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on a catalytic system for
preparation of N-(1,4-dimethylamyl)-N0-phenyl-p-
phenylenediamine by reductive alkylation

Wenlong Yu, Junwei Ding,* Shitao Yu* and Fusheng Liu

Effects of water on a catalytic reaction system for reductive alkylation of p-aminodiphenylamine (p-ADPA)

with 5-methyl-2-hexanone (MIAK) was studied. Platinum nanoparticles supported on activated carbon with

high specific surface area were used as catalysts for reductive alkylation reaction under different water

content conditions. Schiff base forming data, catalytic activity and stability of the catalysts were

investigated under the aforementioned reaction conditions. Fresh and used catalysts were characterized

by TEM, SEM, XRD, ICP, laser particle size analysis, N2 physical adsorption and CO chemical adsorption

to explore the effects of water on the catalytic reaction system for the ketone/amine reductive alkylation

reaction. The characterization results indicated that catalyst support pulverization and Pt loss occurred in

the reused catalyst, and the trend was more obvious under the conditions of higher water content.

Water in the reaction system could also aggravate the decrease of the catalyst's specific surface area and

pore volume, which should be a major reason of the lower catalytic performance.
1. Introduction

N,N0-disubstituted p-phenylenediamines (DPPD) play an
important role in the ne chemical industry, widely used for
rubber antioxidants.1–8 As a typical kind of N,N0-disubstituted p-
phenylenediamine, N-(1,4-dimethylamyl)-N0-phenyl-p-phenyl-
enediamine (7PPD) can effectively prevent rubber from ex
cracking under dynamic situations, and can be synthesized by
reductive alkylation of p-aminodiphenylamine (p-ADPA) with 5-
methyl-2-hexanone (MIAK).9,10 This reaction starts with
a condensation dehydration reaction between p-ADPA and
MIAK to form a ketimine compound (Schiff base), followed by
hydrogenation to 7PPD in the presence of metal catalysts.11

Usually, ordinary copper12,13 and nickel based catalysts14–16

were employed in the industrial process to manufacture DPPDs
as rubber antioxidants due to their cheap costs. Unfortunately,
aforementioned catalysts have obvious defects, such as low-
activity and selectivity resulting in harsh reaction conditions
and the ketone converting into alcohol, and copper leaching
aggravating rubber aging. Precious metal17,18 catalysts were
employed to overcome the disadvantages of traditional copper-
based catalysts, synthesizing DPPD compounds with high
quality and efficiency.19,20 Most of the previous work on reduc-
tive alkylation was focused on the development of catalyst with
the aim of improving catalytic activity and selectivity to
DPPDs.21–24 Understanding the relationship between reaction
University of Science and Technology, 53

's Republic of China. E-mail: djwnsfc@

0532-84022782; Tel: +86 0532-84022782

7

factors and catalytic performance, especially the effect of water
generating by condensation reaction on catalytic system are of
great importance considering the practical application of cata-
lyst. Unfortunately, little effort was given to illuminate the
aforementioned aspects.

In this work, the reductive alkylation reaction of p-ADPA with
MIAK using 3 wt% Pt/AC catalyst in a retted autoclave equip-
ped with a hydrogen circulation machine and a ketone-water
separator in order to achieve dewatering during the reaction
process was investigated. A series of characterization tech-
niques including TEM, SEM, XRD, ICP, laser particle size
analysis, N2 physical adsorption and CO chemical adsorption
were applied for getting the microtopography and physico-
chemical properties of the fresh and deactivated catalysts. The
purpose of all the present work was to elucidate the effect of
water in the reaction system on Schiff base formation and
catalysts deactivation.
2. Experimental
2.1. Catalyst preparation

Pt/AC catalysts with a nominal Pt loading of 3.0 wt% were
prepared by the conventional impregnation method. Prior to
impregnation, a commercial activated carbon (Calgon Carbon
Corp. Ltd.) was pretreated with 15% H2O2 at 50 �C for 5 h, fol-
lowed by washing with distilled water until the pH reached to 7
and then dried under vacuum at 110 �C for 12 h 15 mL of
H2PtCl6 (Sino-Platinum Metals Corp. Ltd.) aqueous solution
(0.01 g mL�1) was then added dropwise into 50 mL of aqueous
suspension containing 5 g of pretreated activated carbon, and
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Catalytic performance evaluation apparatus. A: autoclave, C:
coil condenser, S: ketone-water separator, P1: hydrogen booster
pump, P2: plunger pump, M: motor agitator.
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then the pH of the suspension was adjusted to 10 by adding
NaOH aqueous solution. The precipitated Pt(OH)4 was reduced
by NaBH4 at room temperature, which was then washed with
deionized water until the pH of the ltrate was 7 and no
chloridion could be observed in the ltrate by the AgNO3 titra-
tion method. This sample was then dried under vacuum at
110 �C for 12 h.

2.2. Evaluation reaction

The condensation and reductive alkylation as evaluation reac-
tions were conducted in an autoclave (Weihai Huixin Chemical
Mechanic Corp. Ltd.) which was made of stainless steel with
a working volume of 500 mL. The autoclave was retted which
was equipped with a hydrogen circulation machine (Zhejiang
SMT Technology Corp. Ltd.), a coil condenser with ketone–
water separator and a plunger pump in order to dewater
continuously and achieve the circulation of hydrogen and MIAK
condensed (Fig. 1).

The condensation reaction conditions were as follows: p-
ADPA ¼ 50 g, MIAK ¼ 120 g, Pt/AC ¼ 0.5 g, T ¼ 373 K, P ¼
3.0 MPa (pure N2), stirring speed ¼ 600 rpm. The reductive
Scheme 1 Reaction pathways.

This journal is © The Royal Society of Chemistry 2018
alkylation reactions were performed in the same conditions
except for replacing N2 with pure H2. All the reactions were
carried out in normal mode, adding water and dewatering
condition respectively, in order to investigate the effects of
water content on the reaction results. 10 g of H2O was added in
adding water mode while H2O generating during condensation
reaction was removed with H2 and MIAK steam in dewatering
condition. H2 and MIAK condensed were returned to the auto-
clave depend on the hydrogen circulation machine and plunger
pump. The catalyst was recycled by ltration aer reaction. The
reaction products were analyzed by gas chromatography (Agi-
lent 7820A) equipped with an FID detector and a capillary
column HP-5 (0.32 mm � 30 m).

The conversion of p-ADPA and selectivity of 7PPD can be
calculated by the following equations respectively:

X ¼ C0
p-ADPA � Cp-ADPA

C0
p-ADPA

� 100% (1)

S ¼ C7PPD

C0
p-ADPA � Cp-ADPA

� 100% (2)

where X is the p-ADPA conversion, S is the 7PPD selectivity, C0

and C denote the initial and nal mole fraction, respectively.
2.3. Catalyst characterization

Scanning electron microscopy (SEM) was performed on a JSM-
7500F microscope (JEOL Ltd.) with an accelerating voltage of
8.0 kV. The samples were then gold coated by cathodic sput-
tering. Transmission electron microscopy (TEM) images of the
catalysts were obtained using a JEM-2100F microscope (JEOL
Ltd.) operating at an accelerating voltage of 200 kV. The samples
for TEM were prepared by dropping the ethanol suspensions of
the catalysts on copper grids. The powder X-ray diffraction
(XRD) patterns of the samples were recorded on D/max 2500
diffractometer with Cu Ka radiation at 40 kV and 150 mA. The Pt
content of the catalysts were quantitatively determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) using a Varian715-ES. The particle sizes of the catalysts
were determined using a Mastersizer 3000 laser particle size
RSC Adv., 2018, 8, 23262–23267 | 23263
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Fig. 2 Time on Schiff base generation over Pt/AC in dewatering (A),
normal (B) and adding water (C) conditions respectively. Blank experi-
ment: Schiff base generation without any catalysts in normal reaction
mode (D). Reaction condition: p-ADPA ¼ 50 g, MIAK ¼ 120 g, Pt/AC ¼
0.5 g, T ¼ 373 K, P ¼ 3.0 MPa (pure N2), stirring speed ¼ 600 rpm.
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analyzer (Malvern Panalytical Corp.). The surface area and pore
structure of the catalysts were determined by N2 physical
adsorption using a ASAP 2020 surface area analyzer (Micro-
meritics Instrument Corp.). The surface area of the samples was
calculated by the BET equation. The specic surface area of Pt
supported on the activated carbon was determined by CO
chemical adsorption using a AutoChemII 2920 analyzer
(Micromeritics Instrument Corp.).
3. Results and discussion
3.1. Evaluation reaction results

In order to elucidate the effects of water content on the reaction
results, the condensation reaction and reductive alkylation
reaction of p-ADPA with MIAK were investigated in normal
mode, adding water and dewatering condition, respectively. The
reaction for the synthesis of N-(1,4-dimethylamyl)-N0-phenyl-p-
phenylenediamine (7PPD) is shown in Scheme 1. For the
condensation of p-ADPA with MIAK, as shown in Fig. 2, in the
normal reaction mode, the equilibrium generation of Schiff
base was 38%, and the reaction reached equilibrium at 4 h.
When additional water was added in the reaction system, the
Table 1 Catalytic performance of Pt/AC catalysts in the synthesis of
7PPD

Reaction modea
Reaction
time/hr

p-ADPA
conversion/%

7PPD
selectivity/%

Blank experimentb 4.5 30 0
Normal condition 5 100 96.4
H2O added condition 8 85 82.4
Dewatering condition 2.5 100 99.4

a Reaction condition: p-ADPA ¼ 50 g, MIAK ¼ 120 g, Pt/AC ¼ 0.5 g, T ¼
373 K, P ¼ 3.0 MPa (pure H2), stirring speed ¼ 600 rpm. b Blank
experiment was carried out without any catalysts in normal reaction mode.

23264 | RSC Adv., 2018, 8, 23262–23267
formation rate of Schiff base slowed down with the equilibrium
generation of Schiff base reducing to 26%. Under the condition
of continuous dewatering, a signicant increase of the Schiff
base formation rate was attained, with the equilibrium gener-
ation of Schiff base rising to 62%. In the normal reaction mode,
the equilibrium generation of Schiff base was 30% without any
catalysts, and the reaction reached equilibrium at 4.5 h. The
reason why both the formation rate and equilibrium generation
of Schiff base were a little higher in presence of the catalyst may
be due to catalysis of activated carbon to the condensation
reaction. The formation rate and equilibrium generation of
Schiff base were inuenced by the water content of the reaction
system based on the principle of chemical equilibrium. The
condensation of p-ADPA with MIAK could be promoted due to
removing water in time.

For the reductive alkylation of p-ADPA with MIAK in the
presence of hydrogen, as shown in Table 1, p-ADPA was
completely converted in 5 h with a selectivity (96.4%) obtained
under the normal reaction condition. When additional H2O was
added in the reaction system, the reaction time was extended to
8 h with a lower conversion of p-ADPA (85%) and a lower
selectivity (82.4%) to 7PPD. In contrast, both a high selectivity
(99.4%) and a shorter reaction time (2.5 h) could be obtained
with a complete conversion of p-ADPA under the condition of
continuous dewatering. It could be inferred that the formation
rate of Schiff base was slowed down due to the increase of water
content in the reaction system which caused a mismatch
between Schiff base generating and hydrogenation. The side
reactions might be aggravated due to the imbalance of two-step
reactions which led to a lower selectivity of 7PPD.

The initial water content in adding water, normal mode and
dewatering condition were 5.6 wt%, 0 wt% and 0 wt%, respec-
tively. The water content increased constantly with the
condensation dehydration reaction between p-ADPA and MIAK
carrying out in adding water and normal condition, while
Fig. 3 Relationship between catalytic activity and water content. P-
ADPA conversion rate was calculated by the following equation:

W ¼ Xp-ADPA

t
, whereW is the p-ADPA conversion rate, X is the p-ADPA

conversion, t is the reaction time.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Recyclability of Pt/AC for reductive alkylation in dewatering (A),
normal (B) and adding water (C) conditions respectively. Reaction
condition: p-ADPA¼ 50 g, MIAK¼ 120 g, Pt/AC¼ 0.5 g, T¼ 373 K, P¼
3.0 MPa (pure H2), stirring speed ¼ 600 rpm.
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almost all the water generating could be removed from the
reaction system under dewatering condition. The nal water
content calculated in adding water, normalmode and dewatering
condition were 7.9 wt%, 2.9 wt% and 0.18 wt%, respectively,
according to the conversion of p-ADPA and quantity of water
removed (4.6 g). Fig. 3 presents the relationship between catalytic
activity and water content. Average water content can be calcu-
lated to estimate the water content during the reaction process
(6.8 wt%, 1.5 wt% and 0.14 wt% in adding water, normal mode
Fig. 5 SEM images of fresh Pt/AC (F), Pt/AC reused in dewatering cond
water condition (C).

This journal is © The Royal Society of Chemistry 2018
and dewatering condition, respectively). It was obvious that the p-
ADPA conversion rate reduced sharply with the increase of
average water content in the reaction system.

The stability of catalysts in reductive alkylation reactions of
p-ADPA with MIAK was investigated via the reuse of catalysts
under the same reaction conditions as mentioned above. As
shown in Fig. 4, under the dewatering condition, the p-ADPA
conversion remained above 95% aer the catalyst reused 10
times. However, signicant decrease of p-ADPA was obtained
under the normal and additional water added conditions with
the increase of catalysts reused times, which might be inferred
some relations between the catalyst deactivation and the water
content of the reaction system.

3.2. Catalyst characterization

The fresh catalyst (F) and catalysts reused 10 times in dew-
atering (A), normal (B), and adding water (C) conditions
respectively were characterized. To explore the surface structure
and morphology of fresh and used catalysts, SEM character-
ization was carried out, as shown in Fig. 5. It was observed that
carbon supports of fresh and reused catalyst under the dew-
atering condition had large particle structure, while the
supports of catalysts reused under the normal and additional
water added conditions had become broken somewhat. Water
of the reaction system might aggravate the crush of carbon
supports which might do damage to the pore structure or cause
ltration loss of the catalysts.

The TEM images of fresh and used catalysts are given in
Fig. 6. It was noted that the highly dispersed Pt nanoparticles,
ition (A), Pt/AC reused in normal condition (B), Pt/AC reused in adding

RSC Adv., 2018, 8, 23262–23267 | 23265
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Fig. 6 TEM images and particle size distribution of fresh Pt/AC (F), Pt/AC reused in dewatering condition(A), Pt/AC reused in normal condition (B),
Pt/AC reused in adding water condition(C).
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2–4 nm in size, were uniformly distributed within the supports
and no obvious nanoparticles aggregation was observed in fresh
catalyst as well as catalysts reused under the different condi-
tions. The results revealed that the effect of water on the
dispersion of Pt nanoparticles was slight which might benet
from the mild reductive alkylation reaction conditions (T ¼ 373
K, H2 P ¼ 3.0 MPa).

Fig. 7 presents the XRD patterns of fresh and used catalysts.
Usually, the diffraction peaks of Pt in Pt/AC are weak and
obscured in the XRD patterns, indicating the successful
formation of well-dispersed ultrasmall Pt nanoclusters on the
supports. It was obvious that all the catalysts had only broad
Fig. 7 XRD patterns of fresh Pt/AC (F), Pt/AC reused in dewatering
condition (A), Pt/AC reused in normal condition (B), Pt/AC reused in
adding water condition (C).

23266 | RSC Adv., 2018, 8, 23262–23267
diffraction peak at 2q¼ 25� attributed to the amorphous carbon
and no characteristic diffraction peaks of Pt were found, which
was possibly due to Pt nanoparticles being completely highly
dispersed and there were no obvious changes of Pt crystalline
state in catalysts reused process under the different conditions.
This result is in accordance with the conclusion of TEM
analysis.

Pt content and average particle size of fresh and used cata-
lysts are presented in Table 2. The Pt content of fresh catalyst
was about 2.91 wt%, while Pt loss was more serious with the
increase of water content in the reaction system for catalysts
reused under the different conditions. Considering the changes
of catalyst powders average particle size and SEM analysis, the
reason for the loss of Pt was likely to be ltration loss caused by
the crushing of catalyst supports.

Furthermore, N2 physical adsorption and CO chemical
adsorption characterization of fresh and used catalysts were
carried out. It is evident from Table 3 that the BET specic
surface area and pore volume of used catalysts all decreased
comparing with fresh catalyst, and the trend was more obvious
Table 2 Pt content and average particle size of fresh and used
catalysts

Catalyst samples Pt content/%
Average particle
size/mesh

Fresh catalyst 2.91 360
Catalyst reused in
dewatering condition

2.85 370

Catalyst reused in
normal condition

2.74 410

Catalyst reused in
H2O added condition

2.52 480

This journal is © The Royal Society of Chemistry 2018
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Table 3 Textural properties of the fresh and used catalysts

Catalyst samples SBET/m
2g�1 Vtotal/cm

3g�1 Pore size/nm SPt/m
2 g�1

Fresh catalyst 1312.62 1.17 4.20 48.51
Catalyst reused in dewatering condition 978.42 0.91 4.32 36.63
Catalyst reused in normal condition 628.41 0.62 4.63 21.66
Catalyst reused in H2O added condition 514.13 0.43 4.87 7.18
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under the condition of higher water content. Corresponding, Pt
specic surface area of used catalysts had a similar trend. These
results suggested that higher water content in the reaction
system aggravated the deteriorating of catalysts surface struc-
ture. According to the results of catalyst characterization and
evaluation reaction, it can be concluded, during the reductive
alkylation of p-ADPA with MIAK over Pt/AC under the condition
of high water content, some organics generating by side reac-
tions would adsorb on the catalyst, and these organics could
block pores and cover active centers, leading to the decrease in
the surface area and catalytic activity.

4. Conclusions

Effects of water in the reaction system on reductive alkylation of
p-ADPA with MIAK and Pt/AC catalysts deactivation were
investigated in normal mode, adding water and dewatering
condition, respectively. Water in the reaction system could
decrease the formation rate of Schiff base and the conversion of
p-ADPA, as well as the selectivity of 7PPD and the stability of
catalysts. Catalyst characterization results reected that catalyst
supports pulverization and Pt loss occurred in catalysts reused,
and the trend was more obvious under the condition of higher
water content. Water in the reaction system also aggravated the
decrease of catalysts specic surface area and pore volume,
which should be a major reason of lower catalytic performance.
This work demonstrated that it was essential to control the
water content of reductive alkylation.
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P. Majzĺık and M. Breza, Polym. Degrad. Stab., 2009, 94,
1457–1466.
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