table 3. Replicate tebuthiuron content measurements performed on replicate extracts from one powdered, homogenised Regain400 sample.
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	Replicate
	Tebuthiuron Content (mg/g)





	1
	396.5



	2
	422.9 #



	3
	399.1



	4
	392.1



	5
	406.6



	6
	411.5



	7
	402.1



	Mean
	401.3



	SD
	7.0



	%CV
	1.74%







# Flagged as an outlier and excluded from subsequent analysis
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Table 4. Assessment of the variation in tebuthiuron content between different portions of one Regain400 sample.
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Tebuthiuron Content (mg/g)




	
Location

	
Replicate

	
Intra-Replicate Analyses

	
Mean Content

	
Within-Sample %CV






	
Location 1

	
Replicate A

	
405.9

	

	




	

	
Replicate B

	
416.8

	

	




	

	
Replicate C

	
421.4

	
414.7

	
1.91%




	
Location 2

	
Replicate A

	
411.8

	

	




	

	
Replicate B

	
414.0

	

	




	

	
Replicate C

	
461.3 #

	
412.9

	
0.39%




	
Location 3

	
Replicate A

	
419.7

	

	




	

	
Replicate B

	
413.8

	

	




	

	
Replicate C

	
404.3

	
412.6

	
1.89%




	
Location 4

	
Replicate A

	
424.0

	

	




	

	
Replicate B

	
404.5

	

	




	

	
Replicate C

	
408.5

	
412.3

	
2.49%




	
Location 5

	
Replicate A

	
420.1

	

	




	

	
Replicate B

	
416.8

	

	




	

	
Replicate C

	
409.9

	
415.6

	
1.26%




	
Location 6

	
Replicate A

	
431.1

	

	




	

	
Replicate B

	
417.3

	

	




	

	
Replicate C

	
414.5

	
421.0

	
2.12%




	
Location 7

	
Replicate A

	
417.2

	

	




	

	
Replicate B

	
420.1

	

	




	

	
Replicate C

	
417.6

	
418.3

	
0.38%




	
Location 8

	
Replicate A

	
417.1

	

	




	

	
Replicate B

	
412.2

	

	




	

	
Replicate C

	
412.6

	
414.0

	
0.65%




	
Location 9

	
Replicate A

	
415.9

	

	




	

	
Replicate B

	
419.4

	

	




	

	
Replicate C

	
422.6

	
419.3

	
0.79%




	
Location 10

	
Replicate A

	
417.4

	

	




	

	
Replicate B

	
428.7

	

	




	

	
Replicate C

	
413.5

	
419.9

	
1.87%




	
Mean

	

	
416.2 (n = 29)

	
416.1 (n = 10)

	
1.40% (n = 10)




	
SD

	

	
6.3 (n = 29)

	
3.3 (n = 10)

	
-




	
%CV

	

	
1.52% (n = 29)

	
0.79% (n = 10)

	
-








# Flagged as an outlier and excluded from subsequent analysis
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Table 5. The major peaks observed in the FTIR spectrum of pure tebuthiuron powder and their assigned bonds.
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	Peak (cm−1)
	Appearance
	Bond
	Reference





	3366
	Medium
	N-H stretch of secondary amine
	[22]



	2961
	Medium
	C-H stretch of methyl group

(shoulder may be due to sulfide bond)
	[22]



	1672
	Strong
	C=O stretch of secondary and tertiary amide (Amide I band)

C=N stretch of imine may also contribute
	[22]



	1526
	Strong
	N-H bend and C-N stretch (Amide II band)

N-H bend may also be contributed from secondary amine
	[23]



	1478
	Strong
	Unknown (thiadiazyl group likely contributing)
	



	1451
	Strong
	C-H bend of methyl group
	[22]



	1410
	Strong
	Unknown (thiadiazyl group contributing)
	



	1328
	Strong
	-
	



	1238
	Strong
	Tentative: Amide III band
	[24]



	1210
	Strong
	-
	



	1161
	Medium
	Tentative: C-N stretch of amine
	[22]



	1090
	Medium
	C=N stretch of imine
	[25]



	1062
	Medium
	Unknown (thiadiazyl group contributing)
	



	905
	Weak
	=C-N bond
	



	767 & 756
	Strong
	C-S stretch

May be some contribution from N-H wag of secondary amine
	[26]



	654
	Medium
	C-S stretch
	[27]
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Table 6. Optimum pre-processing methods for the prediction of moisture and tebuthiuron content in powdered Regain samples using FTIR spectroscopy. The best-performing model for each analyte is highlighted in bold.
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Moisture

	
Tebuthiuron




	
Pre-Processing

	
Factors

	
R2cv

	
RMSECV (%)

	
Factors

	
R2cv

	
RMSECV (mg/g)






	
None

	
7

	
0.82

	
1.22

	
6

	
0.38

	
8.3




	
SNV

	
7

	
0.85

	
1.12

	
7

	
0.43

	
8.0




	
1d5

	
4

	
0.77

	
1.39

	
5

	
0.37

	
8.4




	
1d11

	
7

	
0.82

	
1.23

	
5

	
0.39

	
8.3




	
1d15

	
7

	
0.82

	
1.22

	
6

	
0.40

	
8.2




	
1d21

	
7

	
0.82

	
1.21

	
6

	
0.41

	
8.2




	
1d31

	
7

	
0.83

	
1.19

	
7

	
0.41

	
8.1




	
1d41

	
7

	
0.84

	
1.15

	
5

	
0.39

	
8.3




	
2d11

	
4

	
0.75

	
1.42

	
4

	
0.42

	
8.1




	
2d15

	
7

	
0.80

	
1.28

	
5

	
0.39

	
8.3




	
2d21

	
7

	
0.81

	
1.25

	
5

	
0.40

	
8.2




	
2d31

	
7

	
0.81

	
1.23

	
6

	
0.42

	
8.1




	
2d41

	
7

	
0.82

	
1.23

	
6

	
0.41

	
8.2
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Table 7. Optimum pre-processing methods for the prediction of moisture and tebuthiuron content in Regain granules using the benchtop Antaris NIR instrument. The best-performing model for each analyte is highlighted in bold.
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Moisture

	
Tebuthiuron




	
Pre-Processing

	
Factors

	
R2cv

	
RMSECV (%)

	
Factors

	
R2cv

	
RMSECV (mg/g)






	
None

	
3

	
0.93

	
0.85

	
5

	
0.24

	
9.3




	
SNV

	
4

	
0.91

	
0.92

	
5

	
0.42

	
8.2




	
1d5

	
2

	
0.92

	
0.86

	
5

	
0.40

	
8.3




	
1d11

	
2

	
0.92

	
0.86

	
5

	
0.35

	
8.7




	
1d15

	
2

	
0.92

	
0.87

	
5

	
0.33

	
8.8




	
1d21

	
2

	
0.92

	
0.89

	
4

	
0.31

	
8.9




	
1d31

	
2

	
0.91

	
0.90

	
4

	
0.30

	
8.9




	
1d41

	
2

	
0.91

	
0.91

	
4

	
0.30

	
9.0




	
2d11

	
3

	
0.91

	
0.93

	
5

	
0.46

	
7.9




	
2d15

	
3

	
0.91

	
0.94

	
5

	
0.45

	
8.0




	
2d21

	
3

	
0.91

	
0.91

	
5

	
0.41

	
8.3




	
2d31

	
2

	
0.92

	
0.87

	
5

	
0.38

	
8.5




	
2d41

	
2

	
0.92

	
0.89

	
5

	
0.37

	
8.5
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Table 8. Optimum pre-processing methods for the prediction of moisture and tebuthiuron content in powdered Regain samples using the benchtop Antaris NIR instrument. The best-performing model for each analyte is highlighted in bold.
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Moisture

	
Tebuthiuron




	
Pre-Processing

	
Factors

	
R2cv

	
RMSECV (%)

	
Factors

	
R2cv

	
RMSECV (mg/g)






	
None

	
7

	
0.86

	
1.09

	
6

	
0.49

	
7.8




	
SNV

	
6

	
0.88

	
1.02

	
4

	
0.40

	
8.3




	
1d5

	
6

	
0.84

	
1.15

	
4

	
0.45

	
7.9




	
1d11

	
6

	
0.85

	
1.12

	
5

	
0.45

	
8.0




	
1d15

	
6

	
0.85

	
1.12

	
5

	
0.45

	
8.0




	
1d21

	
6

	
0.85

	
1.11

	
5

	
0.44

	
8.0




	
1d31

	
7

	
0.86

	
1.07

	
6

	
0.44

	
8.0




	
1d41

	
6

	
0.85

	
1.12

	
6

	
0.45

	
8.0




	
2d11

	
6

	
0.81

	
1.28

	
4

	
0.48

	
7.7




	
2d15

	
6

	
0.83

	
1.21

	
4

	
0.46

	
7.9




	
2d21

	
6

	
0.83

	
1.18

	
4

	
0.45

	
8.0




	
2d31

	
6

	
0.84

	
1.18

	
4

	
0.44

	
8.0




	
2d41

	
6

	
0.84

	
1.15

	
4

	
0.43

	
8.1
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Table 9. Optimum pre-processing methods for the prediction of moisture and tebuthiuron content in Regain granules using the handheld MicroNIR instrument. The best-performing model for each analyte is highlighted in bold.
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Moisture

	
Tebuthiuron




	
Pre-Processing

	
Factors

	
R2cv

	
RMSECV (%)

	
Factors

	
R2cv

	
RMSECV (mg/g)






	
None

	
4

	
0.91

	
0.86

	
6

	
0.24

	
9.3




	
SNV

	
4

	
0.91

	
0.88

	
7

	
0.35

	
8.6




	
1d3

	
2

	
0.92

	
0.83

	
5

	
0.44

	
8.0




	
1d5

	
2

	
0.92

	
0.83

	
5

	
0.45

	
8.0




	
1d7

	
2

	
0.92

	
0.83

	
5

	
0.44

	
8.0




	
1d9

	
2

	
0.92

	
0.83

	
5

	
0.44

	
8.0




	
1d11

	
2

	
0.92

	
0.83

	
5

	
0.44

	
8.0




	
2d5

	
2

	
0.91

	
0.89

	
5

	
0.45

	
7.9




	
2d9

	
1

	
0.90

	
0.91

	
5

	
0.46

	
7.9




	
2d11

	
1

	
0.91

	
0.89

	
5

	
0.46

	
7.8




	
2d15

	
2

	
0.91

	
0.87

	
5

	
0.48

	
7.7




	
2d21

	
2

	
0.91

	
0.85

	
5

	
0.50

	
7.5
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Table 10. Optimum pre-processing methods for the prediction of moisture and tebuthiuron content in powdered and granular Regain samples, using three different IR instruments. The best-performing model for each analyte is highlighted in bold.






Table 10. Optimum pre-processing methods for the prediction of moisture and tebuthiuron content in powdered and granular Regain samples, using three different IR instruments. The best-performing model for each analyte is highlighted in bold.





	

	

	
Moisture

	
Tebuthiuron




	
Instrument

	
Matrix

	
Factors

	
R2cv

	
RMSECV (%)

	
Factors

	
R2cv

	
RMSECV (mg/g)






	
Bruker FTIR (benchtop)

	
Powder

	
7

	
0.85

	
1.12

	
7

	
0.43

	
8.0




	
Antaris (benchtop)

	
Powder

	
6

	
0.88

	
1.02

	
4

	
0.48

	
7.7




	
Antaris (benchtop)

	
Granules

	
3

	
0.93

	
0.85

	
5

	
0.46

	
7.9




	
MicroNIR (handheld)

	
Powder

	
-

	
-

	
-

	
-

	
-

	
-




	
MicroNIR (handheld)

	
Granules

	
2

	
0.92

	
0.83

	
5

	
0.50

	
7.5
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Table 11. Prediction and reference results for the independent test set.






Table 11. Prediction and reference results for the independent test set.













	Moisture by NIR (%)
	Moisture by Drying (%)
	Prediction Error (%)
	Tebuthiuron by NIR (mg/g)
	Tebuthiuron by HPLC (mg/g)
	Prediction Error (mg/g)





	9.74 ± 1.34
	11
	−1.26
	414 ± 12
	409
	+5



	9.91 ± 1.39
	ND
	
	418 ± 16
	413
	+5



	9.84 ± 1.39
	ND
	
	416 ± 20
	414
	+2



	3.51 ± 2.86
	ND
	
	275 ± 85
	214
	+61 #



	10.86 ± 0.92
	10
	0.86
	422 ± 34
	425
	−3



	10.9 ± 0.85
	10.7
	0.2
	418 ± 37
	419
	−1



	10.63 ± 0.79
	10
	0.63
	414 ± 35
	416
	−2



	10.74 ± 0.81
	10
	0.74
	411 ± 37
	410
	+1



	11.21 ± 0.58
	10.8
	0.41
	410 ± 15
	405
	+5



	10.81 ± 0.45
	11.5
	−0.69
	407 ± 10
	414
	−7



	11.74 ± 0.57
	11.6
	0.14
	408 ± 8
	411
	−3



	10.47 ± 0.27
	8.38
	2.09
	406 ± 9
	404
	+2



	10.28 ± 0.43
	9.79
	0.49
	402 ± 12
	402
	0



	
	Mean error
	0.36%
	
	Mean error
	+0.3







# outlier value excluded; ND = no data available.
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