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Abstract

Aldol polymer fouling in petrochemical plant is an undesirable process, which needs to be removed for
increasing the efficiency of downstream process. In this paper, inhibition and dissolution efficiency of
the aminopropyl trimethoxy silane (APTMS), aminopropyl triethoxy silane (APTES), sodium salt of
aminopropyl trimethoxy silane (SS-APTMS), sodium salt of aminopropyl triethoxy silane (SS-APTES)
were studied at different molar ratio of vinyl acetate (VA):amino alkoxy silane (antipolymerant). The
sodium salt of 6-aminohexanoic acid (SS-AHA) and ethanolamine (EA) were used as reference for
comparison. The efficiency of antipolymerant for inhibition and dissolution was measured as
percentage transmission (% T) by UV spectrophotometry. Solium salt of amino alkoxy silane showed
good efficiency for inhibition and dissolution process. Furthermore, the presence of alkoxy group with
amino group facilitates inhibition as well as dissolution of aldol polymer in alkaline media, while
compounds with amino group acts as inhibitor for aldol condensation only.
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INTRODUCTION

Ethylene, propylene, butylene, and butadiene are key petrochemical raw ingredients used in the
manufacturing of polymers and elastomers [1, 2]. These basic ingredients are more often generated by
breaking heavier hydrocarbons. In general, the cracking process known as pyrolysis occurs when bigger
alkane molecules break down into smaller alkanes and an alkene at extremely high temperatures [3]. In
this process, acidic hydrogen sulfide is produced by the reaction of hydrogen and sulfur, whereas carbon
dioxide is produced via water-gas reactions and reforming, as well as the primary olefin products. Aside
from the main olefin products, a small number of carbonyl components such as aldehydes and ketones,
as well as a variety of aliphatic and aromatic components, are produced [4-6]. In the commercial plant,
the combination of fractured gas stream must pass
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Figure 1. Aldol polymer formation in caustic tower of the cracker plant.

causing the cracking operation to be shut down. Electron donating aliphatic and aromatic chemicals are
commonly utilized as inhibitors of aldol polymer formation, as documented in various studies [5].
Inhibitors react with aldehyde to form a compound that does not polymerize further; also, inhibitors aid
in the removal of fouling from the scrubber's inner workings. Inhibitors such as amino phenol, amino
benzoic acid and its salts [5], urea-keto urea [7], ethylenediamine [8], borohydride [9], hydroxylamine
and its salts [10], hydrazine and its derivatives [11], carbohydrazine and its derivatives [4], and
acetoacetate esters compounds [12] have been reported in various literature to inhibit aldol polymer
formation. All of the above-mentioned chemicals primarily function as inhibitors of the aldol process;
once polymers are formed, these compounds become useless. Subramaniyam et al. [13, 14] reported an
amino acid based on lactam and an inorganic salt of dithionite as an antipolymerant, which not only
inhibits aldol reaction but also dissolves higher molecular weight polymer fouling generated in caustic
tower, resulting in an advantage over all conventional amino-based compounds.

There are very few quantitative studies available in the open literature on the suppression of the aldol
process. We thoroughly explored the effect of antipolymerant with various functional groups, as well
as the influence of catalyst concentration, reaction duration, temperature, and aldehyde to inhibitor
molar ratio.

EXPERIMENTAL
Materials

Vinyl acetate (VA), aminopropyl trimethoxy silane (APTMS, 99%), aminopropyl triethoxy silane
(APTES, 98.5%), sodium hydroxide (NaOH) of AR grade were obtained from SD Fine Chemical Product,
India. Sodium salt of aminopropy! trimethoxy silane (SS-APTMS), and sodium salt aminopropy! triethoxy
silane (SS-APTES) were synthesized at lab scale and used as antipolymerant. Sodium salt of 6-
aminohexanoic acid synthesized in the lab and used as a reference chemical. Ethanol amine (EA, 99.5%)
obtained from Labort Fine Chemical, Surat, India, was also employed as a reference compound.
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Aldol Reaction Inhibition Performance of Antipolymerant

The efficiency of an antipolymerant in stopping the aldol process was investigated using amino
alkoxy silane. The chemical was combined with 40 mL of a 2.5 M aqueous sodium hydroxide solution
in a flat-bottomed flask and swirled on a heated plate at 350 rpm. Vinyl acetate was added to the mixture
while stirring at a constant rate. The reaction's progress was tracked by measuring the solution's
absorbance at 800 nm with a UV spectrophotometer (PE Lambda35) at predetermined time intervals to
determine inhibition effectiveness [7]. A control experiment was conducted under the same conditions,
but without the antipolymerant and using previously known amine derivatives. Furthermore, the molar
ratio of vinyl acetate to amino alkoxy silane (8:1, 4:1, and 1:1) as well as the impact of temperature
(40°C and 55°C) were examined (Scheme 1).

Aldol Reaction Dissolution Performance of Antipolymerant

Vinyl acetate (0.021 mol) was mixed with 40 mL (2.5 M) caustic solution in a 100-mL conical flask
while stirring. The color of the solution turns to hazy yellow after a few minutes due to aldol
condensation of acetaldehyde produced by VA hydrolysis under alkaline conditions. After 15 minutes,
a yellow precipitate of aldol polymer appeared. To test amino acid dissolving efficiency, a varied
VA:antipolymerant ratio was added to this solution, and the solution's transmittance was measured at 800
nm by a UV spectrophotometer after 30 minutes of exposure. To compare the performance of the
described amine derivatives, the dissolution of aldol condensation polymer was investigated (Scheme 1).

Characterization Studies
Nuclear Magnetic Resonance Study

The proton nuclear magnetic resonance (NMR) spectrum was measured with a Brucker FT NMR
Advance 400 spectrometer in D20 at 400 MHz frequency. A delay time of 10 s was given for recording
1H NMR spectra. The signal intensities of the spectra peak were measured from the integrated areas
calculated with electronic integrator. NMR measurements were made on 10% (w/v) polymer solutions.
The proton replacement was calculated based on proton concentration of -OCHs group.

RESULTS AND DISCUSSION

Red oil formation is more common phenomenon observed in olefin production plant due to aldol
condensation of aldehyde molecule in presence of base as catalyst, which is further converting to higher
molecular weight insoluble polymer. The mechanism of red oil formation is depicted in Scheme 2. In
this reaction two molecule of aldehyde reacts in basic media, forms B-hydroxy aldehydes via reactive
enolate. Furthermore, 2-butanal having double bond generates due to removal of water from -hydroxy
aldehydes. Further similar reaction undergoes in presence of another aldehyde molecule with a-
hydrogen of 2-butanal and generates conjugated double bond 2,4-hexanal (red oil). The red oil is
generally soluble in caustic but insoluble in water [15].

Inhibition performance study Dissolution performance study

40 ml Caustic (2.5 M) + Antipolymerant 40 ml Caustic (2.5M) + Vinyl Acetate
Stirring 350 rpm, 10 min Stirring 350 rpm, 15 min
v 4
+ Vinyl Acetate Polymer formation + Antipolymerant
Kept under Stirring Kept under Stirring
350 rpm, 2 h 350 rpm, 0.5 h
v v
Solution having complex_formation Solution having complex formation
between Aldehyde and antipolymerant between Aldehyde and antipolymerant

Scheme 1. Inhibition and dissolution methodology for performance study of antipolymerant.
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A total of 0.03 moles of APTMS/APTES and 0.12 moles of caustic soda were stirred and heated to
40°C for 1 hour. The water content in the reaction mixture was removed by evaporation to get a dry salt
and used for *H NMR. The change in concentration of proton in pure APTMS/APTES and sodium salt
of APTMS/APTES was investigated through NMR to ascertain the conversion of APTMS/APTES to
SS-APTMS and SS-APTES. *H NMR shown in Figure 2 of pure APTMS having nine protons of —
OCHj5 group attached to Si shows signals between 3.0 and 3.4 ppm while Figure 3 indicates replacement
of nearly four protons indicating that synthesized salt is predominantly monosubstituted sodium salt. In
Figure 4 APTES having nine protons of —CHjs group shows signals between 0.80 and 0.87 ppm and six
protons of —OCH; group show two signals at 3.4 and 3.2 ppm. Figure 5 indicates that there was a
replacement of approximately four protons from the -CHs groups and replacement of approximately
three protons from —OCH; groups indicating the formation of predominantly monosubstituted sodium
salt (Table 1). Proton NMR study indicated that four and seven protons are replaced in APTMS and
APTES, which indicated formation predominantly of mono substituted salt of APTMS and
monosubstituted salt of APTES.

The inhibition performance of APTMS / APTES and SS-APTMS / SS-APTES investigated for aldol
reaction and compared with reference SS-AHA and EA antipolymerant (Scheme 3). All the experiments
were conducted in 40 mL of 10% caustic solution followed by addition of antipolymerant and vinyl
acetate. The experiments were conducted at 8, 4 and 1 VA:antipolymerant ratio and two different
temperature 40°C and 55°C. Furthermore, this reaction was catalyzed by caustic, which convert vinyl
acetate to acetaldehyde via hydrolysis and further polymerized to formed insoluble solid. Efficiency of
the inhibition reaction was measured by percentage transmission (%T) on a UV spectrophotometer at
800 nm after 2 hours. Percentage transmission (%T) was a direct reflection of efficiency of
antipolymerant for prevention of aldol condensation reaction. higher %T reflect better inhibition of
aldol reaction, whereas lower %T indicates less effectiveness for inhibition of aldol reaction.

Table 1. Proton NMR study of synthesized sodium salt of APTMS and
sodium salt of APTES.

S.N. | Compound No. of No. of alkyl groups Type of sodium
protons of alkoxy silane salt formed from
replaced replaced by sodium alkoxy silane

APTMS 4 1 Mono substituted
APTES 7 1 Mono substituted
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Figure 2. 'H NMR spectrum of pure APTMS.
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Scheme 3. Antipolymerants used for inhibition and dissolution of aldol condensation.

The inhibition performance of APTMS/APTES and SS-APTMS/SS-APTES at 40°C showed 96% to
99% T at all 8, 4 and 1 VA:antipolymerant ratio, which is almost slimier to respective
VA:antipolymerant ratio of reference SS-AHA. Whereas EA showed slightly lower % T 89, 91 and 94
at 8, 4 and 1 VA:antipolymerant, respectively. Higher %T of APTMS/APTES and SS-APTMS/SS-
APTES and SS-AHA exhibited, batter control or inhibition of aldol condensation reaction (Table 2),
this is due to reaction of electron donating -NH. group of antipolymerant with carbonyl group of
acetaldehydes, formed intermediate carbinolamine, which further undergoes loss of water molecule to
produce imine [16, 17]. These results are in good agreement with work reported previoully [18, 19].

Moreover, slightly lower %T of EA found due to presence of -OH group with -NH in the structure
(Table 2). Imine production begins with a nucleophilic assault of the main amine's nitrogen lone pair
on the electrophilic carbon of the aldehyde or ketone's carbonyl group. The first step results in a
tetrahedral intermediate where the carbonyl carbon undergoes sp? to sp? hybridization. Following this,
a proton transfer occurs, stabilizing the intermediate by turning the carbonyl oxygen into a hydroxyl
group (-OH) and protonating the amine nitrogen. This produces a carbinolamine intermediate, which is
required for the following step.

The carbinolamine is dehydrated, a process in which the hydroxyl group is protonated to become a
better leaving group, resulting in the removal of water. This step restores the carbon atoms sp?
hybridization and forms a double bond between the carbon and nitrogen. The consequence is the
creation of an imine (R-C=NR"), which is the reaction’s ultimate product. This reaction is reversible,
and the equilibrium between the carbinolamine intermediate and the imine favors imine synthesis under
dehydrating conditions or by eliminating water from the solution. Due to imine formation, it inhibited
the reaction; hence the %T was found to be higher as antipolymerant amount increases (Scheme 4).

Furthermore, similar experiments at 55°C temperature found <1 to 2% T at higher 8
VA:antipolymerant ratio for APTMS/APTES and SS-APTMS/SS-APTES. Whereas significantly
higher %T in case of SS-AHA indicates that at higher concentration long chain amino acid type
compound capable to make better bond formation compared to functional ground having alkoxy and
amino group. However, at lower 4 and 1 VA:antipolymerant ratio APTMS/APTES and SS-APTMS/SS-
APTES showed 89% to 98% T, which is significantly higher compared to 8 VA:antipolymerant ratio.
These results revealed that enough amount of antipolymerant required in case of amino alkoxy silane
type antipolymerant. Overall inhibition performance sequence at 40°C and 55°C for 8, 4 and 1
VA:antipolymerant ratio were found to be SS-AHA > SS-APTES >SS-APTMS > APTES > SS-
APTMS > EA. The appearance of solution after 2 hours without antipolymerant and with
antipolymerant is shown Figure 6.
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Table 2. Inhibition performance study of antipolymerant for aldol condensation

reaction at different vinyl acetate (VA):antipolymerant ratios.

Bhajiwala et al.

No Compound Mole ratio of % T at 800 nm on % T at 800 nm on
VA to additives UV (% T=2) UV (% T=2)
After 2 hours at 40°C | After 2 hours at 55°C

1 8 95 <1
2 APTMS 4 96 92
3 1 99 98
4 8 96 <1
5 APTES 4 99 89
6 1 98 98
7 8 96 <1
8 SS-APTMS 4 97 92
9 1 99 98
10 8 97 2
11 | SS-APTES 4 99 93
12 1 99 98
13 8 95 81
14 | SS-AHA 4 99 99
15 1 99 99
16 8 89 <0.1
17 | EA 4 91 40
18 1 94 90

‘0 .
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R19 H _ /0R1 Acetaldehyde R,— (|'—H OR, R_<|‘- H OR,
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Intermediate

where — R;= CHjs

R,=-CHsor -CH2CH3

Scheme 4. Proposed mechanism of inhibition of aldol condensation reaction while using of
antipolymerant.

Most of the primary amino, amino acids, amnio alkoxy, amino alkoxy silane and amino alcohol has
good inhibition properties towards aldol condensation, however very few compounds are known for
dissolution of aldol polymer such as long chain amino acid [13]. In this study, we investigated
APTMS/APTES and SS-APTMS/SS-APTES for dissolution of aldol polymer, that means once long
chain higher molecular weight polymer were generated, they dissolve over a treatment of
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antipolymerant. In this experiment, 0.021 moles VA were added in 40 mL of 10% caustic soda solution.
The mixture was shaken vigorously at 350 rpm at 40°C. After a few minutes, the solution turned
colorless to yellow. Yellowish orange precipitates were formed after 2 hours treated with different
concentration of antipolymerant. The efficiency of dissolving efficiency measured by evaluating
transmittance of each of the solutions by UV visible spectroscopy at 800 nm. A blank was also run
simultaneously to compare the efficiencies of the additives and the transmittance of blank solution.
The % transmittance (%T) was measured and is recorded in Table 3.

The dissolution performance of APTMS/APTES and SS-APTMS/SS-APTES were investigated and
compared with SS-AHA and EA. The results found that as concentration of antipolymerant increases
dissolution increases in APTMS/APTES and SS-APTMS/SS-APTES and SS-AHA. Overall SS-AHA
found better at all VA:antipolymerant ratio except at 0.20 ratio SS-APTES found better %T. Moreover,
at all higher to lower VA:antipolymerant molar ratio SS-AHA found almost similar %T, which exhibits
both the amino and acidic group of long chain SS-AHA working highly effective for inhibition and
dissolution at lower VA:antipolymerant ratio. Whereas Alkoxy group of the APTMS/APTES and SS-
APTMS/SS-APTES is more effective at higher concentration of antipolymerant.

Table 3. Dissolution performance study of antipolymerant for aldol condensation
reaction at different vinyl acetate (VA):antipolymerant ratios

No | VA: Antipolymerant % T at 800 nm on UV after 30 min
ratio APTMS | APTES | SS-APTMS | SS-APTES | SS-AHA | EA
1 0.50 2 18 5 49 85 <1
2 0.33 5 47 19 77 86 <1
3 0.25 26 54 61 89 87 <1
4 0.20 35 60 56 98 89 <1
a b \

—_—
Vinyl acetate in
caustic media
without addition of

compound in 2 h.

Figure 6. Inhibition performance of different antipolymerant after 2 hours. B: Vinyl
acetate in caustic media without addition of antipolymerant at 40°C, (a) APTMS,
(b) APTES, (c) SS-APTMS, (d) SS-APTES, (e) SS-AHA, (f) EA.
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The results also found that higher chain alkoxy based amino silane showed better dissolution
compared to small chain methoxy based amino silane. The EA found no effectiveness at all studied
concentrations, which indicates that combination of -OH and -NH; group compound is not capable of
dissolving aldol polymer (Scheme 5). It is possible that the presence of the amine group in Na salt of
APTMS and Na salt of APTES helps in conversion of aldehyde to imine. Unlike aldehyde, imine does
not undergo polymerization in alkaline media. Hence, the amine group appears to prevent aldol
condensation. On the other hand, the Si-O-Na moiety of Na salt of APTMS and Na salt of APTES
probably forms an adduct with the solid aldol polymers which facilitates dissolution of the aldol
polymers in the alkaline medium. It is possible that Si-O-Na is more effective than the Si-O-alkyl moiety
of pure APTES or pure APTMS because of the higher bond forming characteristics of Si-O-Na due to
its ionic nature (Scheme 5). Thus, acidic group -COOH of amino acid and -OR group of aminoalkoxy
silane essential for dissolution of aldol condensation polymer [19]. The appearance of dissolution of
polymer after addition of antipolymerant is shown in Figure 7.

Table 4. Dissolution performance study of mix antipolymerant for aldol condensation
reaction at different 0.25 vinyl acetate (VA):antipolymerant ratios.

Mixture of additives Molar ratio of VA: Antipolymerant % T at 800 nm on
additives ratio UV after 30 min
SS-AHA + SS-APTMS 90:10 0.25 80
SS-AHA + SS-APTMS 75:25 0.25 83
SS-AHA + SS-APTES 90:10 0.25 86
SS-AHA + SS-APTES 75:25 0.25 78
EA + SS-APTMS 90:10 0.25 5
EA + SS-APTMS 75:25 0.25 14
EA + SS-APTES 90:10 0.25 7
EA + SS-APTES 75:25 0.25 18
SS- APTMS 100 0.25 61
SS-APTES 100 0.25 89
SS-AHA 100 0.25 88
EA 100 0.25 <1
H— +0H=CH—CH=CH%CH3 Soluble species of

R,0 ﬁ n aldol polymer

\Si/\\/\N with amino
R207 R2=-CH3 or -CH2CHs alkoxy silane

Ry
] Soluble species of
OH /\/\/\ n with 6-Amino
¢ N hexanoic acid
4
o
Insoluble

H—oc - eH— cH—cH—CH1—cH - species of aldol

TT 3 polymer with

OH N " ethanolamine

Scheme 5. Possible dissolution reaction of aldol polymer with different class
of antipolymerant.
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Vinyl acetate in
caustic media
without addition of
compound in 30 min

Figure 7. Dissolution performance of different antipolymerants after 30 minutes.
B: Vinyl acetate in caustic media without addition of antipolymerant (a) APTMS,
(b) APTES, (c) SS-APTMS, (d) SS-APTES, (e) SS-AHA, (f) EA.

Furthermore, dissolution of aldol polymer investigated using mixture of SS-AHA and EA with
APTMS/APTES and SS-APTMS/SS-APTES at 90:10 and 75:25 antipolymerant ratios. All the
reactions were conducted at 0.25 VA:antipolymerant molar ratio. The mixture of SS-AHA with SS-
APTMS and SS-APTES indicates % T between 78 to 86 which is slightly lower compared to pure SS-
AHA, indicates presence of aminosilane slightly decreases performance. Furthermore, mix
antipolymerant dissolution with ethanol amine and SS-APTMS and SS-APTES found significantly
decreased % T due to less effectiveness of EA for dissolution (Table 4). Thus, results exhibit that acidic
-COOH and alkoxy group in the structure is essential for dissolution (Table 4).

CONCLUSION

Inhibition and dissolution behavior of acetaldehyde were studied using different compounds having
-OR and -NH; functional groups. Compounds having higher basicity (electron donating groups) are
efficient for inhibition of aldol reaction, but less effective as dissolution purpose. The compound with
mixture of both alkoxy and amino group works for both inhibition of aldol condensation and dissolution
of aldol polymer. Compared to all three categories of functionality, -compounds with COOH/-NH. and
-OR/NH, are capable of inhibition and dissolution of aldol reaction, whereas -OH/NH. based
compounds are only effective for inhibition.
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