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Abstract

:

Membrane introduction mass spectrometry (MIMS) is a direct mass spectrometry technique used to monitor online chemical systems or quickly quantify trace levels of different groups of compounds in complex matrices without extensive sample preparation steps and chromatographic separation. MIMS utilizes a thin, semi-permeable, and selective membrane that directly connects the sample and the mass spectrometer. The analytes in the sample are pre-concentrated by the membrane depending on their physicochemical properties and directly transferred, using different acceptor phases (gas, liquid or vacuum) to the mass spectrometer. Condensed phase (CP) MIMS use a liquid as a medium, extending the range to new applications to less-volatile compounds that are challenging or unsuitable to gas-phase MIMS. It directly allows the rapid quantification of selected compounds in complex matrices, the online monitoring of chemical reactions (in real-time), as well as in situ measurements. CP-MIMS has expanded beyond the measurement of several organic compounds because of the use of different types of liquid acceptor phases, geometries, dimensions, and mass spectrometers. This review surveys advancements of CP-MIMS and its applications to several molecules and matrices over the past 15 years.
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1. Introduction


Since 1990, when membrane introduction (or inlet) mass spectrometry (MIMS) had increased its developments after the first attempt in 1963 [1], several papers have been published describing its use in different fashions. This interest mainly arose from its key features: the possibility to monitor online chemical systems or to rapidly quantify different groups of compounds. This technique allows the quantification of targeted substances at trace levels, even in complex matrices, without requiring extensive sample cleanup and chromatographic separation [2,3,4]. When searching on the Web of Science database for “membrane introduction mass spectrometry” (from 1990 to 2022) and “membrane inlet mass spectrometry” within the field “TITLE” (Searches title-abstract, author keywords), 144 and 162 documents were found (October 2022), respectively. The documents are mostly related to online and/or in situ experiments for environmental or bio-analytical applications. These results confirm the efforts of the scientific community to exploit analytical strategies that prevent extensive, time-consuming, and not environmentally friendly sample preparation procedures. Over the years, several other sample-preparation techniques have gained attention, such as Solid Phase Micro Extraction (SPME), Stir Bar Sorptive Extraction (SBSE), Micro Extraction by Packed Sorbent (MEPS), and Purge and Trap and many others, spreading their use in multiple challenging applications. However, all of them are lacking in two aspects: the sampling is discontinuous and punctual (sampling events), allowing information to be gathered only at specific times. Usually, real-time continuous measurements are only suitable for non-specific methods (UV-visible spectroscopy, conductimetry, electrochemical or other sensors), which do not require analyte isolation, pre-concentration, or further operations to make the sample analyzable [5]. Direct approaches, such as Flow Injection Analysis (FIA) or direct infusion are faster than the previous ones, but they can be applied only to a restricted pool of molecules, using specific instrumentation and only for simple homogeneous matrices eligible for injection [6,7,8,9]. Moreover, FIA approaches are also non-continuous and cannot be used for real-time monitoring [10]. On the contrary, MIMS is a continuous good prospective alternative to the previously mentioned techniques [2]. It combines the sampling and extraction steps with the lowest or null solvent consumption to a minimal sampling handling. Basically, MIMS is a rapid mass spectrometric approach using a thin, semi-permeable, and selective membrane functioning as a direct connection between the sample and the mass spectrometer [11,12]. The analytes included in the gaseous or liquid samples are pre-concentrated by the membrane according to their physicochemical properties and directly transferred to the mass spectrometer by a medium, usually called acceptor phase (AP), which can be a liquid, a gas, or a high vacuum [12,13,14]. They are simultaneously transferred as a mixture and discriminated by the mass spectrometer following their different mass-to-charge ratios (m/z). Generally, this discrimination is achieved by setting the mass spectrometer to selected reaction monitoring (SRM) mode, and this can be boosted with the use of tandem MS/MS or high-resolution (HR) MS techniques. Thus, MS is considered the “gold standard” for the use of membranes, allowing the necessary selectivity for the determination of each analyte in the mixture. Moreover, the membrane simultaneously rejects matrix interference (such as salts, matrix bulk etc.), avoiding time-consuming clean-up procedures needed to eliminate potential ionization suppression species, and speeding up the sampling and detection steps. At the early stages of MIMS development, applications were limited to the measurements of volatile/semi volatile organic compounds (VOCs/SVOCs) permeated into a hydrophobic membrane (usually polydimethylsiloxane, aka silicone) and transferred by a gaseous or vacuum acceptor phase into a mass spectrometer equipped with an electron ionization source (EI) [15,16]. Following the categories proposed by Gill and coworkers [2,12], this MIMS technique is known as GP-MIMS (Gas Phase–MIMS). After these first attempts, several improvements in membrane geometry and material allowed researchers to expand the use of GP-MIMS to different classes of compounds and applications [17,18,19]. However, the use of a gaseous stream or vacuum coupled with an EI-MS system limited the applications to those analytes that could be desorbed into the gaseous acceptor phase on the MS side of the membrane. Moreover, the performance of GP-MIMS is strictly related to the analyte’s volatility and thermostability: less volatile compounds led to excessively long measurement procedures on the membrane. The use of a liquid medium as an AP to dissolve analytes that permeate the membrane has overcome the volatility requirement, opening the application to new groups of compounds. Moreover, the increase in the use of atmospheric pressure ionization techniques coupled to MS provided the opportunity to readily couple the liquid acceptor phase exiting the membrane with suitable ionization techniques such as electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI). This technique is called by Gill and coworkers CP-MIMS (Condensed Phase–MIMS) [2]. In the literature, two main different CP-MIMS sampling interfaces are reported; they are illustrated in Figure 1a–c.



Figure 1a shows the continuous flow cell interface. This variant of CP-MIMS is well-suited for online reaction monitoring or environmental monitoring applications [20,21]. Due to the necessity of continuously flowing sample streams through the membrane, this interface is mainly used for those applications where the available volume of sample is not a concern. For small sample aliquots, as in the case of in vivo or in situ experiments, the variants depicted in Figure 1b,c are the most appropriate. Immersion or insertion probe variants allow the sampling process even in smaller samples because they can be directly immersed in restricted vials or containers. The combination of CP-MIMS with soft ionization techniques makes its ability to mitigate matrix effects even more advantageous. It is a matter of fact that soft ionization techniques, such as ESI or APCI, are prone to signal suppression or enhancement, especially in heterogeneous complex matrices [22]. For this purpose, Duncan and coworkers [21] compared the ESI-MS spectra of an artificial urine solution spiked with estrone and nonylphenol at ng mL−1 levels obtained by CP-MIMS with those by direct infusion. Direct infusion showed a profound signal suppression that limited the analyte detection, even after dilution of the original sample. Contrarily, CP-MIMS clearly showed the characteristic ions of both selected analytes, with a limited or almost absent signal suppression. However, complex matrices such as artificial urine include many components at high concentration, some of which can even cross the membrane, reaching the ionization interface and giving rise to suppression phenomena. To overcome this problem, Duncan and coworkers [23] added an internal standard to the AP, allowing to correct the suppressed signal of the target analytes with the correction factor provided by the signal of the internal standard. Moreover, this technique is less affected by analyte carryover: using appropriate washing with suitable solvents between samples until the analyte signal drops to baseline, avoiding memory effects [12]. The main advantage of CP-MIMS is its capability to selectively extract and preconcentrate analytes regardless of the sample heterogeneity and complexity, all performed instantly with no need for complex devices. Like its gas phase counterpart, CP-MIMS is based on the use of a semipermeable/selective membrane that stands between the sample (donor phase) and a dedicated fluid (acceptor phase): the membrane allows the permeation only to molecules with specific steric, physical, and chemical properties, acting somehow as a simultaneous high-performance filter and low-resolution separation system [24]. The AP, usually methanol or acetonitrile, enriched with permeated molecules flows towards the detector pushed by a simple syringe pump or an HPLC system ready to be analyzed. The main advantages of using CP-MIMS are:




	
Real-time results: there is a negligible delay between the sampling and analysis. This is a key factor for process monitoring and space mapping in environmental applications [25].



	
Preconcentration factor: depending on the operating parameters, CP-MIMS can provide significant enrichments with a consequent boost in sensitivity and limit of detection (LOD) [26]. For most online monitoring applications there is no alternative technique with similar performance. Moreover, the use of a divert valve in the system permits to operate in static AP mode in the membrane (stopped-flow mode). During selected intervals of time, the AP is stopped and allowed to equilibrate with the membrane interface, leading to higher analytical sensitivity [20,21,23,26].



	
Flexibility: by combining different types of membranes, acceptor phases, or ionization methods it is possible to adjust parameters accordingly to different types of analytes and matrices. Samples eligible for CP-MIMS can be both homogeneous and heterogeneous liquids: membrane can also be functionalized (e.g., immobilizing enzymes or functional groups) to make reactions take place before permeation [27].



	
Automatability: theoretically, no further operation is required more than the establishment of membrane–sample contact; this operation can be included in autosampler or in analytical procedures [20].



	
Sustainability: using a micro-scale flow of environmentally friendly solvent as the acceptor phase, CP-MIMS is enclosed among the category of green sample preparation techniques [28,29,30]. It works at room temperature and no disposable component is used.



	
Cost Effectiveness: the use of CP-MIMS eliminates the need for specific sample preparation devices, disposable consumables, and chromatographic instruments. In addition, the system itself is simple and reusable [12].



	
Thus, CP-MIMS is a promising technique for real-time monitoring applications, especially in the environmental and pharmaceutical fields [20,31,32,33,34,35,36]. This review aims to introduce CP-MIMS theoretical fundamentals and basic functioning principles and to survey its recent and contemporary applications, focusing on those applications which include the immersion probe sampling interface variant.









2. CP-MIMS Fundamentals


Membrane permeation is the core mechanism of the MIMS technique. The membrane, which acts somehow as an obstruction to the thermodynamic behavior of molecules, has a double-level selectivity criterion. Firstly, the membrane allows only neutral species to pass; salts are not allowed to cross, and acid/basic species can be collected depending on the sample pH. In addition, macromolecules and polymers are not eligible to be analyzed by CP-MIMS because of the size-exclusion properties of the membrane that filters analytes based on dimensional criteria. These two restrictions reduce the pool of suitable analytes but ensure an improved clean-up from the matrix, with consequent benefits in terms of reduction of the matrix effect. In CP-MIMS, analytes eligible for the extraction are transferred from the sample to the liquid acceptor phase (AP) promoted mainly by concentration gradient and partition coefficient [37]. The higher these two factors, the stronger the non-equilibrium condition that drives the mass transfer across the membrane. Assuming to have still solutions, concentrations in the two solvents are expected to change until both transfer flows have the same value and the equilibrium is reached. In CP-MIMS, where a fresh AP is fed and flows towards the mass spectrometer, the solvent in contact with the membrane is continuously renewed and the equilibrium described above is impossible to establish (Figure 2).



To better describe how CP-MIMS works, the role of the two sides of the membrane must be explained: on the sample side (donor side), analytes with a significative affinity to the membrane accumulate and start to permeate towards the AP. Permeated molecules are then dragged towards the detector so that the fresh solvent is always in contact with the membrane. This concentration gradient, which is the “driving force” that moves analytes from one side to the other, determines a steady state which can be well shaped by the Fick’s law:


  F =  A l  K D C  



(1)







The flow (F) across a flat membrane in steady-state conditions is directly related to the contact membrane area (A), the analyte partition coefficient (K) within sample matrix and membrane, the analyte diffusivity in the membrane (D) and the analyte concentration in the sample (C), whereas it’s inversely related to the membrane thickness (l). Parameters A, l, K, and D are specific to the membrane so can be considered as a constant for every CP-MIMS system, making the flow directly linked to the sample concentration. Therefore, in order to maximize the analytical response, which is tightly related to F, it is important to find a membrane material that provides the highest K and D coupled with good mechanical robustness to reduce l and increase A. Membrane thickness is the Achilles heel of CP-MIMS, especially in real-time monitoring. Thickness affects mass transfer in terms of kinetics which lasts from seconds to minutes, depending on the analyte–membrane interaction.



To date, most CP-MIMS applications are based on hollow-fiber geometry which ensures the best membrane contact area with the two liquids as well as the more easily established connection with a standard liquid system (HPLC or syringe pump). For hollow fiber membranes (HFMs) Fick’s law can be reformulated as follows:


  F =   2 π L   ln (  R 2  /  R 1  )   K D C  



(2)







In Equation (2), L represents the length of the exposed membrane whereas R2 and R1 are the outer and inner diameters, respectively [38]. Hollow geometry boosts the sample to AP mass transfer with a simultaneous reduction of response lag and increase of AP enrichment. In addition, from a mechanical point of view, this structure is more robust and easier to couple to the fused silica capillaries often used in liquid chromatography.



Response delay can be reduced by increasing the AP flow rate. However, depending on the F value and the mass transfer velocity, a higher AP flow rate can conversely determine analyte dilution rather than enrichment, with consequent loss of analytical performance [39]. Conventionally, the response lag is measured as the time elapsed for rising from 10% to 90% of the signal between a steady state and the following steady state reached after a sharp increase of concentration in the sample side of the membrane. This 10–90% is quadratically related to membrane thickness (l) and inversely related to diffusivity (D), meaning that a little reduction of l can give relevant improvements in terms of response time mass-transfer kinetics are critical, especially for bigger analytes with reduced D whose crossing time could reach several minutes and become unsuitable to be analyzed with CP-MIMS.



There are some strategies that can be used to speed up the mass transfer extending this unconventional technique to larger analytes. To date, membranes for CP-MIMS applications are mostly made of polydimethylsiloxane (PDMS) so the reduction of thickness is a parameter with a limited range of improvement before having mechanical breaks or structural deformations. In fact, thinner membranes have a lower response delay, but they can lead to issues such as mechanical failures. Furthermore, they are more prone to failures without dedicated precautions. Therefore, several strategies are proposed to minimize response delay, and better results are obtained working on analyte diffusivity over the membrane (D) by heating or by adding a specific co-solvent in the acceptor phase [40,41]. Working set-up at higher temperatures is the strategy with the best cost/efficiency ratio but it must be considered case by case depending on the sample characteristics due to potential side processes affecting matrix and analytes. Therefore, the use of a specific co-solvent in the acceptor phase seems to be a good strategy to limit the response delay. As demonstrated by Vandergrift and coworkers [41], the use of a co-solvent acceptor system such as heptane or hexane to generate a polymer inclusion membrane (PIM) in a PDMS membrane improves CP-MIMS performance, decreasing response times even using a thicker membrane. This strategy allows to achieve the same improvements as the thinner membrane in terms of response times with the use of a thicker and more robust membrane.



The use of co-solvents is a safer and more promising alternative to increase diffusivity both without affecting sample integrity and system mechanical stability. The above-mentioned strategies are crucial to achieve shorter response times that are related to the lowest detection limits. In fact, signal response is related to how quickly an analyte can be measured. A shorter response time will lead to a rapid rise of the analytical signal from the baseline to the steady state, obtaining an improved signal-to-noise ratio. This is particularly important when the signal is continuous and not peak shaped as those obtained from conventional chromatography.



Even though the published research about CP-MIMS predominantly covers the use of PDMS membranes, Duncan and coworkers compared the analytical performance (in terms of signal rise time and detection limits) of PDMS and Nafion materials for detecting triclosan, 2,4-dichlorophenol, estrone, and ethynylestradiol in aqueous samples [21]. PDMS and Nafion membranes with similar dimensions show comparable results for triclosan and 2,4-dichlorophenol, whereas the detection limits of ethynylestradiol are significantly improved with Nafion. On the contrary, the limits of detection of estrone are improved with PDMS membrane. This result demonstrates promising applications for the measurements of less hydrophobic analytes. However, to date, there is no applied material which allows to increase the polarity range of analytes with decreasing performance for the non-polar ones. Even if the cited advantages make CP-MIMS a very powerful technique, its employment is still restricted to a limited pool of applications. In fact, to date, only volatile and semi-volatile organic compounds are suitable to be measured using this technique so polymers, macromolecules, and strongly hydrophilic compounds, in general, are excluded.



A second restriction is due to the matrix: CP-MIMS can be used for the analysis of gas and aqueous matrices whereas some non-polar solvents can affect the membrane structure, giving rise to swelling phenomena. On the contrary, solid samples are not suitable for CP-MIMS.




3. Suitable Analytes


One of the most relevant strengths of CP-MIMS is simplicity. The whole device stands on a membrane and mass spectrometer, so only analytes permitted to permeate (depending on the nature of the membrane) into the AP and ionized into the ion source are suitable. These requirements are two relevant limitations to the application fields of CP-MIMS at higher-scale levels, especially in routine practice. To date, most applications are dedicated to small molecules of environmental interest, especially water pollutants such as naphthenic acids (NAs), chlorophenols (CPs) and polycyclic aromatic hydrocarbons (PAHs) [21,31,32,33,34,35,42,43]. NAs are organic compounds based on cyclopentyl or cyclohexyl structure and a carboxylic acid function. To date, NAs are considered the most relevant pollutants due to fracking practice. CPs (from mono- to tri-substituted) are pesticides, herbicides, and disinfectants which can be satisfactorily detected in ESI negative acquisition mode: CPs are included in the list of persistent organic pollutants (POPs) and are widely present in surface waters of lakes, rivers, and sea. For these classes of compounds pH is a key factor to keep the equilibrium balance towards the non-dissociated form which is the only one capable of permeating into the AP [20,21,25,41].



On the other hand, PAHs are toxic organic pollutants whose measurement and monitoring are continuously demanding further improvements to make their quantitation limit as lower as possible. These classes of compounds are chemically completely different since NAs are polar compounds with an acid function whereas PAHs are non-polar aromatic cycles without functional groups. To date, CP-MIMS has been coupled to ESI for polar analytes, and to unconventional interfaces such as Direct-EI (DEI) and Liquid-EI (LEI) to extend the application field through non-polar hydrocarbon [42,44,45,46,47]. This flexibility also gives the possibility, for compounds suitable for both techniques, to choose the best ionization style between strong information-rich fragmentation provided by EI or high response typical of ESI. EI is the best choice for complex matrices or untargeted applications since it provides access to NIST libraries, but ESI is the winning choice when it must deal with trace analytes for quantitative applications. Additional classes of acidic molecules other than NAs were analyzed using ESI. Phenyl-substituted carboxylic acids (fragrances) [48,49], gemfibrozil, methylquinoline and ibuprofen (pharmaceutical substances) [20,21,48], triclosan (antibacterial) [20,21,26,41,48], phthalates (plastic additives) [50], fatty acids (lipid components) [51], and many others were quantitated mainly in surface waters (river and sea) or water-based matrices such as urine, process waters, wastewaters, and beer. All these molecules, including NAs, CPs, and PAHs, are characterized by limited molecular weight (docosanoic acid is 340.6 g mol−1), small dimension, and high solubility in organic solvents. Interestingly, in most experiments, MeOH was the AP of choice, with the use of in situ PIM to improve membrane performance (15% v/v of hexane or heptane) added in the last manuscripts [25,33,34,35,36,41]. The aspects listed above were due to compromise between analyte permeation and membrane structural limitations. A comprehensive summary of all analyzed molecules with CP-MIMS is reported in Table 1.




4. Applications


This section describes some applications that show the ability of the CP-MIMS technique to perform rapid screening of analytes in complex and challenging matrices and to monitor online and real-time chemical reactions or environmental systems. The selected reported applications include the CP-MIMS immersion probe configuration coupled with different ionization sources due to its perfect matching with liquid chromatography connections and systems, further simplifying the entire system. The reported key examples of application emphasize the advantages of this technique.



4.1. Rapid Detection of Contaminants in Challenging Matrices


The possibility to rapidly detect priority contaminants in challenging matrices without time-consuming sample preparation procedures or chromatographic separations simplifies the entire analytical workflow reducing the time of analysis and minimizing the use of hazardous solvents. CP-MIMS permits rapid screening of several classes of compounds in challenging matrices such as soils, oil sands process water, wastewater, seawater, groundwater, and hydrocarbon extraction production water (Table 1); moreover, it provides an affordable and direct quantification. The possibility to adjust several parameters such as the nature of the membrane, pH of the donor phase in real-time, and solvents used as acceptor phase (only solvents out of those that do not swell the membrane) gives the chance to achieve satisfactory limits of detection. The group of Gill and coworkers [31,32,33,43] exploits the immersion probe CP-MIMS configuration with PDMS polymer membrane for the rapid quantification of NAs in groundwater and oil sands process water. They require a pH adjustment to promote the transfer of the analytes into the membrane. This step can be performed in real-time, speeding up the analytical workflow, with no need for sample clean-up, chromatographic separation, and HR mass spectrometry. This technique’s tunability can be boosted by choosing different ionization sources in relationship with the nature of the investigated compounds. PAHs are neutral compounds that easily permeate the PDMS membrane but are unsuitable for analysis with a conventional ESI interface. APCI or atmospheric pressure photo ionization (APPI) accomplish this analysis, and several studies are available in the literature [52,53]. An alternative solution was proposed by combining the CP-MIMS system with a new prototype of LC-EI-MS interface, called Direct-EI (DEI), and further updated and improved at Liquid-EI (LEI) [44,45,46,47]. This interface, invented by Cappiello and coworkers allowed the introduction of a nano stream of liquid effluent, like the AP, directly in a conventional EI source, perfectly matching the determination of neutral compounds included in homogeneous or heterogeneous liquid samples with negligible matrix-effect phenomena. The possibility to use EI, a well-established source not affected by ionization suppression, with liquid effluents, permits direct and accurate MS measurements without the drawbacks of conventional approaches. The CP-MIMS coupled with DEI was successfully applied to the determination of PAHs in complex aqueous samples such as sea- and river-water or hydrocarbon production water near the extraction platform [42]. These matrices add further complexity compared to groundwater since salt concentrations and particulate amounts are significantly higher. Vandergrift and coworkers [35] exploit the potential of this combination to quantify PAHs directly in aqueous samples and soil. In 2017, the upgrade from DEI to LEI interface opened significant new applications [44,45], including choosing between EI or chemical ionization (CI) sources starting from a liquid effluent [35]. A detailed scheme of the LEI interface and its mode of operation can be found elsewhere [44,45]. Since LEI is mounted on a conventional EI-based MS, it allows to select the preferred ionization modes depending on the analyte’s properties and the desired type of signal. For positive chemical ionization mode (PCI), autoprotonation reactions occurred in the vapor generated from the liquid effluent (AP) before entering the ion source can be used as a proton donor to form [M + H]+. This is possible because the liquid effluent reaching the interface (kept at a high temperature) is rapidly converted into a gas phase before entering the ion source. Vandergrift and coworkers exploited this LEI interface’s characteristic for the first time by utilizing this clever operation mode to provide suitable reagent ions (LEI/CI in PCI mode). The system was successfully applied to analyze dialkyl phthalates and PAHs in dust and soils, respectively [50]. Recently, they employed the LEI interface with in situ CI to quantify the benzophenone-3 at trace level (20 ng L−1) in a fish-bearing river [36]. To achieve a suitable sensitivity for low concentrations, they modified the system configuration, reducing its dimensions. This modification allowed to enter the entire AP flow rate coming from the LC pump (~1 µL/min post membrane) into the CI ion source showing the first demonstration of direct CP-MIMS-LEI/CI coupling with no flow splitting. This configuration resulted in approximately 50-fold sensitivity improvement of the entire system compared to the previous CP-MIMS-LEI/CI configurations.




4.2. On-Line Monitoring


Conventional direct measurements such as FIA or direct infusion techniques lead to limited punctual kinetic information and can be applied only to a selected pool of eligible analytes in homogeneous matrices. Most approaches currently in use for real-time monitoring are based on two different strategies. Working with standard solutions on laboratory scale or with simple matrices with few analytes and negligible interferences, simple instrumentations such as IR or UV-visible spectroscopy, conductimetry, electrochemical or other sensors can be used to continuously acquire a non-specific signal from the liquid flowing in contact with the device [54]. However, in most cases, the matrix complexity usually leads to side phenomena which make the use of specific techniques mandatory [55]. Moreover, conventional procedures require to perform several samplings at regular intervals followed by sample preparation and chromatographic separation steps [56,57]. Recently, ambient ionization mass spectrometry (AMS) has been successfully applied to monitor online and offline chemical reactions. The strength of AMS techniques lies in the absence of sample pretreatment, allowing direct ionization and detection of selected analytes. Over the years, the improvement and development of new AMS techniques, based on different ionization sources, have led to several applications for MS reaction monitoring. The use of MS allows measuring the m/z values leading to high sensitivity, high selectivity, and high throughput analysis of substrates, intermediates, and products in the reaction system. Thus, ongoing reactions can be sampled and ionized directly, capturing transient intermediates and monitoring reaction progress. As reported by Sun et al., [58] several AMS techniques are developed to detect analytes in different media, following the characteristics of the samples as well as the reaction media (liquid or gas). Dedicated AMS instrumentations can be used for the monitoring of homogeneous or heterogeneous liquid phase or gas phase reactions. Since CP-MIMS is a direct sampling technique, it can be seen as a continuous monitoring platform suitable for following real-time chemical reactions even in complex and heterogeneous matrices [59,60,61]. Recent mass spectrometry-based methods use ESI or other atmospheric pressure ionization-based methods. However, many analytes of interest can be neutrals, showing poor or null ESI performance. In addition, the pH value during the organic synthesis could vary due to the formation of new acidic species, making the ionization efficiency with API sources dramatically different and not consistent during the whole process. In this context, the CP-MIMS-LEI-MS/MS was successfully used to bypass these significant impasses [61]. To date, CP-MIMS was used for online monitoring of two different organic reactions [25]. First, the catalytic oxidation of phenylacetylene to acetophenone under highly acidic conditions in methanol was monitored to test the suitability of the system. The obtained results with SIM acquisition mode were satisfactory and in perfect accordance with the UV signal, which was simultaneously recorded, demonstrating robustness and absence of lag due to mass transfer over the membrane. In this case, the stereospecificity of the reaction itself ensured the absence of the isobaric non-Markonikov isomer (phenylacetaldehyde), which was not possible to discriminate with this configuration. After that, the alkyl glycinate synthesis in dry acetonitrile with triethylamine (TEA) catalyst was monitored. In detail, (R)-α-methyl benzylamine and ethyl bromoacetate reacted to obtain ethyl (R)-(1-phenylethyl)glycinate as the major product (mono-substituted) and diethyl (R)-2,2′-((1-phenylethyl)-azanediyl)-diacetate as a secondary (di-substituted) product. In this second case, the reaction conditions were totally different since a low polar solvent was used (acetonitrile had also a lower dielectric constant) whereas the operating pH was alkaline. Kinetic curves registered with SRM acquisition mode were in accordance with established knowledge in organic chemistry. Both the mono and di-alkylation products were determined even though the latter one gave lower intensities due to its higher molecular mass and consequently decreased volatility. Highly specific acquisition modes such as SRM ensured the necessary specificity, even though most of the CP-MIMS-LEI potential is currently unknown since the use of MSn or high-resolution could further extend the complexity of suitable applications and reveal the hidden potential of this technique. Overall, the development of CP-MIMS offers important new opportunities to study the solution-phase kinetics of environmentally relevant compounds, including pharmaceuticals and personal care products, metabolites. Unlike conventional analyses, which are designed to measure the total concentration of an analyte in solution, CP-MIMS is a direct probe of the free solution phase concentration. Because this technique is amenable to measurements in heterogeneous solutions, it provides an interesting method to sample equilibria phenomena involving surface-active adsorbents.





5. Conclusions and Future Perspectives


Since the beginning of the new millennium has led to the impactful improvements in mass spectrometry, the trend in analytical chemistry was directed towards simplification to match velocity, sustainability, and environmental goals. The coupling of membrane-based direct sampling is a promising strategy due to the MIMS ability to selectively extract the analytes with simultaneous strong enrichment and clean-up. Even though MIMS based on a gaseous acceptor phase is currently a well-established technique, systems based on liquid acceptors have been applied only in a limited pool of application fields. However, the strong improvements of modern API-MS and the development of promising interfaces for extending EI to liquid effluents are expected to give a significant boost to the use of CP-MIMS out of aqueous samples for environmental analysis, where it was successfully used in most applications discussed. In addition, CP-MIMS has been demonstrated to be a powerful tool for real-time monitoring of running processes, both in organic and aqueous solvents, as well as for the geographical non-punctual mapping of water environments such as sea, lakes, rivers, and so on. Structural issues due to current membrane materials restrict the solvent characteristics allowed to be used, either as acceptor-phase or as a major component of the matrix extracted. In addition, fine grid size tuning could further improve selectivity and enrichment factor. This level of size exclusion coupled with a supplementary separation level such as ion mobility could successfully extend all CP-MIMS advantages to more complex samples. In conclusion, further steps are expected to be achieved in the future thanks to the expected improvements of both membrane and MS systems to increase performance and expand the range of suitable applications. From this point of view, CP-MIMS should not be intended as an alternative to conventional protocols but as a complementary low-cost tool to overcome restrictions of traditional LC-MS analysis in specific tricky applications.
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Abbreviations




	AP
	Acceptor Phase



	APCI
	Atmospheric Pressure Chemical Ionization



	API
	Atmospheric Pressure Ionization



	APPI
	Atmospheric Pressure Photo Ionization



	AMS
	Ambient Mass Spectrometry



	CI
	Chemical Ionization



	CP-MIMS
	Condensed Phase-Membrane Introduction Mass spectrometry



	DEI
	Direct Electron Ionization



	EI
	Electron Ionization



	ESI
	Electrospray Ionization



	LC
	Liquid Chromatography



	LEI
	Liquid Electron Ionization



	MEPS
	Micro Extraction by Packed Sorbent



	MIMS
	Membrane Introduction Mass Spectrometry



	MS
	Mass Spectrometry



	MS/MS
	Tandem Mass Spectrometry



	NAs
	Naphthenic Acids



	PAHs
	Polycyclic Aromatic Hydrocarbons



	PCI
	Positive Chemical Ionization



	SPME
	Solid Phase Micro Extraction



	SBSE
	Stir Bar Sorptive Extraction



	SRM
	Selected Reaction Monitoring
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Figure 1. Schematic representation of the CP-MIMS sampling interfaces. (a) Flow cell interface; (b) Insertion probe variant; (c) Immersion probe variant. 
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Figure 2. Example of CP-MIMS with concentration trend over the device profile. 
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Table 1. Detailed list of CP-MIMS variant, mass spectrometric interface, limits of detection, and donor and acceptor phases, acceptor flow rate used in the different applications.
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Analyte

	
CP-MIMS Variant

	
MS

Interface *

	
Detection Limit Range (ng/mL)

	
Sample Matrix (Donor Phase)

	
Acceptor

Phase

	
Acceptor Flow Rate

(µL/min)

	
Ref.






	
Abietic acid, bromobenzoic acid, 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, estrone, phenol, ethynyl estradiol, ibuprofen, nonylphenol, triclosan

	
Flow cell interface

	
ESI

	
0.05–100

	
Water

	
MeOH

	
500

	
[21]




	
Flow cell interface with stopped-flow mode

	
0.005 for

2,4-dichlorophenol




	
Phenol, 2-chlorophenols, 2,4-dichlorophenols, 2,4,6-trichlorophenols, triclosan, gemfibrozil, nonylphenol

	
Flow cell interface

	
ESI

	
0.05–2

	
Drinking water, beer, urine, wastewater

	
MeOH

	
500

	
[20]




	
Miniature probe interface

	
0.02–2

	
200




	
Aniline, aniline-d5, methylquinoline,

	
Immersion probe interface

	
APCI

ESI

	
n/a

	
Wastewater

urine

	
MeOH

	
200

	
[23]




	
Gemfibrozil

	
Immersion probe interface with stopped-flow mode

	
0.005

	
Deionized water




	
Abietic acid, estrone, gemfibrozil, nonylphenol,

2,4,6-trichlorophenol, triclosan

	
Immersion probe interface

	
ESI

	
0.6–3

	
River and oil process wastewater

	
MeOH

	
200

	
[26]




	
Immersion probe interface with stopped-flow mode

	
28x signal enhancement for gemfibrozil




	
PAHs (naphthalene, acenaphthene, fluorine, phenanthrene, anthracene, pyrene, chrysene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno [1,2,3-cd]pyrene, benzo[g,h,i]perylene)

	
Immersion probe interface

	
DEI

	
n/a

	
River, sea water, hydrocarbon drilling rig production water

	
MeOH and ACN

	
200

	
[42]




	
Naphthenic acid isomer classes

	
Immersion probe interface

	
ESI

	
5–10

(170 µm membrane thickness)

	
Oil sand process water, groundwater and seawater

	
MeOH

	
200

	
[43]




	
Phenyl-substituted carboxylic acids (2-phenylethanoic acid, 3-phenylpropanoic acid, 4- phenylbutanoic acid, lauric acid, gemfibrozil, cyclohexanebutytic acid, decanoic acid, perfluorodecanoic acid, bisphenol A, 1-octanol, nonylphenol, β-citronellol)

	
Immersion probe interface

	
ESI

	
0.1–0.05

	
Waste and surface water

	
MeOH

	
200

	
[49]




	
Gemfibrozil, nonylphenol, 2,4,6-trichlorophenol,

Triclosan and naphthenic acids

	
Immersion probe interface (PIM)

	
ESI

	
0.004–0.23

	
Artificial urine, river and seawater

	
0.046 mole fraction heptane/

MeOH

	
75

	
[41]




	
PAHs (naphthalene, anthracene, pyrene, benzo[a]pyrene, pyrene-d10)

	
Immersion

probe interface

	
LEI

	
61–330

(aqueous samples)

0.7–26

(mg/kg in soil samples)

	
Deionized water, seawater,

river water, soil suspended in 2-propanol

	
MeOH/Heptane 85/15% v/v

	
50

	
[34]




	
Chlorobenzene, phenylacetylene, acetophenone, (R)-α-methyl benzylamine, ethyl bromoacetate, ethyl (R)-(1-phenylethyl)-glycinate, diethyl (R)-2,2-((1-phenylethyl)-azanediyl)-diacetate

	
Immersion

probe interface

	
LEI

	
n/a -

	
Various organic-based polar solvents

	
15:85 (v:v) Heptane/

MeOH

	
100

	
[25]




	
Linear saturated fatty acids (C12→22), eicosapentaenoic acid, docosahexaenoic acid

	
Immersion

probe interface

	
ESI

	
0.13–1.7

	
Salmon tissue suspended in 50:50 (v:v) H2O:MeOH

	
MeOH

	
75

	
[51]




	
Various contaminants, pharmaceuticals, and naphthenic acids (aniline, 2-perfluorohexylethanoic, 4-tert-butylcyclohexanecarboxylic, decanoic and octanoic acid, gemfibrozil, ibuprofen, lauric acid, naproxen acid, perfluoro-n-octanoic acid, triclosan, 2-methyl-3-methoxy-4-phenyl butanoic acid, aniline-d5, 2-methoxylphenol, lauric acid-d2

	
Immersion

probe interface

	
ESI

	
n/a -

	
Water and heavy water

	
MeOH

	
200

	
[48]




	
Naphthenic acid isomer classes

	
Immersion

probe interface

	
ESI

	
20

	
Oil sands process-affected waters

	
MeOH

	
75

	
[33]




	
Bis(2-ethylhexyl)-phthalate, dibutylphthalate, diethylphthalate

	
Immersion

probe interface with stopped-flow mode

	
LEI/CI

	
450 (Bis(2-ethylhexyl)-phthalate)

	
House dust in 2-propanol, ACN and deionized water

	
70:30 (v:v) Acetonitrile and diethyl ether

	
50

	
[50]




	
PAHs (naphthalene, anthracene, phenanthrene, fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[a]pyrene, benzo[b]fluoranthene)

	
Immersion

probe interface

	
LEI/CI

	
100–1100

(ng/g)

	
Soil in dichloromethane or chloroform

	
73:23 (v:v) dichloromethane/MeOH

87:13 (v:v) chloroform/MeOH

	
10

	
[35]




	
Naphthenic acids

	
Immersion

probe interface

	
ESI

	
n/a

	
Bitumen and crude oil

	
MeOH/Heptane 85/15% (v/v)

	
50

	
[32]




	
PAHs (naphthalene, anthracene/phenanthrene, pyrene/fluoranthene)

	
Immersion

probe interface with stopped-flow mode

	
LEI

	
1–2




	
Benzophenone-3

	
Modified immersion probe interface

	
LEI/CI

	
0.02

	
River water

	
MeOH/Heptane 85:15% (v/v)

	
1

	
[36]




	
Naphtenic acids

	
Immersion

probe interface

	
ESI

	
n/a

	
Marine and fresh water

	
MeOH/Hexane 85/15% (v/v)

	
50

	
[31]




	
PAHs

	
LEI

	
0.05–0.9








* ESI: electrospray ionization; APCI: atmospheric pressure chemical ionization; DEI: direct electron ionization; LEI/CI: liquid electron ionization/chemical ionization. n/a: not available. 
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