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Abstract

B Zeolite/bentonite composite was synthesized by simple kneading as catalyst for condensation reaction of aniline to diphe-
nylamine. The experiment which was conducted at 320 °C under 2 MPa with a liquid hourly space velocity (LHSV) of 2 h~!
showed that the Hp zeolite loading 25% clay exhibited the highest activity (9.9% aniline conversion) and selectivity. Pilot
experiments (315-320 °C, 2 MPa, LHSV of 0.20-0.22 h™!) have also confirmed that the catalyst had good stability. The
crystalline structure, acidic property and textural property of the catalysts were characterized by XRD, Py-IR, N, adsorp-
tion—desorption. Moreover, according to the thermodynamic analysis, the condensation of aniline to diphenylamine is an
exothermic reaction, indicating that too high temperature operation is unfavorable for the reaction. The studied p zeolite/
bentonite composite is of promising efficiency in condensation of aniline to diphenylamine.
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1 Introduction

Diphenylamine (DPA), also known as phenylaniline, is
widely used in industry [1]. It can be used to synthesize
rubber antioxidants, fuels and pharmaceutical intermediates,
lubricating oil antioxidants, and is also a gunpowder stabi-
lizer. As the continuous expansion of the application field
of diphenylamine, p-amino diphenylamine, a derivative of
diphenylamine, is the basic raw material of p-phenylenedi-
amine antioxidants.

The main synthetic routes of diphenylamine include
aniline-phenol condensation method, aniline batch synthe-
sis method, and aniline continuous synthesis method [2-5].
The current method of synthesizing diphenylamine is mainly
the continuous liquid phase self-shrinking method of ani-
line (Scheme 1). In term of reaction condition, it was wilder
than others. Furthermore, compared with other routes, it
has advantages in conversion and selectivity. The key to the
improvement of the synthesis process lies in the catalyst.
Numerous experimental data indicate that this condensation
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reaction requires a certain acidity of the catalyst. In the
beginning, most manufacturers adopted the batch method,
with AICl; as the catalyst. The biggest disadvantage of this
method is that the catalyst is very corrosive to the equipment
and is not conducive to continuous production.

At present, the acid catalyst used for continuous liquid
phase condensation in industry is mainly f zeolite. f§ zeolite
is the molecular sieve with three-dimensional twelve-mem-
bered ring channels [6]. Meanwhile, it has crossing channels
and no cage structure. In addition, there are a lot of lattice
defects and open pores in the p zeolite. This unique topology
structure has unique surface properties and catalytic activ-
ity, and has a very wide range of applications in the field of
catalysis. Hronec et al. [1] employed p zeolite with different
Si/Al atomic ratio to investigate the condensation of ani-
line to diphenylamine and found that § zeolite with higher
Si/Al atomic ratio was less active. p zeolite was also used
in gasoline cracking reaction [7], dehydration of glycerol
[8] and so on. However, the ratio of B-zeolite framework
to silica-alumina is relatively small, and the microporous
structure of § zeolite will affect the diffusion of intermedi-
ate products and delay the reaction. Bochkarev et al. [5]
have supposed that the condensation reaction can form the
p-o complex intermediate through the exploration of the
reaction mechanism and quantum chemistry calculations.
Therefore, in order to achieve higher conversion and yield, it
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Scheme 1 The condensation reaction of aniline to diphenylamine

is necessary to modify the § zeolite to improve the catalytic
activity and stability of the p zeolite [9-13].To the contrary
of the microporous structure of f zeolite, the mesoporous
structure of clay is conducive to the diffusion of intermedi-
ate products.

Clay is mainly composed of bentonite. Montmorillon-
ite is a layered aluminosilicate mineral containing water
[6, 14—17], and its basic structural unit is a TOT layered
structure, the sheets are connected by a common oxygen
atom. Due to its acidity, it can often be used as a car-
rier for acidic catalysts. In addition, montmorillonite is a
mesoporous material with a large specific surface area and
porosity. In recent years, many researchers have produced
novel hybrid material between raw bentonite and zeolite in
order to improve the performance of the catalyst. Benton-
ite/zeolite-NaP composite was synthesized by Shaban et al.
[18], and showed high removal efficiency for methylene
blue. Abukhadra et al. [19] successfully prepared the ben-
tonite/zeolite hybrid and found that the hybrid structure is
of excellent recyclability properties and is of promising effi-
ciency in reducing Sr(II) and U(VI) form the groundwater
sample. Unfortunately, the research about the application
of the composite from bentonite and  zeolite has not been
investigated yet.

Therefore, in this work, a novel composite of §§ zeolite/
bentonite will be synthesized as a catalyst, which can not
only adjust the acidity, but also enrich the distribution of
catalyst pores and help the transfer of intermediate species
in the reaction. The purpose of this paper is to evaluate the
catalytic performance of aniline. The study also involved
detection of optimal loading capacity of clay and thermo-
dynamic studies.

2 Experimental
2.1 Catalyst preparation

NH,f zeolite (Si/Al=25) was obtained from Nankai Uni-
versity Catalyst Co., Ltd. The clay was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. The
catalysts were prepared by mixing and kneading. First, the
clay of different qualities (mass fractions of 25%, 35%, and
50%, respectively) were mixed with Hf zeolite until the
catalyst was formed. The catalyst mixed with Al,0;(10%)
as binder and HNOj as peptizer were extruded into strips.
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Afterwards, the catalysts were dried overnight at 110 °C
and calcined at 550 °C for 4 h to remove the occluded
organic species. The catalyst obtained were named Hp,
Hp-25, HB-35, HB-50 and clay. All samples were screened
into 20-40 mesh for use.

2.2 Catalytic performance

Catalytic tests were carried out in a fixed-bed tubular
reactor with 3 ml of the catalyst (inner diameter 6 mm).
Quartz sand were added to the upper and the lower part
of the constant temperature section to prevent the quartz
sand from rushing out when N, is purged. Schematic view
fixed-bed tubular reactor for the liquid phase conversion
of aniline to diphenylamine was shown in Fig. 1. Aniline
and diphenylamine were obtained from Sinopharm chemi-
cal reagent. The liquid hourly space velocity (LHSV) of
aniline was set at 2 h™! as the reaction was carried out
at 320 °C under pressure of 2 MPa. The liquefied prod-
ucts were analyzed with gas chromatograph (GC-7900)
equipped with a SE-30 capillary column and a flame ioni-
zation detector. The temperatures of injector, column and
detector were 280, 200 and 250 °C, respectively. Finally,
the liquid products were analyzed through external stand-
ard method.

The conversion of aniline can be calculated by the fol-
lowing formula.

n (ANconsume )

XaN = x 100% (1

n (ANconsume ) +n (ANresidue )

where N Neonsume ANd NaNresidque 15 the consumption and the
remaining of the aniline, X,y represents the conversion of
aniline. The literature have reported that when LHSV was
lower than 2 h™!, a small amount of by-products such as
tmethylpyridine, p-toluidine appeared [20]. Under labora-
tory reaction conditions (320 K, 2 MPa, LHSV at 2 h_l),
the selectivity was measured at 100% due to the very low
content of by-products through the gas chromatography
analysis.

2.3 Catalyst characterization
2.3.1 N, adsorption-desorption isotherm

The specific surface area, pore structure, and pore size of
the sample were determined using the JW-ZQ 200 adsorp-
tion instrument (Beijing JWGB Sci & Tech Co., Ltd.). The
specific surface area is calculated by the BET method, the
adsorption—desorption isotherm is obtained by the vol-
ume method, and the pore size distribution is obtained
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Table 1 Standard free energy of formation and standard enthalpy of
formation

Substance AfG®(g)(KJ/mol) AfH®(g)(KJ/mol) S®(2)(J/mol K)
Aniline 129.7 82.6

Diphenylamine 101.0 130.6

Phenyl 40.6

Amino 18.0

Ammonia - 164 —-459

by density functional theory. High-purity nitrogen is the
adsorbate and the operating temperature is — 196 °C.

2.3.2 X-ray diffraction

The structure of the phase is determined by X-ray diffraction
(XRD). The light source is Cu Ka rays, of which Cu target,
Ka is the ray source, the wavelength is 0.154 nm, the accel-
eration voltage is 40 kV, the tube current is 100 mA, the scan
rate is 0.02°/s, and the scan range: 20 =5°-80°.

233 Py-IR

The acid properties and amount of Bronsted acid (BAS) and
Lewis acid (LAS) were analyzed using Fourier transform
infrared spectroscopy (Py-IR) with pyridine as the probe
molecule. The instrument was Nicolet IS-10 which was
equipped with a situ reaction cell. The infrared spectrum
information of the samples was recorded at 200 °C and
450 °C to characterize the properties of total acid sites and
strong acid sites. Their difference represents the weak acid
sites. The quantity of Lewis acidic site and Bronsted acidic
site was based on Lambert-Beer law: A=¢-C-d where ¢ is
extinction coefficient, A is the corresponding absorbance, C
is the concentration of the sample, and d represents the sam-
ple thickness. For pyridine, g 4,qcq (1541 em™)=1.02 cm/
pmol and g .,;; (1443-1453 cm™')=0.89 cm/pmol have
been employed to deduce the amount of Brgnsted and Lewis
acid sites, respectively.

3 Results and discussion
3.1 Thermodynamic analysis

In this paper, the thermodynamic analysis of the condensa-
tion reaction of aniline [21] was carried out. The reaction
formula is shown in Scheme 1. The standard free energy of
formation and the standard enthalpy of formation under the
standard conditions of aniline, ammonia and diphenylamine
can be found in the chemical manual [22]. The enthalpy

Table 2 Benson method to calculate the heat capacity of a substance

Substance Cp/J (mol K)™!

400 K 600 K 800 K 1000 K
Aniline 143.00 192.80 225.10 230.90
Ammonia 13.06 21.35 28.30 32.98
Phenyl 21.81 26.45 27.33 27.46
Amino 38.70 45.30 51.10 56.20
Diphenylamine 56.68 74.25 82.96 87.90

Table 3 The relationship between material heat capacity and temper-
ature

Substance Cp=A+BT?>+CT*+DT*

A B C D
Aniline 69.41 747x10% —8.07x107 221x107'°
Diphenylamine  22.74 4.10x10* —595x107 2.50x107'°
Ammonia 2974 9.04x10° -1.01x107 3.67x1071

Table 4 Enthalpy change and Gibbs free energy change and equilib-
rium constant of reaction at different temperatures

Temperature

280 300 320 340 360
ArH(g) —-77.85 -8082 —-8394 8721 —90.63
InK;t 78.25 69.62 62.53 56.71 51.96
ArGp, —182.17 —173.67 -16637 —16032 —155.54

value is estimated based on the Joback group contribution
method [23]. The results are listed in Table 1.

The heat capacity of diphenylamine is estimated based on
the Benson group contribution method [24]. The results are
shown in Table 2. According to the heat capacity of diphe-
nylamine at different temperatures (400 K, 600 K, 800 K,
1000 K), the relationship between the heat capacity and
temperature can be obtained, and the results are listed in
Table 3. The change in heat capacity of other substances
aniline and ammonia with temperature can be found in the
literature [22].

According to the thermodynamic data of each substance
involved in the reaction, the equilibrium constant and Gibbs
free energy of each reaction are calculated using (2—4), the
enthalpy change and Gibbs free energy change and equi-
librium of the aniline condensation reaction at a specific
temperature constant values are listed in Table 4.

K; 295 = €4 Cimma /KT 2
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Fig.1 Schematic view fixed-bed tubular reactor for the liquid phase
conversion of aniline to diphenylamine
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Fig.2 XRD patterns of the HB-25, HB-35, HB-50, clay catalysts

K, = 0K, 05 = ArH, ) /RT[ L 3)

It can be seen from Table 4 that the condensation of ani-
line with diphenylamine is an exothermic reaction, indicat-
ing that high temperature operation is unfavorable for the
reaction. The Gibbs free energy of the reaction at all tem-
peratures is less than 0, which shows that the reaction is
thermodynamically very favorable reaction.

@ Springer
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Fig.4 Strong acid sites of the HB-25, HB-35, HB-50, clay catalysts

3.2 Catalyst characterization
3.2.1 Structural properties

The XRD patterns of the Hf zeolite with different clay load-
ings (HB, HB-25, HP-35, HP-50, clay) were shown in Fig. 2.
It can be observed that all the samples exhibit the same dif-
fraction peaks in the scopes of 20 =7°-9° and 21°-22.5°,
matching well with the standard phase of p zeolite. The peak
around 20 =26° is geared to the clay. With the amount of
clay loading is increasing, the intensity of peaks correspond-
ing to clay adds up, relatively. Simultaneously, the intensity
of peaks corresponding to P zeolite decreased. This is due
to a progressively lower fraction of zeolite and progressively
increasing fraction of clay in the measured samples.
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Table 5 Acid sites distribution
Sampl LAS 1/, BAS 1/

in catalysts monitored by Py-IR ampe (pmol/g) (umol/e)

Weak Strong Total Weak Strong Total

Hp 56 54 110 275 37 312
HpB-25 35 40 75 131 28 159
Hp-35 43 21 64 106 14 120
HpB-50 35 15 50 96 12 108
Clay 17 22 38 0 39

300

250 -

200

150

Adsorption/desorption Capacity (a.u.)

P/P,

Fig.5 Isotherms adsorption—desorption of Hf-25, HB-35, HP-50,
clay catalysts

3.2.2 Chemical analysis

The Py-IR spectra of Hp zeolite with different clay (Hp,
Hp-25, HB-35, HP-50, clay) loadings were shown in Figs. 3
and 4. The peaks ascribed to LAS and BAS are observed
at 1450 cm™! and 1540 cm™' respectively. The pyridine
adsorbed at 200 °C can be taken as a quantitative measure
of total acid sites presenting in the samples while the desorp-
tion at 450 °C measures strong acid sites quantitatively. And
their difference was the weak acids.

The condensation of aniline to diphenylamine is a typi-
cal acid-catalyzed reaction. For this reason, the amount of
acid was a vital parameter in the activity of the catalyst. As

exhibited in Table 1, Hp zeolite displayed the largest amount
of acid in Lewis acid as well as Bronsted acid sites while
clay was the smallest. Additionally, there was a gradual dec-
rement in acid sites due to the loading of clay. Therefore, it
can be concluded that the loading of clay will result in the
reduction of acid sites. According to the results collected
in Table 5, whether in Lewis or Bronsted acid sites, the
weak, strong and total acid sites decreased continuously as
the amount of clay increased. Compared to the strong acid
sites, the weak acid sites accounted for the main part either
in Lewis or Bronsted acid sites, particularly in clay.

3.2.3 Textural properties

The structural properties of Hf zeolite with different clay
(HB, HP-25, HP-35, HP-50, clay) loadings were listed in
Fig. 5 and Table 6. Mesopore volume was the difference
between V.., and V ;... The materials, according to the
IUPAC classification, exhibit combined type I and IV iso-
therms. All samples displayed a high N, uptake at low (P/P,)
due to micropore filling. The isotherm of the parent mate-
rial was close to a type I isotherm typical of a microporous
solid, with a rather horizontal hysteresis loop, indicating a
low volume of mesopores with a broad pore size distribu-
tion. HP zeolite with 50% clay and pristine clay exhibited
a more pronounced type IV isotherm contribution, which
is a characteristic of mesoporous materials. As the amount
of clay loading on the Hp increased, the micropore surface
area of the HP} decreased evidently. In contrast, there was a
significant increment in the ratio of meso surface area and
micropore surface. Larger surface area and pore size are
beneficial to increase the mass transfer rate of the reaction
and reduce the formation of carbon deposits. As what could

Table 6 Physical properties

S Hi025, LS Hos0. iy Caalyst  Sper S Swow  Swew/Swiow Ve Vi Vi PD

catalysts (m*/g) (m7g) (m7/g) - (cm’/g) (cm’/g) (cm’/g) (nm)
Hp 556 400 155 0.39 0.49 0.20 0.29 3.50
Hp-25 422 272 150 0.55 0.40 0.14 0.26 3.81
Hp-35 398 225 173 0.77 0.39 0.11 0.28 3.92
Hp-50 309 166 142 0.85 0.34 0.09 0.25 4.39
Clay 167 0 167 - 0.26 0.00 0.26 6.16
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be seen in Table 6, the total and micro specific surface area
of Hp zeolite was 556 m*/g and 400 m?/g respectively. The
value of clay was 167 m*/g and 0. The total and micro sur-
face area of the synthetic composite decreased gradually as
the loading of clay increased while the ratio of micro surface
area to meso surface area increased. We can suppose that
the loading of clay influenced the distribution of micropores
and mesopores. Correspondingly, the total and micro volume
decreased with the increase loading of clay. Moreover, the
composite enhanced porous structure with an average pore
diameter as compared to 6.16 nm and 3.50 nm for bentonite
and p zeolite.

3.3 Catalytic performance
3.3.1 Laboratory experiment
A comparative catalytic study on different amount of clay

was conducted at 320 °C under 2 MPa with LHSV of 2 h™!.
Catalytic performance of p zeolite with different clay loading
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Fig.6 Catalytic performance of f§ zeolite with different clay loading

Fig. 7 Catalytic reaction mecha- NH,
nism of condensation of aniline
to diphenylamine [5]
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was shown in Fig. 6. The selectivity of product was 100% as
mentioned above. As appeared in the plotted curves, the con-
version of aniline catalyzed by raw Hp zeolite remained low
in the first 2 h, increased rapidly from the 3rd to the 5th h
and reaching about 8% in the last 2 h. The clay had the same
tendency as a catalyst, and finally reached a conversion rate
of about 4%. Whether in amount of acid sites or surface area,
Hp zeolite was higher than that of clay, which gave rise to
the better catalytic performance of Hf zeolite. The conver-
sion of aniline that adopted the composite as a catalyst was
increasing continuously during the first 4 h on stream and
stabilized after that gradually. As the reaction progressed
continuously, the high temperature would lead the catalyst to
deactivate carbon deposits. Or the reactant product blocked
the pipeline, which is not conducive to the reaction.

As the amount of clay increased to 25%, the conversion
has increased dramatically. The Hp zeolite loaded with 25%
clay exhibited the highest conversion which achieved 10%.
The further increase in the loading of clay was of a negative
impact and resulted in the reduction of the conversion of
aniline. This was determined by the physical properties such
as the specific surface and pore size of various catalysts and
the chemical properties such as the acid strength and acid
amount of the active center. The amount of acid sites and
surface area decreased to a certain extent, indicating that
the catalytic performance was related to them. In addition,
the kinetic diameter of aniline and diphenylamine are close
to the pore size of the zeolite. The pore size of the zeolite
has a significant effect on the selectivity of diphenylamine.
Smaller pore size is not conducive to the formation and
diffusion of diphenylamine. And also, through the explo-
ration of the reaction mechanism and quantum chemistry
calculations, Bochkarev et al. [5] found that the synthesis
of intermediate products is the control step of the reaction
rate. The mechanism was shown in Fig. 7. Accordingly, clay
plays a crucial role in the catalytic reaction. It introduces
mesopores, changes the pore structure of the catalyst, and
increases the meso specific surface area. Added mesopores
make the diffusion of intermediate products easier, and
thereby promote the reaction. To summarize, the Hp zeolite

2

NH:
*HyoN
+CgHsNH,
3 \©
NH*
ANH, NH
(R

-NH,"
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Fig. 8 Stability test of catalysts for aniline condensation

loaded with 25% clay have succeeded in our main goal to
enhance the conversion of the reaction.

3.3.2 Pilot test

In order to evaluate the lifetime of the catalyst, we simu-
lated the industrial process to test the stability of the catalyst
loaded with 25% clay for up to 340 h. The reaction was
conducted at 315-320 °C with a liquid hourly space velocity
(LHSV) of 0.20-0.22 h~!. And the experiment at the pilot
scale was carried out in a 180 ml device. The stability test
results were shown in Fig. 8. During the reaction process,
we changed the operating conditions to investigate the effect
of temperature and space velocity on the activity. The test
was divided into four parts according to the reaction time,
namely zone A(0-140 h, 320 °C, 0.20 h™1), B(140-176 h,
315 °C, 0.22 h™Y), C(176-252 h, 320 °C, 0.20 h™"),
D(252-340 h, 320 °C, 0.22 h_l). As shown in Fig. 8, the
order of average conversion of aniline from high to low is:
A (33.75%)>C (31.35%) > B (27.64%)>D (26.35%). At the
beginning of the reaction (zone A), the average conversion
was 33.75% while the selectivity reached 97.06%. It could
be seen that a small amount of by-product will be produced
at low LHSV. In zone B, we investigated the effects of tem-
perature and space velocity on conversion and selectivity.
The average conversion dropped slightly and the selectivity
was 97.64%. After restoring the initial process conditions
(zone C), catalytic activity has rebounded. The conversion
has risen back to 31.65% and the selectivity was 96.58%. As
LHSYV increased, the conversion rate decreased again. It is
well known that the catalyst at higher temperature and lower
LHSYV displayed higher catalytic activity. With the progress
of the reaction, the conversion rate and selectivity fluctuated
in a small range, showing good catalyst stability.

4 Conclusions

f zeolite/bentonite was synthesized and applied effectively
in the condensation of aniline to diphenylamine. The XRD,
N, adsorption—desorption and acidity analysis results con-
firmed that surface area and the acidity distribution are both
related to the conversion of aniline. The N, adsorption/des-
orption experiment showed that the loading of clay increased
the mesoporous area. And it had been found that with an
increasing amount of clay loading, the intensity of peaks
corresponding to f} zeolite decreased from the XRD pat-
tern. In addition, it was revealed by Py-IR that the catalyst
which was loaded with 25% clay shows higher acidity than
others. The mesopores that clay brought in accelerated the
diffusion of the intermediate and promoted the condensation.
Moreover, the amount of acid decreased with the increasing
loading of clay. The results also showed that when 25% clay
is loaded with zeolite, the catalyst displayed high perfor-
mance (the conversion of 9.90%) compared with that of Hf
zeolite (the conversion of 7.85%) and clay (the conversion
of 4.49%). At last, the catalyst at the pilot scale displayed
good stability as well.
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