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Figure 6: Lab Isomerization Reactor System 

 

amounts of branched product (~5% by weight). B35A1 was used as the feed for the first six 

experiments, B35A2 for the next five, and B25A2 for the rest of the tests.  
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2.3.3 List of Catalysts and Preparation 

Strong acid catalysts from several manufacturers were tested. There were three different 

tungstated zirconia samples (from MEL): IZO-1251 (15% WO3), IZO-1903 (15% WO3), and 

IZO-2056 (8% WO3). The sulfonated polystyrenes included Amberlyst 15 (Dow), Amberlyst 35 

(Dow), Amberlyst 70 (Dow), and Lewatit K2620 (Sybron). The Na/Al2O3 sample was provided 

by SiGNa. Two of the Nafion/ Al2O3 catalysts prepared here (BCPR4 and BCPR5) were also 

tested, as was the commercial Nafion/SiO2 catalyst (SAC-13, BASF).  Finally, two commercial 

zeolites, ferrierite (Alfa Aesar) and SAPO-11 (6C USA), were also tested. Table 1 below shows 

acidity and surface area measurements of the fresh catalysts.   

 

Table 1: Catalyst Sources, Acidity, and Surface Area 

Catalyst Distributor Acidity (meq/g) Surface Area (m
2
/g) 

SAC-13 BASF 0.12a 344a 

XZO1251 MEL N/A N/A 

XZO1903 MEL N/A N/A 

XZO2056 MEL N/A N/A 

Amberlyst 15 Rohm and Haas 4.4b 37.3b 

Amberlyst 35 Rohm and Haas 5.2b 40.7b 

Amberlyst 70 Rohm and Haas 2.6b 1.0b 

Lewatit K2620 Sybron 5.2c 33c 

Na/Al2O3 SiGNa N/A N/A 

SAPO-11 6C USA, Ltd.  N/A N/A 

ZSM-35 Alfa Aesar  N/A N/A 
a: reference 24, b: reference 28, c: reference 45 

 

All catalysts were cleaned and dried before use. Sulfonated polystyrenes were vacuum 

dried at 90°C overnight (Nafion-based catalysts at 110°C). The tungstated zirconias were 

calcined in a 3-zone furnace (Lindberg 55347) in flowing air at 25-800°C, 2°C/min, 300 mL/min 

air flow, with a 6 h final hold. The zeolites were calcined in flowing air from 25-450°C at 

2°C/min with a 3 h final hold. After the final hold, the gas was changed to flowing UHP nitrogen 

at 300 mL/min. Zeolties were removed from the furnace and bottled at 400°C. Tungstated 
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zirconias were allowed to cool and removed and bottled at 25°C. Bulk densities were measured 

by weighing a 25 mL volumetric flask filled with catalyst.  

2.3.4 Procedure for Isomerization Experiments  

After catalyst loading at ambient conditions, the reactor was sealed, wrapped with heating 

tape and insulation, heated to ~130°C, and exposed to a low flow of N2 overnight. The gas was 

shut off and the feed pump turned on.  The temperature for the run dropped slowly over 2 h due 

to heat loss to the liquid feed, about 20°C before stabilizing. One product sample was taken 

when the first product exited the reactor, with two more samples at hour increments. Once the 

run was completed, the catalyst was removed from the reactor, tested for coke accumulation, and 

stored for future use.   

2.3.5 TGA Analysis for Coke 

Each catalyst was analyzed in a Perkin-Elmer TGA-7 to estimate the amount of coke or 

heavy oligomer deposition, and other temperature-related weight changes. Different temperature 

programs were implemented for the tungstated zirconias and sulfonated polystyrenes.  The 

accuracy of TGA as a coke analysis method for a sulfonated polystyrene is limited because most 

of the catalyst has decomposed before 500°C, a temperature at coke can be entirely oxidized. 

However, the tungstated zirconias can be heated to 800°C without issue. Therefore the coke 

percentages on the tungstated zirconias could be calculated by comparing the TGAs of fresh and 

spent catalysts.  

2.4 Product Analysis 

 Products of the isomerization reaction were analyzed to determine composition. Gas 

chromatography (GC) quantified positional isomers and some of the branched olefin content. 

GC-MS was used to determine the amount of dimer.  Gel permeation chromatography (GPC) 

examined the molecular weight distributions to estimate the total amounts of oligomers. Proton 

nuclear magnetic resonance (HNMR) gave a rough quantitative estimate of the branched 

material. Gas chromatography - mass spectroscopy (GC-MS) and ultraviolet-visible (UV-Vis) 

spectrophotometry also were used to estimate the amounts of dimer and branched olefin. 

2.4.1 GC 

Reaction products were analyzed by an HP 5890 GC with an SP-1000 column (Supelco, 

0.32 mm ID, 30m). A 0.1 µL injection was sufficient for analysis. Split flow and septum purge 

flows were set to 30 mL/min and around 3 mL/min respectively. The temperature program 
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started at 70°C, increased 15°C/min to 145°C, then 2°C/min to 160°C, with a 2.5 min final hold. 

A flame ionization detector (FID) quantified the results. Each analytical method used these 

Bercen olefin mixtures as standards: α-olefin feed, 35% α A1, 35% α A2, 25% α A2, and A3 

Isomerate.  Further details are provided in Appendix A.   

2.4.2 GPC 

GPC analysis was used to verify the presence of both dimer and heavier oligomers. A 20-

30 mg sample was dissolved in 10 mL of HPLC grade tetrahydrofuran (THF, Fisher, HPLC 

grade). A 1.5 mL aliquot was analyzed using an Agilent 1100 LC with an Agilent 1200 

differential refractive index (DRI) detector. The column was a Phenogel 10µ, with 50 Å pores 

(100-3000 nominal MW), 300 x 7.8 mm (Phenomenex). Three standards were used: two epoxy 

standards (Polysciences, bisphenol A diglycidyl ether oligomers) denoted Epon 828 (MW ~ 377) 

and 1001F (MW ~ 1075), and a paraffin standard (Supelco, 2% w/w C22, C24, C28, and C32 in 

octane).  The injection size was 100 µL. 

2.4.3 HNMR 

HNMR was used to identify and quantify the amounts of any branched olefins. The 

HNMR spectrum was measured on a Bruker DPX-250. Samples were prepared by dissolving 

about 10 mg of olefin (~15µL) in 0.7 mL chloroform-d in a 7” long, 5 mm ID sample tube.  

2.4.4 GC-MS 

Reaction products were analyzed for polymer content with an HP 5890 Series II Gas 

Chromatograph with a ZB-1 column (Phenomenex, 0.32  mm ID, 30 m). The injection size was 

0.7 µL. Split flow and septum purge flow were set to 60 mL/min and around 5 mL/min, 

respectively. The temperature program started at 60°C, held for three minutes, increased 5°C/min 

to 220°C, and then held for 25 minutes. A HP 5972 MS detector was used to identify and 

quantify various dimers and trimers.  Further details are provided in Appendix A.   

2.4.5 UV-Vis 

UV-Vis absorbance spectra were taken to aid in oligomer and (possibly) diene 

identification. Spectra were measured on a Jasco V-570 UV-Vis. Alpha olefin (Chevron, 90% 1-

hexadecene) was used as the reference. Samples and standards were loaded into 5 mL optical 

glass cuvettes. The spectra were measured from 700-200 nm. 
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1 Nafion Dissolution Results 

The Nafion dissolution procedure, outlined in section 2.1.1, followed Grot’s patent which 

gave a list of solvents and suggested water to solvent ratios.39 Table 2 shows that experiments 

with four different 10 mL solvent combinations completely dissolved 0.5 g of Nafion NR50 at 

220°C for 6 h, with an additional 6 h if no dissolution was observed in the first 6 h. Additional 

time had no effect. 

  

Table 2: Results of Nafion Dissolution Experiments 

Sample Composition (% by volume) Description 

NFN 1 50% water, 50% iPrOH Complete Dissolution 
NFN 2 50% water, 25% iPrOH, 25% diglyme No Dissolution 
NFN 3 0.5 M NaOH Complete Dissolution 
NFN 4 50% water, 25% iPrOH, 25% DMSO No Dissolution 
NFN 5 50% diglyme, 50% iPrOH No Dissolution 
NFN 6 50% water, 25% iPrOH, 25% ethylene glycol No Dissolution 

NFN 7 
50% water, 25% ethylene glycol, 15%          
n-butanol, 10% diglyme No Dissolution 

NFN 8 
50% water, 25% iPrOH, 15% n-butanol, 
10% diglyme Complete Dissolution 

NFN 9 50% DMSO, 50% iPrOH No Dissolution 
NFN 10 50% diglyme, 50% iPrOH No Dissolution 
NFN 11 50% n-butanol, 50% iPrOH No Dissolution 
NFN 12 50% water, 50% n-butanol Complete Dissolution 
NFN 13 100% n-butanol No Dissolution 
 

Complete dissolution of Nafion required solvent combinations that caused the solid to 

swell. NFN 1 and NFN 12 (50 vol% water/50 vol% alcohol) resulted in complete dissolution 

while NFN 11 and NFN 13 (100 vol% alcohol) failed to dissolve Nafion. Water appeared to be 

necessary for complete dissolution. In fact, for each complete dissolution at least 50 vol% water 

was used. When compared to ethanol and ethylene glycol, Olah showed that water caused the 

greatest amount of swelling at room temperature by a large margin.11 Solvent combinations that 

included water but did not dissolve Nafion, like NFN 4 and NFN 6, created a slurry of solvent 

and swollen Nafion. All solvent combinations that produced slurry were tested again. 
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Two solvent combinations were chosen for 1 L dissolutions. NFN 8 was not tested 

further because it contained four solvents instead of two. NFN 1 was chosen over NFN 12 

because it is known that commercial Nafion solutions in water/propanol mixtures are available.41 

Finally, NFN 3 offered an inorganic alternative using 0.5 M NaOH instead of water/alcohol.  

3.2 Al2O3 Impregnation Experiments 

 The goal of impregnating Al2O3 with Nafion was to create an impregnated catalyst with a 

higher crush strength than SAC-13 (Nafion/SiO2). Dissolutions and impregnations followed the 

procedures in section 2.1.2 and BCNA1-BCNA2 and BCPR1-BCPR5 were created.  

 There were a number of difficulties associated with the dissolution and impregnation. 

The 0.5 M NaOH solution needed two overnight heating cycles before complete dissolution of 

the Nafion. BCPR1 was shipped to a third party tester. BCPR3 and BCNA2 were completely 

pulverized during catalyst synthesis; BCPR3 was recovered in small quantities while BCNA2 

was completely recovered.  

3.2.1 Characterization 

 Surface area and average pore size were measured by N2 adsorption as described in 

section 2.2.1. Fresh and spent SAC-13 catalysts were tested. Fresh SAC-13 had 300 m2/g surface 

area and an average pore radius of 8 nm. Spent SAC-13 (from a commercial isomerization 

process) had <10.0 m2/g surface area with an average pore radius of 160 nm. Surface area 

measurements clearly show a loss of surface sites that could lead to catalyst deactivation. No 

other catalysts were tested with the porosimeter because it was thought that surface acidity 

measurement was a better indicator for active catalytic sites. 

 TGA measurements quantified the amount of Nafion deposited on the support. According 

to Samms et al, there are three areas of weight loss for 20 wt% Nafion supported on platinum: 

(1) the region <~275°C is associated with water removal; (2) the loss feature near 275°C is  

associated with the decomposition of sulfonic acid groups; and (3) the loss feature near 450°C is 

associated with the decomposition of the polymer backbone, with complete decomposition 

taking place by 550°C.42 In Figure 7, a TGA spectrum of SAC-13, there were also three weight 

loss features.  However, the desulfonation feature is located at ~300-340ºC, significantly higher 

than for Nafion by itself.  This is probably evidence of the Nafion’s interaction with the silica 

support, which is helping to stabilize the C-S bond.  Such interaction, if present, would also 

weaken the acid strength of the sulfonic acid groups. Nafion content was calculated by 
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subtracting the weight percent at 250°C by the weight percent at 500°C. Each supported Nafion 

catalyst was tested in this way, with the results in Table 3. 

 

 

Figure 7: Temperature-Programmed Desorption and Decomposition of SAC-13 

 

Table 3: Characterization Results (% Nafion and Total Acidity) 

Catalyst 

Impregnation 

Method 

Wt% 

Nafion 

Total Acidity (Wet 

Titr.) 

Total Acidity (1PA 

TPD) 

SAC-13 
Sol-Gel 

(Commercial) 13 0.41 0.39 

BCPR1 
Wet Impreg. 

(Rotavap) 6.8 0.085 - 

BCPR2 
Wet Impreg. 

(Rotavap) 7.8 0.39 0.69 

BCPR3 
Wet Impreg. 
(Autoclave) 14 - 0.20 

BCPR4 
Wet Impreg. 
(Autoclave) 15 - 0.15 

BCPR5 
Wet Impreg. 

(Rotavap) 7.0 - 0.67 

BCNA1 
Wet Impreg. 

(Neutralization) 7.0 0.43 0.84 

BCNA2 
Wet Impreg. 

(Neutralization) 33 - 0.60 
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Figure 8 compares BCNA1, BCNA2, and SAC-13. BCNA1 and BCNA2 both lack a 

strong sulfonic acid weight loss at 275°C. Instead, weight losses occur at 250°C, 350°C, and 

500°C. The weight losses suggest a stronger interaction of the Nafion polymer with the Al2O3 

support. Therefore, it appears that Nafion interacts with Al2O3 more than SiO2. This interaction 

would cause Al2O3 catalysts to be less active than SAC-13.  

Total acidity was measured for some samples using wet titration. Wet titration 

measurements were converted to meq/g using equation 3.1:  

 

total	acidity	 
��

� � = ��	����

������
�

∗ 0.00926	� !
� ∗ �	�
	�"�#

�	� ! ∗ ����	��

�	�
 ∗ �

�	$�%.        (3.1)                          

                       

Wet titration of NR50 gave close to the literature value: 0.84 meq/g (NR50) versus 0.89 meq/g.24 

However, the measured value for SAC-13 was higher, 0.38 versus 0.12 meq/g.24 Overnight 

stirring in the wet titration procedure created a problem when catalysts broke apart. Broken 

catalysts clouded the solution and made the indicator’s color change difficult to detect.  The 

stirring could also have removed a few layers of polymer from the catalyst surface into the 

solution, and in this way contributed to the higher measured total acidity. Bringue also showed 

poor, widely varying results when utilizing wet titration for SAC-13.40  

Therefore 1-propananamine temperature programmed desorption (TPD) was chosen to 

replace wet titration. The weaker (than NaOH) base 1-propanamine is adsorbed by both Bronsted 

and Lewis acid sites of moderate to strong acidity, as shown by Kanazirev et al.43 A TPD 

spectrum was measured using the TGA. Figure 9 shows the profile for SAC-13, which adsorbed 

about 10 wt% 1-propanamine at 50ºC. The 1-propanamine was almost completely desorbed by 

250ºC with a large weight loss peak at ~125°C. Since desorption occurs at relatively low 

temperatures compared to many zeolite catalysts,43 these peaks are characteristic of relatively 

weak adsorption.  Note that the desulfonation, since it occurred at >300ºC, did not affect these 

results.   

When compared to BCNA1 and BCPR5 in Figures 10a and 10b, BCNA1 actually has a 

stronger adsorption peak centered at 240°C. However, both BCNA1 and BCPR5 adsorbed less 1-

PA than SAC-13, suggesting slightly fewer total acid sites.  BCPR4 adsorbed the least amount of 

1-propanamine, suggesting even fewer available acid sites. BCNA1 and SAC-13 have similar  
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Figure 8: TGA Profile (Wt. %/min) of SAC-13, BCNA1, and BCNA2 

 

 

Figure 9: TPD of 1-PA with SAC-13 

 

profiles with the primary desorption peak at 140°C. This is characteristic of a relatively weak 

adsorption that is probably characteristic of reactant adsorption, but not of reaction at the active 

sites. Note that at 300°C the weights of both BCPR5 and BCNA1 drop below 100 wt%. This 

temperature is within the desulfonation range, so is probably due to some desulfonation.  If so, 
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there appears to be less interaction of these sulfonic acid groups with the support than is the case 

with SAC-13.   

 

 

Figure 10a: Comparison of TPDs of 1-PA with BCNA1, BCPR5, and SAC-13 (Wt. %) 

 

 

Figure 10b: Comparison of Derivative TPDs of 1-PA with BCNA1, BCPR5, and SAC-13 (Wt. 
%/min) 
 

The 1-PA that desorbed at low temperatures (~150°C) was either physically adsorbed or 

associated with very weak acid sites.  Therefore the total acidity was estimated using the weights  
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150°C, 300°C, and the total weight prior to adsorption of 1-propanamine (1PA): 

 

total	acidity	 
��
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For 1-PA, 1 mmol titrates 1 meq of acid sites because it is assumed only the amino group binds 

to the acid site.  

Table 3 summarizes these characterization results. Catalysts impregnated in the rotary 

evaporator (BCPR1, BCPR2, and BCPR5) contained slightly more than half the Nafion content 

of SAC-13. Catalysts impregnated in the autoclave (BCPR3 and BCPR4) contained about the 

same amount of Nafion as SAC-13. However, the total acidities for these catalysts were half the 

value of SAC-13 while some of the catalysts impregnated in the rotary evaporator actually had 

higher calculated total acid site contents than SAC-13. These results suggest that while BCPR2 

and BCPR5 have more acid sites than SAC-13, some of these acid sites may not be accessible to 

the olefin reactants, or in the correct energy range for isomerization (based on the results in 

section 2.3).  

BCNA1 and BCNA2 differ dramatically in Nafion content. BCNA2 has 33 wt% Nafion 

versus 7.0 wt% BCNA1. However, the total acidity of BCNA1 is higher than BCNA2. Therefore 

most of the active Nafion sites in BCNA2 must be buried inside closed-off pores, blocked by 

other polymer. The total acidity for BCNA1 by 1-PA adsorption greatly exceeds that by wet 

titration. This suggests some adsorption of 1-PA on non-acidic sites. Certainly such adsorption 

exists since the Engelhard and LaRoche Al2O3 supports showed negligible wet titrations but 1-

PA acidity measurements of 0.29 and 0.31 meq/g, respectively.  

3.3 Determination of Isomerization Products 

Olefin isomerization experiments followed the procedure in section 2.3.1 with the 

catalysts from 2.3.3. Table 4 shows some properties of individual catalysts. Total acidity 

measurements were either from the literature or measured by 1-PA TPD as discussed previously. 

Bulk density was measured by weighing a 25 mL volumetric flask filled with catalyst. 

The reaction products were analyzed using GC, GPC, HNMR, GC-MS, and UV-Vis. 

None of these tests could uniquely determine the composition of an entire product sample, 
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because the samples showed evidence of branching, oligomerization, and cracking as well as the 

primary reaction of double bond isomerization. 

 

Table 4: List of Catalysts, Measured Total Acidity, and Bulk Density 

Catalyst Distributor Acidity (meq/g) Bulk Density
d
 (g/mL) 

SAC-13 BASF 0.39a 0.36 
XZO1251 MEL  0.032a 1.40 
XZO1903 MEL N/A 1.40 
XZO2056 MEL N/A 1.40 

Amberlyst 15 Rohm and Haas 4.4b 0.61 

Amberlyst 35 Rohm and Haas 5.2b 0.65 

Amberlyst 70 Rohm and Haas 2.6b 0.93 

Lewatit K2620 Sybron 5.2c 0.59 

Na/Al2O3 SiGNa N/A 0.75 

SAPO-11 6C USA, Ltd. 1.1a 0.67 
ZSM-35 Alfa Aesar 0.50 0.35 

BCPR4  made 0.15a 0.77 

BCPR5  made 0.67a 0.54 

BCNA2  made 0.60a 0.68 
a: 1-PA TPD; b: reference 28; c: reference 45; d: bulk density measurement  

 

3.3.1 GC 

There were three hexadecene GC standards: α-olefin, 35 wt% α-olefin, and 0 wt% α-

olefin. The last two standards are products from commercial isomerization. Figures 11 and 12 

show the resulting chromatograms. 

The α-olefin standard (Fig. 11) is 88.2 wt% pure with 6.5 wt% eluting before the alpha 

and 5.2 wt% eluting after. According to the technical information supplied by Chevron45, the α-

olefin impurities are about 6% vinylidenes (C-C-(=CHR)-C) and about 0.2 wt% 2-hexadecene. 

After examining the 35 wt% alpha olefin product (B35A1) in Fig. 12 it was concluded that the 

peaks after the alpha peak are positional isomers (double bond isomerized) while the peaks 

between 8.00 and 8.75 min are (mostly) branched isomers that include the vinylidenes. Bekker et  
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al.46 showed that branched compounds elute before the main isomer peaks for hexene and octene 

on a nonpolar column. These results for an intermediate polarity column are in line with their 

findings.  

The peaks between 8.75 and 9.35 min are also internal olefins. As these peaks make up  

 

 

Figure 11: Alpha Olefin (1-hexadecene) from Chevron 

 

 

Figure 12: 35 wt% α-olefin and 0 wt% α-olefin Standard: (1) Branched Olefins; (2) Target 
Internal Olefins; (3) α-, β-, and Other Internal Olefins (Probably γ). 
 

0

100

200

300

400

500

600

700

800

7.50 8.00 8.50 9.00 9.50 10.00 10.50

F
ID

 A
m

p
li

tu
d

e

Time (min)

Alpha Olefin



26 

 

 

67 wt% of the commercial product, it is concluded that they are the preferred interior double-

bond isomers have higher boiling points. However, the polarity of the column causes the more 

nonpolar trans isomers to elute before the more polar cis isomers. A double bond at the 1-, 2-, or 

3-ene position has a more polar character, while a double bond at the 6-, 7-, and 8-ene position is 

more nonpolar. Sojak et al.47 made similar findings using a column with a polar stationary phase. 

Therefore for this column we conclude that the internal trans isomers elute before the cis 

isomers, but with 1-, 2- and (possibly) 3-ene isomers eluting last. The column does not have 

sufficient theoretical plates to separate each isomer into cis and trans components, but the 

retention time information can determine a general position. Internal trans olefins therefore elute 

before cis olefins. 

This explanation of the relative retention times is also consistent with the peaks of the 35 

wt% α olefin sample (Fig. 12). This sample was isomerized with a supported metal  catalyst that 

does not isomerize extensively to the more interior positions.   

The peak distribution was used to establish which peaks are ‘target’, ‘other internal’, and 

‘branched’ olefins (Fig. 12). Wurzburg2 established that isomers at the 6-, 7-, and 8-ene positions 

are ideal to react with maleic anhydride. In industry, the 3- and 4-ene positions are also 

considered acceptable.48 Out of 15 possible double bonded, non-branched isomers, six main 

peaks were observed, so a separate identity for all of the 6-, 7-, and 8-ene isomers is not possible 

with this column. Therefore, when computing selectivity the first three peaks and final peak 

(probably 3-ene isomer, mostly) will be designated as ‘target’ but are not assigned a single 

identity.  

Distillation products from both laboratory and pilot plant samples aided in the 

identification of the branched compounds and oligomers (Figure 13). These samples were 

distilled by a third party. Fig. 13 shows chromatograms of both the distillate and bottoms 

products. There is little difference in terms of branched olefin. The distillate contained 88.1 wt% 

straight chain and 9.3 wt% branched olefin while the bottoms product was 91.8 wt% straight 

chain and 6.7 wt% branched. The distillate also contained 1.7 wt% of unknowns – the early 

peaks. These peaks are presumed to be lower molecular weight olefins. The bottoms product 

contained unknown peaks at about 13 min making up 1.7 wt% of the sample. These peaks are 



27 

 

presumed to be either C18 olefins or C16 dienes. Given their low concentration, GC was not a 

good test for identifying dimer.  

Each catalyst was tested with either the 35 wt% α- or 25 wt% α-olefin as the reactor 

feed. Table 5 shows the GC results for both feeds. B35A1 and B35A2 represent two different 35 

wt% α-olefin feeds while B25A2 is the 25 wt% α-olefin feed. Each feed is the product of 

commercial isomerization using supported metal catalysts. The product distributions are very 

similar, so each experiment had a nearly-consistent feed. 

 

 

Figure 13: Distillation of Olefin Products 

 

 The catalyst’s effectiveness was measured by its selectivity and turnover 

frequency (TOF). The formula for selectivity used was: 

 

 

Selectivity = moles'Target	Olefins+
moles'Branched+ + moles'Early	olefins+ 
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The total number of moles for each group was calculated from the GC weight percentages. The 

molecular weight for each isomer was identical and that for the branched compounds only varied 

slightly. Selectivity, therefore, was directly calculated using weight percentages instead of moles. 

Turnover frequency (TOF) measured the total catalyst activity, i.e., the amount of α-olefin 

converted to either internal olefin or the undesired branched compounds.  

Equation (3.4) used the density for hexadecene (785 mg/mL) and its molecular weight 

(224.43 mg/mmol). The units are in millimoles of product per millimoles of acid sites per 

second. A second measure of activity on a catalyst weight basis (called “Catalytic Activity) is 

displayed in Equation (3.5) below in grams of product per grams of catalyst per hour: 

 

Table 5: Compositions of Reactor Feeds (Wt%) 

B35A1 B35A2 B25A2 

Branched 5.7 3.6 5.8 
α-Olefin 35.5 37.0 23.8 

Early Internal Olefin 25.7 28.0 29.0 
Target Internal Olefin 1 19.4 21.0 18.4 
Target Internal Olefin 2 7.6 5.6 12.2 
Target Internal Olefin 3 4.5 3.3 7.4 
Target Internal Olefin 4 1.1 1.4 3.5 
Target Internal Olefin 5 0.5 0.2 0 

 

 

TOF = 1	mL	
60	s ∗ 785	mg	olefin1	mL	 ∗ 1	mmol

224.43	mg	 ∗
1

mmol	acid

∗ wt%'target	olefin+ + 'wt%'branched+ − wt%'branched	feed++
100  

 

 

Catalytic	Activity

= 60	mL	
h ∗ 0.785	g	olefin1	mL	 ∗ 1	

g	catalyst	

∗ wt%'target	olefin+ + 'wt%'branched+ − wt%'branched	feed++
100  

 

 

                     (3.4) 

 

                               (3.5) 
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 Table 6 shows the percent conversions to the target internal olefins, the early internal 

(undesired) olefins, and the branched olefinic compounds (also undesired) along with the 

selectivity metric. SAC-13, Amberlyst 35, SAPO-11, ZSM-35, Lewatit K2620, and Amberlyst 

35 had the highest selectivities. Lewatit K2620 had the highest selectivity to target internal 

olefins followed by ZSM-35, SAPO-11, SAC-13, and Amberlyst 35. Compared to the industrial 

product, each of these catalysts showed higher selectivity in these lab tests.  

 The results listed in Table 6 reflect catalyst activity after three hours. Section 

2.3.4 explained that product samples were taken every hour for the three hour test. Figures 14 

and 15 show the results of Amberlyst 35 and XZO 1251 (130°C) at each hourly interval. 

 
Table 6:  Product Distributions of Isomerization Reactions (reaction at 130°C, unless otherwise 
stated) 

  

Target Olefin 

Wt.% 

Undesired Olefin Wt. 

% 

Branched Olefin 

Wt. % Sel. 

B35A1 32.7 61.6 5.7 0.48 
B35A2 31.2 65.2 3.6 0.45 
B25A2 41.4 52.8 5.8 0.71 

Industrial 

Product 72.9 20.1 7.1 2.69 
SAC-13 75.5 10.1 14.4 3.08 

XZO 1251 62.1 33.9 4.0 1.64 

XZO 1251
a
 19.0 3.8 77 0.24 

XZO 1903 59.4 34.9 5.7 1.47 
XZO 2056 36.0 58.3 5.7 0.56 
SAPO-11 76.9 14.4 8.7 3.34 

ZSM-35 79.2 15.2 5.6 3.81 
Lewatit K2620 82.4 12.2 5.4 4.68 

Amberlyst 15 52.7 41.3 6.0 1.11 
Amberlyst 35 73.5 17.8 8.7 2.78 
Amberlyst 70 32.7 60.6 6.7 0.49 

Na/Al2O3
b 43.8 51.8 3.9 0.79 

Na/Al2O3
c 60.5 33.5 6.1 1.53 

BCPR4 43.3 51.4 5.3 0.76 
BCPR5 38.6 55.7 5.7 0.24 
BCNA2 36.6 55.9 7.5 0.58 

a: reactor temperature at 185°C; b: reactor temperature at 25°C; c: reactor temperature at 85°C 

Amberlyst 35 had over 55 wt% branched compounds after 1 h, but less than 10 wt% after 3 h. 
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The results at 2 h and 3 h were similar, indicating the catalyst was approaching or at a steady 

state. XZO 1251 had over 70 wt% target olefins after 1 h but only 60 wt% after 3 h. These results 

reflect the loss of initial catalytic activity for acid sites in the correct strength range. In the case 

of XZO 1251, the selectivity dropped from 2.37 to 1.64 while for Amberlyst 35 it rose from 0.37 

to 2.78. Every strong acid catalyst displayed some change in activity/selectivity after the first 

hour. Therefore, the samples taken at 3 h are the most reliable in determining selectivity. Further 

testing is needed to determine the level of activity over longer periods of time.  

Figures 16-18 show comparisons of TOF and activity. Figure 16 shows both tungstated 

zirconia XZO 1251 runs (130°C and 185°C), along with the runs using the zeolites. A noticeable 

 

 

Figure 14: Hourly GC Results for Amberlyst 35 

 

increase in activity occurred between 130°C and 185°C with XZO 1251. However, the increase 

in TOF was accompainied by a high degree of branching. The increase in catalyst activity for the 

zeolites reflects their lower density and higher concentration of acid sites. Figure 17 compares 

the sulfonated polystyrene catalysts. Lewatit K2620 and Amberlyst 35 have the highest TOF and 

catalyst activity. Although Amberlyst 15 and Amberlyst 70 had low selectivity (Table 6), their 

TOFs and catalyst activities were still higher than XZO 1251 at 130°C. Once again, the lower 
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density and higher concentration of acid sites contributed to larger activities, but with lower 

selectivities. Figure 18 furthers this trend with the Nafion-based catalysts. SAC-13 has the lowest  

density and it gave more conversions per units of mass yielding higher TOF and activity metrics. 

Their higher density contributed to BCPR4, BCPR5, and BCNA2 having lower activities, along 

with the lowest selectivities of any catalysts tested here (other than Amberlyst 70). Ultimately, 

the selectivity is probably a more useful measurement of catalytic performance because the  

differences in activity for the better catalysts is not great, well below an order of magnitude. 

 

 

Figure 15: Hourly GC Results for XZO 1251 (130°C) 

 

 

Figure 16: TOF (103 mmol/mmol-s) and Catalytic Activity (g/g-h) of XZO 1251 and Zeolites 
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In addition to the most active catalysts, Table 6 also reveals inactive catalysts. XZO  

1903, XZO 2056, Amberlyst 15, Amberlyst 70, Na/Al2O3, and the supported (on Al2O3) Nafions 

all have low selectivities. Amberlyst 15 and XZO 1903 were moderately reactive, but not 

selective to the target internal olefins. Na/Al2O3 saw a rise in selectivity from 0.79 (25°C) to 1.53 

(85°C) showing that the catalyst was mostly inactive at room temperature and moderately 

reactive at elevated temperatures. These results refute that Na/Al2O3 can yield the desired 

isomers at lower temperatures.15 Other catalysts in this group produced very few isomers. These 

catalysts included three versions of Nafion/Al2O3 that represented each of the three impregnation 

methods used here. Therefore, Al2O3 impregnated with Nafion is not an active isomerization 

catalyst. 

 

 

Figure 17: TOF (103 mmol/mmol-s) and Catalytic Activity (g/g-h) of Sulfonated Polystyrenes 

 

3.3.2 GPC 

GPC separated the components based on size, so the test easily identified the presence of 

oligomer, although not necessarily the exact oligomer structure. Figure 19 shows the lighter 

weight (377 MW) Epon 828 resin standard, the α-olefin standard, and the distillation bottoms 

product. Epon 828 is about 90 wt% BPA/diglycidyl ether monomer (340 MW) and 10 wt% 

dimer (766 MW). The α-olefin clearly shows the C16 isomer peak at 8 mL. Clearly, column 

interactions caused the 224 MW C16 olefin to elute between the 340 MW and 766 MW 
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BPA/diglycidyl ether compounds. This suggests that more polar compounds of low MW will 

elute slower on this column. 

The bottoms product gave a peak at 7.40 mL. The lab distillation product and all other 

samples with over 8 wt% branched olefin share this peak. Branched compounds have a 

molecular weight close to 224, so the 7.40 mL peak appears to be olefin dimer. No peaks eluted 

before 6.5 mL except for the Epon 1001F standard (1075 MW) at 6 minutes, so there does not 

appear to be higher MW oligomers than the dimer. The three negative peaks between 9-10 mL 

correspond to water, nitrogen, and oxygen, the components of air introduced during sample 

mixing and injection.49  

Table 7 summarizes the GPC results in terms of area percent dimer. The α-olefin, 

B35A1, B35A2, and B25A2 feeds to the reactor system have less than 1% dimer content. By  

 

 

Figure 18: TOF (103 mmol/mmol-s) and Catalytic Activity (g/g-h) of Nafion Catalysts 

 

comparison, the product from the run with tungstated zirconia XZO 1251 (185°C) has the most 

dimer at 44%. Lewatit K2620, ZSM-35, SAPO-11, SAC-13 and Amberlyst 35 were the catalysts 

most selective for internal double bond isomerization. Of these, ZSM-35 had the least area 

percent dimer at 4.8% and Lewatit K2620 the most at 14%. 

Please note that GPC area percentages are not exactly equivalent to weight percent. These results 

show that dimer is present in all the samples to varying degrees. Tungstated zirconia did produce 
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a large quantity of olefin at 130°C, but was not as active or selective as some other catalysts.  

Trying to achieve a target conversion with tungstated zirconia by using higher temperature, as in 

the XZO 1251 run at 185ºC, resulted in much more dimer, so operating below 150°C is 

necessary. 

3.3.3 HNMR 

The goal of the HNMR analysis was to better quantify the branched olefins. The α-olefin 

standard was the simplest sample to analyze. There are six unique chemical shifts for pure 1- 

hexadecene.50 The α-olefin is not completely pure, so there are 8 shifts as shown in Figure 20. 

Shifts at 5.80 ppm and 4.95 ppm are unique to the α-olefin, leading to a calculation of 71.3 

mol% α-olefin in the NMR sample (not in the starting mixture itself). An additional shift at 5.40 

ppm is characteristic of internal olefins and is 4.57% of the NMR sample. This molar ratio of  

 

 

Figure 19: Chromatograms for GPC Standards 

 

15.6 (α/internal) compares reasonably well to a ratio of 16.8 obtained from the GC analysis of 

the same sample (Fig. 11).  The shifts at 1.54 ppm and 4.68 ppm are due to the contaminants 

water and HDO.51  Additional chemical shifts characteristic of a particular compound class occur 

at 0.88 ppm (terminal –CH3), 0.96 ppm (terminal –CH3 adjacent to  a double bond), 1.26 ppm 

(internal –CH2-), and 2.03 ppm (-C=C-CH2-).  
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Table 7: Dimer Percentages (by Area) 

Sample % Dimer Sample % Dimer 

Alpha Olefin 0 SAC-13 7.1 
B35A1 0.84 Lewatit K2620 14 
B35A2 0 Amberlyst 15 1.9 
B25A2 0 Amberlyst 35 8.6 

Industrial Product 3.3 Amberlyst 70 1.1 
XZO 1251 18 Na/Al2O3 0.73 

XZO 1251 (185°C) 44 ZSM-35 4.8 
XZO 1903 11 SAPO-11 5.5 
XZO 2056 2.7     

 

 

Figure 20: HNMR of α-Olefin 

 

Chemical shifts characteristic of branched compounds were predicted with Mnova NMR 

prediction software (Mnova 7, Mestrelab Research). Branching at a terminal double bond should 

give a signal at 2.36 ppm. An alkane branch alpha to an unsaturated carbon gives a peak around 

2.12 ppm while an alkane branch alpha to a saturated carbon appears around 1.55 ppm. 

Vinylidenes have a small chemical shift at 5.26 ppm. Dimer shows characteristic shifts at 4.88 

and 5.13 ppm. Conjugated dienes have a chemical shift around 6.18 ppm. Unconjugated dienes 

have characteristic chemical shifts similar to dimer at around 4.80 ppm and 5.10 ppm.  

Some of these shifts appear in the product samples, but the exact identities of all shifts 

arising from  the branched olefins are unknown. None of the HNMR spectra showed evidence of 

branched terminal double bonds, vinylidenes, or alkane branches adjacent to unsaturated 
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carbons. This does not mean that these species are completely absent, just that the signal/noise of 

these NMR experiments may have been insufficient to perceive these particular shifts.  

But there is evidence of branching in the NMRs; alkyl branches on saturated carbons 

appear to be the dominant branched species. Figure 21 shows the area of interest for the feed 

B35A1, and the products from the runs with Amberlyst 35 and Lewatit K2620. The product 

samples showed four peaks (possibly more), centered at 1.59, 1.61, 1.63 and ~1.57-1.58 ppm.  

From their positions, the last one is probably due to branched olefin, as: (1) it is closest to the 

Mnova prediction; and (2) it is the only one not also found prominently in the feed. The GC 

results indicated little change in the total branched content for B35A1, while the products from 

the Amberlyst 35 and Lewatit K2620 runs showed 8.7 wt% and 5.4 wt% branched olefins (Table 

6). There is a β-olefin terminal group (-CH3) of shift 1.63 ppm (as predicted by Mnova); this 

peak is clearly present and complicates quantification of branching by HNMR (as does the large 

water peak). However, HNMR was used to spot branching trends and also served as a check on 

other analyses, such as GC.  

 

 

Figure 21: Chemical Shifts in the Branched Alkyl Group Region. The arrow points to the peak 
characteristic of branched product. 
 

Figure 22 compares HNMR results of distilled tops (distillate) and bottoms products with 

the product from a run with XZO-1251 (185°C). The branched olefins appear to be more 

concentrated in the distillate, as would be expected on the basis of boiling point. The small 

difference between the distillate and bottoms products suggests that distillation does not 
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effectively separate branched olefin. The branched product from run XZO 1251, in high 

concentration according to the GC results, has a well-defined chemical shift at around 1.57 ppm. 

These results reinforce the conclusion on the identity of the branched olefins peak. The products 

from the runs catalyzed by Lewatit K2620, Amberlyst 35, XZO 1251 (185°), ZSM-35, and 

SAPO-11 all showed a clear branched alkyl chemical shift. Table 6 confirms that each of these 

catalysts showed relatively high weight percentages of branched product.  

3.3.4 GC-MS and UV-Vis 

GC-MS and UV-Vis measurements were taken to help identify oligomer side-products in 

industrial olefin samples. Olefin product from a larger industrial reactor was tested in accordance 

 

 

Figure 22: Branched Alkyl Region for Heavyweight Samples 

 

with section 2.4.4. In the GC-MS runs, at between thirty and sixty minutes heavy components 

eluted in four separate peaks. The peaks gave a combined dimer total of 4.7 wt% in the sample. 

The fragmentation patterns indicated mostly C32H64, the dimer of hexadecene. The GC 

measurements failed to detect any component after twenty minutes, while the GC-MS 

measurements failed to separate the isomers and branched compounds, but they are 

complementary. Neither GC-MS nor GPC detected oligomers longer than dimer, so the proposed 
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molecular weight of 450 g/mol in GPC measurements was a reasonable assumption. Instead of 

utilizing GC-MS, it was decided to use GPC to detect oligomers. There is some disagreement in 

the measurements for the industrial product (4.7 wt% by GC-MS, 3.3 wt% by GPC), but given 

the difficulties inherent in calibrating electron impact MS detectors, the GPC numbers are more 

accurate.   

 UV-Vis measurements were also intended to detect visible amounts of oligomers, and 

possibly dienes, dimer and vinylidenes. Using the procedure from 2.4.5, several olefin feeds and 

several products were tested. The results for B35A1 and the industrial product (SAC-13-

catalyzed) are shown in Figure 23. There were three distinct chromophore peaks at 260 nm, 280 

nm, and 290 nm. Since pure alpha olefin was used as the reference in the UV-Vis, these 

absorbances must be characteristic of compounds other than α-olefin. The peak at 290 nm 

suggests a system with delocalized electrons, such as conjugated double bonds. However, there  

 

 

Figure 23: UV-Vis Results for B35A1 and Industrial Product 

 

was no HNMR evidence of conjugated double bonds. Furthermore, there is little difference  

between B35A1 and the industrial product, so if this peak represents diene or vinylidene, then 

diene or vinylidene is already present in the feeds used here, and are not significant products 

from the catalysis. Therefore UV-Vis work was halted after these results, because the lab 
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reactions did not produce noticeable new peaks compared to the feed, and the GPC was 

sufficient in identifying the relative amounts of dimer. 

3.4 Coking Experiments 

Used tungstated zirconia catalysts were characterized by temperature-programmed 

oxidation (TPO) in a TGA under an air atmosphere (section 2.2.2). The buildup of carbonaceous 

species (oligomers or polymeric “coke”) on the catalyst represents a common form of 

deactivation, and this coke was expected to be oxidized in such a TGA experiment. Other 

catalysts were not tested for coke for various reasons. Sulfonated polystyrenes and Nafion-based 

catalysts desulfonate at 150°C and 275°C respectively, so complete coke removal was not 

possible without also destroying the catalysts. Also, the zeolites were not tested.  

The wt% vs. temperature graph for the TPO experiment with XZO-1251 below (Figure 24) 

illustrates trends seen in each coking tests. There are two main desorption features at 150-350°C 

and 400-550°C. A majority of the adsorbed species desorb between 150-350°C. The boiling  

 

 

Figure 24: Results for XZO 1251 Temperature Programmed Oxidation (TPO). The curve 
labeled “XZO 1251” is the TPO of the unused catalyst. 
 

points of hexadecene isomers are 270-290°C, so it is likely these species, probably hexadecenes 

themselves, made up a majority of the adsorbed material (roughly 98% on XZO 1251). The more 

strongly adsorbed species desorb between 400-550°C. Carbon chains of 32 units, the length of 
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hexadecene dimer, boil around 450°C, so dimers and higher oligomers probably should be 

included here.52 

The total adsorbed wt%’s for the tungstated zirconia catalysts were tabulated assuming 

complete adsorbate removal upon programming to 800ºC. XZO 1251 lost 22 wt%, XZO 1903 

lost 8.0 wt%, and XZO 2056 lost 4.0 wt%. This treatment simulated a regeneration cycle for 

tungstated zirconias. Clearly XZO 1251 accumulated the most heavy hydrocarbons during the 

three hour reaction test.  Surprisingly, the amount of heavy hydrocarbons did not significantly 

affect catalyst performance for XZO 1251, since it also had the highest selectivity of the three 

tungstated zirconias. While coking may inhibit the performance of XZO 1251 some, it does not 

appear to be the reason why XZO 1903 and 2056 showed poorer catalytic performance. Few acid 

sites associated with lower percentages of tungsten more likely accounted for the lack of activity.  
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Chapter 4: Conclusions 

 Al2O3 supports with Nafion resin dissolved in various solvents gave, in some cases, high 

polymer loading or high acid titers. However, it proved impossible to attain both. Impregnation 

using a rotary evaporator produced catalysts with lower Nafion loading and acidity (titer) than 

SAC-13, a commercial supported Nafion catalyst. Wet impregnation inside an autoclave 

produced catalysts with Nafion loading similar to SAC-13, but with lower acidity. Wet 

impregnation in aqueous base followed by neutralization and evaporation produced catalysts 

with comparable acidity to SAC-13, but lower Nafion loading.  

 Results for the positional isomerization of 1-hexadecene at 130°C in a packed bed reactor 

showed that Lewatit K2620 and Amberlyst 35 (sulfonated polystyrenes), ZSM-35 and SAPO-11 

(proton form zeolites), and SAC-13 gave the highest selectivity for internal olefins. GC, GPC, 

and HNMR experiments showed that ZSM-35 produced the least amount of branched olefin and 

dimer side-products. Both SAC-13 and ZSM-35 were intrinsically more active than other 

catalysts on a weight basis. Further testing is needed to confirm consistent results over a longer 

time period and to assess the speed of the inevitable deactivation, to determine if it is slow 

enough.  

 Tungstated zirconia catalysts (XZO 1251, XZO 1903, and XZO 2056), Amberlyst 15, 

Amberlyst 70, and the supported base Na/Al2O3 catalysts produced little internal olefin product. 

Additionally, XZO 1251 produced the highest quantity of dimer. Raising the operating 

temperature for Na/Al2O3 (25°C to 85°C) and XZO 1251 (130°C and 185°C) did not 

significantly improve the results. Temperatures over 150°C for tungstated zirconias favored 

skeletal isomerization and dimer production; the Na/Al2O3 catalyst was still mostly inactive at 

85°C  

 All the Nafion catalysts supported on Al2O3 showed little activity. Therefore, it can be 

concluded that wet impregnation on Al2O3 does not expose enough of the Nafion’s acid sites 

away from the surface. There was almost no difference in product composition (and so 

selectivity) between the reactor feed and the product for these catalysts.  
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APPENDIX 

GC AND GC-MS DETAILS 

Table 8: GC Method 

Initial Temperature 70°C 
Initial Time 0 min 
Ramp 15°C/min 
Second Temperature 145°C 
Hold Time 0 min 
Ramp 2°C/min 
Final Temperature 160°C 
Hold Time 2.5 min 
Carrier Gas Retention Time 1.2 min 
Septum Purge 4 mL/min 
Split Rate 30 mL/min 
Injector Temperature 280°C 
Detector Temperature 280°C 
Amount Injected 0.1 µL 

 

Table 9: GC-MS Method 

Initial Temperature 60°C 
Initial Time 3 min 
Ramp 5°C/min 
Final Temperature 220°C 
Hold Time 25 min 
Carrier Gas Retention Time 1.2 min 
Septum Purge 5 mL/min 
Split Rate 60 mL/min 
Injector Temperature 320°C 
Detector Temperature 320°C 
Amount Injected 0.7 µL 
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