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Tunable diode laser absorption spectroscopy (TDLAS) is a widely used hydrocarbon gas sensing method in many
fields. However, the short scanning range limits its application where multi-species detection is necessary. In this
paper, a laser system based on TDLAS using a difference frequency generation laser was applied for the inves-
tigation of the hydrocarbon gases produced in the coal pyrolysis process and engine exhaust. The coal sample
was heated up to 623 K and the recorded spectra were analyzed by the comparison with the pure hydrocarbon
spectra database. A least-squares fitting was performed to quantitatively determine the concentration of each

component of the mixture. Totally nine different hydrocarbons were identified and the R? values close to 1
indicate that the variance between measured and fitted data was small. The spectra of engine exhaust were
recorded and analyzed using the same method. Hydrocarbon from C3-Cg and a small amount of methane and
ethene were identified. The concentration variation with time was observed.

1. Introduction

As a common chemical compound, the detection of hydrocarbon is
widely discussed from fundamental research to industrial application. In
the coal industry, pyrolysis (or devolatilization) is an important initial
step for most coal conversion processes, such as combustion, gasification
and liquefaction [1]. The volatiles and tars released during this step
account for up to 70% of the total weight loss [2-4]. As a major
component in the gaseous product, it is important to explore the hy-
drocarbon releasing characteristics for pollution control and clarifica-
tion of the pyrolysis mechanism [5]. Common measurement instruments
and methods applied in the coal pyrolysis process detections include gas
chromatography (GC), mass spectrum (MS), thermogravimetric (TG),
Fourier transform infrared spectrometer (FTIR), and their combinations
[6-10]. Most of these methods require pretreatment and isolation pro-
cesses [11], which makes it difficult to achieve real-time and in-situ
hydrocarbon measurement.

Tunable diode laser absorption spectroscopy (TDLAS) is a matured
gas sensing method with the merits of high sensitivity, fast response, and
low cost [12]. TDLAS has been widely used for hydrocarbon measure-
ment in real applications like process industries [13] and combustion

diagnostics [14]. Methane and ethylene are the most common hydro-
carbons detected by different lasers [15-20]. The detection of other light
hydrocarbons like ethane, propene, and propane has been reported by
some articles [21,22]. Several work also mentioned the laser systems for
heavier hydrocarbon measurement like hydrocarbon fuel [23-25].
TDLAS can achieve real-time and in-situ measurement and thus avoid
the drawbacks of the prementioned methods. However, many tunable
diode lasers are only suitable for specific molecules detection due to the
short spectral range and its application was therefore limited. Due to the
co-existence of multiple hydrocarbons under actual conditions, the
detectable species amount is a major consideration.

To overcome the shortcomings of limited wavelength range and to
achieve simultaneous multispecies hydrocarbon measurement while
maintaining the advantages of TDLAS, our group has proposed a hy-
drocarbon measurement system based on a difference frequency gen-
eration (DFG) laser [26]. The DFG laser system combines two seed laser
signals through a non-linear optical medium and generates an idler
beam of the difference frequency of the seed lasers. By combining the
appropriate lasers, a wide spectral range in the mid-infrared region can
be achieved, which is suitable for multi-species hydrocarbon measure-
ment. With the basis of the proposed laser system discussed in the
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previous work [27], in this paper, the researchers present the actual
applications of the system, namely the hydrocarbon measurement in the
coal pyrolysis process and engine exhaust. The previous research ap-
proaches for these two applications are mainly focused on FTIR or
TG/MS, and the reports on these applications using TDLAS are limited
due to the drawbacks mentioned before.

2. Theory and experimental method
2.1. Theory

Direct absorption spectroscopy was used to achieve in situ mea-
surement of gas concentrations. Gas molecules have specific absorption
patterns in certain wavelengths and can be utilized to recognize their
species. The TDLAS method then measures the extinction of laser light
on different wavelengths. The relationship between measured light in-
tensity and the physical properties of gas molecules are described by
using the Beer-Lambert law:

;—:‘):exp{—Al} —exp{ - Z (niLZSiJ(T)G‘,iJ> } (€))

where I, and I, represents incident and transmitted light intensity,
respectively. A, is absorbance, n; is the number density of species i, L is
path length, S;; is absorption line strength of absorption line j and G,;; is
line broadening function.

The Beer-Lambert law can also be expressed as:

A=kc @

where A is the absorbance, k is the absorbance coefficient and c is
concentration.

By extending this formula to multiple components and wavelengths,
the following equation was obtained:

Ai = Z k,-j(,‘[ (3)
J

This equation can be transformed to its matrix form. Through matrix
multiplications and setting the errors between A and ke to zero, the
concentrations of components in the mixture can be obtained by using
the following equation:

C=(K'K) 'K'A )

where C, K, and A are matrices representing concentrations of each
component, pure components spectra, and the absorbance of the
mixture, respectively. The absorbance k is dependent on temperature
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and pressure with a nonlinear relationship. Under the conditions with
different temperature and pressure, the pre-recorded spectra database at
various conditions was required for the determination of concentration.

2.2. Low-temperature coal pyrolysis experimental setup

The DFG laser was a laser system consisting of an external cavity
diode laser (HSL-1-10-40-ZZ-Z-T-P, Stantec co.), a DFB (distributed
feedback) laser, and a DFG laser conversion module (WD-3236/3250-
001-A-A-E, NTT Electronics co.). The DFB laser was placed inside the
DFG module. The DFB laser was used as the pump source and the
external cavity diode laser was used as the signal source to provide
continuous wide spectral range scanning.

Fig. 1 displays the outline of the measurement system. The laser
signal went through an absorbing cell with a 100 mm laser path, which
was placed inside an electrical heating furnace. The signal detector (PVI-
3TE-5-1x1-T08-wBaF2-35, VIGO System S.A.) was connected to an
oscilloscope (PicoScope 5444B, Pico Technology) with a 125 MHz
bandwidth. Coal powder samples made of Newlands bituminous coal
powder from Australia (20 g) were placed inside a heating chamber. All
the pipes and heating devices were connected to temperature controllers
for temperature adjustment. Pipes were wrapped with heat isolation
material for heat preservation. The orange blocks indicate the position
where temperature can be adjusted. Two nitrogen gas cylinders were
used, one for the transfer of gas released from coal powder and another
for cell purging.

The absorbing cell was heated to 523 K and the pipes were heated to
423 K. Then the heating chamber with coal samples placed inside was
heated to six discrete temperatures (373/423/473/523/573/623 K).
The heating time for each temperature was 10 min. The valves of the
chamber were opened when reached each discrete temperature and with
the flow rate of nitrogen gas set to 50 mL/min, the gases released from
the coal were carried into the absorbing cell for detection. Signals were
recorded at 30-s intervals after the absorbing cell was opened and the
averaging time was 200 ms. When the signal recording was finished for
each temperature, the valves of the heating chamber were closed, and
nitrogen gas was flowed through the absorbing cell to take away the
remaining gas. The spectra recorded at 1-min count were used for
analysis since the signal at this time was the strongest. The heating
process was performed three times and the coal sample was replaced
every time.

2.3. Engine exhaust experimental setup

The experimental setup for engine exhaust measurement was
depicted in Fig. 2. A 169 cc four-stroke single-cylinder gasoline engine
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Fig. 1. Coal pyrolysis experimental setup.
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Fig. 2. Engine exhaust experimental setup.

(EX17-2BS, Fuji Heavy Industries, Inc.) was selected as the exhaust
source. A tachometer (FT3406, HIOKI E.E. CORPORATION) was posi-
tioned near the engine for rotation speed measurement. The exhaust was
released through an exhaust pipe with 160 mm in length, 45 mm in
diameter, and 3.5 mm in thickness. A thermocouple was placed above
the exhaust pipe for temperature measurement. A steel ring with drilled
holes was used to fix the position of the laser path. The engine was
running without any load. The recording of the spectra started from the
cold start of the engine. The starting signal was triggered by the
tachometer signal and set to start with the engine speed exceeding 1800
rotations per minute. The total recording time was 200 ms, which was
the maximum recording time at the 6 kHz sampling rate for the oscil-
loscope being used.

2.4. Supplemental experiments

As a common side product of many chemical processes, water vapor
acts as an interference component in hydrocarbon measurement, which
was detected in both coal pyrolysis and engine exhaust experiments. It is
necessary to establish a database of water vapor at different concen-
trations and temperatures to evaluate its influence on measurement
results. The measurement system was based on the system shown in
Fig. 1 by replacing the heating chamber with a water vapor generator
(EA-1101, HORIBA STEC, Co.). The adjustment of water vapor con-
centration was achieved by changing the speed of both water vapor and
nitrogen flow.

Since both actual application experiments were performed above
room temperature, a database of potential pure components at different
temperatures was also needed for analysis. The spectra of fifteen

Table 1
Experimental conditions for temperature dependence of absorbance.
Species Concentration Temperature Limit of detection at
(%) range 523 K, 200 ms
averaging time (%)
Methane (CHy) 0.50 293-723 K 0.0030
Ethene (CoHy) 0.99 293-723 K 0.0247
Ethane (C2Hp) 0.20 293-723 K 0.0036
Propene (C3He) 0.98 293-723 K 0.0310
Propane (C3Hg) 0.39 293-723 K 0.0064
n-Butane (C4H;0) 0.49 293-723 K 0.0066
n-Pentane (CsH;2) 1.26 423-723 K 0.0078
n-Hexane (CgHi4) 0.74 423-723 K 0.0079
Methylcyclohexane 1.14 423-723 K 0.0082
(C7H14)
n-Heptane (C;H;6) 0.99 423-723 K 0.0083
Diisobutylene 0.93 423-723 K 0.0070
(CgH1e)
Isooctane (CgHig) 0.59 423-723 K 0.0045
Benzene (CgHg) 2.15 423-723 K 0.0319
Toluene (C;Hg) 2.24 423-723 K 0.0344
m-Xylene (CgHi0) 1.56 423-723 K 0.0253
Water (H,0) 80.17 423-723 K 2.3963

hydrocarbons at four discrete temperatures were recorded above room
temperature (423/523/623/723 K) at ambient pressure. Table 1 listed
the measured molecules used for analysis and their experimental
condition.

3. Results and discussion
3.1. Supplemental experiment results

The spectra of water vapor detected by the DFG laser system were
shown in Fig. 3 (a). Multiple absorption peaks can be seen from the
spectra within the detection range. The figure also showed a maximum
absorbance of around 0.2 at the concentration of 80.17%. A linear fitting
line was plotted in Fig. 3 (b), showing the relationship between absor-
bance in the highest absorption peak near 3320 nm and concentration.
Compared to hydrocarbon molecules, the absorption of water is rela-
tively weak, indicating the interference of water vapor with the spectra
is also small. For example, the concentration of CoHg was only 0.2%
when the peak absorbance was around 0.2, which is over 400 times
smaller than water vapor at a similar peak absorbance.

The spectra of CoHg and CgHj g at different temperatures were shown
in Fig. 4, and their temperature dependence of the absorbance was
checked. Two components represent the results for light hydrocarbons
with sharp absorption peaks and heavy hydrocarbons without clear
isolated absorption peaks, respectively. Due to the broadening of the
C-H stretch bands, the absorbance of hydrocarbon molecules decreases
with the increase of the temperature. In particular, for light molecules,
such as CH,4 and CyHg, the absorbance decrease in absorption peaks was
significant. No clear shift in the wavelength for the absorption peaks was
observed. For heavy molecules like CgH;g, the absorption curves were
smoothed out in the region where absorption is strong. The spectra of
the molecules listed in Table 1 under different temperature were
recorded as a database and was used for quantitative measurement. The
limit of detection of each molecule was calculated by taking the SNR as
1. The blank signal spectra were used to calculate the noise level by
taking its standard deviation. By comparing with the peak absorbance at
certain concentrations, the limit of detection for each molecule was
obtained. Both the temperature and averaging time could affect the limit
of detection. The conditions listed in Table 1 were 523 K and 200 ms
averaging time. Limit of detections under other conditions were calcu-
lated and used for the analysis of engine experiment and coal experiment
accordingly.

3.2. Coal pyrolysis measurement

In most coal conversion processes like combustion, gasification, and
liquefaction, pyrolysis is an important step [28]. Pyrolysis occurs when
the temperature is up to about 973 K where light gases (such as HyO,
CHy, and CO), tar and char are released. When the temperature is under
673 K, the volatiles mainly comes from evaporation rather than degra-
dation [29].
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Fig. 4. Temperature dependence of absorbance for C,Hg and CgHy g,

The spectra of multiple pure hydrocarbon molecules of different
classes have already been recorded before. Fig. 5 showed the spectra of
all the fifteen hydrocarbons used for quantitative analysis. Light hy-
drocarbons (smaller than C3) and water vapor exhibit rotation-vibration
fine structure with sharp and distinguishable absorption peaks, while
heavier molecules with broader absorption bands are harder to separate.
The measurement results were generally identified through the com-
parison with the current pure hydrocarbon spectroscopic database. The
spectra were recorded after the opening of the absorbing cell valves
when gas flowed through the cell for 1 min. When coal samples were
heated to 373 K and 423 K, only water vapor was visible from the spectra
[30]. When the temperature was raised to 473 K, a small amount of
absorption occurred in the 3360-3390 nm region, indicating the release
of heavier aliphatic hydrocarbons. When the temperature went up to
523 K, more heavy hydrocarbons were released as the absorption in the
longer wavelength continues to become bigger. At the temperature
above 573 K, clear absorption peaks of CH4 and CyHg were found, as
shown in Fig. 6 (e) and Fig. 6 (f). In general, the aromatic hydrocarbons
undergo absorption in the wavelength region smaller than 3320 nm,
which was also observed when the coal sample was heated to over 573
K.

For quantitative analysis of the results, the least-squares fitting of the
spectra was performed. And this method has already been used by our
group for hydrocarbon mixture separation under given conditions, and
its reliability has been proved. Based on the measured pure hydrocarbon
spectra at given concentration and temperature, the concentration of
each potential component within the mixture was calculated using the
method mentioned in section 2.1. Least-squares fittings were performed
at temperatures higher than 473 K. The measured and fitted spectra at
623 K were shown in Fig. 7. The R? value was used to assess the quality

between the measured data and the model. If the R? value is close to 1, it
indicates that the linear regression of the data is in good condition with
small variances. The experiments were performed three times and the
averaged R? value of the fitting results at 623 K was 0.994, showing good
fitting performance. The minimum R? value of 0.939 appeared at 523 K.
The bigger absorbance may lead to better fitting results due to the
smaller influence of noise.

By using the least-squares fitting method, the concentration of each
component in the mixture was calculated and the hydrocarbons above
the limit of detection were shown in Fig. 8. Considering the water vapor
as an interference component, its concentration was not included in the
figure. Based on the calculation results, eleven hydrocarbons were above
the limit of detection. The concentrations of CoHs, CoHg and CgHi were
rather small compared with other hydrocarbons. The concentration of
CoHy4 was above the limit of detection only at 623 K, and the CoHg was
detectable when the temperature rose to 573 K. The concentration of
CgHj¢ was relatively small among all three temperatures. The concen-
trations of all other components increase with the increase of the tem-
perature. The fitting results were consistent with the qualitative
identification results. Coal pyrolysis is a complicated process with many
gaseous and oil products. Though common approaches for hydrocarbon
measurement using FTIR can cover broader wavelength from near-
infrared to mid-infrared region, the resolution is lower, and the de-
vices are less compact. According to previous reports, the released
gaseous hydrocarbons during the pyrolysis process range from C1—Cg [7,
31,32], heavier hydrocarbons were usually not separated in the refer-
ences. The current fitting result demonstrated the approach, and better
results could be achieved if the database were enlarged by more hy-
drocarbon spectra.
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3.3. Engine exhaust measurement

Hydrocarbon is a common material that can be detected in engine
exhaust from both unburned fuel and finished combustion reactions.
The components of the engine exhaust vary with different engine types,
ignitions, fuel types, test methods, etc. [33,34] Despite the variations of
conditions, most components are common groups, such as alkanes, al-
kenes, and aromatics, which are identical to our current database. The
engine employed in this experiment was a four-stroke engine, which
means that the release of the exhaust is not consistent. The rotation
speed and the thermocouple measurement result were displayed in
Fig. 9. The sampling period of the tachometer was 80 ms, which caused a
sudden drop in rotation speed during the measurement. Considering the
rotation speed of the engine, the recorded spectra were averaged every
20 ms for analysis.

The averaged spectra during four different averaging periods were
shown in Fig. 10, which illustrates the change of absorbance. It can be
seen from Fig. 10 (a) that the absorption at wavelength >3330 nm was
strong which indicates the occurrence of heavy aliphatic hydrocarbons.
While minor absorption in 3260-3330 nm could be caused by aromatic
hydrocarbons. Fig. 10 (b) illustrated a weaker absorption spectrum with
almost no absorption in the region from 3260 to 3300 nm, which means
that the signal was recorded between the interval of exhaust release. The
absorption pattern shown in Fig. 10(c) is similar to those in Fig. 10(a)
and (b), and sharp absorption peaks for CH4 can be identified. For
quantitative analysis, the least-squares fitting was also performed. In
addition to CHy, six other hydrocarbons were identified from the fitting

results. Fitted and measured spectra at the time interval from 180 ms to
200 ms were shown in Fig. 11. For all the periods, the R? values between
the fitting results and measured spectra were larger than 0.970, indi-
cating good fitting results. The deviation was larger than the results of
coal measurement, which could be caused by the temperature difference
between measured spectra and pure spectra. Another factor lies in the
shorter averaging time which enlarged the noise level. Fig. 12 depicted
the variation of the concentration of these hydrocarbons with time. The
main components detected from the engine exhaust were aliphatic hy-
drocarbons. The concentration of CoH4 was above the limit of detection
only within the first 0-20 ms, while the concentration of other compo-
nents all fluctuates at different time intervals, indicating the capability
of the system on capturing the change of hydrocarbon release in engine
emissions.

Different hydrocarbons were analyzed in the previous research by
using FTIR [35], but since heavier hydrocarbon molecules share a close
similarity in absorption band shapes, only light molecules were sepa-
rated. More detailed profiles for different components were achieved by
using other methods like gas chromatography [36]. However, the de-
vices are usually heavier, more expensive, and hard to achieve real-time
measurement. Based on the comparison with the results of previous
reports, the number of light hydrocarbons (like methane and ethylene) is
smaller than that of the heavier molecules. Despite the different exper-
iment setups, the spectra recording of this research is limited to a short
period after a cold start, therefore, the exhaust includes more unburned
hydrocarbons rather than burned products.
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4. Conclusion

This study demonstrated the applications of a DFG laser system in
hydrocarbon measurement. The hydrocarbons released from the coal
pyrolysis process and engine exhaust were detected and the recorded
spectra were analyzed. Conclusions are drawn as follows.

(1) Coal powder samples were heated from 373 K to 623 K at a
constant interval of 50 K. The release of aliphatic hydrocarbon
gas started above 473 K, and small hydrocarbon molecules, such
as CH4 and CoHg were detected above 523 K. Besides, the aro-
matic hydrocarbons appeared when the temperature was over
573 K. Fifteen pure hydrocarbons were heated to four discrete
temperatures between 423 K and 723 K and the spectra were
recorded as a database. Based on the database, least-squares
fitting was performed, with a minimum R? value of 0.939,
showing a small variance between fitted and measured spectra.
Moreover, nine different hydrocarbon molecules above the limit
of detection were identified quantitatively.
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(2) Engine exhaust was detected, and the spectra were recorded,
which were analyzed at an interval of 20 ms based on the rotation
speed of the engine. The change in absorbance was observed
among different time intervals, proving the capability of the laser
system on real-time measurement. The spectra were also
analyzed by using the least-squares fitting method and seven
hydrocarbon molecules were identified above the limit of
detection.

It was proved by the two experiments that the proposed laser system
was available for the detection of multiple hydrocarbons simultaneously
in actual situations. Moreover, further study is necessary to acquire the
spectra of more hydrocarbons that may exist in the processes being
measured.
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