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a b s t r a c t 

The atomically economic and green chemical reaction of direct amination of isobutylene to tert- 

butylamine, particularly under the relative mild reaction conditions available for future industrial use, 

was carried out over zeolite catalysts possessing different topological structures, from one dimensional to 

three dimensional pore system, and from small 8-member ring pore (MRP) to medium 10 MRP and fur- 

ther to large 12 MRP zeolites, to disclose the relationship between the zeolite properties/topologies and 

their amination performance systematically under the mild reaction conditions. It was discovered that 

the pore structure and the acidities of zeolite catalysts played crucial roles in the isobutylene amination 

process, and suitable pore diameter (larger than 0.5 nm or with large side pockets/cups in the outside sur- 

face) and a certain number of mid-strong acid sites are indispensable to catalyze the amination reaction, 

while too strong acid strength was not conducive to the process of isobutylene amination. Among them, 

zeolites with topologies of BEA, MFI, MEL, MWW and EUO exhibited good amination performance, with 

which the isobutylene conversion was higher than 12.61% ( > 46.42% of the equilibrium conversion) under 

the studied mild reaction conditions. Due to the good amination performance and the large adjustable 

Si/Al 2 ratio range, ZSM-5 was selected to further study the effect of acidity on the amination performance 

systematically under the mild reaction conditions, and the activity-acidity relationship in the amination 

process was disclosed: the amination activity (isobutylene conversion) had a linear correlation with the 

amount of mid-strong B acidity under the studied conditions over ZSM-5 catalyst, which can provide 

guidance for further developing high-efficient amination catalyst under mild reaction conditions available 

for future industrial use. 

© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

Tert-butylamine is an important class of compound which is

used as intermediate in a variety of applications including phar-

maceuticals, agricultural chemicals, rubber chemicals, and water

treatment chemicals [1] . Various methods for the synthesis of tert-

butylamine were developed over the past decades, including hy-

drolysis of tert-butylurea, hydrocyanic acid process, amination of

halogenated hydrocarbons, etc. [2,3] . Among them, using strong

acid and alkali, discharging massive wastes and using highly toxic

materials cannot be avoided [4,5] . Compared with the methods
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bove, direct amination of isobutylene to produce tert-butylamine

ith 100% atom efficiency is an environmentally friendly sin-

le step process utilizing cheap and readily available feedbacks

f isobutylene and ammonia, offering environmental benefit to

he chemical industry [1,6–9] . Zeolites can catalyze a wide vari-

ty of reactions [9–12] and Deeba et al. reported that the activ-

ty of catalysts for direct amination of isobutylene was correlated

ith the number of strong acid sites in heterogeneous systems

13–15] . However, in ref. [13–15] the amination reaction of isobuty-

ene was performed under 0.1 MPa and the isobutylene conver-

ion was lower than 1.73%, which was far from those of industrial

se (generally under high pressure, as discussed in Section 3 ), and

hat being the truth under the industrial reaction conditions was

ot disclosed. BASF first made direct isobutylene amination process

ndustrialized over a zeolite-based catalyst, but the condition was
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Table 1. Composition and characteristics of the zeolites with various structures. 

Code Zeolites Pore diameter ( ̊A) Member-ring Dimensional Si/Al 2 ratio a 

EUO EU-1 4.1 × 5.4 with large side pockets (6.8 × 5.8) [20] 10 × 12 1 36 

MWW MCM-22 MCM-49 4.0 × 5.5/4.1 × 5.1 with 12-ring cup (7.1 × 18.2) [21] 10 × 12 2 28 26 

BEA Beta 6.6 × 6.7/5.6 × 5.6 12 3 30 

MOR Mordenite 2.6 × 5.7/6.5 × 7.0 8 × 12 1 10 

MEL ZSM-11 5.3 × 5.4 10 3 48 

MFI ZSM-5 5.1 × 5.5/5.3 × 5.6 10 3 33–412 

MTT ZSM-23 4.5 × 5.2 10 1 91 

FER ZSM-35 3.5 × 4.8/4.2 × 5.4 8 × 10 2 29 

AEL SAPO-11 4.0 × 6.5 10 1 b 

a The Si/Al 2 molar ratio was measured by XRF. 
b The mole composition of SAPO-11, 1.6Al 2 O 3 :1.0SiO 2 :1.4P 2 O 5 , measured by XRF. 
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ather harsh due to the fact that the reaction pressure was as high

s 28 MPa [16] , which was not conducive to the manufacture of the

eactor and related equipment, as well as the reduction of process

nergy consumption. The rest of the reported literatures on the re-

ction are mostly found in patents and the relationship between

he zeolite structures and acidities and the amination performance,

specially under the relative mild reaction conditions available for

uture industrial use, need to be further explored. 

As pointed out in our previous study based on the thermody-

amics calculations results, developing a highly efficient catalyst

nder mild reaction conditions (relative lower pressure and tem-

erature) is preferred for the amination process [17] . In the present

tudy, the isobutylene amination reaction was carried out over var-

ous zeolites possessing different topological structures, from one

imensional to three dimensional pore system, and from small

 MRP to medium 10 MRP and further to large 12 MRP zeolites,

hich were representative of the industrially commonly used mi-

ropore zeolites, to clarify the relationship between the zeolite

roperties or topologies and their amination performance, espe-

ially under the mild amination reaction conditions. Moreover, due

o the good amination performance and the large adjustable Si/Al 2 
atio range, ZSM-5 was selected to further study the effect of acid-

ty on the amination performance systematically under the mild

mination reaction conditions, providing guidance for further de-

eloping high-efficient amination catalyst and reaction conditions

ptimization. 

. Experimental 

.1. Catalyst preparation 

Each zeolite, Beta, ZSM-5, ZSM-11, ZSM-23, ZSM-35, MOR,

CM-22, MCM-49, EU-1 and SAPO-11, provided by Division of Fos-

il Energy Conversion of DNL, DICP, CAS, was calcined at 823 K

or 3 h under static air to remove the organic template, followed

y ion exchange in 0.8 mol/L NH 4 NO 3 solution at 353 K for three

imes, converting the zeolites into their NH 4 -forms. After the ion

xchange, the zeolite samples were washed with deionized water,

ried at 393 K, pressed binder-free, crushed to 20–35 mesh parti-

les and then calcined under static air at 823 K for 2 h to convert

he zeolite to their H-forms. The compositions and characteristics

f the zeolites are listed in Table 1 . 

.2. Characterization 

Ammonia temperature-programmed desorption (NH 3 -TPD) was

erformed in a U-shaped quartz glass micro-reactor (i.d. = 4 mm)

ith helium (He) as the carrier gas. The effluent was monitored by

n online gas chromatograph (Shimadzu GC-8A) equipped with a

CD detector. Typically, the sample (0.14 g) was pretreated at 878 K

or 0.5 h, then cooled down to 423 K and saturated with NH . After
3 
 stable baseline had been obtained, the sample was heated from

23 K to 878 K at a ramp rate of 19.8 K/min. 

The Brönsted and Lewis acid sites of samples were deter-

ined by pyridine adsorption followed by infrared (Py-IR) mea-

urements on a VERTEX70 IR spectrometer. Samples were pressed

nto self-supported wafers, followed by evacuation at 723 K for 1 h

1 × 10 −2 Pa) in IR cell. After the sample was cooled down to 313 K,

 spectrum was recorded as background. Subsequently, the wafers

ere exposed to pyridine vapor for 5 min at 313 K and then out-

assed at 423 K for 30 min. The spectra were collected at 313 K.

he amount of Brönsted and Lewis acid sites in per gram catalyst

ere calculated by a method determined by CA Emeis [18] . 

N 2 adsorption was carried out at 77 K with an automatic Mi-

romeritics ASAP 2020 apparatus. The fresh samples were pre-

reated under vacuum at 623 K for 6 h. 

.3. Catalyst evaluation 

The direct amination of isobutylene to tert-butylamine was car-

ied out in a stainless steel fixed bed reactor, in which the mode of

peration was down-flow. All the samples were pressed, crushed

nd sieved into 0.38–0.85 mm particles before they were loaded

nto the reactor. 5 g of catalyst was loaded in the center of the re-

ctor and pretreated at 773 K for 1 h in N 2 . The set pressure was

aintained with N 2 . After the reactor was cooled down to reaction

emperature (493–573 K), liquid ammonia was pumped in to fully

ll the reactor before isobutylene was introduced as Ref. [19] . The

roducts were analyzed on-line after 2 h time on stream by an Ag-

lent 7980B gas chromatograph equipped with a flame ionization

etector (FID) and a PONA capillary column. 

. Results and discussion 

As pointed out by the thermodynamic study of direct am-

nation of isobutylene to tert-butylamine in our previous pa-

er, isobutylene amination is thermodynamically unfavorable and

emperature-sensitive due to its exothermic nature and isobutylene

quilibrium conversion decreases significantly with temperature 

ise (the value of K p of isobutylene amination is less than 0.04 in

he range of 473 K to 573 K), while a high pressure and n (NH 3 )/ n ( i -

 4 H 8 ) molar ratio promote the transformation of isobutylene to

ert-butylamine [17] . Developing a highly efficient catalyst under

ild reaction conditions is preferred for the isobutylene amination

rocess. Against the results from thermodynamics calculation, mild

eaction conditions, viz. 523 K, 5.0 MPa, n (NH 3 )/ n ( i -C 4 H 8 ) molar ra-

io of 4 and WHSV of isobutylene 0.5 h 

−1 , were selected to eval-

ate amination performance of the samples in the present work,

nd under the above conditions, the thermodynamics equilibrium

onversion of isobutylene in amination reaction is about 27.16%

17] . 
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Table 2(a). Acid sites distribution of the zeolites with various structures. 

Zeolites S BET (m 

2 /g) V total (cm 

3 /g) Total acid (mmol/g) Mid-strong acid (mmol/g) a Weak acid (mmol/g) 

MOR 492 0.23 1.19 0.64 (836) b 0.55 (524) 

ZSM-35 387 0.22 0.90 0.46 (785) 0.44 (525) 

Beta 428 0.60 0.71 0.34 (673) 0.37 (527) 

ZSM-5 (R50) 437 0.31 0.53 0.33 (719) 0.20 (503) 

ZSM-11 437 0.51 0.48 0.30 (713) 0.18 (505) 

a Mid-strong acid concentration determined by NH 3 -TPD above 623 K. 
b Data presented in parentheses were the desorption peak temperature (K) of NH 3 -TPD profiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. TPD profiles of the zeolites with various structures. (1) MOR, (2) ZSM-35, (3) 

ZSM-5 (R50), (4) ZSM-11, (5) Beta, (6) MCM-22, (7) MCM-49, (8) EU-1, (9) ZSM-23, 

(10) SAPO-11. 
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3.1. Influence of the zeolite pore structure on the catalytic 

performance 

3.1.1. Physicochemical characteristics of the zeolites with different 

structures 

To clarify the relationship between the zeolite properties and

their amination performance, especially under the mild reaction

conditions, first, the isobutylene amination reaction was carried

out over various zeolites (as list in Table 1 ) possessing different

topological structures, from one dimensional to three-dimensional

pore system, and from small 8 MRP to medium 10 MRP and further

to large 12 MRP zeolites, which were representative of the indus-

trially commonly used micropore zeolites. 

Among them: (1) Beta zeolite is a typical three dimensional

large pore zeolite with 12 MRP, which is widely used in petro-

chemical processes, such as FCC process and esterification pro-

cess [22,23] ; (2) ZSM-5 and ZSM-11 are typical three-dimensional

medium pore zeolites with bidirectional 10 MRP, which are widely

used in shape-selective processes, such as xylene isomerization

and aromatization processes [24–26] ; (3) MCM-22/MCM-49 has 10

MRP and independent 12-member ring cavities connected by 10-

member ring windows, and they have been used in the alkyla-

tion of benzene with ethylene and propylene [27–29] . EU-1 has 10

MRP with large side pockets. EU-1 exhibits good performance in

m-xylene transformation process [30,31] ; (4) ZSM-23 and SAPO-

11 are one-dimensional zeolites with unidirectional 10 MRP. The

channels of MOR are bidirectional 12 × 8 MRP and the size of 8

MRP channels is so small that most of the reactant molecules can-

not enter into [32] ; (5) The ZSM-35 framework topology is com-

posed of bidirectional 10 × 8 MRP. The 10 MRP channels running

parallel to the [001] direction are 5.4 × 4.2 Å in diameter and the 8

MRP channels running parallel to [010] direction are 4.8 × 3.5 Å in

diameter [33] . 

It is generally considered that, among the zeolite samples with

different topologies tested, ZSM-5, ZSM-11, ZSM-23, SAPO-11 and

ZSM-35 are medium microporous zeolites, Beta and MOR are large

microporous zeolites with 12 MRP, while MCM-22/MCM-49 and

EU-1 have the characteristics of both 12 MRP and 10 MRP. Besides,

the kinetic diameter of isobutylene is about 5.1 Å, which is bigger

than the diameter of 8 MRP. Therefore, zeolites with only 8 MRP,

like SAPO-34, were not tested in the present study. 

Due to the differences in the zeolite nature, there existed a

suitable Si/Al 2 ratio for the synthesis of particular zeolite, and the

Si/Al 2 ratios of the samples used in the present work were also

listed in Table 1 . 

The acidities of the zeolites with different structures were mea-

sured by NH 3 -TPD technique and the results are shown in Fig. 1

and Table 2 . All samples presented two ammonia desorption peaks,

SAPO-11 excepted. The two desorption peaks were corresponding

to weak acid site and mid-strong acid site of zeolite, respectively.

The difference of the maximum desorption-peak temperature rep-

resented the difference in the strength of acid sites of different ze-

olites. SAPO-11 showed only one desorption peak at 563 K, which

indicated that the acid sites of SAPO-11 were mainly weak acid

sites. 
c  
As shown in Table 2(a) , the results of NH 3 -TPD indicated

hat, among the zeolites studied, Beta, MOR and ZSM-35 had

igh acid concentrations. The total acid concentrations of Beta,

OR and ZSM-35 were 0.71 mmol/g, 1.19 mmol/g, 0.90 mmol/g

nd mid-strong acid concentrations of them were 0.34 mmol/g,

.64 mmol/g, 0.46 mmol/g, respectively. For MOR zeolite, not only

id it have the highest total acid concentration and mid-strong

cid concentration, but it also had the highest acid strength. As can

e seen in Fig. 1 (a) and Table 2(a) , the high-temperature (HT) peak

f MOR centered at 836 K, which was 117 K higher than that of

SM-5 (R50). ZSM-5 (R50) showed two desorption peaks at 503 K

nd 719 K respectively, the total acid concentration and mid-strong

cid concentration of it were 0.53 mmol/g and 0.33 mmol/g re-

pectively. ZSM-11 and ZSM-5 (R50) were both 10 MRP zeolites

ith similar pore size, similar Si/Al 2 molar ratio. ZSM-11 showed

wo desorption peaks at 505 K and 713 K respectively, and the

otal acid concentration and mid-strong acid concentration of it

ere 0.48 mmol/g and 0.30 mmol/g respectively, which were simi-

ar with those of ZSM-5 (R50). 

MCM-22, MCM-49 and EU-1 had similar Si/Al 2 ratio and to-

al acid concentrations. As shown in Table 2(b) and Fig. 1 (b), the

otal acid concentrations of them were 0.57 mmol/g, 0.56 mmol/g

nd 0.56 mmol/g respectively. However, the mid-strong acid con-

entration of EU-1 was 0.29 mmol/g, which was slightly more than
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Table 2(b). Acid sites distribution of the zeolites with various structures. 

Zeolites S BET (m 

2 /g) V total (cm 

3 /g) Total acid (mmol/g) Mid-strong acid (mmol/g) Weak acid (mmol/g) 

MCM-22 584 1.09 0.57 0.25 (675) 0.32 (526) 

MCM-49 498 0.45 0.56 0.24 (675) 0.32 (526) 

EU-1 419 0.27 0.56 0.30 (678) 0.26 (525) 

ZSM-23 242 0.28 0.22 0.15 (714) 0.07 (503) 

SAPO-11 162 0.18 0.22 0.04 (723) 0.18 (563) 

Fig. 2. Isobutylene conversion and tert-butylamine selectivity on zeolites with dif- 

ferent structures. The Si/Al 2 of ZSM-5 was 50. 
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c  
hat of MCM-22 and MCM-49. The mid-strong acid concentrations

f MCM-22, MCM-49 were 0.25 mmol/g and 0.24 mmol/g respec-

ively. The ammonia desorption peaks’ temperatures of the three

eolites were also basically the same, which showed that they

ad the same strength of the acid sites. Due to the relative high

i/Al 2 ratio, ZSM-23 had less acid concentration. Its total acid con-

entration and mid-strong acid concentration were 0.22 mmol/g

nd 0.15 mmol/g respectively. The two desorption peaks of ZSM-23

entered at 503 K and 714 K respectively. Meanwhile, the results,

hown in Table 2(b) and Fig. 2 (b), indicated that SAPO-11 pre-

ented only one low temperature desorption peak at 563 K, which

eant that almost no mid-strong acid sites in SAPO-11. The total

cid concentration of SAPO-11 was the lowest in the studied sam-

les. 

The results of N 2 adsorption revealed that, except ZSM-23

nd SAPO-11, the rest of samples showed relative high surface

rea, which was about 380–584 m 

2 /g. The surface area of ZSM-

3 and SAPO-11 was low and was 242 m 

2 /g, 162 m 

2 /g, respec-

ively. MCM-22 had the largest pore volume among studied sam-

les, 1.09 cm 

3 /g, which was twice more than that of MCM-49. The

ore volume of MCM-49 and ZSM-11 was 0.45 cm 

3 /g, 0.51 cm 

3 /g,

espectively. SAPO-11 showed the lowest pore volume, 0.18 cm 

3 /g.

he pore volume of the rest of samples was about 0.20–0.40 cm 

3 /g.

.1.2. Catalytic performances of zeolites with different pore structures 

n isobutylene amination reaction 

Under the mild reaction conditions of 523 K, 5.0 MPa,

 (NH 3 )/ n ( i -C 4 H 8 ) molar ratio of 4 and WHSV of isobutylene

.5 h 

−1 , the selectivity of isobutylene to tert-butylamine in ami-

ation reaction is more than 99.3% on each zeolite catalyst, the

onversions of isobutylene to tert-butylamine over ZSM-35 and

APO-11 samples were too low (0.01% and 0, respectively) to de-

ect the by-products, and only trace by-products hydrocarbons of

ligomerization and isomerization products were detected in the

sobutylene amination reaction, which could effectively simplify

he industrial device of the product separation process and was

nother advantage of the isobutylene amination to tert-butylamine
rocess on zeolite catalyst. As a result, only the conversion of

sobutylene in the amination process was used to compare the

erformance of the studied samples due to their high selectivity

o the desired tert-butylamine product in the following part. 

Fig. 2 presents the isobutylene conversion and tert-butylamine

electivity under the above mild reaction conditions in the ami-

ation process on each zeolite catalyst with time-on-stream (TOS)

f 6 h. We can see that tert-butylamine selectivity on each zeolite

atalyst was more than 99.3%. Among the samples studied, zeo-

ites of Beta, EU-1, MCM-22, MCM-49, ZSM-11 and ZSM-5 (R50) all

howed relative high isobutylene conversion, higher than 12.61%

up to above 46.42% of the equilibrium conversion under the reac-

ion conditions), under the mild reaction conditions; especially, on

he EU-1 zeolite sample, the value of isobutylene conversion was

s high as 16.32% (about 60.08% of the equilibrium conversion). 

However, the isobutylene conversion in the amination process

ver SAPO-11, ZSM-35 and ZSM-23 zeolites was only 0, 0.01% and

.94%, respectively. The low isobutylene conversion over SAPO-11

ould be ascribed to its weak acidity, which was illustrated by the

PD profile of SAPO-11 in Fig. 1 (b). The acidity of ZSM-23 and

SM-35 zeolites was different from that of SAPO-11 and a certain

mount of mid-strong acid sites was detected in ZSM-23 and ZSM-

5 zeolites, especially for the latter sample. But the catalytic per-

ormance was not significant. This was attributed to their relative

arrow pore size, which could not accommodate the intermedi-

tes formed in the isobutylene amination process and thus inhib-

ted the formation of tert-butylamine in the pores. A few of tert-

utylamine formed on the external surface of the zeolites. 

An interesting phenomenon can be seen from Fig. 2 that

he MOR zeolite, having 12-member ring large pore and a large

mount of acid sites with mid-strong acidity ( Table 2(a) ), only gave

 low value of isobutylene conversion 2.94% under the studied re-

ction conditions, why? 

One reason was that about 55% of acid sites were located in

he 8 MRP (0.28 × 0.57 nm) channels of the MOR zeolite [34] , the

arrow pore size restricting the formation of tert-butylamine from

sobutylene and ammonia. The other reason may be that the acid

trength of the acid sites in the 12 MRP of MOR was excessively

trong [33,34] , as indicated by the NH 3 -TPD profiles in Fig. 1 (a),

f which the HT peak’ temperature was 117 K higher than that

f ZSM-5 (R50). To a certain extent, the activity of a catalyst de-

ends on the strength of chemisorption. To be active, the catalyst

hould be extensively covered by adsorbate, which is the case if

hemisorption is relative strong. On the other hand, if the strength

f the substrate-adsorbate bond becomes too great, the activity

eclines either because the other reactant molecules cannot react

ith the adsorbate or because the adsorbate molecules are immo-

ilized on the surface [35] . Proper acidity and acid strength of ze-

lites do favor to the absorption of reactants. The acid sites with

uper strong acid strength in the 12 MRP of MOR adsorbed the al-

aline ammonia molecules tightly and prevented the adsorption of

sobutylene, suppressing the formation of tert-butylamine. More-

ver, the super strong acidity of MOR was not conducive to desorp-

ion of the alkaline tert-butylamine product formed. All the above

esulted in the low conversion of isobutylene on MOR. 

From the above results, we can see that relative large pore

hannels ( Table 1 ) and/or the void space in the zeolites and
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Fig. 3. Isobutylene conversion on large-pore zeolites. (1) Isobutylene conversion (%), 

(2) peak temperature (K). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Isobutylene conversion on zeolites with large pores. (1) Total acid sites 

(mmol/g), (2) isobutylene conversion (%), (3) mid-strong acid sites (mmol/g), (4) 

isobutylene conversion/mid-strong acid sites. 
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suitable acidities, viz. acid sites with proper concentration and

strong acid strength, are two indispensable factors for the zeolites

to catalyze the isobutylene amination to tert-butylamine effec-

tively, just as the samples of Beta, EU-1, MCM-22, MCM-49, ZSM-11

and ZSM-5 (R50) zeolites. However, too strong acid strength was

not beneficial for the process of isobutylene amination. 

According to the results that about 45% of acid sites were lo-

cated in the 12 MRP channels of the MOR zeolite and the value

of the acid sites with mid-strong acidities (0.64 mmol/g) of the

present MOR sample, the number of the acid sites with mid-strong

acidities in the 12 MRP channels of the MOR zeolite would be

about 0.29 mmol/g, which were accessible for the isobutylene and

ammonia molecules. From Table 2 , we can see that, the amount of

the mid-strong acid sites of EU-1, Beta, ZSM-5 and ZSM-11 were

close to each other, from 0.29 mmol/g to 0.34 mmol/g, which also

approached to that in the 12 MRP channels of the MOR zeolite.

The main difference of those mid-strong acid sites between EU-1,

Beta, ZSM-5 and ZSM-11 and MOR was in their acid strength. In or-

der to further reveal the correlation between catalysts’ activity and

acid strength, the HT peak temperature and isobutylene conversion

variation were plotted with the above zeolites with similar amount

of mid-strong acid sites, as shown in Fig. 3 . The highest conversion

of isobutylene was obtained on EU-1, the peak of which centered

around 678 K. It could be considered that the mid-strong acid sites

of EU-1 had the most suitable acid strength for the amination of

isobutylene under the studied mild reaction conditions; also, from

Fig. 3 , we can see that the larger difference (no matter positive or

negative) between the value of HT desorption peaks temperature

of other samples and that of EU-1 (678 K), the lower conversion of

isobutylene in its amination reaction, and on MOR zeolite sample

with the largest difference (about 836 K), the lowest isobutylene

conversion (about 2.94%) was gained. This is the first time eluci-

dating the relationship between the strength of the zeolite acid

sites with the isobutylene amination performance, especially clari-

fying the reason why the MOR with strong acidity give rather poor

activity in the amination process. The very good regularity present-

ing in Fig. 3 provided scientific guidance for the improvement and

optimization of isobutylene amination catalyst under mild reaction

condition in future. 

Furthermore, from Table 2 (b) and Fig. 1 (b), we find that the HT

desorption peaks of EU-1, MCM-22 and MCM-49 nearly centered at

the same temperature, 678 K, which indicated that the strength of

mid-strong acid sites of those three zeolites was similar. The only

difference of those mid-strong acid sites among EU-1, MCM-22 and

MCM-49 was their number. As mentioned above, EU-1, MCM-22
nd MCM-49 had 10 MRP with similar large side pockets, the size

f which was also close. For further revealing the relationship be-

ween mid-strong acid sites and amination activity, with the same

tructures and acid strength, the number of their mid-strong acid

ites and their amination activity were related in Fig. 4 . As shown

n Fig. 4 , with the similar zeolite structures and acid strength, the

mination activity of the samples and the number of mid-strong

cid sites showed very consistent regularity, viz. the larger the

umber of mid-strong acid sites (in this paper, the temperature

f HT ammonia desorption peak was about 678 K) of zeolite sam-

le was, the higher the amination activity was. The conversion of

sobutylene had a significant linear correlation with the number of

id-strong acid sites of samples, which gave clear acidity-activity

elationship and would also give guidance to the development of

igh active catalysts for isobutylene amination under mild reaction

onditions 

From the above results, we deduce that the pore structure and

he acidities of zeolite catalysts played crucial roles in the isobuty-

ene amination process, and suitable pore diameter (larger than

.5 nm or with large side pockets/cups in the outside surface) and

 certain number of mid-strong acid sites are indispensable to cat-

lyze the amination reaction of isobutylene. For the samples, with

imilar pore structure and acid strength, the amination activity

isobutylene conversion) of them had a significant linear correla-

ion with the amount of mid-strong acidity in them; On the other

and, if the samples contained similar amount of mid-strong acid-

ty, the sample, the HT ammonia desorption peak of which was

bout 678 K, had appropriate acid strength and was the most con-

ucive to the conversion of isobutylene to tert-butylamine under

tudied conditions. Too strong acid strength of acid sites in zeo-

ites did not good for isobutylene amination reaction, because of

he great adsorption strength between acid sites and alkaline sub-

tance. In a word, the large pore channels and/or void space fa-

ored the mass transfer of the reactants and products, while the

igh content of acid sites with proper acidity strength was benefi-

ial to isobutylene convert. 

.2. Influences of the Si/Al 2 ratios of ZSM-5 zeolite on its isobutylene 

mination performance 

As mentioned above, the zeolites with relative large-pore chan-

els and suitable acidities exhibited good performances in isobuty-

ene amination to tert-butylamine. Due to the good amination

erformance and the large adjustable Si/Al 2 ratio range, ZSM-5

as selected to further clarify the effect of acidity on the amina-

ion performance systematically under the mild amination reaction

onditions in this section. 
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Fig. 5. TPD profiles of ZSM-5 zeolites with different Si/Al 2 ratios. (1) ZSM-5 (R33), 

(2) ZSM-5 (R50), (3) ZSM-5 (R75), (4) ZSM-5 (R111), (5) ZSM-5 (R412). 

Fig. 6. IR spectra of pyridine adsorption on HZSM-5 zeolites. (1) ZSM-5 (R33), (2) 

ZSM-5 (R50), (3) ZSM-5 (R75), (4) ZSM-5 (R111), (5) ZSM-5 (R412). 
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Fig. 7. Isobutylene conversion on ZSM-5 zeolites with different Si/Al 2 ratios. (1) 

Isobutylene conversion (%), (2) mid-strong B acid sites (mmol/g), (3) isobutylene 

conversion/mid-strong B acid sites. 
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.2.1. Acidity of ZSM-5 zeolites with different Si/Al 2 ratios 

The NH 3 -TPD profiles of ZSM-5 zeolites with different Si/Al 2 
atios are represented in Fig. 5 . There are two desorption peaks

or the ZSM-5 zeolite, one centered in 505–525 K and the other

n 730–740 K (except for R412, which centered at 675 K), corre-

ponding to the weak acid sites and the mid-strong acid sites, re-

pectively. Increasing the Si/Al 2 ratio of the zeolite, the number of

oth total and weak acid sites over the ZSM-5 showed an obvi-

us decrease. The total acid densities of the five samples, of which

he Si/Al 2 ratio was 33 to 412, were 0.55 mmol/g, 0.53 mmol/g,

.31 mmol/g, 0.26 mmol/g and 0.07 mmol/g, respectively, as mea-

ured by the NH 3 -TPD technique. However, the number of mid-

trong acid sites over the ZSM-5 (R50) was the most, 0.33 mmol/g.

he mid-strong acid densities of the others from Si/Al 2 ratio 33 to

12 were 0.27 mmol/g, 0.21 mmol/g, 0.19 mmol/g and 0.07 mmol/g,

espectively. Moreover, the desorption peaks shifted to a lower

emperature with the Si/Al 2 ratio increase. That meant the acid

trength of the samples also decreased with increasing of the

i/Al 2 ratio of the ZSM-5 zeolite. But overall, except for R412, the

cid strength of the samples was similar, and the gap of their des-

rption peaks was less than 10 K. 

The Brönsted and Lewis acidities of the samples were deter-

ined by pyridine adsorption using FT-IR spectroscopy. The results

f the ZSM-5 catalysts with different Si/Al 2 ratios are shown in

ig. 6 . The pyridine band at 1547 cm 

−1 could be assigned to pyrid-

num ions, and the band at 1454 cm 

−1 to Lewis acid-coordinated

yridine, respectively [36,37] . The band at 1491 cm 

−1 consisted of
ands due to the Brönsted and Lewis sites. In this paper, the mid-

trong Brönsted (mid-strong B) acid sites belonged to the acid

ites that the pyridine desorption temperature was above 573 K.

rom Fig. 6 , we can see that zeolite ZSM-5 (R50) showed the most

id-strong B acid sites. With the increase of the Si/Al 2 ratio of

he ZSM-5 samples from 50 to 412, the numbers of the Brön-

ted acid sites and the Lewis acid sites were gradually decreased.

he mid-strong B acid sites of the ZSM-5 samples with Si/Al 2 ra-

io from 30 to 412 were 0.141 mmol/g, 0.159 mmol/g, 0.137 mmol/g,

.072 mmol/g and 0.014 mmol/g respectively, corresponding to the

esults of mid-strong acid sites from NH 3 -TPD. The reason why the

id-strong B acid sites of ZSM-5 (R33) were lower than those of

SM-5 (R50) might be that part of aluminum existed in the form

f extra-framework aluminum in ZSM-5 (R33) [38] . As a result, al-

hough the total acidity was high in ZSM-5 (R33), but the number

f Brönsted acid sites corresponding to the framework aluminum

as lower than that of ZSM-5 (R50). 

.2.2. Influence of the Si/Al 2 ratio of ZSM-5 on its amination 

erformance 

The effects of variation in Si/Al 2 ratio of ZSM-5 on isobuty-

ene conversion under the reaction conditions of 523 K, 5.0 MPa,

 (NH 3 )/ n ( i -C 4 H 8 ) molar ratio of 4 and WHSV of isobutylene 0.5 h 

−1 

re shown in Fig. 7 . It can be seen that, on the ZSM-5 (R50) zeolite

atalyst, isobutylene conversion obtained a maximum of 13.94%.

ith the increase of the Si/Al 2 ratio from 50 to 75, 111 and further

o 412, isobutylene conversions decreased to 12.36%, 10.57% and

urther to 6.45%, respectively. Obviously, with increasing the Si/Al 2 
atio from 50 to 412, isobutylene conversion decreased steadily due

o the decreasing acidity of the catalyst. Compared with ZSM-5

R50), the lower isobutylene conversion on ZSM-5 (R33) owed to

ts relatively few mid-strong B acid sites. From Fig. 7 , we can see

hat the amount of B acid sites of mid-strong strength and isobuty-

ene conversion showed a consistent trend with the change of the

i/Al 2 ratio. To further clarify the relationship between the mid-

trong B acidity of ZSM-5 and its amination activity, the isobuty-

ene conversion was plotted with the amount of acid sites of mid-

trong strength of ZSM-5 in Fig. 7 . It was amazing that the isobuty-

ene conversion, on ZSM-5 (R412), with which the amount of mid-

trong B acid sites of mid-strong strength is only 0.01 mmol/g,

as about 6.45%, which was much higher than those of ZSM-35

nd ZSM-23, 0.01% and 0.94% respectively. As can be seen from

able 2 and Fig. 5 , ZSM-35 and ZSM-23 had much more mid-
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Fig. 8. Stability of ZSM-5 zeolites. 
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strong acid sites than those of ZSM-5 (R412), which further proved

that the relative narrow pore size of them restrained the forma-

tion of intermediates and then the formation of tert-butylamine in

isobutylene amination process. Further improving the amount of

acid sites of mid-strong strength in ZSM-5, the isobutylene con-

version increased nearly linearly (the inset in Fig. 7 ), which tallied

with the relationship between the mid-strong acidity amount of

different zeolite catalysts and their amination activity discussed in

Section 3.1.2 . 

All the results suggested that the strength and number of the

Brönsted acid sites were the factors controlling the isobutylene

amination reaction under the mild reaction conditions studied. 

As mentioned above, the alkaline molecules ammonia preferen-

tially absorbed in the acid sites of catalysts, which would inhibit

the polymerization of isobutylene and coking or carbon deposi-

tion on the surface of the catalysts to make the catalysts deacti-

vated. Therefore, zeolite catalysts showed better reaction stability

in isobutylene amination reaction. Under the studied reaction con-

ditions, the isobutylene conversion changed little with TOS over

ZSM-5 zeolites with different Si/Al 2 ratios, which also presented

good amination stability. The result of reaction stability with TOS

over ZSM-5 zeolites was shown in Fig. 8 . It can be seen that, within

TOS studied, the isobutylene conversion did not change signifi-

cantly. Besides, after reaction, the crystalline structures of ZSM-5

(R50) and ZSM-11 zeolites were maintained according to the XRD

results, and the relative crystallinity of the reacted sample has

no obvious change compared with the corresponding fresh sam-

ple, showing that the structure of the zeolite samples were stable

enough under the experiment conditions studied. All the studied

zeolite catalysts had similar structural stability. 

4. Conclusions 

The relationship between the zeolite structures and acidities

and the catalytic performance of direct amination of isobutylene to

tert-butylamine, an atomically economic and green chemical reac-

tion, especially under the mild reaction conditions, was disclosed.

And the results show that zeolites suitable pore diameter (larger

than 0.5 nm or with large side pockets/cups in the outside sur-

face) and a certain number of mid-strong acid sites of the zeolites

exhibited good amination performance ( > 46.4% of the equilibrium

conversion, and > 99.0% of tert-butylamine selectivity), while ZSM-

35 (narrow pore diameter), ZSM-23 (narrow pore diameter), SAPO-

11 (weak acidity) and MOR (too high strong acidity) zeolites had

rather poor isobutylene amination activity. 

Also the results shown that, for zeolite samples with similar

pore structure and acid strength, the amination activity had a lin-

ear correlation with the amount of mid-strong acidity under the
onditions; Among the samples contained similar amount of mid-

trong acidity, EU-1, the HT NH 3 desorption peak of which was

bout 678 K, had appropriate acid strength and gave the high-

st conversion of isobutylene to tert-butylamine under the stud-

ed conditions. And the larger difference between the values of HT

esorption peaks temperature of the samples and 678 K was, the

ower conversion of isobutylene in its amination reaction gained.

or the first time the relationship between the strength of the ze-

lite acid sites with the isobutylene amination performance was

lucidated, especially the reason why the MOR with strong acidity

ave rather poor activity in the amination process was clarified. 

Moreover, the effect of acidity on the amination performance

f ZSM-5 with different Si/Al 2 ratios further verified the linear re-

ationship between the amination activity and the amount of B

cid sites with mid-strong strength. All the above can provide good

uidance for further developing high-efficient amination catalyst

nder mild reaction conditions available for future industrial use. 
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