CHAPTER 2

CATALYTIC FEATURES IN DEHYDROGENATION OF METHANOL
TO METHYL FORMATE

2.1 INTRODUCTION. \\\ | / ///

Dehydrngenatjmthmﬂ:m methyl formate has been
arc ersﬁ“*xlﬁgg:::orts have been made to
develop the approps alyst| for th ion. This reaction was

shown to be influepged ario orsy, as type of supports,
metal ion exchanges, fers, =int 1Qf%un and other modification
' : ve been investigated, there
aﬁgnantly the appropriate

studied by a num

techniques. Al
are three features
catalyst in chemica tivity, selectivity, and
stability. Activity re ivity of catalytic system,
i.e. the rate at uhicﬁ{ﬂg}g}ﬁ’#;;ﬁ;' transformed into proeducts.
Selectivity is th‘g measure for af;i'litx gﬁ.’iﬁyst to preferentially
catalyze one of & ﬁr“-- : Stability indicates
how long a cataiyig will fil tﬁs action, on the other

hand, the period of &ﬁgs that cata1¥E; stills catalyze the reaction at

high activiﬁﬂﬂe’%%ﬂwﬁw E:J ﬂtaﬂr%h catalyst,
e s s o3 Lt ) me

methano] to methyl formate over various catalysts will be reviewed.

At first, various type of catalytic reactions will be mentioned.
Then, the effects of various factors such as types of supports, metal
ion exchanges, promoters, intercalation, etc. on methanol
dehydrogenation will be reviewed in the aspects of catalytic activity,
selectivity and stability. Finally, investigation of the active sites
of catalyst and mechanism of methyl formate formation will be studied.
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2.2 METHANOL CONVERSIONS.

CH30H
Possible  conversions  of —Hzt:/ \;M2
methanol are illustrated in Fig. 2-1,
which can be classified into three CH30CH5, HCOOCH,
different reactions: dehydrogenation, Hydrocarbons ,/f/
dehydration, and decomposition. co , HZ

of methanol.

A number o [+ .‘ jes N at dehydrogenation of
ysts [27]. Since methyl
thanol based processes

alcohol occurred on
formate is one of
in Cq chemistry, on studying and finding
the appropriate catal iate formation via methanol

dehydrogenation.

Methanol ' co catal ed to methyl formate
either by direct déayd;hg xidatgje dehydrogenation. A
number of oxide systems_are active ﬁe; the latter[28] and high yields

are possih@uﬁ t‘g ﬁﬁ ﬁeﬁﬁwuﬁﬂaﬂ?‘ imitations. The

disadvantage that hydroQEn is eliminated as valueless water. The
B LURAED e ik

Direct dehydrogenation of which hydrogen as well as methyl formate is
the main product would be an attractive dindustrial reaction. The
stoichiometry for this reaction is :

2 CHy0H === HCOOCH; + 2 H, (2.2)
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Sometimes an intermediate such as formaldehyde is formed in
dehydrogenation reaction [29-33] and methyl formate is subsequently
formed by dimerization of formaldehyde (The Tischenko Reaction). The
reaction sequences are as follows :

2 CH30H === 2HCHO + 2 H, (2.3)
HCHO + HCHO —=——= HmﬂCH3 (2.4)

Not only formaldehyde dime sn snne other reactions yield
methyl formate in th step. sh1 et.al.[34] concluded
_dr nﬂwthﬂ formate would be

wethann] and formaldehyde
,..1" than by formaldehyde

that, during metha

similarly produced fr
via a surface hemia

CHyOH + HC ‘ (2.5)
CH30CH,0H  + === _HEOOGH3 | +\ CH;0H . (2.6)

#

This conclusion is Supgatinﬁ, fie reaction of ethanol and

"2”*"’@?"14*&1‘3"%871%“%?@*1?1’%* -
TRIREAS0I VN INYIAY

In methanol conversions, the dehydrogenation reaction is
overwhelmed by dehydration to dimethyl ether which occurs on the acid
sites of catalysts. The stoichiometry of this reaction is shown as

follows :

2 CH30H _ CHHDEHE + Hy0 (2.8)
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Not only dimethyl ether but low molecular weight hydrocarbons are also
produced from dehydration of methanol., Catalytic activities of Ti ion
exchanged forms of layer lattice silicates were studied and novel
reactions of methanol were discovered [35]. Previously, the catalytic
activities of various metal ion exchanged forms of fluoro tetrasilisic
mica (Me-TSM's) for the conversion of methanol were investigated and
it was found that Me-TSM's show characteristic activities for

dehydrogenation, dehydration q{‘trt osition of methanol [36]. It is
of "particular *interestw.ﬁi‘ll % talyzed the dehydration to

produce dimethyl ethea;::lhis fac ts that Ti-TSM acts as an
acid catalyst distincti : ut “f‘ﬁs-qn; clear yet whether the
interlayer Ti ions acid, siti;x‘n;;induces acidity on the

silicate sheets. ';dity‘bf Ti ion exchanged form of

activity of the
investigated.

Various clay mi '*',in'fcfgfﬁz in Table 1-T [36]. TSM and
m The synthesis and
died extensively by

elay mineral,

SR Wﬁ%‘“ﬁ’wmm

lli&ﬂ].a mt’.‘heuiml anla
%Wﬁﬁﬁﬂ ﬁ‘ﬂl 11/31Mag/3Ld) /385401 0F )
(Montmorillonite) Naj /3 [Als s3Mg] s35i4010 (0H) 2]

Mont* (Activated Clay) Acid treated montmorillonite

The conventional ion exchange method was used in catalyst
preparation. TPD spectra obtained with various catalysts are
illustrated in Fig. 2-2 [35].
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Fig. 2-2 amu;§Z;:§EEfrbed on various
layered si

al
As shown in Fig. " was not observed at all with
Na-TSM and even

conclusion that TSM

ﬁlstrungTy support the
d n the other hand, a large
desorption peak appe 'eé"-aﬂi' am@? C in the TPD for Ti-TSM,
suggesting that a conmdanﬂiﬁ, gmm acid sites was generated by
exchanging the mj.er]mr Na 'it:ms with BM In Fig. 2-2b, an
amount of ammonis sor-pt'!un at temper 350°C was increased
scarcely by changij Li-Hect to H f but chrea-sed dramatically by
changing it into Ti qum Fig. E-EEhﬁhnws that an acid amount on Mont

increased h,ﬁ%@@% Ejriﬁ-fa‘yw El.’]nﬁ %u—.h H or Ti ions.

The acidity of acid treated Hcmt (H-Mont ) which is sometimes called

—ARY TP TIR i MR (11015 paad

The results of methanol conversion are summarized in Table 2-2

[35]. No reaction took place over Na- and H-TSM and considerable
activity was observed with Ti-TSM to produce dimethyl ether with a
small amount of hydrocarbons. Li-Hect and Na-Mont were not active but
H forms of these minerals showed fairly high activities to produce
dimethyl ether. The activities of H-Mont and H-mont did not largely
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differ.
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As from TPD measurement, exchanging the interlayer cations

with Ti jons remarkably improved the catalytic activity. The level of
conversion attained more than 90Z with Ti-Hect, Ti-Mont, and Ti-Mont".
Especially Ti-Mont" showed the highest activity which converted 89,57
of methanol to hydrocarbons at 350°C.

Table 2-2
silicate minerals for

1 conversion.

Catalytic activity of various layered

Conv. to
Gatalyst % Hydrocarbans
* . % : ]
Na-TSM ‘ 0
H-TSM \ 0
Ti-TSM Y 50 14.2
Li-Hect 0 0
H-Hect 0.6
Ti-Hect 38.0
Na-Mont (/]
H-Mont 8.7
Ti-Mont 58.6
H-Mont* 5.6
Ti-Mont* 89.5

L'lin Fig. 2-3 [35].

100

L] ] L] ] 1 1 ¥ L]

NYNT

® Ti-Mont

LB ERiE )i

d

® Ti-Mont*
-4 o H-Mont*

d

1 2 3

Fig. 2-3

exchanged form of layered silicate minerals at 350°C

123 456 1 2324 55

Carbon Number in Hydrocarbons

12 345 6

Products distribution in hydrocarbons produced over H or Ti
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The hydrocarbons produced over Ti-TSM were mainly methane,
suggesting that a substantial amount of carbonaceous species was
accumulated on the surface. With Ti-Hect, hydrocarbons with a chain
Tength Tonger than Cp, i.e. C2+. were formed in some extent but
methane was still mainly produced. The facts suggest that acid sites
generated on the minerals are active enough to dehydrate methanol to
dimethy]l ether and/or methane but do not facilitate the formation of
C-C bonds by themselves. ﬁ\!' ot and Ti-Hnnt*. C2+ were produced
considerably, while on ann C; aliphatics or aromatics

was detected. gmd Bytte@ignted the conversion of
methanol to hydryﬁ ; Jite and reported that
modification of thesZecifte Wi

of lower olefins

ounds increased yield
ns (65-75Z2 selectivity

ﬁ
at 80-100% conver u(TFE ras ‘war& C5-Cg aliphatics and
aromatics [38]. I A or Ti-Mont , methanol was
selectively conve ;'&i%iyf‘l' c u? growth was virtually

limited at EE. Ti
one to yield lower o] ips selectively, even though the role of Ti
ions 1in the acid praper‘ti"

=t BT
= B

clear yet. It he intercalation of Ti
ions greatlr 1mpr3j&d ‘the acidit ichP sheet minerals, The
method might be app]&cahTe to mud1f%ch1dity of the other minerals and

i i "&?‘W"EJ"}“H?}W?WEJWﬂ‘ﬁ
%] amm UARIINYIRY

Decomposition reaction to form CO and HE can occur from
methanol, methyl formate, and also from formaldehyde as illustrated in
Fig. 2-4. Direct decomposition of methanol to syngas (a mixture of H,
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and CO) has been focussed as a reaction

for reforming of methanol in automotive /[HEHD]
engine system and as a reaction which CH40H _ ‘*) HCHO
can readily supply syngas for Cq MF
chemical industry. Several types of \ l /
transition metal catalysts have been CO . Hy

investigated so far [39-47]. However,

no catalyst for complete deu@ﬁm Fig.2-4. Possible products

of methanol to syngas alone has in the dehydrogenation of

/
been reported: Mheu the™" _methanol. *) Dimerization

r the ““of* [HCHO]'s or reaction
£\ the \tueen [HCHO] and surface

conversion of metha:

selectivity of syngds

formation of by-prod c _a'_; methoxide.
methane, carbon dio 4 ‘Recent :

7 \ wld
the catalytic featupes Ni~C \

T‘E-’E"iﬂty were obtained over
- perature of 280°C during the
prucess t1me of 96 h [ £ L..jﬁfhe sg etry of direct decomposition

of methanol is shown as foljﬁs

e '.*:' i.'ﬂ =

e e

(2.9)

Besides direct dehydmgenavn. methénm can be converted to

carbon mnﬁﬂﬂ’? ﬂwlﬁ‘%ﬁ@ﬂdﬁ of formaldehyde.

According to ¢the study i ydrogenation of methanol to formaldehyde

e R sl e e

in,]ected or increasing reaction temperature. The results are
illustrated in Table 2-3[49]. When an aqueous solution of formaldehyde
was injected onto Na-SL (Na type silicalite) at 350°C, formaldehyde
was converted into carbon monoxide and a small amount of methanol.
This suggests that methanol conversion into carbon monoxide occurs via

decomposition of formaldehyde.
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Table 2-3 Methanol conversion on Na-SL in a pluse

microcatalytic reactor.?

Reaction Selectivity/ e . Conversion
temperature/K.  MeOH/u co CO.+CH, H.CO Me-O of MeOH"
70 | B 12 73 f 5
720 1 12 = 61 L] 18
770 1 49 [ 45 — 47
T 2 i5 f 59 1 20
820 1 = 1 s == a3

B20 ] 0.6

:}\\!! s 7
.mmﬂa& ‘ catalyst.

over copper-=zinc 3 /has® ‘ . viewed by Chono and
ested to be the first
monoxide and hydrngen

Yamamoto (1981).

step in decomposi 0|
(Lawson and Thomso ) “ﬂﬁ‘ ) ible reaction sequences are

shown as follows :

CH10H (2.10)

HCHO (2.11)

Decompnaitiqﬁﬁofh cErhE} monoxide proceeds via
decarbonylation raactgnn (Higdon et , 1974). The stoichiometry is

mm“mﬁﬂﬂawﬂwﬁWSWﬂi
Wﬁam )ik (R R

In the formatiun of methyl formate via dehydrogenation of methanol,

copper-based catalysts have been found to be the most active and
selective (Chono and Yamamoto, 1981; Charles and Robinet, 1950). But
decomposition of methyl formate to carbon monoxide is still the main
problem. Accordingly, efforts have been continued to find out the
effective catalyst to promote dehydrogenation to methyl formate but

inhibit the decomposition.



2.3 CATALYSTS AND CATALYSIS IN DEHYDROGENATION OF METHANOL TO
METHYL _FORMATE.

2.3.1 The Effect of Supports.

jf thyl formate formation will be
ype of supports, metal don

a::t'hr'i ty, selectivity and

Catalysts and catalys
reviewed with respect k
exchanges, and promoters. o
stability. And soWE P
investigated. R
studied from the
mica [54]. Accordi
be too complicated

ion exchanged form: [ ' and er silicate minerals, as

teahniques are also
tion reaction has been
g s of silica [51-53] and
‘if@::t of supports seem to

supported catalysts, ‘studied.  An appropriate

support for studying ivities of metal ions in

heterogeneous cata'l:fﬂs wJHZ iﬁe

;
ﬂr&EEE ~{za upports

The ﬂ%ﬂ@%ﬂ%ﬁﬂﬁ]ﬂ@ catalyst supports

was investigated by means of temperature programmed desurption (TPD)

] M AR TR TR o

acidity of molecular sieve 13x (Zeol) and silica gel (5i0,) was also

2.3.1.1

examined for comparison. The curves are displayed vertically for
clarity. Because of large amount of HH3 adsorption, zeolites was
loaded for 1/10 of the others.
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silicated

lesorption from various

The chemical fuﬂuh q'f" zﬁﬁ nd laye silicate minerals are
I
i/ a0 zmwmm“m

H1 nerai A ﬁthemi cal Fnﬂu 1 a

Zeol {I&)T‘Ite} -

Hect (Hectorite) L11!3[H9333Li”351¢ﬂm Fol
Taen (Taeniolite) Li[Mg,yLiSi4090F5]

TSM  (Fluoro tetrasilicic mica) Na[Mgp £Si4040F>]

Silica gel 510,

Natural minerals
Bent (Bentonite) Ha1’;3[A15f3Hg”3514{}mF2]
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The TPD of ammonia was started at 200°C to eliminate the participation
of weakly adsorbed ammonia and conducted up to 400°C at a heating rate
of 10°C/min. Each mineral was pretreated in helium gas (20ml1/min) at
400°C for 2 h. Mass spectroscopic analysis showed that no gases
besides ammonia were desorbed in TPD measurements. The amount of
ammonia desorbed was calculated from the peak area and the values per
unit weight of each mineral are summarized in Table 2-5 [55], where

the peak temperature of w{l"i\ J?‘/)s and surface area are also

tabulated.

Table 2-5

temperaturg

and peak

The amounts of ammé}ia desorped yer siﬁjcate minerals were from
1/10 to 1/80 timesgsmaller than that from zeolites and the peak

tmperntureﬁeﬁ Elfq%ﬁlﬂﬁ] % WEJz’}ﬂi It is suggested

that there weére fewer acid s1tes on layer lattice minera1s than on

eo11d] R Ay o

prnperties of these minerals described in some reviews [56]. The
amount of ammonia desorbed from unit surface is also listed in the
last column which suggested that the population of acid sites on layer
silicate minerals; Taen, Bent, and Hect is comparable to that on
zeolite. 510, is often used as an inert carrier to prepare a
supported catalyst, even though the measurement shows that 510,

certainly has acid sites.
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No chemisorption of ammonia was detected in the TPD curve of
TSM, suggesting that silicate sheets of TSM have no acid sites and are
probably inactive as a catalyst. It can be concluded that TSM is a
particularly appropriate support for use in the study of intrinsic
activities of metal ions in heterogeneous catalysis.

2.3.1.2 Catalytic activity and selectivity

|
a. Fluoro tetr \h}\&\ ////

silicate and zeoliti

changed form of layer
{ ; have been investigated
for the conversion : agqtalysts were prepared by
the conventional d _ \ u(II) ammine complex
[Cu(NH3),1%*  solu source of C fons.  The reaction was
carried out in a fix v ‘ uipped with a gas sampling
valve for gas chromat h¥c— an Prior to the reaction, a
catalyst was treated in mt';'aTén

et .-""; g.l"

ammine complex 1n§b Eu(IIf 'Im.

reactant, mixture of
5 ml/min for 2:5 in

methanol vapor a
molar ratio. U

g )T 13112 e
Bent are sim ac ma ties of Cu(II) don
exchanged form of these minerals 5’( dividually.
AL (ab R E IR IL lafak ik Tk it
where tl'?e values of selectivity to each product were calculated on

methanol basis.



Table 2-6 Activities of Cu(II) ion exchanged forms

of various silicate minerals.

£
Catalyst cmfe;?m sgmivﬁ (z) tunﬁr?‘inn sgecﬁv,ﬁ {={
at 720 °C at 240 °C
Cu(11)-TSM 38 100 0 52 92+ 0
Cu(11)-Hect 12 19 81 34 16 84
Cu(II)-Bent [ 27 1:]
Cu(I1)-Zeol 18 o 100 4 0 100
MF, methyl Formate; DME, D“V] ether. =, CO was formed.
.\
=y Z,
—— -
| Cu(II)-TSM was the and premoted dehydrogenation of
* methanol to form ecti The value of selectivity
was as high as 100 perature above 240°C,
the selectivity \‘h@nuxide was produced
simultaneously, suc ecomposed subsequently
to carbon monoxide
HCOOCH4
HCOOCH4
The activity of Cil 50 _
dehydration to d-Im@':er" ather (|
-

oy TIMENINGIRT oo

A AT A e

q

place in the presence of acid catalyst, the selectivity for this

reaction is greatly influenced by the acidity of silicate lattice

minerals.
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£ b. Pumice

Some more researches had been studied on the effect of
supports on catalytic activity of copper-based catalysts in the
dehydrogenation of methanol to methyl formate., Ai et.al.[58] studied
the effect of supports on various types of compounds to ascertain
whether the catalytic acti \1!!7 opper would be affected by the
acid-base properties of \%53‘ , / zhe copper-based catalyst of
each support was prej d by means o conventional ion exchange

te as the.source of copper ions.

“at '500°C for 3 h. Reduction
n\‘t_ii\fémreactant gas through at

240°C for 1 h, pﬂn 2 ct-mf he reaction was performed with

technique with
Py Calcination was dons

:\i‘ at atmospheric pressure
carrier gas. The flow

rate of nitrogen wasfkept com tant ai 1/min (at 200°C) and the

concentration of meths T,i.::ff‘ﬁ b ;_ liquid-feeder, in the feed

gas was 6.3 voll. The ei?&f"fﬁaf u Q

180°C is shown imTable 27 (58]
2 —

The suppnl"f could be cl s fﬂ1m :

(i) d?;&jlﬁiﬂﬂ?m%{wﬂﬂ ﬂd?ealite 13x, gave
o RS IR e

(iii) i:‘Imer-l:. supports, such as glass bead, carborundum, porcelain,

pumice, and quartz, gave methyl formate exclusively.

(iv)  Copper shavings (pure copper), showed a substantial activity
for methyl formate formation, and copper supported on copper
shaving showed an activity as high as copper supported on

inert compounds.
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Table 2-7 Effect of supports on the catalytic performance

':‘»l.lp;u;u'tal Conversion of methanol /% to

methyl formate CO methyl ether total
v=Alumina 0.0 3 90 93
Zeolite 13X% 4.8 0.0 36 4

35
a-Alumina 36

9 29 0.0
10 26 0.9
Glass bead 9.5 Q‘“‘TI// 0.0° 9.5
Carborundun 0 o ‘,{‘a.n 17.
Porcelain ring m .0 ﬂﬂ. 27

Silica gel

=

Pumice - ) ) gt 24.2

Quartz / /b \ 30.3-

(Copper shavings]h . A “.1?:‘.' . 10.2
i - | Y

Copoer shavings 2 gﬁ ?\ 3 24.1

%0.025 mol cu/S0 ml sugfors
bneat copper without Suppar

These findings indicate d %

as supports for (the formation of n
used to study whether itsel I Bo¥eaction. It was found
that the cata1yti|*:ct1vity to form methyl ﬁﬁlmata is to be ascribed

only to copper by itself, with sapport merely serving to hold the

el SRR IWEITS
Espeﬁ’ﬂmnasq ﬂlﬁm ﬁm%‘%ﬂ% off| from S

he support is nonporous compound. Pumice, originated

idic compounds are unsuitable
Copper shavings was

from volcanic stones, consisting of macropores, and chemically inert
was an effective and gave the best reproducibility in catalytic
activity. Thus, pumice-supported copper catalyst is one of the
suitable catalysts for study on catalytic performance and modification

of copper catalyst.
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Catalytic performance of dehydrogenation of methanol to methyl
formate over pumice-supported copper catalyst have been studied in
various aspects :

Product distribution

Figure 2-6 [58] shows the relationship between the change in
yield of each product and reactior npe The only detected

products were methyl formate, L0, a; formic acid and

product up to 307 Vi _ever. the formation of

methyl formate ce ~further increase in the

extent of reaction ¢ increased. It can be

160 180 00 220
Reaction temperature (*C)

Fig. 2-6 Reaction of methanol on the pumice-supported
copper catalyst.



Effect of amount of copper loading

As shown in Fig.2-7, the catalytic activity steadily increased
with an increase in the amount of copper up to about 0.15 mol Cu/100
ml pumice, but the activity ceased to increase with a further increase
in the amount of copper. The amount of hydrogen adsorption on each
catalst was also measured at 25°C by use of a BET apparatus to

ascertain the change in copper metal surface area with an increase

activity varies in the same direciion o as did the copper surface,
suggesting that the active npdnd ﬁ-ﬂenerated by a combination
of copper and suppe

w
o

{mal *)

[mI(NTP) / g-cal)

Yield ol HCOOCH,
s
(=]
L

Hy uplake

q “m NM3ARIIATENa Y

Fig. 2-7 Effect of the amount of copper loadings.
(o) yield of methyl formate at 160°C, and
( a) amount of hydrogen adsorbed at 25°C
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Effect of methanol concentration

The effects of methanol concentration on the rate of reaction
were studied. As shown in Fig. 2-8 [58], the rate of reaction was
almost proportional to the square root of methanol concentration
(top scale).

rxoagh

Fig. 2-8 I}at& of m _ ( fe 1 ﬁE}tinn as a function
of the 1n1ti}l cancentration of methanol.

ﬂuﬂqwﬂwiwa1ﬂi
—#Wﬁﬁ”*““ ARSI UMANY8 Y

team was introduced into the feed gas in the range up to 3
volZ, and its effects on the catalytic activity were examined. It was
found that the catalytic activity was reduced by one-third for each 1

volZ of steam.



2.3.1.3 Catalytic stability

Catalytic stability indicates the period of time that a
catalyst will be able to fulfil its action. Various types of
supported copper catalysts were investigated in catalytic stability.
TSM and Si0, which were shown by TPD curves of ammonia adsorption

that no and small amounts of acid sites, respectively, were the
effective supports. ‘ shows the change in catalytic
activities and select ~TSM and Euflljnﬁiﬂz with
reaction time. The r
that of Cu(II)-TSM fare, |th Ct time was shorten to get a

v h C )<TSM.  But the catalytic

ith the reaction time.

conversion compar
activity of Cu(ll

On the contrary, t _ , : armate was initially high
and decreased to in 5 A | ‘the' s lectivity to CO increased

gradually.

100 |

JE
%v-;gﬂf methanol ( % )

222

100 200 3oo 400
Reaction time ( min )

Fig. 2-9 Change in the catalytic activities with the reaction time.

Electron Spin Resonance (ESR) spectroscopy was used to explain
the reason for catalytic stability in the aspect of oxidation state of
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copper ions. The color of used Cu(II)-TSM was deep blue which was not
so much changed compared with the blue color of fresh one. The ESR
spectrum of fresh Cu(II)-TSM (g = 2.09) well agreed with that assigned
by McBride et.al.[59] to Cu(II) ions in layer lattice silicate. The
spectrum was completely reproduced on Cu(II)-TSM used in the reaction.
For Cu(Il)- -510y, the color of fresh one, which had been light blue,
changed into brown after reaqﬁ;i ll the ESR spectra of {;u(II}—Sﬂ}z.

the signal assigned to Qggl) fnn @Z decreased stepwise in the

intensity every t1mm saip'lemuﬁﬁwosed to methanol vapor for
several seconds aif_._: . sg'h‘ﬁ;gest that Cu(II) {ion on
n 'Efle reaction.

2.3.2 The

Siﬂz were reduced

The catalyt . a 19’:15 types of metal ion
tetrgg.ﬂ '
[‘ﬁﬂ_ - Since’ ions in Me-TSM are firmly
held by the electrostat#ejﬁreem the cata'lytica'ﬂy inactive

..“.-,_-_;g-

exchanged form of f1

for methanol conversi

{ Me-TSM's were tested
by means of a puls 4} techgnique. cuw@ of Na-TSM and H-TSM
(Fig.2-2) showed thq,t nia was pot desorbed at all, on the other

e L e

H—TSH did notishow any actwit'ies for methanol conversion. suggesting

LRSI YA

the selectivity of Hy0 formation was calculated as follows :

selectivity of Hy0 formation = Ho0 formed x 100
CH30H reacted
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Table 2-8 Catalytic activities of metal ion exchanged form of fluoro
tetra silisic mica (Me-TSM's) for the conversion of methanol. a)

( Reaction Temperature , 300°C ; Pulse Size , 0.2 ul )

Conversion Selectivity to 5

Me of CHjOH  Hy0 formation Products®’
(s (%)

T 44.8 69.7  CH30CH3 , CHy
&n 10.7
Ag 6.5 100,
Cr 9.8 tl.i CHy + C2By, CaHg
Fe 7.3 . 56.6 /{/"-
Rh 50.3 "‘“__.1.; — Hy, CHy , CoHg
Pd 72.4 —
Ru 64.1

EE\'F Hp , CHy
nic’ 75.9 .

Cﬂcl 21.6 co +‘»a2 « CHy, CoHy, CyHg, C3Hg
Ir 25.7 .\ €O+ Hy , CH4, CpHy

a) Mg-, Ca-, Mn ., fTa=, Ig—_,'anﬁ"ih-m exhibithed no activities.
b) The major produfts/a: indi hg“‘mdwxines.

c) Reaction temper

= L7 *!Pfa[ cwu.{f “

.dJ

% la
s a high activity to produce

: E 1- catalyst. Thes& facts
lead to the idea tﬁt the catalytic ability nf‘ acidic layered silicate

minerals could be 1?:.ruved by exchan 1ng inter'layer cations with Ti

::"z;m:*'::"a;ﬂ Y g er e s
AR A A IR e

Sn—, Ag-, Cr-, and Ag-TSM, suggesting that considerable accumulation
of carbonaceous deposited over these catalysts, The catalytic
activities of Rh-, Pd-, Ru-, and Ni-TSM were much higher than those of
Me-TSM described above, but the formation of ﬁﬂ. and H, were rather
predominant over these catalysts. Supplemental studies with a flow
reaction system revealed more clearly that CH30H was selectively

decomposed to CO and H? over all of these catalysts as follows :
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CH40H = C0 + 2Hy (2.17)

And subsequent methanation reaction fairly took place over Rh-TSM.
The high activity of Pd-, Ru-, and Ni-TSM for selective decomposition
of CH40H is attractive, because this reaction can make CO and Hs-
which can be transported in the form of EH3DH.

Cu-TSM was one ofiﬁ%‘u%wa catalysts and exclusively

catalyzed dehydroganatio fo Hy among reactions shown in

Fig. 1-1. In the s‘.z-m._!;a’th ﬂ@n system, the selectivity

for of HCOOCH; forma % up to 507 conversion of

methanol.

As menti \ éiﬁhhded that copper s
particularly appropF i ous types of metal jons as a
preferential catalyst far dehydroge: on of methanol to methy]l

Even thmgm produced copper catallust was found to be an
effective catalyst tooform Mtﬁ formate through dehydrogenation of

methanol, ﬂz%ﬂu’.@ﬂg @cWaﬁJ:ﬁ ﬂﬁ]yﬂc activity or

decomposit‘iﬂﬁﬂl of methyl furr?te to cargon mnnxidawcurred. The
reduc ﬁw ET:IJ W]f?ﬂﬁq eﬁcata'lyst and
supp\nrﬁ‘ u:-I.‘in ﬁﬂl‘?} cﬁpp%l' metals on the surface of support.
Decomposition may occur by decarbonylation of methyl formate(eq.2-12),
by formation of intermediate formaldehyde(eq.2-10,11), or by direct
decomposition of methanol(eq.2-9),

Addition of a suitable promoter is one of the modification
techniques to promote the catalytic activity, selectivity, or
stability. There are a number of researches studied on the



44

modification of copper catalysts in various ways of approach. The
effects of promoter have been studied in details over various kinds of
supported catalysts.

2.3.3.1 Metal oxides

As mentioned above - ported copper was one of the
effective catalysts for dehy methanol to methyl formate.
oxide promoter hafﬂf—--r -u,d‘ed;-‘m-_cata'lyst. Two ways of
approach were i i hether the acid-base

properties of the : performance.

containing an equ _gmé&@. s (M/Cu atomic ratio = 1,
f ing to the oxide) have been

investigated and comp &*@éﬁ% ¢ performances.
R
GV

e

2. In thg],sncond approach, _& scts of the amount of
metal nxides on
Li'j

Fﬁ%&t’m ¢ M#\I 1N
t.m,.q‘m T2l 125w (1i0N V121015 12 R

conversmn and yield of methyl formate over copper catalysts supported

where M

n investigated.

on various types of metal oxides are shown in Table 2-9 [58]. The
reaction temperature required to achieve a given conversion acts as an

index of the relative activity of each catalyst.



45

Table 2-9 Catalytic perfortmance of M/Cu = 1 catalysts a)

Additive  Reaction Conv. of Yield of Maximm yield

Hola temp. CHy0 HCOOCH, of HCOOCH,
/c A fmals mol%

None 180 22 20.3 “

Lin0 180 50 7.5 50

Na0 180 as :uu ataein gy -

X,0 180 Ex 15

Rb,0 200 19 (12 )

Cs,0 200 8 ' l (1)

Be0 160 & 7

Mal 160 40

ca0 160 40

sr0 160 a0

Ba0 160 39

Cry04 160

ird, 180

Mn0 180
no 180
si0, 180

180

V205 zm
o

:#

ﬂ];’

i ﬂmﬂqwﬂw1Wﬂ1mﬁ

‘Q%’?ﬁ*ﬂfﬁmﬂw}’}ﬂﬂ 4h}

From Table 2-9, it may be sumparized as follows :

1. Alkali metal oxides : oxides of Li, Na, and K increase

the activity.

But with an increase in the atomic number of the

metal, the activity decreases.
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2. Alkaline earth metal oxides : all of them increase the

activity to a great extent.

3. EZQE'- : it increases the activity to the same extent as do
alkaline earth metal oxides.

4. Amphoteric oxides : oxides which can be solved in both
acid and base solvents, such as oxides of Zr, Zn, Mn, and Si, they

increase the activity to a certain extent.

5. Reducible oxides 1 oxides of Fe, Co, Ni, Pb, Bi,
and Ag, they inhibit t.he \r\l j/a e oxides might be reduced to
metals by methanol ‘Um th$ r n'F catalyst. It may be

b:f ‘the Wﬂn of copper and a metal
14t tﬁl{lg the lytic action of copper.

assumed that alloy_
additive, which res

Because yi BN is Timited both by
thermodynamical e 1ibrigm ...-~ nd & cu‘hksé%utive reactions, the
maximum yield of _ & is compared by a measurement of
selectivity. @ ,-1 : ‘. sts containing basic or
amphoteric oxides show/ good selectivities to methyl formate, while
catalysts containing ac-ldi'c%r : .:II. oxides are unsuitable for
methyl formate prﬂuctioﬁ&fgfﬂ. Y

b. Effect uf the amount of add1twe

e S UEADENS WU L erarn ot <

catalyst, the effects of the &mount of eash oxide wer@.investigated.

’QW’]ﬂ\ﬂﬂ‘ﬁﬂJ HNT1INETRE

M. Alkali metal oxides. The activity increases markedly with
the addition of a small amount (1 atomZ) of alkali metal oxides. With

a further addition, the activity passes through a maximum and then
decreases as shown in Fig 2-10 [58]. A clear correlation between
the properties of metal oxides added and their promotive effects is
'the higher the atomic number of metal, the less amount of oxide is

needed to attain the maximum value of activity'.
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&0 .
T= 160*C
o Ma =
&
g
£ ot =
z |f / Li
Ll
3 W
>
= N
Fig. 2-10 Effe€ the amount of alkali metal oxides.
BgGr
Aty ‘
2. Alkaline e th_ 2 ith an increase in the
amount of oxide, the activity fir sreases and then levels as shown

lon._between the properties of
tive effects on activity is 'the

in Fig. 2-11 [58]. _A-ciear cor
these metal "_.,._

higher the atum'firunhgr qfifw  more steeply the activity
T or nel .

I

increases'.

.. BUSTNYDTVYNAT o s ot o

Cr, Zr, Mn, 2h, and Si are remarkable especially ingthe cases of Cr
ond zﬁ%ﬂ"ﬁ“‘@ﬂﬁw SN Ve Qe

4. Acidic oxides. As shown in Fig. 2-13 [58], strongly
acidic oxidee such as oxides of V, W, Mo, and P act as strong poisons

for copper catalyst, even in amount of less than 1 atom% (Fig. 2-13a).
Weakly acidic oxides such as Sn, Ti, and B, the effects are relatively
small at small amount, but the activity falls markedly with the
addition of large amount of these oxides (Fig. 2-13b).



{mol *.)

Yield of HCOOCH,

Fig. 2-11 Effect of the amount of alkaline earth metal oxides.

100 MACu = M)

Fig. 2-12 Effect of the amount of amphoteric oxides.
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T=180T

(mal %)

Yield of HCOOCH,

i 1 i i i 1 L
[+] L] 10 10
100 M I {Cu + M)

Fig. 2-13b Effect of the amount of weakly acidic oxides.
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As mentioned above, it is clearly indicated that the activity
of a copper catalyst is strongly influenced by the acid-base property
of additives. The addition of a proper amount of basic oxides
enhances the catalytic activity, although the optimun amount of each
oxide is related to its basic property. In contrast, the addition of
strongly acidic oxides harms the activity. The. hest results for the
production of methyl formate were obtained with the addition of weakly
basic and amphoteric oxides. presence of an acidic property, to a

very weak extent, seems to he ‘/ye in promoting the reaction.
Possibly, the weakly acﬂ;it&s p in enhancing the affinity

of a catalyst for m: WSu\ggest that the balance

between acid-base preperty is a0 1mpm:~;‘hant factor for catalytic

activity of a meta

-
2:3.3.2 3
' J - - -‘.‘ “
S-iﬂz is often Jascan in rrier to prepare a supported
s
catalyst, even thoug D mea ammonia adsorption showed

that 5i0, certainly has id:—sit syshuwn above in Fig 2-5. Copper
supported on 51D2 hars.-*l;;én lfms an active catalyst for
dehydrogenatmn\ﬁ% alcohols ==

works. It has Iﬁ‘ém reported that Gﬁjh
composition 1mprJes the actwlty and H@s of catalyst in the

anol, in the earlier

f chromia in catalyst

dehydrogenat 6{' of Ethanol EE 63]%  For methanol dehydrogenation,

supported cop %J:&Jaasw w&q ﬁrﬁlatﬂ catalysts have

been studiedud:.r some researchers. The gfvehpment o{,a catalyst with
: MoQ A AN IO AN T 21 Qi e i
5102 as spacer and support, respectively, has been reviewed as
follows. Several catalysts have been examined in order to determine
the role of the components in the system of Cu:Cry04:5i0,.  Finally,
some more modifications in catalyst compositions have also been

examined.

It was found that very high and sustained activity could be
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achieved by the method adopted for preparation of catalysts. A copper
catalyst was prepared by impregnating silica hydrogel with the active
component in solution, instead of the incipient wetness method which
is commonly used for the preparation of supported catalyst, followed
by drying and decomposition at a low temperature. Silica hydrogel
_ posses silica particles in the form of tiny globules which form a
skeleton filled with water. When mixed with a soluble salt solution

of active components and \] ingredients, a high degree of
dispersion of these :ompqg&nts y

1 mass is achieved. When the
mass is dried and ﬁecm the ponent is kept divided by

the tiny silica parh ’eddw provide a high surface
area. The final mas€™ s 4hy dnsignpa‘ﬁt‘g‘effectivﬂy protect the

active metal from sijintert i:,atﬂystﬁ is used over a prolonged
period at relatively #i 'p;efitil s_a Hhe; chromia, obtained from
ammonium dichroma coFpo: :S,{n'ng with copper in solution

to the active copper by the
It was proved that this

yst for dehydrogenation of

ethanol to ncetaldehyde tﬁ} The preparative method for copper
chromite followed the procedire recommended y Braure [64].
o) if’

\
a. .

Vari Ei ized for surface
areas by me ﬁ ﬁﬁaﬂﬁ%yﬁﬂﬁﬁr using a classical
volumetric a 5nrption apparatus. Pare volumesgand pore size
distr i IRE Wb Qa3 i 8b lssgrifdntdesippifn ssotherns,
using the conventional technique. In addition, X-ray diffraction
(XRD), scanning electron microscpopy (SEM) and temperature programmed
reduction (TPR) studies of the catalysts were carried out for a better

understanding in the nature of catalysts. The catalyst
characterization is shown in Table 2-10 [60].
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Table 2-10 Characterization of catalysts

Catalyse Constituents and mass ratios BET surface area Pore volume
(m*/g) (V,x10'em’g=")
Fresh Reduced Used 5.7 Fresh Used
L. Silicagel S0, 75 = - m9n b S
(Xerogel) 3

667 18.53 13.1

LA
B H;ﬂ-l-" 138.85°" 3273
4.C 12153 " 165.55"" 148,35
5D 116.TET 1572377 15021
6. Cupper = =
chromite

*3,: Cumulative surface
**Heduced.

The reacti reactor over a fixed
bed of 14-16 mesh

reaction products we

pheric pressure. The
series of condensers and

analyzed by IR spectrome L of the continuous use of

catalysts on their perfo
o - F b S

activity represeﬁed by fraction
el

against time on

*s e Y

Temperature: (503 K o8- Catalyst-D

BTSN TREN G Y

—
3-“““

| =
q =z ©- Catolyst -4
s 01
[ 4
=
s
g
o0 1 1 L 1

Q 5 ] 1% Fii]
Time on stream (B )

Fig. 2-14 Performance of the catalysts in dehydrogenation of methanol
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Depending on the catalyst constituents and composition, a
large variation in activity is obtained. In comparison of catalysts A
(pure Cu) and B (Cu:5i05), it can be concluded that silica support
promotes high activity and stability. The activity of catalyst A
(pure Cu0) and copper chromite decreased very rapidly. It could be
the results from agglomeration and sintering of smaii copper

crystallites leading to the decrease of active surface area (Table

2-10). Prasad et.al. [EE] ‘IF[?d d by XRD and SEM studies that
crystalline growth is the pri / of the decrease in activity.

The rapid decrease in *‘-Elﬁfiuijy col so result from the decrease
in pore volumes {Tab - and an aﬁeﬁamn of nature of the active
surface at elevated neratures dur1ng réduq__mn. With catalyst C

(Cu:Cry04:5i0,) an

stability were attai

D EuﬂH Er203 511}2} high activity and
ise 1.‘!_1"' 'the presence of chromia and nickel

in the catalyst ¢ b (A 4 .
-~ .';
i -iﬂ A
ath I 5 *;
c. Role of ciifomia ", . = \
u.ltJ--‘ ; ﬁl
[t -"‘5'.#;.."

Sintering of cnpper:cr:ﬁmﬂ’(ites can be prevented by the

presence of anotl!fr con‘pﬁﬁaﬁi: a&ts :i*.':" spai,ar between them which

could reduce the( intering tendency :j'herefnre. chromia has

been used as a

pl se which possibly Sqis 2 textural promoter
forming a barrier g\ase between the copper cr‘}”sta'lhtes. Catalyst C,
in which ch a\m ‘j.y and more stable on
the activi ﬂﬁ Eﬂ [ﬁﬁjﬂqﬁ In addition, the
method by wh1ch the catalyst thas been ppepared gave the opportunity
or ) TG G D5 8 U5 A 4 o s e
the solfution of chromia and copper complex was first mixed before
impregnating the silica gel. Some more researches have also been
shown that the presence of chromia in catalysts provided long-life
catalysts in dehydrogenation of ethanol [62,63,65]. Prasad

et.al.[62] have reported that the presence of chromia also increased
the copper metal surface area which was responsible for the catalytic

activity.
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d. Role of nickel

Nickel promoted catalyst (catalyst D) was more active for
dehydrogenation of methanol. The activity was kept steadily at above
92 % of the initial value and showed no tendency for change even after
50 h of reaction. However, it was found that catalyst containing more
than 1.25Z Ni promoted decarbonylation of methyl formate(eq.2.18) as

shown in Fig. 2-15 [61]. \}«,\\V///

HCOOCH; ? ?

30H (2.18)

% Selactivity
= 2 =
T T T

-
-
1

- |
[=]

Fig. 2-15 Eﬁi&ct“' c ivéf} for methyl formate.

In ﬂudu ﬁ‘%wﬂﬁ ‘ﬁ.Wﬂfémpuhr supports for

active copper, cat dehydrogenation of methanol to methyl

| mma*ﬁ'mm PN 3

at low emperntures, showed a high degree of dispersion of copper,
resulting in high activity at low temperatures and high resistance to
deactivation. The presence of chromium oxide in these catalysts
greatly improved the performance of copper catalysts by prolonging the
life and increasing the activity of catalysts. Chromia acts as a
spacer between copper crystallites inhibiting the sintering process

while silica helps in exposing a larger surface area.
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2.3.4 Intercalation.

Cu-TSM exclusively catalyzed the dehydrogenation of methanol
to methyl formate. The selectivity was kept at 100Z up to 50%
conversion. The selectivity gradually decreased with raising reaction
temperature, while the formation of CO and H, increased
simultaneously, suggesting that the subsequent decomposition of methyl
formate took place as shan‘ff/)e stoichiometric equations as

follows:

2 CH30H HW 2 Hy (2.19)
HCOOCH; 2 €O+ 2. Hy (2.20)
Recently, Shabtai e 4 fnd-?" naka nnd Brindley [67] reported

that bulky compo alatgl dnto a 'Iayer mineral acted as a

pillar to expand t te 'layer-dj_'pta_n gnd‘ to increase the surface

J lts

at‘iﬁg aj: u&er :attmperature. however, the

J.il

area dramatically.
interlamellar molecules

collapses. polyoxycations to provide pillared

the interca'lutedi “"“"‘“‘:—-—'“ a ' been prepared by the

reaction of Nat Hype of smectite clay ﬁith a solution of the

polyoxycation. In gener‘a'l the reaction pruceeds by a direct idon

ex:hange of Eﬂﬁﬂ%ﬂilﬂﬁ?ﬁ by polyoxycation.

* type in’ the thickness ranging
from one to a few silicate layers. v JMC cations are
mnﬂﬁ?@mﬂﬂfﬁﬁi Tigha b 1ig b1 T

1nmobﬂﬂ'ized in the interlamellar space by calcination, resulting in
formation of a highly porous product, called pillared interlayer clay

(PILC). Figure 2-16 demonstrates a schematic representation of a
PILC synthesis.

Thus, effect of intercalation on cata"lyt'ic activity was

investigated. Al -TSM was prepared in the same way as the other
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i 0 0 0

£

Hydroxy| Catlon Fore Pillar

Fig. 2-16 Synthesis of pillared interlayer clay (PILC).

Me-TSM's but with the su.'L \',y meric cations of aluminum
hydroxide (A1.). L‘@H ys d by two step exchanges,
firstly with Al a ith. ﬁ'u"‘!m—.The catalytic activities
of catalysts are s where the value of

d the same amount of Cu
was loaded on each
higher than that onver iah\was the same as that of

og! ‘rt\emre. the selectivity
of Cu-Al _-TSM was as hig hat of Cu This high activity of
inatazd intercalated Al  species,

hecause Al,-TSM was also aeﬁye or -; cunuersion of nethann'l but

..-.-___...--"_'____,

gave only dehydra’l_tfun prndu:ts

pillar effect of ir&r:ah

Aluminium H

Table 2-11 ﬂmﬁ ﬁ WﬂmEﬁEﬂ of Intercalated

0
0
0
Cu-Al,~-TSH 250 71.1 76.1 0
300 g4.1 64.8 2.2
Al,-TSM ing 29.2 [i] 1lo0
aso 39.5 0 100

Pulsa Size, 1.0 pl
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2.4 ACTIVE SITES. .

The nature of active sites of copper catalysts for methanol
dehydrogenation has been investigated by means of x-ray diffraction
(XRD), thermal gravimetric analysis (TGA), and selective extraction of
copper oxide. The distribution of copper on the catalyst surface has
been determined by the measurements of total and metal surface area.
Considerable work has been dump determining the nature of active

sites, the distribution of d the reasons for catalyst

deactivation on cappmtﬁﬁte L s which are active for a
number of reactions as ﬁﬁ::as hqun of methanol to methyl

formate.  X-ray diff and magnetic studies [69] have shown
romite catalysts consist of intimate

£u0) “and copper chromite (CuCry04).

that prior to reducti
mixtures of copper
Adkins[70] first s
in high pressure (2 rog
deactivation was caus ct “to th“‘ monovalent and metallic
states. Stroup [68 p _ thatta reduction , the catalyst
consisted of copper metal tﬁfééhbéﬂrmne (Euzﬂrzﬂ4). Rabes and
Schneck [71] ha11§ed thﬁk“ﬁiprm%tﬂ was formed initially and
that further reduetion at high : fir
copper metal on ¢ nﬁmfa {cr_-zoz).. n st
is an active sitéJ for mé'l‘;-l-';ano'l dehydrug‘ iation, the unreduced
catalyst doe i ﬁ | ‘ ; retreatment in pure
hydrogen at 53@1 ﬁﬁﬂﬂﬁ:ﬁﬁﬁﬂﬁgg catalysts being
in agreement uﬂ‘llth the results gf TGA. =

ARAINITUUNIINYIAY

According to the importance of nature of active catalysts,

own that copper metal

characterizations of the compositions, total and metal surface
areas, X-ray powder diffraction, thermal gravimetric analysis and
selective extraction of copper oxide to investigate the nature of the
active catalyst have been reviewed. Furthermore, the effects of
various oxidation states of copper on methanol dehydrogenation have

been investigated.
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2.4.1 Compositions

The compositions of catalysts have been determined by atomic
absorption spectroscopy of acid-digested solutions. The amounts of
total copper and the other metals have been determined by using
solutions obtained by use of a 60/10/30 volumetric mixture of
HF/HC104/HNO3. The copper presented as copper oxide was measured by

washing the catalyst with a !ﬁ solution of HC1 which Cu(II)
was retained in the fﬂt /

1 dis an active site, total
a&as of reduced catalyst

X-ray powde action si ave i,'-,een carried out using a
Rigaku Geiger-f1e: diffractomat&r. Silicon powder was used as a
reference f the X-ray line
broadening. ﬁlﬂqﬁﬂm ?{:ﬂﬁﬂz colloid ions to
prevent uxidaﬁon prior to ekamination.=. Small ﬁ:ﬁj crystallite

stzes Shf et G hioh ddoherkdiffade drkls;) of

re1at1v@ly high degree of dispersion for an easily sintered metal.

cative of a

X-ray diffraction is also used to identify different components of
unreduced and reduced catalysts using lines with angles in the range
of 10° < 26 < 70°. XRD studies of reduced catalysts showed that
peaks corresponding to CuD had been lost and peaks corresponding to
copper had emerged as shown in Fig. 2-17 [72]. The intense maxima
prior to reduction(a) are obtained at 28 = 35.6 (Cu0, CuCry04),
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38.9 (Cu0) and 37.6 (CuCr,0,). After leaching with HC1(b) the
contribution of Cuﬂr204 is more evident. On reduction(c),
identification is very poor and broad maximum at 28 = 36.3 emerges
indicating the presence of cuprous chromite, Cu,Crp04. Although the
maxima. are poorly defined and overlapped throughout the spectra, a
significant transition from cupric, Cu(Il), to cuprous, Cu(l), phase

Wy

have clearly taken place.

-

Fig. 2-17 K-r‘aij'dﬁfractian attérns of unreduced, leached,

and reduce%u pgrn'gi '5%&17 ﬂj
LA ANE 1 E

Thermal gravimetric analysis has been carried out in

atmospheres of pure nitrogen and pure hydrogen using a Du Pont Series
99 Thermal Analyser. A temperature range of 50-650°C was used with a
heating rate of 10°C/min. For example, TGA of copper chromite
catalysts, the weight loss curves obtained by heating catalysts in
hydrogen to 650°C are shown in Fig. 2-18 [72]. Two distinct stages
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of weight loss curves, a sharp loss between 200 and 250°C and a slower
loss up to 550°C, can be identified. The first stage is attributed to
rapid and complete reduction of Cu0 to Cu and the second stage to
complete reduction of chromite to Cu, each involving the loss of one

oxygen atom per atom of copper.

WowWEleHT Lous

S
"T” |

PR T R
4 NATELy
Fig. 2-18 Thermal Gravimetric Ahalysis in hydrogen atmosphere
e f L

-

#
s D,

of various copper chromite catalysts showing the weight loss

e § ot W , do )
due to copper reduction. e _ P
|

A
. -
Regarding the copper supported on uoro tetrasilicic mica

(Cu-TSM) whéi« i &rﬁmm p y]tn talyst in methanol
dehydrogenat ﬁ t eﬂyn t f the active sites
has been inveiq's'lt‘lgated. The catalytic agtivties of wvarious oxidation

state O] RerbG) A1 (3 -V YR Eaiobapiedjon Tom have

been examined. Electron spin resonance (ESR) has been used to

characterized the nature of active sites or the oxidation state of
copper. Table 2-12 [73] shows activities of various catalysts for
dehydrogenation of methanol, where the values of selectivity were
calculated on methanol basis.  Cu(II)-TSM shows high selectivity for
methyl formate at temperatures below 240°C (run 1,2). ESR studies
showed that Cu(II) ions on Cu(II)-TSM were not reduced at all during
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Table 2-12  Activities of coppers in the various oxidation states
for the dehydrogenation of methanol.

Run i Cotalas Temperature Conversion Salectivity/ %

; /T 1% HCOOCH, co H,CO

1 Cu(H)-TSM 20 211 100 0 0

2 240 4.8 100 0 0

3 400 11.0 6.7 13.3 80.0

4 Cu(l)-TSM 20 1.1 100 0 0

5 240 4.3 100 0 0

6 Cu(0)-TSM 240 7 0 0 100

7 300 \ /// 0 0 100

8 ﬂ“‘%~ 6.1 {2EE:’F 0 100

9 Cu(0)/Sios A 54.3 45.6

10 , - . tr 50.0

11 ¢ 6.3 48.5
the reaction, the catalyt'ic activity and
selectivity to methy] ti ecreased with time on stream,
while formaldehyd > were formed (run 3). The
decline in catalyti y the reduction of Cu(II)
ions during the reacti tra of fresh and used catalysts

Pl &

showed only a small decre‘asg:m int 'sity of the signal assigned on

Cu(II) dons, sugggstmg tﬁ“’anty .. |
be located nedr-euter—surface of Cu T5M and effective for
catalysis, are reed during the rea .

The h lower than that
of Eu(II)—Tﬁﬁﬂwﬂﬂiﬁmnitwﬂy (runs 4,5).

The ESR 5pectrum for Cu(I)-TSM showed a weak signal due to Cu(II)-TSM
enton ] B4 5 Ak B - e ] o1 an
Cu(I)-TSM had no activity. Furthermore, the catalytic activity of
Cu(0)-TSM was investigated as shown in Fig. 2-19 [73]. The conversion
of methanol decreased with reaction time and leveled off, while the
selectivity to formaldehyde increased and attained a value of 100%.
At the initial period of reaction, a small amount of methyl formate
was formed due to the presence of trace amount of Cu(II) ions. In
X-ray diffraction pattern with the reduced catalyst, broad and small



o, O—0O—— 100

Conversion, A
Selectivity to
HCH0 , O
m ¥ D
l'll'.'ﬂﬂ:l'lz, FAN
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Selectivity / %
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gesting that Cu(0) ions
as shown in Fig. 2-19

peaks of metallic ¢
promote the formaldehyde
and Table 2-12.

f,n:u 2

It is cTeﬁ'ly ﬂﬁ’ﬁ'ﬁﬁ the-
of mathanu] over CLopper cataiysts wide aries depending on the
oxidation state 0 er & = 2-20. Cu(II) idon
and Cu(0) se'lectwejy cata'hrze dehydmgenatiun to form methyl formate

:::h:::n:n Frurﬂﬁngw%{wﬂ}] ﬂ ﬁis inactive for
Q‘iﬁm ‘szu URINYIAY

Cul(m)

in dehydrogenation

Fig. 2-20 Difference in the
CHz0H selectivity of methanol dehy-

Am} \ drogenation over Cu(II) ion
0 |

and Cu(0).
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2.5 MECHANISM OF METHYL FORMATE FORMATION.
Although formaldehyde which is primarily formed by

dehydrogenation of methanol is considered to be an intermediate
species of methyl formate formation, it is still controversial whether
methyl formate is produced primarily through the bimolecular reaction
of formaldehyde (The Tischenko Reaction) : e

HCHO + HCHO ==" /mmcua (2.21)
- ::,-v\
| y/ thanol [74] :

(2.22)

ave been investigated,
: "‘n the reaction between

using a deuteri
formaldehyde and me
copper-silica

3

tm) x 103
Tﬁh}xnﬁ'{g'

partial pressure of HCOOCH

Temperature (°C)

(-A-) : The reaction was carried out with formaldehyde alone. Inlet partial pressure
* Pueno™ 0.011 atm.

(-0-) : The reaction was carried out with the formaldehyde-methanol mixture. Inlet
partial pressure : Pucp™ 0-011 atm and "caamr' 0.12 atm.

Fig. 2-21  Methyl formate formation versus temperature.
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When formaldehyde alone or the mixture of formaldehyde and
methanol was admitted in a nitrcgen stream over copper-silica
catalyst, methyl formate was formed. Figure 2-21 shows the outlet
partial pressure of methyl formate formed at various temperatures.
The ratio of the amount of formaldehyde consumed to that of methyl
formate formed at various reaction temperatures is shown in Table 2-13

[75].
=\
Table 2-13 The aﬁhﬁ”‘fury'k/gl(ﬂmnsumed to methyl formate

formed at steady state ’acwmweh;fde and methanol.

150 180

at reaction temperature

below 135°C which led & ”!;i‘:jv:f' '

was formed by consumption G'E*uio o Taey

hat one molecule of methyl formate

es of formaldehyde even in the

A .‘:’.!"..5;

presence of matha!gu'l at f'hesé emp f’he formations of by-
un dioxide, and the

products such aﬂ' vydrogen, carbon
consumption of me hanq] were p! E’tg'legih]e under these
s complicated at higher

conditions. On the uther hand, the 51tuat‘iun
temperatures ﬁ rogen was formed
favorably. ﬂ ﬁ:EJ ?Tﬂm mzj ]n,n with formaldehyde
was -:iehydmgerlated by the fnlﬁwin%eacﬁnn-

qRIANN U b ERGE

2 CH0H HCOOCH3 + 2 Hp (2.23)

In fact, when methanol alone was admitted over the catalyst, no
reaction occurred at 135°C while at temperatures above 160°C
dehydrogenation was found to be appreciable. In these respects, the
ratio (HCHO consumed/ HCOOCH3 formed) decreased with increasing

reaction temperatures.
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For the investigation of reaction mechanism, isotopic studies
have been done with formaldehyde-d, (HCHO) and methanol-d3 (CD30H) at
reaction temperature of 130°C at which no dehydrogenation of methanol
occurred. The mass spectra of methyl formate formed are shown in Fig.
2-21 [75] where an intense peak due to the parent species is seen at
m/e = 63, indicating that methy]l formate-d, (HCOOCH4) was
predominantly formed.

e A )
adhngid o J_',J J
Fig. 2-22 Mass spectra gﬁﬂ%m farned by the reaction
between farmaldqﬁ&pla—dn and mhmnlmg emperature : 130°C,

OH = 0.017 atm.

Due ﬁ ﬂﬁ?%ﬂ% RN H:qaﬂ iurmyl hydrogen and

methoxy group;o furmate and the elimination of a hydrogen atom

o rTa SR e e oo

that math:.r'l fumate—d {HEDDEH3) was initially formed by bimolecular
reaction (2.21) and transformed to HCOOCDy by the exchange reaction :

HCOOCH3 + CDj0H <= HCOOCD; + CHOH (2.24)

When the reaction was carried out betweaﬁ methanol-dy (CD30D)
and formaldehyde-d, (HCHO), methy]l formate-d; {HEG'I}ED3} was also
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formed predominantly. No bimolecular reaction (2.21) was involved and
methyl formate was formed primarily through the reaction between
methanol and formaldehyde. In this case, a hydrogen of formaldehyde
molecule was kept as formyl hydrogen in methyl formate molecule. When
hydrogen was admitted with the mixture of formaldehyde and methanol,
it was found that methyl formate formation was unaffacted by the
presence of hydrogen. No hydrogen was consumed and no methanol was
formed in any addition amuun '}‘ /5 indicated that no hydrogenation
of formaldehyde occurred in the

these respects, it was-:'nh_’like}y _ formaldehyde reacted with

methanol, hmiacetw- cetal-like.species were primarily formed
and hydrogen trans h%twem “either of the latter species
or formaldehyde as

i methyl formate formation., In

h

When the latter step pru{:ea@ at sater rate than the former step,
AT e

one molecule of. methyl formate ‘med by consumption of two
_f‘ e

molecules of “r.l--=.-“.““J_.,_____:_".‘... participates in the
reaction. In canﬂstent with these r

i -

admitted with forma'ldehyde. ethyl formate an#methanu‘l were formed but
e e (L1 mm‘i’ VA7 o Wi
ﬁ]%’%ﬁﬁzm ‘s%%l‘lﬁ@@% ma Flo@en

As for methyl formate formation by dehydrogenation of

n-T{:-utes. when ethanol was

methanol, the reaction was extremely slow compared to that between
methanol and formaldehyde. As has been concluded by Miyazaki and
Yasumori[32], the formation should be controlled by dehydrogenation of
methanol to formaldehyde. When dehydrogenation was carried out at
180°C, methy] formate-dy (DCG{}CD3} was formed exclusively and no
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hydroxyl hydrogen was involved in the reaction to yield methyl
formate.

When the reaction was carried out with a mixture of CD;0H and
CH30H, the product methyl formate showed peaks at m/e = 64, 63, 61,
and 60 in the mass spectra, indicating that methyl formate -d,, -dj,
-dy and -dy (DCOOCD,, HCOO ’
shown in Fig. 2-23. Forma 7 of d3- and dy- species were
found three or fivewtimes g %{: of ds- and dy-species.
As compared with thie above feviaws, methan 7_ as first dehydrogenation
to formaldehyde & ' jos ‘trant
through the equa
obtained for the rg

confirmed that the
Fig. 2-24.

and HCUﬂﬂH3 were formed as

ormed to methyl formate
The same results were
per catalyst. It was

per surface as shown in

dz ) =851

DC00CHs (dy ) * DCOOCDs ( dy ) =13 %

ARSI A ad

Fig. 2-23 Isotopic distribution in methyl formate produced
from the mixture of CH30H and CD300 ( 1:1 in molar ratio)
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