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APPLIED CHEMISTRY

Optimization of the Synthesis of Methyl lodide Using Sponge Iron
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Nuevo Leon, A.P.18-F, C.P. 66450, Mexico

The optimization of the conventional synthesis of an important industrial product—methyl
iodide—by using iron sponge, iodine, and methanol as precursors is presented. The experiments
were carried out under different conditions of molar ratio of the reagents, reaction and distillation
temperatures, stirring rate, and rate of addition of methanol. It is shown that the highest yield
of the product is reached at the molar ratios of methanol/iron of 1.0 and iodine/iron higher of
1.5. The optimal temperature range for this synthesis is located between 53 and 109 °C for
which the highest yields were obtained in coincidence with the temperature range at which the
formation of Fel; is also optimal. A relationship between the syntheses of Fel, and the syntheses
of CH3l was elaborated and it was found that the conditions favorable for the syntheses of Fel,
are also necessarily favorable for the syntheses of CHjsl.

Introduction

Methyl iodide is an important industrial product used
as an intermediate substance in the manufacture of
pharmaceuticals and pesticides,! also as a precursor in
diverse methylation processes, and as a fumigant to
control pests in fruit trees and stored grains.? Methyl
iodide is rapidly displacing methyl bromide in the
market®# despite CH3l’s higher cost mainly because of
its wider scope of applications and its negligible influ-
ence on the stratosphere ozone layer.>

It is known that methyl iodide remains in the
atmosphere for 2 years before its natural destruction.®
The slower degradation of CHsl in comparison with
methyl bromide determines that, under similar doses
of application and for the same soil conditions, the loss
by volatilization of CH3l would likely take longer than
that of CH3Br and the risk for CHzl to enter the
groundwater would likely be higher. Because volatilized
CH3l is quickly decomposed in the air under the action
of light, it will not contribute to ozone destruction. The
dissipation half-life for CH3l in water, under exposed
outdoor conditions, is on the scale of about 1 day;’
nevertheless, its massive inhalation can provoke pul-
monary oedema, depression of the central nervous
system, painful effects on kidney and larynx, and skin
irritation, or even burns, depending on how prolonged
was the contact with the exposed skin tissue.8® In
nature, various species of macroalgae in marine water
are known to produce and release methyl halides in
considerable amounts.1° CHgzl vapors have been detected
naturally occurring on flooded soils used for rice and
oats production, with a higher concentration on those
related to rice. It has been suggested that the methyl
iodide formation is due to the action of roots, or of
microorganisms inhabiting in and around the root
system.!! Some industrial wastes also contain CH3l.12
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Selected synthetic methods for CHzl production start
from the following precursors: (1) methanol, phospho-
rus, and iodine;*314 (2) potassium iodide and methyl
sulfonate;® (3) CHzl, KOH, and ethanol;® (4) iodine,
methanol, and iron;'’ (5) iodine, a metal belonging to
any one of the groups la, lla—Illa, Ib, Ilb, I1lb, and IVb,
and a member of any one of the following families of
compounds—alcohols, esters, dialkyl ethers, and diallyl
ethers;!8 (6) iodine, hydrogen, and methyl alcohol using
as catalyst either rhodium, iridium, or ruthenium; (7)
iodine, hydrogen, and methyl acetate or dimethyl ether
using either palladium, rhodium, platinum, ruthenium,
or nickel as a catalyst, although the high cost of the
catalyst and the formation of methane become two very
serious disadvantages.

Table 1 shows a summary of the experiments per-
formed by Dangyan for the synthesis of alkyl hal-
ides.1719724 Two features of the experiments are worth
noting; the ratio of halide to iron was kept nearly
constant at 1.5, and the order in which reagents were
added depended on the alkyl halide to be obtained.

In 1938, Dangyan obtained methyl chloride from
ferric chloride and methanol; ferric hydroxide is a
byproduct.’® Later, in 1940 and as a result of the
difficulties for obtaining ferric iodide of high purity,
Dangyan synthesized CHj3l directly from iodine, metha-
nol, and iron sponge (obtained by the reduction of iron
ores with hydrogen) with a yield of 50.3%.17 The aim of
the present work is to optimize the preparation of
methyl iodide from the precursors listed above, namely,
the same used by Dangyan in the synthesis of methyl
iodide.

Experimental Section

Materials and Equipment. High-purity iron sponge
(HPI) produced by the research facilities of Hojalata y
Lamina S. A.—Hylsa—at its plant in Monterrey, Mexico,
was used directly as supplied after it was ground to 60
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Table 1. Summary of the Reactions Undertaken by Dangyan for the Synthesis of Alkyl Halides

reaction synthesis halide/iron halide/alcohol yield % ref
FeCl; + 3CH3CH,0H — 3CH3CHCI + Fe(OH)3 15 0.77 86 21
FeCl; + 3CH30H — 3CHsCI + Fe(OH)3 98 22
CH30H + 3/51; + 3/,Fe — CHgsl + Y/,Fe(OH); + Fel, 15 1.9 50.3 17
1.51; + 2Fe + 2CH3COOC;,Hs — 2C3Hs1 + (CH3COO) Fe + Fely 15 0.51 96.6 17
21, + 2Fe + 2CsHsCOOC;,Hs — 2C,Hsl + Fel, + (CsHsCOO)Fe 1.57 0.52 87.2 17
2Br; + 2Fe + 2C3Hs0H — 2C3HsBr + Fe(OH), + FeBr; 15 0.64 81.7 23
1.51; + Al + 3CH30CgHs — 3CH3sl + (CsHs0)3Al 70 24
1.51; + Al + 3C,Hs0CgHs— 3C2Hsl + (CsHs0)3Al 62.4 24
1.51; + Al + 3C4HgOH — 3C4Hgl + AI(OH)3 70.9 24
1.51; + Al + 3CH3COOC,Hs — 3CzHs1 + (CH3COO)sAl 70—90 25
Br; + Fe + 2C4HyOH — 2C4HoBr + Fe(OH), 15 0.5 46.4 26

mesh. Resublimed iodine, as provided by Productos
Quimicos Monterrey with a stated purity of 99.9 mol
%, was used directly as supplied. Methyl alcohol, also
from Productos Quimicos Monterrey, with a stated
purity of 99.8 mol % and containing no more than 0.05%
H,0O, was distilled in an 80-cm-high packed glass
column, the initial and final fractions being discarded.
The distilled sample was dehydrated over No. 4 Molec-
ular Sieves (Sigma Chemical Co.) while stored in a
Pyrex container. Methyl alcohol purity was determined
to be in excess of 99.99 mol % by thermal conductivity
detector gas chromatography.

A number of different variables had to be chosen for
the study of the syntheses of methyl iodide from iron
sponge, iodine, and methanol. Those reaction variables
were as follows: the reagents molar ratios and the order
in which they were added during the syntheses, reaction
and distillation temperatures, stirring rate of the mix-
ture, rate of addition of methanol, and the settling time
given to the reaction mixture. It certainly is an impor-
tant factor how finely ground is the iron sponge for
speeding up the reaction; however, a number of pre-
liminary runs were made, searching for a reasonable
particle size that combined both a fast reaction and an
easy-to-stir mixture. The search produced a 60-mesh
powder that was chosen as a fixed variable during the
whole set of experiments. Another possible factor af-
fecting the reaction yield was the water contained in
the reagents, which although not quantified as such,
was altogether eliminated as a variable by dehydration
of reagents. A total of 61 experiments were carried out.
A gas chromatograph (Varian model 3700) was used for
the analytical determination of the reaction products.

A short description of the experimental procedure is
given by using the first experimental run as an ex-
ample: 75 g (0.295 mol) of I, and 20 g (0.305 mol) of
iron sponge HPI were ground and placed in a 500-mL
three-necked distillation flask. Then, 7 mL (0.173 mol)
of methanol was added to this mixture, stirring taking
place at a moderate rate. A sharp increase in temper-
ature, rising to 122 °C, was detected, which then
decreased to 110 °C and continued decreasing for 5—6
°C every 5 min. As a result of methanol addition, a dark
liquid mixture formed with an escaping purple vapor.
The mixture was stirred for one more hour in the
distillation flask and then stored for 1 day. The overall
reaction is given by the following equation:

CH,OH + °/,1, + 3/,Fe — CH,l + '/,Fe(OH), + Fel,

Distillation of the reaction mixture proceeded from 108
to 135 °C. Temperature at the head of the distilling
apparatus was initially at 34.5 °C but a maximum of
44 °C was reached. A red distillate was collected in a
100-mL beaker containing 20 mL of demineralized and

twice-distilled water. The red distillate was introduced
below the level of the water in the receiver to diminish
the possibility of methyl iodide being lost by evapora-
tion. After distillation, the distillate was mixed with a
10% solution of sodium thiosulfate, becoming uncolored.
Two uncolored layers were formed, an upper layer—
aqueous—and the lower layer—organic; they were soon
separated for quantification purposes, usually 5—10 min
after formation, to avoid the reaction of some methyl
iodide with thiosulfate. Two methods were tried for the
analysis of the distillate, chromatographic and gravi-
metric, the first one being decided upon for the whole
of this work.

Although the experiment described represents in a
broad manner the 61 experimental runs, there were
several variations to improve the technique used through-
out this work; only in experiments 1 and 2 was a bulb-
type condenser used during distillation, while for the
remaining runs a change to a straight-tube condenser
proved better. From experiment 9 two more changes
were introduced; methanol was added through a straight-
tube condenser to avoid volatilization and stirring
became mechanical.

Experimental runs were grouped according to their
similarities:

(1) Experiments in which all the variables were kept
constant and they were analyzed, searching for any
repetition in the results.

(2) Experiments in which all the variables, except one
at the time, were kept constant with the aim to weight
the effect of every individual variable on the yield of
reaction.

(3) This group encompasses the set of experimental
runs in which the molar ratios were identical to those
used before by Dangyan, although in the majority of
these runs a scaling up factor had to be performed
because the amounts originally used by Dangyan were
very small.

(4) To this group belong all the experimental runs in
which an excess, either of iodine or methyl alcohol, was
used to evaluate the course of the reaction and its yield.

Chromatographic Determinations. The technique
of internal standards was followed for the chromato-
graphic determinations. Nine standards were prepared
from concentrated CHsl solutions in CH3OH. The
standards 1—4 were analyzed in a column 10% Carbo-
wax 20-M/chromosorb WHP 80/100 under two different
flows of helium. The standards 5 to 9 were analyzed in
a column DC-200. Each standard was analyzed at least
twice for the same programmed conditions. Operating
conditions and related data are presented in Table 2.

Response factors were calculated by taking propyl
alcohol as the reference substance through eq 1. The
uncertainties in the computed values for the response
factors were then calculated by using eq 3. These



Table 2. Weight Percent of CHsl, Methyl Alcohol, and
Propyl Alcohol in the Nine Standards Used for the
Chromatographic Analysis of the Reaction Products
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Table 4. Set of Five Experimental Runs with Molar
Ratios of lodine/Methanol and of lodine/lron Fixed at
4.42 and 2.992, Respectively

standard wt % of CH3l wt % of methanol wt % of propanol

1 1.4+0.2 748 £1.3 23.8+13
2 21+0.2 744+ 1.3 236+ 1.3
3 27+£0.2 739+ 13 234+12
4 40+0.3 73.0£1.2 23.0£12
5 15+01 21+0.2 208+11
6 3.1+0.2 42403 206+11
7 45+0.3 6.3+04 204 +11
8 6.0+ 04 8.3+0.5 202+11
9 74+£05 10.3+0.6 200+ 1.0

equations were obtained as follows: To calculate the
uncertainty of any quantity, for instance, w = w(A, B,
C, D, E), the method of partial derivatives is used;
hence,

dw =
((OW*dA/BA)? + (dw*dB/B)? + (aw*dC/aC)? + ...)°°

The technique of the internal standard was used to
calculate the amount of CHsl obtained. The method
establishes that to a given amount of the sample
problem be added a known amount of the standard. The
correction factors related to the same standard were
previously determined by using a mixture of known
composition containing the compounds of interest, to
which was added a known amount of the standard. Once
the correction factors have been calculated, the chro-
matograph of the sample problem, and that of the
standard, can be performed. The areas under the peaks
are measured and, through a simple calculation, the
required ratios are computed.

The set of equations used for the computations are
summarized as follows:

(F*A/F DA @)

@)

propano propanol = Xi/XpropanoI

I:i.k(pi/Fpropanol = Xi/x

propanol
dF; = ((OF,*0X,/9X,)* + (9F *aX /9X)> +
(OF *3/d(#)))>° (3)

where i is the compound of interest (in this case it refers
to CHgsl), kF; is the response factor measured for the
“analyte” component, A; is the area under the peak
corresponding to the “analyte” component, X; is the
weight fraction of the “analyte” component, ¢; is the
ratio of areas (area of the “analyte” component to the
area of propyl alcohol, taken as the reference substance
(ATAD)).

The products were analyzed by applying this method,
although for the group of 15 experiments showing a very

stirring  reaction  distillation
rate, maximum maximum settling
experiment rpm temp, °C temp, °C  time,h % yield
52 500 41.0 180 24 50.45
53 500 46.5 138 24 44045
54 1300 46.0 178 4 56046
55 1300 40.0 60 4 15.62
56 1300 40.0 178 4 48.05

low yield of CHjsl, lower than 2%, the analysis of the
products was carried out by GC only for the three
experiments numbered 14, 15, and 16. These three
experiments represent the group of reactions for which
the products, after due treatment, form the whole of the
inorganic phase as a result of the poor yield obtained of
CHsl. We also selected experiments 45 and 57 as
representative examples of the two different groups of
experiments showing yields higher than 2%, chiefly
because their reaction products, after treatment, form
two phases. It is worth noting that experiment 45
corresponds to a high yield of CHgzl at 57.5%, whereas
experiment 57 showed a low yield with only 4.88%.
Table 3 reports quantitative data of the methyl iodide
obtained after using average response factors.

Results and Discussion

The discussion is presented below under the headings
of two main sections. The first section includes a
description of the experiments, by groups, according to
the stoichiometric ratios methanol/iron and iodine/iron
used for the syntheses. In the second one the experi-
ments are described according to the variables used to
define reaction conditions, chiefly the stirring rate,
reaction time, maximum reaction temperatures, and
rate of methanol addition.

Stoichiometric Ratios. The 61 experimental runs
can be grouped according to their similarities in the
molar ratios used for the synthesis.

As shown in Table 4, a group of five experiments with
a molar ratio of iodine/methanol at 4.42, and a molar
ratio of iodine/iron at 2.99, showed an average yield of
43%.

A group of 22 experiments with molar ratios of iodine/
methanol at 1.71, and iodine/iron at 0.96, showed an
average yield of 39.9%.

Three of the experimental runs were performed with
molar ratios of iodine/methanol at 1.71, and of iodine/
iron at 1.71, to produce the highest average yield of
57.4% combined with the lowest deviation among the
61 runs; deviation amounted to only +0.71% as shown
in Table 6. For this group of experiments were used the

Table 3. Parameters Used throughout the Chromatographic Analysis of the Products in Order to Determine the

Amount of Methyl lodide Obtained in the Reaction

experiment 45 57 16
methanol response factor 40+0.3 3.1+0.2 25+0.1
methyl iodide response factor 4.4+ 0.7 6.5+0.5 8.0+0.3
propanol response factor 1.0 1.0 1.0
phase organic inorganic organic inorganic inorganic
peak area for CHsl 387625 4069 2420157 27307 5280
peak area for methanol 2090 296161 25071 4070220 1040072
peak area for propanol 552715 2802766 1015614
retention time CHgzl, min 1.10 1.65 1.27 1.35 2.07
retention time methanol, min 1.73 1.21 2.13 2.22 0.89
retention time propanol, min 3.92 5.27 3.60
methyl iodide obtained, g 141 0.82 3.40 0.69 1.10
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Table 5. Methyl lodide Yield against Temperature and
Rate of Addition of Methyl Alcohol, as Obtained for a Set
of Six Experiments in Which the Lowest Stirring Rate of
Only 50 rpm Was Used

max temp time taken
max temp during for the addition
experimental of the distillation %  of methyl alcohol
run reaction (°C) (°C) yield (min)
1 122 134 41.8 0.5
2 145 150 24.1 20
3 109 131 44.5 20
4 132 92 334 27
5 57 115 45 45
6 53 102 45 40

Table 6. Experimental Runs Performed with a Molar
Ratio of lodine/Methyl Alcohol Fixed at 1.71 While
Changing the Following Factors: Molar Ratio lodine/
Iron, Stirring Rate (rpm), Reaction Maximum
Temperature (Tmax/°C), Temperature at the End of the
Reaction (Tend/°C), and Settling Time Given to the
Products (STP/h)

iodine/ iodine/ stirring  Tmax Tena STP

run methyl alcohol iron  yield rate,rpm (°C) (°C) (h)

1 1.71 0.964 41.76 50 122 40 24

2 171 0.964 24.1 50 122 40 24

3 1.71 0.964 445 50 109 45 24

4 171 0.967 33.4 50 132 70 24

5 171 0.964 45 50 57 36 4

6 1.71 0.964 45 50 53 34 24
16 171 0.964 3.3 22
17 171 0.824 0.0 600 24
18 1.71 0.824 0.0 500 24
19 171 0.824 0.0 500 72
20 171 0.824 0.0 24
21 1.71 0.824 37.1 500 24
22 1.71 0.824 18.6 24
23 1.71 0.824 0.0 72
24 171 0.824 0.0 500 24
25 1.71 0.824 0.0 500 24
26 1.71 0.824 1.86 500 24
27 171 0.967 19.9 500 48
28 1.71 0.967 53.8 4
29 1.71 0.964 445 64 24
30 1.71 0.964 43.6 60 60 24
31 1.71 0.964 37.1 51 24
32 171 0.964 34.3 52 24
33 1.71 0.964 29.7 122 40 24
34 1.71 0.964 43.6 500 72 24
35 171 0.964 39.9 72 24
36 171 0.964 28.8 61 24
37 1.71 0.964 445 60 96
38 171 0.964 49.2 54 24
39 171 0.964 50.1 67 24
40 171 0.967 53.3 24
42 171 0.964 39 500 50 82 4
44 1.71 1.705 58 1300 86 86 4
45 1.71 1.705 57.5 1300 69 35 4
48 1.71 0.964 475 1300 24
50 1.71 1.705 56.6 500 51 51 24
60 171 0.964 51.0 1300 52 57 24
61 1.71 0.964 40.8 500 3

smallest amounts of iron and the results, both high yield
and low deviation, have made it quite evident that the
molar ratios used for these syntheses are the most
appropriate.

Reaction Conditions. Reaction Temperatures. Table
5 shows that higher yields are obtained at lower
temperatures and, most important, if the temperature
is under 110 °C.

Stirring Rate. Table 6 shows that experimental runs
42, 48, 60, and 61 were carried out under the same
molar ratios, for which different stirrer rates were
applied. In all cases the higher yields were obtained at
the higher stirring rates.

Settling Time Given to the Reaction Mixture. Accord-
ing to the data reported in Table 6, similar experimental

runs for which the only different variable was the
settling time given to the mixture, as observed in
experimental runs 28 and 29 with settling times of 4
and 24 h, gave yields of 53.81 and 44.53%, respectively.
Something similar happened in experimental runs 45
and 48 (again with settling times of 4 and 24 h,
respectively) showing a higher yield for the run with a
shorter settling time. These observations indicate two
interesting aspects of the reaction; a high conversion is
reached in a short time while the longer settling times
do not favor an increase in yield due perhaps to
unaccounted losses by vaporization. Always the highest
yields were obtained when I, was used in excess.

Temperature Interval during Distillation. Experi-
ments 27—40, those in which distillation was carried
out in the temperature interval from 95 to 160 °C,
showed the highest yields. In contrast, a lower yield was
observed in those experimental runs in which the
distillation started at 160 °C.

Order of Addition of Reagents. Another very impor-
tant feature in the syntheses is the sequence in which
reagents are added to the reaction mixture. It was
observed that the reaction has a very slow start if iodine
and methyl alcohol are mixed first, followed by the
addition of iron to the mixture. The same occurs when
mixing first with methyl alcohol and iron, following with
the addition of iodine. The fast start was observed only
if methyl alcohol was added to a mixture previously
prepared with the right amounts of iodine and iron. In
the last sequence the reaction occurred with a fast start;
it was accompanied by a rapid increase in temperature.
A brilliant black solid, viscous and adherent to the glass
walls of the flask, was formed immediately. It has been
interpreted that iron and iodines must be placed in
contact before adding methyl alcohol so that they are
able to react and produce Fel, and Fels, the latter
serving as a catalyst for the main reaction.

Rate of Addition of Methyl Alcohol. According to the
results of runs 1 and 6 shown in Table 5, a high rate of
addition of methyl alcohol seems to favor the formation
of methyl iodide. However, for experimental runs 3 and
5 were obtained very similar yields under very different
rates of addition of methyl alcohol, an observation that
is also verifiable in other experimental runs. It seems
that the rate of addition of methyl alcohol is not a key
factor affecting the yield of reaction as long as methyl
alcohol is added to the mixture of iron and iodine. The
variables discussed above (reaction and distillation
temperatures, settling time, stirring rate, etc.) are then
the most important and they are also those to be closely
controlled.

Conclusions

Several factors have to be taken to optimize the
synthesis of methyl iodide starting with methyl alcohol,
iodine, and sponge iron. Those factors are summarized
as follows.

The highest yields were obtained in the experimental
runs with molar ratios of methanol/iron at 1.0 while
keeping higher than 1.5 the ratios iodine/methanol and
iodine/iron.

The order in the addition of reagents is a key factor;
iron and iodine have to be mixed first, reacting both
while methyl alcohol is added to form Fel, and Fels.
One of these iodides, Fels, acts then as a catalyst due
to its reactivity with the hydroxyl groups to form stable



compounds, on one side, and actively participates in the
double substitution reaction that produces methyl io-
dide.

The optimal temperature range for this synthesis is
located between 53 and 109 °C, for which the highest
yields were obtained in coincidence with the tempera-
ture range at which the formation of Fel, is also optimal.
In fact, in the reaction synthesis of Fel, of Podorozhnyi
and Safonov,?® the highest yield was obtained at 95 °C
under the following conditions: 66.3 mol % of iodine,
molar ratio of I,/Fe at 2.0, and a reaction time of 40 min.
The analysis of the atomic ratio I/F in the product goes
up to 2.01, a clear indication of the possibility that also
Fel; may be produced in the reaction. It is known,
however, that iron forms tri-, di-, and mono-iodides and
that only Fel; is thermodynamically stable in the solid
state.

A relationship between the syntheses of Fel, and the
syntheses of CH3l may be elaborated as follows: In the
syntheses of CHzl the highest yield was obtained at 86
°C under the following conditions: 63 mol % of iodine,
molar ratio I,/Fe at 1.71, and a reaction time of 60 min.
Thus, the conditions favorable for the syntheses of Fel,
are also favorable for the syntheses of CHsl.

The chromatographic analysis of the product was
preferred over the gravimetric one and even that showed
peculiarities. Reproducibility of response factors was
higher in column DC-200 as compared to response
factors obtained in the Carbowax column.

The analysis of the results, and the assessment of all
the reaction variables involved, allow us to assert at the
conditions for the optimization of the synthesis of methyl
iodide using sponge iron.
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