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Abstract The release of HCI is an important parameter
for industrial combustion and gasification processes, which
must be determined in the ppm range for active process
control and optimization. Based on a low power vertical-
cavity surface-emitting laser (VCSEL) at 1.74 um, we
developed a new tuneable diode laser absorption spec-
trometer for calibration-free, absolute in situ HCI detection
using the H*’Cl (2 « 0) R(3) absorption line with mini-
mized cross-sensitivity to CO, and H,O. The spectrometer
was applied to in situ measurements in a gasification pro-
cess (T = 1,130°C, P = 1 atm, L = 28 cm) and yielded an
optical resolution of 2.3-107%, i.e. a HCI sensitivity of
45 ppm (13 ppm-m).

1 Introduction

Gasification is a method to convert high amounts of solid
or liquid biomass into gaseous products. These products
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can be used for the synthesis of liquid fuels, H, and
chemicals or simply burned to generate heat and electricity
(Balat et al. 2009). At the Karlsruhe Institute of Technol-
ogy (KIT), a new two-stage process for the production of
synthesis gas (syngas) from biomass has been developed,
the BIOLIQ® process (Henrich et al. 2004). Straw and
other abundant lignocellulosic agricultural by-products are
converted to syngas by pyrolysis and the subsequent
entrained flow gasification of the pyrolysis product, a
highly viscous slurry. From the tar-free syngas, chemical
products like synthetic fuels or methanol can be produced.
Synthetic fuels can be generated by the Fischer—Tropsch
synthesis, e.g. in bubble columns with Fe catalysts. For
methanol synthesis, catalysts containing Cu and Zn are
used. The catalysts used in these processes are extremely
sensitive to contaminants, mainly sulphur, chlorine and
nitrogen compounds. The chlorine content of biomass
varies significantly. The values of straw are in the range
of 0.8-1.8 wt% on a dry basis (Hartmann et al. 2007,
Kilgallon et al. 2002). During pyrolysis, the chlorine bound
as KCl or NaCl remains in the coke fraction. In the gasifier,
the chlorides partly react to HCI and partly remain in the
slag. The content of HCI in the syngas must be reduced to
below 10 ppb (volume) in order to avoid catalyst poisoning
(Leibold et al. 2008). The chlorides in the slag decrease the
melting point and, thus, influence the flow behaviour of the
slag. Highly corrosive substances such as HCI also influ-
ence the choice of the steel quality of the gasifier material
and the subsequent gas cleaning equipment increasing the
plant lifetime but leading to considerable additional costs
(Bjoroey et al. 1996).

Already existing extractive HCI detection methods are
difficult to apply due to severe particle loading, and
the condensation of the product gases often prevents the
extraction itself. Also, the measurement and the gas sample
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preparation is difficult due to adsorption effects and the
high water solubility of HCl. HCI detection in a technical
gasification process requires a fast, non-invasive, highly
sensitive and selective diagnostic which is—at the same
time—economic, robust and easy to use. With respect to
these requirements, laser absorption spectroscopy (LAS) is
particularly promising owing to the very narrow laser line
width and the excellent selectivity and sensitivity (Ebert
and Wolfrum 2001; Schulz et al. 2007). One version of
laser absorption spectroscopy that combines a minimal
setup effort and a sampling-free measurement with high
temporal resolution is in situ tuneable diode laser absorp-
tion spectroscopy (TDLAS), which was studied intensively
in the last few years and successfully used even under
complex industrial and technical conditions (Ortwein et al.
2008; Teichert et al. 2003; Wagner et al. 2009). TDLAS-
based HCl detection is possible in the rovibrational
fundamental band (1 < 0), as well as in the first (2 « 0)
and the second overtone band (3 « 0) (see Fig. 1), as was
already demonstrated in different publications (Rothman
et al. 2009; Corsi et al. 1999; Linnerud et al. 1998; Kim
et al. 2003).

Regarding the technical characteristics and the spec-
trometer components such as laser, detectors, optics and
glass fibres, absorption measurements in the region of the
HCI 3v-band are very interesting for industrial applications
also for other gas species (Mihalcea et al. 1997; Upschulte
et al. 1999). However, the HCI line strengths are nearly
1,000 times smaller than at 3.5 um, so that the necessary
detection limits for gasification and combustions processes
require relatively large absorption path lengths or very high
optical resolutions, needing considerable setup efforts.
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Fig. 1 HClI line strengths of the fundamental band (3,100-4,200 nm),

the first (1,180-1,270 nm) and the second overtone (1,700-1,940 nm)
at 1,500 K taken from the HITRANOS8 database
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The HCI 2v-band at 1.7 pm offers 100 times larger line
strengths and, thus, considerably better detection sensitiv-
ities. Recent improvements in single-mode room-temper-
ature vertical-cavity surface-emitting lasers (VCSELSs) in
the 1.5-2.3 um range opened up the practical use of the
2v-band and, thus, offer a much better compromise
between the required absorption path length and the
achievable sensitivity (Bachmann et al. 2009; Lackner
et al. 2003b). Using long wavelength VCSELSs, the detec-
tion of different gas species could already be demonstrated
(Totschnig et al. 2003; Lackner et al. 2003a). One main
advantage of VCSELs is the wide tuning range, so that it is
also possible to scan over strongly broadened lines in high-
pressure applications, like biomass gasification processes
for synthetic fuel production that is done at pressures up to
8 MPa (Balat et al. 2009; Dodge and Biaglow 1986). The
high-pressure ability could already be shown during the in
situ measurement of potassium (K) atom concentrations
in the high temperature (up to 1,650 K) flue gas of a pul-
verized coal dust combustion system (12 bar) with a
767.5 nm VCSEL (Schlosser et al. 2002).

HCI detection in a gasification process, in which high
H,0 and CO, concentrations can occur, suffers from strong
spectral interference. Therefore, it is necessary to isolate a
spectral region with minimum interference to realize a
highly sensitive spectrometer for a quantitative, VCSEL-
based HCI absorption measurement in a technical, high
temperature gasification process.

2 Experimental details

TDLAS is based on scanning over the absorption line by
modulating the laser wavelength and extracting the area of
the absorption line to yield the number density of absorb-
ers. To correct the in situ signals for various strong dis-
turbances found under gasification conditions, TDLAS is in
our case described by an extended Lambert—Beer‘s law
(Ebert and Wolfrum 2001; Ebert et al. 2005):

I(v,t) = Ip(v) - Tr(t) - exp(—S(T) - g(v —vo) -n- L) + E(t)
(1)

with n being the number density of the molecular
absorbers, Ip(v) the initial laser intensity and I(v) the
intensity detected after the absorbing medium of thickness
L. Tr(¢) describes the effect of transmission variation due to
soot or other particles and E(7) that of additive detection
signals, like the thermal and optical background radiation
of the gasifier. The absorption line is characterized by the
temperature-dependent, spectrally integrated line strength
S(T) and the normalized (area = 1) shape function g(v, vy),
which is centred at wavelength v,. Resolving this equation
with respect to the absorber density n while spectrally
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Fig. 2 Absorption spectrum for 0.2% HCI, 25% H,0, 20% CO,, 15%
CO and 1% CH4 at T = 1,500 K, P = 1,000 hPa, and L = 0.28 m
calculated with HITRANOS8 data and Voigt line shapes. CO,, CO and
CH,4 do not show a significant absorption in this region and can
therefore not be seen in the graph

integrating the absorption line shape g(v, vy) over the
wavelength v leads to:

n= ! /ln (I(v, 0 E(t)>avdt (2)
S(T)- L Iy(v) - Tr(t) ) ot

Thus, the number density can be determined without the

need of signal calibration, solely with knowledge of the

line strength S(7), the experimental boundary conditions

(p, T, Tr(t), E(?)) and the laser tuning coefficient dv/dr.

The selection of suitable absorption lines plays an
important role in TDLAS and strongly influences the
accuracy and quality of the measurements. The large
number of possible absorption lines, especially for the
interfering species like H,O and CO,, makes a manual
selection ineffective. Based on the HITRANOS database
(Rothman et al. 2009), we have developed a line selection
software (Wunderle et al. 2006) that calculates a highly
resolved absorption spectrum for the expected experimental
boundary conditions (pressure, temperature and concen-
tration of the different gas species) in a technical gasifica-
tion process (see Fig. 2). Based on these data, the H*CI
(2 < 0) R(3) absorption line at 5,739 cm™~! has proved
suitable, and an appropriate 1.74 pum VCSEL (manufac-
tured by VERTILAS GmbH, Germany) was selected.

The 1.74 pm VCSEL offers a maximum optical output
power of 0.7 mW. Compared to the commonly used dis-
tributed feedback diode lasers (DFB lasers), the output
power is rather low. A precise measurement of the HCl
concentration requires a comprehensive knowledge of the
optical, spectral and electronic characteristics of the VCSEL.
The wavelength coverage of the respective laser is limited by
the maximum range of operating temperatures (15-35°C)
and operating currents (1-6 mA). Within this range, we

dv/dT = -0.4502 cm /K
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Fig. 3 Determination of the static temperature tuning coefficient
dv/dT = 0.45 cm™ /K (I = 5 mA)
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Fig. 4 Determination of the static current tuning coefficient
dv/dl = 1.75 cm™Y/mA at T = 20°C and T = 30°C

determined quasi-static, averaged tuning coefficients of dv/
dT = 0.45 cm™ /K (I = 5 mA)and dvw/dl = 1.75 cm™'/mA
(T = 20°C and T = 30°C) (see Figs. 3 and 4).

Furthermore, we measured the modulation-frequency-
dependent, so-called dynamic tuning characteristics of the
laser for modulation frequencies from 0.5-6,000 Hz.
Ideally, under linear current modulation, a constant laser
tuning coefficient dv/dr would be desirable (Lytkine et al.
2006). However, most lasers deviate strongly from linear-
ity—particularly for higher modulation frequencies—
making an efficient tuning linearization algorithm indis-
pensable. In this work, the laser was characterized using a
planar, air-spaced (L = 10 cm) precision etalon. The tun-
ing coefficients were determined using a semi-automated
fringe fitting software.

The spectrometer for the HCI concentration measure-
ments (see Fig.5) consisted of a function generator
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Fig. 5 Experimental setup of the spectrometer for the HCI concen-
tration determination in the air flow gasifier REGA

(Agilent 33220A) supplying the laser driver with a peri-
odic, triangular signal. For the in situ measurements, the
laser was scanned across the absorption line with a mod-
ulation frequency of 1,040 Hz to optimize suppression of
transmission interferences due to soot or other particles.
The laser is temperature stabilized at 305 K using a built-in
Peltier element that is mounted in the laser scan. The
laser is collimated using an AR-coated aspheric lens
(f = 4.5 mm, diameter 6.35 mm) and directed through the
gasifier. The transmitted laser beam is detected by an
extended InGaAs photodiode (diameter 1 mm, peak
wavelength 1.75 pum), and the photo current is amplified by
a low-noise transimpedance amplifier (Femto DLPCA 200,
10° V/A, 500 kHz bandwidth). The resulting signal is
digitized with a 12 bit A/D-converter (60 MS/s) and
evaluated using our LABVIEW-based line fitting code as
described in detail in Ebert et al. 2005.

The application of the spectrometer in a gasification
process was accomplished at the atmospheric, pilot scale
entrained flow gasifier REGA (Research Entrained Flow
Gasifier) (Santo et al. 2007). The process flow sheet is
shown in Fig. 6.

The reactor consists of a ceramic tube with an inner
diameter of 0.28 m and a length of 3 m. The heat loss of
the system is minimized by electric heating of the reactor
walls in three zones up to 1,200°C allowing nearly adia-
batic operating conditions. The reactor has a thermal load
of 60 kW. A maximum of 100 m*/h syngas is produced. In
order to achieve well-defined experimental conditions, the
tests are carried out with ethylene glycol as a non-toxic
reference fuel. Model slurries are mixed from ethylene
glycol and finely ground charcoal. Oxygen enriched air is
used as a gasification agent. The burner is equipped with an
external mixing nozzle for the atomization of the fuel.
Along the reactor axis, flanges are mounted for sampling
probes as well as optical access to the reacting gas phase.
With the vertically moveable burner construction, con-
centration and temperature profiles can be measured at
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Fig. 6 Process flow sheet of the entrained flow gasifier REGA

variable distances from the nozzle. The syngas leaving the
reactor is cooled by a tube-in-tube heat exchanger and a
scrubber. Subsequently, the produced gas is burned in a
flare. Research is focused on the characterization of the
thermal conversion of biomass-based slurries under tech-
nically relevant gasification conditions. Hereby, the influ-
ence of fuel specification and atomization of fuel on the
syngas quality, characterized by the conversion of hydro-
carbons and the cold gas efficiency, are investigated (Kolb
and Zarzalis 2008). During the gasification of biomass-
based slurries, HCI is generated, which leads to corrosion
damage at the reactor walls. HCI sources are mainly salts,
originating from the ubiquitous NaCl and all chloric
hydrocarbon compounds. Hence, HCI generation is a very
important parameter especially due to the reducing condi-
tions during the gasification process. For this application,
TDLAS is a well-suited analysis method due to its capa-
bility of in situ HCl detection without influencing the
gasification process.

In the air flow gasifier REGA, optical access is given
directly downstream the burner, which can be mounted in
four different vertical positions. The horizontal distance
between the access windows is 140 cm, and the length of
the in situ absorption path is 28 cm determined by the
reactor tube diameter (see Fig. 7).

To meet the criteria needed for a laser-based absorption
measurement, we developed a specialized optical access
unit for both reactor sides, equipped with 1° wedged 2"
sapphire windows. To avoid intrusion of process gases into
the access pipes, which would modify the effective
absorption length and contaminate the sapphire windows,
the whole access unit is purged with nitrogen. Hence, the
nitrogen also intrudes into the reactor itself but due to the
low purging volume (0.5 m>/h) and the high gas velocity
(0.1 m/s) inside the reactor it was verified that this has no
significant effect on the absorption path length. The gas
temperature was determined with a type S thermoelement
in the centre of the absorption path.
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Fig. 7 Optical absorption path in the air flow gasifier REGA

3 Results and discussion

During the experiments, the average gas temperature was
1,130°C. Figure 8 shows a typical radial gas temperature
profile at different distances from the burner at gasification
conditions comparable to those during the HCl measure-
ments. The temperature profiles show rotational symmetry
and with increasing distance from the burner, the profiles
become more uniform along the reactor cross-section due
to mixing of the reactants and smoothening of the flow
field. The HCI measurements were taken at a distance of
682 mm from the burner to minimize the effect of the
radial temperature behaviour on the path integrated
TDLAS measurement. The average temperature of the
radial temperature profile for this burner position is
1,193°C with a standard deviation of 18 K (lg). The
standard deviation is important to minimize effects by the
temperature-dependent line strength on the concentration
determination.

Due to the use of glycol, the scattering loss during our
measurements was low (20%). But also a measurement in a
highly particle loaded process is possible as could already
be shown during measurements in a full-sized coal-fired
power plant (Teichert et al. 2003).

Figure 9 shows a measured and transmission, offset and
amplitude corrected TDLAS line profile of the H*Cl R(3)
absorption line during the gasification of glycol (without
any additives) at a gas temperature of 1,130°C and a
pressure of 1 atm. The measured absorption profiles were
averaged over 25 scans and fitted with the Voigt line shape
model using a non-linear Levenberg—Marquart algorithm.
The Gaussian width was calculated using the measured
temperature inside the reaction chamber. This procedure

radial position [cm]

Fig. 8 Radial temperature profiles at four different vertical burner
positions for comparable conditions to the HCI measurements in the
air flow gasifier REGA
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Fig. 9 Measured and fitted line profile of the H**CI R(3) absorption
line in the gasifier REGA at 1,130°C gas temperature. The scan is
transmission and emission corrected and normalized with the initial
laser intensity. A minimum detectivity of 2.3-107%, i.e. a signal to
noise ratio of 40 can be derived from the residual

led to a time resolution of 1 s to measure, evaluate and save
the absorption profile.

The measured absorption profile agrees very nicely with
the Voigt model yielding an optical resolution of 2.3-10™*
and a signal to noise ratio (=peak height/residual) of 40.
Hence, the resulting measured HCI concentration
of 1,885 ppm corresponds to a very good concentration
resolution of 45 ppm, i.e. 13 ppm-m with a time resolution
of only 1 s.

The gas temperature for the fitting procedure was
measured at a single point at the centre of the reactor.
According to Fig. 8, this could result in a 10 K higher
maximum temperature than the average temperature. This
leads to an overestimation of the concentration due to the
temperature dependence of the line strength (see Fig. 11
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Fig. 10 Time series of the in situ HCI concentration for a combus-
tion/gasification run in the air flow gasifier REGA. The concentration
peak at t = 46 min is due to the injection of a glycol-NaCl mixture

and Eq. 2). In the range of 1,400 £ 50 K, the temperature
dependence of the line strength can be assumed as a linear
function, i.e. a change in the line strength of 0.15%/K. An
assumed standard deviation for the radial temperature
behaviour of 20 K and an overestimation of the tempera-
ture of 10 K, therefore, lead to a systematic uncertainty of
28 ppm for the measured HCl concentration, which lies
within the determined concentration resolution.

Figure 10 depicts the temporal evolution of the measured
HCI concentration beginning with the start-up process, the
switch into the gasification mode and finally the reactor shut
down. Most of the time glycol was used as the fuel, at
t = 45 min glycol with 0.8% NaCl was added to increase
the HCI generation. Even prior to the start-up process (first
3 min in Fig. 10), we determined a HCIl concentration of
200 ppm. This is due to electrical heating of the reactor and
the fact that the reactor has already been operated before our
experiments. In the following 12 min, the reactor was
operated in the combustion mode, which resulted in a fast
increase in the HCI concentration. Although pure glycol
was used as a fuel, we measured significant HCI concen-
trations in a range of about 1,000 ppm. Then, the reactor
was switched to the gasification mode by continuously
decreasing the air number below 1 (4 =0.43) and
increasing the amount of fuel (9.5 kg/h) and the oxygen
fraction in the supplied air up to 50%. These variations also
led to an oscillation in the HCI concentration. After 40 min,
a stationary operation point was reached with a constant
HCI concentration of 1,750 ppm. Due to the reducing
atmosphere during the gasification, this value is signifi-
cantly higher than in the combustion mode. For this sta-
tionary phase (see also Fig. 10), we determined a
concentration noise of Ac = 40 ppm, i.e. 11 ppm-m, which
is a conservative sensitivity estimate since this value still
includes real HCI concentration fluctuations.
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The following sharp concentration increase at
t = 46 min results from the change from pure glycol to a
0.8% NaCl in glycol composition and nicely demonstrates
the high time resolution and sensitivity of the spectrometer.
Directly after the change, the reactor was shut off, and the
HCI concentration decreased rapidly to the level before the
start-up process.

In a technical gasification in larger reactors, much
higher temperatures up to 2,000 K can occur. To apply the
VCSEL-based spectrometer also in high temperature pro-
cesses, the temperature sensitivity of the used absorption
line is of significant interest. Using the HITRANOS data for
the temperature-dependent line strength of the H*>Cl R(3)
absorption line, it is possible to conclude on the detection
limits of the presented spectrometer also for technical
gasifications with higher temperatures (see Fig. 11).

The calculations are based on a conservative assumption
for an optical resolution of 107°. For a temperature of
1,800 K and a pressure of 1,000 hPa, this results in a
detection limit of 58 ppm-m. In the air flow gasifier REGA,
we typically reached more than 4 times better detection
limits. Assuming an optical resolution of 2.3 10~ based on
our measurements, it is possible to reach a HCI detection
limit of even 13 ppm m.

As already mentioned, technical gasifications are plan-
ned at pressures up to 8 MPa. A sensitive HCI measure-
ment in pressurized high temperature gasification
processes, thus, requires a widely tuneable laser to cover
also strongly pressure broadened absorption lines. While
distributed feedback diode lasers (DFB) have also been
used for measurements in high-pressure measurements, it is
no longer possible to scan over a complete absorption line
for high pressures and one therefore requires additional
evaluation effort or the use of different direct absorption
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Fig. 12 Absorption spectrum for 0.2% HCI, 25% H,0, 20% CO,,
15% CO and 1% CH; at T=1800K, P =25MPa, and
L = 0.28 m calculated with HITRANOS data and Voigt line shapes.
The spectral envelope (solid line) as well as the HCI (dashes) and the
H,O absorption (dashes and dots) are shown

techniques like wavelength modulation spectroscopy
(Rieker et al. 2007; 2009).

Recently, we demonstrated the application of the
1.74 pm VCSEL in the first laser-based high-pressure
study on the room temperature pressure broadening of HCI
by He, N, and O, covering pressures of up to 1 MPa
(T =293 K) (Ortwein et al. 2009). With rising process
temperature the line width decreases for constant pressure
(~ (1/T)* with s = 0.5 as derived from the kinetic gas
theory). Thus, the measured line width at 1 MPa and 293 K
corresponds at a temperature of 1,800 K to a pressure of
2.5 MPa.

Figure 12 shows a simulated absorption spectrum for
the same boundary conditions as in Fig. 2 except for the
pressure and the temperature being 2.5 MPa and 1,800 K,
respectively. As can be seen, the H*Cl 2 < 0) RQ3)
absorption line suffers from spectral interference by H,O
for high pressures but is still separated and can therefore
be scanned by the 1.74 um VCSEL. Due to the signifi-
cant line widths, it will be necessary to use a multi-line
Voigt fit to account for spectral overlap with the neigh-
bouring H,O and HCI lines. The 10-cm™"' tuning range
of the VCSEL allows the inclusion of the neighbouring
lines. As some lines that are also contributing to the
measured signal are located outside the absorption scan
they have to be calculated using HITRAN 2008. The
effectiveness of this procedure was already demonstrated
in (Ortwein et al. 2009). Additionally, it is also possible
to use a second VCSEL to simultaneously measure more
neighbouring lines. Therefore, our VCSEL-based spec-
trometer is well suited to cover also strongly broadened
lines.

4 Conclusion

In this paper, we demonstrated the first laser-based, cali-
bration-free and absolute in situ detection of HCl in a high
temperature gasification process. The measurements
showed that the new spectrometer based on a low power
1.74 pnm VCSEL is well applicable for highly sensitive
HCI detection. We demonstrated a HCI detection limit of
45 ppm (13 ppm m) with a time resolution of only 1 s.
This enables the spectrometer for HCl monitoring also in
technical gasification and combustion processes. The wide
tuning range of the VCSEL also establishes the possibility
for already planned measurements in pressurized high
temperature gasification processes.
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