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Limitations in current hot gas cleaning methods for chlorine species from biomass gasication may be a challenge for end use such as gas turbines, engines, and fuel cells, all
requiring very low levels of chlorine. During devolatilization of biomass, chlorine is released
partly as methyl chloride. In the present work, the thermal conversion of CH3 Cl under
gasication conditions was investigated. A detailed chemical kinetic model for pyrolysis and
oxidation of methyl chloride was developed and validated against selected experimental data
from the literature. Key reactions of CH2 Cl with O2 and C2 H4 for which data are scarce were
studied by ab initio methods. The model was used to analyze the fate of methyl chloride in
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gasication processes. The results indicate that CH3 Cl emissions will be negligible for most
gasication technologies, but could be a concern for uidized bed gasiers, in particular in
low-temperature gasication. The present work illustrates how ab initio theory and chemical
kinetic modeling can help to resolve emission issues for thermal processes in industrial scale.

Introduction
Biomass is considered to be the renewable energy source with the highest potential for
meeting the energy needs of the future. 1 Biomass stores solar energy, which can be utilized
in thermal processes such as combustion, gasication and pyrolysis. 2 It is considered to
be a CO2 neutral energy source as the biomass roughly emits the same amount of carbon
dioxide during conversion as it takes up during its growth due to photosynthesis. 3 Biomass
gasication aims to convert solid fuels into a combustible gas by using a gasifying agent such
as air, oxygen or steam. The quality of the gas produced is dependent on many factors which
include the gasier type, the biomass type, the operating condition and the gasifying agent
used. 3
The gas produced in biomass gasication contains several contaminants such as particulates, tar, alkali metal, sulfur, nitrogen and chlorine, which have to be removed before the
gaseous product can be used in gas engines, gas turbines, fuel cells, or synthesis as they
may cause problems in the downstream application. 4 Chlorine levels as low as 20 ppm have
been reported to signicantly reduce the performance of fuel cells 5 and it is expected that
chlorine levels of less than 0.1 ppm are required to avoid performance loss. 6 Substantial corrosion of gas turbine blades may also occur at low chlorine concentration 5 and a tolerance
of 0.5 ppm is reported for gas turbines. 6 Chlorine species are furthermore known to poison
catalysts used for conversion of syngas 57 and levels below 1 ppm are desirable. 6 In addition
to this, chlorine species may result in deposition and enhanced corrosion in the downstream
processes. 6
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Chlorine is present in biomass mainly in the form of alkali metal salts which vaporize at
high temperature within the gasier and react with water vapor to form hydrogen chloride. 5
Hydrogen chloride is commonly reported to be the major form of chlorine in the product
gases. 2,3,5 The typical concentration of hydrogen chloride in the produced gas may range
from 20 to 200 ppm; however, the level may be signicantly higher if a biomass with a high
chlorine content is used. 8
Hydrogen chloride is the desired chlorine containing species as it can be removed easily
from the fuel gas by a scrubbing process or adsorption on active materials. 3,9 However, the
product gas from a low-temperature circulating uidized bed gasier fueled with wheat straw
has been reported to contain approximately 100 ppm of methyl chloride, corresponding to
15% of the chlorine present in the fuel. 10 Methyl chloride may be a direct pyrolysis product
from biomass, in particular at lower temperatures, 11 or may be formed by reaction of HCl
with hydrocarbons under reducing conditions. During pyrolysis at low and moderate heating
rates (<1000 K min−1 ) a signicant amount of CH3 Cl is released from KCl-doped pine wood,
lignin and pectin. 12 The formation of CH3 Cl takes place mainly below 773 K and can be
inhibited by increasing the heating rate of the biomass particles. According to Wang et al. 12
the methoxy groups in pine wood, lignin and pectin are responsible for the reaction with
KCl leading to formation of CH3 Cl.
Data for methyl chloride emissions from biomass gasication units are very limited, but
it is important to assess the magnitude of the problem. The present work aims to evaluate
the methyl chloride release from biomass gasication processes. We develop and validate a
chemical kinetic model for conversion of CH3 Cl and use it to assess the fate of this species in
the gasier. The chemistry of chlorinated hydrocarbons has been studied both experimentally and theoretically due to its importance in combustion and in industrial processes. Data
on conversion of methyl chloride have been reported from ow reactors, 1316 shock tubes, 1720
and ames. 2127 Previous modeling studies of chlorocarbon conversion 13,15,18,25,2835 have
mostly relied on rate constants estimated from QRRK theory 13,29,31,35 or estimation rules. 28,36
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However, signicant progress in characterizing key reactions in the CH3 Cl reaction subset
has been made in recent years from theory 37,38 and measurements. 3944 We draw on this
work, as well as on ab initio calculations for selected reactions (CH2 Cl + O2 and CH2 Cl
+ C2 H4 ) conducted in the present work, to establish a reaction mechanism for CH3 Cl conversion and validate it by comparison with experimental data. The thermal conversion of
CH3 Cl into other compounds (primarily HCl), which are readily separable from the product
gas of biomass gasication, is then evaluated from modeling, and the practical implications
are discussed.

Chemical kinetic model
The chemical kinetic model consists of oxidation mechanisms for methane and methyl chloride. The methane mechanism was adopted from the recent work by Hashemi et al. 45 The
methyl chloride scheme was based on the HCl/Cl2 subset from Pelucchi et al., 46 extended in
the present work with reactions describing conversion of simple chlorinated hydrocarbons.
Where available, rate constants were drawn from experimental work or high-level theory;
however, for a number of reactions we have relied on QRRK estimates from Bozzelli and
coworkers 13,29,31 or on estimation rules. 28,36 The potentially important reactions of CH2 Cl
with O2 and C2 H4 , for which data are scarce, were studied by ab initio methods. No parameters in the model were modied to improve agreement with the validation experiments
discussed below. The full mechanism, including thermodynamic properties and transport
data, is available as Supplementary Material.

Theory
The reactions of the CH2 Cl radical are important for the oxidation rate of methyl chloride.
The reaction with O2 forms an adduct at lower temperatures, 42 but little is known about
the behaviour at higher temperatures. Ho et al. 31 proposed CH2 O + ClO to be the major
4

products and reported a QRRK estimate for the rate constant. However, this estimate is
too fast to be consistent with the only experimental determination, consisting of an upper
limit of 7.2 x 107 cm3 mol−1 s−1 measured at 800 K by Shestov et al. 44
Initial exploration of the potential energy surface (PES) for CH2 Cl-O2 was carried out
using B3LYP/6-311G(2d,d,p) calculations. 47 We were unable to nd a low-barrier path to the
CH2 O + ClO products. We characterized a peroxy adduct, CH2 ClOO, and a 1,3 hydrogen
shift for this adduct leads to CHClOOH which in turn dissociates readily to CHClO + OH.
This is analogous to the lowest barrier pathway for CH3 + O2 . 48 Consideration of energies
obtained at the CBS-QB3 level 47 indicates that with a partial pressure of 0.2 atm of O2 , the
peroxy adduct is unstable above ca. 750 K (equilibrium [CH2 ClOO]/[CH2 Cl] < 1) and under
these conditions the rate-limiting step of the reaction of CH2 Cl with O2 to yield CHClO
+ OH is the 1,3 hydrogen migration. In order to quantify the kinetics, the geometries and
frequencies of the reactants and this transition state (TS, see Fig. 1) were quantied with
the M06-2X density functional applied with the MG3 basis set, 49 followed by single-point
energy evaluations using W1BD theory. 50 All these calculations were carried out with the
Gaussian 16 program. 51 The data were employed in a transition state theory analysis, which
included specic allowance for anharmonicity in the umbrella mode of CH2 Cl. 52 This analysis
indicates that k18 in table 1 is smaller than the rate constant for the analogous CH3 + O2
reaction. The results are plotted in Fig. 1 and are seen to be in accord with the upper limit
at 800 K reported by Shestov et al. 44
Under gasication conditions, ethylene is present in signicant concentrations and the
reaction of CH2 Cl with C2 H4 may become important. However, little is known about the rate
constant for this step. We have dened the TS with B3LYP/6-311G(2d,d,p) calculations and
evaluated the energy barrier with CBS-QB3 theory. 47 Transition state theory was applied
to determine the rate constant k10 for C2 H3 + CH3 Cl → C2 H4 + CH2 Cl, with allowance for
low-barrier torsion about the C-H-C axis. The results are plotted in Fig. 2. In the reverse
direction the rate constant agrees closely (within 20% over 400-2500 K) with that for the
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analogous CH3 + C2 H4 reaction.

Reaction mechanism
Table 1 lists selected reactions important in the thermal conversion of CH3 Cl. Methyl chloride is consumed mainly by thermal dissociation or by reaction with the radical pool. The
rate constants for these reactions are generally well established. The thermal dissociation
mainly yields CH3 and Cl; we have adopted the rate constant for the reverse step (R1) from
the theoretical work of Klippenstein and coworkers. 37,38 Their value is in good agreement
with the experimental data of Abadzhev et al. 55 and Lim and Michael. 56 The reactions of
CH3 Cl with H (R3, R4), 43 O (R5), 40 and OH (R6) 41 are all well characterized experimentally. The most important of these steps under gasication conditions is the reaction CH3 Cl
+ H  CH3 + HCl (R3). For this reaction the rate constant is obtained from the combined experimental and theoretical study of Bryukov et al. 43 For the reaction CH3 Cl + CH3

 CH2 Cl + CH4 (R9b), only the indirect measurements of Macken and Sidebottom 53 are
available. These data were obtained in a narrow temperature range (426-479 K) and extrapolation to higher temperatures is uncertain. We have chosen to include the reaction in the
reverse direction, CH2 Cl + CH4  CH3 Cl + CH3 (R9), assuming the rate constant to be
similar to that for CH3 + CH4  CH4 + CH3 . The Arrhenius plot in Fig. 3 shows that the
data from Macken and Sidebottom 53 for CH2 Cl + CH4 (reversed through the equilibrium
constant) agree well with the rate constant derived theoretically by Ramazani 57 for the reaction CH3 + CH4  CH4 + CH3 . Little is known about the rate constants for reactions of
CH3 Cl with HO2 (R7) and O2 (R8), 29 but these steps would be expected to be less important
under gasication conditions.
Part of the methyl chloride is consumed by hydrogen abstraction reactions to form the
CH2 Cl radical. Similarly to the methyl radical, chloromethyl is not very reactive. Few of
the chloromethyl reactions have been studied experimentally and we rely mostly on QRRK
estimates from Bozzelli and coworkers. The reactions with the O/H radical pool (R12-R17)
6

are all expected to be fast. The reaction with O2 (R18) is discussed above.
Due to the low reactivity of CH2 Cl, its self-reaction (R22) and reaction with methyl (R19,
R20) may become important, in particular under reducing conditions such as in gasication.
The rate constant for CH2 Cl + CH2 Cl has been measured at low temperature by Roussel
et al. 39 who reported the dominating product channel to be C2 H3 Cl + HCl (R21). The
overall rate constant for the CH2 Cl + CH3 reaction was measured in the 300-800 K range
by Shestov et al.; 44 they reported formation of C2 H4 but did not detect C2 H5 or C2 H5 Cl, so
we assume C2 H4 + HCl (R19) to be the main products.
The reaction mechanism also includes subsets for oxidation of CH2 Cl2 , C2 H5 Cl, and
C2 H3 Cl. These species are mostly formed from recombination steps, such as CH2 Cl + Cl 
CH2 Cl2 , CH2 Cl + CH3  C2 H5 Cl, and CH2 Cl + CH2 Cl  C2 H3 Cl + HCl (R22). Under
gasication conditions, formation of higher chlorinated hydrocarbons and di-chlorocarbons
is insignicant due to the low concentrations of chlorine species, but they play a role under
the conditions of some of the validation experiments discussed below.

Numerical approach
The modeling is performed with the software packages Chemkin 58 and OpenSMOKE, 59 respectively. A quantitative mechanism consists of a list of the dozens or hundreds of individual
chemical species to be considered, both stable molecules and radical intermediates, and the
hundreds or thousands of elementary chemical reactions which interconvert these species.
As discussed above, individual rate constants for the most important processes ideally originate from direct measurement of isolated elementary reaction kinetics or from high-level
quantum chemical analysis of transition states but, because of the large amount of information needed, must also include data from empirical estimation schemes and analogies with
known systems. For each species the formation and consumption kinetics can be summed,
leading to a set of coupled dierential equations for the concentration which can be solved
numerically to obtain the time-history for each species. A challenge is that these are "sti"
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equations, reecting that the time scales for dierent chemical reactions span many orders
of magnitude. Strategies for solution of such dierential equations have been discussed elsewhere 60 and popular codes to accomplish this include Chemkin and OpenSMOKE. 58,59 The
program documentation should be consulted for details of these applications.
For each species thermodynamic information (the enthalpy of formation, entropy, heat
capacity and their temperature dependence) is incorporated via polynomial ts in NASA
format. 61 This enables detailed balance, the idea that the ratio of forward and reverse rate
constants equals the equilibrium constant, to be maintained in the overall kinetic analysis.
The practical systems considered here are, to a good approximation, constant-pressure, homogenous and isothermal systems, which means that the concentrations of target species are
only dependent on details of the chemistry outlined below. For non-homogeneous systems
such as premixed ames, diusion is accounted for using information about transport properties, and temperature proles may be imposed. Temperature variation, such as in a ame,
may also be deduced from the chemical heat release.

Validation of the model
The chemical kinetic model here presented has been evaluated against selected experimental
data from ow reactors, shock tubes, and ames. As it was not the aim to conduct a comprehensive validation, we selected data obtained under conditions relevant for gasication.
However, results obtained under conditions directly resembling those of gasication, i.e., at
reducing conditions with low levels of O2 or at O2 -free conditions with signicant amounts of
H2 O and/or CO2 are limited. The validation covers data obtained in the absence of oxygen
(ow reactor data 14,16 ) and data obtained in an oxidizing atmosphere (ow reactor data, 13
shock tube ignition delays, 17,18 and ame speeds 22,24 ), respectively.
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Pyrolysis conditions
Hung et al. 14 studied the thermal decomposition of methyl chloride in nitrogen. The study
was performed in an isothermal ow reactor at temperatures in the range 1000-1350 K.
Figure 4 compares the experimental data with modeling predictions. The model captures
well the decomposition of CH3 Cl, the formation of CH4 , which is a major product, and the
minor products C2 H3 Cl, C2 H4 and C2 H2 .
Wu and Won 16 studied the thermal decomposition of methyl chloride in a hydrogen
atmosphere in an isothermal ow reactor at atmospheric pressure. Data obtained at 1123 K
are compared with model predictions in Fig. 5. The predictions show good agreement with
the experimental data for methyl chloride and methane. However, the model overpredicts the
concentration of hydrogen chloride and underpredicts the formation of ethane and ethylene.
The discrepancy observed for HCl may partly be attributed to diculties in measuring the
concentration of hydrogen chloride as it may adsorb on the walls of the reactor and the
outlet. In fact, the chlorine balance for the experimental data does not add up.
In Fig. 6, model predictions are compared with the experimental data from Wu and
Won 16 for CH3 Cl + H2 as a function of temperature for a xed residence time of one second.
In general the agreement between the predictions and the experimental data is satisfactory.
However, the predicted decomposition of methyl chloride is slightly too fast, resulting in an
overprediction of the concentrations of methane and hydrogen chloride below 1073 K. The
levels of the minor products ethylene and ethane are underpredicted in the entire temperature
interval.
Under both inert conditions (Fig. 4) and in hydrogen (Figs. 5-6), the prediction of methyl
chloride is mostly sensitive to the unimolecular decomposition of methyl chloride (R1). However, in excess of hydrogen, the CH3 Cl consumption rate also becomes sensitive to reaction
R3, CH3 Cl + H  CH3 + HCl.
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Oxidative conditions
Ho et al. 13 studied the oxidation of methyl chloride in hydrogen/oxygen/argon mixtures in
a ow reactor in the temperature range 1098-1223 K. In Fig. 7 the predicted and measured
proles of methyl chloride are depicted. In general, the agreement is satisfactory, even
though the model tends to underpredict the consumption rate for CH3 Cl at the higher
temperatures. Bozzelli et al. also measured the concentration of selected products; these
data are compared with modeling predictions in Fig. 8 for a temperature of 1173 K. Again,
the agreement between the model and the experimental data is satisfactory, even though the
consumption of CH3 Cl is slightly underpredicted by the model.
The reaction mechanism was validated against ignition delays for methyl chloride. Miller
et al. 17 reported data for methyl chloride, methane, and a methyl chloride/hydrogen mixture
at a pressure of 2 atm and temperatures of 1300-1600 K. They dened the ignition delay
time as the interval between the arrival of the shock and a sudden increase in temperature
due to the onset of exothermic reactions. The ignition delay is thus simulated as the time
where the slope of the temperature prole reaches its maximum value. The predicted and
experimental ignition delays are compared in Fig. 9. The best agreement is seen for methane,
while the ignition delay times for methyl chloride and for the mixture of methyl chloride and
hydrogen are overpredicted, mainly at lower temperatures.
The predictions for CH3 Cl are very sensitive to its unimolecular decomposition (R1), as
well as to the reactions of CH2 Cl with O2 (R18) and with CH2 Cl (R22). The value of k1
has been validated over a wide range of conditions by Klippenstein and coworkers 37,38 and
is therefore thought to be reliable. We also trust that the rate constants for the reaction of
CH2 Cl with O2 and the CH2 Cl self-reaction are fairly accurate, but the subsequent reactions
of chlorinated C2 -hydrocarbons involve somewhat larger uncertainties.
Finally, predictions for the burning velocity of pure methyl chloride-air ames are compared with the experimental data of Kaesche-Krischer 62 and Chelliah et al. 24 in Fig. 10.
There is a signicant dierence between the experimental data obtained by the two groups;
10

however, the results show the same trend and the peak occurs at about the same equivalence ratio. The model underpredicts the burning velocity when compared to the data by
Chelliah et al., which would be expected to be more reliable than the early results from
Kaesche-Krischer. Under fuel-lean conditions the predictions are sensitive to reactions involving chloromethyl while they are more sensitive to the reactions H+O2  O+OH and
HCO(+M)  H+CO(+M) under fuel-rich conditions.
Model predictions for burning velocities of fuels containing equal amounts of methyl
chloride and methane are compared with experimental data by Valeiras et al. 22 and Chelliah
et al. 24 in Fig. 11. Again, there is signicant scatter in the experimental data. The model
predictions fall roughly in between the results of Chelliah et al. and Valeiras et al.
The prediction of the burning velocity for methyl chloride/methane mixtures is mostly
sensitive to the reactions belonging to the methane subset, while reactions involving chlorinated species are less important, in particular under reducing conditions. This nding is in
agreement with the observations of Wang et al. 32 As it is typically observed for ame speed
predictions, the chain branching reaction H + O2  O + OH is found to be the most important reaction. The dissociation of HCO promotes the burning velocity whereas its reactions
with Cl and O2 slow down the oxidation as these steps terminate the radical chain. Also
the terminating recombination reaction CH3 + Cl (+M) (R1b) serves to reduce the burning
velocity.

Implications for biomass gasication
In the previous section it was shown that the chemical kinetic model provides a satisfactory
description of conversion of methyl chloride under both pyrolysis and oxidative conditions.
The major dierences between predictions and experimental results were seen in the presence
of signicant amounts of oxygen; conditions that are less relevant for gasication. Based on
the validation, we believe that the model is suciently reliable to be used to asses the fate
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of CH3 Cl in biomass gasication processes.
In this section, we conduct simulations for each of the most common gasication technologies, i.e., bubbling and circulating uidized beds, downdraft gasiers, and entrained-ow
gasiers. Characteristics of these technologies can be found elsewhere. 63 Data reported on
the gas composition within gasiers as a function of the operating conditions are very limited. 64,65 For this reason we assume in the calculations that the inlet gas composition is
similar to that of the exit gas composition reported for the specic type of gasier. For
each gasication technology, the exit gas composition from several studies have been considered. The gas compositions reported in literature vary a lot, even for the same gasication
technology and gasifying agent. An average composition has been used in the modeling.
The major components in the exit gas are H2 , CO, CO2 , CH4 , C2 H4 , H2 O, and N2 .
The methyl chloride content of the gas has only been reported for a product gas from a
low-temperature circulating uidized bed gasier. 10 We adopt this value (100 ppm) to be
representative in our calculations. The concentration of methyl chloride may, however, be
signicantly lower for gasiers using biomass with a low chlorine content such as woody
biomass. Furthermore, the formation of methyl chloride is temperature dependent 66 so the
yield may vary greatly, dependent on the operating temperature of the gasier.
For all gasication technologies it is assumed that the gas ow can be approximated as
plug ow throughout the gasier. The decomposition of methyl chloride is assumed to be
kinetically controlled and mixing limitations are thereby neglected in the modeling. Finally,
it is assumed that the zone in which the thermal conversion of methyl chloride occurs is
isothermal. The applicability of these assumptions is discussed below for each gasication
technology.

Circulating Fluidized Bed (CFB)
Kersten et al. 67 reported that the majority of the pyrolysis took place within the rst 1.5
meter of their 6 meter high circulating uidized bed gasier. The combustion zone was
12

located within the rst 0.7 meters of the gasier; they never detected oxygen at their lowest
sampling point, which was located 0.7 meters above the air nozzles. Based on their results,
we assume that the drying, pyrolysis and combustion processes occur at the bottom of the
gasier while the thermal conversion of methyl chloride occurs in the dilute zone, assumed to
be oxygen-free. Based on reported gas velocities, 67,68 we estimate the residence time within
the dilute zone to be of the order of 0.5-2.0 s.
In Table 2, the exit gas composition and the operating temperatures for several CFB
biomass gasiers are listed. The averaged gas composition reported in the table is assumed
to be representative for CFB gasiers. Our calculations indicate that the concentration of the
major species remains largely constant in the dilute zone, even though some of the ethylene
is decomposed into hydrogen and acetylene at high operating temperatures.
In the CFB gasier, the axial temperature gradient in the riser is small; it has been
reported to be between 30 and 50 K from the top to the bottom. 10,67 It is thus reasonable to
model the CFB gasier as isothermal. The assumption about plug ow is less accurate. In
a CFB the solid biomass tend to migrate towards the wall, causing more gas to be produced
near the wall. Due to this, parabolic radial gas proles appear within the gasier.
The predictions for the thermal conversion of methyl chloride within a CFB are shown
in Fig. 12. Simulations have been performed as a function of temperature within the range
reported in Table 2. It can be seen that the thermal conversion of methyl chloride is very
sensitive to the temperature. At very low temperatures (923-973 K), conversion of methyl
chloride is low. Consequently, most of the methyl chloride exiting the combustion zone for
gasiers operating at low temperatures appears in the exit gas. The prediction is consistent
with the measured levels of methyl chloride in the exit gas from a low-temperature gasier. 10
At temperatures above 973 K, the conversion of methyl chloride increases. However, even
at the highest temperature of 1223 K methyl chloride is not depleted within one second. The
calculations indicate that methyl chloride formed within a CFB gasier may appear in the
exit gas.
13

The gas-phase conversion of methyl chloride under CFB gasication conditions is shown
in Fig. 13. Methyl chloride is mainly consumed by thermal dissociation (R1) and by reaction
with atomic hydrogen (R3, R4). The majority of the methyl chloride is converted by reaction
R3, forming methyl radicals and hydrogen chloride. As the temperature increases, a larger
fraction of the methyl chloride is converted by thermal dissociation (R1). The majority of
the formed methyl radicals react with water, molecular hydrogen or atomic hydrogen to form
methane. A part of the methyl chloride is converted by the reaction CH3 Cl+H  CH2 Cl+H2
(R4), which forms chloromethyl. The chloromethyl radicals mainly react with atomic hydrogen to form chlorine atoms (R12) or with methyl radicals to form HCl (R20). A minor
fraction of CH2 Cl is converted back into methyl chloride by reaction with ethylene (R10b).
The atomic chlorine, formed from decomposition of methyl chloride (R1) and the reaction of
chloromethyl with atomic hydrogen (R12), reacts with molecular hydrogen, methane, or, to
a lower extent, ethylene to form hydrogen chloride. Overall, the methyl chloride consumed
is largely converted into hydrogen chloride.
The reaction pathways for methyl chloride under gasication conditions have similarities
with those occurring in a hydrogen atmosphere (see previous section). However, under
gasication conditions the prediction of methyl chloride is less sensitive to the reactions with
chloromethyl. This is because methyl chloride is not a major component in the gas under
gasication conditions, as it was in the validation experiments. Due to this, chloromethyl
is formed only in trace amounts under gasication conditions and the reactions consuming
chloromethyl radicals are less important for terminating or propagating the radical chain.

Bubbling Fluidized Bed (BFB)
In the bubbling uidized bed it is assumed that the drying, pyrolysis and combustion occur in
the bed, while the thermal conversion of methyl chloride takes place in the free-board. Ross
et al. 65 studied the axial gas proles in a 2.7 m high BFB biomass gasier and detected no
oxygen beyond their second sampling point which was located 12 cm above the air distributor
14

plate. Consequently, we assume in this work that all oxygen is rapidly consumed in the bed
and that the thermal conversion of methyl chloride proceeds in the absence of oxygen.
In Table 3, the exit gas composition and the operating temperatures for several BFB
biomass gasiers are listed. Again, the average gas composition is assumed to be representative for the gasier. By comparing tables 2 and 3 it can be seen that the BFB and CFB
reactors operate within the same temperature range and that the exit gas composition of
the two gasiers is similar.
In the free-board of a BFB, plug ow provides a reasonably good description of the gas
ow. 75 For BFB there is a high degree of temperature uniformity within the bed while the gas
temperature decreases within the free-board due to the endothermic gasication reactions
taking place. Bridgewater 72 reports the temperature drop in the freeboard to be around 50
K for typical BFB gasiers, but depending on the operating conditions and design of the
gasier, values as high as 150-200 K have been reported. 76,77 The assumption of isothermal
conditions within the free-board may therefore be inaccurate for some BFB gasiers.
Since the gas composition and temperatures of a BFB gasier are similar to those of a
CFB gasier, the rate at which the decomposition of methyl chloride occurs within the BFB
is also similar to that for a CFB. However, with gas residence times in the freeboard in the
range 2-4 s, 65,74,78 the time for reaction in a BFB is longer than that of a CFB. According
to calculations, this is sucient to obtain full conversion of methyl chloride at the higher
temperatures. However, as most BFB gasiers operate in the 1060-1140 K range, 71 presence
of methyl chloride in the exit gas stream should be a concern.

Downdraft Gasier
In the downdraft gasier the pyrolysis and thereby the formation of methyl chloride occurs
just above combustion zone. Due to this, the decomposition of methyl chloride will mainly
occur in the combustion zone. The temperature within this region has been reported to
uctuate in the range 1073-1473 K 64,71,79 for downdraft gasiers. The gas composition within
15

the combustion zone can be expected to change signicantly as partial oxidation of the
fuel occurs. As no axial gas concentrations have been reported for downdraft gasiers,
estimates of the gas composition within the combustion zone were based on measured exit
gas compositions. In Table 4, the exit gas compositions for various downdraft biomass
gasiers are listed.
While oxygen is not present in the exit gas, it will be present in the combustion zone.
From the experimental data of Zainal et al., 79 the oxygen concentration within the combustion zone can be estimated to be 11%. Oxygen may react both in the gas phase and with the
biomass char. The fraction reacting in the gas-phase is unknown, but the gas-phase reactions
would be expected to be faster than the heterogeneous char + O2 reaction at these temperatures. Even so, for a conservative assessment we assume a low level of 1% O2 , substituting
a small fraction of the nitrogen in the average gas composition (Table 4) with oxygen.
The predictions for the conversion of the methyl chloride under these conditions are
depicted in Figure 14. Based on the modeling, it is highly probable that all methyl chloride
is consumed within the combustion zone as the time for full conversion is below 6 ms for all
temperatures above 1373 K. The consumption rate of methyl chloride increases signicantly
when small amounts of oxygen is present. This is expected as the presence of oxygen promotes
the formation of radicals. However, even in the absence of O2 , the thermal conversion of
methyl chloride occurs rapidly; methyl chloride is consumed in less than 200 ms at 1373 K.
The gas residence time within the combustion zone of a downdraft gasier is unknown;
however, with its fast consumption rate, methyl chloride will be expected to completely
deplete in the gasier.
The presence of oxygen mainly serves to promote chain branching and increase the concentrations of the O/H radicals, but the dominant reaction pathways for methyl chloride
consumption are similar to those in the absence of oxygen (Fig. 13). This means that the
oxidation routes for methyl chloride in the downdraft gasier are largely the same as in the
uidized bed gasier, even though the reaction is faster. Most of the methyl chloride is
16

consumed by the reaction with atomic hydrogen to form CH3 + HCl (R3) and CH2 Cl +
H2 (R4). Also reactions of methyl chloride with other radicals, mainly OH, CH3 , and O,
contribute to a minor extent at lower temperatures.

Entrained bed gasier
The entrained bed gasier operates at high temperatures of 1573-1773 K 71,80 and with gas
residence times of a few seconds. 81 Since the thermal conversion of methyl chloride, even in
the absence of oxygen (Fig. 4), occurs very rapidly at high temperature, it can be expected
that all the methyl chloride that is formed within an entrained bed gasier will be completely
decomposed due to the high operating temperatures.

Measures for control of methyl chloride
Based on our analysis, we conclude that all the methyl chloride formed within downdraft
and entrained-bed gasiers will be decomposed in-situ into hydrogen chloride due to the
high temperatures within these two types of gasiers. However, for circulating and bubbling uidized bed gasiers emission of methyl chloride with the product gas is a concern,
particularly if the gasier is operated at lower temperatures.
If the methyl chloride content of the product gas is too high, either pre-processing of
the fuel or downstream measures will be required. The current trend in chlorine removal
favors high-temperature, dry gas cleaning using solid sorbents, in particular calcium and
sodium carbonates. 6 There are only limited data available for removal of CH3 Cl by sodium
carbonate 82 and no reports on the eciency of calcium species. However, neither technology
can be expected to be eective in capturing CH3 Cl.
Alternatives such as thermal processing of the gas (with or without addition of oxygen/air) or catalytic cleaning are technically possible but may not be economically feasible.
Removal of methyl chloride by catalytic steam reforming has been investigated, 83,84 but this
would be costly.
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Pre-treatment of the biomass is possibly an alternative to downstream cleaning. In
torrefaction, which is a mild form of pyrolysis typically conducted at temperatures of 523593 K in an inert atmosphere, 11 the biomass is upgraded to a high quality fuel. The gas
released from the torrefaction process can be combusted and used to supply the energy
needed for the torrefaction process. Saleh et al. 11 reported that 20% of the chlorine in straw
was released at a temperature of 523 K and at 623 K the release of chlorine was increased
to 64%. For woody biomass, almost all the chlorine was released at 623 K. Saleh et al.
found that the majority of the chlorine released appeared as methyl chloride. However,
other volatiles will also be released during the thermal pretreatment, reducing the amount
of gas produced from the gasier and possibly decreasing the eciency of the plant.

Conclusions
A chemical kinetic model for thermal conversion of methyl chloride under conditions relevant
for gasication was established, supported by ab initio calculations for the reactions CH2 Cl
+ O2 and CH2 Cl + C2 H4 . The model predicted the decomposition and oxidation of methyl
chloride with satisfactory results. Under gasication conditions where CH3 Cl is present in
trace quantities, its decomposition involves only a few reactions. Methyl chloride is consumed
by thermal dissociation, CH3 Cl (+M) → CH3 + Cl (+M), and by reaction with atomic
hydrogen, CH3 Cl + H → CH3 + HCl. The Cl atom is converted to HCl by abstracting H
from H2 , CH4 , or C2 H4 from the gasication gas. Any CH2 Cl formed is recycled to CH3 Cl
by reaction with C2 H4 , and formation of higher chlorinated hydrocarbons is predicted to
be negligible. Consequently, all methyl chloride that is consumed yields hydrogen chloride
under gasication conditions.
For downdraft and entrained-bed gasiers, calculations show that any methyl chloride
formed within the gasier will be rapidly oxidized to hydrogen chloride and thus methyl
chloride is not expected to be present in the exit gas from these two gasication technologies.

18

However, for circulating and bubbling uidized bed gasiers emission of methyl chloride
with the product gas will be a concern, particularly if the gasier is operated at lower
temperatures.
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Table 1: Selected reactions in the CH3 Cl subset. The rate constants are expressed in terms
of a modied Arrhenius expression k = A Tn exp(-Ea /(RT)). The units are cm, mol, s and
cal.



n

Ea

Source

4.2E13

0.050

37

37,38

1.

CH3 +Cl(+M)

Low pressure limit

8.2E32

-4.670

1680

2.

CH2 Cl+H

3.0E25

-4.470

3490

a

8.1E07

1.730

7462

43

2.8E05

2.590

7645

43

1.6E13

0.310

11188

40

1.8E10

0.890

2881

41

1.0E13

0.000

21660

29

2.0E13

0.000

54000

29

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

CH3 Cl+(M)

A

 CH3 Cl
CH3 Cl+H  CH3 +HCl
CH3 Cl+H  CH2 Cl+H2
CH3 Cl+O  CH2 Cl+OH
CH3 Cl+OH  CH2 Cl+H2 O
CH3 Cl+HO2  CH2 Cl+H2 O2
CH3 Cl+O2  CH2 Cl+HO2
CH2 Cl+CH4  CH3 Cl+CH3
CH3 Cl+C2 H3  C2 H4 +CH2 Cl
CH3 Cl+Cl  HCl+CH2 Cl
CH2 Cl+H  CH3 +Cl
CH2 Cl+H  CH2 +HCl
CH2 Cl+O  CH2 O+Cl
CH2 Cl+O  CH2 ClO
CH2 Cl+OH  CH2 O+HCl
CH2 Cl+OH  CH3 O+Cl
CH2 Cl+O2  ClCHO+OH
CH2 Cl+CH3  C2 H5 Cl
CH2 Cl+CH3  C2 H4 +HCl
CH2 Cl+CH3  C2 H5 +Cl
CH2 Cl+CH2 Cl  C2 H3 Cl+HCl
CH2 Cl2 +CH3  CH3 Cl+CH2 Cl
CH2 Cl+CH2 O  CH3 Cl+HCO
a:

1.3E-7

5.406

2466

See text

6.0E00

3.535

4034

pw

2.4E10

0.920

1580

54

5.1E14

-0.220

310

9.5E04

1.910

2600

5.6E13

-0.130

710

29

1.3E15

-1.980

1100

29

1.2E22

-2.720

3860

29

2.0E12

0.290

3270

29

pw

a
a

4.9E01

2.723

9430

3.3E40

-8.490

10590

29

2.4E13

0.000

-181

44

9.3E19

-2.070

10130

29

2.1E15

-0.850

0

39

1.4E11

0.000

4900

a

2.0E11

0.000

6000

31

J.V. Bozzelli, private communication, cited by Wang et al. 32 .
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Table 2: Exit gas composition from CFB biomass gasiers. The gas composition is given on
a dry basis in vol% (balance N2 ).
H2

CO

CO2

CH4

C2 H4

H2 O

Temperature [K]

12

14

16

4.0

1.5

12

1023-1173

67

5.4

8.6

22

5.4

1.6

-

1023-1053

68

16

18

16

5.5

1.7

13

1123

69

9

13

15

8.5

-

12

973-1223

70

9

13

15

8.5

-

12

1123-1173

70

15-17

21-22

10-11

5-6

-

-

1173

70

9.5

9.7

17

7.2

-

-

-

71

9.5-12

16-19

14-18

5.8-7.5

-

-

-

71

11

14

16

6.2

1.6

12
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Source

Average

Table 3: Exit gas composition from BFB biomass gasiers. The gas composition is given on
a dry basis in vol% (balance N2 ). The water content was estimated to be 26%.
H2

CO

CO2

CH4

C2 H4

H2 O

Temperature [K]

9

14

20

7

-

-

850

72

5-16

10-22

9-19

2-6

0.2-3.3

11-34

1053-1103

73

5.8

18

16

4.6

2.6

-

923

70

14

16

16

5.8

-

18

1123-1223

70

4.1

24

13

3.1

-

-

1003

70

13

16

16

5.7

-

-

923-1098

70

8-12

10-14

17-20

5-7

-

-

973-1093

74

9.4

17

16

5.2

2.2

20

28

Source

Average

Table 4: Exit gas composition from downdraft biomass gasiers. The gas composition is
given on a dry basis in vol%.
H2

CO

CO2

CH4

H2 O

N2

17

21

13

1

-

48

72

31

20

15

1.2

-

33

71

14

24

15

2.0

-

45

79

18

18

11

1.2

-

51

64

20

21

14

1.4

-

45

Average

29

Source

Figure 1: Transition state theory results for CH2 Cl + O2 → CHClO + OH (R18, solid line)
and measured upper limit by Shestov et al. 44 (lled circle), and the M06-2X/MG3 bond
lengths in the transition state for CH2 ClOO → CHClOOH.
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Figure 2: Transition state theory results for C2 H3 + CH3 Cl → C2 H4 + CH2 Cl (R10, solid
line), and the M06-2X/MG3 bond lengths in the transition state.
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Figure 3: Arrhenius plot for the reaction CH2 Cl + CH4  CH3 Cl + CH3 (R9). The
symbols denote data derived using the equilibrium constant from measurements of the reverse
rate constant k9b by Macken and Sidebottom. 53 The solid line is the rate constant derived
theoretically by Ramazani 57 for the reaction CH3 + CH4  CH4 + CH3 , adopted in the
present work for k9 (t to their reported data).

32

Figure 4: Comparison of model predictions (lines) and experimental data (symbols) for
thermal decomposition of methyl chloride (4800 ppm) in a nitrogen atmosphere plotted as
a function of temperature. The pressure was 1.14 atm within the reactor and the residence
time is calculated as τ (s) = 21510/T. The experimental results are from Hung et al. 14
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Figure 5: Comparison of experimental data (symbols) and model predictions (lines) for the
thermal decomposition of methyl chloride (4%) in a hydrogen atmosphere (96%) plotted as
a function of residence time. The experiment was conducted at atmospheric pressure and at
a temperature of 1123 K. The experimental results are from Wu and Won. 16
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Figure 6: Comparison of experimental data (symbols) and model predictions (lines) for the
thermal decomposition of methyl chloride (4%) in a hydrogen atmosphere (96%) plotted as
a function of temperature for a xed residence time of 1 second. The experiments were
conducted at atmospheric pressure. The experimental results are from Wu and Won. 16
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Figure 7: Comparison of experimental data (symbols) and model prediction (lines) for oxidation of methyl chloride in H2 /O2 /Ar mixtures at dierent temperatures. The initial concentrations were 1% H2 , 1% O2 , 2% CH3 Cl and 96% Ar. The experiments were conducted
at 1 atm and the experimental results are from Ho et al. 13
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Figure 8: Comparison of experimental data (symbols) and model prediction (lines) for the
oxidation of methyl chloride in a H2 /O2 /Ar mixture plotted as a function of residence time
for a xed temperature of 1173 K. The initial concentrations were 1% H2 , 1% O2 , 2% CH3 Cl
and 96% Ar. The experiments were conducted at 1 atm and the experimental results are
from Ho et al. 13
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Figure 9: Ignition delay times for CH3 Cl, CH4 , and a CH3 Cl/H2 mixture. Symbols mark
experimental results from Miller et al. 17 and lines denotes the prediction of the present model.
The pressure behind the reected shock was 2 atm. Inlet compositions: 10% CH3 Cl and
15% O2 (mixture 1); 10% CH4 , 15% O2 (mixture 2); 10% CH3 Cl, 1% H2 , 15% O2 (mixture
3); balance Ar.
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Figure 10: Laminar burning velocities of methyl chloride-air mixtures as a function of fuelair equivalence ratio. The squares are experimental results from Kaesche-Krischer 62 while
the circles are from Chelliah et al. 24 The line denotes the model predictions. The initial
temperature was 298 K while the pressure was 1 atm.
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Figure 11: Laminar burning velocity of fuel mixtures of 50% CH3 Cl and 50% CH4 in air as
a function of fuel-air equivalence ratio. The experimental results are from Valeiras et al. 22
and Chelliah et al. 24 The initial temperature was 293-298 K while the pressure was 1 atm.
The predictions were made for a temperature of 298 K.
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Figure 12: Thermal conversion of methyl chloride within a CFB gasier. The initial gas
composition for the simulation is 11% H2 , 14% CO, 16% CO2 , 6.2% CH4 , 1.6% C2 H4 , 12%
H2 O; balance N2 (see Table 2). The pressure is atmospheric; temperature and residence time
as shown in the gure.
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Figure 13: Reaction pathway for the methyl chloride consumption under gasication conditions in a circulating uidized bed reactor.
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Figure 14: Thermal conversion of methyl chloride within a downdraft gasier with 1% of
oxygen present. The initial gas composition for the simulation is 20% H2 , 21% CO, 14% CO2 ,
1.4% CH4 , 1.0% O2 ; balance N2 (see Table 4). The pressure is atmospheric; temperature
and residence time as shown in the gure.
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