
Abstract
An oligomer produced from unsaturated and reactive components (green oil) is formed when hydrogen sulfide (H2S) 
is removed from the exhaust stream of the methyl tert-butyl ether (MTBE) plant. A remedy to minimize this contami-
nant formation is using adsorbents with low reactivity toward the olefinic precursors. Here, the green oil formation on 
the surface of different types of commercial alumina is studied. Results confirm that the regular commercially activat-
ed alumina has low H2S adsorption capacity. Still, the alumina alkalized with 3.98 wt.% of Na2O has a breakthrough 
time of more than 29 h and stable performance in a cyclic operation. Moreover, the promoted alumina with a wide 
pore diameter (about 9 nm) and low surface area (about 215 m2/g) is less susceptible to deactivation by forming green 
oil. It is supposed that the capillary condensation of C3/C4 unsaturated compounds and acidic sites of the alumina 
intensify the oligomerization inside the pores of an adsorbent.
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Introduction
There are inflexible regulations regarding the emission 
of sulfur ingredients into the atmosphere. The presence 
of sulfur compounds is highly undesirable due to their 
impact on the environment and deteriorating effects on 
living souls [1-2]. Moreover, the corrosive nature of these 
compounds, especially hydrogen sulfide (H2S), forces 
gas and oil refineries to use special materials, leading to 
a considerable increase in their capital expenditure [3]. 
These impurities always exist in the effluent stream of 
industrial processes [4-5], and the extra demand for crude 
oil and natural gas forces oil, gas, and petrochemical 
facilities to supply these commodities from sour wells 
in the future [6]. Therefore, they must more effectively 
eliminate sulfur compounds from their gas streams. 
This concern is crucial for the refineries supplied with 
Middle-Eastern crude oils [7].  
Efficient methods are needed to eliminate such 
unwelcome guests from gas streams. There are many 
different approaches, such as absorption and adsorption, 
membrane and biological processes to eliminate 
H2S from gas streams [8], and the use of adsorption 
techniques for removing pollutants, particularly sulfur 
ones, from waste streams have been proposed in recent 
years [9]. This process is usually performed in a fixed 
bed column consisting of adsorption and regeneration (or 

desorption) steps. The regeneration is usually carried out 
by raising the temperature (thermal swing adsorption, 
TSA) or reducing the operating pressure (pressure swing 
adsorption, PSA). 
An important chemical compound produced from the 
dehydrogenation process is methyl tert-butyl ether 
(MTBE), which provides better combustion and 
increases the octane number of gasoline fuel [10]. To 
obtain isobutene for the production of MTBE, isobutane 
is dehydrogenated over a Pt-Sn/Al2O3 catalyst [11]. Due 
to the presence of unsaturated ingredients in the output 
stream of the MTBE reactor, an oligomer called green oil 
is formed when hydrogen sulfide (H2S) is adsorbed from 
the exhaust stream of the MTBE plant. This obnoxious 
side product is a mixture of C4 to C20 unsaturated and 
reactive components with aliphatic dienes and olefins 
plus paraffins [12-13]. A low molecular weight fraction 
of the green oil vaporizes into the gas stream, and the 
heavier part deposits in the adsorbent pores, blocking 
micro and meso pores. It is obvious that shortening the 
life span of the adsorbent and fouling the downstream 
equipment are the consequences of this unfavorable side 
product.
Hence, it is momentous for any adsorbent to produce 
green oil as low as possible during adsorption, which is 
obtained by using adsorbents with low reactivity
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(acidity) towards the process stream [14-15]. Zeolites can be 
used as effective adsorbents with high stability and adsorption 
capacity due to their regular pores capable of size-, shape-, and 
polarity-based separation [16]. However, many researchers 
have reported that different adsorbents, especially zeolites, can 
potentially polymerize alkenes due to their high activity and good 
selectivity in various reactions [17-20]. Moreover, using alumina 
as the support of olefin polymerization is reported in the open 
literature, proving the affinity of this adsorbent for promoting 
side reactions to form green oil [21-22]. Consequently, pure 
alumina and zeolitic adsorbents are susceptible to oligomerizing 
unsaturated hydrocarbon, and their usage in petrochemical 
plants is restricted. Silico-alumino-phosphate (SAPO) sieves 
are also attractive due to their high adsorption capacity and 
selectivity towards light gases [23-24]. However, it has been 
reported that 40% of H2S adsorbed by SAPO–43 at ambient 
temperature and pressure cannot be restored at low temperatures 
(180ºC) [25], which can limit the potential uses of SAPOs in the 
H2S adsorption units.
Despite studies on polymerization and oligomerization 
of olefins and unsaturated hydrocarbons over alumina and 
zeolite adsorbents, few publications directly address the 
formation of the green oil on the surface and in the pores 
of alumina (the most popular adsorbent in oil, gas, and 
petrochemical industries), particularly for removing H2S from 
the exhaust stream of an MTBE plant. Here, the formation 
of green oil on the surface of different commercial alumina 
adsorbents used for removing H2S from the outlet gas stream 
of a MTBE plant is studied. This study is significant due to 
the catastrophic process problems caused by the green oil 
formation, specifically decreasing the life of adsorbents and 
fouling downstream facilities, resulting in the unplanned shut 
down of the gas purification unit.

Materials and Methods
Fig. 1 presents the simplified flow diagram of the setup used 
to study the performance of commercial alumina adsorbents. 

This pilot device was installed close to the target MTBE plant, 
and a part of the effluent stream leaving the industrial scale 
MTBE reactor with the gas hourly space velocity (GHSV) of 
125 h-1 was introduced in the downward direction. The feed 
and operating conditions for the adsorption experiments are 
presented in Table 1. After the end of each adsorption stage, 
the adsorption bed was regenerated using a high-content 
hydrogen stream (see Table 2) at the GHSV of 228 h-1 in the 
upward direction. Three commercial adsorbents were used 
for sample studies; Sample A was a regular commercial 
activated alumina, and Samples B and C were promoted 
or alkalized commercial activated alumina. The physical 
characteristics of all adsorbents are revealed in Table 3.
Due to the presence of water in the feed stream and the 
possibility of losing the activity of the adsorbent, a regular 
type of molecular sieve 3A is provided at the top of the 
alumina layer (main bad) to prevent water ingression. The 
specifications of this molecular sieve are presented in Table 
4.
Sulfur contents of the feed stream and treated product were 
analyzed using several Drager short-term tubes. Alumina 
adsorbents were analyzed using the X-ray fluorescence (XRF) 
method using the EDX XR-300 and WDX 1410 devices 
manufactured by Link Analytical and Philips companies, 
respectively. Powder X-ray diffraction (XRD) measurements 
of samples were conducted using a Philips PW1840 X-ray 
diffractometer with monochromatized Cu/Ka radiation (λ = 
1.5406 nm). Micromeritics Tristar 3020 device was applied to 
analyze pore volume and size distribution using the nitrogen 
adsorption method. These experiments were repeated twice 
to confirm the reliability and repeatability. Furthermore, 
the green oil mass ratio of carbon to hydrogen (C/H) was 
analyzed according to the ASTM D5291 standard procedure. 
For an accurate justification, the geometry of the bed and 
operating conditions such as gas velocity, the particle size of 
adsorbents and the time of cycles, were selected, similar to 
the studied industrial adsorption process.

Fig. 1 Simplified schematic diagram of the pilot adsorption plant.
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Table 1 Operating conditions and composition of the feed.
Feed operating conditions
Conditions Unit Value
Temperature °C 45
Pressure barg 7.5
Mass flow rate kg/h 106

Feed composition
Components Value (mol %)
H2 50
CO 0.1
CO2 0.0015
HCl 0.001 – 0.0015
CH4 3.1
C2H6 0.1
C3H8 0.9
C3H6 0.5
i-C4H10 28
N-C4H10 0.6
Trans 2-C4H8 0.2
1-C4H10 0.1
Cis 2-C4H8 0.2
i-C4H8 15.5
Neo-C5H12 0.16
i-C5H12 0.25
n-C5H12 0.05
1,3 Butadiene 0.022
C6+ 0.005
H2S 0.004 – 0.007
H2O 0.001 – 0.0015

Table 2 Operating conditions and composition of the regeneration gas.
Regeneration gas operating conditions
Temperature °C 220
Pressure barg 1.8
Mass flow rate kg/h 4
Regeneration gas composition (mol%)
H2 94
CH4 5.89
CO 0.11
CO2 0.0035

Table 3 Physical specifications of alumina adsorbents.
Properties Unit Sample A Sample B Sample C
Shape -- Beads Beads Beads
Diameter mm 2-5 2-5 2-5
Bulk density g/ml 0.70 0.75 0.74
Crush strength N 140 160 166
BET surface area m2/g 427.1 351.1 271.8
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Table 4 Specifications of the molecular sieve 3A.
Properties Unit Value
Shape -- Pellets
Diameter mm 1.5 – 1.8
Bulk density g/ml 0.68
Crush strength N 45
Static water adsorption (@10 % R.H. & 25 ºC) wt.% 19.5

As shown in Fig. 2, all experiments were carried out with 7 
kg of the molecular sieve as the water guard bed and 60 kg 
of alumina adsorbent as the main bed. For all experiments, 
the heights of the 3A molecular sieve and alumina layers of 
the adsorption column were 0.141 m and 1.1 m, respectively. 
Moreover, to homogenously distribute the feed throughout 
the bed and avoid bed expansion, the top and bottom of the 
bed were packed with 100 mm of ¾ inch inert balls. At the 
start of the run, the bed was pretreated under the regeneration 
gas flow for 6 h at 220 °C in the upward direction, and then 
it was cooled. Afterward, the MTBE effluent gas was fed to 
the adsorption column. 

Fig. 2 Arrangement of the pilot scale adsorption column.

Results and Discussions
At first, to investigate the stability of adsorbents during the 
regeneration steps, an aging experiment was performed on the 
pure alumina (Sample A). Fig. 3 shows XRD analysis results 
for the fresh and aged adsorbents (calcination at 550℃ for 4 
h). As seen, the peaks at 14.3, 28.20, 37.95, 49.26, and 67.11º 
observed in the fresh adsorbent are related to boehmite and 
active alumina (γ, η, and ρ) phases. After the aging process, 
boehmite peaks at 14.3 and 28.2º disappeared due to the 
high temperature of the aging process and the conversion of 
boehmite to different types of alumina phases. By comparing 
the spectrum of the fresh and aged pure alumina adsorbents, 
it is concluded that no considerable crystal deformation in 
the alumina phase is observed. Because of impregnating 

and dispersing sodium oxide (Na2O) on the surface of 
activated alumina, it is supposed that no peak of Na-oxide 
is detectable. Therefore, the same behavior can be observed 
for the promoted alumina [26]. Consequently, all alumina 
samples can be stable during the regeneration process, and 
the desorption temperature does not affect their crystallinities.    

Fig. 3 XRD patterns for the fresh and aged pure alumina adsorbents 
(Sample A).

Fig. 4 represents the breakthrough time of the studied 
adsorbent for removing H2S from the effluent stream of the 
MTBE reactor. The H2S adsorption capacity of regularly 
activated alumina (sample A) is considerably lower than that 
of the promoted alumina in samples B & C. The elemental 
compositions of all samples are determined using the XRF 
technique to justify this observation. As reported in Table 5, 
the sodium content of the regular activated alumina in the 
form of sodium oxide (Na2O) is significantly lower than the 
promoted ones. Furthermore, by increasing the Na2O content 
from 3.73 wt.% to 3.98 wt.%, the H2S adsorption capacity 
increases from about 27 wt.% (Sample B) to 30 wt.% (Sample 
C). Therefore, sodium impregnated on adsorbents by using 
sodium hydroxide [27] is the main feature for enhancing 
the adsorption capacity of sulfur compounds on the alumina 
surface through the following reaction:

NaOH+H2S → NaHS+H2O

Fig. 4 Breakthrough time of sample studies.

Table 5 Chemical characteristics of alumina adsorbents
Componen t s 
( w t % )

Al2O3 Na2O F SiO2 CaO MgO

Sample A 95.01 0.21 0.01 0.01 2.76 1.84
Sample B 94.68 3.73 0.009 0.01 0.28 1.02
Sample C 95.11 3.98 0.065 0.101 0.188 0.31
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The breakthrough time of the studied promoted alumina 
adsorbents (samples B and C) was measured after five 
sequential adsorption cycles to verify the stability of 
adsorbents after the regeneration process. The period of this 
stage for the pilot device was 12 hours, including 8 and 4 
hours for heating and cooling steps, respectively. As observed 
from Table 6, the breakthrough time of Sample B decreases 
from 28 to 8.4 hours (about 70% of adsorption capacity) after 
five adsorption and desorption cycles, while the variations 
in the adsorption capacity of Sample C is negligible, and it 
is still stable after 5 sequential cycles. It is supposed that the 
lower BET surface area of sample C compared to sample B 
(see Table 3) reduces the possibility of green
oil formation on the adsorbent surface. Therefore, the pores 
of the former adsorbent are less occupied. The other reason 
for the durability of sample C can be the higher Na2O content 
of this adsorbent (see Table 5), which reduces its catalytic 
activity; this subject will be discussed later.
To study the effect of the porosity of adsorbent on its stability 
and the possibility of regeneration, the nitrogen gas adsorption 
technique is applied on both fresh and used promoted alumina 
adsorbents (samples B and C), and the results are presented 
in Fig. 5 under the title of fresh and used adsorbents. The 
pore volume of fresh adsorbent B is higher than sample C, 
and it seems this type of promoted alumina can preserve 
high amounts of green oil in its mesopores. Consequently, 
it may acceptably resist fast deactivation. Analyses of used 
adsorbents after 5 cycles (see Fig. 5 under the title of Used 
adsorbent) prove that pores of adsorbent C are considerably 
free of green oil, and its pore volume only decreases from 
about 0.44 to 0.4 cm3/g, equal to about 10% reduction in 
volume of pores. In contrast, the mesopores of adsorbent B 
are severely filled with green oil, and about a 50% reduction 
in the volume of pores is observed. It is supposed that this 
intense green oil formation causes the fast deactivation of 
adsorbent B such that its breakthrough time decreases from 
28 h in the first cycle to 8.4 h in the fifth cycle (see Table 
6). Therefore, the pore volume of an alkaline adsorbent is 

not the main factor in preserving the stability and capacity of 
such adsorbents applied for removing H2S from the olefinic 
gases. However, green oil formation during such a process 
is inevitable, and an adsorber should possess a minimum 
pore volume to hold the oligomerized hydrocarbons inside 
its structure without sacrificing the required specifications.
Fig. 6 presents incremental pore volumes of fresh and 
used samples against pore radius. As seen, the structure of 
adsorbent C mostly contains meso pores with a radius of 50 
to 80 A, whereas adsorbent B contains pores with a radius 
from 40 to 60 A. Due to the smaller pore diameter, the latter 
faces capillary condensation of unsaturated hydrocarbons in 
its structure, which are oligomerized during the regeneration 
process. Thus, the rate of side reactions and pore blockage in 
sample B is more intense than in sample C. It is inferred that 
adsorbent B contains small pores, which increases its specific 
surface area, and that contacting unsaturated molecules with 
its internal surface is plausible. Due to the low progress 
of side reactions in Sample C, the formation of green oil 
decreases, and therefore a longer lifetime for this adsorbent 
is expected. Analyses of the green oils formed on the surface 
and in the pores of samples B and C adsorbents confirm that 
these oligomers’ mass ratio of carbon to hydrogen (C/H) is 
6.97 and 6.92, respectively. It is concluded that the green 
oil formed in the pores of Sample C is lighter. Therefore, 
it can be removed more easily than sample B. Thus, the 
former adsorbent is regenerated more effectively at the same 
regeneration temperature. As shown in Figure 6, the undesired 
side reactions of pore blockage in sample B are much more 
severe than in sample C. The other noteworthy specification 
of adsorbent C, which preserves its stability against green 
oil and coke formation, is its acidity value [28-29], which 
decreases with sodium content [30-31]. Furthermore, the 
higher Na2O content of adsorbent C (see Table 5) reduces its 
sulfate formation due to decreasing the acidity of the alumina 
surface and mitigating the catalytic activity of the surface to 
form sulfates [32-33]. 

Table 6 Breakthrough time for the regeneration experiments.
Studied samples Unit Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Sample B h 28 24.5 18.3 14.5 8.4
Sample C h 30 29.5 29.1 29.2 29.1

Fig. 5 Cumulative pore volume of fresh and used samples vs. pore 
radius (r) (Samples B and C).

Fig. 6 Incremental pore volume (dV/dr) of fresh and used samples 
vs. pore radius (r) (Samples B and C).
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Therefore, the reducibility of this promoted alumina with its 
regeneration time is superior to adsorbent B. It is obvious that 
side reactions in both adsorbents are unavoidable; however, 
the rate of these reactions can be minimized by adjusting 
pore size distribution and optimizing sodium content.

Conclusions
This research gives novel insights into the formation 
of green oil on the surface of different types of alumina 
adsorbents during the removal of hydrogen sulfide (H2S) 
from the exhaust stream of the MTBE reactor. Furthermore, 
results confirmed that regular activated alumina did not 
have acceptable adsorption capacity for H2S removal, 
and therefore, the promoted alumina should be essentially 
employed for this application. Sodium oxide (Na2O) content 
was the active element to intensify the adsorption of sulfur 
compounds on the alumina surface. Wide pores of the 
promoted alumina created fewer active sites for undesired 
side reactions, i.e., polymerization of C3/C4 unsaturated 
compounds. The adsorbent with a wider pore diameter faced 
less pore blockage during the regeneration step, and its life 
was prolonged. The acidic nature of the alumina was the 
main reason for the formation of green oil in the adsorption 
unit of the MTBE plant.
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