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A B S T R A C T   

The effect of KCl on moist CO oxidation in a laminar flow quartz reactor was investigated. Experiments were 
conducted in the absence of O2 (gasification), as well as under reducing and fuel-lean conditions, in the tem-
perature range 873–1573 K, and the results were interpreted in terms of a chemical kinetic model. The impact of 
reactions on the quartz surface of the reactor was carefully examined. Under the conditions of interest, KCl reacts 
with SiO2 to form potassium silicates, releasing HCl to the gas phase. This reaction alters the condition of the 
quartz surface, making it more active in catalyzing radical recombination, even in the presence of water vapor. 
Under gasification and reducing conditions, loss of hydrogen atoms on the wall, enhanced by the exposure to KCl, 
strongly inhibits CO oxidation, with gas-phase inhibition playing a minor role. Under fuel-lean conditions, the 
state of the surface does not affect the CO oxidation and the observed inhibition can be attributed to gas-phase 
reactions. The most important reaction for the inhibition is the chain terminating step KO2 + OH ⇆ KOH + O2. 
Assuming that this reaction proceeds without a barrier, the rate constant is controlled by a long-range dipo-
le–dipole interaction. We calculate a capture rate constant of 2.5E15 T− 0.163 cm3 mol− 1 s− 1. This value, which is 
significantly higher than earlier estimates used in modeling, allows a satisfactory prediction of the inhibiting 
effect of KCl on CO oxidation under oxidizing conditions.   

1. Introduction 

Solid alternative fuels (SAFs), primarily municipal solid waste 
(MSW) and biomass, are increasingly utilized for sustainable generation 
of heat, power and other products such as fuel gas, biochar, and bio-oil. 
These processes are renewable and are considered CO2-neutral alter-
natives to coal. However, direct thermochemical conversion of SAFs at 
high temperature is a source of pollutants such as carbon monoxide 
(CO), particulate matter (PM), organic compounds (TOC), chlorinated 
compounds, dioxins, SOx, and NOx. It is challenging to optimize the 
operational parameters for simultaneous low emissions of all pollutants 
in large industrial plants, as there is a complex interaction between 
gas–gas and/or gas–solid reactions, involving also inorganic elements 
[1]. 

MSW and biomass are heterogeneous fuels with varying chemical 
composition and combustion characteristics. The organic composition of 
biomass fuels is similar, while the ash content and the inorganic 
composition show significant differences [2]. The amount of inorganic 
matter released and transformed varies during both the devolatilization 
and the char conversion stages in the thermochemical conversion pro-
cesses of SAFs. Release profiles have been reported for different types of 

biomass [3–5]. Inorganic matter originating from SAFs is the primary 
cause of operational problems such as deposit formation, superheater 
corrosion, and bed agglomeration (in fluidized bed boilers). These 
problems, which constitute important obstacles to obtain a high oper-
ational efficiency and lifetime of equipment in waste- and biomass-fired 
boilers, are mainly attributed to a high content of potassium and chlo-
rine in SAFs [6,7]; K and Cl concentrations in SAFs can reach 1.5 % and 
1 %, respectively, depending on fuel type. In thermal processes, the 
potassium is partly released in gaseous form as KCl and KOH, while the 
unreleased K is bound in the solid structure in the form of sulfates, sil-
icates, or aluminosilicates [8,9]. The chlorine is largely released to the 
gas phase as HCl or as metal chlorides, e.g., KCl or NaCl. 

The inorganic chemistry, mainly that of alkali salts, has been shown 
to have a significant impact on the burnout of combustibles, particularly 
CO [10–15]. Alkali species may act as sensitizers or inhibitors for CO 
oxidation through gas-phase reactions removing or replenishing radicals 
[1]. Potassium species can inhibit fuel oxidation through the following 
sequence: KOH + H ⇆ K + H2O (R1), K + OH + M ⇆ KOH + M (R2). 
Hindiyarti et al. [10] investigated the effect of KCl on CO oxidation by 
H2O in the absence of O2. The experiments were conducted in an 
alumina tube reactor, with KCl being released from impregnated powder 
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in alumina pellets. They found a decrease in CO conversion in com-
parison with experiments without KCl. The presence of KCl even in small 
quantities had a significant effect on the onset temperature of CO con-
sumption for any KCl level, but the effect of potassium was non-linear. 
The authors concluded that the reaction K + OH + M ⇆ KOH + M 
(R2) is rate controlling for the radical recombination. Marinkovic et al. 
[15] observed the CO emission in a 2–4 MWth dual fluidized bed gasi-
fication system. The potassium salts were fed into the combustion 
chamber containing an olivine bed. The study indicated that CO con-
centrations steadily increased to reach a level above 1000 ppm at the 
stack after feeding potassium. Thus, they concluded that potassium 
could significantly affect the CO oxidation during fluid bed combustion 
of biomass. Similar phenomena have been found in studies of the 
inhibitory influence of CO by sodium compounds [11,16]. Thunman 
et al. [12] reported a study on the effect of feeding S + K2CO3 into a 12- 
MW circulating fluidized bed boiler with wood as the fuel. A significant 
inhibition of the oxidation of CO by the addition of potassium was 
detected, in accordance with the observations of Marinkovic et al. [15]. 
Berdugo Vilches et al. [13] carried out an experimental and numerical 
study of CH4/air/O2 combustion, seeding of K2CO3 into the post-flame 
zone with an ultrasonic fogger. They found that potassium has a 
strong inhibiting effect on the oxidation of CO and H2 under oxidizing 
conditions, attributing it mainly to the chain-terminating reaction be-
tween K atoms and OH radicals (R1). Contrary to these observations are 
those reported by Ekvall and Andersson [14], who studied the effects of 
KCl and SO2 on CO oxidation during combustion of propane under air- 
and oxy-fuel conditions in a 100 kW test unit. They observed that KCl 
promoted the conversion of CO in oxy-fuel combustion. These studies 
show that the interaction of CO oxidation with alkali species is complex 
and indicate that it is necessary to investigate this chemistry in a wide 
range of oxygen feeding. 

A complication in studying alkali chemistry in laboratory reactors is 
that reactions on the reactor surface may affect results. In their study of 
the effect of KCl on the CO-H2O system, Hindiyarti et al. [10] found that 
complexes formed by reaction of K with the alumina reactor surface had 
an impact on CO oxidation. Andersson et al. [17] investigated the 
behavior of alkali interaction with a stainless-steel reactor wall in a 
laboratory scale chemical-looping combustion process for temperatures 
of 800–900 ◦C. They reported that the metal oxides on the reactor sur-
face were consumed by KCl under reducing conditions, while no reac-
tion occurred under inert conditions. Information on the performance of 
alkali metals in quartz reactors is very limited. 

Kinetic models for inhibition of CO oxidation by KCl were reported 
by Hindiyarti et al. [10] and by Berdugo Vilchez et al. [13]. Unfortu-
nately, the experimental results available from laboratory studies do not 
allow a reliable validation of these mechanisms. The flow reactor results 
reported by Hindiyarti et al. were complicated by surface effects and the 
data by Berdugo Vilchez et al. obtained in a post-flame environment may 
have been affected by stratification and uncertainties in temperature. 
The objective of the present work is to characterize the effect of potas-
sium chloride on moist CO oxidation under well-controlled conditions 
and establish a chemical kinetic model that can describe this chemistry. 
Experimental results are obtained in a flow reactor over a range of 
stoichiometry in the 873–1573 K range, with varying inlet KCl con-
centration. Experiments are conducted under gasification (here defined 
as presence of H2O but absence of O2), reducing, and fuel-lean condi-
tions, and the results are relevant for gasification and combustion in 
fluidized bed and for post-flame oxidation of CO in grate or pulverized 
fuel combustion. As part of the work, the influence of the condition of 
the quartz reactor surface (new, used, or exposed to KCl) on CO oxida-
tion with/without KCl was investigated. A chemical kinetic model was 
established, based on previous work by the authors [13,18–20], but 
updated in the present work. In particular, the rate constant for the 
important chain-terminating reaction between KO2 and OH, which is 
dominated by dipole–dipole interactions, was calculated to be extremely 
fast. 

2. Experimental section 

2.1. Experimental setup 

The experiments were performed in a laminar flow reactor (LFR) at 
high temperature and atmospheric pressure to investigate homogeneous 
gas-phase chemistry under well-defined conditions. With the laminar 
flow condition (Re ≈ 14), a good plug flow approximation was achieved. 
The experiments were conducted over the temperature range of 
873–1573 K (uniform in the isothermal zone), a total gas flow rate of 1 
NL/min (298 K, 1 atm) under dilute conditions (0.15 % CO), a variable 
amount of KCl (0, 54, 108 and 275 ppm), and at gasification conditions 
(without O2), reducing conditions (excess air ratio λ = 0.25 and 0.75) 
and oxidizing conditions (λ = 13.3). The reactant concentrations are 
summarized in Table 1 in the Supplementary data. 

A diagram of the experimental facility and gas sample analysis is 
presented in Fig. 1. The quartz flow reactor consisted of two parts: a top 
piece and the main reactor. The top piece, designed to premix reactants, 
had two inlet feeds and one safety stream. The main tube reactor with a 
6 mm internal diameter and 900 mm in length was placed in a 
temperature-controlled electrically heated furnace with three heating 
zones. The temperature profile, measured with a type K thermocouple 
placed into a quartz tube along the reactor with N2, involved an 
isothermal zone of around 400 mm as shown in Supplementary data. 

The reactant gases CO and O2 of at least 99.999 % purity were fed 
from individual cylinders, balanced in N2. All reactant mixtures were 
highly diluted in N2. Gases were fed to the reactor through mass flow 
controllers (EL-FLOW® Thermal Mass Flow Controllers, model series: F- 
201CV, made by Bronkhorst High-Tech B.V.) and a filter. KCl or H2O in 
the form of small aerosol droplets (mist) were generated by an ultrasonic 
mist generator (Jkeer Mist Maker, nominal flowrate: 480 ml/h), placed 
in a bath of the solution inside the mist tank. The resulting mist was 
transported by an N2 carrier gas. The mist tank was placed in a water 
bath, kept at 298 K to control the temperature of the mist tank. The mist 
tank was filled with 500 ml KCl solution or H2O. Two tubes were con-
nected to the top of the tank. One was an inlet for the N2 carrier gas, 
while the other was an outlet, where the carrier gas along with the mist 
was transported to the reactor. All reactants were premixed before 
entering the reactor. 

The aerosol droplets were approximately-one micron in diameter 

Table 1 
Selected reactions from the alkali subset. The rate constants are in the form of k 
= ATn exp(− E/(RT)). Units are mol, s, cm, cal, and K.  

No. Reactions A n E Note/Reference 

R1 KOH + H ⇆ K + H2O 2.3E13  0.00 0 Est as NaOH + H  
[29] 

R2 K + OH + M ⇆ KOH 
+ M 

4.7E21  − 1.26 0 Est as Na + OH + M  
[29] 

R3 K + O2 + M ⇆ KO2 

+ M 
3.3E21  − 1.55 19 [26] 

R4 KO2 + OH ⇆ KOH +
O2 

2.5E15  − 0.163 0 This study 

R5 KO2 + HCl ⇆ KCl +
HO2 

1.4E14  0.00 0 [27] 

R6 KO2 + H ⇆ KOH + O 1.4E14  0.00 0 [27] 
R7 KO2 + H ⇆ KO + OH 5.0E13  0.00 0 [27] 
R8 KO2 + H ⇆ K + HO2 2.0E14  0.00 0 [27] 
R9 KCl + H2O ⇆ KOH 

+ HCl 
1.7E14  0.00 0 [27] 

R10 K + HO2 ⇆ KOH + O 1.0E14  0.00 0 [27] 
R11 KO2 + H ⇆ K + HO2 2.0E14  0.00 0 [27] 
R12 KOH + HCl ⇆ KCl +

H2O 
1.7E14  0.00 0 [27] 

R13 K + HCl ⇆ KCl + H 9.1E12  0.00 1180 [30]  
duplicate rate 
constant 

1.0E14  0.00 3635  

R14 CO + KO ⇆ CO2 + K 5.4E13  0.00 0 Est as NaO + CO  
[31]  
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[21,22]. With the small size, they largely followed the gas flow and 
condensation on the wall in the inlet system was limited. The aerosol 
droplets could be expected to evaporate rapidly once they entered the 
high temperature region in the reactor, releasing H2O and KCl to the gas 
phase. 

The CO, CO2, H2O, and HCl concentrations were measured by means 
of a Fourier transform infrared spectroscopy (FTIR) gas analyzer (Gas-
met DX4015 model) at 453 K. The measuring ranges were set to 
50–2000 ppm for CO, 50–2000 ppm for CO2, 10–200 ppm for HCl, and 
0–15 % for H2O. The uncertainty of the measurements was estimated to 
be within 2 % of the measuring range. Between reactor and analyzer, the 
product gas line temperature was kept at 453 K by heating elements to 
avoid condensation of water. A quartz filter (Whatman® QM-A, cate-
gory number: 1851–101, trimmed to 47-mm circle) was placed in the 

sampling line to collect condensable KCl particle. 
To evaluate the performance of the ultrasonic mist maker and 

thereby quantify the K-aerosol feeding rate with water, experiments 
were carried out switching the feeder on and off in cycles in continuous 
operation. Typical results are shown in Fig. 2. The measurements show 
that the water vapor feed was stable, both with and without the mist 
generator turned on. During the period with the mist maker turned off 
(0–20 min), the H2O concentration, formed from evaporation of water 
from the bath (i.e., with no KCl), remained stable at 4 %. Activation of 
the mist generator resulted in an increase in the water vapor to 
approximately 10 %. The difference, in this case 6 % water vapor, 
allowed quantification of the mist generation and thereby the KCl 
feeding. The balance between aerosol formation and evaporation 
depended on the mist tank temperature and the nitrogen flow through 

Fig. 1. Schematic of the flow reactor setup.  

Fig. 2. The H2O concentration in the product gas as a function of time during an experiment with the mist generator turned off (0–20 and 55–80 min) and on (20–55 
min). The experiment was conducted without inlet O2 at 973 K at 1 atm and with N2 as balance. 
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the tank. 

3. Detailed chemical kinetic model 

Simulations were conducted with the closed homogeneous batch 
reactor model in Chemkin PRO, applying a detailed gas-phase chemical 
kinetic model. The starting model was adopted from Berdugo Vilchez 
et al. [13], who based it on earlier work by the authors on potassium 
[18–20,23] and chlorine chemistry [24,25]. The alkali subset was 
updated in the present work, as discussed below. The full mechanism, 
which consisted of 57 gas-phase species and 336 reversible elementary 
reactions, included also a subset for moist CO oxidation. The full reac-
tion mechanism and thermodynamic data are available as Supplemen-
tary data. The rate coefficients for selected key reactions in the alkali 
subset are listed in Table 1. 

During our work with modeling interpretation of the present 
experimental results, it became clear that the fate of the KO2 radical was 
important for the accuracy of the predictions, particularly under lean 
conditions. Consequently, we looked closer at the key reactions 
involving the formation and consumption of this peroxide. It is formed 
from recombination of K atoms with O2; the rate constant for this re-
action is well established [26]. Also the reaction KCl + HO2 ⇆ KO2 +

HCl (R5b) contributes to formation of KO2; this step has been measured 
in the reverse direction for the sodium equivalent (NaO2 + HCl) [27]. 
Once formed, KO2 can react both with other radicals and with stable 
species. Two steps were of particular interest. The first was the reaction 
of KO2 with CO, KO2 + CO ⇆ KO + CO2. There are no experimental data 
reported for this reaction. Perry and Miller [28] estimated the sodium 
equivalent NaO2 + CO to be very fast, with a rate constant of 1014 cm3 

mol− 1 s. However, their simulated results were insensitive to the rate 
constant. More recently, Berdugo Vilchez et al. [13] concluded from 
interpretation of post-flame oxidation of CO that the CO + KO2 reaction 
had to be much slower than proposed by Miller and Perry. Otherwise, it 
would lead to a fast oxidation of CO in the presence of potassium ad-
ditives; a behavior not observed experimentally. The conclusion of 
Berdugo Vilchez et al. [13] is supported by the present work. We also 
found that the reaction must be slow and chose to eliminate it from the 
mechanism. Only this way, the modeling predictions could be made 
compatible with the flow reactor results over a wide range of conditions. 

The other reaction emphasized here was KO2 + OH ⇆ KOH + O2 
(R4). If fast, this chain-terminating step becomes the major reaction 
inhibiting CO oxidation under lean conditions. Rate constants used in 
previous modeling have only been estimates. Berdugo Vilchez et al. [13] 
recognized the potential importance of the reaction and applied a high 
rate constant of 1014 cm3 mol− 1 s− 1. However, both reactants have 
strong dipole moments and the reaction may be even faster. Assuming 
that it proceeds without a barrier, the rate constant is controlled by a 
long-range dipole–dipole interaction. We calculate a capture rate con-
stant of k4 = 2.5E15 T− 0.163 cm3 mol− 1 s− 1. This value, which is almost 
an order of magnitude faster than the estimate of Berdugo Vilchez et al., 
is realistic, but an upper limit for the KO2 + OH reaction. 

4. Results and discussion 

Flow reactor experiments on the CO/O2/H2O system without KCl 
(the reference condition) and with KCl (54–275 ppm) were used to 
analyze the effect of KCl on moist CO oxidation under gasification, 
reducing, and oxidizing conditions. All experiments were conducted 
highly diluted in N2 under carefully controlled reaction conditions, with 
an inlet concentration of CO of around 1500 ppm and at atmospheric 
pressure. The temperature was varied in the range 873–1573 K, corre-
sponding to residence times of 117–212 ms in the isothermal area 
(constant mass flow). Ci and Co represent the concentration of CO during 
the investigated condition and the initial condition, respectively. The 
reported values were obtained after the gas product composition 
reached a steady-state value at each investigated temperature. 

The modeling was conducted assuming plug-flow, only regarding the 
isothermal region of the reactor. Reaction in the heating and cooling 
regions did not affect the predicted CO concentration and could be 
disregarded. The adiabatic temperature increase, assuming complete 
oxidation of CO to CO2, was below 15 K and did not affect the pre-
dictions (see Supplementary Data). In the modeling, potassium salts 
were assumed to be in gas-phase. This is not correct at temperatures 
below 1000 K, where KCl would be partly in condensed state according 
to chemical equilibrium. However, little CO oxidation occurs at this 
temperature so the simplification does not affect modeling predictions. 

4.1. The impact of the surface condition on CO oxidation 

Reactions on the surface of the reactor are always a concern in flow 
reactor experiments, because they may affect the progress of chemical 
conversion. Heterogeneous oxidation of CO on the quartz reactor walls 
could conceivably enhance reaction, particularly at lower temperatures. 
However, the results of Bank and Verdurmen [32] show that this reac-
tion is inhibited by even small amounts of water vapor and it can be 
disregarded under the present conditions. Heterogeneous reactions may 
also involve radical recombination, potentially slowing down oxidation 
of CO. This is a particular concern in the present work, since Hindiyarti 
et al. [10] reported significant surface inhibition of CO reacting with 
H2O (gasification conditions) in an alumina reactor that had been 
exposed to potassium chloride. 

To assess the impact of reactions on the reactor surface in the present 
work, different quartz reactors were used in the experiments: clean 
(unused), used (exposed to CO oxidation), and dirty (exposed to KCl). 
The used reactor in the experiments had been utilized in reference 
conditions, i.e., the CO/O2/H2O system with 1 % O2. The dirty reactor 
had been exposed to 275 ppm KCl, continuously fed to the reactor with 
the N2 carrier gas in the CO-O2 system with 1 % O2 for 2 h at 1273 K. 

Fig. 3 compares measured CO and CO2 concentrations with modeling 
predictions for four different oxygen levels as a function of the tem-
perature and the state of the quartz reactor surface. As expected, the 
oxygen availability has a significant influence on CO oxidation, which 
becomes faster with increasing O2 concentration. The initiation tem-
perature Ti of CO conversion under gasification conditions (0 % O2) is 
about 1073 K in the reactors not exposed to KCl, while under reducing 
(0.02 and 0.06 % O2) and oxidizing (1 % O2) conditions it is around 923 
K. The temperature T50 for 50 % CO disappearance is shifted from 
around 1200 K at 0 % O2 to around 1020 K under oxidizing and reducing 
conditions. 

The results in Fig. 3 also show the effect of the state of the reactor 
surface on moist CO oxidation. The initiation temperature of CO con-
version is roughly the same under all conditions, but the CO concen-
tration within the temperature range of rapid conversion varies for 
different conditions. Under conditions with trace O2 and 0.02 % O2, the 
temperature for 50 % conversion of CO is shifted from around 1200 K 
(clean reactor) to around 1100 K (used reactor) and from around 1020 K 
(clean reactor) to around 1000 K (used reactor), respectively. In 
oxidizing (1 %O2) and reducing environments (0.06 %O2), the tem-
perature for 50 % conversion of CO for clean reactor and used reactors, 
respectively, are around 1000 K and around 1020 K. Despite the dif-
ferences, the results obtained in the clean and used reactors are mostly in 
agreement within experimental uncertainty. 

The solid lines in Fig. 3 denote modeling predictions with the gas- 
phase mechanism. Predictions are in fairly good agreement with the 
measured concentrations for the clean and used reactors. This supports 
the finding that the presence of water vapor serves to minimize or even 
eliminate the radical recombination on the quartz surface. The gasifi-
cation reaction occurs through the propagating sequence H2O + H ⇆ 
OH + H2 (R15), CO + OH ⇆ CO2 + H (R16). In the presence of oxygen, 
oxidation involves the chain-branching sequence CO + OH ⇆ CO2 + H 
(R16), H + O2 ⇆ O + OH (R17), O + H2O ⇆ 2OH (R18), accelerating the 
CO conversion compared to gasification conditions. 
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As seen in Fig. 3, the CO conversion profile changes significantly 
when using a reactor that has been exposed to KCl (the dirty reactor), 
compared both to data obtained with the clean and used reactors and to 
modeling predictions; the temperature for 50 % conversion of CO is 
shifted 400 K or more to higher values for the gasification and reducing 
conditions. The reduced CO oxidation rate in the dirty reactor indicates 
that the exposure to KCl promotes the ability of the quartz surface to 
catalyze recombination of mainly atomic hydrogen, which is the 
dominating radical under reducing conditions. However, under lean 
conditions, the impact of the state of the reactor surface is largely 
eliminated (Fig. 3). 

The loss of hydrogen atoms has different implications, depending on 
the presence of O2. Under gasification conditions, it interrupts the 
propagating reaction sequence: H2O + H ⇆ OH + H2 (R19), CO + OH ⇌ 
CO2 + H (R16). In the presence of oxygen, it breaks the chain-branching 
sequence CO + OH ⇆ CO2 + H (R16), H + O2 ⇆ O + OH (R17), O + H2O 
⇆ 2OH (R18). 

To understand better how the KCl interacts with the quartz surface, 
measurements of HCl in the product gas were conducted. Fig. 4 shows 
results obtained under gasification conditions. Hydrogen chloride is 
detected above 900 K and peaks at 100 ppm at 1050 K. Above this 
temperature, HCl decreases with increasing temperature, becoming 
insignificant above 1500 K. There are two plausible reactions forming 

HCl; either KCl + H2O ⇆ KOH + HCl (R9) in the gas-phase or reaction of 
KCl with SiO2 at the quartz reactor surface. The modeling predictions 
shown as a solid line in Fig. 4 includes the gas-phase reaction, which 
clearly cannot account for more than a minor fraction of the HCl for-
mation. Thus we can conclude that most of the observed HCl come from 
the heterogeneous KCl + SiO2 reaction, forming potassium silicates on 
the quartz surface. This finding is in agreement with the results reported 
by Krum et al. [22] and Marinkovic et al. [15]. 

It is believed that the heterogeneous H atom recombination on 
quartz at high temperatures occurs through reactions with OH groups on 
the silica surface [33]. However, flow reactor experiments indicate that 
the presence of water vapor inhibits the surface reaction (see discussion 
in [34]), in line with what has been observed for heterogeneous CO 
oxidation [32]. 

Contrary to the comparison with the data for the clean and used 
reactors, the model strongly overpredicts reaction in the reactor exposed 
to KCl under gasification/reducing conditions. It appears that the for-
mation of alkali silicates or the changes this reaction induces on the 
quartz morphology, re-activates the surface, facilitating radical recom-
bination even in the presence of high concentrations of H2O. To inves-
tigate this hypothesis, additional calculations were conducted, where 
surface recombination of H and O atoms were taken into account. A 
simplified approach was adopted [35], where the heterogeneous step 

Fig. 3. Concentrations of CO and CO2 in the product gas for CO oxidation without KCl presence in the different reactors. Results are shown for gasification conditions 
(trace O2) (a), reducing conditions (0.02 % O2) (b) / (0.06 % O2) (c), and lean conditions (1 % O2) (d). In the modeling, the O2 inlet concentration under gasification 
conditions is assumed to be 150 ppm. The residence time is 117–212 ms in the isothermal area at 873–1573 K at 1 atm. Inlet condition: 1500 ppm CO, 0–1 % O2, 4 % 
H2O, and N2 balance. Symbols: experimental results; lines: modeling results. 
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could be limited by the gas-phase molecular diffusion of the radical and/ 
or by its sticking probability on the surface. For atomic hydrogen, which 
has a high diffusion coefficient, the surface recombination was 
controlled by the sticking probability, which was fitted as a function of 
temperature to the results reported of Kim and Boudart [33]; at 1400 K, 
it had a value of γH = 4x10-3. The O atom recombination was diffusion 
limited, but inclusion in the model had only a small impact on results. 

The dashed lines in Fig. 3 show calculations including the H-atom 
loss on the surface. The inclusion of this step leads to an overprediction 
of the inhibition in the dirty reactor for conditions with 0 % and 0.02 % 
O2, while the agreement is better for 0.06 % O2, where the measured 
oxidation occurs at slightly lower temperatures, and for 1 % O2, where 
the surface inhibition is very limited. The discrepancy at the highest 
temperatures indicates a loss of activity of the surface, possibly due to 
OH migration on the surface followed by release of H2O [33] or to 
desorption of alkali silicates. 

Further information on the surface chemistry was obtained by con-
ducting hysteresis experiments on the CO/H2O/O2 system without/with 
KCl addition in the different reactors. The experimental temperature 
was incrementally increased from 873 to 1573 K and then decreased 
back to 873 K in a continually run experiment. A deviation between the 
concentrations on the upward and downward slopes (hysteresis) would 
indicate a change in the state of the surface during reaction sufficiently 
important to affect the observed CO conversion. 

Results for CO oxidation in the absence of KCl are presented in Fig. 5. 
Fig. 5 (a)-(d) show results obtained in the clean and used reactors. Under 
gasification conditions, the CO conversion at increasing temperature is 
shifted to higher values, compared to the results for decreasing tem-
perature and for the used reactor. This indicates that fresh quartz re-
actors may exhibit a larger catalytic activity, at least in the absence of 
oxygen, but once they have been exposed to reaction at high tempera-
ture, they become largely inert. No hysteresis was observed in the clean/ 
used reactors for conditions with 0.02–0.06 % O2 and very little dif-
ference was seen between results from different reactors. 

Fig. 5 (e) and (f) show results obtained in the reactor exposed to KCl 
under reducing and oxidizing conditions. For the condition with 0.06 % 
O2, a strong hysteresis is observed. The CO conversion happens at a 
much higher temperature going up, compared to the profile going down 
in temperature. The inhibition observed for the alkali-treated reactor 
going up is similar to the results in Fig. 3 for the dirty reactor. However, 
once the reactor has been exposed to high temperature, the surface is 

passified and results are similar to those obtained in the clean/used 
reactors. This can be attributed to either OH migration on the surface 
followed by release of H2O or to desorption of alkali silicates, as dis-
cussed above. Under oxidizing conditions, the CO oxidation profiles 
with an increment and decrement in the temperature, respectively, are 
similar, consistent with the observation in Fig. 3 that for lean conditions 
surface loss of H is not important. 

In order to observe the effect of accumulation of alkali metals on the 
surface during an experiment, tests were conducted with continuous KCl 
feeding (64 and 275 ppm), going both up and down in temperature. All 
experiments were conducted in a clean reactor. The results from these 
experiments (Fig. 6) show that the CO conversion under all conditions 
was similar going up and down in temperature; no hysteresis was 
observed. It can be deduced that the surface conditioning, i.e., formation 
of alkali silicates, occurs before significant reaction has occurred in the 
gas phase. Even at high temperatures, the condition of the surface and its 
effect on the CO conversion is similar going up and down in tempera-
ture. With the constant feed of KCl, the alkali silicates on the surface can 
be continuously replenished. Possibly, at high temperature the alkali 
silicate concentration is limited by thermal equilibrium with the gas 
phase. 

4.2. The effect of KCl addition on CO oxidation 

In this section, the influence of KCl addition on gas-phase CO 
oxidation is investigated. Fig. 7 shows the results of the CO oxidation 
with 0–275 ppm KCl in both clean and used reactors, as a function of 
temperature and stoichiometry. For all conditions with KCl addition, the 
initiation temperature Ti is shifted to a higher value and the CO oxida-
tion rates are low compared to the reference condition, indicating that 
CO oxidation is strongly inhibited by KCl. Under gasification conditions 
(Fig. 7(a)), the presence of 275 ppm KCl shifts the initiation temperature 
for CO oxidation in a clean reactor from 1073 K to 1273 K. The CO 
consumption curves are similar for KCl levels of 64 and 275 ppm, with Ti 
and T50 of 1273 K and 1473 K, respectively. The observation that under 
gasification conditions, addition of KCl in the range 50–275 ppm yields 
similar CO oxidation profiles agrees with the findings of Hindiyarti et al. 
[10]. As discussed further below, this could indicate that the inhibition 
is controlled mainly by H-loss on the surface, rather than by homoge-
neous reactions. 

The inhibition by KCl under reducing conditions (Fig. 7 (b and c)) is 
similar to or even larger than in the absence of O2. For 0.02 % O2 and 
275 ppm KCl, Ti for CO consumption has shifted upward by around 200 
K (from 1023 K to 1223 K) compared with the condition without KCl. 
Again, an increase in the KCl feeding from 54 to 275 ppm leads to only a 
small difference in CO conversion. Under oxidizing conditions (Fig. 7 
(d)), the presence of KCl increases the CO conversion temperature by 
200–300 K. Ti is shifted from around 923 K without KCl to 1123 K with 
275 ppm KCl addition. Unlike the results obtained under gasification 
and reducing conditions, the inhibiting influence of KCl on CO oxidation 
here increases with the KCl concentration. 

The kinetic model tends to underpredict the inhibition caused by 
addition of KCl. In the modeling, the CO oxidation rate depends on the 
KCl concentration; a trend only observed experimentally in the oxidizing 
atmosphere. Under gasification and reducing conditions, the under-
prediction of CO conversion can be attributed mostly to loss of atomic 
hydrogen on the reactor surface, promoted by the formation of alkali 
silicates. Variations in KCl addition in the range 54–275 ppm have very 
little impact on the CO profile (Fig. 7 (a) and (b)). Furthermore, Fig. 7 (b) 
and (c) show that the inhibition of CO in a clean reactor fed with 275 
ppm is similar to that of a dirty reactor without KCl feeding. These re-
sults show that it is difficult to use a quartz flow reactor operated under 
reducing conditions to quantify the gas-phase inhibition of CO oxidation 
by alkali species due to the H-atom loss on the surface, catalyzed by the 
formation of alkali silicates. The surface catalysis of H-recombination 
will be challenging to model quantitatively, as it will be sensitive to the 

Fig. 4. Measured and predicted concentration of HCl in the product gas for 
KCl/H2O feeding in N2. The symbols denote the measured values while the solid 
line denotes modeling predictions. The inlet composition is 275 ppm KCl, 8.4 % 
H2O, trace amounts of O2 (estimated to 150 ppm); balance N2. The residence 
time is 117–212 ms in the isothermal area at 873–1573 K at 1 atm. 
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Fig. 5. The fraction COi/CO0 in the product gas for CO oxidation without presence of KCl for the different reactor surfaces (new, used and KCl-exposed reactors). 
Inlet condition: 1500 ppm CO, 0–1 %O2, 4 % H2O (reference experiment); N2 balance. Data obtained during heating are shown as red, while data measured during 
cooling are shown as black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sticking probability of H, which again will depend on the condition of 
the surface, including the coverage of alkali silicates. 

Under oxidizing conditions (Fig. 7 (d)), the measurements indicate 
that loss of radicals on the surface has little impact, and the observed 
inhibition of CO oxidation can be attributed to a gas-phase mechanism. 
The model predicts the initiation temperatures for the CO/KCl mixtures 
satisfactorily, but tends to overpredict the oxidation rate after initiation, 
most pronounced for the lower concentrations of KCl. Berdugo Vilchez 
et al. [13] also reported an underprediction of the inhibiting effect of KCl 
under post-flame conditions, but the present model is in better agree-
ment with experiment due to the faster rate constant adopted for the 
KO2 + OH reaction. However, the observed discrepancy indicates a need 
to further revise the kinetic mechanism to fully capture the interaction 
of potassium species with the oxidation of CO. 

4.3. Reaction path and sensitivity analyses 

Reaction path analysis for the potassium transformation in the gas- 
phase and sensitivity analysis for the CO2 formation were performed 
using Chemkin-Pro in order to identify the reactions most important for 
the observed oxidation in the flow reactor. Fig. 8 shows the reaction 
paths for the potassium species at 50 % conversion of CO oxidation. The 

thickness of the arrows in these figures represents the relative impor-
tance of that elementary reaction. As the experimental results are 
affected by the amount of oxygen present, results are shown for both 
gasification/reducing and fuel-lean conditions. 

The KCl, dissolved in water, is fed to the reactor in the form of 
aerosol-sized droplets. After entering the high temperature zone in the 
reactor, the water evaporates quickly. This evaporation occurs at fairly 
low droplet temperatures (around the boiling point of water), and the 
KCl initially remains in condensed form. However, the small KCl parti-
cles formed are rapidly heated to temperatures above the evaporation 
temperature and KCl is released into the gas-phase. 

Under gasification and reducing conditions, gaseous KCl reacts 
mainly with H to form a K atom and HCl,  

KCl + H ⇆ K + HCl                                                                (R13b) 

Atomic K is consumed through recombination with OH to form po-
tassium hydroxide, and, even under reducing conditions, with O2, 
forming potassium dioxide:  

K + OH + M ⇆ KOH + M                                                           (R2)  

K + O2 + M ⇆ KO2 + M                                                              (R3) 

Fig. 6. The fraction COi/CO0 in the product gas for CO oxidation with KCl addition in the clean reactor for 64 and 275 ppm under gasification condition (a) reducing 
condition (0.02 % O2) (b) and oxidizing condition (1 % O2) (c and d). Data obtained during heating are shown as red, while data measured during cooling are shown 
as black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Potassium dioxide (KO2) is converted mostly by reaction with OH 
and HCl:  

KO2 + OH ⇆ KOH + O2                                                               (R4)  

KO2 + HCl ⇆ KCl + HO2                                                             (R5) 

with the KO2 + H reaction playing a minor role, forming KOH + O 
(R6), KO + OH (R7), and K + HO2 (R8). A part of the KCl is replenished 
from reactions of KOH with HCl (KOH + HCl ⇆ KCl + H2O (R9b)) and 
KO2 with HCl (R5). Recycling of the potassium back to KCl occurs to a 
larger extent under gasification and reducing conditions than in the 
oxidizing case. Atomic K is also formed by KO reacting with CO:  

KO + CO ⇆ K + CO2                                                                 (R14) 

According to the present results, the transformation of potassium at 
0–0.2 % O2 proceeds mainly through the reaction sequence: KCl + H ⇆ 
K + HCl (R13b), K + O2 + M ⇆ KO2 + M (R25), and KO2 + OH ⇆ KOH +
O2 (R4), corresponding to the simplified sequence KCl → K → KO2 → 
KOH, with KOH partly recycled to KCl. At 0.06 % O2, the pathways 
remain similar, but the rate of transformation is higher as a consequence 
of a larger pool of free radicals. Furthermore, the formation of the (KCl)2 
dimer by recombination of KCl appears for 0.06 % O2 and for lean 
conditions as a minor pathway. 

Under lean conditions, the overall route of K transformation still 

Fig. 7. The fraction COi/CO0 in the product gas for CO oxidation under gasification conditions (a), reducing conditions (0.02 % O2) (b)/(0.06 % O2) (c), and 
oxidizing conditions (1 % O2) (d), without KCl presence (the reference condition) and with KCl presence for 54–275 ppm in different reactors. O2 inlet components 
for modeling estimation under the inert condition without/with KCl is 150. The residence time is 117–212 ms in the isothermal area at 873–1573 K at 1 atm. Inlet 
condition: 1500 ppm CO, 0–1 %O2, 8.4 % H2O (reference experiment), 275 ppm KCl and N2 balance. Symbols: experimental results; lines: modeling results. 

Fig. 8. Simplified reaction path diagram for potassium species transformation 
under gasification and reducing (0.02% and 0.06% O2) conditions (a) and 
oxidizing conditions (b). 
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occurs according to the sequence KCl → K/KO2 → KOH. The reactivity is 
higher compared to gasification and reducing cases due to the higher 
production of the chain carriers O and OH. A number of alternative 
reaction pathways for KCl open up. According to the modeling, KCl is 
mostly converted by reactions with H (R13b) and HO2 (R5b). Reaction 
R5b, forming KO2, is followed by the reaction KO2 + OH ⇆ KOH + O2 
(R4), which plays a larger role compared to under reducing conditions. 
It is an important finding of the present work that the intermediate KO2 
is very important for the formation or/and consumption of free radicals. 

Fig. 9 presents the results of a first-order sensitivity analysis for the 
formation of CO2 for varying KCl concentration and stoichiometry. A 
positive sensitivity coefficient means that an increase in the rate con-
stant promotes the formation of CO2, while a negative coefficient im-
plies restraining of the production rate. The sensitivity coefficients, 
which are only representative for small changes in the rate constants, 
correspond roughly to the change in the predicted variable resulting 
from a factor 2 change in the rate constant. 

In the absence of KCl (reference case) and independent of 

stoichiometry, there is a high sensitivity of the modeling predictions to 
CO + OH ⇆ CO2 + H (R16) and H + O2 ⇆ O + OH (R17), as expected in 
gas-phase CO oxidation. In addition, the radical pool is promoted by the 
reactions H2O + O ⇆ OH + OH (R20), and H2O + H ⇆ OH + H2 (R15), 
while H + O2 (+M) ⇆ HO2 (+M) (R21) forms the less reactive peroxide 
radical. The analysis shows also a minor sensitivity to recombination of 
atomic oxygen on the surface, represented as O → O*. 

In the presence of KCl, the key reactions for CO2 formation are 
similar to the reference case. Sensitive reactions include H + O2 (+M) ⇆ 
HO2 (+M) (R21), H2O2 + OH ⇆ HO2 + H2O (R22), HO2 + H ⇆ 2OH 
(R23), and OH + H2 ⇆ H + H2O (R24). Modeling predictions are less 
sensitive to reactions in the potassium subset than to the key steps in the 
H2/O2 subset. The sensitivity analysis identifies that the reaction KO2 +

OH ⇆ KOH + O2 (R4), K + OH + M ⇆ KOH + M (R2), K + HCl ⇆ KCl +
H (R13), K + O2 + M ⇆ KO2 + M (R3), KOH + H ⇆ K + H2O (R1), KO +
CO ⇆ K + CO2 (R14), and KO2 + H ⇆ K + HO2 (R8) all serve to inhibit 
CO oxidation, while K + HO2 ⇆ KOH + O (R10) promotes reaction. 

Under gasification and reducing (0.02 % O2) conditions, KO2 + OH 

Fig. 9. A-factor sensitivity coefficients of CO2 formation for key elementary reaction under (a) gasification condition, (b) and (c) reducing condition (0.02% O2 and 
0.06% O2) (d) oxidizing condition (1% O2). 
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⇆ KOH + O2 (R4) and K + OH + M ⇆ KOH + M (R2) are the most 
sensitive reactions. The inhibiting effect of K-species can be attributed to 
the ability of these two reactions to reduce the concentration of the OH 
radical and thus disrupt the CO oxidation reaction. The sensitivity co-
efficient of K + OH + M decreases with increasing amounts of oxygen, 
which implies that the role of this chain-terminating reaction in the KCl- 
CO-O2 system decreases. 

Under lean conditions (1 % O2), the chain-terminating reaction KO2 
+ OH ⇆ KOH + O2 (R4) is the rate-limiting step of the alkali inhibition 
of CO conversion to CO2, with a negative sensitivity coefficient of about 
− 0.6. This is a confirmation that potassium dioxide KO2 plays a key role 
in the suppression of CO oxidation under the investigated conditions. 

5. Conclusions 

The influence of gaseous KCl on moist CO oxidation has been studied 
in a laboratory-scale reactor under oxidizing, reducing, and gasification 
conditions. Experiments were conducted at atmospheric pressure, in a 
temperature interval of 873–1573 K, varying the KCl concentration 
levels and the surface condition of the reactor (clean, used, and dirty 
reactor). Under gasification and reducing conditions, inhibition of CO 
oxidation by KCl can largely be attributed to formation of potassium 
silicates on the quartz surface of the reactor, enhancing its ability to 
catalyze H-atom recombination on the surface. Under fuel-lean condi-
tions, surface reactions are insignificant and the inhibition of the 
oxidation of the CO is caused by gas-phase reactions involving K-species 
consuming free radicals. A chemical kinetic model has been established 
that provides a good prediction of the behavior of CO conversion in the 
presence of KCl under oxidizing condition. The chain terminating re-
actions KO2 + OH ⇌ KOH + O2 and K + OH + M ⇌ KOH + M are the 
major steps inhibiting CO oxidation with KCl addition. Most important is 
KO2 + OH ⇆ KOH + O2, for which no measurements have been re-
ported. Assuming that the rate constant is controlled by a long-range 
dipole–dipole interaction, we calculate a capture rate constant of 
2.5E15 T− 0.163 cm3 mol− 1 s− 1. 
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