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the mechanism of 3,30-dichloro-
4,40-diamino diphenylmethane synthesis over HY
zeolites

Xiao Ruan, Feng Wei, Li Yang, Yingxian Zhao * and Qiang Wang*

Catalytic activities of zeolites HY, Hb and HZSM-5 in the heterogeneous synthesis of 3,30-dichloro-4,40-
diaminodiphenyl methane (MOCA) from o-chloroaniline and formaldehyde were pre-screened in an

autoclave, and HY demonstrated better performance than others. Kinetic behaviors of MOCA synthesis

over HY(11) were further investigated in a fixed bed continuous flow reactor, and under the conditions of

the catalyst bed volume ¼ 20 mL (8.14 g), n(o-chloroaniline) : n(HCHO) ¼ 4 : 1, LHSV ¼ 3.5 h�1, 0.5 MPa

and 443 K, HCHO conversion and MOCA selectivity steadily fluctuated at high levels of 90–92% and 75–

77% during 16 h, respectively. Catalysts were characterized by BET, NH3-TPD and XRD, products

analyzed by HPLC, and reaction intermediates identified by LC/MS and 1H NMR. The mechanism of

MOCA synthesis has been interpreted in detail, which also suggested that deposition of basic

intermediates on active sites and accumulation of polymeric by-products in pore channels of the

catalyst could cause significant decay of HY(11) activity and selectivity under severe conditions.

Supplementary tests on catalyst regeneration confirmed that the acidity and surface area of spent HY(11)

could be well recovered after burning off the deposited by-products.
Introduction

As a class of important chain-extending, cross-linking and
curing agents, diaminodiphenylmethanes have been used
extensively in the preparation of various polymer products
including resin, rubber, plastic, paint, lm, etc. For example,
4,40-diaminodiphenyl methane (MDA) is an important additive
in the preparation of polyurethane and thermosets,1–5 3,30-
dimethyl-4,40-diamino diphenylmethane (MDT) is used as
a good curing agent in the preparation of electric cables and
wires with excellent properties of insulation, heat endurance
and chemical resistance,6–10 and also 3,30-dichloro-4,40-dia-
minodiphenylmethane (MOCA) plays a vital role in preparing
high quality polyurethane and epoxy resin.11–14

The condensation of unsubstituted and methyl- or chlorine-
substituted aromatic amine with formaldehyde (HCHO) has
provided a convenient route to prepare MDA,15,16 MDT17 and
MOCA.18 Such condensation reactions, however, normally
requires acid catalysis. In history, strong inorganic acids such as
HCl were oen used to catalyze homogeneous synthesis of
diaminodiphenyl methanes through multistep including sali-
nization, condensation, and neutralization,19,20 as showed in
Scheme 1. Inevitably, using large amounts of HCl and NaOH
could bring about serious problems such as high toxicity,
corrosion, difficulty in product separation and disposal of
jiang, China. E-mail: zyx@nit.zju.edu.cn;

f Chemistry 2020
a large amount of the contaminated water. Since the prevention
and control of environmental pollution have been becoming
more and more urgent, a green and eco-friendly technology for
the synthesis of diaminodiphenylmethanes should be devel-
oped vigorously.

It is of great academic and practical signicance to exploit
a heterogeneous process with solid acids replacing mineral
acids as catalysts for synthesis of diaminodiphenylmethanes.
The use of a solid acid could promise facile separation of
catalyst from products without neutralization step, eliminate
the polluted aqueous wastes, allow recovery and reuse of the
catalyst, and thus provide a potentially green solution to the
previously existing problems. In the heterogeneous synthesis of
MDA by condensation of aniline with formaldehyde, the
Scheme 1 Homogeneous synthesis of MDA, MDT and MOCA cata-
lyzed by HCl acid.
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Fig. 1 (a) Chromatograms of product samples from the condensation
of o-chloroaniline and formaldehyde over various zeolites and quartz
sand. Reaction conditions: n(o-chloroaniline) : n(HCHO)¼ 4 : 1 (molar
ratio),w(HCHO) : w(catalyst)¼ 1 : 1 (weight ratio), 433 K, 4 h. (b) HCHO
conversion and selectivities of products in condensation of o-chlor-
oaniline and formaldehyde over various zeolites and quartz sand.
Reaction conditions are the same as those in (a), M is key intermediate
and Bp represents by-products.
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catalytic activities of various solid acids such as ion-exchanged
resins,21 clays22,23 and zeolites19,24–27 were investigated. Previous
investigations have also revealed the excellent performance of
the protonated Al–Si zeolite Hb in catalyzing heterogeneous
synthesis of MDT from o-tolylamine and formaldehyde.28,29

Although rarely reported in the literature so far, an active
catalyst for heterogeneous synthesis of MOCA should be found
from various acidic zeolites with suitable porosity, modiable
acidity, high hydrothermal stability and good reusability.

The activity and selectivity of a protonated Al–Si zeolite in an
acid-catalyzed reaction depend on its structural, surface and
acidic properties. There are a large number of natural or
synthetic Al–Si zeolites with different crystal structures. As three
famous members of Al–Si zeolites used in petrochemical
industry, for example, the low-silica zeolite Y has the structure
of mineral faujasite with larger pore diameter (0.74 nm),30 the
high-silica zeolite b has the structural framework with one type
of ring channels (0.66� 0.67 nm) crossed by second type of ring
channels (0.56� 56 nm),31 and the high-silica zeolite ZSM-5 has
the MFI-type framework of two-dimensional pore structure with
straight ring channels (0.51 � 0.55 nm) intersected by second
ring channels (0.53 � 0.56 nm).32 The protonated zeolites HY,
Hb and HZSM-5 normally possess the same structural frame-
works as their parent Y, b and ZSM-5 respectively, but their
acidity may differ signicantly each other and also will vary with
the composition (Si/Al ratio). In this work, the heterogeneous
synthesis of 3,30-dichloro-4,40-diaminodiphenyl methane
(MOCA) by condensation of o-chloroaniline and formaldehyde
over acidic zeolites was investigated. Firstly, the catalytic activ-
ities of HY (Si/Al ¼ 7), Hb (Si/Al ¼ 40 and 100), HZSM-5 (Si/Al ¼
150 and 300) were pre-screened. Secondly, the catalytic perfor-
mances of the promising HY with Si/Al ratios of 5, 7 and 11 were
comparatively investigated. Thirdly, the effects of reaction
temperature and time on the activity and selectivity of HY (11)
as the best catalyst were further examined. Finally, the synthetic
mechanism of MOCA involving key reaction intermediates was
interpreted in detail, and also the deactivation and regeneration
of catalyst was preliminarily discussed. Herein, the ultimate
purpose is to establish the scientic foundation of developing
a novel and green technology for the industrial production of
MOCA and analogues.

Results and discussion
Comparative investigation on MOCA synthesis over acidic
zeolites

To identify an efficient catalyst for heterogeneous synthesis of
MOCA from o-chloroaniline and formaldehyde, the catalytic
performances of several potential aluminum-silicon zeolites
were comparatively investigated in a batch reactor.

Catalytic activities of various zeolites. Heterogeneous
synthesis of MOCA over ve H-zeolites and quartz sand as blank
was conducted in a batch reactor under the same reaction
conditions, respectively. Despite the stoichiometric ratio of 2 : 1
with respect to o-chloroaniline : HCHO, the optimal ratio of
4 : 1 was adopted in experiments since HCHOmight easily react
with product or intermediates to form byproducts and excessive
34720 | RSC Adv., 2020, 10, 34719–34728
chloroaniline could inhibit the formation of byproducts. HPLC
chromatograms of the product samples from these synthetic
reactions were presented in Fig. 1a, displaying obvious differ-
ences each other. The bar data in Fig. 1b showed that the sand
gave very low HCHO conversion and MOCA selectivity, indi-
cating that non-catalytic synthesis of MOCA over sand was
almost unproductive. For the ve zeolites in order fromHY(7) to
Hb(40) to Hb(100) to HZSM-5(150) to HZSM-5(300), HCHO
conversion slightly varied from 76.5 to 75.4 to 72.0 to 74.8 to
70.9%, MOCA selectivity signicantly decreased from 67.2 to
60.1 to 45.5 to 23.2 to 17.6%, and the selectivity of key
intermediate M in Fig. 1a increased from 14.6 to 16.5 to 25.7 to
40.6 to 43.1%, respectively. By comparison, HY(7) demonstrated
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 NH3-TPD curves of zeolites HY(5), HY(7) and HY(11).

Fig. 3 HCHO conversion and selectivities of products in the reaction
of o-chloroaniline and formaldehyde condensation over HY with
different Si/Al ratios. Reaction conditions: n(o-chlor-
oaniline) : n(HCHO) ¼ 4 : 1 (molar ratio), w(HCHO) : w(catalyst) ¼ 1 : 1

Table 1 Surface area, pore diameter and volume of HY zeolites

Zeolites
Surface area
(m2 g�1)

Pore diameter
(nm)

Pore volume
(cm3 g�1)

HY(5) 689.3 0.7436 0.3583
HY(7) 684.0 0.7421 0.3597
HY(11) 677.7 0.7389 0.3638
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the best catalytic performance while HZSM-5(300) gave the
lowest selectivity of MOCA production.

As well known, the catalytic activity of a protonated zeolite in
acid-catalyzed reactions depends on its textural property and
acidity. In the previous study on heterogeneous synthesis of
MDT over several zeolites,28,29 BET analysis showed that the low-
silica zeolite HY(4.8), the high-silica zeolites Hb(40) and HZSM-
5(45) had surface area about 684, 461 and 353 m2 g�1, and pore
volume about 0.36, 0.28 and 0.19 cm3 g�1 respectively, and also
NH3-TPD analysis showed the acidity (strength and density)
order of HZSM-5(45) > Hb(40) > HY(4.8), but Hb(40) demon-
strated the best catalytic performance for MDT synthesis while
a titanium-silicon zeolite TS-1 containing only Lewis acid sites
(electron-acceptors) gave very low catalytic activity in this reac-
tion. Herein, the HY(7) with higher surface area, larger pore size
and volume could be more favorable for the transformation of
reaction intermediates into nal product MOCA. Moreover, the
Si/Al ratio of zeolite showed signicant effect on selectivity of
MOCA production, suggesting that the acidity of a zeolite was
also critical to its catalytic performance in MOCA synthesis. In
general, the acidity of a zeolite refers to acidic type, density and
strength. It was found that there existed both Brǒnsted (B) acid
(proton-donor) and Lewis (L) acid (electron-acceptor) in HY, Hb

and HZSM-5, and the density of B acid sites would decrease with
increasing its Si/Al ratio. Therefore, the better catalytic perfor-
mance of the low silica HY(7) than the high-silica Hb(40),
Hb(100), HZSM-5(100) and HZSM-5(300) in MOCA synthesis
may be also attributed to higher density of B acid sites.

Catalytic activities of HY with different Si/Al ratios. To
further examine the effect of Si/Al ratio on the acidity and
catalytic activity of HY, three HY zeolites with Si/Al ratio of 5, 7
and 11 were characterized by BET and NH3-TPD techniques
respectively. When the data in Table 1 revealed slight differ-
ences of surface area, pore size and volume among HY(5),
HY(7) and HY(11) as expected, NH3-TPD curves in Fig. 2
showed signicant differences of acid density and strength
distribution among them, indicating that with moderately
changing Si/Al ratio from 5 to 7 to 11, the density of stronger
acids in the low-silica HY zeolite apparently increased
although theoretically the absolute density of total B acidic
sites should be decreased. In the result as Fig. 3 showed, under
the conditions of n(o-chloroaniline) : n(HCHO) ¼ 4 : 1 (molar
ratio), w(HCHO) : w(catalyst) ¼ 1 : 1 (weight ratio), 433 K and
4 h, HCHO conversion increased from 58.6 to 76.5 to 85.5%
and MOCA selectivity from 57.1 to 67.2 to 76.0% with switch-
ing the catalyst from HY(5) to HY(7) to HY(11), respectively.
This journal is © The Royal Society of Chemistry 2020
Based on the above investigations, HY(11) with suitable pore
size and higher density of strong acid sites was well qualied as
an efficient catalyst for the heterogeneous synthesis of MOCA
from o-tolylamine and formaldehyde.
Comprehensive investigation on MOCA synthesis over HY(11)

The heterogeneous synthesis of MOCA over HY(11) was further
investigated in a xed bed continuous ow reactor.

Inuence of reaction temperature and time. Temperature
oen inuences the kinetics and selectivity of a catalytic reac-
tion signicantly. Under the conditions as showed in Fig. 4, the
heterogeneous synthesis of MOCA from o-chloroaniline and
formaldehyde were conducted in 393–473 K. As seen, HCHO
conversion gradually increased from 67.4 to 92.3% as temper-
ature increased from 393 to 443 K and then stabilized in 443–
473 K, and the selectivity of main product MOCA rapidly
increased from 39.0% to reach a maximum of 77.7% with
increasing temperature from 393 to 443 K and then decreased to
63.3% at 493 K. At the same time, the selectivity of key
intermediate M rapidly descended from 53.2 to 5.1% as
temperature increased from 393 to 443 K and then gently
declined to 2.2% at 473 K, while the selectivity of intermediate N
(Fig. 1a) slowly increased from 2.5 to 9.1% and that of other by-
products (Bp) signicantly ascended from 5.3 to 25.3% as
temperature increased from 393 to 473 K. Overall, the optimal
(weight ratio), 433 K, 4 h. The abbreviations M and Bp represent key
intermediate and by-products.

RSC Adv., 2020, 10, 34719–34728 | 34721
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Fig. 6 (a) 1H NMR spectrum of intermediate M. (b) 1H NMR spectrum
of intermediate N.

Fig. 4 Reactant conversion and products selectivity in condensation
of o-chloroaniline and HCHO over HY(11) at various temperatures.
Reaction conditions: (o-chloroaniline) : n(HCHO)¼ 4 : 1, the fixed bed
volume of catalyst¼ 20 mL (8.14 g), LHSV ¼ 3.5 h�1, 0.5 MPa pressure,
8 h duration.
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temperature for HCHO conversion and MOCA production was
about 443 K, there was a close relationship between MOCA
production and M transformation, and also the selectivity of
MOCA would deteriorate over 443 K, probably due to the
generation of more trimeric or polymeric by-products at higher
temperatures.

To investigate the effect of reaction time, a continuous run of
36 h was conducted under the conditions as showed in Fig. 5.
HCHO conversion slightly uctuated around 90% during the
rst 16 h, rapidly dropped down 56% aer 27 h, and then gently
decreased to 51% aer 36 h. At the same time, MOCA selectivity
remained above 75% during the rst 15 h, and then descended
to 29% with continuously increasing time to 36 h, while the
selectivity of key intermediate M stayed below 15% in the rst
15 h, and then ascended to 48.4% aer 36 h. In addition, the
selectivity of intermediate N slowly decreased from 8.5% to near
zero and that of other by-products (Bp) increased from 1.8 to
22.3% as time increased from 1 to 36 h. Obviously, the activity
and selectivity of the target reaction were deteriorated aer 16 h
of reaction.

Identication of reaction intermediates M and N. Hetero-
geneous synthesis of MOCA over HY(11) might involve several
Fig. 5 Variation of HCHO conversion and products selectivity with
reaction time. Reaction conditions: n(o-chloroaniline) : n(HCHO) ¼
4 : 1, the fixed bed volume of HY(11) catalyst ¼ 20 mL (8.14 g), LHSV ¼
3.5 h�1, temperature 443 K, pressure 0.5 MPa.

34722 | RSC Adv., 2020, 10, 34719–34728
active intermediates, and their identication would provide
some insights into the mechanism of reaction and catalyst
deactivation. Aer great effort, however, only two
intermediates M and N were successfully isolated by preparative
chromatography, puried and then characterized by LC-MS and
1H NMR, respectively. The LC-MS analysis suggested the two
intermediates to be the isomers of nal product MOCA with the
same molecular weight (267 g mol�1) and chemical formula
(C13H12Cl2N2). Also, the

1H NMR spectra of intermediates M
(purity > 95%) and N (purity > 90%) were obtained. As illustrated
in Fig. 6a, there appeared 12 NMR peaks of H vibration
including two at 7.30, two at 7.09, two at 6.81, two at 6.73 and
four at 4.85 ppm (dH), while the peak at 1.25 ppm belonged the
solvent. By carefully interpreting the patterns of H vibrations,
the 1H NMR spectrum of intermediate M was condently
assigned to N,N0-bis-(2-chlorophenyl)-methanediamine. In the
same way, 1H NMR spectrum of intermediate N in Fig. 6b could
be assigned to 2-chloro-4-(o-chloroanilino-methyl)-phenyl
amine. In consequence, the identication of the two
Scheme 2 Formation of o-chloroanilino-methanol by interaction
between o-chloroaniline and formaldehyde.

This journal is © The Royal Society of Chemistry 2020
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intermediates would help us to have an insight into the mech-
anism and pathways of MOCA synthesis over HY(11).
Interpretation to the mechanism of MOCA synthesis over HY
(11)

As far as we know, the mechanism of MOCA heterogeneous
synthesis from o-chloroaniline and formaldehyde has not been
fully interpreted yet. Based on the principle knowledge of
amine-aldehyde condensation chemistry, the identication of
key active intermediates, and the kinetics and selectivity of
reaction in above, the reaction pathway network in heteroge-
neous synthesis of MOCA over acidic zeolites such as HY (11)
has been presented in detail and interpreted below.

Formation and transformation of various intermediates. The
heterogeneous synthesis of MOCA from o-chloroaniline and
formaldehyde maybe sequentially go through the formation
and conversion of the following reaction intermediates:

(1) o-Chloroanilino-methanol. As showed in Scheme 2, an o-
chloroaniline would directly attack a formaldehyde to form an
o-chloroanilino-methanol with going through the transitional
state. Such nucleophilic addition of a carbonyl with an amine to
form an unstable carbinolamine could occur easily that an
acidic catalyst could be possible rather than necessary to
participate in this initiation step.

(2) Methylene-o-chloroaniline. An o-chloroanilino-methanol
could stoichiometrically convert to a methylene-o-
Scheme 3 (a) Formation of methylene-o-chloroaniline from o-
chloroanilino-methanol catalyzed by Brǒnsted acid site on HY. (b)
Formation of methylene-o-chloroaniline from o-chloroanilino-
methanol catalyzed by Lewis acid site on HY.

This journal is © The Royal Society of Chemistry 2020
chloroaniline (Schiff base) by losing a water molecule. However,
this process might be uneasy to occur in the absence of an
acidic catalyst. On HY surface, this reaction went through
a catalytic cycle on a Brǒnsted acid site or a Lewis acid site (if
exists) as showed in Scheme 3a and b. By comparison, B acid
should be more active than L acid since H+ attacking the elec-
trons on the O in o-chloroanilino-methanol appeared more
facile than Si+ attracting (accepting) the electrons, and also
water desorption from Lewis acid site might be more difficult.

(3) N,N0-Bis-(2-chlorophenyl)-methanediamine. As illustrated in
Scheme 4, an extra o-chloroaniline could interact with a meth-
ylene-o-chloroaniline adsorbed on a Brǒnsted acid site to form
the key intermediate N,N0-bis-(2-chlorophenyl)-methane
diamine aer completing a catalytic cycle. Similar to the
formation of o-chloroanilino-methanol in above, the formation
of N,N0-bis-(2-chlorophenyl)-methanediamine catalyzed by
a Lewis acid site seemed less favorable, and also was almost
negligible in the absence of an acid catalyst.

(4) 2-Chloro-4-(o-chloroanilino-methyl)-phenylamine. 2-Chloro-
4-(o-chloroanilino-methyl)-phenylamine could be formed by
isomeric rearrangement of N,N0-bis-(2-chlorophenyl)-methane
diamine over HY zeolite, which was certainly carried on
Brǒnsted acid sites as illustrated in Scheme 5. In detail, the
amino group in N,N0-bis-(2-chlorophenyl)-methanediamine was
rst protonated to form a carbocation in transition state, which
was favorable to rearrange into a 2-chloro-4-(o-chloroanilino-
methyl)-phenylamine by the electrophilic substitution of para-
position on the aromatic ring of o-chloroaniline due to the
lowest steric hindrance, and also possible to rearrange into a 2-
chloro-6-(o-chloroanilino-methyl)-phenylamine by the electro-
philic substitution of ortho-position, but almost impossible to
form 2-chloro-5-(o-chloroanilino-methyl)-phenylamine or 2-
chloro-3-(o-chloroanilino-methyl)-phenylamine by the attack of
a carbocation on the meta-positions of the ring due to the high
steric hindrance and electron distribution effect.
Scheme 4 Formation of a N,N0-bis-(2-chlorophenyl)-methanedi-
amine by the reaction of an o-chloroaniline with a methylene-o-
chloroaniline adsorbed on Brǒnsted acid site of HY.

RSC Adv., 2020, 10, 34719–34728 | 34723
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Scheme 5 Rearrangement of N,N0-bis-(2-chlorophenyl)-methanediamine over a Brǒnsted acid site on HY.

Scheme 6 (a) Formation of MOCA by intra-rearrangement of a 2-chloro-4-(o-chloroanilino-methyl)-phenylamine on a Brǒnsted acid site. (b)
Formation of MOCA by inter-rearrangement of two 2-chloro-4-(o-chloroanilino-methyl)-phenylamine on a Brǒnsted acid site.

34724 | RSC Adv., 2020, 10, 34719–34728 This journal is © The Royal Society of Chemistry 2020
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The formation of MOCA. Once adsorbed on a Brǒnsted acid
site on HY(11), the C–N bond in 2-chloro-4-(o-chloroanilino-
methyl)-phenylamine was be weakened by the attack of proton
on the N-atom, and thus resulted in partial positive charge on
the C-atom which became susceptible to a nucleophilic attack
by the free electron on the phenyl ring of the substrate itself
(intramolecular rearrangement) as showed in Scheme 6a, or
another 2-chloro-4-(o-chloroanilino-methyl)-phenylamine
(intermolecular rearrangement) as showed in Scheme 6b.
Considering the higher steric hindrance of intramolecular
rearrangement, the transition state of substrate might be
favorable to the intermolecular rearrangement, i.e. an SN

2-type
nucleophilic substitution reaction to form the nal product
MOCA, especially at high concentration of parent intermediate
2-chloro-4-(o-chloroanilino-methyl)-phenylamine.

The formation of by-products. There must be some side-
reactions of by-products formation to accompany with the
above main stream reactions in heterogeneous synthesis of
MOCA from o-chloroaniline and formaldehyde over HY(11). The
formation of by-products (Bp) could become very signicant at
Scheme 7 Formation pathways of the trimeric by-products from the
dimeric intermediates in MOCA synthesis over HY(11).

This journal is © The Royal Society of Chemistry 2020
high temperature and long duration of reaction, as previously
showed in Fig. 4 and 5. In addition, LC-MS analysis of the
samples conrmed that the by-products mainly included
trimeric compounds plus a small amount of polymeric
compounds, and hereby the mechanism of trimeric by-products
formation through the reaction of dimeric intermediates with
methylene-o-chloroaniline was proposed in Scheme 7. Obvi-
ously, the formation of various by-products not only reduced the
selectivity of MOCA, but also would deteriorate the catalytic
activity of HY(11). In other words, the formation, deposition and
accumulation of various by-products could potentially occupy
acitive sites, gradually plug the pore channels of catalyst and
ultimately cause the deactivation of catalyst.

Deactivation and regeneration of HY(11) catalyst

Most heterogeneous catalysts suffer from deactivation, i.e.
kinetically displaying the decay of catalytic activity and selec-
tivity with reaction time. The deactivation of a solid porous
catalyst can be induced by various chemical and physical
mechanisms, which cause inactivation of active sites, shrinkage
of surface area, blockage of pore channels to increase mass
transfer resistance, etc. In catalytic heterogeneous synthesis of
MOCA herein, the deactivation of catalyst was most likely
initiated by the adsorption of various alkaline compounds on
the acidic sites, and/or by the blockage of pore channels in
HY(11) due to deposition and accumulation of the trimeric by-
products as showed in Scheme 7. Under more severe reaction
conditions (higher temperature and longer time), imaginably,
those trimeric by-products could sequentially react with o-
chloroaniline to form tetrameric by-products, and so on, until
the HY entirely lost catalytic activity and selectivity due to the
complete blockage of pore channels. As amatter of fact, the data
in Table 2 showed that the surface and pore volume of the spent
HY(11) with time-on-stream of 36 h catastrophically dropped to
5.08 m2 g�1 and 0.00 cm3 g�1. Considering that HY zeolite could
normally tolerate fairly high temperature while the MOCA
synthesis was carried out at relatively mild temperature (443 K),
however, the deactivation of the catalyst due to structure destroy
should be excluded. Therefore, the deactivation of the fresh
HY(11) might be reversible and the activity of the spent HY(11)
could be recoverable.

Regeneration of the deactivated catalyst to restore activity
and extend service-time is very important to industrial appli-
cation. Therefore, the spent HY(11) with service time of 36 h
Table 2 BET analysis of the spent and regenerated HY(11) zeolites

Zeolites
Surface area
(m2 g�1)

Pore diameter
(nm)

Pore volume
(cm3 g�1)

Spent HY(11)a 5.082 — 0.0002
Aer calcinationb 676.1 0.7396 0.3642
Washing with
benzene

9.447 — 0.0017

Washing with DMF 212.4 — 0.0986

a Having 36 h service time. b Calcined in a muffle furnace at 823 K for
3 h.
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Fig. 7 XRD diagrams of the spent HY(11) after calcinations in air at 823
K for 3 h and the fresh HY(11).
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(Fig. 5) was regenerated by calcination and solvent extraction
respectively, and then characterized by BET, NH3-TPD and XRD.
The BET data in Tables 1 and 2 showed no signicant difference
of textural properties between the fresh and the calcined spent
HY(11), indicating that calcination was effective to regenerate
the spent HY(11). On the other hand, the surface area and pore
volume of the spent HY(11) only regained 212.4 m2 g�1 and
0.099 cm3 g�1 aer DMF extraction, and gave negligible change
aer benzene extraction, indicating that DMF washing seemed
inefficient and benzene washing totally failed to remove the
deposits on internal surface or in pore channel of the spent
catalyst. Undoubtedly, there were different mechanisms
between calcination and solvent washing to regenerate the
spent HY(11). As a common method for regeneration of zeolite
catalysts, the calcination is a chemical oxidation process to
burn off the deposits on catalyst with air, while solvent washing
is basically a physical process to remove the deposits on catalyst
by dissolution, and thus the properties of solvent such as
polarity as well as treatment conditions would determine the
effectiveness of the interaction between the solvent and the
deposits on catalyst.

It is of signicance to examine if the calcinations might
damage the framework and acidity of the spent HY(11). As seen
in Fig. 7, XRD diagrams showed no obvious difference of
Fig. 8 NH3-TPD curves of the fresh, spent and calcined HY(11)
zeolites.

34726 | RSC Adv., 2020, 10, 34719–34728
structural framework between the fresh and the calcined spent
HY(11)catalysts, conrming that HY(11) possessed high hydro-
thermal stability and good potentials of rehabilitation by
burning off the deposits on the inner surface and pore. More-
over, NH3-TPD curves in Fig. 8 displayed that the acidic density
and strength of the spent HY (11) reduced seriously, but gained
signicant recovery aer calcinations to approach the original
level of fresh HY(11), indicating a good regeneration ability and
reusability. From the perspective of practical applications,
however, it will be expected to further optimize the conditions
of the spent HY (11) calcinations, such as to reduce the calci-
nations time by properly increasing the temperature over 823 K.

Conclusions

In conclusion, HY(11) zeolite with proper textural property and
strong Brönsted acidity demonstrated good performance in
catalyzing the heterogeneous synthesis of MOCA from o-chlor-
oaniline and HCHO, and under the conditions of catalyst bed
volume ¼ 20 mL (8.14 g), n(o-chloroaniline) : n(HCHO) ¼ 4 : 1,
feed liquid space velocity LHSV¼ 3.5 h�1, 0.5 MPa and 443 K for
16 h duration, HCHO conversion and MOCA selectivity steadily
uctuated at high levels of 90–92% and 75–77%, respectively.
The mechanism of MOCA heterogeneous synthesis went
through multistep involving the formation and transformation
of several isomeric intermediates catalyzed by Brǒnsted acid
sites on HY(11). Under severe reaction conditions, the catalytic
activity and selectivity would seriously deteriorate due to the
deposition and accumulation of some trimeric or polymeric by-
products in pore channels of HY(11). Aer calcined in air, the
surface area, pore volume and acidity of the spent HY(11) could
be well recovered, indicating that HY(11) zeolite possessed good
thermal stability and reusability. Overall, this study has estab-
lished a solid foundation to develop a green and continuous
process of MOCA heterogeneous synthesis on acidic zeolites to
replace a polluting and batch process of MOCA homogeneous
synthesis catalyzed by mineral acids.

Experimental section
Materials and apparatus

Chemicals o-chloroaniline, formaldehyde (37 wt% aqueous
solution), dimethylformamide (DMF), benzene and ethanol
were purchased from Sinopharm Chemical Reagent Corpora-
tion Ltd., China. Zeolites Hb(40), Hb(100) and HZSM-5(150),
HZSM-5(300) were supported by Shanghai Zhuoyue Huagong
Technology Co., Ltd., and HY(5), HY (7) and HY(11) were sup-
ported by Nankai Catalyst Co., Ltd., Tianjin, China, where the
numbers in parentheses represented Si/Al ratios.

An autoclave of 1 liter (Model FCF-1L, Shanghai Kesheng
Instrument Co., Ltd., China) as batch reactor and a tubular
continuous ow reactor with xed bed (Dalian Hecheng Cata-
lytic Technology Corporation Ltd, China) were used for the
synthesis of 3,30-dichloro-4,40-diaminodiphenylmethane
(MOCA), respectively. This tubular reactor with 70 cm long and
2 cm i.d. had an independently controlled three zone heater,
and the upper part acted as preheating section.
This journal is © The Royal Society of Chemistry 2020
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Operation procedures

In a typical run with the batch reactor, a certain amount of
formaldehyde, o-chloroaniline and the catalyst activated at 823
K for 3 h were added into the autoclave. The batch reactor was
sealed, purged with nitrogen, and then heated up to the desired
temperature with stirring. When the reaction went through the
scheduled times, the product mixture was sampled for analysis.
Aer cooled to room temperature, the mixture was discharged
from the reactor. The as-obtained mixture was separated by
sucking ltration, and the lter cake was dissolved in DMF-
acetic ether solution and then recrystallized to give MOCA.
The recovered catalyst was collected and stored for future use.

Prior to a typical run with the continuous ow reactor,
a certain amount of zeolite particles (10–16 mesh) was packed
into themiddle zone of the tubular reactor to form a xed bed of
20 mL. During the run, o-chloroaniline and formaldehyde at
a certain proportion were continuously pumped through the
reactor at the designed rate and a constant temperature, and the
liquid mixture of products was regularly collected by a set of
receivers in exit and sampled for HPLC analysis. At the end of
run, the cooled liquid and solid in each receiver was separated
by ltration, and then kept for further analysis or use.
Product analysis

The samples of liquid products were analyzed by EX1600SM
High Pressure Liquid Chromatography with C18 column and
detection wavelength of UV254 nm under the conditions: room
temperature, methanol solvent, mobile phase of acetonitrile/
water at 1 : 1 volume ratio and potassium dihydrogen phos-
phate (0.5%) at ow rate of 1.000 mLmin�1. The content of each
component was evaluated by corresponding calibration factor.
Identication of reaction intermediates were conducted with
Agilent 6520 Q-TOF LC/MS, and 1H NMR spectra were generated
by Brucker Avance 400 NMR using CDCl3 as solvent and TMS as
internal standard.

The textural properties of catalyst were analyzed by BET
method using a ASAP 2020 V3.01 H analyzer of Micromeritics
Co., USA, and the acidic properties were measured by NH3

temperature programmed desorption (TPD) technique. The
NH3-TPD tests were carried out in an AutochemII2920 high
performance automatic chemical adsorption instrument of
McMertek Instruments Co., Ltd., USA with helium as carrier
gas, and a thermal conductivity detector (TCD) was used for the
detection of the evolved gas. Thermogravimetry and differential
thermal analysis (TG-DTA) of the samples was conducted on
a NETZSCH STA449 analyzer and XRD analysis was conducted
on a Brucker D8 Advance X-ray diffractometer.
Catalyst regeneration

The spent HY(11) catalyst was regenerated by calcination and
solvent washing, respectively. One part of spent HY(11) was
calcined in a muffle furnace at 823 K for 3 h as the color of solid
changed from brown back to white. Other part of spent HY(11)
was immersed by 5 times of benzene or DMF in a ask con-
necting reux condenser. The mixture in ask was heated to
This journal is © The Royal Society of Chemistry 2020
boil for 2 h, and the solid was separated from the solution. Aer
repeating the procedure for 3 times, the solid together with ve
times more organic acid was boiled in an open beaker for 1 h to
wash off residual solvent. Then, the solid was washed with
ethanol to remove the residual acid, and collected aer vacuum
drying.
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