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Abstract:
Conventional volatile organic compound (VOC) monitoring devices based on thermal desorption - gas chromatography-mass spectrometry (TD-GC-MS) or gas chromatography-flame ionization detector (TD-GC-FID) are is relatively cumbersome and expensive. In this study a commercial off the shelf low-cost and low-power photo-ionization detector (PID) sensors is are used as simple detectors in VOC analysis systems based on GC, including a as a miniaturised VOCs GCxGC measurement device with portable, low-cost, and low-energy-consumption features. The PID sensors produces a voltage signal positively proportional to VOC concentration, which when incorporated into a TD-GC system gave with a limit of detection of 0.02 ppbV for isoprene. To test PID performance in real-world applications, PID sensors were deployed as (i) a secondn alternative detector in a GC-Quadruple Time Of Flight Mass spectrometry (GC-Q-TOF-MS), and (ii) a the main detector in a compact two-dimensional gas chromatography (GCGC). PID sensors with a 10.6 eV lamp and anand 11.7 eV lamps were deployed used to measure eight toxic chemicals including organic sulfide and organic phosphonates via GC; . Ttwo species were ionized by the a 10.6 eV lamp while and four species were ionized by the 11.7 eV lamp. Commercially available low-cost The innovation of this research is PIDs designed for standalone could be  can be straightforwardly and effectively employed re-used as the detectors of in a compact GCxGC systems, in this work showing excellent VOC sensitivity, fast response and low operational demands compared to comparable field instruments based on GC-FID or MS. and the GCxGC-PID can realize two orthogonal separations, which greatly improve its chromatographic resolution. The GCxGC-PID can separate some complex mixture samples such as petroleum oil and perfume but the commercial GC cannot.
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1 Introduction
Photoionization detectors (PID) sensor can sensitively respond todetect most many different volatile organic compounds (VOCs) in at concentrations from sub parts per billion by Volume (ppbV) to parts per million by Volume (ppmV). Each VOC has its own threshold energy of light (Ionisation Potential, IP) needed to ionise VOC to a molecular ion. Different UV lamps within a PID sensor generates different light photon energies, eg: y such as Xenon lamp producing 9.6 eV photon energy (Aleixandre and Gerboles, 2012), dDeuterium lamps producing 10.2 eV, Krypton lamps producing 10.6 eV and Argon lamps producing 11.7 eV, respectively (Haag and Wrenn, 2013). If the light photon energy is greater than the VOC IPs, PID sensor can ionise the all VOCs, becoming more universal in nature, although each VOC gives a different response factor per mole.  and detect them(Jian et al., 2014). The ionisation potential of the PID lamp is sufficient to ionise most VOCs in exceptions of low molecular weight saturated VOCs and halogenated compounds. Unsaturated and aromatic VOCs are more susceptible to ionisation and are more efficient give larger signal responses to for detection. Whilst PID has been used for many years with GC using relatively expensive and bespoke detectors designed specifically for GC., there has recently been a growth in the availability of low cost PID sensors, used asPID sensor is an efficient, inexpensive, and portable / handheld detectors for VOCs, which can produce instantaneous readings. Many different It is commonly used as detector for hand-held portable device and gas chromatography (GC). Ccommercial low cost PID sensors are available such ase.g. PID-AH sensor from Alphasense Ltd, UK, MiniPID 2 sensor from Ion Science Ltd, UK, and 4RPID-3.3V sensor from SUSA Technology, UK. Costs are typically a few hundred USD, and sometimes less. Simple Portable PID sensors are then used as bulk VOC monitoring solutions for industrial hygiene and safety, environmental contamination and remediation, hazardous materials handling, ammonia detection, lower explosive limit measurements, chemical weapons, arson investigation, indoor air quality and cleanroom facility maintenance (Giannoukos et al., 2016; Kim et al., 2005; Murray and Southard, 2002; Stetter and Li, 2008). Many chemical warfare agents (i.e., nerve agents and related compounds) and toxic hazardous VOCs can be detected by PID sensor s with a 10.6 eV lamp except phosgene, which requires an 11.7 eV lamp, and HCN and ClCN, which cannot be detected by PID (Haag and Wrenn, 2013). A simple PID sensor was successfully deployed as the detector of a microfabricated planar glass GC for VOC measurements chosen due to its simplicity, size (Lewis et al., 2010). A PID sensor was also used as the detector for miniaturized GC to real-time detections of benzene, trimethyl benzene, ethyl benzene, and xylene (BTEX) (Nasreddine et al., 2016) and fast GC to total OH reactivity measurements (Nölscher et al., 2012). The GC-PID was deployed to measure VOC species limited in BTEX aromatic compounds (Nasreddine et al., 2016) or some alkenes or alkanes in ambient air (Nölscher et al., 2012). A smart device using PID sensor was developed for the real-time detection of VOCs produced by hydrocarbons such as oil spills on the sea’s surface combined with buoys or autonomous underwater vehicles (Moroni et al., 2016; Tonacci et al., 2015a; Tonacci et al., 2015b).  The VOC species measured by PID sensor in above mentioned studies were generally limited in BTEX compounds or one VOC species and the PID sensors often showed obvious tailing effects in the gasGC chromatographychromatograms produced. So a comprehensiveHere we further explore the potential exploitation of low cost PIDs  investigation on PID deployment infor VOC measurement is crucial to fully exploit the sensor applications. Actuallywith further focus on comprehensive two-dimensional gas chromatography (GCGC), since this offers  with a FID or a time-of-flight mass spectrometry (TOF-MS) has higher sensitivity and well-documented more additional separation capacity than over a standard GC-FID or GC-MS in VOC measurements (Lewis et al., 2000). However, there are fewer researches to study the PID performances in a GCGC system in spite of itsThe technical advantages of using a compact PID are more than simply cost : They are typically very small (a few cm-3), have features of low cost, small size and low energy consumption (1-10 mW), and have . Additionally, the PID has field operational advantages over the FID detector since it they does not require carrier gas and  hydrogfuel gasesen  (Karlik et al., 2002). 
In view of the above mentioned limitations of currentthis study we test  studies on VOCs analyses, this work aims to address a comprehensive investigation of PID sensors application in VOC measurements.  A PID sensor acted as parallel a secondary detectors in a GC-Q-TOF-MS instrument system to evaluate response factors and response times relative to MS, and quantify this for and its performances were compared with the reference GC-Q-TOF-MS instrument in detections of seventeen species of VOCs and six toxic reagents used in insecticides and chemical weapons. To evaluate utility in more representaive field conditions minimise instrument size and power consumption, a PID sensor was utilised as the detector of in a compact GCGC system, which was developed to be suitable for the ambient measurement of VOCs in the atmosphere at low ppbV level. The design for a compact GCGC seeks to minimise instrument size and power consumption and maximise the device portability and autonomy. , The instrument concept is to achieveing high analyte selectivity for complex VOC mixture analysis using GCxGC, rather than using the additional dimensionality brought by larger more expensive detectors such as mass spectrometery. Several commercial GC-PIDs can be available, for example from the Defiant Technologies, USA, IUT Technologies GmbH, Germany, Alphasense Ltd, UK, and SRI Instruments, USA.  The GC-PID was deployed to measure VOC species limited in BTEX aromatic compounds (Nasreddine et al., 2016) or some alkenes or alkanes in ambient air (Nölscher et al., 2012). GC x GC can realise two orthogonal separations, one based on carbon number or boiling point, the second based on polarity. Therefore, this improved chromatographic resolution of GCxGC can separate above mentioned complex mixtures effectively.For comparison it worth considering that more compact field portable GC-MS systems do exist (eg Torion T-9 from PerkinElmer), and hence any GCxGC-PID system would need to have competitive or better performance to to be considered a step forward.  Some commercial portable GC/MS with a vacuum pump such as Torion T-9 from PerkinElmer and portable Agilent 490 Micro GC micro-machined thermal conductivity detectors (μTCD) are still bulky (19-inch rack chassis) and heavy (15Kg excluding battery). They are also equipped with a small cylinder of carrier gas. Portable GC-MS, and GC/μTCD can have already been be deployed to determine environmental volatile and semi-volatile organic compounds (VOCs/SVOCs), explosives, chemical warfare agents, hazardous substances and for use in food safety and industrial applications (Henry, 1997; Nagashima et al., 2015). Compared with the commercial portable GC instruments the compact GC x GC in this study have more separation capacity to separate some complicated mixtures such as petroleum oil, diesel oil, perfume etc.. Additionally, commercial portable GC/MS is quite expensive and unavailable to ordinary users.  In this study the performances of a self-designed compact GCxGC/PID are tested in VOC standards and ambient VOC measurements and are compared with the reference GC-FID instrument.

2. Experimental
2.1 PID as a stand-alone detector and a GC detector
A commercially available PID sensor (PID-AH, Alphasense, UK) with a data aacquisitioncquirement device (LabJack U3, USA) was employed as a stand-alone detector for total VOC measurements. As the most abundant biogenic VOC in the atmosphere, isoprene is an important target for any PID sensor. A calibration curve was constructed by measuring a series of concentrations mole fractions from 2 to 30 ppbV of isoprene generated from a binary gas standards (CK Gas Products). The isoprene flow was controlled by a three-way solenoid valve and passed through over the PID in a short pulse of gas. Having determine linear response off-line, the 
A PID sensor then acted as the alterative parallel secondary detector for in a GC system (7890, Agilent, USA), with a Quadruple Time-Of-Flight Mass Spectrometry (GC-Q-TOF-MS, 7250, Agilent, USA)., The sensor was placed in , which was put atin an auxiliary olfactometry port receiving approximately half of the column eluent. in the GC-Q-TOF-MS (Fig. 1). High purity helium was used as the carrier gas for GC. A BPX5 column (50 m × 0.32 mm × 1.0μm, length × internal diameter × film thickness) was employed in the GC with two split outlets. One half of GC flow went directly into the PID sensor through one split outlet and another half went into the Q-TOF-MS , which is helpful to compare the results of PID sensor and those of  Q-TOF-MS. The GC oven was programmed to stay at 40°C for 3 min, then ramped at 15°C min-1 to 125°C, then at 20°C min-1 to 250°C and held for 5 minutes. A standard VOC mixtures (National Physical Laboratory, NPL, UK) including benzene, 2,2,4-trimethylpentane, heptane, toluene, octane, ethylbenzene, m-xylene, p-xylene, oxylene, 1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene and 1,2,3-trimethylbenzene were introduced into a thermal desorption (TD) unit (Markes Unity, Series 2 Thermal Desorption Unit, UK) prior to injecrtion and separation on  the GC column. One litre of sample gas was sampled pre-concentration on the absorbent material in the TD unit at 100 mL/ min-1. The trap was purged for 1 minute at 100 mL/ min-1 and heated from -30 °C to 300 °C at the maximum heating rate of the TD unit and held for 3 minutes.
Six toxic chemical reagents including ethane (ethoxymethyl) thio, 2-chloroethylethylsulfide, diethyl-methyl-phosphonate, diethylethylphosponate, diethylphosphoramidate, malathion, were purchased from Sigma-Adrich and dissolved in ethanol at 1g/ mL-1 level. The ethanol solution was injected into the GC/Q-TOF-MS through its inlet port. The GC program was the same as the above mentioned. Two low cost PID sensors, one with a 10.6 eV UV lamp and another with an 11.7 eV UV lamp, were employed tested as potential GC ionisation sources and detectors for those chemical reagents. 
2.2. PID as a detector for a compact two-dimensional gas chromatography
A self-designed compact GC  GC is suitable for the measurement of ambient VOCs at ppbV levels was used as a test device for field applications. The detailed description of the device can be seen in our the  previous study (Lewis et al., 2010). Key features of the compact GC  GC are a custom-built miniature thermal desorption trap to collect and pre-concentrate VOCs from the sample gas stream, a copper oven conducting direct column heating system and a valve-modulated interface to modulate two dimensional GC. A heated two position 1/16’’ diaphragm valve is used to enable flow modulation between two columns. The analytes from the outlet of the second column were detected by a PID sensor with a 10.6 eV UV lamp (PID-AH, Alphasense, UK).  
The components of the GC GC are controlled by a Compact RIO computer (NI, USA) and using self-written LabVIEW software (LabVIEW 2010, NI, USA), which can realise to control  the instrument in a computer. The whole instrument weighs 15 kg with a mean average power consumption of 110 W over each analytical cycle when powered by 12 VDC battery powers ities. The deviceA photograph and the detailed description of device components is are shown in Fig. 2. The major components in the device includes pressure regulators for carrier gas，two micro- diaphragm valves foras flow modulation for to create GCxGC GC columnsseparations, ，a miniaturised thermal desorption unit，a temperature controller for GC columns, GC column holders for primary and secondary GC columns, PID sensor (Alphasense, PID-AH) , power supply, compact RIO computer (cRIO, National Instruments), respectively. The primary column holder in the copper oven contains a coil of 18.5 metres of BPX5 column (0.15 mm i.d., 0.25 mm film thickness, SGE) and the second holder in the copper oven contains 6.5 metres of BP20 column (0.25 mm i.d., 0.25 mm film thickness, SGE). The output of the secondary column directly flows to the PID sensor which is fixed on the wall in the cooper oven (Lewis et al., 2010). 
The GC x GC device was tested in a summer field campaign from 3 August to 12 August 2012 in London, UK alongside a high precision reference instrument of based on TD-GC-FID. The detailed GC-FID for the VOC measurements follow a method described in acan be seen in a previous study (Hopkins et al., 2003). One liter air samples were collected hourly for GC x GC and dried by passing the sample through Nafion tubing sealed in a box filled with molecular sieve prior to the TD trap. 
3. Results and discussions
3.1 Performances of PID sensors in during lab testing. VOC and chemical weapon measurements
A PID sensor was employed as a detector of gas chromatography for its simplicity, size, low cost and portability whilst a mass spectrometry or FID detector combined with a GC column is the most popular approach to VOC analysis. The PID has field operational advantages over the FID because it does not require supply gases such as hydrogen. 
As Fig. 3 shows, the linear resulting calibration curve of a simple low cost PID demonstrates the success and consistency of PIDbased on the  response to changing isopreneisoprene. Based on three times of signal to noise ratio on PID chromatograph the limit of detection (LOD) was calculated to be 23 pptV for isoprene, . This result demonstrates that  PID sensor has sensitivity tomore than sufficient for  ambient isoprene detection (since the typical concentrations of isoprene varying between 0.2 and 5 ppbV in daytime in urban and rural sites). 
A VOCs VOC gas standard containing 12 components (National Physical Laboratory, NPL) at a concentration of approximate 4 ppbV ppb  was tested on the GC-Q-TOF-MS with a PID sensor ion its olfactometry port. The GC chromatograms obtained from MS and PID sensors are shown in Fig. 4. PID shows good symmetrical peak shape compared with what those obtained with the Q-TOF-MS, despite the sensor being essentially unheated and with no make-up gases. Compared with the GC MS chromatogram of Q-TOF-MS, the chromatogram of PID shows perfectthere are strong signal responses to VOCs including alkanes and aromatics with slightly wider peaks, a modest amount of some little peak tailings and slightly higher noise signals in the baseline. The possible reason for the wide peaks and peak tailinthis slight degradation g may ariseis from  the a dead volume within the inlet of the PID or and the effects of a lateral flow, since it is not a flow-through device. VOC eluting from the GC column may potentially not be rapidly flushed away from the detector because few of VOC was detained in the e dead volume of PID sensor giving rise to peak tailing and an asymmetric peak shape. .  The higher baseline noise signals in PID chromatogram may beis a function of the much simpler and lower cost electronics  due to its lower sensitivity compared with that of Q-TOF-MSused in the built in sensor A/D processor. The comparisons between PID sensor and Q-TOF-MS in cost and sensitivity are shown in Table 1. 
Six toxic chemicals relevant to the manufacture of chemical weapons and insecticides were tested usig the sensor. These were: including ethane (ethoxymethyl)thiol, 2-chloroethylethylsulfide, diethyl-methyl-phosphonate, diethyl ethylphosponate, diethyl phosphoramidate, malathion, are the material for chemical weapons and insecticides. The molecular formula and retention times of toxic chemicals are shown in Table 21. Those These chemicals were separated by GC and measured by both MS and PID sensors with an 11.7 eV lamp (Argon lamp) and a 10.6 eV lamps (Krypton lamp), respectively. As Fig. 5 shows, that the PID with an 11.7 eV lamp can detect four species whilst the PID with a 10.6 eV lamp can only detect two species i.g. 2-chloroethyethylsulfide and ethane (ethoxymethythiol). Compared with the chromatograms from MS detector, the peak tailing is more easily pronounced, reflecting the more sticky nature of compounds of this type, and th lackof direct sensor heating.  observed in the PID chromatograms. It is proveddemonstrates however proof of concept  that thesensor PID can respondse to phosphonates when included in a GC system.  It is reported that sulphides are sensed by PID with argon lamp or krypton lamp. The use of an argon lamp leads to the detection of large range of volatile compounds, while the use of a krypton lamp increases sensitivity (Haag and Wrenn, 2013) . The choice of lamp depends clearly impacts on what can be detected, however there are also issues to consider aroundon target gas, selectivity requirement and lamp lifetimes consideration. Usually the, argon lamp is more expensive and has a very shorter lifetime because the UV window is made from Lithium Fluoride, which is prone to degradation. Sometimes Argon argon lamps is normally used on in single- shot measurements manner for criticality safety applications (Haag and Wrenn, 2013).
3.2. PID performance as a GCGC detector and its comparison with FID
A PID sensor had been employed used in our lab as a simple GC detector for VOC measurements and its performance was demonstrated to be similar to an FID detector in a previous work (Lewis et al., 2010). HereinHere we test performance as a simple detector for field , it was chosen as   a compact GC×GC detector and compare against a high precision reference instrument when measuring ambient air.
 A  home-made thermal desorption (TD) unit was incorporated within the miniaturised GC×GC device., comprising a A quartz tube (1 mm i.d., 3 mm o.d, 18 cm length) was connected to the sample inlet lines by compression fittings with graphite ferrules. The tube was packed with 4 mg adsorbent (Carbopack B 60–80 mesh, Supelco) held in place by quartz wool plugs. The quartz tube was laid on a Semiconductor semiconductor Pilter Peltier cooling plate and surrounded by a coil of thermocoax heating wire. , which can preconcentrate VOCs onto the adsorbent in low temperature and release VOCs from the adsorbent in heating process.
The software for the compact GC×GC is written in LabVIEW with the . The user can specifying the experimental procedure and parameters at the start of a each run through the control software (eg. This includes the temperature program for each column, the volume of sample, to trap and the run time). Once deployed onto the cRIO, the program runs autonomously. Progress and results are displayed continuously on the host PC. The cRIO 9022 containing a two gigabyte memory has been programmed to save data automatically at the end of each experiment. Data files are saved in a LabVIEW format which can be easily converted to .txt or .csv data files. For this work, data files were typically two 2 megabytes MB for one hour analysis meaning the cRIO has sufficient capacity to save more than one month of recorded PID data. The 100 Hz PID output was continuously recorded as a one-dimensional array. In order to visualise a two-dimensional plot the one dimensional data wais transformed into two dimensional data by stacking 1-D chromatograms from each modulation period side-by-side. The abscissa of the resulting plot represents the first dimension retention and the ordinate second dimension retention. 
The compact GC×GC-PID was tested with a seventeen component VOC standard (National Physical Laboratory, Teddington, NPLUK). In the standard each component had a concentration of mixing ratio ~4 ppbV. Experimental conditions were as described in the experimentalearlier sections and in each case 1000 mL of the standard was sampled. A Two two dimensional chromatograms are is shown in Fig. 6 for the 17 component NPL standard. Totally 14 peaks are observed in the GCGC-PID chromatogram and 16 species of VOCs are identified. Fewer than 17 species were detected since the PID sensor was not sensitive to some low molecular weight alkanesVOCs in the standard. The calibration curves for GCGC-PID measurement on VOCs were established based on measuring a series of VOC standard gases at different concentrations. The calibration curves of eleven species of VOCs are shown in Fig. 7 and most correlation co-efficiencies are higher than 0.99. The linear range for the eleven VOC species is good at their low concentrations from 17 pptV to 382 pptV including for limonene, isoprene, a-pinene, -pinene, myrcene, 3-carene, benzene, toluene, ethyl benzene, m/p-xylene, o-xylene, respectively. Reproducibility of PID performance for the above eleven VOC species was investigated by repeat measurement of the 11 component VOC standard at different concentrations.  The PID reproducibility on VOC measurements is shown in Fig. 8. Most PID reproducibility was satisfactory but the deviation of repeated measurements from No. 21 to No. 24 is large. The PID reproducibility for isoprene is perfect excellent during the whole measurement process.. Therefore, it is demonstrated that PID performances as a GCGC detector for VOC measurements are satisfactory in reproducibility and sensitivity. 
The compact GCGC-PID was further deployed in a field campaign from 3 August to 12 August 2012 alongside the reference TD-GC-FID apparatus (Hopkins et al., 2003). A two dimensional chromatogram for air sampleThe GCxGC-PID demonstrated the PID had an excellent sensitivity to ambient VOCs including isoprene, acetone, benzene, toluene,  o-xylenen, m-xylene, p-xylene, ethylbenzne, respectively. The VOC cConcentrations including of toluene, o-xylenen, m-xylene, p-xylene, ethylbenzne, measured by the compact GCGC-PID during this summer campaign were then compared with those measured by the reference GC-FID device. The comparisons shown in Fig. 9 imply indicate that the VOC data from PID sensor show good consistencies consistency with the reference measurements although the PID values are a little higher than those from the reference instruments possibly due to the peak tailing effects, and a higher trap blank value at the start of the experiment.
The whole GCxGC-PID device weighs weighed 15 kg, has had dimensions of 400 x 200 x 400 mm (W x H x L) with an average power consumption of 110 W.  For comparison, The the reference GC-FID device (GC-6890, Aglient, USA) weights weighted 49 Kg, has dimensions of 580 x 500 x 540 mm (W x H x L) with an average power consumption of  more than 3,000 W. A water trap attached to the reference GC-FID has dimensions of 250 x 400 x 400 mm (W x H x L)  and weighs more than 20Kg. The GC-FID also required a compressor and a hydrogen generator. It isWhilst the species measured by the two approaches are not exactly comparable it demonstratesd that the self-designed GCxGC  the large advantage in operation that can be gained from use of simple detectors with GCxGC. can minimize device size and power consumption. 

4. Conclusions
In this work commercially available low-cost PID sensors was have been used deployed as a simple miniaturised detectors for VOCs detection when coupled to single column and comprehensive GC.in a self-designed GCGC for its low-cost, low-energy-consumption and field portable advantages. The growth in demand for simple PIDs for handheld hazard detectors has driven a large improvement in sensor quality and perfoance and this can potentially be exploited through their application in more complex GC systems that offer molecular speciation, rather than bulk measurements of VOCs. WE show that simple PID sensors offer potential as GC detectors (possibly even one-shot and disposable) for toxic chemicals, tested here on organic sulfide and organic phosphonates.  Solving issues of peak tailing for these types of compounds may require better sensor heating, and improved flow through characteristics.  The simple nature of a PID sensor helps helped realise a field portable the compact GCGC-PID system for hydrocarbon-like VOCs in ambient air. The performance of such a system wasto realise the field portable function and its performances on ambient VOCs measurements  are comparable with a well-tested the reference instruments including based on TD-GC-FID FID. The combination of narrow peak shapes from GCxGC and the excellent sensitivity of the PID sensor produced a system with detection limits frequently less than 50 ppt in ambient air. Whilst the overall size and footprint of the GCxGC-PID was still substantial, at around 15kg, the power savings over GC-FID were considerable and there were substantial operational advantages in eliminating the need for H2 and air supplies. and GC-Q-TOF-MS. 
A regular GC-FID is sufficient enough to analyze VOCs in ambient air but is insufficient to separate the complex mixtures such as petroleum oil, shale oil, perfume, citrus oil. GC x GC can realise two orthogonal separations, one based on carbon number or boiling point, the second based on polarity. This allows improved chromatographic resolution of GC x GC for above mentioned complex mixtures. When paired with a commercial GC system, the peaks produced by the PID were comparable to those produced by the TOF-MS, with acceptable peak separations for BTEX and alkanes. The limitation of PID sensor is that there is a little peak tailing in the GC-PID and GCGC-PID chromatograms. PID sensor cannot qualify VOC species without VOC standards just like FID detector. The period for one sample analysis including gas sampling and GC x GC separation is longer than 20 minutes, which prevents the device from online measurement. The GCGC-PID requires He or N2 as its carrier gas, which limits the device to be used as a portable device. In future the compact GCGC-PID can be improved in time resolution and portability through developing a GC oven with high efficiency and purifying ambient air as the carrier gas.  The compact GCGC-PID can be deployed in some harsh field sites without power supply to detect hundreds of hydrocarbons emitted from illicit discharges and oil spills. 
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Table 1 Comparison between PID sensor and Q-TOF Mass spectrometer in cost, LOD, weight and size.
	
	PID sensor
	Q-TOF Mass Spectrometer

	Cost
	$300
	$500,000

	LOD
	0.03ppbV for isoprene
	0.005 ppbV for isoprene

	Weight (Kg)
	0.01
	50

	Size
	1cm*1cm (ID*H) 
	50cm*50cm*60cm(L*W*H)





Table 21. Molecular formula and retention time (RT) of toxic chemicals detected by GC-PID in this study.
	Retention time (mins)
	Compound
	Molecular formula

	7.3
	Ethane (ethoxymethyl)thio
	C5H12OS

	7.6
	2-Chloroethylethylsulfide
	C4H9ClS

	8.5
	Diethyl-methyl-phosphonate
	C5H13O3P

	9.5
	Diethylethylphosponate
	C6H15O3P

	10
	Diethylphosphoramidate
	C4H12NO3P

	12.7
	Malathion
	C10H9O6PS2












Fig. 1.  PID sensor employed as an alternative parallel detector for VOCs measurements oin an Agilent 7200 GC-QTOF-MS (left panel) system equipped with an olfactometry port (red square in left panel), of which the PID was placed put in the outlet (right panel). 
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Fig. 2. Schematic diagram of the gas flow direction s within the compact GCxGC-PID  used for field measurements of VOCs.(upper panel) .
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Fig. 3. PID chromatogram responses to pulsed introduction of for isoprene in N2 gas gases at different concentrations from 2 ppbV to 30 ppb,V with its calibration curve in the inserted panel. 
[image: ]
Fig. 4. GC chromatograms obtained by GC-PID sensor (down bottom panel) and GC-Q-TOF-MS (up top panel).  The PID sensor shows symmetrical peak shape (down panel)broadly comparable to that obtained with the Q-TOF-MS (up panel) to a VOC standard containing 12 species at 5 ppbV level. 








Fig. 5. PID sensor performances performance for on toxic chemical measurements with an 11.7 eV Argon lamp (right left panel) and a 10.6 eV Krypton lamp (left right panel). The PID with an 11.7 eV Argon lamp can detect four species including ethane (ethoxymethythiol) (RT at 7.3 min), 2-chloroethyethylsulfide (RT at 7.5 min), diethyl-methyl-phosphonate (RT at 8.5 min) and diethylethyl-phosponate (RT at 9.2 min) but whilst the PID with a 10.6 eV Krypton lamp can detect two species including ethane (ethoxymethythiol) and 2-chloroethyethylsulfide. Overlaid in both ases is the MS response










& acetone















[bookmark: _Hlk494027121]Fig. 6. GC×GC-PID chromatogram (a) of a 17 component VOC standard and its GC-PID chromatogram (b) at 5 ppbV level whenusing a PID acts sensor as the detector of in a compact GC×GC device. Numbered peaks in GC×GC-PID chromatogram are identified as follows: (1) isoprene; (2) acetone; (3) benzene; (4) toluene; (5) ethyl benzene; (6) m/p-xylene; (7) o-xylene; (8) -pinene; (9) -pinene and myrcene; (10) 3-carene; (11) p-cymene; (12) limonene; (13) 1,8-cineole and (14) camphor, respectively.
(a)







(b)







Fig. 7. PID sensor as the detector in the  compact GC  GC shows linear responses to eleven VOC species at various concentrations diluted from standard gases at 17, 37,  63, 89, 195, 285, 382 pptV,  respectively. In pPanel (a), limonene, isoprene, a-pinene, -pinene, myrcene, 3-carene;  are calibrated, respectively. In panel (b),   benzene, toluene, ethyl benzene,  m/p-xylene, o-xylene are calibrated, respectively.
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Fig. 8. Reproducibility of PID performance as the detector in the compact GC  GC to 11 component VOC standard at various concentrations. In panel (a), PID measurement reproducibilities reproducibility on for limonene, isoprene, a-pinene, -pinene, myrcene, 3-carene are shown, respectively. In panel (b), PID reproducibilities reproducibility on for benzene, toluene, ethyl benzene,  m/p-xylene, o-xylene are shown, respectively.













Fig. 9. Comparisons of o-xylene, ethylbenzene, m+p xylene, toluene ambient air measurements between the compacted GCxGC-PID (red) and the a reference TD-device GC-FID (blue) during a summer campaign in London from 3 August 2012 to 12 August 2012.
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17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	267166.75	411831.5	740341.0	1.44114125E6	567732.5	1.277748E6	2.81269475E6	4.16115175E6	6.2047865E6	a-pin	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	585182.75	958360.1666666667	1.7779622E6	3.1002615E6	1.32031E6	2.50373866666667E6	5.7124505E6	8.618589E6	1.265724E7	b-pin	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	576556.75	893074.6666666667	1.6176786E6	2.837937E6	1.183182E6	2.10545083333333E6	4.84834625E6	7.44316425E6	1.11074045E7	myr	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	309129.75	484026.1666666667	894036.6	1.72567775E6	675787.0	1.23343916666667E6	3.073945E6	4.855629E6	7.43374475E6	car	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	414504.0	707603.5	1.2436958E6	2.28369025E6	905398.5	1.9827485E6	4.55272475E6	6.8355645E6	1.005666925E7	isp	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	167171.25	307495.6666666667	536910.0	811498.0	366203.5	768070.0	1.669589E6	2.377261E6	3.2723975E6	Concentration (pptv)

Peak area



benz	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	940979.5	1.368677E6	2.1911832E6	3.116616E6	1.6014185E6	2.8276525E6	5.82688325E6	8.299637E6	1.125664725E7	tol	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	845989.25	1.44077433333333E6	2.4898718E6	3.843101E6	1.7265035E6	3.30201216666667E6	7.19085525E6	1.0400472E7	1.442464175E7	eth benz	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	938803.5	1.59605283333333E6	2.9108232E6	4.81997975E6	2.0575575E6	3.77631966666667E6	8.71255375E6	1.299852175E7	1.876564E7	m-, p-xyl	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	1.54038625E6	2.613286E6	4.8645924E6	8.22600825E6	3.375078E6	6.38721483333333E6	1.555224875E7	2.360008475E7	3.39827785E7	o-xyl	
17.61658031088083	37.30569948186528	63.21243523316063	88.08290155440412	37.30569948186528	89.11917098445595	194.8186528497409	284.9740932642487	382.3834196891192	761729.0	1.2819115E6	2.3626044E6	4.025427E6	1.670595E6	3.04176083333333E6	7.15136375E6	1.078539325E7	1.567920425E7	Concentration (pptv)

Peak area



benz	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	34.0	1.362566E6	1.292396E6	1.284869E6	1.325232E6	1.368226E6	1.378086E6	1.423718E6	1.431931E6	0.0	371853.0	2.172455E6	2.168906E6	2.204664E6	2.177927E6	2.231964E6	0.0	0.0	2.968697E6	3.044845E6	3.371462E6	3.08146E6	0.0	0.0	955605.0	930944.0	942229.0	935140.0	0.0	1.614363E6	1.588474E6	tol	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	34.0	1.728849E6	1.479377E6	1.43919E6	1.439748E6	1.432058E6	1.434408E6	1.444183E6	1.455059E6	0.0	88357.0	2.41809E6	2.49058E6	2.565036E6	2.4469E6	2.528753E6	0.0	0.0	3.585012E6	3.589107E6	4.414457E6	3.783828E6	0.0	0.0	832881.0	845456.0	861984.0	843636.0	0.0	1.721555E6	1.731452E6	eth benz	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	34.0	2.103199E6	1.723345E6	1.631481E6	1.584073E6	1.596197E6	1.569857E6	1.60128E6	1.593429E6	0.0	13344.0	2.770429E6	2.838354E6	3.096534E6	2.89423E6	2.954569E6	0.0	0.0	4.462211E6	4.284592E6	5.68129E6	4.851826E6	0.0	0.0	937399.0	927172.0	952641.0	938002.0	0.0	2.042958E6	2.072157E6	o-xyl	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	34.0	1.71781E6	1.417306E6	1.326477E6	1.261841E6	1.281992E6	1.25145E6	1.295505E6	1.274204E6	0.0	12499.0	2.229904E6	2.297794E6	2.542456E6	2.360726E6	2.382142E6	0.0	0.0	3.720397E6	3.492264E6	4.732516E6	4.156531E6	0.0	0.0	762716.0	756288.0	773563.0	754349.0	0.0	1.659494E6	1.681696E6	m-, p-xyl *	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	34.0	3.467032E6	2.838902E6	2.671033E6	2.609288E6	2.599625E6	2.566998E6	2.615591E6	2.617181E6	0.0	33536.0	4.630184E6	4.732642E6	5.20512E6	4.842299E6	4.912717E6	0.0	0.0	7.603593E6	7.222709E6	9.688266E6	8.389465E6	0.0	0.0	1.552542E6	1.512661E6	1.572223E6	1.524119E6	0.0	3.342044E6	3.408112E6	Sample Number

Area




reproducibility terp
lim	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	0.0	595142.0	496386.0	454255.0	416433.0	425435.0	385156.0	398619.0	391091.0	0.0	0.0	732669.0	712595.0	813138.0	753004.0	690299.0	0.0	0.0	1.288162E6	1.146552E6	1.448893E6	1.880958E6	0.0	0.0	276896.0	273866.0	271398.0	246507.0	0.0	592692.0	542773.0	a-pin	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	0.0	1.330683E6	1.084033E6	994971.0	956893.0	961771.0	932425.0	944065.0	960036.0	0.0	0.0	1.716046E6	1.70322E6	1.898475E6	1.784957E6	1.787113E6	0.0	0.0	2.876128E6	2.689822E6	3.629445E6	3.205651E6	0.0	0.0	578204.0	579806.0	592210.0	590511.0	0.0	1.323747E6	1.316873E6	b-pin	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	0.0	1.202806E6	1.015715E6	924772.0	892854.0	906288.0	858390.0	890220.0	885924.0	0.0	0.0	1.577216E6	1.55562E6	1.745236E6	1.636857E6	1.573464E6	0.0	0.0	2.637365E6	2.425675E6	3.181565E6	3.107143E6	0.0	0.0	566067.0	586004.0	586079.0	568077.0	0.0	1.199824E6	1.16654E6	myr	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	0.0	648157.0	557101.0	512600.0	481047.0	490273.0	459221.0	484741.0	476275.0	0.0	0.0	871064.0	852001.0	985934.0	929206.0	831978.0	0.0	0.0	1.570171E6	1.43285E6	1.825963E6	2.073727E6	0.0	0.0	313999.0	312936.0	321311.0	288273.0	0.0	694297.0	657277.0	car	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	0.0	1.061243E6	877459.0	789117.0	723218.0	714077.0	673842.0	676073.0	669294.0	0.0	0.0	1.207953E6	1.195416E6	1.364209E6	1.25924E6	1.191661E6	0.0	0.0	2.052225E6	1.873872E6	2.397959E6	2.810705E6	0.0	0.0	416286.0	425636.0	421026.0	395068.0	0.0	921296.0	889501.0	isp	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	0.0	335157.0	325096.0	310976.0	309805.0	309536.0	301471.0	302428.0	310758.0	0.0	0.0	535157.0	532154.0	532183.0	538315.0	546741.0	0.0	0.0	774841.0	789321.0	849958.0	831872.0	0.0	0.0	161555.0	165676.0	171952.0	169502.0	0.0	365815.0	366592.0	Sample Number

Area
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