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Abstract  

Natural Kaolin Clay was calcined and treated by sulfuric acid. The resulting solid acid catalyst was 

characterized by FTIR, TGA, and X-ray powder diffraction (XRD) and tested for isobutene oligomeriza-

tion in a gas phase. The characterization results showed that the acid treated clay underwent chemical 

and structural transformations. After acid treatment, the Si/Al ratio was increased, and the crystalline 

raw clay became amorphous. The effects of various parameters such as reaction temperature, reaction 

time and contact time on isobutene oligomerization were investigated. Catalytic tests showed that iso-

butene oligomerization led to dimers and trimers as major products. Tetramers were obtained as by- 

products. At relatively high reaction temperatures and long contact times, the conversion was en-

hanced while the selectivity of dimers was decreased in favor of higher oligomers. Copyright © 2017 

BCREC GROUP. All rights reserved 
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1. Introduction  

The quality of fuels has been improved by 

the addition of methyl tert-butyl ether (MTBE) 

as the preferred additive. However, because of 

the contamination it caused in groundwater, it 

has been banned in California since 2004 due 

to the new regulations of the agency of environ-

mental protection (EPA) [1]. The removal of 

this ether will cause considerable problems in 

refineries as they will face the challenge of pro-

ducing fuels having the desirable properties 

that meet the increasing environmental regula-

tions and health restrictions on engine emis-

sions [2].  

The production of oligomers, such as dimers 

and trimers from isobutene, is a very promising 

process for upgrading isobutene (IB). An ad-

vantage of this process is that the IB is avail-

able from fluid catalytic cracking, steam crack-

ing and isobutane dehydrogenation. Moreover, 

IB is available in excess because it is one of the 

main raw materials used for the synthesis of 

MTBE. Diisobutenes (dimers) and triisobutenes 

(trimers), for example, after hydrogenation, can 

be used as additives for the production of gaso-

line, kerosene and jet fuel with a high quality 

[3,4]. As the obtained products are the cleanest 

fuels produced in a refinery, they are highly de-

sired, both economically and environmentally. 

The commercial importance of this process has 

led to the search for new solid acid catalysts 

that can enhance the selectivity of the desired 

products (diisobutene and triisobutenes). As 

olefin dimerization and trimerization are reac-

tions for which the activity and selectivity 

strongly depend on the catalyst acidity, treat-
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ment of various oxides with sulfates, tung-

states or phosphates has been widely recom-

mended by several authors to modify the acidic 

properties [5-7]. Several solid acid catalysts 

such as titanium oxide [5,8] and zirconium ox-

ide [6,9,10], heteropoly acid [11], and zeolites 

[12-14] have been suggested for the dimeriza-

tion and trimerization reaction. In the present 

work, Saudi kaolinite clay has been treated by 

sulphuric acid and tested as solid acid catalyst 

for the oligomerization of isobutene.  

 

2. Experimental Section      

2.1. Catalysts preparation     

The 10 g sample of silty clay soil collected 

from Al-Kharj district south of Riyadh in Saudi 

Arabia was acidified with 4.5 M sulfuric acid 

solution. For acidification the samples was 

heated under reflux at 70 oC for 2 h with stir-

ring. The acidified soil sample was centrifuged 

at 3000 rpm for 10 min to separate the soil as a 

precipitate then washed twice with warm dis-

tilled water and centrifuged again at the same 

speed and time then followed with drying at 80 
oC for 48 h and saved desiccated for analyses 

after calcination at 450 oC for 2 h in tube fur-

nace under air flow 80 mL/min.     

 

2.2. Catalysts characterization       

Characterization was performed by means 

of FT-IR, XRD, TGA, and surface area meas-

urement. IR spectra were recorded with an in-

frared spectrometer GENESIS II- FTIR (4000-

400 cm-1) as KBr pellets. XRD powder patterns 

were recorded on an Ultima IV, X-ray diffracto-

meter: Rigaku) using Cu-Kα radiation. XRF 

analyses of the samples were done using a 

Model-58 Tiger of Bruker make, with X-ray 

tube of rhodium anode and scintillation detec-

tor with a current 10 mA and voltage 40 kV. 

Thermogravimetric analysis (TGA) was carried 

out on a PERKIN-ELMER TGA instrument 

with a heating rate of 5 K/min in flowing N2. 

Surface area measurement BET was deter-

mined by V-Sorb 2800 Porosimetry Analyser. 

 

2.3. Catalyst  testing  

The catalytic activity of the kaolin catalyst 

for the isobutene oligomerization was per-

formed using a continuous-flow fixed bed reac-

tor at atmospheric pressure. The catalyst (50 to 

250 mg), with an average particle diameter 

ranging from 0.01 to 0.8 mm was loaded in a 

stainless steel reactor and held by means of 

glass wool.  The reactor was heated electrically 

by a tubular furnace and the reaction tempera-

ture was measured by a thermocouple placed 

on the outer wall of the catalytic bed. Then, iso-

butene (99.5% purity) was admitted into the 

reactor with a flow of 100 mL/min. The reac-

tion products which were condensed using a 

cold trap (-15 oC), were collected every hour for 

5 h and analyzed with a gas phase chromato-

graph PYE UNICAM) equipped with a flame 

ionization detector using a capillary column 

(HP-PLOT Q length of 30 m ID of 0.53 mm). 

The identification of the products was achieved 

occasionally by Gas chromatography-mass 

spectrometry (GC-MS) using a Thermo Trace 

GC Ultra gas chromatograph equipped with AI 

3000. For the separation of target compounds, 

a TR-5 MS-SQC capillary column (30 m × 0.25 

mm i.d., phase thickness 0.25 µm) was used 

with helium as the carrier gas (at a flow rate of 

1 mL/min).      

 

3. Results and Discussion 

3.1. Catalyst characterizations  

3.1.1. XRF characterization    

The chemical composition of the raw and 

acid treated clay is shown in Table 1. It can be 

seen that both samples are constituted of SiO2 

and Al2O3 as major components. Iron oxide, ti-

tanium oxide, magnesium oxide, calcium oxide  

and potassium oxides are present as minor ox-

ides suggesting the presence of illite mineral. 

After acid treatment the composition of the 

raw clay changes significantly.  

The Al2O3, MgO, CaO and Na2O contents in 

the acid treated material decrease. Taking into 

account the reaction between kaolinite and sul-

furic acid (Al2O3·2SiO2·2H2O + 3H2SO4 → 

Al2(SO4)3 +2SiO2 + 5H2O [15]), one can see that 

the decrease in the alumina content in the acid 

treated sample might be due to the leaching of 

the Al3+ ions from the octahedral layer by hy-

drolysis reaction under acidic conditions. This 

result is in agreement with that of Volzone et 

al. [16]. In fact, in the opinion of the authors, 

when the acid strength is in the range of 3-5 M, 

the octahedral layer is strongly attacked lead-

ing to rapid solubility of Al. As for SiO2, its con-

tent was increased after acid treatment due to 

which the Si/Al ratio increased. The potash re-

maining in the acid treated clay material indi-

cated that the illite clay mineral was still in 

the structure of the clay material, as also con-

firmed by XRD patterns (Figure 2).  

 

3.1.2. FT-IR characterization 

The FTIR spectra of the kaolinite clay be-

fore and after treatment are shown in Figure 1. 
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The bands at 3696 cm-1 (OH stretching), 3423 

cm-1 (H–O–H stretching) cm-1  correspond to va-

lence vibrations of surface hydroxyl clusters; 

the bands at 3620 cm-1 and 919 cm-1 (OH 

stretch) are assigned to the vibrations of the in-

ternal hydroxyl cluster [17,18]. The well re-

solved high-intensity lines in the range of 1109 

cm-1 (Si–O stretch) and 1040 (Si–O stretch), cor-

respond to the vibrations (Si–O) [19]. The 

bands at 526 cm-1 (Si–O–Al deformation), 469 

cm-1 (Si–O bending) cm-1 are typical of kaolinite 

clay mineral [15,20,21]. The band at 1629 cm-1 

corresponds to the quartz phase. The two bands 

observed at 1432 cm-1 and 876 cm-1 assigned to 

the vibration of CO32−, indicate the presence of 

potassium carbonate [22]. Compared to the raw 

kaolinite clay, the acid treated sample showed 

some changes: the intensities of the broad band 

at 3423 cm-1 and the peaks at 526 cm-1 and 469 

cm-1 increased, while those at 1432 cm-1 and 

876 cm-1, characteristic of carbonates de-

creased. The decrease of the latter was due to 

the thermal instability of carbonates [23]. 

These changes in the IR spectrum are in agree-

ment with the results obtained by elemental 

analyses and TGA.    

Chemical content (wt%) 
Material 

Raw clay Treated clay 

SiO2 44.12 49.26 

Al2O3 31.62 28.66 

Fe2O3 13.50 11.29 

CaO 2.85 0.005 

K2O 3.72 0.038 

TiO2 1.49 0.02 

MgO 0.008 0.005 

Na2O 0.008 0.00009 

P2O5 1.06 0.041 

ZrO2 0.0006 traces 

Table 1. Chemical composition of raw and acid treated kaolinite clay.  

Figure 1. IR spectra of raw (a) and acid treated kaolinite clay (b).   
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3.1.3. X-ray powder diffraction  

Figure 2 presents the XRD patterns of the 

clay before and after acid treatment. Both clay 

samples showed kaolinite as well as illite 

phases as clay minerals, and quartz as impu-

rity [24]. The major peaks are associated to 

kaolinite (K) whereas the minor peaks are asso-

ciated to quartz (Q) and illite (I). This is in 

agreement with most clay found in Saudi Ara-

bia [25,26]. The relatively high intensity of the 

quartz peaks in the clay samples indicates a 

significant presence of the free silica. These re-

sults are in agreement with those reported in 

the literature [24,26]. The acid treated clay 

mineral is less ordered than the raw clay, as it 

is indicated by the shape of peaks in XRD 

range 20-25o (2θ) [27].  It has been shown by 

XRD characterization that the acid treated clay 

underwent structural transformation. The crys-

tallinity and the interlayer structure of the clay 

material were found to be altered with acid 

treatment at and above 5 M concentrations. 

The crystalline pure clay became amorphous 

[28].  

 

3.1.4. Thermogravimetric analysis  

TGA profile of parent and acid treated clay 

(Figure 3) show two weight loss regions, below 

200 oC and above 450 oC. The weight loss was 

due to three kinds of water molecules in the 

clay structure. The first weight loss which oc-

curred below 200 oC corresponds to the removal 

of the physisorbed water. The second was due 

to the water molecules present in the first coor-

dination sphere of the interlayer ions strongly 

bonded which requires higher temperatures in 

the range of 200-450 oC for their removal. The 

third weight loss region (450-800 oC) was re-

lated to the structural hydroxyl groups. Com-

paring the weight loss of the parent and the 

acid treated clay it was observed that both 

samples contain the same amount of phy-

sisorbed water (4.6%). The percentage loss for 

the parent clay in the range of 200-450 oC 

(7.75%) was higher than that of the acid 

treated clay (3.17%). This may be due to the 

fact that acid treatment increased the amount 

of amorphous silica and also surface area 

which made the water adsorption higher. On 

the contrary in the high temperature weight 

loss regions, the percentage loss is lower for 

acid treated clay as compared to the parent 

clay. It has been reported that the removal of 

the structural hydroxyl groups in [AlO6] octa-

hedral layer occurred along with the dissolving 

of Al3+ due to acid treatment. This result is in 

agreement with that of Panda et al. [28].  

 

3.1.5. Catalytic activity  

Oligomerization of isobutene over acid 

treated clay was carried out in gas phase and 

the effects of various parameters such as reac-

tion temperature, reaction time and residence 

time (gas flow rate) on isobutene conversion 

and product selectivities were investigated. 

Analysis by GC-MS of the reaction products 

showed that the oligomerization of isobutene 

led to di-isobutene isomers (dimer-1 and dimer-

2) and tri-isobutene isomers (trimer-1 and 

trimer-2) as major products (Scheme 1). Tetra-

isobutene isomers (tetramer-1 and tetramer-2) 

were obtained as minor products.  

Figure 3. TG curves of raw and acid treated 

kaolinite clay 

Figure 2. XRD spectrum of   of raw and acid 

treated kaolinite clay       
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3.1.6. Effect of reaction temperature  

A series of experiments were conducted to 

investigate the effect of temperature on the IB 

oligomerization. Figure 4 illustrates the isobu-

tene conversion and oligomers selectivity over 

the range of 40-70 oC. The results show that 

the reaction temperature had a significant ef-

fect on the oligomerization reaction. As ex-

pected, increasing reaction temperature in-

creased the conversion of isobutene. The con-

version increased from 14 to 26% when the 

temperature increased from 40 to 60 oC. How-

ever, when the reaction temperature reached 

70 oC, isobutene conversion decreased slightly.  

The decrease of the conversion at high tem-

peratures can be attributed to the deposition of 

olefins with high molecular weight during the 

reaction, which blocked active sites on the cata-

lyst and decreased the catalytic activity [29,8, 

30] or it might be due to the fact that cracking 

reactions occurred at higher temperatures and 

more dimers were generated accordingly to 

[31]. The total selectivity of dimer products 

(dimer-1 and dimer-2) decreased with reaction 

temperature increase. The decrease of dimers 

occurred in favor of trimers (trimer-1 and 

trimer-2) because trimers are formed from 

dimers by consecutive reactions. These results 

are in agreement with those reported in the lit-

erature [31,32]. Contrary to the selectivity of 

trimers, that of tetramers decreased with in-

creasing temperature due to cracking reactions 

which occurred at higher temperatures.  

Based on the above results, it can be sug-

gested that relatively high reaction tempera-

tures favored the conversion of isobutene and 

enhanced the formation of trimers. Based on 

the above results, 60 oC seems to be the opti-

mum the reaction temperature. Therefore this 

temperature was selected for further investiga-

tions. The effect of reaction time and contact 

time on IB oligomerization was investigated. 

 

3.1.7. Effect of reaction time  

The conversion evolution as a function of 

time on stream at 60 oC is illustrated Figure 5. 

It can be seen from the figure that the conver-

sion increased when the time increased from 1 

to 3 hours then it decreased slightly. As for the 

selectivity, it can be seen that for both dimers 

and trimers no significant change was observed 

whereas a slight decrease in the selectivity of 

tetramers was obtained. This deactivation of 

the catalyst can be attributed to the formation 

of olefins with high molecular weight during 

the reaction, which blocked active sites on the 

catalyst and decreased the catalytic activity 

[29].  

 

3.1.8. Effect of contact time on the isobutene 

oligomerization  

 The effect contact time (W/F) on the oli-

gomerization of isobutene over the range of 

14.4-58.3 s. is illustrated in Figure 6. As shown 

in the figure, when the contact time increased 

from 14.4 to 58.3 s, the conversion increased 

Scheme 1. Major products formed through oli-

gomerization of isobutene over acid treated clay 

catalyst 

Figure 4. Effect of reaction temperature on iso-

butene conversion and product selectivities 

(residence time 0.012 h) 
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from 4.3 to 38.0% and the trimers increased 

from 26.7 to 37.1%. In contrast the selectivity 

of dimers decreased from 53.0 to 39.0%. This 

result was expected because dimers are con-

verted into trimers by consecutive reactions. As 

for tetramers, a slight increase in their selectiv-

ity was observed for an increase in contact time 

from 14.4 to 28.8 s then a slight decrease with 

increased of contact time.  

The decrease of the tetramers selectivity at 

longer contact times can be explained by the 

fact that when the contact time is too long, fur-

ther oligomerization occurred which was 

evinced by GC-MS. Thus, at short contact times 

(14.4 to 28.8 s) isobutene has not enough time 

to react which explains why the conversion is 

low. At high contact times (28.8 to 58.3 s) the 

conversion is enhanced while the selectivity of 

dimers is decreased in favor of higher oli-

gomers.  

The effect of the contact time on the selectiv-

ity of all isomers, i.e. dimer-1, dimer-2, trimer-

1, trimer-2, tetramer-1 and tetramer-2, has 

been also investigated. As shown in Figure 7, it 

has been found that the selectivity of dimer-1 

was greater than that of dimer-2 whereas, the 

selectivity of trimer-1 and tetramer-1 were 

lower than their corresponding trimer-2 and 

tetramer-2. This is can be explained by the fact 

that in dimer-1, the double bond is masked by a 

steric hindrance of alkyl groups. Therefore, it is 

less accessible to react with isobutene mole-

cules. For dimer-2, the double bond is more ex-

posed to be attacked by a molecule of isobutene 

which explains its conversion in trimer-2 and 

therefore the decrease of its selectivity.  

Figure 8 shows the evolution of the isobu-

tene oligomerization as a function of the con-

version obtained at various contact times. As 

the conversion increases, the selectivity of 

dimers decreases while that of trimers in-

creases. This result was expected because the 

oligomerization reaction is a consecutive reac-

tion (from monomer to dimer, dimer to trimer, 

and trimer to tetramer) [13,33].  

As for tetramer oligomers, it was noticed 

that at lower conversions, an increase of the se-

lectivity was observed. In contrast at higher 

conversions a slight decrease in their formation 

occurred. The low selectivity of tetramers at 

high conversion might be due to the steric hin-

drance by the crowded alkyl groups [29]. Based 

on the above results, it can be suggested that 

the suitable conditions to enhance the selectiv-

ity of dimers are to conduct the reaction at 

relatively low reaction temperature and short 

contact time.  

Figure 6. Variation of the conversion and se-

lectivities with residence time for the reactions 

conducted at 60 oC 

Figure 5. Conversion and selectivity of formed 

oligomers as a function of time in an experi-

ment at 60 oC and residence time 0.012 h     

Figure 7. Variation of the oligomer selectivities 

with residence time for reactions conducted at 60 oC 
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4. Conclusions 

The gas phase oligomerization of isobutene 

over acid treated Kaolin clay under mild reac-

tion conditions was investigated. It has been 

found that the acid treatment (H2SO4 5 M) al-

ter the chemical and structural properties of 

kaolin clay. The XRF results indicated a partial 

removal of Al2O3, MgO, CaO and Na2O which 

resulted in an increase SiO2 content. XRD stud-

ies indicated that the crystallinity of the clay 

material was found to be altered by acid treat-

ment. Crystalline kaolin clay became amor-

phous after acid treatment. 

The catalytic performance of the acid 

treated kaolin clay for the isobutene oligomeri-

zation was investigated. It has been found that 

higher reaction temperatures increased both 

the conversion and trimers selectivity. The de-

crease of tetramers selectivity in favor of 

trimers at higher temperatures might be due to 

cracking reactions. By increasing the contact 

time the conversion was enhanced while the se-

lectivity toward dimers was decreased in favor 

of higher oligomers. Therefore, the optimal con-

ditions for dimers formation are relatively low 

reaction temperature and short contact time.   
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