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In this study, the absolute concentrations of CH4, C2H2, HCN, 
CO, and NH3 were monitored in dependence on the total gas 
flow of the feed gas and the gas pressure in the reactor.
By A. PUTH, L. KUSY´N, A.V. PIPA, I. BURLACOV, A. DALKE, S. HAMANN,  
J.H. VAN HELDEN, H. BIERMANN, and J. RÖPCKE

he active screen plasma nitrocarburizing technology is 
an improvement of conventional plasma nitrocarburiz-
ing by providing a homogeneous temperature distribu-
tion within the workload and reducing soot formation. 

In this study, an industrial-scale active screen (AS) made of carbon-
fiber-reinforced carbon serves as the cathode as well as the carbon 
source for the plasma-chemical processes taking place. The pulsed 
dc discharge was maintained at a few mbar of pressure while simul-
taneously being fed with a mixed gas flow of hydrogen and nitrogen 
ranging from 10 to 100 slh. Using in situ infrared laser absorption 
spectroscopy with lead-salt-tunable diode lasers and external-cavity 
quantum cascade lasers, the temperatures and concentrations of 
HCN, NH3, CH4, C2H2, and CO have been monitored as a function of 
pressure and total gas flow. To simulate industrial treatment con-
ditions, the temperature of the sample workload in the center of 
the reactor volume was kept at 773 K by varying the plasma power 
at the AS between 6 and 8.5 kW. The resulting spectroscopically 
measured temperatures in the plasma agreed well with this value. 
Concentrations of the various species ranged from 6×1013 to 1×1016 
cm-3 with HCN being the most abundant species.

1 INTRODUCTION
In the field of thermal treatments of materials, nitriding and carbu-
rizing and the combination of both, called nitrocarburizing, are stan-
dard practices to improve the wear and corrosion resistance of steel 
components. The basic mechanism for this improvement is the dif-
fusion of nitrogen, carbon, or both, respectively, at temperatures of 
up to 823 K into the lattice structure of the material, which typically 
expands and thus forms expanded austenite or the so-called s-phase. 
Due to the expansion, the material is locally hardened, generating 
hardness profiles that correspond to the diffusion depth from the 
interface. The benefit of the combination treatment of nitrocarburiz-
ing is a smoother transition of hardness and thus typically a higher 
load-bearing capacity [1]. While the diffusion mechanism can also 
be achieved using gas or salt-bed reactors, the use of plasma nitrocar-
burizing (PNC) has the advantage of a lower environmental impact 
at a reduced processing time [2]. In part, this is due to an in-process 
activation of the diffusion interface by removal of the oxide layer. 
However, current industrial implementations of the PNC technol-
ogy still are limited in their variation of the carburizing potential 
as the carbon content within the process is regulated using carbon-
containing admixtures to the feed gas. This can lead to oversatura-
tion of the process atmosphere, in turn causing soot production and 
generation of cementite in the compound layer [3]. So far, process 
control in industrial applications is based on the operator’s empiri-
cal experience. Already in 1997, Mittermeijer and Somers published 
about the prospect of a general nitriding process control with process 
control for PNC being far out of reach [4].

Current industrial applications of plasma-assisted nitrocarbu-

rizing are commonly conducted by conventional plasma nitrocar-
burizing. Therein the workload is negatively biased relative to the 
grounded reactor walls. At a few mbar of pressure, a pulsed dc glow 
discharge is maintained, producing reactive species from the feed 
gas of H2, N2, and carbon-containing species. The plasma heats the 
workload to a temperature between 673°K and 823°K, thus enabling 
diffusion processes to take place. However, depending on the work-
load geometry, the temperature distribution may not be homoge-
nous and therefore causes uneven treatment progress, the so-called 
edge effect [5]. The plasma may as well sputter the workload surface, 
requiring post-treatment polishing.

These drawbacks have led to the development of the active screen 
plasma nitrocarburizing (ASPNC) technology. In this approach, the 
glow discharge is placed at an intermediate steel screen, called active 
screen (AS), which surrounds the workload and allows a gas flow 
to pass from the plasma region to the workload providing the reac-
tive species required for the hardening process. Even though, for 
industrial-scale reactors, a secondary plasma directly at the workload 
is still required to achieve a reasonable nitrocarburizing response, 
the secondary plasma is operated at a fraction of the power of the AS 
plasma. As a consequence, thermal inhomogeneity and sputtering 
are reduced [6–8].

Several studies and proposals already discussed admixtures to the 
feed gas to affect the process conditions and treatment results [9–11]. 
However, with the AS being introduced as a cathode in a reactive plas-
ma, it can be sputtered and thus serves as an additional solid chemi-
cal source. To investigate the mechanism of nitriding with an ASPNC 
reactor, Hubbard et al studied the mass transfer from an AS made of 
steel to the workload and found that sputtered material does not con-
tribute to the nitriding of the substrate [6]. Independent on this study, 
other groups investigated co-alloys to the AS, such as aluminum 
and silver, to produce e.g. antimicrobial surfaces, again via the mass 
transfer from AS to the workload [12, 13]. A different approach is the 
substitution of steel as screen material with a solid made of carbon, 
such as graphite or carbon-fiber-reinforced carbon (CFC). The use of 
a solid carbon source had been first proposed by Lebrun et al and 
realized by Crespi et al for CNx deposition on a polymer substrate [14, 
15]. The application for ASPNC had then been reported by Burlacov 
et al and Hamann et al in 2017, for industrial- and laboratory-scale 
reactors respectively [16, 17]. In both works, it has been found that 
an AS made of CFC affects the process atmosphere most drastically 
in the concentrations of HCN and C2H2, which increased by a factor 
of 30 and 70 respectively compared with 1% admixture of CH4 in the 
H2-N2 feed gas typical for ASPNC processes using a steel AS. This is 
of particular interest since beneficial diffusion conditions created 
by the highly reactive HCN molecule were first reported in the early 
1990s [18, 19]. In a later study, Burlacov et al identified the concentra-
tion of HCN as a control parameter for the carburizing potential of 
the nitrocarburizing process [20].

T
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To monitor the concentrations and tem-
peratures of HCN and further species, non-
intrusive in situ diagnostics are required. 
In the past, spectroscopic methods such 
as optical emission spectroscopy (OES), 
Fourier transform spectroscopy in the 
infrared, and laser absorption spectroscopy 
(LAS) have been used for this purpose [16, 
17]. Therefore, LAS is exemplary due to the 
high-quality quantitative information and 
high sensitivity it offers. Depending on the 
selected laser source, different species are 
available for detection. In previous studies, 
lead-salt diode lasers (TDL) have been used 
to measure the transient CH3 radical as well 
as CO, CO2, C2H4, and C2H6 [21]. During the 
early 2000s, external-cavity quantum cas-
cade lasers (EC-QCL) became commercially 
available and found widespread applica-
tion. While technologically limited in their 
achievable spectral range, they tuned over 
a much broader range than TDLs, allowing 
a near-simultaneous multi-species detec-
tion. In the study of ASPN processes, both 
types of sources were extensively used in 
combination with OES and other spectro-
scopic techniques. This way, 14 species were 
detected within the plasma process, and, as 
mentioned before, partially linked with the 
treatment behavior [17, 20, 22, 23].

Some of these measurements were con-
ducted at the laboratory-scale plasma nitrid-
ing monitoring reactor (PLANIMOR) [24]. 
This reactor was specifically constructed to 
simulate the plasma-chemical conditions 
present in an industrial-scale plasma nitrid-
ing process, while simultaneously offering 
improved access for diagnostics, including 
spatially resolved LAS measurements of 
the afterglow region. A comparative study 
between PLANIMOR and an industrial-scale 
reactor has proven the general similarities 
in respect to the plasma-chemical behavior 
of both types [25]. Consequently, the plasma-
chemical similarities also are reflected in 
the nitriding treatment of samples in both 
systems, resulting in a comparable thickness 
of the compound layer.

Recently, the results of investigations on 
plasma processes using an AS made from 
CFC in PLANIMOR have been published [22]. 
In this study, the concentrations, tempera-
tures, and conversion efficiencies of nine 
molecular species were measured as func-
tions of the plasma power at the AS, the pres-
sure, and the nitrogen fraction in the feed 
gas. Additionally, the carbon mass flow from 
the AS and the efficiency of the carbon mass flow in relation to the 
applied power were presented. The present study is a continuation 
of the former and investigating the plasma processes of an AS in 
an industrial-scale ASPNC reactor. To find the influence of process 
pressure and feed gas flow, a constant temperature is maintained 

inside the reactor while the concentrations and temperatures of HCN, 
NH3, CH4, C2H2, and CO were measured using EC-QCLAS and TDLAS.

The current study focuses on the production rate of the five molec-
ular species, their dependence on the gas flowrate, and finally, the 
scalability of the concept for an AS made of carbon materials. Further 

Figure 1: (a) Schematic top view of the experimental setup and (b) photograph of the open reactor (left 
background), QCLs (right), and IRMA (left foreground). Both QCL and the TDL absorption spectrometer 
share the same beam path and detector. The beam path passes through the reactor, including the plasma at 
the AS made of CFC depicted in pink. A scale of the absorption length is given.

Table 1:  Species, spectral positions, and line strengths, at room temperature, used for infrared LAS 
measurements and their estimated limits of detection. The laser source for the given spectral position is 
denoted with a Q for an EC-QCL and a T for TDL sources. Data taken from the HITRAN database [28].

Species  Spectral position Absorption line strength Limit of detection References
 [cm−1 ] [cm−1/(molecule cm−2 )] [molecules cm−3 ]

 CH4
(Q)  1356.4868  1.784 × 10−20  2 × 1013  [29]

 CH4
(Q)  1356.5974  1.190 × 10−20  2 × 1013   [29]

 NH3
(Q)  1388.0552  2.726 × 10−22  2 × 1014  [30]

 NH3
(Q)  1767.5181  6.090 × 10−21  2 × 1013   [30]

 C2H2
(Q)  1356.8305  5.899 × 10−22  5 × 1014  [31]

 C2H2
(Q)  1356.8881  8.920 × 10−21  2 × 1013   [31]

 HCN(Q)  1356.9389  4.636 × 10−23  4 × 1014  [32]

 HCN(Q)  1388.3225  3.592 × 10−22  1 × 1014  [33]

 CO(T)  2150.3409  1.840 × 10−21  2 × 1011 [34]

 CO(T)  2150.8560  1.826 × 10−19  2 × 1013  [34]

Figure 2: Plasma power at the active screen PAS at 
different pressures measured as a function of the 
total gas flow. Conditions: H2:N2 = 1:1, Tset = 773 K. 
Lines are guides for the eye.

Figure 3: EC-QCL absorption spectrum of CH4, HCN 
and C2H2 around 1,356.7 cm−1. Conditions: H2:N2 = 
1:1, ΦTotal = 80 slh, Tset = 773 K, p = 3 mbar.
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observations concern the sole detected oxygen-containing species CO 
as a measure of contamination with oxygen, since previous studies 
by Burlacov et al pointed out the importance of contamination in 
industrial-scale reactors [20].

2 EXPERIMENTAL
A crosscut schematic of the industrial-scale reactor with the LAS 
setup including three laser sources is shown in Figure 1. As indi-
cated by the presence of two flipping mirrors, the laser sources 
are co-aligned and cannot be used simultaneously. Furthermore, 
two Daylight Solutions EC-QCL, labelled as QCL I and QCL II, pro-
vide mode-hop free spectral ranges of νI = 1,345-1,400 cm-1 and 
νII = 1,770-1,850 cm-1, respectively [26]. In addition, the infrared 
multi-component acquisition system (IRMA) [27] has been used, 
which combines three lead-salt tunable diode laser (TDL) sources 
to a single acquisition system. Table 1 presents a list of detected 
species and their respective spectral positions, line strengths, and 
limits of detection, whereby the superscript Q and T designate the 
measurement with an EC-QCL or a TDL source respectively. The 
reference and etalon spectra of the EC-QCLs were measured simul-
taneously using a three-channel setup. For the TDL sources, they 
were measured separately.

The shared beam path enters and exits the reactor through two 
KBr windows at a distance of 1 meter, which is assumed identical to 
the length of absorption. A model sample composed from 26 equi-
distant punched discs is placed in the center of the reactor, aligned 
to the beam path. It serves to simulate the influence of a workload 
for nitrocarburizing and can be biased for this purpose. Finally, a 
liquid nitrogen cooled HgCdTe detector positioned at the focus of an 
off-axis parabolic generates an analogue signal for data acquisition.

The reactor itself has a cylindrical volume of approximately 1 
m3, at a diameter of 1 meter. It contains the AS made of CFC with a 
diameter of 0.8 meters and a height of 0.75 meters. Besides the top 
plate, the screen is composed of circular sections made of CFC each 
covering 60° of the cylinder’s perimeter with 20 mm radial depth, 
distanced 20 mm in height between each section. The thickness of 
the CFC base material is 5 mm. All components included, the AS 
weighed approximately 30 kg. For plasma generation, a pulsed DC 
power supply with a maximum power of P = 15 kW at a frequency 
of f = 1 kHz and a duty cycle of 60% is connected with the AS. The 
steel reactor wall is grounded, and the model probe is on a floating 
potential. During the measurement, the system regulated the power 
at the AS between 6.0 and 8.5 kW to maintain a stable temperature 
of Tset = 773 K, measured with a thermal probe integrated in the 

model probe. The plasma power at the AS as 
a function of the total gas flow for different 
pressures is shown in Figure 2. At the lower 
limit of the pressure range, the discharge 
was not stable, reflected by a reduced power 
consumption.

The precursor composition is controlled 
by mass flow controllers. In turn, the feed-
gas is led into the reactor via a showerhead 
integrated into the reactor top. This way 
H2, N2, and Ar were introduced, the latter 
only during starting process of the reactor 
to provide a stable plasma until the chosen 
treatment temperature was reached. The 
total mass flow varied from ΦTotal = 10-100 
slh, at a mixing ratio H2:N2 of 1:1. The pump-
ing system is connected to the bottom of the 
reactor, including a butterfly valve allowing 

the control of gas pressure in the range of p = 1-4 mbar.
An EC-QCL absorption spectrum in the spectral range near 1356.7 

cm-1 with specified absorption lines assigned to CH4, HCN, and C2H2 
recorded with EC-QCLAS is shown in Figure 3. The conditions were 
as follows: ΦTotal = 40 slh H2 + 40 slh N2, Tset = 773 K, PBias = 0 W, p = 3 
mbar. For the determination of the temperature, line profile analysis 
has been used to obtain the translational temperature, associated 
with Doppler broadening. The laser linewidth, determined at a room 
temperature reference, was taken into account. We calculated con-
centrations with Beer-Lambert law using temperature dependent 
line information from the HITRAN database [28] and derived mole 
fractions with the ideal gas law. The production rate rProduction,i of 
a species i is given by

whereas nmole,i is the mole fraction of the species i and ΦTotal is the 
total gas flow through the reactor with the unit slh. We assume that 
the plasma-chemical reactions are in a steady state of equilibrium. 
The rate of production has the unit of slh. The carbon mass flow ΦC 
is given by

with rProduction,i being the production rate of species i in slh, NC,i being 
the number of carbon atoms within species i and the sum including 
all species in the process. The carbon mass flow has natively the unit 
of slh, which is converted to mg h-1 using the atomic mass of carbon 
and the ideal gas law to better relate it with the macroscopic mass 
of the AS. Finally, the carbon consumption efficiency ECC is given by

whereas ΦC is the carbon mass flow in mg h-1 and P is the plasma 
power at the AS. Accordingly, ECC has the units of mg h-1 W -1. 
Additionally, the overall conversion Xi of a species i is given by

with ni being the concentration of species i, meanwhile Ni,j is a pro-
portionality factor for correlation of the resulting species j to the feed 
gas species i. The right hand side of the equation chain is equivalent 
to Equation 2 with the consideration that the feed gas species are 
diatomic molecules. The concentration has the unit of cm-3.

Equation 1

Equation 2

Equation 3

Equation 4

Figure 4. Concentration of HCN at different total 
gas flows measured as a function of the gas 
pressure. Conditions: H2:N2 = 1:1, Tset = 773 K. 
Curves are guides for the eye.

Figure 5: Concentration of HCN at different gas 
pressures measured as a function of the residence 
time. Conditions: H2:N2 = 1:1, Tset = 773 K. Curves 
are guides for the eye.
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3 RESULTS AND DISCUSSION
Due to the temperature dependence of the 
absorption line strength, the temperature 
has been determined for the available spe-
cies using line profile analysis. For the transi-
tions of the available species HCN, CH4, CO, 
NH3, and C2H2 the line profiles correspond 
to the set process temperature of Tset = 773 
K. Apart from that, a thermal equilibrium 
between rotational and translational tem-
peratures is assumed. Even if the rotational 
temperatures are not directly available in 
this study, in [35] comparable values for 
the process temperature measured at the 
model probe and for the rotational temper-
ature measured in the plasma at the steel 
screen have been found. However, it should 
be noted that LAS is a line-of-sight method 
allowing only line-averaged results and as 
such does not allow any spatially resolved 
information in the used geometry. Thus, the 
active plasma zone at the carbon screen may 
have a higher temperature or even no ther-
mal equilibrium at all.

Using the line strengths for 773 K, the 
absolute concentrations of the detected spe-
cies have been determined. To demonstrate 
the chronological order of measurement, 
the absolute concentration of HCN at dif-
ferent gas flows measured as a function of 
pressure is presented in Figure 4. The mea-
surements were conducted at a set gas flow, 
varying the pressure until moving on to a 
new set gas flow starting with a total flow of 
10 slh. As the pressure increases, the concen-
tration of HCN increases linear within the 
margin of error from 2.5 to 14 × 1016 cm-3 
in case of the lowest gas flow. On the other 
hand, increasing the total flow decreases the 
concentration from 14 to 6 × 1016 cm-3 at the 
pressure of 4 mbar. At lower pressures, the 
decrease is less pronounced, and in some low 
pressure and high total gas flow settings no 
stable discharge was achieved.

In Figure 5, the concentration of HCN is 
shown at different gas pressures as a func-
tion of the residence time with a logarith-
mic x-axis. With increasing residence time, a 
monotonous increase of the concentration of 
HCN can be seen at every pressure, typically 
with a steeper increase at higher pressure. 
Due to the high reactor volume, the resi-
dence time ranges in the minutes. Since the 
concentration of HCN is dependent on the 
resident time — even at high values of the residence time, one has 
to assume that surface reactions are contributing to the production 
of HCN. Similar increases were observed for the concentrations of 
C2H2, CH4, and CO, with only the concentration of NH3 decreasing 
with residence time. Accordingly, for the generation of all detected 
species, surface processes are non-negligible.

Subsequent figures present the mole fractions in dependence on 
the total gas flow. Accordingly, Figures 6a-6e shows mole fractions 

of HCN, C2H2, CH4, CO, and NH3 measured as a function of the total 
gas flow for different pressures. As the total gas flow increases, the 
mole fractions of HCN, C2H2, CH4, and CO decrease. Concerning HCN 
and C2H2, the respective mole fractions share very similar trends. 
Accordingly, the ratios of the two mole fractions, which is equal to 
the ratios of the two concentrations, can be approximately given as 
[C2H2]:[HCN] ≈ 0.17 at all gas flow settings. Both mole fractions, as 
well as the mole fraction of CH4, decrease by a factor of 2 between 

Figure 6: Mole fractions of (a) HCN, (b) C2H2, (c) 
CH4, (d) NH3, and (e) CO at different gas pressures 
measured as a function of the total gas flow. 
Conditions: H2:N2 = 1:1, Tset = 773 K. Curves are 
guides for the eye.

Figure 7: Production rates of (a) HCN, (b) C2H2, (c) 
CH4, (d) NH3, and (e) CO at different gas pressures 
measured as a function of the total gas flow. 
Conditions: H2:N2 = 1:1, Tset = 773 K. Curves are 
guides for the eye.

The release of adsorbed oxygen-containing 
species from the large surface area of the carbon 
cathode during the plasma process is the likely 
source for oxygen in the formation of the CO 
molecule. 
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a total flow of 10 and 100 slh. However, the mole fraction of CH4 
reaches a plateau at 60 slh of total gas flow. Furthermore, the mole 
fraction of CO decreases by approximately a factor of 10 within the 
same range of the total gas flow, from 5.5% to 0.5%. In that relation, 
only NH3 is an outlier of the five species, its mole fraction increasing 
linear with the total gas flow by a factor of 2 over the full range of 
the total gas flow. The mole fractions of HCN, C2H2, and CO indicate 
only a weak or no dependency on pressure, while those of CH4 and 
NH3 show a clear dependency on pressure. The mole fractions of both 
species increase with growing pressure.

For further analysis of the data, the production rates at station-
ary conditions of each molecular species were determined by apply-
ing Equation 1. The production rates of HCN and C2H2 for different 
pressures measured as a function of the total gas flow are shown in 
Figures 7a and 7b respectively. While both are independent on the 
pressure and increase with the total flow, the slopes decrease with 
higher total gas flow values. For the production rate of CH4 in Figure 
7c, a nearly linear increase with the gas flowrate can be identified, 
while the production rate of NH3, shown in Figure 7d, increases over 
proportionally with the gas flow. However, the production rate of 
CO, as shown in Figure 7e, decreases with the total gas flow with the 
exception of the lowest gas flow setting. It is independent on pres-
sure. Since we supply no oxygen-containing species, the two available 
sources for CO formation can be wall attachment and leakage, with 
the wall attachment contribution typically decreasing with time. 

Figure 8 shows the production rate of CO as 
a function of time of measurement. The mea-
surement was taken in two sessions; the first 
session concluded after circa 9 hours and the 
second session began at 25 hours as indicat-
ed by the break in the time axis. During the 
break, no plasma was active; the total gas 
flow was stopped, and the reactor chamber 
was actively evacuated. From data point to 
data point, the pressure was changed; the 
stepwise increase of the total gas flow is 
indicated in green. With the exception of 
the lowest total gas flow setting, the produc-
tion rate of CO decreases linearly from 0.6 to 
0.4 slh during the active time of the plasma. 
Even the break has little influence on the 
trend, as indicated by the good continuity 
of two linear fits, Fit A before and Fit B after 
the break. Therefore, the most likely oxygen 
source is the contamination of the reactor 
wall and the AS with oxygen-containing 
species. With CFC being a highly porous 
material, this assumption is well founded. 
The observed dependency of the production 
rate of CO on the total gas flow, as shown in 
Figure 7e, should therefore be interpreted 
as a dependency on the active time of the 
plasma. Since the measurement procedure 
created a direct correlation between the 
active time of the plasma and the total gas 
flow, deriving a pure dependency of the pro-
duction rate of CO on the total gas flow is 
impossible.

Focusing again on the intentionally 
admixed feed gas, in Figure 9 the conver-
sions of hydrogen, XH2, and nitrogen, XN2, 
are shown at different pressures measured 

as functions of the total gas flow, as determined by Equation 4, 
assuming that only the detected species and the feed gas species 
are present in the reactor. While measurements at PLANIMOR have 
shown that other species are created, such as C2N2 or CN, their con-
centrations are negligible [22]. The higher set of curves corresponds 
to the conversion of hydrogen and the lower set to the conversion of 
nitrogen. Both set of curves in Figure 9 decay from 62% to 45% and 
from 35% to 25% respectively, while at the same time showing no 
dependency on the pressure. Figure 9 also allows to calculate the 
mole fractions of hydrogen and nitrogen according to

with nmole,i being the mole fraction of species i. One can see the 
decrease of the mole fraction of the most abundant species HCN with 
increasing total gas flow being reflected in a decreased conversion 
of both hydrogen and nitrogen. This is only partially compensated 
by an increased mole fraction of NH3, resulting in a larger mole frac-
tion of both hydrogen and nitrogen at high total gas flow compared 
with a low total gas flow. In order to explain this trend, the third 
constituent of HCN, i.e. carbon, was investigated.

The detected species can be separated in carbon-containing species 
such as HCN, C2H2, CO, and CH4, and carbon-free NH3. Consequently, 
the carbon mass flow is determined by using Equation 2, as shown 
in Figure 10a for different pressures measured as a function of total 

Figure 8: Production rate of CO as a function of the 
time of measurement. During the indicated break in 
the x-axis, no plasma was applied, and the reactor 
was actively evacuated. The stepwise increased gas 
flowrate is indicated in green, as well as two linear 
fits before and after the break.

Figure 9: Conversions XH2 and XN2 at different gas 
pressures as a function of the total gas flow. The 
higher set of curves is associated with H2, the lower 
for N2. Conditions: H2:N2 = 1:1, Tset = 773 K, PBias 
= 0 W.

Figure 10: (a) Carbon mass flow ΦC and (b) carbon consumption efficiency ECC measured at different 
pressures as a function of the total gas flow. Conditions: H2:N2 = 1:1, Tset = 773 K, PBias = 0 W. In (a) second 
order polynomial fits are used as guides for the eye. In (b) the carbon consumption efficiency at 3 mbar in 
PLANIMOR [22] is added with a x as comparison. Curves are guides for the eye.

Equation 5
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gas flow. The carbon mass flow reflects the consumption rate of the 
CFC cathode of finite mass, as previously shown at PLANIMOR [22]. 
It can be assumed that no carbon-containing species of noteworthy 
concentrations remained undetected. Since HCN is the most abun-
dant carbon-containing species, the trends of the carbon mass flow 
are similar to those of the absolute production rate of HCN, increas-
ing with the total gas flow but being independent on the pressure. 
The slope of the carbon mass flow in dependency on the total gas 
flow decreases at high values of total gas flow, indicating a limit to 
the release of carbon.

Such a limit to the release of carbon may explain the trends of 
the production rates as seen in Figure 7. At low total gas flow set-
tings, the release of carbon is sufficient to create large amounts of 
carbon-containing species. In turn, these carbon-containing species 
bind a large fraction of the available hydrogen and nitrogen, lead-
ing to lowered concentrations of NH3. As the total gas flow increas-
es, the release of carbon can only scale weaker than linear. This 
limits the production rates of carbon-containing species, thus e.g. 
the mole fraction of HCN is reduced. Accordingly, the conversions 
of the feed gas species are lowered, and higher amounts of hydro-
gen and nitrogen are available for the formation of NH3. Finally, 
the mole fraction of NH3 increases, as observed in Figure 6d. The 
production rate of CO is the only outlier of the carbon-containing 
species, due to its dependence on oxygen concentration, which is 
not intentionally admixed.

Using Equation 2, the carbon consumption efficiency ECC has been 
calculated and found to range between 0.13 and 1.9 mg h-1 W -1, as 
presented in Figure 10b. The trends of ECC strongly correlate with the 
trends of the total carbon mass flow, as the power only slightly varies 
for different gas flows and different pressures. For comparison, we 
can again refer to investigations on the laboratory-scale PLANIMOR 
[22] where, for a pressure p = 3 mbar and a feed gas mixture H2:N2 = 
1:1, the carbon consumption efficiency ranged between 0.7 and 0.9 
mg h-1 W -1 depending on the power at the AS.

Taking the cross section of both reactor designs into account to 
compare flow speeds, the mass flow of PLANIMOR of 20 sccm corre-
sponds to a flow of 24 slh in the industrial-scale reactor. The closest 
measured value of gas flow is 20 slh with a carbon consumption effi-
ciency of ECC = 0.6 ± 0.07 mg h-1 W -1, being in quite good accordance. 
Considering previously established differences in temperature and 
contamination, a small mismatch can be expected.

4 SUMMARY AND CONCLUSION
In the current in situ spectroscopic study, an industrial-scale PNC 
process with an AS made of carbon-fiber-reinforced carbon was inves-
tigated using TDL and EC-QCL sources in the mid-infrared. This way 
the absolute concentrations of CH4, C2H2, HCN, CO, and NH3 were 
monitored in dependence on the total gas flow of the feed gas and the 
gas pressure in the reactor. To approximate common industrial condi-
tions, the plasma power at the AS was regulated to maintain a steady 
temperature Tset = 773 K. The translational temperatures of the five 
molecular species were found to agree with the set temperature.

The plasma-chemical environment was strongly influenced by 
reaction products, which accounted for 50%–30% of the mole frac-
tion at low- and high-total gas flow respectively. Furthermore, the 
mole fraction of C2H2, HCN, and CO were found to be independent 
on the pressure, while for CH4 and NH3 the mole fractions increased 
with the pressure. Since all the concentrations of all detected spe-
cies increased monotonously with the residence time, surface reac-
tions should play a role in the production of the five species. HCN 
was the most abundant measured reaction product, ranging in the 
10s of percent in mole fraction and followed by C2H2 and NH3, both 

in the high percent of mole fraction range. Since a stable plasma-
chemical equilibrium was assumed, the production rates could be 
derived from the concentrations of the species. This allowed to 
distinguish CO from the other species, since its production rate is 
the only one to drop with the increase of flow. Further investigation 
then highlighted the linear decay of the CO production rate with 
the progressing active time of the plasma. The release of adsorbed 
oxygen-containing species from the large surface area of the carbon 
cathode during the plasma process is the likely source for oxygen 
in the formation of the CO molecule. The influence of the oxygen-
contamination of the reactor was unique to the CO molecule and 
made conclusions about the dependency of its production rate on 
the total gas flow impossible.

However, for the production rates of the remaining four molecu-
lar species, dependencies on the total gas flow trends could be estab-
lished. The dominating production rate is of HCN with up to 18 slh, 
followed up by the production rate of NH3, which increased from 0.25 
to 7 slh with increasing total gas flow. While the production rates 
of all oxygen-free species increase monotonously with the total gas 
flow, the production rate scales over proportionally only for NH3. In 
addition, it shows the highest relative increase over the given range. 
For CH4, a linear scaling was observed. However, HCN and C2H2 pro-
duction rates flatten with higher total gas flows. This is mirrored 
in the carbon consumption rate also flattening with higher total 
gas flows, indicating a limit to the amount of carbon released by 
the AS. The largest value for the carbon consumption rate in this 
experiment was approximately ΦC ≈ 12 g h-1, which for an AS with 
a mass of 30 kg allows for 2,500 hours of treatment time, assuming 
ideal circumstances. However, with the current data, a reduction of 
screen size is considered for further experiments.
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