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Abstract
Background: A hand-held portable direct-reading monitor, including photoionization detector (PID) 
is renowned for its good sensitivity, considerable dynamic range, and nondestructive vapor detection 
ability in comparison to the tardy response of the PID in gas chromatography (GC), which its application 
has been restricted. In this study, the performance of a PID system (MultiRAE Lite) was evaluated as a 
replacement of GC in the measurement of toluene in a dynamic adsorption system.
Methods: The test was done at different relative humidity levels (30%, 50%, and 80%), temperatures (21, 
30, 40°C), and toluene concentrations (20, 100, 200, and 400 ppm). 
Results: The PID achieved 48% of all measurements meeting the comparison criterion. The results 
showed that the performance of the PID could be altered by the variables. The best performance of 
the PID was at temperature of 21°C, the relative humidity of 50%, and concentration of 200 ppm with 
the percentage of readings achieving the criterion of comparison to 58%, 54%, and 52%, respectively. 
The averages of the PID readings (mean ± SD at 200 ppm= 207.9 ± 8.7) were higher than the reference 
method measurements averages (mean ± SD at 200 ppm= 203.5 ± 5.8). The regression analysis of the 
toluene results from the PID and the reference method results indicated that the measurements were 
significantly correlated (r2 = 0.93).
Conclusion: According to the results, the device response is linear. Therefore, the findings are acceptable 
in adsorption studies. In this way, the measurement of the sample concentration should be performed 
using the same instrument before and after the reactor in order to calculate the adsorption efficiency. 
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Introduction
According to the necessity of air pollution control, many 
studies have been done to adsorb, remove hazardous air 
pollutants, and evaluate effectively to control airborne 
gaseous pollutants (1-4). In this case, two groups of 
systems including static and dynamic systems are used. In 
a static system, the charcoal is put inside the reactor and a 
specified concentration of the pollutant, which is usually 
generated in an airbag, is passed through the reactor in 
a closed chamber (1,4). For measuring the concentration 
of the pollutant in a closed system (static reactor), gas 
chromatography (GC) is commonly used (2).

In a dynamic system, the concentration of the sample, 

which is generated using a syringe pump, passes through 
the reactor with setting temperature and humidity. In this 
system, the adsorption or removal efficiency is reported as 
influent and effluent concentrations (1).

The concentration fluctuation in the dynamic system is 
a controversial issue (1,5). The equipment for measuring 
the volatile organic compounds (VOCs) concentration 
is the GC equipped with the flame ionization detector 
(GC-FID) (1). GC has some advantages and limitations. 
The advantages of GC equipment are good accuracy and 
precision, high efficiency, and separation of compounds 
which can be vaporized without decomposition. Difficult 
access, required trained people, and large sample analysis 
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costs are its limitations (6). 
Time is very important to evaluate the adsorbent 

efficiency in the adsorption of pollutants through a 
dynamic system. The retention time for measuring 
the sample concentration in GC is almost high. The 
concentration fluctuations, which happen at the time 
of measuring the minimum or maximum adsorbent 
efficiency, will lead to losing some essential data about 
the adsorption capacity of the adsorbent. The mentioned 
limitations imply to use hand-held portable direct-reading 
monitors, including photoionization detector (PID) (1,7).

The advantages of using a PID include a short-time 
period between the readings and providing the results, 
quick response, and recording fluctuations in the sample 
concentration. Also, it provides real-time exposure 
data in the field evaluation, and information in order to 
make informed decisions to control the environment. 
Furthermore, it can be used from the extracted data to 
choose the appropriate respiratory protection equipment 
(5,8).

In a PID high-energy photons, mostly in the vacuum 
ultraviolet range, positively charged ions are produced by 
molecules. In the next step, the ions generate an electric 
current, which is shown as a signal on the detector. This 
electric current is displayed by a monitor that can be 
altered by changes in the amount of concentration. In 
other words, the higher the concentration of the sample, 
the more ions are generated, and the higher the current. 
Several parameters such as water vapor or temperature 
can affect the ions and lead to rearrangement and 
fragmentation of the ions (5,8-12).

The lamp in the PIDs plays an essential role in detecting 
pollutants. In this case, those ionization energies are similar 
to or lower than the energy of the photons generated by 
the PID lamp can just be detected or responded. 

Toluene, which is one of the VOCs, is commonly used 
in adsorption studies. The ionization energy of toluene 
is about 8.81 eV. There are several PID lamps such as 
deuterium, krypton, and argon lamps with ionization 
energy of 10.2, 1.06, and 11.8 eV, respectively (10-12). 

The reliability of the instrument is of the utmost 
importance. So identification of the accuracy and 
precision of the measurements along with bias must have 
been done. Accuracy is the degree to which the result of 
a calculation complies with the actual value or a standard. 
Precision is the refinement in measurement; in other 
words, it is the repeatability of the calculation. Bias is 
defined as the alteration between the average results of the 
calculated amount and the reference method (8).

Rismanchian et al conducted a study on the evaluation of 
a PID performance in photocatalytic studies. In this study, 
the sample had three xylene isomers, which was done at 
four concentration ranges and two humidity levels. The 
results of this study showed the difference between PID 
and GC measurements, which was in the range of 10-260 
ppm. In this study, all measurements obtained from the 

PID were lower than the actual concentrations (11).
In another study by Coffey et al, the performance of four 

kinds of PIDs was studied. The findings showed that 42% 
of readings met the reference criterion (± 25%). Readings 
from PIDs, including ppbRAE, IAQRAE, SapphIRe, 
MultiRAE, and TVA-PID groups were higher than the 
actual concentrations but those from TVA-FID group 
were lower than the actual concentrations (8).

Coy et al also compared the readings of the PID (RAE 
systems) with GC measurements. In this study, solvent 
mixtures (hydrocarbons) were studied. The findings 
showed that the PID readings underestimated the 
exposures in comparison with the GC measurements. The 
findings of this study revealed that the use of a PID was 
acceptable in order to assess exposures to solvent mixtures 
(9). Several studies on the evaluation of PIDs performance 
announced the linear responses for them (1,5,11). 

This study was conducted to evaluate the performance of 
a PID device in a dynamic system as a suitable alternative 
to GC equipment. The results of the PID were compared 
with a reference method in a condition that temperature, 
relative humidity (RH), and concentration were varied to 
determine the effect of the above-mentioned parameters 
on the device performance.

Materials and Methods
Instrumentation and calibration
The measurements were performed using MultiRAE 
Lite with PID (model PGM-6208, RAE Systems, Inc.), 
equipped with a 10.6 eV lamp. The PID was purchased for 
this research and was calibrated using the manufacturer’s 
instruction before the beginning of the study. The 
calibration of the device was done in two ways, daily 
calibration using compressed zero air and span gas 
certified to contain 100 ppm isobutylene in air.

Operational parameters conditions
In order to evaluate the effect of concentration on the PID 
performance, four concentrations of toluene (≥99.5% GC 
grade toluene, Sigma Chemical Company, St. Louis, Mo.) 
(20, 100, 200, and 400 ppm) were used to challenge the 
PID performance. Toluene was chosen since it is a high 
production volume chemical. So, it is needed to sample 
this pollutant with direct-reading monitors (8). The four 
concentrations were chosen to be within the normal 
operational range of the monitors and also to include the 
National Institute for Occupational Safety and Health 
(NIOSH) recommended exposure limit (REL) and the 
Occupational Safety and Health Administration’s (OSHA) 
permissible exposure limit (PEL) of 200 ppm (2,5,7).

Three temperatures (21, 30, and 40°C) and three relative 
humidity (RH) levels (30%, 50%, and 80%) were selected 
to challenge the PID performance since they encompass 
the PID operation limits of the and demonstrate 
conditions existed in industrial environments (2,8,9). So, 
each trial was replicated four times over 36 experiments 
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(four concentrations, three relative humidity levels, and 
three temperatures). 

Six readings from the PID were made with the same 
interval for each experiment, and then, they were recorded. 

Experimental setup
Figure 1 illustrates the experimental setup. The toluene 
vapor was produced by a syringe pump. Total airflow 
through the mixing chamber was 600 ml/min, which was 
controlled by a flow meter. For each test, the appropriate 
temperature and relative humidity were controlled by 
electro-tech systems humidity and temperature controller 
and measured simultaneously under the same conditions. 
For each test, an Anasorb coconut shell charcoal tube (SKC 
Inc), which contained 2 parts (100 mg in the front and 50 
mg in the back), was connected to a personal sampling 
pump (SKC, model 222; Eighty-Four, PA 15330 USA), 
which was set to a flow rate of 100 mL/min. Each sampling 
was taken 30 minutes. Before each experiment, the pump 
was calibrated using the electronic calibrator MesaLabs 
Bios Defender 520 UK, according to the manufacturer’s 
instruction.

As shown in Figure 1, the particular toluene 
concentration was passed through 2 routes, one route 
for measuring toluene concentration according to the 
reference method, and the other for the PID value.

The NIOSH 1501 standard was used as a reference 
method (13). After sampling, the two sections of 
adsorbents were analyzed using FID-equipped Varian CP-
3800 GC. 
Figure 2 shows the calibration curve of the toluene 
concentrations. 

Data analysis
The average of the PID spontaneous readings was obtained 
in parts-per-million (ppm) concentration to compare with 
the reference method measurements results.

To represent that the averages of the PID readings and 
reference method measurements were equivalent, pairwise 
comparisons (one-way ANOVA) were performed.

The equivalency was calculated as the average of the 
PID readings within ± 25% of the average reference 
method measurements. This calculation was based on the 
Occupational Safety and Health Administration (OSHA) 
standard (8). 

The test was done in two modes. One mode was 
performed for combined operational parameters 
(temperature, humidity, and concentration) and the other 
was done for the operational parameters, separately.

Linear regression analysis was performed using the 
reference method as a dependent variable and the PID as 
an independent variable.
 
Results
As mentioned in the previous section, four toluene 
concentrations were prepared using an experimental setup. 

Operational parameters including three temperatures 
(21%, 30%, and 40°C) and three relative humidity levels 
(30%, 50%, and 80%) were determined for this study and 
each experiment was replicated four times.

The PID readings average had a 48% consistency with 
the reference method measurements average under 
combined operational parameters conditions. Figure 3 

Figure 1. Schematic diagram of the experimental setup. 1) Air 
pump; 2) Humidifier; 3) Thermostatic water bath; 4) Humidity and 
temperature controller; 5) Flow meter; 6) Syringe pump; 7) Mixing 
chamber; 8) PID detector; 9) Fix-bed reactor; 10) Sample pump; 
11) Gas chromatography. 

Figure 2. Gas chromatography calibration curve for the toluene 
concentrations (r2 = 0.999).

Figure 3. Pairwise comparison of the PID to the reference method 
using 25% criterion.
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illustrates the effect of temperature, relative humidity, and 
toluene concentration on the average of the reading of 
the PID compared to the average of the reference method 
measurements.

The highest comparability between the PID readings 
average and the reference method measurements average 
for the individual operational parameters conditions was 
found at temperature of 21°C, relative humidity of 50%, 
and toluene concentration of 200 ppm with the percentage 
of 58T, 54%, and 52%, respectively.

Table 1 presents the mean and standard deviation 
for the results of toluene measurement by the PID and 
reference method at different concentrations (ppm). The 
averages of the PID readings were higher than those of the 
reference method measurements. The PID indicated more 
significant variability, which is proved by their standard 
deviations.

The regression analysis of the toluene result from the 
PID by the reference method results indicated that the 
measurements were significantly correlated (r2 = 0.93) 
(Eq. 1). 

Y = 4.473 + 1.024 X (1)

Where Y and X values demonstrate the concentrations 
by the PID (ppm) and the actual concentrations (ppm), 
respectively.

The total mean of the instrument response factor for all 
concentration levels was about 1.09 ± 0.02, which means 
that the concentration of 20 ppm demonstrated by the 
reference method is around the concentration of 29 ppm 
by the PID.

Discussion
The data presented that the PID can be a reliable device for 
measuring the toluene concentrations using the dynamic 
system under different environmental conditions. 

Although the PID data overestimated the actual 
concentrations, the high correlation with the reference 
method results showed that the PID response was 
representative of the actual measurements by the reference 
method. The findings demonstrated a linear relationship 
between actual measurements measured using the 
reference method and those measured by the PID. In the 
study by Rismanchian et al, a linear relationship between 
PID response and actual concentration values except the 
humidity level was reported, which is consistent with 
the results of the present study and the study of Coy et 
al, which showed a linear correlation between the PID 

responses and sample concentrations (9-11).
The PID showed the best performance at 21°C. The 

best performance of toluene at 21°C can be due to this 
reason that the detection limit of the lamp of the PID 
is optimal at 21°C because of the inherent design of 
the device (8,10). Coffey et al compared the effects 
of concentration, temperature, and humidity on the 
performance of several portable direct-reading organic 
vapor monitors (DROVMs). The sample was hexane. The 
best performance of the most DROVMs was reported at 
21°C (8), which is consistent with the results of the present 
study. 

The performance of the PID varied in response to 
concentration. The results indicated that the PID had 
a better performance at higher concentrations. The 
maximum response of the PID device was at toluene 
concentration of 200 ppm. The probable reason for the 
increase in the response of the PID direct reading device 
at toluene concentration of 200 ppm could be due to the 
inherent design of the MultiRAE Lite device to detect the 
concentration of 200 ppm (8,10). Rismanchian et al (11) 
evaluated the performance of a PID with a 10.6 eV lamp 
in photocatalytic studies for removing VOCs. In their 
study, three xylene isomer mixtures were measured in 
air at three relative humidity levels (0, 20, and 80%) and 
four concentration ranges (10-20, 50-60, 105-135, and 
200-260 ppm). In this study, the coefficient of variation 
(CV) of the PID readings represents a decrease in the CV 
with increasing the reading concentration measurements. 
This can be due to more repeatable measurements at 
high concentrations. The results of the present study are 
consistent with those of other studies (7,8,11).

Barsky et al reported that the response of a PID with 
a 10.8 eV lamp was sensitive to the relative humidity so 
that the responses at 90% humidity in comparison to dry 
air for toluene was about 78%. They found that water 
vapor decreased the performance of the PIDs (14). In 
the present study, the results for the PID varied across 
relative humidity levels, but no significant difference was 
found. The maximum response of the PID device was 
at 50% relative humidity, which can be due to rendering 
the detection of water vapor suitable at 50% relative 
humidity by the PID (10). The result of the present study 
is consistent with those of other studies (8,11,14).

According to the regression equation, at the actual 
concentration of 20 ppm, the PID reading would be 25% 
high, and at 200 ppm, it would be 4.3% high.

The response higher than the expected PID response 
may be due to the existence of toluene as a representative 

Table 1. Toluene measurement results by the PID and reference method at different concentrations

Measurements
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

20 ppm 100 ppm 200 ppm 400 ppm

Reference method 21.5 ± 1.6 93.6 ± 6.3 203.5 ± 5.8 406.7 ± 4.1

PID 26.3 ± 8.1 98.6 ± 6.3 207.9 ± 8.7 413.4 ± 6.2
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of VOCs with ionization potentials lower than 10.6 eV in 
the test. The ionization potential of toluene is about 8.81 
eV.

Response factors can improve the correlations of the 
study of the PID (15-17). In a study by Drummond, the 
performance of a PID (MiniRae) was evaluated in the 
exposure of benzene. The obtained response factor was 
0.2 for benzene (15). In another study by Rismanchian 
et al (11), the response factor for xylene mixture was 
calculated to be about 1.29 for a PID (PhoCheck) (11). 
In the present study, the response factor for the PID was 
calculated to be 1.09, which means a 9% difference in the 
time of calibration of the instrument by standard gas. No 
significant difference was found in response factors at 
different humidity and temperature levels.

In this study, only one vapor (toluene) was tested. 
Therefore, investigating not a mixture of gases is the 
limitation of this study as few workplaces contain just a 
single gas or vapor.

The results of this study support this issue that, the PID 
should be calibrated to isobutylene to measure the toluene 
concentration as a representative of VOCs.

Conclusion
The PID results presented decisive determinations 
about the effects of temperature, relative humidity, and 
concentration on the device performance. The results 
also proved that the PID might not be reliable for 
precisely measuring concentrations of the sample at high 
humidity levels in a dynamic experimental set-up. The 
findings are acceptable in adsorption studies. Therefore, 
the measurement of the sample concentration should be 
performed using the same instrument before and after the 
reactor to calculate the adsorption efficiency. Calibration 
of the PID is necessary in order to obtain reliable data.
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