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SUMMARY 

A mixture of products from the oxidative dehydrogenation of isobutene to 
methacrolein has been separated into two parts. The first, the absorbate, consists 
mainly of aldehydes, and the second, the condensate, consists mainly of acids. 

The main purpose of the present work was the application of gas-liquid 
chromatography (GLC) or its combination with mass spectrometry (MS) to the 
identification of the reaction products. 

Using PEG 400 plus PEG 3000 as a stationary phase, twelve components were 
identified in’the absorbate by means of GLC-MS, Quantitative determination using 
the method of internal standards showed that the absorbate consists mainly of 
acetaldehyde, acetone and methacrolein in addition to an ,excess of water. 

In the condensate, using Reoplex 400 plus orthophosphoric acid on Chromo- 
sorb W, twenty-four compounds were identified, The main part of the condensate is 
water, and of the other compounds the main ones are acetic acid, methacrylic acid 
and methacrolein. 

INTRODUCTION 

The increasing consumption of methyl methacrylate for the production of 
plastics (e.g., methacrylic rubber and organic glass) cannot at present be covered by 
production from acetone and hydrogen cyanide because ‘of the shortage of hydrogen 
cyanide, and other methods are therefore under serious consideration. One of the 
prospective processes which leads to the esters of methacrylic acid is the oxidation of 
isobutene (or a C, fraction that contains up to 50% of isobutene) to methacrolein 
folk&cd by oxidation ,to methacrylic acid, ‘The first step has been tested on a 
laboratory scale. The oxidative dehydrogenatio’n has been ‘cjrried out in a hetero- 
$enous system in the gaseous phase tiith the’mixed oxides of molybdenum, bismuth 
and, phosphorus as catalyst. The reaction mixture from the’ oxidation is passed 
through a water condenser where part of the condensate condenses. The ‘volatile 
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products which do not condense are absorbed in a glass spiral with a counter-current 
flow of water (the absorbate), and the non-absorbed part is removed as a gas. 

The development of a suitable analytical method for qualitative and quantita- 
tive analyses of the condensate and the absorbate was the main purpose of this work. 

The direct analysis of the products of the oxidative dehydrogenation of hydro- 
carbons has been described in several papers and alcohols, aldehydes, acids and ethers 
together with carbon dioxide and monoxide, etc., have been found as products, 
MALINOVSKI~ studied the direct analysis of the products of the oxidation of isobutene. 
The determination of carbon dioxide and oxygen was carried out on an Orsat appa- 
ratus, and the other gases were analysed by GC using firebrick plus ethylene glycol and 
a silver nitrate column. For the separation of aldehydes, a Teflon column with IO~/~ of 
PEG 1500 was used. The total acids content was determined by potentiometric 
titration. Quantitative analysis of the products from the oxidation of propane by 
GC was described by DARIXN~, He used a combination of columns with 15% of silicone 
oil DC-550 plus stearic acid on Fluoropak 80 and 15% Convachlor-rz or 15% @,/3- 
oxydipropionitrile on the same support and silica gel. KYRYACOS et al.” used GLC 
(40% of PEG 400 on firebrick) for the analysis of the products of the oxidation of 
92-hexane. 

More attention has been paid to the chromatographic separation of mixtures of 
compounds that are qualitatively related to the products of our reaction, i.e., oxida- 
tive dehydrogenation of isobutene. Polyethylene glycols are most frequently usedd-0 
as the stationary phase, e.g., for the separation and identification of impurities in 
methacrolein and ethylacrolein 7+; Porapak Q has also been recommended0~10. The 
chromatographic separation of C,--C, acids was described by NIKELLY~~ and SMIT@. 
A mixture of isophthalic acid and Carbowax on acid-washed glass beads11 or 5% 
Tween ‘or, Carbowax on Celite 545 was used. SEMBAEV et al.13 determined quanti- 
tatively acrylic acid in aqueous solution in a mixture with acetic and propionic acids 
and lower aldehydes by GLC by using a column containing 14% of polyethylene 
adipate on firebrick. ‘For the separation of organic acids, stationary phases based on 
polyesters14-I7 or combinations with long-chain fatty acids1*-2°, Carbowax12, PEG17vaa, 
and polyeste%7 mixed with orthophosphoric acid have often been used. 

Thus GLC has been shown to be a suitable methoda”. 

EXPERIMENTAL 

The optimal conditions for the GC separation of components from the absorbate 
and, c,ondensate were studied using CHROM-z and Fractovap GV chromatographs 
with flame-ionization detectors. For the separation of the absorbate, the following 
columns were .tested,:, Porapsk Q (60-80 mesh) ; and 15% of PEG 400 plus PEG 3000 
(ratio. 3o:~o) on silanized Chromosorb W. 

For: the condensate, the following columns were tested: 
Pcrapak ,Q. (Go-80 mesh) ; 16% of butanediol succinate plus 2% of orthophos- 

phoric ! acid on Ch,romosorb W ; IoO[+, of Tween-8o on Chromosorb W; 10% of 
Reoplex-4oo plus .I.% of orthophosphoric acid on Chromosorb W; and 0.25% of 
Carbpwax 2oM plus 0.25% of terephthalic acid on glass beads. 

The best separation of the absorbate was achieved on a 4-m column with I.D. 
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5 mm containing 15% of PEG 400 plus PEG 3000 on Chromosorb W. The column 
temperature was qo”, the flow-rate of nitrogen carrier gas, 40 ml/min (hydrogen, 
56 ml/min; air, 220 ml/min). 

Of the stationary phases tested, the highest selectivity for the separation of the 
condensate was achieved on a column packed with 10% of Reoplex 400 plus SO/~ of 
orthophosphoric acid on Chromosorb W. The column length was 2 m, I.D. 5 mm, 
with temperature-programming from 102’ to 155” at 3”/min. The flow-rate of carrier 
gas (nitrogen) was 50 ml/min (hydrogen, 25 ml/min; air, 220 ml/min). 

The same columns and the same temperature conditions as above were used in 
the analysis of the absorbate and condensate on an LKB gooo Gas Chromatograph- 
Mass Spectrometer. The only differences were the inner diameter of the column 
(2.5 mm) and the use of helium as carrier gas with a+low-rate of ca. 15 ml/min. The 
detector was the ion source of the mass spectrometer (the energy of ‘the bombarding 
electrons was 20 eV) together with the total ion current (TIC) monitor. 

The mass spectrometer was the single-focusing type with magnetic recording to 
the mass scale. The ion source was the Nier type heated at 2go”, and during the scan- 
ning of the mass spectra the energy of the ionizing electrons was 70 eV. The collector 
of ionic currents was the first dynode of the open electron multiplier. 

RESULTS AND DISCUSSION 

. 

The order and the shape of the chromatographic peaks on the chromatograms 
of both the condensate and the absorbate were almost identical from both analytical 
chromatographs as well as from the LKB gooo instrument. The differences in the 
relative responses were insignificant except in the case of the value for water. 

Mass spectra were always recorded directly from before the sharp rise of a 
chromatographic pea’k (the spectrum of the background) up to the top of the peak. 
Subtraction of these two spectra gave the spectrum corresponding to the compound 
or compounds leaving the column in that particular peak. The quality of such a 
spectrum depends on the actual concentration of the compound present. The most 

min 
4 

Fig. I. Chromntogram of the absorb&c. Peaks are I”dcntified in Table I. 
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advantageous spectra for interpretation are those in which the intensity of all the 
important ions (i.e., more than 5% of the most abundant fragments) is at least half an 
order of magnitude greater than the intensity of the ions from the background. If the 
spectrum of a compound is comparable with that of the background, with the excep- 
tion of one or two significant fragments, the reliable identification of the structure is 
usually difficult. 

The mass spectra of most significant components of the absorbate and conden- 
sate have been published. The proposed structures of these compounds are therefore 
confirmed, If the interpretation of the spectra for a particular compound is based on 
analogy only, the most probable alternative structure is presented. The quality of the 
spectra of compounds which are present in only trace amounts usually does not allow 
the determination of more than the type of compound present (aldehydes, ketones, 
ethers, etc.) and the molecular weight. In such cases where the spectra could not be 
compared with literature data (as a “fingerprint”) the names of compounds in Tables 
I and III are followed by a question mark (?). 

IDENTIFICAT’ION 01’ PEAKS IN THlb CI~IROkIhTOGRhM 01’ THE hUSORl3ATI2. 

The numbers of the pcalcs correspond to numbers in Pig. I. (?) = spectrum not publishccl. 

No. of Compound MolccuEar Relative retention 
peaiz 

Refcrcncc~s~~eclraczrt 
WCi@d time no. 

-- ___ _-- - _--__---______ 

I Ethsnal + mothyl methanoate 44 
60 

Propanal 58 
2-Propnnone 58 
Proponal 56 
2-Mcthylpropcnal 70 
Methanol 32 
3-13uten-I-a.1 ( ?) 

+ ethanol ;: 
2,3-Butxtnclionc 86 
Water I8 

2-Mcthylpropcnol 72 

0.516 

0.703 
0.782 
0.872 
1,000 
r.214 

I.409 

1.558 
2.750 
5.820 

241373 
241383 
241294 
241297 
24/8G 
25/13X A\c; 
241282 
zq- 
24175 
24174 
271232 
2713363 

_-------_-.__ . .._ I--_---_--.~ _...--_ -_ -..-...-- _..._.____. _._~ --.-^._.----.-_I -... - .._.- 

The absorbate 
The chromatogram of the absorbate consisted of ten separate peaks for which 

the mass spectra had been recorded at each peak maximum. It has beensestablished in 
all cases except two that at Ieast 90% of the chromatographic peak is represented by 
one compound. Only peaks ,Nos. I and 7 (Fig. I, Table I) are each a mixture of two 
compounds in approximately equal proportions. The results of the identification’ of 
compounds from the absorbate and the relative retention times are given in Table I. 
The order of the co.mpounds in Table i fo!lows the numbering of the ‘peaks in th& 
chromatogram (Fig. I), 

The main component of the absorbate is water (ca. 98%). The amounts of the 
other components were determined by the method of internal standardization using 
uc-propanol as the most convenient internal standard. Five standard. solutions of ., 
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/ Methacrolein 

IO- Acetone 

Biacetyl 
0.8 
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1 r 

0.8 1.0 1.2 X 

Fig. 2. Cnlibratior~ graph for clctcrminntion of compoui~cls from tlic absorbntc. 

corresponding compounds in the following co’ncentration ranges were used for 
preparing the calibration graphs: ethanal o.oz--1.2, propanone 0.02-1.5, z-methyl- 
propenal 0.05-2.0, 2,3-butandione 0.03-1.2, methanol o.o~--~.o~/~ w/w. 

The calibration graph is presented in Fig. 2. I?eak area ratios of the compound 
and gz-propanol (y-axis) are plotted against their weigllt-o/o ratios (z-axis). 

Component No. I, a mixture of methyl formate and acetaldbhyde (Table I), 
has been interpreted only by calibration with acetaldehyde; for components Nos. 2,3 
and 4, where acetone is the major compound, calibration with acetone was used. 
Components Nos. 7 and IO were not calibrated. The presence of these compounds was 
determined, only in a few samples and in very low concentrations. The coticentration 
range of the compounds determined in the absorbate and the relative errors of the 
analyses in the given concentration range are shown in Table II. 

COMPOUNDS DlZTBRMINED IN TIIE hl3SORDATI3 
---__w.-__--_. _____._..._ __ __ _. ._ ._.. 

Com.fiound CommWalion 
range (l/o w/w) 

ilfTa.hnzw~. reZp!ive 
elror (%) 

--..-.___.-_________ . - .___._ -__ -._--__-_ ..- 

Ethnnal 0.02-0.5 Il. 
Propanone 0.02-0.5 s . 

2-Mothylpropcnal 0.02-1.2 8 

Mcthnnol 0.05-O. 5 12 

2.3~Butsncliono 
* 

0.02-O. 5 II 
-- -.-----_.- _-_.-_ . . ..___. _ . . . ..__...._ _ .___..._.. _ _....__ 

The condensate 
The,condensate as well as the absorbate is a mixture of compounds, dissolved in 

water. The chromatogram of the condensate from an analytical chromatograph shows 
2g peaks (Fig. 3). In the TIC record from the LKf3 gooo instrument, a large asymme- 
trical wave from water is detected at the position of peaks Nos. 4 and 5, the remaining 
separation being unchanged, 

In most cases, the chromatographic peak represents only pne individual 
compound ,(Table’III). Two compounds of about equal concentration. are eluted in 
peak No. 15, viz, acrytic and methoxyacetic acids, In $ea,k No, 17, methacrylic acid 
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TABLE IIT 

IDENTIPIC&~QN OF COMPOUNDS IN TWE CWROMATOGRAM OF THE CONDENSATE 
I ‘. 6 ” 

The numbers of the peaks correspond to numbers in Fig. 3. a = not identified because of low 
concentration of compound. (?) - spectrum not published. 

No. of Compound Molecular RcZatiiJe retention Rcfevence/ 
peak W.&J&? time spectvum no. 

I Methanal 30 
2 Methanol 

: 
2-Methylpropenal 
Water 

10 

zl 
a 
2-Methylpropcnol 

7 Unsaturated alcohol z 
i3 .a ,, 
9 Hydroxypropanone 

IO Ethanoic acid 
II' a 
,I2 Unsaturated aldchyclo 
13 Polyoxymcthylcne 
14 2,5-Hexandiol 

*5 Propcnoic acid + 
mcthoxyethanoic acid 

‘16,;a 
-. 

17 . . 2-Mothylpropenoic acid 

‘i3”’ ,a ;, 
,: .,Cyclopcntenc carbo~alclohycle ( ?) 

.rg ,” .’ 
‘20 

Methylben2aldehydlo 

‘24. 
a: 

Maleic ,acid -j- 
furanoic acid 

22 i Cyclohexene ‘carboxylic acid 
23 a ‘, 
24 
25 

.2G 
bethy ester of higher fatty acid 
Phenol 

.27 
,28 ” 

pXreso1 
Phtlialidc 

.29 Dimer of 2-mcthylpropcnal 

88 

2: 

96 

=I4 
72 
90 

86 
96 

120 

IIG 

112 
126 

94 
108 

134 
140 

24184 
241282 

0.067 25/131 AC 
0.081 271232 
0.124 
O-143 2713363 
0.179 28 

0.215 
0.267 251167 AG 
0.363 ’ 241640 
0.425 
O-525 26 

29 
0~714 2711063 
0.783 2511 AA 

271x963 
0.876 
I .ooo 25/x89 AG 

30 
I.12 
1.24 25123 I+l 
I.33 

25120 C 
r-54 2511 ED 
I.69 2714679 
I*93 
2.11 

2.50 3r 
4.59 25139 D 
6.60 25/7 AD 
7.76 27/5r52 
8.96 32 

isthe major component, cyclopentene carboxaldehyde being the minor one. Similarly, 
m,aleic acid preva+ considerably over furanoic acid, in peak No. 21. 

Only, se,mi-quantitative analysis’has been carried out in the case of the con: 
densate (an aqueous solution of acetic, acrylic and methacrylic acids was used for 
calibration);. Even on ‘the ,basis ,of such a simplified ,determination, ‘it is possible to 
kit?., thal,:ap& from tiater, which .is the major,‘component’ of the condensate,:‘bnly 
meth,acrole$ acetic ,acid ‘and’ methacrylic acid are present in significant’ amounts 
.:(upi ta;$yo)i Thei concentrations of the remaining, compounds are substa,ntially :fower;lj 

)‘,,, ., ;“‘.’ ; 
./: : ,.’ ” 

,, &&i;~& ,,:‘. .,‘, . I. , .’ 
., , 
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110 !‘I 30 20 
min 

10 0 

Pig. 3, Chromatogram of the condcnsntc. Penks arc iclentificcl in Table TIT. 

ation and cyclization processes. It is worth mentioning that together with lower 
aldehydes, alcohols and acids, some oxygen-containing derivatives of benzene are 
also present in the products. 

Apparently the combination GLC-MS is a very powerful technique for the 
identification of the components of very complicated reaction mixtures. The chroma- 
tographic data (retention volumes) and the mass spectrum are obtained simulta- 
neously for each compound and this combination may often be sufficient for struc- 
tural identification, When it is not possible to interpret the mass spectrum reliably 
because a compound is present only in trace amounts, at least a tentative structure 
may be postulated. To obtain comparable results by using only analytical chromato- 
graphy, a large stock of standards and long experimental times would be needed. 

I 

3 
4 

2 

7 
8 

9 
IO 

II 
12 
=3 

14 
15 
16 

17 

M. MALINOVS#I, Pvzm. Chem., 48 (1969) 152. 
V. J. DARDIN, J, Gas Ciwomatop., 5 (1967) 556. 
G. KYIZYACOS, I-I. R. MENAPACE AND C. II. BOORD, Anal, Clwm., 31 (1959) 222. 
A, S. VAATJEL, M. KALIMBERDO AND Ii. 1. SIDOROV, Isv. Sib. Old. Altad. Naulr SSSR, Ser. 
Khim. Nauk, z (1963) 86. 
M. JAVORSKI AND 'I?, STAREC~C, Chm. Anal., II (1966) 483. 
E. A. PLYUMBERG, V. D. NORIKOV AND V, S. SMIRNOV, Neftekirimia, 2 (1962) 897. 
13. G. UELENKIJ AND V .A. ORESTOV&_~4v0d Lab., 31 (196x) 222, 
%dv. zfivdva, Vybvan~! Aural. Metkody, VUSK, No. 689 (x969), KauEuk n.p., I<q~,lupy nad Vltn- 
vou. . _ 

Service Notes, Cnrlo Erbst, 4-68 Milano, 1968. 
Service Notes, Waters Associstcs, U.S.A. 
J. G. NIKELLY, Anal. Chem., 36 (1964) 2244. 
J. W. SMITH, Acta Cltcnt. Stand., 33 (1961) 147. 
D. I<. SEMBAEV,I, T. KAN, V. M. NEVSKII, I3. V. SUVOROV AND l3. 13. ORDABAEV, IZCJ. hkad. 
Nauk Kaz. S,S,S.R., SW. Khim. Nauk, 14, No. 5 (1964) 92. 
R. W. MCKINNLY, J. Gas Clwomatop., a (1964) 108. 
J. R. HUNTER, Anal. Ck~m,, 32 (1960) 682. 
S. SMITM AND R. DILS, J. Pharm. Be&., 20 (x965) 225. 
J. HRIVNAK AND V, PALO, J. Gus Chvomalo#~., 5 (x967) 325. 

J. CkvOmalogv., 65 (1972) 303-310 



IS J, R. I?. CLARKE ANII Ii. M. ~?REDERICKS, J. Gus Chromatog:r., 5 (1967) 99. 

19 B. BAYRS AND G. JORDAN, J. Gas Chrovnatogv., 2 (1964) 304, 
20 T. C. CRlzY AND B. J. STEVBNS, An.aE. Chcm., 38 (1966) 724. 
21 L. J. PACKET AND R. W. MCCUNE, A$$E. Micvobiol., 13 (1965) 22. 
22 M. I<. WITHERS, J. Gas Cltromatogr., 2 (1964) 345. 
23 J. JANAK,~S~~~‘VZ& o Anal. Chemii, T/al. Mez., Septsmber zgrd, x970. 
24 Catalog of Mass Spectral Data, American. Petroleztm Inst~itute, Research Project 44, Carncgic 

Institute of Technology, Pittsburgh, Pa., U.S.A., rg6o. 
25 CoElcctions of Mass S$ectra, deposited w,ith GAMS, collected by the ASTM Committee B-14., 

Philadelphia, Pa. 1962. 
26 J. A. GILPIN AND F. W. MCLABFIZRTY, Anal. Citem., 2g (1957) ggo: I?. WEISS, G. BONNARD, 

A. ,ISLARD, J. SERPINET AND A. LAUTZ, &t.ZZ. Sot. C&m. &., (rgGG) 1149. 
27 A. CORNU AND R. MASSOT, Compilatiolz of Mass SfiectraC Data, I-Icyclen LP: Son, Lonclon, 1966. 
28 S. MEYIZRSON AND J* D. MCCOLLUM, Adv. Anal. Chm. Jnstvum., 2 (1963) 206; C. C. PRICE 

AND D. D. CARMELITE, J. Amerj. CJtem. Sot., 88 (rgGG) 4039. 
29 J. EL BEYNON, R. A. SAUNDERS AND A. E. WILLIAMS, 2% Mass S+cct,va of Organic MoZecatles, 

Elscvier, Amstcrclnm, IgGS, p. IGO. 
30 B. J, MILLARD AND D. I?. Smw, J. Ckem. Sot. (B), (xgGG) 664. 

31 R. RYHAGE AND E. STENHAGEN in I;. W. MCLAPPERTY (Editor), &lass Spcctvomatvy of Ovgalzic 
Ions, Academic Press, New York, IgG3. p. 399. 

32 J, MITLRA. V. I<U~I~CA AND J, MOSTPCICS, Chom. I%Zm., 20 (1970) 438. 
I 

J. CholnaZogv., 65 (1972) 303-310 
. 

310 V. KUBELICA, J . JANKO, J. MLTERA, J. MOSTECIC+ 


