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ABSTRACT

Chloromethane was catalytically converted into methane and propane in a fixed-bed reactor with
control of pressure and flow rates. The deactivation by coking was studied in a microadsorber
equipped with gravimetric monitoring. In this study, two models are proposed: the first one proposes
that product production competes with coke formation; and the other one proposes that coke
formation competes with product desorption. Kinetic and thermodynamic parameters were
estimated. Results showed that chloromethane is activated by silica-alumina but the products are
usually high molecular weight hydrocarbons, which are broken down by acid sites to produce

compounds like methane and propane.
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1. INTRODUCTION

Methane conversion to higher hydrocarbons
became one of the most important topics of
natural gas utilization. Direct oxidation and
oxidative coupling of methane with oxygen and
other oxidants to higher hydrocarbons are
extensively studied [1-5]. Due to its molecular
stability, the functionalization and activation of
the C—H bond is a difficult task [6,7]. On the other
hand, halogenation of methane is a well-known
reaction that usually requires the use of a
catalyst [8,9]. The production of chloromethane
through natural gas oxychlorination is an
exothermic process that can be performed at low
pressure and temperature. Under certain
conditions, chloromethane can be converted into
valuable hydrocarbons [8-10]. Hydrochloric acid
is released in this second step and recycled to
the first process. Thus, this constitutes an
alternative route to the Fischer-Tropsch
synthesis, as its operating conditions are much
less stringent.

The  conversion of  chloromethane to
hydrocarbons is heterolytic, where the chlorine is
the highly electrophilic element [11,12]. After
adsorption and splitting of chloromethane on the
acid site, the chlorine will be adsorbed and a
methyl group will be released. Methyl groups
react via dehydrogenation to form a new group
on the surface (preferably metallic) [10,13].
Hydrogen is released and transported across the
surface (spillover) to find the adsorbed chlorine
and form hydrochloric acid, which will eventually
be desorbed. This mechanism is presented in
Fig. 1. The species within the circle represents
the catalytic surface and the adsorbed species
therein. The gaseous species are adsorbed and
desorbed according to the outer circle. The
movement of hydrogen is depicted in the inner
circle.

It is observed that there are two mechanisms that
must operate in parallel, one on acidic sites, and
the other one on metal sites. The catalysts on
which these reactions take place are known to be
bifunctional [13-15]. Their acidic function allows
both the adsorption and the removal of chlorine
from chloromethane while their metallic function
promotes methyl groups condensation via
dehydrogenation.

A major problem with the use of solid catalysts is
the loss of activity (common factors are
poisoning, coking or blocking and sintering or
phase transformation) they exhibit over time. It is
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a physical and chemical process (usually
inevitable), but there are techniques that can
minimize the deactivation caused by these

factors.
CH,Cl m
cH,cH, — acd CH,CI
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[
CH,=CH, CH;--Cl

H

Fig. 1. CH3Cl activation mechanism by Olah &
Arpar [14]

Poisoning is a chemical process in which certain
feed impurities are easily adsorbed on the
catalyst active sites. The adsorption of a base on
acid sites is an instance of poisoning. It can also
be either a geometric process where the
adsorbate covers the site or an electric effect
where an electric field distorts the affinity
adsorption of other adsorbates. Poisons may
even chemically react with the site to form new
products (reconstruction) such that the catalyst
performance decreases.
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Fig. 2. Supported metal catalyst deactivation
process: Encapsulation and pore blockage
[16]

The chemical nature of coke depends on factors
such as formation mechanism, pressure,
temperature, feed composition, and products



formed. A representation of coke deposition is
shown in Fig. 2. The catalyst deactivation may
occur on mono or multi-layers of the sites and
can completely encapsulate the metal,
deactivating it. Other mechanisms include pore
blockage, which prevents access of reagents to
the active sites, carbon deposition, and growth
within the pore, causing particle breakage.

In the case of coke formation from hydrocarbons,
as in steam reforming, three types of carbon can
be identified:

= C.H,: filamentous coke formed by slow
polymerization over Ni at temperatures
below 773 K;

= Filamentous char, also called whisker,
formed by carbon diffusion in Ni followed
by separation of Ni from the surface;

= Pyrolytic char from high molecular weight
compounds cracking at temperatures
above 873 K.

Sintering is a process where the catalyst is
modified, mainly due to the effect of temperature.
This process applies to both supported and
massic catalysts. In the case of supported
catalysts, the particles coalesce. One plausible
explanation involves the separation of the metal
from the crystallite and migration to another one
with greater interaction field. As a result, large
crystallites become larger while small crystallites
become smaller.

The quantification of deactivation is very
important, especially for processes with rapid
loss of catalyst activity.

Fig. 3. Experimental apparatus used to evaluate the
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2. METHODS
2.1 Catalyst Testing

The catalytic activity tests were conducted using
the experimental device shown in Fig. 3. The
device consists of a gas supply system (1, 2 and
3), a mixture of CH3Cl (10%) + N, (90%) and H,
(99.99%), cylinder pressure regulators (4), mass
flow controllers (5), a thermocouple (6), a furnace
(7), a fixed-bed reactor (8), a gas purification
system (9), a chromatograph (10) and a
computer (11). The chlorine-resistant (hastelloy)
reactor consists of a 50 cm tube with outer and
inner dimeters of 1.27 cm and 0.635 cm,
respectively. A stainless steel disc was placed
inside the reactor to hold the catalytic bed in
place.

2.2 Catalyst Deactivation

Catalytic tests were performed at the
temperature of 573 K with unmodified and pure
silica-alumina. The composition of the exhaust
gases and the mass of deposited carbon (coke)
were monitored simultaneously. The temperature
of 573 K was chosen because, as reported by
Comelli & Figoli [17] and Arevalo-Bastante et al.
[18], it is the temperature at which coke formation
starts. The equipment used for the evaluation
was a Rubotherm microadsorber (Fig. 4) that
consists of a basket in which the catalyst is
placed. The basket is placed inside a vessel
designed to support pressure up to 5 MPa and is
suspended by a magnetic system without contact
with the gases. Any variation in mass is

compensated by a change in magnetic field
intensity and recorded.

silica-alumina
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Fig. 4. Reaction system equipped with gravimetric monitorin

The basket was loaded with approximately 250
mg of SiAl. After closing the reactor, the system
was purged with helium 99.999% at a flow rate of
100 mLxmin™. The material was then heated to
373 K for 30 minutes to avoid water adsorption.
Afterwards, the reactor was heated to 573 K at a
heating rate of 10 Kxmin™. After the system
reached such temperature, the helium flow rate
was reduced to 50 mLxmin™ and chloromethane
was injected at the same rate. The reactions
lasted 180 minutes with continuous monitoring of

Aacuinm

g. Adapted from Rojas [19]

the catalyst mass. The outlet stream composition
was determined using a Thermo C2V-200 3-
channel micro-chromatograph. Each analysis
took 2.5 minutes and the product composition
was monitored every 3 minutes.

3. RESULTS AND DISCUSSION

The textural properties of the silica-alumina
(Sigma-Aldrich, 99%) were obtained via
adsorption with N, following the B.E.T method in



a Micrometrics ASAP 2020. The surface area
was 513 mzxg'l, the average pore volume was
0.78 cm3><g'1, and the average pore diameter
was 61.4 x10™° m.

3.1 Hydrocarbons Selectivity

The selectivity (S;) is defined as the amount of
carbon found in the species ‘i’ formed:

79i yAout

S:

out
yR

out ( 1)
Ya, )

in _
( Yern.a ~ Yen g

The molar composition is represented by y, 3 is
the number of carbon atoms in the species ‘i’
while the superscripts in and out indicate inlet
and outlet, respectively.

The conversion and selectivity calculated for
the tests with the silica-alumina are shown in
Fig. 5.

It is observed that at the beginning of the
reaction, t = 0, (time when the steady state is
reached) the chloromethane conversion is
approximately 65% and there is practically no
gaseous products were formed. It is believed that
this is temperature at which the chloromethane
was converted into coke. This behavior is
consistent with the results obtained by other
researchers [8,20-22]. An induction time was

present in this study, showing that
0.2
—_ 723K
e 573K B
Q‘-\-: —
-
E 0.1
# o CH,
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chloromethane was converted
benzene compounds exclusively.

into methyl-

The chloromethane conversion with silica-
alumina at the temperature of 573 K was about
60% at 723 K, 70% at 773 K and 95% at 823 K.
Methane was the only product identified at
temperatures above 723 K. The reaction system
is inherently deficient in hydrogen so that the
methane formation requires a source of that
component. The conversion of chloromethane
into compounds with low H/C ratios could be a
source of hydrogen. In this case, H/C = 3, but
whenever chloromethane reacts, an atom of
hydrogen is released in the form of HCI and the
original molecule becomes —CH,. Two atoms of
hydrogen are necessary for methane formation.
As the first step does not produce gases, it is
possible to propose the formation of large
compounds with low H/C ratios. Also, as the
reaction takes place, the surface concentration of
free hydrogen increases to reach a critical value
so that it promotes not only the reaction with —
CH, to produce methane, but also desorption,
as shown in Fig. 5. Traces of propane were
observed at 773 K. As reported by Wei et al. [23-
25], nanostructured catalysts such as ZSM-5 or
SAPO-34 phosphate silicate have acid sites that
favor the production of high amounts of coke and
high molecular weight compounds. Due to their
three-dimensional structure and size constraints,
these large molecules cannot leave the catalytic
structure and are broken down by acid sites. This
same mechanism could be used to explain the
propane formation.
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Fig. 5. Dynamic behavior of reactants and products o

n silica- alumina



The silica-alumina presented low selectivity for
hydrocarbons. Even at high conversions, the
products yields showed to be low at 573 K.
Methane and hydrogen formation started at 723
K and 773 K, respectively. An increase in
production of these compounds is an indication
of high decomposition rates. The hydrogen
production is indicative of compounds with low
H/C ratios such as aromatics or free carbon.
Since aromatic components were not identified, it
is assumed that the product formed is free
carbon.

3.2 Kinetic Mechanisms

Two reaction mechanisms are proposed in order
to represent the chloromethane condensation
deactivation. The first mechanism is described as
parallel and the second is described as
sequential  (Fig. 6). Chloromethane is
represented by A, hydrocarbons (methane and
propane) are represented by B, and C* are the
compounds that are formed and irreversibly
adsorbed on the catalyst, also called coke. The
term B+1 refers to products release from the
sites. For both mechanisms, A is adsorbed in the
catalytic site that produces the constituent B*
(adsorbed hydrocarbons), which desorbs to
produce B.

For the parallel mechanism, coke (C*) is formed
from A* which competes with the formation of B*

Table 1. Elementary kinetic mechanisms and equilibr
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(ks = ks = 0), covering the catalyst surface. For
sequential mechanism, coke is formed from B*
(k4 = k4 = 0) and competes with its release from
the catalytic site.

ko k; ko
A+l o > A g > B* o > B+
kl k-: k:
k4 l[ k4 k5 l I k-{
c* c*

Fig. 6. Parallel and sequential mechanisms
for coke formation. A = chloromethane, B =
hydrocarbons, A* = B * = adsorbed

hydrocarbons

The reaction rates and equilibrium constants
used in this reaction system are shown in Table
1.

Assuming that the surface reaction is slow, it can
be considered as the overall reaction. The
chloromethane adsorption is represented by
Eqg. (12) and the product desorption by Eq. (13).
Performing a balance on sites and considering
the equilibrium equations mentioned in Table 1,
an equation is obtained for site concentration.
This process is summarized in Table 2.

ium constants

Mechanism Kinetic model Equilibrium constant
L, n= kl(CA G ) - k—ch* @ Ky= CA’ )
A+l ky A C.C
k, r,=k,C o k_ZCB, (4) K. = & ©)
«— R ¢
A* k, B* ”
ks =k (Cp)=ksCs o © K, = c, O
B* B+ G, C
ke r, =K,Cp —K_,Cor ® G O
—— c c
A* kg c* A
ks fy =keCp —K_Cor (10) <= C.. (1)
DA Cs
B* k_5 C* B

where C, is the free site concentration
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Table 2. Site concentration descriptions

Expression Description
CA* =K,C, G (12)  adsorption of A
CB, =KzC; C (13) adsorption of B
C, =C, +C, +C, +C, (14) balance on sites
C, -C. (15) free site concentration - obtained substituting Egs. (12)
G= 1+K,C, +K.C, and (13) in (14)

3.2.1 Parallel mechanism

Combining Egs. (4), (12), (13) and (14) we obtain
Eq. (16):

— CB
(CT _Cc*) kz KACT (CA Kj
CT 1+ KACA + KBCB

[ = (16)

where K = KKa/Kg.

By definition, activity is the ratio between the
reaction rate at an instant t and the initial reaction
rate (¢ = rlrg). The activity can be obtained by
dividing Eg. (16) by the initial rate
(concentrations being constant):

(GG ),

where n, represents the sites involved in the
reaction.

)

Combining Egs. (16) and (17) yields:

K
1+K,C, +K,C,

kZKACT [CA - CBJ

(18)

=%

In order to derive an expression for coke
formation rate, Eg. (8) should be taken into
account in the parallel mechanism. As coke
desorption is very slow, its constant is
considered zero, k, = 0.

Combining Egs. (8), (12), and (15) results in:

_ {(CT (;Cc )}

kK ACACy
1+K,C, +K,C,

r, (19)

The same approach given to the surface
reaction, Eq. (17), can be extended to coke
formation:

(&G ke
7 [ c, j °

In general, n. and n, are not equal, and only will
be if the number of sites required for both
reactions are the same. Thus, substituting Eq.
(20) in (19) leads to:

K, KACACr
1+K,C, +K,C,

(20)

I’4 = ¢c b

(21)

3.2.2 Sequential mechanism

The coke formation can be given by Eq. (10) with
ks = 0. Substituting Eqg. (13) in Eqg. (15), that
expresses the number of free sites, yields:

-C.
r.5 = (CT C ) kSKBCBCT (22)
C; 1+K,C, +K;C,
Using the definition of activity factor and
combining Egs. (20) and (22):
K:C
I, = ¢ch kS B BCr (23)
1+ K,C, +K,Cq

Disregarding convective effects for a system of
Nr reactions and Nc compounds, the mass
balance for the compound i will be:

dc X .
d_tlzzvi’jrj ,0i =1, Nc (24)

j=1
where:

vij = stoichiometric coefficient of the
compound i in reaction j;

r; = conversion rate of reaction j.
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Table 3 presents the balances of all components Table 4 and those considering the sequential
involved in the reactions studied. mechanism are presented in Table 5.

The balance for the components A, A*, B, B*, C*
considering the parallel mechanism are shown in

Table 3. Mass balance

(a) Parallel mechanism

Reaction Compound
A A* B* B C*
2 0 -fy ro 0 0
4 0 -Ia 0 0 ra
> Vii I’i 0 -lo-I'y P 0 I
(b) Sequential mechanism
Reaction Compound
A A* B* B C*
1 0 -fy Iy 0 0
5 0 0 I 0 I's
> Vii I’i 0 'r2 -rz'rs 0 I’5
Table 4. Mass balance applied to coking using the p  arallel mechanism
| methane included methane not included
A C. (25) -
Ky=—2
Ca
A* dc,, C 26 C 27
th =-k,K,C, (CA _?B) —k,K,CAC, (26) dc kZKACT(CA - ?B] @)
A —_
dt ¢ 1+K,C, +K,Cq
- ¢ Ne kAKACACT
¢ 1+K,C, +K,C,
B* dcC C (28) C (29)
q - eKaG (CA-?BJ . _, szACT(cA -?Bj
dt " 1+K,C,+K,Cy
B C. 30 -
« =Ce (30)
CB
*
C ddctc K K,C.C 81  dC. _ b k,K,C,C; (32)
dt 1+K,C, +KCy
Table 5. Mass balance applied to coking using the s equential mechanism
| methane included methane not included
A C. (33) -
Ky,=—2—
C.G
A* 34 35
dC,. - K K,C CA—% (34) KK,C, CA—% (35)
dt K. dC, _ -4 K
dt "1+ K,C, +KCy
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| methane included methane not included
B* dC.. C (36) C (37)
dtB =k,K,C [CA - ?Bj dc K,KACy (CA _KBJ
B =g
-k;KzCiC, dt 1+K,C, +KgCy

_¢nc k5KBCBCT
¢ 1+K,C,+K,C,

B C, (38)
Ko =2 Bq
B
O =kKeCeG 9 _n KKCGC (40)

° 1+K,C, +K,C,

Given that A is in excess, it is assumed this constituent has constant concentration, so, substituting
equilibrium relationships into reaction rates for this case, we get the following:

Species A*
dC,. dC C
th = KACAd_tI == _kZKACL(CA _?Bj —-k,K,C,C, (41)
From Eq. (41), it is possible to derive an equation for the catalyst free sites decrease.
Species B*
dcC.. dC dc dC, KgC
=K.,C, —E+K,C,—-=K_,C —2-—BZB(r +r,)=r
dt B™I1 dt B™~B dt B™I1 dt KACA(2 4) 2
dC KgC KgC
K.C—2=|—-FEBB+1|r,+—LE=BEy
Tt [KACA j 2 K,C, ! (42)
% :(KBCB +1J szA(CA _CBJ +CBk4
dt K.C, Kg K
Rearranging Eq. (42):
g % :—ﬁ %4.& %_K _%Kﬁ (43)
dt\ C, K{{C, K;/\C, C, k
2
d1Ce | K| [Co) [ Ky k)G, Kay (44)
dt| C, K{{C, Ks k, | C, Kg
. Cg . o :
By making y = —, the following expression is obtained:
A
y:_ﬁ(yz_(_ﬁmmﬁJWﬁKJ
d K Ky K, Kg )
dy__

o - a(y-a)(y-a)
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where a, and a, are the roots of the second-order equation. These roots and the coefficient a; are
related to the differential equation parameters by the following equations:

K, k
=| —CALK+K %
(@ ata, ( o HK kzj

B

b aa,= (& Kj (46)
KB
k
K

(© a=-

Solving the differential equation with y(0)=y,:
_ [J‘ dy J‘ J: -1 m(y—al]_m[yo‘%J (47)
y a,) wy-a, Tey-a,) a;—a, (y-a, Yo —a,

dy _q
- )_L—%m (48)

[ Y2 o[ 272 -0 (5 -0t

‘<'—.~<

Y-8 Yo ~ 2, )
y-a _[¥%o~&
= exp -a,)(t-t,
178 <[ 7% oofa(a,-2) (1)
573 Jeofan(a-2.))
y=a +(a-a,) Oy ac (50)
1-|=° ex a
e Jortatama)
Rearranging and returning to the original variable, we obtain:
Yo —&
- —— |expla,(a,—a,)t
y:%:al az[yo_aj p(as(a,-a,)t)
C Y.
1-| = ex a (51)
P
= Ceo
yo_C

Ao

Thus, the profile of B, as seen in Eq. (51), is a function of the following parameters:

CB = g(t, é)

a;: parameter i, i=1, 2, 3

Species C*

10
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dC k,K,.C
c — ¢ch 41N A ACr (52)
dt 1+ K,C, +K,Cq
Substituting Cg from Eq. (51) in Eq. (52):
1 dg, _ KiCa |14 Ko (2, ~a,) (53)
¢ dt (l+ KACA+KBa2) (1+ KACA+KBal)_|:(1+ KACA+KBaz)[zo::lz]exda:i(al_az)t)}
Integrating Eq. (53) subjected to y(0)=y,, we obtain:
F-1_ KK, K,C,
1-n, Kk, (1+K,Ch+Kea,)(1+K,C, +Kpay)
yD -
(1+K.Cy +Kea) —[(1+ KiCu* Ksag)[ﬁ] exp(aa(ai—az)t)} (54)

t(l+ KACA+KE81)+KB (as(%_az)t)"'KE log _
(1+K,C, +Kqa) —[(1+ K,C, + KE%)[%H

Ca is known, so the parameters to be calculated are K, Kg and n.. The activity is then a function of
time and six parameters:

@=f(t, )
a;: parameter i, i=1, 6

where the parameters a;, a, and a; are inserted in Eqg. (51) and the new parameters are:

a, =K,
a =Ky (55)
a8 =n,

3.3 Parameter Estimation

The concentration discrete values, the support mass gain and the activity are presented as functions
of time.

So we have two sets of points P and Q such that:

Pi =(ti’CB expi)' I =11nP
- _ (56)
Q; = (ti P e ) J=1n,
The two-term objective function to be minimized is as follows:
) Np o) 5
FO=min Z (CB_expj - g(t| ’a11a2'a3))2 +Z (¢ _exy, f (tj 1@)) (57)
i=1 j=1

where the set of parameters (a) are adjusted to The sum of squared difference between the
meet the minimum of the objective function. The  experimental and calculated values, Eqg. (57),
data and their expressions of concentration and was minimized using Excel's SOLVER and the
activity were tabulated in an excel spreadsheet.

11



nonlinear Generalized Reduced Gradient (GRG)
method.
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The deactivation kinetic parameters, from Egs.
(46) and (55), are shown in Table 6.

Table 6. Parameters estimated using the parallel me  chanism
Description Value Unit
Ka Adsorption of A 0.0042 kPa™
Kg Adsorption of B 0.0227 kPa™
K Overall equilibrium constant 0.0030
K, Kinetic Constant of reaction 2 8.01x10™ min™
Ky Kinetic constant of coke formation 1.46x10™ min™
Ne Activity exponent of coke 1.516
0.35 ¢ 12

§ 030 !
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©0.20 e

e 06 2
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Fig. 7. Conversion of chloromethane on silica-alumi

From the results shown in Table 6, it can be
observed that the reactant adsorption constant
(A = chloromethane, B = hydrocarbons) and the
product desorption constant are 0.0042 kPa™
and 0.0227 kPa™, respectively, indicating that the
adsorption driving force of A is of the same
magnitude order as that of desorption of B.
The low value of the global constant (0.003) is
in agreement with thermodynamics which
states that the reaction is unfavorable for
hydrocarbon formation. The reaction Kkinetic
constant (8.01><1O'4 min'l) is a thousand times
smaller than the kinetic constant related to
coke formation (1.46x10™" min™), which means
that the reaction system under these operating
conditions favors coke formation at the expense
of hydrocarbon formation. The exponent of the
activity of coke is 1.516, which means that this
reaction is more demanding of sites than the
hydrocarbon formation.

The parallel mechanism model was the only one
whose equations fitted the data well. As

12

na at 573 K — parallel mechanism

presented in Fig. 7, the hydrocarbon molar
composition decreases with time at a rate similar
to that of the activity factor.

4. CONCLUSIONS

The silica-alumina activates the chloromethane,
but without enough hydrogen, it promotes the
formation of compounds with low H/C ratios and
high molecular weight. These compounds are
difficult to desorb and end up accumulating on
the catalyst surface. An increase in hydrocarbon
concentration increases the amount of free
hydrogen which reacts to produce methane and
hydrogen after release. The parameters obtained
from the fit of the model confirmed the low
reaction rate for hydrocarbon formation, justifying
the consideration of choosing this reaction as
limiting. The coke formation rate is a thousand
times greater than the hydrocarbon formation
rate; therefore coke formation is greater than
hydrocarbon formation. The exponent of coke
activity being higher than 1 (approx. 1.6)



indicates that the coke coating rate is greater
than the reagent coating rate (A*). Thus, the

parallel

mechanism model is adequate to

represent the deactivation over silica-alumina.
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