

  processes-12-00774




processes-12-00774







Processes 2024, 12(4), 774; doi:10.3390/pr12040774




Article



Automatic Control of Nucleation and Crystal Growth Using Online Raman Analyzer



Aofei Li 1, Boxue Chang 1,2, Zhen Li 3, Biao Chen 1, Kaidi Ji 1, Yangshun Chen 3, Shiqiang Ou 4, Fengming Zhang 4, Jiaoning Wei 4 and Yinlan Ruan 1,*





1



School of Life & Environmental Sciences, Guilin University of Electronic Technology, Guilin 541004, China






2



Engineering Comprehensive Training Center, Guilin University of Aerospace Technology, Guilin 541004, China






3



Subphotonic (Shenzhen) Technologies Co., Ltd., Nanning 530000, China






4



Guangxi Kelun Pharmaceutical Co., Ltd., Guilin 541004, China









*



Correspondence: yinlan.ruan@guet.edu.cn







Citation: Li, A.; Chang, B.; Li, Z.; Chen, B.; Ji, K.; Chen, Y.; Ou, S.; Zhang, F.; Wei, J.; Ruan, Y. Automatic Control of Nucleation and Crystal Growth Using Online Raman Analyzer. Processes 2024, 12, 774. https://doi.org/10.3390/pr12040774



Academic Editor: Pao-Chi Chen



Received: 1 March 2024 / Revised: 5 April 2024 / Accepted: 9 April 2024 / Published: 12 April 2024



Abstract

:

The accurate determination of crystal formation during crystallization is crucial for obtaining crystal products with consistent quality and quantity. In this study, we aimed to identify the feasibility of using Raman spectroscopy to monitor the crystal growth stage in the crystallization process using cephalosporin intermediate 7-ACT as an example molecule. By observing the changes in the characteristic peak of the 7-ACT crystal (504 cm−1) and the characteristic peak of the solvent acetonitrile (914 cm−1), a correlation between the crystal growth stage and the change in the Raman intensity of the crystal solution was discovered. The determination of the optimal starting time for the crystal growth stage through a Raman analyzer significantly improves the consistency of crystal product quality. This led to a fivefold reduction in the variation in the weight and water content of the final 7-ACT crystal products compared to those obtained via manual control. In addition, our experiments also indicated that Raman monitoring could be more efficient at enabling the chemical synthesis reaction to be completed compared to manual control. Thus, our work demonstrates the potential of Raman spectroscopy in the real-time control of chemical synthesis reactions and crystallization processes.
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1. Introduction


Crystallization occurs in two major steps: nucleation and crystal growth. The former is the appearance of a crystalline phase from a supersaturated solvent, while the latter is an increase in the size of particles and leads to a crystal state. An important feature of this step is that loose particles form layers at the crystal’s surface [1,2]. Supersaturation is one of the driving forces of crystallization, which is usually controlled by changing the supersaturation of a solution by adjusting the temperature and pH or adding antisolvents, causing solutes to separate from the solvent in crystal form. In pharmaceutical and chemical production, crystallization is widely used for the separation and purification of target products, playing a key role in controlling product quality by directly affecting purity, moisture content, and yield [3,4,5]. To ensure the consistency of crystal quality and quantity, crystallization processes are required to be well controlled, and antisolvent addition is a common method to initiate nucleation in the pharmaceutical and chemical industries [6,7]. In the nucleation step, a few molecules come together by chance and happen to be arranged in a crystalline grain. These small grain particles are unstable because most molecules are near the surface and do not have the correct number of neighbors, but large enough particles are more stable. According to the Ostwald ripening theory, small particles will dissolve and redeposit onto larger particles. Therefore, in the final stage of crystallization, continuing to culture for a period of time can result in more uniform crystal sizes [8,9].



During the crystallization process, it is crucial to control the supersaturation of the solution to prevent the generation of a large number of crystal nuclei due to excessive supersaturation, thereby ultimately producing many fine crystals. The nucleation stage is the initial step in crystal formation: when solute molecules aggregate into stable, tiny clusters [10]. Once stable crystal nuclei are formed, the growth phase begins, where these nuclei begin to absorb more molecules and develop into larger crystals. Crystal growth is a critical step in the crystallization process, typically occurring after nucleation. This stage can proceed either by adding seed crystals or through the natural formation in a supersaturated solution [11,12,13]. The regulation of crystal growth and properties during crystallization can be achieved through a variety of methods, including the precise control of temperature, temperature oscillations, solvent volatilization, and evaporation–recrystallization techniques [14,15]. In addition, the addition of specific additives, the adjustment of the pH of the solution, the use of mechanical stirring, and the careful design of the cooling rate are all important means of regulation [16,17,18,19]. The inoculation of crystals is also commonly used to promote uniform growth. These techniques, alone or in combination, are effective in controlling the formation, size, shape, and purity of crystals. Currently, in the industrial production process of 7-ACT, the pH value of the solution is changed to a supersaturated state by adding ammonia water to crystallize crystals. Once the crystals nucleate spontaneously, the crystal growth stage is started by stopping the addition of ammonia. However, the initiation of the crystal growth stage mainly relies on the operator’s manual judgment from observing changes in solution turbidity. This method is imprecise, time-consuming, and extremely dependent on the operator’s experience and judgment, which may result in unstable crystal quality. Therefore, it becomes particularly important to develop an automated control process based on the real-time measurement data of crystal properties. This not only improves the quality, consistency, and reliability of crystal production but also reduces reliance on manual operations.



In recent years, various methods have been developed to monitor the crystallization process in real time. Solid–liquid phase transitions can be analyzed using Fourier transform infrared spectroscopy (FTIR) [20,21,22], near-infrared spectroscopy (NIR) [23,24], and Raman spectroscopy [25]. Additionally, focused beam reflectance measurement (FBRM) [26,27], particle vision and measurement (PVM) [28,29], and ultrasonic spectroscopy (US) [30] have been utilized to qualitatively or quantitatively determine crystal properties such as size distribution, external shape, and morphology during crystallization. Ref [31] analyzed batch crystallization using FBRM technology and optimized cooling and seeding conditions. Raman spectroscopy, characterized by its fingerprint spectral features, is attracting more attention. It is a type of inelastic scattering spectroscopy that analyzes molecular composition and structure through frequency shifts caused by incident light, and no sample preparation is required, thus leading to rapid measurements. Raman spectroscopy, with its sharp and selective vibrational bands, is particularly adept at distinguishing changes in the content of substances and crystal structure within the crystalline process system and has been applied to the continuous monitoring of carbamazepine crystallization [32,33]. Hajnalka Pataki [34] used Raman spectroscopy to monitor carbamazepine crystallization by normalizing the spectra to the unit area to eliminate intensity deviations caused by changes in the crystallization medium. These monitoring techniques can estimate the impact of experimental conditions on final product quality, including the choice of solvent or antisolvent, temperature, cooling rate, selection of seed crystals, and pH values [15,35,36,37,38].



Crystal growth involves the growth of crystal grains and a reduction in the solute concentration, which leads to rapid variations in the Raman spectrum of the solution. Thus, Raman spectroscopy can also be applied to monitor the crystal growth stage, which is the focus of this study. Our study investigates the feasibility of Raman spectroscopy to monitor the chemical synthesis of a target product using 7-Amino Ceftriaxone Sodium (7-ACT) as an example, with its crystallization process including nucleation and crystal growth.



7-ACT is an intermediate to produce the β-lactam antibiotic Ceftriaxone Sodium, which is a preferred choice for treating various bacterial infections by inhibiting the synthesis of the walls of bacterial cells [39]. The most common synthetic route for Ceftriaxone Sodium starts with 7-Aminocephalosporanic acid (7-ACA) as the raw material. It first undergoes condensation with thiotriazinone at the C-3 position to form 7-Amino Ceftriaxone Sodium (7-ACT), followed by acylation with (2-Aminothiazole-4-yl) acetic acid at the C-7 position [40]. 7-ACT is crucial in the production process of Ceftriaxone Sodium, and its specific synthesis process involves the reaction of 7-ACA with thiotriazinone in an acetonitrile solvent system, catalyzed by a boron trifluoride acetonitrile complex. After the synthesis of 7-ACT molecules, the crystallization process is used to purify and separate 7-ACT from the solution. First, purified water is added to the solution, and the reaction solution is diluted. Then, the pH of the solution is adjusted by adding an ammonia solution to the solution to supersaturate it and crystallize 7-ACT. Currently, in the 7-ACT production process, determining the start time of the crystal growth stage mainly relies on manual experience, i.e., by observing the turbidity and color changes in the reaction solution, which results in the poor quality and variable quantity of 7-ACT crystal products.



This study explores how an online Raman analyzer was used to monitor and control the synthesis and crystallization of 7-ACT by referring to the manual control of the start and end times of the crystal growth stage. By observing changes in the characteristic peaks of solid crystals and the Raman peaks of the solvent acetonitrile, we identified a correlation between the status of the crystal growth stage and intensity changes in the Raman spectrum of the crystals and solvent. Meanwhile, the Raman scattering technique was also demonstrated to be an ideal tool for monitoring the chemical reaction process, which enables time to be saved when finishing a chemical reaction.




2. Materials and Methods


2.1. Main Reagents


The materials used in this study were all provided by Kelun Pharmaceutical Co., Ltd. (Guangxi, China), and included 7-Aminocephalosporanic acid (7-ACA), thiotriazinone (TTZ), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), boron trifluoride acetonitrile complex (BF3-CH3CN, solid), acetonitrile solution (99%), ammonia solution (concentration of 11%), and purified water (Type III Water, MΩ.cm ≥ 18).




2.2. Synthesis and Crystallization of 7-ACT


As shown in Figure 1, 7-ACT was initially synthesized through a condensation reaction between 7-ACA and Thiotriazinone (TTZ) in an acetonitrile solvent, with BF3 chosen as the catalyst to facilitate the SN2 reaction at the C-3 position of 7-ACA, thereby enhancing reaction efficiency. The synthesized 7-ACT molecule contains both amino and carboxyl groups. When the solution’s pH approaches its isoelectric point, the internal amino and carboxyl groups tend to become electrically neutral, reducing the solubility of 7-ACT molecules. After the synthesis in the previous stage, the pH of the 7-ACT solution is below 0.01. We conducted solubility measurements for 7-ACT across various temperatures and pH levels, with the findings presented in Figures S2 and S3 of the Supplementary Materials. These results indicate that 7-ACT’s solubility is minimal between pH 3 and 4, exhibiting a decrease as the pH increases. Furthermore, solubility is reduced under conditions of low temperature [41]. A current can be gradually added to the solution to increase the pH of the solution and change the supersaturation of the solution to crystallize 7-ACT. The first addition of ammonia solution was paused to prevent the solution from becoming too supersaturated, which could lead to nuclei bursting, resulting in the formation of a large number of fine crystals. The period without the addition of ammonia solution is referred to as the crystal growth stage. The second crystal growth stage phase was aimed at crystal aging, to render the crystal structure more stable and uniform.



The specific operation steps are as follows:




	(1)

	
7-ACT synthesis operation









In a 500 mL flask, 160 mL of acetonitrile was added, and the mixture was maintained at 30 °C with a stirring speed of 120 r/min. Then, 0.08 g of EDTA-2Na was added first, followed by 16 g of 7-ACA, 9.4 g of thiotriazinone, and finally, 24.4 g of boron trifluoride acetonitrile complex, ensuring each component was well mixed before proceeding to the next addition. After all substances were added, the mixture’s stirring was maintained at the set speed and temperature for 30 min to react. Upon the completion of the reaction, a solution of 7-ACT was obtained.



	(2)

	
7-ACT crystallization operation







The 7-ACT solution synthesized in the previous step was transferred into a crystallization reactor, and 100 mL of purified water was added. In general, the solubility of the molecules reduces when their environmental temperature is lower (Figure S3). Therefore, the solution was cooled with an ice–ethanol bath to a temperature of 3 °C, and the stirring speed was set to 160 r/min. At this moment, no crystals had formed. Next, we began to add an ammonia solution (concentration 11%) to the 7-ACT solution at a flow rate of 0.15 mL/min until the color of the 7-ACT solution changed from its transparent state to milky white due to nucleation. At this time, we stopped dropping ammonia, set the stirring speed to 120 r/min, and started the first crystal growth stage. Please note that in our first 6 batches of experiments, the time to stop adding ammonia solution was manually controlled by experienced technicians through visual observation. After 20 min, in order to crystallize more crystals, we continued to add ammonia solution to the mixture until the pH value of the solution reached 3.8 (taking about one hour with a flow rate of 0.15 mL/min) and then started the second stage of crystal growth stage for 30 min.



Finally, we transferred the crystal suspension into a Buchner funnel and proceeded with vacuum filtration. After the filtration was complete, we washed the 7-ACT crystals sequentially with 120 mL of ethanol followed by 120 mL of purified water. The washing operation involved slowly pouring the wash solutions from above into a funnel containing 7-ACT, with the bottom end of the funnel connected to a vacuum filter to expedite the washing process through suction. This step aimed to rinse off impurities, such as organic solvents, mixed with the 7-ACT solids. After washing, we removed the wet 7-ACT powder, weighed it, measured the moisture content using a Karl Fischer titrator, and analyzed the crystal purity via liquid chromatography.




2.3. HPLC Analysis


The purity of the crystals was analyzed using HPLC. The mobile phase consisted of 2.0 g of tetrahexylammonium bromide and 2.0 g of tetrabutylammonium bromide dissolved in 450 mL of acetonitrile. Then, 55 mL of pH 7.0 phosphate-buffered solution and 5 mL of pH 5.0 citrate buffer solution were added to this solution. Water was added to dilute the solution to 1000 mL, which was then membrane-filtered with a 0.45 μm filter and degassed. The flow rate was set at 1.0 mL/min. A 4.6 × 150 mm C18 chromatographic column with 5 μm particles was used. Detection was carried out using a UV absorbance detector at a wavelength of 254 nm. Each injection volume was 20 μL, and the purity of 7-ACT was calculated using the peak area normalization method. Each crystal sample was divided into three equal parts which were measured separately, and their average value was the purity of each crystal sample.




2.4. Online Monitoring with Raman Analyzer


The Raman biochemical analyzer was provided by SubPhotonics (Shenzhen, China) Technology Co., Ltd., and it was equipped with a 785 nm wavelength laser light with an output power of 300 mW to excite samples. Its Raman probe was directly inserted into the reaction solution in the reactor (Figure 2). During the reaction process, real-time Raman spectral signals of the reaction solution were collected with an integration time of 5 s and a sampling interval of 6 s. Due to the light-yellow color of the reaction solution, the Raman spectrum contained background fluorescence, and also interference from cosmic rays [42]. The collected Raman spectra were treated using the SubRaman3.0 software from SubPhotonic Technologies Co., Ltd. (Shenzhen, China) to eliminate interference from cosmic rays and background fluorescence, and were then normalized at the Raman peak of the acetonitrile solvent. Real-time intensity changes in the Raman characteristic peaks of all the chemicals in the solution were monitored through a laptop computer.





3. Results


The Raman monitoring of the mixed solution began at the start of 7-ACT synthesis. As the synthesis reaction progressed into the crystallization stage, the solution gradually became turbid. The presence of crystal particles caused laser scattering and absorption, leading to a reduction in laser intensity reaching the crystals and the attenuation of Raman light emitted from the crystals, thereby reducing the efficiency of Raman spectral signal collection [43]. Therefore, monitoring a solvent with a relatively constant concentration in the solution through the whole reaction and crystallization stages can be used as an internal standard to reveal and correct the interference of solution turbidity on Raman signals. In our study, the Raman signal intensity of acetonitrile in the collected Raman spectra was also affected by scattering from crystal particles and the dilution effect of adding ammonia solution, but the amount of acetonitrile in the system remained constant regardless of the reaction’s progress. Therefore, during the crystallization process, the Raman peak of acetonitrile can be used as an internal standard for normalization to eliminate interference from turbidity caused by crystallization. By observing the intensity changes in the acetonitrile peak and the 7-ACT characteristic peak, the optimal crystallization initiation time can be determined.



3.1. Monitoring of 7-ACT Synthesis Reaction


Raman spectra corresponding to the synthesis process of 7-ACT are shown in Figure 3a. It can be observed that, before the catalyst boron trifluoride acetonitrile complex was added into the solution, the intensity of the initial Raman signals of the solution shown as the black curve in Figure 3a was lower due to the strong scattering of solid 7-ACA and thiotriazinone particles in the acetonitrile solution because their solubility is very low. After the catalyst was added, the solution became acidic, the solid powders dissolved rapidly, and the condensation reaction began, causing the solution to gradually shift from turbid to clear. This led to the Raman signal strength of acetonitrile in the solution reaching its maximum, as shown by the blue curve in Figure 3a. As the reaction progressed, the color of the solution gradually changed from a light yellow to a bright golden yellow, with a slight increase in the fluorescent background of the Raman spectrum. By comparing the Raman peaks of pure BF3-acetonitrile solution to those of other Raman spectra collected at different times, it can be observed that the Raman peaks of the substances other than BF3-acetonitrile exhibited various degrees of intensity changes throughout the reaction process. The changes in these peak values reflect how the substances in the reaction fluid are transforming. From the curve at the 30 min mark in Figure 3a, the emergence of the 7-ACT peak (988 cm−1) and the decrease in intensity of the thiotriazinone peak (1697 cm−1) can be clearly observed.



For easier observation, the baseline and background fluorescence of the spectra were removed; then, the spectra were normalized using the characteristic peak of acetonitrile at 914 cm−1 [ν (CC)]. Some of the final results corresponding to reaction times of 0 min, 2 min, 10 min, and 30 min are shown in Figure 3b. In addition, the normalized Raman spectra of the thiotriazinone molecule, BF3-acetonitrile, and 7-ACA are also displayed for comparison.



It can be seen that at 0 min, the Raman spectrum contains characteristic signals from 7-ACA, thiotriazinone, and acetonitrile, but they are very weak due to the strong turbidity of the solution. After the addition of the BF3-acetonitrile complex catalyst, significant changes occurred in the solution’s Raman spectra. It can be observed that the Raman peaks at 504 cm−1, 620 cm−1, 1164 cm−1, 1504 cm−1, and 1697 cm−1 are mainly attributed to thiotriazinone molecules, and their intensities gradually decreased with time due to the continuous consumption of the thiotriazinone molecules.



Figure 3c illustrates the change in peak intensity at 1697 cm−1 [νs(CO)] for thiotriazinone and at 988 cm−1 [τ(CH2)] for 7-ACT (Figure 3a) as a function of the reaction time. It is clearer now that following the addition of BF3-CH3CN and the solution becoming clear, the peak intensity of thiotriazinone at 1697 cm−1 sharply increased within the first two minutes. As the synthesis reaction progressed, the thiotriazinone was continuously consumed, causing the intensity of the peak at 1697 cm−1 to gradually decrease to 0, indicating the complete consumption of the thiotriazinone. Moreover, the intensity of the peak at 988 cm−1 gradually increased and ultimately saturated, signifying that the production of the synthesized product 7-ACT ceased with the complete consumption of the thiotriazinone. Hence, Raman spectroscopy can be utilized to monitor the synthesis process of 7-ACT.



It can also be observed that after 25 min of reaction time, the intensity of the peak at 988 cm−1 almost started to saturate, indicating that the reaction was completed 5 min earlier than the usual time set by the technician for routine production. Therefore, employing Raman spectroscopy for the online monitoring of the 7-ACT reaction process makes it possible to precisely determine the complete time of the chemical reaction, which helps save time and reduce costs in the industry production process.




3.2. Monitoring of 7-ACT Crystallization Process


After the synthesis of 7-ACT from 7-ACA, the solution was diluted with pure water, followed by the gradual addition of ammonia solution to increase the pH value of the solution, causing 7-ACT to crystallize due to supersaturation. Continuous Raman signal collection was carried out to monitor the whole crystallization process. It was observed that during the crystallization process, the clear golden-yellow solution turned into a turbid milky white suspension due to crystallized crystals. Figure 4a shows the original Raman spectra of different crystallization times, and some of the characteristic peaks of acetonitrile and 7-ACT are marked. It can be seen that the background fluorescence of this process first decreased and then increased with the increased crystallization time. The above phenomenon is related to two major events of crystallization: nucleation and crystal growth. During the crystallization process, the reaction solution transitions from yellow to colorless in the initial stages, leading to a decrease in the fluorescence background of the Raman spectrum. As solid crystals form, the solution becomes turbid, causing the fluorescence of the Raman spectrum to increase once again.



In order to observe the correlation between the changes in the Raman spectrum and the material changes during the crystallization process more clearly, we removed the baseline and background fluorescence of the original spectrum and then normalized the spectrum using acetonitrile at a characteristic peak of 914 cm−1. The Raman spectra 0 min, 30 min, and 110 min after the start of the crystallization process are shown in Figure 4b. In addition, the normalized Raman spectra of the filtrate and the 7-ACT crystal are also shown in the figure for comparison.



During the crystallization process, 7-ACT molecules form crystals from acetonitrile solvent. Their molecular spatial arrangement changed, resulting in different Raman spectral information. By comparing the Raman spectra of the solid 7-ACT crystals and those of the solutions at different crystallization times, we found that the characteristic Raman signal peaks of solid 7-ACT at 504 cm−1, 1162 cm−1 [τ(CH2)], 1207 cm−1 [δ(CH2)], 1291 cm−1 [νs(CH2)], and 1331 cm−1 [τ(CH3)] gradually appeared, and their intensities increased with time. The intensity of the Raman peak at 504 cm−1 [ν(CCH), ν(CC)] originally existed in the solution and increased more significantly. After the crystallization reaction was complete, the 7-ACT solid was taken out through vacuum filtration, and the Raman spectrum of the filtrate was collected. It can be seen that the Raman peak of 7-ACT disappeared from the filtrate, leaving behind the peaks of the solvent acetonitrile and the catalyst boron trifluoride, including those at 377 cm−1 [δ(CCN)], 755 cm−1 [δ(CCN)], 914 cm−1 [ν(CC)], 1029 cm−1 [ω(CH3)], etc., as shown by the green curve in Figure 4b.



In order to observe the changes in Raman characteristic peaks during the crystallization process more clearly, parts of the Raman spectra were normalized using the acetonitrile peak at 914 cm−1 and are shown in Figure 5a. Since the Raman peaks of acetonitrile are very strong, in order to amplify the Raman signals of other chemicals, the Raman peaks of the acetonitrile at 377 cm−1, 914 cm−1, and 1366 cm−1 have been removed, as shown in Figure 5a. As the crystallization reaction progressed, more 7-ACT crystals crystallized, thereby continuously increasing the intensity of the characteristic peaks of 7-ACT solids at 1162 cm−1, 1207 cm−1, 1291 cm−1, and 1334 cm−1, while the intensity of some characteristic peaks when 7-ACT was dissolved in acetonitrile, such as those at 1499 cm−1 [τ(NH)], 1570 cm−1 [ν(COO-)] and 1705 cm−1 [ν(CO)], gradually decreased. Additionally, the characteristic peak at 504 cm−1 [ν(CCH), ν(CC)] already present in the 7-ACT solution also increased with crystallization time, indicating the number of its corresponding bonds increased in the 7-ACT crystal structures.



The above phenomena suggest that we can select different Raman peaks to represent changes in crystal quantity and crystallographic structure and use them to control the crystallization process. Figure 5b shows the trend of intensity changes for six Raman characteristic peaks in Figure 5a. Due to the continuous precipitation of 7-ACT solids, the concentration of 7-ACT in the solution decreases accordingly. The intensity of the peaks at 504 cm−1, 1162 cm−1, and 1207 cm−1, corresponding to the solid form of 7-ACT, shows an increasing trend. In contrast, the intensity of the peaks produced by 7-ACT dissolved in acetonitrile at 1499 cm−1, 1570 cm−1, and 1705 cm−1 continuously decreases. Since the curves at 1162 cm−1 and 1563 cm−1 had a low signal-to-noise ratio, and the characteristic peaks at 1207 cm−1 overlapped with other characteristic peaks of 7-ACT, we selected the peak at 504 cm−1 with the highest signal-to-noise ratio and the greatest amplitude of intensity change to examine what happened to the 7-ACT crystals during the crystallization process. At the same time, the Raman signals of acetonitrile were only affected by particles formed in the suspension; thus, its characteristic peak at 914 cm−1 was used to examine the impact of scattering on the Raman signals of the chemicals in the solution. Their intensity depending on crystallization time is shown in Figure 5c.



Since acetonitrile does not participate in the reaction and its amount in the solution is constant, at the beginning of the crystallization process corresponding to the nucleation stage, its Raman peak signal almost did not change. However, with the increased number and size of the 7-ACT nuclei, their increased scattering caused a continuous decrease in the intensity of the 914 cm−1 signal reaching the Raman probe as the reaction proceeded. For the same reason, the signal intensity of the 7-ACT characteristic peak at 504 cm−1 remained constant but inversely increased with time until the later stages of crystallization at which the 7-ACT molecules in the solution were completely consumed. The bonds of [ν(CCH), ν(CC)] emitting the 504 cm−1 signal were originally present in the 7-ACT molecules in the solution. As these 7-ACT molecules began to form nuclei and eventually grew into crystalline particles within the solution, the quantity of the bonds emitting the 504 cm−1 signal significantly increased. This increase partially offset the scattering loss of the 504 cm−1 signal.



The crystallization process was accompanied by an increased number and size of the nuclei and subsequent crystals, whose Rayleigh and subsequent Mie scattering directly caused a reduction in the Raman signals at 914 cm−1, shown as the red curve in Figure 5c. We utilized the software MiePlot V4.6 to calculate the scattering efficiency of 7-ACT crystal particles as their size increases, from 10−8 to 10−4 m, with a refractive index of 1.52. The calculations were conducted under the assumption that the crystal particles are spherical, and their absorption is neglected, using a laser source of 785 nm [44,45]. Comparing Figure 5d to the red curve in Figure 5c, we found that the decreasing trend of the intensity of the 914 cm−1 Raman peak showed the same rising trend as the scattering efficiency of the 7-ACT. The size of the nuclei in the nucleation step is very small (less than 100 nm), so their scattering impact on the intensity of the 914 cm−1 Raman peak is negligible. With the continuous addition of the ammonia solution to the solution, the number and size of the nuclei increased, and their scattering caused a higher loss of light, including laser emission and Raman signals, thus leading to a gradual reduction in the intensity of the 914 cm−1 Raman peak. At this moment, we stopped the addition of the ammonia water to avoid a further increase in the nuclei; instead, the nuclei started to rapidly grow into crystals, with some unstable nuclei dissolving in the water and being redeposited into more stable nuclei. This process resulted in a rapid increase in the scattering efficiency, thus causing a rapid reduction in the intensity of the 914 cm−1 Raman peak. Therefore, the starting time of the crystals is supposed to be located in the earlier Rayleigh scattering region, with the number and size of the nuclei more significantly impacting their scattering loss, which seems very reasonable.




3.3. Control of the Crystallization Process Based on Raman Monitoring


In order to confirm the exact time to start the crystal growth stage (meaning the time to the stop addition of the ammonia water), we first conducted experiments with the processes manually controlled by skilled workers’ personal experience through observing changes in the solution’s turbidity. This method is commonly used in current crystallization processes. A total of six batches of crystallization experiments were conducted, with Raman signals being collected online throughout each experiment. The experimental protocol necessitated two distinct periods of crystal growth. During the crystallization stage, the initial cessation of ammonia solution addition was a strategic measure to prevent the solution from becoming excessively supersaturated. Excessive supersaturation could ultimately result in the formation of numerous small crystalline particles. The termination of subsequent ammonia solution infusion depends on the pH value of the solution being 3.8. A subsequent period of crystal growth was employed to fortify the internal structural integrity of the crystals, concurrently facilitating the homogenization of crystal dimensions.



Figure 6 shows the curves of the normalized intensities of both the acetonitrile peak at 914 cm−1 and the 7-ACT peak at 504 cm−1 throughout the crystallization process for six batches of 7-ACT crystallization experiments, with the starting time of the crystal growth stage marked. It is evident that the start time of the first crystallization step corresponded to the moment when the intensity of the acetonitrile peak at 914 cm−1 began to decrease sharply due to a rapid increase in the number and size of crystalline nuclei. At this moment, the turbidity in the solution that was observable by the human eye also increased sharply, indicating it was time to stop the addition of ammonia water and start crystallization.



During the crystal growth stage, the rate of increase in the number of crystals was slow, while their size increased. When the crystal size approached the wavelength of light (785 nm and above), the light scattering by the particles transitioned from Rayleigh to Mie scattering (Figure 5d), causing further increases in light scattering losses, thus continuing the decline in the intensity of the acetonitrile peak at 914 cm−1. When the number and size of the crystal particles no longer increased, the intensity of the acetonitrile peak at 914 cm−1 stabilized. For the same reason, the trend of the change in the intensity of the 7-ACT crystal peak at 504 cm−1 was opposite to that of the acetonitrile peak at 914 cm−1, starting with slow changes and then accelerating. Since part of its signal was canceled out by the scattering of the crystal particles, the practical rate of increase in the 7-ACT crystal product was higher than the changing trend of the 504 cm−1 peaks shown in these figures.



Figure 6 indicates that the starting times of the crystal growth stage for the six batches of experiments determined by manual experience do not correspond to the same intensity values of the acetonitrile peak at 914 cm−1, which are 0.838, 0.798, 0.943, 0.831, 0.883, and 0.72, respectively (Figure 7a). The weight, water content, and purity of the crystal products obtained from 1–4 batches in Figure 6 are shown as black curves in Figure 7a,b. By observing these black curves, it can be seen that when the intensities of the acetonitrile peak at 914 cm−1 corresponding to the stop time of the addition of the ammonia water are similar, such as in the first and fourth batches of experiments (Figure 7a), the weights of the obtained crystal products are relatively consistent. However, when the intensity of the acetonitrile peak at 914 cm−1 was lower, for example, in the second batch of experiments, indicating that the addition of the ammonia water stopped later, its weight increased, and the corresponding water content of the crystal product was also lower. For the third batch of the experiments, where the intensity of the acetonitrile peak at 914 cm−1 was higher, indicating an earlier start to stop to the addition of the ammonia water, its weight was reduced by 27% relative to the second batch, and the corresponding water content of the crystal product increased by 11%. Therefore, it seems that strong relationships exist between the time when we stopped adding ammonia water into the solution, the Raman intensities of the acetonitrile peak at 914 cm−1 at the time when the addition of ammonia water to the solution was stopped, and both the weight and water content of the 7-ACT crystal products. The above results suggest that the Raman intensities of the acetonitrile peak at 914 cm−1 may be a suitable indicator for when to stop nucleation and start the crystal growth stage.



After the first crystal growth stage, we resumed the addition of ammonia solution to the mixture. During this phase, the 7-ACT molecules in the solution persist in transforming into 7-ACT crystals, leading to a continuous increase in the size of the original particles. It was observed that the Raman intensity at 914 cm−1 decreased very slowly, while the intensity at 504 cm−1 increased more quickly, indicating that the 7-ACT crystals continued to grow at a slower rate compared to the initial period of the second crystal growth stage.



The initiation of the second crystallization stage was determined by adding ammonia solution until the pH reached 3.8. As shown in Figure 6, at the beginning of the second stage of crystal growth, the characteristic peak of 7-ACT at 504 cm−1 rose to a stable value, indicating that the crystals had ceased growing. This was confirmed by the stabilized intensity of the acetonitrile peak at 914 cm−1, suggesting that the number of crystals remained essentially unchanged.



The above analysis thoroughly demonstrates that controlling the timing of the crystal growth stage is feasible by manually observing turbidity changes, but the qualities and quantities of the crystal products are not consistent.



Therefore, we explored the possibility of using Raman techniques to control crystallization, and the start time for the crystal growth stage was determined based on the reduction in the intensity of the acetonitrile peak at 914 cm−1. Four batches of experiments starting from the synthesis of 7-ACT molecules and then crystallization were conducted. When the normalized intensity of the acetonitrile peak at 914 cm−1 was reduced to 0.833, the addition of ammonia water was stopped to start the crystal growth stage for the first time, and then we followed the same steps as above to complete these experiments. Figure 8 shows the variation curves of both the acetonitrile characteristic peak at 914 cm−1 and the 7-ACT characteristic peak at 504 cm−1 for four batches of crystallization processes controlled by Raman monitoring. It can be observed that each curve across all four batches shows high consistency with the peak intensity at 504 cm−1, though it was a little lower in the fourth batch than in the other three batches.



Three parameters (namely, weight, moisture content, and purity) of the four batches of the experiments controlled by Raman monitoring are shown as black lines in Figure 7b. It can be clearly seen that these parameters are almost the same for all four batches, compared to large variations among the four batches of the experiments controlled by visually observing the turbidity of the solution. Therefore, Raman monitoring is an effective way to accurately control crystallization processes and achieve a consistent quality and quantity of crystal products.





4. Conclusions and Discussion


This study used Raman spectroscopy technology to conduct online monitoring of the chemical synthesis and crystallization processes of the cephalosporin intermediate 7-ACT. During the monitoring of the 7-ACT synthesis reaction, we noticed that the characteristic Raman peak of the thiotriazinone at 1697 cm−1 decreased as the reaction progressed, which reflects the consumption of the thiotriazinone. Simultaneously, the characteristic Raman peak of 7-ACT at 988 cm−1 gradually intensified, indicating the formation of 7-ACT. Therefore, the intensity changes of these two characteristic peaks provide a basis for judging the reaction process. In the monitoring of the 7-ACT crystallization process, the control of the crystal growth stage is especially critical. We discovered that the intensity of acetonitrile’s characteristic Raman peak diminishes as the crystals grow, a change attributed to particle scattering. This observation offers a viable alternative to manual assessment for pinpointing the commencement of the initial stage of crystal growth. When the characteristic peak of 7-ACT (504 cm−1) increases and reaches equilibrium during the second crystal growth stage, it indicates that 7-ACT in the solution has completely crystallized. By controlling the crystallization process of 7-ACT through online monitoring technology of Raman spectroscopy, we found that this technology can improve the consistency of the product. In addition, by measuring the Raman spectrum of 7-ACT, we revealed the relationship between its solubility, temperature, and pH. We found that as the pH increases or the temperature decreases, the solubility of 7-ACT increases. These findings demonstrate the effectiveness of Raman spectroscopy technology in monitoring the chemical synthesis and crystallization processes, providing a powerful tool for improving yields and product quality.



Although this technique was explored based on the production of 7-ACT intermediates, it can be used by all crystallization processes. The Raman technology demonstrates the absolute advantage of automatic control, which determines the start and end times of the crystal growth stage by monitoring spectral signal changes related to changes in the number and size of growing crystals. The techniques established in this research can effectively avoid the complexities and risks associated with conventional manual sampling and offline operations, as well as errors produced by visual judgment during the production process. It also possesses the ability to simultaneously analyze changes in multiple components in real time. This technology can achieve timely feedback adjustment and control over the crystallization process. This enhances the efficiency of process control, significantly accelerates the pace of process development, reduces costs, stabilizes product quality, and is expected to be extended to application in large-scale crystallization synthesis reactions and purification analysis processes.
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Figure 1. Schematic diagram of the 7-ACT synthesis route. 
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Figure 2. Schematic diagram of Raman online monitoring. 
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Figure 3. (a) Raman spectra of the BF3-CH3CN solution and 7-ACT solid during different moments of the 7-ACT synthesis process. (b) Normalized Raman spectra of the BF3-CH3CN solution, thiotriazinone, and 7-ACA during different moments of the 7-ACT synthesis process. (c) Changes in the intensity of the characteristic peak of 7-ACT at 988 cm−1 and the characteristic peak of thiotriazinone at 1697 cm−1 over time during the reaction. 






Figure 3. (a) Raman spectra of the BF3-CH3CN solution and 7-ACT solid during different moments of the 7-ACT synthesis process. (b) Normalized Raman spectra of the BF3-CH3CN solution, thiotriazinone, and 7-ACA during different moments of the 7-ACT synthesis process. (c) Changes in the intensity of the characteristic peak of 7-ACT at 988 cm−1 and the characteristic peak of thiotriazinone at 1697 cm−1 over time during the reaction.



[image: Processes 12 00774 g003]







[image: Processes 12 00774 g004] 





Figure 4. (a) Raman spectra at different moments during the 7-ACT crystallization process. (b) Normalized Raman spectra of 7-ACT solid and filtrate at different moments during the 7-ACT crystallization process. 
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Figure 5. (a) Normalized Raman spectra at different moments during the 7-ACT crystallization process. (b) Intensity variation curves of 7-ACT characteristic peaks at 504 cm−1, 1162 cm−1, 1207 cm−1, 1499 cm−1, 1563 cm−1, and 1706 cm−1 during the crystallization process. (c) Intensity variation curves over time of the 7-ACT characteristic peak at 504 cm−1 and the acetonitrile characteristic peak at 914 cm−1 during the crystallization process. (d) Curve of theoretically calculated grain size and scattering coefficient. 
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Figure 6. Curve of the intensity variation over time for the 7-ACT characteristic peak at 504 cm−1 and the acetonitrile characteristic peak at 914 cm−1 during the crystallization process controlled by manual monitoring (the red arrow indicates the beginning of the crystal growth stage, and the black arrow indicates the end of the crystal growth stage). 
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Figure 7. (a) Relative intensity values of the acetonitrile peak at 914 cm−1 at the beginning of the first and second crystal growth stages in six batches of manual control experiments. (b) Comparison of the weight, moisture content, and purity parameters of crystal products obtained from each batch of crystallization experiments using manual and Raman control. 
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Figure 8. Variation curves of the intensity of the 7-ACT characteristic peak at 504 cm−1 and the acetonitrile characteristic peak at 914 cm−1 over time during the crystallization process controlled by online Raman monitoring. 
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